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ABSTRACT: The article describes the properties of acry-
lonitrile butadiene copolymer (NBR)–nanocalcium carbon-
ate (NCC) nanocomposites prepared by a two-step method.
The amount of NCC was varied from 2 phr to 10 phr. Cure
characteristics, mechanical properties, dynamic mechanical
properties, thermal behavior, and transport properties of
NBR–NCC composites were evaluated. For preparing NBR
nanocomposites, a master batch of NBR and NCC was
initially made using internal mixer. Neat NBR and the
NBR–NCC masterbatch was compounded with other com-
pounding ingredients on a two roll mill. NCC activated
cure reaction upto 5 phr. The tensile strength increased
with the nanofiller content, whereas NBR–NCC containing
7.5 phr exhibited the highest modulus. The storage modu-
lus (E0) increased up to 5 phr NCC loading; the reinforcing
effect of NCC was seen in the increase of modulus which

was more significant at temperatures above Tg. The effect of
nanofiller content and temperature on transport properties
was evaluated. The solvent uptake decreased with NCC
content. The mechanism of diffusion of solvent through the
nanocomposites was found to be Fickian. Transport param-
eters like diffusion, sorption, and permeation constants
were determined and found to decrease with nanofiller
content, the minimum value being at 7.5 phr. Thermody-
namic constants such as enthalpy and activation energy
were also evaluated. The dependence of various properties
on NCC was supported by morphological analysis using
transmission electron microscopy. VC 2012 Wiley Periodicals,
Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Both natural rubber and synthetic rubbers find a
wide range of industrial applications such as auto-
motive parts, construction materials and machine
components. Usually, they are reinforced with par-
ticulate fillers like carbon black, silica etc. to improve
various properties. The improvements in properties
by using particulate fillers are achieved by the phys-
ical interaction between the filler and the elastomer
matrix. In the last two decades, usage of nanofiller
has attracted ample attention due to large improve-
ment in mechanical, thermal, and barrier properties.
Significantly, these improvements are achieved at
very low filler concentrations compared with con-
ventional micro fillers. Nanoclay, nanosilica, nano-
calcium carbonate (NCC), nanoalumina etc. are
some of the popularly studied nanofillers. Among
the nanofillers, nanoclay is the most widely studied.
Several studies have reported on the effect of
nanoclay concentration, type of organo modifier,
and effect of preparation methods on the properties

of polymer–nanoclay composites.1–5 and references
therein The improvement in properties of nanoclay
reinforced composites is attributed to its high aspect
ratio and large surface area.
The mechanical properties of particulate-filled poly-

mer micro and nanocomposites are affected by particle
size, particle content and particle/matrix interfacial ad-
hesion.6 Spherical nanofillers have low aspect ratio and
large surface area.7 NCC is a particulate nanofiller that
has advantages in terms of cost and commercial avail-
ability compared with nanoclay or nanofibers. There
are several studies on the effect of nanometric calcium
carbonate on properties of thermoplastic polymers,
especially polypropylene (PP). Several studies show
that that incorporation of nano-CaCO3 particles
remarkably improved the thermal stability, mechanical
properties, dynamic rheological properties, and crys-
tallization rate in PP composites.8–11 Addition of NCC
and elastomer in PP develop a synergistic toughening
effect on PP while retaining the strength and modulus
of virgin PP.12 The reinforcing effect of NCC in poly-
ethylenes and polyvinyl chloride has been demon-
strated in various studies.13–16 In recent years, similar
studies have been done on other thermoplastics and
thermosets filled with NCC.17,18

Although the volume of literature on NCC filled
thermoplastics and thermosets is relatively large,
reported studies on nanometric calcium carbonate
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filled elastomers are scarce. It has been reported that
nanoCaCO3 increases the mechanical properties in
rubbers. NCC was found to improve the tensile
properties and thermooxidative aging resistance
properties of natural rubber composites.19,20 In buta-
diene rubber NCC increased tensile strength, elonga-
tion, mechanical interfacial properties, toughness,
hardness, and thermal stability while reducing the
flammability.21 Mishra and Shimpi have reported
that reduction in nanosize of CaCO3 brings about
drastic improvement in mechanical properties, swel-
ling index, flame retardancy, and abrasion resistance
of styrene butadiene rubber compared with micro-
size CaCO3.

