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ABSTRACT 

 

 

PERFORMANCE OF MODIFIED THERMOPLASTIC POLY(ETHER)ESTER 

ELASTOMER IN MULTILAYER COMPOSITES 

 

 

 

Yaşar, Miray 

M.S., Department of Chemical Engineering 

Supervisor: Prof. Dr. Göknur Bayram 

Co-Supervisor: Assist. Prof. Dr. Hande Çelebi 

 

August 2014, 206 pages 

 

Thermoplastic elastomers (TPEs) have extensive use of areas because of their unique 

structure due to having both hard and soft segments together in their structure. 

However, their disadvantages such as high cost of raw materials, low thermal 

stability and difficult processing in extrusion because of having low melting viscosity 

restrict their use in industrial applications.  

 

The main objective of this study is to modify multifunctional properties of one class 

of TPE, thermoplastic poly(ether)ester elastomer (TPEE), and to obtain thermally 

and electrically stimulated shape memory properties while overcoming the 

disadvantages and the loss of mechanical properties. For this purpose, TPEE-based 

binary, ternary and quaternary composites were prepared from unmodified carbon 

black (UMCB), modified carbon black (mCB), Ethylene Glycidyl Methacrylate (E-

GMA) elastomer and/or paraffinic oil.  

 

The second objective of the study is to prepare carbon fabric reinforced multilayer 

composites (CFRC) using TPEE with improved properties. It is also aimed to 
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characterize binary, ternary and quaternary composites/blends & multilayer 

composites in terms of their mechanical, electrical, shape memory, thermal 

properties and morphologies. 

 

According to the results of binary composites, tensile and impact properties 

decreased with increasing UMCB contents because of agglomerations. The 

composite with 3wt% UMCB was a semi-conductor (6x103 ohm.cm). This amount 

was selected as optimum UMCB content to sustain mechanical properties. Among 

oil containing binary blends, 1wt% oil had the highest elongation at break (255.6%), 

highest impact strength (22.3kJ/m2) and best shape recovery ratio (99.9%). Over 

10wt% E-GMA content, elongation at break significantly decreased to 206.7%. As a 

result, 3wt% mCB or UMCB, 1wt% oil and/or 10wt% E-GMA were incorporated 

into the TPEE matrix to prepare ternary and quaternary composites. Ternary blends 

with oil and E-GMA had higher tensile, impact and shape memory properties than 

their binary blends. E-GMA lost all of its effects when incorporated into TPEE with 

UMCB/mCB.  

 

Carbon fabric reinforced multilayer composites were prepared with five different 

selected composites and neat TPEE. Highest impact strength as 112.2kJ/m2 was 

obtained from mCB containing quaternary multilayer composites. Tensile modulus 

of neat TPEE was significantly improved with 3wt% mCB and 1wt% oil containing 

ternary multilayer composites to 9340.7 MPa. More conductive composites were 

obtained with the preparation of multilayer composites. Among studied CFRC, 

TPEE/3wt%mCB containing multilayer composite showed highest shape recovery 

ratio of 84.1%. 

 

Keywords: Thermoplastic elastomer, Shape memory polymers, Multilayer 

composites, Mechanical properties, Electrical conductivity  
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ÖZ 

 

 

MODİFİYE EDİLMİŞ TERMOPLASTİK POLİ(ETER)ESTER ELASTOMERİN 

ÇOK KATMANLI KOMPOZİTLERDEKİ PERFORMANSI 

 

 

 

Yaşar, Miray 

Yüksek Lisans, Kimya Mühendisliği 

Tez Yöneticisi: Prof. Dr. Göknur Bayram 

Ortak Tez Yöneticisi: Yrd. Doç. Dr. Hande Çelebi 

 

Ağustos 2014, 206 sayfa 

 

Yumuşak ve sert segmentleri bir arada bulundurmasına bağlı olarak benzersiz bir 

yapıya sahip olması nedeniyle, termoplastik elastomerlerin (TPE) yaygın bir 

kullanım alanı vardır. Ancak, ham maddelerinin pahalı olması, düşük termal 

kararlılığı ve düşük erime viskozitesi nedeniyle extrüzyonda proses edilebilirliğinin 

zor olması gibi dezavantajları, endüstriyel uygulamalardaki kullanım alanlarını 

kısıtlamaktadır.  

 

Bu çalışmanın ana amacı TPE’nin bir sınıfı olan termoplastik poli(eter)ester 

elastomerin (TPEE) multifonksiyonel özelliklerini modifiye etmek ve bahsedilen 

dezavantajlarını ve düşen mekanik özelliklerini iyileştirerek; termal ve elektriksel 

tetikleme ile şekil hafıza özelliklerini elde etmektir. Bu nedenle, modifiye edilmemiş 

karbon siyahı (UMCB), modifiye edilmiş karbon siyahı (mCB), Etilen Glisidil 

Metakrilat (E-GMA) elastomer ve parafin yağ içeren ikili, üçlü ve dörtlü TPEE bazlı 

kompozitler hazırlanmıştır.  
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Çalışmanın ikinci amacı ise, özellikleri geliştirilmiş TPEE ile karbon kumaşı içeren 

çok katmanlı kompozitlerin (CFRC) hazırlanmasıdır. Ayrıca ikili, üçlü, dörtlü 

kompozitlerin/karışımların ve çok katmanlı kompozitlerin; mekanik, elektriksel, şekil 

hafıza, termal özelliklerine ve morfolojilerine göre karakterize edilmesi de 

amaçlanmaktadır. 

 

Hazırlanan ikili kompozitlerin sonuçlarına göre, UMCB içeriği artan kompozitin 

topaklaşmalardan dolayı çekme ve darbe dayanımları düşmüştür. %3 UMCB’lı 

kompozit bir yarı iletkendir (6x103 ohm.cm). Mekanik özellikleri korumak için 

%3UMCB içeriği optimum miktar olarak seçilmiştir. Yağ içeren ikili karışımlar 

arasında, %1 yağ içeriğine sahip karışım; en yüksek kopma noktasında uzama 

(%255.6), en yüksek darbe dayanımı (22.3kJ/m2) ve en iyi şekil hafıza oranına 

(%99.9) sahiptir. %10 E-GMA içeriğinin üzerinde, kopmadaki uzama miktarı önemli 

ölçüde (%206.7) düşmüştür. Sonuç olarak, üçlü ve dörtlü kompozitleri hazırlamak 

için, %3 mCB veya UMCB, %1 yağ ve/ya %10E E-GMA TPEE matrisine ilave 

edilmiştir. Yağ ve E-GMA içeren üçlü karışımlar, ikili karışımlarına göre daha 

yüksek çekme dayanımı, darbe dayanımı ve şekil hafıza özelliklerine sahiptir. E-

GMA; UMCB veya mCB ile TPEE’nin yapısına katıldığında etkilerini kaybetmiştir.  

 

Saf TPEE ve seçilen beş farklı kompozitle, karbon kumaşı içeren çok katmanlı 

kompozitler hazırlanmıştır. En yüksek darbe dayanımı (112.2kJ/m2), mCB içeren 

dörtlü kompozitle hazırlanan çok katmanlı kompozitten elde edilmiştir. Saf TPEE 

içeren çok katmanlı kompozitin çekme modülü, %3mCB ve %1yağ içeren üçlü 

kompozitlerden hazırlanan çok katmanlı kompozitlerde 9340.7 MPa’a artmıştır. Çok 

katmanlı kompozitlerle elektriksel olarak çok daha iletken malzemeler elde 

edilmiştir. Çalışılan karbon dokumalı kompozitler arasında, TPEE/%3mCB içeren 

çok katmanlı kompozit %84.1 değeriyle en yüksek şekil hafıza oranına sahiptir.  

 

Anahtar Sözcükler: Termoplastik elastomer, Şekil hafızalı polimerler, Çok katmanlı 

kompozitler, Mekanik özellikler, Elektriksel iletkenlik  
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

Thermoplastic elastomers (TPEs) are copolymers that combine both properties of 

elastomeric and thermoplastic components within a certain temperature range. They 

include at least two separate domains, which are the combination of crystalline hard 

and amorphous soft phases. Due to the molecular motion in a rubbery state, a 

reversible phase is formed and elastomeric behavior is gained by flexible soft 

segment which has amorphous regions at high temperatures. Physical crosslinks are 

formed by the hard segment. These crosslinks arise from hydrogen bonding, polar 

interactions and crystallization in the hard domain which liquefied at elevated 

temperatures [1-4]. 

 

Although TPE shows thermoplastic behavior, its mechanical properties are similar to 

vulcanized rubber but they have lots of advantages. TPE can be softened and melted 

so that it is possible to reprocess them in order to make completely reversible 

polymers. Their fast processability and elasticity properties allow design and process 

advantages that can not be provided by thermoset materials [2, 3]. 

 

TPEs can be processed in shorter cycle time than conventional rubbers [5]. The 

aptness of the injection molding is another advantage of TPEs [6]. All these 

properties of thermoplastics are related to the connection of crosslinked 

macromolecule sequences in an infinite network configuration. These crosslinks 

retain different connection points such as glassy, crystal bonds, hydrogen connected 

molecules or ionic bonds etc. together by physical forces [2, 3].  
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Thermoplastic elastomers are categorized as multi-block copolymers and blends. For 

example, styrenic block copolymers, thermoplastic block amides, thermoplastic 

copolyesters, thermoplastic urethanes are multi-block copolymers and they consist of 

elastomeric soft and thermoplastic hard blocks. The second group, thermoplastic 

blends, are categorized into two groups that are dynamically vulcanized blends and 

polyolefin mixtures [4, 7-9]. Since thermoplastic copolyesters are high performance 

engineering materials and bridge the gap between rigid thermoplastics and 

crosslinked elastomers, one kind of thermoplastic copolyesters, namely Hytrel 7248 

was used as a main matrix in this study. 

 

Hytrel 7248 is a poly(ether)ester thermoplastic elastomer (TPEE). It has a 

composition of crystalline poly(butylene terephthalate) (PBT) hard segment, and 

amorphous poly(tetramethylene glycol) (PTMG) soft segment. The hard segment 

imparts rigidity while soft segment imparts both recoverability and high elasticity to 

the polymer [6]. The unique structure of thermoplastic elastomers offers properties 

which are suitable and demanded for many applications such as automobiles, 

electronics, medicine, tire industry, etc. [4, 8 ,9]. 

 

Poly(ether)ester thermoplastic elastomer shows very good low temperature flexibility 

and it has superior mechanical properties at temperatures up to 130oC. For the 

purpose of improving mechanical, electrical and thermal stability properties of 

TPEE; fillers such as carbon black, talc, wollastonite, montmorillonite, alumina 

trihydrate, clays, mica, silica, flyash, kaolin etc. can be combined with the polymer 

matrix [4]. In this study, carbon black was used as filler. Because it is the major 

reinforcing filler used in rubber compounds and it is needed to provide the necessary 

durability and strength to these products for long lifetime and significantly enhanced 

performance. Carbon black distributes and absorbs stress applied to a polymer 

constituent and improves its tensile strength, tear strength and abrasion resistance. It 

can also impart electrical conductivity for dissipating static charge in dynamic 

applications such as automotive belts and green tires. Using carbon black is also 

demanded for the industry because of its low cost of production.  
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Oil additives have been used in the polymer industry for a long time as a processing 

aid. It is a very essential ingredient because of its certain intrinsic properties. It gives 

dimensional stability to extruded materials, shortens filling time of molding and 

cycling time of curing, develops the ozone resistance of the rubber compound, 

reduces migration of plasticizers to the surface of rubber ingredient and has 

capability to regulate flow under mechanical pressure [10]. They can also act as 

distributor of carbon black particles. In this study, a kind of a commercial oil, namely 

paraffinic oil was used in the polymer compositions. 

 

The role of some additives is to enhance the impact strength of polymers. Intrinsic 

brittleness or embrittlement, notch-sensitivity and crack propagation can be 

compensated by impact modifiers. They can absorb or dissipate the impact energy 

with their elastomeric or rubbery nature. They are important additives in order to 

enhance flexibility and impact strength of a polymer matrix to meet physical 

property requirements of rigid domains [11]. Elastomers are commonly used in 

materials in order to reduce the effects of mechanical impact. Typically, the relative 

motion which is among moving rigid masses at some initial collision velocity is 

ended by impact. An elastomeric buffer gets in between the two colliding masses and 

disperses a large fraction of the incident kinetic energy and makes less severe the 

intensity of the impact forces [12]. In this study, one of the commercial elastomer, 

namely ethylene glycidyl methacrylate (E-GMA) was used for the impact 

modification.  

 

Since the thermoplastic elastomer polymer network includes shape fixing net points 

and shape changing switching segments, it can be defined as stimuli responsive 

material [13]. Stimuli responsive materials are smart materials whose properties can 

be changed with external stimuli such as temperature, moisture, pH, electric or 

magnetic fields [1, 14]. These external stimuli affect switching segments that cause 

elastic deformation by fixing into temporary shape and then recover their permanent 

shape as a shape memory polymer (SMP) [15].  
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In this study, special emphasis was laid upon thermal and electro-active stimulation. 

While conventional TPE is activated by a heat source externally, conducting TPE is 

activated by current and voltage. Using external heat source requires additional 

equipment for high energy efficiency and it is challenging to manage a quantitative 

supply of external heat because of slow heat transfer. However, energy efficiency 

can be increased with conducting shape memory TPE and it can be controlled by 

current [16]. On the other hand, thermal stimulation is accomplished by heating the 

composite above its transition temperature such as glass transition or melting 

temperature [1]. These transition temperatures direct the shape transition to a 

permanent shape after deformation and fixation of a temporary shape by cooling 

[17]. In this study, both thermal and electro-active stimulations were examined for 

dual shapes of polymer composites/blends. 

 

The need to eliminate external heaters has led to conductive SMPs filled with 

electrically conductive powders, fibers, nanotubes [18], carbon nanotubes/nanowires 

[15, 16, 19], carbon black [19, 20], nickel zinc ferrite ferromagnetic particles [17]. 

Although conductive fiber and nanowires/nanotubes can considerably improve the 

stiffness and strength of polymers, their deformable strain is limited to within a few 

percent. Since the recoverable strain in SMPs is normally in the order of one hundred 

percent, there is a potential problem of deformation compatibility. Therefore, 

electrically conductive powders should be a better choice [18]. One of these 

conductive powders that can be used is carbon black powder. Carbon black powder 

is not only used to increase tensile modulus, hardness and tensile strength [21] but 

also used to alter the functional properties of polymer matrix such as electrical and 

thermal conductivity [22].  

 

Improving the properties of composites and applying them to multilayer composite 

materials have found wide range of applications because of their superior mechanical 

properties compared to single phase materials [23]. Carbon fabric reinforced polymer 

composites provide light-weight materials. They combine superior mechanical 

properties with chemical and environmental resistance which makes them attractive 
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for many applications in automation, aerospace, marine, sporting goods, civil 

infrastructures and the energy sector [24]. Carbon fibers are about 5-10 µm in 

diameter and they are composed of bonded carbon atoms located in crystals. These 

atoms are aligned parallel to the long axis of the fiber. Due to its unique and superior 

structure, polymer based carbon fiber reinforced composites are superseding metallic 

materials. 

 

The objectives of this study are to make some improvements in the mechanical, 

electrical conductivity, thermal and electro-active shape memory properties of the 

TPEE-based polymeric smart material and its composites, and to apply these 

composites in order to produce carbon fabric reinforced multilayer composites.  

 

Three steps were followed throughout this study. In the first step, carbon black (CB) 

surface modification was applied using three different silane treatments and 

paraffinic oil. These silane coupling agents were Gamma-

Glycidoxypropyltrimethoxysilane (γ-GPS), 3-Methacryloxypropyltrimethoxysilane 

(3-MPTS) and N-(β-aminoethyl-γ-aminopropyl-trimethoxysilane (AEAP). The 

amount of coupling agents and paraffinic oil were 1% by weight. By applying 

surface treatment, it was aimed to provide better distribution of carbon black in the 

matrix. Surface energy measurement was applied to characterize the surface 

modification. 5wt% modified carbon black (mCB) particles were added to TPEE 

matrix using a co-rotating twin screw extruder. The effects of surface treatments on 

the composites were investigated with respect to mechanical, electrical conductivity 

and shape memory properties both with thermal and electro-active stimulation.  

 

In the second step of this experiment, first, binary composites/blends were prepared. 

The materials used for this step were neat TPEE as a main matrix; unmodified 

carbon black (UMCB), ethylene glycidyl methacrylate elastomer (E-GMA) and 

paraffinic oil as additives. The electrically conductive filler, carbon black, was 

incorporated into shape memory polymer to improve mechanical and electrical 

properties as well as thermal and electrical shape memory properties. It was aimed to 
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be used as hard segment in shape memory polymer with the concentrations of 0.5%, 

1%, 3%, 5% by weight. Elastomer was used as reversible phase to give elasticity to 

the polymer. For impact modification purpose, an elastomer with the concentrations 

of 5%, 10%, 20%, 30% by weight were added to the thermoplastic elastomer matrix.  

Paraffinic oil was used both for improving processability of the polymer and 

distributing the carbon black particles homogeneously with the concentrations of 

0.5%, 1%, 3%, 5%, 7% by weight. Second, after selecting the best ratios beyond all 

binary compositions, ternary composites/blends and quaternary composites were 

prepared with these selections. In order to provide better mixing, composites were 

compounded using a co-rotating twin screw extruder. The mechanical 

characterization of the reinforced and impact modified composites/blends were 

performed by tensile and impact tests. Thermal characterizations of the composites 

were done using a thermal gravimetric analyzer (TGA). Shape memory properties 

were investigated by applying bending tests with thermal and voltage stimulation. 

Electrical conductivity measurements were done using two point probe technique 

and morphological characterizations were made using a scanning electron 

microscope (SEM).  

 

In the third step of this study, carbon fabric reinforced multilayer composites (CRFC) 

were prepared from TPEE composites with the optimum amount of carbon black, 

paraffinic oil and elastomer. Carbon fabric was used as a reinforcement material in 

the multilayer composites. Composite plies were prepared using a compression 

molding device. Then, multilayer laminates were prepared from the alternating layers 

of six composite plies and five carbon fabric sheets. Characterization tests were the 

same as those were applied to the polymer composites/blends.   
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CHAPTER 2 

 

 

BACKGROUND 

 

 

 

2.1. Thermoplastic Elastomers (TPE) 

 

Shell Chemical Company introduced thermoplastic elastomers in 1965 as a new class 

of polymers with practical and theoretical interest [25]. The objective of making 

thermoplastic elastomers has been to succeed rubber like properties and yet sustain 

thermoplastic processing properties. This objective has been achieved through the 

improvement of a unique class of materials which are characterized by domains of 

hard and soft segments at the microstructural level within the polymer. These 

domains appear when the polymer is solidified. Conversely, they disappear when it is 

melted. In this respect, the domains act like crystalline regions in semicrystalline 

polymers [26]. The classification of polymers are illustrated in Table 2.1.  

 

Table 2.1 Classification of Polymers [26] 

 

 Thermoset Thermoplastic 

Rigid 
Epoxy, Phenol-

Formaldehyde, Hard rubber 

Polystyrene, 

Poly(vinyl chloride), Polypropylene 

Flexible 
Highly loaded and/or 

highly vulcanized rubbers 

Polyethylene, Ethylene-Vinyl Acetate 

Copolymer, Plasticized PVC 

Rubbery 
Vulcanized Rubbers 

(NR,SBR,IR,etc.) 
Thermoplastic Elastomers 

 

Each of the thermoplastic elastomers is a block copolymer in which soft segments 

are flexible and hard segments are rigid. The soft segments of the structure are 
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generally aliphatic and linear like the backbone structure of the thermoset elastomers. 

The hard segments are often aromatic and have several polar groups. The soft and 

hard segments of thermoplastic elastomer are represented in Figure 2.1. 

 

 

 

Figure 2.1 Soft and Hard Domains in a Thermoplastic Elastomer Showing the Polar 

Bonding within the Hard Domains [26] 

 

The polar groups readily form polar hydrogen bonds with adjacent molecules. 

Consequently, when these polymers solidify, some of the hard segments will form 

polar bonds with the hard segments on other molecules, so keep these locations 

together. These parts of link are called hard domains. In many ways, the hard 

segments behave like physical crosslinks; that is, they restrict the movements of the 

polymer in the regions of the polar bonding. The soft areas are, however, free to 

move. The result is that the polymer can stretch in the soft areas but will recover 

quickly and completely because of the fastening of the hard segments. Therefore, the 

polymer acts like a crosslinked elastomer [26]. If there is no hard phase in the 

polymer structure, the polymer would be unusable. Because the elastomer phase 

would be free to move under stress [27].  

 

The hard and soft segments can be selected from a variety of monomers. They are 

commonly grouped according to the hard segments. In order to accomplish 
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elastomeric performance; block length, monomer selection, and the weight fractions 

of hard and soft segments are important [25]. For instance, there are families of 

thermoplastic elastomers based on polyurethanes, styrene, polyesters and 

polyamides. These polymers are integrated with numerous elastomeric segments. 

Traditional TPE types are known as two-phase systems. Principally, a hard 

thermoplastic phase is joined mechanically or chemically with a soft elastomer 

phase, leading to a TPE that has combined properties of these two phases [26].  

 

TPEs combine both the properties of soft elastomer and hard thermoplastic properties 

and have unique structure. They are, elastic, flexible and low modulus polymers. 

They have superior oil, high heat resistance, good chemical resistance, light weight 

and fatigue-resistant properties. Because of having such advantages, in this study, 

one class of thermoplastic elastomer, thermoplastic poly(ether)ester elastomer, 

namely Hytrel 7248, was used. 

 

2.1.1.  Thermoplastic Poly(ether)ester Elastomers (TPEE) 

 

Thermoplastic poly(ether)ester elastomers are multi-block copolymers. They have 

random length series of long or short chains oxyalkalene glycols which are linked by 

ester linkages. TPEE have hard and soft segments. Hard segments are high-melting 

blocks and they are capable of crystallization. Typically, hard segments are 

composed of short chain ester units like tetramethylene terephthalate and soft 

segments are amorphous blocks which are derived from aliphatic polyether and 

polyester glycols.  

 

Partial crystallization of hard segments is formed as a microcrystallites network. 

Since microcrystallites act as physical crosslinks, these materials resist deformation 

at their service temperatures. On the other hand, the crystallites melt and they can be 

shaped by melt processing methods at their processing temperatures. When the 

melted polymer is cooled, the hard segments crystallize again and retain their shape. 
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The ratio of hard to soft segments determine the characteristics of the polymer. Thus, 

the range of the products change from soft elastomers to hard plastics [27].  

 

2.1.2.1. Synthesis of Thermoplastic Poly(ether)ester Elastomers 

 

TPEE are mostly synthesized from poly(butylene)terephthalate and 

poly(ethylene)terephthalate by step wise condensation-polymerization in the molten 

state with butylene glycol, poly(tetramethylene ether)glycol, dimethyl terephtalate or 

terephthalic acid in two or three stages. These are; 

 

(i) Transesterification of dimethyl terephtalate or condensation of 

terephthalic acid with hydroxyl groups of both polyester glycol and 

low molecular weight diol,  

(ii) Low-pressure melt polycondensation at high temperature (250-

350°C),  

(iii) Post-polycondensation in the solid state [28]. 

 

Salts, metaloxides and organometallic complexes are used as catalysts [28].  

 

An example of a poly(ether)ester elastomer structure is given Figure 2.2. 

 

 

     Tetramethylene terephtalate crystalline hard segment       Poly(ether)terephtalate amorpous soft segment 

 

Figure 2.2 The Structure of Poly(ether)ester Elastomer [27] 
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2.1.2.2. Morphology of Thermoplastic Poly(ether)ester Elastomer 

 

The morphology of TPEE based on poly(tetramethylene terephtalate) and 

poly(tetramethylene oxide)terephtalate is a two-phase system. It consists of a pure 

poly(tetramethylene terephtalate) crystalline phase surrounded by a single co-

continuous amorphous phase. The amorphous phase comprises uncrystallized hard 

and soft segments. The soft segments are composed of only poly(tetramethylene 

oxide)terephtalate. The phase separation occurs by crystallization of the 

poly(tetramethylene terephtalate) hard segments and a thermally reversible three-

dimensional network is formed similar to traditionally crosslinked elastomers [27]. 

A model for the morphology of thermoplastic poly(ether)ester elastomer is given in 

Figure 2.3. 

 

 

 

Figure 2.3 Morphology Model of Polyester-Polyether Block Copolymer [27] 

 

2.1.2.3. Applications and Markets of Thermoplastic Poly(ether)ester Elastomer 

 

Reinforced and non-reinforced thermoplastic poly(ether)ester elastomers provide 2–

15 times of the strength of vulcanized rubber within their elastic design range. They 

are commonly used in automotive and electrical/electronic applications, extruded and 

molded mechanical goods, medical devices and breathable films [27]. 
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Typical applications for automotive industry are; spoilers, constant velocity drive 

joint (CVJ) boots (Figure 2.4), fascia, air dams, grills, hinges and locks, side 

moldings, protective boots in suspension joints, primary pump for automotive fuel 

lines.  

 

 

 

Figure 2.4 CVJ Boot [27] 

 

Electrical/electronic applications include retractable coiled cables (Figure 2.5), thin 

wire insulations, switches, connectors, hermetically sealed units and panel insulator 

covers. In fiber optics technology, TPEEs are used as the buffer tube, primary 

coating, secondary coating, and jacket. 

 

 

 

Figure 2.5 Retractable Coiled Electric Cable [27] 

 

TPEEs can be used in the field of extruded and molded mechanical goods. Typical 

applications for this field are hose tube (Figure 2.6), hydraulic hose and cover with 

service temperatures from -54˚C to +135˚C, pneumatic tires with a high load-bearing 

capacity, flexible couplings, backup rings for hydraulic piston devices, gears power 
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drive belts, toothed belts for office equipment, pipe clamps, tracks for recreational, 

farm and military vehicles, railroad draft gear, liner of butterfly valves, power tool 

handles, heel cushioning system of running shoes, wrist protector for snowboard 

riders. Examples of applications are given in Figure 2.6 and Figure 2.7. 

 

    

 

Figure 2.6 PVC Tubing with TPEE Lining and Spring Belt Slat [27] 

 

   

 

Figure 2.7 Power Tool Handle and Telescoping Trekking Pole [27] 

 

TPEEs can also be used in medical devices, where compatibility of the resins with 

human blood and tissue, their chemical purity and inherent resistance to radiation 

used for sterilization are important advantages. An example for a medical application 

is a blood bag shown in Figure 2.8.  

 

 

 

Figure 2.8 Blood Bag (Courtesy Eastman Chemical Company) [27] 
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Since higher hardness poly(ethylene)oxide based poly(ether)esters exhibit a high 

water vapor transmission rate, they are used in waterproof, breathable films and 

jackets, pants, gloves, tents, footwear and single-use surgical gowns [27]. 

 

Another application of breathable TPEE films is in carpet underlay. The film is 

laminated to the surface of the carpet foam cushion. This laminate allows easy 

cleanup of spills by preventing the penetration of the spilled liquids [27].  

