UCLA

UCLA Electronic Theses and Dissertations

Title

Synthesis and Optimization of Praseodymium Telluride System Through Alloys and
Composites

Permalink
https://escholarship.org/uc/item/2xf7g1fn
Author

Hogan, Brea Elizabeth

Publication Date
2023

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2xf7g1fn
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
Los Angeles

Synthesis and Optimization of Praseodymium Telluride System
Through Alloys and Composites

A dissertation submitted in partial satisfaction of the requirements for the degree
Doctor of Philosophy in Materials Science and Engineering

by

Brea Elizabeth Hogan

2023



© Copyright by
Brea Elizabeth Hogan
2023



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=(0S*/x)T where o, S, x, and T are electrical conductivity, Seebeck coefficient, thermal

conductivity, and temperature, respectively. Rare earth chalcogenides with the ThsPs-type



structure (such as Las.xTes) 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 (LaTei.46) attained Z7=1.1 around 1275K. Previous research conducted at
JPL indicates that improvements are seen within Pr3Tes and Nd3Tes compared to LasTes, 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 Z7.

One of the main projects of this dissertation is to better understand the oxidation kinetics
across RE3Tes (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. Pr3Tes and
NdsTes oxidize kinetically faster compared to LasTes, 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 La3xRExTes (RE = Pr) to develop high-performance radioisotope thermoelectric generators. It
is hypothesized that alloying in the Las-xPrxTes 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.



The final project is focused on understanding the CAFE (composite-assisted funneling of
electrons) effect on PrTei1.46 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 Pr3Tes matrix. It is hypothesized that a significant decrease in
electrical resistivity will occur compared to LaTe1.46-Ni composites, due to the improvement in Z7T
observed with PrTei46 compared to LaTei.46. ZT values for 5% volume Ni increased the average
ZT, while the 10% and 15% volume Ni resulted in an improvement in peak Z7 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.'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.

Power Generation Cooling/Heating

Power Source

(a) Seebeck Effect (b) Peltier Effect

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).



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:

Ty —T. [ VI+2T — 1
T \yixzT + 77:—;
[

n = Equation 1.1

In the conventional thermoelectric configuration (as shown in Figure 1.1), both the hot-
side heat source (Th) and cold side rejection radiator (T¢) operate at constant temperature. The
Carnot efficiency also includes a dimensionless figure-of-merit, Z7, which can be further defined

in the following equation:

2
o
Z T — T Equation 1.2
K

where electrical conductivity (o), Seebeck coefficient (o), thermal conductivity (k) and
temperature (T) all play an important role in assessing Z7. 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 Z7 and as ZT increases to infinity, the device efficiency approaches the Carnot

efficiency.
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Figure 1.2. Typical values of thermoelectric efficiency for different values of Z7°

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.>

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).*



Increasing the efficiency of thermoelectric materials according to the Z7, however, poses
an interesting challenge because all of the variables are correlated, as shown in Figure 1.3.° One of
the most well-known and intuitive conflicts is between the electrical conductivity and Seebeck

coefficient, and their relation to carrier concentration.

400 71— 10000
Power Factor COI]C]UC“V“Y. =
< 1200 ' 77N\ c=1/p /. s
& o'/p=d'c P/ 18000 3
Z_ 1000 z
= Seebeck ) =
2 800 o 1 6000 8
= 2
g 600 3 3
8 Semimetal or 4 4000 8
~ . Heavily Doped " é
o 400 Semiconductor p Semiconductor _ Z
< 2000 ©
&g 200 ] g

0 - 0

17 18 19 20 21 22

Log (Carrier Concentration)

Figure 1.3. Variation of Z7T parameters as a function of carrier concentration’

The electrical and thermal conductivity increase with carrier concentration, while the
Seebeck coefficient (o) decreases with increasing carrier concentration. Thus, it’s important to

optimize all properties so that the average ZT of the materials is improved.®!'? Let’s take a deeper



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, n(E) is the mobility at energy

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

2
- k 1dn(E 1du(E
a = B kBT - ( ) + - lu( ) Equation 1.3
3 q n dE u dE E=Ep

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:
(1) increasing the energy dependence of n(E) by a scattering mechanism that is strongly dependent
on the charge carriers and (i1) increasing the energy dependence of n(E) by a local increase in the

density of states (DOS).!!"1?

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

concentration and mobility is given by:
O=2¢8e (ﬂen + th) Equation 1.4

where [, th, 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. !4



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 (Kiatice) and charge-carrier (Kc) contributions, that is:

K = KC _l_ Klattice Equation 1.5

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 (Kc=LoT),

where L is the Lorenz constant.

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

KC — D Cpp Equation 1.6

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.'>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.



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.!”!” 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.?’ 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.?!

However, current RTGs for these missions have relatively low system efficiencies on the
order of 6%.%> As mission concepts and spacecraft become more sophisticated, the demand for
higher specific power (W/kg) increases.”® 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.



Historically, PbTe and Si-Ge alloys have proven to be sufficient for thermoelectric power
generation; however, newer materials can provide greater improvements in Z7, as seen in Figure

1.4.%
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Figure 1.4. Figure of merit (Z7) for various n-type thermoelectric materials across a wide

temperature range>*

This figure highlights the improvement in average Z7 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. REj;Tes (RE = La, Pr, Nd) as Thermoelectric Materials

Rare earth chalcogenides can be observed with the Th3Ps-type structure. In this structure,

using LasTes 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 1.5.252
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Figure 1.5. Crystal structure of La3xTes. 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 LaszxTes system.?® They
reported that, when x=0 (LaszTes), the material behaves as a degenerate semiconductor and the
electronic properties are metallic. When x=0.33 (Laz.667Tes, also written as La>Tes or LaTe: s), the
material acts as an intrinsic semiconductor. Previously reported optimized defect stoichiometry

(LaTei.46) attained Z7=1.1 around 1275K.
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Previous research conducted at JPL indicates that improvements are seen within Pr3Tes
and Nds3Tes compared to LasTes, 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.%
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Figure 1.6. Density of states (DOS) for Pr3Tes and LasTes showing a difference in contribution of

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

1.4. Dissertation Objectives

One of the main projects of this dissertation is to better understand the oxidation kinetics
across RE3Tes (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

10
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as La3xRExTe4 (RE = Pr) to develop high-performance radioisotope thermoelectric generators. It
is hypothesized that alloying in the LasxPrxTes 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 PrTei.46 composites and their thermoelectric properties. Ni composites within
PrTei1.46 have not been previously investigated; thus, this research will discern how the CAFE
effect exhibits itself within a Pr3Tes matrix. It is hypothesized that a significant decrease in
electrical resistivity will occur compared to LaTe1.46-Ni composites, due to the improvement in Z7T

observed with PrTei .46 compared to LaTe: 46.
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Chapter 2: Oxidation Study of RE;Te4 (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.! 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 H20); however, even a small
percentage of these gases could have detrimental effects on the thermoelectric materials.? Thus,
the overall reliability of MMRTG’s can be affected by the vaporization of the thermoelectric
module and insulation residual outgassing.> 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.
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Research regarding oxidation kinetics has been conducted in the YbisxRExMnSbii
system.* 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 Pr3Tes and Nds3Tes as they compare to LazTes).
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.” Based on the differences across RE3Tes in terms of electronic
properties, it is hypothesized that there will be distinct differences for RE3Tes 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 RE3Tes (RE = La, Pr, Nd) samples were made using a previously
reported mechanochemical synthesis procedure.® All preparation steps were performed in argon
dry glove boxes (H20 < 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 %"’
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°C 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°C at a
rate of 1.5°/min. The temperature was held at 500°C 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
NdTei 42 sample. Line scans were performed within 70um 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 Ka radiation on

sintered, compacted samples. Scans were performed from 10-70°20 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°C 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

REsTes. The compact samples were oxidized according to the following heating profile:
500C
&/ 30 mins. S)
< 2,
\» @

.

25C 25C

Figure 2.1. Heating Profile for tube furnace experiments for REsTe4
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Four samples were heated in the initial experiment: PrTei33, LaTei3s, NdTei.33 and
NdTei42. While the samples were initially densified and compacted, most of the samples

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

NdTe
1.

42

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 NdTei133 and LaTei33, a minor oxide peak can be
observed at 29°20. After the heat treatment, all of the samples completely decomposed into rare
earth (RE) oxytellurides (RE202.Te). 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

NdTei33

XRD analysis of NdTei.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 Nd20O2Te. The
sample would thus have two interfaces: the interface of Nd20O2Te and air, and the interface between
the residual NdTei.42 and Nd20:Te. Because NdTei4> was still present in the sample, it was
hypothesized that the Nd202Te 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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NdzOzTe

NdTe1 .4

Figure 2.5. Hypothesized Nd20:Te passivation layer formation from post-tube furnace heating of

NdTei.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 NdTei.42
sample via SEM analysis. Line scans that were conducted within 70 microns of the cross-section
of NdTei.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 NdTei.42 and its oxytelluride (Nd202Te).
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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 NdTei .42

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

earth tellurides (RE3Tes). The following heating profile was utilized:

900°C

) : 3e)
&S 30 mins. 5,
™ ¢

25C 25C

30 mins. to
purge tube (RT,
air)

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: LasTea,
Pr3Tes and NdsTes, as seen in Figure 2.8. There were very distinct differences noted, especially
during the initial heating steps; as the temperature increases, Pr3Tes initially has the greatest change
in slope, followed by LasTes and Nd3Tes. However, around approximately 425°C, LasTes has a
drastic slope change, drastically increasing the weight gain until it reaches saturation around
900°C. However, Nd3Tes and Pr3Tes 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.

Weight Gain vs. Temp Weight Gain vs. Temp

120
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=2
(=]

O R I B g/
300 320 340 360 380 400 420 440 460 480 500 0 100 200 300 400 500 600 700 800 900 1000
o
Temp (°C) Temp (°C)

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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Composition

Weight Increase
(%) at 350°C

Weight Increase
(%) at 475°C

Weight Increase
(%) at 575°C

La Te, 100.21 108.19 114.23
Pr.Te, 100.34 104.32 108.53
Nd,Te, 100.17 104.58 108.32

Table 2.1. Weight increase of RE3Tes 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

increases at different temperatures.

