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ORIGINAL ARTICLE

Preintercalation of an organic accelerator into
nanogalleries and preparation of ethylene propylene
diene terpolymer rubber—clay nanocomposites

Sandip Rooj!, Amit Das! and Gert Heinrich!

A multifunctional additive, bis(diisopropyl) thiophosphoryl diisopropyl disulfide (DIPDIS), was melted in the presence of
quaternary ammonium-modified montmorillonite clay and incorporated into an ethylene propylene diene terpolymer (EPDM)
rubber matrix as a nanofiller to prepare EPDM rubber nanocomposites. The finer dispersion of the organoclay (OC) in the rubber
matrix was observed when the OC was preintercalated by DIPDIS using the propping-open procedure. X-ray diffraction (XRD)
results showed that the silicate layers of the OC were successfully preintercalated by the DIPDIS; that is, the basal spacing of
clay galleries was expanded from 2.98 to 3.76 nm. Because of the larger interlayer distance, as evidenced by XRD studies, the
delamination process was facilitated through the easy intercalation of macromolecular rubber chains, which was reflected in
various properties, such as the stress—strain behavior, thermal stability, dynamic mechanical properties and swelling properties.

XRD studies and transmission electron microscopy directly supported the effective filler dispersion in the non-polar EPDM

rubber matrix.
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INTRODUCTION

Polymer nanocomposites based on nanoclay have recently generated a
great deal of interest as a successful approach to overcome the
inadequacy of conventional composites.!™ Very recently, advances
in rubber—clay nanocomposites have attracted the attention of scien-
tists working in the field of polymer—clay nanocomposites. In addi-
tion to higher gas barrier properties and certain improved fire-
resistance properties, most of the developed rubber—clay nanocom-
posites exhibit much higher tensile strength than that of the corre-
sponding matrix. Generally, the corresponding ratio is at least two to
three times greater.>® However, because of the inorganic nature of the
clay minerals, the dispersion by the delamination process of the clay
layers is the main problem for the desirable reinforcement of the
silicate clay layers. The most established and common ways to
overcome this problem are the use of quaternary ammonium salt,”
surfactants,®° ionic liquids,!®!! silane coupling agents'>!3 and differ-
ent fatty acid salts,'”* which are common approaches to obtain a
higher degree of delamination. Very recently, it was reported that!>
the preintercalation of stearic acid into the gallery of layered silicate,
which was already modified by quaternary ammonium compounds
(QUATS), could be one common approach to make the delamination
process more effective. The effectiveness of this process was verified in
different rubber systems where crosslinking was caused by a sulfur

vulcanization process. In another work, stearic acid intercalated clay
was successfully applied to obtain the compatible rubber blend of two
dissimilar rubbers: polychloroprene and ethylene propylene diene
terpolymer (EPDM).!® The physical properties were improved sig-
nificantly, which was understood by an unusual thermodynamically
driven network formation of exfoliated clay particles at the interface.
The effect of the stearic acid induced delaminated structure of the clay
on the mechanical performance of natural rubber compounds was
also reported.!” In all three cases, premixing the stearic acid with OC
served to swell the clay layers, which further allowed the rubber
molecules to penetrate more easily into the layer space.

On the other hand, bis(dialkyl)thiophosphoryl disulfides have been
used extensively in many industrial applications, such as insecticides,
ultraviolet stabilizers!® and antioxidants, since their identification in
1925.20 The use of bis(diisopropyl) thiophosphoryl diisopropyl di-
sulfide (DIPDIS) as an accelerator for rubber vulcanization was first
described by Romieux.?! Since then, interest has been limited to
natural rubber applications. Pimblott et al. studied in detail the effect
of DIPDIS as a curative for infrared rubber.?? It had been observed by
earlier researchers that DIPDIS can also function as a coupling agent
for silica-filled EPDM compounds analogous to silanes.?> It was also
established that interfacial chemical bonding could be caused by
DIPDIS.?*?” The crosslinking activity of different thiophosphoryl
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compounds even on polychloroprene rubber has been also estab-
lished.?® It is clear from this literature survey that DIPDIS can serve as
a multifunctional additive by providing the following activities: (i) an
accelerator for sulfur vulcanization systems, (ii) a coupling agent such
as silane in silica-filled elastomeric systems, (iii) a crosslinking agent
for chloroprene rubber and (iv) a compatibilizer as well as covulca-
nization agent for different rubber blends. Bis(dialkyl) thiophosphoryl
disulfides are prepared by the oxidation of dialkyl phosphorodithioic
acid, and the general formula of this type of compound is:

