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Abstract
Structure–properties relationship in complex rubber nanocomposites is a key for 
enlarging the performance window. Herein, halloysite nanotubes (HNTs) are added 
at variable content to ethylene-propylene diene monomer (EPDM)/nitrile butadiene 
rubber (NBR) rubber blends compatibilized with maleic anhydride grafted HNTs to 
evaluate cure characteristics, along with microstructure, and mechanical and swell-
ing behavior. The crosslinking rate increased by HNTs loading, but the scorch time 
decreased. Moreover, a 45% rise in tensile strength was observed for systems con-
taining 10 wt% HNTs. SEM and TEM micrographs revealed a rough fracture surface 
with proper dispersion of HNT within EPDM/NBR. The modulus of EPDM/NBR/
HNTs nanocomposites is theoretically estimated by modified Kolarik model, dem-
onstrating a good agreement with experimental value. Dynamic mechanical ther-
mal analysis (DMTA) revealed a higher storage modulus up to 2.27 GPa with the 
introduction of HNTs into EPDM/NBR compound. Correspondingly, lower solvent 
uptake (decreased by 38%) is reported. Thermogravimetric analysis (TGA) revealed 
higher thermal stability for highly-loaded systems.
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Introduction

Blending rubbers with complementary characteristics to each other enables one 
to manufacture elastomers with higher performance for advanced applications. 
The main difficulty, however, is the immiscibility of elastomers on a molecular 
level or the weak interface between phases not being co-cured. Addition of com-
patibilizer is well-known as the most practical way to compensate for inadequate 
interfacial adhesion in elastomer blends. However, it seems unlikely to attain co-
crosslinking of elastomers in the presence of reactive nanofillers [1]. Ethylene-
propylene diene monomer (EPDM) is an amorphous rubber widely used ranging 
from automotive and construction to the electronic industries, but it suffers from 
poor mechanical and oil resistance—necessitating the use of reinforcing agents 
or complementary polymers [2]. Nitrile butadiene rubber (NBR) has descent 
hot oil and ozone resistance [3], low-temperature flexibility [4] and appropriate 
mechanical properties [5]. NBR deserves credit for the ability to co-curing with 
EPDM, but unavoidably suppresses the stiffness of EPDM [6]. Thus, nanocom-
posites based on EPDM/NBR have received more attention in both academia and 
industry.

EPDM/NBR blends reinforced with various types of nanofillers have been 
the subject of several investigations in order to uncover microstructure–proper-
ties interrelationships [7]. Ghassemieh [8] reported the effect of nanoclay on the 
mechanical properties of EPDM/NBR blends. The incorporation of nanoclay into 
rubber blends increased the compression resistance of EPDM/NBR blend. Ersali 
et al. [9] reported the effect of two types of organoclays (Cloisite 20A and Cloisite 
30B) on the properties of EPDM/NBR blend and found that the higher mechani-
cal properties could be achieved by the combined use of organoclays. Jovanovic 
et  al. [10] reported that incorporation of nanosilica into EPDM/NBR elastomer 
blends leads to formation of a nanocomposite with high physical and mechanical 
properties through interfacial interaction modification. In a recent work [11], we 
examined combination of graphene and graphene oxide nanoplatelets in EPDM/
NBR blends, where dynamic mechanical and dielectric properties significantly 
improved. Nevertheless, the need for application of low-cost and highly reactive 
nanofillers has directed our attention toward nanofillers from clay family other 
than carbonaceous nanofillers.

Halloysite nanotubes (HNTs) are superior one-dimensional nanominerals with 
predominantly hollow tubular nanostructure and very high aspect ratio. Due to 
their relatively high mechanical and thermal stability, along with biocompatibil-
ity, HNTs are good candidates to be added to polymeric matrices [12]. They are 
also economically reasonable enough to be considered as alternatives for multi-
walled carbon nanotubes (MWCNTs) [13]. In this sense, various polymer/HNTs 
nanocomposites have been prepared via melt compounding [14]. On the basis of 
open literature, HNTs have been used in manufacturing numerous thermoplastic 
and thermoset polymer systems such as polypropylene [15], polyamides [16], pol-
yethylene [17], natural rubber [18], EPDM [19] and epoxy resins [20] for thermal, 
physical and mechanical properties enhancement. In some cases, the properties 
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of nanocomposites containing pristine HNTs and organoclay were compared and 
discussed, demonstrating the edge of HNTs in view of its higher stiffness and 
aspect ratio over the nanoclay [21]. However, to the best of our knowledge, there 
is no report on the effect of HNTs on the microstructure and properties of EPDM/
NBR blends.

