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ABSTRACT OF THE DISSERTATION 

 

 

 

 

Synthesis and Optimization of Praseodymium Telluride System  

Through Alloys and Composites 

 

 

By 

 

 

Brea Elizabeth Hogan 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2023 

Professor Bruce S. Dunn, Chair 

 

 

Radioisotope Thermoelectric Generators (RTGs) provide electrical power for spacecraft 

by converting heat generated by the decay of plutonium-238 (Pu-238) into electricity. In missions 

such as Curiosity, the excess heat generated from an RTG can be used as a convenient and steady 

source of warmth to maintain proper operating temperatures for a spacecraft and its instruments in 

cold environments. While RTGs have been historically viewed as a highly reliable power option, 

current RTGs have relatively low system efficiencies on the order of 6%. This clearly highlights 

the need to concentrate research in this field to improve overall efficiencies. To accomplish this, 

vast improvements on thermoelectric materials are necessary for the success and longevity of 

future space emissions.  

The figure of merit to determine the efficiency of thermoelectric materials is defined as 

𝑍𝑇=(𝜎𝑆2/𝜅)𝑇 where σ, S, κ, and T are electrical conductivity, Seebeck coefficient, thermal 

conductivity, and temperature, respectively. Rare earth chalcogenides with the Th3P4-type 
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structure (such as La3-xTe4) can accommodate vacancies on the rare earth site, leading to disorders 

and distortions in the lattice, and in turn enhanced phonon scattering. This ultimately results in a 

reduction in the lattice thermal conductivity of ~0.4-0.8 W/m-k. Previously reported optimized 

defect stoichiometry (LaTe1.46) attained ZT=1.1 around 1275K. Previous research conducted at 

JPL indicates that improvements are seen within Pr3Te4 and Nd3Te4 compared to La3Te4, primarily 

due to the contribution of the f-states to the density of states near the Fermi level. This ultimately 

contributes to an improvement in Seebeck, and thus an improvement in ZT. 

One of the main projects of this dissertation is to better understand the oxidation kinetics 

across RE3Te4 (RE = rare earth: La, Pr, Nd). Understanding kinetics for these materials using 

thermogravimetric analysis (TGA) will help us to further mitigate the effects of oxidation and 

improve the efficiencies of these materials for long-term, deep space missions. Research indicates 

that rare earth tellurides experience similar oxidation mechanisms, but at distinct rates. Pr3Te4 and 

Nd3Te4 oxidize kinetically faster compared to La3Te4, which would suggest there is less time for 

the formation of intermediate phases. 

Another project discussed in this research is focused on the synthesis and characterization 

of thermoelectric systems with the potential for higher thermoelectric conversion efficiency such 

as La3-xRExTe4 (RE = Pr) to develop high-performance radioisotope thermoelectric generators. It 

is hypothesized that alloying in the La3-xPrxTe4 system will tune the DOS via f-electrons, which 

will help reduce thermal conductivity because of point defect scattering, and mechanical 

improvements will be seen via solid solution strengthening. The rule of mixtures was scientifically 

proven due to the alloy thermoelectric properties residing between the properties of the end 

members. Hardness measurements indicate that the end members and the alloys all have similar 

hardness values within error. 
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The final project is focused on understanding the CAFE (composite-assisted funneling of 

electrons) effect on PrTe1.46 composites and their thermoelectric properties. Ni composites within 

PrTe1.46 have not been previously investigated; thus, this research will discern how the CAFE 

effect exhibits itself within a Pr3Te4 matrix. It is hypothesized that a significant decrease in 

electrical resistivity will occur compared to LaTe1.46-Ni composites, due to the improvement in ZT 

observed with PrTe1.46 compared to LaTe1.46. ZT values for 5% volume Ni increased the average 

ZT, while the 10% and 15% volume Ni resulted in an improvement in peak ZT at 1275K. The 

resultant increase cannot be attributed to the CAFE effect due to the Seebeck and resistivity 

coupling. 
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Chapter 1: Introduction to Thermoelectric Materials and Applications 

1.1. Thermoelectric Principles and Strategies for Improvement 

Thermoelectric materials have the specific capacity of either converting a heat flux into 

electrical power output (Seebeck effect) or producing a temperature gradient in a direction 

perpendicular to an electric current (Peltier effect). Such direct energy conversion is attractive for 

recovering a portion of waste heat from a variety of commercial and space applications, such as 

transportation vehicles, microelectronics and low-power applications like wrist watches.1-2  The 

configurations of power generation (Seebeck) and heating/cooling (Peltier) can be seen in Figure 

1.1. To maximize efficiency, n-type and p-type legs are placed electrically in series and thermally 

in parallel. In the power generation system, a heat source provides the energy needed to drive the 

majority charge carriers on both the n-type and p-type legs of the thermocouple; this current is 

then applied to an external load.   

Figure 1.1. Schematic of thermoelectric couples with n-type (electron (e-) charge carriers) and p-

type (hole (h+) charge carriers) for power generation (left) and heating/cooling (right).  
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Alternatively, in a cooling/heating system, a power source applied a current to the 

thermocouple, thus generating a temperature gradient. The focus of this project will be on the 

thermoelectric materials applied to power generation systems.  

The Carnot efficiency equation is utilized to determine the maximum efficiency of a thermoelectric 

generator:  

In the conventional thermoelectric configuration (as shown in Figure 1.1), both the hot-

side heat source (Th) and cold side rejection radiator (Tc) operate at constant temperature. The 

Carnot efficiency also includes a dimensionless figure-of-merit, ZT, which can be further defined 

in the following equation: 

where electrical conductivity (𝜎), Seebeck coefficient (α), thermal conductivity (𝜅) and 

temperature (𝑇) all play an important role in assessing ZT. The device efficiency with a cold side 

temperature of 50°C is plotted for various ZT values in Figure 1.2.2 It can be seen that efficiency 

increases with ZT and as ZT increases to infinity, the device efficiency approaches the Carnot 

efficiency.  

https://www.degreesymbol.net/
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Figure 1.2. Typical values of thermoelectric efficiency for different values of ZT2 

In order to increase the total device efficiency, ZT must be increased or the Carnot 

efficiency must be increased (Equation 1.1). Increasing the Carnot efficiency is challenging due to 

practical constraints on thermoelectric generators, e.g., limits to the operating temperatures of the 

hot and cold sides and material constraints due to melting or decomposition temperatures of the 

thermoelectric materials.3-4  

In general, ZT also depends on the exact temperature-dependent material properties, exact 

geometry, including non-ideal circumstances such as electrical and thermal losses (e.g., contact 

resistances, parasitic losses) and non-optimized geometric parameters. However, for the sake of 

simplicity we are solely focusing on optimizing the efficiency of thermoelectric materials under 

ideal circumstances (i.e. all other parameters are optimized).4  
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Increasing the efficiency of thermoelectric materials according to the ZT, however, poses 

an interesting challenge because all of the variables are correlated, as shown in Figure 1.3.5 One of 

the most well-known and intuitive conflicts is between the electrical conductivity and Seebeck 

coefficient, and their relation to carrier concentration.  

Figure 1.3. Variation of ZT parameters as a function of carrier concentration5 

The electrical and thermal conductivity increase with carrier concentration, while the 

Seebeck coefficient (α) decreases with increasing carrier concentration. Thus, it’s important to 

optimize all properties so that the average ZT of the materials is improved.6-10 Let’s take a deeper 
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dive into how to optimize each parameter, starting with the Seebeck coefficient. The Mott relation 

for the Seebeck coefficient is presenting in the following equation: 

where T is the temperature, n(E) is the carrier density at energy E, µ(E) is the mobility at energy 

E, EF is the fermi energy, and q is the electronic charge.  

The Seebeck coefficient depends on the absolute temperature, composition, charge-carrier 

concentration and crystal structure of the thermoelectric material. Since Seebeck depends on both 

bandgap and carrier concentration, there are two primary strategies to optimizing this parameter: 

(i) increasing the energy dependence of µ(E) by a scattering mechanism that is strongly dependent 

on the charge carriers and (ii) increasing the energy dependence of n(E) by a local increase in the 

density of states (DOS).11-12  

The dependence of the electrical conductivity (𝜎) of a semiconductor on carrier 

concentration and mobility is given by: 

where μe, μh, n and p denote the electron mobility, hole mobility, density of electrons, and density 

of holes, respectively. Lattice and impurity scattering determine the mobility of the charge carriers. 

At lower temperatures, impurity scattering dominates, ultimately resulting in a decrease in 

mobility. As the temperature increases, lattice vibrations increase which decreases mobility.13-14  
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 Thermal conductivity is a sum of two contributions: charge carriers and phonons. When 

one type of charge carrier is predominant, the total thermal conductivity is attributed to the sum of 

the lattice (Κlattice) and charge-carrier (Κc) contributions, that is: 

A lower thermal conductivity can be attained by lowering the lattice thermal conductivity. The 

charge-carrier thermal conductivity can be estimated from the Wiedemann-Franz law (Κc=LσT), 

where L is the Lorenz constant. 

The lattice thermal conductivity can be expressed as the following equation:  

where D is the thermal diffusivity, Cp is the specific heat, and p is the density of the material. 

Thus, the thermal conductivity is strongly affected by phonons, which are generated from the 

lattice vibrations. The lattice contribution depends on the crystal structure and lattice parameters 

of the material.15-16  

A good thermoelectric material is characterized by a large Seebeck coefficient to produce 

the thermoelectric voltage, a low thermal conductivity for limiting the dissipative Fourier heat flow 

throughout the device exposed to a temperature gradient, and a high electrical conductivity to 

minimize Joule heating. This configuration, where thermocouples are connected electrically in 

series and thermally in parallel, is appropriate for space technology applications.  
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1.2. Heritage Materials for Space Technologies 

 

One of the original and most successful uses of thermoelectric heat engines has been 

primary electric power generation for spacecraft. The thermoelectric generators (TEGs) developed 

in the United States and the former USSR dominated energy conversion for spacecraft operating 

beyond the effective range of sun-powered photovoltaic cells.17-19 They exhibit compact design, 

exceptional durability, and stable power output over decades. The lower efficiency of these 

systems has been outweighed by the positive characteristics, such as continuous primary electric 

power production for remote communications and control system applications.  

