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Abstract

Acrylonitrile butadiene rubber (NBR)-based nanocomposites reinforced with
organo-clay, calcium carbonate, and silica as nanofillers with different contents
ranging from 1 to 10 phr (part per hundred parts of rubber) were prepared and char-
acterized. Surface modification was done on the clay nanoparticles to intensify the
formation of chemical bond between nanofiller and NBR matrix. A novel procedure
and formula were implemented to fabricate considered composites and nanocom-
posites. Variety of tests and analyzes were done on all nanofillers and fabricated
nanocomposites and accordingly, curing conditions, mechanical and chemical prop-
erties of the resulting NBR nanocomposites intercalated with nanofillers were fur-
ther improved and optimized. The nanocomposite containing 10 phr of nanoorgano-
clay were found to be the best choice among other synthesized nanocomposites in
the case of improved curing conditions, mechanical, and chemical properties.
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Introduction

Adding fillers to polymer-based composites, as a method for improving their
mechanical properties, thermal stability, and resistance against solvents has
attracted many attentions among researchers. Filler materials are usually used for
the purpose of improvement in a specific property or reduce the cost of com-
posites synthesis [1, 2]. The improvement rate of properties by adding fillers to
the polymer matrix is dependent on the filler/polymer base system and the spe-
cific surface area between them, along with the distributing state of fillers in the
matrix. As a result, further decrease in the size of filler particles to nanoscale
(1-100 nm) can lead to the increase in specific surface area between fillers and
the polymer and more improvement in the properties of resulting composite [3].
Nowadays, nanomaterial is utilized for improvement in the performance and effi-
ciency of different industrial pieces [4]. Among all used nanofillers in this issue,
nanoscale size of clay, silica, and calcium carbonate are the most outstanding
improvers of mentioned properties in rubber production industry [5-7].

Nitrile butadiene rubber (NBR) is a polar rubber which has a very high
strength against solvents and accordingly, extensive applications in the protection
of pipes, automotive, and aviation industries. NBR has a low tensile strength, so
adding of fillers to the matrix can help to strengthen its structure. Acrylonitrile
content can determine the resistance of rubber against oil materials [7]. Three
most frequent methods for the preparation of polymeric nanocomposites are sol-
vent mixing, in situ polymerization, and melt mixing [8].

Although using nanofillers can improve properties of polymer-based matrix, add-
ing of nanoclays alone cannot improve properties of the composite because of the
lack of continuity between clay silicate layers and organic polymers. Interaction
effect between silicate layers is by the transfer of hydrated cation ion to the organic
cation. For instance, octadecyl amine can be enumerated as a surface activator for
creation of suitable routes to permeate in the polymeric chain [9]. Organo-clay has
lower energy level than the clay and is compatible with the polymer base [7]. Okada
and his coworker modified the surface of the clay by the two-stage synthesis. They
firstly modified the surface of clay in the form of montmorillonite K 10 and with the
use of hydrochloric acid in water and then fabricated clay/NBR nanocomposite by
the method of melt mixing and obtained proper mechanical properties and gas per-
meability [10]. Gureshi et al. added montmorillonite clay fillers to the solid natural
rubber by the novel method of two roll mill or modified mill process. They com-
pared process parameters and tensile strength of the fabricated nanocomposite with
those of the produced nanocomposites by the method of latex. Results indicated
that nanofillers were properly distributed in the polymer and more strengths were
observed in the resulting nanocomposite which were prepared by the mill process
[9]. In some other works, researchers also investigated the effect of adding nanoclay,
organo-clay platelets, modified natural montmorillonite, and organo-modified mont-
morillonite to reinforce polypropylene—wood flour composites, wood—plastic com-
posites, almond shell flour—polypropylene bio-nanocomposites, and walnut shell/
polypropylene composites, respectively [11-14].
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Calcium carbonate nanoparticles are a non-organic and inexpensive filler for the
preparation of polymer nanocomposites. Nanoscale size of calcium carbonate can
improve properties of related nanocomposite depending on its application [15]. Reduc-
ing the size of fillers to nanometer scale significantly increased the mechanical and
thermal stability of the nanocomposites [16]. Fine distribution of nanofillers in the pol-
ymeric matrix will increase strength of the polymer, hardness, and other properties of
the nanocomposites [17]. Wu et al. fabricated PVC polymeric nanocomposites filled
with calcium carbonate nanoparticles by the method of melt mixing and investigated
the mechanical properties, rheology, and morphology of resulting nanocomposites.
Their results showed that raising contents of calcium carbonate nanofillers in the poly-
mer matrix caused elongation at breaking point and modulus of elasticity of related
nanocomposites to be further improved. Study of rheology properties for produced
nanocomposites indicates that increasing amount of calcium carbonate nanofillers will
contribute to the melting density of the nanocomposite to be augmented considerably
[18]. Nanocomposite of ultrafine vulcanized powdered rubber (UFPR)/poly (vinyl
chloride)/calcium carbonate was also fabricated by the endeavor of Wang and his cow-
orkers and properly distribution of non-modified calcium carbonate nanoparticles in the
polymer matrix were demonstrated by the TEM imaging [19].