 

2.2. Thermoplastic Elastomer-Based Composites and Blends 

 

In order to improve processability, electrical conductivity, shape memory and 

mechanical properties of thermoplastic elastomers, different kinds of additives have 

been introduced into TPE matrix as well as to reduce material cost. The most 

common fillers used in TPEs are; platy fillers such as kaolin, mica and talc; cubic 

and spheroidal fillers such as calcium carbonate, silica and carbon black; nanofillers 

such as carbon nanotubes, nanoclays and nanosilica; and fibrous fillers such as glass 

fibers, aramid fibers and carbon fibers. Clay, silica, carbon black, carbon nanotubes, 

and fiber reinforcements give better results than other fillers in mechanical and 

thermal properties of the composites [7].  

 

Incorporation of carbon black particles in polyether polyurethane matrix lowered the 

percolation threshold to 1.25 %v/v and at 2 %v/v carbon black content, significant 

electrical conductivity was achieved [29]. With the addition of small and uniform 

crystallite size mica in polyester thermoplastic elastomers, important increment in the 

flexural strength, thermal and electrical properties were achieved [4]. Composites 

containing silica and poly(styrene-b-ethylene-co-butylene-b-styrene) block 

copolymer based TPE showed an enhancement in the tear strength of the polymer 

due to the strong interaction between the fillers and polymer matrices [2].  

 

Polypropylene/natural rubber and poly(propylene-ethylene-propylene-diene-

monomer) reinforced by kenaf natural fiber with maleic anhydride modified 
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polypropylene as a compatibilizer agent improved the tensile strength, flexural 

properties and impact strength as compared to unreinforced TPE. The improvement 

succeeded in mechanical properties was due to the interaction between matrix system 

and fiber [30]. The incorporation of carbon nanotubes into the thermoplastic 

elastomer matrix, not only increase Young’s modulus but also improve shape 

recovery ratio and fixity. With the uniform dispersion of carbon nanotubes in a 

thermoplastic elastomer, up to 50% more recovery stress were obtained and by 

enhancing strain induced crystallization, shape fixity was improved [31].  

 

Lubricants are used in thermoplastic elastomers for processing aids. They lower melt 

viscosity and prevent polymers from sticking to extruder, injection or compression 

molding metal surfaces. Polymer flow can be improved by lowering viscosity. 

Materials used for lubricants include metal soaps, hydrocarbon waxes, polyethylenes, 

fatty acids, paraffinic oils, amide waxes, fatty alcohols and esters etc. [27].  

 

Elastomers are often used for impact modification of polymers. When the elastomer 

is the minor element, it will form a disperse phase. As a disperse phase, elastomer 

will be a toughening additive for the matrix. Although elastomers have weak 

intermolecular forces, they cover a various range of chemical structures. An 

elastomer will undergo a reversible response to an applied force with high strain [7]. 

It was observed that with the addition of epoxy functionalized rubber, toughness of a 

material increased and demonstrated that ethylene glycidyl methacrylate is highly 

reactive with functional groups of –NH2, -COOH, -NH-CO which is compatible with 

thermoplastic polyesters [32]. 

 

2.2.1.  Carbon-Based Fillers 

 

Carbon-based fillers improve the mechanical and electrical properties of the polymer. 

Common carbon-based reinforcements are graphene, fullerene, single or multi walled 

carbon nanotubes, graphite, carbon black and carbon nanofibers [33].  
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Graphene is a flat monolayer of carbon atoms. It is strongly packed into a two-

dimensional (2D) honeycomb frame, fully conjugated sp2 hybridized planar 

configuration. Graphene structure can be seen in Figure 2.9. Graphene can be 

wrapped into zero dimensional (0D) fullerenes, rolled into one dimensional (1D) 

nanotube or stacked into three dimensional (3D) graphite as shown in Figure 2.9 

[33].  

 

 

 

Figure 2.9 Structure of Graphene, Fullerenes, Carbon Nanotubes and Graphite [34]  

 

Because of having unique behavior, graphene has a variety of remarkable 

phenomena. First, it is a zero-band gap with a small overlap between valence and 

conduction bands. Second, it displays a strong electric field influence. Third, a half-

integer quantum hall effect for both electron and hole carriers in graphene has been 

obtained. A single layer sheet of a graphene, has high thermal conductivity 

approximately 5000 WmK−1 at room temperature. They are highly transparent and 

also semiconductors with a different band gap [33].  

 

A fullerene is composed of different forms of carbon molecules such as hallow 

sphere, ellipsoid, tube and various other shapes. The structure of fullerene is 

similar to the structure of graphite. Graphite is composed of strongly stacked 

http://en.wikipedia.org/wiki/Graphite
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graphene sheets of linked hexagonal rings. However, fullerene not only contains 

hexagonal rings but may also contains pentagonal or heptagonal rings [35].  

 

Carbon nanotubes are cylindrical fullerenes. Since they have unique properties, they 

are precious for nanotechnology, electronics, optics and other fields of technology 

[36]. They are the strongest material among other carbon-based fillers, in terms of 

the tensile strength and elastic modulus properties. The covalent sp2 bonds are 

formed between the individual carbon atoms. As a result, tensile strength of the 

carbon nanotubes becomes stronger [37].  

 

Nanotubes are divided in two groups: single walled nanotubes (SWNTs) and multi-

walled nanotubes (MWNTs). SWNTs are aligned into chains that held together by 

Van der Waals forces and pi-stacking [36]. Diameter of the most SWNT are 

approximately 1 nm, with a varying tube length which can be many millions of times 

longer. The structure of a SWNT can be conceptualized by wrapping one graphene 

layer into a smooth cylinder. On the other hand, MWNTs consist of multiple rolled 

graphene layers [37].  

 

Carbon black particles and short carbon fibers are the most commonly used 

reinforcements in polymer composites. Because carbon black particles have a much 

greater tendency to form a conductive network owing to their chain-like aggregate 

structures. Carbon fibers may be considered as chain-like agglomerates of carbon 

particles having long chain length [38]. 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Carbon_nanotube#Multi-walled
http://en.wikipedia.org/wiki/Carbon_nanotube#Multi-walled
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Configurations of carbon black particles and carbon nanofiber are given in Figure 

2.10. 

 

 

Carbon Black         Carbon Nanofiber 

 

Figure 2.10 Configurations of Carbon Black Particles [39] and Carbon Nanofiber 

[40]   

 

Production of carbon black can be performed by the incomplete combustion of 

heavy petroleum products such as ethylene cracking tar, FCC tar, coal tar, and also 

vegetable oil. Carbon black has a high surface area to volume ratio which is the form 

of paracrystalline carbon. It is mostly used as a reinforcing filler in tires and other 

rubber products. On the other hand, it can be used in plastics, paints, and inks as a 

color pigment [41].  

 

Another usage area of carbon black particles is aerospace industry. It is used in 

elastomers to control the components of aircraft vibration such as engine mounts. 

Essentially, in order to improve tensile and abrasion wear properties of rubber 

products, carbon black usage is crucial. 

 

Carbon fiber is the most remarkably used material to reinforce composites. This 

materials are known as carbon fabric reinforced composites. They have a very high 

strength to weight ratio, and they are very rigid although slightly brittle. Carbon 

http://en.wikipedia.org/wiki/Petroleum
http://en.wikipedia.org/wiki/Surface-area-to-volume_ratio
http://en.wikipedia.org/wiki/Amorphous_carbon
http://en.wikipedia.org/wiki/Filler_(materials)
http://en.wikipedia.org/wiki/Pigment
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fibers can be also used with other carbon materials, such as graphite and carbon 

black. These carbon-carbon composites have a very high heat tolerance. 

 

Carbon fibers are consisting of about 5–10 μm diameter fibers. They are composed 

mostly of carbon atoms. In order to carry light loads or secondary structural 

applications short fibers are used and for primary structural applications continuous 

fibers are used. The atomic structure of carbon fiber resembles to the structure 

of graphite. As mentioned above, graphite consists of graphene sheets which is 

arranged in a regular hexagonal pattern. The difference between carbon fiber and 

graphite is being in the way these sheets interlock [42].  

 

The carbon atoms are bonded together in crystals in order to produce carbon fiber. 

They are aligned parallel to the long axis of the fiber as the crystal alignment makes 

fibers strong for its size. Several thousands of carbon fibers are rolled up together to 

form a tow, which can be used as a filament or woven into a fabric. Highest 

properties can be managed if all fibers are aligned in the fiber axis direction. 

Orthoscopic properties can be achieved using alternating layers between 0o and 90o 

[42].  

 

Carbon fibers have unique properties such as high chemical resistance, high stiffness, 

low weight, high tensile strength, high temperature tolerance and low thermal 

expansion. These all properties make them demanded in aerospace, aircraft, civil 

engineering, wind energy, automotive industry, military and motorsports etc. 

 

Carbon fibers are produced by the controlled pyrolysis of organic precursors in 

fibrous form. Heat treatment is applied on the precursor. It removes the oxygen, 

nitrogen and hydrogen to form carbon fibers. The mechanical properties of the 

carbon fibers are enhanced by increasing the crystallinity and orientation, and 

reducing the failures in the fiber [42]. 

 

http://en.wikipedia.org/wiki/%CE%9Cm
http://en.wikipedia.org/wiki/Fibers
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/Tow
http://en.wikipedia.org/wiki/Woven
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2.2.1.1. Surface Treatment of Composite Constituents 

 

The surface of composite constituents is defined by the dispersive and polar 

components of surface energy. The polar components comes out due to the existence 

of polar groups on the surface [43]. In order to increase polar groups and decrease 

agglomerates of carbon black particles in polymer matrix, surface treatment is 

applied. As a result, ultimate properties can be improved [44].  

 

There are two main categories of surface treatment; non-coupling and coupling. Both 

of the surface treatment categories may behave as dispersants, but only coupling 

surface treatment bonds the filler to the polymer matrix strongly (eg. Silane and 

titane coupling agents). The non-coupling treatments give a relatively weak filler 

bonding to the polymer interface (eg. Paraffinic oil). The main usage area of the non-

coupling types are; aiding the filler production and handling, improving the 

processability of reinforced polymers, improving the distribution of filler and 

reducing the machine wear.  

 

The main goal of using surface treatment agents is to provide strong interaction 

between the filler and the polymer which enhances tensile strength properties and 

particularly their holding under unfavorable environmental conditions. Carefully  

selected, coupling agents can also provide some of the benefits of the non-coupling  

types, especially enhancement in processing of composites and dispersion of filler in 

polymer composites [45].  

 

Coupling agents are categorized into organic, inorganic and organic-inorganic 

groups. Organic surface treatments include isocyanates, anhydrides, amides, imides, 

acrylates, chlorotriazines, epoxides, organic acids, monomers, polymers, and 

copolymers. Only a few inorganic coupling agents, such as silicates are used in 

polymers. Organic-inorganic agents include silanes and titanes [46].  
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2.2.1.1.1. Silane Coupling Agents 

 

Silane coupling agents are silicon-based chemicals and they contain two different 

reactive functional inorganic and organic groups in the same molecule. These groups 

are characterized by different types of reactivity. Organo silanes are the main class of 

coupling agents [47]. A general structure of silane coupling agent is given in Figure 

2.11. 

 

 

 

Figure 2.11 Molecular Structure of Silane Coupling Agents [47] 

 

where RO is hydrolysable group, such as methoxy, ethoxy, acetoxy etc. and X is an 

organofunctional group, such as amino, methacryloxy, epoxy etc. A silane coupling 

agent behaves at a boundary between an inorganic and an organic material [47]. 

Mechanism of coupling reaction on inorganic and metallic materials is given in 

Figure 2.12.  

 

 

Figure 2.12 Mechanisms of Coupling Reaction [47] 
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According to coupling reaction dehydration condensation follows hydrolysis. During 

hydrolysis, silane coupling agents react with water to form silanol groups. Then 

oligomers are formed through a partial condensation.  

 

After the partial condensation, the silanol oligomers make hydrogen bonds with the   

-OH groups of the inorganic material. Finally at the dehydration condensation 

reaction, the inorganic material is dried, and strong chemical bonds are formed [47].  

 

2.2.1.2. Surface Energy of Composite Constituents 

 

Treatment of the filler surface may create modified surface features within the 

polymer matrix which improves the mechanical properties of the composite [48]. In 

order to understand filler/matrix interphase mechanism, it is needed to determine the 

interfacial strength and potential interactions between polymer matrix and filler. This 

is usually applied by means of contact angle measurements. The thermodynamical 

energy of adhesion and the strength of interphase which is formed between fiber and 

polymer matrix can be determined using this technique [49].  

 

The total surface energy is represented by γi
TOT which is composed of two parts: the 

Liftshitz-Van der Waals (LW), γi
LW, and the acid–base (AB) component, γi

AB. Total 

surface energy is calculated as the sum of the two components [49].  

 

γi
TOT = γi

LW + γi
AB    (1) 

 

where (i) represents non-metallic material, the acid–base term is a feature based on 

the reciprocal interaction between two unlike components which are acid and base. 

γi
AB is surface free energy and it is the composition of two surface parameters: γi

+ is 

the Lewis acid component and γi
- is the Lewis base. Lewis acid and Lewis base 

components together give the acid–base component of surface free energy, γi
AB.  

 

γi
AB = 2(γi

+ γi
-)1/2               (2) 
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The most characteristic property of Lewis acid and base constituents is their non-

additivity. That means, if phase (i) owns only γi
+ or γi

- , this constituent does not join 

the total surface free energy of the phase (i). Nevertheless, it interacts with the 

supplementary constituent (j) of the contacting phase. 

 

The values of γi
AB, γi

+ and γi
- can be calculated using the contact angle, θ and Young 

Equation given below; 

 

(1+cosθ) γi
TOT = 2[(γi

LW γj
LW)1/2 + (γi

+ γj
-)1/2 + (γi

- γj
+)1/2]   (3) 

 

The LW component of a solid surface (i) can also be found from the contact angle of 

a non-polar liquid (j), where γj
TOT = γj

LW, on the solid surface. In this case, Eq. (3) 

reduces to, 

 

(1+cosθ) γj
TOT = 2(γi

LW γj
LW)1/2   (4) 

 

Consequently, the LW component of a solid surface can be calculated by measuring 

the contact angle of a non-polar liquid on the solid surface in Eq. (4). 

 

For a bipolar liquid (L) contacting with the solid (S), with surface tension γL, acidic 

and basic surface parameters γL
+ and γL

-, respectively, and non-polar surface 

constituent, γL
LW, the equation is as follows; 

 

(1+cosθL) γL
TOT = 2[(γL

LW γS
LW)1/2 + (γL

+ γS
-)1/2 + (γL

- γS
+)1/2]  (5) 

 

The same equation is also written for a second bipolar liquid. A set of two 

simultaneous equations are formed in terms of parameters of the solid, γS
-, γS

+ and 

two contact angles θ1 and θ2, which are determined on the solid surface. These two 

equations are then simultaneously solved for γS
- and γS

+ provided that the γi
LW, γi

+ 

and γi
- for the probe liquids are known [49]. 
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Provided that the surface components of the contacting phases (i.e. polymer and 

particulate filler) are known, the work of adhesion (Wa) between phase 1 and phase 2 

can be determined from the summation of dispersive and acid/base components as 

given in equations below: 

 

Wa
TOT = Wa

LW + Wa
AB   (6) 

 

Wa
TOT = 2[(γ1

LW γ2
LW)1/2 + (γ1

+ γ2
-)1/2 + (γ1

+ γ2
-)1/2]  (7) 

 

2.3. Processing of Thermoplastic Elastomer-Based Composites/Blends 

 

In this study, the composites and blends were prepared by co-rotating twin screw 

extrusion technique. To prepare mechanical test specimens, injection molding; to 

prepare electrical conductivity and shape memory test specimens, compression 

molding device were used. 

 

2.3.1.  Processing Techniques 

 

2.3.1.1. Extrusion 

 

Extrusion is the most effective and widely used technique in order to melt plastic 

material and process it by adding or mixing fillers, colorants, and other additives into 

molten plastic. Extrusion can also be used to shape the part directly after mixing or 

an extruder can be used as the melting device that is coupled with other shaping 

machine.  
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A representation of the extrusion process is given in Figure 2.13. There are five main 

parts in extrusion line: extruder, die or tool, cooling, puller and removal. 

 

 

 

Figure 2.13 Typical Extrusion Line with Major Equipment [26] 

 

Polymers, additives and other materials are fed into a hopper which is connected to 

the extrusion device. In the top of the extruder barrel, there is a hopper. The material 

drops through a hole from the hopper. It carries the plastic forward into a heated zone 

where the combination of external heating, and heating from friction melts the 

plastic. The screw moves the molten plastic forward until it goes away through a hole 

in the end of the extruder barrel to which a die has been attached. The die delivers a 

shape to the molten plastic stream, which is directly cooled in a water tank for 

solidification. Supporting equipment, puller, is used to pull the solidified material 

away from the extruder at an adjusted rate. Other auxiliary equipment, cut-off, cuts 

the pulled material to the correct length [26].  

 

During the extrusion process, volatiles such as solvents, water or trapped air can 

easily be taken away. As a result, extrusion is used widely by resin producers in 

order to remove volatile contaminants that might be remained from the polarization 

process, and to add materials such as oxidants and processing aids [26].  
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Thermoplastics can be extruded. However, some thermosets can also be extruded 

provided that the temperature of the extruder has to be kept below the curing 

temperature of thermoset.  

 

2.3.1.1.1. Twin Screw Extruders 

 

The screws of twin-screw extruders intermesh with one another so that the relative 

motion of the one screw flight inside the channel of the other acts as a paddle. This 

mechanism moves the material, as seen in Figure 2.14. This continuous and stable 

pumping configuration preserves the material moving forward in a positive pumping 

mode. Single screw extruders have a less positive pumping action than twin-screw 

extruders. For high-output conditions, twin-screw extruders can be used more 

effectively. This feature has led to the use of twin screw devices if volume is 

critically important, although the polymer may not be particularly heat sensitive [26].  

 

There are two different patterns for intermeshing twin-screw extruders. According to 

the first pattern, the screws rotate in the same direction, either both turn clockwise or 

both turn counterclockwise. This pattern is called co-rotating arrangement. 

According to the second pattern, the screws rotate in the counter direction, that is, 

one rotates clockwise and the other rotates counterclockwise. This pattern is called 

counter-rotating. 
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The patterns for co-rotating and counter-rotating arrangements are shown in Figure 

2.14 (a) and (b), respectively. 

 

 

 

Figure 2.14 Twin-Screw Extruders Showing the Two Screw Arrangements: (a) Co-

rotating and (b) Counter-Rotating [26] 

 

In the co-rotating screws the material is moved from one screw to another by 

following a path over and under the rotating screws. The material goes by turns from 

the top of one screw to the top of the other and then around the outside of the second 

screw until it is on the bottom of the second screw, after which it then goes to the 

bottom of the first screw and then around the outside of that screw until it moves to 

the top again. This movement gives high contact with the barrel of extruder and 

develops the efficiency of the thermal heating. Also, the path provides that the 

polymer will be exposed to the same amount of shear. Self-wiping with counter-

rotating system is less complete than co-rotating screws. As a result, in the counter-

rotating systems more material will become stagnant. Mixing is worse in counter-

rotating or single-screw systems than co-rotating extruders. As a result, co-rotating 

twin-screw extruders are popular for good mixing during compounding.  



  
 

28 
 

In a counter-rotating screws, the material is brought to the joint of two screws and 

builds up in what is called a material band on the top of the joint. This buildup of 

material is taken along the length of screw flights. The material moves between the 

screws. As a result, high shear is created, but shear somewhere else is very low. Only 

a minor amount of material moves between the screws. Consequently, total shear in 

single-screw and in co-rotating twin screw extruders is higher than counter-rotating 

screw extruders. Most of the material in the bank along the joint of the screws is 

simply passed toward the end of the extruder. Thus, forward movement of the 

material is less efficient in co-rotating screw systems than in counter-rotating 

systems [26]. 

 

2.3.2. Molding Techniques 

 

2.3.2.1. Injection Molding 

 

Injection molding device makes separate parts that can have complex and variable 

cross sections, surface textures and characteristics. Because of the flexibility of the 

process, almost all thermoplastics and some thermosets can be injection molded. The 

process of injection molding is theoretically simple. A plastic is melted and then 

forced into the cavity of a closed mold with an applied pressure. After sufficient time 

is given for the molten plastic part to solidify, the mold is opened and the solidified 

polymer is removed [26].  
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The equipment for injection molding is characterized by three units: (1) injection, (2) 

mold, and (3) clamping. These sections are shown in Figure 2.15 along with the main 

components of each unit.  

 

 

 

Figure 2.15 Injection Molding Machine Showing Three Major Functional Units 

Along with Major Components of Each Unit [26] 

 

The polymer is fed into the device through a hopper. Since more than one hopper can 

feed one machine; fillers, colorants, or other additives can also be fed at the same 

time. In these cases, the injection molding machine can be used as a mixer. However, 

since barrel length of injection molding devices is limited, mixing ability is poor, and 

so most fillers and other plastic resins are preferably blended in an extrusion process. 

Another property of injection molding device is that some hoppers have volumetric 

or gravimetric units attached to determine exact feed rates [26].  
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2.3.2.2. Compression Molding 

 

Another molding process is compression molding which is used almost entirely for 

molding thermoset and thermoplastic materials. The principles of compression 

molding are rather simple. While the heated plates of the system are in open position, 

a charge of plastic is placed in the cavity of a mold. Then, it is closed by pressure so 

that polymers uniformly fills the cavity of the mold, and precise pressure is applied. 

While the material is under pressure, it is heated to melt at an adjusted temperature. 

Figure 2.16 is a diagram of a compression molding machine [26]. 

 

 

 

Figure 2.16 Compression Molding Machine and Major Process Elements [26] 

 

The molding equipment consists of metal base and a compression unit. There are 

slide rods onto the metal base which guide the movement of the compression 

assembly from its open position to closed position. The movement of the 

compression assembly is supplied by a hydraulic unit mounted above the 

compression assembly. The movement can be fully manual with hydraulic pressure 

provided by a manual pump, semiautomatic where a pressure valve is actuated by an 

operator-controlled switch, or fully automatic where time is the triggering factor 

[26].  
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2.4. Characterization Methods of Composites/Blends 

 

2.4.1.  Mechanical Tests 

 

Characterization of composites by applying mechanical tests is important in order to 

investigate the fundamental properties of engineering materials as well as developing 

new materials. If a material is used for the application of an engineering structure 

that is to be exposed to a load, it is essential to determine that the material is strong 

and rigid enough to remain undamaged with the applied loads. Consequently, 

numerous experimental techniques have been developed for mechanical testing of 

materials exposed to tension, compression, bending or torsion loading. 

In this study, tensile and impact tests were applied to TPEE-based composites/blends 

and multilayer composites.  

 

2.4.1.1. Tensile Properties 

 

For the determination of the material strength, tensile test or by a different 

nomenclature tension test is the most commonly used test method. The tensile testing 

machine is represented schematically in Figure 2.17. It consists of one fixed and one 

movable part which carry self-aligning grips.  

 

 

 

Figure 2.17 The Tensile Testing Machine [50] 
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The movable part moves with a constant, controlled velocity with respect to the fixed 

one. Testing speed is the relative rate of grips or text fixtures motion which varies 

typically from 1 to 500 mm/min. For the polymeric materials, generally dog bone 

shape (dumbbell-shape) molded specimen is used which is represented in Figure 

2.18. The dog bone specimen at a uniform thickness (T0) is the composition of 

uniform cross section (L0) and two end tabs of larger cross section, over which the 

test specimen is held. 

 

 

Figure 2.18 The Dog Bone (Dumbbell) Specimens for Tensile Testing 

 

There are two important parameters calculated each time. 

 

The first is the engineering stress; 

 

                                                                  

 

where, F is the applied force and A0 is the initial cross-sectional area before any load 

is applied.  

 

The other important parameter is the engineering strain, in other words nominal 

tensile strain; 
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where, Li is the current length and L0 is the original length of the specimen. 

 

The values calculated most frequently from tensile testing are tensile strength, 

percent elongation and tensile modulus. 

 

Tensile strength, σ, (MPa) is the maximum tensile stress that the material can 

withstand. It can be determined by dividing the maximum load to the initial cross 

sectional area, A0. 

 

Percent elongation, (%) is the length of a material after it is stretched (L), divided by 

the original length of the material (L0) and then multiplied by 100. 

 

Tensile modulus (Young’s Modulus), E, (MPa) is the proportionality factor in 

Hooke’s law:  

 

 

It is determined from the initial linear part of the stress vs. strain curve which is 

represented in Figure 2.19. The materials for which the initial portion of the stress– 

strain curve is not linear, the modulus is calculated by dividing the nominal stress 

value by the corresponding strain.  

 

 

 

Figure 2.19 Representation of Stress-Strain Behavior 
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Yield strength is the stress region at which plastic deformation begins. The starting 

point of first plastic deformation is called yielding. Ultimate tensile strength is a 

point on the stress/strain curve at which the polymeric material ruptures [51].  

 

Tensile modulus, tensile stress, elongation at break values can be determined using a 

stress-strain curve of the tensile test as given in Figure 2.20. 

 

 

 

Figure 2.20 Tensile Stress vs. Strain Curve of a Typical Polymeric Material [50] 

 

2.4.1.2. Impact Properties 

 

The impact test is a high strain-rate test. During breaking, it evaluates the amount of 

energy absorbed by a material which is a measure of a material’s toughness. Impact 

test is easy to apply, also the results can be obtained quickly and economically. 

Impact strength of a material can be calculated by dividing the absorbed energy to 

the cross sectional area of the material. The unit of expression is J/m2. However, it 

can also be calculated from the area under the stress-strain curve in tensile tests [52].  
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There are different types of impact tests. Among these, Charpy and Izod tests are the 

widely used. During these tests, a hammer like weight strikes a notched or unnotched 

specimen and the breaking energy is calculated from the loss in the kinetic energy of 

the hammer. Schematic representation of charpy and izod tests are given in Figure 

2.21.  

 

 

 

Figure 2.21 Charpy and Izod Impact Tests [54] 

 

The methods are different in the way the specimen is gripped and how the stress is 

applied on them. According to the Charpy test method, the specimen is located as a 

horizontal beam and it is broken by a single oscillation of the pendulum, where the 

line of impact is centric to the two supports. In the Izod test method, the specimen is 

vertically located and it is broken by a single oscillation of the pendulum at a fixed 

distance from the specimen clamp and from the center line of the impact [52, 53].  

 

2.4.2.  Electrical Resistivity Test 

 

Electrical resistivity of the specimen can be determined using either two-point or 

four-point probe methods. These methods involve probes aligned linearly or in a 

square arrangement that contact the surface of the test material. Both two and four 

point probe methods are the most common methods to measure electrical resistivity 
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owing to the ability of minimizing the contact resistance. In this study, two point 

probe method was used to measure the electrical resistivity of the specimens.  

 

In the two point probe method, two probes are located at a certain spacing distance. 

Current goes through one probe and exits through the second probe. The schematic 

representation of two point probe method is given in Figure 2.22. The voltage 

between the two probes is measured with either a potentiometer or a voltmeter. By 

measuring the voltage and the current between the two probes for the material, it is 

possible to calculate the volume resistivity of the material. The volume resistivity is 

obtained from the measurement of the resistivity of the resistance which material 

opposes to a flow of electrical charges. This resistivity is the ratio of the voltages 

parallel to the current direction opposes to the intensity of the current flowing in the 

specimen between the probes [55].  

