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Περίληψη 

Την τελευταία δεκαετία τα  θερμοηλεκτρικά υλικά τύπου half-Heusler of (MCoSb και 

MNiSn (M = Ti, Zr, Hf)) έχουν κινήσει το επιστημονικό ενδιαφέρον για εφαρμογές 

μεσαίων και υψηλών θερμοκρασιών  λόγω των υποσχόμενων θερμοηλεκτρικών τους 

ιδιοτήτων. Παρ' όλα αυτά η σχετικά υψηλή θερμική αγωγιμότητα,  τα μειονεκτήματα 

της κοινώς εφαρμοζόμενης μεθόδου για την σύνθεσή τους (arc-melting) καθώς και το 

υψηλό κόστος αφνίου (Hf) αποτελούν τροχοπέδη για την ευρεία εφαρμογή τους. Όσον 

αφορά τις εφαρμογές κοντά στην θερμοκρασία δωματίου, τα θερμοηλεκτρικά υλικά 

Bismuth-Telluride θεωρούνται μέχρι στιγμής τα αποδοτικότερα. Προσφάτως, 

εξαιρετικά υψηλά ΖΤ έχουν καταγραφεί για νανοσύνθετα υλικά, υπογραμμίζοντας ότι 

η περεταίρω μελέτη τους θα μπορούσε να οδηγήσει σε ακόμα καλύτερες 

θερμοηλεκτρικές ιδιότητες. 

Η παρούσα διδακτορική διατριβή χωρίζεται σε δύο μέρη. Στόχο του πρώτου μέρους 

αποτέλεσε η σύνθεση και ο χαρακτηρισμός των p-type MCoSb στερεών διαλυμάτων, 

τα οποία προετοιμάστηκαν με την μέθοδο μηχανικής κραματοποίησης και θερμής 

συμπίεσης. Εφαρμόστηκαν διαφορετικές μέθοδοι βελτιστοποίησης: ισοηλεκτρονιακή 

αντικατάσταση και σύνθεση νανοδομημένων υλικών για την μείωση της θερμικής 

αγωγιμότητας, προσαρμογή της πυκνότητας των φορέων αγωγιμότητας για την 

βελτίωση του παράγοντα ισχύος και αντικατάσταση του Ηf για τη μείωση του κόστους. 

Οι καλύτερες θερμοηλεκτρικές ιδιότητες ZT (973K) ~1.1 εντοπίστηκαν στο υλικό 

Hf0.6Ti0.4CoSb0.83Sn0.17, για την σύνθεση του οποίου χρειάστηκαν μόλις 4 ώρες άλεσης. 

Η αντικατάσταση του Hf με το φθηνότερο στοιχείο Zr οδήγησε σε μέγιστο 

ZT(960K)~0.77 από το υλικό Hf0.4Zr0.2Ti0.4CoSb0.83Sn0.17.  

Στόχο του δεύτερου μέρους αποτέλεσε η βελτίωση της θερμοηλεκτρικής απόδοσης των 

BixSb2-xTe3  υλικών των οποίων η σύνθεση πραγματοποιήθηκε με δυο διαφορετικούς 

τρόπους: τήξη και μηχανική κραματοποίηση. Μελετήθηκε η επίδραση του μεγέθους 

των κόκκων της αρχικής σκόνης στις θερμοηλεκτρικές ιδιότητες και σε δεύτερο στάδιο  

νανοσύνθετα υλικά κατασκευάστηκαν αναμιγνύοντας σκόνες από τήξη και σκόνες από 

μηχανική άλεση. Το υψηλότερο ZT(350K)~1.13  καταγράφηκε για το υλικό Bi0.3Sb1.7Te3 

το οποίο κατασκευάστηκε από σκόνη τήξης με κόκκους μικρότερους από 45 μm καθώς 

επίσης και για το υλικό που συντέθηκε με μηχανική κραματοποίηση. 

 

IO
ANNA IO

ANNOU



 

6 
 

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 FeNbSb, ZTmax(700K)~1.5 for the n-type (Ti,Zr,Hf)NiSn and ZTmax(900K)~1.2 for the p-

type (Hf,Ti)CoSb ) . Despite the excellent mechanical and electronic properties of MCoSb 

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,Sb)2Te3 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 Hf0.6Ti0.4CoSb0.83Sn0.17 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 Sb 

replacement with Bi were also investigated. The Hf substitution with its lighter and 

cheaper homologue Zr led to a ZT(960K)~0.77 by Hf0.4Zr0.2Ti0.4CoSb0.83Sn0.17 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 BixSb2-xTe3 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 (≤45μm) 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 Bi0.3Sb1.7Te3 

composition. In a second step, nano-composite Bi0.3Sb1.7Te3 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 κlattice suggested the presence of high gain boundary 

electrical resistance which leads to an overestimation of κlattice by 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".      

 

 

 

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. 

Figure 1.1: A thermoelectric circuit composed of materials of different Seebeck coefficients, 

configured as a thermoelectric generator. 

 

IO
ANNA IO

ANNOU

https://whatis.techtarget.com/definition/semiconductor
https://en.wikipedia.org/wiki/Thermoelectric_generator


 

24 
 

 

 

 

 

 

 

 

 

 

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].  

 

Figure 1.2:  The Seebeck circuit configured as a thermoelectric cooler. 
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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 SI unit of the Seebeck coefficient 

is volts per kelvin (V/K), although it is more often given in microvolts per kelvin 

(μV/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]: 

S =
π2kΒ

2

3e
T (

d[ln⁡(σ(Ε))]

dE
)
E=Ef

⁡⁡⁡(1) 

Where e is the electron charge, and σ(E) the electrical conductivity, that is a function 

of the energy E, at the fermi level EF. 

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

σ = neμ⁡  (2) 

 

Combining those two equations leads to:  

(a) (b) 

(c) 

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). 
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S =
π2kΒ

2

3e
T (

dn(Ε)

𝑛dE
+

dn(Ε)

𝜇dE
)
E=Ef

(3) 

 

Increase of Seebeck coefficient can be achieved by the modification of carrier 

concentration. Metals have a high carrier concentration (n ≥1022cm-3) and σ≥106S/m. 

Insulators have low n and low σ but high S. In between those two extremes, are 

semiconductors with n in the range from 1018 cm-3 to 1021 cm-3 and S in the range 10-7 

S/m to 100 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: 

S =
8π2kΒ

2

3eh2
m∗T(

π

3n
)

2

3
      (4) 

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 (σe, σp): 

𝑠 =
(𝑠𝑛∗𝜎𝑛+𝑠𝑝∗𝜎𝑝)

(𝜎𝑛+𝜎𝑝)
       (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 (σ) is the measure of a material’s ability to allow the transport 

of an electric charge. The SI unit of electrical conductivity is siemens per metre (S/m). 

The reciprocal of σ is the electrical resistivity (ρ). Electrical conductivity and electrical 

resistivity are related to the carrier concentration (n) through the carrier mobility (μ) 

(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

ρ
= σ = n · e · μ       (6) 

   
1

μ
=

e.τ

m∗
                 (7) 

Where e, the electric charge and τ is the mean scattering time between collisions for the 

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

σ = n · e · μe + p · e · μh     (8) 

Where n, μe, p and μh 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 (κ) is 

related to the transfer of heat through a material, either by the electrons or by quantized 

vibrations of the lattice, called phonons: 

κ = κe + κlattice       (9) 

 The magnitude of the thermal conductivity as well as its temperature dependence varies 

drastically depending on the materials properties. Additionally, κ 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 κe is given by: 

κe = L · Τ · σ      (10) 

Where L is the Lorentz number, T the temperature and σ the electrical conductivity. 

For most metals, where charge carriers behave like free-electrons, L can be taken as a 

constant equal to 2.44 × 10−8 WΩK−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 [−
|S|

116
]] x10−8  (11) 

 

Where L is in 10−8 WΩK−2 and S in μV/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 (η) and carrier scattering factor (λ): 

 

𝐿 = (
𝑘𝐵

𝑒
)
2 (1+𝜆)(3+𝜆)𝐹𝜆(𝜂)𝐹𝜆+2(𝜂)−(2+𝜆)

2𝐹𝜆+1(𝜂)
2

(1+𝜆)2𝐹𝜆(𝜂)
2

       (12) 

𝑆 =
𝑘𝐵

𝑒
(
𝐹𝜆+1(𝜂)(2+𝜆)

(1+𝜆)𝐹𝜆(𝜂)
− 𝜂)      (13) 

 

Where Fj(η) represents the Fermi integral, 

𝐹𝑗(𝜂) = ∫
𝜀𝑗𝑑𝜀

1+𝑒(𝜀−𝜂)

∞

0
   (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|>∼10μV/K. For |S|<10μV/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 (κl) is expressed by equation 15. 

κl =
1

3
(Cu. us. λph)        (15) 

Where, ⁡Cu  is the heat capacity, us is the sound velocity and λph is the phonon mean 

free path. As it is interpreted, the crystal structure, impurities, defects, grain boundaries 

affect the λph and therefore the κl.  

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. 

 

ΖΤ =
σ⁡S2T

κ
⁡=⁡

PF.T

κ
   (16) 

Where σ, S, κ, T and PF are the electrical conductivity, Seebeck coefficient, total 

thermal conductivity, absolute temperature and power factor, respectively.  

ZT is a complex 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  ⁡
W

K2m
⁡⁡. 

PF = ⁡S2σ          (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 κel. Only the lattice thermal conductivity 

(κlattice) 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 1019 and 1021 cm-3 

which is typically found in heavily doped semiconductors. 

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

[9][13]: 

𝜂𝑚𝑎𝑥 =
𝑇𝐻−𝑇𝐶⁡
𝑇𝐻

(1+𝛧𝛵𝛭)
1/2−1

(1+𝛧𝛵𝛭)1/2+
𝑇𝐶⁡
𝑇𝐻

        (18) 

Where TH, Tc are the temperature at the hot and cold side, respectively and ZTM 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.  

 

Figure 1.4: Illustration of the variation of the Seebeck coefficient (S), electrical conductivity (s), power 

factor (S2σ), electronic thermal conductivity (κel), and lattice (κlattice) thermal conductivity on the charge 

carrier concentration, for a bulk material. Reproduced from [175]. 
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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 

Figure 1.5:  Thermoelectric energy conversion as a function of ZT at the setting of Tc=300 K [9]. 

. 
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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.  

 

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 III-V (e.g., InSb, Bi2Te3), IV-IV (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 Bi2Te3 and 

isomorphous compounds such as Sb2Te3 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(Se1-

yTey)3 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, Bi2Te3 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-IV 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 

Bi2Te3/Sb2Te3 superlattices and lead-antimony-silver-telluride (LAST) Ag1-xPb18SbTe2 

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 = 500–800oC) 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.   IO
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Figure 2.1: ZT as a function of temperature for typical high-efficiency thermoelectric materials and the 

relation between η, T, and ΔT 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 κlattice = 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, Bi2Te3 

[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 Γ 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 Ti0.5Zr0.5CoSb 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 TiCoSb. 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). 

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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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 

1019-1020 cm-3. The optimized carrier concentration (nopt) increases rapidly with 

increasing temperature, according to the relation nopt ~ md*T (where md* 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 Bi2Te3 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 

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 Bi2Te3 decomposed for three ranges of phonon branches [166] 

. 
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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 F4̅3m 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 XY2Z is created.  
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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, ZrCoSb 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 TiCoSb, HfCoSb 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)CoSb 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].  

