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ABBREVIATIONS
ABS

: Acrylonitrile Butadiene Styrene

AEAPTMS

: N-(b-aminoethyl)-caminopropyltrimethoxysilane

BHT

: Butylated Hydroxytoluene
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: Butadiene Rubber
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: N-cyclohexyl-2-benzothiazole Sulfonamide

CR

: Chloroprene Rubber
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: Copolyester

DCP

: Dicumyl Peroxide
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: Devulcanized EPDM Waste

DGRT

: Devulcanized GTR

DMA

: Dynamic Mechanical Analysis

DPDS

: Diphenyl Disulfide

DR

: Devulcanized Rubber

DSC

: Differential Scanning Calorimetry

DWR

: Devulcanization of Waste Rubber

d-GTR

: Surface Devulcanization of the GTR

EB

: Elongation at Break

EPDM

: Ethylene-propylene-diene-monomer rubber

GIC

: Graphite Intercalated Compound

GMA

: Glycidyl Methacrylate

GnPs

: Graphene Nanoplatelets

GTR

: Grounded Tire Rubber

HDA

: Hexadecyl Amine

HDPE

: High-density Polyethylene

HClO4

: Perchloric Acid

HNO3

: Nitric Acid

H2SO4

: Sulfuric Acid

IIR

: Isobutlene Isoprene Rubber

IR

: Isoprene Rubber

LDPE

: Low-density Polyethylene
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LLDPE

: Linear low-density Polyethylene

MA

: Maleic Anhydride

MA-PE

: Maleated PE

MBT

: Mercaptobenzothiazole

MBTS

: 2-mercaptobenzothiazole Disulfide

MDR

: The Moving Die Rheometer

MPTMS

: 3-methacryloxypropyltrimethoxysilane

NBR

: Nitrile Butadiene Rubber

NGF

: Natural Graphite Flake

NR

: Natural Rubber

PAs

: Polyamides

PA-6

: Polyamide-6

PBT

: Poly (butylene terephthalate)

PE

: Polyethylene

PEG

: Polyethylene Glycol 4000

Phr

: Parts per Hundred of Rubber

PP

: Polypropylene

PP-g-MA

: PP Grafted Maleic Anhydride

PVC

: Poly (vinyl chloride)

RGRT

: Dynamic Revulcanized DGRT

Rpm

: Revolution per Minute

RR

: Recycled Rubber

R-EPDM

: Raw EPDM

SEBS

: Poly(styrene-b-(ethylene-co-butylene)-b-styrene)

SEBS-g-MA : SEBS Functionalized with Maleic Anhydride
SBR

: Styrene-butadiene Rubber

SBS

: Poly(styrene-b-butadiene-b-styrene) Triblock Copolymer

SEM

: Scanning Electron Microscope

SIS

: Poly(styrene-b-isoprene-b-styrene) Triblock Copolymer

SiO2

: Silica

SRT

: Ground Scrap Rubber

St

: Styrene

St.Ac.

: Stearic Acid

TEPA

: Tetraethylenepentamine

TESPT

: Bis [3- (triethoxysilyl) propyl] Tetrasulfide
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TS

: Tensile Strength

TGA

: Thermogravimetric Analysis

TMTD

: Tetramethylthiuram Disulfide

TPEs

: Thermoplastic Elastomers

TPOs

: Olefinic Thermoplastic Elastomers

TPU

: Thermoplastic Urethane

TPVs

: Thermoplastic Vulcanizates

UV

: Ultraviolet

WGR

: Waste Grounded Rubber

WGRT

: Waste Ground Rubber Tires

W-EPDM

: Waste EPDM

ZDBC

: Zinc Dibutyldithiocarbamate

ZDMA

: Zinc Dimethacrylate

ZnO

: Zinc Oxide
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SYMBOLS
cm

: Centimeter
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: Correction factor

D

: Screw diameter

E

: Elongation at Break
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: Gram

GHz
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h

: Hour

Hz
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kg
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kJ
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kW
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lt
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Sh-D
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PARTIAL REPLACEMENT OF EPDM BY DEVULCANIZED RUBBER IN
THERMOPLASTIC VULCANIZATES BASED ON PP / EPDM: EFFECT OF
DEVULCANIZED RUBBER, EPDM / PP RATIO, AND COMPATIBILIZER
SUMMARY
In recent years, as the consumption frenzy increases in the world, the demands for
materials that may be advantageous for both usage and mass production are increasing.
Polymeric materials were born out of this need and replaced traditional materials.
Unfortunately, the rapid consumption of polymeric materials brings with it the
problem of waste management. When it comes to applications that require flexibility
and durability, the first materials that come to mind are rubbers. But the structure that
provides these features makes its recycling impossible. The production of rubber
materials includes vulcanization, an irreversible reaction between elastomer, sulfur
and other chemicals. Consequently, vulcanization procures cross-links in elastomer
chains leading to the formation of a three-dimensional chemical network. The threedimensional network of rubbers causes them to be solid and insoluble materials, so
recycling of such materials is a current technological problem.
One of the biggest challenges of 21st-century waste management is the recycling of
rubber produced for various purposes. Approximately 70% of the rubber is used in
tires, and the range of waste tires disposed of annually is about 800 million. Today,
the most common approach to get rid of waste rubbers is to collect them in waste
landfills. This leads to an accumulating scrap stock. This creates a fire hazard and also
creates a favorable environment for rodents, mosquitoes, and other living things that
cause health and environmental problems. Other approaches used to solve the problem
of waste rubber are to grind the rubber into small pieces and re-use them in the
production of low-performance products such as sports and play surfaces, floors, etc.
or use rubbers as fuel. With these approaches, generally, low-quality rubber products
are produced or additional pollution problems arise. It is stated in the literature that
recycling is more efficient than other options. The breakdown of three-dimensional
structures of rubbers is one of the most environmentally friendly options for recycling.
The devulcanization methods are one of the most environmentally friendly recycling
methods which allow the selective disintegration of sulfur-sulfur and carbon-sulfur
chemical bonds formed as a result of vulcanization, without causing degradation in the
polymer main chains of rubber. It is aimed to reuse the waste rubber formed after the
devulcanization process applied by different methods such as chemical, ultrasonic,
microwave, biological, thermomechanical, in the production of high-performance
rubbers such as virgin rubber.
In this study, recycled rubber obtained by thermomechanical and ultrasonic
devulcanization of the waste of washing machine gaskets were use in the production
of thermoplastic vulcanizates (TPVs). Devulcanized waste rubber was provided by the
Fraunhofer Applied Research and Development Association.
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Thermoplastic elastomers are defined as a family of polymeric materials that can be
processed and recycled in the same manner as thermoplastic materials but also exhibit
several features associated with conventional thermoset rubbers. TPVs belong to this
family and they are high-performance blends of thermoplastics and rubbers which
prepared by dynamic vulcanization. In recent years, ethylene propylene diene rubber
(EPDM) / polypropylene (PP) TPVs have attracted the attention of industry and
academia with their commercial advantages, high performances and various
application areas. EPDM / PP TPVs are widely used in automotive, electronic and
electrical, construction and sports equipment, as they have excellent weathering, ozone
and ultraviolet resistance and processing advantages.
The devulcanization process is largely restricted in practice due to its high cost. Also,
since the crosslinking structure of the rubber phase is required in EPDM / PP TPVs, it
is not necessary to form the rubber phase from fully devulcanized rubber. Therefore,
in this study, it was preferred to prepare TPVs by partially replacing the EPDM phase
with devulcanized rubber.
The purpose of this study is to produce EPDM / PP TPVs which devulcanized washing
machine gaskets wastes are partially replaced with the EPDM phase without causing
a serious change. EPDM phase in TPVs, in which 5%, 10%, and 20% of EPDM is
replaced by devulcanized EPDM, was prepared using Banbury, two roll mill, and
grinding devices, respectively. Then EPDM / PP TPVs are prepared by using twinscrew extruder with EPDM:PP ratios of 90/10 and 85/15 by weight. In addition, 2%
and 5% by weight of maleic anhydride grafted polypropylene (PP-g-MA) was added
to examine the effect of the compatibilizer in EPDM / PP TPVs.
Briefly, in this study, the effect of partial replacement of EPDM with devulcanized
waste EPDM replacement at different rates, the use of compatibilizers in EPDM / PP
TPVs, and the effect of two different EPDM: PP weight ratios on EPDM / PP TPVs
were investigated. To achieve this goal, formulations were developed, samples were
manufactured, and their properties such as mechanical, physical, thermal,
morphological, and aging were tested. The properties of the produced EPDM / PP
TPVs are compared with the TPVs used in commercial products.
We hypothesize that the devulcanized EPDM waste can be replaced with EPDM in
EPDM / PP TPVs without a serious change in TPVs properties and have appropriate
properties with commercial TPVs properties. This will create a remarkable,
environmentally friendly approach for rubbers that are difficult to recycle.
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PP / EPDM TERMOPLASTİK VULKANİZATLARDA EPDM'İN
DEVULKANİZE KAUÇUK İLE KISMİ YER DEĞİŞTİRMESİ:
DEVULKANİZE KAUÇUK, EPDM / PP ORANI VE UYUMLAŞTIRICI
ETKİSİ
ÖZET
Son yıllarda, dünyada tüketim çılgınlığı arttıkça, hem kullanım hem de seri üretim için
avantajlı olabilecek malzemelere olan talep artmaktadır. Polimerik malzemeler de bu
ihtiyaçtan doğmuş ve bir çok durumda geleneksel malzemelerin yerini almıştır. Ne
yazık ki, polimerik malzemelerin hızla tüketimi beraberinde atık yönetimi sorununu
getirmektedir. Esneklik ve dayanıklılık gerektiren uygulamalar söz konusu olduğunda
ilk akla gelen malzemeler kauçuklardır. Fakat bu özellikleri sağlayan yapısı onun geri
dönüşümünü imkansız hale getirmektedir. Kauçukların üretimi elastomer, kükürt ve
diğer kimyasallar arasında geri dönüşü olmayan bir reaksiyon olan vulkanizasyon
işlemini içermektedir. Sonuç olarak, vulkanizasyon işlemi elastomer zincirlerinde
çapraz bağlar oluşmasını sağlar ve böylece üç boyutlu bir kimyasal ağın oluşur.
Kauçukların üç boyutlu ağ yapısı onların katı ve çözünmez malzemeler olmalarına
neden olur, bu nedenle bu tür malzemelerin geri dönüşümü mevcut bir teknolojik
problemdir.
21. yüzyıl atık yönetiminin en büyük zorluklarından biri, çeşitli amaçlar için üretilen
kauçuğun geri dönüştürülmesidir. Üretilen kauçuğun yaklaşık %70'i lastiklerde
kullanılmaktadır ve her yıl atılan atık lastik sayısı yaklaşık 800 milyondur. Günümüzde
atık kauçuklardan kurtulmak için en yaygın yaklaşım, atık kauçukları katı atık
depolama sahalarında biriktirmektedir. Bu biriken bir hurda stokuna yol açmaktadır.
Bu durum yangın tehlikesi yaratmakta ayrıca kemirgenler, sivrisinekler ve sağlık ve
çevre sorunlarına neden olan diğer canlılar için uygun bir ortam oluşturmaktadır. Atık
kauçuk problemini çözmek için kullanılan diğer yaklaşımlar, kauçuğu küçük parçalara
halinde öğütmek ve onları spor ve oyun yüzeyleri, zeminler vb. gibi düşük
performanslı ürünlerin üretiminde tekrar kullanmak veya atık kauçukları yakıt olarak
kullanmaktadır. Kauçuğu kauçuğu küçük parçalara halinde öğütüp daha sonra yeni bir
malzeme üretiminde kullanmak genellikle düşük kaliteli kauçuk ürünler ile sonuçlanır
veya ek kirlilik sorunları ortaya çıkar. Kauçuğun yüksek kaliteli ürünlerin üretiminde
tekrar kullanılabilmesi için yapısındaki çapraz bağların kırılması ve tekrar çapraz
bağlanır hale gelmesi gerekmektedir. Literatürde geri dönüşümün diğer seçeneklerden
daha verimli olduğu belirtilmektedir. Kauçukların üç boyutlu yapıların parçalanması,
geri dönüşüm için en çevre dostu seçeneklerden biridir.
Kauçuğun polimer ana zincirlerinde bozulmaya sebep olmadan, vulkanizasyon sonucu
oluşmuş sülfür-sülfür ve karbon-sülfür kimyasal bağlarını seçici olarak parçalanmasını
sağlayan devulkanizasyon yöntemi en çevreci geri dönüşüm yöntemlerinden biridir.
Devulkanizasyon işlemi kimyasal, ultrasonik, mikrodalga, biyolojik, termomekanik
gibi farklı yöntemlerle uygulanabilmektedir. Kimyasal devulkanizasyon yöntemi C-S
veya S-S bağlarını kırmayı amaçlayan çeşitli kimyasallar kullanılarak gerçekleştirilir.
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Genellikle, bu yöntem devulkanizasyon sürecini hızlandırmak için termal ve mekanik
enerji ile birleştirilir. Ultrasonik devulkanizasyon yönteminde, bu bağları seçici bir
şekilde kırmak için belirli seviyelerde ultrasonik dalgalar uygulanır.Termomekanik
devulkanizasyon yöntemi yüksek verim sağlar ve endüstriyel ölçek için en uygun
yöntemdir. Bu yöntemde, malzeme belirli bir sıcaklıkta mekanik kesmeye tabi tutulur.
Mikrodalga devulkanizasyonunda, çapraz bağları seçici olarak kırmak için belirli bir
frekansta mikrodalga enerjisi uygulanır. Bu yöntemde, mikrodalga ışınlaması
moleküler harekete neden olur ve bu da sıcaklığın çapraz bağları kırmasına neden olur.
Mikrobiyal devulkanizasyon işlemi, atık kauçuk parçacıklarının yüzeyindeki kükürt
çapraz bağlayıcılarını seçici bir şekilde kükürt oksitleyici bakteriler kullanarak kırmayı
amaçlamaktadır. Aynı zamanda bir biyodegradasyon işlemi olarak kabul edilir. Her
bir yöntem farklı stratejilerle çapraz bağları kırmayı amaçlasa da hepsi uygulanan
devulkanizasyon işlemi sonrasında oluşan atık kauçuğun işlenmemiş kauçuk gibi
yüksek performanslı kauçukların üretiminde tekrardan kullanılabilmesi
amaçlanmaktadır.
Bu çalışmada, Arçelik çamaşır makinesi contalarının atık EPDM bazlı kauçuklarının
termomekanik ve ultrasonik devulkanizasyon yöntemleriyle geri dönüştürülmesi
sonucunda elde edilen geri dönüştürülmüş kauçuk, termoplastik vulkanizatların
(TPVs) üretiminde kullanılmıştır. Devulkanize edilmiş atıklar Fraunhofer Uygulamalı
Araştırma Geliştirme Derneği tarafından sağlanmıştır.
Termoplastik elastomerler, termoplastik malzemelerle aynı şekilde işlenebilen ve geri
dönüştürülebilen, ancak geleneksel termoset kauçukların çeşitli özellikler gösteren bir
polimerik malzeme ailesi olarak tanımlanır. Özellik ve performans açısından, TPE'ler
kauçuk olarak kabul edilir. Aynı zamanda, işleme yöntemleri açısından, termoplastik
olarak kabul edilmektedirler çünkü işleme ekipmanları ve yöntemleri her ikisi için de
aynıdır. TPE'lerin çoğu, hem süreksiz elastik yumuşak faz ve termoplastik sert fazdan
oluşan sistemlerdir. TPV'ler bu aileye aittir ve dinamik vulkanizasyonla hazırlanan
termoplastiklerin ve kauçukların yüksek performanslı karışımlarıdır. Son yıllarda
ticari avantajları, yüksek performansları ve çeşitli uygulama alanlarıyla etilen propilen
dien kauçuğu (EPDM) / polipropilen (PP) TPV'ler sanayi ve akademinin dikkatini
çekmektedirler. EPDM / PP TPV'ler hava şartlarına, ozon ve ultraviyole karşı
mükemmel dirence ve işleme avantajlarına sahip olmalarıyla birlikte otomotiv,
elektronik ve elektrik, inşaat ve spor ekipmanlarılarında yaygın olarak
kullanılmaktadır.
Devulkanizasyon işlemi, yüksek maliyeti nedeniyle pratikte büyük ölçüde
kısıtlanmaktadır. Ayrıca, kauçuk fazın çapraz bağlama yapısı EPDM / PP TPV'lerde
gerekli olduğundan, kauçuk fazın tamamen devulkanize edilmiş kauçuktan
oluşturulması gerekli değildir. Bu nedenle, bu çalışmada EPDM fazın kısmı olarak
devulkanize kauçuk ile yer değiştirilmesiyle TPV'lerin hazırlanması tercih edilmiştir.
Bu çalışmada amaç devulkanize edilmiş çamaşır makinesi contası atıklarının EPDM /
PP TPV'lerde EPDM fazıyla kısmi olarak yer değiştirildiğinde TPV'lerin
özelliklerinde ciddi bir değişime sebep olmadan üretilmesi ve ticari TPV’lerle
uyumluluk göstermesidir. EPDM'in ağırlıkça %5, %10 ve %20'sinin devulkanize
edilmiş EPDM ile yer değiştirdiği TPV kauçuk fazı, sırasıyla Banbury, iki merdaneli
hadde ve kırma cihazları kullanılarak hazırlanmıştır. Daha sonrasında EPDM / PP TPV
üretimleri EPDM:PP oranları ağırlıkça 90/10 ve 85/15 olacak şekilde çift vidalı
ekstrüder kullanılarak hazırlanmıştır. Ayrıca EPDM / PP TPV'lerde uyumlaştırıcının
etkisini görmek için ağırlıkça %2 ve %5 maleik anhidrit aşılanmış polipropilen (PP-g-
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MA) eklenerek de üretimler yapılmıştır. PP-g-MA hem EPDM hem de PP faz ile
uyumlu, endüstride çok sık kullanılan bir uyumlaştırıcıdır. Bu uyumlaştırıcının PP
yüzdesi yaklaşık olarak %98’tir. Bu sebeple uyumlaştırıcı eklenen TPV’lerde PP fazı
sabit tutulmuştur.
Kısacası bu çalışmada, EPDM'in kısmi olarak devulkanize edilmiş atık kauçukla farklı
oranlarda yer değiştirmesinin, EPDM / PP TPV'lerde uyumlaştırıcının kullanılmasının
ve iki farklı ağırlıkça EPDM:PP oranlarının EPDM / PP TPV'ler üzerindeki etkisi
araştırılmıştır. Bu amaca ulaşmak için formülasyonlar geliştirilmiş, TPV'ler üretilmiş
ve mekanik, fiziksel, termal, morfolojik ve yaşlanma gibi özellikleri test edilmiştir.
Üretilen EPDM / PP TPV'lerin özellikleri, ticari ürünlerde kullanılan TPV'lerle
karşılaştırılmıştır.
Bu çalışmadaki hipotezimiz, devulkanize EPDM atığının, TPV özelliklerinde ciddi bir
değişiklik olmadan EPDM / PP TPV'lerde EPDM ile değiştirilebileceğini ve ticari
TPV özellikleri ile uygun özelliklere sahip olabileceğidir. Bu durumun, geri
dönüştürülmesi zor kauçuklar için dikkate değer, çevre dostu bir yaklaşım olacağı
düşünülmektedir.
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INTRODUCTION
Nowadays when society develops day by day, rapidly increasing needs caused to
change in the materials used for mass production. In wide application areas, the need
for functional, economical and environmentally friendly materials is increasing instead
of many traditional materials such as wood and metal. Polymeric materials were born
out of this need and replaced traditional materials. We are braided with polymeric
materials. Unfortunately, waste management of polymeric materials occurring with
rapidly increasing production has been the most important environmental problem of
this age. Rubbers are polymeric materials that spring to mind first when needed
applications requiring flexibility and durability. Unluckily, its structure that provides
these features is also what makes it difficult to recycle.
One of the most important demanding situations of 21st-century waste control is the
destruction of the rubber produced for diverse purposes. Approximately 70% of the
rubber in the global is utilized in tires and the amount of waste tires thrown each year
is approximately 800 million [1, 2]. The dynamic increase of rubber wastes,
particularly

waste

tires,

has come

to

be a critical environmental problem.

The fundamental challenges associated with the recycling of used waste rubbers
are due to the very complex structure. The manufacture of tires and other rubber
products includes the vulcanization process which is an irreversible reaction between
elastomer, sulfur and other chemicals. Consequently, vulcanization procures crosslinks in elastomer chains leading to the formation of a three-dimensional chemical
network. The three-dimensional structure network of rubbers causes them to be solid,
insoluble and infusible thermoset materials, so recycling of such materials is an
existing technological problem [3]. In fact, the sulfur vulcanization process, which will
be described in more detail later, was invented by Goodyear more than 160 years ago
and he was also the first person to initiate efforts to recycle rubber waste by a grinding
method [4, 5]. Even after years of exertion in recycling, the development of appropriate
technology for using waste rubbers is an essential trouble.
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Nowadays, the most commonly used approach to discard waste rubber is saving them
in a landfill. This leads to a scrap stock. This situation creates a fire hazard and also
creates a suitable environment for rodents and other plagues that cause health and
environmental problems [6]. Other approaches used to solve the problem of waste
rubber are crushing the rubber into small pieces, grinding and reusing them in lowperformance products such as sports and play surfaces, floor and paving slabs,
buildings, shoes, etc., or burning as fuel. These approaches generally produce a lowquality rubber product and reveal additional pollution problems. It is stated in the
literature that recycling is more effective than other options. The disintegration of
three-dimensional structures of rubber is one of the most eco-friendly options for
recycling [7].
The most environmentally friendly approach to managing the disposal of rubbers is
recycling via devulcanization. Devulcanization can be defined as a process that
selectively breaking down the sulfur-sulfur (S-S) and carbon-sulfur (C-S) chemical
bonds without degradation of the main chain and the degradation of the polymer [6].
In literature, devulcanization methods developed include; chemical [8], ultrasonic [9],
microwave [10], biological [11], thermomechanical [12], etc. These methods, both in
terms of process efficiency and environmental impacts are examined in terms of their
plus and minus. The devulcanized rubber may be combined with virgin rubber or
different matrices to give new compounds without a considerable decrease within the
properties of the material, in spite of its notably recycled rubber content. To create a
qualified product that can be added to virgin rubber at relatively high levels,
devulcanization is an increase in popularity.
Thermoplastic elastomers (TPEs) are defined as a family of polymeric materials that
can be processed and recycled in the same manner as thermoplastic materials but also
exhibit a number of features associated with conventional thermoset rubbers [13].
Although TPEs are classified in many ways according to their morphology and
chemical structure, generally accepted TPEs are classified in two ways. One of them
is thermoplastic block copolymers and another classification is thermoplastic blends
consisting of olefinic thermoplastic elastomers (TPOs) and thermoplastic vulcanizates
(TPVs) [14]. TPVs are high-performance blends of thermoplastics and rubbers which
prepared by dynamic vulcanization [15]. One of the most effective ways to reuse
devulcanized rubber is to include them in the composition of thermoplastic
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vulcanizates. The reuse of devulcanized rubber in TPVs is attractive due to its
elastomeric properties, low cost, and simplicity of processing TPVs. They are a very
distinguished class of TPEs that has become the fastest-growing elastomers in place
of unrecyclable conventional rubbers because of it has attracted great interest as
“green” polymers due to its properties such as being recyclable [16].
Ethylene propylene diene rubber (EPDM) / polypropylene (PP) TPVs which have
attracted the attention of industry and academy in recent years with many advantages,
have commercial success

and high

growth rates.

