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ABSTRACT: Cure kinetic studies on nitrile rubber(NBR)-
layered clay nanocomposites, prepared by a melt mixing
process, was investigated using a cure rheometer and dif-
ferential scanning calorimeter (DSC). The characterization of
the structure of the nanocomposites of uncured and cured
samples was performed using X-ray diffraction. The results
showed that the interlayer spacing of cured nanocomposites
was smaller than that of the uncured sample due to partial
removal of organoclay from the interlayer spacing. The cure
characterization showed a marked decrease in the scorch
time of the NBR/organoclay system without affecting the
optimum cure time and torque values due to the accelerat-
ing and plasticizing effect of organoclay. DSC analysis
showed a reduction in cure time and increase in enthalpy of

curing for the compounds added with organoclay. There
was a little change in cure behavior of the NBR/unmodified
clay system. NBR/clay nanocomposite showed the suitabil-
ity of autocatalytic model for analyzing the cure parameters
of rubber/clay nanocomposites. The activation energy of
curing of NBR/O-MMT nanocomposites was lower than
that of pristine NBR. The kinetic parameters determined
from the model equation showed close fitting with the ex-
perimental results, indicating the suitability of autocatalytic
model for cure characterization. © 2005 Wiley Periodicals, Inc.
] Appl Polym Sci 98: 1688-1696, 2005
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INTRODUCTION

Polymer-clay nanocomposites have attracted more at-
tention recently due to their outstanding mechanical
properties, low gas permeabilities, and excellent fire-
retardant properties."> Methods for the preparation
of nanocomposites include in situ polymerization, so-
lution mixing, latex blending, and melt mixing. Melt
intercalation is considered a promising method for
fabricating polymer-clay nanocomposites due its
many advantages including the use of existing pro-
cessing equipment and its environmentally acceptable
nature.* Recently, many review articles on polymer—
clay nanocomposites covering various aspects in this
field were published.”® The nanocomposites gener-
ally form either intercalated and or exfoliated struc-
ture of the dispersed clay in the polymer matrix. To
improve the extent of intercalation/exfoliation, the
clay is modified by treatment with quaternary ammo-
nium salts containing organic moiety through an ion
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exchange reaction. The rubber-layered clay nanocom-
posites are highly relevant to rubber industries and
considered an alternative to the conventionally and
highly filled rubber compounds. The nanocomposite
derived from acrylonitrile-butadiene rubber (NBR)
has widely been studied with respect to cure charac-
teristics, morphological and rheological,” mechanical
and dynamic mechanical,'’and gas barrier proper-
ties,'""'? fracture behavior,'"> cure properties,'* etc.
Also, Okada et al.' reported that only 10 phr of
layered clay was sufficient to achieve similar tensile
properties to that of 40 phr carbon-black-filled NBR.

Most of the mechanical properties of rubber com-
pounds are related to the degree of vulcanization and
to the type and amount of filler. The vulcanization of
the rubber compounds involves multiple and complex
reactions, with the compounding ingredients leading
to varied physicomechanical properties. So, the study
on cure reaction and its kinetics can give insight into
the actual mechanism of vulcanization and its effect
on mechanical properties.

Several articles on the kinetics of vulcanization of
various rubbers are available in the literature.'®™'®
Many of the kinetic studies on rubber vulcanization
used a simple nth-order kinetic model to describe the
cure parameters. However, the studies on the cure
kinetics of many thermoset/layered clay nanocom-
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posites reported the use of complex kinetic models
due to the presence of multiple steps in thermoset cure
reaction.'” The studies on vulcanization kinetics of
rubber nanocomposites using complex models are
scanty. The cure kinetics studies on natural rubber—
organoclay nanocomposites®® and fluoroelastomer/
clay nanocomposites” showed the suitability of the
autocatalytic model for analyzing the cure parameters
of rubber/clay nanocomposites. Although many
works were carried on NBR/layered clay nanocom-
posites, the cure kinetics of the same system has not
been extensively studied so far. In this work, we ex-
plored the cure kinetics of NBR/clay nanocomposites
using the autocatalytic model. The vulcanization reac-
tion was analyzed from the data obtained from an
oscillating die rheometer (ODR) as well as a differen-
tial scanning calorimeter (DSC). The influence of clay
content on the vulcanization reaction was also evalu-
ated.

