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ABSTRACT

SYNTHESIS OF CARBON-BASED FLEXIBLE TEMPERATURE-
CONTROLLED SEMICONDUCTIVE COMPOSITES

Semiconducting flexible polymer matrix composites with tunable temperature
profiles find use in consumer goods, robotics, aerospace, and energy sectors. However,
the manufacturing cost is high due to the need for expensive conductive phases, such as
carbon nanotubes, graphene, or metal nanoparticles. This study aims to use inexpensive
conductive materials, such as carbon blacks and natural graphite in polydimethylsiloxane
matrix to manufacture such composites. The composite samples prepared by the solution-
mixing approach were tested for dispersibility, electrical conductivity, thermal
responsiveness, and mechanical and morphological characteristics. They displayed non-
wettable and low-energy surfaces (26 J/m?) and, hence, were prone to agglomeration at
high carbon contents (>30%). Surfactant addition was employed to counteract the
negative consequences of agglomeration. Adjusting the carbon content could modulate
conductivity between 0 and 10.79 S/m. A typical composite with 3.17 S/m conductivity
showed a surface temperature of 49.7°C under a load of 30 V. Compared to bare PDMS,
mechanical properties were favorable; a composite with optimal conductivity and
temperature response showed increases of 97.8% in elastic modulus and 197% in tear
strength, despite a 50% decrease in tensile strength. The study highlights significant
economic potential in manufacturing semiconductive flexible composites with desired

temperature profiles.



OZET

KARBON ESASLI ESNEK SICAKLIK KONTROLLU YARIILETKEN
KOMPOZITLERIN SENTEZI

Giliniimiizde, yar1 iletken polimer matrisli kompozitler ve kullanim alanlari
arastirmacilarin ilgisini cekmektedir. Ayarlanabilir sicaklik profillerine sahip yart iletken
esnek polimer matrisli kompozitler, robotik, havacilik ve enerji sektorlerinde kullanim
alan1 bulmaktadir. Ancak karbon nanotiipler, grafen veya metal nanopartikiiller gibi
pahali iletken fazlarlara duyulan ihtiya¢ nedeniyle iiretim maliyeti yliksektir. Bu ¢caligsma,
bu tiir kompozitlerin iiretimi i¢in polidimetilsiloksan matrisinde karbon siyahi ve dogal
grafit gibi ucuz iletken malzemelerin kullanilmasimni amaglamaktadir. Kompozitler
“Cozelti karistirma” yontemiyle (%10 ila %35 metanolde) hazirlandi ve dagilabilirlik,
elektriksel iletkenlik, termal tepki ve mekanik ve morfolojik 6zellikler agisindan test
edildi. Bu substratlarin yiizeylerinin 1slanmayan, diisiik enerjili ylizeyler (Fowke teorisine
gdre 26 J/m?) oldugu bulundu; bu nedenle parcaciklar daha yiiksek konsantrasyonlarda
(>%30) topaklanma egilimliydiler. Aglomerasyonun olumsuz sonuglarini ortadan
kaldirmak icin yilizey aktif madde ilavesi kullanildi. Karbon igeriginin ayarlanmasi
iletkenligi 0 ile 10,79 S/m arasinda modiile edilmesini saglamistir. 3,17 S/m iletkenlige
sahip tipik bir kompozit, 30 V yiik altinda 49,7°C yiizey sicaklig1 gostermistir. PDMS ile
karsilagtirildiginda kompozitlerin mekanik 6zellikler olumluydu; optimum iletkenlige ve
sicaklik tepkisine sahip bir kompozit, cekme mukavemetinde %50'lik bir diisiise ragmen
elastik modiilde %97,8 ve yirtilma mukavemetinde %197 artis gosterdi. Calisma, istenen
sicaklik profillerine sahip yar1 iletken esnek kompozitlerin tiretiminde 6nemli ekonomik

potansiyelin altin1 ¢iziyor.
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CHAPTER 1

INTRODUCTION

Composite materials have been used since ancient times to combine the best
properties of two or more varied materials into a single material. With the advancement
of technology, composite production techniques are developed, and their usage areas are
increased. Recently, the production of high-value-added polymer matrix composites has
gained attention due to the ease of the process, economical production methods, lightness,
and adjustable properties such as electrical, mechanical, and thermal (Kong et al. 2014;
Sun et al. 2019). One of their emerging applications has been flexible semi-conductive
polymer composites, which can be used as electromagnetic interference (EMI) protection,
heating elements, transistors, supercapacitors, and electronic equipment (Zhang,
Dehghani-Sanij, and Blackburn 2007). Semiconductor polymer composites can be
developed by combining non-conductive polymers with conductive fillers such as
metallic particles (MPs), metal wires (MWSs), carbon black (CB), carbon nanotubes
(CNTs), carbon fiber (CF), etc., or conductive polymers with non-conductive fillers
(Mohd Radzuan, Sulong, and Sahari 2017; Thongruang, Spontak, and Balik 2002).

Materials with high conductivity, such as silver, gold, and copper, are good
candidates for dispersed phases in manufacturing semi-conductive composites. However,
such composites also possess high thermal conductivities, which can challenge
temperature control and retention. Also, the high sensitivity of the fine metal powder in
the composite to oxidation in water and air is another negative factor. On the contrary,
carbon-based additives emerge as the best option due to their excellent thermal and
electrical properties. In the literature, graphene and carbon nanotubes are frequently used
in producing semiconductor flexible composites (Khan, Kausar, and Ullah 2016; Kim,
Miura, and MacOsko 2010; Rahmat and Hubert 2011; Sun et al. 2019; Tian et al. 2015;
Yan and Jeong 2014; Yao et al. 2013). However, the very high cost of these carbon-based
materials makes them unsuitable for large-scale production purposes. Therefore, it

becomes an important avenue for researching the possibility of using low-cost carbon-



based additives such as graphite or carbon black to produce composite materials with
proper semi-conductive properties for use in flexible heating materials.

This thesis is about designing semi-conductive, flexible composite materials using
low-cost carbon additives whose resistance could be adjusted to control the temperature
sensitively within the desired range. Such a material will find use in applications such as
heating devices, thermotherapy pads, or used in aerospace, though no specific application
was aimed at this thesis. Composite design would require close control of material
properties (dispersed or continuous phase), particle size and concentration, and surface
energies. Therefore, the work in this study is an exercise in synthesis which requires a
background in colloid and surface chemistry and particle technology.



CHAPTER 2

THE STATE OF THE ART OF
SEMICONDUCTOR COMPOSITES

This thesis focuses on designing flexible semi-conductive composite materials
whose temperature can be controlled sensitively within the desired range. The composites
comprise a non-conductive continuous resin phase (polydimethylsiloxane, PDMS) and a
conductive carbon-based dispersed powder phase. The carbon reinforcements tested for
the purpose of the thesis consist of graphite and carbon black powder due to their low
cost and availability in large quantities. Therefore, the following paragraphs will begin
with a general introduction to composites and provide information about the matrix phase
which includes polymers, and the dispersed phase under the title of polymer matrix
composites. Then, it will continue with information about the current state of the art
regarding semiconductor composites, production techniques, and their applications,

which are the subject of the study.

2.1. Composites

Composite materials, consisting physical combination of two or more ingredients,
are materials that show better properties than the components from which they are derived
individually (Akaluzia et al. 2021; Campbell 2010). Composite materials have become
indispensable in many industries due to their extraordinary qualities such as fracture
toughness, resistance to wear and corrosion, and superior thermal properties (Sharma et
al. 2020). The most important features of composite materials are their low density and
light structure, as well as their high strength and stiffness (Campbell 2010).

Composite materials are formed by combining a matrix and one or more
reinforcement elements. A representative image of composite materials is given in Figure
2.1.
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Figure 2.1. Composite Materials

The phase that provides stiffness and strength to the composite material is the
reinforcement phase (Campbell 2010). Fibers, sheets, or particles are all considered forms
of reinforcement elements (Akaluzia et al. 2021; Oladele et al. 2020; Ratna Prasad and
Mohana Rao 2011). The use of particle-reinforced composites, which can have spherical
or irregular/regular geometric shapes, is typically limited to 40-50% by volume due to
their fragility and difficulty in processing, which makes them weaker than fiber
reinforcements (Campbell 2010; Chawla 2019). Fibers can be dispersed continuously or
discontinuously within the matrix in fiber-reinforced composites. Composites can be

classified according to type of reinforcement and their details are given in Figure 2.2,

Composites
Y l Y
Particle-Reinforced Fiber-Reinforced Structural
\ 4 ;_{ ; \X
Large-particle Dispersion- Continuos Discontinuous Laminates Sandwich panels
strengthened
Aligned Randomly oriented

Figure 2.2. Composite classification according to the reinforcement type

Fiber types commonly used in the literature are carbon, glass, and aramid. Glass

fibers are frequently used in different industries because they are economical, flexible,

4



light in weight, hard, and non-reactive (Altera et al. 2021). Carbon fibers are frequently
used in the development of composites in different fields such as automotive, aerospace,
sports equipment, and military because they are lighter and higher strength than steel,
non-reactive, resistant to high temperatures, and good electrical properties
(Shirvanimoghaddam et al. 2017).

The matrix, known as the continuous phase, holds and protects the dispersed
phase. The matrix phase can have three different structures: polymer, metal, and ceramic,
and composites are generally named according to the phase used in the matrix material
(Akaluzia et al. 2021; Sharma et al. 2020; Sijo and Jayadevan 2016) as shown in Figure
2.3.

The most important advantages of metal matrix composites (MMCs) are high
strength and stiffness, better wear and abrasion resistance, specific modulus, and high-
temperature performances (Sharma, Mahant, and Upadhyay 2019; Sijo and Jayadevan
2016). MMCs have gained a notable position in a variety of industries, including
aerospace, automotive, military, and electronic instruments (Sharma et al. 2020)The
primary drawback of MMCs is the comparatively high cost of both the reinforcement

materials and the fabrication process (Sijo and Jayadevan 2016).

Composites

, l

Metal Matrix Polymer Matrix Ceramic Matrix
Composites Composites Composites
Thermoset Thermoplastic

Figure 2.3. Composite classification according to the matrix type

Ceramic materials stand out with high stability at high temperatures, low density,
and chemical inertness (Chawla 2012). However, their lack of toughness limits their use

considerably. Consequently, the aim of ceramic matrix composites (CMCs) is primarily

5



to increase toughness (Campbell 2010). Because of their high-temperature resistance,
CMCs are especially useful in applications requiring high temperatures, such as heat
engines, gas turbines, furnace materials, jet aircraft, and energy conversion systems.

Polymer matrix composites (PMC) include different types of organic polymers
that together with the dispersed phase form the continuous phase (Liew et al. 2021).
Detailed information about PMCs is given in the following section.

2.2. Polymer Matrix Composites

Polymer matrix composites are attracting increasing attention due to their easy
manufacturability, low cost, higher specific strength and stiffness, lightweight, good
resistance to corrosion and abrasion, and adjustability of internal features (Kong et al.
2014). The use areas of polymer matrix composites, which have been used for years,
especially in the aviation, space, and automotive sectors, are increasing in many fields
such as maritime, energy, wearable technologies, and biomedical (Hamidi and Altan
2017).