In light of above discussions, the objective of the current work was to study the 
effect of HNTs incorporation and loading level on the cure characteristics, morphol-
ogy, mechanical properties and thermal properties of EPDM/NBR blends in the 
presence of a proper content of a compatibilizer, namely maleated EPDM (MAH-
g-EPDM). Since HNTs are reactive toward curing, because of hydroxyl functional 
groups, the pristine HNTs was added to the compatibilized EPDM/NBR elastomer 
blends and the aforementioned characteristics of the resulting nanocomposites were 
compared to the unreinforced rubber blend. Then, it was attempted to correlate the 
microstructure and curing characteristics with the thermal and mechanical proper-
ties of EPDM/NBR elastomer nanocomposites. The amount of HNTs was taken as a 
parameter in this investigation. In addition, the modified version of cross-orthogonal 
skeleton model (COS) conceptual model originally proposed by Kolarik was used in 
order to impart deeper understanding of the effects of nanotubes on the mechanical 
behavior of the complex nanocomposites based on EPDM/NBR/HNTs.

Theoretical background

The Young’s moduli of the compatibilized EPDM/NBR nanocomposites were eval-
uated on the basis of Kolarik equation, which was suggested to predict the modulus 
of particulate polymer composites by considering three perpendicular plates (3PP) 
model [22]:

where f is related to the volume fraction of filler through the following equation [22]:

Moreover, Em and Ef are the Young’s moduli of the matrix and filler, respectively.
Since the modulus of HNTs is significantly higher than that of the modulus of the 

polymer matrix (Ef >  > Em), the term (1−f)/Ef could be neglected in Eq. (1). There-
fore, the predicted Young’s modulus of nanocomposite could be represented as:

The relative modulus (ER = Ec/Em) of nanocomposites could be calculated from 
the following equation:

(1)Ec = Emf (2 − f ) +
(1 − f )2
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We can use cross-orthogonal skeleton model (COS) to predict the Young’s modu-
lus of polymer nanocomposites above the percolation threshold. It is assumed that 
the network of HNTs formed a continuous phase in EPDM/NBR matrix. The initial 
form of this model was proposed by Kolarik as the following equation [23]:

The simplified model was proposed by Zare on the basis of the above equation 
[24]:

A combination of Eqs. (4) and (7) could be applied to predict the Young’s modu-
lus of EPDM/NBR nanocomposites containing both dispersed and networked HNTs 
[24]:

where

The volume fractions of networked and dispersed HNTs in Eq.  (8) are repre-
sented as φN and φd, respectively. The parameter EN is related to the modulus of the 
networked HNTs.

Materials and methods

Materials

Ethylene-propylene diene monomer (EPDM), KEP-270, containing 57 wt% ethylene 
monomer with viscosity of 71 (ML (1 + 4), 100 °C) was supplied by the Kumho Pet-
rochemical Co. (Korea). Nitrile butadiene rubber (NBR), KNB 35L, containing 33% 
acrylonitrile with viscosity of 60 (ML (1 + 4), 100 °C) was purchased from Kumho 
Petrochemical Co. (Korea). Halloysite nanotubes (HNTs), ultrafine grade, with 
an internal diameter of 15–20 nm and an external diameter of 50–60 nm (claimed 
by provider), were obtained from Imerys Tableware Asia Limited (New Zealand). 
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Maleated EPDM (MAH-g-EPDM) was prepared in the laboratory [4] using maleic 
anhydride obtained from Sigma-Aldrich, USA, with 99% of purity. The curing of 
rubber nanocomposites was carried out by using N-cyclohexyl-2-benzothiazole sul-
fonamide (CBS) and sulfur (S) purchased from Bayer (M) Ltd. (Germany). Other 
ingredients such as zinc oxide (ZnO) and Stearic acid (St. Ac.) as accelerator and 
activators were similarly obtained from Bayer (M) Ltd. (Germany) and used without 
further treatment.