EPDM /

PP

TPVs

are broadly utilized in automotive, electronics, construction and sports equipment.
This is because they have superior resistance to weather, ozone, and ultraviolet (UV)
and also has processing advantages.
In literature, there are lots of studies which are focus on the reuse of waste rubber into
TPVs [17-19]. Recycled rubber is generally used in studies as filler in ground form,
and studies on devulcanized waste rubber used are less. The use of devulcanized rubber
has a remarkable effect on improving the properties of TPVs [20-22]. However, it
should be noted that the devulcanization process is largely restricted in practice due to
its high cost. Also, since the cross-linking structure of the rubber phase is essential in
TPVs, it is not necessary to form the rubber phase from fully devulcanized rubber. For
this reason, it is preferred methods to prepare TPVs as part of the rubber phase with
devulcanized rubber [23-26].
In this study, our focus will be on the development of EPDM/ PP TPVs by making
partial replacement of the EPDM with waste rubber from washing machines gaskets
after performing various devulcanization processes of them. The devulcanization of
the waste rubbers of the washing machines gaskets was carried out by using two
different devulcanization methods, thermomechanical and ultrasonic. Formulations
were prepared where the EPDM phase was replaced with devulcanized rubber at
different rates provided by the Fraunhofer Applied Research Development
Association. At the same time, two different polymer ratios of EPDM / PP, 85 / 15 and
90 / 10, have been studied. In addition, PP-g-MA (PP grafted maleic anhydride), which
can interact with both EPDM and PP, was also studied to analyze the effect of the
compatibilizer.
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Herein, more specifically, the aims of this study are that the investigation of
replacement ratios effect on EPDM with devulcanized waste rubber, the effect of
compatibilizer and different EPDM / PP ratio in EPDM / PP TPVs. To achieve this
aim, formulations were developed, manufactured and properties such as mechanical,
physical, thermal, morphological and aging have been tested. The properties of these
EPDM / PP TPVs are compared with TPVs used in commercial products.
We hypothesize that the devulcanized EPDM waste can be replaced with EPDM in
EPDM / PP TPVs without a serious change in TPVs properties and have appropriate
properties with commercial TPVs properties. This will create a remarkable,
environmentally friendly approach for rubbers that are difficult to recycle.

4

GENERAL INFORMATION
In this section, general information will be given about rubber recycling and TPVs.
Rubber Recycling
The solution to waste management is divided into five categories: storage, energy
recovery, recycling, reuse, and prevention. The European Union has brought a
hierarchy to these solutions, from least to most appropriate (Figure 2.1) [27] . Most of
the rubber used in the world is in tire production. For this reason, when it comes to
rubber waste management and research of this area, studies generally focus on tire. In
rubber production, mainly natural rubber (NR), styrene-butadiene rubber (SBR),
butadiene rubber (BR) and ethylene-propylene-diene-monomer rubber (EPDM) are
used [28]. It is not sudden that the tire industry is the biggest client of natural and
synthetic rubbers [29].

Hierarchy of waste tire utilization [27].
Despite all the different ways to handle used tires, the most common method is to drop
them into a landfill and cause a scrap stock. The landfill was among the oldest methods
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of tire destruction worldwide. Also, it is one of the most undesirable ways to dispose
of used tires, as they cause serious environmental problems and have no promising
future [6]. Tires accumulated in landfills pose a fire threat especially in the summer
months and are difficult to put out the fire with water or cut off the oxygen supply [30].
A fire that took place at Tire King Recycling, Hagersville, Ontario, Canada in February
1990, lasted for 17 days before it was put out fires cause toxic gas emissions [31]. Tire
fire byproducts can cause pollution of surface and groundwater and soil. The one of
the biggest disadvantages of landfilling is the contamination of neighboring
groundwater resources from undesirable leachate components[32, 33]. In addition,
leakage of additives such as flame retardants, stabilizers, and plasticizers used in the
production of tires into the soil can delay or kill the advantageous bacterial colony in
the soil [34]. Moreover, the shape and impermeability of the waste tires allow them to
keep water for a long time and creates a suitable area for many living things that can
spread diseases such as rodents, mosquitoes [35].
Increasing legislation that restricts landfills demands the investigation of economically
and environmentally sustainable methods of recycling of waste tires and rubbers. The
pressure of many users of the rubber industry and its products on rubber recycling has
increased significantly over the past 25 years because of a aggregate of economic,
environmental, social and legal factors. For example, the continuous aggressive
regulations of the automotive industry aim to increase the use of recycled plastic and
rubber materials. This can be an example of increased industrial demand for these
technologies. Regular storage of expired tires has been banned by the European
Commission since 1999 [36]. For such reasons, recycling and reuse of waste rubbers
are being studied in-depth in many countries, and research on these issues is growing
rapidly.
Many nations pay specific interest to recycling, as waste rubbers are prohibited from
landfilling. For rubber waste, energy restoration and recycling are more normally used
techniques, but prevention has to nevertheless be improved. Today, there are some
strategies for vulcanized rubber recycling and reuse. Rubbers are grounded and used
in low-performance materials production like sports and playground surfaces, floor
and walking floors, buildings, shoes, etc. [3]. Several strategies have been carried out
to remedy the problem and locate more effective approaches to waste rubber recycling
and usage. These techniques consist of reclaiming [37, 38], devulcanization [39], high
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pressure

and

high

temperature

sintering

[40,

41]

etc.

In

literature,

the strategies of usage of waste tires were closely documented [42, 43]. Processes are
also being evolved for the usage of recycled rubber, including using recycled rubber
to produce rubber merchandise and thermoplastic/rubber mixtures.
he most environmentally friendly method of dealing with the disposal of rubbers is
recycling via devulcanization, which will be described in more detail later.
Devulcanization can be described as a process that selectively breaking down the S-S
and C-S chemical bonds without degradation of the main chain and the degradation of
the polymer [6]. The devulcanized rubber may be blended with virgin rubber or
different matrices to give new compounds without a great decrease inside the
properties of the material, in spite of its significantly recycled rubber content. To create
a qualified product that can be added to virgin rubber at relatively high levels,
devulcanization is an increase in popularity.
Thanks to the devulcanization process, recycled rubber can be reused in the new
product, the new product will have the same features in all respects with the original
product. The attractiveness of this process makes the devulcanization process one of
the main goals of researchers in the field of recycling. Thus, in recent years, the
development and optimization of devulcanization processes are being studied with the
increasing rate.
Before examining the details of devulcanization methods, information about types of
rubber and vulcanization processes will be given.
2.1.1 Types of rubber
The first elastic material called "rubber" in 1788 was obtained by the coagulation of
the latex of the Hevea brasiliensis tree [44]. Today, any material that exhibits
mechanical properties substantially similar to that of Hevea gum is called rubber,
regardless of its chemical composition. Rubber-like materials are made of relatively
long polymeric chains with a high degree of flexibility and mobility coupled to a
network structure. When exposed to external stresses, long chains can quickly change
their configuration due to high chain mobility. When the chains are crosslinked to form
a network structure, the system has solid-like properties that prevent the chains from
flowing relative to one another under forces. Upon removal of the external forces,
rubbers rapidly restore to their original dimensions essentially without residual or
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reserve stress. The term elastomer is more recently given to any material with rubberlike properties. The main characteristic of elastomeric materials is their high
elongation and elasticity against fracture or cracking. Elastomers, which are versatile
engineering materials, are widely used in products such as gaskets and seals that
require flexibility and durability. Rubbers are generally classified under the two
groups; natural and synthetic rubbers. Natural rubber is one of the most important
polymers naturally produced from Hevea brasiliensis tree, called cis-1,4-polyisoprene.
Synthetic rubbers are usually generated from petrochemicals and categorized into three
main groups: general, special and very special purpose rubber. The most common
rubbers' chemical structures are given below Table 2.1 [45].
EPDM (ethylene propylene diene monomer) is a synthetic rubber made up of ethylene,
propylene, and diene monomers. Its molecular structure has a single bond, chemically
saturated backbone, which makes it extremely resistant to outdoor conditions. This is
because ozone and UV rays aren’t able to break up its molecular structure in the same
way as rubbers with double bonds. EPDM’s biggest advantages lie in how
weatherproof it is outdoors. It can resist abrasion, UV rays, ozone, aging, and weather,
and it’s the most waterproof rubber available.
The largest market for EPDMs is the automotive industry. Typical applications include
radiator and heater hoses, window and door seals, O-rings and gaskets, accumulator
bladders, wire and cable connectors and insulators, diaphragms, and weather stripping.
Other major applications are roofing and waterproofing, such as bitumen
modifications, facade and parapet sealants, expansion joints, and pool- and tank liners.
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Chemical structure of most widely used industrial rubbers.
Classification of Rubbers
General purpose
rubbers
Natural Rubber (NR)
Isoprene Rubber (IR)
Styrene-Butadiene
Rubber (SBR)

Butadiene Rubber (BR)

Special purpose
rubbers

Chloroprene Rubber
(CR)

Nitrile Butadiene
Rubber (NBR)

Ethylene-PropyleneDiene Monomer
(EPDM)
Isobutylene Isoprene
Rubber (IIR)

Very special
purpose rubbers

Silicone Rubbers, Fluoroelastomers,
Acrylic Rubbers…

2.1.2 Vulcanization
Vulcanization is the cross-linking process between the cross-linking agent such as
sulfur and the long polymer chains, discovered by Charles Goodyear (Figure 2.2) [46].
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Vulcanization process [47].
As a result of this process, mono-, di- and polysulfide links are formed between the
rubber chains (Figure 2.3) [48]. Thanks to the crosslinked network, after the
vulcanization process of rubbers, the soft/weak plastic polymeric material is
transformed into a relatively strong, resilient material which is resistant to degradation
and permanent deformation. The strength of the crosslinked bonds inhibits the
dissolution and unfortunately prevents re-use of the cured rubber.

Structure of vulcanized rubber containing mono, di- and poly-sulfidic
crosslinks as well as carbon- carbon bonds.
Rubbers are generally transformed into final products through mixing, shaping and
curing processes. At the beginning, they are in the form of solid bales and cuts into
small pieces. Subsequently, fillers such as carbon black or silica, additives such as
stabilizers, activators, and plasticizers, crosslinking agents are blended in internal
mixers, extruders or two-roll mills. It is shaped by compression molding to take the
10

shape of the final product. It cures using temperatures around 150°C. As a result, a
network structure is formed and its shape is fixed.
2.1.3 Devulcanization
To be able to process the cured rubbers again, the crosslink formed by vulcanization
must be broken. Thus, the material can be re-cured or converted into useful products.
This can be achieved by the devulcanization process, which has been extensively
studied and developed in recent years. As mentioned before, devulcanization can be
described as a process that selectively breaking down the S-S and C-S chemical bonds
without degradation of the main chain and the degradation of the polymer. Although
reclaiming and devulcanization, which cause ambiguity in the literature, are used for
the same meaning but these are the different processes. But generally, devulcanized or
reclaimed rubber concept is used for the same meaning in studies. To achieve
plasticity, in the devulcanization process breaks the S-S and C-S bond to destroy the
three-dimensional structure while the reclaiming process breaks the carbon-carbon (CC) bonds on the rubber backbone to reduce molecular weight [49, 50]. Figure 2.4
represents the illustration of vulcanization, devulcanization and reclaiming while
recycling the waste rubbers.

Illustration of vulcanization, devulcanization and reclaiming [51].
While both processes aim to obtain a rubber compound that can be processed and
cured similarly to virgin rubber, it is impossible to specifically target splitting of the
bonds by definition as shown in Figure 2.5.
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Illustration of splitting bonds during devulcanization and reclaiming
[52].
Before devulcanization, the first step is usually grinding which is the size-reduction
process to increase surface area [29]. The incorporation of grounded rubber into
polymer mixtures is generally not suitable due to the existence of a sulfur crosslink
network. Low compatibility between polymer blends causes by sulfur cross-links,
which leads to a poor interface and degradation of the properties of the final product,
so the need for devulcanization arises. While performing devulcanization methods, it
is aimed to minimize the C-C bond breakdown and break the mono, di and polysulfidic bonds. The energy required to break the sulfur bonds is less compared to
breaking a C-C bond presented in Table 2.2. Therefore, various methods are
investigated and developed by researchers to ensure the best efficiency. In literature,
devulcanization methods developed include; chemical [8], ultrasonic [9], microwave
[10], biological [11], thermomechanical [12], etc. Brief information about the methods
will be given below.
Energy required for cleaving vulcanized rubber network bonds [48].
Type of bond
C-C
C-S-C
C-S-S-C
C-Sx-C

Energy required for cleavage (kJ/mol)
348
273
227
251
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2.1.4 Devulcanization methods
Devulcanization methods generally separated two classes: physical and chemical
methods. Physical methods are commonly divided into thermo-mechanical,
microwave,

ultrasonic,

microbiological

methods.

Generally,

the

chemical

devulcanization process is used in conjunction with other methods to accelerate the
devulcanization process [3]. In this part of the thesis, general information about
devulcanization methods is given.
Chemical Devulcanization
The initial attempt to recycle vulcanized rubber is based on the use of chemicals.
Chemical devulcanization is accomplished by using various chemicals that aim to
break the C-S or S-S bonds and does not break the main chain in vulcanized rubber.
Usually, this approach is blended with thermal and mechanical energy to speed up the
devulcanization process [3]. Disulfides (diphenyl disulfide, thiophenols and their zinc
salts), thiol-amine reagents, hydroxide or chlorinated hydrocarbons are used as
devulcanizing agents [53, 54].
Diphenyl disulfide is one of the most used devulcanization agents. Although the
mechanism of devulcanization agents is not fully known, studies show that diphenyl
disulfide initiates oxidative degradation of sulfur cross-links and reacts with radicals,
thereby breaking some major chains, causing rubber degradation [8, 55].
These agents generally participate in formulations in the range of 0.5-10% by weight.
Despite their effective performance, they also have very serious disadvantages that
need attention. The use of hazardous solvents poses serious environmental risks. At
the same time, removing this solvent from the process is a problem that requires
additional costs [8]. Despite the disadvantages, a success devulcanization can be
accomplished by means of chemical methods.
Thermomechanical Devulcanization
The method of thermomechanical devulcanization, which has been studied extensively
over the last decade, provides high efficiency and is the most suitable method for
industrial scale [56]. In this devulcanization method, the material is subjected to
mechanical shearing at a certain temperature [3]. This method, where rubber parts are
exposed to friction and heat, is considered a low cost and environmentally friendly.
During the process, some additives such as oil and recovery agents have been added,
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and studies have been carried out in recent years using chemical agents such as disulfides, thiols, amines, and unsaturated compounds [57]. It is seen that 70-80% of
recycling is provided when approximately 1-2% of chemical substance is added [58].
The general purpose of these chemicals is to reduce the thermal degradation resistance
of rubber.
During thermomechanical devulcanization, device selection and appropriate process
parameters should be considered so that high mechanical force does not break the
unwanted C-C main chain. For a continuous process, the process can be set up using
an extruder to facilitate high-stress levels and temperature control. In recent years,
studies have been carried out on twin screw extruder to obtain optimum properties. In
studies where the effects of process conditions such as barrel temperature and screw
speed are also examined, vulcanized rubbers are mixed with pure rubber and
successfully cured [59]. Tao et al. investigated the reprocessing properties of rubber
obtained by using the thermomechanical devulcanization method [49]. As a result,
they found that the different process conditions caused materials with different
structures and most affectively process parameters were the barrel temperature and
rotation speed. Process parameters have been reported to be very effective in the
properties of devulcanized rubber. Similarly, Formela et al. examined the effect of the
screw speed and feed rate of the process parameters on the properties of the obtained
devulcanized rubber. In their study [60]. In the thermomechanical devulcanization
process by using a twin-screw extruder, they have shown that the use of a plasticizing
system induces high shear stress in the rubber. Therefore, the needed devulcanization
temperature becomes lower. In another study, the same researchers showed that the
percentage of devulcanization increased with increasing screw speed [61]. Similarly,
batch processes can be installed using a two-roll mill, an intermixed or specially
designed equipment. A reasonable mechanism for shear forces breaking the
crosslinking of vulcanizates is shown in Figure 2.6.
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Mechanism of rubber network rupture with shear [58].
The biggest problem facing the industry is that high mechanical forces cause scission
in the main chain and weaken it in the mechanical properties of the vulcanizate
obtained. Studies have proven that in the thermomechanical process, the quality of the
ensuing devulcanized product is specially associated with the operating conditions, in
particular temperature and rotational speed [62].
Ultrasonic Devulcanization
In the ultrasonic devulcanization method, certain levels of ultrasonic waves are applied
at certain levels to selectively break the S-S and C-S bonds [52]. However, beyond a
certain level, ultrasonic waves can also break the carbon backbone chains of rubber.
For this reason, the test conditions should be chosen carefully. Although it is not clear
how ultrasonic energy makes devulcanization, one hypothesis is seen as the formation
of acoustic cavitation in rubber and the collapse of these cavities that cause
devulcanization. Another hypothesis says that the collapse of these cavities is not the
primary method of devulcanization, and the degradation of the network around the
cavities should also be considered. In the review written by Isayev and Ghose, detailed
information about ultrasonic devulcanization was collected [63].
This method has many advantages such as no need for solvents and chemicals that
make this method preferable for industrial applications [64]. It is possible to place the
ultrasound device at a point along with the extruder chamber. Thus, they also have the
potential advantage of being operated continuously using extruders. Since the
ultrasonic device is attached to the extrusion path itself, it is a continuous process
suitable for industrial applications.
Generally, ultrasonic devulcanization is carried out using a reactor mounted on a single
screw or twin-screw extruder, as illustrated in Figure 2.7 [52]. In recent years, many
studies have been conducted to devulcanization process using this method, examining
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the parameters that will affect devulcanization and their effects on different types of
rubber [65].

The ultrasonic twin-screw extruder [66].
Microwave Devulcanization
In the microwave devulcanization method, microwave energy is applied at a given
frequency and energy level to break C-S and S-S bonds selectively [52]. In this
method, which is received as a thermal devulcanization method, microwave irradiation
causes molecular motion, which leads to the temperature sufficient to break the
crosslinks [64]. Microwave energy from 300 MHz to 300 GHz is usually used to break
only the sulfur bonds without breaking the carbon-carbon bonds in the main chain [67].
This method is offered by Goodyear Tire & Rubber Co. [68] as a patent that used the
frequency of 915 or 2450 MHz and energy between 325 and 1404 kJ / kg [64]. This
method, which permits devulcanized without de-polymerization, to be converted into
a material that can be re-produced to provide physical properties equivalent to virgin
rubber, makes the process economical and environmentally friendly. The possible
disadvantage of this method is the difficulty in controlling the temperature rise. The
cooling system is usually added to the end of the process step for reducing the
possibility of degradation. The schematic diagram of the microwave devulcanization
method is given below in Figure 2.8 [64]. Due to the possibility of overheating, this
method is generally performed in the devulcanization of heat resistant rubbers such as
butyl rubber and EPDM rubber [64].
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Schematic diagram of a microwave devulcanization method [64].
To successfully perform microwave devulcanization, it is important that the rubber is
polar [69]. Thus, polar rubber can absorb a greater amount of microwave energy and
generate enough heat to break crosslinks compared to non-polar rubbers. For non-polar
rubbers such as SBR, the effect of microwave devulcanization is improved by using
conductive fillers such as carbon black in rubber compositions [58].
Recently, chemicals such as diphenyl disulfide (DPDS), hexadecyl amine (HDA), Ncyclohexyl-2-benzothiazole

sulfonamide

(CBS)

and

2-mercaptobenzothiazole

disulfide (MBTS) have been used in microwave devulcanization to help further target
crosslinking [64].
Microbiological Devulcanization
The microbial devulcanization process aims to selectively break the sulfur crosslinkers
on the surface of the waste rubber particles. It is also assumed as a biodegradation
process. According to the devulcanization methods, it is considered as the most
environmentally friendly process where less energy is used. Also, the chemical agent
in

these methods

is

eliminated in

microbial

devulcanization. Microbial

devulcanization processes use sulfur-oxidizing and sulfur-reducing bacteria such as
bacterial rhodococcus, sulfolobus and thiobacillus etc. [70]. These bacteria selectively
attack S-S bonds without attacking the rubber C-C main chain [71].
Devulcanization occurs only on the surface of the rubber, the depth on the surface in
which the microorganisms attack estimated is <1 μm [64]. For this reason, it is also
seen as a surface modification technique which develops interface bonding in the
matrix of rubber blends. Also, microbial devulcanization is needed temperaturecontrolled bioreactor. In this bioreactor, responsible bacteria’s and waste rubber
powder mixed. From about ten days to several hundred days, contact time can vary
extensively. Concurrent, at the end of the process, recycled rubber must be cleaned of
bacteria. In short, the potential limitations of the process are only on the particle
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surface and at low performance, the risk of bacteriological contamination and the
processing time is quite long. Currently, studies on this method are in lab-scale status.
Thermoplastic Elastomers
TPEs are defined as a family of polymeric materials which can be processed and
recycled in the same manner as thermoplastics and also exhibit several features
associated with conventional thermoset rubbers [13]. In terms of properties and
performance, TPEs are considered a rubber or at least rubbery. At the same time, in
terms of processing methods, they are considered as thermoplastic because processing
equipment and methods are the same for both. The main reason for these excellent
characteristics of TPEs which gives advantages in important subjects such as feature,
performance, and process is its structure.
Most TPEs are phase-separated systems that consist of both discontinuous elastic soft
phase and thermoplastic hard phase (Figure 2.9). At service temperature, the elastic
phase is above the glass transition temperature; however, the hard phase is below
melting temperatures, while at this service temperature it exhibits properties such as
rubber. With the advantage of its structure, above the transformation temperature, the
hard phase softens, so that TPEs can be processed like thermoplastics.