Silica nanoparticles are used in the industry for reinforcement of elastomers as a rhe-
ology salt. On the other hand, they can be utilized as the filler in the processing of rub-
bers and because of their low processing costs and high efficiency, they became more
attracted attentions in works of some authors. Li et al. prepared the nanocomposite of
nanosilica/nitrile rubber and showed the importance of used nanofiller in the quality
improvement in the rubber [20]. Spreading properties of surface non-modified/modi-
fied silica nanoparticles with silane group and silica nanoparticles covered with a poly-
mer layer in the matrix of carboxylated nitrile rubber (XNBR) were also studied [21].

The purpose of this investigation is to fabricate NBR-based nanocomposites
with high chemical and mechanical stabilities by the application of nanotechnol-
ogy. Three nanofillers of organo-clay, calcium carbonate, and silica were used to
add to the NBR matrix. In situ polymerization method was used for the preparation
of nanocomposites. Mechanical and chemical properties of fabricated NBR-based
nanocomposites by the addition of nanofillers with the phr content ranging from 1 to
10 were evaluated. Results of rheometric data, FTIR analysis, shore hardness, tensile
strength, elongation at break, compression set, and resistance against the ozone and
solvent were obtained and discussed for all fabricated nanocomposites. Proposed
nanocomposites and their results can be utilized in different applications, such as
electronic, automotive, and marine industries, and they can actually be the response
for increasingly demand of the industry to multi-functional rubbers.

Experimental
Materials

Polymer as the matrix, nanofillers, agent and vulcanization agent, curing agents,
reaction accelerators and anti-oxidation agents are used for synthesize of rubber
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composites. These materials were purchased from local markets and are shown in
Table 1.

As it can be seen in Table 1, carbon black (with the particle size of 70-96 nm)
was also used for the curing of nanocomposites. This material is a conventional filler
in this regard for the purpose of improving performances of the nanocomposite and
reducing the production costs. Nanoscale materials of clay, calcium carbonate, and
silica (fumed) were used in this investigation to add to the NBR matrix. Clay (mont-
morillonite K 10) and calcium carbonate nanoparticles were purchased from Sigma-
Aldrich Chemie GmbH Company (Germany) and the Materials Science Company
(USA), respectively. Fumed nanosilica was also purchased from the company of
Evonic Industries AG, Germany. The properties of these nanoscale materials are
illustrated in Table 2.

Synthesis
Organo-clay

To properly distribute surface particles of clay in the NBR matrix and also
intensify the formation of chemical bonds between the clay and NBR, surface
modification of the clay was done. For this purpose, octadecylamine was used
to create an olephilic (hydrophobic) surface. At first, 20 g of the clay (weighed
by an analytical balance with the model of ALJ. 220-4NM, the Kern Company,
USA) was distributed in 500 ml of water at 60 °C by the application of a mag-
netic stirrer (Model D-500, aLFA Company, Iran) to give us clay—water solution.
12.4 g of octadecylamine and 4.6 ml of hydrochloric acid was mixed in 100 ml
of water to generate the salt of alkyl ammonium. Obtained solution was poured

Table 1 Used materials for the fabrication of nanocomposites

Materials Formula Manufacturer
NBR 6240 Containing 34% of acrylonitrile Local market
Carbon black (SRF) - Local market
Zinc oxide ZnO Sigma-Aldrich
Stearic acid CH;(CH,),(COOH Sigma-Aldrich
RD antioxidant (1,2-Dihydro-2,2,4-tri- C,HsN Local market
methylquinoline homopolymer)
IPPD antioxidant (N-isopropyl-N'-phenyl-  C;sHgN, Local market

p-phenylenediamine)
Plasticizer (dioctyl phthalate)
Sulfur

C¢H,-1,2-[CO,CH,CH(C,H,)(CH,);CH,],
S

Sigma-Aldrich
Sigma-Aldrich

Accelerator (tetramethylthiuram disulfide) (CH;),NCSS,CSN(CHy), Sigma-Aldrich
N-cyclohexyl-2-benzothiazolesulfenamide  C,;;H;¢N,S, Local market
Octadecyl amine (CH;(CH,),,CH,NH,) Sigma-Aldrich
Hydrochloric acid HCI Sigma-Aldrich
Distilled water H,0 Local market
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Table 2 Properties of used nanomaterials (presented by their manufacturers)

