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ABSTRACT: The filler action of dodecylamine (12C) inter-
calated montmorillonite (MNT) referred to as organomodi-
fied montmorillonite (12C-MNT) up to 4 wt % on natural
rubber (NR) and styrene butadiene rubber (SBR) was stud-
ied and findings were compared with respect to the unmod-
ified Na-MNT. X-ray analysis was used to calculate the
interchain separation (R and R�), degree of crystallinity (Xc),
and distortion factor (k). It is noted that R and R� showed the
opposite trend, whereas Xc as well as k showed overall
increasing trend with an increasing amount of 12C-MNT on
both NR and SBR. For Na-MNT (1 wt %) filled NR and SBR,
the corresponding magnitude of R and R � and Xc showed
nearly no change, whereas kc increased significantly. The
crosslinking density (vc) does not show any significant
changes in NR, whereas for SBR, it increases with increasing
12C-MNT as filler. Interestingly, in the case of 1 wt % pure
Na-MNT used as filler for both NR and SBR, vc was lower
compared to the virgin rubbers. Both swelling index (si) and
sol fraction (Q) do not show any significant variation for NR

composites, whereas these decrease for SBR composites with
increasing concentration of 12C-MNT filler. On the contrary,
NR and SBR with 1 wt % of Na-MNT filler show greater
magnitude of si and Q corresponding to the pure ones.
Measurements of mechanical properties showed a signifi-
cant increase in tensile strength and elongation at break for
NR-12C-MNT (4 wt %) when compared with either virgin
NR. In addition, modulus at the elongation at 100 and 200%
in general increases with increasing loading of 12C-MNT
filler in NR. Similar observations were also noted in the case
of SBR. Interestingly, when only pure Na-MNT is used as
filler, the strength of NR and SBR decreases drastically.
Scanning electron microscopic studies were also to used
support the mechanical behavior of NR-12MNT and SBR-
12CMNT composites. © 2004 Wiley Periodicals, Inc. J Appl
Polym Sci 92: 3583–3592, 2004
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INTRODUCTION

In the past, materials with layered structure have re-
ceived considerable interest mainly because of their
interesting physical properties.1–4 Montmorillonite
(MNT) belongs to a smectite group of clay minerals
that has 2 : 1 type of layer structure.4 It consists of
negatively charged silica sheets that are held together
by charge-balancing counterions such as Mg2�, Na�,
and Ca2�. The general chemical formula of the mont-
morillonite is (My

�.nH2O)(Al4�yMgy)Si8O20(OH)4,
where M (M � Na�, Ca2�, Mg2�, etc.) is the interlayer
cation. These interlayer cations balance the negative
charges, which are generated by the isomorphous sub-
stitution of Mg2� and Fe2� for Al3� in the octahedral
sheet and Al3� for Si4� in tetrahedral sheet. Because of
the presence of easily exchangeable inorganic cations,

organic compounds and polymers could be interca-
lated into the interlayers of montmorillonite. This re-
sults in the expansion of interlayer spacing between
the MNT sheets and even may lead to the complete
dissociation of the sheets to form MNT–organic com-
posites with a nanometer level.5–7 These polymer–
MNT hybrid materials often show some unexpected
improved properties even at a very small fraction of
MNT content.8,9 A nanocomposite of nylon-6 contain-
ing only 4 wt % MNT shows significant improvement
in the mechanical and thermal properties compared
with pure nylon-6.10 Other polymer–clay nanocom-
posites based on polypropylene,11 poly(ethylene ox-
ide),12 polyaniline,13 silicone rubber,14 poly(methyl
methacrylate),15 poly(N-vinyl carbazole),16 polyim-
ide,17 polyurethane,18 epoxy resin,19 ENGAGE rub-
ber,20 and EVA rubber21–23 were reported.

