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Abstract: This research deals with the mechanical properties, microstructure, and interrelations of
triple nanocomposite based on PET/EPDM/Nanoclay. These properties were examined in different
percentages of PET/EPDM blend with compatibilizer (Styrene-Ethylene/Butylene-Styrene)-G-(Maleic
anhydrate) (SEBS-g-MAH). Results showed that the addition of 15% SEBS-g-MAH improved the
toughness and impact strength of this nanocomposite. SEM micrographs indicated the most stable fuzzy
microstructure in a 50/50 mixture of scattered phases of EPDM/SEBS-g-MAH. The effects of
percentages of 1, 3, 5, 7 nanoclay Cloisite 30B (C30B) on the improvement of the properties were
evaluated. With the addition of nano clay, the toughness and impact strength was reduced. Thermal
destruction of nanoclay in processing temperature led to the decreasing dispersion of clay plates in the
matrix and a reduction in the distances of nano clay plates in the composite compared to pure nano clay.
XRD and TEM analysis was used to demonstrate the results. By adding 1% of nanoclay to the optimal
sample, maximum stiffness, and Impact strength, among other nanocomposites, was achieved.
Keywords: Microstructure, Mechanical properties, nanocomposite, PET/EPDM/Nanoclay

1. Introduction
Polyethylene terephthalate (PET) is a synthetic polymer with unique mechanical and chemical
properties such as high strength and modulus, and high processability characteristics such as low
permeability to solvents and gases, electrical properties, and resistance to tearing and chemicals [1-7].
However, this substance has certain disadvantages, such as sensitivity to cracks [8] and low strength
against atmospheric factors. Therefore, engineers are trying to increase the toughness of this polymer
with the addition of an elastomeric phase to overcome the mentioned shortages [9-18]. One way to
improve the mentioned properties is to add an elastomeric phase to increase the toughness [19, 20].
Therefore, the use of EPDM with properties such as improving toughness, ozone resistance [21], and
impact strength can be the right solution. Since PET/EPDM alloy is thermodynamically
incommensurable and forms a multi-phase morphology after alloying [22, 23], a compatibilizer is
required to obtain optimal properties and to control morphology and cohesion between the phases [24].
In order to improve the compatibility of PET to EPDM, Styrene-Ethylene/Butylene-Styrene-GMaleic anhydrate (SEBS-g-MAH) was used. The elastomeric phase affects various properties, including
modulus and stiffness. Therefore, some of the shortcomings can be compensated with the addition of
reinforcing agents. Indeed, properties such as modulus, impact strength, and stiffness are simultaneously
improved with the formation of Nanocomposite structure [25]. According to previous researches, using
traditional reinforcing agents such as soot, which increases elastomeric properties in high weight
percentages, leads to certain shortcomings in final products and increased weight [26]. However, using
nano clay particles, which have reinforcing properties even in low weight percentages, results in
decreased weight and the final cost of the product [27-29]. According to another study, the stretch
strength of nanoclay-EPDM composites is three to four times as much as pure plastic [30].
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However, increasing nanoclay content over 5% leads to the squishing of nanoparticles and decreases
stretch strength. This property was observed in other studies [31]. Entezam et al. investigated the effect
of the presence of nanoclay in PP/ PET alloy. They observed that the dispersion of nano clay particles
into the matrix phase affects crystallization temperature and stretch modulus and strength and improved
mechanical properties [32]. Jadi et al. investigated the effect of Cloisite 30B (C30B) and Cloisite 15A
in EPDM/SAN nanocomposite and observed that up to 5% of C30B could reduce the diameter of EPDM
particles and results in better dispersion of the particles in SAN phase [33]. Some other works showed a
relationship between viscoelastic behavior and morphology of SR/ EPDM/ Nanoclay nanocomposite in
the presence of Maleic Anhydrate. Nano clay showed better dispersion in the EPDM phase, compared
to SR, and had a better structure in comparison with the sample without compatibilizer [34]. The present
study examined the significant factors on the formation and control of morphology and their relationship
with the mechanical properties of triple nanocomposites based on PET/EPDM/Nanoclay using SEBSg-MAH as compatibilizer.

