
 
 

 

PREPARATION AND CHARACTERIZATION OF SHAPE MEMORY 
POLYMER BASED COMPOSITE MATERIALS FOR AEROSPACE 

APPLICATIONS 

 

 

A THESIS SUBMITTED TO 
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 
MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

BY 

 

 

FERİDE NUR ERSARAÇ 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
FOR 

THE DEGREE OF MASTER OF SCIENCE 
IN 

CHEMICAL ENGINEERING 

 

 

SEPTEMBER 2012 



 
 

Approval of the thesis: 

 

PREPARATION AND CHARACTERIZATION OF SHAPE MEMORY 
POLYMER BASED COMPOSITE MATERIALS FOR AEROSPACE 

APPLICATIONS 

submitted by FERİDE NUR ERSARAÇ in partial fulfillment of the requirements 
for the degree of Master of Science in Chemical Engineering Department, 
Middle East Technical University by, 
 
Prof. Dr. Canan Özgen                                                  _____________________ 
Dean, Graduate School of Natural and Applied Sciences 
 
Prof. Dr. Deniz Üner                                                     _____________________ 
Head of Department, Chemical Engineering 
 
Prof. Dr. Göknur Bayram                                              _____________________ 
Supervisor, Chemical Engineering Dept., METU      

Aysun Doğangün Akın, M.Sc.                                      _____________________ 
Co-Supervisor, Material and Process Technologies, TAI 
 

Examining Committee Members: 

Prof. Dr. Cevdet KAYNAK        _____________________ 
Chemical Engineering Dept., METU 
 
Prof. Dr. Göknur BAYRAM                                         _____________________ 
Chemical Engineering Dept., METU 
 
Aysun Doğangün Akın, M.Sc.                                       _____________________ 
Material and Process Technologies, TAI 
 
Assoc. Prof. Dr. Naime Aslı SEZGİ                              _____________________ 
Chemical Engineering Dept., METU 
 
Assoc. Prof. Dr. Yusuf ULUDAĞ                                 _____________________ 
Chemical Engineering Dept., METU 

 

Date: 11 SEPTEMBER 2012



 

 
iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained and 
presented in accordance with academic rules and ethical conduct. I also 
declare that, as required by these rules and conduct, I have fully cited and 
referenced all material and results that are not original to this work. 
 
 

Name, Last name: Feride Nur Ersaraç 

Signature: 

 



 

 
iv 

 

ABSTRACT 

 

PREPARATION AND CHARACTERIZATION OF SHAPE MEMORY 
POLYMER BASED COMPOSITE MATERIALS FOR AEROSPACE 

APPLICATIONS 

 

Ersaraç, Feride Nur 

M.S., Department of Chemical Engineering 

Supervisor: Prof. Dr. Göknur Bayram 

Co-Supervisor: Aysun Doğangün Akın, M.Sc. 

 

September 2012, 149 pages 

 

Most aerospace industries are working on the adaptive structures by using shape 

memory (SM) materials in order to increase the flight performance. Shape 

Memory Materials are smart materials that have the capability of return from 

temporary shape to the permanent shape upon application of an external stimulus. 

The main objective of this study is to develop a shape memory polymer in a 

thermoset structure where the triggering mechanism is heating and to investigate 

its applicability in aerospace field. 

The SM polymeric resin was synthesized by mixing epoxy monomer and diamine 

curing agent with different concentrations of Neopentyl Glycol Diglycidyl Ether 

(NGDE) as epoxy modifier. DSC, DMTA, FTIR, SEM analyses and mechanical 

tests (tension, impact tests) were applied in order to characterize the SM polymer. 

Shape recovery ratio and time were determined by applying bending tests. The SM 

polymer with 8% NGDE content revealed the best mechanical and SM 

performance. Different concentrations of carbon nanotubes (CNTs) were added to 
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8% NGDE sample to create an electrical resistance which would provide heating 

the material by electrical current. The sample containing 1% CNTs showed the 

best mechanical properties, while 2% CNT content showed the lowest electrical 

resistivity. Lastly, carbon fabric reinforced composites with four different resin 

matrices were produced for investigation of aerospace applicability. Compression 

test, SEM analysis, electrical resistivity measurements and bending tests (in oven 

and by electrical heating) were carried out. The composite that was produced with 

unmodified system showed 86% shape recovery, whereas modified resin system 

showed 96-97% with shorter shape recovery times.  

Keywords: shape memory polymers, epoxy, mechanical properties, aerospace 

applications 
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ÖZ 

 

HAVACILIK UYGULAMALARI İÇİN ŞEKİL HAFIZALI POLİMER BAZLI 
KOMPOZİT MALZEMELERİN HAZIRLANMASI VE 

KARAKTERİZASYONU 

 

Ersaraç, Feride Nur 

Yüksek Lisans, Kimya Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. Göknur Bayram 

Ortak Tez Yöneticisi: Aysun Doğangün Akın, Y.Lisans 

 

Eylül 2012, 149 sayfa 

 

Çoğu havacılık endüstrisi uçuş performansını arttırmak için şekil hafızalı 

malzemeler kullanarak uyarlanabilir yapı konsepti üzerine çalışmaktadır. Şekil 

hafızalı malzemeler, dışarıdan bir uyarıcı uygulandığında geçici şekilden kalıcı 

şekle dönüş yeteneğine sahip akıllı malzemelerdir. 

Bu çalışmanın ana amacı termoset yapıda ısı ile tetiklenebilen bir şekil hafızalı 

polimer geliştirmek ve bu malzemenin havacılık alanındaki uygulanabilirliğini 

araştırmaktır. 

Şekil hafızalı polimerik reçine, epoksi monomer ve diamin sertleştirici ile farklı 

konsantrasyonlardaki Neopentil Glikol Diglisidil Eter (NGDE)’nin epoksi 

modifiye edici olarak karıştırılması ile elde edilmiştir. Şekil hafızalı polimerleri 

karakterize etmek için DSC, DMTA, FTIR, SEM analizleri ve mekanik testler 

(çekme ve darbe) uygulanmıştır. Şekil geri kazanım yüzdesi ve şekil geri kazanım 
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süresi bükme testi uygulayarak belirlenmiştir. %8 oranında NGDE içeren şekil 

hafızalı polimer en iyi mekanik ve şekil hafıza performansını göstermiştir. 

Malzemeyi elektrik akımı ile ısıtmayı sağlayacak bir elektriksel rezistans 

oluşturulmak için çeşitli konsantrasyonlarda karbon nanotüpler %8 NGDE 

örneğine eklenmiştir. %2 CNT içeriği en düşük elektriksel direnci gösterirken, %1 

karbon nanotüp içeren örnek en yüksek mekanik özellikleri göstermiştir. Son 

olarak, dört çeşit reçine içeren karbon fiber takviyeli kompozitler havacılık 

uygulamalarının araştırılması için üretilmiştir. Basma testi, SEM analizi, 

elektriksel direnç ölçümleri ve bükme testleri (fırında ve elektrikle ısıtarak) 

gerçekleştirilmiştir. Modifiye edilen reçineli sistem %96-97 şekil geri kazanımı ve 

daha kısa geri kazanım süresi gösterirken, modifiye edilmeyen sistem ile üretilen 

kompozit %86 şekil geri kazanımı göstermiştir.  

 

Anahtar Sözcükler: şekil hafızalı polimerler, epoksi, mekanik özellikler, havacılık 

uygulamaları 
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CHAPTER 1 

 

INTRODUCTION 

 

 

The materials, who reveal shape changing response when existing an external 

stimulus and regain their original shape when the stimulus is disappeared, are 

called Shape Memory Materials (SMMs). These materials are also called 

intelligent, smart or adaptive materials. Researchers shows increasing interest in 

shape memory materials last few years, due to their unique properties in 

accordance with the possible application areas, such as producing insulating, 

constructional, packaging materials [1]. 

The shape changing stimulus for SMMs can be heat, stress, UV light, magnetic or 

electric field, etc. The most common way in the literature for shape switching is 

heating, which is called thermo-responsive shape memory behavior [2]. To clarify 

more, thermo-responsive shape memory mechanism is based on the reason of a 

change in temperature causes a change in shape. In this thesis work the triggering 

stimulus for shape changing is selected as heat due to the simplicity of 

programming. Also, triggering with heating by electrical current is tried to see its 

effect on shape recovery behavior. 

Shape memory materials vary as metallic (alloys), ceramic, and polymeric 

materials. Material type to be developed is usually selected considering application 
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area by evaluating the material properties, advantages and disadvantages. For 

instance; for large stress levels, shape-memory ceramics shows relatively quick 

shape recovery over very small strain increments [3].  

Shape memory alloys recover larger strain at high stresses with moderate 

timescales [3]. Shape memory polymers (SMPs) recover the highest recoverable 

strain levels (to 400%) but the slowest activation times and the smallest stress 

levels [3]. Another factor for material type selection is the cost. Producing and 

processing of polymeric shape memory material is more simple and less expensive 

rather than producing/processing of ceramics and metallic alloys. To sum up, 

shape memory polymers have many advantages than shape memory ceramics and 

shape memory alloys, such as easy manufacturability, low cost, ease of 

deformability, simplicity of integration/operation, etc. These advantages guided 

the material selection of this thesis work as polymer based shape memory systems.  

Like common polymers, shape memory polymers are classified as thermosets and 

thermoplastics. As the main goal of this thesis is to develop a smart material which 

can be used for aerospace structures, selecting a thermoplastic material does not 

make sense nowadays considering the aerodynamic forces and operating 

temperatures. In the future thermoplastics material usage in the aerospace industry 

might demonstrate increase by the technological developments in material science. 

The operating temperature for aircrafts is given in the design guidelines between   

-55 and +80 celsius degree. Aircrafts are exposed to variable temperature cycles 

between this range, so that the material used in the structure should withstand 

these temperature variations. Thermoplastic material’s working life decreases 

sharply when exposed to temperature cycles. The biggest concern in material 

selection for aircraft structure is the corrosion resistance of the material. 

Thermoplastic molecular structures do not include cross-linking, they are soluble 

in solvent that means they have low chemical resistance. Thermoplastics tend to 

get moisture more than thermosets. Therefore, thermoset SMPs are more 

convenient for aerospace applications rather than thermoplastic SMPs.  
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The most popular resin types are bismelaimide, phenolic (for interiors) and epoxy 

based resins. Epoxy can be processed easily and the strength characteristics of its 

composites are challenging. In the literature epoxy based shape memory polymers 

are said to have unique thermo-mechanical properties together with excellent 

shape-memory effect [2]. Another reason for selecting epoxy monomer is that its 

formulation can be adjusted and properties are varied according to the specific 

needs.  

In terms of the chemical structure of thermo responsive SMPs, it can be considered 

as phase-segregated block copolymers having a hard segment, which acts as a 

fixed phase and a soft segment, which acts as a reversible phase. The reversible 

phase is responsible for elasticity.  

Carbon nanotubes (CNTs) are hexagonal arrangements of carbon atoms that are 

rolled into tubes with nanosized diameter. Their mechanical and electrical 

properties are promising; therefore they are used in wide application areas such as 

nanoelectronics, biosensors, composites, etc. Polymer composites combine the 

mechanical and chemical properties of polymer matrix and fillers. Carbon 

nanotubes are commonly used as filler for polymer composites. Many 

investigations about carbon nanotube reinforced epoxy composites reveal 

enhancement in stiffness and fracture toughness [4]. 

Carbon fibers composed of bonded carbon atoms in crystals that are aligned 

parallel to the long axis of the fiber. Carbon fibers have many advantages such as 

high stiffness, high tensile strength, low weight, high chemical resistance, high 

temperature tolerance and low thermal expansion, which make them very popular 

in aerospace, civil engineering, military, etc. Therefore, polymer based carbon 

fiber reinforced composite materials are taking place of the metallic materials in 

aerospace industry.  

The main objectives of this thesis are to investigate the effect of a linear monomer 

on the thermo-mechanical properties of epoxy based SMP, to develop a thermo 
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responsive shape memory polymer resin with carbon nanotubes loading and lastly 

to apply this shape memory resin for producing multiscale shape memory 

composite.   

There are three sections followed through this study. In the first step of this 

experiment, epoxy based shape memory polymer was developed. The materials 

that will be used for this step are diglycidyl ether of bisphenol A, neopentyl glycol 

diglycidyl ether and diamine. Diglycidyl ether of bisphenol A provides rigidity due 

to its aromatic nature and was used as hard segment in SM resin. Neopentyl glycol 

diglycidyl ether, which is an aliphatic epoxy, was used as reversible phase to give 

elasticity to the resin. Diamine was used as curing agent. The polymer was 

synthesized by well mixing aromatic and aliphatic epoxy monomers and curing 

agent at different aliphatic epoxy monomer (Neopentyl glycol diglycidyl ether) 

concentrations of 3%, 5%, 7%, 8% and 9% by weight. The mixture was poured 

into an aluminum mold and cured. SEM, DSC, DMTA, FTIR analyses, impact, 

tensile and bending tests were applied to the samples for characterization of the 

material. 

In the second step of this study, carbon nanotube filled shape memory polymer 

was produced with the optimized Neopentyl glycol diglycidyl ether concentration 

in the first step.  “NC7000” carbon nanotube was used as filler at different 

concentrations 0.25%, 0.5%, 0.75%, 1% and 2% by weight.  Carbon nanotubes are 

used for providing semiconductivity to the resin system. It was aimed to have 

benefit from the electrical resistance in the polymer matrix for heating the 

material. The same production parameters with the first step were applied and 

extra sonification process step was added for homogeneous carbon nanotube 

distribution. Again SEM analysis, DSC analysis, DMTA analysis, FTIR analysis, 

impact test, tensile test and bending test were applied for material characterization. 

Electrical resistivity measurements were also applied to the samples.  

In the last step, multiscale composites were produced with the optimum carbon 

nanotube concentrated shape memory resin. G0807, 8HS (Hexcel) carbon fabric 
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was used as reinforcement in producing polymer based composite to enhance 

mechanical properties of developed material. The shape memory polymer matrices 

were prepared by same method as described for the first and second steps.  

Wet lay-up method was used for producing composite laminates. Three reference 

laminates were produced in order to compare with the laminate which have carbon 

nanotube filled shape memory polymer matrix. One of the reference panels was 

produced with a commercial aerospace grade resin system namely 

“LY5052/HY5052”. Second reference was prepared with the pure matrix which 

comprised the same diglycidyl ether of bisphenol A and diamine in this study.  

And the third reference laminate was wetted by the optimized neopentyl glycol 

diglycidyl ether concentrated epoxy matrix. Differently from other first and second 

steps, compression test was applied instead of tension test to the composite 

materials. The reason is that fiber in the composite defines the tensile properties 

dominantly, while all the panels include the same oriented and the same fiber 

reinforcement. Other characterization tests were the same as those were applied to 

the polymer matrices. Additional bending test, which is triggered by electricity, 

was applied to the carbon fabric reinforced composite samples. 

 

 

 

 

 

 

 



  

 
6 

 

 

CHAPTER 2 

 

BACKGROUND 

 

 

2.1 Molecular Mechanism of Shape Memory Effect 

The combination of appropriate molecular polymer network architecture and 

specially processed and programmed morphology provides shape memory effect. 

Basically, polymer network includes shape fixing netpoints and shape changing 

switching segments. These switching segments are sensitive to external stimuli 

which cause an elastic deformation. The permanent shape is determined by the 

shape fixing netpoints which are connected by chain segments. These segments 

shall allow required deformation in a specific orientation. The shape recovery is 

enabled by the temporary fixation of the chain segments’ conformation in the 

deformed shape which means a reversible fixation.  

The shape fixing netpoints (which provides permanent shape) can be formed by 

intramolecular interaction (chemical nature, for instance covalent bonding) or 

intermolecular interaction (physical nature, for instance dipole-dipole). Convenient 

chemistry provides covalent crosslinks, while physical interactions occur in 

polymer. Morphology consists of at least two segregated polymers for instance a 

crystalline and an amorphous segment. The domain having the highest thermal 

transition temperature is called hard segment acting as shape fixing netpoint. In 

thermo-responsive shape memory polymers, the domain with the second highest 

thermal transition is called soft segment acting as shape switching segment.  
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The switching segment must be able to fix the deformed shape temporarily by 

forming additional reversible crosslinks under the external stimulus applied. These 

temporary crosslinks can be formed by intermolecular interactions or by chemical 

bonding as explained for fixing netpoints before.  

Crystallization occurs while cooling and switching segments are solidified. The 

glassy domains are return to viscous state or crystallites are melt by re-heating the 

polymer. A representative drawing can be seen in Figure 2.1 for programming and 

shape recovery of shape memory materials. 

 

 

Figure 2.1 Programming and Shape Recovery of Shape Memory Materials [5]  

 

 

Shape memory polymers can be categorized according to the molecular switching 

mechanism type as reviewed in Figure 2.2 [6, 7] .  
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a) Covalently crosslinked                b) Having side chains 
 

      

c) Functional side groups    d) Triblock polymer matrix 

Figure 2.2 Possible Shape Memory Mechanisms [8] 

 

 

In covalently crosslinked shape memory polymers as shown in Figure 2.2 picture 

(a), the switching segments are fixed by solidification and linking the temporary 

shape. If transition temperature is the glass transition temperature, the polymer 

exists in only one phase in its temporary and permanent shape. If the switching 

segment is crystallizable, becoming its temporary shape the amorphous network 

turns to semicrystalline and two different phases occur in its temporary phase.  

If the polymer network has side chains that are only connected to one end as 

picture (b) in Figure 2.2, they do not contribute to the overall elasticity of the 

polymer network. The elasticity responsibles are the network chains linking two 

fixing netpoints. If physical netpoints that formed by solidification of soft 
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segments have the capability to block the entropy driven by elastic recovery, both 

side chains and linking chains can stabilize the temporary shape. 

Another mechanism for switching segment is the network having functional side 

groups which can form and clave covalent bonds reversibly by application of 

suitable external stimulus is represented in Figure 2.2, picture (c). An example for 

this mechanism is photoreversible reaction such as CA groups using light as 

external stimulus, which provides shape memory technology. 

Other possible mechanism is a triblock polymer matrix (ABA) as shown Figure 

2.2 picture (d). Miscibility of different blocks provides polymer to form 

multiphase morphologies. Formed mix phases can act as the same way like the 

phase formed by one segment type.  

An important point is the switching, and netpoint segments do not have to be 

covalently bonded to each other for instance interpenetrating polymer networks [9] 

or polymer blends [10] can show shape memory property.   

Polymer gels can also show shape memory effect. In literature a few intelligent 

gels are described [11]. They are three dimensionally crosslinked polymers which 

are insoluble however swellable so that they have poor mechanical stability. 

