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Abstract

Abstract

As fossil energy resources are running out and their environmental concerns are
increasing, clean and sustainable energy resources and related technologies are
receiving more and more spot lighting. Among the leading technologies to overcome
the situations, thermoelectric materials are gaining new attention because their
potential to resolve the matters in waste heat recovery systems without any harmful
emission. Thermoelectric materials consist of abundant and cheap elements which are
required for the widespread use of devices. On the other hand, cast iron is an iron alloy
that contains more than 2 mass% carbon, and 1-3 mass% silicon. In order to fabricate
their mechanical part made from cast iron scrap chips, machining processes are
essentially applied. As a result, the cast iron scrap chips were generated. Recycling of
cast iron scrap chips is an interesting subject because it can be utilized as a starting
material for preparing iron-based alloys and compounds. Some Fe-based intermetallic
compounds such as B-FeSi, and Fe,VAI are promising candidates for power generation

with good thermoelectric properties, low cost and low toxicity.

In this work, the upgrade recycling of cast iron scrap chips into B-FeSi;
thermoelectric materials was proposed as an eco-friendly and cost-effective production
process. The thermoelectric properties of undoped, p- and n-type B-FeSi,, prepared
utilizing cast iron scrap chips, have been characterized by measuring the Seebeck
coefficient, electrical conductivity and thermal conductivity at temperatures ranging from
room temperatures to 800°C. By doping with different substitution concentrations of Co,
Mn and Al, the conduction type and properties of B-FeSi, can be modified and improved
using cast iron scrap chips as a starting material. The effects of the doping elements
are discussed for preparing B-FeSi, utilizing cast iron scrap chips. Cast iron scrap chips
could be preferable as a starting material to replace pure Fe for n-type and p-type -
FeSi, thermoelectric materials. The optimum value of ZT obtained in the present study
is preferable for use as a starting material to produce B-FeSi, thermoelectric materials
and showed promise as an eco-friendly and cost-effective production process for
thermoelectric materials. As well as the fabrication of the module of n-type and p-type
B-FeSi, was developed and coefficient thermal expansion was evaluated. In this study,

the isothermal oxidation tests were carried out at 800°C in air for 14 d by using an
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electric furnace and the oxidation behavior of B-FeSi, prepared from cast iron scrap
chips was reported. Based on the results, B-FeSi, prepared from cast iron scrap chips
has probably a long lifetime at high temperature around 800°C in air and has excellent
potential in high temperature stability for high temperature thermoelectric devices even

when using cast iron scrap chips as a starting material.

Furthermore, the development of eco-friendly Heusler alloy Fe,VAI made from
cast iron scrap chips is investigated, in which the microstructure and the thermoelectric
performance of the product were mainly examined. The power factor value, PF value
for the undoped Fe,VAI made from cast iron scrap chips was prevailed approximately
twice improved and p-type Fe,VAI prepared using cast iron scrap chips was about 10%
smaller as compared than those previously reported. However, the n-type Fe,VAI
specimen made from cast iron scrap chips could not possible to fabricate due to the
small difference in the off-stoichiometry since the compositions of cast iron scrap chips
contain some impurities. Based on the XRD results and thermoelectric performance of
n-type Fe,VAI made from pure Fe added with 2, 4, 6 mass% C, the results showed that
samples have similar behavior with the 2C.I-V-0.9AI-0.1Si sample. It means the C
contains in cast iron scrap chips has influence in conduction type. Hence, it is further
necessary to investigate the effect of impurities contains in cast iron scrap chips on the
development of n-type Fe,VAI alloy and further improvements in the thermoelectric

performance are desired.

Ultimately, the general guidelines to highly valued intermetallic compounds
toward the upgrade recycling of cast iron scrap chips is discussed to achieve better
upgrade recycling process. In the future study, the guideline could be applied to
fabricate another intermetallic compound made from cast iron scrap chips. From the
above statements we can conclude that iron-based thermoelectric B-FeSi, and Fe,VAI
are successfully fabricated by using cast iron scrap chips. This upgrade recycling
material is considerable effort to reducing the abundant waste towards eco-friendly
and cost effective production process. Thus, this present study revealed that the cast
iron scrap chips can be optimum utilize as a starting material for fabricating iron based
materials and prevailed comparable thermoelectric performance to that previously
reported.
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Chapter 1

Chapter 1: Introduction

1.1 Energy Harvesting Devices

An energy harvesting device generates electric energy from its surroundings
using scientific process or referring to Direct Energy Conversion techniques [1]. The
energy harvesting devices do not consume any fuel or resources. Thus, steel, glass,
or cement manufacturing industries reject large quantities of waste heat at
temperature below 400-500°C, which are useful in heat harvesting solutions. Since
the majority of energy subject to conversion is lost as heat, it would be
advantageous to develop some technique that can harvest the waste heat directly
into some other useful forms of energy such as electricity. Thermoelectric materials
can harvest a huge amount of fuel energy lost as waste heat in the combustion
engines. Besides, thermoelectric materials also can harvest 42% of solar energy in
the infrared spectrum lost as heat in photovoltaic conversion. According to the
IDTechEXx report, the market for the harvesting devices is expected to rise $605
million in 2010 to $4.4 billion by 2020 [2]. The sophisticated of this device has
created a huge interest among the industry and academic sectors. Between 2000
and 2010, the number of papers published each year regarding thermoelectric
materials research that is used in the thermoelectric devices, and development has
increased 2.5 fold [2].

Thermoelectric materials display a significant coupling between the thermal
and electrical transfer. This coupling of thermal and electrical energy can be
exploited to serve as a solid-state heat pump or heat engine. Unlike conventional
heat engines and pumps, the thermoelectric devices require no traditional working
fluids, mechanical components, and moving parts. During the operation, the
thermoelectric materials produce zero vibrations, noise, or torque; making them an
ideal power source for precise scientific equipment. Driven by the need to improve
the fuel economy, the automotive industry is investigating the thermoelectric devices
for both refrigeration and power generation. Thermoelectric devices in the exhaust
system can recover some of the 40% of energy wasted as hot exhaust gas and
reduce the direct engine load on the alternator. Also, it will result in less pollution to

the air such as reduction of CO, emission from the fossil energy resources.
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Chapter 1

1.2 Thermoelectric Materials
1.2.1 Seebeck Effects

The Seebeck effect is named after the Thomson Johann Seebeck, who first
observed this phenomenon in 1821 [3]. Figure 1.1 illustrates the experiment
performed by Seebeck. A bimetallic loop of copper and bismuth wires was
connected first. When a burner was employed to heat one of the joints, deflections
in a magnetic needle placed close to the loop were observed. This phenomenon
was first explained, albeit incorrectly as magnetic polarization produced by a
temperature difference in metals. After years of experiments and debate, it was
concluded that what Seebeck observed was actually due to an electrical current

induced by disturbing the equilibrium of temperature [3].

Figure 1.1 lllustration of Seebeck’s experiment [3].

Figure 1.2 shows the chemically homogenous conductor subjected to a small
thermal gradient in a single crystal. The charge carriers at the hot end of the
materials are more energetic and thus, they tend to flow to the cold end.
Consequently, the colder region has more charge carriers per volume than the hot
end, resulting in the establishment of an internal electrical potential that repels
charge carriers arriving from the hot region. At the equilibrium, there will be a stable
electrical potential difference AV = U pot — U coig between the two ends along with a

temperature difference of AT = T nhot— T coig t0 balance the thermal driving force.
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Electrical
Driven

Figure 1.2 (a) A simple microscopic schematic of the Seebeck effect.

Heat Input

Hot junction

[ 1

Cold junction

Electrical power output

Thermoelectric Generation

Figure 1.2 (b) Schematic diagram showing a thermoelectric p-n junction comprising

each semiconductor type, one p-type and other p-type.
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At the same AT, the generated electrical potential, AV could vary depending on
the properties of the materials or average temperature. The Seebeck coefficient
a,(T) is then used to quantify the relationship between AV and AT in a certain

material at a fixed average temperature T = (T hot + T coq) / 2.

. AV
(425 (T) == llrnAT—>O E (1'1)

The negative sign in Eq. 1-1 arises due to the sign convention employed for the
Seebeck coefficient. According to this convection, a negative Seebeck coefficient is
assigned to n-type materials that have negative charge carrier, such as electrons as
their major charge catrrier. In reference to Figure 1.2 (a), cold end of the materials at
equilibrium has more negative charge carriers and thus, a lower electrical potential
than the hot end. Therefore, AV / AT is positive and a negative sign is needed to

fulfill the proposed sign convection.

Themoelectric generators can be operated by placing a temperature gradient
across the junction of two dissimilar conductors, for example, two different metals or
semiconductors, causing diffusion of charge carriers (electrons or holes) through the
conductor from the warmer side to the cooler side resulting in a voltage or electrical
current. This is known as Seebeck effect and is illustrated in Figure 1.2 (b), which

shows a p-n semiconductor junction.

1.2.2 Semiconductor and Dopants

Modern thermoelectric materials are composed from semiconductors rather
than metals, owing to their higher energy conversion efficiency and capacity for
doping [4]. Semiconductors can be described as materials that exhibit properties
between those of conductors and insulators [5]. In semiconductors and insulators,
the valence band, which is almost fully occupied, and the conduction band, the
occupancy of which is dependent on the temperature, are separated by a band gap.
When electrons are excited across the conduction band, for example, by thermal
energy, current can flow in the material, which is the reason for the high

dependence
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of the conductivity of the semiconductor on temperature. Semiconductors exhibit
small to moderate band gaps, for example germanium (0.67 eV) [5] and silicon
(1.11 eV) [6], whilst those of insulators such as undoped diamond (5.5 eV) [6], are

much larger, resulting in a very high electrical resistivity (up to 10*2am) [7].

For an intrinsic semiconductor as shown in Figure 1.3 (a), at 0 K, the Fermi
level lies at the center of the band gap to represent the probability of finding an
electron in the valence band or the conduction band. When the electron is excited, a
hole is created, which can be treated as an equally, but oppositely, charged carrier
to the electron. These holes migrate towards the p-n junction in the n-type
semiconductor or away from the junction in the p-type semiconductor. EXxtrinsic
semiconductors are those, which have been doped in order to change the chemical
or electrical properties of the material as demonstrated in Figure 1.3 (b) and (c) [8].
N-type semiconductors have dopants from the VA group, such as P™. These donor
impurity atoms are in substitutional solid solution. The extra valence electron not
needed for the sptetrahedral bonding is only loosely bound to the P atom in a donor
energy level, Eq. The energy of this donor energy level is close to the lowest energy
level of the conduction band (in Siitis 0.4 eV) and so it is easy to promote an electron
from the donor level to the conduction band. These promoted electrons
become charge carriers that contribute to the material's conductivity. Since they are

negative, the resultis called an n-type semiconductor. P-type semiconductors have

dopants from the 1IIA group such as B*3. These donor impurity atoms in substitutional
solid solution. The lack of an electron needed for sp® tetrahedral bonding is easily filled
by a neighboring Si atom into an acceptor energy level, E; of the dopant atom. The
energy of this acceptor level is only slightly above the valence band and so it is easy
to promote an electron from the valence band into it. For each promotion of an
electron into one of these acceptor levels, a hole is left in the valence band. It is these
holes that become the charge carriers and contribute to the conductivity of the
semiconductor. Since these holes are positive, the result is called a p-type

semiconductor.

Doping of materials generally can be achieved by introducing specific atoms

as substitution impurities into the crystal lattice. This can affect the physical
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properties such as the electrical conductivity of the materials, depending on the
electronegativity or the number of valence electrons of elements being introduced.
Amphoteric doping is where the element being introduced acts as either an electron
or donor or refer as acceptor, depending on which lattice site it occupies. Varying
the temperature during the doping process can encourage selective occupant of the
new atoms. Isoelectric doping involves the substitution lattice atoms with atoms
from the same group, for example, nitrogen substituting a phosphorus atom. This
method should not change the carrier concentration, but the recombination behavior
of the electron-hole pair. This produces a huge difference in the ironic part of the
binding in the crystal lattice and therefore, create the local differences. However, the
alloying of compound with isoelectric cations and anions is different from the doping
semiconductors. For example, when alloying bismuth telluride with antimony
telluride or with bismuth selenide could create defects in the crystal structure [9,10].
These may include substitution defects or vacancies and can induce a greater
extent of phonon scattering within the crystal structure leading to lower thermal
conductivity. Thus, other properties, including the charge carrier concentration and
charge carrier mobility can also be affected, leading to the changes in the p- or n-
type behavior of materials.

g Conduction band (CB)
C

N
g r

E

E,-
Valence band (VB)

a) Intrinsic semiconductor

SN N TN c

b) n-type semiconductor c) p-type semiconductor

Figure 1.3. The three types of semiconductors; a) Intrinsic semiconductor, b) n-

type semiconductor and c) p-type semiconductor [8].
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1.2.3 Applications of Thermoelectric Devices

The reason thermoelectric materials are receiving so much renewed attention
is due to their extensive applications. Firstly, a thermoelectric device can serve as a
power generator using the waste heat energy. Many energy and automobile
companies are carrying research to extract energy from these waste heat streams
and to enhance its efficiency. Thermoelectric devices also can be served as a solid
refrigerator, which includes various cooling applications such as air-conditioners
and water cooler. During refrigeration, it also reduces harmful coolant gases such
as chlorofluorocarbons (CFCs). Figure 1.4 shows some examples of applications,
including a car with thermoelectric generator and radiator, biomedicine applications
using the temperature difference between the human body and the ambient air, and
solid-state refrigerator. Due to its simplicity and reliability, a large potential market
for thermoelectric devices beyond the applications described above is coming

around the corner [11].

Figure 1.4 Thermoelectric applications; shows a car with thermoelectric

generator and radiator, solid-state refrigerator and biomedicine applications

using the human body temperature [11].
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1.2.4 Thermoelectric Performance

Recently, thermoelectric materials have gain significant attention due to the
potential applications in waste heat recovery systems. In order to utilize the low
temperature, small scale, and widely scattered waste heat effectively, thermoelectric
generation plays a vital role. This methodology has a conversion efficiency that is
independent of the energy scale and is capable of converting thermal energy to
electricity. The efficiency of a thermoelectric device is simply defined by the ratio of the
voltage difference created across the device against the temperature difference across
the device. Thermoelectric material properties are typically evaluated using a

dimensionless figure of merit, ZT, which can be expressed as:

ZT=ao*o0/k(T) (1-2)

where a (VK?) is defined as the magnitude of an induced thermoelectric voltage in
response to the temperature difference applied across the materials [12], o (Sm™) is the
electrical conductivity, k (Wm™K™) is the thermal conductivity, and T (K) is the absolute
temperature [13-16]. It is evident that a large Seebeck coefficient, a, a high electrical
conductivity, o, and a low thermal conductivity, k, are required to obtain a high
dimensionless thermoelectric figure of merit, ZT, and it is essential for thermoelectric

materials to have high values of ZT.

As can be seen, both electronic and phononic contributions are contributed to
the conductivity of the material. A phonon is a quantum mechanical description for the
vibrational modes of atoms or molecules in solids or liquids. They can contribute to the
physical properties of materials such as thermal conductivity and electrical conductivity.
o> o (MW m?*K?) is often referred as the power factor and quoted against the

temperature of measurement.
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1.3 Iron-based Thermoelectric Materials
1.3.1. B-FeSi, Thermoelectric Materials

Thermoelectric materials convert temperature differences into electricity and
vice versa. In the Seebeck effect, a temperature gradient across a material causes
the diffusion of charge carriers across the gradient, thus creating a voltage
difference between the hot and cold ends of the materials. A number of materials
have been tested for utilization in a thermoelectric generator. Semiconducting B-
FeSi, has been considered as one of the promising thermoelectric materials for
energy conversion in the temperature range from 200 to 900°C. The material has
low toxicity, low cost, excellent oxidation resistance up to 800°C, and exhibits high
electrical conductivity and large thermoelectric power [17-19]. The sintered B-FeSi,
has higher mechanical strength and heat resistance than chalcogenides, and it is
chemically stable at high temperature. Therefore, it has a great potential to be used

in the high temperature atmosphere without any protection.