Radioisotope Thermoelectric Generators (RTGs) provide electrical power for spacecraft 

by converting heat generated by the decay of plutonium-238 (Pu-238) into electricity. In missions 

such as Curiosity, the excess heat generated from an RTG can be used as a convenient and steady 

source of warmth to maintain proper operating temperatures for a spacecraft and its instruments in 

cold environments.20 Since they have no moving parts that can fail or wear out, RTGs have been 

historically viewed as a highly reliable power option. Earlier generations of RTGs have been 

utilized as power systems for Voyager 1 & 2, Cassini-Huygens, New Horizons, and Curiosity.21 

However, current RTGs for these missions have relatively low system efficiencies on the 

order of 6%.22 As mission concepts and spacecraft become more sophisticated, the demand for 

higher specific power (W/kg) increases.23 This clearly highlights the need to concentrate research 

in this field to improve the overall efficiency. To accomplish this, vast improvements on 

thermoelectric materials are necessary for the success and longevity of future space emissions.  
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Historically, PbTe and Si-Ge alloys have proven to be sufficient for thermoelectric power 

generation; however, newer materials can provide greater improvements in ZT, as seen in Figure 

1.4.24  

Figure 1.4. Figure of merit (ZT) for various n-type thermoelectric materials across a wide 

temperature range24 

This figure highlights the improvement in average ZT seen in systems such as LaTe1.46 and 

Ni composites. Previous research has gone into studying the enhanced properties of this system, 

which are intrinsically tied to its Th3P4 structure type. 

1.3. RE3Te4 (RE = La, Pr, Nd) as Thermoelectric Materials 

Rare earth chalcogenides can be observed with the Th3P4-type structure. In this structure, 

using La3Te4 as an example, Te atoms at the P sites can experience a six-fold coordination with 

La atoms, producing a distorted octahedral structure, as shown in Figure 1.5.25-27  
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Figure 1.5. Crystal structure of La3-xTe4. Lanthanum atoms are represented by blue spheres and 

Tellurium atoms by brown spheres 

The resulting structure accommodates vacancies on the rare earth site, leading to disorders 

and distortions in the lattice, and in turn enhanced phonon scattering. This ultimately results in a 

reduction in the lattice thermal conductivity of ~0.4-0.8 W/m-k. Snyder et al. studied the effects 

of carrier and doping concentration on the thermoelectric properties of the La3-xTe4 system.28 They 

reported that, when x=0 (La3Te4), the material behaves as a degenerate semiconductor and the 

electronic properties are metallic. When x=0.33 (La2.667Te4, also written as La2Te3 or LaTe1.5), the 

material acts as an intrinsic semiconductor. Previously reported optimized defect stoichiometry 

(LaTe1.46) attained ZT=1.1 around 1275K. 
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Previous research conducted at JPL indicates that improvements are seen within Pr3Te4 

and Nd3Te4 compared to La3Te4, primarily due to the contribution of the f-states to the density of 

states near the Fermi level. This ultimately contributes to an improvement in Seebeck, and thus an 

improvement in ZT as seen in Figure 1.4.29 

Figure 1.6. Density of states (DOS) for Pr3Te4 and La3Te4 showing a difference in contribution of 

f-states (left) and comparison of ZT for optimized LaTe1.46 and the Pr3-xTe4 series (right) 

1.4. Dissertation Objectives 

One of the main projects of this dissertation is to better understand the oxidation kinetics 

across RE3Te4 (RE = rare earth: La, Pr, Nd). No previous research has been conducted to 

investigate the potential distinctions in oxidation kinetics across rare earth tellurides. 

Understanding kinetics for these materials will help us to further mitigate the effects of oxidation 

and improve the efficiencies of these materials for long-term, deep space missions.  

Another project discussed in this research is focused on the synthesis and characterization 

of thermoelectric systems with the potential for higher thermoelectric conversion efficiency such 
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as La3-xRExTe4 (RE = Pr) to develop high-performance radioisotope thermoelectric generators. It 

is hypothesized that alloying in the La3-xPrxTe4 system will tune the DOS via f-electrons, which 

will help reduce thermal conductivity because of point defect scattering.  

The final project is focused on understanding the CAFE (composite-assisted funneling of 

electrons) effect on PrTe1.46 composites and their thermoelectric properties. Ni composites within 

PrTe1.46 have not been previously investigated; thus, this research will discern how the CAFE 

effect exhibits itself within a Pr3Te4 matrix. It is hypothesized that a significant decrease in 

electrical resistivity will occur compared to LaTe1.46-Ni composites, due to the improvement in ZT 

observed with PrTe1.46 compared to LaTe1.46.  
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Chapter 2: Oxidation Study of RE3Te4 (RE = La, Pr, Nd) 

2.1. Introduction 

Radioisotope thermoelectric generators (RTGs) have a proven track record of reliability in 

space applications with over 30 years of continuous service as implemented in the Voyager 1 and 

2 missions. The need for a robust power system able to support a broader scope of future planetary 

missions has prompted the investigation of currently available RTG systems. These systems, 

referred to as multi-mission radioisotope thermoelectric generators (MMRTGs), were designed for 

both vacuum and atmospheric environments. This is a significant improvement over previous 

RTGs which could only operate in the vacuum of space. 

Previous research has been conducted to best understand the radiation environments and 

exposure considerations for MMRTGs. Throughout generator operation at high temperatures, 

research indicates that the aerogel in the thermoelectric module produces non-inert outgassing 

products, including oxides.1 The presence of these non-inert gases (including oxides) may result 

in undesirable interactions with system-level materials. To mitigate aerogel outgassing, Zr getters 

and different types of aerogels were implemented into the system. They have been shown to be 

effective at mitigating gas formation (including CO, CO2, CH4 and H2O); however, even a small 

percentage of these gases could have detrimental effects on the thermoelectric materials.2 Thus, 

the overall reliability of MMRTG’s can be affected by the vaporization of the thermoelectric 

module and insulation residual outgassing.3 To further understand and potentially mitigate the 

effects of oxidation exposure, especially for longer-term missions, it is imperative to understand 

the oxidation kinetics and mechanisms of thermoelectric materials. 



 

 

16 

 

 Research regarding oxidation kinetics has been conducted in the Yb14-xRExMnSb11 

system.4 For this study, thermogravimetric curves as a time function of increasing mass were 

recorded, and kinetic characteristics of oxidation were calculated for the solid solutions. 

Significant differences were seen across different rare earths, indicating the impact of periodic 

trends on oxidation kinetics as well. This and similar research studies served as the foundation for 

this work, primarily due to the success of calculating parabolic kinetics and how that provides 

insight into understanding the mechanism as well. 

Thus, the purpose of this study is to better understand the oxidation kinetics and 

mechanisms of rare earth tellurides (primarily Pr3Te4 and Nd3Te4 as they compare to La3Te4). 

From a qualitative perspective, it has been noted that these materials are especially prone to 

oxidation; however, a quantitative analysis had not been explored in depth previously. Previous 

work conducted at JPL by Chris Whiting (private communication) and Alexander Cheikh indicates 

that, in the case of oxidation of La3Te4, there are intermediary “glassy” phases formed in a unique 

mechanism they proposed.5 Based on the differences across RE3Te4 in terms of electronic 

properties, it is hypothesized that there will be distinct differences for RE3Te4 in terms of oxidation 

mechanisms and kinetics as well, potentially as a result of differences in activation energy and 

formation rates of different rare earth oxides. Thus, periodic trends should have a significant 

impact on oxidation kinetics of rare earth tellurides.  
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2.2. Experimental 

For this study, a variety of RE3Te4 (RE = La, Pr, Nd) samples were made using a previously 

reported mechanochemical synthesis procedure.6 All preparation steps were performed in argon 

dry glove boxes (H2O < 1 ppm, O2 < 0.1 ppm). The materials were prepared based on targeted 

stoichiometric compositions using the corresponding elements (La, 99.9%, metals basis, HEFA 

Rare Earth; Pr, 99.9%, metals basis, Stanford Advanced Materials; Nd, 99.9%, metals basis, HEFA 

Rare Earth; Te, 99.9%, 5N Plus). The elements were combined in a stainless-steel vial with ½’’ 

stainless steel balls. The vials were placed in a ball mill (SPEX SamplePrep 8000) and the sample 

was mechanochemically milled for over 10 hours until a homogeneous powder was synthesized. 

The powder was then loaded into 12.7 mm graphite dies and compacted using spark plasma 

sintering (SPS) at a pressure of 80 MPa and at temperatures above 1,200℃ for 30 min under 

vacuum. The sintered, compacted samples had densities greater than 98% of the theoretical 

density, measured using the Archimedes method.  

Thermo Scientific Lindberg/Blue M Mini-Mite tube furnaces were used in air to expose 

the rare earth telluride samples to oxidation. The samples were polished and placed into alumina 

boats in the furnace.  The following heating profile was used (as seen in Figure 2.1): starting at 

room temperature, the furnace temperature was increased to the max temperature of 500℃ at a 

rate of 1.5°/min. The temperature was held at 500℃ for 30 mins, then cooled down to room 

temperature ambiently. 

A Zeiss 1550 VP SEM was used to perform scanning electron microscopy (SEM) on the 

NdTe1.42 sample. Line scans were performed within 70µm on the front and back of the cross-

section of the sample to determine the levels of Nd, Te and O present. X-ray diffraction (XRD) 
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data was collected with a Phillips PANalytical X'Pert Pro diffractometer using Cu Kα radiation on 

sintered, compacted samples. Scans were performed from 10-70°2ϴ at a rate of 1°/min.  

An Instrument Specialists Inc. Thermal Gravimetric Analysis (TGA) was conducted at 

UCLA to measure the mass change with respect to temperature and time, thus helping us to 

understand the oxidation kinetics and mechanisms of the materials. The following heating profile 

was used (as seen in Figure 2.7): the system was purged with air for 30 minutes at room 

temperature to remove any residual argon from any previous runs; the air purge rate was 20 

ml/min. Then the furnace temperature was increased to the max temperature of 900°C at a rate of 

5°/min. The temperature was held at 900℃ for 30 mins, then cooled down to room temperature 

ambiently.  

2.3. Results and Discussion 

Tube furnace measurements were collected at JPL to determine the oxidation phases of 

RE3Te4. The compact samples were oxidized according to the following heating profile:  

Figure 2.1. Heating Profile for tube furnace experiments for RE3Te4 
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Four samples were heated in the initial experiment: PrTe1.33, LaTe1.33, NdTe1.33 and 

NdTe1.42. While the samples were initially densified and compacted, most of the samples 

decomposed into a powder state, as seen in Figure 2.2. 

