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Abstract

The polyamide-based thermoplastic elastomers (Pebax”) were melt compounded with multi-walled carbon
nanotubes (MWNTs: 0.25~5 wt%) and the variation of rheological and physical properties with MWNT
contents was investigated. The crystallization temperature (T.) of the nanocomposites with 0.5 wt%
MWNTs was most increased by ca. 8°C, but it was decreased by further addition. In addition, the presence
of MWNTs broadened the T, peak with increasing nanotube contents. In contrast, the melting behavior was
little influenced by the presence of MWNTs for all compositions. The incorporation of MWNTs increased
the complex viscosity with MWNT contents and the abrupt increase was observed from 1 wt%. In addition,
lower Newtonian flow region became disappearing with increasing MWNT contents, exhibiting notable
shear thinning behavior from 1 wt% loading. Storage modulus was increased with MWNT contents in a
similar manner to viscosity. Casson plot demonstrated a non-zero positive intercept for all the samples. In
particular, the abrupt increase of yield stress was observed from 1 wt% loading. In the Cole-Cole plot, the
nanocomposites gave a deviated curve from pure Pebax and the slope was decreased with increasing
MWNT contents. The relaxation time calculated from viscoelastic parameters was increased with nanotube
contents, but the increasing extents were reduced with increasing frequency. From 2 wt% MWNTs, the elec-
trical conductivity was observed, indicating that the electrical percolation existed between 1.5 and 2 wt%.
At 0.25 wt% loading the tensile strength was slightly increased, but it was gradually decreased by further
addition. The introduction of MWNTs increased the tensile modulus with nanotube contents. In addition,

ductile properties were reduced with increasing MWNT contents, resulting in low toughness.
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1. Introduction

The interest of thermoplastic elastomers (TPEs) is notably
increased due to their wide applications in automotive parts,
consumer goods, and medical products (Markarian, 2008).
TPEs which consist of soft and hard chain segments possess
both advantages of typical rubbery materials and plastic
materials. Hard segments easily form physical crosslink
sites due to their rigid morphology and dipolar structure.
The crosslink domains maintain a three-dimensional net-
work of polymeric system, providing TPEs with elasto-
meric properties at room temperature. However, they have
their own melting temperature (T,,) where they flow like
thermoplastics. Thus, TPEs are regarded as environmentally
friendly materials unlike vulcanized rubbers (Rader and
Stockel, 1995). In addition, they are suitable for the indus-
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trial processes of large-processing load such as injection
molding and melt extrusion (Spontak and Patel, 2000).
In the early of the 1980s, Atochem introduced thermo-
plastic polyether-block-amide copolymer (Deleens, 1981),
commercially known as Pebax”. It is composed of aliphatic
polyamide (PA) as hard block and polyether (PE) as soft
block, and its general structural formula is as follows:

O PE—()+][
n

The hard segments form the rigid domain which acts as
chemical crosslink and the hydrogen bonding between PA
12 produces a strong and durable domain unit, while the
soft segments give flexibility to Pebax. Pebax finds various
applications such as sport equipment, medical products,
food packing, antistatic sheets or belts, and clothing
(Flesher, 1986). Recently its applications to membranes
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have been widely progressing because Pebax has extremely
high polar/nonpolar gas selectivity (Kim and Lee, 2001;
Bondar ef al., 1999). In order to enlarge the spectrum of
novel properties of Pebax, it is hybridized with some fillers
such as clay, titanium, and boron nitride (Yang and Tsai,
2006; Lyons et al., 2010; Iyer et al., 20006).