To the best of our knowledge, the effect of alky-
lammonium-intercalated montmorillonite as filler
on natural rubber (NR) and styrene butadiene rub-
ber (SBR) has not been reported until now. Hence, in
the present investigation, an attempt was made to
investigate the effect of alkylammonium-interca-
lated montmorillonite as filler on NR and SBR and
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findings were compared with the pure montmoril-
lonite.

EXPERIMENTAL

Preparation of organophilic montmorillonite

In a 2-L beaker, 40 g of sodium montmorillonite (Na-
MNT; Clay Mineral Society, as SWy1, University of
Missouri, Columbia; cation exchange capacity � 76.4
meq/100 g) was dispersed in 1 L hot water at 75°C. A
mixture of 17.64 g dodecyl amine (SRL Pvt. Ltd.,
Mumbai, India), 9.6 mL concentrated hydrochloric
acid, and 200 mL distilled water was heated to 80°C.
Solution of dodecyl ammonium chloride obtained was
added into the dispersion of Na-MNT and was agi-
tated vigorously for about 1 h. The white precipitate
thus obtained was filtered, washed with hot water to
make it free from chloride ions, and tested by silver
nitrate solution. The white product was then dried in
a vacuum. The dried product was ground to powder
form and sieved by a 270-mesh-sized sieve.

Organophilic clay–rubber composites

NR with grade name ISNR-5 [volatile matter, 1%
(max.) by mass; ash, 1% (max.) by mass; initial plas-
ticity, 30 (min.)] used in the present investigation was
supplied by Rubber Research Institute of India (Kot-
tayam, India). NR (100 g) and 1 g 12C-MNT were
mixed for 15 min at room temperature with 2.5 g
sulfur, 5 g ZnO, 2 g stearic acid, 1 g antioxidant, 0.8 g
CBS, and 0.2 g TMTD in a roll mill having a speed
ratio of 1 (front) : 1.2 (back). The specimens were com-
pression molded in a hydraulically operated press
(Moore Press) at 150°C and 5 MPa pressure to obtain
the sheets of natural rubber with 1 wt % 12C-MNT.
The sheet was termed as NR-12C-MNT (1 wt %). To
obtain the NR sheets with 2, 3, and 4 wt % of 12C-
MNT, a similar process was followed and the samples
were termed as NR-12CMNT (2 wt %), NR-12CMNT
(3 wt %), and NR-12CMNT (4 wt %), respectively. To
use as reference, NR were vulcanized and compres-
sion molded in a same process described above by
using 1 wt % Na-MNT as filler [NR-NaMNT (1 wt %)]
and without any filler (NRV) but with all the additives
used earlier. SBR with grade name SBR1502, supplied
by Synthetic and Chemicals Ltd. (Barelley, UP, India),
was selected for the present investigation. The process
of SBR–montmorillonite compounds was the same as
that of natural rubber.

Characterization of the clay–rubber composites

X-ray study

X-ray diffraction patterns of the samples were re-
corded on a Rigaku Miniflex-diffractometer (30 kV, 10

mA) by using Cu-K� radiation (� � 1.5418 Å) with a
scanning rate of 2°/min at room temperature. These
data were used to calculate degree of crystallinity,
distortion parameter, and interchain separations as
described as below.

Interchain separation

In the case of the polymer sample, the strong inner-
most peak is considered to arise from the interatomic
vectors between adjacent chains. On the basis of this
assumption, the interchain separation can be calcu-
lated from the position of the first diffraction maxi-
mum by using the equation24

R �
5
4

�

2 sin �
(1)

and

R� �
7

2�

�

2 sin �
(2)

The interchain separation calculated from eq. (1) is
suitable for short-chain polymers, whereas eq. (2) is
more suitable for highly oriented amorphous linear
polymers.25

Degree of crystallinity and distortion

All valid methods of measuring the degree of crystal-
linity by X-ray diffraction techniques are based on the
fact that the total coherent scattering due to N atoms is
the same, independent of their state of aggrega-
tion.26,27 Assuming no preferred orientation in the
sample, the scattering over the entire reciprocal space
can be written as 4��0