 

Figure 2.2. Images of various samples before (top) and after (bottom) tube furnace heating profile 

completed 

All samples were characterized by XRD both before and after heat treatment, as seen in 

Figures 2.3 and 2.4. Both figures list the identified phases on the right next to the associated scan.  
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Figure 2.3. Pre (A) and Post (B) tube furnace heating XRD results of rare earth (RE) tellurides 

(RETe1.33) 

XRD results indicate that, at room temperature, the initial rare earth tellurides (RETe1.33) 

is the major phase observed. However, for NdTe1.33 and LaTe1.33, a minor oxide peak can be 

observed at 29°2ϴ. After the heat treatment, all of the samples completely decomposed into rare 

earth (RE) oxytellurides (RE2O2Te). However, as seen in Figure 2.2, NdTe1.42 retained its initial 

shape, while all of the other samples became less-compact powders. It is hypothesized that the 

samples lost their initial shape due to the coefficient of thermal expansion (CTE) mismatch 

between the initial rare earth tellurides and the rare earth oxytellurides.  
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Figure 2.4. Pre (A) and Post, including Front and Back (B) tube furnace heating XRD results of 

NdTe1.33 

XRD analysis of NdTe1.42 indicated that some of the initial stoichiometry was still present 

in the oxidized sample. Based on these results, the following was hypothesized: The surface of the 

NdTe1.42 sample, when exposed to air at higher temperatures, began to oxidize into Nd2O2Te. The 

sample would thus have two interfaces: the interface of Nd2O2Te and air, and the interface between 

the residual NdTe1.42 and Nd2O2Te. Because NdTe1.42 was still present in the sample, it was 

hypothesized that the Nd2O2Te served as a passivation layer, where some of the initial NdTe1.42 

was retained. An illustration of this is shown in Figure 2.5.  
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Figure 2.5. Hypothesized Nd2O2Te passivation layer formation from post-tube furnace heating of 

NdTe1.42. The cross-sectional area is shown by a black line 

To determine this, line scans were performed on the cross-section of the heated NdTe1.42 

sample via SEM analysis. Line scans that were conducted within 70 microns of the cross-section 

of NdTe1.42 showed no significant changes in Nd, O, or Te levels, as seen in Figure 2.6. This 

indicated that the sample was completely oxidized, but was still able to maintain its original shape. 

Thus, it is hypothesized that there is a minimal CTE (coefficient of thermal expansion) mismatch 

between NdTe1.42 and its oxytelluride (Nd2O2Te). 
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Figure 2.6. Respective Nd, Te and O levels for both the back (left) and front (right) of the cross-

section of NdTe1.42 

TGA experiments were conducted to determine the kinetics of the oxidation for the rare 

earth tellurides (RE3Te4). The following heating profile was utilized:  

Figure 2.7. Heating Profile for TGA experiments for rare earth tellurides (RE3Te4) 
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Weight gain as a function of temperature was analyzed for the following samples: La3Te4, 

Pr3Te4 and Nd3Te4, as seen in Figure 2.8. There were very distinct differences noted, especially 

during the initial heating steps; as the temperature increases, Pr3Te4 initially has the greatest change 

in slope, followed by La3Te4 and Nd3Te4. However, around approximately 425°C, La3Te4 has a 

drastic slope change, drastically increasing the weight gain until it reaches saturation around 

900°C. However, Nd3Te4 and Pr3Te4 do not see a drastic slope change until 440°C and 460°C. 

Because there are significant differences in weight gain across rare earth tellurides, this suggests 

that there are distinct differences in the oxidation kinetics and mechanisms across rare earths.  

Figure 2.8. Weight gain as a function of temperature for various rare earth tellurides from 300-

500°C (left) and from 25-900°C (right) 
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Table 2.1. Weight increase of RE3Te4 at various temperatures for various compositions 

Table 2.1 highlights specific temperatures (350°C, 475°C, and 575°C) where the weight 

increase, thus the slope of the weight gain, has significantly changed. This also emphasizes the 

distinctions in oxidation kinetics, because different rare earth tellurides exhibit different weight 

increases at different temperatures. 

To understand the differences in kinetics for these materials, it’s important to outline the 

mathematical description of rate laws. Rate laws are expressions that describe the relationship 

between the rate of a reaction and the amount of the reactants. Using the hydrolysis of 

acetylsalicylic acid as an example, we see that it breaks down into salicylic acid and acetic acid in 

Figure 2.9:7 

Figure 2.9. Hydrolysis of acetylsalicylic acid into salicylic acid and acetic acid 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
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Because the breakdown of acetylsalicylic acid and the formation of salicylic acid is 1:1, 

the following equation can be used to describe the rate kinetics of the reaction: 

where [A] is the concentration change of acetylsalicylic acid, [B] is the concentration of the 

salicylic acid formation, and Δt represents the change in time. This generalized equation was then 

applied to this research, where the decomposition of the rare earth telluride results in the formation 

of the rare earth oxytelluride. 

Based on the XRD results from the tube furnace experiments showing the presence of 

oxytelluride in the oxidized samples, we hypothesize Equation 2.2 for all RE3Te4 above 500°C, 

which corresponds to the following rate equation:  

 

In the balanced equation above, we see that rare earth tellurides, when exposed to oxygen, 

form the oxytelluride with some tellurium sublimation taking place as well. Thus, for the rate 

equation, the decomposition of the rare earth telluride corresponds to a weight gain via TGA 

analysis which is the weight of the formation of the oxytelluride.  

 

https://www.degreesymbol.net/
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The following equation highlights how the rate of the decomposition of the initial rare earth 

telluride corresponds to the rate of formation of the rare earth oxytelluride:  

Inputting values for La3Te4, Nd3Te4 and Pr3Te4 at 172.3 minutes into the experiment 

(which corresponds to 700°C), we were able to see the following differences in rate of formation 

of the oxytelluride in Table 2.2: 

 

Table 2.2. Rate of formation of rare earth oxytellurides at 700°C for various compositions 

According to the calculated values for the rate of formation of oxytellurides, there is a clear 

and distinct difference across the rate earths. Lanthanum oxytelluride rate of formation is 51% 

greater than praseodymium oxytelluride, and 61% greater than neodymium oxytelluride at 700°C.  

https://www.degreesymbol.net/
https://www.degreesymbol.net/
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Figure 2.10. Oxide formation rates as a function of temperature for various rare earth oxytellurides 

Because the oxidation rates change with respect to temperature, Figure 2.10 also highlights 

rate changes at significant temperatures. Up to 350°C, there is minimal oxide formation across all 

rare earth tellurides (RE3Te4). However, from 350°C to 375°C, rare earth oxytelluride formation 

begins. Pr2O2Te has the most significant formation rate at this temperature range, followed by 

La2O2Te and Nd2O2Te. However, from 475°C to 575°C, this pattern changes; La2O2Te now has 

the most significant formation rate, followed by Pr2O2Te and Nd2O2Te. Above 575°C, the same 

pattern emerges; however, La2O2Te formation becomes even greater compared to Pr2O2Te and 

Nd2O2Te. 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
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Figure 2.11. Oxidation formation rate change with respect to temperature for various rare earth 

tellurides 

Figure 2.11 highlights major differences in oxidation formation rate change. La2O2Te has 

a more drastic rate change over a larger temperature range, until it reaches saturation. In contrast, 

Pr2O2Te and Nd2O2Te have smaller rate changes that take place over the larger temperature range. 

While there are some drastic increases in rate change at specific temperatures, overall the oxidation 

formation rate change is smaller compared to La2O2Te.  
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In our case, there is difficulty in experimental identification of oxides without separation 

of the scale from the matrix: diffraction peaks of oxides overlap with matrix peaks, and further 

investigation with XPS is necessary to identify the oxidation mechanisms for other rare earth 

tellurides such as Pr3Te4 and Nd3Te4. However, from our kinetics data, we can conclude that there 

are noticeable differences in the rate of the reactions: La3Te4 oxidizes at higher temperatures at a 

faster rate compared to Nd3Te4 and Pr3Te4, which begin oxidizing at lower temperatures but overall 

have lower oxidation rates in comparison.  

Rate constant calculations were extrapolated from the oxide formation rate for three 

distinct temperature ranges: 375-400°C, 475-500C, and 575-600°C. The Arrhenius equation 

highlights the correlation between the rate constant, activation energy and temperature:  

where k is the rate constant, k0 is the pre-exponential factor, Ea is the activation energy, R is the 

gas constant and T is temperature.  

When rearranged to the slope-intercept form, we can utilize the follow equation to 

determine the apparent activation energy of different rare earth oxytellurides from the slope of the 

corresponding lines:  

https://www.degreesymbol.net/
https://www.degreesymbol.net/
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Figure 2.12. Arrhenius plots for various rare earth oxytellurides from 375-400°C 

 Figure 2.12 illustrates the Arrhenius plots for the corresponding rare earth oxytellurides 

from 375-400°C. It should be noted that a steeper slope corresponds to a larger activation energy. 

Figures 2.13 and 2.14 correspond to Arrhenius plots for 475-500C and 575-600°C respectively.  

Figure 2.13. Arrhenius plots for various rare earth oxytellurides from 475-500°C 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
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Figure 2.14. Arrhenius plots for various rare earth oxytellurides from 475-500°C 

These figures indicate that the slopes (thereby the apparent activation energies) for the 

formation of the rare earth oxytellurides is the largest, and most significant within the 475-500°C 

temperature range. The calculated apparent activation energies for each rare earth oxytelluride 

within each temperature range is shown in Table 2.3: 

Table 2.3. Activation energy (Ea) of rare earth oxytellurides at different temperature ranges 

https://www.degreesymbol.net/
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Understanding the differences in the apparent activation energies gives us better insight 

into periodic trends and clarifies the role of each rare earth in the oxidation process. Starting with 

the 375-400°C temperature range, we see that Pr2O2Te has the lowest barrier to formation 

(activation energy), and therefore is the most likely rare earth within this temperature range to 

begin oxidation. Nd2O2Te has the second-lowest activation energy, followed by La2O2Te; this 

thereby hints to a periodic trend and the influence of the rare earth on the activation energy.  

Within the 475-500°C temperature range, La2O2Te activation energy increases slightly; 

however, both Pr2O2Te and Nd2O2Te have comparatively higher barriers to formation. This 

indicates that La2O2Te is most likely to form within this temperature range compared to other rare 

earths. And within the 575-600°C temperature range, both Pr2O2Te and Nd2O2Te have a lower 

barrier to oxidation compared to other temperature ranges. However, La2O2Te activation energy 

has the most significant decrease, resulting in rapid oxidation formation. This helps to illustrate 

the significance of rare earths on the formation of rare earth oxides; moving across the lanthanide 

series, the general trend would indicate an increase in oxidation resistance. This could potentially 

be attributed to the contribution of f-electrons, which is discussed more extensively in Chapter 2.  

At high partial pressures of oxygen, Pr3Te4 and Nd3Te4 exhibit oxidation prior to La3Te4; 

this is mostly likely due to a lower activation energy for oxytelluride formation as was seen in the 

TGA results. However, it is proposed that once the praseodymium and neodymium oxytelluride 

phases form, they are more stable compared to lanthanum oxytelluride, which kinetically oxidizes 

the parent sample faster than other rare earths. The formation of the complex oxytelluride may 

enhance the semi-protective properties of the oxidized scale; however, the oxide layer is not stable 

enough to serve as a passivation layer. Still, a detailed mechanism of the scale formation remains 

to be elucidated and requires further study.  

