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Abstract

New thermoelectric materials were synthesized using high-pressure techniques. The
synthetic limits of cerium filling in cobalt triantimonide were explored and a model for
successful synthesis conditions was generated. The high-pressure technique expanded
the practical filling limit from x=0.07 to x=0.5 in the Ce,Co4Sb;; system. Explorations of
cerium filled ruthenium-rhodium triantimonide were also undertaken, using our previous
work to guide the synthesis attempt. This material was predicted to have outstanding
thermoelectric properties, but our investigations did not confirm this result. The filled
skutterudite, Ce(Rug ¢7Rhg 33)4Sby2, exhibited the low thermal conductivity anticipated,
approximately half the total thermal conductivity of a binary CoSbs skutterudite over a
wide range in temperatures. The electrical properties were insufficient to produce a high
efficiency thermoelectric, but these results did suggest incorporated rare earth filling
atoms do not fully ionize when incorporated into the skutterudite structure. Modification
of the carrier type should therefore be investigated by solid solution on the transition

metal or pnictide sites and not the filling ion.

The high-pressure synthesis techniques developed for skutterudite synthesis were then
employed to sinter nano-scale silicon-germanium compounds. A sintering figure of merit
was created to justify the use of high-pressure synthesis, which later proved to be a useful
tool for planning subsequent experiments. Sintered silicon, germanium, and silicon-
germanium composites were obtained, with the nano-scale grain structure and chemical

heterogeneity of the starting powder aggregate intact.



Future work in high-pressure synthesis should be undertaken to quantify the sintering
figure of merit presented in this work. The ability to produce a dense multiphase material
with a controlled nano-structure should provide a great boon to thermoelectrics research.
The high-pressure synthesis technique provides an method to mix two thermoelectric
materials without homogenizing them. Both the two-phased solid and the network of
nano-scale grains provide powerful tools for minimizing the thermal conductivity of a

thermoelectric device component.
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Chapter 1

Theory and Applications of Thermoelectrics

1.1 Overview of Thermoelectrics

Thermoelectric devices have provided useful service since Thomas Seebeck’s accidental
1820s discovery, that a junction between any two metals (bi-metallic couple) will
generate a potential as a function of the temperature at that junction, was put into practice
[1-5]. Seebeck himself believed the effect to be a magnetic field induced by the
temperature gradient, and Seebeck’s original experiment observed the effect with the
assistance of a compass needle in the configuration shown in Figure 1.1. This
experimental setup biased Seebeck’s thinking towards characterization of a
thermomagnetic effect instead of a thermoelectric effect. We now understand that the
observed magnetic effect was a by-product of the induced electrical current driven by the

potential gradient that developed in response to the applied thermal gradient.

Copper

Bisnmtll—l \;-‘-}J r i

Cold Hot

Magnetic Needle

Figure 1.1: Schematic of the experimental apparatus used for the initial experiments demonstrating the
Seebeck effect. The entire bismuth bar was approximately one foot from end to end, with an eight inch
compass needle. The magnetic compass needle deflected in response to the electric field created by the
current flow around the bi-metallic circuit.
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Once the effect had been studied and reproduced by others it was cast into this form:
V=58T,-T.)

(1.1)
where V is the potential, S is the constant of proportionality relating the temperature
gradient to the potential for the bi-metallic couple in question, and T, and T, are the hot
and cold temperatures forming the temperature gradient. Once the value of S for a given
bi-metallic couple has been calibrated, it becomes possible to use that couple as a device
to measure temperatures quickly, easily, and precisely. One such early thermocouple was
a Pt-Ptyp9Rhg; thermocouple, established in 1885 by Henri Le Chételier, which served as
a standard for temperatures up to the melting point of silver until the adoption of the
International Practical Temperature Scale in 1968 (IPTS-68) [6, 7]. In 1834 the Peltier
effect was discovered, demonstrating that heat, in excess of pure Joule heating, could be
added to a system by running a current through a bi-metallic couple [8]. By 1838 Lenz
had demonstrated the cooling corollary, demonstrating that a bi-metallic couple was
capable of serving as a heat source or sink when the appropriate current was passed
through it [9]. The measure of a bi-metallic couple’s ability to produce heating/cooling
or electricity given the proper configuration was lumped into a Figure of Merit in 1910

by Altenkirch [10, 11] and was cast in its modern form in 1949 by loffe [12]:

(1.2)
where S is the Seebeck coefficient, ¢ is the conductivity, T the temperature, and A the

thermal conductivity of the material. This thermoelectric figure of merit, Z, represents
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the suitability of a thermoelectric material for thermoelectric applications. Z is in units of
inverse temperature, so it is common to multiply both sides of the equation by the

temperature to arrive at a dimensionless figure of merit, ZT:

_ S%6T
Zr =59

MV —_1._1
S.K O =" Gom

T:K  A:-%

mK
(1.3)
By the 1950s the efficiency of thermoelectric devices approached 5% and the ability to
cool a solid with a Peltier junction from room temperature to below 0 °C had been
established [13]. Tellurides of antimony and bismuth formed the basis for the heavily

doped semiconductors that comprised the devices in these mid-20th century

thermoelectric applications.

Applications, outside of the ubiquitous thermocouple, have been limited to solid state
cooling or heating, and power generation. Thermoelectric devices convert thermal
gradients into useful electric current or convert electric current into a heat source or sink.
They can provide useful service in systems where power is in demand and waste heat in
ample supply, or where temperature control is critical and power is readily available.
Thermoelectric generators have been limited in application due to their relative
inefficiency when compared to other power sources. They most often see service when

access is difficult, the environment is extreme, and reliability is mandatory. Many
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current commercial thermoelectric systems function with 3% efficiency or less [14, 15],
demonstrating that the field has been largely stagnant over the past fifty years. One
strength of thermoelectric devices is the ability to function without refueling.
Radioisotope Thermoelectric Generators (RTGs) used in space applications rely on the
radioactive decay of “*Pu to provide a stable temperature of 1000 °C for the hot side and
the coldness of space for the heat sink on the cold side. For any space application beyond
the orbit of Mars, RTGs become one of the only options, as the power density available
to solar panels drops with the solar distance cubed. While RTGs do not have great
efficiency, their power density is largely independent of environment. Thermoelectric
generators have participated in the NASA Apollo, Pioneer, Viking, Voyager, Galileo, and
Cassini spaceflights. A cut-away view of a typical RTG can be seen in Figure 1.2 below.
In the case of the Voyager spaceflights, those thermoelectric-powered probes have
collected and returned data continuously over the last 27 years without inspection,
maintenance, refueling or time off. The three RTGs on the Cassini spacecraft provide
720 Watts and measure 16.5 inches in diameter and 44.5 inches in length; the Cassini

RTG is shown in Figure 1.3.



19

MHW - RTG

N DOwmE
(& practy

END CaP = ¢ | L

SEAL NG "

$ile

Figure 1.2: Radioisotope Thermoelectric Generator in cut-away view. SiGe unicouples surround the
decaying PuO2 heat source. RTGs are modular, with each heating element approximately 1 m in length.

GPHS-RTG

Aluminum Outer Active Cooling Svstem
Cooling Tubes Shell Assembly (ACS) Manifold

G ey o s e i
Heat Source . , General Purpose Pressure =
Support Gas Eﬂﬁﬁﬁ?mm Heat Source (GPHS) Rel“‘lj)uiu

. . - ) Midspan Heat
RT (’l__ll\fh’““““é Multi-Foil Silicon-Germanium Source Support
ange ulti-Fol (Si-Ge) Unicouple
Insulation
Figure 1.3: One of the three General Power Heat Source (GPHS) Radioisotope Thermoelectric Generators
(RTG) onboard the Cassini Saturn mission. The three RTGs provide 720 W with a degradation of 1-2%
per year. The Cassini probe, launched in 1997, has now reached Saturn and has begun sending back

images of Titan’s surface [16].
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Contemporary applications of thermoelectric devices include cogeneration of electrical
power from waste heat, microchip cooling applications, and recreational devices like
coolers and food containers that warm or cool a snack without worrying about wires,
access to external power supplies, or heavy cooking equipment. Of course the
thermocouple remains the most common application of the thermoelectric effect,
providing temperature measurement and providing a vital service to temperature control
systems. While improvements in thermoelectric materials will have little impact on
thermocouples, it will push thermoelectric generators and heaters into the mainstream.
Much interest in the field is presently directed to converting tailpipe exhaust heat into
electricity to power onboard systems in automobiles, for instance. Thermoelectrics
provide spot heating or cooling on a scale appropriate to microchip applications;
improving the thermoelectric efficiency in turn allows these temperature-controlling
components to be packed more densely for greater heating or cooling, or into a smaller
space for the same heating or cooling; both features hold merit for microchip

applications.

With improving thermoelectrié materials the efficiency of thermoelectric generators will
come to rival that of other power generating options. Thermoelectric generators have
outstanding capabilities to provide reliable standalone power or to regulate temperatures
on the spot in a compact device. In situations where moving parts or consumable fuels
are difficult or costly to work with — e.g., undersea, geographically remote locations, or in

space, higher efficiency thermoelectrics could come to dominate power generation
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markets. Many processes in our developed world produce vast quantities of waste heat
and most of that heat goes unutilized. Higher efficiency thermoelectric power generation
could recover much of that lost potential as the payoff begins to compete with the cost of

recovering that waste heat.
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1.2 The Thermoelectric Effect

1.2.1 Basics and Definitions

All materials, to varying degrees, develop an electrical potential in response to an applied
thermal gradient; the strength of this response is represented by the magnitude of the
Seebeck coefficient. The Seebeck coefficient is a measure of proportionality between the
thermal gradient on a material and the resultant potential gradient generated in response
to that thermal gradient. Charge carriers in a material have kinetic energy proportional to
their temperature. Those charge carriers on the hot side of the thermal gradient will have
higher kinetic energy than those on the cold side. These charge carriers will then move
further between collisions and drift towards the cool side — establishing a potential
gradient in response to a thermal gradient. This electrical potential can develop either
parallel or antiparallel to the thermal gradient, depending on the sign of the majority
charge carriers in the material. For increased efficiency thermoelectric generators pair an
n-type component (electron conductor) with a p-type component (hole conductor) in the

thermoelectric circuit.
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n-Type p-Type

Figure 1.4: Response of n and p type materials to an applied thermal gradient. In this diagram Ty, is
greater than Teog. The p-Type material has a positive Seebeck coefficient (the constant of proportionality
between the electric potential gradient and the thermal gradient, S = AV/AT) and develops a potential
gradient parallel to the thermal gradient. The n-Type material has a negative Seebeck coefficient and
develops a potential gradient antiparallel to the thermal gradient.

A thermoelectric unicouple is the basic element of a thermoelectric generator, consisting
of an n-Type and a p-Type leg connected in series. The external circuit, through which
power is drawn out of the generator, connects the n and p legs, typically on the cold side

of the generator.

TCold

Figure 1.5: Typical unicouple configuration for a thermoelectric generator. The n and p-type legs are
connected in series at the hot end and across the external circuit at the cold end, allowing power to be
extracted from the thermoelectric generator.

To assure a strong current (large and steady), the Seebeck coefficient of the materials

must be high, and the resistivity and thermal conductivity must both be low. Some of
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these attributes come at the cost of one another in most materials systems. If the
electrical conductivity is too low the charge carriers may not be free to carry much
current at all, a poor design characteristic for a power generator. High electrical
conductivity, however, tends to carry with it significant thermal conductivity since
typical conductors have simple structures with low phonon scattering as well as thermal
conduction via the majority charge carrier. If the thermal conductivity is too high, or the
heat reservoirs are too small, the thermal gradient necessary to generate steady state
power can collapse. These are some of the pertinent concerns in the search for new

materials for thermoelectric generator applications.
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1.2.2 Seebeck Coefficient

The Seebeck coefficient is a measure of proportionality between the thermal gradient on
a material and the resultant potential gradient generated in response to that thermal
gradient. The basic demonstration of the Seebeck coefficient can be seen in Figure 1.6

below.

AV = S(AT)

Figure 1.6: Simple configuration for the observation of Seebeck coefficient. When the temperature across
the terminals is the same, the potential produced across the terminals of an open circuit made from two
metals produces a temperature difference directly proportional to the difference in temperature between the
hot and cold junctions.

Each end of a bi-metallic couple is maintained at a different temperature (and the
terminals maintained at- the same temperature) and the voltage across the gap is related to
the difference in temperature difference between the two junctions by a constant of
proportionality — the Seebeck coefficient. If a conductor is heated at one end the charge
carriers at the hot junction will acquire increased thermal energy relative to those at the
cold junction. The charge carriers from the hot end will diffuse to the cold end where
their energy may be lowered; in other words, the temperature gradient creates a gradient
in chemical potential of the charge-carrying species. This is one mechanism of heat

conduction in metals and it is accompanied by the accumulation of charge carriers at the
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cold end, thus establishing a potential difference between the ends of the material. This
electric potential will build up until a state of dynamic equilibrium is established between
the charge carriers biased to diffuse towards the cold end and the electrostatic repulsion
due to the excess of charge at the cold end. The number of charge carriers passing
through a cross section of the wire per second in both directions will be equal, but the
kinetic energy of charge carriers passing from the hot to the cold end will be higher than
the kinetic energy of charge carriers traversing from cold to hot. This difference ensures
that there is a continuous transfer of heat down the temperature gradient without net
charge transfer once dynamic equilibrium is established. From this we have the basis for

the flow equations that will generate the familiar equation for the Seebeck Coefficient.

Electrons and phonons bring heat from the hot side to the cold side, but the electrons also
produce a potential gradient as they accumulate. Once the gradient in electric potential
opposes that from the chemical potential gradient, only heat transported via phonons and
that associated with particle migration in a thermal gradient continues to flow. An

electron-current-flux equation including the thermal gradient effects will look like this

_ on | en 09 nH' oT
=lel D5 +irar =7 o]
(1.4)

At steady state j. = 0, and we can rearrange equation 1.4 to yield the Seebeck Coefficient

S,
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Values for the Seebeck coefficient range from 0 to +1 mV/K, with common
thermoelectric materials falling in the 0 to £200 pV/K range. Table 1.1 shows some

values of the Seebeck coefficient for a variety of materials.

Material Seebeck Seebeck

(Pure Coefficient Material Coefficient

Elements) (uLVI'K) (Compounds)  (uV/°K)

Aluminum 3.5 Zn,Sbs 200

Antimony 47.0 PbS

Bismuth -72.0 Bi;Tes 200
SipsGeo 2

Cadmium 7.5 n-type -500
Sio,gGeo.z

Carbon 3.0 p-type 400

Copper 6.5 rSbs; 77

Germanium 300.0 CoSbs 190

Gold 6.5 Ceo‘05CO4Sb12 -190

Iron 19.0 Ceg25C0o4Sby; -110

Lead 4.0 PbTe -350

Mercury 06 PbggSngsTe -175

Nickel -15.0 Pb0‘g5sno,5se -210

Platinum 0.0 SrsGasGesp -300

Potassium 9.0 ZrNiSn -300

Rhodium 6.0

Selenium 900.0

Silicon 440.0

Silver 6.5

Sodium 2.0

Tantalum 4.5

Tellurium 500.0

Tungsten 7.5

Table 1.1: Values for the Seebeck Coefficient of various materials.
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1.2.2 Electrical Conductivity

Electrical conductivity at the simplest level is the product of the number of charge
carriers, the charge per carrier, and the charge mobility. The electric-current density j is
the charge transported through a unit area in a unit time. If the number of charged
particles of type i per unit volume is »; and those particles have a drift velocity v, and
charge per particle z,q, where z; is the valence and ¢ is the fundamental charge, then the
electric-current density is given by

Ji =mz,qv

(1.6)
The electrical conductivity o; is the electric-current density due to i particles per electric
field strength, but the drift velocity also depends on the local field strength, so we

introduce the mobility p;, the ratio of the drift velocity to the electric field intensity:

O, =nz,qH,

(1.7)
Unfortunately, as the field goes to zero and the particle moves at constant velocity we end
up with infinite conductivity. The solution to this is the relaxation time approximation,
which acts as a drag force on the moving charge and represents the time required to

- return to equilibrium. Under the relaxation time approximation the conductivity is

(1.8)

where 7 is the relaxation time and m is the particle mass.
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Metallic conductors have a fixed ratio between electrical and thermal conductivity,
meaning a very large Seebeck coefficient would be required to produce a high efficiency
device from metals. Most metals, some of which can be seen in Table 1.1, have low
Seebeck coefficients, making them poor choices for high-performance thermoelectrics.
Outside of the metallic case, the Wiedemann-Franz law no longer describes the entire
conduction process, and the electrical and thermal conductivities can be partially
decoupled. A more detailed understanding of the conduction process is then required to
produce a high performance thermoelectric by selectively decreasing the thermal
conductivity without drastically decreasing the electrical conductivity. The Wiedemann-
Franz law describes a very general relationship between conduction electrons and the

thermal conductivity associated with them

A= iéj—T o

(1.6)
Each electron carries with it a charge g and the current per unit field will be proportional
to ¢°. The thermal conduction carried by each electron will be its thermal energy, k7.
The heat current per unit thermal gradient will be proportional to °T. The ratio of the
electrical conduction to the thermal conduction must be proportional to #°7/g°. The

constant of proportionality 77/3 comes from the limit on participating electrons,

specifically those near the Fermi surface.
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Electrical Electrical

Resistivity Resistivity
Material {mQcm) Material {mQcm)
Aluminum 2.45 Potassium 6.1
Antimony 39 Silver 1.51
Bismuth 107 Sodium 4.2
Cadmium 6.8 Tellurium 15
Copper 1.56 Sio2 . 10"
Gold 2.04 Germanium  4.7x10*
Iron 8.9 Silicon 2.3x10°
Lead 19 GaAs . 10"

Table 1.2 Electrical resistivity for various metals and thermoelectric materials [39, 40].

1.2.3 Thermal Conductivity

The Wiedemann-Franz law relates the electrical conductivity to the thermal conductivity,
but that relation does not hold when electrons and phonons interact with energy of A7.
Breaking the contributions down to the various components will help illustrate where the
thermal conductivity can be modified independently of the electrical conductivity. A

general form of the thermal conductivity is

(é - SJkZO'T
2 . kZO'T(S -2s+ Ejf)z npL, U,
2

q (”ﬂn + Pﬂp)2

A=A, +

(1.7)

The three terms represent the lattice, electron, and mixed conductor contributions to the
thermal conductivity. The Wiedemann-Franz relationship can be seen in the electron and
mixed contributions, but it is missing from the lattice contribution to the thermal
conductivity. The lattice thermal conductivity is a combination of the acoustic and

optical phonon modes in the crystal and requires no interaction from the charge carriers.



Thermal Thermal
Conductivity Conductivity

Material {(W/cmK) Material (W/cmK)
Aluminum 2.38 Potassium 1
Antimony 0.18 Silver 4.18
Bismuth 0.09 Sodium 1.38
Cadmium 1 Tellurium 0.5
Copper 3.85 Sio2 0.014
Gold 3.1 Germanium 0.6
Iron 0.8 Silicon 1.5
Lead 0.38 GaAs 0.46
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Table 1.3 Thermal conductivity for various metals and thermoelectric materials [39, 40].

