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CHAPTER 1  

INTRODUCTION 

1.1 Background and history of thermoelectric 

In 1821, T. J. Seebeck discovered the first thermoelectric effect. Electromotive force can 

be produced by heating the junction, between two kinds of different electrical 

conductors. Then, it can be demonstrated by connecting two wires made of different 

metals. The ends of the wires which are not touching are then connected to the terminals 

of a galvanometer. When the junction between the wires is heating, the meter can record 

a small voltage. The magnitude of thermoelectric voltage is equal to the difference of 

temperature recorded at the thermocouple junction, and the temperature recorded at the 

connections to the galvanometer.  

Thirteen years after Thomas Johann Seebeck found this experiment, Jean Charles 

Athanase Peltier discovered the second thermoelectric effect. The moving direction of 

the electric current through a thermocouple produces small cooling or heating effect, it 

depends on moving direction. Since this ideal is always accompanied by the Joule 

heating effect, it is quite difficult to demonstrate by using metallic thermocouples. 

Sometimes, the only thing one can show is that there is less heating during the current 

passing in one way than there is when it passes in the other. The arrangement can 

however be used to demonstrate the Peltier effect if the meter is replaced with a direct 

current source, and a small thermometer is placed on the thermocouple junction. 

Peltier and Seebeck effects are correlated. However, this interdependency was 

recognized by William Thomson in 1855. The theory of thermodynamics was applied to 

the problem by Thomson, for the relationship between the coefficients that describe the 

Peltier and Seebeck effects. Peltier and Seebeck effects happen only at junctions among 
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different conductors, suggesting that they are interfacial phenomena. However, they 

depend on the properties of conductor materials. Presently, it is understood that electric 

current is carried through a conductor by means of electrons, that can possess different 

kinds of energy levels depending on the material. When a current pass from one 

material to another, the energy transported by the electrons is altered. This alteration is 

reflected in the heating or the cooling of the junction, which is the Peltier effect. Also, 

when the temperature at the junction increases, electrons are enabled to pass from 

materials in which they have lower energy levels to materials in which they have higher 

energy levels, causing electromotive force [1].  

Thomson effect shows how a thermocouple is a type of heat engine. It can be applied 

for generating electricity from heat or, on the other hand, applied to use as a refrigerator.  

So, this reversible effect is always accompanied by the irreversible phenomena of Joule 

heating and thermal conduction. Then, thermocouples tend to be inefficient. In 1911, 

Altenkirch analyzed a problem of energy conversion by using thermocouples. This idea 

showed how a thermocouple can be more improved. The ways to improve, that is, 

increase the magnitude of the differential Seebeck coefficient and increase the electrical 

conductivity of the two components, and try to reduce the total thermal conductivity. 

Albeit the Seebeck effect has been used for the detection of thermal radiation and for 

the measurement of temperature, at the time no thermocouples with the right 

combination of properties for efficient energy conversion existed.  

In 1950, the semiconductor was introduced as thermoelectric materials, that an applied 

Peltier refrigerator could be made like a commercial product and try to apply 

thermoelectric materials to other applications. At is point, semiconductor thermocouples 

were also applied to real generators with a high output efficiency in some applications. 
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However, the performance of thermoelectric energy convertors has continued to remain 

inferior to that of the best standard machines [1].  

Nowadays, ever-increasing attention is given to global energy issues and the rise 

wide-held consensus that a more sustainable society is needed to health and assure 

prosperity for future generations. These have moved the attention of engineers and 

scientists worldwide to more efficient, clean, and sustainable energy solutions. While 

applied thermoelectric generators are still far from being competitive compared with the 

standard electric generators [2-4] when used in combination with other generators, they 

allow for some of the waste heat to be recovered and then increase the general 

efficiency of the generators. Thermoelectric materials have therefore been recognized as 

a potential asset for converting direct its thermal energy to electrical energy in a variety 

of processes and vice versa. 

The study of thermoelectric and its applications have also been widely considered as a 

solution to the low-high energy losses of the automotive and industrial sector. The 

transition to the new generation of electric or hybrid cars will take at least a couple of 

decades. Presently, the automobile industry must pay a lot of money to the EU for the 

emission of each additional gram of CO2 above an established value that decreases 

every 3 to 4 years. 

Thermoelectric materials on research and application are based on bismuth telluride 

(Bi2Te3) [5-8], lead telluride (PbTe) [9-11], silicon-germanium (SiGe) alloys [12, 13], 

iron di-silicide (FeSi2) [14] and other compounds. At the present time, boron-based (B) 

and boron-carbon (B-C) materials have become promising thermoelectric materials for 

the development of a high-temperature range thermoelectric generator. Each 

thermoelectric material has its own temperature range of useful operating temperatures, 
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and its own definition depends on materials structure and properties. 

 

Figure. 1.1 shows the overview of ZT for thermoelectric materials in relation to the 

temperature in degrees Celsius [15]. Figure. 1.1 (a) includes the p-type and Fig. 1.1 (b) 

the n-type value for PbTe reported by Fritts in the 1960s. Lead chalcogenides (PbS, 

PbSe, PbTe) are useful for power generation in middle range temperature [16, 17]. In 

1845, the first discovery of PbTe as a rare mineral altaite, while the more abundant 

galena (PbS) has been the main source of Pb ore since former times. In 1960, the peak 

of ZT about 0.8 for single-phase structure PbTe materials, have been successfully used 

for NASA spacecraft missions. They showed that the maximum ZT of ~1.4 is, in fact, 

intrinsic to both p-type and n-type materials. Increase in ZT has been achieved in alloys 

where ZT reaches a value approaching about 1.8 for PbSe and PbTe materials. Those 

reports are important to provide continuity to the further research and development of 

new ways to create the thermoelectric technology. PbTe material and compounds have 

been studied as high potential materials for the conduction of thermoelectric energy. 

Several comprehensive academic reviews of older research are reported in [18], while 

recent studies in PbTe nanostructure (including dopants) are mentioned in [19]. 

Researchers still try to improve the potential of PbTe materials, utilizing only small 
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concentrations of dopants (assuming the bands remain rigid), or alloys that produce only 

minor perturbations to tune the band structure. 

In 1954, the first study of bismuth telluride (Bi2Te3) was reported by Julian Goldsmid 

[20]. A thermocouple was made from a p-type sample of the compound and then 

connected to a negative thermoelement. It was made from bismuth (Bi) and was found 

to yield a cooling effect of 26 K below ambient temperature as a consequence of the 

Peltier effect. In later years, n-type Bi2Te3-xSex and p-type Bi2-xSbxTe3, which have an 

intrinsic ZT value of approximately 1.0 at 300 K, became one of the best thermoelectric 

materials for cooling applications and low-temperature power generation [21]. There 

were a few signs of progress made over the next several decades. That was widely 

accepted that its upper ZT limit was already reached. Anywise, in the last 15-20 years 

there have been notable advances due to an influx of many ideas for materials science, 

with new experimental techniques leading to higher ZT and low κ [22]. In 2008, Poudel 

et al. published a new technique for preparing Bi0.5Sb1.5Te3 with a high relative density 

of grain boundaries, which involved hot pressing method of nano-powders [23]. ZT 

reached 1.4 at 373 K, it was prepared by nano bulk material with low κ (∼1.0 W m-1 

K-1) due to additional phonon scattering at the nanostructure grain boundaries. In 2015, 

Kim et al. reported a new preparation process for incorporating grain boundary 

dislocations into Bi0.5Sb1.5Te3 thermoelectric materials, reaching ZT value of 

approximately 1.9 at 323 K [24]. However, this value has not been widely accepted. 

After this research, there are many ideas for a new research strategy. To understand 

more deeply the incorporating on of nano and meso-structure into bulk thermoelectric 

materials [25].  

