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ABSTRACT: Polymer based nanocomposites were pre-
pared using brominated poly(isobutylene-co-paramethylsty-
rene) (BIMS) rubber and octadecyl amine modified mont-
morillonite nanoclay. The effect of nature and loading of
carbon black on these nanocomposites and the control BIMS
was investigated thoroughly using X-ray diffraction tech-
nique (XRD), Fourier transform infrared spectroscopy
(FTIR), and mechanical properties. The addition of 4 parts of
the modified nanoclay to 20 phr N550 carbon black filled
samples increased the tensile strength by 53%. Out of the
three different grades of carbon black (N330, N550, and
N660), N550 showed the best effect of nanoclay. Optimum
results were obtained with the 20 phr filler loading. For

comparison, china clay and silica at the same loading were
used. Fifty-six and 46% improvements in tensile strength
were achieved with 4 parts of nanoclay added to the silica
and the china clay filled samples, respectively. N330 carbon
black (20 parts) filled styrene butadiene rubber (SBR) based
nanocomposite registered 20% higher tensile strength with 4
parts of the modified nanoclay. In all the above carbon black
filled nanocomposites, the modulus was improved in the
range of 30 to 125%. © 2005 Wiley Periodicals, Inc. ] Appl Polym
Sci 96: 443-451, 2005
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INTRODUCTION

Nanocomposites are an interesting field of research in
recent years. There are several types of nanocompos-
ites based on both plastics and rubbers reported in the
literature. The first polymer nanocomposite was de-
veloped by Toyota Central Research Lab in Japan
teamed up with Ube Industries Ltd., a Japanese resin
supplier, and consisted of nylon 6 interspersed with
layers of montmorillonite, a layered silicate clay." Af-
terwards, polymers like nylon,'™"! polypropylene,'*™'¢
polyethylene,'” natural rubber (NR),'® epoxidized nat-
ural rubber (ENR),'® ethylene-vinyl acetate copolymer
(EVA)," styrene-butadiene rubber (SBR),**! buta-
diene rubber (BR),** acrylonitrile-butadiene rubber
(NBR),?* etc. have been used to prepare nanocompos-
ites.

However, in actual applications there are several
ingredients added to impart various properties to a
composite. For example, in the rubber industry, rub-
bers are mixed with sometimes 10 to 15 different in-
gredients to improve processing and properties like
tear strength, abrasion resistance, aging behavior, etc.
Though a few reports are available on rubber based
nanocomposites, there is no report on the influence of
these ingredients on the nanocomposite properties.
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Carbon black is one such ingredient, which is used
extensively to improve tensile properties, tear and
abrasion resistance, hardness, etc. of a rubber vulcani-
zate. Earlier workers have reported the properties of
carbon black filled rubber vulcanizates.” > It has
been amply demonstrated that the structure, particle
size, and functional groups on the surface influence
the above-mentioned properties.

In our earlier work, the effect of nanoclays on me-
chanical and dynamic mechanical properties and mor-
phology of pristine rubber has been reported.”?® In
the present work, we report the influence of the nature
of filler (carbon black of different particle sizes, silica,
and clay) and degree of filler loading on the properties
of nanocomposites based on brominated poly(isobu-
tylene-co-paramethylstyrene) (BIMS). Styrene buta-
diene rubber (SBR) has also been used to investigate
similar effects.

EXPERIMENTAL
Materials used

BIMS (grade-BIMS-7745; paramethyl content, 7.7 wt
%; bromine content, 1.2 wt %; ML, | ¢ @125°C, 45; M,,
2 X 10° g/mol) was supplied by Exxon Mobil Chem-
ical Company, Baytown, TX. Styrene-butadiene rub-
ber (SBR) (Synaprene-1502) having Mooney Viscosity,
M, = 52, and styrene content of 23.5%, was supplied
by Synthetics and Chemicals Ltd., Bareilley, India.
Sodium montmorillonite was generously supplied by
Southern Clay Products, Gonzales, USA. Its cation
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TABLE 1
Unfilled Nanocomposites and Their Designation
Composition Designation
BIMS + 10 phr phenolic resin BIMS
BIMS + 10 phr phenolic resin + 4 phr OC BIMSOC4