� s2I(s)ds, where s is the magni-
tude of reciprocal lattice vector given by s � �s� � (2 sin
�)/�, where 2� is the scattering angle, � is the wave-
length of X-ray radiation, and I(s) represents the in-
tensity of total coherent scattering at the radial dis-
tance s in reciprocal space. According to Ruland,28 if
I(s) refers to an intensity scattered from the crystallite
phase, then to a first approximation, the weight frac-
tion of the crystalline phase in the specimen is given
by

Xc �
�s0

sp s2Ic�s�ds

�s0

sp s2I�s�ds
K�s0, sp, D, f 2� (3)

where f 2 is the mean square atomic scattering factor
for the polymer, given by

f2 �
¥ Ni f i

2

¥ Ni
(4)
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where Ni is the number of atoms of type I in the
empirical formula, D is the lattice imperfection factor,
and s0 and sp represent the lower and upper limit of
integration for the finite and relatively large angular
range. The coefficient K allows for the loss in intensity
due to lattice imperfection.

Following Vonk,29 eq. (3) can be written as

R�sp� �
1
xc

�
k

2xc
sp

2 (5)

where K was approximated as

K � 1 �
k
2 sp

2 (6)

and

R�sp� �
�s0

sp Is2ds

�s0

sp Ics2ds
(7)

Thus, assuming a linear plot of R versus (sp
2), both

degree of crystallinity (Xc) and distortion factor (k) can
be obtained from eq. (7).

Measurement of crosslinking density, sol fraction,
and swelling index

Crosslinking density, defined as moles of effective
network chain per cubic centimeter, was obtained by
calculating the volume fraction of the swollen poly-
mer. For this, the NR and SBR slabs were cut into 7 	 7
	 2 mm size and immersed in toluene at 30°C for 24 h.
Subsequently, the specimens were removed and
weights of the swollen specimens (ws) were deter-
mined after gently wiping off the solvent with coarse
filter paper. The weight of the deswollen specimen
(wds) was determined after removing toluene at 100°C
for 2 h until constant weights were achieved. From
this ws and wds, the swell ratio or sol fraction (Q) and
swelling index (si) are given by

Q �
ws

wds
� 1 (8)

si � Q � 100 (9)

The weight fraction of the polymer (w2) and the sol-
vent (w1) can then be calculated by the relation

w2 �
1

1 � Q

and

w1 � 1 � w2 (10)

The volume fraction of the polymer (v2) in the swollen
specimen is given by

v2 �
w2/e2

�w2/e2� � �w1/e1�
(11)

where e1 and e2 are the densities of the solvent and the
polymer.

From the volume fraction data under equilibrium
swollen condition, the crosslink density (vc) was cal-
culated by the Flory–Rhener equation30

vc �
ln�1 � v2� � v2 � v2

2

vs�v2
1/3 � v2/2�

(12)

where vs is the molar volume of the solvent and is
106.3 cm3 for toluene.31

Mechanical properties

Measurements of mechanical properties of the speci-
mens were carried out in a computerized Zwick
(model 1445) as per ASTM D 412-80. Tensile strength,
elongation at break, and modulus at 100 and 200%
elongations were determined.

Scanning electron microprobe studies

A JEOL (JSM-5800) scanning electron microscope
(SEM) with an acceleration voltage of 20 kV was used
to investigate the fracture surfaces of the samples.

RESULTS AND DISCUSSION

It was observed that the textures as well as homoge-
neity of the NR-Na-MNT (1 wt %), NR/12C-MNT,
SBR-Na-MNT, SBR/12C-MNT composites remained
almost unchanged. The color of pure NR and NR-12C-
MNT (1 wt %) and NR/12C-MNT (1 and 2 wt %) did
not change significantly. However, with increasing
filler contents, the color of the resultant composites
became somewhat darker with respect to the neat NR
as well as for SBR.