Nanocomposite preparation

EPDM/NBR/HNTs nanocomposites with various formulations, in accordance with 
Table 1, were prepared on a laboratory open two-roll mill mixer, running at rotor 
speed ratio of 1:1.2 for 13 min at 40 °C. In the first stage, EPDM was masticated 
by two-roll mixing mill for 2 min, then MAH-g-EPDM and NBR were sequentially 
added to the EPDM and mixing was continued for additional 3  min. HNTs was 
incorporated into the rubber compound, and the mixing was continued for 5 min. 
Finally, the curing ingredients were added to the rubber nanocomposite and mixed 
for 3 min. The EPDM/NBR weight ratio was fixed at 70/30 (w/w) for all the pre-
pared samples. The EPDM/NBR compound compatibilized with MAH-g-EPDM 
was also prepared on two-roll mill mixer for 13 min at 40 °C to be used as a refer-
ence sample. The prepared rubber compounds were compression molded in a com-
pression molding machine at 160 °C and time needed to reach the required optimum 
cure was estimated according to the optimum cure time obtained from Monsanto 
Rheometer.

Characterization

The cure characteristics of the reference sample and EPDM/NBR nanocompos-
ites containing various amounts of HNTs (all compatibilized with MAH-g-EPDM) 
were studied by using a Monsanto Rheometer R-100 testing instrument operated at 
160 °C with 3° arc at a period of 15 min in accordance with ASTM D2084.

Table 1  Formulations of various EPDM/NBR/HNTs nanocomposites together with the reference sample 
(compatibilized EPDM/NBR blend) prepared in this work

Sample code EPDM/
NBR 
(phr)

MAH-g-
EPDM 
(phr)

HNT (phr) ZnO (phr) St. acid (phr) CBS (phr) Sulfur (phr)

E70N30 100 2 0 5 2 1.5 2
E70N30H1 100 2 1 5 2 1.5 2
E70N30H3 100 2 3 5 2 1.5 2
E70N30H5 100 2 5 5 2 1.5 2
E70N30H7 100 2 7 5 2 1.5 2
E70N30H10 100 2 10 5 2 1.5 2
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The morphology of the compatibilized EPDM/NBR/HNTs nanocomposites was 
imaged on a Vega II XMU scanning electron microscope (SEM), Czech Republic at 
magnification of 1000×. The samples were cryogenically fractured and coated with 
gold powders by sputtering technique prior to SEM observations. The nanostructure 
of the cryogenically microtomed (with a diamond knife at − 100 °C) fracture sur-
face of the samples containing HNTs was observed on a Philips CM-200 transmis-
sion electron microscope (TEM), the Netherlands, with an accelerating voltage of 
100 kV and magnification of 200 kx.

Tensile tests were done according to the ASTM D412 by a Universal tensile 
testing machine, Instron 6025 model operated at room temperature at an extension 
speed of 500 mm/min with an initial gage length of 25 mm.

The hardness of the prepared rubber nanocomposites was measured, as per 
ASTM D2240 testing method by using a Durometer Hardness Tester, TA instru-
ments (USA). The sheets with effective thickness of 6 mm were used for hardness 
measurements.

The oscillatory response of the EPDM/NBR/HNTs nanocomposites to shear was 
monitored by dynamic mechanical thermal analysis (DMTA) conducted on a Triton 
Technology Tritec 2000DMA (UK). The storage modulus and damping factor of the 
prepared nanocomposites were measured in bending mode at a constant heating rate 
of 5 °C/min and a frequency of 1 Hz in a strain of 0.02 mm from − 100 to 100 °C.

Swelling behavior/capacity of the various EPDM/NBR/HNTs nanocomposites 
was investigated in toluene solvent in accordance with ASTM D5964. The required 
samples were cut from the molded slabs and weighted in dry state. The swollen 
weights of each nanocomposite immersed in solvent for 72 h were recorded to deter-
mine the swelling ratio and the crosslink density obtained using Flory–Rehner equa-
tion [25]:

where Qs is the swelling ratio, and ws and wu are the swollen and unswollen weights 
of the samples, respectively. The parameter, νsw, is the crosslink density (mol/m3), χ 
is the polymer–solvent interaction parameter, Vs is the molar volume of the solvent 
 (m3/mol) and ν is the volume fraction of polymer in swollen state, which could be 
calculated from the following equation [25]:

where wp and ws are the weight fractions of the rubber and solvent in the swol-
len sample, respectively. The parameters dp and ds are defined as the densities of 
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polymer and solvent, respectively. The polymer–solvent interaction parameter was 
calculated using the following equation [25]:

Thermogravimetric analysis (TGA) was conducted on a Netzsch TG 209 appara-
tus. Samples were placed in a corundum dish and measurements were conducted in 
nitrogen atmosphere in the temperature range 25–700 °C at a heating rate of 10 °C/
min.