Figure 2.5: Crystal structure of a half-Heusler XYZ. The blue, green and pink dots correspond 

to X, Y, and Z atoms respectively.  
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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 

Figure 2.6: Electronic band structure and density of states for TiCoSb, ZrCoSb and 

HfCoSb. [57]. 
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managed to reproduced this result. A ZT(830 K) of 1.2 at was achieved for the n-type 

Ti0.5Zr0.25Hf0.25NiSn 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 Ti0.25Hf0.75CoSb0.85Sn0.15 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 Ti0.5Zr0.25Hf0.25NiSn, 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)CoSb0.8Sn0.2 systems can be achieved when the atoms forming the 

compounds exhibit large differences in their size and mass. Alloyed ingots with Hf1-

xTxCoSb0.8Sn0.2 compositions were formed by arc melting followed by ball milling and 

hot-press method. As a result, a peak ZT(1073K )~ 1 at  was reached in a nanocomposite 

p-type Hf0.8Ti0.2CoSb0.8Sn0.2 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  Hf0.44Zr0.44Ti 0.12CoSb0.8Sn0.2  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 
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al. investigated the microstructure and TE properties of p-type Hf0.3Zr0.7CoSn0.3Sb0.7 

with 20–300nm ZrO2 nanocomposites[81]. The ZrO2 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 ZrO2 nanoinclusions, which 

corresponds to 23% increase compared to that of matrix ingot. Hu et al. also reported a 

high ZT(1023K)~0.93 in Hf0.5Zr0.5CoSb0.8Sn0.2 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 Sb, 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 MCoSb0.8Sn0.2 (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. 

 

 

2.4 Thermoelectric Bi2-XSbXTe3 (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]. Bi2-XSbXTe3, Bi2Te3 and Sb2Te3 

crystallize in a layer structure with rhombohedral–hexagonal symmetry (space group 

𝐷3𝑑
5 ⁡(𝑅3̅𝑚)) with unit cell dimensions at room temperature: a =3.8 Å and c =30.5 Å 

(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(I)-Bi/Sb-Te(II)-Bi/Sb-Te(I).  

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 m–1 K–1, nearly twice of that along the c-axis direction (0.7 W m–

1 K–1). 

 

Publication Composition Fabrication Method Maximum ZT 

Rausch et al. (2015) Ti0.25Hf0.75CoSb0.85Sn0.15 

Arc-melting followed by annealing at 

1173K for seven days 

 

1.2 at 983K 

 

 

Yan et al. (2012) 
Hf0.8Ti0.2CoSb0.8Sn0.2 

 

Arc melting followed by ball milling and 

hot-press 

 

1 at 1073K 

 

Yan et al. (2013) Hf0.44Zr0.44Ti 0.12CoSb0.8Sn0.2 
Arc melting followed by ball milling and 

hot pressing 
1 at 1023K 

Hu et al. (2018) Hf0.5Zr0.5CoSb0.8Sn0.2 
Levitation melting followed by ball 

milling and SPS 
0.93 at 1123K 

Poon et al. (2011) 
Hf0.3Zr0.7CoSn0.3Sb0.7 

&1 vol% ZrO2 
Arc melting followed by SPS 0.8 at 1123K 
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The formation of antisite defects during crystal growth, sintering and milling processes 

significantly affects the thermoelectric performance of both Bi2Te and Sb2Te 

compounds. The carrier concentration alteration in BixSb2-xTe with varying Sb/Bi 

content is explained by the existence of various antisite defects of Sb’Te and Bi’Te types 

[92]. A small difference in the electronegativity of the atoms forming the compound 

(XSb=1.9, XBi=1.8 and XTe=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 BixSb2-xTe3 solid solution. 

This interaction can lead to a decrease of hole carrier concentration as described below: 

2V΄Bi+ 3VTe+ Bi΄Te= V΄Bi+ Bix Bi +4VTe +3e΄ (17) 

2V΄Sb+ 3VTe+ Sb΄Te= V΄Bi+ Sbx Sb +4VTe +3e΄ (18) 

Where Bix Bi denotes a Bi atom on a regular Bi site and Sbx Sb denotes a Sb atom on a 

regular Sb site, VTe is a Te vacancy, V΄Bi is Bi vacancy, V΄Sb is 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 Bi2Te3 compounds due to antisite defects can 

be explained by the following equation: 

BiBi+𝐕𝐓𝐞⁡̈ + 2e΄→ Bi΄Te + 𝐕𝐁𝐢
′′′ +4h (19) 

Where, 𝑉𝑇𝑒⁡̈  are Te vacancies carrying two positive charges, Bi΄Te are antisite defects 

carrying one negative charge, 𝑉𝐵𝑖
′′′ 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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Figure 2.8 a) The hexagonal conventional unit cell of (Bi1-xSbx)2Te3, and (b) side view of the 

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

Figure 2.7: Crystal structure of the state-of-the-art thermoelectric material, Bi2Te3.The blue atoms 

are Bi and the pink atoms are Te [91]. 
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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 Bi2-xSbxTe3 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 Bi0.5Sb1.5Te3 alloy  prepared via hot 

forging. Furthermore, Li-Peng Hu et al. reported a ZT(380K)~1.3 for a hot-deformed 

Bi0.3Sb1.7Te3 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 Bi0.4Sb1.6Te3 

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 Bi0.5Sb1.5Te3. 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−1 K−1) 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. 

 

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 

Publication Composition Fabrication Method Maximum ZT 

Symeou et al. (2019) Bi0.4Sb1.6Te3 Melting and hot deformation 
1.24 at 375K 

 

 

   Kim et al. (2015) Bi0.5Sb1.5Te3 
Liquid phase compaction 

technique 

1.86 at 320K 

 

  Fan et al. (2012) Bi0.4Sb1.6Te3 

Solid state reaction/melt spinning 

followed by ball-milling and hot 

pressing 

1.8 at 320K 

Poudel et al (2008) Bi2-xSbxTe3 Melting-ball milling-hot press 1.4 at 370K 

 

 Jiang et al. (2014) Bi0.5Sb1.5Te3 Mechanical alloying- hot forging 1.56 at 320 K 

Hu et al.  (2014) Bi0.3Sb1.7Te3 Hot deformation 1.3 at 380K 
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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 Sb 

with Sn were examined. At last, the long-term thermal stability of the most efficient 

HH compound was investigated. 

 

2.5.2 Bi0.3Sb1.7Te3 (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 BixSb2-xTe3 (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 Bi0.3Sb1.7Te3 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 Bi0.3Sb1.7Te3 materials 

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 MCoSb0.8Sn0.2 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>800oC). The mechanical alloying and arc melting methods are compared 

schematically in Figure 3.1. 
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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 BixSb2-xTe3 

The BixSb2-xTe3 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 BixSb2-xTe3 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℃ at 10−4⁡Torr). 

The metal mixture was loaded into an evacuated quartz-sealed tube and melted at 

temperatures over 800℃ 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. 

 

Figure 3.1: Mechanical alloying synthesis route vs the arc melting as a typical route in the literature. 
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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 TiCoSb 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 (nλ=2d sin θ), which relates the diffraction angle (2θ) 

and lattice spacing (d) to the wavelength of electromagnetic radiation (λ) (Fig.3.2). The 

diffracted X-rays are then detected, processed and counted to give a diffraction pattern. 
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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. 
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By scanning the sample through a wide range of 2θ 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 

Bi0.5Sb1.5Te3 (b). Experimental XRD diffraction patterns of the hot-pressed Bi0.3Sb1.7Te3 

samples for both in-plane and cross-plane direction (c). The dash lines correspond to (00l) 

peaks, which reveal the presence of preferred orientation. 

 

 

 

 

 

 

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 (00l) 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]: 

𝒇 =
𝑷 − 𝑷𝑶

𝟏 − 𝑷𝑶
⁡⁡⁡⁡⁡𝑷 =

∑ 𝑰(𝟎𝟎𝒍)

∑ 𝑰(𝒉𝒌𝒍)
⁡⁡⁡𝑷𝑶 =

∑𝑰𝒐(𝟎𝟎𝒍)

∑ 𝑰𝒐(𝒉𝒌𝒍)
 

Where, Io(hkl) and I(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: 

𝜷(𝟐𝜽) =
𝜥𝝀

𝑳𝒄𝒐𝒔𝜣
 

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

0.9, λ is the X-ray wavelength, θ is the Bragg angle and β 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 Bi0.3Sb1.7Te3 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  Bi0.3Sb1.7Te3 solid 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. 

 

 

 

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(Sb,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. 

 

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 c) HRTEM image of a representative 

nanocrystalline particle, viewed along its [011] crystallographic direction. 

 

IO
ANNA IO

ANNOU



 

61 
 

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 I 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. 

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 (RH) and the electrical resistivity (ρ), the 

Figure 3.8: Schematic diagram of four probe method (Ulvac ZEM-3). 
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carrier density (nH) and the carrier mobility (μH) were calculated according to the 

following equations:  

𝑛𝐻 =
−1

𝑒∙𝑅𝐻
 , 𝜇𝐻 =

1

𝑒∙𝑛𝐻∙𝜌
 

Van der Pauw technique: 

The  van der Pauw Method is 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, I12) and the voltage across the opposite edge (V34) is 

measured. From these two values, a resistance (R12,34) 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 R12,34 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−𝜋𝑅𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙/𝑅𝑠 ⁡+ 𝑒−𝜋𝑅ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙/𝑅𝑠 ⁡= 1. 

 

 

 

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

The thermal conductivity (κ=D·Cp·ρ) was calculated from diffusivity (D) and Specific 

heat (Cp) measurements by a Netzsch LFA 457 and the geometrical density (ρ) 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 t1/2 (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 Cp of an unknown material can be calculated by comparing 

the signal heights between sample and reference as follows: 

𝐶𝑝(𝑇) =
𝑇∞
𝑟𝑒𝑓

∙ 𝑄𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝜌𝑟𝑒𝑓 ∙ 𝑡𝑟𝑒𝑓 ∙ 𝑑𝑠𝑎𝑚𝑝𝑙𝑒⁡𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
2

𝑇∞
𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑄𝑟𝑒𝑓 ∙ 𝑉𝑟𝑒𝑓 ∙ 𝜌𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑡𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑑𝑟𝑒𝑓⁡𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒

2
· 𝐶𝑝

𝑟𝑒𝑓
(𝑇) 

Where, T the height of the detector signals, Q the laser energy, V the amplification 

factor, ρ the density, t the thickness of the sample or reference and d the opening 

diameter of the sample holder 

If the density (ρ) is known, the thermal conductivity (κ) can be determined as follows: 

κ=D.Cp.ρ 
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Figure 3.10: Theoretical signal of LFA method. 

Figure 3.11: Schematic diagram of Laser Flash technique. IO
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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 TiCoSb-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 MCoSb0.8Sn0.2 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 MCoSb0.8Sn0.2 (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.  