Figure 1.5 shows the equilibrium phase diagram of the FeSi-Si system and the
crystal structure of B-FeSi,, a-FeSi,, and e-FeSi. FeSi melts congruently at 1683 K
and shows homogeneity region extending from 49.0 to 50.8 at 1400 K. Stoichiometric
iron silicides, B-FeSi, possesses stable semiconductor properties below 1255 K.
Above this temperature, however, it transits to the metallic phase [20-23], which is
eutectic alloy composed €-FeSi [24] and a-FeSi;, [25,26]. The high temperature a-
FeSi, phase deviates from the stoichiometric composition, has a tetragonal structure
with about 13% Fe vacancies. As shown in the phase diagram of Figure 1.5 (a) [27],
the silicon content in the eutectic alloy at the eutectic point corresponds to that of
FeSi,, and the semiconducting phase is obtained by annealing the eutectic alloy
below 1255 K. The crystal structure of B-FeSi,, a-FeSi,, and ¢-FeSi are shown in
Figure 1.5 (b). €-FeSi consist of a cubic structure with 8 atoms in a unit cell [24], a-
FeSi, is a tetragonal structure with 2.87 atoms in a unit cell [25,26], and B-FeSi;

presents an orthorhombic structure with 48 atoms in a unit cell [20].

It is possible to dope B-FeSi, resulting in both n and p-type semiconductor [16].

The replacement of iron with an element (left hand side of the periodic table) such
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as Mn [28-31], Cr [32,33], V [32], Ti, or other elements of this group, produces p-
type material whereby n-type material will be produced if iron is replaced with an
element (right hand side of the periodic table) such as Co [16,30,33-37], Ni [32,38],
or other elements from this group. Substitution of a Group 3 element in silicon
produces p-type material. Of a wide range of doping elements investigated, the
optimization of the thermoelectric were formed using Co [31,39,40] for n-type doping
and Al or Mn [31,41,42] for p-type respectively. Except for Al, these doping
elements are substituted in Fe. In the case of Al-doped [B-FeSi,, Al is a p-type
dopant and is substituted in Si. The conduction mechanism of B-FeSi, doped with Al
or Co was investigated by Birkholtz and Schelm [33] who concluded that p-type and
n-type B-FeSi, were governed by band and polaron conduction respectively.
Moreover, it was noted that the thermoelectric power of p-type B-FeSi, doped with
Mn is rather high, and its conductivity is interesting, especially near the
semiconductor-to-metal  transition temperature [43,44]. Therefore, both
thermocouples can be prepared from the same basic materials, thus eliminating

problems of different thermal expansion.

In previous studies, the starting materials used to fabricate B-FeSi, were
typically pure Fe with 99.99% purity and Si with 99.9% purity [45-47]. The arc-
melting method based on ingot metallurgy [40,44], mechanical alloying [47], sintering
[40,42], and the combinations of them are the conventional processes to fabricate -
FeSi,.
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Figure 1.5. a) Equilibrium phase diagram of the FeSi-Si system and b) crystal

structure of B-FeSi,, a-FeSi, and e-FeSi.
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1.3.2. Fe,VAI Thermoelectric Materials

Intermetallic compounds based on the Fe3Al system have shown the greatest
interest, because they show high temperature strength, excellent oxidation, and
corrosion resistance. These compounds have the Heusler type structure, which was
discovered by Heusler [48]. The Heusler type structure is described as (Ti1x My)sX,
whereby T and M are generally transition metals [49-56], and many compounds have
this type of structure. The most spectacular feature of the resistance anomaly has
been found for (Fe1x Vx)3Al [57], as well as for (Fei.x Vx)3Si [58] and (Feix Vx)3Ga [59].
Among them, the (Fei1x Vx)3Al system has been remained a greater interest because a
single phase D03 structure remains stable over a wide V composition range [60-62].
Figure 1.6 (a) shows the crystal structure of (Fei1x Vy)sAl [63]. It has three kinds of site
Fe,, Fe,, and Al. The Fe, site has eight nearest Fe, neighbors in an octahedral
configuration, as the Al site does. (Fei1x Vx)s3Al is able to exist between X=0 and X=1
and the crystal structure changes from L2; to D03 [64-66], with increasing vanadium
concentration. Figure 1.6 (b) shows the equilibrium phase diagram of the Fe-Al system
(DOs) [67].

Especially, during the change from FesAl to Fe,VAI only the Fe, site is replaced
by vanadium [64][66]. Figure 1.6 (c) shows the partial Al-Fe-V isothermal section at
500°C [68,69]. As compared to the other substituents such as Ti, Cr, and Mn, the
vanadium shows an optimum property since a narrow pseudogap in the density of
states is the characteristics of the Fe,VAI compound, as shown in Figure 1.6 (d) [70-
72]. The Fermi level is located in this narrow pseudogap and the electric resistivity
shows semi-conductive behavior. Because the electron density near this Fermi level
change sharply, the Seebeck coefficient becomes larger [73]. The reason for this
selective replacement of vanadium is also well discussed in the literature [74]. As
compared to the density of state for L2; type, Fe,TiAl phase was calculated in the
Figure 1.6 (d) [70,71], which is a little different than Fe,VAI. The Fermi level is located
at a lower energy than the pseudogap. Therefore, it is required to introduce more

valence electrons in Fe,TiAl in order to shift the Fermi level to higher state of energy.

In particular, the Heusler-type intermetallic compound Fe,VAI has received

intense attention because of the occurrence of a semiconductor-like temperature
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dependence of electrical resistivity over a wide temperature range up to 1200 K and
above [61]. So far, the band structure calculations have [75,76] consistently predicted
the presence of a deep pseudogap at the Fermi level due to the hybridization effects,
which has been clearly manifested by optical conductivity [77] and photoemission
spectroscopy [78] measurements. Because of the possessions of a sharp pseudogap
across the Fermi level, Fe,VAI based alloys have attracted a great deal of interest as a
potential candidate in the thermoelectric materials [79,80]. In metallic systems, the
Seebeck coefficient, a at a temperature T is often discussed using the well-known
formula [81]. Since the density of states (DOS) of Fe,VAI sharply changes in both
valence and conduction band sides of the pseudogap, the Seebeck coefficient
enhances significantly when the Fermi level is shifted due to doping. For the n-type
material, the doping was carried out into one of the iron, vanadium, and aluminum
sites [82,83]. For the p-type materials, the doping was carried into the iron or

vanadium site [84,85].

From the practical point of view, because of its high mechanical strength and
excellent resistance to oxidation and corrosion, a durable thermo-electric module can
be fabricated using the alloy Fe,VAI [86]. Moreover, the Heusler alloy is comprised
predominantly from the abundant elements such as Fe and Al and contains no toxic
elements. The high durability and abundance of this material could be advantageous,
which can be implemented as a thermoelectric generator system. Fe,VAI has
thermoelectric power generation near the room temperature because of its high power
factor compared to the conventional thermoelectric materials, such as Bi-Te and Pb-
Te [87]. Fey,VAI is a semimetal with a narrow pseudogap at the Fermi level [88,89].
Thus, small stoichiometric deviations could cause large changes in the transport
properties [90]. The methods for controlling the pseudogap in Fe,VAI have been
reported by several researchers, such as change its composition from stoichiometric
to nonstoichiometric [91-92] and substitution of the fourth element [93,94]. These
proposed methods increase the absolute values of the Seebeck coefficient and reduce
the electrical resistivity of Fe,Val. However, the thermal conductivity is comparatively
large. As a result, the small ZT will be obtained. It is essential to decrease the thermal
conductivity to obtain the high performance of Fe,VAI. Furthermore, in a Fe,VAI
system, the enhancement of the PF value and the control of conduction type can be
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realized simultaneously by the partial element substitution, such as Si in the Al site for
n-type and Ti in V site for p-type [95]. The arc-melting methods based on ingot

metallurgy [90-93], mechanical alloying [96-98], and the combination of them [94] are
the conventional processes to fabricate bulk Fe,VAL.
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Atomic Percent Aluminum

1o 102030 40 S0 60 70 80 90 100

L
\1310°C

-
u"

£12320C7 U9 C 1600

4
2 [ noxq
8 o 1
-
g FeAl <
5 (0]
[ 83 -
<)—§
. ' 50,
= — 630 660°C
S b
4 £
‘FFe3Al (AI)_.

e
20 30 40 50 60 70 80 90 100
Weight Percent Aluminum Al

(b) Equilibrium phase diagram of the Fe-Al system [67]

Assayidaitul Laila 14



Chapter 1

Fe

(c) Ternary system of Fe,VAI [68,69]
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Figure 1.6 a) Crystal structure of Heusler type compound, b) Equilibrium phase
diagram of the Fe-Al system, c) Ternary system of Fe,VAI and d) Total density of state
(DOS) for Fe, VAL
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1.4 Properties and Applications of Cast Iron

Alloys of Fe with carbon, silicon and other elements after going through
solidification and crystallization graphite precipitates from the melt, are called cast
irons. The foundry alloys are the basic structural materials, and they form 75% of
the world of production of castings. Depending on the shape of graphite precipitated
from the melt during the crystallization, there are three basic kinds of cast iron
(marked with an abbreviation in accordance with the European standard [99,100];
cast iron with lamellar graphite, cast irons with vermicular graphite and cast irons

with spheroidal graphite).

The term of cast iron refers to those iron-carbon-silicon alloys which contain 2.5 —
4 mass% carbon and usually 1-3 mass% silicon. Cast iron is an important engineering
material with a number of advantages, mainly good castability and machinability and
moderate mechanical properties. Because of its economical advantages, cast iron is
used for many applications in the automotive and engineering industry as shown in
Figure 1.7 [101]. In addition, specific cast irons are the material of choice for sea water
pump housings, rolling mill rolls, and parts for earth moving equipment. As the
morphology of graphite has a major influence on the mechanical properties of cast iron,
metallographies quality control of gray iron is an integral part of its production process.
Using standard reference comparison charts, image analysis techniques, or
combination of both, the morphology, size and distribution of the graphite can be
determined on an unetched, polished sample. Depending on the specification, the
sample is then etched to check the structure of the matrix. Scrap chips of cast-iron
were produced from the cutting and milling processes of cast-iron products, which
consist of primarily iron with 2.1-4 mass% of carbon and 1-3 mass% of silicon. Thus,
cast-iron scrap chips may become a suitable starting material for preparing the iron-

based material.
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Figure 1.7 Applications of cast iron; a) Cast iron pan and b) Crankshaft ductile iron
[101].

1.5 Scope of The Thesis

Based on the mentioned above, the main objective of this thesis is the upgrade
recycling of cast iron scrap chips toward iron based thermoelectric materials as an eco-
friendly and cost-effective production process. Due to the large quantities of waste heat
rejected from manufacturing industries, thermoelectric materials can harvest a huge
amount of fuel energy lost as waste heat directly into electricity. On the other hand,
scrap chips of cast-iron were produced from the machining processes of cast-iron
products, which consist primarily of iron with carbon and silicon may be a suitable
starting material for preparing iron-based thermoelectric materials. In chapter 2, the
physical characterization and chemical analysis of cast iron scrap chips as a starting
material for fabrication of iron based alloys were discussed. Chapter 3 shows the
upgrade recycling cast iron scrap chips toward B-FeSi, thermoelectric materials. The
thermoelectric properties of undoped, p- and n-type B-FeSi,, prepared utilizing cast iron

scrap chips were characterized by measuring the Seebeck coefficient, electrical
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conductivity, and thermal conductivity at temperature ranging from room temperature to
800°C. By doping with different substitution concentrations of Co, Mn, and Al, the
conduction type and properties of B-FeSi, can be modified and improved using the cast
iron scrap chips as a starting material. The effects of the doping elements for preparing
B-FeSi, utilizing cast iron scrap chips were discussed. Besides, the fabrication of the
module of n-type and p-type B-FeSi, was developed and the respective coefficient
thermal expansion was evaluated. Furthermore, the isothermal oxidation tests were
carried out at 800°C in the air for 14 days by using an electric furnace. The oxidation
behavior of B-FeSi, prepared from cast iron scrap chips was reported. In chapter 4, the
development of eco-friendly Fe,Val thermoelectric materials prepared using cast iron
scrap chips was discussed, in which the microstructure and the thermoelectric
performance of the product were examined. Finally, chapter 5 discussed the general
guidelines to valued the intermetallic compounds toward upgrade recycling of cast iron
scrap chips. In all the chapters, characterizations of the samples were carried out and
discussed using different techniques such as x-ray diffraction, x-ray photoelectron
spectroscopy, scanning electron microscopy, standard 4 probes method, and laser
flash method. Finally, general conclusions are made in chapter 6, which represents the
main contribution of this thesis. Fig. 1.8 shows the schematic illustration of the content

of the thesis as mentioned above.
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Figure 1.8 Schematic illustration of the structure of this thesis.
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Chapter 2: Characterization of cast iron scrap chips

2.1. Introduction

Cast-iron is one of the most popular metallic materials used for mechanical
components in pipes, machines and automotive parts, such as cylinder heads
(declining usage) and block gearbox cases (declining usage) [1-2]. It has become an
engineering material with a wide range of applications. Scrap chips of cast-iron were
produced from the cutting and milling processes of cast-iron products, which consist
primarily of iron with 2.1-4 mass% of carbon and 1-3 mass% of silicon. Thus, cast-iron
scrap chips may be a suitable starting material for preparing iron-based materials.

The starting materials used to fabricate B-FeSi, were typically pure Fe with
99.99% purity and Si with 99.9% purity [3]. The process of recycling cast-iron scrap
chips for B-FeSi,, which is an eco-friendly and cost-effective production process, is
known as “upgrade recycling”. This is the process of producing high value materials
from scraps of low value materials [4,5]. The material cost is reduced when B-FeSi; is
fabricated from the waste of the manufacturing process of cast-iron components. It is
evident from the equation (1-1) that a large Seebeck coefficient, a, a high electrical
conductivity, o, and a low thermal conductivity, k, are required to obtain a high
dimensionless thermoelectric figure of merit, ZT [6]. In this chapter, the cast iron scrap
chips (C.1.) is synthesized and discussed in terms of cleaning process of the cast iron

scrap chips and optimum numerical chemical composition of Si in the cast iron chips.

2.2 Experimental Procedure

The cast iron scrap chips were prepared by drilling operation of cast iron block in
our laboratory. Figure 2.1 shows the image of cast iron scrap chips after drilling
operation process. After collecting the cast iron scrap chips in a beaker, it was cleaned
using ethanol in an ultrasonic bath over 4 cycles of 20 min and then dried in a fume
chamber (Yamato Scientific Co. Ltd, Japan). The specimens were then characterized
using X-ray fluorescence (XRF) (Rigaku, Japan) and energy dispersion X-ray

spectroscopy (EDXS) (EDAX INC., USA) for elemental and chemical analysis.
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Furthermore, for reconfirmation of chemical analysis, the concentration of impurities in
the cast iron scrap chips was analyzed using glow discharge mass spectrometry
(GDMS). For GDMS synthesis, the evaluation of the cast iron scrap chip powders was
performed by consolidation using a pulsed electric current sintering (PECS) technique.

Figure 2.1 Images of cast iron scrap chips generated by the drilling process.

In order to make sure the capability of cast iron scrap chips as a starting
material, B-FeSi, was prepared with this scrap chips. The starting materials for the
undoped B-FeSiy; C.1.-Si1.86 and C.I.-Si2 samples were prepared using the solid-state
reaction technique with cast iron scrap chips (the prefix “C.1.” stands for “cast iron scrap
chips”), along with silicon grains (purity: 99.99%). The chemical composition of the
material was cast iron: Si= C.l.: (1.86<Si<2.00). The powder mixture was prepared
using rotary dry ball milling for 1 d. The powder mixture was placed directly in a die and
consolidated using the PECS technique at 950°C for 10 min in a vacuum at a uni-axial
pressure of 80 MPa. The sintered specimens were annealed at 900°C for 6 d in a
vacuum. The constituent phase and microstructure of the specimens was observed
using a scanning electron microscope (SEM) and energy dispersion X-ray spectroscopy

(EDXS) for elemental and chemical analyses.
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2.3. Results

2.3.1. Physical characterization and chemical analysis

Figure 2.2 presents the XRD patterns of the cast iron scrap chips and cast iron
bulk. These results identified the predominant peak of a-Fe and indicated the graphite
peak in both samples. Figure 2.3 (a) presents the SEM images that reveal the lamellar
graphite structure distributed over the a-Fe structure of the cast iron bulk sample. As
shown in Figure 2.3, the particle size of cast iron scrap chips was approximately 100-
150 um. The XRF and GDSM analysis of the cast iron bulk in Table 2.1 indicated that
the sample consisted primarily of iron with 6.0 mass% of carbon, 2.1 mass% of silicon

and minor elements, such as magnesium, manganese, phosphorus and sulfur.
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Figure 2.2 XRD patterns of cast iron scrap chips and cast iron bulk.
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Figure 2.3 (a) Cross-sectional SEM views of cast iron bulk.