Polymer gels show considerable volume changes as swelling or shrinkage when 

triggered by an external stimulus.  

Transition temperature which provides reversible stability to the switching 

segments can be melting temperature, liquid crystalline temperature or glass 

transition temperature.  

Quantitative analysis of shape memory polymers can be performed by stimuli 

specific mechanical tests such as cyclic bending or tension tests [12]. Shape 

recovery ratio (Rr) is calculated from the data obtained (Section 2.9.6).  Shape 

recovery ratio describes the ability of memorizing permanent shape.  
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2.2 Shape Memory Polymer Composites 

In order to enhance the mechanical properties and develop indirect shape memory 

effect induction of the shape memory polymers (SMPs), small amounts of fillers 

are incorporated into the SMP matrices.  To obtain conductive shape memory 

polymer composites carbon nanotubes (CNTs), carbon black (CB), short carbon 

fiber (SCF), etc. can be used as fillers. By application of electrical current, indirect 

induction of shape memory effect can be achieved by heating the polymer matrix 

with the help of electrical resistance.  

Polymer composites consists of a polymer matrix and micro or nano sized fillers 

(such as particles, tubes, fibers, etc.) combining the physical and chemical 

properties together. The matrix holds or binds the fillers while filler improves in 

material properties such as modulus, strength, flame retardancy, heat resistance, 

electrical conductivity [13-15]. Interfacial interaction between the polymer matrix 

and fillers forms a network of interconnected filler particles which enables heat or 

electrical conduction [14]. Fiber filled composites show anisotropic physical 

properties (except very short randomly distributed fibers) whereas randomly 

distributed composites reveal isotropic properties. Up to a certain filler 

concentration, composites show a substantial improvement in the overall material 

properties, so that filler volume or mass fraction is critical for nanocomposites. 

Complexity of composite structure, dispersibility of fillers and the relationship 

between dispersion and optimum properties are related to the design of the 

nanocomposite. Processing methods have very important role in designing 

nanocomposite materials, especially in dispersing fillers. Several strategies; such 

as melt processing, solvent casting, surface functionalization, ultrasonification or 

pretreatment; have been studied in order to achieve homogeneous dispersion of 

filler materials in the polymer matrix.  

As indicated previous section, shape memory polymers are intelligent materials 

that can be produced in specific permanent shape, deformed and stabilized in a 

temporary shape.  
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Both increasing mechanical properties and providing indirect activation, shape 

memory polymer composites are developed with the addition of nanosize fillers to 

the polymer matrix.  

When compared to shape memory metallic alloys or ceramics, shape memory 

polymers have more potential application areas due to their light weight, low cost, 

easy processibility and high recoverable strain. However, they have relatively low 

recoverable stress values due to their lower mechanical properties compared to 

alloys or ceramics [15]. Stiffness and recoverable stress can be increased by 

adding stiff fillers or fibers into the shape memory polymer matrix [16]. The 

optimum concentration for stiff fillers should be incorporated into the polymer 

matrix which will not lead to a decrease in recovery strain. As an example, adding 

30 wt% carbon black to the shape memory polyurethane decreased the shape 

recovery rate from 98% to 65% [17]. Another example from the literature is 

adding 1 wt% nanoclay increased the shape recovery stress 25% with slight 

decrease in recovery strain [18].  

Shape memory polymers are actuated thermally by increasing the temperature of 

the environment (direct heating). The application areas of shape memory polymers 

can be enlarged and SMPs can effectively used by mixing electrically conductive 

fillers. Composites from shape memory polymers and carbon fillers (carbon 

nanotubes, carbon black, carbon fibers, etc.) can be activated when applied 

electrical current leading to an increase of the material temperature by decreasing 

the electrical resistivity of the polymer matrix.  

2.3 Electrically Conductive Shape Memory Polymer Composites by 

Incorporation of Carbon Fillers 

Electrical conductivity is the ability of a material to carry the electric current and it 

is defined by the Ohm’s law. Ohm’s law states that, the electrical potential 

difference, V across an ideal conductor is directly proportional with the electrical 

current, I through it. The proportionality constant, R is called resistance.  
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Ohm’s law is given by: 

 

I= 
V
R

                                                                                                                      (2.1) 

 

Electrical resistivity or specific resistance is an intrinsic property of a material and 

determined with the following equation by measuring the electrical resistance of a 

sample having uniform cross section and length:  

 

𝜌 = 
RA
l

                  (2.2) 

 

where 𝜌 is the electrical resistivity (ohm.cm), R is the measured electrical 

resistance (ohm), l is the length (cm) and A is the cross sectional area (cm2).  

Materials are classified as conductors, semiconductors, semi-insulators and 

insulators according to their electrical resistivity. Generally, electrical resistivity of 

the materials varies from 10-6 to 1018 ohm.cm. If the electrical resistivity of a 

material is between 10-6 and 10-3 ohm.cm, the material is said to be conductor. For 

semiconductor materials the electrical resistivity range is 10-3 to 107 ohm.cm. For 

the materials having an electrical resistivity between 107 and 1012 ohm.cm is called 

as semi-insulators. Lastly, insulators are the materials whose electrical resistivity is 

larger than 1012 ohm.cm [19].  

Electrical conduction is the movement of electrically charged particles through the 

material. The movement is due to the unfilled space in the valence energy gap.  
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To a better understanding, band theory explains the difference between 

conductors, semi-conductors and insulators by plotting the available energies for 

electrons in the materials. For conductors, the valence band overlaps the 

conduction band while for insulators there is a large energy gap that separates the 

electrons in the valance band from the conduction band (Figure 2.3). When there is 

a small enough gap between the conduction and valance bands where electrons can 

bridge the gap, the material is called semiconductor. Fermi level, which is the top 

of the electron collection energy level at absolute zero temperature, position is an 

important factor in determining electrical properties [20]. 

 

 

 

 

 

 

Insulator       Semi-conductor                     Conductor  

Figure 2.3 Energy Gaps Difference in Insulators, Semi-conductors and 
Conductors 

 

 

The carbon compounds in the shape memory polymer composites, such as carbon 

black (CB), carbon nanotubes (CNTs), carbon fibers, graphite, etc. reduce the 

electrical resistance and result in conductive shape memory polymer composites. 

Therefore, shape change can be triggered by electrical current application leading 

to heating the composite.  
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Filler volume fraction 

Conduction of electricity is a result of the delocalization of outer electrons to form 

π-cloud which gives a lower bulk electrical conductivity to carbon based fillers 

than most metals. Metallic fillers are more conductive than carbon based fillers, 

however they have oxidizing tendency which cause an insulating layer on its 

surface.   

Percolation means long-range connectivity and percolation threshold shows where 

the long-range connectivity is firstly exhibited by the filled polymer network. In 

other words, the filler volume fraction where the connectivity begins to increase 

rapidly is the percolation threshold (Figure 2.4) [21].  

 

 

 

 

 

 

 

 

 

Figure 2.4 Percolation Threshold 

 

 

As shown in Figure 2.4 conductive network occurs after percolation threshold 

filler concentration. Below the percolation threshold concentration, conductive 

network can not be formed by the filler particles.  

Plateau 
Conductivity 
Plateau 
Conductivity 
Plateau 
Conductivity 

Percolation 
Threshold 

Plateau 
Conductivity 

C
on

du
ct

iv
ity

 (l
og

 sc
al

e)
 



  

 
15 

 

2.3.1 Carbon Based Fillers 

Introducing carbon based fillers into polymeric materials changes their electrical 

and mechanical properties. Common conductive carbon fillers are graphite, 

graphene, carbon black, single or multi- walled carbon nanotubes and carbon 

nanofibers.  

The pure graphite structure is shown in Figure 2.5-a. The ideal graphite crystal 

structure is like a honeycomb network. A unit cell in this network contains two 

atoms in each layer (namely A, B). The graphite consists of hexagonal net planes 

of carbon layers stacking along an axis with different layer alternatives such as 

ABAB, ABAC, etc. The in-plane lattice is very stable due to the in-plane C-C 

bond is very strong [22].  

Graphene layers can not form the graphite structure as a reason of interlayer 

distance increment and stacking faults. A graphene layer is just one atom thick, 

formed from tightly bonded carbon atoms. It is used to develop semiconductor 

circuits and computer parts due to its high thermal and electrical conductivity. A 

graphene can be seen in Figure 2.5-b.   
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a)  b)              

c)   d)   

Figure 2.5 Schematic of a) Graphite b) Graphene c) Carbon Black d) Carbon 
Nanofiber [23] 

 

 

Carbon blacks include nearly pure carbon in clustered like grapes colloidal 

morphology. Carbon particles forms irregular aggregates as shown in Figure 2.5-c 

in a form of imperfect graphite layers [24]. Carbon black has been used as 

electromagnetic shielding agent, UV stabilizer, pigment, and conductive filler 

since 1860s [25].  

Carbon nanofibers (CNFs) are vapor grown carbon fibers with diameters 10-100 

nm. The synthesis of carbon nanofibers is perfomed by a growth of a thin 100 nm 

diameter hallow tube (100nm) from ultra fine about 10nm particles by 

supersaturation with carbon from pyrolysis of a hydrocarbon gas, which is a 

http://www.item.fraunhofer.de/content/dam/item/en/images/Carbon_Black_450_tcm282-61156.jpg
http://www.item.fraunhofer.de/content/dam/item/en/images/Carbon_Black_450_tcm282-61156.jpg
http://www.item.fraunhofer.de/content/dam/item/en/images/Carbon_Black_450_tcm282-61156.jpg
http://www.item.fraunhofer.de/content/dam/item/en/images/Carbon_Black_450_tcm282-61156.jpg
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catalytic process around 1050 oC [22]. Carbon nanofibers have high mechanical 

properties together with high electrical and thermal conductivity. A schematic of 

carbon nanofiber can be seen in Figure 2.5-d.  

2.3.1.1 Carbon Nanotubes as Conductive Fillers 

Carbon nanotubes (CNTs) are cylindrical rolled graphene layers with nanometer 

sized diameter. So that, planar sp2 bonding which is a graphite charachteristic, is 

seen in carbon nanotubes. This provides excellent mechanical properties to the 

carbon nanotubes [22].  

Japanese physicist Sumio Iijima discovered carbon nanotubes in 1991 during the 

synthesis of fullerenes using arc discharge method. Iijima showed that while 

forming the conventional fullerenes, amorphous carbon is deposited and this 

cylindrical growth on the arc chamber walls shows different carbon 

nanostructures. One of the most striking structure was carbon nanotubes [26].  

Carbon nanotubes have many promising mechanical and electrical properties; 

therefore they came into prominence in the past years. Their unique properties 

make them potentially very useful and advantageous in various applications areas 

such as nanoelectronics, composites, chemical sensors, biosensors, microscopy, 

nanoelectromechanical systems, and many more. 

Carbon nanotubes are basically categorized as single walled (SWCNT) and multi 

walled (MWCNT) carbon nanotubes according to rolled graphene layer number. A 

single walled carbon nanotube consists of one graphene sheet as tube whose edges 

are jointed together. Multi walled carbon nanotubes include from two to thirty  

rolled graphene layers as concentric tubes. Diameters for single walled carbon 

nanotubes are in the range of 1 to 1.4 nm, while multiwalled carbon nanotube 

diameters vary from 10 to 50 nm [27]. Molecular structures of single and multi-

walled carbon nanotubes can be seen in Figure 2.6 [28].  
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Figure 2.6 Representations of Single and Multi-walled Carbon Nanotubes. 

 

There are three types of single walled carbon nanotube structures namely, 

Armchair, Zigzag and Chiral. These structures are illustrated in Figure 2.7. The 

reason of the different structures in SWCNTs, is the rolling of graphene sheets in 

different directions [23].  

 

 

 

Figure 2.7 Types of SWCNT Structures, Armchair, Zigzag and Chiral 
Respectively. 

 

 

Single-walled CNT Multi-walled CNT 
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2.4 Epoxy as A Shape Memory Polymer Matrix 

Shape memory polymeric matrix can be thermoplastic nature such as 

thermoplastic elastomers, polyurethanes [18, 29] or thermoset nature such as 

styrene [13, 30] or epoxy [2, 31-33]. Comparatively, shape memory thermosets 

have some substantial advantages over shape memory thermoplastics due to their 

stiffness, low moisture absorption, high chemical resistance and low production 

costs. Thermoplastics can be processed high temperatures between 150 and 350 
oC; however thermosets’ processing temperatures between room temperature and 

180 oC which makes production of thermoset with less expensive. In literature, 

thermoset matrix when used for shape memory purpose is found to perform better 

than thermoplastics in terms of repeatability, higher shape recovery [34].  

Evaluating these all advantages together with the application area of this study, 

epoxy which is a common resin system in aerospace structures is used as 

polymeric matrix of this study. 

Oxirane, also called ethylene oxide or epoxide, is a cyclic ether with the formula 

C2H4O. The chemical structure of oxirane can be seen in Figure 2.8.  

 

 

 

 

Figure 2.8 Chemical Structure of Oxirane 

 

 

Oxiranes are used to assemble polymers which are known as epoxies. The most 

commonly seen epoxy resin occurs from the reaction of epichlorohydrin with 

bisphenol A.  

O 

C             C 



  

 
20 

 

                      O 

Cl  —  CH2  —  CH  —  CH2 

                                          CH3 
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       CH3 

 

 

 

 

Epichlorohydrin is an organic compound including an epoxide chain end. It is 

colorless and has garlic like odor. It is soluble in water and other polar organic 

solvents. It is extremely reactive compound and is mostly used epoxy resin 

production [35]. The structural formula can be shown in Figure 2.9.  

 

 

 

 

Figure 2.9 Chemical Structure of Epichlorohydrin Compound 

 

The most common used phenol in epoxy production is Bisphenol A which has two 

functional phenol rings. Chemical structure of Bisphenol A is shown in Figure 

2.10. 

 

 

 

 

 

Figure 2.10 Chemical Structure of Bisphenol A 

 

 

Epoxy formation is a two step reaction. First step is the step-growth 

polymerization reaction of Bisphenol A with epichlorohydrin compounds. This 

reaction is explained in Figure 2.11. In the second stage the curing mechanism 

with an appropriate curing agent mostly amines, provides a high molecular weight 
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network structure. A sample curing mechanism of epoxy with a diamine reaction 

can be seen in Figure 2.13.  

 

     

 

 

 

 

 

 

R=  

Figure 2.11 Bisphenol A Based Epoxy Prepolymer Formation 

 

 

Epoxy resins show low thermal shrinkage during curing since they give no by-

product like water, and they have excellent mechanical properties and high 

chemical resistance [36]. Their common application areas are varnishes, adhesives, 

sealants, protective coatings, construction materials, manufacturing tools or parts 

for automobile and aerospace industries. 

Epoxy chain includes two phenol ring groups in the middle chain which provides 

absorbing mechanical and thermal stresses better than linear chains and also 

provides high stiffness, high thermal stability and toughness. This property can act 

like hard segment or net points together with the cross-linking points in the shape 

memory matrix bringing stability to the linear chains and meeting most of the 

mechanical requirements.  
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2.5 Diamine as A Curing Agent in Shape Memory Matrix 

A diamine, whose general molecular structure can be seen in Figure 2.12, is a 

good crosslinking agent for shape memory epoxy matrix in which these points act 

as net points.  

 

 

 

 

 

 

Figure 2.12 General Structure of Diamine 

 

 

Diamines can be in aliphatic or aromatic nature and these natures have different 

properties on the shape memory effect. If diamine is in aromatic nature, then glass 

transition temperature of the shape memory material will be high and deformation 

of the shape will get harder. In this case some additional aliphatic chains should be 

added into the epoxy-amine mixture in a high concentration to get a successful 

shape memory effect. When the nature of diamine is aliphatic, the glass transition 

of the shape memory matrix will be lower compared to that aromatic diamine 

cured epoxies. However, the aliphatic chains in the diamine help shape 

deformation acting as soft segment in the shape memory matrix. In this case shape 

memory material needs lower concentrations of aliphatic chains of epoxy diluents. 

A general reaction mechanism of a diamine and epoxy is showed in Figure 2.13. 
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Figure 2.13 Epoxy Monomer and Diamine Curing Agent Reaction 
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2.6 Epoxy Diluents As Modifier In Shape Memory Matrix 

In industry epoxy diluents are used in order to modify the epoxy resin and its 

properties. These reactive diluents include mono and di-functional glycidyl ethers 

which reduce the viscosity of epoxy resin aiming not to reduce the final 

mechanical properties. In industry generally these diluents are used to decrease the 

viscosity providing easy application of the resin or improving wetting the fillers. 

When these diluents are used as modifiers, they provide flexibility, toughening or 

adhesion improvement. The most common epoxy diluents are mono functional 

glycidyl ethers, di-functional diglycidyl ethers, di-functional diols, mono-

functional phenols, etc. In general they are in aliphatic nature to give flexibility 

and reduce the resin viscosity. Some examples are given in Table 2.1 for the epoxy 

diluents. 

In shape memory epoxy based polymer matrices such diluents shown in Table 2.1 

are used as modifiers. Adding these polymer chains to the epoxy system increases 

the linear chain density and the number of soft segments. The longer the linear 

chain in the matrix, the shorter shape recovery times were observed in the 

literature [2]. The reason is that these linear chains act as soft segment in the 

matrix.  
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Table 2.1 Epoxy Diluents 

Product Name and 

Manufacturer 

Chemical 

Formula 

Molecular 

Structure 
Properties 

Neopentyl glycol 

diglycidyl ether- 

Sigma-Aldrich 

C11H20O4  

Viscosity: 10-30 

mPa.s 

B.P= 103 -107 ºC 

Eq. Wt. 135-165 g 

epoxide 

Resorcinol 

diglycidyl ether- 

Sigma-Aldrich 

C12H14O4 

 

 

Viscosity: 300-500 

cP 

Density @25 oC: 

1.21g/mL 

B.P= 172 oC 

1,4-Butanediol 

diglycidyl ether- 

Sigma-Aldrich 

C10H18O4 

 

 

 

Density @25 oC: 

1.1g/mL 

B.P= 266 oC 

Diethylene glycol 

diglycidyl ether- 

Sigma-Aldrich 

C10H18O5 
 

 

Density @25 oC: 

1.17g/mL 

 

1,6-Hexanediol 

diglycidyl ether- 

SaChem 

C12H22O4 
 
 

B.P= 328 oC 
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2.7 Processing and Molding of Epoxy Based Shape Memory Polymers 

The processing methods of the epoxy based shape memory polymers are the same 

with the processing methods of epoxy resin. The important point is the molding 

shape determines the permanent shape for an epoxy based shape memory polymer.  