S S O0—R
R_O\P|_ ” R = alkyl

(S)n_P
/ No—r

This study reports, for the first time, the utilization of DIPDIS as a
multifunctional rubber additive in the preparation of rubber—clay
nanocomposites using a two step mixing process. After the successful
preintercalation of OC in the first step with this additive utilizing
propping-open procedure,? it was used as an accelerator as well as
nanofiller for the preparation of EPDM nanocomposites in the second
stage. The mechanical and dynamic properties and the morphology of
various EPDM nanocomposites were characterized.

R—O n=23o0r4

EXPERIMENTAL PROCEDURE

Materials

Buna EP G 6850, the ethylidene norbornene-containing EPDM rubber, was
obtained from Lanxess (Leverkusen, Germany). The EPDM contained 51 wt%
of ethylene and 7.7 wt% of ethylidene norbornene. It had a Mooney viscosity,
ML (1+4), of 60 at 125°C and a density of 0.860 gcm 3. The stearic acid was
purchased from ACROS Organics (Geel, Belgium) with 97% purity. The sulfur
(S) and zinc oxide (ZnO) used in this study were industrial grades. DIPDIS was
synthesized in our laboratory according to the method of Pimboltt et al.?? The
distearyl dimethyl ammonium chloride modified clay (Nanofil-15) was sup-
plied by Siid-Chemie AG (Moosburg, Germany).

Preparation of nanocomposites

The preintercalation of OC by DIPDIS was carried out in the following way. The
DIPDIS and the OC were placed in a porcelain mortar and mixed with a pestle.
The ratio of DIPDIS and OC was 3.83:5. Then, the mortar with the mixture was
kept in an oven at 100°C for 15min. The mixture was then homogenized
thoroughly by using the pestle. Again, the mortar was heated to 100 °C, followed
by homogenization. To obtain a very homogeneous mixture, the process was
repeated three times. In this article, the organoclay and preintercalated orga-
noclay are termed as OC and I0C, respectively.

Table 1 Formulations and curing characteristics

Compounds® EPDM  EP-OC EP-IOC EP-QUAT
EPDM 100 100 100 100
Zn0 5 5 5 5
Stearic acid 2 2 2 2
oc — 5 — —
10C — — 8.83 (5 0C+3.83 DIPDIS) —
DIPDIS 3.83 3.83 — —

S 1 1 1 1
QUAT — — — 1
Scorch time, t, (min) 6.80 2.06 2.00 0.48
Curing time, tgo (min)  38.05 14.72 17.16 3.50

Abbreviations: EPDM, ethylene propylene diene terpolymer; 10C, intercalated organoclay; OC,
organoclay; QUAT, quaternary ammonium salt; S, sulfur; ZnO, zinc oxide.
2The weight of the ingredients were taken in parts per hundred of rubber.
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The compounding of EPDM with OC and IOC, including other ingredients
such as zinc oxide (ZnO), stearic acid, DIPDIS and sulfur (S), was performed in
a laboratory-sized two-roll mill (Polymix110L, friction ratio=1:1.25, roll
temperature=40 °C). Table 1 shows the compositions of the modified and
unmodified OC-filled EPDM rubber nanocomposites. This compounded
rubber was then subjected to rheometric study to obtain the optimum cure
time of the compounded rubber. The rubber samples were then cured until
their optimum curing time (tgy) by a hot press at 160 °C, cooled to room
temperature and kept for 48 h for maturation.

