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ABSTRACT: A comparative study of the development of
nitrile rubber (NBR) based nanocomposites was per-
formed; two organomontmorillonites (Cloisite 15A and
Cloisite 30B) and two procedures for clay dispersion (melt
blending and solution intercalation) were used. The nano-
composites were cured with a system based on dicumyl
peroxide in the presence of m-phenylenebismaleimide as a
coagent for curing. The dispersion of the organoclay inside
the NBR matrix was investigated with transmission elec-
tron microscopy and X-ray diffraction. All the cured sys-
tems displayed a combination of intercalated, partially

exfoliated clay platelets and confined, deintercalated clay;
the degree of dispersion depended on the amount of clay,
the type of intercalant, and the intercalation procedure.
The highest amount of intercalated/exfoliated clay was
obtained with a previous dispersion of the clay (Cloisite
30B) in an NBR solution. All the nanocomposites presented
outstanding tensile strength and creep response, and this
indicated a reinforcing effect of the layered silicates. VC 2010
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INTRODUCTION

Nitrile rubber (NBR) nanocomposites based on lay-
ered silicates have attracted great interest because
they are able to provide improved mechanical and
thermal properties in comparison with those con-
taining conventional fillers (e.g., carbon black and
precipitated silica) at similar concentrations. The out-
standing properties of these so-called nanocompo-
sites are based on the extremely large contact surface
and high aspect ratio achieved with the intercala-
tion/exfoliation process and on the homogeneous
dispersion of individual silicate platelets in the poly-
mer matrix.1 Montmorillonite (MMT) clay is the
most commonly used layered silicate because of its
natural occurrence and the feasibility of exchanging
the interlayer inorganic cations for organic cations,
such as ammonium cations with long aliphatic
hydrocarbon chains. This modification ensures better
compatibilization of the clay with the polymer ma-

trix.2–4 The development of NBR-based nanocompo-
sites with layered silicates is relatively new and
involves different procedures, such as the cocoagula-
tion of NBR latex with an aqueous clay dispersion,5,6

the dispersion of clay in a solution containing
NBR,7–9 and melt intercalation.10–22

The method used for clay dispersion, the composi-
tion of NBR, the nature of the organic ammonium
cation used in the functionalization of the clay, and
the curing process affect the degree of exfoliation
and also the physicomechanical properties of the
corresponding nanocomposites. Sadhu and Bhow-
mick8 dispersed pristine clay or organoclay into
NBR with the solution procedure. They observed a
slight increase in the clay gallery gap when pristine
clay was employed. However, with the organoclay,
intercalation or exfoliation was observed only with
NBR containing lower amounts of acrylonitrile, that
is, less polar NBR samples. Using a two-roll mill,
Choi et al.11 dispersed an organoclay in an NBR ma-
trix with 33% acrylonitrile, and they observed a shift
in the X-ray diffraction (XRD) peak (related to the
basal spacing of the organoclay) toward higher 2y
values after curing (y is the angle of incident radia-
tion); this indicated a reduction of the d-spacing (d is
the interplanar distance). They suggested a deinter-
calation process and the formation of some aggre-
gates. By adding a complex composed of resorcinol
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de Amparo à Pesquisa do Estado do Rio de Janeiro.

Journal of Applied Polymer Science, Vol. 119, 505–514 (2011)
VC 2010 Wiley Periodicals, Inc.



and hexamethylenetetramine, Liu et al.16 observed
some degree of exfoliation in melt-processed nano-
composites composed of NBR (with 29% acryloni-
trile) and organoclay. In a series of interesting
articles, Kim and coworkers12–14 observed a high
degree of exfoliation when an organoclay was proc-
essed with NBR (with 29% acrylonitrile) in the melt.
Han et al.23 used organically modified MMT con-
taining vinyl groups. This system was cured with a
sulfur system and presented a nanocomposite struc-
ture that was both exfoliated and intercalated. Das
et al.24,25 studied the influence of peroxide and sul-
fur systems as curing agents for NBR/clay and car-
boxylated NBR/clay nanocomposites26 and found a
higher ordered orientation of the clay platelets in
peroxide-cured matrices.

