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ABSTRACT 

 
Thermoelectric (TE) materials are used for converting waste heat into electricity. The TE 

technology is attractive because it uses solid-state devices that are immovable, highly reliable, and 

eco-friendly. Several nations are implementing this renewable technology for processing solar 

thermal energy into electricity, thereby, it not only reduces the energy costs, but also minimizes 

the global warming caused due to combustion of natural fuels.    

Currently, TE materials have very low conversion efficiencies at higher temperatures and 

uses expensive elements (Te, Ge, etc.) for TE power generation. Several studies have been 

conducted on metal borides and silicides as potential TE materials because of their low cost, high 

thermal stabilities, and good transport properties. In the present study, a preliminary investigation 

was carried out on selected alkaline earth metal borides (CaB6, and SrB6,) and silicides (Mg2Si 

and CaSi) and transition metal borides and silicides of ABX-type (A = Ti/ Nb/ Mn; B = Co; X = 

B/Si). Screening of the alloys were done based on the available literature/calculations of energy 

band gaps, crystal structure, transport, and thermodynamic properties. 

Experiments were conducted on alkaline earth metal silicides (Mg2Si and metal-doped 

Mg2Si), transition metal boride (TiB2), and transition metal silicide (Mn4Si7). The selected alloys 

were synthesized via one-step simple, and fast procedure that involves cold-pressing, sintering, or 

arc-melting of the elemental mixture under inert argon atmosphere. The samples were 

characterized using scanning electron microscopy, energy-dispersive spectroscopy, and X-ray 

diffraction methods.  
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Thermodynamic properties of the alloys were determined at higher temperatures using 

differential scanning calorimetry (DSC), differential thermal analyzer (DTA), and EMF cell 

methods. Reaction kinetics of Mg2Si and metal-doped Mg2Si (Mg2Si: mX; X = Ti, Nb, Mn, Co; 

m = 0 - 0.08 mol) were conducted using DTA technique. The reaction mechanism, the effect of 

metal-dopant on the formation activation energy, and thermal stability of Mg2Si: mX were 

determined. Thermodynamic modelling tools were used to calculate thermodynamic properties 

and phase equilibria of the alloys. In addition, thermoelectric properties were determined for TiB2 

and Mn4Si7. This research work provide fundamental knowledge on thermodynamic and 

thermoelectric properties of metal borides and silicides.   
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CHAPTER 1 

INTRODUCTION 

 
Energy is very essential for human life. There is a huge demand for energy across the 

world. By the year 2035, the estimated global demand for energy reaches to 770 quadrillion British 

thermal units (Btu).  Figure 1.1 shows the plot of total energy consumption, and GDP per captia 

of 20 selected nations in year 2010. Evidently, the nations with higher energy consumption are 

wealthier countries. Hence, the economy of a nation is directly related to its energy consumption. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 A Plot of Total Energy Consumption and GDP per Captia of 20 Selected Nations [1] 
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1.1. Electricity 

About 90% of the U.S’s electricity is generated from thermal energy of power plants, which 

is obtained through combustion of natural resources like coal, nuclear, natural gas, and oil. 

Conventionally, the thermal energy is produced from combustion of fossil fuels in heat engines 

[2]. The extracted heat is used to raise the steam from water and the thermal energy of steam is 

converted to kinetic energy in steam turbines. The rotary electrical generators of power plants 

transform the mechanical energy of steam turbines into electrical energy. Figure 1.2 shows the 

schematic of the process for electricity generation from burning coal in a thermal power plant. 

 

 

 

 

 

 

 

Figure 1.2 Schematic of Electricity Generation Process in a Typical Thermal Power Plant [2]. 

1.1.1. Fossil Fuels 

According to the annual energy outlook (AEO) 2015 report, published by U.S. energy 

information administration (USEIA), the total electricity usage increases from 3,836 billion 

kilowatt hours (BkW.h) in 2013 to 4,797 BkW.h in 2040, at an average rate of 0.8% per year [3]. 

About 68% of the required electricity is produced from burning of fossil fuels (coal, natural 

gas and petroleum products). Figure 1.3 displays the pie chart of total electricity generated in U.S. 
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Figure 1.3 A Pie Chart of Electricity Generation in U.S. from Fuel Sources during 2014. 

during the year 2014 from different energy sources. However, the energy-associated CO2 

emissions in the world are projected to increase from 30.2 billion metric tons (BMt) in 2007 to 

43.2 BMt in 2035 [3].  

1.1.2. Global Warming 

The burning of fossil fuels results in the emission of greenhouse gases (carbon dioxide, 

CO2) into earth’s atmosphere [4]. The CO2 gas promotes the absorption and emission of infrared 

radiation in the atmosphere, which causes global warming and a climate change at the earth’s 

surface. Figure 1.4 displays bar graph of percentage CO2 emissions from different countries of the 

world in 2010 [4]. Developing nations, like China and India, which still depends on the fossil fuels, 

as main energy source, are new big contributors for the increase in global CO2 emissions. Whereas, 

developed nations such as U.S., EU, Russia, and Japan have significant amount of emissions per 

capita and therefore, these countries account for higher fossil fuel consumption per person.  
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Figure 1.4 A Bar Graph of Percent CO2 Emissions by Different Nations of World during 2010. 

1.2. Renewable Energy 

Because of the problems associated with the increase in global warming, change in climate, 

and depletion of natural resources, there is a need to discover and develop renewable energy 

technologies for addressing these issues. The primary advantages of using renewable energy 

technologies are: (a) decrease in the energy costs, (b) reduction of the CO2 emissions, (c) 

minimization of the global warming and climate change, and (d) conservation of the natural 

resources. Therefore, the renewable energy is good for both human progress and environment. 

1.2.1. Renewable Energy Sources 

Renewable energy not only substitutes fossil fuels for electricity generation, but also used 

in other applications like air and water heating/cooling, motor biofuels, and rural energy off-grid 
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services [5]. Unlike fossil fuels, the renewable energy sources are spread across wide geographical 

areas, and are not limited to fewer nations. The main renewable energy sources are (1) solar energy, 

(2) biomass, (3) wind, (4) ocean, (5), geothermal, and (6) hydropower [6]. Figure 1.5 shows the 

electricity generation from different renewable energy sources.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Schematic showing Different Renewable Energy Sources for Electricity Generation. 

The global electricity generation from the renewable energy sources is likely to increase 

2.7 times from 2010 to 2035. Table 1.1 shows different types of renewable energy resources, the 

amount of electricity generated in 2010, and the projections for 2020 and 2035 [7]. 

Although a significant progress have been made in renewable energy technologies, 

approximately 59% of the total energy in U.S. is lost to the surroundings as thermal energy such 

as waste heat from industrial process (steel, Al and glass) and vehicle exhaust (automobiles) [8]. 
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Hence, there is a need for the discovery and development of processing technologies that converts 

waste heat to electricity. 

Table1.1 Global Electricity Generation from Different Types of Renewable Energy Sources.  

Renewable energy sources 
Electricity (TW.h) 

2010 2020 2035 

Solar energy 34 382 824 

Biomass 331 696 1,487 

Wind 342 1,272 2,681 

Ocean 1 5 57 

Geothermal 68 131 315 

Hydropower 3,431 4,513 5,677 

Electricity generation 4,207 6,999 11,341 

% Share of total electricity 20% 25% 31% 

 

1.2.2. Harvesting of Waste Heat 

The main sources of waste heat in industries are hot combustion gases, heated products, 

and heated equipment surfaces. Some examples include glass melting furnace, cement kiln, 

furnace incinerator, Al reverbaratory furnace, boilers, steel electric-arc furnace, reactors, hot 

cokes, blast furnace slags, air compressors, separators, internal combustion engines, dryers, 

motors, pumps, and heat exchange pipes [9]. A considerable amount (20 - 50%) of total industrial 

energy consumption is lost in the form of waste heat. Although some heat losses in the industries 

are uncontrollable, certain amount of the dissipated heat can be retrieved/recovered through 

installation of the waste heat recovery units. As a result, the industries are benefited from lowering 

of the operation costs, improvement of the efficiencies, and increase in the energy savings. 
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1.3. Thermoelectric Technology 

 Several heat recovery technologies have been investigated to recover waste heat from the 

industries. They involve components such as regenerators, piezoelectric devices, recuperators, 

thermoelectric generators, waste heat boilers, thermionic modules, and economizers [9]. The 

conventional methods involve power cycles, such as Rankine cycle and Kalina cycle, which 

converts waste heat to mechanical energy, and eventually to electrical energy [9]. Whereas, the 

newly developed technologies convert waste heat to electrical energy directly, without 

involvement of any intermediate processes. These heat recovery units contain piezoelectric (PE), 

thermionic, and thermoelectric (TE) devices [9]. The PE devices are applicable for low-

temperature (100 - 150 oC) heat conversion, while thermionic modules are suitable for high-

temperature (> 1000 oC) applications. The conversion efficiencies of PE devices are low, and due 

to their high manufacturing costs, these devices are limited to fewer applications. The thermionic  

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Thermoelectric Technology for Waste Heat Recovery from Different Resources. 
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modules operate under high vacuum conditions, and are not suitable for medium-temperatures of 

industrial processes. The TE devices are very attractive because of their ability to operate at all 

temperatures i.e., low-temperatures (< 300 oC), medium-temperatures (300 - 600 oC), and high-

temperatures (600 -1200 oC). The TE materials comprises of wider class of alloys with different 

thermal and electrical properties. As shown in Figure 1.6, the TE technology is a promising method 

for electricity generation from waste heat in automobile, aerospace, military and other industries. 

 The TE technology relates to three separate phenomena: Seebeck effect, Peltier effect, and 

Thomson effect. Although the underlying principles of TE devices have been known to the 

scientists for more than 150 years, the development and wider applications of the TE devices only 

started in 1900s, due to the advancements in new material synthesis and processing methods. 

1.3.1. Seebeck Effect 

In 1821, a Baltic German physicist, Thomas Johann Seebeck, discovered that the needle of 

a magnetic compass deflected due to the electromotive force or thermoelectric voltage generated 

from the temperature difference between the junctions of a closed loop formed from two dissimilar 

metals [10]. Figure 1.7 shows the principle of Seebeck effect. Different metals respond in different 

ways to the temperature gradients and thus, produces different current loops and magnetic fields. 

 

 

 

 

 

 

Figure 1.7 Seebeck Effect: Voltage is observed between Hot & Cold Junctions of Metals A & B. 
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Initially, Seebeck mistakenly believed that the voltage is mainly due to the magnetic fields and did 

not recognize the involvement of currents from the loop, and so he called the phenomenon as 

‘thermomagnetic effect’. Later, a Danish physicist, Hans Christian Ørsted, found that the current 

is due to thermally induced voltage and thus, coined the term ‘thermoelectricity’. In 1851, Lord 

Kelvin further explored this phenomenon in semiconductors, and extended the ‘Seebeck effect’ to 

other non-metals [11]. Also, the ‘Seebeck effect’ is the basic working principle of a thermocouple. 

 The thermoelectric voltage generated in the closed circuit of Figure 1.6 is called ‘Seebeck 

electromotive force’. The electric potential gradient ( V 	 is directly proportional to the 

temperature gradient ( T 	between the hot and cold junctions, and depends on the type of materials	

connected to form the closed circuit. The negative ratio of potential gradient ( V 	and temperature 

gradient ( T  is known as ‘Seebeck coefficient (α)’ and is given by equation (1.1) [12]. 

      (1.1) 

The Seebeck coefficient is an intrinsic property of a given material, and is also denoted by the 

symbol ‘S’ with S.I units of µV/K. In general, if the hot side of the junction contain positive charge, 

then the sign of ‘S’ is negative. The value of ‘S’ for metals (~10 µV/K) is small, while compared 

with the value of ‘S’ for semiconductors (~100 µV/K). 

1.3.2. Peltier Effect 

In 1834, a French physicist, Jean-Charles-Athanase Peltier, discovered the reverse 

phenomenon of Seebeck effect, known as ‘Peltier effect’ i.e., a temperature difference is created 

between the junctions of two dissimilar materials with the application of potential difference across 

the junctions [13]. Figure 1.8 show Peltier effect observed at the junctions of two dissimilar metals. 
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Figure 1.8 Peltier Effect: Temperature change due to Voltage across Junctions of Metals A & B. 

Heating or cooling of the junction(s) occurs depending on the direction of current flow and 

the type of materials. The rate (Qp) of heating or cooling at the junction is proportional to the 

amount of current (I) flowing through the metals, and is given by equation (1.2) [12, 14]. 

    (1.2) 

where A, and B are Peltier coefficients of metals A and B and AB is relative Peltier coefficient 

of metals A and B. Peltier effect is widely used in TE refrigeration, IR detector cooling, etc. 

1.3.3. Thompson Effect 

The value of Seebeck coefficient changes with the temperature in many materials. As a 

result of the spatial gradient in temperature of a material, a gradient in Seebeck coefficient also 

occurs along three-dimensions (3-D) of the material. Thomson effect was observed by William 

Thomson (Lord Kelvin) in 1851 [11]. Thomson effect is applicable to all heating or cooling 

materials with temperature gradient in space, which results from the flow of current through them. 
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Figure 1.9 Thomson Effect: A Temperature Gradient along X-direction of a Conducting Wire 
causes a Gradient in the Seebeck Coefficient. 

 
For a 1-D homogeneous material, the gradient of heat flux (dQ/dx) is given by equation 

(1.3) as:   

     (1.3) 

where I is the current, τth is the Thomson coefficient, and dT/dx is the temperature gradient along 

the x-dimension of the material. The sign of gradient of heat flux is positive or negative depending 

on the direction of flow of electrical current (I) in the material. Figure 1.9 shows the schematic of 

Thomson effect in a wire. Unlike Seebeck or Peltier coefficients, Thomson coefficient is directly 

measured for a given material. The Seebeck, Peltier, and Thomson coefficients are interdependent, 

and the relationship for a closed loop of metals A and B is given by equation (1.4). 

    (1.4) 
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The above equation (1.4) gives the fundamental connection between thermoelectric power 

generation (α), and thermoelectric refrigeration ( ) of a TE device. 

1.4. Thermoelectric Device 

Thermoelectric devices or thermoelectric modules are used for inter-conversion of energy 

i.e., thermal energy to electrical energy or electrical energy to thermal energy. Thus, the TE devices 

operate not only in the power generation mode, but also in the refrigeration mode. Figure 1.10 

depicts the schematic of a typical TE device and respective components. The temperature gradient 

is introduced between the hot and cold sides of a TE device. These two substrate plates are made-

up of ceramic material such as AlN. An array consisting of p-type and n-type semiconducting 

segments are sandwiched between the ceramic substrates of TE device [16]. These segments are 

inter-connected electrically in series, and thermally in parallel by conducting foil/strips, made-up  

 

 

 

 

 

 

 

 

 

 
Figure 1.10 A TE Device displaying Hot and Cold Sides; p- and n-type Elements, Foil, Ceramic 
Substrate, and +/ - Wires [15]. 
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 of metals like Cu or Ni. Basically, each connected pair of the p-type and n-type semiconducting 

segments serves as a ‘thermocouple’. Thus, both the Seebeck effect and the Peltier effect can be 

realized with such a configuration. The temperature difference between the hot and cold sides of 

a TE device establishes the Seebeck voltage. The p-type and n-type semiconducting segments have 

positive and negative Seebeck coefficients respectively. As a result, the type, the concentration, 

and the mobility of carriers also differ for each element. Holes (h+) are the main carriers in p-type 

semiconductors, while electrons (e-) are the predominant charge carriers in n-type semiconductors. 

As shown in Figure 1.11, p-type and n-type semiconducting segments are joined together to form 

a TE couple. Both, holes and electrons flow from the hot side to the cold side of a TE device, thus 

establishing electric voltage in the circuit. Figure 1.12 show the images of actual TE module from 

Marlow Industries Inc. that contain silver-colored bismuth telluride semiconducting elements. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.11 A Thermoelectric Couple showing Current (I) Flow, Charge Carriers in n-type (e-), 
and p-type (h+) Elements. 
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Figure 1.12 TE Module from Marlow Industries Inc., (a) Before and (b) After opening AlN plates; 
showing Bi2Te3 Elements. 

 

1.4.1. Figure of Merit 

In 1949, a Russian Physicist, Abram Fedorovich Ioffe, formulated Z-parameter and 

developed the modern concept of dimensionless figure of merit, ZT [17]. The ability or potential 

of a material to generate TE power is determined from the ZT, given by equation (1.5) [18 - 21]. 

      (1.5) 

where  

α or S is the Seebeck coefficient (µVK-1),  

σ is the electrical conductivity (Ohm-1m-1) 

κ is the total thermal conductivity (Wm-1K-1) and 

T is the absolute temperature (K). 
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The product ‘α2σ’ is also known as the power factor (PF), and it represents the electrical 

transport properties of the TE material. From equation (1.5), it is evident that the ZT-value of a TE 

material can be improved by: (a) increasing both Seebeck coefficient (power of 2), and electrical 

conductivity (linearly), and (b) decreasing the thermal conductivity (linearly) of TE material. 

Furthermore, the transport properties (S, σ, and κ) of a given TE material depends on the carrier 

concentration (ni), and the temperature (T). For a TE device containing both p-type and n-type 

segments, the dimensionless figure of merit from equation (1.5), is rewritten as equation (1.6). 

    (1.6) 

where parameters (αp, ρp, and κp) and (αn, ρn, and κn) represents Seebeck coefficient, resistivity, 

and thermal conductivity of p- and n-type segments of the TE device. 

1.4.2. Conversion Efficiency 

The maximum conversion efficiency (ηTE) of an ideal TE device, with a negligible contact 

resistance, is obtained from the ratio of power (W) input to the load, and total heat flow rate (Qh) 

of the TE device. The maximum conversion efficiency is given as the product of two terms i.e., 

(a) Carnot efficiency, and (b) ZT - dependent term. The ηTE is calculated by using equation (1.7). 

    (1.7) 

where 

Th is temperature of hot side of TE device, 

Tc is temperature of cold side of TE device, 
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Tm is the average temperature of cold side, and hot side of a TE device,  

ZTm is the dimensionless figure of merit at the mean temperature, Tm [18, 20, 21] 

As shown in Figure 1.13, with the cold-side temperature (Tc) kept constant at 300 K, the 

calculated maximum conversion efficiency, ηTE (%) of a TE device is plotted as a function of hot-

side temperature (Th) for different values of ZT. Theoretically, the conversion efficiency of a TE 

device increases with the increase in ZT value of the TE material, which has no upper limit. 

However, the existing TE devices have low conversion efficiencies of ~ 7 - 8%, which imposes a 

huge set back to the wide spread applications of TE devices at high temperatures [20]. Therefore, 

several research efforts are being made to improve the ZT of TE alloys to much higher values, such 

that the ηTE (%) of the TE device approaches to its Carnot efficiency at higher temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.13 Variation of Maximum Conversion Efficiency, ηTE (%), with Temperature (Th); ZT = 
1.0 - 4.0, and Tc = 300 K.   
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1.5. Thermoelectric Materials 

From the previous sections (1.4.1 and 1.4.2), it is evident that the performance and 

conversion efficiency of a TE device, for power generation, is dependent on the transport 

properties of the material. These include Seebeck coefficient, electrical conductivity, and thermal 

conductivity. An ideal TE material conducts electricity like a crystal, and transfers heat like a glass 

[21]. The TE material can be categorized into ‘phonon-glass electron-crystal (PGEC)’ type. The 

electron-crystal requirement improves both the α- and the σ-values resulting in higher power 

factors, while the phonon-glass prerequisite decreases the κ-values, thus enhancing overall ZT of 

the TE material. Figure 1.14 shows the interdependence of the transport properties (α, σ, and κ), 

power factor (α2σ), and ZT on carrier concentration for insulators, semiconductors, and metals.  

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.14 Variation of TE Properties (α, σ, κ, α2σ, and ZT) with Carrier Concentration (ni) for 
Insulators, Semiconductors, and Metals. 
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To attain good ZT values, the TE material must possess: (i) high α for maximum conversion 

of heat to electric power, (ii) high σ to reduce Joule heating, and (iii) low κ to avoid thermal 

shorting, and maintain thermal gradient across the TE device. For a given TE material, a decrease 

in α value is associated with the simultaneous increase in σ- and κ-values. Insulators exhibit poor 

σ-values, whereas metals contain low α-values. Heavily doped TE alloys have optimum ZT with 

ni (1019 - 1020 per cm3), α (150 – 230 µVK-1), σ (1 – 3 mΩ-1cm-1), and κ (1.5 – 3 WmK-1). 

1.5.1. Seebeck Coefficient 

The Seebeck coefficient of metals or degenerate semiconductors depends on the carrier 

concentration (ni), the effective mass of carriers (m*), and the temperature (T), according to the 

Mott formula given by equation (1.8) [22]. 

	 	
    (1.8) 

The above equation (1.8) is further simplified to equation (1.9) as: 

	 ∗     (1.9) 

where kB is the Boltzmann’s constant, e is the charge of an electron, σ(E) is the energy dependent 

electrical conductivity, Ef is the fermi energy, and h is the Planck’s constant.  

1.5.2. Electrical Conductivity 

The electrical conductivity (σ) of a TE alloy indicates its ability to conduct charge. The 

electrical conductivity or reciprocal of resistivity (ρ) of a material, with length ‘l’ and cross-

sectional area ‘A’, is defined by equation (1.10) [23].  
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     (1.10) 

where ‘R’ is the electrical resistance of the material in Ohms (Ω). In addition, the electrical 

conductivity of a TE material is directly proportional to its carrier concentration ‘ni’ and mobility 

of carriers ‘μ’, and is given by equation (1.11) [21]. 

	       (1.11) 

Also, the electrical conductivity of a semiconducting material is temperature dependent, 

and is calculated using equation (1.12) [24]. 

	     (1.12) 

where σo is proportionality constant, Eg is the energy band gap, and R is universal gas constant.  

The interdependence of Seebeck coefficient, and electrical conductivity is realized from 

the occurrence of common terms ‘e’ and ‘ni’ in equations (1.9 and 1.11) for the transport properties. 

1.5.3. Thermal Conductivity 

The thermal conductivity of a TE material indicates the ability of the alloy to conduct 

thermal energy. Heat transport occurs within the material via movement of charge carriers, such 

as electrons, and vibrations of crystal lattice or phonon-phonon scattering. The total thermal 

conductivity (κ) of a TE alloy is the sum of its (i) electronic thermal conductivity (κe), and (ii) 

lattice or phonon thermal conductivity (κl) and is given by equation (1.13) [21]. 

κ 	 κ κ       (1.13) 
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According to Wiedemann-Franz law, the electronic thermal conductivity is directly 

proportional to electrical conductivity, and is given by equation (1.14) [21] as: 

κ     (1.14) 

 where L is the Lorenz number (2.45 x 10-8 J2K-2C-2) for free electrons. The L-value depends on 

material type and temperature [25]. It also varies with the Seebeck coefficient (equation 1.15) [26].  

	 10 	 1.5 exp
| |	 /

   (1.15) 

The lattice thermal conductivity of a material is calculated from the specific heat capacity 

(C) of the material, velocity of phonons ( ), and mean free path ( ) of phonons in the material and 

is given by the equation (1.16) [21]. 