Characterization

Curing studies were performed using Scarabaeus SIS-V50, a rubber processing
analyzer (Scarabaeus Mess-und Produktionstechnik GmbH, SIS-V50, Lang-
gons, Germany) in the isothermal time sweep mode for all the samples at
160 °C for 60 min.

X-ray diffraction (XRD) measurements were carried out with a 2-circle
diffractometer XRD 3003 6/6 (GE Inspection Technologies/Seifert-FPM,
Freiberg, Germany) using Cu-Ko radiation (A=0.1541nm) at 40kV and
30 mA. The d-spacing of the layered particles was then calculated from Bragg’s
equation, nA=2d sinf, where 1 is the wavelength of the X-ray, d is the interlayer
distance and 0 is the angle of incident X-ray radiation.

The Fourier-transform infrared spectra of the composites were obtained
using a BRUKER VERTEX 80V spectrometer (BRUKER, Ettlingen, Germany)
over the wave number range of 4000—400cm™! in the attenuated total
reflection (ATR) mode.

Tensile tests of cured samples were carried out using a Zwick 1456 (Z010,
Ulm, Germany) with a crosshead speed of 200 mm min~! (ISO 527).

Dynamic mechanical analysis was performed on cut strips of 10 mm width
and 35mm length using a dynamic mechanical thermal spectrometer (Gabo
Qualimeter, Ahlden, Germany, model Eplexor-2000N) in the tension mode. The
isochronal frequency employed was 10 Hz, and the heating rate was 2 °C min™".

The thermogravimetric analysis was performed using a TA TGA, Q 500
instrument (TA Instruments, New Castle, DE, USA) with a heating rate of
10 °Cmin~! under a nitrogen atmosphere, and the sample was swept by oxygen
flow at 700 °C.

The state of the dispersion of the clay particles in the nanocomposites was
investigated using transmission electron microscopy (TEM) with a JEM 2010
model with an acceleration voltage of 200 kV. The ultra-thin sections (100 nm)
of the samples were prepared by ultramicrotomy (Leica Ultracut UCT, Leica,
Wetzlar, Germany) at —120 °C.

The crosslink density of the specimens was measured on the basis of the
rapid solvent-swelling measurements (toluene uptake for 72h at 25°C) by
application of the Flory—Rehner equation:*

Ve — 1 ~In(1 = Vo)+ Vot V3 (1)

Mc Vsd, (V,* — %)

where V =effective crosslink density, V,=volume fraction of EPDM in the
swollen specimen, Vs=molar volume of the solvent, d,=density of the polymer,

M =molecular weight of the polymer between crosslinks and y=interaction
coefficient between rubber network and solvent.

RESULTS AND DISCUSSION

ATR spectroscopy

The major band at 3630 cm~! shown in Figure 1 can be assigned to
the stretching vibrations of AI-OH corresponding to the inner
hydroxyl groups lying between the tetrahedral and octahedral sheets
(12). Another broad peak at 3430 cm™! is attributed to the hydroxyl
stretching vibrations (free and interlayer water molecules) in OC. The
peak intensity of 3630cm™! decreased after modification with DIP-
DIS. This observation suggests that the DIPDIS molecules can inter-
calate the interlayer space of the OC when DIPDIS is melt-mixed in
the presence of OC and interact with the free inner hydroxyl groups in
the nanogallery. The plausible schematic of the chemical interactions
is given in Scheme 1. A similar type of interaction was observed
between silica and DIPDIS by Mandal et al.3! After the treatment with



DIPDIS, it is expected that the interlayer space will increase, which
could facilitate the intercalation of rubber chains into the clay
nanogallery. A schematic diagram is represented in Scheme 1.