 

 

 

Figure 2.22 Two Point Probe Electrical Conductivity Measurement 

 

Volume resistivity can be calculated with the following formulations: 

 

VR = (R x S) / d S= h x w    (11) 

 

where, VR is the average volume resistivity (ohm.cm), R is the average resistance 

(ohm), d is the distance between the electrodes (cm), h is the sample height (cm), w 
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is the sample width (cm) and S is the perpendicular cross-section of the sample 

(cm2). 

 

2.4.3.  Scanning Electron Microscopy (SEM) Test 

 

By scanning a very fine electron beam over a surface of the material, the scanning 

electron microscope (SEM) generates varied signals that can be used to make images 

of high topographic and/or compositional details. In order to produce signals at the 

surface of samples, SEM uses a focused beam of high-energy electrons. The signals 

that derived from electron-sample interactions reveal information about external 

morphology, chemical composition, crystalline structure and orientation of materials 

[56, 57]. The schematic figure of SEM is given in Figure 2.23.  

 

 

 

Figure 2.23 Schematic Representation of Scanning Electron Microscope [58] 

 

In many applications, data are collected over a particular area of the sample surface, 

and a 2D image is monitored. In a scanning mode, areas ranging from approximately 

1 cm to 5 microns in width can be monitored. The magnification of SEM changes 

from 20X to 200,000X with a spatial resolution of 50 to 100 nm. Besides, the 3D 

images are best monitored using SEM [56, 57].  
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SEM receives any radiation from the specimen, or any result of its interaction with 

the electron beam to be used to form the image. Both compositional and topographic 

contrasts can be produced by the amplified signals [56].  

 

2.4.4.  Thermogravimetric Analysis (TGA) 

 

TGA is a thermal analysis method in order to measure physical and chemical 

changes of a material as a function of temperature and time. The instrument used in 

thermogravimetric analysis is referred to a thermobalance, and its design has settled 

into distinguishable properties: a good sensitive balance, a programmable furnace, 

and a computer that will control the equipment and process data. Figure 2.24 

illustrates the components for TGA [56].  

 

 

 

Figure 2.24 Typical Components of TGA [56] 

 

Important knowledge on the physical changes such as adsorption, desorption, 

sublimation, vaporization etc. and chemical changes such as chemisorption, 
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dehydration, oxidation etc. is provided by the mass loss of the sample. There are two 

sample holders in the system. One of these is empty located inside of the device. 

Another one is for loading the sample. In a controlled temperature furnace, there is a 

sample holder where the sample is loaded. Weight and temperature are saved. Thus, 

the thermogravimetric result is represented by a plot of mass vs. time or temperature 

[56].  

 

2.4.5. Shape Memory Analysis 

 

The capability of polymers responding to external stimuli permits such materials to 

change their features such as shape, color, refractive index, etc. By applying external 

stress, a shape memory polymer can be deformed and fixed to its temporary shape. 

The temporary shape of the polymer is kept until the shape frame is exposed to a 

proper shape. Stimuli responsive polymers can change their shape when triggered by 

temperature, light, pH, voltage, magnetic fields or ion strength [59]. In this study, in 

order to characterize the shape memory behavior of composites and blends, two 

stimuli were used in shape memory bending tests which are actuated by temperature 

and actuated by voltage. 

 

2.4.5.1. Molecular Mechanism of Shape Memory Polymers 

 

If a polymer is stable in the deformed shape, it will show a shape-memory behavior 

in a certain temperature range. It is possible if the polymer network includes shape 

fixing net points and shape changing switching segments. The molecular switches 

are sensitive to external stimulus. The permanent shape is determined by net points. 

Shape fixing net points can be either intramolecular covalent bonds or intermolecular 

interactions like dipole-dipole bonding. Morphology of the shape memory polymer 

should include at least two segments, for example, a crystalline hard and an 

amorphous soft segment. The hard segment has the highest thermal transition 

temperature and it behaves as shape fixing net point. The soft segment has the second 
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highest thermal transition temperature and it behaves as shape switching segment. 

When the material is heated above its transition temperature (Ttrans) as a switching 

function, soft segments will be flexible and they can be deformed without being 

limited by the hard segments. Conversely, below the thermal transition temperatures 

the chains flexibility is partially limited. If transition occurs from the elastic or 

viscous state to the glassy state, the whole segment has limited flexibility. If the 

thermal transition temperature for the fixation of the temporary shape is selected as a 

melting point of the polymer, strain-induced crystallization of the switching segment 

can be started by cooling the material. In this case, the material has been stretched 

above the transition temperature value. The crystallization is incomplete all the time 

because particular amount of the chains remains amorphous [59, 60]. The molecular 

mechanism of programming the temporary shape and recovering the permanent form 

is represented in Figure 2.25. 

 

 

 

Figure 2.25 Molecular Mechanism of Shape Memory Polymers [61] 

 

2.4.5.2. Bending Test Actuated by Temperature 

 

In order to actuate shape memory polymers, thermal external stimulus is often used. 

Typical thermomechanical cycles used to quantify the shape memory behavior are 

illustrated in Figure 2.26. Firstly, the shape memory polymer is activated above the 

glass transition temperature that will be also recovery temperature and bent to an 
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angle, θi. Secondly, the deformed shape memory polymer is cooled to the storage 

temperature which is below the transition temperature and the specimen keeps its 

bent shape. Finally, the shape memory polymer is heated up again to a recovery 

temperature for permitting the shape to recover. Permanent shape recovery, which is 

named by shape recovery ratio, is monitored and calculated in terms of the recovered 

angle, θf. The recovery temperature may be a range of temperatures at which the 

shape memory polymer saves its initial permanent shape during heating [62].  

 

 

Figure 2.26 Schematic of the Shape Memory Cycle Test for Shape Memory 

Polymers  

 

Shape recovery ratio is calculated by the equation given below; 

 

 

 

where, θi is the initial deformation angle, θf is the final deformation angle. 

 

While shape recovery measures the ability of the shape memory materials to recover  

their permanent shape; shape fixity is the ability of the switching segment to fix the 

temporary deformation during the programming process. Since soft segment is 
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switching segment of a polymer, it is related to the shape fixity of the materials, 

while the hard segment phase is related to shape recovery. So, determination of shape 

recovery and shape fixity is important for shape memory polymers [63].  

 

Shape fixity is calculated by equation given below; 

 

 

 

where, Li is the distance between the ends of deformed sample, Lf is the final 

distance between the ends of deformed sample after removing the applied force. 

 

2.4.5.3. Bending Test Actuated by Voltage 

 

Electro-active polymers (EAPs) are smart materials whose shape is deformed by 

applied voltage. EAPs can be used as actuators or sensors [14]. The procedure for the 

EAPs is similar to the thermal shape memory cycles. Firstly, the shape memory 

polymer is activated with a certain voltage. Then, it is deformed to an angle, θi. 

When voltage is applied, polymer heats by applying current according to Joule 

heating methodology. Secondly, the shape memory polymer in deformed shape, is 

cooled to the storage temperature which is below the transition temperature and the 

deformed shape is fixed. Finally, the voltage is applied to the shape memory polymer 

again to permit the shape recovery to its final deformed angle, θf. Shape recovery 

ratio and shape fixity are calculated according to Equations 12 and 13.  

 

Joule heating is the technique by which the passage of an electric current through 

a conductor releases heat. The amount of heat released is proportional to the square 

of the current.  

 

 

 

http://en.wikipedia.org/wiki/Electric_current
http://en.wikipedia.org/wiki/Conductor_(material)
http://en.wikipedia.org/wiki/Heat
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The relationship between current, resistance and time is known as Joule’s first law; 

 

Q = I x V x T      (14) 

 

More usually, it is calculated using Ohm’s Law (V=I x R): 

 

Q = I2 x R x T     (15) 

 

where Q is heat (Joule), I is current (ampere), R is resistance (ohm), V is voltage 

(volt) and T is time (sec) the current is allowed to flow [64]. 
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CHAPTER 3 

 

 

LITERATURE SURVEY 

 

 

 

3.1. Modification of Thermoplastic Elastomers 

 

Thermoplastic elastomers have similar mechanical properties with vulcanized rubber. 

They have many advantages in their synthesis and processing because they have 

thermoplastic properties in their structure [2, 3]. They have also some disadvantages 

when they are compared with chemically crosslinked elastomers. For example, their 

service temperature range is limited [65], they require drying (economically), they 

have low thermal stability and their raw materials are high cost. Also, processability 

of thermoplastic elastomers is difficult in extrusion because they have low melting 

viscosity [66].  

 

In order to overcome these disadvantages and improve their properties, modifications 

are applied to thermoplastic elastomer by using different kinds of additives.  

 

For the purpose of improving mechanical, thermal properties and electrical 

conductivity of polyester thermoplastic elastomers; polypropylene, modified and 

unmodified silicon dioxide (SiO2), mica, alumina trihydrate, clay, talc, silica, 

calcium carbonate (CaCO3), caolin, fly ash, carbon black, carbon nanotube, 

graphene, oil, plasticizers etc. are added into the thermoplastic elastomer matrix [4, 

21] .  
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3.1.1.  Modification of Mechanical Properties  

 

In general, the mechanical properties of reinforced polymer composites depend on 

size, shape and distribution of filler particles in the polymer matrix and extent of 

interfacial adhesion between filler and matrix [4]. Fillers can enhance mechanical 

properties of polymer and reduce material costs [2]. Small size fillers show better 

tensile properties and they have large surface areas. This situation enhances 

interaction between filler and polymer matrix [67].  

 

Montoya et al. [21], studied the effect of polypropylene (PP) and oil content on a 

commercial polyolefinic thermoplastic elastomers which was ethylene-propylene-

diene rubber (EPDM). In order to adjust hardness, tensile modulus, elongation at 

break, brittleness temperature and oil resistance of EPDM, PP/EPDM ratio could be 

changed. However, high PP containing TPE showed an unexpected mechanical 

response which was far from elastomeric behavior. Experiments showed that oil 

mostly preferred EPDM soft phase. Also, it lowered the glass transition temperature 

(Tg) of the EPDM. While elastic modulus of TPE was reduced, the capability of the 

TPE to shrink back from deformed shape was nearly not affected. Therefore, 

incorporation of oil improved TPE processability. 

 

Mousa et al. [68], studied oil resistance of dynamically vulcanized poly(vinyl 

chloride)/epoxidized (PVC/ENR) natural rubber thermoplastic elastomer. They 

investigated the role of vulcanization on the oil resistance of the TPEs. Oil resistance 

of the PVC/ENR TPEs was improved with the addition of curatives. Because 

curatives led to the crosslinks formation. They had good tensile properties at higher 

temperatures which indicated that dynamically vulcanized PVC/ENR TPEs had 

enhanced oil resistance, reduced air permeability, improved polarity and glass 

transition temperature. Tensile strength, tensile modulus and tear strength of the 

specimen immersed in oil were improved. Hardness and embrittlement of the 

samples were enhanced with the production of these crosslinked elastomers. So, a 
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significant improvement in mechanical properties combined with good oil resistance 

was succeeded. 

 

Chattopadhyay et al. [69], studied electron beam modification of thermoplastic 

elastomeric blends of ethylene-vinyl-acetate (EVA) copolymer. The main aim of 

their study was to improve mechanical and dynamic mechanical properties of TPE 

matrix. Since electron beam modified EVA/high density polyethylene blends were 

not reprocessible, they used low density polyethylene and PP in order to improve 

reprocessing properties of the blends. Good reprocessing characteristics of EVA, 

LDPE and PP films were obtained. Also, by blending EVA, LDPE and HDPE 

together, higher mechanical and compression set properties which were improved by 

electron beam irradiation were obtained. 

 

Wisse et al. [70], studied a new method to improve stiffness without reduction in 

tensile strength or elongation at break of thermoplastic elastomers. According to this 

new method, a peptide modified nano-filler was introduced to the 

bis(ureido)butylene hard segment of a soft segmented copoly(ester)urea. They 

achieved an increase in Young’s modulus over 100% without a decrement in tensile 

strength or elongation at break. Furthermore, since molecular filler and the hard 

segments of thermoplastic elastomer formed a single phase, that provided excellent 

interfacial adhesion between the filler and polymer matrix which improved 

mechanical properties.  

 

Aso et al. [71], studied well dispersed SiO2 nanocomposites in the melt state 

thermoplastic copoly(ether)ester elastomer (TPEE) matrix. They used both modified 

SiO2 (mSiO2) and unmodified SiO2 as filler with varying filler contents (up to 6wt%). 

They observed that the main structural characteristics of amorphous and crystalline 

phases did not change. SiO2 dispersion in polymer matrix was homogeneous. 

Modulus, elongation at break and creep resistance of TPEE were improved with the 

filler incorporation. Unmodified SiO2 dispersed in TPEE homogeneously which 

resulted in significant increase in tensile modulus up to 27% for 6wt% SiO2 
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containing composite. Smaller modulus increase and less elastic response were 

obtained with the addition of the unmodified SiO2 than mSiO2 because of the flexible 

silane interphase presence. Also, higher ductility was obtained with the incorporation 

of mSiO2 to TPEE. 

 

Szymczyk et al. [72], studied multiblock poly(ether-ester)s based on 

poly(trimethylene terephthalate) as rigid segments. They investigated influence of 

poly(tetramethylene oxide) (PTMO) flexible soft segment content on the thermal and 

mechanical properties of the resulting poly(trimethylene terephthalate)-block-

poly(tetramethylene oxide) (PTT-b-PTMO) copolymer. The contents of flexible 

segments changed between 20 to 80wt%. The synthesized PTT-b-PTMO copolymers 

showed low glass transition temperatures combined with high PTT melting 

temperatures. Low Tg made polymers preferable for low and high temperature range 

applications. They achieved improved elongation at break, high elasticity and low 

hardness. By changing the content of flexible segments, mechanical properties of the 

polymer could be adjusted. 

 

3.1.2. Modification of Thermal Properties 

 

Jackson et al. [73], studied the effect of small amounts of poly(2,6 

dimethylphenylene oxide) (PPO) and polystyrene (PS) on properties of thermoplastic 

elastomer gel (TPEG). Also, they investigated mineral oil effects on the morphology 

and bulk properties. They wanted to increase service temperature of TPEG. 

According to TEM observations, the PPO dispersed within the PS-rich micelles. Melt 

viscometry showed that the blends viscosity increased with increasing PPO 

concentration and decreasing temperature. Since lower molecular weight PPO had a 

much higher Tg than PS, thermal transition of composite sharply decreased with the 

addition of PPO.  

 

Barbe et al. [65], studied TPE based on polystyrene b-ethylene/butylene-b-styrene 

(SEBS) modified with poly(2,6-dimethyl-1,4-phenylene ether) (PPE). They wanted 
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to improve thermal and oil resistance of TPE. In order to increase service 

temperature (Tg) of the TPE, they used PPE which was completely miscible in TPE. 

So, a blend with only one glass transition temperature could be formed. It was shown 

that Tg of the composite was increased to 150oC with 0.5wt% PPE incorporation. The 

increased glass transition temperature led to SEBS-based TPE compounds with 

improved upper service temperatures. The use of CaCO3 filler and polyamide 12 

increased oil resistance of the polymer. However, polyamide 12 decreased the 

physical properties of the TPE. The rubbery mid-blocks of SEBS could absorb a very 

large amount of oil resulting in poor oil resistance of SEBS compounds compared to 

chemically crosslinked elastomers. More polar thermoplastic component was 

suggested to improve oil resistance of compound. 

 

3.1.3. Modification of Impact Properties 

 

Elastomers have been traditionally used for toughening polymers [74]. In general, 

dispersion of a rubber in a thermoplastic crystalline polymer improves its toughness 

[75].  

 

Tanrattanakul et al. [76], studied styrene-ethylene-butadiene-styrene (SEBS) 

elastomer blended poly(ethylene terephthalate) (PET) composites. PET was added up 

to 5wt% in a functionalized elastomer. In order to functionalize the elastomer, 0 to 

4.5wt% of maleic anhydride was grafted onto the ethylene-butadiene. Blending led to 

the formation of graft copolymer through the reaction of hydroxyl end group of PET 

with maleic anhydride. As a result, with increasing amount of elastomers, the melt 

viscosity of PET also increased. In the melt, the graft copolymer behaved as an 

emulsifier to decline the interfacial tension. In order to compare toughness, notched 

impact test was used. In un-notched impact tests, blending PET with any SEBS 

elastomer enhanced the stability of the propagating neck. Notched impact tests 

differentiated among the blends in terms of their toughness. The decrease in 

toughness with increasing functionality was attributed to decreasing domain size. 
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3.1.4. Modification of Shape Memory Properties 

 

Luo et al. [77], studied the effect of the length of soft segment and the hard segment 

content on the shape memory properties. They synthesized ethylene oxide-ethylene 

terephthalate (EOET) segmented copolymers. When the molecular weight of the soft 

segment was higher with the same hard segment content, the entropy increment in 

deformation recovery process was also higher. As a result, corresponding shape 

recovery ratio was higher. Conversely, when the content of the hard segment was 

higher with the same soft segment length, the corresponding shape recovery ratio 

was higher. As a result, the thermally stimulated deformation recovery depended 

both on the hard segment content and the molecular weight of the soft segments in 

the EOET segmented copolymers.  

 

Wang et al. [78], studied the dynamic mechanical behavior of the hard poly(ethylene 

terephthalate) (PET) segment and soft poly(ethylene oxide) (PEO) segment in order 

to clarify the shape memory behavior. Relations between the intensity of tan δ for α- 

relaxation (primary relaxation) and the maximum thermally stimulated shape 

recovery (SR) were investigated. PET-PEO segmented copolymers were synthesized. 

According to the results, when PEO segments were dominant, PET-PEO segmented 

copolymers showed α-, β- and γ- relaxation processes. α- relaxation was related with 

the glass transition of PEO segments. Long PEO segments and high PET content 

resulted in reduction of Tg and higher physical crosslinking effect. According to the 

DMA test results, as the length of the PEO segment increased, the tan δ peak of α-

relaxation decreased because longer PEO segments had a smaller restriction loaded 

by the PET constituent during their micro Brownian motion. Also, when PEO soft 

segments were longer, the copolymer had less hysteresis that led to smaller 

mechanical energy dissipation during the cycle deformation. As a result, good shape 

recovery ratios could be obtained with longer soft PEO segments and higher hard 

PET contents. 
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3.2. Surface Modification of CB 

 

Xu et al. [79], studied improved dielectric properties and the effect of positive 

temperature coefficient on the surface modified carbon black (mCB) containing 

binary polymer composites. They used a binary polymer blend composed of 

polypropylene (PP) and poly(vinylidene)fluride (PVDF). In order to modify carbon 

black surface, 1wt% titanate and silane coupling agents were used. Significant 

improvement in electrical conductivity and permittivity in the mCB-PP/PVDF 

composites were observed. In the modification of carbon black surface, coupling 

agents behaved like a bridge between the modified carbon black and the polymer 

matrix. As a result, surface modification improved the carbon black dispersion in the 

composites. Titanate coupling agent formed thinner and more flexible interface layer 

than silane coupling agent, causing a more effective increment in conductivity. 

  

Kukreja et al. [44], added 1 phr vegetable oil, 1 phr paraffin oil and various amounts 

of castor oil from 0.5 to 1 phr to the natural rubber compound during mixing. Tensile 

modulus, tear strength, and tensile strength improved with the castor oil content. 

However, hardness and adhesive strength did not change significantly up to 1 phr. 

Tensile modulus, tear strength, and hardness decreased beyond 1 phr castor oil. But, 

adhesive and tensile strengths improved up to 2.5–3 phr and then reduced. As a 

result, castor oil acted as a coupling agent up to 1 phr and as a coupling agent and a 

plasticizer in the range of 1–3 phr. Beyond 3 phr of castor oil addition, it behaved as 

a plasticizer. Vegetable oils showed improved features in comparison with those of 

paraffin oil. Additionally, castor oil and vegetable oil improved physical and 

mechanical features when they were compared to saturated paraffin oil. 

 

3.3. Multilayer Composites 

 

Diez-Pascual et al. [24], studied novel poly(ether ether ketone) (PEEK)/single walled 

carbon nanotube (SWCNT)/glass fiber laminates together with polysulfone as a 



  
 

52 
 

compatibilizing agent. In order to produce laminates, melt blending and hot-

processing techniques were used. Firstly, SWCNTs were synthesized, then they were 

wrapped in polysulfone. The laminates were prepared by alternatively placing four 

plies of glass fabric within five PEEK/SWCNT films. Good SWCNT dispersion for 

specimens with polysulfone was observed in SEM micrographs. Significant 

enhancement in the thermal stability of SWCNTs containing PEEK/glass fiber 

composites was obtained. It was attributed to an important thermal conductivity 

improvement. Differential scanning calorimetry analyses indicated a decrement in 

the crystallization temperature with the addition of SWCNTs. The laminates 

exhibited anisotropic electrical behavior; their conductivity in-plane was higher than 

out-of-plane. Increment in the storage modulus and glass transition temperature in 

the existence of polysulfone was obtained in dynamic mechanical studies. 

Mechanical tests showed significant improvements in stiffness, strength and 

toughness with the incorporation of SWCNTs. As a result, SWCNT-reinforced 

PEEK/glass fiber compatibilized composites owned excellent potential to be used as 

multifunctional engineering materials in industrial applications. 

 

Shonaike et al. [80], fabricated glass-mat woven fabric reinforced Santoprene 

thermoplastic vulcanizates (TPVs) multilayer composites. They studied effect of 

processing temperatures and times on the properties of the composites. The molding 

temperatures were applied at 190, 200, 210, 220 and 230oC and processing time was 

changed between 1 and 30 minutes. Impregnation of matrix resin was investigated by 

SEM analyses and tensile tests of laminates. Optimum test results were obtained at 

190oC for a 10 minute processing time. Because at higher temperatures, polymer 

degradation occurred. Tensile properties of the laminates depended on the void 

content. As a result, when the void content increased, tensile strength decreased 

because of poor adhesion between polymer and glass mat woven fabric.  

 

Zhang et al. [81], developed carbon fabric reinforced polyurethane shape memory 

polymer composites. Shape recoverability of the composites were investigated using 

dynamic mechanical analysis. The bending recoverability of SMP sheet substance 
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was compared with the developed SMP-based laminates. According to the test 

results, the storage modulus value and bending recovery ratio in SMP-based 

laminates were much higher than SMP sheet.  

 

3.4. Motivation of the Thesis 

 

Thermoplastic elastomers are one of the most versatile smart plastics available today. 

Their unique structure serves as shape memory polymer and their research area is 

developing with an increasing innovation. They have high heat and oil resistance, 

improved adhesion and tear resistance. It is possible to recycle them. On the other 

hand, they have some disadvantages such as high cost of raw materials, low thermal 

stability and difficult processing in extruder. These disadvantages restrict their use in 

industrial applications.   

 

In this study, main motivation was to overcome these disadvantages along with the 

improvement in electrical conductivity, mechanical and shape memory properties. 

For this purpose, poly(ether)ester type thermoplastic elastomer was modified. In the 

modification; carbon black, ethylene glycidyl methacrylate elastomer and paraffinic 

oil were incorporated into the thermoplastic elastomer matrix. Investigations were 

performed in order to improve these multifunctional properties. 

 

Thermoplastic elastomers, being insulator polymers, could be triggered by thermal 

stimulation for shape memory. Starting from this fact, the first challenge was to make 

them electrically conductive so that they could also be triggered electrically by the 

application of voltage/current stimulus. The polymer was made electrically 

conductive by incorporating carbon black nanoparticles.  The second challenge was 

to eliminate the loss of mechanical properties of the polymer which was the result of 

poor dispersion of carbon black particles. In order to conserve mechanical properties 

as well as shape memory features of carbon black containing thermoplastic 

elastomer, different additives such as elastomer and oil were added.  
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Another motivation of this study was to prepare carbon fabric reinforced multilayer 

composites. In preparing multilayer composites, it was aimed to produce materials 

that have sufficient electrical conductivity, high impact strength and tensile modulus 

properties among the studied materials of this study.  

Starting from the modification of multifunctional properties of thermoplastic 

elastomer and ending in the production of multilayer composites, this study provides 

us an outlook for the optimization of the properties of thermoplastic elastomer-based 

blends/composites and their utilization in the preparation of carbon fabric reinforced 

multilayer composites.   
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CHAPTER 4 

 

 

EXPERIMENTAL 

 

 

 

In experimental part, the properties of used materials are given in detail first. 

Secondly experimental method is explained by giving modification of carbon black, 

preparation of composites and their processing. Lastly, characterization techniques 

such as contact angle measurement, scanning electron microscopy analysis, 

mechanical tests, electrical conductivity measurement, shape memory tests and 

thermogravimetric analysis are explained. 

 

4.1.  Materials 

 

In this study, thermoplastic poly(ether)ester elastomer (Hytrel 7248), ethylene and 

glycidyl methacrylate elastomer (Lotader AX 8840), paraffinic oil (RX430), carbon 

black (Printex XE 2B) and carbon fabric (CW245 B-Carbon 3K 2x2 Twill Woven) 

were used for the preparation of composites and blends. The coupling agents used for 

the surface treatments of carbon black are paraffinic oil (RX430), γ-

Glycidoxypropyltrimethoxysilane (γ-GPS), 3-Methacryloxypropyltrimethoxysilane 

(3-MPTS) and N-(β-aminoethyl-γ-aminopropyl-trimethoxysilane (AEAP).  

 

4.1.1.  Thermoplastic Poly(ether)ester Elastomer 

 

One of a commercial thermoplastic poly(ether)ester elastomer, Hytrel 7248, was 

used as the main matrix for this study. It was procured from DuPont Türkiye 

Kimyasal Ürünler San. ve Tic. A.Ş., Turkey.  
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The chemical structure and physical properties of Hytrel 7248 is given in Figure 4.1 

and Table 4.1, respectively.  

 

 

 

Figure 4.1 The Chemical Structure of Hytrel 7248 [9]  

 

Table 4.1 Physical Properties of Hytrel 7248 [82]  

 

Property Unit Value 

Density   g/cm3 1.25 

Tensile Stress at Break  MPa 46 

Tensile Stress at 10% Strain MPa 20 

Flexural Modulus at 23oC MPa 544 

Elongation at Break % 350 

Impact Strength (Izod notched @-40 and 23oC) kJ/m2 40 and 210 

Melt Flow Index (@210oC/2.16 kg load) g/10 min 13 

Melting Temperature oC 219 

 

4.1.2.  Impact Modifier (Elastomer) 

 

In this study, random copolymer of ethylene and glycidyl methacrylate (E-GMA), 

Lotader AX8840, was used as an impact modifier for thermoplastic elastomer. It was 

purchased from Atofina Chemicals Inc., France. It contains glycidyl methacrylate 

(GMA) monomer as reactive group. GMA includes both acrylic and epoxy groups 

which give reactivity versus OH, COOH and NH2 groups, leading to optimal 
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dispersion during melt mixing of engineering thermoplastics. Due to its reactivity 

induced by the glycidyl methacrylate group, Lotader AX8840 can be used as a 

compatibilizer for polyesters/polyolefins blends. 