Phase-separated system of TPEs [72].
All of these properties give substantial advantages to TPEs when compared to rubbers.
They have simpler processing with fewer steps and also they can be processed by blow
molding, thermoforming, heat welding, film blowing, and other thermoplastic
methods, this is impossible for thermoset rubber [73, 74]. Furthermore, when viewed
from the window of environmentally friendly materials, recycling properties, low
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scrap rates during production, short cycle times and low energy costs for processing
make TPEs ideal for most applications [75].
The growth of TPEs has increased highly in the last few years as many areas have
begun to replace traditional thermoset rubbers with TPEs. TPEs are used in various
fields such as automotive, consumer products, construction, healthcare, shoes,
sportswear, electrical installations. For example, the automotive industry is one of the
largest markets of TPEs. TPEs are widely used in the car's bumper, spoiler, and interior
panels [76]. The medical market is where TPEs usage increases due to their easy
design ability, high purity, cost advantages, recycling capabilities, and excellent
sealing performances. Applications include disposable materials such as syringes and
tubes, bags for infusion solutions, artificial heart valves, and many medical devices
such as joints, gaskets, vial caps [72].
Although TPEs are classified in many ways according to their morphology and
chemical structure, generally accepted TPEs are classified in two ways. One of them
is thermoplastic block copolymers in which poly(styrene-b-butadiene-b-styrene)
triblock copolymer (SBS) [77], poly(styrene-b-isoprene-b-styrene) triblock copolymer
(SIS) [78], and poly(styrene-b-(ethylene-co-butylene)-b-styrene) triblock copolymer
(SEBS) [79], thermoplastic urethane (TPU) [80] etc., belong to this class. The other
classification is thermoplastic blends consisting of olefinic thermoplastic elastomers
(TPOs) and thermoplastic vulcanizates (TPVs) [14].
TPVs are a very special class of TPEs that has become the fastest-growing elastomers
in place of unrecyclable conventional rubbers. In the following paragraphs, TPVs will
be discussed in more detail.
2.2.1 Thermoplastic Vulcanizates
TPVs are high-performance blends of TPEs which prepared by dynamic vulcanization
[15]. They are consisting of low content of thermoplastic material and a high content
of crosslinked conventional rubber. A high content (60-80% by weight) rubber which
is added to provide superior elasticity, is crosslinked during dynamic vulcanization
[16]. The crosslinks formed during the process are essential for the properties of the
end products. In the TPOs, which is another member of the class is made only of the
thermoplastic and elastomer mixtures, dynamic vulcanization is not involved. For
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example, TPVs show better flexibility and oil resistance due to crosslinking compared
to non-crosslinked blends like TPOs [81].
Dynamic vulcanization widely used the reactive mixing process which is patented
since early 1960. In this method, the rubber phase is break up and crosslinked by
vulcanization in a melt-processible matrix. The general steps include crosslinking the
elastomer by adding crosslinking agents after sufficient melt mixing of the elastomer
and plastic in an internal mixer or twin-screw mixer [72]. The obtained products are
composed of crosslinked rubber particles dispersed in a thermoplastic matrix.
Gessler was the first person to introduce TPVs in 1972 [82]. Fisher's early work on the
production of EPDM / PP TPVs using peroxide as a cross-linking agent led to the
commercialization of "Uniroyal TPR". In the 1980s, various studies by Coran and
Patel on TPVs caused industrial attention to focus on TPVs [83]. Their work on PP /
EPDM led to the commercialization of “Santoprene” TPE introduced by Monsanto in
1981 [84].
The most common thermoplastic used in TPVs production are polyolefins, especially
PP and polyethylene (PE). In addition to these polymers polyamides (PAs),
copolymers of styrene and acrylonitrile, acrylonitrile butadiene- styrene (ABS),
acrylates, polyesters, polycarbonates, and polystyrene are also used. The elastomers
used may be natural rubber, styrene-butadiene rubber, polybutadiene, butyl rubber,
EPDM, butadiene acrylonitrile rubber.
TPVs integrate the superior flexibility of conventional rubbers and the good
processability and recyclability of thermoplastics like TPEs in which they belong [15].
In recent years, it has attracted great interest as “green” polymers due to its properties
such as being recyclable [16]. The final products from the waste TPVs are simply
ground in the granulator and the granulate is used to produce new material. These
granulate is compatible with using TPOs production, it has been reported that the
addition of recycling TPVs granules improve the properties of the TPOs material[72].
Increasing the use of TPVs in place of non-recyclable conventional rubber effectively
reduces environmental pollution and promotes the sustainable development of
resources. Inevitably, the TPVs market have been growing rapidly increasing day by
day with increasing environmental awareness in recent years.
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The properties of TPVs are affected by many factors. The effects of many factors on
TPVs such as mixture components, compatibility between mixture components,
degree of disintegration, size of dispersed rubber particles, phase morphology have
been reported in many studies. Morphology of TPVs plays an important role in
important issues such as mechanical properties and processability.
Mainly, the mechanical properties of TPVs are especially depending on blend
compositions [85], compatibility between the blend components [86, 87], degree of
rubber dispersion [88], size of dispersed rubber particles [89] and phase morphologies
[90, 91]. Brief information about morphology evaluation of TPVs are given below.
2.2.2 Morphology of TPVs
Studies in the literature show that the mechanical properties and processability of
TPVs are mostly affected by the morphology [92]. Therefore, in recent years, interest
in morphology formation mechanisms and research on factors affecting this formation
has increased [16, 93]. Factors affecting the structure of TPVs may be physical and
chemical properties of thermoplastic and rubber phases and composition ratio of these
two phases, the crosslink density of rubber phase, compatibilizer, additives,
preparation method, and processing conditions. For example, it has been shown in the
studies that for TPVs produced using EPDM and PP, the morphology development of
TPVs during dynamic vulcanization is determined by the mixing ratio and viscosity
ratio of these two phases [94].
In general, it has been found that the key to the morphology and preparation of TPVs
in the literature is the inversion of the rubber phase from a co-continuous phase to a
dispersed phase. The inversion of the rubber phase from a continuous phase to a
dispersed phase is shown in Figure 2.10. Sufficient crosslinking in the rubber phase
results in immobilization of the particles and therefore they are broken down into
smaller particles of micrometer size under the applied shear stress. The distribution of
the dispersed phase is one of the most important factors affecting the mechanical
properties of TPVs.
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Evolution of morphology in a TPVs from co-continuous (left) to the
dispersed phase (right) [84].
In the literature, morphology studies have been about defining the morphology
evolution of TPVs by generally done on EPDM / PP TPVs. The “four-stage model''
was suggested by Antunes and Goharpey to describe the morphology development of
EPDM / PP TPVs during dynamic vulcanization [95, 96]. G.Martin examined the
relationship between phase inversion and the gel content of the EPDM phase in EPDM
/ PP TPVs, and the results suggest that phase inversion in EPDM / PP TPVs is always
below the 60% gel content of EPDM [85].
Wu et al. have brought a new understanding of the evolution of the morphology of
EPDM / PP TPVs (Figure 2.11) [16]. In their study, they worked on TPVs containing
PP (40% by weight) and EPDM (60% by weight) phases. First, as shown in Figure
2.11 (a), the PP phase is dispersed in the non-vulcanized EPDM continuous phase. In
the first stage of the dynamic vulcanization, several EPDM nanodroplets are formed
by breaking the EPDM phase under rotational shear. Due to the low degree of crosslinking, the EPDM phase breaking down and the EPDM nanodroplets merging take
place simultaneously. An increase in the cross-linking degree occurs with an increase
in the dynamic vulcanization time and causes some EPDM nanodroplets to convert to
nanoparticles which will not be recombined. As shown in Figure 2.11 (b), the EPDM
/ PP mixture exhibits a continuous structure at this stage. As the dynamic vulcanization
time increases, EPDM nanodroplets continue to convert into nanoparticles.
Agglomeration of rubber nanoparticles increased with increasing dynamic
vulcanization time leads to phase inversion, and rubber nanoparticle agglomerates
become dispersed phase in the continuous PP matrix (Figure 2.11 (c)). EPDM
nanoparticles agglomerate more intensively with increasing dynamic vulcanization
time (Figure 2.11 (d)).
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Schematic representation of the morphological development of TPVs
throughout dynamic vulcanization [16].
In the following paragraphs, brief information about the production of TPVs, which
has the most important parameters in the realization of morphology evolution, is given.
2.2.3 Processing of TPVs
As mentioned before, TPEs can produce by using the same processing and fabrication
techniques as thermoplastics. Similarly, TPVs can be produced with devices used for
thermoplastic production such as injection molding, extrusion, blow molding, and
calendaring [96, 97].
During the production of TPVs produced by the dynamic vulcanization process, it
should be carried out under excessive shear and above the melting temperature of the
thermoplastic component and at a temperature adequately high to activate and monitor
the vulcanization processes. So generally, the most preferred devices are twin-screw
extruder and internal mixer. Because twin-screw extruders and internal mixers can
provide high temperature and high shear rate and can control well. These advantages
provide a good dispersion of the rubber phase in the thermoplastic phase, which is
highly effective on the mechanical properties of the TPVs produced as previously
mentioned [16, 97].
On an industrial scale, the extruder is preferred in TPVs production. The reasons for
this increasing popularity are the process flexibility as well as the screw design
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variation, the selection of process variables, the control of recipe concentration through
co-feeding, and good control of the process. The screw variation and feeding control,
which are the advantages of the extruder, are illustrated in the diagram (Figure 2.12).
For TPVs production, not only rubber, thermoplastic and curing agent, but also oil,
fillers, flame retardants, colorants can be used for special applications or/and
improvement of end-product properties [97]. Similarly, the temperatures used in the
extruder for the production of PP / EPDM TPVs are given in Table 2.3.

Schematic diagram of screw configuration and feeding zone [98].
Conditions for extrusion of EPDM / PP based TPV[72].
The Extrusion Conditions
Rear-zone barrel temperature, °C
Center-zone barrel temperature, °C
Front-zone temperature, °C
Adapter temperature, °C
Die temperature, °C
Melt temperature, °C
Screw speed, rpm

°C
175-210
175-210
190-220
200-225
205-225
205-235
10-150

Processing factors affect TPVs morphology and properties. For example; extruder
screw speed is one of the important factors that determine the magnitude of shear rate
applied to the material and also affects the size of rubber areas in the plastic phase
[98]. When the effect of temperature is examined, it creates thermal stress on various
chemical bonds and therefore too high temperatures can cause thermal degradation of
the bonds. Therefore, the operating temperature range must be determined very well.
2.2.4 Applications of TPVs
As mentioned earlier, the introduction of TPVs in the industrial sector dates back to
1981. In the mid-1980s they found applications with more than 1000 different
commercial uses [72]. In recent decades, TPVs close the gap between thermoplastics
and thermoset rubbers and have found their most important applications in automotive,
building and electronics [99, 100]. In terms of their features and advantages, their large
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product range encompasses a wide range of applications such as parts of household
appliances, industrial equipment, leisure and sporting goods, and others (Figure 2.13)
[72]. One of the major reasons for its use in many product groups is that they are
produced by injection molding, blow molding and extrusion as mentioned previously.

Examples of TPVs application (a) Grip on iron, (b) Camera, (c) Hand
drill, (d) Grips on screwdrivers [72].
At first, TPVs have attained a place in the automotive industry because of their
suitability to the specific needs and trends of this industry. Today, TPVs are used in
the automotive industry such as gaskets, seals, air inlet duct cover, vibration
dampeners, and driveshaft cover, etc. with melt processing techniques such as injection
molding, simple and crosshead extrusion [72]. Examples are given in Figure 2.14.

Examples of TPVs application in the automotive industry (a) Drive
shaft boot, (b) Dust seal, (c) Clean air intake duct [72].
In architectural and construction uses, TPVs have an important consumption by being
formulated with flame retardant additives and used in applications requiring fire
25

resistance [72]. For example; it is used in weather seals around doors, expansion joints,
roofing, flooring, windows, and especially as and metal-reinforced weather stripping
and soft extruded window glazing material.
The electrical properties of TPVs allow it to be used in many applications. Wire and
cable insulations are produced by crosshead extrusion through a metal; electrical
connectors, and insulators for electronic assemblies are often produced by injection
molding (Figure 2.15) [72] .

Examples of TPVs electrical application (a) Conductive cap, (b)
Electric probes [72].
When medical applications are examined, it is seen that EPDM-based TPVs are used
in many applications such as drug bottle stoppers, syringe plunger tips, medical tubes,
liquid dispenser pump diaphragms using the grades approved by the US Food and
Drug Administration because of EPDM-based TPVs are proper for use in direct
contact with living tissues.
2.2.5 EPDM / PP based TPVs
EPDM / PP TPVs, which have attracted the attention of industry and academy in recent
years with many advantages, have commercial success and high growth rates. They
are the first and most important commercially available TPVs. EPDM with a saturated
backbone is used because of its stability as it has excellent resistance to heat, oxygen
and ozone, thereby imparting good heat oxidation and ozone resistance to the
respective TPVs. PP is a semi-crystalline thermoplastic with numerous desirable
properties such as good heat, oil, and chemical resistance, superior tensile properties
and low cost. PP is used because of its high melting point and high crystallization,
which leads to good TPVs properties even at high temperatures [100, 101]. The crosslinked EPDM particles are finely dispersed in the continuous PP phase without the
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need for a special compatibilizer and form a sea-island structure [102]. The excellent
properties of EPDM and PP and their compatibility with each other have become an
indispensable alternative for many applications using EPDM. In the case of
commercial use; excellent resistance to air, ozone and UV, high elasticity, good
workability, good colorability, better gloss and appearance, shorter production cycle
time, and better recyclability make EPDM / PP TPVs preferred in many areas [97].
These areas generally automotive industries, construction, transportation industries,
electronic equipment, sports equipment and as handle tools, covering wire, etc. [103,
104].
Previously as mentioned, the TPVs processing technique is the same manner as
thermoplastics. EPDM / PP TPVs can also be processed using conventional polymer
processing techniques such as extrusion, injection molding, vacuum forming, etc. [96].
During processing, to obtain the desired mechanical and physical properties, additives
such as compatibilizers, fillers, process oils, etc. can also be used. Morphologies of
TPVs affect many features of them. The process parameters and the added additives
allow the morphology to change and hence the TPVs properties. The changes in the
morphology of EPDM / PP TPVs are generally due to changes in EPDM fracture,
particle size, distribution in the PP matrix, and the degree of crosslinking.
Compared to other TPVs, EPDM and PP have relatively good compatibility. When
TPVs are to be produced with two incompatible components, they can be made
compatible by adding a small amount of a compatibilizer agent (typically about 1%)
before dynamic vulcanization. The compatibilizer agents are block copolymers
containing moieties compatible with both polymers and act as a macromolecular
surfactant to promote the formation of small droplets of elastomer [97]. In recent years,
the literature has focused on improving the interface compatibility of EPDM / PP TPVs
to further expand their application. Chakraborty et al. used maleated PP and maleated
EPDM as interface compatibilizers to improve the mechanical and physical properties
of EPDM / PP TPVs and found that these compatibilizers greatly improved their
physical and mechanical properties [105]. Chen and Xu examined the impact of zinc
dimethacrylate as a reactive compatibilizer on the properties of EPDM / PP TPVs
[106]. Research has specially focused on the effect of advanced interface compatibility
on the mechanical properties of EPDM / PP TPVs. However, Xu's work focuses only
on the compatibilizer effect of the zinc salt system on EPDM / PP TPVs, but later Xu
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et al. [35] examined the shape memory behavior of EPDM/PP TPVs aligned with zinc
dimethacrylate (ZDMA) and found that TPVs with an EPDM / PP weight ratio of 70 /
30 exhibits shape memory in the presence of ZDMA [107].
TPVs can be produced by the addition of fillers to improve mechanical, electrical,
thermal and process properties. In this case, while their properties increase, their costs
are reduced [108]. In the literature, the use of many fillers with TPVs has been reported.
There are several reports in the literature on the strengthening of PP / EPDM TPVs.
Mishra et al. [109] examined the ability of micro-based and nano-based fillers to
strengthen EPDM / PP TPVs and found that the tensile modulus of the 5% wt. calcitefilled TPVs was higher than 20% by weight talc-filled TPVs. Katbab et al. [110]
prepared electrically conductive PP / EPDM / expanded graphite (EG) successfully.
They used three different grades of EG, graphite intercalated compound (GIC), and
natural graphite flake (NGF) and compared their electrical conductivity properties
[84]. Wuet et al. investigate the effects of clay filler in EPDM / PP TPVs. They found
that with the increasing amount of clay, the size of the EPDM particles dispersed in
the PP matrix increased. This has been reported to be due to reducing the strength of
the interface interaction between EPDM and PP which cause delaying to a breakup of
EPDM during dynamic vulcanization [85]. In many studies reported in the literature,
when nanoclay is included in EPDM / PP TPVs, it is seen that it causes an increase in
elastic modulus [92]. Bazgir et al. reported that nano-silica supplementation to PP /
EPDM TPVs increased tensile strength as the elongation at break was increased, and
stated that this was due to the interconnected networks of rubber particles dispersed
throughout the matrix [111].
Processing oil is an additive that is well known for rubbers and is used to reduce
hardness and increase processability. It is used in PP / EPDM TPVs as in rubbers and
is present in both PP and elastomer phases [112]. It has been reported in the literature
that the presence of the oil phase in both polymers in EPDM / PP TPVs is due to the
low polarity of saturated, branched hydrocarbons. Also, the distribution of process oil
in TPVs is the focus of research. For example; the addition of paraffin oil has been
reported to increase the size of EPDM phase areas in the PP matrix in EPDM / PP
TPVs [113].
To change the mechanical and physical properties in the desired direction, changes to
the process parameters were also studied in literature. As previously mentioned,
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process parameters lead to morphology changes in EPDM / PP TPVs. As can be seen
in the Figure 2.16, for example, the change in particle size of the vulcanized rubber
affects its mechanical properties; decreases in particle size increase tensile strength
and the change in particle size can be achieved by altering the process parameters [72].

Impact of vulcanized rubber particle size on mechanical properties
[72].
For example, when EPDM / PP TPVs production is made using the extruder, it has
been reported that the increase in screw speed leads to a decrease in the size of the
EPDM agglomerates, resulting in better-dispersed EPDM in the PP matrix [98].
Similarly, to optimize the microstructure of TPVs, the appropriate temperature and
shear rate should be selected; these two parameters affect the agglomerates of EPDM
[114]. Likewise, if there is a pre-mixing in the production method of TPVs, the premixing time affects the microstructure of EPDM / PP TPVs. As the pre-mixing time
increases, the size of the EPDM particles decreases and their distribution in the PP
matrix improves; good dispersion causes good mechanical properties [115].
As mentioned previously, waste grounded rubber (WGR) is used in low-performance
material production. Since WGR consists of cross-linked rubber particles, it can also
be used in the development of TPVs. Information about the studies in the literature
will be given in the next section.
Literature Review on Recycled Rubber-based TPVs
In literature, there are many publications related to the use of WGR in TPVs as a rubber
component or part of a rubber component. The key point to WGR's usage purpose and
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its performance in TPVs is WGR's compatibility. In this part of the thesis, studies that
are about TPV’s with grounded rubber are examined.
EPDM / PP TPVs are the most widely used and studied TPVs for the reasons stated
previously. As expected, there are many studies in which recycled rubber (RR) is used
with EPDM / PP TPVs. On the other hand, there are many publications in the literature
on various thermoplastics using RR such as, high-density polyethylene (HDPE) [116,
117], low-density polyethylene (LDPE) [118, 119], linear low-density polyethylene
(LLDPE) [120], poly (vinyl chloride) (PVC) [121]. Also, recycled rubber has been
used in blends with engineering thermoplastics, such as ABS [122], polyamide-6 (PA6) [123] and poly (butylene terephthalate) (PBT) [124]. Rapidly increasing waste tire
poses a great risk to the environment, so in many studies waste rubber has been
recycled from car tires. The general composition of the tires is NR, SBR, and BR.
In most cases, the main objective of the studies was to enhance mechanical and thermal
properties and to reduce production costs. Ismail and Suryadiansyah prepared TPOs/
TPVs based on PP / NR and PP / RR blends [125]. Fine rubber powder used to prepare
PP / RR blends using different reclaim rubber content and similar blends using NR
were also prepared. As NR and RR amounts increase, tensile strength and Young’s
modulus decrease. The reason is that with an increasing amount of rubber, rubber
agglomeration in the structure has increased. However, PP / RR has been observed to
perform better than PP / NR. Elongation at break results shows that PP / NR is better
than PP / RR. It was suggested that in PP / RR blends, the presence of crosslinked
rubber powder and other curatives in RR was thought to be the reason for reaching
higher tensile strength and lower elongation at break. Because the presence of crosslinked rubber powder and other curatives restricts chain mobility and flow.
Costa et al. utilized ground scrap rubber (SRT), PP and EPDM in different blending
ratios to examine the thermal and impact properties of the mixtures [126]. The blends
were subjected to the same extrusion process to obtain a similar thermal history. The
results consistent with the literature show that when the conditions are more distant
from equilibrium, the less perfect the crystals occur, the presence of elastomer
somehow inhibits PP crystallization. While the increase in crystallization temperature
Tc by STR loading was significant, SRT incorporation with or without EPDM reduced
the number of crystalline regions in the PP matrix and thus reduced crystallinity. PP /
SRT / EPDM mixtures showed an effective reduction in melting temperature (Tm)
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value compared to other mixtures. When the impact strength properties were
examined, a significant improvement was observed in the PP / SRT / EPDM 50 / 30 /
20 ratio. However, in PP / SRT mixtures, poor adhesion to the PP matrix and
insufficient distribution of SRT, together with the larger particle size, did not affect
impact strength. The presence of EPDM in the mixtures acts as an emulsifier on the
surface of the STR particle and is believed to form encapsulated STR particles. Thus,
as the EPDM content increases, the shell effect of the compositions increases. A
similar examination was also stated when LLDPE was used as matrix [127].
The interfacial adhesion of WGR to the thermoplastic matrix is closely related to how
WGR affects the properties of TPVs. Poor interface adhesion does not improve the
mechanical properties of the TPVs produced in the desired direction. Since WGR can
be used as filler in rubber compositions, research has been conducted on the use of
WGR as filler in various thermoplastics for the preparation of thermoplastic elastomers
[128-131]. However, the mechanical properties of the mixtures were not as expected
compared to thermoplastics. Colom et al. used waste rubber in HDPE as a reinforcer
in their work which aims to support the solution of the waste rubber stock problem, a
major problem for the environment [132]. To ensure adhesion between the matrix and
recycled rubber and to develop an appropriate morphology, the rubber was micronized
and pretreated with 3 different acids, sulfuric acid (H2SO4), nitric acid (HNO3), and
perchloric acid (HClO4). Large porosity was observed on the surface of the recycled
rubber after acid treatment, which, as expected, increased the interfacial compatibility
between the recycled rubber and the HDPE matrix. Treatment with H2SO4 and HNO3
has improved the ability of rubber to interact with HDPE but has not been effective in
improving the properties of the HClO4 material. The reused rubber added to HDPE in
small amounts acts as a filler, increases hardness and provides a more fragile behavior.
To overcome WGR's insufficient interface adhesion, several methods like surface
treatments, compatibilizers and various devulcanization processes have been explored
[133, 134].The use of compatibilizer to enhance adhesion between the thermoplastic
and elastomeric phase is another strategy to develop the behavior of TPOs / TPVs
blends. Lu et al. have worked with various compatibilizers to ensure the compatibility
of the two phases in the studies they produce and analyze blends of waste ground
rubber tires (WGRT) and TPV [135]. WGTR has been used as a filler with various
thermoplastics in many studies and it has been observed that the poor compatibility of
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the two phases caused the mechanical properties to be insufficient. Supporting the
literature, the mechanical properties of the mixtures obtained by mixing WGRT and
TPV in two roll mills and pressing them in compression presses were insufficient when
compared to neat TPV. Besides, as the particle size of the WGRT decreased, the
compatibility increased and better mechanical properties were obtained. In their
studies by adding various compatibilizers, it was observed that PP grafted maleic
anhydride (PP-g-MAH) increased the interface compatibility, resulting in a good
distribution and consequently good mechanical properties. The reason for this was
shown that the maleic anhydride in the PP-g-MAH could interact with WGRT and PPg-MAH could interact with non-polar TPV. This has resulted in good interface
compatibility and good distribution. Similarly, it has been observed that these
properties increase thermal stability and oil resistance.
In a series of articles, Lee et al. produced TPVs based on WGRT with polyolefin
(isotactic PP and PP-g-MA) in the presence of SBS or SEBS functionalized with
maleic anhydride (SEBS-g-MA) as compatibilizer. In their preliminary studies, they
used a tire rubber recipe (model tire rubber), which comprises NR, SBR, and BR,
instead of WGTR [136]. They aim to understand the mechanism of the rubber /
polyolefin dynamic reaction process. Mixing of the components was carried out in a
co-rotating twin-screw extruder and then prepared in injection molding to get a test
sample. In this study, it is tried to ensure the compatibility of the phases to obtain
improved mechanical properties and TPV which was produced model tire rubber in
the presence of PP-g-MA and SEBS-g-MA was showed better mechanical properties
[137]. Similarly, in other studies, WGRT with PP-g-MA and SEBS-g-MA showed the
best mechanical properties and as might expect, had a more compatible morphology.
This is due to the presence of a reactive functional group of maleic anhydride of SEBS,
which reacts dynamically with PP during the melting process. In another study,
Naskar et al. maleated to in the presence of maleic anhydride and dicumyl peroxide
instead of using compatibilizers such as PP-g-MA [138]. EPDM, which include
maleated GRT, and acrylated high-density polyethylene were dynamically vulcanized
at 60: 40 (rubber: plastic) composition ratio. The results show that the properties of
TPVs improve when maleated GTR is used.
The main point of Paran et al. is to investigate the effect of different loading amounts
of graphene nanoplatelets (GnPs) on the properties of LLDPE / RR blends[139].

