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ABSTRACT: In this article, polyamide 6/polystyrene/
multiwalled carbon nanotubes (PA6/PS/MWNTs) nano-
composites were prepared via successive in-situ polymer-
ization. The effect of MWNTs on the morphology and
electrical properties of polyamide 6/polystyrene (PA6/PS)
blends was investigated in detail. Scanning electron
microscopy and transmission electron microscopy analysis
indicated that MWNTs were selectively located at the
interface of PA6 and PS. The interface-localized MWNTs
could act as compatibilizers, which resulted in the
decreased size of PS domains in PA6 matrix and the
delayed phase inversion of immiscible PA6/PS blends.

The PA6/PS interface was continuous in the MWNTs-
filled (70/30) PA6/PS blends. Selectively located MWNTs
at the continuous interface were connected with each other,
which resulted in the establishment of a MWNTs conduc-
tive pathway in (70/30) PA6/PS blends. Electrical proper-
ties analysis indicated that the volume resistivity of (70/30)
PA6/PS blends with 0.5 and 1.0 wt % MWNTs loading was
decreased by about nine orders of magnitude. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 125: E167-E174, 2012
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INTRODUCTION

Because of improvements in their mechanical and
physicochemical properties over those of single-com-
ponent systems, polymer blending has gained con-
siderable interest in recent years. Both polyamide 6
(PA6) and polystyrene (PS) are commodity polymers
that possess unique properties individually. Thus, a
PA6/PS blend is expected to have commercial
potential applications, such as engineering plastic,"
because it could provide a combination of the useful
properties of its constituents. Because of the intrinsi-
cally different polarities of PA6 and PS, PA6/PS
blends are immiscible and represent two-phase mor-
phology with poor interfacial adhesion and exhibit
poor mechanical properties. Therefore, it is essential
to control and stabilize a desired type of morphol-
ogy in PA6/PS blends to generate polymeric materi-
als with favorable properties.> Styrene copolymers,
such as poly(styrene-co-maleic anhydride) (SMA),
poly(styrene-co-acrylonitrile) (SAN) and maleated
styrene-b-ethylene-cobutylene-b-styrene  copolymer
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(SEBS-¢-MAH),"”  poly(styrene-g-ethylene  oxide)
(SEO),'"'? graft copolymers of PS and PA6 ( PS-g-
PA6),"> maleated propylene—ethylene copolymer,'*
were usually used as the compatibilizers of PA6/PS
blends in a great number studies.

It is promising to use carbon nanotubes (CNTs)
additives in polymer blends to achieve high per-
formance and multifunctions because of the nanome-
ter size, high aspect ratios, and more importantly,
the extraordinary mechanical strength, high electrical
and thermal conductivity.">* Furthermore, when
incorporated into polymer blends, the nanofiller,
such as CNTs,** carbon black,? organoclay,26 and
silica particles, could act as compatibilizers and
affect the dynamic phase behavior and morphology
of the polymer blends because of the strong adsorp-
tion of polymer on the surface of these fillers.”” "'
Several researchers have reported both experimental
results and theoretical predictions that CNTs can be
used as a third component to improve phase mor-
phology of the immiscible polymer blends. The
effect of CNTs on the interfacial properties of immis-
cible blends is similar to that of compatibilizer.’*>"
PA6/PS/organoclay nanocomposites had been stud-
ied by Kelnar” and Yang,' respectively. However,
there are few reports about PA6/PS/CNTs
nanocomposites.
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Figure 1 The scheme of the preparation procedure of
MWNTs-filled PA6/PS blends.

On the other hand, most researches focus on the
electrical properties of polymer blends containing
CNTs in recent years. For CNTs-filled polymers
blends, the electrical conductibility depends on the
location of CNTs and on the blends morphology.
The selective localization of CNTs in a continuous
phase of immiscible polymer blends is a conceptual
approach in achieving conducting blends utilizing
very low concentration of CNTs. When CNTs were
selectively located at the continuous interface of im-
miscible polymers blends, the electrical conductibil-
ity of the blends could be improved significantly
with the lowest CNTs loading.”*™*