1.2.4 Thermoelectric Figure of Merit

The primary tool for comparison of thermoelectric materials is the dimensionless figure
of merit, ZT (Equation 1.3). The dimensionless figure of merit is proportional to the
Seebeck coefficient squared, the temperature, and the electrical conductivity (or inversely
proportional to the resistivity) and inversely proportional to the thermal conductivity.
Typical ranges in ZT are from zero, for poor thermoelectric materials, to 1.5 for high
performance thermoelectric materials (Figure 1.7). Some examples of thin film
thermoelectrics have been reported with ZT values reaching 2.5 or above [18], but these
for the most part rely on thin film effects for their high efficiency thus limiting their
general applicability to large-scale power generation problems. ZT depends on several

material characteristics and does not have any theoretical upper limit; any value above

ZT = 1.5 for a bulk material is seen as a very encouraging result.
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Figure 1.7 Dimensionless figure of merit, ZT, as a function of temperature for a variety of thermoelectric
materials [19].

There are some well-known systematic behaviors and trade-offs that affect the
thermoelectric figures of merit of various materials. One important factor, although it
does not appear directly in the ZT formula, is carrier concentration; one can readily see
why thermoelectric research is concentrated in semiconductors instead of metals or
insulators. Although thermoelectric properties were first put to use with metal systems,
forming the basis of thermocouple operation, the high associated thermal conductivities
make for poor thermoelectric generators. In the case of insulators, insufficient current
flows for use in power generation. The various terms in the figure of merit, as plotted
against carrier concentration, and therefore on an Insulator-Semiconductor-Metal axis,

can be seen in Figure 1.8.
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Figure 1.8: As the carrier concentration increases from insulator through semiconductor to metal the
Seebeck coefficient drops linearly. The conductivity increases sharply as the material becomes metallic.
The total conductivity increases sharply as well with increasing carrier concentration. The ZT, however,
peaks between 10" and 10" charge carriers per cubic centimeter, in the range of doped semiconductors.

Alloying two thermoelectric materials is a common route to improving ZT, as reducing
the phonon thermal conductivity through alloying is a proven approach [9]. The direct
positive impact on the power-factor is slight as the alloy can have a lower conductivity
than the end members; however the positive impact on ZT from the strongly reduced
thermal conductivity is significant. The alloy of two thermoelectric materials can yield a
new thermoelectric material with far better properties than the constituent parts, as shown

in Figure 1.9.
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Figure 1.9: Impact of alloying on the components of ZT as a function of alloy composition for an arbitrary
thermoelectric alloy. While the impact on the Seebeck coefficient is slight and the conductivity suffers an
unfavorable mixing, the thermal conductivity is quickly and significantly reduced with alloying. As a
result the figure of merit increases rapidly with alloy composition.

1.2.5 Thermoelectric Generators

A thermoelectric generator converts a thermal gradient into an electrical current.
Thermoelectric generators are limited firstly by the operating differential in temperature
that is available, and secondly by the materials appropriate for that temperature range.
The highest common thermoelectric operating temperatures are the 900-1000 °C range.
These generators are usually SigpsGeg, based devices [37]. Mid-range thermoelectric
generators, operating at up to 700 °C, are beginning to utilize several recently developed

skutterudite and filled skutterudite compounds [35].
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1.2.7 Thermoelectric Generator Efficiency

The voltage generated as a result of the thermal gradient and Seebeck coefficient yields

the useful potential for power generation

V =8AT.

(1.7)

The electrical power (P) that can be extracted from this voltage is

P=Y2 = 5(S2AT?)
R ,

(1.8)
where R is the electrical resistance of the material (6=1/R). The temperature gradient
across the generator results in transport of heat by thermal conduction from the hot end to
the cold end of the device. This heat flux (Q) is given by

O=AAT

(1.9)
where A is the thermal conductivity of the material. The ratio of power output to the heat
transported gives a measure of the efficiency of the device. As can be seen from the
previous two equations, this ratio produces the thermoelectric figure of merit Z (eq. 1.2)

times the temperature gradient.
2
P S°oAT

=/ZAT =n

(1.10)



36

Like all heat engines, thermoelectric generators are bound by the Carnot limit on

efficiency

N o = Teoia | AT

Tcarnot = -
1) Hot 1, H

(1.11)
The device efficiency (np) for a thermoelectric generator is given by
-1
4 AT
np=|2+—+—
ZT, 4T,
(1.12)

The thermoelectric generator efficiency is then given by the Carnot efficiency multiplied
by the device efficiency (np).

AT Y1 ZT, 4T,

n="n:Mp = E “2"‘ A AT

(1.13)
From Equation 1.13 it is easy to see the usefulness of the dimensionless figure of merit,
ZT. The device efficiency of a hypothetical thermoelectric generator depends directly on
this dimensionless factor. The two routes for improving thermoelectric generator
efficiency are then improving mc¢ by improving the temperature differential and

improving mp by improving the thermoelectric figure of merit, ZT.



1.3 Skutterudite Thermoelectrics

Skutterudite, in the strict sense, is a natural mineral with end-member composition
CoAs;. Substitutions on the various sites in the skutterudite structure lead to a large
family of Skutterudite-structured materials generically called “Skutterudites.”
Skutterudites are of interest for thermoelectric applications for the high power factors
(S%) present in the binary compositions. Binary Skutterudites also have very high
thermal conductivities, preventing their use as thermoelectric materials as they appear in
nature. A second advantage of the skutterudite structure, only revisited in the last 15
years, is the incredible flexibility provided by the structure. Most Skutterudite
thermoelectrics make use of this structural freedom to selectively reduce the thermal
conductivity while maintaining the appealing power factor characteristics of the binary

systems.

1.3.1 Phonon Glass - Electron Crystal (PGEC) Approach

The large voids in Skutterudite form cages into which atoms may be inserted. Many
workers [20-22] have hypothesized that the heavy atoms, often rare earth atoms, inserted
into these cages will rattle around, disrupting the phonon modes in the system and
reducing the thermal conductivity. The notion is that electron conduction and lattice
thermal conduction are sensitive to different time scales and that conduction electrons (or
holes) do not see the perturbation of the rare earth rattling on their time scale, whereas the
thermally conducting phonons are frustrated by it. This is, in broad strokes, the electron

crystal - phonon glass description of the ideal thermoelectric material, and possibly of a
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suitably optimized skutterudite structure. The key here is that the ion sitting in the large
void vibrates out of phase with the lattice. This results from the very large size of the

void relative to the ion and the relatively weak binding of that interstitial atom.

1.3.2 Structural Features of Skutterudites

Interest in Skutterudites is due in part to the open cages in the crystal structure. These
large voids are often filled with rare earth ions in an attempt to modify the thermal or
electrical properties of the material. Skutterudite is a cubic system (IM3) with 36 atoms
per unit cell. The structure includes two large voids per unit cell as illustrated in Figure
1.10. The remaining six octants of the structure contain four member rings of pnictides,

while a cubic framework of transition metal cations bounds the cell.
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Figure 1.10: The crystal structure of Skutterudite. The two large voids in the structure are often filled or
partially filled with rare earth atoms as indicated.

Unlike many other thermoelectric systems, such as Bi;Te; and PbTe, skutterudites allow
many isostructural compounds. In the skutterudite family 11 binary compounds and
many solid solutions exist, as well as many more skutterudite related phases [23]. One
method of predicting semi-conducting behavior in candidate skutterudite compositions is
to consider a simple bonding scheme where each transition metal contributes 9 electrons
and each pnictide contributes 3 to the covalent bonding. This sum is known as the

Valence Electron Count (VEC) [37, 38]. When the contributions are summed over the
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unit VT4Pnj,, where V represents the void, T represents the transition metal site, and Pn
represents the pnictide site in skutterudite, the (VEC) for a semiconducting skutterudite
will equal 72. Filled skutterudites fit into the VEC by replacing the void with a filling
ion, which contributes its valence electrons (3 for many rare earth atoms) to the sum.
VEC values of 71 or 73 result in metallic behavior, but the VEC scheme will only work
when the atoms in the structure are behaving in accordance to the simple bonding scheme

laid out.

1.3.3 Substitution in Skutterudites

The skutterudite structure is also very accommodating to a variety of substitutions on
existing occupied sites in the structure. Skutterudite is a naturally occurring mineral,
originally found in Skutterud, Norway. In the naturally occurring mineral it is found with
a composition of (Co, Ni)Ass, empirically as: Cog75Niga5Asy s [24]. For the transition
metal site many different transition metals can be substituted. Commonly cobalt, nickel,
iridium, iron, ruthenium, rhodium and palladium can be substituted on the transition
metal site for synthetic skutterudites. The pnictide site also has wide substitution
possibilities with potassium, arsenic, antimony, bismuth, tin, germanium, and tellurium
making up most of these compositions. Substitution on the transition metal or pnictide
sites is typically performed in order to dope the electrical properties of the material (most

notably the carrier concentration), or to encourage void filling in the structure.
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1.3.3 Void Filling in Skutterudites

Void filling in skutterudite systems is promising due to the extremely large void located
in two of the octants of the skutterudite structure. These sites, 2a crystallographic sites in
the IM3 structure, have a diameter that varies from 1.763 to 2.037 Angstroms for several

common compositions as shown in Table 1.4.

Skutterudite Void Radius
Binary Void Radius
Composition (A

CoP, 1.763
CoSb; 1.892

RhAs; 1.934

irSbs 2.037

Table 1.4: Size of the void in Skutterudite for a variety of different skutterudites [25].

This is a very large void in the structure capable of accommodating many different
impurity additions. Rare earth lanthanides are most commonly selected as filling ions
[26-30], but thallium and uranium [30, 31], as well as calcium, strontium, and barium

[30, 32] have also been explored.

One advantage of rare earth ions is their unambiguous position in the structure. Other
filling ions can substitute onto the transition metal site aé well as the void site, or even the
anion site in the case of tin-filled cobalt antimonides. The range for candidate filling
atoms in skutterudites depends on the radius of the void and the radius of the filling ion.

Filling generally occurs when

0> Ilon Radius

> >0.67
Void Radius

(1.14)
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For 8-coordinated trivalent cerium (radius = 1.283 A) in CoSb; skutterudite, a
composition of interest for much of this work, the ratio is 0.678, barely qualifying for this
filling criteria. Experimental evidence suggests that under standard synthesis techniques
there is a limit to the filling allowed for cerium in a CoSb; skutterudite of about 10%
unless a substitution of iron for cobalt is made. In an iron-cobalt skutterudite system full
cerium filling is achieved at CeFe4Sb;, while the cerium content drops off strongly with
cobalt substitution [33]. This joint operation of substitution and void filling has been the
dominant method of obtaining high filling fraction skutterudites for study. Nine ternary
skutterudite compounds have been reported in the literature and at least 17 more have

been discovered [34].

1.4 Skutterudite Thermoelectrics

The current state of the art for skutterudite thermoelectrics involves the use of segmented
unicouples and a variety of filled and unfilled skutterudite compositions. One such
couple, built at JPL, is illustrated at the left in Figure 1.11. With segmented
thermoelectrics such as these the Thermoelectrics Group at JPL has recently
demonstrated conversion efficiencies of up to 15% in the 25-700°C temperature range
[35]. Skutterudites are limited to moderate temperature ranges, and can only work with
high temperature thermoelectric materials in a cascade configuration as shown at the right

in Figure 1.11.
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Figure 1.11: Schematic of segmented and cascaded thermoelectric generator configurations. In the
segmented configuration the materials’ compatibility must match well or the performance will suffer across
each junction. The cascaded configuration allows for the use of mismatched materials to span a large
temperature differential [36].

While in both designs a high-temperature material is coupled with a lower-temperature
material, in the segmented case the materials must be compatible. The segmented
generator combines high and low temperature thermoelectric components in
straightforward junctions: nj:n; and p;:p2 as in Figure 1.11. Since the cross section is
constant from the hot side to the cold side along each leg of the segmented unicouple, it is
important that the materials have similar transport properties, such as current density. In
a cascaded thermoelectric device mismatched materials can be used to span a given
temperature gradient. The cascade design allows the transitions between high
temperature and low temperature materials to normalize current densities in an attempt to

reduce the deleterious effects of the mismatch. By splitting the temperature gradient into
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separate temperature drops each one can support the best possible material for that

temperature range.

The current direction in skutterudite thermoelectric research is to search out solid-
solutions of filled skutterudites in order to maximize all possible components of thermal
conductivity reduction. Combinations of filled and unfilled phases provide the maximum
mass differential for phonon scattering, while the metal substitutions often employed to
encourage void filling can produce beneficial electrical transport properties. These mixed
and multi-component skutterudites often have moderately low melting points and poor

thermal stability, requiring the use of segmented or cascaded generator designs.
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Chapter 2

Experimental Methods

2.1 Synthesis

Synthesis of the materials reported in this work required multi-step procedures including
(1) possible high-temperature, low-pressure alloying; (2) either solid-state medium-
temperature, low-pressure reaction or high-temperature, low-pressure melting and
quench; (3) in many cases, medium-temperature, high pressure reaction; (4) in some

cases, re-powdering and physical cold-pressing.

2.1.1 Precursors and Initial Processing Steps

Initial synthesis in all the skutterudite systems combined high purity elemental precursors
at elevated temperatures. Typically these were cerium chunk, antimony shot, and cobalt,
ruthenium, and rhodium powders. These precursors were stored in a glove box under
argon to prevent oxidation of the metals. Synthesis of cerium-containing compositions
first required alloying of all metal precursors with the aid of a radio-frequency induction
furnace at a temperature of 1400 °C for 30 seconds. This alloying step was to ensure that
the metals would not oxidize during the balance of the synthesis process. The alloyed

metals were then combined with antimony shot and prepared for the main ambient-

pressure synthesis step.
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2.1.2 Ambient-Pressure Synthesis

During both the solid-state reaction and quench synthesis methods the precursors were
contained in boron nitride crucibles and evacuated quartz ampoules. The mixed materials
were heated to 700 °C for 48 hours for the samples using the solid-state reaction synthesis
and 1200 °C for 30 minutes for those samples using the quench synthesis. While the
precursors are air-sensitive, the synthesized skutterudites are stable in a standard
atmosphere. These low-pressure skutterudite products were typically low filling fraction
skutterudites with CeSb, and CoSb, impurity phases interspersed throughout.
Subsequent synthesis steps were designed to homogenize the material and remove

impurity phases.

The solid-state reaction route relies upon solid—solid diffusion to arrive at a homogeneous
skutterudite composition. Since the impurity phases, diantimonides, are
thermodynamically stable from room temperature up to higher temperatures than the
skutterudite phase they were quite difficult to remove once formed. Performing the
synthesis at too high a temperature resulted in both significant antimony sublimation and
diantimonide formation, while temperatures too low resulted in un-reacted precursors. In
the right ratios a slightly filled skutterudite composition can be synthesized directly from
the solid-state reaction method, typically for cerium contents representing 0-10% filling.

This solid-state reaction synthesis route is a standard practice in the field [41-43].

The quench synthesis method circumvents some of the difficulties in the solid-state

reaction method by quenching directly from the melt into a skutterudite phase. The
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resulting material, although possibly containing impurity phases, is homogeneous on a
finer length-scale than products of the solid state reaction route. This method was
adopted during the course of this work and by the end represented the preferred initial
synthesis route used in the formation of new skutterudite materials. Other researchers
following similar quench synthesis methods typically rely on carbon coated quartz
ampoules instead of boron-nitride crucibles sealed in quartz ampoules [44, 45]. Our
experience with boron-nitride crucibles has been that the reactants do not adhere strongly
to the crucible, making it a viable and simple to manage option. Quench synthesis is
often followed by a regrinding and annealing at moderate temperatures to homogenize
the crystal structure. This is suitable for those compositions that can be synthesized at
standard pressures, like low (<10%) filling fraction skutterudites, but is not helpful for
high filling fraction studies where impurity phases can consolidate into unwanted

microstructural features [46].

2.1.3 High Pressure Synthesis

Most compositions in this work required high-pressure synthesis techniques, more
familiar in experimental petrology than in materials research, in order to reach favorable
synthesis conditions. Skutterudites with modest filling fractions could be synthesized
without the high-pressure techniques used here, but for the high filling fractions targeted
in this project further processing was required. Raw materials were prepared for high-
pressure synthesis by milling the products of ambient-pressure solid state or quench
synthesis reaction routes. Powders were milled to a particle size of 25 microns before

being subjected to the high-pressure techniques. This experimental technique is rare in
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materials synthesis, as very few labs have the pressure facilities on hand [51, 52], and

therefore requires detailed description.

High-pressure experiments were carried out with a 1000-ton press and two multi-anvil
modules, the Walker octahedral design [47] and the Getting cubic design [61].
Experimental conditions ranging up to 2500 °C and 25 GPa were available using the
octahedral technique, and conditions of up to 2500 °C 6 GPa were available using the
cubic technique. Two different configurations were used in part to allow a larger sample
volume through the use of the lower pressure cubic device. The sample volume for the
octahedral device was limited to a cylinder with diameter and length of 2.5 mm, while the
cubic device allowed a sample volume with diameter and length of 5.5 mm. While the
octahedral device was suitable for survey experiments, the sample volume required for
properties measurement and device fabrication are more easily satisfied by the larger

cubic device apparatus.

The octahedral module is comprised of a hardened steel ring with six hardened steel
primary drivers and eight second stage tungsten-carbide anvils to compress the 14/8
octahedral assemblies. The 14/8 nomenclature refers to the octahedral edge length of the
pressure medium and the truncation edge length of the second stage anvils in millimeters.
Figure 2.1 illustrates the press and anvil configuration for the octahedral device. Two
different pressure medium and gasket designs were employed. The first was a semi-
sintered Cr-doped MgO octahedron containing zirconia sleeves and a graphite furnace.

The octahedron was seated within the second stage anvils with the aid of pyrophyllite
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gaskets with cardboard and teflon tape behind the gaskets for support and electrical
insulation. The octahedra of pressure medium were imported from Japan and the twelve
gaskets consumed in each experiment were individually machined and arranged on the
second stage anvils making this assembly costly and time-consuming, but reliable to

extreme pressures in excess of 14 GPa.
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Figure 2.1: Schematic of the high-pressure octahedral assembly and press. The detail shows a break-away
view of the interior of the octahedral pressure medium, showing the components in the assembly and the
sample location in the device. The octahedral pressure medium is centered within the eight tungsten
carbide anvils, which in turn are centered in the six anvil drivers. The device is known as a 6-8 device for
the 6 primary drivers and 8 secondary drivers that, with the weak pressure medium and gasket materials,
are utilized in generating the quasihydrostatic pressure on the sample.

The second pressure medium was an MgO-based cast octahedron with built-in gaskets.
These pressure media simplified the gasketing in the octahedral device, were produced

in-house, and could tolerate greater wear of the tungsten-carbide second stage anvils.
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These pressure media were used for many exploratory experiments at moderate pressures
up to 6 GPa. The assembly was also simplified to maximize the sample volume within

the graphite furnace. Figure 2.2 illustrates the differences in assembly and gasketing with

these two techniques.
23ram
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Figure 2.2: Main features of gasketing in the octahedral device, showing components of the semi-sintered
octahedron and the MgO based castable octahedron [48].

The cubic device was used for the bulk of our synthesis results. The cubic module,
shown in Figure 2.3, employs eight primary anvil drivers and six tungsten-carbide anvils.
The pressure medium employed was a 21 mm soft-fired pyrophyllite cube. The
pyrophyllite was prepared by drilling a 12.7 mm hole through the center of the cube into
which a BaCO; sleeve was inserted. Inside this, a 7.7 mm outer diameter, 5.5 mm inner
diameter graphite cylinder comprises the heating element. The sample was sandwiched
in the central 4mm region of the hotspot between graphite disks meant to prevent
contamination of the skutterudite materials. Crushable MgO spacers and molybdenum
end-disks comprised the remainder of the volume in the cube, with an axially mounted

thermocouple abutting one graphite disk for accurate measurement of the sample

temperature.
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Figure 2.3: Schematic of the high-pressure cubic assembly and press. The detail in 2.3.a shows a break-
away view of the interior of the cubic pressure medium, clearly showing the components in the assembly
and the sample location in the device. The 8 primary drivers and 6 secondary drivers compress the weak
pressure medium to generate the quasihydrostatic pressure on the sample.

