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CARBON BASED HEATING ELEMENTS AND THEIR PRACTICAL
APPLICATIONS

ABSTRACT

Carbonaceous materials have attracted a tremendous amount of attention during the
last decades due to their outstanding properties for a variety of applications. Among
them, carbon fibers are state of the art materials with excellent physical, mechanical,
electrical, thermal and chemical properties. Especially the thermal and electrical
properties of carbon fibers combined with other prominent characteristics enable
them to be employed as an effective heating element. Regarding to this motivation,
in this study, it is mainly aimed to fabricate carbon fiber based heating elements and
to evaluate them as fabric based heating elements with heat retention. With this
regard, initially, alumina powders (Al2O3) with varying concentrations (0 wt%, 1
wt%, 5 wt%, and 10 wt%) were added in to epoxy based resins. A continuous
coating equipment was designed and utilized to deposit Al>Os/epoxy composite films
on carbon fibers. Alumina with its superior thermal properties most particularly heat
retention abiliy was chosen to increase heating performance of the heating element.
After that, structural, morphological and thermal properties of coated carbon fiber
samples were characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM), and thermal gravimetric analysis (TGA), respectively. Electrical
and heating properties of the coated carbon fiber samples were also investigated and
this investigation was performed using a multimeter and an experimental setup
consisting of a thermal camera and a 60-V DC power supply, respectively.
Additionally, thermal aging characteristics of the heating element were tested to
estimate the service life-time. Heating fabrics designed and developed by means of
this research were applied as plain heaters in a midibus of Anadolu Isuzu Automotive
Industry and Trade Inc. (TURKEY) in the scope of the project (1010 STZ 2016). The
performances of the fabrics, as a part of the Santez Project, were evaulated in the
PhD thesis supervised by Assoc. Prof. Dr. Vollan Kirmaci who is the manager of the
project. Finally, two different carbon fiber based heating fabrics for comparison, with
and without Al,Oz/epoxy film, were prepared to act as plain heaters under 12V
potential. The results pointed out that carbon fiber based heating fabric modified by
Al>Oz/epoxy film exhibited improved heating performance thanks to the synergistic
effects between carbon fiber and alumina structure.

XiX






KARBON BAZLI ISITMA ELEMANLARI VE ONLARIN PRATIK
UYGULAMALARI

OZET

Son birkag on yil i¢inde karbon igerikli malzemeler sahip olduklar iistiin 6zellikleri
sayesinde ¢esitli uygulamalar icin ¢ok biiyiik bir miktarda ilgi goérmiistiir. Onlarin
arasinda, muhtesem fiziksel, mekanik, elektriksel, termal ve kimyasal 6zellikleriyle
karbon fiberler teknoloji harikasi malzemelerdir. Ozellikle termal ve elektriksel
Ozelliklerinin diger seckin karakteristikleriyle birlesmesi karbon fiberlerin etkili bir
isitma elemani olarak kullanilmasini miimkiin kilmaktadir. Bu motivasyonla
baglantili olarak bu calismada ana olarak karbon fiber bazli 1sitma elemanlarinin
uretilmesi ve onlarin kumas bazli 1sitma eleman1 olarak degerlendirilmesi
amaglanmaktadir. Bu kapsamda ilk olarak degisen konsantrasyonlarda (0%, 1%, 5%,
and 10%) alumina tozlar1 (Al203) epoksi bazli recineye eklenmistir. Ozel bir surekli
kaplama ekipmani tasarlanmis ve karbon fiberlerin tizerine Al.Oz/epoksi kompozit
filmleri depozit etmede kullanilmustir. Ustiin termal 6zellikleri ve bilhassa 1s1 tutma
kabiliyetinden dolay1 aliimina 1sitma elemaninin 1sitma performansini artirmak igin
secilmigtir. Daha sonra kaplanmig karbon fiber 6rneklerinin yapisal, morfolojik ve
termal Ozellikleri sirasiyla X 1511 difraksiyonu (XRD), taramali elektron mikroskobu
(SEM) ve termal gravimetrik analiz (TGA) yontemleriyle karakterize edilmistir.
Ayrica kaplanmis karbon fiber Orneklerinin elektriksel ve 1sitma Ozellikleri
arastirtlmis ve bu arastirma sirasiyla bir multimetre ve bir termal kamera ile 60V
dogru akim gii¢ kaynagi igeren bir deneysel diizenek kullanilarak gerceklestirilmistir.
Ek olarak, 1sitma elemaninin termal yaslanma karakteristikleri servis kullanim
Omriinii tahmin etmek igin test edilmistir. Bu arastirma vasitasiyla tasarlanan ve
gelistirilen 1sitma kumaglari proje (1010 STZ 2016) kapsaminda Anadolu Isuzu
Otomotiv Sanayi ve Ticaret A.S.’nin bir midibusinde dizlemsel isiticilar olarak
uygulanmistir. Projenin bir boliimii olarak kumaglarin  performanslari, proje
yoneticisi Do¢. Dr. Volkan Kirmaci damismanlhigindaki doktora tezinde
degerlendirilmistir. Son olarak, karsilagtirma amaciyla Al2Os/epoksi film iceren ve
icermeyen iki farkli karbon fiber bazli 1sitma kumasi, 12V potansiyel altinda yiizey
wsiticist olarak kullanilmasi igin hazirlanmistir. Sonuglar, Al>Os/epoksi filmi ile
modifiye edilmis karbon fiber bazli 1sitma kumasinin, karbon fiber ile aliimina
yapisinin sinerjistik etkileri sayesinde gelismis 1sitma performansi sergiledigini
gostermistir.
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1. INTRODUCTION

Carbonaceous materials are of crucial importances in human life. They have
represented a great asset in many industries from time immemorial. Since then,
carbonaceous materials have diversely used: charcoals to warm up, flaky graphites as
powder for pencil leads, graphite electrodes while making steel, carbon blacks in
reinforcing tires, carbon rods in developing primary batteries because of being
electrically conductive and graphite fluorite to improve their performance, slim
graphite flakes for advanced computers and control panels, carbon fibers in aircraft
and space systems, carbon nanotubes, fullerenes and graphene in nanotechnology,
etc. [1;2].

From past to present, the element carbon has been known with its diversity. Carbon
has various derivatives namely polymorphs or allotropes in contradistinction to most
of elements. Carbon derivatives such as graphite, graphene, diamond, carbon fiber,
fullerene, etc. consist entirely of carbon atoms, however they possess various
structures and properties. Having a three dimensional (3D) structure, the diamond is
one of the hardest material. Nevertheless, the graphite with two dimensional (2D)
structure is quite soft that it is often used as a lubricant. Likewise, the graphite has
good electrical conductivity, can be higher than metallic copper with doping,
whereas the diamond is totally insulator. In addition, carbon nanotubes and
buckminsterfullerene C60 have respectively one-dimensional (1D) and quasi-zero-
dimensional structure, and they have various application area in nanotechnology
[1;3].

Among these carbon derivatives, carbon fiber (CF) is a promising carbonaceous
material which is widely studied and used in applications because of its unique
properties such as splendid mechanical properties at room and relatively high
temperatures, low density and light weight, high thermal and chemical stability, high
electrical and thermal conductivity, low linear coefficient of thermal expansion and



great creep resistance [2;4-6]. Especially in recent years, an increasing number of
researchs on carbon fibers (CFs) have been explored and their application areas
including aerospace, military, automotive, medical, energy generation, construction,
etc. have increasingly expanded thanks to most particularly being suitable for mass
production today [2;5;7-9].

Having low and high temperature applications, heating elements can be divided into
two categories. Low temperature applications are generally applied to household
usage like water heaters, plain heaters, and thermoelectric devices etc. while high
temperature applications are related to industrial requirements including metal
melting, ceramic sintering, and refractory. Heating elements are composed of
electrothermal materials which are some sort of electrical resistance that can easily
and efficiently transform electric energy into heat energy via joule heating namely
resistive heating. Traditionally, metal and metal alloys having high melting
temperatures and preferred resistances are used in these kind of heating elements.
Some metallic alloys which are Kanthal (Fe-Cr-Al Alloy), Cupronickel, and
Nichrome (80/20 Ni-Cr Alloy) with their trade names are main ones. Metal based
heating elements generally show several disadvantages such as non-uniform heating,
higher densities, high power consumption, intolerance to acid or base, relatively
short lifetimes, and rigidities in contrast to their moderate thermomechanical
stabilities [10-14]. Over the last few decades, carbon-based composite materials have
been widely investigated and studied so as to overcome these drawbacks instead of
traditional heating elements. Having distinct and tunable properties like low cost,
accessibilty and processability, low density, good recyclability, combining ability
with other materials, good electrical and thermal properties, carbon based materials
such as carbon nanotubes (CNTSs), graphite, graphene, carbon black, carbon fiber or
their hybrids are promising materials in a variety of applications including heat-
related applications [12;14;15]. In this direction, it is reported that there are many
different studies on carbon based composite heating elements as summarized in
Table 1.1.



Table 1.1 : Some reported studies on carbon based composites with different filler
and matrix types.

