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ABSTRACT: In this study, acrylonitrile-butadiene rub-
ber (NBR) was melt-mixed with multiwalled carbon nano-
tubes (MWCNTs). Because the electrical conductivity and
mechanical properties of composites are strongly influ-
enced by the filler’s state of dispersion and the extent of
filler breakage during processing, the processing condi-
tions are very important parameters. The effects of the
mixing time, rotor speed, cooling rate, and sulfur concen-
tration on the surface resistivity were investigated. Increas-
ing the rotor speed from 20 to 60 rpm at mixing times of
15 and 30 min led to an increase in the surface resistivity
from around 10* to 10" Q/ square. However, at a mixing

time of 7 min, the surface resistivity slightly decreased
with increasing rotor speed. When slow cooling was
applied, a surface resistivity of 10* Q/ square was obtained
at around 2-phr MWCNTs. However, when the fast cool-
ing was applied, a surface resistivity of 10° Q/square was
obtained at 5-phr MWCNTs. The tensile strength and ten-
sile modulus at 300% elongation were improved with the
addition of MWCNTs into NBR. © 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 116: 555-561, 2010
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INTRODUCTION

In recent years, the addition of conductive fillers
into polymers has been commonly used for electro-
static dissipative purposes. Carbon black is the most
widely used filler, but its typical loading is 15-20 wt
%; this results in particulate sloughing and, thus,
sacrifices other desirable properties of the host poly-
mer, such as light weight and toughness. Recently,
carbon nanotube (CNT)-based polymer nanocompo-
sites have attracted considerable attention from both
fundamental research and application points of view
because of the unique combination of mechanical,
electrical, and thermal properties of CNTs. The
excellent conductivity and very high aspect ratio of
CNTs provide polymers with electrical conductivity
at a low CNT content. Therefore, CNT-based poly-
mer nanocomposites can be manufactured into elec-
trostatic dissipative parts with smoother surfaces,
superior aesthetics, and better mechanical properties.

Although there are many methods to disperse
CNTs into polymers, melt compounding is the most
compatible with current industrial practices. This
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method is also environmentally safe because it is
free of solvents and contaminants, which are
involved in the solution blending and in situ poly-
merization methods. Because of this aspect, many
researchers have recently used the melt-compound-
ing method."™ Because multiwalled carbon nano-
tubes (MWCNTs) are competitive in cost, most melt-
compounding methods use MWCNTs rather than
single-walled CNTs. Although the melt-compound-
ing method has many advantages, the uniform dis-
persion of CNTs in the polymer matrix is still the
most challenging task. Therefore, without modifica-
tion of the surface of the CNTs, percolation has
occurred above 3 wt % CNTs in most melt-com-
pounding studies. However, unmodified CNTs are
preferred for industrial applications. Until now, a
1 wt % percolation threshold has been achieved only
for some special cases with the melt-compounding
method. The percolation threshold of polymer
blend/CNT nanocomposites was about 0.25-2 wt %
CNTs with the concept of double percolation
through the formation of a cocontinuous morphol-
ogy.'”!"" Also, some researchers, using a masterbatch
provided by Hyperion, found a percolation thresh-
old of about 1 wt % CNTs.*® However, in those
studies, the masterbatch was prepared with a spe-
cific kneader (a Buss kneader), and melt mixing was
conducted in a microcompounder (capacity = 4.5 cm®).
Moreover, the resistivity was measured on thin
films (~ 350 pm).*® When an epoxy prepolymer
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(a viscous liquid) was mixed with CNTs with special
rolls, the percolation threshold was also less than
1 wt %.'*> Mechanical tests of poly(styrene-b-butadi-
ene-co-butylene-b-styrene) /MWCNT nanocomposites
showed that the tensile modulus, tensile strength,
and elasticity of nanocomposites prepared at a high
shear rate (2000 rpm) were much higher than those
of nanocomposites prepared at a low shear rate."
Although a lot of studies have been conducted on
polymer/CNT nanocomposites, there have been few
studies on rubber/CNT nanocomposites. Because
the electrical conductivity and mechanical properties
of composites are strongly influenced by the filler’s
state of dispersion and the extent of filler breakage
during processing, the processing conditions are
very important parameters. It has been reported that
the processing/molding parameters, such as melt
temperature and injection velocity, significantly
affect the dispersion of CNTs and the electrical resis-
tivity of polymer/CNT nanocomposites.*'*'® In
addition, vulcanization may have a considerable
effect on the electrical properties of rubber/CNT
nanocomposites. In this study, relatively large
amounts of acrylonitrile-butadiene rubber (NBR; 120
g) were melt-mixed with MWCNTs, and the effects
of mixing time, rotor speed, cooling rate, and sulfur
concentration on the surface resistivity were investi-
gated. Also, the tensile properties of the NBR/
MWCNT nanocomposites were investigated.

