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Abstract

Novel filled skutterudites EpyNisSb1,..Sny (Ep = Ba and La) have been prepared by arc
melting followed by annealing at 250°C, 350°C and 450°C up to 30 days in sealed quartz
vials. A maximum filling level of y = 0.93 and y = 0.65 was achieved for the Ba and La
filled skutterudite, respectively. Extension of the homogeneity region, solidus
temperatures and structural investigations were performed for the skutterudite phase in
the ternary Ni-Sn-Sb and in the quaternary Ba-Ni-Sb-Sn system.

Figure I: Skutterudite unity cell with coordination polyhedra. Filler atoms in the 2a site
are colored in green, while network atoms in the 8c site and those in the 24g site are

shown in orange and blue.

Phase equilibria in the Ni-Sn-Sb system at 450°C were established by means of Electron
Probe Microanalysis (EPMA) and X-ray Powder Diffraction (XPD). Single-phase
samples with the composition NisSbg,Snsg, Bag42NisSbg2Snzg and Bag.g,NisSbs7Sns 3
were employed for measurements of the physical properties i.e. temperature dependent
electrical resistivity, Seebeck coefficient and thermal conductivity. Resistivity data
demonstrate a crossover from metallic to semiconducting behaviour, which is discussed
in terms of a temperature-dependent carrier concentration employing a simple model for a
rectangular density of states with the Fermi energy slightly below a narrow gap. The
corresponding gap width was extracted from maxima in the Seebeck coefficient data as a
function of temperature. Temperature dependent single crystal X-ray structure analyses
(at 100 K, 200 K and 300 K) revealed the thermal expansion coefficients, Einstein and

Debye temperatures for two selected samples Bap73NisSbg1Sns ¢ and Bag gsNisSbg 1Sns o.



These data compare well with Debye temperatures from measurements of specific heat
(4.4 K < T <140 K). Several mechanical properties were measured and evaluated. Elastic
moduli, collected from Resonant Ultrasonic Spectroscopy (RUS) measurements, range
from 100 GPa for NisShg,Snsg to 116 GPa for Bagg2NisShs7Sns 3. Thermal expansion
coefficients (capacitance dilatometry and DMA) are 11.8x10° K™ for NisShs,Snss to
13.8x10°° K™ for Bag.9,NisSbs 7SNs 5. Room temperature Vicker’s hardness values (up to a
load of 24.5 mN) vary within the range of 2.6 GPa to 4.7 GPa. Severe plastic deformation
(SPD) via high-pressure torsion (HPT) was used to introduce nanostructuring. Physical
properties before and after HPT were compared, showing no significant effect on the

material’s thermoelectric behaviour.



Zusammenfassung

Mit Hilfe von Lichtbogen-Ofen Synthese und anschlielender Glihbehandlung in
evakuuierten Quarzampullen bei 250°C, 350°C und 450°C fir mindestens 30 Tage,
konnten neue gefullte Vertreter der Skutterudit Struktur mit der chemischen Formel
EpyNisSb12.Sny (Ep
Fallungsgrad von vy

Ba oder La) hergestellt werden. Dabei konnte ein maximaler

0.93 und y = 0.65 fir Ba bzw. La erreicht werden. Flr die

Skutterudit Phasen im terndren System Ni-Sn-Sb sowie im quarternéren System Ba-Ni-
Sn-Sb wurden neben grundlegenden Strukturuntersuchungen auch die jeweiligen
Homogenitétsbereiche und Solidus Temperaturen ermittelt. Die Kombination von
Mikrosonden Messungen (EPMA) und Rontgen Pulverdiffractometrie ermoglichte die
Aufstellung der Phasengleichgewichte im System Ni-Sn-Sb bei 450°C. Physikalische
Materialeigenschaften, so wie z.B. der Temperatur abhangige spezifische Widerstand, der
Seebeck-Koeffizient oder die thermische Leitfahigkeit, wurden an einphasigen Proben der
Zusammensetzung NisSbg,Snss, Bag42NisSbg,Snss und BaggoNisSbhs7Sns s bestimmt.
Dabei zeigt sich im spezifischen Widerstand ein Ubergang von metallischem Verhalten
zu dem eines Halbleiters. Dieser Umstand kann durch das Model einer
temperaturabhéngigen Ladungstrager Konzentration beschrieben werden, dem eine
rechteckige Zustandsdichte mit dem Ferimlevel etwas Uberhalb einer schmalen
Bandlicke zugrunde gelegt wurde. Die entsprechende Energiedifferenz dieser Bandlicke
ist aus dem Maximum des Temperatur abhangigen Seebeck-Koeffizienten experimentel
zuganglich. Um Zugang zu GroRen wie die des thermischen Ausdehnungskoeffizienten,
sowie Einstein und Debye Temperatur zu gewinnen, wurden Rontgen
Einkristalluntersuchungen an ausgewahlten Einkristallen der Zusammensetzung
Bap 73NisSbg 1Sn3 ¢ und Bag.gsNisSbs 1Shs ¢ durchgefiihrt. Die resultierenden Werte zeigen
eine gute Ubereinstimmung mit den Debye Temperaturen, die sich aus Messungen der
spezifischen Warmekapazitat ergaben (4.4 K < T < 200 K). Weiters wurden diverse
mechanische Materialeigenschaften bestimmt. Die Elastizitdtsmodule die durch
Messungen mittels Resonant Ultrasound Spectroscopy (RUS) zugénglich sind, reichen
von 100 GPa im Fall von NisShgsSnszg bis zu 116 GPa fiir BaggoNisShe7Sns3. Die
Koeffizienten der thermischen Ausdehnung (ermittelt mit kapazitiver Dilatometrie sowie
DMA) liegen in der GroRenordnung von 11.8x10°® K™ fiir Ni,Sbg 2Snss bis 13.8x10° K™
flr Bagg2NisSbe7Sns 3. Die bei Raumtemperatur (bis zu einer Prifkraft von 24.5 mN)

gemessenen Vicker’s Hirten variieren in einem Bereich von 2.6 GPa bis zu 4.7 GPa. Um



eine Nanostrukturierung des Materials zu erreichen wurde es einer starken plastischen
Verformung (Severe Plastic Deformation - SPD) mittels einer Scherung unter hohem
Druck (High Pressure Torsion - HPT) unterzogen. Eine Vergleich der physikalischen
Eigenschaften vor und nach HPT ergibt keinerlei signifikante Verdnderungen im

thermoelektrischen Verhalten des Materials.

Vi
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1. Introduction

Skutterudite-based materials have been in the field of research for a long time [Uhel]
because they show a large variety of physical properties, particularly interesting for

commercial thermoelectric applications [Sny1], for which high figures of merit

2T
prK

ZT=

(1.1)

for p-type as well as for n-type configuration are a precondition [Shil, Rog5, Rog6,
Rog7]. Skutterudites crystallize in the cubic CoAss structure (space group Im3) with the
general formula F,T4;M;, where T is a transition metal of the VIII"™ group located in
position 8¢ (¥, Y, ¥4) and M is a pnictogen, chalcogen or an element of the IV main-
group in Wyckoff site 24g (0, y, z). These atoms form a cage like structure with a large
icosahedral hole at the 2a site (0, 0, 0), which may accommodate various filler atoms F,
including alkaline and alkaline earth metals, lanthanides, actinides, as well as halogens or
in particular cases Y, Hf [Horl, Hor2], Pb and Sn [Noll, Takl, Tak2, Tak3]. A ternary
skutterudite in the system Ni-Sn-Sb was first reported by Grytsiv et al. [Gryl], who
defined a wide homogeneity range at 250°C and 350°C by establishing the isothermal
sections in the subsystem Sn-Sb-NiSb-Ni3;Sn; at these temperatures. Investigations in the
Sn-rich part of the Ni-Sn-Sb phase diagram were done by Mishra et al. [Mis] suggesting
that the phase equilibria determined by Grytsiv et al. [Gryl] lie within 10°C above or
below the declared temperatures.

It has to be noted, that many reports (see for example [Gryl, Rogl, Rog2, Rog3, Rog4,
Rogl2, Mall]) describe mixed occupancies for all three crystallographic sites (24g, 8c,
2a). For Ni-Sn-Sb based skutterudites the structure with Ni-atoms fully occupying the 8c
site seems to be stabilized by a random distribution of Sb and Sn atoms in the 24g
position, because in the binary systems Ni-{Sn, P, As, Sb} only the skutterudite NiP3
exists as a high temperature modification [LIul, Jeil]. A special situation occurs for Sn-
atoms, which may occupy the 24g site, but may simultaneously enter the 2a site of the
same compound reaching filling levels of 0.21 in this position [Gryl]. Ternary and
isotypic quaternary skutterudites with Eu and Yb as filler elements have been

characterised by their physical properties as well as by Raman- and Mdssbauer-



spectroscopy, unambiguously revealing the fact, that a small amount of Sn is able to enter

the 2a (0, 0, 0) site [Gry1]. The filler atom in 2a is loosely bonded in the large icosahedral

cage and is generally believed to decrease the thermal conductivity of the material via

rattling modes [Tob1, Uhel]. Not much information is available on the thermal stability

of skutterudites. To our knowledge the melting temperatures are determined only for two

binary skutterudites CoAss [Ish1], CoSh; [Okal], however, there are no data either on the

influence of a filler on the melting points nor on the thermal stability of ternary or multi-

component skutterudites.

The current work will focus on a series of tasks outlined below:

(i)

(i)

(iii)

(iv)

v)

(vi)

(vii)

(viii)

the Ni-Sn-Sb isothermal section at 450°C and the extension of the ternary
skutterudite phase NisSbioxSny will be discussed in comparison with data
reported by Grytsiv et al. [Gryl].

temperature dependent filling levels of the skutterudites EpyNisSb12xSny with
Epy being Ba and La will be presented.

the solidus surface will be established for the ternary and quarternary
skutterudites NisSbi2.xSny and BayNisSb1,xSny in dependence of composition
by employing a combination of literature data and DTA measurements

for Ba-filled skutterudite BayNisSh1,xSny the structure will be determined by
single crystal X-ray diffraction.

physical property measurements such as temperature dependent resistivities,
thermal conductivities and Seebeck coefficients will be used to characterise
the thermoelectric behaviour of the three single-phase samples NisSbg,Snss,
Bag.42NisSbg 24Sn3 g and Bag g2NisSbg 7Sns 3.

the effect of Severe Plastic Deformation (SPD) via High-Pressure Torsion on
the material will be discussed.

mechanical properties such as thermal expansion, elastic moduli and Vicker’s
hardness of NisSbg,Snsgs, BagaaNisSbg3Snsg and BaggoNisSbs7Snss will be
studied.

based on all the data acquired, the thermoelectric behaviour will be discussed

in terms of the electron and phonon mean free path.



2. Experimental

Sample preparation

Starting materials were elemental pieces of Ba, La, Ni, Sb, Sn, all of 99.95 mass%
minimum purity. Samples to establish phase equilibria and homogeneity regions as well
as for physical property studies were prepared by one of the following optimised melting
reactions directly gaining the ternary NisSbySni,x alloys, whereas for the quaternary
skutterudites the filler elements were added in a second reaction step:

1) bulk alloys, each with a total weight of 1-2 g, were synthesized via a NisShySni,.«
master alloy by argon arc melting of metal ingots on a water-cooled copper hearth, adding
the filler element to the ternary alloy by the same reaction method.

i1) samples with the nominal composition NisShySni,«x were prepared from stoichiometric
amounts of high purity Sb and Sn pieces and fine Ni wire. After mixing the material was
sealed into evacuated quartz tubes, heated to 980°C, kept there in liquid state for half an
hour prior to quenching the capsules in air. For quaternary samples the whole procedure
was repeated, adding pieces of La or Ba to the ternary master alloys.

Total weight losses of 1-3 mass% that occurred during sample preparation were attributed
to the high vapour pressures of Sb and Ba and were compensated by adding additional 3-
5 mass% of Ba and Sb.

