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a b s t r a c t

To understand the effect of the montmorillonite (MMT) particles on the crystallization kinetics and
crystalline morphology of nylon 6 upon nano-composite formation, we have characterized the crystal-
lization behaviors by using light scattering, wide-angle X-ray diffraction (WAXD), transmission electron
microscope (TEM) and rheological measurement. The correlation between the nucleating effect and the
growth mechanism of the different polymorphism (g-phase) of nylon 6 in the nano-composite (N6C3.7)
was probed. N6C3.7 exhibited g-phase crystal due to the nucleating effect of the dispersed MMT particles
into the nylon 6 matrix throughout the whole Tc range (¼150–215 �C). The lamellar growth of the
g-phase crystal took place on both sides of the dispersed MMT particles. In comparison between the
temperature dependence of the characteristic relaxation time and the crystallization time, the lamellar
growth of the g-phase crystal has been discussed. The stable growth of the g-phase was strongly
disturbed at low Tc range (¼160–190 �C) due to the lack of time for crystallization.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last few years, the utility of inorganic nanoscale
particles as filler to enhance the polymer performance has been
established. Of particular interest is recently developed nano-
composite technology consisting of a polymer and organically
modified layered filler (organo-clay) because they often exhibit
remarkably improved mechanical and various other materials
properties as compared with those of virgin polymer or conven-
tional composite (micro/macro-composites) [1–5]. These concur-
rent property improvements are well beyond what can be generally
achieved through the micro/macro-composites preparation.

Toyota group first explored the synthetic strategy and molecular
design in nylon 6-based nano-composites (N6NCs) [6–8]. The
dispersed montmorillonite (MMT) particles in the N6NCs have
some contribution to enhance the nucleation (i.e. nucleating
agents) [9,10]. Nylon 6 was crystallized extensively in the g-form in
the nano-composite because of the epitaxial crystallization, which
was also revealed from the transmission electron microscopic
images [10]. In the pseudo-hexagonal g-form crystals, the molec-
ular chains have to twist away from the zigzag planes to form
hydrogen bonds among the parallel chains in the crystals giving
rise to lesser inter-chain interactions compared with the
x: þ81 052 809 1864.
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monoclinic a-form, which are all-trans and packed in more stable
antiparallel-chain arrangement of hydrogen bonds [11].

Mathias et al. [12] have investigated N6NC using 15N nuclear
magnetic resonance and concluded that the MMT particles stabilize
the g-phase of nylon 6. Thus, the formation of the g-form in the
presence of MMT particles is well known [9,10,12–18] and some of
the property enhancements of N6NCs [6–8] are reported in the
literature.

Besides the nucleating effect, the MMT surfaces (silicate layers)
can also clearly retard the crystal growth process [14,19]. The MMT-
induced reduction of the overall crystallization rate is due to the
disruption of lamella growth by the well dispersed MMT particles
[14]. Homminga et al. [20] suggested that the silicate layers hinder
the diffusion of polymer chains to the crystal growth front and
impurity migration away from the growth front takes place. Miltner
et al. [21] reported that the interaction between nylon 6 and MMT
reduce the mobility of the polymer chain which benefits to form the
g-phase, depending on the nature of the organo-clay (MMT-inter-
calant). Furthermore, once a percolated network of the dispersed
MMT particles is formed, the networks retard crystalline capability
as reported by Wang et al. [22].

Despite extensive studies of the polymer crystallization in N6NC
systems, the correlation between the nucleating effect and the
growth mechanism of the different polymorphism (g-phase)
underlying these observation is not very well explored in the
literature.

In this regard, to prove the effect of the dispersed MMT particles
on the crystallization kinetics and crystalline morphology of nylon
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6 upon nano-composite formation, we have characterized in this
work by using light scattering, wide-angle X-ray diffraction
(WAXD), transmission electron microscope (TEM) and rheological
measurement.

2. Experimental section

2.1. Materials

The N6NC were kindly supplied by Dr. A. Usuki of Toyota Central
R&D Labs. Inc. It was synthesized by in-situ polymerization of
3-caprolactam in lauryl ammonium intercalated montmorillonite in
the presence of small amount of 6-aminocaproic acid (the number-
average molecular weight Mn of 19.7�103 g/mol) for N6C3.7 [10].
The amount of inorganic montmorillonite (MMT) part, obtained
from the burning out of organic part, was 3.7% and is designated as
N6C3.7. The Mn of pure nylon 6 polymerized in bulk is 21.7�103 g/
mol.