Properties Nanocalcium carbonate Fumed nanosilica (Aerosil ~ Nanoclay
R 200)
Appearance White powder White powder Pale yellow powder
Average size (nm) 10-45 12 (average size of primary) 1-2
Melting temperature (°C) 825 - -
Density (g/cm?) 2.93 2.4 0.5-0.7
Purity (%) - 99.99 -
Specific surface area (m%/g) — 200 220-270

in the clay—water solution and mixed for 1 and 24 h at the ambient temperature
and at 60 °C, respectively. The product was then filtered at the room temperature
and washed by the distilled water to eliminate the whole silver chloride sedi-
ments. Resulting product was dried in the vacuum oven [Model of Vin100, Arta
Company, Iran] at 60 °C to obtain organo-clay nanoparticles [22].

Nanocomposites

Rubber contains its common additives and is prepared based on parts per one
hundred rubber (phr) and amounts of additives in the rubber based on the phr is
the same in all other samples. In this investigation, amounts of used nanoscale
additives including nanoorgano-clay, nanocalcium carbonate, and nanosilica
were selected to be 1, 3, 5, and 10 phr. Mixing of components was done by the
procedure in which nanomaterials were initially mixed by a two roll mill (Bra-
bender, OHG model, Germany) at the mixing condition of the rubber (160 °C)
and according to the standard method of ASTM D3187. Other additives of the
rubber including carbon black filler, DOP plasticizer, stearic acid, zinc oxide as
an activator, anti-oxidizers of IPPD, and RD were also added to the mixture of
rubber and nanomaterials by the application of the two roll mill. Amounts of
all additives to the rubber are illustrated in Table 3. To investigate the effect of
changing nanomaterials contents on the results of nanocomposites, a constant
mixing time duration for the production of all samples was used and only vari-
able parameters in the system were the kind and amount of nanomaterials. After
1 day and at the ambient temperature, materials of curing process including the
sulfur and accelerators were added to the mentioned mixture by the two roll mill
to prevent partial curing of the mixture. Properties of resulted nanocomposites
are also dependent on the distribution uniformity of nanoparticles in the poly-
meric matrix. For instance, distribution of nanoparticles in the NBR matrix has
a profound impact on concentrated tension spots and accordingly, an affection on
the strength and failure properties of nanocomposites [23]. Witness sample was
also produced with the same method and without the presence of nanomaterials.
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Table 3 Compositions of fabricated nanomaterial/nitrile rubber nanocomposites

Materials Mixing condition (Phr)

NBR 1 Nano-NBR 3 Nano-NBR 5 Nano-NBR 10 Nano-NBR

NBR 100 100 100 100 100
Nanomaterials 0 1 3 5 10
Carbon black (SRF) 80 80 80 80 80
ZnO 5 5 5 5 5
Stearic acid 1 1 1 1

RD 2 2 2 2 2
IPPD 1 1 1 1

DOP 10 10 10 10 10
Sulfur 0.5 0.5 0.5 0.5 0.5
TMTD 1 1 1 1 1
CZ 2 2 2 2 2

Cure characteristics of nanocomposites

Curing features of nanocomposites were determined by a rheometer device
(model of Gotech, Taiwan) at the temperature of 160 °C and according to the
standard method of ASTM D20148. Two important parameters which were
obtained from figures of rheometer device are the scorch time (fs,) and opti-
mum curing time (fy,). Scorch time is the time duration in which the amount of
torque is increased by 2.26x 1072 N m with respect to the minimum amount of
the torque. The less the amount of scorch time caused the cross-linking between
mixing materials to be increased. Another outstanding parameter is optimum
curing time which is the time when we reach to the rate of 90% for the difference
between the minimum and maximum amounts of the torque. This parameter can
give us a proper evaluation on the amount of curing time for mixtures. The less
the amount of optimum curing time, the faster preparation of nanocomposites.

Characterization of nanocomposites

Morphology, size and size distribution of used nanoparticles and their related
nanocomposites were analyzed by the Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and transmission electron micros-
copy (TEM). A spectrometer (model of Perkin Elmer, USA) was used for the
FTIR analysis. This technique is based on the absorption of radiation and prob-
ing into vibrational jumps of molecules and multi-atomic ions and standard of
ISO 4650:2012 was used in this issue [24]. SEM image was recorded by a TES-
CAN Vega3, Czech Republic.
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Mechanical properties
Shore hardness