Carbonaceous Material Matrix Ref
Applicati eferences
(Filler) heating element form pplication
Graphite and PET Plain heater for [12]
Carbon nanotube commercial vehicles
Carbon nanotube PDMS Not reported [14]
Carbon nanotube PAN based Not reported [16]
carbon fiber
Chopped carbon fiber Cement Smart floor heating [17]
Carbon nanotube PDMS Not reported [18]
Carbon fiber Epoxy resin Composite mold [19]
and glass fabric  as heating element
Chopped carbon fiber Epoxy resin Not reported [20]
Graphene Epoxy resin Not reported [21]
Graphite nanoplatelets PET and EVA Wearable and smart [22]
electronics as heater
Graphene oxide platelets Natural rubber Not reported [23]

latex



Table 1.2 (continue) : Some reported studies on carbon based composites with
different filler and matrix types.

Carbonaceous Material Matrix Ref
Applicati eferences

(Filler) heating element form pplication

Graphite flakes and )

Carbon blacks Polystyrene Plain heater [24]
Graphite Polyethylene Plain heater [25]

glycol

Carbon fiber Epoxy resin Not reported [26]
Carbon black Epoxy resin Not reported [27]
Carbon fiber Epoxy based resin Not reported [28]

According to the table, it can be seen that various carbonaceous materials as filler
have generally been embedded in different polymer matrices to produce composite
heating element in film or bulk forms. Among all carbon based materials, CF has
been studied a lot more due to relatively low cost compared to the past, being
available mass production, and outstanding characteristics. Graphite also has similar
properties. However, CF with greater mechanical properties has been preferred more
rather than graphite [5;9;29].

As mentioned above, carbon derivatives have usually been utilized as filler material
in composite films in literature. There are also a very few studies reported in which
carbon fiber is used as main material (matrix) on heating element. For instance,
Chien et al. [30] developed nanostructured zinc oxide (ZnO)-coated CF filaments to
investigate their thermal properties for infrared (IR) heater. Likewise, a study of CF
coated metallic zinc (Zn) powder on joule heating has been reported by Jonathan et

al. [31]. Nevertheless, no other studies and applications of carbon fiber coated



materials other than Zn and/or ZnO as a heating element have been founded as far as
the literature survey done.

Within scope of this thesis, the main purpose is to produce alumina (Al.O3) coated
CF to be employed a heating element in that the exact study has not been worked on
before to the extent literature survey. In this context, an authentic carbon fiber
coating equipment firstly were designed and all coating operations were carried out
by using this equipment. Then, all obtained final samples were characterized by
several characterization techniques including XRD, SEM and. TGA for structural,
morphological and thermal properties, respectively. Besides, electrical, heating and
thermal aging properties of the samples were investigated with using the
experimental setups. In the light of these results, obtained final products were
evaluated and the most effective one were chosen to be used in various heating
applcations. In this direction, alumina coated and uncoated heating fabrics containing
CF filaments were designed to be employed in heating applications. Then, their

heating performances were also tested.






2. THEORETICAL BACKGROUND

2.1 Heating Elements

Heating elements are commonly utilized in  various domestic and industrial
applications such as; toasters, hair dryers. deicing, home improvement, furnaces,
space heating, plain heaters, electric blankets, and seat heating. Heating elements are
developed as wire or strip shape and they can also be taken preferred shapes by
bending. Metallic form of heating elements are most common one. However, non-
metallic materials like silicide and carbide are also favorable in fabricating heating
elements. Any of these materials mentioned above are required to have some
desirable properties including high melting temperature, atmosphere stability,
thermal and mechanical shock resistance, constant temperature coefficient of

resistivity, and ease of forming for utilization as a heater [11;32;33].

The materials of heating elements can withstand up to maximum 2000°C for
operating temperatures. However, the resistance of each material varies in this
temperature range for a certain atmosphere. To give an examle, having an operating
temperature up to 1500°C in air (oxidizing), a metal can be utilized at most 1150°C

in a reducing atmosphere [11;33].

2.1.1 Resistive heating (Joule heating)

The electrical power P in association with the flow of a current | under a voltage

difference V is specified by

P=VI (2.1)

This power is dissipated in the form of heat due to the resistance of material and this
phenomenon is called as resistance heating. In addition, the principle on conversion
of electrical energy into thermal energy is known as Joule effect (Joule’s Law). This
is why the resistive heating is also referred to as joule heating. The units of P, V and,
| are respectively watts (W), volt and, ampere. Based on Ohm’s law (Equation 2.2)
which indicates the direct proportionality of voltage (V) and current (1) in a

resistance (R),



V =1IR (2.2)

equation 2.1 can be explained as

P=I°R (2.3)
and as
_V?
P—/é (2.4)

As a result of Ohm’s and Joule’s Law, the relationship between electrical energy
(input) and thermal energy (output) has been clarifed. From this point forth, resistive
heating can procure undesired heat as well as and desired heat
generation. Because of Joule’s Law, resistive heating arises from the presence of any
electric current passes through a resistive material. Therefore, the design of heating
systems should be made by taking into account this phenomena and the risk of
overheating, even melting, On the other hand, the amount of heat generated can be
controlled by the internal resistance of the heating element as well as the applied
electric current and voltage. That is to say, so as to achieve a desired high power
value (heat amount), both voltage and current should not be too small (equation 2.1)
and their values depend on the resistance. If the values of resistance of the materials
used in heating elemetns is small, the values of voltage will also be small since V =
IR. On the contrary, when the resistance is large, the current will be small since | =
V/R. Accordingly, an intermediate resistance value is optimal to obtain a desired
high power [32;34;35].

Additionally, resistance of the material applied to an electric field depends on both

electrical resistivity which is characteristic property for all materials.

L
R=p7 (2.5)

As for equation 2.5, the resistance of the heating element is proportional to its length
(L), and inversely proportional to its cross-sectional area (A). Moreover, the the

electrical resistivity (p) for the material is a function of temperature.



Measuring the ability of materials to permit electrical current to flow, the electrical
conductivity (ce) which is also an inherent material property and a function of
temperature is identified as the reciprocal of resistivity. This relation is given by
equation 2.6 [11;34].

(2.6)

Table 2.1 : Electrical conductivities (at room temperature) of some materials [11].

Metals and Alloys  *Conductivity e (Q.m)* Non Metals *Conductivity e (QQ.m)
Silver 6.3x10’ Graphite 10°
Copper (cp) 5.8x107 Germanium 2.2
Silicon 0.43
Gold 4.2x107 Polyethylene (PE) 10
Polystyrene (PS) 101
Aluminum (cp) 3.4x107 Diamond 101

Table 2.1 shows the electrical conductivities of some engineering materials. It can be
seen that each material possess different conductivities and accordingly they are
classified as conductor, insulator and semiconductor regarding to their conductivity
values. It is clearly seen that why pure metals are utilized in heating elements thanks
to their highest conductivities. With the very low conductivities, some materials in
the table including polyethylene (PE), polystyrene (PS), and diamond are electrical
insulator. Having the conductivitiy values smaller than metals but much greater than

insulators, graphite, germanium, and silicon are semiconductors [11].

2.1.2 Types of heating elements

As summarized in resistive heating, the basic principle of heating with heating
elements is based on transformation of electrical energy to thermal energy in which
an electrical current passes through a chosen resistance material or element then

transfers its generated heat by conduction, convection and/or radiation to the material



(Figure 2.1.).With this phonemena, heating enviroment is also heated together with

heating element [36].

Current Current

Electrical contact

Heating element

Figure 2.1 : The basic representation of a heating element [32].

Materials to be used as heating elements consist of metal and metal alloys, ceramics,
sheathed elements, graphite, composites (polymer matrix composites, cement matrix
[37].

2.1.2.1 Metallic heating elements

Conventionally, the heating materials is designed by the utilization of functional
materials in the various form. For instance, metals used as a coil supply the necessity
of a long length of metal wire by virtue of the low resistivity of metals. Metallic
elements are generally used in the form of wire, strip, tape or coil. Having these
mentioned shapes, heating materials require to be admissible ductility in the
production process. Besides, there are a few potential points to be considered such
as, decreasing life-time of heating material because of decreasing cross-section of
the material used by progressive oxidation of surface or reduction of mechanical
properties in a given service temperature and so. Practically, an optimal thickness of
the heating element for suitable life-time is decided for each application. Metal
compositions for the use of heating applications depend on service temperature
desired, resistivity of the material, the temperaure coefficient of resistance, corrosion
resistance, mechanical properties, machinability, and cost [36;37].

The dominant metallic heating elements based on metals and alloys for domestic and
industrial applications nickel-chromium, iron-nickel-chromium, and iron-chromium-

aluminium alloys. Among these, nickel-chromium alloy known as nichrome with
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common composition of 80% nickel and 20% chromium has been prevalently used
thanks to its attractive properties such as, low cost, high resistivity compared to many
other metals, oxidation resistance at elevated temperatures [32;36]. In general,
having higher maximum element temprerature (1425°C in comparison with 1250°C
for nichrome), longer life-time (2-4 times), higher surface load, higher resistivity,
lower density and, no spalling oxide (which may occur contamination and also
originate short circuit or failure of elements), the iron-chromium-aluminium alloys
with commercial name as kanthal have better properties compared to nickel-
chromium based alloys in terms of performance and life-time. However, they can not

easily manufactured as nickel-chromium alloys [36;38].

All alloys mentioned above form an adherent non-spalling, self-sealing oxide layers
on the surface of the alloy. Further oxidation is restricted by diffusion of reacting
species through this oxide layer. The iron-chromium-aluminium alloys depend on an
alumina film occuring on the surface and, a chromium oxide film as for the nickel-
iron-chromium alloys. Moreover, The some exotic metals including platinum,
tantalum and, molybdenum are utilized for specific applications like vacuum works
in elevated temperatures. Some examples of these materials with applications and
some characteristics is illustrated by table 2.2 [36].

