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Abstract
Hybrid matrices (epoxidized of ethylene–propylene–diene monomer (eEPDM)-g-aminopropyltriethoxysilane (APTES)/
hydroxyl terminated polydimethylsiloxane (HTPDMS)/polyurethane (PU)) were developed based on eEPDM with
3-APTES coupling agent and varying weight percentages (0.75, 1.50, 2.25, and 3.00 wt%) of PU prepolymer as coreactant
using 7.5 wt% of HTPDMS as chain extender using suitable experimental conditions. The formation of hybrid matrices and
their structure were characterized by Fourier transform infrared (FTIR). The thermal and morphological properties of the
hybrid matrices were analyzed using differential scanning calorimetry and scanning electron microscope, respectively.
Mechanical properties (tensile strength, elongation at break (%), Young’s modulus, and hardness) were characterized as
per ASTM standards. Data resulted from mechanical studies, it was noticed that the incorporation of 3-APTES, HTPDMS,
and PU into eEPDM has improved the elongation at break (%) and lowered the values of tensile strength, Young’s
modulus, and hardness according to the percentage concentration. Morphological studies indicate the presence of het-
erogeneous morphology. Data obtained from different studies, it suggested that the hybrid matrices developed in the
present work can be used as cable insulates for high-performance industrial and engineering applications.
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Introduction

Polymer composites slow down the defects of polymer main structures and also possess an outstanding tensile and inter-

laminar strength related properties.1–7 Ethylene–propylene–diene monomer (EPDM) is one of the most versatile synthetic

elastomers used for the number of industrial, engineering, and commercial applications8–11 because of its outstanding

resistance to oxidation,12 ozone,13,14 and the effects of weathering and wide range of operating temperature over other

available synthetic commercial elastomers.15 The attractive combination of performance characteristics makes EPDM unique

among synthetic elastomers and has ensured its use in an impressive and wide range of technical components, including
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freezer gaskets,16 O-rings,17 air-craft seals,18 rocket engine insulation,19 ablative insulation materials,20,21 cable insulation

materials,22,23 and cable for power transmission.24 Though EPDM possesses good characteristic properties, still it is consid-

ered as general-purpose elastomer.25 Hence, to make EPDM as cost competitive high-performance speciality elastomer

suitable for wide range of industrial applications,26 an attempt has been made in the present work to improve certain

selected characteristics of EPDM, namely, range of service temperature, elongation at break (%), char yield (%), flame

retardant behavior, and dielectric character, and to improve the flexibility by reducing its hardness by incorporating both

hydroxyl terminated polydimethylsiloxane (HTPDMS) and polyurethane (PU) prepolymer through silane coupling

agent. In the present work, hybrid materials were developed based on epoxidized ethylene–propylene–diene monomer

(eEPDM) with varying weight percentages (1.50, 2.0, 2.5, and 3 wt%) of 3-aminopropyltriethoxysilane (APTES) as

coupling agent and varying weight percentages (0.75, 1.50, 2.25, and 3 wt%) of PU prepolymer as coreactant using 0.75

wt% of HTPDMS as chain extender under appropriate experimental conditions and their properties were characterized

by different analytical methods. Data resulted from different studies are discussed and reported.

Experimental

Materials

The EPDM (ethylidene norbornene type diene) terpolymer used in this study was a commercial grade Nordel IP 4750 R

supplied by Du Pont’s Dow elastomers, Stow, Ohio, USA (ethylene/propylene/5-ethylidene-2-norbornene: 71/20/9 by

wt% and specific gravity of 0.88). 3-APTES (Sigma-Aldrich, St Louis, Missouri, USA; boiling point ¼ 217
�
C, density ¼

0.946 g cm�3, and Mw ¼ 221.3) is used as a silane grafting agent. Polypropyleneglycol (PPG 400) was procured from

Merck Specialties Pvt Ltd, Mumbai, Maharashtra, India (Mw ¼ 200 and density ¼ 1.1264). Toluene diisocyanate (TDI;

Mw ¼ 174.16, 80/20 mixture of 2,4 and 2,6 TDI isomers, NCO index ¼ 47.5 eq kg�1) was procured from MPL, Chennai,

India. Dibutyltindilaurate (DBTDL, Merck, Germany, density¼ 1.066 g cm�3, freezing point>110�C, Mw¼ 631.56) and

octamethylcyclotetrasiloxane (boiling point ¼ 176�C, density ¼ 0.956 g cm�3, refractive index ¼ 1.396, viscosity ¼ 25

cP at 25�C, Mw ¼ 296.6) were purchased from Wacker Chemie, Munich, Germany.

