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Abstract Blends of silicone rubber (SR) and ethylene
propylene diene monomer (EPDM) are immiscible due
to different polarity and poor interfacial surface tension
between their rubber chains. In this study, compatibiliz-
ing effect of a nanoclay addition in SR/EPDM blends was
investigated. Viscoelasticity and morphology of nanocom-
posites based on SR and EPDM, containing 10, 20 and
30 wt% of EPDM and 3, 6 and 9 phr of nanoclay (Cloisite
15A), were studied. The curing behavior of the samples
showed that the vulcanization rate and cross-link density
of the blends increased with increases in SR content. Mor-
phological study was conducted by XRD, SEM and EDX
analyses and they indicated that the nanoparticles tended
to disperse in the EPDM phase and consequently caused
hardness and the elasticity of this phase in nanocomposites
increased. Tensile properties of the samples showed a good
fitting between that of experiments and the Maxwell model
at initial time of testing (1.5 s) for all the blends. Sample
parameters including modulus (E), viscosity (1) and relaxa-
tion time (7) calculated by the Maxwell model revealed that
those samples with higher content of nanoparticles exhibit
higher modulus and lower relaxation time. The good match
in tensile properties based on Maxwell model and those of
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the experimental data was attributed to good dispersion of
nanoclay in the blends.
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Introduction

In recent decades, clay has been used as a promising filler
to produce rubber blend nanocomposites [1-3]. These lay-
ered silicates have high negative surface charge, which pre-
vent the dispersion of nanolayers in polymer matrices due
to incompatibility between the hydrophobic polymer chains
and hydrophilic layered silicates. The replacement of inor-
ganic cations in the intergalleries of silicates by organic
cations can increase intergallery spacing [4—6] which, in
turn, can improve the properties of nanocomposite due to
intercalation or exfoliation of silicate layers in the matrix
[7-9].

Because of having the ability to customize and combine
the attractive properties of the components in the blend in a
cheap way, rubber blends are widely used in different appli-
cations [10-12]. The properties of such polymer blends
depend on the morphology (co-continuous or matrix-dis-
persed structure) besides their individual component prop-
erties. Co-continuous morphology can result in a more
effective combination of the components’ properties. Thus,
we can influence the final blend properties by controlling
the morphology through variation in composition, elastic-
ity, viscosity ratio and the interfacial tension between two
polymers [13—15]. Due to the capability of nanoclays for
improving morphological, mechanical and thermal proper-
ties of polymers, research works have been developed on
rubber/organoclay nanocomposites using different rubbers

gBlpPI @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13726-016-0477-x&domain=pdf

908

Iran Polym J (2016) 25:907-918

and by a variety of methods such as solution mixing and
melt mixing [16—18].

Polymeric insulating materials are used in various
electrical equipment for their superior service properties
against pollution, high electrical parameters, lighter weight
and improved seismic performance [19-21]. Silicone rub-
bers (SR) are widely used in insulation applications for
their good properties at low and high temperatures, high
oxidation resistance and good hydrophobicity [22-24].
Ethylene propylene diene monomers (EPDM) also possess
good mechanical properties, heat aging resistance, chemi-
cal resistance and dielectric properties. This combination
of properties has attracted the attention of researchers to
develop suitable blends of these elastomers [23, 25, 26].

In this study, SR/EPDM/clay nanocomposites were pre-
pared at different compositions using a laboratory two-roll
mill. Characterization of the samples morphology was car-
ried out by X-ray diffractometry (XRD), scanning electron
microscopy (SEM) and energy dispersive X-ray spectros-
copy (EDX). In addition, the variations in mechanical,
dynamic mechanical and cure properties were investigated.
Dynamic mechanical thermal analysis is a test method for
measuring the viscoelastic parameters as a function of tem-
perature [27]. This technique is highly sensitive for detect-
ing the changes in internal molecular mobility and mor-
phology [28].

The preferential location of the clay particles in the
polymer blend has been estimated based on the difference
between the interfacial tensions of the components. Among
several approaches made to determine the interfacial ten-
sion between two components, two approaches are more
common for polar systems [29-31].