22–24 Studies on ethylene propylene diene
monomer (EPDM) matrix showed that the incorpo-
ration of methacrylic acid improved the interfacial
interaction between nano-CaCO3 particles and
EPDM matrix, leading to enhancement in the me-
chanical properties of filled vulcanizated.25

Acrylonitrile–butadiene copolymer, commonly
known as nitrile rubber (NBR), is a special purpose
elastomer used in applications that require oil resist-
ance. Earlier, we found that incorporation of nanoclay
into the NBR matrix effectively reinforced the rubber
matrix. While there are several studies that have
reported tremendous property improvement in NBR–
nanoclay composites,26–32 there are very few studies
on nanometric CaCO3 filled nitrile rubber (NBR) com-
posites. Przepiórkowska et al. used nanosized chalk
to obtain XNBR and NBR rubber vulcanizates with
very good mechanical properties, good resistance to
thermal aging, and increased water absorption capa-
bility.33 Yueyi reported that the mechanical properties
of NBR vulcanizates had been improved by nano-
CaCO3 modified with borate coupling agent.34 As dis-
cussed earlier, nano-CaCO3 filler gave remarkable
improvements in rubbers like natural rubber, SBR,
EPDM, and butadiene rubber. The use of NCC in
NBR has not been studied extensively earlier, in this
article, we have investigated the effect of NCC on me-
chanical, thermal, and transport properties of nitrile
rubber and the properties have been compared with
those of NBR–CaCO3 vulcanizates.

This article describes the preparation of NCC–
NBR composites by a two-step method. The cure
characteristics, mechanical and dynamic mechanical
properties, and transport behavior of NBR nanocom-
posites reinforced with different levels of NCC were
studied. The morphological studies on the NBR
nanocomposites were carried out using transmission
electron microscopy (TEM).

EXPERIMENTAL

Materials

Nitrile rubber (NBR) with 33% acrylonitrile content
and having Mooney viscosity of ML (1 þ 4) at 100�C ¼

47.0 was procured from Apar Industries, Mumbai,
India. NCC of average particle size <40 nm (specific
gravity 2.52, oil absorption 33–36 mL/100 g) was pro-
vided by KPS Consultants & Impex, New Delhi, India.
Other compounding ingredients were obtained from
standard suppliers in India. The formulation used for
the study included NBR (100 phr), sulfur (1.5 phr), zinc
oxide (5 phr), stearic acid (1 phr), NCC (varied), dioctyl
phthalate (DOP, varied maintaining NCC : DOP ratio
at 4 : 1), dibenzothiazole disulfide (MBTS, 1.25 phr),
and tetramethyl thiuram disulfide (TMTD, 0.25 phr).
Precipitated calcium carbonate of particle size 0.7
micron was used in the formulation for comparison.

Preparation of NBR nanocomposites

NBR nanocomposites were prepared by a two-step
method. In the first step, a masterbatch of NCC and
NBR in the ratio three parts rubber : 1 part nanofiller
by weight was made using Fissions Haake Rheocord
90. To prepare the masterbatch, NBR was first masti-
cated at 60 rpm till the torque stabilized, after which
NCC was added and mixing continued for 10 min.
The NBR–NCC masterbatch was then compounded
with neat NBR and other compounding ingredients
in a two roll mill with friction ratio 1.25. Nanocompo-
sites with varying contents of NCC were prepared.
The rubber formulations were evaluated for cure
characteristics on an oscillating disc rheometer (Tech-
Pro Rheotech ODR-ASTM D-2084). The NBR–NCC
composites were compression molded at 150�C and
200 kg/cm2 for the optimum cure time in a hydraulic
press to make approximately 2-mm thick rubber
sheets. The samples were designated NBRNCCX,
where X is the amount of NCC (0, 2, 5, 7.5, and 10
phr). Thus NBRNCC5 indicates NBR–NCC composite
having a filler loading of 5 phr. Composites with pre-
cipitated calcium carbonate were also prepared with
the same formulation for comparison.

