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Iepiinyn

H oanaitnon yio av&ovopeves evepyelokéc avaykeg kabdg emiong kot 0 mePLOPIoUOS TOV
Sbéotu@v TOPV £xEL 0ONYNGEL TNV EPEVVITIKY] KOWOTNTA GTNV avalTNoT EVOAALUKTIKOV
TEYVOAOYLDV TOPUYMYNG EVEPYELNG, UE YOPUKTNPIOTIKG OTMG YPNON OVOVEDCIU®V TNYOV,
avénuévn anddoon, yapunio koctoc. Ilpoxeyévov va avénbel n evepyelokn oamddoon, M
AVAKTNON TNG OVATOPEVKTNG SLOPEVYOLGOG EVEPYELNG MG BEpLOTNTO LECH BEPUONAEKTPIKDV
YEVVITPLAOV TUYYAVEL 1O10UTEPTG TTPOGOYNG TOGO GE EPEVVNTIKO OGO Kol PLOUNYAVIKO EMITEDO.
Ot Bepponiextpikéc yevvnpleg dvvatal vo ypnotporombovy o petatpony| Oeppotmrag oe
NAEKTPIKN €VEPYEID LE EQUPUOYEG GE €VPOG 16YV0G OTMG evepyoPdpa Prounyovia (m.y.
topevtofounyovia, petadrlofropnyavia) N wéso HeTapopds (m.y. avtokivnta, TAoio) 1 axdua

KO GT1 TPOPOS0Gia £ELTVMV GLGKELMOV KPS 1GYVO0G A&LOTOIMVTAG TN BEPUOTNTA CMOUATOG.

Méypt orjuepa, £xovv avortuydel dtapopot TVTOL BEPUONAEKTPIKOV VAMK®V, OTMS Ol EUTOPIKA
dwbéoeg evaoelg Piopovoiov telhovpiov yio epapproyég mept g Oeppokpaciog dmopatiov,
to. skutterudites, evioeig half Heusler, evboeig mopiriov 1 polvdov-tedhovpiov yio pecaieg
Bepuokpacieg kar Tig evdoelg yepuaviov-tupttiov (SiGe) ywo vyniég Bepuokpacies. Ot
Katnyopieg mov oavoaeépOnkov mopovctdlovy vynAn OepponAekTpikn) omddOoN, OUMG,
TPOKELEVOD VO IKOVOTOLOVVTOL KOl GAAES amoutnoels ta OepponiekTpikd VAIKE Oa mpémel va
TEPLEYOVV TPMTEG VAEG QIAIKES TTPOG TO TEPPAAAOV Kot Tov GvBpomo Kot PBpickovtarl e

agBovia otV eLON.

Meto&h TV 010QpOpOV KATYopPldV LAK®OV, To LAKG mov oynuatiCovv evaoelg Heusler
Bpiokovion oe peydAn aebovio 6t GOUON KO OTOTEAOVV €va GUGTNUO OV £XEL EAKVOEL
wwitepo evdtapépov. Ot evoelg Half Heusler uropotv va ypnoponombodv amd pecaio émg
VYNAd Bepuoxpactokd €Vpoc, evd 1 VYNAN Oepuikn TOvg oTOOEPOTNTO KO HNYOVIKN
a&lomiotio Ta KaboTd 16YLPovS vVIoyMElovg Yo Oepuoniektpikéc yevvntpieg (TEGs). Toéoo
70 N-tHmov vVAIKO MNiSn 660 kot 1o p-tvmov VAkd MCoSb, (6mov M=Ti, Zr xou Hf), £yovv
neletnOel ekteEV@G TOL TEAELTALN XPOVIA EVD EYOVV TPOGdIOPLoTEl TIHéEG amddoong (ZT) > 1. H
vyNAGTEPN TN omddoong Yo ta N-tomov half Heusler vikd puéypt onuepa givar 1.5 otovg
700K yia to vromapiopuévo pe Sh- Hfo.25Zr0.25 TiosNiSn vAkd, evd yia ta p-tomov givar 1.5
o1ovg 973K. Qo1600, 1 BeppronrexTpikn TOVG 0mdd0om TEPLopileTor OVCIACTIKA Ao T LYNAN
OeplIKn TOLG OYOYUOTNTO. XVVETMG, T EPELVNTIKY KOwOTNTA €0TIAEL GE SLAPOPES



mpoceyyioelc ywoo T pelwon g Oeppikng ayoydtTog, OmMG Yoo TOPAOEYUO LE
kpapatonoinon (alloying) 1 dnuiovpyia vavodoumv (nanostructures) ywo v evioyvon g

OKESUONG TOV POVOVIWV.

2V Tapovcea O10aKTOPIKN dtpiPn, avamtoydnke yio TpdTN Qopd HeBodoroyion UNyYaVIKNIG
Kpappdatoong yo m ovvleon tov half Heusler viikov pe dsimhd otdyo: (o) t cdvheon tov
VAKAV Kot (B) TonTOYPOVNINUIOVPYIN LEPAPYIKADY SOLUK®MV XOPOKTNPLOTIK®V (AT aTOHKO o8
LKPOGKOTMIKO MIMEDO) Y10L TNV EVIGYLOT TNG OKESAONGS PMOVOVI®MV KOl, GUVETMG, TN LELMOT] TNG
OepLkng aymynomrag. Avantdccoviog avtr ™ pebodoroyia ftav EQIKTO Vo EPAPLOGTOVV
TOVTOYPOVE.  OLOPOPETIKEG  OTPATNYIKEG PeAtiotonoinong  cvumepthappavopévov v
LGONAEKTPOVIKT OVTIKOTAGTOOT) KOOMDS EMIGNG KOt T SNUIOVPYio VOVO- Kot UIKPO-O0UMV KOTA
T0 0TAS10 TG GVVOES G YWPIG VAL OTOLTOVVTOL TEPALTEP® JEPYAGIES.

ITo ouykekppéva, HeleTHONKaV EKTEVOS oTotyelopeTpieg N-tomov VAMK®OV TiixZrxNiSn, Tis-
yHfyNiSn ot 1o (TiZr,Hf)NiSn. Awpopetikéc TeXVIKEG YOPAKTNPIOUOD EPAPUOCTIKOY
SLUUTANPOUATIKE Kot eTPBERaimcay T ONpoVPYia IEPAPYIKAOV SOUIKDV YOPAKTNPICTIKMOV EVHD
pn T HEAETN TV OEPUONAEKTPIK®OV 1O10TNTMOV TPOGOIOPIGTNKE 1 UEYLOTN OEPUONAEKTPIKN
anddoon (figure of merit) Tov 0.71 otovg 773K yio ) otorygtopetpia Tio.sZro.sNiSno.ggsSho.ozs.
Emnpooheta, peletibnke n enidpacn g avommong (annealing) ot pikpodoun kot oTig
OepronAekTpKéc 1010TNTEG Y10 TV TEPULTEP® KATOVONOT TNG TPOTEWVOUEVNG O1001IKOGT0G
ovvBeonc. Télog, perembnke m emidpaocn g evoopdtoong Hf ot oepd otepedv
daivpdatov (TiZr,HF)NiSn. to omoio emnpéace onpavtikd t Bepuikn ayoypdmmo Adyo tng

LEYOADTEPNG OV LAVONG Lal®V OV €ivorl TopOVCH GTO KPUGTUAAKO TAEY L.



Abstract

The demand for increasing energy needs as well as the limitation of available resources has led
the research community to search for alternative energy production technologies with
characteristics such as the use of renewable sources, increased efficiency, low cost. In order to
increase energy efficiency, the recovery of the inevitable waste energy (heat) through
thermoelectric generators receives special attention at both, research and industrial level. The
thermoelectric generators can be used to convert heat into electricity and the applications may
include energy-intensive industry (e.g. cement industry, metal industry) or transportation (e.g.
cars, ships) or even low-power smart devices utilizing human body heat.

Up to date, several types of thermoelectric materials have been developed, such as (a)
commercially available bismuth tellurium compounds for room temperature, (b) skutterudites,
half Heusler compounds, silicon or lead-tellurium compounds for medium temperature, and (c)
germanium-silicon (SiGe) compounds for high temperature applications. These materials
presenthigh thermoelectric efficiency, however, they need to meet also other requirements such

as contain environmental and human friendly raw materials that are also abundant in nature.

Among the various categories of thermoelectric materials, Heusler compounds consist of
elements that are abundance in nature and has attracted particular interest. The half Heusler
materials can be used from a medium to high temperature range, while their high thermal
stability and mechanical reliability make them strong candidates for the development of
thermoelectric generators (TEGS). Both, n-type MNiSn and p-type MCoSb (where M=Ti, Zr
and Hf), have been extensively studied with figure of merit values (ZT)>1. Up to date, the
highest figure of merit for n- type half Heusler materials is 1.5 at 700K for the Sh- doped
Hfo.25Zro25TiosNiSn , while for the p-type is 1.5 at 973K. Overall, further increase in the
thermoelectric performance is limited by their high thermal conductivity, therefore, research
community focuses on applying various approaches such as alloying or creating nanostructures

to increase phonon scattering.

In this PhD thesis, the methodology for the synthesis of n-type half Heusler materials via
mechanical alloying was developed for first time aiming both: (a) the synthesis of the materials
and (b) the in-situ creation of hierarchical structural features (from atomic to microscopic level)

to enhance scattering phonons and, therefore, reduce of thermal conductivity. The development



of this methodology led to the application of different optimization strategies including
isoelectronic substitution as well as the creation of nano- and micro-structural features right

from the synthesis stage.

More specifically, n-type Ti1-xZrxNiSn, Ti1yHfyNiSn and (Tio.4Zro.6)1--Hf:NiSn stoichiometries
were extensively studied. By applying complementary characterization techniques, the
developed hierarchical structural characteristics were confirmed while the maximum
thermoelectric efficiency (figure of merit) of 0.71 at 773K was achieved for the
Tio.4Zro.sNiSno.ogsSho.o1s member. In addition, the effect of annealing on the microstructure and
the thermoelectric properties was studied to better understand this type of synthesis. Finally,
the effect of Hf incorporation in the (TiZr,HfyNiSn solid solution series was studied, and the
significant effect on the thermal conductivity due to the larger mass variation in the lattice is

discussed.
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Chapter 1

1. Introduction

The first chapter introduces thermoelectric devices and phenomena. Particularly, the
thermoelectric effects, the desirable thermoelectric properties as well as applications of
thermoelectric devices are discussed.

1.1 Thermoelectric devices

The need to reduce global warming and the usage of fossil fuels, as well as the increased
worldwide energy demand, led the researchers to discover alternative energy resources.
Thermoelectric technology (TE) has been studied for more than two centuries and is based on
the energy conversion of waste heat into electricity!3. The good reliability and scalability
combined with the fact that no moving parts exist in these devices has inspired the worldwide
interest to used them for power generation and cooling applications. The TE devices, consist
two parallel pieces of material, one p-type and one n-type (figure 1). Their flat surfaces are
electrically connected to a metal conductor to convert the lost heat directly into electricity. The
thermoelectric devices, as it mentioned above, can be used for power generation generators or
for cooling applications. The p-type materials conduct the heat in the same direction as electric
current while the n-type from the opposite direction (see figure 1) as a result the upper part is
heated and the lower one is cooled. Considering that no moving parts exist, the advantages of
these devices are the reduced maintenance cost and the absent of the noise due to the silent
operation. The principles and the thermoelectric phenomena were observed by Seebeck in
1821, while the key parameter called the performance of thermoelectric materials (ZT) was
given by AltenKirch in 1911. Nevertheless, it took several decades of research to develop the
first functional device in 1950 by Alessandro Volt -3, The efficiency of these devices is
described via a dimensionless quantity called ‘figure of merit’ ZT. The figure of merit it has
been used as a key parameter to weigh the differences between materials at different
temperatures. The discovery of new compounds and the optimization of them in order to find

the optimum figure of merit is significant for the community.
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Figure 1: Thermoelectric devices for power generation/refrigeneration. *

1.2 Thermoelectric Phenomena

1.2.1 Seebeck Effect

The Seebeck coefficient indicates the ability of the material to create a potential difference
when a temperature difference is applied. Figure 2 displays an open circuit where branches a
and b are from different conducting materials. A and B are contacts with the different
temperatures T1>T2, this can result in a creation of an electric force Ea at the ends T" and A.
This phenomenon is called the Seebeck effect while the proportional constant Seebeck
coefficient is given by eq.14°:

dEqp
Sap = g7

(1)

Where the Seebeck coefficient express the sum of the absolute Seebeck coefficient of the

individual materials at low temperatures as given by the linear eq.2

Saﬁ = Sa + S[g (2)



Thus,the electric force can be expressed by eq.3:

Ea,B’ = Sa/? (T, -T,) (3)

Figure 2: Simple diagram of thermocouple *5

The Sl units of the Seebeck coefficient is more often given in uV/K.The Seebeck can be also
be given by the Mott Formula from the Boltzman equation using the single parabolic band

model:

S= (4)

3e dE

n2k?g . <d [1n(a(E))]>

=LF

where o(E) is the electrical conductivity that is a function of Energy E at the Fermi level Er, e
the electron charge and ks the Boltzman constant. The electrical conductivity is given from the
equation 5 and it depends to the carrier concentration n and the mobily p of the carriers.

oc=neu (5)

The incorporation of eq.5 to the eg.4 leads to:

S =

m2k?y . (dn(E) dn(E)) )

3e ndE + UdE

F

The modification of carriers concentration can increase the Seebeck coefficient. Insulators have
low electrical conductivity and low carriers but high Seebeck. In contrast metals have high

3



carriers concentration (n>10%2cm) and (c>10°S/m). The semiconductors and especially the
degererate or the highly doped semiconductors with high carriers concentration can react like

a metal and the Seebeck coefficient can be given by eq.7:

-t ()

where n is the carrier concentration, m” the effective mass and h the Planck constant. Seebeck
coefficient for doped semiconductors has negative sign for n-type materials and positive for p-

type the intrinsic semiconductors have both carriers and as a result small values of Seebeck.