32

Maleated PE (MA-PE) was also added to the nanocomposites to obtain improved
properties. According to results, the highest mixing torque was achieved when GnPs
and MA-PE were used, mainly due to the nanofiller and matrix interactions. It appears
that the addition of GnPs increases the viscosity ratio, thus causing the RR phase to
disperse into smaller particles in the LLDPE matrix. The addition of MA-PE to LLDPE
/ RR / GnPs nanocomposite resulted in a further decrease in the size of the RR phase.
The decreased overall crystallinity was observed because GnPs caused the retarding
effect of the movement of LLDPE chains to the crystal networks. It was found that
there was an increase in Young's modulus and tensile strength due to the hardness and
physical structure of the nanoplatelets, and the addition of MA-PE resulted in higher
values due to the more homogeneous spreading state of the GnPs. The results showed
that the production of industrially applicable TPVs nanocomposites with improved
properties can be carried out using both the appropriate loading of the GnPs and the
compatibilizer.
Grigoryeva et al. used EPDM, recycled HDPE, grounded tire rubber (GTR), and
bitumen as a compatibilizer and also, for devulcanization agent of GTR [25]. In the
study, there is a partial displacement of GTR with EPDM. They produced TPEs with
3 different devices: Brabender, twin screw extruder and roll mill. Similarly,
productions have been made in which GTR has been improved with different methods
for reuse. The results show that the development of GTR with bitumen varies
according to production method. In the study, it was achieved that bitumen performs
like an effective compatibilizer for polyolefins.
For both economic and ecological reasons, it is very important to replace the rubber
phase of the TPVs completely or partially with waste rubber. Partial substitution of
elastomer phase with GTR in which literature has been studied is an alternative
strategy for obtaining TPV containing recycled rubber. Jacob et al. studied the effect
of incorporation of ground EPDM vulcanizate in the virgin EPDM rubber phase in the
EPDM / PP TPV composition [140]. In their work, the recycling of waste EPDM has
not undergone any devulcanization process. Firstly, the rubber phase was produced
with Brabender Pasticorder and two-roll mill according to the formulations. Then the
TPV composition of EPDM / PP = 70 / 30 was produced similarly with the Brabender
Plasticorder. DCP was used as a curing agent for dynamic vulcanization. The ratio of
the rubber content in the waste EPDM (W-EPDM) to the raw EPDM (R-EPDM) in
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the blends ranged from 0: 100 to 45:55. Since the process is very difficult, the studies
have not attempted to replace W-EPDM with greater than 45% R-EPDM.
Interestingly, a decrease in mechanical properties occurred at low loads of W-EPDM,
but the properties were observed to show an improvement in intermediate W-EPDM
loads. The effect of the fillers and other additives in the W-EPDM on the blend
properties was also investigated. It has been found that when the replacement degree
of R-EPDM with W-EPDM is high, the filler effect is greater than the degree of
crosslinking effect, which leads to higher strength and modulus.
In a previous study by the same researchers, the effects of adding to ground W-EPDM
on curing and mechanical properties of R-EPDM were investigated [140]. In their
study, the aggregated and curved structure of W-EPDM created voids in the matrix of
the composition, resulting in increased Mooney viscosity. The migration of curatives
like accelerators in W-EPDM to R-EPDM resulted in a reduction of scorch time. When
the mechanical properties were examined, the increase in tensile properties and tear
resistance were attributed to the filler effect of W-EPDM on R-EPDM. Increasing the
W-EPDM addition rate results in reduced cross-linking and thus increased wear. In the
same study, they studied curative migration between W-EPDM and R-EPDM and
observed that the accelerators migrated significantly from W-EPDM to R-EPDM.
The together use of recycled rubber with polyolefins presents problems with the
compatibility of the two polymers. In their study, Lu et al. studied the encapsulation
of recycled GTR from tires with EPDM for the compatible use with PP. In their study,
they made partial replacement of EPDM content with certain ratios of GTR when
planning experimental sets [23]. They showed that the successful encapsulation of
GTR with EPDM was dependent on the correlation between GTR particle size and
EPDM / GTR content ratio. Smaller GTR particles and/or a higher amount of EPDM
provide more successful encapsulation. Similar to other studies in the literature, GTR
has been observed to act as a filler when used in combination with PP, where there is
insufficient compatibility between the two phases. The results also display that GTR
has an inconsequential effect on the tensile strength.
In the studies of partially replacing NR with GTR and producing LLDPE / NR based
thermoplastic elastomers, Abadchi et al. reported that the use of MA and DCP in the
melt mixing step of the production resulted in improved bonding of the GTR with the
matrix, and thus a much better dispersion and a vulcanized thermoplastic elastomer's
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similar morphology formation [24]. Similar to the literature, it was observed that when
the compatibility of GTR was low, there were voids in the structure, which reduced its
mechanical properties. Low compatibility causes the GTR to act as a filler. When NR
and GTR were displaced, a decrease was observed in elongation at break, which was
due to the cross-linked structure in the GTR structure. It is observed that the
compatibilization of GTR with maleic anhydride (MA) and dicumyl peroxide (DCP)
leads to a remarkable increase in mechanical properties. It is shown that some of the
reasons for the increase in tensile strength due to the increase in the amount of GTR
are the presence of carbon black already present in the structure of the GTR as well as
the zinc oxide reacting with MA to form a salt.
When the GTR is devulcanized or the surface is activated by various processes, the
efficiency of the compatibilization can be strongly improved. Devulcanization can
promote molecular entanglement with thermoplastics and rubbers. Devulcanization
and reclaiming are interrelated but quite different processes. The result is practically
the same: a rubber compound that can be combined and re-vulcanized similarly to
fresh gum. Devulcanization targets the sulfuric crosslinking of the vulcanized rubber
and thus selectively separates the C-S and S-S bonds. On the other hand, reclaiming
generally occurs along with a significant scission leading to lower molecular mass
fractions along the polymeric chains. Kumar et al. investigated the use of GTR in
LDPE based thermoplastic elastomers [26]. In their study, they used 3 different GTR
which was thermomechanical degradation in the presence and absence of process oil
and without exposure to any treatment. NR, SBR, and EPDM were used as
compatibilizers, 1: 1 masterbatch was produced with GTR / NR, GTR / SBR, and GTR
/ EPDM, and this masterbatch was blended LDPE with melt mixing. LDPE based
thermoplastic elastomers were produced with curing agents as sulfur and peroxide and
also, with and without dynamic curing. In the studies where the GTR was added to the
system by partial replacement with LDPE, thermomechanical and mechanical
analyzes showed that the samples gave the best results in these conditions both having
GTR that thermomechanical decomposed without process oil, using EPDM as a
compatibilizer and dynamic vulcanizing with sulfur. It has been concluded that
mechanical degradation makes it easier for the GTR's surface chains to circulate more
easily with both LDPE and EPDM rubbers. They supported the knowledge that the use
of virgin elastomer and / or at least partially devulcanizing the GTR, which is a
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prerequisite for the production of GTR-containing TPEs, results in better performing
TPEs.
Other studies take advantage of devulcanization to create different active sites on waste
rubber. Hassan et al. performed devulcanization of waste rubber (DWR) consisting of
a mixture of polyisoprene, styrene-butadiene, and acrylonitrile-butadiene rubber [18].
They replaced DWR content with SBR gradually in blends and achieved cross-linking
with gamma rays. With devulcanization, free radicals were obtained on DWR and
increased radiation dose resulted in greater radiation-induced crosslinking density in
the polymer matrix. When the mechanical properties of the SBR vulcanizates were
examined, the tensile strength of virgin SBR replaced by 10% DWR increased
significantly. It has been stated that the combination of DWR has a positive role as a
reason for improving SBR tensile properties. In contrast, it has been reported that as
the DWR content increases further, it may be responsible for the increased difficulty
in distributing the DWR particles evenly within the web, causing the observed
reduction in stress. The elastic modulus of the SBR gradually increased the DWR
content by up to 30% by weight. One cause may be the effect of carbon black in DWR
while another cause is due to radiation-induced crosslinking.
Tanaka et al. have developed production technology to produce TPV by using waste
rubber in a continuous process where the waste rubbers are first devulcanized and then
mixed with PP and dynamic vulcanization is performed [141]. In production with twin
screw extruder; twin-screw extruder consists of pulverizing zone, a devulcanizing
zone, a blending zone, and a dynamic vulcanizing zone. Since most TPV production
is carried out with EPDM / PP, they used sulfur cross-linked EPDM waste in their
work. The waste EPDM, which was broken into small pieces in the pulverizing zone,
firstly, was mixed with PP after selective breakage of the cross-links in the
devulcanization zone. The rubber component was then dynamically vulcanized by
dosing in the curatives, thereby forming TPV with EPDM as the dispersion phase.
Important factors were found to be screw configuration, screw rotation speed, barrel
temperature, material feed rate, and components. The mechanical properties of the
TPVs obtained are comparable to commercial TPVs. To examine the usability of TPV
in automotive parts, parts such as weather-strip door glass run, weather-strip door glass
outer beltline seal, which do not require higher functionality or excellent quality
appearance, have been selected. TPV with recycled EPDM can be used in weather-
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strip door glass run production. Also, they produced TPOs with the desired properties
by adding TPV with recycled EPDM 30 wt% to TPOs in the weather-strip door glass
outer beltline seal.
Luo et al. studied the compounding of GTR, devulcanized GTR (DGRT) by ultrasound
devulcanization, and dynamic revulcanized DGRT (RGRT) with PP by using an
internal mixer and twin-screw extruder [142]. They also investigated the effect of two
different curing systems, phenolic and sulfur, and various compatibilizers on blends
properties. They mentioned that the phenolic curing system not only provides crosslinking in the rubber phase but also modifies the PP. For this reason, it was concluded
that better mechanical properties were obtained when the phenolic curing system was
used. At the same time, the phenolic curing system interacted with two phases,
increasing viscosity. Various compatibilizers were used in the study since the two
incompatible polymers need compatibilizers for better mechanical properties. The use
of PP-g-MA has resulted in a better Young Modulus and tensile strength than other
compatibilizers because it interacts with both PP and rubber phases. In the studies
comparing two different mixing systems, it has been found that twin-screw extruder
causes the dispersed rubber phase having a small particle size to enhance mixtures
having superior mechanical properties. When the morphology of the mixtures was
examined, it was found that the use of twin-screw extruder, phenolic curing system,
and PP-g-MA increased the compatibility of the two phases compared to other
comparable options and thus caused the improvement in mechanical properties. Unlike
the studies of Seok and Isayev, which mixed DGRT with PP in the mixer after
devulcanizing the waste truck tires in the extruder, which has an ultrasonic part, they
were fed to PP / GRT mixture to the ultrasonic reactor at the same time in this study
[143]. They believe that it would improve compatibility and interface adhesion
between the two phases. The ultrasonic device is attached to the plastic extruder. The
PP / GRT ratio of 40 / 60 by weight was first fed into the ultrasonic reactor. The
resulting mixtures are called PP / DGRT mixtures. PP / DGRT mixtures were
dynamically vulcanizate in the internal mixer. These mixtures are called PP / RGRT
mixtures. When mechanical and morphological analyses were performed, it was
concluded that the tensile strength and elongation at break of the blend under specific
conditions were higher than those obtained previously. The SEM images showed that
the rubber particles in the PP / RGRT blend were smaller and more homogeneous than
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the PP / GRT or PP / DGRT blends. When the results of mechanical tests and
morphological results are compared, it has been shown that dynamic vulcanization of
thermoplastic elastomers increases the strength due to partial crosslinking of the rubber
phase.
In their study, Kim et al. prepared EPDM / PP mixtures with a twin-screw extruder at
25 / 75 and 30 / 70 ratios [144]. In this study, they used five different screw
configurations. They also examined the ultrasonic treatment of waste EPDM powders,
which physically modified the particles, to provide good mechanical properties, and
also by using PP-g-MAH instead of PP. It was stated that the morphology and
mechanical properties of the mixture were determined by the design of the flow and
screw speeds. In mixtures prepared with PP-g-MAH, the interface adhesion
performance of the ultrasonic treated waste EPDM was found to be superior to that of
the untreated waste EPDM. This is because that the morphology of the ultrasonic
treated waste EPDM becomes more stable than the untreated waste EPDM due to the
reactive functional group formed by the ultrasonic treatment. Thus, as expected, blends
containing PP-g-MAH and ultrasonic treated waste EPDM showed better mechanical
properties than other samples combined with untreated waste EPDM. Researchers
have shown that the properties of TPVs are strongly dependent on dynamic
vulcanization during blending and that the compatibility of the two phases is a crucial
factor for improved mechanical properties.
Sripornsawat et al. [17] prepared devulcanized rubber (DR) and examined the effects
of the reaction temperature and time of the devulcanization process, which play an
important role in the control and optimization of rubber on the properties of DR /
blends of copolyester (COPE) TPVs. They obtained DR by thermo-chemical
devulcanization from truck tire waste. Changes in the parameters changed the
properties of the devulcanized rubber, which affected the performance of the obtained
TPV. With increasing devulcanized time and temperature, tensile strength and
elongation at break were decreased. In the devulcanization process, the rubber
crosslink is broken and in an unoptimized process, scission occurs in the main chain.
In such a case, the mechanical properties of the TPV are reduced. The low cross-link
density and the sol fraction allow the formation of new cross-links during dynamic
vulcanization, which will enhance the tensile strength and elongation at the break.
When the parameters are analyzed, it is seen that optimum devulcanization parameters
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are 4 min at 180°C. Devulcanization allows free non-crosslinked molecular chains
and other polar functional groups on DR surfaces. Thus, the surfaces of the DR
domains dispersed in the COPE matrix may have a stronger interface adhesion than
untreated vulcanized rubber. By improving the compatibility and interface adhesion of
DR and the continuous COPE matrix, it has improved interface strength and other
related properties, including tensile properties. At the same time, this interaction
between COPE and DR increased the shear and elongation viscosities during dynamic
vulcanization and helped the rubber phase to form smaller sized particles. The same
researchers produced dynamically devulcanized TPV which comprise of
thermochemical DR and COPE with carbon black addition [108]. In the first step of
the productions carried out in two steps, they mixed various additives with DR and
also added carbon black in the range of 0-40 phr to the composition. Then, the DR
mixture was mixed with COPE at 50 / 50 w / w ratio. The effects of carbon black load
on microstructure, mechanical properties and elastomeric behavior of dynamically
cured DR / COPE TPVs were investigated. Higher shear and elongation viscosities
were observed in TPVs containing high carbon black, resulting in smaller
disintegration of the DR phase dispersed in the COPE matrix. When SEM images were
examined, aggregates of carbon black were observed in TPVs containing 15% and
20% carbon black. In mixtures containing 20% by weight of carbon black, an increase
in tensile strength was observed due to improved DR and COPE interface adhesion.
On the other hand, carbon black DR / COPE TPVs with various carbon black loadings
have been shown to cause a reduction in elongation at break. This is attributed to the
bond strength between the rubber phase and the filler, which is said to reduce the
mobility of the polymer phase.
To solve the compatibility problem between the GTR and a plastic matrix, many
methods have been reported, such as the incorporation of compatibilizers into the
system, dynamic vulcanization, devulcanization, as previously mentioned. By merging
surface devulcanization and in situ grafting technology, Jiang et al. aimed to growth
the compatibility among the GTR and HDPE with the combination of changed
dynamic vulcanization to produce high-overall performance TPVs [19]. After surface
devulcanization of the GTR (d-GTR) by means of mechanochemical method, d-GTR
/ HDPE blends having a 60/40 d-GTR / HDPE ratio were prepared. To investigate the
degree of crosslinking of d-GTR / HDPE blends, studies were performed by varying
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the loading of tetraethylenepentamine (TEPA), grafting monomers (Styrene (St),
glycidyl methacrylate (GMA), and DCP). The improvement of interface adhesion was
investigated. It has been observed that the mechanical properties of the blends are
constantly developed by increasing the amount of grafting monomers. The interface
adhesion between d-GTR and HDPE was analyzed by sol-gel analysis; The gel fraction
of the mixtures was significantly increased by the addition of DCP, indicating
improved interface adhesion between d-GTR and HDPE. Dynamic mechanical
analysis (DMA) and scanning electron microscope (SEM) analyze similarly confirmed
enhanced interface adhesion between d-GTR and HDPE. Optimum overall
performance of the blends was achieved by loading 0.6 phr DCP, 4 phr GMA and 4
phr St.
The literature suggests that the progress of GTR-containing TPEs is an encouraging
research strategy. Based on the information obtained from the literature, it is clear that
the preconditions for the production of TPVs containing recycled waste rubber with
the desired properties. The literature research showed that the use of the compatibilizer
to improve the compatibility between the thermoplastic phase and the rubber phase,
the improvement of the waste rubber by the devulcanization process and the partial
replacement of the waste rubber with the rubber phase provided effective results. In
this study, we aimed to prepare TPV production by making partial replacement of the
EPDM amount in PP / EPDM TPV with waste rubber from washing machines gaskets
after performing various devulcanization processes of them. To examine the effect of
the compatibilizer, we also included the PP-g-MA, which can interact with both EPDM
and PP.
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EXPERIMENTAL SECTION
Materials and Chemicals
EPDM, DUTRAL® TER 4437 WO Ethylene- Propylene- Diene Terpolymer, obtained
from supplied from Versalis, Italy. It contained % wt 0.5 max volatiles content, % wt
0.3 max ash content, % wt 32 propylene content, % wt 4.5 ENB content, % wt 40 oil
content.
As PP, HE125MO Borealis (Austria), 12 g / 10 min and a density of 0.908 g / cm3
homopolymer was used. Paraffinic oil, Exxon Mobil Company, was used as received.
PP-g-MA BYK Additives and Instruments (Germany), SCONA TPPP 9212 GA, used
as a compatibilizer. Liquid nitrogen from Linde Gas (Turkey) was used.
Other compounding ingredients such as zinc oxide (ZnO) (Ege Kimya, Turkey),
stearic acid (St.Ac.) (Merck, Germany), polyethylene glycol 4000 (PEG) (Merck,
Germany) were used as received.
As vulcanization agent Sulfur (S), and accelerator Mercaptobenzothiazole (MBT),
Zinc Dibutyldithiocarbamate (ZDBC), Tetramethylthiuram disulfide (TMTD) were
obtained commercially from RDC Chemical, Italy.
The wastes of the Arcelik washing machine EPDM-based gaskets with a cross-link
density (CLD) of 610,93 mol / m3 (Figure 3.1) were subjected to a devulcanization
process by the Fraunhofer Applied Research Development Association (Germany) in
confidential project scope. The CLD of the obtained devulcanized rubber is 70.37 mol
/ m3.

Figure 3.1 : Schematic representation of the devulcanization process.
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Thermogravimetric Analysis (TGA) analysis results of devulcanized rubber are as
stated in Table 3.1.
Table 3.1 : TGA analysis results of devulcanized rubber.
Content

Content Percent

Polymer (EPDM)

38%

Volatile

30%

Filling Material (Silica)

32%

Instrumentation
Banbury Internal Mixer
Banbury internal mixer is used for the homogeneous preparation of rubber raw
material mixtures. The Banbury was Met-Gür MG-15 (see Figure 3.2), with 4 L. The
fill factor was selected 0.70 and it was constant for every recipe.

Figure 3.2 : Met-Gür MG-15 Banbury.
Two-Roll Mill
Two-Roll Mill was Met-Gür MG/H-300 (see Figure 3.3), with a 300 mm rotor
diameter and 800 mm rotor length. The front rotor of the mill was rotating with 12,8
rpm and the back rotor of the mill was rotating with 14,7 rpm.
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Figure 3.3 : Met-Gür MG/H-300 Two-Roll Mill.
Two-Roll Mill was used after Banbury internal mixer process to add accelerators and
sulfur.
Grinding Device
The rubber phase must be broken into small pieces to be fed from the extruder for use
in TPV production. This process is carried out in the grinding device (RETSCH
Grinding Device, Germany).
Twin-Screw Extruder
An intermeshing co-rotating twin-screw extruder was used to prepare TPVs. The
modular twin-screw extruder used was PRISM TSE 24 HC (see Figure 3.4), with a 24
mm screw diameter (D) and 28:1 L / D ratio (shaft length over screw diameter). Some
useful properties according to product specifications were given in Table 3.2. Prism
TSE 24 HC extruder had 7 modular barrel segments, each was heat controlled and had
a length of 4D.

Figure 3.4 : Prism TSE 24 HC 28:1 extruder.
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Table 3.2 : Technical specifications of Prism TSE 24 HC 28:1 extruder.
PRISM TSE 24 HC 28:1
Barrel bore diameter
Screw diameter
Channel depth
Max. screw speed
Power at max. screw speed
Max. torque/shaft
Barrel zones
Extruder dimensions (L x W x H)

Units
mm
mm
mm
rpm
kW
Nm
Qty.
cm

Values
24
23.6
5.15
1000
9
43
7
165 x 60 x 135

Injection Molding
An Allrounder 320C injection molding machine (Arburg) with a maximum
compression capacity of 50 tones was used. Injection molding is based on the ability
of thermoplastics to soften with temperature and then harden with temperature
decrease. The injection molding machine consists of three main parts: the mold, the
closure unit, and the injection unit. The granules are fed by a feeding hopper located
at the end of the heated barrel into the injection molding machine shown in Figure 3.5.
The granules received in the barrel are heated and softened. The granules are
completely melted by the rotational motion of the screw and the energy of the barrel
heaters. After the mold is opened, the product is pushed out of the mold with the help
of the pushers.