On the other hand, sheathed heating elements are considered within metallic
elements in which sheathed elements are based on protecting the elements used from
the environment conditions in working area with the utilization a proper insulation
layer covering the element from an outer sheath. For instance, several domestic
appliances employed as heating materials including cooker rings, immersion heaters
and kettle elements are manufactured with using magnesium oxide powders which
separate the helical element coils from copper, stainless steel or nickel based alloy

sheath material.

Similarly, in many industrial applications such as cartridge heaters, radiant panels
and immersion heaters, mineral insulated elements are also utilized. Thin strip or
band heaters are convenient utilizing a mica insulation between the element and the
sheath. Other industrial appliances having more importance operate a protective and
thermally conductive metallic or ceramic sheath insulated from the heating elements
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by an air space formed by appropriate ceramic supports and spacers. As
forementioned, the choice of materials for employing in any of these applications
should be attentively made referring to the thermal, electrical and mechanical

properties, corrosion or degredation resistance and so [36].

2.1.2.2 Non-metallic heating elements

Metal based heating elements having a temperature limit around 1400°C are
commonly utilized up to approximately 1300°C for reliable service conditions. These
elements lose their strength over time and their service life-time relatively short. For
this reason, one of the non-metallic heating elements based on ceramic material such
as, silicon carbide, molybdenum disilicide, lanthanum chromite and hot zirconia
which possess satisfying electrical conductivity to be employed as heating elements

are widely used.

These ceramic based materials enable to be performed as heating elements up to
1700-1800°C service temperature. However, ceramic heating elements have some
differences from metal based ones in many respects. The most important point to be
paid attention is that they are deprived of formability. Therefore, ready-made forms
which are in a fixed form such as rods, hair pins are useful for these heating

elements. For example, the furnaces are designed by use of ready-made forms.

The silicon carbide and molybdenum disilicide elements which rely on a protective,
self-sealing silica layer throughtout the surface are in tendency to be brittle. Thus,
they should be carefully handled. Even so, these elements are sutibale for much
higher temperatures and can witstand higher surface loadings in air compared to
traditional metallic elements. Besides, some of them can possess unusual temperature
coefficients of resistance. For instance, having a negative temperature coefficient
(NTC) (a) up to approximately 788°C, silicon carbide possesses a positive
temperature coefficient (PTC) of resistance above this temperature. Figure 2.2

illustrates resistiviy of some materials in relation to that.
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Figure 2.2 : Resistivity (relative to 0°C) of some resistance materials [36].

Consider that the values depicted in the figure are only given with the intention of
illustration. The actual resistivity may vary with respect to purity, grain size and type
of production. Once again, form of element, working resistance, support, insulation
and the other parameters should be taken into consideration alongside selection of

element.

Graphite is another common nonmetallic element material for the purpose of heating

element and note that it has to be employed in the oxygen-free mediums [33;36].

Table 2.2 : Materials for resistance-heating elements [36].

Material O(°C) p(10%m) a(10°%/K) Principal application
Nickel based alloys! 1200 108 +14 Furnaces,  resistance  heaters,
80 Ni/20 Cr mineral insulated elements for

domestic and industrial use

60 Ni/15 Cr/bal Fe 1150 111 +18 Firebar and convector heaters.
Domestic and furnace application
up to 1100°C

35 Ni/20 Cr/bal Fe 1100 104 +29 Some domestic appliances and
general heating equipment at
moderate temperature.
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Table 2.3 (continue) : Materials for resistance-heating elements [36].

Material O(°C)  p(10®%m) a(10%/K)  Principal application

20 Ni/25 Cr/bal Fe 1050 95 - Terminal blocks

22 Cr/5.3 Al/bal Fe 1375 139 - Industrial furnaces

22 Cr/4.8 Al/bal Fe 1300 135 4.7 Furnaces for moderate
temperatures, appliances

Exotic metals 1300 10.58 3.92 Laboratory furnaces, small muffle

Platinum furnaces

90 Pt/10 Rh 1550 18.7 —

60 Pt/40 Rh 1800 17.4 -

Molybdenum? 1750 5.7 4.35 Vacuum furnaces, inert
atmosphere furnaces

Tantalum? 2500 13.5 35 Vacuum furnaces

Tungsten? 1800 5.4 4.8 Incandescent lamps, vacuum and
inert atmosphere furnaces

Nonmetallic materials 3000 1000 -26.6 Vacuum, inert gas, reducing-

Graphite? atmosphere furnaces

Molybdenum disilicide 1900 40 1200 Glass industry, ceramic kilns,
metal heat treatment, plus
laboratory furnaces

Silicon carbide 1650 1.1x 105 — Furnaces for heat treatment of
meals, ceramic Kkilns, conveyer
furnaces

Lanthanum chromite 1800 2100 — Laboratory furnaces and special
ceramic kilns

Zirconia® 2200 — — Laboratory furnaces and special
ceramic kilns

©, Maximum element operating temperature; p, electrical resistivity at 20°C; a, mean temperature coefficient of resistance at
20°C

1: Approximate compositions.

2: Not be used in atmosphere containing oxygen, oxides of carbon, water vapor, etc.

3: Becomes sufficiently conducting at temperatures in excess of 1000°C.

Composites are created by combining at least two different materials with a separate
interface between them to constitute a single substance. These materials having
different physical and chemical properties are commonly classified as matrix and
dispersed phase (reinforcement). Although matrix and reinforcement possess
different properties, the combination of them forms a composite with outstanding

properties compared to the parent material [39].

Among the composite materials, polymer matrix composites attract great interest in
many applications due to its low density, load-adapted rigidity and strength and ease
of manufacture. In these composites, particles and/or fibers (usually glass or carbon
fibers) are embedded in a polymer matrix. Polymer matrix composites are dominant

materials utilized in heat-related applications in which electrically conductive phase
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(additives or fillers) are used. Carbon materials such as carbon black and carbon
fiber, metallic materials including aluminum flakes, stainless steel fibers, metal
coated materials, metal particles and conjugated conducting polymers are used in
polymer composites as a conductive phase, thus makes the polymer composite
suitable for usage as a heating element. Lastly, polymer matrix composite heating
elements have relatively low temperature limit because of its thermal properties. The
majority of the studies given in the table 1.1 are related to polymer matrix

composites in which various polymer resins are used as a matrix material [11;39-41].

Additionally, cement matrix composites are also employed in heating applications.
Traditional concrete has electrical conductivity, whereas its resistivity is too high for
joule heating to be useful. This high resistivity can be diminished with using severel
electrically conductive additives including discontinuous carbon fibers or steel fibers,
and graphite or other carbon materials. Also, alkaline slag binder can be used to
reduce it. Nevertheless, among these, the best procedure to adjust the resistivity is to
utilize a conductive admixture at a volume fraction beyond the percolation threshold
[37].

In comparison with other materials, carbon has come to the forefront during the
recent years due to its superior properties such as high resistivity, great temperature
resistance, ability to radiate heat, and its usability in fiber shape. For this reason,
carbon and its derivatives are applicative for heating elements. These carbon based
materials have been extensively studied in heating applications as carbon based
polymer composites or carbon-carbon composites. Some forms of carbon heating
elements are continuous and discontinuous carbon fiber, unwoven carbon fiber mats,
woven carbon fiber fabrics, carbon black, flexible graphite and other nanostructured
carbon materials [14;18;32;41-43]. Similarly, some studies in which carbon materials

used are listed in the table 1.1.

2.2 Carbon Fiber

2.2.1 Historical perspective

The history of carbon fibers (CFs) dates backs about thousands of years. CFs have

been fabricated unintentionally by using natural cellulosic fibers like cotton or linen
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for a long time. The first CFs made purposively have been recorded in 1879 by
Thomas Edison in which he carbonized cotton yarn to obtain a incandescent lumb
filament. However, this workout could not be wholly accomplished and he
consequently revised his effort with using a tungsten wire instead of the fiber.
Thereafter, revival of interest for CFs lasted until 1950s. Large-scale production of
CFs started in this year when synthetic rayons as textile materials including cloth and
felt were carbonized to manufacture CFs for high temperature applications.
Following that, the development of high performance fibers from polyacrylonitrile
(PAN) in the 1960s in Japan and the UK led to a commercial breakthrough. Having
simpler production process and higher carbon output with %50 compared to rayon
with %30, PAN based fibers are more efficient and economic. At around the same
times with development of CFs from PAN, pitch based fibers attained prevalently
from petroleum, asphalt, coal tar, and PVC were introduced in Japan and the U.S..
Although it has a very cheap precursor, pitch based fibers are ordinarily inferior to

PAN based fibers in terms of its properties [3;5].

2.2.2 General information for structure and properties

Carbon fibers have an atomic structure similar to graphite and formed entirely of
carbon atoms. Perfect graphite composed of graphene sheets in which carbon layers
are aligned in a hexagonal crystal system along three dimensional order as shown in

figure 2.3.