EXPERIMENTAL
Materials and nanocomposite preparation

NBR (acrylonitrile content = 40%) was provided by
Kumho Petrochemical (Seoul, Korea). The MWCNTs
were synthesized by thermal chemical vapor deposi-
tion. According to the provider, the typical tube di-
ameter was in the range 10-50 nm with tube lengths
of 1-25 pm. The MWCNTs (purity = 95%) were
used as received. NBR and the MWCNTs were melt-
mixed in a bench kneader PBV-03 (Irie Shokai, Ltd.,
Japan) for various times and at various rotor speeds.
The mixing temperature was fixed at 60°C. Then,
the obtained NBR/MWCNT nanocomposites were
mixed with sulfur in a two-roll mill at 45°C. After
mixing in the two-roll mill, the nanocomposites
were compression-molded at 165°C.

Testing

The surface resistivity was measured on the com-
pression-molded samples (sample dimensions = 110 x
180 x 18 mm’) with a MAXCON MAX-812 meter.
A universal testing machine (model UL25, Houns-
field Co., Kobe, Japan) was used to determine the
tensile properties of the nanocomposites at room
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temperature. The crosshead speed was 10 mm/
min. All measurements were performed for five
replicates of dog-bone-shaped specimens and aver-
aged to get the final result. To investigate the dis-
persion and length of the MWCNTs in the NBR/
MWCNT nanocomposites, transmission electron
microscopy (TEM) images were taken from cryomi-
crotomed ultrathin sections with an energy-filtered
transmission electron microscope (EM 912 Omega,
Zeiss).

RESULTS AND DISCUSSION

For viable electrostatic dissipative applications, the
surface resistivity of the polymer/CNT nanocompo-
sites should be in the range 10°~10'* Q/square (pref-
erably, 10° Q/square). The surface resistivity range
in our experimental setup was limited to values
below 10'? Q/ square. The NBR and MWCNTs were
melt-mixed in a kneader for various mixing times
and at various rotor speeds, and the obtained NBR/
MWCNT nanocomposites were mixed with sulfur
(2 phr on the basis of the amount of NBR) in a two-
roll mill for a fixed time (6 min). The compression-
molded samples were naturally cooled to room tem-
perature. Figure 1 shows the effect of the mixing
time and rotor speed in the kneader on the surface
resistivity of the NBR/MWOCNT nanocomposites
with 2-phr MWCNT loading. At a mixing time of
7 min, the surface resistivity slightly decreased with
increasing rotor speed. However, at mixing times of
15 and 30 min, increasing the rotor speed from 20 to
60 rpm led to an increase in the surface resistivity
from around 10* to 10" Q/square. This was a signif-
icant difference and a very important result. It has
been reported that screw speed and mixing time
have a significant influence on the electrical resistiv-
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Figure 1 Effects of the mixing time and rotor speed in
the kneader on the surface resistivity of NBR/MWCNT
nanocomposites with 2 phr MWCNTs.
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(b)

Figure 2 TEM micrographs of MWCNTs in the NBR matrix: (a) the NBR/MWCNT nanocomposite prepared at 20 rpm
for 15 min and (b) the NBR/MWCNT nanocomposite prepared at 60 rpm for 15 min.

In the MWCNT /polymer nanocomposites, increas-
ing the rotor speed led to an improvement in the
dispersion of the MWCNTs in the polymer matrix
and a decrease in the MWCNT length. The improve-
ment in the dispersion of the MWCNTs resulted in a
decrease in the surface resistivity, but a decrease in
the MWCNT length led to an increase in the inter-
CNT gap, which resulted in an increase in the sur-
face resistivity. Therefore, increasing the rotor speed
at fixed mixing time produced opposing effects on
the surface resistivity.