Figure 2.3 (b) SEM photo of cast iron scrap chips powder.

Table 2.1 XRF composition of elements in cast iron bulk and GDMS

composition of elements in cast iron scrap chips.

Element XRF (mass %) GDSM (mass %)
Silicon (Si) 2.1 2.2
Carbon (C) 6.0 2.0
Oxygen (O) 1.3 0.5
Manganese (Mn) 0.3 0.3
Minor elements: Mg, S, P <0.1 <0.1
Iron (Fe) Balance Balance
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Figure 2.4 provides the SEM microstructures of the annealed C.1.-Si1.86 and C.I.-
Si2 samples at 900 °C for 6 d. By comparing the SEM microstructure of the C.I.-1.86Si
sample, the excess Si obtained is approximately 20% less compared to that of the C.I.-
Si2 sample. The open porosity observed in both samples was below 1% after sintering,
and thus, these were considered as dense samples.

(a) C.1.-Si1.86 (C.I.-i.SGSi) (b) C.1.-Si2 (C.1.-2Si)

Figure 2.4 SEM microstructures of annealed C.1.-1.86Si and C.1.-2Si samples at
900°C for 5 days.

Figure 2.5 shows the SEM image and the corresponding EDX elemental
mapping of annealed C.I.-Si1.86 sample. As can be seen from the mapping images of
EDX, the dominant elements were silicon and iron. Taking into account the XRD results,
this sample composed of B-FeSi, and had remained minor elements such as Mn and C.
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Figure 2.5 SEM image and EDX result of the C.I.-Si1.86 (C.1.-1.86Si).

2.4 Discussion

The concentration of carbon and oxygen between XRF and GDMS analysis is
different due to the different samples were used. For GDMS analysis, the sintered
sample of cast iron scrap chips was prepared. However, for the XRF, the scrap chips of
cast iron without any treatment was used. Therefore, during the sintering process, it
might be obtained, some chemical reaction between the cast iron and the graphite
(diffuse as Coy). Another possibility is the different features between XRF and GDMS,
for example the XRF analyzers determine the chemistry of a sample by measuring the
fluorescent x-ray emitted from a sample when it is excited by a primary x-ray source
(same principle with EDXS). On the other hand, in the GDMS, the sample to be
analyzed forms the cathode in a gas discharge or plasma. The ions are then extracted
into a mass spectrometer where they are separated according to their mass to charge
ratio, and thus identified and measured. Thus, GDMS provides trace-level quantitative
surveys of bulk sample and thick films compare than XRF because it has higher

detection limits and limit sensitivities with some element combinations.

By considering the XRF and GDSM analysis of the cast iron bulk, the specimen
already contained 2.1-2.2 mass% of silicon. The C.I.-Si2 (C.1.-2Si) sample consists
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primarily of B-FeSi, with a slight excess of remaining Si (large black dots). The black
dot was determined using electron probe micro-analyzer (EPMA) analysis to be free
silicon after sintering. To optimize the numerical chemical composition of Si in the cast
iron scrap chips samples, the ratio of powder mixture was reduced from C.1.:Si = 1:2 to
C.l.:Si = 1:1.86 for lesser free silicon after sintering. It is necessary to control the
composition ratio of C.I.:Si at approximately 1:1.86 to avoid the formation of e-FeSi in
the future. It was reported that the presence of €-FeSi could arise from a deficiency of
Si due to the oxidation during the powder preparation and/or the evaporation during
sintering [7]. Additionally, the influence of excess Si in the B-FeSi, specimen prepared
from cast iron scrap chips may lead to high thermal conductivity, because the
microstructural properties of the materials also have an influence on the materials’
thermoelectric properties. By reducing the numerical chemical composition of excess Si
in the powder mixture of the C.I.-Si1.86 sample made from cast iron scrap chips, the
thermoelectric performance was significantly enhanced for the C.I.-Si2 sample
compared to that of the sample prepared from pure Fe as discussed deeply in chapter
3.

2.5 Conclusion

The scrap chips of cast iron used in the present study was characterized. The
optimum numerical chemical composition of Si in the cast iron scrap chips samples, the
ratio of powder mixture was reduced from C.I.:Si = 1:2 to C.I.:Si = 1:1.86 for B-FeSi,
lesser free silicon. By reducing the numerical chemical composition of excess Si in the
powder mixture of the C.l.-Si1l.86 sample made from cast iron scrap chips, the
thermoelectric performance was significantly enhanced for the C.I.-Si2 sample
compared to that of the sample prepared from pure Fe as discussed deeply in chapter
3. The cast iron scrap chips could be preferable for use as a starting material to
fabricate iron-based alloys (B-FeSi, and Fe,VAI) toward eco-friendly and cost effective

production process.
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Chapter 3: Upgrade Recycling of Cast Iron Scrap Chips towards B-FeSi;
Thermoelectric Materials

3.1. Introduction

Iron-based alloys often contain more than 2 mass% carbon, 1-3 mass% silicon and
other elements. During the course of solidification and crystallization, graphite
precipitates from the melt, which is known as “cast iron”. Ferritic alloys are used in
machinery, oil and gas equipment for water piping, packer parts, boilers, valve bodies
and valve parts. During mechanical processing, cast iron scrap chips are generated.
The recycling of cast iron scrap chips is an interesting subject to explore because these
chips can be used as a starting material when preparing an iron based material.

Thermoelectric materials have recently attracted renewed interest for potential
applications in waste heat recovery systems. To effectively utilize the low temperatures,
small scale and widely scattered waste heat, thermoelectric generation provides a
solution. This methodology has a conversion efficiency that is independent of the
energy scale and is capable of converting thermal energy to electricity. Thermoelectric
material properties are typically evaluated using a dimensionless figure of merit, ZT,

which is expressed as:

ZT=a*o/k(T) (1-2)

where ais the Seebeck coefficient, o is the electrical conductivity, and k is the thermal
conductivity. It is evident that a large Seebeck coefficient, a, a high electrical
conductivity, o, and a low thermal conductivity, k, are required to obtain a high
dimensionless thermoelectric figure of merit, ZT, and it is essential for thermoelectric

materials to have high values of ZT.

Semiconducting B-FeSi, is considered an attractive thermoelectric material

because of its high Seebeck coefficient and because it is eco-friendly (the material is
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composed of two naturally abundant non toxic elements, iron and silicon) [1-4]. In
addition, B-FeSi, has an excellent oxidation resistance at high temperatures such
as800°C [5,6]. Sintered B-FeSi, has a high mechanical strength, heat resistance and is
chemically stable at high temperatures [7]. Therefore, this material has proven to be
very useful in thermoelectric generators operating in high temperature conditions
without any protection. High temperature oxidation on B-FeSi, was discussed on
oxidation process in semiconductor devices [8]. In order to discuss the lifetime of
thermoelectric devices at high temperatures, long-term oxidation should be examined.
The previous authors reported amorphous SiO, was developed as an oxide scale at
temperature ranging from 800 to 950°C in air [9]. Growth rate of oxide layer on doped
B-FeSi, followed a parabolic law and its rates were similar to oxidation of undoped
samples. In addition, they concluded that sintered p-FeSi, showed excellent oxidation
resistance in high temperature thermoelectric materials. They also reported that there
was no significant change in thermoelectric properties after high temperature oxidation
on B-FeSi, sintered bodies [10].

Because cast iron consists mainly of iron with carbon and silicon, scrap chips of
cast iron are expected to be a good starting material for preparing B-FeSi,. We have
already proposed the upgrade recycling of cast iron scrap chips to produce B-FeSi,
thermoelectric material. It is well known that extrinsic thermoelectric B-FeSi, can be
prepared by doping Mn or Al to produce p-type material and Co to produce n-type
material. However, there are some limitations on the dopant effects in B-FeSi, prepared
utilizing cast iron scrap chips. Thus, in the present study, the thermoelectric
performance and the physical characterizations of B-FeSi, synthesized from cast iron
scrap chips using various doping elements (Co, Al and Mn) were evaluated. The
purpose of this report is to reveal that the cast iron scrap chips are effective as a
starting material for fabricating B-FeSi, and determining if the optimum thermoelectric
performance is comparable to what has been previously reported. In this chapter,
oxidation behavior of undoped, n-type and p-type B-FeSi, prepared from cast iron scrap
chips is reported. As well, the thermoelectric properties of oxidized B-FeSi, prepared

using cast iron scrap chips are also described briefly. Furthermore, the fabrication of
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thermocouple n-type and p-type B-FeSi, prepared using cast iron scrap chips is

obtained and the evaluation of the coefficient thermal expansion is evaluated.

3.2 Experimental Procedure

The starting materials for the p-type and n-type B-FeSi, were prepared using the
solid-state reaction technique with cast iron scrap chips (the prefix “C.l1.” stands for “cast
iron scrap chips” and the prefix “P” stands for “pure Fe”, which denotes the alloys
formed from pure Fe), along with silicon grains (purity: 99.99%) and Co powder (purity:
99%) for n-type material and Al powder (purity: 99%) and Mn powder (purity: 99%) for
p-type material. The chemical composition of the n-type material was cast iron: Co:
Si=(1-Co): (0.02<C0<0.08): 1.86 for n-type. For the p-type material, the chemical
composition was cast iron: Al: Si=1: (0.09<Al<0.12): (1.86-Al) and cast iron: Mn: Si=(1-
Mn): (0.06<Mn<0.1): 1.86. For the n-type B-FeSi, prepared from C.I. scrap chips and
pure Fe, the Co and Mn dopants are substituted in the Fe sites. For the Al-dopant, B-
FeSi, is prepared from C.I. scrap chips and Al is the p-type dopant, which is substituted
for the Si sites [9]. The powder mixture was prepared using rotary dry ball milling for 1
d. The powder mixture was placed directly in a die and consolidated using the PECS
technique at 950°C for 10 min in a vacuum at a uni-axial pressure of 80 MPa. The
sintered specimens were annealed at 900°C for 6 d in a vacuum. The constituent phase
and microstructure of the specimens was observed using a scanning electron
microscope (SEM) and energy dispersion X-ray spectroscopy (EDXS) for elemental
and chemical analyses. The X-ray diffraction (XRD) analysis of the specimens was

performed with an X-ray diffractometer.

The thermoelectric properties were determined by measuring the Seebeck
coefficient, a, electrical conductivity, o, and thermal conductivity, k. The Seebeck
coefficient and electrical conductivity were measured using a DC standard four probe
method and a steady-state temperature gradient (ZEM-2, Ulvac Co.) from room
temperature to 800°C in a stream of He gas. The thermal conductivity was calculated
from the measured heat capacity and the thermal diffusivity using the laser flash
method with a thermal constant analyzer (LFA 457 Micro Flash) over a temperature

range from room temperature to 800°C in a vacuum. Isothermal oxidation tests were
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carried out at 800°C in air by using an electric furnace. After oxidation tests, phase
identification by using X-ray diffraction (XRD) and scanning electron microscopy (SEM)
with energy dispersion X-ray spectroscopy (EDXS) were performed. In case of cross-
sectional observation of oxidized B-FeSi,, Ni-plating was carried out to protect sample
surface from machining damages by cutting and grinding. The Seebeck coefficient and
electrical conductivity of sintered B-FeSi, were measured by standard four-probe
method and steady-state temperature gradient method (ZEM-2, Ulvac Co.) from room
temperature to 800°C in a stream of He gas. The thermal conductivity was calculated
from the measured heat capacity and the thermal diffusivity using the laser flash
method with a thermal constant analyzer (LFA 457 Micro Flash) over a temperature

range from room temperature to 800°C in a vacuum.

3.3. Results

3.3.1. Physical characteristics of undoped, p- and n-type B-FeSi, prepared

utilizing cast iron scrap chips

Figure 3.1 shows XRD patterns of the annealed 3-FeSi, undoped, Co-doped and
Al-doped from pure Fe and cast iron scrap chips. Dominant peaks in these samples
were identified as B-FeSi, for all samples. Small amount of e-FeSi phase is also
detected in all samples. XRD patterns proved that after annealing 900°C for 5 d, the
simple transition of peritectiod reaction, a+e > B for all samples which have been
almost completely transformed to the 3 phase. It was also confirmed that the isothermal
annealing near the high temperature transformation temperature led to the distinct

formation of s-FeSi.
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Figure 3.1 XRD patterns of the annealed B-FeSi, samples at 900°C for 6 d.

Figure 3.2 shows the SEM microstructure for annealed B-FeSi, of undoped, Co-
doped and Al-doped B-FeSi, from pure Fe and cast iron scrap chips. As can be seen in
SEM image (e) C.I1.-C00.02 were observed Si-rich phase (black dot) with small pores
(white dot). Table 2 shows the porosity data of sintered B-FeSi, from pure Fe and cast
iron scrap chips. The open porosity observed for all samples were below 1% after
sintered and thus considered as dense samples. For n-type B-FeSi, from C.I. scrap
chips and pure Fe, the Co dopant is definitely substituted for Fe atom. In the case of the
Al-dopant B-FeSi, from C.I. scrap chips and pure Fe, the Al is a p-type dopant and is
substituted for Si atom.
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Figure 3.2 SEM microstructures of the annealed B-FeSi, samples at 900°C for 6 d.

Table 3.1 Porosity data of the sintered B-FeSi, samples.

Sample Name Archimedes Measurement
(Numerical Chemical Composition) Density Open porosity
P-Si2 (Fe-2Si) 4.7 glcm® 0.3%
C.1.-Si2 (C.1.-2Si) 4.4 glcm® 0.2%
C.1.-Si1.86 (C.1.-1.86Si) 4.7 glcm® 0.4%
P-C00.02 (0.98Fe-0.02Co-2Si) 4.7 glem® 0.2%
C.1.-C00.02 (0.98C.1.-0.02C0-2Si) 4.3 g/lcm® 0.3%
P-Al0.09 (Fe-0.09Al-1.91Si) 4.4 glem® 0.5%
C.1.-Al0.09 (C.1.-0.09AI-1.77Si) 4.5 g/lcm® 0.3%

Assayidaitul Laila 39



Chapter 3

3.3.2 Thermoelectric performance of undoped, p- and n-type B-FeSi, prepared

utilizing cast iron scrap chips

Figure 3.3 plots the temperature dependence of Seebeck coefficient, a, of the
annealed B-FeSi; samples evaluated at temperature ranging from room temperature to
800°C. In this present work, for the undoped sample, C.1.-Si1.86 sample shows
significantly higher Seebeck coefficient than the C.1.-Si2 sample ones. For the doped
specimens, it could be seen that the different value signs of Seebeck coefficient
exhibited for Al doped and Co doped B-FeSi,. The positive values of Al doped samples
correspond to the p-type behavior indicating that the electrical conductivity is mainly
due to holes, while n-type behavior is attributed to Co doped samples from their
negative values of Seebeck coefficient indicating electron conduction. The absolute
value of the Seebeck coefficient increases with increasing measuring temperature to a
maximum and then it decreases with a further increase of the temperature [11]. The
Seebeck coefficients of Co-doped and Al-doped B-FeSi, prepared from cast iron scrap
chips were obtained 90% to almost 100% performance compared to the samples
prepared from pure Fe and other reported studies [12,13]. Furthermore, the
temperature trend transition and the maximal absolute values for C.1.-Al0.09 and C.I.-
C00.02 samples are 400°C and 354 uVK™ and 500°C and -221 uVK™. The preceding
increase of a could be attributed to a more acute scattering of carries with the increase
in temperature, and the subsequent decrease of Seebeck coefficient could be due to a
rapid increase in carrier concentration with the increase in temperature [13]. The
Seebeck coefficient of Al-doping B-FeSi, prepared from cast iron scrap chips obtained
large value than Al-doping B-FeSi, made from pure Fe. In the Co-doping ones, the
difference was much smaller. This is because the Al-doping in C.l. scrap chips sample
maybe sensitive in impurity compared with Co-doping and may lead to low carrier

concentration.
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Figure 3.3 Temperature dependence of Seebeck Coefficient, a, of the annealed -
FeSi, samples at 900°C for 6 d.
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The temperature dependence of the electrical conductivity of annealed B-FeSi,
samples measured from room temperature to 800°C is shown in Figure 3.4. The
electrical conductivity for doped ones decreases with increasing measuring temperature
until 500°C and then increases with further temperature increase. In addition, a shaper
increase is displayed for undoped specimen above the room temperature. The
electrical conductivity of C.1.-Si1.86 sample was comparatively same as C.I.-Si2
specimen for undoped ones but significantly higher than P-Si2 sample respectively. It
was found that the excess Si in cast iron scrap chips samples may lead to increase the
carrier scattering effect of the free Si phase which is much stronger at lower
temperature than at higher temperature [2]. As a result, it is considered that the impurity
conductive region for Co-doped and Al-doped B-FeSi, from cast iron scrap chips
correspond to 50-800°C and the intrinsic conductive region for undoped B-FeSi,

correspond to 500-800°C, respectively.