The polymer matrix can be thermoplastic and thermoset. The matrix that forms
the main backbone of the composite is determined according to the usage area of the
composite (Hsissou et al. 2021). Particles and/or fibers are added to the polymer matrix
to improve specific properties of the composite, such as thermal stability, conductivity,
and hardness. Generally, micron-sized particles are used to increase thermal stability,
while nanoparticles, fibers, and whiskers are used to improve physical and mechanical
properties (Robinson, Greenhalgh, and Pinho 2012).

2.2.1. Matrix Phase: Polymers

Polymers are large molecules formed by polymerizing many repeating units called
monomers. The earliest known polymers are natural products such as cotton, starch,

protein, and wool (Sperling 2006). A revolution in polymer chemistry occurred in the



early 20th century with the production of Bakelite, the first synthetic polymer (Sperling
2006). Polymers have quickly gained a place in many different industries due to their
affordable prices, lightness, inertness to chemicals, ease of processing, and lack of
corrosion. Based on distinct criteria, the polymers are categorized into several types
(Mishra 2018) and detailed in Figure 2.4.

One of the important features of the polymers is the glass transition temperature,
Tg. Polymers have a rigid structure at temperatures below Tg and a flexible and soft
structure at temperatures above Tg. The glass transition temperature value of polymers is

important for classifying the material as thermoset or thermoplastic (Birca et al. 2019).

Polymers Classification

Origin Thermal Response Line Structure Crystallinity
Natural Thermoplastic Linear Amorphous
Semisynthetic Thermosetting Branched Semicrystalline
Synthetic Cross-linked ; 5
Crystalline

Figure 2.4. Classification of polymers according to different criteria

2.2.1.1. Thermosetting Polymers

Thermosetting polymers, also known as thermosets, are polymers that irreversibly
change from liquid to solid during the heating process, known as the curing process
(Pascault and Williams 2013). One of the important features of thermosetting polymers
is that they are highly cross-linked, thus gaining high resistance to creep and solvent, and
stable structure under high temperature and high strength (Birca et al. 2019; Kausar 2017).

The structure of the thermosetting polymer is given in Figure 2.5.



Q O
O O O
Dgpoo;ogcooou
o 9 o 9 2 "¢
o 900000 N
o o O Q o0 oo
O Q C/’ QO ’_V S
00000000 0CceCC000e00
O © O (SJ QQ/) ¥
i~ 000 O
e 2 QO 90000 o
{ U -
UU O QO QO Q (/o
- p A . - {
USQQVSUVV\/V(‘?J
)

Figure 2.5. Thermosetting polymer structure (Source: Navin Baskar 2023)

Their irreversibility and resistance to heat make them useful in a variety of
industries, including aerospace, coating, dentistry, electronics, and sporting products, etc.
Epoxy, polyester, polyurethane, and phenolic polymers are the most well-known
examples of thermosets. Epoxy resins are one of the most used thermosets in structural

and specialty composite applications.

2.2.1.1.1. Epoxy

Epoxy resin is a thermoset resin with a molecular formula C2:H25ClOs, composed
of more than one epoxy group (Takeichi and Furukawa 2012). Epoxy resins are low-
viscosity materials that are combined with a curing agent and hardened by applying heat.
Their low viscosity provides ease of processability.

The properties of epoxy resins vary depending on the curing agents and epoxy
type, which provides the advantage of versatile use (Jin, Li, and Park 2015). Because of
their good processing qualities and favorable properties, epoxy resins are used in a variety
of applications, such as adhesives, paints and coatings, industrial tooling, biomedical
systems, electronics for encapsulation, potting, and printed circuit boards, and aerospace
as composite matrices (Dinu et al. 2022; Gergely et al. 2013; Jojibabu, Zhang, and Prusty
2020; Ogbonna, Popoola, and Popoola 2023; Wen et al. 2022).



2.2.1.2. Thermoplastics Polymers

Thermoplastics are a type of polymer that can reversibly transform from liquid to
solid and vice versa. There are no cross-links between the chains of thermoplastic
polymers. Therefore, it is reversibly recyclable, and the structure is given in Figure 2.6.
However, these polymers only have a certain number of reversibility cycles, and
exceeding this limit can change their structure, color, and mechanical properties (Birca et
al. 2019; Oliveira et al. 2017; Radlmaier et al. 2017).

The important advantages of thermoplastics are that they release fewer chemicals,
do not require curing, and are recyclable, re-shapeable, and sustainable (Almushaikeh et
al. 2023). Thermoplastic polymers can be used in a variety of industries such as plastics,
medicine, automobiles, electrical devices, packaging, and aerospace. Polyethylene,
polypropylene, polystyrene, nylon, and polyvinyl chloride are a few examples of

thermoplastic polymers.
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Figure 2.6. Thermoplastic polymer structure (Source: Navin Baskar 2023)
2.2.1.2.1. Polyethylene

Polyethylene is a type of thermoplastic polymer with a molecular formula (CH2)n,
which includes a long chain of aliphatic hydrocarbons (Ronca 2017). Polyethylene is
generally classified according to its density as high-density polyethylene (HDPE) and
low-density polyethylene (LDPE). The fact that polyethylene can be developed through
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many different production processes, the diversity of catalysts, and the change of
comonomers have enabled it to gain a place in many different application areas such as

packaging, pipes, and automotive parts (Patel 2016).
2.2.1.3. Elastomeric Polymers

Elastomers, a special classification of polymers, have an elastic and stretchable
structure. Elastomers are known for their highly reversible stretchability, which means
they retain their original form most of the time. The structure of the thermosetting
polymer is given in Figure 2.7. The cross-links that elastomers have between chains give
them their flexible and reversible properties.
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Figure 2.7. Elastomer structure (Source: Navin Baskar 2023)

Elastomers harden below the Tg4 due to the disorder of the polymer chains and lose
their rubbery properties (Kutz 2015). Elastomers become flexible and elastic above the
glass transition temperature due to the liberation of polymer chains. These properties
make them extremely valuable in many industrial and consumer applications such as tires,

rubbers, adhesives, automotive, and medical industries.
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2.2.1.3.1. Polydimethylsiloxane

Polydimethylsiloxane (PDMS) is a promising silicone-based elastomer due to its
excellent properties and diversity of use. The chemical structure of PDMS consists of
flexible siloxane groups (Si-O) and repeating (Si (CH3)20) units and is given in Figure
2.8. Si-O bonds give the PDMS its thermal and chemical stability; methyl groups (CHz)
give the hydrophobic characteristic (Ariati et al. 2021; Wolf, Salieb-Beugelaar, and
Hunziker 2018). Its cross-linking reactions involving groups such as vinyl and phenyl
provide versatility for different applications (Ariati et al. 2021; Secthapathy and Goérecki
2012).

CH, (  CH,) CH,

| I
CH,— Si + O — Si
| I

CH, CH,] CH,

n
Figure 2.8. Chemical structure of PDMS (Source: Danilov et al. 2009)
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Outstanding features such as simple and economic processability, excellent
optical transparency (240-1100 nm), good stability to chemical, gas permeability,
biocompatibility, and non-toxicity of PDMS have enabled it to be found in a wide variety
of usage areas such as bio-microfluidic applications, composites, sensors, and electronic
applications (Gokaltun et al. 2019; Stankova et al. 2016; Wolf et al. 2018).

2.2.2. Dispersed Phase

The dispersed phase (reinforcement) is also important for thermal, mechanical,
and electrical characteristics and potential usage areas of PMCs. The reinforcement

11



affects directly rheological behaviors and mechanical and thermal properties. The
nanoscale reinforcements can be grouped as zero-dimensional (0D), such as spherical, or
dot-like particles, one-dimensional (1D), such as fiber, tube, or rod-like particles, and 2-
dimensional (2D), such as sheets or flakes (Fu et al. 2019; Sahu, Boggarapu, and

Sreekanth 2023). In Figure 2.9, the representative image of filler types is given.

0-Dimensional 1- Dimensional Z2-Dimensional
Spherical Tubular Sheet-like

Figure 2.9. Classification of reinforcement types

Carbon black, silica nanoparticles, silver nanoparticles, and titanium dioxide are
the most used examples of zero-dimensional reinforcements in the literature. Glass fibers,
carbon fibers, aramid fibers, and carbon nanotubes are examples of one-dimensional
reinforcement materials. The term two-dimensional structures in nanoparticles are used
for structures whose two dimensions are outside the nanoscale range and the other is in
the nanoscale (Sahu et al. 2023). Two-dimensional nanomaterials have attracted attention
due to their surface properties and high surface area. One of the most important examples
IS graphene.

2.3. Semiconductor Polymer Matrix Composites

Today, interest in semiconductor polymer matrix composites (SPCs) is increasing
due to their wide application areas such as electromagnetic shielding, wearable
technologies such as sensors, and heating applications. SPCs can be manufactured using
a conductive polymer or by combining a conductive filler material with an insulating
polymer (Q. Gao, Liu, and Liu 2021; Gulrez et al. 2014; Li et al. 2012; Ren et al. 2014).
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Although conductive polymers show good electrical properties, their lack of easy
processability, low mechanical properties, and insoluble structure limit their use (Criado-
Gonzalez et al. 2021). Metal particles/wires and carbonaceous materials such as carbon
nanotube (CNT), graphene (G), graphene oxide (GO), and carbon black (CB) are
frequently used as conductive fillers in the literature. Figure 2.10 shows the range of

conductivities, from insulators to conductors.
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Figure 2.10. Range of conductivity (Source: Le, Kim, and Yoon 2017)

SPCs are formed by distributing a certain volume of conductive fillers within the
matrix and creating a conductive network that can provide electron paths. The
concentration of the material at the point where it transitions from an insulating state to a
conductive state by creating conductive paths is defined as the electrical percolation
threshold (Gulrez et al. 2014; Hassanabadi, Wilhelm, and Rodrigue 2014; Mysiukiewicz
et al. 2018; Zhang et al. 2007).