SBR + 1 phr DCP SBR
SBR + 1 phr DCP + 4 phr OC SBROC4

exchange capacity was 90 meq/100g. Octadecyl
amine, C,;3H3,NH,, was supplied by Sigma Chemical
Co., St. Louis, MO. Toluene (analytical grade) was
procured from Nice Chemicals Pvt. Ltd., Cochin, In-
dia. Ethyl alcohol was supplied by Bengal Chemicals
and Pharmaceuticals, Kolkata, India. Phenolic resin
(softening point 70-80°C), which was used as the
curing agent, was obtained from indigenous sources.
Dicumyl peroxide produced by Aldrich Chemical Co.
Inc., Milwaukee, WI, was used as the crosslinking
agent for SBR. Different grades of carbon black [N330
(mean size = 24-28 nm, surface area = 75-95 m?/g),
N550 (mean size = 30-50 nm, surface area = 40-70
m?/g), and N660 (mean size = 50 nm, surface area
= 45 m?/g)] were supplied by Phillips Carbon Black,
Durgapur, India. Silica and china clay were procured
from Bayer India Ltd. Mumbeai, India, and Bata India
Ltd., Batanagar, India, respectively.

Preparation of modified clay

The clay was modified with octadecyl amine (a pri-
mary amine). 5 g of the clay was mixed with 400 c.c.
water and stirred thoroughly at 80°C for half an hour.
The octadecyl amine was melted at 50°C, then mixed
with conc. HCI (5 cc), and stirred for a few minutes
with the addition of 200 cc of water. This solution was
then mixed with the clay dispersion slowly, with con-
stant stirring to obtain the modified clay. This modi-
fied clay was then filtered and washed thoroughly
until it was free of chloride ion. Then, it was dried in
a vacuum oven at room temperature (30°C). The ab-
breviation used for the modified clay is OC.

Preparation of rubber-clay nanocomposite

The rubber was first dissolved in toluene, and 10 phr
of phenolic resin for BIMS and 1phr DCP for SBR was
added to it. The clay was dispersed in ethyl alcohol.
Then, the rubber solution was added to the clay dis-
persion at the required proportion and thoroughly
stirred to make a homogeneous mixture, which was
then kept in a vacuum oven at 30°C to drive off the
solvents. Table I reports the various compositions pre-
pared for this investigation.

Preparation of carbon black filled nanocomposite

The rubber (BIMS) was first dissolved in toluene, and
then phenolic resin (also dispersed in toluene) was
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added to it. Carbon black (/silica/china clay) was
dispersed in the rubber solution and stirred to make a
homogeneous solution. The nanoclay was dispersed
in ethyl alcohol. It was added to the rubber solution
and thoroughly stirred to make a homogeneous mix-
ture, which was then kept in air to drive off the
solvents. The samples were compression molded at
150°C for 22 min (optimum cure time determined
from a Rheometer) into 1 mm thick sheets in a hydrau-
lic press.

The SBR was dissolved in toluene and the clay was
dispersed in ethyl alcohol. The nanoclay dispersion
was added to the rubber solution and stirred well.
After drying off the solvent at room temperature, the
carbon black and curative (DCP) was mixed in a two-
roll mill (Schwanbenthan, Germany). Then the com-
posite was cured at 160°C for 15 min (optimum cure
time) in a compression mold to prepare a 1 mm thick
sheet. Table II reports various filled compositions pre-
pared for this investigation and their designation.

X-ray diffraction studies (XRD)

For characterization of the clays and the rubber com-
posites, X-ray diffraction studies were done using a
Rigaku CN2005 X-Ray Diffractometer “Miniflex”
model in the range of 3° to 10° (= 26) and Cu- target
(A = 0.154 nm). Then, d-spacing of the clay particles
was calculated using Bragg’s law. The samples were
scanned at 1000 cps at a scanning speed of 2°/min and
placed vertically in front of the X-ray source and per-
pendicular to the goniometer, where the goniometer
was fixed but the sample was rotating.

Mechanical properties

Tensile specimens were punched out from the molded
sheets using ASTM Die - C. The tests were carried out
as per the ASTM D 412-98 method in a Universal
Testing Machine (Zwick 1445) at a cross-head speed of
500 mm/min at 25°C. The average of three tests is
reported here.