Recently, Hirota et al. [26] reported a carbon observation by electron energy-loss 



8 

 

spectroscopy of graphite added BiSbTe. Thermal conductivity of (Bi0.3Sb1.7Te3.1)1−xCx 

increased slightly because the thermal conductivity of carbon is much higher than that 

of Bi0.3Sb1.7Te3.1. In the study of n-type bismuth chalcogenides, progress has been 

slower. This is in large part since the electrical conductivity in these compounds are 

highly anisotropic. In 2014, Hu et al., reported a ZT value of approximately 1.2 at 445 K 

for Bi2Te2.3Se0.7 produced by a new point-defect engineering materials strategy for 

reducing κ to lower than 1.2 W m-1 K-1 at 450 K [27]. Also, there are many n-type 

systems that have been reported to have high performance, such as confirmed by Han et 

al. [28]. As the research moves forward, it is very important to develop innovations for 

higher performance n-type thermoelectric materials to complement the advances made 

in p-type systems. 

In fact, since the first time of the introduction of semiconductor thermoelements at the 

end of the twentieth century, there was little improvement in thermoelectric materials as 

mentioned. However, recently there are many ideas from scientists and engineers for the 

improvement of materials such as heavy doping, optimal dopant concentration, 

nanostructure and modern thermal diffusivity measurements for thermal conductivity 

that have been put forward, and significant advances are finally being made, at least on 

a university or research institute laboratory scale. It is reasonable to expect that 

thermoelectric materials will soon lead to a much wider application of the 

thermoelectric effects worldwide. 
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1.2 Performance evaluation of thermoelectric materials 

Thermoelectricity is a niche research area in which various heat sources can be used to 

generate electricity. Thermoelectric materials are the cornerstone of commercial 

applications of electric generation, and there are many advances that have been made in 

fabricating materials with structures that improve thermoelectric performances [3, 

29-33]. Almost all conducting materials have thermoelectric properties. Because the 

figure of merit varies with temperature, a more meaningful measure of performance is 

the dimensionless figure of merit ZT: 

                                                 𝑍𝑇 =  𝛼2𝜎𝜅−1𝑇                                   (1) 

where α is the Seebeck coefficient (V K−1),   

σ is the electrical conductivity (S m−1),  

κ is the thermal conductivity (W m−1 K−1),  

and T is the absolute temperature (K).  

Thermoelectric properties are the combination of electrical property, thermal property, 

and special coefficient of a material (Seebeck coefficient). The meanings and details of 

properties are follows:  

-Seebeck coefficient, α 

This property may be operationally defined as the electromotive force produced when a 

unit temperature difference exists between the points of measurement. Since the 

magnitude of the Seebeck coefficient directly determines the voltage developed by a 

thermoelectric generator (or, through the Peltier coefficient, the effectiveness of a 

heat-pumping device). The materials specifically developed for thermoelectric 

applications would have a Seebeck coefficient of approximately 100 to 400 µV K−1. 
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- Electrical resistivity, ρ  

Thermoelectric materials require low electrical resistivity because it increases the 

thermoelectric figure of merit. Normally, the semiconductors are used for thermoelectric 

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

- Thermal conductivity, κ 

The thermoelectric applications require the lowest thermal conductivity attainable. The 

general semiconductors have thermal conductivity in the range 1 to 10 Wm-1K-1 and the 

range in metals is approximately an order of magnitude higher. 

                 𝜅 = 𝜅phonon + 𝜅carrier = 𝜅phonon + 𝐿𝜎𝑇                  (2) 

Carrier thermal conductivity 𝜅carrier is given by the Wiedemann–Franz law, where 

𝜅phonon and L are the phonon thermal conductivity and Lorenz number, respectively. 

The Lorenz number of a metal is given by [34]: 

             𝐿 =  (𝜋𝑘𝐵)2(3𝑒2)−1 = 2.45 × 10−8 W S−1K−2               (3) 

Thermoelectric materials have been widely studied with many kinds of preparation 

methods that have been used to improve the ZT. The ZT values for well-known 

thermoelectric materials are among the highest values reported [35, 36]. Ideally, 

materials with thermoelectric properties should have high electrical conductivities and 

Seebeck coefficients, but low total thermal conductivity , i.e., a high power factor (α2σ) 

and low thermal conductivity are essential for maximizing the ZT value [37].  

There are two primary strategies for improving ZT. One is optimization of the electronic 

term 𝛼2𝜎𝜅carrier
−1 , which is mainly governed by the local electronic structure (relaxation 

time, group velocity and density of states) near the Fermi level. The other way is 

reducing the phonon thermal conductivity 𝜅phonon by providing phonon-scattering 

centers, e.g., by introducing mass contrast and nanostructures in bulk materials [38, 39]. 
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1.3 Lead telluride properties and literature review 

PbTe thermoelectric materials perform well in the intermediate temperature range 450–

850 K and have good chemical and thermal stabilities [40, 41]. PbTe crystallizes in the 

NaCl crystal (rock-salt) structure (halite, cF8), with Pb atoms occupying the cationic 

sites and Te forming an anionic lattice (space group Fm3m, No. 225), at constant 

room-temperature lattice constant of 6.462 Å (12.22 bohr), melting point at 1197 K and 

theoretical density of 8.26 g cm−3. It is a narrow band gap (Eg ≈ 0.25 eV at 0 K, and 0.32 

eV at 300 K) semiconductor, which can show either p-type or n-type semiconductor 

conductivity depending on the deviation from stoichiometry. PbTe has a large exciton 

Bohr radius of approximately 46 nm, which leads to charge carrier confinement in 

relatively large nanostructures [42]. The reported values for the carrier concentration 

and Seebeck coefficient of high-purity undoped PbTe are similar to the published 

theoretical values [10].  

PbTe based alloys are promising thermoelectric materials because of high dependence 

on carrier concentration, low 𝜅 and high-power factors. However, because of fracture 

susceptibility, PbTe materials are difficult to process and have limited applications [43, 

44]. To overcome the mechanical and thermal stresses, the reduction of PbTe grain size 

is an effective hardening mechanism [45].  

Ball milling process is required for achieving small grain sizes and particles. This 

preparation process can introduce defects into the crystal lattice that act as dopants and 

change the electronic properties. After sintering process, materials structure can produce 

grain growth and partial repair of defects caused by milling [46]. An earlier study 

reported on undoped PbTe prepared by mechanical alloying (MA) with a Si3N4 vessel 

and balls milled at 596 rpm produced powder with minimum size at 3 h milling [47]. 
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That research compared powder microstructure and sintered morphology for sintering 

temperatures of 923 K (76% relative densities) and 1023 K (79% relative densities). 

Differential scanning calorimetry (DSC) showed MA to be associated with exothermic 

reaction heat between Pb and Te that promotes the rapid formation of PbTe and allows a 

3 h milling time for obtaining PbTe stoichiometric samples [48]. At 6-31 h milling times, 

crystallite size decreases and saturates to a value around 260 Å. After 31 h milling time, 

crystallite size slightly increased again. There are reports showing that microstrain 

should increase with milling time [49]. However, research on powder does not 

sufficiently clarify the electrical properties, grain sizes, and microstrain of bulk 

materials after sintering. 

Theoretical calculations based on a grain boundary scattering show that the 𝜅phonon of 

undoped bulk PbTe at 400 K is constant from coarse grains to average size 1 µm and 

then sharply decreases at grain size of 0.01 µm [50, 51]. These figures of merit should 

improve in materials with reduced grain size. Theoretical analysis shows that the 𝜅 of 

undoped PbTe with grain size of 1 µm is approximately 5% lower than in similar 

material with larger grain size [52]. Low 𝜅phonon in PbTe may be due to many factors. A 

recent report established the importance of lattice softening in thermal transport and 

internal strain induced by ball milling [53]. Increase in internal strain corresponds with 

linear decrease in the speed of sound. Softening of the material lattice is the only 

scattering mechanism that reduces 𝜅phonon.  

