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ABSTRACT: The effects of the dispersion of organic rec-
torite (OREC) and the cooling rate on the crystallization
behavior of nylon 6/OREC nanocomposites have been sys-
tematically investigated with X-ray diffraction, transmis-
sion electron microscopy, differential scanning calorimetry,
and the modified Ozawa model. Some important parame-
ters have been calculated, including the crystallization
half-time, crystallization peak temperature, and relative
crystallinity. Experimental results indicate that the crystal-
lization rate of the nylon 6/OREC nanocomposites is faster
than that of nylon 6 at a given cooling rate, and the differ-
ence in the values of the Ozawa exponent for nylon 6 and
nylon 6/OREC nanocomposites reveals tridimensional

growth with heterogeneous nucleation. The analysis of the
Ozawa exponent m has suggested that the better the dis-
persion of OREC is, the more suitable it will be for the for-
mation of spherulitic growth. On the other hand, in
analyses of the melting behavior, we have found an un-
usual phenomenon: the lower the cooling rate is, the more
favorable it is for the formation of the c form. Our experi-
mental results indicate that the dispersion of OREC plays
an important role in determining the crystallization behav-
ior of nylon 6/OREC nanocomposites. VVC 2008 Wiley Periodi-
cals, Inc. J Appl Polym Sci 110: 3149–3155, 2008
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INTRODUCTION

Polymer/layered-silicate nanocomposites have been
widely investigated because they frequently exhibit
unexpected hybrid properties synergistically derived
from the two components.1–10 Recently, much atten-
tion has been focused on the crystallization behavior
of polymers in the presence of nanolayered clays
because the addition of nanoscale clays can change
the crystallization kinetics, the crystalline morphol-
ogy, and the crystal forms.

Many factors can affect the crystallization behavior
of polymers, such as the chain conformation near
the interface, the activation barrier to nucleation,
and the chain mobility. The addition of an inorganic
clay to polymeric matrices further increases the com-
plexity of this phenomenon. Different results have
been reported about the observed effects of nanoclay
fillers on the crystallization behavior of polymers.
Homminga et at.11 showed that the dispersed silicate

layers act as impurities and reduce the overall crys-
tallization kinetics of polyamide 6 (PA-6). Opposite
results were observed by Fornes and Paul,12 who
found that bulk polymer crystallization kinetics can
be significantly increased for PA-6 nanocomposites.
Although extensive research efforts have been
devoted to the effect of clay on the crystallization of
nylon 6 nanocomposites, the influence of nanofillers
on the crystallization behaviors of nylon 6 nanocom-
posites is being further studied.
Another crystallization effect of inorganic nano-

sized silicate layers is that a filler can promote the
growth of a specific crystalline form that is not
favorable in the neat polymer. The incorporation of
clay can promote the growth of the c form of nylon
6/clay nanocomposites, whereas the neat polymer
tends to crystallize in the a form.13 The crystalliza-
tion behavior of PA-6/montmorillonite nanocompo-
sites and the role of the silicate layers have been
addressed as well.3,6,10–12,14–18 Such studies are very
complicated because of the unusual crystallization
behavior of neat PA-6 itself. For example, crystalline
PA-6 displays different polymorphic structures, par-
ticularly the monoclinic a and pseudohexagonal c
forms, and their relative amounts are influenced by
the presence of silicate layers.
Comprehensive investigations are challenging

because of the sensitivity of nucleation and growth
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to the process history and the lack of sufficiently
quantitative techniques to describe nanofiller mor-
phology (dispersion, orientation, and local concentra-
tion). As mentioned previously, the crystallization
behavior of nanocomposites needs to be further
investigated. In this work, a detailed examination of
the crystallization behavior of nylon 6/organic rector-
ite (OREC) nanocomposites was performed, including
the effects of the cooling rate, organoclay concentra-
tion, dispersion of OREC, and melting behavior.

EXPERIMENTAL

Materials and sample preparation

PA-6 and rectorite were supplied by Yueyang Petro-
chemical Co. (Yueyang, China) and Hubei Celebri-
ties Technology Co. (Wuhan, China), respectively.
The exchange cation of rectorite is Ca2þ, and the cat-
ion exchange capacity used in this study was 44.9
mequiv/100 g. Hexadecylamine was manufactured
by Schuchardt Co. (Munich, Germany). The organi-
cally modified rectorite was made by a cation
exchange reaction between rectorite and hexadecyl-
amine salt. The nylon 6/OREC nanocomposites
NCN1 (OREC concentration ¼ 1 wt %) and NCN5
(OREC concentration ¼ 5 wt %) were successfully
prepared by melt mixing with a twin-screw extruder
(Nanjing Giant Co., Nanjing, China; screw diameter
¼ 30 mm, length-to-diameter ratio ¼ 42).

