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Ilepiinyn

Tnv televtaio dekaetio Too Bepponiextpikd vakd tomov half-Heusler of (MCoSb ko
MNIiSn (M = Ti, Zr, Hf)) érovv KiviiGeL TO EMOTNUOVIKO EVOLOPEPOV Y10, EPAPIOYES
HECOI®OV KoL VYNAGV BEpUOKPACIHV AOY® TOV VITOCYOUEVOV BEPLONAEKTPIKDOV TOVG
womtov. [op' Ao ovtd 1 oxeTKd VYNAN BEpUIKT] AYOYLOTNTO, TO LELOVEKTILLOTO
™G Kowmg epappolopevng peboddov ya v odvBeon tovg (arc-melting) kabmg kot to
VYNAS k66ToC apviov (HF) amotehobv Tpoyomédn yia v gvupeia epappoyn tovg. Ocov
apopd TIC EPAPLOYEC KOVTA otV Bepuokpacio dmpatiov, to BepronAekTpiKd VAIKE
Bismuth-Telluride Oswpovvtar péypt otiyung to  omodotikotepa. IIpocedrtmg,
eEapetikd vynia ZT éxovv Kataypael yia vavocivleta vAIKE, vroypappilovtog 0Tt
n mepetaipm peAétn tovg Bo pmopovoe Vo 0dMYNCEL GE  OKOMO KOAVTEPES

BepLoNAeKTPIKEG 1O1OTNTEC.

H moapovoa didaxtopiknyy dtatpin yopiletoar og 500 pépn. L1dY0 TOL TPAOTOL UEPOVS
amotédece 1 oOvBeoN Kat 0 yapakTnplopds tov pP-type MCoSh otepedv dtodlvpdtov,
T0. OToio. TPOETOUACTNKAY He TNV HEOOSO UNYOVIKNG Kpopatomoinong kot Oepung
ocvumnieons. Epappootmray drapopetikés pébodot PEATIoTONOINONG: 1IGONAEKTPOVIOKN
aVTIKOTAGTOON Kol oOVOEST VAVOOOUNUEVOV DAIKOV Yoo TNV peimon ¢ Oepukng
AYOYOTNTOC, TPOGOPLOYY] TNG TLKVOTNTAS TOV (QOPEMV OY®YOTNTOS Yol TNV
Beltimon tov Topdyovta 16Y00G Kot avtikatdotacn tov Hf yio t peiowon tov kdotoug.
O kaAvTepeg Bepponrextpikég wWotreg ZT (973K) ~1.1 evromiotnkav 6T0 LAKO
Hfo.6Ti0o.4C0Sho.g3Sno.17, yia tnv chvBeom Tov omoiov ypetdotnKoy HOAG 4 dpeg dAeonc.
H ovtkatdotaon tov Hf pe to @Bnvotepo otoryeio Zr odnynoe oe péyloto

ZT(960K)~0.77 and to vikd Hfo.sZro2Tio4CoSbogaSno.17.

2100 TOL dEVTEPOV PEPOVG MOTEAEGE M| PEATiON TNG BEPUONAEKTPIKNC ATOOOONC TV
BixShoxTez vAk®dv tewv omoimv 1 chvheon mpayuatomromOnKe pe dvo SLOPOPETIKOVS
TPOTOVG: TNEN KOl UNYOVIKY Kpopatonoinotn. MekemOnke n enidpaom tov peyébouvg
TOV KOKK®OV TG 0PYLIKNG OKOVNG OTIG OEpLONAEKTPIKES IOLOTNTES KOt GE OEVTEPO GTAAIO
vavooOVOETO VAKA KOTOOKEVAGTNKAY OVOULYVOOVTOG OKOVES oo THEN Kol GKOVES oo
unyaviky dieon. To vyniotepo ZT(350K)~1.13 kataypdenke yio.to vAkod BioaSbi7Tes
T0 OTO{0 KOTAGKELAGTNKE OO GKOVN THENG e KOKKOVG HkpATEPOLG ad 45 pm kabdg

EMIONG KoL Y10 TO DAMKO OV GLUVTEONKE e PNYaVIKY KPOpaTomoinon.



Abstract

Half-Heusler (HH) compounds were recently identified as promising thermoelectric
materials for medium-high temperature range applications ( ZTmax(1200K)~1.5 for the p-
type FeNbSh, ZTnax(700K)~1.5 for the n-type (Ti,Zr,Hf)NiSn and ZT,ax(900K)~1.2 for the p-
type (Hf, Ti)CoSh ) . Despite the excellent mechanical and electronic properties of MCoShb
and MNiSn (M = Ti, Zr, Hf) alloys, their relatively high thermal conductivity, the
disadvantages of arc-melting method that is commonly used for the fabrication of this
family of compounds and the high cost of Hf remain barriers for their applicability in
commercial thermoelectric devices. On the other hand, the best commercial
thermoelectric materials for applications near room temperature are still bismuth
telluride-based alloys (ZTmax(320K)~1.86 in p-type (Bi,Sh).Tes alloy) . Impressively high
ZTs were achieved in nanocomposite materials, underlining that the effective scattering
of phonons and a moderately good power factor play an important role in achieving a

good thermoelectric performance.

This work is divided in two parts. The objective of the first part was the synthesis and
characterization of p-type half-Heusler MCoSb (M=Ti, Hf, Zr) thermoelectric solid
solutions prepared via mechanical alloying followed by hot-press sintering. Different
optimization strategies have been applied: isoelectronic substitution and
nanostructuring for the lattice thermal conductivity reduction, doping adjustment for
the power factor optimization and Hf replacement for the cost reduction. The
adjustment of Ti/Hf and Hf/Zr ratio as well as the carrier concentration optimization by
the substitution of Sb with Sn were examined. The best thermoelectric properties were
achieved in HfosTio4C0Sbo.gsSno.17 composition, prepared by 4 hours ball-milling
which reached an impressive ZT (973K) ~1.1. The effect of annealing on the
microstructure and thermoelectric properties of this compound as well as the Sbh
replacement with Bi were also investigated. The Hf substitution with its lighter and
cheaper homologue Zr led to a ZT(960K)~0.77 by Hfo.4Zro 2Tio.4CoSho.g3Sne.17 prepared
by six hours milling. The aim of the second part of this work, was the improvement of
the thermoelectric efficiency of bismuth telluride-based materials by tuning both the
microstructure and the carrier concentration. P-type hot-pressed BixSho.xTes bulk
materials were prepared using different methods: melting and mechanical alloying. The
experimental results indicate that the presence of high-density grain boundaries and

interfaces in materials prepared using nano-powders and powders consisting of small
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micro-sized particles (<45um) significantly reduced the lattice thermal conductivity
while the formation of antisite defects, caused by hand-grinding and ball milling,
resulted in lower carrier concentrations and therefore in higher Seebeck coefficient
values. As a consequence, a high ZT(350K) ~ 1.13 was recorded by Bio3Sbh17Tes
composition. In a second step, nano-composite Bio.3Shi1.7Tes materials were prepared
via mixing nano-powders and micro-sized powders in an attempt to further reduce the
lattice thermal conductivity without significantly affect the power factor. However, the
unexpected increasing trend of «iatice Suggested the presence of high gain boundary
electrical resistance which leads to an overestimation of kjatice Dy Using the conventional

Wiedemann-Franz law.
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1. Introduction

Over the last century, the global demand for energy has increased dramatically, as well
as the energy-related emissions. The negative consequences of climate change and the
exhaustion of fossil fuels have brought to the forefront one major challenge: the
energy crisis. Industrial and population growth have led to a huge energy demand in
recent years. Billions of people all over the world, and especially in the developing
world, are seeking to improve their living standards. According to the energy outlook
2035, the global energy consumption will increase by 41% between 2012 and 2035,
while the energy per capita use will increase by 14%][1]. There is no doubt that global
energy use will keep increasing in the next decades, therefore a more efficient use of
energy is necessary in order to face this problem and avert many others. Countries and
governments aim to reduce greenhouse gas emissions, increase the use of renewable
energy and achieve energy savings. For instance, the European Union has set itself a
long-term goal of reducing greenhouse gas emissions by 80-95%, when compared to
1990 levels, by 2050 [2].

All energy conversion processes are subject to considerable losses. In specific, 72% of
the global primary energy consumption is lost after conversion and 63% is lost during
combustion and heat transfer processes [3]. Energy use can be more efficient by
converting the huge amount of waste heat generated from several industrial and
domestic processes into electricity. One possible way is to use thermoelectric devices,
which convert heat flux (temperature differences) directly into electrical power
(Seebeck phenomenon) and vice versa (Peltier phenomenon).

In 1821, Thomas Seebeck discovered that in a closed circuit consisting of two dissimilar
metals, when the junctions are maintained at different temperatures, a potential
difference is developed. In recent years, the Seebeck effect has led to the production of
thermoelectric power generation devices. Few years later, in 1834, Peltier discovered
that when an electric current is passed through a circuit of a thermocouple, heat is
evolved at one junction and absorbed at the other junction. This is known as Peltier
effect and has led to the creation of thermoelectric refrigeration devices which are used
for cooling applications. These devices are environmentally-friendly, with the

advantage of small size, no moving parts, no pollutants and high reliability [4][5].
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The first functioning devices were developed in the 1950s and 1960s and they are
known as the first generation thermoelectrics with a conversion efficiency around 5%.
In the 1990’s experimental breakthroughs were achieved by using nanoscale
precipitates and compositional inhomogeneities which led to the second generation of
thermoelectric materials with an expected conversion efficiency around 11-15%. The
third generation has been under investigation recently and combines many cutting-edge
approaches, like valence band convergence and hierarchical architecturing. The
predicted device conversion efficiency of the third generation thermoelectrics rises up
to 15-20% [5]. Thermoelectric devices can be used in numerous applications, such as
in automobile engines, industrial electronic devices, micro self-powered wireless
platforms, health monitoring and tracking systems, aerospace, solar heat utilization
systems as well as in temperature control refrigeration etc [6]. Even though the results
are encouraging and the efficiency of these devices has increased dramatically, much
more work is needed is order to develop highly-efficient, cost-effective and easy-to-

prepare thermoelectric materials for large-scale commercial production.

The first chapter of this work, provides a brief introduction to thermoelectricity.
Specifically, the thermoelectric effects, the desirable thermoelectric properties of a
candidate material, the structure of thermoelectric generators, as well as a variety of
applications of thermoelectric devices will be discussed.
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1.1 Background
1.1.1 Thermoelectric Effect

The term "thermoelectric effect” encompasses three separately identified effects:
the Seebeck effect, Peltier effect, and Thomson effect. The Seebeck and Peltier effects
are different manifestations of the same physical process. The Seebeck effect is a
phenomenon in which a temperature difference between two dissimilar electrical
conductors or semiconductors produces a voltage difference between the two
substances. The voltage produced is proportional to the temperature difference between
the two junctions. The proportionality constant (S or a) is known as the Seebeck

coefficient, and often referred to as "thermopower".
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Figure 1.1: A thermoelectric circuit composed of materials of different Seebeck coefficients,
configured as a thermoelectric generator.

The Peltier effect is the presence of heating or cooling at an electrified junction of two
different conductors and is named after French physicist Jean Charles Peltier, who
discovered it in 1834.When a current is made to flow through a junction between two

conductors, heat may be generated or removed at the junction.
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Figure 1.2: The Seebeck circuit configured as a thermoelectric cooler.

In different materials, the Seebeck coefficient is not constant in temperature, and so a
spatial gradient in temperature can result in a gradient in the Seebeck coefficient. If a
current is driven through this gradient, then a continuous version of the Peltier effect
will occur. This Thomson effect was predicted and subsequently observed in 1851 by
William Thomson. It describes the heating or cooling of a current-carrying conductor

with a temperature gradient.

1.1.2 Thermoelectric Generator

Thermoelectric generators, also called Seebeck generators are solid state devices with
no moving parts. The basic building block of a thermoelectric generator is a
thermocouple which is made up of one p-type semiconductor and one n-type
semiconductor. Thermocouples are sandwiched between two electrically insulating but
thermally conducting ceramic plates to form a module (Figure 1.3). If an external load
and a temperature gradient is applied, electric energy is generated. Vice versa, if an
electric current is passed through the module, heat is absorbed on one side and ejected
at the other. In this case, the module can be used for refrigeration (Peltier cooling). The
Seebeck effect occurs due to the movement of charge carriers within the
semiconductors. The charge carriers at the hot side of the semiconductor have more
kinetic energy than the charge carriers at the cold end and move faster towards the cold
end. This diffusion leads to a buildup of charge carriers at one side which prevents
further movement of high energy carriers at the cold end of the semiconductor. As a
result, a voltage potential that is directly proportional to the temperature difference
across the semiconductor is created [4][7].
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Figure 1.3: The structure of a thermocouple (a) and a schematic drawing of a thermoelectric module (b) [7]
and a commercially available TEG fabricated by Ferrotec (c).

1.2.3 Seebeck Coefficient
The Seebeck coefficient of a material is a measure of the magnitude of an induced
thermoelectric voltage in response to a temperature difference across that material, as
induced by the Seebeck effect. The Sl unit of the Seebeck coefficient
is volts per kelvin (V/K), although it is more often given in microvolts per kelvin
(LV/K). The electronic properties of a solid can be described by the Mott formula,
which is obtained from the Boltzman equation by using a single parabolic band

approximation[8][9]:

_ m?kg® ., (d[In(c(E))]
S= 3e T( dE )E=Ef (1)

Where e is the electron charge, and o(E) the electrical conductivity, that is a function
of the energy E, at the fermi level Er.

The electrical conductivity depends on charge carrier concentration n and mobility p:

o = nepu (2)

Combining those two equations leads to:
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S =

m2kg? . (dn(E) . dn(E)

Increase of Seebeck coefficient can be achieved by the modification of carrier
concentration. Metals have a high carrier concentration (n >70??cm™) and ¢>10°S/m.
Insulators have low n and low ¢ but high S. In between those two extremes, are
semiconductors with n in the range from 10 cm=to 10?2 cm=and S in the range 10~

S/m to 10° S/m. Degenerate or highly doped semiconductors with a high carrier
concentration can be considered to act like a metal. Assuming pure acoustic phonon

scattering of carriers, the Seebeck coefficient is given by:

2
_ 8Pk’ . (T3
S = 3eh? m"T (Sn) ()

Where n is the carrier concentration and m* the effective mass.

Seebeck coefficient is negative for n-type materials, positive for p-type materials and
for materials which have two carrier types (both electors and holes) is calculated by a
weighted average of their electrical conductivity values (ce, op):

_ (sn*an+sp*ap)

(on+op)

(5)

Intrinsic semiconductors have both carrier types, as a result the Seebeck coefficient is
small. In contrast, doped semiconductors have large Seebeck coefficient because only
one type is present. Moreover, the size of the band gap in semiconductors also
influences the thermopower. Bipolar conduction plays a role for small band gap
materials and at high temperatures. In materials with small band gaps, more minority
carriers can be thermally excited from the valence to the conduction band and. This
effect cancels out the Seebeck voltage [8][10].

1.2.4 Electrical Conductivity
Electrical conductivity (o) is the measure of a material’s ability to allow the transport
of an electric charge. The Sl unit of electrical conductivity is siemens per metre (S/m).
The reciprocal of ¢ is the electrical resistivity (p). Electrical conductivity and electrical
resistivity are related to the carrier concentration (n) through the carrier mobility ()

(Equation 6). Increase of carrier’s concentration and mobility lead to increase of
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electrical conductivity. However, mobility decreases when effective mass is large
(Equation 7).

1 ex @)
b oms
Where e, the electric charge and t is the mean scattering time between collisions for the

carriers. For semiconductors, c involves the contributions of both holes and electrons:

C=n-e-p.+p-e-p, (8

Where n, e, p and p, are the concentration of electrons, electrons’ mobility and hole

concentration and mobility, respectively.

1.2.5 Thermal Conductivity
Heat energy in solids can be transported by electrical carriers (holes or electrons), lattice
waves (phonons), electromagnetic waves, spin waves, or other excitations. In metals
the electrical carriers carry the majority of the heat, while in insulators lattice waves are
the dominant heat transporter [11]. In semiconductors, the thermal conductivity (k) is
related to the transfer of heat through a material, either by the electrons or by quantized
vibrations of the lattice, called phonons:
K = Ke T Kiattice 9)
The magnitude of the thermal conductivity as well as its temperature dependence varies
drastically depending on the materials properties. Additionally, « is sensitive to any
kind of lattice defects or imperfections, dislocations, anharmonicity of the lattice forces,
carrier concentrations, interaction between carriers and phonon and of course the grain
size in polycrystalline materials [11].
According to Wiedemann-Franz law, the electronic thermal conductivity «e is given by:
Ke=L-T-o (10)
Where L is the Lorentz number, T the temperature and o the electrical conductivity.
For most metals, where charge carriers behave like free-electrons, L can be taken as a
constant equal to 2.44 x 108 WQK 2 (degenerate limit). Although some heavily doped

semiconductor thermoelectric materials have an L very close to the degenerate limit,
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properly optimized materials often have charge carrier concentrations between the
lightly doped (non-degenerate) and heavily doped (degenerate) regions which can result
in errors of up to ~40%. A first order correction to the degenerate limit of L can be
based on the measured thermopower, |S|, independent of temperature or doping. Kim
et al. proposed the following equation [12]:

L= [1.5 + exp [— 1%” x1078 (11)

Where L isin 108 WQK2and S in uV/K.
Equation (11) allows an easy estimation of L from experimental Seebeck coefficient
values only, without requiring a numerical solution. For a single parabolic band, L and

S are both functions of reduced chemical potential () and carrier scattering factor (A):

L= (k_s)z ADEHDFAMD P2 =@+D A 10

e (1+A)2F (m)?
_ kg (Faa(@+d) _
S = e ( (1+)F1(0) 7’) (13)

Where Fj(n) represents the Fermi integral,
o glde

F) = Jy ——ae (14)
By assuming that the carrier relaxation time is limited by acoustic phonon scattering,
equations (12) and (13) can be solved numerically for L and the corresponding S
leading to the proposed approximation in equation (11). Equation (11) is accurate
within 5% for single parabolic band (SPB) where acoustic phonon scattering is the
dominant scattering mechanism and |S|>~10uV/K. For [S|<10uV/K, while the SPB
model converges to the degenerate limit, the accuracy of the above equation is reduced

and a more complex approximation equation is needed.

In non-metals, lattice thermal transport (phonons) is the main conduction mechanism
and also in many semiconductors and alloys it dominates over a wide temperature
range. There two types of phonons: optical phonons and acoustic phonons. The acoustic
branches of phonons have low frequency and correspond to atoms that are moving in
same phase, whereas the optical branches correspond to higher frequencies and atoms
moving in opposite phases. In most cases, optical phonons do not affect the heat
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transport because of their low group velocity while acoustic phonons are considered as
the main heat conductors. However, the interaction between optical and acoustic
phonons can significantly influence the thermal transport [11]. Lattice thermal
conductivity (i) is expressed by equation 15.

1
K1=3 (Cy U-s-)\ph) (15)

Where, C, is the heat capacity, ug is the sound velocity and Ay, is the phonon mean
free path. As it is interpreted, the crystal structure, impurities, defects, grain boundaries

affect the A, and therefore the k;.

1.2.6 Thermoelectric Figure of Merit
The efficiency of thermoelectric energy converters depends on the transport

coefficients of the constituent materials through the figure of merit ZT which includes
both the charge and heat transport properties. In other words, ZT depends not only on

the electronic structure but also on the crystal structure of a material.

2
ZT="ST=¥ (16)

Where o, S, x, T and PF are the electrical conductivity, Seebeck coefficient, total

thermal conductivity, absolute temperature and power factor, respectively.

ZT is acomplex quantity and it depends on both the charge and heat transport properties
of a material. The electronic band structure, the lattice characteristics as well as the
interaction between phonons and charge carriers influence the thermoelectric figure of
merit [4]. Ideally thermoelectric materials should have low thermal conductivity, high
electrical conductivity and high Seebeck coefficient. The Power factor (PF) of a

material is calculated by its Seebeck coefficient and its electrical conductivity under a

given temperature difference. PF is measured in

K2m
PF = S?%c (17)

Figure 1.4 illustrates that increasing the carrier concentration (n) leads to an increase of
electrical conductivity but also a decrease of Seebeck coefficient while simultaneously
increases the electronic thermal conductivity e Only the lattice thermal conductivity
(xiattice) can be manipulated separately, since it does not depend on the electronic
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structure. Thus, to achieve high power factors, a compromise has to be found. The
maximum of ZT typically occurs at carrier concentrations between 10*° and 10?! cm™
which is typically found in heavily doped semiconductors.

The maximum thermoelectric efficiency nmax of TEG is given by the next equation

[91[13]:

_ Ty—Tc A+ZTypY/2-1
= 18
nmax TH (1+ZTM)1/2 +§_2 ( )

Where Th, Tcare the temperature at the hot and cold side, respectively and ZTw is the
average ZT.

The efficiency of a TE device is determined by the thermoelectric performance (ZT) of
the materials used in making the device. Higher efficiencies and materials that can be
fabricated at reasonable cost, will revolutionize the power generation industry in the

near future.

In(n)

Insulators Semiconductors Metals

In(n)
Figure 1.4: lllustration of the variation of the Seebeck coefficient (S), electrical conductivity (s), power
factor (S%c), electronic thermal conductivity («e), and lattice (kiatice) thermal conductivity on the charge

carrier concentration, for a bulk material. Reproduced from [175].
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Figure 1.5: Thermoelectric energy conversion as a function of ZT at the setting of T.=300 K [9].

1.2.7 Applications of TEGs

Thermoelectric generators (TEGs) can be used in a wide variety of applications
including electricity generation in extreme environments, waste heat recovery in
transport and industry, domestic production in developing and developed countries,
micro-generation for sensors and microelectronics and solar thermoelectric generators
[14]. The fact that TEGs have no moving parts, require no maintenance, have inherently
high reliability and long service-free lifetimes, makes them well suited for equipment
with low to modest power needs in remote uninhabited or inaccessible locations such
as mountaintops, the vacuum of space, or the deep ocean. Space industry has also used
TEGs in combination with thermal generators based on nuclear technology
(radioisotope thermoelectric generators or RTGs). RTGs can provide electricity for
distant and long-term missions when the solar energy is limited. Recently, cement-
based thermoelectric materials identified as promising materials for waste solar energy
harvesting and thermal sensing[15]. Their applications could be exploited in structures
such as buildings, roads, housing, dams, and bridges. The enormous exposure of solar
energy over the area of civil infrastructures is stored thermally within the construction
materials and could possibly harvested when thermoelectric-based cement materials are
used.

Reducing greenhouse gas emissions and limiting the ecological footprint are among the

major challenges facing humanity in recent years. To this end, several studies have been
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carried out for the use of TEGs in transport sector (vehicles, aircrafts, helicopters etc.).
In automobiles there are many systems such engine, exhaust system and gear box that
produce heat during operation. This waste heat can be recovered by using TEGs. Many
multinational automobile companies like Renault, Honda, Ford etc. have developed
their systems to recover exhaust heat using TEG and others such as Hyundai, Jaguar,
Range Rover, Toyota, GM etc. are already using TE modules to heat/cool car seats[16].
A significant amount of heat is also released from aircraft jet engines and turbine
helicopter engines. Studies have shown that a fuel reduction of 0.5% or more is
achievable with TEG, which corresponds to $12 million monthly operating cost
reduction, only for U.S commercial planes [14]. Maritime industry is rapidly expanding,
resulting in more greenhouse gas emissions that are causing climate change. Kristiansen
et al. [17], [18] reported that the development of a thermoelectric waste heat recovery
system for ships is possible and can contribute to the solution of this problem.
According to these studies, the heat released by the ship engine is already used to heat
heavy fuel oil and accommodation areas, and to generate fresh water. These procedures
decrease the temperature of waste heat to an optimum level for the use TEG.

Factories e.g. Metals, Glass, Automobiles incinerators Nuclear Power Plants

Polymers etc
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Figure 1.6: Schematic of the various types of waste energy sources and utilization of waste heat

energy by a thermoelectric generator. Reproduced by [176]
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2. Literature Review

2.1 Overview of thermoelectric materials

In 1950 the field of thermoelectricity grew rapidly, starting with the development of
thermoelectric materials from simple metals and conventional semiconductors such as
group II-V (e.g., InSb, Bi,Tes), IV-1V (e.g., SiGe) and group IV chalcogenides (e.g,
PbTe). In middle 1950s, it was found that the thermoelectric properties can be
significantly improved by doping and solid solution formation of Bi.Tez and
isomorphous compounds such as SboTes or PbTe or GeTe and related heavy-metal-
based materials [19][20]. Even though, the point defects in solid solutions led to
decreased lattice thermal conductivity by increasing phonons scattering, there were also
reductions in the charge carrier mobility, therefore, the overall ZT enhancement was
limited[21]. From 1960 to 1990, no significant progress was made and (Bi1-x Sbx)2(Sei-
yTey)s alloys remained the best commercial materials with a ZT of about 1 [22].

Over the past three decades, two main concepts have been used for the enhancement of
thermoelectric performance: either the investigation of new families of bulk
thermoelectric materials with complex crystal structures and low lattice thermal
conductivities or the development of low-dimensional thermoelectric materials systems
[9]. The idea to examine complex materials first came from the conceptualization that
a perfect thermoelectric material should have the low thermal conductivity of a glass in
combination with the electronic properties of a single crystal. This ‘‘phonon glass
electron crystal”” (PGEC) idea was formulated by Slack, back in the mid-1990s [4].
Although the ideal thermoelectric material has yet to be found, both approaches has
brought to the forefront new families of compounds, complex and nanostructured
materials  like  skutterdites[23][24], clathrates[25][26], chalcogenides,[27]
cobaltites[28], half-Heusler alloys [29][30] and many others, for which high ZTs have
been recorded. As shown in Figures 2.1 and 2.2, different families of thermoelectric
materials have different operation temperatures. For example, Bi.Tes alloys are
typically used for near-room-temperature applications, such as refrigeration and waste
heat recovery for temperatures up to 473K. Materials based on group-1V tellurides
(PbTe, GeTe or SnTe), skutterdites and clathrates are mainly used for mid-temperature
power generation (500-900 K) while silicon—germanium and some half-Heuslers alloys
can be used as high-temperature thermoelectric generators (>900 K) [10].
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Low dimensional thermoelectric materials and materials with complex structures
(nanostructures) can be synthesized either in bulk form or in thin film form and can
achieve high ZT values basically because the scattering of phonons is stronger when
the size of the sample in at least one direction is reduced, while the scattering of carriers
is not affected [31]. One of the most impressive ZT values was reported by Harman et
al. who achieved a ZT of 3.5 at 575K in Bi-doped n-type PbSeTe/PbTe quantum-dot
superlattice [32]. High ZT values of 2.9 at 400K and 2.2 at 800K were also achieved in
Bi>Tes/ShoTes superlattices and lead-antimony-silver-telluride (LAST) AgixPb1sSbTe;
bulk/‘nanodot’, respectively [33][27]. Nevertheless, the conversion of these laboratory
results into commercial efficient thermoelectric devices does not seem possible yet
because of difficulties in both heat transfer and cost.