Hardness of a material is its strength against indentation by a harder material. In the
standard hardness tests which have been used in recent years, a hard indenter mate-
rial will be pressurized to the surface of the sample. As a result, a three-directional
tension will be imposed to the pressurized spot. On the other hand, transformation is
done in combination with forms of tensile, compressive, and shear. Shore hardness
test was done according to the standard method of ASTM D2240. For the test of
the rubber, shore A hardness test is used. For determination of the shore A hardness
test of nanocomposites, samples with thickness of at least 4 mm are placed on an
aligned horizontal hard surface. Shore durometer type of A (code ISH-SAM) will
then be rotated to the vertical position somehow that the indenter point has at least
9 mm distance from each edge of the sample. Base of the squeezer, in a way that
its surface is parallel to that of the sample, is lifted quickly and without imposing
strike. Degree of the indicator device is read after 15 s. This process was repeated
for five different spots of the sample with intervals of minimum 6 mm from each
other. Averages of obtained values are considered as the shore A hardness. Depth of
indentation, D (mm), which is a criteria for evaluation of the hardness is determined
by the following equation [25]:
h

D=100- ——
00 =505

where h (mm) is the depth of indentation at the time of imposing the whole force.
With this method, the amount of penetration for the indenter to the material is meas-
ured in specified conditions.

Tensile strength

This test was conducted based on the standard method of ASTM D412 for dumb-
bell-shaped test piece. Length of the dumbbell-shaped samples is 20+0.5 mm and
the nominal speed of the moving clipper is also 500 mm/min according to the men-
tioned standard method. All used molds and blades were based on the standard of
ISO 4661-1:1993 and molds were also in standard dimensions for preparation of
dumbbells. In each point of the thin width mold, deviation from the state of parallel
edges should not be larger than 0.05 ml. The device for doing the tensile test should
also be in line with the standard condition of ISO 5893:1993. Thickness at the center
and two end points of the test piece were measured by the thickness tester and the
average measured amounts of surface area were used. In each dumbbell, none of the
three measured thin section values should have difference from the average thick-
ness by the amount of more than 2%. Test piece was placed in the tensile test device
in a way which lateral and parallel sections at two end points of the test piece were
fixed symmetrically and pressure was distributed uniformly on the surface area. The
device was turned on and with the nominal velocity of 500 mm/min for the moving
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pine, changes in amounts of length and force during experiments were measured
with the accuracy of +2%. Tensile strength TS (MPa) was determined by:
F,

TS = —2
Wi

where F, (N) is the maximum amount of recorded force, W (mm) is width of the
mold thin section, and ¢ (mm) is the thickness of the test piece. Tensile strength at
the breaking point (TS,) was also obtained by this equation:

TS, = —
7wy

where F) is the recorded force at breaking point.

Elongation at break

The ability of large deformation of a material is calculated by the parameter of elon-
gation at break. It indicates strength of the whole molecular chains and their move-
ment [26]. Elongation at break (in percentage) of nanocomposites was obtained
according to the standard of ASTM D412 and by the following equation [27]:

100 # (L, — Ly)
b_L—o

where E, is elongation at break, L, (mm) is length of the test device at breaking
point and L, (mm) is its initial length, respectively.

Compression set

As the rubber is under pressure, physical and chemical changes can occur in its
structure leading to prevention of the rubber to return to its initial dimension after
release of the deformation force. Consequently, the amount of compression set for
the rubber depends on the time and temperature of the compression and is also
dependent on the time and returning temperature. Compression set (C) is deter-
mined in the percentage form of the initial compression as follows:

_hy—hy

x 100
h()_ 2

where A is the initial thickness of the test piece, £, is its thickness after returning,
and h, is the height of spacing. All dimensions are in the scale of millimeter. This
test was done in accordance with the standard method of ASTM D395 [28].
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Chemical properties
Ozone resistance

In this test, a relative estimation is done on the resistance of the rubber compo-
nents against weathering in the open space and or in the ozone container (based on
the standard of ASTM D2240). For conducting this experiment, rubber piece was
placed on the ozone container according to the information mentioned in Table 4.
After probing into the rubber piece, if no cracks or fractures were observed on the
surface of the sample, the test sample is considered to be resistant against the ozone.

Fluid resistance

To check the resistance of rubbers against liquids or chemical solutions, different
solvents are used. According to the literature and different standards, methyl ethyl
ketone (MEK) solvent is a proper choice in this regard (It was purchased from
Merck Millipur Company). Method of conducting this experiment is in this way that
the sample was firstly weighed (W,) and was then put into the solvent of methyl
ethyl ketone at 30 °C. After 48 h, swollen sample was extracted from the solvent and
completely dried under the vacuum oven [model of Vin100, Arta Company, Iran]
and was weighed again (w,). The rate of swelling was then calculated from the fol-
lowing equation [22]:

%Swelling = —2— 1 5 100
Wy

Results
Features of nanocomposites curing

Table 5 shows rheometry data of synthesized composites and nanocomposites.
For organo-clay/nitrile rubber nanocomposite, the torque generally increases by
raising the amount of its contained filler (organo-clay). Its results indicate that
adding organo-clay nanoparticles to the NBR matrix will reduce the time dura-
tion of cross-linking creation because this polymer is a thermoset containing
two components of monomer and hardener. As a result, further increase in the