All samples were then sealed in evacuated quartz tubes, annealed at 250 °C, 350 °C or
450°C for 3 to 30 days to reach equilibrium conditions prior to quenching in cold water.
For the preparation of single-phase samples, large amounts of alloys (6-8 g) gained by
route (i) or (ii) were needed. The specimens were ground to a grain size below at least
100 um inside a glove box using a WC mortar followed by ball-milling in a Fritsch
planetary mill (Pulverisette 4) with balls of 1.6 mm, rotation speed 250, ratio -2.5 for 2 h
to gain a nano crystalline powder. These powders were then loaded into graphite
cartridges for hot-pressing under 1 bar of 5N-argon in a FTC uniaxial hotpress system
(HP W 200/250 2200-200-KS).

Sb-rich specimens, NisSbg,Snsg and Bag4,NisShg,Snsg, were directly prepared by hot
pressing at 450°C resulting in a densely compacted single-phase material.

For the Sn-rich sample Bagg,NisSbs7Snss a different preparation method had to be
chosen. 5-10 mass% of extra Sb and Sn were added from the very beginning of the
syntheses. The ball-milled powder was pre-compacted and annealed under argon at



450°C over night inside the hotpress, followed by hotpressing at 430°C in order to

squeeze out the surplus of Sb2Sna3.

Sn-rich single crystals BaggsNisShe1Snsg were prepared from Sn flux, Sb-rich
Bap 73NisSbg 1Sns g single crystals from Sb,Sn; flux by heating the starting materials with
compositions 2Ba-12Ni-Sb22.5-Sn63.5 and 2Ba-8Ni-45Sb-45Sn, respectively, to 950°C

to reach the liquid state followed by cooling at a rate of 12°C h'1 to 450°C. Alloys were
kept at this temperature for 3 days to reach thermodynamic equilibrium. Subsequently the
samples were removed from the furnace and the Sn-rich sample was treated in
concentrated hot HCI acid to dissolve the Sn-rich matrix. In case of the Sh-rich single
crystals the Sh,Sns-rich matrix was removed by treating the sample at first with hot

concentred HNO;3 and afterwards washing the crystals with cold concentrated HCI.

Sample characterization

X-ray powder diffraction (XPD) data were collected using a Huber Guinier camera with

monochromatic Cu K¢, radiation (A = 0.154056 nm) and an image plate recording system
(model G670). Pure Si (asj = 0.5431065 nm) was used as internal standard to determine

precise lattice parameters via least-squares fitting to the indexed 26 values employing the
program STRUKTUR [Wacl]. For quantitative Rietveld refinements and to calculate the
filling levels y we applied the program FULLPROF [Rod1]. Chemical compositions of
the different specimen were extracted from electron probe microanalyses (EPMA) using
energy-dispersive X-ray (EDX) spectroscopy with an INCA Penta FETXx3-Zeiss
SUPRAS55VP equipment (Oxford Instruments).

X-ray intensity data for the two single crystals, after inspection on an AXS-GADDS
texture goniometer for quality and crystal symmetry, were collected on a four-circle
Nonius Kappa diffractometer with a charge-coupled device (CCD) area detector and
graphite-monochromated Mo K radiation (A = 0.07107 nm), at three different
temperatures (100 K, 200 K and 300 K), under a flow of equilibrated nitrogen gas from a
cryostat. Orientation matrix and unit cell parameters were derived using the program
DENZO (Nonius Kappa CCD program package; Nonius, Delft, The Netherland).
Employing the SHELXS-97 and SHELXL-97 software [Shel] for single-crystal x-ray

diffraction data the structures were solved by direct methods and refined successfully.



Using Archimedes’ principle and distilled water the density ps of the hot pressed samples

were determined and compared with the calculated X-ray densities

Z-M
== 2.1
Px N-V (2.1)

where M is the molar mass, Z is the number of formula units per cell, N is Avogadros’s

number and V is the volume of the unit cell.

Physical property measurements

Electrical resistivity, Seebeck coefficient, thermal conductivity were measured (4 K< T <
300 K) using homemade equipments cooled by liquid He as described in detail in ref.
[Baul]. The Seebeck coefficient and electrical resistivity above room temperature were
measured simultaneously with an ULVAC-ZEM 3 (Riko, Japan). The thermal
conductivity above room temperature was calculated from the thermal diffusivity Dt

(measured by a flash method Flashline-3000, ANTER, USA), the specific heat Cp and the

density ps employing the relationship A =D, -C, -p;.

Specific heat measurement

Employing an adiabatic step heating technique, specific heat measurements from 2 to 140
K were performed on single-phase samples with masses between 2.5 g and 5 g cooled
with liquid He.

Thermal expansion measurements

The thermal expansion from 4.2 K to 300 K was measured with a miniature capacitance

dilatometer [Rot1], using the tilted plate principle [Bral, Genl]. For this measurement,

the sample is placed in a hole of the lower ring like capacitance plate made of silver,



which is separated from the silver upper capacitor plate by two needle bearings. For the
measurement of thermal expansion at a temperature range from 80 K to 420 K, a dynamic
mechanical analyzer DMA7 (Perkin Elmer Inc.) was employed. The sample is positioned
in a parallel plate mode with a quartz rod on top of the sample and data are gained using
the thermodilatometric analysis (TDA). For further details see Refs. [Kopl, Schl, Sch2,
Wysl].

Elastic Property measurements

Resonant ultrasound spectroscopy (RUS) developed by Migliori et al. [Mig1] was used to
determine elastic properties via the eigenfrequencies of the sample and the knowledge of
the sample’s mass and dimension. For this measurement the cylindrically shaped samples
of 10 mm diameter and masses between 2.5 g and 5 g were mounted “edge-to-edge”
between two piezo-transducers and were excited via a network analyser in the frequency
range of 100 kHz to 500 kHz at room temperature. As the average symmetry of all
skutterudite samples is isotropic, the frequency spectrum gained is then fitted with spectra

calculated providing the values of Young’s modulus E and Poisson’s ratio v.
Hardness measurements
The load-independent Vickers hardness HV was determined from measurements on an

Anton Paar MHT 4 microhardness tester mounted on a Reichert POLYVAR microscope

evaluating all the indention data using Eqgn. 2.2,

Hvzz-F-—s'”(l?’z6 2) 2.2)
d
F gives the indention load and d is defined as
g ;dz (2.3)

with d; and d; being the resulting diagonal lengths of the indent.



Severe Plastic Deformation (SPD) via High-Pressure Torsion

The HPT technique is based on the use of a Bridgman anvil-type device. A thin disk-
shaped sample is subjected to torsional straining under high pressure between two anvils
at room temperature or at elevated temperatures via induction heating. The shear strain y
is dependent on the number of revolutions n, the radius r, and the thickness t of the

specimen in the following way:

_2-m-n-r

" (2.4)

Therefore the cylindrical single-phase samples were cut into slices of a thickness of about
~ 1 mm with diameter 10 mm. The Sb-rich alloys were processed at 400°C under a
pressure of 4 GPa with 1 revolution, whereas the temperature was decreased to 300°C for

the Sn-rich samples.

DTA measurements

Melting points were determined from DTA measurements in a NETSCH STA 409 C/CD
equipment. Pieces of single-phase samples weighing 500 mg to 600 mg were sealed in

evacuated quartz glass crucibles. Generally three heating and three cooling curves were

recorded for each sample using a scanning rate of 5 K min'l.

3. Filling Levels, Phase Equilibria and Homogeneity Region

Phase equilibria in ternary system Ni-Sn-Sb at 450°C

The ternary skutterudite phase SnyNisShi2.4Sny (t) exhibits a wide range of homogeneity
at 250°C (2.4 <x<5.6,0<y<0.31) and at 350°C (2.7 <x<5.0,0 <y <0.27) [Gryl]. It
was shown that phase equilibria change drastically by increasing the temperature from
250°C to 350°C and the authors [Gryl] suggested that at least two invariant reactions



exist in this temperature range. Mishra [Mis1] presented a detailed reaction scheme for
the Sn rich part of the system and this reaction scheme involved three invariant equilibria
in the temperature range from 250°C to 350°C. In order to derive the phase equilibria at
450°C several samples were annealed at this temperature for at least 30 days. Three-phase
equilibria (Sb)+NiSh,+t and NiSb,+a+t at 450°C (Fig. 3.1a,b) were found to be similar
to those observed by Grytsiv et al. at 250°C and 350°C [Gry1]. Furthermore we observed
three-phase regions L+(Sb)+t, L+a+t and L+NisSny+a (Fig. 3.1c,d,e), which agree well
with the Schultz-Scheil diagram derived by Mishra [Mis1].

FH il 3 i “ e « )
Figure 3.1: Microstructure of Ni-Sn-Sb alloys annealed at 450°C. Nominal composition (at% from

EPMA) and X-ray phase analysis are given in Tab. 3.1.

The solid solution a (NiSb-Ni3Sn;) was observed in all as-cast samples and has the widest
liquidus field likely being the most stable phase in the system. Thus the as-cast alloy
2.7Ni-24.7Sn-72.6Sb shows primary crystallisation of the alpha-phase, which is
surrounded by NiSb,, and the last portion of liquid crystallizes with the composition
40Sn-60Sh. At 450°C the sample is in solid-liquid state (Fig. 3.1e): huge grains of the
skutterudite (NisSbg1Sn,9) and antimony (Sb) were grown in equilibrium with the liquid
with the composition 0.3Ni-47.75Sn-51.95Sh. Three-phase equilibria with the liquid
phase L+Ni3Sny+o and L+o+t are also well confirmed via investigation of the samples
21.5Ni-25.5Sn-53Sb and 35Ni-52Sn-13Sb (Fig. 3.1d,e). Between these two phase
triangles a huge two-phase field arises containing Sn-rich liquid and the a-phase (Fig.
3.1f). The latter solid solution, formed by congruent melting compounds, separates the
phase diagram in two subsystems for which phase equilibria may then be investigated



independently. The equilibria in the subsystem Ni-NiSb-NizSn, have not been
reinvestigated but were introduced after Burkhardt and Schubert [Burl] (Fig 3.2).
Composition and lattice parameters of the skutterudite phase t coexisting in the various
three-phase equilibria at 450°C are listed in Tab. 3.1. The isothermal section at 450°C is
shown in Fig. 3.2.

o alloy composition

[AY LAY

20 / 30 40 60 70 80 90
Ni,Sn Ni;Sn, Ni,Sn,

Sn

Figure 3.2: Isothermal section of the system Ni-Sn-Sb at 450°C. Microstructure of investigated alloys
are give in Fig. 3.1. Phase equilibria in the subsystem (Ni)-NiSb-NisSn, are shown after Burkhardt and
Schubert [Burl].

Table 3.1: Three-phase equilibria, lattice parameter and phase composition of alloys in the Ni-Sn-Sb

system.

At 450°C the homogeneity region of the ternary skutterudite phase t-SnyNisSbixSny
extends for 2.4 < x < 3.2. Comparing the compositions of the ternary skutterudites

NisShi,xSny as a function of the Sn-content from the homogeneity regions at 250°C and



350°C [Gry1] as well as at 450°C with those after DTA, a good agreement was found (see
Fig 3.3).

One may see a weak temperature dependence for the Sh-rich end of the skutterudite solid
solution that coexists in three-phase solid-state equilibria: (Sb)+NiSb,+t and NiSbh,+a+1.
However, the Sn-rich side of the homogeneity region in equilibrium with the liquid phase
shows a significant temperature dependence. With rising temperatures, the composition of
the liquid gets strongly depleted on Sn, resulting in a pronounced phase segregation
during the crystallization of the samples. Thus DTA of the single-phase sample
NisSbg,Snsg (Fig. 3.4a) reveals a solidus temperature of 410°C during the first heating
(Fig. 3.5, Tab. 3.2), however, the temperature was increased to 453°C after the second
and third heating cycles (Fig 3.5). Furthermore additional thermal effects appear in the
temperature range from 415°C to 423°C. EPMA of the sample after DTA (Fig. 3.6a)
shows three phases o, B (SnSb) and skutterudite t at an Sb enriched composition
(NisSbgoSns 1).