Figure 3.5 shows the variation of the logarithm of electrical conductivity against
the reciprocal of measuring temperature. In this study, compared to the electrical
conductivity of others reported literature [12,13] and samples prepared from pure Fe,
the values of B-FeSi, from cast iron scrap chips are 70% in p-type and comparatively
same in n-type performance. Also, by comparing the undoped sample prepared from
cast iron scrap chips, the electrical conductivity obtained significantly higher than pure
Fe. The electrical conductivity of doped ones from the both of C.I. scrap chips and pure
Fe is almost constant in temperature range of RT~800°C. This behavior is typical as
extrinsic conductive range. On the other hand, o of undoped ones increases with
increasing temperature. This behavior is regarded as intrinsic behavior. As a result, it is
confirmed undoped and Co-doping B-FeSi, from cast iron scrap chips showed positive
impact in the electrical conductivity performance as compared with others reported
literature [12,13] and samples prepared from pure Fe. However, in the case of Al-doped
B-FeSi, from cast iron scrap, the value of electrical conductivity obtained large than one
from pure Fe. This finding indicated that the Al doping in C.l. sample is more sensitive
and cause the low carrier concentration effect on the synthesis and the thermoelectric
performance. Taking into account the Seebeck coefficient result, the Al-doping in C.I.
scrap chips also obtained large difference value compared to the Al-doping from pure
Fe. The reduction in ¢ is considered to be caused by the easiest ability of Al-doped in
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C.l. scrap chips sample to be oxidized during sintering since the C.I. consist many
impurities. This is most likely oxidation of the Al-doping by impurity oxygen in cast iron
scrap. Thus, the Al-doped B-FeSi, from cast iron scrap obtained low performance
compare to that Al-doped B-FeSi, made from pure Fe.

. | . | .
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Figure 3.4 Temperature dependence of electrical conductivity, g, of the annealed -
FeSi, samples at 900°C for 6 d.
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Figure 3.6 shows the thermal conductivity as a function of temperature on
annealed B-FeSi, samples. For all samples, the thermal conductivity decreases with
increasing the temperature. The preceding decrease of thermal conductivity could be
attributed to the enhancement of phonon scattering with the temperature increase
[15,16]. The comparison of the thermal conductivity achieved by Al-doped and Co-
doped B-FeSi, prepared from C.I scrap chips with those reported in the literature
[13,14] and from pure Fe were 70% (p-type) to almost 90% (n-type) performance.
Furthermore, the Si-rich in the n-type Co dopant B-FeSi; is reported could improve the
transport properties of the materials [17]. A second phase dispersion in  phase matrix
is expected to increase the scattering factors in carriers and phonons, which leads to a
higher Seebeck coefficient and lower thermal conductivity.

Figure 3.7 shows the variations of the dimensionless figure of merit with the
measuring temperature of annealed B-FeSi, samples. For all samples, the ZT first
increases with increasing temperature until it reaches the maximum and then
decreases with the further increase in temperature. The temperatures for obtaining the
maximum ZT are 600 and 700°C, respectively, for Al-doped and Co-doped B-FeSi,. The
variation of ZT with measuring temperature resulted from combinations of effects i.e.
the changes of Seebeck coefficient, electrical conductivity and thermal conductivity with
measuring temperature [13]. The comparison of the ZT achieved from Co-doped and
Al-doped B-FeSi, prepared from cast iron scarp chips than those reported in the
literature [13,14] and pure Fe showed good performance in thermoelectric properties
around 70% (p-type) and almost 90% (n-type). The Si rich in n-type Co dopant B-FeSi,
from cast iron scrap chips was expected contributed to the higher electrical conductivity
and lower thermal conductivity and thus increase the ZT. Based on the comparison and
discussion, the undoped and the Co-doped B-FeSi; prepared from cast iron scarp chips
achieved in the present work is believed to be reasonable and comparatively same
performance for B-FeSi, made from pure Fe. However, the Al-doping B-FeSi, prepared
from cast iron scarp chips exhibited low performance in the Seebeck coefficient and
electrical conductivity compared with Al-doping made from pure Fe. This effect is due to
the high sensitivity of Al-doping from C.I. scrap in impurity compared with the Co-doping.
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3.3.3. Effect of doping elements in B-FeSi, prepared utilizing cast iron scrap

chips

Table 3.2 shows the density and porosity data of the sintered specimens
containing various dopant element (Co, Mn and Al) concentrations for p- and n-type [3-
FeSi, prepared utilizing cast iron scrap chips. This result indicates that the porosity for
all the samples was less than 1% after sintering. Figure 3.8 shows the XRD patterns of
the annealed B-FeSi, containing undoped, Co-doped, Mn-doped and Al-doped samples
prepared from cast iron scrap chips. The prefix “C.I.” stands for “cast iron scrap chips”,
which denotes those alloys as being formed from cast iron scrap chips. The dominant
peak in all of these samples was B-FeSi,. All the samples are composed mainly of the
B-FeSi, phase, which means the phase transformation from a-Fe,Sis and e-FeSi to [3-
FeSi; is nearly completed after annealing at 900°C for 6 d. The samples consisted of
small amounts of the e-FeSi phase. It was also confirmed that the isothermal annealing
near the high temperature transformation temperature led to the distinct formation of €-
FeSi [19].

Table 3.2 Porosity data for the sintered B-FeSi, samples of Co, Al and Mn doped.

Sample Name Archimedes Measurement
(Numerical Chemical Composition) Density Open porosity
C.1.-C00.02 (0.98C.1.-0.02C0-1.86Si) 4.3 glcm® 0.3%
C.1.-C00.0.6 (0.94C.1.-0.06Co-1.86Si) 4.3 glcm® 0.3%
C.1.-C00.08 (0.92C.1.-0.08C0-1.86Si) 4.3 glcm® 0.3%
C.1.-Al0.09 (C.1.-0.09AI-1.77Si) 4.5 glcm® 0.5%
C.1.-Al0.12 (C.1.-0.12AI-1.74Si) 4.5 glcm?® 0.5%
C.1.-Mn0.06 (0.94C.1.-0.06Mn-1.86Si) 4.4 glcm® 0.5%
C.1.-Mn0.08 (0.92C.1.-0.08Mn-1.86Si) 4.4 glcm® 0.5%
C.1.-Mn0.1 (0.90C.I.-0.1Mn-1.86Si) 4.4 glcm® 0.5%
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Figure 3.8 XRD patterns of the annealed 3-FeSi, samples at 900°C for 6 d.
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Figure 3.9 (a) shows SEM images of the microstructures for annealed un-doped,
Co-doped, Mn-doped and Al-doped B-FeSi, prepared from cast iron scrap chips. The
SEM image of the annealed B-FeSi, prepared from cast iron scrap chips showed
excess Si particles (shown as black dots) with small pores (shown as white dots).
Several black Si particles were detected in the B-phase matrix. Very few pores were
detected in the undoped, Co-doped, Mn-doped and Al- doped samples. The pore size
that could be observed from the SEM images was estimated to be less than
approximately 10 um. The open porosity, as provided in Table 3.2 observed in all
samples was less than 1% after sintering, and we consider these to be dense samples.
Figure 3.9(b) shows the SEM images and the corresponding EDX elemental mapping
results for (i) 0.94C.1.-0.06Co0-1.86Si (C.l.-C00.0.6), (ii) 0.92C.I.-0.08Mn-1.86Si (C.I.-
Mn0.08) and (iii) C.1.-0.09AI-1.77Si (C.1.-Al0.09) in the annealed B-FeSi, prepared from
cast iron scrap chips. It is clear that the distribution of the Co, Mn and Al dopant

concentrations in these specimens, as well as for the remaining annealed B-FeSi,

prepared from cast iron scrap chips were uniformly dispersed throughout the 8 phase.

b2 o Y, TR 00 a0 36.0mn_ 17KV 2074/ 0G0 (3:48:4025 Y5 LTI
(i) C.1.-0.02Co (i) C.1.-0.06Co (i) C.1.-0.08Co
(0.98C.1.-0.02C0-1.86Si) (0.94C.1.-0.06Co0-1.86Si) (0.94C.1.-0.08Co0-1.86Si)

10 pm 0,

(iv) C.1.-0.06Mn (v) C.1.-0.08Mn (vi) C.1.-0.1Mn
(0.94C.1.-0.06Mn-1.86Si) (0.94C.1.-0.08Mn-1.86Si)  (0.94C.1.-0.1Mn-1.86Si)
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(vii) C.1.-0.09Al (viii) C.1.-0.12Al
(C.1.-0.09AI-1.77Si) (C.1.-0.12Al-1.74Si)
Figure 3.9 (a). SEM photos on microstructures of the annealed 3-FeSi, samples
at 900°C for 6 d.

--

(i) C.1.-0.06Co (0.94C.1.-0.06Co-1.86Si)

(ii) C.1.-0.08Mn (0.94C.1.-0.08Mn-1.86Si)

7Fe

(iii) C.1.-0.09AI(C.1.-0.09Al-1.77Si)

Figure 3.9 (b). SEM image and EDX result of (i) C.I.-0.06Co (0.94C.1.-0.06Co-1.86Si),
(i) C.1.-0.08Mn (0.94C.1.-0.08Mn-1.86Si) and (iii) C.I.-0.09Al (C.1.-0.09Al-1.77Si) of the

annealed B-FeSi, samples prepared utilizing cast iron scrap chips.
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The temperature dependence of the Seebeck coefficient, a, for the annealed p-
and n-type B-FeSi, specimens evaluated from room temperature to 800°C is shown in
Figure 3.10. In the present work [20,21], we see different signs for the Seebeck
coefficients exhibited for the Al-, Mn- and Co-doped [-FeSi, prepared from cast iron
scrap chips. The positive values associated with the Mn-doped (0.06<Mn<0.1) and Al-
doped (0.09<AI<0.12) samples correspond to p-type behavior, indicating that the
electrical conductivity is dominated by hole conduction. However, n-type behavior is
attributed to the Co-doped (0.02<C0<0.08) samples as a result of their negative
Seebeck coefficient values, which is indicative of electron conduction. The absolute
value of the Seebeck coefficient increases with the measurement temperature to a
peak before beginning to decrease with further increases to the temperature. The
Seebeck coefficients for the 0.92C.1.-0.08Mn-1.86Si (C.I.-Mn0.08) and 0.94C.1.-0.06Co-
1.86Si (C.1.-C00.0.6) specimens prepared from cast iron scrap chips were obtained to
be between 90% and almost 100%, respectively, of the performance observed for the
other specimens and from other reported studies [14][23]. As the Al dopant
(0.09<AI<0.12) was replaced by the Mn dopant (0.06<Mn<0.1), the Seebeck
coefficients was found to decrease. The decrease in the Seebeck coefficient could be
caused by an increase in the carrier concentration. In the present study, it was revealed
that the Al dopant (0.09<Al<0.12) is more sensitive to the cast iron scrap chips due to
the Al dopant (0.09<Al<0.12) being easily oxidized during processing because the cast
iron contains many impurities. This is most likely a result of oxygen impurities in the
cast iron scrap. The Al-doped sample is partially oxidized during machining and
exhibited a low performance compared to the Mn-doped (0.06<Mn<0.1) B-FeSi,. Thus,
the results of this study indicated that p-FeSi, prepared utilizing cast iron scrap was
successfully optimized and is comparable to what has been previously reported [12-
14,23].
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Figure 3.10 Temperature dependence of Seebeck coefficient, a, for the annealed

B-FeSi, samples at 900°C for 6.
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Figure 3.11 shows the temperature dependence of the electrical conductivity for
the annealed B-FeSi, specimens between room temperature to 800°C. The electrical
conductivity of the C.I1.-0.09AI-1.77Si (C.1.-Al0.09) specimen decreased with increasing
temperatures until reaching 400°C. As this point, further temperature increases resulted
in increases to the electrical conductivity. The temperature dependence of the electrical
conductivity below 400°C could be attributed to the carrier mobility, which decreased
with increasing temperature. This is a result of the acceptor being exhausted and
carrier scattering occurring via lattice vibration [12]. The intrinsic conduction dominated
when the temperature is above 400°C, which leads to the increase in the electrical
conductivity as the temperature increased. The electrical conductivities for the Co-
doped (0.02<C0<0.08) and Mn-doped (0.06<Mn<0.1) B-FeSi, prepared using cast iron
scrap chips, along with other examples reported in the literature [14,21-23], are nearly
constant over the temperature range from room temperature to 800°C. This behavior is
typical for the extrinsic conductivity range. Thus, we confirm that Mn-doped
(0.06<Mn<0.1) and Co-doped (0.02<C0<0.08) B-FeSi, prepared using cast iron scrap
chips exhibit positive impacts on the electrical conductivity compared to other results
reported on in the literature [14,23]. Conversely, for p-type B-FeSi, prepared using cast
iron scrap chips, the C.1.-0.09Al-1.77Si (C.l.-Al0.09) exhibited a lower electrical
conductivity compared to 0.94C.I.-0.06Mn-1.86Si (C.l.-Mn0.06) and 0.92C.I.-0.08Mn-
1.86Si (C.1.-Mn0.08) at temperatures greater than 200°C. This finding indicated that the
C.1.-0.09AI-1.77Si (C.1.-Al0.09) is more sensitive to the presence of the cast iron scrap
chips, and results in a low concentration upon synthesis. As the Al dopant was replaced
by the Mn dopant, the electrical conductivity was enhanced and improved. Therefore,
by doping with different substitution concentrations of Co (0.02<C0<0.08), Mn
(0.06<Mn<0.1) and Al (0.09<Co0<0.12), the conduction type and properties of the -
FeSi, can be modified and improved, even when using cast iron scrap chips as a

starting material.
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Figure 3.11 Temperature dependence of electrical conductivity, o, for the annealed

B-FeSi, samples at 900°C for 6 d.