In Figure 2.11, a schematic representation of the percolation curve according to
CB content is given. Other factors that affect the electrical percolation threshold include
size, porosity, shape, dispersion techniques of filler, and the polymer matrix in which it
is dispersed. The network structure formed by filler particles causes rheological and
mechanical effects in addition to electrical properties (Q. Gao et al. 2021; Li et al. 2012,
Mysiukiewicz et al. 2018; Ren et al. 2014; Zhang et al. 2007).
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Figure 2.11. Schematic representation of percolation curve according to CB concentration
(Source: Brigandi, Cogen, and Pearson 2014)

Metal materials such as silver, gold, and copper are among the materials
considered to be used in developing semiconductor composites with their high electrical
conductivity properties. However, carbonaceous materials have become popular due to
their outstanding electrical and thermal features. One of the main reasons is that
carbonaceous materials can easily create conductive network paths due to their chain
structures (Zhang et al. 2007). In addition, metal materials have some disadvantages such
as high weight and corrosion problems, they are easily oxidized by water and air (Ahn,
Jeong, and Lee 2012; Kim et al. 2019; Mohammad, Stepashkin, and Tcherdyntsev 2022).
Moreover, Hu et. al., reported that metals such as silver nanowires have difficulty
adhering to the polymer surface (Hu et al. 2010). In the literature, conductive fillers used

in the production of semiconductor polymer composites are given in Table 2.1.
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Table 2.1. Conductivity reinforcements used in SPCs developed for different purposes

Filler Matrix Production Usage Area References
method
CNT PDMS Solution casting Flexible (Ghahramani
piezoresistive et al. 2021)
Sensors
CNT PDMS Solution casting | Flexible tactile (Zhu et al.
sensor 2022)
CNT PDMS Solution casting | Electronic skin (Park et al.
2014)
CNT Ethylene-vinyl | Solution casting | Semiconductor | (Hassanabadi
acetate composite etal. 2014)
G PDMS Solution casting | Multifunctional | (Ozbas et al.
elastomer 2012)
G PDMS Lithographic Thermistor (Yan, Wang,
filtration and Lee 2015)
GO Polyurethane/PE | Solution casting Wearable (Zhou et al.
DOT: PSS thermotherapy 2017)
GO PDMS Solution casting | Pressure sensor (Tian et al.
2015)
CB Ethylene vinyl Melt mixing Semiconductor | (Mysiukiewicz
acetate/ LDPE composite et al. 2018)
CB Polymethylmetha | Melt mixing Semiconductor | (Q. Gao et al.
crylate composite 2021)
Polystyrene
CB PDMS Solution casting | Elastic strain (Kong et al.
sensor 2014)

According to the table, graphene and carbon nanotubes were the most frequently

used conductive additive materials. However, the high cost of these materials is
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challenging for large-scale production processes. The thermal and electrical properties
and the price of these materials are given in Table 2.2.

Table 2.2. Properties and prices of conductive reinforcements

Thermal Electrical
Material Conductivity Conductivity Price
(W/m.K) (S/m)
CNT 2000-6000 2.5x10% 2x10’ $1000-2000/kg
(Han and Fina 2011) (Tavman 2015) (Kim et al. 2023)
Graphene 5300 1.0x108 $90-300/kg
(Tavman 2015) (Tavman 2015) (Y. Gao et al. 2021)
Graphite 100-400 2x10°-3x10° $100/kg
(Tavman 2015) (Tavman 2015) (Greenwood, Wentker,
and Leker 2021)
CB 6-174 10-10* $0.4 - 2/kg

(Sajeel et al. 2021) (Giiltekin 2015) (Bréndle, Schonfisch,
and Schulte 2021)

This study aims to develop temperature-controlled flexible polymer composites
with low-cost carbon fillers. Carbon black, which is frequently used with elastomers, is a
suitable choice for the development of flexible and semiconductor composites (De Sarkar
et al. 2022). It is also notable for being the most economical product among conductive
carbon types, as presented in Table 2.2.

2.3.1. Conductive Reinforcements

In this section, conductive reinforcement materials that are used in polymer-based

semiconductor composites are included. Considering the advantages of carbonaceous
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materials, as mentioned in Section 2.3, this chapter specifically focuses on different types
of carbon.

2.3.1.1. Carbon Black

Carbon black is an essential reinforcing material that is used in different areas
such as pigment, anti-static coating, plastics, rubbers, and tires. CB is virtually a form of
pure elemental carbon (approximately more than 90%) (Fan, Fowler, and Zhao 2020;
Kausar and Taherian 2018). Figure 2.12 shows the structure of carbon black, where the

functional groups are also indicated.

Quinone

Carbonyl (0] 0

Rubber

OH

Figure 2.12. Structure of carbon black (Source: Fan et al. 2020)

Carbon black is divided into five classes according to the manufacturing method:
thermal black, furnace black, channel black, lamp black, and acetylene black (Donnet
1993). Furnace blacks account for a large portion of the total carbon black market due to
their frequent use in the automobile industry (Fan, Fowler, and Zhao 2020).
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CB generally has primary particle sizes of 10-100 nm (Szeluga, Kumanek, and
Trzebicka 2015). However, due to the structure of CB, these primary particles tend to
come together and form aggregates. The sizes of these aggregates generally vary between
50-500 nm (Alam et al. 2014). Since aggregates are formed through covalent bonds, their
disintegration is quite difficult. On the contrary, these aggregates tend to come together
and reach sizes of 1-100 microns (Kausar and Taherian 2018). In Figure 2.13, the
agglomeration step of CB is illustrated. This agglomerate structure of CB results in a high

percolation threshold of approximately 15-20 wt% CB content (Li et al. 2019).

Primary particle (10-300 nm)

Aggregate (80-500 nm)

Agglomerate (1-100 um )

Figure 2.13. lllustration of carbon black agglomeration (Source: Kausar and Taherian
2018)

Carbon black is one of the fillers frequently used to make elastomers conductive
(Choi et al. 2019; De Sarkar et al. 2022). Besides that, CBs can be used for many different
purposes such as increasing material strength, UV stabilizer, coloring, and optical
properties. For carbon black to show the desired properties in the matrix, it is very critical
to distribute it homogeneously within the matrix, determine appropriate production

techniques, and determine appropriate concentrations.

18



2.3.1.2. Graphite

Graphite is a carbon allotrope in crystal structure that can be found in nature or
synthesized. It is the oldest known and most stable form of carbon (Saikam et al. 2023).
It consists of parallel layers, one layer of which is called graphene, and these layers have

a hexagonal structure (Figure 2.14) .

Covalent bonds

Carbon atoms

0.34 nm

J

van der Waals forces

Figure 2.14. Structure of graphite (Source: Khan et al. 2016)

Graphite, which is anisotropic, has strong covalent bonds between carbon atoms
in a layer, resulting in good thermal and electrical conductivity, but it shows lower
thermal and electrical properties due to the weak van der Waals forces between layers
(Chung 2002). One of the most important advantages of graphite is that it is abundant in
nature and its cost is low (Andersen et al. 2021). Natural graphite is used in many different
areas, such as pencils, lubricants, and refractoriness (Khan et al. 2016). One of the most

important features of graphite is that it can be an exfoliation feature, thus it can be used
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in many different applications such as electromagnetic shielding, electronics, and high
thermal conductivity applications (Saikam et al. 2023).

2.3.1.3. Graphene

Graphene, a single layer of graphite, is a type of two-dimensional (sheet-
like) nano-reinforcement. Due to its hexagonal structure, graphene has excellent
properties like high thermal conductivity (5000 Wm™K™), good electrical conductivity,
high surface area (2630 m?g™), optical properties, and good mechanical features such as
high modulus and stiffness (Bazylewski and Fanchini 2019; Papageorgiou, Kinloch, and
Young 2017; Zhu et al. 2010) Graphene has different application technologies such as
solar cells, transistors, composites, energy storage, textiles, and sensors (Mahmoudi,
Wang, and Hahn 2018; Olabi et al. 2021; Razaq et al. 2022; Urban et al. 2020; Wei et al.
2021). In addition to this advantageous structure of graphene, it has been observed that
it cannot achieve the expected performances as a result of studies conducted in the
literature (Liu et al. 2010; Umar et al. 2023). Also, the hexagonal (2-dimensional) and
semi-metallic (0-band gap) structure of graphene creates difficulties in its use in
semiconductor technologies (Papageorgiou et al. 2017; Tiwari et al. 2018). Moreover, as
given in Table 2.2, the cost of graphene limits its usage.

2.3.1.4. Carbon Nanotube

CNTs are one-dimensional (tubular) nanomaterials consisting of rolled sheets of
graphene. Therefore, the mechanical, thermal, and electrical properties of CNTs are more
advanced than graphite due to their structure (Martins-Janior et al. 2013). CNTs are
named according to the number of graphene layers. They are generally classified into
multi-walled carbon nanotubes (MWCNT) and single-walled carbon nanotubes
(SWCNT), as given in Figure 2.15 (Kaseem, Hamad, and Ko 2016).
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Figure 2.15. Structure and classification of CNTs (Source: Martins-Janior et al. 2013)

CNTs are one of the prominent reinforcements for polymer matrix composites due
to their outstanding thermal, mechanical, and electrical properties (Irshidat, Al-Saleh, and
Al-Shoubaki 2015; Tarfaoui, Lafdi, and EI Moumen 2016; Yuen et al. 2007). CNTSs are
also advantageous with their features such as low density, high strength, high surface
area, flexibility, and chemical and thermal stability (Yuen et al. 2007). However,
compared to graphite and carbon black, the high costs of CNTs are limited their use (Ali
etal. 2019). Another challenge of CNT is the purification step required to remove metallic
impurities (Kingston et al. 2004; Rahmat and Hubert 2011). Additionally, it is known that
the environmental impacts of CNTs are 1-3 times higher compared to CB (Orozco et al.
2022).

2.4. Production Methods of Semiconductor Polymer Matrix Composites

In the development of semiconductor polymer matrix composites, determining the
appropriate production technique is as important as selecting the appropriate matrix and
reinforcement element. The effective use of conductive fillers is related to the
homogeneous distribution of the filler in the matrix. Therefore, it is important to select
the appropriate method. Three main techniques are used in the development of
semiconductor composites; solution mixing, in-situ polymerization, and melt mixing (Liu
et al. 2018; Pang et al. 2014). In the next section, details about the three techniques are

given.
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2.4.1. Solution Mixing

The solution mixing or solution blending method is a basic, economical, and
effective fabrication method of PMCs. In the solution mixing process, the reinforcing
element is dispersed in the appropriate solvent, which must be compatible with both
phases (Takahashi et al. 2023). In the dispersion process, sonication or high-speed stirring
is usually applied and then mixed with the polymer (Zhao et al. 2018). Subsequently, the
solvent is evaporated from the system, usually during the mixing of the polymer and
reinforcing material. By evaporating the solvent, the polymer chains can recombine and
surround the nanofillers, thus forming conductive paths (Tang et al. 2019). The scheme
illustrates the formation of conductive structures by the solution mixing method given in
Figure 2.16. Solution mixing is generally more suitable for small-scale studies due to high
solvent consumption (Sui et al. 2019; Tang et al. 2019).
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Figure 2.16. Illustration of solution mixing (Source: Li et al. 2019)

2.4.2. Melt Mixing

Melt mixing is another effective and common fabrication technique of PMCs.
Melt mixing is generally preferred in large-scale manufacturing processes due to time,
effectiveness, and economic reasons (Papageorgiou, Kinloch, and Young 2015). In the

melt mixing method, high-shear mixing equipment such as a two or three-roll mill, single
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or two-screw extruder, and ball milling is used (Pang et al. 2014; Tang et al. 2019). In the
melt mixing process, viscous polymers are challenging. Increasing shear force or high
temperatures can be applied to reduce viscosity. However, the increased shear force can
damage the reinforcements, while high temperatures can damage polymers

(Papageorgiou et al. 2015).
2.4.3. In-situ Polymerization

In-situ polymerization is another technique to produce PMCs. In this method,
reinforcement materials are mixed with monomers/prepolymers in suitable solvents at
appropriate temperatures, and in-situ polymerization is carried out (Shukla 2019; Tang et

al. 2019). The schematic representation of in-situ polymerization is given in Figure 2.17.
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Figure 2.17. lllustration of in-situ polymerization (Source: Shukla 2019)