Table 3.2: Composition-dependent melting points T, of filled and unfilled Ni-Sn-Sb based skutterudites.

500 [T rrrrrrprrrrrrrrrprrrrepr e e T
i Liquid -
450 |- —@- .
L & ]
By ]
s solidus
400 = 0 / g
_+ + i
I i
? 350 |- H-3— ]
[ B ~ . _
= - Ni,Sb.. Sn §
b~ 300 _f 7 4 12-x X ]
I ]
-+ ]
250 |- —0 .
B € DTA 1" run —
N <» DTA 3" run ]
200 B @ from annealed samples N
- P [Gry1] ]
- [ ] sample in equilibrium with liquid
150 rtt1J]J1t 11 J]J1rTrryrrrrgJyrrrrJyrrqrrqy rrro1 o111
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

x Sn

Figure 3.3: Temperature dependent extent and solidus curve of the ternary skutterudite phase t
(NisSby4Sn,).

-10 -



oo Ni,Sb,,Sn a Ba, ,,Ni,Sb,,Sn b)
4v 82738 25000 - 0291914909 191159
3 .
20000 - &
@ . 20000 -
-~ - =
@ )
2 15000 - ‘é’
g 3 15000
£ §
o 10000 - P
> 2
‘@ )
g g
3] L)
E c 5000 -
0 o
P EUREEETEE PP R PIUE TPERPRRRDDEIR OVOOOR 0000000 000 T 00O LRRRRALALRL L ”l 0P OO0 00000 O
A i T A g 4 T
T et t+ 22 = + t t
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
2theta (deg) 2theta (deg)
.
Ba, Ni,Sb,,Sn,, 0|
20000 —+ X
E 15000 2
4 H
5 5
g g
\m’ 10000 3 lﬂ’
2 2
£ X 5
; 5
) 5000 - i
; R, =4.0 | :
o
10000000 000000000 000000000 000 O 0 P l I FEUEEELETEE L
s A T S000 | T
; el o T ¥ - 5 i AR
20 30 40 50 60 70 80 920 10 20 30 40 50 60 70 80 20

2theta (deg)

2theta (deg)

Figure 3.4: Microstructure and Rietveld refinements for the single-phase samples a) Ni;Sbg,Snsg, b)

Bag 29Ni4Shg 1SN, 9, €) Bag 4,NisShs ;S35 and d) Bag o,NisSbg7Sns 5.
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Figure 3.5: DTA curves of the single phase-sample Ni;Sbg,Sns .
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¢) Bag 42NisShg »Sn3 g and d) Bag g,NisShg 7Sns 5 after DTA (t denotes the skutterudite phase BayNi,Sh,.

x9Ny, a the continuous solid solution NiSh-NizSn, and B the binary compound SnSb).

Homogeneity region for the filled skutterudites Ep,NisSb12..Sny (Ep = Ba and La)

The filling of the 2a site in the skutterudite structure has a maximal effect on the
reduction of the lattice thermal conductivity [Tobl, Uhel]. In order to define the
solubility of the electropositive (Ep) fillers in NisSbi2xSny two filler atom species with
different valences (Ba and La) were selected and alloys with compositions BaNi;SbsSn-,
BaNisSbgSn,, LaNisSbsSng and LaNisShgSn, were investigated in as cast state and after
annealing at 250°C, 350°C and 450°C. Results of the quantitative Rietveld refinements
for the occupancy in the 2a site in combination with EPMA measurements are shown in
Fig. 3.7. No skutterudites were observed in the as-cast alloys. The skutterudite phase is
formed after annealing and appears in the microstructure as the main phase for one of the
three temperatures 250°C, 350°C or 450°C (Fig 3.8). In all cases we observed an increase
of the filling level with increasing Sn content reaching y = 0.93 for the Ba filled
skutterudite, which additionally shows a clear dependence of the filling level on the
temperature. Furthermore, for Sn-rich compositions EPMA reveals two sets of
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Figure 3.7: Compositional dependence of filling level for Ba and La in Ep,Ni,Sb;,..Sn, at 250, 350
and 450°C on Sn-rich boundary of the skutterudite solid solution, as determined in the samples 1Ba-
4Ni-5Sb-7Sn, 1Ba-4Ni-8Sh- 1La-4Ni-4Sh-8Sn and 1La-4Ni-8Sh-4Sn (for phase composition see Fig.
3.8).

skutterudite compositions in the samples annealed at 350°C and 450°C. Such phase
segregation likely is not connected with diffusion suppressed at these temperatures
because the heat treatment at 250°C vyields the formation of a skutterudite with uniform
composition. In contrast to the Ba filled skutterudite the solubility of La in
EpyNisSbi1,..Sny is lower and no temperature dependence was detected. Considering the
interesting behaviour of the Ba filled skutterudite, this compound was selected for further
detailed investigations at 450°C.

For several quaternary samples, annealed at 450°C, the Ba filling level in dependence of
the Sn content was determined by Rietveld refinements combined with microprobe
measurements and yielded a large homogeneity region of BayNisSbi1,.xSny as shown in

Fig. 3.9 in a two-dimensional (2D) projection. Obviously the maximal solubility of Ba in
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250°C
BaNi,SbsSn,

Nig(SniSh),

450‘,&; foe
LaNi,SbgSn,

Figure 3.8: Microstructure of the alloys BaNisSbsSn;, BaNisSbgSn,, LaNi;Sh,Sng and LaNisShegSn,
annealed at 250°C, 350°C and 450°C. (tr denotes the skutterudite phase BayNi,Sb,.,Sn,, o the
continuous solid solution NiSb-NizSn, and B the binary compound SnSb; ¢ denotes for a phase with

composition La19-Ni20-Sn20-Sb41 in at% derived by EPMA).
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the skutterudite (y > 0.93) responds to two cases: (i) the equilibrium with the Sn-rich
liquid and (ii) to the afore-mentioned crystallization of skutterudites with two
compositions (Bag.gsNisSbs1Sns 9 and Bag g3NisSbs 1Sng o) that coexist with NisSns. With
increasing Sb-content the solubility decreases to y = 0 in the three-phase equilibra with
(Sb) and NiShb; as well as with a and NiShb,.

1.0 T T T T T T T T T T T T T T T
- A t+ 1 +Ni;Sn, .
0.9 | e <+NiSb,+(Sh) .
- v T+ a+BaSb, .
0.8 - W t+a+ NiSb, E
0.7 F O t+a+l -
- @ 1t (SP) ]
m0.65—0 t+L T = 450°C _E
@ o5FF -
> - ]
0.4 F " ]
0.3 é //* Ni4Sb3.?S"3.3 (SP) _E
T / ¢ Bag,NiSby,Sn;, (SP)-
0.2 d 4 Y Bagg,Ni,Sb;;Sny; (SP)]
g ¢ Bay;NiSbySn,, (SC)g
0.1 - @ BagyNiSbg,Sn,, (SC)
0-0:”' Illllllllll‘fuk'llllll|I_II_ITIlzlllnltllflln?llllwlllll:
20 25 30 35 40 45 50 55 6.0 6.5 7.0

x Sn

Figure 3.9: Homogeneity region for Ba,Ni,Sb;,«Sny at 450°C as a function of the Sn-content and Ba
filling level. Composition of single crystals (SC) and samples prepared for investigation of physical
properties (SP) are added. (Ternary single-phase sample NisSbhg,Snsg was found to be outside of the
estimated homogeneity region because temperature during preparation was around 10°C lower than
450°C).

DTA measurements were performed to gather further information on the stability of
BayNisSb1,.,Sny. For this investigation three single-phase samples were used:
Bap 42NisSbg ,Sns g and Bag g2NisShs 7Sns 3 (Fig. 3.4c,d) after ball milling and hot pressing,

and the compound Bag 29Ni4Sbhg 1SN, 9, Which appeared to be single-phase after annealing
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at 450°C (Fig. 3.4b). For these alloys three heating and three cooling curves were
recorded using a scanning rate of 5 K min™ (Fig. 3.10 to Fig. 3.12). In all first heating
curves only one signal could be detected. However, the subsequent heating and cooling
curves (s. Fig. 3.10 to Fig. 3.12) revealed additional thermal effects at lower temperatures
that are associated with the incongruent melting of the alloys. This was confirmed by the
microstructure of the samples after DTA (Fig 3.6b to d). In all cases we observe the
formation of a high melting a-phase with subsequent crystallization of the pB-phase and
BaShs. A Tin rich liquid was found to form during crystallisation of Bagg2NisShe 7Sns 3.
Due to incongruent crystallization of BayNisSbh1,xSny the composition of the skutterudite
phase changes similarly to that observed for the ternary Ni-Sn-Sb skutterudite (see
chapter above). The melting points, T, for the samples before and after DTA are listed in
Tab. 3.2 and the compositional dependences of the solidus temperature are compared with
data for the Ni-Sb-Sn skutterudite in Fig. 3.13. It is clearly seen that the filling of the
skutterudite lattice with Ba-atoms results in a significant increase of the melting
temperature and this influence is particularly visible for Sn-rich samples.

The knowledge on the extension of the homogeneity region for BayNisSbi,..Sny as a
function of temperature was used to prepare single-phase samples for measurements of
physical properties (Fig 3.4a,c,d and Tab. 3.3) as well as to grow single crystals for

structural investigations.

DTA /(mW/mg)
T exo )
1st heating up 463.5°C_ 517.6 °C 521.2 °C
0.149 4st cooling down ™y | ’
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0.129 314 heating up
3rd cooling down

4097°C_
0.101

0.08 1

0.06 4

0.04 / | '.
483/0 °C [517.6 °C\!

0.02+ /\/A1 °C, 0.09772 mW/mg 484.1 °C 519.3 °C
100 200 300 400 500 600 700
Temperature /°C
Figure 3.10: DTA curves of the single-phase sample Bag 2NizSbg 1SN, 9.
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Figure 3.11: DTA curves of the single-phase sample Bag 4,Ni;Sbg ,Snag.
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Figure 3.12: DTA curves of the single-phase sample Bagg¢,NisShe;Snss. Curves are shown twice a)

and b) to present all the evaluated temperatures for the occurring thermal effects.
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Table 3.3: Composition, densities and lattice parameters of the samples used for investigation of the

physical and mechanical properties.

T 1t I r 11 1rrr1rrrrJrrrrJyrrrrJrrrrrJrrrrrrrrrrj
soo [ BaNiSb,, sn ]
R _ y = 0.87 .
B = 0.61
[ y=055m Sy
I me y=092 ]
500 | y= 0.29 |
i solidus i
O 400 |- / :
OI—I = .
~ | . ]
i Ni,Sb., Sn ]
300 £ 4 12-x X 7
200 5 pratrun }
- <> DTA3"run
100 i NN T TN T T [ T N T N T N N T T A N T I ]
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

x Sn
Figure 3.13: Compositional dependence of the solidus curve for BayNisSh1,.,Sny in comparison to that

of NisSby,.,Sn, (for details see Fig. 3.3).

4. Crystal Structure and Vibration Modes of BayNisSb1,xSny

Rietveld refinements of X-ray powder data for BayNisSb12xSny were fully consistent with
the skutterudite structure CoAss in the unfilled case and LaFe;Shs; in the filled case. The
refinements combined with EPMA defined the degree of filling in the 2a site and the
Sh/Sn ratio in the 249 site. Compositional data and corresponding lattice parameters of all
new phases BayNisSbi>.,Sny are summarized in Tab. 4.1. Lattice parameters revealed
neither a dependence on the filling level of Ba nor on the Sh/Sn ratio.
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Table 4.1: Composition and lattice parameters of skutterudites Ba,Ni,Sb;,..Sn, for single crystals @ single

phase ® and multiphase © alloys.