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
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Further research into synchrotron XRD is necessary to determine the differences in lattice 

parameters of the rare earth tellurides, which would give insight into what intermediary phases 

were forming as a result of oxidation. Also, more isothermal studies would provide more 

quantitative analysis regarding reaction rate kinetics and the distinctions across rare earth tellurides 

due to periodic trends.  

2.4. Summary 

There is a distinctive difference in oxidation rates (and potentially mechanisms) for 

different rare earth tellurides (RE3Te4). Research indicates that rare earth tellurides experience 

similar oxidation mechanisms, but at distinct rates. Pr3Te4 and Nd3Te4 oxidize kinetically faster 

compared to La3Te4, which would suggest there is less time for the formation of intermediate 

phases. Future studies should explore high-temperature x-ray diffraction (HT XRD) measurements 

at fixed temperatures to understand the formation of intermediary phases and provide better insight 

into oxidation mechanisms. 
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Chapter 3: La(Pr)3-xTe4 Alloys 

3.1. Introduction 

The purpose of this study is to develop high-efficiency thermoelectric materials through 

low-temperature synthesis and thermoelectric characterization of systems such as La3-xPrxTe4. 

Previous research I conducted at NASA’s Jet Propulsion Laboratory focused on evaluating the 

thermoelectric performance of Pr3-xTe4.1 Heavy conduction bands in the band structure are 

typically favorable for acquiring a large Seebeck coefficient. The La3-xTe4 system possesses a 

sharp peak in the Density of States (DOS) near the Fermi level in the conduction band, as seen in 

Figure 3.1. La 5d and 4f states contribute to the peak at the conduction band; however, La lacks f 

electrons in the 4f shell. If f-orbital electrons are introduced into the system, Density Functional 

Theory (DFT) calculations predict that it would have a significant impact on the thermoelectric 

properties of the system by moving the peak density of states closer to the Fermi level. Since the 

Seebeck coefficient is defined as the 1st derivative of the DOS, a large change in the DOS at the 

band edge would lead to a larger Seebeck coefficient, which would significantly improve ZT. 

Praseodymium (Pr) has the capability to introduce f-orbitals into the La3-xTe4 system, thus 

potentially improving the Seebeck coefficient and enhancing ZT.1 

 



 

 

37 

 

Figure 3.1. Partial Density of States (PDOS) for La3Te4 (left) and Pr3Te4 (right)2 

Based on my research, peak ZT of 1.7 was achieved at 1200 K for the Pr3-xTe4 system, 

compared to the optimized ZT of 1.1 for La3-xTe4 (see Appendix A). The improvement in ZT 

resulted from the large increase in the Seebeck coefficient from the electronic states introduced by 

the 4f electron, as predicted from the computational modeling. Lower thermal conductivity, which 

results from a decreased lattice contribution, also resulted in the higher ZT value for the Pr3-xTe4 

system. 

My previous research has clearly demonstrated that the Pr3-xTe4 system has been shown to 

have significant impact on the Seebeck coefficient through the modification of the DOS. 

Therefore, alloying in the La3-xTe4 system with other rare earths (RE) such as Pr is a promising 

pursuit that could lead to even higher ZTs due to increased f-electron density and phonon scattering. 

Later rare earths have more f-electrons (and can therefore play a larger role in DOS); however, 
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they do not exist in the Th3P4 structure type.1 If we alloy within the La3-xPrxTe4 system, we can 

successfully synthesize this series and produce efficient thermoelectric materials. 

Figure 3.2. Density of States (DOS) for various La5RETe8 systems (Trinh Vo, to be published) 

Figure 3.2 showcases the density of states for La5RETe8 systems (RE = Ce, Nd, Gd and 

Yb). There are significant differences in the peak density of states when different rare earths are 

introduced to the La5RETe8 system. For instance, moving left to right across the lanthanide series 

(Ce → Nd → Gd → Yb), more f-electrons are being introduced in the system, leading to the peak 

density of states approaching the Fermi level. With La5GdTe8, however, the peak shifts to the 

valence band; with La5YbTe8 no significant peak is present either in the valence or conduction 

band.  
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Collaborators at JPL using Density Functional Theory calculations predict that if one La 

atom is substituted by one rare-earth atom of different f-configuration: Ce (4f1), Nd (4f3), Gd (4f7), 

and Yb (4f14), the sharp peak at the conduction band edge shifts from higher to lower energies as 

the number of f-electrons increases from 1 (Ce) to 3 (Nd) to 7 (Gd), as displayed in Figure 3.2. For 

Yb, which has a completely filled f-orbital, the peak shifts to the valence band. This highlights the 

importance f-electrons have with respect to the enhancement of thermoelectric properties. 

It is hypothesized that alloying in the La3-xPrxTe4 system will tune the DOS via f-electrons, 

which will help reduce thermal conductivity because of point defect phonon scattering. Strategies 

that introduce point defects have been used to enhance the thermoelectric performance of 

numerous metal chalcogenides, including PbTe and SnTe.3-4 Additionally, it will improve 

mechanical properties from solid solution strengthening. Solid-solution strengthening results from 

lattice strain interactions between impurity atoms and dislocations; these interactions produce a 

decrease in dislocation mobility, thus strengthening the alloy.5-7 This strengthening mechanism 

has been studied in various alloys such as Mg-X (X=Ga,Al, Er,Y) and Al-Ce-Mg.8-10 It is 

hypothesized that the hardness of the La3-xPrxTe4 alloys will increase with an increase in 

concentration of PrxTe4 that goes into the solid solution. Previous research has shown the crucial 

role of vacancies (x) on elastic and mechanical properties in RE3-xTe4, and highlights the unique, 

underappreciated, and poorly understood nature of mechanical properties in thermoelectric 

materials, which may vary considerably across a wide range of doping levels (see Appendix B). 
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3.2. Synthesis Methods 

All preparation steps will be performed in argon dry glove boxes (H2O < 1 ppm, O2 < 0.1 

ppm). Pr3Te4 and La3Te4 were prepared based on targeted stoichiometric compositions using the 

corresponding elements (La, 99%, metals basis, HEFA Rare Earth; Pr, 99%, metals basis, Stanford 

Advanced Materials; Te, 99.999%, 5N Plus). The elements were combined in a stainless-steel vial 

with ½’’ stainless steel balls. The sample was mechanochemically synthesized in a SPEX 80000 

mixer/mill (as seen in Figure 3.3) until a homogeneous powder was synthesized.11-13  

Figure 3.3. Fritsch Pulverisette P-5 four station ball mill (far left) and SPEX 80000 mixer/mill (far 

right) 
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Mechanochemical reactions are conducted through the transfer of mechanical energy to the 

reactants by high-energy collisions of the milling balls. During this process, the milling vials are 

secured in the clamp and swung energetically back and forth for multiple hours. The shaking 

motion is combined with lateral movements so that the amplitude (about 5 cm) and speed (about 

1200 rpm) of the clamp motion results in high ball velocities, thus synthesizing the target 

compounds.12 

Powders for the end members (Pr3Te4 and La3Te4) were synthesized first, and then they 

were milled together stoichiometrically to produce the alloys. The following weight percentages 

were synthesized and characterized to better understand the La3-xPrxTe4 system: 5%, 10%, 25%, 

35%, 40%, 50%, and 75%.  The powder was then loaded into 12.7 mm graphite dies and compacted 

using spark plasma sintering (SPS) at a pressure of 80 MPa and at temperatures above 1,200°C for 

30 min under vacuum.14-16 

Spark Plasma Sintering (SPS) is a process where diffusional mass transport leads to 

bonding between particles and the formation of dense bulk materials. It is a low-voltage, direct 

current, pulsed current-activated pressure technique. During sintering, external pressure and an 

electric field are applied simultaneously to enhance the densification of the powder compacts. The 

pulsed direct current is allowed to pass through the conductive graphite die and sample, producing 

an electric field. Thus, the powders undergo Joule heating and plastic deformation effects, allowing 

high relative densities in a relatively short time while undergoing uniaxial pressure inside a 

vacuum chamber.15 The sintered, compacted samples had densities greater than 98% of the 

theoretical density, measured using the Archimedes method. 
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Figure 3.4. A Schematic of the SPS Process14 

The schematic of the SPS process is highlighted in Figure 3.4. Multiple components are 

required for SPS equipment to function, including the furnace pressing chamber and power supply 

for the furnace as shown in Figure 3.5. 
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Figure 3.5. Thermal Technology LLC SPS 10-4 Advanced Technology furnace power supply (far 

left) and furnace pressing chamber (far right) 

Other components that are essential to the function of the SPS instrument include the 

following: vacuum pumping system for evacuating the chamber and attaining a minimum of 5x10-

2 mbar (preferably 10-4), and a hydraulically controlled pressing system with adequately cooled 

rams to withstand the sintering temperature in the graphite die. The pressing cylinder was 

monitored manually through programmable software to ensure instantaneous levels of applied 
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force matched desired values. Water circulation systems are required to ensure the power feeder 

and electronics should have adequate water and air cooling for safe operation of equipment. Gas 

inlet systems purge the air from the chamber to pull a vacuum level required to begin the sintering 

process. The control console included temperature measurement tools to monitor the temperature 

of the graphite die compared to the programmed heating profile.  

Back-scattered electron (BSE) scanning electron microscopy (SEM) was performed using 

a Zeiss 1550 VP SEM to observe phase homogeneity of the end members and alloys. X-ray 

diffraction (XRD) data was collected with a Phillips PANalytical X'Pert Pro diffractometer using 

Cu Kα radiation on sintered, compacted samples. Scans were performed from 10-70°2ϴ at a rate 

of 1°/min. Rietveld refinements were utilized to determine the composition of the samples through 

refinement of the rare-earth occupancies. Rietveld refinement was performed using the GSAS-II 

crystallographic data analysis software.17-18  
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Figure 3.6. Phillips PANalytical X'Pert Pro diffractometer (right) and corresponding computer 

with HighScore Pro Analysis Software (left) 

Structural data for the cubic phase with space group I4̅3d from Mitarov et al. was used for 

refinement.19 In order to perform a stable refinement of the La occupancy, the occupancy on the 

Te position was held at 100% as no vacancies were expected. 