Figure 3.5 : Injection Molding Machine.
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Rubber Sample Cutting Press
Devotrans Rubber Specimen Cutting Press was used to cut the samples in desired sizes.
By changing the blade heads, samples of the desired shape and size can be achieved.
Tensile Testing Machine
Tensile strength and tear strength of TPVs were measured by a Z020 Zwick Universal
Tensile Testing Machine.
Density Measurement
The densities of TPVs were measured by a Mettler AT201 Electronic Analytical
SemiMicro Balance.
Shormeter (Sh.A) Device
The hardness of TPVs was measured by a Zwick Roell Shore A Durometer. This
device is intended to measure the hardness of Sh.A in rubber and soft materials.
Abrasion Resistance Device
Abrasion resistance of TPVs was measured by a Coesfeld Abrasion Tester.
Thermal Analyses
Thermal properties of TPVs were investigated by Thermogravimetric Analysis (TGA)
and Differential Scanning Calorimetry (DSC). TGA tests were performed in a TA
Q500 thermal analyzer (TA Instruments, USA) and DSC tests were performed in a TA
DSC Q200 (TA Instruments, USA) under an inert nitrogen atmosphere.
Dynamic Mechanical Analysis (DMA)
To characterize TPVs elastic behaviors as a function of temperature, time, frequency,
stress, atmosphere or a combination of these parameters, Dynamic Mechanical
Analysis (DMA) was performed in a TA DMA Q800 (TA Instruments, USA).
Determination of the Cure Properties
The cure properties of the rubber phase were determined using an oscillating disc
rheometer (ODR) (Movino Die Rheometer, MDR 3000 Basic, MonTech
Werkstoffprüfmaschinen GmbH, Germany) and viscometer (Mooney Viscometer,
MV 3000 Basic, MonTech Werkstoffprüfmaschinen GmbH, Germany).
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Scanning Electron Microscope (SEM)
The tearing surfaces of the TPVs were examined by a SUPRA 55VP field-emission
gun (ZEIZZ, Germany) SEM.
Experimental Design
3.3.1 Manufacturing process
The raw material of the washing machine gaskets is EPDM rubber. The results of TGA
analysis and crosslink density measurements of waste EPDM gaskets are given in
Figure 3.1. In this study, the two-step processing method was employed to prepare the
devulcanized EPDM waste (DEW) PP / EPDM TPVs in which the EPDM rubber
phase is partially replaced with DEW. All the methods used in this thesis are
summarized in Figure 3.6.
In the first step, the addition of DEW to the EPDM formulations and the production of
the rubber phase is carried out, while in the 2nd step, TPV is produced by dynamic
vulcanization of the rubber phase and PP. Also, in step two, PP-g-MA was added to
the TPV formulations to examine the effect of the compatibilizer in TPV production.
Detailed information on developed formulations and production strategies will be
explained in the following sections.
To create the rubber phase, firstly, formulations with replacement the EPDM by DEW
with three weight ratios of 5%, 10%, 20% (w/w) was developed. In polymer
compositions created by adding recycled material, low mechanical properties, as well
as decreased aging performances, are one of the biggest limitations. For this reason,
the amount of DEW was kept at the 20% (w/w) limit. While developing formulations,
38% by weight of the polymer in the structure of DEW is taken into consideration
which observed in TGA analyses. Shortly, 5%, 10% and 20% of the virgin EPDM
correspond to 38% by weight of the devulcanized EPDM. The developed reference
rubber phase formulation which produced without DEW addition is given in Table 3.3.
Additionally, formulations have been developed by adding 5%, 10%, 20% DEW by
weight of virgin EPDM.
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Figure 3.6 : Schematic representation of TPVs production.
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Table 3.3 : The Rubber Phase Formulations.
Components
EPDM
Paraffinic Oil
ZnO
St. Ac.
PEG
MBT
ZDBC
TMTD
S

Ingredients (phr)
100
40
5
1
4
1,5
2,5
0,8
2

* phr: parts per hundred of rubber
*Formulations have been developed by adding 5%, 10%, 20% DEW by weight of virgin EPDM.

The first step involved compounding the rubber phase according to the formulation
and mixing schedule shown in Table 3.3 and 3.4. EPDM, DEW and all the additives
were mixed in the Banbury Internal Mixer.
Table 3.4 : Mixing Schedule.
Steps
Addition of EPDM
Addition of DEW
Addition of Paraffinic Oil
Addition of PEG
Addition of St. Ac. And ZnO

Time (sec)
120
120
120
30
60

That is, when the Banbury Internal Mixer temperature reaches 50 °C, the mixing
process is started. The EPDM was first masticated for 120 sec in an internal mixer.
Then, DEW and paraffinic oil were incorporated for 120 min excluding reference
formulations, respectively. After that, PEG was added and mixed for 30 sec, followed
by the addition of St. Ac. and ZnO together, and mixed for another 60 sec. The
resulting mixture is called "dough".
Before the accelerators (MBT, ZDBC, TMTD) and sulfur (vulcanization agent)
addition to the dough, the dough must first be cooled so that the vulcanization does not
start with the high temperature. First of all, the dough is air-cooled in the Two-Roll
mill. Later, accelerators are added, the dough is compressed and wrapped 3 times.
After that, S is added and the dough continues to be mixed for about 10 minutes for a
homogeneous mixture.
They were immediately cooled in liquid nitrogen to stop cross-linking of the rubber
phase, prevent further morphological alteration and disintegrate into small pieces to be
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fed from the extruder. The disintegration process was carried out in the grinding
device. In total, 4 different rubber phases that can be fed extruders were obtained for
TPV production.
To examine different composition ratios effects on TPV properties and find the best
composition compared to commercial PP / EPDM TPVs, PP / EPDM TPVs with or
without DEW in 15 / 85 % and 10 / 90 % by weight composition were prepared. PP
and EPDM were fed from two different feeders. The total product is taken from the
extruder at a speed of 4 kg/h. The screw speed was set at 200 rpm and zone
temperatures of 170 °C / 175 °C / 180 °C / 185 °C / 190 °C / 195 °C / 200 °C / 205 °C
were used. The extruded filaments mixtures were cooled, pelletized. The finished
compound was conditioned at room temperature for at least 24 h before further
processing.
In addition to the studies conducted, PP-g-MA was added to the system to examine the
effect of the compatibilizer. While adding a compatibilizer to the 15 / 85 % and 10 /
90 % by weight of PP / EPDM, a strategy was followed such that 2% and 5% by weight
of them was PP-g-MA. The 10% and 15% weight ratio of the thermoplastic phase is
kept constant between PP and PP-g-MA. The different TPV compositions are shown
in Table 3.5. PP-g-MA and PP were physically mixed and then fed to the same feeder
to the extruder. The PP/EPDM blends with or without DEW and PP-g-MA were also
subjected to the same extrusion process to obtain a similar thermal history.
Table 3.5 : The TPV compositions.
Amount of EPDM
(with or without
DEW) (%)
90
90
90
85
85
85

Amount of PP
(%)
10
8
5
15
13
10

Amount of PP-gMA (%)
0
2
5
0
2
5

To prepare specimens for measuring the physical and mechanical properties of the
blends, the injection molding process was employed at a temperature range between
210-230 °C and injection speed 70 ccm/min and injection pressure 750-800 bar has
formed the plates in a standard mold (2 mm and 6 mm thick molds). The DEW / PP-
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g-MA with and without PP / EPDM finished test products as plates obtained from the
injection molding process are given in Figure 3.7.

Figure 3.7 : The 2 mm (a) and 6 mm (b) thick test samples.
Test plates produced by injection molding are rested for 24 hours in room conditions
and then cut in rubber sample cutting press per under the standard of each test so that
the tests can be performed. Examples of the samples ready for testing are given in
Figure 3.8.

Figure 3.8 : Example of end product samples (a) tensile strength test (b) tear
strength test (c) hardness test.
The compositions of PP / EPDM TPVs with or without DWE and PP-g-MA are
summarized in Table 3.6. The designation of each sample is given as well.
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Table 3.6 : Prepared blends, designation and contents.
Amount of
DWE (%),
Sample Designation
replaced with
EPDM
R-85-15
R-85-13-2
R-85-10-5
0
R-90-10
R-90-8-2
R-90-5-5
5-85-15
5-85-13-2
5-85-10-5
5
5-90-10
5-90-8-2
5-90-5-5
10-85-15
10-85-13-2
10-85-10-5
10
10-90-10
10-90-8-2
10-90-5-5
20-85-15
20-85-13-2
20-85-10-5
20
20-90-10
20-90-8-2
20-90-5-5

Amount of
Rubber Phase
(%)
85

90

85

90

85

90

85

90

Amount
of PP
(%)

Amount of
PP-g-MA
(%)

15
13
10
10
8
5
15
13
10
10
8
5
15
13
10
10
8
5
15
13
10
10
8
5

0
2
5
0
2
5
0
2
5
0
2
5
0
2
5
0
2
5
0
2
5
0
2
5

3.3.2 Testing and characterization of materials
3.3.2.1 Rheometer
Rheological properties were measure with uncured rubbers. In this work, Moving Die
Rheometer (MDR) was used to determine vulcanization characteristics. The test
temperature was 180°C and the test duration was 3 minutes. The experimental work
of this study was carried out by repeating the tests at least 2 times. Minimum torque,
early curing time (or scorch time), maximum torque and optimum curing time values
was obtained.
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3.3.2.2 Tensile strength test
The tensile strength test of the materials was performed by a Zwick Universal Tensile
Testing Machine Z020 according to DIN 53 504 standards. Load indicator equipment
was a 2.5 kN load cell and the extension indicator was a mechanical long-stroke
extensometer (Figure 3.9).

Figure 3.9 : Zwick Universal Tensile Testing Machine Z020.
The test specimens are described as S2 in DIN 53504 and cut from 2 mm thick plates
shaped by injection molding. The sample shape and dimensions are given in Figure
3.10., respectively.

Figure 3.10 : The technical drawing of the tensile test specimens (L:75 mm, Bk:
12.5 mm, ls: 25 mm, b: 4 mm, r1: 12.5 mm, r2: 8 mm, a: 2 mm, Lo: 2 mm).
Experiments were generally carried out at 23 ± 2 ° C and the samples were rested at
this temperature for at least 24 hours. During the experiment, 200 mm/min was used.
Before the tensile test, dimensional measurements were carried out. The thickness and
width of the prepared samples were measured at 3 points by using rubber caliper, then
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after the average values were used. The tensile test was repeated with 5 samples for
each formulation.
The tensile strength was recorded along with the percentage of elongation and
calculated by taking the first length. The tensile strength and elongation at break were
calculated by the device as follows.
𝐺=
𝐸=

Pmax
S

L2−L1
L1

∗ 100

(3.1)
(3.2)

Where;
G: Tensile Strength (N/mm²; MPa), Pmax: Measured maximum force (N), S:
Starting Section (mm²), E: Elongation at Break (%), L1: Measuring Length (mm),
L2: Measuring length at break (mm)
3.3.2.3 Tear strength test
The tear strength test of the materials was performed by a Zwick Universal Tensile
Testing Machine Z020 according to DIN 53 507 standards. The shape and dimensions
of the test specimens were given in Figure 3.11. The thickness of the test sample was
measured from 3 points of specimens and the averages were taken. The sample was
connected to the jaws of the drafting machine from 20-25 mm to the bottom and the
top. The drawing speed was 500 mm/min. The tear strength test was repeated with 5
samples for each formulation.

Figure 3.11 : The shape and dimensions of the tear strength test samples (Sample
thickness: 2.0 + /- 0.2 mm, Sample size: 100 mm, Sample width: 15 mm).

53

3.3.2.4 Density measurement
Density measurement was carried out according to DIN 53 479 standard. The samples
were conditioned in the laboratory (23 ± 2 ° C) for 3 hours. They were first weighed
on a precision scale, and then weighed in water and the volume was determined by
taking advantage of the water lifting force according to Archimedes' principle. The
results were calculated by formula as given below. During the measurement, the pure
water temperature is 20 ± 1 ° C. For density measurement, samples were weighed by
using 0.0001 g sensitive Mettler AE200.
𝐷 = Dw ∗

A
𝐴−𝐵

(3.3)

Where;
Dw: density of water, A: The weight of the sample in the air, B: The weight of the
sample in ethyl alcohol
3.3.2.5 Hardness measurements
The hardness tests were carried out according to DIN 53505 standard. The hardness is
a fingerprint property. Shore A (Sh-A) is used for soft materials and, Shore D (Sh-D)
for hard materials and their units’ range are given in Figure 3.12. The hardness
measuring device has a fine-pointed (conical) tip which is connected to the part to
which pressure is applied. When this tip is pressed until the base is completely
touching the surface, the corresponding value is taken as hardness. The hardness of the
materials was measured by a Zwick Roell Shore A Durometer. This device is intended
to measure the hardness of Sh-A in rubber and soft materials (Figure 3.13).

Figure 3.12 : Shore A and Shore D hardness units.
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Figure 3.13 : Zwick Roell Shore A Durometer.
Measurements were taken from 9 different points with at least 5 mm apart from each
other. The hardness value of the sample is calculated as the average of these
measurements.
3.3.2.6 Abrasion resistance test
Abrasion resistance of the materials was measured by a Coesfeld Abrasion Tester
according to DIN 53 516 standards. Abrasion is the value in a volume reduction of the
sample exposed to abrasion by turning over a certain number of turns (42 turns) on the
abrasive cylindrical surface. Abrasion was calculated according to the following
formula.
dV = 2 ∗

M1−M2
d

∗ 𝐶𝑓𝑘 ∗ 1000

200

𝐶𝑓𝑘 = S1−S2

(3.4)
(3.5)

Where;
dV: Abrasion rate, mm3, S1: Initial weight of standard sample (g), S2: The final
weight of the standard sample (g), M1: Initial weight of the sample (g), M2: The final
weight of the sample (g), d: Density of the sample (g/cm3), Cfk: Correction factor
Sample preparation and weighing steps were carried out before the abrasion resistance
test. Discs with a diameter of 17 mm and a thickness of 6-8 mm were used for the test.
The weights of the discs were measured by a precision scale. This test was performed
on the Coesfeld Abrasion Tester (Figure 3.14).
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Figure 3.14 : Coesfeld Abrasion Tester.
3.3.2.6 Thermal analyses
The thermal properties of TPVs were investigated by TGA and DSC. During TGA
tests, approximately 12 mg samples were weighed in alumina pans and were heated
between 30 °C to 950 °C at a heating rate of 10 °C min-1 under an inert nitrogen
atmosphere with flow rate 90 mL min-1.
DSC was performed under an inert nitrogen atmosphere flow rate of 50 mL/min. ~8
mg of samples were introduced in aluminum pans and were subjected to heating
between −50 °C to 230 °C at a rate of 10 °C min−1. The two cycles are completed by
this procedure. The degree of crystallinity was calculated in the TA Universal
Analysis program.
3.3.2.7 Dynamic mechanical analysis (DMA)
The dynamic mechanical measurements were carried out using a using TA DMA Q800
(TA Instruments, USA). The experiments were carried out in multi frequency-strain
mode with a frequency of 1 Hz and 0,1 % strain amplitude. The dynamic properties in
terms of storage modulus, loss factor (tan d) were scanned with a heating rate of 3
°C/min over the temperature range from 30 °C to 100 °C.
3.3.2.8 Morphological properties
A field-emission SEM was used to perform morphological analysis. The samples
were fractured after immersing in liquid nitrogen and the fracture surfaces were
coated with an ultra-thin layer of Gold-Palladium (Au / Pd) alloy before the SEM
analysis.
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3.3.2.9 Aging analysis
Before the aging analysis is done, different TPV formulations are produced and
analyzed, and then compared with the results of a commercial TPV. The desired
properties of commercial TPV are given in Table 3.7. Industrial acceptance limits are
taken from Arçelik standards. After choosing TPVs that are compatible with
commercial TPV, aging analysis is applied. TPVs used as a washing machine and
dishwasher component in white goods are tested to measure their aging performance
in two different environments. While one of them is an analysis in which the resistance
of detergent is tested, in another, its resistance to rinse aid is tested.
Table 3.7 : Commercial TPVs properties and Industrial Acceptance Limits.
Properties

Test Results

Hardness, Sh.A
Tensile Strength,
N/mm2
Elongation at
Break, %
Tear Strength,
N/mm

56,7

Industrial
Acceptance Limits
55±5

4,5

min.3

400

min.300

28

min.20

Detergent Aging Test
This aging test is applied to measure the resistance of TPV parts used in the washing
machine to the detergent. 1% solution is prepared with detergent. To eliminate the
differences that may arise from the detergents of different brands in the experiments,
the selected detergent was used in each analysis. The temperature of the detergent
solution is set at 95 °C. The experiment period is 300 hours. The solution is renewed
every 24 hours. During the experiment, the solutions should be kept in motion and
mixed. The samples are then kept in a moist environment for 3 x 24 hours. Compliance
is determined by calculating the percentage changes of the hardness, tensile strength,
elongation at break and tear strength values at the end of 300 hours according to the
values before aging analysis. Negative changes of more than 30% are not within the
acceptance limits.
Rinse Aid Test
This aging test is applied to measure the resistance of TPV parts used in the dishwasher
to the rinse aid. 1% solution is prepared with rinse aid and water. In the experiments,
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the rinse aid selected as a reference was used in each analysis to eliminate the
differences that may arise from the rinse aid of different brands. The temperature of
the aqueous solution is set at 40 °C. The experiment period is 300 hours. The solution
is renewed every 24 hours. During the experiment, the solutions should be kept in
motion and mixed. The samples are then kept in a moist environment for 3 x 24 hours.
Compliance is determined by calculating the percentage changes of the hardness,
tensile strength, elongation at break and tear strength values at the end of 300 hours
according to the values before aging analysis. Negative changes of more than 30% are
not within the acceptance limits.
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RESULTS AND DISCUSSION
Determination of the Cure Properties
Rheometer analysis, which has a very important place in the rubber industry, gives
information about the properties changing during vulcanization. It has an important
place

in

controlling

vulcanization

variables,

determining

mixture-specific

vulcanization conditions and operating conditions. After preparing the dough by
mixing rubber and other additives, the curing curve of the material is obtained in the
device called rheometer. In this study, The Moving Die Rheometer (MDR) was
performed for rheometer analysis.
Uncured rubber is located in a test cavity containing a double conical disc at a positive
pressure and a continuous high temperature. They operate by applying pressure to the
sample between two heated dies. The cavity closes and disc oscillation begins. While
the bottom die is motorized and moves with a certain arc angle and frequency, the top
die measures the torque or rotational force transmitted by the rubber sample from the
bottom die. When the principle of operation is examined, as the rubber sample heats,
the vulcanization process starts and crosslinks begin to form. As cross-links are
formed, the rubber sample becomes harder and requires a force for oscillation due to
the rigidity of the rubber. This force (torque) is reported as a function of time. A
completed curve is observed when the recorded torque reaches a balance or maximum
value (Figure 4.1). The time required for the curing curve is a function of the test
temperature and rubber properties. The parameters in the rubber industry, shown on
the curing curve in Figure 4.1; minimum torque (ML, it will be defined as S` Min.),
early curing time (scorch time, ts2), maximum torque (MH, it will be defined as S`
Max.) and optimum curing time (t90).
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Figure 4.1 : Curing Curve and parameters.
ML (Minimum torque, it will be defined as S` Min.): It gives information about the
sample viscosity at the temperature of the test. It is the point where cross-linking starts.
From this point on, the hardness of the mixture will increase with the start of crosslinking, therefore the viscosity value will increase. It is important in terms of giving
information about the hardness and density of the dough during the process. ML value
varies depending on the type of rubber used in the mixture and the ratio of other
substances used in the mixture. So it is a physical feature.
MH (Maximum torque, it will be defined as S` Max.): It gives information about the
viscosity at the time of 100% curing. It is a measure of the elasticity module. At this
point, the vulcanization process is completed. Although MH increases with increasing
filler and it is mostly affected by the number of bonds and the type of bond. It increases
in MH with the increasing total number of bonds (monosulfidic + disulfidic +
polysulfidic).
ts2 (Scorch time, Early curing time): ts2 is the first point of vulcanization. Early cooking
is the moment when activators and accelerators initiate vulcanization by forming
complexes. It gives information about the curing time.
t90 (Optimum curing time): 90% of the time it takes to reach MH. Rheometer analysis
is important in determining how long the dough will stay in the curing line. If the
dough comes out of the curing line in a shorter time than the t90, it will be removed
before the curing is complete. This causes deformities in the product and a decrease in
physical properties. If the product stays more than t90 from the curing line, this time
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it will be over curing, which causes the product to be hard, brittle and lead to a decrease
in physical properties. The product is requested to cure 90%, not 100%. The remaining
10% of curing spreads over time. Thus, the product retains its physical properties. That
is why 90% of curing is called the optimum curing time.
Rheometer analysis of the doughs obtained after the two-roll process, without DEW
added and with 5%, 10%, 20% DEW added, were performed in MDR. Curing curves
obtained are given in Figure 4.2-4.5.

Figure 4.2 : Reference dough rheometer analysis result without DEW.

Figure 4.3 : Rheometer analysis of dough with 5% DEW.
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Figure 4.4 : Rheometer analysis of dough with 10% DEW.

Figure 4.5 : Rheometer analysis of dough with 20% DEW.
S 'max, S' min, S'max-S'min, ts2 and t90 values obtained from the curing curve are
shown in Table 4.1.
Table 4.1 : Curing parameters obtained from curing curves.