Repeated mechanical impact during planetary ball milling followed by hot pressing 

(MG-HP) is a powerful method for preparing homogeneous compounds that enables the 

formation of alloys in solid-state. For polycrystalline PbTe materials, synthesis is 

performed in an evacuated and sealed quartz tube. This conventional synthesis is 
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restrictive for industrial applications because the process is long and requires high 

temperatures. Powder metallurgy based on MG-HP is frequently used in preparation. 

The effect of rotation speed of ball mill on thermoelectric properties in undoped PbTe 

with fine grain, low 𝜅phonon, high purity, and relative density (more than 99%) has not 

received sufficient study. 

Mechanical alloy processing and hot pressing (MA-HP) produces thermoelectric 

materials without melting [54]. High energy milling activates local reaction among 

elements when raw materials are sufficiently refined and close in proximity. MA 

produces high exothermic heat as Pb and Te react and grain boundary scattering 

produces a refining effect. To maintain low 𝜅phonon, fine grained material is normally 

prepared using MA or another powder metallurgy. MA followed by HP can synthesize 

materials with uniform element distribution. 

Ball milling produces powder with small grain size, which decreases 𝜅 and improves ZT 

[55-58]. Improvement in thermoelectric performance can be used to determine grain 

boundary scattering in bulk materials [59, 60] because milling rotation speed improves 

thermoelectric properties. PbTe thermoelectric materials made of powder by processes 

such as MG and MA have uniform element distribution compared to conventional melt 

crystal growth alloys [61]. However, the most efficient preparation process is still 

unknown. 

The present study focused on samples of undoped bulk PbTe, which were prepared by a 

powder metallurgy method. The effects of the planetary ball milling through various 

rotational speed on the thermoelectric properties of samples prepared by MG and MA 

followed by HP were investigated. The use of a planetary ball mill to achieve fine grain 

sizes can reduce the κphonon. Grain refinement by MG–HP and MA-HP improves the 
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performance of a thermoelectric material by decreasing the κphonon. 

1.4 Bismuth antimony telluride properties and literature review 

At room temperature, high ZT values in Bi2Te3-based materials is ~1.0. This material is 

used in wearable thermoelectric devices and harvesting power generation [62]. 

Bi2Te3-based materials have a rhombohedral crystal structure and belong to the 

anisotropic physical, R3m space group properties. Much research has focused on 

developing preparation methods that improve higher ZT for Bi2Te3-based materials [63]. 

There are two main strategies. One involves high-pressure torsion and hot extrusion 

[64] since anisotropic thermoelectric properties can be obtained by plastic deformation 

under anisotropic preparation states. Another involves dopant addition of other elements 

[65], nanostructures dispersion [66], and ball milling such as mechanical grinding or 

alloying [5, 26] by powder metallurgy [7] under isotropic preparation states. After ball 

milling, the microstructure and electrical properties of materials depend on the milling 

energy during the ball milling process, particles size, composition, the size distribution 

of the ball milling materials [67]. A large powder grains size can be produced by high 

milling energy and at high temperatures. There is a lack of relationships among the 

milling energy in different rotation speed, different sintering conditions by hot pressing 

have not been reported. The difference in milling energy depends on the ball milling 

materials and rotation speed.  

In a recent study [68], p-type Bi0.3Sb1.7Te3.0 prepared by milling process with 

stainless-steel vessel and Si3N4 balls at various rotation speeds followed by hot pressing, 

reached a ZT value of approximately 1.01 at room temperature. However, with this 

milling condition, there is contamination of iron and chromium. Thermoelectric 

properties were harmfully affected by the milling process [68]. In reference to these 
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problems, we made changes to the milling vessels and balls, to prevent the 

contamination during the milling process. Yttria-stabilized zirconia (YSZ) ceramics 

vessel and ball are suitable materials for milling conditions, with high fracture 

toughness that led to higher ZT and low contaminations. [69].  
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1.5 Research objectives 

1. Synthesis and characterization of thermoelectric properties of lead telluride, prepared 

by ball milling (BM) at various rotation speed (stainless-steel vessel (Fe–Ni–Cr) and 

Si3N4 balls) and followed by hot pressing. 

2. Study on the grain size and phonon thermal conductivity in undoped lead telluride 

processed by mechanical grinding (MG) and alloying (MA) using yttria-stabilized 

zirconia (YSZ) ceramic vessels and balls. 

3. Synthesis and characterization of thermoelectric properties of p-type Bi0.3Sb1.7Te3.0, 

prepared by a mechanical alloying (MA) followed hot pressing with a YSZ ceramics 

vessel and balls. Relationships among the sintering conditions and milling energy were 

investigated. 
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CHAPTER 2  

EXPERIMENTATION AND METHODLOGY  

2.1 PbTe materials and preparation methods. 

2.1.1 “Synthesis and characterization of thermoelectric properties of lead telluride, 

prepared by ball milling (BM) at various rotation speed (stainless-steel vessel (Fe–

Ni–Cr) and Si3N4 balls) and followed by hot pressing”. 

Melting–HP and ball milling (BM)–HP samples of PbTe were prepared by melting and 

dry ball milling followed by HP, respectively. Raw materials, i.e., Pb (99.998%, 3–5 mm 

grain size) and Te (99.9999%, 2 mm grain size) were purchased from the Kojundo 

Chemical Laboratory Co., Ltd. PbTe ingots were produced by melting in evacuated 

quartz ampoules. The inner diameter and length of the carbon-coated ampoule were 10 

mm and 120 mm, respectively, and the bottom end was columnar-cone-shaped. The raw 

materials were placed in the ampoule, which was sealed under 0.1 Pa. The ampoule was 

heated to 1123 K by an electric furnace. The temperature was maintained for 3 h and 

then the reaction was quenched with water.  

The PbTe ingots were placed in a stainless-steel vessel (Fe–Ni–Cr) with Si3N4 ceramics 

balls (25 mm diameter). Weight ratio of milling balls to ingots was more than 20:1. BM 

with the Si3N4 ceramics balls was performed by Fritsch P-5 planetary ball mill, and 

milled at maximum rotation speed of 180 rpm for 30 h. Stainless-steel vessel was sealed 

in a glove box under Ar atmosphere to prevent powder oxidation during the milling 

process. For each sample, milling was performed at 90–180 rpm for 30 h. 

After milling, milled powder was passed through a 150 µm diameter sieve to separate 

the unmilled material. The PbTe ingot (prepared at 0 rpm) and the milled powder were 

then compacted by HP at 650 K under a uniaxial pressure of 147 MPa. Powders were 
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prepared in an Ar atmosphere, except when the HP mold was exposed to air during 

transfer between the Ar-filled glove box to HP chamber. Hot-pressed and sintered 

compacts, which were 8–10 mm thick and 10 mm in diameter, were cut into disks of 

thickness ~1 mm, and diameter 10 mm, and used for determining the Seebeck 

coefficients, electrical and thermal conductivities of the samples. The cut PbTe disk 

densities were determined by Archimedes’ method, with a relative density accuracy 

better than ±0.2%. 
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2.1.2 “Study on the grain size and phonon thermal conductivity in undoped lead 

telluride processed by mechanical grinding (MG) and alloying (MA) using 

yttria-stabilized zirconia (YSZ) ceramic vessels and balls”. 

Mechanical grinding (MG)–HP samples of PbTe were prepared by melting and dry ball 

milling and followed by HP. Ingots produced by MG were synthesized from high-purity 

Pb (99.998%, grain size 3–5 mm) and high-purity Te (99.9999%, grain size 2 mm) from 

the Kojundo Chemical Laboratory Co., Ltd. Stoichiometric amounts of these elements 

for targeted PbTe compositions were placed in clean carbon-coated ampoules with 

columnar-cone-shaped bottom (10 mm inner diameter, 120 mm length). Raw materials 

for MG samples were placed in ampoules and the ampoules were sealed under 0.1 Pa. 

MG ingots obtained were heated to 1123 K by an electric furnace. The temperature was 

maintained for 5 h and quenching was in water at room temperature.  