Assayidaitul Laila

55



Chapter 3

The thermal conductivity, k of the annealed p- and n-type B-FeSi, specimens
evaluated from room temperature to 800°C is shown in Figure 3.12 For all the
specimens, the thermal conductivity, k decreased rapidly as the temperature increased.
Similar trends for the thermal conductivity as a function of measurement temperature
was reported by Ito et al. [24]. The preceding decrease in the thermal conductivity may
be attributed to the enhancement of phonon scattering as the temperature increases
[13,14]. As shown in Figure 3.12, the thermal conductivity of the 0.92C.1.-0.08 Mn-
1.86Si (C.I1.-Mn0.08) specimen could be decreased by = 30% compared with the C.I.-
0.09AI-1.77Si  (C.1.-Al0.09) specimens. However, the Co-doped (0.02<C0<0.08)
specimens’ thermal conductivity was much lower than the p-type doped 0.92C.I.-
0.08Mn-1.86Si (C.1.-Mn0.08) and C.1.-0.09AI-1.77Si  (C.I-Al0.09) specimens,
respectively. This result could be due to the effect of the Si-rich concentration in the n-
type Co-doped (0.02<C0<0.08) B-FeSi, prepared using cast iron scrap chips. It was
reported that this may improve the transport properties of the materials, which is
effective at decreasing the thermal conductivity [17,18]. Furthermore, in general,
increases in the dopant content tend to enhance the phonon scattering due to lattice
short range distortions, resulting in a decrease in the thermal conductivity [25]. Thus, it
was found that by doping with different substitution concentrations of Co
(0.02<C0<0.08), Mn (0.06<Mn<0.1) and Al (0.09<C0<0.12), the conduction type and
properties of the B-FeSi, can be modified and improved, even when using cast iron

scrap chips as a starting material.
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Figure 3.13 summarizes the function of temperature on the dimensionless figure
of merit, ZT, for the various doping elements in the p- and n-type B-FeSi, specimens
prepared utilizing cast iron scrap chips. Significant efforts have been undertaken to
obtain a high value figure of merit, which represents the efficiency of thermoelectric
materials [26,27]. The comparison of the ZT values achieved for the n-type 0.94C.I.-
0.06Co0-1.86Si (C.I1-C00.06) specimen and the p-type 0.92C.1.-0.08 Mn-1.86Si (C.I.-
Mn0.08) specimen with the other various doping elements indicated the highest ZT
values were 0.22 at 700°C and 0.17 at 800°C, respectively. Due to the higher
substitutions necessary to achieve the concentration effect, the highest ZT value was
obtained from the n-type 0.94C.1.-0.06C0-1.86Si (C.I-C00.06) specimen. Additionally,
the p-type specimen prepared from p-type 0.92C.1.-0.08Mn-1.86Si (C.l.-Mn0.08) has a
better ZT value due to the compatibility of the cast iron scrap chips, compared to the
results in previously published reports [20,21]. By doping with the various elements, the
conduction type and properties of the B-FeSi, prepared utilizing cast-iron scrap chips
could be modified and improved. The value of ZT increases with the temperature before
reaching a maximum and decreasing. Additionally, the ZT value increases with the
substitution concentration of the doping elements. Therefore, we have demonstrated
that the cast iron scrap chips are effective as a starting material for fabricating B-FeSi,
and are capable of producing a material comparable to conventional (3-FeSi, fabricated

from pure Fe.
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3.3.4. Isothermal oxidation of sintered in B-FeSi, prepared utilizing cast iron
scrap chips

Figure 3.14 (a) shows XRD patterns of annealed (B-FeSi, undoped, Co-doped and
Al-doped from pure Fe and cast iron scrap chips. Dominant peaks in these samples
could be identified as B-FeSi; for all samples. Almost fully B-FeSi, with a small amount
of e-FeSi was obtained after annealing treatment at temperature 900°C for 5 d in order
to stabilize the desired volume fraction of B phase. Figure 3.14 (b) shows XRD patterns
of B-FeSi, specimens oxidized at 800°C for 14 d. An oxidation product such as FeO,
cristobalite and ferrosilite were not identified in oxidized B-FeSi,. A peak of e-FeSi
phase increases slightly after oxidation experiment. Formation of €-FeSi is caused by
consumption of Si in B-FeSi, by high-temperature oxidation.
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Figure 3.14 (a) XRD patterns of the annealed 3-FeSi, samples before and (b) oxidized
at 800°C for 14 d in air.

Figure 3.15 shows SEM images of the microstructures for annealed undoped, Co-
doped and Al-doped B-FeSi, prepared from cast iron scrap chips. The SEM image of
the annealed B-FeSi, prepared from cast iron scrap chips showed excess Si particles
(shown as black dots) with small pores (shown as white dots). Several black Si particles
were detected in the B-phase matrix. Very few pores were detected in the undoped, Co-

doped and Al-doped samples. The pore size that could be observed from the SEM
images was estimated to be less than approximately 10 pum.
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C.l.-Undoped C.1.-C00.02 C.1.-Al0.09

Figure 3.15 SEM microstructures of the annealed B-FeSi, samples at 900°C for 6 d.

P-C00.02
L ‘ﬁ -3
&

C.1.-Undoped C.1.-C00.02 C.1.-Al0.09

Figure 3.16 SEM microstructures of the annealed B-FeSi, samples oxidized at 800°C
for 14 d in air.

Fig. 3.16 shows the SEM images on surface morphology of oxidized B-FeSi,
prepared from pure Fe and cast iron scrap chips. Any cracks of oxidized B-FeSi;
samples were not observed after high temperature oxidation. Furthermore, anomaly
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oxidation such as formation of large nodules was not observed on the surface
morphology. However, some white spots (oxidation spots) were observed on the
surface morphology of oxidized B-FeSis.

Figure 3.17 shows the SEM images and the corresponding EDX elemental
mapping results for oxidized C.I.-C00.0.2 specimen prepared from cast iron scrap
chips. It is clear that the distribution of the Si and O elements observed on the white
spots (oxidation spots) in this specimen, as well as for the remaining oxidized B-FeSi,

prepared from cast iron scrap chips were uniformly dispersed throughout the 8 phase.

Figure 3.17 SEM image and EDXresults of oxidized C.l.-C00.0.2 specimen at 800°C
for 14 d.

Fig. 3.18 shows the cross sectional views of sintered B-FeSi, samples after
oxidation at 800°C for 14 d in air. An oxide scale is observed approximately 0.5-1 um in
thickness. Taking account of the XRD results, the oxide scale is most likely amorphous
SiO, as similar with Si and other silicide materials such as NiSi, [28] and CoSi, [29].
Anomaly oxidation such as formation of nodules was not observed. Cracks of B-FeSi,
samples and oxide scale were not observed. An oxide scale is observed in all B-FeSi,
samples made of pure Fe and cast iron scrap chips. Bright grains are also observed
below the oxide scale after oxidation. The bright grain consists of less Si and more Fe

than B-FeSi, phase as shown in Figure 3.18.
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Figure 3.18 Cross-sectional SEM views of the annealed B-FeSi, samples oxidized at
800°C for 14 d in air.
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Figure 3.19 (a), (b) and (c) show thermoelectric properties of annealed B-FeSi,
thermoelectric materials before and after high temperature oxidation at 800°C for 14 d
in air. Seebeck coefficient, a, electrical conductivity, o, and thermal conductivity, k, of
the annealed samples agree with the reported data of sintered B-FeSi, [13,30]. Their
thermoelectric properties of B-FeSi, specimens prepared using cast iron scrap chips at
high temperature oxidation test are similar to those as annealed samples. Isothermal
oxidation at high temperature is air does not degrade thermoelectric properties of
annealed B-FeSi, specimens even when using cast iron scrap chips as a starting
material. Since anomaly oxidation such as grain boundary oxidation or crack formation
was not observed in oxidation of B-FeSi, specimens prepared using cast iron scrap
chips at 800°C, thermoelectric properties of annealed of B-FeSi, bodies would not

change significantly by formation of granular e-FeSi.

Based on the present experimental results, thickness of SiO, scale oxidized at
800°C for 1 y can be estimated to be few microns. The formation of granular €-FeSi for
consumption of Si in B-FeSi, by oxidation did not degrade oxidation resistance.
According to Asanabe et. al., electrical conductivity of e-FeSi is almost constant at
higher temperature [31]. Since thickness of a continuous of e-FeSi layer would be as
same as the oxide scale, the shortcut of the e-FeSi layer with a few microns in
thickness is negligible. Therefore thermoelectric B-FeSi, prepared using cast iron scrap
chips has probably a long lifetime at high temperature around 800°C in air. B-FeSi; has
excellent potential in high temperature stability for high temperature thermoelectric

devices even when using cast iron scrap chips as a starting material.
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Figure 3.19 (a) Seebeck coefficient, (b) electrical conductivity and (c) thermal
conductivity with the measuring temperature of annealed B-FeSi, specimens before and

after high temperature oxidation at 800°C for 14 d in air.
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3.3.5 Fabrication of thermocouple p-type and n-type B-FeSi, prepared utilizing
cast iron scrap chips

Based on the results, the optimized Co substitution concentration for the n-type
specimen is 0.94C.1.-0.06Co0-1.86Si (C.I-C00.06), which produces ZT= 0.22 at 700°C.
For the p-type specimen, ZT= 0.17 at 800°C for 0.92C.1.-0.08Mn-1.86Si (C.I.-Mn0.08).
Figure 3.20 (a) shows the image of thermocouple n-type C.I-C00.06 and p-type C.I.-
Mn0.08 [B-FeSi, prepared utilizing cast iron scrap chips. As indicated in Figure 3.20
(b) is the illustration of thermocouple n-type and p-type B-FeSi, with dimensions 20

mm X 5mm for each module.

Figure 3.20 (a) Image of the thermocouple n-type and p-type B-FeSi, specimens
prepared using cast iron srcap chips and (b) illustration of the thermocouple n-type and

p-type B-FeSi, thermoelectric materials.

Figure 3.21 shows the SEM images of the microstructures for physical
connected of n-type and p-type B-FeSi, specimens prepared using cast iron scrap
chips. The SEM image of the thermocouple n-type and p-type B-FeSi, prepared from
cast iron scrap chips showed excess Si particles (shown as black dots) with small pores
(shown as white dots). Several black Si particles were detected in the B-phase matrix.
Very few pores were detected in this sample. The pore size that could be observed
from the SEM images was estimated to be less than approximately 10 um. The open
porosity observed in this thermocouple n-type and p-type was less than 1% after

sintering, and we consider this to be dense samples. Thus, the thermocouple n-type
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and p-type B-FeSi, specimens prepared using cast iron scrap chips with optimum Co
and Mn substitution concentration was successfully fabricated, yet when using cast iron
scrap chips as a starting material. Figure 3.22 shows the SEM images and the
corresponding EDX elemental mapping results for thermocouple n-type and p-type B-
FeSi2 specimens prepared using cast iron scrap chips (i) 0.94C.1.-0.06Co0-1.86Si (C.I.-
C00.0.6) and (ii) 0.92C.1.-0.08Mn-1.86Si (C.I.-Mn0.08). It is clear that the distribution of
the Co and Mn dopant concentrations in these specimens, as well as for the remaining
annealed B-FeSi, prepared from cast iron scrap chips were uniformly dispersed
throughout the B phase.

p- and n-type
physically connected

[+

Sel

¥D:33.9mm 20KV 2015/01/28 12:24:44 S

C.1.-0.06Co C.1.-0.08Mn
(0.94C.1.-0.06Co0-1.86Si) (0.92C.1.-0.08Mn-1.86Si)

Figure 3.21 SEM images of the microstructure for thermocouple n-type and p-type B-
FeSi, specimens prepared using cast iron scrap chips.
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Figure 3.22 SEM image and EDX result of thermocouple n-type (a) C.I.-0.06Co
(0.94C.1.-0.06Co0-1.86Si) and p-type (b) C.1.-0.08Mn (0.94C.1.-0.08Mn-1.86Si) B-FeSi,
samples prepared utilizing cast iron scrap chips.
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3.3.6 Evaluation of coefficient thermal expansion of p-type and n-type B-FeSi,

prepared utilizing cast iron scrap chips.

The coefficient of thermal expansion (CTE) is a key design parameter for
thermoelectric, especially in energy harvesting applications since stresses generated by
CTE mismatch, thermal gradient and the transients scale with the CTE of
thermoelectric materials. CTE of materials is the tendency of materials to change
in volume or linear or areain response to a change intemperature, through heat
transfer. Thus, in the present study, the evaluation of CTE is obtained for B-FeSi
samples prepared utilizing cast iron scrap chips. Figure 3.23 presents the results of
CTE value for B-FeSi, samples prepared utilizing cast iron scrap chips and pure Fe. It
can be seen clearly, both n-type and p-type for B-FeSi, samples prepared utilizing cast
iron scrap chips obtained approximately same value in CTE. The CTE of recycled ones
has lower CTE value than the ones used the pure Fe. It may be caused by low CTE of
SiO; since the specimens made from cast iron scrap chips are more easily to oxidized

compared to the specimens made from pure Fe.

In addition, based on the results of CTE for n-type and p-type B-FeSi, samples
prepared utilizing cast iron scrap chips showed the approximately CTE value highlights
the less need for care in selecting interconnecting materials in the TE module to reduce
the large stresses that can be induced by the thermal expansion mismatch. Thus, it is
confirmed that both n-type and p-type B-FeSi, samples prepared utilizing cast iron
scrap chips have sufficient mechanical integrity to survive the in-service conditions,

even using cast iron scrap chips as a starting material.
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Figure 3.23 Coefficient of linear thermal expansion as a function of temperature for
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3.4 Discussion

Figure 3.4 reveals the results for the dimensionless figure of merit, ZT, for the n-
type (0.02<Co0<0.08) and (0.06<Mn<0.1) specimens, as well as for the p-type
(0.09<AI<0.12) specimen. Based on the results, the optimized Co substitution
concentration for the n-type specimen is 0.94C.1.-0.06Co0-1.86Si (C.I-C00.06), which
produces ZT= 0.22 at 700°C. For the p-type specimen, ZT= 0.17 at 800°C for 0.92C.I.-
0.08Mn-1.86Si (C.l.-Mn0.08). Therefore, there are some restrictions for the alloying
elements in the B-FeSi, fabricated from cast iron scrap chips. For example, the metallic
behavior (corresponding to an excessively high electrical conductivity) and a high
sensitivity to dopant oxidation in the cast iron scrap chips could lead to decreases in the
ZT value. To improve the thermoelectric performance of the p-type B-FeSi, prepared
utilizing cast iron scarp chips, Mn (0.06<Mn<0.1) was chosen to replace Al
(0.09<AI<0.12) as the dopant element for the p-type B-FeSi, specimen. In the case of
the p-type specimen with Al doping (0.09<Al<0.12), it is important to avoid any
oxidation during sintering. For Mn doping (0.06<Mn<0.1), the oxidation is not as severe
[32]. It is difficult to control Al doping (0.09<AI<0.12) as a result of oxidation, especially
when using cast iron scrap chips, as shown in Table 1. An optimum composition for the
p-type 0.92C.1.-0.08Mn-1.86Si (C.l.-Mn0.08) and 0.94C.I.-0.06C0-1.86Si (C.I-C00.06)
specimens to provide the largest ZT value for the present system were determined.
This effect is caused by the high affinity of Al to oxygen compared to the Mn and Co.
The replacement of Al (0.09<Al<0.12) with Mn (0.06<Mn<0.1) as a concentration
substitution in p-type B-FeSi, is quite effective for improving the thermoelectric
performance in the B-FeSi, prepared from cast iron scrap chips. Hence, the conduction
type and properties of B-FeSi, can be modified and improved, even when cast iron
scrap chips are used as a starting material.
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Figure 3.24 Effects of mol substitution concentration on dimensionless figure of
merit of the annealed B-FeSi, samples with cast iron scrap chips at 900°C for 6 d.

The greatest insight into the nature of the chemical bonds in the B-FeSi, is
obtained from spectroscopy measurements of the valence bands and comparing
them with those of the pure constituents. Figure 3.25 (a) shows the X-ray photo
spectroscopy (XPS) of C.1.-Al0.09 specimen after annealing at 900°C for 6 d and
the excitation X-ray energies ranging from 63 to 723 eV. One peak at 74.5 eV is
assigned to Al,O3; (oxide peak) respectively as an evidence for the previous
argument. As described in the previous report [20], the Al doping element is not
compatible with cast iron scrap chips because the ability to be more easier to
oxidize during the preparation processes. Table 3.3 shows the comparisons of the
valence bands for Al constituents in different samples. It is clearly seen that the
peak of C.I-Al0.09 specimen is matched with the peak of Al,Ozin Al constituent.

Thus, it is confirmed that the C.I-Al0.09 specimen contained oxide and tend to
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decrease the thermoelectric properties. As compared with the XPS result of C.I.-
C00.02 specimen as shown in Figure 3.26 and Table 3.4, there is no oxide peak
revealed in this sample and the thermoelectric performances also showed no
significant change compared to that n-type 3-FeSi, prepared using pure Fe. Thus,
it is confirmed only Al-doped is not compatible with the cast iron scrap chips

compared to that Co-doped, respectively.

Table 3.3 XPS spectrums of Al elements with different binding energy.