Depending on the application purposes, the candidate TE materials have to fulfill many
requirements. A high ZT in the desired temperature range is not the only requirement
for a potential thermoelectric material. The compatibility of the n- and p-type materials,
the long-term thermal stability stability under operating conditions, the level of toxicity,
the materials’ cost, the mechanical strength and an easy preparation process are some
other important issues that have to be addressed for the fabrication and application of
modules. For instance, the most well-known high temperature TE materials; SiGe
alloys, have been under study for more than 50 years and even though a high ZT=1.1
was achieved for the n-type SiGe, the overall efficiency of SiGe couples remains low
due to the low ZT (peak ZT = 0.6) of the p-type counterpart [34]-[36]. For moderate
temperature (T = 500-800°C) applications, lead chalcogenides (PbTe and PbSe) and
skutterudites have been also extensively studied. However, PbTe/PbSe materials have
weak mechanical strength and high toxicity while skutterudites consist of rare-earth
elements and present low thermal stability [29]. The disadvantages of the most popular
thermoelectric materials give us the opportunity to further explore new candidate

families of compounds with overall better thermoelectric performance.
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Figure 2.1: ZT as a function of temperature for typical high-efficiency thermoelectric materials and the
relation between 1, T, and AT of materials with different ZT values. Reproduced by [177].

Figure 2.2: Current state-of-the-art in bulk thermoelectric materials: the thermoelectric figure-of-
merit ZT as a function of temperature and year [5].
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2.2 Optimization Strategies

As previously mentioned, advanced materials with complex structures have attracted
great attention. Impressive thermoelectric performances have been achieved through
the implementation of new optimization strategies that effectively reduce the thermal
conductivity and increase the power factor. In this section, the most common
optimization strategies; including nanostructuring, isoelectronic substitution,
hierarchical structures, doping optimization and band structure engineering, will be

discussed.

2.2.1 Thermal conductivity reduction

Some of the greatest improvements in thermoelectric performance have been achieved
due to significant reductions of the lattice thermal conductivity. Impressively
amorphous limit values at Kpattice = 1-2 W/mK and below were recorded due to
nanostructuring effect [37]-[40]. There are two types of nanostructured materials. The
first type consists of a single phase material of nanosized particles or grains while the
second type consists of a matrix and a secondary phase in nanoscale size that is
embedded in the matrix [5]. Isoelectronic substitution is an another effective route to
reduce lattice thermal conductivity, which has been taken by many researchers for the
improvement of several thermoelectric materials, such as Half-Heusler, GeSi, Bi,Tes
[41]-[43]. Isoelectronic alloying can contribute to the reduction of lattice thermal
conductivity by creating point defects and disorder scattering without introducing
charge disorders in crystal lattices. Therefore, the electrical transport is usually
unaffected after an isoelectronic replacement. A large mass and radius contrast between
the host atoms and impurity atoms is preferred in order to disrupt the phonon path and
minimize the phonon contribution to the total thermal conductivity, while the
crystalline structure is preserved [44]. Experimental investigations, as well as,
theoretical calculations of the disorder scattering parameter I have shown that
isoelectronic alloying on different sublattices greatly decreases the lattice thermal
conductivities of half-Heusler alloys due to enhanced mass and strain field fluctuation
scattering caused by the difference of masses and radii between the impurity atoms and
substituted atoms [45]-[47]. In addition, first-principles calculations of the electronic
structures and thermoelectric performance of half-Heusler (Ti,Hf,Zr)CoSb materials
mention that substituting Ti with Hf or Zr does not severely change the band structures

of these systems. Most of the (Ti,Hf,Zr)CoSb systems have a lower band gap value than
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that of TiCoSb and especially TiosZrosCoSb solid solution (0.971 eV). The
isoelectronic substitution of Ti with Hf or Zr causes a slight increase of the amplitudes
of the density of states in the region of the valence bands, indicating that these
compounds could have better thermoelectric performance than TiCoSbh. The phonon
dispersion relations show that the larger mass of Zr/Hf with respect to Ti lowers the
optical modes and induces mixing with the acoustic branches[48].

Nanocomposite materials usually present several kind of point defects in the matrix
which result from the partial dissolution of the second phases and dopants in the matrix.
The phonon mean-free-path (MFP) in most TE materials extends from nanometres to
micrometres, even up to millimetres in some cases. Based on the idea that the more
disorder introduced in a material, the lower its thermal conductivity will be,
hierarchical nanostructures composed by different size of features, are expected to
scatter more effectively different groups of phonon MFPs and illustrate reduced lattice
thermal conductivity [38]. Defects in atomic-scale and up to a few nanometres can act
as scattering points for short wavelength phonons. Nanoscale defects like dislocations,
alloying, nano-precipitates, large quantum dots and second-phase islands can
effectively scatter phonons of short and medium wavelength (up to ~100 nm). Long
wavelength phonons (up to ~1 mm) can be scattered by micro and mesoscale defects
like grain boundariess, especially at elevated temperatures [38][49][50]. All-scale
hierarchical architectures can potentially reduce the thermal conductivity down to the
theoretical limits due the presence of many features like solid solution point defects,
nanostructures and grain boundary interfaces, all integrated in a single sample resulting
in an effective scattering of all MFP ranges from nano- to micro-length scales (Fig 2.3).

A/V\»  Short wavelength phonon P Hot Electron
N\ P Midlong wavelength phonon ~ *—» Cold Electron
Figure 2.3: Schematic diagram illustrating phonon scattering mechanisms and electronic transport of
hot and cold electrons within a thermoelectric material. Reproduced from Ref [178].
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Figure 2.4: All-scale hierarchical architectures and lattice thermal conductivity: (a) all-scale
hierarchical architectures, and (b) accumulative distribution function of lattice thermal conductivity
with respect to the phonon mean free path in Si or PbTe bulk [5] and (c) Room-temperature kL ||
accumulation function of bulk Bi,Tes; decomposed for three ranges of phonon branches [166]

2.2.2 Power factor optimization

Carrier concentration optimization (n) has profound influences on materials’
thermoelectric performance and ZT. Increasing n increases the electrical conductivity
and electronic thermal conductivity but decreases the Seebeck coefficient S. High
power factors and ZTs are usually reached by heavily doped semiconductors, either
narrow band gab or degenerate semiconductors with carrier concentrations between
10°-10%° ¢cm3. The optimized carrier concentration (nop) increases rapidly with
increasing temperature, according to the relation nopt ~ mg*T (where mg* is the density
of states effective mass). A common way to manipulate the carrier concentration is by
chemical doping via intentionally introducing extrinsic dopants, which usually act as
donors or acceptor in materials. In Bi>Tes material, doping Sb on the Bi site and Se on
the Te site leads the formation of p-type and n-type semiconductors, respectively. The
dopants (extrinsic point defects) first facilitate the formation of intrinsic point defects
(antisites, interstitials, and vacancies), and then the intrinsic point defects directly
determine the carrier concentration, thereby enhancing the material performance[51].
However, this strategy will only optimize the carrier concentration for a limited
temperature range, prior to the occurrence of bipolar conduction due to intrinsic
excitation[52], [53].

When it comes to complex structures like hierarchical materials, the power factor
optimization is even more complicated. The previously discussed strategies (2.4.1) are
mainly applied to reduce the lattice thermal conductivity through the effective phonon

scattering. However, in most of these cases, the electronic properties are affected due
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to increased carrier scattering. This lowers the carrier mobilities and reduces the power
factor [5]. Matrix/precipitate band alignment and band structure engineering can
be used to address this problem. This strategy allows carriers to transmit via small band
offsets (between two phases) without reducing their mobilities. This concept can be
used to create complex materials in which the valence and conduction band energies
can be aligned between matrix and inclusions. The inclusions/nanostructures
simultaneously scatter phonons but due to successful band engineering the power factor

remains almost unaffected.
2.3 Half-Heusler compounds as thermoelectric materials

Over the past two decades, half-Heusler compounds and especially MCoSb, MNiSn
(M = Ti Zr,Hf) and FeRSb (R=V,Nb) have attracted great interest for medium-high
temperature range applications due to their excellent mechanical and electrical
properties, thermal stability, low toxicity, as well as the recent good progress in
enhancing their thermoelectric performance [29][30]. The half-Heusler phase is
represented by the general formula XYZ, where X and Y are transition metals or noble
metals and Z is an sp metalloid or metal [54]. These compounds crystallize in the
MgAgAs-type structure with space group F43m which is built from three
interpenetrating face-centered cubic (fcc) sublattices of equal size and one vacant fcc
sublattice (Fig. 2.5). A rock salt structure is formed by the least and most
electropositive element Y and Z and the tetrahedral holes are stuffed with X element
[30]. In addition, if the vacant sublattice is also filled by the transition metal Y then a

full Heusler structure with formula XY»Z is created.
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Figure 2.5: Crystal structure of a half-Heusler XYZ. The blue, green and pink dots correspond

to X, Y, and Z atoms respectively.

The band structure and physical properties of these compounds depend strongly on the
valence electron count (VEC) of the constituent atoms. For instance, materials with
VEC =22, like NiMnSb are half-metallic ferromagnets while materials with VEC = 18,
such as ZrNiSn, TiCoSb and FeNbSb, present semiconducting behavior and have
excellent thermoelectric properties [55][56]. Most HH compounds with VEC=18,
display good electrical properties resulting from the narrow band gap and sharp slope
of the density of states near the Fermi level. Based on theoretical calculations by Gandi
et al., TiCoSb, ZrCoSh and HfCoSb are indirect bandgap semiconductors with a non-
degenerate conduction band minimum (CBM) at the X point (see Fig. 2.6) [57]. The
calculated energy bandgap of TiCoSh, HfCoSbh and ZrCoSb are 1.05eV, 1.13eV and
1.06eV respectively, whereas the indirect band gap of TiNiSn lies between 0.45 eV
and 0.61 eV [58][59]. (Ti/Hf/Zr)NiSn and (Ti/Hf/Zr)CoSb are excellent TE materials
and both intrinsically n-type semiconductors. However, (Ti/Hf/Zr)CoSb is a much
better starting material for p-type doping than TiNiSn. The larger band gap of
(Ti/Hf/Zr)CoSb suppresses the onset of bipolar conduction at high temperatures whilst
the Seebeck coefficient in Sc-doped ZrNiSn illustrates a drop around 600K. Moreover,
the band structure of (Ti/Hf/Zr)CoShb exhibits several pockets with high degeneracy in
the valence band and upon doping with holes, the fermi level is shifted in the valence
band resulting to large positive Seebeck coefficients [60].
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Figure 2.6: Electronic band structure and density of states for TiCoSh, ZrCoSb and
HfCoSbh. [57].

Despite the promising electronic properties and high power-factor of HH materials, the
relative high lattice thermal conductivity remains a barrier for further improvement on
their thermoelectric performance. Several approaches have been employed for the
optimization of this family of compounds. Alloy effect, micrometer-phase separation
and nanostructuring are some of the most common ways to increase phonon scattering
and therefore decrease lattice thermal conductivity [61]-[64]. HH compounds, also
provide the opportunity of substitutability at each of their three crystallographic sites,
which has been found extremely useful for tuning TE transport properties [65].
Significant doping in these compounds can modify the carrier concentration, introduce
point defects and optimize the scattering of phonons in order to reduce the lattice
thermal conductivity [66][67][68]. The charge carrier concentration in mostly modified
by substituting the Z-position element by another main-group element while the
substitution of the X and Y elements will cause mass fluctuations and eventually a

decrease of thermal conductivity.

The MNiSn (for n-type leg) and MCoSb (for p-type leg) are considered as the state-of-
the-art HH thermoelectric materials. Where M, can be either Ti, Zr, or Hf or a
combination of these elements. An extremely high ZT(700K) of 1.5 was recorded for
the n-type (Ti/Zr/HF)NiSn, in 2005 [69]. Few years later, in 2013 Schwall and Balke
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managed to reproduced this result. A ZT(830 K) of 1.2 at was achieved for the n-type
TiosZro.2sHfo2sNiSn due to its extremely low thermal conductivity resulted from a
phase-separation effect [64]. Ever since, the concept of intrinsic micrometer-scale
phase separation has come to the forefront as another successful way to reduce thermal
conductivity due to the increased boundary scattering at the interfaces. An intrinsic
phase separation in p-type and n-type half-Heusler systems can be obtained by applying
isoelectronic replacement of Ti with its heavier homologues Hf and Zr [62] [64] [67].
E. Rausch et al. achieved one of the most impressive ZTs(900K)~1.2 in a phase-
separated p-type Tio.2sHfo.75C0Sbo.gsSno.1s material by combining two successful
approaches to enhance the thermoelectric performance, namely carrier concentration
optimization by the replacement of Sb with Sn and intrinsic phase separation by
substituting Ti with Hf [70]. Phase separation effect is relatively common in p-type arc-
melted HH compounds and it is mainly revealed by the presence of several HH phases
with slightly different lattice parameters [70]-[73]. A splitting of the main xrd reflection
into a triple peak has also been reported for the n-type TiosZro.2sHfo.25NiSn, suggesting
that phase-separation effect is common in both n-type and p-type half-Heusler solid
solutions prepared by arc-melting and can be the origin of an impressively low lattice
thermal conductivity [62].

For an effective isoelectronic substitution, the atoms must be selected based on
important critiria. Yan et al. [74] mentioned that a lower thermal conductivity in p-type
(Zr,Hf, Ti)CoSbogSno> systems can be achieved when the atoms forming the
compounds exhibit large differences in their size and mass. Alloyed ingots with Hf;.
x TxC0Sho.8Sno.2 compositions were formed by arc melting followed by ball milling and
hot-press method. As aresult, a peak ZT(1073K )~ 1 at was reached in a nanocomposite
p-type Hfo.sTio2CoShogSno.2 material [74]. E. Rausch et al. have also confirmed that the
Ti-Hf combination is more effective in increasing the alloy scattering, than the Zr-Hf
combination, due to larger differences in the atomic size and mass of Hf and Ti [71].
Nanostructuring approach has been also applied and effectively demonstrated in
reducing thermal conductivity because of the increased phonon scattering at the grain
boundaries [75]-[77]. A peak ZT(1073K) > 1.0 has been also achieved in
nanostructured Hfo.44Zr0.44Ti 0.12C0Sho.sSno.2 prepared by arc-melting and ball milling
[75]. This high ZT is as well, attributed to the reduction of thermal conductivity due to
the increased phonon scattering by both alloy and nanostructure effect. Recently, the

concept of bulk HH nanocomposites has attract major attention [78][79][80]. Poon et

42



al. investigated the microstructure and TE properties of p-type Hfo.3Zro.7CoSno.3Sho.7
with 20-300nm ZrO2 nanocomposites[81]. The ZrOz nanoparticles dispersed in the HH
grain boundaries and caused reduced electronic or lattice thermal conductivity. A high
ZT(900K)~0.8 recorded for the sample with 1 vol% of ZrO. nanoinclusions, which
corresponds to 23% increase compared to that of matrix ingot. Hu et al. also reported a
high ZT(1023K)~0.93 in Hfo.5Zro5C0oSho.sSno.2 prepared via levitation melting followed
by ball milling and SPS [82]. However, a high ZT(973K)~0.9 for the same composition
prepared only via arc-melting and annealing was first reported by E.Rausch et al. back
in 2014[71] .

As mentioned above, arc-melting followed by annealing is the typically applied method
for the synthesis of both n-type and p-type half-Heusler materials [41], [66], [70], [71],
[75], [83]-[85]. To ensure phase homogeneity the arc-melted ingots must be re-melted
several times and the annealing process that follows may last up to a week, at
temperatures above 900°C. During the arc-melting process the evaporation of the
elements with high vapor pressures is possible, and therefore the deviation from the
desired alloy composition is a frequent problem [86][41]. Single-phase half-Heusler
materials, containing low melting point elements such as Sn and Sh, are intrinsically
difficult to be produced by using a high temperature synthesis process. Solid state
reactions at low temperatures can be used to address this problem and eliminate the
material loss. Nevertheless, there are only few recorded attempts synthesizing half-
Heusler compositions by using mechanical alloying and the results are not encouraging
enough. Surprisingly, the p-type state-of-the-art MCoSbogSno.2 (M=Ti, Hf, Zr) system
has never been synthesized using mechanical alloying (MA) method [87]-[90] . In
particular, to the best of our knowledge MA method has never been applied for highly-

efficient half-Heusler compositions.
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Table 2.1: Selected publications with high ZTs in p-type HH solid solutions.

Publication Composition Fabrication Method Maximum ZT
Arc-melting followed by annealing at 1.2 at 983K
Rausch et al. (2015) Tio.2sHfo.7sC0Sbo.85SN0.15 1173K for seven days
) Arc melting followed by ball milling and
Hfo.sTio.2CoSbo.sSno.2 1at 1073K

Yan et al. (2012) hot-press

_ Arc melting followed by ball milling and
Yan et al. (2013) Hfo.44Zr0.44Ti 012C0Sho.sSno.2 ] 1 at 1023K
hot pressing

Levitation melting followed by ball
Hu et al. (2018) Hfo.5Zr0.5C0Sho.sSno.2 - 0.93 at 1123K
milling and SPS

Hfo.3Zro.7C0oSno.3Sho.7 .
Poon et al. (2011) Arc melting followed by SPS 0.8 at 1123K
&1 vol% ZrO;

2.4 Thermoelectric Bio-xSbxTes (BST)

Bismuth tellurides were first discovered by Goldsmith in 1954 and since ever are
considered as the best thermoelectric materials near room temperature. Their excellent
thermoelectric properties are attributed to the large mean molecular mass (low lattice
thermal conductivity), the partial degeneracy of the conduction and valence bands and
the narrow gap of approximately 0.15 eV [4]. BixxSbxTes, Bi>Tes and Sh.Tes
crystallize in a layer structure with rhombohedral-hexagonal symmetry (space group
D3; (R3m)) with unit cell dimensions at room temperature: a =3.8 A and ¢ =30.5 A
(Fig. 2.7) [91]. The hexagonal unit cell is consisting of three quintuples, each one
composed of five atomic layers in the following order: Te(l)-Bi/Sb-Te(Il)-Bi/Sb-Te(l).
Bi/Sb and Te layers are held together by strong ionic-covalent bonds whereas the bonds
between neighboring Te layers are van-der-Waals. The weak van-der-Waals bonding
is responsible for the anisotropic thermoelectric properties of this family of compounds.
Specifically, when the thermal conductivity is measured perpendicular to the c-axis has
a value around 1.5 W mt K1, nearly twice of that along the c-axis direction (0.7 W m~
LK.
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The formation of antisite defects during crystal growth, sintering and milling processes
significantly affects the thermoelectric performance of both Bi;Te and Sh;Te
compounds. The carrier concentration alteration in BixSh2xTe with varying Sb/Bi
content is explained by the existence of various antisite defects of Sb’te and Bi’re types
[92]. A small difference in the electronegativity of the atoms forming the compound
(Xsp=1.9, Xgi=1.8 and X1e=2.1) leads to low bond polarity and the formation of several
defects [93]. The understoiciometry of Te is liable for most of the antisite defects and
the remarkable change of carrier concentration [94]. Navratil et al. [95] described the
interaction of vacancies with the antisite defects in p-type BixSb,xTesz solid solution.

This interaction can lead to a decrease of hole carrier concentration as described below:
2V i+ 3VT1et+ Bi'1e= Vit Bi* Bi +4VT1e +3€” (17)
2V’ sp+ 3VTet Sh 1e= V'Bi+ Sb* sp +4VTe +3e” (18)

Where Bi* gj denotes a Bi atom on a regular Bi site and Sb* s, denotes a Sh atom on a
regular Sb site, V1eis a Te vacancy, V' giis Bi vacancy, V'spis a Sb vacancy and e is
the produced electron, which can compensate and cause a decrease of hole

concentration.

The increase of carrier concentration in Bi2Tes compounds due to antisite defects can

be explained by the following equation:
BiBi"‘VT"e +2e¢" > Bi'Te+ Vé’i’ +4h (19)

Where, V;, are Te vacancies carrying two positive charges, Bi'rte are antisite defects
carrying one negative charge, Vg; are Bi vacancies carrying three negative charges and
4h is the creation of 4 extra holes resulting in an increase of carrier concentration. Figure

2.8 presents a schematic diagram of the most common antisite defect in these materials.
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Bi,Te,

Figure 2.7: Crystal structure of the state-of-the-art thermoelectric material, Bi>Tes. The blue atoms
are Bi and the pink atoms are Te [91].
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Figure 2.8 a) The hexagonal conventional unit cell of (BiixSbyx).Tes, and (b) side view of the

quintuple layer structure of perfect bulk, (c) Te vacancy, and (d) Teg; antisite [179].

46



Even though BST is by far the most studied thermoelectric material, its ZT had
remained around 1 for more than 50 years. During the past decade, several groups have
reported enhanced ZT values because of reductions in the lattice thermal conductivity
and enhancements in power factor. The peak ZT of Bi>xShxTez alloys has recently been
reported to reach values of 1.2-1.86. Two main approaches were employed for the
optimization of BST bulk materials: bottom-up and top-down. The bottom-up approach
entails the incorporation of nanostructures into bulk materials via ball-milling [96] ,
hydrothermal synthesis [97] or melt spinning [98] followed by hot-pressing or spark
plasma sintering to obtain bulk materials. The top-down approach involves hot-press or
spark plasma sintering followed by hot-deformation to induce in-situ nanostructures
and lattice defects in order to reduce lattice thermal conductivity and orientation
[99][100][101]. A bottom-up approach was used by Poudel et al., who achieved a peak
ZT(373K) ~1.4 in a p-type nanocrystalline BiSbTe bulk alloy prepared by ball-milling
and hot-press sintering [102]. In 2014, a high ZT(323K)~1.56 reported by Qinghui
Jiang et al. [103] for a nanostructured p-type BiosShisTes alloy prepared via hot
forging. Furthermore, Li-Peng Hu et al. reported a ZT(380K)~1.3 for a hot-deformed
Bio.3Sh17Tesz alloy. In this case both enhanced textures and donor-like effects induced
by this top-down method, improved the electrical transport properties and multiple
phonon scattering centers significantly reduced the lattice thermal conductivity [104].
In 2010, a maximum ZT(313K)~1.80 was reached for the nanocomposite Bio.4Sh1sTes
consisting of 40 wt % nanoinclusions [105]. Nanocomposites were obtained via melt
spinning and micron-size particles obtained via solid state reaction. The low thermal
conductivity due to the effective scattering of phonons and the moderately good power
factor played an important role in achieving such a high ZT. Kim et al. reported an
impressively improved performance in BiosShisTes. A peak ZT(320 K) ~1.86 was
reached by applying a promising phonon engineering strategy [106]. A modified
traditional liquid-phase compaction technique was used to introduce dense dislocation
arrays at low energy grain boundaries, which effectively scatter midfrequency phonons,
leading to a substantially lower lattice thermal conductivity (0.33Wm™ K1) while
maintaining high carrier mobility. To sum up, different fabrication methods can give

different results for samples with similar compositions.
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Table 2.2: Selected publications with high ZTs reported for BST solid solutions.

Publication Composition Fabrication Method Maximum ZT
_ _ _ 1.24 at 375K
Symeou et al. (2019) Bio.4SbisTes Melting and hot deformation
Liquid phase compaction
Kim et al. (2015) BiosShysTes quic phase comp 1.86 at 320K
technique
Solid state reaction/melt spinning
Fan et al. (2012) Bio4SbisTes followed by ball-milling and hot 1.8 at 320K
pressing
Poudel et al (2008) BizxSbxTes Melting-ball milling-hot press 1.4 at 370K
Jiang et al. (2014) BiosSbisTes Mechanical alloying- hot forging 156 at 320 K
Hu et al. (2014) BiosShi7Tes Hot deformation 1.3 at 380K

2.5 Motivation and Objectives

2.5.1 Half-Heusler

As previously discussed, high figure-of-merit (ZT=1.0) near 1000K has been achieved
for both n-type and p-type HH compounds which underlines the possibility of future
application in the medium-high temperature power generation such as in transport
sector [36]. Despite the many advantages of HH alloys, their relatively high thermal
conductivity, the disadvantages of arc-melting method that is commonly used for the
fabrication of this family of compounds and the high cost of Hf remain barriers for their
applicability in commercial thermoelectric devices [66], [70], [81], [85]. On the other
hand, a solid-state preparation method like MA has several advantages such as
possibility of scaling up, inexpensive equipment, reduction of processing steps and easy
preparation of nanostructured samples with decreased lattice thermal conductivity
values. The objective of the first part of this work was the synthesis and characterization
of p-type half-Heusler MCoSb (M=Ti, Hf, Zr) thermoelectric solid solutions prepared
via mechanical alloying followed by hot-press sintering. Different optimization

strategies have been applied: isoelectronic substitution and nanostructuring for the
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lattice thermal conductivity reduction, doping adjustment for the power factor
optimization and Hf replacement for the cost reduction. The adjustment of Ti/Hf and
Hf/Zr ratio as well as the carrier concentration optimization by the substitution of Sh
with Sn were examined. At last, the long-term thermal stability of the most efficient

HH compound was investigated.