On the other hand, it is also expected that DIPDIS will interact
with the rubber chain and the silicate particles because of its multi-
functional character. Ghosh et al®? showed an identical reaction
mechanism when they treated EPDM with DIPDIS in a silica-filled
system. Figure 2 shows the ATR—infrared given for EPDM-gum and
EPDM-—clay nanocomposites. The expected absorption bands at 667,
722 and 750 cm~! can be assigned to the bending vibration of the
C-H bond in the (ethylidene norbornene unit of EPDM. The peaks at
1154, 1375, 1463 and 2723 cm™! correspond to the C-H stretching
vibration for the polypropylene unit present in the EPDM.* As
expected, the peak intensity corresponding to the ethylidene norbor-
nene band decreased with the addition of pre-IOC. A prominent
decrease is observed at 667 and 750cm™!, clearly suggesting a
chemical and physical interaction between EPDM and IOC, which
contains grafted DIPDIS. A reaction mechanism is suggested based on
the ATR-infrared spectrum and is presented in Scheme 2.

Morphological study: XRD and TEM
Because the melting point of DIPDIS is 92 °C, the preintercalation of
DIPDIS was performed at 100 °C, which is well above the melting
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Figure 1 Attenuated total reflection—infrared spectra of (a) DIPDIS, (b) OC
and (c) I0C.
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point of DIPDIS to favor the intercalation process. At this tempera-
ture, molecules can easily penetrate into the gallery gap of the OC,
similar to the usual melt intercalation process. Figure 3 describes the
XRD patterns of the OC, IOC, DIPDIS and nanocomposites. The OC
showed a diffraction peak at 20=2.8°, which is related to the dyg,
plane, whereas DIPDIS did not show any peak at low 260 angles. This
peak of the dyy; plane of OC shifted to low 20 values when it was
treated with DIPDIS at 100 °C. In the case of IOC, the basal peak
appeared at 20=2.3°, and the corresponding basal spacing was
3.76 nm. According to the XRD patterns, an increase of almost 1 nm
in the gallery space was obtained when the clay was preintercalated
with DIPDIS. The reduction of 20 and the increase in the basal
spacing of the IOC may be attributed to the intercalation by low
molecular weight DIPDIS. The intercalation of low molecular weight
organic molecules into the nanogalleries is well known and has been
reported in various studies. Lagaly et al3* also found that the
interlayer gaps of dodecylammonium modified montmorillonite
increased with the increase in chain length of different alcohols.
However, the increase of the gallery gap was not observed when the
chain length was less than six carbon atoms.?® In this study, the chain
length of the organic modifier was 18 carbon atoms. Consequently,
the further increase of the basal spacing of IOC should be attributed to
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Figure 2 Attenuated total reflection-infrared spectra of DIPDIS, ethylene
propylene diene terpolymer (EPDM) gum, EPDM filled with OC and EPDM
filled with 10C.

OR
RO S\ v s % S jr
P | |
DIPDIS 0 S
RO S s
RO OR RO
— \LO“~ — \,L + ROH
H H H. H
V4 He
< o < anvd s \S/ \o
| I R _ L
Clay

Scheme 1 Hydroxyl groups present in the clay galleries and edges can readily interact with DIPDIS molecules.
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Scheme 2 DIPDIS-bound clay particles can reasonably graft at the
unsaturation present in the ethylene propylene diene terpolymer (EPDM) rubber.

10"+

-y
o
w
1

Intensity (a.u.)

-
o
(]
1

DIPDIS

10

2 4 6 8 10
2 theta (°)

Figure 3 X-ray diffraction patterns of OC, DIPDIS, intercalated organoclay
(10C) and rubber nanocomposites containing 10C. In the modification of the
organoclay, the ratio of DIPDIS/organoclay was 3.83:5. The accelerator used
in the formulation was equivalent to 9 mmol per 100 gm of rubber.