Mechanically mixing of epoxy monomer, epoxy diluent and curing agent 

providing an optimum mixing time and revolution rate for a homogeneous mixture 

is the common processing method for a shape memory epoxy matrix. Different 

propeller types for mechanical mixing are available according to the viscosity of 

the mixture. Propeller types and appropriate propellers for a known mixture 

viscosity can be seen in Figure 2.14 and Table 2.2 [37].  

 

 

 

Figure 2.14 Propeller Types [37] 
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Table 2.2 Propeller Type and Viscosity Relation [37] 

Propeller Number Viscosity Range (cP) Maximum Speed (rpm) 

1 1.000-100.000 <800 

2 0-10.000 250-800 

3 0-1.000 250-800 

4 1.000-10.000 250-800 

5 100-10.000 <250 

6 0-1.000 250-800 

7 1.000-100.000 <250 

8 0-10.000 250-800 

9 0-10.000 250-800 

10 1.000-100.000 250-800 

11 1.000-100.000 250-800 

 

 

After selecting the right propeller type for the mixture, the important point is 

adding the epoxy diluent to the epoxy of bisphenol A and obtaining a 

homogeneous mixture. Then adding the curing agent to the system and continuing 

agitation, more homogeneous polymer network can be achieved.  

Another important point is preventing air bubbling during agitation. Low 

revolution rates with longer mixing times are used for the solution. If air bubbles 

are seen, vacuum can be applied to the polymer matrix.  

The obtained mixture shall be molded before gelation begins. For molding, 

aluminum or teflon molds can be used. There are some sample molds in Figure 

2.15. As shown in the figure, molds can be in the final form or the polymer can be 

molded in a plate form and after curing the final shape can be achieved by cutting. 
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A release agent shall be applied before pouring the resin into the molds to prevent 

adhesion of epoxy to the mold surface. Then the shape memory material in a 

desired permanent shape is produced. 

 

 

 

Figure 2.15 Aluminum Molds [38] 

 

 

2.8 Carbon Fabric Reinforced Composites and Their Production Methods 

General definition of composite material is “A new material formed from the 

addition of two, or more existing materials to exploit their benefits” [39]. In this 

section, the matrix reinforced with continuous filaments is explained as composite 

material. Reinforcements which can be carbon, aramide, or glass, enhance strength 

and stiffness [39]. Matrix, such as thermoplastic (polyetheretherketone, 

polyphenylene sulfide) or thermoset (epoxy, phenolic, bismaleimide, etc.) resin, 

transfers loads, provides alignment of reinforcements and their protection [39]. 

Composite laminate construction includes overlapping reinforcement layers with 

several production methods. Composite structures can be monolithic or sandwich 

as can be seen in Figure 2.16. Monolithic structure contains only laminates while 
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sandwich structure comprises top and bottom face laminates bonded to a light 

weight core [39].  

a)  

b)  

Figure 2.16 a) Laminate Construction b) Sandwich Construction [40]  

 

 

As reinforcement comparison, densities of glass, carbon and aramide are 2.6 

g/cm3, 1.6 g/cm3 and 1.45 g/cm3, respectively [39]. Aramide have lowest density 

among other reinforcements; however, when their stiffness compared carbon 

shows the best result [41]. Carbon fibers have 300 GPa, aramid has 130-179 GPa 

and glass has 81 GPa Young’s modulus values [41]. So that the most popular 

reinforcement is carbon for composite structures. Carbon fibers can be in uni-

directional form, non crimp fabric (multiaxial) or fabric form. There are many 

different fabric styles in industry, such as plain weave, twill, four harness satin, 

eight harness satin, etc as shown in Figure 2.17 [42]. Design based fabric selection 

is necessary as each style has different areal weights and cured ply ticknesses. 
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a) Plain Weave                     b) Twill Weave 

                            

b) Four Harness Satin    d) Eight Harness Satin 

Figure 2.17 Carbon Fabric Styles a) Plain Weave, b) Twill Weave, c) Four 
Harness Satin, d) Eight Harness Satin [42] 

 

 

There are many different types of manufacturing methods for composites such as 

prepreg technology, filament winding, wet lay up, resin transfer molding, etc. 

Determination of the manufacturing method depends on the product complexity 

and the form of product [43]. 

Prepreg means already resin impregnated by the material manufacturer and ready 

for use material [43]. The prepreg process is to lay-up and cure plies on a tool.  

Usually autoclaves (heated pressure vessel) are used for curing under defined 

temperature and pressure parameters for prepreg technology [43]. Figure 2.18 

represents the prepreg manufacturing method.  
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Figure 2.18 Prepreg Technology [44] 

 

 

Filament winding method is generally used for circular or hollow parts. Firstly 

fiber tows are wetted in a resin bath and then wind onto a mandrel for different 

orientations automatically [45]. A representative picture can be seen in Figure 2.19 

for filament winding application.  

 

 

 
Figure 2.19 Filament Winding Method [45] 
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Wet lay up method is to lay the dry fabrics on a tool and wet them with the resin 

by the help of a roller or brush [46]. Again autoclaves can be used for curing or if 

the pressure is not necessary, ovens can be used to cure the composite. A 

schematic for wet lay-up method can be seen in Figure 2.20. 

 

 

 

Figure 2.20 Wet Lay-Up Method [45] 

 

 

Resin transfer molding process includes five steps, creating preform, preform 

placement in tool, resin injection, curing and de-molding [45]. RTM steps can be 

seen in Figure 2.21. Generally complex parts are produced by resin transfer 

molding method [43].  
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Figure 2.21 RTM Manufacturing Steps [40]  

 

 

2.9 Characterization Methods for Shape Memory Polymers 

Two types of characterization can be applied to the shape memory polymers, in 

molecular level and in macroscopic level. In molecular characterization DSC, 

DMTA, FTIR, mechanical characterization and electron microscopy analysis show 

the net points and linear chain relation and thermal transition. In macroscopic 

characterization shape recovery ratio is determined by cyclic bending methods.  

2.9.1 Thermal Characterization Methods 

The key characteristics for shape memory materials are the thermal properties 

especially transition temperatures.  

2.9.1.1 Differential Scanning Calorimetry Analysis 

Differential scanning calorimetry determines the phase transitions of materials. 

Applying a controlled temperature program to the sample pan including material 

piece in it and an empty reference pan, the heat flow change in sample material is 
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measured. For thermoplastic or thermoset polymers the heat flow versus 

temperature diagram gives different transition phases as shown in Figure 2.22.  

 

 

a) b) 

 

 

 

 

 

Figure 2.22 DSC Diagrams for a) Thermoplastic Materials b) Thermoset Materials 
(Exo Up) 

 

 

Glass transition temperature is the temperature where the material goes from a 

glassy phase to rubbery phase. For thermoplastic materials both glass transition 

temperature and melting temperature can be the transition temperature for shape 

changing in shape memory polymers. For thermoset shape memory polymers, the 

transition temperature is only glass transition temperature. By DSC analysis, 

transition temperature is determined for the shape memory material. 

DSC analysis can also be used to define the degree of curing by the help of heat of 

reaction curve. A sample calculation is explained by using Figure 2.23 and 

Equation 2.3. 
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Figure 2.23 Degree of Curing Analysis from DSC Curves a) DSC Result for 
Uncured Sample, b) DSC Result for Cured Sample (Exo Up) 

 

 

Degree of Cure=
ΔHuncured-ΔHcured

ΔHuncured
×100                                                                    (2.3) 

 

 

Firstly uncured shape memory resin is analyzed by DSC and heat of reaction is 

determined from the area under the reaction curve. The heat of reaction of the 

uncured resin, 𝛥𝐻𝑢𝑛𝑐𝑢𝑟𝑒𝑑, is defined as the energy needed for 100 % of the 

reaction completed. Secondly, the cured shape memory polymer sample is run by 

DSC and if the polymer did not fully polymerized there will be a small reaction 

curve on the DSC plot. This heat of reaction, 𝛥𝐻𝑐𝑢𝑟𝑒𝑑, for the cured polymer 

shows how much energy occurred during polymerization cycle and how much 

energy needed for completing the reaction.  Energy occurred during 

polymerization cycle divided by the energy needed for 100 % completed reaction 

shows percent curing when multiplied by 100. This value is also called degree of 

cure or extent of reaction.  

Δ H cured 

 

Δ H uncured 
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2.9.1.2 Dynamic Mechanical Thermal Analysis 

In order to characterize the viscoelastic nature of polymers, dynamic mechanical 

thermal analysis technique is performed. An oscillatory displacement to the sample 

is imposed by an actuator. There is a load cell measuring the force during this 

oscillatory mechanical cycle applying a controlled temperature program. There are 

different types of clamps in order to measure the force when applied in tension, 

compression, shear or bending. The frequency of the oscillating mechanical 

behavior can be varied. Storage modulus (E’), loss modulus (E”) and the ratio of 

loss modulus to the storage modulus which is called loss factor or tan δ can be 

measured by this method. Thermal transition temperature, for thermosets glass 

transition temperature, can also be determined by applying a controlled 

temperature program. The switching temperature related to the soft segment for 

thermoset shape memory polymers is the glass transition temperature. 

A sample DMTA plot for a thermoset material is illustrated in Figure 2.24. 

 

 

 

 

 

 

 

 

Figure 2.24 DMTA Plot for a Thermoset Material 
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2.9.2 Fourier Transformed Infrared Spectrum Analysis 

In Fourier transformed infrared spectroscopy, IR radiation is passed through a 

sample in which some of the IR radiation is transmitted and some of them 

absorbed by the sample (Figure 2.25). This absorbed and transmitted radiation 

gives a spectrum which creates the molecular fingerprint of the sample. 

Absorption bands, which are differs in intermolecular or intramolecular bondings, 

identify the chemical groups in the molecular structure. Unknown materials, 

quality of consistency, components of a mixture can be determined by FTIR 

analysis.  

 

 

 
 
Figure 2.25 FTIR Components and a Sample Analysis Result 

 

 

2.9.3 Scanning Electron Microscopy Analysis 

Surface morphology can be examined by the scanning electron microscopy, which 

provides high resolution and highly magnified image of the surface, by scanning 
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the surface with a high-energy beam of electrons. The scanning electron 

microscope (SEM) produces an electronic map of the specimen that is displayed 

on a cathode ray tube (CRT). Magnification range is between 10X and 300.000X 

and resolution can be adjusted to a few nm.  

The theory for scanning electron microscopy begins with producing a beam of 

electrons by an electron gun which is at the top of the microscope. The beam goes 

through the electromagnetic fields and lenses in vertically direction under the 

vacuum. Lenses focus the electron beam toward the surface of the sample. 

Electrons and x-rays are ejected from the surface and by collecting these x-rays 

backscattered electrons or secondary electrons with the help of a detector and 

converting them to the signals, the image of the surface is seen on a screen. 

Typical mechanism is explained in Figure 2.26.    

 

 

Figure 2.26 Schematic Presentation of Scanning Electron Microscope 
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Scanning electron microscopy plays an important role in investigation of the 

dispersion quality of nano fillers. The effect of dispersion quality on shape 

memory effect can be determined and evaluated according to these morphology 

images. 

2.9.4 Electrical Conductivity Measurement, Two Point Probe Method 

Electrical conductivity of the sample can be measured by two point probe method 

easily. In two point probe method, copper wires are attached to the both ends of 

the sample as showed in Figure 2.27. Since the wires attached to the two points on 

the sample the method is called as two point probe technique. A voltage, V is 

applied to the sample creating a current, I through the sample. The current is 

measured by an ampermeter and a voltmeter measures the applied voltage. The 

resistance, R is determined by the Equation 2.1. The volume resistivity of a 

material having the dimensions length (l), width (w) and height (h) as shown in 

Figure 2.27 can be calculated by the Equation 2.2 [47]. 

 

 

Figure 2.27 Two Point Probe Electrical Conductivity Measurement 
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2.9.5 Mechanical Characterization Methods 

In order to compare the mechanical properties of shape memory polymers with the 

other materials, tensile test, compression test and impact test can be applied.  

2.9.5.1 Tension Test 

Tension test or in other words tensile test is a widely used mechanical testing 

method providing basic design data about strength of materials. Applying a known 

force with a constant elongation rate to the specimen, the force that the specimen 

can withstand is measured.  Dog bone shaped specimens are generally used in 

order to grip into the jaws of the machine and prevent slipping of the specimen 

during tension test. Gauge portion is usually the part having smaller cross section. 

As a result of pulling the change in the gauge length is measured. General stress-

strain curve result of tension test can be seen in Figure 2.28.  

 

 

 

Figure 2.28 General Tensile Stress Strain Curve for Polymers 
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Stress (σ) is the force applied per unit cross section area of the specimen. 

 

σ=
F

A0
                                                                                                                       (2.5) 

 

The length change in gauge length divided by the initial length of the gauge length 

gives strain (ε). 

 

ε=
ΔL
L0

                                                                                                                     (2.6) 

 

where A0 is the original cross sectional area of the specimen that is perpendicular 

to the force, ΔL is the length change in gauge length and L0 is the original length 

of the gauge portion. 

Tensile strength is defined as the strength when the maximum force is applied and 

can be calculated by using the equation below: 

 

 

Tensile Strength=
Maximum Force (N)

Cross section Area (mm2)                                                   (2.7) 
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2.9.5.2 Compression Test 

Behavior of materials under uniaxial compression load is determined by 

compression test by detecting deformation of material under load. General 

compressive stress-strain diagram is shown in Figure 2.29. Stress and strain 

definitions are the same as that mentioned in tensile test in Equations 2.5 and 2.6.  

 

 

 

Figure 2.29 Compressive Stress-Strain Curve 

 

 

2.9.5.3 Impact Test 

Izod and Charpy impact test methods are the most common types. There is a 

pendulum having a heavy hammer in this test method. In Izod method, the 

specimen is held in vertical position while in Charpy method it is held in 

horizontal position. The pendulum strikes to the specimen and the kinetic energy 

difference of the hammer gives the required energy to break the specimen. The lost 

kinetic energy is transferred to the impact energy when the hammer hits to the 
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specimen. A schematic of Izod and Charpy impact test is illustrated in Figure 2.30 

[23]. 

 

 

 

Figure 2.30 Izod and Charpy Impact Test 

 

 

2.9.6 Bending Test and Determination of Shape Memory Behavior 

Characterization method on shape memory behavior is applying a bending test to 

the shape memory sample. In the first step, a sample of shape memory material is 

heated above the transition temperature and deformed to an angle, θi. Then the 

sample is cooled below its transition temperature and the sample fixes its bent 

shape. In the second step, deformed material is heated again above the transition 

temperature.  Permanent shape recovery is observed and quantified in terms of the 

recovered angle, namely shape recovery ratio. A schematic representation of 

bending test is given in Figure 2.31. 
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Figure 2.31 Bending Test for Evaluating Shape Memory Behavior  

 

 

Shape recovery ratio is calculated by Equation 2.8, where θi is the initial 

deformation angle, θf is the final deformation angle. 

 

Shape recovery % =
θi-θf

θi
×100                                                                         (2.8) 

 

 

This bending test may be applied a few times in order to have a cyclic effect on the 

sample and observe deformation during shape memory cycles. Also shape 

recovery times are determined during these bending tests. 

2.10 Previous Studies 

Rousseau and Xie (2009) have performed a systematic study about the 

performance of the shape memory epoxy polymers. They produced shape memory 
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epoxy polymers by using two different epoxy polymers as Epon 826 and Epon 828 

(Hexion) and three different hardener with different chain lengths as Jeffamine D-

230, Jeffaime D400 and Jeffamine T403 (Huntsman) [33]. They also performed 

studies on adjusting the transition temperatures of the shape memory materials by 

synthesizing seven different epoxy-amine based shape memory polymer. These 

different shape memory samples with various molecular structures have glass 

transition temperature ranging from 44oC to 93oC. The changes in thermal and 

mechanical properties for these different samples having different glass transition 

temperatures were examined. Epoxy showed perfect shape recovery and shape 

memory properties when subjected to above 5% strain [33].  

For the networks that have low crosslink density and much higher molecular 

elasticity, it has been observed that temporary shape memory behavior is 

independent from material structure but much severe experimental conditions are 

determinant on the shape memory effect [33].  Also, effect of cycle conditions on 

the shape memory has been investigated by changing the parameters, such as 

deformation load, heating rate while shape recovering, shape recovery cycle 

number, fixing time at deformed shape or original shape [33]. 

Wu, Liu and Leng (2009) conducted a research on thermomechanical properties of 

linear monomer and their effect on shape memory recovery property [31]. 

They studied mechanical behavior of epoxy based shape memory polymers. 

Epoxy, hardener and activator materials which were supplied by various 

manufacturers were mixed, and polymer was synthesized. So as to bring shape 

memory property and to introduce mechanical properties, linear epoxy monomer 

was added to this mixture. Glass Transition Temperature (Tg) which was 

calculated by DSC analysis varied from 37 to 96°C by the increase in the ratio of 

linear monomer [31]. DMA analysis showed that increase in linear monomer 

caused a decrease in density of crosslinking and so induced a decrease in elastic 

modulus. Additionally; increase in linear monomer ratio caused a decrease in both 

shape recovery percent and shape recovery time [31]. In their another study, by 
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using different linear epoxy monomers, three different epoxy based shape memory 

polymer were synthesized. They worked on the mechanical performances of these 

polymers [32]. Structural characterization of the materials, dynamic mechanical 

and quasi-static tensile properties were investigated together with the shape 

memory properties. Materials’ glass transition temperatures from DMA analysis 

were obtained between 69-113 oC. According to the tensile test results, it was seen 

that linear monomers had great effect on tensile deformation. Moreover it was 

concluded that, as linear monomers increased tensile deformation range changed 

from brittle to elastomeric range [32]. With respect to these results, it was proved 

that; the tensile strength value was between 15 and 62 MPa as elastic modulus 

values were between 2.5 and 1.7 GPa. High linear monomer ratio reduced also 

shape memory recovery duration and materials gained shape memory recovery of 

%99 at 100 °C [32]. 

Merline, Nair and Ninan (2008) studied on characterization, curing and shape 

memory properties of epoxy–polyether systems [31]. They observed perfect 

memory shaping on block segment co-polymers.  Epoxy resin was cured by amine 

telechahelic poly (tetra ethylene oxide, PTMO). PTMO was used as the segment 

contributing to shape transformation. Produced polymers were characterized by 

DSC, XRD, and DMTA analyses. Shape memory property was determined 

by bending test [31]. It was observed that as concentration of epoxy increased, Tg 

and tensile strength also increased. The polymer with highest level of PTMO 

concentration showed %99 spring back in 12 seconds [31]. 