2.5.2  Bio3Sb1sTes (BST)

The best commercial thermoelectric materials for applications near room temperature
are still bismuth telluride-based alloys. High ZTs were achieved by nanocomposite
materials consisting of both nanosized and micronsized particles, underlining that the
effective scattering of phonons and the moderately good power factor play an important
role in achieving a good thermoelectric performance. According to recent reported
results it is worthwhile to “revisit” this material system. To this end, the aim of the
second part of this work was the improvement of the thermoelectric efficiency of
bismuth telluride-based materials by tuning both the microstructure and the carrier
concentration. P-type BixShaxTes (x = 0.2,0.3,0.4,0.5) alloy powders were fabricated
via mechanical alloying, and consequently consolidated by hot-press sintering. The
effect of Sb/Bi ratio on the microstructure and TE properties was investigated. In a
second step, p-type BiosShi7Tes bulk materials have been prepared by different
methods: melting and mechanical alloying. Powders, prepared by hand grinding and
ball milling, were compacted into high density pellets by hot pressing. The temperature
dependence of all thermoelectric properties was measured along the same in-plane
direction and reliable thermoelectric power factor and dimensionless figure of merit
values were calculated. Finally, the fabrication of nanocomposite Bio 3Sb1.7Tesmaterials
consisting of 50% nano-powders and 50% micro-grained powders was attempted, with
the aim to further reduce the lattice thermal conductivity without significantly affect

the electrical conductivity and Seebeck coefficient.
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3. Experimental Methods
This chapter gives an outline of experimental methods that were used in this work.

It provides information on the fabrication techniques for both BST and half-Heusler

materials and explains the basic characterization techniques that were used.

3.1 Sample preparation

Half Heusler materials were exclusively synthesized via mechanical alloying while for
the fabrication of BST pellets different methods were applied: melting followed by
hand-grinding, melting followed by ball-milling and mechanical alloying. All samples
(HHs and BSTs) were compacted into high-density pellets in a cylindrical graphite die

via hot-press sintering.

3.1.1 Half-Heusler
The synthesis of the p-type state-of-the-art MCoShogSno2 system via mechanical

alloying (MA) method was attempted for the first time, while to the best of our
knowledge this method has never been applied for highly-efficient half-Heusler
compositions. Mechanical alloying (MA) is a solid-state synthesis method and powder
processing technique involving repeated cold welding, fracturing, and re-welding of
blended powder particles in a high-energy ball mill to produce a homogeneous
material. The actual process of MA starts with mixing of the powders in the right
proportion and loading the powder mix into the mill along with the grinding medium
(generally steel or tungsten balls). This mix is then milled for the desired length of time
until a steady state is reached [107].

As mentioned in chapter 2.3, arc-melting followed by annealing is the typically applied
method for the synthesis of both n-type and p-type half-Heusler materials. Arc-melting
is a rapid solidification method and as the name suggests, the elements are heated by
direct application of electric arc between oppositely charged electrodes [108]. The arc-
melted ingots must be re-melted several times to ensure phase homogeneity and the
annealing process that follows may last up to seven days at high temperatures
(T>800°C). The mechanical alloying and arc melting methods are compared

schematically in Figure 3.1.
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Figure 3.1: Mechanical alloying synthesis route vs the arc melting as a typical route in the literature.

For the mechanical alloying process, high purity elemental Hf (99.6% Alfa Johnson
Matthey GmbH, Germany), Zr (99% US Research Nanomaterials Inc, USA), Ti (99.9%
Alfa Johnson Matthey GmbH, Germany), Co (99.8% Alfa Johnson Matthey GmbH,
Germany), Sb (99.9% Alfa Johnson Matthey GmbH, Germany), Bi (99.5% Alfa
Johnson Matthey GmbH, Germany) and Sn (99.85% Alfa Johnson Matthey GmbH,
Germany) were weighted under Ar atmosphere and were loaded to a tungsten carbide

vial along with 10mm balls. The milling process was carried out in a planetary mill.

3.1.2 BixShoxTes

The BixSb2xTes samples were prepared via melting and mechanical alloying. For the
melting process, high purity (5N) Bi, Sb and Te granules were weighed according to
the BixSh2.xTez and then an excess amount of Te (4%wt) was added to the mixture to
compensate for its loss during heating due to its low vapor point (277°C at 10~* Torr).
The metal mixture was loaded into an evacuated quartz-sealed tube and melted at
temperatures over 800°C for 10 hours to ensure composition homogeneity. At the end
of the process the mixture/ingot was slowly cooled down to room temperature. The
ingots were hand-grounded multiple to to obtain powders with different particle sizes.
For the mechanical alloying process, high purity (5N) Bi, Sb and Te elements were
weighted following the nominal compositions, in a glovebox under Ar atmosphere and
were loaded to a tungsten carbide vial along with 10mm balls. The milling process
lasted 20 hours at 300rpm and was carried out in a planetary mill.
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Figure 3.2 Typical experimental route for HH and BST samples prepared via mechanical alloying: 1) mixing of elements
in a glovebox, 2) mechanical alloying, 3) hot-pressing in a graphite die and 4) characterization.

3.2 Structural Characterization

3.2.1 X-ray diffraction (XRD)

The crystal structure of all samples and powders was analysed by X-ray diffraction
(XRD) at room temperature. X-ray diffraction is a technique typically used for
qualitive/quantitative determination of the crystallographic structure of the investigated
samples. It provides information on structures, phases, preferred crystal orientations
(see Error! Reference source not found.c), and other structural parameters, such as a
verage grain size, crystallinity, strain, and crystal defects. Error! Reference source
not found. presents an example of a theoretical x-ray diffraction pattern for both the
half-Heusler TiCoSh composition and BST solid solution and an experimental pattern
of BST sample for both in-plane and cross-plane direction. In this work, two different
instruments were used: a 9kW rotating anode Rigaku SmartLab diffractometer and a

Rigaku Miniflex diffractometer.

Theoretical Background of X-ray diffraction:

Crystal structures diffract wavelengths similar to the spacing of planes of the crystal
lattice. X-rays are generated by a cathode ray tube, filtered to produce monochromatic
radiation, and directed toward the investigated sample. The interaction of the incident
X-rays with the sample produces constructive interference (and a diffracted ray) when
conditions satisfy Bragg's Law (nA=2d sin 0), which relates the diffraction angle (26)
and lattice spacing (d) to the wavelength of electromagnetic radiation (1) (Fig.3.2). The

diffracted X-rays are then detected, processed and counted to give a diffraction pattern.
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By scanning the sample through a wide range of 20 angles, all possible diffraction

directions of the lattice are attained [109].
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Figure 3.3: Theoretical X-ray diffraction pattern of the half-Heusler TiCoSb (a) and
BiosSbisTes (b). Experimental XRD diffraction patterns of the hot-pressed Bio3Shi7Tes
samples for both in-plane and cross-plane direction (c). The dash lines correspond to (00I)
peaks, which reveal the presence of preferred orientation.
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Figure 3.4 Bragg's Law. Reproduced by [109]
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Lotgering Factor-Preferred orientation:
The existence of preferred orientation in the in-plane configuration of Bismith-Teluride
alloys is revealed by the (00I) diffraction intensities which are higher than the ones in
the cross-plane pattern. The degree of preferred orientation can be evaluated by
calculating the Lotgering factor (LF) [110]:

_P-P, _ X 1(000) _ X 1,(000)
f=1= P, " YI(hkl) " ° " XY 1,(hkl)

Where, lo(hkl) and 1(hkl) are the peak intensities of a randomly oriented sample and
the measured sample respectively.

Sherrer equation-Crystallite size:

The well-known Scherrer formula, was used to calculate the mean crystallite size of
BST powders generated by ball milling and mechanical alloying:

20) = KA
B " Lcos®

Where, L is the mean grain size, K is a dimensionless shape factor with value of about

0.9, A is the X-ray wavelength, 0 is the Bragg angle and  is the line broadening at half
the maximum intensity (FWHM).

Scherrer equation relates the size of sub-micrometre particles, or crystallites to the
broadening of a peak in a diffraction pattern and it is used in the determination of size
of crystallites in the form of powder. In order to analyse the crystallite size, the
instrumental broadening should be considered. An XRD pattern of a large crystallite
size, defect-free powder specimen (powder of a hand-grounded Bio.3Sh1 7 Tez ingot) was

used to calculate the instrument contribution.

3.2.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDX)

Scanning electron microscopy technique can provide information on surface

topography, morphology and chemical composition a specimen [111]. A scanning

electron microscope (SEM) produces images of a sample by scanning the surface with

a focused beam of electrons that is produced at the top of the microscope by an electron

gun. The electron beam follows a vertical path through the microscope, which is held

within a vacuum. The beam travels through electromagnetic fields and lenses, which
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focus the beam down toward the sample. Once the beam hits the sample, electrons
(backscattered and secondary) and X-rays are ejected from the sample. Detectors
collect these X-rays, backscattered electrons, and secondary electrons and convert them
into a digital signal[112].

The most common imaging mode collects low-energy (<50 eV) secondary electrons
that are ejected from conduction or valence bands of the specimen atoms by inelastic
scattering interactions with beam electrons. Due to their low energy, these electrons
originate from within a few nanometers below the sample surface and are very useful
for the inspection of the topography of the sample’s surface[113]. Backscattered
electrons originate from a broad region within the interaction volume. They are a result
of elastic collisions of electrons with atoms, which result in a change in the electrons’
trajectories. The number of the backscattered electrons reaching the detector is
proportional to their atomic number. This dependence of the number of BSEs on the
atomic number helps us differentiate between different phases, providing imaging that
carries information on the sample’s composition[114].Figure 3.6 present a typical
secondary electron image and a typical back-scattered electron image for a hot-pressed

HH solid solution.

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for
the elemental analysis or chemical characterization of a sample. It relies on the
emission of characteristic X-rays from a specimen a beam of electrons which is focused
into the sample being studied. At rest, an atom within the sample contains ground
state (or unexcited) electrons in discrete energy levels or electron shells bound to the
nucleus. The incident beam may excite an electron in an inner shell while creating
an electron hole where the electron was. An electron from an outer, higher-energy shell
then fills the hole, and the difference in energy between the higher-energy shell and the
lower energy shell may be released in the form of an X-ray. The number and energy of
the X-rays emitted from a specimen can be measured by an energy-dispersive
spectrometer. As the energies of the X-rays are characteristic of the difference in energy
between the two shells and of the atomic structure of the emitting element, EDS allows
the elemental composition of the specimen to be measured [113].Figure 3.5 shows a

typical EDX spectra for Bio.3Shi.7Tessolid solution.
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In this work, the microstructure and the chemical composition of the samples were
studied using scanning electron microscopy (SEM; JEOL JSM-6610LV or Tescan
Vega LSU-20kV) and energy dispersive X-ray spectroscopy (EDS; Bruker. nano
129eV XFLASH Detector 5010) respectively. The chemical composition was
determined by choosing several areas of the same sample and averaging the

composition.

Sample_1640_5001.pgt
pre- _ PY FS: 800
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T 5' T T T T 1|l] T T T T 1|5 :
Figure 3.5: A typical EDX spectra of BST sample.
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Figure 3.6: Typical secondary electron image (a) and backscattered electron image of a hot-
pressed (Hf, Ti,Zr)Co(Sh,Sn) solid solution.
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3.2.3 Transmission Electron Microscopy (TEM)

The Transmission Electron Microscope operates on the same basic principles as the
light microscope but uses electrons instead of light. The wavelength of electrons is
much smaller than that of light, therefore the optimal resolution attainable for TEM
images is many orders of magnitude better than that from a light microscope. TEMs
can reveal the finest details of internal structure - in some cases as small as individual
atoms. TEMs employ a high voltage electron beam in order to create an image. An
electron gun at the top of a TEM emits electrons that travel through the microscope’s
vacuum tube. A series of electromagnetic lens focus the electrons into a very fine beam.
This beam then passes through a very thin specimen, and the electrons either scatter or
hit a fluorescent screen at the bottom of the microscope. An image of the specimen with
its assorted parts shown in different shades according to its density appears on the
screen. Figure 3.7 presents an example of bright field (BF), in (a) and dark field (DF),
in (b) images of a HH sample. The nanograins are clearly illustrated in the latter with
white arrows, as bright regions against an overall dark background. In this work, a
JEOL 2011 microscope, operating at an accelerating voltage of 200 kV with a point
resolution of 0.25 nm and equipped with an EDS detector (EDAX Apollo XLT TEM-
SDD) was employed for transmission electron microscopy (TEM, HRTEM)
experiments. Samples suitable for TEM-HRTEM were prepared by dispersing crushed

material on ultrathin lacey C-films supported on 3.05 mm copper grids.

(a)

Figure 3.7: Typical TEM-BF and DF images, respectively, from a HH solid solution sample acquired
using the arrowed 220 reflection at the SAD pattern, inset in (a) and ¢) HRTEM image of a representative
nanocrystalline particle, viewed along its [011] crystallographic direction.
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3.3 Thermoelectric properties

3.3.1 Electrical conductivity and Seebeck coefficient

The electrical conductivity and Seebeck coefficient were measured by a standard
four-probe method (ZEM-3, Ulvac-Riko, Japan) in a He atmosphere to ensure
homogeneous distribution of heat inside the furnace and prevent oxidation at elevated

temperatures.

Measurement principle of four probe method: A prism or cylindrical sample is set
in a vertical position between the upper and lower blocks in the heating furnace. While
the sample is heated, and held, at a specified temperature, it is heated by the heater in
the lower block to provide a temperature gradient. Seebeck coefficient is measured by
measuring the upper and lower temperatures T1 and T2 with the thermocouples pressed
against the side of the sample, followed by measurement of thermal electromotive force
dE between the same wires on one side of the thermocouple. Electric resistance is
measured by the dc four-terminal method, in which a constant current | is applied to
both ends of the sample to measure and determine voltage drop dV between the same
wires of the thermocouple by subtracting the thermo-electromotive force between

leads.

Heating furnace

Upper block

A -1 J Thermocouple
Constant k Iz ___ Sample temperature 1
current Current  Sample l
power supply electrode < Sample temperature T2
] ]
v dV,dE

Lower block

Temperature difference
setting heater

Figure 3.8: Schematic diagram of four probe method (Ulvac ZEM-3).
3.3.2 Hall measurement
The Hall coefficient at 300K was measured using a commercial Physical Properties
Measurement System (PPMS, Quantum Design). The Van der Pauw technique was
used under a magnetic field of 2T and a dc current of 20mA. The currents were applied
on the surface of the samples with a four-point probe placed around the perimeter of

the sample. By combining the Hall coefficient (Rn) and the electrical resistivity (p), the
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carrier density (nn) and the carrier mobility (un) were calculated according to the

following equations:

Van der Pauw technique:

The van der Pauw Methodis a technique commonly used to measure
the resistivity and the Hall coefficient of a sample. Its power lies in its ability to
accurately measure the properties of a sample of any arbitrary shape, as long as the
sample is approximately two-dimensional (i.e. it is much thinner than it is wide), solid
and the electrodes are placed on its perimeter. The van der Pauw method employs a
four-point probe placed around the perimeter of the sample, to provide an average
resistivity of the sample. To make a measurement, a current is caused to flow along one
edge of the sample (for instance, l12) and the voltage across the opposite edge (Vzs) is
measured. From these two values, a resistance (Ri2:34) can be found using Ohms law.
The resistance of samples with arbitrary shapes can be determined from two of these
resistances - one measured along a vertical edge, such as Ri2,34 and a corresponding one
measured along a horizontal edge, such as R23 41 (See Figure 3.9). It is possible to obtain
a more precise value for the resistance by making two additional measurements of their

reciprocal values and averaging the result. Then, the van den Pauw formula becomes:

e‘”Rvertical/RS + e_”Rhorizontal/RS =1.

Square or
Cloverleaf rectangle:
contacts at
! 4 the corners
e [, b
2 3
(a) (b)

Figure 3.9: Possible contact placements for samples with different shapes.
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3.3.3 Thermal conductivity

The thermal conductivity (k=D-Cp-p) was calculated from diffusivity (D) and Specific
heat (Cp) measurements by a Netzsch LFA 457 and the geometrical density (p) of the
samples. A standard pyroceram 9606 sample was used as a reference for calculations
of the specific heat capacity. Prior measurement, samples were coated with graphite to
maximize the signal and the amount of thermal energy transmitted from the font surface
to the back surface of the sample. The thermal diffusivity can be carried out within an

error of £3% and the specific heat capacity can be determined within an error of £5%.
Principle of the LFA Method:

The front side of a plane-parallel sample is heated by a short laser pulse. The absorbed
heat induced propagates through the sample and causes a temperature increase on the
rear surface. This temperature rise is measured versus time using an infrared detector.
To calculate the thermal diffusivity, the half time ty (time corresponding to half the
step height) is used. The total temperature increase (step height) can be used to
determine the specific heat. It is indirectly proportional to the heat capacity of the
sample (Figure 3.10). The C, of an unknown material can be calculated by comparing

the signal heights between sample and reference as follows:

ref | sample , yysample , ref . sref . 42
Too Q 4 p ! t ! dsample aperture

— . ref
Cp(T) o T;ample . Qref .yref . psample . tsample . 42 Cp (T)

ref aperture

Where, T the height of the detector signals, Q the laser energy, V the amplification
factor, p the density, t the thickness of the sample or reference and d the opening
diameter of the sample holder

If the density (p) is known, the thermal conductivity (k) can be determined as follows:
K:D.Cp.p
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Figure 3.10: Theoretical signal of LFA method.
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Figure 3.11: Schematic diagram of Laser Flash technique.
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4. Results of half-Heusler materials

4.1 Synthesis of MCo(Sb,Sn) (M=Hf,Ti,Zr) via mechanical alloying

As mentioned above, half-Heusler compounds and especially MCoSb and MNiSn (M
= Ti, Zr, Hf), have been recently identified as promising thermoelectric materials for
medium-high temperature range applications due to their excellent electronic properties
and high power-factor. Arc-melting is the typical method used for the synthesis of this
family of compounds. However, this time-consuming technique has several
disadvantages. For instance, single-phase half-Heusler materials containing low
melting point elements such as Sn and Sb, are intrinsically difficult to be produced by
using a high temperature synthesis process. Additionally, the ingots must be re-melted
several times to ensure homogenous materials and an annealing step is most of the times
required [70]-[72].

Solid state reactions at low temperatures can be used to address this problem and
eliminate the material loss. Mechanical alloying (MA) is an alternative, single-step and
less time-consuming synthesis method, which provides the important possibility of
scaling-up and an easy preparation of nano-powders. MA describes the process when
mixtures of powders (of different metals or alloys/compounds) are milled together[107]
(see Figure 4.1).Interestingly, there are just few recorded attempts synthesizing half-
Heusler TiCoSh-based compositions by mechanical alloying and the results were not
encouraging enough [87]-[89], [115]. Currently, 20% substitution of Sb by Sn in
MCoSb has achieved the best p-type Heusler compounds [41], [63], [71], [75]. Even
though, the TiCoSb system was attempted to be synthesized via MA [87], [88], [115],
surprisingly the p-type state-of-the-art MCoSbosSno.2 has never been synthesized by
this method, while to the best of our knowledge MA has never been applied for highly-
efficient half-Heusler compositions.

In this chapter, the synthesis of MCoShogSno2 (M=Ti,Zr,Hf) solid solutions via
mechanical alloying followed by hot pressing was attempted for the first time and their
thermoelectric properties were studied.
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4.1.1 Synthesis and consolidation conditions
The milling/synthesis process was carried out in a planetary mill at 450rpm for 6 hours

and the ball to material ratio was 15:1. The as-milled powders were loaded in graphite
dies and hot-pressed into high density pellets under the same compaction conditions, at
temperatures 1160K- 1180K for 1hr under pressure of 50MPa.

(TiHf.Zr)Co(Sh,Sn)
solid solutions

Mixture of ¥ phiosa with

input powders

Elongated
composite particles

HH powder grains of
~400nm average size

residual starting
elements

(Ti/Zr/Hf)Ca(Sb,Sn)

"1:. o Cold welding ﬁl’nwder fracture

Oh Bh
Milling time

Figure 4.1:Schematic presentation of mechanical alloying method for the synthesis of HH solid solutions

4.1.2 Results of MCo(Sb,Sn)
In this section, the MA synthesis of MCoSho.sSno.. (M=Ti,Hf,Zr) materials and their

thermoelectric properties are discussed. This is the first reported attempt to synthesize
the p-type state-of-the-art MCoSho.sSno.2 (M=Ti,Hf,Zr) system by this method.

Figure 4.1 describes the mechanisms of the technique used; MA. During high-energy
milling the powder particles are repeatedly flattened, cold welded, fractured and
rewelded. Every time two tungsten balls collide; some amount of powder is trapped in
between them. The impact plastically deforms the particles leading to work hardening
and fracture. At first, particles of different elements weld together and this leads to an
increase in particle size (t<1h). The ductile metal powder particles (Hf, Zr, Co,Sn) get
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flattened by the ball-powder-ball collisions, while the brittle particles (Sb,Ti) get
fragmented. In the early stages of milling, the particles are still soft (if we are using
either ductile-ductile or ductile-brittle material combination), their tendency to weld
together and form large particles is high. As a result, a broad range of particle sizes is
usually developed. Due to the continued deformation, the particles get work hardened
and at some point, fracture. After milling for a certain length of time, steady-state
equilibrium is attained when a balance is achieved between the rate of welding and the
rate of fracturing. At this stage, each particle contains substantially all of the starting
ingredients, in the proportion they were mixed together. The refined microstructural
features decrease the diffusion distances while the slight rise in temperature during
milling further aids the diffusion behaviour, and consequently, true alloying takes place
amongst the constituent elements[107]. In this case, after 2 hours the desired HH phase
starts to develop but residual starting elements may also be present. Single-phase
(Ti,Zr,Hf)CoSho.sSno. solid solutions are successfully developed after 4 hours of
milling and no change is observed in HH phase for longer milling (up to 8 hours).
However, the best thermoelectric properties were reported for samples prepared by 6
hours milling, which are presented in this chapter.

The products of the milling process strongly depend on the milling conditions. Using
different ball mills or different conditions of the same ball mill induces different
reactions pathways. In general, milling conditions strongly affect the way by which
energy is transferred to the milled powder and hence the nature of the final products.
For example, the time required for a chemical reaction to be completed decreases with
an increase in the ball-to-material ratio, while the ignition time for a combustion
reaction decreases with increasing ball diameter[107].

The energy transfer from the mill to the system constituted by the powder, the balls and
the vial have been evaluated by theoretical-empirical approach proposed by N. Burgio
et al. [116]. According to this study, when a ball is launched, carries an amount kinetic
energy. During the first collision event a fraction of this kinetic energy is released. The
energy release manifests itself as deformation of the materials and an instant rise of
temperature [116]. Figure 4.2 presents the calculated weight-normalized energy
transferred to powder as a function of milling time for the MA process of HH system.
The transferred energy linearly increases with increasing milling time and reaches the

value of 130 kJ/g for 8 hours milling at 450 rpm.
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Figure 4.2: Weight-normalized transferred energy as a function of milling time.

Structural characterization:

(Hf/Ti/Zr)CoSho.sSno.2 samples were studied using X-ray diffraction method (XRD),
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). Figure 4.3 illustrates the xrd patterns of hot-pressed samples for different
milling times (4,6 and 8 hours), the X-ray diffraction patterns of (Hf/Ti/Zr)CoSbogSno.
samples prepared by 6 hours of mechanical alloying followed hot-press sintering. The
XRD measurements clearly show a successful formation of the desired a cubic half-
Heusler phase (F43) in all compounds. The lattice parameter based on the XRD
diffraction peaks, geometrical density calculations and theoretical density based on
Joshi et al. [117] are shown in Table 4.1. Our lattice parameter values agree with
theoretical calculations, which predicted the lattice constants to be 0.588, 0.609 and
0.605 nm for TiCoSb, ZrCoSb and HfCoSb, respectively [118].

SEM images and EDS results are presented in Figure 4.4 and Table 4.2, respectively.
The back-scattered images illustrate homogeneous single-phase materials. EDS
analysis shows that the chemical composition is close to the nominal composition of
the samples. There is a small deviation in Hf and Sn percentage. The slight loss of Hf
and Sn can be explained by the behavior of these powders that stick on the vial’s and
balls’ surface during milling, resulting in a small deviation from the desired alloy

composition. Considering that the relative error of EDS results is ~5% and that there is
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an overlap between Sn and Sb in the EDS spectra, all three samples can be considered
as nearly stoichiometric and single phase. On the other hand, samples prepared via arc-
melting undergo an intrinsic phase separation into two half-Heusler phases. The
composition of the matrix (phase I) and a second half-Heusler phase (phase Il). For
instance, according to EDX results of the arc-melted TiCoSho.gsSno.1s two different
phases were detected: one rich in Ti and Sb (Ti1.07C00.98Sbo.91Sno.0s) and one rich in Sn
and Co (Tio.97C01.18Sho.28Snos7)[72]. As it will be discussed in the following chapters,
the phase separation effect is more prominent in HH solid solutions in which

isoelectronic substitution is attempted.

Table 4.1: Lattice parameter, theoretical density and measured density of
(HfTi/Zr)CoSho.sSno.2
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Figure 4.3: a) X-ray diffraction patterns of hot-pressed samples for different milling
times (4,6 and 8 hours),b) X-ray powder diffraction patterns of (Hf/Ti/Zr)CoShogSno.
powders prepared by 6 hours mechanical alloying and c) the X-ray powder diffraction
patterns of hot-pressed (Hf/Ti/Zr)CoShbo.gSno.2 pellets.

70



Figure 4.4: Back-scattered electron images of (Ti/Zr/Hf)CoSho sSnho2 samples prepared via MA
(a) and back-scattered electron images of (Ti/Zr/Hf)CoShosSno.1s prepared via arc-melting
(reproduced by [70], [72]) (b).

Table 4.2: Chemical composition of (Ti/Zr/Hf)CoSbosSno.. samples as determined by EDS
spectroscopy.

0.99

0.81 0.11

Overall
Overall 095 - - 1.03 0.85 0.17
Overall - 1.04 - 096 0.83 0.17

Thermoelectric properties:

The Seebeck coefficient (S), electrical conductivity (c) and power factor of the hot-
pressed (Hf/Zr/Ti)CoSho.sSho.» samples were determined in the temperature range of
300-960K. The temperature dependence of S, o and PF are plotted in Figure 4.5 in
comparison with values of analogous (Hf/Zr/Ti)CoSbosSno.2 arc-melted samples by
E.Rausch et al. [71]. All examined samples present positive S values indicating holes
as majority carriers. TiCoShogSno2 recorded the highest Seebeck coefficient,
S=283uV/K at 780K, whilst HfCoSho.sSno2 and ZrCoSho.sSno.2 follow with almost
similar S values. The highest S for ZrCoShogSno2 is 221uV/K at 960K and for
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HfCoSho.sSno2 is 205uV/K at 960K. The analogous arc-melted samples recorded
slightly lower S values especially at room temperature. This discrepancy can be
explained by the possible loss of Sn, which is a quite soft metal, during milling resulting
in lower carrier concentration in MA samples.

