
Introduction

Recently, much attention has been paid to polymer
nanocomposites, especially polymer-layered silicate
nanocomposites, which represent a rational alternative
to conventional filled polymers. Nanocomposite tech-
nology has been described as the next great frontier of
material science. By employing minimal addition levels
(below 10 wt%), nanoclays enhance mechanical, ther-
mal, dimensional and barrier performance properties
significantly [1, 2, 3].

The most commonly used clay is the smectite group
mineral, such as montmorillonite (MMT), which is
a naturally occurring 2:1 phyllosilicate. The struc-
ture consists of two fused silica tetrahedral sheets

sandwiching an edge-shared octahedral sheet of either
aluminium or magnesium hydroxide. In pristine form
the excess negative charge is balanced by cations (Na+,
Li+, Ca2+), which exist hydrated in the interlayer. Ob-
viously, in this pristine state MMT is immiscible with
hydrophobic polymer. Traditionally, in order to facili-
tate silicate layer interaction with a polymer, the clay is
modified with an alkylammonium salt (surfactant
molecule) by a cation-exchange reaction, because the
alkylammonium makes the hydrophilic clay surface
organophilic.

Nylon 6 (PA6) is an important engineering resin,
widely used in fibre, film and engineering thermoplas-
tic, where the properties of thermal stability and fire
resistance are priorities. The first polyamide/clay
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Abstract Nylon 6 (PA6)/clay hy-
brids have been prepared using a
direct melt intercalation technique
by two processes. One is PA6 melt-
mixing with modified clay, the other
is PA6 melt-mixing with natural
(Na+ base) clay using an ammoni-
um salt bearing long alkyl chains as
a polymer/clay reactive compatibi-
lizer. Their structure and flamma-
bility properties are characterized by
X-ray diffraction, transmission elec-
tron microscopy and cone calorime-
ter experiments. The results of the
cone calorimeter experiments show
that hybrids made by these two
processes have a lower heat release
rate peak and higher thermal stabil-
ity than that of original PA6.
Meanwhile, X-ray diffraction was

used to investigate PA6/clay hybrids
with various cooling histories from
the melt, including medium-rate
cooling (air cooling) and rapid
cooling (water-quenched). In con-
trast to pure PA6 dominated by the
a phase, the addition of clay silicate
layers by these two methods favors
the formation of the c crystalline
phase in PA6/clay hybrids. Flam-
mability and phase-transition studies
confirm that silicate layers added by
these two methods have a similar
nanoeffect and nanodispersion in the
PA6 matrix.

Keywords Nylon 6 Æ Nano-
composites Æ X-ray diffraction Æ
Crystallization

Colloid Polym Sci (2003) 281: 951–956
DOI 10.1007/s00396-002-0858-x ORIGINAL CONTRIBUTION

S. Wang Æ Y. Hu (&) Æ Z. Wang Æ W. Fan
State Key Laboratory of Fire Science,
University of Science and Technology of
China, 230029 Hefei, Anhui, China
E-mail: yuanhu@ustc.edu.cn
Tel.: +86-551-3601664
Fax: +86-551-3601664

S. Wang Æ Z. Li Æ Z. Chen
Department of Chemistry, University of
Science and Technology of China,
230026 Hefei, Anhui, China

Y. Zhuang
Structure Research Laboratory,
Anhui University, 230026 Hefei,
Anhui, China



nanocomposites were reported as early as 1976 by
Fujiwara and Sakomoto [4]. One decade later, a re-
search team from Toyota disclosed improved methods
for producing PA6/clay nanocomposites using an in situ
polymerization method, by which very moderate inor-
ganic loadings resulted in concurrent and remarkable
enhancements of thermal and mechanical properties [5,
6]. In the same year, Vaia et al. [7] found that it is
possible to melt-mix polymers with clays without the
use of organic solvents. Since then, the nanocomposites
have become more widely studied in academic, gov-
ernment and industrial laboratories. The technique of
melt processing is particularly attractive owing to its
versatility and compatibility with existing processing
infrastructure and is beginning to be used for com-
mercial applications [8, 9]. However, the technique of
melt processing uses premodified clay as a raw mate-
rial, which will produce waste water and increase cost.
Recently, Alexandre et al. [10] reported a novel tech-
nique for the preparation of ethylene vinyl acetate/clay
nanocomposites starting directly from natural (Na+

base) clay using an ammonium salt bearing long alkyl
chains as a polymer/clay reactive compatibilizer. Syn-
thesis of polymer/clay nanocomposites through direct
melting with inorganic MMT using an ammonium salt
bearing long alkyl chains as a reactive compatibilizer is
a new method. This method is a more efficient and
environmentally benign alternative than other methods
and would greatly expand the practical applications of
these materials.