A custom-built combined 4-point probe and Hall effect system was used to measure the 

electrical resistivity and Hall voltage using the Van der Pauw method.20 Current between two 

adjacent probes on the sample edge induces a voltage between two additional probes on the edge 

of the sample, which is in the shape of a circular disk. Due to symmetry, reversing the polarity of 

both the voltmeter and current source results in the same resistance.21-22 The Hall coefficient is a 

calculation of the induced Hall voltage orthogonal to both an electric and magnetic field. From the 

electrical resistivity and Hall voltage, carrier concentration and mobility are calculated as well.23  
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There are primary components that are essential to the function of the Hall instrument, 

include the following: 1 Tesla electromagnet, which allows for more space perpendicular to the 

magnetic field but a smaller pole gap for a higher magnetic field, and a vacuum vessel (minimum 

5x10-3 mbar) with radiation shielding to minimize heat flow from the sample to the vessel. 

Resistive heaters surrounding the sample reach a maximum temperature of 1000°C. Typical 

experiments run the following heating profile: ramping from room temperature to 1000°C at a rate 

of 120℃/hour and cooling back to room temperature. Thermocouples, which control the heater 

response and accurately measure the sample temperature, are next to the sample that is attached to 

the stage. The dual-stage sample holder is composed of refractory metal bolts used to hold thick 

alumina plates together, thus doubling system throughput. The connections to the sample are made 

with four pressure contacts (aka four probes) connected by screws and posts to press against the 

top edges of the sample. 1.0-1.5 mm Molybdenum thin rods are utilized due to their flexibility and 

inert, non-magnetic qualities.  
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Figure 3.7. In-house Hall effect instrument with 1 Tesla magnet and vacuum control valves (right) 

The Seebeck coefficient was measured using a custom-fabricated instrument.24-25 In this 

high-temperature (~1700℃) apparatus, small thermal gradients are induced in the sample by light 

pulses transmitted via light pipes. In this apparatus, three IC instrumentation amplifiers are used 

to measure Seebeck voltage (dV) generated in the sample in response to the temperature gradient 

(dT). The outputs are plotted, and the slope is directly proportional to the Seebeck coefficient (see 

Figure 3.8).  
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Figure 3.8. Plot of the least square fit of the difference in the voltage output from the amplifiers 

(dV) vs. the temperature gradient of the sample (dT) (bottom middle), and the corresponding 

Seebeck coefficient measurement data (top right)  

Figure 3.9 highlights the outer insulation and the schematic diagram of the Seebeck 

coefficient apparatus. To measure the Seebeck voltage, the sample is placed between two sapphire 

disks. The W and Nb thermocouple wires are threaded through holes drilled in the sapphire disks, 

with the Nb wire directly contacting the sample. The sample and disks were pressed between two 

light pipes, with holes to accommodate the thermocouples wires on the light source side to deflect 

the light and shield the thermocouple junctions. The four furnace heater elements are fabricated 

from solid graphite plates and placed by heavy copper blocks outside the heater housing. The 
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heater housing is made of copper plates with water cooling tubes soldered to the outside walls. 

The graphite heater supply is a 150V dc 70-A Sorensen power supply with 280V ac three-phase 

50-A input. The furnace brings a sample to a programmed temperature, where a small amount of 

current is applied through a resistor network. Two pulse lamps establish the hot and cold sides; the 

temperature of the hot side increases while the cold side decreases, so that the average temperature 

remains the same.26  

Figure 3.9. In-house Seebeck instrument, including outside (left) and inside schematic (right) 

Thermal diffusivity was measured using a commercial Netzsch LFA 457 MicroFlash® 

system seen in Figure 3.10.27-28 The measurement principle is as follows - the front side of a plane-

parallel sample is heated by a short laser pulse. The absorbed heat induced propagates through the 

sample and causes a temperature increase on the rear surface. The temperature increase is 
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measured versus time using an infrared detector. The thermal diffusivity and the specific heat can 

be ascertained using the measured signal. If the density is known, the thermal conductivity can be 

determined by the following equation:  

 

where k is the thermal conductivity, D is the thermal diffusivity, Cp is the specific heat 

capacity, and d is the sample density.  

Short distances between the light source, sample and detector yield an excellent signal-to-

noise ratio and allows for easy operation and sample change. There are many primary components 

that are essential to the function of the Hall instrument, include the following: The Nd: Glass laser 

has power output that is controlled by the software (18 J maximum pulse, 0.3 ms pulse length); an 

integrated laser beam enlargement system allows for homogeneous heating of samples between 6 

and 25 mm in width. The forced-air cooled high temperature furnace allows measurements up to 

1100℃, and is moved with a motorized hoist. A highly sensitive Indium Antimonide detector is 

used for high temperature measurements, and the automated sample changer allows for 

measurement of up to three samples at a time.29-30  

Errors in electrical resistivity, Seebeck, and thermal conductivity were found to be 

approximately 5%, 20%, and 10%, respectively. The measured properties of the samples were not 

found to change with repeated thermal cycling, indicating high stability for the rare-earth 

vacancies. 
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Figure 3.10. Netzsch LFA 457 MicroFlash thermal diffusivity instrument, including outside (left) 

and inside schematic (right) 

A Nanoindenter, also at UCLA, was utilized to collect hardness measurements. The 

following method was used: Continuous stiffness method (CSM) with standard hardness, modulus 

and indenter tip calibration. The surface depth limit and strain rate were set to 2000nm and 0.05 

respectively.31 This approach can be used to derive elastic modulus and hardness by using stiffness 

and the load-and-unload curve measured by the CSM. Stiffness can be related to indentation force 

and depth, and the loading curve gradient is the gradient of the change in force and the square of 

the displacement. Shear and longitudinal moduli measurements using an ultrasound with a 
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customized measurement method were conducted at JPL (in collaboration with Dr. Douglas 

Hofmann) to assist with further mechanical analysis.32 This method used reflection mode, in which 

the transducer performed the sending and receiving of the ultrasonic pulsed waves, and times taken 

for the waves to propagate through the samples were recorded. 

3.3. Compositional and Structural Analysis for La3-xPrxTe4 

Rietveld refinement analysis was performed to determine the success of alloying Pr 

atoms within the La3-xTe4 matrix and to calculate the differences in lattice parameters across the 

alloy. The diffraction pattern for the 5% La3-xPrxTe4 sample is representative of the other 

samples, as shown in Figure 3.11. 

Figure 3.11. Rietveld refinement for 5% La3-xPrxTe4 sample with the calculated pattern, 

difference curve, and observed peaks are shown (indicated by green and light blue lines and blue 

check marks respectively) 
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To determine the lattice parameters, the deviation in diffraction angle from the theoretical 

Bragg position was studied; it has been previously shown that the fitting accuracy of lattice 

parameters is directly related to the well producibility of the peak shift.33 The calculated lattice 

parameter for the 5% La3-xPrxTe4 alloy was 9.61 Å, which is slightly smaller than the lattice for 

La3Te4 (9.71 Å). As mentioned previously, to perform a stable refinement of the La occupancy, 

the occupancy on the Te position was held at 100% as no vacancies were expected. The 

determination of site-occupancy data for binary compounds by Rietveld refinement is a well-

established procedure, and is thoroughly explained in literature.34 This indicates an La occupancy 

of around 90.7%, which is slightly lower than expected but may be due to the refinement not 

accounting for the oxide phase present. To quantitatively evaluate the best fit of the data, the 

most well-accepted factors are the weighted-profile Rwp, which establishes the criterion of fit for 

the refinement, and goodness-of-fit, S, which is another useful reliability factor. Traditionally, 

lower Rwp and S values indicate a reliable fit.  For all of the samples, the Rwp and S values were 

between 0.650-0.893% and 1.3-2.2 respectively, thus highlighting satisfactory fits. No secondary 

or oxide phases were detected, and the patterns correlate well with the parent La3Te4 and Pr3Te4 

compounds.  

Phase homogeneity of the samples was further verified by the use of backscattered 

electron (BSE) SEM on samples consolidated by SPS. Micrographs for all samples are shown in 

Figure 3.12. These images were typical of all samples and the uniform contrast reflects the phase 

homogeneity of the compounds. The dark areas in Figure 3.11 stem from trace amounts of 

residual porosity in the samples and the porosity was calculated to be between 2-5% using 

ImageJ analysis. 
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Figure 3.12. BSE SEM images of homogeneous La3-xPrxTe4 compacts. The dark regions are 

from residual porosity in the samples 

3.4. Thermoelectric Properties of La3-xPrxTe4 

 

Figure 3.13 showcases the resistivity measurements for the alloys as a function of 

temperature and composition. The end members (La3Te4 and Pr3Te4) have very similar resistivity 

measurements, and the alloys represent a range in resistivity. Generally, resistivity decreases up 

to 25%, then it increases; however, all of the resistivity measurements are within a very similar 

range.  
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Figure 3.13. Resistivity of La3-xPrxTe4 as a function of temperature (top) and composition 

(bottom) 
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Figure 3.14. Seebeck coefficient of La3-xPrxTe4 as a function of temperature (top) and 

composition (bottom) 
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Figure 3.14 showcases the Seebeck measurements for the alloys. It’s important to note 

the similarities in trends between resistivity and Seebeck; in this case, both of the end members 

have similar values once again, and the alloys display a range of values within that. Once again, 

there is a general decrease in Seebeck up to 25%, then an increase.  

I believe that this trend of decreasing and increasing seen with the electronic properties 

can be attributed to alloy scattering. Alloy scattering refers to a random distribution of different 

atoms on the same lattice site resulting in a reduction of mobility.35 This effect can even be seen 

with small percentages of substitution, then ultimately increases and reaches saturation at the end 

members (see example in figure 3.15).36 This figure serves as an example of how drift mobility is 

affected by alloying, which is also taking place with the La3-xPrxTe4 system.  

 

Figure 3.15. Drift mobility at 800K for (PbTe)1-x(PbSe)x solid solutions 
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In the simple free electron (single parabolic band) Drude-Sommerfeld model, the 

weighted mobility is the drift mobility weighted by the density of states 𝑔 ∞(𝑚∗)3/2 : 

Where g is the density of states, μw is weighted mobility, μ is drift mobility, ms
* is the density of 

states effective mass and me is the effective mass of an electron.  

 Drift mobility is the simple degenerate limit of the Drude-Sommerfeld model, and thus, 

drift mobility decreases with charge carrier concentration. The weighted mobility, however, is 

considered a non-degenerate value for mobility and does not change for samples with different 

doping. Analysis of the weighted mobility can elucidate the electronic structure and scattering 

mechanisms in materials and is particularly helpful in understanding and optimizing 

thermoelectric materials.37  

 The weighted mobility can be calculated from Seebeck and resistivity measurements 

using the following equation:  

Here 𝜌 is the electrical resistivity, T is the absolute temperature, S is the Seebeck coefficient, and 

kB/e =86.3 µV/K.   
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Figure 3.16. Weighted mobility of La3-xPrxTe4 as a function of temperature (top) and 

composition (bottom) 
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Weighted mobility can be used to identify charge transport mechanisms by examining the 

temperature dependence.38 Overall there is a reduction in weighted mobility for the system with 

respect to temperature. Across the compositions, there are distinct differences in weighted 

mobility at lower temperatures across doping levels, but at higher temperatures the weighted 

mobilities are similar (see Figure 3.16). 