Temperature in both the cubic and octahedral modules was controlled with a W5%Re -
W26%Re axial thermocouple (Type C). LaCrO; furnace components with metal sample
capsules are typically used in high-pressure experiments, but skutterudites react with the
LaCrO; and capsule materials. In this work, graphite furnaces were used because carbon
did not react with the skutterudite materials, but this limited the experimental
temperatures to under 1300 “C. The use of a graphite furnace alleviated the requirement
of keeping the sample separate from the furnace; this allowed the furnace to serve as the

sample capsule walls and provided the greatest possible sample volume.

Calibration of high-pressure experiments was performed by bracketing well known phase
transitions in P-T space. The 14/8 octahedral device was calibrated against Bi I-1I, Bi II-
III, and BI III-V transitions at room temperature[62], the garnet-perovskite transition in
CaGeOs; at 1200 °C [10], the coesite-stishovite transition in SiO, [63], and the forsterite-

wadsleyite transition in Mg,Si04 [64]. Calibration experiments began with a mixture of
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high and low pressure phases across the transition being targeted. Single phase results
represented experiments far from the transition point, while modest changes in the ratio
of phases indicated experimental conditions very close to the transition. Calibration of
the cubic device relied on observation of the Bi I-II and Bi II-III transitions, the quartz-

coesite transition in SiO; [49], and the fayalite-ringwoodite transition in Fe,SiOy4 [104].

Initial survey experiments were conducted over a range of pressure and temperature to
find the stability limits of filled skutterudite synthesis. Starting with a mixture of filled
and unfilled skutteruditescontaining dispersed metal diantimonides, under successful
conditions a single filled skutterudite phase was obtained. Early in the process images

such as Figure 2.4 were common.
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Figure 2.4: SEM micrograph of survey experiment with composition Cey»sC04Sb;; at 5 GPa and 550° C.
The CeSb, impurity imaged is roughly five times the radius of the initial particle size. The surrounding,
darker, region is a cerium depleted region of CoSbs, while the lighter matrix comprising the remainder of
the sample is a filled skutterudite with composition Ce,;Co,Sby,. The cracking observed is attributed to the
differences in temperature and pressure expansion coefficients between diantimonide and triantimonide
phases.

Unsuccessful synthesis attempts resulted in further segregation between skutterudite at
low filling fraction and metal diantimonide impurities. Previous work in skutterudite
synthesis utilized hot pressing techniques and tended to produce better results at higher
temperatures and pressures. While the pressures obtained under conventional synthesis
techniques are much lower than those reached through these high-pressure techniques,

the trend towards higher pressures and higher temperatures guided our initial work.
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However, mapping in the cerium-filled cobalt triantimonide system showed, contrary to

expectations, that the upper temperature limit above which only diantimonides were

formed decreases with increasing pressure. These survey experiments suggested

synthesis conditions for subsequent high-pressure skutterudite synthesis attempts,

providing reliable guidelines for several skutterudite compositions. A plot of these

results can be seen in Figure 2.5. Synthesis conditions of 4 GPa and 700 °C for 4 hours,

followed by 450 °C for 24 hours were fairly typical for cerium filled skutterudites and

well within the routine operating limits of the cubic configuration.

Temperature (C)

Dense Cerium Filled Skutterudites as a
Function of Temperature and Pressure

0 2 4 6 8 10 12 14 16

T T T T T T T 1

Pressure (GPa)

Figure 2.5 Single-phase cerium-filled Skutterudite synthesis success (closed diamonds) and failure (open
squares) as a function of temperature and pressure. These data show a decreasing synthesis temperature
limit with increasing synthesis pressure.
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2.1.4 Regrinding and cold pressing.

After the high-pressure synthesis the skutterudite sample was extracted from the press
and the crushable pressure medium surrounding it. Due to the deformation of the cube,
the recovered sample was not typically a regular cylinder 4 mm tall and 5 mm in
diameter. Often the sample was out of round and the center of the cylinder was of
smaller diameter than the ends. These samples were often manually broken up, ground
with mortar and pestle, and cold-pressed into a more suitable geometry for thermoelectric
characterization using standard pressing techniques. X-ray diffraction spectra of the
samples were collected between these steps to ensure this final processing was not

modifying the bulk characteristics of the material.
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2.2 X-ray Diffraction

X-ray diffraction methods were used to identify the phases present in the materials at
various stages as synthesized above. Polycrystalline samples were characterized via
powder diffraction techniques which provided a quick determination of the phases
present and the homogeneity of the sample. Further analysis of appropriate powders,
often with the addition of a silicon internal standard, revealed structure information as
well as a measure of the filling fraction through the relative intensities of the 211 and 310
integrated peak intensities. =~ The bulk of X-ray characterization was performed on a
Scintag PAD V diffractometer, though a Siemens D500 and Phillips X’Pert system were

also used for the improved data quality for X-ray refinements. All X-ray data were

collected from Cu Ko radiation (A = 1.5418 A).

Powder diffraction provided a spectrum that could be analyzed to determine which
phases were present as well as their relative population within the sample. It was this
mode of analysis that made up the bulk of X-ray measurements; this served as quality
control on the synthesis process and a source of alerts when difficulties appeared between

the stages such as during initial synthesis or the high-pressure synthesis steps.
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Figure 2.6: Typical filled skutterudite histograms, the 211 skutterudite peak is at 24 degrees 2® and the
310 main peak for skutterudite is at 31 degrees 20.

Void filling in the skutterudite structure can be determined directly from the X-ray data
through careful examination of the 211 and 310 reflections. As the void site is filled with
rare earth atoms, the 211 peak is driven towards extinction. By comparing the unchanged
intensity of the reflection at 310 (the primary reflection in skutterudite) with the
reflection at 211, one can determine the filling fraction in the skutterudite sample [51].
The ratio of 211 to 310 peak intensity is known experimentally for CoSb; and can be
calculated for CexCo4Sb;; as shown in Figure 2.7. This technique depends on a
homogenous powder sample, otherwise both filled and unfilled skutterudite compositions
will contribute overlapping peaks to the pattern making determination through this

technique unappealing. Samples submitted to this analysis were scanned over the 211
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and 310 reflection peaks specifically to improve the counting statistics and the signal-to-

noise ratio.

211:310 Ratio vs. Filling Fraction " Ytterbmum Filling
Simulations of filled structures calculated with LAZY-PULVERIX ¢ Cerium Filling
Lanthanum Filling
10 T s
= 503667 - 12.988x + 85782 «_Tin Filling

y = B6.0868x" - 14.294x + 8.5579

y = 7.7071%" - 16.162x +B8.5541 |

211:310 Ratio
n

a 0.2 0.4 06 0.8 1
Filling Fraction

Figure 2.7: Calculated peak intensity ratio between the 211 and 310 peaks in filled skutterudite.
Increasing the atomic number of the filling ion drives the 211 peak to extinction faster. LAZY-PULVERIX
was used to simulate the peak intensities for the filled skutterudite compositions.

The compositions with cerium content above 0.1 in CoSb; and all of the ruthenium-
thodium skutterudites are new materials, so Rietveld refinements were performed on
these samples. The Rietveld method is a whole-pattern, least-squares refinement. The
least-squares refinements are carried out until the user is satisfied that a best fit has been
found between the entire observed pattern and the entire calculated pattern. A silicon
internal standard was combined with the skutterudite samples to improve the accuracy of

the refinements. The program Rietica [53] was used in these refinements as well as the
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X’Pert Plus [54] refinement package, both of which use the Reitveld analysis method

[55].



60

2.3 Chemical Analysis

The composition of skutterudite compounds was measured using a JEOL JXA-733
electron microprobe. This microprobe can acquire digital secondary-electron and
backscattered-electron images as well as digital x-ray maps. Chemical composition is
characterized through the use of five wavelength-dispersive spectrometers and an energy-
dispersive spectrometer. The probed volume in this electron microprobe is a few cubic
microns, making this technique ideal for exploring compositional variation on a small

length scale.

Pressed powder samples were mounted in epoxy resin, polished, and coated with carbon
by evaporation. Skutterudite samples were mechanically soft and processed surfaces
were easily polished to reveal the bulk material. Microprobe data were taken over
multiple points on each sample for statistical averaging. On multiphase samples the
impurity phases were often identified by backscattered electron contrast in scanning
mode on the electron probe, followed by full Wavelength Dispersive Spectral (WDS)
analysis of selected points on each of the impurity phases. Common impurities such as
CeSb, and CoSb, had very narrow compositional ranges and were not of interest in and
of themselves for our study, beyond their occurrence as a diagnostic to refine the
synthesis process. Skutterudite matrix phases, on the other hand, were our primary
interest and compositions were probed over tens of points to generate a statistical average
of the composition. Pure elemental standards were used for all elements except cerium,
for which a cerium phosphate standard was used. Measured x-ray peak intensities were

converted to elemental atomic percentages using the CITZAF program [56]. Typical
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analytical totals were above 98 % for well-prepared samples with operating conditions of
15 keV and 25 nA. Magnification of 40x was used for general imaging; elemental
analyses were collected while rastering at 170kx, i.e. over a square <200 nm on a side.
This sampled volume is effectively a point analysis, as it is smaller than the activated

volume for the experimental probe.
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2.4 Electrical and Thermal Characterization

2.4.1 Hall Mobility and Resistivity

Hall mobility and resistivity were measured over a range of temperatures from room
temperature through 550 °C for many samples. The resistivity of the material is a factor
in the dimensionless figure of merit for thermoelectric materials, while the information
returned from the Hall measurement itself is a useful diagnostic for behavior of the
material. The sign of the Hall Coefficient can serve as a confirmation of the sign of the
Seebeck coefficient in determining the majority charge carrier in the material. The
carrier concentration is also returned from the Hall measurement; this parameter is a
useful indicator of the suitability of the material for a thermoelectric application. The
carrier concentration and the mobility do not appear directly in the ZT formula, but both

can serve as early warnings of poor thermoelectric performance.

Skutterudites suffer degradation, usually due to antimony sublimation, resulting in
variation in resistivity values on heating and cooling above 550 °C; hence the Hall effect
measurements were kept below this temperature.  Samples were prepared for
measurement by polishing the top and bottom surfaces smooth and parallel. High
pressure samples were often of too small a radius for this technique and were typically
ground to a powder and pressed under more conventional pressures to produce a suitable
pellet. The configuration was that of a four probe technique using the van Der Pauw
method [17, 18], which is advantageous because it allows the small sample of arbitrary
shape (5-20 mm x 1 mm). This is achieved by measuring across the sample twice, with

the V and I probes swapped, and taking the average for each data point generated.
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Figure 2.8: Schematic showing the Van der Pauw configuration for Hall effect measurement.

Four molybdenum contacts were applied evenly about the sample each held in place with
a set screw. A thermocouple measured the experimental temperature on the sample
stage. The entire stage, with sample firmly held in place with the four electrical leads,
was inserted into a heater and electromagnet for Hall characterization. The chamber was
then evacuated to 107 torr and testing conducted in alternating plus and minus 10,000
gauss (1 Tesla) fields. From this technique carrier type, Hall mobility, carrier

concentration and resistivity could be determined.

2.4.2 Small AT Seebeck Coefficient

The Seebeck coefficient is the ratio of proportionality between the thermal gradient
applied to a material and the resultant electrical gradient established in response to that

thermal gradient. The Seebeck coefficient squared is proportional to the dimensionless
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figure of merit, and describes the electrical potential of any device operating between two

known heat reservoirs.

Samples were prepared for Seebeck characterization by polishing until a regular
cylindrical sample with parallel ends was obtained. The Seebeck coefficient was
measured in an apparatus that maintained good electrical and thermal contact with each
end of the sample. The electrical potential was measured through the thermocouple leads
ensuring the thermal and electrical measurements were taken over the same point on the
sample. The bottom plate was made of copper and water cooled, maintaining a
temperature of 15-16 “C. The top plate was a ceramic heater capable of generating a
small thermal gradient, though this plate is typically 22 °C for room temperature Seebeck
measurements. Temperatures are measured with four thermocouples, two for each side,

to provide a greater measure of accuracy and reliability in the Seebeck value.

2.4.3 Large AT Seebeck Coefficient

In a similar manner, high temperature Seebeck measurements can be conducted over a
gradient as temperature is varied over a wide range, or over a much larger thermal
gradient. This apparatus is similar to the room temperature device but operates in an
evacuated chamber to minimize thermal loss and noise. The electrical leads and
thermocouples are separate as well but observation of the Seebeck Coefficient at

temperatures of up to 1000 °C is possible.
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2.4.4 Thermal Conductivity

Thermal conductivity was measured in a range from room temperature to just below
decomposition, usually around 600 “C. The measurement was conducted with a flash
diffusivity technique [60] where the time lag between an incident light flash on one side
of a sample and a temperature increase measured on the dark side of the sample was
observed. The light is conducted to the sample through a quartz light pipe which is
masked on each end to prevent bleed-over into the detector. An analytic solution exists
that relates the thermal diffusivity of the material to the rise time of temperature on one
side of an infinite slab, given a step function in heat flux applied to the far side; if
absorption properties of the surfaces are standardized by carbon coating, then the

magnitude of the temperature rise allows determination of thermal conductivity as well.

Mask Mask
Xenon ' '
Bulb = -Sample
| Thermocouple
Quartz Light Pipe

Figure 2.9: Schematic of the flash-diffusivity measurement. Incident light from a high intensity xenon
bulb is conducted through a quartz light pipe towards the sample.

Such a configuration requires precise measurement of temperature and standardization of
approach. Samples were prepared by cutting and polishing to ensure parallel surfaces
and carbon coating those surfaces to normalize sample emissivity and reflectance. This
aids the normalization of the experiment so the test can be calibrated. It was also

important to mask the light pipe to prevent spillover of the xenon flash, which drowns out
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the temperature change on the back side of the sample. The entire apparatus was
contained in an evacuated chamber to minimize thermal loss and prevent oxidation of
graphite components. Samples tested to temperatures above 550 "C showed signs of
thermal damage, mainly antimony sublimation. Such damage manifests in the data as

hysteresis in the thermal conductivity between heating and cooling curves.
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Chapter 3

High-Pressure Synthesis of Ce,Co04Sb;; Skutterudites

Abstract

Explorations of cerium filling in CoSb; were undertaken using high-pressure synthesis as
the primary synthesis technique. The high-pressure techniques employed provided
synthesis conditions up to 14 GPa and 1000 °C. Survey experiments provided a guide for
successful synthesis of single phase filled skutterudites, at filling fractions far in excess of
the limit observed by employing conventional synthesis techniques (50% cerium filling).
Filling was confirmed using X-ray and SEM Microprobe analysis. While no trend in
lattice constant was observed with increasing filling fraction, there was a clear trend in
the Seebeck coefficient. Higher filling fractions resulted in a smaller magnitude in the
Seebeck coefficient. The implication of the trend in transport properties was unclear, as
at very high filling fractions, above 25%, the conduction was n-type by Seebeck
coefficient and p-type by Hall mobility measurements. We conclude that some degree of
charge compensation is occurring in these very high filling fraction compounds, which
might otherwise be expected to have an overabundance of valence electrons and a n-type
metallic behavior. The synthesis technique developed here has opened new ranges of
void filling fractions. The pressure, temperature and time systematics revealed in
successful Ce,Co4Sbyy synthesis predict experimental results in a useful way that has

already been applied to related systems.
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3.1 Introduction

Skutterudite materials have recently seen renewed interest as candidate thermoelectric
materials. This interest has been spurred by the observation that the skutterudite structure
allows for selective reduction in thermal conductivity through incorporation of filling
ions [22, 59]. A wide variety of skutterudites have been reported in the literature
including more than 11 binary compositions, 26 ternary compositions, and several
skutterudite related phases and doped varieties [37, 65, 66]. The phonon-glass electron-
crystal [20] approach to optimizing thermoelectric performance has motivated efforts to
fill the large voids in the skutterudite structure with a variety of heavy ions. Typically
these atoms are lanthanoids, but results with alkaline earth elements or actinoids have
also been reported [30]. These weakly bound cations incorporated into the structure are
free to vibrate out of phase with the lattice and thereby scatter phonon modes in the
material. This causes a significant reduction in thermal conductivity without necessarily

having a large impact on the electrical properties of the host material.

The skutterudite structure is a cubic system consisting of a simple cubic array of
transition metal atoms (Co, Rh, Ir) with square rings of pnictides (P, As, Sb) in six of the
eight cubes making up a single unit cell. The orientation of the square rings is different
in neighboring octants such that the voids in the remaining two octants are coordinated by
12 pnictide anions. The skutterudite space group is IM3 and in the unfilled end member

there are two empty “cage” sites per unit cell [67]. Figure 3.1 illustrates the structure of
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skutterudite with grey spheres identifying the locations of the voids and marking the sites

of potential filling ion incorporation.

Figure 3.1: The skutterudite crystal structure is a cubic system in space group IM3. The transition metal

cations form a simple cubic frame, eight of which make up the skutterudite unit cell (blue spheres). Three
quarters of the octants have a square ring of anions (red spheres), while the last two octants are large voids
in the structure (grey spheres used to emphasize void location).

It has been suggested that large atoms inserted into these cages will “rattle around” and
reduce the thermal conductivity of the material by disrupting phonon modes in the crystal
[68, 69]. This makes possible the separation of thermal and electrical conductivity,
allowing one or the other to be specifically targeted for modification through
compositional control of the material. Ideally a filling ion would be selected to
simultaneously improve the electrical transport properties and suppress the thermal
transport properties. The incentive for our efforts to lower thermal conductivity for

candidate thermoelectric materials is improvement in the thermoelectric figure of merit.
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The figure of merit is a factor in overall device efficiency and is inversely proportional to
the thermal conductivity of the material

B S?eT
A

ZT

where S is the Seebeck coefficient, o the electrical conductivity, and A the thermal
conductivity of the candidate thermoelectric material. Void filling in skutterudite is
characterized by large thermal parameters for filling ions and significantly reduced
thermal conductivities for the filled compounds with respect to the unfilled [26, 43]. This
selective depression of thermal conductivity is close to the ideal behavior of a phonon-
glass electron-crystal hypothetical material. However, this approach requires careful
consideration of the impact of filling on the electrical properties of the material,
specifically the Seebeck coefficient, the electrical conductivity, the carrier concentration,
and the sign of the charge-transporting species. It has been noted that the solubility limit
of cerium filling ions in iron-cobalt skutterudites by conventional synthesis techniques is
close to the p-type to n-type crossover point. If high pressure synthesis allows filling
beyond the conventional limit then perhaps the extra conduction electrons donated by
cerium cations would allow fabrication of n-type components from this normally p-type
material. In this case an exception to the electrical-thermal decoupling approach might in

fact prove useful in device fabrication.

Void filling in skutterudite systems is usually tied to the degree of solid solution on the
transition metal site. Skutterudites containing pure cobalt or iridium, for example, are

limited to 7% filling under normal synthesis conditions, while those with a solid solution
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of iron and cobalt achieve full filling under the same synthesis conditions [43]. High-
pressure techniques, however, allow synthesis of otherwise unreachable compositions
[51, 46]. Of interest for our work is the potential to achieve high filling fractions without
modifying the balance of the species occupation on the transition metal site. Given past
success with hot pressing synthesis techniques [70, 34] and reported success of
extraordinary filling via high-pressure synthesis in other skutterudite systems [71], it was
decided to explore cerium filling in cobalt triantimonide to arbitrarily high filling
fractions using high pressure synthesis techniques. The extraordinary synthesis
conditions obtained in this work relied on techniques developed in experimental
petrology [47]. The unusually high filling fractions obtained were of interest in exploring
the effects of filling fraction on the properties without the entanglement of simultaneous

substitutions on the host lattice.