EXPERIMENTAL
Materials

An acrylonitrile-butadiene rubber, NBR (Kosyn-KNB
35L, acrylonitrile content: 34%, Mooney Viscosity
ML = at 100 °C: 41, specific gravity: 0.94) was
provided by Korea Kumho Petrochemical, Korea.
Montmorillonite (Na-MMT) with a cation-exchange
capacity of 119 meq/100 g was provided by Kuni-
mine Industries, Japan. The organomodified MMT
(Cloisite 15A) was supplied by Southern Clay Prod-
ucts (Gonzales, TX). Other chemicals, obtained from
local manufacturers, were used as such.

Preparation of rubber nanocomposites

Rubber compounds were prepared in an open two-roll
mill. The compounding ingredients (zinc oxide, 5 phr;
stearic acid, 3 phr; sulfur, 2 phr; and accelerator (NS),
1 phr) were added to the elastomer after the incorpo-
ration of the clay and the accelerator was added at the
end of mixing. The compounds are denoted NBR-M
and NBR-OM for MMT- and OMMT-filled com-
pounds, respectively. The loading of filler is also indi-
cated in the compound notation. The compounds
were cured at 160 °C in a heated press (Carver, Wa-
bash, IN) under a pressure of 5 MPa for the optimum
cure time, which was determined from a curemeter
(ODR-2000, Alpha Technology, Akron, OH), to make a
rubber sheet for mechanical testing.

Characterization
X-ray diffraction pattern

To establish the interlayer spacing of Na-MMT, or-
ganoclay, and rubber/clay composites, wide-angle X-

ray diffraction data between 2 and 20° of 26 value at a
scanning rate of 2°/min were obtained from the scat-
tering patterns taken with 40 kV, 40 mA CuKa radia-
tion using an X-ray diffractometer (Rigaku 2500PC,
Japan) with a radiation wave length of 1.54 A at room
temperature.

Cure behavior

The vulcanization behavior of the unfilled and clay-
filled NBR was determined at four different tempera-
tures viz. 150, 160, 170, and 180 °C using an ODR.
Different cure kinetic parameters such as cure rate,
degree of crosslinking or conversion, and apparent
activation energy were calculated from the torque-
time curves.

The DSC measurements were performed with TA
instruments (DSC Model No. 2910) under nitrogen
atmosphere. The curing reaction was characterized
with a sample weight of about 10-15 mg for isother-
mal and nonisothermal cure behavior. The isothermal
curing was carried out at 150, 160, 170, and 180 °C and
the nonisothermal method was performed at a heating
rate of 10 °C/min. The enthalpy of curing at different
conversion times was determined using TA Instru-
ments Universal Analysis software (version V2.3C).

RESULTS AND DISCUSSION
X-ray diffraction pattern

The structure and morphology of NBR/clay nanocom-
posites have been well discussed in the litera-
ture.'*'*!> The XRD pattern of the NBR/O-MMT be-
fore and after curing shows some unusual peak posi-
tions (Fig. 1). In contrast to the observed change in the
peak positions reported for many cured rubber/clay
nanocomposites,”*> the XRD peak position of our
cured samples shows a shift in 20 values toward
higher 26 with an increase in peak height for all O-
MMT loadings. Although the exact reason for de-
crease in d-spacing after curing could not be identified,
it may be due to the increase in mobility of organic
moiety of O-MMT and the polymer chains at the
molding temperature and pressure. Part of the inter-
calated components might have been squeezed out
from the clay layers due to the plasticizing action of
the long-chain organic modifier in the clay before the
actual commencement of cure reaction. This might
have led to the formation of some clay aggregates,
which resulted in increased peak height. However,
this phenomenon is only partial without complete
deintercalation of O-MMT as evident from the XRD
pattern.