The first is the geometric mean equation, as follows:

1/2 172
VAB=VA+VB—2<(V/?V1?> +(V,f)/§)) ) (D
The second is Wu’s harmonic mean equation:
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In these equations, subscripts A and B stand for polymeric
components, and y is the surface tension. Superscripts P
and D reveal the dispersive and polar parts of the surface
tension, respectively, and the relation between 3/ and y? is
as follow:

vi=vl +vP. 3)
In this study, the surface tensions at room temperature for
SR (polydimethylsiloxane), EPDM and clay were extrapo-
lated to the processing temperature (50 °C) using the tem-
perature coefficients (—dy/dT) according to data in the
literature.

g?lppl @ Springer

Some papers discuss the viscoelastic behavior of rubber
and predict their properties based on viscoelastic models
[32]. In the present investigation, stress—strain curves of
the nanocomposites at the initial time of deformation were
modeled using Maxwell model (Eq. 4) [33],

o 1 1

e = EGO + ;a. 4)

Experimental
Materials

Silicone rubber (SR), HD-9170 (vinyl methyl-based sili-
cone; density: 1.18 g/cm3 and hardness: 70 Shore A) was
supplied by Hongda Co., Ltd., (China). EPDM grade
KEP 270 ML (1 + 4) = 70 at 125 °C; ethylene con-
tent = 57.0 %; ethylene norbornene content = 4.5 % and
density = 0.86 g/cm®) was produced by Kumho Polychem
Co., Ltd., (Korea). Peroxide curing agent, DCP (dicumyl
peroxide with 98 % purity) obtained from Hercules Incor-
porated (USA). Nanoclay (Cloisite 15A) was purchased
from Southern Clay (USA).

Sample preparation

SR/EPDM/Cloisite 15A nanocomposites were mixed using
a two-roll mill (Polymix 200L, Schwabenthan, Germany)
as a mixer for 10 min at temperature of 50 °C. For prepara-
tion of the nanocomposite samples, at first the rubber bales
were masticated for 3 min, then Cloisite 15A of different
contents (3, 6, and 9 phr) were added and mixed for 3 min,
and finally 1 phr of DCP was added into the mixer during
2 min with the rotor speed of 15 rpm and friction ratio of
1.6. The sample codes and the compositions of nanocom-
posites are listed in Table 1. Curing of samples was carried
out by a hot hydraulic press of 100 ton, Bucher, Switzer-
land at temperature of 160 °C for 15 min. Thereafter, the
cured samples underwent post-curing at 150 °C in an air-
circulating oven for 2 h.

Before performing the tests, the prepared samples were
stored for 24 h at room temperature to relax the shear
stresses induced during mixing.

Characterization
Frequency sweep test and curing behavior

Frequency sweep test of selected samples was performed
at 50 °C in the range of 0.18-200 rad/s and in a constant
strain of 7 % and cure rheometry of samples was investi-
gated according to ASTM D2084 at 160 °C using a rubber
processability analyzer (RPA2000™, Alpha Technologies,
USA) with a bi-conical moving die.
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Table 1 Composition of the samples

Sample code SR (phr) EPDM (phr) Cloisite 15A (phr)
E100C0 - 100 0
E100C3 - 100 3
E100C6 - 100 6
E100C9 - 100 9
Q100C0 100 - 0
Q100C3 100 - 3
Q100C6 100 - 6
Q100C9 100 - 9
Q90E10C0O 90 10 0
Q90E10C3 90 10 3
Q90E10C6 90 10 6
Q90E10C9 90 10 9
Q80E20C0 80 20 0
Q80E20C3 80 20 3
Q80E20C6 80 20 6
Q80E20CY 80 20 9
Q70E30C0 70 30 0
Q70E30C3 70 30 3
Q70E30C6 70 30 6
Q70E30C9 70 30 9

All the samples were cured by 1 phr of DCP

Morphological study of fractured surface

A Siemens X-ray diffraction (XRD D5000, Germany)
was employed to study the distribution of nanoclay in
the polymer matrix at room temperature. The changes in
the gallery distances of the clay particles were measured
within the range of 26 = 2°-10° using Cu Ko radiation
(A = 1.540598 A°), operating at 40 kV and 40 mA with
scanning rate of 0.1°/min.