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

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:’

COOH

COOH

OCOCH; OH
+ Hyl) — + CH3;COOH

acetylsalicylic acid

salicylic acid

acetic acid

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

—-AlA]sy  A[B]s)
At At

rate =

Equation 2.1

where [A] is the concentration change of acetylsalicylic acid, [B] is the concentration of the
salicylic acid formation, and At 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 RE3Tes above 500°C,

which corresponds to the following rate equation:
2RE3 T€4(S) + 302 (9) — 3RE2 02 TB(S) + 5T€(g) Equation 2.2

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.
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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:

_AZRE3T84(5) _ ARE;0;Te(y)
At B At

Inputting values for LasTes, Nd3Tes and Pr3Tes at 172.3 minutes into the experiment

rate =

Equation 2.3

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

of the oxytelluride in Table 2.2:

Composition | Rate of Formation (mg/min)
(x107?%) at 700°C

La_O_Te 3.28
272

Pr.O,Te 5.48

Nd_O_Te 5.14
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.
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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 (RE3Tes). 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
La20:Te and Nd202Te. However, from 475°C to 575°C, this pattern changes; La2O2Te now has
the most significant formation rate, followed by Pr202Te and Nd202Te. Above 575°C, the same
pattern emerges; however, La>O2Te formation becomes even greater compared to Pr2O.Te and

Nd20:2Te.
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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. La2O>Te has
a more drastic rate change over a larger temperature range, until it reaches saturation. In contrast,
Pr202Te and Nd202Te 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.

29



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 Pr3Tes4 and Nd3Tes. However, from our kinetics data, we can conclude that there
are noticeable differences in the rate of the reactions: LasTes oxidizes at higher temperatures at a
faster rate compared to NdsTes and Pr3Tes, 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:

—F
k — kO eXp R_'Ifl Equation 2.4

where k is the rate constant, ko 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:

—E
ln k — R_'Ifl + lIl kO Equation 2.5

30


https://www.degreesymbol.net/
https://www.degreesymbol.net/

. In K vs. 1/T (375-400°C)

0.0025 0.00252 0.00254 0.00256 0.00258 0.0026 0.00262 0.00264 0.00266 0.00268

Pr O Te
2 2

-4.4

y =-4013.1x + 5.4365

y =-3260.6x + 2.907

__— NdzozTe

ss Y& -1963.2x - 0.6085

) La O Te—

2 21
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.
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Figure 2.13. Arrhenius plots for various rare earth oxytellurides from 475-500°C
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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:

Comp. E E E
(kJ/mol) (kJ/mol) (kJ/mol)
375-400°C | 475-500°C | 575-600°C

LaZOZTe 33.3 37.4 0.043
PrZOZTe 16.3 44.5 15.8
NdZOZTe 27.1 44.5 7.1

Table 2.3. Activation energy (Ea) of rare earth oxytellurides at different temperature ranges
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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 Pr2O:Te has the lowest barrier to formation
(activation energy), and therefore is the most likely rare earth within this temperature range to
begin oxidation. Nd202Te has the second-lowest activation energy, followed by Lax02Te; 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, La20O2Te activation energy increases slightly;
however, both Pr20:Te and Nd20:Te 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 Nd202Te have a lower
barrier to oxidation compared to other temperature ranges. However, La20O2Te 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, Pr3Tes and Nd3Tes exhibit oxidation prior to LasTes;
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.
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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 (REsTes). Research indicates that rare earth tellurides experience
similar oxidation mechanisms, but at distinct rates. Pr3Tes4 and NdsTes oxidize kinetically faster
compared to LasTes, 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.

34



2.5. References

[1] Matthes, C. S. R.; Woerner, D. F.; Caillat, T.; & Pinkowski, S. A Status Update on the
eMMRTG Project. IEEE Aerospace Conference 2019, 1-7.
http://dx.doi.org/10.1109/aero.2019.8741919

[2] Hiller, N.; Allen, D.; Elsner, N.; Bass, J. C.; & Moore, J. P. Outgassing and vaporization
considerations in milliwatt generators designed for 20-year missions. AIP Conference Proceedings
2002, 1-9. http://dx.doi.org/10.1063/1.1449829

[3] Matthes, C. S. R.; Whiting, C. System-Level Risk Reduction Activities for the eMMRTG
Project. IAASS Conference 2018, 1-13.

[4] Vasilyeva, 1., Abdusalyamova, M., Makhmudov, F., Eshov, B., & Kauzlarich, S. Thermal Air-
Oxidized Coating on Yb14-xRExMnSbi1 Ceramics. Journal of Thermal Analysis and Calorimetry
2018, 736, 541-48. https://doi.org/10.1007/s10973-018-7659-z

[5] Cheikh, Alexander. Novel Synthesis and Processing of Lanthanum Telluride (LasxTes) Thin
Films via Electrophoretic Deposition and Ultrafast High-Temperature Sintering for Advanced
High-Temperature Thermoelectric Device Applications, UCLA, 2023,
https://escholarship.org/uc/item/8fm4v07d

[6] May, A. F., Fleurial, J.-P., & Snyder, G. J. Thermoelectric performance of lanthanum telluride
produced via  mechanical alloying.  Physical  Review B, 2008, 78,  12.
https://doi.org/10.1103/physrevb.78.125205

[7] Niels, Thomas. Chemistry of the Modern World. 1%, LibreTexts, 2020.

35


http://dx.doi.org/10.1109/aero.2019.8741919
http://dx.doi.org/10.1063/1.1449829
https://doi.org/10.1007/s10973-018-7659-z
https://search.library.ucla.edu/discovery/fulldisplay?docid=alma9996962196106533&context=L&vid=01UCS_LAL:UCLA&lang=en&search_scope=ArticlesBooksMore&adaptor=Local%20Search%20Engine&tab=Articles_books_more_slot&query=any%2Ccontains%2Calexander%20cheikh
https://search.library.ucla.edu/discovery/fulldisplay?docid=alma9996962196106533&context=L&vid=01UCS_LAL:UCLA&lang=en&search_scope=ArticlesBooksMore&adaptor=Local%20Search%20Engine&tab=Articles_books_more_slot&query=any%2Ccontains%2Calexander%20cheikh
https://search.library.ucla.edu/discovery/fulldisplay?docid=alma9996962196106533&context=L&vid=01UCS_LAL:UCLA&lang=en&search_scope=ArticlesBooksMore&adaptor=Local%20Search%20Engine&tab=Articles_books_more_slot&query=any%2Ccontains%2Calexander%20cheikh
https://search.library.ucla.edu/discovery/fulldisplay?docid=alma9996962196106533&context=L&vid=01UCS_LAL:UCLA&lang=en&search_scope=ArticlesBooksMore&adaptor=Local%20Search%20Engine&tab=Articles_books_more_slot&query=any%2Ccontains%2Calexander%20cheikh
https://search.library.ucla.edu/discovery/fulldisplay?docid=alma9996962196106533&context=L&vid=01UCS_LAL:UCLA&lang=en&search_scope=ArticlesBooksMore&adaptor=Local%20Search%20Engine&tab=Articles_books_more_slot&query=any%2Ccontains%2Calexander%20cheikh
https://search.library.ucla.edu/discovery/fulldisplay?docid=alma9996962196106533&context=L&vid=01UCS_LAL:UCLA&lang=en&search_scope=ArticlesBooksMore&adaptor=Local%20Search%20Engine&tab=Articles_books_more_slot&query=any%2Ccontains%2Calexander%20cheikh
https://search.library.ucla.edu/discovery/fulldisplay?docid=alma9996962196106533&context=L&vid=01UCS_LAL:UCLA&lang=en&search_scope=ArticlesBooksMore&adaptor=Local%20Search%20Engine&tab=Articles_books_more_slot&query=any%2Ccontains%2Calexander%20cheikh
https://escholarship.org/uc/item/8fm4v07d
https://doi.org/10.1103/physrevb.78.125205

Chapter 3: La(Pr)sxTes 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 LasxPr<Tea.
Previous research I conducted at NASA’s Jet Propulsion Laboratory focused on evaluating the
thermoelectric performance of PrixTes.! Heavy conduction bands in the band structure are
typically favorable for acquiring a large Seebeck coefficient. The LasxTes 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
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 1* 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 LaszxTes system, thus

potentially improving the Seebeck coefficient and enhancing ZT.!
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Figure 3.1. Partial Density of States (PDOS) for LasTes (left) and Pr3Tes (right)?

Based on my research, peak ZT of 1.7 was achieved at 1200 K for the Pr3.xTes system,
compared to the optimized Z7 of 1.1 for LasxTes (see Appendix A). The improvement in Z7T
resulted from the large increase in the Seebeck coefficient from the electronic states introduced by
the 4felectron, 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 Pr3xTes

system.

My previous research has clearly demonstrated that the Pr3-xTes system has been shown to
have significant impact on the Seebeck coefficient through the modification of the DOS.
Therefore, alloying in the LaszxTes system with other rare earths (RE) such as Pr is a promising
pursuit that could lead to even higher Z7’s 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 ThsP4 structure type.' If we alloy within the LasxPr«Tes system, we can

successfully synthesize this series and produce efficient thermoelectric materials.
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Figure 3.2. Density of States (DOS) for various LasRETes systems (Trinh Vo, to be published)

Figure 3.2 showcases the density of states for LasRETes 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 LasRETes 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 LasGdTes, however, the peak shifts to the

valence band; with LasYbTes 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 (4/1), Nd (4/3), Gd (4/7),
and YD (4/14), 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 Las-xPr«Te4 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.>* 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.””” This strengthening mechanism
has been studied in various alloys such as Mg-X (X=Ga,Al, Er,Y) and Al-Ce-Mg.3!° It is
hypothesized that the hardness of the La3xPrxTes alloys will increase with an increase in
concentration of PrxTes that goes into the solid solution. Previous research has shown the crucial
role of vacancies (x) on elastic and mechanical properties in RE3.xTes, 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 (H20 < 1 ppm, O2 < 0.1
ppm). Pr3Tes and La3Tes 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 }2*” 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.!!"!3

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.'?