κ       (1.16) 

 

 

 

 

 

 

 
 
Figure 1.15 Variation of Thermal Conductivities (κ, κe, and κl) with Carrier Concentration (ni) for 
Insulators, Semiconductors and Metals. 
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Table 1.2 Transport Properties of some Metals, Semiconductors, & Insulators at 298.15 K [27-29]. 

Material 
Seebeck coefficient 

(µV/K) 
Electrical conductivity 

(x 106 Sm-1) 
Thermal conductivity 

(W/mK) 

Mg -1.46 22.6 156 

Sb 47 2.88 24.3 

Pb -1.05 4.81 35.3 

Ti 9.1 2.34 21.9 

Nb -0.44 6.93 53.7 

Mn -9.8 0.695 7.82 

Co -30.8 17.2 100 

B 700  1 x 10-10 27 

Si 300 (n), -500 (p) 2.5 x 10-10 130 

Se 900 1 x 10-10 2.04 

Te 500 2 x 10-4 2.35 

Ge 600 (n), -830 (p) 1.45 x 10-6 59.9 

Bi -72 0.867 7.87 

Bi2Te3 -162 0.182 4.68 

PbTe -180 0.532 2.3 

SiGe 121 0.085 2.45 

Mg2Si -178 0.082 7.25 

MnSi1.73 130 0.047 2.70 

TiB2 -2.7 11.49 116 

ZnO -301 3.8 x 10-4 48.7 
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Table 1.2 gives the list of transport properties of metals, semiconductors, and insulators at 

298.15 K. The transport properties differs widely among the materials. This is because the 

electrons that carry charge in materials are also responsible for the simultaneous transport of 

thermal energy (equation 1.14). As shown in Figure 1.15, the metals exhibit high κ-values, the 

semiconductors contain medium κ-values, and the insulators have low κ-values. At higher 

temperatures, the κ-value of a semiconductor decreases due to increase in the number of phonons, 

while the σ-value increases in most cases because of increase in the number of intrinsic carriers. 

1.5.4. ZT vs. Temperature of TE Alloys 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16 Figure of Merit (ZT) for some Existing TE Alloys at Different Temperatures. 
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Although many materials have tendency to show thermoelectric effect, only some of them 

are feasible for the conversion of waste heat to electrical energy. In general, the TE alloys are both 

p-type semiconductors (Bi2Te3, Sb2Te3, Bi2Se3, PbTe, PbTeSe, CeFe4Sb12, Zn4Sb3, SiGe, MnSi1.75, 

Yb14MnSb11 etc.), and n-type semiconductors (Bi2Te3, PbTe, CoSb3, Mg2Si, SiGe, La2Te3, La3Te4 

etc.) with narrow energy band gaps that can facilitate good carrier concentration (1025 - 1027 m-3) 

at the operational temperatures [21]. Figure 1.16 shows the overlay of ZT curves as a function of 

temperature for some existing bulk TE materials.  

Conventional TE materials such as Bi2Te3 and Sb2Te3 are suitable for low temperature (< 

200 oC) applications [30], like cooling effect in refrigerators and recovery of waste-heat from 

steam pipes etc. Both p- and n-type tellurides such as PbTe, PbTeSe, Zn4Sb3, GeTe, and SnTe are 

applied for power generation at temperatures of 300 - 600 oC [31]. Other TE alloys in this range 

include cage-like structures of skutterudites (CoSb3-based) [32], clatherates (Ga16Ge30-based) 

[33], tellurides (Tl2Te5-based) [34], and Mo-clusters (Mo6X8-type) [35]. For high temperature (600 

– 1000 oC) applications, a variety of materials have been considered as TE alloys. These include 

SiGe-based [36], cobaltites (CoO2-based) [37], antimonides (MnSb11-, Zn4Sb3-based) [38, 39], 

half-heusler (HH) alloys i.e. (Ti, Zr, Hf)NiSnSb, and (Ti,Zr,Hf)CoSnSb [40], selinides (Cu2Se) 

[41], and tellurides (LaTe-based) [42].  

Higher ZT values have been reported with layered super-lattice structures of thin-film, and 

nanostructured bulk TE materials. Table 1.3 summarizes the maximum ZT, and respective 

temperatures reported for different material family of TE alloys. Venkatasubramanian et al. have 

reported a ZT of ~ 2.4 for p-type chalcogenides (Bi2Te3/Sb2Te3) super lattices at 300 K [43]. In 

another study, Biswas et al. studied TE properties of controlled doped PbTe – based hierarchical  
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Table 1.3 Maximum Figure of Merit and Temperatures Reported for Different Type of TE Alloys.  

Material 

family 

TE Alloy Maximum 

ZT 

Temperature 

(K) 

Ref. 

Chalcogenides p-type Bi2Te3/Sb2Te3 2.4 300 [43] 

Tellurides PbTe-SrTe (4 mol%) with 2% Na 2.2 915 [44] 

Clathrates n-doped Sr8Ga16Ge30/Ba8In16Sn30 1.7 900 [45] 

Metal oxides Ca2Co2O5 1.2 - 2.7 	873 [46] 

Half-heuslers Sb-doped (Ti, Zr, Hf) NiSn 1.5 700 [47] 

Selenides SnSe 2.6 923 [48] 

Skutterudites n-type (In, Sr, Ba, Yb)yCo4Sb12 1.8 823 [49] 

Antimonides β-Zn4Sb3 1.3 670 [50] 

 

 

 Metal 
Silicides 

Mg2Si0.53Sn0.4Ge0.05Bi0.02 1.4 823 [55] 

n-type Mg2.16(Si0.4Sn0.6)0.985Sb0.015 1.3 740 [56] 

Complex doped MnSi1.75 ~ 1.0 675 [57] 

 
 
SixGe1-x based 

     alloys 

B-doped Si80Ge20 ~ 1.0 1073 - 1173 [58] 

2 mol % P-doped Si80Ge20 1.3 1173 [59] 
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structures and their results showed a maximum ZT of ~ 2.2 for spark-plasma-sintered (SPS) 2% 

Na- doped PbTe-SrTe (4 mol%) bulk alloy at 915 K [44].  Blake et al. conducted density functional 

calculations on the band structures and TE properties of Ba-based and Sr-based inorganic 

clathrates and their predictions indicate that n-doped Sr8Ga16Ge30/Ba8In16Sn30 may reach a 

maximum ZT of 1.7 at 900 K [45]. Funahashi et al. have shown that the layered oxide 

thermoelectric material i.e. Ca2Co2O5 or Co-225 whiskers, contain an estimated ZT values of 1.2 

to 2.7 at temperatures, T 	 	873 K [46]. Sakurada and Shutoh have reported a maximum ZT value 

of 1.5 for Sb-doped (Ti, Zr, Hf) NiSn half-heusler compounds at 700 K [47]. In SnSe crystal, the 

figure of merit is anisotropic or varies directionally along different crystallographic axis. Recently, 

Zhao et al.  have reported an unprecedented ZT of ~ 2.6 along b-axis at 923 K, a high ZT of ~ 2.3 

along c-axis, and a relatively low ZT of 0.8 along a-axis [48]. In another study, Rogl et al. 

synthesized n-type skutterudites (In, Sr, Ba, Yb)yCo4Sb12 via high-energy ball milling (HB) that 

exhibited low thermal conductivity, and an outstanding high ZT of  1.8 at 823 K, with a maximum 

TE conversion efficiency (ηmax) equivalent to 17.5 % [49]. In 1997, Caillat et al. prepared zinc 

antimonide, β-Zn4Sb3, which exhibited a maximum ZT of 1.3 at 670 K [39].  

Although the aforementioned TE materials possess higher ZT values, it is very difficult to 

find suitable TE alloys with reproducible ZT	 	1.5 for high temperature applications. In recent 

years, there is a huge demand for efficient bulk TE materials in aerospace, military, automobile, 

and consumer-based industries for waste heat processing at higher temperatures [50, 20]. The 

electricity generated from the waste-heat components, such as exhaust pipes of automobiles, 

concentrated solar and thermal power plants, incinerators, and steel industry furnaces [9, 51, 52], 

can be used as auxiliary source for operating low power systems like air condition, audio/video 

systems etc. Heat recovery methods, like TE technology, aim at minimizing the waste heat, 



 

26 
 

improving the energy efficiency, reducing the energy emissions, and lowering the energy cost [53]. 

Therefore, the new frontiers of TE research include the discovery of high performance TE alloys 

for high temperature applications. 

1.5.5. State-of-Art TE Materials  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17 Abundance of Elements in the Earth’s Crust [54]. 

The commercially available state-of-art materials for thermoelectric power generation 

mainly consists of telluride-based (Bi2Te3, Sb2Te3, PbTe, PbTeSe, La3Te4 etc.), antimony-based 

(Sb2Te3, Zn4Sb3, CoSb3, CeFe4Sb12, Yb14MnSb11, half-heuslers etc.), and SiGe-based (SixGe1-x) 

TE materials, which exhibits high ZT ~ 1.0 - 1.7 (from Figure 1.15). But, the constituent elements 

(Te, Sb, and Ge) of above TE materials are costly due to their low abundance in the earth’s crust. 
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In order to reduce the manufacturing cost of TE devices, a good direction for TE research 

is to start with the low-cost, and high-abundant raw materials. As shown in the Figure 1.16, the 

natural abundance of important elements (with respective Si) as a function of the atomic number 

[54]. Economically, the TE materials constituting the rock forming elements (Si, Mg, Al, Na, K, 

Ca, Ti, Mn, Fe, C, O, S, and P) are preferred over the rare metals like Te and Sb.  Therefore, several 

research studies have been primarily concentrated on silicon-based, boron-based, and oxygen-

based inexpensive thermoelectric materials.  

Khan et al. have reported a maximum ZT value of 1.4 for Mg2Si0.53Sn0.4Ge0.05Bi0.02, and a 

high ZT of 1.2 for Mg2Si0.5375Sn0.4Ge0.05Sb0.0125 at 823 K [55]. Likewise, Liu et al. have reported 

high ZT value of 1.3 for n-type Mg2.16(Si0.4Sn0.6)0.985Sb0.015 at 740 K [56]. Zaitsev conducted 

studies on TE properties of anisotropic higher manganese silicide (HMS), MnSi1.75 and showed 

that the introduction of complex dopants into MnSi1.75 crystal structure resulted in the enhancement 

of ZT to 0.97 at 675 K [57]. In 2008, two research groups have conducted independent studies on 

improving ZT via nano-structuring approach. Joshi et al. have reported enhanced ZT of ~ 1.0 for 

p-type nanostructured boron doped-Si80Ge20 bulk alloy at 1073 - 1173 K [58], while Wang et al. 

have synthesized n-type nanostructured 2 mol % phosphorus doped-Si80Ge20 bulk alloy that 

exhibited an enhanced ZT of 1.3 at 1173 K [59]. Doped Si/SixGe1-x alloys have been used by 

National Aeronautics and Space Administration (NASA) in radioisotope thermoelectric generator 

(RTG) of satellites, during deep space missions for TE conversion at temperature of ~ 1000 K [60]. 

Metal oxides are interesting newcomers in the field of thermoelctrics. Ternary and 

quaternary cobaltates, such as NaxCoO2, Ca2Co2O5, Ca3Co4O9, and Bi2Sr2Co2O7, have promising 

ZT because of high S- and low κl-values [61]. The crystal lattice of these oxide materials have (a) 

common CoO2 layers that facilitates good electron-transport, and (b) the intercalated metals (Na, 
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Ca, Bi, and Sr) layers that act as phonon-scattering regions thus resulting in lower κl-values. These 

factors are responsible for good performance of the oxide TE alloys. Although the oxides appeal 

for high temperature TE applications due to their good thermal and chemical stabilities, most of 

these materials: (i) are insulators with low ni values, (ii) have high contact resistance at the 

metal/oxide electrode junction, and (iii) suffer from cracking or exfoliation, due to poor thermal 

expansion during the operation cycles [62]. 

Although metal borides are not classified under the state-of-art materials (with ZT  1), 

they are still attractive because of their good stabilities, mechanical and transport properties. In 

2003, Takeda et al. have studied TE properties of divalent hexaborides, and they discovered that 

SrB6 exhibit ZT of ~ 0.3 at 1000 K [63]. Recently, Sussardi et al. reported that the boron-rich 

cluster compound, SmB62, have extrapolated ZT of ~ 0.4 at 1500 K [64].  

1.6. Engineering TE Alloys 

A paradigm shift in bulk TE material research include: (a) consideration of low-cost 

starting materials, like metal silicides and borides, and (b) engineering the thermoelectric 

properties of the alloys for high temperature waste-heat recovery applications by  

(i) increasing carrier concentration (ni) through metal-doping, which in turn enhances the 

thermoelectric power (S2σ; increase in both S and σ values), and  

(ii) altering the crystal lattice structure via appropriate material synthetic procedures (nano-

structuring/grain size modification) to increase phonon scattering, thus decreasing the 

overall κl value of the material.  

Therefore, the current research work mainly focuses on synthesis, characterization, phase 

stability, thermodynamic, and thermoelectric aspects of selected transition metal borides and 

silicides.  
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CHAPTER 2 

LITERATURE REVIEW 

 
Table 2.1 lists several semiconducting metal borides and silicides that have been examined 

as TE materials [63, 65-73]. The metal borides show (i) increasing of S and σ, (ii) lowering of κ, 

and (iii) good thermal stabilities at higher temperatures [65]. Likewise, the metal silicides have 

been studied because of their (i) low toxicity, (ii) high natural abundance, (iii) good transport 

properties, and (iv) better thermal stabilities at higher temperatures [65].  

Table 2.1. A List of Metal Borides and Silicides studied as TE Materials 

TE 
alloys 

Type Constituent metal (M) 

Metal 
Borides 

MB Ti, V, Cr, Mn, Fe, Co, Ni, Mo, and W 

MB2 Mg, Al, Sc, Ti, V, Cr, Mn, Tc, and Re 

MB4 Mg, Cr, Y, and W 

MB6 Ca, Sr, Ba, La, Ce, Sm, Eu, and Yb 

Other 
Mg2B105, AlB12, AlMgB14, Ba1-xCaxB6, Sr1-xCaB6, Ba1-xSrxB6, SmB62, 
YB48, ZrB12, and YxAlyB14, 

Metal 
Silicides 

MSi Na, Ca, Sr, Co, and Ba 

M2Si Mg, Ca, and Sr 

MSi2 Ca, Ti, Cr, Mn, Fe, Co, Sr, Zr, Mo, Ru, Ba, W, Re, and Os 

 
Other 

Ca3Si4, Ca5Si3, Mg2-xCaxSi, MnSi2-x, RuSi2-x, Ru2Si3, Os2Si3, ReSi1.75, 
Rh3Si4, Rh4Si5, IrSi3, Ir3Si5, Mg127Si64, Mg127Al1Si64, Mg129Si63, 
Mg128Al1Si63,  Mg127Si64, Co1-xPtxSi, Co1-xNixSi, Co1-xPdxSi, Fe1-xOsxSi2, 
and Ru2-xOsxSi3 
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The cyan-colored region of Figure 1.15 highlights the ZT curves of some TE metal silicides 

(n-type Mg2Si, p-type MnSi1.75, p- and n-type FeSi2, CrSi, CoSi,  p- and n-type SiGe), and TE 

metal borides (CaB6, and SrB6), which are promising for mid- and high-temperature waste heat 

recovery applications.  Although Pb – based, and La – based tellurides exhibit good ZT (1 - 1.8) at 

mid/high temperatures while compared to the metal borides and silicides, they have disadvantages 

of toxicity, high cost, low abundance, and high density. Implementing advanced nanostructure 

strategies, such as introduction of (i) point defects, vacancies, rattling structures within the unit 

cell, (ii) dopants or disordered structures that do not alter the electron-transport region of the 

crystal, and (iii) super lattice structures or nanocomposites with multi-interfaces that can enhance 

the scattering of phonons in the crystal lattice of metal borides and silicides. This further results in 

lowering of lattice thermal conductivity (κl), and hence, an overall improvement in the ZT-value 

can be achieved for the TE alloys.  

2.1. Boride TE Alloys 

Until now, most of the boron thermoelectric research have been conducted on boron 

carbides [74, 75], metal-doped β‐rhombohedral boron [76, 77], boron cluster compounds [78-82], 

and metal borides [63-67], due to their physical properties (high melting points, good mechanical 

strength, chemical and thermal stabilities), and TE properties (large S and low κ). Maruyama et al. 

showed that excellent p-n control can be achieved with TE boride (YxAlyB14) at high temperature 

[73]. Takeda et al. reported that divalent metal borides (CaB6, SrB6, YbB6, EbB6, SmB6, CeB6 and 

BaB6) are n-type TE materials, with large negative S, and high σ values [63, 67, and 83].  

2.1.1. Properties of TE Borides 

Metal borides contain one-, two-, and three-dimensional network of boron atoms, which 

are inter-linked through strong covalent bonds [84]. The complex structural behavior arises due to 
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Figure 2.1 Crystal Structures of Unit Cell of (a) β-Boron, and Multiple Unit Cell of (b) CaB6, (c) 
YbB6 and (d) SmB6 [29]. 
 

the valance saturation requirements of electron-deficient boron atoms [85]. Figure 2.1 shows the 

crystal structures of β-boron, and metal borides (CaB6, YbB6, and SmB6) [29]. To obtain high 

temperature n-type TE materials, Nakayama et al. doped β-rhombohedral boron with metals (V, 

Cr, Fe or Zr), and studied the relationship between the electrical properties, and site occupancy of 

the metals in the crystal structure at temperatures < 300 K [77]. The σ-values of the metal doped 

β-rhombohedral boron increases with the corresponding increase in the occupancy of A-1 sites.  
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The S-values of these materials decreases with the increase in metal concentration 

(exception for Zr).  The authors concluded that both the σ-, and the S-values increases as a function 

of temperature. This is mainly due to the variable-range hopping conduction that occurs within the 

metal doped β- boron crystal. The S-value of β - boron changes from positive to the negative value 

after doping with Fe, V, and Cr metals [76, 77]. Also, the power factor (S2σ) increases with the 

temperature. The S2σ-values for n-type heavily V/Cr-doped β - boron are three times larger while 

compared to that of pure β - boron crystal (Figure 2.1a). In another study, Kim and Kimura doped 

β - rhombohedral boron with 1 % metal (Al, Co, Cr, Cu, Mo, Nb, Ni, Ru, Si, V, W, and Zr) and 

the TE properties of metal –doped β - rhombohedral boron were examined from 353 K to 1073 K 

[86]. The authors showed that V-doped β-boron exhibited highest ZT among all the metal-doped 

β - boron materials. Also, the S-value decreased from positive to negative, the σ-value increased, 

and the κ-value decreased as a result of V-doping in the β – boron crystal. 

Because of the restriction in the maximum amount of metal-dopant in the crystal structures 

of both β – boron, and boron carbide (unit cell not shown) to a few percent, it is very difficult to 

further increase the doping-level (due to limited dopant-sites), and achieve the desired n-type TE 

properties for these materials [67]. Alternatively, the metal hexaborides have been considered as 

n-type TE materials, because of their relatively less structural-complexity, and good S-values. The 

TE properties of CaB6, SrB6, BaB6, LaB6, EuB6, YbB6, CeB6, and SmB6 have been thoroughly 

investigated [63-67]. The multiple unit cell structures of the divalent alkaline earth metal 

hexaborides (SrB6, and BaB6) are similar to that of other group (II) metal hexaboride, CaB6 (Figure 

2.1b). Likewise, among the lanthanide hexaborides, both LaB6, and EuB6 have multiple cell 

structures that are analogous to that of YbB6 (Figure 2.1c), while CeB6 have comparable multiple 
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unit cell structure to that of SmB6 (Figure 2.1d). The percent metallic/non-metallic contribution to 

the overall structure of the TE boride materials can directly be inferred from the polyhedral shaded 

regions of the unit cell structures. Also, the structural frame work of the metal hexaborides effects 

their physical, mechanical, and chemical properties. 

Table 2.2 Properties of β-Boron and Some Selected TE Metal Borides at 300 K [29, 63, 87-90]. 

Metal 

Borides 

M.P! 

(K) 

ρ# 

(g/cm3) 

E* 

(GPa) 

α⌂           

(10-6/ K) 

-ΔfHo§ 

(kJ/mol) 

Cp† 

(J/mol*K) 

ni♦      

(1020/cm3) 

Eg■ 

(eV) 

β -

Boron 
2365 2.34 482.6 4.3 0.00 11.19 0.0025b  1.78 

CaB6 2235 2.49 219.1 6.2 167.3 85.5 ~3.3 0.93 

SrB6 2508 3.39 272.3 6.7 247 0.043a ~2.4 0.95 

BaB6 2540 4.36 305.4 6.2 202.1 253.75 6.0 0.97 

LaB6 2210 4.72 452.0 6.4 259.4 97.33 ~130 2.0 

EuB6 2520 5.00 267.4 6.9 223.8 136.16 1200 ~ 1.0 

YbB6 2800 5.61 226.9 5.8 179.9 96.56 1.2 0.14 

CeB6 2550 4.80 393.0 7.3 255.2 103.9 150 0.045c 

SmB6 2740 5.11 253.5 6.8 230.1 92.31 400 0.045c 

 
!M.P - Melting point; #ρ –Density; *E –Young’s Modulus; ⌂α –Linear thermal expansion 
coefficient; §ΔfHo –Heat of formation; †Cp –Specific heat a(Cp at 12.5 K); ♦ni– Charge carrier 
concentration (300 K); b(ni at 600 K) ; ■Eg–Energy band gap, c(Eg at 13 - 53 K). 
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Specifically, the transition metal hexaborides are characterized by high strength, refractory 

behavior, chemical and thermal stability, thermionic emission, and conductivities. Table 2.2 lists  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.2 Effect of Temperature on (a) Seebeck Coefficient, and (b) Electrical Conductivity of β 
- Boron, and Metal Borides [63, 91]. 
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the important properties of β - boron, and some selected TE metal borides.  These alloys  possesses  

very high melting points, low densities, high Young’s moduli, low thermal expansion coefficients, 

high heat of formation, and heat capacities. All these properties suggests that the TE metal borides 

are good candidates for high temperature applications. In addition, the availability of good charge 

carrier concentration, and the narrow energy band gap values indicate that the metal borides are 

suitable TE materials for waste heat recovery at high temperatures. 

As shown in the Figure 2.2(a), the Seebeck coefficient of (i) p-type β - boron, and (ii) n-

type metal borides (CeB6, SmB6, SrB6, YbB6, CaB6 and BaB6) [63, 91]. With the addition of the 

metal atoms to the β - boron, the S-value changes from positive to negative values. CaB6, BaB6, 

and SrB6 have good negative S-values, while compared to β – boron, and other selected TE metal 

borides at higher temperatures. Similarly, Figure 2.2 (b) shows the effect of temperature on the 

electrical conductivity of the TE materials [63, 91]. The electron-deficient boron contain very low 

σ-values in comparison to that of the electron rich metal hexaborides. The σ-value of β – boron 

increases slightly at higher temperatures. Among the metal hexaborides, CeB6, SmB6, and SrB6 

showed good electrical conductivity in comparison to the YbB6, BaB6, and CaB6. Hence, the metal 

hexaborides with relatively larger S-values have relatively smaller σ-values. 