In the present work, we synthesized PA6/MMT
nanocomposites (PA6CNs) through a direct melt inter-
calation technique by two processes: one is PA6 melting
with modified MMT; the other is PA6 melting with
natural (Na+ base) MMT using an ammonium salt
bearing long alkyl chains as a reactive compatibilizer.
The morphology, crystalline phase transition and fire
properties of the two PA6CNs were studied by X-ray
diffraction (XRD), transmission electron microscopy
(TEM) and cone calorimeter experiments. This paper is
the first report of the characterization of PA6CNs made
by PA6 melt-mixing with natural (Na+ base) clay using
an ammonium salt bearing long alkyl chains as a poly-
mer/clay reactive compatibilizer.

Experimental

Materials

PA6(1003NW8, with weight-average molecular weight 18,000) was
supplied as pellets by UBE Industries, Japan. The original purified
sodium MMT, (with a cation-exchange capacity of 96 mEq/100 g
and interlayer spacing d001=14.5 Å) and organophilic montmo-
rillonite (OMT, with interlayer spacing d001=24 Å) were kindly
provided by Keyan Company, Hefei, China. OMT was prepared

from MMT by an ion-exchange reaction using hexadecyltrime-
thylammonium bromide (C16) in water according to the reported
method [1]. The MMT and OMT used in this study were ground
and passed through a 400 mesh.

The preparatlion of PA6/clay hybrid

1. Process 1: PA6 granules were dried in a vacuum oven at 110 �C
for 10 h and then melt-mixed with 5 wt% OMT at 245 �C using
a twin-screw mill (XK-160, made in Jiangshu, China) for 10 min
to yield a hybrid, termed PA6/OMT.

2. Process 2: PA6 granules were melt-mixed with 5 wt% MMT and
3 wt % C16 under the same condition as in process 1, and the
hybrid was termed PA6/MMT/C16.

Evaluation of dispersibility of the clay in PA6 resin matrix

The dispersibility of the silicate layers in the PA6 was evaluated
using XRD, bright-field TEM. The thin films (1 mm) of the hy-
brids were pressed at 245 �C for the XRD measurements to
evaluate the dispersibilities of the silicate layers in the PA6 matrix.
The XRD experiments were performed at room temperature using
a Japan Rigaku D/max-rA X-ray diffractionmeter (30 kV, 10 mA)
with Cu (k=1.54178 Å) irradiation at a rate of 2�/min in the
range 1.5–10�. TEM specimens were cut from an epoxy block
with the embedded PA6 hybrid powders at room temperature
using an ultramicrotome (Ultracut-1, UK) with a diamond knife.
Thin specimens, 50–80 nm, were collected in a trough filled with
water and placed on 200 mesh copper grids. TEM images were
obtained using a JEOL JEM-100SX with an acceleration voltage
of 100 kV.

Cone calorimetry

Samples (100·100·3 mm3) were exposed to a Stanton Redcroft
cone calorimeter at an incident heat of 50 kW/m2 according to
ASTM 1356-90. The peak heat release rate (HRR), mass loss rate,
specific extinction area, ignition time, and specific heat of com-
bustion data were reproducible to within 10% when measured at
50 kW/m2. The cone data reported here are the averages of three
replicated experiments.

Phase-transition analyses

The c fi a crystalline phase transition in PA6/clay hybrids with
various cooling histories from the melt, including medium-rate
cooling (air cooling) and rapid cooling (water-quenched), were
investigated by XRD. Films (1 mm) of the hybrids were prepared
as follows. The hybrids were pressed at 245 �C using a flat-sulfu-
reted machine (HPC-100,China) for the XRD measurements. Two
kinds of cooling conditions were then used.

1. Medium-rate cooling: the films were kept on the 245 �C flat-
sulfureted machine for 10 min and then removed and cooled in
air at room temperature.

2. Rapid cooling: the films were kept on the 245 �C flat-sulfureted
machine for 10 min and then removed and quenched in a water
bath at room temperature.