These high filling fraction skutterudites were characterized through a variety of structural
and electrical techniques. The phase identity and structural parameters were determined
by X-ray diffraction (XRD) and rietveld refinement. Phase compositions were
determined by electron microprobe. Thermoelectric properties were measured including

Hall resistivity, Seebeck coefficient, and carrier concentration.
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3.2 Selection of Filling Ion

Results reported below use cerium as the filling ion, but we began by investigating Sn-
filled compositions in order to extend apparently promising published results on Sn-filled
cobalt triantimonide [51]. Takizawa et al. [51] reported synthesis of triantimonide
skutterudites at 0.03-5 GPa and 600 "C with tin exclusively filling the void site, based
mostly on XRD analysis. We were unable to reproduce this result. First, we found that tin
was clearly substituting on the antimony site in addition to filling the void site. Although
tin and antimony, having similar atomic mass, are difficult to distinguish by XRD, our
microprobe analysis showed in each case more tin in the composition than was estimated
to occupy the void site based on integrated peak intensity ratios in the powder XRD
pattern. In some cases microprobe analysis showed a tin to antimony ratio greater than
1:12 ratio, which is impossible if tin exclusively occupies the void site. Tin is known to
substitute on the anion site in other skutterudites and related phases, e.g. CoSn; sTe; 5 [65,
66]. We suggest that replacement of antimony by tin on the anion site compensates for
sublimation of antimony during synthesis and leads to single-phase skutterudite product
despite antimony loss. Placement of tin on the anion site rather than the void site offers a
probable explanation for the increase in lattice constant with increasing tin content
reported by Takizawa et al. [S1]. Substitution of tin for antimony removes an electron
from the delocalized bond across the anions, resulting in a weaker interaction overall.
Expansion of the square pnictide rings in the octants of the skutterudite structure leads to
a stronger interaction with the cation lattice than void filling. Indeed, the primary
mechanism described for lattice expansion in the tin filled CoSbs skutterudite was

reported to be elongation of the Sb-Sb bonds [71]. Other groups working on tin filled
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skutterudites have since abandoned bulk high-pressure synthesis to concentrate on thin
film techniques [74]. In place of the ambiguous dopant tin, we investigated cerium filling
in CoSbs. Cerium does not readily form anions and cerium is too large to occupy any site
except the void. Prior work has shown that low cerium filling fraction compositions can
be achieved with purely cobalt on the transition site and that any fraction up to complete

filling can be achieve with suitable concomitant transition metal substitution [43, 44].

3.3 Experimental Details

Precursor powders of CeyCo4Sbi; with 0 < x < 0.5 were prepared using methods
previously described [72]. These powders were typically a mixture of Ceg7C04Sby; and
CeSb,. This precursor was then pressed at pressures up to 14 GPa, representing a two
hundred-fold increase in pressure over typical hot pressing techniques [70]. This
synthesis utilized a 1000 ton press and Walker type 6-8 multianvil apparatus [47, 48].
Pressure calibration in the device was performed by bracketing well-characterized phase
boundaries in the temperature and pressure ranges of interest [49, 50]. The bulk of our
materials synthesis was conducted with a porous MgO pressure medium that included
built in pressure gaskets. The octahedron and gaskets were wrapped with Teflon tape and
drilled through for the insertion of a graphite furnace. Molybdenum end caps were used
to provide solid electrical contact between the furnace and the anvils providing the
current. Figures 3.2 and 3.3 illustrate the assembly of a castable octahedral experiment.
Temperature was monitored and controlled with a W5%Re - W26%Re axial

thermocouple (Type C) loaded into the top of the furnace aperture and a power-feedback
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system. Through control of the temperature, pressure, and time profile final materials

-1/8/

Compressible Octahedra

with high filling fractions were obtained.

8 WC Anwls
Anwil Drivers =
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Steel Containment Ring ~
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Figure 3.2: The primary components of a multi-anvil experiment in a Walker-type module. The sample is
placed in the compressible octahedron, the compressible octahedron between the tungsten carbide anvils,
the anvils between the hardened steel anvil drivers, and the anvil drivers within the steel containment ring

on the press.

32mm

178mm

Castable Octahedron
with Built-Tn Gaslkets

Figure 3.3: The compressible octahedron of castable octahedral assembly is formed with gaskets as part of
the octahedron. The truncations on the eight tungsten carbide anvils fit into the octahedron between the
gaskets, resulting in a cube of tungsten carbide surrounding the sample assembly. This is then loaded into
the module where the six anvil drivers transmit the uniaxial load from the press to each of the eight anvils

evenly.
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Samples were characterized structurally by powder XRD. X-ray data were collected with
Cu Ka radiation and a silicon internal standard. The Phillips X’Pert system was operated
with a counting time of 1 sec per 0.02 degree in a 0-20 configuration [54].
Compositional analysis was conducted on a JEOL 733 Superprobe with electron
backscatter imaging and Energy Dispersive Spectroscopy (EDS) for quick phase
identification and standardized wavelength dispersive spectroscopy (WDS) for
quantitative analysis [56]. The microprobe data were sampled over 5-15 points per
sample with a 10 um rastered beam; analytical totals exceeded 98%. The thermoelectric
properties were characterized through Seebeck coefficient, resistivity, and Hall effect

measurements and thermal conductivity was measured via the flash diffusivity technique

[60].

3.4 Results and Discussion

Related skutterudite systems show stability at ambient temperatures over a tremendous
range of pressures. In IrSb;, the skutterudite structure was observed from ambient
pressure up through 42.5 GPa [41]. Such a wide range of pressure stability suggests great
freedom in selecting hot pressing parameters to synthesize our desired high filling
fraction material. Previous work by Takizawa et al. [51] reported that filled skutterudite
synthesis was limited only by the 5 GPa limit on their pressure system and the 600 °C
sublimation point of antimony at standard pressure. If antimony sublimation is the
limiting factor, then increasing pressure ought to enable synthesis at increasing maximum
temperatures. Our early results showed, however, that the addition of a filling ion

provides an alternative decomposition routes to the high-density diantimonide structure
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(the density of the diantimonide is about 10% greater than that of the triantimonide for
cobalt and iridium antimonides, specifically 7.62 g/cm’ for CoSb; and 8.34 g/cm’ for
CoSb; [73]). The process parameters of the sample in Figure 3.4 matched those reported
for 40% tin-filled CoSbs, 5 GPa and 550 °C. In this and similar experiments, the
decomposition to unfilled skutterudite and diantimonide was favorable and rapid and led
to compositional heterogeneity on a scale much larger than the starting particle size of 25

pm.

Figure 3.4: Micrograph showing the aftermath of a filled skutterudite synthesis attempt decomposing into
CeSb; surrounded by a depletion layer of CoSbs, in a low filling fraction matrix (Ceg 4sC04Sb;2).

A survey of the temperature and pressure range of our experimental setup, aided by a

fortuitous heating failure, led to the discovery that the limit in temperature for



77

decomposition into diantimonides decreases with increasing synthesis pressure,
consistent with the negative volume change of this reaction. Our first high filling fraction
composition, Ceg 15C04Sby2, was obtained serendipitously at 14 GPa and 100 °C, whereas
high temperature synthesis at 14 GPa repeatedly failed. Figure 3.5 shows the general
trend in synthesis conditions for filled Ceg 15C04Sb),, with a 40 °C decrease in maximum

temperature for every 1 GPa increase in pressure.

Dense Cerium Filled Skutterudites as a
Function of Temperature and Pressure

Temperature (C)

0 I T I I I I I 1
0 2 4 6 8 10 12 14 16

Pressure (GPa)

Figure 3.5: Results of survey experiments probing the P-T relationship in filled skutterudite synthesis.
The time at temperature was constant in these experiments, at 30 minutes. Open symbols indicate
experiments with decomposition to diantimonide; filled symbols indicate experiments with one-phase filled
skutterudite products.

The 14 GPa, 100 °C experiments resulted in extremely small samples, less than 2 mm in
maximum dimension and suffered from significant cracking; however, they were free of
diantimonide contamination or segregation into high- and low-filling regions. Figure 3.6

shows a micrograph from a 14GPa experiment conducted at 100°C that resulted in a final
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composition of Cej;5CosSbj,. With these observations we refined our synthesis
conditions and were able to reliably produce high filling fraction Ce,Co4Sb;, materials
with filling fraction x < 0.5. The samples characterized below were all synthesized in a
two-stage heating protocol at 6 GPa: 30 minutes at 600 °C followed by 2 hours at 350 °C.
In the larger version of the multi-anvil apparatus suitable for 6 GPa pressures, and with
the smaller decompression stresses, we were able to recover samples large enough for
thermoelectric, structural, and compositional measurements either as-recovered or after

regrinding and ordinary cold—pressing.to obtain a pellet.

Figure 3.6: 15% Cerium filled cobalt triantimonide skutterudite produced via high pressure technique
from a 15% nominal cerium content mixture of low filling fraction skutterudite and CeSb,. Synthesis
conditions of 14GPa, 100°C and 30 minutes were utilized to prevent formation of diantimonides prevalent
in higher temperature synthesis.
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Structural analysis of our CeCo,Sb;; materials was conducted with powder XRD,
supported by microprobe analysis to determine composition and ensure single-phase
samples. Figure 3.7 shows a typical powder XRD spectrum from our high filling
fraction, high-pressure run products. Note the very weak 211 reflection, characteristic of
filling fractions near 50%. Reitveld refinements on our x-ray data produced a lattice
constant largely independent of filling fraction (Table 3.1 and Figure 3.8); there is only a
small lattice expansion in the first 10% filling. This stands in contrast to monotonically
increasing lattice constants reported by Takizawa for SnyCo4Sbi;. We argue that lattice
expansion in the tin bearing system is due to substitution of tin on the antimony site,
rather than to any effect of ﬁlling the void site. Cerium does not substitute on antimony
sites, and we find that cerium filling does not cause lattice expansion. Even the relatively
large cerium atom has a diameter of only 1.40 A, while the void in skutterudite is 1.89 A

in diameter, and can readily accommodate cerium filling without lattice expansion.
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Figure 3.7: Typical histogram of x-ray data, in this case for Ce; sC04Sby,.

Composition of Lattice

the Skutterudite Constant

Phase (This Work) R,
CoSb3 9.035 11.07
Ce0.15C045b12 9.0448 11.795
Ce0.25C04Sb12 9.0445 11.363
Ce0.5Co4Sb12 9.0438 10.966

Ry

10.85
10.93
16.18
9.793

Rwp

13.62
16.16
23.87
12.61

GOF

1.515
1.877
4.414
1.323

Table 3.1: Lattice refinement details for Ce,Co,Sb;; where x =0, 0.15, 0.25, 0.5. Samples were

characterized with Copper k, radiation with a silicon internal standard.
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Figure 3.8: The lattice constant of the cubic unit cell as a function of filling fraction x for Ce,CoSbj2. The
lattice constant increases up to the neighborhood of 10% filling and then is insensitive to further increases
in cerium content. For reference are data reported by Takizawa for the Sn,Co,Sb,, and Morelli for the
Ce,Co,4Sby, systems [51, 43].

3.6 Thermoelectric Characterization

The electrical property data are presented in Figure 3.9 and Table 3.2. We expected that
addition of each atom of cerium to CoSb; per formula unit would contribute three
additional electrons to the conduction band. Such an addition would correspond to
additional electrons on the order of 10°' per cubic centimeter and lead to n-type metallic
behavior. In general we found the opposite behavior. The carrier mobility and
conductivity dropped while the carrier concentration increased modestly. This would
seem to indicate incomplete ionization of the filling ion, contributing fewer conduction

electrons than expected. The result is a decrease in the magnitude of the Seebeck
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coefficient with increasing filling, and a transition to mixed type conduction near 20%

filling.
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Figure 3.9: Seebeck coefficient as a function of cerium filling for Ce,Co0,Sb,,. Samples with higher
cerium filling fractions have a smaller magnitude Seebeck coefficient, and despite increased cerium content
the behavior is less n-type at higher filling fractions.

Carrier

Composition of the Concentration Resistivity

Skutterudite Phase (cm™) (mQcm)
Ce0.008C04Sb11 9 -6.10E+19 2.38
Cep14C04Sby, -2.17E+19 16.25
Ce0.18C04Sb12 -2.13E+20 522
Ce0.185C045b12 52 -3.31E+20 7.56
Ceg.22C04Sb12.02 2.86E+20 1.31
Ceo_230048b12 5.16E+19 58.85

(emV's) (WK
-43.00 -187
-17.74 -139
-5.61 -127
-2.50 -124
1.81 -114
2.06 -109

Secondary
Phases

CeSb,
CeSb, + CoSbh,
CeShb, + CoSh,

CeSb,
CeSb, + CoSb,
CeSb, + CoSb,

Table 3.2: Carrier concentration, resistivity, mobility and Seebeck coefficient of Ce,Co,Sb;,. Sample
composition is from Microprobe EDS analysis over 5-15 point samples.

The power factor for our high filling fraction skutterudites was quite poor. Two orders of

magnitude separated Ce3Co04Sb;; from the binary CoSb; compound. The trends in

carrier concentration and appearance of a mixed conduction type, reflected in the sign

disagreement between Seebeck and carrier concentration, seems to indicate significant

charge compensation across the cations in the lattice.
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3.7 Conclusions

High-pressure, low-temperature synthesis techniques were developed to create samples of
cerium filled cobalt triantimonide skutterudite (CesCo4Sby;) with observed cerium
contents up to x = 0.5. The compositions, X-ray refinements, and electrical properties all
require that cerium is entering the structure exclusively through filling of the void sites,
up to one per unit cell. This represents 50% cerium filling, a significant improvement
over the limit of 7% available to standard techniques. However, the lattice constant of
these high filling fraction skutterudites did not continue to increase beyond that seen at
much lower filling fractions. The elecirical properties resulting from this filling were
disappointing and result in low ZT values and so the particular compositions so far
synthesized are poor candidate thermoelectric materials. Insertion of excess cerium does
not drive the material towards n-type conduction; instead it appears that some degree of
charge compensation is active across the structure and the cerium ions do not achieve
their nominal valence of 3°. We conclude that further optimization of electrical
properties through doping on the metal or semimetal site will be required to make a

useful thermoelectric material in this system.

The high-pressure technique outlined here has opened new ranges of void filling fraction,
allowing future work in exotic compositions previously outside the range of available
hot-pressing techniques. The pressure, temperature and time systematics revealed in the
successful CexCoSb; triantimonde syntheses predict experimental results in a useful way
and should generalize to related systems. These results have already been applied in the

synthesis of filled iridium skutterudites and filled thodium-ruthenium skutterudites [52].
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Abstract

Exotic filled skutterudite compositions show promise for thermoelectric applications.
Current work was undertaken with a nominal composition of Ce(Rug¢7Rhg33)4Sby, to
experimentally verify its potential as an n-type thermoelectric material. Nominal
electroneutrality was expected at 0.89 cerium filling and fully filled materials were
expected to be strongly n-type. Filled precursors of the nominal composition were
synthesized using straightforward solid state reaction techniques, but standard synthesis
routes failed to produce a fully-filled homogenous phase. Instead, the filled
thermoelectric Ce(Rug ¢7Rho33)4Sbi2 was synthesized using a combination of solid state
reaction of elemental constituents and high pressure hot pressing. A range of pressure-
temperature conditions was explored; the upper temperature limit of filled skutterudite in
this system decreases with increasing pressure and disappears by 12 GPa. The optimal
synthesis was performed in multi-anvil devices at 4-6 GPa pressure and dwell
temperatures of 350-700 °C. The result of this work, a Ce(Rug67Rhg33)4Sb), fully filled
skutterudite material, exhibited unexpected p-type conductivity and an electrical

resistance of 1.755 mQ-cm that increased with temperature. Thermal conductivity,
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Seebeck coefficient, and resistivity were measured on single phase samples. In this
paper, we report the details of the synthesis route and measured thermoelectric properties,
speculate on the deviation from expected carrier charge balance, and discuss implications

for other filled skutterudite systems.

4.1 Introduction

In nature, skutterudite is a mineral of composition (Co,Ni)Ass. Its structure has a
number of peculiar electrical and thermal properties that suggest an excellent potential for
use in thermoelectric devices. This combination springs from the relatively complicated
structure of the simple binary CoAs; compound. The skutterudite unit cell is comprised
of thirtytwo atoms arranged in a cubic array of corner shared octahedra. These octahedra
contain a central cobalt atom surrounded by six shared arsenic atoms. The misalignment
of this array creates large void sites between the octahedra and in practice there is
significant freedom for chemical substitution on all three of these crystallographic sites.
Many transition metals can occupy the cobalt site, either as sole occupants or in solid
solution with other transition metals even of disparate valence states. Likewise, the
pnictides (P, As, Sb, Bi) can all form skutterudites. The As site can also be doped either
p-type with the removal of electrons with a Geg;, substitution or n-type with the addition
of electrons with a Teg, substitution. Into this significant compositional space one may
also introduce substitutions onto the void sites without disrupting the skutterudite
structure. Many workers have introduced rare earth metals into this void in the hopes of

reducing the thermal conductivity.
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The compositional freedom afforded by the structure coupled with the natural electrical
properties of binary skutterudites nominated the system for further study with the goal of
improved thermoelectric efficiency. The thermoelectric efficiency of different materials

can be judged through a comparison of the dimensionless figure of merit, ZT

oS*T
A

ZT =

Where o is electrical conductivity, S is the Seebeck coefficient, T is the temperature, and
A is the thermal conductivity. Maximizing the electrical conductivity and Seebeck
coefficient while minimizing the thermal conductivity leads to high ZT values and useful
thermoelectric behavior. High-performance thermoelectric materials typically have ZT
values on the order of 1-1.5. While the binary skutterudite has reasonably high electrical
properties ¢ and S, the thermal conductivity is unreasonably high for thermoelectric
applications. However, the addition of a void-filling atom, a solid solution on the
transition metal or pnictide sites, or any combination of these three substitutions can
greatly reduce the thermal conductivity of the skutterudite [75]. Such potential sets
skutterudite materials up to serve as excellent thermoelectric materials, if the right
combination of thermal and electrical properties can be found in a given skutterudite

composition.

Previous work by Fonari and Singh identified the rare-earth filled rhodium-ruthenium
skutterudite system as a candidate for thermoelectric device applications on the basis of
theoretical calculations [76]. Predictions of low thermal conductivity and a band
structure favorable to electrical conduction made this system an appealing direction for

further research. The compositions suggested, however, were beyond the reach of
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standard synthesis techniques. To that end, building upon the initial work of Takizawa
[51], a high-pressure synthesis route was developed to yield a single phase, fully filled,
quaternary skutterudite composition. Here we present some of the properties of this

cerium filled thodium-ruthenium skutterudite.

4.2 Experimental Details

Samples were prepared using a multistage synthesis process. Initial synthesis combined
cerium chunk with rhodium and ruthenium powders, which were melted in an induction
furnace at 1400 "C. The resulting alloy was combined with antimony shot, placed in a
boron nitride crucible and sealed in an evacuated quartz ampoule. The precursors were
then held at 650 “C for 48 hours and quenched to room temperature. This product was

ground to a particle size no greater than 25 microns.

The next synthesis stage involved a high-pressure, relatively low-temperature, synthesis
process. High-pressure synthesis experiments were conducted on a Rockland Research
Instruments 1000 ton press. This press is capable of reaching experimental conditions of
2500 °C and 25 GPa, although the sample size decreases with increasing pressure.
Experiments were conducted in two internal geometries. Exploratory experiments at 6
GPa and above used an octahedral geometry with an MgO-based solid pressure medium.