Characterization

The morphology of the nanocomposites were exam-
ined by TEM images taken with JEOL 2010 electron
microscope with accelerator voltage of 200 kV. The
nanocomposite samples for TEM analysis were pre-
pared by ultra cryomicrotomy at �80�C using Leica
Ultracut UCT. Freshly sharpened glass knives with
cutting edge of 45� were used to get cryosections of
100-nm thickness.
To evaluate the stress–strain properties (tensile

strength, modulus, and elongation at break) dumb-
bell specimens were punched out from the molded
sheets and tested as per ASTM D412 method on a
Universal Testing Machine at a crosshead speed 500
mm/min. For all mechanical properties, the average
of five experimental values is reported.
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Dynamic mechanical analysis was done using
DMA Q800. Rectangular specimens having dimen-
sions 35 � 12 � 2 mm were used. The dynamic mod-
uli and mechanical damping (tan d) were evaluated.
The dynamic analysis was done in dual cantilever
mode with temperature scan from �70 to þ70�C
using heating rate of 2�C/min at 1 Hz and 10 Hz.

The thermal stability of the samples from 35 to
500�C was investigated using NETZSCH STA 409
CD TGA-DTA simultaneous analyzer at a heating
rate of 10�C/min in nitrogen atmosphere.

Transport properties were studied using rectangu-
lar samples of size 20 � 20 mm cut from the NBR–
NCC composites. The edges of the samples are
slightly curved to obtain uniform absorption. The
thickness and initial weight of samples were meas-
ured. The samples were completely immersed in tol-
uene in glass diffusion bottles kept at uniform tem-
perature. The samples were removed from the
solvent at specific time intervals, excess solvent at
the surface removed using filter paper and weighed.
The samples were returned to the solvent in the dif-
fusion bottle immediately. The process was contin-
ued until constant weight, indicating that equilib-
rium swelling was reached. The mole percent
uptake (Qt) of solvent at time, t, of immersion was
determined using the formula

Qt ¼ ðMt �MoÞ=MW

Mo
� 100 (1)

where Mt is the mass of sample after time t of
immersion, Mo the initial mass of the sample and
Mw is the molecular weight of the solvent. The sorp-
tion isotherms were analyzed using plots of mole
percentage uptake of solvent versus square root of
time. The diffusion and permeability coefficients
were then calculated. The experiments were con-
ducted at 30, 50, and 70�C. The values reported here
are the averages of three experiments.

RESULTS AND DISCUSSION

Cure characteristics

The curing behavior of the composites was ana-
lyzed at 150�C on a TechPro Rheotech oscillating

disc cure meter. The cure characteristics of NBR
nanocomposites are summarized in Table I. It is
observed that addition of NCC had no effect on the
scorch time (ts2) of the nanocomposites upto 5 phr.
However, at higher NCC content, there was a slight
reduction in scorch time. The cure time (t90) of the
compounds showed a decrease on incorporation of
NCC upto 5 phr and thereafter increased at higher
NCC content. It may be inferred that the NCC acti-
vated the cure reaction upto 5 phr. At higher nano-
filler content, the activation may be lesser due to
agglomeration of the particles as evident from mor-
phological studies. Cure rate index (CRI), a direct
measure of the fast curing nature of the rubber
compounds, was calculated using the following
relation35:

CRI ¼ 100=½t90 � ts2� (2)

For the NBR nanocomposites, CRI increased with
addition of NCC and it supported the activation of
cure reaction up to 5 phr. On further increase in the
filler content, cure time increased while CRI
decreased, but was higher than unfilled NBR. At
higher loading, a deactivation of the cure process
was observed due to the increase of t90 values,
resulting in a poor interfacial interaction between
rubber and NCC, which confirmed the formation of
aggregates of NCC in the filled compounds.35