2. Materials and methods
In the present study, PET was purchased from Hualon Co., Korea. EPDM was prepared from
Exxonmobil, Belgium. Ethylene,SEBS-g-MAH was from Kraton Polymer Group, USA. C30B was used
from Southern Clay Products, USA.
2.1. Sample preparation
All samples PET, EPDM, SEBS-g-MAH, and C30B were weighted using a digital scale according
to the following formulation: PET granule and C30B were dried in a vacuum oven at 120°C for 8 and 6
h, respectively. Then, PET was removed from the oven and was mixed with EPDM at an internal mixer
at 260°C, 600 rpm for 9 min, according to the formulation in Table 1. The same trend was repeated in 3
steps for PET/ EDPM/ SEBS-g-MAH and four steps for PET/ EDPM/ SEBS-g-MAH/ C30B. All the six
mixtures were cooled at room temperature, and then sample sheets were prepared at 260 °C for 5 min
after 2 min preheating by using a compressive molding machine (type p200p) made by Dr.Collin Co.,
Germany, for further tests.
Table1. Samples Formulation.
Sample Code
a
b
c
d
e
f
g
h
j

PET
100
70
70
70
70
69.3
67.9
66.5
65.1

EPDM
0
30
22.5
15
7.5
14.85
14.55
14.25
13.95

SEBS-MA
0
0
7.5
15
22.5
14.85
14.55
14.25
13.95

Cloisite 30B (C30B)
0
0
0
0
0
1
3
5
7

2.2. Impact Test
The impact strength was examined using the Charpy method. The standard method of ISO 179 under
the angle of 124.4 °C was used.
2.3. Tensile Test
Standard ASTM D412 measured tensile, and strain strength of the blend samples at room temperature
with a stretch rate of 50 mm/min, and the average results were reported.
2.4. Transmission Electron Microscopy (TEM)
A skinny layer with an approximate thickness of 100 nm was put at liquid nitrogen under
refrigeration conditions and was cut using EM UC/FC6ULTRAMICROTOME Tool (lecia) equipped
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with a diamond knife. Then TEM images were obtained using a Transmission electron microscope KEV
80 of EM 900 model made by Ziess Co. at accelerating voltage of 80 KV [35-41].
2.5. X-Ray Diffraction (XRD)
In XRD analysis, the layered silicate structure of C30B, the distance between nanoclay plates, and
the morphology of the obtained nanocomposites were examined using X’Pert Pro MPD machine,
accelerator voltage of 50 KV, and a current of 40 mA. The diffraction spectrum was obtained at 20
between 2-10 °C, and the distance between the layers is obtained according to Bragg’s Law (1):
d= γ/2sinθmax

(1)

where γ is the wavelength.
2.6. Scanning Electron Microscopy (SEM)
This technique was used for direct observation and assessment of the layered microstructure of the
blend samples. Samples were broken in liquid nitrogen and were coated with a gold film.

3. Results and discussions
3.1. Mechanical Properties of the Nanocomposite Polymer
3.1.1. Impact and tensile tests
The results of the Impact and tensile tests were presented in Table 2.
Table 2. Mechanical properties (Impact, tensile strength, and elongation to tear point)
of PET/ EDPM/ SEBS-g-MAH/ C30B with different content percentages
Sample
Code

Sample

Impact Strength
(kj/m2)

TensileStrength
(MPA)

Elongation (%)

PET

0.7

16.25

6

PET/EPDM (70/30)

1.4

10.54

5.55

c

PET/EPDM/SEBS-MA (70/22.5/7.5)

2.1

6.11

4.62

d

PET/EPDM/SEBS-MA (70/15/15)

3

8.23

4.40

e

PET/EPDM/SEBS-MA (70/7.5/22.5)

2.2

18.29

7.55

f

PET/EPDM/SEBS-MA/ C30B
(69.3/14.85/14.85/1)

2.83

12.97

8.16

g

PET/EPDM/SEBS-MA/ C30B
(67.9/14.55/14.55/3)

2.5

5.31

3.40

h

PET/EPDM/SEBS-MA/ C30B
(66.5/14.25/14.25/5)