 In general, the metal hexaborides exhibit low κ-values (< 50 W/m*K) at different 

temperatures [92]. Figure 2.3(a) shows the thermal conductivities of CaB6, SrB6, and BaB6 from 

320 to 1080 K [91]. The thermal conductivities of all the alkaline-earth metal hexaborides 

decreases with the increase in temperature. SrB6 have relatively lower κ-value, while compared to 

that of BaB6 and CaB6. However, at higher temperatures of ~ 1080 K, the κ-values of both CaB6, 

and SrB6 are same, and they are slightly more than the κ-value of SrB6. As shown in the Figure 

2.3(b), the ZT values of the alkaline earth metal hexaborides increases with the temperature [91].  
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 Although the ZT-values of CaB6, SrB6 and BaB6 are very similar at 320 K, CaB6 have 

relatively higher ZT (~ 0.3) at 1080 K, while compared to the ZT of other (BaB6, and SrB6) alloys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.3 Effect of Temperature on (a) Thermal Conductivity, κ and (b) Figure of Merit, ZT of 
CaB6, SrB6, and BaB6 [91]. 
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2.1.2. Titanium Diboride 

 

 

 

 

 

 

 

 

Figure 2.4 Multiple Unit Cell Crystal Structure of TiB2 [29]. 

Titanium diboride (TiB2) is important metal boride, which have been less extensively 

studied as a TE material. Figure 2.4 shows the multiple unit cell crystal structure of TiB2. It consists 

of atoms linked via both covalent, and ionic bonds [93]. The grey-colored shaded region of the 

TiB2 polyhedron represents the metallic nature of the alloy.  The space group of TiB2 is P6/mmm, 

and the unit cell parameters of TiB2 are: a = b = 0.303 Å, and c = 0.323 Å, and α = β = 90o, and γ 

= 120o. The density of TiB2 is 4.50 g/cm3, and the unit cell volume is 25.68 Å3 [29]. TiB2 is 

characterized by very high melting point (3498 K), high chemical stability (oxidation resistance 

up to 1273 K), good hardness at high temperatures, better electrical, and thermal conductivities. 

All these properties prompted several researchers to study the transport properties of the material 

[29]. Williams et al. have studied the transport properties of high pure, and polycrystalline TiB2 

alloy [94]. Seebeck coefficient (S) measurements were carried out from 0 K to 1500 K. Electrical 

resistivity data was collected from 300 to 1800 K, and thermal conductivity readings were obtained 

from 80 to 400 K. 
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Table 2.3 TE Properties of Polycrystalline TiB2 obtained from 280 K to 400 K [94]. 

Temperature (K) S (μV/K) 
σ x 106 

(1/Ohm*m) 
κ (W/m*K) ZT (x 10-3) 

280 -2.22 12.56 118 0.15 

300 -2.70 11.49 116 0.22 

320 -3.13 10.58 114 0.29 

340 -3.54 9.80 112 0.37 

360 -3.92 9.12 110 0.46 

380 -4.26 8.52 109 0.54 

400 -4.60 8.00 108 0.63 

 

Table 2.3 lists the TE properties of TiB2 obtained at 280 K to 400 K. Although TiB2 have 

very high σ-values, it shows low S-values, and high κ-values that resulted in poor ZT values. 

Increasing trend of S, and decreasing trend of κ with the increase in temperature, suggests that 

TiB2 is a good promising material for high temperature application. As shown in the Figure 2.5(a), 

the semi-local density functional calculations (DFT) of the energy band structure of TiB2 do not 

reveal any significant energy band gap (~ 0 eV). This further confirms the previous observation 

that the TiB2 crystal contain large number of charge carriers (Figure 2.4 and Table 2.3). From 

Figure 2.5(b), the density functional theory (DFT) calculations of the density of states (DOS) 

indicates that the fermi level of TiB2 is located just in the dip between the two large peaks of the 

DOS curve [66]. As the temperature coefficient of electronic contribution to the specific heat is 

proportional to the DOS at the fermi level, TiB2 has the minimum temperature coefficient value 



 

39 
 

(1.08 mJ/K2) relative to the temperature coefficients of other transition metal diborides (ScB2, VB2, 

CrB2, and MnB2) [66]. In addition, TiB2 have been used as an additive to improve the TE 

performance of the composite materials, like B4C-TiB2 [96], and β-FeSi2-TiB2 [97]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5 Calculated (a) Energy Band Structure, and (b) Density of States (DOS) of TiB2 [95]. 
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2.2. Silicide TE Alloys 

In 1958, Nikitikin E.N conducted first thermoelectric property study on silicides by 

measuring the electrical conductivity, and thermal power at different temperatures [98]. The author 

revealed that CrSi2, MnSi, MnSi2, and CoSi are promising materials for the TE application at 

mid/high temperatures. Then, several other researchers have shown interest in developing metal 

silicides as TE materials. Metal silicides are attractive due to (a) low-cost, (b) abundance in earths 

cost, (c) eco-friendly, (d) high mechanical strength, and (e) good chemical stability [68, 99-103].  

2.2.1. Properties of TE Silicides 

Table 2.4 Properties of some Selected TE Metal Silicides at 300 K [29, 68, 100, 102-105]. 

Metal 

Silicides 

M.P! 

(K) 

ρ# 

(g/cm3) 

-ΔfHo§ 

(kJ/mol) 
Type 

κl† 

(W/mK) 

μi♦      

(cm2/Vs) 

Eg■ 

(eV) 
ZTmax 

Mg2Si 1358 1.98 26 n ~ 8 65 0.7  0.9 

CrSi2 1763 4.98 108 p 6.8 0.15 - 15 0.7 0.25 

MnSi1.7 1430 5.18 33 p 2.9 40 0.66 0.9 

β-FeSi2 1490 4.93 74 n, p 4.0 2 - 4 0.87 a 0.4, b 0.2 

CoSi 1700 6.56 100 n ~1.5 ~43 0.01 0.2 

Ru2Si3 1970 6.96 134 n, p 4.0 10 - 29 1.1 a 0.4, b 0.2 

ReSi1.75 2213 10.44 70 p ~5.5 ~105 0.15 0.8 

 

 

!M.P - Melting point; #ρ –Density; §ΔfHo –Heat of formation; †κl –Lattice thermal conductivity; 
♦μi– Carrier mobility; ■Eg–Energy band gap, a(n-type), b(p-type). 
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Extensive research have been conducted on alkaline earth metal silicide (Mg2Si), and 

transition metal silicides (MnSi1.73, ReSi1.75, β-FeSi2, Ru2Si3, CrSi2, and CoSi) because of high ZT 

at mid/high temperatures. Table 2.4 lists some important properties of the selected metal silicides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.6 Crystal Structures of Unit Cell of (a) Mg2Si, (b) MnSi1.7, (c) β-FeSi2, and Multiple Unit 
Cell of (d) ReSi1.75, and (e) CoSi [29]. 
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Mg2Si have relatively low melting point, low density, low heat of formation, and high ZT 

in comparison to the transition metal silicides. MnSi1.7, and ReSi1.75 are other high performing TE 

materials with ZTmax comparable to that of Mg2Si.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.7 Effect of Temperature on (a) Seebeck Coefficient, and (b) Electrical Conductivity of 
Metal Silicides [68, 97, 100, 101]. 
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Figure 2.6 shows the crystal structure of unit cell of (a) Mg2Si, (b) MnSi1.7, and (c) β-FeSi2, 

and multiple unit cell of ReSi1.75, and (e) CoSi [29]. From the polyhedron structures, the proportion 

of metallic component (green-shaded region) in Mg2Si structure is relatively high, while compared 

to that in transition metal silicides (other than sand-colored region). Therefore, it is directly related 

to the molar ratio of metal to silicon in the metal silicides. The structural frame work also 

influences the thermoelectric properties of the metal silicides. As shown in the Figure 2.7(a), the 

Seebeck coefficients of six selected metal silicides (Mg2Si, CrSi2, MnSi1.73, β-FeSi2, CoSi, and 

Ru2Si3) are plotted from 300 K to 1030 K. Mg2Si, β-FeSi2, Ru2Si3, and CoSi have negative S-

values (or n-type), while MnSi1.7, CrSi2, and Ru2Si3 have positive S-values (or p-type). Ru2Si3 

contain high S-values and therefore can be used as both n-type (T < ~ 550 K), and p-type (T > ~ 

550 K) TE material. Other materials with better S-values are Mg2Si, and MnSi1.7. Figure 2.7(b) 

displays the effect of temperature on the σ-values of the metal silicides. CoSi and CrSi2 have very 

high σ-values, and Ru2Si3 have the least σ-value. With the increase in temperature, an increase in 

σ-value was observed for Ru2Si3, and β-FeSi2, while decrease in the σ-value was noticed in case 

of CoSi and MnSi1.7. The σ-value of Mg2Si and CrSi2 decreased up to 700 K, and then, a further 

increase in the temperature resulted in an increase in their electrical conductivities. 

Metal silicides are characterized by low thermal conductivities. As shown in Figure 2.8(a), 

the effect of temperature on the κ-values of Mg2Si, CrSi2, MnSi1.73, β-FeSi2, CoSi, and Ru2Si3. 

MnSi1.7 exhibited lowest κ-values, followed by Ru2Si3, FeSi2, and Mg2Si at all temperatures. CoSi 

and CrSi2 have relatively higher thermal conductivities. The selected metal silicides have good ZT 

from 500 K to 800 K. As shown in the Figure 2.8(b), the ZT vs. temperature plot of Mg2Si, CrSi2, 

MnSi1.73, β-FeSi2, CoSi, and Ru2Si3. Mg2Si and MnSi1.7 have high ZT values, while other metal 

silicides exhibited relatively low ZT values. Although Ru2Si3, FeSi2, and CrSi2 have low ZT at T < 
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600 K, the TE performance of these silicides increases with further increase in the temperature.  

No appreciable change in the ZT- value of CoSi was observed with the increase in temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.8 Effect of Temperature on (a) Thermal Conductivity, κ and (b) ZT of Mg2Si, CrSi2, 
MnSi1.73, β-FeSi2, CoSi, and Ru2Si3 [68, 97, 100, 101]. 
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2.2.2. Magnesium Silicides 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Effect of Metal-doping on ZT of Mg2Si at Different Temperatures [106-110]. 

The TE performance of Mg2Si can be altered via doping with small amounts of metal 

(donor or acceptor), which effect the carrier concentration of the alloy. Metal-doped magnesium 

silicides (Mg2Si: X = 1: m; X = dopant metal, m = dopant concentration) are increasingly attractive 

for TE applications at high temperatures (500 - 800 K) because of their low density, large natural 

abundance, non-toxicity, good thermal stability, and transport properties [106 - 110]. As plotted in 

Figure 2.9, the effect of five different metal dopants (Bi, Al, Sb, Y, and Ag) on ZT of Mg2Si is 

shown at different temperatures. The concentration of metal dopants used are: m = 0.02 moles (Bi, 

Al, Sb, and Y), and m = 0.01 mol (Ag). A significant improvement in the ZT was observed with 

the addition of metals to Mg2Si crystal structure. Mg2Si: Bi exhibited relatively higher 
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enhancement in ZT- values compared to pure Mg2Si (un-doped). Other alloys (Mg2Si: Sb, Mg2Si: 

Al, and Mg2Si: Y) have similar positive effect on the ZT of Mg2Si, while Mg2Si: Ag showed small, 

and negative effect on the ZT enhancement of Mg2Si at higher temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Calculated (a) Energy Band Structure, and (b) Density of States (DOS) of Mg2Si [95]. 

As shown in the Figure 2.10, the calculations for the band structure, and density of states 

of Mg2Si shows the existence of narrow indirect energy band gap (0.218 eV) for Mg2Si. Also, the 

calculated formation energy of Mg2Si is -1.60 eV per atom [95]. 
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2.2.3. Higher Manganese Silicides  

Higher manganese silicide (HMS) assume Nowotny chimney ladder structure, in which 

Mn atoms form the chimney, and Si atoms spiral around them as the ladder [111].  Figure 2.11 

shows the formation of chimney ladder crystal structure of Mn4Si7 from constituent Mn and Si 

structures. As shown in the Figure 2.11, the crystal structures and the relative sizes of four HMS 

phases (MnSi2-x), namely Mn4Si7, Mn11Si19, Mn15Si26, and Mn27Si47. Besides having complicated 

crystal structure, HMS show distinct anisotropy of the TE properties. HMS have good potential 

for TE heat recovery from 573 - 873 K. Zaitsev et al. have shown that the doping of HMS with the 

metals (Al, Mo, and Ge) can further improve the TE performance of the HMS alloys [112].  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.11 Formation of Nowotny Chimney Ladder Crystal Structure of Mn4Si7, and Four HMS 
Phases with their Relative Size [111]. 
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 As shown in the Figure 2.12, the DFT calculations of (a) band structure, and (b) density of 

states reveal that the HMS (Mn4Si7) alloy possesses an indirect narrow energy band gap of 0.779 

eV with the fermi energy level located next to the peak (ΔE = E – Ef  = ~ 0). Unlike the band 

structure of Mg2Si (Figure 2.10a), the band structure of Mn4Si7 is much more complicated with 

larger number of energy levels in both valance and conduction bands.  The evaluation also predicts 

that the energy required for the formation of the Mn4Si7 is - 0.433 eV per atom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.12 Calculated (a) Energy Band Structure, & (b) Density of States (DOS) of Mn4Si7 [95]. 
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CHAPTER 3 

RESEARCH OBJECTIVES 

 
The main objective of current research is to develop thermoelectric metal borides and 

silicides with good figure of merit (ZT) for high temperature applications. Borides and silicides of 

alkaline earth, and transition metals are considered as potential TE materials in the present study. 

These include binary alloys of the systems: Mg-Si, and Ti/Nb/Mn – Co – B/Si. In addition, the 

current study focuses on the development of synthesis methods, characterization, phase stability, 

reaction kinetics, thermodynamic, and thermoelectric property studies of the metal borides and 

silicides. The solid-state TE devices fabricated from the metal borides and silicides are not only 

cheaper, durable, and eco-friendly, but also are expected to show good performance in waste heat 

recovery application at higher temperatures. 

As shown in the Figure 3.1, the specific tasks of the current research project are: 

1. To select potential metal borides and silicides with good ZT for high temperature (400 – 

1000 oC) applications. Screening of alkaline earth metal borides and silicides (CaB6, SrB6, 

Mg2Si and CaSi), and binary alloys of transition metal borides and silicides of ABX-type 

(A = Ti/ Nb/ Mn; B = Co; X = B/Si) were carried out based on the available literature for 

energy band gaps, crystal structure, transport, and thermodynamic properties of the TE 

alloys, and from the evaluations using Arrhenius relation.  

2. To synthesize the potential TE metal borides and silicides (Mg2Si, metal-doped Mg2Si, 

TiB2, and Mn4Si7) using cold-pressing, sintering, and arc-melting methods.  
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3. To determine the experimental parameters (sintering temperature, sintering time, arc-

melter power, Ar gas pressure, etc.) for production of the alloys. 

4. To experimentally determine the phase equilibria, and thermodynamic properties of the 

metal borides and silicides using characterization techniques, such as SEM, EDS, XRD, 

DSC, DTA, and EMF cell. 

5. To study reaction kinetics and thermal stability of metal silicides (Mg2Si, Mg2Si: mX; X = 

Ti/Nb/Mn/Co, m = 0 - 0.08 mol) using heat flow measurements of DSC/DTA, and EMF 

data of solid-state galvanic cell. Thermodynamic quantities such as specific heat (Cp), 

change in enthalpy (ΔH), change in entropy (ΔS) and change in Gibbs energy (ΔG), activity 

(ai), and activity coefficient (γi) are determined for the alloys. 

6. To determine the thermoelectric properties (Seebeck coefficient, electrical conductivity, 

thermal conductivity, and figure of merit, ZT) of arc-melted samples of transition metal 

boride (TiB2), and transition metal silicide (Mn4Si7) using the ZT-Scanner instrument.  

 

 

 

 

 

 

 

 

 

 
Figure 3.1 A Schematic Outlining the Specific Tasks of Current Research Project. 
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CHAPTER 4 

MATERIALS AND METHODS 

 
The raw materials, instruments, and methods used for the synthesis, and characterization 

of thermoelectric materials play a critical role in determination of their thermodynamic, and 

thermoelectric properties. This chapter addresses various principles, experimental procedures, 

precautions that are considered during the synthesis, and analysis of pure, and metal-doped Mg2Si, 

TiB2, and MnSi1.7 alloys. In addition, the modelling tools considered for estimation of the 

thermodynamic properties of TE alloys are also described.  

All the raw materials and instruments needed for the preparation, and characterization of 

the TE alloys were purchased from various vendors. Metal powders of magnesium (-325 mesh, 

99.8%), silicon (-325 mesh, 99.5%), titanium (-325 mesh, 99%), manganese (-325 mesh, 99.3%), 

niobium (-325 mesh, 99.8%), and cobalt (-325 mesh, 99.5%) were purchased from Alfa Aesar, 

MA, U.S.A. CaF2 powder (99%), MgF2 powder (99.9%), and CaF2 crystal optical disc (1.3 cm 

diameter x 1 mm thickness) for preparation of EMF cell electrodes of were procured from Alfa 

Aesar. Al2O3 (reference), and graphite (standard) for DTA study were obtained from PerkinElmer.  

4.1. Mixing of Powders 

 Certain metals, like magnesium, reacts with atmospheric oxygen to form a thin oxide 

surface layer, which further inhibits their reactivity. Hence, weighing and mixing of stoichiometric 

amounts of as-received elemental powders of the metals were carried out in a Labconco glove box 

(Kansas City, MO, U.S.A) under ultra-high pure argon gas atmosphere. Figure 4.1 shows the 
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image of Labconco glove box used in the current study for the preparation of TE materials. First, 

the glove box was vacuumed to remove any residual oxygen, and then argon gas was filled inside 

the chamber. Appropriate amounts of the raw materials were weighted using the microbalance, 

and the powders were mixed uniformly in Pyrex glass vials using Fischer Scientific Vortex tool.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 An Image of Labconco Glove Box used for Mixing of Metal Powders. 

4.2. Pelleting of Mixture 

After the mixing step, about 1 - 3 g of the powder mixture was placed in a cylindrical 

stainless steel dye of 1.3 cm inner diameter and then, subjected to a uni-axial force of 5.8 ksi using 
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Carver press at room temperature for 2 minutes. Figure 4.2 displays the image of Carver press used 

in the present study.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 An Image of (a) Carver Press, and (b) Schematic of Pelleting the Metal Powders. 

In case of the pellets that were not compressed strongly, few drops of acetone solvent 

(binder) was added to the sample mixture, and the powders were re-pressed for additional timings 

to obtain better compact pellets.  

4.3. Sintering of Pellets 

The cold-pressed sample pellets were wrapped with a tantalum foil (0.001” thickness, 

99.5% Alfa Aesar) to avoid any surface oxidation. The wrapped pellets were placed in a Pyrex 
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glass vials and then, vacuum sealed with glass lids using Labanco glove box. Sintering of the cold-

pressed pellets were conducted using Fischer Scientific box furnace. Figure 4.3 displays the image 

of box furnace used for sintering of the pellets. The desired temperature, and time for the sintering 

process are set using the programmable temperature controller that is attached to the furnace. The 

sealed glass vials containing the sample pellets were placed in ceramic boats. Then, the sample 

boats were carefully kept inside the box furnace using metal tongs, and high-temperature gloves. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 An Image of (a) Fischer Scientific furnace, and (b) Schematic of Pellet Sintering. 

Any residual oxygen present in the sealed glass vials reacts with tantalum metal to produce 

white tantalum pentaoxide (Ta2O5) powder on the surface of the pellets. After the sintering process, 

the glass lids of the vials were removed from the glove box, and the pellets were carefully separated 

from the white tantalum pentoxide powders by using the forceps/tweezers. 
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4.4. Arc-melting of Pellets 

Metal boride (TiB2), and metal silicide (Mn4Si7) samples were synthesized by mixing the 

elemental powders in stoichiometric proportions, cold-pressing the mixture to pellets, and heating 

up of the pellets in small bell jar arc-melt furnace (ABJ338, Materials Research Furnaces Inc.) 

under ultra-high pure argon atmosphere. Figure 4.2 (a and b) shows the images of the electric arc 

furnace, and its open bell jar chamber that was used for the synthesis of metal boride and silicide  

samples. Figure 2(c) shows the schematic of electric arc furnace with important parts labeled. The 

arc-furnace consists of Cu stringer or handle with its inside end attached to a pointed thorium-

doped tungsten rod electrode. The metal boride or silicide sample was placed onto custom-made  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Images of (a) electric arc furnace, (b) bell jar chamber, and (c) a schematic of the furnace  
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cavities of water-cooled copper hearth plate (8.5 cm diameter).  The 304L stainless steel bell jar 

chamber was closed with the metal clamps, and then, it was water-cooled to maintain the 

temperature of the chamber below 50 oC throughout the experiment. An evacuation pump (56 

LPM) was used to create the vacuum inside the chamber. Prior to the start of the experiments, the 

furnace pressure was reduced to 30 mm Hg to remove any ambient air present inside the chamber. 

The compartment was refilled with inert argon gas for at least three times. The thorium-doped 

tungsten rod tip of the water-cooled stringer was placed over the oxygen getter (titanium sponge), 

and an electric-arc was struck to melt the titanium metal. This process removes any residual oxygen 

from the chamber. Later, under a standard positive argon pressure (2 psig), and by passing a current 

(200 A), an electric-plasma arc was struck on one edge of the sample pellet. When the temperature 

of the pellet reached the formation temperature of metal boride (TiB2) or silicide (Mn4Si7), self-

propagating high-temperature synthesis (SHS) of TiB2 or Mn4Si7 took place, and the pellet was 

completely converted to a button-shaped ingot (alloy). After the initial melting of the pellet, the 

ingot button was flipped up-side down, and re-melted for at least 2-3 times in order to obtain 

homogeneous composition of the alloy. 

4.5. X-ray Diffraction  

The product samples (sintered powders/crushed ingots/pellets) were analyzed for the 

presence of different alloy phases using X-ray diffraction (XRD) method.  Figure 4.5 shows the 

image of XRD, model Philips X’Pert MPD instrument. The instrument uses monochromatic 

radiation from Cu-Kα source with a wavelength of 1.540 Å. The MPD instrument was operated at 

a voltage of 45 kV and a current of 40 mA. The samples were spread uniformly on a glass mounting 

slide holder, and the XRD data was acquired at different diffraction angles (2θ = 20o to 120o) using 

the scan rate of 0.01o per sec. High-Score plus software was used to adjust the baseline threshold 
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of the XRD spectra. Identification of different phases present in the sample were performed 

manually using the International Center for Diffraction Data (ICDD) cards that are available in 

PDF2014 software database.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Principle of (a) XRD, and (b) an Image of X’Pert MPD used in Current Study. 
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4.6. Scanning Electron Microscopy 

The surface morphology determination, and elemental composition analysis of the samples 

were conducted using scanning electron microscope (SEM), model JEOL JSM 7000F that is 

equipped with the energy dispersive spectrometer (EDS). Figure 4.6 shows the image of JEOL 

7000F SEM, and various detectors attached to it. Small amounts of the product samples were held 

on to the top surface of a conducting carbon tape, whose bottom surface was stuck to the sample 

holder. The samples were then mounted onto sample holder and then inserted into the JEOL SEM 

instrument. The images of microparticles of the product samples were taken at higher resolution 

(1500X) by setting the accelerating voltage to 20 kV, and working distance to 10.0 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 An Image of (a) JEOL 7000F SEM, and (b) Working Principle for Sample Analysis. 
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4.7. Energy Dispersive Spectroscopy 

The composition of different elements present in the sample was quantitatively determined 

by using the EDS detector attached to the SEM instrument. INCA analyzer software tool was used 

to acquire the EDS spectra from the selected region/spot of interest on the sample’s SEM image. 