X-ray characterization of clay–rubber composites

X-ray diffraction patterns of Na-MMT and organo-
philic clay (12C-MMT) show a 001 peak at 2� � 7.4°
and 2� � 5.6° corresponding to an interlayer spacing
of 11.94 and 15.78 Å, respectively.32

Figure 1 represents X-ray diffractograms of NRV,
NR/Na-MNT (1 wt %), and NR/12C-MNT compos-
ites with their increasing filler concentration varia-
tions. A very faint peak appears almost at the same
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position in all the diffractograms of NR/Na-MNT and
NR/12C-MNT composites in Figure 1(b) and (c–f) as
observed in the case of pure Na-MNT (d001 � 11.94 Å)
and organomodified 12C-MNT (d001 � 15.78 Å) fillers,
respectively. It is also observed that the NRV shows a
strong amorphous peak between 2� � 5° and 2� � 30°
with peak position at 2� � 18.81°. It is observed cate-
gorically that the sharpness of all the peaks including
the size of the hollow changes with increasing amount
of 12C-MNT filler content in NR. This is the conclusive
proof for the variation of ordering in NR to which
varying amounts of filler have been added. The peak
position shifts slightly toward the lower angle region
when Na-MNT (1 wt %) as filler is added to NR. In the
corresponding composite of NRV with 12C-MNT (1
wt %), the peak position is almost similar to that of the
NRV. However, with increasing 12C-MNT filler con-
tent, the peak position gradually shifted toward the
higher angle region. Interestingly, for NRV, three dis-
tinct peaks are observed at 2� � 31.54, 34.20, and
36.15° with corresponding d values of 2.85, 2.63, and
2.49 Å, respectively. These matched well with that of
ZnO,33 which was added to about 5 wt % in the NRV.
The d value of highest intense peak in pure ZnO
appears at 2.66 Å. NR and its 12C-MNT composites
showed the presence of this peak corresponding to a d
value of 2.63 Å and that too of relatively low intensity.
This is possibly due to some interactions of ZnO with
other additives and rubbers, and finally, changes the
preferred orientation. It is interesting to note that the
peak corresponding to 2.63 Å almost disappeared
when 3 and 4 wt % of 12C-MNT in SBR was used as
filler.

The X-ray diffractogram of SBR and its composites
are shown in Figure 2. A very broad peak in the range
of 2� � 3–7° appear in both the diffractograms of NR

composites with 1 wt % Na-MNT and 12C-MNT [Fig.
2(a, b)]. On the other hand, this broad peak tends to be
prominent with increasing organomodified 12C-MNT
filler concentration, due to the filler itself, shown in
Figure 2(c–f). Interestingly, the peak in the same re-
gion of the corresponding composites of NR is rela-
tively of much lower intensity. In addition, a broad
peak is also observed at around 19.35°. The addition of
1% Na-MNT to SBR does not show any significant
variation of this peak position. It may also be men-
tioned here that SBRV, similar to NR, shows the pres-
ence of the three distinct peaks corresponding to 2.85,
2.64, and 2.50 Å. It is observed that with an increase of
12C-MNT filler, the peak position is shifted toward the
lower angle region with decreasing peak intensity. It is
also interesting to note that addition of 4 wt % of
12C-MNT filler loading almost diminishes this peak.
The comparison of sharpness of peak and size of the
hollow indicated that the SBR/12C-MNT composites
possess relatively less ordering.

The interchain separations (R and R�) obtained from
eqs. (1) and (2) and distance (d) between two crystal
surfaces obtained from Bragg’s equation for NR and
SBR hybrids are shown in Figure 3 and 4, respectively.
It is observed from Figure 3 that, in the case of NRV
(filler concentration � 0), the value of R and R� are 5.90
and 5.26 Å, respectively, which highly matched the
reported value of 5.9 and 5.3 Å.24 In the case of Na-
MNT filler (1 wt %) as filler, the value of R and R�
becomes further smaller [i.e., 5.39 and 5.0 Å (Table I)].
The interchain separations of R and R� in NBR and
12C-MNT composites show increasing trend from
NRV to NR—1 wt % 12C-MNT. Thereafter, it begins to
decline and attains almost the same magnitude as
observed in NRV for 2 to 3 wt % of the 12C-MNT/
NRV composites. It is subsequently followed by a

Figure 1 X-ray diffraction (XRD) profiles of NR compos-
ites: (a) NRV; (b) NR-NaMNT (1 wt%); (c) NR-12CMNT (1
wt%); (d) NR-12CMNT (2 wt%); (e) NR-12CMNT (3 wt%); (f)
NR-12CMNT (4 wt%).