2.2. Crystallization

The dried N6C3.7 pellets were converted into sheets with
a thickness of 0.8–1.1 mm by pressing with z1 MPa at 250 �C for
2 min using a hot press. The molded sheets were again annealed at
250 �C for 2 min, and then they were quickly transferred into a hot
stage set at the desired crystallization temperature (Tc) (¼150–
215 �C) and crystallized until full solidification (confirmed from the
kinetics of crystallization using a polarizing optical microscope
(POM)). The crystallized specimens were characterized by using
differential scanning calorimeter (DSC), wide-angle X-ray diffrac-
tion (WAXD) and transmission electron microscope (TEM).

2.3. Differential scanning calorimetry (DSC)

The crystallized specimens were characterized by using
temperature-modulated DSC (TMDSC) (TA 2920; TA Instruments)
at the heating/cooling rate of 5 �C/min with a heating/cooling cycle
of the modulation period of 60 s and an amplitude of þ/�0.769 �C,
to determine the crystallization temperature with cooling from
melt (Tcc), the melting temperature (Tm) and heat of fusion (DH), the
DSC was calibrated with Indium before experiments. For the
measurement of degree of crystallinity (cc) prior to TMDSC analysis,
the extra heat absorbed by the crystallites formed during heating
had to be subtracted from the total endothermic heat flow due to
the melting of the whole crystallites. This can be done according to
the principles and procedures described in our previous paper [23].
By considering the melting enthalpy of 100% crystalline nylon 6
(a-phase as 241 J/g and g-phase as 239 J/g, respectively [24]), we
have estimated the value of the cc of neat nylon 6 and N6C3.7, and
these values are also presented in Table 1.

2.4. Wide-angle X-ray diffraction (WAXD)

WAXD analyses were performed for neat nylon 6 and nano-
composite using an Mxlabo X-ray diffractometer (MAC Science Co.;
3 kW, graphite monochromator, CuKa radiation (lx¼ 0.154 nm),
operated at 40 kV and 20 mA). Samples were scanned in fixed time
Table 1
TMDSC properties of neat nylon6 and its nano-composite.

Samples Tcc/�C Tm/�C DHrev/J/g DHnonrev/J/g DHdiff/J/g cc/%

Nylon 6 176.2 221.5 80.0 15.0 65.0 27.0
N6C3.7 186.0 215.4 57.1 2.9 54.2 22.7
mode with counting time of 2 s at room temperature under
diffraction angle (2Q) in the range of 1�–55�.

2.5. Transmission electron microscopy (TEM)

Nanoscale structure of N6C3.7 was investigated by means of
TEM (H-7100, Hitachi Co.), operating at an accelerating voltage of
100 kV. The ultra thin sections (the edge of the sample sheet
perpendicular to the compression mold) with a thickness of 80 nm
were microtomed at �80 �C using a Reichert Ultra cut cryo-ultra-
microtome after suitably staining the sample with 12 Tung-
stophosphoric acid at 80 �C for 2 h.

2.6. Rayleigh scattering photometry and polarized optical
microscope

We have employed time-resolved light scattering (LS)
photometry to estimate the overall crystallization rate and its
kinetics in the supercooled state of neat nylon 6 and N6C3.7. The
thin sample of about 40 mm thickness was quickly transferred from
the melt state (w250 �C for 2 min in order to remove the thermal
history) to the Linkam hot stage (Linkam RTVMS, Linkam Scientific
Instruments, Ltd.), placed in the LS apparatus, set at the pre-
determined temperature, and immediately after attaining the Tc,
a time-resolved LS measurement was carried out in the tempera-
ture range of 150–215 �C in the supercooled state under the
quiescent state. It should be mentioned here that there was some
time lag between putting the sample on hot stage and to switch on
the computer to collect the data which is w1 s, sufficient for the
equilibration of temperature. The one-dimensional photometer
was equipped with a 38-channel photodiode (PDA: Hamamastu
Photonics Co.) array, which facilitated the angular dependence of
scattering angle (qLS) was covered between 1.4� and 30�. The
radiation of polarized He–Ne laser of 632.8 nm wavelengths was
used vertically to the sample, and the scattering profile was
observed at an azimuthal angle of 45� under HV (cross-polarized)
alignment. We also used a conventional Polaroid camera (camera
length¼ 100–400 mm, which gave a scattering vector range of
0.37–4.15 mm�1) to recover the scattering patterns on a photo-
graphic film (Fuji FP-100B; ISO¼ 100) with an exposure time of
1/250 s [25]. The photographs were taken after full solidification of
the sample.