2.7

3.59

4.39

j

PET/EPDM/SEBS-MA/ C30B
(65.1/13.95/13.95/7)

1.65

4.55

4.05

a
b

There can be seen that the toughness and impact strength has improved with the addition of 30% of
elastomeric phase (EPDM) to the matrix (PET), which is fragile [42] (mixture b), while tensile strength
was decreased, which is due to incompatibility of the two components and low cohesion between the
surfaces. Moreover, elongation was also increased, an indication of higher toughness and structural
conflict. Since PET and EPDM are incommensurable, SEBS-g-MAH was used as a compatibilizer. It
decreased the EPDM phase of 22.5%, and with the addition of 7.5% of SEBS-g-MAH(Mixture c), it can
be observed that toughness and impact strength was improved due to the increased dispersion of the
EPDM phase in PET and smaller particles (EPDM), which is observable in SEM images. However,
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tensile strength and elongation were decreased. It is also implied that impact strength and elongation are
negatively correlated, indicating the increase in toughness.
It is observed that maximum toughness and impact strength can be achieved with a further reduction
of the EPDM phase to 15% and the addition of 15% of SEBS-g-MAH (mixture d). This shows that the
most stable fuzzy microstructure is achieved at a 50/50 mixture of dispersed phases (EPDM/SEBS-gMAH), as shown in SEM images. Furthermore, tensile strength has also increased while elongation was
decreased, indicating increased toughness and impact strength. Next, with the addition of the EPDM
phase and SEBS-g-MAH to 7.5 and 22.5% (mixture e), it can be observed that toughness and impact
strength is reduced because the increased SEBS-g-MAH in the mixture leads to reduced dispersion and
smaller size of particles of EPDM phase in PET. This can be seen in SEM images. Also, tensile strength
and elongation have increased, indicating reduced toughness and impact strength.
Next, the mixture d is selected due to maximal toughness and Impact strength and the most stable
fuzzy microstructure, in which EPDM and SEBS-g-MAH have equal content percentages. With the
addition of C30B with different percentages, the effect of nanocaly particles on the mechanical and fuzzy
microstructure of the blend was examined. With the addition of 1% of C30B to optimal sample (mixture
f), toughness and Impact strength were reduced because the effect of compatibilizer on the dispersion of
nanoparticles in PET is minimal and leads to layered dispersion of clay in the polymer matrix. Moreover,
the intermediate tensile between the PET phase and the dispersed phase (EPDM) was decreased, but a
considerable amount of nanoparticles were seen in the phase’s interface, which is observed in SEM
images. Moreover, tensile strength was increased because the addition of organic agent-modified clay
led to a reduction of the size of micronic regions of the dispersed phase. However, elongation was also
observed, which is due to decreased toughness and impact strength.
With increasing nanoclay content to 3%(mixture g), it can be observed that toughness and impact
strength were decreased due to the small effect of compatibilizer on the dispersion of clay layers and
also weak interaction of these layers with the matrix and dispersed phases. However, tensile strength
and elongation were increased because the addition of organic agent-modified clay led to an increase in
the size of Micronics regions of the dispersed phase and the presence of silicate masses. With the further
addition of nanoclay content to 5% (mixture h), it can be observed that toughness and impact strength
were increased because a more considerable amount of clay was layered, the concentration of
nanoparticles in the polymer matrix decreased, and layered dispersion of nanoplates in polymer matrix
increased.
Furthermore, tensile strength was decreased due to the reduced presence of silicate masses, while
elongation was also increased. Then, with further addition of nanoclay content 7% (mixture j), it can be
observed that toughness and impact strength were decreased because only a small amount of clay was
layered and the concentration of nanoparticles in the polymer matrix reached the maximum. Moreover,
tensile strength was increased, but elongation decreased.
3.2. Morphology and Microstructure of Nanocomposite Polymer
3.2.1. Examining the microstructure and morphology using SEM
Figure 1(b) shows the morphology of PET/ EPDM mixture. The matrix-disperse morphology reveals
that when the dispersed phase (EPDM) has a lower viscosity than the PET phase, it is dispersed
uniformly in the form of small droplets. Here, the size of the dispersed phase (EPDM) is fairly large due
to inappropriate commensurability, leading to non-uniform dispersion. Moreover, due to the
incompatibility of the two components, cohesion is fragile in the interface, and the two phases are
separated.
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Figure 1. SEM image of failure surface in b) PET/ EPDM (70/30), c) PET/ EPDM/SEBS-MA
(70/22.5/ 7.5), d) PET/EPDM/SEBS-MA (70/15/15), e) PET/EPDM/SEBS-MA (70/7.5/22.5),
f) PET/EPDM/SEBS-MA/ C30B (69.3/14.85/14.85/1), g) PET/EPDM/SEBS-MA/ C30B
(67.9/14.55/14.55/3), h) PET/EPDM/SEBS-MA/ C30B (66.5/14.25/14.25/5),
j) PET/ EPDM/SEBS-MA/ C30B (65.1/13.95/13.95/7)
In all content percentages of compatibilizer, Figure 1(c-e), dispersed phase (EPDM), and SEBS-gMAH are observed as separated phases in the matrix. As shown in the image, elastomeric particles are
torn under stress, and cavities have been formed. Since the matrix and the interface of the two phases
are strong, SEBS-g-MAH particles are oriented to these cavities, indicating that shear stress has been
maximal; hence tensile strength has considerably increased. However, with the reduction in impact
strength, elongation has also increased. Therefore, with the further addition of SEBS-g-MAH to 15%, it
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can be observed that the maximum dispersion of EDPM is achieved, and the particles of the dispersed
phase are considerably smaller and are in the form of an oval.
Figure 1(f-j) shows the effect of the addition of various percentages of C30B (1, 3, 5, and 7) to the
mixture PET/ EPDM/ SEBS-g-MAH. Moreover, nanoparticles resulted in a better dispersion of EPDM
in PET (layered dispersion) with the most inter surface effects between the matrix and silicate layers
compared to other nanocomposites. Therefore as it is evident in TEM images, the mixture has the most
impact strength. Furthermore, the percentage of the dispersed phase (EPDM) and SEBS-g-MAH is
equal, and it is observed that by adding 1% of clay, the compatibilizing effect of nanoparticles on
decreasing the size of dispersed phase particles is crystal clear. Indeed, particles have become smaller,
and their tensile has also decreased.
Moreover, the addition of organically-modified clay reduced the size of micronic regions of the
dispersed phase (EPDM), which indicated a reduction of shear stress. As a result, impact strength has
decreased compared to the optimal sample. Also, the images (g-j) show that in this percentage of clay,
the role of compatibilizer in layering clay sheets and dispersion of nanoparticles in the matrix and the
interface is minimal, leading to reduced cohesion between the two phases. This can be due to increased
interactions between the active agents in the modified clay and maleic anhydride (SEBS-g-MAH).
3.3. Investigation of microstructure using X-Ray Diffraction (XRD)
Table 3. Properties of nanoparticles.
d001
(nm)
18/5