Figure 2 X-ray diffraction profiles of SBR composites: (a)
SBRV; (b) SBR-NaMNT (1 wt%); (c) SBR-12CMNT (1 wt%);
(d) SBR-12CMNT (2 wt%); (e) SBR-12CMNT (3 wt%); (f)
SBR-12CMNT (4 wt%).
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sharp fall in between 3 and 4 wt % of the 12C-
MNT/NR composites. Such a behavior is also sup-
ported by the X-ray diffraction studies which showed
a nearly one-to-one correspondence with R and R� in
terms of ordering as mentioned earlier. The interchain
separations, R and R�, for SBR/1 wt % of Na-MNT are
5.04 Å, 1.25 Å compared to 5.65 Å, 5.08 Å for 1 wt %
12C-MNT/NBR. It is also apparent from Figure 4 that
the interchain separation of SBR/1 wt % of 12C-MNT
is even lower than that of SBRV. Thereafter, it showed
an increasing trend with increasing 12C-MNT filler
content.

Table II records the degree of crystallinity (Xc) and
distortion factor (k) data deduced from X-ray diffrac-
tion studies on NR and SBR with varying amounts of
12C-MNT filler loading. It shows that the magnitude
of Xc and k in NRV are 0.38 and 1.00, respectively. The
addition of Na-MNT and 12C-MNT (each 1 wt %) in
NRV resulted a decrease in Xc, while k becomes more.
Interestingly, for 2 to 3 wt % of 12C-MNT, both in-
creased continuously and became steady for 4 wt % of
12C-MNT. It may be interesting to mention that the

maximum value of k observed for 4 wt % 12C-MNT
filler (i.e., 2.40) is considerably smaller than that of the
1 wt % of Na-MNT (i.e., 3.65. Xc and k shows no
significant change in for 1 wt % of Na-MNT and
12C-MNT or 2 wt % of 12C-MNT SBR composites).
However, a sharp decrease in Xc and increase in k is
reflected for 3 and 4 wt % 12C-MNT/SBR composites.
It is also observed that similar to natural rubber, k is
increased when pure Na-MNT acts as filler in SBR.
The variation of k is not so significant as the amount of
12C-MNT filler in SBR is increased.

In general, it can be concluded from X-ray data that
the distortion factor k increases with increasing filler
content in both NR and SBR composites, indicating
more and more disorder. However, the trend of vari-
ation of degree of crystallinity (Xc) in both NR and
SBR composites are of opposite type (i.e., it increases
in NR/12C-MNT, whereas it decreases for SBR/12C-
MNT with increasing filler concentration). One can
consider that the contribution to disorder parameter k
is because of the contribution from two factors,
namely, from the crystallites and from its intercrystal-
line regions. Whenever the disorder in crystalline re-
gion falls, there is an increase in the crystallinity. That
is the case with SBR composites. On the other hand,
when the disorder in the crystalline regions increases,
the crystallinity falls, as in the case of NR composites.
The results show that there is an overall increase in the
value of k, which is because of greater contributions
from the intercrystalline regions.