Carbon nanotubes (CNTs) which have high flexibility,
low mass density, and large aspect ratio (ca. 300 — 1000)
were first reported by lijima (1991). They exhibit unique
physical properties including high electrical and thermal
conductivity and tensile strength. Some CNTs are stronger
than steel or aluminum and more conductive than copper
(Woo et al., 2009; Kang and Lee, 2012; Oh et al., 2010).
When CNTs are introduced into polymer, these superior
properties can be achieved even at very low contents in
comparison with other carbon allotropes such as graphite
and carbon black (Moniruzzaman and Winey, 2006). There-
fore, many studies on CNTs/polymer composites have been
actively done since they are first reported by Ajayan et al.
(1994). Murali et al. (2010) and Yen et al. (2012) studied
Pebax/CNTs composites membranes in terms of their gas
permeation properties. Despite these studies, however, there
are few studies on the rheological and physical properties of
CNT-filled polyamide-based TPEs.

There are several techniques to fabricate the nanocom-
posites such as solution blending, melt blending and in situ
polymerization (Moniruzzaman and Winey, 2006; Hwang
et al.,2008; Kim and Lee, 2008; Hyun ef al., 2012). Among
these methods, melt mixing is the most suitable and prom-
ising approach for the needs of industries because of its low
cost, high productivity, and compatibility with current
industrial practices (Liu ef al., 1999; Chae et al., 2012). In
this research, we prepared Pebax/multi-walled carbon nan-
otubes (MWNTs) composites by dry-mixing in a powder
state and subsequent melt-compounding. The influences of
MWNTs on the physical properties of Pebax such as ther-
mal and rheological property and morphology were dis-
cussed varying nanotube contents.

2. Experimental

2.1. Materials

Polyamide-based thermoplastic elastomer (Pebax” 5533)
composed of rigid polyamide 12 segments and flexible
poly(tetramethylene glycol) segments was purchased from
Arkema, France. MWNTs (95% < purity, diameter = 10 —
15 nm) produced by the thermal chemical vapor deposition
process were purchased from Hanwha Nanotech, Korea.

2.2. Preparation of nanocomposites

Pebax which was grinded into powder was dry-mixed
with MWNTs using a high speed blender. The premixture
was then melt-compounded using an internal mixer (Haake
PolyDrive, Thermo Electron Corp.) for 7 min at 200°C at
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a rotor speed of 100 rpm. The loading levels (X) of
MWNTs were 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, and 5, and the
composites were coded PBX-X.

2.3. Measurement of physical properties

Field emission scanning electron microscopy (FESEM)
images of fractured surface of the nanocomposites were
obtained using a JEOL JSM-6340F to evaluate the dis-
persion state of MWNTs in the polymer matrix.

The rheological properties were measured using the uni-
versal dynamic spectrometer (UDS 200; Paar Physica).
Parallel plate geometry with a diameter of 25 mm was
employed. The plate gap and strain level were 1 mm and
5%, respectively. The specimen was melted between the
plates in a nitrogen atmosphere at 200°C. The plate gap
was adjusted at the melt state and the overflowed specimen
was trimmed off. The specimen was then held at the tem-
perature for 5 min to erase residual stress. The frequency
sweep test was carried out over the angular frequency
range of 0.05-300 rad/s. For the measurement a disk type
specimen (thickness: 1 mm, diameter: 25 mm) was pre-
pared by compression molding.

The thermal properties were measured with a differential
scanning calorimeter (DSC 2010; TA instrument). All sam-
ples were kept at 200°C for 3 minutes to eliminate the ther-
mal history. The cooling and subsequent heating scans
were conducted at 10°C/min. About 7 mg samples were
used for the examination.

The electrical conductivity was measured using the 4
point probe system (Jandel contact-probe) (Grossiord er
al., 2007). Sheet resistance and thickness of each sample
were measured ten times. Their average values were used
to compute the electrical conductivity (c; S/cm) by the fol-
lowing expression,

o =1/Ryxd (1)

where R; is sheet resistance (ohm/sq) and d is sheet thick-
ness (cm).

The tensile test was conducted on a universal testing
machine (Instron tensile tester model 4465) at room tem-
perature. The crosshead speed and gauge length were
10 mm/min and 25 mm, respectively. Tensile samples were
prepared according to ASTM D 638 Type V. All mea-
surements were repeated 10 times and average values were
taken as data.