From the study on the effect of NCC content on
rheometric torque of NBR nanocomposites, it is
observed that the minimum torque (smin), an indirect
measure of viscosity of the compound, decreased as
NCC loading increased to 5 phr and thereafter
showed an increase. However, no such trend was
observed for the maximum torque (smax) of NCC
filled NBR. The difference between maximum and
minimum torques (Ds) was found to increase for the
nanocomposites upto 5 phr. This difference is an in-
dication of the extent of crosslinking.36,37 This may
be due to the interaction between the NCC and the
rubber matrix, the interaction being enhanced by
the larger interfacial area between the nanofiller and
the matrix. However, at NCC content greater than 5
phr, Ds decreased. This may be due to the reduction
in interaction between the nanofiller and NBR due
to agglomeration of NCC.

TABLE I
Cure Characteristics of NBR–NCC Composites at 150�C

Name
NCC

content (phr)
Scorch

time (min)
Cure

time (min) smin (Nm) smax (Nm) Ds (Nm)
Cure rate

index (CRI; min�1)

NBRNCC0 0 3.5 10.2 0.43 2.78 2.35 14.84
NBRNCC2 2 3.5 8.0 0.40 3.02 2.62 21.93
NBRNCC5 5 3.5 7.1 0.31 2.79 2.48 28.17
NBRNCC7.5 7.5 3.3 9.1 0.36 2.86 2.50 17.30
NBRNCC10 10 3.3 8.4 0.38 2.78 2.40 19.61
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Morphology

TEM was used to study the nanostructure of NBR–
NCC composites. The TEM micrographs of NBR
nanocomposites containing 0, 2, 5, and 10 phr are
shown in Figure 1(a–d), respectively. The cubical
NCC particles are indicated by the arrow in the fig-
ure. It was observed that NCC was finely and uni-
formly dispersed in composites containing 2 and 5
phr. However, as the filler content was increased to
10 phr, the NCC was found to form aggregates.
From the TEM micrographs, it may be concluded
that at higher NCC contents, strong particle–particle
interaction caused the formation of agglomerates. In
EPDM rubbers, the formation of agglomerates has
been attributed to the high surface energy of NCC.25

Mechanical properties

The stress–strain curves of the NBR–NCC compo-
sites are shown in Figure 2. It is seen that the stress
continuously increased with deformation of NBR;
the stress–strain behavior is typical of synthetic elas-
tomers. Compared with neat NBR, incorporation of
NCC increased the stress in the nanocomposites for
the same strain level. The mechanical properties of
NBR nanocomposites with different NCC contents

are given in Table II. It is observed that the tensile
strength increased with the NCC content. The
increase in the tensile strength was 24% and 42% for
5 and 10 phr of NCC, respectively. This was equiva-
lent to the increase in tensile strength from 10 phr
and 20 phr respectively of commercial precipitated
CaCO3. To get an equivalent increase in tensile
strength using commercial precipitated CaCO3, the
filler content should be two times that of NCC. The
modulus at 100% elongation increased up to 7.5 phr

Figure 1 TEM micrographs of NBR–NCC composites (a) 0 phr (b) 2 phr, (c) 5 phr, and (d) 10 phr.

Figure 2 Stress–strain characteristics of NBR–NCC
composites.
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and then decreased. It may be noted that by adding
5 phr of NCC, the modulus obtained is comparable
with that obtained by adding 20 phr of precipitated
CaCO3. The reinforcing effect of the NCC was evi-
dent from the increase in the ratio of modulus of
filled compounds (M100f) to that of unfilled NBR
(M100u). The improvement in mechanical properties
of the nanocomposites, which was greater than that
produced by equivalent quantity of precipitated cal-
cium carbonate, was due to the smaller dimension
of the NCC, resulting in larger surface area of the fil-
ler and better interfacial bonding with the rubber
matrix. This, along with good dispersion and homo-
geneity in bonding, improved the mechanical prop-
erties of the nanocomposites.23,37 In natural rubber,
the reinforcing ability of the NCC has been attrib-
uted to the smaller particle size, greater surface area
and consequently increased contact area between the
filler and rubber particles. This inhibited the move-
ment of polymer chains while increasing the ability
to inhibit microcrack expansion.38 But as the amount
of the reinforcing filler exceeds a critical value, the
contact between the rubber and filler gets saturated.
Further increase in filler content causes agglomera-
tion and the distance between rubber particles and
agglomerates tends to increase, thus making the fil-
ler and rubber behave as different phases resulting
in poorer reinforcing effect.38 Similar improvement
in tensile properties for NCC-based composites of
natural rubber,39 butadiene rubber,21 SBR23 and NR,
and NR/NBR blends20 was reported in the
literature.