Crosslinking density, sol fraction, and swelling
index

Table II also presents the data related to the crosslink-
ing density (vc), swelling index (si), and solfraction (Q)
for NR and SBR composites with 12C-MNT filler load-
ing. It is seen that the crosslinking density, vc, does not
show any significant changes with respect to concen-
tration of 12C-MNT filler in NR. In the case of SBR, it
increased up to 3 wt % and beyond this concentration
it becomes almost steady. It may be interesting to note
that both NR and SBR with 1 wt % pure Na-MNT filler
show the crosslinking density to be lower than com-
pound without filler. The variation of swelling index

TABLE I
Properties of NR and SBR with 1 wt % NaMNT Filler

Characteristic/properties
NR-NaMNT

(1 wt %)
SBR-NaMNT

(1 wt %)

Interchain separation (R) 5.39 5.04
Interchain separation (R�) 5.0 1.25
Tensile strength (TS) [MPa] 342 210
Elongation at break (EB) 0.78 0.76
Modulus at 100% elongationa 1.50 1.17
Modulus at 200% elongationa 6.05 5.67

Figure 3 Variation of interchain separation of NR with
12C-MNT filler concentration.

Figure 4 Variation of interchain separation of SBR with
12C-MNT filler concentration.
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(si) and solfraction (Q) with 12C-MNT concentration
showed that both si and Q decrease with increasing
concentration of 12C-MNT filler in SBR. It is also seen
that the rate of decrease of si and Q occurs rapidly up

to 3 wt % of filler. Thereafter, no significant variation
in either si or Q is noted. It is also interesting to
mention here that NR composites do not show any
significant variation in si and Q with 12C-MNT filler.
On the contrary, NR and SBR with 1 wt % of Na-MNT

Figure 5 SEM micrographs (a) NRV, (b) NR-NaMNT (1 wt
%), (c) NR-12C-MNT (1 wt %), (d) NR-12CMNT (2 wt %), (e)
NR-12CMNT (4 wt %).

Figure 6 SEM micrographs (a) SBRV, (b) SBR-NaMNT (1
wt %), (c) SBR-12CMNT (1 wt %), (d) SBR-12CMNT (2 wt
%), (e) SBR-12CMNT (4 wt %).
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filler shows greater magnitude of si and Q correspond-
ing to the pure ones.

It is well known that filler rubber interaction resists
solvent swelling of the composites. As observed in
cases of NR and SBR, interaction of 12C-MNT en-
hances the physical properties of the composites
through reduction of aggregation size or increase in
effective surface for interaction with polymer. Thus, it
is expected that gradual loading of filler (12C-MNT)
would decrease solvent swelling and that is the case
with SBR composites. However, the swelling behavior
of NR/12C-MNT composites does not change signifi-
cantly with varying 12C-MNT filler loading. It is an-
ticipated that the intercalated clay, 12C-MNT, consists
of a long dodecyl aliphatic chain, which has well
dispersed into NR. However, the possibility of inter-
calation of NR chain into interlayer spaces of mont-
morillonite cannot be completely ruled out. Because of
the possibility of strong interaction of these dodecyl
chains in NR, solvent appears to be incapable of pen-
etrating the NR/12C-MNT matrix up to 3 wt % 12C-
MNT filer. Thereafter, the solvent is in a position to
penetrate and counterbalances the effect of filler–rub-
ber interaction.

Scanning electron microscopy analysis

Figures 5(a) and 6(a) represent the SEM micrographs
of the fracture surface of NR and SBR, respectively. It
is observed that when pure Na-MNT is used as filler in
NR the size of the aggregation of Na-MNT in polymer
matrix is well visualized [Fig. 5(b)]. Therefore, it may
be inferred that the pure Na-MNT is not compatible
with NR and creates a phase separation showing
thereby a larger aggregation of montmorillonite par-
ticles. In the case of intercalated montmorillonite (12C-

MNT), however, the aggregation of alkylammonium-
intercalated montmorillonite particles disappeared
[Fig. 5(c); i.e., 12C-MNT constitutes relatively much
more compatibly to NR system]. This in turn enhances
the dispersion of 12-MMT into the polymer matrix. It
is observed that SBR also shows almost similar type of
behavior. The dispersion of 12C-MNT particles do not
reach the same level as that of NR (Fig. 5). Possibly the
intercalated montmorillonite with dodecyl long ali-
phatic chain is not compatible with aromatic styrene–
butadiene rubber. As a result, the interaction of SBR
does not occur to that extent of NR, which causes the
poorer dispersion of 12C-MNT in SBR compared to
NR.