20
(˚C)
4/8

Concentration of reformer
(meq/100g clay)
90

Structure of reformer

Organic reformer

Cloisite

Ch3-N+
(CH2CH2OH)2-T

MT2EtOH

30b

Table 4. Features and content percentage of the samples containing Cloisite 30B (C30B).
Sample Code
f
g
h
j

20
(˚C)
6.099
5.98
5.849
5.859

d001
(nm)
1.4478
1.4767
1.5098
1.5072

Results of XRD test for examining the microstructure of pure C30B are presented in Tables 3 and 4.
As shown in Tables 3 and 4, in samples containing C30B, the feature peak is displaced to larger angles
rather than pure clay. This indicates the decrease in the distance between nanoclay sheets in the
composite compared with the pure clay. This seems to be due to the thermal destruction of active organic
agents connected to C30B at a processing temperature of 260°C [43]. It reduced layered dispersion of
clay sheets in the polymer matrix and decreased the distance between nanoclay sheets in the
nanocomposite compared to pure nanoclay [44].
Based on the results from Figure 2, it can be stated that with the addition of 1% of C30B to the
composite PET/EPDM/SEBS-g-MAH (70/15/15), the distance between the layers of nanoclay particles
in the blend PET/EPDM decreases from 1.85 nm (pure C30B) to 1.447 nm (in mixture f). Therefore,
XRD results reveal that PET and EPDM chains are not permeable to layers of C30B particles and do not
have the compatibility of creating an interlayer structure for these particles; furthermore, the smaller
layer distance for C30B particles can be attributed to the lower compatibility of PET and EPDM chains
to C30B particles.