Reference dough
(without DEW)
Dough with 5 % DEW
Dough with 10 % DEW
Dough with 20 % DEW

S'max
(dNm)

S'min
(dNm)

S'max-S'min
(dNm)

ts2
(min)

t90
(min)

5.03
4.94
4.81
4.57

0.80
0.78
0.83
0.88

4.23
4.16
3.98
3.96

0.75
0.73
0.73
0.72

1.96
2.04
2.01
1.96
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The maximum torque (S’ max) is a measure of the cross-link density in the sample. As
the total number of bonds increases, the maximum torque value increases. When S'max
values are examined in the curing curves (Figure 4.2-4.5) and Table 4.1, it is seen that
there is a decrease in S'max values when the added DEW rate increases. This value
was measured as 5.03 dNm for the reference dough, while it was measured as 4.94 for
the dough with 5% DEW added, 4.81 for 10% DEW added and 4.57 dNm for the 20%
DEW added. With the addition of DEW into the composition, the silica filler in its
structure is also included in the structure. Increasing the added rates of the DEW
amount also increased the amount of silica included. It is thought that silica may have
restricted the mobility of polymer chains, which leads to reduced cross-linking.
Despite the already existing cross-links in the structure of DEW, the increased amount
of silica was a limiting factor for cross-linking. For this reason, while the highest S'
max value was obtained in the dough produced without adding DEW, the lowest value
was obtained in the dough with 20% DEW added.
It is observed in the curing curves (Figure 4.2-4.5) and Table 4.1 that S' min values are
similar in the doughs without DEW and DEW added. The formation of a homogeneous
structure in the dough with DEW, such as doughs without DEW, provided a fluid
structure, thus a fluid-structure has created similar properties. The fact that there is
already a cross-linked structure in the structure of DEW has enabled S'min to increase
albeit an insignificant amount. While this value is 0.80 for the dough produced without
adding DEW, the highest value for the dough with 20% DEW added is 0.88.
In Table 4.1, the data of S’max -S’min are also given. From theory, it has been proven
that the torque difference is a degree of the shear dynamic modulus, that’s obliquely
related to the cross-link density [145]. It appears that Smax-Smin values are reduced
by increasing the amount of added DEW. This value makes it possible to inform
proportionally about the number of bonds formed in the material structure during
curing under the influence of cross-linked structures in DEW. As mentioned earlier,
as the amount of added DEW increases, silica is thought to limit the mobility of the
polymer chains and decrease the crosslink density caused by the reduction of physical
interactions. In this case, while the value of this S' max -S 'in the reference dough was
measured as 4.23 dNm, this value was determined as 4.16 dNm for the dough with 5%
DEW added, 3.98 dNm for 10% and 3.69 dNm at 20%.
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The optimum curing time (t90) is the required vulcanization time to achieve optimum
physical properties and similar t90 values were obtained for all doughs. As can be seen
in Table 4.1, similarly, ts2 values are close for all doughs. Although ts2 and t90 are
similar, it can be interpreted that they can be produced with similar parameters
although DEW is added to the structure.
TGA Analysis
The TGA thermograms of the TPVs with and without DEW and PP-g-MA are shown
in Figures A.1-A.24, respectively, and the decomposition temperatures and weight
losses (%) are summarized in Table 4.2 and Table 4.3.
Table 4.2 : The thermal decomposition temperature (°C) of TPVs.
Sample
Designation
R-90-10
R-85-15
R-90-8-2
R-85-13-2
R-90-5-5
R-85-10-5
5-90-10
5-85-15
5-90-8-2
5-85-13-2
5-90-5-5
5-85-10-5
10-90-10
10-85-15
10-90-8-2
10-85-13-2
10-90-5-5
10-85-10-5
20-90-10
20-85-15
20-90-8-2
20-85-13-2
20-90-5-5
20-85-10-5

1st degradation
3rd degradation
stage
2nd degradation stage
stage
temperature
temperature (°C)
temperature
(°C)
(°C)
203,33
414,34
505,18
202,85
404,59
504,62
192,76
407,11
485,99
204,28
413,42
507,21
196,12
408,84
499,58
197,8
407,11
499,58
204,53
427,29
515,55
209,57
425,61
512,19
206,21
431,49
507,15
209,57
429,81
518,91
191,08
428,97
514,71
203,69
430,65
506,3
204,53
427,29
504,62
190,88
428,13
507,15
209,57
424,77
508,83
217,14
423,93
506,3
198,64
418,91
481,93
202,01
428,13
504,62
197,8
427,29
501,26
196,6
427,98
507,15
202,85
434,85
507,15
190,4
427,29
502,1
196,12
424,77
502,1
195,28
428,97
504,62
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Table 4.3 : The weight losses (%) of TPVs.
Sample
Designation

Volatiles
(%)

Polymers (PP+EPDM)
(%)

R-90-10
R-85-15
R-90-8-2
R-85-13-2
R-90-5-5
R-85-10-5
5-90-10
5-85-15
5-90-8-2
5-85-13-2
5-90-5-5
5-85-10-5
10-90-10
10-85-15
10-90-8-2
10-85-13-2
10-90-5-5
10-85-10-5
20-90-10
20-85-15
20-90-8-2
20-85-13-2
20-90-5-5
20-85-10-5

38,78
35,47
34,41
37,81
35,12
30,55
36,76
27,67
29,66
28,6
36,68
30,57
37,25
37,7
31,66
29,85
35,2
33,7
33,23
29,86
29,19
33,87
31,13
32,88

57,62
61,62
62,21
59,22
61,91
68,04
57,77
67,57
65,9
66,52
58,39
64,44
55,43
55,16
59,45
63,34
55,6
59,73
57,66
61,34
61,62
56,85
59,89
58,08

Ash and
Silica
(%)
4,13
7,84
3,77
3,38
3,2
3,92
5,44
4,87
4,78
5,3
5,66
5,35
7,68
7,68
6,55
7,4
9,41
6,75
9,21
10,19
9,87
9,52
9,09
9,24

Table 4.2 and Figures A.1-A.24 show that all TPV samples started to lose weight
around 190-210 °C. The weight loss of the compounds occurs in three stages. In the
first stage, the evaporation of volatiles and moisture occurs. The second stage started
at about 400 °C and was completed around 500 °C, presumably corresponds to large
scale thermal degradation, eliminating EPDM and PP. The final stage of degradation
observed in the temperature around 500 °C is due to the residue left and silica. As
shown in Figures A.1-A.24, the addition of DEW and PP-g-MA does not induce a
significant effect on the decomposition process in comparison to reference TPVs.
Waste EPDM based gaskets contain silica as a filler. While developing formulations,
a strategy was followed in which devulcanized waste EPDM was replaced to 5%, 10%,
20% of the virgin EPDM. As the proportion of DEW replaced by virgin EPDM
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increases, the amount of silica included in the formulations is expected to increase. As
shown in Table 4.3, as the rate of devulcanized waste EPDM replaced by virgin EPDM
increased, the amount of silica in the structure increased. While the amount of silica in
TPVs produced without added DEW is around 3%, this amount is around 5% in TPVs
with 5% DEW, 7% in TPVs with 10% DEW and 9-10% in TPVs with 20% DEW.
It can be seen that the introduction of DEW into the EPDM / PP TPVs is not shown
by significant changes in thermal stability. The 1st and 3rd decomposition temperature
of all the TPVs changed very little in comparison with the reference TPVs. When the
2nd decomposition temperature is examined, it is seen in Table 4.2 that for reference
TPVs produced without adding DEW, it is in the range of 404-414 °C, and when 20%
DEW is included in the TPV composition, its rises to 424-434 °C. It has been clearly
seen that thermal stability is improved by including DEW in the TPV composition.
This can be attributed to the fact that DEW causes further compatibilization between
EPDM and PP, thereby achieving a higher homogeneity state. This clarification is in
accordance with the study of Sripornsawat et al. [17]. In their study, they observed that
thermal stability improved in TPVs, where DR formed by thermo-chemical
devulcanization of truck tire wastes are used with COPE. They showed that the
formation of free molecular chains and other polar functional groups on the DR
surfaces as a result of devulcanization has led to a strong interface adhesion of the
dispersed DR surfaces in the COPE matrix.
DSC Analysis
The effect of replaced DEW amount, varying PP-g-MA content and PP/EPDM ratio
on the crystallization behavior of PP / EPDM TPVs were monitored through using
DSC experiments. Table 4.4 summarizes the values of the melting temperature (Tm),
crystallization temperature (Tc), and degree of crystallinity (Xc) of the PP phase in the
TPVs obtained from DSC analysis.
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Table 4.4 : Melting temperature(Tm), crystallization temperature (Tc), and degree of
crystallinity (Xc) of the PP phase in the TPVs.
Sample Designation
R-85-15
R-85-13-2
R-85-10-5
R-90-10
R-90-8-2
R-90-5-5
5-85-15
5-85-13-2
5-85-10-5
5-90-10
5-90-8-2
5-90-5-5
10-85-15
10-85-13-2
10-85-10-5
10-90-10
10-90-8-2
10-90-5-5
20-85-15
20-85-13-2
20-85-10-5
20-90-10
20-90-8-2
20-90-5-5

Tm (°C)
158,82
158,27
156,5
157,27
156,12
155,62
157,51
158,05
156,43
157,56
157,38
154,94
156,39
156,9
156,32
155,66
156,76
155,25
157,24
157,87
155,96
157,1
157,21
155,59

Tc (°C)
109,02
113
116,63
107,11
115,54
114,34
108,55
114,54
113,14
105,44
113,03
110,91
108,7
115,4
113,71
109,11
115,63
117,64
107,81
112,15
112,95
106,73
111,95
114,61

Xc (%)
16,13
11,66
9,773
7,273
9,191
6,137
7,146
8,801
6,24
5,182
8,911
4,325
6,097
6,767
6,798
6,066
7,552
4,61
8,67
10,12
7,745
6,353
8,476
8,276

Before examining the DSC analysis results, information about the structure of the
EPDM, where the DEW is displaced, should be provided.
The use of fillers to improve the physical properties of rubber compounds, such as
tensile properties, abrasion resistance, and tear strength, has historically been one of
the most popular reinforcement methods. In the past, carbon black has been used as a
filler [146]. But expect carbon black, silica is crucial reinforcing fillers for rubber
compounds. Silica provides various advantages over carbon black. It guides to
dynamic material properties that can’t be achieved using carbon black [147]. It was
used as a reinforcer in the production of gaskets used in Arçelik washing machines.
One of the most important points regarding the use of silica filler is the distribution in
the matrix. Another important factor for the desired reinforcement is the complex
interaction between the rubber and the filler. Studies on EPDM rubber reinforced with
silica [148, 149] have shown an extended aggregation with growing filler content
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including a decrease in the crosslinking density of the matrix because of the presence
of silica particles.
The incompatibility between inorganic silica and organic rubbers leads to the
aggregation of silica particles in the rubber matrix, which often leads to a poor
distribution of silica particles. With the use of silica, which tends to form agglomerates
with strong internal binding forces, the polymer-filler interaction remains limited,
while the filler-filler interaction is more effective. The difficulty of silica
agglomeration and incompatibility of silica and rubber has been resolved through
introducing different types of silane coupling agents. These agents enable to alter
filler-matrix and filler-filler interactions [150, 151].
The silane coupling agents are designed to enhance the interaction between the filler
and the rubber to ensure better dispersion of the filler in the rubber. These forming
chemical bonds throughout the filler and rubber interface improves the properties of
compounds containing silica. The silane binds to silica by the supposed silanization
reaction and causes chemically modified silica particles. Because of the reaction of
silica and silane, it forms a hydrophobic shell around the silica particles and reduces
filler-filler interaction and increases the interaction of silica and a non-polar rubber
polymer.

Bis-(3-

triethoxysilylpropyl)tetrasulphane

(TESPT)

and

3-thio-

cyanatopropyl triethoxy silane are most used silane coupling agents . TESPT was used
as a coupling agent in the production of the Arçelik washing machine gasket (as shown
in Figure 4.6.)

Figure 4.6 : TESPT structure.
A two step-reaction model recommended for the silanization reaction by Hunsche
[152]. In the first step, the alkoxy groups of the silane react with the silanol groups of
the silica particle (Figure 4.7). In the second step, the adjacent alkoxy groups of the
silane react with each other (Figure 4.8).
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Figure 4.7 : Primary reaction.

Figure 4.8 : Secondary reaction.
In Table 4.4, when 85 / 15 and 90 / 10 PP / EPDM ratios were compared, there isn't
any significant change in Tm and Tc values was observed in all cases, with and without
added to the DEW addition. When the degree of crystallinity (Xc) for these two ratios
is analyzed, as seen in Figure 4.9 and Figure 4.10, a decrease in the crystallinity of the
PP occurs in the 90 / 10 series. While the Xc value was 16.13 in the R-85-15 sample,
it decreased to 7.27 in the R-90-10 sample. As expected, with the decrease in the ratio
of PP amount in composition, the crystalline region decreased, therefore crystallinity
decreased.
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Figure 4.9 : The degree of crystallinity (Xc) changing with the increasing amount of
DEW replaced with EPDM (EPDM / PP ratio: 85 / 15 ).
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Figure 4.10 : The degree of crystallinity (Xc) changing with the increasing amount
of DEW replaced with EPDM (EPDM / PP ratio: 90 / 10 )
In Table 4.5 and Table 4.6, the affect of the partial replacement of DEW to EPDM on
the Xc, Tm and Tc of 90 / 10 and 85 / 15 series are shown, respectively. As depicted in
Table 4.5, no significant change was observed in Tm and Tc with the increase in the
amount of DEW replaced by EPDM. However, with the addition of DEW to the PP /
EPDM TPV composition, there was a serious decrease in the degree of crystallinity.
In the R-85-15 sample, which was not added to the DEW, the Xc value was 16.13.
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While the EPDM was replaced with a 5% DEW, this value decreased to 7.146, and it
was 6.097 at 10% replacement and 8.67 at 20% replacement.
Table 4.5 : Tm, Tc and Xc values by the changing amount of DEW (EPDM / PP ratio:
85 / 15 ).
Sample
Designation
R-85-15
5-85-15
10-85-15
20-85-15

Tm (°C)

Tc (°C)

Xc (%)

158,82
157,51
156,39
157,24

109,02
108,55
108,7
107,81

16,13
7,146
6,097
8,67

Table 4.6 : Tm, Tc and Xc values by the changing amount of DEW (EPDM / PP ratio:
90 / 10 ).
Sample
Designation
R-90-10
5-90-10
10-90-10
20-90-10

Tm (°C)

Tc (°C)

Xc (%)

157,27
157,56
155,66
157,1

107,11
105,44
109,11
106,73

7,273
5,182
6,066
6,353

In TGA analysis, it was noticed that the amount of silica in the composition increased
with the amount of DEW addition, as evident in Table 4.3. It is suggested that
increasing the amount of silica silanized with TESPT in the composition improves
interface compatibility with PP and EPDM with DEW. The decrease in the
crystallinity of the PP phase is elucidated by the increased interaction between the two
phases promoted by the presence of silanized silica in the DEW. It is known that
increased interaction between the phases delays the mobility of the molecules and
delays the formation of crystallites. Similar results were observed in the studies of
Gharzouli et al. [153]. In their studies where they prepared polypropylene / ethylenepropylene rubber / nano-silica (PP / EPR / nano-SiO2) composites, PP / EPR Xc value
was 39 and this value decreased to 37.1 when they added silica to the matrix. When
N-(b-aminoethyl)-c

aminopropyltrimethoxysilane

(AEAPTMS)

and

3-

methacryloxypropyltrimethoxysilane (MPTMS) used as silane coupling agents, Xc
values decreased to 33.7 and 35.4, respectively.
In the 90 / 10 series shown in Table 4.6, as the 85 / 15 series, the Xc value decreases
with the increase of DEW amount in the composition. For both series, the highest drop
was observed in samples where 10% DEW was replaced with EPDM.
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In order to examine the effect of the compatibilizer in the composition, 2% and 5%
PP-g-MA is included in the composition of PP / EPDM TPVs produced with replacing
DEW to 5%, 10%, 20% of EPDM and without DEW addition. The effect of adding
compatibilizer on the Tm, Tc and Xc are reported in Table 4.4.
The degree of crystallinity, Tm and Tc values of PP / EPDM TPVs produced without
adding DEW are demonstrated in Table 4.5. and Figure 4, respectively. The results
showed that the incorporation of the PP-g-MA led to an significant increase in Tc of
PP matrix. For R-15-85 samples, the Tc increased from 109,02 (the uncompatibilized
TPVs) to 116,63 (the compatibilized ones with %5 MAH-g-PP). Likewise, for R-9010 samples, while uncompatibilized TPVs Tc was 107,11, it was increased to 114,34
with a %5 MAH-g-PP addition. The addition of PP-g-MA to TPV might be a
obstruction to the mobility and alignment of polymeric chains. Thus, there is a increase
in Tc. As expected, the mobility of the polymer chains was restricted and the Xc values
decreased (as evident in Figure 4.11).
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R-90-10
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Xc (%)

14
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Amount of PP-g-MA

Figure 4.11 : The degree of crystallinity (Xc) changing with the different amount of
PP-g-MA added to reference samples (EPDM / PP ratio: 90 / 10 and 85 / 15).
As can be seen in Table 4.4, similar to the reference samples, an increase in Tc value
with an increasing amount of compatibilizer was observed in all the samples in which
DEW was replaced with EPDM. Tc value, which was 208.55 in the sample of 5-8515, increased to 113.14 with the addition of 2% PP-g-MA. Similarly, for 10-90-10
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samples, Tc value increases from 109.11 (without compatibilizer) to 115.63 with a 2%
PP-g-MA addition, and to 117.64 with a 5% PP-g-MA addition. It should be noted that
the presence of the compatibilizer causes the rise of Tc due to the same reasons
mentioned above.
As shown in Figure 4.12, TPVs with DEW showed different crystallization properties
than TPV without DEW. Although Xc values do not show a standard pattern, the
highest degree of crystallization was obtained when 2% PP-g-MA was added to the
composition. For example, for the 20-85-15 sample, when the compatibilizer was not
used, the Xc value was 8.67, while it was increased 10.12 with 2% PP-g-MA and 7.745
with 5% PP-g-MA addition. Similarly, while the Xc value was 6,066 in the 10-90-10
sample without compatibilizer, this value increased to 7,552 with a 2% PP-g-MA
addition.
5-85-15
5-90-10
10-85-15
10-90-10
20-85-15
20-90-10

11
10
9

Xc(%)

8
7
6
5
4
3
0

%2 PP-g-MA

%5 PP-g-MA

Amount of PP-g-MA

Figure 4.12 : The degree of crystallinity (Xc) changing with the different amount of
PP-g-MA and DEW addition.
As mentioned earlier, by adding DEW to the composition, there is silanized silica input
into the system. TESPT functionalized silica forms a strong bond between EPDM
polymer chains and silica in EPDM waste. It is thought that these bonds were broken
during the devulcanization process. The broken bonds form active sites and these
active sites interact with PP-g-MA. It was concluded that the use of DEW and PP-gMA in the system, in the presence of an optimum compatibilizer, the active sites
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formed on the silica surface after devulcanization caused strong interactions with the
anhydride groups of PP-g-MA. Thus, the combination of TESPT-Si02 and PP-g-MA
can effectively improve interface compatibility and the distribution of silica in the
matrix. As a result, silicas have a larger surface area in the polymer matrix, which
induces nucleation of the polymer matrix. So, unlike the reference samples, when
DEW and PP-g-MA were entered into the system together, an increase in Xc values
was observed.
The optimum PP-g-MA addition amount was seen as 2% in TPVs with 5%, 10% DEW
addition. As expected, with the increasing amount of DEW included in the system, the
highest crystalline amount was seen when 20% DEW addition. In the 20-85-15 sample,
the highest crystallinity was obtained as 10.12 in the presence of 2% PP-g-MA.
Similarly, when 5% PP-g-MA was added, a high Xc value was obtained similar to 2%
PP-g-MA value in 20-90-10 samples. Supportive results were observed in the study of
Gharzouli and colleagues [153]. With the addition of SiO2 silanized with AEAPTMS
to the system, interactions occur between the anhydride groups of MAH-g-PP and NH2
aminosilane groups on the nanofiller surface. Afterward, these strong interactions have
been specified to function as a nucleating agent for the crystallization of the PP matrix.
Tensile Properties
Tensile strength (TS) is the force needed to break the material. Elongation at break
(EB) gives a measure of how far a material can be stretched before it breaks. The
results of tensile tests on the EPDM / PP TPVs containing various DEW and
compatibilizer loading and different EPDM / PP ratio are summarized in Table 4.7.
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Table 4.7 : Tensile strength and elongation at break of EPDM / PP TPVs with
different EPDM / PP ratio including various DEW replacement and compatibilizer.
Sample Designation
R-85-15
R-85-13-2
R-85-10-5
R-90-10
R-90-8-2
R-90-5-5
5-85-15
5-85-13-2
5-85-10-5
5-90-10
5-90-8-2
5-90-5-5
10-85-15
10-85-13-2
10-85-10-5
10-90-10
10-90-8-2
10-90-5-5
20-85-15
20-85-13-2
20-85-10-5
20-90-10
20-90-8-2
20-90-5-5

Tensile Strength
(N/mm2)
5,54 ± (0,15)
5,14 ± (0,18)
4,13 ± (0,13)
4,95 ± (0,27)
4,07 ± (0,17)
3,97 ± (0,17)
4,92 ± (0,19)
4,08 ± (0,29)
4,86 ± (0,4)
4,02 ± (0,37)
4,61 ± (0,24)
4,96 ±(0,2)
5,01 ± (0,019)
4,5 ± (0,25)
4,28 ± (0,17)
4,16 ± (0,3)
4,55 ± (0,44)
4,48 ± (0,44)
5,34 ± (0,69)
5,68 ± (0,36)
4,94 ± (0,16)
4,19 ± (0,21)
5,18 ± (0,52)
5,39 ± (0,3)

Elongation at Break
(%)
393,99 ± (10,15)
352,39 ± (12,58)
339,03 ± (12,63)
420,39 ± (27,94)
398,28 ± (16,53)
393,79 ± (15,88)
423,05 ± (13,55)
338,52 ± (26,08)
470,43 ± (50,89)
433,85 ± (23,57)
397,91 ± (12,92)
460,97 ± (16,06)
435,73 ± (19,56)
385,87 ± (17,74)
453,6 ± (17,23)
441,19 ± (27,46)
385,58 ± (42,14)
430,81 ± (16,89)
481,5 ± (44,21)
497,38 ± (36,76)
461,42 ± (14,95)
442,86 ± (10,26)
462,77 ± (45,73)
472,38 ± (25,34)

*(std deviation is shown as ±)

When EPDM / PP TPVs without DEW replacement are examined, it was observed
that the tensile strengths of the R-85-15 series (with and without compatibilizer) are
higher than the R-90-10 series (with and without compatibilizer). Also, the EB values
of the R-85-15 series are lower than the R-90-10 series. These observations are suitable
results that occur as a result of the softening effect of the rubber phase in conventional
polymer elastomer mixtures. Higher TS and lower EB in R-85-15 series than R-90-10
series can be attributed to a lower EPDM / PP ratio.
In EPDM / PP TPVs produced without replacing DEW, the effect of the compatibilizer
on the tensile properties can be seen in Figure 4.13. As shown in Figure 4.13, in the
R-85-15 series, the decrease in tensile strength was observed as the amount of
compatibilizer increased. While the TS value for R-85-15 was 5.54 N / mm2, this
value decreased to 5.14 N / mm2 with the addition of 2 % PP-g-MA, 4,13 N / mm2
with the addition of 5 % PP-g-MA. Similarly, with the addition of the compatibilizer,
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the EB value from 393.99% for R-85-15 decreased to 352.39% with the addition of 2
% PP-g-MA, while it decreased to 339.03 % with 5 % PP-g-MA. In the R-90-10 series,
with the addition of the compatibilizer, the tensile properties decreased like the R-8515 series. It is believed that the reason for this decrease in tensile properties was that
PP-g-MA had a negative effect on EPDM / PP without DEW. It is also seen by the
decrease in EB values by adding the harmonization to EPDM / PP TPVs where
adequate compatibilization cannot be achieved. It is also supported in DSC analyzes
where adequate compatibilization is not achieved in EPDM / PPs without DEW. In
DSC analysis, it was found that the compatibilizer might be a limit to the mobility and
alignment of polymeric chains in EPDM / PP TPVs that don't include DEW, which
reduced crystallinity.
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Figure 4.13 : Tensile strength and elongation at break of TPVs without DEW
compatibilized by different ratios of PP-g-MA.
The changing tensile properties of EPDM / PP TPVs, where DEW is replaced with
EPDM at different rates for two different EPDM / PP ratios, are summarized in Figure
4.14. For both EPDM / PP ratios when the TS and EB values of the TPVs with and
without DEW addition are compared, it can be seen that the TS values decrease and
the EB values increase. For TPVs with 85/15 EPDM / PP ratio and without DEW
replacement (R-85-15), the TS value was 5.54 N/mm2, when the EPDM phase was
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replaced with 5%, 10%, 20% DEW, it decreased respectively 4.92 N/mm2, 5.01 N /
mm2, 5.34 N / mm2. Unlike TS values, there was an increase in EB values. While the
EB value of R-85-15 is 393.99 % when the EPDM phase is replaced with 5 %, 10 %,
and % 20 DEW, the EB value is increased to respectively 423.05 %, 435.73 %, 481.5
%. As already mentioned, by adding DEW to the composition, silanized silica is also
included in the composition with DEW. Similarly, volatiles, as seen by the TGA
analysis of DEW, is included in the composition. It is believed that the main reason
for the decrease in TS and the increase in EB is that it facilitates the movement of
polymer chains due to the plasticization properties of the volatiles.
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Figure 4.14 : Tensile strength and elongation at break of TPVs with and without
DEW at different EPDM / PP ratios.
As can be seen in Figure 4.14, similar to the samples that produced without DEW
addition in 85 / 15 EPDM / PP ratio, TPVs without DEW addition in 90 / 10 EPDM /
PP ratio also a decrease in TS values while an increase in EB value was observed.
While the TS value of 90 / 10 EPDM / PP (R-90-10) ratio without DEW addition is
4.95 N/mm2, it is reduced with 5 %, 10 %, 20 % EPDM displacement with DEW to
4.02 N / mm2, 4.16 N / mm2, 4 N / mm2, respectively. While the EB value of R-90-10
is 420 %, it increases to 433.85 % with a 5 % DEW replacement, to 441.19 with a 10
% DEW replacement, to 442.86 with a 10% DEW replacement. The effect of volatiles
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included in the composition with the addition of DEW similar to the effect in R-85-15
was also seen in the R-90-10 series. It is seen that the inclusion of DEW in the
composition increases the ductility of TPVs.
When the rates of EPDM displaced by DEW are examined among themselves, it is
seen in Figure 4.14 that the rate of DEW, which shows the best tensile properties, is
20 %. The best properties in both EPDM / PP ratios show 20 %, 10 %, and 5 %,
respectively. This is believed to be due to the increase in the amount of DEW included
in the composition, as well as the increase of volatiles and silica in the composition.
With the increasing amount of DEW, it is thought that the silanized silica in the
structure of DEW also increased in the composition and as a result, an increase in TS,
and also an increase in EB due to the effect of the increased volatile amount.
As observed in Table 4.7, the addition of the compatibilizer did not show the same
effect in the tensile properties of TPVs where 5 %, 10 %, 20 % EPDM was replaced
by DEW. For example; the TS value, which was 4.92 N / mm2 in the composition of
5-85-15, decreased to 4.08 N / m2 with the addition of 2 % PP-g-MA, while decreased
to 4.86 N / m2 with the addition of 5 % PP-g-MA. However, the TS value, which was
4.02 N / mm2 in the composition of 5-90-10, increased to 4.96 N / mm2 with the
addition of 5 % PP-g-MA. However, the TS value, which was 4.02 N / mm2 in the
composition of 5-90-10, increased to 4.96 N / mm2 with the addition of 5 % PP-g-MA.
At the same time, with the addition of 5% PP-g-MA to 5-90-10 composition, the EB
value increased from 433.85 % to 460.97 %. Where tensile properties develop, the PPg-MA may have provided effective compatibilization between DEW, EPDM, and PP.
This enabled the development of tensile features. PP-g-MA leads to strong interface
interactions between the polymer chains and the silica incorporated into the system
together with DEW. The presence of these interactions leads to better interface stress
transfer efficiency. Thanks to the silicas well connected to the system, the applied
tension can be transferred efficiently to the silicas in the matrix, which can lead to an
improvement in TS and EB values.
As expected, the best TS and EB values were obtained in TPVs that were DEW
replaced with 20 % EPDM. TPV with 85-15 EPDM / PP ratio, DEW replaced with 20
% EPDM and 2% PP-g-MA, has TS value of 5.68 N / mm2, EB value is 497.38 %. TS
values of R-85-15 and R-90-10 TPVs are 5.54 N / mm2 and 4.95 N / mm2 respectively,
and EB values are 393.99 % and 420.39 %. This shows that the use of DEW replaced
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with 20 % EPDM and 2 % compatibilizers have improved significantly compared to
TPVs without DEW in tensile properties. The fact that the amount of silica added to
TPVs increased with the amount of DEW addition and that the compatibilizer also
interacted with silanized silica, which forms active sites during the devulcanization
process, provided better tensile properties. It has been observed that PP-g-MAH
increases the compatibility of the interface and consequently good mechanical
properties.
Tear Strength
The tear strength of EPDM / PP TPVs containing various DEW and compatibilizer
loading and different EPDM / PP ratio are summarized in Table 4.8.
Table 4.8 : Tear strength of EPDM / PP TPVs with different EPDM / PP ratio
including various DEW replacement and compatibilizer.
Sample Designation