The successful synthesis and results reported here used a cubic geometry module with a
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Figure 4.1. a) Schematic of pressure medium and sample assembly typical of cubic multi-anvil
experiments. b) Diagram of press action converting uniaxial load into isostatic pressure.

21 mm soft-fired pyrophyllite cube as pressure medium. A 12.7 mm hole is drilled
through the cube and a BaCOs sleeve inserted as thermal insulation. Inside this, a 7.7 mm
outer diameter, 5 mm inner diameter graphite tube makes up the heating element. The
sample is sandwiched in the central 4 mm region of the hotspot between graphite disks.
Temperature was controlled using an axially mounted type C W/Re thermocouple.
Remaining space inside the heater is filled with crushable MgO spacers (Figure 4.1a).
The entire assembly is compressed by six tungsten carbide anvils driven together along
the cubic axes by a set of steel guide blocks within a steel containment ring. Deformation
of the pressure medium creates a quasihydrostatic load within the sample (Figure 4.1b).
Pressure is calibrated as a function of hydraulic load on the press using phase transitions
of bismuth at room temperature and, at elevated temperature, the quartz-coesite transition

in SiO; (3.1 GPa) and the alpha-gamma transition in Fe;SiO4 (5 GPa).

Initial survey experiments were conducted over a range of pressure and temperature to

find the stability limits of filled skutterudites. Mapping in the cerium-filled cobalt
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triantimonide system showed, contrary to expectations, that the upper temperature limit
above which only diantimonides were found decreases with increasing pressure (Figure
4.2). This survey suggested that synthesis conditions of 6 GPa and 600 °C for 24 hours,
within the practical range of the largest volume configuration of the octahedral multianvil
device, would provide successful syntheses of large enough samples for full
characterization of thermoelectric properties. However, with these parameters the initial
target composition of Ce(Ru 75sRh.»5)4Sb;> was not achieved. Typically a wide variety of
diantimonides were mixed in with a filled skutterudite with a composition
Ceos(Rups7Rhy33)4Sb1z.  This composition had been observed in previous synthesis
attempts using standard hot pressing techniques (0.1 GPa, 600 °C). Adjusting the
nominal composition to reflect this preferred ratio of ruthenium to rhodium and a
fortuitous failure in the pressure control system resulted in a single phase
Ce(Rug 67Rh 33)4Sb12 sample. With our understanding of the P-T relations in these filled

skutterudites, the synthesis parameters were adjusted to a pressure of 6 GPa and a

Dense Cerium Filled Skutterudites as a |
Function of Temperature and Pressure

y = -40.063x + 667 .8
R?=0.9946
0 T T T T T T T 1

0 2 4 6 8 10 12 14 16
Pressure (GPa)

Temperature (C)

Figure 4.2. Single phase cerium-filled skutterudite synthesis success (closed diamonds) and failure (open
squares) as a function of temperature and pressure. These data show a decreasing synthesis temperature
limit with increasing synthesis pressure in CeCo,Sb,,, which proved useful in setting the synthesis
conditions for Ce(Rug¢7Rhg 33)4Sb1s.
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temperature profile of 600 °C for 4 hours and 350 °C for 24 hours. Subsequently,
conditions were successfully adjusted down to 5 GPa and 4 GPa, allowing the use of the
still larger sample volumes of the cubic geometry shown in Figure 4.1. A pressure of 4
GPa and temperature profile of 700 °C for 4 hours followed by 450 °C for 24 hours

represents the current synthesis parameters.

Once the high-pressure synthesis was completed the skutterudite compositions proved
stable to moderately high temperature at standard pressure. The recovered materials were
then processed for the last time, grinding them to powder and sintering using standard hot
pressing techniques to reconfigure the shape and porosity of the sample to facilitate
thermoelectric characterization. Powder x-ray diffraction and electron microprobe
analysis before and after this step confirmed the phase stability of the material through
this stage. Electrical properties were characterized with Seebeck coefficient, resistivity,

and thermal conductivity measurements using techniques previously reported [33].

4.3 Discussion

Thermal conductivity as a function of temperature is shown in Figure 4.3. Thermal
conductivity of Ce(Rug¢7Rhg33)4Sb1> was half that of the binary skutterudite CoSb;. The
thermal conductivity is low and stable over a wide range in temperature, with no
temperature dependence from 175 to 625°C. However, antimony sublimation was
observed above 550°C. This breakdown was severe enough to revert the triantimonide to

a wide variety of diantimonides. Once reverted samples were of no further use so great
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care was exercised to ensure the samples never experienced temperatures above the

projected stability limit.

Electrical resistivity and Seebeck coefficient are shown in Figure 4.4. Again the samples
showed signs of sublimation when held at temperatures exceeding 550 °C for extended

periods of time. The filled rhodium-ruthenium skutterudite showed an electrical
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Figure 4.3. Thermal conductivity as a function of temperature from room temperature to 625 °C showing a
much lower value for Ce(Rug ¢;Rhg 33)4Sbs, than for the typical binary skutterudite CoSbs.

resistance of 1.755 mQ-cm that increased with temperature. The Seebeck coefficient
over the same range was p-type and increasing with temperature. Although the low
thermal conductivity confirmed expectations, the electrical properties are surprising for
the fully filled Ce(Ruge7Rho33)4Sb12 composition. Strong n-type conductivity was
expected. from the heavy n-type doping implied by the stoichiometry of the material; the
electrical breakpoint was expected at a cerium content of 0.89 while this work achieved a
cerium content of 1.00, confirmed by microprobe analysis. The substitutions in this

system were as follows:

Cevm + 2 %Rugy” + 1 YsRhgy, + 12 Shg, = V5 €- (3 sites v=void, rh=rhodium, sb=antimony)
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The Ce filling fraction 0.89, this excess of one-third of an electron per unit cell indicates
an addition of 2.27 x 10*' electrons per cm’ relative to the binary skutterudite. At Ce
filling fraction of 1.00, the addition of 2.68 x 10*! electrons per cm’ should be sufficient
to yield unambiguous n-type behavior. The p-type behavior of the fully cerium filled
rhodium-ruthenium skutterudite is thus a strong indicator of charge compensation across

the transition metal site. The significant number of missing conduction band electrons is
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Figure 4.4. a) Resistivity as a function of temperature from room temperature to 625 "C showing an
electrical resistance of 1,755 mQ—cm that increased with temperature. Note hysteresis between heating and
cooling cycles due to partial decomposition above 550 °C. b) Seebeck coefficient as a function of
temperature from room temperature to 625 °C showing increasing p-type behavior with increasing
temperature.

likely related to strong electron localization, which hinders the thermoelectric efficiency

of this material.

As noted previously in our work with high cerium filling in cobalt triantimonide [46], the
filling ion does not have the expected impact on electrical properties while it does have
the expected impact on the thermal properties. Future work will require electrical doping

on the transition metal or pnictide site in the skutterudite structure.
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4.4 Conclusions

We have prepared samples of a cerium-filled rhodium-ruthenium skutterudite material in
pursuit of excellent figure of thermoelectric merit Z7" due to low thermal conductivity,
large n-type Seebeck coefficient and high electrical conductivity. The resulting thermal
properties were a significant improvement over binary skutterudites, showing that the
combination of cerium filling and doping on the transition metal site is a powerful
method of reducing the thermal conductivity in skutterudite materials. However, the
resulting electrical properties were unexpected: the observed p-type conduction runs
contrary to simple electron counting and indicates a charge compensation mechanism at
work. Doping of this system could push the electrical properties back into a range useful
for thermoelectric applications; work in this direction is presently underway. The high-
pressure synthesis techniques developed working with the cerium-filled rhodium-
ruthenium triantinomide and cerium-filled cobalt triantinomide skutterudite systems will
facilitate further exploration of alternate skutterudite compositions and we expect to
synthesize new skutterudite compositions with further doping on the transition metal,
pnictide, or the large void site. The interest in systems with four or more components is
driven by the difficulty in arriving at both low thermal conductivity and high electrical

conductivity in the same material.
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Chapter 5

Nano-Structured Silicon Germanium

Abstract

In the course of our previous advanced thermoelectric materials research, high-pressure
techniques were utilized to synthesize new skutterudite compositions that were beyond
the reach of standard techniques. Here we exploit the large stresses that are initially
present in high-pressure assemblies in order to manufacture composite materials with
enhanced thermoelectric properties. The very large stresses allow control over the
sintering mechanism, resulting in preservation of nanometer-scale grain structure of the
material. The silicon and germanium compositions explored have been in used in
thermoelectric generation for over fifty years, but control on a nanostructure scale has
been limited to thin films [18] or membranes [77], neither of which are suited to the high
temperature and current demands of large-scale thermoelectric power generation. The
main objective for this work was to start with nanoparticles of silicon and germanium and
produce a fully dense monolithic solid with initial grain size and chemical heterogeneity
intact. Previous attempts using standard hot-pressing techniques have resulted in
significant grain growth and chemical homogenization. Guided by a simple Nabarro-
Herring creep model, we achieved densification without excessive grain growth or

chemical homogenization through the application of compaction stresses of a few GPa.
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5.1 Introduction

Silicon-germanium thermoelectrics have a long history of successful device applications,
including the 1977 Voyager I and II spacecraft. Due to the high melting point and great
temperature stability of silicon-germanium compounds, devices are able to operate at
much higher temperatures in thermoelectric generators than many newer advanced
thermoelectric materials. This allows the less efficient silicon-germanium systems to
produce as much or more power than some cutting edge thermoelectric materials. A
common thought in thermoelectric device research is to build a compound device
combining the best materials for a given temperature range into one multi-component
unicouple [35]. Such devices, however, have not performed up to expectation due in part
to the innate mismatch between the silicon-germanium system and cutting edge moderate
temperature thermoelectric systems [78]. Such compound devices often perform worse
than the sum of their parts, or provide minimal improvement in efficiency for greatly
increased complexity. The work on compatibility factors suggests that improvements in
silicon-germanium thermoelectric devices will come as a result of improvement in

silicon-germanium like materials.

One such route to improving the silicon-germanium system is control of the structure. A
two phase system with small grain size could be useful in disrupting thermal conductivity
and improving the thermoelectric figure of merit [79]. However, standard techniques in
use at the Jet Propulsion Laboratory (JPL) have thus-far proved fruitless in achieving the

desired two phase nano-structure in a sintered solid. Diffusion between silicon and
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germanium proved too fast relative to sintering rates, and grain growth is a common
densification route. In some aggregates, standard sintering methods yield a total lack of
densification as nano-particle inclusions pin grain boundaries and prevent consolidation
and pore removal. However, our success in synthesis of exotic single-phase
thermoelectrics using high-pressure techniques borrowed from the Earth Sciences pointed
the way to a method of achieving a dense material with small grain size and short-range
chemical heterogeneity. Typically high-pressure experiments are to synthesize phases
tha}t are not stable at ambient pressures [82], but high-pressure sintering has also been
used in ceramics processing to limit grain growth during the sintering process [81]. A
simple approximate theory of sintering by diffusion creep was developed using a
Nabarro-Herring model to predict the densification rate at high stresses. This model
suggested that densification by creep could be made to dominate over both grain growth
and chemical diffusion. The development of this simple model and tools for applying it

sintering performance is the subject of the next section.

The terms stress and pressure are used with caveats in this chapter. The experimental
apparatus is primarily designed to achieve near-hydrostatic high-pressure conditions. At
these conditions the differential stresses are much smaller than the mean stresses. This is
accomplished through the use of weak solid pressure media around the sample volume.
However, when the starting material is a powder or porous material there is necessarily a
transient period upon compression where the stress field is quite complicated. Under this
condition the pressure in the void space is approximately zero, whereas the maximum

compressive stress in the solid network approaches the applied uniaxial load. This is a
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difference in stress of a few GPa, which will drive the sintering process. The sintering
process of interest will continue to operate until this stress difference relaxes. The stress
state, however, cannot relax into a near-hydrostatic state until the sintering stops. We
therefore approximate the differential stress driving the sintering by the applied uniaxial
compressive stress, which is numerically equal to the expected pressure at the end of the
compaction transient if the experiment were run long enough to achieve the near-
hydrostatic state. While it is differential stress that drives creep and densification, it is
appropriate to loosely speak of the applied pressure as the driving force and as one of the

independent variables in the experiment.

5.1.1 Preliminary Sintering Model

In order to guide our experiments a model was found to describe the densification
mechanism at high pressure. For this line of experimentation to bear fruit it was critical
that plastic deformation mechanisms far outstrip grain growth and chemical diffusion.
The pressure range of experimental conditions suggested a suitable flow law; in our case
a volume diffusion or Nabarro-Herring creep model. Hot pressing techniques have been
rigorously employed for materials densification applications since the 1950s [80]. Our
choice of the Nabarro-Herring model is justified from empirical observation of
densification mechanisms in other materials systems. A map of densification
mechanisms for very fine-grained materials invariably attributes the bulk of high-stress
densification to a Nabarro-Herring mechanism. The factors on densification include
temperature, pressure, time, as well as materials properties: grain size and microstructure.

At our high-stress (several GPa) experimental range the Nabarro-herring theory provides
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us with a useful model of densification via plastic deformation. In order to justify our
experiment, however, it must be clear that the plastic deformation mechanism does
dominate the densification behavior. As a first indication of what to expect from our
experiments, we defined a sintering figure of merit. This value is the ratio of a diffusion
creep strain rate to a pure chemical diffusion rate. In real systems both rates would
contribute to the total densification observed in the material. Since densification is
limited by the slowest diffuser along the fastest path, we can pick a value for our
sintering figure of merit such that the plastic deformation mechanism completely
dominates the behavior of densification under those conditions. We then designed test
experiments to achieve a predicted sintering figure of merit greater than ten.
Combinations of pressure, temperature and time parameters predicted to achieve this
criterion are in fact well within the reach of our equipment. Success in our preliminary
experiments shows a posteriori that the simple theory is a useful guide to choice of

sintering conditions.

The Nabarro-Herring model requires information that is easily accessible a priori. The
self-diffusion coefficient, grain size, temperature, time and stress are the required
components of the equations. With grain size and self-diffusion coefficient fixed by our
starting materials, we were able to vary the remaining variables to determine those
conditions suitable for our work. This approach confirmed several trends that one would
expect in a densification experiment:

¢ Increasing the temperature at constant pressure reduced the sintering time for a

given densification to occur.
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e Increasing the pressure at constant temperature reduced the sintering time for a
given densification to occur.
e Typical hot-pressing conditions result in a densification mechanism dominated by
chemical diffusion.
These trends neatly describe known behavior in the sintering of materials systems. This

suggests that the model may make useful predictions about untried sintering conditions.

Indeed, preliminary high-stress syntheses resulted in very low-porosity bulk materials.
Analysis by electron backscatter diffraction (EBSD) and electron-beam induced energy-
dispersive X-ray spectroscopy (EDS) techniques confirms that these materials are
crystalline, have grain sizes of tens of nanometers, and are chemically heterogeneous on

the grain scale.
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5.2 Theory

5.2.1 Densification Mechanisms

Sintering of materials is the consolidation of a powdered product during firing, typically
undertaken to develop material properties and microstructural features. Partial sintering
leads to a porous product, while full sintering leads to a fully dense product. Control
parameters available to design sintering processes typically include the time, temperature
and applied pressure or state of stress. In ceramic systems the “green body” is the unfired
state where the material density is commonly 65% of theoretical or below [96]. After
sintering, the material density is commonly much higher. The final goal of sintering is
usually to approach the limit of full theoretical density. At low differential stresses, the
densification mechanisms are mainly mass transport via diffusion across the neck of
particle-particle contact and grain growth. All sintering is driven by the reduction in total
free energy, which under low-stress conditions is usually dominated by the reduction in

surface area

AGt = AGy + AGy, + AGg
3.1

where AGy, AG,, and AGs represent the change in free energy associated with the
volume, boundaries (i.e. grain-grain contact areas), and surfaces (i.e. grain-void contact
areas) of the grains [83]. Several mass transport mechanisms are active during the
sintering process; many of them can lead to densification:

e Surface diffusion results in surface smoothing and particle joining without any

real reduction of pore volume.
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* An evaporation-condensation mechanism can result in similar effects, again
without any increase in overall sample density.

e The boundary and lattice diffusion processes produce both neck growth between
neighboring particles and volume shrinkage in the entire solid (Figure 5.1).

e Viscous flow results in densification, but is dependent on a wetting liquid at the

surfaces to facilitate mass transport.

e Plastic flow is the inelastic deformation of a solid as a result of applied load and

results in densification of the solid (Figure 5.1).

Figure 5.1: Diagram illustrating necking and volume reduction in a two sphere model on the left and the
Jjoining of particles via plastic deformation on the right.

The initial particle distribution has a significant impact on the sintering behavior of the
solid. Smaller particles are more reactive, with larger surface to volume ratios, and
therefore densify faster at a given temperature than coarser particles, reaching a higher
final density for any given sintering time. Hot-pressing improves densification
tremendously, outstripping particle size effects and resulting in higher density at lower

temperatures and times.
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Densification under plastic deformation is of particular interest for this work. Such flow
processes are known as creep, which can be defined as continuing plastic deformation
under constant stress. Creep models are utilized, e.g., to predict the safe lifespan of
components held or cycled at elevated temperatures or pressures. Processing handbooks,
however, may completely omit references to creep mechanisms, but the flow laws behind

the models are applicable to synthesis, in addition to materials failure analysis.

While failure analysis may consider plastic deformation only as far as the onset of
deformation at failure, continuous plastic deformation occurs so long as differential stress
is applied. If the microscopic mechanism allowing creep is the diffusive transport of point
defects (generally vacancies) through the bulk of grains, then the Nabarro-Herring model
is used to describe the behavior. In this case the densification rate is inversely
proportional to the square of the grain size [85, 90]. If the transport of matter is along the
grain boundaries then a Coble creep model is used to describe the behavior. In Coble
creep the densification rate is proportional to the grain boundary width, resulting in a
densification rate inversely proportional to the cube of the grain size [91]. If the process
conditions involve extremely high pressures or temperatures and favorable chemistry and
microstructure are in evidence, then power law (i.e., dislocation) creep becomes a

significant contributor to the densification rate [88].

In addition to creep mechanisms, superplasticity can be in evidence during high-pressure

sintering. Superplasticity involves a combination of grain boundary sliding and grain
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switching, which results in a change in physical grain configuration without requiring
that atoms diffuse across grain boundaries [89]. The mechanism can be seen

schematically in Figure 5.2.
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Figure 5.2: Initially, an array of grains is under some large stress. In a superplastic system neighboring
grains slide along one another creating an unstable transition state (center) and finally resulting in a stable
configuration that is dissimilar to the original.

These mechanisms all contribute to a system under plastic flow. In order to make a
prediction, an appropriate governing equation must be selected. For our purposes, a flow
law was selected that describes material behavior under great stress. At stresses between
0.5 and 5GPa the dominant mechanisms for deformation were found to be modes of
plastic deformation [90]. The appropriate creep flow law should therefore provide an

initial expectation for sintering rate.
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Figure 5.3 Deformation map for a ceramic system showing the active mechanism as a function of
homologous temperature (T / Tm) [91].