For two flux-grown single crystals, BayNisSbi,xSnx (for details see micrographs in
Fig. 4.1)

A
Ba0.73N i4Sb8.1sn3.9

- AR
B, NiSb, Sn,, §

Figure 4.1: Microstructure of the slowly cooled reguli used to grow single crystals from a) (SnSh)-flux

and b) (Sn)-flux. (o denotes the continuous solid solution NiSb-NizSn,).

X-ray diffraction intensities were recorded at three different temperatures (100 K, 200 K
and 300 K). The refinement in all cases proved isotypism with the LaFesSh, type (filled
skutterudite; space group Im3) with Ni atoms occupying the 8c site while Sb and Sn
atoms randomly share the 24g site. The residual density at the 2a site was assigned to Ba
atoms. The compositions derived from structure refinement, namely Bag73sNisSbg1Snsg
and Bap gsNisShe1Sns o, agree well with the microprobe measurements. Final refinements
with fixed occupancies (Table 4.2a, b) and anisotropic atom displacement parameters
(ADPs) led to a reliability factor Rg below 2%. The maximum residual electron density of
~3 e/A® appears at a distance of 1.5 A from the centre of the 24g site. This density can be
interpreted as a “diffraction ripple” of the Fourier series around the heavy Sb and Sn
atoms located at this site. Interatomic distances for Ni and Sb lie within range of values
known for CoSb; [Takl] and LaFe,;Shi, [Bral]. Figure 4.2 shows the temperature
dependence of ADPs for Bag73NisShg1Snsg and BaggsNisSbg1Snsg. Filler atoms in cage
compounds like skutterudites generally exhibit ADPs at RT, which are about three to four
times higher than those of the framework atoms [Uhel]. In case of BayNisSbi,Sn this

factor is only slightly above 1.2.
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Figure 4.2: Temperature dependence of the lattice parameter a (right axis) and the atomic displacement

parameters (ADP) (left axis) of a) Bag73NisShg1Snsg and b) BaggsNisSbg 1Shs ¢ obtained from

X-ray

single-crystal measurements at 100 K, 200 K and 300 K. Solid lines correspond to least squares fits

according to Egn. 4.1 and 4.2 for the ADP and a simple linear fit for the thermal expansion coeffi

Table 4.2a: X-ray single crystal data for skutterudite Bag73NisShgiSnsg (MoK, radiation;
standardized with program Structure Tidy [Wacl]; temperature data for 100 K, 200 K and 300 K;
redundancy >8); space group Im 3; No. 204. ADP (Uj) are given in [10°nm?].

Table 4.2b: X-ray single crystal data for skutterudite BaggsNi,SbeiSnse (MoK, radiation;
standardized with program Structure Tidy [Wacl]; temperature data for 100 K, 200 K and 300 K;
redundancy >8); space group Im 3; No. 204. ADP (Uj) are given in [10°nm?].

cient.

Despite their low ADPs, the Ba atoms may be described as harmonic Einstein oscillators

uncoupled from a framework that behaves as a Debye solid. Least squares fits

of the

temperature dependent ADP’s of the Ba-atom, Ugq (isotropic by symmetry), with the

Einstein model (Eqgn. 4.1) yields an Einstein temperature of 104 K for Bag 73NisSbg1Snz g

and 111 K for BaggsNisSbe1Snsg. Similarly the Debye model (Eqn. 4.2) applied to the

framework atoms (Ni, Sb and Sn) revealed only slight differences between 0y for

the random Sn/Sn mixture.

eq 2
m-Kg 05 5
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The results for 6 and 0p are listed in Tab 4.3. As the skutterudite framework is built by
the Sn and Sb atoms forming octahedra with Ni atoms in the octahedral centres, one may
explain these results as following: because of its position in an octahedral cage formed by
Sb and Sn the vibration of the Ni atom is not independent from that of the framework and
therefore lead to values close to those obtained for Sb/Sn. While Debye temperatures fit
well (especially for Sb/Sn), Einstein temperatures are in most cases apparently higher
than those of other skutterudites reported in the literature (see for example [Rog4]). By
fitting the temperature dependent lattice parameters via a linear function of the form
a-X+b (with a = 1.02x10° and b = 0.92 in case of Bag.73NisSbg1Sns, but a = 1.15x10°
and b = 0.92 for BaggsNisSbs 1Sns ) also the thermal expansion coefficients for the two
compositions could be determined (Tab. 4.3). All values for a all lie within the range
discovered for other skutterudites and increase with higher filling levels. ([Rog4],

[Rog3]).

Table 4.3: Comparison of Debye temperatures 6p, Einstein temperature 6z and thermal expansion
coefficients gained by different methods for various single crystalline (SC) and single phase (SP)
BayNi;Sb1,.,Sn, skutterudites.

5. Specific Heat

To gather further information of the vibrational behavior of the filled and unfilled
BayNisSb1,.,Sny skutterudites, specific heat measurements in the temperature range from
3 K to 140 K were applied to the single-phase specimens Ni;Shg>Sn3 g, Bag 42NisShg2Sn3 g
and Bag.g2NisSbs 7Sns 3. The data are displayed in Fig. 5.1 in the form of C,/T versus T.
According to Eq. 5.1 C, consists of two independent parts of which the Sommerfeld
electronic specific heat coefficient y (listed in Tab. 4.3) was obtained from a least squares

fits to the low temperature range (< 5 K). Results are shown as insert to Fig. 5.1.

Cp = Cp,el + Cp,ph = YT+BT3 (51)

12-7*-N, -k 1994-n

(5.2)
5 0 03

B
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Na is Avogadros's number, kg is the Boltzmann factor and n stands for the number of
atoms per formula unit. Fitting C, according to Eq. 5.1 yields §, which in turn via Eq. 5.2
delivers the Debye temperature 0p (listed in Tab. 4.3). Fig. 5.1 suggests a moderate
overall lattice softening with increasing Ba and Sn content. To extract the corresponding
Einstein temperatures and Einstein frequencies, the specific heat data were analysed by
applying two different methods. The first approach is based on an additive combination of
Debye and Einstein models. It is assumed that the phonon spectrum of a polyatomic
compound contains three acoustic branches and 3n-3 optical branches, where the acoustic
part of the phonon specific heat can be described via the Debye model (Eq. 5.3) with R

being the gas constant and ®, =0, /T.

®p 2 0
Conp = > 5 : OJ 2 21) do (5.3)
®p 4 sinh (ﬁ)
4.0 L LI L LI L L L L L I L B O
¢ Ni,Sb_.Sn,, ——— Debye-Einstein model -
3.5 :_. Bao.42Ni4Sb8.28n3.3 E
— - v Bay4,NiShy.Sn;, o
Y 30F
= 2_5__ o 0 20 40 60 8 100 120
S, - [ 0,=223K .
= 20 03?_«,=9.u mJ/(mol-K?) .
S - = [o,=265K -
Q B < 7 2 ]
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B So0.2 14
- - ]
1.0_— (_,‘l -
B 01} 1
- 0, = 265 K 17
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Figure 5.1: Temperature-dependent specific heat divided by temperature Cy/T of Ni,Sbg,Snss,
Bay 42NisShg,Sns g and Bag ¢oNisShg 78Sns 41. Dashed lines correspond to least squares fits according to

Eqgn. 5.5.
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Here the three acoustic branches are taken as one triply degenerated branch. In a similar

way the Einstein model describes the optical branches

, 2
c,, ~c r. ) (5.4)

s h2 (05
sinh 1%)

with c; referring to a degeneracy of the corresponding Einstein mode. The three acoustic
and nine optical branches of the phonon dispersion of the Ni;sSbi,«Sny framework is then
represented by (12 times) one Debye and two Einstein functions (27-fg + 9-fg) with ¢; =
27 and c; = 9. To account for the filler atom in the icosahedral voids, a further Einstein
function is added to describe the increase of phonon modes, with ¢3 = 3-y, where y

represents the filling level. Including the electronic part from Eqgn. 7.1, this leads to

n=2,3

C,=CatCup+ ZcphEi (5.5)
=)

with the sum running over two or three Einstein modes. Least squares fits according to
this model are presented as dashed lines in Fig. 5.1 and the extracted data for Einstein and
Debye temperature are also listed in Tab. 4.3.

The second approach uses the model introduced by Junod et al. [Junl, Jun2], to get some
insight in the complex phonon spectrum. Special functionals of the phonon specific heat
can take the form of convolutions of the phonon spectrum F(w). Therefore the electronic
part of the specific heat is subtracted from Cy(T) (C,,(T)=C,(T)-y-T) and least

squares fits with two estimated Einstein-modes are applied to the phonon specific heat as
shown in Fig. 5.2 in the form Cpn/T° vs. T. Further details on this method are described
for example in [Mell]. In Fig. 5.2 the corresponding phonon spectra are plotted as solid
lines scaled to the right axis. The simple Debye function based on Eqn. 5.4 is presented as
dotted line using the 6p-data extracted together with the Sommerfeld coefficients.
Comparison between filled and unfilled skutterudites show that the filler element Ba has a
strong influence on the Ni-Sn-Sb network. These results are also consistent with the
increase of the Debye temperatures. All data referring to specific heat are listed in

Tab. 4.3. Debye and Einstein temperatures extracted by the two different methods
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described above match well with each other for all three samples investigated:

Ni4Sb8,28n3_8, Bao_42Ni4Sb8_ZSn3,8 and BaolgzNi4Sb5,7sn5,3.
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Temperature-dependent

specific heat of Ni,Shg,Snss,

Baol42Ni4Sb8.28n3.3 and

Bag.s2NisShs 7Sns 5 plotted as (Cp-y-T)/T? versus In(T). Least squares fits were made to the experimental

data using the model of et al. [Junl, Jun2]. The blue, red and green lines (referring to the right axis)

sketch the corresponding phonon spectral functions F(w) plotted as (4/5) 'R z*-w™?-F(w) versus w/4.93

with @ in Kelvin. In comparison a simple Debye model is added (dotted lines).

6. Electronic and Thermal Transport

As the Ba,Ni,Sb,.Sn, compound exists within a wide homogeneity region, detailed investigations of

transport properties as a function of the composition were performed.

Electrical Resistivity

Figure 6.1a shows the temperature dependent electrical resistivities p(T) of the unfilled

single-phase

skutterudite  NisSbg,Snss and the two Ba-filled

=24 -
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Bap 42NisSbg»Shs g and Bag g2NisSbg7Sns 3. These alloys show relatively low resistivities
comparable to those of SnyNisSbi,,Sny reported by Grytsiv et al. [Gryl]. Whilst the
decrease of the overall resistivity by filling NisSbg,Snzg with Ba atoms seems to be
correlated with an increase of the free carrier concentration, increasing Sn-content seems
to exert the inverse effect. Although the concept introduced by E. Zintl [Kaul, Sevl] is
based on simple crystal chemistry, it seems to be able to properly describe the changes in

p(T) caused by changes in the composition of BayNisSbi,..Sny alloys on the basis of a

simple counting of charge carriers n, by Egn. 6.1:
n, =y-2(Ba)+4-10(Ni)— (12— x)-3(Sb)—x - 4(Sn) (6.1)

This composition dependent change of carriers can also be seen from the Seebeck

coefficients S(T) of the three samples, as discussed below.
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Figure 6.1: Temperature-dependent electrical resistivities p of the skutterudites NisSbg,Shag,

Bag 4,Ni,Shg,Sns;g and BaggyNisShg;Sns 3 a) in the temperature range from 4 K to 700 K and b) in
comparison before and after SPD via HPT above room temperature. Dashed lines correspond to least

squares fits according to a two band model.