Dynamic mechanical thermal analysis (DMTA)

The dynamic mechanical spectra of the blends were
obtained by using a DMTA IV (Rheometric Scientific,
NJ) dynamic mechanical thermal analyzer. The sam-
ple specimens were analyzed in a tensile mode at a
constant frequency of 1 Hz, a strain of 0.01% over a
temperature range from —80 to 80°C at a heating rate
of 2°C/min. The data were analyzed by RSI Orches-
trator application software on an ACER computer at-
tached to the machine. Storage modulus (E’), loss
modulus (E'"), and loss tangent (tan 8) were measured
as a function of temperature for all the samples under
identical conditions. The temperature corresponding
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TABLE II
Filled Nanocomposites and Their Designation

Composition Designation
BIMS + 10 phr phenolic resin + 10 phr N550 BIMSFEF10
BIMS + 10 phr phenolic resin + 10 phr N550 + 4 phr OC BIMSFEF10 OC4
BIMS + 10 phr phenolic resin + 20 phr N550 BIMSFEF20
BIMS + 10 phr phenolic resin + 20 phr N550 + 4 phr OC BIMSFEF20 OC4
BIMS + 10 phr phenolic resin + 30 phr N550 BIMSFEF30
BIMS + 10 phr phenolic resin + 30 phr N550 + 4 phr OC BIMSFEF30 OC4
BIMS + 10 phr phenolic resin + 20 phr N660 BIMSGPF20
BIMS + 10 phr phenolic resin + 20 phr N660 + 4 phr OC BIMSGPF20 OC4
BIMS + 10 phr phenolic resin + 20 phr N330 BIMSHAF20
BIMS + 10 phr phenolic resin + 20 phr N330 + 4 phr OC BIMSHAF20 OC4
BIMS + 10 phr phenolic resin + 20 phr china clay BIMSCC20
BIMS + 10 phr phenolic resin + 20 phr china clay + 4 phr OC BIMSCC20 OC4
BIMS + 10 phr phenolic resin + 20 phr silica BIMSSi20
BIMS + 10 phr phenolic resin + 20 phr silica + 4 phr OC BIMSSi20 OC4
SBR + 1 phr DCP + 20 phr N330 SBRHAF20

SBR + 1 phr DCP + 20 phr N330 + 4 phr OC

SBRHAF20 OC4

to the peak in tan & versus temperature plot was taken
as the glass-rubber transition temperature (T,).

RESULTS AND DISCUSSION
Effect of nanoclay on mechanical properties

To understand the effect of nanoclay on the mechan-
ical properties of unfilled rubber, BIMS and SBR have
been chosen. The tensile properties are reported in
Table IIL

The tensile strength value of BIMS and BIMSOC4
are 1.40 and 2.80 MPa, respectively. The strength in-
creases by 100% in BIMSOC4. The values of elongation
at break of BIMS and BIMSOC4 are 84 and 154%,
showing 83% increase in elongation at break with the
incorporation of 4 phr OC to the gum rubber. The
modulus (at 50% elongation) registers an increase
from 1.01 MPa to 1.60 MPa (58%) under the same
condition.

Stress-strain properties of the SBR gum and the
modified nanoclay filled samples have also been de-
termined. Addition of 4 parts of the modified clay to
the control SBR improves tensile strength from 1.20
MPa to 2.50 MPa (108% increase) and elongation at
break from 94 to 180% (91% increase). The modulus at

50% increases from 0.66 to 0.78 MPa with the addition
of OC.

The results can be explained by XRD (Fig. 1).

The traces in Figure 1 show complete exfoliation of
the modified nanoclays in both the rubber matrices in
the sense that the peaks observed for the pristine
modified clays disappear when these are mixed with
the rubber. The long chain amine modifiers facilitate
the polymer chains to intercalate. After modification,
the organophilic OC interacts well with the nonpolar
part of the rubber. BIMS contains polyisobutylene,
which is nonpolar. Also, the dispersion is improved as
a result of exfoliation. Similarly, SBR being a nonpolar
rubber, it has a very good interaction with the organo-
philic clay. It is known that the tensile properties are a
function of rubber-filler interaction. This causes the
improvements in the above-mentioned mechanical
properties.