 

 

4.1.2 Results of MCo(Sb,Sn) 

In this section, the MA synthesis of MCoSb0.8Sn0.2 (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 MCoSb0.8Sn0.2 (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 

Figure 4.1:Schematic presentation of mechanical alloying method for the synthesis of HH solid solutions 
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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)CoSb0.8Sn0.2 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)CoSb0.8Sn0.2 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)CoSb0.8Sn0.2 

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 (F4̅3) 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 II). For 

instance, according to EDX results of the arc-melted TiCoSb0.85Sn0.15 two different 

phases were detected: one rich in Ti and Sb (Ti1.07Co0.98Sb0.91Sn0.05)  and one rich in Sn 

and Co (Ti0.97Co1.18Sb0.28Sn0.57)[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 

(Hf/Ti/Zr)CoSb0.8Sn0.2 

Sample Lattice Parameter 

α (nm) 

Theoretical Density 

(g/cm3) 

Measured Density 

(g/cm3) 

Ti 0.592 7.45 6.88 

Hf 0.608 10.73 9.96 

Zr 0.607 7.99 7.65 
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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)CoSb0.8Sn0.2 

powders prepared by 6 hours mechanical alloying and c) the X-ray powder diffraction 

patterns of hot-pressed (Hf/Ti/Zr)CoSb0.8Sn0.2 pellets. 
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Figure 4.4: Back-scattered electron images of (Ti/Zr/Hf)CoSb0.8Sn0.2 samples prepared via MA 

(a) and back-scattered electron images of (Ti/Zr/Hf)CoSb0.85Sn0.15 prepared via arc-melting 

(reproduced by [70], [72]) (b). 

Table 4.2: Chemical composition of (Ti/Zr/Hf)CoSb0.8Sn0.2 samples as determined by EDS 

spectroscopy. 

Nominal composition Area Hf Zr Ti Co Sb Sn 

TiCoSb0.8Sn0.2 Overall - - 1.09 0.99 0.81 0.11 

HfCoSb0.8Sn0.2 Overall 0.95 - - 1.03 0.85 0.17 

ZrCoSb0.8Sn0.2 Overall - 1.04 - 0.96 0.83 0.17 

 

Thermoelectric properties: 

The Seebeck coefficient (S), electrical conductivity (σ) and power factor of the hot-

pressed (Hf/Zr/Ti)CoSb0.8Sn0.2 samples were determined in the temperature range of 

300-960K. The temperature dependence of S, σ and PF are plotted in Figure 4.5 in 

comparison with values of analogous (Hf/Zr/Ti)CoSb0.8Sn0.2 arc-melted samples by 

E.Rausch et al. [71]. All examined samples present positive S values indicating holes 

as majority carriers. TiCoSb0.8Sn0.2 recorded the highest Seebeck coefficient, 

S=283μV/K at 780K, whilst HfCoSb0.8Sn0.2 and ZrCoSb0.8Sn0.2 follow with almost 

similar S values. The highest S for ZrCoSb0.8Sn0.2 is 221μV/K at 960K and for 

Hf Ti Zr 

Zr Ti Hf 
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HfCoSb0.8Sn0.2 is 205μV/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 (σ) measurements are shown in Figure 4.5b. At room 

temperature, HfCoSb0.8Sn0.2 presents the highest electrical conductivity, while 

TiCoSb0.8Sn0.2 presents the lowest electrical conductivity values. The same trend is 

observed for the arc-melted materials. Interestingly, the electrical conductivity of 

HfCoSb0.8Sn0.2 and ZrCoSb0.8Sn0.2 drops with temperature, indicating metal-like 

behavior. On the other hand, the σ values of TiCoSb0.8Sn0.2 increase with temperature, 

showing a semiconductor-like behavior. The σ 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=S2σ) are presented in Figure 4.5c. The highest power 

factor was achieved by HfCoSb0.8Sn0.2 (PF= 25μW/cmK2 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-σ (b) and 

power factor (PF) of hot-pressed (Hf/Ti/Zr)CoSb0.8Sn0.2 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)CoSb0.8Sn0.2 samples are plotted in Figure 4.6 The lowest 

thermal conductivity (κ~ 3.3 W/mK at 960K) was achieved by HfCoSb0.8Sn0.2 while 

TiCoSb0.8Sn0.2 and ZrCoSb0.8Sn0.2   recorded higher κ values (κ~ 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 

HfCoSb0.8Sn0.2 has 39% lower κ in comparison with the same arc-melted sample. This 

attributed to the lower electronic thermal conductivity (resulting from the decreased σ) 

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 HfCoSb0.8Sn0.2 presents an almost independent temperature 

behavior while ZrCoSb0.8Sn0.2, TiCoSb0.8Sn0.2 and all arc-melted materials reveal a 

thermal conductivity that drops with temperature. A theoretical analysis by Joshi et. al 

[118] predicted that TiCoSb 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,  ZrCoSb 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 MCoSb0.8Sn0.2 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, κe was calculated by 

the electrical conductivity σ by using Wiedemann-Franz’s law κe=LσT and the Lorentz 

factor was calculated from Seebeck coefficient values: 

L = [1.5 + exp [−
|S|

116
]] x10−8WΩΚ−2 , 

as proposed by Kim et al [12]. The lattice thermal conductivity (κ-κe) was estimated by 

subtracting κe from κ. From the presented figures, it is obvious that the lattice thermal 

conductivity (κlattice) has the major contribution in total thermal conductivity and 

follows almost the same trends with κ. The lattice thermal conductivity of 

TiCoSb0.8Sn0.2 and HfCoSb0.8Sn0.2 samples prepared via mechanical alloying are 

significantly lower than those of similar samples prepared via arc-melting. This 

reduction in κlattice can be attributed to the effective scattering of phonons at the grain 

boundaries in nanostructured materials. On the other hand, ZrCoSb0.8Sn0.2 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 MCoSb0.8Sn0.2, which is expected to cause even lower 

thermal conductivity values. IO
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Figure 4.6: Temperature dependent thermal conductivity-κ (a) and lattice thermal conductivity-

κlattice (b) of hot-pressed (Hf/Ti/Zr)CoSb0.8Sn0.2 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 HfCoSb0.8Sn0.2. TiCoSb0.8Sn0.2 

and ZrCoSb0.8Sn0.2 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)CoSb0.8Sn0.2 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 MCoSb0.8Sn0.2 (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 HfCoSb0.8Sn0.2. 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-xCoSb0.8Sn0.2 (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 Hf0.6Ti0.4CoSb1-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)CoSb0.8Sn0.2 Solid Solution Series  

In this section, the MA synthesis of HfxTi1-xCoSb0.8Sn0.2 (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-xCoSb0.8Sn0.2 system by this method. 

Structural Characterization: 

HfxTi1-xCoSb0.8Sn0.2 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 HfxTi1-

xCoSb0.8Sn0.2 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-xCoSb0.8Sn0.2 (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 

Hf1-xTixCoSb0.8Sn0.2 samples after hot-pressing. The XRD measurements Figure 4.8b 

clearly show a cubic half-Heusler phase (F4̅3) 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-xTixCoSb0.8Sn0.2 materials[74]. 
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Figure 4.8: a) X-ray powder diffraction patterns of HfxTi1-xCoSb0.8Sn0.2 powders prepared by 

2,4,6 and 8 hours mechanical alloying b) the X-ray powder diffraction patterns of hot-pressed 

HfxTi1-xCoSb0.8Sn0.2 pellets, c) the main (220) reflection of HfxTi1-x CoSb0.8 Sn0.2 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-xCoSb0.8Sn0.2 

samples. 

 

 

 

 

 

 

Hf (x) Lattice Parameter-α 

(nm) 

Measured Density 

(g/cm3) 

Theoretical Density 

(g/cm3) 

0.00 0.592  6.88 7.45 

0.20 0.594 7.89 8.11 

0.40 0.598 8.93 8.77 

0.60 0.601 9.17 9.42 

0.80 0.605  9.84 10.08 IO
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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-xHfxCoSb0.85Sn0.15 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 

Ti0.5Zr0.25Hf0.25NiSn, 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-xCoSb0.8Sn0.2 samples 

as determined by EDS spectroscopy. 

 

Nominal Composition (at%) SEM/EDS Composition (at%) 

  Hf Ti Co Sb Sn 

TiCoSb0.8Sn0.2 - 1.03 1.06 0.73 0.19 

Hf0.2Ti0.8CoSb0.8Sn0.2 0.16 0.81 1.07 0.74 0.22 

Hf0.4Ti0.6CoSb0.8Sn0.2 0.35 0.62 1.07 0.72 0.24 

Hf0.6Ti0.4CoSb0.8Sn0.2 0.54 0.41 1.08 0.76 0.20 

Hf0.8Ti0.2CoSb0.8Sn0.2 0.78 0.23 1.06 0.75 0.18 
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Figure 4.9: Back-scattered electron images of hot-pressed HfxTi1-xCoSb0.8Sn0.2 samples. 
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Thermoelectric Properties: 

The temperature dependent electrical conductivity, Seebeck coefficient and Power 

factor (S2σ) of the hot-pressed HfxTi1-xCoSb0.8Sn0.2 samples in comparison with that of 

arc-melted Hf0.8Ti0.2CoSb0.8Sn0.2[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 292μV/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, 

Hf0.8Ti0.2CoSb0.8Sn0.2 [74] by X.Yan et al. showed lower S values in comparison with 

our Hf0.8Ti0.2CoSb0.8Sn0.2  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 

Figure 4.10: Back-scattered electron image of the arc-melted Hf0.5Ti0.5CoSb0.85Sn0.15 sample and 

splitting of the main XRD peak revealing the presence of phase-separation [72]. 
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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 Mg3Sb2–Mg3Bi2 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 σ 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 (Ti,Hf)CoSb0.8Sn0.2 and (Ti,Hf,Zr)CoSb0.8Sn0.2 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 Zr0.5Hf0.5CoSb1-xSnx samples prepared via levitation melting 

exhibit a metal-like behaviour and follow a typical T-0.5 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 

Zr0.5Hf0.5CoSb1-xSnx compounds was found to be semi-metallic or degenerate 

semiconductor behaviour [61]. 

The calculated Power factors (PF=S2σ) are presented in Figure 4.11 (c). Despite the 

low electrical conductivity of TiCoSb0.8Sn0.2, the high Seebeck coefficient contributed 

in achieving the highest PF= 22.7 μW/K2cm at 980K. The second highest PF= 21.6 

μW/K2cm was obtained for Hf0.8Ti0.2CoSb0.8Sn0.2. This value is lower than that of the 

arc-melted Hf0.8Ti0.2CoSb0.8Sn0.2 (PF= 25.7 μW/K2cm at 1073K) by X. Yan et al. due 

to its lower electrical conductivity [74]. 