Lendlein and Kelch (2002) stated in their study that shape memory can be 

triggered by changes in many parameters including temperature, light, pH, 

electrical and magnetic fields. Most commonly used trigger mechanism is heating. 

However, using an extra heater is not preferred for many applications which 

resulted in the appearance of using electricity as the trigger mechanism [37]. 
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2.11 Application Areas of SM Materials in Aerospace Industry 

Aerospace technologies produce lightweight, rigid structures to withstand the 

loading forces and environment conditions. In order to better adapt to exterior 

loading and increase the flight performance, a concept of shape changing 

structures was revealed, inspired by nature. The advantages of using shape 

memory materials in control surfaces such as wing, rudder, flaps, ailerons etc. are 

considered in the cases that aircraft will take off and land in shorter distances, run 

more quietly, maneuver more quickly, fly longer and burn less fuel. 

2.12 Motivation of The Thesis 

Shape memory polymers are very challenging materials from molecular level to 

application level and their research area developing with an increasing innovation. 

The most challenging three parts of this study are to use a thermoset matrix 

(epoxy) in evaluation of shape changing behavior at shorter shape recovery times, 

to prepare composites by adding carbon nanotubes in order to provide 

semiconductivity to the matrix to heat the material with the help of electricity, and 

lastly to produce multiscale fiber reinforced composites in order to evaluate the 

material for aimed application area which is aerospace structures.  

Many investigations about shape memory polymers were performed by using 

curing agents in aromatic nature. Aliphatic curing agent is used in this study, with 

the aim of increasing soft segment in the matrix, therefore to reducing the response 

time. In addition, the effect of CNTs in the epoxy shape memory polymer matrix 

which includes NGDE as epoxy modifier has not been studied in the literature 

before.  

Beginning from shape memory resin developing to producing multiscale shape 

memory composite, this study provide us overlook on shape memory science and 

industrial point of view together.  
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CHAPTER 3 

 

EXPERIMENTAL 

 

 

Experimental procedures and characterization methods are given in detail. Firstly, 

used materials and their properties are indicated in this chapter. Secondly, 

experimental set-up and procedures are explained in basically three main steps; 

preparation of pure and shape memory epoxy matrix, preparation of carbon 

nanotube filled shape memory epoxy matrix and preparation of multiscale carbon 

fabric reinforced composites. Lastly, characterization methods such as thermal, 

chemical, morphology, mechanical, electrical, etc. are explained in this chapter. 

3.1 Materials 

3.1.1 Epoxy 

“EPIKOTE 828” (MOMENTIVE) which is medium viscosity liquid epoxy resin 

provided by IMCD Group from Istanbul was used as polymer matrix. “EPIKOTE 

828” was originally produced from bisphenol A resin and epichlorohydrin (Figure 

3.1) by the manufacturer. The first reason of choosing “EPIKOTE 828” resin was 

that it was not modified and contained no diluent. Other reasons were that it 

provides good wetting capability, it has good resistance to filler settling, it has a 

high level of chemical resistance and mechanical properties in cured state as 
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declared in its technical data sheet. Possible application areas for this resin are 

electrical and electronic industries (potting, casting, impregnating), building and 

civil engineering industries (floorings, adhesives, mortars, grouts), filament 

winding for composites, etc. Material properties are shown in Table 3.1 which are 

taken from the technical data sheets of “MOMENTIVE” who is the manufacturer 

of the resin.  

 

 

Figure 3.1 Molecular Structure for EPIKOTE 828 

 

 

Table 3.1 Material Properties of EPIKOTE 828 Epoxy Resin 

Property Unit Value 

Epoxy group content mmol/kg 5260-5420 

Epoxy Molar Mass g/equivalent 184-190 

Density at 25 ºC kg/lt 1.16 

Viscosity at 25 ºC Pa.s 12.0-14.0 

Viscosity at 50 ºC Pa.s 0.55 

Flash Point ºC >150 
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3.1.2 Curing Agent 

“EPIKURE Curing Agent 3125” (MOMENTIVE) which is a medium viscosity 

reactive diamine curing agent, based on dimerized fatty acid and poly-amines was 

used as hardener (Figure 3.2). This is a general purpose curing agent for epoxy 

resins that is suitable for many applications including solvent-borne coatings, 

potting, adhesives, etc. EPIKURE Curing Agent 3125 has many benefits as 

excellent adhesion, good water resistance, good toughness and flexibility, good 

pigment and substrate wetting. The reason for choosing EPIKURE 3125 was that it 

was in aliphatic nature so that provides flexibility and toughness as indicated in its 

technical data sheet.  

 

 

 

Figure 3.2 Molecular Structure of EPIKURE 3125 Curing Agent 

 

  

Table 3.2 Material Properties of EPIKURE 3125 Curing Agent 

Property Unit Value 

Amine value mmol/kg 330-360 

Equivalent weight AHEW 127 

Density at 25 ºC kg/lt 0.97 

Viscosity at 40 ºC Pa.s 800-1200 

Flash Point ºC >110 
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3.1.3 Epoxy Diluent 

Neopentyl glycol diglycidyl ether from Sigma Aldrich was used as epoxy diluent 

(Figure 3.3). The main purpose of using this monomer was to provide flexibility to 

the epoxy matrix due to the aliphatic nature of its molecular structure.  

 

 

 

Figure 3.3 Molecular Structure of NGDE, Epoxy Diluent 

 

 

Table 3.3 Material Properties of Neopentyl Glycol Diglycidyl Ether  

Property Unit Value 

Equivalent weight G 135-165 

Density at 25 ºC kg/l 1.04 

Viscosity at 25 ºC mPa.s 10-30 

Boiling Point ºC 103-107 

Flash Point ºC >113 
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3.1.4 Carbon Nanotubes 

Multi-walled carbon nanotubes (NC7000) from NANOCYL were used as 

conductive filler. It was produced by the catalytic carbon vapor deposition process 

by the manufacturer. NC7000 have been generally used when low electrical 

percolation required. Material properties are illustrated in Table 3.4. 

 

 

Table 3.4 Carbon Nanotubes Properties 

Property Unit Value 

Average Diameter Nanometers 9.5 

Average Length Micron 1.5 

Carbon Purity % 90 

Metal Oxide % 10 

Surface Area m2/g 250-300 

 

 

3.1.5 Carbon Fabric 

The carbon fabric G0807, 8HS, 208 g/m2 from Hexcel was used for producing 

multiscale composite panels. It was fabricated from high strength fiber type AS4 

by the manufacturer. 

3.1.6 Auxiliary Materials 

ORAPI 701 Teflon Spray was used as release agent in order to unmolding 

specimens easily. 

EPIBOND 1590 paste adhesive was used for bonding the tabs of the compression 

specimens. 
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The prepreg material of 8552/7781/42%RW which is a product of Hexcel was 

used in tabs of compression test specimens. 

3.2 Experimental Set-up and Procedure 

“Heidolph RZR 2020 overhead stirrer” was used for preparation of both pure and 

shape memory epoxy matrices (Figure 3.4).  “RZR 2020” can mix the fluids with a 

maximum viscosity of 60,000 mPa.s. It has a speed range between 40 and 2,000 

rpm. Selected propeller type was Heidolph Pitched Blade Impeller PR 30-509-

30000-00 as explained in Section 2.7. 60 rpm mixing speed was applied during 

this study. 

 

 

 

Figure 3.4 RZR2020 Mechanical Mixing Machine and The Propeller 

 

 

Vaciotem-T from J.P. Selecta (Figure 3.5) was used for curing, vacuuming and 

drying purposes during this thesis work. This oven has digital temperature and 

timer control with a controllable temperature range from 35 oC to 200 oC. It has a 

temperature homogeneity of 2 oC. 
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Figure 3. 5 Vaciotem-T, Vacuum Oven 

 

 

3.2.1 Preparation of Pure and Shape Memory Epoxy Matrix 

3.2.1.1 Preparation of Pure Epoxy Matrix 

The first step of this work was to obtain samples that showing the declared 

mechanical properties by manufacturer. As specified in the technical data sheets, 

the mixing ratio of epoxy and hardener was taken as 100:54 by weight. First trials 

showed that high air bubbling occurred due to the viscosity of epoxy and hardener. 

Epoxy and hardener were vacuumed at 40 oC for 2 hours separately. Then they 

were mixed mechanically for 45 minutes with 60 rpm by using a Heidolph RZR 

2020 mechanical mixer (Figure 3.4). Different molds were used in view of the fact 

that each test specimen had different dimensions. Aluminum molds had suitable 

dimensions according to ASTM D 638 type IV and ASTM D 256 test standards 

for the tensile and impact tests, respectively. A teflon mold was also used which 

included DMTA specimen dimensions according to ASTM D7028, electrical 

measurement samples and shape recovery samples whose dimensions were chosen 

from the literature [7]. The mixture was molded and cured for 24 hours at room 

temperature, then postcured for 2 hours at 100 oC by using a Vaciotem-T, Vacuum 

Oven (Figure 3.5). Processing parameters were proved by checking the mechanical 
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Mechanically mixing @60 

rpm for 45 min.  

                  
                                   

 

 

properties of the produced samples with the technical data sheet of Epikote 828 

and Epikure 3125 resin system. Figure 3.6 represents the process flow chart. 

 

 

 

 

 

 

 

 

 

Figure 3.6 Flowchart of the Preparation of Pure Epoxy Matrix 

 

 

3.2.1.2 Preparation of Shape Memory Epoxy Matrix 

There was an additional step when preparing shape memory matrix, which was the 

addition of epoxy modifier, Neopentyl Glycol Diclycidyl Ether (NGDE) to the 

system in order to increase the switching segment concentration. Shape memory 

polymers were produced in different NGDE concentrations. NGDE was added at 

3%, 5%, 7%, 8% and 9% by weight ratios of the total mixture which included 

Epikote 828, Epikure 3125 and NGDE. NGDE was added to the epoxy firstly and 

a homogeneous mixture was obtained. Then the same process parameters and 
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molds with the Section 3.2.1.1 were applied to produce shape memory epoxy 

matrix as shown in Figure 3.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Flowchart of the Preparation of Shape Memory Epoxy Matrix 
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3.2.2 Preparation of Carbon Nanotubes Filled Shape Memory Epoxy Matrix 

Before beginning the experiment carbon nanotubes were dried at 100 oC for 24 

hours. After drying, carbon nanotubes were pestled by the help of a mortar. 

Samples with five different CNT concentrations were produced as 0.25%, 0.5%, 

0.75%, 1% and 2% by weight. Flowchart of preparing CNT filled nanocomposites 

is given in Figure 3.8. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Flowchart of the Preparation of CNT Filled Shape Memory Epoxy 
Matrix 
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In order to provide a homogeneous separation in the mixture, carbon nanotubes 

were added between the epoxy modifier addition step and the hardener addition 

step due to the reason that “Epikure 3125” (hardener) has high viscosity. Firstly 

mechanical mixing was applied to the mixture for 45 minutes and then 

ultrasonification was applied for 2 hours in order to provide homogeneously 

distributed CNT samples. After sonification, an additional vacuum step for 45 

minutes was used to prevent air bubbles. Then hardener was added and again 

mixed by using the mechanical mixer for 45 minutes. Then the mixture was 

poured into molds and the same curing parameters given as before were applied.  

3.2.3 Preparation of Carbon Fiber Reinforced Shape Memory Epoxy 

Composite 

Firstly, Carbon fabric plies were prepared in the dimensions of 200 mm x 400 mm. 

Six plies were cut for a composite laminate panel. Tempered glass was used as tool 

surface. Release film was put on the tool surface in order to prevent adhesion of 

composite panel to the tool surface. Three different epoxy matrices were prepared 

as indicated in Sections 3.2.1 (pure epoxy matrix and shape memory epoxy matrix) 

and 3.2.2 (CNT filled shape memory epoxy matrix). A commercial grade epoxy 

resin system LY5052/HY5052 (Huntsman) which was commonly used in 

aerospace industry was also used as a reference. LH5052/HY5052 system was 

prepared with the mixing ratio 100/38 by weight as indicated its technical data 

sheet. 

Each ply was wetted by prepared resin matrix by wet lay-up method and laid in the 

same direction (0º). After lay-up completed for six plies, again release film was 

applied on the laminates with the same purpose. Air breather was laid on the 

laminate for an effective vacuuming. Lastly, vacuum bag was put and fixed by a 

sealant which was applied all around the tool edges (Figure 3.9). Full vacuum was 

applied to each panel during 24 hours at room temperature. After 24 hours 

completed, panels were cured at 100 ºC for 2 hours. The panel which was prepared 

by LY5052/HY5052 epoxy system was cured at 100 ºC for 4 hours as indicated its 
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technical data sheet. After curing completed the panels were demolded by 

removing the vacuum bag. The flowchart of carbon fabric reinforced composite 

preparation is given in Figure 3.10. 

 

 

Figure 3.9 Vacuum Bag Preparation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Flowchart of the Preparation of Carbon Fabric Reinforced Composites 
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3.3 Characterization Methods 

3.3.1 Thermal Analysis 

3.3.1.1 Differential Scanning Calorimetry Analysis 

Glass transition determination and degree of curing analyses were performed by 

using the TA Q100 DSC instrument according to EN6041 standard. Instrument 

which is shown in Figure 3.11 had the refrigerated cooling system where nitrogen 

gas was used to cool the instrument. 10 oC per minute heating rate was applied to 

the sample from -60 oC to 250 oC. At least two samples of a material were 

analyzed in determination of glass transition temperature. Degree of curing 

calculation was done as explained in Section 2.8.1.1 using Equation 2.1. The 

average results of three DSC Analyses for each sample were recorded. 

 

 

 

Figure 3.11 Photograph of DSC Instrument 

 

 

3.3.1.2 Dynamic Mechanical Thermal Analysis 

Storage modulus and glass transition temperature were determined by using a TA 

Q800 Instrument as shown in Figure 3.12.  This instrument had a temperature 

range between -150 and 600 oC having a cooler unit. Liquid nitrogen was used as 
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coolant. One sample from each material was evaluated according to the ASTM 

D7028, and randomly checked by a second analysis. Specimens were tested by 

applying a 5 oC per minute of heating rate was applied from 0 oC to 250 oC. 

 

 

 

Figure 3.12 Photograph of DMTA Instrument 

 

 

3.3.2 Fourier Transformed Infrared Spectroscopy 

Fourier Transformed Infrared Spectroscopy analyses were performed for chemical 

characterization of the produced samples. Perkin Elmer Instrument with 

Attenuated Total Reflectance (ATR) apparatus was used during characterization 

and the FTIR spectra were recorded.  

3.3.3 Electrical Measurements 

Electrical resistivity measurements were applied by using the Keithley 2400 

constant current source meter which is shown in Figure 3.14. Two Point Probe 

method was applied during electrical characterization. For electrical 

characterization “n” shaped samples whose dimensions are 1 mm in thickness, 5 
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mm of both ends’ width, 30 mm in length of both parallel arms and 15 mm in total 

width, which are seen in Figure 3.13 were produced by molding. The “n” shape 

was designed in order to observe both shape memory effect and electrical 

resistivity together. Both ends of the “n” shaped samples were coated with the 

silver paste (ELECOLIT 325, Eurobond) in order to minimize the contact 

resistance. Silver paste was prepared by mixing equal amounts of part A and part 

B and applied to the both ends of the “n” shaped specimens in 5 mm width. Then, 

silver paste was cured at 120 ºC for 15 minutes. A constant voltage (20 V) was 

applied to each sample and the current was recorded from the instrument. With the 

help of the Equations 2.1 and 2.2, volume resistivity values were calculated. As 

electric current travelling the distance, the “n” shape was assumed as linear and the 

length, l, was taken as 65 mm (which is the middle length of the “n” shown in 

Figure 3.13). Three samples were tested for three times and their averages were 

recorded. 

 

 

Figure 3.13 Electrical Characterization Sample  

 

 

 

 

Figure 3.14 Photograph of Keithley 2400 Constant Current Source Meter 
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3.3.4 Heating by Electrical Current Measurements 

Produced multiscale composite samples which are semiconductive were heated by 

using temperature control and adjustable power supply which was designed by 

Entek Electronics (Figure 3.15). The dimensions of the samples for these 

measurements were 15 mm x 65 mm with 2 mm thickness. The power supply had 

a temperature control unit for the sample that prevented material from burning. 

Current and voltage can be adjusted up to 1 Ampere and 100 Volt, respectively. 

There was sample holder in a temperature control chamber in order to provide 

reliable measurements without affected from environment temperature changes. 

Temperature of the environment was set to 27 ºC and all of the measurements were 

taken by passing the current of 0.9 Ampere through the samples. The voltage 

changed from 3.65 V to 4.43 V during experiments was observed from the 

monitor. Parameters were selected according to at which the shorter heating time 

was achieved. Five measurements were recorded for each composite sample. 

 

 

 

Figure 3.15 Photograph of Temperature Control and Adjustable Power Supply 
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3.3.5 Mechanical Characterization 

3.3.5.1 Tension Test 

Tensile properties were determined by using a Shimadzu AG-IS 100 KN universal 

tensile testing instrument. This machine had 100 KN maximum load capacity with 

a test speed range between 0.0005 mm/min to 1000 mm/min. Test specimens were 

produced according to the ASTM D 638 Type IV standard. Dimensions of the 

specimens can be seen in Figure 3.16. Crosshead speed of 4 mm per minute was 

selected according to the standard. At least five specimens were tested according 

to the ASTM 638 and average values of the test results were evaluated.  

 

 

 

Figure 3.16 Tensile Test Specimen 

 

 

3.3.5.2 Compression Test 

Compression test was performed according to EN 2850 test standard. Compressive 

properties were determined by INSTRON 8802 universal compression testing 

instrument. This machine had 50 KN maximum load capacity with a test speed 
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range between 0.0005 mm/min to 1000 mm/min. Test specimens were produced 

according to the EN 2850  type B. Dimensions of the specimens can be seen in 

Figure 3.17. At least five specimens were tested and the averages of these results 

were taken. Epibond 1590 paste adhesive was used for bonding of the tabs to the 

specimens. Tabs were prepared from prepreg material of 8552/7781/42%RW, 

Hexcel. After bonding the tabs to the panels, specimens were sliced and the 

channels were machined by using diamond-tipped saw. Lastly the specimens were 

grinded in order to achieve dimensional tolerances.  