Effect of carbon black on nanocomposite

The effect of carbon black on nanocomposite properties
was investigated using N550, which was mixed with the
gum BIMS and OC filled BIMS at 20 phr loading. The
stress-strain curves are shown in Figure 2, which indi-

TABLE III
Mechanical Properties of Different Unfilled Nanocomposites

Modulus (MPa) at
elongation

Tensile strength Elongation at

Sample name 50% 100% (MPa) break (%)
BIMS 1.01 — 1.40 84
BIMSOC4 1.60 2.33 2.80 154
SBR 0.66 — 1.20 94
SBROC4 0.78 1.29 2.50 180
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Figure 1 XRD of nanoclays and nanocomposites.

cates higher stress at a particular strain for the OC filled
FEF nanocomposites (BIMSFEF200C4 versus BIMS-
FEF20). The moduli at 50 and 100%, tensile strength, and
elongation at break have been calculated from the
curves. The results are reported in Table IV.

The N550 filled BIMS (BIMSFEF20) shows tensile
strength of 3.40 MPa, elongation at break of 129%, and
modulus at 50% elongation of 1.70 MPa. BIMSFEF200C4
registers 5.30 MPa, 150%, and 1.90 MPa, respectively, for
the same properties. These results depict that the carbon
black filled nanocomposite has better tensile strength
and modulus when these are compared either with the

-------- BIMSFEF20

] —— BIMSFEF200C4
s BIMSOC4
5.0 4

4.5 4

Tensile Stress, MPa

0.0 —71ir v 1T 1 v 1T
0 20 40 60 80 100 120 140 160
Tensile Strain, %

Figure 2 Stress-strain curve of BIMS, BIMSFEF20, and
BIMSFEF200C4.
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TABLE IV
Mechanical Properties of Filled Nanocomposites
Modulus
EMPa) at Tensile Elongation
_clongation strength at break

Sample name 50% 100% (MPa) (%)
BIMSFEF10 1.30 2.00 2.20 132
BIMSFEF10 OC4 1.60 2.60 3.70 146
BIMSFEF20 1.70 2.90 3.40 129
BIMSFEF200C4 1.90 3.90 5.30 150
BIMSFEF30 1.80 — 3.20 92
BIMSFEF30 OC4 2.00 3.80 3.90 111
BIMSFEF24 1.70 3.10 3.40 108
BIMSHAF20 1.70 3.00 3.40 116
BIMSHAF20 OC4  1.80 3.30 4.00 129
BIMSGPF20 1.00 2.30 2.80 131
BIMSGPF20 OC4 1.50 2.40 3.70 152
BIMSSi20 1.80 — 2.10 79
BIMSSi20 OC4 2.10 — 3.20 86
BIMSCC20 1.20 — 1.50 70
BIMSCC20 OC4 1.50 — 2.20 76
SBRHAF20 0.90 1.50 5.90 300
SBRHAF20 OC4 1.50 2.40 8.60 338

conventional carbon black filled vulcanizate or the OC
filled nanocomposites. Hence, we can infer that even in
the presence of carbon black, the influence of nanoclay is
dominant and the tensile properties are improved fur-
ther. BIMSFEF200C4 displays 55 and 89% improvement
in tensile strength and +16% and —2% change in elon-
gation at break over the conventional carbon black filled
and nanoclay filled samples, respectively. To check the
additional loading of 4 parts in BIMSFEF20, a mix with
24 phr of N550 has been prepared and its properties
have been compared. The tensile strength of the new mix
is 3.40 MPa, which is the same as that of the BIMSFEF20,
and elongation at break has a value of 108%, which is
slightly lower than that of the BIMSFEF20. From this
experiment, it is concluded that 4 phr of nanoclay can
reinforce the matrix manifold, which cannot be achieved
by further addition of 4 phr carbon black.