Dynamic mechanical behavior

The dynamic elastic (storage) modulus E0 data for
neat NBR and NBR–NCC composites are plotted as
a function of temperature in Figure 3. Above Tg, at
all loadings of NCC, the nanocomposites showed
clear enhancement in storage modulus. The enhance-
ment in E0 further corroborated the effect of higher
interaction between the NCC and the rubber matrix,
discussed earlier in the text. However, below Tg, the

difference in the values of E0 was less significant.
The effectiveness of the filler on the moduli of the
composites may be represented by the coefficient C
calculated using40

C ¼ ðE0
G=E

0
RÞcomposite=ðE0

G=E
0
RÞresin (3)

where E0
G and E0

R are the storage modulus values in
the glassy and rubbery region, respectively. Here,
resin represents the unfilled rubber. Higher the
value of the coefficient C, lower the effectiveness of
the filler. The measured values of E0 at �50�C and
þ50�C were used as E0

G and E0
R, respectively. It was

noted from the values of C, given in Table III, that
the effectiveness of the filler was optimum at 7.5
phr. At this concentration, the stress transfer
between the matrix and the filler was maximum.
The effectiveness of NCC is comparable that of pre-
cipitated CaCO3 having double the concentration.
The effect of NCC content on loss factor (tan d) as

a function of temperature at a frequency of 1 Hz is
shown in Figure 4. It is observed that the effect of
NCC content on the peak value of tan d and Tg val-
ues of the NBR–NCC composites is marginal. The
area under the peak in tan d versus temperature
curve is a measure of energy dissipated. As

TABLE II
Mechanical Properties of NBR–NCC Composites

Name
NCC

content (phr)
Precipitated

CaCO3 content (phr)
Tensile

strength (MPa)
Elongation at
break (%)

M100
(MPa)

M300
(MPa) M100f/M100u

NBRNCC0 0 0 2.19 558 0.54 0.97 1.00
NBRNCC2 2 0 2.20 458 0.87 1.08 1.61
NBRNCC5 5 0 2.62 519 1.01 1.30 1.87
NBRNCC7.5 7.5 0 2.72 436 1.16 1.64 2.15
NBRNCC10 10 0 3.11 503 0.93 1.27 1.72
NBRCC10 0 10 2.81 521 0.89 1.16 1.65
NBRCC20 0 20 3.09 582 1.03 1.29 1.91
NBRCC30 0 30 2.89 556 0.96 1.28 1.77
NBRCC40 0 40 2.78 562 0.95 1.19 1.76

Figure 3 Storage modulus (E0) as a function of tempera-
ture for NBR–NCC composites at 1 Hz.
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observed from the figure, there is marginal narrow-
ing of peaks and marginal reduction of damping
properties. The effect of NCC content on values of
tan dmax, E00

max, and the Tg values obtained for all
the samples at 1 Hz is tabulated in Table III. The
maximum value of tan d is greater than that of
unfilled NBR at 2 and 7.5 phr, indicating better
damping properties at these values. But at other
NCC contents, it is lower than neat NBR. The maxi-
mum value of loss modulus was observed to be at
7.5 phr of NCC. The Tg generally decreased on addi-
tion of NCC, except for 7.5 phr NCC content. The
dynamic mechanical properties of NBR–NCC com-
posite at 7.5 phr may be different due to the
increased NCC–NCC interaction and interphase
properties at this critical filler content.