1.2.2 Peltier Effect

The Peltier effect is similar to Seebeck. Essentially is the reverse phenomenon with the
difference that in the ends of C and D a source of electro-exciting force is inserted (see Fig 3).
Then a current 1, is created and leads to dissipate heat Q from contact A while contact B is
absorbs heat. The contact A heats up and B cools down this phenomenon is called the Peltier
effect. The Peltier Coefficient is given®:

Q
Haﬁ—T

(8)

where ITaf:

Haﬁ = Ha + Hﬁ (9)

The Sl units for Peltier is VV or W/A.

Figure 3: Peltier Diagram 4°



1.2.3 Thomson effect

Finally, another thermoelectric phenomenon is the Thomson effect. This phenomenon is
describing the absorption or the production of heat when an electric current passes through a
homogeneous conductive material with a constant temperature gradient. Thomson effect can

be expressed as*:

where B is the Thompson coefficient with units V/K.
Thomson effect is mainly used for accurate calculations since it has minor impact in the

thermoelectric devices.

1.3 Thermoelectric materials and Figure of merit

1.3.1 Figure of merit

The efficiency of thermoelectric devices is described via a dimensionless quantity called
‘figure of merit’ ZT. The figure of merit it has been used as a key parameter to weigh the
differences between materials at different temperatures. It depends on three physical properties,
thermal conductivity (x), electrical conductivity (c) and Seebeck Coefficient (S). Their
relationship is expressed by eq. 11. Furthermore, k can be defined by the lattice (kia) and

electronic contributions(xer) as eq. 12 shows®.

2
2T = ST”T (11)



K = Kigt T Key (12)

where, the quantity S?c s clarified as the power factor (PF) and T is the temperature. The
interdependence of the above properties is the main problem to achieve high ZT values. In
order to obtain high ZT values PF must be large while the thermal conductivity k must be
minimized. Hence, that inspires the community to develop strategies to enhance the materials

average ZT®.

According to A.F.loffe studies on semiconductors, the most encouraging materials for
thermoelectric conversion is the heavily doped semiconductors®. Figure 4 presents the Carrier
concentration diagram vs Power factor for heavily doped TE materials. As shown by Fig. 4
when the carrier’s concentrations (n) increases then the power factor is maximized. Also, it

shows that Heavily doped semiconductors seem to be the most promising TE materials.
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Figure 4: Carriers concentration diagram vs Power factor ©

1.3.2 Electrical conductivity

Electrical conductivity (c) is a measurement of how easily a material allows electric current to
flow through it. The SI units of electrical conductivity is siemens per meter (S/m). Electrical
conductivity is depends on the carrier concentration (n) and the carrier mobility (i) (see eq.5)
when the carrier concentration and mobility increases the electrical conductivity is increased

as well. Although the increase of effective mass m” can decrease the mobility eq.13.



et

(13)

m*

Tl

where e is the electric charge, t is the mean scattering time between collisions for the carriers.
The electrical conductivity for semiconductors materials includes contributions from electrons

and holes.

o = ney, + peu, (14)

where e and pp mobilities of the electrons and holes respectively.

1.3.3 Thermal conductivity

Electrical carriers (electrons or holes), phonons, electromagnetic waves and other excitations
are carrying heat energy in solids. Most of the heat in metals is transported by electrical carries
while in insulators phonons are the main heat transporter. Thermal conductivity is a quantity
which is related to heat transport through a material and for semiconductors can be given by
eq.12 ":

K=K+ Kg (12)

From eq 12 is obvious that both electrons and phonons contribute to the heat transport. Thermal
conductivity is mainly depended on the materials properties. The lattice defects and
dislocations, carrier concentration, the grain size as well as the interaction of carries with
phonons are some parameters which affect the thermal conductivity.

The electronic thermal conductivity «. is given from the Wiedemann Frantz law’:

kK, = LoT (15)

where L: Lorentz number: Temperature and o: electrical conductivity.



For metals the Lorentz number is taken constant and equal to 2.44 x108W/mK (degenerate
limit). However, the thermoelectrics which are heavily doped semiconductors have an L near
to degenerate limit 8. The optimized materials have charge carriers concentrations between the
two regions (non-degenerate and degenerate) as a consequence errors up to 40%.The single
parabolic band model gives a correction on the measured thermopower 8.

Both, Lorentz and Seebeck are functions of the reduced chemical potential (n) and the carrier

scattering factor &:

S=+

kg |2F; (n)
?[Fo(n) B

n] (16)

(kg \? [BFy(W)Fy(n) — 4F,%*(n)
t=(3) [ FZo(n) ] a7n

* xtdx
0= | Trape=m 09

The Fi(n) represents the Fermi Dirac integral and the reduced Fermi Energy Er/ksT. The

equations 16-18 are solved numerically.

The lattice thermal conductivity «iat is affected from phonons. Phonons are categorized in two
types acoustic phonons (low frequencies and atoms moving in the same phase) and optical
phonons (with high frequencies and the atoms moving to opposite phases)’. Additionally,
optical phonons have low group velocity and for that reason they do not have a significant
impact to lattice thermal conductivity’. The interactions among optical and acoustic branches
influence the thermal transport. The lattice thermal conductivity is expressed from the equation
19:

1
Kiat = §vaslph (19)



Where, Cy is the heat capacity at constant volume, vs is the sound velocity Aph is the phonons
mean free path’.

As is clarified from the eq.19 the mean free path of phonons has a crucial role to the lattice
thermal conductivity. This is due to the dependence of the mean free path on the crystal

structure, the incite defects and the grain boundaries’.

1.4 TEG Efficiency and Applications

The TE efficiency of a device is evaluated from the thermoelectric figure of merit ZT of the

individual materials. The thermoelectric efficiency of nmax of a TEG is given from eq.20 °:

Ty — TeJ1+ ZTape —1

= (20)

n
max Ty ,/1+ZTM+%

H
where Tw and Tc are the temperature at hot and cold side respectively and ZTave is the average

ZT.

In figure 5 is illustrated the necessary figure of merit at Tc=300K to achieve high efficiencies
in TEG °. The fabrication of materials with superior figure of merits at reasonable cost and
compositions that are non-toxic and environmentally friendly will revolutionize the power
generation industry in the near future.
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Figure 5: Figure of merit and TE efficiency at T;=300K.5



TEGs are divided into stationary and mobile ones. In stationary TEGs the hot-side Temperature
is expected to be stable and some parameters that may affect the performance such as the
overall weight and the sensitive to vibrations are typically relaxed. On the other hand, in
applications such as the harvesting exhaust waste heat in vehicles include extra challenges
which are the temperature fluctuations of the hot source and mechanical vibrations who affect
the stability and the integrity of the device?3. Several economic factors such as the long-term
uncertainty of fossil fuels hold back the development of TE devices in commercial scale. For
instance, the recovery of waste heat in automobiles can be used to as electrical power to extend
the vehicle mileage. This energy saving must exceed the TEG cost. The stationary TEGs which
involved large units are installed in industrial facilities. Until now the number of available
commercial TEGs is very small and they use first-generation materials such as alloys of
bismuth and lead telluride. The articulated lorries which run over 100 000 miles per year at a
fuel economy of approximately 6 miles per gallon, are candidates to involve them in TEG
applications. In case of 5% minimum energy saving from TEG can approximately save $6000
yrt and $90000 in vehicle lifetime 10-15 years?2,

The field of TEs has remarkable advances in new materials but there is a main obstacle to the
development of devices only very few researchers have the facilities and the expertise to
fabricate TE power-generating devices.

Some applications of TEGs in industry are presented in figure 6. The radioisotope
thermoelectric generator (RTG) introduced in 1961 was one of the first applications of TEGs.
Radioactive atoms were releasing heat and some amount was converted to electricity. In the
medical sector, many companies have manufactured nuclear powered pacemakers in 2004 but
after the lithium batteries the market of nuclear batteries stopped. In our time, thermoelectric
generators are designed to supply energy in autonomous sensors installed in remote locations
for example in difficult access locations which solar and wind energy are not available and the

heat is supplied via catalytic burners?3.

Furthermore, TEGs can also find an application in human body which the heat is stable and
natural, thermoelectric watches are available in market. To conclude as it was previously
described, TE generators can be used in transport like vehicles industry. Maritime industry is
widening and is contribute further to greenhouse gas emissions which leads to the climate
change. Kristiansen et al, state that the development of TE system in marine time aiming to
recover the waste heat is can be feasible. Bearing in mind, the ships engines are releasing heat

10



in order to heat the heavy fuel oil ,cabin areas and to generate fresh water. These activities

reduced the temperature of waste heat to an optimum level to use the TEG?3,

Figure 6: TEGs applications in industry.?®
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Chapter 2

2. Thermoelectric materials

In Chapter two the summary of the relevant literature is presented. The physical properties
and structure of full and half Heusler materials as well as the synthesis method of HH are

presented. Moreover, the literature review includes the summary of previews studies.

2.1 TE Generations

The dimensionless figure of merit can be expressed as a function of years research progress
and Temperature as shown in Fig 7. Based on the years, ZT can be separated in three
generations of TE materials. The first generation of TE materials exhibit ZT below 1, after
several years of experimental research the figure of merit was doubled, and it is in the range of
1.3-1.7 and the materials which display these values are called second generation®2. This is
mainly to the uses of nanoscale precipitates and compositional inhomogeneities which supress

the lattice thermal conductivity.

Moreover,if enhancing approaches such as: (a) the enhancement of Seebeck coefficient via
band convergence, (b) the retention of the carrier mobility via band energy offset minimization
between matrix and precipitate as well as the (c) reduction of lattice thermal conductivity
through all length-scale phonon scattering can combined together in a single material then we

can describe the third generation of thermoelectric materials with figure of merit ranging from

1.8-2.259,
‘ PbTe-PbSe PbTe-SrTe
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Figure 7: Figure of merit based on years, temperature and category of materials.5°
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2.2 Optimization Strategies

For what is discussed above impressive thermoelectric performances have been achieved due
to the enhancing approaches. In this section the optimization strategies for the bulk
thermoelectrics are discussed. The major strategies are nanostructuring, all-scale hierarchical
architecturing, matrix/precipitate band alignment and intra-matrix electronic structure

engineering.
2.2.1 Reduction of Thermal conductivity

2.2.1.1 Alloying/Formation of Solid Solutions

The typical approach to reduce the lattice thermal conductivity for the improvement of the
various thermoelectric materials is through the alloying substitution. The isoelectronic alloying
by creating point defects can reduced the lattice thermal conductivity. The large mass and
radius contrast between the host atoms and impurity atoms is usually preferred aiming to
disrupt the phonon path and minimize the phonon contribution to the total thermal conductivity.
The experimental investigations, as well as, theoretical calculations of the disorder scattering
parameter I' and the theoretical lattice thermal conductivity have shown that isoelectronic
alloying on different sublattices greatly decreases the lattice thermal conductivities of half-
Heusler alloys due to enhanced mass and strain field fluctuation scattering caused by the
difference of masses and radii between the impurity atoms and substituted atoms**’. In
addition, experimental and theoretical calculations of the electronic structures and
thermoelectric performance of half-Heusler MNiSn (with M=Ti, Zr, Hf) materials mention that
substituting Ti with Hf or Zr does not severely change the band structures of these systems**-
17 Recently, Zhang et al, in order to overcome the intrinsic the high thermal conductivity of
ZrNiSn was performed experiments by substituted at the Sn-site with Si’. Based on the
differences of the mass and radius between the Si-atom and Sn-atom the phonon was strongly
scattered and the lattice thermal conductivity was reduced.” Surprisingly, the lattice thermal
conductivity was reduced from the pristine ZrNiSn from 9.8 W/mK to 5.7 W/mK for the
ZrNiSno.98Sio.02 and reaches a figure of merit 0.78 at 873K which is 45% higher than the pure
ZrNisn.Y’
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2.2.1.2 Nanostructuring

There are two types of nanostructured thermoelectric materials.

Man-made nanostructured materials. This type is mainly single-phase materials and is
defined as an assembly of nanosized particles or grains. This type of nanostructured
materials is usually developed based on mechanical methods, such as mechanical
alloying or even ball milling process. Such techniques can be also applied in mixture
of different materials and form 2- or more-phase nanostructured materials.

Self-made nanostructured materials. This second type is a system comprising a main
solid phase (matrix) containing a secondary phase which is integrated into the matrix.
In this case, the formation of nanophase comes from a typical precipitation process in
a 2-phase region (see figure 9) of a well-chosen phase diagram®81° through nucleation
and growth of the second phase. The second phase shall have low or no solubility in the
solid state and in liquid state must be complete solute. When the corresponding melting
diminishes by rapid cooling the second phase will precipitate as it reaches or exceeds

the solubility limit in the solid state®2%:22,

In the case of nanostructured thermoelectric materials, the observed reduction of the
lattice thermal conductivity significantly contributes to the enhancement of
thermoelectric performance. This decrease in lattice thermal conductivity results from
the enhanced scattering of phonons that carry heat from interfaces, and related effects

result from nanostructures in a nano-scale system®2223,
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Nanostructured materials via mechanical techniques

Nanostructuring can be achieved by powder techniques (eg ball milling, mechanical alloying)
as advantageous in industrial scale, because they provide the possibility of mass production,
easy development in various shapes and above all the low cost compared to the usual
techniques of developing nano-structures. Several examples on thermoelectric materials, such
as PbTe?*, Bi,Tes %, Mg.Si?® % and skutterudites®® have proven that these techniques is an

effective way to form bulk nanostructured materials with reduced lattice thermal conductivity.