4.8. Thermal Analysis  

The two types of thermal analytical techniques used in the current study are: (i) Differential 

Scanning calorimeter (DSC), and (ii) differential thermal analysis (DTA). PerkinElmer Diamond 

DSC was used to measure the heat capacities of Mg2Si powder from 50 to 350 oC, while Linseis 

PT1600 DTA, and PerkinElmer DTA7 were used to study the reaction kinetics, and to measure 

the heat capacities, and thermal stability of the samples at higher temperatures (< 850 oC).  Reddy 

et al. conducted thermal studies of different samples using DSC and DTA methods [113-118].  

4.8.1. Differential Scanning Calorimetry  

 

 

 

 

 

 

 

 

 

Figure 4.7 An Image of (a) Pyris Diamond PerkinElmer DSC, and (b) a Schematic of DSC 
Apparatus. 
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Figure 4.7 (a) shows the image of actual experimental set-up of the DSC instrument used 

in the current research. As shown in Figure 4.7(b), the DSC measures the difference in the amount 

of heat or differential heat flow (ΔH = HS - HR) between the sample (S), and the reference (R) as a 

function of temperature (T). Throughout the experiment, both sample pan and reference pan are 

kept at the same temperature (ΔT = TS - TR = 0). DSC is mainly used for quantitative measurements 

of energy or heat flow due to endothermic (heat transfer to the sample) or exothermic (heat transfer 

from the sample) physical changes or chemical reactions, which in turn depends on the nature of 

the sample used for thermal analysis. DSC requires no mass change in sample for measuring the 

differential heat flow or energy. Using the DSC instrument, it is possible to accurately monitor the 

heat flow, and the temperature of sample up to lower limits of 0.0001 mW and 0.01 K respectively.  

Measurements were taken under argon gas atmosphere at a flow rate of 20 cc/min. Standard 

aluminum pans (PerkinElmer), with the aluminum lids, were used for holding the samples during 

the DSC experiments. Both the sample and the reference Al pans, along with the Al lids, were 

weighed prior to the starting of the DSC measurements. About 10 mg of the synthesized Mg2Si 

powder was placed in the sample pan and then, closed with the lid. Using the PerkinElmer sample 

press, the lid was crimped tightly on to the pan. To prevent any sample loss during the heating 

process, enough care was taken to eliminate any voids/gaps at the joints. The reference Al pan 

(with the lid) and the crimped sample pan were placed in the DSC instrument. Pyris7 software was 

used to set the temperature program under ‘iso-scan-iso’ mode, with a constant heating or scan 

rate (β) of 5 K/min, and a hold time of 1 min. The temperature program of DSC is mathematically 

expressed in terms of a simple linear relationship between temperature (T) and time (t), and is 

given by equation (4.1) as:  

T t 	T t     (4.1) 
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where To is the initial temperature, and β is the heating or scan rate. The sample is (a) heated for β 

> 0, (b) at isothermal temperature (To) for β = 0, and (c) cooled for β < 0. Before running the 

temperature program in ‘iso-scan-iso’ mode , the heat flow between the sample, and the reference 

pans were made ‘zero’ at the initial temperature (To). 

The specific heat measurements were measured from 50 oC to 350 oC.  After calibration of 

the DSC instrument, with the known standard material (Indium), measurements were carried out 

to obtain the baseline, and the heat flow curves of the samples. The difference between sample, 

and baseline DSC curves gives the actual heat flow of sample at different temperatures. From the 

equilibrium thermodynamics, heat capacity or specific heat of a substance is defined as the amount 

of heat required to raise the temperature of one gram of the substance by one degree Kelvin. 

Therefore, the specific heat of a sample at a constant pressure is given by equation (4.2) as: 

C 	 	
/

/
	

∆
   (4.2) 

where ‘m’ is mass of sample, H is the enthalpy of sample, and ‘ΔP’ is the absolute heat flow or 

DSC signal of sample.   

4.8.2. Differential Thermal Analysis  

 DTA is another thermal analytical technique, which possess many similar features to those 

of the DSC technique. In DTA method, the temperature difference (ΔT = TS - TR) between the 

sample (S) and reference (R) materials is measured by maintaining the same heat flow (ΔH = HS - 

HR = 0) between sample and reference.  DTA measures the change in temperature between sample 

and reference, when both are supplied with same amount of heat. Any phase changes, and thermal 

processes that occur within sample are directly related to increase or decrease in the temperature 
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Figure 4.8 An Image of (a) Linseis PT 1600 DTA, and (b) a Schematic of DTA Furnace. 

difference (ΔT). The DTA instrument is easy to use i.e. samples are kept in the open system, and 

it can be used under different experimental conditions such as high temperature, high pressure, 

and vacuum. DTA is mainly used for qualitative measurements of the heat flow that occur during 

the physical changes/chemical reactions of the samples. Figure 4.8(a) shows the actual 

experimental setup (Linseis PT1600) used for the DTA measurements of the TE materials. Figure 

4.8(b) shows the schematic of DTA furnace with all important parts labelled i.e. sample, reference, 

crucibles, lids, thermocouples, and support. DTA experiments were carried out in an inert Ar gas 

atmosphere and at a flow rate of 4 cc/min. 

 The Linseis DTA instrument was used for: (a) measuring the reaction kinetics, and (b) 

determination of heat capacities of magnesium silicides. 100 mg of Al2O3 was used as the reference 
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material, and 10 mg of pure/metal-doped Mg2Si was used as the analyte. 10 mg of pure Al was 

used to calibrate the DTA apparatus, and 10 mg /20 mg of graphite was used as standard material  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 An Image of PerkinElmer DTA7 with a Blow-up View of Reference, and Sample 
Crucibles and DTA calibration curve of Al standard. 

for specific heat (Cp) measurements. The decomposition experiment of Mg2Si was carried out 

using Perkin Elmer DTA 7 from 50 oC to 1150 oC, under Ar gas atmosphere, at a scan rate of 40 

oC/min. Figure 4.9 shows the image of PerkinElmer DTA7 instrument used in current study, a 

blow-up view of reference, and sample crucibles with the furnace in open position, and the DTA 

heat flow calibration curve of Al standard showing the melting point of Al at ~ 660 oC. Table 4.1 

lists the instrumental parameters of DSC, and DTA instruments used for the thermal analysis. 
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Table 4.1 Parameters of DSC and DTA Instruments used in Current Study. 

Parameters Diamond DSC Linseis DTA PerkinElmer DTA7 

Scan rate (β), K/min 5 5, 10, 15 and 20 40 

Purging gas Ultra-high pure Ar Ultra-high pure Ar Ultra-high pure Ar 

Purge gas flow rate, 

cc/min 
20 20 20 

Sample/Reference 

container 

Aluminum pan 

with Al cover lid 

Al2O3 crucible with 

Al2O3 cover lid 

Al2O3 crucible with Pt 

holder (no lid) 

Calibration standard Indium Aluminum Aluminum, gold 

Reference material None Al2O3 Al2O3 

Temperature range 50 oC - 350 oC 30 oC - 850 oC 30 oC - 1200 oC 

Raw thermal data Differential heat Temperature difference Temperature difference 

Thermal analysis 

Specific heat, 

enthalpy, entropy, 

and Gibbs energy 

Reaction kinetics, 

temperature, activation 

energy, specific heat, 

enthalpy, entropy, and 

Gibbs energy 

Melting point 
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4.9. Solid-state Galvanic or Electrochemical Cell 

Reddy et al. have conducted extensive experimental studies on determination of thermal 

stability of Ti-Al, and Nb-Al binary systems using solid-state galvanic cell method (or EMF cell 

method) [118-121]. The reference and working electrodes of the solid-state galvanic cell were 

prepared from the chemicals (CaF2, MgF2, Mg, and Si) obtained from Alfa Aesar (> 99% pure). 

The optically transparent pure cylindrical CaF2 crystal (diameter = 13 mm, and thickness = 2 mm) 

was also purchased from Alfa Aesar. Equi-molar ratio of CaF2, and MgF2 was mixed uniformly, 

and small amounts of Mg and XMg + (1-X)Si were added to (CaF2 + MgF2) blend, to prepare 1 g 

uniform mixture of six reference electrodes (each containing 0.4 g Mg), and six different working 

electrodes (comprising MgxSi1-X ; X = 0.10, 0.23, 0.43, 0.67, 0.84, and 0.98) respectively. The 

mixtures were cold-pressed into pellets of 13 mm diameter under uniaxial load of 5.85 ksi. The 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.10 A Schematic of (a) EMF Cell, and (b) Blow-up View of Cell Assembly, and (c) Image 
of Experimental Set-up. 
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electrode pellets were wrapped in Ta foil, and placed in a vacuum sealed glass vials. The pellets 

were sintered at 600 oC for 7 days in a Fischer Scientific box furnace. 

The design of the EMF cell, and its construction play a critical role in the accurate 

measurement of the cell EMF voltages. As shown in the Figure 4.10(a), the EMF cell consists of 

electrode assembly fastened by a pull-push system, and the cell assembly was inserted into the 

Al2O3 tube of the vertical furnace. Figure 4.10(b) displays a blow-up view of the cell assembly 

containing a stack of working electrode, CaF2 crystal, and reference electrode, whose ends are in 

contact with Pt foils, and Pt/Rh wires for measuring the cell EMF voltage. The other ends of the 

Pt/Rh leads were connected to Keithley 2700 multimeter, and cell voltages were recorded at 

different temperatures. Throughout the experiments, ultra-high pure argon gas was purged through 

(a) derite chamber to remove any moisture, (b) a copper getter furnace to remove trace amount of 

oxygen, (c) a flow meter (Fischer Scientific) to maintain a constant flow of 1 cc /min, and (d) to 

copper getter filings placed at the bottom of the Al2O3 tube. In addition, the EMF cell setup is 

constantly evacuated using a vacuum pump to remove out gasses from the reaction.  A K-type 

thermocouple (Omega Co.) was placed inside the chamber, in such a manner that its tip, and the 

center of the electrode cell assembly were at the same level. The other end of the thermocouple 

was connected to a temperature controller (Omega 2270) for monitoring the reaction temperature 

of the cell. After reaching the equilibrium, the EMF values (within ± 0.05 mV) are measured by 

using six different working electrode compositions of MgXSi1-X (X = 0.101, 0.23, 0.434, 0.666, 

0.842, and 0.984 mol) at five different temperatures (923, 947, 973, 997, and 1023 oC). 

Thermodynamic properties such as activity, activity coefficients, Gibbs energy of mixing, enthalpy 

of mixing, and entropy of mixing for Mg-Si system, were calculated from the cell EMF voltage at 

different temperatures to assess the thermal stability of alloy phases in Mg-Si system.  
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4.10. Thermodynamic Modelling 

In a multicomponent system, the phase equilibria is calculated by minimizing the total 

Gibbs energy ‘G’ of all individual components that participates in the equilibrium. The total Gibbs 

energy is given by equation (4.3) as  

∑  = minimum    (4.3) 

where , and  are the number of moles, and Gibbs energy of individual phase ‘i’[122]. 

Thermodynamic tools (HSC and FactSage) were used to model the thermodynamic properties, and 

phase equilibria of binary alloys from Mg-Si, and transition metal borides and silicides of 

(Ti/Nb/Mn) - Co- (B/Si) systems. Change in Gibbs energy of Mg2Si, 9 binary metal borides (Co2B, 

CoB, TiB, TiB2, NbB2, Mn2B, MnB, Mn3B4, and MnB2), and 12 binary silicides (NbSi2, Nb5Si3, 

CoSi2, CoSi, Co2Si, Ti5Si3, TiSi, TiSi2, MnSi, Mn5Si3, Mn3Si, and MnSi1.73) were evaluated using 

‘Reaction Equations’ module of HSC 7.1 software tool. The change in Gibbs energy of the selected 

borides and silicides were calculated from 25 oC to 1500 oC at 1 bar pressure. The positive/negative 

sign of change in Gibbs energy indicates the thermal stability of the metal borides and silicides.  

From all stable binary alloys of (Ti/Nb/Mn – Co – B/Si) systems, 5 borides (Co2B, CoB, 

TiB, TiB2, and NbB2) and 9 silicides (CoSi, Ti5Si3, TiSi, TiSi2, MnSi, Mn5Si3, Mn3Si, NbSi2 and 

Nb5Si3) were selected to obtain the Gibbs energy as a function of temperature. Using ‘Compound’ 

module of Factsage 6.3 tool, the Gibbs energy function, G(T) is given by equation (4.4), and the 

parameters (A, B, C, D and E) of the temperature polynomial function was estimated for each of 

the selected metal borides and silicides. 

	,   (4.4) 

Also, the binary phase diagram, and Mg/Si activities of Mg-Si system were obtained at 1 

bar pressure by using ‘Phase Diagram’, and ‘Equilib’ modules of FactSage 6.3 respectively. 
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CHAPTER 5 

A PRELIMINARY STUDY  

 
The divalent alkaline earth metal hexaborides are known for their low densities, high 

melting points, high hardness, large elastic moduli, low thermal expansion coefficients, high 

chemical stabilities [63, 67]. Also, recent studies indicates that the alkaline earth metal hexaborides 

are promising n-type TE materials with high S- and σ- values. Therefore, the group (II) metal 

hexaborides show greater potential for high temperature TE power generation. 

The alkaline earth metal silicides are promising candidates for TE power generation in 

mid/high temperature range. Group (II) metal silicides are very attractive and have potential to 

replace lead-based TE materials because of their low cost, non-toxicity, and high abundance in the 

earth’s crust. Moreover, group (II) metal silicides reduces the weight of TE devices, which is an 

important feature for aerospace, and automobile industries. Group (II) metals are desirable 

candidates for achieving high ZT- values because of their high S- and σ- values, low lattice thermal 

conductivity (κL) values, and high melting points [71, 72].  

5.1. Arrhenius Relation 

In this study, group (II) metal borides (CaB6 and SrB6), and metal silicides (Mg2Si and 

CaSi) are considered for evaluation of the TE properties, P (= S, σ, κ and ZT) as a function of 

temperature. Experimental data for ‘P’ is obtained from the literature [63, 67, 71, 72], and fitted 

to the Arrhenius relation given by equation (5.1) as: 

     (5.1) 
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where Po (= So, σo, κo and (ZT)o) is the pre-exponential factor (same units as P), QP (= QS, Qσ, Qκ, 

and QZT) is the activation energy (Jmol-1) of P, R is the universal gas constant (8.314 Jmol-1K-1), 

and T is the temperature (K). As shown in the flow chart of Figure 5.1, the experimental data of 

‘P’ was fitted to Arrhenius relation given by equation (5.1) [123]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. A Flow Chart of the Procedure used to Evaluate the TE Properties from Arrhenius 
Relation. 

5.2. Group (II) Borides and Silicides 

In the current study, experimental data on TE properties (P) for borides (CaB6 and SrB6) 

and silicides (Mg2Si, and CaSi) was evaluated as a function of temperature from 300 to 1050 K. 

Arrhenius relation was used to assess the parameters such as pre-exponential factors (Po), and 

activation energies (QP) of the group (II) metal hexaborides, and group (II) metal silicides. 
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Figure 5.2. Plots of S, σ, κ and ZT vs. Temperature (T) for Borides (■CaB6 and ●SrB6) and Silicides 
(▲Mg2Si and ▼CaSi)   

Gibbs energies for the formation of CaB6, Mg2Si, and CaSi were calculated using the HSC 

7.1 tool at temperatures ranging from 300 to 1300 K. Solid solution activities of B and Si in the 

binary alloys were calculated at 1 bar and 1000 K by using FactSage 6.3 tool. The experimental 

data on TE properties (S, σ, κ and ZT) of CaB6, SrB6, Mg2Si and CaSi at different temperatures is 

plotted in Figure 5.2 [63, 67, 71, 72].  

5.3. Log (TE property) vs. 1/T Plots 

The prediction of the TE properties was done using Arrhenius relation of equation (5.1). 

Firstly, the natural logarithm of the TE property (ln (P)) was calculated for each temperature, and  
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Figure 5.3. Ln(P) vs. 1/T (P = -S, σ, κ and ZT) Plots of Experimental Data (■CaB6, ●SrB6, 
▲Mg2Si and ▼CaSi) and Linear Fit (●●●CaB6, ●●●SrB6, ●●●Mg2Si and ●●●CaSi) 

 
then plotted as a function of inverse temperature (1/T). As shown in Figure 5.3, the plots of ln(P) 

vs.1/T gives straight line for majority of the TE properties.  Table 5.1 lists the linear relationships 

between ln(P) and 1/T with good R2 values ranging from 0.91 to 0.99. Secondly, the value of the 

slopes and intercepts from Table 5.2 were used for the calculation of the Arrhenius relation 

parameters (Po = exp (intercept) and QP = -R x slope). The estimated values of Po and QP for the 

TE alloys are listed in Table 5.2. As shown in the Figure 5.3, the marker points of P vs. T plots 

represents the experimental data, while the extended dotted-straight line shows the predicted 

values of the TE properties for the alloys using the Arrhenius relation. 
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Table 5.1. Linear relationship of Ln(P) vs. 1/T for CaB6, SrB6, Mg2Si, and CaSi. 

Alloy ln(-S) vs. 1/T ln(σ) vs. 1/T ln(κ) vs. 1/T ln(ZT) vs. 1/T 

CaB
6
 

ln(-S) = -242.87/T + 5.84 

R² = 0.99 

ln(σ) = 410.12/T + 9.41 

R² = 0.94 

ln(κ) = 240.75/T + 2.15 

R² = 0.99 

ln(ZT) = -773.7/T - 1.43 

R² = 0.99 

SrB
6
 

ln(-S) = -318.73/T + 5.21 

R² = 0.95 

ln(σ) = 403.97/T + 11.60 

R² = 0.91 

ln(κ) = 254.76/T + 2.13 

R² = 0.97 

ln(ZT) = -1056.8/T - 0.31 

R² = 0.98 

Mg
2
Si 

ln(-S) = -600.62/T + 6.69 

R² = 0.97 

ln(σ) = 480.62/T + 9.60 

R² = 0.96 

ln(κ) = 242.13/T + 0.84 

R² = 0.91 

ln(ZT) = -1082.5/T + 0.89 

R² = 0.96 

CaSi 
ln(-S) = -3437.9/T + 6.32 

R² = 0.97 

ln(σ) = 281.45/T + 12.13 

R² = 0.97 

ln(κ) = 92.105/T + 1.97 

R² = 0.97 

ln(ZT) = -2109.3/T - 3.12 

R² = 0.98 

 

5.4. Evaluation of TE Properties 

The estimated values of Po, and QP for the TE alloys are listed in Table 5.2. As shown in 

Figure 5.4, the marker points of P vs. T plots represents the experimental data, while the extended 

dotted-curve represents the evaluated values of the TE properties for the alloys. At higher 

temperatures, the Arrhenius relation predicts a relatively high ZT value for Mg2Si. 

Table 5.2. Thermoelectric Parameters of Borides (CaB6 and SrB6) and Silicides (Mg2Si and CaSi). 

Alloy S - parameters σ- parameters κ- parameters ZT- parameters 

CaB
6
 

Q
S 

= -2019.22 Jmol-1 

S
o
 = -345.81 µVK-1 

Q
σ
 = 3409.73 Jmol-1 

σ
o
 = 12244.10 Ohm-1m-1 

Q
κ
 = 2001.59 Jmol-1 

κ
o
 = 8.62 Wm-1K-1 

Q
ZT

  = -6432.54 Jmol-1 

(ZT)
o
 =0.23 

SrB
6
 

Q
S 

= -2649.92 Jmol-1 

S
o
 = -183.75 µVK-1 

Q
σ
 = 3358.60 Jmol-1 

σ
o
 = 109316.21 Ohm-1m-1 

Q
κ
  = 2118.07 Jmol-1 

κ
o
  = 8.48 Wm-1K-1 

Q
ZT

 = -8786.23 Jmol-1  

(ZT)
o
  = 0.73 

Mg
2
Si 

Q
S
 = -3912.06 Jmol-1 

S
o
 = -273.47 µVK-1 

Q
σ
 = 3995.87 Jmol-1 

σ
o
 = 14884.86 Ohm-1m-1 

Q
κ
  = 2013.06 Jmol-1 

κ
o
 = 2.32 Wm-1K-1 

Q
ZT

   = -8999.90 Jmol-1 

(ZT)
o
  = 2.45 

CaSi 
Q

S
 = -28582.70 Jmol-1 

S
o
 = -557.63 µVK-1 

Q
σ
 = 2339.97 Jmol-1 

σ
o
 = 185720.84 Ohm-1m-1 

Q
κ
  = 765.76 Jmol-1 

κ
o
 = 7.18 Wm-1K-1 

Q
ZT

 = -17536.72 Jmol-1 

(ZT)
o
  = 0.04 
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Figure 5.4. Plots of S, σ, κ and ZT vs. T for Experimental Data (■CaB6, ●SrB6, ▲Mg2Si and 
♦CaSi) and Predicted Values (●●●CaB6, ●●●SrB6, ●●●Mg2Si and ●●●CaSi). 

5.5. Estimation of Efficiencies 

Upon substituting the expression for ZT, from equation (5.1), into the conversion efficiency 

(ηTE), of equation (1.7), the formula for maximum conversion efficiency of group (II) borides (CaB6 

and SrB6), and silicides (Mg2Si and CaSi) was obtained for different hot side temperature (Th) with 

cold side temperature (Tc) kept at 300 K. The ηTE as a function of Th is given by equation (5.2) as: 

 	 	

	

	 	

	 	
	

    (5.2) 
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Figure 5.5. A Plot of Efficiency (TE) vs. Temperature (T) for Borides (■CaB6, ●SrB6) & Silicides 

(▲Mg2Si & ▼CaSi) 

As shown in Figure 5.5, the plot of (TE) vs. temperature (T) indicates that Mg2Si is 

relatively more efficient in converting the waste heat into electricity. Therefore, the alloy exhibits 

a greater potential for power generation at higher temperatures. 

5.6. Comparison of Properties  

The phase stabilities, and crystal structures of CaB6, SrB6, Mg2Si, and CaSi were assessed 

from the binary alloy phase diagrams [29]. The only stable binary boride alloy phases of Ca, and 

Sr metals are respective hexaboride phases (CaB6 and SrB6). Also, the only stable binary silicide 

alloy phase of Mg is Mg2Si. However, the silicides of Ca occur in multiple binary phases (Ca2Si, 

Ca5Si3, CaSi, Ca3Si4, Ca14Si19 and CaSi2) with the CaSi being the most thermally stable phase. 