We also measured the spherulite growth of neat nylon 6 and
N6C3.7 in the temperature range of 150–215 �C. The thin samples
were crystallized on the Linkam hot stage mounted on a polarized
optical microscope (POM) (Nikon OPTI-PHOTO2-POL), and the
developed spherulite was measured with time using a video
recording system (Linkam RTVMS, Linkam Scientific Instruments,
Ltd.). After complete crystallization, the samples were observed
using POM and fitted with a color-sensitive plate to determine the
sign of birefringence, and then photographs were taken. The
details regarding POM observation can be found in our previous
paper [25].

2.7. Melt rheology

Melt rheological measurements were conducted on a RDAII
instrument with a torque transducer capable of measurements in
the range of 0.2–200 g cm. Dynamic oscillatory shear measure-
ments were performed by applying a time dependent strain of
g(t)¼ gosin(ut) and the resultant shear stress is s(t)¼ go

[G0sin(ut)þG00cos(ut)], with G0 and G00 being the storage and loss
modulus, respectively. Measurements were conducted by using
a set of 25 mm diameter parallel plates with a sample thickness of
w0.8 mm and in the temperature range of 225–255 �C. The strain
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amplitude was fixed to 15% for nylon 6 and 10% for N6C3.7,
respectively, to obtain reasonable signal intensities even at elevated
temperature or low frequency (u) to avoid the nonlinear response.
For each sample investigated, the limits of linear viscoelasticity
were determined by performing strain sweeps at a series of fixed
u0s. The master curves were generated using the principle of time–
temperature superposition and shifted to a common reference
temperature (Tr) of 225 �C, which was chosen as the most repre-
sentative of a typical processing temperature of nylon 6.
Fig. 2. Polarized optical micrographs with time variation for neat nylon 6 ((a)–(c)) and
its nano-composite (N6C3.7) ((a0)–(c0)) isothermally crystallized at 190 �C.
3. Results and discussion

3.1. Crystallization behavior

Fig. 1 shows the TMDSC thermograms of neat nylon 6 and
N6C3.7 during cooling from melt state (w260 �C) and 2nd heating
with a rate of 5 �C/min. For N6C3.7, the evolution of the crystalli-
zation peak is sharp and its maximum is at 186 �C. For the neat
nylon 6, this peak is much broader and it appears at 176 �C. The
dispersed MMT particles in N6C3.7 promote the crystallization
possibly due to the nucleation effect. In the TMDSC experiments,
the endothermic heat flow (DHdifference) of the initially existing
crystallites can be easily calculated as DHdifference¼
DHrev�DHnonrev, where DHrev is the endothermic melting
(reversible) enthalpy from the reversing heat flow profile and
DHnonrev is the exothermic ordering/crystallization (nonreversible)
enthalpy from the nonreversing heat flow profile appearing in the
temperature range of 150–230 �C. The estimate values of cc are
shown in Table 1. The presence of MMT particles cause a slight shift
in the melting peak to slightly lower temperature (215.4 �C) and
lower total crystallinity. In our previous observation [10], the lower
Tm has been attributed to an increased fraction of g-phase crys-
tallites present in N6C3.7.

