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morphology of polyamide-6
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a b s t r a c t

We show that crystal organization on both micro and nanoscales can be profoundly modified by
dispersing carbon nanotubes (CNTs) in polyamide-6 by melt compounding. X-ray diffraction and
transmission and scanning electron microscopies all indicate that when CNTs are well dispersed, crys-
talline spherulites are not present and remarkably crystalline lamellae grow aligning perpendicularly to
the surface of the nanotubes. Such an epitaxial growth induced by CNTs during melt processing is
particular to polyamide-6 because of crystallographic matching of CNTs and polyamide-6 crystal lattices.
Macroscopically this epitaxial nucleation and growth can be detected and quantified by examining the
splitting of the exothermic peak in calorimetric (DSC) experiments. Using optical microscopy and image
analysis we show that the amount of trans-crystalline epitaxial crystallites increases when CNTs’
dispersion quality is improved.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nanocomposites have been greatly developed during the last
two decades to improve the electrical, mechanical and thermal
properties of polymer materials. Carbon nanotubes (CNTs) are
highly attractive fillers because of their high aspect ratio, their
nanometer scale diameter, their mechanical strength and their
electrical properties. When dispersed in various polymer matrices
CNTs enable conductivity with a low percolation level. This
improvement of electrical conductivity is sometimes even
combined with a substantial improvement in mechanical proper-
ties [1–3]. To achieve these combinations of properties, the main
challenge seems to have a proper dispersion of the CNTs in the
matrix and a proper adhesion to the polymer matrix. Different
methods have been reported for the preparation of CNT/polymer
composites: solution processing [4,5], melt compounding [6–9] or
in situ polymerization [10,11].

Polyamide-6 (PA-6) is a typical semi-crystalline thermoplastic
polymer with a wide range of engineering applications, and not
surprisingly literature on the dispersion of CNTs in this matrix is
extensive [6,7,10,12–14]. Considerable effort has been devoted in
particular to understand the modifications of the polyamide-6
crystallization by CNTs [12–14]. The key finding from these
studies is the role of nanotubes as strong nucleation sites. Li et al.

[12,14] showed that the MWNTs in the composite prepared by
melt compounding accelerate the crystallization of PA-6. More-
over, the crystalline evolution is not the same in the composites
and in the neat polyamide-6 depending on the cooling procedure.
For neat polyamide-6, the crystallinity decreases when the
cooling rate increases, while conversely, the crystallinity increases
with cooling rate for the composite with 1 wt% [14]. After
a quench, the composites end up with a higher degree of crys-
tallinity than the neat polyamide-6. For pristine MWNT
composites prepared by melt compounding, Li et al. [14] and
Phang et al. [13] showed by WAXS that the only crystalline form
present is the a form without change in the cell parameters or in
the melting temperature and this is independent of the cooling
rates. Moreover, Phang et al. [13] observed that the temperature
of crystallization is split into two peaks, Tc1 and Tc2. However,
not all the studies on the crystallization of CNT/PA-6 composites
[12,14] show such a splitting and its significance is not well
understood.

The question of the exact influence and of the control of CNTs on
the crystallization is still open. Here, we combine careful quanti-
tative studies of the quality of CNTs’ dispersions and crystallization
of PA-6 matrix and show, for the first time, that when CNTs are well
dispersed, the spherulite structure is absent and PA-6 crystalline
lamellae grow from the CNTs surfaces and align perpendicular to
them. This epitaxial growth is possible thanks to the lattice
matching between the CNTs and the PA-6 crystals.

The crystallization morphology of the matrix is important for
the mechanical properties; it may affect properties such as
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