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Abstract: This paper describes the development of new types of dynamically cross-linked thermoplastic
elastomers based on ethylene-propylene-terpolymer rubber and low-density polyethylene, reinforced
with plasticized starch and montmorillonite with a chemically modified surface. An octylphenol-
formaldehyde resin in the presence of stannous chloride dihydrate was used as a vulcanizing agent. The
samples were obtained on a Brabender Plasti-Corder mixer, at appropriate temperatures and rotation
speeds, using the dynamic vulcanization method and the melt intercalation technique. The mixtures
obtained were modeled in the form of plates with standard dimensions using specific molds and a
laboratory-scale electrical press. The obtained samples were analyzed from the point of view of the
physical-mechanical properties, the melt flow index, as well as from the structural and morphological
point of view. It was observed that the characteristics of the samples are influenced by both the
composition and the methods of obtaining used. According to the obtained characteristics, the new
elasto-plastic materials can be used in fields such as the footwear industry (for the production of: soles,
heels, protective boots), in the rubber and plastics industry, the automobile industry, agriculture or
construction (when making gaskets, technical items, hoses, etc.). They can be easily processed into
different finished products by methods specific to plastics.
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1. Introduction

The 21% century is considered by specialists in the field to be the century of advanced polymers [1].
The polymer production and processing branch is considered one of the largest industrial sectors. In
today’s society, with a wide spectrum of lifestyles, obtaining new advanced materials based on poly-
olefins, elastomers, compatibilizing and reinforcing agents in the form of nano-sized particles with
chemically activated surfaces, with high-performance physical and mechanical properties and ecological
processing technology into finished products with short processing time is essential for various fields of
research [2-4]. Among these, elasto-plastic nanomaterials are currently considered materials with high
industrial performance applications. Therefore, their development has recently proven to be of great
interest for industries such as footwear, consumer goods, technical rubber products, etc. [5]. Among
these, a special place is occupied by nanocomposites based on chemically modified layered clay of the
montmorillonite type (OMMT). These are generally obtained by the intercalation melt method, which is
an ecological method of obtaining elasto-plastic nanocomposites that leads to the improvement of
physical-mechanical characteristics and more [6, 7].

In order to obtain new sustainable polymer materials, several studies have been carried out regarding
the replacement of a part of the polymers obtained by synthesis with organic, biodegradable polymers
obtained from renewable resources, such as starch [8-9]. Starch cannot be processed in the melt as such,
because it degrades before melting. In order to reduce the melting temperature of starch, plasticizers
such as glycerin, water, etc. are generally used. At high temperatures (55°C-120°C), they form a viscous
suspension with the starch following a gelatinization process, which leads to the decomposition of the
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granular tissue of the starch and to the decrease of its melting temperature [10-11]. Currently, there are
studies on obtaining mixtures based on plasticized starch and synthetic polymers that present properties
suitable for a large number of applications [8-9].

An advanced method that allows improving the morphology and properties of materials based on
elastomers and plastomers is called dynamic vulcanization, and the products obtained are called
dynamically vulcanized thermoplastic elastomers (TPV) [12-14]. This method consists in dynamic
cross-linking of the elastomer in the melt of thermoplastic material, using reduced amounts of cross-
linking agents, when micron-sized particles of finely cross-linked elastomer distributed in the
plastomeric matrix are obtained. These types of materials are generally obtained in the form of granules
and can be processed on equipment specific to both plastics and vulcanized materials, through kneading,
extrusion, injection, and thermoforming processes. The waste resulting in the technological flow can be
easily re-circulated without affecting the quality of the finished products, and the technological process
corresponding to obtaining finished products can be fully automated, etc. [12-14].

This paper presents the production of new types of elasto-plastic materials based on EPDM elastomer
(ethylene-propylene-diene-terpolymer) and LDPE (low density polyethylene) reinforced with starch
which was plasticized and chemically modified surface OMMT (organic montmorillonite-type
nanofiller). The samples were obtained by the methods and techniques presented above and then were
characterized from the point of view of physical-mechanical properties, flow indices, as well as from a
structural and morphological point of view.