In this article, we evaluate the intercalation/exfoli-
ation degree of two different MMT-based organo-
clays, Cloisite 15A (OC15A) and Cloisite 30B
(OC30B), dispersed into an NBR matrix and the me-
chanical and dynamic mechanical properties (espe-
cially the creep response) of the corresponding nano-
composites. The choice of these organoclays was
based on the differences in the polarity of the inter-
calants, which should influence the interaction
between the organoclay and the polar rubber: the
first, OC15A, contains a less polar intercalant based
on dimethyl ditallow quaternary ammonium salt,
and the second, OC30B, is more polar and contains
methyl tallow bis(2-hydroxyethyl)quaternary ammo-
nium as the intercalant.

A peroxide-based curing system in combination
with m-phenylenebismaleimide (BMI) as the coagent
was employed for curing. Peroxide-based systems
present several advantages because they require sim-
pler formulations without too many ingredients and
the byproducts generated during the curing process
are less toxic than those generated by sulfur systems.
In addition, the corresponding vulcanizates usually
present relatively high temperature resistance, good
elastic behavior (especially compression set), higher
aging resistance, and no discoloration of the finished
products.27 The use of bismaleimide is also interest-
ing because it can improve the curing efficiency,
take part in the network through its double bonds,
and give rise to crosslinks very stable against heat.28

EXPERIMENTAL

Materials

NBR {acrylonitrile content ¼ 45%; Mooney viscosity
[ML(1þ4) at 100�C] ¼ 60} was kindly supplied by
Petroflex (Rio de Janeiro, Brazil). The organoclays
used in this study were supplied by Southern Clay
Products (Louisville, KY): OC30B [a natural MMT
modified with methyl tallow bis(2-hydroxyethyl)-

quaternary ammonium with a cationic-exchange
capacity of 90 mequiv/100 g] and OC15A (a natural
MMT modified with dimethyl ditallow quaternary
ammonium salt with a cationic-exchange capacity of
125 mequiv/100 g). BMI was purchased from
DuPont Dow Elastomers (Freeport, TX) with the
trade name HVA-2. Dicumyl peroxide (DCP) was
supplied by Retilox (São Paulo, Brazil).

Preparation of the nanocomposites

Melt intercalation

NBR/organoclay nanocomposites were prepared in
a Brabender (Duisburg, Germany) plastograph
equipped with a W50 EHT internal mixer with Ban-
bury blades and operated at a rotor speed of 80 rpm
with a fill factor of 0.85. NBR was first masticated at
80�C for 2 min and then mixed with the organoclay
for 13 min. During the blending, the mixing temper-
ature was increased to approximately 130�C. The
compounded rubber was then transferred to an
open two-roll mill, and the curatives (1 g of DCP
and 1 g of BMI with respect to 100 g of rubber) were
added.

Solution intercalation

A master batch with an NBR/clay weight ratio of 2 :
1 was first prepared by the dispersion of 10 g of clay
in 140 mL of a solvent (chloroform for OC15A and
tetrahydrofuran for OC30B) via mechanical stirring
at 50�C for 4 h. Then, a solution composed of 20 g of
NBR in 200 mL of chloroform or tetrahydrofuran
was slowly added, and the resulting dispersion was
sonicated in a Branson sonicator (Danbury, Connect-
icut) with a 10-kV amplitude for 15 min. After this
treatment, the dispersion was precipitated into meth-
anol and dried in vacuo. An appropriate amount of
this master batch was compounded with NBR in a
two-roll mill to achieve the desired proportion of
clay, and this was followed by the curatives (BMI/
DCP ¼ 1 g/1 g with respect to 100 g of rubber).
The samples were compression-molded in a hy-

draulic press at 170�C at a pressure of 5 MPa. The
molding time was adjusted according to the opti-
mum cure time (ASTM method D 2084-81), which
was determined with an oscillating disk rheometer
(model T100, Tecnologia Industrial, Buenos Aires,
Argentina) with an oscillating angle of 1�. The opti-
mum cure time was established as the time to reach
90% of the maximum torque (t90). The test speci-
mens (2.0 mm thick) for tensile analysis and
dynamic mechanical analysis (DMA) were cut from
the molded slabs. The test specimens for XRD meas-
urements were prepared from approximately 0.5-
mm molded slabs.
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Characterization and testing