 

The chemical structure of the elastomer is illustrated in Figure 4.2. 

 

 

 

Figure 4.2 Chemical Structure of Lotader® AX8840 (E-GMA) [83]  

 

Typical properties of the elastomer are given in Table 4.2. 

 

Table 4.2 Physical Properties of LOTADER® AX8840 [84] 

 

Property Unit Value 

Melt Index (190 oC / 2.16 kg) g/10 min 5 

Glycidyl methacrylate content % wt 8 

Density (23 oC) g/cm3 0.94 

Melting Point oC 106 

Vicat Softening point (10N) oC 87 

Tensile Modulus MPa 104 

Elongation at Break % 400 

Tensile Strength MPa 8 

Hardness Shore D (at 1s) - 50 
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4.1.3. Carbon Black 

 

Carbon black (CB) powder with the trade name of Printex XE 2B was procured from 

Orion Engineered Carbons, Turkey. Physical properties of carbon black are listed in 

Table 4.3.  

 

Table 4.3 Physical Properties of Carbon Black [85]  

 

Property Unit Value 

Average Particle Diameter Nm 30  

CTAB-Surface Area m2/g 600  

BET Surface Area m2/g 1000 

 

4.1.4.  Surface Modifiers 

 

Silane coupling agents in liquid form were obtained from Cam Elyaf Sanayi A.Ş. and 

paraffinic oil was supplied by Shell Oil Company. For the modification purpose, 

three different kinds of silane coupling agents were used. These are Gamma-

Glycidoxypropyltrimethoxysilane (γ-GPS), 3-Methacryloxypropyltrimethoxysilane 

(3-MPTS) and N-(β-aminoethyl-γ-aminopropyl-trimethoxysilane (AEAP). Their 

properties are given in detail as follows. 

 

4.1.4.1. Gamma-Glycidoxypropyltrimethoxysilane (γ-GPS) 

 

Gamma-Glycidoxypropyltrimethoxysilane is an epoxy functional silane which may 

be suitable for use as adhesion promoters in urethane, epoxy, polysulfide, silicone, 

and acrylic caulks, coatings, sealants and adhesives [86].  
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The formula of γ-GPS is C9H20O5Si and the chemical structure of this coupling agent 

is shown in Figure 4.3. 

 

CH2 C CH2 O CH2 CH2 CH2 Si

O

O

O

CH3

CH3

CH3O

H

 

 

Figure 4.3 Chemical structure of Gamma-Glycidoxypropyltrimethoxysilane 

 

Physical properties of γ-GPS are given in Table 4.4. 

 

Table 4.4 Physical properties of Gamma-Glycidoxypropyltrimethoxysilane [86] 

 

Property Unit Value 

Specific Gravity at 25oC g/cm3 1.069 

Refractive Index at 25oC - 1.427 

Flash Point oC 149 

Boiling Point oC 290 

Molecular Weight g/mol 236.3 

 

4.1.4.2. 3-Methacryloxypropyltrimethoxysilane (3-MPTS) 

 

3-Methacryloxypropyltrimethoxysilane is a methacryloxy functional silane. The 

formula of 3-MTPS is C10H20O5Si and the chemical structure of this material is 

shown in Figure 4.4. 
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Figure 4.4 Chemical Structure of 3-Methacryloxypropyltrimethoxysilane 
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Physical properties of this material are given in Table 4.5. 

 

Table 4.5 Physical Properties of 3-Methacryloxypropyltrimethoxysilane [87] 

 

Property Unit Value 

Molecular Weight g/mol 248.35 

Density g/cm3 1.04 

Melting Point °C <-50 

Boiling Point at 760 mmHg °C 255 

Flash Point °C 110 

Viscosity at 20 °C mPa.s 2.8 

Refractive Index at 20 °C - 1.43 

  

4.1.4.3.N-(β-aminoethyl)-γ-aminopropyl-trimethoxysilane (AEAP) 

 

N-(β-aminoethyl)-γ-aminopropyl-trimethoxysilane is an effective coupling agent for 

thermosetting resin, hot-melt resin, elastomer polysulfide rubber, polyurethane 

rubber, mineral reinforced nylon 6, nylon 6/6 and poly(butylene terephthalate), etc. 

Since it has diamine functional groups, it can be also used for diamine amino 

modified silicone oil and organic silicon softening agent [88].  

 

The formula of AEAP is C8H22N2O3Si and the chemical structure of this material is 

shown in Figure 4.5. 

 

NH2 CH2 CH2 NH CH2 CH2 CH2 Si

O

O

O

CH3

CH3

CH3  

 

Figure 4.5 Chemical Structure of N-(β-aminoethyl)-γ-aminopropyl-trimethoxysilane 
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Physical properties of this material are given in Table 4.6. 

 

Table 4.6 Physical Properties of N-(β-aminoethyl)-γ-aminopropyl-trimethoxysilane 

[88] 

Property Unit Value 

Molecular Weight g/mol 222.4 

Specific Gravity g/cm3 1.02 

Flash Point oC 128 

Boiling Point oC 259 

Refractive Index at 20 oC - 1.442 

 

4.1.4.4.Paraffinic Oil 

 

Paraffinic oil is a flammable liquid hydrocarbon burned as fuel and it is refined from 

petroleum. It is used to power jet engines, heating, lighting, and cooking but can also 

be used for surface modification of fillers and polymers. Paraffinic oil with the trade 

name of Shell Risella X 430, GtL Technical White Oil was obtained from Shell Oil 

Company. It is highly saturated with a high degree of iso-paraffinic structures. The 

physical properties of Risella X 430 are given in Table 4.7.  

 

Table 4.7 Physical Properties of Paraffinic Oil (Risella X 430) 

 

Property Unit Value 

Density at 15oC kg/m3 828 

Refractive Index at 20 oC - 1.46 

Viscosity Index - 140 

Flashpoint oC 265 

Kinematic Viscosity at 40 oC mm2/s 43 

Evaporation Loss (22h/107 oC) %m 0.1 

http://www.wisegeek.org/what-is-a-hydrocarbon.htm
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4.1.5. Carbon Fabric 

 

To produce multilayer composites materials, carbon fabric was used. It was supplied 

by Metyx Composites, with the trade name of CW 245 B- Carbon 3K 2x2 Twill 

Woven, and area weight of 246 g/m2. It is compatible with polyester, vinylester and 

epoxy resins.  

 

4.2. Experimental Method  

 

This section includes the preparation of carbon black surface and the steps of 

composites and blends preparation.  

 

4.2.1.  Preparation of CB 

 

In order to prevent agglomeration of CB in TPEE matrix, CB particles were crushed 

in mortar and surface modification was applied.  

 

4.2.1.1. Modification of CB Surface 

 

Paraffinic oil and three kinds of silane coupling agents were used for surface 

treatment. For silane treatment four steps, for oil treatment three steps were followed.  

 

4.2.1.1.1. Silane Treatment 

 

The carbon black particulates were treated with silane agents in a dilute solution. The 

150 g treating solution (%90 methanol + %10 water) was prepared with 1wt. % and 

2wt. % of silane coupling agents. The pH of the solution was adjusted to 4.5-5 by 

using acetic acid. Because acid treatment helps breaking of CB agglomerates. The 

hydrolysis time was 15 minutes and the mixing time of the solution with carbon 

black was 10 minutes at room temperature. The methanol-water solution was 
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evaporated at 80oC. After the treatment, carbon black was oven dried at 110oC for 24 

h. The steps of silane treatment are shown in Figure 4.6. 

 

 

 

Figure 4.6 Silane Treatment of Carbon Black Surface 

 

4.2.1.1.2. Paraffinic Oil Treatment 

 

In non-coupling oil treatment step, the required amount of paraffinic oil (1wt% of 

CB amount) was mixed with 150 g acetone and necessary amount of carbon black 

was added into the solution. They were agitated slowly for 10 minutes to mix them 

properly. The acetone was evaporated at 40oC. After the treatment, carbon black was 

oven dried at 110oC for 24 h. The steps of oil treatment are shown in Figure 4.7. 

 

 

 

Figure 4.7 Oil Treatment of Carbon Black Surface 
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When paraffinic oil was introduced into the beaker, some of the oil was lost because 

of clinging to the wall of the beaker. In order to avoid paraffinic oil lost, a small 

amount of oil was applied into the inner surfaces of the beaker when it is empty. 

 

4.2.2.  Preparation of Composites and Blends 

 

During composite preparation, first, modified and unmodified carbon black was 

crushed for surface modification to prevent agglomeration in TPEE. Then, materials 

were dried overnight in an oven at elevated temperatures. These values are given in 

Table 4.8. 

 

Table 4.8 Drying Conditions of Composite Constituents 

 

Material Temperature, oC Time 

TPEE 110 Overnight 

E-GMA 80 Overnight 

Carbon Black 110 Overnight 

 

TPEE, modified or unmodified carbon black, elastomer and oil were compounded in 

a co-rotating twin screw extruder and different sets of composites and blends were 

prepared. First binary composites and blends were prepared. These are; TPEE and 

CB with 0.5, 1, 3, 5wt% content, TPEE and modified CB (mCB) with 3 and 5wt% 

content, TPEE and oil with 0.5, 1, 3, 5, 7wt% content, TPEE and E-GMA with 5, 10, 

20, 30wt% content. Carbon black surface modification was applied with oil and 

silane coupling agents according to the given experimental procedure in Section 

4.2.1. 

 

Then ternary composites/blends were prepared. These were; TPEE, CB/mCB and 

paraffinic oil; TPEE, paraffinic oil and E-GMA, and TPEE, CB/mCB and E-GMA.  
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Last, quaternary composites were prepared with CB, paraffinic oil and E-GMA 

addition into the TPEE matrix. The compositions of prepared composites are given in 

Table 4.9. 

By adding CB, E-GMA and oil into the TPEE matrix, it was aimed to improve 

mechanical properties, electrical conductivity and shape memory behavior of neat 

TPEE. 

 

For the preparation of composites, procedures given in Figure 4.8 were followed. CB 

particles were crushed in mortar. Then TPEE, CB and E-GMA were dried according 

to the conditions given in Table 4.8. Dried components were extruded at 230-240-

240-240-240oC temperature profile and with a screw speed of 80 rpm. Since 

extruded composites were cooled in a water bath, they were again dried according to 

the conditions given in Table 4.8 before molding. Then, they were shaped using 

injection and compression molding devices. 

 

 

 

 

 

 

 

 



  
 

 
 

 

      Table 4.9 Compositions of Prepared Composites and Blends  
 

 Content (%w/w) 

 

Composites (%w/w) 

 

TPEE 

CB  

Paraffinic 

Oil 

 

E-GMA UMCB AEAP 

mCB 

3-MPTS 

mCB 

γ-GPS 

mCB 

Oil-

mCB 

        Neat TPEE 100 - - - - - - - 

  
  
  
  
  
  
  
  
  
  
  
  
  
 B

IN
A

R
Y

 C
O

M
P

O
S

IT
E

S
 

         

TPEE / CB 99.5 0.5 - - - - - - 

TPEE / CB 99 1 - - - - - - 

TPEE / CB 97 3 - - - - - - 

TPEE / CB 95 5 - - - - - - 

TPEE / mCB 97 - 3 - - - - - 

TPEE / mCB 95 - 5 - - - - - 

TPEE / mCB 95 - - 5 - - - - 

TPEE / mCB 95 - - - 5 - - - 

TPEE / mCB 95 - - - - 5 - - 

TPEE / Oil 99.5 - - - - - 0.5 - 

      

                     6
6
 



  
 

 
 

  
Table 4.9 Compositions of Prepared Composites and Blends (Continued)  
 

B
IN

A
R

Y
 C

O
M

P
O

S
IT

E
S

 

 

TPEE / Oil 99 - - - - - 1 - 

TPEE / Oil 97 - - - - - 3 - 

TPEE / Oil 95 - - - - - 5 - 

TPEE / Oil 93 - - - - - 7 - 

TPEE / E-GMA 95 - - - - - - 5 

TPEE / E-GMA 90 - - - - - - 10 

TPEE / E-GMA 80 - - - - - - 20 

TPEE / E-GMA 70 - - - - - - 30 

T
E

R
N

A
R

Y
 C

O
M

P
O

S
IT

E
S

 

      

TPEE / CB / Oil 94.5 5 - - - - 0.5 - 

TPEE / CB / Oil 96 3 - - - - 1 - 

TPEE / m-CB / Oil 96 - 3 - - - 1 - 

TPEE / CB / Oil 94 5 - - - - 1 - 

TPEE / Oil / E-GMA 89 - - - - - 1 10 

TPEE / CB / E-GMA 87 3 - - - - - 10 

TPEE / m-CB / E-GMA 87 - 3 - - - - 10 

TPEE / CB / E-GMA 85 5 - - - - - 10 

           6
7

 



  
 

 
 

       

            Table 4.9 Compositions of Prepared Composites and Blends (Continued) 

 
Q

U
A

T
E

R
N

A
R

Y
 

C
O

M
P

O
S

IT
E

S
 

  

TPEE / CB / Oil / E-GMA 86 3 - - - - 1 10 

TPEE / CB / Oil / E-GMA 84 5 - - - - 1 10 

TPEE / m-CB / Oil / E-

GMA 

86 - 3 - - - 1 10 

TPEE / m-CB / Oil / E-

GMA 

84 - 5 - - - 1 10 

 

                  6
8
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4.2.3.  Processing in Extrusion and Molding 

 

Neat TPEE, binary, ternary and quaternary composites which were used then to 

prepare multilayer composites were processed through extrusion and 

injection/compression molding. The flowchart of composite preparation is given in 

Figure 4.8. 

 

 

 

Figure 4.8 Flowchart of Composite Preparation 
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4.2.3.1. Twin Screw Extrusion 

 

Thermoprism TSE-16-TC, co-rotating twin screw extruder was used for the 

preparation of all composites/blends. The specifications of the extruder are given in 

Table 4.10. 

 

Table 4.10 Specifications of the Twin Screw Extruder 

 

Property Unit Value 

Twin Bore Diameter mm 16 

Screw Diameter mm 15.6 

Maximum Screw Speed rpm 500 

Barrel Length (24 D) mm 384 

Die Length (1 D) mm 16 

Maximum Torque Nm 12 

 

The extrusion processes were performed with the temperature profile of 230-240-

240-240-240oC and at a screw speed of 80 rpm. The photograph of extruder is 

presented in Figure 4.9. 

 

 

 

Figure 4.9 Thermo Prism TSE 16 TC Twin Screw Extruder 
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4.2.3.2. Injection Molding Device 

 

Specimens of composites/blends for tensile testing and impact testing measurements 

were prepared according to ASTM D 638 using a DSM Micro 10 cc Injection 

Molding Machine. Molding parameters are given in Table 4.11.  

 

Table 4.11 Injection Molding Parameters 

 

Property Unit Value 

Nozzle Temperature oC 240 

Mold Temperature oC 30 

Injection Pressure bar 13 

Heating time for melting the 

polymer in the barrel 

min. 4 

 

The photograph of injection molding device is shown in Figure 4.10. 

 

 

 

Figure 4.10 DSM Micro 10 cc Injection Molding Machine 
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4.2.3.3. Compression Molding 

 

Specimens of composite laminates and multilayer composites for electrical 

conductivity and shape memory measurements were prepared using a hydraulic 

compression molding device. A picture of the device is shown in Figure 4.11. 

 

 

 

Figure 4.11 Compression Molding Device 

 

For the laminates, a square shaped (16x16 cm2) mold that has 1 mm thickness was 

used to prepare the samples. Parameters for compression molding device, are given 

in Table 4.12.  

 

Table 4.12 Parameters for Compression Molding Device to Prepare Composites 

 

Parameter Unit Value 

Molding Temperature oC 240 

Pre-heating time and pressure min. and bar 2 min and 50 bar 

Heating time and pressure min. and bar 4 min and 200 bar 

Cooling method -- Quenching 
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4.2.3.3.1. Preparation of Multilayer Composites 

 

After preparing and characterizing all of the above mentioned composites, five 

composites were selected according to their mechanical, electrical and shape memory 

properties in order to prepare the multilayer composites.  

 

Carbon fabric reinforced multilayer composites were prepared using compression 

molding device according to the parameters given in Table 4.13. Specimens of the 

composites were prepared with respect to the following steps; Firstly, plies were 

prepared according to given procedure in Table 4.12. Then, carbon fabric plies were 

cut in the dimensions of 30x30 cm2. Six laminates and five carbon fabrics were 

stacked inside of 20x20 cm2 brass frame by covering them with aluminum foil. 

Scheme of multilayer laminates is shown in Figure 4.12. Each ply was laid in the 

same direction (0o) with another. Lastly, they were pressed using compression 

molding device with the parameters given in Table 4.13.  

 

 

 

Figure 4.12 Scheme of Multilayer Composites 

 

Table 4.13 Compression Molding Parameters to Prepare the Multilayer Composites 

 

Parameter Unit Value 

Molding Temperature oC 240 

Pre-heating time and pressure min. and bar 6 min at 20 bar 

1st Heating time and pressure min. and bar 6 min at 50 bar 

2nd Heating time and pressure min. and bar 6 min at 90 bar 

Cooling method -- Waiting at room temperature 

Carbon Fiber 

Polymer 

Composites 
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After preparation of the multilayer composites; tensile, impact, electrical resistivity 

and shape memory specimens were cut using a water jet in Peyar İnşaat Dekorasyon 

Ltd. Şti. The flowchart of carbon fabric reinforced composite preparation from 

laminated composites and neat TPEE are given in Figure 4.13. 

 

 

 

Figure 4.13 Flowchart of the Preparation of Carbon Fabric Reinforced Composites  

 

4.3.Characterization Tests 

 

4.3.1. Contact Angle Measurement  

 

Surface energy measurements of treated and untreated CB were performed via 

contact angle measurement. Three probe liquids are diiodomethane (DIM), ethylene 

glycol (EG), formamid (FA).  
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DIM was used to calculate London dispersive component (γLW), EG and FA were 

used to calculate acid/base component (γAB) of surface energy. Surface energy 

components of probe liquids are given in Table 4.14. 

 

Table 4.14 Surface Energy Components of Probe Liquids [89]  

 

Liquid γL
TOT γL

LW γL
AB γL

A γL
B 

DIM 50.8 50.8 - - - 

EG 48.00 29.00 19.00 3.00 30.10 

FA 58.00 39.00 19.00 2.30 39.60 

 

For the measurement, first, carbon black pellets were prepared in Shimadzu pellet 

maker device by applying 60 kN pressure for 4 minutes. The picture of device is 

given in Figure 4.14. To measure contact angle of carbon black surface, video was 

recorded with Panasonic DMC-ZS7 Camera. Then, angle was determined by taking 

the picture of the droplet after it fell on the surface of carbon black pellet. 

 

 

 

Figure 4.14 Picture of Shimadzu Pellet Maker 
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4.3.2. Scanning Electron Microscopy (SEM) Analysis 

 

SEM analysis of impact fractured samples were carried out using a FEI QUANTA 

400 F. The impact fractured surfaces of following polymer samples were 

investigated. The acceleration voltage used was 20 kV at magnifications ranging 

from 2000X to 100,000X. Binary composites of TPEE and CB for CB loading of 0.5, 

1, 3, 5wt% were analyzed. In order to understand modification effect on carbon black 

particles, AEAP modified 5wt% of carbon black and TPEE was investigated. 10wt% 

and 30wt% of elastomer and 1wt% and 7wt% of oil containing binary blends were 

also characterized in order to see difference between selected ratio and maximum 

addition level of elastomer or oil in the binary system. Also ternary and quaternary 

composites were investigated. For multilayer composites, all prepared laminates 

were analyzed over the images of trimmed cross section.  

 

Samples were coated with golden-palladium to increase surface conductivity and to 

restrict static electricity accumulation. The digitized images were recorded.  

 

4.3.3.  Mechanical Characterization 

 

4.3.3.1. Tensile Test 

 

Mechanical properties of injection molded composites/blends and carbon fabric 

reinforced multilayer composites were tested using a Shimadzu Autograph AG-IS 

100 kN universal tensile testing instrument, according to ISO 527-2 standard, type 

5A specimen and ISO 527-4 standard, type 1B specimen, respectively. Dimensions 

of the ISO 527-4 standard, type 1B specimen are given in Figure 4.15 and Table 4.15 

and dimensions of the ISO 527-4 1B specimens are given in Figure 4.16 and Table 

4.16.  
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The crosshead speed of testing instrument was selected 20 mm/min to compare 

results with standard grades. For the carbon fabric reinforced multilayer composites, 

crosshead speed was selected 2 mm/min according to ISO 527-4 standard.  

 

The measurements were carried out at room temperature. Tensile strength, tensile 

modulus and elongation at break values were calculated according to stress-strain 

diagrams. For the determination of strain values, gauge length was accepted as initial 

distance between grips and length of narrow parallel-sided portion for Type 5A 

composites and Type 1B multilayer composites, respectively.  

 

 

Figure 4.15 Type 5A Tensile Test Specimen of ISO 527-2 Standard 

 

Table 4.15 Dimensions of Type 5A Tensile Test Specimen According to ISO 527-2 

Standard 

 

Dimension Value, mm 

L2 – Overall length, minimum 75 

b2 – Width at ends 12.5 

L1 – Length of narrow parallel-sided portion 25 

b1 – Width of narrow parallel- sided portion 4 

L – Initial distance between grips 50 

L0 - Gauge Length 20 

h- Thickness, minimum 2 
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Figure 4.16 Type 1B Tensile Test Specimen of ISO 527-4 Standard 

 

Table 4.16 Dimensions of Type 1B Tensile Test Specimen According to ISO 527-4 

Standard 

 

Dimension Value, mm 

L3 – Overall length, minimum 165 

b2 – Width at ends 20 

L1 – Length of narrow parallel-sided portion 60 

b1 – Width of narrow parallel- sided portion 10 

L – Initial distance between grips 115 

L0 - Gauge Length 50 

h- Thickness, minimum 2 to 10 

 

4.3.3.2. Impact Test 

 

Impact strength of the samples were determined using a Ceast Resil Impactor 6967 

impact testing device according to ISO 179 Standards, instrumented with a 7.5 J 

hammer.  

 

Charpy impact test was applied to the composites with a 0.25 mm radius notch. For 

Charpy test, the notch was cut using a notch-cutting machine. Specimens for impact 

tests had 4 mm thickness, 10 mm width and 80 mm length.  



  
 

 79   
 

The dimensions of the carbon fabric reinforced composites were 3 mm thickness, 10 

mm width and 75 mm length. Charpy impact test was applied to unnotched fabric 

reinforced composites. The illustration of Ceast Resil Impactor is given in Figure 

4.17. 

 

 

 

Figure 4.17 Impact Test Instrument, Ceast Resil Impactor 6967 [90] 

 

4.3.4. Electrical Conductivity Analysis 

 

Electrical properties of the composites were measured using a two point probe 

Keithley 2400 Resistivity Tester. Keithley 2400 instrument is shown in Figure 4.18.  

 

 

 

Figure 4.18 Keithley 2400 Constant Current Source Meter 

 

Compression molded samples were cut to get “n” shaped specimens to form macro 

conductive path. Their dimensions were 1 mm in thickness, 5 mm in width of both 
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ends, 30 mm in length of both parallel arms and 15 mm in total width (Figure 4.19). 

Since crocodiles covered 5 mm from both ends; as total, 65 mm length conductive 

path was measured. 

 

 

 

Figure 4.19 Dimensions of “n shaped” Specimen 

 

For multilayer composites, the specimen were cut using water jet for the electrical 

resistivity measurement. Specimens were in rectangular shape with 5 mm width, 70 

mm length and 2.8 mm thickness. Crocodiles were hold as shown in Figure 4.20. 

 

 

 

Figure 4.20 Electrical Resistivity Measurement of Multilayer Composites 

 

A constant voltage (20 V) was applied to the samples and the current was recorded 

from the instrument.  

 

The volume resistivity was calculated by: 
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where, R is the resistivity (Ω), L is the length of sample (6.5 cm for composites and 6 

cm for multilayer composites), A is the cross sectional area of composite (0.5 cm 

width x 0.1 cm thickness for composites and 0.5 cm width x 2.8 mm thickness for 

multilayer composites), ρ is the volume resistivity (Ω.cm). 

 

4.3.5.  Shape Memory Behavior 

 

In this study, temperature and electric stimulated shape memory behavior of the 

composites and blends were investigated. 

 

4.3.5.1. Bending Test Actuated by Temperature 

 

For thermal shape memory behavior of the composites/blends, bending test was 

applied. Rectangular shape memory samples were produced from compression 

molded samples which had 0.5 cm width, 7 cm length and 1 mm thickness. First, 

they were heated at 75oC above the glass transition temperature (Tg) in an oven, then 

they were bent to an angle, θi with the aid of 2.5 cm diameter beaker. In order to 

apply constant force during bending, a tool was used outside of the oven as shown in 

Figure 4.21.  

 

 

 

Figure 4.21 Constant Force Application for Bending the Shape Memory Polymer 

 



  
 

 82   
 

For the purpose of bending multilayer composites, differently, 4 cm diameter beaker 

was used. Then, both composites and multilayer composites were fixed to their 

permanently bent shape by cooling the samples by using liquid nitrogen. After that, 

cooled samples were taken out from the beaker. As the samples were put into the 

oven again at the same temperature, they began to return to their permanent shape. A 

representation of bending test is given in Figure 4.22. To calculate shape recovery 

ratios with respect to time, video was recorded with Panasonic DMC-ZS7 Camera. 

 

 

 

Figure 4.22 Bending Test Representation 

 

Shape recovery ratio and shape fixity was calculated by using Equations 12 and 13, 

respectively. 

 

4.3.5.2. Bending Test Actuated by Voltage 

 

Electrically actuated shape memory properties of prepared semiconductor 

composites and carbon fabric reinforced composites were measured using 

temperature control and adjustable power supply which was designed by Entek 

Electronics Tic. Ltd. Şti. (Figure 4.23). For the composites, “n” shape specimens 

(Figure 4.19) were used during this test. For the carbon fabric reinforced composites, 

specimens with the dimensions of 5 mm x 70 mm with 2.8 mm thickness were used.  
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Figure 4.23 Photograph of Temperature Control and Adjustable Power Supply 

 

The maximum limits of voltage and current of the instrument are adjusted up to 99 

Volt and 0.9 Ampere, respectively. In order to reduce heating time and decrease 

shape recovery time of composites, current was adjusted to the maximum value of 

the instrument which is 0.9 Ampere. Temperature of the environment was set to 

28oC.  

 

For the composites; bending test actuated by voltage was performed according to the 

following steps. (1) The adjusted voltage was applied to the specimens. (2) The 

specimens were bent to 90o with metal block (3) Applied voltage was switched off. 

(4) In order for the samples to reach to room temperature, the samples were kept with 

their bent shape. (5) The same voltage was applied and the shape recovery process 

was performed. 

 

For the carbon fabric reinforced multilayer composites different steps were followed. 