Table 5.3 summarizes the crystal structure and physical properties of the group (II) metal borides 
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and silicides, which includes space group, cell parameters, density, volume, melting point, 

predicted Gibbs energy of formation, and activities of B/Si in the alloys at 1000 K. CaB6, SrB6, 

and Mg2Si contain cubic lattice, while CaSi possess orthorhombic unit cell structure. CaB6, SrB6, 

Mg2Si, and CaSi phases are thermally stable below their melting points 2733, 2773, 1354 and 1553 

K respectively. Hence, the alloys are suitable for applications at high temperature (600 to 1200 K). 

Table 5.3. Crystal Structure and Thermodynamic Data of CaB6, SrB6, Mg2Si, and CaSi [29]. 

Alloy 
Space 
group 

Cell 
Parameters 

Density 
(Mg m-3) 

Volume 
(Nm-3) 

Melting 
point 
(K) 

†ΔG
f
 

at 1000 K 

*Activity 
of B/Si at 
1000 K 

CaB
6
 Pm3m 

a = b = c = 0.414 
α = β = γ = 90 

2.45 0.071 2733 -94.14 0.03 

SrB
6
 Pm3m 

a = b = c = 0.419 
α = β = γ = 90 

3.42 0.074 2773 - - - 0.03 

Mg
2
Si Fm3m 

a = b = c = 0.6351 
α = β = γ = 90 

1.99 0.256 1354 -67.60 0.0018 

CaSi Cmcm 
a = 0.455, b = 1.073, c = 0.389 

α = β = γ = 90 
2.38 0.190 1553 -134.06 0.27 

† Predictions using HSC; * Predictions using FactSage 

5.7. Thermodynamic Calculations  

In addition, modeling studies were conducted to determine the thermodynamic quantities, 

such as change in Gibbs energy, and activities of B, Si and metals for the binary TE alloys. To 

estimate the thermodynamic stabilities of the group (II) metal hexaborides, and group (II) metal 

silicides, the change in Gibbs energies for the formation of CaB6, Mg2Si and CaSi were calculated 

from 300 to 1300 K. As shown in the Figure 5.6, the change in Gibbs energies for CaB6, Mg2Si, 

and CaSi are negative, thus suggesting the spontaneous nature, and favorable formation of the 

stable alloy phases at higher temperatures. Binary alloys of Ca (CaB6 and CaSi) are more stable 

than Mg2Si alloy, which is in good agreement with experimental melting points (Table 5.3).  Mg2Si 

shows a small change in the slope of ΔG vs. T at ~ 900 K, which may be due to the phase change 

[(Mg) + Mg2Si →	L + Mg2Si] occurring at this temperature. 
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Figure 5.6. Gibbs Energy at Different Temperatures for ▲Mg2Si, ■CaB6 and ▼CaSi 
 

The activities of B in borides and Si in silicides were calculated at 600, 800, 1000 and 1200 

K, and at 1 bar pressure. Figure 5.7 shows the plots of solid-solution activities for borides (CaB6 

and SrB6) and silicides (Mg2Si and CaSi) at 1000 K. Both the activity profiles for mixing of B and 

metal (Ca or Sr) resulted in a large deviation from the ideality, thus indicating the immiscibility or 

unmixing of the elements at 1000 K. Although, the activity profiles for the mixing of Si, and metal 

(Mg or Ca) exhibited non-ideal mixing behavior that is similar to the borides, the deviations in the 

activities from the ideality are comparatively low for the silicides at 1000 K. No significant 

changes were observed in the activities of B and Si at other temperatures (activity plots not shown 

for 600, 800 and 1200 K). The activities of boron in the group (II) metal borides are relatively 

smaller than the activities of Si in the group (II) metal silicides. The non-ideal behavior of the 

borides and silicides may be due to the difference in the interactions between the elements of the  
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Figure 5.7. Activities of B in Ca-B and Sr-B and Si in Mg-Si and Ca-Si Solid Solutions at 1000 K. 
 

solid-solution, which further effects the reaction energetics (Gibbs energy of mixing) for the 

system. Therefore, group (II) metal borides are more stable with low activities of B, while group 

(II) metal silicides are relatively less stable with better activities of Si in the binary alloy solutions. 

5.8. Summary of Preliminary Study 

The thermoelectric and thermodynamic properties of borides (CaB6 and SrB6), and silicides 

(Mg2Si and CaSi) were calculated from 300 to 1050 K. The TE properties (S, σ, κ and ZT) for the 

alloys were obtained from the literature, and the Arrhenius relation was used to evaluate the TE 

properties as a function of temperature. Phase equilibria, crystal structure, thermodynamic 

properties (Gibbs energy and activities) was obtained for the alloys. Among the binary alloys 

studied, Mg2Si exhibited greater potential for TE power generation at higher temperatures. 
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CHAPTER 6 

MAGNESIUM SILICIDE  

 
Although commercially available Pb-Te and Bi-Te based TE materials exhibits high ZT - 

values at low and mid temperatures, they are also toxic, heavy, and less abundant in the earth’s 

crust [30, 31]. Therefore, it is important to develop sustainable TE materials for mid and high 

temperature applications.  Magnesium silicide (Mg2Si) is a promising TE material with high ZT at 

mid temperature range of 500 – 800 K [124-128]. Mg2Si is the only stable binary phase of Mg-Si 

system. Mg2Si contain anti-fluorite CaF2 type structure with Fm3m space group, and cubic crystal 

lattice cell parameters (a = b = c = 6.351 Å, and α = β = γ = 90o) [65]. As shown in the Figure 

2.6(a), the Si atoms occupy the corners, and face-centered cubic (FCC) lattice sites of Mg2Si unit 

cell, while Mg atoms occupy eight tetrahedral positions in the interior region of the unit cell. The 

coordination number of Si, and Mg are eight and four respectively. The cubic lattice of Mg2Si 

transforms to hexagonal lattice at high pressure (> 25 kbar), and temperature (> 900 oC). The 

density and narrow energy band gap of Mg2Si are 1.99 gcm-3 and 0.77 eV respectively [129, 130]. 

In addition, Mg2Si exhibits superior mechanical behavior with high Young’s modulus (E = 120 

GPa) and elevated compressional strength (= 1640 MPa) [129]. Mg2Si is very attractive candidate 

due to its low cost, higher abundance, light weight, and non-toxic nature [129, 131]. Therefore, 

Mg2Si- based TE devices have huge potential to replace the existing Pb-Te based TE devices. 

As shown in Figure 6.1, the temperature vs. mole fraction plot of Mg-Si system is 

constructed using the FactSage thermodynamic modelling tool. From the binary phase diagram of  
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Figure 6.1 Binary Phase Diagram of Mg-Si System obtained at 1 bar using FactSage 6.3 

Mg and Si, it is evident that Mg2Si is the only binary alloy phase that exists in Mg-Si system. No 

presence of other binary alloy phases of Mg and Si in the binary phase diagram also indicates the 

simplicity associated with the synthesis of Mg2Si. The formation of Mg2Si occur at 66.667% of 

Mg and below the temperature of ~637 oC. The melting point of Mg2Si alloy is 1102 oC. Hence, 

Mg2Si is suitable for thermoelectric applications in mid temperature range. 

Several synthetic procedures have been used to improve the mechanical, and the TE 

properties of Mg2Si through refinement of grain size, and lowering of thermal conductivity. Some 



 

80 
 

of these techniques include mechanical alloying or ball milling [132-134], vacuum melting [127], 

high temperature solid-state reaction [135], spark-plasma-sintering or plasma activated sintering 

[136, 137], vertical Bridgeman (VB) method [138], and microwave irradiation [139]. Mechanical 

alloying is a time consuming process and the samples are subjected to easy contamination and 

oxidation during the synthesis. Using vacuum melting, it is hard to control the synthesis of Mg2Si.  

The structure, composition, and TE performance of Mg2Si synthesized from these conventional 

methods are inconsistent because of (i) large difference in the melting points of Mg (650 oC), and 

Si (1414 oC), (ii) high volatility or evaporation of Mg at temperature (1090 oC) close to the melting 

point of Mg2Si (1085 oC), and (iii) easy contamination or oxidation of Mg to MgO [129, 140]. 

Hence, it is important to develop low temperature, fast, and energy efficient methods for the 

synthesis of Mg2Si.  

In this chapter, a simple and rapid procedure is described for the synthesis of Mg2Si 

powders. The product samples were tested for phase analysis, surface morphology and elemental 

composition using XRD, SEM, and EDS methods. Thermal analysis of the samples were carried 

out using DSC, DTA, and EMF methods. Thermodynamic properties such as specific heat, change 

in enthalpy, entropy, Gibbs energy, formation activation energies, activities, activity coefficients 

are determined for the magnesium silicide samples. 

6.1. Synthesis of Mg2Si  

Elemental powders of magnesium (-325 mesh, 99.8%), and silicon (-325 mesh, 99.5%) 

were purchased from Alfa Aesar, MA, U.S.A. Figure 6.2 shows the schematic drawing of simple 

and rapid procedure used for the synthesis of Mg2Si alloy. Mg reacts with atmospheric oxygen to 

form a thin oxide surface layer, which further inhibits the reactivity of the metal. Hence, the mixing  

of stoichiometric amounts of starting materials i.e., Mg and Si powders (in 2:1 molar ratio) were 
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Figure 6.2. A Schematic showing the Experimental Procedure for Synthesis of Mg2Si Powder. 
 

carried out in a Labconco glove box (Kansas City, MO, U.S.A) under argon gas atmosphere. About 

1 gram of this uniform mixture was placed in a dye of 1.3 cm inner diameter, and then cold-pressed 

at 9.8 ksi using a Carver press. The obtained silver-greyish cylindrical (2Mg + Si) pellet was placed 

in a glass vial, and sealed under vacuum. Sintering of (2Mg + Si) pellets was carried out using 

Fischer Scientific furnace to obtain dark-bluish Mg2Si powders. Table 6.1 lists the sintering 

parameters i.e., temperature (300 to 600 oC), and time (0 to 3 hrs) for synthesis of Mg2Si powders. 

Table 6.1. Sintering Parameters (Temperature & Time) of Samples Tested for Synthesis of Mg2Si. 

Sample ID 
Sintering 

Observation 
Temperature (oC) Time (min) 

1 300  5 and 60 No formation of Mg2Si 

2 350  5  No formation of Mg2Si 

3 400  5 and 60 No formation of Mg2Si 

4 450  5 No formation of Mg2Si 

5 500  5, 30, 60, 120 and 180 Formation of Mg2Si 

6 550  5  Formation of Mg2Si 

7 600  5 Formation of Mg2Si 
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The optimum sintering time and temperature for the synthesis of Mg2Si powders are 500 

oC and 5 min respectively. Figure 6.3 shows the image of (2Mg + Si) pellet, Mg2Si powder, and 

Mg2Si pellet obtained before and after the sintering process. 

 

 

 

 

 

 

 

Figure 6.3. Images of (2Mg + Si) and Mg2Si Pellets before & after Sintering at 500 oC and 5 min. 

6.2. Characterization of Mg2Si 

The sample Mg2Si powders were characterized for phase analysis, surface morphology, 

and elemental composition using XRD, SEM, and EDS techniques respectively. Small amounts of 

the Mg2Si powders were used for obtaining X-ray diffraction spectrum using Phillips X’PERT 

MPD instrument. The XRD data was acquired by using Cu Kα (λ = 1.5405 Å) source at diffraction 

angles of 2θ (= 20o - 120o).  Phase analysis of the samples was done by manual assignment and 

comparison of the XRD peak reflections using standard ICDD diffraction data (Mg2Si, Mg, and 

Si). The surface morphology of Mg2Si powders was determined using 7000 JEOL FE SEM. Small 

amounts of the powder sample was adhered on to carbon tape of the holder. The sample was then 

inserted into the JEOL instrument for SEM imaging, and EDS spectral analysis. A power of 20 kV 

was applied between the sample, and SEM probe. The working distance was maintained at 10 mm. 

SEM images of Mg2Si sample was captured at higher magnification of 1500X. Figure 6.4 (a & b) 
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Figure 6.4 XRD Spectra of (a) 2Mg + Si & (b) Mg2Si Powders from Sintering at 500 oC for 5 min. 
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shows the XRD spectra of (2Mg + Si) mixture and Mg2Si powder formed after sintering at 500 oC 

and 5 min. The disappearance of distinct reflections of Mg and Si elements {Mg (101), Mg (002), 

Mg (100), Si (111) and Si (220)}, and appearance of major characteristic reflection of Mg2Si (220)   

at 2θ ~ 40o in the XRD spectra indicates the formation of single product phase at 500 oC. No other 

alloy phases of Mg and Si were observed in the spectra. The lattice constant of Mg2Si was obtained 

from strong peak (220) in XRD spectrum of Figure 6.4(b) by using equation (6.1) (Appendix A).  

Å 	 Å
	 	

 (6.1) 

The value of lattice constant for Mg2Si powder synthesized is 6.278 Å, which is in good agreement 

with the lattice constant of 6.351 Å reported in standard ICDD database (PDF card 00-034-0458). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 SEM Image of Mg2Si Powder obtained from Sintering at 500 oC for 5 min. 
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Figure 6.6 SEM and Particle Size Distribution of (a) Mg, (b) Si, and (c) Mg2Si Samples. 

 Figure 6.5 displays the 1500X SEM image of Mg2Si powder, obtained from (2Mg + Si) 

pellet after sintering at 500 oC and 5 min. The size and shape analysis of product Mg2Si powders 

were carried out, and compared with those of the initial raw materials (Mg and Si). Figure 6.6 (a-

c) shows the morphologies of the microparticles of Mg, Si, and Mg2Si. The SEM images reveal 

the formation of fine irregular sized microparticles of Mg2Si in the product powders obtained from 

sintering at 500 oC and 5 min. The particle size analysis was determined from the SEM images 

using ‘Nano Measurer 1.2’ software. The % particle frequency vs. size plots show that the average 

particle size of Mg, Si, and aggregates of Mg2Si are 18.37 μm, 3.61 μm, and 4.45 μm respectively. 

Furthermore, experiments were conducted on the breakdown of Mg2Si aggregates by using 

ultra-sonication technique. Figure 6.7(a) shows the image of Mg2Si particles suspension after ultra-

sonication for 10 hr in hexane solvent. As shown in Figure 6.7(b), the higher magnification SEM 

image (16000X) of Mg2Si was taken from the hexane suspension after ultra-sonication for 10 hr. 
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Figure 6.7 Images of (a) Mg2Si Suspension after Ultra-sonication, and (b) High Magnification 
SEM Image displaying Mg2Si Nanoparticles. 

From the SEM image, the presence of Mg2Si nanoparticles with the average size of 215.33 

nm was confirmed. Although the breakdown process resulted in Mg2Si nanoparticles, the presence 

of agglomerates were still seen in the ultra-sonicated sample and thus, the method need further 

improvements. As shown in the Figure 6.8, the separation of nanoMg2Si particles from the 

agglomerates/aggregates of Mg2Si occur after subjected to the ultra-sonication dispersion method.   
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Figure 6.8 A Schematic illustrating Ultra-sonication Mediated conversion of Mg2Si 
Aggregates/agglomerates to NanoMg2Si.  
 

 

 

 

 

 

 

 

 
Figure 6.9. EDS Spectrum of Mg2Si Powder obtained from Sintering at 500 oC for 5 min. 



 

88 
 

Since, the Mg2Si particles were produced from the sintering process (500 oC, 5 min), the 

particles were held by stronger chemical bonds and therefore, additional modification of 

experimental parameters (solvent, pH, additives, time, and power etc.) in the existing ultra-

sonication method may probably result in the complete breakdown of Mg2Si aggregates into the 

nanoparticles of magnesium silicide.   

The Mg2Si sample was later subjected to the elemental analysis using the EDS detector, 

attached to the 7000 JEOL FE SEM. Figure 6.9 corresponds to the total area EDS spectrum of the 

SEM image (shown in Figure 6.5). The elemental composition of the powder reveals the formation 

of ultra-high pure Mg2Si at the sintering conditions of 500 oC and 5 min. 

6.3. Differential Thermal Analysis of Mg2Si 

The DTA experiments were conducted (a) to study the reaction kinetics, and estimate the 

formation activation energy of Mg2Si, and (b) to assess the thermal stability of Mg2Si, and (c) to 

determine the thermodynamic properties based on the acquired heat flow data. 

6.3.1. Reaction Kinetics of Mg2Si 

The DTA experiments were carried out on (2Mg + Si) mixture to study the solid-state 

reaction kinetics of Mg2Si formation (equation 6.2) at different scan rates of 5, 10, 15, and 20 

K/min using Linseis PT 1600 DTA instrument. 

2Mg + Si → Mg2Si     (6.2) 

As shown in the Figure 6.10, the heat flow data is plotted at different temperatures (100 - 

600 oC) for varying scan rates (β = 5, 10, 15, and 20 K/min). A positive shift in the exothermic 

peak of Mg2Si formation to higher temperatures, and an increase in the peak area of the heat flow 

curves were observed with increase in the scan rate. Similarly, as shown in Figure 6.11, the DTA 
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Figure 6.10: DTA Heat Flow vs. Temperature of (2Mg + Si) Mixture at Different Scan Rates. 
 

heat flow vs. time curves showed the negative shifts in the time corresponding to the peak 

maximum. The peaks are sharper and the reaction process take less time for the completion at 

higher scan rates (β = 10, 15, and 20 K/min), while compared to that at lower scan rate (β = 5 

K/min). The peak area also increases proportionately with the increase in the scan rate. The XRD 

spectra (not shown) of DTA samples obtained after the solid-state reaction (T > 850 K) mainly 

shows the reflections corresponding to reference material (Al2O3), and product sample (Mg2Si).   

 
The reaction rate (dα/dT) of solid-state reaction of Mg2Si synthesis (equation 6.2) is 

determined for non-isothermal conditions using equation (6.3) as: 
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							 	 	 	     (6.3) 

where  α is degree of conversion,  A is pre-exponential factor,  β is heating rate,  Ea is activation 

energy,  R is gas constant,  T is temperature, and  f(α) is conversion function. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.11: DTA Heat Flow vs. Time Plot of (2Mg + Si) Mixture at Different Scan Rates. 

The reaction rate given by equation (6.7) is further simplified to calculate the activation 

energy of formation of Mg2Si by using several reaction kinetic methods [141, 142]. The common 

equations used for calculating the activation energy of the solid-state reaction are: (i) Ozawa 

equation, and (ii) Kissinger-Akahira-Sunrose (KAS) equation. The Ozawa equation [143] that 

expresses the scan rate (β) as a function of the peak maximum temperature (Tmax) is given by 

equation (6.4) as:    
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ln	 	 ln
.

 
	1.0516	    (6.4) 

From the experimental DTA heat flow curves of Figure 6.10, the peak temperature (Tmax) 

is obtained for different heating or scan rate (β). As shown in Figure 6.12, the Ozawa equation plot 

of log (β) vs. -1.0516 /RTmax gives a straight line. The slope of the linear plot is equated to that of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12: Ln(β) vs -1.0516/RTmax (Ozawa Equation) Plot for the Formation of Mg2Si. 

equation (6.4) to determine the formation activation energy of the reaction. Using the Ozawa 

equation, the activation energy (Ea) for the formation of Mg2Si is estimated to be 196.97 kJ/mol. 

Similarly, the KAS equation [144] is used to estimate the activation energy for the 

formation of Mg2Si, and is given by equation (6.5) as 
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ln	 	 ln
 

	      (6.5) 

From the Figure 6.13, the KAS equation plot of ln (β/T2) vs 1/RT gives a straight line, and 

the slope of which is equated to equation (6.5) to obtain the activation energy for the formation of  

 

 

 

 

 

 

 

 

 

Figure 6.13: Ln(β/Tmax
2
) vs -1/RTmax (KAS Equation) Plot for the Formation of Mg2Si. 

Mg2Si as 194.87 kJ/mol. The KAS equation predicts the formation activation energy of Mg2Si, 

whose value differs by 1.07% from that of the formation activation energy estimated using the 

Ozawa equation. To understand the reaction mechanism, and kinetics of Mg2Si synthesis, a model-

fitting method based on the Coats-Redfern (CR) equation [145] was studied. The CR equation 

provides a linear relationship between {ln [g (α)]/T2}, and 1/RT and is given by equation (6.6) as: 
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ln	
	
	 ln 	     (6.6) 

Table 6.2: A List of Vital Reaction Mechanisms, Kinetic Models, & Conversion Functions, g (α) 

Mechanism Kinetic Model 
Conversion 

Function,  g(α) 

Nucleation and Growth 

Power law (P1) α1 

Power law (P1.5) α2/3 

Power law (P2) α1/2 

Power law (P3) α1/3 

Power law (P4) α1/4 

Exponential law (E1) lnα 

Prout-Tompkins (B1) ln[α/(1-α)] 

Avrami–Erofeev (A0.25) [-ln(1-α)]4 

Avrami–Erofeev (A0.33) [-ln(1-α)]3 

Avrami–Erofeev (A0.5) [-ln(1-α)]2 

Avrami–Erofeev (A1.5) [-ln(1-α)] 2/3 

Avrami–Erofeev (A2) [-ln(1-α)]1/2 

Avrami–Erofeev (A3) [-ln(1-α)]1/3 

Avrami–Erofeev (A4) [-ln(1-α)]1/4 

Geometry Contraction 
Contracting area/Abstract surface (R2) 1-(1-α)1/2 

Contracting/Abstract volume (R3) 1-(1-α)1/3 

Diffusion Controlled 

1-D diffusion (D1) α2 

2-D diffusion (D2) (1-α)ln(1-α) + α 

Jander equation (2D, n = 1/2) [1-(1-α)1/2]1/2 

Jander equation (2D, n = 2) [1-(1-α)1/2] 2 

Jander equation (3D, n = 1/2) [1-(1-α)1/3]1/2 

3-D diffusion (D3)/Jander equation (3D, n = 2) [1-(1-α)1/3]2 

Grinstling-Brouns (D4) (1-2α/3)-(1-α)2/3 
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Figure 6.14: Ln [(g (α)/T2] vs -1/RT (CR Equation) Plot for the Formation of Mg2Si. 

Table 6.2 [142, 146, 157] provides the list of some important common forms of the 

conversion function, g(α), that are not only used for modelling the reaction kinetics, but also to 

understand the underlying mechanism of the solid-state reaction. The conversion functions, g(α) 

of Table 6.3, were calculated for five different degree of conversions (α = 0.1, 0.3, 0.5, 0.7, and 

0.9) and then, the activation energies, Eg, for all the kinetic models were estimated from the slopes 

of equation (6.6). Then, the CR equation activation energies were compared with the 

corresponding activation energies predicted using Ozawa equation, and KAS equation. All the 

three calculated activation energies were close when the 3-D diffusion i.e. g (α) = [1-(1- α)1/3]2 

model was selected as the conversion function. Hence, the formation of Mg2Si, in equation (6.2), 
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is a ‘3-D diffusion controlled’ process. Figure 6.14 shows the plot of {ln [g (α)]/T2} vs. 1/RT for 

four different scan rates (β = 5, 10, 15, & 20 K/min). Table 6.3 lists the linear CR equations for 

Mg2Si at all the scan rates. The activation energy for Mg2Si synthesis is obtained from the average 

of all slopes of the four linear plots. As listed in the Table 6.3, the CR equation activation energy 

for formation of Mg2Si at 20 K/min is 196.01 kJ/mol, which is comparable to the activation 

energies obtained from the Ozawa, KAS equations, and the literature (Table 6.4) [148-150]. 