 

 IO
ANNA IO

ANNOU



 

86 
 

200 300 400 500 600 700 800 900 1000 1100

140

160

180

200

220

240

260

280

300

320

 Hf=0.8

 Hf=0.6

 Hf=0.4

 Hf=0.2

 Hf=0.0

 Hf=0.8 ref. [74]

S
e

e
b
e

c
k
 C

o
e

ff
ic

ie
n

t 
 S

 (
μ

V
/K

)

T(K)

a

 

200 300 400 500 600 700 800 900 1000 1100
0

100

200

300

400

500

600

700

 Hf=0.8

 Hf=0.6

 Hf=0.4

 Hf=0.2

 Hf=0.0

 Hf=0.8 ref. [74]

E
le

c
tr

ic
a
l 
C

o
n
d
u
c
ti
v
it
y
 (

S
/c

m
)

T(K)

b

 

IO
ANNA IO

ANNOU



 

87 
 

200 300 400 500 600 700 800 900 1000 1100
0

5

10

15

20

25

 Hf=0.8

 Hf=0.6

 Hf=0.4

 Hf=0.2

 Hf=0.0

 Hf=0.8 ref. [74]

P
o
w

e
r 

fa
c
to

r(
μ

W
/c

m
 K

^2
)

T(K)

c

 

 

Figure 4.11: a) Seebeck coefficient S b) Electrical conductivity σ and c) Power Factor PF as a 

function of temperature for hot-pressed HfxTi1-xCoSb0.8 Sn0.2, synthesized by mechanical 

alloying and arc-melted Hf0.8Ti0.2CoSb0.8 Sn0.2 [74] 

 

The temperature dependence of the total thermal conductivity and the lattice thermal 

conductivity of HfxTi1-xCoSb0.8Sn0.2 samples are plotted in Figure 4.12. It is evident that 

the κ values of samples containing both Hf and Ti have minor differences and are much 

lower than the thermal conductivity values of TiCoSb0.8Sn0.2, as expected. The lowest 

thermal conductivity with a value of 2.29 W/mK was achieved by Hf0.4Ti0.6CoSb0.8Sn0.2 

at 971K. Similar trends were observed  in previously reported arc-melted Ti1-

xHfxCoSb0.85Sn0.15 compounds[72].  

The electronic thermal conductivity (κe) and consequently the lattice thermal 

conductivity (κlattice) 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 

TiCoSb0.8Sn0.2, 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 Hf0.8Ti0.2CoSb0.8Sn0.2 (Hf=80%) slightly increases, as expected. 

Specifically, Hf0.6Ti0.4CoSb0.8Sn0.2 exhibits the lowest lattice thermal conductivity at 

room temperature which is 65% lower than the TiCoSb0.8Sn0.2 sample. This minimal 

lattice thermal conductivity (κlattice=1.6 W/m·K at 970K) suggests that the 

Hf0.6Ti0.4CoSb0.8Sn0.2 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 Γ describes the point defect scattering of phonons and 

it has two components: the scattering parameter due to mass fluctuations ΓM and the 

scattering parameter due to strain field fluctuations ΓS (Γ=ΓΜ+ΓS)[125]. The Γ   

parameter (Figure 4.12d) was calculated based on the following equations[45]: 

𝛤𝛭 =⁡
∑ 𝑐𝑖
𝑛
𝑖=1 (

𝑀𝑖̅̅ ̅̅

𝑀̿̿̿
)
2

𝛤𝛭
𝜄 ⁡

∑ 𝑐𝑖
𝑛
𝑖=1

,   𝛤𝑠 =⁡
∑ 𝑐𝑖
𝑛
𝑖=1 (

𝑀𝑖̅̅ ̅̅

𝑀̿̿̿
)
2

𝑓𝑖
1𝑓𝑖

2𝜀𝑖(
𝑟𝑖
1−𝑟𝑖

2

𝑟𝑖̅̅ ̅
)

2

∑ 𝑐𝑖
𝑛
𝑖=1

 

where the mass fluctuation parameter for the ith sublattice is: 

𝛤𝛭
𝑖 =∑𝑓𝑘 (1 −

𝑀𝑖
𝑘

𝑀𝑖̅̅̅̅
)

2

𝑘

 

The kth atom of the ith sublattice has mass 𝑀𝑖
𝑘, radius 𝑟𝑖

𝑘
 and fractional occupation 𝑓𝑖

𝑘. 

The average mass and radii of atoms on the ith sublattice is given by: 

 

𝑀𝑖
̅̅ ̅ = ∑ 𝑓𝑖

𝑘𝑀𝑖
𝑘

𝑘 ,   𝑟𝑖̅ = ∑ 𝑓𝑖
𝑘𝑟𝑖

𝑘
𝑘  
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The average atomic mass of the compound is:  

 

𝑀̿ = ⁡
∑ 𝑐𝑖
𝑛
𝑖=1 ⁡𝑀𝑖

̅̅ ̅

∑ 𝑐𝑖
𝑛
𝑖=1

 

 

Where, ci are the relative degeneracies of the respective sites (For instance, in TiCoSb 

c1=c2=c3=1). The parameter εi 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, 

Γ can be simply written as [46]: 

𝛤 =
1

3
(
𝑀𝑖
̅̅ ̅̅

𝑀̿̿̿
)

2

[∑𝑓
𝑘
(1−

𝑀𝑖
𝑘

𝑀𝑖̅̅ ̅̅
)

2

𝑘

+ 𝜀∑𝑓
𝑘
(1−

𝑟𝑖
𝑘

𝑟𝑖̅
)

2

𝑘

] 

 

In Figure Figure 4.12d, the results from the Γ parameter calculations are presented as a 

function of Hf concentration. Γ 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 (ΓM is significantly higher than ΓS) is the main reason for 

the κlattice reduction.  High Γ 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 κ, (b) lattice thermal conductivity κ-κe as a a function of 

temperature of HfxTi1−xCoSb0.8Sn0.2, synthesized by mechanical alloying and arc-melted 

Hf0.8Ti0.2CoSb0.8Sn0.2 [74], (c) lattice thermal conductivity at room temperature as a function of 

Hf(x) (the line is guide to the eye) and (d) scattering parameter Γ as a function of Hf(x). 
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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 HfxTi1-xCoSb0.8Sn0.2 solid solutions. 

Although TiCoSb0.8Sn0.2 exhibits higher power factor, a maximal ZT of 0.84 at 970 K 

was achieved by Hf0.6Ti0.4CoSb0.8Sn0.2 originated from the significant reduction of the 

lattice thermal conductivity in the Hf/Ti member. The high ZT of Hf0.6Ti0.4CoSb0.8Sn0.2 

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. 

200 400 600 800 1000

0.0

0.2

0.4

0.6

0.8

1.0

 Hf=0.8

 Hf=0.6

 Hf=0.4

 Hf=0.2

 Hf=0.0

 Hf=0.8 ref. [74]

Z
T

T(K)

 

Figure 4.13: Thermoelectric figure of merit ZT as a function of temperature for 

HfxTi1−xCoSb0.8Sn0.2 and arc-melted Hf0.8Ti0.2CoSb0.8Sn0.2 [74] with the indicated compositions 

of Hf. 
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4.2.3 Results of Hf0.6Ti0.4CoSb1−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 Hf0.6Ti0.4CoSb1−ySny (y = 0.15, 

0.17, 0.20, 0.23, 0.25) series.  

 

Structural characterization: 

The XRD patterns of the synthesized, hot-pressed Hf0.6Ti0.4CoSb1−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 F4̅3) and no residual starting 

elements were detected. The calculated lattice parameter and the measured density 

(corresponds to > 94% of ρtheoretical = 9.42 g/cm3) 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 

Hf0.6Ti0.4CoSb1-ySny 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 Hf0.6Ti0.4CoSb1-ySny 

samples. 

Nominal composition Lattice Parameter α (nm) Measured Density (gr /cm3) 

Hf0.6Ti0.4CoSb0.75Sn25 0.603 9.23 

Hf0.6Ti0.4CoSb0.77Sn23 0.601 9.03 

Hf0.6Ti0.4CoSb0.80Sn20 0.602 9.13 

Hf0.6Ti0.4CoSb0.83Sn17 0.601 8.83 

Hf0.6Ti0.4CoSb0.85Sn15 0.601 8.88 IO
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Figure 4.14: XRD patterns of Hf0.6Ti0.4CoSb1-ySny samples prepared by mechanical alloying 

followed by hot-pressing. 

 

Table 4.6: Nominal and chemical composition of hot-pressed Hf0.6Ti0.4CoSb1-ySny samples as 

determined by EDS spectroscopy. 

 

Nominal Composition (at%) SEM/EDS Composition  (at%) 

  Hf Ti Co Sb Sn 

Hf0.6Ti0.4CoSb0.85Sn0.15 0.54 0.44 1.08 0.80 0.14 

Hf0.6Ti0.4CoSb0.83Sn0.17 0.54 0.42 1.11 0.76 0.18 

Hf0.6Ti0.4CoSb0.80Sn0.20 0.55 0.41 1.08 0.75 0.21 

Hf0.6Ti0.4CoSb0.77Sn0.23 0.54 0.42 1.08 0.72 0.24 

Hf0.6Ti0.4CoSb0.75Sn0.25 0.58 0.41 1.07 0.70 0.23 IO
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Figure 4.15: Back-scattered electron images of hot-pressed Hf0.6Ti0.4CoSb1-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 Hf0.6Ti0.4CoSb0.83Sn0.17 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 µm 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 Hf0.6Ti0.4CoSb0.83Sn0.17.  

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 

Hf0.6Ti0.4CoSb0.83Sn0.17 [011] crystallographic direction. Experimental measurements 

of the (200) and {111} lattice fringe distance provided d200=0.294 nm and d111=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 Hf0.6Ti0.4CoSb0.83Sn0.17 sample, 

taking into account Vegard’s law and the constants of the two distinct members, 

HfCoSb0.85Sn0.15 (a=0.604 nm) and TiCoSb0.85Sn0.15 (a=0.589 nm), i.e. atheor.= 0.598 

nm [70]. 
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Thermoelectric properties: 

The electrical conductivity, Seebeck coefficient and thermal conductivity 

measurements were performed in order to assess the thermoelectric performance of the 

Hf0.6Ti0.4CoSb1−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 

Figure 4.16: a-b) Complementary TEM-BF and DF images, respectively, from the 

Hf0.6Ti0.4CoSb0.83Sn0.17 sample, acquired using the arrowed 220 reflection at the SAD pattern, 

inset in (a) and c) HRTEM image of a representative nanocrystalline particle, viewed along 

its [011] crystallographic direction. 
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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 

σ values of Hf0.6Ti0.4CoSb0.75Sn0.25 and Hf0.6Ti0.4CoSb0.77Sn0.23 exhibit smaller slope. 