(1) They were heated in an oven at 75oC since bending of samples took long time 

with temperature control and adjustable power supply unit. (2) After being heated, 

the specimens were bent with same method followed during bending test actuated by 

temperature. (3) They were cooled below their glass transition temperature in liquid 

nitrogen medium. (4) Voltage was applied and the shape recovery process was 

performed. To calculate shape recovery ratios with respect to time, video was 

recorded with Panasonic DMC-ZS7 Camera. 
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For mechanical, electrical conductivity and shape memory analysis, five specimens 

of samples were tested and the averages of the tests were reported with standard 

deviations.  

 

4.3.6. Thermogravimetric Analysis (TGA) 

 

Thermal stability of specimens were investigated using a TGA, Shimadzu DTG-60H. 

The photograph of TGA instrument is illustrated in Figure 4.24. 

 

 

 

Figure 4.24 TGA Instrument 

 

Specimens weighing approximately 10 mg were subjected to thermal scans from 

room temperature up to 900oC, under nitrogen atmosphere, and at a 10oC/min scan 

rate.  
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CHAPTER 5 

 

 

RESULTS AND DISCUSSION 

 

 

 

The first aim of this study is to modify the mechanical, shape memory, electrical 

conductivity and thermal stability properties of neat TPEE. For this purpose; 

modified or unmodified carbon black, elastomer and/or oil were added into the 

polymer matrix. The second aim is to obtain carbon fabric reinforced multilayer 

composites and investigate their mechanical, shape memory and electrical 

conductivity properties.  

 

Characterization test results are clarified in three parts in this section. In the first part, 

modification of carbon black surface and its effects are studied. Treatment level is 

decided. In the second part, effects of additives on the properties of the TPEE matrix 

are investigated. For binary composites/blends; carbon black, elastomer or oil at 

different concentrations are added to the TPEE matrix. The optimum compositions 

are selected in regards to characterization test results of binary composites/blends. 

Ternary and quaternary systems are prepared at selected compositions. After 

assessment of test results for binary, ternary and quaternary composites/blends, 

optimum compositions were selected in order to use them in the preparation of 

carbon fabric reinforced multilayer composites. In the last part, characterization tests 

of these composites are given.  
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5.1.  Modification of Carbon Black Surface 

 

Carbon black surface activity depends on the dispersive and polar constituents of 

surface energy. In order to increase surface activity of CB and to have better 

interaction between CB particles and TPEE matrix; CB surface modification was 

applied through physical interactions. Four different kinds of surface modifiers were 

used to determine which surface modifier was efficient on the distribution of CB 

particles homogeneously in polymer matrix. These were, Gamma-

Glycidoxypropyltrimethoxysilane (γ-GPS), 3-Methacryloxypropyltrimethoxysilane 

(3-MTPS), N-(β-aminoethyl-γ-aminopropyl-trimethoxysilane (AEAP) and paraffinic 

oil. It has been reported that oil behaves as coupling agent between CB and polymer 

interfaces, leading to enhanced mechanical properties [91].  

 

5wt% surface modified carbon black (mCB) were added to TPEE matrix in order to 

characterize mCB containing TPEE binary composites. 1wt% and 2wt% silane and 

1wt% paraffinic oil treatments were applied to CB surface separately. The constant 

concentration of oil was based on the literature study in which oil showed optimum 

coupling action at 1wt% [44]. Below 1phr, oil behaved as coupling agent while 

above 1phr, plasticizing action began. In the same way; above 3phr, multiple layer of 

plasticizer occurred between carbon black particles and polymer interfaces [91].  

 

The loading level of silane on the filler surface is a function of the filler surface area. 

Although, it was thought that one monolayer of silane was sufficient, experiments 

indicated that a few layers of silane provided optimal results. The optimum level of 

silane modification should be estimated experimentally [92]. 
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5.1.1.  Determination of Surface Treatment Level 

 

In order to determine silane loading level roughly, average particle size of fillers 

should be taken into account according to Table 5.1.  

 

Table 5.1 Estimates for silane loading on fillers [93] 

 

Average Particle Size Amount of Silane (Minimum 

of Monolayer Coverage) 

< 1 micron 1.5 % 

1-10 microns 1.0 % 

10-20 microns 0.75 % 

>100 microns 0.1 % or less 

 

According to Table 5.1, as carbon black particles were 30 nm diameter, the effect of 

the amount of modification level on surface properties of mCB/TPEE binary 

composites were investigated. 1wt% and 2wt% of silane were tried with AEAP 

silane coupling agent to make comparison. In order to select the amount of silane 

used in the treatment, 5wt% mCB was added to the polymer matrix. Then, TPEE 

composites containing UMCB or mCB with 1wt% or 2wt% silane were compared in 

terms of their mechanical, electrical conductivity and shape memory properties. 

 

Figure 5.1 shows the pictures of 1wt% and 2wt% mCB containing TPEE binary 

composites after compression molding. While TPEE containing mCB, treated with 

1wt% silane was elastic, TPEE with 2wt% silane treated mCB was brittle in nature. 

Once the surface of CB was covered by a thin layer of AEAP with 1wt%, it indicated 

a good adhesion between TPEE and CB particles.  
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Figure 5.1 Pictures of Compression Molded mCB Loaded TPEE Composites with a) 

1wt% AEAP mCB b) 2wt% AEAP mCB 

 

Their stress-strain curves of TPEE/mCB composites treated with 1 or 2wt% AEAP 

are shown in Figure 5.2. 2wt% AEAP modified CB containing composite had limited 

ductility behavior with high tensile strength. Whereas, 1wt% AEAP modified CB 

containing composite showed thermoplastic behavior with low tensile strength and 

high ductility. 

 

 

 

Figure 5.2 Stress Strain Behavior of 1wt% and 2wt%AEAP Surface Modified 5wt% 

Carbon Black Containing TPEE Binary Composites 
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As a result, the tensile strength of TPEE composite containing 2wt% AEAP modified 

5wt% CB had the highest value as 34.17 MPa as seen in Figure 5.3 because of its 

limited ductility behavior. 

 

 

 

Figure 5.3 Tensile Strength of Neat TPEE, 5wt% UMCB, 5wt% mCB with 1wt% 

and 2wt% AEAP Modification 

 

Surface treatment level did not affect the modulus properties of the composites 

significantly as seen in Figure 5.4. 

 

 

 

Figure 5.4 Tensile Modulus of Neat TPEE, 5wt% UMCB, 5wt% mCB with 1wt% 

and 2wt% AEAP Modification 
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Elongation at break values which are given in Figure 5.5 decreased dramatically by 

adding 2wt% of silane which was the result of the brittle structure of the composites. 

 

 

 

Figure 5.5 Elongation at Break of Neat TPEE, 5wt% UMCB, 5wt% mCB with 

1wt% and 2wt% AEAP Modification 

 

Absorbed energy is a measure of material impact strength and ductility. 1wt% AEAP 

modified CB containing composite showed thermoplastic behavior, and higher 

absorbed energy during impact test was obtained when compared with 2wt% AEAP 

modified CB containing composite. Impact strength values are given in Figure 5.6. 

 

 

 

Figure 5.6 Impact Strength of Neat TPEE, 5wt% UMCB, 5wt% mCB with 1wt% 

and 2wt% AEAP Modification  
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Electrical resistivity did not change significantly with the surface modification. The 

small increase with the modification may be due to decrease in conductive carbon 

black chains. Electrical resistivity values of neat TPEE, UMCB or mCB containing 

TPEE binary composites are given in Figure 5.7.  

 

 

Figure 5.7 Electrical Resistivity of Neat TPEE, 5wt% UMCB, 5wt% mCB with 

1wt% and 2wt% AEAP Modification  

 

Shape memory test for TPEE composites containing 2wt% AEAP modified 5wt% 

CB could not be performed due to their brittle structure. They were broken during 

bending. Shape recovery time and ratio of TPEE/UMCB, TPEE/mCB (1wt%AEAP) 

and neat TPEE are given in Table 5.2. Shape recovery time increased with the hard 

segment content because CB addition lowered the soft segment effect.  

 

Table 5.2 Shape Recovery Time and Shape Recovery Ratio of Neat TPEE, UMCB 

and 1wt% AEAP mCB Loaded TPEE Binary Composites 

 

Samples Shape Recovery 

Time, (min:sec) 

Shape Recovery Ratio, (%) 

Neat TPEE 04:05 77.36 

5wt.%UMCB 04:27 88.41 

5wt.%mCB(1%AEAP)  04:17 90.54 
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As a result, since with 2wt% AEAP modification the structure of TPEE changed to 

brittle nature and lower elongation at break and impact values of TPEE were 

obtained, 1wt% of silane surface treatment was applied while preparing binary, 

ternary and quaternary composites.  

 

5.1.2.  Contact Angle Measurement of Carbon Black Treated with Silane 

Coupling Agents and Paraffinic Oil  

 

Surface free energy constituents of UMCB and 1wt% mCB pellets are given in Table 

5.3. According to the results of the surface energy analyses, UMCB has a lower 

surface energy compared to CB modified with 3-MPTS, γGPS, AEAP and oil mCB. 

It was obviously found that silane modification led to a change in carbon black 

surface nature. As a result, hydrophilic properties increased with the addition of polar 

groups on the surface of CB. According to the test results, the total surface free 

energy, γs
TOT, of mCB increased with silane addition due to the increase of hydroxyl 

groups. As a result, hydrogen bonding between the CB and coupling agent was 

improved as shown in Figure 2.12 for silane treatment. 

 

Total surface energy, γs
TOT, of mCB increases with increasing acid/base constituent 

of surface energy, γs
AB. On the other hand, base component, γs

-, increased with 

surface modifications. The most incremental increase was formed in AEAP mCB 

which might be because of adding amine groups to CB surface. Additionally, acid 

component, γs
+, of treated CB was higher with respect to UMCB owing to -NH3

+ 

structure. Because according to the following reaction (Figure 5.8), when basic 

amine group was incorporated, some of them was protonated in acidic medium (pH: 

4-5) and formed to acidic -NH3
+ groups which increased acidity of the surface.  
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Figure 5.8 Surface Treatment Mechanism of Nitrogen Atom with Carbon Black [94]  

 

Additionally, London dispersive component, γs
LW, of surface treated carbon black 

increased with the modification as given in Table 5.3 which might result from an 

increase in effective surface area. Because London dispersive component is 

determined by the particle size and effective surface area [95].  

 

Table 5.3 Surface Free Energy Components of UMCB and mCB 

 

Sample γs
LW γs

+ γs
- γs

AB γs
TOT 

UMCB 35.58±1.81 1.09±0.1 14.26±4.2 7.77±0.73 43.35±1.14 

3-MPTS mCB 37.72±0.44 1.49±0.34 14.45±2.58 8.56±0.35 46.28±0.25 

γGPS mCB 38.53±1.39 1.11±0.06 14.59±1.98 8.14±0.64 46.67±0.76 

AEAP mCB 37.94±1.17 1.21±0.87 15.72±10.69 9.34±0.10 47.28±1.08 

OIL mCB 37.02±2.89 1.17±0.63 14.15±3.04 7.66±2.00 44.67±1.11 

 

5.2. Characterization of Binary Composites 

 

5.2.1.  Characterization of TPEE/mCB Binary Composites 

 

In order to characterize mCB containing TPEE binary composites; tensile and impact 

tests, bending test with thermal and voltage actuation, electrical conductivity 

measurement were performed. Detailed test results are given in APPENDIX A. 
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5.2.1.1. Tensile Properties of TPEE/mCB Binary Composites 

 

Tensile strength test results TPEE binary composites with 5wt% UMCB, mCB as 

well as pure TPEE are given in Figure 5.9. When 5wt% UMCB was incorporated 

into the neat TPEE matrix, strength value decreased from 39.07 MPa to 26.26 MPa. 

While CB surface was modified with different modifiers and added to the TPEE 

matrix, tensile strength did not change significantly when it was compared with the 

UMCB addition. It is because surface modification was not enough to distribute 

carbon black particles. The best results among all modifiers was achieved with 

AEAP surface modification. Homogeneous dispersion in the matrix resulted in the 

achievement of high tensile strengths.  

 

 

 

Figure 5.9 Tensile Strength of 5wt% of mCB Loaded TPEE with Different Surface 

Modifiers 

 

It is seen in Figure 5.10 that tensile modulus of UMCB or mCB loaded TPEE 

composites significantly increased when compared to neat TPEE. This result is 
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mainly due to the addition of high modulus material to the system. Surface modified 

CB with oil treatment gave the highest tensile modulus value among all as 989.4 

MPa. It was because paraffinic oil could not behave as coupling agent, it increased 

agglomeration of carbon black particles because of its oily behavior. As a result, 

modulus of the composite increased and elongation at break values decreased (Figure 

5.11). Electrical resistivity measurements also supported this result as modification 

of carbon black with paraffinic oil increased electrical conductivity with increasing 

amount of conductive carbon black chains as seen in Figure 5.13.  

 

 

 

Figure 5.10 Tensile Modulus of 5wt% of mCB Loaded TPEE with Different Surface 

Modifiers 

 

Elongation at break values of the mCB or UMCB loaded TPEE composites are 

shown in Figure 5.11. The value of neat TPEE decreased from 271.7% to 116.8% 

with the addition of 5wt% UMCB which showed interference by the filler in the 

mobility or deformability of the matrix. This interference was formed through 



  
 

 96   
 

physical interaction and immobilization of the polymer matrix by the existence of 

mechanical limitations (carbon black particles restricted the movement). So, as the 

filler concentration increased, the elongation at break values reduced [4, 96]. 

 

For TPEE/mCB composites, AEAP surface modified CB loaded TPEE gave the 

highest elongation at break among all other surface modifiers which is 135.3%. This 

may be due to decrease in the agglomeration of carbon black particles with the 

surface modification. As a result, it can be said that elongation at break values 

increased slightly with surface modification, but the elongation values of composites 

are still low when compared with neat TPEE.  

 

 

 

Figure 5.11 Elongation at Break of 5wt% of mCB Loaded TPEE with Different 

Surface Modifiers 

 

5.2.1.2. Impact Properties of TPEE/mCB Binary Composites 

 

When 5wt% carbon black was incorporated into the system, neat TPEE lost its 

impact properties as it is shown in Figure 5.12. While impact strength of neat TPEE 
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is 22.2 kJ/m2, it decreased to 7.6 kJ/m2 with the addition of UMCB. It might be due 

to the agglomeration of carbon black particles. When surface modification was 

applied to the carbon black surfaces, improvement in impact values showed that 

treatment provided better distribution of the particles. Nevertheless, surface treatment 

was still not enough to distribute CB particles within the matrix. As a result impact 

values of neat TPEE was higher than the other studied composites.  

 

As different modifiers were compared, AEAP gave the highest impact strength value 

among all. Therefore AEAP was chosen for surface modification in further studies.   

 

 

 

Figure 5.12 Impact Strength of 5wt% of mCB Loaded TPEE with Different Surface 

Modifiers 

 

5.2.1.3. Bending Test Actuated by Temperature for TPEE/mCB Binary Composites 

 

Thermal shape memory recovery time and percentages are given in Table 5.4. Shape 

fixity values of the composites were all 100%. When UMCB was incorporated to the 

TPEE matrix, shape recovery percentage increased from 77.4% to 88.4%. With the 

addition of 5wt% UMCB, hard segment content of the polymer increased which 
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resulted in reducing the effect of soft segment on shape recovery time. Surface 

modification of carbon black improved both shape recovery percentages and time. 

According to mechanism of silane treatment, strong chemical bonds are formed at 

the dehydration condensation reaction. After condensation reaction, coupling 

reaction occurs between surface modified carbon black particles and polymer. This 

provides better distribution of carbon black. So, surface modification reduces stress 

concentrated areas and improves mechanical properties. Among all surface 

modifiers, the composite with AEAP mCB gave the best shape recovery ratio. Since 

AEAP mCB containing binary composite had the least stress concentrated areas, 

carbon black effect on hard segment was minimum among all other modifiers.   

 

Table 5.4 Shape Recovery Values of 5wt% of mCB Loaded TPEE with Different 

Surface Modifiers 

 

Samples Shape Recovery 

Percentages, (%) 

Shape Recovery Time,   

(min: sec) 

Neat TPEE 77.36 4:05 

5%UMCB 88.41 4:27 

5%(1%3-MPTS)mCB 88.68 4:20 

5%(1%GPS)mCB 89.42 4:15 

5%(1%AEAP)mCB 90.54 4:17 

5%(1%Oil)mCB 90.40 4:11 

 

5.2.1.4. Electrical Resistivity of TPEE/mCB Binary Composites 

 

The effect of 5wt% mCB or UMCB on electrical conductivity of TPEE/CB 

composites is shown in Figure 5.13. While neat TPEE was in insulator range, 5wt% 

UMCB or mCB containing TPEE composites were in semi-conductor range. There 

was a small difference between the resistivities of mCB and UMCB containing 

TPEE composites. Because CB agglomerates were reduced as a result of surface 
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treatment. The conductive paths of carbon black chains also decreased. So, AEAP 

effect on distribution was the highest among all the modifiers.  

 

Conversely, since paraffinic oil formed polar groups, electrons moved faster [79]. As 

a result, electrical conductivity increased with the non-coupling oil treatment.  

 

 

 

Figure 5.13 Electrical Resistivity of 5wt% of mCB Loaded TPEE with Different 

Surface Modifiers 

 

5.2.1.5. Bending Test Actuated by Voltage for TPEE/mCB Binary Composites 

 

The results of shape memory bending test actuated by voltage for mCB containing 

TPEE binary composites are given in Table 5.5.  

 

When surface modification was applied, conductive chains of CB particles 

decreased. As a result, electrical resistivity increased. Test results of bending test 

actuated by voltage are consistent with the test results of electrical conductivity. 

They either increase or decrease in the same order. According to the joule heating 
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methodology, the more the material was conductive, the higher its shape recovery 

ratio was. During Joule heating, heat is released in an electrical conductor due to 

electric current flow. It means, electrical energy is transformed into thermal energy. 

The larger the current or the smaller the resistance, the greater the Joule heating. 

Material can be heated faster with Joule heating than heating with convection which 

resulted in shorter response time [97]. Since oil modified carbon black had the 

highest electrical conductivity, it is heated in a very short time. Also, shape recovery 

time of the composites which were actuated by voltage were lower than the ones 

actuated by temperature.  

 

Table 5.5 Shape Recovery Ratio, Shape Recovery Time and Measurement 

Parameters of Modified Carbon Black Loaded Binary Composites 

 

Composites Shape 

Recovery 

Ratio, (%) 

Shape Recovery 

Time, (min:sec) 

Parameters 

(Voltage-Current) 

 

5%UMCB  84.87 1:13 99.30V-0.0025A 

5%(1%3-MPTS)mCB  84.81 1:58 99.30V-0.0025A 

5%(1%GPS)mCB 83.96 1:35 99.30V-0.0024A 

5%(1%AEAP)mCB 83.47 1:51 99.30V-0.0024A 

5%(1%Oil)mCB 85.51 1:34 99.30V-0.0024A 

 

As surface modification of carbon black was not so much effective on mechanical, 

electrical conductivity and shape memory properties, it was still decided to apply 

treatment to the surface of CB. Because with surface modification, the functional 

groups on carbon black were activated and it could provide good adhesion between 

polymer and carbon fabric during carbon fabric reinforced composite preparation. 

AEAP surface modification was selected because it gave the best results among all 

other surface modifiers in mechanical and thermal shape memory properties. For that 

reason, SEM analyses were performed on the binary composites containing AEAP 

modified 5wt% CB. 



  
 

 101   
 

5.2.1.6. SEM Analysis of TPEE/AEAP mCB Binary Composites 

 

SEM micrographs of 5wt% UMCB and AEAP modified CB containing composites 

are given in Figure 5.14. Rough surfaces were observed which were a sign of ductile 

fracture. It can be said that carbon black surface modification could not provide 

homogeneous dispersion of the particles.  

 

 

 

Figure 5.14 SEM Micrographs of a) 5wt% UMCB Loaded TPEE, b) AEAP Surface 

Modified 5wt% CB Loaded TPEE Binary Composites (50000 and 100000X) 
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5.2.2.  Characterization of TPEE/CB, Oil or E-GMA Binary Composites/Blends 

 

5.2.2.1. Tensile Properties of TPEE/CB, Oil or E-GMA Binary Composites/Blends 

 

Tensile strength, tensile modulus and elongation at break of TPEE loaded by 

different concentrations of carbon black, oil and elastomer were tested and the results 

are given in Figure 5.15 and APPENDIX B. As expected, the additives significantly 

affected the tensile and impact behaviors of TPEE.  

 

Tensile strength value of neat TPEE was found 39.1 MPa. As the filler concentration 

increased, carbon black tended to agglomerate and tensile strength decreased to 26.3 

MPa because of a poor dispersion of carbon black particles and low load transfer in 

the polymer matrix. In this case, agglomerated carbon black particles introduced 

stress concentrated regions which lowered tensile strength [4] (Figure 5.15). SEM 

analyses show CB agglomeration in polymer matrix in Figure 5.23. 

 

The tensile strength of CB/TPEE composite depends on the type of polymer matrix 

and filler, interface strength and CB content, distribution and void contents of filler 

[96]. The interaction between carbon black and TPEE, and the distribution of CB in 

the polymer matrix play a significant role in the determination of mechanical and 

electrical properties of the composites [98].  

 

Processing oil is a well-known additive which decreases hardness and enhances 

processability of a polymer [99]. Beyond 1wt% of oil, elongation at break and tensile 

strength of binary blends decreased. This might be due to predominance of 

plasticization beyond 1wt% of oil. So plasticization led to the lowering of the tensile 

strength and elongation at break beyond 1wt% of paraffinic oil [44].  
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Tensile strength and modulus decreased as the elastomer content was increased. This 

decrease was expected as a result of the rubbery nature of E-GMA [75].  

 

 

 

Figure 5.15 Tensile Strength of Neat TPEE and Binary Composites/Blends 

 

Tensile modulus of neat TPEE was determined as 691.8 MPa. In Figure 5.16, the 

modulus clearly increased after UMCB addition to 1013.4 MPa since CB was a kind 

of rigid particle. It is proposed that the presence of filler agglomerates leads to a 

modulus increase, usually in detriment of ductility. This was attributed to the lower 

mobility of the matrix inside the filler agglomerates. The observed increases in the 

modulus of elasticity proved the existence of an effective stress transmission 

throughout the matrix-filler border after CB addition [71, 96].  

 

Tensile modulus decreased with the addition of oil and E-GMA because 

incorporation of these compounds improved elasticity of the TPEE matrix. Due to 

their low modulus character, modulus decreased to 656.8 MPa for 7wt% oil and 

470.9 MPa for 30wt% E-GMA contents. 
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Figure 5.16 Modulus of Neat TPEE and Binary Composites/Blends 

 

As seen in Figure 5.17, elongation properties of neat TPEE decreased from 271.7% 

to 116.8% with the addition of 5wt% UMCB because carbon black particles 

restricted mobility of the TPEE matrix [96].  

 

Addition of oil in thermoplastic elastomer matrix did not affect elongation at break 

properties significantly. A small decrease beyond 3wt% oil ingredient was seen 

because oil behaved like a plasticizer and that resulted in the decrease of elongation 

at break values. 

 

Elongation at break value of E-GMA containing TPEE decreased from 271.7% to 

137.4% with 30wt% E-GMA concentration. This might be because of the phase 

inversion beyond 10wt% of E-GMA concentration and poor interfacial adhesion 

between TPEE and E-GMA [75]. Phase inversion occurred at low concentrations of 

E-GMA because TPEE has relatively low melt viscosity and melt tension. As a 

result, tensile strength, elongation at break and modulus values of the blend 

decreased. Therefore, 10wt% E-GMA was selected for the preparation of the ternary 

and quaternary composites. 
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Figure 5.17 Elongation at Break of Neat TPEE and Binary Composites/Blends 

 

5.2.2.2. Impact Properties of TPEE/CB, Oil or E-GMA Binary Composites/Blends 

 

Figure 5.18 illustrates the variation of impact strength in terms of binary systems 

with CB, oil or E-GMA concentrations. Impact strength value of neat TPEE was 

determined as 22.19 kJ/m2. It is clear that the impact strength decreased to 6.62 kJ/m2 

with CB addition. This is mainly because of the reduction of elasticity of the polymer 

matrix due to filler addition which decreases deformability and ductility of the 

matrix, so that the composite tended to create a weak structure because hard particles 

created stress concentrated points [4]. So agglomerates behaved as stress 

concentrated areas and reduced the impact strength of the material [100] because an 

increase in filler concentration reduced the ability of matrix to absorb energy. As a 

result, toughness and impact strength reduced with the filler addition [4]. In order to 

obtain enhanced impact strength, homogeneous distribution of CB should be 

provided.  

 

Oil addition to TPEE matrix did not make significant changes in impact properties of 

neat TPEE. Nevertheless, 1wt% oil gave the best results among all.  

 

In general, the dispersion of a rubber inside a thermoplastic polymer improves its 

toughness [75]. Blending TPEE with 5wt% of an E-GMA did not significantly 
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improve the impact strength. But beyond 5wt% of E-GMA, impact strength of the 

blends critically enhanced to 129.5 kJ/m2 with the addition of 30wt% elastomer. 

 

 

 

Figure 5.18 Impact Strength of Neat TPEE and Binary Composites/Blends 

 

5.2.2.3. Thermal Gravimetric Analyses of Binary Composites/Blends 

 

Thermal gravimetric analyses of neat TPEE and binary composites/blends are 

illustrated in Figure 5.19 - 5.21. The maximum weight loss temperatures, Tmax, of 

TPEE/CB containing binary composites are given in Table 5.6. Maximum 

degradation temperature of neat TPEE was 400.2oC. It increased slightly to 408oC 

with 5wt% carbon black incorporation. It might be because of higher decomposition 

temperature of CB particles. Thermal degradation of the TPEE/CB and TPEE/oil 

binary composites and blends occurred in one-step degradation process.  
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Figure 5.19 TGA Results of Neat TPEE and CB Loaded TPEE Binary Composites 

 

Table 5.6 Thermogravimetric Analysis of TPEE/CB Binary Composites 

 

Material Maximum Degradation Temperature, oC 

Neat TPEE 400.2 

0.5wt%UMCB 401.3 

1wt%UMCB 401.1 

3wt%UMCB 404.7 

5wt%UMCB 407.9 

 

The maximum weight loss temperatures, of TPEE/oil containing binary blends are 

given in Table 5.7. Oil addition did not make important changes in the 

decomposition temperatures. It might be because oil decomposes at lower 

temperatures than TPEE which is around 250oC.  
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Figure 5.20 TGA Results of Neat TPEE and Oil Loaded TPEE Binary Blends 

 

Table 5.7 Thermogravimetric Analysis of TPEE/Oil Binary Blends 

 

Material Maximum Degradation Temperature, oC 

Neat TPEE 400.2 

1wt% Oil 402.7 

3wt% Oil 402.7 

5wt% Oil 402.1 

7wt% Oil 404.2 

 

The maximum weight loss temperatures of TPEE/E-GMA containing binary blends 

are given in Table 5.8. Thermal degradation of the TPEE/E-GMA binary blends 

occurred in two-step degradation process. In the second step, remaining 

hydrocarbons from ethylene-glycidyl-methacrylate elastomer decomposed. Addition 

of E-GMA improved thermal degradation temperature of neat TPEE. The probable 

reason for this improvement in thermal stability could be because of strong 

interaction between TPEE and E-GMA. The glycidyl methacrylate groups of 

elastomer may react with the carbonyl and hydroxyl groups of TPEE [101].  
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Figure 5.21 TGA Results of Neat TPEE and E-GMA Loaded TPEE Binary Blends 

 

Table 5.8 Thermogravimetric Analysis of TPEE/E-GMA Binary Blends 

 

Material First Step Tmax, oC Second Step Tmax, oC 

Neat TPEE 400.2 - 

5wt% E-GMA 404.4 458.9 

10wt% E-GMA 405.1 461.7 

20wt% E-GMA 409.6 463.6 

30wt% E-GMA 408.2 464.6 

 

5.2.2.4. Bending Test Actuated by Temperature for Binary Composites/Blends 

 

Bending tests actuated by temperature were applied to the samples containing 

different amounts of carbon black, paraffinic oil or E-GMA. The results of shape 

recovery ratio and time are tabulated in Table 5.9 and can be seen in APPENDIX C. 