Tear Strength (N/mm)

R-85-15
R-85-13-2
R-85-10-5
R-90-10
R-90-8-2
R-90-5-5
5-85-15
5-85-13-2
5-85-10-5
5-90-10
5-90-8-2
5-90-5-5
10-85-15
10-85-13-2
10-85-10-5
10-90-10
10-90-8-2
10-90-5-5
20-85-15
20-85-13-2
20-85-10-5
20-90-10
20-90-8-2
20-90-5-5

48,99 ± (3,52)
40,99 ± (3,21)
27,31 ± (2,48)
34,36 ± (3,87)
24,1 ± (1,62)
23,65 ± (2,03)
33,42 ± (2)
38,15 ± (4,06)
30,76 ± (2,96)
27,53 ± (2,42)
35,43 ± (3,62)
25,21 ± (2,7)
32,55 ± (3,57)
32,61 ± (2,38)
31,18 ± (2,22)
28,59 ± (3,03)
34,17 ± (1,03)
31,31 ± (4,12)
29,75 ± (1,95)
36,77 ± (1,93)
32,64 ± (2,77)
28,38 ± (1,75)
32,48 ± (1,83)
32,93 ± (2,69)

*(std deviation is shown as ±)
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When the tear strengths of TPVs given in Table 4.8 are compared, it is seen that they
are exactly compatible with their degree of crystallinity (Table 4.4). TPV tear strength
increased with increasing crystallinity decreases with decreasing crystallinity.
Comparing the two different EPDM / PP ratios used in the production of TPVs
produced without DEW, the tear strength of R-85-15 is 48.99 N/mm while this value
is 34.36 N/mm for R-90-10 TPV. The decrease in the amount of PP in TPV decreases
the tear resistance. Similarly, in TPVs where the EPDM is replaced with 5%, 10%,
20% DEW, the tear strength decreases with the increase of the EPDM in the TPV
composition, and hence the decrease in the crystalline structure.
The tear strengths that have changed with the inclusion of the compatibilizer in TPV
compositions without DEW are schematized in Figure 4.15. As mentioned earlier, the
results obtained are compatible with the crystallinity changes of TPVs. The tear
strength of R-15-85 TPV, which is 48.99 N/mm, decreases to 40.99 N/mm, 27.31
N/mm, respectively, by including 2% and 5% PP-g-MA in the composition. The nonpolar part of the compatibilizer interacts with non-polar PP, while the polar part
interacts with EPDM. The compatibilizer's not being sufficiently effective ensured that
the two phases did not compatible well. PP-g-MA reduces the mobility of the polymer
chains, leading to a decrease in crystallinity. Along with the decreasing crystallinity
degree, there is also a decrease in tear strength. A similar situation can be seen in R90-10 TPV.
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Figure 4.15 : Tear strength of TPVs without DEW compatibilized by different ratios
of PP-g-MA.
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Tear strengths of TPVs without DEW and TPVs where EPDM is replaced with DEW
at different rates are shown in Figure 4.16. As stated in the DSC analysis, with the
inclusion of DEW in TPV, silanized silica in the DEW structure is also included in the
composition. During devulcanization, active sites are formed by breaking the bonds
between EPDM and silica in the structure of waste EPDM. By reintroducing DEW to
TPV production, the active sites of the silanized silica in the structure of DEW also
improve the interface compatibility of EPDM and PP. Increased interface
compatibility, as is known, reduces the mobility of polymer chains and consequently
decreases crystallinity. It is seen in Figure 4.16 that the tear strength of TPVs decreases
with the decreasing crystallinity. For example, the R-85-15 TPV with a tear strength
of 48.99 N/mm drops to 33.42 N/mm, 32.55 N/mm, 29.75 N/mm, respectively, with
the EPDM being replaced by 5%, 10%, 20% DEW. Similarly, while R-90-10 TPV has
34,36 N/mm tear strength, EPDM is replaced by 5%, 10%, 20% DEW and decreases
to 27.53 N/mm, 28.59 N/mm, 28.38 N/mm respectively.
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Figure 4.16 : Tear strength and elongation at break of TPVs with and without DEW
at different EPDM / PP ratios.
In TPVs where EPDM is replaced with DEW at different rates, the changes in tear
strengths with the effect of the compatibilizer are shown in Table 4.8. The tear
strengths that change in accordance with the crystallinity show the most advanced
properties in TPVs with 2% PP-g-MA for each DEW change rate. Tear strength
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increases from 33,42 N/mm to 38,15 N/mm with the inclusion of 2% PP-g-MA in 585-15 TPV. When using 2% PP-g-MA in 10-90-10 TPV, the tear strength increased
from 28.59 N/mm to 34.17 N/mm. This change in tear strength can be based on the
same reasons as the change of crystallinity.
Hardness and Density Measurement
One of the most important criteria taken into consideration in the selection of TPE
material is the hardness of the material. The hardness of EPDM / PP TPVs containing
various DEW and compatibilizer loading and different EPDM / PP ratio are
summarized in Table 4.9.
Table 4.9 : Hardness of EPDM / PP TPVs with different EPDM / PP ratio including
various DEW replacement and compatibilizer.
Sample Designation
R-85-15
R-85-13-2
R-85-10-5
R-90-10
R-90-8-2
R-90-5-5
5-85-15
5-85-13-2
5-85-10-5
5-90-10
5-90-8-2
5-90-5-5
10-85-15
10-85-13-2
10-85-10-5
10-90-10
10-90-8-2
10-90-5-5
20-85-15
20-85-13-2
20-85-10-5
20-90-10
20-90-8-2
20-90-5-5

Hardness (Sh.A)
66,13
63,93
61,46
52,82
57,96
51,83
54,45
56,88
61,43
49,43
57,47
51,63
48,04
54,45
64,71
50,1
60,05
57,03
61,31
70,93
61,21
56,7
62,48
64,76
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Density (g/cm3)
0,892841
0,891737
0,863053
0,893177
0,884324
0,890562
0,911211
0,90774
0,890647
0,917317
0,912787
0,898432
0,941904
0,928653
0,908734
0,924952
0,891713
0,913672
0,921712
0,921488
0,910138
0,917881
0,911709
0,919762

When TPVs produced without DEW replacement are examined, it is seen that the
hardness values are in harmony with crystallinity. As can be seen in Figure 4.17, in
TPVs (R-85-15 and R-90-10) without compatibilizer and DEW, the hardness of R-8515 is 63.13 Sh, while R-90-10’s is 52.82. As expected, the crystal region decreases
with the decrease in the amount of PP in the composition, so the hardness is reduced.
In other words, the higher amount of EPDM in TPV caused the material to have lower
hardness. When the effect of the compatibilizer on TPVs without DEW is examined,
as seen in Figure 4.17, the hardness values of TPVs generally decrease with the
increasing amount of compatibilizer. While the hardness of R-85-15 TPV was 66.13
Sh.A, this value decreased to 63.93 Sh.A with the inclusion of 2% PP-g-MA in the
composition, while decreased to 61.46 Sh.A with the inclusion of 5% PP-g-MA.
Similarly, while the hardness of R-90-10 TPV is 52.82 Sh.A, its hardness decreases to
51.83 Sh.A with the addition of 5% PP-g-MA. As stated in the DSC analysis, the
mobility of polymer chains was restricted by including PP-g-MA in TPVs produced
without DEW. As the hard crystalline structures decreased in the TPV matrix, a
decrease in hardness occurred. Studies in the literature support that the addition of
compatibilizers to TPV decreases polymer chain mobility to and this causes TPV to
be more stiff and harder [154].
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Figure 4.17 : Hardness of TPVs without DEW compatibilized by different ratios of
PP-g-MA.
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The hardness of TPVs, in which EPDM is replaced with DEW in different proportions,
is schematized in Figure 4.18. With the replacement of EPDM with DEW at certain
rates, a decrease in their hardness is observed, except for 20-90-10 TPV. As mentioned
earlier, DEW contains volatile and silica in its structure. With the inclusion of DEW
in TPVs, volatile and silica added to the composition affect many features of TPV. In
TPVs produced at the rate of 85 / 15 EPDM / PP, when DEW is not included, the
hardness is 66.13 Sh.A , whereas 5 %, 10 % and 20 % of the EPDM are replaced by
DEW, respectively, hardness 54.45 Sh.A, 48.04 Sh.A, 61.31 Sh.A decreased to.
Similarly, while TPVs produced at 90 / 10 EPDM / PP ratio do not include DEW, the
hardness is 52.82 Sh.A, whereas 5 %, 10 % of the EPDM is replaced with DEW, the
hardness decreases to 49.43 Sh.A, 50.1 Sh.A respectively. The reason for this is
thought to be volatile, which is included in the composition together with DEW. With
the softening effect of volatiles, a decrease in hardness occurs. In TPVs produced at
the rate of 90 / 10 EPDM / PP, when the EPDM is replaced by 20 % DEW, the hardness
increases from 52.82 Sh.A to 56.7 Sh.A. With the increase in the amount of silica
included in the composition with the increasing DEW ratio, the most effective silica
effect is seen at 20 %. Silica acted more effectively than volatile in 20-90-10 TPV.
This is attributed to the presence of a hard particle that causes resistant deformation in
TPV.
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Figure 4.18 : Hardness of TPVs with and without DEW at different EPDM / PP
ratios.
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In TPVs where EPDM is replaced with DEW at different rates, the effect of the
compatibilizer is indicated in Table 4.9. In increase in hardness was observed in all
TPVs including DEW with the addition of a compatibilizer. For example, the hardness,
which was 54.45 Sh.A at 5-85-15 TPV, increased to 61.43 Sh.A with the addition of 5
% PP-g-MA. Similarly, the hardness increased from 48.04 Sh.A in 10-85-15 TPV to
64.71 Sh.A with 5 % PP-g-MA. As mentioned earlier, thanks to the well-balanced
polar and non-polar components, the compatibilizer can react with silanized silica, the
active parts of which are formed in the devulcanization process, and polymers, and
this reaction leads to a decrease in chain mobility. Thus, an increase in the hardness of
TPVs occurs.
When the densities of TPVs are analyzed, as seen in Table 4.9, there is a small increase
in density values in TPVs where EPDM is replaced with DEW at different rates.
Although this increase is not remarkable, it is thought that the reason is addition of
silica with the DEW replacement.
Abrasion Resistance
The abrasion resistance of EPDM / PP TPVs containing various DEW and
compatibilizer loading and different EPDM / PP ratio, expressed as volume loss, is
shown in Table 4.10. The higher volume loss infers the lower abrasion resistance of
the TPVs.
When the abrasion resistance of TPVs, which are schematized in Figure 4.19, which
do not include DEW in their composition with two different EPDM / PP ratios, R-8515 showed better abrasion resistance than R-90-10. The volume loss of R-85-15 is
72.05, while the volume loss of R-90-10 is 101.8.
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Table 4.10 : Volume loss of EPDM / PP TPVs with different EPDM / PP ratio
including various DEW replacement and compatibilizer.
Sample Designation
R-85-15
R-85-13-2
R-85-10-5
R-90-10
R-90-8-2
R-90-5-5
5-85-15
5-85-13-2
5-85-10-5
5-90-10
5-90-8-2
5-90-5-5
10-85-15
10-85-13-2
10-85-10-5
10-90-10
10-90-8-2
10-90-5-5
20-85-15
20-85-13-2
20-85-10-5
20-90-10
20-90-8-2
20-90-5-5

Abrasion Resistance (mm3)
72,05
99,07
144,56
101,8
167,23
233,7
91,24
97,12
160,42
138
107,55
226,62
108,44
98,85
158,62
121,28
121,58
142,73
153,71
127,65
111,04
155,24
116,19
156,64

As expected, increasing the amount of EPDM in TPV will decrease the hardness and
decrease in abrasion resistance. The abrasion resistance values that change with the
inclusion of the compatibilizer in TPVs without DEW are shown in Figure 4.19. It was
previously announced that there was a decrease in hardness values with the effect of
non- effective compatibilization in TPVs without DEW. With the addition of the
compatibilizer, the mobility of the polymer chains is limited due to the strong
interactions between the PP and EPDM phases, resulting in harder TPVs. Resistance
to abrasion decreases with the decrease in the hardness of TPVs. Volume loss of R85-15 TPV increased from 72.05 to 99.07, 144.56 with the addition of 2% and 5% PPg-MA, respectively. Similarly, the volume loss of R-90-10 TPV against wear increased
from 101.8 to 167.23 and 233.7, respectively, when 2% and 5% PP-g-MA were added.
In TPVs without DEW, abrasion resistance decreases in the presence of a
compatibilizer.
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Figure 4.19 : Volume loss of TPVs without DEW compatibilized by different ratios
of PP-g-MA.
Figure 4.20 shows the changes in abrasion resistance as TPVs with different EPDM /
PP ratios replace EPDM with DEW at varying rates. In both EPDM / PP ratio TPVs,
when the EPDM is replaced by DEW in certain amounts, abrasion resistance has
decreased. Volume loss, which was 72.05 in R-85-15 TPV, increased to 91.24, 108.44
and 153.71, with the replacement of 5%, 10%, 20% EPDM with DEW, respectively.
Similarly, 101.8 volume loss in R-90-10 TPV increased to 138, 121.28 and 155.24,
with the replacement of 5%, 10%, 20% EPDM with DEW, respectively. The reason
for this deterioration in abrasion resistance is thought to be the volatiles included in
TPV together with DEW. The included volatiles had a plasticizer effect on TPVs,
caused TPVs to ductile and as a result, their resistance to abrasion decreased. In the
study of Jacop and colleagues, more loading of the plasticizer included in the content
of W-EPDM contributed to increased abrasion loss [155].
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Figure 4.20 : Volume loss of TPVs with and without DEW at different EPDM / PP
ratios.
The abrasion resistance of TPVs produced by adding DEW in different ratios are
shown in Table 4.10. It can be seen in Table P that 5%, 10%, 20% EPDM is replaced
with DEW, and the effect of adding a compatibilizer in TPVs with different rates of
EPDM / PP does not show the same trend in abrasion resistance. When compatibilizer
is used in 5-85-15, 5-90-10, 10-85-15, 10-90-10 TPVs, volume losses increase, that is,
their abrasion resistance decreases. In these TPVs, PP-g-MA increased the
compatibilization between DEW, PP, and EPDM and provided a more ductile
structure. But in the 20-85-15 and 20-90-10 TPVs where the EPDM is replaced by
20% DEW, there is an improvement in the abrasion resistance by incorporating the
compatibilizer into the composition. For example, when 2% PP-g-MA is added to 2085-15 TPV, the volume loss drops to 127.65, while the 5% PP-g-MA is added to TPV,
it drops to 111.04. Similarly, the volume loss, which is 155.24 at 20-90-10 TPV,
decreases to 115.19 with the addition of 2% PP-g-MA. It is thought that the reason for
showing different abrasion resistance than other TPVs is that more silica is added by
including more DEW in the composition with a 20% displacement rate. The inclusion
of more silica may mean that the silica behaves more effectively in the abrasion
resistance of TPV. PP-g-MA has connected the silanized silica in the structure of DEW
to EPDM and PP polymer chains and provided a stronger structure. The more effective
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behavior of silica causes an increase in hardness. Increased hardness enabled the 20%
displacement rate to have improved abrasion resistance in TPVs.
SEM Analysis
The tearing surfaces of the TPVs were examined by SEM. The morphologies of EPDM
/ PP TPVs containing various DEW and compatibilizer loading and different EPDM /
PP ratio are shown in Figures 4.21-4.27.
The morphologies of TPVs with and without DEW are shown in Figure 4.21 and
Figure 4.22. In Figure 4.21, TPVs with a rate of 85 / 15 EPDM / PP were examined.
In Figure 4.21 (a), it is seen that EPDM and PP phases are interconnected and show a
homogeneous distribution in R-85-15 TPV produced without DEW. When TPVs in
which EPDM was replaced with DEW were examined, bud-like structures were
observed in the morphology of TPVs in Figure 4.21 (b, c, d). These budding structures
are thought to be silica, and the increased budding structure at increasing displacement
rates can be attributed to the increasing amount of silica seen in TGA analysis. In
Figure 4.21 (b), at TPV which 5% of the EPDM is replaced with DEW, it is seen that
the flat and dark structures are PP and there is no homogeneous distribution with the
EPDM phase in the structure. It was observed that EPDM and PP showed more
homogeneous distribution as the rate of displacement of EPDM with DEW increased
in Figure 4.21 (c) and Figure 4.21 (d). One of the most important factors in determining
the properties of TPVs is their morphological features. The compatibility of the two
phases with each other and their homogeneous distribution ensures the development
of their mechanical properties. The results of mechanical properties such as tensile
strength also confirm the changes in morphological properties examined in Figure 4.21
and Figure 4.22. R-85-15 TPV, where EPDM and PP show the best distribution, shows
the best mechanical properties of them. When the EPDM is replaced by DEW at
different rates, the TPV where DEW, EPDM, and PP show the best distribution is 2085-15. Similarly, 20-85-15 TPV shows the best features in TPVs where DEW is
included in the structure.
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Figure 4.21 : SEM micrographs of (a) R-85-15, (b) 5-85-15, (c) 10-85-15 and (d)
20-85-15.
In Figure 4.22, where 90 / 10 EPDM / PP TPVs are shown, the best EPDM and PP
distribution show R-90-10, while the buds showing the presence of silica are also seen
in their structure, with the replacement of EPDM with DEW at different rates.
As shown in Figure 4.22 (a), it is seen that in TPV where %5 EPDM is replaced with
DEW, PP and EPDM do not match well and the PP phase is collected.
As the displacement rates of EPDM with DEW increase, as can be seen in Figure 4.22
(c) and Figure 4.22 (d), the collection of PP decreased and they formed a homogeneous
distribution with EPDM and PP. It is believed that the reason for this result is the
introduction of volatiles with the inclusion of DEW, and volatiles provide better
compatibility of the two phases by increasing the mobility of the polymer chains,
thereby achieving a homogeneous distribution.
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Figure 4.22 : SEM micrographs of (a) R-90-10, (b) 5-90-10, (c) 10-90-10 and (d)
20-90-10.
To examine the effect of the compatibilizer, PP-g-MA was included in the TPVs with
and without DEW and their morphological properties were examined. In Figure 4.23,
the changes in the morphologies after PP-g-MA of the TPV at 85 / 15 EPDM / PP ratio
without DEW is examined. TPV (R-85-15) without PP-g-MA in Figure 4.23 (a), TPV
(R-85-13-2) with 2% PP-g-MA in Figure 4.23 (b), TPV (R-85-10-5) with 5% PP-gMA in Figure 4.23 (c) are shown. It was observed that voids were formed in the
structure with the addition of the compatibilizer. It is observed that the size of these
voids, which are formed in TPV (Figure 4.23 (c)) with 5% PP-g-MA, increases and
the connections between PP and EPDM are broken. As stated in the mechanical
properties, when PP-g-MA is included in TPV without DEW, it negatively affects the
compatibility of the phases. As mentioned earlier, when a compatibilizer was added in
R-85-15 TPVs, there was a decrease in tensile strength, elongation at break and tear
strength. The inadequate morphology obtained also negatively affected the mechanical
properties of TPV.
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Figure 4.23 : SEM micrographs of (a) R-85-15, (b) R-85-13-2 and (c) R-85-10-5.
The morphologies of TPVs, in which EPDM is replaced with DEW at different rates,
are shown in Figure 4.24-4.26. As mentioned in the previous analysis, the inclusion of
the compatibilizer in the TPVs with DEW does not show the same pattern. For
example; in Figure 4.24, when 5% EPDM is replaced with DEW and 5% PP-g-MA is
included, it is seen that EPDM, DEW, and PP show a more homogeneous distribution.
While there is no compatibilizer in Figure 4.24 (a), the PP phase has been collected
and not well dispersed with EPDM, while Figure 4.24 (b) 5% PP-g-MA added to TPV
improves the compatibility of the two phases. In Figure 4.24, the morphology of the
TPVs, in which the 10% EPDM is replaced by DEW and included with compatibilizer,
is examined. In contrast to the morphology change shown in Figure 4.24, PP
distribution in TPV without PP-g-MA in Figure 4.25 (a) was more homogeneous than
that of Figure 4.25 (b).

Figure 4.24 : SEM micrographs of (a) 5-90-10 and (b) 5-90-5-5.
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Figure 4.25 : SEM micrographs of (a) 10-85-15 and (b) 10-85-13-2.
In Figure 4.26, TPVs (Figure 4.26 (a)) where 20% EPDM is replaced by DEW and
also 2% PP-g-MA (Figure 4.26 (b)) and 5% PP-g-MA (Figure 4.26 (c)) included one's
morphologies are shown. It is seen that with the addition of the compatibilizer in
increasing proportions, silanized silica, which has a structure similar to bud, is better
embedded in the EPDM and PP phase and a better dispersion morphology is obtained.
It was also reported in previous analyzes that PP-g-MA caused improvements in the
properties of TPVs produced by replacing EPDM with DEW at different rates. The
SEM images obtained to support the results of these analyses.

