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Abstract: In this study, multiwalled carbon nanotubes (MWCNTs) were confined or localized in an immiscible blend of
poly(ethylene terephthalate)/polyamide 6 (PET/PA6). A co-rotating twin-screw extruder and melt-compounding were used to
prepare nanocomposites of PET/PA6 (60/40, w/w) and MWCNTs with various MWCNT contents in the range 0.001-2 phr.
The raw, unfunctionalized MWCNTSs were used as fillers. A remarkable change in the morphology of the blend happened on
the basis of the amount of MWCNTSs added to the blend: the PET phase converted into the PA6 phase at a certain MWCNT
content. Although the PA6 phase was formed as a domain phase in the PET matrix in blends containing less than 0.01 phr of
MWCNTs, the PET phase suddenly became discontinuous because of phase conversion in the PA6 matrix in blends
containing 0.01 and 0.05 phr of MWCNTs. In the blends containing more than 0.1 phr of MWCNTSs, the initial morphology
was recovered, that is, the PET phase became the matrix phase again. Moreover, in the recovered state, the of the PA6 domain
was much larger in the blends containing more than 0.1 phr of MWCNTs than it was in the composites that did not contain
any MWCNTs and in those that contained 0.001 phr of MWCNTs. The MWCNTS, on the other hand, selectively located at
the interface of the PET and PA6 phases. The rheological, electrical, and crystallization behaviors of the blends were also

investigated to study the effects of the concentration of MWCNTSs on the structure of the prepared composites.
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Introduction

Since lijima’s report in 1991 [1], carbon nanotubes (CNTs)
have been widely used in various fields owing to their
remarkable mechanical, thermal, and electrical properties [2-4].
Using polymeric nanocomposites containing CNTs is an
economical and effective way to develop polymeric materials
with improved mechanical and/or electrical properties [5-7].

Polymer blends produced with CNTs have received more
attention than single-component polymeric nanocomposites
produced with CNTs in the past decade. CNT localization in
a polymer blend is a crucial factor that affects the properties
of polymeric nanocomposites produced with CNTs [8-10].
CNTs usually either selectively locate at one polymer
component or diffuse throughout all polymer components
[11-15]. However, the literature has rarely reported CNTs
located at the interfaces of polymer blends. Yan et al. [16]
reported that multiwalled carbon nanotubes (MWCNTs)
could be selectively localized at the interface of polyamide
6/polystyrene (PA6/PS) blends through in-situ polymerization
of styrene and &-caprolactam in the presence of MWCNTs.
Bose et al. [17] studied blends of PA6 and acrylonitrile-
butadiene-styrene (ABS) in the presence of styrene-maleic
anhydride (SMA) copolymer and MWCNTs. The MWCNTs
appeared to locate at the interface because they were
chemically coupled with SMA compatibilizer, which is located
at the interface. Baudouin ez al. [18] found that CNTs migrated
to the interface because of thermodynamic force in immiscible
polymer blends of a functionalized polyethylene and either a
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polyamide 6 or a polyamide 12. They also reported that the
CNTs similarly localized at the interface in the immiscible
polymer blends of polyamide and ethylene-acrylate (EA)
copolymer [19].

Poly(ethylene terephthalate) (PET) is widely used to produce
fibers, films, and bottles. PA6, on the other hand, is used as
engineering plastic for various automotive parts and other
applications such as various fibers. PET and PA6 each have
an advantage for application to synthetic fibers. For example,
PET is cheaper and has higher thermal properties than PA6,
and PA6 has higher moisture absorption than PET. As the
polymers are immiscible, however, there have previously
been trials involving the use of compatibilizers such as
epoxy [20], ionomer (Ion., Zn*") [21], nano-SiO, [22], or
ethylene-acrylate-(maleic anhydride) terpolymer (E-AE-
MA) [24] to enhance the mechanical properties of the PET/
PA6 alloys. However, there have not been any reports on
CNT localization in PET/PA6 blends.

In this study, the localization behavior of MWCNTs and
effects of MWCNTSs on the morphology and on the rheological,
electrical, and crystallization properties of PET/PA6 blends
produced using melt-compounding with very low amounts
(0.001-2 phr) of MWCNTs were investigated.