The calculated power factors (Figure 4.17c) of samples with 0.17 ≤ Sn ≤ 0.23 are higher 

than that of Hf0.6Ti0.4CoSb0.75Sn0.25 and Hf0.6Ti0.4CoSb0.85Sn0.15 samples suggesting that 

Sn concentration between 0.17 and 0.23 results an optimum range of carrier 

concentration. The highest PF ~ 24μW/cmK2 was reached by Hf0.6Ti0.4CoSb0.77Sn0.23 at 

975 K. 

 

300 400 500 600 700 800 900 1000
120

150

180

210

240

270

300

330

 

 

 Sn=0.25-8hr

 Sn=0.23-8hr

 Sn=0.20-6hr

 Sn=0.17-4hr

 Sn=0.15-8hr

S
e

e
b
e

c
k
 c

o
e
ff

.(
μ

V
/K

)

Measurement temp.(K)

a

 IO
ANNA IO

ANNOU



 

99 
 

300 400 500 600 700 800 900 1000
0

50

100

150

200

250

300

350

400

450

500

550

600

 

 

 Sn=0.25-8hr

 Sn=0.23-8hr

 Sn=0.20-6hr

 Sn=0.17-4hr

 Sn=0.15-8hr

E
le

c
tr

ic
a
l 
C

o
n
d
u
c
ti
v
it
y
 σ

(S
/c

m
)

Measurement temp.(K)

b

 

300 400 500 600 700 800 900 1000

4

8

12

16

20

24

 

 

 Sn=0.25-8hr

 Sn=0.23-8hr

 Sn=0.20-6hr

 Sn=0.17-4hr

 Sn=0.15-8hr

P
o

w
e

r 
F

a
c
to

r 
(μ

W
/c

m
K

2
)

Measurement temp.(K)

c

 

 

Figure 4.17: a) Seebeck coefficient S b) Electrical conductivity σ and c) Power Factor PF as a 

function of temperature for hot-pressed Hf0.6Ti0.4CoSb1-ySny alloys. 
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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 κ values than the other samples. To further understand the influence of 

substitution level, the lattice thermal conductivity was calculated as previously. The 

lowest κlattice = 1.68 W/mK was achieved by Hf0.6Ti0.4CoSb0.77Sn0.23   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 Hf0.6Ti0.4CoSb0.83Sn0.17 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 Hf0.6Ti0.4CoSb0.8Sn0.2. It turned out that a substitution level of 17% Sn 

for Sb is more effective in Hf0.6Ti0.4CoSb1-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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Figure 4.19: Thermoelectric figure of merit ZT for hot-pressed Hf0.6Ti0.4 CoSb1-ySny samples. 
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Figure 4.18: a) Thermal conductivity κ and (b) Lattice thermal conductivity κ-κe of hot-pressed 

Hf0.6Ti0.4CoSb1−ySny samples. 
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4.2.4 Conclusion 

In this chapter, mechanical alloying was successfully applied for the synthesis of half-

Heusler (HfxTi1-xCoSb0.8Sn0.2) 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 Hf0.6Ti0.4CoSb0.8Sn0.2 sample 

prepared by 4 hours milling. The effect of charge carrier concentration was also 

investigated by preparing Hf0.6Ti0.4CoSb1-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 

Hf0.6Ti0.4CoSb1-ySny materials prepared by mechanical alloying. 

Hf0.6Ti0.4CoSb0.83Sn0.17 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(Sb,Sn) system, previous investigations have shown that high 

thermoelectric figure of merit (ZT≥1) can be achieved in arc-melted 

Hf0.8Ti0.2CoSb0.8Sn0.2 and Ti0.25Hf0.75CoSb0.85Sn0.15. Hf0.6Ti0.4CoSb0.83Sn0.17 

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 Hf0.6Ti0.4CoSb0.8-xBixSn0.2  

Recently, a record-high ZT ∼1.42 at 973 K was achieved in ZrCoBi0.65Sb0.15Sn0.20 solid 

solution prepared via MA and hot-press sintering [126]. As indicated by theoretical 

calculations, the high power-factor (PF ~ 40 μW cm–1 K–2) achieved in ZrCoBi-based 

compounds is ascribed to the high band degeneracy, while the impressively low thermal 

conductivity (κ= 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 Hf0.6Ti0.4Co(Sb,Bi,Sn) solid solutions prepared by MA. Based on 

the previously discussed encouraging results of Hf0.6Ti0.4CoSb0.8Sn0.2 in chapter 4.2, 

Hf0.6Ti0.4CoSb0.8-xBixSn0.2 (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 Hf0.6Ti0.4CoSb0.8-xBixSn0.2 solid solution series 

In this chapter the results from the structural characterization and the thermoelectric 

properties of the hot-pressed Hf0.6Ti0.4CoSb0.8-xBixSn0.2 (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 

Hf0.6Ti0.4CoSb0.8-xBixSn0.2 samples. The XRD diffraction patterns of all 

Hf0.6Ti0.4CoSb0.8-xBixSn0.2 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 Sb 

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 Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 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. 

 

 

 

 

IO
ANNA IO

ANNOU



 

105 
 

10 20 30 40 50 60 70 80

 x=0

In
te

n
s
it
y

 x=0.025

 x=0.050

 x=0.075

2theta

 x=0.1

 

10 20 30 40 50 60 70 80

 x=0

* Bi

In
te

n
s
it
y

 x=0.025

*

 x=0.050

*

 x=0.075

*

2theta

 x=0.1

*

 

IO
ANNA IO

ANNOU



 

106 
 

Figure 4.20: a) X-ray powder diffraction patterns of powders Hf0.6Ti0.4CoSb0.8-xBixSn0.2 (x=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 Hf0.6Ti0.4CoSb0.8-

xBixSn0.2 (x=0-0.1) samples 

Sample Density(g/cm3) Lattice parameter(nm) 

x=0 9.13 0.599 

x=0.025 9.10 0.599 

x=0.05 8.90 0.601 

x=0.075 9.29 0.600 

x=0.10 9.31 0.600 
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Table 4.8: Chemical composition of hot-pressed Hf0.6Ti0.4CoSb0.8-xBixSn0.2 samples as 

determined by EDS. 

Sample Area Hf Ti Co Sb Bi Sn 

x=0.025 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 

x=0.05 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 

x=0.075 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 

x=0.1 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 

 

x=0.025 x=0.05 

x=0.075 x=0.1 

Figure 4.21: Back-scattered electron images of hot-pressed Hf0.6Ti0.4CoSb0.8-xBixSn0.2 samples 
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Thermoelectric properties: 

The temperature dependent electrical conductivity, Seebeck coefficient and Power 

factor (S2σ) of the hot-pressed Hf0.6Ti0.4CoSb0.8-xBixSn0.2 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 μV/K was observed for 

Hf0.6Ti0.4CoSb0.8Sn0.2 at 978 K. At room temperature, the Seebeck coefficient slightly 

increases with increasing Bi ranging from 169μV/k for the sample with x=0 to a 

maximum value of 196 μV/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 Sb 

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 

(ΔE) 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 σ 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 =
𝜋2𝑘𝐵
3𝑒

(𝑟 +
2

3
)
1

𝜉
 

where 𝑘𝐵 is the Boltzmann constant, r is the scattering factor and ξ is the reduced Fermi 

energy. The reduced Fermi energy ξ 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 Hf0.6Ti0.4CoSb0.8Sn0.2 (PF ~24.5 μW/cmK2) mainly 

due to their lower electrical conductivities. The sample with x=0.075 follows with a PF 

value around 19 μW/cmK2. 
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Figure 4.22: Temperature dependent Seebeck coefficient (a), electrical conductivity (b) and 

Power factor (c) of Hf0.6Ti0.4CoSb0.8-xBixSn0.2 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 (κ=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 κtotal 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 κlattice has the major contribution in κtotal, especially at low temperatures. Moreover, 

κlattice of samples with Bi present an almost independent temperature behavior, leading 

to an extremely low κlattice=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 Hf0.6Ti0.4CoSb0.75Bi0.05Sn0.2 

was remarkably low, the decreased power factor prevented this compound to overcome 

the ZT of Hf0.6Ti0.4CoSb0.8Sn0.2 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 

Hf0.6Ti0.4CoSb0.8-xBixSn0.2 samples. 
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Figure 4.24: Thermoelectric figure-of-merit (ZT) as a function of temperature of 

Hf0.6Ti0.4CoSb0.8-xBixSn0.2 samples. 

4.3.4 Conclusion 

In this chapter, the isoelectronic substitution of Sb with Bi in Hf0.6Ti0.4CoSb0.8-xBixSn0.2 

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 κlattice=1.69 W/m.K at 980K  was achieved for 

Hf0.6Ti0.4CoSb0.75Bi0.05Sn0.2. 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 Hf0.6Ti0.4CoSb0.8Sn0.2. 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(Sb,Sn) 

compounds and a high thermoelectric figure of merit (ZT~1.1) was reached for the hot-

pressed  Hf0.6Ti0.4CoSb0.83Sn0.17 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, Hf0.6-

xZrxTi0.4CoSb0.8Sn0.2 (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 Hf0.4Zr0.2Ti0.4CoSb1-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)CoSb0.8Sn0.2 Solid Solution Series 

In this section, the MA synthesis of Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 (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 Hf0.6-

xZrxTi0.4CoSb0.8Sn0.2 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 Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 

(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 Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 samples and relative density based on Joshi et al 

[117]. 

Composition 
Lattice 

parameter (nm) 

Geometrical 

density (g/cm3) 

Relative 

density (%) 

Hf0.6Ti0.4CoSb0.8Sn0.2 0.599 9.13 97 

Hf0.5Zr0.1Ti0.4CoSb0.8Sn0.2 0.601 8.59 94 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 0.601 8.51 96 

Hf0.3Zr0.3Ti0.4CoSb0.8Sn0.2 0.602 8.14 95 

Hf0.2Zr0.4Ti0.4CoSb0.8Sn0.2 0.601 8.12 98 

Zr0.6Ti0.4CoSb0.8Sn0.2 0.599 7.50 96 

 

SEM and EDS analysis were performed (Figures 4.26-4.27 and Table 4.10) to 

investigate the microscopic features in Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 

(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)CoSb0.8Sn0.2 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 (Ti,Zr)CoSb0.8Sn0.2 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 Ti0.5Zr0.5CoSb0.8Sn0.2 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 kinetically trapped at lower 

temperatures [134]. The mechanisms by which supersaturated solid solutions form by 

MA and rapid solidification processing (RSP) techniques 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, AlSb-InSb, 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 Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 

samples as determined by EDS. 

 

 

 

 

 

 

Nominal composition Hf Zr Ti Co Sb Sn 

Hf0.6Ti0.4CoSb0.8Sn0.2 0.56 - 0.45 1.02 0.84 0.14 

Hf0.5Zr0.1Ti0.4CoSb0.8Sn0.2 0.45 0.12 0.43 1.01 0.84 0.14 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 0.35 0.22 0.42 1.02 0.84 0.15 

Hf0.3Zr0.3Ti0.4CoSb0.8Sn0.2 0.27 0.33 0.43 0.98 0.86 0.13 

Hf0.2Zr0.4Ti0.4CoSb0.8Sn0.2 0.17 0.43 0.44 0.99 0.85 0.12 

Zr0.6Ti0.4CoSb0.8Sn0.2 - 0.62 0.43 0.97 0.84 0.13 

Figure 4.26: Back-scattered electron images of hot-pressed Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 samples. 
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Figure 4.28a shows a representative image of the morphology of the 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 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 aSAD=0.604 nm, in very good agreement 

with the ‘theoretical’ lattice parameter of Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2. The latter has been 

calculated using Vegard’s law, taking into consideration the values of the three 

members, i.e., TiCoSb1-xSnx (a = 0.589 nm) HfCoSb1-xSnx (a = 0.604 nm) and ZrCoSb1-

xSnx (a = 0.607 nm), resulting in atheor. = 0.596 nm, approximately [70]. This is also in 

agreement with the XRD results, where the lattice parameter of 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 was calculated as αXRD = 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 aHRTEM=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 

Figure 4.27: Elemental mapping (Hf-Ti-Zr) of Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 sample.  
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particle deviated from the nominal Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 one, having in particular 

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

 

 

 

 

 

 

a 

b 

Figure 4.28: a) TEM image of the particles’ morphology at the Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 

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. IO
ANNA IO
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Table 4.11: Nominal and chemical composition of the hot-pressed Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 

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 (S2σ) of the hot-pressed Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 samples are presented in 

Figure 4.29. All samples exhibit positive S values, confirming p-type materials. The 

highest value of 233 μV/K was observed for Hf0.6Ti0.4CoSb0.8Sn0.2 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 TiCoSb, HfCoSb and ZrCoSb is 1.05eV, 1.13eV and 1.06eV respectively [57].  The 

smaller bandgap of TiCoSb 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 σ values with increasing temperature while the σ 

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. Ιn 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 HfxTi1-

xCoSb0.8Sn0.2 materials prepared by mechanical alloying, as well as in other 

thermoelectric systems, such as Mg3Sb2–Mg3Bi2 solid solution and NaPbmSbQm+2 (Q = 

S, Se, Te)[135][119][120][121]. In specific, the substantial percentage of 

nanocrystallinity in HfxTi1-xCoSb0.8Sn0.2 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 4.29c  Hf0.6Ti0.4CoSb0.8Sn0.2 

reached the highest PF ~24.5 μW/cmK2 at 973 K. Samples with x=0.1-0.3 follow with 

PF values around 17 μW/cmK2. 
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Figure 4.29: Temperature dependent Seebeck coefficient (a), electrical conductivity (b) and 

Power factor (c) of Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 samples. 