It has been successfully used in composites synthesized with multilayered carbon
types such as graphene (Kim, Miura, and Macosko 2010; Lee et al. 2009; Papageorgiou
et al. 2015; Paszkiewicz et al. 2014). However, the in-situ polymerization method is not
widely used because it requires low polymer viscosity (Papageorgiou et al. 2015; Tang et
al. 2019). Another important disadvantage of using this method in semiconductor
composites is that it prevents the formation of conductive networks as a result of the

binding of polymer chains to the filling materials (Papageorgiou et al. 2015).
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2.5. Application Areas

Polymer matrix composites attract great attention from industry and researchers
due to their excellent properties. One of the most important features of PMCs is that they
can be developed for multiple purposes according to their intended use. With the
development of technology, interest in semiconductor polymer matrix composites has

increased, and different areas of use have emerged, as seen in Figure 2.18.
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Figure 2.18. Application areas of semiconductor polymer composites

SPCs are commonly used for electromagnetic interference (EMI) shielding
(Abbasi, Antunes, and Velasco 2019; Mondal et al. 2017), wearable electronic devices
(Hong et al. 2015; Kim et al. 2018; Kong et al. 2014), and as heating purposes for
thermotherapy, de-icing, underfloor heating, or devices used in areas such as aviation and
maritime (Cheng et al. 2016; Park and Chu 2013; Sun et al. 2019; Yao, Hawkins, and
Falzon 2018; Zhao et al. 2021).
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

The two types of carbon black used in the study were high-conductivity Printex
XE2B and conductive Printex Kappa 70, which Orion Engineered Carbon supplied.
XE2B is in bead form, with an average primary particle size of 30 nm and a BET surface
area of 1000 m?g*. Kappa 70 is in bead form with an average primary particle size of 19
nm and 245 m?g™L. natural graphite provided by Karabacak Madencilik for this study was
with 85% purity and 200 mesh sizes. The polymer matrix polydimethylsiloxane (PDMS)
used in this study was obtained from Dow Corning as Sylgard 184 Silicone Elastomer Kit
(10:1). To ensure effective dispersion of CB in the matrix, different chemicals were used
in their analytical standards, and no purification or other procedures were carried
out. Methanol (Tekkim, %99.9), ethanol (Sigma Aldrich, %99.9), and n-hexane (Sigma
Aldrich) were used as solvents. Surfactants such as anionic sodium dodecyl sulfate
(Sigma Aldrich), cationic cetyltrimethylammonium bromide (CTAB/ Sigma Aldrich),
nonionic Pluronic F-127 (Sigma Aldrich), and nonionic Triton X-100 (Sigma Aldrich)
were used to improve the dispersibility of carbon blacks.

3.2. Methods

The general flow diagram of the study is given in Figure 3.1. In the method
section, DLS and SEM analysis results were considered for solvent selection. Composite
productions were repeated twice, and the results were presented with standard deviation

values.
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Figure 3.1. Flow diagram of the study

3.2.1. Dispersion Studies of Carbon

3.2.1.1. Effect of Solvent

In the study, three different carbons, which are Natural Graphite, Printex Kappa
70, and Printex XE2B, were dispersed in different solvents (n-hexane, methanol, and

ethanol) by mechanical mixing and with and without ultrasonic treatment for better
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understanding of dispersion techniques. The aim was to determine the most appropriate
solvent selection for carbon dispersion in the polymer matrix.

All carbon blacks were prepared at 0.02 % in solvents. Solvent optimization was
performed using characterization techniques. Then the effect of ultrasonic treatment was
observed using Dynamic Light Scattering (DLS) measurements with a selected solvent
(methanol) after 15 minutes of ultrasonic treatment and without ultrasonic treatment.
Following the selection of the carbon dispersion technique, all types of carbon were
dispersed in each solvent, and dispersion was analyzed using Scanning Electron
Microscopy (SEM) and DLS.

3.2.1.2. Effect of Surfactants

Following solvent optimization, different surfactants, which are sodium dodecyl
sulfate (SDS), Pluronic F-127, cetyltrimethylammonium bromide (CTAB), and Triton X-
100, were used to improve the carbon dispersion. All surfactants were prepared 102 M
concentrations in the optimized solvent. The carbon concentration in the surfactant-
solvent mixture was prepared to be 0.1%. The effect of surfactants was examined using
DLS.

3.2.2. Production of Carbon-Based Composites

The production of carbon-based semiconductor composites was carried out using
the solution casting method. Experimental studies consist of three stages: i) dispersion of
carbon with optimized solvent; ii) distribution of carbon in the resin and solvent
evaporation; and iii) molding and curing process. The schematic representation of the

experimental procedure is given in Figure 3.2.
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Figure 3.2. Experimental procedure

Following the solvent and carbon optimization, carbon-based composites were

produced in Sylgard 184 resin at carbon weight percentages of 5%, 10%, 15%, 25%,
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30%, and 35%. First, carbon was dispersed in a solvent with a 1:10 weight ratio by
mechanical stirring. When necessary, carbon dispersion was achieved by adding a
surfactant to the solvent to obtain a 10 M surfactant solution. Afterward, carbon-solvent
mixtures were kept in an ultrasonic bath for 15 minutes to homogenize the solution. After
sonication, the resin was added to the system and sonicated for 15 minutes. After the
sonication, the carbon-solvent-resin mixture was stirred by mechanical stirring, and heat
was applied to the system to remove all solvents before the curing agent was added. The
removal of all solvents from the system was checked by weighing. After the removal of
the solvent, the curing agent was added to the system and mixed with the carbon/resin
mixture uniformly.

The carbon/resin/curing agent mixture was poured into the mold and a degassing
process was applied to prevent bubble formation in the composites. Then the mold was

cured in a vacuum oven at 100 °C, for 30 minutes.

3.2.3. Characterization Methods for Carbon and Carbon-based

Composites

In this study, different characterization techniques were used for carbon
characterization and composite characterizations. Firstly, different carbon types were
investigated with SEM, DLS, and FTIR analyses for morphological characterization, and
BET analysis for surface area information. SEM and DLS analyses also were performed
for carbon dispersion studies.

3.2.3.1. Scanning Electron Microscopy (SEM) Analysis

Scanning Electron Microscope (SEM) is an advanced imaging technique that
scans the sample with focused electron beams and uses the signals from the materials to
provide high-resolution images of the material surface. It is mainly used for the

characterization of surface, topography, and composition of materials. The material to be
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investigated must be completely dry and conductive. Therefore, the gold coating process
must be applied to insulating materials before imaging.

In this study, SEM analyses were performed using the Philips XL-30S FEG
device. SEM analysis was used for morphological analysis of carbons, dispersion studies,
and observation of morphologies in composites. Since the carbonaceous materials used
in the study have conductive properties, no gold coating was applied before the analysis
of the samples. However, since carbon-free resin has insulating properties, gold plating
was applied. The samples were examined in different regions and at different

magnifications.

3.2.3.2. Brunauer-Emmett-Teller Analysis

Surface area is an important characteristic feature in determining the capacity of
reinforcement elements. Brunauer-Emmett-Teller (BET) analysis is a common technique
used to determine the specific surface area of solid materials (catalysts, nanoparticles,
powders, etc.) using the principle of gas adsorption. Generally, nitrogen (N2) was used
for analysis. In this study, the Micromeritics Gemini V device was used for the

characterization of each carbon and N2 was used as an adsorptive gas.

3.2.3.3. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical method that uses
infrared radiation (IR) and vibrations of molecules for structural, functional, and
compositional characterization of the sample. The working principle of FTIR is based on
converting the absorbed radiation into vibration energy by sending IR between 10000 cm*
1. 100 cm™ to the material under examination. The signal obtained by the detector gives
a spectrum from 4000 cm™ to 400 cm™. The peaks that appear between these values

represent the fingerprint of the material.
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In this study, FTIR was used for structural characterization of each carbon. The
Perkin EImer UATR Two model was used for analysis and the carbons were characterized

in powder form, without being pelletized with KBr.

3.2.3.4. Dynamic Light Scattering and Zeta Potential

Dynamic Light Scattering is an analytical method for determining the
hydrodynamic size distribution of particles or molecules in a solvent. Fundamentally, the
intensity and change of light scattered from particles are measured by detectors. The
change in the intensity of the scattered light depends on the Brownian motion of the
particles and the size of the particle is calculated using the Stokes-Einstein equation (Eq

3.1.). For zeta potential measurements, the device uses the Henry equation.

kgT
D=
6mnR

Eq.3.1.

In the equation, the diffusion coefficient is represented by D, the Boltzmann constant by
kg, the viscosity of the solvent by n, the temperature by T, and the radius of the particle
by R. In this study, Malvern Zeta Sizer Nano ZS is used for measuring particle size and
zeta potential. For measuring particle size and zeta potential, dilute solutions were

prepared. pH measurements were performed before zeta potential measurements.

3.2.3.5. Conductivity Analysis

The electrical conductivity of each carbon (XE2B, Kappa70, and Graphite) was
investigated with the AZ 86031 conductivity probe. Measurements were performed by
dispersing each carbon in the appropriate solvent at 0.5%, 2.5%, 5%, 10%, 20%, and 30%
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by weight. Conductivity measurements of carbons were taken while the solutions were
mixed.

The electrical resistivity of composites was measured with a Keithley 2400
SourceMeter with a two-point probe method. It is used for the measurement of current,
voltage, and resistance. In the study, ten measurements were taken for each composite,
and the average value was reported. Resistivity was calculated from the average resistance
value of the composites. The length, width, and thickness have been measured to get
resistivity from resistance. The formula, which is used for resistivity calculations, is given

in Equation 3.2.

Eq.3.2.

where p (Qm) is the resistivity of the sample, R () the resistance of the sample,
W (m) is the width of the sample, t (m) is the thickness of the sample, and L (m) is the
length of the sample. The resistivity data is used to calculate the electrical conductivity

of the sample by using Equation 3.3.

Eq.3.3.

° |-

where o (S/m) is the conductivity of the sample.

3.2.3.6. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) analysis is to examine the change in weight

of a material under an inert atmosphere depending on controlled time or temperature
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(Loganathan et al. 2017). TGA provides information such as thermal stability, moisture
content, volatile substance, reaction kinetics, and purity.

In this study, thermogravimetric analysis was carried out using the Perkin Elmer
Diomant TG/DTA device to observe the thermal degradation behavior of composite
materials produced at different carbon concentrations. Approximately 10 mg of each
composite sample were prepared for the TGA analysis. Thermogravimetric analysis was

carried out in an N2 atmosphere up to 850 °C with a temperature increase of 10 °C/min.

3.2.3.7. Contact Angle Measurements

Contact angle measurement is an elementary method to investigate the surface
characteristics of materials, especially wettability. The wettability of a material is
determined by observing the intermolecular interactions between water droplets and the
surface. The contact angle of the material is measured by drawing tangent lines of the
water droplet dropped on the surface, as shown in Figure 3.3.

The angle formed by drawing the tangent line to the water droplet gives
information about the wettability of the surface. The fact that the angle given by the
tangent curve is less than 90° indicates that the surface is a wettable surface, which is also
called a hydrophilic surface. Angles greater than 90° indicate that the surface is poor

wetting, that is, a hydrophobic surface.