\/\—-/ BIMS HAF 200C4
BIMS HAF 20
— " T~ BIMSFEF20004

Intensity (arbitrary unit) —e

1 } 1 1 i 1 } L
3 & 5 6 7 8 9 10

26 ( degree ) —=

Figure 3 XRD of different carbon black filled composites.
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Figure 4 (a) Stress-strain curve of filled composites at different filler loadings; (b) Comparison between tensile strength of
nanocomposites and that of conventional composites at different filler loadings of FEF (where T, o = tensile strength of
N550 filled nanocomposites, Tg = tensile strength of N550 filled composites).

Here again the results can be explained with the
help of XRD (Fig. 3). The X-ray diffractograms of
BIMSFEF200C4 show a small hump, which is absent
in BIMSFEF20, indicating presence of the nanoclay in
the matrix of the former. In the presence of carbon
black, the clay particles probably are partially exfoli-
ated. The small hump is an indication of intercalation,
which arises due to the restricted segmental mobility
of the carbon black filled sample and its inhibition to
enter into the gallery gap in the nanoclay. Also, some
of the nanoclays may be trapped in the occluded struc-

ture of carbon black, thus reducing the chances of
exfoliation. Thus, both the carbon black and the exfo-
liated clays contribute towards the higher tensile
strength.

Effect of carbon black loading on nanocomposite

To understand the effect of carbon black loading on
the mechanical properties of the nanocomposite, load-
ing of N550 is varied from 10 phr to 30 phr. The
stress-strain curves are shown in Figure 4a, which
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elucidate positive influence of the nanoclay. The re-
sults are given in Table IV. A bar graph indicating
improvement in tensile strength in carbon black filled
nanocomposite with respect to the conventional car-
bon black filled composites at different filler loadings
is also shown in Figure 4b. The ratio of the tensile
strength of the nanocomposite to that of the conven-
tional composite is always higher than one. The effect
of the nanoclay is, however, reduced at higher filler
loading.

With increasing filler loading, the tensile strength
increases up to 20 phr loading, beyond which the
value decreases. On the other hand, the elongation at
break decreases and the modulus increases with in-
creasing filler loading, as expected. The incorporation
of OC enhances the tensile strength by 68%, 56%, and
22%, and elongation at break by 10%, 16%, and 20%
for the 10, 20, and 30 phr black loaded nanocompos-
ites, respectively. Thus, it can be said that, although
with the addition of OC there is some improvement
over carbon black filled samples at every loading, the
best improvement in tensile strength can be seen with
10 phr of carbon black loading. With increasing carbon
black loading, the absolute strength initially increases
to a certain extent because of reinforcement and then
decreases due to dilution effect.

Effect of nature of fillers on nanocomposite
properties

Three different grades of blacks (N330, N550, and
N660) have been used. Besides these, china clay and
silica fillers have been compared. The stress-strain
graphs of different blacks, silica, and china clay filled
composites are shown in Figures 5a and b. The values
of the mechanical properties are reported in Table IV.

Tensile strength, elongation at break, and modulus
at 50% elongation of N330 and N660 filled BIMS sam-
ples are 3.40 MPa, 116%, and 1.70 MPa, and 2.80 MPa,
131%, and 1.00 MPa, respectively. On addition of OC
to the N550 filled sample, tensile strength of 5.30 MPa,
elongation at break of 150%, and the 50% modulus
value of 1.90 MPa are observed; N330 and N660 reg-
ister the corresponding values of 4.00 MPa, 129%, and
1.80 MPa, and 3.70 MPa, 152%, and 1.50 MPa, respec-
tively. Hence, there is 55%, 18%, and 32% increment in
tensile strength in the case of N550, N330, and N660,
respectively. N550 gives the highest value of tensile
strength, followed by N330 and N660 in the black
filled and the OC black filled BIMS. Higher strength
was expected with N 330 carbon black. The anomalous
result may be due to that fact that there may be a
problem of dispersion in the case of N330 in solution
mixing as the particle size is smaller than N550. From
the XRD diffractogram (Fig. 3), it is observed that
there is a small peak at 5.8° (26) in the case of N330,
indicating the existence of some regular and ordered
structure in the sample. However, in the case of N550,
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Figure 5 (a) Stress-strain curves of carbon black filled con-
ventional composites and nanocomposites; (b) Stress-strain
curves of silica and china clay filled conventional and nano-
composites; (¢) Comparison between tensile strength of differ-
ent nanocomposites containing different fillers (where Tg o
= tensile strength of 20 phr filler + 4 phr OC filled composite,
Toc = tensile strength of 4 phr OC filled composite).
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Figure 6 (a) Plot of log (storage modulus) versus temperature; (b) Plot of tan & versus temperature.