It is expected that weighted mobility will decrease with temperature due to increased 

phonon scattering.37 Weighted mobility can be used to compare experimental properties of 

materials to decide if different properties are due to differences in doping, electronic structure or 

scattering. Ideal materials that follow the single parabolic band model with a single parabolic 

band will have a weighted mobility that does not change with doping; any differences could be a 

sign of complexity in the band structure or scattering, such as non-parabolic bands or multiple 

bands.38  

This reduction in weighted mobility gives insight about the band structure of the alloys; 

there is a slight increase in mobility with alloy concentrations below 25%, so those alloys could 

potentially be activating another band. This discussion of weighted mobility relies on single 

parabolic band and scattering assumptions; if these alloys diverge from this model, that would 

imply another band (or potentially multiple bands) within the band structure are being activated.  

It is extremely important to investigate whether the weighted mobility of the alloys 

(which for the sake of simplicity is primarily assessed with Seebeck data) strays from the single 

parabolic band model. To accomplish this, the sample with the greatest weighted mobility 

deviation (10% alloy) was plotted against the Atiyah-Patodi-Singer (APS) boundary condition, 

as shown in Figure 3.17. This model was produced in collaboration with Max Wood’s Seebeck 

data analysis website.39 
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Figure 3.17. La3-xPrxTe4 10% alloy plotted against the Atiyah-Patodi-Singer (APS) boundary 

condition for band structures 

The Atiyah-Patodi-Singer (APS) model is a specific energy-band condition that we’re 

applying to the Fermi-Dirac distribution.40 It gives insight into the band edge states and requires 

that eigenvalues evaluated on the boundary should belong to the subspace of eigenvalues 

associated with positive or negative eigenvalues for the boundary operator.41-42 To simplify, if 
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the following equation provides a solution, there exists an edge state satisfying the APS 

boundary condition, and the solution therefore satisfies the single parabolic band model:43  

Here, (E,t) denotes the parameter pair belonging to the domain defined by |Ej|<|t|. These 

parameters are defined by Cartesian coordinates and eigenvalue equations that are extensive and 

beyond the scope of this work.  

Based on the APS boundary condition, which corresponds to the single parabolic band 

model, theoretical Seebeck values as a function of temperature were evaluated against the 

experimental Seebeck values for the La3-xPrxTe4 10% alloy. Because we see a good correlation 

between the experimental data and the boundary condition, it can be concluded that the La3-

xPrxTe4 alloys correspond well to the single parabolic band model and have no indications of 

complexity in the band structure or scattering.  

The thermal conductivity of the alloys was calculated by multiplying the measured 

thermal diffusivity of the alloys, the density of the alloys determined by the Archimedes method, 

and the adjusted heat capacity of the alloys as shown in the following equation:  

This equation correlates to the rule of mixtures, wherein the alloy properties are 

proportional to the starting material (in this case, La3Te4).  



 

 

63 

 

Figure 3.18. Thermal conductivity of La3-xPrxTe4 as a function of temperature (top) and 

composition (bottom) 
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Figure 3.19. ZT of La3-xPrxTe4 as a function of temperature (top) and composition (bottom) 
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Thermal conductivity (shown in Figure 3.18) calculated according to the rule of mixtures 

shows an increase in thermal conductivity up to 25%, then decreases. Taking into consideration 

all of the electronic and thermal properties, ZT for this alloy system was calculated (Figure 3.19). 

According to the calculated ZT measurements, the end members Pr3Te4 and La3Te4 represent the 

highest and lowest average ZT values respectively. The ZT values for the alloys reside in 

between the two, with no discernible trend noted. These results correlate with the scientific 

understanding of the rule of mixtures, in which the properties of the alloys lie between the two 

starting materials (La3Te4 and Pr3Te4).  

Part of our hypothesis included seeing improvements in mechanical properties as a result 

of solid solution strengthening, in which lattice strain produces a reduction in dislocation 

mobility, which is hypothesized to strengthen the alloys.5-7  

Figure 3.20. Shear and longitudinal moduli as a function of composition 
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Shear and longitudinal moduli were collected via ultrasound testing, a non-destructive 

testing technique to determine the propagation of ultrasonic waves in the alloys. These 

measurements help to qualitatively determine the dislocation density of the materials, as it has 

been shown that dislocations interact with sound waves.44 Intuitively, a higher dislocation 

density would lead to lower dislocation mobility and therefore indicate an increase in the 

hardness of the material.45 The times taken for the waves to propagate through the samples in 

both directions (shear and longitudinal) are recorded in Figure 3.20. There is no discernible trend 

across the alloys; however, there is a 50% decrease in both shear and longitudinal moduli from 

La3Te4 to the La3-xPrxTe4 5% sample, which then increases again with the 10% sample and 

decreases again with the 25% sample. These differences in ultrasound measurements are 

indicative of differences in dislocation density; the longer shear and longitudinal times would 

indicate that these sound waves are being scattered by dislocations, thus indicating that these are 

relatively harder materials. Conversely, materials with shorter shear and longitudinal times have 

lower dislocation densities, and are therefore relatively less hard materials.  

Shear and Longitudinal modulus measurements correlate to the speed of sound, which 

related to thermal conductivity as shown in the following equation: 

where thermal conductivity (λ) is related to a constant (L), speed of sound (u) as well as the 

molar heat capacity (Cp) and density (ρ).15 With this correlation, we see there is a similar trend 

between the shear and longitudinal moduli and the measured thermal conductivity (see Figure 

3.21).  
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As we increase the percentage of Praseodymium within the La3Te4 matrix, there is a 

drastic decrease with the La3-xPrxTe4 5% sample, followed by an increase with the 10% alloy in 

shear and longitudinal moduli and thermal conductivity, followed by another decrease with the 

25% sample with another small change in slope, resulting in a much smaller increase past 50%. 

Note that the thermal conductivity is composed not only of the molar heat capacity and density, 

but also the thermal diffusivity; this can account for the small variations noted with the trends 

(especially around the 10% and 25% samples).  

Figure 3.21. Shear and longitudinal moduli and thermal conductivity as a function of 

composition 

Hardness measurements were also collected via a nanoindenter to detect any significant 

changes across the alloy. As previously stated, a reduction in dislocation mobility is 

hypothesized to strengthen the alloys; the ultrasound measurements gave insight into dislocation 
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density for each alloy and the end members. Results indicate that samples with higher shear and 

longitudinal moduli are due to sound wave scattering by dislocations (aka higher dislocation 

density), and thus lower dislocation mobility, resulting in relatively greater hardness for those 

materials. The measured hardness values are shown in Figure 3.22. Due to the margin of error 

associated with these measurements, no significant differences in hardness can be concluded. 

However, further analysis of mechanical properties of rare earth tellurides are shown in 

Appendix B. 

Figure 3.22. Hardness measurements of La3-xPrxTe4 as a function of composition 

Results indicate that there are distinctive differences in electronic properties across the 

alloys, whereas there is a minimal change in thermal conductivity with respect to the end 

members. This may be due to the La3-xPrxTe4 system reaching a “glassy limit”. This implies that 

the diffusion-mediated thermal transport, also known as the minimal thermal conductivity within 
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a system, has already been achieved, and alloying within the system does not provide any added 

benefits. Vast improvements in thermoelectric materials have been accomplished by approaching 

the minimal thermal conductivity for the systems, primarily through alloying.46-47 Other 

techniques, such as band convergence and phonon scattering, have produced a similar effect.48-49  

 To verify this claim, the minimal thermal conductivity was calculated using the following 

equation:50  

 

Here, kdiff corresponds to the limit of entirely diffusive (diffusion mediated) thermal transport,kB 

corresponds to the Boltzmann constant, and vT and vL corresponds to the transverse and 

longitudinal moduli respectively. n refers to the density of atoms and is calculated by the 

following equation:  

The calculated room-temperature kdiff  and the experimental thermal conductivity values are 

compared in Figure 3.23.  
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Figure 3.23. Comparison of calculated room-temperature minimal thermal conductivity (kdiff) 

and experimental thermal conductivity values (at room temperature) 

There is a close correlation between the calculated minimal thermal conductivity and the 

experimental thermal conductivity values at room temperature. This illustrates that the “glassy 

limit” of the alloys has been achieved, and alloying within the system does not provide additional 

benefits in terms of reducing the thermal conductivity. However, this research illustrates that 

customization of thermoelectric properties can be achieved by tuning the doping levels within 

the La3-xPrxTe4 system.    
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3.5. Summary 

Significant advancements in our comprehension of rare earth alloys and their effect on 

electronic and mechanical properties have been achieved through this research. It was 

hypothesized that alloying in the La3-xPrxTe4 system would tune the DOS via f-electrons, which 

will help reduce thermal conductivity because of point defect scattering. Indeed, there are 

significant differences in electronic properties across the alloys. Also, the rule of mixtures was 

scientifically proven due to the alloy thermoelectric properties residing between the properties of 

the end members. It was also hypothesized that alloying would improve mechanical properties 

via solid solution strengthening. Ultrasound measurements were successfully utilized to 

qualitatively determine the correlation between dislocation density and dislocation mobility, as 

well as their relation to material hardness. Hardness measurements indicate that the end members 

and the alloys all have similar hardness values within error.   
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Chapter 4: PrTe1.46-Ni Composites 

4.1. Introduction 

  

The phenomenon of direct conversion of a temperature difference to electric potential 

(Seebeck effect) or the electric potential to a temperature difference (Peltier effect) is known as 

the thermoelectric effect, and the thermoelectric efficiency of a material, as previously mentioned, 

is given by its dimensionless figure of merit (zT) value which can be expressed via the following 

equation:  

where S is the Seebeck coefficient must increase and the electrical resistivity and thermal 

conductivity must decrease to improve the efficiency of these materials. However, due to the 

interdependent nature of these properties, it is challenging to change one property favorably.  

Extensive work has been performed in this field to achieve the “phonon-glass, electron crystal” 

phenomenon by exploring the ways to maintain low thermal conductivity at large electrical 

conductivities.1 One way to circumvent this issue is to fabricate composite materials; these  consist 

of bulk materials into which nanostructured features have been incorporated. In nano-

thermoelectrics, the interconnected physical properties of Seebeck, electrical and thermal 

conductivity can be decoupled, thus achieving improved ZT values.2  

 

Various approaches have been explored to enhance the thermoelectric efficiency by 

incorporating nanoparticles into the microstructure and improving grain refinements. The concept 
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of bulk nanocomposite thermoelectrics evolved as a result of combining the ideas of improved 

bulk and low-dimensional thermoelectric materials and, therefore, retain the superior 

characteristics of both of these counterparts that results in enhanced efficiency.  