Nanostructured materials via precipitation

The phenomenon of nanostructures via precipitation in highly efficient thermoelectrics was
obtained first in lead-antimony-silver-tellurion system called ‘LAST’ AgPbmSbTe2+m. The
low lattice thermal conductivity was achieved from precipitation of the secondary phase on a
nano-scale inside the PbTe Matrix. Nanostructures were also obtained in the LAST-T(Ag(Pb1-
xSnx)mShTe,+M and SALT(NaPbmSbTez+m) system. The nanocrystals in figure 8 were
endotaxially arranged in the matrix with good lattice coupling across the surface. The endotaxis
is an important and favourable characteristic of the material for easy transport of carriers
through the sample®31-33,

Today, it is well known that the nanostructures scatter more phonons at appropriate
wavelengths than the solid solutions. The material ‘LAST’ exceptionally showed low lattice
thermal conductivity and the actual value depended on the mass. According to the literature,
the thermal conductivity of the PbTe was decreased from 2-2.5 W/m-K to 0.5-0.8 W/m-K and
high ZT values e.g 1.7 at 700K for the n-type 18%LAST were achieved.
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Figure 8: Endotaxial arrangement of nanocrystals in the lattice (left) the pairs +3 and +1 (alloying) occupied the+2

sites surrounding one -2 atom which is chemical and energy stable. On the right TEM image illustrate the mass

and size fluctuations of nanodots (coherent or semicoherent) interfaces in the matrix. 3133

This approach was applied to various chalcogenides and successful examples are mainly PbTe-
MTe (m=Ca,Sr,Ba and Cd)**=¢ PbSe-MSe (M=Ca,Sr,Ba,Zn and Cd)%**, and PbS-MS
(M=Bi,Sb,Ca,Sr,Zn and Cd)?1%,

Regarding to the PbTe system,the thermal conductivity was decreased from 2-2.5 W/m-K to
1W/m-K with the addition of 5%CaTe and the thermoelectric performance reached the value
of ZT=1.5 at 765K.Moreover, with 3%BaTe the x dropped down to 1.2 and figure of merit
obtained the value of 1.3 at 760K also with 2% SrTe the ZT gained the highest value of 1.7 at
800K3+%, Another example is the PbTe-PbS system where the number density of precipitation
increases with an increase in the PbS fraction and the lattice thermal conductivity at room
temperature decreases from 0.9 W/mK to 0.45 W/mK?34941_On the other hand, PbSe-PbS
systems with nanostructures do not greatly reduce thermal conductivity due to the fact that

these nanostructures are insufficient to create strong phonon scattering in the matrix*.,
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Figure 9: (Pseudo)-binary diagram for the formation of nanostructures A is the matrix and B the second phase the
solubility of B in A(matrix) is dependent on the temperature. The TEM image on the right illustrate the
nanostructure precipitates,?340-41
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Figure 10: Schematic diagram for complete solid solution between the two phases A and B.The TEM images
(d) illustrates the nanostructures due to spinodal decomposition and (e) it presents the nucleation and growth
of nanostructures.*
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2.2.1.2 All-Scale hierarchical architecturing

All-scale hierarchical architecture strategy involves the development of materials that their
structural features cover a wider range of disorder scale from atomic level to meso- and micro-

level.

N general, phonons with short and medium wavelengths are strongly scattered by point defects.
The introduction of dopants causes mass difference or local bond strain to the lattice and can
scatter the phonons with short wavelengths. In addition, the scattering of phonons with medium
wavelength occur at the interfaces of the nanostructures between the precipitates and the matrix
and also from the mass difference of the two phases. However, the acoustic phonons with long
wavelength are unaffected and a new mechanism was required for several decades in the
research of thermoelectric materials >42%3 Further scattering phonons requires breaking the
crystals into mesoscopic particles (100nm-5um) in order for the meso —scale grain boundaries
to scatter longer long-wavelength phonons. Therefore, scattering across the range of MFPs
from nano to micro size requires the all scale hierarchical architectures e.g. the integration of
point defects of solid solutions, nanostructures and grain boundary interfaces (see fig.11)%4446

Grain
boundary

Figure 11: All scale hierarchical architecturing. Phonons can be scatter from point defects,

nanoprecipitates and grain boundaries.®#24
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Figure 12 illustrates the contribution scattering classification by the MFP range which
calculated for Si and PbTe. The 25% of the «iat in silicon is due to atomic-scale point defects
of solid solutions MFP<5nm, the 55% is evaluated by precipitations in nano-scale MFP (5-100
nm) and the rest by polycrystalline grain boundaries with MFP (0.1-1pum)*. Consequently, all
scale sizes panoscopic structures in a material affect the scattering of phonons and should be
the main design principle for future thermoelectric materials. All scale hierarchical
architectures are successfully applied in chalcogenides system PbQ (Q=Te, Se and S)394748 half

Heusler materials**°! and silicides®.
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Figure 12: Schematic distribution of the reduction of ki, in a relation with phonons MFPs.*3

2.2.2 Power Factor Optimization

2.2.2.1 Matrix Precipitate band alignment

The above-mentioned strategies mainly focus on reducing lattice thermal conductivity through
a wide range of scattering of phonons over a multiple scale length. In all cases the power factor
decreases with the single-phase matrix due to the nanoinclusions which increase carriers

scattering resulting to their mobility reduction.

It is obvious that in order to achieve higher ZT values and to continue the development studies
of such materials, a reduction in carriers mobility must be avoided. One strategy is to control
and minimize the band offsets between the two phases. If the conduction bands of the matrix

are energetically closed with these second phase then the electronic transmission through the
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system is easier. This is more conducive to the transfer of holes if the two upper bands are

energetically closed or aligned.®

The matrix and the secondary phase show large differences in band gaps. Nevertheless, the
carriers can be easily transferred if there is a small difference in energy (AE) in the relevant
valence or conduction band edges. The energy difference AE must be proportional to KgT at
elevated temperatures®. Figure 13 is illustrates a general idea for achieving this purpose. This
strategy is applied except from Chalcogenides and to the SiGe systems and the Half Heusler
materials®®®*. A study shows an improvement in electrical conductivity by 54% for the
Sigs.25Ge13.75 P1.05 Sample using the modulation/doping approach at (SigsGes)o.65(SizoGesoP3)o.35.
The carriers flow inside the matrix can improve the Seebeck coefficient and the electrical
conductivity as a result the enhancement of figure of merit ZT=1.3 at 1173K for the (SigsGes)

0.65 (Si7oGesoP3)0.35.%

Furthermore, a first study using the modulation doping approach was carried out for the ternary
system TiNiSn. The modulation doping (MnNiSb)x with x = 0.05 at the (TiNiSn)1x reduced

the « and they achieved 70% increase to the figure of merit and reached the value of 0.63%.
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Figure 13: The second phases in the matrix scatter phonons at the matrix/nanostructure interfaces. The energy
band diagrams of matrix and second phases exhibit that the energy difference in valence bands can lead to

carriers transferred besides the large differences in semiconducting gaps E’g>Eg.5%%
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2.2.2.2 Intra-matrix electronic structure engineering

This mechanism aims to increase the power factor and the ZT via the intra-matrix band
engineering. The mechanism will be described from a calculation study which performed the
Dr. G.H Fecher®,

The system MNiSn (M=Ti,Zr,Hf) as it presented in figure 14 is a semiconductor with an
indirect gap. The valence band is at I" point and at the X point is the conduction band. The
band gap AEgsp is 0.45ev. Many studies detected “in gap” states close to the Fermi edge which
were created by chemical disorder and suggested that these states could be the key to control
the thermoelectric properties.

These materials can be doped by electrons or holes and change the transport properties. The
chemical potential changes its position owing to the doping. Thus, the heavily doped
semiconductors will shift into the valence band (hole doping) or to the conduction band
(electron doping). The fig.14 showed that the addition of 10%Nb as n-type donor in the Ti-site
shift the Fermi Energy to the conduction band and the substitution of 10% Sc can shift the
Fermi Energy to the valence band as a result the improvement of power factor and the overall

figure of merit™.

M=Nb,x=10% Tig 4, MZr, . Hf ,NiSn  M=Sc, x=10%

+

i A
8 RN é 1/ \_
‘1 \_| é @
X I L X I L X I L

Electron momentum k

Figure 14: abinitio calculations of the electronic structure of n-type Tio.3Zro.35Hfo.3sNiSn performed by Dr.G.H
Fecher at Max- Planck-Institute. The Fermi Energy is shifted into the conduction band with Nb(n-type dopant)
or to valence band with Sc(p-type dopant).%
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Finally closing this section, the integration of all the mechanisms mentioned in a single system

expect to give high thermoelectric performance. The figure 15 present how the different

concepts synergistic together®¥'.

©
giE
(TR
283
a®

=)
=
~
S
o
=
S
=)
£
LY

S8
23
x
LE
UG
v E
g

c
QT

PbSe-ZnSe-Na
(+nanostructures)

Cumulative integration of materials approaches

Figure 15: Combination of synergstic approaches can be enhanced the ZT a simple paradigm

the PbSe system. °%7

2.3 Half Heusler materials

For all the aforementioned optimize strategies above lead the community to discovery new
compounds and optimize them in order to find the optimum figure of merit. Fritz Heusler in
1903 discovered new compounds that have narrow band gaps and are suitable for
thermoelectric applications Currently, only few Half Heusler (HH) compounds have been
studied for their thermoelectric properties and in the next section will discussed the recent

progress of these materials.

2.3.1 Physical Structure of Full and half Heusler

The Heusler compounds with elemental formula XY Z can be applied in the field of spintronics
due to their magnetic properties. The Half Heusler are an alternative form of the Heusler
compounds. They have chemical composition XYZ where X can be a transition metal, noble
metal or a rare-earth element, Y is a transition metal, or a noble metal and Z is a main group

element. The elements forms MgAgAs type of structure (Space group F43m), where the X, Y,
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Z are arranged to form three interpenetrating Face Centered Cubic (FCC) Sublattices (see
Fig16)5°,

This configuration of the elements causes a band gap in Half Heusler with range between 0.1ev
to 3. 7ev. The most suitable are the compositions with 18 valence electron count (VEC) which
are stable and have band gap 0-1.1ev. Thus, this group of materials expose excellent electrical
properties, brilliant mechanical robustness and high thermal stability. Nevertheless, the high
thermal conductivity from 6.7 up to 20W/mK is the major problem for thermoelectric

applications®°8.
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Figure 16: Crystal Structure of Half Heusler materials and Periodic table of elements with red colour are transition

metal or noble metal or rare-earth element, with blue transition metals and green main group elements.5°6

2.3.2 Synthesis methods of half Heusler

Several methods have been applied to synthesize the HH materials. The combination of
elements with high and low melting points in these compounds requires a high temperature

alloying method.

From the first studies the Arc Melting (AM) method is increasingly used for synthesizing this
type of materials. The method can be achieved by weighting the stoichiometric amounts of the
elements and subsequently melting them in an Argon atmosphere. In order to ensure

homogeneity, the ingot is crushed and re-melted 3 to 5 times®".
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Furthermore, induction melting®-, levitation melting (without crucible)®3%4 optical floating
zone melting®% are additional and similar methods to arc melting and are used to synthesize
also the HH materials. The main difficulties from the above methods is the evaporation of the
elements which have high vapor pressures such as Tin (Sn) and Antimony (Sb). To compensate

the losses, the addition of an extra 5% of these materials is appropriate®’.

In relation with that, the solid-state reactions can reduce the material loss. The solid-state
reactions methods require the starting materials be in form of powders, then, must mixed well
and encapsulated in quartz tube in order to heat up at 850-900°C®"%8, Although reducing the
materials loss through this method, must kept in mind that it will take from few days to two
weeks to complete the alloying.

Mechanical alloying (MA) is another solid-state technique which involves mix of reactive
components at nanoscale and induce chemical reactions in powder mixtures at room
temperature. Through MA method, energy is transferred to particles owing to frequent
collisions that cause plastic deformation. The reactive surface increases with the reduction of
breakage and particle size, thus the diffusion is enhanced and formed composite materials (See
fig.17)%97, Zou et al (2009) performed experiments to synthesize the ternary TiNiSn
compound via Mechanical Alloying and stated that is not successful to synthesize due to limited
energy input’t. However, Monique et al., from first principle calculations showed that there is
an optimum window to synthesize the TiNiSn compound via Mechanical alloying™.
Additionally, the MA method is complex because the provided energy depends from various
parameters such as: type of mill, milling containers and balls, rotational speed, ball to material

ratio, hardness of the grinding bowls etc®®7.
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Figure 17: Mechanical alloying method- Metal A and Metal B are mix at ball milling vial and plastic

deformation occur due to collisions.®7°
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2.3.3 Research studies of n-type MNiSn (M=Ti,Hf,Zr)

The most well studied HH compounds are the n-type MNiSn and p-type MCoSb (M=Ti,Zr,Hf).
The community emphasize to improve them due to their high potentials, both compounds have
electrical resistivity 10%-10" Q.cm at room temperature, consequently, with improvement of
carrier mobility and carrier concentration will lead to higher values of electrical conductivity®®.
In this section the recent research for these compounds and especially for the n-type MNiSn
(M=Ti, Zr, Hf) are discussed in detail.

Aliev et al. conducted resistivity experiments and showed that MNiSn (M=Ti,Zr,Hf) are
semiconductors with band gaps of 0.12ev,0.18ev and 0.22ev respectively. Presently found that
these compounds exhibit large Seebeck coefficients and are appropriate for thermoelectric
applications®’>7, Hohl et al. explored the TiNiSn, ZrNiSn and HfNiSn alloys and establish
Zr1xHfxNiSn alloys form solid solutions with reduced thermal conductivity. In a relation with

that the power factors were not affected upon alloying.

Uher et al. revealed that the annealing treatments can suppressed the lattice thermal
conductivity. Furthermore, they announced that Sb is an efficient dopant for the Sn sites of the
ZrixHfNiSn alloy™. That is also confirmed from other reports which show that 0.5-2.5%
replacement of Sn by Sb is the optimized doping level®®"®7". The rise of carrier concentration

enhances the power factor. This can be accomplished with alloying dopants in the lattice.

Many studies showed that intermixing of Hf, Zr and Ti is not improving the electrical
conductivity too much’. A study unveiled that the HfosTiosNiSn has lower carrier
concentration than the ternary systems TiNiSn and HfNiSn®. The Hf-Zr intermixing in the
MNiSn affect most the carrier mobility and increase the electrical conductivity. The
interchanging of Hf,Zr and Ti does not modify the valence electron count thus elements with
different valence electrons are most efficient dopants®..