For all the three samples the temperature dependent electrical resistivity exhibits two
different regimes. At low temperatures a metallic-like behaviour is obtained, which
changes to a semiconducting behaviour at higher temperatures, at least up to 700 K. This
change cannot be explained by a simple activation-type conductivity mechanism. In order
to take care of this rather complicated temperature dependence, a rectangular model of

density of states was considered (2-band model), with a narrow gap lying slightly below

-25-



the Fermi energy Er [Berl], which successfully described resistivities p(T) of various
clathrate and skutterudite systems (see for example [Mell] and [Gryl]). In this model
unoccupied states above E =E_ are available at T = 0 K. This is possible only at low
temperatures because of metallic conductivity as long as the limited number of states
slightly above Er become involved in the transport process. Further transport processes
are only possible, if electrons are excited across the energy gap of width Egap. The total
number of carriers (electrons and holes) following from general statistical laws is strongly
dependent on the absolute temperature as well as on Egp. On the basis of these

assumptions, p(T) can be calculated by

Po - No + Ppn

p(T) = (™)

(6.2)

where po gives the residual resistivity and ppy is the scattering of electrons on phonons,
taking into account the Bloch Grineisen law

5
T 0p/T X5
T)= 4. R0 — | .
P( ) Po T+ D (6 j (f) (ex_ )-(1—67’(

dx +A-T? (6.3)
o )

where R stands for a temperature independent electron-phonon interaction constant and
A-T? represents the Mott-Jones term [Chil]. Least squares fits according to Eqn. 6.2 were
performed for NisSbg,Sns g, Bag42NisSbs,Snszg and BaggoNisSbe 7Sns 3 extracting po and
Egap, Which are listed in Tab. 6.1. Debye temperatures 0p are listed in Tab. 4.3 and can be
compared to data extracted by various other methods (see below).

Table 6.1: Comparison of physical properties for filled and unfilled BayNi,Sb;,.,Sn, skutterudites.
Thermal Conductivity

Figure 6.2 presents the temperature-dependent thermal conductivities «(T) of the three

compounds NisShg2Sn3 s, Bag 42NisShg2Sns g and Bag g2NisShg 7SNs 3.
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Figure 6.2: Temperature dependent thermal conductivity k of the skutterudites NisShg,Snssg,

Bag 4oNisSbg,Snsg and BaggoNisSbe7Snss The shaded area represents the minimum thermal

conductivity kmi,. The solid lines are guides for the eye.

Radiation losses in the low-temperature steady-state heat flow measurement were
corrected subtracting a Stefan-Boltzmann T2 term. Generally, the thermal conductivities
are quite high compared to those of other skutterudites (see for example [Shil, Rog5,
Rog6, Rog7]), but they lie in the same range as those obtained by Grytsiv et al. [Gry1] for
their Sn filled and unfilled SnyNisSb1,.,Snx compounds. For more detailed analysis, only
data between 4 and 300 K were taken into account shown in Fig. 6.3. The total thermal

conductivity can be written as

K=Ky +Kp, (6.4)
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where ke presents the electronic part and «pn the phonon part. A number of scattering
processes limit both contributions, so that a finite thermal conductivity will result in any
case. For simple metals k¢ can be calculated from the temperature dependent electrical

resistivity via the Wiedemann Franz law

(6.5)

where Lo is the Lorentz number (L, =2.45-10° W-Q-K™?).Subtracting this term e

form the measurement data results in «p, shown in Fig. 6.3a,c,e. For all the three samples
the electronic part is quite low but gets enhanced at higher temperatures. According to the
Matthiessen rule, the electronic thermal resistivity W of a simple metal can be written in
terms of a thermal resistivity We o caused by electron scattering due to impurities and
defects as well as caused by electrons scattered due thermally excited phonons Wejph
(Egn. 6.6).

W,

el

1
=—=W,+ Wel,ph (6.6)

el

Using the Wilson equation [Will] We 5n can be expressed as:

w, - A [T .Js(e_oj. 143 (ke (e_j 1 50T 6y
LT (0 T w lap) \T) 2.2 3,(65/T)

with kg the wave vector at the Fermi surface, qp the phonon Debye wave vector and A a

material constant, which depends on the strength of the electron-phonon interaction,
Debye temperature, the effective mass of an electron, the number of unit cells per unit
volume, Fermi velocity and on the electron wave number at the Fermi surface. The Debye

integrals J, have the form

Jn(x):J:'(eZ _1)2_(1_62)dz (6.8)
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Figure 6.3: Temperature dependent thermal conductivity x of the skutterudites NisSbg,Snsg,
Bay 42NisShg,Snsg and BaggoNisShe,Sns; at a), ¢), e) low temperatures and b), d), f) above room
temperature in comparison to the values measured after HPT. Temperature dependent thermal
conductivity k of the skutterudites Ni,Sbg,Snsg, Bag4,NisShg,Snsg and Bagg,NisSbs7Snss. The dashed
lines are least squares fits according to a combination of the Wilson- and the Callaway-model.
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In non-metallic systems the lattice thermal conductivity is the dominant part of the
thermal conduction mechanism, which can be described by a model introduced by
Callaway [Call, Cal2, Cal3]. According to his model heat carrying lattice vibrations can

be described by

k k.’ T -x*.e¥
_ B %8| 3. [fc " x| 6.9
gt () T s ©9)

with the velocity of sound as derived within the Debye model:

V, :% (6.10)
n-(6-m2-NJ
and
h-o
X = 6.11
Kg-T (6.11)

where N is the number of atoms per unit volume and o the phonon frequency. The second

integral I, in Egn. 6.9 can be expressed as

l, = GTTT j _T | X (6.12)
o TN e —:|_)Z TN TN e —:|.)Z

where

T =10 +15 + T, + T +Tp- (6.13)

Here 1, 15, T, , T and tz- denote the normal 3-phonon scattering process, point defect

scattering, Umklapp processes, boundary scattering and scattering of phonons by
electrons.

The dashed lines in 6.3a,c,e refer to least squares fits according to Eqn. 6.4 assuming a
combination of the Wilson and Callaway model for ke and «pn. The extracted values for
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the Debye temperatures 0p are listed to Tab. 4.3 and show a good agreement with values
gained from various other methods described in this article and compare well with
literature data.

The minimum thermal conductivity kmin, presented as shaded area in Fig. 6.3a,c,e, was
estimated by the model of Cahill and Pohl [Cahl, Gial]:

3N K2T2 T e
K =( j AL dx . (6.14)

"™ \4.n) n-0, O(ex_l)Z

Here N is the number of atoms per unit volume and x is a dimensionless parameter

connected to the phonon frequency o via X = h Ofl_ Figures 6.3b,d,f compare the
.-

situation for temperatures above 300 K. For the two compounds NisShg,Snzg and
Bao.42NisShg2Snz s kel is the dominant part of thermal conductivity while gy is of the
order of kmin. FOr Bag.g2NisSbe 7Sns 3 both parts, «n as well as ke, are in the same order in
magnitude but 2 to 3 times higher than for the previous samples. This may be caused by
two effects: i) substitution of Sb with Sn-atoms in the 2a site is combined with an increase
in thermal conductivity, ii) or more likely, as reported in various articles ([Chrl, Koz1]),
the vibrations of the filler atom are not independent from those of the network atoms. In
this case a higher Ba content can even enhance the thermal conductivity of the material.

Thermopower

The temperature-dependent Seebeck coefficients S(T) for samples with the composition
NisShg2Snsz g, Bag42NisSbg,Sns g and Bagg2NisShe 7Sns 3 are displayed in Fig. 6.4a. S(T) is
negative at low temperatures up to at least 400 K, suggesting that the transport
phenomena are dominated by electrons as charge carriers indicating n-type behaviour.
This can be explained by the Zintl concept in parallel to the electrical resistivity, as
discussed above. Below about 400 K, S(T) behaves almost linearly before reaching a
minimum between 400 K and 500 K. The Seebeck coefficient can be understood in terms
of Mott’s formula [Blal]
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2.7 K% -m"
2

e-h? .(3.n.n2)§

S(T>6,)= (6.15)

with m” being the effective mass and e the respective charge of the carriers involved.
Equation 6.15 is assumed to be valid for systems without significant electronic
correlations. As shown previously [Rogl, Rog2] one can extract the charge carrier density
n in the temperature range from 0 K to 300 K from the slope of a linear fit extrapolated to

0 K of the measured S(T) data, assuming m” to be m, = 9.1094-10"%" kg (Tab 6.1). From

the calculated number of charge carriers, n, two effects can be distinguished: (i) on
increasing Ba content seems to increase the number of charge carriers, and (ii) n is
reduced with increasing Sn content, as the sample Bagg2NisShe 7Sns 3 contains double the

amount of Ba in comparison to Bag42NisSbg,Sns g, but the number of charge carriers is

only higher by 12%.
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Figure 6.4: Temperature dependent Seebeck S coefficient of the skutterudites NisShg,Snssg,

Bag 4,Ni,Shg,Snz g and Bagg,NisSbgShs 3 @) in the temperature range from 4 K to 700 K and b) in
comparison before and after HPT above room temperature.

Furthermore Goldsmid and Sharp [Goll] showed the possibility to estimate the gap
energy Egsp from the maximum/minimum of the Seebeck-temperature curve by applying
Eqn. 6.16.

Swex = 5o (6.16)

max/min

-32-



As in the present case S(T) Is negative over the whole temperature range investigated,

minimum data were inserted in Eqn. 6.16 leading to the results summarized in Tab. 6.1.
Estimated gap energies Eq compare well with those obtained form temperature dependent
electrical resistivity and show a significant decrease from Bag4,NisSbg,Snzg to
Bap 92NisSbs 7Sns 3. From this behaviour one may assume that a higher Sn content in the
network (24g site) influences the band structure more than an increased Ba filling level in

the icosahedral voids (2a site).

Figure of Merit

The dimensionless figure of merit zT characterizes the thermoelectric ability of a single
material concerning power generation or cooling. For commercial applications a zT above
1 is required. The temperature dependent figure of merit can be calculated by Eqgn. 1.1
and is shown in Fig. 6.5a.
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Figure 6.5: Temperature dependent figure of merit zT of the skutterudites NiSbg,Snssg,

Bag 42NisShg,Shsg and BaggoNisShg;Sns 3 @) in the temperature range from 4 K to 700 K and b) in

comparison before and after HPT above room temperature.