Thermal behavior

The thermal stabilities of NBR/nano-CaCO3 compo-
sites were studied by means of TGA in nitrogen
atmosphere. The thermal stability factors, viz. initial
decomposing temperature (IDT), temperature at the
maximum rate of weight loss (Tmax), and the char
content at 500�C were calculated from the TGA ther-
mograms and are listed in Table IV. The thermal sta-
bility of the composites was enhanced on addition of

NCC. In neat rubber, IDT was around 400 C. On
addition of NCC, the IDT increased by 6–11�C
depending on the content of the filler. The thermo-
grams for the NBR nanocomposites are given in Fig-
ure 5. This increase in the IDT was also visible in
the shoulder region of the derivative thermograms
shown in Figure 6. Another notable feature from the
derivative thermogram was that the maximum rate
of decomposition of the nanocomposites decreased
significantly on addition of NCC. This is clearly evi-
dent in the reduction in peak height of the deriva-
tive thermogram with increasing NCC content.
However, NCC content had no significant effect on
the temperature at which maximum rate of decom-
position occurs. Jin and Park21 postulated that the
increased area of contact of the nanometric CaCO3

with the rubber matrix increases the absorption of
heat energy during decomposition, resulting in
higher IDT and lower decomposition rate for the
nanocomposites. The char content of the nanocom-
posites at 500�C increased with NCC content.

Transport characteristics

The effects of NCC concentration on the diffusion,
sorption, and permeation of toluene through NBR

TABLE III
Dynamic Mechanical Analysis of NBR–NCC Composites

at 1 Hz

Sample Tan dmax

E00
max

(MPa)
Tg from
tan d (�C)

Tg from
E00 (�C) C

NBRNCC0 1.30 221 �8.0 �14.0 1.00
NBRNCC2 1.35 166 �9.9 �14.0 0.72
NBRNCC5 1.26 222 �9.2 �16.0 0.43
NBRNCC7.5 1.44 248 �8.0 �13.8 0.40
NBRNCC10 1.26 177 �12.0 �16.0 0.67
NBRCC10 1.24 192 �12.8 �18.0 0.43

Figure 4 Effect of NCC content on tan d of NBR–NCC
composites at 1 Hz.

TABLE IV
Thermal Stability Factors of NBR–NCC Composites

Obtained from TGA

Name
NCC

content (phr) IDT (�C) Tmax (�C) Char (%)

NBRNCC0 0 401 450 23.0
NBRNCC2 2 407 447 25.5
NBRNCC7.5 7.5 410 447 29.1
NBRNCC10 10 412 446 32.8

Figure 5 Thermograms for NBR–NCC composites.
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nanocomposites were studied. The transport behav-
ior through composites depends on filler type, ma-
trix, temperature, reaction between solvent and the
matrix etc. Hence, the study of the transport process
through composites can be used as an effective tool
to understand the interfacial interaction and mor-
phology of the system. The swelling behavior of
NBR–NCC composites was assessed by calculating
swelling coefficient (b) using the equation41

b ¼ ðM1 �MoÞ
Mo

� q�1
s (4)

where Mo and M1 are the mass of the sample before
swelling and at equilibrium swelling, respectively,
and qs is the density of the solvent. Table V shows
that the swelling coefficient decreased with increase
in NCC content. The sorption curves were plotted as
Qt (moles of solvent sorbed per 100 g of rubber)
against H(time). As evident in Figure 7, the curves
showed two distinct regions—an initial steeper
region with high sorption rate due to large concen-
tration gradient and a second region exhibiting
reduced sorption rate that ultimately reached equi-
librium sorption. The sorption rate and equilibrium
solvent uptake of NBR nanocomposites reduced
with increasing NCC content. However, at 10 phr
the sorption rate was reduced. Beyond 7.5 phr, there

was no appreciable change in equilibrium solvent
uptake. This was due to the formation of agglomer-
ates of NCC which was evident from the TEM
micrographs.
The diffusivity D of the nanocomposites was cal-

culated using eq. (5)42–45

D ¼ pðhh=4Q1Þ2 (5)

where h is the thickness of the sample, y is the slope
of the sorption curves before attaining 50% equilib-
rium (the initial linear portion of the curve), and Q1
is the equilibrium solvent uptake.
The sorption coefficient was calculated using the

eq. (6)42–45

S ¼ Ms=Mo (6)

where Ms is the mass of solvent taken up at equilib-
rium swelling and Mo is the mass of the sample.
The net diffusion through polymer depends on

the difference in the amount of penetrant molecules
between the two surfaces. Hence, the permeability
can be expressed as42–45