Hydrophobic

” Hydrophilic-Hydrophobic
Hydrophilic

Figure 3.3. Representative image of contact angle measurements (Source: Doshi,
Sillanpii, and Kalliola 2018)
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In this study, contact angles of resin (Sylgard 184) and composite films with
different carbon percentages were investigated with the Kriiss Contact Angle
Measurement System G10 device. The goniometer, LED light source, camera & zoom
lens, and sample holder are the basic parts of the device. Before the measurements, all
surfaces are cleaned with ethanol. All measurements were performed on the back surface
of the composites to use the smooth surface. Measurements were made by dropping water
drops onto the prepared surfaces. For each sample, measurements were made by taking
20 measurements from different points. A representative image of the sample is given in

Figure 3.4.

Figure 3.4. A representative image of the water droplets on the sample

The work of adhesion is an important concept used for solid-liquid interactions.
The work of adhesion between solid and liquid is calculated from the following equations:
Young’s equation (Eq. 3.4.) and Dupré equation (Eq. 3.5). The representative image of

Young’s equation is given in Figure 3.5.
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Figure 3.5. Illustration of Young’s equation (Source: Altay et al. 2020)

Ys = Vs + v cos6 Eq.3.4.

where,

ys Is the solid-vapor surface free energy,

¥, IS the solid-liquid interfacial free energy,
y,, is the liquid surface free energy

fis the contact angle of the liquid on the surface.

Ys+ v =Ws, + Vs Eq.3.5.

From Eq. 3.4. and Eqg. 3.5., Eqg. 3.6. is obtained as Young-Dupré equation, which gives

the work of adhesion between solid and liquid (Tadmor et al. 2017).

Ws, = v (1 + cosB) Eq.3.6.
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3.2.3.8. Surface Free Energy Calculations: Fowkes Theory

Examining the physicochemical properties of a developed product contributes to
the development and better understanding of the material. Surface characteristics
(hydrophobicity/hydrophilicity) and surface free energy (SFE) are two important
parameters used in material characterization. The total surface energy of solids and
liquids depends on different types of molecular interactions, such as dispersive, polar, and
acid/base interactions, and is considered the sum of these independent components.

There are five different approaches to calculating the SFE of solids using the
contact angle measurement results: namely i)Fowkes method (Fowkes 1964), ii) Owens-
Wendt method (Owens and Wendt 1969), iii)VVan Oss-Chaudhury-Good method (Van
Oss, Good, and Chaudhury 1986), iv) Zissman method (Fox and Zisman 1952), and v)
Neumann method (Neumann et al. 1974). Most of these approaches start with Equation
3.6, which is known as Young-Dupré’s equation (Altay et al. 2020; Young 1805).
Different theories differ in several regards, such as derivation and convention, but most
importantly they differ in the number of components or parameters which they are
equipped to analyze. Some theories account for more of these phenomena than do other
theories. These distinctions are to be considered when deciding which method is
appropriate for the experiment at hand.

In this study, Fowkes theory was used, which is derived from the combination of
Young's relation, which relates the contact angle to the surface energies of the solid and
the liquid, and the surface tension and, therefore, to the polar and dispersive components
of the surface energy. In the Fowkes theory, surface energy associated with the sum of
these the dispersive (y?) and the non-dispersive (y"P) parts as given in Eq. 3.7. Fowkes

theory is expressed in terms of the work of adhesion is given in Eq. 3.8.

Ys =¥+ yP Eq.3.7.

Ws, = 2 <Jn”%” + \/)/ZLD-V?D) Eq.3.8.
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The geometric mean interprets the interactions of polar and dispersive
compounds. By combining Eq. 3.6. and Eq. 3.8., the Fowkes equation which includes
solid and liquid interactions with surface tension and contact angle is given in Eg. 3.9.
(Fowkes 1964).

y. (1 + cosB)
<\/]/LD.]/SD + \/]/L"D.]/S"D> = Eq.3.9.

In order to calculate surface energy from Fowkes theory, it is necessary to measure
the contact angle of completely dispersive liquid, which means y*? = 0 and y, = y?,
thus giving the Eqg. 3.10. For this purpose, generally diiodomethane is used, since there

is no polar component; y;, = y? = 50.8 mN/m (Janczuk and Biatlopiotrowicz 1989).

, _ vi(1+cos)?
'y =

Eq.3.10.
S 4 q.3.10

Subsequently, measuring the contact angle for a liquid, which has dispersant and
non-dispersant components comes. Water is generally used for this purpose, with y,"? =
51.0 mN/m and y,° = 21.8 mN /m (Janczuk and Biatlopiotrowicz 1989).

3.2.4. Testing of Composite Films

This study applied mechanical and thermal performance tests to examine the
manufactured composites. The temperature performances of the manufactured
composites were investigated under different voltages at different times. Mechanical
characterization of the composites was carried out using tensile and tear tests according
to the American Society for Testing and Materials (ASTM) standards. These tests will be
discussed in the following paragraphs.
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3.2.4.1. Temperature-Control Tests

Temperature-control tests of composites with different carbon concentrations
were carried out using a Uni-t UDP6721 DC power supply, a Uni-t UTi721M model
thermal camera, and a stopwatch as given in Figure 3.6.

For the tests, conductive copper tapes were applied to the edges of each composite
sample to transmit energy, as seen in Figure 3.7. Tests were conducted under different
voltages (5V, 10V, 15V, 20V, 24V, and 30V) for a minimum of 5 minutes each.
Temperature analyses were carried out by taking measurements from three selected points

along the middle surface of the samples, keeping the camera and points constant.

Power

Sample Supply

_
klm!d@vl.(

www oy g

Thermal
camera

Thermal
image

Stopwatch

Figure 3.6. Thermal performance test setup
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Figure 3.7. Composite samples for temperature-control tests

3.2.4.2. Mechanical Tests

Tensile and tear tests were performed for the mechanical characterization of the
composites. The carbon/resin ratio with the best temperature performance was selected
as the test sample. The selected composite sample was produced with dimensions of
15x15 cm and a thickness of 2 mm (Figure 3.8. a). The same procedure was applied to
PDMS resin. Both tests were performed by the universal testing machine (Shimadzu AG-
IC device).

ASTM D412 Type-C standard was used for the tensile strength test, and 8cm
length dumbbell shape samples were cut from the 15x15 cm sample under the ASTM
standard. Three test specimens were prepared for the tensile strength test (Figure 3.8. b).
For tensile test measurements, firstly, the bottom and top of the composite samples were
marked with white pencils, and the white areas were marked with black pencils. The
extension between these two black dots was examined using a video extensometer and
data monitoring software program.

The tear strength test was performed according to ASTM D 624 Type-T standard
and three test specimens were prepared (Figure 3.8. ¢). Before the tear strength test, 4 cm

preliminary cuts were made right in the middle of the samples. The tests were started by
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placing each of the cut-out pieces on the upper and lower jaw as given in Figure 3.9. The
test was continued until a tear occurred in the uncut area. The tear strength of the

composites was calculated using Equation 3.11.

Eq.3.11.

-1

where, T defines the tear strength force per unit thickness, F defines applied force

Figure 3.8. Mechanical test samples a) 15x15 cm sample b) Tensile test sample ¢) Tear

and t defines the sample thickness.

test sample
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Figure 3.9. Tear strength test placement
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Characterization of Carbon Samples

In this study, different types of carbons were investigated with various
characterization techniques and testing methods to select one of the samples to prepare
composites. Morphological characterization of carbon was performed using SEM, size
distribution and zeta potential measurements (DLS), structural analyses using FTIR, and

surface area analysis using BET.

4.1.1. Scanning Electron Microscopy Analysis

SEM images of carbons, Kappa 70, XE2B, and natural graphite in powder form
were obtained and are given in Figure 4.1, respectively. As expected, both carbon blacks
have spherical forms, and the mean primary particle sizes are approximately 30 nm.
However, the particles look strongly agglomerated and one shouldn’t not use these
particles as 30 nm. In the case of natural graphite, on the other hand, the structure is in a

laminar form and micron size.
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a) Kappa70 b) XE2B

¢) Natural Graphite
Figure 4.1. SEM images of a) Kappa 70, b) XE2B, and c) Natural Graphite

4.1.2. Fourier Transform Infrared Analysis

The FTIR Spectra of Natural Graphite, Kappa 70, and XE2B are given in Figure

4.2. The FTIR spectra of each carbon look similar since CB is a kind of graphite powder
and parallel to the literature (Alam et al. 2014). The band around 3200-3550 cm* is
described as O-H stretching of the hydroxyl groups (Sugatri et al. 2018). It is seen that
there are many peak bands around 1000-2000 cm™ in both carbon blacks, due to their
molecular structures and functional groups like carbonyl and carboxyl groups (Figueroa
Ramirez and Miranda-Hernande 2012). The band around 1700-1720 cm™ can be
associated with the carbocyclic acid group (Alam et al. 2014). The aromatic C=C bond
with the oxygen atom close to one of the vibrating C atoms is stretched asymmetrically
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producing a peak at around 1400-1500 cm™ (Hauptman et al. 2011). Asymmetric
stretching vibrations of CO; are seen in the band at approximately 2300 cm™ and can be

associated with the porous structure of carbon black (Gonzalez-Gonzalez et al. 2020).
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Figure 4.2. FTIR spectra of Graphite, Kappa 70 and Printex XE2B

4.1.4. Brunauer-Emmett-Teller Analysis

BET analyses of natural graphite, Kappa 70, and XE2B were presented in Table
4.1. It is seen that the surface area of carbon XE2B is large (1073.8 m?/g) compared to
graphite and other carbon. Therefore, this carbon should not be selected because of the
possibility that this large surface area may cause agglomeration during the synthesis of
composite structures. The surface area of graphite, on the other hand, was too low.
According to BET analysis results, the homogeneous distribution of Kappa 70 in the

polymer matrix was evaluated as more suitable than other carbons.
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Table 4.1. BET surface area of carbons
CARBON TYPE BET SURFACE AREA (m?/g)

Graphite 2.9
Kappa 70 224.3
XE2B 1073. 8

4.1.4. Conductivity Measurements

In order to better understand the electrical conductivity performances of the
carbons to be used in the study, conductivity analyses of each carbon in appropriate
solvents were carried out using an AZ 86031 model probe. 0.5%, 2.5%, 5%, 10%, 15%,
20%, and 30% carbon by weight were dispersed in the solvent with the help of an
ultrasonic bath, and conductivity measurements were performed while the solutions were
mixed. The electrical conductivity values of each carbon in response to varying
concentrations are given in Table 4.2,

Table 4.2 shows that the electrical conductivity of graphite is much lower than
both carbon blacks. Up to 5% concentration, the electrical conductivity of Kappa70 was
observed to be approximately twice that of XE2B carbon black. XE2B achieved the
highest conductivity value at 10% concentration. However, since XE2B could not be
dispersed at concentrations higher than 10%, conductivity measurements could not be
taken. This is due to the high surface area that XE2B has, as mentioned in section 4.1.3.
It was observed that Kappa70 reached the highest conductivity value with 12.05 mS at
20% concentration.