The choice of a creep model for high-pressure densification can be further justified by
examining a deformation map and extrapolating those results for the materials system of
interest. The various densification mechanisms can be plotted together determining the
relative contributions of each for a given set of process variableé, such as temperature and
stress [92]. Figure 5.3 shows one such deformation mechanism map, in this case for the
CoO system [91]. The homologous temperature used on the axis is the process
temperature normalized by the melting temperature for the material in question. The
densification time, or strain rate, allows the prediction of the third parameter if a second
is known. The use of a Nabarro-Herring model for high-pressure densification follows

from the relative positions of the dominant mechanisms; in particular, the very small
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grain size of the nano-particle aggregates of interest greatly enlarges the Nabarro-Herring
field relative to the Coble and power law fields. This follows from the strain rate
dependencies for both Nabarro-Herring and Coble creep; the strain rate in Nabarro-
Herring creep is inversely proportional to the square of the grain size, while the strain rate
in Coble creep is inversely proportional to the cube of the grain size. Armed with an
appropriate model for high-pressure behavior during hot-pressing a prediction of

appropriate sintering conditions can be attempted.
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5.2.2 Nabarro-Herring Creep
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Figure 5.4: Illustration of square grain model for the Nabarro-Herring Creep model.

The Nabarro-Herring model describes a process schematically shown in Figure 5.4. The
model is a simple square grain undergoing plastic flow in response to applied stress [19].
Atoms migrate from the compression face to the tension face of square grains while voids
migrate in the opposite sense. Flow migration is stress induced, in response to stress
gradients through the square grain. The following presentation is adapted from the work
of Poirier [93]. The concentrations of vacancies on the compression face (C) and the
tensile face (C") are a function of the equilibrium concentration of vacancies Cq, the

applied stress o, the vacancy volume V, the gas constant R and temperature T. A
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compressive stress will decrease the concentration of vacancies, while a tensile stress will

increase the concentration

(5.1)
The flux of vacancies to the face in compression from the face in tension, and matter in

the opposite direction, is then just the diffusion constant for vacancies times the

concentration gradient

J=~D,gradC = zl—)—’i%—ﬂ

(5.2)
where o is a material constant and d is the grain size. Substituting equation 5.1 into 5.2
and computing the change in grain dimension as the flux times the volume of vacancies

being transported, we recover a strain rate

y  aD,C.V
Ad = sz =JV &= —C—Z———K—Z—Q——sinh(i)
d d RT

(5.3)
But the equilibrium concentration of vacancies times the volume of vacancies is just the
volume per vacancies in the solid, or Ny, allowing one to cast the strain rate in terms of

the self-diffusion coefficient, Dgp, for the material

* aD oV
D,CV=D,N, =D & =——2 sinh| —
Vo Vet SD d2 (RT)
(5.4)
For a low stress and high temperature case, or anywhere oV << RT, the hyperbolic sine

term can be replaced with its argument (sinh(x) = x as x=>0)
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° aDg, oV
d’RT
(5.5)

From either Equation 5.5 or 5.6 we can see that the materials constant required for this
model is the self diffusion constant, a well known quantity for both silicon and
germanium [94, 95]. We take an accumulated strain of unity as a characteristic criterion
to define the sintering time. The assumption here is that a strain of one corresponds to
sufficient deformation to approximately convert a loose powder to a fully dense state.
With this assumption, knowledge of the self diffusion constant and the grain size, we can
compare this densification mechanism against the competing mechanisms we wish to
avoid. The sintering figure of merit is the Nabbaro-Herring creep densification rate (i.e.
one over the time to reach a strain of unity) divided by the rate of the principal competing
mechanism. In this case the competing mechanism is chemical homogenization by inter-
diffusion (for silicon-germanium composites) or densification by grain growth (for pure
silicon or germanium). We further assume that any value of the sintering figure of merit
greater than 10 will result in a bulk structure where plastic deformation and grain sliding
dominates the densification routes; this yields a simple criterion for a candidate synthesis
experiment. Plotting our sintering figure of merit against sintering time produces the
plots seen in Figures 5.5, 5.6, and 5.7. Initially the commonly used linear Nabarro-
Herring model (Figure 5.5) was utilized. The linear regime holds only when oV << kT,
and since kT varies from 0.32 at 1000 °C to 0.14 at 1400 °C our pressure cannot exceed
10° or 10* Pa for the approximation to hold. Even under conventional hot-pressing

techniques the pressure can reach 107 Pa, so we must switch to the non-linear Nabarro-



109

Herring model as seen in Figure 5.6. Figure 5.7 is the same non-linear model but for
germanium instead of silicon. The hyperbolic sine term in the non-linear model greatly

accelerates the stress activated densification mechanisms.

The plots of our sintering figure of merit illustrate why traditional hot-pressing
techniques have failed to synthesize dense, nano-crystalline, chemically heterogeneous
aggregates of silicon and germanium. The plots also indicate that conditions attainable in
our high-pressure equipment will succeed. There is no combination of temperature and
time at which the maximum stress generated by the low-pressure sintering commonly
available to researchers in silicon-germanium thermoelectrics will reach a dense state
without significant grain growth and chemical diffusion. The sintering figure of merit for
standard synthesis techniques is well below unity, meaning the chemical diffusion and
grain growth mechanisms are much faster than the plastic deformation mechanisms we
need to maintain our chemical diversity and small grain size. Hence standard techniques
necessarily lead to total loss of chemical diversity and nanostructure in sintered silicon
and germanium nanoparticles. The plots of the sintering figure of merit versus time also
show us that the experimental stresses attainable with high-pressure synthesis push the
sintering figure of merit well above ten, which was the arbitrarily chosen target to pursue
this experimental technique. A sintering figure of merit of 10 indicates that a diffusion
creep sintering mechanism will act to sinter a material ten times as quickly as a chemical

diffusion mechanism.
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Figure 5.5: Synthesis figure of merit vs. sintering time for the linear Nabarro-Herring model in silicon.
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Figure 5.6: Synthesis figure of merit vs. sintering time for the non-linear Nabarro-Herring model in
silicon.
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Figure 5.7: Synthesis figure of merit vs. sintering time for the non-linear Nabarro-Herring model in
germanium.
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5.3 Experimental

5.3.1 Synthesis

Bulk starting materials were acquired from several standard sources. Raw materials
included: commercially available nano-particle silicon (Sigma-Aldrich) with a particle
size of 60 nm, 10 nm germanium particles from the laboratory of Dr. P. Holder
(Northwestern, Illinois), and 200 nm silicon and germanium compounds mechanically
mixed in a high energy ball mill at JPL. These nano-particles, due to their high surface
area, were highly reactive and were stored and used in a glove box with a controlled
argon atmosphere. All sample loading, weighing, measuring, mixing, etc. was perfonned
under controlled atmospheric conditions. During the final stages between assembly
loading and pressing the packed furnace stack is no longer stored in a controlled argon
atmosphere. The stack is not airtight, but the sample is buried inside the assembly and

this brief opportunity for exposure has not resulted in any difficulties to date.

A 300-ton end-loaded piston cylinder device was used for the bulk of these high-pressure
experiments. A piston cylinder device compresses a sample assembly and resistance
heater by driving a piston into the cylinder wherein the sample assembly is confined.
Heating is controlled by varying the power through the furnace and correcting the output
with the use of a thermocouple inside the sample assembly and near the sample. The
tungsten carbide cylinder is kept in a compressive state of stress radially by press-fitting
into steel containment rings, and axially using a hydraulic end-load on our two-stage

press frame. Together, these steps greatly increase the load the cylinder can bear,



114

allowing routine operating pressures of up to 3 GPa for the 0.5” device and 2 GPa for the
0.75” device [100]. The main components of the press are illustrated in Figure 5.8. Most
of the components are steel; however the core and piston are tungsten carbide. Pressure
during synthesis was maintained with hot piston-in control [97], wherein the pressure is
brought up to the final desired load after the run temperature is achieved in order to
minimize frictional hysteresis resulting from piston retraction as the assembly parts

expand.
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Figure 5.8: Schematic diagram showing the pressure vessel components and major features of an end-
loaded piston-cylinder apparatus, adapted from Dunn [98].

The pressure assembly consisted of a CaF; sleeve with graphite furnace and bottom plug.
The space inside the heating cylinder and below the sample was filled with either MgO or
CaF, depending on the stage of synthesis. Graphite plates were used to contain the
sample volume; this barrier was necessary to prevent leakage of our powders,
contamination from assembly furniture, and contamination of our thermocouple. The
space inside the heating cylinder and above the top graphite disk was single-hole

crushable MgO, with a mullite sleeve protecting the axially-oriented thermocouple. For
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lubrication purposes, a thin lead foil was wrapped around the CaF, sleeve before insertion

into the cylinder of the piston cylinder press. Figure 5.9 illustrates this assembly.
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Figure 5.9: Piston-cylinder pressure assembly shown in cutaway view. The sample volume in these
assemblies is typically 5.5 mm in diameter and 4 mm in height. Sample heights of up to 15 mm were
experimented with in attempts to increase the volume of our synthesis experiments.

Pressure calibrations in the piston cylinder apparatus were performed by charting well
understood phase transitions in pressure-temperature space with our particular press and
methodology. The resulting empirical relation between sample pressure and oil pressure
behind the piston is in practice more accurate than any attempt to account for every
source of friction in the entire device [99, 100]. Our key calibration point is the quartz-
coesite transition at 3.1 GPa and 900 °C. In the absence of other calibration points we
assume a constant “friction correction” between the nominal pressure and sample
pressure. The thermocouple electro-motive force (emf) was not corrected for pressure

effects in our experiments, as the corrections are expected to be on the order of 10 °C [99]
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and not critical for our synthesis work. A Type C W5%Re —~ W26%Re axially mounted

thermocouple was used to read and control the sample temperature.

The high-pressure synthesis method has been refined over much iteration, resulting in a
two-step pressing technique. The primary pressing starts with loose nano-particles while
the secondary pressing takes the result of the primary pressing and finishes the
compaction, resulting in a monolithic sample of our desired volume and nanostructure.
Primary synthesis begins under an argon atmosphere. As nano-particle physical
behaviors are dominated by surface charge effects rather than gravity care must be taken
when handling them. Conventional weighing boat and papers build up static charge,
while molybdenum foil can discharge any buildup easily. Initial starting materials are
weighed out and loaded into a prepared furnace stack making use of molybdenum foil for
weighing paper and a purpose-built aluminum funnel for loading the furnace stack. After
the necessary volume of powders has been put into the furnace, the upper graphite plate
and MgO anvil are put into place. The entire furnace stack is then wrapped with tape, to
keep the top and bottom anvils in place, and sealed in a plastic bag for transit outside the
glove box. Once at the press the pressure assembly is prepared for pressing and high-

pressure synthesis begins.

The second pressing begins with the results of the primary pressing stage. The material is
manually powdered and loaded into another pressure assembly. Since the particle size is
approximately 60 pum the initial packing density in the furnace stack approaches 65%.

This particle size is three orders of magnitude larger than in primary pressing and allows
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a higher initial density in the powder compact. At this stage the particles are much less
reactive and extraordinary environmental precautions are not required. The loaded
pressure assembly is inserted into the press and the high-pressure experiment begins. The
pressure assembly for the secondary pressing makes use of thick graphite plates and
replaces the MgO below the sample with CaF, in an effort to assist in strain recovery as
the pressure is released [49, 101]. This coupled with the careful control of
decompression rate and temperature helps produce the largest volume samples and
minimizes the occurrence of the delamination cracks always resulting from primary

pressing [102].
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5.3.2 Characterization

Sample density was measured using three techniques. A geometric estimate of density
was used to confirm that samples had reached a sintered state during the high-pressure
synthesis. While geometric measurements are reasonably accurate for products of
standard hot-pressing synthesis in rigid containers, the quasi-hydrostatic pressure exerted
on the sample in a high-pressure synthesis experiment deforms it from a regular shape
that lends itself to the geometric measurement. Hence density of our irregularly shaped
products was confirmed by immersion in toluene and by imaging in a Scanning Electron
Microscope (SEM). The Archimedean technique of comparing weight of a sample in air
with weight of the same sample suspended in toluene is accurate for measuring the
density of samples with closed porosity. If A represents the mass of the sample dry, B
represents the mass of the sample immersed, p; is the density of the atmosphere and p,
the density of the immersion liquid (corrected for the temperature of the liquid) then the
density of the sample is simply:

A

Po=f1) + 01
A‘B{

5.7
Once our high-pressure experiments returned results of greater than 98% theoretical
density we turned to SEM to image the surfaces and confirm the surface was free of open

porosity. A typical image can be seen in Figure 5.10.
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Figure 5.10: SEM image of silicon nanoparticles sintered at high pressures (3GPa). Horizontal pock
marks are attributed to a polishing error, while the cracks in the upper left are due to internal stress in the
sample.

Scanning electron microscopy (SEM) was used to characterize the surface features of our
pressed samples and to explore the compositional and structural characteristics. The
microscope used (Geological & Planetary Sciences Analytical Facility, Caltech) is a LEO
1550 VP FESEM, equipped with in-lens SE, below lens SE, variable pressure SE, and
Robinson-type BSE detectors. Chemical analysis is performed with an Oxford INCA
Energy 300 X-ray Energy Dispersive Spectrometer (EDS) system. Structural analysis is
performed with a HKL Electron Back Scatter Diffraction (EBSD) system, including a

Forward Scatter Electron (FSE) detector.
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Scanning electron microscopy uses a beam of electrons scanned across the surface of the
sample in order to excite secondary electrons from the sample that are subsequently
observed in the detector. Imaging backscattered electrons is another mode of operation
for the SEM, using high energy electrons that emerge nearly 180 degrees from the
illuminating beam direction. BSE imaging yields an image that is sensitive to the mean
atomic number of each point in the sample. Figure 5.11 shows the interior of the SEM

chamber during an imaging session.

Figure 5.11: Interior of the sample chamber during imaging with the SEM. The objective lens and EDS
detector are visible at the top and top-right portions of the image. On the central stage is a silicon standard
and several of our pressed samples in epoxy. The silicon standard is fixed to the stage with graphite tape to
prevent charge build up under the electron beam.
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Energy Dispersive X-ray Spectroscopy (EDS) utilizes x-rays emitted from the sample
when bombarded by the electron beam to identify the elemental composition. When the
sample is bombarded by the electron beam of the SEM, electrons are ejected from the
atoms on the surface. The resulting electron vacancies are filled by electron from higher
shells and x-rays are emitted to balance the energy difference between the electronic
states. In EDS analysis the energy of the X-ray photons is determined using a biased Si-
crystal detector with a resolution of ~1.3 eV the entire spectral range from ~250 eV to 20
keV is collected simultaneously. The resulting spectrum contains a background of
bremsstrahlung X-rays together with the characteristic X-rays produced by the atoms in
the sample. This spectrum can be used qualitatively to identify the elements present or
quantitatively, with reference to standard materials and matrix correction algorithms, to

determine sample composition to ~1% relative precision.
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Figure 5.12: This image of the SEM sample chamber shows the stage tilted for EBSD analysis. The large
square detector on the right is the EBSD detector.

Electron Back-Scatter Diffraction (EBSD) or Backscatter Kikuchi Diffraction (BKD)
uses the incident electron beam to generate Kikuchi bands. The incident electron beam
produces a divergent source of electrons within the activated volume of the sample,
which interacts with the periodic charge distribution of the crystal lattice and diffracts
according to the Bragg condition. These diffracted beams generate the band pattern
where the diffraction cones intersect the detector. EBSD patterns can be used for crystal
structure identification, orientation, and grain fabric analysis. Figure 5.12 shows the

interior of the SEM chamber when configured for EBSD analysis. The box shape to the
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right is the EBSD detector, and the stage is tilted aggressively such that the diffracted

beams strike the detector array.

Samples were prepared for SEM characterization by mounting in epoxy and polishing the
surface. The surface was polished to a submicron finish with a variety of polishing
papers culminating with 0.25 pm diamond-paste on felt. An automatic vibratory polisher
was then utilized (Buehler Vibromet 2, with Buehler Mastermet 2 non-crystallizing
colloidal silica polishing suspension). The final polishing medium contains 0.03 pm
colloidal SiO; and the samples were polished for a minimum of eight hours, providing a

mirror finish.

Samples for transmission electron microscopy (TEM) were ion-milled to a thickness of
several nm and supported on graphite foil. TEM techniques allow observation of grain
orientation and atomic stacking. The TEM work was conducted by Dr. P. Holder II.

(University of British Columbia, Canada).

Electrical and thermal properties were measured at JPL using their standard techniques,
described previously (Chapter 2). Thermal conductivity, electrical conductivity, Seebeck

and Hall coefficients were recorded for several silicon-germanium samples.



124

5.4 Results

Initial experiments resulted in sample masses of approximately 50 mg. These materials
were mechanically unsound and easily parted into smaller pieces. The small initial
sample volumes were a consequence of working with nano-particles. Nano-particle
interactions are dominated by surface interactions, such as static charge. These particles
do not compact together well and any agitation will cause the powders to leave whatever
container they reside in. The second generation of high-pressure experiments generated
sample volumes of up to 0.25 g. The samples recovered typically delaminated into pieces
no more than 1.5 mm in height. While these samples were of suitable volume for some
electrical and thermal characterization, the persistent delamination suggested that
microscopic partings and fractures might be interfering with the bulk material property
measurements. Further iterations of the high-pressure techniques have resulted in
samples with heights of up to 6 mm. These samples are approximately 0.6 g, but

continue to suffer the delamination of previous experiments.

SEM imaging of initial experiments showed a high density sample with decompression
cracking but little pore space. Figures 5.13 through 5.15 show images from the first
silicon and silicon plus mechanically mixed silicon-germanium samples. The lighter
regions in the two-phase sample are the mechanically mixed silicon-germanium
compound, which still shows porosity in these images (Figure 5.15). Such porosity was
not apparent in the nano-silicon regions of those samples, nor in the entirely nano-silicon
sample imaged in Figure 5.13. The difference is due to the initial grain-size of the

starting materials. The mechanically-mixed silicon-germanium starting material has a
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grain size of at least 200 nm. For this material, the grain size may be large enough that
Nabarro-Herring creep ceases to be the dominant mechanism. The sintering figure of
merit may be much lower than for the 50 nm or smaller grain size in the nano-silicon
starting material. If these pore structures pre-exist in the silicon-germanium starting
material, and are separated from grain boundaries, then it is possible the Nabarro-Herring
creep acted to consolidate smaller pores within each grain. Such a mechanism would

eventually lead to densification, but may require larger strains to accomplish.

EHT = 10.00 kV Signal A = SE2 Date :11 Jun 2004
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Figure 5.13: SEM image of nano-silicon powder hot-pressed at high-pressures.
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Figure 5.14: SEM image of mechanically mixed silicon-germanium plus nano-silicon sample. Starting
materials were mixed in a 50-50 ratio, in this image the silicon-germanium mixture is the light colored
phase. Cracking observed is attributed to the high-pressure technique.
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Figure 5.15: Closer magnification of SEM image of mechanically mixed silicon-germanium plus nano-
silicon sample. Note the visible pores in the mechanically mixed portion, and the lack of porosity in the
nano-silicon regions.

EDS measurements on these samples showed pure silicon for the nano-silicon sample, as
well as for the darker regions of the two phase sample imaged here. The lighter region in
the two-phase sample show the large particles made up of SipgGeg 2 grains. There was no
germanium observed in neighboring regions. The only difference was the SiggGega
starting material was doped with 0.8% boron, which was not detected. Due to the weak
Ko X-Ray emission from boron being readily absorbed by the silicon-germanium matrix,
the boron content in our sample is well below the detection limit for this device. The

chemical heterogeneity and purity of the nano-silicon regions reflects the composition of
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our starting material and indicates that chemical diffusion was not very active during

sintering.