Morphological characterization

X-ray diffraction (XRD) was performed with Cu Ka
radiation (k ¼ 0.15406 nm) at a voltage of 40 kV and a
current of 50 mA. The XRD patterns were recorded
with a step size of 0.02� from 2y ¼ 0.7� to 2y ¼ 10�.
XRD analysis was used to measure the change in the
interlayer spacing of clays on the basis of Bragg’s law.
The degree of dispersion of OREC was studied with
transmission electron microscopy (TEM) with a Hitachi
(Naka, Japan) H-7600 at an operating voltage of 100 kV.

Differential scanning calorimetry (DSC)
procedures

The nonisothermal analyses were carried out with a
PerkinElmer (Shanghai, China) DSC-7 differential
scanning calorimeter thermal analyzer. About 4 mg
of the polymer samples was used for DSC
measurements.

The following nonisothermal crystallization runs
were conducted: (1) as-cast samples were heated
from 45 to 250�C at a heating rate of 10�C/min; (2)
they were held for 10 min to completely eliminate
the heating history; (3) the samples were cooled to
45�C at four different cooling rates of 5, 10, 20, and
40�C/min; and (4) then the samples were secondar-

ily heated to 250�C at the same heating rate of
10�C/min. The thermograms corresponding to the
heating and cooling cycles were recorded and ana-
lyzed to estimate the nonisothermal crystallization
kinetics and the degree of crystallinity.

RESULTS AND DISCUSSION

Morphological analyses

Figure 1 shows XRD patterns for the pristine OREC
and the nanocomposites containing different OREC
concentrations. The OREC pattern reveals an intense
peak around 2y ¼ 2.46�, corresponding to a basal
spacing of 3.57 nm. The XRD pattern of NCN1 does
not show a characteristic basal reflection, which is
indicative of exfoliated structures. However, the
NCN5 pattern reveals a low, broad shallow peak
around 2y ¼ 1.8� corresponding to a spacing of
4.90 nm. This result suggests the formation of inter-
calated nanocomposites.
TEM photomicrographs of nanocomposites, shown

in Figure 2, provide a better representation of the
composite structures. The NCN1 image, shown in
Figure 2(a), reveals well-exfoliated structures. In Fig-
ure 2(b), intercalated structures can be observed in
the nylon 6 matrix. These observations are in agree-
ment with the XRD results.

Nonisothermal crystallization behavior

The crystallization exotherms of neat nylon 6 and
nylon 6/OREC nanocomposites for nonisothermal
crystallization from the melt at four different cooling
rates are shown in Figure 3. From Figure 3, some
useful parameters, such as the crystallization peak

Figure 1 XRD patterns of (a) OREC and the nanocompo-
sites with OREC loadings of (b) 1 and (c) 5 wt %.
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temperature (Tp), full width at half-maximum
(fwhm), initial crystallization temperature (Ti), the
difference between the initial temperature and the
crystallization peak temperature [DT (DT ¼ Tp � Ti)],
and initial slope of the exothermic peak at a high
temperature (Si), can be obtained, as shown in Ta-
ble I. From this table, we can see the following.
First, with an increasing cooling rate for both nylon
6 and nylon 6/OREC nanocomposites, Tp shifts, as
expected, to a lower temperature, and the exother-
mic peak is widened (fwhm becomes larger). This
fact indicates that the higher the cooling rate is, the
higher the overcooling is of the system. Thus, the

segmental chain motion becomes restricted, and
this leads to a reduction in crystal perfection and
the formation of a wider peak.19 Second, for a
given cooling rate, Tp values of nylon 6/OREC
nanocomposites are higher than those of neat nylon
6, and this indicates that OREC, added to nylon 6,
acts as an effective nucleating agent and increases
the rate of crystallization of nylon 6. Third, at the
same cooling rate, the values of Si increase with
the OREC concentration increasing, and this means
that OREC is a good nucleating agent and results
in an increase in the crystallization rate of nylon 6,
which can be related to the decrease in DT (DT ¼
Tp � Ti), except at the cooling rate of 40k/min.
The relative crystallinity [X(T)] as a function of the

crystallization temperature (T) can be formulated as
follows:20

Figure 3 Nonisothermal melt crystallization exotherms of
neat nylon 6, NCN1, and NCN5 at four different cooling
rates: (1) 5, (2) 10, (3) 20, and (4) 40 K/min.