Although the electrical resistivity for all the three investigated compounds NisSbg2Snss,
Bap 42NisSbg,Snsg and BaggoNisShe7Snss is quite low, low absolute values of the
Seebeck coefficients S(T) (<70 pV-K™) and high thermal conductivities «(T)

(>20 mW-cm™-K™) prevent zT from reaching values above 0.11 at RT.
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7. Transport Properties after High-Pressure Torsion (HPT)

Severe plastic deformation (SPD) via HPT is one technique to significantly increase the
performance of thermoelectric materials [Rog8, Rog9, Rog10], with various effects being
responsible for this behaviour. Because of the interdependence of p, S and ke one strategy
to rise zT is to reduce the kyn by increased scattering of the heat carrying phonons via
various mechanisms as already discussed in chapter 6 in terms of their corresponding

relaxation times t, (Eqn. 6.13). In general I, in Eqgn. 6.9 is negligible for t, >>1,. A
possible route to decrease «kpn therefore is either to reduce the grain size dg, because

r;:vs/dg, or to increase the density of dislocations, because tg includes the

contribution of the dislocation core
.re.
T oC— (7.1)

with Np being the dislocation density and the effects of the surrounding strain field

2
e 7.2
Here b represents the Burgers vector of the dislocation. Therefore a smaller grain size
results in raised phonon scattering on electrons as well as on lattice defects and this way
decreases kph. Furthermore Hicks and Dresselhaus [Hicl, Drel] demonstrated that grain
sizes, approaching nanometer length scales (favourable < 10 nm) are able to influence the
Seebeck coefficient. Inspecting Mott’s formula (Eqn. 6.15) it can be seen that the Seebeck
coefficient is primarily dependent on the energy derivative of the electronic density of
states (DOS) at the Fermi-energy. So any method, able to increase the slope at Er for a
given number of states n, will rise S. HPT uses this concept by the transition from a
parabolic electronic DOS curve to a spike like while going from macroscopic bulk
structures to nanosized ones. With these observations a way is opened to influence S
independently from p and «. Based on this knowledge HPT was performed at 400°C,
applying a pressure of 4 GPa and one revolution on the two skutterudite samples,

NisShg2Sns g and Bag42NisSbg,Sns g, whereas for the compound Bag g2NisSbg 7Sns 3 room
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temperature was used. During the deformation the sample’s geometry stays constant and
unlimited plastic strain occurs without early failure and crack formation [Zehl, Zhal].
Therefore, with the hydrostatic pressure not simply defects are created but also grain
boundaries are built up from these defects [Safl, Ungl, Zeh2, Zeh3, Zeh4, Zhal]. The
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Figure 7.1: Comparison of lattice parameters a and corresponding X-ray densities px.., for the
skutterudites Ni,Sbg,Sns g, Bag 4oNisSbg,Sns g and Bag ¢oNisSbg ;Sns 3 before and after SPD via HPT.

resulting shear strain corresponds to Eqn. 2.4. The deformation affects the samples’ rim
more than the centre. Physical properties of processed specimens therefore always cover
more and less deformed parts. Pieces of all parts of the HPT processed samples were
collected and used for X-ray powder analysis. In general, an increase in the half width of
the X-ray patterns as well as of the lattice parameters was observed, indicating a
reduction of the crystallite size and an increase of the dislocation density. For the samples
NisShg»Snz g and Bag 42NisSbg2Snsz g this behaviour is distinctive while for the compound
Bap 92NisSbs 7Sns 3 almost no change was visible (Fig. 7.1). By EPMA micrographs before

and after HPT (Fig. 7.2) no changes in the microstructure are observable.
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Due to microcracks the density of the materials after HPT processing is lower than before
(Tab. 7.1). Figures 6.1b, Fig. 6.3b,d,f and Fig. 6.4b summarize the effect of HPT
treatment on the physical properties p(T), «(T) and S(T). As the samples are in most cases
very brittle only data for measurements above room temperature are available. The
electrical resistivity for all samples (Fig. 6.1b) after HPT is higher. Whereas a crossover
from metallic to semiconducting behaviour was observed for NisShg,Snsg and
Bap 42NisSbg»Snsg, BaggoNisSbs7Sns3 was semi conducting in the entire temperature
range investigated. Thermal conductivity in case of the Sh-rich samples (Fig. 6.3b,d)
seems to stay nearly the same. Determining ke and «pn as shown in chapter 5 leads to the
fact that e is decreased by the same amount as «p, is increased resulting in no evident
change in the thermal conductivity «. For the Sn-rich sample (Fig. 6.3f) both components
Kel @S Well as «pn are lowered leading to a decreased overall thermal conductivity k. The
data for the Seebeck coefficients after HPT (Fig. 6.4b) stay in the same range as those
before HPT or are even slightly lower. In contrary to filled skutterudites without Sb-Sn
substitution, all these observations show no significant change in the figure of merit

above room temperature (Fig. 6.5b).

Table 7.1: Lattice parameters a and corresponding densities for the investigated BayNisSby,.Sny

skutterudites.
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8. Thermal Expansion

Figure 8.1 shows the thermal expansion (Al/lo) for all the three single-phase samples

NisShg2Snzg, Bag42NisShg2Snzg and Bagg,NisSbs7Sns 3 measured with the capacitance

dilatometer in the temperature range 4.2-300 K.
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Figure 8.1: Temperature dependent thermal expansion Al/ly of the skutterudites Ni,Shg,Sngg,
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Bay 4,Ni,Sbg ,Sn3 ¢ and Bay oNisShs 7Sns 3 in the temperature range from 4.2 K to 300 K.

Al/l, decreases almost linearly within the temperature from room temperature to about
150 K, whereas for temperatures below 150 K, a non-linear behaviour is observed. Data
gained from measurements with a dynamic mechanical analyser (DMA) with the sample
first cooled with liquid nitrogen and afterwards heated up or simply heated from room
temperature to 400 K show a linear increase with increasing temperature (Fig. 8.2). The
Temperature derivative of the length change defines the thermal expansion coefficient a,
ie.

OAl) 1
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Figure 8.2: Combination of low and high temperature thermal expansion Al/l, data of the skutterudites
a) NisSbg,Sngg, b) Bag4NisSbg,Snzg and ¢) BaggaNisSbe;Sns ;. Dashed lines corresponded to least

squares fits according to Eqn. 8.3.

-38 -



Applying this model, o was calculated in the temperature range above 150 K up to 300 K
(see dashed lines in the insertion to Fig. 8.1), and also from combination of low and high
temperature measurement data. Corresponding thermal expansion coefficients are listed
in Tab. 4.3. The values for the current samples lead to a good agreement between high
and low temperature measurements proven by combination of the data according to Fig.
8.2. From Tab. 4.3 follows that the thermal expansion coefficients o for BayNisSb1,xSn
based skutterudites lie within the range obtained for other skutterudites [Rog3]. A higher
a occurs with a higher Ba filling level, visible at higher temperatures, which can be
associated to the rattling behaviour of Ba on the 2a site inside the structural cage. For a
cubic material the lattice parameter varies with the temperature in parallel to the thermal
expansion coefficient; therefore the lattice parameters a, at various temperatures can be
derived if a, at a certain temperature is known, applying Eqgn. 8.2.

a=a2_al/AT (8.2)
al

Values according to all three specimens are added to Fig. 8.2. The higher Ba filling level
results in bigger lattice parameters for BagsNisSbg,Snzg and Bagg,NisSbs7Sns3 as
compared to NisSbg2Snzg. To analyse the thermal expansion as a function of temperature
in the whole temperature range from 4.2 to 300 K, a semi-classical model, introduced by
Mukherjee [Muk1], was used. This model takes into account three- and four-phonon
interactions, considering anharmonic potentials, and uses both the Debye model for the
acoustic phonons and the Einstein model for the optical modes. The length change
AY/I(T,) is then given by

= (8.3)

with

<X>T:§-T2+j'g (S—G-SZ—F-SS) (8.4)
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and ¢ of the form

3
3 T z° p-3) kg6
=23k -T-|— |- d .8 VE 8.5
) {(pj ’ (‘%J J.ez—l Z+( p Je%ﬁ _1} o9

Here & stands for the electronic contribution to the average lattice displacement, 0p is the

Debye temperature, Og is the Einstein temperature and p is the average number of phonon
branches actually exited over the temperature range with G, F, ¢, and g being material
constants. Least squares fits to the experimental data according to Eqn. 8.3 are added to
Fig. 8.1 and Fig. 8.2 as dashed lines. The values obtained for 6p and 6g are listed to Tab.
4.3 and can be compared with the data gained from fits to the electrical resistivity,
thermal conductivity and specific heat. This comparison shows good agreement among
data from the various methods as well as with those available in the literature.

9. Elastic Properties

As the average symmetry of skutterudites is isotropic from RUS measurements of all
three single-phase samples NisSbg,Snss, Bag42NigSbg,Snzg and BaggoNisShs7Sns 3
Young's modulus (E) and Poisson’s ratio (v) could be gained as fitting variables of the
materials eigenfrequencies. Based on these data all other elastic properties could be
calculated. The shear modulus G and the bulk modulus B can be obtained from Egn. 9.1
and Eqgn. 9.2:

G=—r (9.1)

B=— — (9.2)

For an isotropic material the elastic constant Cy; is given by

6-B-v
1+v

C,=3-B- (9.3)
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The longitudinal (v.) and the transversal (v) sound velocities can be derived from one of

the following relations:

Cu=G=p 'Vi (9.4)

Cll = ps .Vi (95)
Here p, gives the samples’ density measured via Archimedes’ principle. From the

knowledge of v, and v the materials mean sound velocity v, can be calculated by Eqn.
9.6.

2 1"
kv + VT]:I (9.6)
T L

Anderson’s relation [Andl] (Eqn. 9.7) yields the Debye temperature 0p from elastic

properties measurements.

0o :%,(3“253'\;"?'; - )m Vi ©.7)
In Egn. 9.7 h denotes Plank’s constant, kg is the Boltzmann constant, Na is Avogadro’s
number, M is the molecular weight and nasy stand for the number of atoms in the
asymmetric unit. The data extracted for the compounds Ni;Shg,Snss, Bag42NisSbg2Sns g
and Bag g2NisShe 7Sns 3 are listed in Tab. 9.1 and are shown in Fig. 9.1. A comparison with
elastic property data available in the literature [see for example Rog4] shows that
BayNisSb1,.4Sny based skutterudites are characterized by a rather low Young’s modulus
and high Poisson’s ratio, continuing this trend for the bulk modulus, longitudinal (v,),
transversal (vr) and mean sound velocity. Extracted Debye temperatures lie in the same

range as values gathered by other methods, listed in tables of chapters before.
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Table 9.1: Elastic properties of the investigated Ba,Ni,Sb;,..Sny skutterudites.
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Figure 9.1: Comparison of Young’s-, Shear- and Bulk-modulus for the skutterudites Ni,Shg,Sns g,
Ba0,42Ni4Sb8AZSn3,8 and BaoAgzNi4Sb6.7sn5A3.

10. Vickers Hardness (HV)

Hardness is a measure for a solid material’s resistance against permanent shape change
under applied force and is dependent on ductility, elastic stiffness, plasticity, strain,
strength, toughness, visco-elasticity and viscosity. This was the reason to perform Vickers
hardness tests on a series of alloys including the three single-phase bulk samples
NisSbg,Snsg, Bags2NisSbg,Snsg and BaggaNisShs7Sns s particularly on  skutterudite
crystallites above 200 nm in size. As the Vickers method is an indention measurement,

the specimen’s resistance against deformation due to a constant compression load from a
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sharp object is determined. Figure 10.1 shows the results for skutterudites in multiphase

samples, whilst Fig. 10.2 presents data for the single-phase ones. Comparison with data
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Figure 10.1: Comparison of Vicker’s hardness HV for various filled and unfilled Ni-Sn-Sb based

skutterudites (* skutterudite composition in two different alloys).

available in the literature (see for example [Rog4]) shows that HV of BayNisSb1,xSn
skutterudites lay perfectly within the range of other skutterudites. From the measurements
performed on single phase sample two trends can be derived (Fig. 10.2]): the hardness
seems to decrease with i) increasing Ba and Sn content, ii) increasing Young’s modulus
and shear modulus. For the compounds NisSbg49Snzg7, Bags2NisSbgs4Snzgs and
Bap 92NisSbs78Sns 41 Vickers hardness after HPT processing (Fig. 10.3) shows no
measurable changes.
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Figure 10.2: Comparison of Vicker’s hardness HV for the skutterudite single-phase samples
Ni4Sbg,zsn3lg, Bao,42Ni4Sbglzsn3.g and Bao_gzNi4Sb6.7sn5_3 before and after HPT.
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Figure 10.3: Comparison of Young’s- and Shear-modulus in dependence of Vicker’s hardness HV for
the skutterudites Ni,Sbg,Sn; g, Bag 4,NisSbg 2Sn3 g and Bag g,NisShg 7Sns 5.
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11. Electron and Phonon Mean Free Path

To learn more about the transport properties caused by electrons and phonons, their mean
free paths will be calculated by simple models and then discussed in comparison with

resistivity and thermal conductivity data.

10 _I L L L L L L L L L L L |_
. — Ni,Sbg,Sn, i
9| Bay 4,Ni,Sby,Sn, 5 |
i Ba, 4,Ni,Sb; ;Sn; ; 7
8 f ;
E ]
= Tk =
9 i i
6 -
4 _I AN TN T N T T T T T ST T N T T T T T T A |_
0 100 200 300 400 500 600 700

T /[K]
Figure 11.1: Temperature dependent electron mean free paths ¢ for the skutterudites NisSbg,Snss,
Ba0,42Ni4Sb8AZSn3,8 and BaolgzNi4Sb6.7sn5.3.