Measurements

FTIR spectra were recorded on a Perkin Elmer FTIR spectrometer, Weltham, USA, using KBr as reference. The tensile

tests were carried out using a universal testing machine (ZWICK-1484, Weltham, USA) at 27�C with a crosshead speed

was 500 mm min�1 using dumbell-shaped tensile specimens according to the ASTM D 412-87. The calorimetric analysis

was performed on a Netzsch differential scanning calorimeter (DSC)-200. Measurements were performed under a contin-

uous flow of nitrogen (60 mL min�1). All the samples (about 10 mg in weight) were heated from ambient to 400�C and the

thermograms were recorded at a heating rate of 10�C min�1. Thermogravimetric analysis (TGA) was performed on a

Netzsch STA409 TGA calibrated with calcium oxalate and aluminum supplied by Netzsch, Weltham, USA. The samples

(about 50 mg) were heated from ambient temperature to 600�C under a continuous flow of nitrogen (60 ml min�1), at 10 C

min�1. The value of dielectric constant was determined with the help of an impedance analyzer (Solartron impedance/gain

phase analyzer 1260, UK) using a platinum electrode at 30�C and a frequency range of 1 MHz. This experiment was repeated

four times under the same conditions.

The surface morphology of the samples was examined using a scanning electron microscope (SEM; JEOL JSM Model

6360, Weltham, USA) attached with Horiba was used to record the morphology of the developed hybrid EPDM materials.

Mechanical properties, namely, tensile strength, elongation at break (%), Young’s modulus, and hardness of the samples,

were characterized as per ASTM Standards.

Preparation of in situ eEPDM

eEPDM was synthesized via the reported procedure.27 EPDM was dissolved in toluene in a three-necked round-bottomed

flask equipped with a mechanical agitator and thermometer and maintained at 50�C in a water bath. With constant

agitation, the EPDM solution was acidified by adding 88% formic acid dropwise till to obtain the pH 2–3. The epoxidation

was performed by the slow addition of the calculated amount of H2O2 (30%) over a period of 30 min to achieve the effective

epoxidation. The reaction was continued for 7 h at 50�C. After the epoxidation, the product resulted was coagulated in

acetone, systematically washed with distilled water, drenched in 1% w/v Na2CO3 solution for 24 h, and finally rinsed with

distilled water. eEPDM rubber obtained was dehydrated in a vacuum oven at 40�C to obtain a constant weight.

Synthesis of HTPDMS

HTPDMS was synthesized from octamethylcyclotetrasiloxane using the reported procedure.28 Hundred grams of octa-

methylcyclotetrasiloxane and potassium hydroxide catalyst (0.22% on the weight of octamethylcyclotetrasiloxane) were

taken in a five-necked round-bottomed flask purged with nitrogen. The temperature of the mixture was gradually raised to
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90�C in a thermostatically controlled oil bath and maintained at this temperature for 4 h. The reaction mixture was cooled

to 50�C to avoid frothing. After degassing, the unreacted octamethylcyclotetrasiloxane was removed by distillation,

slowly raising the temperature to 180�C. The HTPDMS resulted was cooled to room temperature and stored in air tight

containers for further use.