3. Results and Discussion

Fig. 1(a) and (b) show FESEM images of fractured sur-
face of the nanocomposites with 2 and 5 wt% MWNTs,
respectively. On the whole, MWNTs are well dispersed in
the Pebax matrix without large agglomerates. This suggests
that melt-compounding of powdered Pebax and MWNTs is
quite effective to obtain good dispersion. The spatial inter-
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Fig. 1. FESEM images of (a) Pebax composites with 2 wt%
MWNTs and (b) Pebax composites with 5 wt% MWNTs.

vals between nanotubes decrease with increasing MWNT
contents, which might lead to the formation of physical
associations above a critical concentration. These MWNT
morphologies are expected to significantly affect the rheo-
logical, electrical, and mechanical properties of the com-
posites.

The DSC cooling and subsequent heating scan of
Pebax and Pebax/MWNTs composites are shown in Fig.
2. The introduction of 0.5 wt% MWNTs increases the
crystallization temperature (T.) by ca. 8°C, resulting
from their nucleation effects. However, further addition
slightly decreases T, with increasing MWNT contents.
This suggests that above some critical loading level,
MWNTs in the polymer matrix retard the crystallization

Korea-Australia Rheology J., Vol. 24, No. 3 (2012)
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Fig. 2. DSC (a) cooling and (b) subsequent heating scan ther-
mograms of Pebax and Pebax/MWNTs composites.

by decreasing the chain mobility because of the physical
hindrance effects (Chae et al., 2006). Moreover, the crys-
tallization peak is broadened by the incorporation of
MWNTs, indicating that longer crystallization time is
required at greater nanotube contents. However, the
addition of MWNTs does not seem to influence the melt-
ing behavior of the Pebax/MWNTs composites (Man-
chado et al., 2005; Chae et al., 2006). The melting
temperature (T,,) of the samples is little affected by the
presence of MWNTs, giving the Ty, ca. 160°C. In addi-
tion, the melting peaks show similar shape and intensity
regardless of nanotube contents.

Fig. 3 presents the variation of complex viscosity (n") of
Pebax/MWNTs composites with nanotube contents. Pebax
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Fig. 3. Complex viscosity curve of Pebax and Pebax/MWNTs
composites at 200°C.

and its nanocomposites containing up to 0.5 wt% MWNTs
show little dependence of 1" on the frequency over most
of the frequency range examined. Further addition causes
lower Newtonian flow region to disappear, exhibiting the
yield behavior. The incorporation of MWNTs increases
the n° with nanotube contents. In particular, there is an
abrupt increase in n" from 1 wt% MWNTs at the low fre-
quency range. This can be explained that the network
structure of MWNTs is formed from the critical loading
level and restricts the mobility of polymer chain consid-
erably. At the high frequency range, however, the vis-
cosity difference with regard to nanotube contents is
reduced. This indicates that the interceptive effects of the
nanotubes are diminished, which might be attributed to the
breakdown of the network structure under high shear
force. In addition, MWNTs with large aspect ratio accel-
erate the orientation of polymer chains along the shear
direction, giving rise to a high degree of shear thinning for
highly concentrated nanocomposites.

The storage modulus (G’) of Pebax and Pebax/MWNTs
composites at 200°C is plotted against frequency in Fig. 4.
The introduction of MWNTs increases G’ notably in the
low frequency range in a similar manner to viscosity. The
solid-like character becomes greater with increasing nan-
otube contents. In particular, between 0.5 and 1 wt% a
noticeable increase in G' is observed, suggesting that the
development of MWNT networks begins from 1 wt%. As
the frequency increases, the differences of G’ between
Pebax and its nanocomposites become smaller because the
nanotube network in the composites is hardly sustained
under high shear rate.

The yield behavior of heterogeneous system is well
expressed by the following Casson plot
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Fig. 4. Storage modulus curve of Pebax and Pebax/MWNTs
composites at 200°C.