Figure 2.3 : Structure of graphitic crystals and crystal directions [2].
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However, CFs can be also in hybrid or turbostratic which is two dimensional
structure as well as graphitic one. In graphitic hexagonal periodicity, graphene sheets
are arranged in parallel to each other in an orderly manner. The atoms in a sheet are
covalently bonded each other via sp? bonding, whereas there is a relatively weak Van
der Waals forces between the sheets. Among the two graphene layers, d-spacing
(doo2) is around 0,335 nm for a single graphitic crystal shown in the figure 2.3.
Calculated elestic values of these crystals have been reported that Cq1 (a direction),
Cas (c direction) and Cas (parallel to the planes or shear planes) are respectively 1,060
GPa, 36.5 GPa, and 4.5 GPa [2;5].

Carbon fibers have commonly turbostratic structure because of stacking parallel
graphene sheets as an arbitrary displacement. In this structure, it has been stated that
interplanar d-spacing may go up to 0,344 nm due to irregular stacking and presence
of sp3 bonding. The interplanar spacing of CFs tends to increase at higher
manufacturing temperatures compared to perfect graphite. For instance, an
investigation carried out by Johnson and Watt [44] demonstrated that turbostratic
crystallites have Lc (crystallite height) of at least 12 layer planes and La (crystallite
width) of 6-12 nm in a PAN based CF processed at 2500°C. These crystallite
parameters increase with the heat traetment temperature. In general, a perfect
graphite-like crystalline order can only be sighted in pitch-based CFs and vapor
grown CFs. As for turbostratic structure, it may be observed in CFs formed by other
precursors like PAN. Figure 2.4, 2.5 and 2.6 demonstrate the examples of SEM
(scanning electron microscope) microstructures of PAN based CFs, pitch based CFs,
and rayon based CFs, respectively [2;5].
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Figure 2.4 : Scanning electron micrographs of PAN based carbon fibers: (a) low and
(b) high magnification [5].

Figure 2.5 : Scanning electron micrographs of pitch based carbon fibers: (a) low and
(b) high magnification [5].
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Figure 2.6 : Scanning electron micrographs of rayon based carbon fibers: (a) low
and (b) high magnification [5].

The carbon fiber microstructure changes regarding the precursors and manufacturing
conditions. There are a variety of representative models for microstructures have
been recommended. For instance, according to Wick’s model [45] the graphite sheets
are arranged as parallel to the fiber direction while stacked irregularly in the
transverse direction. Another study for microstructure model of CFs based on PAN
based CFs. In this study, it was reported a branched microfibrillar structure in which
many of the fibrils lined up in the fiber longitudinal direction. The width of these
fibrils is around 10 nm [2] Several microstructures from the pitch based CFs such as
radial, flat-layer and, onion-skin having transverse texture proposed by Edie et al.

[46]. These microstructures are given in figure 2.7.
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Figure 2.7 : Microstructures of pitch based carbon fibers [46].

Noted that fiber properties is directly associated with microstructure of fibers. CFs
have high electrical and thermal conductivity through the fiber direction, since they
possess high content of delocalized = electrons and graphene sheets in CFs are
parallelly aligned through the fiber axis. The thermal conductivity of CFs varies
within a wide range depending upon fiber precursor and fiber structure. Having
highest degree orientation, especially pitch based CFs have highest value of thermal
conductivity along the axis direction. It can be more than 1000 W/mK which is
almost three times of copper that is one of the best metal conductor. On the other
side, PAN based CFs possess lower thermal conductivity compared to pitch based
CFs due to their more obvious isotropic structure. Therefore, they can only have a
thermal conductivity coefficient up to 125 W/mK at room temperature. Electrical
conductivity of CFs is also able to compete with metals. In general, pitch based CFs
with a high orientation demonstrate a greater electrical conductivity than PAN based
CFs [1-3;29;47].

Otherwise, thermal expansion coefficent of CFs measured through the longitudinal
direction is quitely low and negative which is in the range of -0.5x10%K and -
2.0x10°/K at room temperature, once more due to high crystalline arrangement.

These values increase slowly with a temperature rise [2;3].
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In company with their low density of 1.7 — 2.0 g/cm®, CFs have excellent strength to
weight ratio making them great candidate for many application. High modulus and
strength of fibers stem from high crystallinity and great alignment of crystals in the
axis direction. It should be noted that tensile strength and tensile strain decrease
while elactic modulus increases. As an outstanding value, tensile strength of CFs
may be around 5 GPa and over depending precursor type, processing conditions and
fiber structure, and this value makes the CFs almost five times stronger than steel.
Moreover, compressive strength of CFs is low because of weak Van der Waals

bonding between the graphene sheets and their fibrillar structure [1-3].

Apart from all mentioned properties, CFs have high corrosion resistance, chemical
and biological inertness, fatigue resistance, and nonflammability features. Also, a
general reduction in their cost during the recent years makes the CFs unique and

most desirable material nowadays [1;29].

2.2.3 Precursor types

As mentioned above, CFs are produced from three main precursors which are PAN
(polyacrylonitrile), pitch manufactured from petroleum or coal tar, and rayon which
is a cellulose based textile material. In addition, several alternative precursors for
CFs have been studied over the years such as lignin, silk chitosan, eucalyptus tar
pitch and synthetic polymers. Further, vapor grown CF were also produced from

gaseous hydrocarbons [29].

2.2.3.1 PAN (polyacrylonitrile) based carbon fibers

Among the all commercial precursors for carbon fiber production, PAN precursor
with molecular formula [CsH3N]» is the most favored one which has over 90% usage
today.This widespread utilization of PAN is owing to being most suitable precursor
to obtain high performance CFs (in comparison with pitch or rayon) with its higher
melting point and greater carbon yield which is over 50% of the initial precursor
mass. Having the greatest tensile strength and a wide range of elastic modulus
compared to other precursor based CFs, PAN based CFs can also be fabricated in a
variety of tows. Considering the processing and purifying the pitch precursor to form

fiber, they are more expensive than fiber produced from PAN precursor. PAN with
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relatively high carbon yield can be provided that a thermally stable, highly oriented
molecular order in a low heat treatment temperature. Additionally, PAN precursor
has fast pyrolysis rate without evolving its main structure [1-3;48]. Its molecular

structure were given in figure 2.8.
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Figure 2.8 : The molecular structure of PAN [48].

In particular, the studies in recent years demonstrate that PAN based CFs have been
extensively used in a wide range of areas including textile industry, composite

technology, and other structural applications [48].

Processing conditions of PAN precursor to obtain CFs have a few steps listed in table
2.3.

Table 2.4: Processing steps of PAN precursor [49].

—L Processing steps of PAN precursor

® Polymerization of PAN
e Spinning of fibers

* Thermal stabilization
e Carbonization

e Graphitization

e Surface treatment

Regarding this, initially, acrylonitrile plastic powder is combined with another plastic

in which methyl acrylate or methyl methacrylate are generally utilized. After, they
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are reacted with a catalyst by the addition polymerization method through
suspension or solution polymerisation process to compose a PAN plastic.

Subsequently, the plastic formed is spun into fibers by a few methods. In one of these
methods, the plastic is combined with spesific chemicals and pumped through tiny
jets into a chemical bath or quench chamber in which the plastic condences and
solidifes into fibers. Further method, the plastic mix is heated and pumped through
tiny jets into a chamber in which the solvents evaporate and a solid fiber forms in
time. The spinning is crucial, since the internal atomic structure of the fiber is taken
shape during this step. Thereafter, the fibers are washed and stretched to obtain the
requested fiber diameter. The stretching process ensures the proper alignment of the
molecules within the fiber, and the formation of the tightly bonded carbon crystals

after carbonization step.

Following the spinning, the chemical structure of fibers have to be transformed from
their linear atomic bonding to a ladder bonding that is thermally more stable in
advance of carbonization process. This process named as thermal stabilization is
carried out by heating the fibers in air up to around 200-300°C for 30-120 min. With
this treatment, the fibers gather up oxygen molecules from the air and regulate their
atomic bonding model again. The chemical reactions in thermal stabilization are
complicated and include many steps in which some of them take place
simultaneously. In addition, a temperature rise occurs due to these chemical

reactions, and it have to be controlled to prevent overheating of the fibers.

Subsequent to thermal stabilization step, the fibers are heated to ~1000-3000°C for
certain minutes in a furnace containing a gas mixture through carbonization and
graphitization process. The mixture must be without oxygen in terms of avoiding the
fibers from burning in high temperatures. Also, the gas pressure inside the furnace
must be higher than the outside air pressure, and the inlet and outlet zones of fibers to
furnace must be isolated to prevent oxygen entrance. Heating the fibers provides the
loss of their noncarbon atoms as well as a few carbon atoms in a variety of gases
form which are water vapour, ammonia, carbon monoxide, carbon dioxide,
hydrogen, and nitrogen. After the noncarbon atoms are removed, tightly bonded
carbon crystals occur and these crystals have a more or less parallel alignment
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through the axis direction of the fiber. Apart from the all these, the process named as
carbonization occurs around 1000-1500°C in which carbon yield is between 50% and
55%, and circular structure of the fiber is provided. Also, a significant amount of
gases products is expelled. As for graphitization, it is carried out at higher
temperatures that is up to 3000°C. At the end of this process, the carbon yield of the
fiber is over 99% and tensile modulus of the fiber is also increased.