The melting process was not applied to MA-HP samples. MG ingots and raw materials 

for MA were placed in yttria-stabilized zirconia (YSZ) ceramic vessels (0.25 L capacity) 

and balls (25 mm diameter). Weight ratio of milling balls to ingots and raw materials 

was 20:1. Milling was performed with a Fritsch P-5 planetary ball mill. Vessels and ball 

were sealed in a glove box under Ar atmosphere to prevent powder oxidation during the 

milling process. Milling was performed at 90–180 rpm for 30 h in an Ar filled glove box 

and milled powder was passed through a polymer mesh sieve (150 µm diameter) to 

separate milled and unmilled materials. After separation, powder was put in an HP mold. 

HP chamber was evacuated below 0.4 Pa and then compacted in Ar atmosphere at 650 

K under uniaxial pressure of 147 MPa.  
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BiSbTe materials and preparation methods 

2.2 “Synthesis and characterization of thermoelectric properties of p-type 

Bi0.3Sb1.7Te3.0, prepared by a mechanical alloying (MA) followed by hot pressing 

with a YSZ ceramics vessel and balls”. 

Composition of the milled powder was stoichiometric, i.e., Bi0.3Sb1.7Te3.0 [43]. 

High-purity elements of Bi (99.999%), Sb (99.9999%), and Te (99.9999%) of several 

grain sizes (all purchased from the Kojundo Chemical Laboratory Co., Ltd). Raw 

materials were weighed following the formula Bi0.3Sb1.7Te3.0 and were set in YSZ vessel 

with milling balls in an argon-filled glove box. YSZ vessels (0.25 L capacity, 25 mm 

diameter) were sealed inside the box to keep vessels safe from the air. The main reason 

to use YSZ vessel and milling balls was because we need to avoid reactions with the 

milled powder during the milling process. Various milling rotation speeds gave partial 

to complete alloy materials. Thermoelectric properties of Bi0.3Sb1.7Te3.0 at various mill 

rotation speeds on the degree of alloying were investigated. Handling procedures and 

weight ratio of milling balls to raw materials were the same as those previously studied 

using a stainless-steel vessel and Si3N4 balls [68].  

Milling process was performed at 110-180 rpm for 30 hours. Ratio of the rotation speed 

of the planetary disk to that of the milling vessel was fixed at 1: -2.18. After milling 

process, milled powder was passed through a polymer mesh sieve (150 µm diameter) to 

separate milled and unmilled materials. This process was to assure that no elemental 

grains remained on the polymer mesh sieve in each preparation. Milled powder was 

investigated by x-ray diffraction machine (XRD; Rigaku Smart Lab, Cu Kα radiation) to 

confirm alloying after milling process. This process considered whether contamination 

caused by erosion of the vessel and milling balls occurred. Bi0.3Sb1.7Te3.0 milled powder 
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at minimum rotation speed was used to consider the effects of milling vessel and ball, 

and HP sintering temperature. 

After separation by polymer mesh sieve, the powder was put in an HP mold. HP 

chamber was evacuated below 0.4 Pa and then compacted in Ar atmosphere at target 

sintering temperature under uniaxial pressure of 147 MPa. Samples were prepared in Ar 

atmosphere, except when HP mold was exposed to air during transfer between the glove 

box to HP chamber. Relationships between metallography, microstructure, electrical 

properties, and sintering temperature in bulk materials were investigated.  

The significant of sintering temperature for the minimum rotation speed needed to 

achieve complete alloying of the milled materials. A study on sintering temperature can 

find a good condition for thermoelectric properties and improve achievement. 

Bi0.3Sb1.7Te3.0 milled at the minimum rotation speed was sintered at 100 - 400 ℃ under 

uniaxial pressure of 147 MPa. Sintered ingots (8–10 mm thickness, 10 mm diameter) 

were cut into disks (~1 mm thickness, 10 mm diameter). Disks obtained from the ingot 

ends were not used for measurements because there was affected by plastic deformation, 

and have anisotropic properties as a result of HP [70]. 
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2.3 X-ray diffraction 

PbTe and BiSbTe samples structures were investigated by X-ray diffraction machine 

(XRD; Rigaku SmartLab, Cu Kα radiation), and scanning electron microscopy (SEM; 

JEOL, JSM-6510A), and focused ion beam (FIB; JEOL, JEM-9320) system. XRD 

patterns for those of PbTe sintered samples were recorded in the Bragg angle range 2θ = 

20º–90º and 20º–110º for BiSbTe samples. General scans with a step size of 0.1º and a 

step time of 0.5 s were conducted for phase identification. Crystallite size was based on 

the Scherrer equation. Microstrain was determined using the most intense reflection for 

the full width at half maximum (FWHM) for microstrain analysis in PbTe.  

2.4 Microstructures, grain sizes and EDS 

The microstructures and grain sizes of PbTe cross-sections were examined by FIB-SEM, 

SEM, and energy-dispersive x-ray spectroscopy (EDS). The surfaces of the PbTe 

sintered disks were polished and slightly chemically etched. An agglomerate-free 

alumina powder and alumina suspension were used as polishing grits. Average grain 

sizes were observed by FIB-SEM and measured by the linear intercept technique for 

two-phase polycrystals [71]. The elemental dispersion profiles of PbTe cross-sections 

were determined by EDS. 

The microstructures for Bi0.3Sb1.7Te3.0 sintered disks at 100 and 350 ℃ were examined 

by scanning electron microscopy (SEM; JEOL, JSM-6510A). At the same area, 

elemental distribution profiles of cross-sections were examined by energy-dispersive 

x-ray spectroscopy (EDS). 

 

 

 



23 

 

2.5 Electrical conductivity 

Electrical conductivity was measured by a four-point probe method with a delta-mode 

electrical resistance system based on a 2182A/6220 instrument (Keithley Instruments, 

Inc.) Probe was made of tungsten carbide of size 1.0 mm. All measurements made using 

the electrical conductivity system were confirmed by ohmic contact to be of accuracy 

better than ±1%.  

2.6 Seebeck coefficient 

Seebeck coefficient was determined using a constructed [72] thermal contact system. 

Use of a standard BiTe thermoelectric material (SRM 3451) as a reference sample 

confirmed that accuracy was better than ±2% at room temperature.  

2.7 Thermal conductivity 

Thermal conductivity was measured using a constructed [73] static comparison method 

system. Quartz (κ = 1.411 W m−1 K−1) was used as a reference sample, and the accuracy 

was better than ±1%. Measured sample and quartz were sandwiched between copper 

blocks of 10 mm in diameter for thermal conductivity static comparison.  

2.8 Dimensionless figure of merit ZT 

ZT was calculated from the room temperature of Seebeck coefficient, electrical and 

thermal conductivity follow equation (1). 
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CHAPTER 3   

RESULTS AND DISCUSSION 

3.1 PbTe results and discussion 

3.1.1 “Synthesis and characterization of thermoelectric properties of lead telluride, 

prepared by ball milling (BM) at various rotation speed (stainless-steel vessel (Fe–

Ni–Cr) and Si3N4 balls) and followed by hot pressing”. 

Hot-pressed samples were p-type semiconductors according to measurement of Seebeck 

coefficient. Table 3.1.1 shows absolute and relative densities of Melting–HP and 

BM-HP samples measured by Archimedes’ method [41]. Samples had relative density 

of close to 99%. Density did not depend on rotation speed. Thermoelectric properties of 

sintered materials depended on density or porosity. High porosity changes electrical and 

thermal conductivity. Samples in this research were compact enough to resist changes. 
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Figure. 3.1.1 shows XRD patterns in the 2θ range of 20º–90º for Melting–HP and BM–

HP samples. PbTe main indexes were added to the patterns [41]. XRD pattern peaks 

indicated single-phase PbTe crystal structures and there were no peaks from other 

materials. 

Figure. 3.1.2 shows full width at half maximum (FWHM) fixed on (200) peaks as a 

function of milling rotation speed for BM-HP samples. Sample milled at 120 rpm had 

most internal strain. FWHM is generally proportional to the internal strain. In this study, 

samples milled at 120 rpm had the highest internal strain. 