Cure behavior

The vulcanization characteristics, expressed in terms
of the scorch time, t,,, optimum cure time, ty,, and the
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difference in minimum and maximum torque value,
AS, for NBR and NBR/clay systems are reported in
Table I. The rheographic profile of NBR and NBR/clay
composites with 15 phr clay loading at 160 °C is rep-
resented in Figure 2(a). While no appreciable differ-
ences in scorch time are observed for pristine clay-
filled compounds, the organoclay-filled compounds
showed considerable reduction in the scorch time
even at a lower loading (2 phr) of organoclay. Similar
behavior is also observed for all the organoclay-filled
compounds cured at different temperatures. From the
above observation, it can be inferred that the clay
mineral, as such, has little influence on the cure reac-
tion of the rubber compounds. However, the organo-
clay behaves like a vulcanizing accelerator for NBR,
thus decreasing the scorch time. This effect is essen-

XRD pattern of NBR/O-MMT nanocomposites before and after vulcanization.

tially attributed to the quaternary ammonium salt
present in the nanosilicate structure which comes from
the organophilization of the clay. The quaternary am-
monium salt involves itself in the cure reaction by
forming a complex with zinc salt and sulfur.** More-
over, the sulfonamide accelerated curing of unsatur-
ated rubber generates cyclic pendent amines, which
are involved in the formation of polysulfidic
crosslinks.”> The amine group from the organoclay
enhanced the cure rate by undergoing complex forma-
tion with rubber compounding ingredients, which
subsequently forms crosslinks. Another reason for fast
curing of NBR in the presence of O-MMT may be due
to the facilitation of the cure reaction even in the
intercalated silicate galleries. Interestingly, the differ-
ence in the minimum and maximum torque, AS, for

TABLE I
Cure Characteristics of NBR and NBR/Clay Nanocomposites
Properties t. (°C) NBR NBR-OM2 NBR-OM5 NBR-OM15 NBR-M15
M -M, 150 25.8 25.6 29.1
160 26.6 27.7 26.7 26.2 30.2
170 25.8 — — 25.6 29.9
180 255 — — 24.1 29.2
Ts, 150 10.9 — — 3.0 10.8
160 6.2 3.8 29 2.1 6.0
170 3.9 — — 1.6 3.7
180 2.6 — — 1.2 2.5
Ty 150 31.8 — — 34.2 30.7
160 24.8 23.4 258 22.9 23.8
170 11.9 — — 12.5 14.0
180 7.0 — — 6.4 7.3
CRI 150 4.8 — — 32 5.0
160 54 54 4.4 5.0 5.6
170 12.5 — — 9.1 9.7
180 23.2 — — 19.2 204
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Figure 2 (a) Rheocurves of torque versus time for NBR

and its nanocomposites at 160 °C and (b) rheograph show-
ing the effect of O-MMT loadings on torque with time.

this compound is close to or a little less than that of
pristine NBR. This may be attributed to the plasticiz-
ing effect of long-chain organic moiety in the organo-
clay.?® On the other hand, NBR/Na-MMT composite
shows higher AS values due to the presence of filler
aggregation, leading to resistance to polymer chain
mobility. The effect of loading of organoclay on cure
reaction at 160 °C is depicted in Figure 2(b). Increase in
clay loading decreases the scorch time without chang-
ing the optimum cure time and AS considerably. The
reduction in scorch time may be due to the availability
of a greater amount of quaternary ammonium salt
from organoclay for the cure reaction, which is pro-
portional to organoclay loading. It is inferred that the
inclusion of organoclay changes the rate of curing by
participating in the cure reaction. However, the degree
of curing is practically unaffected as seen from similar