Synthesis of PU prepolymer

The synthesis of PU prepolymer was carried out using the reported procedure.29 PU prepolymer of NCO/OH ¼ 1.5 was

prepared by reacting 1.5 equivalent of TDI (80/20 mixture of 2,4 and 2,6 isomers) and one equivalent of PPG 400 in a

three-necked round-bottomed flask fixed with a thermometer, nitrogen inlet, and stirrer. The reaction was carried out at

70�C in nitrogen atmosphere for 3 h. The temperature was brought down to 40�C and DBTDL (0.02% w/w based on

polyol) was added to the reaction mixture and stirring was continued for another 30 min. The PU prepolymer resulted was

collected and preserved in a sealed container for subsequent use. The composition of synthesized PU prepolymer is

presented in Table 2.

Preparation of hybrid EPDM /PU matrices

The hybrid EPDM/PU (eEPDM-g-APTES/HTPDMS/PU) matrix system was developed in two stages. In the first stage,

10 g of eEPDM dissolved in 200 ml toluene was taken in a 500 ml three-necked round-bottomed flask equipped with a

reflux condenser, a Teflon-coated mechanical stirrer, and a nitrogen inlet. Then, 0.25 wt% of APTES was mixed with 0.75

wt % HTPDMS and dissolved in 50 ml of toluene. The resulting blend was added to eEPDM. Then, 0.02 wt% DBTDL

catalysts was also added to the above mixture and continuously stirred for 2 h at 80�C after the completion of reaction. In

the second stage, varying weight percentages of PU prepolymer (0.75, 1.5, 2.25, and 3.0 wt%) was reacted with hybrid

EPDM (eEPDM-g-APTES/HTPDMS) at 80�C in the presence of DBTDL catalyst with continuous agitation for 30 min

under nitrogen atmosphere. The product resulted was degassed to remove the entrapped air from the hybrid EPDM/PU

matrices. The preparation of hybrid eEPDM-g-APTES-HTPDMS/PU matrices is presented in Figure 1.

Results and discussion

Spectroscopic analysis

Figure 2(a) illustrates the FTIR spectrum of HTPDMS: –OH stretching vibration appears in the region of 3400–3600

cm�1, C–H stretching vibration at 2960 cm�1, Si–O–Si symmetric stretching vibration at 1021 cm�1, Si–O–Si asymmetric

stretching vibration at 1098 cm�1, Si–CH3 bending vibration at 1260 cm�1, and Si–CH3 rocking vibration at 801 cm�1.

FTIR spectrum of hybrid EPDM (eEPDM-g-APTES/HTPDMS) is presented in Figure 2(b). The bands obtained are C–H

stretching vibration at 2937 cm�1, OH stretching vibration at 3360 cm�1, and C–N stretching vibration at 1374 cm�1.

Disappearance of –Si–O–CH2CH3peak of eEPDM-g-APTES at 2900 cm�1 and the formation of Si–O–Si asymmetric

stretching vibration appeared at 1105 cm�1 confirm the completion of reaction between HTPDMS and eEPDM-g-APTES.

Figure 2(c) describes the FTIR spectrum of PU prepolymer: N–H stretching vibration at 3236 cm�1, C–H stretching

vibration at 2855 cm�1, C¼O stretching vibration of urethane at 1720 cm�1, C–C stretching vibration of aromatic ring

at 1560 cm�1, free NCO asymmetric stretching at 2252 cm�1, and C–O–C asymmetric stretching of aliphatic ether

appeared at 1030 cm�1. FTIR spectrum of hybrid EPDM/PU (eEPDM-g-APTES/HTPDMS/PU) matrices is presented

in Figure 2(d). The data obtained are N–H stretching vibration at 3344 cm�1, C–H stretching vibration (aliphatic) at

2909 cm�1, –CH2 rocking vibration at 1461 cm�1, CH3 symmetric bending vibration at 1374 cm�1 due to propylene

group, –(CH2)n– wagging vibration at 721 cm�1 due to polyethylene chain, C–C stretching vibration at 2851 cm�1, C–C

stretching vibration of aromatic ring at 1549 cm�1, and C–O–C asymmetric stretching of aliphatic ether at 1051 cm�1.