there is a smaller hump only, indicating the clay is
mostly exfoliated. The reason for appearance of the
hump/peak has been explained earlier. Due to higher
occlusion phenomenon for the small size of N330,
more clays are entrapped and thus are unable to ex-
foliate/intercalate. This may be the reason behind the
fact that N550 filled samples have better mechanical
properties than those of N330—both with and with-
out having OC.

With 20 phr of silica, the tensile strength is 2.10
MPa and elongation at break is 79%. With the addi-

tion of 4 phr OC, the corresponding values are 3.20
MPa and 86%. This means that there is an increment
of 52% in tensile strength and 8% in elongation at
break. With 20 phr of china clay, the tensile strength
is 1.50 MPa and elongation at break is 70%. With the
addition of 4 phr of OC, an increased value of 2.20
MPa and 76% have been observed. This implies that
there are 47 and 9% increments in tensile strength
and in elongation at break, respectively. A compar-
ison of tensile strength of various filled samples is
shown in Figure 5c.
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Dynamic mechanical thermal analysis

The values of storage modulus and tan 8 against tem-
peratures are shown in Figures 6a and b. The glass
transition temperatures and the storage modulii at
25°C and at 70°C of different composites are listed in
Table V.

The T, has been slightly shifted towards higher tem-
perature in the case of BIMSFEF20 and BIMSFEF200C4.
There is a lowering in the tan & peak height at T in the
case of both BIMSFEF20 and BIMSFEFOC4, indicating
reinforcement. These two phenomena jointly reflect that
there is a better polymer-filler interaction in both the
cases.

The storage modulus value is also higher in the
rubbery region in the case of BIMSFEF20 as well as in
BIMSFEF200C4 over the control. In the case of carbon
black filled nanocomposite, it shows higher value than
that of conventional filled composite. Hence, from the
dynamic mechanical properties, it can be concluded
that the effect of nanoclay is still predominant in the
presence of conventional filler.

Effect in another rubber

To establish the influence of carbon black, SBR has
been taken. The SBROCH4 is loaded with 20phr of black
(N330), as this loading gave the optimum properties
with BIMS. The N330 has been chosen as this is known
to give the best properties with SBR matrix. Due to a
mixing problem with the black in solution, the filler
mixing has been done in an open two-roll mill. The
mechanical properties are reported in Table IV and the
stress-strain curve in Figure 7. The tensile strength for
N330-filled SBROC4 is 7.80 MPa, elongation at break is
338%, and modulus at 50% elongation is 1.30 MPa,
while the same for N330-filled SBR are 5.80 MPa,
300%, and 0.90 MPa, respectively. The percent in-
crease is 34% for tensile strength, 13% for elongation at
break, and 44% for modulus at 50% elongation. Thus,
comparing these results it is concluded that the effect
of carbon black on nanocomposites is visible in the
case of both the rubbers investigated here.

CONCLUSIONS

Nanocomposites, along with conventional filled
composites based on BIMS and SBR, have been pre-

TABLE V
Dynamic Mechanical Properties
Log E Log E" at
Tan & at 25°C 70°C
Sample name T, °C at T, (in MPa) (in MPa)
BIMS —43.0 0.95 6.66 6.60
BIMSFEF200C4 —41.0 0.88 6.74 6.77
BIMSFEF20 —42.0 0.91 6.70 6.67
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Figure 7 Stress-strain curve of SBR composites.

pared. Their mechanical properties have been exten-
sively studied. XRD and dynamic mechanical prop-
erties of some representative samples have been
measured.

1. 4 phr of octadecyl amine modified nanoclay
improves the tensile strength and modulus of
BIMS and SBR vulcanizates significantly.