 

 

 

Figure 3.17 Compression Test Specimen Details 

 

 

h: 2 mm (±0.3 mm) 

H: 4-6 mm  

b: 12.5 ± 0.2 mm 

L: 75 - 80 mm  

t: 5.0 mm (+0.5 / -0.0 mm) 
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3.3.5.3 Impact Test 

By using a Ceast Resil impactor 6967 instrument, impact tests were performed 

according to the ASTM D 256 test standard. Instrument has 1J to 25 J potential 

energy range. The dimensions of the test specimens were 6mm x 10mm x 80mm. 

Impact strength values were calculated by dividing the breaking energy to the 

cross sectional area. Instrument can be seen in Figure 3.18.  

 

 

 

Figure 3.18 Ceast Resil Impactor 6967 

 

 

3.3.6 Bending Test and Determination of Shape Memory Behavior 

Bending test was applied as explained in Section 2.8.6. Produced shape memory 

samples in the dimensions of 70 mm x 5mm x 1 mm, were bended to 90o with the 

help of a protractor by heating to 100 ºC by the oven, which was above the glass 

transition temperature of the samples. Then, by cooling the samples to 24 ºC 

outside the oven, they fixed their temporary 90o bended shape. Samples were just 

put on the desk in order to cool. Putting the samples in the oven and heating again 

above the glass transition temperature (100 ºC), samples began to return their 

permanent shape. Shape recovery time was recorded by a timer. Five heating 

cycles were applied to the samples and average of the shape recovery times and 
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ratios were calculated. In addition, shape recovery ratios were calculated from the 

Equation 2.8 for each cycle. Average of the shape recovery ratios and times of five 

bending cycles were calculated. A simple representation for bending test can be 

seen in Figure 3.19. 

 

 

 

Figure 3. 19 Shape Recovery Measurements 

 

 

3.3.7 Morphological Characterization 

Scanning electron microscopy (QUANTA 400F) was used for morphological 

analysis of the samples. The fractured surfaces of polymer samples from impact 

test specimens were investigated. For the multiscale composites both the images of 

trimmed cross section and upper surfaces were characterized. Among the CNTs 

containing nanocomposite samples, only the SEM sample at 1% CNT 

concentration was taken from impact test specimen in order to provide clearly 

understandable images since CNTs were not able to seen from the images of 

impact samples. Before morphological analyses the surface of the samples were 

coated with golden-palladium in order to restrict the static electric accumulation.  
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

 

There are two main goals of this thesis work. The first aim is to produce epoxy 

based shape memory polymer and improve its mechanical and electrical properties 

by adding CNT to the system. The second purpose is to obtain carbon fabric 

reinforced multiscale composite which shows shape memory properties intended 

to application area which is aerospace structures for this thesis work.  Mechanical 

mixing of epoxy and hardener and molding processes are performed while 

producing shape memory polymers. Processing parameters are optimized both 

using recommended curing time, temperature and mixing ratio in technical data 

sheets of the Epikote 828, Epikure 3125, and in accordance with the encountered 

problems during the experiments such as air bubbling. Air bubble observation in 

the polymer matrix is minimized by applying full vacuum to the epoxy and 

hardener separately for 2 hours. Characterization results are explained in three 

parts in this section. Firstly, characterization of pure epoxy polymer matrix and 

shape memory epoxy polymer matrices are given together. Secondly, 

characterization studies of carbon nanotubes filled shape memory polymer 

matrices are explained. Effect of carbon nanotubes concentration on shape 

memory effect is examined in this part in addition to the other investigations 

concurred in the thesis. Thirdly characterization test results of carbon fabric 

reinforced composite are given in this chapter.  
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4.1 Characterization Results of Pure Epoxy Matrix and Shape Memory 

Epoxy Matrices 

4.1.1 Differential Scanning Calorimetry Results of Pure Epoxy Matrix and 

Shape Memory Epoxy Matrices 

Thermal properties of pure epoxy matrix and shape memory epoxy matrices were 

investigated by using a Differential Scanning Calorimetry and glass transition of 

the samples were determined. Also degree of cure analysis were performed in 

order to examine the curing was completed or not. A sample calculation for degree 

of curing analysis is showed in Appendix A.  Glass transition temperatures of 

epoxy systems with different NGDE concentrations by weight as 0% (pure), 3%, 

5%, 7%, 8% and 9% are illustrated in Figure 4.1. Tg results and heat of reactions 

are illustrated in Appendix A. It is observed that the glass transition temperatures 

decrease by increasing the NGDE percentage in the polymer matrix. The reason 

for that, NGDE includes long linear chains which have C-O bonds. Average 

molecular weight between the crosslinks increases with high NGDE content in the 

polymer matrix which causes a decrease in crosslink density and increase in linear 

chain density [2]. The sample including 9% by weight NGDE content has the 

lowest glass transition temperature as it includes the longest linear chains in the 

matrix. The sample with the highest crosslink density between the shape memory 

samples is the sample includes 3% by weight NGDE content and has the highest 

glass transition temperature among the produced shape memory polymer samples 

which are successfully produced as explained by Figure 4.2. The result is that a 

decrease in linear monomer content leads to decrease in flexibility, so that an 

increase in glass transition temperature is observed [2]. These results show that 

transition temperature of a SM material can be adjusted by changing linear 

monomer density in the polymer matrix. 

Polymeric resins that are used in aerospace industry are generally having a glass 

transition temperature around 50-55 oC. The results show that developed shape 
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memory epoxy samples have appropriate glass transition temperatures for 

aerospace application except the sample with 9% NGDE content. 

 

 

 

Figure 4.1 Tg Values of Pure Epoxy Matrix and Shape Memory Epoxy Matrices 
from DSC Analysis 

 

 

In order to be sure that the reaction between epoxide groups and amine groups is 

completed or not, degree of curing analysis was applied. Using the Equation 2.3 

which is based on the heat of reactions, curing percentages were calculated and 

recorded as shown in the Figure 4.2. The results show degree of curing changes 

from 98.3 % to 99.7 among the samples. In aerospace industry, design guidelines 

says degree of curing which is common between 95% and 98% is acceptable for 
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structural aircraft parts [48]. According to this knowledge, applied curing 

processes to all of the samples are said to be successful and reliable. In addition, 

the sample with 9% NGDE content was observed very brittle during experiments, 

the sample was broken easily during demolding and it was very hard to produce. 

Degree of curing analysis reveals if the polymerization reaction is completed or 

not. It is not related to linear chain or crosslink density of the polymer matrix as it 

depends on the heat of reactions relative to cured and uncured samples of the 

sample matrix [48].  

 

 

  
Figure 4.2 Degree of Curing Analysis Results 
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4.1.2 DMTA Results of Pure Epoxy Matrix and Shape Memory Epoxy 

Matrices 

Storage modulus values at glass state and rubber state of the shape memory epoxy 

matrices are determined by dynamic mechanical analysis [49]. Single cantilever 

mode is applied from 0 oC to 250 oC with a 5 oC/min heating rate and 1 Hz 

frequency. Storage modulus versus temperature graphs of the samples can be seen 

in Figure 4.3. 

Results for the samples with NGDE contents of 0% (pure), 3%, 5%, 7%, 8% and 

9% are tabulated in Table 4.1. 

 

 

 

Figure 4.3 DMTA Graphs of SM Polymer Matrices 

 

 

 

1

10

100

1000

10000

0 50 100 150 200 250 300

St
or

ag
e 

M
od

ul
us

 (M
Pa

) 

Temperature (ºC) 

0% NGDE

3% NGDE

5% NGDE

7% NGDE

8% NGDE

9% NGDE



  

 
73 

 

Table 4.1 Results of DMTA Analyses 

Samples 

Storage Modulus for 
Glass State @25 °C 
(MPa) 

Storage Modulus for 
Rubber State @ 100°C 
(MPa)  

Elastic Ratio 

0% NGDE 1800 8 225 
3% NGDE 1700 5.5 309 
5% NGDE 1600 5 320 
7% NGDE 1500 3 500 
8% NGDE 1400 2.7 519 
9% NGDE 1200 1.5 800 
 

 

Storage modulus versus temperature graphs are obtained from DMTA analysis. 

Storage modulus decreases sharply after onset temperature, between 45 oC and 100 
oC for all cases.  

Table 4.1 shows that storage modulus values for both glass and rubbery states 

decrease while linear monomer concentration increases. The storage modulus, 

which is the energy stored during a loading cycle, denotes the stiffness of a 

viscoelastic material as declared in the ISO 6721-1 standard [49]. As a result of 

linear monomer ascends in the polymer matrix, stiffness decreases.  

Elastic ratio is considered as a measurement of modulus alteration magnitude 

during recovery of original shape in SM materials [2]. Elastic ratio is described as 

the ratio of glass state modulus to rubber state modulus [2]. Towards this 

information, the elastic ratio for 0% NGDE is calculated as 225 while it is 

calculated as 519 for 8% NGDE (Table 4.1). If the elastic ratio is high, the 

material shows better shape fixity during cooling and carries out larger strain and 

smaller stress during heating phase [2]. As a result, material having large elastic 

ratio shows good shape memory properties. 8% NGDE and 9% NGDE 

concentrated samples are expected to show better shape recovery ratio and time. 
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4.1.3 FTIR Results of Pure Epoxy Matrix and Shape Memory Epoxy Matrices 

Chemical natures of the produced shape memory polymer samples were 

characterized by FTIR analysis. Figure 4.4 shows all of the FTIR results for the 

samples containing 0% NGDE, 3% NGDE, 5% NGDE, 7% NGDE, 8% NGDE 

and 9% NGDE.  

NGDE consists of C-H, C-C and C-O bonds (Figure 3.3). Epikote 828 includes C-

H, C-O, C-C, and phenyl rings. Curing agent Epikure 3125 comprises N-H, C-N 

C-H, C=O, C-C bonds. C-C stretching is expected to be observed between 1091 

and 1217 cm-1 [50]. The peaks between this ranges in Figure 4.4 represents C-C 

stretching that NGDE, Epikote 828 and Epikure 3125 include. All of the samples 

show C-H stretching peak with 2800-3000 cm-1 absorption range [51], which is 

coming from methyl groups of Epikote 828, Epikure 3125 and NGDE. The 

characteristic absorption peak for the C-O stretching of epoxy ring is near 915 cm-1 

[52] can not be seen in the FTIR spectra which proves that epoxy resin cured 

completely. The C=C stretching phenyl ring bands are noticed between 1606 and 

1435 cm-1  [53]. The absorption peaks between 1729-1731 cm-1 show C=O 

stretching [51] which comes from the molecular structure of Epikure 3125 (Figure 

3.2). 1150 cm-1 absorption peak shows C-O bonds for tertiary alcohol which 

occurred during polymerization reaction between amine and epoxy ring. 1206 cm-1 

is the absorption peak for the C-N bonds for aliphatic amines.  
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Figure 4.4 FTIR Spectra of Pure Epoxy Matrix and Shape Memory Epoxy 
Matrices 
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When compared all the FTIR results of NGDE contained shape memory samples 

to the FTIR result of pure epoxy sample, many of the peaks are in the same 

absorption range. The peaks around 2918 and 2950 which show methyl groups 

having C-H bonds are the same for all FTIR results. Similarly, peaks showing 

C=O bonds of carboxylic acid derivatives influenced by conjugation and ring size 

around 1730 cm-1 are common among the FTIR results. Differently from the pure 

sample, peaks around 1500 and around 1600 cm-1 are observed which reveals 

aromatic C=C bonded C-C bonds. Other peaks showing C=C bonds (around 1430-

1460 cm-1), N-O bonds (around 1361 cm-1), C-N bonds of aliphatic amines 

(around 1206.95 cm-1), C-O bonds for tertiary alcohol (around 1150 cm-1), C-H 

bonds ( around 995-1030 cm-1) and  benzene ring (around 829.98 cm-1) are the 

same for all results. 

4.1.4 Mechanical Characterization of Pure Epoxy Matrix and Shape Memory 

Epoxy Matrices 

Mechanical characterization plays an important role in designing of shape memory 

polymers in terms of the comparison with the other polymeric materials. The 

applicability and reliability of the materials are mostly depends on the mechanical 

properties of the materials. 

4.1.4.1 Tension Test Results for Pure Epoxy Matrix and Shape Memory 

Epoxy Matrices 

Firstly, tension test is applied for the purpose of production parameters verification 

of pure epoxy polymer matrix. Tensile strength is indicated as 58 MPa in the 

technical data sheets of Epikote 828 and Epikure 3125 with a mixing ratio of 

100:54 (by weight). The production parameters such as temperature, time, vacuum 

time, etc. were fixed when the tensile strength that declared in the product data 

sheet was obtained. Then all the sample productions were performed with the same 

parameters and shape memory polymer samples were tested in order to define their 
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tensile strength values. Tension test results are given in Figure 4.5. Tension test 

data is given in Appendix B in detail. 

 

 

 

Figure 4.5 Tensile Strength of Pure Epoxy Matrix and Shape Memory Epoxy 
Matrices 

 

 

Crosslinking points is the dominant load carrier in polymer networks [2]. As a 

result of that, increment in aliphatic monomer which decreases crosslink density 

[2] by adding NGDE to the polymeric network is expected to cause a decrease in 

carrying of uniaxial tensile load. Pure epoxy matrix has tensile strength as 54.7 

MPa. The NGDE percentage is very slowly increasing from 0% to 3% causing 

slightly higher strength as 55.6 MPa. Tensile strength decreases to 41 MPa by 

adding more NGDE content as 5% percent by weight. The reason of this reduction 

is that the increase in linear chain decreases crosslink density as explained before. 
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However, in contrast to this explanation an improvement in tensile strength is 

observed when NGDE concentration increases to 7% and 8% percentages. The 

reason is that, increasing of linear chain density causes an increase in molecular 

interaction between chains which can carry more load. Above 8% NGDE content, 

crosslinking density becomes relatively low to the other samples due to the high 

linear chain density. So that 9% NGDE content can not overcome the load that 8% 

NGDE carries. Tensile strength for 8% NGDE sample is 55.1 MPa while it is 46.5 

MPa for 9% NGDE sample.  

 

 

 

Figure 4.6 Tensile Modulus of Pure Epoxy Matrix and Shape Memory Epoxy 
Matrices 
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Figure 4.6 shows the tensile modulus of the samples with different NGDE 

concentrations as 0%, 3%, 5%, 7%, 8% and 9%. Linear chain increment in the 

polymer matrix decreases stiffness of the material [54] and leads to decrease in 

tensile modulus which represents the stiffness of a material [55]. Increasing linear 

chain concentration by adding NGDE decreased tensile modulus as expected, 

except 5% and 9% concentrated samples. The samples with 5% NGDE and 9% 

NGDE concentration showed slightly higher modulus therefore higher stiffness 

even if they carry less load, when compared to other samples. This proves that 

they are more brittle than others. The reason for the sample with 9% NGDE is that 

it includes higher linear chain density leading to a decrease in chain mobility in the 

polymer matrix therefore higher brittleness among other samples [56].   

The elongation at break values which reveals the ductility of a material [57] are 

given in Figure 4.7.  

 

 

Figure 4.7 Elongation at Break Values of Pure Epoxy Matrix and Shape Memory 
Epoxy Matrices 
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Previous studies revealed an increase in elongation at break by increasing linear 

monomer concentration which leads to a decrease in crosslink density [2, 58]. In 

contrary for 5%, 7% and 9% concentrated samples show a decrease in elongation 

at break value. The elongation at break results of 5% and 9% NGDE samples are 

consistent with the strength and modulus results which prove that they are stiffer 

and more brittle than the other samples as described above. The sample with 7% 

NGDE content shows an unexpected result compared to tensile strength and 

modulus results. 7% NGDE sample is expected to show more elongation at 

breaking point as it includes more linear chain in the polymer matrix. This 

improbable result is due to an experimental error and may not be observed if strain 

gauges were used during mechanical testing. 8% NGDE content has the highest 

elongation at break value as expected due to the reason that increasing linear chain 

causes increase in elongation at break point [58].  

The optimum concentration among the shape memory polymers is found as 8% 

NGDE as a result of linear chain density and crosslinking density interactions 

resulted in the highest tensile strength in addition to lowest stiffness, that is low 

tensile modulus, and highest percent elongation at breaking point. As the material 

is expected to exhibit shape memory properties, elasticity and low stiffness is very 

important. High tensile strength value also will be an advantage since the aim of 

shape memory material development is to consider the material for aerospace 

industry. 

4.1.4.2 Impact Test Results of Pure Epoxy Matrix and Shape Memory Epoxy 

Matrices 

Impact test is performed in order to measure the impact resistance of the produced 

samples and the detail impact strength data is tabulated in Appendix B, Table B-4. 

The results of the impact tests are shown in Figure 4.8. Introducing more linear 

chains into the polymer matrix, increases the soft segment in the molecular 

structure. An increase in impact strength is expected while increasing soft segment 

concentration [59]. As shown in Figure 4.8, increasing NGDE concentration 



  

 
81 

 

increases the impact strength of the samples excluding 5% and 9% samples among 

NGDE including samples. As explained in tension test results these samples show 

brittleness. Especially for the 9% NGDE concentration, the linear chain density 

gets high leading to brittleness and mechanical performance is lowered. So that, a 

decrease in impact strength is observed for 9% NGDE sample. Nevertheless, the 

samples with 5% and 9% NGDE concentration have higher impact strength than 

pure epoxy sample. 8% NGDE containing sample shows the highest impact 

resistance which proves that it has an optimum soft segment concentration among 

the other NGDE concentrated samples.  

 

 

 

Figure 4.8 Impact Strength of Pure Epoxy Matrix and Shape Memory Epoxy 
Matrices 
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4.1.4.3 Bending Test and Determination of Shape Memory Behavior 

In order to observe shape recovery times and shape recovery percentage, a bending 

test is designed and applied. 5 bending cycles were applied to the samples by 

recording the average recovery times and angles (Appendix C). The images of the 

samples during the bending tests can be seen in Figures 4.9 and 4.10. The average 

results also tabulated in Table 4.2. As shown in the Figure 4.10, the shape recovery 

time decreases by increasing the NGDE content. The aim of adding linear 

monomer to the system was to increase the soft segmentation in the polymer 

network [2], therefore to provide shape changing and recovery at above transition 

temperature. Adding NGDE, which is in aliphatic nature, increases the linear 

monomer accordingly the soft segment in the polymer matrix. Soft segment is 

responsible for the shape changing and it is directly related to the shape recovery 

time and shape recovery percentage [8, 60].  

Pure epoxy polymer matrix is heated to 100 ºC and bended to 90º. Then it 

recovered its shape until 20º (Figure 4.9) by heating again to 100 ºC for 5 bending 

cycles. When its shape recovery ratio calculated with the Equation 2.8 it is found 

as 78%. The shape recovery time for the pure epoxy sample is around 2 minutes 

and 47 seconds. 