Table 4 Conditions of

. N . Test condition Amount
conducting test for resistance
of the rubber against ozone Ozone concentration (g/1) (50+5)x 1078
[ASTM D2240]
Temperature (°C) 40+2
Time of exposure to ozone (hr) 48
Elongation (%) 20+2
Relative humidity (%) 55+5
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percentage rate of admixtures including nanoclay will cause cross-linkings in pol-
ymeric chains to be created more conveniently, in smaller intervals, and in lesser
time durations than the situation in which nanocomposite contains a specified ini-
tial amount of organo-clay nanoparticles. As it was mentioned before, reducing
toq Will decrease the time duration for the final curing of the product and accord-
ingly, contributes to the process of production for each segment to be faster than
that of the final product leading to the increase in production yields.

In nanocalcium carbonate/nitrile rubber nanocomposite, calcium carbonate
particles in micron size are generally considered as agglomerated particles which
are broken into the initial and smaller particles and distribute in the rubber during
the process of curing. Indeed, large particles will cause some problems, such as
non-uniform distribution of filler particles, unappropriated appearance, some dif-
ficulties in the process, and worse characteristics. This can highlight the essence
of homogenization and distribution of particles in the process of curing. Apply-
ing nanoscale materials to the nitrile rubber can help particles to distribute prop-
erly in the mixture. In addition, organic compounds with low molecular weight
including stearic acid can be used in the process of nanocomposite fabrication
[29]. According to Table 5, trend of changing the time duration for optimum cur-
ing of nanocalcium carbonate/NBR nanocomposites is decreasing. As it can be
expected, reducing of 7y, will decrease final curing of the product and cause the
process of production to be faster. This result shows that nanocalcium carbonate
particles have isotropic behavior and low nucleation effect and also strong inter-
action with rubbers, especially NBR polar rubber [30].

Table 5 Rheometry data of

. . Torque (N m) Time (min)
studied nanocomposites

NBR composite 0.46 1.97 1.43 20.10

Organo-clay/NBR nanocomposites

Phr
1 0.48 2.01 1.20 18.22
3 0.48 225 1.12 17.30
5 0.49 2.34 0.98 17.00
10 0.51 2.46 0.95 16.45
CaCO3/NBR nanocomposite
1 0.47 2.00 1.31 20.10
3 0.47 2.10 1.22 19.40
5 0.48 2.21 1.14 18.90
10 0.49 2.30 1.00 18.00
SiO2/NBR nanocomposite
1 0.47 2.05 1.40 20.08
3 0.48 2.28 1.35 20.30
5 0.49 2.36 1.20 20.00
10 0.51 2.72 1.10 19.10
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For nanosilica/nitrile rubber nanocomposites, torque is also increased with fur-
ther raising of the filler particles (nanosilica). Adding 1 phr of nanosilica to the
mixture will lead to reduction in the time duration of curing, while time duration
of curing is increasing by using other phr content of nanosilica (3, 5, and 10). It
should also be mentioned that further raising the amount of nanomaterials can con-
tribute to the decrease of ts, indicating the more creation of cross-linkings in the
nanocomposite.

Characterization of nanocomposites
Imaging

Figure 1 shows scanning electron microscopy (SEM) image of montmorillonite clay,
calcium carnonate and silica nanoparticles. These images reveal the nanoscale size
of used particles.

Fourier transform infrared spectroscopy (FTIR)

Figure 2 illustrates the FTIR spectrum for vulcanized NBR rubber without the
use of fillers and at the wave range of 4000-400 cm~!. As it can be observed in
this figure, molecule indexes of the NBR rubber are characterized in the format of
peaks. Peak at the wave number of 2845.30 cm™! is related to the functional group
of CH, and observed peak at the wave number of 2238.78 cm~! is also regarded to
the group of CN and connected bond of C=N- [31]. The peak at wave numbers of
3521 and 1599.82 cm™! are concerned with the functional group of OH and chemi-
cal bond of —C=C-, respectively, in the structure of NBR rubber [32]. According to
the standard of rubbers and characterization of acrylonitrile butadiene rubber, the
peak at wave numbers of 978.09 cm™ is related to -CH=CH (trans) bond. In fact,
carboxylic group and C=0 bond both contributed to the formation of a peak at the
wave number of 1727.62 cm™" [24].