2. Materials and methods
2.1. Materials

The following materials were used: (1) ethylene-propylene-diene-terpolymer rubber Nordel rubber
3745P (ethylene content 70%, density 0.88 g/cm®), from Dow Chemical Company; (2) low density
polyethylene (LDPE) Tipolen MF 243-51 (melt flow index - MFI 22.4 ¢g/10 min. at 190°C with a
pressure of 2.16 kg, density 0.922 g/cm®) produced by Mol Petrochemicals Co Ltd, Hungary; (3)
Compatibilizer: polyethylene graft maleic anhydride (PE-g-AM) Bonyram TL 4109-E from Polyram,
Israel (density 0.905 g/cm® , MFI 2g/10 min. at 190°C with a 2.16 kg force, density of 0.905 g/cm?); (4)
soluble starch obtained from potatoes produced by Lach; (5) starch plasticizer - glycerin (free acidity
0.02%, specific gravity - 1.26 g/cm?®), produced by S.C. Chimreactiv S.R.L.; (6) organic modified
montmorillonite (OMMT) - Nanoclay | 31.PS (chemically modified montmorillonite layered clay with
0.5 - 5% propyl-amino-trietoxysilane and 15-35% octadecylamine, particle size below 20 microns),
produced by Nanocor.; (7) antioxidant Irganox 1010 (98% active ingredient), (8) vulcanize agent - heat-
reactive resin SP-1055 - based on octylphenol-formaldehyde containing methylol groups (bromine
content 4%, methylol content 11%, density 1.05 g/cm?®) produced by Akrochem Corporation, Ohio, (9)
Catalyst for the crosslinking reaction - stannous chloride dihydrate SnCloxH20 produced by Merk
KGaA, Darmstadt, Germania; (10) zinc oxide | grade quality (99% purity) and (11) stearic acid (0.02%
ash).

(1) ethylene-propylene-diene-terpolymer rubber Nordel rubber 3745P (ethylene content 70%,
density 0.88 g/cmq), from Dow Chemical Company; (2) low density polyethylene (LDPE) Tipolen MF
243-51 (melt flow index - MFI 22.4 g/10 min. at 190°C with a pressure of 2.16 kg, density 0.922 g/cm?®)
produced by Mol Petrochemicals Co Ltd, Hungary; (3) Compatibilizer: polyethylene graft maleic
anhydride (PE-g-AM) Bonyram TL 4109-E from Polyram, Israel (density 0.905 g/cm?®, MF1 2g/10 min.
at 190°C with a 2.16 kg force, density of 0.905 g/cmq); (4) soluble starch obtained from potatoes
produced by Lach; (5) starch plasticizer - glycerin (free acidity 0.02%, specific gravity - 1.26 g/cmq),
produced by S.C. Chimreactiv S.R.L.; (6) organic modified montmorillonite (OMMT) - Nanoclay |
31.PS (chemically modified montmorillonite layered clay with 0.5 - 5% propyl-amino-trietoxysilane and
15-35% octadecylamine, particle size below 20 microns), produced by Nanocor.; (7) antioxidant Irganox
1010 (98% active ingredient), (8) vulcanize agent - heat-reactive resin SP-1055 - based on octylphenol-
formaldehyde containing methylol groups (bromine content 4%, methylol content 11%, density 1.05
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g/cm?®) produced by Akrochem Corporation, Ohio, (9) Catalyst for the crosslinking reaction - stannous
chloride dihydrate SnCl2xH20 produced by Merk KGaA, Darmstadt, Germania; (10) zinc oxide | grade
quality (99% purity) and (11) stearic acid (0.02% ash).

2.2. Sample preparation

The composition of the mixtures made is presented in Table 1. To obtain the mixtures, in the first
stage, the starch was plasticized as follows: the starch was dried at 80°C for 8 h and then plasticized with
glycerin in a 2:1 mass ratio with continuous stirring at 70°C until a homogeneous mixture was obtained.
In the second stage, nanocomposites are obtained using a Brabender Plasticorder 828703 V230 internal
mixer (Duisburg, Germany) at high temperatures, and the working method is indicated in Table 2.

