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Morphology of polyamide 6 confined into carbon nanotubes
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The preparation of polymer nanocomposites filled with carbon nanotubes requires the nanotubes to be uniformly dispersed
and compatible with the polymer matrix. In this work we report a preparation method of polyamide 6 (PA 6) based nanocompo-
site containing multi-walled carbon nanotubes (MWCNT) without any additional surface modification and obtained by in situ
polymerization, as a simple method for composites production. The process was assisted by ultrasounds prior to synthesis. With
such a method, an interesting morphology of polyamide 6 confined into a multiwalled carbon nanotube as well as grafted on a
carbon nanotube surface was observed. For comparative purpose, PA 6 nanocomposites were also prepared from commercially
available master batch by melt compounding.
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1. Introduction
Polymer nanocomposites are important group

of modern engineering materials due to their spe-
cific properties, such as significantly improved
mechanical stability, high-temperature stability,
flame retardancy and enhanced barrier proper-
ties. These phenomenona are strongly connected
to the type of polymer matrix, specific inter-
actions between polymer and nanofiller as well
as specific surface area and chemical character
of the nanofiller. In recent years nanostructured
polymer composites comprising layered silicate
clays have been investigated intensively [1–3].
Polyamide/montmoryllonite nanocomposites de-
veloped in early 1990s opened the doors to the
new and emerging research area, where, using the
inherent characteristics of the aluminosilicate lay-
ers, such as swelling behavior and cation exchange,
the inorganic phase could be evenly dispersed in
the polymeric matrix on a nanometer scale, hence,
generating strong interactions between the inor-
ganic and organic phases.

In situ intercalative polymerization that guaran-
tees strong polymer-filler interactions was reported
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to be only suitable for clay minerals [1]. However,
recently, in situ polymerization was also developed
for carbon nanotube-based materials [4, 5]. Nev-
ertheless, most of the multiwalled carbon nano-
tubes (MWCNT), eventually can be debonded at
the MWCNT-polymer interface and subsequently
pulled out from the polymer matrix rather than bro-
ken down, indicating rather weak interfacial inter-
action between the nanotubes and the matrix due to
the formation of severe agglomeration of the nano-
tubes. Therefore, most of the research is focused
on interfacial phenomena for CNT-based polymer
nanocomposites since they have a strong effect on
the mechanical properties. Most of the work in this
subject is reported for melt compounded pristine
or differently modified nanotubes and polyamide
6 [6–9]. The nanotubes surface functionalization,
specifically MWCNT, can be realized by a sim-
ple acid treatment in order to obtain MWCNT
with different oxygen containing groups on the
surface or by more complicated methods, e.g.
grafting of other polymers. With this second ap-
proach, for example, anionic surface-initiated poly-
merization of ethylene oxide and styrene has been
performed using MWCNT functionalized with
anionic initiators [10]. The transmission electron
microscopy (TEM) images of polymer grafted
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nanocomposites showed the presence of thick
layers of polymer, up to 30 nm, around the
MWCNT. However, more interesting strategy to-
wards functional materials would be the synthe-
sis of the systems, where polymers are not only
grafted on MWCNT surface but also are confined
within the tubes as inorganic/inorganic materials,
where polymers are confined within the channels
of mesoporous hosts. Among them, in particu-
lar composites containing either conducting poly-
mers or metals have been actively investigated as
“molecular wires” in electronic devices [10–13].
In such systems, monomers are usually impreg-
nated into mesoporous silicas through adsorption,
covalent binding or activated by appropriate initi-
ating species covalently bounded onto pore walls,
which are employed subsequently to initiate poly-
merization. Depending on the monomer type, poly-
mers could be obtained by in situ oxidation poly-
merization, electropolymerization or coordinative
polymerization.

In this work, we present for the first time,
the polyamide/CNT nanocomposites with unique
morphology, where polyamide chains are not only
grafted on MWCNT but also are confined within
the nanotubes. The key procedure towards devel-
opment of this new type morphology was to com-
bine few steps, including ultrasounds treatment of
a monomer (ε-caprolactam), high pressure ring
opening polymerization and in situ high tempera-
ture polymerization of polyamide 6 in a presence of
MWCNT. Importantly, this morphology has been
developed during the polyamide-MWCNT synthe-
sis in a semi-pilot plant scale.