P ¼ D� S (7)

where D is the diffusivity and S is the solubility,
taken as mass of solvent sorbed per unit mass of the
sample.
The diffusion, sorption, and permeability coeffi-

cients of NBR–NCC composites at 30, 50, and 75�C
are given in Table VI. The diffusion and permeation
coefficients of the nanofilled composites were con-
siderably lower than the unfilled NBR. The diffusion
of the penetrant solvent depended on the concentra-
tion of free space available in the matrix to

Figure 6 Derivative thermograms for NBR–NCC
composites.

TABLE V
Swelling Coefficient of NBR–NCC Composites

Sample Swelling coefficient (b) (cm3/g)

NBRNCC0 2.77
NBRNCC2 2.49
NBRNCC5 2.43
NBRNCC7.5 2.32
NBRNCC10 2.28

Figure 7 Sorption isotherms for NBR–NCC composites at
30�C.
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accommodate the penetrant molecule.43 The addition
of NCC reduced the availability of these free spaces
and also restricted segmental mobility of the rubber
matrix. However, at 10 phr, there was an increase in
diffusion and permeation coefficients. This increase
was due to the aggregation of the nanofiller. Similar
trends were observed for sorption studies conducted
at 50�C and 75�C. As the temperature increased, the
coefficient of diffusion also increased for all the
samples. As temperature increased, the thermal
energy increased and consequently molecular vibra-
tion of solvent molecules, the free void volume in
the polymer matrix and flexibility of the polymer
chains increased.46 As a result, the diffusion coeffi-
cients of the NBR composites increased with tem-
perature. Maiti et al. had reported similar reduction
in transport coefficients for fluoroelastomer–clay
nanocomposites.45

The energy required for the diffusion or permea-
tion of solvent molecule was computed using Arrhe-
nius equation35

X ¼ X0e
�Ex=RT (8)

where X is D or P, Xo is a constant representing ei-
ther Do or Po (diffusion and permeation coefficients
extrapolated to zero permeant concentration), R is
the gas constant, T is the temperature in Kelvin and
Ex is the activation energy. The activation energy of
diffusion of toluene through NBR nanocomposites
was found to be higher than that of unfilled elasto-
mer. The nanofillers have higher specific surface
area resulting in greater rubber–filler interaction

and enhanced reinforcement. As the nanofiller con-
tent increased, the activation energy needed for dif-
fusion also increased. The activation energy for
permeation (EP), also evaluated using the Arrhenius
equation, showed similar trend as ED. The enthalpy
of sorption DHs was determined by van Hoff
equation.47

EP ¼ DHs þ ED (9)

It is observed that the sorption is an exothermic pro-
cess. The value of DHs increased with increasing
nanofiller content.
To evaluate the mechanism of sorption, the sol-

vent uptake data of the nanocomposites were fitted
to the equation43,44

log ðQt=Q1Þ ¼ log kþ n log t (10)

where ‘‘Qt’’ is the mol% uptake at time ‘‘t,’’ Q1 is
the mol % uptake at equilibrium and ‘‘k’’ is a con-
stant characteristic of the interaction between the
sample and solvent. The values of n and k deter-
mined by linear regression analysis are shown in
Table VII. Generally, the diffusion behavior of poly-
meric composites can be classified according to the
relative mobility of the penetrant and of the polymer
segments into (i) Case I or Fickian diffusion, (ii)
Case II diffusion, and (iii) non-Fickian or anomalous
diffusion. For a Fickian mode of diffusion, the value
of n is equal to 0.5 and the predominant driving
force for diffusion is the concentration gradient. The
rate of diffusion is much less than the rate of