In the sequel of carbonization and graphitization processes, the surface properties of
fibers are not well to bond with other materials utilized in composite structure. To fill
this deficiency and obtain better fiber surface in terms of bonding properties, their
surface is oxidized slightly. The oxygen atoms added to the surface with oxidation
maintains better chemical bonding and also etches and roughens the surface for better
mechanical bonding. This process is carried out by exposing the fibers in gases or
liquid products such as; air, carbon dioxide, ozone, sodium hypochlorite, nitric acid.
The fibers may also be coated by electrolytically to make the fibers the positive
terminal in a bath contaning several electrically conductive materials. In the surface
treatment, the process should be carefully perfomed to prevent the fiber from surface

defects such as pits which could induce fiber failure.

CFs produced at the end of several steps mentioned above are often coated to utilize
in composites. With this coating process, the better interaction between the fiber
surface and the matrix and, also the protection the CFs from a damage during
winding or weaving are provided. This coating process called sizing are performed
by using compatible coating materials including epoxy, polyester, nylon, urethane,
and others [3;29;48;49].

2.2.3.2 Pitch based carbon fibers

There are two kinds of pitch used for fiber production which are natural pitch and
synthetic pitch. Natural pitch is obtained from petroleum and coal tar comprised of
fused aromatic rings. In general, although coal pitch have more aromatic rings than
petroleum, petroleum pitch is utilized more, because coal pitch having a high carbon
particle content induces filament breakage in due course of extrusion and thermal
tretament. Pitch precursors can be made up of higher than 80% carbon and its
composition changes depending on source and processing conditions. Natural pitch
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precursors are optically divided into two categories as isotropic and anisotropic that
is also known as mesophase pitch.

Pitch precursor has several advantages such as having lower material cost, higher
char yield, higher degree of orientation compared to PAN. Pitch based fibers with
graphite-like structure (Figure 2.9) due to great degree of orientation possess higher
elastic modulus and better thermal and electrical properties throughout the fiber
direction. But, especially some processing steps including pitch purification,
mesophase formation and fiber spinning cause considerably cost increase to obtain

high performance CFs.

Figure 2.9 : A representation of a change from mesophase to graphite-like
structure in carbonization and graphization steps [47].

Both isotropic and anisotropic (mesophase) pitches are utilized in CF production.
Isotropic pitches which are petroleum and coal tar are used to produce low elastic
modulus and low strength for general purpose with low cost. However, the
mesophase pitches are commonly preferred to achieve high performance fibers.
Having a significant amount of anisotropic phase (liquid crystalline phase) and a
istropic phase, mesophase pitch is obtained by the pyrolysis of petroleum or coal tar

pitch in which they are heated at 350-500 °C in an inert atmosphere. Then, they are
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needed to be subjected to the given temperatures for hours or even days to achieve

requested amount of mesophase.

The production of CFs from the pitch precursors have some differences as well as
similarities considering the processing of PAN. Among these, the pitch preparation
step is the foremost. In this operation before spinning, pitches used are subjected to
purification process to eliminate the impiruties. Because these impiruties cause a
decrease in tensile strength of CFs produced. Besides, thermoplastic pitch is
transformed to a thermoset form during stabilization to be undergone high
temperature carbonization process. Table 2.4 demonstrates the list of production

steps of CFs from pitch precursor.

Table 2.5 : Processing steps of pitch precursor [29].

—L Processing steps of pitch precursor

e Pitch preparation
e Spinning

e Thermosetting

e Carbonization

e Graphitization

e Surface treatment

Furthermore, the synthetic pitches have been drawn an high interest during the recent
years. As these pitches have a higher purity and also stabilization process of them

can take place faster at a determinated temperature [2;29;47].

2.2.3.3 Rayon based carbon fibers

Cellulose based materials including rayon, cotton, flax, sisal, and linen are also used
in CF production. Among these cellulosic materials, rayon has been predominantly
utilized and investigated for commercial applications. Several types of rayon for
fibers are available. However, highly polymerized viscose rayon is the most suitable

one given molecular structure in figure 2.10.
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Figure 2.10 : The molecular structure of viscose rayon [3].

It can be seen that molecular structure of rayon having chemical formula (CeH100s)n
has many heteroatoms (O and H) which must be expelled. Furthermore, many carbon
atoms are lost due to the formation of volatile carbon oxides during pyrolysis. After
all, the total weight loss reach up to ~70% in the thermal decomposition step and,
carbon yield for rayon based CFs are only between 10% and 30%. Besides, the
processing cost of them are high and physical properties are limited. Accordingly,

the utilization of rayon based CFs are commercially limited.

The processing steps of rayon to obtain CFs is similar to PAN and pitch precursor.

They have three main step which are;

» Low temperature decomposition/oxidation
» Carbonization
» Graphitization

Elastic modulus of rayon based CFs can be higher than 500 GPa with a medium
tensile strength of about 2.5 GPa [2;3;29].
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3. EXPERIMENTAL STUDIES

3.1 Materials

Within the scope of this thesis, PAN based CFs, alumina (Al.O3) powder and, epoxy
based polymer resin materials were utilized to produce carbon based heating
element. Among these materials, the main material is the carbon fiber (Figure 3.1).
Each CF filament contains a sheaf of individual fiber in which total number of this
fiber is approximately 12000. CF filaments utilized were commercially supplied
from DowAksa(Turkey). Having a superior elastic modulus and strength, CF is also
both thermally and electrically great conductor and a non-flammable material as

mentioned before.

Figure 3.1 : The carbon fibers.

Epoxy resin as a thermoset polymer have been extensively used in various
application including coatings, adhesives, sealants, insulation materials in power
equipment and heavy apparatus, encapsulation of electronic circuit elements and a
matrix resin for composites, under favour of their perfect electrical insulation
properties, beneficial heat and chemical stability, and suitable manufacturing process
[50]. Epoxy resin used in the scope of the thesis was purchased from Akkim

Chemistry Inc. Izmir Turkey. This resin is a milky water-based polymer emulsion.

Alumina is the one of the refractory materials which are capable to retain the heat
directed to them. They also accumulate and withstand to high temperatures. Besides,

alumina has lower cost compare to other important refractory materials such as MgO,
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BeO, adn ZrO; [51]. Because of these, alumina was chosen as a coating material for
heat retention in the scope of this thesis and the alumina powder used in this study,
which have a purity over 99% and have a particle size 50 um in the range of 65-80%
and <45um in the range of 10-25%, was supplied from Eti Aluminyum A.S. It must
also be noted that this alumina powder used is a residuum obtained from production
of aluminum. Consequently, by depositing Al>Os/epoxy films on CFs to produce
fabric based plain heaters, a residual material was employed — with an environmental

friendly approach — as a functional additive in a composite material.

3.2 Method

3.2.1 Design and application of carbon fiber coating equipment

In the scope of this thesis, a CF coating equipment (Figure 3.2) was designed. CF

coating process was carried out by using this equipment.

- spindle

Coated CF

Furnace

Magnatic Stirrer SN

Figure 3.2 : @) The carbon fiber coating equipment b) The schematic
representation of the coating process.

In this coating equipment, spools (1) were used for movement of CFs. CFs were
firstly applied on the left spool, then all CFs were put on the other spools. A furnace
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(2) was put on the equipment for drying and curing of a coating solution. The coating
solution (3) was prepared in different ratios of alumina powder and epoxy resin
material, then was placed on the magnetic stirrer (4). The magnetic stirrer helps to
stir the solution by created magnetic field. The final spool (5) is the spindle which is

utilized in rolling CFs coated with epoxy and alumina powder (E/A-CF).

3.2.2 Coating application

Subsequent to the coating equipment design, the preparation of the coating process
was started. The half of the first spool was positioned the way that into the coating
solution. Coating solutions were prepared with four different ratios and these ratios
were given in table 3.1. The epoxy resin used in each coating solution was 500 g.
Initial application was done with pure epoxy resin without alumina powder and then
1%, 5%, 10 % ratios of alumina powder (Al>O3) was added into the epoxy,
respectively. Subsequently, the furnace was heated up around 210°C and the speed
adjustment (~0.06 m/s) was done. Later, the coating process was begun. Firstly, CFs
on the first spool were immersed into the coating solution then move through the
furnace for drying. The coating process was repeated for each solution as listed in
table 3.1.

Table 3.1 : The ratios of coating solutions.

Solutions Weight of Al203(Q)
E/Ao 0

E/A1 5

E/As 25

E/A10 50

3.3 Characterization of Samples

3.3.1 Morphological, structural and thermal characterization

Several characterization methods were carried out to investigate morphological and
structural properties of samples prepared by coating before and after the coating
process. X-Ray Diffraction (XRD) and Scanning electron microscopy (SEM)
analyses were done on the alumina powder (Al203). SEM and XRD analyses were
also done on the coated CFs. Additionally, Thermal Gravimetric Analysis (TGA)
was used to determine the structural degredation temperature of bare CFs.
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3.3.1.1 X-Ray diffraction (XRD)

X-Ray Diffraction analysis is a common analytical technique used in determining
structural phases of materials for all kinds of materials such as powders and crystals.
Also, XRD can provide information about the unit cell determination of materials so
crystallite structures can determine. XRD analysis depends on constructive
interference X-Rays and crystalline sample [52].

The crystallinity and phase structure of the samples were characterized via X-Ray
diffractometer (Thermo Scientific ARL K-Alpha) Cu-Ka irradiation (A = 1.54 A)
scanning between 260 of 10° and 70°. These analyses were performed by a scanning
speed 0.1 and during 600 seconds.