Element Binding energy (eV)
Al (standard) 72921727
Al,O3 74.10
AIO(OH) 76
Al in C.I.-Al0.09 sample 74.10
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Figure 3.25 XPS spectrums of the annealed C.1.-0.09Al specimen at 900°C
for 6 d.
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Figure 3.26 XPS spectrums of the annealed C.1.-0.02Co specimen at 900°C for 6 d
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Table 3.4 XPS spectrums of C elements with different binding energy.

Element Binding energy (eV)
C graphite (standard) 284.5/284.2
SiC alpha 282.5
CO; 291.9
C in C.1.-C00.02 sample 284.7

3.5 Conclusion

The thermoelectric properties of undoped, p-type and n-type -FeSi, have been
determined by measuring the Seebeck coeefficient, a, electrical conductivity, o, and
thermal conductivity, k, from room temperature to 800°C. The thermoelectric properties
are strongly affected by the Co-doped (0.02<C0<0.08) substitution concentration (for n-
type specimens) and Mn-doped (0.06<Mn<0.1) substitution concentration (for p-type
specimens). The dimensionless figure of merit for the n-type 0.94C.1.-0.06Co0-1.86Si
(C.I-C00.06) and the p-type 0.92C.1.-0.08 Mn-1.86Si (C.1.-Mn0.08) B-FeSi, achieved
approximately 90% performance compared with 3-FeSi, synthesized from pure Fe and
was improved by approximately a factor of two compared with the p-type C.I.-0.09Al-
1.77Si (C.1.-Al0.09) and n-type 0.948C.I.-0.02C0-1.86Si (C.I.-C00.02) specimens that
have been published previously [20]. Thus, the objective of this study to evaluate the
effect of doping elements in B-FeSi, prepared utilizing cast iron scrap chips was
successfully achieved, and an optimum thermoelectric performance was determined.
Compared with the p-type 0.92C.1.-0.08 Mn-1.86Si (C.1.-Mn0.08) specimens prepared
from cast iron scrap chips, the n-type 0.94C.I.-0.06C0-1.86Si (C.I-C00.06) specimen
possessed a high electrical conductivity, low thermal conductivity and a high
dimensionless figure of merit, ZT = 0.22, at a measurement temperature of 700°C due
to the high carrier concentration and optimum substitution concentration. The achieved

ZT is assumed to be comparatively the same for 3-FeSi, thermoelectric materials made
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from pure Fe. The optimum value of ZT obtained in the present study is preferable for
use as a starting material to produce B-FeSi, thermoelectric materials and showed
promise as an eco-friendly and cost-effective production process for thermoelectric
materials. We conclude that the cast iron scrap chips were successful at fabricating p-
type 0.92C.I1.-0.08 Mn-1.86Si (C.l.-Mn0.08) and n-type 0.94C.I.-0.06C0-1.86Si (C.I-
Co00.06) pB-FeSi, thermoelectric materials and that optimum thermoelectric
performances were determined that were comparable with the previously reported
results. Thus, the physical connected of n-type and p-type B-FeSi, specimens prepared
using cast iron scrap chips with optimum Co (C.I-C00.06) and Mn (C.I.-Mn0.08)
substitution concentration was successfully fabricated, yet when using cast iron scrap
chips as a starting material. As well, the thermoelectric B-FeSi, prepared using cast
iron scrap chips has probably a long lifetime at high temperature around 800°C in air
and has excellent potential in high temperature stability for high temperature
thermoelectric devices even when using cast iron scrap chips as a starting material. In
addition, based on the results of CTE for n-type and p-type B-FeSi, samples prepared
utilizing cast iron scrap chips showed the approximately CTE value highlights the less
need for care in selecting interconnecting materials in the TE module to reduce the
large stresses that can be induced by the thermal expansion mismatch. However, Al
doping (0.09<AI<0.12) is not suitable for use with cast iron scrap chips as a starting
material for B-FeSi, thermoelectric materials due to the tendency of the Al dopant
(0.09<AI<0.12) to be oxidized during machining.
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Chapter 4. Development of eco-friendly Fe,VAI thermoelectric materials

prepared utilizing cast iron scrap chips

4.1. Introduction

Effective use of waste heat where more than 60% of the original energy is
released into the atmosphere is being sought against the recent social background. For
examples the concerns over the future supply of energy and the emergence of
environmental issues. In order to effectively utilize the low temperature, small scale and
widely scattered of waste heat, the thermoelectric generation which has a conversion of
efficiency independent to energy scale and capable to convert the thermal energy to the
electricity will provide the solution [1]. Thermoelectric materials have recently attracted
renewed interest for their potential applications in a waste heat recovery system without
any harmful emission. Thermoelectric material consists of abundant and cheap
elements are required for the widespread use of devices.

The Heusler-type intermetallic compound Fe,VAI has received intense attention
because of the occurrence of a semiconductor-like temperature dependence of
electrical resistivity over a wide temperature range up to 1200 K and above. Fe,VAl is
also one of a promising candidate for thermoelectric semiconductors due to its rich
resources, good mechanical strength and high electrical response [2]. In addition,
Fe,VAI has thermoelectric power generation near room temperature because of its high
power factor compared to the conventional thermoelectric materials, such as Bi-Te and
Pb-Te [3]. Fe,VAI is a semimetal with a narrow pseudogap at the Fermi level [4-5].
Thus, small stoichiometries deviations could cause large changes in transport
properties [6]. The methods for controlling the pseudogap in Fe,VAI have been reported
by several researchers, such as change its stoichiometry in chemical composition [7-8]
and substitute the fourth element [9-16]. These proposed methods increase the
absolute values of Seebeck coefficient and reduce the electrical resistivity of Fe,VAlI,
however thermal conductivity is comparatively large. As a result, the small ZT will be
obtained and it is essential to decrease the thermal conductivity for obtaining high
performance of Fe,VAI The arc-melting method based on ingot metallurgy [6-9],

mechanical alloying [14-16] and the combination of them [10] are the conventional
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fabrication processes of Fe,VAI In these conventional methods, the metal powders
with high impurity such as pure Fe is required as a raw material to synthesize Fe,VAI
which is resulting in high costs of the final products.

Cast iron is essentially an iron-carbon alloy containing more than 2 mass%
carbon, 1-3 mass% silicon, manganese, sulphur and phosphorus, which modify the
structure and properties of the resulting alloy markedly [17]. It used in the oil and gas
industry for making water conduit pipes, packer parts, boilers, valve bodies and valve
parts. During the mechanical processing, the cast iron scrap chips were generated due
to the machining operations. Recycling of cast iron scrap chips is an interesting subject
because it can be utilized as starting materials for preparing an iron based material, B-
FeSi, and Fe,VAI. We have already proposed upgrade recycling of cast iron scrap
chips towards B-FeSi, thermoelectric materials [18-20]. Thus, in the present study, the
upgrade recycling of cast iron scrap chips towards eco-friendly Fe,VAI thermoelectric
materials is promoted. The thermoelectric performance and the physical
characterizations of Fe,VAI synthesized from cast iron scrap chips for undoped and p-
type were evaluated. The purpose of this report is to reveal that the cast iron scrap
chips can be utilize as a starting material for fabricating other iron based materials such
as Fe,VAI and prevailed comparable thermoelectric performance to that previously

reported.
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4.2 Experimental Procedure

The numerical chemical compositions were cast iron (C.l.) or Fe: V: Al=2: 1: 1
for undoped, cast iron (C.1.) or Fe: V: Ti: Al=2: 0.9: 0.1: 1 for p-type and (C.l.) or Fe: V:
Al: Si= 2: 1: 0.9: 0.1 for n-type. The starting materials for undoped and p-type Fe,VAI
were prepared by the solid-state reaction technique of cast iron scrap chips (The prefix
“C.1.” presumably stands for “cast iron scrap chips”), silicon grains (purity:99.99%),
vanadium grains (purity:99.99%), powders of dopant element Ti (purity:99%) for p-type
and powders of dopant element Si (purity:99.99%) for n-type. The powder mixture

underwent a solid-state reaction at 1200°C for 12 h in vacuum.

The reacted powder was prepared by using a rotary dry ball milling for 1 d. Then,
the reacted powder was directly put in a die and consolidated by using a pulsed electric
current sintering technique at 950°C for 10 min in vacuum under an uni-axial pressure
of 80 MPa. Sintered specimens were annealed at 900°C for 2 d and 450°C for 6 h in a
vacuum to obtain the homogenized and the Heusler phase. The phase composition and
morphology of specimens was observed by a scanning electron microscope (SEM) and
electron probe micro analyzer (EPMA). The X-ray diffraction (XRD) analysis of

specimens was conducted for phase identification by X-ray diffractometer.

The thermoelectric properties of sintered Fe,VAI were evaluated by measuring
Seebeck coefficient, a, electrical conductivity, o, and thermal conductivity, k. The
Seebeck coefficient and electrical conductivity were measured by a DC standard four
probe method and the steady-state temperature gradient (ZEM-2, Ulvac Co.) from room
temperature to 500°C in a stream of He gas. The thermal conductivity was calculated
from measured heat capacity and thermal diffusivity by the laser flash method using the
thermal constant analyzer (LFA 457 Micro Flash) in a temperature range from room

temperature to 500°C under the vacuum.
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4.3. Results

4.3.1. Physical characterization
Table 1 shows the density and porosity data of sintered specimens for undoped
and p-type Fe,VAI prepared by utilizing pure Fe and cast iron scrap chips. This result

indicates that the open porosity for all samples was below 1% after sintering.

Table 4.1 Porosity data for the sintered Fe,VAI samples.

Numerical Chemical Composition Archimedes Measurement
Density Open porosity
2Fe-V-Al (Undoped) 6.34 g/lcm® 0.1%
2C.1.-V-Al (Undoped) 6.14 g/cm® 0.1%
2Fe-0.9V-0.1Ti-Al (p-type) 6.23 glcm® 0.4%
2C.1.-0.9V-0.1Ti-Al (p-type) 6.10 g/lcm® 0.3%
2Fe-V-0.9A1-0.1Si (n-type) 6.20 g/lcm® 0.3%
2C.1.-V-0.9A1-0.1Si (n-type) 6.09 g/cm® 0.2%

Figure 4.1 shows the XRD pattern of solid-state reacted powder and annealed
samples of Fe,VAI prepared by utilizing pure Fe and cast iron scrap chips. The prefix
“C.1.” presumably stands for “cast iron scrap chips”, which denotes those alloys formed
from cast iron scrap chips. The XRD pattern of solid-state reacted powder showed the
DO0s-type FesAl crystal structure. After annealing treatment, it is seen that the diffraction
spectra in these alloys were identified in the expected L2; structure, the Heusler-type
appear in a lower 26 angle such as 111 and 200. This result indicates that the Heusler
structural Fe,VAI alloy is obtained. However, traces of an impurity phase or secondary

phase was observed such as the oxides of Al,O3, V.05 and V20s.

Assayidaitul Laila 85



Chapter 4

T I T I T T T I T
A Fe;Al (DO3) € V205 e VC m V703 v Al,O;
Solid-state reacted powder
A a . amd - 2Fe-OA9V-O.1T1-Al
g 2C.1.-0.9V-0.1TiAl
s A 4 v ® Ag A .
3 A
2> 2Fe-V-0.9Ak0.1Si
g A A 2 A gA ] A
0 v :
E A A v 0. \ AN, 2C.L VAO.9A1-O.181
— 1
2C.I1.-V-A
A A v ¢° aA m A
2Fe-V-Al
A A

AR A

AT AU v T R I PRI L TP Tt T Y l VL RTIY T U N
20 30 40

Diffraction Angle, 2 8/degree

' [ T I T I I T I T
aFeVAL gy 0 °\C = \,0; v AlLO;
(L21)
Annealed
2Fe-V-0.9AI-0.1Si
A A vV ¢ ANA - A A
:2 2C.1.-V-0.9A1-0.1Si
g A A ve© )N 2G1-V- A0 i
iy a 2C.1.-0.9V-0.1Ti-Al
é: A v o ° ANA = A A
)
E 2Fe-0.9V-0.1Ti-Al
— A A v ¢ ANA A a
2C.I1.-V-Al
A A v & ® Al A .. A
2Fe-V-Al
A A vV & A% a4 - A

20 30 40 50 60 70

80
Diffraction Angle, 2 &/ degree

Figure 4.1 XRD patterns of the heat-treated powder and annealed Fe,VAI samples at
900°C for 2 d and 450°C for 6 h.
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Figure 4.2 provides the SEM microstructures for annealed Fe,VAIl alloys
prepared using pure Fe and cast iron scrap chips, respectively. The SEM images of
annealed Fe,VAI prepared from cast iron scrap chips shows larger segregation of
oxide, which might be V,03 or V,0s phase. On the other hand, several black particles of
Al,O3 were scarcely detectable in Fe,VAI samples prepared using pure Fe and cast iron
scrap chips. The pore size that could be observed from the SEM images was smaller
than 10 um. The open porosity as provided in Table 4.1 observed in all samples were

below 1% after sintering and thus regarded as dense samples.
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Figure 4.2 SEM microstructures of the annealed Fe,VAI samples at 900°C for 2 d
and 450°C for 6 h.
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Figure 4.3 shows SEM images and elemental mapping images of the undoped
and p-type Fe,VAI prepared using cast iron scrap chips. The presence of oxides in the
matrix is considered to be caused by the easiest ability of Al or V element to be
oxidized during sintering since the cast iron scrap chips are strongly oxidized by
machining. This is the most likely oxidation of the undoped and p-type Fe,VAI samples
made from cast iron scrap chips were caused by impurity oxygen in cast iron scrap.
Another possibility about the presence of oxide in the specimens is the size of V was 75
pm which was larger than that cast iron scrap chips (<100 um but easy to break during
ball milling process), Fe (3-5 um), Al (3 um) and Ti (3 um). This shows that the inside
of the product cannot be diffused completed. To obtain perfectly homogenized Fe,;VAI
smaller size V and longer heat treatment will be needed [2].
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Figure 4.3 EPMA analyzed, elemental mapping images for O, V and Al of

the annealed Fe,VAI samples prepared by utilizing cast iron scrap chips.
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4.3.2. Thermoelectric performance