Shape fixity values of binary composites and blends were determined as 100%.  
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With 5wt% carbon black addition, shape recovery ratio increased from 77.36% to 

88.41% and shape recovery time increased from 4:05 to 4:27. Carbon black addition 

should improve hard segment of the polymer. Improving rigidity of the polymer may 

enhance shape recovery ratio.  

 

Addition of CB led to the creation of external stress under limited shape recovery by 

releasing stored energy of elastic strain and high relative stiffness of the particles.  It 

resulted in an increment in the limited recovery force when it was compared to the 

neat TPEE [102]. As a result, shape recovery ratio increased with increasing hard 

segment content.  

 

Since soft segment of a polymer acts as a molecular switch, when oil and E-GMA 

were incorporated to the system, shape recovery time were significantly decreased.  

1wt% oil addition was much more effective on shape recovery ratio to approximately 

100% and shape recovery time to 1:00 minute.  

 

In TPEE/E-GMA binary blends, after the addition of E-GMA exceeded 10wt%, 

shape recovery ratio developed significantly. It might be because of phase inversion 

between E-GMA and TPEE. So, E-GMA improved the soft segment significantly 

after the addition of 10wt%, which affected shape recovery ratio and time in a 

positive manner. 

 

As soft segment increased with the addition of oil and E-GMA into the TPEE matrix, 

shape recovery time decreased because of a short response time. The reason is that, 

by increasing the soft segment content in the structure, stored stress which had 

occurred during bending could be dissipated easily and quickly which also enhanced 

shape recovery ratio [102].  



  
 

 
 

 

Table 5.9 Shape Recovery Ratio and Shape Recovery Time of Neat TPEE and Binary Composites/Blends 

 

CB Addition 0% CB 0.5%CB 1%CB 3%CB 5%CB 

Shape Recovery Ratio, (%) 77.36 79.55 80.94 82.50 88.41 

Shape Recovery Time, 

(min:sec) 

4:05 4:10 4:15 

 

4:21 4:27 

 

Oil Addition 0% Oil 0.5% Oil 1% Oil 3% Oil 5% Oil 7%Oil 

Shape Recovery Ratio, (%) 77.36 95.63 99.93 94.88 94.63 94.48 

Shape Recovery Time, 

(min:sec) 

4:05 1:19 1:00 1:10 1:34 1:46 

 

E-GMA Addition 0% E-GMA 5% E-GMA 10% E-GMA 20% E-GMA 30% E-GMA 

Shape Recovery Ratio, (%) 77.36 83.56 85.44 92.57 93.90 

Shape Recovery Time, 

(min:sec) 

4:05 3:17 3:01 3:28 3:32 

          1
1
1
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5.2.2.5.Electrical Resistivity of TPEE/CB Binary Composites 

 

Electrical resistivity of “n” shaped samples at different UMCB concentrations was 

measured for the binary composites. Average volume resistivities were calculated 

and Log resistivities were plotted (Figure 5.22). The volume resistivity of neat Hytrel 

7248 is 1015 Ω.cm according to IEC 60093 which is in insulator range [103]. 

Introducing CB into polymer matrix decreased electrical resistivity since conductive 

filler concentration was increased. TPEEs with 0.5wt% CB and 1wt% CB addition 

are in semi-insulator range (from 107 to 1012 ohm.cm) whereas, TPEEs with 3wt% 

and 5wt% were semi-conductor range (from 10-3 to 107 ohm.cm). As seen from 

Figure 5.22, CB increased the conductivity of polymer matrix. 3wt% and 5wt% CB 

concentrated composites could pass from semi-insulator range to semi-conductor 

range. Modification of 3wt% carbon black with AEAP silane treatment, did not 

change conductivity significantly. The large difference between 1wt% and 3wt% CB 

concentrated composites was because of increasing number of conductive paths in 

the polymer. This means agglomerations (Figure 5.23) contributed to the 

conductivity [22]. The detailed test results are given in APPENDIX D.  

 

Beyond addition of 3wt% of carbon black in thermoplastic elastomer matrix, 

resistivity did not change significantly. Since CB addition would diminish the 

processability and mechanical performance of composites, the reduction of its 

concentration without a loss in the conductive properties of composites is highly 

desired. So, in order not to lose mechanical properties of the conductive TPEE, 3wt% 

of CB was added to TPEE matrix during the preparation of ternary and quaternary 

composites. 
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Figure 5.22 Electrical Resistivity of CB Loaded TPEE with Different CB 

Concentrations 

 

The carbon black incorporation decreased mechanical properties significantly. In 

order to sustain mechanical properties while making conductive polymer, it is 

decided to continue with composite containing 3wt% CB which gave the optimum 

test results. On the other hand, use of 1wt% oil yielded the best results according to 

mechanical and shape memory properties. Also for the E-GMA containing TPEE 

binary blends, after 10wt% E-GMA, phase inversion started because incompatibility 

occurred due to the difference in viscosities of TPEE and E-GMA. Therefore 

mechanical properties began to decline. As a result, 3wt% modified or unmodified 

CB, 1wt% oil and 10wt% E-GMA were selected in order to prepare ternary and 

quaternary composites. 

 

5.2.2.4. Bending Test Actuated by Voltage for Binary Composites 

 

Electrical actuated shape memory test was applied to 3wt% CB and 5wt% CB 

containing binary composites which were in semi-conductor range. These 
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composites could be heated up to 32oC and 57oC, respectively. Because 5wt% CB 

containing composites had more conductive paths than 3wt% of CB containing 

binary composites. It means that resistance of the material decreased while current 

increased. According to joule heating, the larger the current, the greater the heat 

released. As a result, shape recovery ratio of 5wt% of CB+TPEE composite was 

twice as much as that of 3wt% carbon black containing binary composites, and shape 

recovery time was shorter. The shape recovery ratio and time results are given in 

Table 5.10. 

 

Table 5.10 Shape Recovery Ratio, Shape Recovery Time and Measurement 

Parameters of Carbon Black Loaded Binary Composites 

 

Composites Shape Recovery 

Ratio, 

(%) 

Shape Recovery 

Time, (min:sec) 

Parameters 

(Voltage-Current) 

 

3%CB  42.90 3:34 99.32 V- 0.0022 Ampere 

5%CB  84.87 1:13 99.30V- 0.0035 Ampere 

 

5.2.2.5. SEM Analyses of Neat TPEE and Binary Composites/Blends 

 

We examined morphologies of neat TPEE and binary composites and blends by 

SEM analysis (Figure 5.23). Impact fractured samples were used for SEM analysis.   

 

It is a challenging job to achieve uniform dispersion of CB in the polymer matrix 

because CB with the trade name of Printex-XE2 has high surface area and shape 

factor so that it shows a high tendency of agglomeration [22]. Carbon black 

agglomerations can be seen in Figure 5.23. As the concentrations of CB increased, 

agglomerations also increased. The fracture mechanism of the composites were 

ductile fracture. Because the inferior surface was irregular and it signified plastic 

deformation.  
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Figure 5.23 SEM Micrographs of a) Neat TPEE, b-i) 0.5wt% CB Loaded TPEE, b-

ii) 1wt% CB Loaded, b-iii) 3wt% CB Loaded TPEE and b-iv) 5wt% CB Loaded 

TPEE (20000X) 



  
 

116 
 

Although mechanical surface modification provided better distribution, 

agglomeration in the structure was observed and distribution of carbon black 

particles was not good enough as seen in Figure 5.14. At higher concentrations, the 

interaction between the filler and the polymer reduced which can be seen from the 

agglomerations of the filler particles [4].  

 

At low concentration of E-GMA, a two-phase blend exhibited a dispersed 

phase/matrix type morphology. Further addition of E-GMA beyond 10wt% resulted 

in phase inversion. At that point, the two immiscible phases commingled in such a 

way that each phase remains continuously connected throughout the bulk of the 

blend [32, 75]. In Figure 5.24-a at 10wt% E-GMA, the elastomer was dispersed as 

droplets in the TPEE matrix. With an increase in the concentration to 30wt% of E-

GMA, a co-continuous structure was observed as seen in Figure 5.24-b [75]. 

Furthermore, rougher surfaces were obtained with 30wt% E-GMA incorporation 

because of E-GMA nature. The surface consists of many micro voids and dimples. In 

practice, ductile fractures occur due to overloading of a failure analysis [104]. 

Direction of the ductile overload can be seen in Figure 5.24 a-b. 
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Figure 5.24 SEM Micrographs of E-GMA Loaded TPEE Binary Blends with a) 

10wt% E-GMA (10000 and 20000X), b) 30wt% E-GMA (10000 and 20000X) 

 

Oil was monitored as a second domain in thermoplastic elastomer. When oil 

concentration increased, the number of domains also increased as seen in Figure 

5.25. It is clear from the figures that, distribution of oil was homogeneous. After 

3wt% of oil addition, especially in 7wt%, oil spewed during extrusion. The reason 

for that is the amount of oil added into the polymer matrix was more than the 

required amount. 
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Figure 5.25 SEM Micrographs of Oil Loaded TPEE Binary Blends with a) 1wt% Oil 

(5000 and 10000X), b) 7wt% Oil (5000 and 10000X) 

     

5.2.3.  Characterization of TPEE/CB, Oil and E-GMA Ternary and Quaternary 

Composites/Blends 

 

5.2.3.1. Tensile Properties of Ternary and Quaternary Composites/Blends 

 

TPEE/E-GMA blends were mixed with 1wt% of paraffinic oil. The oil can be 

considered as an oligomer with an ethylene content of 70%. Since elastomers contain 
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ethylene as co-monomer, it is likely that the oil prefers the elastomer phase [99]. As a 

result, it helped to improve elasticity of the polymer blends.  

Tensile properties of ternary and quaternary composites and blends can be seen in 

Figure 5.26. The tensile strength of E-GMA and oil containing ternary blend was 

higher than tensile strength of binary blends containing oil or E-GMA. It showed, oil 

and E-GMA affected tensile properties of TPEE much more than their binary 

compositions.  

 

Ternary composites of mCB and oil containing TPEE had higher tensile strength 

value than 3wt% mCB containing TPEE. It was because, oil enhanced the soft 

segment of the polymer and lower the CB effect.  

 

It is clear for mCB and E-GMA containing ternary composites that mCB was much 

more effective than E-GMA on tensile strength properties. The reason of that is, 

while 10wt% E-GMA containing binary blends showed better tensile properties than 

neat TPEE, E-GMA lost all of its effects when it was added with mCB into the 

polymer matrix. Quaternary composites test results also verified this result (Figure 

5.26). Effect of carbon black surface treatment can be discussed with the comparison 

of mCB or UMCB containing quaternary composites test results. According to these 

test results, modification of carbon black powders could not distribute carbon black 

particles homogeneously.  

 

Tensile test results of ternary and quaternary composites and blends with average 

values of at least five data and their standard deviations are given in APPENDIX B. 
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Figure 5.26 Tensile Strength of Neat TPEE, Binary, Ternary and Quaternary 

Composites and Blends 

 

Carbon black powder is a kind of rigid particle while E-GMA having rubbery nature 

and low modulus and oil acts as improving agent for soft segment. As a result, when 

oil and E-GMA were added into the system, they decreased the modulus of neat 

TPEE (Figure 5.27). The tensile modulus of E-GMA and oil containing ternary blend 

was lower than the tensile modulus of their binary blends. It showed, oil and E-GMA 

improved the elasticity of the polymer together by affecting the soft segment of neat 

TPEE.  

 

When E-GMA or oil was used with mCB, lower tensile modulus of ternary 

composite was obtained in comparison with mCB containing binary composites.  

 

When quaternary composites were investigated, tensile modulus decreased 

significantly because E-GMA and oil improved elasticity of the polymer. 
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Figure 5.27 Modulus of Neat TPEE, Binary, Ternary and Quaternary Composites 

and Blends 

 

Elongation at break values of ternary and quaternary composites/blends are given in 

Figure 5.28. While oil or E-GMA containing binary blends did not change elongation 

properties of neat TPEE, ternary blends of E-GMA and oil containing TPEE showed 

improved elongation at break values. This means, oil and E-GMA addition increased 

elasticity of the polymer by contributing soft segment of the polymer matrix.  

 

Since oil covered around the CB particles, it helped to improve elasticity and 

mechanical properties of composites.  

 

It is clear that surface modification was not so effective and when carbon black was 

incorporated into the system; oil and E-GMA lost their mechanical improvements on 

TPEE. It showed that carbon black addition was much more effective on the 

determination of mechanical properties.  
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Figure 5.28 Elongation at Break of Neat TPEE, Binary, Ternary and Quaternary 

Composites and Blends 

 

5.2.3.2. Impact Properties of Ternary and Quaternary Composites and Blends 

 

Impact properties of ternary and quaternary composites/blends are given in Figure 

5.29. E-GMA and oil incorporation significantly improved the impact properties 

because of the rubbery nature of E-GMA. Carbon black and oil containing ternary 

composites had higher impact strength than the binary composites because oil 

covered around the CB particles and reduced stress concentrated areas. Test results 

of mCB/UMCB and/or E-GMA containing binary and ternary composites showed 

that carbon black effect was more dominant on the impact strength.  
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Figure 5.29 Impact strength of Neat TPEE, Binary, Ternary and Quaternary 

Composites and Blends 

 

5.2.3.3. Thermal Gravimetric Analyses of Ternary and Quaternary Composites 

 

Thermal gravimetric analyses of neat TPEE and ternary, quaternary composites are 

illustrated in Figure 5.30. The maximum weight loss temperatures, Tmax, of ternary 

and quaternary composites are given in Table 5.11. Maximum degradation 

temperature of neat TPEE increased slightly to 405oC with 3wt% UMCB 

incorporation. Surface modification and oil incorporation did not affect thermal 

stability significantly. E-GMA addition improved thermal degradation temperature of 

neat TPEE due to the possibility of strong interaction between the elastomer 

component and TPEE matrix.  

 

 

 



  
 

124 
 

 

 

Figure 5.30 TGA Results of Neat TPEE, Binary, Ternary and Quaternary 

Composites 

 

Table 5.11 Thermogravimetric Analysis of TPEE/CB Binary Composites 

 

Material Maximum Degradation 

Temperature, oC 

Neat TPEE 400.2 

3wt%UMCB 404.7 

3wt%mCB 403.1 

3wt%mCB+1wt%Oil 401.5 

3wt%mCB+10wt%E-GMA 404.1 

3wt%mCB+1wt%Oil+10wt%E-GMA 405.9 

3wt%UMCB+1wt%Oil+10wt%E-GMA 406.9 
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5.2.3.4. Bending Test Actuated by Temperature for Ternary and Quaternary 

Composites/Blends 

 

The soft segment, PTMG, in TPEE has low glass transition temperature, Tg, and 

offers properties of elastomers to the copolymer. Whereas, hard segment, PBT, 

which has high Tg and Tm, act as a physical crosslink to impart dimensional stability, 

rigidity and thermal resistance to the copolymer. The soft segments determine 

recovery temperature and maximum recovery. On the other hand, recovery speed 

parameters depend on the stability of physical crosslinks formed by the hard 

segments, and they are influenced by the length of soft segment [78]. Thermally 

stimulated deformation recovery also depends on the hard-segment content and the 

molecular weight of the soft segments in the polymer matrix. Luo et al. showed that 

if the hard segment contents were higher with the same soft segment length, the 

corresponding shape recovery was higher. However, the influence of the soft-

segment length should not be neglected. The higher the molecular weight of the soft 

segment, the higher was the increase of entropy in the deformation recovery process 

which was the driving force. As a result, copolymers which had longer soft segment, 

had higher final deformation recovery [77].  

 

Thermal shape memory recoveries and shape recovery times of ternary and 

quaternary composites/blends are given in Table 5.12. Shape fixity values of ternary 

and quaternary composites/blends were determined as 100%. 
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Table 5.12 Shape Recovery Time and Shape Recovery Percentages of Ternary and 

Quaternary Composites and Blends 

 

Samples SR Time, 

(min:sec:milisec) 

SR Percentages, 

(%) 

Neat TPEE 4:05 77.36 

3%UMCB 4:21 82.50 

3%(1%AEAP) mCB 4:17 85.26 

1% Oil 1:00 99.93 

10% E-GMA 3:01 85.44 

1% Oil + 10% E-GMA 1:02 96.83 

3%(1%AEAP) mCB + 1% Oil 3:49 90.28 

3%(1%AEAP) mCB+ 10%E-GMA 4:11 91.19 

3% UMCB+ 1%Oil+ 10%E-GMA 3:37 87.47 

3%(1%AEAP)mCB+1%Oil+10%E-GMA 3:30 91.98 

 

5.2.3.5.  Electrical Resistivity Properties of Ternary and Quaternary Composites 

 

Electrical resistivity values of ternary and quaternary composites are given in Figure 

5.31. According to the test results, electrical resistivities did not change with the 

addition of oil and the modification of carbon black surface. When E-GMA was 

incorporated into the system electrical resistivity increased. It can be said that E-

GMA and TPEE blends covered around the conductive carbon black particles 

resulting in an insulator path. This effect could be seen both from E-GMA containing 

ternary and quaternary composites. Electrical resistivity test results are given in 

APPENDIX D. 
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Figure 5.31 Log (Electrical Resistivity) of Neat TPEE, Binary, Ternary and 

Quaternary Composites 

 

5.2.3.6. Bending Test Actuated by Voltage for TPEE/3%mCB and 3%mCB+1%Oil 

Binary and Ternary Composites 

 

Shape memory behavior with voltage actuator was applied to 3%mCB (1%AEAP) 

binary and 3wt% mCB (1%AEAP) and 1wt% oil containing ternary composites. 

These composites were selected because their electrical conductivity region was in 

semi-conductor range. Bending test results are given in Table 5.13. For binary 

composite, temperature increased to 33oC while for ternary composites it was 27oC. 

It depends on the resistivity of materials. Electrical conductivity of binary composite 

was twice as much as ternary composite. Since oil covered around the carbon black 

particles, conductivity decreased which resulted in reduction of shape recovery ratio. 

With the oil addition, shape recovery time decreased because oil contributed to the 
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soft segment of the polymer. On the other hand, modification of carbon black did not 

make significant change on the shape recovery ratio and the shape recovery time.  

 

Table 5.13 Shape Recovery Ratio, Shape Recovery Time and Measurement 

Parameters of 3wt% mCB and 3wt% mCB+1wt% Oil Loaded Binary Composites 

 

Composites Shape 

Recovery 

Ratio, (%) 

Shape Recovery 

Time, (min:sec) 

Parameters 

(Voltage-Current) 

3%UMCB 42.90 3:34 99.32 Volt-0.0022 A 

3%mCB  41.67 3:54 99.33 Volt-0.027 A 

3%mCB+1%Oil  42.22 3:02 99.31 Volt- 0.023 A 

 

5.2.3.7.  SEM Analyses of Binary, Ternary and Quaternary Composites/Blends 

 

SEM micrographs of impacted fractured surfaces from impact test specimens of 

binary, ternary and quaternary composites can be seen in Figure 5.32 - Figure 5.37. 

Fractured surfaces of 3wt% mCB containing binary composite was examined at 

50000 and 100000 magnifications. AEAP surface modified 3wt% mCB containing 

binary composite showed that surface modification was not helpful to distribute 

carbon black particles homogeneously which did not have a great effect on 

mechanical properties and electrical conductivity as well as shape memory 

properties. 
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Figure 5.32 SEM Micrographs of AEAP Surface Modified 3wt% mCB Loaded 

Binary Composites (50000 and 100000X) 

 

SEM micrographs of 1wt% oil and 10wt% E-GMA containing ternary blend are 

shown in Figure 5.33. The surface of matrix had rubbery nature because of E-GMA 

addition and there were domains due to the oil distribution.  

 

 

 

Figure 5.33 SEM Micrographs of 1wt% Oil and 10wt% E-GMA Loaded Ternary 

Blends (10000 and 20000X) 
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Oil was observed as a second phase in the 3wt% mCB and 1wt% oil containing 

polymer matrix as seen in Figure 5.34. It covered around the carbon black particles 

which was the evidence of increment in tensile strength and elongation at break 

values of ternary composites when compared to 3wt% mCB containing binary 

composite. Since there were still agglomerations in the matrix, tensile values of CB 

containing binary and ternary composites were not higher than neat TPEE except for 

3wt% mCB and 1wt% oil containing TPEE ternary composite.  

 

 

 

Figure 5.34 SEM Micrographs of AEAP Surface Modified 3wt% mCB and 1wt% 

Oil Loaded Ternary Composites (20000 and 50000X) 

 

SEM micrographs of carbon black and E-GMA containing ternary composites are 

given in Figure 5.35. It can be said that the polymer layer covering around the CB 

particles caused decrease in electrical conductivity of CB and E-GMA containing 

ternary composites. Since E-GMA addition did not change the distribution of CB 

particles, mechanical properties of TPEE/E-GMA and CB containing composite also 

did not change significantly.  
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Figure 5.35 SEM Micrographs of AEAP Surface Modified 3wt% mCB and 10wt% 

E-GMA Loaded Ternary Composites (50000 and 100000X) 

 

SEM micrographs of quaternary composites with unmodified or modified carbon 

black are given in Figure 5.36 and Figure 5.37. Carbon black agglomerations can be 

seen from the images. As a result, it is obvious that E-GMA and oil together could 

not distribute carbon black agglomerations. When carbon black and E-GMA were 

incorporated into the polymer matrix, CB was more dominant on the values of 

mechanical properties due to the rigidity of CB particles and their inhomogeneous 

distribution in the matrix. E-GMA incorporation increased surface roughness and 

ductility of the polymer. 

 

 

 

Figure 5.36 SEM Micrographs of 3wt% Unmodified Carbon Black, 1wt% Oil and 

10wt% E-GMA Loaded Quaternary Composites (20000 and 50000X) 
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Figure 5.37 SEM Micrographs of AEAP Surface Modified 3wt% mCB, 1wt% Oil 

and 10wt% E-GMA Loaded Quaternary Composites (20000 and 50000X) 

 

5.3.  Characterization of Carbon Fabric Reinforced Multilayer Composites 

(CFRC) 

 

In this part, firstly, ash content of neat TPEE containing multilayer composite is 

determined and compared with theoretical calculation. Secondly, tensile and impact 

tests as a mechanical characterization are given. Then, electrical resistivity 

measurements are investigated. Lastly, shape recovery ratio and time are given, 

similarly to the polymer matrix studies.  

 

Multilayer composites were prepared along with the five different composites as well 

as neat TPEE. These are; 

 

1. Neat TPEE 

2. 3% (1%AEAP) mCB + 97%TPEE 

3. 3% (1%AEAP) mCB + 1%Oil + 96%TPEE 

4. 3% (1%AEAP) mCB + 10%E-GMA + 87%TPEE 

5. 3% (1%AEAP) mCB + 1%Oil+ 10%E-GMA + 86%TPEE 

6. 3% UMCB + 1%Oil + 10%E-GMA + 86%TPEE 
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In order to investigate carbon black effect on neat TPEE, modified carbon black 

containing TPEE composite was selected. To evaluate oil and elastomer addition, 

ternary composites were selected in order to compare with mCB+TPEE binary 

composites. To see the effects of carbon black, oil and elastomer together, quaternary 

composites were selected both with modified and unmodified carbon black included 

thermoplastic elastomer matrix. In this way, modification effect can also be 

investigated.  

 

5.3.1.  Ash Content Determination of Neat TPEE Containing CFRC 

 

Ash content analysis is used for the determination of total filler content in a material. 

In this study, ash content of neat TPEE containing multilayer composite was 

determined experimentally and theoretically. The reason of this analysis was to be 

sure that multilayer composites had the same amount of polymers in their different 

regions.  

 

According to the standard test method for ash content in thermoplastics (ASTM 

D5630-13) an empty crucible was weighted (W1), then approximately 2 g samples 

were put inside of the crucible and weighted (W2). Finally samples were ignited in a 

furnace at 800oC for 5 minutes, then weighted (W3). Ash content was calculated with 

the following formulation: 
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Test results are given in Table 5.14. 

 

Table 5.14 Experimental Test Results of Ash Content Analysis 

 

Experiment W1 W2 W3 Ash, mass% 

1 18.90 20.89 19.54 32.25 

2 20.49 22.63 21.21 33.61 

Mean    32.93 

 

In order to compare the experimental test result with theoretical result; volume 

fraction of the fabric in the composite was determined with the following equation 

[105]: 

where, ρ is the density of composite (g/cm3), ρm is the density of matrix (g/cm3), ρf is 

the density of fabric (g/cm3), Vm is the volume fraction of matrix and Vf is the 

volume fraction of fabric. 

 

Densities of the multilayer composites, TPEE matrix and carbon fabric were 

determined at 23.2oC using pycnometer (Quantachrome Pycnometer 1200e). 

Determined densities are given in Table 5.15. 
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Table 5.15 Densities of the Multilayer Composite, TPEE Matrix and Carbon Fabric 

 

Experiment/Density ρTPEE, (g/cm3) ρcarbon fabric, (g/cm3) ρcomposite, (g/cm3) 

1 1.26 1.71 1.39 

2 1.26 1.73 1.39 

3 1.26 1.74 1.39 

Mean 1.26 1.73 1.39 

 

Vf  was calculated as 0.28 with Equation 21. 

Weight fraction of the fabric in the composite was calculated with the following 

equation [106]: 

 

 

 

With this equation, Wf was calculated as 0.35 which was closer to experimental 

result. So, multilayer composites should contain homogeneous polymer distribution 

in their different parts.   

 

5.3.2.  Tensile Properties of Carbon Fabric Reinforced Multilayer Composites 

 

Tensile test was applied to the six types of CFRC which were produced according to 

the ISO 527-4 test standard and revealed in Figure 4.16. Tensile test results of carbon 

fabric reinforced multilayer composites with average values of at least five data and 

their standard deviations are given in APPENDIX B and these results are graphically 

represented in Figure 5.38. 
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Figure 5.38 Tensile Strengths of Carbon Fabric Reinforced Composites  

 

Tensile strength value of neat TPEE containing multilayer composite was 116.7 

MPa. With the carbon black addition to the matrix, tensile strength decreased to 65.3 

MPa due to the carbon black agglomeration and low load transfer in the system. 