Scanning electron microscopy (SEM) micrographs were
acquired from cryo-fractured cross-sections of the speci-
mens using VEGA, TESCAN of Czech Republic. The frac-
ture surfaces were gold-coated before observation by SEM.
In addition, energy dispersive X-ray spectroscopy (EDX)
was carried out to obtain more evidence on the location of
clay in the nanocomposites.

Mechanical properties

Tensile strength and elongation-at-break of the nanocom-
posites were tested at room temperature from the dumb-
bell-shaped specimens punched out from the compression-
molded sheets. Tensile test was carried out according to
ASTM D412 using Hiwa model 200, Iran. The crosshead
speed was 500 mm/min. Measuring the hardness (Shore A)
of nanocomposites was conducted as per ASTM D2240 by
Zwick, Germany.
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Fig. 1 RPA test: a frequency sweep; and b cure rheometry

Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical properties were evaluated using a
dynamic mechanical analyzer in single cantilever bend-
ing 100 °C at a heating rate of 5 °C/min by Tritec 2000,
DMTA-Triton, England.

Results and discussion
Viscoelastic behavior before and during cure stage

The variation of viscoelastic properties versus frequency
for uncured samples was studied by frequency sweep test.
As shown in Fig. la, before curing, the complex modulus
of EPDM is higher than that of SR compounds because of
high elasticity of EPDM at 50 °C, also after adding the nan-
oclay, as expected, the complex modulus of the samples is
increased. Comparing the behavior of E100C0 and E100C9
indicates that they are slightly different because of high
elasticity of EPDM. Nevertheless, the presence of nanoclay
in the SR-based samples shows stronger effect on complex
modulus in comparison with the EPDM-based samples. As
seen in Fig. 1a, a plateau region emerges at low frequencies
for Q100C9, which is an evidence of rubber—filler network
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Table 2 Cure properties of the

samples Sample code t, (min) foo (min) M; (dNm) My (dNm) V= % (dNm/min)
E100C0 2.34 14.34 1.44 10.26 0.73
Q100C0O 0.48 2.78 1.01 17.49 7.18
E100C9 1.90 13.69 1.76 12.02 0.87
Q100C9 0.46 2.01 3.86 18.88 9.81
Q70E30C0 0.60 8.35 1.23 16.33 1.94
Q70E30C9 0.70 9.54 2.65 16.91 1.61

t, scorch time, o, optimum cure time, M; minimum torque, M maximum torque, V cure rate

formation at this region of test resulting from the agglom-
eration of nanoclay particles. For the samples based on
Q70E30, the plateau region disappears, which is an indica-
tion of good dispersion of nanoclay in the blends.

The cure properties were studied at 160 °C for 20 min
using RPA. Rheometry curves and cure parameters of the
nanocomposites such as scorch time (¢,), optimum cure
time (ty,), maximum torque (My) and cure rate (V) of the
samples are shown in Fig. 1b and Table 2, respectively.
It may be seen that E100CO and Q100C9 have the long-
est and the shortest scorch time, respectively, and the pure
EPDM does not achieve the optimum cure by 20 min. Fur-
thermore, after adding the nanoclay to EPDM (E100C9),
normally, because of the compatibility between non-polar
rubber molecular chains and Cloisite 15A, My increases
though V does not show any variation. These curing behav-
iors show that the curing rate of silicone rubber is ten times
more than that of EPDM containing 1 phr of DCP, with a
higher value of V.

As expected, by adding EPDM to the nanocomposites,
t, and ty, of the samples increased and cure rate decreased.
The presence of Cloisite 15A in the blends increased both
t, and ty,. In addition, the EPDM phase plays the role of
a toughening phase in the blends. Moreover, as a result
of compatibility between EPDM and nano-layered silica,
Cloisite 15A moves towards the EPDM phase and improves
the elasticity of this phase. For this reason, it is expected
that in the blends, dispersion of the EPDM phase in the SR
matrix would be improved and consequently droplet-matrix
morphologies are obtained.