 

 

  
Figure 4.9 Bending Tests for Pure Epoxy Matrix (t= min: sec: milisec) 

 

t= 2:46:02 t= 1:12:26 t= 0 
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While NGDE percentages changes from 3% to 8%, shape recovery time averages 

change from 1:46:19 to 0:21:38 respectively (Table 4.2). As soft segment increases 

shape recovery time decreases resulting a short response time. The reason is that, 

stored stress during bending can be dissipated easily and quickly by increasing soft 

segment in the molecular structure. This also affects the shape recovery ratio as if 

the soft segment allows all the stress to be gained due to bending dissipated during 

heating, then the material recovers its original shape easily [61]. 
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Figure 4.10 Bending Tests for Shape Memory Epoxy Matrices (min: sec: milisec) 
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As the produced pure epoxy matrix has aliphatic nature, it shows a shape recovery 

ratio of 78%. Adding 3 percent NGDE to the pure matrix increases shape recovery 

ratio to 98% and reduces shape recovery time. Increment in linear chain and soft 

segment by adding more NGDE content leads to a full shape recovery. 5%, 7% 

and 8% NGDE contents showed %100 shape recovery. Sample with 8% NGDE 

showed shorter shape recovery time.  

 

 

Table 4.2 Shape Recovery Ratio and Time 

Samples Shape Recovery Ratio 

(%) 

Average Shape Recovery 

Time of Five Bending 

Cycles (min:sec:milisec) 

0% NGDE 78 2:47:10 

3% NGDE 98 1:46:19 

5% NGDE 100 0:51:45 

7% NGDE 100 0:33:48 

8% NGDE 100 0:21:38 

 

 

9% NGDE sample deformed at the third bending cycle. Its tensile and impact test 

results are also unsuccessful when compared to the other samples. During 

production many broken samples are observed at demolding step. So that 9% 

NGDE sample is not considered in shape recovery bending test.  
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When mechanical and thermal properties are evaluated together with the shape 

recovery properties, sample having 8% NGDE content is selected as the most 

successful NGDE content with excellent shape recovery properties.  

4.1.4.4 SEM Results of Pure Epoxy Matrix and Shape Memory Epoxy Matrix 

SEM images of fractured surfaces from impact test specimens of pure epoxy 

sample and shape memory sample with 8% NGDE content can be seen in Figure 

4.11. Fractured surfaces are examined from the SEM images.  

 

 

 

Figure 4.11 SEM Images of a-i) Pure Epoxy Sample with 10,000 magnification, a-
ii) Pure Epoxy Sample with 5.000 magnification, b-i) 8% NGDE SM Sample with 
10.000 magnification, b-ii) 8% NGDE SM Sample with 5.000 magnification 

 

a-i)             a-ii) 

 

b-i)             b-ii) 

 

20µm 10µm 

20µm 10µm 
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Smooth surfaces are observed for both samples which is a sign of brittle fracture 

[62, 63]. Very small and rare polymer clusters are observed in 8% NGDE sample 

as can be seen in Figure 4.11-b. These polymer clusters are supposed to be 

occurred due to the soft segmentation that provided by NGDE addition. When 

impact resistances of pure sample and 8% NGDE sample compared, the shape 

memory sample which consists of 8% NGDE is tougher than pure epoxy sample as 

explained before in accordance with Figure 4.8. This result proves that these rare 

clusters may act as a toughener when the matrix is subjected to load.  

4.2 Characterization Results of Carbon Nanotubes Filled Shape Memory 

Epoxy Matrices 

For shape memory polymer matrix, 8% NGDE content sample is chosen as 

explained before. 0.25%, 0.5%, 0.75, 1% and 2% by wt carbon nanotubes (CNTs) 

percentages were studied in order to improve mechanical and electrical properties 

of developed shape memory material. Thermal, mechanical, electrical analyses are 

performed in order to characterize the carbon nanotubes filled samples. 

4.2.1 Differential Scanning Calorimetry Results of Carbon Nanotubes Filled 

Shape Memory Epoxy Matrices 

DSC analyses were performed for carbon nanotubes filled shape memory epoxy 

matrices contain 0.25%, 0.5%, 0.75, 1% and 2% by wt CNTs. Glass transition 

temperatures for these samples can be seen in Figure 4.12. At least three 

measurements were applied to each sample and average values are recorded. As 

shown in Figure 4.12, glass transition temperatures [64] are decreased with the 

addition of carbon nanotubes to the epoxy matrix containing 8% NGDE. In prior 

studies such glass transition temperature decrease up to 10 ºC is observed [64].  An 

interphase region observation, which is the affected polymer matrix occurred 
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around the MWCNTs [65], causes this transition temperature lowering. These 

interphase effect is seen more in 2% CNT filler content as it shows a sharp 

reduction in transition temperature. 

 

Figure 4.12 DSC Analysis of Carbon Nanotube Filled Shape Memory Epoxy 
Matrices 

 

 

Degree of curing analyses were applied to the carbon nanotube filled shape 

memory samples in order to be sure that the reaction between epoxide groups and 

amine groups was completed or not. Curing percentages were calculated and 

recorded as shown in the Figure 4.13 and the Appendix A. The results shows 99% 

cured samples were produced which proves that all the reactive ends were 

polymerized. This result provides the reliability of the characterization tests.   
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Figure 4.13 Degree of Curing (% Curing) Analysis Results of Carbon Nanotube 
Filled Shape Memory Epoxy Matrices 

 

 

4.2.2 DMTA Results of Carbon Nanotube Filled Shape Memory Epoxy 

Matrices 

Dynamic mechanical thermal analysis are applied to the carbon nanotubes filled 

SM epoxy matrices in order to determine their storage modulus values at glass 

state and rubber state [49].  The same mode and heating profile which were used 

for pure and shape memory epoxy samples were applied to the CNT filled 

samples.   

Results of pure epoxy sample, 8% NGDE including sample and CNT filled 

samples for 0.25%, 0.5%, 0.75, 1% and 2% concentrations are tabulated in Table 

4.3 for comparison and drawn in Figure 4.14.  
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As shown in Table 4.3, adding CNT to the shape memory (SM) matrix, storage 

modulus does not change in glassy state (at 25 °C) and shows an increase in 

rubbery state (at 100 °C). Similar results are observed in previous studies [66, 67]. 

The improvement of storage modulus at higher temperatures is explained by the 

interfacial interaction between CNTs and epoxy which prevents the motion of 

epoxy matrix around the CNTs. The modulus increment is basically observed 

higher temperatures than transition temperature since the polymer matrix has 

restricted mobility at low temperatures [66].  

 

Figure 4.14 DMTA Graphs of CNT Filled SM Matrices 
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Table 4.3 DMTA Results of CNT Filled SM Matrices  

Samples 

Storage Modulus for 
Glass State @25 °C 
(MPa) 

Storage Modulus for 
Rubber State @ 100°C 
(MPa)  

Elastic Ratio 

0% NGDE 1800 8 225 
8% NGDE 1400 2.7 519 
0.25% CNT 1400 6 233 
0.5% CNT 1400 6.5 215 
0.75% CNT 1400 7 200 
1% CNT 1425 7.5 190 
2% CNT 1450 8 181 
 

 

4.2.3 FTIR Results of CNT Filled Shape Memory Epoxy Matrices 

Chemical natures of the CNT filled shape memory polymer samples were 

characterized by FTIR analysis and compared to the non filled SM sample of 8% 

NGDE Content. The results can be seen in Figure 4.15. 

All of the samples showed compatible results with the other shape memory 

samples having the same ranged absorption peaks.  

All of the samples having 0.25%, 0.5%, 0.75%, 1% and 2% CNTs showed C-H 

stretching coming from methyl groups having the peaks around 2918 and 2960 cm-

1 [68]. Peaks around 1730 cm-1 which shows C=O bonds of carboxylic acid 

derivatives which comes from curing agent are seen in all of the results [68]. Peaks 

around 1500 and around 1600 cm-1 are also observed revealing aromatic -C=C- 

stretching mode of carbon nanotubes [68]. Other peaks showing C=C bonds 

(around 1430-1460 cm-1), N-O bonds (around 1361 cm-1), C-N bonds of aliphatic 

amines (around 1206 cm-1), C-O bonds for tertiary alcohol (around 1150 cm-1), C-

H bonds of mono substituted vinyl alkenes (around 995-1030 cm-1) are the same 

for all results. 
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Figure 4.15 FTIR Results of CNT Filled SM Epoxy Matrices 
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4.2.4  SEM Results of Carbon Filled Shape Memory Epoxy Matrices 

Overviews of fractured surfaces which are taken from the specimens with 0.25%, 

0.5%, 0.75%, 2% CNTs concentration after impact tests and from 1% CNTs 

included specimen after tensile test can be seen in Figure 4.16. Sufficient CNTs 

images can not be retrieved for the impact specimens with 1% CNTs concentration 

sample, therefore its tensile test specimen images are in the consideration for SEM 

analysis. 

As discussed in Section 4.1.4.4, the fractured surfaces are very smooth, which 

reveals brittleness, for pure epoxy and the epoxy modified by NGDE with a weight 

concentration of 8% (Figure 4.11). More rougher surfaces are observed for many 

nanocomposites by adding more nano particles into the epoxy matrix in previous 

studies [69]. Introducing CNTs into modified epoxy matrix alters the breaking 

mechanism, therefore rougher surfaces are obtained as can be seen in Figure 4.16. 

When fractured surfaces are investigated, a reduction in brittleness is expected by 

adding CNTs to the system since smooth fractured surface turns into rougher one 

gradually as can be seen in Figure 4.16.  
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Figure 4.16 Overview of Fractured Surfaces with the Concentrations of a) 
Modified Epoxy (8% NGDE), b) 0.25 CNTs, c) 0.5 CNTs, d) 0.75 CNTs, e) 1% 
CNTs, f) 2% CNTs  
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on crack propagation when subjected to load [69]. Therefore this can be implied 

by the observed surface roughness through the surface morphology. When surfaces 

are compared according to CNTs concentration, the crack alignments are seemed 

to be decreased with the addition of CNTs. This can be explained as the fact that 

incorporation of CNTs to the system reduces the brittleness [70]. In Figure 4.16, 

the surface of the sample with 1% CNT concentration is slightly different than the 

others, since it is the surface of tension test while the others are from the impact 

tests.  

The fractured surfaces are examined by closely in Figure 4.17 with the aim of 

understanding the CNTs dispersion within polymer matrix. The pictures are taken 

from each test specimen surface by focusing a point and getting closer with same 

magnifications. Figure 4.17-a (from a-i to a-iv) represents the fracture surface of 

the sample with 0.25 CNTs concentration by weight. As it includes very low CNTs 

concentration, its mechanical properties are expected nearly same for pure epoxy. 

Its surface fracture is smoother than other samples similarly with the fracture 

surface of pure epoxy sample. CNTs are observed separately without forming 

clusters in the polymer matrix which can be observed clearly in Figure 4.17 (a-iv).  

Carbon nanotubes percentage is very low in this sample and good CNTs dispersion 

is seen. 

Increment in roughness is seen when passed to the sample with 0.5% CNTs which 

means brittleness decreases as explained before. However, near the crack 

propagation areas agglomeration is detected in the view of white clouds as shown 

in Figure 4.17, b-i. These agglomerates can cause a decrease in mechanical 

properties. A closer look to this agglomeration reveals more dense CNTs than 

0.25% as expected. CNTs are seen separately with not stacking to one another in 

these dense areas. 
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Figure 4.17 Closer View for the Fractured Surfaces of the Samples with a-i – a-iv) 
0.25% CNTs, b-i – b-iv) 0.5% CNTs, c-i – c-iv) 0.75% CNTs, d-i – d-iv) 1% 
CNTs and e-i – e-iv)2% CNTs 
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Figure 4.17-Continued Closer View for the Fractured Surfaces of the Samples 
with a-i – a-iv) 0.25% CNTs, b-i – b-iv) 0.5% CNTs, c-i – c-iv) 0.75% CNTs, d-i – 
d-iv) 1% CNTs and e-i – e-iv)2% CNTs 

d-i)                                    d-ii) 
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Figure 4.17-Continued Closer View for the Fractured Surfaces of the Samples 
with a-i – a-iv) 0.25% CNTs, b-i – b-iv) 0.5% CNTs, c-i – c-iv) 0.75% CNTs, d-i – 
d-iv) 1% CNTs and e-i – e-iv)2% CNTs 
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CNTs is expected to reveal better mechanical properties due to well distribution of 

carbon nanotubes. 

Lastly, the sample with 2% CNTs exhibited smaller and denser CNTs 

agglomerates as shown in Figure 4.17, e-i. The fracture surface is smooth for this 

sample which means that the material shows brittle property. The sample with 2% 

CNTs concentration is expected to have low mechanical properties due to these 

agglomerations. 

4.2.5 Mechanical Characterization of CNTs Filled Shape Memory Epoxy 

Matrices 

Mechanical Characterization for CNTs filled samples were carried out in order to 

compare the results with the non-filled samples and investigate the effect of CNTs 

on mechanical properties. 

 4.2.5.1 Tension Test Results for CNTs Filled Shape Memory Epoxy Matrices 

Specimens with 0.25%, 0.5%, 0.75%, 1% and 2% CNTs ratios by weight were 

produced by adding CNTs into containing 8% NGDE shape memory polymer 

matrix. Tension test results for these samples are given in Figure 4.18 and 

Appendix A.  

Tensile strength for non filled SM sample of %8 NGDE content is found as 55.1 

MPa. As shown in Figure 4.18, introducing carbon nanotubes to the polymer 

matrix decreases the tensile strength. As discussed in the Chapter 4.2.1, the 

interphase that is occurred between CNTs [64]. This may result in a reduction in 

crosslink density and cause a drop of tensile strength. However, the most possible 

reason is the agglomeration of the carbon nanotubes due to insufficient mixing of 

the CNT’s into the polymer matrix, which is proved by morphology analysis in 

Section 4.2.4. Previous studies also show similar result that poorly dispersed CNTs 

in epoxy matrix causes the reduction of tensile strength [71]. The sample with 1% 

CNT percentage shows well dispersion in SEM analysis when compared to other 
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samples as can be seen in Figure 4.17 and reveals the higher tensile strength value 

(53.1 MPa) than other CNTs filled samples. In SEM analysis the sample with 2% 

CNTs concentration shows small but very frequently observed agglomerates, 

therefore its tensile strength is the lowest as can be seen in Figure 4.18. Very 

similar agglomeration sizes on similar crack propagation points are observed both 

of the samples with 0.5% CNTs and 0.75% CNTs concentration and their tensile 

strength values are nearly same. The 0.25% CNTs containing sample shows good 

dispersion at low CNTs concentration and similar fractured surface with 8% 

NGDE sample, its tensile strength decreases and shows nearly the same tensile 

strength with the samples having 0.5% CNTs and 0.75% CNTs. The possible 

reason is that, there are agglomerates that can not be observed for the related SEM 

micrograph.  

 

 

Figure 4.18 Tensile Strength of CNTs Filled SM Epoxy Samples 
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Carbon nanotubes have high modulus, therefore adding CNTs as reinforcement 

into a polymer matrix increases its elastic modulus theoretically [72]. There are 

several studies in the literature with a result of tensile modulus increment by 

reinforcing nanocomposites with CNTs [72]. In this study the tensile modulus for 

the 8% NGDE sample is found as 2422 MPa in Section 4.1.4.1. Except 0.5% CNT, 

all of the other samples show lower modulus on the contrary to the literature as can 

be seen in Figure 4.19. This result can be explained by the negative effect of 

interphase region caused by low interaction between CNTs and polymer matrix, 

and the agglomerations of CNTs in the polymer matrix where the stress 

concentration occurs [64].  This causes a decrease of stiffness and inherently the 

modulus.  

 

 

 

Figure 4.19 Tensile Modulus of CNT Filled SM Epoxy Samples 
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Elongation at break value is found as 3.4% for the 8% NGDE sample as showed in 

Figure 4.20. Adding carbon nanotube as filler decreases elongation at break value 

slightly. CNT addition makes samples more rigid and this causes a slight decrease 

in elongation at break. In literature there are examples with explanation of 

interphase region between CNTs and matrix leading to weakness of mechanical 

properties, that are matching with the result of reduction in elongation at break in 

this study [71]. For different CNT percentages this value does not change sharply. 

The highest results among the CNTs filled samples are obtained as 2.9% for the 

samples with 0.25% and 1% CNTs concentrations. 

 

 

Figure 4.20 Elongation at Break Values of CNT Filled SM Epoxy Matrices 
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4.2.5.2 Impact Test Results of CNTs Filled Shape Memory Epoxy Matrices  

In order to investigate the effect of different concentrations of carbon nanotube 

filler on impact resistance of shape memory polymers, impact tests were applied to 

the samples. Impact strength for the non filled SM sample having 8% NGDE 

concentration was found as 7.1 kJ/m2. Adding different CNTs concentrations to 

the 8% NGDE concentrated shape memory polymer as 0.25%, 0.5%, 0.75%, 1% 

and 2% CNT by wt, their impact strength values are tested and showed in Figure 

4.21 and in detail at Appendix B. Results show that introducing carbon nanotubes 

into the shape memory polymer matrix reduces impact strength, which is an 

unexpected result and in contrast to the literature. Prior studies observed a 

development in impact strength by adding CNTs into epoxy system since CNTs 

reveals deformation elastically under stress and store more energy leading to 

increase in toughness [73]. Another reason of improvement in impact strength is 

explained in literature by energy dissipation due to the bridges of gaps occurred 

due to CNTs addition [74]. 

The reason of decrease in impact strength is agglomerations of the carbon 

nanotubes which are observed from SEM images in Section 4.2.4 and these 

agglomerates act as stress concentrated areas when subjected to load and decrease 

the impact strength of the material [69]. The best result obtained in 0.25% CNT 

concentration as it has less effect due to the low concentration as discussed in 

morphological analysis where no agglomerates are observed from fractured 

surface of impact test specimen. After 0.75% CNTs concentration, impact strength 

shows increment by introducing more CNTs. This is a result of well CNTs 

distribution of 1% concentrated sample as observed in Figure 4.17. For the sample 

with 2% CNTs concentration, the gap bridges are occurred more due to 

concentrated agglomeration which cause an increase for impact strength by 

providing energy dissipation [74]. In order to obtain promisingly developed impact 

strength, homogeneous distribution of CNT’s should be provided. This may be 

obtained by functionalization of CNT surfaces.  



  

 
105 

 

 

Figure 4.21 Impact Test Results of CNT Filled SM Epoxy Matrices 
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carbon nanotubes act as a hard segment in the shape memory polymer matrix and 

lowers the effect of soft segment on shape recovery time. 