Figs. 2 and 3 represent the typical example of POM micrographs
(with time variation at 190 �C) and the corresponding LS patterns
(with a range of isothermal Tc) under Hv optical alignment for neat
nylon 6 and N6C3.7, respectively. The crystallization had been
completed for 60 s. The clear spherulites with positive birefrin-
gence appeared and the four-leaf-clover patterns of Hv-LS pattern
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Fig. 1. TMDSC scans for neat nylon 6 and its nano-composite (N6C3.7).
were seen for the crystallized neat nylon 6. It is well known that at
crystallization temperature (150–215 �C), neat nylon 6 crystallizes
to form positive spherulites [26]. The clear four-leaf-clover patterns
are due to the high ordering in both tangential and radial direction
in the spherulite [26].

In contrast, for N6C3.7, the diffuse maltese cross patterns with
very weak positive birefringence as seen in Fig. 2(a0)–(c0) and the
rod-like pattern is observed clearly in Fig. 3(c0)–(f0) rather than
four-leaf-clover pattern. The rod-like scattering pattern is ascribed
to the parallel arrangement of radiation primary lamellae and the
disordered arrangement of lamellae and the weak positive bire-
fringence to the low density of the lamellae. The formation of the
lamellae may be restricted due to small space (yxMMT) surrounded
by the dispersed MMT particles in the nylon 6 matrix. These
interesting features may be related with the formation of g-phase
crystallite of the crystallized N6C3.7.

3.2. g-phase crystallite

The typical WAXD patterns of nylon 6 and N6C3.7 are shown in
Fig. 4 to explain the formation of g-phase crystallite. The assign-
ment of the reflections associated with both a- and g-phases of
nylon 6 are based on the unit cell and chain configurations reported
in the literature [27]. In Fig. 4(a), the diffraction peaks at 2Q¼ 20.3�

and 23.3� correspond to the planes (200) and (002)þ (202) of
a-phase crystallite (monoclinic unit cell), which will be hereafter
defined as a1 and a2, respectively. The diffraction peaks (020) and
(011) planes of g-phase crystallite (pseudo-hexagonal unit cell)
appear at 2Q¼ 10.7� and 21.3�, which will be hereafter defined as
g1 and g2, respectively. At lower Tc (¼150 �C), the neat nylon 6
exhibits both the extended all-trans a-form and the pleated shee-
ted g-form crystalline structure. With increasing Tc, the g-form
gradually decreases and vanishes at Tc¼ 215 �C or higher



Fig. 3. Changes in light scattering patterns of neat nylon 6 ((a)–(f)) and N6C3.7 ((a0)–(f0)) at various Tc ranging from 150 to 215 �C.
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temperature. On increasing Tc, the a2 peak shifts to a higher angle,
while the a1 peaks remain constant angle. This suggests that the
distance between chains bonded by van der Waals forces (i.e.
hydrogen (H) bonded sheets) (a2) decreases, whereas the distance
between H-bonded chains (a1) is constant up to Tc¼ 215 �C. The
Bragg d-spacing of a2 is more sensitive to temperature compared
with that of a1. That is, a variation of the interplanar distance is
more rigid than in the direction of the van der Waals interactions
[27]. During the rapid cooling due to the large supercooling
(hTm

� � Tc, Tm
� being equilibrium melting temperature), the

formation of the most energetically stable a-form could be
hindered presumably due to lack of time for development.

On the contrary, N6C3.7 always exhibit mostly g-form
throughout the whole Tc range studied here. At higher Tc (¼215 �C),
the g2 peak shifts to a higher value, finally approaching 2Q¼ 21.5�.
The g1 peak does not change and abruptly become a small remnant
peak at Tc¼ 215 �C. The longer d-spacing of the g1 (020) crystal
planes is most likely an effect of the strong hydrogen bonding
interactions. The g2 (011) planes are thermally stable compared
with the (020) crystal planes.

3.3. Crystallization rate determined from light scattering

To understand the crystallization kinetics of neat nylon 6 and
N6C3.7, we have used time-resolved LS photometry, which is
a powerful tool for estimating the overall crystallization rate and its
a

Fig. 4. Typical WAXD profiles of (a) neat nylon 6 and (b) N6C3.7 crystalliz
kinetics in supercooled crystalline polymer liquid [28]. For the
kinetics of crystallization, we can employ the integrated scattering
intensity, i.e. the invariant Q is defined as

Q ¼
ZN
0

IðqÞq2dq (1)

where q (scattering vector¼ (4p/lLS) sin (qLS/2)) and I(q) is the
intensity of the scattered light at q [28].