The electrical conductivity (o) measurements are shown in Figure 4.5b. At room
temperature, HfCoShogSno. presents the highest electrical conductivity, while
TiCoSho.sSno.2 presents the lowest electrical conductivity values. The same trend is
observed for the arc-melted materials. Interestingly, the electrical conductivity of
HfCoShogSno2 and ZrCoShogSno. drops with temperature, indicating metal-like
behavior. On the other hand, the ¢ values of TiCoShosSno.2 increase with temperature,
showing a semiconductor-like behavior. The ¢ values of the arc-melted compositions
are higher than those of the mechanically-alloyed materials. This can be attributed to
the lower hole mobility in nanostructured materials due to the presence of high-density
boundaries which consequently increase the carrier scattering as well as to the possible
deviation from the nominal composition due to Sn loss in MA samples resulting in
lower carrier concentration.

The calculated power factors (PF=S%c) are presented in Figure 4.5c. The highest power
factor was achieved by HfCoShosSno2 (PF= 25uW/cmK? at 960K) and it is mainly
attributed to its high electrical conductivity. Overall, the arc-melted materials have
higher PF due to their higher electrical conductivity values.
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Figure 4.5: Temperature dependent Seebeck coefficient-S (a), electrical conductivity-c (b) and
power factor (PF) of hot-pressed (Hf/Ti/Zr)CoSbosSno. samples in comparison with values of
analogous arc-melted samples reported by E.Rausch et al [71].

The temperature dependence of the total thermal conductivity and the lattice thermal
conductivity of (Hf,Ti,Zr)CoSbhosSno.. samples are plotted in Figure 4.6 The lowest
thermal conductivity (x~ 3.3 W/mK at 960K) was achieved by HfCoSbo.gSno.2 while
TiCoSho.sSno.2 and ZrCoShogSno> recorded higher «k values (k~ 3.8 W/mK at 960K).
It is evident that samples prepared via mechanical alloying have lower thermal
conductivity than the arc-melted materials. Specifically, the mechanically-alloyed
HfCoShogSho.2 has 39% lower k in comparison with the same arc-melted sample. This
attributed to the lower electronic thermal conductivity (resulting from the decreased o)
as well as the lower lattice thermal conductivity compared to the analogous arc-melted
sample. We also observe that the bigger the atom at the M site (Ti<Zr<Hf), the weakest
the temperature dependency of thermal conductivity. The thermal conductivity of the
mechanically-alloyed HfCoSho.sSno> presents an almost independent temperature
behavior while ZrCoShosSno2, TiCoShosSno2 and all arc-melted materials reveal a
thermal conductivity that drops with temperature. A theoretical analysis by Joshi et. al
[118] predicted that TiCoShb should have higher thermal conductivity than ZrCoSb and
HfCoSb. The difference in the contribution to the phonon DOS by different atoms
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occurs due to the difference of mass of the atoms. A heavier atom contributes to the
low modes of frequencies while a light atom contributes to the higher ones. According
to this study, ZrCoSh and HfCoSb show a mixing of the acoustic (low) modes with the
optical (high) modes of phonons, which indicates increased phonon-phonon scattering

and reduced lattice thermal conductivity [118].

To gain a better understanding of how different elements (Ti,Zr,Hf) in M position affect
the heat transport in MCoSbogSno. materials, the lattice thermal conductivity was
estimated. Thermal conductivity is the sum of two contributions, one due to phonons
and the other due to charge carriers. The electronic contribution, k. was calculated by
the electrical conductivity ¢ by using Wiedemann-Franz’s law ke=LoT and the Lorentz

factor was calculated from Seebeck coefficient values:
L= [1.5 +exp|- ﬂ” x10~8WQK~2 ,
116

as proposed by Kim et al [12]. The lattice thermal conductivity (k-ke) was estimated by
subtracting k. from k. From the presented figures, it is obvious that the lattice thermal
conductivity (kuatice) has the major contribution in total thermal conductivity and
follows almost the same trends with k. The lattice thermal conductivity of
TiCoSho.gSno> and HfCoShogSno> samples prepared via mechanical alloying are
significantly lower than those of similar samples prepared via arc-melting. This
reduction in kiatice can be attributed to the effective scattering of phonons at the grain
boundaries in nanostructured materials. On the other hand, ZrCoShogSno.> presents
identical lattice thermal conductivity for both methods. However, the previously
discussed impressive reduction of lattice thermal conductivity suggests that mechanical
alloying can be consider as an effective method for the fabrication of HH solid solutions
and can be further explored in different compositions; especially for the isoelectric
substitution at the M site of MCoSho.sSno.2, which is expected to cause even lower

thermal conductivity values.
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Figure 4.6: Temperature dependent thermal conductivity-« (a) and lattice thermal conductivity-
Kiatiice (D) Of hot-pressed (Hf/Ti/Zr)CoSho.sSno» samples in comparison with values of analogous

arc-melted samples reported by E.Rausch et al [71].
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The thermoelectric figure-of-merit (ZT) is shown in Figure 4.7 as a function of
temperature. Despite the lower PF of the mechanically alloyed materials, a relatively
good ZT was achieved for all three samples due to their low thermal conductivity
values. The highest ZT~0.74 at 960K was recorded by HfCoSbo.gSno.2. TiCoSho.gSno.2
and ZrCoShogSno.2 prepared via MA reached almost identical ZTs, near 0.55 at 960K.
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Figure 4.7: Thermoelectric figure of merit-ZT as a function of temperature of hot-pressed
(Hf/Ti/Zr)CoShosSho, samples in comparison with values of analogous arc-melted samples
reported by E.Rausch et al [71].

4.1.3 Conclusion
In this chapter, single-phase MCoSbo.sSno2 (M=Ti,Zr,Hf) materials were successfully

synthesized via mechanical alloying followed by hot-pressing for the first time and their
thermoelectric properties were studied and compared with similar arc-melted solid
solutions. Materials prepared via MA had similar Seebeck coefficient values but lower
electrical conductivity values than the arc-melted materials. However, the low thermal
conductivity of the nanostructured mechanically-alloyed solid solutions contributed in
achieving a relatively good ZT for all three compositions. The highest ZT~0.74 at 960K
was recorded for HfFCoSbosSno2. The successful application of MA method for the
fabrication of HH solid solutions with low lattice thermal conductivity values indicates
that it is worthwhile to further explore this technique in more complicated HH

compositions.
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4.2 (Hf,Ti)Co(Sb,Sn) solid solutions

The high lattice thermal conductivity of HH compounds is one of the main obstacles in
achieving a high thermoelectric performance. There are several works pointing out that
the Ti/Hf combination is more effective in increasing the alloy scattering and reducing
the lattice thermal conductivity than the Zr/Hf combination, due to larger differences in
the atomic size and mass of Hf and Ti in p-type (Hf,Ti,Zr)CoSb solid solutions
[74][70][72].

In this chapter, the synthesis of (Hf Ti)Co(Sb,Sn) solid solutions via mechanical
alloying followed by hot pressing was attempted and their thermoelectric properties
were studied. At first, HfxTi1.xCoSbogSno. (0, 0.2, 0.4, 0.6, 0.8) samples were prepared
to investigate the effect of isoelectronic substitution. Then, the effect of charge carrier
concentration was investigated by preparing HfosTio4CoSb1.ySny samples in order to

evaluate the effect of Sn/Sb doping on the thermoelectric properties.

4.2.1 Synthesis and consolidation conditions

The milling/synthesis process was carried out in a planetary mill at 450rpm and the ball
to material ratio was 15:1. Different milling times (2,4,6 and 8 hours) were tested. The
as-milled powders were loaded in graphite dies and hot-pressed into high density pellets
under the same compaction conditions, at temperature 1180K for 1 hour under pressure
of 50MPa.

4.2.2 Results of (Hf,Ti)CoSbosSno.2 Solid Solution Series

In this section, the MA synthesis of HfxTi1-xCoSho.sSno.2 (0, 0.2, 0.4, 0.6, 0.8) materials
and the effect of Ti substitution with its heavier homologue Hf on their microstructure
and thermoelectric properties are discussed. This is the first reported attempt to
synthesize the p-type HfxTi1.xCoShosSno.2 system by this method.

Structural Characterization:

HfxTi1.xCoShogSno> samples were studied using X-ray diffraction method (XRD),
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). Figure 4.8a presents the powder X-ray diffraction patterns of the HfxTis-
xC0SbogSno series for different milling times. The half-Heusler phases were observed
after only 2 hours of milling. However, small impurity peaks revealed the presence of
residual Hf. After 4 hours of milling the desired half-Heusler phases were completely
formed and no residual starting elements or other secondary phases were detected while

there were no further changes for longer milling. Therefore, for the preparation of
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HfxTi1.xCoSbogSno2 (0, 0.2, 0.4, 0.6, 0.8) samples was based on 4 hours alloying
followed by hot press sintering. Figure 4.8b illustrates the X-ray diffraction patterns of
Hf1xTixCoShosSno.» samples after hot-pressing. The XRD measurements Figure 4.8b

clearly show a cubic half-Heusler phase (F43) in all compounds. A careful examination

revealed that the main reflection (220) shifts to a lower scattering angle with increasing

Hf, suggesting that Hf replaces Ti and therefore the lattice parameter increases,

following Vegard’s law Figure 4.8c and d. The lattice parameter based on the XRD

diffraction peaks, geometrical density calculations and theoretical density based on

Joshi et al. [117] are shown in Table 4.3. Our calculations agree with a previous study

on nanostructured arc-melted Hf1.xTixCoSbo.sSno.. materials[74].
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Figure 4.8: a) X-ray powder diffraction patterns of HfxTi1-xCoShogSho, powders prepared by
2,4,6 and 8 hours mechanical alloying b) the X-ray powder diffraction patterns of hot-pressed
Hf Ti1-xCoShosSno. pellets, c) the main (220) reflection of HfTi1x CoShog Sno2 and d) the
lattice parameter and the density of the pellets as a function of Hf content (x).

Table 4.3: Lattice parameter, pellet density and theoretical density of HfxTi1.xCoShosSno.
samples.
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SEM images and EDS results are presented in Figure 4.9 and Table 4.4, respectively.
Back-scattered images of Hf=0, 0.2, 0.4, 0.6, 0.8 samples illustrate homogeneous
single-phase materials. EDS analysis shows that the chemical composition is close to
the nominal composition of the samples. The slight loss of Hf can be explained by the
behavior of Hf powder during milling that sticks on the surface of the vial and balls
resulting a small deviation from the desired alloy composition. Considering that the
relative error of EDS results is ~5% and that there is an overlap between Sn and Sb in
the EDS spectra, the samples can be considered as nearly stoichiometric and single
phase. These results are in contrast to similar structural investigations of analogous arc-
melted Ti1.xHfxCoSbo.gsSno.1s compounds, which revealed the presence of several HH
phases with slightly different lattice parameters [72] (Fig. 4.10). A splitting of the main
xrd reflection into a triple peak has also been reported for the n-type
TiosZro.2sHfo25NiSn, indicating that phase-separation effect is common in both n-type

and p-type half-Heusler solid solutions prepared by arc-melting [64].

Table 4.4: Nominal and chemical composition of hot-pressed HfxTi1-xC0oShbo.gSno.2 samples
as determined by EDS spectroscopy.

Co Sb Sn

1.06 0.73 0.19
1.07 0.74 0.22
1.07 0.72 0.24
1.08 0.76 0.20
1.06 0.75 0.18




SEM MAG: 989 x View field: 228.8 ym VEGAW\TESCAN SEM MAG: 1.00 kx View field: 226.1 ym VEGAW\ TESCAN
WD: 11.00 mm SEM HV: 20.00 kV 50 um 7 WD: 10.80 mm SEM HV: 20.00 kV 50 um 7
Name: BSE-75-2 Digital Microscopy Imaging Name: BSE-64-2

Digital Microscopy Imaging n
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Digital Microscopy Imaging n
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Figure 4.9: Back-scattered electron images of hot-pressed HfxTi1.xCoSho gSho.2 samples.
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Figure 4.10: Back-scattered electron image of the arc-melted Hfo5TiosC0ShossSne.15 sSample and
splitting of the main XRD peak revealing the presence of phase-separation [72].

Thermoelectric Properties:

The temperature dependent electrical conductivity, Seebeck coefficient and Power
factor (S%c) of the hot-pressed HfxTi1-xCoSho.sSno2 samples in comparison with that of
arc-melted HfogTio.2CoShosSno.2[74] are presented in Figure 4.11. The S values of all
hot-pressed samples are positive indicating a p-type conduction behaviour. The highest
value of 292uV/K was observed for TiCoSb0.8Sn0.2 at 780K and decreased with Hf.
Although the replacement of Ti with Hf is an isoelectronic substitution, there is a sharp
suppression of S values when Hf is added to the composition and this can be attributed
to the change of electronic structure which consequently affects the carrier
concentration and their effective mass [72]. Moreover, the Seebeck coefficient of
samples with Hf=0.0 and Hf=0.2 raises with increasing temperature, reaches a peak
value at around 780K and then starts to decrease, suggesting the onset of bipolar
conduction. On the other hand, the S values of samples with higher Hf content, increase
with temperature and stabilize above 750K. In the temperature range of 300-800 K,
Hfo.gTio2CoShogSno.2 [74] by X.Yan et al. showed lower S values in comparison with
our HfogTio2CoShosSno2 sample.

Interestingly, the electrical conductivity increases with increasing temperature due to
the relatively low doping level of these materials. However, the aforementioned
Seebeck coefficient does not significantly decrease with intrinsic excitation suggesting

the existence of additional mechanism that affects the electrical conductivity. This
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mechanism can be related to the enhanced grain boundary scattering that appears in
nanostructured materials resulting in a “thermally activated mobility”. This effect has
been discussed in other thermoelectric systems, such as MgsSh,—MgsBi2 solid solution
and NaPbmSbQm+2 (Q =S, Se, Te) [119]-[121]. The replacement of Ti with Hf resulted
an increase in electrical conductivity, probably due to an enhancement of carrier
concentration and mobility. Specifically, electrical conductivity roughly increases from
Hf=0.0 to Hf=0.4 and then stabilizes for samples with Hf >0.4. The ¢ alteration with
changing Ti/Hf ratio is attributed to the change of electronic structure which
consequently affects the carrier concentration and effective mass of charge carriers
[72]. However, electrical conductivity investigations of most of the analogous arc-
melted (TiHf)CoSbogSno2 and (TiHf,Zr)CoShosSno. samples showed a metallic
behaviour and higher values compare to our samples [63], [72], [74], [75]. The
difference is smaller at higher temperatures[74]. Moreover, Hu et. al mentioned that the
electrical conductivity of ZrosHfosCoSh1.xSnx samples prepared via levitation melting
exhibit a metal-like behaviour and follow a typical T° exponent relationship,
suggesting that the alloying scattering in HH arc-melted materials might be the
dominant scattering mechanism of charge carrier[82]. In contrast to that, Culp et al.
reported that the temperature dependence of the resistivity of similar arc-melted
ZrosHfo5CoSbh1xSnx compounds was found to be semi-metallic or degenerate
semiconductor behaviour [61].

The calculated Power factors (PF=S%c) are presented in Figure 4.11 (c). Despite the
low electrical conductivity of TiCoSbo.sSno., the high Seebeck coefficient contributed
in achieving the highest PF= 22.7 ptW/K?cm at 980K. The second highest PF= 21.6
uW/K?cm was obtained for HfogTio2C0ShosSno2. This value is lower than that of the
arc-melted HfosTio2CoShosSno2 (PF= 25.7 pW/K?cm at 1073K) by X. Yan et al. due

to its lower electrical conductivity [74].
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Figure 4.11: a) Seebeck coefficient S b) Electrical conductivity ¢ and ¢) Power Factor PF as a
function of temperature for hot-pressed HfxTii.xCoShogs Sho2, Synthesized by mechanical

alloying and arc-melted HfogTio2C0oShos Sno. [74]

The temperature dependence of the total thermal conductivity and the lattice thermal
conductivity of HfxTi1-xCoSho.sSno.2 samples are plotted in Figure 4.12. It is evident that
the k values of samples containing both Hf and Ti have minor differences and are much
lower than the thermal conductivity values of TiCoSbo.gSno.2, as expected. The lowest
thermal conductivity with a value of 2.29 W/mK was achieved by Hfo 4TigsC0oSho.sSno.2
at 971K. Similar trends were observed in previously reported arc-melted Tis-
xHfxCoSho.85SNo.1s compounds[72].

The electronic thermal conductivity (kxe) and consequently the lattice thermal
conductivity (kiatice) Were again calculated as in chapter 4.1. The electronic thermal
conductivity values increased upon replacement of Ti with the heavier Hf, because of
an increase in the electrical conductivity. It is worth mentioning that the conventional
Wiedemann-Franz’s law often leads to an overestimation of the lattice contribution,

especially when it is applied for materials with high nanocrystallinity and resistive
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grain-boundaries. The fundamental cause of this overestimation is mainly attributed to
the conventional assumption of sample homogeneity, which treats electrons and
phonons as independent channels of heat transport [122].

From the Figure 4.12, it is obvious that the major contribution in the total thermal
conductivity originates from the lattice part. It is remarkable that the lattice thermal
conductivity of the Hf/Ti solid solutions are almost three times lower than the
TiCoSho.gSno.2, indicating that the Hf/Ti combination significantly contributes to the
reduction of the phonon mean free path as expected, by creating defect scattering for
phonons due to mass differences and strain field variations. At room temperature
(Figure 4.12c), the lattice thermal conductivity decreases with increasing Hf from 0%
to 60 % and then for HfogTio2CoShogSno2 (Hf=80%) slightly increases, as expected.
Specifically, HfosTiosCoShogSno2 exhibits the lowest lattice thermal conductivity at
room temperature which is 65% lower than the TiCoSho.gSno2 sample. This minimal
lattice thermal conductivity (Kiatice=1.6 W/m-K at 970K) suggests that the
Hfo.6 Tio.4CoShosSno2 composition would be a good selection for further studies in
terms of the thermoelectric figure-of-merit.

Lattice thermal conductivity arises from several phonon scattering processes like grain
boundary scattering, point defect scattering, scattering on dislocations, and Umklapp
scattering processes [123]. In solid solutions, the point defect scattering originates from
the mass and strain field fluctuations. Based on Slack’s [124] and Abeles’ [125] models,
the disorder scattering parameter I" describes the point defect scattering of phonons and
it has two components: the scattering parameter due to mass fluctuations I'v and the
scattering parameter due to strain field fluctuations I's (I'=I'm+Is)[125]. The T’
parameter (Figure 4.12d) was calculated based on the following equations[45]:

_ rls2\?
Lch(M)FM o 11CL( )flfl <T—L>

Iy = y s = ]
L=1Cl i=1CL

where the mass fluctuation parameter for the iw sublattice is:

rM_ka<1—M—k>

The k™ atom of the i™" sublattice has mass M, radius ri and fractional occupation f;*.
The average mass and radii of atoms on the i sublattice is given by:

2

M, =3, ffmf, 7 =3 ffrf
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The average atomic mass of the compound is:

_ Z?:l ¢ M,

n
i=1Ci

=i

Where, c; are the relative degeneracies of the respective sites (For instance, in TiCoSh
c1=C>=c3=1). The parameter ¢; is a phenomenological parameter, which characterizes
the anharmonicity of the lattice and normally ranges from 10 to 100.

If we only consider the isoelectronic alloying of M-sites in half-Heusler compounds,

I' can be simply written as [46]:

=AY [ vepn (i)

In Figure Figure 4.12d, the results from the I" parameter calculations are presented as a
function of Hf concentration. T" sharply increases with increasing Hf percentage up to
40% and then gradually decreases for higher percentages. It is also confirmed that the
decreased mass fluctuation (I'm is significantly higher than I's) is the main reason for
the wiattice reduction. High T" suggests higher scattering for phonons and therefore lower
lattice thermal conductivity. The experimental results of the lattice thermal
conductivity, which revealed lower values for H=0.6 and Hf=0.4, agree with the

previous calculations.
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Figure 4.12: (a) Thermal conductivity k, (b) lattice thermal conductivity k-ke as a a function of
temperature of Hf,Ti,—«CoShosSho,, synthesized by mechanical alloying and arc-melted
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By combining all the previously discussed properties, the thermoelectric figure-of-

merit ZT was calculated. The results are presented as a function of temperature in

Figure 4.13 where it is clear that the optimization of Ti/Hf ratio has a significant impact

on the thermoelectric performance of p-type HfxTi1xCoSbogSno2 solid solutions.
Although TiCoShogSno.2 exhibits higher power factor, a maximal ZT of 0.84 at 970 K

was achieved by Hfo.sTio4CoShosSno. originated from the significant reduction of the
lattice thermal conductivity in the Hf/Ti member. The high ZT of Hfo.6Tio4CoSbo.gSno.2

as well as minimum lattice thermal conductivity leads to the conclusion that further

investigation is desired in order to modify and improve the power factor and achieve

even higher ZT.
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Figure 4.13: Thermoelectric figure of merit ZT as a function of temperature for
Hf.Ti;-«CoShosSno2and arc-melted HfosTio 2C0ShosSno 2 [74] with the indicated compositions

of Hf.
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4.2.3 Results of HfosTiosCoSb1-ySny solid solution series

A fundamental way to further enhance the performance of thermoelectric materials is
by optimizing the carrier concentration. In this part, we investigate the adjustment of
doping level by the partial substitution of Sb with Sn in HfosTio4CoSbi-,Sny (y = 0.15,
0.17, 0.20, 0.23, 0.25) series.

Structural characterization:

The XRD patterns of the synthesized, hot-pressed HfosTio.s«CoShi-ySny solid solutions
are shown in Figure 4.14. As in the previous studies, the diffraction peaks of all samples

match well with the half-Heusler phase (space group F43) and no residual starting
elements were detected. The calculated lattice parameter and the measured density
(corresponds to > 94% of ptneoretical = 9.42 g/cm?) of the samples are presented in Table
4.5. The lattice parameter does not significantly change with Sb/Sn substitution, as it
was expected. The back-scattered SEM images and chemical compositions are
illustrated in Figure 4.15 and Table 4.6, respectively. The SEM images of
Hfo.6 Tio.4CoSbh1ySny samples showed homogeneous single-phase materials and the
EDS analysis revealed that the chemical compositions are close to the nominal
compositions of the compounds. Small deviations are due to the relative error of EDS

and a possible Hf/Sn slight loss during milling as in previous chapters.

Table 4.5: Lattice parameter a, measured density and relative density of HfoeTio4CoSbi.ySny

»
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9.23
9.03
9.13
8.83
8.88
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Figure 4.14: XRD patterns of HfosTio4CoSb1.,Snysamples prepared by mechanical alloying

followed by hot-pressing.

Table 4.6: Nominal and chemical composition of hot-pressed HfqsTio2CoSbiySnysamples as
determined by EDS spectroscopy.

Hf

0.54
0.54
0.55
0.54
0.58

Ti
0.44
0.42
0.41
0.42
0.41

Co
1.08
1.11
1.08
1.08
1.07

Sb
0.80
0.76
0.75
0.72
0.70

Sn
0.14
0.18
0.21
0.24
0.23
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Figure 4.15: Back-scattered electron images of hot-pressed HfosTio.4CoSh1.ySny samples.
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In order to systematically assess the nanostructured morphology, as well as potential
discrete phase formation, transmission electron microscopy experiments
(TEM/HRTEM) were carried out in the HfosTiosCoShogsSno1z sample and a
characteristic TEM image is presented in Figure 4.16. The primary particles of the
material have a size of 350 nm, on average, although some up to 1 um have been also
detected. As a consequence of the ball milling, the material exhibits a substantial
percentage of nanocrystallinity, demonstrated both by the selected area diffraction
(SAD) ring pattern, inset in Figure 4.16a, as well as by the complementary bright field
(BF), in (a) and dark field (DF), in (b) images. The nanograins are clearly illustrated in
the latter with white arrows, as bright regions against an overall dark background. The

BF and DF images were obtained using the 220 reflection of Hfo s Tio.4CoSbo.g3Sno.17.

The nanograins have a size range of up to 12 nm and are single crystalline. A typical
one is shown at the HRTEM image of Figure 4.16c, oriented along the
Hfo.6 Tio.4CoSho.gaSno.17 [011] crystallographic direction. Experimental measurements
of the (200) and {111} lattice fringe distance provided d200=0.294 nm and d11:=0.339
nm, respectively; this results in a lattice constant of a=0.588 nm, an average, which is
in good agreement with the XRD results (a=0.601 nm). In addition, this value aligns
very well with the theoretical lattice parameter of the HfosTio.4CoSho.g3Sno.17 sample,
taking into account Vegard’s law and the constants of the two distinct members,
HfCoShogsSno.1s (2=0.604 nm) and TiCoSho.gsSno.15 (2=0.589 nm), i.e. ateor.= 0.598
nm [70].
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Figure 4.16: a-b) Complementary TEM-BF and DF images, respectively, from the

Hfo.6 Tio.sCoShossSno.17 sample, acquired using the arrowed 220 reflection at the SAD pattern,
inset in (a) and ¢) HRTEM image of a representative nanocrystalline particle, viewed along
its [011] crystallographic direction.