2. Experimental
2.1. In situ polymerization of MWCNT-
PA 6 nanocomposites

First, polyamide 6 (PA 6) as the neat (reference)
material was synthesized with the laboratory-scale
pressure reactor, producing 2.8 kg of a polymer
per batch. Briefly: 3000 g of ε-caprolactam (kindly
supplied by Azoty Tarnow, Poland) was mixed in a
closed autoclave for the polymerization. The poly-
merization temperature was maintained at 260 °C

for 6 h. Flowing nitrogen was used to exhaust wa-
ter generated during the process. The product was
removed from the autoclave and pelletized, ex-
tracted in water at 80 °C for 12 h, and then dried
in a vacuum oven for 12 h. The MFR (Melt Flow
Rate) of synthesized PA 6 (2.16 kg, 230 °C) was
26.5 g/10 min.

MWCNT-PA 6-based nanocomposite was ob-
tained by in situ polymerization. In detail: firstly,
30 g of MWCNT (NC7000, Nanocyl), 2000 g
ε-caprolactam, and 100 g distilled water were por-
tioned, ultrasonicated for 30 min and homogenized
with high speed stirrer (20000 rpm) to form a mas-
ter solution. Then, the master solution and addi-
tional 1000 g ε-caprolactam were mixed in a closed
autoclave under 11 bar pressure. Next, the pro-
cess was continued according the procedure as de-
scribed for PA 6 synthesis. In this way, nanocompo-
sites containing 1 wt.% of MWCNT was prepared.

For comparative purpose, PA 6 nanocomposites
were also prepared from commercially available
master batch (PlastiCyl PA1503, composed of PA 6
and 15 wt.% NC7000, Nanocyl). Melt compound-
ing of the neat PA 6 with PlastiCyl PA1503 master
batch was performed with a use of twin screw ex-
truder at the temperature range from 180 to 230 °C
at 125 rpm for 20 min. Final CNT content was
1 wt.% and 2 wt.%, respectively.

2.2. Scanning electron microscopy (SEM)

The morphologies of MWCNT-PA 6 nano-
composites were observed on cryofractured sur-
faces with the use of the JEOL JSM-6100 scanning
electron microscope at 20 kV acceleration voltages.
Before observations, the samples were coated with
gold/palladium nanolayer.

2.3. Transmission electron microscopy
(TEM)

A transmission electron microscope FEI Tec-
nai F20 with a 200 kV acceleration voltage was
used to study the MWCNT-PA 6 nanocomposites
morphology. The specimens for TEM observa-
tions were cut from the bulk material at room
temperature using a Leica Ultramicrotome. Ultra-
thin sections, approximately 50 nm thick, were
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cut using a diamond knife and were collected on
300 mesh copper grids.

For MWCNT observations a droplet of the
3 wt.% of MWCNT suspension in ethylene glycol
(Nanocyl) was placed on a 300 mesh copper grid.
Subsequently, ethylene glycol was evaporated over
24 hours in order to obtain dry powder on the grid
surface.

3. Results and discussion
TEM micrograph of the MWCNT powder with

a typical tubular structure with open ends is pre-
sented in Fig. 1a. Dimensions were determined
by measuring 10 randomly chosen nanotubes. The
outer tube diameter is around 14 nm, the inner di-
ameter is around 5 nm (Fig. 1b). The nanotubes are
of very good quality, without any contaminations
from catalyst or graphite.

It is well-known that uniform dispersion of a
filler in the polymer matrix is required to improve
mechanical as well as physical properties of com-
posite materials. Broza et al. [14] demonstrated a
significant influence of oxidized single wall car-
bon nanotubes on the increase of Young’s modulus,
tensile strength, and strain to failure at a very low
amount, from 0.01 to 0.1 wt.%, of CNTs in the PBT
matrix. Zhou and Burkhart [15] presented strong
relationship between nanofiller hydrophobicity and
interactions with the polymer matrix. After mod-
ification of hydrophilic silica with different alkyl
chain lengths, both storage modulus and loss mod-
ulus of all iPP/SiO2 nanocomposites significantly
increased. Such strong enhancement of the prop-
erties is directly related to nanofiller-polymer ma-
trix interactions. Therefore, to investigate the inter-
actions between MWCNT and PA 6, the morphol-
ogy of MWCNT-PA 6 nanocomposites prepared by
in situ process and by the melt compounding was
evaluated and compared.