Powders for the end members (Pr3Tes and LasTes) 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 LasxPrxTes 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. 416

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.'” 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 Process'*

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), 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 Ka radiation on sintered, compacted samples. Scans were performed from 10-70°20 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.!”"1®
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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 /43d from Mitarov et al. was used for
refinement.!® 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.?° 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.?!*? 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.*
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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” 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°C/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.?*2° In this
high-temperature (~1700°C) 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
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remains the same.
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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 3.10.2”2® 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:

k — Dde Equation 3.1

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°C, 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.?*-3¢

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.’! 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.*? 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 Las<PryTe4

Rietveld refinement analysis was performed to determine the success of alloying Pr
atoms within the Las.xTes matrix and to calculate the differences in lattice parameters across the
alloy. The diffraction pattern for the 5% La3xPr<Tes4 sample is representative of the other

samples, as shown in Figure 3.11.
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Figure 3.11. Rietveld refinement for 5% LasxPrxTes 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.*®> The calculated lattice
parameter for the 5% Las-«PrxTe4 alloy was 9.61 A, which is slightly smaller than the lattice for
LasTes (9.71 A). 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.** 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 LazTes and Pr3Tes
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

ImagelJ analysis.
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Figure 3.12. BSE SEM images of homogeneous Las-xPrxTes compacts. The dark regions are

from residual porosity in the samples

3.4. Thermoelectric Properties of Laz <PriTes

Figure 3.13 showcases the resistivity measurements for the alloys as a function of
temperature and composition. The end members (La3Tes and Pr3Tes) 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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Resistivity vs. Temp
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Figure 3.13. Resistivity of LasxPr<Tes as a function of temperature (top) and composition

(bottom)
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Seebeck vs. Temp
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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.*® 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).3° This figure serves as an example of how drift mobility is

affected by alloying, which is also taking place with the La3xPrxTe4 system.

™ v T b T ¥ T T T T

o My i =4E1Y

80 - .

u(em 2Ns)

40+ )

800 K

20 40 60 80
PbTe Se % PbSe
Figure 3.15. Drift mobility at 800K for (PbTe)i-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 co(m*)%/? :

3

me\2

Hw — U

Where g is the density of states, pw is weighted mobility, p is drift mobility, ms” is the density of

Equation 3.2
Me

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.?’

The weighted mobility can be calculated from Seebeck and resistivity measurements

using the following equation:

_: ISl _ 3 19
cm? Qcem T 3/2 exp | g7e — 2 =2 Tp/c .
i = 3315 ("’” ) (3001{) [ 5 | + o Equation 3.3
S P 1+ exp [_5(F/e - 1)] 1+ exp [S(kB/e — 1)}

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

ke/e =86.3 pV/K.
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Weighted Mobility vs. Temperature
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Figure 3.16. Weighted mobility of Las-xPrxTes 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.*® 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.>” 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.*®

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.*
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Figure 3.17. LasxPrxTes 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.*° 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.*'**? 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:*

LZ

+ 12 [ﬁ%(eJ,-R) Equation 3.4

Here, (E,t) denotes the parameter pair belonging to the domain defined by |E;|<|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 LaszxPrxTes 10% alloy. Because we see a good correlation
between the experimental data and the boundary condition, it can be concluded that the Las-
xPrxTes 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:

MWa”Oy * CpLa3T€4 Equation 3 5
MWLa3T€4

adjusted Cp (]/g/k) -

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

proportional to the starting material (in this case, La3Tes).
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Thermal Conductivity vs. Temp
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Figure 3.18. Thermal conductivity of Las-xPrxTes 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 Z7 measurements, the end members Pr3Tes and LasTes 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 (LasTes and Pr3Teas).

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.>”’
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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.* Intuitively, a higher dislocation
density would lead to lower dislocation mobility and therefore indicate an increase in the

hardness of the material.*

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
LasTes to the Las-xPrxTes 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 (A) is related to a constant (L), speed of sound (u) as well as the

/1 — L'LI,(Cpp) Equation 3.6

molar heat capacity (Cp) and density (p).!> 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 LasTes4 matrix, there is a
drastic decrease with the LasxPr«Tes 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).
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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.
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Figure 3.22. Hardness measurements of Las-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 Lasz.xPrxTes 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.**” Other

¢ 48-49

techniques, such as band convergence and phonon scattering, have produced a similar effec

To verify this claim, the minimal thermal conductivity was calculated using the following
equation:*’

1
3

Here, kadifr corresponds to the limit of entirely diffusive (diffusion mediated) thermal transport,ks

2
Kdiff ~ 0.761/13](]3 (2VT -+ VL) Equation 3.7

corresponds to the Boltzmann constant, and vr and vL corresponds to the transverse and
longitudinal moduli respectively. n refers to the density of atoms and is calculated by the

following equation:

atoms | .
(n = ﬁnit 1 X7 ) Equation 3.8

The calculated room-temperature kdift 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 (kaifr)

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 LasxPrxTes 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 LasxPrxTes 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 (z7) value which can be expressed via the following

equation:

2
o
Z T —_— T Equation 4.1

K

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.! 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 Z7 values.>

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 Z7" 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.®> 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.>* 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 Z7 values for bulk versus
nanostructured materials.’

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 Z7, 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.®

Bulk Nanostructured
Temperature at Temperature at
which Z7T,,.. 18 which Z T,y 18
Material Z T ax observed ZT ax observed
Si 0.2 1200 0.7 1200
SigoGeag (n-type) 1.0 1200 1.3 1173
SigoGeng (p-type) 0.7 1200 0.95 1073
(B1,Sb),Te; 0.9 293 1.4 373
CoSb; 0.45 700 0.71 700

Table 4.1. Comparison of maximum Z7T values for bulk and nanostructured materials

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 ¢ is the wave vector, R is the particle radius, and y is the size parameter. In the lower
limit (aka the Rayleigh regime, y << 1), then scattering is primarily affected by the differences in

atomic mass and bond stiffness as mentioned previously.

X — q R Equation 4.2

For higher values of the size parameter (y >> 1), scattering is mainly affected by the
particle diameter. Dean Cheikh’s dissertation focused on the effect of LaTei.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.” Thermoelectric properties
for LaTei1.46-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.®
For example, the low-dimensional morphology and hollow structure bismuth telluride (Bi2Tes)
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 Bi2Tes-based material.’
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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 merit’

The effect of volume percentages on nanoparticle thermoelectric performance has also
been extensively studied, and the thermoelectric properties of LaTei46-Ni composites ranging
from 0-20 vol% is shown in Figure 4.2.7!° 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 aresult, 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 LaTei46-Ni composites ranging from 0-20 vol%. (a)
electrical resistivity, (b) Seebeck coefficient, (¢) total thermal conductivity, and (d) dimensionless
figure of merit’ 1

In this instance, no significant increase in Z7 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.!!"!> Because the thermal conductivity of Ni is
significantly greater than the LaTei46 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 Pr3Tes system compared to LaszTes 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 z7. However, Ni composites within
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the PrTei.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 (H20 < 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 PrTei4s 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 um (99.9%, metals basis). The following
volume fractions of Ni powder were then milled for 30 minutes with the PrTei.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 ImagelJ 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 PrTei.46-Ni composites with
as-received Ni powders (2.2-3 um). Upon analyzing the microstructure of the composites, it was
noted that there was no observable reaction between the nickel particles and the PrTei1.46 matrix.
The light regions in the images are the PrTe1.4¢ 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.

150 Ny T 0% o 5%
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Figure 4.3. BSE SEM micrographs of 2.2-3 um 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 ImagelJ analysis, which match well with the nominal Ni fractions of 5, 10 and

15 vol% respectively.

Targeted Ni Inclusion (%) Calculated Ni Inclusion (%)

5 4.7
10 11.8
15 14.3

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 PrTei46-Ni composites made with the as-

received 2.2-3 um Ni powders

Figure 4.4 illustrates resistivity as a function of temperature for the PrTei.46-Ni composites.
For the PrTei46 parent batch as well as the PrTei46-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 (pv),
impurities (pi) and plastic deformation (pd) - that is, scattering mechanisms that act independently

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

Ptotal = Pt T Pi + P Equation 4.3

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

Ptotal — Po + al Equation 4.4

where po 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. '’

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, PrTei46-Ni composites show a reduction in resistivity at smaller Ni volume

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

as-received 2.2-3 um 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 LaTei1.46-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 LaTe146 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.'® 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.

Thermal Conductivity vs. Temp
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Figure 4.6. Temperature-dependent thermal conductivity for PrTei1.46-Ni composites made with

the as-received 2.2-3 um Ni powders

89



The high-temperature heat capacity of the 2.2-3 um composite which was previously
measured was used in this research.’” 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.!’
The following equation illustrates the Wiedemann-Franz law:

where k represents thermal conductivity, o is the electrical conductivity, T is the absolute

k
L — Equation 4.5
ol
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.'® 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 LaTei.42-Ni composites (Figure 4.2.); however,
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because there is no significant decoupling that is occurring with PrTei.46, we see a slight decrease

in Seebeck and slight increase in thermal conductivity at lower Ni volume percentages.

zT vs. Temp
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Figure 4.7. Thermoelectric figure of merit as a function of temperature for PrTe:.46-Ni composites

The dimensionless figure of merit was calculated by combining all of the measured
thermoelectric properties. Compared to the baseline PrTei.46, 5% volume PrTei.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 PrTei .46 baseline sample.

With the CAFE effect, as demonstrated in LaTei.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 PrTei.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 LaTei.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 Z7.