Thermoelectric properties:

The electrical conductivity, Seebeck coefficient and thermal conductivity
measurements were performed in order to assess the thermoelectric performance of the
Hfo6Tio.4CoShi-ySny series. The obtained data from the electrical conductivity and
Seebeck coefficient measurements along with the calculated Power factors are
summarized in Figure 4.17. The Sb substitution with Sn in p-type half- Heusler solid
solutions introduces holes into the system, thus the carrier concentration increases. The
Seebeck coefficient is highest for Sn = 0.15 and decreases upon substitution of Sb with
Sn up to y=0.23 suggesting the incorporation of the Sn in Sb sublattice. Samples with
Sn = 0.23 and 0.25 present similar Seebeck coefficient values, suggesting similar
charge carrier concentrations but different carrier mobilities according to electrical

conductivity measurements. Figure 4.17b demonstrates that the electrical conductivity
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increases with increasing Sn content from 0.15 to 0.23 and then decreases when Sn =
0.25. The electrical conductivity of the sample with Sn = 0.15 linearly increases with
increasing temperature, as a consequence of the lower doping level as well as the
thermally activated mobility that resulted by the enhanced grain boundary scattering of
these nanostructured materials. However, this behaviour changes as the Sn content
increases due to the higher doping level. Consequently, the temperature dependence of
o values of HfoeTio.4C0Sbo75SNno.25 and HfosTio.sCoSho.77Sno.23 exhibit smaller slope.
The calculated power factors (Figure 4.17¢) of samples with 0.17 <Sn <0.23 are higher
than that of Hfo6Tig.4C0Sho.755n0.25 and Hfo 6 Tio.4CoSho.e5Sno.15 samples suggesting that
Sn concentration between 0.17 and 0.23 results an optimum range of carrier
concentration. The highest PF ~ 24uW/cmK? was reached by HfoTio.4C0Sbo.77Sno 23 at
975 K.
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The total and lattice thermal conductivity plots of the investigated compounds are
displayed in Figure 4.18. The thermal conductivity is successfully suppressed by the
optimization of Sb/Sn ratio. At room temperature, samples with Sn = 0.20,0.23 present
lower k values than the other samples. To further understand the influence of
substitution level, the lattice thermal conductivity was calculated as previously. The
lowest Kiattice = 1.68 W/mK was achieved by HfosTiosC0oSbo77Sno2s at 970 K. This
minimal lattice thermal conductivity is a result of the partial substitution optimization
in combination with nanostructuring, which increased the effective scattering of

phonons.

The thermoelectric figure of merit ZT calculation reveals that the best thermoelectric
properties are obtained for Hfo.eTio.4CoSbosgsSno.17 composition (Figure 4.19). The
mechanically alloyed compounds with the optimal Hf/Ti and Sn/Sb ratios lead to an
impressive ZT of 1.1 at 975 K. This value corresponds to an improvement of 22% with
respect to that of Hfo.sTi0.4C0Sho.sSno.. It turned out that a substitution level of 17% Sn
for Sb is more effective in HfosTio.4CoSb1.ySny materials prepared by mechanical
alloying than that of 15% and 20% which have been suggested in the past for materials
prepared by arc-melting [61], [66], [75].
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4.2.4 Conclusion
In this chapter, mechanical alloying was successfully applied for the synthesis of half-

Heusler (HfxTi1.xCoSbogSno2) compositions, suggesting the potential of replacing the
time-consuming arc-melting followed by several days of annealing method by an
advantageous, single step process. Two different methods were applied to enhance the
thermoelectric performance of p-type (Hf, Ti)Co(Sb,Sn) materials: adjustment of the
Ti/Hf ratio to affect the lattice thermal conductivity and fine tuning of carrier
concentration by the substitution of Sb with Sn. The isoelectronic replacement of Ti
with Hf in combination with nanostructuring approach via mechanical alloying led to
an important reduction in the lattice thermal conductivity. Consequently, a high
ZT~0.85 at 980K was recorded by the hot-pressed HfoeTio.4CoShogSno2 sample
prepared by 4 hours milling. The effect of charge carrier concentration was also
investigated by preparing Hfo.6Ti0.4CoSb1.ySny (0.15, 0.17, 0.20, 0.23, 0.25) samples. It
turned out that a substitution level of 17% Sn for Sb is the most effective in
Hfo.6Ti0.4CoSh1.ySny materials prepared by mechanical alloying.
Hfo.6 Tio.4CoSho.g3Sno.17 sample, reached a maximum ZT~1.1 at 973K. It is noteworthy,
that this ZT value is among the highest ever reported for p-type MCo(Sb,Sn). When it
comes to (Ti,Hf)Co(Sh,Sn) system, previous investigations have shown that high
thermoelectric  figure of merit (ZT>1) can be achieved in arc-melted
HfogTio2CoShogSno2.  and  Tio.2sHfo.75C0Sbo.g5SNo.15. Hfo.6 Tio.4CoSbo.g3Sno.17
composition has the advantage of less Hf, which is much more expensive than Ti and
Zr. Achieving a high ZT in a less expensive composition can be crucial for large-scale
application of half-Heusler materials. Overall, this study indicates that single-phase, p-
type (Hf,Ti)Co(Sb,Sn) alloys can be synthesized by the advantageous mechanical
alloying method and high ZT values can be obtained by the optimization of phonon
scattering and carrier concentration using Hf/Ti as well as Sb/Sn partial substitution.
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4.3 Effect of Sb substitution with Bi in HfosTio.sCoSbo.sxBixSno.2

Recently, a record-high ZT ~1.42 at 973 K was achieved in ZrCoBio.esSbo.15Sno.20 solid
solution prepared via MA and hot-press sintering [126]. As indicated by theoretical
calculations, the high power-factor (PF ~ 40 uW cm K2) achieved in ZrCoBi-based
compounds is ascribed to the high band degeneracy, while the impressively low thermal
conductivity (k= 2.2 W/mK) is mainly attributed to the substantial atomic mass
difference between Sn (atomic weight: ~118.71) and Bi atoms (atomic weight:
~208.98) that leads to an intense point defect scattering. Bismuth-based half-Heuslers
have not been thoroughly examined for thermoelectric application, giving us the
opportunity to explore a new avenue for the design of half-Heusler thermoelectric
materials.

The objective of this chapter was to achieve a low lattice thermal conductivity and a
high power factor in Hfo.6Tio4Co(Sb,Bi,Sn) solid solutions prepared by MA. Based on
the previously discussed encouraging results of HfosTio.4CoSbo.sSno.2 in chapter 4.2,
Hfo.6 Tio.4CoSbos-xBixSno2 (x=0-0.1) samples were prepared as an attempt to partially
replace Sb with Bi and to investigate the effect of that kind of isoelectronic substitution

on the thermoelectric properties.

4.3.1 Synthesis and consolidation conditions
The MA process lasted 6 hours and was carried out in a planetary mill at 450rpm. The
ball to material ratio was 15:1. The as-milled powders were hot-pressed into high-

density pellets as in chapter 4.2.

4.3.2 Results of HfgeTiosCoSbogxBixSno.2 solid solution series
In this chapter the results from the structural characterization and the thermoelectric
properties of the hot-pressed Hfo.sTio.4CoSbosxBixSno2 (x=0-0.1) solid solutions will

be briefly discussed.

Structural Characterization:

X-ray diffraction patterns, scanning electron microscopy (SEM) images and energy
dispersive X-ray analysis (EDS) were performed for the structural characterization of
HfosTio4CoSbosxBixSno> samples. The XRD diffraction patterns of all

Hfo.6 Ti0.4CoShog-xBixSno2 powders after 6 hours of milling and hot-pressed pellets
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present the cubic half-Heusler phase (Figure 4.20). However, small impurity peaks
revealed the presence of residual Bi in samples with x>0 after hot-press sintering
(Figure 4.20b). The (220) main peak in Figure 4.20c broadens with increasing Sh
substitution with Bi suggesting the presence of two or more HH phases. The broadening
of the X-ray diffraction peaks was also noticed in other phase-separated HH compounds
prepared via arc-melting [66][73]. The lattice parameters based on the XRD diffraction
peaks and the geometrical density of samples are shown in Table 4.7. The lattice
parameter does not significantly increase with increasing the Sb substitution with Bi,

indicating that Bi atoms do not fully incorporate within the matrix.

SEM and EDS analysis were performed (Figure 4.21 and Table 4.8) to investigate the
microscopic features in Hfo.s-xZrxTio.4CoSbo.sSno.2 materials. The back-scattered images
of all samples with x>0 displayed some small bright spots randomly distributed in the
grey matrix. The quantitative composition estimation from the EDS analysis
demonstrated that the grey half-Heusler matrix region in all samples is interspersed with
some Bi-rich spots. This effect is more evident in samples with high Bi percentage
(x=0.075 and 0.1). In addition, samples with x=0.025 and 0.05 are also interspersed
with some darker regions, which were identified to have lower Hf and Bi percentage.
The effect of intrinsic phase separation has been extensively discussed for HH
compounds prepared via rapid solidification techniques like arc-melting [73][127].
However, the formation of two or three different HH phases in samples prepared via
mechanical alloying has never been reported, to the best of our knowledge. Bi probably
reduces the solid solubility limits under the used MA conditions (duration and speed).
The levels of solid solubility may differ in different systems under the same synthesis
conditions leading to the formation of secondary phases or the presence of residual
starting elements. Further investigation of milling-time may provide a clearer

understanding of the underling mechanisms.
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Figure 4.20: a) X-ray powder diffraction patterns of powders HfgsTio4C0ShosxBixSng.2 (Xx=0-
0.1) prepared by 6 hours mechanical alloying, b) the X-ray powder diffraction patterns of hot-
pressed pellets and c) the main (220) reflection of samples with x=0-0.1.

Table 4.7: The geometrical densities and lattice parameter of the hot-pressed Hfo¢Tio.4CoShgs-
«BixSno2 (x=0-0.1) samples
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Figure 4.21: Back-scattered electron images of hot-pressed HfosTio4CoShos.xBixSno2 samples

Table 4.8: Chemical composition of hot-pressed HfosTiosC0ShosxBixSno. samples as
determined by EDS.

matrix 0.56 0.45 1.03 0.84 0.01 0.12
black 0.46 0.39 0.88 0.97 0 0.29
white 0.58 0.42 0.97 0.8 0.02 0.13
matrix 0.54 0.44 1.03 0.79 0.04 0.15
black 0.52 0.45 0.99 0.83 0.01 0.19
white 0.62 0.45 1.02 0.74 0.05 0.13
matrix 0.56 0.41 1.05 0.74 0.07 0.17
white 0.54 0.41 0.98 0.69 0.2 0.17
matrix 0.55 0.43 1.03 0.79 0.08 0.13
white 0.46 0.36 0.9 0.68 0.48 0.13
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Thermoelectric properties:

The temperature dependent electrical conductivity, Seebeck coefficient and Power
factor (S%c) of the hot-pressed HfosTio4CoShosxBixSno2 samples are presented in
Figure 4.22. All samples exhibit positive S values, indicating holes as the majority
charge carriers. The highest S value of 233 uV/K was observed for
HfosTio.4CoShogSno2 at 978 K. At room temperature, the Seebeck coefficient slightly
increases with increasing Bi ranging from 169uV/k for the sample with x=0 to a
maximum value of 196 uV/K for the sample with x=0.075. A further increase of Bi
(x=0.1) resulted in lower Seebeck coefficient. At high temperatures (T>750K) the trend
is reversed; S values decrease with increasing Bi (x). Although, the substitution of Sh
with Bi is isoelectronic, the thermopower values change to some degree with changing
Sb/Bi ratio. The observed increase in S probably corresponds to a slight drop in the hole
density within the HH matrix upon increasing the Sb/Bi substitution due to the presence
of residual elemental Bi in all samples with x>0. Bismuth is metallic in nature and
electronically dope the p-type HH matrix by dumping extra electrons which partially
compensate the existing holes within matrix. In addition, the Seebeck coefficient of
samples with x>0 increases with increasing temperature, reaches a maximum value
around 750K and then starts to decrease, revealing the onset of bipolar excitation. On
the other hand, the S values of the sample without Bi (x=0) increase with temperature
and almost stabilize at temperatures above 750K. The electrical conductivity (Figure
4.22b) at 300K decreases with increasing Bi and drops to the minimum value of 165
S/cm for the composition with x=0.1. The magnitude of this drop is not consistent with
the Seebeck coefficient values at room temperature, indicating also a decrease in carrier
mobility with increasing the level of Sb substitution with Bi, probably resulting from
the presence of metallic inclusions and phase-separation within the HH matrix.
Interestingly, the electrical conductivity of compounds with x>0 increases with rising
temperature and this trend becomes more prominent as Bi rises suggesting a
semiconductor-like behavior, whereas a nearly temperature independent electrical
conductivity is observed for the sample with x=0.

Another interpretation is that the observed change in the carrier density and mobility
results due to the filtering (trapping) of the low energy carriers by the energy barriers
(AE) developed at the phase boundaries between the HH matrix and Bi inclusions,

similar to the model, proposed by Faleev et al.[128]. Similar trends in S and ¢ have
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been recorded in HH solid solutions, embedded with metallic FH nanoinclusions[129],
[130]. In addition to that, Nolas et al. [131] proposed a model which relates S to the
scattering factor and reduced Fermi energy as follows:
s=ka . 2)L
3e 3/¢&

where kg is the Boltzmann constant, r is the scattering factor and & is the reduced Fermi

energy. The reduced Fermi energy & is related to the decrease of carrier concentration,
which consequently increase the S. Moreover, an increase in the scattering factor r,
from the potential barrier scattering effect may also result in an increase of S of these
materials. However, further studies and especially Hall measurements may be required
to understand the underling mechanisms.

The calculated Power factors are shown in Figure 4.22c. All samples with x>0
presented lower power factors than Hfo 6 Tio4CoSho.gSno.2 (PF ~24.5 pW/cmK?) mainly
due to their lower electrical conductivities. The sample with x=0.075 follows with a PF

value around 19 pW/cmK?,

280
a

260

240

< A A ¢ -

= A o |\

= 220 sa p® o8 4 n

= ¢ o 9 Y vyvw ?eé

(0] A | 4 v v v

g 200 WA ° . v Y

% .. [ ] v v

%180 "V =0

o 3 ®  x=0.025

7 160 ® x=0.050

A x=0.075

140 v x=0.1
120

300 400 500 600 700 800 900 1000
T(K)

109



600

550

500

450

400

o(S/cm)
w
g

300

250

200

150

100

30

[ N N
(63} o (63}

Power factor (WW/cmK?)
=y
o

b
* o
mm =
A
44 o
A\ A4
300 400 500 600 700 800 900 1000
T(K)
C
L 2
L 2
R
. L 2
o ¢ "
L 2 m T y { 1 v
¢ - | A A [ ] ‘ [ ] ’
L 2 | | A A L4 ’ v
* u o * v
'S m A Ao v
m A * v
A 0 ® v ¢ x=0
l; ° v ® x=0.025
() v v ® x=0.050
v v A x=0.075
v v x=0.1
300 400 500 600 700 800 900 1000
T(K)

Figure 4.22: Temperature dependent Seebeck coefficient (a), electrical conductivity (b) and
Power factor (c) of HfosTio4C0Shos-xBixSho2 samples.
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The temperature dependence of the total thermal conductivity and the lattice thermal
conductivity are plotted in Figure 4.23. At room temperature, the total thermal
conductivity (Figure 4.23a) decreases with increasing Bi up to 5% (x<0.05) but then
starts to increase for higher Bi percentage (x>0.075). Specifically, the sample with
x=0.05 present 37% lower thermal conductivity at 300K (k=1.76 W/mK) than the
sample without Bi (x=0) which presents a thermal conductivity value around 2.8
W/mK. It is also interesting that all samples containing Bi illustrate a totally different
temperature behavior compared to the sample without Bi. The thermal conductivity of
samples with x>0 increases with rising temperature due to the increase of electronic
thermal conductivity whereas the «iwotal Values of the sample without Bi decrease with
temperature, reach a minimum value at 750K and then start to increase.

The lattice thermal conductivity was also calculated as in chapter 4.1.2. It is obvious
that xiattice has the major contribution in «wotal, €specially at low temperatures. Moreover,
Kiattice OF Samples with Bi present an almost independent temperature behavior, leading
to an extremely low «iatice=1.69 W/m.K at 980K for the sample with x=0.05. The
significant reduction of lattice thermal conductivity is mainly attributed to the
substantial atomic mass and size difference between Sb(121.76u)-Bi(208.98u) atoms
that leads to an intense point defect scattering and to the increased boundary scattering
at the interfaces due to the presence of phase-separation and Bi inclusions. In general,
any substitution of an atom with a different one, as well as the presence of
nanoinclusions in the HH matrix, tend to induce strain effects and mass fluctuations in
the crystal lattice. These fluctuations contribute towards enhanced scattering of
phonons with particular wavelengths resulting in suppressed lattice thermal
conductivity.

The calculated ZTs are presented in Figure 4.24. The highest ZT was reported for the
sample without Bi (ZT~0.9) and the second highest for the sample with x=0.075
(ZT~0.73). Even though, the lattice thermal conductivity of Hfo s Tio.4CoSho.75Bio.0sSno.2
was remarkably low, the decreased power factor prevented this compound to overcome

the ZT of HfoTi0.4C0Sho.sSno.2 and remained relatively low with a value around 0.69.
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Figure 4.23: Total thermal conductivity (a) and lattice thermal conductivity (b) of
Hfo.6 Tio.4C0oShosxBixSno2 samples.
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Figure 4.24: Thermoelectric figure-of-merit (ZT) as a function of temperature of
Hfo.6 Ti0o.4C0oShosxBixSno2 samples.

4.3.4 Conclusion
In this chapter, the isoelectronic substitution of Sb with Bi in Hfo.¢Tio.4CoShos-xBixSno.2

was attempted. Structural investigations revealed residual Bi element, and the presence
of phase-separation in in all samples which consequently affected thermoelectric
properties of the investigated materials. The increase of Bi/Sb ratio resulted in lower
hole concentration and mobility and therefore decreased electrical conductivities and
power factors. An extremely low «iatice=1.69 W/m.K at 980K was achieved for
Hfo.6 Ti0.4CoSho.75Bi0.0sSno.2. This result is mainly attributed to the intense phonon point
defect scattering due to mass fluctuations and the increased boundary scattering at the
interfaces due to the presence of phase separation. However, the decreased power factor
prevented this compound to overcome the ZT of Hfo6Tio.4CoSbho.sSno2. The highest ZT
was reported for the sample without Bi (ZT~0.9) and the second highest for the sample
with x=0.075 (ZT~0.73).
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4.4 Reduction of Hf via Hf/Zr substitution in (Hf Zr Ti)Co(Sb Sn) solid solutions

In chapter 4.2, a scalable synthesis method was applied in p-type (Hf,Ti)Co(Sh,Sn)
compounds and a high thermoelectric figure of merit (ZT~1.1) was reached for the hot-
pressed HfosTio.4aCoSho.g3Sno.17 composition, prepared by 4 hours MA. This excellent
result originates from the significant reduction of the lattice thermal conductivity in the
Hf/Ti member in combination with nanostructuring and the charge carrier optimization
in Sb/Sn member. However, the Hf percentage in this composition is still high in order
to be used in cost-effective thermoelectric devices. According to a report on metal
prices in the United States through 2010, one kilogram of Hf costs approximately 53
times more than one kilogram of Ti while Zr is only 9 times more expensive than
Ti[132]. Cost effectiveness is a major aspect for commercial use and has been often
ignored by thermoelectric researchers. Therefore, reducing the Hf usage in HH solid
solutions could be a critical step for practical applications [90].

The aim of this part was to achieve a high thermoelectric performance in (Hf,Zr,
Ti)Co(Sb,Sn) solid solutions with reduced Hf concentration, prepared by MA. Based
on the previously discussed encouraging results of MA in HH compounds, Hfos-
xZIxTi0.4C0Sho.sSno.2 (x=0,0.1,0.2,0.3,0.4,0.5) samples were prepared as an attempt to
replace Hf with Zr and to investigate the effect of isoelectronic substitution on the
thermoelectric properties. Then, the charge carrier concentration was optimized by
preparing HfoZro2Tio4CoSh1.ySny samples and the effect of Sb/Sn doping was

evaluated.

4.4.1 Synthesis and consolidation conditions

For the synthesis of (Hf,Zr, Ti)Co(Sb,Sn) solid solutions, the milling process lasted 6
hours and was carried out in a planetary mill at 450rpm. The ball to material ratio was
15:1. The as-milled powders were hot-pressed into high density pellets at temperatures
in the range of 1165-1180K for 1hr under pressure of 50MPa.
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4.4.2 Results of (Hf,Zr,Ti)CoSbo.sSno.2 Solid Solution Series
In this section, the MA synthesis of Hfo.6xZrxTio.4CoShogSno. (x=0,0.1,0.2,0.3,0.4,0.5)

materials and the effect of Hf substitution with its lighter and cheaper homologue Zr on
their microstructure and thermoelectric properties are discussed. The desired half-
Heusler phases were completely formed after four hours of milling and there were no
further changes for longer milling (up to 8 hours). According to the results of part 4.2,
6 hours of milling led to best results in terms of thermoelectric properties. Therefore,
for the preparation of samples was based on 6hrs alloying followed by hot press

sintering.

Structural Characterization:

Figure 4.25a presents the powder X-ray diffraction patterns of the Hfoe.
xZIxTi0.4C0Sho.sSho 2 series after 6 hours of milling. All diffraction peaks are matched
with the cubic MgAgAs-type crystal structure indicating the formation of the desired
half-Heusler phases without any residual starting elements or other secondary phases
presented. The XRD results after hot-pressing show that HH remains as the only phase
in all prepared samples (Figure 4.25b). The position of peaks in XRD patterns does not
severely change with increasing the level of Hf/Zr substitution. Despite the notable
difference between the atomic number and mass of Hf and Zr, their atomic radii are
almost identical due to lanthanide contraction effect [133]. The lattice parameter as
determined by XRD patterns, geometrical densities of the hot-pressed samples and
theoretical densities based on Joshi et al. [117] are presented in Table 4.9. The
substitution of Hf with Zr linearly decreases the geometrical density of the samples, as
expected. Overall, high-density pellets were prepared with a relative density higher than
94% of the theoretical density.
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Figure 4.25: a) X-ray powder diffraction patterns of powders HfoexZrxTio.aC0SbosSno.»
(x=0,0.1,0.2,0.3,0.4,0.5) prepared by 6 hours mechanical alloying and b) the X-ray powder
diffraction patterns of hot-pressed pellets
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Table 4.9: : Lattice parameter calculated from x-ray diffraction peaks, geometrical densities
of the hot-pressed Hfo6.xZrxTi0.4C0Sbo.sSno.» samples and relative density based on Joshi et al
[117].

SEM and EDS analysis were performed (Figures 4.26-4.27 and Table 4.10) to
investigate the microscopic features in Hfo.6-xZrxTi0.4C0Sho.sSno.2
(x=0,0.1,0.2,0.3,0.4,0.5) materials. The slight loss of Hf and Sn in all samples with
x<0.6 can be explained by the behaviour of Hf and Sn powders that stick on the vial’s
and balls’ surface during milling, resulting a small deviation from the desired alloy
composition. Overall, back-scattered images and EDS results revealed homogeneous,
stoichiometric and single-phase materials. Contrary to our results, structural
investigations in analogous (Hf,Zr,Ti)CoSho.sSno solid solutions prepared by arc-
melting proved that the samples underwent a dendritic intrinsic phase separation and
up to three different HH phases can be identified [73]. Similarly, in a previous study in
arc-melted (TiZr)CoShogSno> materials a prominent phase-separation effect was
noticed. According to N. S. Chauhan et al. Ti-rich phases were heterogeneously
distributed within the Ti-deficient matrix in an arc-melted Tio.5ZrosCoShogSno.2 alloy
[127]. A calculated thermodynamic phase-diagram of the (Hf1-x.yZrxTiy)NiSn system
suggests that Ti-rich and Ti-poor grains in arc-melted materials are non-equilibrium
states created during solidification and then are Kkinetically trapped at lower
temperatures [134]. The mechanisms by which supersaturated solid solutions form by
MA and rapid solidification processing (RSP) technigues like arc-melting, are different.
Therefore, the level of solid solubility is different in various systems by these two
techniques. For instance, solid solutions are easy to obtained in the full composition
range in the Cu-Fe, AlISb-InSh, and Cu-Co systems by MA but not by RSP [107].
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Table 4.10: Nominal and chemical composition of hot-pressed HfoexZr«xTio.sCoSbhogSno.2

samples as determined by EDS.

Hfo.6Tio.4C0oSbosSno.2

Hfo_5ZI’o_1Tio_4COSbo,3SI’]o,2

Hfo.4Zro2Tio4C0SbosSno 2

Hfo_3ZI’o_3Tio_4COSbo,3SI’]o,2

Hfo2Zr0.4Tio4C0SbosSno 2

ZrosTi0.4C0SbosSno2
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Figure 4.26: Back-scattered electron images of hot-pressed Hfo sxZrTio4CoShosSno. samples.
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Figure 4.27: Elemental mapping (Hf-Ti-Zr) of Hfy4Zro2Tio4CoShosSno. sample.

Figure 4.28a shows a representative image of the morphology of the
Hfo.4Zro2Tio.4CoShosSno sample particles. They are typically medium sized, about
150-200 nm, on average, reaching up to 450 nm. Each one is single crystalline, as
confirmed by the Selected Area Diffraction (SAD) pattern inset in Figure 4.28a, the
latter viewed along the [111] zone axis. Measurements of the d spacings of the 220
reflections resulted in a mean lattice constant of asap=0.604 nm, in very good agreement
with the ‘theoretical’ lattice parameter of Hfo4Zro2Tig4C0Sho.gSno.2. The latter has been
calculated using Vegard’s law, taking into consideration the values of the three
members, i.e., TiCoSb1-xShx (a = 0.589 nm) HfCoSh1.xSnx (a = 0.604 nm) and ZrCoSh;.
xSNx (@ = 0.607 nm), resulting in ateor. = 0.596 Nm, approximately [70]. This is also in
agreement with the XRD results, where the lattice parameter of

Hfo.4Zr0.2Tio.4C0Sho.gSno.2 was calculated as axrp = 0.601 nm.

A secondary morphology of the sample is in the form of smaller nanoparticles, some of
which are illustrated in Figure 4.28b by arrows. These nanoparticles are crystalline, as
well and have sizes of 5-15 nm, although some may reach up to 60-70 nm. Figure 4.28b
shows an HRTEM image of such a crystalline nanoparticle, with a size of 61.7 nm. A
thin band of nearly amorphous structure is observed at its surface, probably due to ball
milling. On the crystalline region mainly (200) lattice fringes are dominant;
experimental measurements of their separation provided d200=0.295 nm, resulting in a
lattice constant of anrteEM=0.590 nm, close to the ‘theoretical’ one, as well as the XRD-
and SAD-deduced experimental ones. The slightly lower value calculated in Figure
4.28b and in similar HRTEM images could be attributed to small fluctuations of the
elemental content in such particles, especially when it comes to its Sb percentage. This

was confirmed by the EDS analysis results, too, where the average stoichiometry of this
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particle deviated from the nominal Hfo.4Zro2Tio4CoSbosSno.2 one, having in particular

about 5-8 at% deficiency in Zr and Co.