Results and discussion

Cure characteristics

The cure behavior of the EPDM/NBR blends containing various loadings of HNTs 
is shown in Fig. 1. The relevant cure parameters of the nanocomposites are extracted 
from the figure and summarized in Table  2. Overall, the curves of nanocompos-
ites are all well above that of the reference EPDM/NBR blend compatibilized with 

(13)� = 0.487 + 0.228�

Fig. 1  Cure curves of the EPDM/NBR nanocomposites containing various loadings of HNTs together 
with the reference sample (compatibilized EPDM/NBR blend)

Table 2  Cure characteristics of the compatibilized EPDM/NBR/HNTs nanocomposites together with the 
reference sample (compatibilized EPDM/NBR blend)

Sample code t5(min) t10(min) t90(min) t95(min) M
H

(Nm) M
L
(Nm) M

H
−M

L
(Nm)

E70N30 7.01 7.58 15.00 17.34 54.5 13.07 41.43
E70N30H1 6.70 7.24 14.25 16.90 72.9 15.65 55.94
E70N30H3 6.62 7.04 14.10 16.76 75.30 15.94 59.35
E70N30H5 6.35 6.85 13.90 16.61 78.00 16.50 61.50
E70N30H7 5.90 6.24 13.50 16.41 79.80 17.73 62.07
E70N30H10 5.68 6.03 13.10 15.76 82.00 18.55 63.54
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MAH-g-EPDM reactive precursor, evidence for the interfacial interaction modifica-
tion by the introduction of HNTs. This suggests that the addition of HNTs could 
assist in interfacial adhesion improvement, because of the reactive nature of this 
nanotube [26]. Moreover, samples containing higher amounts of HNTs have lower 
scorch time and similarly cure time with respect to the reference compatibilized 
EPDM/NBR blend. On the other hand, according to Table 2, the maximum torque 
value and the torque difference were both increased with the HNTs loading, which 
can be attributed to the effect of nanotubes on the extent of crosslinking and rein-
forcing effect toward elastomer blend [27].

Morphological observations

Morphology of such a complicated system could unravel the texture/topography of 
the fracture surface exhibiting the uniformity and roughness of the surface (SEM 
micrographs support this evaluation) as well as the presence and dispersion/distribu-
tion fashion of nano-scale fillers and polymer domains (TEM images support this 
evaluation). Figure 2 shows SEM micrographs taken from tensile fracture surface 
of the reference blend (MAH-g-EPDM compatibilized EPDM/NBR) and nano-
composite containing 5  wt% HNTs. The introduction of HNTs into rubber blend 
resulted in a more irregular texture at the fracture surface, which is characteristic of 
enhanced interfacial bonding between the rubber matrix and the nanofiller. Paral-
lel lines formed on the fracture surface reveal the direction of fracture propagation, 
which can be taken as another evidence resulting from the presence of longitudinal 
nanotubes that resisted against rupture. Guo et  al.[27] reported an almost similar 
morphology in the case of styrene-butadiene rubber matrix reinforced with HNTs, 
and highlighted the improved interfacial bonding between the polymer matrix and 
nanofiller aided by the addition of methacrylic acid, which bonds both constitu-
ents through grafting/hydrogen bonding mechanism. Application of the mentioned 

Fig. 2  SEM photomicrographs of the fracture surfaces taken from tensile testing of the (a) reference 
(compatibilized EPDM/NBR) blend (E70N30) and (b) EPDM/NBR nanocomposite containing 5 wt% of 
HNTs (E70N30H5)
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modifier resulted in a higher mechanical properties, which was additionally proved 
by intensified roughness of the fracture surface with respect to the neat rubber.

Figure 3 is a closer snapshot of the state of  interfacial adhesion and dispersion 
of domains taken from TEM from the cryogenically microtomed fracture surface of 
E70N30H5. Bright regions indicate the EPDM phase, while darker ones are repre-
sentative of NBR phase, distinguished based on different densities of phases. Based 
on morphological analyses, the length of HNTs varies in between 350 and 790 nm, 
while its diameter is around 80–100 nm. The used nanofiller is uniformly distrib-
uted in the rubber phase, which suggests that the interaction between rubber matrix 
and nanotubes is higher than that between nanotubes themselves. It also confirms 
that the appropriate preparation conditions were achieved. A similar state of disper-
sion was observed by Rooj et al. [18] for natural rubber-based systems with HNTs 
compatibilized with silane coupling agent. It is also known from the literature that 
higher loadings of HNTs in rubber composites may lead to the formation of nano-
filler aggregates, which reduce the tensile strength of final nanocomposites [28]. In 
our study, aggregates of HNTs were not observed.