Results for LaTei46-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 PrTei.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 Z7 values for 5% volume Ni that increased the average Z7, while the

10% and 15% volume Ni resulted in an improvement in peak Z7 at 1275K. While the exact
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mechanism that leads to the improvement in Z7 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 Z7 attributed to

PrTe1.46 compared to LaTe .46 is slightly improved with PrTei.46-Ni composites.
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Chapter 5: Conclusions and Future Work

5.1.  Oxidation Study of RE3Tes (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 Pr3Tes and Nd3Tes as they compare to
LasTes4). 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 RE3Tes in terms of electronic properties, it is hypothesized that there will
be distinct differences for RE3Tes 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 (RE3Tes). Research indicates that rare earth
tellurides experience similar oxidation mechanisms, but at distinct rates. Pr3Tes and NdsTes
oxidize kinetically faster compared to LasTes, 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);xTe4 Alloys

The second topic examined in this work evaluated how alloying in the Las.xPrxTes 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 LasxPr<Tes
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alloys would increase with an increase in concentration of PrxTes that goes into the solid solution.
Previous research has shown the crucial role of vacancies (x) on elastic and mechanical properties
in RE3xTes, 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 LaszxPrxTes 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. PrTei46-Ni Composites

The final topic examined in this work was focused on discerning how the CAFE
effect exhibits itself within a PrTei1.46 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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PrTei.46-Ni composites, since the resulting thermoelectric properties were dissimilar to the proven
CAFE effect present in LaTei146-Ni composites. For instance, at 5% vol Ni in PrTei.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 Z7 for 5% volume Ni, while the 10% and 15% volume Ni resulted
in an improvement in peak Z7 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 PrTei 46-

Ni results in finite distinctions in thermoelectric property trends.
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Appendix A Supporting Information for Chapter 3 (Electronic Properties For Pri.<Tes)
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Prasecdymium is known to have interesting optical and electronic properties but
has been underutilized in the thermoelectric community. We synthesized a series
of Pri-,Te, compounds and werified their phase purity and composition via
Rietveld refinement of X-ray data, wavelength dispersive spectroscopy, and Hall
carrier concentration with excellent agreement with the nominal stoichiometry.
Measurement of transport properties indicate we were able to achieve a peak ZT =
1.7 at 1,200 K, the highest figure of merit reported abowve 1,000 K.
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SUMMARY

Refractory rare-earth tellurides with the ThaFs structure type have attracted
considerable interest as high-performance thermoelectric materials since the
18805 due to their high dimensionless figure of merit (£T). Extensive work has
been conducted on Las-.Tes with peak ZT values greater than 1.1 at 1.273 K
The high ZT of Las..Tey is in part due to a large peak in the density of states
near the Fermi level from the La 54 states. Here, we revisit Pre-.Te., for which
our electronic structure calculations predict a favorable modification of the
density of siates by the introduction of praseocdymium's 4F electrons. This was
experimentslly werified by preparing Pre-.Tes samples with varying B, wecancy
concentrations using a mechanochemical synthesis approach. The thermo-
electric properties were measured and a8 ZT of 1.7 at 1,200 K was achieved
with Pr:nTes. The 50% improvement in peak ZT compared with Las-.Tes
resulted from an increased effective mass, improved Jgebeglk, coefficient, and
lower thermal conductivity.

INTRODUCTION

Thermoelectric materials hawe been integrated imto solid-state energy conwersion
davices, which can either function as electrical power generstors or be utilized as
heat pumps for elecironic refrigeration. 5i-Ge slloys, Bble. and Je-Ag-Ge-Sb
(TAGS) have been successfully integrated into radicisotope themmoelectric geners-
tors (RTSs) fo ensble deep space and planstary scientific explorstion of our solar
system for more than 50 years. RTGs have demonstrated long-term reliability and
longevity, as evidenced by the Vopager 1 and Voyager 2 missions operating gortip-
woushy. for over 40 years.'

Whilz systems bailt using heritage thermoelectric materials have demonstrated high
reliability, one Emiting factor is the fact that they exhibit modest thermal-to-electric
energy conversion efficiency (approximately §.5% at the systermn's beginning-of-life,
BOL). This is becaussa their sverage dimensionless figure of merit (ZT) values over their
operating temperature range are significantly lower than 1 (about 0.80 for BpleTAGS
materials across a 811-483 K temperature range and 0.55 for 5i-Ge alloys over a
1,273-573 K tempersture range).” " The dimensionless thermoelectric figure of merit
is defined s ZT= ;—I whare 5 the Seeback coefficient, T is temperature, ris electrical
resistivity, and k is thermal conductivity. Therefore, identifying materials that possessa
high Segbeck coefficient, low resistivity, and low thermal conductivity would allow for
larger scientific payloads, decrease the amount of radicisotope hest-source fuel
uzed, and reduce the weight of the RTG for a given pmlra'lemreﬁ."

658 Joule 2, G98=709, Aprl 18, 2018 @ 2018 Elsesisr Inc.
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Context & Scale
Themmoelectinc generators have
been an enabling technology for
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Lanthanum telluride [La.-.Te:) has been identfied as a potential material for high-
temperature thermoelectric applications.” La.-,Te; possesses the defect thorium
phosphide {ThsP.) structure type, with 28 stoms per unit cell, which accommodates
wacancies on up to one-ninth of the rare-earth sites. Each La atomn donates three
elecirons and each tellurium astom asccepts two electrons, resulting in one free
eleciron per La.Te; formula unit. Therefore, the camier concenfration is fied fo the
number of La vacancies and the electronic properties can be tuned between metsllic
behavior when x =0 [(La:Te.) and semi-insulating when x = 0.33 [La: ¢ Tes). Addition-
ally, Las-.Te. exhibits a relatively low lattice thermal conductivity resulting from the
complexity of the ThiP. structure type, electron-phonon scattering from the high
carmier concenfration, and phonon scattering from vacancies. As a result, La.-.Tey
has a high pesk ZT of 1.1 at 1,273 K for x = 0.23.

Cither rare-earth tellurides possessing the ThaP: structure type have also been studied
for potentisl use as thermoseleciric materials.** ™ This is due to their stability in the
high-temperature range of interest for RTGs and the large ZT walues exhibited by
some of the compounds.™'* However, reproducibility of the thermoelectric properties
of specific stoichiometry of these compounds has proved chalenging. Melt synthesis or
solid-state resctions of the elemental species were used extensively in reports exam-
ipipg the rare-sarth tellurides. " These technigues cften require high temperatures
(=2,000 K} and typically result in inhomogeneous samples. The large difference in
melting points between tellurium (722 K) and the rare-earth elements (1,193 K for
lanthenum and 1,208 K for prasecdymium) leads to vapor-phase loss of tellurium and
alters the final stoichiometry of the products. which are very sensitive to stoichiometric
deviations due to vacancy doping. Additionally, the cygen sensitivity of the rare-earth
elements and tellurides is problematic, especslly st elevated temperstures. Recently it
has been demonstrated that mechanochemical synthesis can be used to synthesize
Las-,Te: at low temperatures. The use of mechanochemical synthesis circurmvents

the challenges associated with high-temperature synthetic techniques by mechano-
chemically synthesizing Las-.Tes product in a closed system (ball mill vial) operating
at room temperature, thereby allowing samples fo be preparad reproducibly with pre-

gise stoichiometry and in a short period of time.

The band structure of La.-.Te; has been shown to be favorable for a large gsse,ﬁﬁ
coefficient due fo heavy conduction bands. ™ The electronic density of states (DOE)
in the conduction band of Las-,Tes is composed almost entirely of La states, while
the Je states dominate the walence band.”"™ A large Seeheck coefficient can be
achieved at high carier concentrations due to a sharp pesk in the DOS near the
Fermi level in the conduction band. Modifications of the DOS to further improve
the Seebeck coefficient have been attempted using divalent substitutions of Ca
and b on the La site, but were found to have ktle impact on the thermoelectric
properiies.”' ™ Examination of the DOS of Las-.Tes reveals that while the main
contribution to the peak in the conduction band comes from the La 5d orbital, there
is also contribution from the 4f states. The smaller contribution of the 4f orbitals re-
gults, from the sbsence of f electrons in La 4f shell. However, since the 4f states are
located above the Fermi level, an increase in the DOS or sharpening of the pesk
at the Fermi level by infroduction of 4f electrons couwld incresse the Seebeck
coefficient and ultimately the thermoelecinc performance of the material.

Previously we have studied the effects of Ce.-.Tey, where Ce possesses 1 electron in
the walence shell We found that the thermoelectric properies of Ces-.Te. were
similar to that of Las.-,Te.” {also J.P. Fleurial, personal communication). To W
gate the effects of the 4f elecironz on the DOS, we studied Pri-,Tes, where the Pr
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Figure 1. Caloulated Electronic Band Structure af PraTe, and LagTey

|&) Comparisen of density of states (DOS) of LaTe,; and PriTe,. The Fermi level & defined as £ = 0 far both compourds.
|B) Caloulated wlacironic band struchure diagram of La,Te,.

|C] Caloulated slectronic band structure diagram af PryTe,.

|0 Femback, coeflicient of PriTe; as a function of temperalure and rare-earth vacancy concantradon.

atoms incluede three #f valence electrons in the valence shell. This addition of f glac:
frons, has given Er-containing compounds novel opfical, magnetic, and sypsrcon-
ducting properties.”* " While the electronic properties of Pr-.Te. have been
previously reported, the use of maelt synthesis led to inconsistencies in reported
values."""" To avoid these issues, we employed mechanochemical synthesis to
produce Pri-,Tes samples with increasing wacancy concentrations and mesasured
the thermoelectric properties.

RESULTS AND DISCUSSION

Pr;Tes Electronic Structure

Band engineering is one of the key tools for optimizing £T of complex materials. An
impaortant difference between PriTe. and La.Te. is the presence of three additional
felectrons in Pr. We have studied the band structures and DOE of these two materials
to understand the extent to which the Fstates affect the thermoeleciric properties. Fig-
e, 1A compares the DOS of La:Tes and PryTey. The sharp pesks observed in the DOS of
both compounds are mainly associated with the Forbitals [see discussion in the pexdpoars:
graph). Whilz the fpesk in La.Te, is located far above the Fermi lewvel, the fpeakin PraTe;

T Joule 2, 888-T08, Aprl 18, 2018
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is situated near and atth,'a Fermi level, resulting in & higher DO in the energy range of
interest fo n-type thermoelectric materisls. This enhancement in DOS at the Fermi level is
one of the important reguirements for improving fransport properties. To have an
enhanced transport property, the Fermi energy for the experimental value of the glag:
fron.density should be close enough to the resonance in the DOS such that band goRin-
bufigps to ZT become dominant. An example of this cbservation can be found for the
case of Ca.Tes, where the fpesak is foo far from the Fermi level to significantly contribute
to the Seebeck coefficient st practical experimental conditions.”

The role of f electrons on the electronic properties can be further investigated by
comparing partial 005 of La.Tes and Pr.Te.. As seen from Figures 51 and 52, the
main contribution to the DOS pesk in the La.Tes and Pr.-Te. comes from Sd and 4F
orbitals of La and By, respectively. Howsver, becauss the La 4fpeak in LasTe. is located
far from the Fermi level, significant contribution to the DOS and, thus, fransport prop-
erty.at and near the Fermi level relies mostly on La 5d orbitals for LasTe.. Cn the other
hand, sithough the two pesks (the large and small ones) cbserved in PraTe. DOS
are glso mainly contributed by the f orbitals and o orbitals, the contribution from
the forbitals dominates at the Fermi level. Consequently, for PraTey it is expected
that the presence of three felectrons in B.atoms would enhance the transport proper-
ties, compared with La atoms with no electrons in the fshells. In addition, Figures 51

and 52 also show a gap that separates the fpeak from other lower enargy states
(with energy of less than ~1.4 &V} in both cases. The gap is ~0.81eV for Pr.Te., which
i= smaller than that of La.Tey {~1.01 &V). While the main contribution to the DOS
peak is the 4f orbitals, far below the Fermi level in the velence band at the energy of

~1.4 &V, Te Sp orbitals are found to confribute the mest to the DOS.