Modification of carbon black surface was not enough to distribute the carbon black 

particles completely. On the other hand, oil addition provided better carbon black 

distribution so that tensile strength value was better than mCB containing TPEE 

binary composites. Due to its rubbery nature, when elastomer was added to the 

system, tensile strength decreased. But when modified and unmodified carbon black 

included quaternary composites were compared; modified carbon black included 

composites showed better tensile properties than unmodified carbon black included 

one. It might be because polar groups on carbon black surface increased when its 

surface was modified. Surface modification helped activated carbon black containing 

polymer bind to carbon fabric effectively more than unmodified one. 
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Figure 5.39-a represents tensile test fracture of TPEE/3wt% mCB, 1wt% Oil and 

10wt% E-GMA containing quaternary composite. It was seen that carbon black 

modification helped binding of layers, so delamination of layers was not observed. 

Polymer and fabric were fractured together. On the other hand, Figure 5.39-b 

represents tensile test fracture of TPEE/3wt% UMCB, 1wt% Oil and 10wt% E-GMA 

containing quaternary composites. During tensile test; first interface, then fabric and 

finally polymer was fractured.  

 

 

 

Figure 5.39 Fracture Mechanism of Modified (a) and Unmodified (b) Carbon Black 

Containing Quaternary Composites 

 

Figure 5.40 shows the tensile modulus of carbon fabric reinforced multilayer 

composites. Carbon-based fillers being a high modulus material led to an increment 

on tensile modulus of carbon black containing binary composites. Likewise, 

elastomer is rubbery material and decreased the modulus of the material. While 

modulus of neat TPEE containing multilayer composites were 8.4 GPa, modified 

carbon black containing TPEE multilayer composites were 9.7 GPa. Oil introduction 

did not change tensile modulus for ternary composites containing multilayer 

composites because small amount (1wt%) of oil was incorporated to the matrix. On 
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the contrary, elastomer addition for quaternary composites decreased modulus 

approximately to 7 GPa due to its low modulus property. 

 

 

 

Figure 5.40 Tensile Modulus of Carbon Fabric Reinforced Composites 

 

The elongation at break values of multilayer composites are given in Figure 5.41. It 

can be seen from the figure that elongation at break value of neat TPEE containing 

multilayer composite was 2.9%. When 3wt% mCB was incorporated, this value 

decreased to 1.7% because material became more brittle and adhesion between 

polymer and fiber was not good. When oil and elastomer soft phases were added, 

elasticity increased and elongation at break values were improved. Elongation at 

break values of prepared composites were lower than neat TPEE since carbon black 

addition was much more effective on mechanical properties than elastomer addition. 
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Figure 5.41 Elongation at Break of Carbon Fabric Reinforced Composites 

 

5.3.3.  Impact Properties of Carbon Fabric Reinforced Multilayer Composites 

 

Impact strength test results of CFRC are given in APPENDIX B with the average 

values of at least five data and their standard deviations and the results are 

represented in Figure 5.42.  

 

When carbon black was incorporated into the system, impact strength was reduced 

slightly. It increased significantly with the elastomer addition because of elastomer’s 

rubbery nature. Multilayer composites have high impact strength values because 

continuous carbon fabric addition resulted in obtaining tough materials. 
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Figure 5.42 Impact Strength of Carbon Fabric Reinforced Composites 

 

5.3.4.  Bending Test Actuated by Temperature of Carbon Fabric Reinforced 

Composites 

 

Bending test was carried out to investigate the shape memory time and ratio of 

CFRC. The detailed test results with the average values of at least five data and their 

standard deviations are given in APPENDIX C. Multilayer composites of neat TPEE, 

3wt% mCB containing binary composites and 3wt% and 1wt% oil containing ternary 

composites were difficult to bend because of their rigid structures. On the other hand, 

elastomer containing ternary and quaternary fabric reinforced composites were easily 

bent because elastomer improved the flexibility of composites. Bending test was 

carried out at 75oC according to the test procedure given in Section 4.3.5.1. During 

bending, heated composites’ layers delaminated as seen in Figure 5.43. This was 
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because composite layers and carbon fabrics did not bond each other strongly as 

observed in SEM micrographs. 

 

 

 

Figure 5.43 Delamination of Multilayer Composites Layers Included Binary 

Composites of 3wt% mCB + 10wt% E-GMA Loaded Binary Composites 

 

The shape recovery ratio and time results of CFRC are tabulated in Table 5.16. The 

fabric reinforced composite with neat TPEE showed 68% shape recovery ratio within 

time around 4 minutes. When binary, ternary and quaternary composites were 

analyzed, it was seen that shape recovery ratio increased while shape recovery time 

decreased. TPEE/3wt%mCB, 1wt%oil and 10wt% E-GMA containing quaternary 

composite had the highest shape memory ratio (83%) with shape recovery time of 

approximately 3 minutes. 
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Table 5.16 Shape Recovery Ratio and Time for Carbon Fabric Reinforced 

Composites 

 

Composites Shape Recovery 

Ratio, (%) 

Shape Recovery 

Time, (min:sec) 

Neat TPEE loaded CFRC 67.81 4:14 

3%mCB binary composites loaded 

CFRC 
71.20 3:44 

3%mCB+1%Oil ternary composites 

loaded CFRC 
73.04 4:06 

3%mCB+10%E-GMA ternary 

composites loaded CFRC 
72.63 4:08 

3%mCB+1%Oil+10% quaternary 

composites loaded CFRC 
82.48 2:58 

3%UMCB+1%Oil+10% quaternary 

composites loaded CFRC 
78.30 3:57 

 

5.3.5. Electrical Resistivity Measurements of Carbon Fabric Reinforced 

Multilayer Composites 

 

Electrical resistivities of CFRC with different types of polymer composites were 

measured and their results are given in Figure 5.44.  The detailed measurement test 

results can be seen in APPENDIX D with average values and standard deviations. 

Electrical resistivity of carbon fabric reinforced composite of neat TPEE is as low as 

10-0.63 ohm.cm due to continuous carbon fibers in the material. Modified carbon 

black included binary composites gave the lowest resistivity as 10-1.04 ohm.cm due to 

the carbon black reinforcement. When elastomer was added to the matrix, TPEE/E-

GMA blend behaved like an insulating layer around carbon black nanoparticles and 

decreased resistivity to 10-0.78 ohm.cm. The difference between two quaternary 

composites was the use of modified and unmodified carbon black. Electrical 
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conductivity of quaternary composites did not change significantly because surface 

modification was not enough to distribute CB particles homogeneously.  

 

 

 

Figure 5.44 Log (Electrical Resistivity) Graph of Carbon Fabric Reinforced 

Composites 

 

All of the CFRCs are in the semiconductor range (from 10-3 to 107 ohm.cm). 

Existence of continuous carbon fiber (1.35x10-2 ohm.cm) determined the 

conductivity values mainly because the conductivity test results of composites were 

close to each other.  

 

Since all the multilayer composites were in semi-conductor range, bending test 

actuated by voltage was investigated. Because materials could be heated above their 

glass transition temperatures according to joule heating methodology. 

 

5.3.6. Bending Test Actuated by Voltage for Carbon Fabric Reinforced 

Composites 

 

The shape recovery ratio and shape recovery time values of fiber reinforced 

composites are given in Table 5.17. Shape memory properties were directly 

proportional to the electrical conductivity properties. If the material was more 
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conductive, its shape recovery ratio was higher as seen from the results. Because in 

conductive composites there were more conductive paths for heating the material 

which resulted in high shape recovery ratio and fast response time. Shape recovery 

times of composites were lower than the values obtained by bending test actuated by 

temperature. It was because of joule heating. Materials were heated faster than 

convection with Joule heating as mentioned in Section 5.2.1.5. 

 

Table 5.17 Shape Recovery Ratio, Shape Recovery Time and Measurement 

Parameters of Carbon Fabric Reinforced Multilayer Composites 

 

Composites Shape 

Recovery 

Ratio, (%) 

Shape 

Recovery 

Time, 

(min:sec) 

Parameters 

(Voltage-Ampere) 

 

Neat TPEE loaded CFRC 75.00 2:58 5.10 Volt-0.988 A 

3%mCB binary composites 

loaded CFRC 
84.08 3:11 4.38 Volt- 0.986 A 

3%mCB+1%Oil ternary 

composites loaded CFRC 
81.51 2:36 4.52 Volt-0.992 A 

3%mCB+10%E-GMA 

ternary composites loaded 

CFRC 

80.48 2:42 4.94 Volt-0.989 A 

3%mCB+1%Oil+10%  

E-GMA quaternary 

composites loaded CFRC 

80.13 1:41 4.81 Volt-0.991 A 

3%UMCB+1%Oil+10%  

E-GMA quaternary 

composites loaded CFRC 

81.93 2:16 4.80 Volt-0.991 A 
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5.3.7. SEM Analysis of Carbon Fabric Reinforced Multilayer Composites 

 

SEM micrographs of impact fractured specimens of carbon fabric reinforced 

multilayer composites are investigated in this part. Adhesion between polymer 

matrix and carbon fabric can be assessed at higher magnifications. Figure 5.45-

Figure 5.50 represent SEM images of carbon fabric reinforced multilayer composites 

with different compositions as well as neat TPEE.  

 

SEM micrographs of carbon fabric reinforced multilayer composites with neat TPEE 

are given in Figure 5.45. There were no gaps between polymer matrix and carbon 

fabric, therefore tensile strength and elongation at break of neat TPEE CFRC had the 

highest values. Polymer adhered to the carbon fabric completely as seen in the 

figures. During fracture, fiber breakage was observed. Although multilayer 

composites did not give a neck before fracture during tensile test, they had rough 

surfaces which showed ductile properties.   
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Figure 5.45 SEM Micrographs of Neat TPEE Loaded Carbon Fabric Reinforced 

Multilayer Composites (100, 250, 5000 and 10000X) 

 

SEM micrographs of 3wt% mCB containing CFRC are given in Figure 5.46. 

Adhesion between polymer and carbon fabric was good because there was no 

delamination between polymer and carbon fabrics. Tensile strength and elongation at 

break values were lower than neat TPEE. Because mechanical properties of 

TPEE/3wt% mCB composites were also lower than neat TPEE composites. This 

composition gave the best electrical conductivity since there were carbon black 

agglomerations in the polymer matrix that helped to increase conductivity with 

carbon black conductive chains.  
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Figure 5.46 SEM Micrographs of 3wt% mCB Loaded Carbon Fabric Reinforced 

Multilayer Composites (100, 500, 5000 and 10000X) 

 

Figure 5.47 presents TPEE/3wt% mCB and 1wt% Oil containing ternary CFRC. As 

seen from the figures, polymer covered around the carbon fiber completely which 

was because of good adhesion. Fiber breakage was observed. Mechanical properties 

were improved because oil covered carbon black particles and contributed to the 

dispersion of these particles. So, tensile strength of the ternary composite was higher 

than mCB containing binary composites.  

 



  
 

148 
 

 

 

Figure 5.47 SEM Micrographs of 3wt% mCB+1wt% Oil Loaded Carbon Fabric 

Reinforced Multilayer Composites (100, 1000, 5000 and 10000X) 

 

Figure 5.48 shows SEM micrographs of TPEE/3wt% mCB and 10wt% E-GMA 

containing CRFC. As can be seen from the figures, when E-GMA was added into 

mCB containing binary system, there was delamination between polymer and carbon 

fabrics which affected the mechanical properties of multilayer composites. In order 

to investigate delamination physically, TPEE/E-GMA containing CFRC were heated 

up to 75oC and bent; delamination was observed as seen from Figure 5.43.  
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Figure 5.48 SEM Micrographs of 3wt% mCB+10wt% E-GMA Loaded Carbon 

Fabric Reinforced Multilayer Composites (100, 2000, 5000 and 10000X) 

 

Figure 5.49 illustrates SEM micrographs of TPEE/3wt% mCB, 1wt%Oil and 10wt% 

E-GMA containing CFRC. The adhesion between polymer and carbon fabrics was 

not good enough. Carbon fiber delamination and fiber breakage were observed. 

Lower tensile strength and elongation at break values for these composites were 

obtained when compared with that of CFRC containing neat TPEE only. 
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Figure 5.49 SEM Micrographs of 3wt% mCB+1wt% Oil+10wt% E-GMA Loaded 

Carbon Fabric Reinforced Multilayer Composites (100, 500, 5000 and 10000X) 

 

Figure 5.50 represents quaternary composites of 3wt% UMCB containing carbon 

fabric reinforced multilayer composites. As seen from the figures, adhesion between 

polymer matrix and carbon fiber was not good enough. Polymer and carbon fabric 

behaved separately since polymer could not surround carbon fibers completely. As 

shown in Figure 5.39. UMCB containing CFRC showed the lowest tensile properties 

because of poor adhesion between the quaternary TPEE composite and carbon 

fabrics.  
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Figure 5.50 SEM Micrographs of 3wt% UMCB+1wt% Oil+10wt% E-GMA Loaded 

Carbon Fabric Reinforced Multilayer Composites (100, 500, 5000 and 10000X) 
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CHAPTER 6 

 

 

CONCLUSIONS 

 

 

 

In the first part of the study, conductive TPEE-based composites which have 

electrically stimulated shape memory properties were prepared.  For this purpose, 

different amounts of carbon black powder as 0%, 0.5%, 1%, 3% and 5% by weight 

were added into the thermoplastic elastomer. In addition, carbon black surface 

modification was applied at 1wt% concentration to distribute carbon black particles 

in the polymer homogeneously.  

 

To enhance mechanical and shape memory properties of the polymer by contributing 

to the soft segment; oil at 0%, 0.5%, 1%, 3%, 5% and 7% and/or E-GMA at 5%, 

10%, 20% and 30% concentrations were also added into the thermoplastic elastomer 

matrix. The properties of binary, ternary and quaternary composites were 

investigated. 

 

Conclusive remarks for binary, ternary and quaternary composites/blends are as 

follows: 

 

1. Binary Composites/Blends 

 

- In TPEE/UMCB binary composites, tensile modulus of neat TPEE increased to 

1013.4 MPa with 5wt% UMCB incorporation, whereas tensile strength, 

elongation at break and impact strength decreased significantly because of 

carbon black agglomerations and low load transfer. Thermally stimulated shape 

recovery ratio increased with the increasing UMCB amounts. 5wt% UMCB 

containing composite had the highest shape recovery ratio as 88.41%. 
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Electrical conductivity values of both 3wt% and 5wt% of UMCB containing 

composites showed that these composites were semiconductor. For these 

reasons, 3wt% of UMCB addition was selected to prepare ternary and 

quaternary composites in order not to lose mechanical properties.  

- For the purpose of improving carbon black distribution in the polymer matrix, 

1wt% surface modification was applied. However, it was not so much effective 

on the distribution of carbon black particles. Because mechanical, shape 

memory and electrical conductivity test results did not change significantly. 

But, in order to activate functional groups on carbon black surface and improve 

bonding between modified carbon black containing polymer matrix and carbon 

fabric during preparation of multilayer composites, surface modified carbon 

black were used to prepare binary, ternary and quaternary composites. Among 

four different surface treatment agents, AEAP containing composites had 

higher mechanical and thermal shape memory properties. As a result, it was 

selected as a coupling agent.  

- In TPEE/Oil binary blends, optimum test results of mechanical and shape 

memory properties were achieved at 1wt% of oil addition. This loading 

provided the blend the highest elongation at break (255.6%) and impact 

strength (22.31 kJ/m2) among all. Beyond 3wt% of oil addition, spewing 

started during extrusion and tensile strength decreased significantly. With the 

1wt% oil incorporation, thermal shape memory properties increased up to 99%. 

As a result, 1wt% of oil was added into the system to prepare ternary and 

quaternary composites.  

- In TPEE/E-GMA binary blends, a significant increase in impact properties 

beyond 5wt% of E-GMA addition was obtained (129.5 kJ/m2 for 30wt% 

EGMA). On the other hand, elongation at break values decreased to 206.7% 

with 20wt% addition because of the phase inversion. According to the thermal 

shape memory test results, the best shape memory ratio was achieved in 30wt% 

E-GMA containing binary blend. However, in order not to lose thermoplastic 

elastomer nature, 10wt% of E-GMA was used during the preparation of ternary 

and quaternary composites.  
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- Consequently, AEAP surface modified 3wt% carbon black or 3wt% 

unmodified carbon black, 1wt% paraffinic oil and 10wt% E-GMA were used 

as additives for the preparation of the further composites. 

 

2. Ternary and Quaternary Composites/Blends 

 

- In TPEE/E-GMA/oil ternary blends, soft segment of the polymer improved 

more than its binary blends. So, tensile and impact strength increased to 41.15 

MPa and 73.5 kJ/m2, respectively and shape recovery time decreased to 1:00 

min with 97% shape recovery ratio.  

- In TPEE/mCB/oil ternary composites, oil contributed to carbon black 

distribution, and the reduction of agglomerates was observed. As a result, 

tensile strength increased to 39.8 MPa, elongation at break increased to 210%, 

shape recovery ratio increased to 90.3% in 3:49 minutes when compared with 

TPEE/mCB containing binary composites.  

- In TPEE/mCB/E-GMA ternary composites, it was clear that E-GMA lost all of 

its properties and carbon black particles were dominant factor on mechanical 

and shape memory properties.  Since TPEE/E-GMA blend surrounded the 

carbon black particles and created insulating paths, electrical conductivity of 

composites decreased to 1.35x108 ohm.cm. 

- In TPEE/mCB/oil/E-GMA containing quaternary composites, relatively high 

thermal shape recovery ratio was obtained as 92% in 3:30 minutes. 

 

In the second part of this study, carbon fabric reinforced multilayer composites were 

prepared by alternating six polymer and five carbon fabric layers. For the preparation 

of the multilayer composites, modified composites with optimum properties were 

used as polymer layers as well as neat TPEE.  
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Conclusive remarks for carbon fabric reinforced multilayer composites are as 

follows: 

 

- Tensile modulus of neat TPEE containing CFRC was significantly improved to 

803.3 MPa with the use of ternary composite containing 3wt%mCB and 1wt% 

oil in CFRC composite.  

- SEM micrographs showed delamination between the polymer and the fiber 

which resulted in the decrease of tensile strength values.  

- CFRC with 3wt%mCB containing quaternary composites had the highest 

impact strength of 112.2 kJ/m2 and thermal shape recovery ratio of 83% in 3 

minutes. 

- Electrical conductivity was dramatically improved with carbon fabric 

incorporation. 3wt%mCB containing binary composites had the lowest 

resistivity of 10-1.04 ohm.cm with the highest electrically shape recovery ratio 

of 85% in 3:11 minutes. 

- Surface modified carbon black containing multilayer composites showed better 

adhesion than unmodified carbon black containing composites.  

 

As a result successful multilayer composites were prepared according to their 

electrical conductivity and impact properties which may be demanded by the 

industry. By optimizing the additive type and contents, desired materials can be 

produced according to the industrial requirements.   
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OUTLOOK 

 

 

 

In future studies, in order to reduce carbon black agglomerations, different surface 

treatment techniques can be applied on carbon black surface such as through plasma 

treatment, oxidation and fluorination. In this way, tensile properties of the 

composites may be increased.  

 

In addition, some adhesives can be incorporated in order to improve adhesion 

between the polymer composite and carbon fabric material. Likewise, if the 

composites are heated up to 20 to 30oC above their melting temperatures, viscosity 

will be reduced which helps increase in wettability of the fibers. Consequently, 

bonding will increase, and this should provide improvement in tensile properties in 

addition to shape memory properties.  
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APPENDIX A 

 

 

CHARACTERIZATION OF 5wt% SURFACE MODIFIED CARBON BLACK 

CONTAINING THERMOPLASTIC ELASTOMER BINARY COMPOSITES 

 

 

 

Table A.1 Tensile Strength (MPa) Values of 5wt% mCB Loaded Binary Composites 

 

 0% CB UMCB 3-MPTS 

mCB 

γ-GPS 

mCB 

AEAP 

mCB 

Oil mCB 

1 42.34 25.75 26.93 27.58 24.01 28.79 

2 38.16 28.66 26.89 23.65 29.32 26.01 

3 38.23 25.98 27.98 25.81 29.36 26.55 

4 38.11 24.77 24.91 29.84 29.55 29.35 

5 38.53 27.04 26.54 27.34 29.86 27.84 

6 41.18 25.33  28.41  29.76 

Mean 39.07 26.25 26.65 27.11 28.42 28.05 

Standard 

Deviation 

(±) 1.83 1.40 1.11 2.15 2.47 1.42 
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Table A.2 Tensile Modulus (MPa) Values of 5wt% mCB Loaded Binary Composites 

 

 0%CB UMCB 3-MPTS 

mCB 

γ - GPS 

mCB 

AEAP 

mCB 

Oil 

mCB 

1 708.30 1001.70 936.45 954.28 964.72 1000.50 

2 736.84 1019.00 844.34 892.65 930.21 963.10 

3 692.45 1040.80 912.72 982.43 902.38 995.82 

4 646.21 995.60 994.21 946.55 931.41 998.19 

5 675.24 1009.90 989.30 971.36 985.96 946.30 

6       

Mean 691.81 1013.40 935.40 949.45 942.94 989.40 

Standard 

Deviation 

(±) 34.11 17.66 61.59 34.73 32.65 17.64 

 

 

Table A.3 Elongation at Break (%) Values of 5wt% mCB Loaded Binary 

Composites 

 

 0% CB UMCB 3-MPTS 

mCB 

γ - GPS 

mCB 

AEAP 

mCB 

Oil 

mCB 

1 270.90 123.64 105.39 154.04 118.94 104.91 

2 285.69 126.07 154.04 118.19 124.22 105.39 

3 275.15 118.06 116.34 118.57 166.26 113.97 

4 257.29 110.80 118.94 129.93 136.19 105.47 

5 269.32 116.70 109.65 113.80 131.01 102.93 

6  105.77  104.37  111.71 

Mean 271.67 116.84 120.87 123.15 135.32 106.53 

Standard 

Deviation (±) 

 

10.26 7.64 19.30 17.24 18.49 4.28 
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Table A.4 Impact Strength (kJ/m2) Values of 5wt% mCB Loaded Binary 

Composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 0% CB UMCB 3-MPTS 

mCB 

γ - GPS 

mCB 

AEAP 

mCB 

Oil 

mCB 

1 22.91 7.69 10.09 11.13 11.13 9.50 

2 24.75 8.25 9.69 11.34 11.38 10.81 

3 23.72 7.38 10.50 10.84 12.09 11.28 

4 19.84 7.69 10.13 10.03 10.66 12.31 

5 19.78 7.12 10.44 11.13 11.00 11.75 

6 22.16  11.75 10.69 10.59 11.00 

7      9.88 

Mean 22.19 7.62 10.43 10.86 11.14 10.93 

Standard 

Deviation (±) 2.035 0.42 0.71 0.47 0.55 0.99 
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Table A.5 Thermal Shape Recovery Ratio (%) of 5wt% mCB Loaded Binary 

Composites 

 

 

 0% CB UMCB 3-MPTS 

mCB 

γ - GPS 

mCB 

AEAP 

mCB 

Oil mCB 

1 86.69 90.17 90.84 91.49 93.47 87.4 

2 79.11 88.41 90.80 91.98 84.86 94.3 

3 71.98 89.83 88.77 89.24 90.90 93.7 

4 71.68 82.37 90.89 86.95 88.65 88.4 

5 77.36 91.26 82.08 87.45 94.83 88.0 

Mean 77.36 88.41 88.68 89.42 90.54 90.40 

 Standard 

Deviation 

(±) 

6.15 3.53 3.80 2.28 3.97 3.35 
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Table A.6 Shape Recovery Time (min:sec) of 5wt% mCB Loaded Binary 

Composites 

 

 0 % CB UMCB 3-MPTS 

mCB 

γ - GPS 

mCB 

AEAP 

mCB 

Oil 

mCB 

1 4:05 4:46 4:10 3:58 4:19 4:24 

2 4:05 4:15 4:31 4:34 4:21 4:10 

3 4:06 4:41 4:12 4:36 4:19 3:55 

4 4:07 4:27 4:39 4:10 4:29 4:31 

5 4:05 2:46 4:09 4:00 3:58 3:59 

Mean 4:05 4:27 4:20 4:15 4:17 4:11 

 

Table A.7 Electrical Resistivities (Ω.cm) of 5wt% mCB Loaded Binary Composites 

 

 UMCB 3-MPTS 

mCB 

γ-GPS 

mCB 

AEAP 

mCB 

Oil mCB 

1 9.73E+01 8.72E+01 1.26E+02 1.85E+02 7.61E+01 

2 1.51E+02 1.14E+02 1.38E+02 1.89E+02 8.15E+01 

3 1.29E+02 7.83E+01 1.49E+02 2.25E+02 9.34E+01 

4 1.01E+02 2.58E+02 1.36E+02 2.33E+02 9.02E+01 

Mean 1.19E+02 1.34E+02 1.37E+02 2.08E+02 8.37E+01 

 

 

 

 

 

 

 

 

 



  
 

176 
 

Table A.8 Electrical Current Actuated Shape Memory Ratio (%) of 5wt% mCB 

Loaded Binary Composites  

 

 UMCB 3-MPTS 

mCB 

γ - GPS 

mCB 

AEAP 

mCB 

Oil 

mCB 

1 84.87 85.06 80.46 85.52 89.38 

2 93.54 85.50 82.87 79.94 89.73 

3 81.57 81.10 81.91 78.00 83.37 

4 80.40 88.90 85.10 86.93 85.2 

5 83.96 83.51 89.47 86.95 79.87 

Mean 84.87 84.81 83.96 83.47 85.51 

St. Dev.(±) 4.62 2.56 3.14 3.76 3.72 

 

Table A.9  Electrical Current Actuated Shape Memory Time of 5wt% mCB Loaded 

Binary Composites 

 

 UMCB 3-MPTS mCB γ - GPS mCB AEAP mCB Oil mCB 

1 1:13 2:25 1:25 2:00 0:49 

2 0:29 2:06 1:55 2:08 1:29 

3 1:41 2:15 1:26 2:07 1:28 

4 0:45 1:31 1:25 1:40 2:13 

5 1:58 1:58 1:46 1:22 1:55 

  1:38    

Mean 1:13 1:58 1:35 1:51 1:34 
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APPENDIX B 

 

 

MECHANICAL ANALYSIS 

 

 

 

Table B.1 Tensile Strength (MPa) Values of Binary Composites/Blends 

 

 0%CB 0.5%CB 1%CB 3%CB 3% mCB 

(AEAP) 

5%CB 

1 42.34 37.88 36.48 34.64 34.22 25.75 

2 38.16 38.45 37.34 36.92 38.93 28.66 

3 38.23 37.48 37.24 36.69 40.43 25.98 

4 38.11 39.84 37.24 32.89 35.81 24.77 

5 38.53 40.07 35.64 34.39 38.96 27.04 

6 41.18    32.99  

Mean 39.07 38.16 37.56 35.11 36.89 25.33 

St.Dev. 