With increasing rotor speed for a short mixing
time (7 min), the effect of the improved dispersion
of the MWCNTs on the surface resistivity may have
overwhelmed the effect of the decreased MWCNT
length on the surface resistivity. As a result, a
slightly lower surface resistivity was obtained with
increasing rotor speed. However, with increasing
rotor speed for long mixing times (15 and 30 min),
the effect of the decreased MWCNT length on the
surface resistivity may have overwhelmed the effect
of the improved dispersion of the MWCNTs. As a
result, a higher surface resistivity was obtained with
increasing rotor speed.

Figure 2 shows the TEM micrographs of the
MWCNTs in the NBR matrix. In the TEM images,
one can observe a better dispersion of the MWCNTs
[Fig. 2(b), cf. Fig. 2(a)]. This may have been due to
the increasing rotor speed. However, with increasing
rotor speed, although a better dispersion was
achieved, it was done so at the expense of decreased
length, as shown in Figure 2(b). This led to an

increase in the surface resistivity at a mixing time of
15 min.

According to our previous research, the effect of
mixing time and rotor speed on the surface resistiv-
ity of ethylene vinyl acetate (EVA)/MWCNT nano-
composites was similar.'” For the EVA/MWCNT
nanocomposites, increasing the rotor speed from 60
to 150 rpm at a mixing time of 30 min led to an
increase in the surface resistivity from around 10° to
10° Q/square. However, the NBR/MWCNT nano-
composites displayed a faster increase in the surface
resistivity with increasing rotor speed for a mixing
time of 30 min. This might have been due to the
higher viscosity of NBR than EVA, which led to a
higher shear stress on the MWCNTs during mixing.

To investigate the effect of the mixing time in the
two-roll mill on the surface resistivity, the NBR and
MWCNTs were melt-mixed in a kneader for a fixed
mixing time (15 min), and the obtained NBR/
MWCNT nanocomposites were mixed with sulfur
(2 phr) in a two-roll mill for various mixing times.
Figure 3 shows the effect of mixing time in two-roll
mill on the surface resistivity. For the NBR/
MWCNT nanocomposites prepared in a kneader at
20 rpm, the surface resistivity was the highest (10"
Q/square) without mixing in the two-roll mill (mix-
ing time = 0 min). This may indicate that the disper-
sion of the MWCNTs in the NBR matrix was poor in
the NBR/MWCNT nanocomposites prepared in a
kneader at 20 rpm before two-roll mill mixing. With
increasing mixing time in the two-roll mill from 0 to
6 min, the surface resistivity decreased from 10" to
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Figure 3 Effect of the mixing time in the two-roll mill on
the surface resistivity of the NBR/MWCNT nanocompo-
sites with 2 phr MWCNTs.

10* Q/square. However, a further increase in the
mixing time in the two-roll mill led to an increase in
the surface resistivity. Therefore, up to 6 min, with
increasing mixing time in two-roll mill, the effect of
the improved dispersion of MWCNTs on the surface
resistivity may have overwhelmed the effect of the
decreased MWCNT length. However, further
increases in the mixing time led to a decreased
nanotube length, which manifested as a higher sur-
face resistivity. For the NBR/MWCNT nanocompo-
site prepared in a kneader at 60 rpm, the surface re-

(a)
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sistivity was around 10° Q/square at mixing times
of 0 and 2 min in the two-roll mill. This may indi-
cate that the dispersion of the MWCNTs in the NBR
matrix was good in the NBR/MWCNT nanocompo-
sites prepared in a kneader at 60 rpm before two-
roll mill mixing. Further increases in the mixing
time in the two-roll mill led to significant increases
in the surface resistivity.

Figure 4 shows the TEM micrographs of the
MWCNTs in the NBR matrix. In the TEM images,
one can observe small clusters of MWCNTs [Fig.
4(a), cf. Fig. 4(b)]. However, with further increasing
mixing time, a uniform dispersion was achieved but
at the expense of decreased length, as shown in Fig-
ure 4(b). This led to an increase in the surface resis-
tivity in the NBR/MWCNT nanocomposites pre-
pared in a kneader at 60 rpm.