Experimental

Materials

PET (Intrinsic Viscosity: 0.82 dl/g) and PA6 (Relative
Viscosity: 2.45) chips were provided by Woongjin Chemical
Co., Ltd. (Korea) and Rhodia Polyamide Co., Ltd. (Korea),
respectively. MWCNTs (CM-95, purity=90 %, diameter=
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10-15 nm) were purchased from Iljin Nanotech Co., Ltd.
(Korea). The MWCNTs were used without further purification
or functionalization. Formic acid (above 99 %) used for
etching was purchased from Daejung Chemicals and Metals
Co., Ltd. (Korea).

Preparation of Nanocomposites

Before the components were melt-compounded, they were
all dried under vacuum at 80 °C for 24 h. The MWCNTSs and
both types of polymer chips were premixed using a pro-
grammable ball mill (Daihan Scientific Co., Korea), so that
the MWCNTs would homogeneously adhere to the surface
of the polymer chips. Although the blend ratio of PET/PA6
was fixed at 60/40 (w/w), the MWCNT content in the blends
was varied among 0, 0.001, 0.01, 0.05, 0.1, 0.3, 0.5, 1, and
2 phr. The premixtures were then melt-compounded using a
co-rotating twin-screw extruder (BK-11, Bowtek Co., Korea).
The screw length and diameter of the extruder were 440 and
11 mm, respectively. The temperature profile for the extruder
from Zone 1 (hopper) to Zone 6 was controlled in the range
180-220-240-260-270-280 °C for Zones 1-2-3-4-5-6, respec-
tively. The extruded strands were cooled in a water bath,
chopped into pellets, and dried under vacuum at 80°C for
24 h.

Characterization of Nanocomposites

The morphologies of the blend and the nanocomposites
were observed using scanning electron microscopy (SEM,
JSM-6380LV, JEOL). Before SEM observation, the extruded
strands were cryofractured using liquid nitrogen. Moreover,
the PA6 phase in the blends was selectively etched out by
dipping the strands in formic acid to observe the separation
of the PET and PA6 phases.

Localization of the MWCNTs in the blends was examined
using transmission electron microscopy (TEM, JEM 2100,
JEOL). A cryoultramicrotome (Model: PTPC & CRX, RMC)
equipped with a diamond knife was used to prepare ultrathin
sections of the strands for TEM analysis.

The surface resistivity of PET/PA6/CNT nanocomposite
blends was measured using a source meter (Model: 6517A
Electrometer, Keithley) for the hot-pressed 0.3-mm-thick
composite films. The measurement device was interfaced
with a computer to record and process the data.

The melt-flow index (MFI) of the nanocomposite blends
was measured using a melt indexer (Model: MP600, Tinius
Olsen, Inc.) at 260 °C according to the ASTM D1238 standard.
The apparent viscosity was calculated from the MFI data
according to the ASTM D3835 standard.

The crystallization behavior of the nanocomposite blends
was investigated using a differential scanning calorimeter
(DSC, Model: Diamond DSC, PerkinElmer, Inc.). The samples
were maintained at 280 °C for 5 min to erase the thermal
history and were then cooled to —20 °C at a rate of 10 °C/min
under a nitrogen gas flow.
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Results and Discussion

Effect of MWCNT Content on Morphologies of Nano-
composite Blends

SEM and TEM were used to investigate the morphology
of the PET/PA6 (60/40) blend in order to detect the locations
of the MWCNTs in the blend. Figure 1 shows the effect of
MWCNTs on the phase separation of the PET/PA6 blend.
Because the PA6 component in the blends was etched out
before the samples were observed using SEM and TEM, the
dark area in the images represents the PA6 phase.

Figure 1(a) shows sea-island-type phase separation in the
neat PET/PA6 blend (60/40, w/w). In the neat blend, the PA6
minor component formed a discontinuous domain with an
average diameter of 0.7 xm m in a continuous PET phase, as
expected from the immiscibility of the PET and PA6
components. Although an ester-amide exchange reaction
happens in PET/PA6 blends (resulting in improved component
compatibility) [24], clear phase separation was still observed
in the blends prepared under the melt-compounding conditions
used in this study. The morphology of the blend containing
0.001 phr of MWCNTs did not significantly change, as
shown in Figure 1(b). However, the morphologies of the
blends containing 0.01 and 0.05 phr of MWCNTs dramatically
changed, as shown in Figures 1(c) and (d), respectively. It is
very interesting that the phases in the blend inverted when a
small amount of MWCNTs was added to the blend (Because
the PA6 phase was etched out before the samples were
observed using SEM and TEM, the discontinuous domain
phase appearing in the images corresponds to the PET
component). Another interesting phenomenon that occurred
is that the initial state of phase separation was recovered for
the blends containing more than 0.1 wt% of MWCNTs, as
exhibited in Figures 1(e-i). Thus, the PA6 phase forms a
domain in the PET matrix. In the nanocomposite blends
containing more than 0.1 wt% of MWCNTs, the size of the
PA6 domain showed a maximum for the blend containing
0.1 wt% of MWCNTs and decreased with increasing of
MWCNT content. We assume that the interface-located
MWCNTs had a compatibilizing effect on the PET/PA6
blends and caused the interfacial tension of the blends to
change.