Table 1. Blend formulations

Ingredients Sample symbol
A B C D E F G H |
EPDM, g 60 60 60 60 60 60 50 50 30
LDPE g 40 40 40 40 40 40 50 50 70
PE-g-AM, g 5 5 5 5 5 5 5 5 5
Zinc oxide, g 3 3 3 3 3 3 25 2.5 1.5
Stearic acid, g 0.75 0.75 0.75 0.75 0.75 0.75 0.63 0.63 0.4
Antioxidant, g 1 1 1 1 1 1 1 1 1
OMMT, g - - 3 3 3 3 3 3 3
Plasticized starch, g 50 50 50 50 80 80 50 22.5 12
Resin SP 1055, g - 3 3 4 - 3 6 6 3
SnCl2x2H20, g - 1 1 2 - 1 1.67 1.67 1

Table 2. Procedure for obtaining mixtures using the Brabender Plasticorder mixer

Order of introducing ingredients Time
LDPE 2 min. at 60 rotations/minute (rpm)
+EPDM + PE-g-AM 2 min. at 60 rpm
+OMMT + plasticized starch + ZnO + stearic acid 2 min. at 30 rpm
+ heat-reactive resin SP-1055 + SnCl2xH20 3 min. at 30 rpm
Homogenisation 3 min. at 80 rpm
Total time 12°

The diagram of the torque variation versus time and temperature recorded using the Brabender
Plasticorder mixer during the production of mixtures A-C is presented in Figure 1. According to the
diagrams presented, in the first part that corresponds to the introduction of LDPE into the mixer (approx.
2 min. at 60 rpm, Table 2), the torque increases initially and then as the LDPE melts, the torque
decreases. A significant increase in the torque is then observed, which corresponds to the introduction
of the EPDM elastomer and the PE-g-AM compatibilizing agent. Due to shear forces, the temperature
rises as the torque increases. As the melting point is achieved, the torque starts to decrease slightly, and
the homogenization and plasticization of the EPDM elastomer begins. The following ingredients are
introduced for mixing in the Brabender mixer: plasticized starch, OMMT nanofiller, ZnO and stearic
acid, mixing them at a speed of 30 rpm (Table 2 and Figure 1).

The torque starts to increase as the inclusion of the fillers and stearic acid takes place. After
incorporating them, the crosslinking resin and stannous chloride dihydrate are added, followed by
closing the mixer and increasing the rotation speed to 80 rpm. The torque increases to a maximum point,
after which it decreases. It is observed that the values of the torque in this part are higher in the mixture
containing the OMMT nanofiller due to its high strengthening effect. For the sample containing the
vulcanization resin, due to the dynamic crosslinking of the elastomer in the LDPE melt, an even greater
increase in the torque can be observed, which may indicate an increase in the viscosity of the mixtures
due to the crosslinking reactions [15]. In this stage corresponding to the homogenization of the mixtures
(Figure 1c), due to the shear forces, the temperature increases exponentially until minimum torque is
reached. Comparing the torque variation of mixture C with that of mixture I (Figures 1b and 1c), it is
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observed that when the amount of LDPE increases and the amount of EPDM decreases, the torque
changes accordingly.
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Figure 1. Changes in the time-dependent torque recorded by the Brabender
Plasti-Corder for: (a) A mixture, (b) C mixture, (c) | mixture, (d) comparison: A, Band C

The mixtures obtained were processed on a laboratory-scale roller with a heating-cooling system of
the rollers. Sheets with a thickness of about 2 mm were obtained. These were shaped into plates to
determine the characteristics using specific molds and a laboratory-scale Fortune Presses model no. TP
600 electrical press manufactured by Fontijne Grotnes, Vlaardingen, The Netherlands. The working
method and processing parameters for the press were selected according to the flow index and the
melting temperature of the components, as follows: preheating time 2 min. at a temperature of 170°C,
molding time 5 min at 170°C and 300 kN pressing force, followed by cooling time 8 min. until reaching
45°C and 300 kN pressing force. Plates with dimensions 150x150x2 mm? and 50x50x6 mm?® were made
from which samples were punched.

2.3. Specimen characterization

Tensile strength, modulus 100% (tensile stress required to yield an elongation of 100%), elongation
at break and residual elongation tests were carried out according to ISO 37 and tearing strength tests
were carried out according to EN 12771. Samples were tested on a Schopper 1445 strength tester with
testing speed 460 mm/min.

Hardness was measured both in °Sh A (scale specific to elastomeric materials with low hardness),
and in °ShD (scale specific to plastics or elastomeric materials with high hardness) by according to ISO
48-4, using 6 mm thick specimens. Resilience was determined according to I1SO 4662 with a Schob test
machine.