The n-type MNiSn system can be doped from the M-site via (Ce, La, Nb, Ta and V), at the Ni
site (Cr, Cu and Fe) and at the Sn site (Bi,Ge,Pb, Te and Sh®%:78:82,
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Another way to increase the carrier concentrations, except from the formation of metallic
nanoprecipitates through doping, is to use the grain boundary engineering approach. Makongo
et al displayed that the creation of Full Heusler phase in the grain boundaries between the Half
Heusler phase enhanced the Seebeck coefficient without reduction of the electrical
conductivity. The creation of Full Heusler nanoinclusions can filter out low energy carriers and

keep the high mobility of the remaining charge carriers that is explained in Fig 1867,
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Figure 18: a: Is a schematic illustration of boundaries it displays the Half Heusler (matrix) with Full Heusler
nanoinclusions and b: is illustrated the band diagram between them the AE is the energy barrier and at T1 and

T2 is the temperatures that carriers excited.%6:

As prior mentioned, isoelectronic doping does not affect the electrical conductivity and the
electronic part of the thermal conductivity. The binary combination of Hf, Zr, Ti or ternary
alloying can reduce the thermal conductivity®*®*. A simple paradigm is illustrated in Fig 19 in
which the addition of titanium reduces the thermal conductivity from 4.7W/mK to
3.2W/mK35 Supplementary reduction in the thermal conductivity is achieved with the
increasing phonon scattering in the grain boundaries. This is carried out via high energy ball
milling and sintering in order to gain small grain sizes. The thermal conductivity of TiNiSn1-
«Sbx with average grain size 50 nm drops from 10.6W/mK to 3.7W/mK?>7785 Katayama et al,
stated that is feasible a reduction 17.9% and 36.3% in the thermal conductivity via Zr and Hf
doping respectively compared to undoped TiNiSn®.Hohl et al,obtained a x=5.4W/mK in Ta-
doped ZrosHfosNiSn at 700K and earned a figure of merit 0.5 8. Joshi et al, achieved a
minimum thermal conductivity «min=3.15W/m-K at room temperature for the
Tio.25Zr0.25Hfo.5NiSN0.99Sho.01.%° Furthermore, if the Ni atom is partially substituted by the Pd
atom the ZT is enriched the value of 0.7 for the ZrosHfosNiosPdo.2SNo.99Shoo1.8” Zhang et al,
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maximized the figure of merit of undoped TiNiSn to 0.84 using different sieves mesh sizes,

however, the time-consuming additional processes remains the main barrier of this method.8®
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Figure 19: Addition of 25% Titanium suppress the thermal conductivity from 4.7-3.2W/m*K 5657

The MNiSn compounds were widely studied in terms of properties but to fabricate devices with
high performance is necessary to investigate the material stability at high temperatures. First
studies showed that annealing of the undoped MNiSn at 800°C for two to ten days’, at 900°C
for 14h and at 800°C for one to seven days enhanced the structural ordering and increase the

electrical conductivity®*°,

Other studies showed that for the samples with metallic and impurity phases the most suitable
annealing temperature is at 890°C resulting to the elevation of Seebeck Coefficient and
electrical conductivity. Moreover, for doped samples the annealing times accelerate the

uniform distribution of the dopant and improve the electrical conductivity®®-1:92,

However, the stability studies until now show the improvement of the electrical conductivity.
The improvement of Seebeck coefficient and electrical conductivity are expected in high

annealing temperatures. Thus, further studies in thermal stability are necessary.
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The current state-of -the-art for the n-type MNiSn and p-type MCoSb is summarised in
Fig.20.The synergy of all approaches results in high ZT values. The optimum ZT is 1.3 for the
composition (Hfo.6Zro.4)0.99V0.00NiSno.0esSho.oos Which is synthesized via Arc Melting and
SPS%.The composition Tios(Zros,Hfos)05NiSnoses is not taken into consideration due the over-
estimated values ZT=1.5 and it never reproduced by any other group®.However, different
compositions of half Heusler can exposed values higher than 1 for the compositions of LaPtSh

which the overall figure of merit is 1.8.
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Figure 20: Current state-of-the-art for n and p-type Half Heusler materials.%*

The table 1 summarizes all the interesting compositions until now and leads us to explore

compositions with less Hf or Hf-free in order to comply the regulation of decrease the world

market price of raw elements.®*
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Compositions Methods ZT Comments
Tix(ZrosHfos)1 <NiSn Arc Melting+HP over-estimated
Tio,s(zro,s Hfo,s)o,sNisno,ggs 60 1.3 Valu_T_Seé\t/]lMR
Tios(Zro.s Hfo.5)0.5NiSNo.998Sbo.002 15
(Hfo_ezro_4)17xMxNisno,995 Sbo,oo5 (M:V, Arc Melting+SPS
Nb, and Ta) *
(Hfo.6Zr0.4)0.99V0.0:NiSN0.9955b0.005 1.3 V is a resonant
dopant
(Hfo,sto,4)o,gngoA01 Nisno,ggssbo,o% 1.2 Nb normal
dopant
(Hfo.6Zr0.4)0.99 Tao.0:NiSNo.995 Sbo.oos Ta normal dopant
Tio.37Zr0.37Hfo26NiSn % Arc Melting+SPS 1 Phase separation
Hf«Zr1—<NiSno.g9Sbo.01 81
Hfo.25Zr0.75NiSno.99 So.o1 Arc Melting+Ball 1
Milling+HP
Hfo.6Zr0.4NiSno.ssSbo .02 Suspension melting 1
HfoAzszroAstioAsNiSI’loAgggsbo,ooz 63 Induction 0.94 . smaller g':ain
Melting+Annealing+Ball sizes reduction of
Milling+SPS klat
(Hfo5Zr0.5)0.7Tio.sNiSno.008Sbo.002 % Induction 0.92
Melting+Annealing+Ball
Milling+SPS
TiNipxSn Arc Melting +SPS
TiNiz1Sn ¥ 0.5 Ni excess
degreased the «,
phase separatio
FH
ZrkTi1«NiSn Microwave heating
Zro3Tio7NiSn % 0.60 grain size 10pum
TiNiSn Arc Melting/Sieving 0.84 grain size

Table 1: Summarize all the interesting compositions with optimum figure of merit up today.
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2.3.4 Motivation and Objectives

As previously discussed, among the different families of half Heusler materials the MNiSn and
MCoSb (M=Ti,Zr,Hf) compounds are strong candidates for thermoelectric applications. Up to
date, the best figure of merit for the n-type half Heusler is 1.5 at 700K for Sh-doped
Hfo.25Zr0.25 Tio sNiSn®, while for the p-type is 1.5 at 973K for the ZrCoBio.5Sbo.155n0.27%1%.
Moreover, besides the high figure of merit, these materials seem to be applicable due to their
thermal stability as well as mechanical behavior; critical parameters for the development of

thermoelectric modules for medium range temperatures.

Aiming to further improve this system and push it closer to the application, the development
of half-Heusler materials with high thermoelectric performance via a scalable synthesis method
was our main objective. Mechanical alloying method was selected as (a) the “scalable synthesis
method” where (b) the in-situ development of hierarchical structural features for the reduction
of the thermal conductivity, thus, the fabrication of half-Heusler materials with “high
thermoelectric performance” was possible in the synthesis step. Moreover, scalability and
simplicity are also important practical advantages for mechanical alloying method compare to
commonly applied arc melting method where additional treatments (i.e. long annealing and
ball milling) to improve the thermoelectric properties are also required necessary.
n-type half-Heusler (Ti,Zr,Hf)NiSn materials were selected for the application of this approach
and the investigation of the developed structural features aiming to introduce/form:

e disorder at atomic level via Ti/Zr/Hf substitution

¢ nano-crystalline particles during mechanical alloying synthesis method

e micro-grains during mechanical alloying synthesis and, mainly, sintering process
More specifically, (Ti,Zr,Hf)NiSn solid solutions series were selected and compositions on the

edges as well as inside the triangular phase diagram starting from TiNiSn.
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Chapter 3

3.Synthesis and Characterization Methods

In this chapter, the composition techniques and the experimental equipment used to produce
these materials as well as the characterization techniques and the evaluation of thermoelectric

properties will be discussed.

3.1 Synthesis of half Heusler

3.1.1 Mechanical Alloying vs Arc Melting

The technology of powder metallurgy is the most commonly used method to fabricate half
Heusler materials. For example, in the arc melting processing the ingots are pulverized to small
particles and then compacted via spark plasma sintering or hot pressing leading to the formation
of sample with multiple phases or impurity phases such as: (Hf,Zr)sSns, TiNi2Sn, TisSns and
unalloyed Sn®-%2, To eliminate the impurity phases, annealing at temperatures 900-1050°C for
3 to 7 days must be carried out®>°2, Thus, additional treatments must carry out in order to obtain

nanocrystalline HH materials with sizes~50nm®’.

Mechanical alloying (MA) can be used as alternative technique to synthesize direct this type
of materials avoiding the additional steps. In MA repeated welding, fracturing and rewelding
of powder particles occur for the formation of various compounds via solid state diffusion®®.
The methodology of the two different techniques (MA vs arc melting) is compared in Figure
23. The fewer multiple processing steps, the possibility of scalling up as well as the formation
of materials with nanostructures with low values of lattice thermal conductivity are some

advantages of this method®*,
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Figure 23: Comparison of two methodologies Mechanical alloying above and Arc melting.%

3.1.2 Mechanical alloying synthesis

Figure 24 is presents the methodology of the MA technique. Clearly seems to be simpler
compared to other techniques. The starting materials are weighted to the tungsten carbide vial
and milled under high speed in planetary ball mill and then sintered in a hot press or spark
plasma sintering furnace. The crucial parameters that affect the synthesis method are the
number of balls, time of milling/pause, as well as the speed and the type of mill. The most
significant parameters are the time and the speed of milling’™. Based on literature, the half
Heusler can synthesized in an energy window between 500-700 rpm’. Based on this finding
as well as our preliminary experiments the speed of 600rpm was selected for the current studies.
The experiments in lower speeds exposed impurity phases and mainly create the NizSns phase
which is metallic and is affect significant the thermoelectric properties. More information about
the chemical composition ball to material ratio and the synthesis is included at Chapter 4 and
5 for the current studies. The MA method is attractive method because includes only two
processing steps compared to other techniques which used multiple steps. This has as a result

also the reduction of materials loss through evaporation.
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Figure 24: Methodology of Mechanical alloying.

3.1.3 Hot Pressing (HP)

In order to take the final pellet, which will undergo characterization and measurement of the
properties, a sintering stage of the milled powders is needed. The sintering process is carried
out through the high temperature press system (see figure 25). The pellet can be developed by
simultaneous application of pressure and heating. The process is done under a flow of inert gas
or under vacuum. The maximum force that can be applied is 200kN and a maximum
temperature of 2000°C. The chamber before conducting the experiments, is placed under a
vacuum<20mtorr and purged with inert gas in order to maintain inert atmosphere®. Taking
into consideration the theoretical density of the different stoichiometries the sintering
experiments was carried out in a temperature range of 1100-1150K based on literature. The
density of the polished samples (see figure 26) evaluated based on Archimedes method and

was 99% of the theoretical then the thermoelectric characterization was carried out.
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Figure 25: Hot Press system for sintering.%

Figure 26: Polished pellet after sintering.
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3.1.3 Structural Characterization

3.1.3.1 P-XRD Diffraction

After the different stages of synthesis and after the sintering process it is necessary to
characterize the fine powders using X-ray diffraction to show how the powders react between
them up to the final pellet. The aim is mainly to distinguish the structures of the materials if
they are crystalline or amorphous, to make a quantitative and qualitative analysis of the dopant
material which enters to the lattice, i.e. shift of the peaks to smaller angles of 26 which is
translate to large unit cell. Additionally, the crystallite size can be estimated from the range of
peaks. To characterize the materials of this project, the Rigaku Miniflex has been used (figure
25)108

The principle of X-ray diffraction pattern is presented in (figure 27). When an X-rays beam
incident on a polycrystalline sample with a specified wavelength (X), in our case CuKa A=1.54,
and by changing the angle of the incident ray with respect to the sample, the diffracted rays
will be sequentially detected by the detector at angles 26.That angles represents the lattice
planes satisfying it Bragg's condition®:

2dSing = 1 (21)

The lattice constant can easily be estimated from the measurement of Bragg the angle 6. The
identification of the diffraction patterns is identified by ICDD (International Center for
Diffraction Data) standard data (see figure 28) theoretical xrd of TiNiSn®® Scanning the
sample through a wide range of 26 angles, all possible diffraction directions of the lattice are

attained.
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37



3.1.3.2 Scanning electron microscopy (SEM)

A technique for studying samples through the use of an electron beam is the scanning electron
microscope (SEM) (figure 29). The scanning microscope is using a focused beam of high
energy electrons 1-50kev.The beam passes through a sequence of two or three focusing lenses,
which are combined with suitable diaphragms with the help of a coil, and systematically scans

the surface of the sample!®,

When the beam interacts with the sample various types of signals are obtained (figure 27), such
as secondary electrons which give high resolution images on specimen morphology and
information on the size and shape of the particles. Furthermore, the backscattered electrons can
give information for the chemical composition of the elements, especially for solids solutions
we can distinguish the different phases by contrast to brightness'®. In figure 30 is presented a
backscattered image of a HH sample prepared via Arc melting. It is obvious the phase

separation and impurity phases such as TisSng 1°

Auger electrons can be detected and give information about the composition of the materials
as well. Using an EDX sensor the X-rays fluorescence can be recorded in order to perform
elemental analysis mapping on multiphase samples.'®

The phenomena that will be observed are affected by the amount of interaction of the beam
with the sample as well as with the penetration depth of the beam (figure 27 right). Thus, the
angle of the incidence beam, the current, the acceleration tendency and the average atomic
number Z of the sample plays a decisive role. Maximum magnification for average SEM
imaging is up to 500,000X1%,
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Figure 29: Scanning electron microscope and interaction of incident beam.%*

Figure 30: Backscattered image of HH sample prepared by arc melting.2%
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3.1.3.3 Transmission electron microscopy (TEM)

The Transmission electron microscope uses an electron gun at the top of the instrument and
emits electrons through a vacuum tube. Then, the electrons are focused into a fine beam due to
the electromagnetic lenses. The focused beam passes through a very thin specimen, and the
electrons either scatter or hit a fluorescent screen at the bottom of the microscope. An image
of the specimen with its assorted parts is shown on the screen in different shades according to
its density. Figure 31 shows an example of bright field (BF) image of a TiNiSn HH
sample®.The image revealed the microstructure of the HH matrix along with SAD patterns.In
that sample are also observed platelets and spherical precipitate®. In this project, a JEOL 2011
microscope, operating at an accelerating voltage of 200 kV with a point resolution of 0.25 nm
and equipped with an EDS detector (EDAX Apollo XLT TEMSDD) was employed for
transmission electron microscopy (TEM, HRTEM) experiments. Samples suitable for TEM-
HRTEM were prepared by dispersing crushed material on ultrathin lacey C-films supported on

3.05 mm copper grids.