G,,1/2 _ Gy,,1/2+K0)1/2 (2)

where G,” stands for yield stress and K is constant. In Fig.
5, the Casson plot demonstrates a non-zero positive inter-
cept for all the samples and their intercepts are tabulated in
Table 1. Between 0.5 and 1 wt% MWNTs, abrupt increase
of G,” more than 5 times is observed, which is in a good
agreement with the aforementioned rheological data. On
the other hand, the presence of MWNTs up to 0.5 wt% has
little effect on the yield stress, meaning that no structural
change in the polymeric systems occurs by the addition of
nanotubes.

The existence of MWNT networks is expected to affect
the relaxation behavior of polymeric systems. In other
words, if there are some hindrances in the mobility of poly-
mer chain, the response to the stimulation will be delayed.
The relaxation time (1) of polymers is computed by the
following equation.

h=G"/(In¥x0%). (©)

To clarify the effects of MWNTSs on the relaxation time at
several frequencies, the normalized relaxation time (AL) is
defined by the ratio of A of nanocomposites to that of pure
Pebax at the corresponding frequency. The variation of AA
with MWNT contents at four different frequencies is
shown in Fig. 6. The A\ of the nanocomposites is pro-
portional to MWNT contents but inversely proportional to
frequency. MWNTs restrict the mobility of polymer chains
by decreasing the polymeric free-volume, resulting in long
relaxation time. At frequency as low as 0.5 rad/s, the A\ is
considerably increased from 1 wt% content. At a high fre-
quency of 120 rad/s, the dependence of AA on MWNT
contents is extremely low, suggesting that the restricting

Korea-Australia Rheology J., Vol. 24, No. 3 (2012)
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Fig. 5. Casson plot of Pebax and Pebax/MWNTs composites at
200°C.

Table 1. Yield stress (G,” ) of Casson plot and slope of Cole-

Cole plot.
Sample ~ G,"” of Casson plot (Pa)Slope of Cole-Cole plot
PBX 4.54 143
PBX-0.25 7.56 1.40
PBX-0.5 16.84 1.34
PBX-1 88 1.15
PBX-1.5 531 0.89
PBX-2 889 0.84
PBX-2.5 1680 0.73
PBX-3 3676 0.67
PBX-4 6773 0.63
PBX-5 12663 0.63

effects on chain mobility by the MWNT networks are neg-
ligible under the high shear force.

A log-log plot of G’ versus loss modulus (G”), so called
Cole-Cole plot, is shown in Fig. 7, and its slopes are sum-
marized in Table 1. It is well known fact that the homo-
geneous and isotropic polymer melts/solutions give the slope
of 2. The introduction of MWNTSs decreases the slope with
MWNT contents, indicative of an increased heterogeneity. In
particular, the inflection points above which the slope is
increased are clearly observed from the 1 wt% loading level.
The reason for this phenomenon is that the heterogeneity in
the polymeric systems is changed with frequency. The
reduced heterogeneity of the composites is attributed to the
breakdown of MWNT networks over a critical shear force.

Fig. 8 shows the electrical conductivity of Pebax and
Pebax/MWNTs composites at room temperature. The elec-
trical conductivity of 2.12x10° S/cm is observed at 2 wt%
MWNTs, above which it increases with MWNT contents.

Korea-Australia Rheology J., Vol. 24, No. 3 (2012)
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Fig. 6. Variation of A\ with MWNT contents at four different fre-
quencies.

10° ¢
F O PBX
0L O PBX025
F A PBX0S5
v PBX-1
10 < PBX-LS
< PBX2
gL D PBX2S
g' © O PBX3
S % PBX4
Ok O PBXS
10' ¢
10°
ID-I L il d d

10" 10 m'. .in’ i(a’ 10 100 10
G" (Pa)

Fig. 7. Logarithmic plot of storage modulus versus loss modulus
of Pebax and Pebax/MWNTs composites.