The disappearance of the absorption band for isocyanate groups at 2252 cm1 and formation of C¼O stretching vibration

of urethane at 1718 cm�1, C–N stretching vibration at 1374 cm�1, and N–H peaks at 3310 cm�1 and 1549 cm�1,

respectively, ascertained the completion of the reaction. This confirms the formation of –NHCOO group in hybrid

EPDM/PU matrices.

Figure 2(d) shows the FTIR spectra of hybrid EPDM/PU matrices with 2.25 wt% of PU. The major point derived from

here is the intensity of isocyanate absorption peak appeared at 2252 cm�1 gradually decreases as the PU ratio increases

from 0.75 wt% to 1.50 wt% and completely disappears when the hybrid EPDM/PU matrices are having 100/2.25 wt%
(Figure 3(d)). The formation of C¼O stretching vibration of urethane appeared at 1718 cm�1, C–N stretching vibration at

1374 cm�1, and N–H peaks appeared at 3310 cm�1 and 1549 cm�1, respectively, indicates the completion of the reaction.

Mechanical properties

The mechanical properties obtained for EPDM, eEPDM, eEPDM-g-APTES/HTPDMS, and eEPDM-g-APTES/

HTPDMS/PU hybrid are presented in Table 1. It was observed that the values of tensile strength, elongation at break
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(%), and hardness of eEPDM are lowered by 7.0%, 25.9%, and 2.8%, respectively, than that of unmodified EPDM due to

the introduction of epoxide groups and in turn induce the realignment of molecular structure, whereas the reverse trend in

the value of Young’s modulus is observed and is increased by 6.2%. Similar observation was reported for epoxidized

natural rubber.

Figure 1. Preparation of hybrid eEPDM-g-APTES-HTPDMS/PU matrices.
eEPDM: epoxidized of ethylene–propylene–diene monomer; APTES: 3-aminopropyltriethoxysilane; HTPDMS: hydroxyl terminated
polydimethylsiloxane; PU: polyurethane.

Figure 2. FTIR spectra of (a) HTPDMS, (b) hybrid EPDM, (c) PU, and (d) hybrid EPDM/PU matrices (100/2.25).
FTIR: Fourier transform infrared; HTPDMS: hydroxyl terminated polydimethylsiloxane; EPDM: ethylene–propylene–diene monomer;
PU: polyurethane.
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The blending of eEPDM-g-APTES/HTPDMS with urethane prepolymer also exhibits the chain extension and flexi-

bility induced by the urethane linkages. It was also observed that the incorporation of PU prepolymer to eEPDM-g-

APTES/HTPDMS decreased the values of tensile strength, Young’s modulus, and hardness with the enhancement in the

value of elongation at break (%) according to the wt% concentration (Table 1).

Figure 3. SEM images of (a) eEPDM-g-APTES/HTPDMS, (b) eEPDM-g-APTES/HTPDMS/PU (0.75 wt%), (c) eEPDM-g-APTES/HTPDMS/
PU (1.5 wt%), (d) eEPDM-g-APTES/HTPDMS/PU (2.25 wt%), and (e) eEPDM-g-APTES/HTPDMS/PU (3 wt%).
SEM: scanning electron microscope; eEPDM: epoxidized of ethylene–propylene–diene monomer; APTES:
3-aminopropyltriethoxysilane; HTPDMS: hydroxyl terminated polydimethylsiloxane; PU: polyurethane.

Table 1. Mechanical properties of composites.

Components
Tensile strength

(MPa)
Elongation at

break (%)
Young’s modulus

(MPa)
Hardness
(shore A)

EPDM 17.11 540 27.17 71
eEPDM 15.91 400 28.86 69
eEPDM-g-APTES/HTPDMS 12.70 487 20.19 59
eEPDM-g-APTES/HTPDMS/PU 0.75 wt% 13.50 520 23.15 64

1.50 wt% 13.24 545 22.65 65
2.25 wt% 12.86 562 22.20 65

3 wt% 12.60 586 21.86 67

EPDM: ethylene–propylene–diene monomer; eEPDM: epoxidized of ethylene–propylene–diene monomer; APTES: 3-aminopropyltriethoxysilane;
HTPDMS: hydroxyl terminated polydimethylsiloxane; PU: polyurethane.
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Data resulted from mechanical studies indicate that the modification and hybridization make the EPDM become more

flexible and soft than that of unmodified EPDM, which is better suitable for high-performance industrial applications.