the intercalation of DIPDIS molecules into the nanogallery of the clay
layers. The Toyota group>® reported that a proper choice of a rubber-
vulcanizing accelerator in rubber curing packages can improve the
dispersion of the layered silicate clay minerals in the rubber matrix.
They found that thiuram and dithiocarbamate-type rubber accelera-
tors can polarize the rubber chain by grafting the accelerator fragments
on the backbone of the rubber chains. Using this method, an
exfoliated structure of the clay particles was produced. In this study,
this observation was demonstrated with the help of ATR-infrared
spectroscopy. Nevertheless, a shift in the X-ray pattern at lower
scattering angles in the rubber nanocomposites indicated the effective
delamination of the clay layers into the rubber matrix. The plausible
chemical interactions between the clay layers and DIPDIS molecules
were reasonably speculated, which is given in Schemes 1 and 2. The
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conclusions drawn from the XRD patterns of the nanocomposites
were further established by analyzing the TEM micrographs of these
materials at various magnifications. The degree of dispersion or
exfoliation of the clay nanolayers had an important role in the
performance of the polymer nanocomposites. The micrographs are
shown in Figure 4. The gray continuous phase corresponds to EPDM,
and darker gray and black spots correspond to clay platelets. Figures
4a and b show that the highly dispersed clay plates are irregular in
shape, and the lengths of the clay particles are between 200 and
300 nm. The population of the delaminated structure is higher than
that of the exfoliated layered platelets. At higher magnification
(Figures 4c and d), the presence of a single exfoliated layer supports
the rubber—clay interaction shown in the above-mentioned scheme.
Because of the presence of DIPDIS inside the clay gallery, the clay
platelets directly interact with the rubber chains during the formation
of chemical linkages between the rubber and clay through DIPDIS
fragments, as shown in Scheme 2.

Curing activity

Figure 5a describes the improvement of the torque with time of the
EPDM rubber compounds at 160 °C in the presence of OC and I0C.
In this case, DIPDIS was used to preintercalate the OC. DIPDIS was
also used as an accelerator for the gum compound. An equivalent
amount of DIPDIS was used as a modifier, and it served as a
multifunctional additive. Therefore, DIPDIS can function as an OC
modifier and also as an accelerator in the vulcanization process.
Figure 5 shows that, after the addition of OC and IOC, the torque
increased compared with that of the gum without any filler. It was
found that the increase of the torque was higher for the DIPDIS-
modified clay, designated as EP-IOC. The slight curing reversion was
also noticed for EP—OC after a long period of time, whereas EP-IOC
did not suffer from reversion. The scorch time and cure time
decreased for the filled system compared with gum (Table 1). It is
supposed that the presence of the QUAT present in the clay layers
acted as a synergistic pair with DIPDIS in terms of curing activity. To
understand the synergistic curing activity between DIPDIS and QUAT,
the compound EP-QUAT (Table 1) was prepared. The curing data
showed that the scorch time and curing time were diminished to a
significant extent in comparison to those of EP-IOC and EP-OC. This
phenomenon indicates the effective combination of DIPDIS and
QUAT for faster curing reactions of the EPDM compounds. Again,
to ensure the multifunctional activity of DIPDIS, a standard and
familiar curing accelerator, tetra methyl thiuram disulfide, was con-
sidered. The curing curve is shown in Figure 5b. After the addition of
OC, the ultimate rheometric torque did not change appreciably,
whereas DIPDIS showed a remarkable enhancement of the curing
torque. Moreover, the curing nature of the curves slowed for the
compounds cured by tetra methyl thiuram disulfide. This observation
demonstrates the suitability of DIPDIS in the EPDM formulation.

Estimation of the crosslink density: stress—strain measurements
The structure—property relationship was analyzed using the stress—
strain behavior illustrated by a phenomenological expression sug-
gested by Mooney®’ and Rivlin and Saunders:

[

m = 2(C1+C2/171)

where ¢ is the applied stress, 4 is the extension ratio and C; and C, are
the phenomenological Mooney—Rivlin (MR) constants, which can be
related to the network structure and the flexibility of the network
chains. Cj is directly proportional to the number of elastically active
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Figure 4 Transmission electron micrographs of ethylene propylene diene terpolymer (EPDM) rubber matrix containing DIPDIS intercalated clay.

network chains per unit volume of the rubber. The value of C, can be
related to the number of the elastically effective trapped entanglements,
the number of steric obstructions and other network defects. In the case
of filled systems, the two latter effects provide a substantial contribution
to C, compared with the influence of the trapped entanglements.
For filled systems, the estimated or apparent crosslink density can be
analyzed with the help of the MR equation under the assumption that
the hard filler particles do not undergo deformation. Thus, the
macroscopic strain is lower than the intrinsic strain (local elongation
of the polymer matrix). Thus, in the presence of hard particles, the
macroscopic strain is usually replaced by a true intrinsic strain:

A= 1+eX

where ¢ is the macroscopic elongation and X is an amplification factor.
The latter can be defined as:

X = 142.5¢+14.1¢7

where ¢y is the volume fraction of the spherical filler particles. This
definition is based on the well-known Guth-Gold equation:>

G = Go(1+2.5¢,+14.1¢7)

where Gy is the modulus of the matrix. This equation is based on
Einstein’s equation for the viscosity of a suspension of spherical rigid

particles. Hence, the Guth-Gold equation takes into account the effect
of hydrodynamic reinforcement arising from the inclusion of rigid
particles into the polymer matrix.

According to the MR equation, the plot of the reduced stress,
ared:a/ﬂ.—ﬂfz, as a function of the inverse extension ratio, A1,
should yield a linear curve, from which the values of C; (intercept)
and G, (slope) can be readily obtained. Figure 6a shows the stress—
strain curves of IOC and OC containing nanocomposites, and Table 2
summarizes the results. As expected, EP-IOC exhibits remarkably
higher stress at a certain strain (200 and 300%) compared with pure
EPDM gum compound and EP-OC. In the case of EPDM gum
vulcanizate, the stress steadily increases with strain until the material
fails. On the other hand, in EPDM nanocomposites, the overall nature
of the stress—strain plot does not change much except for a significant
increase in the elongation at break and the tensile strength (Figure 6a).
A small upturn in the stress—strain plot can also be observed in the
case of EP-IOC. The improvement in the mechanical properties is
partially due to the higher degree of delamination of the clay layers
into the rubber matrix, which allows the fillers to interact more
intensely with the polymer because of the higher surface area. This
result also supports the results obtained from XRD and cure studies.

The 6/4—A~% versus 1/ plots (called MR plots) of the EPDM-OC
nanocomposites are shown in Figure 6b, and the calculated values of
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Figure 5 (a) Rheometric curing study of ethylene propylene diene terpolymer
(EPDM) with different composition (see Table 1). (b) Development of curing
torque of EPDM rubber with and without organoclay cured by tetramethyl
thiuram disulfide (TMTD). The TMTD containing rubber formulation was 2
phr TMTD, 1 phr sulfur, 5 phr ZnO and 2 phr stearic acid.

C, and C, are tabulated in Table 3. The unfilled EPDM gum
compound showed completely linear behavior between ¢/i—/17>
and 1/4 at high strain. However, in the case of EP-OC and EP-
IOC, a small increase at high strain can be observed (Figure 6b),
indicating a small tendency of strain-induced crystallization, which
may be attributed to the presence of OC. In addition, the large content
of QUAT and DIPDIS molecules at the polymer—filler interface favor
the orientation of the polymer chains during stretching.*’

There is a slight change in C; value that depends on the crosslink
density and the modulus of the materials. The crosslink densities of
the composites were also estimated from swelling experiments. The
swelling percentage is the measurement of the degree of crosslinking,
where a reduction in swelling indicates an increase of the crosslink
density. Table 3 shows that the crosslink density increased with the
addition of OC in the EPDM matrix. The value of crosslink density
was even higher for the sample containing IOC. This observation is
supported by the higher rheometric torque value obtained in the case
of IOC containing the nanocomposite. The values of the crosslink
density obtained from swelling experiments also corroborate the trend
obtained from the C; values.

Dynamic mechanical analysis

The storage modulus (G) of the samples is shown in Figure 7a for a
wide temperature range: —60 °C to +60 °C. The storage modulus is a
quantitative measure of the stiffness or rigidity of a material. The
figure shows that the storage modulus is higher in the case of EPDM
filled with IOC at the rubbery plateau region in comparison with the
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Figure 6 (a) Stress—strain diagrams of crosslinked ethylene propylene diene
terpolymer (EPDM) rubber and (b) Mooney-Rivlin plots obtained from
stress—strain experiments.