This indicates that at least 2 wt% loading of MWNTs is
necessary to construct electrical path via the MWNT net-
work in the polymer matrix. It is worth noting that the elec-
trical percolation threshold is greater than rheological one
where notable changes in the rheological properties occur.
The electrical conductivity of nanocomposites is rapidly
increased from 3 wt% with MWNT contents. The absence
of the level-off value within nanotube concentrations exam-
ined implies that the improvement of electrical conductivity
can still be achieved by further addition of MWNTs.
Fig. 9 shows the variation of stress-strain (SS) curve of
Pebax and Pebax/MWNTs composites with nanotube con-
tents and their tensile properties are summarized in Table 2.
As MWNT contents increase, the yield behavior of the
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Fig. 8. Electrical conductivity of Pebax and Pebax/MWNTs com-
posites at room temperature.
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Fig. 9. Stress-strain curve of Pebax and Pebax/MWNTs com-
posites at room temperature.

Table 2. Tensile properties of Pebax and Pebax/MWNTs composites.

Tensile properties

Sample Tensile strength (MPa)  Tensile modulus (MPa) Elongation to break (%) Toughness (MPa)
PBX 11.5 32.8 648.7 46.2
PBX-0.25 13 383 627.4 52.6
PBX-0.5 10.5 38.8 560.6 39.3
PBX-1 10.8 39 S11.5 38
PBX-1.5 10.7 39.3 500.2 36.7
PBX-2 10.4 39.4 465.5 343
PBX-2.5 9.7 39.6 434.8 30.2
PBX-3 9.2 40.2 370.9 25.6
PBX-4 9.1 41.6 338.6 23.8
PBX-5 8.4 43 243.5 17.1

samples is changed. Pebax and its composites containing up
to 0.5 wt% MWNTs show a yield point at which slope falls
to zero and then upturns to a high stress. However, further
addition gives a yield point where the slope of the curve is
just decreased in comparison with the initial slope. This can
be explained that the network structure of MWNTs over a
critical concentration plays a role in preventing the molec-
ular slip of Pebax under stress. The tensile strength slightly
increases only at 0.25 wt% loading level, and further addi-
tion decreases it with MWNT contents. A small amount of
MWNTs retard the disentanglement of polymer chain under
extension. Thus, much energy is necessary to the fracture of
the specimens. As MWNT contents increase, however, the
stress concentrated polymer parts increase, causing the
defects in the matrix. Thus, the specimen with higher filler
contents is fractured under less stress (Chae and Kim,
2005). However, tensile modulus increases with nanotube

226

contents, indicating that the presence of MWNTs increases
the chain rigidity. The incorporation of MWNTs decreases
the elongation to break with MWNT contents. This reduc-
tion of the ductility suggests that the polymer chains sur-
rounded by MWNTs are immobilized, resulting in limited
deformation. The low elongation to break also leads to low
toughness calculated from the area under the SS curve.

4. Conclusions

The introduction of MWNTs to Pebax matrix increased
both crystallization temperature and crystallization time,
indicating that not only did the nanotubes act as a nucleating
agent but they retarded the mobility of the polymer chain.
However, it had little effect on melting temperature regard-
less of MWNT contents. In rheological properties, the first
sudden increase of complex viscosity and storage modulus

Korea-Australia Rheology J., Vol. 24, No. 3 (2012)
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in low frequency range were observed at 1 wt% MWNTs,
which might be regarded as a rheological percolation. At the
nanotube content and above, the MWNT network began to
develop in Pebax matrix. However, in high frequency range,
the increasing extents of the viscosity with nanotube con-
tents were reduced, resulting from a notable shear thinning
behavior. The electrical conductivities were observed from
2 wt% MWNTs, which might be another evidence of the
existence of MWNT network. The tensile strength and elon-
gation to break were decreased with MWNT contents,
except for 0.25 wt% filled nanocomposites which presented
a little increased tensile strength. However, the presence of
MWNTs increased the tensile modulus with nanotube con-
tents. Therefore, the appropriate amount of MWNTs as filler
should be decided carefully in service purpose.
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