Appendix B provide more details on calculation of the formation activation energies of Mg2Si. 

Table 6.3: List of Coats-Redfern Equations for Mg2Si obtained at Different Scan Rates.  

Scan rate (β), K/min Coats-Redfern equation R2 value 

5 ln	
	
	 15.806 	

210.95
 0.9981 

10 ln	
	
	 14.667 	

206.08
 0.9974 

15 ln	
	
	 13.575 	

201.21
 0.9981 

20 ln	
	
	 12.473 	

196.01
 0.9976 

 

Table 6.4: A Comparison of Activation Energies for Formation of Mg2Si with the Literature Data. 

Activation energy 
(kJ/mol) 

Scan rate (β), K/min Method Reference 

196.97 20 
Ozawa equation, unmilled, 

DTA curves 
This study 

194.87 20 
KAS equation, unmilled, DTA 

curves 
This Study 

196.01 20 
CR equation, unmilled, DTA 

curves 
This Study 

201.21 15 
206.08 10 
210.95 5 

215 5, 10, 20, & 50 
Kissinger approach, ball 

milled, DSC curves 
[148] 

190 10, 20, 40, & 80 
Kissinger approach, unmilled, 

DSC curves 
[149] 

206 ~ 400 
Reactive forging, ball milled, 

dT/dt vs. 1/T plot 
[150] 
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6.3.2. Thermal Stability of Mg2Si 

In order to determine the thermal stability of Mg2Si at higher temperatures, thermal 

analysis was conducted on the synthesized Mg2Si sample (500 oC and 5 min) using PerkinElmer 

DTA7 instrument. Figure 6.15 shows the heat flow vs. temperature plot of the Mg2Si sample. The 

maximum of large endothermic peak due to the decomposition of Mg2Si occurs at T ~ 937 oC. This 

is comparable to the reported decomposition peak temperature of Mg2Si at 950 oC that was 

obtained using DSC technique [151]. Also, pure magnesium evaporates at 1091 oC, which is close 

enough to that of the melting point of pure Mg2Si i.e., at 1102 oC. Both the decomposition of Mg2Si 

into Mg and Si elements, and the evaporation of Mg metal takes place at these temperatures. The 

Mg2Si powder is thermally stable up to 850 oC, and therefore, the thermodynamic studies of Mg2Si 

are performed below this critical temperature. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.15: DTA Curve of Mg2Si obtained from Sintering at 500 °C for 5 min. 
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6.3.3. Specific Heat Measurement of Mg2Si 

 The conventional apparatus for determining the enthalpy change of a sample is DSC, while 

qualitative measurements of a sample are measured using DTA equipment. But, in the current 

study, we used Linseis PT1600 DTA instrument for quantitative measurements of the differential 

heat flow of the Mg2Si samples over a wide-temperature range (475 K - 1073 K). A procedure 

known as ‘mass-difference baseline method’ was employed for measuring the quantitative heat 

flow from the DTA instrument [152-154]. In this method, the DTA curve derived from a small 

mass sample is used as a baseline for the DTA curve of a large mass sample. The heat flow from 

the DTA mass-difference baseline method was used to determine the thermodynamic quantities, 

like specific heat, the changes in standard enthalpy, entropy, and Gibbs energy of Mg2Si samples.  

 

 

 

 

 

 

 

 

Figure 6.16: A Schematic of Cross-sectional View of Linseis PT1600 DTA Furnace. 

As shown in Figure 6.16, both the sample, and reference materials are heated by same 

heating source ( ), which is the furnace wall of the DTA instrument. The DTA signal represents 

the temperature difference (ΔT = Ts – Tr) between sample, and reference materials. The change in 

enthalpy (ΔH) is then determined from ‘ΔT’ by using conversion factor [155]. Mathematically, the 
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DTA signal and ΔH are related by energy balance equation [155], which after simplification is 

given by equation (6.7) as:  

∆ 	 	 	 	

	

	

	
    (6.7) 

where 

	   - overall heat transfer coefficients from furnace to sample side, 

	   - overall heat transfer coefficients from furnace to reference side, 

	  -  temperature difference between furnace and reference, 

	   - mass of the sample, 

	   - surface area of the sample or the reference, 

   - rate of the enthalpy. 

 From the equation (6.11), it is evident that the temperature difference (ΔT) can easily be 

obtained by knowing the change in the enthalpy (ΔH), and the heat transfer difference between 

sample and reference	 	 	 	 	. Also, the influence of heat transfer term on ΔT 

can be safely neglected by a simple assumption that ‘the value of 	 	 	 	is zero’ [156]. 

Therefore, the equation (6.7) can further be reduced to a much simpler equation (6.8) given as: 

∆ 	

	
     (6.8) 

In order to quantitatively determine the change in enthalpy from the DTA measurements 

over a wide temperature range, the mass difference baseline method was selected in the current 

study [152-154, 157]. In this method, the DTA curve of the sample, the mass of which is the lower 

limit for the equipment, is used as a baseline for DTA measurements. As a result, the influence of 
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asymmetric heat transfer on both the sample and the reference materials can significantly be 

minimized by subtracting the baseline obtained from using a smaller mass sample under similar 

experimental conditions. Consequently, the mass difference baseline method improves the 

linearity between the DTA signal and change in enthalpy of the sample. 

In the present study, graphite powder (> 99%, Alfa Aesar) was used to obtain the DTA heat 

flow measurements. As illustrated in Figure 6.17, the DTA signal of mass difference curve (grey 

color, Δm = 10 mg) was constructed from the DTA signals of 10 mg, and 20 mg graphite samples. 

Both 10 mg, and 20 mg graphite samples exhibited similar trend in DTA heat flow curves (from 

475 K to 1100 K), which indicates the similar heat transfer coefficient (	 ) in this temperature 

range (dotted straight line). The temperature difference between two different samples (1 and 2), 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17: DTA Heat Flow Measurements of Graphite using Mass Difference Baseline Method 
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with similar heat transfer coefficient (	 ) for both baseline and sample DTA signals, can be 

expressed by equation (6.9) as follows [153]: 

∆ ∆
	 , 	 	 , 	

	
   (6.9) 

where ΔT1 and ΔT2 are temperature differences between sample and reference materials of two 

different samples with masses ms,1 and ms,2 (ms,1 < ms,2 ) respectively. 

Since, the heating rate or scan rate (β or K) for the DTA measurements is kept constant 

throughout the experiment, we consider dT = Kdt, and the temperature difference (ΔT) between 

sample and reference materials is proportional to DTA signal (D), i.e.  ΔT = K2D. Assuming that 

K1 =	 	 , equation (6.9) can be rearranged to obtain dH/dT, and is given by equation (6.10). 

	 	 	 	

	 , 	 	 , 	
    (6.10) 

where  

(D1 – D2) is the difference between the DTA signals of samples with masses ms,1 and ms,2,  

(ms,2 - ms,1) is the mass difference between the samples,  

K1 is the heat transfer coefficient that depends on the sample properties and operating conditions, 

K2 is the apparatus related parameter, which is function of temperature, and  

K is the heating rate constant. 

In equation (6.14), K1 can be assumed to be constant, as the sample properties and operating 

conditions are fixed for each measurement. Hence, the equation (6.10) can further be simplified to 

equation (6.11) to obtain the following relationship between enthalpy change and DTA signal. 

	
    (6.11) 
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where the ratio 	is a function of temperature that can be determined for a given standard material 

(like graphite). The ratio is used to calculate the thermodynamic properties of Mg2Si from the DTA 

heat flow. In the equation (6.11), the terms (  , D) with primes (‘) correspond to the graphite 

material, while those without primes refer to the Mg2Si sample. 

 Table 6.5 shows the conversion factor (  ) for graphite powder from T = 473 K to T = 

1273 K calculated by using equation (6.10). The measured DTA and specific heat (Cp) of pure 

graphite from the literature [162] is also listed in the Table 6.5. In calculation of conversion factor, 

we considered the minimum temperature (473 K) of the dotted straight line in the mass difference 

(Δm) curve of Figure 6.17 as the initial temperature. Selection of any temperature below 473 K 

(non-linear region) as a starting temperature resulted in higher values of the calculated conversion 

factor (> 1) and thus, the enthalpy or specific heat data do not match well with reported literature. 

Although Table 6.5 gives conversion factor of graphite for T > 1100 K, we only used conversion 

factor for T < 1100 K, since Mg2Si starts decomposing above this temperature (Figure 6.15). 

 To determine the specific heat (Cp) of Mg2Si over a wide temperature range of 473 K - 

1073 K, DTA heat flow measurements were conducted on two mass samples (10 mg and 20 mg) 

of Mg2Si at a scan rate of 20 K/min. As shown in the Figure 6.18, the mass difference baseline 

method was used to generate the mass difference (Δm = 10 mg) curve. As there are no significant 

solid-solid, and solid-liquid transitions for graphite (Figure 6.17) and Mg2Si (Figure 6.18), the 

DTA curve profiles for both graphite and Mg2Si appear similar except that the Mg2Si shows high 

DTA signal intensity than that of standard graphite. Similar to the mass difference curve of 

graphite, the mass difference curve of Mg2Si also showed a linear trend (dotted straight line) from 

473 K to 1073 K. Therefore, thermodynamic calculations such as specific heat, change in standard 

enthalpy, entropy, and Gibbs energy of Mg2Si were carried out from 473 K to 1073 K. 
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Table 6.5 The Conversion Factor [   = f (T)] determined using Graphite as Standard Material. 

T 
(K) 

DTA 
(μV) 

*Cp 

(J/g*K) 
DTA/†DTA’ Cp/*C’p K2/K2’ 

473 3.07 1.16 1.00 1.00 1.00 

523 3.82 1.26 1.24 1.09 0.88 

573 4.52 1.36 1.47 1.17 0.80 

623 5.07 1.44 1.65 1.24 0.75 

673 5.42 1.51 1.76 1.30 0.74 

723 5.82 1.57 1.90 1.36 0.71 

773 6.46 1.62 2.11 1.40 0.67 

823 6.91 1.67 2.25 1.44 0.64 

873 7.70 1.71 2.51 1.48 0.59 

923 7.85 1.75 2.56 1.51 0.59 

973 7.93 1.78 2.58 1.54 0.60 

1023 8.23 1.81 2.68 1.56 0.58 

1073 8.57 1.84 2.79 1.59 0.57 

1123 8.77 1.86 2.86 1.61 0.56 

1173 8.94 1.89 2.91 1.63 0.56 

1223 8.30 1.90 2.70 1.64 0.61 

1273 7.95 1.92 2.59 1.66 0.64 

*Cp’ is specific heat of graphite at 473 K; †DTA’ is measured DTA data at T = 473 K. 
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Figure 6.18: DTA Heat Flow Measurements of Mg2Si using Mass Difference Baseline Method 

From the DTA signal (D) of Figure 6.18, and the conversion factor of Table 6.5, the change 

in enthalpy ( ) was calculated for 10 mg Mg2Si sample. From equation (4.2), the specific heat 

(Cp) of 10 mg Mg2Si sample was determined using ( ) data, and the Cp is expressed as a linear 

function of temperature (T) in equation (6.12) from 473 K to 1073 K. 

, / ∗ 0.020 68.89   (6.12) 

Table 6.6 compares the specific heat of Mg2Si determined using the DTA mass difference 
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Table 6.6 The Specific Heat of Mg2Si from DTA Method (This Study) and Literature. 

Temperature 
(K) 

*Cp 

(J/mol*K) 

†Cp 

(J/mol*K) 

473 78.32 76.50 

523 79.37 77.96 

573 80.35 79.25 

623 81.05 80.41 

673 82.25 81.48 

723 83.07 82.49 

773 84.12 83.45 

823 85.17 84.37 

873 86.22 85.26 

923 87.27 86.13 

973 88.32 86.99 

1023 89.37 87.82 

1073 90.42 88.65 

*Cp – Current DTA study; †Cp from literature [158] 

baseline method of the current study with that of specific heat data reported in the literature [158] 

for Mg2Si at 473 - 1073 K.  

6.3. Differential Scanning Calorimetry of Mg2Si 

To determine the phase stability of Mg2Si at higher temperatures, thermal analysis was 

conducted on synthesized Mg2Si powder (500 oC and 5 min) using DSC technique from 323 K to 

623 K. About 8 mg of sample was placed into Al sample holder of PerkinElmer Diamond DSC 

instrument. Differential heat flow was acquired in ‘iso-scan-iso’ method using Pyris software.  

The heat flow data was used to determine the specific heat capacity (Cp) of Mg2Si sample 

from 323 - 623 K. The expression for Cp(T) is given by equation (6.13) for T < 623 K as: 
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, 	 0.0001 0.1282 38.429   (6.13) 

Figure 6.19 provides the comparison of Cp vs. temperature plots of Mg2Si sample obtained 

from DSC, DTA, literature [158], and thermodynamic modelling (HSC) tool [161]. At low 

temperatures (323 K - 573 K), the Cp values are in agreement with both the literature, and 

thermodynamic modelling data. The Cp values obtained from the DTA method are slightly higher 

in comparison with the corresponding reported, and calculated values. This may be due to the 

assumption that the influence of heat transfer term on ‘ΔT’ was considered zero, while simplifying 

the equation (6.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.19 Specific Heat vs T plot of Mg2Si obtained from DTA, DSC, HSC & Literature [158]. 
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6.3. Thermodynamic Calculations of Mg2Si 

Thermodynamic calculations were conducted, using Cp(T) from equations (6.14 and 6.15), 

to estimate the change in enthalpy (ΔHo), and the change in entropy (ΔSo) of Mg2Si sample, and  

Appendix C provide more details of the calculations.  

The expressions for ΔHo(T) are given by equations (6.18 and 6.19) respectively. 

 

DSC (323 K to 623 K): ∆ , 	 	 . 	      

	
. 	

 

 16272.2 38.429 0.0641 0.00003333   (6.14) 

DTA (473 K to 1073 K):  ∆ , 	 	 . 	  

	
. 	

 

34834.00 68.89 0.010    (6.15) 

The change in standard entropy of Mg2Si, ΔSo(T), is obtained from the equations (6.16 and 

6.17) as: 

DSC (323 K to 623 K):  ∆ , 	 	 . 	      

/T 	
. 	

 

252.731 0.1282 0.00005 38.429 log	   (6.16) 
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DTA (473 K to 1073 K):  ∆ , 	 	 . 	  

/T 	
. 	

 

433.79 68.89 ln	 0.020    (6.17) 

The change in Gibbs energy of Mg2Si is calculated from equations (6.18 and 6.19) using ΔHo(T) 

and ΔSo(T) expressions as: 

DSC (323 K to 623 K): ∆ , 	 	 . 	  

	 . 	 	 . 	  

 79.412 0.0085	 	        (6.18) 

DTA (473 K to 1073 K): ∆ , / 	 	 . 	    

 	 . 	 	 . 	     

34834.00 502.68 68.89 ln 0.010  (6.19) 

Figure 6.20 shows ΔG vs. temperature plot of Mg2Si powder, which was produced from 

sintering at 500 oC and 5 min. The negative Gibbs energy values of Mg2Si suggests that the 

obtained Mg2Si powder is thermally stable at higher temperatures. Table 6.7 compares the 

experimental values of thermodynamic properties (ΔG(T), Cp(298.15 K), ΔfHo(298.15 K), 

ΔfSo(298.15 K), and ΔfGo(298.15 K)) with corresponding values from the literature, and the 

predictions using Gibbs energy minimization tools. 
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Figure 6.20. Change in Gibbs Energy vs. Temperature for Mg2Si obtained at 500 oC and 5 min. 
 

Table 6.7. Change in Gibbs Energy ΔG(T) and Thermodynamic Properties of Mg2Si at 298.15 K 

Mg2Si 

ΔGo(T) 

(kJ/mol) 

T = 323 - 623 K 

At 298.15 K 

Cp 

(J/mol*K) 

ΔfHo 

(kJ/mol) 

ΔfSo 

(J/mol*K) 

ΔfGo 

(kJ/mol) 

This study -79.41  + 0.0085 T 67.76  0.39 -79.41 -8.50 -76.87 

Gerstein et al.[159] -77.80 + 0.0080 T 68.43	  0.20 -77.80 -8.05 -75.40 

Barin et al.[160] -79.29 + 0.0084 T 67.83 -79.29 -8.40 - 76.78 

HSC 7.1[161] -77.80 + 0.0081 T 67.84 -77.80 -8.12 -75.38 

FactSage 6.3[162] -70.82 + 0.0015 T 67.77 -80.82 -15.06 -76.33 
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6.5. EMF Study of Mg-Si System 

Thermodynamic properties of both solid and liquid phases, such as activities, Gibbs energy 

of mixing etc., can be accurately determined using the electromotive force (EMF) or solid-state 

galvanic cell method. The EMF cell method uses solid electrolytes like oxides, fluorides etc., 

which exhibits good ionic conductivities at higher temperatures. Calcium fluoride (CaF2) is most 

commonly used as an electrolyte because of its fluoride ion conductivity, which is close to unity 

for wide-range of temperatures [163, 164]. The design and construction of the EMF cell is critical 

for precise determination of thermodynamic properties of the Mg-Si system. Figure 4.10 shows 

EMF cell setup used in the current study. As shown in Figure 6.21, the reference and working 

electrodes for the EMF cell experiments were prepared using cold-pressing and sintering methods.  

 

 

 

 

 

 

 

 

 

 
Figure 6.21: A Schematic displaying the Procedure for Preparation of EMF Electrodes. 
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The solid-state galvanic cell is represented by equation (6.20) as  

Solid-state galvanic cell: 

(-) Pt, Ar / {Mg + CaMgF4}║ CaF2 ║{[Mg-Si] alloy + CaMgF4} / Ar, Pt (+) (6.20) 

Different half-cell reactions takes place at the reference electrode and the working 

electrode. The reactions occurring at the reference and the working electrodes are given by 

equations (6.21 and 6.22) as:   

Reference electrode reaction: 

Mg (liq.) + CaF2 + 2F- = CaMgF4 + 2e-
 (at the –ve electrode) (6.21) 

Working electrode reaction: 

CaMgF4 + 2e- = [Mg-Si] alloy + CaF2 + 2F- (at the +ve electrode) (6.22) 

Net cell reaction: 

Mg (liq.) = [Mg-Si] alloy     (6.23) 

The net cell reaction (equation 6.23) is obtained by adding half-cell reactions of equations 

(6.21 and 6.22). The variation of EMF as a function of temperature for the above cell with different 

composition of Mg-Si alloys is shown in Figure 6.22.  

The EMF (E/mV) for each alloy composition is linearly related to the temperature (T/K) by 

equation (6.24), and Table 6.8 lists the values of constants A and B for each alloy composition. 

 			 	0.5 	 )    (6.24) 
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Figure 6.22: A Plot of EMF vs. Temperature for Different Compositions of Mg-Si System 

Table 6.8: Values of Constants A and B obtained from the Straight Lines of E vs. T in Figure 6.23. 

[Mg-Si]alloy A (mV) B (μV K-1) 

Mg0.10Si0.90 123.16 33.5 

Mg0.23Si0.77 92.824 35.8 

Mg0.45Si0.55 33.724 51.5 

Mg0.67Si0.33 47.816 -13.0 

Mg0.84Si0.16 21.199 -11.3 

Mg0.98Si0.02 2.7271 -1.70 
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As shown in Figures 6.23 and 6.24, the XRD spectra of the reference electrode and working 

electrode before and after the EMF cell experiments respectively. A decrease in signal intensities 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23: XRD Plots of Reference Electrode of Mg0.66Si0.33 (a) Before & (d) After Experiment 
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Figure 6.24: XRD Plots of Working Electrode of Mg0.66Si0.33 (a) Before & (d) After Experiment. 

corresponding to the characteristic reflections of Mg in reference electrode, and an increase in the 

signal intensities of the characteristic reflections of Mg2Si in working electrode were observed. 
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The cell voltage from the solid-state galvanic cell was used for deriving the partial and 

integral thermodynamic properties of the Mg-Si system. The partial properties of magnesium are 

directly obtained from the EMF values of equation (6.24). The cell voltage is directly related to 

the partial Gibbs energy of the least noble element through Nernst equation [165 - 167]. Thus, the 

partial Gibbs energy of Mg in Mg-Si system can be calculated using equation (6.25) as:  

∆ ̅ 	      (6.25) 

where E is the cell voltage, n is the number of moles of Mg involved, and F is the Faraday’s 

constant (96845 J/mol V). The activity of Mg is related to the partial Gibbs energy by equation 

(6.26) as follows. 

∆ ̅ 	    (6.26) 

The activity of Mg in its solid state is assumed to be unity. So, the EMF is related to the 

activity of Mg in the alloy is obtained from equation (6.27) as follows 

exp
∆ ̅

exp
	

   (6.27) 

The activity coefficient of Mg is calculated from the activity of Mg using the relationship 

given by equation (6.28) as follows: 

exp
	

	    (6.28) 

The activity coefficient of Si is calculated from Gibbs – Duhem relation, and is given by 

equation (6.29) as: 
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   (6.29) 

The activity of silicon is calculated from the activity coefficient values using equation 

(6.30) given as: 

	      (6.30) 

Figure 6.25 shows the comparison of experimental activities of Mg and Si with those of 

calculated values at 973 oC [141, 168]. The activity of Mg display a negative deviation from the 

ideality for all the compositions studied. The activity of Si show a negative deviation from ideality  

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 6.25: An Overlay of Calculated and Experimental Activities of Mg-Si System at 973 oC 
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Table 6.9: List of Activities, and Activity Coefficients of Mg and Si for Selected [Mg-Si] alloy 
Compositions at 973 OC. 

[Mg-Si] alloy XMg aMg γMg XSi aSi γSi 

Mg0.10Si0.90 0.10 0.044 0.443 0.90 0.989 1.099 

Mg0.23Si0.77 0.23 0.069 0.299 0.77 0.981 1.275 

Mg0.45Si0.55 0.45 0.115 0.256 0.55 0.913 1.659 

Mg0.67Si0.33 0.67 0.432 0.645 0.33 0.085 0.257 

Mg0.84Si0.16 0.84 0.784 0.933 0.16 0.018 0.111 

Mg0.98Si0.02 0.98 0.975 0.995 0.02 0.002 0.116 

 

Table 6.10: A Comparison of Mg Activities, and Enthalpy of Mixing for Mg0.66Si0.33 Composition. 

Activity of Mg Enthalpy of Mixing (ΔHM), kJ/mol Temperature, K Reference 

0.43 -17.47  1246 This work 

0.44 -16.14  1350   [169] 

--- -19.82  1350   [170] 

0.26 --- 1350   [171] 

0.37 --- 1350   [172] 

 

for low XSi (= 0.02, 0.16, and 0.33) values, and a positive deviation from the ideality at high XSi 

(= 0.55, 0.77, and 0.90) values. The negative deviation behavior in activities of Mg and Si is 

because of the favorable interaction between Mg and Si in binary Mg-Si system, while the positive 

deviation in the Si activity may be due to preferential interaction of Si with other Si atoms instead 

of Mg atoms. Table 6.9 lists activities, and activity coefficients of [Mg-Si] alloy system at 973 oC.  