Assuming a three dimensional system with a spherical Fermi surface [Gunl], the mean

free path £ of the electrons can be calculated from the measured resistivity data,

3.-n%-h
by=—-—. 11.1
" e ki p(T) A
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Here e is the electronic charge and h is the reduced Planck’s constant. The Fermi wave

vector kg can be approximated by

k. =22 (11.2)

with a as the lattice parameter. Figure 11.1 displayes the temperature dependence of the
electronic mean free path for the three single-phase samples NisShg2Snss,
Bap 42NisSbg»Shs g and Bagg,NisSbs7Sns 3. For all three specimen & is five to ten times
higher than the lattice parameter a. This confirms the quite low resistivities p(T) found in
these alloys. It seems that Ba filling in the 2a site has a positive effect on ¢, while
increasing Sn content in site 24g decreases £.

From a simple Kinetic theory one can also estimate the phonon mean free path (Eqgn.

12.3), which is an important parameter for thermal conductivity [Tobl]:

Vol (11.3)

Besides the electronic part «e, heat transport is performed by phonons of group velocity
vg and mean free path lengths £,n between the scattering processes. The amount of
transported heat is also proportional to the molar heat capacity C,. For the group velocity
Vg & common approximation is, to take the mean sound velocity v, Taking our data from

elastic properties measurement, C, can then be calculated by

C,=C -V .T-+ (11.4)

with the measured heat capacity Cp, the thermal expansion coefficient a and the molar
volume Vp,. B is the isothermal compressibility, which can be taken as 1/B with B being
the bulk modulus (see our data above). As for a solid C, = C,, the comparison between
the calculated values for C, and the measured values for C, (Fig. 5.1 and Fig. 11.2)
confirms that Eqn. 11.4 holds true in the affected temperature range.

-46 -



3.5 N RN RN R

3.0

2.5

2.0

1.5

C,/T I [J/(mol-K?)]

1.0
—— Ni,Sbg,Sn,,

Ba, ,,Ni,Sb;,Sn; ¢
Ba, o,Ni,Sb;;Sn;,

0.5

0 10 20 30 40 50 60 70 80 90 100 110
T/[K]

Figure 11.2: Temperature-dependent specific heat divided by temperature Cy/T of NisShg,Snss,
Ba0,42Ni4Sb8,ZSn3,8 and Bao_gzNi4Sb6.7sn5_3.

0.0

The results for the phonon mean free path lengths in the temperature range from 4 to 110
K are shown in Fig. 11.3. As one of the many strategies in designing high performance
thermoelectric materials is to decrease «kpn by the increase of the phonon scattering, one
can see from Fig. 13.3, that for BayNisSb1,.xSny skutterudites this cannot be done via
filling the 2a site with Ba as a rattling atom. As demonstrated in various papers [Chrl,
Koz1], the reason may stem from the fact that the vibrational modes of the rattling atom

are not entirely independent from the framework vibrations.
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Figure 11.3: Temperature dependent electron mean free paths £, for the skutterudites Ni,Sbg,Snss,
Ba0,42Ni4Sb8AZSn3,8 and BaoAgzNi4Sb6.7sn5A3.

12. Summary

Ba filled Ni-Sn-Sb based skutterudites have been successfully prepared and characterised
by their physical and mechanical properties with respect to formation and crystal
structure. Although the resistivity p(T) of the compounds investigated (NisShg,Snss,
Bap 42NisSbg,Snszg and Bagg,NisShs7Sns3) is quite low, the rather large thermal
conductivity «(T) prevents the material from reaching attractive figures of merit zT. As
one of the reasons, Ba-atoms in the 2a position are unable to significantly decrease the
phonon mean free paths.

Debye and Einstein temperatures gathered by various methods lie within the same range
and are therefore rather comparable to those of other skutterudites. Phase equilibria in the

ternary system Ni-Sn-Sb have been determined for the isothermal section at 450°C
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revealing a rather large extension of the NisSni2«Sny homogeneity region from 2.4 <x <
3.2. A combination of literature data and DTA measurements enabled us to determine the
solidus surface for the unfilled NisSn1,.,Sny phase as well as for the Ba-filled BayNisSni,.
xSNyx skutterudite phase. The Ba- and Sn-concentration dependent homogeneity region of
the phase BayNisSni2.«Sny was established. Although the homogeneity region seems to

extend into a p-type region, so far only n-type material was obtained.
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Tables

Table 3.1: Three-phase equilibria, lattice parameter and phase composition of alloys in the Ni-Sn-Sb

system.
Phase Region Phase Composition Formula a[nm]  px[g-cm?]
(normalized to Ni =4
(EPMA; at%) and (Sb +Sn) =12)
Ni  Sb Sn Ni,Sb1s..Sn,
(Sb) + NiSb,+t (Sb) / 954 46 / / /
NiSb, 33.8 64.8 14 / / /
T 246 60.5 15.0 Ni;Sbg sSNy.4 0.91360(11) 7.492
NiSb, +a+1t NiSh, 32.7 634 3.9 / / /
o 472 486 4.2 / / /
T 24.7 60.4 15.0 Ni;Sbg sSNy.4 0.91309(4) 7.488
L+ (Sh) + 1 L 03 520 478 / / /
(Sb) / 89.7 103 / / /
T 243 575 18.2 Ni;Sbg 1SN, 9 0.90608(10) 7.421
L+toa+t L 04 518 4738 / / /
48.0 41.0 11.0 / / /
T 245 552 204 NisShggSns
L + o+ NizSn, L 18 211 77.1 / / /
a 495 235 27.0 / / /
NizSn, 42.8 6.5 50.7 / / /

Table 3.2: Composition-dependent melting points T, of filled and unfilled Ni-Sn-Sb based skutterudites.

Composition Formula Tm [°C] DTA

(normalized to

(EPMA; at%) Ni = 4 and (Sb + Sn) = 12)

Ba Ni Sb Sn NisSb1o.,Sny
/ 246 558 196 Ni,Sbg oSNz, 453 3% run
/ 245 519 236 Ni,Shs»Snss 410 1 run
1.8 242 561 179 Ba 2oNisShg 2SN¢ 534 1% run
32 238 571 159 Bao ssNisSbe 4SN6 521 3% run
25 239 504 232 Bao.4,NisSbs 2SN3.5 533 1% run
36 238 525 20.1 Bao.6:NisShs7SN3 3 540 3" run
51 236 421 291 Bag.s7NisSb7.1Sn4g 557 3" run
54 234 396 316 Bap.goNi;Sbs 7SNs 3 554 1% run
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Table 3.1: Composition, densities and lattice parameters of the samples used for investigation of the

physical and mechanical properties.

Px Ps
Composition Formula a[nm] [g:cm®] [g:em®]  pepx
(normalized to
(EPMA; at%)  Ni=4and (Sb + Sn) = 12)

Ba Ni Sb Sn Ni4Sb12.XSnX
| 24.4551.87 23.60 NisSbg SNz 0.91103(2) 7.589 7.437 0.96
2.52 23.89 50.4 23.19 Bag 4oNisShg 2SNz g 0.91518(8) 7.715 7.026 0.98

5.37 23.3839.6231.63  Bagg,NisShg7Sns 3 0.91998(3) 7.801  7.414 0.99

Table 4.1: Composition and lattice parameters of skutterudites Ba,Ni,Sbi,..Sny for single crystals @ single

phase ® and multiphase © alloys.

Composition Formula a[nm] px [g-cm?]
(normalized to
(EPMA; at%o) Ni =4 and (Sb + Sn) = 12)
Ba Ni Sh Sn NisSbi,,Sny
/| 246 605 150 N4SbgsSn,.4 ¥ 0.91360(11) 7.492
/| 247 604 150 Ni,ShesSn,.4 ¥ 0.91309(4) 7.488
/| 243 575 182 Ni;She1Sn,o ¥ 0.90608(10) 7.421
/ 245 552 204 Ni,SbgsSns, ¥ 0.91128(3) 7.538
1.8 242 561 179  BagNisShe,Sn,o” 0.91343(5) 7.657
2.7 237 462 275  BagNisSbrsSnss ? 0.91503(20) 7.807
41 234 482 243 Bap71Ni,ShsSn, ? 0.91813(3) 7.855
43 236 488 233  BapsNisShg:Sns® 0.91995(2) 7.612
44 233 445 279  BagzNisSbr.Snse? 0.91854(9) 7.882
47 236 451 26,6  BaggNisSbreSnss? 0.92183(74) 7.690
50 233 437 280  Bayg/NisSh5Sn,;? 0.92029(3) 7.834
52 233 41.0 305  BapgNisShseSns; ? 0.92024(38) 7.830
55 233 361 351  BaggNisShsiSnse? 0.92016(4) 7.805
55 237 302 40.6  BaggNisSbhsiSnee 0.92016(4) 7.664
56 235 361 348  BagesNisSheiSnss ? 0.92083(2) 7.692
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Table 1la. X-ray single crystal data for skutterudite Ba, ,3Ni,Shg1Sn;¢ (MOK,, radiation; standardized with program Structure Tidy
[Wacl]; temperature data for 100 K, 200 K and 300 K; redundancy >8); space group Im 3; No. 204. ADP (Uj) are given in [10°

nmA].

Parameter

100 K

200 K

300 K

Space Group

Composition from EPMA?
Composition from refinement
Crystal size

a [nm]

W abs [mm{]

px (g-cm™)

Data collection, 20 range (°)
Total number of frames
Reflections in refinement
[Total # of reflections]

Im3
50 x 20 x 20 pm®
0.91791(2)

27.24

7.819
2 <206 <72.6; 100 sec/frame
240 for 6 sets; scan width=2°

338 > 40(F,) of 354 [609]

Im3
Bap 73NisSbg 1SNz 9
Bayg 7gNi4Sbg 1SN 9
50 x 20 x 20 pm®
0.91887(2)
24.80
7.292
2 <20 <72.6; 100 sec/frame
240 for 6 sets; scan width=2°
339 > 46(F,) of 354 [609]

Im3
Bag 73Ni,Shs 1Sn3
Bayg 7NisShg 1Sn3
50 x 20 x 20 pm?
0.91995(2)
27.06
7.768
2 <20 <72.6; 100 sec/frame
240 for 6 sets; scan width=2°
329 > 46(F,) of 354 [610]

Mosaicity <0.45 <0.45 <0.45
Number of variables 12 12 12

R1g = Z|F-F /ZF 0.0193 0.0203 0.0221
Rint 0.0079 0.0078 0.0089
wR2 0.0328 0.0375 0.0485
GOF 1.181 1.178 1.133
Extinction (Zachariasen) 0.00117(5) 0.00117(6) 0.00118(10)

Ba in 2a (0,0,0); occ.=0.79
Uy, Ugp; Usg

0.0043(3); 0.0043(3); 0.0043(3)

0.0071(3); 0.0071(3); 0.0071(3)

0.0105(3); 0.0105(3); 0.0105(3)

Ni in 8c (Y4,Y4,Y4); occ.=1

Ui, Uy; Ugg; 0.0058(1); 0.0040(1); 0.0040(1); 0.0058(2); 0.0058(2); 0.0058(2); 0.0078(2); 0.0078(2); 0.0078(2);
Uyg; Us; Uy, 0.0002(1); 0.0002(1); 0.0002(1) 0.0004(1); 0.0004(1); 0.0004(1) 0.0005(1); 0.0005(1); 0.0005(1);
Sh in 24g (0,y,z); 0cc.=0.68 0.16094(2); 0.34111(2) 0.16101(3); 34114(3) 0.16110(3); 0.34119(3)
Uus; Uz; Ugg; 0.0029(1); 0.0036(1); 0.0073(1); 0.0048(1); 0.0065(1); 0.0098(1); 0.0068(1); 0.0093(1); 0.0127(1);
Ugs 0.0006(1) 0.0007(1) 0.0008(1)