In the HV mode the invariant Qd can be described by the mean-
square optical anisotropy Cd2

D:

Qdfhd2iffsðar � atÞ2 (2)

where fs is the volume fraction of spherulites, and ar and at are the
radial and tangential polarizabilities of spherulites, respectively.
We constructed a plot of reduced invariant Qd/Qd

N versus time t
with Qd

N being Qd at an infinitely long time of crystallization (up to
full solidification of the melt).

Fig. 5 shows the time variation of the invariant Qd/Qd
N taken for

neat nylon 6 and N6C3.7 at same supercooling (DT) (¼Tm
� � Tc)

(y 11 �C). From the onset time t0 we can estimate the induction
time of the crystallization until start of crystallization, and we
plotted it in Fig. 6 against DT. The value of Tm

� can be determined by
Hoffman–Weeks [29] extrapolation based on plotting Tm against Tc

(see Fig. 7). As seen in Fig. 7, we see quite a different behavior in
b

ed at 150, 190 and 215 �C. The curves are vertically offset for clarity.



Fig. 5. Time variation of reduced invariant Qd/Qd
N during isothermal crystallization at

same supercooling (DT) (y11 �C). The solid line represents the slope (overall crystal-
lization rate). The arrows indicate the induction time of crystallization. The dashed line
indicates the crystallization half-time t1/2.

Fig. 7. Hoffman–Weeks plots for neat nylon 6 and N6C3.7crystallized isothermally at
various temperatures.
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N6C3.7 between 150–200 �C range and the 210–220 �C range. In
the 150–200 �C annealing (isothermal crystallization), the esti-
mated value of Tm

� by extrapolation is 215.8 �C. Above 200 �C
annealing the higher values of Tm seem to be the increase of the
average lamellar thickness. Tm

� decreases by 5.4 �C for N6C3.7
(Tm

� ¼ 215.8 �C) as compared to the neat nylon 6 (Tm
� ¼ 221.2 �C),

although there is controversy surrounding the determination of
Tm
� obtained from two different crystal forms as discussed in Fig. 4.

The value of DHdifference also decreases in the nano-composite
(N6C3.7) in comparison to that of the neat nylon 6, which strongly
suggests a greater interacting nature of the nylon 6 matrix and
MMT particles.

In Fig. 6, at all Tc measured here the t0 value for N6C3.7 is lower
than that of neat nylon 6. In the changes in t0 with DT, the N6C3.7
Fig. 6. DT dependence of induction time for neat nylon 6 and N6C3.7.
shows short time especially at large DT, suggesting that the
dispersed MMT particles have some contribution to enhance the
nucleation.

As seen in Table 1, the higher Tcc value for N6C3.7 (Tcc¼ 186.0 �C)
suggests that the nano-composite is more easily crystallizable as
compared with neat nylon 6 (Tcc¼ 176.2 �C) during the TMDSC
cooling process.

The overall crystallization rate was determined from the slope
Qd/Qd

N (d(Qd/Qd
N)/dt) in the crystallization region as indicated by the

solid line in Fig. 5. It is clear that the overall crystallization rate
increases in N6C3.7, in comparison to the neat nylon 6. The same
trend is also observed over the wide range of DT studied here.

In order to compare the crystallization rate, we assume
heterogeneous nucleation and apply the Hoffman–Lauritzen
growth rate equation slow kinetics [30,31] even if we are not using
the analysis to determine linear growth rates. The growth rate of
crystal can be written as

Overall rate fbgexp
�
� Kg

TcðDTÞf

�
(3)

where bg is a mobility term, which describes the transportation rate
of crystallizable molecules to the growth front; f is the correction
factor given by 2Tc/(Tm

� þ Tc); and Kg is the nucleation constant,
which depends on the crystallization regime (regime I, single
nucleation; regimes II and III, multiple nucleation) [30,32]. At small
supercoolings and over limited temperature range, the temperature
dependence of growth is determined predominantly by the
nucleation term. Accordingly, assuming that the (d(Qd/Qd

N)/dt) is
a satisfactory measure to the rate of crystallization, we plot the data
as (d(Qd/Qd

N)/dt) versus 1/(TcDTf): see Fig. 8.
The overall rate of N6C3.7 is enhanced for every temperature

of measurement. For both systems, a change in slope at
1/(TcDTf) y 1.30�10�4 K�2 corresponding to DT y 16–17 �C is
obvious. At higher Tc range (DT< 27 �C), a retarding effect of the
crystal growth is observed. This feature is superficially similar to
the result as shown in Fig. 6. A similar change on supercooling is
found at DT y 27 �C. Therefore it can be assumed that a disturbed
crystal growth occurs as the supercooling decreases and the system
crystallized by regime I mechanism [32].



