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Focusing on application aspects of the rubber nanocomposites and the production and testing of
industrial-sized samples, this study was performed in two phases. First, natural rubber (NR)/organo-
montmorillonite (OMMT) nanocomposites containing 2-14 phr OMMT were prepared on a laboratory-
sized two-roll mill. The vulcanization behavior and mechanical properties of NR/IOMMT composites
were compared with a referent NR compound containing 60 phr carbon black (N330) as a reinforcing fil-
ler. The x-ray diffraction (XRD) analyses showed a predominant intercalated structure for all OMMT na-
nocomposites. As a result, the organoclay behaved as an effective reinforcement for NR, even at loadings
as low as 2 phr. This nanocomposite exhibited an improvement in tensile strength of 29% and in elonga-
tion at break of 61% in comparison with the referent NR/N330 compound. With the estimated optimal fil-
ler content, in the second phase, bulk NR/IOMMT-5/steel samples were successfully produced for dynam-
ic testing. The dynamic moduli were investigated by the method of forced vibrations. Compared to the
NR/N 330 samples, NR/OMMT-5 samples showed improved hysteresis, with very low dissipating energy
per cycle and significantly reduced Mullins effect.
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JOBUBAIBE U CBOJCTBA HA ITPUPO/IHA TYMA
HAIIOJIHETA CO OPTAHCKHN MOJU®NTIIUPAH MOHTMOPHUJIOHUT:
Ol TABOPATOPUCKHU TPUMEPOIIN IO MACUBEH MATEPNJAJL

HctpaxyBamara BO 0BOj TPy Ce HalpaBeHH BO ABe (a3u (HOKyCHpajKu ce Ha MPUMEHIMBOCTA Ha
HAHOKOMIIO3UTHUTE Ha 0a3za Ha rymMa M Ha NOOMBAEmETO M KapaKTepH3aluja Ha MPHUMEPOIH CO HHIYC-
TPUCKU TuMeH3uH. [IpBo Gea MOArOTBEHU Ta0OPaTOPUCKH MPUMEPOL HAHOKOMIIO3UTH TIPHUPOJHA ryMa
(NR)/opraucku momudpunupan MoutMopuwionut (OMMT) co 2-14 phr OMMT ua maGopaTopucku JBO-
Baijak. Bymkanmsanmjata n MexaHnukure cBojctBa Ha kommosuture NR/OMMT ce criopemyBanu co
pethepenTeH MpUMeEpOK Ha pupoaHa ryma HamomHera co cafu (N330). Penarerckara mudpakimja (XRD)
MOKaXka Jieka kaj cure HaHokoMmo3uT co OMMT nomunmpa uHTEepKaaupana crpykrypa. Kako pesynrat
Ha TOa, OPraHCKU MOJM(pHUIMpaHaTa IIIMHA Ce OJHEeCYBa Kako eUKaceH 3ajakHyBad Ha MPUPOAHATA T'yMa,
Iypy ¥ TIPH KOHIIEHTpamy ox camo 2 phr. HaHOKOMITO3UTOT ce OUTHKYBa CO jauHHA HA UCTCTHYBAMKE 32
29 % moronema on oHaa Ha pedepentrror mpumepok co cafu (NR/N330), kako u co 3romemeHo
n3gomkyBame (3a 61 %). Bo Bropara ¢asa, mo ompenenyBame ONTHMalTHA KOJWYMHA HA TOJHHIIOTO,
npomsBenenn Oea mHmycrpuckd npuMepond NR/OMMT u cenmsud-crpykrypa NR/IOMMT-5/4enmana
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IUI0Ya HAMEHETa 3a JUHAMHUYKO TeCTHpame. JJMHAMHYKAOT MOAYT HAa MATepHjalioT € HCIOHTYBaH CO
METOIOT Ha MPUHYIHU BHOpaimu. [Ipon3BeneHnoT MacuBeH HaHokoMno3uteH matepujai NR/IOMMT-5
ce OUTMKYBa CO IO00peHa XHCTepe3a, MHOT'Y HICKA €Hepryja Ha JUCHUIAIMja 33 HUKIYC W 3HAYUTEITHO
HamanieH Mullin-oB edekr Bo ciopenba co pedepentanot matepujan NR/N330.

KJIy'-lHI/I 360p0BH: OpraHCKHu MOZ[I/I(I)I/IIII/IpaH MOHTMOPUJIOHUT; HAHOKOMIIO3UTH, IPUPOJHA I'yMa,

JUHaAMHUYKH CBOj CTBa

1. INTRODUCTION

Natural rubber (NR) is used extensively in
many different industrial and structural applica-
tions and products, since it can be compounded to
have widely varying properties. Due to its out-
standing mechanical properties and good crack
growth resistance, NR is an indispensable material
for pneumatic tires, for heavy duty usage and rub-
ber bearings for seismic isolation. It is widely used
in shock and vibration isolators because of its high
resilience and high tensile and tear properties.
Many applications of NR demand products with
both excellent strength and outstanding elastic
properties. The mechanical properties of rubber as
a soft material mostly depend on reinforcement by
fillers; thus, the strength to elasticity ratio, when
conventional fillers are used, is usually governed
by the amount of filler. On the other hand, the
property that is significant in the design of struc-
tures and mechanical devices is the energy dissi-
pating capacity. It is important, for example, in
problems involving mechanical resonance and fa-
tigue, shaft whirl, heating and cyclic stress. Un-
filled rubber has very low energy dissipating ca-
pacity, but depending on the compound, type and
quantity of the filler and vulcanization system
used, this property can be significantly varied. For
conventional fillers, such as carbon black and sili-
ca, which are used in bulk quantities, the general
rule is that the strength of rubber increases with the
amount of filler, while the elasticity decreases.
Nowadays, NR-based nanocomposites, among
which those containing layered silicates and carbon
nanotubes [1-4] are of major interest, have at-
tracted much attention, due to their enhanced prop-
erties at considerably less filler content compared
with those of conventional NR compounds. These
improvements in mechanical properties, thermal
behavior, abrasion resistance, gas permeability
etc., are especially remarkable when good and
even dispersion of the filler on a nano-level within
the rubber matrix is achieved [5-7].