Figure 4.4 shows the temperature dependence of the Seebeck coefficient of the
annealed Fe,VAl specimens between room temperature to 500°C. The Seebeck
coefficient, a value of undoped, p-type and n-type Fe,VAI prepared utilizing cast iron
scrap chips are found to be positive in the entire temperature range in the present
study. Such a finding suggests that the dominant carriers are hole-type in Fe,VAI, being
consistent with the previous results [6,8]. This is also in good agreement with the band-
structure calculations, which revealed the existence of large hole pockets near the
Fermi level density of states (DOS) in Fe,VAI [4,5]. Upon heating, intrinsic electrons
and holes are excited. If the holes have slightly higher mobility than the electrons in
these materials, the p-type carriers will eventually govern the thermal transport, leading
the positive a values at high temperature [5]. In addition, the upward shift of Er will
cause a higher activated energy for the hole carriers thermally excited across the
pseudogap. The Seebeck coefficient values of undoped Fe,VAI prepared using cast
iron scrap chips is positive and centered around 20 pV/K since the majority carriers are
holes [26], but the number of carriers and hole pockets are nearly compensated [26].
Furthermore, the Seebeck coefficient values of p-type Fe,VAI prepared using cast iron
scrap chips was about 10% smaller than those previously reported [21,22]. This
reduction was attributed to the small difference in the off-stoichiometric of the specimen
since the compositions of cast iron scrap chips contain some impurities. However, in
this report, the n-type Fe,VAI specimen made from cast iron scrap chips could not
possible to fabricate due to the influence of some impurities in cast iron scrap chips
since the compositions of cast iron scrap chips contain some impurities such as Si, Mn
and C. The influence of these impurities could change the conduction type of 2Fe.V-
0.9Al-0.1Si specimen prepared using cast iron scrap chips from n-type to p-type. For
examples, Mn or C might be considered to be an acceptor dopant, however, Si is

considered to be donor dopant by substituting Al site.
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Figure 4.4 Temperature dependence of Seebeck coefficient, a, for the annealed
Fe,VAI samples at 900°C for 2 d and 450°C for 6 h.
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Figure 4.5 provides the temperature dependence of electrical conductivity of the
annealed Fe,VAI specimens between room temperature to 500°C. The electrical
conductivity, o value of the Fe,VAI specimens prepared using cast iron scrap chips
exhibits a rather semiconductor-like dependence on temperature. Furthermore, the
electrical conductivity values of p-type Fe,VAI prepared using cast iron scrap chips was
about 30% higher than those previously reported [21,22]. The temperature dependence
of the electrical conductivity could be attributed to the carrier mobility, which decreased
with the temperature increase, since the acceptor were exhausted and the scattering of
the carrier by lattice vibration. Thus, it is confirmed that the Fe,VAI specimens made
from cast iron scrap chips obtained a positive impact on the electrical conductivity as
compared with others reported in the literature [13,21-24] even cast iron scrap chips
were used as a starting material. Nevertheless, in this report, the n-type Fe,VAI
specimen made from cast iron scrap chips could not possible to manufacture due to the
influence of some impurities in cast iron scrap chips since the compositions of cast iron
scrap chips contain some impurities such as Si, Mn and C. For instances, Mn or C
might be considered to be an acceptor dopant, however, Si is considered to be donor

dopant by substituting Al site.
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Figure 4.5 Temperature dependence of electrical conductivity, o, for the annealed
Fe,VAI samples at 900°C for 2 d and 450°C for 6 h.
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The thermal conductivity, k of annealed Fe,VAI specimens evaluated from room
temperature until 500°C is shown in Figure 4.6 The value of k for Fe,VAI is rather large,
typically 28 W/mK [13], which is almost an order of magnitude higher than that
conventional thermoelectric like Bi,Te;. However, the thermal conductivity for Fe,VAI
specimens prepared using cast iron scrap chips could attributed decreased respectively
might be due to the off-stoichiometry effect. The reduction of the thermal conductivity of
Fe,VAI specimens prepared using cast iron scrap chips is believed to be related to
increase of phonon scattering by the increase of grain boundary regions due to the
dispersed of impurity phases and the small difference of the composition from
stoichiometry [24]. Thus, it was found that the thermal conductivity values of undoped
Fe,VAI and p-type Fe,VAI prepared using cast iron scrap chips were about 10% smaller
than those previously reported [21-24] even cast iron scrap chips were used as a

starting material.
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Figure 4.6 Temperature dependence of thermal conductivity, k, for the annealed
Fe,VAI samples at 900°C for 2 d and 450°C for 6 h.
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The efficiency of thermoelectric materials can be measured by its power factor,
PF which is proportional to a®.0. Figure 4.7 draws a comparison of PF between Fe,VAI
specimens prepared using cast iron scrap chips and pure Fe as a function of

temperature. The PF value of p-type Fe,VAI made from cast iron scrap chips was

102
comparable than those previously reported [21,22] and possess 1604 pWm K at
200°C, which is the highest PF value at a certain temperature even cast iron scrap
chips were used as a starting material. In addition, it was prevailed that the PF values

of undoped Fe,VAI prepared using cast iron scrap chips was approximately twice

improved (967 me_1K_2 at 200°C, which is the highest PF value at a certain
temperature) as compared than those previously reported [23,24]. It is interesting to
note that the performance of undoped and p-type Fe,VAI prepared using cast iron
scrap chips are comparable to that Fe,VAI prepared using pure Fe and reported

literature especially at higher temperatures than 200°C.
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Figure 4.7 Temperature dependence of power factor, PF, of the annealed Fe,VAI
samples at 900°C for 2 d and 450°C for 6 h.

The thermoelectric performance is often discussed with the figure of merit, Z=
a’.0/ k, so that not only increase in the power factor PF but also a decrease in the
thermal conductivity k is required. Figure 4.8 shows the variations in the dimensionless
figure of merit, ZT with the measuring temperature of annealed Fe,VAI specimens
prepared using cast iron scrap chips and pure Fe. As a result, it was prevailed that the
dimensionless figure of merit, ZT values of undoped Fe,VAI prepared using cast iron
scrap chips was approximately twice improved and for p-type Fe,VAI prepared using
cast iron scrap chips was about 10% smaller and than those previously reported [21-
24]. Thus, undoped and p-type Fe,VAI prepared using cast iron scrap chips obtained
positive impact in thermoelectric performance even utilized the cast iron scrap chips as

a starting material.
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Figure 4.8 Variation in dimensional figure of merit, ZT, with the measuring

temperature of the annealed Fe,VAI samples at 900°C for 2 d and 450°C for 6 h.
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4.4 Discussion

4.4.1 Carbon contains in cast iron scrap chips

The Seebeck coefficient values of undoped Fe,VAI prepared using cast iron
scrap chips is positive and centered around 20 pV/K since the majority carriers are
holes, but the number of carriers and hole pockets are nearly compensated [26]. The
Seebeck coefficient values of p-type Fe,VAI prepared using cast iron scrap chips was
approximately 10% smaller than those of previously reported [21,22]. This decrease
was attributed to the small difference in the off-stoichiometries of the specimen since

the compositions of cast iron scrap chips contain some impurities.

Nevertheless, in the present study, the n-type Fe,VAI specimen made from cast
iron scrap chips could not possible to manufacture due to the influence of some
impurities in cast iron scrap chips since the compositions of cast iron scrap chips
contain some impurities such as Si, Mn and C. Meanwhile the density of states (DOS)
of Fe,VAI sharply changes on both valence band and conduction band sides of the
pseudogap, the Seebeck coefficient enhances significantly when the Fermi level shifts
slightly due to the doping. Thus, since the cast iron scrap chips contain some impurities
such as Si, Mn, C and O, it may contribute as a dopant in Fe,VAI alloys and slightly
change the shape of the DOS structure. The rigid-band-like behavior with doping is one
issue with the Fe,VAI based thermo-electric materials for further improvement in the
Seebeck coefficient, especially for n-type Fe,VAI specimen made from cast iron scrap

chips.

Figure 4.9 shows the XRD patterns of experimentally prepared of the annealed
Fe,VAI samples with or without C-doping at 900°C for 2 d and 450°C for 6 h. The
mass% C are varied with 2, 4 and 6 mass% C in order to investigate the influence of C
added in the n-type Fe,VAI specimen even made from pure Fe. The VC peak was
observed in the n-type Fe,VAI specimen with 2, 4 and 6 mass% C as similar to the
2C.1.-V-0.9AI-0.1Si specimen.
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Figure 4.9 XRD patterns of the annealed Fe,VAI samples with or without
mass %C at 900°C for 2 d and 450°C for 6 h.

Figure 4.10 provides the SEM microstructures of experimentally prepared for
annealed Fe,VAI alloys prepared using pure Fe with 2, 4 and 6 mass% C and cast iron
scrap chips, respectively. The SEM images of annealed Fe,VAI with or without mass%
C prepared from Fe and cast iron scrap chips show larger segregation of oxide, which
are might be V,030r V,05 phase. The pores size that could be observed from the SEM

images were smaller than 10 um in diameter.
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Figure 4.10 SEM microstructures of the annealed Fe,VAI samples at 900°C for 2
d and 450°C for 6 h.
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Figure 4.11 (a) shows the temperature dependence of Seebeck coefficient, a,
for the annealed Fe,VAI samples with or without mass% C at 900°C for 2 d and 450°C
for 6 h. The 2Fe-V-0.9Al-0.1Si prepared using pure Fe added 2, 4 and 6 mass% C
revealed same conduction type (p-type) compared to that 2C.l1.-V-0.9Al-0.1Si
specimen made from cast iron scrap chips. It means the estimating carbon contains in
cast iron scrap chips is approximately 4 and 6 mass% C since the Seebeck coefficient
and electrical conductivity results similar to that 2C.1.-V-0.9Al-0.1Si specimen made
from cast iron scrap chips. In addition, from the thermoelectric properties results, it was
confirmed that C affects the conduction type of 2C.1.-V-0.9Al-0.1Si specimen made

from cast iron scrap chips.

—&—2CI-V_-0.9A1-0.1Si
otype —-Lx— 2Fe-V-0.9AL0.1Si

& - ZFe-V-0.9AL0.1Si (Mikami, 2011) [21]
\ -~ - 2Fe-V-0.9A1.0.1Si (Mikami, 2008) [25]

W¢4—+_$ g_

n-type

—{i— IFe-V-0.9A10.15i (2 mass% C) -
—{H— 2Fe-V-0.9A10.1Si (4 mass% C)
2Fe-V-0.9A1-0.1Si (6 mass% C)

1 |

100~ 200 300 400 500
Temperature, 77°C

Seebeck Coefficient, o /uVK'

5 - _
L 08 0 o @008

Figure 4.11 (a) Temperature dependence of Seebeck coefficient, a, for the
annealed Fe,VAI samples with or without mass% C at 900°C for 2 d and 450°C
for 6 h.

Figure 4.11 (b) shows the temperature dependence of electrical conductivity, o
for the annealed Fe,VAI samples with or without mass% C at 900°C for 2 d and 450°C
for 6 h. The 2Fe.V-0.9Al-0.1Si added 6 mass% C specimen revealed the same
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behavior with the 2C.1.-V-0.9AI-0.1Si specimen made from cast iron scrap chips.
However, further investigation regarding the chemical analysis of 2Fe.V-0.9AI-0.1Si
added 6 mass% C specimen is necessary in order to understand the position of
graphite (C) in the specimen (substitution or interstitial to which element).

[ [ | | |
- --B-- 2Fe-V-0.9A1-0.18i (Mikam,2008) [25]
- -G -- 2Fe-V-0.9A10.181 (Mikami, 2011) [21]
—b— 2CI-V-0.9A1 0.1Si _
- === 2Fe-V-0.9A10.1Si -

[—
<
|

n-type ]
— 3 2Fe-V-0.9A1-0.1Si (2 mass% C)

—{E— 2Fe-V-0.9A10.1Si (4 mass% C)
| —¢|— IFﬂ-V—P.!I‘Al-ﬂ.ISIi (6 massﬁ"}- C) -

100 200 300 400 500
Temperature, 77°C

Electrical Conductivity, o/Sm’’

2

=

Figure 4.11 (b) Temperature dependence of electrical conductivity,o, for the
annealed Fe,VAI samples with or without mass% C at 900°C for 2 d and 450°C
for 6 h.

Figure 12 (a) shows the valence electron concentration (VEC) dependence
Seebeck coefficient in previously [27] and currently reported Fe-based Heusley alloys
[28]. The variation of valence electron concentration (VEC) due to the doping is the
most important factor for a large enhancement in the Seebeck coefficient. Fe,VAI has
in total 24 valence electrons per formula unit, so that VEC = 6. The sign of the
Seebeck coefficient has been always positive for the alloys with VEC < 6 but becomes
negative for VEC > 6. Thus the value of Seebeck coefficient including its sign varies
most significantly in the vicinity of VEC = 6. From the experimental result of 2Fe-V-
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0.9Al-0.1Si prepared using pure Fe added 4 mass% C, since the VC obtained from
the sample as the V associated with C to produce VC, the V concentration in the
system was reduced and influenced the Seebeck coefficient. Based on the VEC
calculation of 2Fe-V-0.9Al-0.1Si prepared using pure Fe added 4 mass% C; (8x2) +
((5x0.7) since V lack in the system) + (3x0.9) + (4x0.1) + ((4x0.3) since the addition of
4 mass% C in the system) = 23.8/4 = 5.95 e/a shows the VEC < 6 where the sign of
the Seebeck coefficient has been always positive (p-type) for the alloys. When the V
replacement is not sufficient in Fe,VAI, Fe atoms supply the holes for conduction,
because Fe has a lower valence than Al [7]. This qualitative explanation agrees with
the compositional behavior of Seebeck coefficient. Therefore, a small deviation of VEC
from the stoichiometric value of 6 always leads to a large enhancement in Seebeck
coefficient. It is considered that, since the DOS within the pseudogap very small, even
a small compositional change would result in an appreciable shift of the Fermi level
from the central region in the pseudogap without modifying the band structure in any
essential manner. Thus, it was confirmed that C affects the conduction type of 2C.I.-V-
0.9Al-0.1Si specimen made from cast iron scrap chips since the pattern similar with
2Fe-V-0.9Al-0.1Si prepared using pure Fe added 4 mass% C.

100 - J . S ¥
Fe;VAlooSio + . @ Fejvl sxAlj

4 mass% C
50 300 K _|
) e e, —
¢ Fe,VA
=50 hAFC;I\’” ‘Tl|‘A| VEC = 6 =

@ Fe,V ., Zry Al |
-100 ~q Fe;V+,Cop Al
W Fe;VALLL,Si,
O FedVALL,Ge,

Seebeck CoefficientS (uV/K)

'
N

A A

Oy fossconin

L
595 6.05
Valence Electron Concentration, VEC

Figure 4.12 (a) Valence electron concentration (VEC) dependence of the

experimental Seebeck coefficient at 300 K [28].
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Figure 12 (b) shows the relationship between a (Al+Si) concentration and the
Seebeck coeffiecient if the horizontal scale is the (Al+Si) concentration and the vertical
scale is the Seebeck coefficient [29]. Referring to this figure, in the alloyed metal
according to the invention, a p-type iron alloy thermoelectric material having the high
Seebeck coefficient of more than 60 pV/K (up to 84 pV/K) can produced by adding the
carbon and by adjusting the [V concentration — C concentration] to 20~24 at % as well
as the [Al concentration + Si concentration] to 25~30 at %. Incidentally, in the
invention, the vanadium carbides are separated out into the matrix by the addition of
the carbon. So, according to the experimental result of 2Fe-V-0.9AI-0.1Si prepared
using pure Fe added 4 mass% C, was similar to the reported patent [29]. Since the
VC obtained from the sample as the V associated with C to produce VC, the V
concentration in the system was reduced and influenced the Seebeck coefficient.
Consequently, it was confirmed that C affects the conduction type of 2C.I.-V-0.9Al-
0.1Si specimen made from cast iron scrap chips since the pattern similar with 2Fe-V-

0.9Al-0.1Si prepared using pure Fe added 4 mass% C.

p-type:20= (V—C)at%<25
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Figure 4.12 (b) A relationship between a (Al+Si) concentration and the Seebeck

coefficient [29].
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4.4.2 Oxide Phases

From the point of view of XRD, the traces of an impurity phase or secondary
phase was observed such as the oxides of Al,O3, V205 and V.03 as shown in Figure
4.13 It may influence the thermoelectric properties of Fe,VAI samples made from cast
iron scrap chips. As well, from the SEM microstructure and elemental mapping images,
it can be seen clearly the presence of oxides in the matrix is considered to be caused
by the easiest ability of Al or V element to be oxidized during sintering since the cast
iron scrap chips are strongly oxidized by machining. This is most likely the oxidation of
Fe,VAI samples made from cast iron scrap chips were caused by impurity oxygen in the
cast iron scrap chips used in the present study. Another possibility about the presence
of oxide in the specimens is the size of V was 75 pm which was larger than that cast
iron scrap chips (<100 um but easy to break during the ball milling process), Fe (3-5
pm), Al (3 um) and Ti (3 um). This evidences that the inside of the product cannot be
diffused completed. To obtain perfectly homogenized Fe,VAI smaller size V and longer

heat treatment will be needed [2].

! I T I I I ! I !
A FeoVAL @ V)05 1 e VC m V.03 vAl,O3

2FeV-0.9A1-0.1Si-
20 mass % V203

2FeV-0.9A1-0.1Si-
10 mass % V203

Intensity, I/a.u

2C.1.-V-0.9Al1-0.1Si1

2FeV-0.9Al-0.1Si

[T TPV SR YT Y T YORPIVALRAT ool DY LA T LTI YR b al L
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Diffraction Angle, 2 &/degree

Figure 4.13 XRD patterns of the annealed Fe,VAI samples with or without mass %V,0;
at 900°C for 2 d and 450°C for 6 h.
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Figure 4.14 shows the Seebeck coefficient of the annealed Fe,VAI samples with
or without mass% V,03 at 900°C for 2 d and 450°C for 6 h. The n-type Fe,VAI samples
with 10 and 20 mass% V,03 obtained same conduction type (n-type) compared to that
Fe,VAI samples prepared from pure Fe. Figure 4.15 shows the temperature
dependence of electrical conductivity, o, for the annealed Fe,VAlI samples with or
without mass% V,03 at 900°C for 2 d and 450°C for 6 h. The annealed n-type Fe,VAI
samples with 10 and 20 mass% V,03 prevailed similar behavior with n-type Fe,VAI
samples prepared from pure Fe. The V,03did not affect the conduction band type and
shows less influence, especially to the microscopic electrical conductivity since it
obtained at the grain boundary with very thin layer oxide phase. However, it might be
attributed to the small difference in the off-stoichiometries of the specimen by impurity

oxygen in cast iron scrap chips.