3.3.1.2 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is a one of the basic types of electron
microscopes which is a powerful method for the investigation of surface structures of
materials. The specimens desired to observe can be displayed in various
magnification in the range of 10 and 100000 times depending on the instrument
utilized. In brief, SEM generates an image by means of signals created via a high-
energy beam of electrons passing through the specimen. The types of signals
produced by the SEM is made up of secondary electrons (SE), back-scattered
electrons (BSE) and characteristic X-rays which provides the viewer the impression
of three dimensions [11;53].

In the scope of this thesis, the microstructural observation of alumina powder and CF
samples (bare CF, E/Ao-CF, E/A:1-CF, E/As-CF and E/A10-CF) were carried out by
using the Zeiss Sigma 300 VP instrument operating at a few accelerating voltage
with several magnifications. EDS (Energy Dispersive Spectroscopy) analysis which
is a method of SEM providing chemical elemental composition of materials was also

done to obtain chemical elemental composition of coated CF samples.

3.3.1.3 Thermal gravimetric analysis (TGA)

TGA is a commonly used technique in determining thermal behaviour of materials.
In this technique as a principle, the mass of the specimen analyzed is monitored

against time or temperature while the temperature of the specimen is programmed.
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The thermal data obtained via a software program as a plot of mass loss or percent
loss versus time or temperature can be used in interpretting thermal behaviour of the

given material [11].

The thermal analysis of the bare CF was studied under N2 flowing with the help of
Perkin Elmer STA 8000 instrument in order to obtain information about the thermal
behaviors of the it. Thermal data were analyzed using a software program supplied
with the instruments. In this experiment, heating regime was regulated as 10 °C/min

from 25 °C to 1000 °C under nitrogen atmosphere.

3.3.2 Electrical properties

The CF as a main component of this thesis are considered to be resistive heating
element. For this reason, the resistance of the CF have crucial importance. As
mentioned before, the resistance of the heating element is proportional to its length
so the resistance values of CF are associated with length of fiber used as a heating
element. So as to determine this relationship, the resistance measurements of CF with
various lengths of fiber in the range of 10 cm and 100 cm with 10 cm intervals (10,
20, 30, 40, 50, 60, 70, 80, 90, and 100 cm) were carried out using a multimeter.

3.3.3 Heating properties

Surface temperature and heat retention of a heating element are two main significant
factors in achieving effective heating. In this direction, The heating behaviors of
coated CF samples were characterized using the experimental setup depicted in
figure 3.3 containing a thermal camera (Santech ST-980 80x80 pixels) and a 60-V
DC electrical power supply (Sunline PS 605D). All prepared samples (bare CF,
E/A0-CF, E/A1-CF, E/As-CF and E/A10-CF) were connected to the electrical power
supply with a connector, and the temperature distributions and variations on the

samples were monitored using the thermal camera.
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Figure 3.3 : The schematic illustration of the experimental setup.

On the point of determining the heating potential of the bare CF, a sample of bare CF
with 20 cm length were used to measure maximum service temperature at the end of
10 minutes. This experiment was performed under several voltage values between
1.2 and 20.4 with 1.2 intervals. Temperature changes against time for each test were
recorded via thermal camera and then the obtained values were plotted to present and
interpret the heating characteristics of the bare CF.

Following this, another experiment was carried out in order to evaulate and compare
each other the heating performances of the coated CF samples. According to former
results obtained from the investigation heating potential of the bare CF, three
potential values and once again 10 minutes as voltage and time parameters were
chosen. Each sample (E/Ao-CF, E/A1-CF, E/As-CF and E/A10-CF) was placed to the
experimental setup, respectively and all measurements during the experiment were
recorded. Besides, so as to observe heat retention potential of samples especially for
AlO3 coated ones alongside maximum service temperature, temperature
measurements against time after the power interruption at the end of 10 minutes were
continued via the thermal camera until the temperature of the sample used dropped to

room temperature.
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3.3.4 Thermal aging properties

Long term thermal aging (LTTA) properties for materials have been introduced by
UL (Underwriters Laboratories) with Polymer Variation Test Method Program (PV
Standards). One of the these standarts is UL 746B which provides accelerated aging
and life projections of materials.

Thermal performance of a material are affected by severel conditions such as creep,
thermal softening and failure (change in appearance, weight, dimension, or other
properties including electrical, thermal, physical, etc.). therefore, a relative thermal
index (RTI), which is a indicator for the material’s ability to retain a particular
property (thermal, electrical, etc.) when exposed to elevated temperatures for an

extended period of time, is established for certain property of a material [54-56].

UL 746B standard for the thermal aging characteristic of material depends on the
Arrhenius equation. According to this equation (equation 3.1), material properties
such as tensile and elongation of the polymer insulation change with time and

temperature in parallel with a reaction rate (K).
K = Aexp(-E/RT) (3.1)

in which

K = specific reaction rate
A = constant
E = activation energy of the reaction
R = gas constant
T = temperature
By taking the natural log of both sides, the equation becomes,

log(time) = constant + (1/2.303) * (E/RT) (3.2)

or

log(time) =a+b/T (3.3)
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Hence, log(time) becomes a linear relationship with temperature. Thus, this equation
can be utilized to project thermal aging properties of a material at a longer time with

obtained experimental results over short periods [54-56].

The approach utilized to project thermal aging properties of CF depends on certain
increase in resistance with time and temperature. In this context, the thermal aging
properties of CF were analyzed utilizing a thermal aging setup (Figure 3.4) which is
made up of a multimeter, a heating oven, a computer, and CF filaments by referring
UL 746B standard [55].

Oven

USB )
Connection C. Fiber

©)

Computer

Multimeter

Figure 3.4 : The thermal aging setup of CF.

Within scope of the UL 746B standard, the requirement of at least three different
temperatures which must be lower than structural degradation temperature of the
material used is stated. Therefore, temperature values will be operated were
determined with regard to TGA results of the CF. Following this, the initial
resistance (R;) of identical three CF filaments with a 100 cm length were measured
by the multimeter at ambient temperature. Later, each samples were put into the oven
at three different temperatures determinated. Time for a 25% increase in resistance
(tr2sri) were chosen as an end point (an indicative as RTI) of the experiment for each
temperature (Figure 3.5a). Finally, as addressed in the UL 746B, obtained time and
temperature data were recorded and used in creating a curve of log ti.2sri versus
inverse temperature (1/°C) for the estimation service life-time of CF under desired
temperature as shown in figure 3.5b.
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Figure 3.5 : @) The representation of time and temperature data for 25%
resistance increase and b) a final curve of service life time (log ti2sri) VErsus inverse
temperature by given UL 746B standard [55].

3.4 Applications

Within scope of this thesis, one of the main purposes is the application of carbon
based heating elements. Based on this purpose, a prototype study as a flexible
heating fabric based heating element to be used in various applications were
designed with using CF filaments. This design is made up of several components
including a polyester fabric, CF filaments, silver plated wires as fabric matrix, and
electrical input terminal. In this context, a polyester fabric of 120x60 cm dimensions
was woven by a conventional weaving process with 7 CF filaments with 107+3cm
at 7 cm intervals. CF filaments were aligned in horizontal direction, whereas the
silver plated wires were vertical in order to maintain a parallel resistance circuit. A
schematic representation of this design and an image of the final product with
components were shown in figure 3.6. Furthermore, alumina coated polyester fabric
were also produced so as to increase heating performance of the heating element.
The coating ratio of alumina on polyester fabric were determined according to best
performance among the E/A:-CF, E/As-CF and E/A10-CF samples.
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Figure 3.6 : a) The schematic representation of the desing of woven fabric based
heating element b) The image of final product of woven fabric.

Subsequent to design and fabrication of heating fabrics, heating behaviors of the
fabrics were evaulated. Therefore, an experimental setup given in figure 3.7 were
established including the samples, a electrical power supply with a connector, and a
thermal camera (Santech ST-980 80x80 pixels) to monitor the temperature
distributions and variations on the samples. Following this, the uncoated and coated
samples were respectively connected to the electrical power supply under constant
potential value. Each sample at room temperature were heated at this certain
potential for 30 minutes and obtained temperature values with correponding time
values were recorded via the thermal camera. After, the electrical power were
interrupted but recording the temperature and time values were continued until the
temperature of the samples dropped the room temperature so as to observe heat
retention perfomance of each sample. All obtained values were plotted to present and

interpret the heating and heat retention potential of the samples.
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Figure 3.7 : The schematic illustration of the experimental setup.

Additionally, in the SANTEZ project (1010 STZ 2016), the fabrics that are
developed without Al.Oz/epoxy modification were employed as plain heaters on a
midi-bus produced by Anadolu Isuzu Automotive Industry and Trade Inc. In the

scope PhD thesis of Hayri Eren under the supervision of Volkan Kirmaci.
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4. RESULTS AND DISCUSSION

4.1 Phase Analysis

Crystalline structure and phases of the samples were determined by examining the x-
ray diffraction (XRD) patterns. XRD analyses were applied onto the alumina
powder, bare CF and coated samples named as E/Ao-CF, E/A:-CF, E/As-CF and
E/A10-CF, respectively.