Among the layered silicates, montmoril-
lonite (MMT) is the mostly used for the prepara-
tion of polymer nanocomposites due to its large
availability, low cost, high surface area and high
cation exchange capacity. However, one of the

drawbacks of using pristine MMT in NR is its hy-
drophilic nature, which makes it incompatible with
the hydrophobic elastomeric matrix. Thus, the melt
mixing of pristine montmorillonite with natural
rubber led to composites with undispersed agglo-
merates [8]. As a result, a lot of research efforts
have been focused on the modification of the nano-
filler surfaces, which in general include ion ex-
change reaction of interlayer cations of clay with
those of different organic, mainly alkyl amine, sur-
factants. Another factor influencing the dispersion
of the layered silicates, even of those organically-
modified (OMMT), is the polarity of the elastomer.
Good dispersion of conventional organomodified
montmorillonite (OMMT) in polar elastomeric ma-
trices has been successfully achieved due to inte-
ractions between the matrix and polar nanoclay
surfaces [9, 10]. On the other hand, the dispersion
of such OMMT s rather unsatisfactory in non-
polar elastomeric matrices such as NR [11, 12],
EPDM [13, 14] etc., owing to the absence of any
feasible filler/matrix interactions.

In order to achieve the desired dispersion of
nanofillers, various methods for obtaining elasto-
meric nanocomposites, similar to those applied for
thermoplastics-based nanocomposites, have been
used, such as solution mixing [15-17], latex com-
pounding [18-20] and melt mixing [21-24]. Among
these, melt mixing is the most widely used due to its
simplicity and potential industrial applicability.

Despite the existence of a number of rele-
vant publications in this specific field, there is still
an essential need to identify an easy, efficient, eco-
nomical, ecological and industrially viable way of
dispersing the clay nanofillers in different elasto-
meric matrices without significantly altering the
processing conditions and existing manufacturing
facilities. Another question that still remains open
is how to maintain the supposed previously
achieved good nanofiller dispersion during the
process of vulcanization, especially when produc-
ing large rubber samples.

In the present work, NR/OMMT nanocom-
posites were prepared by melt mixing, and their
basic properties were compared to NR/N330 vul-
canizates. From the obtained results, the optimal
concentration of OMMT was determined, and bulk
NR/OMMT/steel samples were produced in order
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to get a better understanding of the influence of the
low OMMT content on the dynamic moduli and
energy dissipating capacity of bulk NR nanocom-
posite samples.

Usually, Dynamic Mechanical Analysis
(DMA) is used for determining the dynamic mod-
ulus, and the weight of the rubber samples tested is
approximately 1.2 g. The samples that we investi-
gated weighed 2400 g (without the steel plates). This
requires a specific production and testing procedure.

The viscoelastic properties of rubber allow it
to maintain a constant shape after deformation,
while simultaneously absorbing mechanical energy
[25]. The dynamic properties (or viscoelasticity) of
a rubber compound are often determined by mea-
suring its response to a sinusoidally varying strain,
using the forced vibration method [25], which
enables the energy dissipating capacity to be de-
termines. The results of these measurements per-
formed on bulk samples of NR/IOMMT nanocom-
posites, to our knowledge, are reported for the first
time in this work.

2. EXPERIMENTAL
2.1. Materials

Natural rubber (Malaysian Rubber under the
trade name SMR CV 60 with Moony Viscosity, ML
(1+4) 100°C 60) was supplied by Alma Rubber Es-
tates (Malaysia). Commercial organoclay Cloisite
20A was supplied by Southern Clay Products Inc.
(USA). The clay contained 95 meq/100 g dimethyl

dihydrogenated tallow ammonium (2M2HT). Hy-
drogenated tallow consists of approximately 65%
C18, 30% C16 and 5% C14 fractions and is among
the most hydrophobic fillers of the Cloisite series,
due to the presence of long hydrocarbon chains in
the organic modifier. The rubber compounding in-
gredients were commercial grades: zinc oxide pro-
duced by Grillo Zinkoxid (Germany), stearic acid
produced by Pt. Sumi Asih — Bekasi (Indonesia),
Santoflex 6PPD (N-(1,3-dimethylbutyl)-N'-phenyl-
p-phenylenediamine), Perkacit TMTD (tetramethyl
disulfide) produced by Flexsys (Belgium), Vulkacit
CZ/IC  (N-cyclohexyl-2-benzothiazolesulfenamide)
produced by Lanxess (Germany), and sulfur pro-
duced by Siarkopol Tarnobrzeg (Poland).

2.2. Preparation of NR/OMMT nanocomposites —
laboratory-sized and bulk samples

Rubber compounds were prepared at room
temperature in an open two roll mixing mill with a
1 liter capacity. The rubber compounds for the
bulk NR/OMMT samples were produced in two
roll mill with 10 liters capacity. The formulations
used for the preparation of rubber nanocomposites
are given in Table 1.

The formulation of the referent NR/N330
sample has been kept confidential. Masticated NR
was primarily mixed with ZnO, stearic acid and
6PPD, followed by the incorporation of OMMT.
Finally, vulcanization ingredients were added at
the end of the mixing process.