T [ ' | ' I
100L —h— 2CI-V-0.9A10.1S1 ]
- =ty - 2Fe-V-0.9AH0.1Si
-~~~ 2Fe-V-0.9AH).1Si (Mikami, 2011) [21]
-8 -- 2Fe-V-0.9A10.1Si (Mikami, 2008) [25]
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Figure 4.14 Temperature dependence of Seebeck coefficient, a, for the annealed
Fe,VAI samples with or without mass% V,03 at 900°C for 2 d and 450°C for 6 h.
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Figure 4.15 Temperature dependence of electrical conductivity, o, for the annealed
Fe,VAI samples with or without mass% V,03 at 900°C for 2 d and 450°C for 6 h.

4.5 Conclusion

The upgrade recycling of cast iron scrap chips shows promise as an eco-friendly
and cost efficient production process for iron-based alloys. In the present study, the
undoped and p-type Fe,VAI specimens prepared using cast iron scrap chips have been
successfully fabricated even though utilizing cast iron scrap chips as a starting material.
The maximum power factor, PF value of p-type Fe,VAI prepared using cast iron scrap

chips was comparable than those previously reported [21,22] and possess PF= 1604

A2
MWm K at 200°C, which is highest PF value at a certain temperature. Meanwhile, for

the undoped Fe,VAI prepared using cast iron scrap chips was prevailed approximately

12
twice improved in power factor value, PF= 967 yWm K at 200°C, which is highest PF
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value at a certain temperature as compared than those previously reported [23,24].
Thus, undoped and p-type Fe,VAI prepared using cast iron scrap chips obtained
positive impact in thermoelectric performance even utilized the cast iron scrap chips as
a starting material. Nevertheless, in the present study, the n-type Fe,VAI specimen
made from cast iron scrap chips could not possible to fabricate due to the small
difference in the off-stoichiometric of the specimen since the compositions of cast iron
scrap chips contain some impurities such as Mn, C and Si. In addition, from the
thermoelectric properties results, it was confirmed that C is considered to be an
acceptor dopant and affect the conduction type of 2C.1.-V-0.9Al-0.1Si specimen made
from cast iron scrap chips. Hence, it is further necessary to investigate the chemical
analysis of C contains in cast iron scrap chips on the development of n-type Fe,VAI

alloy and further improvements in the thermoelectric performance are desired.
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Chapter 5: General guidelines to highly valued intermetallic compounds

towards upgrade recycling of cast iron scrap chips

5.1 Introduction

The scrap metal recycling industry encompasses a wide range of metals and
alloys. Some of the most commonly recycled metals or alloys (by volume) are cast iron,
steel, copper, aluminum, lead, zinc, and stainless steel. Scrap metals, in general, are
divided into two basic categories: ferrous and nonferrous. Ferrous scrap is a metal or
alloys that contain iron. Scrap chips of cast-iron consist primarily of iron with 2.1-4
mass% of carbon and 1-3 mass% of silicon. Cast iron scrap comes from sources such
as: mill scrap (from primary processing), used construction beams, plates, pipes, tubes,
wiring, and shot and automotive scraps. Therefore, the recycling of cast iron scrap
chips is an interesting subject to explore because these chips are expected to be a
good starting material for preparing iron-based intermetallic compound.

One example of the highly valid intermetallic compound is neodymium iron boron
[1-4]. Magnet based on NdFeB alloys have been available for about 15 years. NdFeB
is termed a rare earth magnet. The neodymium iron boron, NdFeB, magnets is made of
an alloy primarily consisting of Neodymium, Iron and Boron and the alloy are chemically
written as Nd;Fe;4B. Up to 150°C, the Neodymium Iron Boron magnets are the
strongest performers. The "Neo" magnets are a first choice for many applications as
they offer the greatest performance with the smallest volume. Neodymium Iron Boron,
NdFeB, magnets exists in a variety of grades. These grades not only variation in
magnetic output performance, but they also vary with temperature rating. The maximum
recommended temperature of operation for the “Neo” magnets is 200-230°C although
the exact limit is actually dependent on the magnet shape and the total magnetic circuit.
Therefore, the recycling of cast iron scrap chips is an interesting subject to explore
because these chips can be preferable to used as a starting material for fabricating
NdFeB. Considerably, in the future, this guideline could be applied to produce this
material with good electrical and magnetic properties such as magnetic softness iron-

based supercondcutors [5-8].
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5.2 Limitation of alloying elements for fabrication of iron-based alloys prepared

utilizing cast iron scrap chips

The general guidelines to highly valid intermetallic compounds towards upgrade
recycling of cast iron scrap chips is described to achieve better upgrade recycling
process in the future. Thus, this guideline could be applied to fabricate another highly
valid intermetallic compound such as magnetic softness iron-based superconductor
materials prepared using cast iron scrap chips or neodymium iron boron magnets made

from cast iron scrap chips.

However, in the present work, there are some restrictions for the alloying
elements in the B-FeSi, fabricated from cast iron scrap chips. For example, in order to
improve the thermoelectric performance of the p-type B-FeSi, prepared utilizing cast
iron scarp chips, Mn was chosen to replace Al as the dopant element for the p-type -
FeSi, specimen. In the case of the p-type specimen with Al doping, it is important to
avoid any oxidation during sintering. For Mn doping, the oxidation is not as severe [9].
However, it is difficult to control Al doping as a result of oxidation, especially when using
cast iron scrap chips as a starting material. This effect is caused by the high affinity of
Al to oxygen compared to the Mn and Co. As described in the previous report [10-12],
the Al doping element is not compatible with cast iron scrap chips because the ability to

be more easier to oxidize during the preparation processes.

Therefore, it was decided from the above statement that the Al dopant is not
preferable to use as an alloying element in the fabrication of iron-based made from cast
iron scrap chips. Meanwhile, the optimization of high affinity dopant elements to oxygen
could be considered for fabrication of iron-based made from cast iron scrap chips. On
the other hand, oxidation of impurities from oxidized cast iron scrap chips might be
reflected for manufacturing iron-based alloys prepared using cast iron scrap chips. This
guideline could benefit to applying for producing another highly valid intermetallic

compound in the future.
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5.3 Influence of impurities contains in cast iron scrap chips towards preparation

of iron-based alloys

Scrap chips of cast-iron were produced from the cutting and milling processes
of cast-iron products, which consist primarily of iron with 2.1-4 mass% of carbon and
1-3 mass% of silicon. Thus, cast-iron scrap chips may be a suitable starting material
for preparing iron-based materials. By considering the XRF and GDSM analysis of the
cast iron bulk, the specimen already contained 2.1-2.2 mass% of silicon. For B-FeSi,
specimen prepared from cast iron scrap chips, the optimization of the numerical
chemical composition of Si in the cast iron scrap chips samples are considered. The
ratio of powder mixture was reduced from C.I.:Si = 1:2 to C.I.:Si = 1:1.86 for lesser free
silicon after sintering. It is necessary to control the composition ratio of C.I.:Si at
approximately 1:1.86 to avoid the formation of e-FeSi in the future. It was reported that
the presence of e-FeSi could arise from a deficiency of Si due to the oxidation during
the powder preparation and/or the evaporation during sintering [13]. By reducing the
numerical chemical composition of excess Si in the powder mixture of the C.I.-1.86Si [3-
FeSi, sample made from cast iron scrap chips, the thermoelectric performance was
significantly enhanced for the C.1.-2Si sample compared to that of the sample prepared
from pure Fe. These findings provide the following insights for future research that
excess Si contains in cast iron scrap chips could influence in the properties of iron-

based alloys made from cast iron scrap chips.

In the case of Fe,VAI prepared using cast iron scrap chips, the n-type Fe,VAI
specimen made from cast iron scrap chips could not possible to fabricate due to the
small difference in the off-stoichiometric of the specimen since the compositions of cast
iron scrap chips contain some impurities such as Mn, C and Si. Based along the results
from Fe,VAI specimen made from cast iron scrap chips, there is sign showed the
influence from the C contains in cast iron scrap chips. The VC peak was observed in the
n-type Fe,VAI specimen with 2, 4 and 6 mass% C as similar to the 2C.1.-V-0.9AI-0.1Si
specimen. The 2Fe-V-0.9Al-0.1Si prepared using pure Fe added 2, 4 and 6 mass% C
revealed same conduction type (p-type) compared to that 2C.I.-V-0.9AI-0.1Si specimen
made from cast iron scrap chips. It means the estimating carbon contains in cast iron
scrap chips is approximately 4 and 6 mass% C since the Seebeck coefficient and
electrical conductivity results similar to that 2C.I.-V-0.9Al-0.1Si specimen made from
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cast iron scrap chips. In addition, from the thermoelectric properties results, it was
confirmed that affects the conduction type of 2C.1.-V-0.9Al-0.1Si specimen made from
cast iron scrap chips. However, further investigation regarding the chemical analysis of
2Fe.V-0.9Al-0.1Si added 6 mass% C specimen is necessary in order to understand the
position of graphite (C) in the specimen (substitution or interstitial to which element).
Therefore, we can not neglect the influence of C for fabricating iron-based alloys made
from cast iron scrap chips. Considerably on the above statement, this guideline could

benefit.

5.4 Conclusion

In this chapter, the limitation of alloying elements for fabrication of iron-based
alloys prepared utilizing cast iron scrap chips is discussed. Figure 5.1 shows the
schematic illustration of the guidelines to highly valid intermetallic compounds towards
upgrade recycling of cast iron scrap chips. Furthermore, the influence of impurities
contains in cast iron scrap chips towards preparation of iron-based alloys are
considered. This guideline has been suggested several courses of action for the
fabrication of highly valued intermetallic compounds toward upgrade recycling of cast
iron scrap chips in the future. It could benefit to applying for producing iron-based alloys
made from cast iron scrap chips with good thermoelectric, magnetic performance and
properties. This is an important issue for the future research. In the present study, we
can conclude that we successfully fabricated iron-based thermoelectric B-FeSi, and
Fe,VAI prepared using cast iron scrap chips. This upgrade recycling material is
considerable an effort to reducing the abundant waste towards eco-friendly and cost
effective production process. Thus, this work revealed that the cast iron scrap chips can
be optimum utilize as a starting material for fabricating iron based materials and

prevailed comparable thermoelectric performance to that previously reported.
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Figure 5.1 Schematic illustration of the guidelines to highly valid intermetallic
compounds towards upgrade recycling of cast iron scrap chips.
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Chapter 6: Summary and general conclusions

In this work, the upgrade recycling of cast iron scrap chips towards iron-based
thermo-electric materials are proposed and reported as an eco-friendly and cost-
effective production process. Because cast iron consists mainly of iron with carbon and
silicon, scrap chips of cast iron are expected to be a good starting material for preparing
iron-based intermetallic compound with good thermoelectric properties such as p-FeSi,
and Fe,VAI Firstly, the cast iron scrap chips were cleaned using ethanol in an
ultrasonic bath over 4 cycles of 20 min and then dried in a fume chamber. The
specimens were then characterized using X-ray fluorescence and energy dispersion X-
ray spectroscopy for elemental and chemical analysis. Furthermore, for reconfirmation
of chemical analysis, the concentration of impurities in the cast iron scrap chips was
analyzed using glow discharge mass spectrometry. For GDMS synthesis, the
evaluation of the cast iron scrap chip powders was performed by consolidation using a
pulsed electric current sintering (PECS) technique. By reducing the numerical chemical
composition of excess Si in the powder mixture of the C-Si1.86 sample made from cast
iron scrap chips, the thermoelectric performance was significantly enhanced for the C-
Si2 sample compared to that of the sample prepared from pure Fe as discussed deeply
in chapter 3. Thus, the cast iron scrap chips could be preferable for use as a starting

material to fabricate iron-based alloys (B-FeSi, and Fe,VAI).

In iron-based materials, semiconducting iron disilicide (B-FeSi,) is one of the
useful thermoelectric materials at high temperatures. The achieved ZT is assumed to
be comparatively the same for B-FeSi, thermoelectric materials made from pure Fe.
The optimum value of ZT obtained in the present study is preferable for use as a
starting material to produce -FeSi, thermoelectric materials and showed promise as
an eco-friendly and cost-effective production process for thermoelectric materials. We
conclude that the cast iron scrap chips were successful at fabricating p-type 0.92C.I.-
0.08 Mn-1.86Si (C.1.-Mn0.08) and n-type 0.94C.I.-0.06C0-1.86Si (C.I-C00.06) B-FeSi,
thermoelectric materials and that optimum thermoelectric performances were

determined that were comparable with the previously reported results.
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Thus, the thermocouple n-type and p-type B-FeSi, specimens prepared using
cast iron scrap chips with optimum Co (C.I1-C00.06) and Mn (C.I.-Mn0.08) substitution
concentration was successfully fabricated, yet when using cast iron scrap chips as a
starting material. As well, the thermoelectric B-FeSi, prepared using cast iron scrap
chips has probably a long lifetime at high temperature around 800°C in air and has
excellent potential in high temperature stability for high temperature thermoelectric
devices even when using cast iron scrap chips as a starting material. In addition,
based on the results of CTE for n-type and p-type B-FeSi, samples prepared utilizing
cast iron scrap chips showed the approximately CTE value highlights the less need for
care in selecting interconnecting materials in the TE module to reduce the large
stresses that can be induced by the thermal expansion mismatch. However, Al doping
(0.09<AI<0.12) is not suitable for use with cast iron scrap chips as a starting material
for B-FeSi, thermoelectric materials due to the tendency of the Al dopant
(0.09<AI<0.12) to be oxidized during machining

Furthermore, the development of eco-friendly Fe,VAI thermoelectric materials
prepared using cast iron scrap chips is proposed and successfully achieved. The
thermoelectric performance shows positive impact as the maximum power factor. In
addition, it was prevailed that the PF values of undoped Fe,VAI prepared using cast
iron scrap chips was approximately twice improved as compared than those previously
reported. Furthermore, the PF values of p-type Fe,VAI prepared using cast iron scrap
chips was about 10% smaller than those previously reported. Nevertheless, in the
present study, the n-type Fe,VAI specimen made from cast iron scrap chips could not
possible to fabricate due to the small difference in the off-stoichiometric of the specimen
since the compositions of cast iron scrap chips contain some impurities such as Mn, C
and Si. Taking account of the XRD results and thermoelectric performance of sample n-
type Fe,VAI added in 2, 4, 6 mass% C, the results showed that samples have similar
behavior with 2C.1-V-0.9AI-0.1Si sample. It means the C contains in cast iron scrap
chips affect the conduction type by decreasing the V concentration when VC obtained
in the specimen. Hence, it is further necessary to investigate the effect of impurities
contains in cast iron scrap chips on the development of n-type Fe,VAI alloy and further

improvements in the thermoelectric performance are desired.
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Ultimately, the general guidelines to highly valid intermetallic compounds towards
upgrade recycling of cast iron scrap chips is discussed to achieve better upgrade
recycling process. In the future study, this guideline could be applied to fabricate
another intermetallic compound such as magnetic softness iron-based superconductor
materials prepared using cast iron scrap chips or neodymium iron boron magnets made
from cast iron scrap chips. In this chapter, the limitation of alloying elements for
fabrication of iron-based alloys prepared utilizing cast iron scrap chips is discussed.
Furthermore, the influence of impurities contains in cast iron scrap chips towards
preparation of iron-based alloys are considered. From the above statements we can
conclude that we successfully fabricated iron-based thermoelectric B-FeSi, and Fe,VAI
prepared using cast iron scrap chips. This upgrade recycling materials is considerable
an effort to reducing the abundant waste towards eco-friendly and cost effective
production process. Thus, this present study revealed that the cast iron scrap chips can
be optimum utilize as a starting material for fabricating iron based materials and

prevailed comparable thermoelectric performance to that previously reported.
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