Figure 1b shows that, My of E100CO is the lowest
among those of other samples and the highest My belongs
to Q100C9. The My, is related to their cross-link density
and the interaction between rubber chains and nanoclay.
Therefore, the cure behavior demonstrates that there is not
a significant variation in cross-link density of EPDM and
SR-based nanocomposites in presence of 1 phr DCP and
9 phr of Cloisite 15A. Due to the immigration of nanoclay
into the EPDM phase, My and V of Q70E30C9 sample
do not change significantly in comparison with those of
Q70E30CO0.
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Surface tension of the nanocomposites

For predicting the location of Cloisite 15A particles in
the samples, the wetting coefficient (w) according to the
Young’s equation can be used [1, 29]:

o= Yorganoclay—A — Yorganoclay—B
YA-B

’ &)

where, Yoroanoclay-a 14 Vorganoclay—p are the interfacial ener-
gies between organoclay/polymers A and B and y, g is
the interfacial energy between polymer A and polymer B.
When o > 1, the organoclay tends to be situated in poly-
mer B and at w < —1, it will distribute in polymer A. When
—1 < w < 1, the organoclay will be located at the interface
of these two phases.

Surface tensions of two rubbers and nanoclay and inter-
facial tensions between the components are reported in
Table 3. EPDM and SR are assigned as polymer A and
polymer B, respectively. The values of wetting coefficients
were obtained as —1.9 using the geometric mean equation
and —1.7 by Wu harmonic mean equation. By consider-
ing the wetting coefficient data, it was predictable that
nanoclay could locate in EPDM phase. This phenomenon
resulted in EPDM phase to become hard and affected the
morphology of the nanocomposites.

Fracture surface morphology

Figure 2 compares the SEM micrographs of Q100C9,
E100C9, Q70E30C9 and Q70E30C0 samples. As it is evi-
dent in this figure, nanoclay is effectively dispersed and an
exfoliated morphology is achieved in the EPDM phase
because of good compatibility between Cloisite 15A
(2M2HT") surfactant and rubber chains. Therefore, through
blending, Cloisite 15A moves into EPDM phase and conse-
quently increases the elasticity of this phase owing to the
higher filler—rubber interaction. On the other hand, the dif-
ference between the polarity of Cloisite 15A and SR causes

! Dimethyl, dehydrogenated, tallow quaternary ammonium chloride.
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Table 3 Surface and interfacial tensions calculated from the geometric and Wu harmonic mean equations

Surface tension at 50 °C (mJ/m?) Calculated interfacial tension (mN/m)

References

Surface tension at 20 °C (mJ/m?) —dy/dT (mJ/m? °C)?

Material

‘Wu harmonic mean equation

Geometric mean equation

Yi

=15

YEC

Yrc® = 0.768
Ysc S =0.827
Vs 4= 2.660

33.49

28.02
17.84

29.25

5.47
1.22
10.29

[34]
[35]
[30]

0.067

355
20.5

29.7
42.54

5.8
1.3

EPDM

=9.912

Vsc
VES

22

1.

39.54

0.048
0.1

19.2

SR (PDMS)
Cloisite 15A

4.96

31.47

11.06

* Temperature coefficient

Y Interfacial tension between EPDM and Cloisite 15A

¢ Interfacial tension between SR and Cloisite 15A
4 Interfacial tension between EPDM and SR

the agglomeration of nanoclay particles. Comparison
between Fig. 2a, b specifies inconsistency and compatibil-
ity of Cloisite 15A with SR and EPDM, respectively.

As shown in Fig. 3c, d, the morphology of EPDM/SR
blend (Q70E30C0) is a droplet-matrix structure and it dis-
plays a good distribution of EPDM in the SR matrix. By
adding nanoclay into the blend (Q70E30C9) a fine disper-
sion of EPDM in the SR matrix is observed. It can be con-
cluded that stabilization mechanism of the blend by nanoclay
is accompanied by reduction in interfacial tension, whereas
nanoclay as a rigid layer which prevents the coalescence of
the dispersed droplets and provides steric hindrance [36, 37].
Moreover, the spherical droplets of EPDM stretched out to
oval-shape could be explained by viscosity ratio and elas-
ticity of the phases. Due to the existence of nanoclay in the
two phases and subsequent fall in viscosity ratio, the mor-
phology develops toward a co-continuous structure. In addi-
tion, entrapment of nanoclay in EPDM, due to their strong
interactions, resulted in higher elasticity of this phase, and
reduced the shape relaxation of the droplets and stabilized
the oval-shaped droplets. Therefore, nanoclay can have a
compatibilizing effect on nanocomposites [38].