Table 1
Formulation of natural rubber compounds
Sample code
Ingredient NR/OMMT-0  NR/OMMT-2  NR/OMMT-5 NR/OMMT-8  NR/OMMT-10  NR/OMMT-14
phr?
1. SMRCV60 100 100 100 100 100 100
2. ZnO 5 5 5 5 5 5
3. Stearic acid 1 1 1 1 1 1
4. 6PPD® 1 1 1 1 1 1
5. OMMT® 0 2 5 8 10 14
6. CBS® 15 15 1.5 1.5 1.5 1.5
7. TMTD® 0.2 0.2 0.2 0.2 0.2 0.2
8. Sulphur 15 15 105 1.5 1.5 1.5
TOTAL: 110.2 112.2 115.2 118.2 120.2 124.2
& Parts per hundred parts of rubber

b
c

N-(1,3-dimethylbutyl)-N"-phenyl-p-phenylenediamine
Organomodified montmorillonite — Cloisite 20A
N-cyclohexyl-2-benzothiazolesulfenamide
Tetramethyl disulfide

® o
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Table 2

Technological parameters of compound mixing
on two-roll mill with 1 liter capacity

R
1. SMRCV 60 0.05 4
2. ZnO, stearic acid
6PPf) l 0.5 3
3. OMMT 0.8 5
4. TMTD, CBS, S 1.8 4
5. Homogenization 0.5 2
TOTAL TIME / minute 18

The technological parameters of the mixing
process for the two-roll mill with 1 liter capacity
are given in Table 2 and for 10 liters capacity in
Table 3. Rubber compounds were vulcanized at
145°C in a hydraulic press.

Table 3

Technological parameters of compound mixing
on two-roll mill with 10 liters capacity

. Gap between Mixing time
Mixing order roFI)Is (mm) (mingute)
1. SMRCV 60 2 5
2. ZnO0, stearic acid, 2 6

6PPD
3. OMMT 2 15
4. TMTD, CBS, S 2 2
5. Homogenization 1.6 3
TOTAL TIME / minute 31

2.3. Cure characteristics of the compounds

Vulcanization characteristics were measured
by the Monsanto Oscillating Disk Rheometer
(Model R-100) at 145°C according to ISO 3417.
The disc was oscillated through an arc of 3°. The
force, or torque, required to oscillate the disc was
recorded as a function of time. The test variable
recorded from rheometer were: M, — minimum tor-
gue (dNm); My — maximum torque (dNm); 4M =
My — M, — difference between maximum and min-
imum torque values; ts, — scorch time (minutes);
and tgy — optimum cure time (minutes).

2.4. Mechanical characterization

Tensile and tear tests were performed on a
Zwick Roell Dynamometer at a crosshead speed of
500 mm/min. The samples were cut from vulca-

nized plaques in a dumbbell shape. Tensile
strength, elongation at break, and modulus 100 and
300 were measured. Measurements of these me-
chanical properties were conducted according to
ISO 37. Three tests were carried out for each sam-
ple and results were averaged; minimum and max-
imum values are also presented.

Shore A hardness was measured by using a
Zwick durometer according to ISO 7619-1.

2.5. Thermal analysis (TGA)

A Perkin-Elmer Pyris Diamond thermogra-
vimetric analyser (TG/DTA) was used to deter-
mine the thermal stability of the nanocomposites.
The weight of the samples was in the range of 14—
16 mg. The samples were heated at a heating rate
of 10°C/min from 25 to 800°C in air atmosphere
using ceramic pans.

2.6. X-ray diffraction

X-ray diffraction patterns were recorded by
a Rigaku Ultima 1V diffractometer. The x-ray
beam was Ni-filtered Cu K, (1 =0.154 nm), and
the radiation operated at a tube voltage of 40 kV
and a tube current of 40 mA. The samples were
scanned at a scan rate of 0.02°/min in a range of 260
= 0.4°-10° and 26 = 5.3°-80°. The interlayer spac-
ing was calculated via the Bragg’s equation:

A =2d sing, Q)

where A is the x-ray wavelength of 0.154 nm, d is
the interlayer spacing, and @ is the diffraction angle.

2.7. Swelling behavior

Samples of approximately 20 mm x 10 mm
x 2 mm were used to determine the swelling beha-
vior. The samples were immersed in toluene, and
then periodically removed from the test bottles, the
adhering solvent was cleaned from the surface, and
the samples were weighed immediately and then
placed in toluene again. The mass-swelling ratio

(Q,) was determined from the mass of the sample
in the unswollen and swollen states:

_ (Mt _Mo)

Q 1009, (2)

0

where M, and M, are the mass of the sample be-
fore and after swelling.
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2.8. Measurement of dynamic properties
of bulk NR/OMMT compound

From the results obtained from the first part
of experimental investigation, the optimal concen-
tration of OMMT was chosen to be between 2 phr
and 8 phr, so bulk samples were produced from an
NR compound containing 5 phr OMMT. The dy-
namic properties were investigated by the method
of forced vibrations. The apparatus used was cus-
tom-made for the Institute of Earthquake Engineer-
ing and Engineering Seismology (1Z11S) in Skopje
for the purpose of investigating materials suitable
for seismic application. Bulk NR/OMMT-5/steel
samples with dimensions of 200 mm x 200 mm X
50 mm (Fig. 1) were vulcanized in a hydraulic
press. Two samples were placed in a “sandwich”
arrangement and subjected to cyclical shear by the
displacement of a central push-rod (Fig. 2). The
tests were performed in two modes. In the first
mode, the strain amplitude was kept constant at 40
mm and frequency was varied (0.3 Hz, 0.4 Hz and
0.5 Hz). In the second, the frequency was kept
constant at 0.3 Hz and the strain amplitude was
varied from 70 mm to 10 mm.