Fig. 8. The plot of overall crystallization rate versus 1/(TcDTf) for different Tc in neat
nylon 6 and N6C3.7. The solid line indicates 1/(TcDTf)¼ 1.3�10�4 K�2 (DT¼ 16.8 �C for
nylon 6 and DT¼ 16.3 �C for N6C3.7, respectively).

Fig. 9. Reduced frequency dependence of storage modulus G0(u), loss modulus G00(u)
and tan d of neat nylon 6 and N6C3.7 at Tr¼ 225 �C. The solid line was drawn by the
power low of G0(u) w G00(u) w u0.4 in the low u region.

Fig. 10. Frequency shift factors aT as a function of temperature (Tr¼ 225 �C).
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3.4. Melt rheology and relaxation time

The rheological properties of in-situ polymerized nano-
composites with end-tethered polymer chains were first described
by Krishnamoorti and Giannelis [33]. The flow behavior of nylon
6-based nano-composites differed extremely from that of the cor-
responding neat matrix, whereas the thermorheological properties
of the nano-composites were entirely determined by that behavior
of matrix [33]. The slope of G0(u) and G00(u) versus the aTu is much
smaller than 2 and 1, respectively. Values of 2 and 1 are expected for
linear mono-dispersed polymer melts, and are large deviation
especially in the presence of very small amount of layered silicate
loading may be due to the formation of network structure in the
melt state [34].

As seen in Fig. 9, in the linear viscoelastic regime, a big change in
terminal (low frequency aTu< 1 rad s�1) region from liquid-like
response to a solid-like response was observed for N6C3.7
(G0(u) w G00(u) f u0.4), ascribed to the formation of a volume
spanning mesoscale MMT network above the mechanical percola-
tion threshold [35]. The terminal rheology is sensitive to MMT
loading and extent of exfoliation in the polymer matrix [33,34].

This mesoscale structure is partially supported by transmission
electron microscopic (TEM) observation [10] (see Fig. 13 in
Appendix). The correlation length between MMT particles xMMT

(y20 nm) is smaller than average value of the particle length LMMT

(y100 nm) for N6C3.7, suggesting the formation of the highly
geometric constraints. A plausible explanation and its model are
presented by Ren et al. [36]. The individual or stacked silicate layers
are incapable of freely rotating and hence, by imposing small u, the
relaxation of the structure are prevented almost completely. This
type of prevented relaxation leads to the presence of the volume
spanning mesoscale network. The effective volume occupied by the
clay platelets is much larger than may be calculated from their
volume alone. At the same time, the pseudo-solid like behavior is
generated in N6C3.7.

The temperature dependence frequency shift factor (aT, Arrhe-
nius-type) used to generate master curves shown in Fig. 9 are
shown in Fig. 10. The dependence of the frequency shift factors on
the MMT loading suggests that the temperature-dependent
relaxation process observed in the viscoelastic measurements are
affected by the presence of the silicate layers. In the case of N6C3.7,
where the hydrogen-bonding on the already formed hydrogen-
bonded molecule to the silicate surface [10], the system exhibits
large value of flow activation energy near one order higher in
magnitude compared with that of the neat nylon 6 (see Table 2).

The shift factor bT shows large deviation from a simple density
effect, it would be expected that the values would not vary far from
unity (bT¼ rT/rrTr, where r and rf are the density at T and Tr,
respectively) [37]. One possible explanation is a network structural



Table 2
Vertical shift factor (bT) and flow activation energy (Ea) for ionomers and nano-
composites.