XRD studies were performed on a Rigaku (Tokyo, Ja-
pan) Ultima IV X-ray diffractometer (40 kV and 20
mA) in the 2y range of 0.5–10�. The d-spacing of the
clay particles was calculated with the Bragg equation:

nk ¼ 2d sin h (1)

where n is an integer determined by the order given
and k is the wavelength of the X-ray (for the copper
target used here, k was 1.54 Å). The XRD peaks
were submitted to a deconvolution treatment with
free peak-fitting software called fityk. [fityk is a pro-
gram for nonlinear fitting of analytical functions
(especially peak-shaped) to data (usually experimen-
tal); it can be downloaded at http://www.unipress.
waw.pl/fityk.] Figure 1 illustrates this methodology
with the XRD results for the commercial organoclay
Cloisite 20A. The percentage of the intercalated clay
with different d-spacings was calculated by the rela-
tion of the area of the corresponding diffracted peak
obtained by the deconvolution process to the total
area of the diffracted peaks.

Transmission electron microscopy (TEM) was per-
formed on a JEOL (Tokyo, Japan) JEM-120 ExII oper-
ated at 80 kV. The samples for TEM were cryogeni-
cally ultramicrotomed at �80�C in sections
approximately 70 nm thick with an RMC Power
Tome X microtome (Tucson, Arisona) equipped with
a diamond knife at �80�C, and the films were col-
lected onto 300-mesh copper grids.

For tensile testing of the samples, dumbbell-
shaped test specimens were used according to DIN
method 53504 type S2. The measurements were per-
formed in a universal testing machine (model 5569,
Instron, Boston, MA) at a crosshead speed of 200
mm/min at 25�C.

For oil-uptake measurements, the test specimens
were immersed in a mineral oil at 100�C for 22 h.
The test specimens were then removed from the oil,
wiped with tissue paper for removal of the excess

oil from the surface, and weighed. The mass swel-
ling (%) was then calculated as follows:

Change inmass ¼ W2 �W1

W1
� 100 (2)

where W1 and W2 are the weights of the samples
before and after immersion, respectively.
A DMA Q-800 dynamic mechanical analyzer from

TA Instruments (New Castle, DE) was used for
determining the modulus and glass-transition tem-
perature (Tg) and the tensile creep response with sin-
gle-cantilever and tension modes, respectively. For
conventional DMA in the single-cantilever mode, the
experiments were performed at a constant frequency
of 10 Hz, at a strain amplitude of 30 lm, and at tem-
peratures ranging from �60 to þ60�C with a heating
rate of 2�C/min. The sample specimen dimensions
were 25 � 12 � 2 mm3. The temperature corre-
sponding to the maximum peak in a tan d versus
temperature plot was taken to be Tg.
Short-time creep tests were carried out with the

methodology described by Siengchin and co-
workers29,30 in a DMA Q-800 apparatus (TA Instru-
ments) with the tensile mode at 25�C. The creep and
recoverable compliance were determined as a func-
tion of time (creep time ¼ 10 min and recovery time ¼
30 min). A tensile stress of 0.1 MPa was applied. For
these experiments, the specimen dimensions were 3 �
1 � 0.5 mm3 (width � length � thickness).

RESULTS AND DISCUSSION

XRD studies

Figure 2 shows the XRD patterns of the NBR/
OC15A clay nanocomposites as a function of the

Figure 1 XRD pattern of Cloisite 20A with the corre-
sponding deconvoluted peaks.

Figure 2 XRD patterns of the NBR/OC15A clay nano-
composites as a function of the amount of clay and the
dispersion procedure: (a) pure OC15A, (b) 2.5% clay (melt
intercalation), (c) 5.0% clay (melt intercalation), (d) 2.5%
clay (solution intercalation), and (e) 5.0% clay (solution
intercalation).
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clay concentration and dispersion procedure. Pure
OC15A presented its main diffraction peak at 2y ¼
2.7�, which corresponded to an interlayer spacing of
3.3 nm. Two other small peaks, which appeared at
2y values of 4.0 and 6.8� (see Fig. 1), could be attrib-
uted to some amount of the organoclay with a lower
amount of the intercalant in the clay platelets and
some pristine clay used for the preparation of
OC15A, respectively.31