values of minimum and maximum torque. The influ-
ence of temperature on vulcanization of NBR-OM15 is
represented in Figure 3(a). It is obvious that an in-
crease in temperature decreases the f,, and ty, while
increasing the cure rate due to availability of more
thermal energy for the cure reaction. However, when
curing at a high temperature, the marching nature of
the cure curves becomes flattened, indicating the pos-
sibility of thermal degradation of NBR, which will
lead to reversion of the compound as seen from the
rheograph of NBR-OM15 at 180 °C [Fig. 3(a)]. This fact
is reflected in all compounds, irrespective of the na-
ture of the compound, as seen in Table 1. The effect of
temperature on cure properties is more pronounced in
NBR-OM15 compared to other compounds. A plot of
conversion against cure time for NBR-OM15 system at
various temperatures is shown in Figure 3(b). At a
given time, the degree of conversion increases with
increasing cure temperature. At lower temperature,
the attainment of 100% cure takes a long time with a
gradual increase in degree of curing. As the tempera-
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Figure 3  (a)Rheographic profile of NBR-OM15 at four

different temperatures; (b) cure conversion versus time of
NBR-OM15 at four different temperatures.
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ture is increased, the rate of conversion also increased,
with a steep rise in the conversion curve. This trend is
almost similar to that of all the other compounds.
Having similarities between the cure characteristics of
compounds in many respects, it will be useful to an-
alyze the kinetic aspect of cure reaction to determine
the detailed kinetic parameters, which influence the
cure reaction. So the kinetic parameters of the systems
were evaluated using a model suitable for kinetic anal-
ysis based on the experimental results.

Cure kinetics

The curemeter and the differential scanning calorimet-
ric experiments under isothermal conditions yielded
data on torque and heat flow versus time, respectively,
which can be used to evaluate kinetic parameters with
a series of mathematical expressions. The extent of
crosslinking or degree of curing («) can be calculated
from either the torque using cure meter or the heat
flow using DSC. The degree of cure at a time, t, is
defined as*’?®

_Mt_MO 1
a—m ()
and
_AHt )
X = Np (2)

where, My, M,, and M,, are the torque values at the
time zero, at a given time of curing, and at the end of
curing, respectively. AH, and AH,, are the accumu-
lated heat evolved at time t and the total heat evolved
during vulcanization, respectively.

The isothermal vulcanization kinetics of the rubber
compounds is usually characterized by two general
model equations namely, nth-order and autocatalytic
model equations. The nth-order kinetics model, the
simplest model to represent the overall curing process,
is given by’

da .
=KD - ay, 3

where 1 is the reaction order and k denotes the tem-
perature-dependent rate constant. The nth-order ki-
netic equation predicts that the maximum reaction
rate occurs at the very beginning of the reaction,
whereas the autocatalytic equation demonstrates that
the maximum reaction rate will be at any point of time
other than time t = 0. This discrepancy is because the
conversion rate is not only related to the amount of
unreacted material, but also related to the reaction
product. From our experimental results both from
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ODR and DSC, it is seen that the maximum rate of
conversion occurs at the time greater than zero. So the
model for autocatalytic reaction equation, as given
below,? can be used for the cure kinetics character-
ization of NBR/clay nanocomposites,

da — m n
o = kMar(1 - @, 4)

where k is the rate constant and m and n are reaction
orders that are dependent on temperature. The rate
constant, k, obeys an Arrhenius temperature depen-
dency,

k= Ae F/AT, (5)

where A is the proexponential factor, E is the activa-
tion energy, R is the gas constant, and T is the absolute
temperature.

Using eq. (4), three parameters, namely, k, n, and m,
can be determined using a nonlinear regression anal-
ysis. The values of these parameters for all systems are
given in Table II. The suitability of autocatalytic model
for cure kinetic analysis was established by fitting the
above model parameters with the experimental val-
ues, which show a close fitting with each other for the
cure rate versus cure conversion curves. Also, the
choice of this model is supported by the close corre-
lation between the rate constant (k) values determined
from the model equation and the results obtained
from optimum cure time (fyo). An increase in temper-
ature increases the k values and decreases the tq,,
showing the inverse relation between k and t5, upon
increasing temperature. Additionally, this model has
been applied successfully to describe the cure kinetics
of natural rubber and fluoroelastomer nanocompos-
ites.?!