TABLE VI
Transport Coefficients and Thermodynamic Parameters of NBR–NCC Composites

Sample

Diffusion coefficient
(D � 107) m2/s

Sorption coefficient
(S) (g/g)

Permeability
coefficient

(P � 107) (m2/s)
ED

(kJ/mol)
EP

(kJ/mol)
DHs

(kJ/mol)30�C 50�C 75�C 30�C 50�C 75�C 30�C 50�C 75�C

NBRNCC0 6.58 8.11 8.46 2.39 2.30 2.16 15.7 18.6 18.3 4.86 2.88 �1.98
NBRNCC2 6.19 8.00 8.43 2.14 2.22 1.89 13.2 17.7 15.9 5.95 3.51 �2.44
NBRNCC5 5.92 7.96 8.32 2.11 2.01 1.79 12.5 16.0 14.9 6.56 3.41 �3.15
NBRNCC7.5 5.53 7.04 8.03 2.01 1.95 1.84 11.1 13.7 14.8 7.23 5.55 �1.68
NBRNCC10 5.93 7.78 7.78 1.97 1.87 1.83 11.7 14.5 14.2 6.21 3.66 �2.55

TABLE VII
Parameters for Diffusion Mechanism of Toluene through NBR–NCC Composites

Sample

30�C 50�C 75�C

n k (g/gmin2) n k (g/gmin2) n k (g/gmin2)

NBRNCC0 0.48 0.076 0.50 0.068 0.51 0.071
NBRNCC2 0.47 0.082 0.49 0.071 0.51 0.073
NBRNCC5 0.49 0.073 0.49 0.067 0.50 0.067
NBRNCC7.5 0.48 0.076 0.50 0.065 0.51 0.069
NBRNCC10 0.48 0.082 0.48 0.073 0.53 0.069
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relaxation of polymer chains. In Case II diffusion, n
is equal to 1 and the rate of diffusion is much higher
than the relaxation process. When the value falls
between 0.5 and 1, the diffusion is anomalous and
the rate of diffusion becomes comparable with the
rate of relaxation of polymer chains.48 In the case of
NBR–NCC nanocomposites, the value of ‘‘n’’ at
room temperature (30�C) is close to 0.5 and the dif-
fusion is fickian type, controlled by concentration
dependent diffusion coefficient. In rubbery poly-
mers, well above their glass transition temperatures,
the polymer chains adjust quickly to the presence of
penetrant molecules and hence they do not exhibit
anomalous behavior. It is observed that as the tem-
perature increased, the value of n increased for
NBR–NCC composites, implying that the diffusion
tended to be of anomalous type. The constant k
decreased with increasing temperature.

CONCLUSION

NBR–NCC composites were prepared from a mas-
terbatch of NBR and NCC in an internal mixer fol-
lowed by mixing on a two-roll mill. The cure time of
the compounds showed a decrease on incorporation
of NCC upto 5 phr and thereafter increased at
higher NCC content. NCC activated the cure reac-
tion upto 5 phr. The tensile strength and modulus
increased with NCC content. The dispersion of NCC
in NBR matrix was analyzed from transmission elec-
tron micrographs. The mechanical properties of
NBR–NCC nanocomposites were found to be supe-
rior to those of NBR-CaCO3 microcomposites. Inves-
tigation of dynamic mechanical properties showed
that addition of NCC increased and lowered the tan
d peak value, without altering the Tg of the nano-
composite. Addition of NCC to NBR resulted in
enhanced thermal stability. The sorption of toluene
through the nanocomposite decreased with increas-
ing NCC content. The diffusion, sorption, and per-
meation coefficients for diffusion of toluene through
NBR–NCC composites were found to decrease with
nanofiller content. The values of the transport coeffi-
cients were slightly higher at 10 phr NCC content
than at 7.5 phr because of aggregation of the nanofil-
ler. Activation energy for diffusion and permeation
for the nanocomposites were higher than that of
neat NBR. Diffusion of toluene through NBR–NCC
composites was found to exhibit Fickian behavior.
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