During the bending tests, the images of the samples are recorded as shown in 

Figure 4.22. All of the samples showed %100 shape recovery ratio within different 

time intervals.  

In the literature, better shape recovery is observed when homogeneous CNTs 

distribution is achieved  for shape memory polymer nanocomposites, as a result of 

storage energy improvement [75]. 

 

 

 

Figure 4.22 Bending Test For CNT Filled SM Epoxy Matrices 
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Figure 4.22- Continued- Bending Test For CNT Filled SM Epoxy Matrices 
 

 

In the Table 4.4 shape recovery ratios and shape recovery times are summarized.  
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Table 4.4 Shape Recovery Ratio and Time for Carbon Filled SM Matrix 

Samples Shape Recovery Ratio 

(%) 

Average Shape Recovery 

Time of Five Bending 

Cycles (min:sec:milisec) 

0.25%  100 0:47:26 

0.5%  100 0:48:35 

0.75%  100 0:49:57 

1%  100 0:52:10 

2% 100 1:10:02 

 

 

4.2.6 Electrical Resistivity Measurements of CNT Filled Shape Memory 

Epoxy Matrices 

Three sets of “n” shaped samples were measured for each concentration of 0.25%, 

0.50%, 0.75%, 1% and 2% CNT filled samples. Electrical measurements results 

can be seen in Appendix D. Average volume resistivities are calculated and Log 

resistivities were plotted as given in Figure 4.23. The aim of producing CNTs 

filled shape memory polymer is to generate heat by passing electrical current on 

semiconductor material. The sample with 2% CNTs weight percent can be used for 

heating purpose as its electrical resistivity near 105 Ω.cm which is in 

semiconductor range [19].  However, the trials with electrical current up to 100 V 

were not successful to heat the 2% CNTs filled sample. In order to obtain safe 

heating of the material, its electrical resistivity should be lowered. The 

disadvantage of introducing CNTs into epoxy matrix leads to high viscosity, 

therefore this gives negative effect on production and obstructs to try higher 

CNTs’ concentrations. Multiscale carbon fiber reinforced composites of CNTs 
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filled SM resin is the next concern which is expected to show lower electrical 

resistivity as it includes continuous carbon fibers. 

 

 

Figure 4.23 Effect of CNT Loading on Electrical Resistivity 

 

 

4.3 Characterization Results of Carbon Fabric Reinforced Composites 

Characterization studies of carbon fiber reinforced composites are indicated in this 

section. Differently from mechanical characterization of pure and CNTs filled 

polymer matrix, compression test is applied to the carbon fiber reinforced 

composite. Then, shape memory properties are investigated in terms of the shape 

recovery ratio and time, similarly with the polymer matrix studies. Lastly, 

electrical resistivity measurements are given in this chapter. 

4.3.1 Compression Test Results of Carbon Fabric Reinforced Composites 

Compression test was applied to the four types of carbon fiber reinforced 

composites which were produced according to the EN 2850 test standard and 

revealed in Figure 4.24. The compression test results can be seen in Appendix B. 
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The reason of performing compression test instead of tension is that the carbon 

fibers which are lying through test axis in the composite determine the tensile 

properties by carrying the load. Since all composite samples include the same type 

fiber and orientation, tension test results will not be meaningful. Compression test 

gives more information about the resin properties. 

Although 2% CNTs filled sample showed lowest electrical resistivity, 1% CNTs 

concentration is selected for producing carbon fiber reinforced shape memory 

composite due to the reason of high viscosity of the epoxy resin with 2% CNTs 

therefore its wetting capability is very low. Three other samples produced as 

reference in order to compare the results are the resin LY5052/HY5052 that is 

used in aerospace industry, EPIKOTE828/EPIKURE3125 as pure epoxy matrix 

and the shape memory resin of EPIKOTE828/EPIKURE3125 modified with 8% 

NGDE. The sample of LY5052/HY5052 composite which is widely used in 

aerospace industry exhibits 323 MPa compressive strength (Figure 4.24). The 

compressive strength for the composite that is wetted by pure epoxy matrix of this 

thesis work (EPIKOTE828/EPIKURE3125) is found as 224.5 MPa. Incorporation 

of NGDE which have aliphatic molecular structure to the pure epoxy sample 

increases linear chains in the polymer matrix as discussed in previous chapters. 

EPIKOTE828/EPIKURE3125+8%NGDE sample shows nearly the same 

compressive strength with a small increment as 226 MPa (Figure 4.24). An 

improvement in compressive strength is encountered for the composite sample 

where CNTs are introduced into the shape memory epoxy resin 

(EPIKOTE828/EPIKURE3125+8%NGDE+1% CNTs). The compressive strength 

is found as 259 MPa for CNTs filled carbon fiber reinforced shape memory 

composite. Similar results come out in prior works in the literature [76]. As CNTs 

addition into polymer matrix improves the resin’s stiffness which leads to 

prevention of buckling of the fibers and therefore increase in compressive strength 

is obtained with respect to EPIKOTE 828 / EPIKURE 3125 and EPIKOTE 828 / 

EPIKURE 3125 + 8%NGDE samples.  
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Figure 4.24 Compressive Strengths of Carbon Fiber Reinforced Composites 

 

 

In addition, when the compression test specimens examined some air bubbling was 

observed for the samples of EPIKOTE828/EPIKURE3125, EPIKOTE828/ 

EPIKURE3125+8%NGDE and EPIKOTE828/EPIKURE3125 and EPIKOTE828/ 

EPIKURE3125+8%NGDE+1% CNTs, while no air bubbles were observed for 

LY5052/HY5052 sample. These air bubbles, which could not fully vacuumed due 

to high resin viscosity, in the composite layers are also caused the decrease of 

compression strength with respect to LY5052/HY5052 sample. 

As a result, the developed resin needs some improvements since it has lower 

compression strength than the LY5052/HY5052 resin which is used in aerospace 

industry. CNTs distribution in the polymer matrix may improve the mechanical 

properties.  

4.3.2 SEM Analysis of Carbon Fabric Reinforced Composites 

SEM images from the trimmed surfaces of the composite panels are investigated in 

this section. The fiber orientations can easily be seen in Figure 4.25. If the fibers 
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lying horizontally represents 0º oriented fibers, the fibers which are perpendicular 

to the sheet and seem as circular points showing 90º oriented fibers, respectively. 

When getting closer to these fibers, the polymer matrix that holds on the fiber 

surfaces reveals that there is a good interaction between the polymer matrix and 

carbon fibers. This shows that all of the produced composite panels are wetted by 

the resin successfully. However, the highest interaction between the matrix and the 

fiber is observed for the composite with LY5052/HY5052 resin. This result 

supports that the compression strength for this sample is higher. 

 

 

 
 

Figure 4.25 SEM Images from Fiber Areas of Carbon Fiber Reinforced 
Composites a) LY5052/HY5052, b) EPIKOTE828/EPIKURE3125, c) 
EPIKOTE828/EPIKURE3125 + 8% NGDE, d) EPIKOTE828/EPIKURE3125 + 
8% NGDE+1%CNTs 
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Figure 4.25- Continued SEM Images from Fiber Areas of Carbon Fiber 

Reinforced Composites a) LY5052/HY5052, b) EPIKOTE828/EPIKURE3125, c) 

EPIKOTE828/EPIKURE3125 + 8% NGDE, d) EPIKOTE828/EPIKURE3125 + 

8% NGDE+1%CNTs 

 

 

With a closer view to the resin areas for these composite in Figure 4.26, similar 

rough resin surfaces are observed with some polymeric clusters. Carbon nanotubes 

appear on the resin areas for the composite sample whose polymer matrix is CNTs 

filled shape memory epoxy as can be seen in Figure 4.26-d. CNTs agglomerates 

are seen rarely in the polymer matrix (Figure 4.26-d). 
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Figure 4.26 SEM Images from Resin Areas of Carbon Fiber Reinforced 
Composites a) LY5052/HY5052, b) EPIKOTE828/EPIKURE3125, c) 
EPIKOTE828/EPIKURE3125 + 8% NGDE, d) EPIKOTE828/EPIKURE3125 + 
8% NGDE+1%CNTs 
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Top views of two composites with shape memory epoxy matrix and CNTs filled 

SM matrix are seen in Figure 4.27. The textile of carbon fibers can be clearly seen. 

Polymeric clusters are observed again in the resin areas for both composites. CNTs 

are able to observed within resin for the sample of CNTs filled multiscale 

composite. 

 

 

 

Figure 4.27 Top view SEM Images of Carbon Fiber Reinforced Composites a) 
EPIKOTE828/EPIKURE3125 + 8% NGDE, b) EPIKOTE828/EPIKURE3125 + 
8% NGDE+1%CNTs 

 

 

4.3.3 Bending Test of Carbon Fiber Reinforced Composites 

In order to investigate the shape recovery time and ratio for the composites 

produced with different resins, bending test was carried out. The results are given 
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in Appendix C. The composite sample whose matrix is widely used in aerospace 

industry (LY5052/HY5052) does not exhibit shape memory property. In Figure 

4.28 the images of bending test are exhibited for the composite samples with 

different resins as pure epoxy (EPIKOTE828/EPIKURE3125), modified epoxy 

(EPIKOTE828/EPIKURE3125 + 8% NGDE), and CNTs filled modified epoxy 

(EPIKOTE828/EPIKURE3125 + 8% NGDE+1%CNTs). The fiber reinforced 

composite with a pure epoxy matrix showed a bending up to 70º during bending 

test. When 8% NGDE added to the pure epoxy, the composite reveals 90º bending. 

The reason is NGDE is an aliphatic monomer and it gives flexibility to the system 

especially at high temperatures when introduced into the polymer matrix. Adding 

carbon nanotubes into this flexible resin with a weight ratio of 1%, bending angle 

limit decreases to 75º which shows CNTs in the polymer matrix reduces flexibility 

and restricts the movement.  

 

 

 

 

 

Figure 4.28 Bending Test For Carbon Fabric Reinforced Composites 

Composite of EPIKOTE828/EPIKURE3125 

Composite of EPIKOTE828/EPIKURE3125 + 8% NGDE 

t=0               t=2:03:17              t=5:47:12 

t=0               t=1:16:01              t=2:11:11 
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Figure 4.28- Continued Bending Test For Carbon Fabric Reinforced Composites 

 

 

In Table 4.5 the results of bending tests are tabulated in terms of shape recovery 

ratio and time. The fiber reinforced composite with pure epoxy showed 86% shape 

recovery ratio within the time around 5-6 minutes. The composite sample which is 

produced by using shape memory resin (modification with 8% NGDE of pure 

epoxy) revealed an improvement in shape recovery ratio and time. Soft 

segmentation is increased by rising the linear monomer content in the epoxy 

matrix as discussed in bending tests of neat polymer at Section 4.1.4.3 [8, 60]. 

Therefore, shape memory ratio increased and time decreased. The recovery ratio 

for multiscale composite of EPIKOTE828/EPIKURE3125+8% NGDE sample 

increased to 96% with a shape recovery time around 2 minutes. Incorporation of 

CNTs into shape memory polymer matrix in carbon fiber reinforces composite, did 

not change shape recovery ratio, just a slight increase was observed. The 

disadvantage is that CNTs restrict bending angle of the composite at the phase of 

temporary forming of the material since they act as hard segment in the polymer 

matrix which is directly related to the shape memory properties. In addition, 

slightly increase in shape recovery time was observed as a result of the hard 

segmentation behavior of CNTs in the polymer matrix as shown in Table 4.5. 

 

Composite of EPIKOTE828/EPIKURE3125 + 8% NGDE + 1% CNTs 

t=0               t=1:41:34                 t=2:09:12 
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Table 4.5 Shape Recovery Ratio and Time for Carbon Fiber Reinforced 
Composites 

Samples Shape Recovery Ratio 

(%) 

Average Shape 

Recovery Time of Five 

Bending Cycles 

(min:sec:milisec) 

Composite of 

EPIKOTE828/EPIKURE3125 86 05:48:10 

Composite of 

EPIKOTE828/EPIKURE3125+ 

8% NGDE 
96 02:13:10 

Composite of 

EPIKOTE828/EPIKURE3125 

+ 8% NGDE + 1% CNTs 
97 02:25:20 

 
 

 

4.3.4 Electrical Resistivity Measurements of Carbon Fabric Reinforced 

Composites 

Electrical resistivities of the carbon fiber reinforced composites with different 

types of resins were measured and their results were recorded as revealed in Figure 

4.29. The detail measurement results can be seen in Appendix D. Electrical 

resistivity of the composite with LY5052/HY5052 resin is very low as 10-1.2 

ohm.cm due to the continuous carbon fibers in the material. It has the lowest 

resistivity among other composite samples. The reason is that, the fibers are wetted 

by the resin more successfully than the others as discussed by comparing the SEM 

images in Section 4.3.2. Since the resin system of EPIKOTE 828 / EPIKURE 3125 

has higher viscosity than the resin system LY5052/HY5052, there is a difficulty in 

wetting of the fibers. These small gaps between the fiber surface and the polymer 
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matrix increase the electrical resistivity of the composite samples with EPIKOTE 

828 / EPIKURE 3125 resin system. The electrical resistivity for this multiscale 

composite is found as 10-0.75 ohm.cm.  

 

 

 

Figure 4.29 Log[Electrical Resistivity] Graph of Carbon Fiber Reinforced 
Composites 

 

 

As NGDE lowers the viscosity therefore reduces the gaps at the interphase 

between fiber surface and polymer matrix, the composite with modified epoxy 

showed a little decrease as 10-0.77 ohm.cm in electrical resistivity. Introducing 

CNTs into the matrix decreases electrical resistivity since more conductive filler 

was added to the system. The electrical resistivity of the CNTs filled multiscale 

composite is measured as 10-1 ohm.cm (Figure 4.28). All of the composite samples 

are in the semiconductivity range (from 10-3 to 107 ohm.cm) and heating them by 

electrical current experiment can be applied as a result of their low electrical 

resistivities than the bulk polymeric samples containing CNTs. 

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Lo
g[

El
ec

tr
ic

al
 R

es
is

tiv
ity

] 
(Ω

.c
m

) 

Composite Samples 

LY5052/HY5052

EPIKOTE828/EPIKURE3125

EPIKOTE828/EPIKURE3125+8
%NGDE

EPIKOTE828/EPIKURE3125+8
%NGDE+1%CNTs



  

 
120 

 

4.3.5 Shape Memory Behavior Actuated by Electrical Current 

Carbon Fiber reinforced composite samples were heated by the temperature 

control and adjustable power supply. Many combinations of current and voltage 

were applied, and it was observed that keeping the current maximum reduced the 

heating time of the materials. Therefore 0.9 ampere is applied to each sample. Five 

heating cycles were measured. 

The sample of composite panel with LY5052/HY5052 resin matrix was heated 

from 35 ºC to 88 ºC within 6 minutes by applying a constant 0.9 amper current to 

the sample. This sample does not exhibit any shape memory properties; therefore 

no bending was carried out to the sample. Shape recovery images of other 

composite samples can be seen in Figure 4.30. 

For the sample of EPIKOTE 828 / EPIKURE 3125 resin impregnated composite, 

heating time from 35 ºC to 88 ºC was 5 minutes. Again a constant 0.9 amper 

current was passed through the sample during experiment. The decrease in heating 

time according to LY5052/HY5052 sample is a result of higher electrical 

resistivity of the sample. Since the same current resisted more, the material 

showed shorter heating time. Sample could be bended up to 60º and after fixed its 

shape, heating by electrical current was applied again. Shape recovery started at 52 

ºC and ended 3 minutes and 32 seconds later around 65 ºC. During shape recovery 

0.9 ampere current passed through the sample. The material revealed 83% shape 

recovery ratio. 

When NGDE modified resin was used for the composite sample, 5 minutes was 

needed to heat the material from 35 ºC to 88 ºC like pure sample as a result of their 

electrical resistivities were nearly the same. It could be bended up to 75º and 

cooled in order to fix its shape. When 0.9 ampere current was applied to the 

sample, it began to be heated and at 51 ºC shape recovery starts. Within 2 minute 

and 40 seconds shape recovery ended between 59-63 ºC. 97% shape recovery was 

observed.  
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Figure 4.30 Heating by Electric Current of the Carbon Fiber Reinforced 
Composites 

 

Table 4.6 Shape Memory Results of SM Composite When Actuated by Electrical 
Current 
Samples Shape 

Recovery 
Ratio (%) 

Shape 
Recovery Time 
(min:sec) 

Parameters 

Composite of 
EPIKOTE828/ 
EPIKURE3125 

83 3:28 0.9 Ampere 

4.43 Volt 

Composite of EPIKOTE828/ 
EPIKURE3125 
+ 8% NGDE 

97 2:28 0.9 Ampere 

3.96 Volt 

Composite of EPIKOTE828/ 
EPIKURE3125 
+ 8% NGDE +1% CNTs 

93 2:35 0.9 Ampere 

3.65 Volt 

 

Composite of EPIKOTE828/EPIKURE3125 + 8% NGDE + 1% CNTs 

Composite of EPIKOTE828/EPIKURE3125 + 8% NGDE + 1% CNTs 

Composite of EPIKOTE828/EPIKURE3125 
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The carbon fiber reinforced composite with the CNTs filled shape memory resin 

was heated from 35 ºC to 88 ºC in 4 minutes 42 seconds which was shorter than 

the composites with pure epoxy matrix and shape memory epoxy matrix, since its 

electrical resistivity was lower. After giving temporary shape by bending to 70º, it 

was heated again by 0.9 ampere constant current. Shape recovery initiation 

temperature was 52 ºC and recovery lasted 2 minutes 35 seconds which was longer 

than shape memory composite containing no CNTs. The reason for the longer 

shape recovery time was observed when CNTs added is that the CNTs restricts the 

motion of the material as discussed in Sections 4.2.5.3 and 4.3.3. The material 

showed 93% shape recovery. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 

Shape memory polymers (SMPs) were synthesized by using Epikote 828 as epoxy 

monomer, Epikure 3125 as curing agent and Neopenthyl Glycol Diglycidyl Ether 

(NGDE) as epoxy modifier. Shape memory polymers having different 

concentration of NGDE as 0%, 3%, 5%, 7%, 8% and 9% were prepared in order to 

optimize molecular structure aiming good mechanical properties together with 

excellent shape memory properties. 8% NGDE content was found as optimum 

concentration as it has highest tensile strength of 55.1 MPa, highest impact 

strength of 7.7 kJ/m2 and shortest shape recovery time as 21 seconds with a 100% 

shape recovery ratio among the studied SMPs in this thesis. In previous work, 

shape memory polymers were synthesized by three different epoxy whose tensile 

strength changes between 15 and 62 MPa [2]. It is observed in the literature that 

linear monomer ratio reduces the shape recovery time and shape memory polymers 

were produced with 99% shape recovery at 100 ° C [2, 30]. Transition temperature 

for 8% NGDE shape memory sample was found as 62 °C. In order to trigger shape 

memory mechanism by heating material with electrical current and improve 

impact resistance, carbon nanotubes (CNTs) were added to the shape memory 

polymer matrix. CNTs were added to the shape memory polymer matrix with 8% 

NGDE content of 0.25%, 0.5%, 0.75%, 1% and 2% by wt ratios.  
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Impact strength decreased with CNTs addition due to the agglomeration of carbon 

nanotubes in polymer matrix. 1% CNT concentrated sample was found as the most 

appropriate concentration as it exhibited the highest tensile strength of 53.1 MPa. 