Fracture surface morphology of PA 6 compo-
sites containing 1 wt.% MWCNT prepared by the
melt compounding method is shown in Fig. 2a.
SEM micrograph reveals a very good distribution
of MWCNT in a polymer matrix. Moreover, many
little bulges are observed in Fig. 2a, suggesting that

(a)

(b)

Fig. 1. TEM micrographs of MWCNT at lower (a) and
higher (b) magnifications.

the nanotubes do not break when the cold fracture
takes place and they remain in the polymer matrix.
Such result suggests that interfacial adhesion be-
tween nanofiller and the polymer matrix is strong
and no pull-out of MWCNT from polymer matrix
occurs. These observations correlate excellently
with those presented by Logakis et al. [16], where
also masterbatch dilution technique was applied in
order to obtain MWCNT-PA 6 composites at much
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higher MWCNT concentration, up to 20 wt.%.
TEM micrograph (Fig. 2b) confirms the uniform
dispersion of CNT and also shows their random
orientation in the PA 6 matrix. Interestingly, the
revealed carbon nanotubes are short (much shorter
than pristine CNT presented in Fig. 1a).

(a)

(b)

Fig. 2. SEM image (a) of MWCNT-PA 6 nanocompo-
site containing 1 wt.% of nanofiller, produced by
melt compounding, (b) TEM image of an ultra-
thin section.

Recently, it has been demonstrated that in situ
methods are preferred for nanocomposites prepara-
tion to obtain materials with a uniform distribution
of a nanofiller in a polymer matrix [17–19]. Frac-
ture surface and ultrathin section morphologies of
MWCNT-PA 6 materials are presented in Fig. 3a,

3b. It can be noticed that carbon nanotubes are
well dispersed in the polymer matrix, with many
long and individual carbon nanotubes (Fig. 3a). No
cavities are present on the fracture surface. The
preserved CNT morphology is revealed in TEM
micrograph in Fig. 3b illustrating long, individual
nanotubes in a polymer matrix. This type of mor-
phology is different from that one observed for ma-
terials prepared by melt compounding, where many
short CNT, probably defected during high shear
forces applied at master batch and nanocomposite
preparation, were detected.

(a)

(b)

Fig. 3. SEM image (a) of MWCNT-PA 6 nanocompo-
site containing 1 wt.% of nanofiller, produced
by in situ polymerization, (b) TEM image of an
ultrathin section.

At higher magnification (Fig. 4), we can ob-
serve much more interesting details regarding
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nanocomposites morphology after in situ polymer-
ization. Specifically, as can be seen from Fig. 4, a
nanoscale alignment of the macromolecule chains
inside the “host” channel of carbon nanotubes re-
sembles a “molecular wire” as in organic-inorganic
systems, however, those were based on mesoporous
hosts [10, 12, 13]. 

a) 

 

 

b) 

 

 

c) 

 

 

Fig. 4 

(a) (b) (c)

Fig. 4. TEM image of PA 6-1 wt.% CNT nanocompo-
site produced by in situ synthesis, at different
magnifications.

In our system, where we used high pressure to
initiate polymer chain growth at simultaneous pres-
ence of CNT, PA 6 is confined within the carbon
nanotube (Fig. 4), and also behaves as a support on
which polymer is grafted. This unique morphology
was observed for PA 6-based carbon nanotube ma-
terials for the first time. Such observations suggest
very good wettability of CNT by the monomer at
the initial stage of the reaction and possibility of
polymerization inside the carbon nanotubes, thus,
producing such confined morphology. This mech-
anism of reaction is also possible from the spatial
point of view, in Warshel projection [22]. The max-
imum diameter of ε-caprolactam is around 0.8 nm
and its height is 0.6 nm, therefore, there is no space
hindrance for CNT (5 nm diameter) to be pene-
trated by the monomer. Importantly, this penetra-
tion process occurs without any specific modifica-
tion of CNT surface.

4. Conclusions
In this work, the morphology of MWCNT-

containing PA 6 nanocomposites was investi-
gated. Materials were prepared by conventional
melt blending with the use of PA 6 mas-
ter batch using the in situ polymerization tech-
nique. Good dispersion of MWCNT in a polymer

Fig. 5. Graphical scheme for resulted CNT-PA 6 mor-
phology of nanocomposites.

matrix was found for both techniques. We demon-
strated that the nanocomposite prepared by in situ
polymerization of ε-caprolactam in a presence of
1 wt.% MWCNT is capable to form interesting
morphology, where the polymer is confined in a
multiwalled carbon nanotube as well as is grafted
on .a nanotube surface (Fig. 5).
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