 

The temperature dependence of total thermal conductivity (κ) and lattice thermal 

conductivity (κlattice) of Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 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 (κ=2.8 W/m·K and κ=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 (κe). The lowest thermal conductivity at high temperatures with a 

value of 2.48 W/m·K was recorded by Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 at 960K. To have a 

better insight of how the replacement of Hf with Zr affects the heat transport in Hf0.6-

xZrxTi0.4CoSb0.8Sn0.2 materials, the lattice thermal conductivity was estimated by 

subtracting the electronic contribution from total thermal conductivity (κ), as in 

previous chapters. In addition, a simple exponential function, κlattice∝ 𝐴 · 𝑇𝑁,  was used 

to determine the exponent N in all temperature dependent κlattice 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 κlattice of samples with x=0 

and 0.6 drops with temperature (N~-0.25). The lowest κlattice values (~1.95 W/m·K) 

were recorded for Hf0.6Ti0.4CoSb0.8Sn0.2 as expected, and Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 at 

970K. In Figure 4.30c the κlattice as a function of Zr (x) was plotted in comparison with 

(Hf,Ti,Zr)CoSb0.8Sn0.2 compositions by E.Rausch et al. and Yan et al. [66][75]. The 

lattice thermal conductivity of the arc-melted Hf0.35Zr0.35Ti0.3CoSb0.8Sn0.2 by E.Rausch 

et al.  is significantly higher than the κlattice 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 κlattice of the nanostructured Hf0.72Zr0.1Ti0.18CoSb0.8Sn0.2 and 

Hf0.45Zr0.45Ti0.1CoSb0.8Sn0.2 by Yan et al. is lower than that of 

Hf0.35Zr0.35Ti0.3CoSb0.8Sn0.2 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 κlatttice values indicating enhanced mass and strain field 

variations in Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 compositions. Published studies usually 

highlight that the Hf-Ti combination in half-Heusler compounds is expected to cause 

increased phonon scattering and lower κlattice 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 Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 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 Γ 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 Γ describes the point 

defect scattering of phonons and it has two components: the scattering parameter due 

to mass fluctuations ΓM and the scattering parameter due to strain field fluctuations ΓS 
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(Γ=ΓΜ+ΓS) [124][125]. In this case, the ΓS 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 ΓΜ parameter calculations are presented as a 

function of Zr concentration. ΓΜ 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 ΓΜ 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 ΓM parameter, suggesting 

lower scattering for phonons and therefore higher lattice thermal conductivity. Based 

on the calculated ΓΜ, the κlattice value at room temperature for Ti0.4Hf0.6CoSb0.8Sn0.2 is 

larger than expected. Interestingly, κlattice 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 ΓΜ 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 κlattice of x=0 indicates that this theoretical 

model cannot fully explain the κlattice results and that other factors may influence the 

κlattice behavior. 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, ΓΜ 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 

Hf0.6Ti0.4CoSb0.8Sn0.2 and the second highest ZT equal to 0.68 was achieved for  

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 at 970K and it is mainly attributed to the low lattice thermal 

conductivity of Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2. 
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Figure 4.30: Total thermal conductivity (a) and lattice thermal conductivity (b) of Hf0.6-

xZrxTi0.4CoSb0.8Sn0.2 samples as a function of temperature, the lattice thermal conductivity at 

room temperature in comparison with (Hf,Ti,Zr)CoSb0.8Sn0.2 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 ΓM as function of Zr concentration (d). 
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Figure 4.31: Thermoelectric figure-of-merit ZT as a function of temperature for Hf0.6-

xZrxTi0.4CoSb0.8Sn0.2 samples. 
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4.4.3 Results of Hf0.4Zr0.2Ti0.4CoSb1- 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 Hf0.4Zr0.2Ti0.4CoSb1-ySny 

(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 (Ti0.3Zr0.35Hf0.35CoSb1-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 Hf0.4Zr0.2Ti0.4CoSb1-

ySny samples and relative density. 

Sn(y) 
Lattice 

Parameter (nm) 

Geometrical 

density  (g/cm3) 

Relative 

density (%) 

0.15 0.601 8.47 95 

0.17 0.603 8.44 95 

0.20 0.599 8.51 96 

0.23 0.599 8.86 100 

0.25 0.599 8.30 94 
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Figure 4.32: X-ray powder diffraction patterns of Hf0.4Zr0.2Ti0.4CoSb1-ySny hot-pressed pellets. 

 

Figure 4.33: Back-scattered electron images of hot-pressed Hf0.4Zr0.2Ti0.4CoSb1-ySny samples. 
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Table 4.13: Nominal and chemical composition of hot-pressed Hf0.4Zr0.2Ti0.4CoSb1-ySny 

samples as determined by EDS. 

Nominal composition Hf Zr Ti Co Sb Sn 

Hf0.4Zr0.2Ti0.4CoSb0.85Sn0.15 0.36 0.22 0.43 1.01 0.88 0.09 

Hf0.4Zr0.2Ti0.4CoSb0.83Sn0.17 0.36 0.23 0.44 1.00 0.87 0.11 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 0.35 0.22 0.42 1.02 0.84 0.15 

Hf0.4Zr0.2Ti0.4CoSb0.77Sn0.23 0.36 0.22 0.44 1.00 0.85 0.13 

Hf0.4Zr0.2Ti0.4CoSb0.75Sn0.25 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 

Hf0.4Zr0.2Ti0.4CoSb1-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, Hf0.4Zr0.2Ti0.4CoSb0.75Sn0.25 presented the 

lowest S~208μV/K, while Hf0.4Zr0.2Ti0.4CoSb0.77Sn0.23 and Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 

remained a little bit higher (S~225μV/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 σ values are almost identical at all temperatures, 

indicating a higher carrier mobility in Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 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=S2σ) are presented in Figure 

4.34c. Despite the low Seebeck coefficient, the high electrical conductivity of 

Hf0.4Zr0.2Ti0.4CoSb0.75Sn0.25 contributed in achieving the highest PF=20 μW/K2cm at 

980K.  This result corresponds to 16% improvement in PF comparatively to 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2, 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 Hf0.4Zr0.2Ti0.4CoSb1-ySny samples. 

 

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 κ 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, κtot 

gradually increases and reaches the highest value of 2.80 W/mK for 

Hf0.4Zr0.2Ti0.4CoSb0.75Sn0.25. 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 κlattice=1.85 W/mK 

was recorded by Hf0.4Zr0.2Ti0.4CoSb0.77Sn0.23 at 960K.  
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Figure 4.35:Temperature dependent total thermal conductivity (a) and lattice thermal 

conductivity (b) of Hf0.4Zr0.2Ti0.4CoSb1-ySny 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 

Hf0.4Zr0.2Ti0.4CoSb0.83Sn0.17 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 Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2. It 

has been found that the substitution level of 17% Sn for Sb is the most effective in 

Hf0.4Zr0.2Ti0.4CoSb1-ySny compounds prepared by mechanical alloying. 
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Figure 4.36: Temperature dependent thermoelectric figure-of-merit (ZT) of 

Hf0.4Zr0.2Ti0.4CoSb1-ySny hot-pressed samples. 
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4.4.4 Conclusion 

In this chapter, Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 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 Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 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 Hf0.4Zr0.2Ti0.4CoSb1-ySny samples in order to optimize the 

Sn/Sb doping. Hf0.4Zr0.2Ti0.4CoSb0.83Sn0.17 reached the highest ZT of 0.77 at 960K, a 

value that corresponds to an improvement of 15% with respect to that of 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2. 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IO
ANNA IO

ANNOU



 

138 
 

4.5 Annealing of Hf0.6Ti0.4CoSb0.83Sn0.17 

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 Ti0.3Zr0.35Hf0.35NiSn (ZT=0.6) was 

investigated by Krez et al. [137]. The properties remained unaffected after 500 cycles 

of repeated heating and cooling from 100 oC to 600 oC while the phase-separation was 

stable under long-term cycling. The long-term stability of the p-type 

Ti0.5Hf0.5CoSb0.85Sn0.15 (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)5Sn3, TiNi2Sn, Ti6Sn5, and unalloyed Sn [84], [138]–[140]. The 

annealing process of an arc-melted ingot may last up to 7 days at temperatures around 

800 oC.  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 Hf0.6Ti0.4CoSb0.83Sn0.17 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. 

 

 

4.5.1 Experimental details 

Hf0.6Ti0.4CoSb0.83Sn0.17 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℃ 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 800oC to assess the 

repeatability of the results.  

 

 

Figure 4.37: Pseudo-ternary (Hf 1-x-yZrxTiy)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] 
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4.5.2 Results of annealed Hf0.6Ti0.4CoSb0.83Sn0.17 solid solutions 

Figure 4.38 presents the powder X-ray diffraction patterns of Hf0.6Ti0.4CoSb0.83Sn0.17 

samples right after hot-press sintering and after 3 and 10 days of annealing at 800oC. 

All diffraction peaks are matched with the cubic MgAgAs-type crystal structure (space 

group F4̅3m), 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 800oC 

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 Hf0.6Ti0.4CoSb0.83Sn0.17 samples before and after 

annealing. 

 

Table 4.14: Chemical composition of Hf0.6Ti0.4CoSb0.83Sn0.17 as determined by EDS. 

Sample Area Hf Ti Co Sb Sn 

Before annealing Overall 0.54 0.42 1.11 0.76 0.18 

3 days at 800oC Overall 0.55 0.47 1.02 0.86 0.10 

10 days at 800oC 
Matrix 0.71 0.32 1.02 0.83 0.12 

Black 0.83 1.96 0.12 0.07 0.02 

 

 

 

 

 

 

 

 

 

 

 

Before 3 days 10 days 

Figure 4.39: Backscattered electron images of Hf0.6Ti0.4CoSb0.83Sn0.17 samples before and after 3 and 10 days of 

annealing at 800oC 
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Cobalt Hafnium 
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Figure 4.40: Elemental mapping of Hf0.6Ti0.4CoSb0.83Sn0.17 sample after 10 days of annealing at 800oC. 
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Thermoelectric properties: 

The temperature dependent Seebeck coefficient (S), electrical conductivity (σ) and 

power factor are presented in Fig. 4.41. The Seebeck coefficient of samples after 3 days 

of annealing remains almost unaffected (S~250μV/K at 980K), indicating same charge 

carrier concentration after annealing. The sample that was annealed for 10 days at 

800oC presents a totally different behavior. At low temperatures, S values are extremely 

low and then gradually increase with increasing temperature, reaching the value of 

230μV/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 800oC, the electrical conductivity of Hf0.6Ti0.4CoSb0.83Sn0.17 is severely 

decreased and even though there is a slight increase with increasing temperature, the 

highest value of σ~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 μW/cmK2 at 960K), 

but remarkably decrease after 10 days of annealing (PF~12 μW/cmK2 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 (σ) and 

power factor (PF) of Hf0.6Ti0.4CoSb0.83Sn0.17 sample before and after 3 and 10 days of annealing 

at 800oC. 