Figure 4(a) shows the plot of da/dt versus time for
NBR-OM15 at four different temperatures. The reac-
tion rate is affected by the isothermal curing temper-
ature as well as cure time. At a given temperature, the
reaction rate is observed to increase initially with con-
version and passes through a maximum and then
gradually slows down, finally tending to zero. Addi-
tionally, at a given time, higher isothermal curing
temperature gains higher cure rate. Moreover, the
higher the temperature, the shorter the reaction time.
This shows that the reaction rate of the system reaches
a maximum at time t > 0, which is the characteristic of
autocatalytic reaction. So the autocatalytic model is
more appropriate to describe the cure behavior of the
system. Figure 4b shows the plot of cure rate (do/dt)
versus the degree of conversion («) for NBR and
NBR/clay composites loaded with 15 phr of clay. In
this plot, a comparison is also made between the ex-
perimental curves (points) and the model curves
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TABLE 11
Vulcanization Kinetics Parameters and Activation Energies of the NBR and Its Nanocomposites
with 15 phr Filler Loading
Sample T.(°C) K m n AH* (J/g) E,(kJ/mol)
NBR 150 1.34 (0.388) 2.82 (0.637) 0.88 (0.708) 495
160 2.75 (1.131) 3.23 (0.834) 0.99 (1.403) 6.45 132.04 (124.72)
170 7.63 (1.80) 3.40 (0.933) 1.22 (1.767) 8.87
180 15.27 (4.51) 3.51 (0.877) 1.26 (2.447) 10.26
NBR-M15 150 1.79 2.93 1.05 4.56
160 4.80 (0.968) 4.12 (0.932) 1.15 (1.302) 5.54 118.70 (112.60)
170 13.85 (2.287) 4.50 (0.925) 1.40 (1.782) 8.34
180 14.84 (3.844) 3.65 (0.891) 1.26 (2.856) 9.54
NBR-OM15 150 1.49 (0.427) 3.93 (0.292) 0.78 (0.778) 8.83
160 3.38 (0.737) 4.13 (0.373) 0.84 (1.479) 10.40 73.95 (72.19)
170 4.59 (1.038) 4.51 (0.408) 0.91 (1.826) 12.96
180 6.28 (1.727) 3.23 (0.496) 0.78 (2.050) 14.50

Note. The values within the parentheses were obtained from DSC results.

(solid lines). The model curves show a close fitting
with experimental curves with the R* (correlation co-
efficient) value very close to unity (=0.99). All com-
pounds show the maximum degree of conversion
(may) between 0.1 and 0.35. While the NBR shows
high value of «,,,,, the NBR/O-MMT has low o,
indicating the fast curing nature of the later com-
pound due to the accelerating effect of quaternary
ammonium ion present in the O-MMT. These trends
are in accordance with the scorch time as well as the
rheographic profile of these compounds. A similar
trend is also observed for all O-MMT-filled NBR com-
pounds showing the accelerating effect of O-MMT
upon increasing its loading (not shown). Figure 4(c)
represents the influence of temperatures on the cure
parameters of NBR-OM15. The cure rate versus con-
version curves at four different temperatures indicates
an increase in cure rate upon rising temperature. This
trend is analogous to all other compounds, indicating
the effect of temperature in increasing the cure rate.
Here again, the autocatalytic models curves fit quite
well with the experimental results at all conversions.
The slow conversion at low temperature may be at-
tributed to the effect of higher viscosity of compounds,
which hindered the formation of crosslinks between
adjacent polymer chains.