XRD experiments were performed at room temperature using a
Japan Rigaku D/max-rA X-ray diffractionmeter (30 kV, 10 mA)
with Cu (k=1.54178 Å) irradiation at a rate of 2�/min in the range
10–30�.
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Result and discussion

Dispersibility of PA6/clay hybrids

We assume that the cooling rate or crystallization pro-
cess does not drastically alter the mean distribution of
the silicate. The XRD patterns of the MMT,OMT, PA6/
MMT hybrid, with MMT mass fraction 5 wt%, PA6/
OMT hybrid, with OMT mass fraction 5 wt%, and
PA6/MMT/C16 hybrid, with MMT mass fraction
5 wt% and C16 mass fraction 3 wt%, are shown in
Fig. 1. The peaks correspond to the (001) plane reflec-
tions of the clays. Both PA6/OMT and PA6/MMT/C16
have broadened d001 peaks and visible d002 peaks. PA6/
OMT has a 0.8-nm gallery height increase compared to
that of OMT and PA6/MMT/C16 has a 1.4-nm gallery
height increase compared to that of OMT, which indi-
cates an intercalated–delaminated structure (Fig. 1trac-
es d, e). The different d001 peaks between PA6/OMT and
PA6/MMT/C16 may be due to the different mechanism
of intercalation. However, it is difficult from XRD to
draw definitive conclusions about the defined structure.
Thus, TEM techniques are necessary to characterize the
morphology of the nanocomposites. The black lines
correspond to clay layers. The TEM photographs
(Figs. 2, 3) for PA6/OMT and PA6/MMT/C16 display a
good dispersion of the clay layers, and both intercalated
(stacks of multilayers of clay) and delaminated struc-
tures coexist, although isolated particles are observed to
a lesser extent in PA6/MMT/C16 compared to the
nanocomposite directly obtained with OMT (PA6/
OMT).

To compare the effect of the nanodispersion of the
silicate, a microcomposite (PA6/MMT) was prepared by
melt-mixing PA6 with MMT. The XRD for PA6/MMT
exhibits only a weak peak corresponding to an interlayer
distance of 1.5 nm, assimilated to the interlayer distance
of nonmodified MMT (Fig.1traces a, c). The primary
particles composed of many silicate layers can be seen in
the TEM image of PA6/MMT (black one in Fig. 4).
This situation corresponds to that of a conventional
filled polymer where primary particles measuring a few
microns are dispersed in the matrix.

Flammability properties of PA6/clay hybrids

Characterization of the flammability properties of a
variety of polymer/clay nanocomposites, under firelike
conditions, using the cone calorimeter has revealed
improved flammability properties for many types of

Fig. 1 X-ray diffraction (XRD) patterns of a sodium montmorill-
onite (MMT), b organophilic montmorillonite (OMT), c nylon 6
(PA6)/MMT hybrid, with MMT mass fraction 5 wt%, d PA6/
OMT hybrid, with OMT mass fraction 5 wt%, and e PA6/MMT/
hexadecyltrimethylammonium bromide (C16) hybrid, with MMT
mass fraction 5 wt% and C16 mass fraction 3 wt%

Fig. 2 Transmission electron microscope (TEM) image of a
nanocomposite based on PA6 filled with 5 wt% OMT (PA6/OMT)

Fig. 3 TEM image of a nanocomposite based on PA6 filled with
5 wt% MMT and 3 wt% C16 (PA6/MMT/C16)
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polymer/clay nanocomposites [11, 12, 13, 14, 15]. The
cone calorimeter is one of the most effective bench-scale
methods for studying the flammability properties of
materials. The HRR, in particular the peak HRR, has
been found to be the most important parameter to
evaluate fire safety [11].

The HRR plots for pure PA6, PA6/MMT micro-
composite, PA6/OMT and PA6/MMT/C16 nanocom-
posies at 50 kW/m2 are shown in Fig. 5. The peak HRR
of PA6/MMT is 16% lower than that of pure PA6. Its
peak HRR is lower partly because it contains 95 wt%
PA6. However, the peak HRRs of PA6/OMT and PA6/
MMT/C16 nanocomposites are 40%, 32% lower than
that of pure PA6, respectively.

Studies [11, 12, 13, 14, 15, 16, 17] have shown that the
lower flammability of polymer/clay nanocomposites is
not due to retention of a large fraction of fuel, but in the
form of carbonaceous char, in the condensed phase. The

nanodispersed lamellae of clay (exfoliation or interca-
lation) in the polymer matrix all enhance the formation
of char when burning. After pyrolysis, the nanocom-
posite forms char with a multilayered carbonaceous-
silicate structure. This high-performance carbonaceous
silicate char builds up on the surface during burning; this
insulates the underlying material and slows the escape of
the volatile products generated during decomposition.

The variation in the HRR peak decrease may be ex-
plained by the difference in structure observed between
the two nanocomposites (PA6/OMT and PA6/MMT/
C16). The silicate layers in PA6/OMT disperse more
uniformly than in PA6/MMT/C16 (Figs. 2, 3). These
better nanodisperse silicate layers correspond to better
high-performance carbonaceous silicate char on the
surface when burning and a lower HRR peak in PA6
matrix.