002,022,
. o

000 020,,

Figure 31: Bright field image of TiNiSn sample along with SAD patterns.%
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3.1.4 Thermoelectric Characterization

3.1.4.1 Laser flash Analysis

The laser flash analysis technique is a fast, absolute method, without any contact on the sample.
This method is giving the ability to calculate the thermophysical properties which include
thermal diffusivity, specific heat capacity and thermal conductivity. The data which obtained
by this method can be used to optimize TE materials with low lattice thermal conductivity and
high figure of merit (ZT).

The LFA method is illustrated in figure 32 where the front surface of a parallel sample is heated
by a laser pulse and on the back surface the rise in temperature with respect to time is measured
using an IR detector. The thermal diffusivity (a), and in most cases the specific heat capacity

at constant pressure (Cp) can be determined from the measured signal%.

The estimation of the thermal diffusivity can be achieved from the half time ti» (time
corresponding to half the step height). The specific heat can be determined from the total
temperature increase (step height). It is indirectly proportional to the heat capacity of the
sample (figure 32 right). The Cp of an unknown material can be calculated by comparing the

signal heights between sample and reference as follows!%:

Tooref_ sample yysample ref iref g 2
¢ P sample . cref ,(T) (22)

Cp (T) - Toosample. Qref_ yrer. psample_ tsample dref

Where, T the height of the detector signals (Temperature), Q the laser energy, V the
amplification factor, p the density, t the thickness of the sample or reference and d the opening
diameter of the sample holder.

If the density (p) of the sample is known then the thermal conductivity (K) can be calculated

from the relationship?®:

k=a.p.C, (23)
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Figure 32: Principle of LFA and signal of IR detector.%®

3.1.4.2 Four-Probe method Ulvac Zem-3

To estimate the electrical conductivity (o) and Seebeck coefficient (S) the ULVAC ZEM-3
instrument was used (figure 33). A rectangular sample is placed in a vertical position between
the upper and lower parts of the heating chamber. While the sample is heated and held at a
specified temperature then is heated by the heater in the lower part to give a temperature

gradient®®’,

The Seebeck coefficient (S) is measured from the top and bottom measurements temperatures
T1 and T2, from the thermocouples that press the sample on one side and from the subsequent
measurement of the thermal electromotive force dE between the same wires on the

thermocouple side!?’.

The electric resistance (R) is measured by the four-probe method, in which it is applied

a constant current I, so that at both ends of the sample it is measured and determine the voltage
V between the same wires of the thermocouple but subtracting the thermal electromotive force
dE between the conductors. Moreover, if the thickness (D), width (W) and distance between
the probes (h) are known the electrical resistivity(d) can be calculated"’.

The instrument has the ability through the automatic system to examine whether the contact is

ohmic or not and considers the best value of electric current to determine the resistance of the
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sample without the presence of convection effects heat, in addition it can accept a sample length

of 6 to 22mm.1%7

Heating furnace
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Figure 33: Ulvac ZEM-3 instrument and the principle.?
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Chapter 4

4.n-type half Heusler Ti-Zr system

In this chapter, the synthesis of n-type TiNiSn and (Zr, Ti)NiSn solid solutions via MA followed
by hot press sintering is explored for the first time, in order to evaluate the potential of this
method for the development of highly efficient TE materials. Additionally, the effect of the
processing conditions on the structure as well as the thermoelectric properties are discussed.

4.1 Synthesis of half Heusler materials

Previous work on the synthesis of TiNiSn via MA showed that there is an energy window to
directly obtain pure material®.This window corresponds to the mill rotation speeds between
500 to 700 rpm. Based on this finding as well as our preliminary experiments, the speed of 600
rpm was selected for this work and the MA duration was further investigated. The high purity
elemental powders of Ti (99.99% Alfa Johnson Matthey GmbH, Germany), Zr (99% US
Research Nanomaterials Inc, USA), Ni (99.99% Sigma Aldrich Merck, Germany), Sn (99.85%
Alfa Johnson Matthey GmbH, Germany) and Sb (99.9% Alfa Johnson Matthey GmbH,
Germany) were weighed according to the selected compositions (Ti1xZrkNiSn with x=0, 0.40,
0.50, 0.60, 0.70 and 0.80 and Tio.sZrosNiSn1.ySby with y=0.01, 0.015 and 0.02) in a tungsten
carbide ball milling vial with ball-to-material ratio 10:1. The raw materials were milled under
Ar at speeds of 600rpm using a planetary ball mill (Pulverisette 7 Fritsch) followed by sintering
via hot pressing (HP) at 1100-1150K for 1 hr and 50MPa. The density of the sintered pellets

was >99% of the theoretical density for each composition.
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4.2 Structure of Ti-Zr system

4.2.1 TiNiSn-end member

Ti, Ni and Sn were milled for several hours and the powder XRD patterns for 3, 6 and 9 hrs are
illustrated in Figure 34. After 3 hours of milling, a half Heusler phase was identified, however,
secondary phases such as NizSns and free Sn were also present. Further milling for 6 hours and
9 hours resulted in the elimination of the secondary phases and the TiNiSn phase XRD peaks
were only present. However, the presence of the full Heusler TiNi>Sn phase cannot be excluded
at this stage due to the peak broadening. After hot press sintering at 1100K, the peaks became

sharper, as expected, and a small amount of TiNi>Sn was now clearly observed.

MA-3hr
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o+ Y Wt
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o o o ) ) >
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Figure 34: PXRD pattern of TiNiSn after MA of 3, 6 and 9hrs as well as after 9 hr MA and HP sintering.%

Typical SEM images from the TiNiSn sample are shown in Figure 35, where the Backscattered
images (BSE) showed phase separation (i.e. darker and lighter areas). Based on the Energy
Dispersive X-Ray Spectra (EDS results), see Table I, the darker areas have some Sn deficiency

suggesting that further homogenization is required.
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Figure 35: SEM image of TiNiSn prepared by MA 10

Table 2: EDS results for the TiNiSn prepared by MA and HP sintering

Ti Ni Sn
Nominal Composition 1.00 1.00 1.00
Light Area 0.80 1.05 1.15
Dark Area 1.08 1.00 0.92

4.2.2 TirxZrxNiSn and Sb-doped Solid Solutions

4.2.2.1 Powder x-ray diffraction

Ti, Zr, Ni and Sn elements were milled for several hours for the synthesis of the solid solutions
of different compositions. The rotation speed was set again at 600 rpm based on

aforementioned results and literature .

Effect of MA duration

Figure 36 shows the powder XRD patterns of the material with nominal compositions x=0.4
mechanically alloyed for 7, 8 and 9 hrs. It is clear that the formation of half Heusler is feasible
and a minimum required milling time to synthesize single phase HH powders was observed.
Below this minimum duration, secondary phases (i.e. NisSns) existed for all compositions in
the solid solution series in agreement with the literature for the end-member TiNiSn’®. At
higher milling times, the structure of the alloyed powders remained the same for all

compositions. Interestingly, the minimum required milling time shows an overall increasing

46



trend with Zr concentration, except for the member x=0.6 whose milling time of only 7 hrs was

enough to reproducibly get the desired phase.

In order to further study the properties, the materials prepared with minimum required MA
time (Table 111) were sintered via HP and powder XRD measurements have been conducted,
see Figure 36a. The sintering process was carried out at a temperature range between 1100-
1150K, resulting in sharp powder XRD peaks that correspond exclusively to the (Zr,Ti)NiSn
Half Heusler structure. The patterns were identical for all Ti1-xZrxNiSn series with x=0.40, 0.50,
0.60, 0.70 and 0.80, see Figure 37a. Moreover, Figure 37b shows the shifted peaks (inset) and
the increase in the unit cell with Zr concentration following Vegard’s law. Furthermore, lattice

parameters were in good agreement with literature®®,

Effect of Sb-doping

In our efforts to modify the properties of the half Heusler compounds synthesized by MA
followed by HP sintering, member x=0.6 was selected for further studies due to its promising
thermoelectric properties (see part 4.3.1). Sb was selected as a dopant according to
Tio.aZrosNiSn1.ySby formula for y values up to 0.02. Powder XRD patterns of MA Sb-doped
powders showed single (Zr,Ti)NiSn Half Heusler structure. However, these Sbh-doped
compositions were more sensitive to the formation of NisSns phase after HP sintering. The
powder XRD patterns clearly show that a small amount of binary NizSns phase was formed in
all series, see Figure 37a for y=0.015. Further milling and/or different sintering temperature

had no effect, as NisSns has been always present.
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Figure 36: PXRD graph of milling time and sintering for the x=0.4.1%1

Table 3: Nominal composition, milling duration, minimum required milling time and sintering temperature.

Nominal Milling Minimum required Sintering
Composition Duration(hrs) milling time (hrs) Temperature(K)
TiosZrosNiSn 6-10 8 1150
TiosZrosNiSn 6-10 10 1100-1150
Tio4ZrosNiSn 6-10 7 1100-1150
TiosZro7NiSn 8-12 12 1100-1150
Tio2ZrosNiSn 8-12 9 1100-1150
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Figure 37: (a) PXRD graphs for the samples with Zr concentrations 0.4, 0.5, 0.6, 0.7 and 0.8 including doped
y=0.015 for x=0.6; (b) Increase of the unit cell as percentage of Zr increases. 1
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4.2.2.2 Electron microscopy and elemental analysis

All samples exhibited a uniformity without any phase separation as observed in SEM images
of the HP sintered pellets, in contrary to the end member TiNiSn (see, figure 38). A
homogeneous morphology was observed, regardless the Zr concentration. This is in contrary
to the arc melting synthesis, where similar compositions included TieSns, ZrSn, and NisSns

impurity phases in several cases.%®

EDS results also support the single-phase microstructure of the products of MA synthesis, see
Table IV. Clearly, all solid solution compositions were in good agreement with the nominals.
Nevertheless, the dopant concentration (1-2%Sb) cannot be correctly detected, due to the

overlap with Sn.

Figure 38: SEM images of Tio4ZrosNiSn (left) and Tio.sZrosNiSniyShy (y=0.015) 10

Table 4: EDS results for undoped and doped Tio.4Zro.sNiSny.yShy

Samples Ti Zr Ni Sn+Sb
Nominal composition 0.4 0.6 1 1
TiosaZrosNiSn 0.44 0.63 0.95 0.99
Tio.4ZrosNiSno.ooSho.o1 0.43 0.64 0.92 1.01
Tio0.4Zro.sNiSno.essSbo.o1s 0.43 0.63 0.92 1.02
Tio.4ZrosNiSno.esSho.o2 0.43 0.62 0.93 1.02
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The Tio.aZrosNiSn1ySby (y=0.015) composition was selected for further structural investigation
as the best performing member of the series in terms of thermoelectric properties (see part
3.4.2). The detailed structural features were elucidated by transmission electron microscopy
experiments (TEM/HRTEM), coupled with EDS analysis. Figure 39a shows a typical
conventional TEM image of the Tio4ZrosNiSni.,Shy (y=0.015) particles. These are typically
small in size, about 100-150 nm on average, and single crystalline as revealed by the Selected
Area Diffraction (SAD) pattern inset in Fig.39(a), the latter along [-113]. Measurements of the
d spacings at the pattern resulted in a lattice constant of asap=0.601 nm on average, being in
very good agreement with the theoretical lattice parameter of Tio.4ZrosNiSniySby (y=0.015).
The latter has been estimated using Vegard’s law and the values of the two distinct members
(i.e. TiNiSn (a=0.593 nm) and ZrNiSn (a=0.612 nm)) where ateor.=0.604 nm was deducted.
This is considered as a minimum value, as there would be an enlargement of the unit cell due

to Sb incorporation.

In addition, the sample contains a substantial number of nanoparticles, as denoted by arrows in
Figure 39a. The nanoparticles have a size range of up to 15 nm and are single crystalline, as
well. In comparison with literature, our samples exhibit smaller particle sizes with average size
between 100-150 nm and nanoparticles up to 15 nm. A typical one is shown at the HRTEM
image of Figure 39a, slightly inclined from the [011] crystallographic direction of
Tio.aZrosNiSni.yShy (y=0.015), so that mainly {111} lattice fringes are dominant and some areas
with (200) ones. Experimental measurements of their distance provided d200=0.303 nm and
d112=0.35 nm, respectively; this results in a lattice constant of a=0.606 nm on average, which
is in good agreement with both, the XRD results (a=0.601 nm) and the theoretical value
atheor.=0.604 nm. The slightly higher lattice constant found at Figure 39b could merely be a

consequence of the Sb incorporation in the lattice.
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Figure 39: (a): Representative TEM image of the particles’ morphology at the Tio.4ZrosNiSnsi.ySby (y=0.015)

sample, along with a SAD pattern inset, along [ 113]; (b) HRTEM image of a representative nanocrystalline

particle, viewed a few degrees off its [011] crystallographic direction 1%
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4.3 TE Properties of Ti-Zr system

4.3.1 Thermoelectric Properties of TiixZrxNiSn series

The temperature dependence of thermoelectric properties of the samples with nominal
stoichiometry of Ti1-xZrxNiSn (x=0,0.4, 0.5, 0.6, 0.7 and 0.8) are shown in Figure 40. The
Seebeck coefficient was negative, confirming n-type semiconductors and, overall, increased in
absolute values with the Zr concentration, see Figure 41. On the other hand, electrical
conductivity decreased with the Zr concentration with majority of the samples ranging between
120-150 S/cm. The end member TiNiSn has the highest electrical conductivity and this can be
attributed to the presence of the metallic full Heusler phase, as confirmed in part (4.2.1). The
power factor (S%c) reaches to values >20 pW/cm-K2 and composition x= 0.6 seems very

promising, considering it is an undoped member.