To acguire further insight into the difference in electronic properties of La.Te. and
Fr:Te., we examined the band structures of both compownds. Figures 18 and 1C
show the band structures of Le.Te. and Pr.Te.. Slightly above the Fermi level in
the band structure of Pr.Te. & denser region of flat bands is observed, which

originates from the 4f orbitsls of Br stoms. Further sbove the Fermi level

{~0.5 e\, significant changes in the band structure are also observed for the case
of PriTes, especially at the H, M, and & points. The bands become flatter, and
band degensracy is changed dramatically. Dus to the effect of £ orbitals, the bands
at the G point have smaller curvatures for the PriTe, case than for La.Te,. Conss:
guently, the effective masses are expected to be larger for PriTes than for LasTe..

The Seebeck coefficients for PraTe: and LasTes are computed using standard
expressions derived from the linearized Bollzmann Transport Equation and the rigid
band approximation to describe the waration of electron concentration due to
vacancies. "™ In the rjgidhand, approximation, the band structure of the studied com-
pounds is assumed to be unchanged when varying the electron concenfration; only the
paosition of the Fermi energy is adjusted. Figure 10 presents the Seshegk coefficiants of
Pr:Tes as a function of tempersture and camier concentration. Here the Seebeck cosfi-
gient increases with increasing temperature, and decreases with increasing camier con-
centration. Figure 53 compares the Seebeck coefficient of both compounds. The plot
shows larger Seebeck coefficients for PraTe, than for La: Te. for all camrier concentrations
of interest (107'—10% ™). The resulis are consistent with the increase in DOS due o
the presence of felectrons observed near and at Fermi ensrgy.

Sample Characterization

Densified, sintered compacts were ground using & mortar and pestle and their phase
purities analyzed using powder X-ray diffraction XRD). The diffraction pattern shown
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Figure 2. Phase and Coampositional Analysis of Pry_.Te, Samples

| Xe-ray diffraction patiern of PronTey mised with & Siinlemal slandard. The patlern is
repragentative of the difraction patterns of othar Pro_ Te, samples in this study, with no secondary
or cmide phases presenl Ristveld refinement was performed and the caloulated patiem and
difference cures s shown. The fit fram the Riabeald analysis insgraamaent with the PrTe, phasa.
The: goodress af fit was found 1o be 239 and = 0.770%.

|B) BSE micragraph of the polished surfsce of the Py Te, sample. The unifarmity of the image
contrast reflects the homogeneity of the samples. Dark regions in the image are from the small
wmaunt of residual porosity present in the sample.

|G| Lattios parameser calculated from Rietveld analysis as a function of vacancy conceniration.
Errer bars in latice parameters rapresent the difftactomester limit of GO.001 & and aror bars
im X reprasant 5%,

im Figure 24 is of & representative sample. Mo sscondary or oxide phases were da-
trgied. and the pattern correlated with the PryTe, pattern previously reported.” Phase
homageneity of the samples further verified by the backscattered electrons (BSE) on
samiples consolidated by spark plasma sintering (SPS) as shown in Figure 2B is typical
of all samples, and the uniform contrast reflects the phase homogeneity of the sample.
The dark areas in Figure 2B resulted from frace amounts of residual porosity in the
sample. From Figure 28, the porosity was calculated to be approzimately 2.5%.

T determine the composition of each sample, we employed both wavelength disge:s-
sige. X-ray spectrascopy (WDS) (on sintered samples) and Rietveld analysis (on grownd
compacts). These values were compared with nominal compositions in Table 1. Ten
WDE messurements were sveraged for each value given. WDS and neminal gopyposi-
figns were in good agreement for all compositions, as were the values calculated from
Riatweld for samples near the compeositions PraTa; and Pr:s:Tes. The Rietveld calouls:
figrs, were found to underestimate the vacancy concentrations for intermediste compo-
sifigns, due to the XRD scan quslity not having the necessary resolution for consistant
caloulation of the fractional occcupancy, although the walues are in good agreemeant
with the nominal compositions. The lattice parameter for each sample wes slso
determined from Rietweld analysis, as shown in Figure 2C. There was little changes in
the Isttice parameater when the maximum number of vacancies was introduced, which
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Table 1. Maminal Sample Composition Compared with Compasitions Messured fram WDS and
Riebseld Analysis

Maminal Compasition WDS Camposition Rietveld Composition
PraTey Bpaslgy Baawlm
Berselm Escarley Brpsslma
Ber e B sl BeTma
Bl Bt ralt Bl
Bearalms Bt ralt Bl
Bl Bt ralt Bzl
Brpilm Esa-lay Brpilm

The: naminal and WDE compasitions were in good agreement with one anather. Compesitions calculated
via Rietveld analysi= were in good agreemen?t with nominal and WDE compositions for samples near
PryTe, and ProgrTe,, bul samples with intermediale compositians were found b underestimate the
vazancy cancanirabons

is consistent with prior structursl investigations of Pr-,Te,.™™ The small change
in lattice parameter is slso obssrved in Las-.Tes however, the mass density of
La:-,Ta: is constant at 6.58 g cm~ whereas that of Prs-.Tes is 7.27 g cm~ when
x=0and 8.91 g cm~” when x = 033" The diffierence in the density behavior
as a function or rare-earth atomic vacancies for these two materials is not well under-
stood and warrants further investigation.

Electronic Transport Properties

Electrical resistivity as a function of temperature was measured, and is shown in
Figure 34 slong with values previously reported for Las-.Te.” Al samples ex-
hibited, behavior expectad for & degenerately doped semiconductor. The pesisfiv;
ity, of the samples increased with increasing vacancy concentrastion due to the
reduction in carier concenfration. Messurements made on samples with x =

0.33 were conducted but the high resistivity of the samples presented difficulties
in making chmic contacts, which resulted in inaccurate Van der Bauw, resistivity
walues. The resistivity of Pry-.Te. samples frends well with the valuas of Las-.Tey

for lower wacancy concentrations. Howewer, at higher vacancy concentrations the

Fri-,Te; samples exhibited higher resistivity values than La.-.Te: with equivalent
wacancy concentrations.

The ternperature-dependent Seebeck coefficient is shown in Figure 3B. The See-
beck coefficient increased with increasing vacancy due to the reduction in camer
concentration, as expected. Similar to what was observed with the high-temperature
resistivity, the Pr.-.Te, samples with lower vacancy concentrations were found to be
similar to those of Las-.Tes, and st higher vacancy concentrations the Pra-.Tes sapy-
ples yielded higher Seebeck coefficients compared with Las-.Te.. Specifically, the
Fre»4Tes composition exhibited a 25% increase in the Seebeck, coefficient when
compared with La: Tes. The improved Seebeck coefficient of Pry .. Te. resulted
in an increased power factor (5571 over Las . Tey (Figure 3C).

An effective mass of m* = 3.5m, and 2.13m, were calculated for Pr:Te; and
La: w4 Te., respectively, using a single parabolic band model (Figure 58). An effactive
mass of 2.13m, matches well with previously reported wvalues for La.-.Tes, which
range from 1.6m, to 2.75m,.""" The incressed effective mass of PreTe. over
La:Te. is consistent with the observed increase in the Zesbeck cosfficient at
equivalent vacancy concentrations, and supports the hypothesis that the 4F electrons
modified the band structure favorably over Las-.Te..
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Figure 3. High-Temperature Electronic Properties of Pry .Te, Samples
{A) Te pend wivity of Pro,Te, samples compared with that of La, Te,’ The ples are indi 1 by their positions.
The higher vacancy oor on Pro,Te, les had resmtivities much higher than equivalently vacancy doped La,., Te,.
|B) Sanbeck conflicient as a function of P of Pry.,Te, I pared with that of La,. Te,” Pr, Te, samples at higher vacancy

concentrations exhibited significantly larger Seabeck values compared with La,. Te,

|C| Temperatire-dependent pawer factor (s5%) of Pr,Te, and La,. Te, samples. An increase was obsarved for Pro Te, over La,; Te, across the
ire range d

Thermal Transport Properties

The total thermal conductivity is shown in Figure 4A and was calculated from k= Q(,d.
where D is the measured thermal diffusivity, C, is the measured heat capacity (Fig-
Ue 59), and d'is the sample density (Table 52). Thermal conductivities were found to
range from 5 to 35 MW cm-’ K-', with the thermal conductivity decressing with
increasing vacancy concentration. This was expected, as the total thermal conductivity
is composed of two components, the electronic and Isttice thermal conductivities, and
is given by k = k. + k.. Therefors the increased vacancy concentration had a reduced
electronic term from the corresponding decreased camrier concentration. This behavior
is similar fo that previously reported for Las- Te..

When samples with equivalent vacancy concentrations were compared. it was found
that Pr.-,Te. samples exhibited s significantly lower thermal conductivity than

La.-.Te: To determine whether this decresse was due to a change in the electronic
or lattice contributions, we calculated the lattice thermsl contribution. The lattice
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BT .