 

117 
 

In addition, Table 6.10 provide a comparison of magnesium activity and enthalpy of mixing 

(ΔHM) for Mg0.66Si0.33 composition with corresponding data reported from the literature [169-172]. 

The partial Gibbs energy of silicon is calculated using equation (6.31) as follows: 

∆ ̅ 	 	     (6.31) 

The Gibbs energy of mixing (ΔGM) for [Mg-Si] alloy system is given by equation (6.32) as: 

∆ 	 ∆ ̅ ∆ ̅ 	 	  (6.32) 

As shown in the Figure 6.26, the Gibbs energy of mixing for the Mg-Si system is plotted 

against the mole fraction of silicon at 973 oC. The values of ΔGM are negative for all the alloy 

compositions, which suggests that the mixing process of Mg and Si takes place spontaneously. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.26: A Plot of Gibbs Energy of Mixing (ΔGM ) vs. XSi of Mg-Si System at 973 oC 



 

118 
 

 The enthalpy of mixing (ΔHM) of alloys was calculated using the ΔGM values for each 

composition in the binary Mg-Si system at different temperatures using the equation (6.33) as: 

∆
∆

       (6.33) 

Figure 6.27 shows the plot of ΔHM vs. XSi for the Mg-Si system at 973 oC. The value of 

ΔHM for all the compositions are negative, which indicates that the mixing of Mg and Si occur via 

exothermic reaction. In addition, the negative ΔHM values suggests that the bond energy of Mg-Si 

is more negative than either Mg-Mg or Si-Si bond energies. This further results in ordering within 

the solid-solution i.e., Mg atoms prefer to associate with Si atoms, and vice versa.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.27: A Plot of Enthalpy of Mixing (ΔHM ) vs XSi of Mg-Si System at 973 oC 
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At any given temperature (T), the entropy of mixing (ΔSM) of a solution is also related to 

the enthalpy of mixing (ΔHM), and the Gibbs energy of mixing (ΔGM) of the solution. 

∆ 	 ∆ 	∆ 		    (6.34) 

From knowing ΔGM (equation 6.32), and ΔHM (equation 6.33), the entropy of mixing (ΔSM) 

for the binary Mg-Si system is calculated from equation (6.34) at 973 oC.  

6.6. Summary of Magnesium Silicide Study 

In this chapter, a simple and rapid synthesis of nanoMg2Si powders was carried out using 

pelleting, and sintering methods. Mg2Si was produced from cold-pressing of 2:1 molar mixture of 

Mg and Si, followed by sintering of the pellet at optimum conditions of 500 oC for 5 min. The 

Mg2Si samples were characterized using XRD, SEM, and EDS methods. Formation of uniform 

micro-aggregates of pure Mg2Si with an average particle size of 215.33 nm was observed.  

The reaction kinetics, and thermal stability studies of Mg2Si powders was carried out using 

thermal techniques, such as DTA and DSC methods. The activation energy for the formation of 

Mg2Si was calculated to be 196.01 kJ/mol using CR equation, whose value is in good agreement 

with those determined from Ozawa equation, KAS equation, and to that of reported literature. 

Also, a 3-D diffusion controlled mechanism was established for the solid-state reaction kinetics of 

Mg2Si formation. Thermodynamic properties of Mg2Si was calculated using both DSC (iso-scan-

iso) and DTA (mass difference baseline) methods. The specific heat of Mg2Si determined using 

both DSC (323 K – 623 K) and DTA (473 K – 1073 K) techniques are in good agreement with the 

literature reported data, and the thermodynamic modelling data (HSC). The heat capacity (Cp), and 

change in Gibbs energy (ΔG) data suggests that the Mg2Si powders are thermally stable at higher 

temperatures (< 850 oC). 
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 Furthermore, we studied the thermodynamic properties of binary Mg-Si system using EMF 

or solid-state galvanic cell method. A linear relationship between the cell EMF and temperature 

was obtained for six selected compositions of the binary alloy system. Activities of the Mg and Si 

were determined, and compared with the corresponding activity values calculated from 

thermodynamic modelling tools. Other related thermodynamic quantities such as activity 

coefficients, change in Gibbs energies, change in enthalpies, and change in entropies of mixing 

were also estimated for the binary Mg-Si system. 
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CHAPTER 7 

METAL-DOPED MAGNESIUM SILICIDES 

 
The mechanical, thermal, and thermoelectric properties of pure nanoMg2Si powders can 

further be improved via introduction of trace amounts of metals into the crystal lattice sites of 

Mg2Si. As discussed in the Chapter 2 (section 2.2.2), the metal-doped magnesium silicides (Mg2Si: 

X = 1: m; X = dopant metal, m = dopant concentration) are preferred over un-doped Mg2Si because 

of good control of the TE properties via proper selection of the metal-dopant type, and its 

concentration. The focus of this chapter is primarily on the effect of selected metal-dopants on the 

synthesis, characterization, and thermodynamic properties (activation energy, specific heat, and 

Gibbs energy) of magnesium silicide powders. 

7.1. Synthesis of Metal-doped Mg2Si 

The raw materials required for the synthesis of metal-doped Mg2Si (high pure elemental 

powders of Mg, Si, Ti, Nb, Mn, and Co) were purchased from Alfa Aesar. Table 7.1 shows the list  

Table 7.1: List of Metal-Doped Magnesium Silicides considered in the Present Study. 

Mg
2
Si: mX alloys 

Doping concentration, m (moles) 

0 0.02 0.04 0.08 

Metal, X 

Ti Mg2Si Mg2Si:0.02Ti Mg2Si:0.04Ti Mg2Si:0.08Ti 

Mn Mg2Si Mg2Si:0.02Mn Mg2Si:0.04Mn Mg2Si:0.08Mn 

Nb Mg2Si Mg2Si:0.02Nb Mg2Si:0.04Nb Mg2Si:0.08Nb 

Co Mg2Si Mg2Si:0.02Co Mg2Si:0.04Co Mg2Si:0.08Co 
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Figure 7.1: A Flow Chart of Procedure used to Synthesize TE Alloys in Current Study. 

of stoichiometric amounts (m = 0 - 0.08 mol) of dopant metals that were added to the uniform 

elemental powder mixture (2:1 moles of Mg and Si) under inert Ar gas atmosphere. As shown in 

Figure 7.1, approximately ~ 2 g of (2Mg + Si + mX) homogeneous mixture was cold-pressed at 

10.15 ksi using Carver press to obtain green pellets of 1.3 cm diameter. Each pellet was kept in a 

separate glass vial and then, vacuum sealed by a glass lid in the Labconco glove box. Sintering of 

the pellets was carried out for 5 min at 500 - 550 oC in a Fisher Scientific furnace. As a result of 

the solid-state reaction, the grey-colored (2Mg + Si + mX) pellet was converted to darkish-blue 

colored Mg2Si: mX powder. Figure 7.2 shows the greyish (2Mg + Si + mTi) pellets, and dark-

bluish colored Mg2Si: mTi powders (a) before and (b) after the sintering experiments respectively. 

 

 

 

 

 

 

 
Figure 7.2: Images of (a) (2Mg + Si + mTi) Pellets, and (b) Mg2Si: mTi Powders Before and After 
Sintering at 773 K - 873 K for 5 min. 
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7.2. XRD of Metal-doped Mg2Si 

Small amounts of the powder samples were used for the phase analysis using XRD 

diffraction. As shown in Figure 6.4(b), all the samples showed the XRD reflections that are similar 

to that of Mg2Si powder obtained from sintering at 500 oC for 5 min. No XRD reflections 

corresponding to the metal-dopants or other alloy phases was observed in the spectra. The 

appearance of major characteristic reflection of Mg2Si: mX (220) at 2θ ~ 40o in the XRD spectra 

suggests the formation of single product phase at 500 - 550 oC. However, from Figure 7.3, some 

minor changes in the position of the peak maxima for (220) reflection were observed due to the 

increase in concentration of the metal-dopants. This suggests that the metal-dopants have small 

effect on changing the crystal lattice of Mg2Si. Furthermore, the minor shifts in the peak maxima 

of XRD signals were used to calculate the lattice constants of Mg2Si: mX alloys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: XRD of Mg2Si: mX; X = (a) Ti, (b) Mn, (c) Nb, and (d) Co, m = 0 - 0.08 mol. 
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7.3. Lattice Constants of Metal-doped Mg2Si 

From the θhkl values and using equation (6.1), the lattice constants of cubic Mg2Si: mX unit 

cell was calculated based on the (220) XRD reflections. Figure 7.4 (a - d) shows the plots of lattice 

constants of Mg2Si: mX (X = Ti, Nb, Mn & Co; m = 0, 0.02, 0.04 & 0.08 mol) samples. The dotted 

line is a linear fit of calculated lattice constants (open data points) from the XRD data. The Ti-

doped Mg2Si shows an increase in the lattice constant with increase in the dopant concentration, 

while other metal (Mn, Nb, and Co)-doped Mg2Si showed a decreasing trend in lattice constant 

upon increasing the dopant concentration. The observed expansion or contraction in lattice 

constants of Mg2Si: mX may be due to (i) the substitution of metal-dopant of different ionic radius 

relative to that of host atoms in unit cell, and (ii) electronic properties (electron affinity, & valance 

state) of the constituent atoms can alter the bond lengths and hence, the structure of the unit cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 7.4: Lattice Constant vs. % Atomic Fraction of Dopant (X) Plot of Mg2Si: mX; X = (a) Ti, 
(b) Mn, (c) Nb and (d) Co. 
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7.4. DTA of metal-doped Mg2Si 

The DTA experiments were conducted to study the effect of metal-doping on (a) formation 

activation energy of Mg2Si: mX, and (b) to determine the thermal properties of Mg2Si: mX from 

the heat flow data. 

7.4.1. Formation Kinetics of Mg2Si: mX 

The DTA experiments were carried out on (2Mg + Si + mX) mixture to study the solid-

state reaction kinetics of Mg2Si: mX formation (equation 7.1) at a scan rate (β) of 20 K/min using 

Linseis PT 1600 DTA instrument. 

2Mg + Si + mX → Mg2Si: mX    (7.1) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5: DTA Curves of (2Mg + Si + mX); X = (a) Ti, (b) Mn, (c) Nb, & (d) Co at 20 K/min. 
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As shown in the Figure 7.5, the differential heat flow data from the DTA experiments of 

(2Mg + Si + mX) samples were plotted at different temperatures (700 - 900 K) for a scan rate (β) 

of 20 K/min. All the samples displayed an increase in the exothermic peak area with an increase 

in dopant concentration (m). A positive shift in the exothermic peak to higher temperatures was 

observed for the formation of Mg2Si: mTi and Mg2Si: mCo samples, while a negative shift in the 

exothermic peak to lower temperatures was noticed for the formation of Mg2Si: mNb and Mg2Si: 

mMn samples. Furthermore, the Coats-Redfern (CR) equation, from the Chapter 6 (equation 6.6),  

Table 7.2: List of Coats-Redfern Equations for Metal-Doped Magnesium Silicides at β = 20 K/min. 

Metal-dopant Mg2Si:mX 
Coats-Redfern equation 

 

Un-doped Mg2Si ln	
	
	 12.473 	

196.01
 

Titanium 

Mg2Si: 0.02Ti  
(XMg = 0.662, XSi = 0.331, XTi = 0.006) ln	

	
	 12.535 	

196.86
 

Mg2Si: 0.04Ti 
(XMg = 0.657, XSi = 0.328, XTi = 0.013) ln	

	
	 12.612 	

197.91
 

Mg2Si: 0.08Ti 
(XMg = 0.649, XSi = 0.324, XTi = 0.025) ln	

	
	 12.689 	

198.97
 

Niobium 

Mg2Si: 0.02Nb 
(XMg = 0.662, XSi = 0.331, XNb= 0.006) ln	

	
	 12.344 	

194.25
 

Mg2Si: 0.04Nb 
(XMg = 0.657, XSi = 0.328, XNb = 0.013) ln	

	
	 12.252 	

193.01
 

Mg2Si: 0.08Nb 
(XMg = 0.649, XSi = 0.324, XNb = 0.025) ln	

	
	 12.178 	

191.99
 

Manganese 

Mg2Si: 0.02Mn 
(XMg = 0.662, XSi = 0.331, XMn = 0.006) ln	

	
	 12.413 	

195.20
 

Mg2Si: 0.04Mn 
(XMg = 0.657, XSi = 0.328, XMn = 0.013) ln	

	
	 12.357 	

194.43
 

Mg2Si: 0.08Mn 
(XMg = 0.649, XSi = 0.324, XMn = 0.025) ln	

	
	 12.316 	

193.87
 

Cobalt 

Mg2Si: 0.02Co 
(XMg = 0.662, XSi = 0.331, XCo = 0.006) ln	

	
	 12.554 	

197.12
 

Mg2Si: 0.04Co 
(XMg = 0.657, XSi = 0.328, XCo = 0.013) ln	

	
	 12.625 	

198.09
 

Mg2Si: 0.08Co 
(XMg = 0.649, XSi = 0.324, XCo = 0.025) ln	

	
	 12.835 	

200.98
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was considered to (a) model the reaction kinetics, and (b) to understand the effect of metal-dopants 

on the formation activation energy of Mg2Si: mX samples. Table 7.2 provides the list of CR 

equations for the formation kinetics of Mg2Si: mX samples. All the reactions follow 3-D diffusion 

controlled mechanism, and the conversion function, g (α) = [1-(1- α)1/3]2 was calculated for five 

different degree of conversions (α = 0.1, 0.3, 0.5, 0.7, and 0.9). The formation activation energies 

of Mg2Si: mX samples were obtained from the slopes of straight line {ln [g (α)]/T2} vs -1/RT plots 

and are listed in the Table 7.2. 

From the Figure 7.5 and Table 7.2, the positive shifts in the peak maximum of the DTA 

curves are related to the increase in formation activation energy of Mg2Si: mTi and Mg2Si: mCo, 

which are resulted from the increase in concentration of Ti- and Co-dopants respectively. As 

shown in Figure 7.6, the % increase in the formation activation energy of Mg2Si: mTi and Mg2Si: 

mCo is because of the proportional increase in dopant concentration (m). The formation activation 

energy of the Mg2Si: mCo system is higher than the formation activation energy the Mg2Si: mTi  

 

 

 

 

 

 

 

 

 

Figure 7.6: Formation Activation Energy vs. Dopant Moles of (a) Mg2Si: mTi & (b) Mg2Si: mCo 
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system. Similarly, the negative shifts in the peak maximum of the DTA curves are associated with 

the decrease in formation activation energy of Mg2Si: mNb and Mg2Si: mMn, which are caused 

from the increase in concentration of Nb- and Mn-dopants respectively. As shown in Figure 7.7, 

the % decrease in the formation activation energy of Mg2Si: mNb and Mg2Si: mMn are due to the 

proportional increase in the dopant concentration (m). The formation activation energy of the 

Mg2Si: mNb system is lower than the formation activation energy of the Mg2Si: mMn system. 

 

 

 

 

 

 

 

 

 

Figure 7.7: Formation Activation Energy vs. Dopant Moles of (a) Mg2Si:mNb & (b) Mg2Si:mMn 

The presence of small amounts of metal-dopants (Ti, Nb, Mn, and Co) in the reactant 

mixture (2Mg + Si) effects the reaction kinetics, and 3-D diffusion of Mg/Si atoms during the 

formation of Mg2Si: mX powders. Metals like Ti and Co have an inhibitor-type role, while metals 

such as Nb and Mn have catalytic-type role on the formation activation energy of Mg2Si: mX 

powders. In addition, the concentration of the metal-dopants have significant role in either 

increasing or decreasing the formation activation energy of the Mg2Si: mX samples. 



 

129 
 

7.4.2. Thermodynamic Properties of Mg2Si:0.08X 

To study the effect of addition of metal-dopants (Ti, Nb, Mn and Co) on the thermodynamic 

properties of Mg2Si, we choose the maximum dopant concentration (m = 0.08 mol) for the DTA 

heat flow measurements. All the conditions for DTA experiments are similar to those discussed in 

the previous section (6.3.3). As shown in Figure 7.8, the DTA curves of Mg2Si: 0.08X samples 

show enhanced heat flow in comparison to that of un-doped Mg2Si sample. This suggests that the 

doping of Mg2Si with 0.08 mol of metal-dopants also effects the thermodynamic properties of 

Mg2Si:0.08X, since the enthalpy of sample is proportional to its DTA signal. The mass difference 

baseline method (from earlier section 6.3.3) was used to calculate the thermodynamic properties 

of Mg2Si: 0.08X samples. A linear relationship between Cp(T) and T was established for all the  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8: DTA Curves of Mg2Si & Mg2Si:0.08X; X = Ti, Nb, Mn & Co at 20 K/min. 
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Mg2Si: mX samples, in analogous to the equation (7.6) for un-doped Mg2Si sample. Table 7.5 

provides the general formula for the change in standard enthalpy, standard entropy, and standard 

Gibbs energy derived from Cp(T) at any arbitrary temperature, T (473 K < T < 1073 K). Table 7.4 

lists the calculated values of the parameters (A, B, C, and D) from the Table 7.3 for un-doped 

Mg2Si and Mg2Si: 0.08X samples. The metal-doped samples (Mg2Si: 0.08X; X =Ti, Nb, Mn, and 

Co) samples exhibited better thermal stability, while compared to the un-doped Mg2Si sample. The 

values of thermodynamic properties of Mg2Si: 0.08X samples can be determined from 473 K to 

1073 K using the formula of Table 7.3 and from the parameters listed in the Table 7.4. 

Table 7.3: Thermodynamic Properties given as Function of Temperature from 473 K to 1073 K. 

Thermodynamic Property Associated Formula 

Specific Heat ,	  2  

Change in Std. Enthalpy,	∆  ∆ 	  

Change in Std. Entropy,	∆  ∆ 	 	 2  

Change in Std. Gibbs Energy,	∆  ∆ ln  

Table 7.4: Parameters (A, B, C and D) of Thermodynamic Property Functions from Table 7.3. 

Sample A B C D 

Mg
2
Si [143] 67.79 0.0099 -34291.20 -426.92 

Mg
2
Si 68.89 0.0100 -34834.00 -433.79 

Mg
2
Si:0.08Ti 80.51 0.0066 -39570.90 -502.14 

Mg
2
Si:0.08Nb 81.63 0.0063 -40022.40 -508.71 

Mg
2
Si:0.08Mn 83.92 0.0062 -41094.70 -522.77 

Mg
2
Si:0.08Co 84.46 0.0060 -41305.50 -525.90 
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7.5. Summary of Metal-doped Magnesium Silicides Study 

 In this chapter, we studied the effect of four metal-dopants (X = Ti, Nb, Mn, and Co) and 

three dopant concentration (m = 0.02, 0.04 and 0.08) on synthesis, characterization, kinetic and 

thermal studies of Mg2Si: mX samples. Lattice parameters, formation activation energies, 

thermodynamic properties of Mg2Si: mX samples were investigated. The Coats-Redfern equation 

model, and mass difference baseline method of DTA technique were used to study the effect of 

metal-dopants on activation energies and thermodynamic properties of Mg2Si: mX respectively. 
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CHAPTER 8 

TRANSITION METAL BORIDES AND SILICIDES 

  
As discussed in the chapter 2, the transition metal borides and silicides are promising 

candidates for high-temperature thermoelectric applications. Borides and silicides of transition 

metals (Ti, Nb, Mn, and Co) are considered in the current study. As shown in the schematic of 

Figure 8.1, binary and ternary alloys comprising a specific combination of these elements i.e., 

(Ti/Nb/Mn)-Co-(B/Si), were chosen as a first step of the screening process because of their 

similarity with the half-hauler (ABX-type) alloys [173, 174]. Table 8.1 provide the list of reported 

binary and ternary alloy phases of (Ti/Nb/Mn)-Co-(B/Si) system [29]. 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.1: A Schematic of Transition Metal Boride/Silicide System Considered in Current Study. 
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Table 8.1 A Comprehensive List of Binary & Ternary Metal Boride & Silicide Alloy Phases [29]. 

System Binary alloy phases Ternary alloy phases 

Ti-Co-B Co3B, Co2B, CoB, TiB, Ti3B4, TiB2 Ti3Co5B2, Ti3Co20B6, Ti7Co7B6 

Nb-Co-B Nb3B2, NbB, Nb3B4, NbB2 
Nb3Co5B2,  NbCoB2,  Nb2Co21B6, 

NbCoB, Nb3Co4B7 

Mn-Co-B 
Mn3B,  Mn2B,  MnB, Mn3B4,  MnB2, 

MnB4 
Mn3Co20B6 

Ti-Co-Si 
Ti3Si, Ti5Si3, Ti5Si4, TiSi, TiSi2, CoSi2, 

CoSi, Co2Si 

TiCoSi, Ti4Co4Si7, TiCo2Si, Ti2Co3Si 

TiCo4Si3, Ti3CoSi8, Ti6Co16Si7 

Nb-Co-Si NbSi2, Nb5Si3 
Nb4Co4Si7, NbCoSi, Nb6Co16Si7 

Nb4CoSi, NbCo4Si3 

Mn-Co-Si 
Mn11Si19, MnSi, MnSi2-x, Mn5Si3, Mn3Si, 

Mn25.2Si5.8, Mn0.85Si0.15 

Mn0.53Co0.20Si0.27, Mn16.5Co14.8Si5.7, 

MnCo1.33Si0.67,  MnCoSi,  MnCo2Si 

Mn29Co14Si14, Mn16Co2Si7, Mn3Co3Si 

 

8.1. Thermodynamic Study of Borides and Silicides 

Thermodynamic modeling tools (161, 162) were used to model the thermodynamic 

properties of the metal borides and silicides. In particular, Gibbs energy minimization was 

performed on 9 binary metal borides (Co2B, CoB, TiB, TiB2, NbB2, Mn2B, MnB, Mn3B4, and 

MnB2) and 12 binary silicides (NbSi2, Nb5Si3, CoSi2, CoSi, Co2Si, Ti5Si3, TiSi, TiSi2, MnSi, 

Mn5Si3, Mn3Si, and MnSi1.73) using HSC tool over a wide temperature range of 0 – 1500 oC [161]. 

Figure 8.2(a) shows the change in Gibbs energy of the selected borides from 0 to 1500 oC. The 

negative value of the change in Gibbs energy shows that the metal borides are stable at higher 

temperatures. Among all borides, TiB2 shows more negative change in Gibbs energy and thus, it 

is thermally stable transition metal boride suitable for thermoelectric study. Also, thermodynamic 

calculations were conducted to estimate the change in Gibbs energy of selected metal silicides. 

Figure 8.2(b) shows change in Gibbs energy of selected silicides from 0 to 1200 oC. 
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Figure 8.2: Change in Gibbs energy of Selected (a) Borides, and (b) Silicides [143] 
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Table 8.2: Gibbs Energy Function Parameters of Selected Borides [144]. 

Borides A (J/mol) B (J/mol.K) C (J/mol .K2) D (J K/mol) E (J/mol.K) 

Co2B -151681 412.75 -0.01 713372 -68.37 

CoB -111365 267.67 -0.00732 562748 -68.37 

TiB -177652 212.32 -0.03044 778017 -33.18 

TiB2 -294439 181.18 -0.05685 412450 -26.02 

NbB2 -269919 293.82 -0.01927 470700 -46.98 

 

Table 8.3: Gibbs Energy Function Parameters of Selected Silicides [144]. 