By adding carbon nanotubes to the shape memory matrix, shape recovery time 

decreased to 52 seconds for 1% CNT sample. 2% CNT sample showed better 

electrical properties but the worst mechanical properties among the CNT filled 

shape memory samples. So that 1% CNT content was found to be the optimum 

concentration. Glass transition temperature was 59.3 °C for 1% CNT shape 

memory polymer sample. 

Four types of composite panels were produced by impregnation of four different 

epoxy resins to the carbon fiber fabric material. One of the resins was LY5052 / 

LH5052 system which is commonly used in aerospace industry. The second resin 

was the EPIKOTE 828/ EPIKURE 3125 resin system as pure epoxy that was 

modified in this thesis work. The modified resin by introducing 8% by weight 

NGDE concentration was used as the third resin. Lastly, modified resin filled with 

1% CNTs in the fourth type resin. When compared to LY5052 / HY5052 system, 

the compressive strengths of the composite panels which were produced by 

EPIKOTE 828 / EPIKURE3125 and its modified resins were low as a results of 

different resin properties and low wettability of the fibers since the resin system 

has high viscosity. The compressive strength of the panel with CNTs filled 

modified resin showed a slight improvement when compared to other modified 

resins. This indicated that CNTs addition improved the stiffness of the polymer 

matrix and buckling of the fibers were prevented. When their SEM images were 

investigated it was observed that the fiber resin interaction was higher for 

LY50052/ HY5052 system due to its low viscosity and high wettability to the 

fibers as discussed in compression results. However, the composite of LY5052/ 

HY5052 system did not show any shape memory property, whereas the sample of 

EPIKOTE 825/ EPIKURE 3125 showed 86% shape recovery in 5-6 minutes. 

Modifying by NGDE improved the shape recovery percentage of the composite to 

96 with shorter recovery time around 2 minutes. CNTs addition into modified 
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composite did not change the shape recovery ratio significantly (97%) with a slight 

increase in recovery time as 2 minutes and 25 seconds. LY5052/ HY5052 

multiscale composite sample showed the lowest electrical resistivity when 

compared to other samples of EPIKOTE 828/ EPIKURE 3125 systems. 

Introducing CNTs to the system lowered the electrical resistivity of the composite 

with modified resin. Lastly, the multiscale composites were heated by the help of 

electrical current. Aerospace grade composite did not show shape memory 

property again. The samples showed shorter heating time in directly proportional 

to low electrical resistivity. The composite of modified resin filled with 1% CNTs 

was heated by passing a current of 0.9 ampere in 4 minutes and 42 seconds from 

35 ºC to 88 ºC. Around 52 ºC shape recovery began and ended in 2 minutes and 35 

seconds for 70º bended temporary shape. As our sample includes continuous fiber 

in it, the longer response time is expected. 

To conclude, successful shape memory resin was developed with 100% shape 

recovery ratio and short response time. Its impact strength could not be improved 

by adding CNTs to the system due to the agglomeration. The multiscale composite 

of the 1% CNTs filled shape memory resin showed 97% shape recovery with 

recovery time 2 minutes 35 seconds. Electrical resistivity of this panel is very low 

as 10-1 and can be heated by electric current. Compared to LY5052/HY5052 resin, 

improvement of its mechanical properties is necessary for aerospace application. 
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CHAPTER 6 

 

RECOMMENDATIONS 

 

 

In the future studies it can be suggested that agglomeration of CNTs in the 

polymer matrix can be reduced by surface functionalization or modification 

studies. In addition, an epoxy matrix which has lower viscosity may be tried in 

order to provide CNTs distribution and fiber wetability easily. Process parameters 

of composite production needs to be improved in order to prevent porosity (or air 

bubbles) in the multiscale composite panels. Reducing the aircraft cost and 

sustainability of the parts play an important role in aerospace industry therefore 

repairability of shape memory materials shall be studied for aerospace application 

in the future. 
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APPENDIX A 

 

THERMAL ANALYSIS 

 

 

Table A.1 Glass Transition Temperatures from DSC Analysis (oC) 

Tg (oC) 
0% 
NGDE 

3% 
NGDE 

5% 
NGDE 

7% 
NGDE 

8% 
NGDE 

9% 
NGDE 

Run1 66.2 66.3 64.2 61.7 64.3 51.3 
Run2 66.7 62.7 63.6 62.8 60.1 42.4 
Run3 66.4 64.7 63.8 63.1 62.1 50.4 
Average 66.4 64.6 63.8 62.5 62.2 48.0 

Tg 
0.25% 
CNTS 

0.5% 
CNTs 

0.75% 
CNTs 

1% 
 CNTs 

 2% 
CNTs 

Run1 57.4 57.3 57.4 58.3 42.4 
Run2 58.7 59.3 59.2 60.3 44.4 
Run3 56.9 58.2 58.5 59.3 43.4 
Average 57.7 58.3 58.4 59.3 43.4 
 

 

Table A.2 Heat of Reactions from DSC Analysis (J/g) 

HoR 
(J/g) 

Uncured  0% 
NGDE 

3% 
NGDE 

5% 
NGDE 

7% 
NGDE 

8% 
NGDE 

9% 
NGDE 

Run1 206 2.9 0.9 1.8 3.0 2.1 0.9 
Run2 204 4.1 1.6 1.7 2.8 2.0 0.3 
Run3 205 3.5 1.3 1.8 2.9 1.9 0.6 
Average 205 3.5 1.3 1.8 2.9 2.0 0.6 
HoR 
(J/g) 

0.25% 
CNTS 

0.5% 
CNTs 

0.75% 
CNTs 

1%  
CNTs 

 2% 
CNTs 

Run1 1.55 0.94 0.86 2.28 0.36 
Run2 1.49 0.92 0.87 2.27 0.35 
Run3 1.60 0.92 0.85 2.31 0.36 
Average 1.55 0.93 0.86 2.29 0.36 
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Sample Degree of cure Calculation for 8% NGDE; 

- Heat of reaction for uncured sample: 205 J/g 

- Heat of reaction for cured sample: 2.0 J/g 

Then the degree of curing; 

Degree of Curing=
ΔHuncured-ΔHcured

ΔHuncured
×100                                                                     

=
205-2.0

205
×100  = 99%                                               

 

 

 

Figure A-1 DSC Thermogram of 0% NGDE Sample  
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Figure A-2 DSC Thermogram of 3% NGDE Sample 

 

 

Figure A-3 DSC Thermogram of 5% NGDE Sample 
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Figure A-4 DSC Thermogram of 7% NGDE Sample 

 

Figure A-5 DSC Thermogram of 8% NGDE Sample 
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Figure A-6 DSC Thermogram of 9% NGDE Sample 

 

 

Figure A-7 DSC Thermogram of 0.25% CNT Sample 
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Figure A-8 DSC Thermogram of 0.5% CNT Sample 

 

Figure A-9 DSC Thermogram of 0.75% CNT Sample 
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Figure A-10 DSC Thermogram of 1% CNT Sample 

 

Figure A-11 DSC Thermogram of 2% CNT Sample 
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APPENDIX B 

 

MECHANICAL ANALYSIS 

 

 

Table B.1 Tensile Strength (MPa) 

  
0 % 
NGDE 

3% 
NGDE 

5% 
NGDE 

7% 
NGDE 

8% 
NGDE 

9% 
NGDE 

1 58.00 56.60 48.68 53.42 54.42 36.85 
2 49.71 53.70 37.81 63.98 44.69 35.35 
3 58.05 53.49 32.70 47.91 61.49 46.97 
4 58.07 58.12 51.55 56.56 58.28 49.54 
5 56.84 55.99 38.54 51.30 56.36 46.83 
6 47.59           

 Mean 54.71 55.58 41.85 54.63 55.05 43.11 
 Standard 
Deviation (±) 4.77 1.97 7.93 6.10 6.35 6.51 

  
0.25% 
CNTs 

0.5% 
CNTs 

0.75% 
CNTs 

1%  
CNTs 

2% 
CNTs 

1 42.30 36.85 54.69 54.65 44.17 
2 45.19 56.93 40.68 63.78 33.43 
3 37.19 56.13 49.85 54.36 36.57 
4 31.39 51.58 47.25 62.25 31.40 
5 48.50 31.06 40.52 40.20 46.87 
6 53.23 41.87 52.05 43.39 38.49 
7 55.05   40.93   6.75 
8     45.55     

 Mean 44.69 45.74 46.44 53.10   
 Standard 
Deviation (±) 8.50 8.92 5.49 9.62   
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Table B.2 Tensile Modulus (MPa) 

  
0 %  
NGDE 

3% 
NGDE 

5%  
NGDE 

7% 
NGDE 

8% 
NGDE 

9% 
NGDE 

1 2633.60 1932.90 2238.70 2733.10 2578.50 2925.30 
2 3029.80 2809.40 2391.80 2265.90 2352.90 2332.60 
3 2925.60 2378.20 2468.40 2555.00 2331.90 2687.70 
4 2510.90 2712.50 2526.90 2473.40 2545.60 2328.70 
5 2686.90 2868.10 2857.60 2429.30 2395.10 2922.90 
6   2261.10 2220.70 2536.90 2329.70   
7     2754.90 2570.10   2716.15 

 Mean 2757.36 2493.70 2623.0222 2509.1 2422.28 281.32 
 Standard 
Deviation (±) 214.21 270.3049 242.32458 143.51 111.2694 

 
  

0.25% 
CNTs 

0.5% 
CNTs 

0.75% 
CNTs 

1% 
CNTs 

2% 
CNTs 

 1 2046.80 2626.60 1907.80 2148.10 2499.90 
 2 1960.60 2691.80 2102.70 2259.00 2128.10 
 3 2131.20 2107.80 2384.60 1920.00 2001.00 
 4 2389.50 2348.80 2084.00 2169.00 2378.40 
 5 2673.00   2488.00 1919.30 2599.60 
 6       2001.70   
  Mean 2132.03 2475.40 2119.78 2069.52 2251.85 
  Standard 

Deviation (±) 185.24 268.85 197.18 142.47 227.88 
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Table B.3 Elongation At Break (%) 

  
0 % 
NGDE 

3% 
NGDE 

5% 
NGDE 

7% 
NGDE 

8%  
NGDE 

9%  
NGDE 

1 2.94 3.48 2.56 2.84 3.28 1.94 
2 3.26 2.64 2.04 2.52 2.98 1.83 
3 2.64 3.58 2.09 2.31 3.26 3.05 
4 4.00 2.35 2.48 2.72 3.40 3.52 
5 3.40 2.83 2.75 2.27 4.10 2.60 
6   3.68 2.86 2.68 3.59   
7       2.45     

 Mean 3.25 3.09 2.46 2.54 3.43 2.59 
 Standard 
Deviation 
(±) 0.51 0.56 0.33 0.22 0.38 0.46 

  
0.25% 
CNTs 

0.5% 
CNTs 

0.75% 
CNTs 

1% 
CNTs 

2%  
CNTs 

 1 2.31 2.97 2.48 2.83 2.41 
 2 2.44 2.63 2.43 3.13 2.10 
 3 3.39 1.98 3.25 3.17 2.01 
 4 3.17 2.45 2.98 3.60 1.88 
 5 3.11   2.28 2.01 2.51 
 6       2.37   
  Mean 2.88 2.51 2.68 2.86 2.18 
  Standard 

Deviation 
(±) 0.48 0.41 0.41 0.65 0.27 
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Table B.4 Impact Strength (kJ/m2) 

  
0 % 
NGDE 

3% 
NGDE 

5% 
NGDE 

7% 
NGDE 

8% 
NGDE 

9% 
NGDE 

1 4.18 4.87 6.74 5.93 5.13 6.88 
2 3.83 5.46 3.99 5.86 7.80 6.23 
3 4.18 7.88 3.92 4.98 7.47 5.53 
4 3.10 4.32 4.58 7.47 7.47 7.93 
5 3.90 7.03 4.14 4.47 7.47 6.20 
6 3.60 6.58   6.89 7.47   
7 5.93 6.54         
8 3.23 4.98         

 Mean 3.99 5.96 4.67 5.93 7.07 6.55 
 Standard 
Deviation (±) 0.88 1.23 1.18 1.13 0.99 0.90 

  
0.25% 
CNT 

0.5% 
CNTs 

0.75% 
CNTs 

1% 
CNTs 

2% 
CNTs 

 1 8.89 4.98 4.02 3.90 3.81 
 2 4.98 4.36 2.35 5.33 3.02 
 3 6.15 4.40 3.69 4.13 6.26 
 4 6.33 3.88 3.74 3.33 5.37 
 5 5.20 3.56 3.56 4.53 6.67 
 6 4.98         
  Mean 6.09 4.23 3.47 4.24 5.02 
  Standard 

Deviation (±) 0.66 0.54 0.65 0.75 0.67 
  

 

 

 

 

 

 

 

 

 



145 
 

Table B.5 Compressive Strength (MPa) 

  
LY5052/ 
HY5052 

EPIKOTE828/ 
EPIKURE3125 

EPIKOTE828/ 
EPIKURE3125 
+8%NGDE 

EPIKOTE828/ 
EPIKURE3125 
+8%NGDE+1%CNT 

1 338 160 205 251 
2 310 225 203 269 
3 330 272 263 244 
4 325 250 225 287 
5 309 227 232 242 
6 

 
213 

   Mean 323 224.5 226 259 
 Standard 
Deviation 
(±) 12.77 38 24.4 19.95 
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APPENDIX C 

 

SHAPE RECOVERY 

 

 

Table C.1 Shape Recovery Times  (min: sec: milisec) 

  
0 % 
NGDE 

3%  
NGDE 

5% 
 NGDE 

7% 
NGDE 

8% 
NGDE 

1 02:46:12 01:46:19 00:50:55 00:33:37 00:21:36 
2 02:48:08 01:45:13 00:51:34 00:32:50 00:20:44 
3 02:47:15 01:47:21 00:49:58 00:31:57 00:22:09 
4 02:46:21 01:46:29 00:52:42 00:34:44 00:19:51 
5 02:48:01 01:46:11 00:51:37 00:33:47 00:20:49 

Mean 02:47:10 01:46:19 00:51:45 00:33:48 00:21:38 

  
0.25% 
CNT 

0.5% 
CNTs 

0.75% 
CNTs 

1% 
CNTs 

2% 
CNTs 

1 00:47:26 00:47:44 00:49:59 00:52:11 00:58:25 
2 00:46:34 00:48:34 00:48:58 00:51:06 01:09:03 
3 00:45:40 00:49:29 00:49:46 00:53:08 01:10:01 
4 00:48:06 00:47:39 00:48:59 00:51:07 01:15:04 
5 00:47:21 00:48:30 00:48:58 00:52:09 01:07:04 

Mean 00:47:26 00:48:35 00:49:57 00:52:10 01:10:02 
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Table C.2 Shape Recovery Times  of Composites (min: sec: milisec) 

  

Composite of 
EPIKOTE828/EPI

KURE3125 

Composite of 
EPIKOTE828/EPIK

URE3125+ 8% 
NGDE 

Composite of 
EPIKOTE828/EPIK

URE3125 + 8% 
NGDE + 1% CNTs 

1 05:47:12 02:11:11 02:09:12 
2 04:59:25 02:12:13 02:13:05 
3 05:36:01 01:57:15 02:14:11 
4 05:41:04 02:13:09 01:56:13 
5 06:46:04 02:10:07 02:13:16 

Mean 05:48:10 02:13:10 02:25:20 
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Table C.3 Shape Recovery Percentages  (%) 

  0 % NGDE 
3%  
NGDE 

5% 
 NGDE 7% NGDE 8% NGDE 

1 78 98 99 100 100 
2 78 97 100 100 100 
3 79 98 99 99 100 
4 77 99 100 100 99 
5 76 97 100 99 99 

 Mean 78 98 100 100 100 

  0.25% CNT 0.5% CNTs 
0.75% 
CNTs 1% CNTs 2% CNTs 

1 100 100 100 100 100 
2 100 100 100 100 99 
3 100 100 99 99 100 
4 99 99 100 99 100 
5 100 99 99 100 100 

Mean 100 100 100 100 100 

 

Composite of 
 EPIKOTE828/ 
EPIKURE3125 

Composite of 
EPIKOTE828/ 
EPIKURE3125 
+ 8% NGDE  

Composite of 
EPIKOTE828/ 
EPIKURE3125 
+ 8% NGDE + 1% CNTs 

1 85 95 96 
2 87 96 97 
3 86 96 98 
4 86 97 97 
5 87 97 97 

Mean 86 96 97 
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APPENDIX D 

 

ELECTRICAL MEASUREMENTS 

 

 

Table D-1 Electrical Resistivities (Ω.cm) 

  0.25% CNT 0.5% CNTs 0.75% CNTs 1% CNTs 2% CNTs 

1 
2.46E+09 1.02E+09 

1.03E+08 
4.13E+07 5.08E+04 

2 
2.50E+09 4.01E+09 

1.74E+08 
7.27E+07 6.63E+04 

3 
1.03E+09 2.54E+09 

1.21E+08 
4.11E+07 4.15E+04 

Mean 
2.00E+09 2.52E+09 1.33E+08 5.17E+07 5.29E+04 

 

Composite of 
 LY5052/ 
HY5052 

Composite of 
 EPIKOTE828/ 
EPIKURE3125 

Composite of 
EPIKOTE828
/ 
EPIKURE312
5+ 8% NGDE 

Composite of 
EPIKOTE828/ 
EPIKURE3125 
+ 8% NGDE 
 +1% CNTs 

1 
5.59E-02 1.79E-01 1.69E-01 1.03E-01 

2 
5.53E-02 1.79E-01 1.69E-01 1.03E-01 

3 
5.49E-02 1.79E-01 1.69E-01 1.03E-01 

Mean 
5.54E-02 1.79E-01 1.69E-01 1.03E-01 
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