SEM EBSD analysis suggested that the resulting silicon material was crystalline with a
grain size of approximately 50nm. Under ideal conditions the EBSD technique can
automatically detect crystal orientation at a point in the sample and map the entire
surface. While a few points provided a strong enough signal to allow identification of a
silicon crystal structure, the kikuchi pattern was not strong enough to allow automatic
identification. Frequently the investigator would be able to make out 4 bands and one or
two nodes of the kikuchi pattern. This allowed some grains to be oriented, which
allowed the operator to assign a size to various grains. The grains identified by this
method were on the order of 50 nm in diameter, but the quality of the kikuchi information

was insufficient to generate an orientation map for the samples investigated.

Figure 5.16: TEM images of a nano-silicon sample. Note the individual grains on the order of 10-60 nm.
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Transmission Electron Microscopy was employed to confirm the crystalline nature and
the grain size of our sintered materials. Samples were ion milled to a few angstroms
thickness and supported by graphite foil. As seen in Figure 5.16, the sintered nano-
silicon samples are crystalline with a grain size of 10-60 nm. The rows of atoms clearly

indicate different crystal orientations between neighboring grains.

Density measurements by geometrical means indicated densities from 90% to 98%
depending on the regularity of the sample dimensions. The more accurate Archimedean

technique yielded densities closer to 99% of theoretical, as in Table 5.1.

Dry Wet

Toluene 0.8627 glem® (mg) (mg) p
Temp 23.2 c 659 412 2.297
Silicon 2.33 glem® 660 412 2.291
Observed 2296 g/cm® 660 412 2297
Percent 659 412 2.291
Theoretical 98.53% 658 412 2.303
Average 2.296

Table 5.1: Results of Archimedes density measurement of nano-silicon high-pressure samples. These data
are from a single sample of nano-structured silicon approximately diameter 4.3 mm and height 2.6 mm.
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5.5 Discussion

5.5.1 New Material Synthesis

High-pressure synthesis was hindered by difficulties in obtaining a monolithic material.
Delamination along the furnace axis was persistent through many attempts to eliminate
the feature, though progress was made. Several changes to the methodology were
adopted to minimize delamination in our high-pressure synthesis results. These
modifications were concerned with strain recovery within the furnace stack, control of
the decompression rate and decompression temperature to assist in strain recovery within
the sample, and exploration of systematic failures in the experiment design. Graphite
plates were thickened to absorb some of the volume change in the furnace stack, while
the bottom anvil was changed from MgO to CaF, to assist in the same purpose. Various
decompression programs were tested to judge the impact of temperature and
decompression rate on the final properties. Run logs for the press were scoured to
discover trends that might reveal a systematic error in our experimental procedure. These
efforts led to improvements over time, allowing the sample height to improve from under

a millimeter to 6.5 mm for single monolithic pieces of sintered material.

Our model of stress-driven densification gives at least an approximate description of the
necessary sintering times and the advantage relative to grain growth and chemical
homogenization. Guided by this model, our candidate synthesis conditions yielded
immediate results. The exercise also offers a simple explanation for the failure of

conventional techniques to densify these materials without homogenization, for any



131

combination of time and temperature. These results demonstrate the suitability of the
models selected, and allow us to choose new candidate process parameters with

confidence.

Massive volume change during the densification of the green body takes our technique
and methodology to the very limit. The separate but similar operation of the Getting-
design cubic multi-anvil device (see Chapter 2), with the same observed uniaxial failure
mode, confirms that the problem lies in the furnace stack. The bulk volume reduction of
more than 50% is one possible source of mechanical failure on sample decompression.
This volume reduction is typically accomplished by a 4% reduction in diameter and a
50% reduction in length of the cylindrical sample. Such anisotropic volume reduction
results in significant spring-back and relaxation along one axis regardless of the loading
state prior to pressure release. Efforts to re-powder and press these materials a second
time were intended to improve the green body density sufficiently to reduce the volume

and sample length reductions. We intend also to attempt immediate repressing without

re-powdering the result of the first-stage synthesis.

Reducing the total sample volume should also reduce the strain that the rebounding
furnace elements place on the sample during release and should minimize the temperatre
gradient experienced by the sample, another possible source of delamination stresses. The
furnace hot-spot is directly in the center of the sample pressure assembly. As one moves
above or below the hot spot the temperature drops off, eventually reaching 15 °C at the

water cooled top and bottom plates. This gradient is estimated to be at least 10 °C per
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millimeter at 4 mm from the center and 50 "C per millimeter at 15 mm from the center.
With a 15 mm long sample one cannot reliably say what the process temperature was
during the experiment because the experiment was not conducted at one temperature.
Similar modes of failure have been observed in other experiments conducted on the same
press and similar methodology. In these cases mineral samples were enclosed in noble
metal capsules within the pressure assembly. For experiments with overly long capsules,
delamination of the contents and tearing of the capsule has been observed. Such failure is
only observed if the capsule is greater than 4 mm in length. This may be due to the
thermal gradient along the furnace. We intend to attempt to synthesize large samples over
a region with smaller thermal gradient using the 0.75” piston cylinder assembly. This
assembly has a maximum applied pressure of 2 GPa, which may result in a significantly

lower sintering figure of merit for these experiments.

5.5.2 Application of the Sintering Figure of Merit

In order to generate candidate synthesis conditions one can refer to our sintering Figure
of Merit plots to generate the values for any combination of pressure, temperature and
time. For instance, in an effort to reduce the height of the sample in our piston cylinder
experiments a larger piston diameter was considered. The larger 0.75” assembly cannot
reach the pressures of the 0.5” assembly so our pressure variable was fixed at 2 GPa, the
practical limit of the 0.75” device. Our candidate synthesis conditions worked well for
synthesis of nano-structured silicon. Using conditions similar to the 3 GPa experiments
at only 2 GPa would result in a figure of merit of about five, compared to 15 at 3 GPa. In

order to improve the figure of merit at 2 GPa one must both decrease the temperature and
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increase the time. The figure of merit can be improved to about 7.5 if the experiment is
run at 800 °C for two months, or up to 10 if the experiment is run at 700 °C for twenty-
five years. Clearly these candidate experiments begin to look impractical for industrial
applications at 2 GPa. Our figure of merit calculation is just a tool used to ballpark,
successfully, our initial experiments in this system and for this application. The selection
of 10 or greater for our minimum requirement for the sintering figure of merit for our
candidate synthesis criteria was arbitrary and great value could be obtained from
discovering where on the scale from 0.1 to 10 the nanostructure is lost during sintering.
An immediate reward from this knowledge would follow if the threshold were below 5.
In this hypothetical case, experiments could then proceed just as swiftly at 2 GPa as they

presently proceed at 3 GPa.

Alternatively, changing from nano-silicon to nano-germanium would greatly improve the
figure of merit at any combination of time, temperature, and pressure. A sintering figure
of merit of about 13 is obtained at 2 GPa, 600 °C, and 22 minutes — very comparable to
that of the initial silicon experiments. The self-diffusion coefficient of germanium is
much higher than that of silicon, thus greatly reducing the time required to sinter the

material.

Our sintering figure of merit is a tool that provides a method of determining candidate
synthesis conditions, while accounting for the known boundary conditions for materials
synthesis. Due to the conservative assumptions of our sintering figure of merit, there

may be significant flexibility on the minimum value required to produce chemically
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heterogeneous and fully sintered nano-structured materials. One expects the behavior
near the conditions where our figure of merit equals one to be the most informative on the

quality of the model, though for this proof of concept a crude model has been sufficient.
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5.6 Conclusions and Future Work

Our experimental evidence demonstrates the suitability of high-pressure synthesis
towards not only controlling grain growth during sintering, but allowing the bulk
synthesis of nano-grained solids. To the best of our knowledge this is a new application
for hot-pressing. Most of the materials processing world considers our high-pressure
technique an ultra-high-pressure technique and quite at the opposite end of the equipment
spectrum from the thin film technology typically thought of with bulk nano-structures.
Sample volumes are constrained by the practical concerns of the press available. Our
present capabilities allow for a disk shaped sample 4 mm in height and 9 mm in diameter,
with a mass of approximately 1 g of silicon or silicon-germanium powders. Synthesis
runs are short, comparable with standard hot-pressing techniques, but with substantially
more preliminary and post synthesis work required due to the destructive nature of the
pressurization process. The pressure assembly used in this high-pressure technique is
sacrificed during the experiment, while the pressure assembly used in standard hot
pressing can be reused for many synthesis runs. Though this recurring operating cost
exceeds that of standard techniques, the high-pressure technique provides a unique

synthesis capability that cannot otherwise be duplicated.

Pure silicon, pure germanium, and composite (consisting of 50% mechanically mixed
silicon-germanium with a 200 nm grain size and 50% nano-silicon with a 60 nm grain
size) compounds have been synthesized. These materials were initially nanometer scale
powder compacts and after processing were monolithic, dense, solids with nano-grained

structures. These materials maintained their short range chemical heterogeneity and
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reached a useful density for device applications. Final sample dimensions approached

disks of 5.5 mm diameter and 6 mm height with an approximate mass of 0.6 g.

These techniques seem largely independent of peculiarities of constituent elemental
chemistry. Pressure synthesis is a popular and common technique in both metals and
ceramics processing. New structures for thermoelectric materials research can be
explored through the use of high-pressure sintering. Powders containing fast diffusing
species can now come to full density without resulting in long range chemical
homogeneity common to standard techniques. This high-pressure technique will be
limited to materials with similar thermal expansion coefficients and bulk modulus. Since
this is a high-pressure technique with capability to reach reasonably high temperatures
the resulting material will be subject to large internal strain if mismatched materials are
selected. While the rates, pressures and temperatures for different materials might vary
significantly, the technique should be applicable up to the limits of our experimental

apparatus.

Materials produced via this technique should provide insight into fundamental materials
behavior, as one composition can be produced at grain sizes down to the nano-scale.
Bulk three-dimensional nano-structure behaviors have not been explored for materials
that have previously only been prepared as nano-structured thin films. With easy access
to these materials, trends in materials properties that depend on grain size, such as

thermal conductivity, can be measured to greater extremes.
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As a result of this work, spinodal-like microstructures can be synthesized in materials
systems that do not spinodally decompose. Spinodal decomposition describes a phase
separation where the difference in composition between the products is small but periodic
throughout the structure [17]. This high-pressure technique can start with appropriately
sized particles of the two compositions and sinter the powder compact without losing that
chemical and structural diversity. Two-phase, small grain size, evenly distributed,
materials can be synthesized even when chemical diffusion between the two phases is
high and phase separation energetically unfavorable. Such structures could be the key to
the long awaited phonon-glass electron-crystal thermoelectric material. Using standard
synthesis techniques, attempts at this sort of construction, in systems where spinodal
decomposition cannot be used directly, tend to result in homogenous solid solutions. In
some pathological cases, or when the sintering temperature is much lower than the
melting temperature, the second phase can pin the grain boundaries and pore structure of

the first phase preventing densification entirely.

The immediate future holds improvements in sample volume, approaching the 4 mm
square by 6 mm tall physical dimension required for device synthesis. Furthermore
exploration of the sintering figure of merit parameters will be undertaken to determine
how high the sintering figure of merit must be to produce the results we demand.
Exploration near a sintering figure of merit of unity, where the mechanisms are predicted
to work at similar rates, should shed more light onto behavior of materials under creep or

high-pressure synthesis conditions. The longer term suggests expanding the work to

include other materials systems, MoS; and skutterudites, and building actual silicon-
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germanium devices using this process. There is much enthusiasm about synthesizing a
wide variety of thermoelectric materials using this technique. Many theoretical two-
phase systems suffer from inter-diffusion during traditional densification routes.
Providing a quick and reliable means to prepare such systems in reality has opened many

opportunities for future advanced thermoelectric materials research.
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Chapter 3: Ce,Co4Sby,
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A.2 Appendix 2
Chapter 4: Ce(Ru0,67Rh0,33)4Sb12
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A.3 Appendix 3
Chapter 5: Nano-Si, Ge, SiGe



L€ Xipuaddy

0661 '8201-02016d "G/ 10N “1siBojessuiy uestswy ‘YouH W'D Jeuadien v J8dBM " . 'Siuswipedxe ainssaid yBbiy Joj S80iASP IAUBIINL ) suoneoyduwis awosg,
‘5861 484010 ‘2€.-6246d ‘0L "ON 'Z| 10A ‘siepe uoiessay |eoishydoss

‘BINWOWIYS "O '0lowly 'S '1BOBMY " ‘NESNG T ,'UOREIPBI UOH0IYIUAS Buisn sjuswainseaw Aes-x Njg-u] O8DED Ul UOIIBULIOSURS) BYYSA0Iad-jouIeD),

1661 '0011-26016d '9/ joA ‘IsiBojesouiy uedLaWY “Jo3BAA PIARQ ,‘S90IASP [IAUBIINW W uoisioaid pue ‘Bunsysed ‘uolyeongn-,

1661 ‘ssaid Ansieaun eBpuqued : 3o meN ¢ [pug|Buz] abpuqued Jeuiod jned uesr ,ouielu] s,ypeq 3y} Jo so1sAld sy 0} uononposul,

spoyisw [ejuswiiadxa ainssaid YBIH pue IAUBRIN}Y 10} 81y XU ‘deain BuiiieH-olieqepN 1o} 1s| RERIEYEEY

‘Sigj8uioueu 0g Jo Japlo sy} uo szisuielt e yym ajdwes asusp Ajny e ui Bunnsal “Siedjeq ay)

ul 1sea| Je s| A10aY} UNno Jey} PaULILUOD SBY UOIIS S[BISOUBU UO Juswiiadxs isuiy INQ  'sisayjuhs

INySS90NS € 10} SWIl pue ‘d ‘| ul sbuel abie| e eney asImMa)|| oM Wniuewsb 10 1oL BINJONI)S

9|eds oueu yym sjdwes asuap Aj|n} e uieje 0) Joadxe am yoIym Jopun sainssald pue sainjesadws)

Jo AauieA e oABY 8m UODI|IS 10} Jey) 99s am SAep ¢ 0} ssjnuIW G| Jo sauwll sisayjuis sjgeuoses.

Buiye | ‘suoneinoles uno Aq pajoipaid se siseyuhs s|eusjew Joj aie sjebie) uno ajaym sn smoys
SlyL “swi L Buusjuig "sA s Jo 21nBi4 Jo sjoid no oyl peddew 8¢ UBD 3U0Z UOJWI0D

‘01 40 $S80X® Ul Jlusw Jo aunby & yoeas ued sessaud Yooy e ay) Ul s|qeue)e sainssald 8y} ISesuoo
Ag "sseo0id Buusiuls ay) jo Jinsal e se ymolb uielb uebyiubis yum snousBouwoy Ajlesiwayd aq
[ [eLisjew Buninsal ayy pue Buusjuis psonpur sinssaid ueyy 18]Sk} yonuwi st uoisnyip [eslwsyd
Buiuesw ‘suo mojeq |jom aie sUOKIPUOD Tdr By ‘[euslew asuap e Buiyoeal sjym Aysioaip
[BolWaYD ulejulew uonoedwod sy [im sseid Jdr sy} Ul suopipuod Buusiuis piepuels ay} [Im st
pue ainjesadws) JO UOHBUIGIOD OU JE Jey) SN S|j8} OS[e JIaW 4O ainbiy sy ‘(Joineysq uonoedwod
8y} Sjeulwop o} Busuis psonpul ainssaid j0sdxa ued am Bujuesw ‘@1eJ uoIShyIp 8y} se
1sej se sswi usy si ajes Bupsiuis ayy) sesodind Ino 1oy poob si | Jo Jusw 40 aunbyy e jey) pepiosp
SA2M 8JayMm ‘swy Bulisjuis oy} o} swiry UoISNPIP BY} 40 oljel By isn( si Wawi jo ainby ino JisW Jo
aunby uno arocidwi AjesiB am pue ejes uoisnyp sy} 0} }oedsal Yum ajel Busiuis ayy ssjelseooe
wiis} uis oljoquadAy ayy se sbejuenpe Jno o} SIOM SIy | “uonejel Jesulj-uou a8y} esn 1snw
oM s|eosed Lv0) sayoeal ssaud 1dr 8y} uane aouis ‘Buipjoy Jo adoy Aue aney o} uojewixoidde
U} 104 Sjeosed 01 0 £v0 1 Pa8oXa Jouued ainssaid Jno OO0V 18 +1°0 0} D00 18 280
WoJj SaleA |3 80UIs ‘|3 >> AO uaym Ajuo spjoy swibes Jesul ay] ‘sainssaid SISBUJUAS Ino 1B
souepuadap ainssaid Buouis B SMOYS pue ‘oses SAISNYIP By} Se a|dwis se jou si Bupsjuis peanpu
ainssaid ayy ‘(swnjon Atepunoq uielb o) uoseledwod ul o eads 0} 3|ng yonuw jou) ainjonus
S[E0S OUBU B UlBjulew 0} 8J1S8p ino pue sejoued-oueu ypm Uolduwinsse 9|qeuoses) B ‘UOISNYIp
Arepunoq uieib uo Bunesussuod pue uoisnyip ying Bunoub; a,em aouls JuejSU0D uoIsnyip @s pue
92| ulelB JO 10joB) B S| MOJ LOISNYIJ MO} JeY} Ydeal O} WSIUeYoaWw MOJ} yoes saxe) Il awl ay)
Buledwoo pue uoie|noles Jno ui yyBus| JNsLSIOBIBYD BUO Bupie) a1,9pn winuewush pue uooyys
1o} Ainuenb umouy e ‘JuBISUOD UOISNYIP |8S BU} SI [BPOW SIY} Joj palinbal Juesuod sjeusiew ay |
‘Buuisjuis Buuinp moyy sy} aquosep o) pasn sem desi) 40 [8po|y BuiisH-oLueqenN ay |
“OM ainjonsisoueu 99ig Aleulwijald JO MAIAIBAQ

L'¢ Xipuaddy



L€ xipuaddy

'asa3 yiim dew iyonyiy ay) anjosal Ajjeofewolne o} painbal aq [jIM 8oeLNS Jouy & 0} Buiysijod [eoueyospy

‘puey Aq ‘suosoiw ¢g 03 umop Ajuo ysijod IS
Jood sem Aysuap Bunioed usaib pue piemyme sem sejoiedoueu sy Buipuey ‘Bugg jnoge sem azis s|dweg

sain|ied Juswuadxg 1sii]

‘PaAsdiyay :3dasuod Jo jooud
S)oeId uoissaldwoosp Buoje axoiq pue jjews Ao siem sojdwesg
%G+ B UM S[eL] ¢ Jan0 AjIsusp %866
evwio/B ze Z Jo Alisusp e aAIesqo am Juswiainses Aysusp sepswiyoie ue woi
‘osuap Ajiny Buneadde ‘soepns UODI|IS 244 PIOA B 9AI9SGO oM W3S wol4
"WUQG 18p1o 8y uo azis uielb ypm nsel suljjelshio e sajedipul siy |
"WuQg Jo a(eas yibus) e uo Aiea Jeyy sulsped 1yonyy SAISSqO am asg3 wol4
‘s|dwes uoojjis aind e 83s am g3 Wol4
s}nsay Juowiiadxy jsii4

sajnuiW | pue ‘edoHg ‘069 JO SuolIpuod salinbal wniuew.an)
sajnuIW 1 pue ‘ed9D¢ ‘00001 J0 suonipuod sainbai uosg
‘yosyed je sjuswiiadxe Jayuny 104 suolIpUOD Jobie) Jusing ey

sainjesadwsa) ybiy Alieinonied Jou edOg UsAS Yoeal 1,UPsU BM ‘BUOZ Hojwioo abiej Aiap
pappe juswwiadxa ainssaid jsejes ‘swnjoA jsaybiy Buimoys auj| edo¢
WiniuewJac) Jesur-uon V# 10id
sainesadws) ybiy Aenonied Jou B4HE UBAS Yoesl J,UPeasU am ‘BuoZ Uojwoo able| Aiap
Pappe juswiiadxe ainssaid jsees ‘awnjoa 3saybly Buimoys sull e4oe
UODjIS Jeauli-uoN ¢# 101d
S|qeIA yos)eD Je sissyjuAs awnjon ablie
aimonnsoueu Buinieseid Joj sssjadoy ||is sisayjuAs Jdr
(19yuis|y jo ssneoseq) Juepuadep ainssaid A|Buons JUSIA JO 8inbi 4
[2PO Jesull-uoN C#101d
Jusw jo saunbly yesib 0s Jou saey syuswiadxe swinjon ableq
1o} Bupioo; asem Jusw Jo ainbyy oL < 8y ojul Seyoeal BdSPL
Bulsjuis uoisnyip Aq pejeuiop si siseyiuAs Tdr
Ju8w Jo ainbyy sanosdwi sinssaig
[2PO Jesul L# 101d