&) Toedal sherrmal conducthties aof Pro., Te, campared with Lag . Tey.'

|B) Lattice thermal conductivities calculabed wsing the Wisdemann-Franz lew. ProTe; samples
with higher carmer concentrations were amitted due to strong deviation from the Wiedemann-
Franz kre.

|C] Temperalure-dependent thermoelectric figure of mert, ZT, as a function of temperature.
The aptimized ZT for Lag. Te, & shown far compan=an. The error in 2T is approximately 05T

thermal conductivity was found by first calculating the electronic contribution using the
\Wiedemann-Franz law k. = [gT, where L is the Lorenz number and s is the electrical
conductivity; the electronic contribution was then subtracted from the total thermal
conductivity. A simplified wariable Lorenz number was used, which was calculated as

a function of Seeheck coefficient using the approximation L = 1.5 + exp(-]5}{118)
and resulted in Lorenz numbers between 1.5 and 2.2 3 107 Wl K-°

Figure 4B shows the calculsted lattice confributions to the totsl themmal
conductivity, ki, for wacancy concentrations similar fo La:wTe.. The infrinsically
low ke resulted from the complexity of the ThyP.. which promoted substantial
Umklapp scattering of acoustic phonons.™ J values for the Pri-Tes samples
were found to be similar to one another and lower tham that calculated for
La:»Te: from room tempersture to 1.275 K. To investigate the origin of the
reduced |, in Pri-.Tes, we measured the elastic moduli and sound velocifies of
both Las raTes and PrewTes from room temperature up to 573 K. The elastic moduli
PrzrTes was found to be slightly lower than La: »Tes. Combined with the higher
density of Pry 4 Tey, this led to & small decrease in the speed of sound {Figure 54},
which is consistent with the lower k.,

Thermoelectric Figure of Merit
Combining the electronic and thermial fransport properties, the Z7 was calculated as
& function of temperature (Figure 4C), with 8 propagated error of 30%. ZT was found
fo increase with increasing vacancy concentration wntil x = 0.28 and then began to
decregse. A pesk ZT of 1.7 st 1.200 K was achieved. This represents s 50%

107

Jadle 2, B08-709, Aprl 18, 2018

T



improvement over the optimized ZT of 1.1 reporied for La:-.Te,.” The improvement
in ZT resulted from the large increase in the Seebeck coefficiant from the electronic
states imtroduced by the 4f electron in addition to the lower thermal conductivity,
which resulted from a decreasad lattice contribution.

Conclusion

Density functional theory was used to calculate the DOS and energy band dizgram
for PriTes. Itwas found that the 4f electrons of Py, cause a sharp increase in the DOS
near the conduction band edge when compared with La.-.Tes. The increase in the
DOZ was pradicted to improve the Seebeck coefficient of n-type Pri-:Tes. A series
of Pri-,Tey samples with varying vacancy concantrations were successfully synthe:
sized using mechanochemical methods. The stoichiometry and phase purity were
analyzed through a combination of WDS and XRD. The electronic and thermal
properties were measured and Pre-.Te. exhibited a 25% improvement in the
Sesheck coeflicient over La.-.Te, near optimal vacancy concentration levels. Addi:
tionzlly. Fr:-.Tes was found to have decressad thermal conductivity due fo a smaller
lsttice contribution than Las-:Tes. The increased Sashepk coefiicient and reduced
themmal conductivity resulted in a peak ZT of 1.7 at 1,200 K. The successful thape:
igal prediction and experimental werification of the modified band strocture of
Prs-.Te; due fo the 4f electrons suggests that further improvements can be made
by incorporating other rare-earth elements.

EXPERIMENTAL PROCEDURES

Synthesis

A mechanochemical approach was used to synthesize samples of the desired stpishi-
gmeirs. Elemental By, (859.9%, Stanford Materials) and Te shot (99.289, 5N Plus) were
combined and sealed under argeon in stainless-steel ball mill vials with stainless-steel
balls. They were then milled (SPEX SampleRrap 2000) for over 10 o until homoge-
negus black powders of Pre-,Te, were produced. The powders were then densified
in graphite dies through SFS at & pressure of 30 MPa and at temperatures above
1,200=C for 30 min wnder vacuum. The Archimedes method was used to measure
density, and the compacted samples were found fo be 97% dense or grester of
theoretical values (Table 52).

Characterization

XRD data were collected with & Phillips Bablalytizel X.Fer Pro diffractometer using
Cu Ka radistion. Compacted samples were ground using & mortar and pestle and
then mixed with 5i powder (-325 mesh, 89.950%, Alfa ﬁS&Eﬂ to use as an intermal
standard during Rietwveld amalysis. Due to the Prs-.Te. powders being highly air
sensitive, the powders were sealed with 1-mm thick Kapton film on an 5i zero back-
ground holder under argon. Scans were performed over a 2q range of 25=—100=, with
a 0.02= step size and a time of 11.5 s per step. Rietveld refinement was done using
G545 crystallographic data analysis software.™ Structural data for the cubic phase
with space group 143d from Mitaroy et al. was used for refinerment.”” To perform a
stable refinement of the By occupancy, the cccupancy on the Te position was held
at 100% as no vacancies were expected.

WD5 was performed to assess the elemental compositions of the sintered compacts.
A JEOL JXA-B8200 electron probe microanalyzer was utilized. with PrPO. and
elemental Je a= the standards. Ten points were measured for each sample and
the elemental compositions were averaged to determine the composition of the
samples. Backscattered electron scamning electron microscopy images were taken
an a Zeiss 1550 WP scanning electron microscope.
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A custom-built combined 4-point probe anmd Hall effect system was used to
measure the electrical resistivity and Hall voltage, from which the carrier gonesnina:
fign, and mobity were calculated.” The Segebeck coefficient was measured
using & custom-fabricated instrurment.” Thermal diffusivity was measured using a
commercial Metzsgh LFA 457 system and specific hest capacity was measured
using & Blefzsch DSC 404, The thermal conductivity was calculsted by k = QG.d,
where k is the thermal conductivity, O is the thermal diffusivity, G, is the
specific heat capacity, and 4 is the sample density. Emors in electrical resistivity,
Seebegk, 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.

High-temperature resonant ultresound spectroscopy (RUS) measurements from
300 K to 573 K (300=C) were performed on bulk samples using a Magnaflu:-RUS
Quasar 4000 systermn under flowing argon to minimize cxidstion with & frequency
range of 0-500 kHz with 18.87-Hz step size. Data were analyzed using the
Cuasar2000 Clildede] software package.

DFT Caloulations

The structural relaxstiom and electronic properties of La.Tes and PriTes were
computed with the open-source DFT software packsge Quantum Espresso.” It
is well known that the F states in rare-earth compounds are not adequately
described by standard local density approximstion (LDOA) and generslized-gradient
approximation due to strong electronic correlation effects.” " To address this
shortcoming. PBE plus on-site Coulomb interaction (PBE + U) was used in this
wiork""™ The on-site Coulomb interaction serves fo comect the sef-interaction
for the f electrons locelized at the rare-earth sites. Projected sugmented wave
(PAW) potentials generated with the AUTOPAW program were used for La and
Browith an energy cutoff of 80 Ry for the wave functions and & charge density cutoff

of 540 Ry. ™" Since PriTes and La:Te, are metalic, the Mazag-Vanderbilt smear-
ipg. schema was used to expedite the convergence toward self-consistency.” Byil-
o, zone k-point sampling of 13 3 13 3 13 and 17 2 17 3 17 were used for the
structural relsxation and transport property calculations (Seebeck coefficient),
respectively. The choice of energy cutoff and k points was derived from the details
of convergence tests.

La:Te: and Pr:Te. have the ThsFs structure, belonging to the cubic crystal system
and space group i43d."" The stomic posifions of both structures were relaeed for
various fized latice parameters. The lattice parameter corresponding to the mini-

mum fotal energy is found fo be 8.70 A" for LasTe., in good agresment with the

experimentsl values of 0.822 A" . For PryTe,, we computed the Isttice constant for
several values of U We found that U = 4.0 e/ gives a relaxed lattice constant of

250 A in excellent sgreement with the experimental value of 3.482 &7, with an emor

of ~0.2%." At room or higher temperatures, both materials are paramagnetic. For
this reason, we discuss the electronic properies of Pr.Te; for non-spin polarzed
calculations, since it more closely describes the properties of Pr.Te, at or abowve
room temperature.

SUPPLEMENTAL INFORMATION
Supplemental Information includes nine figures and two tables and can be found
wiith this article online at hitps:/'doi.org/10. 1016/ joule_2018.01.013.
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ARTICLE INFD ABSTRACT

Keyaorde: Elastic and mechanical properties in advanced RE;Te, (KE Zla, B, Nd} thermeelectric materials are found to
Thpar A, depend considerably on catlon wacancy concentration = Increasing =, which simultaneously reduces charge
Dy

carrier concentration from metal-like to semiconductor-like, leads to significant stiffening of elastic constants due
m charge carrer effects. The coefficient of thermal expansion in Lag-,Tey determined by high temperatare Xoray
diffractinn correspondingly decreases with , indicating that thermal cxpansion may be tuncd by 2 in RETey

materials systems. Vickers indentation hardness and fracture toughness tests show similarly significant effects af
zon hardness and mode | fracture toughness, both of which decrease with increasing z. The mechanical property
trends are counter-mnaitive and merit further investigation, but demonstrate overall that higher 2 in RE;Te,

leads tn maore brittle behavior. The combined results show the importance of intrinsic defects in BE.Te, and the
potential to tune the mechanical performance of RELTey for practical implementation in nest-generation

thermoeleciric devices.

1. Imtroduction

Rare earth (RE] tellurides (RE;Te,) with the ThsP. structure type are
promizing high-temperature > 1000 K] thermoelectric materials for
converting waste heat to electricity [1-7]. The operatng temperature
range for RE;Te, materials makes them particularly good candidates for
next-generation radioisotope thermoelectric generators, which produce
power in deep space from high-temperature decaying nuclear material
[8-10]. Howewver, as in many promising thermoeelectric materials like
B4l [11] YbuMnSka, [12], and Bi.Tes [13]. practical implementation
of RE;Tey is difficult due to shortcomings in the seldom-studied me-
chapipal and elastic propertes [14].

BE.Te, materials are degenerately doped n-type by native elsctron
count when the cation site is fully filled, The 9 donated electrons from 3
RE cations surpass the 8 accepted by the Je.anion, leading to one excess
glectron per formula unit Electron concentrations in vacancy-fres
RE:Te; materials (n.4.% . 107 tm-7] far exceed typical optimal
doping levels for thermoelectric performance~| & 107" cm— [13]),
meaning carrier concentrations must be lowered by adding vacancies or
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E-miil addrazr; jeffmypder@northwestern.edu (G). Snyder).

Received 12 December 2022; Received in revised form 7 Febroary 2021 Accepted

Available online 15 February =]
afq0-go M ooy Elsevier Lid. All rights reserved.

extrinsic dopants [1.5,15]. Most RE;Te, materials of interest for ther-
moglecirics can reach “charge balance” by accommodating up to x = 1/3
RE vacancies in RE:Tes; without deviating from the Th:F; structure,
Thersfors, a wide single phase region exists between the metallic RE;Te,
and the semiconducting RE,;Te; stoichiometries, across which vacancies
(and carrier concentration) can be finely tuned [1,16].