Melt flow index (MFI) was measured with a capillary rheometer - Melt Flow Index — Haake, at
190°C and a 10 kg force.

Abrasion resistance was determined using the cylinder method, at a 10 N force, according to ISO
4649 and samples with a diameter of 16 mm and a height of 6 mm were used. The samples were punched
with the help of a rotary die with a cylindrical shape.
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Fourier Transform Infrared Spectroscopy (FTIR) spectra of all the samples were obtained using
Nicolet iS50 FT-IR spectrophotometer in the wave number ranging from 400 cm™ to 4000 cm™.

Scanning electron microscopy (SEM) was performed using QUANTA 250 FEI scanning electron
microscope equipped with an EDS module, in low vacuum conditions. The samples preparation included
the deposition of a conductive layer on the sample surface for morphostructural analysis.

3. Results and discussions
3.1. Mechanical characteristics

The physical-mechanical characteristics of the samples are presented in Figures 2-10.

Hardness is higher in the mixture with a higher content of LDPE (mixture 1) and varies between 92-
94°ShA, and 33-42°ShD, respectively (Figure 2). An increase in hardness can be observed due to the
reinforcing effect of the nanofiller - the hardness value increases from 33°ShD (mixture B) to 38°ShD
(mixture C) by adding 3 parts per 100 parts of rubber (phr) of OMMT nanofiller. Comparing the hardness
values of mixtures A, B, C, and D, an increase in hardness can be seen with the increase in the amount
of phenolic crosslinking resin, indicating that the crosslinking of the EPDM elastomer in the LDPE melt
was achieved with the formation of a three-dimensional network that led to an additional reinforcement

of the samples [15].
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Values of elasticity or resilience (Schob) are of 16-22% and their decrease (of about 10-27%) is
observed when the percentage of elastomer in the mixture decreases, as well as an improvement by
dynamic crosslinking (of about 17%) of the elastomer (Figure 3).
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Figure 3. Elasticity Figure 4. 100% Modulus

Figures 4-6 show the values of the 100% modulus, tensile strength and tear strength. The values of
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these characteristics are improved by increasing the amount of crosslinking agent as a result of increasing
the degree of crosslinking of the elastomer [15], as well as by adding OMMT which leads to the
formation of a nanocomposite by intercalating the polymer melt between the layers of OMMT [16].
When increasing the amount of plasticized starch (samples E-F compared to samples A-C), a slight
improvement of the 100% modulus is observed, but also a slight decrease in the elongation at break due
to the strengthening effect of the organic filler. At the same time, the mixtures with a greater amount of
plastic mass - LDPE, present higher values of the tensile strength and the tear strength, indicating that
these properties are additive and depend on the characteristics of the polymers included in the
composition of the mixture [17].

=)
[e]
(=

Bl
N (o) ~
(=] (=) (=)

1

o3}
(=]

Tensile strength, N/mm?
Tear strength, N/mm
N
S

3]
(=4

—
(=]

=}

C D E F G H I

> [T

C D E I F I H I I
Figure 5. Tensile strength Figure 6. Tear strength

The values of elongation at break and residual elongation (Figures 7-8) are high, of 520-820%, and
420-540%, respectively. These are specific to plastic and elasto-plastic materials, which form a neck
when a force is applied. These values are an indication of the ductility of a polymer [16].
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Figure 7. Elongation at break Figure 8. Residual elongation

Melt Flow Index (MFI) for all samples has values above 14.7 g/10 min. at 190°C for a force of 10 kg
(Figure 9), indicating that the new materials can be processed by methods specific to plastics, such as
injection processing. Compared to the control sample (sample A and E), the MFI value decreases by
introducing the brominated octylphenol-formaldehyde resin (sample B and sample F), as a result of the
crosslinking of the elastomer in the plastomer melt, and the change in the morphology of the samples
with the formation of micron-sized elastomer particles, located in a matrix of plastic material (LDPE)
[1, 5]. The MFI value improves for samples H and | compared to samples E-F, because they contain a
smaller amount of plasticized starch [18].