As mentioned in the previous chapter, alloying is the classical way to lower thermal 

conductivity in semiconductors; it can have a significant effect on reducing thermal conductivity 

while maintaining good charge carrier mobility. However, as seen in my research, there is a lower 

limit in terms of reducing thermal conductivity, which ultimately restricts ZT enhancements. 

Introducing nanoparticles of a different compound into a thermoelectric bulk matrix material can 

be a very efficient way to decouple thermoelectric properties. The nanoparticles create additional 

scattering centers to selectively scatter mid and long wavelength phonons, resulting in a reduction 

in thermal conductivity.3 As the nanostructures also scatter charge carriers, any benefit from the 

nanostructuring can be obtained only if the mean free path (MFP) of phonons is considerably 

reduced to a greater extent in comparison to the MFP of charge carriers.2-4 The metal nanoparticle 

islands act as barriers and obstruct the movement of low-energy electrons through the 

thermoelectric host material. Only electrons with adequate energy are therefore able to pass 

through the matrix/inclusion interface, which can facilitate the increase in Seebeck coefficient by 

lowering thermal conductivity. Table 4.1 compares the maximum ZT values for bulk versus 

nanostructured materials.5  

The efficiency of the nanoparticle introduced into the matrix is based on a variety of factors 

which will be further explained, including the following: choice of nanoparticle, nanoparticle 

diameter, dimensions and volume percentage. 
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Choice of nanoparticle is an essential component of improving ZT, since poor choice could 

introduce high electrical resistance due to lattice mismatch and potential barriers at the interface 

between the nanoparticles and the bulk matrix material. It’s also important to choose a nanoparticle 

such that the difference in atomic mass and bond stiffness to the matrix is significant, since these 

two parameters improve scattering. Soostman et al. noted that InSb-containing samples, which 

have the largest atomic mass difference with the PbTe matrix, exhibit the lowest lattice thermal 

conductivity, ∼45% lower than pristine PbTe at room temperature.6 

Table 4.1. Comparison of maximum ZT values for bulk and nanostructured materials5 

Nanoparticle diameter is another important parameter to consider. Characteristics of 

phonon scattering can be treated similar to scattering of electromagnetic waves on spherical 

particles, and can thus fall into two different regimes depending on the particle size and phonon 

wavelength.  
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This is described by the following equation:  

where q is the wave vector, R is the particle radius, and 𝜒 is the size parameter. In the lower 

limit (aka the Rayleigh regime, 𝜒 << 1), then scattering is primarily affected by the differences in 

atomic mass and bond stiffness as mentioned previously.  

For higher values of the size parameter (𝜒 >> 1), scattering is mainly affected by the 

particle diameter. Dean Cheikh’s dissertation focused on the effect of LaTe1.46-Ni composites with 

larger and smaller nickel inclusions. At an equivalent volume fraction, larger nickel particle sizes 

were found to decrease the thermal conductivity while leaving the power factor unaffected. This 

resulted in ZT values which were similar to the starting baseline composite used in this study. 

Composites made with smaller Ni particle size were found to increase resistivity and Seebeck 

coefficient, while also resulting in a decreased thermal conductivity.7 Thermoelectric properties 

for LaTe1.46-Ni composites are shown in Figure 4.1. 

Nanocomposite dimensionality is another important parameter that has been shown to 

control Seebeck coefficient and electrical conductivity independently via quantum confinement, 

improving the density of states (DOS) near Fermi level, leading to the increment of power factor.8 

For example, the low-dimensional morphology and hollow structure bismuth telluride (Bi2Te3) 

nanotubes resulted in a 30% decrease in thermal conductivity with the electrical conductivity much 

less affected and thus to an increase in the figure of merit of the Bi2Te3-based material.9 
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Figure 4.1. Thermoelectric properties of LaTe1.46-Ni composites ranging in nanoparticle sizes (a) 

electrical resistivity, (b) Seebeck coefficient, (c) total thermal conductivity, and (d) dimensionless 

figure of merit7 

The effect of volume percentages on nanoparticle thermoelectric performance has also 

been extensively studied, and the thermoelectric properties of  LaTe1.46-Ni composites ranging 

from 0-20 vol% is shown in Figure 4.2.7,10 The electrical resistivities of the composites remain 

invariant up to 10 vol% Ni, after which it decreases (Figure 4.2(a)). The Seebeck coefficients of 

the composites remain unchanged until above 15 vol% loading (Figure 4.2(b)). However, the 

thermal conductivity begins to increase in composites with Ni loadings greater than 5 vol% (Figure 

4.2(c)). As a result, the ZT of the LaTe1.46-Ni composites remain at approximately 1.2 until the Ni 

loading fraction is increased above 15 vol% (Figure 4.2(d)). 
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Figure 4.2. Thermoelectric properties of LaTe1.46-Ni composites ranging from 0-20 vol%. (a) 

electrical resistivity, (b) Seebeck coefficient, (c) total thermal conductivity, and (d) dimensionless 

figure of merit7, 10 

In this instance, no significant increase in ZT was observed; however, a consistent decrease 

in electrical resistivity is observed with an increase in Ni volume percentage. The primary 

mechanism responsible for the decrease in electrical resistivity has been referred to as “composite-

assisted funneling of electrons (CAFE)” where the decrease is a result of the formation of low 

resistance pathways formed by the Ni inclusions.11-15 Because the thermal conductivity of Ni is 

significantly greater than the LaTe1.46 matrix, the Ni particles act as a thermal shunt, thus 

decreasing the temperature gradient across the inclusions. 

In Chapter 3, we discussed the improvements in the Pr3Te4 system compared to La3Te4 due 

to the contribution of the f-electrons, resulting in the density of states moving closer to the Fermi 

level, thus improving the Seebeck coefficient and enhancing zT. However, Ni composites within 
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the PrTe1.46 have not been previously investigated; thus, this research will discern how the CAFE 

effect exhibits itself within a PrTe1.46 matrix. It is hypothesized that a slight increase in the CAFE 

effect will take place, where there is a slightly greater decrease in electrical resistivity compared 

to LaTe1.46-Ni composites.  

 

4.2. Experimental 

 

In this study, Praseodymium Telluride was made using a previously reported 

mechanochemical synthetic procedure with a stoichiometry of PrTe1.46 for optimal thermoelectric 

properties. All manipulations of the starting elements and synthesized powders were handled in an 

Ar-filled glovebox (H2O < 1 ppm, O2 < 0.1 ppm). Elemental Pr (99.9%, metals basis, HEFA Rare 

Earth) was combined with Te (99.999%, 5N Plus) and sealed under argon in a stainless steel vial 

with stainless steel balls. The vial was then placed in a ball mill and milled until a homogeneous 

PrTe1.46 powder was synthesized. The same batch of PrTe1.46 parent powder was used for all 

composites to ensure a constant carrier concentration in the matrix. Ni powders were procured 

from Alfa Aesar with the following particle sizes: 2.2-3 μm (99.9%, metals basis). The following 

volume fractions of Ni powder were then milled for 30 minutes with the PrTe1.46 powder to 

disperse homogeneously the Ni particles: 5%, 10%, 15%. The blended powder was loaded into a 

12.7 mm graphite die and the powders were compacted through spark plasma sintering (SPS) at 

temperatures above 1200 °C. 

The sintered compacts had densities greater than 98% of the theoretical density, measured 

using the Archimedes method. Back-scattered electron (BSE) SEM was performed on the 

composites after sintering to observe the differences in the Ni microstructures, using the same 

experimental conditions as discussed in previous chapters. The volume fractions of the nickel 

inclusions were calculated using ImageJ analysis software on the SEM micrographs. Temperature-
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dependent electrical resistivity was measured using a combined 4-point probe/Hall effect system. 

The high-temperature Seebeck coefficient was measured using a custom-fabricated system. 

Thermal diffusivity measurements were carried out using a commercial Netzsch LFA 457 laser 

flash analysis system. Extensive discussions of the instrumentation used to collect the experimental 

data for thermoelectric properties were presented in the previous chapter. 

 

4.3. Results and Discussion 

 

BSE SEM micrographs were collected for milled and pressed PrTe1.46-Ni composites with 

as-received Ni powders (2.2-3 μm). Upon analyzing the microstructure of the composites, it was 

noted that there was no observable reaction between the nickel particles and the PrTe1.46 matrix. 

The light regions in the images are the PrTe1.46 matrix and the dark regions correspond to the Ni 

inclusions. This contrast is expected due to both Pr and Te having higher atomic numbers (Z) than 

Ni, which would make them appear brighter in BSE mode. Milling the samples helped to more 

evenly distribute the particles within the matrices across all volume percentages.  

Figure 4.3. BSE SEM micrographs of 2.2-3 µm composites for milled samples at various volume 

fractions 
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  In Table 4.2, Ni inclusion percentage via area coverage was calculated from SEM 

micrographs using ImageJ analysis, which match well with the nominal Ni fractions of 5, 10 and 

15 vol% respectively. 

Table 4.2. Ni inclusion percentage calculated from SEM micrographs using ImageJ analysis. The 

values match well with the nominal Ni volume fractions 
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Figure 4.4. Temperature-dependent resistivity for PrTe1.46-Ni composites made with the as-

received 2.2-3 µm Ni powders 

Figure 4.4 illustrates resistivity as a function of temperature for the PrTe1.46-Ni composites. 

For the PrTe1.46 parent batch as well as the PrTe1.46-Ni composites, resistivity increases with 

temperature. This trend is expected based on a fundamental understanding of resistivity. 