 

 

Figure. 3.1.3 shows FIB-SEM micrographs of Melting-HP and BM–HP samples milled 
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at 90, 120, 150 and 180 rpm. Samples had dense and fine grain structures. Measured by 

the linear intercept technique [71], the Melting-HP sample had 22.62 µm average grain 

size. For BM-HP samples, average grain size decreased with increasing rotation speed: 

1.15 µm at 90 rpm, 0.80 µm at 120 rpm, 0.72 µm at 150 rpm and 0.66 µm at 180 rpm.  

 

Figure. 3.1.4 shows electrical conductivity σ at room temperature of Melting-HP and 

BM-HP samples as a function of milling rotation speed. Electrical conductivity in 

Melting–HP was similar to the electrical conductivity in the BM-HP sample milled at 90 

rpm. Electrical conductivity of BM-HP samples increased with rotation speed. Iron (Fe), 

chromium (Cr), and nickel (Ni) contaminants are estimated to act as p-type dopants. 
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Figure. 3.1.5 shows concentration of Fe, Cr, and Ni elements in PbTe samples 

determined by ICP-OES. The concentration of impurities increased with rotation speed. 

Results in Figure. 3.1.4 and Figure. 3.1.5 are consistent relationship between carrier 

concentration and electrical conductivity. Increase in electrical conductivity was likely 

because of contamination from the milling vessel. 

 

Figure. 3.1.6 shows total thermal conductivity (𝜅total), phonon component (𝜅phonon) and 

carrier component (𝜅carrier) at room temperature of Melting-HP and BM-HP samples as a 

function of milling rotation speed. 𝜅phonon and 𝜅carrier values were estimated from eqs. (2) 

and (3) (see Introduction). 𝜅phonon values for PbTe samples prepared by Melting–HP and 

BM–HP at a rotation speed of 90 rpm were almost the same in terms of electrical 
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conductivity. At 120 rpm, BM-HP sample had minimum κphonon value of 1.29 W m−1 K−1 

and average grain size of 0.80 µm. The κphonon in PbTe decreased from 90 rpm to 120 

rpm, increased from 120 rpm to 150 rpm and remained relatively constant from 150 rpm 

to 180 rpm. There was a significant inverse relationship between κphonon and FWHM 

(see Figure. 3.1.2). 

 

Figure. 3.1.7 shows the relationship between average grain size and phonon thermal 

conductivity κphonon at room temperature of Melting-HP and BM-HP for PbTe samples. 

The calculated κphonon by grain boundary scattering was constant from coarse grain size 

to average grain size of 1 µm. The critical point in 𝜅phonon change occurred when grain 

size was approximately 0.03 µm at 400 K [50, 51]. The present study showed that at 

rotation speed of up to 120 rpm, 𝜅phonon value in PbTe samples decreased as rotation 

speed increased because grain size was less than 1 µm. Such decreasing behavior agreed 

with theoretical calculation [50, 51]. However, the observed critical point around 1 µm 

differed from theoretical calculation by grain boundary scattering. High rotation speed 

produced internal strain in small grain size. The internal strain such as dislocations and 
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lattice defects changed phonon frequencies within the material [53]. Internal strain was 

confirmed in PbTe samples prepared by BM–HP, with internal strain peaking at 120 rpm 

(see Fig. 3.1.2). 

 

From these results, 𝜅phonon of PbTe was constant from coarse grain size to average size 

of 1 µm and decreased in grain sizes below 1 µm. Minimum 𝜅phonon was at 120 rpm in 

PbTe, which led to peak internal strain. Rotation speed affected thermoelectric 

properties. 
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3.1.2 “Study on the grain size and phonon thermal conductivity in undoped lead 

telluride processed by mechanical grinding (MG) and alloying (MA) using 

yttria-stabilized zirconia (YSZ) ceramic vessels and balls”. 

Preliminary XRD showed that processed milled powder had single-phase alloy. After 

hot-pressing, all PbTe samples prepared by MG-HP and MA-HP were dense and p-type 

semiconductors. Table 3.2.1 shows milling rotation speed depends on the absolute and 

relative densities of MG–HP and MA–HP samples measured by Archimedes’ method 

[41]. Samples prepared by the MG-HP process had relative density close to 99%, higher 

than results in another report [47]. MA-HP samples were above PbTe theoretical bulk 

density because the interior temperature of the milling vessel rose due to high 

exothermic reaction heat between Pb and Te [48]. Te had higher vapor pressure than 

PbTe and Pb, and Te evaporated during the milling process [41]. Vapor pressure of 

PbTe, Pb and Te were less than 10-6, 10-5, and 1 Pa at 650 K [74, 75], respectively. 
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Figure. 3.2.1 (a) show SEM image of the PbTe sample sintered at 650 K and milled at 

150 rpm followed by MG-HP. Except for the dark particles, the matrix was dense and 

there was uniform elemental distribution without pores or voids. Figure. 3.2.1 (b)–(f) 

shows elemental distributions of Pb, Te, Zr, Y, and O determined by EDS. A dark 

particle with diameter of around 2 µm in Figure. 3.2.1 (a) shows erosion from the YSZ 

vessel and balls. Also, in MA-HP sample milled at 150 rpm was observed a uniform 

elemental distribution and particles caused by erosion from the YSZ vessel and balls. 

 

Figure. 3.2.2 (a)-(c) shows FIB-SEM micrographs of MG-HP and Figure. 3.2.2 (d)-(f) 

for MA-HP, PbTe milled at 90, 150 and 180 rpm sintered at 650 K. PbTe samples had 

dense and fine grains. Linear intercept technique [71] was applied to calculate the 

average grain size of PbTe samples prepared by MG-HP and MA-HP (Figure. 3.2.3). 

Average grain size decreased, and grain saturation increased with rotation speed. 

Minimum average grain size was obtained with 0.47 µm milling at 150 rpm for PbTe 
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sample produced by MG-HP. Minimum average grain size was obtained with 0.52 µm 

milling at 120 rpm produced by MA-HP. Average grain size at 140-180 rpm for MA-HP 

were slightly higher than for MG-HP due to exothermic reactions heat in the MA 

process [48]. The MG process produced kinetic energy while the MA process produced 

kinetic energy together with high exothermic reaction heat [48]. 
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Figure. 3.2.4 and Figure. 3.2.5 show a sequence of XRD patterns in the 2θ range 20º–

90º for PbTe MG–HP and MA–HP samples milled at rotation speed of 90 to 180 rpm 

and PbTe main indexes [41]. XRD pattern peaks show that PbTe samples had 

single-phase crystal structures, no peaks from other materials were observed. XRD 

patterns were determined using the main reflection (200) for full width at half maximum 

(FWHM) and crystallite size (Å).  
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Figure. 3.2.6 and Figure. 3.2.7 in MG-HP, the microstrain considered by FWHM 

tended to increase with milling rotation speed while crystallite size decreased and 

became finer. At 90-120 rpm, the microstrain for MA-HP was slightly higher than for 

MG-HP. At 140-180 rpm, the high exothermic reaction heat relaxed the microstrain in 

MA-HP samples and increased crystallite size. The observations agreed with our results 

as [49], by Neutron powder diffraction analysis for PbTe powder depended on milling 

times was indicated increased in crystallite size.  
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Figure. 3.2.8 shows electrical conductivity σ at room temperature and milling rotation 

speed related to PbTe samples prepared by MG–HP and MA-HP. The open circles and 

open triangles show the electrical conductivity produced by MG-HP and MA-HP, 

respectively. Electrical conductivity of MG-HP and MA-HP increased with the milling 

rotation speed. Because the milling kinetic energy converted to thermal energy, thermal 

energy caused Te evaporation. Te vapor pressure is higher than vapor pressure of Pb and 

PbTe [74, 76]. Evacuation of Te probably leads to Te deficiency in PbTe during high 

rotation speed. Electrical conductivity of PbTe samples produced by MA-HP was higher 

than the MG-HP. During the milling process, MA-HP produced more milling energy 

and more exothermic reaction heat than MG-HP. The reaction between Pb and Te heated 

the milling vessel interior due to high exothermic heat [48]. The large quantity of Te 

deficiency created during the milling led to an increase in electrical conductivity. 