To investigate the effect of gap distance between
the rolls on the surface resistivity, the NBR and
MWCNTs were melt-mixed in a kneader for a fixed
mixing time (15 min), and the obtained NBR/
MWCNT nanocomposites were mixed with sulfur
(2 phr) in a two-roll mill with various gap distances
for a fixed time (6 min). For the NBR/MWCNT
nanocomposites prepared in a kneader at 20 rpm,
the surface resistivity decreased with decreasing gap
distance (Fig. 5). As shown in Figure 3, the surface
resistivity was 10" Q/square without two-roll mill
mixing (0 min). Because the dispersion of MWCNTs
in the NBR/MWCNT nanocomposites prepared at
20 rpm was poor before two-roll mill mixing, with

(b)

Figure 4 TEM micrographs of MWCNTs in the NBR/MWCNT nanocomposites: (a) a mixing time of 2 min in the two-
roll mill and a rotor speed at the kneader of 60 rpm and (b) a mixing time of 14 min in the two-roll mill and a rotor speed

at the kneader of 60 rpm.
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Figure 5 Effect of the gap distance between the rolls on
the surface resistivity of the NBR/MWCNT nanocompo-
sites with 2 phr MWCNTs.

high shear force by two-roll mill mixing, the effect
of the improved dispersion of the MWCNTs on the
surface resistivity may have overwhelmed the effect
of the decreased MWCNT length. Therefore, a
higher shear force with decreasing gap distance led
to a lower surface resistivity. For the NBR/MWCNT
nanocomposites prepared in a kneader at 60 rpm,
the surface resistivity decreased with increasing gap
distance. As observed in Figure 3, the surface resis-
tivity was 10° Q/square without two-roll mill mixing
(0 min). Because the dispersion of the MWCNTs in
the NBR/MWCNT nanocomposites prepared at 60

(a)
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rpm was good before two-roll mill mixing, with
high shear force by two-roll mill mixing, the effect
of the decreased MWCNT length on the surface re-
sistivity may have overwhelmed the effect of the
improved dispersion of the MWCNTs. Therefore,
the higher shear force with decreasing gap distance
led to the higher surface resistivity.

Figure 6 shows TEM micrographs of the
MWCNTs in the NBR matrix. In the TEM images,
one can observe a better dispersion of MWCNTs
[Fig. 6(a), cf. Fig. 6(b)]. This may have been due to
the decreasing gap distance. However, with decreas-
ing gap distance, a better dispersion was achieved
but at the expense of decreased length, as shown in
Figure 6(a). Decreasing the gap distance led to a
decrease in the average length of the MWCNTs. This
led to an increase in the surface resistivity in the
NBR/MWCNT nanocomposites prepared in a
kneader at 60 rpm.

We also investigated the effect of fast and slow
cooling on the surface resistivity of the NBR/
MWCNT nanocomposites. For fast cooling, the com-
pression-molded samples were immediately moved
to a cold molder under minimal pressure. For slow
cooling, the compression-molded samples were nat-
urally cooled to room temperature. For this experi-
ment, the NBR and MWCNTs were melt-mixed in a
kneader at 20 rpm for 15 min, and the obtained
NBR/MWCNT nanocomposites were mixed with sul-
fur (2 phr) in a two-roll mill for 6 min. The surface
resistivity of the NBR/MWCNT nanocomposites with

Figure 6 TEM micrographs of MWCNTs in the NBR/MWCNT nanocomposite: (a) a gap distance between the rolls of
0.1 mm and a rotor speed at the kneader of 60 rpm and (b) a gap distance between the rolls of 0.7 mm and a rotor speed

at the kneader of 60 rpm.
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Figure 7 Surface resistivity of the NBR/MWCNT nano-
composites with different MWCNT contents.