Fig. 1. NR/IOMMT-5/steel sample

Fig. 2. Schematic view of the apparatus
in shear test arrangement

Maced. J. Chem. Chem. Eng. 33 (2), 249-265 (2014)

The energy loss per cycle, E, was calculated
according standard DIN 53513 (Determination of
the viscoelastic properties of elastomers on expo-
sure to forced vibration at non-resonant frequen-
cies) as:

E:%-AF-AL-sina, 3)

where AF'is peak to peak force and AL is peak to
peak deformation.
The phase angle was calculated as:

0 = At-f-360°, 4)
where f is the oscillating frequency.

The storage modulus G’ and loss modulus
G" were calculated by the equations:

G'=£cos 0,

AL (5)
G"= £sin o

AL (6)

The value of tand (the ratio of the viscous to
the elastic response) is a measurement of damping
or hysteresis. A comparison was made with sam-
ples prepared from a referent NR compound filled
with N330 carbon black.

3. RESULTS AND DISCUSSION

3.1. Vulcanization characteristics of the compounds

The rheometric curves of the unfilled and
filled NR compounds are shown in Figure 3.

NR/N 330

Torque/ dN'm
g

—NR/OMMT-0
——NR/OMMT-2
NR/OMMT-8
—NR/OMMT-10 [ |
~—NR/OMMT-14
NR/N 330

Time/ minute

Fig. 3. Rheometric curves of NR compounds
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The vulcanization characteristics: minimum
torque M, maximum torque My, scorch time ts;,
optimum cure time tg, and difference between

maximum and minimum torque values AM = My, —
M, were derived from the rheometric curves and
are summarized in Table 4.

Table 4
Vulcanization characteristics of NR compounds
° M M AM ts2 too tour
Sample /°C (aNm)  (dNm)  (dNm)  (min)  (min)  (min)
NR/OMMT-0 710 2700 199 870  10.60  12.60
NR/OMMT-2 600 2600 200 475  7.00 9.0
NR/OMMT-8 " 750 2900 215 330 575 775
NR/OMMT-10 930 2950 202 325 575 775
NR/OMMT-14 900 3000 21.0 350 660  8.60
NR/N330 100 485 385 410 620 820

From the presented results, it is evident that
scorch time and optimum cure time values were
sharply reduced in composites containing OMMT
in comparison with unfilled NR compounds, al-
though they were very similar to those determined
for carbon black filled NR containing 60 phr car-
bon black. These vulcanization characteristics de-
creased with increasing OMMT content; an excep-
tion to this was the compound NR/OMMT-14 (s,
and tgy were slightly higher than those for compo-
sites with lower content of OMMT). The reduction
in tgo values implies that the clay influenced the
cure reaction via promoting its rate and increasing
the thermal transition of NR. The contribution of
OMMT as cure promoting agent has been attri-
buted to the amine groups of the organic modifier
[26]. Similarly, decreased scorch time values sug-
gest better heat distribution in the matrix around
clay particles with larger surface areas, which can
enhance the overall crosslink density [27]. A ten-
dency towards the formation of filler aggregates,
resulting in a reduced rubber-filler interfacial area,
might be one reason for the deviation observed for
the highest clay-content NR/IOMMT-14 sample. It
should be mentioned that carbon black was also
observed to decrease the optimum cure time, but to
a smaller extent compared with the clay, and keep-
ing in mind the incomparable lower concentration
of OMMT.

The difference between maximum and min-
imum torque values 4M = My — M, which is as-
sumed to be indirectly related to the crosslinking
density [28], is slightly higher for OMMT-
containing composites in comparison with unfilled
ones. Nevertheless, according to the 4M values,
the highest degree of crosslinking is reached in

carbon black filled NR compounds that contain 60
phr carbon black.

An increasing trend of the values of My and
M. with the presence of clay could be attributed to
the enhanced filler-rubber interactions. For the
NR/OMMT nanocomposite containing 2 phr clay,
the lowest minimum torque (M,) value signified low-
er viscosity and, hence, an improved processability.

Several researchers [29-31] have evaluated
the influence of organoclay on the rubber vulcani-
zation characteristics. In general, it has been wide-
ly reported in the literature that, regardless of the
nature and polarity of the elastomer, the organoc-
lays behave as catalysts, accelerating the vulcani-
zation reaction, simultaneously and sensibly de-
creasing the scorch time and optimum cure time.
The accelerating effect of the organoclay is essen-
tially attributed to the presence of an amine mod-
ifier inserted into the clay galleries, since it is well
known that amine groups activate the functional
groups of the accelerants, giving rise to a synergic
effect that leads to a faster and more effective vul-
canization reaction [26].

3.2. X-ray diffraction analysis of NR/OMMT
nanocomposites

X-ray diffraction analysis is often used to
identify the degree of clay intercalation, since the
intercalation of the polymer and partial exfoliation
of the clay layers leads to an increase of the inter-
layer spacing (which is observed as shifting of the
diffraction peaks towards lower values of 26), and
a decrease in the degree of ordering of silicate lay-
ers (which is manifested as broader peaks with
lower intensity) [32]. On the other hand, the im-
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provement in the properties of polymer/clay nano-
composites is closely related to the dispersion level
of the filler and the achieved degree of delamination.