PA6/PS blends had been prepared via successive
in situ polymerization in our previous works**™ in
which a novel phase inversion phenomenon was
achieved. In these works, PS is the dispersed phase
when it is present at less than 10 wt % in PA6/PS
blends. Beyond 15 wt % PS, phase inversion occurs,
and a transformation for PS from a dispersed phase
to a continuous phase, and for PA6 from the
matrix to a dispersed phase, is observed. Recently,
PA6 magnetic microspheres with mean diameter of
7.7 pm and a narrow size distribution were
obtained in our laboratory on the base of the above
novel phase inversion in PA6/PS blends.”" Further-
more, the effect of montmorillonite on the morphol-
ogies and properties of PA6/PS blends via succes-
sive in situ polymerization was also studied in our
laboratory.>

In this study, MWNTs-filled PA6/PS blends were
also prepared via successive in situ polymerization.
Figure 1 shows the schematic illustration of the
preparation procedures. The main aim is to investi-
gate the effect of MWNTs on the morphology of
PA6/PS blends. Furthermore, the increased electrical
conductibility of PA6/PS/CNTs nanocomposites
resulted from wunusually selective location of
MWNTs in PA6/PS blends was also studied in
detail in this work.

EXPERIMENTAL
Materials

MWNTs were purchased from Chengdu Organic
Chemistry Co., Ltd. The diameter of MWNTs is
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about 10-20 nm. Styrene, azodiisobutyronitrile
(AIBN), 2, 4-toluene diisocyanate (TDI), and €-cap-
rolactam sodium salt (NaCL) were purchased from
Shanghai Chemical Reagent Corp (Analysis Grade).
Styrene was distilled under reduced pressure. Com-
mercial grade €-caprolactam (CL) was obtained
from Nanjing Oriental Chemical Company.

Preparation of MWNTs-filled PA6/PS blends

In a typical experiment, 1.0 wt % MWNTs-filled
(80/20) PA6/PS blends were prepared following the
two steps below:

1. Polymerization of styrene in the presence of CL
and MWNTs
First, 1.0 g of MWNTs, 80 g of CL, 20 g of
styrene, and 20 g of acetone were added into a
three-necked flask with stirring. After 1 h ultra-
sonication, the above mixture was purged with
dry nitrogen for 30 min to remove oxygen from
the reaction flask, followed by addition of 0.04
g of AIBN. Then, the mixture was polymerized
at 80°C for 24 h with stirring. Afterwards, the
mixture was vacuumed at 40°C to remove ace-
tone, and a viscous PS/CL/MWNTs mixture
was obtained.
2. Preparation of MWNTs-filled PA6/PS blends
The obtained PS/CL/MWNTs mixture was
vacuumed at 150°C for 20 min to remove resid-
ual styrene monomer, trace amount of acetone,
and water. Then, 0.32 g of NaCL was added
with stirring for 5 min. After that, 0.32 g of TDI
was added with stirring. Finally, the mixture
was immediately poured into a mold preheated
to 180°C and polymerized in an oven at 180°C
for 20 min, and subsequently, the 1.0 wt %
MWNTs-filled (80/20) PA6/PS blends were
obtained after slowly cooling to room
temperature.

The unfilled and 1.0 wt % MWNTs-filled (95/5,
90/10, 85/15, and 70/30) PA6/PS blends, 0.5 and
1.5 wt % MWNTs-filled (90/10, 80/20, and 70/30)
PA6/PS blends were also prepared via the method
mentioned above. The content of MWNTs, CL, and
styrene were determined by the different composi-
tions of MWNTs-filled PA6/PS blends. AIBN was
used as a initiator of radical polymerization of sty-
rene; the amount of which was determined by the
content of styrene in the mixture. NaCL and TDI
were used as the catalyst and activator for anionic
ring opening polymerization of CL, respectively; the
amount of which were determined by the content of

CL. Acetone was used as a predispersant of
MWNTs, CL, and styrene, which could ensure the
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mixture is liquid. The amount of acetone was deter-
mined by the content of CL.

Characterization

Scanning electron microscopy

The morphology of MWNTs-filled PA6/PS blends
was examined with a scanning electron microscopy
(SEM) (JSM LV-5610, JEOL). The samples were held
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in liquid N, and a brittle fracture was performed.
Specimens were etched with tetrahydrofuran (THF)
to dissolve the PS homopolymers. The etched sur-
face was coated with gold before observation.