different MWCNT contents is shown in Figure 7
for slow cooling and fast cooling. When slow cool-
ing was applied, a surface resistivity of 10* Q/
square was obtained at around 2-phr MWCNTs.
However, when fast cooling was applied, a surface
resistivity of 10° Q/square was obtained at around
5-phr MWCNTs. This was a significant difference,
and to the best of our knowledge, this is the first
report that recognizes the importance of different
cooling rates on the surface resistivity of rubber/
MWCNT nanocomposites. It is well known that the
degree of volume shrinkage depends on the cool-
ing rate. A slow cooling rate leads to larger volume
shrinkages. Therefore, larger volume shrinkages by
slow cooling may lead to smaller distances
between neighboring MWCNTs in the NBR matri-
ces. It was reported that the orientation of nano-
tubes in the plate direction or the formation of a
frozen-oriented skin layer (as shown for the injec-
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Figure 8 Effect of the concentration of sulfur on the sur-
face resistivity of the NBR/MWCNT nanocomposites with
2 phr MWCNTs.
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Figure 9 Tensile strength of the NBR/MWCNT
nanocomposites.

tion-molded samples'’) are not dominant effects in
compression molding.'®

Figure 8 shows the effect of the concentration of
sulfur on surface resistivity. With increasing sulfur
concentration, the surface resistivity decreased. Dur-
ing crosslinking, the polymer chains were linked by
covalent bonds, and a three-dimensional network
was formed. It is well known that an increase in the
sulfur concentration leads to an increase in the cross-
linking density. Increasing crosslinking density may
have decreased the free volume of the NBR matrix,
which may have caused a decreased inter-CNT gap
in the MWCNTs.

For the measurement of tensile properties, the
NBR and MWCNTs were melt-mixed in a kneader
for a fixed mixing time (15 min) and rotor speed (20
rpm), and the obtained NBR/MWCNT nanocompo-
sites were mixed with sulfur (2 phr) in a two-roll
mill for a fixed time (6 min). With increasing content
of MWCNTs, the tensile strength (Fig. 9) and tensile
modulus at 300% elongation (Fig. 10) of the NBR/

Modulus (MPa) at 300% elongation

o ' 2 3 :
Content of MWCNT (phr)

Figure 10 Tensile modulus at 300% elongation of the
NBR/MWCNT nanocomposites.
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Figure 11 Elongation at break of the NBR/MWCNT
nanocomposites.

CNT nanocomposites increased. The tensile strength
and 300% modulus of the NBR/MWCNT nanocom-
posites with a 2-phr MWCNT loading were around
two times higher than those of NBR. The elongation
at break (Fig. 11) of the NBR/MWCNT nanocompo-
sites was slightly lower than that of NBR.

CONCLUSIONS

A strong dependence of the surface resistivity on the
processing parameters was observed. Increasing the
rotor speed and mixing time resulted in an improve-
ment in the dispersion of the MWCNTs in NBR and
a decrease in the MWCNT length. These results pro-
duced opposing effects on the surface resistivity. An
improvement in the dispersion of MWCNTs led to a
decrease in the surface resistivity, but a decrease in
the MWCNT length led to an increase in the surface
resistivity. With increasing rotor speed at long mix-
ing times (15 and 30 min), the effect of the decreased
MWCNT length on the surface resistivity may have
overwhelmed the effect of improved dispersion of
the MWCNTs, which resulted in a higher surface
resistivity.

The mixing time in the two-roll mill was also an
important parameter for the surface resistivity. With
increasing mixing time in the two-roll mill from 0 to
6 min for the NBR/MWCNT nanocomposites pre-
pared in a kneader at 20 rpm, the surface resistivity
decreased from 10" to 10* Q/square. However, a
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further increase in the mixing time in the two-roll
mill led to an increase in the surface resistivity.

It is well known that the gap distance in a roll
mill is also an important parameter for CNT disper-
sion and CNT length. Interestingly, an opposing
effect of gap distance on the surface resistivity was
observed, which depended on the processing param-
eters of the nanocomposites in this study. The sur-
face resistivity decreased with decreasing gap dis-
tance for the NBR/MWCNT nanocomposites
prepared in the kneader at 20 rpm, but the surface
resistivity decreased with increasing gap distance for
NBR/MWCNT at 60 rpm. The cooling rate of the
compression-molded samples and sulfur concentra-
tion also influenced the surface resistivity for the
NBR/MWCNT nanocomposites.
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