Intensity

NR/OMMT-8
NR/OMMT-2

NR/QMMT-O

T T v T T T T 1

1 2 3 4 5 6 7 8
2theta

Fig. 4. XRD patterns of the pure Cloisite 20A
and NR/OMMT nanocomposites

Figure 4 shows the XRD patterns of the or-
ganomodified clay (Cloisite 20A) and NR/IOMMT
nanocomposites. The values of diffraction angles
26 and calculated interlayer distances for Cloisite
20A and NR/OMMT nanocomposites are given in
Table 5. Cloisite 20A shows a diffraction peak at
20 ~2.53°, corresponding to an interlayer spacing
d001 of 3.484 nm.

Table 5

Values of diffraction angles 26 and calculated
interlayer distances for Cloisite 20A
and NR/OMMT nanocomposites

20 (°) hkl d (hm)
2.532 001 3.484
Cloisite 20A 4.032 002 2.189
7.032 003 1.255
1.959 001 4.504
NR/OMMT-2 4.447 002 1.984
2.173 001 4.140
NR/OMMT-8 4.525 002 1.949
2.019 001 4.375
NR/OMMT-10 4.604 002 1.915
2.019 001 4.375
NR/OMMT-14 4624 002 1.907

For the NR/OMMT nanocomposites, the
shift in the position of diffraction peak to a lower
angle was clearly observed. NR/OMMT-2,

Maced. J. Chem. Chem. Eng. 33 (2), 249-265 (2014)

NR/OMMT-8, NR/OMMT-10 and NR/OMMT-14
showed a diffraction peak at 20 =1.959°, 2.173°,
2.019° and 2.019°, which corresponds to a doo
spacing of 4.504 nm, 4.140 nm, 4.375 nm and
4.375 nm, respectively. These results represent
clear evidence of rubber intercalation within the
clay platelets, giving rise to an intercalated and, at
lower clay loading, partly exfoliated structure. In
general, it could be assumed that the level of inter-
calation was higher for lower clay content.

3.3. Mechanical properties

The overall mechanical properties of
NR/clay nanocomposites are related to their struc-
ture on the nano-level and to the balance between
their reinforcing ability, degree of crosslinking and
the dilution effect when the amount of clay is
higher. The mechanical properties of NR/IOMMT
nanocomposites and NR/N330 referent compounds
are reported in Table 6. The hardness of the
NR/OMMT compounds increased gradually up to
17% with the increasing OMMT content from 2
phr to 14 phr, as compared to unfilled NR vulcani-
zate. The tensile properties are given in terms of
the modulus for different strains (100% and
300%), the tensile strength and the elongation at
break. It is evident that compound NR/N330 had a
significantly higher modulus for a lower strain
(100% and 300%). Compared to unfilled NR
(NR/OMMT-0), higher 100% modulus were ob-
served for all nanocomposites, obviously because
of the higher crosslink density induced by clay;
this corresponds well with the results obtained for
delta torque values. The tensile strength of
NR/OMMT compounds was higher for those con-
taining a lower content of OMMT. The nanocom-
posite with 2 phr OMMT (NR/OMMT-2) had the
highest value of 24.4 MPa, which was 29% higher
than the tensile strength of the compound contain-
ing 60 phr carbon black (NR/N330).

Carbon black is a well-known reinforcing
filler for NR due to the presence of the strong fil-
ler-rubber interactions. However, a high content of
carbon black gives rise to a marked loss in the elas-
tic behavior of the NR composite, as seen from
Table 6. NR/IOMMT nanocomposites have signifi-
cantly higher elongation at break compared to
compound NR/N330.

The nanocomposite with 8 phr OMMT
(NR/OMMT-8) had the highest value of 710%,
which was 69% higher than that of the NR/N330
compound.
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Table 6
Mechanical properties of the studied compounds
Sarmole Statistical Mechanical properties
P parameters G100 G300 Om & Hardness
(MPa)  (MPa) (MPa) (%) (ShA)

n 3 3 3 3 3
<x> 1.03 2.27 19.6 610 41
NR/OMMT-0 Xom 1.05 2.29 19.7 620 42
X 1.02 2.25 195 600 40
n 3 3 3 3 3
<x> 1.22 2.68 24.4 675 43
NR/OMMT-2 Xomax 1.24 2.70 26.7 700 44
Yo 1.20 2.66 22.1 650 42
n 3 3 3 3 3
<x> 1.31 2.40 20.7 710 45
NR/OMMT-8 Xomax 1.32 2.42 22,0 720 46
Yo 1.29 2.38 19.4 700 44
n 3 3 3 3 3
<x> 1.07 2.04 19.6 650 46
NR/OMMT-10 X 1.09 2.06 20.2 660 47
X 1.05 2.02 19.0 640 45
n 3 3 3 3 3
<x> 1.08 2.16 17.7 700 48
NR/OMMT-14 X 1.10 2.18 17.9 720 49
X 1.06 2.14 175 680 47
n 3 3 3 3 3
<x> 214 10.50 18.9 420 61
NR/N330 Xona 2.22 10.65 206 440 62
Yo 2.02 10.42 18.1 400 60

n — number of measurements, <x>— mean value, Xyi, — minimal value, X, — maximal value

Due to the strong interaction of carbon black
with the elastomeric matrix, the rubber sample
loaded with high carbon black content showed an
increase in strength, but to the detriment of the
elastic characteristics of the rubber compound. On
the other hand, due to the inorganic nature of the
organoclay, its nanoparticles mainly physical ab-
sorptions with the elastomer matrix.

This interaction was weaker than in carbon
black compound, and hence, the mobility of the
rubber chains was higher [33]. In fact, the reinforc-
ing effect of these nanoclay particles with very
high aspect ratio was more noticeable at high elon-
gations when they were perfectly dispersed [28]
and, due to the applied tension, oriented in direc-
tion of the applied forces in the matrix [22]. All
nanocomposites exhibit higher elongation at break
then unfilled NR/OMMT-0 compound; this im-
provement may be attributed partially to the plasti-
cizing effect of surfactants that are located at the
clay—rubber interface [34].