Transmission electron microscopy

The location of MWNTs was observed by a trans-
mission electron microscopy (TEM) (JEM-2100F,
JEOL). The samples were ultramicrotomed with a
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Figure 2 SEM images of the THF etched fracture surface of the blank PA6/PS blends (a,ce,g, and i) and 1.0 wt% CNTs-

filled PA6/PS blends (b,d,£h, and j).
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diamond knife on a Leica Ultracut UCT microtomed
at —20°C to give 70-nm-thick sections. The sections
were transferred to carbon-coated Cu grids of 200
meshes.

Broadband dielectric spectrometer

Broadband dielectric spectrometer (Concept 40,
NOVOCONTROL) was used to determine the vol-
ume resistance of sheet samples (diameter 30 mm,
thickness 1.0 mm) at room temperature.

RESULTS AND DISCUSSION

Microscopic morphology of MWNTs-filled PA 6/PS
blends

Figure 2 gives the SEM images of the THF etched
fracture surface of the blank PA6/PS blends and 1.0
wt % MWNTs-filled PA6/PS blends. The black
domains correspond to the extracted PS phase [Fig.
2(a—d),f,h], and the microspheres [Fig. 2(e,g,i,j)] are
PA6 spheres.”*" As the results showed in our pre-
vious works,** " the phase morphology of PA6/PS
blends gradually changes from the PS dispersed/
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PA6 matrix to PA6 dispersed/PS matrix with
increasing PS loading. With the same loading of PS,
the size of the discrete PS domains in MWNTs-
filled PA6/PS blends reduces remarkably when
compared with that in blank PA6/PS. For blank
PA6/PS blends (Fig. 2(e,g,i)], the phase inversion
occurs at a PS content of 15 wt % in which the
phase morphology of the PA6/PS blends changes
from the PS dispersed/PA6 matrix to PA6 dis-
persed/PS matrix system. However, with the addi-
tion of MWNTs, it does not occur until at a PS con-
tent of 30 wt % [(Fig. 2(b,d,fh,j)]. Moreover, when
the content of MWNTs is increased to 1.5 wt %, the
phase inversion of PA6/PS blends with 30 wt % PS
loading is hindered. Discrete PS spherical domains
are dispersed in the PA6 matrix again, as shown in
Figure 3(c).

Location of MWNTs in the PA6/PS blends

To explore the mechanism of the morphological
change of PA6/PS blends with the addition of
MWNTs, it is necessary to investigate the location of
MWNTs in the blends. SEM images of the MWNTs-
filled PA6/PS blends show that MWNTs are mainly

Figure 2 (Continued)
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4(b,c)], MWNTs are mainly located at the surface of
PA6 spheres, and the PS matrix does not contain
MWNTs. It is generally believed that MWNTs are

Figure 3 SEM images of THF etched fracture surface of
(70/30) PA6/PS blends with (a) 0.5 wt% MWNTs, (b) 1.0
wt% MWNTs, and (c) 1.5 wt% MWNTs.

located at the bottom of the dark holes in the PA6 Figure 4 SEM images of the fracture surface of 1.0 wt%

continuous phase and there are hardly any MWNTs  \[jyNTs-filled (80/20) PA6/PS blends (a), (70/30) PA6/PS
in the PA6 matrix, as shown in Figure 2(b,d,f,h) and  plends (b and c). The surface of (a) and (b) was etched
Figure 4(a). When PS is the continuous phase [Fig.  with THF.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 TEM images of 1.0 wt% MWNTs-filled (80/20)
PA6/PS blends (a) and (70/30) PA6/PS blends (b).

confined at the interface of PA6 and PS but not dis-
persed into the matrix.

To further confirm the location of MWNTs, TEM
observation (Fig. 5) was also used to investigate the
morphology of the blends. In Figure 5(a) and (b), PS
and PA6 is the dispersed phase respectively. The
images show that MWNTs exist exclusively at the
interface region of PA6/PS in both blends regardless
of the PS or PA6 dispersed phase. This interesting
selective location of MWNTs is due to the poor wett-
ability of MWNTs by both PA6 and PS, and thus
MWNTs are expelled from both PA6 and PS phases
and banished to the interface region between PA6
and PS.