Since RE.~Tey's were first identified as good thermoelectric mare-
pials in the mid 20th century [16,17], REs-Tey materials with RE= La,
Br, and Md have received the most atention for thermoelectric use [1-3,
5,15]. The similar chemistry between the RE elements leads to similar
character between the RE~.Te, materials, although additional, heavy
mass f-states in Pry-Te, and Nd-.Te, [due to higher f electron count)
may increase thermoelectric performance relative to Las~Te. [2,3],

For any of the n-type RE-.Te, maferals mentioned above to be
practically useful in deep space applications, they must integrate well
with other pares of the thermoelectric device including the in-
tRropppects, hotfoold shoes, the p-type leg and other thermoelectric
materials used for segmentation. Materials with vastly different elastic
praperties or thermal expansion coefficients may crack or delaminate
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from stresses caused by large temperature gradients [18], Thepmasalag-
s used for space missions in particular are subjected to mechanical
stresses at every stage of development, incloding machining and
sectioning of materials, vibrations during launch, and high-temperature
creep during long-term operation [19]. Unfortunately, thermoelectric
materials tend to have poor mechanical properties, and some impressive
thermoselectric materials synthesized in laboratories may fail to see
usage without addressing mechanical shortcomings [20].

The available literature on mechanical performance in fhapmgelacs
Fip materials suffers from difficulties with mechanical property testing,
Good thermaoelectric marerials are often too expensive and brittle — and
their synthesis too arduous —to achieve the form factor and quantity
required for standardized mechanical property tests like tensile tests and
notched three-point bend tests. Instead, initial forays into quantifying
mechanical performance in thermoelectric materials tend to rely on
computational models or cheaper experiments like Vickers hardness
tests [14,20-24]. Vickers microhardness measurements and fracture
toughness estimared from Vickers indentation cracks were reported in
La;~Tes (xr near the optimum for high-temperature performance] by
Ma et al. [14], who later measured reduced spalling from indentation
tests and increased strength when compositing LazTe, with metallic
Hi or Co [25.26] Li et al. took a compurational approach, determining
the shear strain of La;Te, using density functonal theary [24]) The gk
feges, of changing the RE element or x in RE;-.Te, are thus far yoex:
ploeed, — a clear shortcoming in the quest to make these materials
resilient for deep space power generatdon,

Elastic property measurements are relatively facile compared to
mechanical property testes in RE;-.Te, samples, as they typically do not
require unique geometries or large sample quantities. Elastic measure-
ments are available in several Th,F; structare compounds with inter-
esting thermoelectric and/or superconducting properties, often with
values reported as a fanction of vacancy concentration [1,4,27-31]
Reported elastic properties can vary among authors. even within a single
system like Las-Tey [1,29,30], but one key finding remains consistent:
the crystal lattice srjffens as vacancies are introduced into ThiP. grME:
mare, materials (The-Fy). Sound velorities (measured directly or galey-
lated, from Debye temperatures), show stffening from vacancies
upwards of 30% in La~.5; and between 5 and 20% for La-.Te.. Bond
stffening from vacancies is an initially surprising result, but may result
from reduced electronic carrier concentrations (an effect recently called
charge carrier mediated softening) [30,31], A key consideration thus far
overlocked is the relation between such stiffening and the mechanical
performance of RE;-.Te, thermoelectric materials, The role of vacancies
and bond stffness on mechanical properties and thermal expansion
should be significant, and may hold the key to tuning and improving
mechaniral performance.

In this stady, we utilize speed of sound measurements, Vickers
microhardness tests, and X-ray diffraction to explore the interrelation
between mechanical properties, elastic properties, and thermal expan-
lgp in RE;Te, (RE = La, Ff, Nd) thermoelectric materials, We perform
all measurements on RE;-.Te, samples with different x to explore trends
with changing vacancy concentrations and electronic  carrier
concentrations

1. Results & discussion

Pabycrystalline average speed of sound (v.] measurements in
La;-Tey, Pry-uTe, and Md~Tes show linearly increasing v with
increasing cation vacancy concentrations (x] up to = 1/3 (Fiz 1)
Elastic moduli determined wsing an isotropic polycrystalline apREQg
mation.are included in Table 1, The chaoice of rare earth (RE) catdon in
RE~Te, appears insignificant for elastic properties, which trend simi-
lagly, with x in La;-Tey NdinTe, and Pri-Te, [n all three systems, v
increases as much as 7%, a change comparable o other systems like
PhTe where lattice softening is intentionally introduced through heavy
defect engineering [34], The 7% stiffening is also consistent with other
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Fig. 1. [a] Linear increase in polyverystalline average speesd of sound [v.] with
increasing mominally measured = in RETey [KE = La, fg Md].

RE,Tes literature [1.25,29,31]. although the work by Delajre et al
[30] shows more drastic stiffening In La,-Te,, potentially due to djf-
{BreRpas in measurement method,

Elastic stiffening with increasing vacancy concentrations may not
appear intuitive. One might expect high point defect concentrations to
cause disorder, weaken bonds, and decrease v, as seen in other maverials

-

systems [20,34-37). However, the BE;-.Te. materials explored here
have uniquely wide ranges of Hall carrier concentrations (i) asseciated
with the cation vacancies, For example, the nominal g between La;Te,
(x=0] and La,Te; (x = 1/3] from vacancy count in Table 1 spans several
orders of magnitude, from a metallike #, towards zero (in reality,
La.Te; has a low fm similar to an intrinsic semiconductor [1]). Softer
bonds in RE,Te, with =0 (one electron per formula unit by charge
counting] likely result from the high concentration of excess electrons.
Extra electrons may occupy antibonding orbitals, and/or shield ionic
bonds, leading to weaker bonding overall, This effect has been observed
previously in a host of thermoelectric materials (including RE;-.Te,
materials]) [31] and was dubbed “charge carrier softening”,

Vickers microhardness also trends linearly with increasing x in
RE.~Tey materials (Fig. 2a), ultimately decreasing about 15% from x =
0 to x= 033 in La,~Te,. Hardness is virtually identical betwesn the
three RE~Te, samples explored in thiz study suggesting that like
elastic properties, hardness is largely unaffected by choice of RE element
in RE,Te, systems. Vickers microhardness tests were used to probe
mechanical properties given the cost and difficulty of synthesizing
brittle RE-Te; to the dimensions and guantity necessary for more
thorough mechanical testing, Despite the simplicity of the method, the
changing hardness as a function of vacancy concentration presented in
Fig, 2a provides an illustrative wiew into the effect of changing x on
mechanical properties.

Fracture toughness decreases linearly in Fig. Zb {up to 22% in
La-.Te,) a5 wacancies are added to the RE;-.Te, samples — similar ta
the trend in mechanical hardness. A seemingly less drastic effect on J,
with Increasing x in Nd—-,Tes merits further exploration, although
additional samples with x > (.26 were not studied here due to a po-
weptial phase transition [3]. Frachare toughness represents the ability of
a material to resist crack propagation under stress, with different forms
of fracture toughness designatng different medes of crack opening.
Here, we approximate the tensile crack opening fracture toughness
mode, K, using crack lengths extending from each corner of the Vickers
indentation pyramid (see inset in Fig 2Zb for example) following a
Vickers indentation fracture toughness test [VIF), Such cracking
behavior is comman in brittle materials as opposed to ductile materials,
in which a propagating crack may be blunted or deflected due to local
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Table 1

Tiulay Frisies 92 ¢

Summary of measurements on KE, Te, (HE = La, g, Nd) including the calcalated notvpe Hall carrier concentration ge, from electron counting, longitadinal ad

1
trapsverse speed of sounds (ypand g respectively], polycrystalline average speed of sound loalated wsing the lsotropic approdmation b, = {"T [/ +d=dy 3

bulk modulus (K] and shear modualas [G) caloalated from g and gp, Yickers microha rllnle-s:': from a (L2 fgfload [H¥0.2) and mode | fracture toughness (&) estimated
using the Vickers indentation fracture toughness method following the Shetty model.
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Fig. 1. (a] Measured Vickers hardness from 0.2 jggfindent [HVR2] in RETe,
(RE = La, B, W) versus catbon vacancy concentration 2. (b Mode 1 fracture
tughness &, estimated from Yickers indentation crack lengths wsing the
Shetty equation [22.33). Error bars in hoth plots represent the first standard
deviation from * & indents. The inset in (b] shows an example 0.2 kg ¥ickers

imdent taken on a ProTe, sample with = = 0,28, with indications of the {and =

patamaters used to estimate &,

plastic deformation near the crack tip, Matably, the significant decrease
in o with x follows the qualitatively perceived brittleness of the gam-
ples, Samples with x ) were fairly robust and stayed intact during
Eg;jshi.n%. while samples with high x easily broke inte several pieces

PLE BXTPEME CAPé In nanonung A similar, QUALTatve Increise mn

brittleness with x was also reperted in the La; -5 system [38]

While the VIF method has serions shortromings in accurately
discerning §, [39,410), it remains a powerfal tool for comparing me-
chapiral properties between different samples [41]. More accurate tests
af fracture toughness like notched three-point bend tests are thos far
unavailable in the RE.Te, literature and will reguire a large under-
making to prepare adequate nombers of samples. Regardless, we remain
focused on the mechanical property trends with vacancies rather than
absolute values of §, and we expect the decreasing &y, with x trend to
remain, Jur chosen VIF methed follows the work of Sherty [32,41,412].
Shetty's model works well for brittle materials that experience
Palmpgyist surface cracking upon indentaton. Ealpgeist cracking can be
assumed when surface crack lengths are less than 3, the length of half
of an indentation pyramid, which is true for all measurements in this
study. 4 simplified version of Shetty's model, which is valid when the
Poisson’s ratio wis near 0.25 is given by E0.031%P [alv=), where P iz
the indenter load, 215 the half length of the Vickers indentation, and Jis
the average crack length measured from the corner of the indentation
[41]. Ma, using the same model, reported £, = 0.67 MPam*~ In
Laz7Te, (xr £.28] with a 0.2 kgf.indentation load [14), similar to our
finding of 0.60 FMPam12,

HMotably, the samples with the lowest hardness and K. in Fig 2
(highest x samples] also have the stiffest elastic properties in Fig. 1.
Hardness is a complicated property driven more by plasticity than
elastici. Strictly, Vickers microhardness measures the penetration
depth of a pyramidal Vickers tip into the surface of a material at a given
load and lead application time [43]. While a stiffer material resists the
movement of a Vickers indenter more than a soft material, the jpden-
@tign size primarily invobres the abilicy for the material to deform
arqund the indenter tip, which depends strongly on ease of nucleating
and moving dislocations [44]. Therefore, the 7% stiffening with
increasing x in Fig. | does not necessarily contradict the lower hardness
in Fig, 2a.