To confirm nanoclay distribution its related histograms
were acquire d by EDX analysis using Image J software
(Fig. 3). A histogram is a display of statistical informa-
tion to show the frequency of data in successive numerical
intervals with equal size. Aluminum was detected in EDX
analysis, because Si was the prominent element of the SR
main chain and it was impossible to distinguish the nano-
clay particles in it. It is obvious from Fig. 2a that the frac-
ture surface morphology of Q100C9 due to the agglomera-
tion of nanoclay of its non-polar structure of Cloisite 15A
against the polar structure of SR is not homogeneous and
has a constricted structure. The EDX analysis (Fig. 3a) also
confirms the agglomeration of nanoclay in the SR matrix.
Distribution histogram of Q100C9 shows a very vast range
of particular distance and it verifies the absence of homo-
geneous dispersion of the particles as it has appeared in the
EDX images. Furthermore, two peaks are emerged in the
curve; one in short distance which is related to the agglom-
erated particles and the other of long distance between dif-
ferent agglomerated clusters.

The homogeneous distribution of nanoclay in EPDM
(Fig. 3b), confirmed by EDX analysis, was due to the
non-polar structure of both Cloisite 15A and the polymer
matrix, which led to even distribution of nanoclay. In addi-
tion, symmetrical distribution in the histogram and narrow
range of particular distance demonstrated a uniform disper-
sion of nanoclay in the elastomer matrix.

In addition, the XRD patterns of samples confirmed the
location of Cloisite 15A in nanocomposites and were in
agreement with the SEM micrographs and EDX images.
The XRD patterns of nanocomposites of E100C9, Q100C9,

gslppl @ Springer



912

Iran Polym J (2016) 25:907-918

Fig. 2 SEM micrographs
of a Q100C9; b E100C9; ¢
Q70E30C9; and d Q70E30C0

Q70E30C9 and Cloisitel5A shown in Fig. 4 illustrate
that the Cloisite 15A exhibits an intensive peak at around
20 = 2.7°, corresponding to a basal plane spacing (d,)
of 32.1 A°. In a pattern related to Q100C9, the diffraction
peak remains almost in the same position of the neat clay
with slight broadening, implying that the clay is not able
to disperse in SR effectively. This means that the gallery
height of Cloisite 15A has not changed and no interca-
lated nanostructure is developed in the SR sample, while
the diffraction peak of clay in E100C9 has disappeared
which might be due to the exfoliated structure within the
nanocomposite.

These results may suggest that the clay interacts bet-
ter with the EPDM than does with the SR in this case.
Therefore, it can be predicted that in the EPDM/SR
blend nanocomposites, clay is favorably located in the
EPDM phase. In Q70E30C9 sample, the intensity of the
pattern shows a very broad shoulder and the (001) peak
of the clay appears in the same position of neat clay,
revealing that the main portion of nanoclay is located
in EPDM and it has created a nanostructure exfoliated

%lppl @ Springer

morphology and the portion of nanoclay is confined and
agglomerated in the SR phase. In Fig. 5, there is a sche-
matic display of nanoclay dispersion in SR, EPDM and
SR/EPDM blends.

Dynamic mechanical thermal analysis

In this study, dynamic mechanical thermal analysis
(DMTA) was performed within the temperature range of
—160 to 100 °C in bending mode. The curves of storage
modulus (E’) and damping factor, (tan §) ratio of the loss
modulus (E”) to the storage modulus, versus temperature
are shown in Figs. 6 and 7, respectively.

In the temperature range inspected, there are three zones
or states which belong to rubber samples: the first zone is
solid in the temperature range of —160 to —50 °C. At this
range the rubbery chains freeze, therefore, they are not able
to move and thus the storage modulus of this zone at the
starting temperature of the test (—160 °C) is dependent on
the bulk modulus of material and it is highly affected by
stiffness of the chains [39]. As shown in Fig. 6, the storage
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modulus of E100C0O and E100C9 samples at —160 °C is
very low which is strongly related to the cross-link den-
sity of rubber. With implementation of cure rheometry
and DMTA curves for EPDM, it is obvious that this rub-
ber would not cure completely and remains as a softening
phase in the blends.