Figure 4.26 : SEM micrographs of (a) 20-90-10, (b) 20-90-8-2 and (c) 20-90-5-5.
It was observed in the results of the analysis that the properties similar to those of TPV
without DEW were obtained by including DEW in TPVs. Figure 4.27 shows (a) R-8515, (b) 20-85-15, (c) 20-85-13-2, (d) 20-90-5-5 TPVs. As shown in Figure 4.27, TPVs
where DEW is included, have similar mechanical properties with TPVs without DEW.
In SEM analysis, although the mechanical properties of TPVs with and without DEW
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are similar, their morphology is quite different. Silanized silica included in the system
with DEW is one of the main reasons for this difference. In studies involving DEW in
TPVs, one of the most important issues to be studied and examined was the
morphological features of TPV. Because no matter how morphology changes with the
addition of DEW, it has been seen that improving the compatibility of EPDM, PP and
DEW will improve the features of TPV.

Figure 4.27 : SEM micrographs of (a) R-85-15, (b) R-85-13-2, (c) 20-85-15 and (d)
20-85-13-2.
DMA Analysis
The DMA spectrum of TPVs with and without DEW and PP-g-MA depending on
temperature changes are shown in Figures A.25-A.48, respectively, and the storage
modulus and loss factor (tan d) values of the TPVs are summarized in Table 4.11.
Dynamic mechanical examination is important to predict the energy absorbing ability
of polymeric system. The use of TPV within Arçelik concentrates on the gaskets used
in white goods. While selecting the temperatures to analyze, the most used machine
program temperatures of white goods were taken into consideration and 30˚C, 50˚C,
70˚C temperatures were chosen as representative.
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Table 4.11 : The storage modulus and loss factor (tan d) values of the TPVs with
and without DEW and PP-g-MA at 30˚C, 50˚C, 70˚C.
30°C

50°C

70°C

Storage Modulus
(MPa)

Tan Delta

Storage Modulus
(MPa)

Tan Delta

Storage Modulus
(MPa)

Tan Delta

11,99

0,2113

7,317

0,1843

6,02

0,1855

5,776

0,196

5,224

0,1668

4,57

0,161

3,726

0,1577

3,369

0,1372

2,979

0,131

R-90-10

5,414

0,1931

4,804

0,17

4,17

0,1633

R-90-8-2

3,44

0,14

2,926

0,127

2,533

0,1239

R-90-5-5

2,774

0,1356

2,497

0,2111

2,231

0,1165

5-85-15

5,149

0,1634

4,533

0,1455

3,991

0,1397

5-85-13-2

3,253

0,1272

2,948

0,1179

2,631

0,1155

5-85-10-5

4,143

0,1479

3,523

0,1416

2,976

0,1428

5-90-10

2,996

0,1352

2,738

0,1204

2,492

0,1145

5-90-8-2

5,483

0,1824

4,822

0,161

4,202

0,1537

5-90-5-5

3,911

0,1701

3,378

0,1537

2,897

0,1481

10-85-15

4,861

0,1666

4,137

0,1489

3,562

0,1438

4,385

0,1519

3,859

0,1308

3,404

0,1259

3,928

0,1852

3,573

0,1479

3,099

0,1449

10-90-10

8,964

0,136

6,869

0,1322

4,697

0,1381

10-90-8-2

5,796

0,161

4,749

0,1457

4,015

0,1425

10-90-5-5

3,553

0,1401

3,25

0,1213

2,924

0,1168

20-85-15

5,358

0,1721

4,162

0,152

3,554

0,1504

4,472

0,1908

3,922

0,1716

3,388

0,1652

3,864

0,1647

3,479

0,1502

3,094

0,1437

20-90-10

2,855

0,1535

2,588

0,1381

2,319

0,1321

20-90-8-2

4,009

0,1762

3,465

0,1588

2,983

0,1544

20-90-5-5

4,771

0,1784

4,074

0,1579

3,431

0,1544

R-85-15
R-85-132
R-85-105

10-85-132
10-85-105

20-85-132
20-85-105

The storage modulus and tan d values of the TPVs, which EPDM are partially replaced
by DEW at different rates, and the TPVs that do not contain DEW, are given in Table
4.11. While the storage module of R-85-15 TPV was 11.99 MPa at 30 ° C, it was
observed that it decreased to 7.317 MPa at 50 ° C and 6.02 MPa at 70 ° C. Similarly,
a decrease in storage modulus is observed in all TPVs (with or without DEW) with
increasing temperature. For example, while the storage modulus at 5-85-15 TPV is
5.114 MPa at 30 ° C, it is 4.533 MPa at 50 ° C and 3.911 MPa at 70 ° C. As expected,
with increasing temperature, the chain mobility of the polymers increases, thereby
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reducing their ability to store elastic deformation. Similarly, with increasing
temperature, the tan d values of all TPVs decreased.
Storage modulus and tan d values of TPVs with different ratios of EPDM replaced
with DEW and TPVs without DEW at different temperatures are schematized in Figure
4.28 and Figure 4.29. When TPVs with and without DEW are compared, a significant
decrease in storage modulus values is observed by including DEW in the TPV
composition. For example, as can be seen in Figure 4.28, at 30 ° C, the storage modulus
of R-85-15 is 11.99 MPa and tan d value is 0.2113, with the replacement of 5%, 10%,
20% of EPDM by DEW, respectively, the storage modulus values decrease to 5,149
MPa, 4,861 MPa, 5,358 MPa and tan d values decrease to 2,996, 2,964, 2,855. A
similar situation can be seen in TPVs shown in Figure 4.29, where the EPDM / PP
ratio is 90/10. As mentioned earlier, the structure of DEW, which is replaced by
EPDM, contains silanized silica. During devulcanization, its active parts are formed
with the breaking of their bonds. With the addition of DEW to EPDM, silanized silica
reacts with EPDM chains and shows filling effect in TPV as in DEW. Silanized silica
decreases in chain mobility with increasing polymer-filler interactions in PP and
EPDM. This causes a decrease in the storage module and tan d values.
Storage Modulus (MPa)
Tan Delta

13

0,22

12
0,21

0,20

10
9

0,19

8

Tan Delta

Storage Modulus (MPa)

11

0,18
7
0,17

6
5

0,16

4
R-85-15

5-85-15

10-85-15

20-85-15

Sample Designation

Figure 4.28 : The storage modulus and loss factor (tan d) values of the TPVs with
and without DEW at 30˚C, 50˚C, 70˚C, EPDM/PP ratio is 85/15.
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Storage Modulus (MPa)
Tan Delta

0,20
5,5
0,19
0,18
4,5
0,17
4,0

0,16

3,5

Tan Delta

Storage Modulus (MPa)

5,0

0,15

3,0

0,14

2,5

0,13
R-90-10

5-90-10

10-90-10

20-90-10

Sample Designation

Figure 4.29 : The storage modulus and loss factor (tan d) values of the TPVs with
and without DEW at 30˚C, 50˚C, 70˚C, EPDM/PP ratio is 90/10.
The effect of the compatibilizer in TPVs without DEW is shown in Table 4.12. As
shown in Table V, with the addition of 2% and 5% PP-g-MA in the R-85-15 and R90-10 TPVs, a significant decrease in storage modulus and tan d values is observed.
Storage modulus, which is 11.99 MPa in R-85-15, decreases to 5.776 MPa and 3.726
MPa, with the addition of 2% and 5% PP-g-MA, respectively. Similarly, a fall was
observed in the R-90-10 TPVs with the compatibilizer. The addition of PP-g-MA to
TPV may have prevented the mobility and alignment of the polymeric chains. As
expected, the mobility of polymer chains has been restricted, which has caused a
decrease in TPV's ability to absorb energy.
Table 4.12 : The storage modulus and loss factor (tan d) values of the TPVs without
DEW and with 2% and 5% PP-g-MA.
30°C
50°C
Storage
Tan
Storage Modulus
Modulus (MPa) Delta
(MPa)
R-85-15
11,99
0,2113
7,317
R-85-135,776
0,196
5,224
2
R-85-103,726
0,1577
3,369
5
R-90-10
5,414
0,1931
4,804

70°C
Tan
Storage
Delta Modulus (MPa)
0,1843
6,02

Tan
Delta
0,1855

0,1668

4,57

0,161

0,1372

2,979

0,131

0,17

4,17

0,1633

R-90-8-2

3,44

0,14

2,926

0,127

2,533

0,1239

R-90-5-5

2,774

0,1356

2,497

0,2111

2,231

0,1165
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In TPVs where EPDM is replaced with DEW at different rates, the compatibilizer did
not show the same properties in each TPV pattern. As can be seen in Table 4.11, a
decrease in storage modulus and tan d values was observed when the compatibilizer
was included in the 5-85-15, 10-85-15 and 20-85-15 TPVs. However, in 5-90-10, 1090-10 and 20-90-10 TPVs, the 2% compatibilizer shows the best energy damping
properties. As can be seen in Table 4.13, the storage modulus of 5-90-10 TPV at 30
°C is 2.996 MPa and the tan d value is 0.1352, when 2% and 5% PP-g-MA includes,
respectively, the storage modulus values increase 5.483 MPa and 3.911 MPa and tan
d values increase to 0.1824 and 0.1701. Similar developments are seen in Table 4.13,
as well as in 10-90-10 and 20-90-10 TPVs. The best energy absorption properties for
these three TPVs were obtained by adding 2% PP-g-MA.
Table 4.13 : The storage modulus and loss factor (tan d) values of the TPVs with
DEW and with 2% and 5% PP-g-MA.
30°C

50°C

70°C

Storage Modulus
(MPa)

Tan
Delta

Storage Modulus (MPa)

Tan
Delta

Storage Modulus
(MPa)

Tan
Delta

5-90-10

2,996

0,1352

2,738

0,1204

2,492

0,1145

5-90-8-2

5,483

0,1824

4,822

0,161

4,202

0,1537

5-90-5-5

3,911

0,1701

3,378

0,1537

2,897

0,1481

10-90-10

2,964

0,136

2,869

0,1322

2,697

0,1381

10-90-82

5,796

0,161

4,749

0,1457

4,015

0,1425

10-90-55

3,553

0,1401

3,25

0,1213

2,924

0,1168

20-90-10

2,855

0,1535

2,588

0,1381

2,319

0,1321

20-90-82

4,009

0,1762

3,465

0,1588

2,983

0,1544

20-90-55

4,771

0,1784

4,074

0,1579

3,431

0,1544

As can be seen in Table 4.13, it has been observed that there is an improvement in the
energy absorption ability of 5-90-8-2 and 10-90-8-2 TPVs compared to R-90-10.
Similarly, 20-90-5-5 TPV shows the ability to absorb energy close to R-90-10. In short,
TPVs can be produced by using PP-g-MA and replacing 5%, 10% and 20% of EPDM
with DEW, without any significant decrease in the energy absorption ability of TPVs.
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Aging Analysis
Before the aging analysis is applied, TPVs produced in this study, which provides
compliance with the tensile strength, elongation at break, tear strength and hardness
values of commercial TPV, were selected. These TPVs are R-10-90, 5-85-15, 5-8510-5, 5-90-8-2, 10-90-5-5, 20-85-15, 20-85-10-5. Detergent aging tests and rinse aid
aging tests were applied to selected TPVs. After the aging test, tensile strength,
elongation at break, tear strength and hardness properties of TPVs were examined. The
results were compared to TPVs properties before aging tests, and the changes occurred
are summarized as percentage changes in Table 4.14 and Table 4.15.
Table 4.14 : Changes in properties after detergent aging (%).
Detergent Aging Performance (%)
Tear
Elongation at
Hardness
Sample Designation Tensile Strength
Strength
(N/mm2)
Break (%)
(Sh.A)
(N/mm)
R-90-10
5-85-15
5-85-10-5
5-90-8-2
10-90-5-5
20-85-15
20-85-10-5

(-) 18,58 (%)
(-) 23,04 (%)
(-) 16,87 (%)
(+) 3,03 (%)
(-) 8,92 (%)
(+) 7,49 (%)
(-) 0,6 (%)

(-) 32,35 (%)
(-) 36,56 (%)
(-) 23,84 (%)
(-) 14,82 (%)
(-) 28,15 (%)
(-) 12,21 (%)
(-) 18,48 (%)

(+) 8,17 (%) (-) 39,54 (%)
(-) 6,19 (%) (-) 28,66 (%)
(-) 1,5 (%)
(-) 1,9 (%)
(-) 8,18 (%) (-) 23,64 (%)
(-) 15,61 (%) (-) 7,53 (%)
(-) 3,96 (%) (-) 8,79 (%)
(-) 2,43 (%)
(-) 3,9 (%)

*(+): positive change, (-): negative change

Table 4.15 : Changes in properties after rinse aid aging (%).

Sample Designation
R-90-10
5-85-15
5-85-10-5
5-90-8-2
10-90-5-5
20-85-15
20-85-10-5

Rinse Aid Performance (%)
Tear
Tensile Strength Elongation at
Strength
(N/mm2)
Break (%)
(N/mm)
(-) 9,89 (%)
(-) 35,59 (%)
(-) 16,25 (%)
(-) 1,08 (%)
(-) 14,95 (%)
(-) 15,91 (%)
(+) 1,21 (%)

(-) 25,71 (%)
(-) 52,46 (%)
(-) 29,33 (%)
(-) 19,1 (%)
(-) 26,37 (%)
(-) 22,4 (%)
(-) 19,49 (%)

(-) 10,2 (%)
(-) 13,46 (%)
(-) 20,31 (%)
(-) 3,24 (%)
(-) 9,99 (%)
(+) 8,13 (%)
(+) 13,07 (%)

Hardness
(Sh.A)
(-) 36,12 (%)
(-) 23,47 (%)
(-) 1,26 (%)
(-) 24,98 (%)
(-) 1,89 (%)
(-) 3,18 (%)
(-) 7 (%)

*(+): positive change, (-): negative change

When Table 4.14 and Table 4.15 are examined, 5-85-10-5, 5-90-8-2, 10-90-5-5, 2085-15, 20- 85-10-5 TPVs were found to be resistant to detergent and rinse aid as a
result of aging tests.
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It is remarkable that TPVs, where EPDM is replaced by DEW, are compatible with
commercial TPVs and also perform well in aging tests. Generally, the incorporation
of recycled material into the composition in polymers negatively affects many
properties, especially lowering their aging performance. In this study, there is an
opposite situation. Another remarkable point is that TPVs that perform well in aging
tests are TPVs produced by adding a compatibilizer. The reason for these results is that
as a result of devulcanization, the active parts of the silanized silica in the structure of
DEW are formed and DEW is included in TPV production, and these active parts again
form a strong bond with EPDM and increase the compatibility between DEW and
EPDM. The improved performance of TPVs included in the compatibilizer shows that
PP-g-MA provides strong interface compatibility between DEW, EPDM, and PP.
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CONCLUSIONS AND RECOMMENDATIONS
This study focuses on the utilization of devulcanized waste rubbers in the production
of qualified EPDM / PP TPV. Arçelik washing machine gasket wastes were recycled
by Fraunhofer Applied Research Development Association using thermomechanical
and ultrasonic devulcanization methods. As a result of devulcanization processes,
which aimed to selectively break the S-S and C-S bonds, crosslink density decreased
from 810,93 mol / m3 to 70.37 mol / m3. EPDM / PP TPV productions were carried
out in two steps. In the first step, the rubber phase EPDM was prepared. While
preparing the EPDM phase, 5%, 10%, and 20% of the EPDM were partially replaced
with devulcanized EPDM waste. In the second step of TPV in 90/10 and 85/15 EPDM
/ PP ratios production, dynamic vulcanization of PP and EPDM was carried out. Since
the compatibility of the two phases with each other affects the performance of TPVs,
PP-g-MA was included in TPV productions at 2% and 5% as compatibilizer. As a
result, TPVs were produced at two different EPDM / PP ratios, with or without DEW
partial replacement and compatibilizer. TPVs properties such as mechanical, physical,
thermal, morphological, and aging have been tested. The following conclusions can be
drawn from the experimental results of this study:
•

According to TGA analyses, waste gaskets contain volatiles and silica as a filler.
As the proportion of DEW replaced by virgin EPDM increases, the amount of silica
included in the formulations is increasing. The addition of DEW and PP-g-MA
does not induce a significant negative effect on the decomposition process and
thermal stability in comparison to reference TPVs. Also, thermal stability is
improved by including DEW in the TPV composition. This can be attributed to the
fact that DEW causes further compatibilization between EPDM and PP, thereby
achieving a higher homogeneity state.

•

In the DEW structure, to prevent the accumulation of silica particles in the rubber
matrix caused by the incompatibility between inorganic silica and organic rubbers,
chemical bonds were formed along the silica and rubber interface using a silane
coupling agent by silanization. These chemical bonds were broken during the
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devulcanization process. The broken bonds form active sites and these active sites
interact with PP-g-MA. So, the use of DEW and PP-g-MA in the system, in the
presence of an optimum compatibilizer, the active sites formed on the silica surface
after devulcanization caused strong interactions with the anhydride groups of PPg-MA. Thus, the combination of silanized silica and PP-g-MA can effectively
improve interface compatibility and the distribution of silica in the matrix.
•

Silanized silica in the structure of DEW affects the properties of TPVs. The
silanized silica in DEW improves interface compatibility with PP and EPDM with
DEW. Because of increased interaction between the phases delays the mobility of
the chains, with the partial replacement of DEW with EPDM there was a serious
decrease in the degree of crystallinity in TPVs.

•

The volatiles included in the system together with DEW facilitated the movement
of polymer chains due to their plasticization properties. It can be seen that TS
values decrease and EB values increase with the partial replacement of DEW. The
inclusion of DEW in the composition increased the ductility of TPVs. Because of
the softening effect of volatiles, with the replacement of EPDM with DEW at
certain rates, a decrease in hardness occurs, 20-90-10 TPV. Silica acted more
effectively than volatile in 20-90-10 TPV. This is attributed to the presence of a
hard particle that causes resistant deformation in TPV. PP-g-MA leads to strong
interface interactions between the polymer chains and the silica incorporated into
the system together with DEW. The presence of these interactions leads to better
interface stress transfer efficiency. The tear strengths that change in accordance
with the crystallinity showed the most advanced properties in TPVs with 2% PPg-MA for each DEW replacement. In increase in hardness was observed in all
TPVs including DEW with the addition of a compatibilizer, the well-balanced
polar and non-polar components. Also, SEM analysis show that with the addition
of the compatibilizer in increasing proportions, silanized silica, which has a
structure similar to bud, is better embedded in the EPDM and PP phase and a better
dispersion morphology is obtained. 20-85-15 shows better phase distribution.
Similarly, 20-85-15 TPV shows the best features in TPVs where DEW is included
in the structure.

•

As a result of DMA analysis, the 5-90-8-2, 10-90-8-2 and 20-90-5-5 TPVs show
the best energy damping properties. Also, compatibilized TPVs such as 5-85-10-
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5, 5-90-8-2, 10-90-5-5, 20-85-15, 20-85-10-5 are resistant to detergent and rinse
aid.
•

There is no significant difference between the properties of TPVs produced at
90/10 and 85/15 EPDM / PP ratios.

It is remarkable that 5-85-10-5, 5-90-8-2, 10-90-5-5, 20-85-15, 20- 85-10-5 TPVs have
same performance with commercial TPVs and also perform well in aging tests.
Generally, the incorporation of recycled material into the composition in polymers
negatively affects many properties, especially lowering their aging performance. In
this study, there is an opposite situation. Another remarkable point is that these TPVs
produced by adding a compatibilizer. PP-g-MA provides strong interface
compatibility between DEW, EPDM, and PP thanks to active parts of the silanized
silica by occurred in the devulcanization process.
These results demonstrate the potential of using devulcanized rubber in EPDM/PP
TPVs. Especially, compatibilizer which is selected in accordance with the structure
of recycled rubber has great potential to improve the properties of TPVs added DEW.
For further studies, different kinds of compatibilizer such as EPDM-g-MA can be
investigated.
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APPENDIX A

Figure A.1 : The TGA thermogram of R-90-10 samples.

Figure A.2 : The TGA thermogram of R-85-15 samples.

Figure A.3 : The TGA thermogram of R-90-8-2 samples.
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Figure A.4 : The TGA thermogram of R-85-13-2 samples.

Figure A.5 : The TGA thermogram of R-90-5-5 samples.

Figure A.6 : The TGA thermogram of R-85-10-5 samples.
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Figure A.7 : The TGA thermogram of 5-90-10 samples.

Figure A.8 : The TGA thermogram of 5-85-15 samples.

Figure A.9 : The TGA thermogram of 5-90-8-2 samples.
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Figure A.10 : The TGA thermogram of 5-85-13-2 samples.

Figure A.11 : The TGA thermogram of 5-90-5-5 samples.

Figure A.12 : The TGA thermogram of 5-85-10-5 samples.
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Figure A.13 : The TGA thermogram of 10-90-10 samples.

Figure A.14 : The TGA thermogram of 10-85-15 samples.

Figure A.15 : The TGA thermogram of 10-90-8-2 samples.
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Figure A.16 : The TGA thermogram of 10-85-13-2 samples.

Figure A.17 : The TGA thermogram of 10-90-5-5 samples.

Figure A.18 : The TGA thermogram of 10-85-10-5 samples.
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Figure A.19 : The TGA thermogram of 20-90-10 samples.

Figure A.20 : The TGA thermogram of 20-85-15 samples.

Figure A.21 : The TGA thermogram of 20-90-8-2 samples.
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Figure A.22 : The TGA thermogram of 20-85-13-2 samples.

Figure A.23 : The TGA thermogram of 20-90-5-5 samples.

Figure A.24 : The TGA thermogram of 20-85-10-5 samples.
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Figure A.25 : The DMA spectrum of R-90-10 samples.

Figure A.26 : The DMA spectrum of R-90-8-2 samples.

Figure A.27 : The DMA spectrum of R-90-5-5 samples.
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Figure A.28 : The DMA spectrum of R-85-15 samples.

Figure A.29 : The DMA spectrum of R-85-13-2 samples.

Figure A.30 : The DMA spectrum of R-85-10-5 samples.
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Figure A.31 : The DMA spectrum of 5-90-10 samples.

Figure A.32 : The DMA spectrum of 5-90-8-2 samples.

Figure A.33 : The DMA spectrum of 5-90-5-5 samples.
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Figure A.34 : The DMA spectrum of 5-85-15 samples.

Figure A.35 : The DMA spectrum of 5-85-13-2 samples.

Figure A.36 : The DMA spectrum of 5-85-10-5 samples.
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Figure A.37 : The DMA spectrum of 10-90-10 samples.

Figure A.38 : The DMA spectrum of 10-90-8-2 samples.

Figure A.39 : The DMA spectrum of 10-90-5-5 samples.
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Figure A.40 : The DMA spectrum of 10-85-15 samples.

Figure A.41 : The DMA spectrum of 10-85-13-2 samples.

Figure A.42 : The DMA spectrum of 10-85-10-5 samples.
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Figure A.43 : The DMA spectrum of 20-90-10 samples.

Figure A.44 : The DMA spectrum of 20-90-8-2 samples.

Figure A.45 : The DMA spectrum of 20-90-5-5 samples.
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Figure A.46 : The DMA spectrum of 20-85-15 samples.

Figure A.47 : The DMA spectrum of 20-85-13-2 samples.

Figure A.48 : The DMA spectrum of 20-85-10-5 samples.
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