XRD patterns of these samples were given in figure 4.1. Al,Os has a structurally
complex oxide which is made up of a few phases including metastable y- and ©-
Al>03 and stable a-Al,O3 phase. a-Al20Os particles used in this study exhibit peaks at
20 angles of 25.57, 35.14, 37.76, 43.33, 46.16, 52.53, and 57.47 corresponding to
the (do12), (d104), (d110), (d113), (do24), and (d11s) Spaces, respectively (JCPDS file no.
88-0826). It can be seen in the figure that these peaks indicated with 1 are
responsively convenient to literature [57;58].
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Figure 4.1 : XRD analyses of the alumina and the coated samples (E/Ao-CF,
E/A1-CF, E/As-CF and E/A1o-CF).
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As for bare CF and coated samples, according to these XRD patterns, the
characteristic peaks at around 25° diffraction angles marked with 2 which are
assigned to disordered graphitic 002 plane belongs to the CF (JCPDS 41-1487)
[4;59]. As the most significant result, it can be seen that insensities of the
characteristic peaks of the alumina in the coated samples became clear with
increasing coating percentage of alumina. At this point, severel peaks at 25.57°,
35.14°, 37.76°, and 43.33° indicating the existence of alumina particles were
clarified with increasing alumina content. It seems to obvious these peaks especially
for E/As-CF and E/A10-CF samples because of having more alumina. Furthermore,
these results are consistent with the literature [60].

4.2 Microstructure and Morphology Analysis

Microstructure which is a structure of any kind of material determined by some
microscopic techniques can highly influence the physical properties of the material
such as strength, toughness, ductility, hardness, corrosion or wear resistance, thermal

behavior, and so on [11].

On the purpose of examine and determine the microstructures of the materials used
including alumina powder and bare CF, and also the coated samples produced
including E/Aq-CF, E/A:1-CF, E/As-CF and E/A10-CF, SEM photographs at various
magnifications were taken. Also, EDS (Energy Dispersive Spectroscopy) analysis
was performed to obtain elemental structure and especially to observe the existence

of alumina due to aluminum in coated CF samples.

Firstly, SEM images of the alumina powder and bare CF sample were given in figure
4.2 and figure 4.3, respectively. As observed from the figures, the microstructural
morphology of the bare CF have a smooth surface and alumina powders possess
circular-like morphology. These SEM morphologies are also convenient to the
literature [30;60].
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Figure 4.2 : SEM images of alumina powder in different magnifications a)
10.000X b) 20.000X c) 50.000X d) 100.000X.

Figure 4.3 : SEM images of bare CF in a) 500 X and b) 10.000X magnifications.

After, SEM images of coated samples which are E/Ao-CF, E/A:-CF, E/As-CF and
E/A10-CF were given in figure 4.4, 4.5, 4.6, and 4.7, respectively.
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Figure 4.4 : SEM images of E/Ao-CF in several magnifications a) 100X, b) 500X,
¢) 250X and d) 2000X.
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Figure 4.5 : SEM images of E/A:-CF in several magnifications a) 250X, b) 1000X,
c) 250X and d) 2.000X.
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Figure 4.6 : SEM images of E/As-CF in several magnifications a) 250X, b) 1000X,
¢) 500X and d) 2000X.

Figure 4.7 : SEM images of E/A10-CF in several magnifications a) 250X, b) 1000X,
c) 500X and d) 2000X.
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Figure 4.7 (continue) : SEM images of E/A10-CF in several magnifications a)
250X, b) 1000X, c) 500X and d) 2000X.

Regarding to these images, it is clear that epoxy coating surrounding CFs with
homogeneous structure for each sample was succesfully carried out and these results
are compatible with the studies on epoxy coating over CF filaments in the literature
[61;62]. Also, it can be seen from figure 4.5, 4.6, and 4.7, E/A:-CF, E/As-CF and
E/A10-CF samples consist of alumina on their surfaces but E/As-CF and E/A1o-CF
samples have higher quantity of alumina and their alumina dispersion on the surface
are more homogeneous compare to E/A;:-CF. Additionally, E/Ao-CF sample has still
smooth structure on its surface in spite of epoxy addition (Figure 4.4) to the contrary
other samples. Because, the presence of alumina in E/A;-CF, E/As-CF and E/A10-CF
samples created rough structures on their surfaces. The obtained results match with
the study performed by Hsieh et al. [60] based on carbon fiber filaments decorated

with alumina layer.

As for the result of EDS analyses, EDS images of E/A:-CF, E/As-CF and E/A10-CF
samples used in determining elemental structure of the samples were given in figure

4.8. Also, obtained results with regard to these images were listed in table 4.1.
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Figure 4.8 : EDS images of alumina coated CF samples a) E/A;1-CF b) E/As-CF c)

Table 4.1 : EDS data of alumina coated CF samples.

E/A10-CF.

Sample % Weight

Carbon Oxygen Aluminum
E/A:-CF 76.87 21.87 0.88
E/As-CF 68.33 26.09 5.58
E/A10-CF 67.56 25.27 7.17

According to the table, EDS analyses confirmed the atomic composition of the
samples being made of aluminum, oxygen and carbon for the three cases. The
aluminum and oxygen content revealed the presence of alumina while carbon content

is due to carbon fiber. Besides, as the coating ratios of alumina on CF’s increase,

aluminum amount also increased.
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4.3 Thermal Analysis

From the TGA curve, it is possible to determine the thermal characteristics of the

materials. Thermal stability of the CF was illustrated by thermo-gravimetric analysis
(TGA). The TGA curve of the CF was represented in figure 4.9.
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Figure 4.9 : TGA curve of the CF.

Within the scope of this analysis, as it can be seen from the curve, CF exhibits a high
thermal stability in which it has maximum weight loss around 5% (residual weight
95%) even at 1000°C. Besides, considering the degredation profile, its structural

degradation temperature is around 450°C. Similar TGA result of CF with the study
of Farhad et al. [63] were obtained.

4.4 Electrical Properties

Electrical properties of the CF are the most important parameters for heating element
and its applications. Fiber length versus resistance measurements were afforded

using a multimeter. The relation between them were plotted as a curve with using
obtained results and this curve was given in figure 4.10.
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Figure 4.10 : The relation between length and resistance of the CF.

With regard to the curve, a linear function as y=0.3899x was obtained with
R?=0.9971 where X, y, and R denotes length of the CF, corresponding resistance, and
mean square errors, respectively. In conclusion, as it might be understood that the
resistance of the heating element is directly proportional to length so it is clear that
this heating element act as a ideal resistor having linear resistance. In literature,
similar linear relation between resistance and length of CF were determined by the
study of Eddib and Chung [64].

4.5 Heating Performance

Heating and heat retention performance tests of the bare CF, E/A.-CF E/A1-CF,
E/As-CF and E/A10-CF samples were performed by using the experimental setup as

mentioned previously in chapter 3.

Initially, on the purpose of investigating the heating potential of the bare CF with
respect to maximum service temperature with varying potential values, the relation
between maximum service temperature and potential, and also the relation between
resistance of the CF sample and potential were shown on a curve by using obtained

results. This curve were given in figure 4.11.
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Figure 4.11 : Temperature and resistance variation of 20 cm carbon fiber with
varying potential values.

As it might be seen from the figure, maximum service temperature are inversely
proportional to resistance of the CF with changing potentials. In other words, as the
potential increases, the service temperature increases whereas the resistance
decreases. This proves that CF has a negative temperature coefficient (NTC) up to
around 300°C. On the same point, it is clear that service temperature of the CF

sample can reach up to approximate 300°C by adjusting suitable potential value.

Thereafter, in order to evalulate and compare of heating and heat retention
performances of the coated samples (E/Ao-CF, E/A1-CF, E/As-CF and E/A10-CF), as
previously mentioned, three potential values were chosen as 2V, 4V, and 6V with
regard to obtained results from the curve in figure 4.11. Subsequently, three different
charts were created for each potential value (2V, 4V, and 6V) and demonstrated in

figure 4.12, figure 4.13, and figure 4.14, respectively.
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Figure 4.12 : Heating and heat retention performance of the E/Ao-CF, E/A1-CF,
E/As-CF and E/A10-CF samples with 20 cm lengths for 2V.
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Figure 4.13 : Heating and heat retention performance of the bare CF, E/A:-CF,
E/As-CF and E/A10-CF samples with 20 cm lengths for 4V.
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Figure 4.14 : Heating and heat retention performance of the bare CF, E/A:-CF,
E/As-CF and E/A10-CF samples with 20 cm lengths for 6V.

In line with these results (Figure 4.12, Figure 4.13, and Figure 4.14), as the potential
values increased from 2V to 6V, maximum temperatures of the samples increased
with for all experiments. However, the sample without alumina (E/Ao-CF) shows
lower heating potential compare to other samples consisting of alumina because its
maximum temperature remained lower in all experiments. Altough maximum
temperature values of the E/A:-CF, E/As-CF, and E/A10-CF samples at the end of 10
minutes are close to each other, E/As-CF reached higher temperatures so it has best

heating potential.

Furthermore, as it might be understood from the all charts, the heat retention rate of
E/Ao-CF sample are quite low rather than the other samples. After power
interruption, its temperature decreased rapidly. On the other hand, the other samples
retained heat within them for a longer time thanks to containing alumina.
Nevertheless, all samples possess different heat retention rates. Among them, E/As-

CF has best heat retention performance as such in heating potential.