To understand further the kinetics of vulcanization
of NBR in the presence of layered clay, an Arrhenius
plot of Ink versus 1/T is drawn to determine the
activation energy of vulcanization (E,). A typical plot
is shown in Figure 5 for pristine and clay-filled NBR
cured at four different temperatures. The activation
energies for these systems obtained from the slope of
the straight line is given in Table II. It is seen from the
Arrhenius plot that the slope of NBR and NBR-M15
showed a similar trend, whereas NBR-OM15 showed
a moderate slope, having crossover points with the
NBR at lower temperature. This suggests that the or-
ganoclay-containing compounds need a lower amount

of energy for curing, as depicted in the form of acti-
vation energy. An increase in temperature does not
change the rate constant considerably, indicating that
curing of this compound can be done at a relatively
lower temperature compared to either NBR or NBR-
M15 compounds. The E, decreased upon the addition
of clay. The reduction in E, is appreciable in the case
of O-MMT-filled NBR. This observation is consistent
with the discussion mentioned above that the cure rate
of clay filled systems was higher than that of pure
NBR. The large decrease in E, of the NBR-OM15 sys-
tem may be attributed to the cure accelerating effect of
quaternary ammonium salt used for clay modification.

Cure characterization by DSC

DSC is one of the most useful techniques applicable to
the assessment of enthalpy changes that accompany
various material transformations. DSC measurement
can identify and characterize polymerization, cross-
linking, crystallization, and melting of crystallites in
terms of heat evolved or absorbed and the associated
transition temperatures. Furthermore, these thermal
data enable one to deduce the reaction rate constant,
kinetic reaction order, activation energy, etc. We used
DSC for the analysis of vulcanization reaction of
NBR/layered clay nanocomposites. A typical isother-
mal DSC scan for NBR and its nanocomposites at 170
°C is represented in Figure 6(a). The exothermic peak
position and the area under curves can be used to
predict the speed and amount of crosslinking. As in-
dicated in Figure 6a, the NBR-OM15 system exhibits
faster curing and higher crosslinking compared to
pristine NBR and NBR-M15. This result almost
matches the rheometer data. Also, the DSC study on
the effect temperature on the cure reaction of systems
shows a similar trend to that of rheometer results. A
representative trace of isothermal DSC of NBR-OM15
at four different temperatures is depicted in Figure
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Figure4 (a) Vulcanization rate versus cure time curves for

NBR and its nanocomposites. (b) Vulcanization rate versus
degree of conversion for NBR and its nanocomposites. (c)
Trend of rate of conversion obtained for NBR-OMI15 in
isothermal curing at four different temperatures.

6(b). As expected, the curing rate is increased with
increase in temperature by shifting the exotherm peak
position toward the lower end of the time scale. The
same trend is followed by the other systems too. How-
ever, the NBR-OM15 system demonstrates a pro-
nounced effect in reducing the cure time compared to
pristine and Na-MMT-filled systems. The enthalpy of
curing, AH (total heat evolved during curing), and the
fraction of heat liberated at a time, H,, were measured

CHOI ET AL.

to study the kinetics of vulcanization reaction. Table II
shows the AH for all the systems studied for kinetic
analysis at different temperatures. The degree of con-
version (a, using eq. (2)) and rate of curing (da/dt)
were calculated and the kinetic parameters such as k,
m, and n (in eq. (4)) were evaluated using nonlinear
regression analysis and the values are listed in Table
II. Similar to curemeter data, DSC kinetic analysis also
shows direct proportionality between the k values and
the temperatures. The difference in k values between
the curemeter and DSC analysis may be due to the
different nature of the experimental background. Fig-
ure 7 depicts the plot of cure rate (da/dt) versus « for
NBR-OM15 at four different temperatures. The rate of
cure during or the curing process is accelerated by
increasing the temperature. As a result, for the same
amount of O-MMT in the nanocomposite, the higher
temperature, the higher the rate of cure at a given cure
conversion due to the availability of additional ther-
mal energy. Figure 7 also compares the curves ob-
tained from the model equation with the experimental
curves. A good agreement is observed between the
model and the experimental curves, indicating the
suitability of the autocatalytic model for the study of
cure kinetics of this system. The activation energy of
the cure reaction was determined from the slope of the
straight line obtained by plotting Ink versus 1/T (Fig.
8). The comparison of activation energies of gum- and
clay-filled NBR calculated from the curemeter with
that of DSC measurements (Table II) shows almost
identical values and similar trend. A considerable de-
crease in the E, for NBR-OM15 is again observed
relative to pristine NBR.