The selective localization of the CNTs has also
been observed on some ternary nanosystems,*>>%4!44
which was prepared by either functionalized CNTs
or special extrusion process. CNTs are mainly
located in one of the polymer phases in those
blends. In this work, MWNTs-filled PA6/PS blends
are prepared via in situ successive polymerization

Journal of Applied Polymer Science DOI 10.1002/app

YAN AND YANG

with raw MWNTs. Because of the poor wettability
of MWNTs by PA6 and PS, they are excluded to the
interface between PA6 and PS, which resulted in
their selective localization at the PA6/PS interface.

Electrical properties of CNTs-filled PA6/PS blends

Figure 6 shows influence of MWNTs loading on the
volume resistivity of the blends with different PA6/
PS weight ratio. For the blends of (90/10) and (80/20)
PA6/PS, the volume resistivity showed almost the
same value even though the MWNTs content was
increased from 0.5 to 1.5wt %, and the slightly change
is probably due to the instrumental inaccuracy. How-
ever, (70/30) PA6/PS blends showed quite different
volume resistivity. For blends with 0.5 and 1.0 wt %
MWNTs, obvious decrease of the resistivity could be
observed, and the volume resistivity was decreased
by about nine orders of magnitude. While with fur-
ther increasing MWNTs loading to 1.5 wt %, an ab-
rupt increase in volume resistivity occurred again for
(70/30) PA6/PS blends. These results indicate that
the electrical conducting ability of (70/30) PA6/PS
blends with 0.5 and 1.0 wt % of MWNTs is much bet-
ter than that of the other blends. In (70/30) PA6/PS
blends with MWNTs content of 0.5 and 1.0 wt %,
densely stacking of PA6 microspheres results in a
continuous interface region of PA6 and PS, as shown
in Figure 4(c). MWNTs confined at the continuous
interface region are bridged into direct contact and
the electrical conductivity can be imparted, which
results in the fabrication of a conductive pathway in
the blends. However, for the MWNTs-filled (90/10,
80/20) PA6/PS blends [Fig. 2(b,d,th)] and 1.5 wt %
MWNTs-filled (70/30) PA6/PS blends [Fig. 3(c)],
PA6/PS interface region has little or no continuity,
which is believed to be responsible for the insulating
behavior of these blends.
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Figure 6 Influence of MWNTs loading on the volume
resistivity of various PA6/PS blends composition.
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Figure 7 Schematic diagrams of unique mechanism of the unusual phase morphology and electrical properties of

MWNTs-filled PA6/PS blends.

Unique mechanism of the unusual phase
morphology and electrical properties of
MWNTs-filled PA6/PS blends

MWNTs were dispersed homogeneously in the mix-
ture of styrene and €-caprolactam monomer with
the aid of power ultrasonic wave before polymeriza-
tion as shown in Figure 1. In the polymerization,
MWNTs were excluded to the interface of the mix-
ture and tended to “aggregate” forming interface-
localized MWNTs clusters containing styrene and
€-caprolactam monomer, which resulted in the gen-
eration of PA6 and PS molecules in the MWNTs
clusters. These interface-localized MWNTs clusters
containing PA6 and PS molecules could be looked as
an amphiphilic compatibilizer of PA6/PS blends and
enhance the interface interactions between PA6 and
PS effectively. Both the decreased size of the PS
domains and the increased phase inversion concen-
tration of PA6/PS blends are due to the compatibili-
zation of the interface-localized MWNTs clusters.

CONCLUSIONS

MWNTs-filled PA6/PS blends were successfully pre-
pared by in situ successive polymerization. Because
of the poor wettability of MWNTs by PA6 and PS,
MWNTs were selectively located at the interface of
PA6 and PS. The interface-localized MWNTs could
act as a compatibilizer of PA6/PS blends and
resulted in both the decreased size of the PS
domains and increased phase inversion concentra-
tion. For the (70/30) PA6/PS blends, the PA6/PS
interface  was  continuous.  Interface-localized
MWNTs could be connected with each other in the
continuous interface, and thus a conductive MWNTs
pathway could be created, which was effective to
decrease the volume resistivity. The method pre-

sented in this study is relatively facile but still rea-
sonably controllable to prepare conductive commod-
ity polymer blends.
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