According to the characterization results, it was evaluated that kappa70 carbon
black came to the fore in terms of usability in semiconductor composites. However, in
the next section, dispersion studies of all carbon types in different solvents will be carried

out and their use in composite production will be determined.
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Table 4.2. Conductivity measurements of carbons according to varying concentrations

Concentration Graphite Kappa70 XE2B
0.5 % 66.0 uS 43.7 uS 20.04 pS
2.5% 125.8 uS 334.0 S 199.9 uS
5.0% 166.7 uS 1344.0 uS 694 uS
10.0 % 291.0 uS 5.63 mS 6.82 mS
15.0 % 376.0 uS 10.24 mS -
20.0 % 506.0 uS 12.05 mS -
30.0 % 721.0 pS - -

4.2. Carbon Dispersion in Different Solvents

Since the homogeneous and uniform distribution of carbons in composite
materials will directly affect the conductivity performance, therefore the heating
performance, the dispersion of carbon was studied. These studies were conducted under
different conditions, as will be discussed in the following paragraphs. The details of the
methods applied are given in Chapter 3, in the Methods section. Samples were prepared
with and without ultrasonic treatment. First of all, the effects of ultrasonic treatment were
observed. For this reason, some amount of carbon (Kappa 70) was dispersed in methanol
with and without ultrasonic treatment and analyzed by DLS, and the results are presented
in Figure 4.3.

It is seen that the effect of ultrasonic treatment is significant. The average particle
size was around 700 nm when there was no ultrasonic treatment and around 200 nm when
there was an ultrasonic treatment. Therefore, it was decided to apply an ultrasonic

treatment for carbon dispersion in the composite production process.

46



60 60

Trial 1 Trial 1
509 | — Trial 2 501 Trial 2
— Trial 3 — Trial 3 N

40 1 40 1

30 1 30 1

Volume, %
Volume, %

20 1 20 1

10 1 10 1

b) |

a)

10 100 1000 10 100 1000

Size, nm Size, nm

Figure 4.3. Effect of ultrasonic treatment of 0.02% Kappa70 in methanol: a)without

sonication, b)with sonication

4.2.1. Effect of Solvent Type

The selection of solvent is very critical for carbon dispersion. Therefore, in this
study, different solvents were tested for each carbon black and graphite dispersion. The
solvents tested were ethanol, methanol, and hexane (Borah, Rajitha, and Dash 2018; Chen
et al. 2010; Ghanbari and Ehsani 2018; Yan and Jeong 2014). The same amount of carbon
samples was dispersed in these solvents using mechanical mixing and sonication for 15
minutes. Then, the dispersion behavior of carbon samples was characterized using DLS
and SEM.

The DLS size distributions and SEM images of dispersed particles were presented
in Figures 4.4, 4.5, and 4.6 for Printex XE2B, Kappa 70, and natural graphite,
respectively. It can be seen that the smallest particle size distribution obtained from the
DLS results is methanol, n-hexane, and ethanol for both carbon blacks, respectively,
while it is n-hexane, methanol, and ethanol for graphite, respectively. However, only DLS
results are not sufficient to make this interpretation, because it has been observed that the
settling of carbons is within a few minutes in all solvents during analysis. Therefore,
carbon distribution needs to be examined with a different technique such as SEM. In the
study, SEM analyses were performed to support DLS results. SEM images, on the other

hand, show not much difference between ethanol and methanol dispersions for all carbon
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types. In the case of hexane, it was observed that particles show a fume structure for both

carbon blacks not for graphite dispersions.
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Figure 4.4. Dispersion studies of Printex XE2B in a) ethanol, b) methanol, and c)hexane
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Based on these dispersion studies of carbon, methanol was chosen as the solvent
for the rest of the study. In addition, the fact that methanol has the lowest boiling
temperature has been considered an advantage in the composite production process. The
zeta potential of selected carbon black (Kappa 70) and methanol solution was also

examined, and given in Figure 4.7.

50
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Figure 4.7. Zeta potential of Kappa70-methanol solution (pH:6)

4.2.2. Effect of Surfactants

The dispersion behavior of carbon sample Kappa70 was tested using some simple
and polymeric surfactants with different characteristic structures, such as anionic
(Sodium Dodecyl Sulfate-SDS), cationic (CTAB), and nonionic surfactants (T-X100 and
F-127). The detailed properties of these surfactants are given above in Chapter 3, in

Material Section. DLS size distribution measurements were conducted to study the
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dispersion behavior of Kappa70 in the presence of surfactants, and the results are
presented in Figure 4.8.

It is seen from Figure 4.8 that the presence of surfactants with positive, negative,
and no charges seem not to improve dispersion behavior positively. When the settling
behavior of dispersions was also observed, ionic surfactants caused quick agglomeration
and settling behavior. The presence of nonionic surfactants (simple, T-X-100, or
polymeric, F-127), on the other hand, the settling took a much longer time. They seem
to affect the dispersion of particles up to a certain degree. To explain these results, the
patches that the carbon surface may most likely have and the attraction of surfactants on
these surface parts with different charges were simulated by a simple physical model in
Figure 4.9. The functional groups of a carbon surface (See Figure 2.12.) due to its
oxidation are well known and expecting different types of carbon surfaces together at the
same time for a given carbon dispersion system is logical (Fan et al. 2020). As seen there
may be positive and negative charged parts of the carbon surface (Fan et al. 2020), and
ionic surfactants may attract to these parts and may adsorb such that the hydrophobic part
of their structure may oriented through into the solution side which may cause
agglomeration due to the hydrophobic attraction between the particles with similar
conditions. However, the non-ionic surfactants may prefer the hydrophobic parts of the
surface and provide dispersion of particles. Both size and zeta potential distributions of
carbon particles support this hypothesis (Figure 4.8, and Figure 4.10). The narrower size
distribution obtained in the case of ionic surfactants may belong to certain sizes of
particles due to the presence of settling in the size measurement cell of the device.
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Figure 4.10. Zeta Potential of Kappa 70 in water a) without surfactant b) with 10° M
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Similar types of size and charge measurements were also conducted in methanol
since the solvent used for the dispersion of carbon was methanol (Figure 4.11, and Figure
4.12). As seen from the figures, the carbon surfaces become less charged, and similar in
methanol, even in the cases of surfactants, and they seem to be agglomerated. The SEM

images of these particles are given below to clarify the observations (Figure 4.13).
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Figure 4.11. Size distribution of Kappa 70 in Methanol a) without surfactant b) 10 M F-
127, ¢) 10° M TX-100, d)10° M SDS, and ) 10° M CTAB
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Figure 4.13. SEM images of carbon dispersed in MeOH in the presence of surfactants
a)T-X100 and b)CTAB:

4.3. Preparation and Characterization of Carbon-based Composites

In the study, the production of semiconductor composites was carried out using
the solution casting method. Based on the characterization studies conducted above,
Kappa70 (K70) was chosen to be used in the production of semiconductor composites by
evaluating the BET surface area, conductivity, and dispersibility results. As agreed in
Section 4.2.1., methanol was used as the solvent.

The mass of Kappa 70 was used at concentrations of 15%, 20%, 25%, 30%, and
35% by weight in the resin. The minimum carbon black concentration was determined as
15 wt% according to the literature (Li et al. 2019). Since the dispersion of Kappa70 is not
possible after 35%, the carbon concentration limit was accepted as 35%. Carbon Kappa70
was dispersed using sonication at relevant concentrations in methanol at a weight ratio of
1:10. Then, the calculated mass of PDMS was added to the system and sonicated for 15
minutes. After this process, the solvent was evaporated by heat while mechanical mixing
was applied under vacuum. The experimental stage is given in Figure 4.14. After all the
solvent evaporated, the curing agent was added and mixed for 5 minutes, and poured onto
the panels. After the degassing process, it was left to cure in a vacuum oven at 100 °C for

30 minutes.
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Figure 4.14. Experimental stage

The Kappa70/PDMS composites manufactured are given in Figure 4.15. It has
been observed that the addition of carbon after 25% greatly affects rheology. Carbon
blacks at high concentrations tended to agglomerate and porous composite structures
were obtained. Roughnesses were observed on the surface of the 35% K70/PDMS

composite.
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Figure 4.15. Images of manufactured Kappa70/PDMS composites: a) 15 wt.%

K70/PDMS, b)20 wt% K70/PDMS, ¢)25 wt.% Kappa70/PDMS, d) 30
wt.% Kappa70/PDMS, and e)35 wt.% Kappa70/PDMS

In the study, as discussed above, surfactants do not make any significant
contribution to carbon dispersion. However, composite production was also carried out
using different surfactants according to the above-mentioned procedure in order to
observe the effect within the polymer. Additionally, composite production was carried
out using a similar procedure using 10% and 15% XE2B carbon black by weight. Since
it was not possible to increase XE2B above 15 wt%, higher carbon concentrations were

not studied.

60



4.3.1. Conductivity Measurements

The electrical resistivity of composite samples produced by adding different
amounts of carbons Kappa70 and XE2B reinforcement to the PDMS matrix structure was
examined. The length, width, thickness, and electrical resistivity values of manufactured
composite samples are given in Appendix A.1l. Table 4.3 shows the average electrical
resistivity, average conductivity, and standard deviation of composite samples. All
composites measured were seen to be in the semiconductor range, according to the
literature (Le et al. 2017). Since the resistivity values of 15% and 20% Kappa70/PDMS
composites exceeded the device's measurement range, resistivity measurements could not

be taken in these composites.

Table 4.3. Electrical resistivity and conductivity of composite samples

Sample Average Resistivity (2) Average Conductivity (S/m)

15% K70/PDMS - -
20% K70/PDMS - -

25% K70/PDMS 9831 0.14 £0.02

30% K70/PDMS 340 3.17 £0.49

35% K70/PDMS 122 10.79 £2.24
10% XE2B/PDMS 11022 0.0087 + 0.01
15% XE2B/PDMS 275 2.57+0.20

The highest conductivity value calculated was for 35 wt.% composites as
10.79x10 S/m. That is expected, as it contains less PDMS than other composites, that is
the insulator part. However, high carbon concentration greatly affected the rheology,
making composite production quite difficult. Therefore, it will not be a suitable and
economical solution for industrial applications. 30% K70/PDMS and 15% XE2B/PDMS
composites have close electrical conductivity values. However, production problems
were experienced in the 15% XE2B/PDMS composite due to increased rheology like
35%K70/PDMS. In the case of resistance values, however, one has to be careful, as in
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the case of a 15% XE2B composite with lower resistance, the electrical conductivity was
lower. This is because the resistance measurements of the materials are also affected by
parameters such as thickness, width, and length. For this reason, the evaluations were
made just on electrical conductivity values.

Figure 4.16. shows the resistance and conductivity relationship of K70/PDMS
composites with respect to increasing carbon concentration. As expected, with decreasing
resistivity, an increase in conductivity can be seen for all types of composites with
different weight percentages.