2. Optimum mechanical properties can be ob-
tained at 20 phr loading of the fillers.

3. The best effect of the modified clay on mechan-
ical properties has been observed with N550.

4. Dynamic mechanical properties of 20 phr N550
loaded nanocomposite show clear reinforce-
ment.

5. The results can be explained by exfoliation,
intercalation, dispersion, and occlusion.

References

1. Kojima, Y.; Usuki, A.; Kawasumi, M.; Fukushima, Y.; Okada, A.;
Kurauchi, T.; Kamigaito, O. ] Mat Res 1993, 8, 1185.

2. Kojima, Y.; Usuki, A.; Kawasumi, M.; Okada, A.; Kurauchi, T.;
Kamigaito, O. ] Polym Sci Part A 1993, 31, 983.

3. Lepoittevin, B.; Devalckenaere, M.; Pantoustier, N.; Alexandre,
M.; Kubies, D.; Calberg, C.; Jerome, R.; Henrist, C.; Cloots, R.;
Dubois, P. Polymer 2002, 43, 4017.

4. Usaki, A.; Koiwai, A.; Kojima, Y.; Kawasumi, M.; Okada, A,;
Kurauchi, T.; Kamigaito, O. ] App Polym Sci 1995, 55, 119.

5. Shelley, J. S.; Mather, P. T.; DeVries, K. L. Polymer 2001, 42,
5849.

6. Agag, T.; Takeichi, T. Polymer 2001, 42, 3399.

7. Lincon, D. M.; Vaia, R. A;; Wang, Z. G.; Hsiao, B. S. Polymer
2001, 42, 1621.

8. Kim, G. M,; Lee, D. H.; Hoffmann, B.; Kressler, J.; Stoppelmann,
G. Polymer 2001, 42, 1095 .

9. Cho, J. W.; Paul, D. R. Polymer 2001, 42, 1083.

10. Fornes, T. D.; Yoon, P. J.; Keskkula, H.; Paul, D. R. Polymer 2001,
42,9929 .

11. Rayneud, E.; Jouen, T.; Ganthier, C.; Vigier, G.; Varlet, J. Poly-
mer 2001, 42, 8759 .



EFFECT OF CARBON BLACK ON PROPERTIES OF RUBBER NANOCOMPOSITES

12.

13.
14.

15.
16.
17.
18.

19.

Hambir, S.; Bulakh, N.; Kodgire, P.; Kalgaonkar, R.; Jog J. P. |
Polym Sci Part B 2001, 39,446 .

Ma, J.; Qi, Z;; Hu, Y. ] App Polym Sci 2001, 82, 3611.
Kawasumi, M.; Hasegawa, N.; Kato, M.; Usuki, A.; Okada, A.
Macromolecules 1997, 30, 6333 .

Godgire, P.; Kalgaonkar, R.; Hambir, S.; Bulakh, N.; Jog, J. P.
J App Polym Sci 2001, 81, 1786.

Zhang, M. Q.; Rong, M. Z.; Zeng, H. M.; Schmitt, S.; Wetzel, B.;
Friedrich K. ] App Polym Sci 2001, 80, 2218.

Alexandre, M.; Dubois, P.; Sun, T.; Garces, J. M.; Jérome, R.
Polymer 2002, 43, 2123.

Vu, Y. T.; Mark, J. E;; Pham, L. H.; Engelhardt, M. ] App Polym
Sci 2001, 82, 1391 .

Ma, J.; Zhang, S.; Qi, Z. ] App Polym Sci 2001, 82, 1444.

20.

21.
22.

23.

24.

25.

26.

451

Sadhu, S.; Bhowmick, A. K. Rubber Chem Technol 2003, 76,
0860.

Sadhu, S.;. Bhowmick, A. K. ] Appl Polym Sci 2004, 92, 698.
Sadhu, S.; Bhowmick, A. K. ] Polym Sci: Polymer Physics 2004,
42,1573.

Donnet, J. B.; Bansal, R. C.; Wang, M. ] Carbon Black—Science
and Technology, Second Edition. Marcel Dekker: New York,
1993.

Shanmugharaj, A. M.; Bhowmick A. K. ] App Polym Sci 2003,
88, 2992.

Shanmugharaj, A. M.; Bhowmick, A. K. Radiation Physics and
Chemistry 2004, 69, 91.

Maiti, M.; Sadhu, S.; Bhowmick A. K. J Polym Sci Part B:
Polymer Physics (in press).