However, Te deficiency might be at the limit of solid solution for PbTe as shown in 

Figure. 3.2.4 and Figure. 3.2.5. The effect of Te deficiency was consistent with MA-HP 

samples having a relative density above the theoretical density in Table. 3.2.1. 

 

Figure. 3.2.9 shows Seebeck coefficient α at room temperature and milling rotation 
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speed related to PbTe samples prepared by MG–HP and MA-HP. The open circles and 

open triangles show the Seebeck coefficient produced by MG-HP and MA-HP, 

respectively. For MG-HP samples, Seebeck coefficient decreased as rotation speed 

increased. The maximum value 494 μV K−1 of Seebeck coefficient was obtained with 

MG-HP sample milled at 90 rpm. Seebeck coefficient of MA–HP samples slightly 

decreased at high rotation speed and was lower than the Seebeck coefficient of samples 

prepared by MG-HP. Te deficiency acts as dopant and reduces the Seebeck coefficient. 

MG-HP process prevents Te evaporation, so MG–HP samples have a high Seebeck 

coefficient near stoichiometry of PbTe. Seebeck coefficient of MG-HP samples 

decreased with increased rotation milling speed, especially at 150-180 rpm. Increased 

milling energy could be because as in Figure. 3.2.8, Te evacuation during the milling 

led to Te deficiency in PbTe at 150-180 rpm. For MG-HP samples, Seebeck coefficient 

decreased because Te deficiency created during the high energy milling vessel, which is 

consistent with the dependences of electrical conductivity and Seebeck coefficient on 

the concentration of free carriers [30]. Because Te deficiency acts as dopant, electrical 

conductivity and Seebeck coefficient in MA-HP samples behaved like p-type doped 

materials.  
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Figure. 3.2.10 shows the total thermal conductivity κtotal and phonon thermal 

conductivity κphonon at room temperature and milling rotation speed related to PbTe 

samples prepared by MG–HP and MA-HP. The 𝜅phonon values were estimated from 

equations (2) and (3) and showed that 𝜅phonon behavior depended on preparation process. 

Minimum κphonon of the MG-HP sample was 1.03 W m−1 K−1 when milled at 150 rpm 

and average grain size was 0.47 µm. Minimum κphonon of the MA-HP sample was 1.36 

W m−1 K−1 when milled at 120 rpm and average grain size was 0.52 µm. The effect of 

grain sizes included fine grain as shown in Fig. 3.2.3 and microstrain considered by 

FWHM in Fig. 3.2.6 confirmed that over 120 rpm, the 𝜅phonon of MG was lower than the 

𝜅phonon of MA.  

 

The 𝜅phonon values for the PbTe samples prepared by MG–HP and MA–HP at a rotation 

speed of 90 rpm were fairly close. Samples with a grains of average size over 1 µm 

(1.47-1.93 µm) were correspond to the theoretical calculation of grain boundary 

scattering [50, 51]. The 𝜅phonon of MG-HP samples tended to decrease with increasing 

rotational speed because of decreased grain size and the effect of fine grain increased 
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the microstrain. Samples produced by MA-HP also decreased the 𝜅phonon with increasing 

milling rotation speed except for over 120 rpm. At over 120 rpm, 𝜅phonon increased and 

stabilized because microstrain release and because there was high milling energy with 

high exothermic reaction heat. 𝜅phonon slightly increased grain growth. 

In addition, theoretical calculations based on the grain boundary scattering [50, 51] 

suggested that at 400 K, the κphonon of undoped PbTe with the average grain size above 1 

µm was constant but sharply decreased at a grain size of about 0.01 µm. Grain size was 

critical in κphonon transition. Figure. 3.2.11 shows that the trend of 𝜅phonon at room 

temperature depend on grain size for samples prepared by MG-HP and MA-HP. This 

trend was similar to theoretical calculations. κphonon was significantly changed at around 

1 µm. It was different from theoretical calculations based on the grain boundary 

scattering [50, 51].  

 

Figure. 3.2.12 shows the κphonon at room temperature of PbTe samples with only grain 

size value at or below 1 µm prepared by MG-HP and MA-HP. Grain sizes over 1 µm 

were not considered because of the effect of grain boundary scattering on theoretical 
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calculations [50, 51]. High microstrain led to decrease in κphonon. Moreover, decrease or 

increase of κphonon did not depend on the use of MG or MA. High microstrain decreased 

κphonon at grain size at or below 1 µm. 

 

Therefore, it should be noted here that MG-HP produced finer grain and lower κphonon 

than MA-HP. Undoped PbTe samples produced by MG-HP had fine grain and 

microstrain with high Seebeck coefficient, low κphonon and low electrical conductivity. 

Melting process including MG-HP is necessary for preparing these specific 

experimental conditions. 
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3.2 BiSbTe results and discussion of “Synthesis and characterization of 

thermoelectric properties of p-type Bi0.3Sb1.7Te3.0, prepared by a mechanical 

alloying (MA) followed by hot pressing with a YSZ ceramics vessel and balls”. 

Bi0.3Sb1.7Te3.0 powder was prepared by YSZ vessel and balls at various rotation speed. 

 

Milled Bi0.3Sb1.7Te3.0 powder as passed through a 150 µm diameter sieve. No material 

remained on the polymer mesh sieve. Figure. 3.3.1 shows a sequence of XRD patterns 

for milled Bi0.3Sb1.7Te3.0 powders. XRD patterns of the milled powders showed only 

peaks of Bi, Sb, Te, and Bi0.3Sb1.7Te3.0 [77]. There were no peaks observed from other 

materials. Powder milled at rotation speed equal to or greater than 150 rpm were 

completely alloyed and a single phase of Bi0.3Sb1.7Te3.0 was obtained. The threshold 

milling speed for achieving complete alloying in the present study was the same as in 
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the previous study by stainless-steel vessel and Si3N4 balls [68]. The threshold of 

mechanical alloying was not dependent on the particle size, milling vessel and ball 

materials, but it depended on milling energy. The milling kinetic energy is proportional 

to the velocity and mass ratio. At 150 rpm, Bi0.3Sb1.7Te3.0 powder became a single-phase, 

which was used to clarify the homogeneously synthesized materials by ball milling and 

effects of hot-pressing sintering temperature. 

 

Optimum sintering temperature of Bi0.3Sb1.7Te3.0 powder milled at minimum rotation 

speed was needed for complete alloying.  

The p-type semiconductors appeared for samples sintered at 100-400 ℃. Figure. 3.3.2 

shows a sequence of XRD patterns for Bi0.3Sb1.7Te3.0 disks sintered at 100-400 ℃ and 

milled at 150 rpm; also, the main hkl indexes of Bi0.3Sb1.7Te3.0 [77]. There were no 
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peaks observed from other materials. XRD pattern peaks show that Bi0.3Sb1.7Te3.0 

samples had single phase.  