Figure 3 illustrates the FTIR analysis of used organo-clay nanoparticles and
organo-clay/nitrile rubber nanocomposite. In this figure, three major peaks for
organo-clay nanoparticles are investigated. At the wave number of 1042.27 cm™!,
observed peak is resulted from the absorb specification of —Si—~O—Si— in the clay
and at the wave number of 1638.16 cm™!, neutral bond of OH caused the creation
of another major peak. Then at the wave number of 3621.89 cm™!, the peak for the
tensile bond of OH can be observed [33]. In this figure, the FTIR spectrum contains
major peaks for both organo-clay and the rubber indicating the proper composite
fabrication and creation of appropriate bonds between the two initial materials after
curing. In the spectrum of FTIR for organo-clay/NBR nanocomposite at the wave
number of 983.86 cm™!, the peak related to the bond of —-CH=CH- (trans) in the
NBR rubber is observed with a little transition. This transition is due to the addi-
tion of organo-clay nanoparticles to the nitrile rubber. The peak at wave number of
1040.56 cm™! is the same as the absorbed major peak of —Si—O-Si— in the organo-
clay and this peak will be observed by slightly transition resulted from creation of
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Fig. 1 SEM image for MMT clay, CaCOj;, and SiO, nanoparticles (from A to C, respectively)
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Fig.2 FTIR spectroscopy of NBR rubber
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Fig. 3 FTIR spectroscopy of clay nanoparticles and organo-clay/nitrile rubber nanocomposite

polymer-based composite. The peak for the wave number of 2237.25 cm™! is related
to the connection bond of —C=N in the pure NBR rubber. Furthermore, the peak at
the wave number of 2930.42 cm™! is due to the presence of CH, functional group
in the NBR rubber with a little transition to the vulcanized NBR rubber. As a con-
sequence, the obtained peak at wave number of 3620.80 cm™! is resulted from the
tensile bond of OH in organo-clay nanoparticles [24, 31, 33].

Figure 4 indicates the results of FTIR spectroscopy for CaCO; nanoparticles and
CaCO,/NBR nanocomposite. According to the mentioned descriptions for Fig. 2
regarding the spectroscopy of vulcanized NBR rubber without the presence of nano-
particles and also Fig. 4, it can be concluded that mixing of calcium carbonate nano-
particles in the rubber after curing was well done. The resulting image from the
FTIR spectroscopy of CaCOj; nanoparticles illustrates that peaks at wave numbers of
713.23 and 875.14 cm™!, related to the vibrational bond of carbonate ion in the cal-
cium carbonate, are due to the flexural bond out of the plane and asymmetric tensile
in the material, respectively. In addition, wave number of 1414.59 cm~! have three
major peaks in the material because of the flexural bond in plane and vibrational
bonds of the carbonate ion in calcium carbonate [34]. In this figure, peaks of both
the initial materials were determined. Initial peaks regarded to CaCO; nanoparticles
were observed at wave numbers of 713.23, 875.14, and 1414.59 cm™!, respectively.
They were seen by a very little transition at wave numbers of 713.02, 875.90, and
1936.99 cm™! in the FTIR spectroscopy of CaCO,/NBR nanocomposite. Peaks at
971.64, 1724.26, 2237.16, and 2851.07 cm™! are related to bonds of -CH=CH-,
C=0, C=N, and CH, bonds, respectively, in the structure of NBR [20, 27, 30].

FTIR spectrum of polymer nanocomposites can be used to show the strong bond
between the polymer and filler nanoparticles. Analysis of polymer nanocomposites
and silica is difficult because of the reflection properties of silica planes. Figure 5
illustrates the results of FTIR spectroscopy for silica nanoparticles and SiO,/NBR
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Fig.4 FTIR spectroscopy for CaCO; nanoparticles and CaCOj/nitrile rubber nanocomposite

nanocomposite. The major peak of SiO, at the wave number of 1103.17 cm™ is

regarded to the tensile bond of Si—O observing in the SiO,/NBR nanocomposite
with a transition in the wave number of 1110.95 cm™!. This peak cannot be seen in
the spectrum of NBR which does not contain nanosilica [35]. Existing peak at the
wave number of 3521 cm™! in Fig. 4 is relevant to the group of OH in the structure
of NBR. As silica is added to the NBR, the peak will be transited to the direction of
higher bandwidth and wave number of 3433.84 cm™! (Fig. 5). When the connection
bond is as —C=N, wave number of the peak is going to transit from 2238.78 cm™!
to 2238.82 cm™! because of the strong bond between —C=N and SiO,. In addition,
the resulting peak for the bond of -C=C- at the wave number of 1599.82 cm™! will
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Fig.5 FTIR spectroscopy for silica nanoparticles and SiO,/NBR nanocomposite

@ Springer



Polymer Bulletin (2019) 76:3819-3839 3833

be transited to 1635.93 cm™! because of the effect for the presence of active sur-
face particles on SiO, nanoparticle and NBR [32]. The interesting conclusion is the
creation of C-SO,-N bond at the wave number of 1441.4 cm™' in the SiO,/NBR
nanocomposite. This peak cannot be observed in the spectrum of pure NBR and
silica layered. This peak can be created by the reaction of the ammonium salt with
zinc—sulfur—amine compound between the silica and NBR during the process of vul-
canization [standard of ISO 4650:2012].
All the figures of 2-5 were drew by Microsoft Excel 2013.