Samples T/�C bT Ea
a/kJ/mol

Nylon 6 225 (¼Tr) 1.00 37.9
235 1.0
245 1.0

N6C3.7 225 (¼Tr) 1.0 111.2
235 0.9
245 1.7
255 2.2

a We investigated the low frequency values of complex viscosity (jh*j) as a func-
tion of temperature in each system. At temperature where a zero-shear value was
not obtained experimentally, a combination of time–temperature superposition and
fitting using the Ellis model was employed to obtain a zero-shear viscosity (jh*j)
from a master curve. The values are calculated from Arrhenius-type equation given
as jh*jw exp (Ea/RT).
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change occurring in N6C3.7 during measurement (shear process).
The reconstituting of the layered silicate network probably
supports for the melt under weak shear flow (terminal zone),
thereby leads to the increase in the absolute values of G0(u) and
G00(u).

To understand the generic dynamic rheology, the cross over
frequency urel in the master curve of the dynamic frequency sweep
enables one to predict a relaxation time (¼1/urel), which is deter-
mined from the measured master curve when tan d is unity. Fig. 11
shows the results of the temperature dependence of relaxation rate
(urel), assuming that the rate is of Arrhenius-type. In order to
discuss the correlation between the chain mobility of the nylon 6
and the growth mechanism of the g-form crystals, we define 1/t1/2

as a measure of the crystallization rate, taking the crystallization
half-time (t1/2) at which the reduced intensity reaches 1/2 in Fig. 5,
and we plotted it in Fig. 11 against 1/T. Furthermore, in Fig. 11, we
present the temperature dependence of the rotational relaxation
rate (1/td), which is given by

1=tdw

"
ðp=2Þ2

Dr0

#�1

(4)

A quarter period is provided to complete rotational relaxation. In
the equation (4), the rotary diffusivity (Dr0) of a circular disk (MMT
Fig. 11. Temperature dependence of characteristic relaxation rates (urel and 1/td) and
crystallization rate (1/t1/2) of N6C3.7.
particle) of radius (d) (¼LMMT/2 (¼50 nm)) is simply argued by
Brownian motion [38,39]. The rotary diffusivity is given by

Dr0 ¼
3kBT
4h0d3 (5)

where h0 is the neat nylon 6 matrix viscosity ðyh*
0Þ at any

temperatures, kB is the Boltzmann constant , and T is the temper-
ature. This time scale (td) is useful to discuss the reconstituting of
the network via the rotation of the MMT particles as compared with
experimental time scale.

For N6C3.7, the estimated time scale for rotational relaxation
rates is about 0.02–0.04 s�1 in the range of temperature between
225 and 255 �C. These values are much smaller than the relaxation
time scale (1/urel) (those are in fact 0.066–0.25 s�1), suggesting the
major driving force for the structural evolution (relaxation of the
mesoscale network) is not simple Brownian relaxation of the MMT
particles. The slope that reflects the activation energy of each
process exhibits different value. The activation energy of the crys-
tallization process is also estimated in the two range of temperature
blow and above T y 199 �C. The calculated values are presented in
Table 3. Interestingly, the activation energy of the crystallization
process exhibits large value one order higher in magnitude
compared with those of the relaxation of the network and particle
rotation. Another interesting feature is that in the range of
temperature between 200 and 210 �C we could attain a high
enough relaxation rate of the network by extrapolation based on
plotting urel versus 1/T as compared with the crystallization rates,
so that the retarding effect might be overwhelmed.

On the other hand, at Tc¼ 160–190 �C the crystallization with
large DT provides the disturbed crystal growth and hinder the
stable growth of the g-form due to the lack of time for crystalline
structure development. This is supported by the TEM observation.
3.5. g-form morphology