3.4. Thermal properties

The results of TGA analysis are represented
in Table 7 and Figure 5. The addition of OMMT in
NR compounds shows insignificant differences in
the decomposition temperatures up to temperatures
at which 50% of mass loss occurs. For tempera-
tures higher than 350°C, the maximal rate of ther-
mal decomposition is lower for all nanocomposites
compared to NR (1.41%°C* for NR and 0.89%°C™*
for the nanocomposite containing 10 phr OMMT).

Also, higher OMMT content leads to higher
decomposition temperatures; this trend is valid up
to 10 phr OMMT (Table 8).

The temperature required for 10% wt. loss in
an oxidative environment (air atmosphere) showed
a downward tendency with increasing amounts of
OMMT. This is most probably due to the elevated
thermal degradation of the amine-organic modifier
in the clay, as can be assumed from the TG-curve
of OMMT. The temperature corresponding to 50%
wt. loss shifted towards a higher level with the in-
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crease in filler content; an exception was
NR/OMMT-14, which was an outcome that was
possibly related to the tendency to agglomerate, as
discussed previously. It is clearly seen that, in gen-

Table 7

eral, the thermal stability of the nanocomposites
containing 14 phr of OMMT was much lower, not
only compared to the referent NR compound, but
also to other nanocomposites.

Temperatures of different mass loss for NR/OMMT nanocomposites and NR/N330
composite determined from TG-curves

NR/ NR/ NR/ NR/ NR/
sample  GMMT-0  OMMT-2  OMMT-8  OMMT-10 OMMT-14  R/N330
T, (-1%) 213.1 253.7 238.7 237.4 231.9 200.7
T, (-2 %) 264.2 273.9 264.9 264.2 259.1 246.8
T, (-5 %) 307.7 305.5 304.3 303.8 299.1 286.7
T, (-10 %) 3315 326.9 3286 326.8 3223 3263
T, (-15 %) 355.5 351.6 354.8 357.7 349.2 347.9
T, (-20 %) 349.3 345.9 348.7 349.3 3424 3585
T, (-50 %) 3748 3755 379.6 389.6 378.9 406.9
T, (-70 %) 394.2 402.7 409.4 4226 420.6 518.8
T, (-90 %) 515.4 522.2 539.9 534.6 / 565.3
110 4
100 H  eveasiyaie et
00 -
a0 —
70 i \“\‘\
T 4] |——Cloisite 20 .
@ 1 |—— NR/OMMT-0
S so |+ NRIOMMT-2
] NR/OMMT-8
40 4 NR/OMMT-10
1 |—— NR/OMMT-14
30 NR/N 330
20 +
10 - “\ PR S
0 T T T T T T T T T T T 1
0 100 200 300 400 500 600 700
Temperature / °C
Fig. 5. TGA thermograms
Table 8

Maximal rate of thermal decomposition determined from DTG-curves

Sample NR/OMMT-0 NR/OMMT-2  NR/OMMT-8  NR/OMMT-10 NR/OMMT-14

. 375.6 363.8 366.2 375.6 364.2
Tinax 1°C (51%)* (37%) (36%) (38%) (37%)
Vinax [%°C 1 1.406 1.131 1.096 0.898 0.975

* Weight loss at Tax
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3.5. Swelling behavior

The sorption data of toluene in NR com-
pounds were determined from the mass of the
sample in the unswollen and swollen states, ac-
cording to Equation (2). The mass-swelling ratio
(Q,) at any particular temperature was plotted

against the square root of time (4/t), as shown in
Figure 6. The plots show initial increases in the
mass of toluene sorbed until the maximum absorp-
tion was reached at which time, the mass of the
absorbed toluene remained constant; in other
words, equilibrium absorption was attained. The
swelling ratio decreased with increasing OMMT
content compared to unfilled NR compounds. This
can be ascribed to a uniform dispersion of OMMT

400

which further forms a physical crosslink with the
rubber matrix. The presence of nano-dispersed im-
permeable OMMT layers with excellent barrier
properties decreased the rate of transportation by
lengthening the average diffusion path length in
NR matrix [35].

An exception represents NR/OMMT-14 na-
nocomposite, which had the highest swelling ratio;
this contributes to the assumption made on the ba-
sis of thermal behavior of this particular nanocom-
posite sample (Table 9).

On the other hand, the results for the referent
NR/carbon black compound were in good correla-
tion with the torque value (AM) reported in Table
4, indicating the highest degree of crosslinking,
and hence the best swelling resistance.

—+—NR/OMMT-0
350

-#-NR/OMMT-2

300 ~+~NR/OMMT-8

—<=NR/OMMT-10
——NR/OMMT-14
-o-NR/N 330

250

200

Qt/ %

150

100

/ i
/ s

=

50

0 1 2

3 4 5

(Time/hour)%
Fig. 6. Plot of sorption data for NR compounds

Table 9

Equilibrium mass-swelling ratio (Q,,)

Sample NR/OMMT-0 NR/OMMT-2 NR/OMMT-8 NR/OMMT-10 NR/OMMT-14  NR/N330

385

332

324 325 384 139

Q24h (%)

3.6. Dynamic properties
of bulk NR/OMMT-5 compound

The majority of rubber performances strong-
ly depend on the viscoelastic properties of filler
filled rubber [36]. When carbon black is used as
the filler, at filling fractions above a certain thre-
shold, the filler clusters form an irregular network
that is fractal on some scales. The main point is
that the filler network has the property that it is not
stable, but breaks up into smaller units when sub-
jected to loading. It is widely accepted that the fil-

ler network is responsible for the typical nonlinear
viscoelastic behavior of filled rubbers [37].