The presence of diffraction peaks for all the NBR/
OC15A clay nanocomposites indicated that the clay
platelets were not completely exfoliated. However, it
was possible to observe different clay populations:
one group was related to the XRD pattern appearing
at 2y values lower (larger interlayer spacing) than
those found for the original organoclay; this charac-
terized the intercalated dispersion state of the clay.
The other clay population with smaller interlayer
spacing (higher 2y values) than that of the original
organoclay was also present; this suggested that
some amount of the original intercalant was
removed from the clay galleries, and this resulted in
the collapse of the intercalated structure. This phe-
nomenon was observed in both melt- and solution-
intercalated nanocomposites, and this suggested that
the deintercalation process was favored during the
curing step, as also reported by other authors.32–34

As the amount of clay increased [Fig. 2(c) for the

melt process and Fig. 2(e) for the solution process],
the peaks became more intense and narrower; this
was suggested by the values of the width at the
half-height peak, which indicated an increase in the
coherent order of the silicate layers. The proportion
of the clay population with a different intercalation
degree was determined from the relative area of the
peaks obtained after the deconvolution according to
the procedure described in the Experimental section.
The results are summarized in Table I, which shows
that the amount of intercalated clay (d-spacing > 3.3
nm) was higher in the melt-intercalated nanocompo-
sites when a lower amount of clay (2.5%) was
employed. These phenomena may be attributed to
the shear forces imparted to the material during the
melt-intercalation process, which favored the pene-
tration of the polymer chain inside the galleries.
Increasing the amount of clay resulted in an increase
in the proportion of intercalated clay. However, at
this higher clay content (5%), the method used for
the clay dispersion did not affect this proportion.
The values of the width at half-height peaks for the
nanocomposites prepared with the previous clay dis-
persion in the NBR solution were somewhat larger,
and this indicated a small decrease in the coherent
order of the silicate layers.
The XRD profiles of the NBR-based nanocompo-

sites prepared with OC30B clay are compared to

TABLE I
XRD Data for NBR/OC15A Nanocomposites as a Function of the Dispersion Procedure and the Amount of Clay

Clay (%)
Dispersion
procedure 2y

d-Spacing
(nm)

Peak
areaa

Total
area

Clay
population
with specific
d-spacing (%)

Proportion of
intercalated
clay (%)b

Full width at
half-maximum

100 (curve a) — 2.7 3.3 1700 2526 67 — 1.1
4.0 2.0 525 21 1.2
6.8 1.3 315 12 1.2

2.5 (curve b) Melt 2.1 4.2 730 1676 43 43 1.1
4.5 2.0 610 36 0.9
5.4 1.6 52 4 0.4
6.6 1.3 157 10 1.2
8.9 1.0 127 7 1.5

5.0 (curve c) Melt 2.2 4.0 3290 4364 56 56 0.7
4.4 2.0 1184 29 0.7
5.3 1.7 49 3 0.4
6.7 1.3 274 9 0.8
8.8 1.0 253 3 1.4

2.5 (curve d) Solution 2.2 4.0 210 1450 15 15 1.1
4.5 2.0 685 47 1.3
5.4 1.6 40 3 0.3
6.3 1.4 405 28 1.7
8.8 1.0 110 7 1.7

5.0 (curve e) Solution 2.2 4.0 2160 3997 54 54 0.8
4.5 2.0 1097 27 0.9
6.5 1.3 595 15 1.8
8.7 1.0 145 4 1.6

The curves are illustrated in Figure 1.
a The peak area was calculated from the deconvolution of the WAXS peaks.
b The intercalated clay was clay with an interlayer d-spacing greater than 3.3 nm.
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that of pure OC30B in Figure 3, and the quantitative
analysis of the corresponding peaks is summarized
in Table II.