Mechanical properties

Figure  4 compares the effect of HNTs presence and content on the various 
parameters related to the mechanical behavior of the reference sample and the 
nanocomposites. Figure 4a suggests that an average increase in tensile strength 
up to 45% is the result of addition of HNTs to the EPDM/NBR compound. How-
ever, the elongation at break was suppressed slightly with higher amount of 
nanotubes, as depicted in Fig.  4b, which can be ascribed to some restrictions 
in chain mobility of polymer matrix induced by the incorporation of nanotubes 
[29]. Figure 4c shows that the introduction of HNTs into the EPDM/NBR matrix 

Fig. 3  TEM photomicrograph of the EPDM/NBR nanocomposites containing 5  wt% of HNTs 
(E70N30H5). Each component in the blend is graphically distinguished
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leads to a higher modulus at 300% elongation, which is attributed to the dis-
persion state of nanotubes and their interactions with the polymer matrix [30]. 
The enhanced interaction between the rubber and HNTs was already confirmed 
by SEM and TEM observations (Figs.  2 and 3). A strong interfacial bonding 
between the polymer matrix and the applied nanofiller obviously boosted the 
mechanical properties, due to the effective stress transfer between the polymer 
matrix and HNTs [31], which is in agreement with theoretical investigations of 
systems containing nanotubes of different type [32]. Tensile strength and modu-
lus are increased mostly because of higher amounts of HNTs, while elongation 
at break inversely correlated with HNTs content. Since the amount of MAH-
g-EPDM is constant, less compatibilizer could be shared with interfacial zone 
between rubbers and HNTs, such that elongation at break decreased as a conse-
quence of less interfacial bonding in highly HNTs loaded systems.

Fig. 4  Mechanical properties of various EPDM/NBR/HNTs nanocomposites together with the reference 
sample (compatibilized EPDM/NBR blend); (a) tensile strength, (b) elongation at break, and c modulus 
at 300% elongation



765

1 3

Polymer Bulletin (2024) 81:755–772 

Stiffness analysis

The effect of the amount of HNTs on the modulus of EPDM/NBR nanocom-
posites was conceptually predicted using Eq.  (8). The modulus of EPDM/NBR 
matrix was estimated from the tensile behavior of the rubber blend at 300% elon-
gation (Em = 1.5 MPa), while that of the networked HNTs was adopted equal to 
30 GPa on the basis of a previous work [33]. The volume percent of HNTs was 
calculated from the weight percent of each formulation considering the density 
of HNTs. The volume fractions of the networked and dispersed HNTs were cal-
culated by using optimization toolbar of MATLAB program to minimize the dif-
ferences between the predicted and experimental moduli of the nanocomposites. 
The difference between stiffness values of the nanocomposites are compared in 
Fig. 5. The results supported the effectiveness of loading and dispersion state of 
HNTs to the modulus of the prepared nanocomposites. A comparison between the 
theoretical and experimental moduli indicated some deviation at low loading of 
HNTs, possibly because of the role of interaction underestimated by the theory 
because of perfect adhesion assumption. At higher loadings, however, the predic-
tions are apparently closer to the experimental values, because of the insensitivity 
of model to interfacial interaction. In the other word, adhesion parameters are 
not sensitive to HNTs amount. Therefore, the inaccuracy of the model in pre-
diction of stiffness of such a complex system in which both the compatibilizer 
and HNTs are present is related to the lack of sense of model to the estimated 
volume fractions of the networked and dispersed HNTs in EPDM/NBR/MAH-g-
EPDM/HNTs nanocomposites. Nevertheless, estimations still remain promising 
for future investigations.

Fig. 5  Comparison between the theoretical stiffness and experimental values for modulus at 300% elon-
gation of EPDM/NBR nanocomposites as a function of HNTs content
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DMTA analysis

The results of DMTA measurements conducted on EPDM/NBR/HNTs nanocom-
posites and the reference blend are compared in Fig. 6. The stiffening effect of HNTs 
and its interaction with rubber matrix leads to a higher value of storage modulus for 
compatibilized EPDM/NBR blends, especially those with higher amounts of HNTs, 
as illustrated in Fig. 6a. Changes in the damping factor (tan δ) with sweeping tem-
perature in Fig. 6b show reduction with higher HNTs loading in the EPDM/NBR/
HNTs nanocomposites. This can be attributed to the restricted mobility of polymer 
chains induced by the interaction between nanotubes and rubber phases [34]. Fur-
thermore, the behavior of tan δ against temperature in Fig. 6b indicated an increase 
in glass–rubber transition temperature (Tg) of both EPDM and NBR phases, which 
intensifies the interpretations based on the restricted chain mobility [35].