The room temperature thermal conductivity values of the end member TiNiSn is 4.26 W/m-K
and significantly dropped with the Zr incorporation to the range of 2.5-3.5 W/m-K, see Table
V. In order to evaluate the effect of Ti/Zr substitution to the phonon scattering, the lattice
thermal conductivity («kiat) was estimated by subtracting the electronic contribution from the
total (kl= k- kele). The electronic thermal conductivity (xee) was calculated using the
Wiedemann -Frantz law (ke =L-c-T where L is the Lorenz factor). The Lorenz factor was
estimated from the measurements of the Seebeck coefficient assuming scattering from acoustic

phonons. 1%
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Figure 40: Thermoelectric properties of the Ti1.«ZrxNiSn materials for x=0-0.80.1%
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Figure 41: (a) Seebeck coefficient and (b) electrical conductivity of the Ti1-«ZrkNiSn materials

for x=0-0.80 vs Zr concentration.0?

Table 5: Thermoelectric properties of the Ti1-«ZrNiSn samples at room temperature.

Method o (Slcm) S (nV/K) (pV|\D/|/:CnIl?]XK2) TR (W];);:K
0 MA+HP 974 -110 25 4.26 360 039
04  MA+HP 253 166 21 2.89 276 | 044
05  MA+HP 142 1192 14 283 275 033
06  MA+HP 205 -204 22 263 253 | 058
07  MA+HP 145 194 15 2.89 282 037
08  MA+HP 121 217 16 331 325 | 037
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Figure 42 presents the comparison between room temperature lattice thermal conductivity of
our MA to the arc melted samples!®. Samples prepared by arc-melting technique overall
exhibit higher values of lattice thermal conductivity than those prepared with MA. According
to the literature, several groups have tried to reduce the thermal conductivity of the arc-melted
samples by subsequent ball-milling. Tritt et al. investigated the effect of the grain size on Sb-
doped TiNiSn and reported that the lattice thermal conductivity generally decreases with
decreasing average grain size, reaching the value of 3.7 W/m-K at room temperature for sizes
of ~0.4um°, Bahrami et. al reported a 40% reduction of lattice thermal conductivity for
ZrNiSn obtained by extensive cryomilling (i.e. kia~3W/m'K)!*!, The reduction in Kiar Was
ascribed to the reduced grain size as well as the increased atomic disorder. Germond et al.
reported a reduction of thermal conductivity from 11 W/m-K to 7 W/m-K for samples
synthesized by mechanical alloying instead of arc melting!*2. In all cases, it is evident that the
reduction in lattice conductivity is a result of the smaller grain size and increased number of

grain boundaries per unit volume, causing increased phonon scattering.

Furthermore, all solid solutions present lower lattice thermal conductivity than end members
regardless the preparation method due to the Ti/Zr mass fluctuation (I'm) and the induced strain
(T's). In order to examine the effect of alloying, we employed the Klemens model, adopting the
algorithmic approach described in'*3. The Klemens model considers Umklapp and point-defect
phonon scattering processes, and predicts the ratio of xia for a solid solution to that of a
hypothetical solid solution without mass or strain fluctuation (o), as a function of a disorder

parameter u:

1

Kige tan tu (6m°0?)3 (AM?)  (AR?)
= =— kKo (2 I'=——= =

o | u 2kvs 0T (@5, =Tt et

(26)
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where, kg is the Boltzmann constant, Q is the average volume per atom, Vs is the average speed
of sound, and the scattering parameter (I"=I'm+Is) is related to the average variance in atomic
mass (4m) and atomic radius (4R), with & an adjustable parameter related to the Gruneisen
parameter. For a given composition, the value of ko, Q, and Vs are calculated as linear
interpolation between the values for the end-members!t®. The results as well as the smooth
variation of I'm and I's are shown as lines and inset in Figure 42, respectively. It is clear that
the mass fluctuation is a major mechanism to describe the composition dependence of the
lattice thermal conductivity in TiixZrxNiSn. Moreover, strain (or force constant variance) is
also required to model the lattice thermal conductivity at room temperature as shown in Figure
42. Interestingly, the lattice thermal conductivity for member x=0.6 is lower than expected
based on this analysis, suggesting some additional phonon scattering, possibly via enhanced
nanostructuring. Moreover, its lowest thermal conductivity lead to the significantly highest ZT

(see Figure 40f), therefore, this member was selected for further doping studies.

®m  Mechanical Alloying *
21 x Arc Melting

Ko <

N $ KIat(rm)
] Kiat(Tm*T's) farrar s arararanas)
0 — T T T T T
00 01 02 03 04 05 06 07 08 09 10

Zr (Concentration at %)

Figure 42: Lattice thermal conductivity of MA samples and arc melting (lattice thermal conductivity for samples
prepared by arc melting was estimated using reported Seebeck coefficient and electrical conductivity in) vs Zr
concentration. The lines correspond to the calculated values considering the Ti/Zr mass fluctuation (I'm) and the

induced strain (I's) (inset: I'm and I's ve stoichiometry 1%
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4.3.2 Thermoelectric Properties of Sb-doped Tio.4ZrosNiSn

Member TiosZrosNiSn exhibited the lowest lattice thermal conductivity of the series and
highest ZT, therefore, it was selected for further doping investigation. Sb was selected as
dopant and the series Tio.4ZrosNiSniyShy (y=0, 0.01, 0.015 and 0.02) was prepared and studied.

The room temperature Seebeck coefficient decreased (in absolute values) from - 240 uV/K
(undoped sample) to -75 uV/K for the sample with y=0.02, indicating the increase of carrier
concentration due to Sn/Sb substitution see Table VI. On the other hand, the electrical
conductivity increased with Sb incorporation, as expected, due to the higher carrier
concentration. The higher carrier concentration also affected the temperature dependence of
the Seebeck coefficient and electrical conductivity, as expected, showing a degenerate
semiconductor behaviour!'4, see Figure 43. The maximum power factor was 32 uW/cmK? for
y=0.015 and dropped to 25 pW/cmK? for y=0.02, suggesting that Sb concentration of y>0.015
exceeded the optimum carrier concentration for this series. The thermal conductivity increased
with dopant concentration mainly due to the higher electrical conductivity. Overall, a
maximum figure of merit up to 0.71 at 800K was achieved.

The Seebeck coefficient and electrical conductivity of the best stoichiometry of this work,
named Tio.4Zro.sNiSno.ogsSho.o1s, were further measured upon heating/cooling to evaluate their
stability, see Figure 44. It is clear that the properties remained the same for all cycles and these

results particularly encourage further investigations of MA, as a promising synthesis method.

Table 6: Thermoelectric Properties of doped samples Tio.aZrosNiSni.yShy at 300K.

o (Slkm) S (uV/K) PFmax

0.00 205 -204 22 2.63 2.53 0.58
0.01 1062 -106 18 3.03 2.40 0.41
0.015 1681 112 32 3.42 2.43 0,71
0.02 2458 75 25 4.02 2.42 0.42
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Figure 44: (a) Seebeck coefficient and (b) electrical conductivity for the Tio4ZrosNiSno.gssSboois sample

measured upon heating/cooling.*

4.4 Thermal Annealing and Stability

The practical applications of TEGs involve prolonged and large temperature gradients. For that

reason, it is significantly important to investigate the thermal stability of the individual

materials in order to find use in practical devices. The annealing process is commonly used in

both n- and p-type arc-melted ingots before and after sintering to promote the crystalline order

and to eliminate impurity phases such as (Hf,Zr)sSns, TiNi2Sn, TisSns, and unalloyed Sn. The

annealing process can be prolonged up to 7 days at temperatures around 1073K for the arc

melting samples. Krez et al, studied the long-term stability of the n-type Tio.3Zro.3sHfo.35sNiSn

(ZT=0.6)'*°. The properties remained unaffected after 500 cycles of repeated heating and

cooling from 373K to 873K while the phase-separation was stable under long-term cycling.
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This additional treatment is not necessary for the mechanically alloyed solid solutions because
it is quite simple to prepare single-phase HH material via a single step of milling. However,
the effect of heating on the MA materials can give information for

(a) the stability of the thermoelectric properties in temperatures of modules operation (via

annealing at 773K).

The ternary phase diagram of the n-type (Hf/Ti/Zr)NiSn is presented in figure 45 in
order to get better knowledge regarding the phase stability and solid solution formation
of HH materials'®. A. Page et al., predict a miscibility gap at low temperatures between
a Ti-rich and a Ti-poor half-Heusler phase. The miscibility gap eliminated at

temperatures above 850 K!1°,

(b) the phase evaluation of MA materials (via annealing at 1073K)

Thus, at high annealing temperatures (e.g 1073K) the equilibrium phase could be a
solid solution and the interdiffusion among the elements Ti/Zr/Hf will be insignificant.
Therefore, the commonly observed dendritic features in n-type HH materials
synthesized by arc-melting are developed during the rapid solidification process and
should remain unaffected after annealing!®. It is obvious that the observed
microstructures and solubility limits of the HH phases are highly dependent on

synthesis techniques.

(@) Annealing at 773K.

A sample annealed in 773K was investigated for stability and it is presented with

annealing sample at 1073K for comparison. At 773K the sample seems to be stable.

(b)Annealing at 1073K

Based on that, the effect of thermal annealing under different durations times (1 day,3
days,6 days and 10 days at 1073K) upon thermoelectric performance of a n-type HH solid

solution prepared via MA was investigated and correlated with the impact on the structural
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properties. Our best composition Tio.4ZrosNiSno.essSho.ois with figure of merit 0.71 was
selected in order to eliminate the metallic phase NisSns and to examine if could be exist a
phase-separation for further reduction in the lattice thermal conductivity and enhancement
of the TE performance. The samples were synthesized and sintered as described in chapters
3 and 4. The sintered pellets were loaded into quartz-sealed tubes and annealed under

vacuum.

ZrNiSn ZrNiSn

300K 500K

Miscibility Gap \
: N

HNiSn 0.50 TiNiSn ~ HNiSn 0.50 " TINiSn

Miscibility. Gap

ZrNiSn ZrNiSn

HfNiSn 0.50 TiNiSn  HfNiSn 0.50 TiNiSn

Figure 45: Ternary phase diagram of (Hf,Zr, Ti)NiSn.1%

Figure 46 illustrates the powder x-ray diffraction patterns of the best Tio.4Zro.sNiSno.9gsSbo.o15
samples and the annealing time at 1073K. It is obvious at 1 and 2 days of annealing the
formation of a single-phase material and the decrease of the NisSns phase as expected. After 3
days of annealing the materials are sensitive to the formation of full Heusler phase and

decomposition occur with secondary phases such as NisSna.
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Figure 46: PXRD patterns of the annealed samples at 1073K.

SEM images and EDX results are presented in figure 47 and table VI respectively. For the
samples with 1, 2 days at 1073K and 5 days of annealing at 773K is exhibited a uniformity
without any phase separation as observed in SEM images, in contrary to the samples for 3

days,6 days and 10 days of annealing.

Annealing 1 day Annealing 2 days
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Figure 47: SEM images of annealed samples

Table 7: EDS results of the annealed samples

Sample Ti Zr Ni Sn Sh
Annealed 1 day 0.39 0.62 1.04 0.91 0.04
Annealed 2 day 0.4 0.62 1.04 0.91 0.025
Annealed 3 day 0.41 0.87 0.91 0.80 0.011

(Matrix)

Black area 0.24 0.38 0.42 1.92 0.04
Dark Gray area 0.79 1.19 0.55 0.45 0.007
Gray area 0.34 0.36 131 0.97 0.025
Annealed 6 day 0.53 0.92 0.79 0.75 0.01
(Matrix)
Black area 0.42 0.95 0.52 1.09 0.01
Dark Gray area 0.26 0.32 0.20 2.21 0.016
Gray area 0.20 0.46 1.35 0.98 0.02
Annealed 10 0.56 0.99 0.76 0.68 0.012
day (Matrix)
Black area 0.21 0.38 0.36 2.02 0.03
Dark Gray area 0.43 1.18 0.33 1.03 0.023
Gray area 0.09 0.27 1.62 1.01 0.001
Annealed 5 0.402 0.578 1.058 0.945 0.016
days at 500°C
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The thermoelectric properties of the annealed samples are presented in Figure 48. For the
samples which are annealed for 3 ,6 and 10 days are failed and crack this is due to the phase
separation. The samples which are annealed for 1 and 2 days at 1073K as well as the sample
of annealing at 773K are exhibit higher electrical conductivity compared to the unannealed
sample and this is owing from the growth of grains inside the material. The Seebeck coefficient
remains the same for all samples. The increase to the electrical conductivity results to the
enhancement of the power factor and the total thermal conductivity. The figure of merit is
enhanced for 1 day of annealing and reached the value of 0.83.