Location of MWCNTs in Nanocomposites

TEM analysis was used to determine the location of the
MWCNTSs in the nanocomposite blends. Figures 2(a) and (b)
show the TEM images of the nanocomposites containing
0.01 and 0.1 phr of MWCNTs, respectively. The MWCNTs
are clearly localized at the interface between the PET and
PA6 phases.

Figure 3 shows the SEM micrographs of the cryofractured
nanocomposite blend containing 0.5 phr of MWCNTs.
Figures 3(a) and (b) display the surface of PA6 nodules and
the cavities in the matrix formed during cryofracture. From
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Figure 1. SEM images of cryofractured surface morphologies of PET/PA (60/40) prepared with various MWCNT contents. PA6 phase (a) 0,
(b) 0.001, (c) 0.01, (d) 0.05, () 0.1, (f) 0.3, (g) 0.5, (h) 1, and (i) 2 phr.

e Figure 3. SEM micrographs of cryoftactured surface morphologies of

Figure 2. TEM micrographs of MWCNT-filled PET/PA6 (60/40) 0.5 phr MWCNT filled with PET/PA6 (60/40) composite; (a) PA6
blend. (a) 0.01 and (b) 1 phr MWCNTs. nodules and (b) PA6 cavities formed during cryofracture.
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the images, MWCNTs are definitely present at the surface of
the nodules and in the cavities, which demonstrates that the
MWCNTs are localized at the interface between the two
phases. This result is consistent with the morphology of the
interface observed using TEM.

Classical thermodynamics is often used to predict the
position of fillers in blends of immiscible polymers. In the
equilibrium state, the location of CNTs in a polymer blend
can be predicted by minimizing the interfacial energy. From
Young’s equation, the location of CNTs in an equilibrium
state can be estimated by calculating the wetting coefficient
(@,) [25] as follows:

w, = Leyrras” Fenrper (1
YPET-PA6

Where Yonrper Yonrpas» and Yperpas are the interfacial
energies between the MWCNTs and the PET phase, the
MWCNTs and the PA6 phase, and the PET and PA6 phases,
respectively. MWCNTs will be preferentially located in the
PET phase if the wetting coefficient (®,) is greater than 1, in
the PA6 phase if @, is less than 1, and at the interface
between the PET and PA6 phases if @, is between —1 and 1.

The interfacial energy can be calculated from the surface
energies of the components. Two main approaches are used:
the harmonic- and geometric-mean equations. The harmonic-
mean equation is valid for interfaces between low-energy
materials and the geometric mean equation is valid for
interfaces between a low- and a high-energy material.

The harmonic mean equation is as follows:

%ZET%Z% n %ET%A6J @)

Vper-Pas = Veer T 7PA6_4( 7 7
Yrert Veas Yoert Yoa

Geometric mean equation is as follows:

VpET-PA6 = VPET T VPas— 2(«/ 7/1‘;]ET716;1A6 + «/ }/IZET%A6) 3)

Where ypgr and yp,6 are the surface tensions of the PET
and PAG6 phases, ypzr and y;’% are the dispersive parts of
the surface tensions of the PET and PA6 phases, and 75xr
and 7, are the polar parts of the surface tensions of the
PET and PAG6 phases.

The values of the surface energy of the PET and PA6 phases
in the melt state have been extrapolated from literature
values for the surface energy of the PET and PA6 phases
measured at 20°C [26], which are detailed below and
summarized in Table 1, on the basis of a simplified hypothesis
that the polarity is independent of temperature.

Three papers concerning the wetting characteristics of
MWCNTs were found in the literature [27-29]. The MWCNTs
used in this study are unfunctionalized, therefore, they
exhibit low surface polarity. Therefore, the surface energies
of the MWCNTs used in this study are based on the surface
energies evaluated by Barber ef al.