Mechanical properties of clay–rubber composites

The variation of tensile strength (TS) of NR and SBR
with changes of concentration of dodecyl alkylammo-
nium filler is shown in Figure 7. It is observed that the
TS of the NR and SBR with 1 wt % 12C-MNT filler is
almost the same as that of vulcanized NR and SBR
without any filler. The TS of NR with 1 wt % of
Na-MNT filler decreased approximately to 30% that of
NR (Table I). In the case of SBR, this type of decrease
is also observed when pure Na-MNT filler is used. It is
also noted that TS of NR and SBR increases with an
increase of 12C-MNT filler content and it becomes
maximum at 4 wt %.

Figure 8 represents the variation of elongation at
break with respect to concentration of 12C-MNT filler
for NR and SBR composites. The elongation at break
(EB) of the NR with 1 wt % 12C-MNT shows a lower
value as compared with NRV. It shows, however, an
increasing trend with an increase of 12C-MNT filler
content and maximum value obtained for 4 wt % of

Figure 7 Variations of tensile strength (TS) as a function of 12C-MNT filler concentration in NR and SBR.
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12C-MNT in the present investigation, which is con-
siderably greater than that of NRV (Table I). It is
interesting to note that this parameter decreased dras-
tically when compared to NR with only 1 wt % of
Na-MNT. In the case of SBR with 12C-MNT filler, the
trend of variation of EB with concentration is nearly
same as that of NR. In the case of SBR with 1 wt % of
Na-MNT filler, the fall is not so drastic.

Figure 9 shows the variation of modulus of NR at
elongation at 100 and 200% with respect to concentra-
tion of 12C-MNT filler. It is observed that these mod-
uli for 1 wt % 12C-MNT content show nearly same
value from that of NR without any filler, but these
moduli increase with an increase of filler content and
become almost steady after 2 wt %. The value of
modulus at elongation at 100% for 1 wt % of Na-MNT
content is nearly same as that of NRV and that of 1 wt
% of 12C-MNT, but for 200%, it is smaller than the
respective value of 12C-MNT filler. The variation of
modulus of SBR at elongation at 100 and 200% is
shown in Figure 10. It is observed that these moduli

for SBR with 1 wt % 12C-MNT filler is almost the same
as that of SBR without any filler. It is also observed
that these moduli increase with an increase of concen-
tration of 12C-MNT filler and these become maximum
at 2 wt % of 12C-MNT filler; beyond this, these be-
come almost steady. It is interesting to note that SBR
with 1 wt % of Na-MNT filler shows a lower value as
compared with SBR without any filler.

The improvements of tensile strength and tensile
modulus in the case of polymer–clay hybrid and
nanocomposites are given by some researchers.34,35

Their studies suggest that the increase of strength and
modulus is related to the degree of dispersion of clay
layers into the polymer matrix. Some explanations are
present on the basis of interfacial properties and re-
stricted mobility of the polymer chain.36 According to
the Usuki et al.,37 strong ionic interaction between
polymers and silicate layers, which generates some
crystallinity at the interface, is responsible for rein-
forcement effect. It seems that the explanation or mod-
eling of the increase of TS and elongation at break for

TABLE II
Crystallinity (XC), Distortion Parameter (k), and Crosslinking Density (vC), Swelling Index (Si), and Solfraction (Q)