Resistivity of metals and alloys is the sum of the contributions from thermal vibrations (𝜌t), 

impurities (𝜌i) and plastic deformation (𝜌d) - that is, scattering mechanisms that act independently 

of one another.  
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This is represented by the following equation (Matthiessen’s rule):  

For metals and alloys, the resistivity rises linearly with temperature. Thus, 

where 𝜌0 and a are constants for each particular metal, and T represents temperature. This 

dependence of the thermal resistivity component on temperature is due to the increase with 

temperature in thermal vibrations and other lattice irregularities (e.g.vacancies), which serve as 

electron scattering centers.15 

 We see a decrease in resistivity as we increase the volume percent of Ni present in the 

composite. All composites have resistivities lower than that of the baseline PrTe1.46 sample.  It is 

proposed that this ultimately verifies the CAFE effect, where the Ni inclusions are producing 

lower-resistance pathways in the matrix, ultimately reducing the electrical resistivity. As expected, 

increasing the Ni volume percentage, thus increasing the number of lower-resistance pathways, 

would continue to reduce electrical resistivity. This same effect is seen in LaTe1.46-Ni composites; 

however, this effect did not take place until 12% Ni was incorporated into the composites (see 

Figure 4.2.). Thus, PrTe1.46-Ni composites show a reduction in resistivity at smaller Ni volume 

percentages compared to LaTe1.46-Ni. 
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Figure 4.5. Temperature-dependent Seebeck coefficient for PrTe1.46-Ni composites made with the 

as-received 2.2-3 µm Ni powders 

Temperature-dependent Seebeck coefficients are shown in Figure 4.5. In this case, there is 

a continual decrease in Seebeck as more Ni is introduced into the composite.  

As seen in Figure 4.2, the delayed onset of reduction in the Seebeck coefficient with respect 

to reduction in electrical resistivity for LaTe1.46-Ni composites was attributed to large differences 

in the thermal conductivities between the inclusions and matrix. Since the thermal conductivity of 

Ni is significantly larger than that of the LaTe1.46 matrix, the Ni particles act as thermal shunts 

resulting in smaller temperature differences across the inclusions.  
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Therefore, from an electrical standpoint, the Ni inclusions behave similar to voids which 

have been shown to have little impact on the Seebeck coefficient of bulk materials.16 However, 

this does not seem to be a factor for PrTe1.46-Ni composites, where there is no delayed reduction 

in Seebeck values. The underlying cause of this decrease at smaller Ni volume percentages is still 

under investigation; however, this trend corresponds to their respective decreases in resistivity. 

This likely indicates that the samples have become conductive enough that the resistivities and 

Seebeck coefficients are no longer decoupled, as was initially expected and hypothesized. Thus, 

PrTe1.46-Ni composites show a reduction in Seebeck at smaller Ni volume percentages compared 

to LaTe1.46-Ni. 

Figure 4.6. Temperature-dependent thermal conductivity for PrTe1.46-Ni composites made with 

the as-received 2.2-3 µm Ni powders 
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The high-temperature heat capacity of the 2.2-3 µm composite which was previously 

measured was used in this research.7 The thermal conductivities of the composites were calculated 

by combining the measured heat capacity with thermal diffusivity measurements. The solid lines 

indicate the lattice thermal conductivities calculated from the Wiedemann-Franz law using a 

temperature-dependent Lorenz number generated using a single parabolic band approximation.17 

The following equation illustrates the Wiedemann-Franz law:  

where k represents thermal conductivity, 𝜎 is the electrical conductivity, T is the absolute 

temperature, and L is the Lorenz number.  

The total thermal conductivities of the composites increase slightly with an increase in Ni 

volume percentage compared to the baseline PrTe1.46 sample. However, this increase is slight and 

could be attributed to the margin of error of the instrumentation. The lattice thermal conductivity 

results in a similar pattern, where all of the values are closely related and within the margin of 

error. This could also be attributed to an error in calculating a temperature-dependent Lorenz 

number using the single parabolic band model for a multiband system, since both LaTe1.46 and 

PrTe1.46 have multiple bands near the Fermi level.18 The metallic character of the Ni reduces the 

Seebeck coefficient and increases the thermal conductivity following the progression toward more 

metallic behavior. This is a very similar trend to LaTe1.42-Ni composites (Figure 4.2.); however, 
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because there is no significant decoupling that is occurring with PrTe1.46, we see a slight decrease 

in Seebeck and slight increase in thermal conductivity at lower Ni volume percentages.  

Figure 4.7. Thermoelectric figure of merit as a function of temperature for PrTe1.46-Ni composites 

The dimensionless figure of merit was calculated by combining all of the measured 

thermoelectric properties. Compared to the baseline PrTe1.46, 5% volume PrTe1.46-Ni composites 

resulted in an improvement in average ZT across all temperature ranges. Even though the average 

ZT slightly decreased for the 10% and 15% volume Ni composites, they still exceeded the peak ZT 

in the higher temperature range seen in the PrTe1.46 baseline sample.  

With the CAFE effect, as demonstrated in LaTe1.46-Ni composites, increasing Ni volume 

percentage resulted in the following: a reduction in resistivity starting at 10% volume Ni as a result 
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of the formation of low-resistance pathways formed by the Ni inclusions; a decrease in Seebeck at 

15% volume Ni due to Seebeck and resistivity decoupling; and an increase in total thermal 

conductivity starting at 5% volume Ni as a result of the progression toward metallic behavior.  

However, in PrTe1.46-Ni composites, the following trends were observed: there is a 21% 

reduction in resistivity at 5% volume Ni, resulting in a more significant decrease in resistivity 

compared to LaTe1.46-Ni composites; Seebeck decreases starting at 5% volume Ni, suggesting that 

Seebeck and resistivity have not fully decoupled; and an increase in total thermal conductivity, 

although the total thermal conductivity is 50% lower compared to LaTe1.46-Ni composites. While 

the reduction in resistivity would lead one to conclude that the CAFE effect has been demonstrated, 

the fact that the Seebeck and resistivity measurements have not decoupled would suggest that the 

CAFE effect is limited in this system, and other factors are more significantly contributing to the 

improvement in ZT.  

Results for LaTe1.46-Ni composites suggest that there is a minimum threshold for the 

amount of Ni required to decrease the resistivity of composites, implying that there is a proximity 

criterion between the Ni particles. Even though milling was employed to facilitate the distribution 

of Ni particles within the matrix, it is hypothesized that the proximity criterion for Ni particles was 

not reached for the PrTe1.46-Ni composites, and thus the CAFE effect was not fully achieved.  

4.4. Summary 

PrTe1.46-Ni composites were successfully synthesized and their thermoelectric properties 

were measured. As the volume fraction of Ni within the composite increased, there was an 

overall reduction in both resistivity and Seebeck while thermal conductivity was relatively 

unaffected. This resulted in ZT values for 5% volume Ni that increased the average ZT, while the 

10% and 15% volume Ni resulted in an improvement in peak ZT at 1275K. While the exact 
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mechanism that leads to the improvement in ZT requires further investigation, it is proposed that 

the resultant increase cannot be attributed to the CAFE effect due to the Seebeck and resistivity 

coupling. This is still a significant finding, as the overall improvement in ZT attributed to 

PrTe1.46 compared to LaTe1.46 is slightly improved with PrTe1.46-Ni composites. 
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Chapter 5: Conclusions and Future Work 

5.1. Oxidation Study of RE3Te4 (RE = La, Pr, Nd) 

The purpose of the first topic examined in this work was to better understand the oxidation 

kinetics and mechanisms of rare earth tellurides (primarily Pr3Te4 and Nd3Te4 as they compare to 

La3Te4). From a qualitative perspective, it has been noted that these materials are especially prone 

to oxidation; however, a quantitative analysis had not been explored in depth previously. Based on 

the differences across RE3Te4 in terms of electronic properties, it is hypothesized that there will 

be distinct differences for RE3Te4 in terms of oxidation mechanisms and kinetics as well, 

potentially as a result of differences in activation energy and formation rates of different rare earth 

oxides.  

Results show that there is a distinctive difference in oxidation rates (and potentially 

mechanisms) for different rare earth tellurides (RE3Te4). Research indicates that rare earth 

tellurides experience similar oxidation mechanisms, but at distinct rates. Pr3Te4 and Nd3Te4 

oxidize kinetically faster compared to La3Te4, which would suggest there is less time for the 

formation of intermediate phases. Future studies should explore high-temperature x-ray diffraction 

(HT XRD) measurements at fixed temperatures to understand the formation of intermediary phases 

and provide better insight into oxidation mechanisms. 

5.2. La(Pr)3-xTe4 Alloys 

The second topic examined in this work evaluated how alloying in the La3-xPrxTe4 system 

would tune the DOS via f-electrons, which will thus help reduce thermal conductivity because of 

point defect phonon scattering. Additionally, it was hypothesized that alloying would improve 

mechanical properties via solid solution strengthening; therefore, hardness of the La3-xPrxTe4 
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alloys would increase with an increase in concentration of PrxTe4 that goes into the solid solution. 

Previous research has shown the crucial role of vacancies (x) on elastic and mechanical properties 

in RE3-xTe4, and highlights the unique, underappreciated, and poorly understood nature of 

mechanical properties in thermoelectric materials, which may vary considerably across a wide 

range of doping levels (see Appendix B). 

As a direct result of this research, significant advancements in our comprehension of rare 

earth alloys and their effect on electronic and mechanical properties have been achieved through 

this research. It was hypothesized that alloying in the La3-xPrxTe4 system would tune the DOS via 

f-electrons, which will help reduce thermal conductivity because of point defect scattering. Indeed, 

there are significant differences in electronic properties across the alloys. Also, the rule of mixtures 

was scientifically proven due to the thermoelectric properties of the alloys residing between the 

properties of the end members. It was also hypothesized that alloying would improve mechanical 

properties via solid solution strengthening. Hardness measurements indicate that the end members 

and the alloys all have similar hardness values within error. Future studies will continue to expand 

on the impact of alloying on mechanical properties, and further computational analysis of the band 

structure tuning via f-electrons. 

5.3. PrTe1.46-Ni Composites 

 The final topic examined in this work was focused on discerning how the CAFE 

effect exhibits itself within a PrTe1.46 matrix. It was hypothesized that a slight increase in the CAFE 

effect would take place, where there would be a slightly greater decrease in electrical resistivity 

compared to LaTe1.46-Ni composites with no effect on Seebeck until higher volume percentages 

of Ni were achieved. Research indicates that the CAFE effect was not fully achieved in the 
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PrTe1.46-Ni composites, since the resulting thermoelectric properties were dissimilar to the proven 

CAFE effect present in LaTe1.46-Ni composites. For instance, at 5% vol Ni in PrTe1.46, Seebeck 

immediately begins to decrease; this is unexpected, since Seebeck and resistivity are classically 

decoupled through the CAFE effect. However, the resultant 21% reduction in resistivity attributes 

to an improvement in average ZT for 5% volume Ni, while the 10% and 15% volume Ni resulted 

in an improvement in peak ZT at 1275K.  

Further work should be conducted to better understand how the CAFE effect can be 

activated within PrTe1.46-Ni composites, and what distinctions between LaTe1.46-Ni and PrTe1.46-

Ni results in finite distinctions in thermoelectric property trends.  
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Appendix A Supporting Information for Chapter 3 (Electronic Properties For Pr3-xTe4) 
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Appendix B Supporting Information for Chapter 3 (Mechanical Properties for RE3-xTe4) 
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