Regarding application, it is interesting to in-
vestigate the dynamic properties of rubber filled
with low quantities of nanofiller, including their
frequency and amplitude dependence, and compare
them with the behavior of conventional carbon
black filled rubber under the same conditions.

The change of the applied force and the de-
formation with time is shown in Figure 7; also, the
hysteresis loop (force vs. deformation) is presented
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for the constant amplitude of deformation of 40
mm and different frequencies of sinusoidal change
of 0.2 Hz, 0.3 Hz, 0.4 Hz and 0.5 Hz.

Lmax=40 mm; f=0.2 Hz

[
@ e o
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It is obvious that the phase angle between the
deformation and the applied force is very low, and, as
a result, the loss energy per cycle is also very low.

Lmax=40 mm; f=0.2 Hz
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Fig. 7. Force deformation vs. time and hysteresis loops
for Linax =40 mmand f = 0.2 Hz (a); 0.3 Hz (b); 0.4 Hz (c); 0.5 Hz (d) for NR OMMT samples
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Also, it is observed that the energy loss,
which is defined by the area of the hysteresis loop,
increases with the increasing frequency. This can
be seen in Table 10, where the values of tang, E, G’
u G'" for different frequencies are presented.

Table 10

The values of tang, E, G' u G" for the NR/IOMMT-5
sample for the constant amplitude of deformation
and different frequencies

f(H) tans  E(J) (kNG/mz) (kNG/mZ)
02 0005 1501 0.654 0.003
03 0041 9497 0.647 0.026
04 0081 17057 0.643 0.052
05 0117  227.64 0.638 0.075

The loss factor tand and the energy loss per
cycle increase with the increasing frequency. This
frequency dependence results from the chain and
segment mobility in rubber compounds.

At low frequency, all of the polymer chains
in rubber compounds are capable of following de-
formation without delay. As the frequency of the
strain increases, the entanglements of polymers are
no longer able to follow the strain during the

cycles of deformation [38]. A comparison of the
dynamic moduli and loss factor was made with the
referent compound reinforced with 60 phr N330
carbon black.

The change in the applied force and defor-
mation with time and hysteresis loop for the refe-
rent compound NR/N330 and the compound
NR/OMMT-5 are shown in Figure 8 for an ampli-
tude of deformation of 40 mm and frequency of 0.3
Hz, and in Figure 9 for the same amplitude of de-
formation and a frequency of 0.4 Hz.

One can observe that the phase shift of the
deformation in relation with the applied force is
significantly higher for the compound reinforced
with carbon black (NR/N330); therefore, the loss
factor tano for NR/N330 was 565% higher than
that for NR/IOMMT-5 for f=0.3 Hz and 252%
higher for f = 0.4 Hz.

The energy loss per cycle was also signifi-
cantly higher for the referent compound reinforced
with carbon black; this was 1392% higher than the
energy loss per cycle for NR/IOMMT-5 sample for
f=0.3 Hz and 625% for f = 0.4 Hz. Energy dissi-
pation of the filled rubber subjected to cyclic load-
ing is a result of breaking of the filler network.
Higher filler content leads to higher energy dissi-
pated on breaking the filler network.

72 | Lmax =from 70 mm to 10 mm; f=0.3 Hz
' NR/N 330

18 1§\ 20

|_Lmax=from 70mm to 10mm; f=0.3 Hz

NR/OMMT-5

- ] —F (kN)
) time (s) ° time (s)
lu\
Lmax=from 70 mm to 10 mm; f=0.3 Hz bl Lmax= from 70 mm to10 mm; f=0.3 Hz
NR/N-330 601 NR/OMMT-5 |
Z ’ = »
= =
e [* 8
w0 80 Qso 0 0 Py
5 g
- 8

-86-
deformation L (mm)

-86-

deformation L (mm)

Fig. 8. (a) Force deformation vs. time and (b) hysteresis loops for Ly =40 mm
and f = 0.3 Hz for NR/OMMT-5 and NR/N330 samples

Maced. J. Chem. Chem. Eng. 33 (2), 249-265 (2014)



Preparation and properties of natural rubber/organo-montmorillonite: from lab samples to bulk material

261

Lmax=40 mm; f=0.3 Hz 5=13.068°

L{mpm); F k)

time (s)
Lmax=40 mm; f=0.3 Hz
30
Z NR/N330 0
5 )
'S
8'.\\ 20 10 20 30 40
5 tan5=0.232
o= E=1321.76 J
G'=1.085 kN/m
G"=0.252 kN/m

deforma;ion L (mm)

(a

(b)

—

Lmax= 40mm; f=0.3 Hz

[6=2.322]

g & 8

S
i
=
E,
E
e
NR/OMMT-5
time (s)
Lmax=40 mm; f=0.3 Hz
= NR/OMMT-5 0
z A
™5
8&0 2 30 40
& tan5=0.041
0 E=94.97 J
0 G'=0.647 kN/m
G"=0.026 kNm

s0
deformation L (mm)

Fig. 9. (a) Force deformation vs. time and (b) hysteresis loops for Ly =40 mm
and f = 0.4 Hz for NR/IOMMT-5 and NR/N330 samples

Another interesting phenomenon that can be
observed from the results presented in Figure 10 and
Figure 11 is the Mullins effect or Mullins softening
of the rubber. The Mullins effect can be explained
as softening of the rubber subjected to big and cyc-
lic loadings. The most evident Mullins softening is
in the first cycle, after which it becomes negligible.
The Mullins softening could be attributed to a quasi-
irreversible rearrangement of the molecular network
due to local non-affine deformations resulting from
a complete extension of the short chains.