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 κtotal values before and after 3 days at 800oC are 

almost identical at higher temperatures (κ~2.45 W/mK). The Hf0.6Ti0.4CoSb0.83Sn0.17 

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 Hf0.6Ti0.4CoSb0.83Sn0.17 sample 

remains unaffected after 3 days at 800oC (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 Hf0.6Ti0.4CoSb0.83Sn0.17 sample before and after 3 and 10 days of 

annealing at 800oC. 
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Figure 4.43: Thermoelectric figure-of-merit (ZT) as a function of temperature of 

Hf0.6Ti0.4CoSb0.83Sn0.17 sample before and after 3 and 10 days of annealing at 800oC. 
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4.5.3 Conclusion 

In aim of chapter was the investigation of annealing effect on the promising 

Hf0.6Ti0.4CoSb0.83Sn0.17 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 800oC 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 Hf0.6Ti0.4CoSb0.83Sn0.17 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 800oC, 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 BixSb2-xTe3 solid solutions 
 

5.1 Effect of Bi/Sb ratio in BixSb2-xTe3 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]. Bi2Te3 has a narrow bandgap of 0.13 eV, and can 

be easily modified by Sb2Te3 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 BixSb2-xTe3 materials is mainly associated with Sb'Te and Bi'Te 

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 BixSb2-

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-xTe3 (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℃ 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 BixSb2-xTe3 (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 BixSb2-xTe3 powders after mechanical alloying (a), XRD 

patterns of hot-pressed pellets (b) and calculated crystallite size of BixSb2-xTe3 powders using 

Sherrer equation as a function of Bi (x) (c). 
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Table 5.1: Relative density ρ and Lotgering factor of the hot-pressed BixSb2-xTe3 pellets. 

Sample Relative Density ρ (%) Lotgering factor (LF) 

x=0.5 92 0 

x=0.4 91 0 

x=0.3 92 0 

x=0.2 88 0 

 

 

Thermoelectric properties: 

The carrier concentration (nH) and carrier mobility (μ) at room temperature and the 

temperature dependent Seebeck coefficient, electrical conductivity and Power factor of 

BixSb2-xTe3 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 BixSb2-xTe3 samples. Increasing Sb concentration in BixSb2-

xTe3 promotes a reduction in the formation energy of Sb'Te  and Bi'Te  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 nH 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 (μ) decreases with 

increasing Bi(x) similarly to nH. The decrease of μ with increasing x (increased Bi/Sb 

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 μ 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~268μV/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 Sb, 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 σ samples is typical of a degenerate 

narrow gap semiconductor and is well described by a power law σ ~T−3/2. The carrier 

concentration of a degenerate semiconductor has a weak dependence on temperature. 

Therefore, the trend of σ with rising temperature mainly reflects the temperature 

dependence of carrier mobility, presenting dominant acoustic phonon scattering.  The 

remarkable enhancement in σ with decreasing Bi (x) can be attributed to increases in 

both nH and μ because of the presence of antisite defects and reduced alloy scattering, 

respectively. The σ 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 σ 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. Bi0.3Sb1.7Te3 achieved the highest value of 

39.5μW/cmK2 at 329K due to its high electrical conductivity and relatively good 

Seebeck coefficient. This composition (Bi0.3Sb1.7Te3) recorded the highest PF in 

analogous investigation regarding mechanically-alloyed BixSb2-xTe3 samples[148] 

[150]. However, the PF of this work’s sample is higher than those reported by Jang et 

al. (PF~30μW/cmK2) [148] and Chen et al. (PF~32.5μW/cmK2) [150]. 
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Figure 5.2: : Carrier concentration (nH) (a) and carrier mobility (b) at room temperature as a 

function of Bi(x) compared with Hu et al. [99], Symeou et al.[100] and Jang et al.[148] 
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Figure 5.3: Temperature dependence of Seebeck coefficient (a), electrical conductivity (c) and 

power factor (e) of the hot-pressed BixSb2-xTe3 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 (κtotal), electronic thermal conductivity (κe) and lattice 

thermal conductivity (κlattice) as 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 κtotal 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 κtotal at room temperature with increasing Bi content is attributed to the 

decreasing fraction of the electronic thermal conductivity (κe), which is directly 

proportional to electrical conductivity σ. Similar trends have been also reported by 

previous investigations regarding BixSb2-xTe3 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 κ in comparison with analogous 

mechanically-alloyed solid solutions by Jang et al.[148].  
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The values of lattice thermal conductivity (κtotal-κe) are displayed in Fig. 5.4e as a 

function of temperature for all BixSb2-xTe3 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 κlattice values 

range between 0.46-0.76 Wm−1 K−1 for x=0.2-0.5 at 300Κ. These κlattice 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−1 K− ) and are closer to the 

values reported for compositions prepared by Hu et al. [99] (0.6-1 Wm−1 K−1 )  and 

samples prepared via MA by Jang et al. [148] (0.5-0.8 Wm−1 K−1 ) (Figure 5.4f). The 

lower room-temperature κlattice 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 κmin for Bi2Te3 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: 

𝜅𝑚𝑖𝑛 = (
𝜋

6
)
1/3

𝑘𝐵𝑛
2/3∑𝑈𝑖

𝑖

(
𝑇

𝛩𝑖
)
2

∫
𝑥3𝑒𝑥

(𝑒𝑥 − 1)2
𝑑𝑥

𝛩𝑖/𝑇

0

 

The sum is taken over the three sound modes (two transverse and one longitudinal) with 

speeds of sound Ui, Θi is the frequency for each polarization expressed in degrees K 

(𝛩𝑖 = 𝑈𝑖(ћ/𝑘𝐵)(6𝜋
2𝑛)1/3), and n is the number density of atoms.  

According to the calculation, the κmin for Bi2Te3 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 κlattice.  
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Figure 5.4: Temperature dependence of total thermal conductivity (a), electronic thermal 

conductivity (c) and lattice thermal conductivity (e) of BixSb2-xTe3. 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 Sb 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 ZTav value throughout the temperature 

range studied. The ZTav 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. 

Bi0.3Sb1.17Te3 has also recorded the highest ZT among other BixSb2-xTe3 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 Bi0.3Sb1.7Te3 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 BixSb2-xTe3 prepared via 

mechanical alloying as a function of temperature. 

 

5.1.3 Conclusion 

In this chapter, p-type BixSb2-xTe3 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 Bi0.3Sb1.7Te3. 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 BixSb2-xTe3 alloys and that Bi0.3Sb1.7Te3 is the most effective among 

other BixSb2-xTe3 compositions prepared via MA.  
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5.2 Effect of powder’s particle size on thermoelectric properties of hot- 

pressed Bi0.3Sb1.7Te3 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]. Bi0.5Sb1.5Te3 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 μm powder 

bulk samples [158]. Additionally, Fan et al. reported  an impressive ZT of 1.80 reached 

by the nanocomposite Bi0.4Sb1.6Te3 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 Bi0.3Sb1.7Te3 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 Bi0.3Sb1.7Te3 prepared via MA followed by hot-press sintering is the most 

efficient among analogous Bi2-xSbxTe3 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 Bi0.3Sb1.7Te3 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. 

 

 

 

5.2.1 Synthesis and consolidation details 

Melting and mechanical alloying was used for the synthesis of the B0.3Sb1.7Te3 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. 

Figure 5.6: Schematic presentation of the preparation of Bi0.3Sb1.7Te3 powders with different particle sizes. 

Melting 

1. MHG(>180μm) 

2.MHG(180-100μm) 

3. MHG (100-45μm) 

4. MHG(>45μm) 

Hand-grinding 

 

Ball-milling 

5. MBM 

Mechanical Alloying 
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The obtained powders were loaded in a cylindrical graphite die (inside 

diameter=10mm) and hot-pressed at 420℃ 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 Bi0.3Sb1.7Te3  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 (00l) 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(>180μm) and MHG(180-100μm) present 

higher relative density (ρ~94%) than other samples. Specifically, ΜΒΜ 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 Bi0.3Sb1.7Te3 samples prepared via MGH for 

both in-plane and cross-plane direction. The dash lines correspond to (00l) peaks and (c) the 

Lotgering factor (LF) of the Bi0.3Sb1.7Te3 hot-pressed samples prepared via MGH, MBM and 

MA. 

 

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

Bi0.3Sb1.7Te3 samples. 

 

 

 

 

 

 

 

 

 

Powder type Sample 
Lotgering factor 

(LF) 

Pellet Density 

ρ (g/cm3) 

Relative 

Density (%) 

Powders consisting 

of μm-particles 

MHG(>180μm) 0.25 6.42 94 

MHG(180-100μm) 0.14 6.44 94 

MHG(100-45μm) 0.13 6.11 90 

MHG(<45μm) 0.08 6.12 90 

Powders consisting 

of crystallites 

MBM (~29 nm) 0 6.07 89 

MA (~28 nm) 0 6.29 92 IO
ANNA IO
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Thermoelectric properties: 

Figure 5.8 presents the hole concentration (nH) and carrier mobility (μ) as a fuction of  

powder’s particle size. nH and μ monotically decrease with decreasing particle size and 

reach the lowest values for samples prepared from MA and MBM powders. Τhe 

observed decrease in nH with decreasing particle size is attributed to the formation of 

antisite defects. Ionescu 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 VTe/VBi ≥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 BixSb2-xTe3 solid solution which can lead to the decrease of 

hole carrier concentration [95]. The decrease of μ 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 μV/K at 400K) was achieved by MBM, while the sample with the 

largest powder particle size MHG(>180μm) recorded the lowest value (S~188 μV/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 σ than ΜΒΜ. 

This discrepancy can be attributed to the relative higher density (ρ) of MA sample, 

which thereafter increase the carrier mobility as well as tο its slightly higher hole 

concentration. 

The temperature dependence of power factor (PF=Sσ2) is illustrated in Figure 5.9c. A 

maximum value of PF=48.3 μWcm-1K-2 was achieved at room temperature for the 

MGH(180-100)μm 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 μWcm-1K-2) because of their relatively low electrical 

conductivity. 
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Figure 5.8: Carrier concentration (nH) (a) and carrier mobility (μ) (b) at room temperature as a 

function of powder’s particle crystallite size of the hot-pressed Bi0.3Sb1.7Te3   samples. 
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Figure 5.9: Temperature dependence of Seebeck coefficient (a), electrical conductivity (b) and 

power factor (c) of the hot-pressed Bi0.3Sb1.7Te3 samples. Seebeck coefficient (d) and electrical 

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 90𝑜 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 ρ of the samples was calculated using their measured dimensions and 

masses. The 𝐶𝑝 was calculated theoretically based on the temperature dependences of 

heat capacity of Bi2Te3 and Sb2Te3 [160], [161].  