The lamellar morphology and distribution of MMT particles in
N6C3.7, crystallized at 170 and 215 �C, have been shown in Fig. 12.
The white strips represent the discrete lamellar pattern, and after
a close look, shown in the enlarged view, we clearly observe a black
MMT particle inside the lamella. In other words, the lamellar
growth occurs on both sides of the dispersed MMT particles, i.e. the
MMT particle is sandwiched by the lamella formed. The thickness
of the developed lamella is around 5 nm. This is a unique obser-
vation of the lamellar orientation on the silicate layers. In the semi-
crystalline polymer generally we observe the stacked lamellar
orientation [40]. The lamellar pattern at high Tc (¼215 �C)
(Fig. 12(b)) is somehow similar but along with the sandwiched
structure, branched lamellae are formed which were originated
from the parent sandwiched lamella. There are no silicate particles
inside the branch lamella and the g-phase is formed as revealed by
WAXD (see Fig. 4(b)). The thickness of the branch lamella is around
4 nm. This value is smaller than that of the parent sandwiched
lamella. The difference just corresponds to the thickness of the
individual silicate layer (w1 nm). This epitaxial growth (g-phase)
on the parent lamella forms the shish–kebab type of structure,
Table 3
Activation energy of each process in N6C3.7.

Process T-range/�C Ea/kJ/mol

urel 225–255 87.9
1/td 225–255 48.3
1/t1/2 160–190 195.9
1/t1/2 200–210 318.3



Fig. 12. Bright field TEM images of N6C3.7 crystallized at (a) 170 �C and (b) 215 �C. The
enlarged part shown (Fig. 12(a)) forms the indicated lamellae in the original image. The
black strip inside the white part is an individual MMT particle. Fig. 12(b) shows
the typical shish–kebab type of structure.
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which virtually enhances the mechanical properties of the nano-
composites [6–8]. As a consequence, at low Tc (¼150–190 �C), the
reduction of the chain mobility of the nylon 6 might lead to smaller,
less-ordered g-form crystallites. For this reason, we could not
observe clear LS patterns under Hv optical alignment (see Fig. 3). All
Fig. 13. Bright field TEM images of N6C3.7 crystallized during slow cooling process as
shown in TMDSC scan (Fig. 1).
these behaviors appear to arise from the exclusive formation of the
g-phase in the presence of MMT particles.

4. Conclusions

The detailed crystallization kinetics and crystalline morphology
of neat nylon 6 and nano-composite (N6C3.7) have been investi-
gated. The neat nylon 6 predominantly formed a-phase in the
crystallization temperature range of 150–215 �C coexisting with the
small evolution of pseudo-hexagonal g-form crystals at low Tc

range (150–190 �C). On the other hand, N6C3.7 exhibited g-phase
crystal due to the nucleating effect of the dispersed MMT particles
into the nylon 6 matrix throughout the whole Tc range (¼150–
215 �C) as revealed by WAXD, DSC and LS analyses. The lamellar
growth of the g-phase crystal took place on both sides of the
dispersed MMT particles. The overall crystallization rate on nylon 6
increased after nano-composite formation as compared with that
of the neat nylon 6.

The formation of the network structure owing to the dispersed
MMT particles affected the lamellar growth of the g-phase crystal.
At low Tc (¼150–190 �C), the crystal growth of the g-form was
disturbed due to the lack of time for crystallization as revealed by
the relaxation time analysis. For this reason, the stable growth of
the branch lamellae occurred at high Tc (¼215 �C) accompanied
with the shish–kebab type of structure formation.
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Appendix. Nano-composite structure

Fig. 13 shows the results of TEM bright field images of N6C3.7, in
which white entities are the cross section of the discrete lamella
and the dark area is the nylon 6 matrix due to the staining with 12
tungstophosphoric acid at 80 �C for 2 h. The black strip inside the
white part is an individual (exfoliated) MMT particle. The silicate
layers are more homogeneously and finely dispersed. The figure
shows larger view permitting the observation of discrete nano-
layers. The disorder and delaminated layer structure are observed
in the TEM image. We estimated the form factors obtained from
TEM images, i.e. average value of the particle length (L), thickness
(D), of the dispersed particles and the correlation length (x)
between the particles. The details of the evaluation were described
in our previous paper [41]. For N6C3.7, D, L and x are in the range of
1–2 nm, 100�10 nm and are 20� 5 nm, respectively. The x value
(y20 nm) corresponds to the random coil size of nylon 6 in N6C3.7.
The root-mean-square radius of gyration CS2

D

1/2 is around 9 nm,
which is calculated by CS2

D

1/2¼ 4.0�10�2 Mw
1/2 [42]. The chain

mobility of the nylon 6 presumably is decreased in translational
motion.
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