The cure kinetic analysis of gum and clay filled NBR
nanocomposite using the autocatalytic model using
eq. (4) shows good agreement with the experimental

= NBR
3] e NBR-M15
4 NBR-OM15

2.16 ' 2.20 2.24 I 2.I28 l 2.32 ‘ 2.36 ' 2.40
1000/T (K™)

Figure 5 Arrhenius plot of Ink versus 1/T for NBR and its
nanocomposites.



VULCANIZATION KINETICS OF RUBBER/CLAY COMPOSITES 1695

—NBR
24 —— NBR-M15
----------- NBR-OM15
z
E
2
2
©
@
T
Exo down
o 2 4 & 8 10
Time (min)
(a)
E
2
K]
©
O
I
Exo down
2 4 6 8 10
Time (min)
(b)
Figure 6 (a) DSC thermograms under isothermal condi-

tions for NBR and its nanocomposites. (b) DSC traces at
isothermal temperatures of 150, 160, 170, and 180 °C for
NBR-OM15.

results. The parameters of the model equation well
described the vulcanization reaction of NBR com-
pounds.

The influence of modified and unmodified MMT on
the vulcanization of NBR was also studied under
nonisothermal condition. Figure 9 represents typical
DSC exothermal curves for nonisothermal crosslink-
ing reaction of pristine and clay-filled NBR at a heat-
ing rate of 10 °C/min. The onset of curing (T,) and the
exothermic peak temperature of curing (Tp) of the
NBR/O-MMT nanocomposite were shifted to lower
temperatures from 169.1 and 183.0 °C for pure NBR to
146.6 and 164.5 °C, respectively. This indicates that the
curing reaction of O-MMT-filled NBR is faster than
that of either pure NBR or NBR-M15. As the heating
rate is increased, the peak position was shifted toward

0.6
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o 160°C
s 170°C
04 x  180°C
=
£
k=,
3 02
0.0+ T T y - —
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 7 Vulcanization rate versus degree of conversion

obtained from DSC results for NBR and its nanocomposites.

higher temperatures (not shown). The temperature of
maximum cure reaction (T,,,,) for the organoclay-
filled system is shifted toward a lower temperature,
indicating the initiation of cure reaction at the early
stage due to the accelerating effect of organoclay (Fig.
9). However, the unmodified clay-added system
shows no effect on the cure reaction. The above results

were in accordance with the ODR.

CONCLUSIONS

The nitrile rubber/layered clay nanocomposites were
prepared by a melt mixing process and characterized
by XRD for interlayer spacing and clay structure. The
cure behavior of the nanocomposites was also inves-
tigated using both ODR and DSC. NBR/O-MMT

= NBR
21 e NBR-OM15
A NBR-M15

X
£
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T T T T T T T T T T T T
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Figure 8  Arrhenius plot of Ink versus 1/T obtained from

DSC data for NBR and its nanocomposites.
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Figure 9 Heat flow versus temperature curves for NBR

and its nanocomposites at a heating rate of 10 °C/min.

nanocomposites reduced the scorch time due to cure
acceleration by organic modifier present in the O-
MMT. However no appreciable change in the opti-
mum cure time and minimum and maximum torque
was observed due to the plasticizing effect of O-MMT.
The experimental results showed good agreement
with the model parameters determined from autocat-
alytic model equations and the suitability of this
model in characterizing the cure kinetics. The activa-
tion energy of NBR/O-MMT system was lower than
that of pristine NBR and NBR/Na-MMT systems, in-
dicating ease of cure processing of nanocomposites.
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