Fig. 6  The results of DMTA measurements of various EPDM/NBR/HNTs together with the reference 
sample (compatibilized EPDM/NBR blend)
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Swelling behavior

The swelling behavior of EPDM/NBR/HNTs nanocomposites is illustrated in Fig. 7. 
The results indicated a decreased solvent uptake by HNTs loadings up to 38%, which 
again is assigned to the reinforcement effect of HNTs and the restricted chain exten-
sibility reflected in swelling behavior. The results of the calculated crosslink density 
are shown in Fig. 7b, indicating a higher value with the HNTs loadings up to 400%, 
possibly due to the interlocking effect of nanotubes and some physical interactions 
with the rubber matrix [36].

Fig. 7  Swelling behavior of EPDM/NBR nanocomposites containing various HNTs amounts together 
with the reference sample (compatibilized EPDM/NBR blend); (a) swelling ratio, and (b) cross-link den-
sity. On average, standard deviations after five times repeating the measurements were ± 0.11 and ± 4.69 
for parts a and b, respectively
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Thermal properties

TGA and derivative TGA (DTG) of EPDM/NBR/HNTs nanocomposites together 
with those of the reference blend are shown in Fig. 8. It is observed that the introduc-
tion of nanotubes into the EPDM/NBR matrix leads to an enhancement of thermal 
stability of nanocomposites. However, such a thermal stability enhancement did not 
change the general pathway of thermal degradation at temperatures below 500 °C. 
A detailed thermal stability evaluation can be carried out by the data extracted from 
Fig.  8 (Table  3). The results of TGA analysis shown in Table  3 suggest a higher 
thermal stability in regard with all characteristics. From a molecular view, it may be 
attributed to the dispersion state of HNTs and its high aspect ratio, which prevents 

Fig. 8  The results of TGA and DTG curves of EPDM/NBR/HNTs nanocomposites together with the ref-
erence sample (compatibilized EPDM/NBR blend)
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the emission of small gaseous molecules trapped into the polymer structure at higher 
temperatures [37].

Conclusion

Rubber blends based on ethylene-propylene rubber (EPDM) and nitrile butadiene 
rubber (NBR) are compatibilized with MAH-g-EPDM and further reinforced with 
varying amounts of HNTs on a two-roll mill mixer to prepare nanocomposites with 
higher properties. The introduction of HNTs into the EPDM/NBR matrix effectively 
governed the cure behavior of rubber blend, also improved the  thermal, mechani-
cal, and crosslinking of rubber blends because of interfacial interaction improve-
ment in the presence of MAH-g-EPDM compatibilizer. The mechanical properties 
analysis proved that the introduction of HNTs into the EPDM/NBR matrix leads to a 
higher tensile strength and modulus of the nanocomposites by about 45% and 100%, 
respectively. However, there was a decrease in elongation at break with higher con-
centrations of nanotubes. Theoretical prediction of stiffness of the nanocomposites 
suggested a good agreement between the theoretical modulus and experimental val-
ues, but some obvious deviation is observed at low loading levels, possibly because 
of the dominance of interaction contribution to modulus in such a complex system, 
which could not be detected by the model. DMTA measurements revealed a higher 
storage modulus for the nanocomposites with higher HNTs loading. However, there 
is some reduction in damping factor with the introduction of nanotubes into the rub-
ber matrix. The results of swelling analysis of the nanocomposites unraveled a lower 
solvent uptake with higher amount of HNTs. Thermogravimetric analysis (TGA) 
of EPDM/NBR/HNTs nanocomposites indicated that the introduction of nanotubes 
into the rubber matrix leads to a higher thermal stability, particularly at higher tem-
peratures (above 500 °C), where HNTs resists against thermal degradation.
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Table 3  TGA results for various EPDM/NBR/HNTs nanocomposites together with the reference sample 
(compatibilized EPDM/NBR blend)

Sample code Temperature at 5% loss 
(°C)

Maximum weight loss 
(%)

Temperature at maxi-
mum weight loss rate 
(°C)

E70N30 368.4 90.43 477.3
E70N30H1 369.9 87.81 479.3
E70N30H3 371.1 87.42 480.7
E70N30H5 371.2 86.65 481.3
E70N30H7 372.1 85.73 482.4
E70N30H10 379.3 83.54 483.1
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