2600

-80 @® Sbh=0.015
O Annealing 1 day 240081
100 gy o] Annealing 2 days 2200
88 ) @ Annealing 5 days 773K 2000 88
120 ) g
® 1800 A g
3 ® 1% § 8 g o
—-140 S 1600 ° 3 o 9 o
g ¥ ® o £ . o S ¢ e
S S 1400 4 * o o o
=-160 3 ¢ g G % 1900 ] ¢ o 9 o
% o 2 0 % * ¢ 3
180 o o 1000
800
200 |
600
220 400 4
200 4
-240 T T T T : : : :
300 400 500 600 700 800 300 400 500 600 700 800
Temperature(K) Temperature(K)
45
5.4
5.2 o
i o o O
40 o 8 (O) o 5.0 [olo] (o] o ° o
o © 48] o}
35 o 8 o 46
T S ¢« 8 % § g o
E 30 A o " ] T 4.2
S €40
s o O
?325-99 'y S3s{00 © © 0 o o o
o % 3.6 4
a .
¢ ¢ o
20-55 34ale® © ® ¢ o 4 o
3.2
| 3.0
2.8
2.6
10 T T T T 2.4 T T T T
300 400 500 600 700 800 200 400 500 500 200

Temperature(K) Temperature(K)

65

800



44
42 08 0
4.0 00 o
3.8 o o o 0.7 2 ¢
3.6 ° o % ¢
3.4 °© o] ) 0.6 % o] °©
324
£ 301 051 % ©
= ] = o]
s 2.8 N * o)
< 26400
F24] © o o 041 8 o
2218e ) o 0] ﬁ o]
204 L 2 o o . 0 o o 0.3 9 5
1.8 & ¢ o 02dg® ©
1.6 1 & g ¢ go
1.4 ® o 0.1
121 T T T T
1.0 T T T T 300 400 500 600 700
300 400 500 600 700 800

Temperature(K)
Temperature(K)

Figure 48: Thermoelectric Properties of annealed samples.

4.5 Modification of the best stoichiometry with Ni excess Tio.sZrosNi1+xSn

The grain boundary engineering approach is another useful strategy to increase the carrier
concentrations, except from optimization through doping, is to use the grain boundary.
Makongo et al, argues in his work that the creation of Full Heusler phase in the grain boundaries
between the Half Heusler phase enhanced the Seebeck coefficient without reduction of the
electrical conductivity®’. The creation of Full Heusler nanoinclusions can filter out low energy
carriers and keep the high mobility of the remaining charge carriers.In this part we modify our
best undoped composition Tio4ZrosNiSn in order to create full Heusler in nanoscale through
MA. The synthesis procedure was the same with previous and interestingly with extra Ni the
milling time was increased from 7 hrs to 10 hrs to gain a single HH phase.

Figure 49 shows the powder x-ray diffraction patterns of the Ni excess Tio.sZrosNii+xSn
samples. Although the formation of FH was the aim of this series, it is obvious that additional
nickel leads to the formation of the NisSns metallic phase. SEM images and EDX results are
presented in figure 50 and table VIII respectively. For the samples is exhibited a uniformity
without any phase separation as observed in SEM images.
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Figure 49: PXRD pattern of the Ni excess samples.

Figure 50: SEM images of the Tig.4ZrosNi1osSn(right) and Tio.4ZrosNiz1Sn.

Table 8: EDS results of the Ni excess samples.

Samples Ti Zr Ni Sn
Tio4ZrosNiSn 0.44 0.63 0.95 0.99
Tio.4ZroeNi1osSNn 0.38 0.63 1.08 0.91
TioaZrosNi1aSn 0.38 0.61 1.11 0.90
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Member Tio.saZroeNiSn exhibited the lowest lattice thermal conductivity of the series and
highest ZT, therefore, it was selected for further investigation see figure 51. Ni excess was
selected as dopant and the series Tio.4Zro.sNi1+xSn (X = 0,0.05 and 0.1 was prepared and studied.
The room temperature Seebeck coefficient decreased (in absolute values) from — 240 uV / K
to — 76 u V / K for the sample with x = 0.1, indicating the increase of carrier concentration. On
the other hand, the electrical conductivity increased with Ni incorporation, as expected, due to
the existence of the metallic phase. The maximum power factor was 22 uW /cm K 2 for x = 0
and dropped to 9 uW /cm K 2 for x = 0.1, due to the increase of the thermal conductivity. The
thermal conductivity increased with Ni concentration mainly due to the higher electrical
conductivity. Overall, the maximum figure of merit up to 0.58 at 800 K was achieved for the

sample without Ni excess.
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Figure 51: Thermoelectric Properties of the Ni excess samples.
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4.6 Conclusions

The synthesis of n-type (Zr,Ti)NiSn materials via mechanical alloying and sintering was
successfully attempted for the first time. The undoped solid solutions exhibited single half
Heusler phase, however, the incorporation of Sb as dopant resulted in small amount of the
NizSns binary phase. The thermoelectric properties of the solid solution series were affected by
the Ti/Zr substitution with emphasis on the lattice thermal conductivity where the mass
fluctuation had the main effect. Moreover, nanostructuring, grain size reduction and strain
caused by the mechanical alloying also contributed to the phonon scattering as additional
mechanism. The best figure of merit for the series was 0.71 at 773 K for the member
Tio0.4Zr0.6NiSno.ogsSho.o1s, being promising for further studies in this method. The addition of
extra Nickel in our best composition Tio.4Zro.sNii+xSn in order to optimize the TE properties
seems to create metallic phase NisSns as a result the reduction of the figure of merit. First
results show that the materials are stable for the temperature of potential operation of a device.
Furthermore, annealing at higher temperature show that short heating could be beneficial for
the properties of the materials, however, longer heating time result in phase separation and
should be avoided. Overall, the synthesis of n-type Ti/Zr half Heusler via MA is feasible and
seems very promising as a simple preparation method where one MA step substitutes several

re-melting, annealing, and milling steps.
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Chapter 5

S5.n-type HH Ti-Hf and Ti-Zr-Hf

In this chapter, we continued our efforts on the synthesis of n-type half Heusler solid solutions
via MA and studied the effect of Hf incorporation in the Ti1xHfxNiSn and (Tio.4, Zro.s)1xHfxNiSn
lattices. Based on the previous encouraging results of MA, TiixHfNiSn (with
x=0.2,0.4,0.5,0.6,0.7 and 0.8) and (Tio.4,Zro6)1-yHfyNiSn with (y=0, 0.1, 0.25, 0.3, 0.4, 0.5)
samples were prepared to investigate the effect of isoelectronic Hf substitution as well as

doping with Sb.

5.1 Synthesis of HH materials

Starting synthesis conditions were selected based on our previous work'®* where n-type half
Heuslers were synthesized for the first time via MA to investigate the thermoelectric properties.
The starting materials were high-purity elemental powders of Ti (99.99% Alfa Johnson
Matthey Gmbh, Kandel, Germany), Hf (99.6% Alfa Johnson Matthey Gmbh, Kandel,
Germany), Zr (99% US Research Nanomaterials Inc., Houston, TX, USA), Ni (99.99% Sigma
Aldrich Merck, Darmstadt, Germany), Sn (99.85% Alfa Johnson Matthey GmbH, Kandel,
Germany) and Sb (99.9% Alfa Johnson Matthey GmbH, Kandel, Germany). The powders were
weighed according to the nominal compositions Ti1xHfxNiSn ( with x=0.2, 0.4, 0.5, 0.6, 0.7
and 0.8), Sb-doped Tio4HfosNiSn (with y:0, 0.1, 0.25, 0.3, 0.4, 0.5), and Sh-doped
(Tio.aZros)o.7Hfo3NiSn with 1%, 1.5%, 2% and 2.5% Sb substitution in Sn site) in a tungsten
carbide ball milling vial with a ball-to- material ratio of 10:1. The elemental powders were
milled under Ar at speeds of 600rpm using a planetary ball mill (Pulverisette 7 Fritsch,ldar
Oberstein,Germany). In our previous work %, the duration of MA to synthesize Ti1-xZrxNiSn
series was 7 to 12 hours and sintering at 1150K under 50MPa. In this work, MA duration
between 6-12 hours was applied for Ti1xHfxNiSn and (Tio.Zros)1-yHfyNiSn series and the
products were studied by PXRD and SEM/EDS analysis. The same synthesis route was applied

in all members and the selected compositions are also presented in Figure 52.
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Figure 52: Concentration diagram of selected compositions.

5.2 Structure of Ti-Hf and Ti-Zr-Hf

5.2.1 Powder x-ray Diffraction

Figure 53a and 53b presents the patterns for members x=0.6 and y=0.3, respectively. In the
case of the Tiw.xHfxNiSn series it is clear that all peaks could be well indexed to the cubic
MgAgAs-type crystal structure at MA of 6 hours without any residual starting elements or
other secondary phases. Furthermore, the incorporation of Hf in the (Tio.4Zroe)1-yHfyNiSn
lattice increased the required MA duration from 7 hrs 1% to 9hrs for all compositions to avoid
the existence of secondary NisSns phase. Therefore, powders after MA of 6 hours and 9 hours
for TiixHfxNiSn and (Tio.4Zro.6)1-yHfyNiSn series, respectively, were hot pressed and further
investigated.
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Figure 53: (a) PXRD pattern for the synthesis of TigsHfosNiSn. (b) PXRD pattern of the synthesis of
(Tio,4,ZI’o_e)o_7Hfo,3NiSﬂ.
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Hot press (HP) sintering was carried out at 1150K under 50MPa to develop high quality pressed
pellets. PXRD showed that only sharp peaks of Ti1xHfxNiSn and (Tio.4Zro.6)1-yHfyNiSn phases
existed, except for the TiogHfo2NiSn sample where metallic full Heusler phase was also
observed (Figure 54). All remaining patterns were identical without any significant change in
terms of existing peaks and relative intensities; however, the peaks were shifted due to the
Ti/Hf and Hf/Zr substitution, as expected, (see figure 54). Figure 55 shows the increase in the
unit cell with Hf concentration for both compositions following Vegard’s law with the lattice
parameters being in good agreement with the literature 1. The PXRD patterns of the Sh-doped
members showed also single phase materials without any creation of binary phase NizSns that
is common impurity elsewhere 1%, The main peak is also displayed as inset to better clarify the

presence (or not) of secondary phases in figure 54 a,b.
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Figure 54: (a) PXRD patterns for the sintered pellets Ti1xHfxNiSn. (b)PXRD patterns for the sintered pellets of

(Tioa, Zros)1yHfyNiSN.
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5.2.2 Electron microscopy and elemental analysis

Backscattered SEM images and EDS results confirmed that the pellets were single phase and
according to the nominal composition, see figure 56 and Table 1X and X. These results are in
contrast with arc melting synthesis of similar compositions, where impurity phases like TigSns,
ZrSn, and NisSns are included in the final pelletsi®. A. Page et al, calculated the (Hf,
Zr, Ti)NiSn thermodynamic phase diagram and suggested the coexistence of Ti-rich and Ti-
poor grains for arc melted samples as non-equilibrium states created during solidification and
kinetically trapped at lower temperatures'®. The solid solubility limit of these diverse systems
depends on the synthesis technique; thus, the mechanism of solid solutions in MA is different
compared to arc melting. Along with that, the solid solutions are formed in full composition
range in the Cu-Fe, AISb-InSb and Cu-Co systems via MA, but this is not in case for arc

melting, which is rapid solidification process (RSP)%.

76



Table 9: EDS analysis of the Sb doped Tio4HfosNiSn samples.

Samples Ti Hf Ni Sn+Sb
Nominal composition

Tio4HfosNiSN 0.39 0.52 112 0.97
Tio.4sHfo.6NiSno.9eSbo.o1 0.39 0.51 1.13 0.97
Tio.aHfo.6NiSno.essSbo.o15 0.40 0.52 1.13 0.95
Tio.4Hfo.6NiSno.9eSho.o2 0.41 0.53 1.13 0.93

Table 10: EDS analysis of the Sb doped (Tio.4,Zr0.6)0.7Hfo.3NiSn samples.

Samples Ti Zr Hf Ni Sn+Sh |
Nominal composition

(Tio.4, Zros)o7Hfo3 NiSn 0.31 0.46 0.29 0.99 0.96
(Tio.a, Zro.s )o.7Hfo.3NiSno.eeSho.o1 0.29 0.44 0.29 0.99 0.99
(Tio.4, Zros )o.7Hfo.3NiSNo.98sSbo.o15 0.29 0.45 0.29 0.99 0.92
(Tio.a, Zro.s )o.7Hfo.3NiSno.esSho.o2 0.28 0.45 0.30 0.98 0.93
(Tio.4, Zros )o.7Hfo.3NiSNo.975Sbo.025 0.30 0.45 0.29 0.98 0.99

Figure 56: SEM images of Tio4HfosNiSn(left) and (Tio.4,Zr0.6)0.7Hfo.sNiSn samples .



5.3 TE Properties of Ti-Hf and Ti-Zr-Hf

5.3.1 TE properties of Tii.xHfxNiSn series

The Seebeck coefficient and the electrical and thermal conductivity for the Tii.xHfxNiSn
samples as a function of temperature from 300 to 800K are shown in figure 57a-c. The Seebeck
coefficient exhibited negative values, confirming the n-type character of the materials, and
increased, with Hf concentration reaching the highest room temperature value of 176 puV/K for
the sample Tio4HfosNiSn. For Hf concentrations x>0.7, the Seebeck coefficient decreased
indicating the increase of carriers concentration. This variation can be attributed to combined
mechanisms of the band gap reduction with increasing Hf as well as the contribution of defects(
i.e, Ni interstitials, (Ti,Hf)/Sn antisites)*'"18, The electrical conductivity values are between
167-268 S/cm. The sample TiogHfo2NiSn exhibited the maximum value of 268 S/cm due to
the existence of full Heusler phase. The power factor (S%) can reach a peak of 22 pW/cmK?
for the composition Tio.4ZrosNiSn, 18 pW/cmK? for the TiosHfo2NiSn and 17 uW/cmK? for
the Tio.4HfosNiSn.