Table 2 Physical properties different EPDM rubber nanocomposites

Samples TS (MPa) M200 (MPa) M300 (MPa) EB (%)
EP gum 1.61 1.42 — 270
EP-OC 2.38 1.63 2.01 390
EP-10C 2.68 1.89 2.37 366

Abbreviations: EB, elongation at break; EPDM, ethylene propylene diene terpolymer; 10C,
intercalated organoclay; OC, organoclay; TS, tensile strength.

Table 3 Effect of preintercalation of DIPDIS on the values of C; and
C, in EPDM-clay nanocomposites

Samples C; (MPa) Co (MPa) Crosslink density (molcm—3)
EP gum 0.31 0.476 3.5x10°°
EP-OC 0.33 0.472 3.6x10°°
EP-10C 0.37 0.473 4.1x10°°

Abbreviation: EPDM, ethylene propylene diene terpolymer.

EPDM gum compound. No significant change was observed in storage
modulus at higher temperatures in the case of IOC and OC nano-
composites. The change in tan ¢ with temperature (T) is demon-
strated in Figure 7b. A slight reduction of the tan ¢ peak height was
observed for IOC-containing vulcanizates. The DIPDIS molecules
promote the intercalation of the EPDM molecular chains into the
inter-gallery space of the clay more readily and attach more tightly to
the surface of the clay. This process may constrain the mobility and
flexibility of the rubber chains, leading to low tan J values.
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Figure 7 Dynamic mechanical properties of crosslinked ethylene propylene
diene terpolymer (EPDM) rubber and nanocomposites (a) Storage modulus
versus temperature and (b) tan 6 versus temperature.

Thermogravimetric analysis

The TGA curves for the EPDM—clay nanocomposites in nitrogen are
shown in Figure 8. The data reveal that the loading of OC and the
preintercalation of OC with DIPDIS molecules have prominent effects
on the thermal stability of the resulting rubber nanocomposites. The
temperature at 50% weight loss for unfilled EPDM gum vulcanizate is
492 °C. However, this temperature is further increased to 496 °C with
the addition of 5 parts per hundred of rubber (phr) OC. The
temperature at 50% weight loss for IOC is 500 °C, which is even
higher compared with those of both the unfilled and OC-containing
EPDM nanocomposites. The increase of the thermal stability is
attributed to the hindered diffusion of volatile decomposition pro-
ducts within the nanocomposites. Moreover, for the EP-IOC nano-
composites, a substantial portion of the macromolecular chain was
entrapped in delaminated gallery space, which can delay the degrada-
tion behavior of the polymer chains.

CONCLUSIONS

EPDM-—clay nanocomposites were successfully prepared by the pre-
intercalation of organic accelerator molecules into the gallery gap of
clay layers. The EPDM molecules were interlaced more readily when
the organic accelerator molecules were present in the gallery space of
the clay structure. XRD results showed that the silicate layers of the
clay were successfully intercalated by the DIPDIS; that is, the basal
spacing of the clay galleries expanded from 2.98 to 3.76 nm. TEM was
used to explore the morphology of the nanocomposites and proved
that the nanocomposites were composed of a random distribution of
intercalated and exfoliated aggregates throughout the rubber matrix.
TGA showed that the incorporation of pre-IOC into the EPDM
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Figure 8 Thermogravimetric analysis of ethylene propylene diene terpolymer
(EPDM)-activated clay nanocomposites.

matrix led to an apparent improvement in the thermal stability of
the nanocomposites. However, the curing study showed that cure
retardation, a typical behavior involving curative adsorption due to
the filler surface, was not observed, though the clay was preintercalated
with the organic accelerator. In addition, a cure synergism was
observed between the DIPDIS and QUATS, as reflected in the fast-
curing nature of this particular composite. These results are attributed
to the significantly improved compatibility and strong interaction
between the polar clay particles and the nonpolar molecular chains of
EPDM. This work proves the multifunctional nature of the DIPDIS
accelerator in the preparation clay—rubber nanocomposites.
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