In Fig, Ib, fracture toughness increases with hardness and decreases
with v, These trends are opposite the expectation in well-studied, classic
systems like WC ceramics, metals, and iptepms@lics which tend to
increase in J, with stiffening elastic constants and reducing hardness
[#5,46] [n the vast majority of studies investdgating hardness and
fracture toughness, the material in guestion retains its fundamental
character even when defects like vacancies are introduced, e a metal
with vacancies remains a metal. Conversely, the RE~Te: samples in
this study (and many other thermoselectric material systems) are unigue
because they can be doped to the level of either a metal or an intrinsic
semiconductor. Accordingly, the changing » in BE__Te affects
bonding, the Fermi level, and the density of states near the Fermi level in
the material, all while simultaneously introducing intrinsic defects
(vacancies) well-known to affect plastcity. Therefore, we conjecture
that the wide-range of electronic properties in a single thermoelectric
system may lead to unigue and interesting trends in mechanical prop-
grtigg that merit further exploration,
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Other potential explanations for the trends observed in Fig. 2 cannot
be ruled out. RE-~Te. materials tend to tarnish and oxidize in air far

maore rapidly with higher x. This deterioration of the material may affect
mechaniral properties, perhaps by weakening grain boundaries,
creating internal flaws, or precipitadng secondary phases near the
sample surface. Previous work shows that grain size effects are pssen,
gally, negligible for . in La;Te, with x=0.25 prepared in a similar
manner ta this work [14]. However, interactions between dislecations
and vacancies or micrastructure (secondary phases, grain boundaries)
are poorly understood in this system, and may have unanticipated gf
{Bcts on hardness and o,

Temperature-dependent powder X-ray diffraction (pXRR) patterns in
Fig. 3 rule out significant bulk secondary phase effects on mechanical
properties at room temperature while providing additional insight into
the effects of elastic stiffening with increasing x. The gERD, patterns at
room temperature show mastly the La;~Te, phase within the detect-
able limits of the instrument for all samples except the x_0.33 powder,
which has some small fraction of secondary phases. Additional sec-
grdagy, phases form in all of the powders at higher temperatures as ex-
perbed given a propensity for La-containing compounds to react with
guartz vessels like those used in this experiment [1].

The coefficient of thermal expansion (o) was produced from
temperature-dependent lattice parameter measurements in La;-.Te,
(Fig. 4). The calculated o = 1.6 » 10-* K- for x = 0.26 here is com-
parable to g, 1.5, 10-% K- measured by May et al.in Lay-.Te, withx
= 0.1% [1]. The values correspond to second order polynomial fits to the
remperature-dependent giRQ Jattice parameters, and represent average
o values between 29B K and 673 K. Dam is laft out of the analysis above
473 K (but included in the S[) due to an upwards curve in lattice pa-
TAMEERs with temperature in some samples. Such behavior is not
observed elsewhere [1,30,47), and may be a conseguence of La;~Te,
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Fiz. 4. Average thermal expansion (@) between 298 K and 673 K of Lag.,Te, as

a function of 2. Values are determined a second order polynomial fit of
temperature-dependent xoray diffraction lattice parameter measurements.

reacting with the quartz capillaries at high temperatures or the changing
remperature step from 50 K to 100 K above §73 K. Regardless, when the
high temperature lattice parameters are incloded, the same general
decrease in o with x remains,

The decreasing @ with increasing x in La;~Te, is consistent with
Fig. 1 and Takle 1 data given the close link between o and elastic stiff-
ness — stiffening the bonds of a material suppresses its ability to expand.
Thersfore, the reduced o likely stems from charge carrier softening,
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which similarly leads to higher v. (and other elastic constants) at highx
Likewise, we expect similar trends in o for the other BE cations given the
similar v, trends abserved with x in PreyTe, and Nd-.Te.. The linearly
changing o with x has significant implications for materials selection in
thermoelectric modules. Thermal expansion mismatch can lead m
undue stresses and catastmophic failure of a device at high temperatures
[18]). Accordingly, thermoelectric devices are largely restricted to ma-
terigl combinations with similar o for the n- and p-type legs or for
segmented leg materials, The fairly wide range of achisvable o
demonstrated here in Las-,Te, implies that o can be mned by changing
x, which may expand the viable thermoelectric materials for partnering
with RE;~.Te, materials in next-generation thermoelectric devices.

3. Conclusions

RE~Te. (RE La Pr, Nd] thermoelectric materials have high
thermoelectric conversion efficiency but poor mechanical performance.
Thiz work illuminates the crucial role of vacancies (x) on elastic and
mechanical properties in RE;-Tey increasing r stiffens and embrittes
REr~Te: materialz. While elastic stiffening may be attributed to glag;
Fonig carrier effects, the origin of embrittdlement with increasing x is less
certain, However, the mechanical property trends highlight the unique,
underappreciated, and poorly understood namre of mechanical prop-
ektiggin thermoelectric materials, which may vary considerably across a
wide range of doping levels. A significant change in thermal expansion
with x suggests thatr RE~.Te. materials can be engineered by changing x
to match the thermal expansion of other materials in a thermoelectric
device to suppress thermal stress effects, Further, the intriguing trends
involving x and carrier concentration merit farther studies with other RE
cations and extrinsic dopants, as well as microstructure studies, to better
discern the exact mechanisms driving mechanical performance in this
family of thermaoelectric materials.

4. Experimental methods

RE:~Tes (RE &a, Pf, Wd) samples were synthesized from elemental
La (HEFA Rare Earth Canada, 99.9%), Er.(S@anford Advanced Materials,
99.9%), Nd (Stanford Advanced Marterials, 99.9%), and Je.(5 N Plus,
99.99%%) using a mechanochemical synthesis method common in
easily-oeidized, high melting point thermeelectric materials [1,48) The
constituent elements were combined in an Agfilled glovebox with
nominal ghgiebiameteries, corresponding toxr 0-0.33, The weighted
materials were then sealed into a stainlsss sbesl jar with stainless steel
balls in an 4¢.environment, then loaded into a SPEX Jamplefoep 8000
high energy ball miller and ball milled for aver 10 h The resulting
powders were loaded inte 0.5 in diameter graphite dies in an AT,glp<
yehagrhen spark plasma sintered under vacuum. Pressing was carried
out at 80 MPa pressure aver 1000C for 30 min, The resulting cylindrical
pellets were measured to have =93% theoretical density by Archimedes
measurements in isopropyl alcohel,

Speed of sound was measured using a pulse-echo method with 5 MHz
longitudinal and transverse transducers (0lympus V1091 and V157-RM]
and a Tektronix TBS 1072B-EDU oscillescope for recording waveforms.
Transducers were affixed to samples using honey as a coupling agent,
and the time between sound wave reflections was measured and used
along with material thickness to calcalate longitudinal and transverse
sound velocities (ynand g« respectively]. Error in this system is expected
t vary by less than 1% [49] for a uniform thickness sample, Each
sample was paolished carefully to achieve less than 1% thickness gaga-
gogracross at least 5 unique locations on the sample.

Hardness was measured using the Vickers indentation method. All
samples were polished o a 1 yo.finish. An oil-based 1 Y suspension
was used for the final polishing step to suppress axidation, Hardness and
fracture toughness measurements were performed using a Wilson VH
3100 hardness tester with an integrated optical microscope. Different
indenter loads for several samples are incheded in the 5L Generally,

Mt Today Physics 92 (sosg) nonans

hardness decreased with increased load and roughly approached a lower
bound — a trend similar to previous work and atiributed to the jpgeq-

{Atigy size effect [14), Samples with higher x spalled far maore easily—a

qualitative indicator of greater brittleness, For example, samples withx
= 1/3 sometimes spalled under loads as low as 0,05 kgf while samples
with x near 0 remained fairly resilient to spalling at 0.5 kef Al me-
charigal property measurements in Table 1 and Fig, 2 use 0.2 kgf load, at
which all samples were reasonably dose to converging on lower hard-
ness bound while remaining resilient enough to spalling to get good
statistics (at least 10 indents per sample). Hardness and crack length
from WVickers indentations for several samples are plotted against
indenter load in the supplemental information.

La-,Te, samples for powder XRD were hand ground wsing a mortar
and pestle in an 44yflled glovebox and sealed in carbon coated 0.5 mm
diameter quartz capillary tubes under vacuum. Samples were then
lpaded into spinning stage cont@ined within a furnace in a Sgpe STADI-
MP diffractometer configured in Debye-hgpnep geometry, The diffrae-
wmeter, was equipped with a Sgho source (A 0.55 .|§|.:I. Samples were
heated at 20 K/min to a @reet tfemperature and allowed to stabilize,
then patterns were recorded across a single range between 28 5 25,
Diffraction patterns were recorded in 50 K increments between 298 K
and 673 K, then in 100 K increments between 673 K and 1073 K to
suppress potential oxidadon from extended exposure to at high
CEMpEratures,

Lattice parameters for calculating linear thermal expansion were
determined by Rietveld refinement in the GSAS-1 sofcware [50). In-
sRMMeRparamerer files were determined using a LaB. standard before
refinements. Refinements began on a room temperature sample, then
were extended to higher temperatures using the sequential refinement
feature, Lattice parameter and background [Chebyshev palynomial with
-8 wvariables) were refined first, followed by broadening from strain
and particle size (crystallite size remained above 10 g, Finally, atomic
fractions, atemic coordinates, and thermal displacements were refined.
Significant intensity from a LaTe; was identified at moderate to high
temperatures in the patterns for La;-.Te, with x = 0,33, Thus, for this
sample, phase fractions of La;Te, and LaTe: were also sequentially
refined, Completing sequential refinements with and without the LaTe:
phase included had litde to no effect on the refined lattice parameter of
the La;Te, phase in this instance, suggesting that small amounts of gy
puarity do not affect the determination of the linear thermal expansion
coefficient in this work, An example patern and refinement fit for
La;Te, is included in the supplementary information.
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