 

Figure. 3.3.3 (a) shows SEM micrograph of a Bi0.3Sb1.7Te3.0 disk sintered at 100 ℃ 

and milled at 150 rpm, there were voids and pores. Figure. 3.3.3 (b), (c), and (d) show 

the elemental distributions of Bi, Sb, and Te, respectively, observed by EDS. They 

were homogeneously dispersed in the observed sample.  
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Figure. 3.3.4 (a) and (b) show SEM micrographs of fracture surface and a cross section 

for Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ and milled at 150 rpm. Bi0.3Sb1.7Te3.0 disk has 

fine grains and dense. Grain size is approximately 1 µm at the fracture surface. It is 

similar to that of the previous study [78]. This SEM micrograph confirmed that 

contaminants from the milling process did not affect matrix grain growth [68]. 
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Figure. 3.3.5 (a) shows SEM micrographs of a Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃ 

and milled at 150 rpm. Figure. 3.3.5 (b)–(f) show elemental distributions of Bi, Sb, Te, 

Zr, and Y, respectively, observed by EDS. Figure. 3.3.5 (a) shows that the degree of 

sintering was greater than that in Figure. 3.3.3 (a), Microstructure was dense and similar 

to that in Figure. 3.3.4. Particles of size several micrometers can be observed in the 

matrix. Figure. 3.3.5 (e) and (f) indicated that the particles correspond to YSZ. The 

milling process did not react with Bi0.3Sb1.7Te3.0 because a reaction layer between vessel 

and material did not appear. Relative density of Bi0.3Sb1.7Te3.0 disks sintered at 100 and 

350 ℃ and milled at 150 rpm were 95.5% and 99.2%, as calculated based on absolute 

density of 6.73 g/ cm3 [77]. Relative density increased when increasing heat passed 

sintering temperature and became denser. They agreed with the SEM micrographs in 

Figures. 3.3.3(a) and 3.3.4(a). 
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Figure. 3.3.6 shows electrical conductivity at room temperature and sintering 

temperature for Bi0.3Sb1.7Te3.0 disks milled at 150 rpm. The solid circle shows the 

electrical conductivity for Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃, milled at 150 rpm by 

stainless-steel vessel and Si3N4 balls [68]. Sample sintered at 350 ℃ had a maximum 

electrical conductivity and increased with increasing sintering temperature. Because the 

sintering of Bi0.3Sb1.7Te3.0 was complete (see in Figures. 3.3.3 (a) and 3.3.4 (a)). 

Electrical conductivity of samples produced by YSZ vessel and balls had lower than that 

of samples produced by stainless-steel vessel and Si3N4 balls because contamination 

from stainless steel vessel acted as carrier dopants. Anywise, Figure. 3.3.5 (a) shows 

the presence of YSZ particles of several microscale size in the matrix, but 

contamination by the YSZ vessel and balls did not have harmful effect to electrical 

conductivity. 
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Figure. 3.3.7 shows Seebeck coefficient at room temperature and sintering temperature 

for Bi0.3Sb1.7Te3.0 disks milled at 150 rpm. The solid circle shows the Seebeck 

coefficient for Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃, milled at 150 rpm by a 

stainless-steel vessel and Si3N4 balls [68]. Sample sintered at 250 ℃ had a maximum 

Seebeck coefficient and increased with increasing sintering temperature. Because the 

sintering of Bi0.3Sb1.7Te3.0 was complete (see in Figures. 3.3.3 (a) and 3.3.4 (a)). 

Seebeck coefficient of samples produced by YSZ vessel and balls were higher than that 

of samples produced by stainless-steel vessel and Si3N4 balls because contamination 

from stainless steel vessel acted as carrier dopants. On the other hand, contaminants 

from the YSZ vessel and balls by the milling process did not affect Seebeck coefficients. 

The inverse relationship between the electrical conductivity and the Seebeck coefficient 

is consistent with the dependencies on the concentration of free carriers. The 

observation that low electrical conductivity and high Seebeck coefficients were 

achieved with YSZ milling shows that contamination was suppressed. Thus, 

contaminants did not act as carrier dopants in the present study. 
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Figure. 3.3.8 shows total, phonon, and carrier thermal conductivities at room 

temperature and sintering temperatures for Bi0.3Sb1.7Te3.0 disks milled at 150 rpm. The 

solid symbols show the values for Bi0.3Sb1.7Te3.0 disk sintered at 350 ℃, milled at 150 

rpm by a stainless-steel vessel and Si3N4 balls [68]. Phonon and carrier thermal 

conductivity were calculated based on equation (2). Sample sintered at 350 ℃ had a 

maximum thermal conductivity because sintering was complete. Carrier thermal 

conductivity of samples produced by YSZ vessel and balls were lower than that of 

samples produced by stainless-steel vessel and Si3N4 balls because contamination from 

stainless steel vessel acted as carrier dopants. On the other hand, the phonon thermal 

conductivity was not affected by this milling process and were similar to each other. 

There is consistency with matrix grain growth being unaffected by the milling vessel 

(see in Figure. 3.3.4.) 
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Figure. 3.3.9 shows ZT at room temperature and the sintering temperature for 

Bi0.3Sb1.7Te3.0 disks milled at 150 rpm. The solid circle show the ZT for Bi0.3Sb1.7Te3.0 

disk sintered at 350 ℃, milled at 150 rpm by stainless steel vessel and Si3N4 balls [68]. 

At room temperature, maximum ZT, i.e., 1.14 (α: 292 µV K-1, σ: 4.41×104 S m-1, κ: 0.99 

W m-1 K-1), was achieved with the disk sintered at 350 ℃. ZT values for samples 

prepared by milling at 150 rpm with a YSZ vessel and balls followed by sintering at 

350 ℃ were enhanced by approximately 1.7 times than that of sample produced by 

stainless-steel vessel and Si3N4 balls. However, in Fig. 3.3.5, YSZ particles of size 

several micrometers were present in the matrix. 

These considerations show how the milling process with YSZ can improve ZT. 

Thermoelectric properties of sintered Bi0.3Sb1.7Te3.0 produced by YSZ vessel and balls, 

at fixed rotation speed and sintering temperature of 350 ℃ gave the maximum ZT value. 
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Optimum milling speed and temperature to achieve a maximum ZT value for 

Bi0.3Sb1.7Te3.0. 

 

p-type semiconductors of Bi0.3Sb1.7Te3.0 appeared for sample sintered at 350 ℃. Figure. 

3.3.10 shows a sequence of XRD patterns for Bi0.3Sb1.7Te3.0 milled at 110–180 rpm, and 

sintered at 350 ℃; also, the main hkl indexes of Bi0.3Sb1.7Te3.0 are shown [77]. Only 

peaks from Bi0.3Sb1.7Te3.0 are present; no peaks from other materials were observed. 

Samples were a single-phase of Bi0.3Sb1.7Te3.0. The remaining unalloyed materials 

during milling performed at or below 130 rpm (see Figure. 3.3.1) disappeared and 

materials were formed during subsequent sintering. Bi0.3Sb1.7Te3.0 after the milling 

process was completely alloyed by hot pressing. [68]. 
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Figure. 3.3.11 shows electrical conductivity at room temperature and mill rotation 

speeds for Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃. The solid line shows the value for 

Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃, milled by stainless-steel vessel and Si3N4 balls 

[68]. At 350 ℃, electrical conductivities were constant up to 150 rpm and increased at 

180 rpm. Because contaminants from milling vessel and balls affected the electrical 

conductivity, especially at high rotation speed for samples produced by stainless-steel 

vessel and ball. Electrical conductivities of Bi0.3Sb1.7Te3.0 milled with a YSZ vessel were 

constant up to 150 rpm and then increased slightly at 180 rpm because at high rotation 

speed, the milling vessel interior is heated by high-energy milling. During the milling 

process, the heat from inside is released to the outside of vessel via conduction by the 

vessel material. Thermal conductivity of YSZ and stainless steel are approximately 3 

and 16 W m-1 K-1, respectively [79, 80]. Thus, the heat in a YSZ vessel during the 

milling process might be more insulated than in a stainless-steel vessel. YSZ milling 

produced more inside temperature than stainless-steel vessel. At 350 ℃, vapor pressures 

of Bi, Sb, and Te were approximately 1×10−5, 1×10−4, and 0.3 Pa, respectively [81]. At 
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180 rpm, evacuation of Te would therefore occur, which would lead to a Te deficiency 

in Bi0.3Sb1.7Te3.0. Te deficiency created during high-energy YSZ milling leads to 

decrease in Seebeck coefficient and increase in electrical conductivity of 

Bi0.3Sb1.7Te3.0+x [78]. 