Sn in 24g (0,y,z); 0cc.=0.32 0.16094(2); 0.34111(2) 0.16101(3); 0.34144(3) 0.16110(3); 0.34119(3)
Ui, Uy; Ugs: 0.0030(2); 0.0040(1); 0.0073(1); 0.0048(L); 0.0065(1); 0.0098(1); 0.0068(1); 0.0093(1); 0.0127(1);
Us 0.0006(1) 0.0007(1) 0.0008(1)

Residual density;
max; min [e/nm°]

2.03-10%(0.149 nm from Sb1/Sn1);
-1.23-10° (0.160 nm from Sh1/Sn1)

2.10-10%(0.149 nm from Sb1/Sn1);
-1.24-10° (0.161 nm from Sh1/Sn1)

2.66-10%(0.150 nm from Sb1/Sn1);
-1.55-10° (0.051 nm from Sb1/Sn1)

Principal mean square atomic
displacements U; Ugg

Ba: 0.0043 0.0043 0.0043; 0.0043(3)
Ni: 0.0044 0.0037 0.0037; 0.0040(1)
Sh: 0.0074 0.0038 0.0029; 0.0047(1)
Sn: 0.0074 0.0038 0.0029; 0.0047(1)

Ba: 0.0071 0.0071 0.0071; 0.0071(3)
Ni: 0.0065 0.0055 0.0055; 0.0058(2)
Sh: 0.0100 0.0063 0.0048; 0.0070(1)
Sn: 0.0100 0.0063 0.0048; 0.0070(1)

Ba: 0.0043 0.0043 0.0043; 0.0105(3)
Ni: 0.0044 0.0037 0.0037; 0.0078(2)
Sh: 0.0074 0.0038 0.0029; 0.0096(1)
Sn: 0.0074 0.0038 0.0029; 0.0096(1)

Interatomic (standard deviations
less than 0.0001 nm)?

Ba 12 Sb/Sn 0.3462 0.3466 0.3471
20° 8 Ni 0.3975 0.3979 0.3984
Ni 6 Sb/Sn 0.2576 0.2578 0.2581
8 2 Ba 0.3975 0.3979 0.3984
Sh/Sn 2 Ni 0.2576 0.2578 0.2581
9 1 Sh/Sn 0.2917 0.2929 0.2922
1 Sh/Sn 0.2955 0.2959 0.2964

4 Sb/Sn 0.3437 0.3440 0.3443

1Ba 0.3462 0.3466 0.3471

Tnormalized to Ni = 4 and (Sn + Sb) = 12
2 Gathered with the program DIDO_95 [Koc].

% Coordination numbers.
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Table 1b. X-ray single crystal data for skutterudite Ba,,sNi,Shg2sSnsgs (MOK,, radiation; standardized with program Structure
Tidy [Wac1]; temperature data for 100 K, 200 K and 300 K; redundancy >8); space group Im 3; No. 204. ADP (U;) are given in

[10%nm?).

Parameter

100 K

200 K

300 K

Space Group

Composition from EPMA?
Composition from refinement
Crystal size

a [nm]

W abs [mm>1]

px (g-cm™)

Data collection, 20 range (°)
Total number of frames

Im3
80 x 30 x 30 pm®
0.91854(2)
24.56
7.275
2 <206 <72.6; 100 sec/frame
240 for 6 sets; scan width=2°

Im3
Bap o5NisSbg 1Sns g
Bayg ggNi4Sbg 1Sns 9
80 x 30 x 30 pm®
0.91961(2)
26.83
7.750
2 <20 <72.6; 100 sec/frame
240 for 6 sets; scan width=2°

Im3
Bag 95Ni,Shs 1SNs
Bayg,goNi4Shg 1Sns
80 x 30 x 30 pm?
0.92083(2)
26.72
7.719
2 <20 <72.6; 100 sec/frame
240 for 6 sets; scan width=2°

Reflections in refinement 354 > 4o(F,) of 359 [621] 352 > 46(F,) of 357 [618] 343 > 40(F,) of 354 [613]
[Total # of reflections]

Mosaicity <0.45 <0.45 <0.45

Number of variables 12 12 12

R1g = Z|Fo-F/ZF 0.0171 0.0170 0.0197

Rint 0.0112 0.0107 0.0122

wR2 0.0414 0.0416 0.0470

GOF 1.422 1.324 1.181
Extinction (Zachariasen) 0.00217(10) 0.00389(14) 0.01030(32)

Bal in 2a (0,0,0); occ.=0.99
Uy, Ugp; Usg

0.0030(2); 0.0030(2); 0.0030(2)

0.0059(2); 0.0059(2); 0.0059(2)

0.0089(2); 0.0089(2); 0.0089(2)

Nil in 8c (Y4,Ya,Y4); occ.=1
Uis; Upg; Ugs;
Uss; Uss; Upp

0.0032(2); 0.0032(2); 0.0032(2);
0.0004(1); 0.0004(1); 0.0004(1)

0.0050(2); 0.0050(2); 0.0050(2);
0.0007(1); 0.0007(1); 0.0007(1)

0.0069(2); 0.0069(2); 0.0078(2);
0.0008(1); 0.0008(1); 0.0008(1);

Sb1 in 24g (0,y,z); occ.=0.51
Uy1; Ugp; Usg;
Uys

0.16241(2); 0.34238(2)
0.0023(1); 0.0036(1); 0.0028(1);
0.00002(6)

0.16252(2); 34241(2)
0.0042(1); 0.0062(1); 0.0051(1);
0.0002(6)

0.16266(3); 0.34245(3)
0.0063(1); 0.0089(1); 0.0076(1);
-0.0001(1)

Snlin 24g (0,y,z); occ.=0.49
Us1; Ugy; Usg;
Uss

0.16241(2); 0.34238(2)
0.0023(1); 0.0036(1); 0.0028(1);
0.00002(6)

0.16252(2); 0.34241(2)
0.0042(1); 0.0062(1); 0.0051(1);
0.0002(6)

0.16266(3); 0.34245(3)
0.0063(1); 0.0089(1); 0.0076(1);
-0.0001(1)

Residual density;
max; min [e/nm°]

1.27-10%(0.077 nm from Sb1/Sn1);
-1.12-10° (0.056 nm from Sh1/Sn1)

1.78-10%(0.151 nm from Sb1/Sn1);
-1.63-10° (0.055 nm from Sh1/Sn1)

2.07-10%(0.152 nm from Sb1/Sn1);
-1.78-10° (0.054 nm from Sb1/Sn1)

Principal mean square atomic
displacements U; Ugg

Bal: 0.0043 0.0043 0.0043; 0.0030(2)
Nil: 0.0044 0.0037 0.0037; 0.0032(2)
Sh1:0.0074 0.0038 0.0029; 0.0029(1)
Sn1:0.0074 0.0038 0.0029; 0.0029(1)

Bal: 0.0059 0.0059 0.0059; 0.0059(2)
Nil: 0.0062 0.0043 0.0043; 0.0050(2)
Sh1:0.0062 0.0051 0.0042; 0.0052(1)
Snl:0.0062 0.0051 0.0042; 0.0052(1)

Bal: 0.0089 0.0089 0.0089; 0.0089(2)
Nil: 0.0086 0.0061 0.0061; 0.0069(2)
Sh1:0.0089 0.0076 0.0063; 0.0076(1)
Sn1:0.0089 0.0076 0.0063; 0.0076(1)

Interatomic (standard deviations
less than 0.0001 nm)?

Ba 12 Sh/Sn 0.3481 0.3486 0.3491
20° 8 Ni 0.3977 0.3982 0.3987
Ni 6 Sb/Sn 0.2577 0.2580 0.2583
8 2 Ba 0.3977 0.3982 0.3987
Sh/Sn 2 Ni 0.2577 0.2580 0.2583
9 1 Sh/Sn 0.2896 0.2898 0.2902
1 Sh/Sn 0.2984 0.2989 0.2996

4 Sb/Sn 0.3423 0.3426 0.3429

1Ba 0.3481 0.3486 0.3491

Tnormalized to Ni = 4 and (Sn + Sb) = 12
2 Gathered with the program DIDO_95 [Koc].

% Coordination numbers.
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Table 4.3: Comparison of Debye temperatures 0p, Einstein temperature 6z and thermal expansion
coefficients gained by different methods for various single crystalline (SC) and single phase (SP)
BayNisSb1,.,.Sny skutterudites.

Y 0 0 [K] a-10°
Composition Material Method® [mJmol*K™] [K] Method” [K™]

9El eE2 9E3
BagsNisShg Snsy  SC ADP 277 104 | ] LP 10.2
BagosNisSbg,Snsg  SC ADP 289 111 / / LP 11.5
Ni,Sbg,Shsg SP LTF 9 223 |/ / / CD 11.8
DEM 264 71 [ 534 TDA 11.0

JF 220 68 / /

FER 220 |/ / /

FTC 224 |/ / /

FTE 223 |/ / /

RUS 252 |/ / /
Bag4NisSbg,Snzgs  SP LTF 15 265 / / / CD 12
DEM 256 57 97 599 TDA 11.8

JF 256 54.1 81 /

FER 263 |/ / /

FTC 262 |/ / /

FTE 273 103 / /

RUS 266 / / /
BaggyNisSbg,Sns;  SP LTF 13.1 265 / / / CD 13.2
DEM 255 60 102 599 TDA 125

JF 269 547 984 |/

FER 261 / / /

FTC 264 |/ / /

FTE 278 100 / /

RUS 270 / / /

! average Debye temperature calculated via [0p(Ni) + 3-05(Sb/Sn)]/4

* method: ADP — fit of atomic displacement parameters; LTF — low temperature fit of C,/T vs. T% DEM —
combined Debye and Einstein model; JF — Junod fit; FER — fit of electrical resistivity; FTC — fit of thermal
conductivity; FTE — fit of thermal expansion; RUS — resonant ultrasound spectroscopy

® method: LP — fit of temperature dependent lattice parameters; CD — fit of capacitance dilatometer

measurement data; TDA — fit of thermodilatometric analysis measurement data

-59 -



Table 6.1: Comparison of physical properties for filled and unfilled BayNi,Sb;,.,Sn, skutterudites.

Composition
Filling Level  n, n - 10° [cm?] po [nQ-cm] Egp’” [MeV]
NisSbg,Sns s 0 0.2 2.13 233 59/53
Bag 4NisSbg ,Sns g 0.42 1.04 4.15 176 52/49
Bag goNisSbg 7Sns 3 0.92 0.54 4.63 333 38/36

& gained from fit of temperature dependent electrical resistivity

> gained from minimum of the Seebeck coefficient

Table 7.1: Lattice parameters a and corresponding densities for the investigated BayNisSbi,.,Sny
skutterudites after HPT.

Composition a [nm] px [g-cm®]  p. [g-cm™]
NisSbg»Sns g 0.91103(2) 7.589 7.437
Bag 4,Ni,Shg,Sns g 0.91518(8) 7.715 7.026
Bag9oNi;She 7SNs 3 0.91998(3) 7.801 7.414

Table 9.1: Elastic properties of the investigated Ba,Ni,Sb;,..Sn, skutterudites.

Composition v E G B Cu Cu Vvi-10° v¢- 10° vy, - 10°
[GPa] [GPa] [GPa] [GPa] [GPa] [cm/s] [cm/s] [cm/s]

NisSbg,Sn; 0.274 100.49 39.44 74.11 126.69 39.44 411 2.29 2.55
Bag 42NisSbg,Sn; 5 0.262 108.00 42.79 75.63 132.68 42.79 419 238 2.64
Bayo,NisSbe7Sns30.273 115.8 45.48 85.02 145.67 4548 4.35 2.43 2.71
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