The surface energies for the samples at 280°C were
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Table 1. Surface energy of polymer and MWCNTS: at 20 °C [26,28]

Total Dispersive  Polar surface
Materials surface energy surface energy energy Ref.
(mJ'm?) (mJ'm?) (mJm?)
PET 44.6 35.6 9 [26]
PA6 46.5 3255 14 [26]
MWCNTs 27.8 17.6 10.2 [28]

Table 2. Surface energy of polymer and MWCNTs at 280 °C

Total surface  Dispersive surface Polar surface

Materials energy (mJ ‘m?) energy (mJ ‘m?) energy (mJ ‘m?)
PET 25.5 20.4 5.1
PA6 26.6 22.3 8.0
MWCNTs 15.9 6 5.8

Table 3. Interfacial energies calculated using harmonic and
geometric mean equations at 280 °C

Interfacial energy
calculated based on

Interfacial energy
calculated based on

Materials harmonic mean equation geometric mean equation
(mJm?) (mJ-m?)
PET/PA6 -3.1 -3.46
PET/MWCNTs 11.91 8.29
PA6/MWCNTs 10.03 5.65

Table 4. Wetting coefficient evaluated based on harmonic and
geometric mean equations

Wetting coefficient Wetting coefficient
calculated based on calculated based on

Materials . . Prediction
harmonic mean geometric mean
equation equation
PET/PA6/
MWCNTS 0.6 0.76 Interface

evaluated based on the surface energies for samples at 20 °C,
using the temperature coefficient for each component [29].

—dyldT = (11/9)(5/T.)(1 - T/T.)*° 4)

y=n(1-1T)""

(&)

Where y, is the surface tension at 0 K, 7, is the critical
temperature, and 7 is the temperature of the polymer in K.
For most polymers, 7, is about 1000 K.

Table 2 lists the surface energies of PET, PA6, and MWCNTs
at 280°C. The interfacial energies calculated using the
harmonic and geometric mean equations for the samples at
280 °C are presented in Table 3. From the values presented
in Table 4, the minimum interfacial energy predicts that
MWCNTs should remain at the interface in PET/PA6
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systems. Thus, the preferential distribution of CNTs in PET/
PA6 blends observed in this study is consistent with the
interfacial energy.

Effect of MWCNTs on Rheological Behavior of PET/PA6
Blends

The rheological properties of the PET/PA6/MWCNT
composites were investigated to further understand the
internal structure of the composites. Figure 4 shows the
effect of adding MWCNTs to the blends on the apparent
viscosity of the blends measured at 260 °C. The apparent
viscosity was converted from the melt-flow index (MFI) of
the blends according to the ASTM D3835 standard as
follows:

P’ _ Frit

8LQ  QR’LV

Where P is the pressure due to ram (Pa), ram pressure is a
pressure exerted on a body which is moving through a fluid
medium. F is the magnitude of the force on ram (N), ram
force is the total load applied by a ram, and numerically
equal to the product of the line pressure and the cross-
sectional area of the ram.  is the radius of the capillary (m),
R is the radius of the barrel (m), L is the length of the
capillary (m), O is the flow rate, (m’/s), ¥ is the extruded
volume (m?), and ¢ is the extrusion time (s).

The apparent viscosity of the PET/PA6 blends increased
significantly with increasing MWCNT content. It was noted,
however, that there was no clear change in the apparent
viscosity of the blends containing up to 0.1 phr of MWCNTs
in which phase inversion occurred. This result can be attributed
to the formation of stronger interfacial interactions between
the two immiscible PET/PA6 polymers due to MWCNTs at
the interface. This in turn leads to the formation of interconnected
or network-like structures of MWCNTs in the interfacial
region, which restrains the long-range motion of polymer
chains. The rheological behavior of the nanocomposites is

Viscosity =

(6)

2.4

2.0 A

Appraent viscosity (Pa.s)

0.8

0.4 " T T T
0.0001 0.001 0.01 0.1 1 10

CNT content (phr)

Figure 4. Apparent viscosity of PET/PA/MWCNT blends measured
at 260 °C.
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proof for the localization of MWCNTs at the interface in the
nanocomposite blends.