In the study, composite production was also carried out using surfactants to
improve the distribution of 30% K70 carbon, which was found to be the most suitable in
terms of rheology and conductivity, in PDMS. Table 4.4 shows the effect of surfactant
addition on the conductivity of the composite. The detailed results of these composites
are given in Appendix A, Table A.2. As mentioned in Chapter 4.2.2, surfactants had no
significant effect on carbon distribution. It has been observed that composites with the
same carbon concentration, to which different surfactants are added, have similar

electrical conductivity values.
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Figure 4.16. Resistance and conductivity in response to carbon concentration
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Table 4.4. Effect of surfactants on the electrical conductivity of 30 wt.% K70 composite

samples
Sample Average Conductivity (S/cm)
30% K70/PDMS 3.17
30% K70/PDMS/TX-100 2.96
30% K70/PDMS/SDS 3.11
30% K70/PDMS/F-127 3.09
30% K70/PDMS/CTAB 3.00

In the literature, there are results in which similar conductivity values are obtained
by using high-cost reinforcements such as MWCNT in the PDMS matrix. Some of these
studies included 1 to 15 wt% MWCNT or MWCNT/GNP in the PDMS matrix, and the
conductivity values of these composites ranged from 1.0 to 6.3 S/m (Kim et al. 2016; Liu
and Choi 2009; Norkhairunnisa et al. 2012; Oh et al. 2016; Yan and Jeong 2015).
However, in this study, comparable conductivity results were obtained economically.
Considering the values given in Table 2.2, the carbon cost in composites containing 1%
CNT by weight, which is the lowest value, is approximately $20, while the carbon cost
in the production of 30% carbon black added composites will be around $0.002.

Additionally, it has been observed in the literature that the electrical conductivity
of composites produced using 10%, 30%, and 60 wt% CB and high-density polyethylene
is 1x1071%, 1x1077, and 1x107° S/cm, respectively (Sajeel et al. 2021). In the study, the
composites developed using Kappa 70 have higher electrical conductivity values

compared to the literature by almost 1000%.

4.3.2. Scanning Electron Microscopy

Cross-sectional areas of bare PDMS and semi-conductive composites (25%
K70/PDMS, 30% K70 /PDMS, 35% K70/PDMS) were examined using SEM analyses.
Figure 4.17., shows the carbon (K70) distribution in the resin (PDMS). Figure 4.17.a.
shows the cross-sectional area of bare PDMS for a better understanding of carbon
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distribution. According to Figure 4.17., it was seen that agglomerations increased as the
carbon content increased, as expected. Agglomerations were observed even in the 25%
K70/PDMS composite with the lowest carbon concentration. These agglomerations
directly affect the properties of composites, such as electrical and thermal conductivity,
surface characteristics, and mechanical properties. As seen in Figure 4.17.b., although
K70 is mostly spread on the PDMS surface, it is seen that it is not distributed
homogeneously. In the 30% K70/PDMS sample (Figure 4.17.c.), it was observed that
carbon spread over the entire PDMS and agglomerations increased. Notably, in the 35%
K70/PDMS sample (Figure 4.17.d.), although the carbon was spread over the entire
surface, the agglomerations formed were quite large.

o ‘ pressu 023 —_— 5 m ——————— i of  det ag O | We pressure 7/5/2023 S — e

Figure 4.17. Cross-sectional areas of a) bare PDMS, b) 25%K70/PDMS ¢)30%
K70/PDMS, and d) 35% K70/PDMS
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4.3.3. FTIR Analysis

FTIR analyses of composite samples were performed to study any relationship or
bonding between K70 and PDMS. The FTIR spectra of K70, PDMS, and K70/PDMS
composites are presented in Figure 4.18. The results of Carbon K70 were already
discussed in Chapter 4.2.3. PDMS showed the Si-CHs symmetric bending peak around
1262 cm™ and 800 cm™ (Al-Oweini and El-Rassy 2009; Ruan et al. 2023). Around 1049
cm? wavelength Si-O-Si stretching peaks were observed (Krenczkowska et al. 2019).
The peaks around 2960 cm™ and 2908 cm™ show symmetrical and asymmetrical CHs
stretching (Yetisgin et al. 2020). The main peaks of K70 are O-H stretching at around
3200-3550 cm™ and COOH at around 1700-1720 cm™. After combining CB with PDMS,
the composites did not show any new chemical bands.

PDMS

25% KT0PDMS
30% KT0PDMS
15% K70PDMS
K70

Transmittance (%)
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Figure 4.18. FTIR spectra of Kappa 70, PDMS, and K70/PDMS composites
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4.3.4. Thermogravimetric Analysis

Thermogravimetric analyses were carried out for bare PDMS and 25%, 30%, and
35% K70/PDMS composites in an N2 atmosphere at a temperature increase of 10 °C/min
up to 850 °C, and presented in Figure 4.19.

It is seen that the bare PDMS resin was observed to decompose with a sharp
weight loss of 29% between 400 and 600 °C, and 13.79% between 600 and 670 °C. In
the end, 46% of the PDMS weight was remained. All K70/PDMS composites were found
to have thermal stability. With increasing carbon concentration, the weight losses of the
composites were found to be 50.5%, 47.7%, and 42.6% in the range of 480 and 510 °C,
respectively. The composite with the highest carbon concentration has the least weight
loss at 50.4%.
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Figure 4.19. Thermogravimetric analysis of composite samples in terms of weight loss
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4.3.5. Contact Angle Measurements

Contact angle measurements were conducted to test the surface characteristics
(hydrophobic or hydrophilic behavior) of composite films prepared with different carbon
percentages. First of all, the contact angle of the resin (Sylgard 184) that contains 0%
carbon was measured and the characteristic feature of the matrix was determined. Figure

4.20 shows the contact angle measurement of the water droplet on the resin surface.

[ssnux/

Figure 4.20. Representative image of contact angle measurement of water droplets on

resin without carbon

Figure 4.21 represents the results of contact angle measurements obtained in
composite surface/water/air systems. First of all, the hydrophobic characteristic of
PDMS, which has a surface tension value of 20.4 nM/m, as stated in the literature (Akther
et al. 2020; Ariati et al. 2021; Colas and Curtis 2013) was confirmed. The results show
that the wetting properties of surfaces are not homogenous and there is a distribution of
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different surface structures. But on average, the carbon-added composite surfaces seem
still hydrophobic and are non-wettable.
The work of adhesion (Wag = yLe (1+Cos0)) of these surfaces was calculated as

Wad = 72 J/m? also shows that these surfaces do not wet simultaneously.
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Figure 4.21. Contact angle measurement of a) 0% Kappa70/PDMS, b) 25%
Kappa70/PDMS, c) 30% Kappa70/PDMS, d) 35% Kappa70/PDMS

Since contact angle values are known to depend on surface roughness, these
measurements were also conducted and listed in the following table (Table 4.5). The
details of the surface roughness measurements are given in Chapter 3. It is measured
along the x and y planes of the composite samples. As expected, surface roughness
increased with increasing carbon concentration, most probably due to an increase in

agglomeration among carbon particles in high amounts.
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Table 4.5. Surface roughness of composite samples
0% K70/PDMS 25% K70/PDMS 30% K70/PDMS 35% K70/PDMS

X(um) | y(upm) | X(um) | y(um) | X(um) | y(um) | X(um) | y(um)
0.17 0.17 1.52 1.46 1.28 0.98 4.74 4.64
0.14 0.16 1.37 1.56 1.10 1.21 4.07 3.76
0.13 0.15 1.82 1.50 1.01 1.40 4.30 6.51
0.11 0.24 1.44 1.41 2.66 1.13 431 6.55
0.14 0.26 2.01 2.00 3.17 0.96 5.95 5.11
0.14 0.18 1.77 1.45 2.88 1.24 4.67 3.36
0.22 0.12 1.69 2.20 2.86 0.92 4.35 4.96
0.17 0.15 1.79 1.82 2.68 1.10 4.03 4.04
0.10 0.18 1.91 1.14 3.07 1.64 3.85 3.21
0.13 0.13 1.81 1.93 2.31 1.14 3.60 2.36

4.3.6. Surface Free Energy Calculations

In this study, Fowkes theory was used for surface energy calculations. For this
purpose some contact angle measurements with some special liquids as discussed in
Chapter 3. First contact angle measurements were done using diiodomethane, a
completely dispersible liquid, and the result was recorded as an average of 69° (1.20
radians) for 30% K70/PDMS composite. Since there is no polar component in
diiodomethane, Equation 3.1. was used and the dispersive part of solid surface free energy

was calculated as 23.44 mN /m as given in Eq. 4.1.

D

50.8 mN/m (1 + cos (1.20)?
Vs =

4

= 23.44mN/m Eq.4.1.

Then, using water, that has dispersing and non-dispersing components, the contact
angle was measured as 92° (1.60 radians) for 30%K70/PDMS. Using Eqg. 3.9., the solid
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surface free energy of the polar component was calculated as 3.08 mN /m as given in Eq.
4.2.

1+ cos6 D yD)05\?
. (n( ) ) > _ 3.08mN/m Eq.42.

2520 (P)0s

where,
Yiwater=12.8 MN/m (Vargaftik, Volkov, and Voljak 1983)
Yl ater=51 MN/m (Janczuk and Biallopiotrowicz 1989)

YEwater=21.8 mMN/m (Janczuk and Biatlopiotrowicz 1989)

By applying Eq. 3.7., the average surface energy of the composite material
surfaces produced in this study was around 26.52 mN/m as given in Eq. 4.3. This value
shows that the materials prepared in this study have low energy, hydrophobic surfaces,

and are not wettable by water.

mN 3.08mN mN
Vs = 23.44 + = 26.52— Eq.4.3.

The same procedure was applied to film surfaces made of PDMS resin only. The
contact angle measurements with diiodomethane and water were measured as 62° and
96°, respectively. The estimated average surface energy of these bare PDMS surfaces was
found to be around 28.72 mN/m. It is seen that the bare PDMS and composite surface-
free energies are quite similar. The addition of carbon decreased the surface energy of

composites little and surfaces became slightly more hydrophobic (less water wettable).
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4.4, Testing of Composites

4.4.1. Temperature-Control Tests

Temperature control tests were performed for only semiconductor composites
which are 25%, 30%, and 35% K70/PDMS. Temperature control tests were performed
for only semiconductor composites, which are 25%, 30%, and 35% K70/PDMS.
Composite samples were energized at different voltages for 5 minutes, and then
temperature changes were examined using a thermal camera. The average temperature of
the composite was obtained by using the temperature values of three fixed points marked
on the surface of the composites, as given in Figure 4.22.

Figure 4.22. Composite sample thermal performance test

Figure 4.23 shows the average temperature values for all the composites under
different voltages. As seen from the figure, the 25% K70/PDMS composite could not
provide resistive heating under any voltages; that is, there was no temperature change. In
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the case of 30 and 35%K70/PDMS composites, on the other hand, there was an increase
with an increase in voltage and they both reached to 38 °C at 20 volts. Then the effect of
an increase in voltage on temperature starts to decrease in the case of 35% K70/PDMS
composite and slows down compared to the 30% K70/PDMS composite with the highest
temperature performance of 46.8 and 49.7 °C. This was contrary to expectations, the
composite with lower conductivity reached higher temperatures as the voltage increased.
This was attributed to the surface roughness due to the high carbon concentration of the
system containing 35% K70. The high surface roughness of the composite seems to affect
the adhesion of the copper tapes that are used in this study, to the surface, and therefore
the energy flow to provide the desired performance. The other reason could be the
agglomeration of carbon particles among themselves at high concentrations due to their

hydrophobic character.
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Figure 4.23. Composites maximum temperatures under different voltages
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Figure 4.24 shows the temperature changes in both composites under 25V. It can
be seen from the figure that the 30% K70/PDMS composite provides a much more
homogeneous heating performance. It has been observed that a 35% K70/PDMS
composite has local cold areas under 25 V. Additionally, it was also observed that the
temperatures along the edges of the copper bands where energy transfer was achieved in
30% and 35% K70/PDMS composites reached 91.9 and 122.2 °C, respectively. Since
these temperature values are the energy starting points, higher temperatures were obtained

at the edges than at the composite surfaces.