The thermal conductivity is lower when Hf is incorporated in the lattice with the lowest value
at x=0.6-0.7 (k=2 W/m-K). Interestingly, these values are considerably lower than those of the
Ti-Zr series 1°%. In order to gain a better understanding of the substitution of Ti/Hf to the phonon
scattering, the lattice thermal conductivity (ki) was evaluated by subtracting the electronic part
from the total thermal conductivity (kiat= k- xele). The Wiedeman-Frantz law was used to
estimate the electronic thermal conductivity (xee=LoT where L=Lorenz factor, c=electrical
conductivity and T=Temperature). The measurements of Seebeck coefficient assuming
scattering from acoustic phonons were used in order to evaluate the Lorenz factor &.Clearly,
the Ti/Hf solid solutions display lower lattice thermal conductivity values than end members.
The best figure of merit of the series is 0.46 at 762K for Tio.4HfosNiSn member.
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5.3.2 TE properties of Sb-doped of TiosHfo.4NiSn

A common approach to enhance the thermoelectric performance of a material is optimization
of carrier concentration through intentional doping. The member Tig4HfosNiSn was selected
for further doping studies since it exhibited the lowest lattice thermal conductivity as well as
high PF. Antimony was chosen as efficient dopant’’ and the Sh-doped Tio.4Hfo sNiSn (Sb of 1
at%, 1.5 at% and 2 at%) series was synthesized. In figure 58, the experimental data of the
Seebeck coefficient and the electrical and thermal conductivity are presented. The Seebeck
coefficient is reduced (in absolute values) from -176uV/K for undoped sample to -94uV/K for
the doped sample with 2 at% antimony due to the increase of carrier concentration, as expected.
Moreover, the incorporation of Sb also results to the increase of electrical conductivity. The
power factor was improved from 17 uW/cmK? for the undoped sample to 34 pW/cmK? for the
doped sample (Sb=1.5% at) at 762 K. The total thermal conductivity increases with the
incorporation of antimony into the lattice due to the enhancement of electrical conductivity.

The figure of merit increases >20% with Sb incorporation reaching the value of 0.72 at 760K.
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5.3.3 TE Properties of (Tio.4Zro.s)1-yHfyNiSn series

The promising power factor of our previous work on Tig.4ZrosNiSn member %t in combination
with the lower lattice thermal conductivity caused by the Hf incorporation lead to the

(Tio.4Zros)1-yHfyNiSn series for further electrical and thermal investigations.

The Seebeck coefficient, electrical conductivity and the total thermal conductivity were
measured in (Tio.aZros)1yHfyNiSn samples from 300 to 800K as shown in figure 59a-e. In
comparison to our best previous result Tio4ZrosNiSn, it is evident that the Tio.4ZrosNiSn,
interestingly, the Seebeck coefficient remains at about -200 uV/K; however, it is lower for the
members y=0.1 and 0.25. Despite the fact that the Zr/Hf substitution is isoelectronic, the carrier
concentration changes in the system in agreement to other works [] probably due to some
defects that act as donors. The electrical conductivity, which is affected also by mobility,
remained more or less the same and decreases when y>0.4. The power factor (S%) reach a peak
of 26 pW/cmK? for the composition of y=0.3.These are very promising values, considering
that these are undoped samples.The thermal conductivity for concentrations in the range
0<y<0.25 is maximum with values (k=2.63-2.21 W/m-K respectively). On the other hand, the
materials with concentrations 0.3<y<0.5 demonstrated the lowest values (k=2.1-2.2W/mK
respectively). This substitution has a significant impact to the figure of merit which reach a
peak of 0.75 at 760K.
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Figure 59:Thermoelectric Properties of (Tio.4Zro6)1-yHfyNiSn series.
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5.3.4 TE Properties of Sb-doped (Tio.sZro.6)o7HfosNiSn

The member (Tio.sZro.6)o.7Hfo3NiSn was doped with antimony based on the stoichiometric
composition by substituting Sn site with 1 at%, 1.5 at%, 2at% and 2.5 at%. In figure 60a-c the
trends of the Seebeck coefficient, electrical and thermal conductivity are displayed. The
Seebeck coefficient is reduced from -260uV/K for undoped sample to -87uV/K for the doped
sample with y=0.025 antimony, as expected, due to the increase of carriers that Sb
incorporation caused. Moreover, the electrical conductivity increases in agreement with
Seebeck coefficient variation. The power factor increased from 26 pW/cmK? to 38 uW/cmK?
for 2 at% Sb incorporation. The power factor for 2.5 at% Sb fell to 33uW/cmK?, suggesting
that Sb concentration of 2.5% exceeded the optimum carrier concentration for this series. The
total thermal conductivity, see Figure 60c, increased with the incorporation of antimony into
the lattice as expected due to enhancement of electrical conductivity. The figure of merit
reached a maximum of 0.76 at 762K, which is the best reported in this work. Interestingly, the
undoped and doped members have similar ZTs that actually originate from opposite ranges of

power factors and thermal conductivity.

83



-60 ® Hf=0.30
® Sb=1%at
e * Sb=15%at
100 - Sb=2% at
B Sbh=2.5% at
L1 L]
-120 - ‘( = .
P |
X -140 4 | ]
= J * & ]
& 160+ 5 ¢ ¢ e
-180 |
-200 |
[ ] ° .
220 °
220 °
-240 ¢ o 0 4, °
T T T T
300 400 500 600 700 800
Temperature(K)
5.0
45
*lam B " o® a5 m E =
4.0
o357 " EEEEEE:
2 x5 &
E 301 ¢
=
7 [ ]
[ ]
2.5+ °
° [ ]
° [ ]
e o ©
204®
1.5
1.0 T T T T
300 400 500 600 700 800
Temperature(K)

2500 A mg
2250 -| u .
]
2000 A n
[ ]
[ ]
1750 A LI
£ 1500 - S
S *
¥ 1250 * % * ok,
© *
1000 A o *ox % *
L
750 1 ® ° e ¢ PR
500 | o ® o ©
e o °
250{g@® ©®
T T T T
300 400 500 600 700 800
Temperature(K)
0.8
® o
0.7 1 o
* x
0.6 1 &
o X *
x b
0.51 o = o
I *
N o044 H .
® x e °
L ®
0.31 & % ]
* .
[
021 f ° *
i
0.1
T T T T
300 400 500 600 700 800
Temperature(K)

Figure 60: Thermoelectric Properties of Sb-doped (Ti0.4Zro6)0.7HfosNiSh.
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5.4 Thermal conductivity of all series

Figure 61a shows the room temperature lattice thermal conductivity of the two series Tii-
xHENiSn and (TioZros)1yHfyNiSn as well as Tii,Zr,NiSn from our previous work®:,
According to the literature, these values are lower compared to similar nominal compositions
prepared by arc melting'®. The minimum lattice thermal conductivity for arc melting was
achieved for the composition TiosHfo.4NiSn being kia=3.15W/m-K %, while the MA samples
with the same stoichiometry exhibited kit=2.1W/m-K. The low lattice thermal conductivities
of our solid solutions, prepared via MA, can be attributed on nanostructuring as previously

r.el:)ortelel,llg,lZO

All solid solutions exhibit lower lattice thermal conductivity compare to the end members, as
expected, due to the scattering of the short wavelength phonons due to Ti/Zr/Hf mass
fluctuation. Clearly, the incorporation of Zr in the lattice has a lower effect compared to
Hf which strongly affects and further reduces the lattice thermal conductivity. The introduced
mass fluctuation can be evaluated based on the mass scattering parameter I'm based on the

following equation®* :

X (%)2 Iy
M=)

(27)

where the mass fluctuation parameter Iy is given:

. MK\
Fw=) fi <1— ﬁ> (28)
K 4

Mi¥: mass of the k™ atom of the ith sublattice and fi¥: the fractional occupation.

where the average mass of atoms on the ith sublattice:
M=) fk Mk 29)
k

and the average atomic mass of the compound:
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X ciM,

M=2tt1
Z?Ci

(30)

Where c;i: relative degeneracies of the respective site.

Figure 61b shows the calculated I'v for the three different series Ti1xHfxNiSn, (Tio4Zros)1-
yHfyNiSn as well as Ti1Zr:NiSn (previous study %), T'v clearly confirms that the Hf
incorporation in the lattice is the most effective with Ti1.xHfxNiSn having the highest values.
Moreover, I'v of (Tio4Zroe)1-yHfyNiSn series starts from 0.2, due to the existing fluctuation of

(Tio.aZros), and increases with Hf. Overall, Ti-Zr substitution has the lowest effect while Hf is
preferred to maximize mass fluctuation.
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(b)mass fluctuation parameter of all series.

5.5 Mechanical Properties

Mechanical characterization becomes more and more essential for promising TE materials as
a practical requirement for mechanically stable and durable device. Among efficient TE
materials, arc melted Half Heusler materials have been reported as mechanically stable for
applications'?:124, Here, HH prepared by MA are studied for the first time in terms of Vickers
hardness. Figure 62 shows the hardness data of our series with Hf concentration, in comparison

with the hardness of other members prepared by arc melting.

The hardness of Ti1-xHfxNiSn and (Tio.4Zros)1-yHfyNiSn samples was in the range of 8 to 9.5
GPa. Overall, the values are in the same range regardless the Hf concentration or the synthesis
method . The latter is interesting, since these pellets are prepared by nanostructured powder

and still in the same range with arc melted.
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samples and comparison from arc melted in literature.

5.6 Conclusions

In this work, the Hf incorporation in the Ti1.xHfxNiSn and (Tio.4, Zro.6)1-yHfyNiSn solid solution
series prepared by MA was successfully attempted. Both, undoped and doped samples
exhibited single half Heusler phase. The lattice thermal conductivity was strongly affected by
the mass fluctuation introduced by (Ti,Zr)/Hf substitution suggesting Hf incorporation as the
most effective method. The thermoelectric properties of the solid solutions were optimized via
Sb doping and the best ZTs were 0.72 and 0.76 at 773 K for the members
Tio.aHfo6NiSnoessShoois and (TioaZros)o.7HfosNiSnoesShoo2 respectively. Moreover, the
hardness measurements gave comparable values for the MA and the arc melted samples from
the literature. Overall, the thermoelectric materials of these solid solutions prepared via MA
are very promising and will be further investigated since such technique is advantageous due

to simplicity and scalability for module development.
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6.General Conclusions

Among the different types of half Heusler materials, the MNiSn and MCoSb (M=Ti, Zr, Hf)
are strong candidates for thermoelectrics. The isoelectronic substitution at the M-site prompts
extra mass and stress fluctuations and cause the scattering of short wavelength phonons,
resulting in the reduction of the lattice thermal conductivity. The research community stated
that a reduction of 17.9% and 36.3% is feasible in thermal conductivity via Zr and Hf doping,
respectively, compared to undoped TiNiSn. Regarding the synthesis of HH materials, arc
melting is the most commonly used method. Moreover, it is well known that additional
treatments are necessary such as long annealing and ball milling to improve the thermoelectric
properties via the reduction of the lattice thermal conductivity and the phonon scattering by
alloying and nanostructuring. On the other hand, mechanical alloying seems to be good
alternative technique to directly synthesize this type of material that exhibits low lattice thermal
conductivity combining advantages such as scalability, simplicity, and the direct formation of
nanostructuring. Until now, only few studies have been reported to synthesize half Heuslers
directly from MA and hot press sintering.

Mechanical alloying method was selected to be applied on the synthesis of half Heusler
materials aiming also the in-situ development of hierarchical structural features for the
reduction of the thermal conductivity. More specifically, (Ti,Zr,Hf)NiSn solid solutions series
were selected and emphasis was given on Hf incorporation that seemed more efficient. Disorder
at atomic level via Ti/Zr/Hf substitution, nano-crystalline particles during mechanical alloying
process, micro-grains during mechanical alloying and sintering process are the main
mechanisms.

(Ti,Zr)NiSn system reached a figure of merit 0.71 for the Tio.4ZrosNiSno.9ssSho.o1s. The mass
fluctuations of Ti/Zr substitution, nanostructuring, grain size reduction and strain caused by
mechanical alloying contributed to the phonon scattering and resulted the improvement of the
thermoelectric properties. Sb- doping played also a crucial role to the improvement of the
thermoelectric power factor, thus, to the overall figure of merit. However, the incorporation of
Sb as dopant resulted in small amount of the NisSns binary phase. Moreover, the addition of
extra nickel in the best composition Tio.4Zro.sNiz+xSn was attempted in order to further increase
the TE properties, however, NizSns metallic phase was created resulting lower figure of merit.
Annealing studies at the temperature of operation showed promising results about the stability

of the materials prepared by MA. Furthermore, annealing at higher temperature showed that
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short heating could be beneficial for the properties of the materials. However, longer heating
time resulted in phase separation and should be avoided.

(Ti,Zr, Hf)NiSn was also studied with emphasis on the effect of Hf incorporation in the Ti1-
xHfxNiSn and (Tio.4Zroe)1-yHfyNiSn solid solutions prepared by MA. The lattice thermal
conductivity was strongly affected by the mass fluctuation introduced by (Ti,Zr)/Hf
substitution suggesting Hf incorporation as the most effective method. The thermoelectric
properties of the solid solutions were optimized via Sb doping and the best ZTs were 0.72 and
0.76 at 773 K for the members Tig.4Hfo.sNiSno.9esSbo.o15 and (Tio.aZro.6)o0.7Hfo.3NiSno.9eSho .02
respectively. Finally, hardness measurements gave comparable values for the MA and the arc
melted samples from the literature.

Overall, half Heuslers are promising materials for future practical applications at medium to
high temperatures. In our work, the n-type compositions TigsHfosNiSno.eg5Sho.o1s,
Ti0.4Zr0.6NiSno.985Sbo.015 and (Tio.aZro.6)0.7Hfo.3NiSno.9eSho.o2 prepared by mechanical alloying
achieved the highest ZTs. Clearly, mechanical alloying synthesis method can be applicable on
future development of thermoelectric modules as scalable and simple method. Besides its
potential for further improvement in terms of thermoelectric figure of merit, more work needs
to be done on stability of the materials on operation temperatures as well as other aspects on
the module development (such as metallization, contacts quality etc). Overall, this half Heusler
system seems very promising and mature enough for further studies in the level of module

development and generators design.
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