Abrasion resistance has high performance values, between 41.17-86.68 mm? for all samples due to
the very good wear values of LDPE — the polymer matrix of these (nano) composites (Figure 10).
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Figure 9. Melt Flow Index (MFI) Figure 10. Abrasion resistance

3.2. FTIR analysis

In order to evaluate the structural modification, analysis of the FT-IR spectral of the samples was
carried out (Figure 11). The FTIR spectrum of the plasticized starch presented in Figure 11a indicates
both starch-specific bands such as: bands at 2885-2930 cm™ (C-H stretching vibrations of aliphatic
groups), 1150 cm™* (C-O, C-C and C-O-H stretching), 1100-900 cm™ (C-O-H bending, C-O-C
stretching), and 926 cm™ (a-(1-4) glycosidic-bonding associated with starch), as well as the plasticizer-
glycerin specific bands, such as the absorption bands from 3299 cm specific for hydrogen bonds, the
absorption bands from the region 1200-1000 cm™ , 570-720 cm™ due to C-O, C-C, C-OH stretching and
C-OH bending [19-22]. Figure 11b shows the FTIR spectrum of sample A (without resin) and that of
sample D, which has the same composition as sample A, but contains phenolic resin and OMMT.
Comparing the two FTIR spectra, it is observed that due to the stretching vibration of - OH from the
phenolic resin and the hydrogen bonds formed by dynamic crosslinking at 3300-3380 cm', there is a
shift of the band from 3322 cm™ to 3347 cm, as well as an increase in the intensity of this band [23].
At the same time, the bands specific to EPDM and LDPE rubber can be easily distinguished, which is
in agreement with the existing data in the literature [23]. Thus, the bands originating from the symmetric
and asymmetric stretching vibrations of the methyl and methylene groups (vas, vs, (-CH3),=CH>) are,
respectively, centered at 2917-2970 cm™ and 2849 cm™. The symmetric and asymmetric bending
vibrations (§(C-H)) of the methyne, methyl and methylene groups can be observed at 1300-700 cm™,
1377 cm™and 1467 cm?, the specific groups of polyethylene of the—( CH2)n- rocking type, which appear
at 719 cm™ [20-23].
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a. the FTIR spectrum of the plasticized starch used to obtain the samples
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Figure 11. Infrared spectra in a range of 4000-500 cm

3.3. SEM

The SEM images of samples A and D, Figure 12, show the change in morphology as a result of the
dynamic vulcanization technigues, and the melt intercalation method, resulting in a nanocomposite that
led to the improvement of the mechanical properties by increasing strength. The analyzed composites
have a rough fractured surface with clearly marked lines, indicating an optimal melt intercalation of the
component phases. At the same time, a limited area with microvoids is observed in the morphology of
the sample, these microvoids having a smaller size in sample D which, compared to sample A, also
contains OMMT and phenolic resin. Particles are observed in the melt, but these are small in size and
could be due to impurities or ZnO particles. No starch granules are observed, indicating that they have
been properly gelatinized and do not affect the properties of the new materials [24-25].

r‘ x 427 - Sample l‘ 421
Figura 12. SEM images of the fracture surfaces of the A and D composites

4. Conclusions

The work presents the obtaining of new types of sustainable elasto-plastic materials based on EPDM,
LDPE, OMMT and plasticized starch with improved properties as a result of the use of advanced
processing methods such as the dynamic vulcanization or melt intercalation method. It was observed
that the samples containing heat-reactive resin vulcanizing agent based on octylphenol-formaldehyde in
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the presence of SnCloxH20, obtained by the dynamic vulcanization technique, show an increase in
hardness, elasticity, 100% modulus and a decrease in the melt flow index. In the samples containing
OMMT, obtained by the melt intercalation method, an increase in hardness and 100% modulus was
observed. In the samples containing plasticized starch it is observed that the starch had a strengthening
effect and led to an increase in the 100% modulus and a decrease in the elongation at break and the flow
index. The values of abrasion resistance, hardness, 100% modulus, tear resistance, elasticity and melt
flow rate for the samples show good, high-performance values, due to the specific characteristics of the
LDPE polymer matrix. The FTIR and SEM analyses highlight both the cross-linking reactions and the
obtaining of homogeneous mixtures. The materials obtained can be processed by methods specific to
plastic materials, the waste obtained in the technological flow (or when the finished products are taken
out of use) can be reused without affecting the quality of the finished products. They can be used in
fields such as: the footwear industry, the rubber and plastics industry, the automobile industry,
agriculture or construction.
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