Mechanical properties

Figure 6 shows the effect of adding nanofillers in different Phr contents to the NBR
matrix on their mechanical properties (drew by OriginPro2016 Software). Shore
A hardness, tensile strength, elongation at break, and compression set of the NBR
composite and nanocomposites were used to investigate and evaluate their mechani-
cal properties. As it is obvious in this figure, raising the amount of all used nanopar-
ticles leaded to the increase in shore A hardness of their related fabricated nanocom-
posites. Shore A hardness for the nanocomposite containing 10 phr of organo-clay,
calcium carbonate, and silica nanoparticles is 84, 82, and 86, respectively, and has
the approximate increase in this property by amounts of 28, 24, and 30%, respec-
tively, with respect to the NBR without the use of nanoparticles.

Two important parameters which are used to determine tensile-stress—strain prop-
erties of nanocomposites are tensile strength and elongation at break. In general,
tensile strength of composites is directly dependent on their structure and behavior
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Fig.6 Mechanical properties of synthesized nanocomposites versus Phr content
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of their base matrix. If fillers are distributed properly in the matrix, tensile strength
of the resulting composite will also be increased. However, for the case in which
distribution of particles in the polymer matrix is asymmetric, tensile strength of the
composite will be reduced because of the formation of concentrated tension points
in the matrix. This behavior is obvious in fillers with micron sizes [23]. Nanoscale
structures in the same weight percentages as for the particles with micron sizes
can tackle mentioned problem because of better distribution of nanoparticles in
the matrix and also their smaller sizes. It should also be noted that less increase in
weight percentages of materials in nanoscale can improve different properties of the
composite with respect to materials in micron scale [7, 30].

It can be detected from Fig. 6 that nanocomposite containing 10 phr of organo-
clay nanoparticles has the maximum amount of tensile strength with respect to that
of other fabricated nanocomposites. In addition, organo-clay/NBR nanocomposite
devoted the highest amount of tensile strength in the whole studied phr contents of
nanoadditives with respect to that of other prepared nanocomposites. Raising the
amount of calcium carbonate nanoparticles to the amount of 5 phr caused the tensile
strength of related nanocomposite to be increased, while the use of 10 phr of cal-
cium carbonate nanoparticle in mentioned nanocomposite leaded its tensile strength
to be reduced in comparison with the use of 5 phr nanoparticle in NBR matrix.
On the other hand, 5 phr of CaCOj; is the optimum amount of nanoadditives to be
applied to CaCO,/NBR nanocomposite. For SiO,/NBR nanocomposite, raising the
amount of nanosilica to 5 phr caused its tensile strength to be increased, while fur-
ther raising the amount of nanosilica in this nanocomposite contributed to no change
in tensile strength of related nanocomposite.

It is also clear in this Fig. 6 that raising the amount of nanomaterials as fillers
in the nitrile rubber matrix increased the elongation at break percentages of syn-
thesized nanocomposites, while for the case in which raising of the organo-clay
nanoparticles content from 5 to 10 phr caused the elongation at break of related
nanocomposite to be reduced. Elongation at break percentages for the NBR and
organo-clay/NBR nanocomposite with 5 phr of their nanoadditive were 400 and
467, respectively, while percentage of elongation at break for Nano-CaCO;/NBR
and Nano-SiO,/NBR nanocomposites with 10 phr content of nanoadditives were
found to be 448 and 452, respectively. This figure also indicate that adding 1 and
3 phr of nanoadditives to Nano-CaCO,;/NBR nanocomposite caused its elongation at
break percentage to be more than that of Nano-SiO,/NBR nanocomposite with the
same content of nanoadditives. However, results of elongation at break percentage
for the use of 5 and 10 phr of nanoadditives in Nano-CaCO;/NBR nanocomposite
showed to be lower than that of Nano-SiO,/NBR nanocomposite with the same phr
content of nanoadditives.

Experiments for measurement of compression set percentage of samples were
conducted at 100 °C and for the time duration of 72 h. Results indicate that add-
ing nanoadditives to the samples will reduce their deformation resulting from
impose of the pressure force to structure of nanocomposites. Compression set for
3,5, and 10 phr of CaCOs/nitrile rubber nanocomposites were slightly reduced. As
a result, phr of 3 can be considered as the optimum amount of calcium carbonate
nanoparticle in the related nanocomposite. For SiO,/nitrile rubber nanocomposite,
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compression set was reduced from 26.5 to 15.8% by adding 10 phr of nanosilica to
the related composite. Comparing results for the compression set of studies nano-
composites indicates that adding 1 phr of nanoadditives to the composites caused
organo-clay/NBR nanocomposite to have the highest amount of compression set
among that of other two nanocomposites, while adding 3 phr of nanoadditive to
SiO2/NBR nanocomposite leaded its compression set to has the largest value than
that of other two ones. However, for the case in which 5 and 10 phr of nanoadditive
are added to composites, compression set for CaCO3/NBR nanocomposite obtained
the highest amounts with respect to that of other synthesized nanocomposites.