(±) 1.83 38.65 36.92 1.69 2.98 26.25 
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Table B.1 Tensile Strength (MPa) Values of Binary Composites/Blends (Continued) 

 

 0.5%Oil 1%Oil 3%Oil 5%Oil 7%Oil 

1 31.96 34.91 42.47 40.24 29.61 

2 38.56 38.00 32.89 26.20 35.20 

3 42.39 37.91 41.94 39.07 27.98 

4 43.47 38.19 40.40 37.25 34.27 

5 40.00 41.61 33.31 31.55 23.45 

Mean 39.28 38.12 38.20 34.86 30.10 

St.Dev.(±) 4.52 2.38 4.45 5.88 4.80 

 5% 

E-GMA 

10% 

E-GMA 

20% 

E-GMA 

30% 

E-GMA 

1 39.22 42.67 40.27 35.91 

2 45.21 36.04 42.13 36.58 

3 40.67 38.91 38.50 35.02 

4 41.40 41.92 42.60 36.96 

5 41.48 42.14 38.96 37.95 

6 40.30  36.80  

Mean 41.38 40.34 39.88 36.49 

St.Dev. 

(±) 2.05 2.81 2.23 1.10 

 

 

 

 

 

 



  
 

 
 

 

          Table B.2 Tensile Strength (MPa) Values of Ternary and Quaternary Composites/Blend 

 

 1%Oil+10% 

E-GMA 

3%(1%AEAP)mCB

+1%Oil 

3%(1%AEAP)mCB

+10%E-GMA 

3%UMCB + 

1%Oil+ 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil+ 10%E-

GMA 

1 40.68 38.91 36.20 37.47 37.28 

2 38.71 41.38 37.67 37.52 33.73 

3 42.00 39.65 36.95 37.15 36.93 

4 41.80 40.19 36.85 37.96 37.80 

5 41.37 39.13 37.71 36.96 37.55 

6 42.34 39.24 37.11 33.51 36.77 

Mean 41.15 39.75 37.08 36.76 36.68 

Standard 

Deviation (±) 1.33 0.92 0.57 1.63 1.49 

                1
7
9

 



  
 

 
 

 

           Table B.3 Tensile Strength (MPa) Values of Carbon Fabric Reinforced Multilayer Composites 

 

 

 

 

 Neat 

TPEE 

3% 

(1%AEAP)mCB 

3%(1%AEAP)mCB+ 

1%Oil 

3%(1%AEAP)mCB+ 

10%E-GMA 

3%UMCB+ 

1%Oil+ 

10%E-GMA 

3%(1%AEAP)

mCB+ 1%Oil+ 

10%E-GMA 

1 104.16 72.10 88.74 72.75 24.69 62.01 

2 116.36 79.12 57.16 48.63 30.72 52.97 

3 104.93 40.52 95.52 58.36 10.69 48.21 

4 139.98 72.83 95.52 67.59 55.70 83.50 

5 148.88 85.80 73.19 60.05 74.32 56.69 

6  41.25 59.61 40.41 35.24 43.60 

Mean 116.36 65.27 78.29 61.48 38.56 60.68 

Standard 

Deviation 

(±) 16.71 21.43 19.32 9.23 22.87 13.72 

              1
8
0
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Table B.4 Tensile Modulus (MPa) of Binary Composites/Blends 

 

 0% 

CB 

0.5% 

CB 

1% 

CB 

3% 

CB 

3% mCB 

(AEAP) 

5% CB 

1 708.30 850.72 852.40 905.86 870.05 1001.70 

2 736.84 845.80 841.76 926.23 894.44 1019.00 

3 692.45 837.08 841.14 899.23 795.98 1040.80 

4 646.21 843.05 807.59 917.79 810.69 995.60 

5 675.24 797.45 838.53 926.85 895.23 1009.90 

6  798.99 832.82  861.60  

Mean 691.81 828.85 835.71 915.19 854.67 1013.40 

St.Dev.(±) 34.11 24.14 15.18 12.31 42.17 17.66 

 0.5 % 

Oil 

1% 

Oil 

3% 

Oil 

5% 

Oil 7% Oil 

1 630.37 695.50 674.03 643.48 588.71 

2 665.63 710.76 661.35 616.68 603.69 

3 633.14 718.25 707.80 642.48 645.51 

4 689.08 722.38 695.69 645.25 740.07 

5 636.66 688.76 672.35 685.09 705.77 

Mean 650.98 707.13 682.24 646.60 656.75 

St.Dev.(±) 25.57 14.51 18.95 24.52 65.03 
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Table B.4 Tensile Modulus (MPa) of Binary Composites/Blends (Continued) 

 

  

5% E-GMA 

 

10% E-GMA 

 

20% E-GMA 

 

30% E-GMA 

1 761.06 617.61 517.40 441.46 

2 669.14 579.81 503.59 475.28 

3 785.35 585.01 504.49 462.61 

4 674.98 571.01 512.45 504.41 

5 704.15 581.04 518.78 470.65 

6 777.06  511.79 462.18 

Mean 733.52 586.90 511.42 470.88 

St.Dev.(±) 56.82 17.91 6.33 22.79 

 

 

 



  
 

 
 

 

Table B.5 Tensile Modulus (MPa) of Ternary and Quaternary Composites/Blend 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1%Oil + 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB + 

10%E-GMA 

3%UMCB+ 

1%Oil+ 10% 

E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil+ 10% 

E-GMA 

1 542.73 745.23 644.79 575.71 605.33 

2 538.79 857.55 669.14 592.47 543.32 

3 543.13 804.68 640.97 573.22 613.69 

4 538.08 815.24 654.48 582.32 613.27 

5 583.10 781.49 698.48 623.50 545.39 

6 569.06 815.51 686.36 618.72 589.09 

Mean 552.48 803.28 665.70 594.32 585.02 

Standard 

Deviation (±) 18.92 37.64 23.19 21.84 32.74 

    1
8
3
 



  
 

 
 

 

     Table B.6 Tensile Modulus (MPa) Values of Carbon Fabric Reinforced Multilayer Composites 

 

 

 Neat 

TPEE 

3% 

(1%AEAP)mCB 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB 

+ 10%E-GMA 

3%UMCB + 

1%Oil+ 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil+ 10%E-

GMA 

1 8402.80 8807.70 9603.40 7804.50 5764.90 5764.90 

2 7737.50 9596.80 9887.90 7327.10 6651.50 6651.50 

3 8525.00 8528.30 10084.00 7297.80 6618.70 6618.70 

4 9036.40 9134.70 8899.30 7215.80 7342.40 7342.40 

5 8425.00 10309.00 8722.50 6651.80 7931.60 7931.60 

6   8847.20  7177.70  

Mean 8425.34 9275.30 9340.72 6670.70 6914.47 6861.82 

Standard 

Deviation 

(±) 462.86 889.39 566.32 7259.40 743.65 818.83 

       

1
8
4
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Table B.7 Elongation at Break (%) Values of Binary Composites/Blends  

 

 0 % 

CB 

0.5 % 

CB 

1 % 

CB 

3 % 

CB 

3% mCB 

(AEAP) 

5% 

CB 

1 270.90 247.46 232.10 190.61 146.62 123.64 

2 285.69 269.24 234.36 202.00 192.99 126.07 

3 275.15 239.94 231.40 195.94 201.01 118.06 

4 257.29 255.84 248.57 190.82 210.55 110.80 

5 269.32 278.67 245.60 181.96 211.90 116.70 

6  257.90 249.75  201.22 105.77 

Mean 271.67 258.17 240.30 192.27 194.05 116.84 

St.Dev.(±) 10.26 14.11 15.18 7.40 24.26 7.64 

 0.5 % 

Oil 

1% 

Oil 

3% 

Oil 

5% 

Oil 7% Oil 

1 205.06 230.58 274.59 285.92 252.56 

2 258.89 256.34 233.64 184.74 224.84 

3 260.68 260.42 279.54 279.83 145.92 

4 261.59 260.59 267.40 247.86 194.87 

5 258.69 270.02 216.80 210.97 158.45 

Mean 248.98 255.59 254.39 241.86 195.33 

St.Dev. 

(±) 24.58 14.85 27.63 43.69 44.58 
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Table B.7 Elongation at Break (%) Values of Binary Composites/Blends 

(Continued) 

 

 5%  

E-GMA 

10%  

E-GMA 

20% 

E-GMA 

30%  

E-GMA 

1 244.40 262.44 212.80 128.21 

2 278.24 209.93 229.82 141.01 

3 256.50 240.29 202.52 133.36 

4 267.03 270.69 225.00 132.78 

5 275.29 263.79 198.51 151.50 

6 247.80  171.80 136.12 

Mean 261.54 249.43 206.74 137.37 

St.Dev. (±) 14.18 24.86 21.02 9.14 

 



  
 

 
 

          

         Table B.8 Elongation at Break (%) Values of Ternary and Quaternary Composites/Blends 
 

 

 

 

 

 

 1%Oil + 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB 

+ 10%E-GMA 

3%UMCB + 

1%Oil+ 

10%E-GMA 

3%(1%AEAP)mCB + 

1%Oil+ 10%E-GMA 

1 290.34 247.78 133.42 151.98 140.30 

2 270.29 213.83 136.85 141.89 155.30 

3 302.45 191.84 143.72 149.48 126.60 

4 306.40 219.67 137.10 149.29 129.78 

5 302.79 200.49 134.66 136.37 147.48 

6 296.39 187.04 140.16 109.47 142.39 

Mean 294.78 210.11 137.65 139.75 140.31 

Standard 

Deviation 

(±) 13.27 22.28 3.77 15.92 10.76 

    1
8
7

 



  
 

 
 

 

      Table B.9 Elongation at Break (%) Values of Carbon Fabric Reinforced Multilayer Composites 
 

 

 

 Neat 

TPEE 

3% 

(1%AEAP)mCB 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB 

+ 10%E-GMA 

3%UMCB + 

1%Oil+ 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil+ 10%E-

GMA 

1 2.26 2.00 2.21 2.29 1.88 2.69 

2 2.49 2.04 1.25 1.50 1.68 2.18 

3 3.82 0.78 2.35 1.84 1.15 1.90 

4 2.85 1.72 1.74 2.47 1.72 2.85 

5 3.35 1.99 1.48 2.20 1.08 1.94 

6      1.60 

Mean 2.86 1.70 1.81 2.06 1.50 2.19 

Standard 

Deviation 

(±) 0.69 0.61 0.54 0.39 0.36 0.44 

1
8
8
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Table B.10 Impact Strength (kJ/m2) Values of Binary Composites/Blends 

 

 0 % 

CB 

0.5 % 

CB 

1 % 

CB 

3 % 

CB 

3% mCB 

(AEAP) 

5% 

CB 

1 22.91 13.38 9.84 6.56 8.03 7.69 

2 24.75 12.69 10.41 7.94 8.34 8.25 

3 23.72 14.94 10.00 9.19 18.66 7.38 

4 19.84 17.69 9.59 8.78 9.44 7.69 

5 19.78 19.31 13.59 8.72 9.91 7.12 

6 22.16 19.13 14.75 9.34 11.88  

Mean 22.19 16.19 11.36 8.42 11.04 7.62 

St.Dev.(±) 2.04 2.91 2.22 1.03 3.97 0.42 

 0.5 % 

Oil 

1% 

Oil 

3% 

Oil 

5% 

Oil 7% Oil 

1 16.59 

 23.44 19.59 19.59 14.34 

2 22.09 21.13 15.69 17.59 18.59 

3 24.31 22.28 17.94 18.81 18.84 

4 19.41 22.94 19.16 15.06 15.19 

5 20.41 22.94 18.81 17.59 19.25 

  21.13 21.66 17.44 19.59 

Mean 20.56 22.31 18.81 17.68 17.64 

St.Dev.(±) 2.89 0.99 1.97 1.54 2.26 
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Table B.10 Impact Strength (kJ/m2) Values of Binary Composites/Blends 

(Continued) 

 

 5% E-GMA 10% E-GMA 20% E-GMA 30% E-GMA 

1 27.81 70.94 113.38 135.19 

2 28.31 62.84 109.84 131.59 

3 21.47 61.97 105.22 122.88 

4 21.47 73.78 102.28 131.84 

5 24.97 66.25 101.66 126.03 

6 25.16  104.47  

Mean 24.86 67.16 106.14 129.51 

St.Dev.(±) 2.96 5.11 4.58 4.95 

 



  
 

 
 

 

Table B.11 Impact Strength (kJ/m2) Values of Ternary and Quaternary Composites/Blend 

 

 

 

 

 1%Oil + 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB 

+ 10%E-GMA 

3%UMCB + 

1%Oil+ 10%E-

GMA 

3%(1%AEAP)mCB + 

1%Oil+ 10%E-GMA 

1 75.50 11.53 12.34 13.09 13.34 

2 71.16 10.41 12.59 10.63 11.78 

3 69.72 11.63 10.88 11.63 11.78 

4 76.59 11.97 11.00 10.88 13.31 

5 73.69 11.41 11.63 11.91 11.78 

6 74.16 10.88 11.59 11.63  

Mean 73.47 11.30 11.67 11.63 12.40 

Standard 

Deviation 

(±) 2.60 0.57 0.69 0.87 0.85 

  1
9
1
 



  
 

 
 

 

      Table B.12 Impact Strength (kJ/m2) Values of Carbon Fabric Reinforced Multilayer Composites 

 

 

 

 

 Neat 

TPEE 

3% 

(1%AEAP)mCB 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB 

+ 10%E-GMA 

3%UMCB + 

1%Oil+ 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil+ 10%E-

GMA 

1 79.45 75.89 108.26 80.33 95.45 111.45 

2 78.28 89.36 110.85 102.79 120.19 104.56 

3 75.82 77.30 61.04 123.78 103.13 111.94 

4 101.98 67.10 54.80 100.68 97.49 112.54 

5 96.20 62.88 50.60 80.76 97.10 89.36 

6  83.88   133.33 143.15 

Mean 86.35 76.07 77.11 97.67 107.78 112.17 

Standard 

Deviation 

(±) 11.88 9.94 9.00 8.00 15.49 15.12 

1
9
2
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APPENDIX C 

 

 

SHAPE RECOVERY 

 

 

 

Table C.1 Shape Recovery Ratio (%) Values of Binary Composites/Blends 

 

 0 % 

CB 

0.5 % 

CB 

1 % 

CB 

3 % 

CB 

3% mCB 

(AEAP) 

5% 

CB 

1 86.69 82.05 88.20 85.58 84.88 90.17 

2 79.11 87.53 82.75 82 86.82 88.41 

3 71.98 75.93 75.16 77.46 83.77 89.83 

4 71.68 82.69 73.14 82.4 78.82 82.37 

5 77.36 69.59 85.48 85 92.03 91.26 

Mean 77.36 79.55 80.94 82.50 85.26 88.41 

Standard 

Deviation (±) 
6.15 6.93 6.54 3.22 4.80 3.53 
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Table C.1 Shape Recovery Ratio (%) Values of Binary Composites/Blends 

(Continued) 

 

 0.5 % Oil 1% Oil 3% Oil 5% Oil 7% Oil 

1 95.20 100 94.32 96.85 95.33 

2 96.34 99.93 100 96.83 94.13 

3 94.32 100 87.92 90.83 91.07 

4 92.35 100 92.29 93.88 95.16 

5 99.94 99.97 92.89 94.76 96.72 

Mean 95.63 99.93 94.88 94.63 94.48 

Standard 

Deviation 

(±) 

2.82 0.03 4.36 2.49 2.12 

 5%  

E-GMA 

10%  

E-GMA 

20%  

E-GMA 

30% 

E-GMA 

1 87.52 87.60 88.54 88.99 

2 80.02 85.43 92.70 94.60 

3 81.29 84.93 94.73 92.70 

4 85.66 82.70 95.62 96.39 

5 83.29 86.55 91.27 96.84 

Mean 83.56 85.44 92.57 93.90 

Standard 

Deviation 

(±) 3.08 1.85 2.82 3.20 
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Table C.2 Shape Recovery Time (min:sec) Values of Binary Composites/Blends 

 

 0 % CB 0.5 % CB 1 % CB 3 % CB 3% mCB 

(AEAP) 

5% CB 

1 4:05 4:10 4:19 4:24 4:16 4:46 

2 4:05 4:11 4:15 4:19 4:17 4:15 

3 4:06 4:13 4:15 4:21 4:20 4:41 

4 4:07 4:10 4:17 4:24 4:16 4:27 

5 4:05 4:09 4:12 4:19 4:16 2:46 

Mean 4:05 4:10 4:15 4:21 4:17 4:27 

 0.5 % Oil 1% Oil 3% Oil 5% Oil 7% Oil 

1 2:01 1:12 00:56 1:05 2:10 

2 1:54 1:00 00:45 1:16 1:12 

3 0:43 1:18 1:54 1:38 2:41 

4 1:34 00:42 1:48 1:48 1:36 

5 0:23 00:50 1:14 2:05 1:11 

Mean 1:19 1:00 1:10 1:34 1:46 

 5%  

E-GMA 

10%  

E-GMA 

20%  

E-GMA 

30%  

E-GMA 

1 3:10 2:37 3:55 3:02 

2 3:05 3:46 2:23 3:22 

3 3:34 2:46 3:52 4:01 

4 4:23 4:18 3:19 4:06 

5 2:13 1:39 3:51 3:13 

Mean 3:17 3:01 3:28 3:32 

 

 



  
 

 
 

      

         Table C.3 Electric Current Actuated Shape Recovery Ratio (%) and Shape Recovery Time (min:sec) Values of Binary Composites 

 

  3 % CB Shape 

Recovery Ratio, (%) 

3 % CB Shape Recovery 

Time, (min:sec) 

5 % CB Shape 

Recovery Ratio, (%) 

5 % CB Shape Recovery 

Time, (min:sec) 

1 40.27 4:03 93.54 0:29 

2 45.45 3:58 81.57 1:41 

3 37.46 3:04 80.40 0:45 

4 48.43 3:12 83.96 1:58 

Mean 42.90 3:34 84.87 1:13 

Standard 

Deviation (±) 4.95 0.02 5.97 0.03 

           1
9
6

 



  
 

 
 

 

      Table C.4 Shape Recovery Ratio (%) Values of Ternary and Quaternary Composites/Blend 

 

 1%Oil + 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB 

+ 10%E-GMA 

3%UMCB + 

1%Oil+ 10%E-

GMA 

3%(1%AEAP)mCB 

+ 1%Oil+ 10% 

E-GMA 

1 96.38 88.99 90.74 87.56 89.45 

2 98.28 88.91 86.99 86.32 88.96 

3 95.63 89.52 94.71 89.92 94.55 

4 97.68 92.81 90.79 83.75 93.62 

5 96.18 91.70 92.73 89.80 93.32 

6  89.72    

Mean 96.83 90.28 91.19 87.47 91.98 

Standard 

Deviation (±) 
1.11 1.60 2.86 2.58 2.58 

 

  

          1
9
7
 



  
 

 
 

 

             Table C.5 Shape Recovery Time (min:sec) Values of Ternary and Quaternary Composites/Blend 

 

 1%Oil + 

10%E-GMA 

3%(1%AEAP)mCB 

+ 1%Oil 

3%(1%AEAP)mCB 

+ 10%E-GMA 

3%UMCB + 1%Oil+ 

10%E-GMA 

3%(1%AEAP)mCB + 

1%Oil+ 10%E-GMA 

1 1:08 2:51 4:55 3:56 3:30 

2 1:03 4:06 3:57 3:50 3:20 

3 0:52 5:15 4:08 3:17 3:22 

4 1:14 3:59 4:04 3:30 3:42 

5 0:55 3:38 3:54 3:35 3:37 

6  3:07    

Mean 1:02 3:49 4:11 3:37 3:30 

 

  

   1
9
8
 



  
 

 
 

 

Table C.6 Electric Current Actuated Shape Recovery Ratio (%) and Shape Recovery Time (min:sec) Values of Ternary and 

Quaternary Composites 

 

  3 % (1%AEAP) mCB 

Shape Recovery Ratio, 

(%) 

3 % (1%AEAP) mCB 

Shape Recovery Time, 

(min:sec) 

3 % (1%AEAP) 

mCB+1%Oil Shape 

Recovery Ratio, (%) 

3 % (1%AEAP) 

mCB+1%Oil Shape 

Recovery Time, 

(min:sec) 

1 40.33 3:13 46.93 3:26 

2 37.89 4:03 44.37 2:50 

3 44.66 4:13 38.43 2:14 

4 46.64 3:54 42.22 3:30 

5 38.85 4:10 39.15 3:12 

Mean 41.67 3:54 42.22 3:02 

Standard 

Deviation 

(±) 

3.40  3.18  

  

1
9
9
 



  
 

 
 

    

     Table C.7 Shape Recovery Ratio (%) of Carbon Fabric Reinforced Multilayer Composites 

 

 Neat 

TPEE 

loaded 

CFRC 

3%mCB binary 

composites 

loaded CFRC 

3%mCB+1%Oil 

ternary composites 

loaded CFRC 

3%mCB+10% 

E-GMA ternary 

composites loaded 

CFRC 

3%mCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

3%UMCB+1%Oil

+10% quaternary 

composites loaded 

CFRC 

1 66.09 68.44 78.85 76.95 84.74 82.81 

2 70.13 70.80 71.74 73.38 85.42 76.42 

3 70.34 71.00 70.68 70.68 81.63 78.47 

4 68.28 75.00 73.33 71.63 80.13 77.35 

5 64.22 70.75 70.58 70.52 80.38 76.44 

Mean 67.81 71.20 73.04 72.63 82.46 78.30 

Standard 

Deviation 

(±) 2.64 2.37 3.43 2.67 2.47 2.66 

  2
0
0
 



  
 

 
 

   

Table C.8 Shape Recovery Times of Carbon Fabric Reinforced Multilayer Composites 

 

 Neat TPEE 

loaded 

CFRC 

3%mCB binary 

composites 

loaded CFRC 

3%mCB+1%Oil 

ternary composites 

loaded CFRC 

3%mCB+10%

E-GMA 

ternary 

composites 

loaded CFRC 

3%mCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

3%UMCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

1 4:11 3:33 4:10 3:56 3:04 4:35 

2 4:04 3:54 3:56 3:47 2:30 3:10 

3 4:09 3:35 3:47 4:21 3:38 4:47 

4 4:35 3:51 4:21 4:17 2:47 4:27 

5 4:13 3:50 4:17 4:22 2:51 4:13 

Mean 4:14 3:44 4:06 4:08 2:58 4:14 

 

  

 

 

 

                   2
0
1

 



  
 

 
 

 

         Table C.9 Electric Current Actuated Shape Recovery Ratio (%) Values of Carbon Fabric Reinforced Multilayer Composites 

 

 Neat 

TPEE 

loaded 

CFRC 

3%mCB binary 

composites 

loaded CFRC 

3%mCB+1%Oil 

ternary composites 

loaded CFRC 

3%mCB+10%

E-GMA 

ternary 

composites 

loaded CFRC 

3%mCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

3%UMCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

1 81.62 85.61 77.28 80.14 80.15 82.89 

2 79.93 86.41 84.55 80.01 79.53 76.71 

3 76.99 81.84 74.83 76.40 80.19 80.06 

4 66.83 80.43 88.57 84.08 84.65 85.64 

5 69.63 86.13 82.34 81.76 75.74 84.35 

6     80.52  

Mean 75.00 84.08 81.51 80.48 80.13 81.93 

Standard 

Deviation 

(±) 6.47 2.75 5.53 2.81 2.84 3.58 

 

             2
0
2

 



  
 

 
 

 

Table C.10 Electric Current Actuated Shape Recovery Time (min:sec) Values of Carbon Fabric Reinforced Multilayer Composites 

 

 Neat TPEE 

loaded 

CFRC 

3%mCB binary 

composites 

loaded CFRC 

3%mCB+1%Oil 

ternary composites 

loaded CFRC 

3%mCB+10%

E-GMA ternary 

composites 

loaded CFRC 

3%mCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

3%UMCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

1 2:42 2:46 2:10 2:17 1:17 2:19 

2 2:51 2:43 3:11 2:19 0:56 2:27 

3 2:00 3:13 2:31 3:07 2:50 3:12 

4 3:22 3:05 2:06 2:35 1:00 2:30 

5 3:57 4:11 2:43 3:15 2:22 0:53 

6   2:57    

Mean 2:58 3:11 2:36 2:42 1:41 2:16 

 

 

 

        2
0
3
 



  
 

204 
 

  



  
 

205 
 

APPENDIX D 

 

 

ELECTRICAL MEASUREMENTS 

 

 

 

Table D.1 Electrical Resistivity Values (Ω.cm) of Binary Composites 

 

 0.5 % CB 1 % CB 3 % CB 3%(1%AEAP) 

mCB 

5% CB 

1 1.69E+08 1.83E+08 3.77E+03 6.00E+03 1.14E+02 

2 2.58E+08 2.32E+08 6.50E+02 9.12E+02 8.45E+01 

3 2.25E+08 2.00E+08 4.68E+02 1.20E+03 1.52E+02 

4 2.67E+08 2.55E+08 1.93E+03 1.10E+03 8.30E+01 

5 2.12E+08 2.60E+08 3.27E+02 2.30E+03 1.18E+02 

Mean 2.17E+08 2.05E+08 1.63E+03 6.00E+03 1.17E+02 

 

Table D.2 Electrical Resistivity Values (Ω.cm) of Ternary and Quaternary 

Composites 

 

 3%(1%AEAP)

mCB + 1%Oil 

3%(1%AEAP)

mCB+ 

10%E-GMA 

3%UMCB+ 

1%Oil+ 

10%E-GMA 

3%(1%AEAP)

mCB+1%Oil+ 

10%E-GMA 

1 2.57E+03 2.87E+07 1.14E+07 1.99E+08 

2 3.60E+03 1.71E+08 6.50E+06 2.13E+08 

3 7.59E+02 2.08E+08 4.36E+07 3.27E+07 

4 9.40E+02 1.31E+08 1.27E+08 2.31E+08 

Mean 1.97E+03 1.35E+08 4.72E+07 1.69E+08 

 



  
 

 
 

     Table D.3 Electrical Resistivity Values (Ω.cm) of Carbon Fabric Reinforced Multilayer Composites 

 

 

 

  

 

 Neat 

TPEE 

loaded 

CFRC 

3%mCB 

binary 

composites 

loaded 

CFRC 

3%mCB+1%Oil 

ternary 

composites 

loaded CFRC 

3%mCB+10%E-

GMA ternary 

composites 

loaded CFRC 

3%mCB+1%Oil+

10% quaternary 

composites loaded 

CFRC 

3%UMCB+1%Oil+10

% quaternary 

composites loaded 

CFRC 

1 9.46E-01 1.07E-01 9.91E-02 3.25E-01 1.65E-01 1.72E-01 

2 1.78E-01 1.25E-01 1.12E-01 1.11E-01 9.62E-02 1.82E-01 

3 2.36E-01 9.74E-02 1.13E-01 1.12E-01 2.96E-01 2.59E-01 

4 2.99E-01 5.27E-02 7.55E-02 1.46E-01 1.35E-01 1.74E-01 

5 1.02E-01 9.47E-02 1.56E-01 2.40E-01 1.52E-01 1.01E-01 

6 1.28E-01 9.27E-02 7.62E-02 1.92E-01 2.17E-01 1.07E-01 

Mean 3.15E-01 9.49E-02 1.05E-01 1.88E-01 1.77E-01 1.66E-01 
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