Silicides A (J/mol) B (J/mol.K) C (J/mol .K2) D (J K/mol) E (J/mol.K) 

CoSi -90238 311.08 -0.00414 200333 -53.52 

Ti5Si3 -646360 1122.32 -0.02238 1004160 -196.43 

TiSi -146382 279.77 -0.00571 271960 -48.11 

TiSi2 -193045 406.08 -0.00815 -1477660 -69.33 

MnSi -92278 276.72 -0.00926 246494 -46.29 

Mn5Si3 -269849 1136.90 -0.02708 980102 -201.35 

Mn3Si -144109 534.88 -0.02396 386148 -93.20 

NbSi2 -158529 359.42 -0.00768 139745 -63.17 

Nb5Si3 -514695 1033.52 -0.01539 753956 -189.15 

 

The negative value of change in Gibbs energy shows that the metal silicides are stable at 

higher temperatures. Among all the silicides studied, Ti5Si3 and Nb5Si3 shows more negative 

change in Gibbs energy value and thus, are thermally stable transition metal silicides. 

Another important modelling tool for estimating the thermodynamic properties of TE 

materials is FactSage [162]. From all the stable binary alloys of (Ti/Nb/Mn) - Co- (B/Si) system, 

5 borides (Co2B, CoB, TiB, TiB2, and NbB2) and 9 silicides (CoSi, Ti5Si3, TiSi, TiSi2, MnSi, 

Mn5Si3, Mn3Si, NbSi2 and Nb5Si3) were selected to obtain Gibbs energy as a function of 
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temperature. The Gibbs energy function is given by equation (4.4), and the parameters (A, B, C, 

D. and E) of the polynomial were estimated for each alloy. Tables (8.2 and 8.3) gives the values 

of the Gibbs energy function parameters for the transition metal borides and silicides respectively. 

8.2. Synthesis of TiB2 and Mn4Si7  

Based on the thermodynamic modelling calculations (section 8.1) for selected binary alloys 

of (Ti/Mn/Nb) – Co – (B/Si) system, and from the available information on crystal structure data, 

energy band diagrams and other TE properties from the literature [29], we selected transition metal 

boride (TiB2), and transition metal silicide (Mn4Si7) for the experimental studies.  

Reddy et al. synthesized TiB2 using both thermal plasma and arc-melting methods [175, 176]. 

The thermal plasma process resulted in nanopowders of TiB2, whereas the arc melting method 

produced ingots of TiB2. In the current study, arc-melting method was chosen for the synthesis of 

TiB2 and Mn4Si7. Pellets of (Ti + 2B) mixture, and (4Mn + 7Si) were arc-melted, at 200 A under 

partial Ar pressure of 2 psi, to synthesize TiB2 and Mn4Si7 alloys using one step self-propagating 

high-temperature synthesis (SHS) method. Both the reactions of equations (8.1) and (8.2) are 

exothermic and the formation of the products are very favorable with the initiation of an electric 

arc or heat to start the self-propagating reaction [176]. 

Ti + 2B = TiB2   ΔH298.15 K = -279.49 kJ (8.1) 

4Mn + 7Si = Mn4Si7  ΔH298.15 K = -227.57 kJ (8.2) 

8.3. Characterization of TiB2 and Mn4Si7  

The synthesized TiB2 and Mn4Si7 alloys were characterized using XRD technique. Figure 

8.3 (a) and (b) shows the XRD spectra and images of TiB2 and Mn4Si7 alloys respectively using 

arc-melting technique. No other binary Ti-B, and Mn-Si alloy phases were observed in the spectra.  
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Figure 8.3: XRD Spectrum and Image of (a) TiB2 and (b) Mn4Si7 obtained by Arc-Melting Method. 
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8.4. Thermoelectric properties of TiB2 and Mn4Si7 

The arc-melted samples of TiB2 and Mn4Si7 were further tested for measurement of their 

thermoelectric properties. Specimen of dimensions (~ 3 - 6 mm height, 10 - 30 mm2 cross-section 

area) were used to measure Seebeck coefficient (S), electrical conductivity (σ), thermal 

conductivity (κ), and figure of merit (ZT) of TiB2 and Mn4Si7 using ZT-Scanner instrument [177]. 

As shown in the Figure 8.4, the thermoelectric properties are plotted as a function of temperature 

from 300 K to 700 K. TiB2 alloy showed high electrical conductivity and low thermal conductivity 

values, but exhibited poor negative Seebeck coefficient values. As a result, the figure of merit (ZT) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4: Thermoelectric Properties (a) Seebeck Coefficient (S), (b) Electrical Conductivity (σ), 

(c) Thermal Conductivity (κ), and (d) Figure of Merit (ZT) of TiB2, and Mn4Si7. 
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is low for the n-type TiB2 material. Because of its good electrical and thermal conductivities, TiB2 

is used as an additive to enhance the transport properties of other thermoelectric materials [96, 97]. 

High manganese silicide (Mn4Si7) exhibited good positive Seebeck coefficient, and low 

thermal conductivity values, however it displayed poor electrical conductivity values. Hence, the 

p-type Mn4Si7 have low figure of merit values (maximum ZT = 0.05), which are comparatively 

higher than the ZT values of n-type TiB2 alloy. One reason for the low thermoelectric performance 

of the alloys may be due to the high porosity or low density of the arc-melted samples. Further 

improvements in the synthetic and processing methods may enhance the ZT of n-type TiB2, and p-

type Mn4Si7 to much higher values. 

8.4. Summary of Transition Metal Borides and Silicides 

In the Chapter 8, efforts were made to study transition metal borides and metal silicides of 

the (Ti/Nb/Mn) – Co – (B/Si) system through initial screening of the alloys via thermodynamic 

modelling approach and from the available information in literature. Gibbs energy minimization 

method was used to study the thermal studies of selected metal borides and silicides. One transition 

metal boride (TiB2) and one transition metal silicide (Mn4Si7) were chosen for the experimental 

studies. One step self-propagating high-temperature synthesis (SHS) method was used to produce 

ingots of TiB2 and Mn4Si7 from the electric arc-melter furnace. Characterization of the alloy phases 

were done from the XRD spectra. Furthermore, thermoelectric properties (S, σ, κ, and ZT) of TiB2 

and Mn4Si7 samples were determined using the ZT-Scanner instrument. Both TiB2 and Mn4Si7 

exhibited low thermal conductivity values. Good values of Seebeck coefficient and electrical 

conductivity were achieved for Mn4Si7 and TiB2 respectively. A maximum ZT of 0.05 was 

achieved for Mn4Si7 sample produced from the arc-melting apparatus. 
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CHAPTER 9 

CONCLUSIONS AND FUTURE WORK 

 
9.1. Conclusions 

In the current research project, we studied the metal borides and silicides as potential 

materials for thermoelectric application at high temperature (400 – 1000 oC). The basic principles 

of thermoelectric effect, transport properties, figure of merit, conversion efficiency, synthesis and 

characterization, and thermodynamic properties of metal borides and silicides was reviewed. The 

preliminary study mainly focused on the development of Arrhenius model for the evaluation of 

TE properties of alkaline earth metal borides and silicides. Based on the results, Mg2Si was 

selected as a promising candidate for further experimental studies.   

A simple and rapid synthesis of Mg2Si powders was carried out using pelletizing and 

sintering methods. Mg2Si was produced by cold-pressing of 2:1 molar mixture of Mg and Si, 

followed by sintering of the pellet at optimum conditions of 500 oC for 5 min. The Mg2Si sample 

was characterized using XRD, SEM, and EDS methods. Lattice parameter for Mg2Si was 

calculated from the XRD data. Formation of uniform and fine micro-aggregates of pure nanoMg2Si 

was observed for the sintered sample obtained at 500 oC and 5 min.  

Thermal analysis of (2Mg + Si) mixture was carried out at different scan rates (β = 5, 10, 

15, and 20 K/min) to study the reaction kinetics of Mg2Si using DTA technique. A positive shift 

in the peak maximum temperature of DTA heat-flow curves with the increase in the scan rates. 

The activation energy for the formation of Mg2Si was calculated from the slopes of Ozawa 
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equation and KAS equation plots. The solid-state reaction proceed via 3-D diffusion mechanism 

of reactants and CR equation plots were obtained for different reaction rates based on peak 

temperatures corresponding to six different degree of conversion (α = 0.1, 0.3, 0.5, 0.7, and 0.9). 

The activation energy obtained from CR plot (196.01 kJ/mol) is in good agreement with those 

obtained from the Ozawa equation, and KAS equation plots.  

In addition, the thermal stability of the Mg2Si powders was studied using both DSC and 

DTA techniques. The DTA heat-flow curve of Mg2Si prepared from sintering at 500 oC and 5 min 

shows that the alloy melts at 850 - 1000 oC, which also corresponds to the evaporation temperature 

of pure Mg metal. The Gibbs energy function [ΔG (T)], and room temperature thermodynamic 

quantities (Cp, ΔHo, ΔSo, and ΔGo) were determined for Mg2Si using DSC (T = 323 – 623 K; iso-

scan-iso) and DTA (T = 473 -1073 K; mass difference baseline) methods. The heat capacity (Cp), 

and change in Gibbs energy (ΔGo) data suggests that Mg2Si powders are thermally stable from 323 

K - 1073 K. 

The solid-state galvanic cell or EMF cell experiments were performed using the cell 

assembly, which consists of CaF2 crystal stacked in between ~1 g pellets of six reference electrodes 

[(0.4 g  Mg + 0.6 g (CaF2 +MgF2)], and six different working electrodes [0.4g of MgXSi1-X (X = 

0.10, 0.23, 0.43, 0.67, 0.84, and 0.98 mol) + 0.6 g (CaF2 +MgF2)] respectively. The EMF vs. 

temperature plots show a linear dependence of the cell potential as a function of the temperature. 

The EMF data was used to determine the thermodynamic properties, such as activities, activity 

coefficients, change in Gibbs energy, enthalpy, and entropy of mixing for the Mg-Si system. 

Similar to the Mg2Si studies, synthesis, characterization, and thermal stability 

investigations were carried out on metal-doped silicides (Mg2Si: mX). Four metals (X = Ti, Nb, 

Mn, and Co) were chosen as the dopants, and three dopant concentrations (m = 0.02, 0.04, and 
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0.08 moles) were considered for the current studies. A fast synthesis of Mg2Si: mX powders was 

achieved using cold-pressing, and sintering methods. The sintering temperature, and the time for 

the formation of Mg2Si: mX powders are 500 – 550 oC, and 5 min respectively.  

Characterization of the sintered powders of Mg2Si: mX was performed using XRD, SEM, 

and EDS techniques. The XRD spectra of all metal-doped Mg2Si: mX samples resemble very 

similar to that of un-doped Mg2Si, except that a small shift in the peak maxima was observed in 

the XRD pattern of the doped samples. Based on the peak shifts of major characteristic XRD 

reflection (220) of Mg2Si at 2θ ~ 40o, the lattice parameters were estimated for the Mg2Si: mX 

samples. A decrease in the linear trend of lattice constants for Nb -, Mn -, and Co-doped Mg2Si 

samples was observed with the increase in the dopant concentration. An increase in the trend of 

lattice constants were noticed for Ti-doped Mg2Si sample with increase in concentration of Ti.  

The DTA studies show that the Ti and Co dopants increase the formation activation energy 

of Mg2Si: mX, while Nb and Mn dopants decrease the formation activation energy of Mg2Si: mX. 

The thermal stabilities of Mg2Si: 0.08X are higher than that of un-doped Mg2Si. The 

thermodynamic properties were determined for Mg2Si: 0.08X based on the mass difference 

baseline method of DTA technique. 

Based on the thermodynamic modelling data and the information available from the 

literature, TiB2, and Mn4Si7 (HMS) alloys were selected for further experimental studies. Both 

TiB2, and Mn4Si7 alloys were synthesized, from the green pellets of elemental powder mixture, by 

using SHS procedure of electric arc-melting technique. The XRD analysis of the arc-melted ingots 

indicates the presence of pure TiB2 and Mn4Si7 phases in the samples. Furthermore, measurement 

of TE properties (Seebeck coefficient, electrical conductivity, thermal conductivity, and figure of 

merit of n-type TiB2 and p-type Mn4Si7 were done using ZT-Scanner instrument. 
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9.2. Future Work 

The present research work was mainly focused on the development of binary metal borides 

and silicides as thermoelectric materials for high temperature applications. From the theoretical 

and practical knowledge of this research, a fundamental study on development of other potential 

binary and ternary alloys of metal borides and silicides can further be explored. A similar 

methodology can be used for synthesis, characterization, phase stability, reaction kinetics, and 

thermodynamic and thermoelectric properties study. Since, the metal borides and silicides are 

attractive due to their low cost, high-abundance, good stability, eco-friendly and good 

thermoelectric properties, they are envisioned as materials for heat recovery at high temperatures.  

Further improvements in the direction of current research would be to use other processing 

techniques such as spark plasma sintering (SPS) and hot isostatic pressing (HIP), which have 

additional advantages of producing samples with high density, uniformity, better morphology and 

improved mechanical, thermodynamic and thermoelectric properties. Using these synthetic 

techniques, simultaneous synthesis and alteration of material properties via process variables such 

as sintering temperature, time, pressure, current or voltage etc. is possible to achieve the desired 

TE properties.   

In the current research, four metal-dopants (Ti, Nb, Mn and Co) were used to study the 

effect of the dopants on reaction kinetics, thermodynamic properties of Mg2Si. The effect of these 

metal-dopants on the TE properties of Mg2Si will be an interesting study. Also, other metals from 

periodic table can be used as dopants of metal borides and silicides to alter the carrier concentration 

and thereby, further improve the figure of merit (ZT) of the TE alloys. 

 In present research, thermoelectric property measurements were conducted at low/mid 

temperatures of 300 K to 700 K. Enhancements in the design of the instrumentation will allow 
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accurate measurement of the thermoelectric properties i.e., Seebeck coefficient, electrical 

conductivity, thermal conductivity and figure of merit at much higher temperatures of 1200 K.  

 After making the aforementioned amendments, the subsequent steps in the current 

thermoelectric research would be to scale-up the production process of high ZT alloys, 

construction of TE modules from the p-and n-type TE elements, fabrication and assembly of TE 

devices, testing and development of proto-type TE model for heat recovery application in the 

laboratory. 
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APPENDIX A 

 
Lattice Constant: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: XRD Spectra Mg2Si Powder from Sintering at 500 oC for 5 min 

 

 In order to calculate the lattice constant of product (Mg2Si or Mg2Si: mX), we need the 

XRD spectrum of the sample. Figure A1 provide the XRD spectrum of Mg2Si sintered at 500 oC 

and 5 min. For lattice constant determination, we choose the strongest reflection (220) at 2θ ~ 40o 

from the XRD spectra. The lattice constant is calculated from equation (A.1) for cubic crystal as: 
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Å 	 Å
	 	

 (A.1) 

The values of (hkl) are obtained from the XRD reflection (220) as h = 2, k = 2, and l = 0. 

Upon substituting these values in equation (A.1) we obtain, 

Å
	 	

2 2 0      

Å
	 	

2 2
.

	 	
   (A.2) 

 

The values of wave length ( 1.54	Å) of Cu-Kα X-ray radiation, and diffraction angle 

(
.

20.3) are substituted in equation (A.2) to give 

Å
2.8284 1.54Å
2	 	sin 20.3

 

Å 6.278	Å 
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APPENDIX B 

 
Formation Activation Energy: 

To estimate the formation activation energy of Mg2Si from elemental powders of Mg and Si as 

given in equation (B.1), the reaction kinetics Mg2Si was studied using the DTA technique. 

2Mg + Si → Mg2Si     (B.1) 

 

 

 

 

 

 

 

 

 

 

Figure B1: XRD Spectra Mg2Si Powder from Sintering at 500 oC for 5 min 

As shown in Figure B1, The DTA heat flow curves provide the variation in the temperature 

for peak maxima at different scan rates (β = 5, 10, 15, and 20 K/min). To calculate the activation 

energy of the solid-state reaction are: (i) Ozawa equation, (ii) Kissinger-Akahira-Sunrose (KAS) 

and (iii) Coats-Redfern equations are used in current study. 
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Ozawa equation: 

ln	 	 ln
.

 
	1.0516	    (B.2) 

 

KAS equation: 

ln	 	 ln
 

	      (B.3) 

 

CR equation: 

ln	
	
	 ln 	     (B.4) 

Table B.1 lists the scan rate and peak temperature used in the study. 

β Tmax(K) ln β ln β / T2
max 

5 798.9 1.60 -11.56 

10 807.4 2.30 -10.89 

15 812.6 2.70 -10.51 

20 818.4 2.99 -10.25 

 

From Table B.1 and using the Ozawa equation (B.2) and KAS equation (B.3), the straight 

lines were obtained for log (β) vs -1.0516 /RTmax and ln (β/Tmax
2) vs 1/RTmax respectively. The 

slopes of the straight line gives the formation activation energy of reaction (B.1). Ozawa equation 

plot and KAS equation plot gives activation energy of 196.97 kJ/mol, and 194.87 kJ/mol 

respectively. 
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Table B.2 lists the degree of conversion, temperature and conversion function. 

T(K) α g(α) ln [g(α)/T2] 

811.6 0.1 0.0011 -19.91 

817.4 0.3 0.0125 -17.69 

822.6 0.5 0.0425 -16.55 

829.4 0.7 0.1092 -15.66 

840.5 0.9 0.2871 -14.78 

 

To obtain activation energy from the CR equation, five degree of conversions (α), and 

conversion function, g (α) = [1-(1- α)1/3]2 was used for (β = 20 K/min) and is listed in the Table 

B.2. Similar, tables (data not listed) were obtained for other scan rates (β = 5, 10, and 15).The 

slope of CR equation plot {ln [g (α)]/T2} vs 1/RT gives the formation activation energy as 196.01 

kJ/mol, which is in good agreement with the formation activation energies (Ozawa, and KAS 

equations) and reported literature data. 
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APPENDIX C 

 
Thermodynamic Properties: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C1 Specific Heat vs T plot of Mg2Si obtained from DSC. 
 

 In order to calculate the thermodynamic properties from DSC (iso-scan-iso) the specific 

heat (Cp) vs temperature plot of Figure C.1 or Figure 6.19 is considered. The calculations are shown 

in the following sections for a data point (DSC – red arrow) at the chosen common temperature of 

T = 573.15 K. Similar calculations on thermodynamic properties of Mg2Si can also be performed 

using the Cp(T) data from DTA method (not shown in the Appendix C).  
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Using DSC method: 

The expression for Cp(T) is given by equation (C.1) for T <  623 K as: 

, 	 0.0001 0.1282 38.429   (C.1) 

	 	573	 	 	 0.0001 573 0.1282 573 38.429   

573.15	 	 79.05	  

Using Cp(T), the change in standard enthalpy of Mg2Si, ΔHo(T) is calculated from equation 

(C.2) as:  

∆ , 	 	 . 	 	. 	     

16272.2 38.429 0.0641 0.00003333   (C.2) 

On substituting the T (275 K = 573.15 K – 298.15 K) in equation (C.2), and from ΔfHo 

(298.15 K) = -77.80 kJ/mol for Mg2Si (Table 6.7), the ΔHo(573.15 K) is obtained from equation 

(C.3) as 

∆ 16272.2 38.429 275 0.0641 275 0.00003333 275  

∆ 	573 298	 1.55	  

∆ 	573	.15	 	 ∆ 	573.15 298.15	  +	∆ 	298.15	   (C.3) 

1.55	 77.80	      
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∆ 	573	 . 15 79.35	  

The change in standard entropy of Mg2Si, ΔSo(T), is obtained from the equation (C.4) as: 

∆ , 	 	 . 	 / 	. 	   

252.731 0.1282 0.00005 38.429 log	  (C.4) 

On substituting the T (275 K = 573.15 K – 298.15 K) in C.4, and from ΔfSo (298.15 K) = 

-8.05 J/mol*K for Mg2Si (Table 6.7), the ΔSo(573.15 K) is obtained from equation C.5 as 

∆ 252.731 0.1282 275 0.00005 275 38.429 log	 275  

∆ 	573 298	 0.464	  

∆ 	573	.15	 	 ∆ 	573.15 298.15	  +	∆ 	298.15	   (C.5) 

0.463	 8.05	      

∆ 	573.15	 8.513	  

 From ΔHo (573.15K) and ΔSo (573.15K) values, the change in standard Gibbs energy of 

Mg2Si, ΔGo(573.15K), is calculated using equation (C.6) as 

∆ , 	 ∆ 573.15	 573.15	 ∆ 573.15	   (C.6) 

 79.35	 573.15	 8.513 	   

∆ 573.15 74.47	  
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APPENDIX D 

 
EMF Cell Calculations: 

 

 

 

 

 

 

 

 

 

 

 

Figure D1: A Plot of EMF vs Temperature for Different Compositions of Mg-Si System 

 Using solid-state galvanic cell method or EMF cell method, thermodynamic quantities such 

as activities, activity coefficients, change in enthalpy, change in entropy, and change in Gibbs 

energy of mixing for Mg-Si system were determined in the current study. As shown in Figure D1, 

the EMF vs Temperature plot gives straight lines for different alloy composition of MgXSi1-X.In 

the Appendix D, we focus on calculation of thermodynamic quantities for the highlighted 

composition at 973 oC.  
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  From the plot, cell EMF for the Mg0.67Si0.33 composition is obtained as 38.94 mV. The 

partial Gibbs energy of Mg in Mg-Si system can be calculated using equation (D.1) as  

∆ ̅ 	      (D.1) 

∆ ̅ 	2 96845		 / ∗ 38.94	    

∆ ̅ 	7.54	        

The activity of Mg is related to the partial Gibbs energy by equation (D.2) as follows. 

    exp
∆ ̅

       (D.2) 

exp
. 	

. / ∗
      

0.432       

The activity coefficient of Mg is calculated from the activity of Mg using the following 

relationship given by equation (D.3) as 

   
.

.
      (D.3) 

0.647        

The activity coefficient of Si is calculated from Gibbs –Duhem relation, and is given by 

equation (D.4) as: 

	
	 	

   (D.4) 

	 0.667 0.333
	 .

.

	.
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	 1.374;  =>             	 0.257       

The activity of silicon is calculated from the activity coefficient values using the following 

relationship given by equation (D.5) as 

	      (D.5) 

0.257 0.333; =>    0.0855      

The Gibbs energy of mixing (ΔGM) for [Mg-Si] alloy system is given by equation (D.6) as 

∆    (D.6) 

∆ 8.314 1246	 0.667 	0.432 0.333 	0.0855    

∆ 14.63	 /       

The enthalpy of mixing (ΔHM) was calculated using the ΔGM (T) for the composition in the 

binary Mg-Si system using the equation (D.7) as: 

∆
∆

       (D.7) 

∆ 17.47	 /      

The entropy of mixing (ΔSM) of a solution is also related to the enthalpy of mixing (ΔHM), 

and the Gibbs energy of mixing (ΔGM) as given by equation (D.8): 

∆ 	 ∆ 	∆ 		    (D.8) 

∆ 	 . 	 / 	 	 . 	 /

	
		     

∆ 	 2.28	 / ∗ 		   

  

  

  

  

  