The nanocomposites presented several peaks in
the 2y range of 0.5–10�, which indicated the presence
of clay tactoids with different degrees of intercala-
tion together with some deintercalated clay. Also in
these composites, there was a great amount of clay
in the intercalated form; this was characterized by
XRD peaks at 2y values lower than that correspond-
ing to the original peak of the organoclay, which
appeared at 2y ¼ 4.7� (d-spacing ¼ 1.9 nm). In addi-
tion, some amount of the intercalated clay in all
NBR/OC30B composites presented basal interlayer
distances as high as 6.8 and 7.4 nm, and this clay
may be considered almost exfoliated. The amount of
intercalated clay was higher for nanocomposites pre-
pared by the solution-intercalation method, with
fractions corresponding to approximately 80%,
regardless of the amount of clay. These results indi-
cate that NBR chains could penetrate the OC30B gal-
leries to a greater extent, probably because of the
presence of polar hydroxyl end groups in the inter-
calant moieties of this organoclay, which should pro-
mote better interactions with polar polymers such as
NBR. This phenomenon is more important in solu-
tion intercalation.

Figure 3 XRD patterns of the NBR/OC30B clay nano-
composites as a function of the amount of clay and the
dispersion procedure: (a) pure OC30A, (b) 2.5% clay (melt
intercalation), (c) 5.0% clay (melt intercalation), (d) 2.5%
clay (solution intercalation), and (e) 5.0% clay (solution
intercalation).

TABLE II
XRD Data for NBR/OC30B Nanocomposites as a Function of the Dispersion Procedure and Amount of Clay

Clay (%)
Dispersion
procedure 2y

d-Spacing
(nm) Peak areaa

Total
area

Clay
population

(%)

Proportion of
intercalated
clay (%)b

Full width at
half-maximum

100 (curve a) — 4.7 1.9 1435 1435 — 1.1
2.5 (curve b) Melt 1.3 6.8 165 2257 7 47 0.5

1.8 4.9 145 6 0.3
2.7 3.3 250 12 0.7
4.3 2.1 495 22 1.0
5.7 1.5 615 27 0.8
6.2 1.4 82 4 0.3
6.7 1.3 420 19 0.7
8.0 1.1 85 3 1.0

5.0 (curve c) Melt 1.2 7.3 925 3602 26 55 0.6
2.7 3.3 270 8 0.7
4.2 2.1 765 21 0.8
5.7 1.5 910 25 0.9
6.3 1.4 67 2 0.3
6.7 1.3 580 15 0.7
8.1 1.1 85 3 1.0

2.5 (curve d) Solution 1.4 6.3 605 1508 40 82 0.5
2.7 3.3 336 22 0.6
4.2 2.1 302 20 0.6
5.6 1.6 112 8 0.5
6.9 1.3 105 7 0.5
8.2 1.1 48 3 1.4

5.0 (curve e) Solution 1.3 6.8 511 1498 34 81 0.5
2.6 3.4 440 29 0.7
4.2 2.1 278 18 0.7
5.4 1.6 132 9 0.8
6.8 1.3 95 7 0.8
8.2 1.1 42 3 1.4

The curves are illustrated in Figure 2.
a The peak area was calculated from the deconvolution of the WAXS peaks.
b The intercalated clay was clay with an interlayer d-spacing greater than 1.9 nm.
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Morphology

To confirm the different intercalation degrees of the
layered organoclay structures, the morphology of
the NBR-based nanocomposites was evaluated with
TEM. Figure 4 shows TEM micrographs of vulcan-
ized NBR/OC15A nanocomposites as a function of
the clay-dispersion procedure.

In all samples, most of the clay particles (repre-
sented by dark regions) were stacked in the form of

tactoids, and this confirmed that the NBR chains did
not completely diffuse into all clay galleries, as also
indicated by XRD results. However, these tactoids
presented different thicknesses and sizes. Some were
very thin (ca. 3–5 nm), and this indicated the pres-
ence of very few stacks in the tactoids. This mor-
phology indicated a good dispersion of the clay pla-
telets inside the NBR matrix. In addition, it is
possible to observe in the higher magnification

Figure 4 TEM micrographs of the NBR/OC15A clay
nanocomposites as a function of the amount of clay and
the dispersion procedure: (a) 2.5% clay (melt intercalation),
(b) 5.0% clay (melt intercalation), (c) 2.5% clay (solution
intercalation), and (d) 5.0% clay (solution intercalation).
The micrographs on the right side were taken at a higher
magnification.