Chemical properties
Ozone resistance

Results indicate that all produced samples including pristine nitrile rubber and
nanocomposites are resistant against the ozone because no crack was observed on
the surface of samples during the time of conducting this test and at its specified
condition.

Resistance in methyl ethyl ketone (MEK) solvent

Table 6 shows the swelling rate of produced nanocomposites in MEK solvent. Non-
vulcanized NBR was completely solved in the MEK solvent, while vulcanized NBR
did not solve in this solvent and their rate of swelling is dependent on their cross-
linkings and nanoadditives. This table indicates that organo-clay/NBR nanocompos-
ite has better barrier properties than the vulcanized NBR. With respect to the infor-
mation available in the literature [36, 37], Table 6, and Fig. 7, NBR nanocomposites
containing organo-clay nanoparticles caused the swelling rate of final product to be
reduced and accordingly, increased their resistance against the MEK solvent. How-
ever, this reduction in the swelling rate for other two fabricated nanocomposites
found to be less than that of organo-clay/NBR nanocomposite by further raising of
the phr for nanoadditives in their structures.

Conclusions

Elastomeric nanocomposites containing nitrile rubber and nanofillers of nanoor-
gano-clay, nanocalcium carbonate, and nanosilica with different phr contents (1,
3, 5, and 10) were synthesized properly. The interaction between nanofillers and
NBR-based matrix were determined by the analysis of FTIR. According to the
results of rheometry and curing conditions for nanocomposites, organo-clay/nitrile
rubber nanocomposite with 10 phr of organo-clay nanoparticles had the best cur-
ing conditions by the time duration of 16.45 min indicating the reduction of curing
time by the rate of 18% and also increase in the rate of nanocomposite production.
Obtained results also showed that the shore hardness for all studied nanocomposites

@ Springer



3836 Polymer Bulletin (2019) 76:3819-3839

Table 6 Swelling rate of studied

e | Sample tests Swelling in
nanocomposites in MEK solvent MEK solvent
(%)
Non-vulcanized NBR Will be solved
Vulcanized NBR 165
Organo-clay/NBR nanocomposites
Phr
158
3 140
5 130
10 115
CaCO3/NBR nanocomposite
1 163
3 153
5 145
10 142
SiO2/NBR nanocomposite
1 164
3 155
5 148
10 137
Fig.7 Chemical properties of 1654 &
synthesized nanocomposites wd 3 -:- gf%aong;sgéfNBR
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were increased by further raising of their nanofillers phr contents. In this regard, the
nanocomposite with phr content of 10 for nanosilica devoted the highest amount
of shore hardness than that of other nanocomposites and caused its shore hardness
to be increased by the rate of 30.3% with respect to the nitrile-based rubber with-
out the usage of nanofillers. Investigation on the tension stress—strain properties
of used nanocomposites were conducted by probing into two parameters of tensile
strength and elongation at breaking point of them with changing the phr content of
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nanofillers. Highest tensile strength rate was obtained for the nitrile rubber contain-
ing 10 phr of organo-clay by the amount of 36 MPa and the increase rate of 125%
with respect to the nitrile rubber. Additionally, nitrile rubber nanocomposite tailored
by 5 phr of organo-clay caused the elongation at breaking point to be increased by
467% and accordingly, it had the best performance among all other fabricated nano-
composites in this regards. Nitrile rubber nanocomposite endowed with 10 phr of
organo-clay nanoparticles had the lowest rate of compression set (deformation by
imposing pressure) than that of other studied nanocomposites. Compression set of
13.2% was obtained for the mentioned nanocomposite. Resistance of fabricated
nanocomposites against the solvent was determined by measuring their swelling rate
in methyl ethyl ketone solvent. Their results showed that organo-clay (10 phr)/nitrile
rubber nanocomposite devoted the lowest amount of swelling rate in the solvent
by 115% with respect to that of other used nanocomposites. According to the very
low costs of purchasing for clay nanoparticles and parameters of accessibility and
improved properties of nanocomposites, it was concluded that nitrile rubber nano-
composite containing 10 phr of organo-clay is the best choice than other ones to be
chosen as an improved nanocomposite in different industrial applications. It should
also be noted that further increase in the stability of clay nanoparticles in the NBR
matrix can be attained by using of octadecylamine, as a surface activator.
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