In the second zone, a transition state in the temperature
range of —50 to 0 °C, the storage modulus of all samples
normally decreases with increases in temperature. It may

be notified that the drop in the storage modulus in the tran-
sition zone is very noticeable.

The third zone is in a rubbery state within the tempera-
ture range 0—100 °C. As it is expected, in the samples con-
taining nanoclay the storage modulus increases in all three
zones. This increase becomes more significant in the rub-
bery zone because of greater interactions between the pol-
ymer chains and nanoclay. The E” values of Q100C9 and
E100CO samples are found at maximum for the former and
at minimum for the latter. The downward trend of E” in the
rubbery zone is steeper for nanoclay-containing nanocom-
posites than that of polymer blends. This can be due to two
mechanisms. First, there is a possibility of agglomeration
of nanoclay particles in the SR-containing samples as a
result of incompatibility of SR with Cloisite 15A. Inter-
actions between these agglomerates are of plastic nature
(irreversible motion) and act like a dashpot. Second, nano-
clay particles may affect curing mechanisms by peroxide
delayed action of Cloisite 15A surfactant which leads to
lower elasticity.

Figure 7 presents damping factor or loss tangent (tan §)
of silicone rubber comprised of two peaks: one at about
—103 °C due to its glass transition temperature which is
related to the Brownian motion of the main chain and its
associated relaxation, and the latter of about —35 °C cor-
responds to its crystalline melting point [40]. As shown in
this figure, the low values of damping factor in SR indi-
cate that this rubber is cured completely in the presence of

gslppl @ Springer
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Fig. 5 Schematic presentation
of nanoclay dispersion in SR,
EPDM and SR/EPDM blends
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1 phr of DCP and also show a highly elastic behavior after
curing the rubber. The comparison between tan § values
of Q100C0O and Q100C9 does not represent a significant

g?lppl @ Springer
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change in temperature or intensity because of the agglom-
eration of nanoclays in the absence of a strong rubber—filler
interaction (Fig. 7).

On the other hand, the larger values of tan § for E100C0O
and E100C9 samples reflect the segmental movements of
rubber chains due to an insufficient cross-link density of
EPDM after curing. The position of the peaks do not seem
to have changed for EPDM-based samples, though the
values of tan 6 peaks drop for E100C9, implying that the
rubber—filler interactions has occurred and thus the move-
ments of the rubber chains have become more restricted.
Generally, tan é peaks involve both segmental motion of
the polymer chain in amorphous and crystalline regions. As
a result of polymer—filler interactions in the composite, the
presence of rigid bodies reduces polymer chain mobility by
restricting the side group rotations as well as the motions
of polymer backbone [41]. This behavior is evident by
reduction in tan § peak amplitude of E100C9 compared to
E100CO0.

Both tan § peaks can be attributed to a partial curing of
EPDM with 1 phr DCP. As it can be seen in E100C9 curve,
the first peak has emerged at about —38 °C which is related
to 7, of the cured EPDM and the second peak at —13 °C
may be associated with 7|, of the uncured part of the rubber
related hard segments because of high viscosity of EPDM.

The samples based on SR/EPDM blends (Q70E30C0O
and Q70E30C9) showed two peaks at the glass transition
temperature of SR (—103 °C) and EPDM (—38 °C) which
confirmed the immiscibility of two polymers. The lower tan
8 value of Q70E30C9 in comparison with Q70E30C0 may
be attributed to rubber—filler interaction. Increasing of tan
4 in these blends means that SR has been toughened by the
addition of EPDM and this phenomenon has became more
important after adding Cloisite 15A to the EPDM phase.
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Table 4 Mechanical properties and viscoelastic parameters obtained from Maxwell model

Sample code Mechanical properties Maxwell parameters

Tensile strength (MPa) Elongation-at-break (%) Hardness (Shore A) n (MPa.s) E (MPa) T(s)