Data for NR, SBR, and Its 12C-MNT Composites

Samples Xc k vc (mol/mL) sc Q

NRV 0.38 1.00 3.90 	 10�4 316 3.18
NR-12CMNT (1 wt %) 0.34 1.51 3.80 	 10�4 322 3.26
NR-12CMNT (2 wt %) 0.37 1.73 3.76 	 10�4 330 3.30
NR-12CMNT (3 wt %) 0.47 1.96 3.73 	 10�4 338 3.36
NR-12CMNT (4 wt %) 0.48 2.40 3.85 	 10�4 335 3.36
SBRV 1.62 0.32 3.56 	 10�4 310 3.13
SBR-12CMNT (1 wt %) 1.64 0.31 4.03 	 10�4 310 3.09
SBR-12CMNT (2 wt %) 1.43 0.29 5.25 	 10�4 260 2.59
SBR-12CMNT (3 wt %) 1.46 0.37 5.80 	 10�4 235 2.42
SBR-12CMNT (4 wt %) 1.35 0.52 5.78 	 10�4 233 2.33

Figure 8 Variations of elongation at break (EB) as a function of 12C-MNT filler concentration in NR and SBR.

3590 BALA ET AL.



the NR–intercalated clay hybrid materials is not
straightforward. Any comparison of modeling results
with experimental data would be further complicated
by the fact that particle aggregation influences the TS,
EB, and modulus of the composite. Pure montmoril-
lonite sample is hydrophilic in nature but, when it is
intercalated with dodecyl ammonium, it becomes or-
ganophilic, which has a high tendency to be compat-
ible with the polymeric system.38–40 It is observed
from Figure 5(b) that Na-MNT did not disperse well
into the polymer matrix, which caused the aggrega-
tion of Na-MNT particles, whereas in Figure 5(c, d),
the aggregation of the 12C-MNT particles disappear.
Thus, in the present investigation, it appears that pure
Na-MNT becomes incompatible to the NR system, so

the particle aggregation of the montmorillonite be-
comes larger, which gives a very low value of TS and
EB of NR-NaMNT (1 wt %) compounds, whereas the
intercalated montmorillonite (12C-MNT) becomes
compatible and expected some filler–rubber interac-
tions, which causes the dispersion of the 12C-MNT
particles within the polymer matrix. It is also observed
in the present investigation that crystallinity increases
significantly with incorporation of 12C-MNT filler.
Thus, it appears that the improvements of tensile
properties are due to the good dispersion of 12C-MNT
into polymer matrix and an ionic or van der Waals
type interaction takes place between the rubber chain
and silicate layers, which developed some crystallinity
in the sample, and finally, enhanced the mechanical

Figure 9 Variations of modulus of NR as a function of 12C-MNT filler concentration.

Figure 10. Variations of modulus of SBR as a function of 12C-MNT filler concentration.
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properties of NR. In the case of SBR, we also observed
the same type of trend of the variation of TS, EB, and
modulus with that of NR compounds, which also
supports the finding that reinforcement taking place
in the present case is mainly due to some sort of
surface interaction of montmorillonite layers with
polymer chain.

CONCLUSION

The filler effects of organomodified dodecyl alkylam-
monium intercalated montmorillonite (12C-MNT)
were investigated for NR and SBR. X-ray analysis
showed that the variation of interchain separations, R
and R�, and degree of crystallinity, Xc, for 12C-MNT
composites of NR are just opposite to the correspond-
ing SBR composites. However, the distortion factor, k,
showed an increasing trend with increasing 12C-MNT
filler contents. The crosslinking density (vc), swelling
index (si), and sol fraction (Q) do not show any sig-
nificant changes in NR, while for SBR, vc increases and
si and Q decrease with 12C-MNT. All these parameters
(i.e., R and R�, Xc, k, vc, si, and Q) for organomodified
1 wt % of 12C-MNT were compared with that of
unmodified 1 wt % of Na-MNT. Tensile strength,
modulus, and elongation at break increased signifi-
cantly as compared to pure vulcanized NR and SBR
when 4 wt % of 12C-MNT was used as filler. In the
case of NR, these properties decreased drastically for 1
wt % of pure Na-MNT. SEM studies were also made
on the fractured surfaces of these samples and corre-
lated with the above properties.

The authors acknowledge the assistance provided by the
Institute and M.H.R.D.
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