Effect of MWCNTs on Electrical Properties of PET/PA6
Blends

A percolated network structure formed in the polymer
blend as a n ecessary ¢ onsequence of MWCNT localization,
which accompanied a decrease in the electrical resistivity of
the polymer blend. Figure 5 shows the effect of adding
MWCNT to the polymer blends on the electrical resistivity
of the blends. From Figure 5, the MWCNTs had a negligible
effect on the resistivity of the polymer blends containing
small amounts of MWCNTs up to 0.1 phr. However, the
SEM images reveal that the MWCNTs in the blends caused
significant changes in the morphology of the phases. The
conductive network was not formed probably because the
MWCNT content in the blend was too low. The blend
containing 0.3 phr of MWCNTs exhibited a distinct decrease
in surface resistivity. The graph in Figure 5 shows a plateau
for the blends containing 0.3-0.5 phr of MWCNTs, indicating
that although there is not a significant decrease in the surface
resistivity of the blends containing 0.3-0.5 phr of MWCNTs,
the surface resistivity of the blends containing 0.3-0.5 phr of
MWCNTs is obviously less than that of the blends containing
less than 0.3 phr of MWCNTS. The composite blends containing
more than 0.5 phr of MWCNTs exhibited a dramatic decrease
in surface resistivity. This same trend is also demonstrated in
the rheological properties of the composite blends: the surface
resistivity of the blend containing 2 phr of MWCNTSs decreased
by 6 orders of magnitude to almost half the surface resistivity
of the blend that did not contain any filled MWCNTs. These
results when combined with the TEM images suggest that
the interface-localized MWCNTs were connected in a network.
Thus, a conductive MWCNT pathway was created, which
was effective in decreasing the surface resistivity of the
blends.

10‘3

1012 - .___.'
10‘1 4

10" \

10° - \
108 - \
107 - \

108 °

Resistivity (Ohm)

108 : ; .
0.0001 0.001 0.01 0.1 1 10
CNT content (phr)

Figure 5. Electrical resistivity of PET/PA6 (60/40) versus MWCNT
content.
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Figure 6. DSC thermograms for crystallization of PET/PA6/
MWCNT nanocomposite blends (PET/PA6=60/40).
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Figure 7. Crystallization temperature of PET/PA6 (60/40) versus
MWCNT content.

Effect of MWCNTs on Thermal Properties of PET/PA6
Blends

The crystallization behaviors of the PET/PA6/MWCNT
nanocomposites were examined through DSC measurements.
Figure 6 and Figure 7 show the change in the crystallization
temperature of PET/PA6 (60/40) with increasing MWCNT
content in the blend. Both crystallization peaks for PET and
PA6 could be separated because of a difference of about
30 °C in the crystallization temperature of the PET and PA6
phases. Adding MWCNTs, even in small amounts less than
0.1 phr, to the blends significantly increased the crystallization
temperatures of both the PET and PA6 phases. This result
implies that the crystallization rate of both the PET and PA6
phases was increased by adding MWCNTs. Although inorganic
particles such as MWCNTs can act as nucleating agents in
various polymer matrices and can accelerate crystallization
[30], the increase in the crystallization temperature of both
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Figure 8. Changes of degree of supercooling according to the
MWCNTs content.

component polymers was not more noticeable for the blend
containing 0.3 phr of MWCNTs because of the effect of
saturated nucleation in blends containing high MWCNT
contents.

Figure 8 represents the degree of supercooling of each
polymer in the blends as a function of MWCNTs content.
The parameter of melt crystallization temperature, 7,,. is
used to evaluate the nucleation behavior during polymer
melt crystallization, with the higher the 7,,., then the easier it
is for stable nuclei to be formed via the regular arrangement
of polymer segments, so indicating a higher crystallizing
ability. Since stable nuclei are difficult to form near the melting
point, the degree of supercooling represents the thermodynamic
‘drive’ with the smaller the value of (7,,-7,,.), then the higher
the crystallizing ability indicated. [31] From the Figure 8, it
is notable that PA6 component crystallizes at smaller
supercooling than PET in the blends, which implies that the
crystallizing ability of PAG6 is higher than that of PET.

Conclusion

Remarkable changes in morphology occurred when MWCNTs
were added to PET/PA6 blends, that is, phase conversion
occurred when a very limited amount of MWCNTs was
added into the blends. The MWCNTs selectively located at
the interface of the PET and PA6 phases, which just coincided
with the calculated results for the wetting coefficient. A
percolation threshold of about 0.3-0.5 phr carbon nanotubes
was obtained during rheological and electrical resistivity
testing. The interface-located MWCNTs were connected in a
network, creating a conductive MWCNT pathway that was
effective in decreasing the surface resistivity of the blends.
The crystallization rate was found to be accelerated by the
filler network of the MWCNTs.
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