Figure 5 TEM micrographs of the NBR/OC30B clay
nanocomposites as a function of the amount of clay and
the dispersion procedure: (a) 2.5% clay (melt intercalation),
(b) 5.0% clay (melt intercalation), (c) 2.5% clay (solution
intercalation), and (d) 5.0% clay (solution intercalation).
The micrographs on the right side were taken at a higher
magnification.
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micrographs a gap between the layers, which con-
firmed the intercalation of the polymer chains into
some clay layers. The morphologies of the nanocom-
posites prepared by the solution-intercalation proce-
dure [Fig. 4(d)] presented better clay dispersion and
a lower number of aggregate structures. Despite the
greater number of aggregates, some individual clay
platelets (very few) could be observed.

The TEM micrographs of the NBR/OC30B nano-
composites are presented in Figure 5.

Despite the higher degree of intercalation indi-
cated by the XRD experiments, these nanocompo-
sites also presented a great number of aggregates
(mainly those prepared by melt intercalation). The
previous dispersion of the OC30B clay into the sol-
vent resulted in thinner tactoids and also a small
number of exfoliated silicate layers. In addition,
there were fewer aggregates in some regions, which
presented visible gaps between the layers; this indi-
cated the intercalation process. The best degree of
intercalation and the most uniform distribution of
the clay inside the NBR matrix were reached with
OC30B previously dispersed into the solvent. This
result agreed with the XRD experiments and may
have been due to the interaction between the OH
groups of OC30B and the nitrile groups of the
rubber.

Curing characteristics and physical properties

The curing characteristics of the nanocomposites
were obtained at 170�C, and the data are summar-
ized in Table III. The addition of 2.5% organoclay
increased the minimum and maximum torque (ML

and MH, respectively) and decreased t90 in compari-
son with the gum system. Among the filled systems,
there was no significant influence of the amount of
the filler on the curing parameters. The presence of

OC30B resulted in slight increases in ML and MH

versus the composites with similar proportions of
OC15A, but the curing time was similar. Nanocom-
posites prepared by solution dispersion displayed
higher MH values, and the higher values were also
observed for nanocomposites containing OC30B. The
improvement of torque was an indication of
improved filler–matrix interactions due to the good
affinity between NBR and OC30B. All the nanocom-
posites presented a lower optimum curing time than
the pure NBR, and this indicated that the organoclay
accelerated the curing process. Similar behavior has
been observed in rubber-based nanocomposites
cured with sulfur systems.11,35 Das et al.24 also
observed a small decrease in t90 for NBR-based
nanocomposites cured with peroxide, but the differ-
ence between the gum and filled rubbers was not
high. The accelerating action of the organoclay in
our system was more effective, probably because of
the presence of BMI as the curing coagent, which
should have interacted with the quaternary ammo-
nium salt present in the nanosilicate structure.
The physicomechanical properties of the NBR

composites are also summarized in Table III as func-
tions of the organoclay (the type of intercalant and
amount) and the dispersion procedure of the clay.
The presence of clay (as little as 2.5%) resulted in a
significant improvement of the tensile strength and
elongation at break, and this indicated an important
reinforcing effect of these clays. The modulus
increased with the addition of 5.0% clay (OC15A or
OC30B), and this confirmed the reinforcing action of
these fillers. For the nanocomposites prepared by
melt intercalation, increasing the clay content
resulted in a slight improvement in the tensile
strength, regardless of the type of the intercalant in
the organoclay. However, for the nanocomposites
prepared by the solution procedure, the tensile

TABLE III
Curing Characteristics and Physicomechanical Properties of the NBR-Based Nanocomposites

Organoclay Curing characteristics Physicomechanical properties

Type Amount
MH

(N m)
ML

(N m)
t90

(min)

Ultimate
tensile
strength
(MPa)

Elongation
at break

(%)

Modulus
at 10%

elongation
(MPa)

Oil
uptake
(%)

— 0 2.6 0.38 10.5 2.5 6 0.1 450 6 2.7 0.5 6 0.05
Melt-intercalation process

OC15A 2.5 3.0 0.41 7.6 4.1 6 0.5 730 6 70 2.8 1.3 6 0.12
OC15A 5.0 2.9 0.37 7.7 4.4 6 0.1 720 6 35 3.1 1.5 6 0.13
OC30B 2.5 3.1 0.43 7.4 3.6 6 0.2 640 6 30 2.7 1.0 6 0.10
OC30B 5.0 3.4 0.44 7.5 4.5 6 0.2 670 6 38 3.2 1.0 6 0.08