There is up to 38% decrease in total thermal conductivity (κt) 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 (κel). The electronic contribution to the total thermal 

conductivity was estimated by the Wiedeman-Franz relationship (κel=L·σ·Τ, 

L=2.44·10-8V2K-2) and the lattice and ambipolar thermal conductivity was estimated by 

subtracting the κe from κtotal. The electronic thermal conductivity decreases with rising 

temperature, while κt-κe increases with temperature due to the existence of minority 

carriers arising with the onset of intrinsic contribution [162]. The lattice and ambipolar 

contribution (κt-κe) 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(≤45μm) recorded the lowest lattice thermal conductivity (κlattice~0.4 

W/m.K) at room temperature. This value approaches the theoretical limit of thermal 

conductivity κmin~0.31 W/m.K  and suggest that the presence of particles of broad size 

scale (micron-particles under 45μm 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 

IO
ANNA IO

ANNOU



 

172 
 

lattice thermal conductivity of MHG(≤45μm) 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 μm, where the 

averaged grain size can be above 1 μm [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 Bi2Te3 

samples. In this situation, micro-grains should only slightly reduce the κlattice based on 

classical phonon size effects. According to a theoretical study by Wang et al.[166], the 

discrepancy between computed phonon MFPs and measured κlattice 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(≤45μm) sample. This value is almost 30% higher than that of MHG(>180μm). 

In addition, the average ZTav value of MA and MHG(≤45μm) is 1.02 and 0.96 

respectively while the average ZTav value of  MHG(>180μm) is only 0.74. Even though, 

the calculated power factors of MA and MHG(≤45μm) 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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Figure 5.10: Temperature dependence of (a) total thermal conductivity (κtotal), (b) lattice and 

ambipolar thermal conductivity (κt-κe) and (c) electronic thermal conductivity (κe) for the hot-

300 325 350 375 400 425 450 475 500 525
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

 

 

 

 

T(K)

κ
to

ta
l (

W
/m

.K
)

 MHG(>180μm) 

 MHG(180-100μm) 

 MHG(100-45μm) 

 MHG(<45μm) 

  MA 

  MBM

a

 

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1
 MHG(>180μm)

 MGH(180-100μm)

 MHG(100-45μm)

 MGH(<45μm)

 MA

 MBM

κ
to

ta
l 
 (

W
/m

K
) 

 @
 R

T

particles (μm)         →       crystallites (nm)

 Powder's particle/crystallite size

d

 

300 325 350 375 400 425 450 475 500 525
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

 

 

 

 

κ
to

ta
l-
κ

e
 

(W
/m

.K
)

T(K)

 MHG(>180μm) 

 MHG(180-100μm) 

 MHG(100-45μm) 

 MHG(<45μm) 

  MA 

  MBM

b

 
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

particles (μm)         →       crystallites (nm)

 Powder's particle/crystallite size

κ
to

t-
κ

e
(W

/m
K

) 
@

 R
T

Theoretical κmin for Bi2Te3

 

300 325 350 375 400 425 450 475 500 525
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

  

 

 

κ
e
 

(W
/m

.K
)

 MHG(>180μm) 

 MHG(180-100μm) 

 MHG(100-45μm) 

 MHG(<45μm) 

  MA 

  MBM

c

 

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3  MHG(>180μm)

 MGH(180-100μm)

 MHG(100-45μm)

 MGH(<45μm)

 MBM

 MA

 

κ
e
 (

W
/m

K
) 

@
R

T

particles (μm)         →       crystallites (nm)

 Powder's particle/crystallite size
 

IO
ANNA IO

ANNOU



 

174 
 

pressed Bi0.3Sb1.7Te3 samples. κtotal (d), κt-κe (e) and κe (f) at room temperature as a function of 

particle/crystallite size. 
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Figure 5.12: Thermoelectric figure of merit-ZT of the hot-pressed Bi0.3Sb1.7Te3 samples as a 

function of temperature. 

 

Figure 5.11: Predicted room-temperature 〈κLattice〉 values as a function of the averaged grain size, in comparison 

to representative experimental results on polycrystalline Bi2Te3-based samples.Reproduced by Wang et 

al.[166]. 𝑇𝐺B is the grain boundary transmissivity used for the calculations. 
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5.2.3 Fabrication of nanocomposite bulk Bi0.3Sb1.7Te3 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 Bi0.3Sb1.7Te3 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 Bi0.3Sb1.7Te3 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(100-45μm)+50%MBM sample, 

while the magnitude of LF drop is lower for 50%MHG(180-100μm)+50%MBM and 

50%MHG(<45μm)+50%MBM  samples.  
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Figure 5.13: In-plane X-ray diffraction patterns of the hot-pressed nanocomposite Bi0.3Sb1.7Te3 

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 

Bi0.3Sb1.7Te3 samples prepared using MHG, MBM, MA powders and mixtures of MHG and 

MBM powders. 

 

Thermoelectric properties: 

Figure 5.14 shows the hole concentration (nH) and carrier mobility (μ) 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, nH 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(180-100μm) sample and its nanocomposite counterpart 

(MHG(180-100μm)+50%MBM) is insignificant. On the other hand, 50%MHG(100-

45μm)+50%MBM and 50%MHG(<45μm)+50%MBM present slighlty lower nH than 

the anologous MHG materials, as expected. Materials prepared from mixing MBM and 

MHG powders revealed lower hole mobility. Specifically, MHG(180-100μm), 

MHG(100-45μm) and MHG(<45μm) illustrate 18-20% higher μ in comparison to their 

nanocomposite counterparts. The decrease of μ 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-

Powder type Sample 

Lotgering 

factor 

(LF) 

Pellet 

Density ρ 

(g/cm3) 

Relative 

Density (%) 

Powders consisting 

of μm-particles 

MHG(>180μm) 0.25 6.42 94 

MHG(180-100μm) 0.14 6.44 94 

MHG(100-45μm) 0.13 6.11 90 

MHG(<45μm) 0.08 6.12 90 

Powders consisting 

of both μm-particles 

and crystallites 

50%MHG(180-100μm)+50%MBM 0.13 6.48 95 

50%MHG(100-45μm)+50%MBM 0.06 6.21 91 

50%MHG(<45μm)+50%MBM 0.06 6.00 88 

Powders consisting 

of crystallites 

MBM (~29 nm) 0.00 6.07 89 

MA (~28 nm) 0.00 6.29 92 
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f) as a function of powder’s particle/crystallite size. Despite the slightly lower nH 

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 (σ) of nanocomposites is significantly 

lower than that of the analogous MHG samples. In specific, σ at room temperature is 

reduced by 17%, 21% and 22% for 50%MHG(180-100μm)+50%MBM, 

50%MHG(100-45μm)+50%MBM and 50%MHG(<45μm)+50%MBM, respectively, 

reaching almost similar σ values as the samples prepared exclusively from nano-

powders (MBM and MA). As mention before, S and nΗ 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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Figure 5.14: Carrier concentration (nH) (a) and carrier mobility (μ) (b) at room temperature as 

a function of powder’s particle/crystallite size of the hot-pressed Bi0.3Sb1.7Te3   samples. 
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Figure 5.15: Temperature dependence of Seebeck coefficient (a), electrical conductivity (b) and 

power factor (c) of the hot-pressed Bi0.3Sb1.7Te3 samples. Seebeck coefficient (d) and electrical 

conductivity (e) and power factor (f) at room temperature as a function of powder’s 

particle/crystallite size. 

 

The results of total thermal conductivity (κtotal), eletronic thermal conductivity (κe) and 

lattice thermal conductivity (κtotal- κe) 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, κlattice 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 κlattice and mobility was also observed in other thermoelectric 

systems, such as Mg3Sb2[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 Bi2(Te,Se)3 [172] . In this study the lattice thermal 

IO
ANNA IO

ANNOU



 

182 
 

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 κlattice. 

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 κlattice 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 κlattice=κ-LσGT, 

where σG is the conductivity of the bulk grain rather than the total conductivity as used 

in the conventional model.   
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Figure 5.16: Temperature dependence of (a) total thermal conductivity (κtotal), (b) lattice and 

ambipolar thermal conductivity (κt-κe) and (c) electronic thermal conductivity (κe) for the hot-

pressed Bi0.3Sb1.7Te3 samples. κtotal (d), κt-κe (e) and κe (f) at room temperature as a function of 

particle/crystallite size. 
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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(180-100μm)+50%MBM, 

50%MHG(100-45μm)+50%MBM and 50%MHG(<45μm)+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 Bi0.3Sb1.7Te3 samples as a 

function of temperature. 

 

5.2.4 Conclusion 

P-type Bi0.3Sb1.7Te3 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 

(<45μm) 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(<45μm) samples. In the second 

part of this work, nanocomposite bulk Bi0.3Sb1.7Te3 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, κlattice 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 κlattice 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 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 BixSb2-xTe3 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 Bi0.3Sb1.7Te3 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)CoSb0.8Sn0.2 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, HfxTi1-xCoSb0.8Sn0.2 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 Hf0.6Ti0.4CoSb1-ySny samples in order to evaluate the effect of Sn/Sb 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 Hf0.6Ti0.4CoSb0.8Sn0.2 sample prepared by 4 hours 

milling. It also turned out that a substitution level of 17% Sn for Sb is the most effective 

in Hf0.6Ti0.4CoSb1-ySny materials prepared by mechanical alloying. 

Hf0.6Ti0.4CoSb0.83Sn0.17 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 Hf0.6Ti0.4Co(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. Hf0.6Ti0.4CoSb0.8-xBixSn0.2 (x=0-0.1) samples were prepared as 

an attempt to partially replace Sb with Bi. Even though, an extremely low κlattice=1.69 

W/m.K at 980K was achieved for Hf0.6Ti0.4CoSb0.75Bi0.05Sn0.2, the decreased power 

factor prevented this compound to overcome the ZT of Hf0.6Ti0.4CoSb0.8Sn0.2. 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, Hf0.6-xZrxTi0.4CoSb0.8Sn0.2 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 Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2 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 Hf0.4Zr0.2Ti0.4CoSb1-

ySny samples and the effect of Sn/Sb doping was evaluated. As a result, 

Hf0.4Zr0.2Ti0.4CoSb0.83Sn0.17 reached the highest ZT of 0.77 at 960K, a value that 

corresponds to an improvement of 15% with respect to that of 

Hf0.4Zr0.2Ti0.4CoSb0.8Sn0.2. 

 

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 

Hf0.6Ti0.4CoSb0.83Sn0.17 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 800oC. 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 Hf0.6Ti0.4CoSb0.83Sn0.17 and 

Hf0.4Zr0.2Ti0.4CoSb0.83Sn0.17 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 Hf0.6Ti0.4Co(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 BixSb2-xTe3 (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 Bi0.3Sb1.7Te3, suggesting that 

mechanical alloying can be considered as an advantageous technique for single-step 

synthesis of highly-efficient BixSb2-xTe3 alloys. 

In chapter 5.2, p-type Bi0.3Sb1.7Te3 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. 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 (<45μm) 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(<45μm) samples. In a second step, 

nanocomposite bulk Bi0.3Sb1.7Te3 alloys were fabricated in an attempt to further reduce 

lattice thermal conductivity. Surprisingly, κlattice showed an unexpected increasing trend 

in nanocomposite samples. This suggested a possible overestimation of κlattice 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 BixSb2-xTe3 

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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