4 10 nm

Figure 4.28: a) TEM image of the particles’ morphology at the HfoexZrxTio4C0oShogSno2
sample. The SAD pattern inset, coming from one of these particles, is viewed along [111]. (b)
HRTEM image of a representative nanocrystalline particle, predominately revealing.
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Table 4.11: Nominal and chemical composition of the hot-pressed Hfg4Zro2Tio.sCoShosSno.2
sample as determined by EDS and TEM.

Element Nominal SEM TEM
Hf 0.4 0.35 0.42
Zr 0.2 0.22 0.19
Ti 0.4 0.42 0.41
Co 1 1.02 0.99
Sb 0.8 0.84 0.75
Sn 0.2 0.15 0.23

Sb+Sn 1 0.99 0.98

Thermoelectric Properties:

The temperature dependent Seebeck coefficient, electrical conductivity and power
factor (S%c) of the hot-pressed Hfos-xZrxTio4CoShosSno, samples are presented in
Figure 4.29. All samples exhibit positive S values, confirming p-type materials. The
highest value of 233 puV/K was observed for HfoeTio4C0SbosSno2 at 973 K and
decreased with increasing Zr, indicating the increase of carrier concentration. Even
though, the substitution of Hf with Zr is isoelectronic, the carrier concentration and
therefore the S values change. This effect can be explained by the alteration of
electronic structure which thereafter alters the carriers concentration and their effective
mass [72]. The change of carrier concentration and S upon isoelectronic replacement
has been reported by several previous investigations[72][85][74]. For instance, hall
measurements by Chauhan et al. in (Ti/Zr)Co(Sb,Sn) solid solutions support that
isoelectronic substitution influence the carrier concentration and carrier mobility [85].
Moreover, the S values of sample with x=0.6 present a stronger temperature
dependence than samples with x<0.6. Gandi et al. calculated that the energy bandgap
of TiCoSh, HfCoSb and ZrCoSb is 1.05eV, 1.13eV and 1.06eV respectively [57]. The
smaller bandgap of TiCoSh and ZrCoSb explains the slight drop of Seebeck coefficient
in samples with low Hf concentration (Hf<0.2) at T>750K due to bipolar excitation.

Electrical conductivity decreases when Zr(x) percentage rises, leading us to the
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conclusion that Hf substitution with Zr affects the carrier mobility. Moreover, samples
with x<0.3 present relatively stable ¢ values with increasing temperature while the ¢
values of samples with x>0.4 significantly increase with temperature. The
aforementioned Seebeck coefficient does not intensively decrease with intrinsic
excitation, suggesting the presence of an additional mechanism that influence the
electrical conductivity [121]. This mechanism can be due to the enhanced grain
boundary scattering that usually appears in materials with high nanocrystallinity,
resulting thermally activated mobility. In nanostructured materials, energy barriers that
are known to form at the grain boundaries, result in strong carrier scattering and restrict
electronic conduction at low temperatures. When the temperature rises, charge carriers
are thermally excited across the energy barriers and consequently the electrical
conductivity increases[121]. This effect has been discussed (chapter 4.2) in HfxTis-
xC0Sho.gSno> materials prepared by mechanical alloying, as well as in other
thermoelectric systems, such as MgsSh2—MgsBi2 solid solution and NaPbmShQm+2 (Q =
S, Se, Te)[135][119][120][121]. In specific, the substantial percentage of
nanocrystallinity in HfxTi..xCoSbosSno2 was assessed by transmission electron
microscopy experiments that proved the presence of primary particles in the size range
of 350 nm and nanograins in the size range of ~12 nm [135]. While, the average particle
size for this work’s sample with x=0.2 was found to be a little bit lower, around 150-
200 nm. The calculated power factors are shown in Figure 4.29¢ Hfo6Tio.4CoSbo.sSno.2
reached the highest PF ~24.5 pW/cmK? at 973 K. Samples with x=0.1-0.3 follow with
PF values around 17 pW/cmK?.
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Figure 4.29: Temperature dependent Seebeck coefficient (a), electrical conductivity (b) and
Power factor (¢) of Hfqe.xZrxTio4CoSbgsSno2 samples.

The temperature dependence of total thermal conductivity (k) and lattice thermal
conductivity (kiatice) 0f HfosxZrxTio.4CoShogSno2 samples are presented in Figure
4.30(a-b) while the lattice thermal conductivity at room temperature as a function of Zr
concentration (x) is presented in Figure 4.30c. At room temperature, samples with x=0
and x=0.6 present the highest thermal conductivity values (xk=2.8 W/m-K and «=3.0
W/m-K respectively). On the other hand, samples with x=0.1-0.4 present lower thermal
conductivity at room temperature (in the range of 2.4-2.15 W/m-K) but then slightly
increases with rising temperature due to the increase of specific heat (Cp) and electronic
thermal conductivity (ke). The lowest thermal conductivity at high temperatures with a
value of 2.48 W/m-K was recorded by Hfo.4Zro.2Tio.4CoSbosSno.2 at 960K. To have a
better insight of how the replacement of Hf with Zr affects the heat transport in Hfg.
xZrxTi04C0oShosSno2 materials, the lattice thermal conductivity was estimated by
subtracting the electronic contribution from total thermal conductivity (x), as in
previous chapters. In addition, a simple exponential function, kiatice A - TV, was used

to determine the exponent N in all temperature dependent Kiatice plots (Fig.4.30b).
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The lattice thermal conductivity of samples with 0.1<x<0.4 show a relatively
stable/independent (N~0) temperature behavior, while the jatice 0f samples with x=0
and 0.6 drops with temperature (N~-0.25). The lowest Kiatice Values (~1.95 W/m-K)
were recorded for HfosTi04C0oSho.sSno.2 as expected, and Hfo.4Zro2Tio.4CoShogSno.» at
970K. In Figure 4.30c the «iattice @S a function of Zr (x) was plotted in comparison with
(Hf, Ti,Zr)CoSho.sSno.» compositions by E.Rausch et al. and Yan et al. [66][75]. The
lattice thermal conductivity of the arc-melted Hfo.35Zr0.35 Ti0.3C0Sbo.gSno.2 by E.Rausch
et al. is significantly higher than the Kiattice of this work’s samples [66]. This can be
attributed to the higher grain boundary density in this work’s nanostructured samples
as well as to the bigger atomic mass variation which results in stronger phonon
scattering. The «uatice Of the nanostructured Hfo72Zro.1Tio.18C0Sho.gSno2 and
Hfo.45Zr0.45Tio1C0oSbosSnp2 by Yan et al. is lower than that of
Hfo.35Zr0.35 Tio.3C0ShosSno.2 by E.Rausch et al. due to the increased phonon-scattering
at the grain boundaries in nanostructured materials [75]. However, our nanostructured
samples recorded even lower «iattice Values indicating enhanced mass and strain field
variations in Hfo.exZr«kTio4CoSbosSno2 compositions. Published studies usually
highlight that the Hf-Ti combination in half-Heusler compounds is expected to cause
increased phonon scattering and lower kiattice than other combinations because of bigger
difference in the size and mass of Ti and Hf atoms [71][136]. In this study, we show
that similar lattice thermal conductivity values can be also achieved by Ti-Zr-Hf
combination and this excellent result indicates that Hfo4Zro2Tio4CoShogSno2 solid
solution would be a good selection for further investigation regarding thermoelectric
figure-of-merit.

In a theoretical analysis by Joshi et al. was mentioned that in TiCoSb, ZrCoSb and
HfCoSb materials the maximum contribution to heat transfer comes from the acoustic
branch of phonons and that the mixing of acoustic and optical mode phonons causes
phonon-phonon scattering which as a result reduces the lattice thermal conductivity of
a compound [117]. Different atoms contribute in a different way in phonon DOS.
Heavier atoms contribute to the low modes of frequencies while light atoms contribute
to the higher one[117]. As in chapter 4.2, the disorder scattering parameter I" was
calculated to give us a better insight of the phonon point defect scattering due to mass
fluctuations in solid solutions. The disorder scattering parameter I describes the point
defect scattering of phonons and it has two components: the scattering parameter due

to mass fluctuations I'm and the scattering parameter due to strain field fluctuations I's
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(C=I'm+I's) [124][125]. In this case, the I's parameter was considered constant with
changing the Hf/Zr ratio because of high similarity between the atomic size of Hf and
Zr [82].

In Figure 4.30d, the results from the I'm parameter calculations are presented as a
function of Zr concentration. I'v significantly decreases as the Zr percentage rises.
Specifically, the Hf-Ti combination, as well as the Hf-Ti-Zr combination with a low Zr
percentage (x < 0.2) present a I'm around 0.13, which is expected to cause increased
phonon scattering due to high atomic mass fluctuations. On the other hand, the Ti-Zr
combination presents a decrease of approximately 85% in the I'm parameter, suggesting
lower scattering for phonons and therefore higher lattice thermal conductivity. Based
on the calculated I'm, the Kiatice Value at room temperature for Tig.sHfo.sC0ShogSno. is
larger than expected. Interestingly, Kiatice decreases when Zr is incorporated in the
lattice and then remains almost unchanged for low Zr (x < 0.2) concentration. This
partially agrees with the calculated I'v parameter that remains almost the same at low
Zr percentages since it is more affected by the presence of the Hf-Ti combination and
their higher mass difference. The higher xiatice Of X=0 indicates that this theoretical
model cannot fully explain the xiatice results and that other factors may influence the
Kiattice DEhavior. For instance, the higher relatively density of x=0 sample or a possible
alteration of grain boundaries with Hf/Zr substitution could further explain the
experimental values. At higher Zr concentration, I'v parameter strongly decreases
resulting in an increasing lattice thermal conductivity.

In Figure 4.31 the dimensionless thermoelectric figure-of-merit (ZT) is presented as a
function of temperature. The highest ZT value equal to 0.9 was recorded for
Hfo.6 Tio.4CoSho.sSno.2 and the second highest ZT equal to 0.68 was achieved for
Hfo.4Zr0.2Tio.4CoShosSno2 at 970K and it is mainly attributed to the low lattice thermal
conductivity of Hf.4Zro2Tio.4CoShogSno.2.
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Figure 4.30: Total thermal conductivity (a) and lattice thermal conductivity (b) of Hfose.
«ZrxTi0.4C0ShogSne2 samples as a function of temperature, the lattice thermal conductivity at
room temperature in comparison with (Hf,Ti,Zr)CoShosSno.. compositions by E.Rausch et al.
and Yan et al. [66][75] (the line is guide to the eye) (c) and the theoretical disorder scattering
parameter due to mass fluctuations I'w as function of Zr concentration (d).
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4.4.3 Results of Hfo4Zro2Tio4CoSbi-ySny Solid Solution Series

The optimization of carrier concentration is a typical method for further improvement
in a material’s TE performance. In this part, we investigate the adjustment of doping
level by the partial substitution of Sb with Sn in Hfo4Zro2TiosCoSbhiySny
(y=0.15,0.17,0.20,0.23,0.25) solid solution series.

Structural Characterization:

The XRD diffraction patterns of all prepared samples after hot-pressing revealed the
desired HH phase (Figure 4.32). In Table 4.12, we present the lattice parameter, the
geometrical densities of the hot-pressed samples and theoretical densities based on
Joshi et al.[117]. The change of Sb/Sn ratio does not significantly affect the geometrical
density because of high similarity in the size and mass of the two elements. Back-
scattered images and EDS results of samples with different Sb/Sn ratios show
homogeneous single-phase materials. Considering that there is an overlap between Sb
and Sn in the EDS spectra and that the relative error of EDS results is approximately
5%, the samples can be considered as nearly stoichiometric and single phase. In contrast
to MA method, E. Rauch et al. reported that in an investigation of an analogous arc-
melted system (Tio.3Zro.3sHfo.35C0Sh1-xSnx), all samples underwent an intrinsic phase
separation and inclusions of additional binary phases on a micrometer scale appeared

in all samples with Sn-substitution level greater than 20%[66].

Table 4.12: The lattice parameter, geometrical densities of the hot-pressed Hfy4Zro 2 Tio4CoSbi-
ySnysamples and relative density.

- 0.601 8.47 95
- 0.603 8.44 95
- 0.599 8.51 96
- 0.599 8.86 100
- 0.599 8.30 94
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Figure 4.32: X-ray powder diffraction patterns of Hfo.4Zro»Tio4CoSb1.ySny hot-pressed pellets.

Figure 4.33: Back-scattered electron images of hot-pressed Hfo.4Zro 2 Tio.4CoSb1.,Sny samples.
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Table 4.13: Nominal and chemical composition of hot-pressed Hfo.4Zro2TiosCoSbi.,Sny
samples as determined by EDS.

Hfo.4Zro.2Tio.4CoSbo.ssSno.15 0.36 0.22 0.43 1.01 0.88 0.09
Hfo0.4Zro.2Tio.4C0Sbo.83Sho.17 0.36 0.23 0.44 1.00 0.87 0.11

Hfo.4Zro.2Ti0.4C0Sbo.sSno.2 0.35 0.22 0.42 1.02 0.84 0.15
Hfo0.4Zro.2Tio.4CoSbo.77Sno.23 0.36 0.22 0.44 1.00 0.85 0.13
Hfo.4Zro.2Tio.4CoSbo.755n0.25 0.36 0.22 0.43 1.01 0.79 0.19

Thermoelectric properties:

In Figure 4.34 the Seebeck coefficient and electrical conductivity data along with the
calculated power factors are presented. Seebeck coefficient (Fig 4.34 a) increases with
increasing temperature, reaches a maximum value at around 750K and then starts to
decrease suggesting the onset of bipolar excitation. The Sb substitution with Sn in
Hfo.4Zr02Tio.4CoSbh1.ySny solid solutions, introduces holes into the system, thus the
carrier concentration increases. Furthermore, samples with y = 0.17 and 0.15 present
almost similar Seebeck coefficient values, suggesting similar charge carrier
concentrations but different carrier mobilities according to electrical conductivity
measurements. Additionally, samples with y = 0.23 and y = 0.25 present a higher S at
room temperature than y = 0.2. This could be attributed to Sn loss during milling,
resulting in a deviation from the nominal composition and therefore to lower charge
carrier concentration. At high temperatures, Hfo.4Zro.2Tio4CoSho 75Sno.2s presented the
lowest S~208uV/K, while Hfg.4Zro2Tio.4CoSbo.77Sne.23 and Hfo.4Zro2Tio.sCoSbogSno.2
remained a little bit higher (S~225uV/K). Figure 4.34b demonstrates that the electrical
conductivity increases with increasing Sn content. Despite the different doping level of
samples with y=0.20 and 0.23, their o values are almost identical at all temperatures,
indicating a higher carrier mobility in Hfo.4Zro2Tio4CoShosSno2 sample. Electrical
conductivity rises with increasing temperature in all samples, revealing again the
presence of a thermally activated carrier mobility that resulted by the enhanced grain
boundary scattering. The calculated Power factors (PF=S%c) are presented in Figure
4.34c. Despite the low Seebeck coefficient, the high electrical conductivity of
Hfo.4Zr0.2Tio.4C0Sho.75Sno.2s contributed in achieving the highest PF=20 pW/K2cm at
980K. This result corresponds to 16% improvement in PF comparatively to

Hfo.4Zr0.2Tig.4CoShogSno.2, which was our starting material.
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Figure 4.34: Temperature dependent Seebeck coefficient (a), electrical conductivity (b) and
Power factor (c) of Hfo.4Zro2Tio.4CoSbhi.,Snysamples.

The total and lattice thermal conductivity plots of the investigated compounds are
displayed in Figure 4.35. At room temperature, the thermal conductivity of samples
with y=0.17, 0.20,0.23 present lower k values (~2.13 W/mK) than that of y=0.15 and
0.25. However, all samples exhibit relatively low thermal conductivity values at room
temperature in the range of 2.23-2.12 W/mK. At temperatures above 500K, «iot
gradually increases and reaches the highest value of 280 W/mK for
Hfo.4Zr0.2Tio.4CoSbo75Sno.2s. To further understand the influence of substitution level,
the lattice thermal conductivity was again calculated. The enhanced phonon scattering
with increasing temperature, lowers the heat flux and results in reduced lattice thermal
conductivity. Although, the onset of bipolar diffusion at 700K results in a slight increase
of lattice thermal conductivity for almost all samples. The lowest kjatice=1.85 W/mK
was recorded by Hfo.4Zro2Tio4CoSho.77Sne.23 at 960K.

134



w
o

o = y=0.15
£ 28 e y=0.17 .
= A =
s y_0.20 .
506 v y=0.23 N
F ¢ y=0.25
> * A A
= L 4 A |
(:'s) % 2 z ] " v
%0 ]
gzz u::‘:_.."v
° LR B A
®© 2.0
£
)
S 18
S
S)
F 16
300 400 500 600 700 800 900 1000
Measurement temp.(K)

3.0
E m y=0.15
§ 2.8 e y=0.17
< A y=0.20
(] —
£26 v y=0.23
E ¢ y=0.25
P
s 2.4
©
=)
T 22
8 o el | m " 3
o B m g m B
g 20 “‘iiAAA::A““
@ I R R R
< o o © v
= 1.8 vV v v
2 VvyvvyvwyY
O
® 16
-

300 400 500 600 700 800 900 1000
Measurement temp.(K)

Figure 4.35:Temperature dependent total thermal conductivity (a) and lattice thermal
conductivity (b) of Hfo.4Zro2Tio4CoSb1ySny hot-pressed samples.
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The dimensionless figure of merit ZT of all HP samples is presented in Figure 4.36.
The results reveal that the best thermoelectric performance is obtained for
Hfo0.4Zr02Ti0.4C0Sho.g3Sno.1.7 composition. The mechanically alloyed compounds with
the optimal Hf/Zr/Ti and Sn/Sb ratios led to a high ZT of 0.77 at 960K, a value that
corresponds to 15% improvement with respect to that of Hfo4Zro.2Tio4CoShogSno2. It
has been found that the substitution level of 17% Sn for Sb is the most effective in

Hfo.4Zr02Tio.4CoSb1.ySny compounds prepared by mechanical alloying.
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Figure 4.36: Temperature dependent thermoelectric  figure-of-merit  (ZT) of
Hfo.4Zr02Tio.4CoSb1.,Sny hot-pressed samples.
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4.4.4  Conclusion
In this chapter, Hfo.6-xZrxTio.4aCoSbogSno2 solid solutions were prepared by MA in an

attempt to reduce Hf concentration and material’s cost. The isoelectronic substitution
of Hf with Zr resulted in lower power factors and ZTs, as expected. However, the
decreased thermal conductivity of HfosZro2Tio4C0ShosSno2 suggested that this
composition would be a good selection for further investigation regarding
thermoelectric performance. To this end, the effect of charge carrier concentration was
investigated by preparing Hfo.4Zro.2Tio4CoSbh1ySny samples in order to optimize the
Sn/Sb doping. Hfo.4Zro.2Tio.4CoSbo.ssSno.17 reached the highest ZT of 0.77 at 960K, a
value that corresponds to an improvement of 15% with respect to that of
Hfo.4Zro2Tio.4CoShogSno2. The use of a single-step and cost-effective preparation
method, like mechanical alloying in combination with a decreased Hf usage without
losing much of the TE conversion efficiency, will be crucial for the commercialization

of half-Heusler materials in the near future.
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4.5 Annealing of Hfo.eTio.sCoSbo.g3Sno.17

The practical applications of thermoelectric devices involve prolonged and large
temperature gradients. Thus, it is really important to investigate the thermal stability of
a candidate thermoelectric material before its applicability in commercial devices.
Recently, the long-term stability of the n-type TiosZrossHfo3sNiSn (ZT=0.6) was
investigated by Krez et al. [137]. The properties remained unaffected after 500 cycles
of repeated heating and cooling from 100 °C to 600 °C while the phase-separation was
stable under long-term cycling. The long-term stability of the p-type
TiosHfo5C0Sbo.gsSno.15 (ZT=1.1) was also investigated by E.Rausch et al. The intrinsic
phase separation that was responsible for the excellent thermoelectric performance was
stable after 500 heating and cooling cycles and the standard deviation of the obtained
ZT values were within 2-3% [73].

In addition to that, annealing process is commonly used in both n- and p-type arc-melted
ingots before sintering to promote the crystalline order and to eliminate impurity phases
such as CoTi, (Hf,Zr)sSnsz, TiNi2Sn, TisSns, and unalloyed Sn [84], [138]-[140]. The
annealing process of an arc-melted ingot may last up to 7 days at temperatures around
800°C. As it has been discussed in previous chapters, this step is not necessary for the
mechanically alloyed solid solutions because it is relatively easy to prepare single-phase
HH powders via a single-step ball-milling process. However, the presence of phase
separation in arc-melted HH materials which lead to reduced lattice thermal
conductivity, arises a question whether this effect develops during rapid solidification

or during annealing process.

Since the pseudo-ternary phase diagram of the p-type (Hf/Ti/Zr)CoSb system is not yet
available, the phase diagram of the n-type (Hf/Ti/Zr)NiSn counterpart is presented to
gain more information regarding the phase stability and solid solution formation of HH
materials (Figure 4.37) [134]. According to A. Page et al., calculations predict a
miscibility gap at low temperatures between a Ti-rich and a Ti-poor half-Heusler phase,
which disappears at temperatures above 850 K. Therefore, at the high annealing
temperatures used in experiments (e.g. 1175 K), the equilibrium phase is predicted to
be a solid solution and interdiffusion among Ti, Zr and Hf will be negligible [134].
Thus, the commonly observed dendritic features in n-type HH materials synthesized by
arc-melting are developed during the rapid solidification process and should remain

unaffected after annealing.
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It is obvious that the observed microstructures and solubility limits of the HH phases
are highly dependent on synthesis techniques. Therefore, in order to examine if the
previously mentioned predictions can be applied in p-type materials, a series of
annealing experiments are needed. To this end, the effect of annealing under different
durations upon thermoelectric performance of a p-type HH solid solution prepared via
MA was investigated and correlated with the impact on the structural properties. For
this investigation, the Hfo s Tio4CoSho.s3Sno.17 sample (see chapter 4.2) was selected due
its outstanding thermoelectric performance (ZT=1.1 at 980K) to examine a possible

phase-separation formation after an annealing step.
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Figure 4.37: Pseudo-ternary (Hf 1..,ZryTiy)NiSn phase diagrams were calculated at 300 K (a), 500
K (b), 700 K (c). The solid solution region is shown in colour, and the miscibility gap region is
shown in white. As the temperature increases, the miscibility gap shrinks, and completely
disappears above 900 K. Part (d) shows a summary of phase boundaries calculated from 300 to 800
K. Reproduced from [134]

4.5.1 Experimental details

Hfo.6 Tio.4CoSho.g3Sno.17 samples were prepared as described in chapter 4.2. Two disc-
shaped hot-pressed samples were loaded into quartz-sealed tubes and annealed under
vacuum at 800°C for 3 and 10 days respectively. Another two bar-shaped samples were
also annealed in a quartz-sealed tubes under vacuum for 3 days at 800°C to assess the

repeatability of the results.
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4.5.2 Results of annealed HfogTiosCoSbo.g3Sno.17 solid solutions

Figure 4.38 presents the powder X-ray diffraction patterns of HfoeTio.4CoSbo.g3Sno.17
samples right after hot-press sintering and after 3 and 10 days of annealing at 800°C.
All diffraction peaks are matched with the cubic MgAgAs-type crystal structure (space
group F43m), revealing the desired half-Heusler phases without any other secondary
phases presented. SEM images and EDS results are presented in Fig. 4.39 and Table
4.12, respectively. The back-scattered images of the sample before and after 3 days of
annealing illustrate homogeneous single-phase materials. EDS analysis confirmed that
the chemical composition is close to the nominal composition for both samples. On the
other hand, the back-scattered images of the sample after 10 days of annealing at 800°C
revealed two different phases: a grey matrix and some randomly distributed black spots.
According to the EDS results the chemical compositions of the grey matrix deviates
from the nominal composition due to the presence of higher Hf percentage and lower
Ti percentage. When it comes to the black areas, EDS analysis revealed a Ti-rich phase,
suggesting that further investigation is needed to fully understand this effect. Elemental
mapping (Fig. 4.40) was employed in two different large black areas to examine the
distribution of elements in the sample. In both cases, Hf is the only element that is
homogeneously distributed in the sample. The black areas are deficient in Co, Sb and
Sn and rich in Ti as it was suggested by EDS results.
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Figure 4.38: The X-ray diffraction patterns of HfoeTi04C0Sbo.gsSno.17 sSamples before and after
annealing.

Table 4.14: Chemical composition of HfosTio4C0SbogsSno.17as determined by EDS.

Before annealing Overall 0.54 0.42 1.11 0.76 0.18

3 days at 800°C Overall 0.55 0.47 1.02 0.86 0.10
Matrix 0.71 0.32 1.02 0.83 0.12
Black 0.83 1.96 0.12 0.07 0.02

10 days at 800°C

50pm BEC 20kV

Figure 4.39: Backscattered electron images of HfosTio4C0oSho.g3Sno.17 samples before and after 3 and 10 days of
annealing at 800°C
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Thermoelectric properties:

The temperature dependent Seebeck coefficient (S), electrical conductivity (o) and
power factor are presented in Fig. 4.41. The Seebeck coefficient of samples after 3 days
of annealing remains almost unaffected (S~250uV/K at 980K), indicating same charge
carrier concentration after annealing. The sample that was annealed for 10 days at
800°C presents a totally different behavior. At low temperatures, S values are extremely
low and then gradually increase with increasing temperature, reaching the value of
230uV/K at 960K. The change of Seebeck coefficient can be attributed to the presence
of a secondary Ti-rich phase which consequently affects the carrier concentration. The
electrical conductivity after 3 days of annealing is nearly the same, especially for two
of the three annealed samples, while for the third sample the electrical conductivity
values are approximately 12% lower in comparison to the sample before annealing.
After 10 days at 800°C, the electrical conductivity of HfosTio.4CoShossSno.17is severely
decreased and even though there is a slight increase with increasing temperature, the
highest value of 6~211S/cm is still 50% lower than that before annealing. This is
attributed to the presence of a metallic Ti-rich phase, which partially compensate the
existing holes within the HH matrix. The calculated power factors in 4.41c show that
the PF values remain unaffected after 3 days of annealing (PF~25 pW/cmK? at 960K),
but remarkably decrease after 10 days of annealing (PF~12 uW/cmK? at 970K) because
of the reduction in both Seebeck coefficient and electrical conductivity.
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Figure 4.41: Temperature dependent Seebeck coefficient (S), electrical conductivity (o) and
power factor (PF) of HfosTi0.4C0Shog3Sne.17 sample before and after 3 and 10 days of annealing
at 800°C.