 

Figure. 3.3.12 shows Seebeck coefficient at room temperature and mill rotation speeds 

for Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with a YSZ vessel and ball. The 

solid line shows the value for Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with a 

stainless-steel vessel and Si3N4 balls [68]. Generally, contamination by the milling 

vessel increased with increasing rotation speed because of the increased milling energy, 

but YSZ milling suppressed contamination by materials that acted as carrier dopants. At 

180 rpm, Seebeck coefficient for samples produced by YSZ vessel and balls slightly 

decreased. The reason is the same as the consideration of the effect on electrical 

conductivity, that is at 180 rpm (high rotation speed), Te evacuation during milling 

causes a Te deficiency in milled samples. 
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Figure. 3.3.13 shows total, phonon, and carrier thermal conductivities at room 

temperature and mill rotation speeds for Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and 

milled with a YSZ vessel and balls. Also, total, phonon, and carrier thermal conductivity 

of Bi0.3Sb1.7Te3.0 disks sintered at 350 ℃ and milled with a stainless-steel vessel and 

Si3N4 balls are presented [68]. The difference between carrier thermal conductivity 

leads to the difference in total thermal conductivity for samples milled with YSZ vessel 

and balls and those of samples milled with a stainless-steel vessel and Si3N4 balls. 

Carrier thermal conductivities for sample produced by YSZ vessel and balls were 

constant up to 150 rpm and then increased slightly at 180 rpm. There is consistency with 

the effects of milling on the electrical conductivity and Seebeck coefficients, which are 

caused by suppression of contaminants that act as carrier dopants, and creation of a Te 

deficiency [78]. Phonon thermal conductivities of samples milled with a YSZ vessel and 

balls were constant and similar to those of samples milled with a stainless-steel vessel 
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and Si3N4 balls and were not affected by contamination from YSZ vessel and balls. 

 

Figure. 3.3.14 shows ZT at room temperature and mill rotation speeds for Bi0.3Sb1.7Te3.0 

disks sintered at 350 ℃. The solid line shows the values for Bi0.3Sb1.7Te3.0 disks sintered 

at 350 ℃ and milled with a stainless-steel vessel and Si3N4 balls [68]. ZT values for 

samples produced by YSZ vessel were constant, but different when compared with 

samples produced by stainless-steel vessel and Si3N4 balls. At 130 rpm, contaminants 

from the YSZ vessel and milling balls improved the ZT value at room temperature, and 

remained above 1.0 and reached a peak of 1.16 (α: 295 µV K-1, σ: 4.16 × 104 S m-1, κ: 

0.94 W m-1 K-1). These results confirmed that samples produced by YSZ vessel and 

balls improved the ZT because it suppressed contamination by materials that acted as 

carrier dopants for Bi0.3Sb1.7Te3.0. The improvements in the thermoelectric properties are 

strongly affected by the milling vessel and ball materials. 
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CHAPTER 4 

CONCLUSIONS 

4.1 Lead telluride (PbTe) research conclusions 

4.1.1 The present study investigated the thermoelectric properties of undoped PbTe 

prepared by Melting–HP and BM-HP at various rotation speed using planetary ball 

milling. The results can be summarized as follows. 

1. XRD patterns indicated that planetary ball milling produces single-phase PbTe crystal 

structure. The obtained PbTe samples were dense and had relative density greater than 

99%. 

2. Average grain sizes of Melting-HP and BM-HP samples milled at 90, 120, 150 and 

180 rpm were 22.62, 1.15, 0.80, 0.72, and 0.66 µm, respectively. Average grain size 

decreased and became fine as increasing rotation speed. Thermal conductivity was 

lowest when rotation speed reached 120 rpm. 

3. PbTe produced by Melting–HP had average grain size of 22.62 µm and κphonon value 

of 2.20 W m−1 K−1. PbTe produced by BM–HP at 120 rpm had average grain size of 

0.80 µm and κphonon value of 1.29 W m−1 K−1. The κphonon value of PbTe produced by 

BM-HP at 120 rpm was lower than in PbTe produced by Melting-HP. Because average 

grain size was below 1 µm. There was a significant inverse relationship between κphonon 

and FWHM. The low κphonon was associated with fine grain and high internal strain. 

4. The decreasing behavior between κphonon and average grain size agreed with 

theoretical calculation by grain boundary scattering. The observed critical point around 

1 µm differed from theoretical calculation by grain boundary scattering. 

These experimental results for the behavior of κphonon and average grain size are in 

agreement with theoretical calculations.  
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4.1.2 The thermoelectric properties of undoped PbTe prepared by MG and MA 

processes and at various mill rotation speeds, followed by HP were investigated. The 

results are summarized as follows. 

1. Samples prepared by MG-HP and MA-HP were obtained a single-phase. The samples 

prepared by MG-HP had a high relative density close to 99%. The bulk density of 

samples prepared by MA-HP was above theoretical value. During the MA process, high 

exothermic reaction heat between Pb and Te caused Te evaporation, because Te has 

higher vapor pressure than Pb. 

2. Samples prepared by MG-HP showed that microstrain increased continuously and 

average grain sizes decreased with milling rotation speed. At 150 rpm, minimum κphonon 

was 1.03 W m−1 K−1 and average grain size was 0.47 µm. For samples prepared by 

MA-HP, at 120 rpm, minimum κphonon was 1.36 W m−1 K−1 and average grain size was 

0.52 µm. Microstrain released at 140-180 rpm and average grain sizes were slightly 

higher than that for MG-HP in these rotational ranges. MG-HP produced finer grain and 

lower κphonon than MA-HP. The MG process produced kinetic energy while the MA 

process produced kinetic energy with high exothermic reaction heat, leading to different 

microstrain and grain size. 

3. Because Te deficiency acts as dopant, electrical conductivity and Seebeck coefficient 

in MA-HP samples behaved like p-type doped materials.  

4. κphonon of grain size over 1 µm agreed with theoretical calculation of grain boundary 

scattering. Reduction of κphonon for grain sizes below 1 µm increased with microstrain.  

Reduction of κphonon in thermoelectric materials prepared by milling processes affected 

fine grain and microstrain caused by high exothermic reaction heat not only for PbTe 

but also for other thermoelectric materials as well. 



56 

 

4.2 Bismuth antimony telluride (BiSbTe) research conclusions 

p-type Bi0.3Sb1.7Te3.0 were prepared by a MA–HP process and at various rotation speeds 

with YSZ vessel and balls. The results are summarized as follows.  

1. Powders milled at rotation speeds equal to or greater than 150 rpm were completely 

alloyed and given a single-phase. The threshold milling speed for complete alloying 

prepared by YSZ vessel and balls was the same as that of milling with a stainless-steel 

vessel and Si3N4 balls. 

2. At 350 ℃, the sintered sample had 1 µm grain size at the fracture surface. The 

attrition of the milling vessel and balls was not detrimental to the matrix grain growth at 

given milling ball-to-material weight ratio and milling speed. 

3. Samples produced by YSZ vessel and balls had higher Seebeck coefficients and 

lower electrical conductivity than in the case of samples produced by stainless-steel 

vessel and Si3N4 balls. YSZ milling suppressed contamination by materials that acted as 

carrier dopants. 

4. At 150 rpm, ZT values for samples produced by YSZ vessel and balls followed by hot 

pressing sintered at 350 ℃ was enhanced approximately by 1.7 times and was higher 

than the sample produced by stainless-steel vessel and Si3N4 balls.  

5. At 130 rpm, ZT remained above 1.0 and reached a peak of 1.16 (α: 295 μV K−1, σ: 

4.16×104 S m-1, κ: 0.94 W m−1 K−1, T: 300 K) for the sample sintered at 350 ℃. 

These results indicate that milling with a YSZ vessel and balls improves ZT by 

suppressing contamination with materials that act as carrier dopants. Improvements in 

the Bi0.3Sb1.7Te3.0 properties are strongly affected by the milling vessel and ball 

materials. 
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