Morphological properties

The morphology of eEPDM-g-APTES/HTPDMS (Figure 3(a)) shows a deformation surface with cavities in HTPDMS

phase. It can also be observed that the inner surfaces of the cavity are rough with white spots that look like the bubbles

escape from the surface. It was further observed that the incorporation of HTPDMS into eEPDM-g-APTES imparts

heterogeneous morphology.

The morphology of eEPDM-g-APTES/HTPDMS/PU (Figure 3(b) to (e)) hybrids also exhibits heterogeneous mor-

phology. However, unlike the morphology of eEPDM-g-APTES/HTPDMS, the morphology of hybrid PU, the HTPDMS

segment is uniformly distributed over the whole hybrid matrix system, due to the fact that HTPDMS is chemically bonded

between eEPDM-g-APTES and urethane prepolymer. The morphology of hybrid with 1.5 wt% PU possesses featureless

morphology, except a crack tip area. Hybrid with 3 wt% PU matrix possesses the rough texture morphology.

Differential scanning calorimetry

Data obtained from the DSC analysis for hybrid EPDM (eEPDM-g-APTES/HTPDMS) are presented in Figure 4(a). Two

values of glass transition temperatures (Tg) are observed in hybrid EPDM. The higher transition temperature corresponds

to the EPDM phase (Tg �65�C), whereas the lower transition temperature corresponds to the PDMS phase (Tg �125
�
C).

The value of Tg of the EPDM phase in the hybrid EPDM is significantly decreased, which indicates the partial miscibility

between eEPDM-g-APTES and PDMS by chemical bonding. Similar observations were also reported for poly(ethyle-

neglycol)-polydimethylsiloxane amphiphilic block copolymers.30

The DSC data of hybrid EPDM with different concentrations of PU (0.75, 1.5, 2.25, and 3.0 wt%) are given in

Figure 4(b) to (e). The main factors affecting the Tg are the crosslinking density and morphological structure. In hybrid

EPDM/PU matrices, together with the strong polar and rigid aromatic ring, urethane and hydrogen bonds are formed

between the molecules, all these form hard segment microarea. The weak EPDM chains, PDMS phase, C–N bonds, and

C–O bonds form the soft segment phase. Although there is a certain degree of compatibility between soft and hard

segment, the hard segment and soft segment phases are incompatible due to the nature of thermodynamics, resulting in

microphase separation. The soft segment phase and hard segment phase show respective Tg. The DSC thermograms of

hybrid EPDM containing PU clearly show the Tg of PDMS soft segment at�125�C, indicating that the PDMS microphase

separated from both the EPDM soft segment and the hard segment phase. The broad transitions at �55�C might be due to

the glass transition of the EPDM. The value of Tg of PU hard segment varies from 111�C to 120�C, depending on the PU

content, indicating that the PU microphase is separated from both the PDMS and the EPDM soft segments.

Thermal stability

Thermal stability of modified and hybridized EPDM was determined using TGA, and the results, namely, decomposition

temperature (Td) and char yield (%), obtained are presented in Table 2. The blending of eEPDM-g-APTES/HTPDMS with

Figure 4. DSC curves of (a) hybrid EPDM, (b) hybrid EPDM/PU matrices (0.75 wt% PU), (c) (1.5 wt% PU), (d) (2.25 wt% PU), and (e)
(3.0 wt% PU).
DSC: differential scanning calorimetry; EPDM: ethylene–propylene–diene monomer; PU: polyurethane.
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varying wt% of urethane polymer marginally lowers the values of Td and char yield (%) due to the presence polar urethane

linkages, which are more vulnerable for decomposition than that of siloxane linkages. Observation similar to this was

reported by Ramar et al.31,32

Dielectric behavior

Synthetic polymers are widely used as electrical insulators for different industrial and engineering applications.