TABLE I
Values of Si, fwhm, Tp, Ti, and DT for the Crystallization

of Nylon 6 and the Nylon 6/OREC Nanocomposites

Sample / (�C/min) Si

fwhm
(�C)

Tp

(�C)
Ti

(�C) DT

Neat nylon 6 5 0.29 6.65 187.8 195.5 7.7
10 0.97 7.24 186.0 192.8 6.8
20 1.04 9.36 179.2 188.8 9.6
40 1.71 9.61 173.9 184.3 10.4

NCN1 5 1.56 3.56 197.0 201.2 4.2
10 2.18 3.80 193.6 199.0 5.4
20 3.19 4.22 189.9 196.6 6.7
40 5.28 4.91 183.9 190.8 6.9

NCN5 5 2.59 2.64 194.2 197.5 3.3
10 2.34 3.45 192.1 197.0 4.9
20 3.45 3.74 185.7 191.2 5.5
40 6.02 4.09 179.5 192.1 12.6

Figure 2 Bright-field TEM images of the nanocomposites: (a) NCN1 and (b) NCN5.
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XðTÞ ¼
R T
TO

ðdH=dTÞdT
R TE

TO
ðdH=dTÞdT

(1)

where TO and TE represent the crystallization onset
and end temperatures, respectively, and dH is the
enthalpy of crystallization released during the infini-
tesimal temperature range dT. Figure 4(a) shows the
variations of X(T) as a function of temperature for
nylon 6 and nylon 6/OREC nanocomposites at vari-
ous cooling rates. Based on the different cooling
rates, the temperature parameter can be converted
into a timescale with eq. (2):

t ¼ TO � Tj j
/

(2)

where T is the temperature at crystallization time t
and / is the cooling (or heating) rate. Plots of the

relative degree of crystallinity as a function of time
for nylon 6 and nylon 6/OREC nanocomposites are
illustrated in Figure 4(b).
An important parameter taken directly from Fig-

ure 4(b) is the half-time of crystallization (t1/2),
which denotes the change in time from the onset of
crystallization to the time at which X(T) is 50%. t1/2
of the nonisothermal crystallization of all samples is
listed in Table II. The higher the cooling rate is, the
shorter the time is for completing the crystallization.
For a given cooling rate, as expected, the values of
t1/2 for nanocomposites are shorter than that for
neat nylon 6. This fact demonstrates that OREC
plays a nucleating role in facilitating crystallization.
On the other hand, with increasing OREC content,
intercalated and aggregated structures appear and
bring about a slight decrease in nucleating agent
effects.

Nonisothermal crystallization kinetics
based on the Ozawa approach

Because the nonisothermal crystallization is a rate-
dependent process, Ozawa21 took into account the
effect of the cooling (or heating) rate on the crystalli-
zation process from the melt or glassy state, and on
the basis of the observation of the crystallization
behavior of PET and PP by Chuah and Gan,22 the
following equations were proposed:

ln½� lnð1� XðTÞÞ� ¼ kðT � T/Þ (3)

T/ ¼ m

k
ln/þ T1 (4)

where T/ is the parameter estimated by equation 3,
k and T1 are empirical constants and m is the Ozawa
exponent, which depends on the dimensions of crys-
tal growth. According to the Ozawa theory, eq. (3) is
used only to describe the initial stage of polymer
nonisothermal crystallization. For analysis, we chose
the nonisothermal crystallization data range of 0.01
< X(T) < 0.40.
Figure 5 shows the variation of ln[�ln(1 � X(T))]

versus the temperature. The values of k and T/ were
calculated from the slopes and intercepts of the
straight lines. By plotting T/ versus ln //k, we

Figure 4 X(T) as a function of the (a) temperature and
(b) time of crystallization for nylon 6, NCN1, and NCN5
at four different cooling rates: (1) 5, (2) 10, (3) 20, and (4)
40 K/min.

TABLE II
Values of t1/2 for All of the Samples

/ (�C/min)

t1/2 (min)

Neat nylon 6 NCN1 NCN5

5 2.044 1.35 1.39
10 1.098 0.91 0.77
20 0.650 0.44 0.42
40 0.338 0.29 0.28
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calculated the values of m to be 2.82, 4.51, and 4.10
for neat nylon 6, NCN1, and NCN5, respectively.

It is very clear that the values of m of nylon 6/
OREC nanocomposites are higher than that of neat

nylon 6, and the maximum appears in sample NCN1,
in which OREC is better dispersed overall. Values of
m for nylon 6/OREC nanocomposites are indicative
of the heterogeneous spherical growth. According to
the variations of the m value, we can conclude that
spherulitic growth occurs in well-dispersed nylon 6
nanocomposites. The result also means that organo-
clays act as good nucleating agents.