E100CO 1.284 239.56 48.8 0.067454 0.029799 2.2636
E100C3 1.893 262.76 50.8 0.036635 0.020848 1.7572
E100C6 2.475 301.58 52.2 0.022312 0.015767 1.4151
E100C9 2.790 312.43 55.0 0.037779 0.020194 1.8708
Q100C0 5.443 198.23 72.0 0.088647 0.119271 0.7432
Q100C3 5.122 172.17 75.2 0.075461 0.096174 0.7846
Q100C6 4.986 182.90 78.9 0.080944 0.294431 0.2749
Q100C9 5.160 191.12 79.4 0.081380 0.252767 0.3219
Q90E10C0O 5.382 196.24 68.7 0.093219 0.127943 0.7285
Q90E10C3 5.416 229.53 72.0 0.087080 0.141203 0.6167
Q90E10C6 4.939 188.50 72.4 0.085792 0.139696 0.6141
Q90E10C9 4.741 189.93 73.6 0.104630 0.307234 0.3405
Q80E20C0 5.067 199.30 64.4 0.057611 0.040885 1.4090
Q80E20C3 4.465 194.32 66.7 0.053795 0.061388 0.8763
Q80E20C6 4.221 183.25 68.5 0.053765 0.073949 0.7270
Q80E20C9 4.042 190.02 70.6 0.052298 0.276413 0.1892
Q70E30C0 4.337 187.04 62.7 0.024596 0.015781 1.5585
Q70E30C3 3.617 169.43 65.2 0.114156 0.100627 1.1344
Q70E30C6 4.595 225.99 65.1 0.064949 0.079352 0.8184
Q70E30C9 4.462 214.41 66.4 0.125946 0.165066 0.7630

Mechanical properties

Tensile strength, elongation-at-break and hardness data of
nanocomposites are listed in Table 4. As it can be seen,
hardness is normally increased with increasing the nano-
clay content in all nanocomposites. At higher EPDM ratio
in SR/EPDM blends the mechanical properties are weaker
due to lower mechanical strength of EPDM and immiscibil-
ity of the elastomers. In E100CO to E100C9 samples, there
is a smooth rise in mechanical properties due to increas-
ing Cloisite 15A content. This may imply that the nanoclay
dispersion has improved well in EPDM phase and conse-
quently it has a positive effect on the tensile strength, elon-
gation-at-break and hardness of nanocomposites through
rubber—filler interactions.

Based on the morphological studies presented in previ-
ous sections, it was confirmed that exfoliation of Cloisite
15A in EPDM did occur. On the other hand, agglomera-
tion of nanoclay in SR led to greater hardness but it also
showed a negligible variation in tensile strength and elon-
gation-at-break because of the lowest level of rubber—filler
interactions in SR (from QI100CO to Q100C9). It was,
however, expected that by the presence of nanoclay in the
EPDM phase, lower viscosity and higher wettability of SR
would induce dispersion of some parts of nanoclay layers
in the SR phase. In addition, in case of nanocomposites

containing 10 and 20 % EPDM, the final properties of sam-
ples were mostly dependent on the behavior of nanoclay in
the SR matrix due to their low EPDM content. However,
increasing the content ratio of EPDM and nanoclay in the
samples could lead to improved mechanical strength.

Prediction of viscoelastic parameters using Maxwell
model

In this study, E and n were obtained using the Maxwell
model from experimental data at the initial time of defor-
mation (less than 1.5 s as represented in Fig. 8). For this
purpose, the viscoelastic parameters (E and n) were calcu-
lated from data and then replaced in the Maxwell equation.
The theoretical equations were derived from the Max-
well model and used for all the samples as follows:
Rearrangement of Eq. (4) by substitution of and gives:

1 1

de = Ado + Bodt. (6)

At the early stage of deformation, it may be assumed that
the stress-time curve is linear. Therefore, by assumption of
Eq. (6) it may be written as: o = af,

B
de = Ado + —odo, @)
o
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Fig. 8 Stress—strain curves of the nanocomposites at the initial zone
of test
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Integration of Eq. (7) gives:

B
¢ =Ao + —o?, 8)
2a

Equation (8) can be written as:

ag = o2 + bo, ©)]

where, a and b are 2o and 2‘)‘7’7
range Eq. (9) to obtain Eq. (10):

b2 172 b
= — - —. 10
o (aa + 2 ) ) (10)

Figure 9 depicts the stress—strain curves for the experi-
mental data and Maxwell model, and Table 4 specifies the
viscoelastic parameters (E and n) calculated by the Max-
well model. It is obvious that at initial time of the tensile
test the rubber—filler interaction can control the stress—
strain behavior of the samples. In the EPDM-based sam-
ples, (from E100CO to E100C9), a high- accuracy fitting
is not provided because of the incomplete vulcanization

, respectively. We can rear-
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Fig. 9 Stress—strain curves obtained from experimental data and Maxwell model
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by 1 phr DCP. Also, in SR-based samples, (from Q100CO
to Q100C9), the poor rubber—filler interaction does not
allow good fitting between the experimental and calculated
data because of the agglomeration of nanoclay particles in
the SR matrix. On the other hand, in those nanocompos-
ites based on SR/EPDM, there is good fitting between the
model and the experimental data. This stress—strain behav-
ior in the blends shows that at higher nanoclay contents, a
better matching in viscoelastic behavior of two immiscible
rubbers is easily obtained. In other words, the advantage
of nanoclay in the blend is to provide a better matching
between the viscosities of SR and EPDM rubbers.

The third characteristics of the Maxwell model as it
is listed in Table 4 is the relaxation time (t = n/E). This
property in EPDM- and SR-based samples, does not dis-
play a regular trend because of partial curing of the EPDM-
based samples and filler flocculation in SR-based samples
because of poor rubber—filler interaction. Nonetheless, after
blending, the nanoclay layers are mostly located in EPDM
phase and an increase in rubber—filler interactions occurs,
thus the elasticity of EPDM phase is improved. Therefore,
a fall in relaxation time of the samples occurs after adding
the nanoclay into the blend. As it is obvious, in the blends
with high EPDM content (Q70E30CO0 to Q70E30C9), the
variations in relaxation time are significant because with
increasing the elasticity of EPDM phase the relaxation time
drops. Based on the observations made earlier the SEM
micrographs and EDX analysis of the blends showed that,
with higher content of EPDM phase, the circular-droplet
morphology transformed to oval-shape morphology. This
could be due to the migration of Cloisite 15A into the
EPDM phase and good rubber—filler interaction, resulting
in a better coherency between the droplets in the matrix.

Conclusion

In summary, SR/EPDM nanocomposites were prepared
having an organically modified clay (Cloisite 15A) using
melt blending method. Cure properties showed a high cure
rate difference between the SR and EPDM and incom-
plete cross-linking of EPDM. Calculating the wetting
coefficients of the nanocomposites predicted the tendency
of nanoclay to be located in the EPDM phase due to the
compatibility of rubber chains and nanoclay surfactants
and strong rubber—filler interactions. SEM micrographs
demonstrated a homogeneous distribution of the nanoclay
particles in EPDM and their agglomeration in SR, which
was also confirmed by EDX analysis. The migration of
nanoclay into the EPDM phase in the blends changed the
droplet structure in this phase to oval-shape because of
increasing EPDM elasticity. The XRD results revealed
the exfoliation of nanoclay in the EPDM phase; however,

the intergallery spacing of nanoclay did not change in the
SR matrix. Immiscibility of these two elastomers was evi-
dent by observation of the DMTA results, because two tan
§ peaks (T,) belonged to the blends and nanocomposites
appeared on the glass transition temperature of each elas-
tomer. Exfoliation of nanoclay in the EPDM-based nano-
composites led to improved mechanical properties but the
agglomeration of nanoclay in the SR-based nanocompos-
ites led to weaker mechanical properties. By increasing the
EPDM ratio in the blends, there was a depression in the
mechanical strength, but high content of EPDM accompa-
nied by high amount of nanoclay improved the mechanical
strength. By addition of the clay to SR/EPDM blends, the
viscoelastic behavior of these elastomers displayed close
similarity to each other and hence a good fitting between
the experimental data and Maxwell model was achieved.
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