In literature, similar studies related to heating and heat retention properties of carbon

based materials have been reported. Hsieh et al. carried out a study on ZnO
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nanoparticles onto CFs forming a composite filament for infrared heater. They
investigated heating rate and maximal heating temperature of CF filaments under
fixed 25 V potential and reported that ZnO-coated CF heater could reach to 184 °C
as the maximum temperature and its heating rate were 28 °C/min [30]. Similarly,
another study based on different wear comfort properties of ZrC/graphite and
Al:0Os/graphite-embedded, heat-storage woven fabrics were examined by Hyun and
Seung [65]. They also used ceramic particles onto PET filaments which were spun
on the pilot spinning equipment and compared to regular PET/PA woven fabric in
terms of heat storage and release properties. In sum, they reported that surface
temperatures the Al>Os and ZrC-embedded fabrics were greater than the regular
PET/PA fabric and the heat-retention rates of the ceramic-embedded fabrics were
also more than two times higher than the regular PET/PA fabric, which showed the
good heat-storage and release properties of the ZrC/graphite and Al.Os/graphite
embedded fabrics. Basic principles of these studies in terms of measured heating

properties are in common with our study.

Additionally, a (AT/At) table were formed so as to prove numerically heat retention
rate of samples for all potential values. In order to calculate the heat retention by
means of delta T/delta t, final temperature after power interruption were firstly
substracted from maximum temperature reached after 30 minutes, then obtained
value were divided by elapsed time after power interruption. Obtain results were

given in table 4.2.

Table 4.2 : (AT/At) ratios for 2V, 4V, and 6V for all samples.

Samples | 2V 4V 6V

E/Ao-CF 2.70 6.43 7.73
E/A:-CF 1.83 5.08 7.69
E/As-CF 1.80 4.47 7.35
E/A10-CF 2.06 9.32 11.52

With regard to the table, the smaller values for each potential mean better heat
retention performances. In this case, this values are parallel with figure 4.13, 4.14,
and 4.15 as mentioned before. In that, E/As-CF has smaller values in all potentials

which means that its heat retention potential are better than other samples.
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In conclusion, taking into account all of results, E/As-CF is the best sample in terms
of heating performance compare to other samples.

4.6 Thermal Aging Performance

Within scope of the UL 746B standard, accelerated thermal aging test was carried
out using the thermal aging setup given in figure 3.3. As mentioned previously, three
aging estimation temperatures, lower than the structural degradation temperature
obtained through TGA, were decided as 400°C, 350°C, and 300°C. The durations for
a 25% increase in resistance (t1.2sri) for each temperature were obtained and given in
table 4.3. As it can be seen in the table, the duration for a 25% increase in resistance
goes up majorly with decreasing temperature.

Table 4.3 :The duration for a 25% increase in resistance.

Temperature (°C) 400 350 300
t1.25ri () 33 83 360

So as to evaluate the thermal aging properties of each CF sample, a curve of log
trosri Versus inverse temperature (1/°C) for the estimation aging-time of CF under
different temperatures was created by using the time and the temperature data

recorded up to %25 increase in resistance. Obtained curve was given in figure 4.15.

Temperature (°C)

200 100 67 50 40 33
30 T : ; : I 1x10%
| Fit Function: “ ={1x10" hours
y = 1250.4x - 1.6241 " Estimated
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x: 1°C y:logt service m
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Figure 4.15 : The estimated aging-time of CFs under different temperatures.
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With regard to this curve, a linear function as y=1250.4x — 1.6241 was obtained with
R2=0.9976 where X, y, and R denotes inverse temperature, log t1 2sri and mean square
errors, respectively. Consequently, it can be understood that the aging-time of CFs at
relatively low temperatures increase extremely. By extrapolating the function, the
estimated aging-time of CFs at 40°C were calculated as 10?8 hours (1.15x10%* years).
Furthermore, aging time of CFs are approximately between 10%° and 10% hours in
the service temperatures ranging from 30°C and 60°C desired in the scope of this
thesis. Besides, the aging-time in any of service temperature for a desired application
can be estimated by this function. As a result, a linear relation between temperature
and aging time were obtained as stated the UL 746B standard [55;56].

4.7 Applications

On the purpose of putting into practice the CF based heating elements, two different
fabric based heaters which are 5% alumina coated and uncoated were designed and
tested. For the coated fabric, coating ratio of alumina were determined as 5% because
E/As-CF sample demonstrated best heating performance compare to E/A:-CF and
E/A10-CF samples. The results belonging to these heating fabrics as temperature
versus time graphs with their thermal camera images against time were given in
figure 4.16 and 4.17.

According to the tables, a slighly higher temperature (57.9°C) were observed in the
5% alumina coated fabric at the end of 30 minutes compare to uncoated fabric
(56°C). Subsequent to the power interruption after 30 minutes, it was also observed
that there is a remarkable difference in terms of heat retention between 5% alumina
coated and uncoated fabrics. The temperature of uncoated fabric were decreased to
around room temperature (25.8°C) within 10 minutes whereas the temperature of 5%
alumina coated fabric were decreased to same temperature within 20 minutes. Thus,
it might be said that 5% alumina coated fabric demonstrates significantly better heat
retention potential. Likewise, its heating performance is also better. Additionally, this

results mentioned can be seen from the images in the tables.

As mentioned before, a similar study including an application on heating properties

of ZrC/graphite and Al-Os/graphite-embedded, heat-storage woven fabrics for
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garments has been reported by Hyun and Seung [65]. They investigated heat storage
and release properties of these woven PET fabrics. They observed that both surface
temperatures and heat retention rates of the Al,Os and ZrC-embedded fabrics were
better than regular PET/PA fabric thanks to ceramic particles and graphite as carbon

based material as likely our study.

Finally, the fabrics developed in this thesis were used and tested in a midi-bus of
Anadolu Isuzu Motor Company as a PhD thesis. The fabrics were applied to floor,
side walls, roof and the seats of the vehicle. The performance of the fabrics were
recorded through numerous thermocouples for varying outside temperatures. The
comfortable heating was accomplished with at least 40 % vyield, if compared to
classical heating with hot water flow and heat fan based systems. Design,
development and applications of fabric based plain heaters were succesfully achieved
as aimed in the proposal of SANTEZ project (1010 STZ 2016) which is a
combination of MSc thesis of Ahmet Yavas and PhD thesis of Hayri Eren conducted

under the supervision of Mustafa EROL and Volkan Kirmaci, respectively.
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5. CONCLUSIONS AND FUTURE PLANS

In conclusion, the production and practical applications of carbon based heating

elements was successfully afforded as titled in the thesis.

Within this scope, prior to production process, a special continuous coating
equipment was successfully designed. After, coating processes of samples was
successfully carried out with desired compositions by using this design. All the
structural data obtained from XRD analysis for the alumina and coated point out that;
the XRD patterns of the alumina are in good agreement with literature and alumina
powders with various concentrations were deposited on CF samples in epoxy matrix
without any structural change. In the coated CF samples, relatively homogeneous
dispersions in terms of alumina, especially for E/As-CF and E/A1o-CF samples, were
observed in the SEM analyses. Besides, it is clear that epoxy matrix were
successfully obtained for all samples considering SEM results. Within the scope of
TGA analysis, it was proven that CF exhibits a high thermal stability and its
structural degradation temperature were determined as around 450°C. The obtained
structural degradation temperature are well enough and even higher than the desired

service temperatures for the CF based heating element.

Electrical properties of the CF are one of the most important parameters for heating
element and its practical applications. With regard to fiber length versus resistance
measurements, it was detected a directly proportional relation between them proving

that the CF based heating element behaves as a ideal resistor having linear resistance.

Heating performances of the samples are crucial from the point of obtaining effective
heating elements. On this point, an investigation on the heating potential of the bare
CF were firstly performed using varying potentials. It was observed that maximum
temperature can reach up to 300°C with increasing potential which is more higher
than desired temperature value for heating applications. However, relatively low
temperatures (30-60°C) are sufficient for heating purpose in the scope of this thesis.
Therefore, 2V, 4V, and 6V as the potential parameters for the subsequent heating
performance measurements were determined in order to provide these temperatures.
It must also be noted that CF has a NTC according to resistance versus potential
measurements. Subsequently, on the point of determining heating and heat retention
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performances of coated samples, E/As-CF sample demonstrated the best performance
among all samples according to all measurements performed under 2V, 4V and, 6V
potentials. Its both maximum temperature values and heat retention time values are
higher compare to other samples. Regarding this, this concentration were used in

fabric based heaters for applications.

As for thermal aging tests, service life-time of the CF under relatively high
temperatures were estimated by using UL 746B accelarated thermal aging test. The
obtained results clearly indicate that CF has an outstanding thermal aging property.
Especially under service temperatures (between 30°C and 60°C) desired in the scope
of this thesis, its aging-time range are approximately between 102° and 10% hours.

In this thesis, one of the main purpose is putting into practice obtained heating
elements. Within this scope, two applications on heating purpose were carried out.
These are 5% alumina coated and uncoated fabric based heaters designed and
produced by us. It must be noted that 5% alumina coated fabric based heater
demonstrated better performance in terms of heating and, heat retention after power
interruption. In particular, its heat retention potential are significantly higher

compare to uncoated fabric thanks to alumina particles.

As denoted in the title of the thesis; carbon based heating elements were successfully
produced and performed in some applications on the purpose of putting into practice
them. The obtained results indicate that this study which has some innovations for
the heating applications. Hence, the produced fabric based heater can be easily
adapted and used into the present heating applications. This high potential of the
results can also be transferred into industrial scale of production.
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