Effect of structure on the phase transition
of PA6/clay hybrids

The main phases of PA6 are the a phase and the c phase.
The crystalline structure of PA6 under equilibrium
conditions and at room temperature is the a phase and
PA6 is most stable in the a phase. The c phase is
metastable and it can be transformed into the a phase by
annealing. However, the c phase becomes the dominant
phase in the PA6/clay nanocomposites [18, 19, 20]. The
reason why the silicate layers favors the formation of the
c phase in PA6 still remains unclear and it may be re-
lated to the interaction between clay layers and PA6
molecules. Lincoln et al. [19] suggested that the addition
of clay layers forces the amide groups of PA6 out of the
plane formed by the chains. This results in conforma-
tional changes of the chains, which limits the formation

Fig. 4 TEM image of a microcomposite based on PA6 filled with
5 wt% MMT (PA6/MMT)

Fig. 5 Heat release rate (HRR)
data for pure PA6, PA6/MMT,
PA6/OMT and PA6/MMT/C16
hybrids

954



of hydrogen-bonded sheets and the c phase is favored.
According to this assumption, the structure of the sili-
cate layers dispersed in PA6/clay hybrids will greatly
affect the phase structure of the PA6 matrix.

To understand how the structure of PA6/clay hybrids
influences the c fi a crystalline phase transition in the
PA6 matrix with various cooling histories from the melt,
including rapid cooling (water-quenched), medium-rate
cooling (air cooling), we examined two kinds of PA6/
clay nanocomposites (PA6/OMT and PA6/MMT/C16)
by two processes compared to that of pure PA6 and
PA6/MMT microcomposite. These layered silicates dis-
perse differently in the PA6 matrix. The TEM images
(Figs. 2, 3) of PA6/OMT and PA6/MMT/C16 show that
they both contain intercalated MMT and delaminated
MMT layers, however, the silicate layers in PA6/OMT
disperse more uniformly than in PA6/MMT/C16.

The crystalline form and degree of crystallinity were
determined by XRD. The effect of structure is apparent
in the XRD. For the medium-rate cooling condition
(Fig. 6), in pure PA6 and PA6/MMT microcomposite,
both a1 and a2 peaks are very distinct and the c peak is
almost absent; however, in PA6/OMT and PA6/MMT/
C16 nanocomposites, the c peak is visible and the c peak
in PA6/OMT is more prominent than that of PA6/
MMT/C16 (this may due to the better dispersed silicate
layers in PA6/OMT). The a1 and a2 peaks all decrease.
These results indicate that madium-rate cooling favors
the formation of the a phase in pure PA6, and the
nanodispersed silicate layers increase the crystallization
of the c phase, while microdispersed silicate layers have
little effect on the crystalline properties of the PA6 ma-
trix.

For the rapid cooling (water-quenched) condition
(Fig. 7), in pure PA6 and PA6/MMT microcomposite,
both a1 and a2 peaks are very distinct. The c peak is

weak and visible; however, in PA6/OMT and PA6/
MMT/C16 nanocomposites, the c peak is dominant with
weak shoulders of a1 and a2 peaks. These results indi-
cate that rapid cooling favors the formation of the c
phase. The addition of nanodispersed silicate layers in-
creases the crystallization of the c phase, while this effect
cannot be found in the PA6/MMT microcomposite.
This result confirms that the dispersed structure of sili-
cate layers greatly affects the crystalline properties of the
PA6 matrix. The nanodispersed silicate layers may in-
teract with PA6 molecules and limit the formation of
hydrogen-bonded sheets, and this favors the formation
of the c phase.

Conclusion

We prepared a PA6/MMT/C16 nanocomposite by PA6
melt-mixing with natural (Na+ base) clay while using
C16 as a polymer/clay reactive compatibilizer. The
flammability and phase structure of PA6/MMT/C16 at
different cooling conditions has been studied compared
to that of the PA6/OMT nanocomposite, the PA6/
MMT microcomposite and pure PA6. The results show
that the dispersibility of clay layers in the PA6 matrix
will greatly affect the phase transition of PA6 and the
process of making the PA6 nanocomposite by PA6 melt-
mixing with natural (Na+ base) clay using C16 as a
polymer/clay reactive compatibilizer is a reasonable
way.
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Fig. 6 XRD patterns of a pure PA6, b PA6/MMT, c PA6/OMT
and d PA6/MMT/C16, under the medium-rate cooling (air cooling)
condition

Fig. 7 XRD patterns of a pure PA6, b PA6/MMT, c PA6/OMT
and d PA6/MMT/C16, under the rapid cooling (water-quenched)
condition
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