Solution process
OC15A 2.5 3.3 0.41 7.3 4.3 60.5 750 6 67 3.0 6 0.1 1.3 6 0.11
OC15A 5.0 3.5 0.53 7.5 7.9 6 1.2 630 6 100 4.9 6 0.7 1.9 6 0.15
OC30B 2.5 3.4 0.51 7.3 6.3 6 0.6 660 6 45 3.5 6 0.4 1.5 6 0.10
OC30B 5.0 3.5 0.77 8.0 9.6 6 1.0 270 6 43 6.8 6 0.8 1.4 6 0.13
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strength and modulus increased significantly with
the amount of clay increasing in the composite. In
addition, the composite containing OC30B had a
higher tensile strength but a lower elongation at
break. These results agreed with the XRD results,
which indicated a higher exfoliation/intercalation
degree of the clay in those nanocomposites prepared
with the OC30B organoclay, and they confirmed that
the good dispersion of the filler and good interac-
tions between the filler and matrix are of paramount
importance for better mechanical performance in
nanocomposites.

The oil-uptake values increased with the addition
of the organoclay, and this behavior was more
accentuated for nanocomposites containing OC15A.
This phenomenon indicated that the oil resistance
decreased with the presence of the organoclay, prob-
ably because of the presence of the long aliphatic
hydrocarbon chain in the organophilic clay, which
had a good affinity for mineral oil. In this sense,
nanocomposites prepared with OC15A, which had a
greater number of hydrocarbon chains in the interca-
lant, also presented higher oil-uptake values.

DMA

The dynamic mechanical properties of the filled
NBR composites were evaluated from �60 to þ40�C.
Figure 6 compares the dynamic mechanical proper-
ties of the melt- and solution-intercalated NBR-based
nanocomposites containing 5% clay. The incorpora-
tion of OC15A or OC30B resulted in a slight increase
in the storage modulus below Tg. Above Tg, the
nanocomposites prepared by solution intercalation
had higher values than the pure gum, and this con-
firmed the reinforcing effect when the clay was bet-
ter dispersed in an intercalated and/or exfoliated

form inside the rubber matrix. The storage moduli
of the nanocomposites prepared by melt intercala-
tion were slightly lower than those of the pure gum.
Similar behavior was observed for nanocomposites
containing 2.5% clay (not shown here).
The dependence of the loss modulus on the tem-

perature is also presented Figure 6, and its maxi-
mum is considered Tg; the values are summarized in
Table IV. All nanocomposites prepared with OC15A
and OC30B displayed significant shifts of Tg toward
higher values when the clay dispersion was per-
formed in solution. These results suggested a
decrease in the NBR chain mobility, probably as a
result of a better intercalation degree of the polymer
chains inside the clay galleries, and they confirmed
that the solution-intercalation procedure resulted in
higher filler dispersions and higher filler–matrix
interactions. These results were in agreement with
the microscopic behavior observed in XRD and TEM
experiments.

Creep behavior

Figure 7 illustrates the creep compliance behavior
and strain recovery of the gum NBR and the filled
nanocomposites. Table IV also summarizes the creep
parameters. The shape of the creep curves of the
composites was very similar to that of the pure NBR
gum, but their creep compliance values were signifi-
cantly smaller; this confirmed the reinforcing effect
of theses layered silicates in the NBR matrix. Similar
improvements have been reported by other
authors.29–30,36

The lowest creep compliance values were found in
nanocomposites prepared with OC30B [5% clay dis-
persed by the solution process, Fig. 7(k), or 2.5%
clay dispersed by the melt process, Fig. 7(d)]. These