Table 11

During the first extension, local non-affine
deformations within the material result in non-affine
displacements of molecular network junctions from
their initial random state. Then, when the material is
stretched for a second time, the network is already
in a “preferred” configuration. This is more evident
in rubber with higher filler content [39].

The values of tano, E, G' and G” for the
NR/OMMT-5 and NR/N330 samples for same am-
plitude of deformation of 40 mm and frequencies
of f = 0.3 u 0.4 Hz are shown in Table 11.

Tano, E, G' and G" for NRIOMMT-5 and NR/N330 samples for constant amplitude of deformation
of 40 mm and frequencies of f = 0.3 and 0.4 Hz

NR/IOMMT-5 NR/N 330

G ’ G rn G' G rn
f(Hz) | tano EQ) wwimd)  wimy | @9 EQ) N/ (kN/mD)
03 0041 9497 0647 0.026 0232 132176 1.085 0.252
0.4 0081 17057 0643 0.052 0204  1066.29 1.302 0.265

All of the analyzed parameters have higher
values for the rubber reinforced with carbon black.

If we analyze the tendency of their change
with frequency (Fig. 10) it can be observed that the
loss factor tand and energy loss per cycle for
NR/OMMT-5 sample increase with increasing fre-
guency, as previously discussed. The values of the
elastic modulus G’ vary a little with change of fre-
guency, and can be considered to be constant in this

Maced. J. Chem. Chem. Eng. 33 (2), 249-265 (2014)

frequency interval. The loss modulus increases
slightly with the increase of the frequency. This be-
havior is in correlation with the information found
in the literature regarding this specific matter [39].
The change of applied force and deforma-
tion with time is shown in Figure 11; also, the hys-
teresis loop (force vs. deformation) is presented for
a constant frequency of 0.3 Hz, and descending
amplitude of deformation from 70 mm to 10 mm.
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Fig. 10.

Dependence of tand, E, G’and G” from frequency for constant amplitude of 40 mm for NR/OMMT-5 samples
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Fig. 11. (a) Force deformation vs. time and (b) hysteresis loops for 0.3 Hz and L2« from 70 mm to 10 mm
for NR/OMMT-5 and NR/N330 samples

From Figure 11, it can be seen that the phase
shift between the deformation and applied force is
higher for the NR/N330 sample and it decreases
with the increasing amplitude. For lower ampli-
tudes of cyclic loading, the filler network is de-
stroyed and rebuilt. For higher amplitudes, the fil-
ler network is irreversibly destroyed. For this rea-
son, the energy that is dissipated upon breaking the
filler network is not present for higher amplitudes,
because the filler network has already been de-

stroyed. As a result, the loss factor, tand, for NR/N
330 sample (Table 12) decreases with an increas-
ing amplitude of deformation. The same tendency
was also observed for loss modulus G” (Fig. 12).
For the NR/IOMMT-5 sample, due to the low
content of the nanofiller, the filler network was not
formed, so the values of the parameters given in
Table 12 and presented in Figure 12, insignificantly
change with a decreasing amplitude deformation.
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Table 12

Tano, E, G' and G” for NR/OMMT-5 and NR/N330 samples for constant frequency
and descending amplitude of deformation

NR/OMMT-5 NR/N330
G' GI! G' GVV
Lmax tand BV gmd) gnmd) | B0 BOD gaum?) kimd)
2432 0353 55177  0.842 0.297
2523 0.051 6472  0.636 0.032
32.15 0.023 466 0.635 0.014
33.88 0303 86405  0.792 0.24
38.99 0.042 12933  0.638 0.027
43.385 0.262 120238  0.776 0.203
45.61 0.043 18373  0.648 0.028
52.57 0.043 25514  0.663 0.029
MR/ OMMT-5
\\ «NR/CB
~ s
- b ~NR/OMMT-5
w+NRSCE
tmax{mm) L tmax(mm)
. -._/, - NR/OMMT-5
S =MNR/ CB
"E‘ _____ P . 'E
- —
= = i
= =3
= «=MRFOMMT-5 5
9 #NR/CB “

Lmax {mm)

——_—

Lmax (mm)

Fig. 12. Dependence of tand, E, G’ and G" from amplitude for f = 0.3 Hz for NR/OMMT-5 and NR/N330 samples

4. CONCLUSIONS

Natural rubber/organomodified montmoril-
lonite nanocomposites with different OMMT con-
tents were prepared by melt mechanical mixing on
standard equipment (open two-roll mill). XRD
analysis indicated that the elastomer chains were
intercalated with montmorillonite. Organoclay ac-
celerates the vulcanization reaction by decreasing
the optimum cure time (tg) and scorch time (tsy).
Furthermore, it gives rise to a higher crosslink den-
sity. The addition of organoclay, even at very low
content (2 phr), improves the strength of the natu-
ral rubber, and at the same time improves the elas-

Maced. J. Chem. Chem. Eng. 33 (2), 249-265 (2014)

ticity of the composites, which is not the case for
carbon black. The nanocomposite containing 2 phr
OMMT has tensile strength that is improved by
29% and elongation at break improved by 61% in
comparison with the referent compound containing
60 phr carbon black.

The investigation of the dynamic moduli of
the bulk NR/OMMT-5/steel samples showed im-
proved hysteresis and very low dissipating energy
per cycle and significantly reduced Mullins effect
in comparison with N330 containing samples.

The obtained results are a solid basis for un-
derstanding the influence of OMMT on the dynam-
ic behavior of the rubber and opens up the possibil-
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ity of obtaining hybrid material with controlled
energy dissipating capacity.
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