The temperature dependence of the total thermal conductivity and the lattice thermal
conductivity is plotted in Figure 4.42. The lattice thermal conductivity was calculated
as described in chapter 4. The sample after 3 days of annealing presents a lower total
thermal conductivity at room temperature (2.64 W/mK) than the sample before
annealing (3 W/mK). However, the kot Values before and after 3 days at 800°C are
almost identical at higher temperatures («k~2.45 W/mK). The HfoTio.4C0Sbo.g3Sno.17
sample after 10 days recorded higher thermal conductivity values; approximately 25%
higher than that of the sample before annealing. The same trends are observed for the

lattice thermal conductivity values.

By combining the previously discussed thermoelectric properties, the thermoelectric
figure of merit was estimated (Fig. 4.43). The ZT of HfoeTio.4CoSbo.ssSho.17 sample
remains unaffected after 3 days at 800°C (ZT~1) while the ZT after 10 days of annealing
is significantly reduced due to the remarkable increase of thermal conductivity and the

notable decrease of Seebeck coefficient and electrical conductivity (ZT~0.34).
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Figure 4.42: Temperature dependent total thermal conductivity and lattice thermal
conductivity of HfosTiosCoSbogsSno17 sample before and after 3 and 10 days of
annealing at 800°C.
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Hfo.6Ti0.4C0oSho.s3Sno.17 sample before and after 3 and 10 days of annealing at 800°C.
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4.5.3 Conclusion
In aim of chapter was the investigation of annealing effect on the promising

Hfo.6 Tio.4CoSho.g3Sno.17 composition prepared via MA. The composition was selected
due to its outstanding thermoelectric performance (ZT=1.1 at 980K). Hot-pressed
samples were annealed at 800°C for 3- and 10-days and their structure, chemical
composition and thermoelectric performance were investigated and compared to the
sample before annealing. The structure, chemical composition and thermoelectric
properties of HfosTiosCoShogsSno.17 remained unaffected after 3 days of annealing
(ZT~1.1). On the other hand, there is a significant reduction in the thermoelectric
figure-of-merit (ZT~0.34) after 10 days at 800°C, due to the remarkable increase of
thermal conductivity and the notable decrease of Seebeck coefficient and electrical
conductivity. This change is mainly attributed to the presence of an additional Ti-rich
phase in HH matrix, which may indicate an early stage of phase-decomposition.

Since no phase-separation has been detected in mechanically-alloyed single-phase
materials after annealing, we conclude that the presence of phase-separation (two or
more half-Heusler phases with slightly different lattice parameters) in most arc-melted
samples is developed during rapid-solidification and not during the following annealing

process.
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5. Results of Bi,ShyTes solid solutions

5.1 Effect of Bi/Sb ratio in BixSb,«xTes solid solutions fabricated via mechanical
alloying

The previous chapters suggested that mechanical alloying followed by hot-press
sintering is an attractive and easy way to fabricate nanostructured TE materials with
reduced lattice thermal conductivity. Mechanical alloying considerably reduces the
processing time and cost needed to prepare BiSbTe solid solutions by avoiding vacuum
melting, conventional grinding or other high temperature procedures. Further, the ZT
of BiSbTe alloys can be improved or shift to higher temperatures via composition
modification and doping [141][142]. Bi>Tes has a narrow bandgap of 0.13 eV, and can
be easily modified by Sb.Tes doping (bandgap~0.28 eV) [143][144]. Thus, Sb
substitution can effectively shift the optimum ZT in higher temperatures by suppressing
the onset of intrinsic excitation. An optimization of Bi/Sb ratio cannot only be used to
broaden the band gap but also to optimize the hole concentration. The origin of hole
concentration in p-type BixSh2xTes materials is mainly associated with Sb're and Bi're
antisite defects, which are created when cations occupy vacant anion sites. The
formation energy of antisite defects can be reduced by raising the Sb content in BixSh,-
xTe3 compositions due to the smaller difference in electronegativity for Sb-Te
compared with Bi—Te. Whilst, the hole concentration may be further tuned through

donor-like effects induced during grinding and pressing[145].

In this chapter, p-type BixSb2.xTes (x = 0.2,0.3,0.4,0.5) alloy powders were fabricated
via mechanical alloying, and consequently consolidated by hot-press sintering. The
effect of Sb/Bi ratio on the microstructure and TE properties was investigated.

5.1.1 Synthesis and consolidation conditions
The milling was operated at 300rpm for 20 hours and the ball-to-material ratio was

10:1. The gained powders were loaded in a cylindrical graphite die (inside
diameter=10mm) and hot-pressed at 420°C for one hour under an axial pressure of
80MPa.
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5.1.2 Results

Structural characterization:

Figure 5.1a shows the X-ray diffraction patterns of BixSh.xTes (x=0.2-0.5) powders
produced by mechanical alloying. The miller indices of all major peaks are indicated
and the XRD pattern verifies that the powders are single-phase. The well-known
Scherrer formula (see chapter 3), was used to calculate the mean crystallite size
generated by MA (Fig. 5.1c). The mean crystallite size linearly increases with
increasing Bi(x). The in-pane XRD patterns after hot-pressing are presented in Fig 5.1b.
The graph indicates that no other phase or impurity is presented apart from the
rhombohedral bismuth-telluride phase. The diffraction peaks of all samples are much
sharper after sintering, indicating that sintering has led to better crystallinity and
comparatively larger grain size due to the grain growth. The degree of preferred
orientation was evaluated by calculating the Lotgering factor (LF) as described in
chapter 3[110]. The LF calculations in Table 5.1 reveal randomly oriented samples, as

expected.
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Figure 5.1: XRD patterns of the BixSh,.xTes powders after mechanical alloying (a), XRD
patterns of hot-pressed pellets (b) and calculated crystallite size of BixSh..,Tes powders using
Sherrer equation as a function of Bi (x) (c).
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Table 5.1: Relative density p and Lotgering factor of the hot-pressed BixSh,«Tes pellets.

o O o o

Thermoelectric properties:

The carrier concentration (ny) and carrier mobility (i) at room temperature and the
temperature dependent Seebeck coefficient, electrical conductivity and Power factor of
BixShoxTes samples are presented in Fig 5.2 and Fig 5.3, respectively. The hole
concentration decreases with increasing Bi(x), as expected. The substitution of Bi with
Sb introduces holes into the system therefore the charge carrier concentration increases
with higher Sb content in BixSh,.xTesz samples. Increasing Sb concentration in BixSh,-
xTes promotes a reduction in the formation energy of Sb're and Bi're antisite defects
leading to higher carrier density[146]. The carrier concentration values of the
mechanically alloyed samples are significantly lower than the values reported for the
same compositions synthesized via melting and Hu et al. but closer to the values
reported by Symeou et al. [99], [100]. This is attributed to the excess Te (4%) used in
this work’s samples as well as in Symeou et al. study, which minimizes the presence of
Te vacancies and suppresses the Sb’te antisite defects. The formation of donor-like
effects due to lattice defects induced by MA further reduced the carrier
concentration[95][147]. The donor-like effects (excess of negative carriers due to the
presence of Te vacancies) can partially compensate for the hole concentration in Sb-
rich p-type solid solutions [95]. The nu values of this works samples are also lower than
those reported for analogous mechanically alloyed samples by Jang et al. [148]. This is
as well attributed to the excess of Te in this work samples that minimize formation of
the previously mentioned antisite defects. The carrier mobility (u) decreases with
increasing Bi(x) similarly to nu. The decrease of p with increasing x (increased Bi/Sh
ratio) is a result of stronger alloy scattering, which is consistent with previous studies

[99], [100], [149]. Moreover, the carrier mobility values of this work’s investigated
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samples are lower than those reported by E. Symeou at al. for materials prepared via
melting and hand-grinding due to the absence of preferred orientation and the presence
of high-density boundaries in nanostructured materials [100]. However, the p values of
our samples are significantly higher than those reported by Hu et al. and Jang et al. for
samples prepared via melting followed by 20 min ball-milling and analogous
mechanically alloyed samples, respectively [99][148]. The lower carrier mobility of the
aforementioned works is attributed to the higher hole concentration which consequently
increase the carrier-carrier scattering.

Accordingly, the Seebeck coefficient increases with increasing Bi(x) due to the
decrease of hole concentration. The highest Seebeck coefficient S~268uV/K was
recorded for x=0.5 at 330K, and then significantly dropped with rising temperature.
The highest S value is achieved at higher temperature with increasing Bi content. In
specific, the highest S for x=0.4 was reached at 330K, for x=0.3 at 380K and for x=0.2
at 430K. This effect is attributed to the increase of carrier density as well as to the
broadening of the energy bandgab with increasing Sbh, which thereafter shifts the onset
of bipolar conduction and intrinsic excitation to higher temperatures. Almost identical
trends and values have been recorded by Jang et al. and Chen et al. for analogous
mechanically-alloyed samples [148][150]. On the other hand, this work’s samples
exhibit higher S values than those reported by Symeou et al. [100] and Hu et al.[99] for
samples prepared via melting, due to the lower carrier concentration.

The electrical conductivity of all the samples decreases with increasing measurement
temperature. The temperature dependence of o samples is typical of a degenerate
narrow gap semiconductor and is well described by a power law ¢ ~T %2, The carrier
concentration of a degenerate semiconductor has a weak dependence on temperature.
Therefore, the trend of ¢ with rising temperature mainly reflects the temperature
dependence of carrier mobility, presenting dominant acoustic phonon scattering. The
remarkable enhancement in o with decreasing Bi (x) can be attributed to increases in
both ny and p because of the presence of antisite defects and reduced alloy scattering,
respectively. The ¢ values of this work’s samples are significantly lower than those
reported by Symeou et al. [100] for materials prepared via melting and hand grinding
and those reported by Hu et al. [99] for materials prepared via melting followed by
ball-milling for 20min, mainly due to the lower carrier concentration and mobility.

Even though, the electrical conductivity trends and temperature dependence are similar,
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the o values are higher than those reported by Jang et al. for analogous mechanically-
alloyed samples, due to the higher hole-mobility of this work’s samples[148].

The calculated power factors are presented in Fig. 5.3e. All samples exhibit their
highest PF value near room temperature. Bio3Sh17Tes achieved the highest value of
39.5uW/cmK? at 329K due to its high electrical conductivity and relatively good
Seebeck coefficient. This composition (Bio3Sb17Tes) recorded the highest PF in
analogous investigation regarding mechanically-alloyed BixSho.xTes samples[148]
[150]. However, the PF of this work’s sample is higher than those reported by Jang et
al. (PF~30uW/cmK?) [148] and Chen et al. (PF~32.5uW/cmK?) [150].
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Figure 5.3: Temperature dependence of Seebeck coefficient (a), electrical conductivity (c) and
power factor (e) of the hot-pressed BixSha.xTes samples. Seebeck coefficient (b) and electrical
conductivity (d) at room temperature as a function of Bi(x) compared with Hu et al. [99],
Symeou et al.[100] and Jang et al.[148].

The total thermal conductivity (ktwtal), €lectronic thermal conductivity (ie) and lattice
thermal conductivity (kiatice) @s function of temperature are shown in Fig. 5.4. The
thermal conductivity of samples with x=0.2 and x=0.3 decreases monotonically with
increasing temperature up to 425K due to the Umklapp phonon-phonon scattering
whereas the «iotal for x=0.5 and x=0.4 increases with rising temperature due to bipolar
diffusion, which is dominant at low Sb doping levels. As the Sb substitution increased,
the temperature at which bipolar conduction occurred shifted to higher temperatures.
The increased carrier density in samples with high Sb percentage not only increases the
electrical conductivity but also reduces the bipolar thermal conductivity [151]. The
decrease of «xiwtal at room temperature with increasing Bi content is attributed to the
decreasing fraction of the electronic thermal conductivity (ke), which is directly
proportional to electrical conductivity c. Similar trends have been also reported by
previous investigations regarding BixSh2.xTez as shown in Figure 5.4b. In general, our
samples present lower total thermal conductivity than those prepared via melting by
Symeou et al.[100] and Hu et al.[99] but slightly higher « in comparison with analogous

mechanically-alloyed solid solutions by Jang et al.[148].
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The values of lattice thermal conductivity («iwta-ke) are displayed in Fig. 5.4e as a
function of temperature for all BixSb2.xTes samples. Taking into consideration that the
bipolar contribution to thermal conductivity is negligible near 300K, a comparison of
the lattice thermal conductivity can be made at low temperatures. The Kiatice Values
range between 0.46-0.76 Wm™ K™ for x=0.2-0.5 at 300K. These Kiatice Values are
significantly lower than those reported for similar compositions prepared via melting
and hot-press sintering by Symeou et al.[100] (1-0.77 Wm™ K™ ) and are closer to the
values reported for compositions prepared by Hu et al. [99] (0.6-1 Wm™ K) and
samples prepared via MA by Jang et al. [148] (0.5-0.8 Wm™ K1) (Figure 5.4f). The
lower room-temperature xiatice Values are attributed to the smaller grain size of starting
powders, the consequent higher density of grain boundaries and the absence of
preferred orientation in nanostructured materials.

The theoretical minimum thermal conductivity kmin for Bi2Tes was calculated using a
model proposed by Cahill et al[152]. This model is based on Einstein who considered
the atomic vibrations of a solid as harmonic oscillators, all vibrating at the same
frequency. If the oscillators are not coupled to one another, the thermal conductivity of
this model solid is zero: thermal energy cannot be transmitted from one atom to another.
For thermal transport to occur, the oscillators must be coupled, and Einstein did this by
supposing that each atom was connected to its neighbours on a simple-cubic lattice by
harmonic forces. According to Cahill et al. the minimum thermal conductivity resulting
from the random walk between localized quantum mechanical oscillators can be written
as the following sum of three Debye integrals:

T 1/3 T 2 ~0i/T xBex
(" 2/3 (L _
min (6) kpmt Z vt (@i) fo -1

The sum is taken over the three sound modes (two transverse and one longitudinal) with
speeds of sound Ui, @i is the frequency for each polarization expressed in degrees K
(@i = Ui(h/kg)(6m?n)*/3), and n is the number density of atoms.

According to the calculation, the kmin for Bi2Tes is approximately ~0.31W/mK and
agrees with other works [153]. As presented in Figure 5.4f, the lattice thermal
conductivity of samples with x=0.3 prepared via MA are approaching the theoretical
limit of thermal conductivity, suggesting that nanostructuring and the Bi/Sb ratio

optimization is an effective route to approach the minimum possible values of iattice.
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Figure 5.4: Temperature dependence of total thermal conductivity (a), electronic thermal
conductivity (c) and lattice thermal conductivity (e) of BixSh2.«Tes. Total thermal conductivity
(b), electronic thermal conductivity (d) and lattice thermal conductivity (f) at room temperature
as a function of Bi(x) in comparison with Hu et al. [99], Symeou et al.[100] and Jang et al.[148].
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In Fig. 5.5 the dimensionless figure-of-merit ZT is presented as function of temperature.
Owing to the gradual increases in the energy band-gap and hole concentration with
increasing Sbh content, the temperature of the maximum ZT shifts gradually to higher
temperatures as a result of the suppression of intrinsic conduction. More importantly,
there is a significant improvement in the average Z T,y value throughout the temperature
range studied. The ZT, is 0.60, 0.83, 1.01 and 0.72 for Bi(x)=0.5,0.4,0.3 and 0.2,
respectively. The maximum ZT (355K) of 1.13 was achieved for x=0.3 sample which
also exhibits the highest average ZT. This result is higher than that (ZT=0.9) reported
by Hu et al. [99] for a similar composition prepared via melting followed by 20minutes
ball-milling and nearly the same (ZT=1.12) to that reported by Symeou et. al [100] for
the same hot-pressed composition prepared via melting and hand grinding.
Bio.3Sh1.17Tes has also recorded the highest ZT among other BixSbo-xTes solid solutions
by similar MA investigations. In particular, Jang et al. [148] reported a high ZT (323
K)~1.4, while Chen et al. [150], reported a ZT(423 K) ~ 1.23. The relatively good ZT
of Bio3Sbi.7Tes indicates that this composition would be a good selection for further

investigation regarding thermoelectric performance.
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Figure 5.5: Dimensionless figure-of-merit ZT of the hot-pressed BixSh,.xTes prepared via
mechanical alloying as a function of temperature.

5.1.3 Conclusion
In this chapter, p-type BixSh.xTes alloy powders were fabricated via mechanical

alloying, and consequently consolidated by hot-press sintering. The effect of Sh/Bi ratio
on the microstructure and TE properties was investigated. The decrease of Bi content
resulted in higher hole density and hole mobility which thereafter increased the
electrical conductivity and power factor. The absence of preferred orientation and the
high density of grain boundaries in nanostructured materials led to impressively low
lattice thermal conductivities values. As a result, a high ZT of 1.13 at 355K and an
average ZT of 1.01 was achieved for Bio.3sSb17Tes. This result is higher than other
results reported for similar compositions prepared via multiple preparation steps
(melting followed by hand-grinding or ball milling etc.). This suggests that mechanical
alloying can be considered as an advantageous technique for single-step synthesis of
highly-efficient BixSh,.xTesz alloys and that Bio3Sbi7Tes is the most effective among
other BixSh,.xTesz compositions prepared via MA.
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5.2 Effect of powder’s particle size on thermoelectric properties of hot-
pressed Bio3Sb17Tes alloys

During the past decade, nanostructuring and defect engineering have been widely
applied to develop efficient thermoelectric materials[154]-[156]. Lattice defects,
donor-like effects and microstructural alterations proved to be important tools in order
to control carrier and phonon transport properties.

Xie et al. developed a melt-spinning technique to fabricate nanocomposites, in order to
reduce thermal conductivity by the presence of multi-scale microstructures and
coherent grain boundaries[157]. As a result, a high ZT of 1.5 was achieved at 390K.
Another study by Dharmaiah et al., highlights the importance of grain-size and grain
boundary scattering for effective phonon scattering[158]. BiosSh1sTes powders of
different sizes were prepared by gas-atomization followed by spark-plasma sintering
process. The highest ZT value obtained was 1.23 at 350 K for the 32-75 um powder
bulk samples [158]. Additionally, Fan et al. reported an impressive ZT of 1.80 reached
by the nanocomposite Bio.4Sb16Tes consisting of 40 wt% nanoinclusions [105].
Nanocomposites were obtained via melt spinning and micron-size particles obtained
via solid state reaction. The low thermal conductivity due to the effective scattering of
phonons and the moderately good power factor played led to a high figure-of-merit.
However, Dharmaiah et al. and Fan et al. do not give any information about the
orientation of the samples and the direction of measurements, which is very important
due to the anisotropic nature of BST material.

In this chapter, p-type Bio.3Sh1.7Tez polycrystalline solid solutions were fabricated using
different methods: melting and mechanical alloying followed by hot-press sintering.
The composition was selected based on the encouraging results of chapter 5.1, which
revealed that Bio.3Sh17Tes prepared via MA followed by hot-press sintering is the most
efficient among analogous Bi>xShxTes compositions. In this study, melting followed
hand-grinding was used to obtain powders consisting of micro-sized particles. The
powders were divided into four groups depending on their particles’ size by using
sieves. An amount of powder produced by melting was ball-milled in order to produce
nano-powders. Mechanical alloying was also used to obtain nano-powders in order to
compare the results with the melting-ball milling method. For brevity, samples prepared
via melting and hand grinding will be noted as MHG, samples prepared via melting
and ball-milling will be noted as MBM and samples prepared via mechanical alloying
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will be noted as MA. In summary, six types of powders with different particle sizes
were prepared as illustrated in Figure 5.6.

Powders prepared by hand grinding and ball milling were compacted into high density
pellets by hot pressing to explore the effect of powder’s particle size before
consolidation on the thermoelectric properties of Bio3Sbi7Tes samples. The
temperature dependence of all thermoelectric properties (electrical conductivity,
thermal conductivity and Seebeck coefficient) was measured along the same in-plane
direction and reliable thermoelectric power factor and ZT values were calculated.

Mixing Bi, Sh, Te

Melting

Hand-grinding

N

I " {/ :\'\q‘ . R
Ball-milling ', %& Mechanical Alloying {\“ o k.
1. MHG(>180um) Daat
2 MHG(180-100ym) )
3. MHE (100-45ym)
. MHG(>45m) 5. MBM B. MA

Figure 5.6: Schematic presentation of the preparation of Bio3Shi7Tes powders with different particle sizes.

5.2.1 Synthesis and consolidation details
Melting and mechanical alloying was used for the synthesis of the Bo.3Sb17Tes solid

solution, as described in 3.1.1 and 3.1.2. The ingot obtained from melting was hand
grounded to obtain micro-sized particles and an amount of this powder was further ball-
milled under Ar atmosphere to obtain powder consisting of crystallites (nano). The

milling was operated at 300rpm for 20 hours and the ball-to-material ratio was 10:1.
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The obtained powders were loaded in a cylindrical graphite die (inside
diameter=10mm) and hot-pressed at 420°C for one hour under an axial pressure of
80MPa.

5.2.3 Results
Structural Characterization:

Figure 5.7a shows the X-ray diffraction patterns of the powders produced by melting
(MHG), mechanical alloying (MA) and ball milling (MBM). The miller indices of all
major peaks are indicated and the XRD pattern verifies that the powders are single
phase. The well-known Scherrer formula, was again used to calculate the mean
crystallite size generated by ball milling (MBM) and mechanical alloying (MA). The
mean crystallite size was calculated (28+3) nm and (29+4) nm for the powders
produced by MA and MBM respectively.

Figure 5.7b presents a typical XRD diffraction pattern of a BiosSh17Te; sample in two
directions, namely the in-plane direction and the cross-plane direction. The graphs
indicate that no other phase or impurity is present apart from the rhombohedral bismuth-
telluride phase. The existence of preferred orientation in the in-plane configuration is
revealed by the (00I) diffraction intensities which are higher than the ones in the cross-
plane pattern. As shown in Table 5.2 and Figure 5.7c the LF increases from zero for
MA and MBM to 0.25 for MHG samples, which clearly indicates a microstructural
anisotropy. On the other hand, the LFs of samples prepared via MA and MBM were
determined to be zero indicating randomly oriented samples. Moreover, samples
prepared via melting and especially MHG(>180um) and MHG(180-100um) present
higher relative density (p~94%) than other samples. Specifically, MBM sample
consisting of nano-crystallites illustrate the lowest relative density, around 89%,
suggesting a possible higher level of porosity which will consequently affect the

thermoelectric properties.
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Figure 5.7: (a) XRD diffraction patterns for the powders produced by MGH, MA and MBM,
(b) XRD diffraction patterns of the hot-pressed BiosShi7Tes samples prepared via MGH for
both in-plane and cross-plane direction. The dash lines correspond to (00I) peaks and (c) the
Lotgering factor (LF) of the Bio3Sh1.7Tes hot-pressed samples prepared via MGH, MBM and
MA.

Table 5.2: Lotgering factor (LF), geometrical density and relative density of the hot-pressed
Bio.sShi7Tessamples.

Lotgering factor

Pellet Density

Powder type Rel_atlve

MHG(>180um)
Powders consisting ELa(CIet B ITNY) 0.14 6.44 94

of pm-particles MHG(100-45um) 0.13 6.11 90
MHG(<45um) 0.08 6.12 90

NGRS  MBM (=29 nm) 0 6.07 89
of crystallites MA (~28 nm) 0 6.29 92
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Thermoelectric properties:

Figure 5.8 presents the hole concentration (ns) and carrier mobility () as a fuction of
powder’s particle size. n4 and p monotically decrease with decreasing particle size and
reach the lowest values for samples prepared from MA and MBM powders. The
observed decrease in ny with decreasing particle size is attributed to the formation of
antisite defects. lonescu et al. proposed a model based on the idea that grinding,
sintering and pressing can cause several kinds of defects and vacancies in TE materials
[147]. Additionally, Stilbans et al. has showed that the vacancies of Te and Bi atoms
produce one acceptor and one donor, respectively, since the ratio V1e/Vei >3/2, the
number of acceptors is smaller than that of donors, which explains the trend of
changing the conductivity from p- to n-type resulting from mechanical treatment [147].
As described in chapter 2.3, the formation of Te vacancies and the small difference in
electronegativity of the atoms forming the compound can lead to the formation of
several antisite defects, that not only lead to the donation of electrons to the system but
also enhance the vacancy phonon scattering that reduces the lattice thermal conductivity
[94]. Navratil et al. analytically described the interaction of vacancies with the antisite
defects that are present in BixSboxTes solid solution which can lead to the decrease of
hole carrier concentration [95]. The decrease of p with decreasing particle size is mainly
attributed to the enhanced charge carrier scattering, likely as a result of the absence of
preferred orientation and the presence of interfaces, grain boundaries, and high-density
lattice defects.

The temperature dependence of Seebeck coefficient and electrical conductivity is
illustrated in Fig. 5.9 (a) and (b) respectively. Seebeck coefficient increases with
increasing temperature, reaches a maximum value around 400K and then gradually
decreases due to the onset of bipolar conduction (minority carriers are excited into the
conduction band). The increase of Seebeck coefficient with decreasing particle size is
attributed to the carrier concentration variation (see Fig.5.9a). The highest Seebeck
coefficient (S~227 uV/K at 400K) was achieved by MBM, while the sample with the
largest powder particle size MHG(>180um) recorded the lowest value (S~188 uV/K at
400K).

Electrical conductivity varies linearly with temperature (in the range of 310-520K)
indicating a narrow band degenerate semiconductor behaviour for all studied samples.