Figure 4.24. Composites temperatures performance under 25 V a) 30% K70/PDMS, and
b) 35% K70/PDMS

As a result of the thermal performance tests, the 30% K70/PDMS composite,
which achieved the highest and most homogeneous temperatures, was evaluated as the
most suitable composite for the carbon type studied and the conditions of this study. For
this reason, the time-dependent temperature change of the 30% K70/PDMS composite
under 20 V was also examined and is given in Figure 4.25. The composite showed a
temperature increase of approximately 12 °C in 2 minutes and reached steady-state
conditions at 45 °C in 22 minutes.
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Figure 4.25. Temperature change of 30% K70/PDMS composite under 20 V with respect

to time

4.4.2. Mechanical Performance Tests

In this study, tensile strength tests were performed for bare PDMS and 30%
K70/PDMS composites, according to ASTM D412 Type-C. The stress/strain curve of
three samples of bare PDMS and 30% K70/PDMS composites is given in Figure 4.26.
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Figure 4.26. Stress-strain curve of a) bare PDMS, and b) 30% K70/PDMS

Up to a quite remarkable strain level, both specimens exhibited elastic behavior.
In the stress versus strain graphs, 10% to 20% strain was determined as the linear elastic
region for bare PDMS and composite samples. The elastic modulus of the bare PDMS
and 30% K70/PDMS composite samples was determined in these linear elastic fields
using Hooke's law and is given in Table 4.6.

In the literature, the elastic modulus of PDMS varies from 1.3 to 3.0 MPa and the
tensile strength differs between 3.5 and 5.1 MPa (Ariati et al. 2021; Shivashankar,
Sangamesh, and Kulkarni 2019). The tensile strength and elastic modulus results of bare
PDMS are similar in the literature as given in Table 4.6. According to the table, with the
addition of 30% carbon, the elastic modulus of bare PDMS was improved by 97.8%;
however, the tensile strength decreased by 50.4%. The decrease in tensile strength can be
associated with the carbon aggregation in the PDMS matrix, production defects such as
porous structure (air bubbles), and the interfacial relations between resin and carbon such
as weak bonding. As seen in Figure 4.17. ¢, agglomerations were observed at the carbon
concentration where this desired conductivity was achieved, which could cause a decrease
in tensile strength. In addition, the literature has concluded that high carbon
concentrations for elastomers cause a reduction in tensile strength (Alam et al. 2014; Sun
et al. 2019; Wang et al. 2014).
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Table 4.6. Tensile Test Results of bare PDMS and composite samples

Tensile ] Elongaiton at
Max. Force Elastic Modulus
a) Bare PDMS Strength Break (%0)
(N) (MPa)
(MPa)
Sample 1 35.79 3.62 1.86 31,49
Sample 2 32.94 3.49 1.76 37,77
Sample 3 36.52 3.78 1.72 38,55
Avg 35.08 3.63 1.78 38,94

Std. Dev. 1.89 0.15 0.07 3,87

Tensile ) Elongaiton at

b) 30 % K70  Max. Force Elastic Modulus

Strength Break (%0)
/PDMS (N) (MPa)

(MPa)
Sample 1 24.47 1.69 3.79 20.03
Sample 2 29.09 1.86 3.35 27,63
Sample 3 27.84 1.85 3.08 23.21

Avg 27.14 1.80 3.52 23.63

Std. Dev. 2.39 0.09 0.24 3.81

The increase in elastic modulus is due to the addition of carbon black, which has

a hard and strong nature, giving hardness to the composite material. This means that the

material will deform less under a certain stress. The percentage of elongation at break

decreased with the addition of carbon black, which was also associated with an increase
in stiffness. Figure 4.27 shows before and after the bare PDMS and 30%K70/PDMS

tensile test samples.
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Figure 4.27. Bare PDMS tensile test samples a)before the test, b) after the test; 30%
K70/PDMS tensile test samples ¢) before the test d)after the test

The tear test graphs of bare PDMS and 30% K70/PDMS samples are given in
Figure 4.28. The maximum peak force value was considered in the test, and tear strength
was calculated using Equation 3.11; the results are presented in Table 4.7. According to
the table, with the addition of 30% carbon, the tear strength of bare PDMS was improved
by 197%. Figure 4.29 Figure 4.27 shows before and after the bare PDMS and
30%K70/PDMS tear test samples.
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Figure 4.28. Tear test results of a) bare PDMS, and b) 30% K70/PDMS

Table 4.7. Tear test results of a) bare PDMS and b) 30% K70/PDMS

a)Bare PDMS Max. Force (N) Tear Strength (N/mm)
Sample 1 1.60 0.86
Sample 2 1.51 0.93
Sample 3 1.66 1.01
Avg 0.99 0.93
Std. Dev. 0.08 0.07
b)30% K70/PDMS Max. Force (N) Tear Strength (N/mm)
Sample 1 4.34 2.66
Sample 2 4.94 3.05
Sample 3 3.63 2.63
Avg 4.30 2.78
Std. Dev. 0.66 0.23
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Figure 4.29. Bare PDMS tear test samples a)before the test, b) after the test; 30%
K70/PDMS tear test samples c¢) before the test d) after the test
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CHAPTER 5

CONCLUSION

This study aimed to produce carbon-based semiconductor polymeric composites
for heating film applications that can be used individually or in industrial areas such as
space and automobiles, using economically available materials. Commercially available
carbon blacks (XE2B, Kappa70) and natural graphite were used as additives in the study.
Carbons were characterized by techniques such as size, electrical conductivity, BET
surface area measurements, and dispersion/settling behavior studies. As a result of these
characterization studies, Kappa70 and methanol were selected as the additives and
solvents. The effect of surfactants with different properties (ionic, nonionic, and
polymeric) was also tested. However, their effect in the composite mixture was complex
and depended very much on the structure of the surfactant and the surface characteristics
of carbon.

Composites with conductivity in the range of 0 to 10.8 S/m were able to be
produced by varying the carbon content between 15% and 35% by weight of
Kappa70/PDMS composite. The 30% K70/PDMS composite had the highest temperature
performance at 49.7 °C under 30 Volts. This also shows that composites can be produced
with the desired conductivity and temperature according to their usage areas.

The morphological characterization of composites by scanning electron
microscope (SEM) showed that carbon nanoparticles start to agglomerate at high
concentrations. Thermogravimetric analysis (TGA) showed similar multistage weight
loss in the composites; this showed that the composites had parallel thermal degradation
mechanisms. While bare PDMS can withstand temperatures up to 400°C, the resulting
composites can withstand temperatures up to 500°C. This showed that the composites
were mechanically more durable at high temperatures. Mechanical characterization of the
composites shows that the addition of 30% Kappa70 improved the elastic modulus by
97.8%, but the tensile strength decreased by 50.4%. This decrease in tensile strength has
been associated with agglomerations and production-related problems due to the high
carbon concentration of the composites.

In conclusion, it has been seen that composites can be designed according to their
usage areas in terms of electrical, thermal, surface, and mechanical properties, and the
study could continue in industry by improving production techniques.
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APPENDIX A

CONDUCTIVITY MEASUREMENTS WITH DETAILED
INFORMATION

Table A.1. Resistance and conductivity measurements of composite samples

L w t R Avg R Std. Dev. Cond. Avg Cond.
Sample
m m m © @ (%)  (S/m)  (S/m)
0.0014 9200 0.14
0.0014 10380 0.14
0.0015 12100 0.13
0.0016 11500 0.12
%25 K70/PDMS 0.0695 0.036 0.0014 10200 9831 1342 0.14 0.14
0.0017 9700 0.11
0.0010 8600 0.19
0.0012 8300 0.16
0.0013 8500 0.15
0.0020 340 2.74
0.0023 330 2.37
0.0022 327 2.51
0.0016 333 3.33
%30 K70/PDMS 0.0687 0.037 0.0016 330 340 15 3.52 3.17
0.0016 322 3.43
0.0015 360 3.57
0.0015 365 3.69
0.0016 355 3.37

(cont. on next page)
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Table A.1. (cont.)

0.0012 160 13.67
0.0011 125 14.55
0.0015 125 10.41
0.0015 126 10.69

%35 K70/PDMS 0.0705 0.036 0.0020 112 123 21 798 10.79
0.0019 97 8.10
0.0015 98 10.62
0.0014 110 11.64
0.0017 150 9.47
0.0017 128000 0.01
0.0018 133000 0.01
0.0015 128000 0.01
0.0013 108000 0.01

%10 XE2B/PDMS 0.05 0.04 0.0015 75000 110222 26257 0.01 0.01
0.0016 148000 0.01
0.0013 77000 0.01
0.0015 109000 0.01
0.0012 86000 0.01
0.0019 330 2.37
0.0020 270 2.26
0.0017 258 2.65
0.0016 273 2.82

%15 XE2B/PDMS 0.05 0.04 0.0016 280 276 25 286 257
0.0017 294 2.61
0.0019 252 2.37
0.0019 246 2.37
0.0016 280 2.79
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Table A.2. Effect of surfactant on resistance and conductivity of composite samples

S | L w t R AvgR Std.Dev. Cond. Avg Cond.

TE ) m om @ @ @) (sm) (i)

0.0025 250 2.82

0.0022 150 3.26

0.0025 333 2.88

%30 KT0/PDMS/ 0.0023 300 3.05
X100 0.07 0.04 0.0027 200 239 71 2.65 2.96

0.0020 180 3.61

0.0025 160 2.87

0.0026 250 2.68

0.0025 330 2.83

0.0012 470 4.47

0.0018 310 3.06

0.0018 350 2.94

%30 K70/PDMS/ 0.0017 330 3.19
DS 0.07 0.04 0.0021 320 358 57 2.56 3.11

0.0020 363 2.64

0.0018 298 3.03

0.0019 350 2.81

0.0016 430 3.27

0.0010 490 3.67

0.0014 520 2.78

0.0014 468 2.82

%30 K70/PDMS/ 0.0012 485 3.23
0.07 0.04 0.0012 530 500 38 3.18 3.09

Fl27 0.0012 530 3.20

0.0013 438 3.00

0.0013 560 3.00

0.0013 480 2.93

(cont. on next page)
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Table A.2. (cont.)

%30 K70/PDMS/
CTAB

0.04

0.0013
0.0016
0.0020
0.0017
0.0016
0.0019
0.0016
0.0012
0.0013

430
520
463
435
384
396
367
420
530

438

57

3.46
2.95
2.36
2.73
2.84
2.51
2.97
3.74
3.48

3.00
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