Further, the incorporation of inorganic crosslinker into thermoplastics produces three-dimensional network struc-

tures with adequate thermal endurance behavior coupled with good electrical and mechanical properties suitable for

cable insulates.

In the present study, EPDM was suitably modified and hybridized with silane, HTPDMS, and urethane prepolymer

and the value of dielectric constant was determined using solartron impedance analyzer, and the results obtained are

presented in Table 2. It was observed that the value of dielectric constant of EPDM was marginally decreased when it

was epoxidized (eEPDM) due to the formation of polar epoxide groups, whereas the decrease in the value of dielectric

constant was noticed when eEPDM was grafted with APTES due to the hydrophobic behavior imparted by the silane

moiety and incorporation of HTPDMS into eEPDM-g-APTES/HTPDMS also lowers the value of dielectric constant to

an insignificant extent due to the enhancement of hydrophobic behavior and the development of heterogeneous

domains with the formation of voids in the hybrid eEPDM-g-APTES/HTPDMS system. Further, the incorporation

varying wt% of urethane prepolymer into eEPDM-g-APTES/HTPDMS increases the value of dielectric constant

according to the concentration. This may be explained due to the increase in the number of polar urethane sites with

the formation of hydrogen bonding in the system. The modification and hybridization of EPDM through epoxidation,

grafting, and blending marginally alter the value of dielectric constant according to the nature and concentration of the

components involved.

Data resulted from thermal and dielectric studies indicate that the modification and hybridization of EPDM improved

both thermal and insulating behavior to an appreciable extent than that of unmodified EPDM and these results suggest that

the hybridized EPDM can be considered as a better material for high-performance cable insulation applications.33,34

Conclusion

Hybrid siliconized–epoxidized EPDM/PU matrices were developed using eEPDM with 2.5 wt% of APTES as crosslinker

and varying weight percentages (0.75, 1.5, 2.25, and 3.0 wt%) of urethane prepolymer as chain extender and toughener

along with fixed weight percent (7.5 wt%) of HTPDMS as impact modifier at appropriate experimental conditions. The

molecular structure, morphology, thermal, dielectric, and mechanical properties of the hybrid matrices were characterized

using different analytical methods. The epoxidation of EPDM, hybridization of APTES grafted eEPDM with HTPDMS,

and urethane prepolymer were carried out in a sequential manner and the formation of hybrid matrices through chemical

linkages with components involved is ascertained by FTIR. Data resulted from morphological analysis indicate that the

components in the hybrid matrices are uniformly distributed in the continuous matrix system with phase-separated

heterogeneous morphology due to the presence of hydrocarbon and siloxane segments.

The Tg of APTES grafted eEPDM enhanced from �55�C to �48�C and that of urethane hybridized eEPDM increased

from 111�C to 120�C due to the formation of crosslinked network structure and intermolecular hydrogen bonding, It was

also observed that the incorporation of APTES, urethane prepolymer, and HTPDMS improved the elongation at break (%)

and marginally lowered the values of tensile strength, Young’s modulus, and hardness according to the percentage

concentration. Data resulted from different studies indicated that the siliconized hybrid eEPDM/PU matrices developed

in the present work can be considered as an effective replacement for conventional EPDM and can be used as high-

performance cable insulation materials under different environments.

Table 2. Thermal and dielectric properties of composites.

Components Tg (�C) Td (�C) Char yield (%) at 600�C Dielectric constant (e)

EPDM �58 490 9.3 3.14
eEPDM �55 482 8.6 3.46
eEPDM-g-APTES/HTPDMS �65, �125 512 24.3 3.10
eEPDM-g-APTES/HTPDMS/PU 0.75 wt% �125 495 19.6 3.40

1.50 wt% �55 489 20.4 3.45
2.25 wt% �111 486 21.8 3.54

3 wt% �120 480 22.6 3.63

EPDM: ethylene–propylene–diene monomer; eEPDM: epoxidized of ethylene–propylene–diene monomer; APTES: 3-aminopropyltriethoxysilane;
HTPDMS: hydroxyl terminated polydimethylsiloxane; PU: polyurethane.
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