Melting behavior

Studies of the melting behavior were carried out
by secondary heating to 250�C at 10�C/min after
cooling to 45�C at four different cooling rates. Figure
6 shows DSC melting endotherms of the samples,
and some important parameters are listed in Table
III. The crystallinity degree (xcc) is calculated as
the ratio DHm/(1 � /)DHo

m, where DHm is the appa-
rent enthalpy of crystallization, DHo

m is the extrapo-
lated value of the enthalpy corresponding to the
melting of 100% crystalline sample; where DHo

m is
190 J/g23 and / is the weight fraction of the filler in
the nanocomposite.
According to the orientation of the chains, two dif-

ferent kinds of crystalline forms exist in nylon 6,
including the c- and a-crystalline forms, which are
related to the different crystalline phases. The effects
of OREC on the c- and a-crystalline forms are shown
in Figure 6. It is obvious that each curve contains
two endothermic peaks. Low-temperature endo-
thermic peaks can be associated with the c-crystal-
line form of nylon 6, as suggested by various
researchers.24–26 High-temperature endothermic

Figure 5 Plots of ln{�ln[1 � X(T)]} versus the tempera-
ture (K) of crystallization for (a) nylon 6, (b) NCN1, and
(c) NCN5 at four different cooling rates.

Figure 6 Heating scans of nylon 6, NCN1, and NCN5 at
a heating rate of 10 K/min where the previous cooling
rates were (1) 5, (2) 10, (3) 20, and (4) 40 K/min.
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peaks around 220�C are attributed to the a-crystal-
line form. Comparing nylon 6 and nylon 6/OREC
nanocomposites with the same heat history, we find
that the c-peak temperatures of the nanocomposites
shift to higher temperatures, as shown in Figure 7.
Meanwhile, we find that the intensity of the c peak
has a dramatic enhancement, and its width is nar-
rowed. On the other hand, it is obvious that sample
NCN1 has the highest crystallization temperature
and narrowest peak width, as shown in Figure 7.
These results indicate that the better the dispersion
is of OREC, the more favorable the formation is of
the c form.

From Figures 7 and 8, we can see that the cooling
rate has a marked effect on the crystallization behav-
ior; that is, the degree of crystallinity decreases with
the increasing cooling rate at the same OREC con-
tent. From Figure 6, it is clear that the lower the
cooling rate is, the more favorable it is for the forma-
tion of the c form, and this may stem from the seg-
mental chain relaxation. Our result is in contrast to

the results reported by Fornes and Paul,12 who sug-
gested that rapid cooling forces crystallization at low
temperatures at which the rate is limited by polymer
chain mobility, and mobility limitations may be the
reason for favoring the c form. Further studies are
being conducted regarding this phenomenon.

CONCLUSIONS

The effects of the dispersion of OREC on the crystal-
lization behavior of nylon 6/OREC nanocomposites
were systematically investigated. XRD and TEM
were employed to characterize the exfoliated
and intercalated structures and the dispersion of
OREC in nanocomposites. The results revealed
that an intercalated morphology (NCN5) and an
exfoliated morphology (NCN1) were successfully
obtained. Nonisothermal crystallization experiments
and analyses were performed with DSC and
the modified Ozawa model. We found that the crys-
tallization rate of nylon 6/OREC nanocomposites

TABLE III
DSC Data of Nylon 6 and the Nylon 6/OREC Nanocomposites at a

Heating Rate of 10K/min

Sample / (�C/min)

Tm (�C)

DH
M

(J/g) xcc (%)First Second

Neat nylon 6 5 214.31 220.01 59.0 31.05
10 212.52 219.98 58.0 30.53
20 211.63 220.04 55.3 29.11
40 209.56 219.61 51.4 27.05

NCN1 5 217.22 221.01 71.56 38.04
10 216.12 220.95 69.61 37.01
20 213.59 220.52 65.74 34.95
40 210.54 220.25 59.66 31.72

NCN5 5 214.56 219.62 68.83 38.13
10 214.01 219.93 67.49 37.39
20 211.75 220.11 59.82 33.14
40 211.39 220.22 55.43 30.71

Figure 7 Heat scans of nylon 6, NCN1, and NCN5 at a
heating rate of 10 K/min where the previous cooling rate
was the same at 5 K/min.

Figure 8 Crystallinity as a function of OREC content
at four different cooling rates: (1) 5, (2) 10, (3) 20, and (4)
40 K/min.
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is faster than that of nylon 6 at a given cooling rate.
The difference in the values of m between neat nylon
6 and nylon 6/OREC nanocomposites suggests that
the nonisothermal crystallization of nylon 6/OREC
nanocomposites corresponds to tridimensional growth
with heterogeneous nucleation.

Melting behaviors of nylon 6 and nylon 6/OREC
nanocomposites were also investigated. We found
that the addition of OREC favors the formation of
the c form, and xcc of nylon 6/OREC nanocomposites
increased in comparison with that of neat nylon 6
with the same heat history, especially for NCN1.
The results also imply an unusual phenomenon: the
lower the cooling rate is, the more favorable it is for
the formation of the c form.
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