Figure 6 Dynamic mechanical properties of NBR-based nanocomposites with 5% organoclay as a function of the clay-
dispersion procedure: (l) pure NBR, NBR/OC15A nanocomposites prepared by (h) melt and (*) solution dispersion,
and NBR/OC30B nanocomposites prepared by ($) melt and (n) solution dispersion.
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samples also presented the highest creep recovery
(see Table IV). Nanocomposites containing OC15A
presented a good creep compliance response (low
deformation under static force) when 5% clay was
dispersed by the solution procedure [Fig. 7(g)]. The
creep compliance values reflected the dispersion
state of the layered silicate. A higher dispersion state
resulted in lower creep compliance, that is, higher
resistance to deformation under a constant stress.
OC30B was able to disperse inside NBR to a higher
extent because of the better interaction between the
filler and matrix. In this sense, with the melt proce-
dure, it was necessary to employ only 2.5% OC30B
to achieve almost the same performance as that
reached with the solution-intercalation procedure. A

higher amount of OC30B clay with melt intercalation
[Fig. 7(e)] was not a good choice for good creep per-
formance, probably because of the higher number of
aggregates, which decreased the extent of filler–ma-
trix interactions. This result was very important
because it was possible to avoid the ecological prob-
lem of working with the solvent. After discontinua-
tion of the creep load, the best strain recovery values
were achieved with pure NBR, with the nanocompo-
sites containing OC30B prepared in solution or melt,
and with the nanocomposites containing 5% OC15A
prepared in solution. As observed in TEM micro-
graphs, a higher amount of OC30B resulted in a
higher amount of aggregated clay, which reduced
the extent of filler–matrix interactions.

TABLE IV
Dynamical Mechanical Data for the NBR-Based Nanocomposites

NBR

Organoclay

Creep
recovery

(%)

Dynamic mechanical parameters as a function of the
temperature

Type Amount

Storage
modulus
at �40�C
(MPa)

Storage
modulus
at 40�C
(MPa) Tan d Tg (

�C)

100 — 0 97 2640 8 1.4 �8.9
Melt-intercalation process

97.5 OC15A 2.5 88 3490 7.4 1.4 �8.0
95.0 OC15A 5.0 92 3230 6.8 1.4 �9.0
97.5 OC30B 2.5 97 2540 3.5 1.6 �7.5
95.0 OC30B 5.0 94 2870 4.0 1.4 �8.9

Solution process
97.5 OC15A 2.5 91 2560 8 1.4 �7.4
95.0 OC15A 5.0 96 3430 12.4 1.4 �3.7
97.5 OC30B 2.5 97 3280 24.5 1.3 �1.8
95.0 OC30B 5.0 97 2830 15.7 1.4 �3.2

Figure 7 Creep compliance behavior and strain recovery of NBR and filled nanocomposites: (a) pure NBR, (b) 2.5%
OC15A clay (melt intercalation), (c) 5.0% OC15A clay (melt intercalation), (d) 2.5% OC30B clay (melt intercalation), (e)
5.0% OC30B clay (melt intercalation), (f) 2.5% OC15A clay (solution intercalation), (g) 5.0% OC15A clay (solution intercala-
tion), (h) 2.5% OC30B clay (solution intercalation), and (k) 5.0% OC30B clay (solution intercalation).
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CONCLUSIONS

This article reports the efficiency of two different
organoclays with respect to the degree of exfolia-
tion/intercalation in NBR-based nanocomposites
and the effect of the extent of the dispersion on the
physicomechanical properties of the corresponding
rubber-based nanocomposites. On the basis of the
results obtained in this report, it is possible to sug-
gest that the best intercalation of NBR chains into a
layered clay, in both melt and solution processes,
was achieved with OC30B, an organoclay that con-
tains polar groups in the intercalant and improves
interactions with polar rubbers such as NBR. This
behavior was demonstrated by wide-angle X-ray
scattering (WAXS) and TEM. The solution process
was more effective for the intercalation process than
melt intercalation. In all cases, an improvement in
the tensile properties, such as the ultimate tensile
strength and modulus, was observed, and this indi-
cated a good reinforcing action of the clays. Also,
the best tensile strength was achieved with the solu-
tion-intercalation process, and this suggests that the
good dispersion of the clay is a very important fac-
tor for the improvement of the mechanical proper-
ties. As for the solution process, the nanocomposites
prepared with OC30B displayed higher tensile
strength.

The creep results were very sensitive to the dis-
persion degree of the layered clay inside NBR. A
significant reduction of the creep compliance values
and high strain recovery after creep experiments
were observed for the systems filled with OC30B.
These results confirm that better physicomechanical
performance and creep behavior are achieved in sys-
tems containing clay with a higher degree of exfolia-
tion/intercalation, and this feature in NBR-based
systems is achieved when the clay is previously dis-
persed in a solution of NBR.
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