Mater. Plast., 57 (3), 2020, 249-259

254

https://doi.org/10.37358/MP.20.3.5397

MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

Figure 2. Diagrams obtained from
XRD test for nanocomposites
containing: f) PET/EPDM/SEBSMA/ C30B (69.3/14.85/14.85/1);
g) PET/EPDM/SEBS-MA/Closite
30b (67.9/14.55/ 14.55/3); h)
PET/EPDM/SEBS-MA/ C30B
(66.5/14.25/14.25/5);
j) PET/EPDM/SEBS-MA/C30B

This also indicates an improper dispersion of nanoparticles in the matrix phase in this sample. This
can be because of a large amount of the clay in this sample, which is layered, and almost all nanoclay
particles are transmitted to the interface between the two phases, leading to the formation of a pseudonetwork structure.
With increasing clay content to 3 and 5%, it can be seen that the feature peak of nanoclay particles
goes to the smaller angle in nanocomposites. This shows an increased layer distance from 1.447 to 1.476
nm and 1.476, respectively. This indicates interlayer dispersion of nanoparticles of C30B in
nanocomposites, which is due to the penetrability of PET and EPDM chains to layers of C30B. In this
mixture, some of the nanoparticles move from the interface of the two phases (PET/EPDM) to the matrix
phase. With the further addition of clay content to 7%, it is observed that the feature peak moves towards
the greater angle in the nanocomposite, indicating a reduced distance between the layers of nanoclay
particles to 1.507 nm. However, most nanoparticles moved from the interface of the two phases in the
matrix. This indicates less interlayer dispersion for C30B nanoparticles in nanocomposite j, which is
caused by less penetrability of PET and EPDM chains to the layers of C30B particles [45-53].
3.3.1. Investigating the microstructure and morphology using a transmission electron microscope
(TEM)
Figure 3 presents TEM images with different magnifications for a nanocomposite sample
PET/EPDM/SEBS-g-ma/ C30B containing 1% of nanoclay content. Almost all the nanoclay particles
were observed in the interface of the two phases.

Figure 3. TEM images with manifications of 1 nm and 300 nm for nanocomposite
e) PET/EPDM/ SEBS-g-MAH/C30B (69.3/ 14.85/ 14.85/ 1)
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Based on the observations in Figure 3, nanoclay particles in this nanocomposite sample, containing
1% of nanoparticles, have a uniform distribution in the interface of the two phases in a way that
nanoparticles covered almost all the surface of the interface. This indicates that there is not a proper
dispersion of C30B nanoparticles in the PET phase [54-55].

4. Conclusions
The mechanical properties, microstructure of triple polymer nanocomposite based on PET/EPDM/
C30B were studied. In the PET/EPDM blend, toughness, and impact strength have increased, but since
the two phases are incommensurable, the tensile strength decreased, leading to increased elongation. In
order to compatibilizing the thermoplastic PET phase with the EPDM phase, SEBS-g-MAH was used
as a compatibilizer. It was observed that with the addition of 15% of SEBS-g-MAH to the PET/EPDM
blend, toughness and Impact strength reached their peaks in this nanocomposite. This means that the
most stable fuzzy microstructure was achieved in a 50/50 mixture of dispersed phases (EPDM/SEBS-gMAH), which is observable in SEM images. Also, with the addition of nano clay, the toughness and
impact strength was reduced because the effect of compatibilizer in the dispersion of nanoparticles in
the matrix is shallow; also, thermal destruction of nanoclay in processing temperature leads to the
decrease dispersion of clay plates in the matrix and a reduction in the distances of nano clay plates in the
composite compared to pure nano clay. These results are shown in XRD and TEM images. Addition of
1% of nanoclay to optimal sample, maximum stiffness, and impact strength among other nanocomposites achieved.
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