Electrical conductivity decreases for samples with smaller particle size due to the
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decrease of charge carrier concentration caused by the formation of antisite defects, the
reduction of hole mobility due to the presence of high-density boundaries and the
absence of preferred orientation especially for samples prepared via MA and MBM.
Even though, MBM and MA samples were prepared by powders consisting of
crystallites of similar size, they present different electrical conductivity values at room
temperature (see Figure 5.9a). In specific MA recorded a slightly higher o than MBM.
This discrepancy can be attributed to the relative higher density (p) of MA sample,
which thereafter increase the carrier mobility as well as to its slightly higher hole
concentration.

The temperature dependence of power factor (PF=Sc?) is illustrated in Figure 5.9c. A
maximum value of PF=48.3 pWcm™K2 was achieved at room temperature for the
MGH(180-100)um sample due to its high electrical conductivity. Despite the high
Seebeck coefficient, the PF of the samples prepared by mechanical alloying and ball
milling remained low (PF=40 uWcm™K2) because of their relatively low electrical

conductivity.
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Figure 5.8: Carrier concentration (nw) (a) and carrier mobility (1) (b) at room temperature as a
function of powder’s particle crystallite size of the hot-pressed BiosSbh17Tes samples.
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conductivity (e) at room temperature as a function of powder’s particle/crystallite size.
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The total thermal conductivity, eletronic thermal conductivity and lattice thermal
conductivity as a function temperature are presented in Figure 5.10. The in-plane
thermal diffusivity (D) was measured using a method proposed by Xie et al.[159].
According to this method the samples are cut into four bars and then glued together
after they had been rotated 90° counterclockwise. This re-configuration allowed the
measurement of D along the in-plane direction (perpendicular to the hot press
direction), the same direction Seebeck coefficient and electrical resistivity were
measured. The p of the samples was calculated using their measured dimensions and
masses. The C,, was calculated theoretically based on the temperature dependences of
heat capacity of Bi-Tezand ShoTes [160], [161].

There is up to 38% decrease in total thermal conductivity (k) of samples prepared via
MBM and MA in comparison to the total thermal conductivity of samples prepared via
MHG. This is mainly attributed to the formation of several antisite defects during
grinding that led to lower carrier concentration and caused a reduction of 44% in
electronic thermal conductivity (ke). The electronic contribution to the total thermal
conductivity was estimated by the Wiedeman-Franz relationship (ke=L-'c-T,
L=2.44-108V2K"?) and the lattice and ambipolar thermal conductivity was estimated by
subtracting the ke from «iotar. The electronic thermal conductivity decreases with rising
temperature, while ke increases with temperature due to the existence of minority
carriers arising with the onset of intrinsic contribution [162]. The lattice and ambipolar
contribution (xt-ie) to the total thermal conductivity is presented in Fig. 5.10b. The
presence of interfaces and grain boundaries as well as the abscence of preferred
orientation in samples made of nano-powders (MA,MBM), enhanced the scattering of
phonons and suppressed the lattice thermal conductivity by 40%. As shown in Figure
5.10e, MHG(<45um) recorded the lowest lattice thermal conductivity (kiatice~0.4
W/m.K) at room temperature. This value approaches the theoretical limit of thermal
conductivity kmin~0.31 W/m.K and suggest that the presence of particles of broad size
scale (micron-particles under 45um and possibly sub-micrometer particles) can
effectively reduce the phonon mean free path and reduce the lattice thermal
conductivity. According to the theory, structures composed by different size of features,
are expected to scatter more effectively different groups of phonon MFPs and

potentially reduce the thermal conductivity down to the theoretical limits [38]. The low
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lattice thermal conductivity of MHG(<45um) suggests that more investigation is
needed regarding the influence of the powder’s particle size range on the thermoelectric

properties.

Due to the significant grain growth during the hot-press, the observed grain sizes, even
in the nano-bulk samples can be widely distributed from few nm to ~1 um, where the
averaged grain size can be above 1 um [163]. In numerous studies, phonon mean free
path (MFP) spectra predicted by atomistic simulations suggest that smaller than 100
nm grain sizes are necessary to reduce the lattice thermal conductivity by decreasing
phonon MFPs[164][165]. This is in contrast with available experimental data, where a
remarkable thermal conductivity reduction is observed even for micro-grained Bi>Tes
samples. In this situation, micro-grains should only slightly reduce the iatice based on
classical phonon size effects. According to a theoretical study by Wang et al.[166], the
discrepancy between computed phonon MFPs and measured «iatice reduction in
polycrystalline materials can be eliminated by considering the interfacial thermal
resistance (Rk) [167] at GBs which results from the frequency-dependent phonon
transmission or reflection at GBs (see Figure 5.11). It was found that a high Rk at GBs

should be the main cause for the observed significant thermal conductivity reduction.

The calculated ZTs are presented in Figure 5.12. The results reveal that the best
thermoelectric performance ZT (350K )~1.13 is obtained for the MA sample and the
MHG(<45um) sample. This value is almost 30% higher than that of MHG(>180um).
In addition, the average ZTa, value of MA and MHG(<45um) is 1.02 and 0.96
respectively while the average ZTay value of MHG(>180um) is only 0.74. Even though,
the calculated power factors of MA and MHG(<45um) samples were significantly
lower than those of samples prepared from powders with larger particle sizes due to the
lower electrical conductivities, the remarkably reduced thermal conductivity

contributed in achieving a high ZT.
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pressed BiosShi7Tessamples. kot (d), ki-ke (€) and . (f) at room temperature as a function of
particle/crystallite size.
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to representative experimental results on polycrystalline Bi.Tes-based samples.Reproduced by Wang et
al.[166]. T¢gis the grain boundary transmissivity used for the calculations.
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5.2.3 Fabrication of nanocomposite bulk Bip3Sb17Tes alloys

Theoretical predictions claim that the presence of randomly distributed pores and
features of different size scale results in a shortening of the mean free path of thermal
phonons, which can cause a substantial reduction of the thermal
conductivity[168][169]. Defects in atomic-scale and up to a few nanometres can act as
scattering points for short wavelength phonons. Nanoscale defects like dislocations,
alloying, nano-precipitates, large quantum dots and second-phase islands can
effectively scatter phonons of short and medium wavelength (up to ~100 nm). Long
wavelength phonons (up to ~1 mm) can be scattered by micro and mesoscale defects
like grain boundariess, especially at elevated temperatures [38][49][50]. Therefore, the
combination of the aforementioned defects will theoretically lower the lattice thermal
conductivity down to the theoretical limits by achieving broad wavelength scattering of
phonons.

The aim of the second part of this work was the fabrication of nano-composite materials
with lower thermal conductivity values but relatively unaffected power factors. In order
to investigate the thermoelectric properties of nanocomposite bulk Bio3Sbhy 7Tes alloys,
powders consisting of 50% MHG particles and 50% MBM crystallites were hot-pressed

under the same compaction conditions as the previously discussed samples.
Structural Characterization:

Figure 5.13a shows the X-ray diffraction patterns of Biog3Sb17Tes solid solutions
prepared by mixing MHG and MBM powders. The miller indices of all major peaks are
indicated and the XRD pattern verifies that all samples illustrate the desired BST phase
without any other secondary phase or impurity presented. The level of preferred
orientation (Lotgering factor) was again calculated. In the last section of this work, it
was mentioned that samples prepared via MHG have higher LF while samples prepared
via MA and MBM are randomly oriented (zero LF). We also shown that the degree of
preferred orientation drops as the particle size of MHG samples decreases. As
illustrated in Figure 5.13b and Table 5.3, samples prepared after mixing MHG and
MBM exhibit lower LF than samples prepared from 100%MHG, as expected. However,
the reduction of LF is more obvious for 50%MHG(100-45um)+50%MBM sample,
while the magnitude of LF drop is lower for 50%MHG(180-100um)+50%MBM and
50%MHG(<45um)+50%MBM samples.
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Figure 5.13: In-plane X-ray diffraction patterns of the hot-pressed nanocomposite Big3Sh17Tes

samples (a) and Lotgering factor (LF) as a function of powder’s particle/crystallite size.
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Table 5.3: Lotgering factor (LF), geometrical density and relative density of the hot-pressed
BiosSbh17Te; samples prepared using MHG, MBM, MA powders and mixtures of MHG and
MBM powders.

Lotgering Pellet

Relative

Powder type factor Density p Density (%)

MHG(>180um)

Powders consisting MHG(180-100pum) 0.14 6.44 94
of pm-particles MHG(100-45um) 0.13 6.11 90
MHG(<45m) 0.08 6.12 90

T e e 50%MHG(180-100um)+50%MBM 0.13 6.48 95
of both pm-particles 50%MHG(100-45um)+50%MBM 0.06 6.21 91
and crystallites 50%MHG(<45um)+50%MBM 0.06 6.00 88

Powders consisting MBM (~29 nm) 0.00 6.07 89
of crystallites MA (~28 nm) 0.00 6.29 92

Thermoelectric properties:

Figure 5.14 shows the hole concentration (ny) and carrier mobility (u) as a fuction of
powder’s particle size. As presented in the previous section of this chapter, MHG
samples have notably higher carrier concentration than MBM and MA samples. In
addition, ny monotically decrease with decreasing particle size. Thus, the combination
of powders consisting of 50% nano-crystallites and 50% micro-particles is expected to
decrease the carrier concentration compared to MHG samples. Suprisingly, the
difference between MHG(180-100um) sample and its nanocomposite counterpart
(MHG(180-100pum)+50%MBM) is insignificant. On the other hand, 50%MHG(100-
45um)+50%MBM and 50%MHG(<45um)+50%MBM present slighlty lower ny than
the anologous MHG materials, as expected. Materials prepared from mixing MBM and
MHG powders revealed lower hole mobility. Specifically, MHG(180-100um),
MHG(100-45um) and MHG(<45um) illustrate 18-20% higher p in comparison to their
nanocomposite counterparts. The decrease of p is attributed to the increased hole
scattering in materials consisting of nm-crystallites, mainly resulting from the lower
degree of preferred orientation, the higher density of interfaces and grain boundaries.
The temperature dependence of Seebeck coefficient, electrical conductivity and power
factor is illustrated in Fig. 5.15(a-c), while the Seebeck coefficient, electrical

conductivity and power factor values at room temperature are presented in Fig.5.15(d-
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f) as a function of powder’s particle/crystallite size. Despite the slightly lower nu
values, the S of samples prepared from powder mixtures are more or less the same with
the analogous MHG materials. Samples prepared via MBM and MA still have the
highest S values, while the sample prepared from the powder with the largest particle
size has the lowest S. The electrical conductivity (o) of nanocomposites is significantly
lower than that of the analogous MHG samples. In specific, ¢ at room temperature is
reduced by 17%, 21% and 22% for 50%MHG(180-100pum)+50%MBM,
50%MHG(100-45um)+50%MBM and 50%MHG(<45um)+50%MBM, respectively,
reaching almost similar ¢ values as the samples prepared exclusively from nano-
powders (MBM and MA). As mention before, S and ng do not significantly change after
mixing MHG and MBM powders, leading us to the conclusion that the electrical
conductivity reduction is a result of the hole mobility alteration. The mobility of carriers
is notably reduced in samples prepared from both MHG and MBM, due to the increased
scattering at the grain boundaries and the lower degree of preferred orientation which
consequently results in a lower electrical conductivity. The calculated power factors are
presented in Figure 5.15(c,f). The PF of 50%MHG+50%MBM samples is severely
reduced in comparison to that of their 100%MHG counterparts, reaching even lower
values than MBM and MA samples. The intense reduction of PF is mainly attributed
to the decrease of carrier mobility which consequently affected the electrical

conductivity.
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power factor (c) of the hot-pressed BiosSb17Tessamples. Seebeck coefficient (d) and electrical
conductivity (e) and power factor (f) at room temperature as a function of powder’s
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The results of total thermal conductivity (ktwtar), eletronic thermal conductivity (ie) and
lattice thermal conductivity (iotar- Ke) are presented in Figure 5.16. The in-plane thermal
diffusivity (D) was again measured along the in-plane direction using a method
proposed by Xie et al.[159]. Even though, the electronic thermal conductivity is
remarkably reduced for the 50%MHG+50%MBM samples because of the decrease of
electrical conductivity, the total thermal conductivity remains approximately the same
due to the increase of lattice thermal conductivity. Normally, the scattering rates of
electrons and phonons are expected to both be higher for materials with high density of
grain boundaries. Thus, the expected trend is that mobility as well as lattice thermal
conductivity will drop as the grain size is reduced. In this case, Kiatice ShOws an
unexpected increasing trend with decreasing the average particle size in samples
prepared from mixing MHG and MBM powders, which appears contradictory to the
standard grain-boundary scattering theory for phonons. This unphysical inverse
correlation between «iatice and mobility was also observed in other thermoelectric
systems, such as MgsSh[170], SnSe[171], (Hf,Zr)CoSb[77] etc. Another example is a
study that investigated the effect of ball-milling duration on the grain size and the
thermoelectric properties of n-type Bix(Te,Se)s [172] . In this study the lattice thermal
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conductivity of the largest grained sample was lower than samples that were ball milled
for longer times and had smaller grain sizes. Whereas, the weighted mobility of the
small grained samples was lower, leading us to the conclusion that this effect is
probably due to electrical grain boundary resistance[172].

The use of the conventional Wiedemann—Franz law assumes homogeneous materials
where the scattering probability is uniform everywhere and no net exchange of energy
between electrons and phonons is possible at grain boundaries or anywhere else.
According to J.Kuo et al.[122], this assumption often leads to an overestimation of the
phonon or lattice contribution to the thermal conductivity, especially for
inhomogeneous materials, in which the length scale of the heterogeneity is larger than
the mean-free-path or the coherence length. In materials with significant grain boundary
electrical resistance, the estimated electronic contribution to the total thermal
conductivity is low because the measured electrical conductivity is low. However,
within the grain electrons may still be transporting more heat than the total conductivity

suggests, leading to an overestimation of Kiattice.

Based on the previously discussed possible overestimation of lattice thermal
conductivity, we can conclude that the apparent increase in lattice thermal conductivity
with mixing micron- and nano-powders is not a result of a true increase in the phonon
contribution to thermal conductivity, but instead an aftereffect of assuming
homogeneous electron and phonon transport in nanocomposite materials. J.Kuo et
al.[122] suggested that treating grain boundary regions as a second phase with its own
unique thermoelectric properties is essential to obtain a correct xatice Of the material.
This approximation suggests that the lattice thermal conductivity is dominated by the
bulk media of the grain, which can be more precisely calculated via jattice=x-LogT,
where o is the conductivity of the bulk grain rather than the total conductivity as used

in the conventional model.
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The calculated ZTs are presented in Figure 5.17 as a function of temperature. The ZT
of samples fabricated by mixing 50% MHG and 50% MBM powders is lower than their
100% MHG counterpart, mainly due to the significant decrease of electrical
conductivity and power factor. Specifically, 50%MHG(180-100um)+50%MBM,
50%MHG(100-45um)+50%MBM and 50%MHG(<45um)+50%MBM present 17%,
22% and 15% lower ZTmax than the analogous 100%MHG samples
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Figure 5.17: Thermoelectric figure of merit-ZT of the hot-pressed Bio3Sh:7Tes samples as a
function of temperature.

5.2.4 Conclusion
P-type Bio.3Sh1.7Tes bulk materials were prepared using different methods: melting and

mechanical alloying. The temperature dependence of all thermoelectric properties was
measured along the same in-plane direction and reliable thermoelectric power factor
and dimensionless figure-of-merit values were calculated. The experimental results
indicate that the presence of high-density grain boundaries and interfaces in materials
prepared using nano-powders and powders consisting of small microsized particles
(<45um) significantly reduced the lattice thermal conductivity while the formation of
antisite defects, caused by hand-grinding and ball milling, resulted in lower carrier
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concentrations and therefore in higher Seebeck coefficient values. As a result, a
ZT(350K)~1.13 at was recorded for MA and MHG(<45um) samples. In the second
part of this work, nanocomposite bulk Bio3Sb17Tes alloys were fabricated from
powders consisting of 50% MHG particles and 50% MBM crystallites in an attempt to
further reduce lattice thermal conductivity without significantly affect the power factor.
However, the notable decrease of electrical conductivity due to lower hole mobility
resulted in lower PFs. Surprisingly, xiatice ShOwed an unexpected increasing trend in
samples prepared by mixing MHG and MBM powders, which was contradictory to the
standard grain-boundary scattering theory for phonons. This suggested a possible
overestimation of xiatice Dy using the conventional Wiedemann-Franz law, which is
common in nano-composite materials with significant grain boundary electrical

resistance.
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6 Summary

In this work, mechanical alloying was applied for the synthesis of both p-type half-
Heusler and Bismuth-Telluride solid solutions. Mechanical alloying has several
advantages such as possibility of scaling up, inexpensive equipment, reduction of
processing steps and easy preparation of nanostructured samples with decreased lattice

thermal conductivity values.

In the first part of this work, p-type state-of-the-art half-Heusler MCoSb (M=Ti, Hf,
Zr) thermoelectric solid solutions were prepared via mechanical alloying followed by
hot-press sintering. Different optimization strategies have been applied: isoelectronic
substitution and nanostructuring for the lattice thermal conductivity reduction, doping
adjustment for the power factor optimization and Hf replacement for the cost reduction.

In the second part of this work, the improvement of the thermoelectric efficiency of
bismuth telluride-based materials by tuning both the microstructure and the carrier
concentration was attempted. P-type BixSboxTes alloy powders were fabricated via
mechanical alloying to explore the effect of Sb/Bi ratio on the microstructure and
thermoelectric properties properties. In a second step, p-type Bio3Shi7Tes bulk
materials were prepared by different methods (melting followed by hand grinding or
ball milling and mechanical alloying) in order to investigate the effect of the powder’s

particle size on the thermoelectric performance.

In sections 6.1 and 6.2 the main results of these investigations and suggestions for future
work regarding half-Heusler and Bismuth-Telluride materials will be provided.

6.1 Half-Heusler

In chapter 4.1, mechanical alloying was successfully applied for the synthesis of half-
Heusler (Hf/Ti/Zr)CoShogSno.» compositions, suggesting the potential of replacing the
time-consuming arc-melting followed by several days of annealing method by an
advantageous, single step process. In chapter 4.2, Hf\Ti1-xCoSbosSno.2 samples were
prepared to investigate the effect of isoelectronic substitution on the thermoelectric
properties and then, the effect of charge carrier concentration was investigated by
preparing HfosTio.4CoSbh1ySny samples in order to evaluate the effect of Sn/Sh doping
on the thermoelectric properties. The isoelectronic replacement of Ti with Hf in

combination with nanostructuring approach via mechanical alloying led to an important
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reduction in the lattice thermal conductivity. Consequently, a high ZT~0.85 at 980K
was recorded by the hot-pressed HfosTio.4CoShosSno.. sample prepared by 4 hours
milling. It also turned out that a substitution level of 17% Sn for Sb is the most effective
in  HfosTio4sCoSb1ySny  materials  prepared by  mechanical alloying.
Hfo.6Ti0.4C0oSho.g3Sno.17 sample, reached a maximum ZT~1.1 at 973K, which is among

the highest ever reported for p-type MCo(Sb Sn).

In chapter 4.3, the substitution of Sb with Bi in Hfo.6Tio.4Co(Sb,Bi,Sn) solid solutions
prepared via MA was attempted. Recent published results suggested that a low lattice
thermal conductivity and a high ZT (1.42) can be achieved in Bi-based HHs due to the
substantial atomic mass difference between Sn and Bi atoms that leads to an intense
point defect scattering. Hfo.sTio4CoShos-xBixSno2 (x=0-0.1) samples were prepared as
an attempt to partially replace Sb with Bi. Even though, an extremely low Kjattice=1.69
W/m.K at 980K was achieved for HfosTio4CoSbo.75Bio.0sSno.2, the decreased power
factor prevented this compound to overcome the ZT of HfoeTiosC0oSbogSno2. The
highest ZT was reported for the sample without Bi (ZT~0.9) and the second highest for
the sample with x=0.075 (ZT~0.73).

In chapter 4.4, we aimed to reduce Hf percentage in (Hf,Zr,Ti)Co(Sb,Sn) solid solutions
prepared by MA with the objective to achieve a high thermoelectric performance in a
less expensive HH composition. Based on the previously discussed encouraging results
of chapter 4.2, Hfo.sxZrxTi0.4C0SbosSno2 samples were prepared as an attempt to
replace Hf with its cheaper homologue Zr and to investigate the effect of isoelectronic
substitution on the thermoelectric properties. The isoelectronic substitution of Hf with
Zr resulted in lower power factors and ZTs. However, the decreased thermal
conductivity of Hfo.4Zro2Tio4CoShogSno.2 suggested that this composition would be a
good selection for further investigation regarding thermoelectric performance. To this
end, the charge carrier concentration was optimized by preparing Hfo.4Zro2Tig4CoSb.
ySny samples and the effect of Sn/Sb doping was evaluated. As a result,
Hfo.4Zr02Ti0.4C0Sho.g3Sno.17 reached the highest ZT of 0.77 at 960K, a value that
corresponds to an improvement of 15% with respect to that of
Hfo.4Zr0.2Tio.4CoSbogSno.2.

Lastly, the effect of annealing under high temperatures and different durations upon

thermoelectric performance of p-type HH solid solutions was investigated and
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correlated with the impact on the structural properties. For this investigation, the
Hfo.6 Tio.4CoShog3Sno.17 sample (see chapter 4.2) was selected due to its outstanding
thermoelectric performance (ZT=1.1 at 980K). According to the results of chapter 4.5,
the structure, chemical composition and thermoelectric properties remained unaffected
after 3 days of annealing at 800°C. On the other hand, there is a significant reduction in
the thermoelectric figure of merit after 10 days of annealing, due to the remarkable
increase of thermal conductivity and the notable decrease of Seebeck coefficient and
electrical conductivity (ZT~0.34). Last but not least, no phase-separation has been
detected in the mechanically-alloyed single-phase materials after annealing. It turned
out that the presence of phase-separation (two or more half-Heusler phases with slightly
different lattice parameters) in most arc-melted samples is developed during rapid-
solidification and not during the following annealing process.

6.1.1 Future work
Half-Heuslers are promising thermoelectric materials for future practical medium/high

temperature applications. However, much more work is needed to optimize both the n-
type and p-type leg. In this work, the p-type HfosTiosCoSbogsSnoi7 and
Hfo.4Zro.2Tio.4CoShog3Sno.17 compositions prepared via mechanical alloying achieved
the highest ZTs. The fabrication of both compositions via arc-melting followed by hot-
press sintering, will provide a clear comparison of mechanical alloying and arc-melting
methods in terms of thermoelectric performance and long-term stability. Moreover, the
low lattice thermal conductivity of HfosTio4Co(Sb,Bi,Sn) solid solutions (see chapter
4.3) suggests that more investigation is needed regarding Bi-based HHs. Different
mechanical alloying durations and different hot-press sintering conditions can be tested
to eliminate the presence of residual Bi in hot-pressed pellets and further investigate
the phase-separation effect. Last but not least, the practical applications of
thermoelectric devices involve prolonged and large temperature gradients. Thus, it is
really important to investigate the thermal and mechanical stability of a candidate
thermoelectric material before its applicability in commercial devices. A heat treatment
similar to actual applications in the mid-temperature range can be examined via the
effect of thermal cycling. The reliability of the thermoelectric performance of the
previously discussed compositions can be easily tested on a laboratory scale by
temperature cycling of the thermoelectric material and intermittent measurements of

the materials properties.
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6.2 Bismuth-Antimony-Telluride

Based on the idea that nano-structuring approaches are ideal for the fabrication of
efficient p-type Bi-Sb-Te alloys, mechanical alloying followed by hot-press sintering
was considered as an attractive way to make nanostructured TE materials. In chapter
5.1, p-type BixShoxTes (x = 0.2,0.3,0.4,0.5) alloy powders were fabricated via
mechanical alloying, and consequently consolidated by hot-press sintering. The effect
of Sb/Bi ratio on the microstructure and TE properties was investigated. The decrease
of Bi content resulted in higher hole density and hole mobility which thereafter
increased the electrical conductivity and power factor. The absence of preferred
orientation and the high density of grain boundaries in nanostructured materials led to
impressively low lattice thermal conductivities values. As a result, a high ZT of 1.13 at
355K and an average ZT of 1.01 was achieved for Bio3Sh17Tes, suggesting that
mechanical alloying can be considered as an advantageous technique for single-step

synthesis of highly-efficient BixSh-xTes alloys.

In chapter 5.2, p-type Bio.3Sh1.7Tespolycrystalline solid solutions were fabricated using
different methods: melting and mechanical alloying followed by hot-press sintering.
The composition was selected based on the encouraging results of chapter 5.1. The
effect of powder’s particle size on the thermoelectric properties was investigated in
samples prepared by powders of different particle sizes (micro or nano). Experimental
results indicate that the presence of high-density grain boundaries in materials prepared
using nano-powders and powders consisting of (<45um) particles reduced the lattice
thermal conductivity while the formation of antisite defects resulted in lower carrier
concentrations and therefore in higher Seebeck coefficient values. As a result, a
ZT(350K)~1.13 at was recorded for MA and MHG(<45um) samples. In a second step,
nanocomposite bulk Bio3Sh17Tezalloys were fabricated in an attempt to further reduce
lattice thermal conductivity. Surprisingly, iatice Showed an unexpected increasing trend
in nanocomposite samples. This suggested a possible overestimation of kiatice by using
the conventional Wiedemann-Franz law, which is common in nano-composite

materials with significant grain boundary electrical resistance.
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6.2.1 Future work

Practical thermoelectric applications require high power and high efficiency while large
temperature differences are applied across the device. Studies have shown that, an
important obstacle of using a homogenous material in a large temperature gradient, is
that a part of the material, does not operate in the optimum temperature range (peak
ZT). The efficiency can be improved by creating a functionally graded material (FGM).
FGMs operate in a wider temperature range because at any temperature there is a
section of the material that is working optimally[173]. For instance, an FGM with a
carrier concentration gradient can be made by putting together layers of BixSboxTes
solid solutions in order to optimize the average ZT in a wide temperature range.
Moreover, thermal stress-induced cracks and other forms of defects from heating,
thermal shock and rapid thermal fatigue lead to limited device lifetime[174]. An FGM
with layers of BST materials with different grain sizes could possibly overcome this
problem. Large grains provide better stability than small grains at high temperatures,
while nanostructured materials have higher ZTs. If large grains are exposed to the heat
source and the small grains are placed on the cold side, a higher efficiency can be

retained.
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