L'€ Xipuaddy



L0-362°L

L0-38¢€°L
LO-3L¥'L
10-38G°1
10-304°1
L0-368°L
10-320°7¢C
L0-32¢¢C
L0-38%'C
10-308°¢C
L0-3¢ce
10-38L°€
L0-38SY
10-308°G
BJoG10

€0+308°L
NC

00+346°C
L0+342°¢C
¢0+3d62°¢C
£0+39C°¢C
#0+380°2L
90+3¢29°¢C
80+3L6°L
0L+30v'E
eL+3L0'¢
91L+3.2°9
Lg+38L°¢
12+366°¢C
9c+3d89°L
6y+3L6Y
awy
Bupsug

69LFYL 0
25686¢L0
#£6921°0
Z1E8BLLO
16010
¢801L0L0
Goree0 0
¥8E800
€26.00
€19990°0
662500
8/€6+¥0°0
9.0+0'0
R ARAAN]

B |
Lo-arge  9L-309°2
go+3ZL'e  LL-A0Z'€
Lo+3LE'€  8L-AL6'E
Zo+3APL'S  6L-IV6')
¥0+302°L  1LZ-30E€'8
go+3e8'y  22-3.02
0+368'€  ¥2-309'C
60+395°.  9Z-3Z¢')
ZL+386v  62-310°C
9L+39/'L  €€-30.'S
0z+3L0°L  lE-3EPL
lZ+3ELL pP-aFE'S
ge+369°L  ZS-30E')
6v+358°'7  99-31G°C
swiy Is g
uoisnylq

Bd 80+305°}

Z'¢ Xipuaddy

(s} suny Bupeyuig

awi] Buusulg  awi) uolsnipg

Z'¢ xipuaddy

g0+3'L /0+3'L 90+3°'L G0+3'L vO+3'L €0+3'L CO+3I’) LO+3°L
,W | 1 | | w —\.O
ﬁ
N . e L
Y X
\ — X o
e N\
= e 001
000Zk— 0000k — |
2008 ——  BdO¥| e BdOG e | IS Bupliaq-olleqep Jeauin
BdDG C e BdO| ammm B4OGL0
el 006 -
€201 008
£46 002
€8 009 €0+3.6°¢C
€L 005
€49 0o¥ MIow /[ €2-38E°} WAS GO-3vLI98 A
€19 0og ajgeleA () dwa] 1
eLY 00z a|qeuen (ed) ssais o
€L8 00l zZl jow/g W $0-30Z°1 A
OGhdwep  (0)dway si9jeL 80-300°) P
ssolg low/| £2+320°9 OAYN




L0-362°1
10-38€°1L
(J0p= VA
10-385°L
10-30L°L
10-358°})
L0-320°¢
L0-dcee
L0-38¥¢C
10-3087¢C
10-32C°€
10-38.L°¢€
L0-38SY
10-308°S
EJSSI0

v0-3..L°8
€0-350°¢
¢0-3.L2'L
20-38¥'9
L0-32€¥
00+300°%
L0+399°G
€0+36¢€°L
yO+3dEC L
L0+390°L
60+316°9
eL+306v
6L+3a¥T L
L¢+3.L6°C
awil
Buusyuig

¥0-3€L°L €1-328'8

y0-302v  €1-I8ET
€0-398'L  p1-38EG
z0-3z0'L  GL-38/'6
zo-ave'l  GL-39¢)
L0-36€°L  9L-35¢°)
Lo+3aPL L 8L-39L'8
Zo+30L'€  6L-3ETE
vO+36L°L  1Z-386S
90+396'Z  €Z-38€E€
60+3€2C7  9T-38F ¥
£L+304°L  0£-368°S
8L+399G  GE-3LL)
lz+#32LL pP-308°G
awnj 89 *°q
uoisnyig
ed 80+305')

Z'¢ Xipuaddy

(s) swn) Bunajuig
80+3'L L0+3°L 90+3'L S0+3'L y0+3°L €0+3'L co+3’L Lo+3'L
L 1 i Il Il —‘.D
=)
=
&
BAE _.. [=]
Y AN A :
3
@
=3
g
// N oL nm
=]
3
(1]
EdOS| () e 200L —
001
2009 — 2006 — B4V | e
€28 BdOG e  BJOGE IS pu— 99 U1 99 Jeaul] H-N
€45
€LV 00zl
giEL 0041
€Lzl 0001
eLLL 006
€201 008
€46 004 o8s/zyWo (1H/0/62-)dxeg /=a
€8 009
€L 005
€49 00¥ MIouw/ £2-38¢'1 /A2 G0-3rLI9'8 X
£L6 00¢ slqeleA (y) dwe 1
el 00¢ a|qeuep (ed) ssals o
£L€ 00l zZl jow/gyW §0-30Z°1 A
G dwel (D) dwsay si9leW 80-300°1 P
ssang [ow/} £2+320'9 0NN

Z'¢ Xipuaddy




L0-362°L
L0-38¢°1L
10-3i¥°L
10-385°}
L0-30L°L
L0-3G8°L
10-320°¢
L0-3¢CC
10-38%'¢
10-308°C
l0-32T€
10-38L°¢
L0-38SY
L0-308°G
EdDS10

¢0-388°L
¢0-36S'S
L0-306°L
L0-3¥8°L
00+390'v
10+308°¢C
¢0+36.C
€0+305'v
Go+36¢€’L
20+390°}
60+3.6°C
ZL+3€L9
LL+3LEE
Fe+3rs'9
awilL
Buusiuig

€0-3Pr'C yL-30L'%
€0-3r9'L vi-3ie’l
¢0-308¢ GL-386°¢
L0-3¥2°L 91-360'8
10-306'9 91-35¥°L
00+39L'G LL-3v6’L
10+329'G 81-384°1
€0+300°} 61-300°|
PO+3¥'E Lg-316'¢
90+396°¢ £2-48E°¢E
80+3659°6 G2-3¢0°L
cL+32eeC STAE 4% 4
LL+325° L €-36G°9
$2+308°€ Lp-3EQ°C
swi] 1S °°q
uoisnyig

ed 80+306°}

Z'¢ Xipuaddy

£l
€L
eyl
€LEL
€Lzl
el
€401
€16
€.8
€Ll
€19
€45
el
€L€
7))

80+3'L 20431 90+3'} Go+3'L y0+3°L £o+3'L 2o+’ Lo+3'L
1 Il Il L 1 F .o
N N Y ‘ 4
r| % // // | O—.
E4DG] () e 2 00L—
00l
2 009— 2 006— BdOY | e
EdOG e B49OGE BdO | e IS Ul 89 1eaulT H-N
00zt
0041
0001
006
008
002
009 09s/Zy WO (14/66'2-)dX9,920 0=
005
oor Y [oW /[ £2-38€"| WA®S §0-3rL19'8 b
00€ alqeneA () dwe) 1
00Z s|genen (ed) ssais B}
0oL Zl [ow/EyW §0-30Z' L A
dwey (9)dwap sisjaul 80-300°} p
ssang [owy/} £2+320'9 OAYN

Z'¢ Xipuaddy




L0-30€°L
L0-38¢€°L
L0-38¥%'L
L0-385°1
LO-3LL)
L0-398°IL
L0-3€0°¢
L0-3vce
L0-3L6¢2
L0-3¥8°C
L0-342°¢
L0-348°€
LO-IvLy
L0-3rl 9
EdSSLD0

00+396°¢
L0+39¢°¢C
20+38¢'¢C
£0+3G62°¢C
#0+350°L
90+309°C
80+306°L
0L+3.€€
€1+366°L
91+361°9
Le+3avl'e
L¢+3T6°¢C
9e+329'L
6P+3rov
awiy
Buusiuig

Z'¢ xipuad

L0-3r8e 91-309°¢
00+3Z1'€ 21-30Z°€
Lo+3.E°€ 81-3.6C
c0+3arl’s 61-3¥6°L
¥0+302°} Le-30€'8
S0+3c8'¥ 22-3.02
L0+398'€ $2-309°C
60+395°L 9¢-3e€’
clL+386'v 6¢-310°¢
9L+39.°L €e-30L'G
02+310°L Le-3EV'L
Lg+3EL’L PP-are’e
GE+I69°L ¢5-30€°L
6++358°¢C 99-319°€
swiL IS ™q
uoisnyig

Bd 80+309°}

dy

(s} suny Buueyug

80+3'L L0+3°L 90+3'1 go+3'L #0+3') co+3’1L c0+3’'L LO+3'L
T | ! I 1 H _\O
=
H
— P — — / - F m.
|
E]
-
®
2
g
= = ) o ol .m
N
\/ —— 00}
20081 — 20001 —
2008—— Bd49DSL0 BdO | emmmm IS Bulllay-oldieqepN Jeaul-uoN
BdOE s EdOGmmme  BOG € mmm— |
el 006 - - -
€201 008
£.6 00.
€48 009
£l 00§
€49 00v MIow /r £2-38€°) NS G0-ILL9'8 A
€45 00¢ a|qereA () dwe] 1
£ip 0oz 8|qenen (Bd) $se.8 o
£l€ 00l Zl [ouwyg,W G0-302°L A
(M) dweyl (D)dwsy siSjoW 80-300°1 P
ssalg [owy| €2+320°9 oAvN

T'¢ xipuaddy




8L'L/e
8L'/¢C
8L¢C
8¢0
€00
000

SINOH

10-30€°}
L0-38¢°}
L0-381°1L
10-389°1
1031l
10-398°L
L0-3€0°¢
L0-3vee
L0-316°¢C
L0-3¥8°C
lo-3.¢¢
10-3.8°€
LO-3arly
L0-3vL9
B49510

1990991
L99°9991
1999991
L9989'9]
21999997
£99991°0

saINUIN

¥0-3r.L'8
£0-30°¢
20-39¢°L
€0-39v'9
L0-30E¥
00+386°€
L0+329'S
€0+38¢€°L
#0+3G1°L
L0+3v0°L
60+328'9
gL+36E'Y
6L+361°L
le+318¢C
awij
Buusyuig

0000001

00000}

00001

000l

00l

oL
spuodes

¥0-3€1°1

¥0-30Z ¥
£0-398'1
20-320°'1
20-3v¢°L
L0-36€°L
LO+3PL'L
Z0+304'€
$0+36.°)
90+396'Z
60+3€2°C
g1+30L'}
81+399°G
lz+3TLL

awi|

uoisnyig
ed

€L-328'8
c€i-38E'C
¥1-38€'S
GL-38L'6
Gl-39¢'}
91-35¢’}
81-39.'8
61-3eC'C
12-389'S
€¢-38€'E
9g-38¥'v
0¢-368'G
Ge-3LL°)
¥P-308°G
99 *°a

20+306°1

| 80+3'L L0+

Z'€ Xipuaddy

I 20+3’}

(s) awnL Buusyuig
G0+3'L 0+3'L

€0+31  z0+T'L  L0+TL |
, n 1’0 |

N

e

Y

——— 00l

88|/ /
0001

=

awn) Buuajuig / awi) uoisnyiq

2009 — 200L— BAOE wmmm |
L 8dO} e BAOG) Qmmm EAOGE @9 BulisH-oL1eqeN JEBUIT-UON |
€l — - _
ST 0ozl -
€81 00L )
£LZ1 0001
€LL) 006
€201 008 (Ly/AC)YuIs =
€/6 002 298/Zy W0 (Ly/026°2-)dx8g =0
€8 009
€11 00g
€19 ooy M oW/ P €2-38¢°L M/A® G0-3FL1L98 3
€L5 00¢ ajqeueA (M) dwal L
eLv 00z a|qeuen (ed) ssang o
€L 001 zZl [ow/gyW §0-30Z°} A
Of) dwe] (D) dws] siajew g0-300°} p
ssang oWy} £2+320°9 OAYN

Z'€ xipuaddy




Z'€ Xipuaddy

Lo+3.€°L 00+39%'C 8L-3.6'C OL+30¥'L [L0+365L <0+36S 'L Lg-3€'8  OL+30F'L [LO+388'L 90+3S0C +#¢-3G1G6G'C O0L+30F |
00+306'F 00+388°9 8l-3/.6'Z 60+300°¢ |00+3.9'G €0+3IZLC Lg-3€'8  60+300°G [00+3E€L'9 90+3EL'S ¥2-IGLG6GC 60+300'G
00+3Je¥'€ 00+3286 8L-1/6'C 60+30G°€ [00+3L6'€ E0+3JE0'E lg-3€'e  60+305°€ [00+3LLy 90+36L'8 +2-3GLS6G'C 60+30GE
10-308'6 LO+3aFPF'E 8L-3.6'C 60+300°L [00+3EL’L #0+390°L lg-3¢€'8  60+300°L [00+3GE°L L0+398'C +C-3G1S6G'C 60+300'1
L0-3.i¥'L <20+362°C 8L-316'C 80+30G°L [L0-30L'L +#0+380°L lg-3€'8  80+30S°) [L0-320°C 80+3AL6'}L +2-3G166G'C 80+30S'L
20021 awng IS Pa §89418 20001 awi| 1S *a ssalig 008 awll IS *q ssalg
Buusjuig Buusjuig Bunsiuig
€Lpl oozl glel 000l €401 008
(M) dway (D) dwsl (M) dway (9)dwsy (M)dwel (D)dwal
00+320°€ 1L0-3/Z°1L L03ree  91-3092  £.9) oovL 10-3€9'8 L0-3SP't 10-Iree  91-3097 €191 00F |
00+312'€ LO-32.'6 00+32L'€  L1-30T€ €461 00¢l L0-38)°6 00+30v'€ 00+3ZL'e  LL-302€ €61 00€l
00+3ESP'€ 00+3Z28'6 L0+3ice  8L-AL6Z  £iPL oozl L0-308'6 LO+3pp'S 10+3L8€  8L-AL6T  Cibl 00Z1
00+389°€ Z0+30p'L 20+arL's  6L-APEL  €LEL 00k 00+3G0°)L Z0+368'v Z0+3rl's  6L-A¥6'L  €i€L 0011
00+3/6'€ €0+3E€0'€ #0+30Z'L  12-3068 €2} 0001 00+3€L°L P0+390°L ¥0+302°L  1Z-30€8  €LZL 0001
00+3LE'v GO+3Z)'| SO+3E8F  22-3.02 €441 006 00+3€Z°L GO+3J26'C S0+3e8y  22-3.02 £ 006
00+3LLv 90+361'8 20+358°€  $2-209C €04 008 00+3SE°L 20+398'¢ L0+358'€  $Z-309C  £L01 008
00+36L°G 60+39p'| 60+396.  92-3Z&| €6 00.L 00+38F°L 60+30L'GC 60+395. 9Z-32¢L  £/6 00.
00+36.°G L1L+3098 Z1+386r 623102 €8 009 00+3S9°L ZL+3L0'C ZL+3g6ey 62-310C  €/8 009
00+3EG'9 GL+369'C 9L+39L1  ££-30L'S €L 008 00+3/8°L SGL+30¢'6 9L+392°L  £€-30LG €L 005
00+31S°/ 6L+3PE6 02+3L0L  L8-3e¥L €49 00% 00+3¥L'Z 02+3.2°¢ 0Z+310°L  2g-3e¥L €49 (o] 4
00+328'8 92+38Z'| LZ+3EL’L  ¥p-I¥E8 €46 00¢ 00+326°Z 92+36v'F LZ+3EL'L  vHaPE8 €4S 00g
LO+3/0°) vE+3LZ /. GE+369L  26-30€°L  £iv 00z 00+3S0°C GE+32G'C Ge+369. 25308t  Si¥ 00z
LO+3GE’ L 8p+30L'C 6v+398Z  99-319C  €i€ 0ol 00+3/8°C 8p+39€/ 6¥+358Z  99-3I5C L€ 001
BJOG ¢ awnL awiy 1Is™a (M) dway (0)dwsy EdD awily awiy IS Pq (1) dwa (D) dwayl
Buusiuig uoisngiq Bupsuig uoisngig
ed 60+305°¢ ssals ed 60+300'} ssaus

Z'¢ xipuaddy




Z'€ xipueddy

LO+3L€°L #0-99€'L #1L-38€'S O0L+30%L |L0+36S'L €0-3€9V GL-39¢°L 0L+30%') |L0+388°'L 10-390'9 81-366.G.8 OL+30¥'L
00+306'¢v +v0-308'¢ ¥1-38¢'G 60+300°G |00+3.9'G <C0-30E'I GL-39¢°L 60+300°G [00+3d€L'9 00+30L°)L 81-366.6.8 60+300°S
00+3ev’'e ¥0-32¥'S ¥IL-I8E'G 60+30S°€ |00+3L6°'C 20-3G8°L GL-39€°L 60+30S°¢ (00+3LLP 00+3EP'C 8l-3G6.S.8 60+305°¢
L0-308°6 €0-306°'L ¥1L-948¢€'S 60+300°} |00+3EL’'L 20-38¥9 G1L-39¢°L 60+300'} |00+3dSE’L Q0+3J6¥'8 81-356.G.8 60+300°L
L0-3¢°L 20-3.2°L ¥1L-38¢€'G 80+30G°) |1L0-30L°L LO-3EEV GL-39¢°L 80+30S'} [LO-320'Z LO+399'G 8l-356.G.'8 80+305'L
2004 swlL 89 *°q ssalls 0009 swl] %9 *°g s$salls 2008 awill 99 °°g ssallg
Buusiuig Buusiuig Buleug
€16 00L €/8 009 e/ 005
(M)dwa] (o )dws] (M)dws) (D )dwsal (M)dwel (D)dwsl
00+320°€ G0-39/.€ ¥0-3ELL  €1-3288  €L9) 00% 10-3€9'8 #0-JL€L vo-3ELL  €1-328'8 €491 00vL
00+3L2'€ vO-9LE'L #0-30Z¥  €£1-38ST €461 00g ) LO-J8L'6 #0-38GP v0-30zF  €1-38Z €461 0ogl
00+3SP'€ $0-J2P'S €0-398°L  pI-IASEG  €Lv) 00z} 10-308'6 €0-306°L €0-398°L  ¥L-IBES  ELbL 00zl
00+389'€ €0-38/'Z 20-320°L  GI1-38.6 €€} 001} 00+3S0°L €0-3J€/'6 20-320°L  GiL-I8L6  £IEL 00}l
00+3/6'€ Z0-JG68'L 2Z0-3reL  S1-39EL  €L2) 0001 00+3€L'} 2Z0-38y'Q zZoaAPEL  GI-39EL  £LZ) 000}
00+3L€¥ LO-JLLL Lo-36SL  9L-ISEL  €LLL 006 00+3€Z’'L 10-300°Q l0-36cL  91-3SEL  ELLL 006
00+3L.F 00+3EP'Z L0+3rLL  81-392'8 €01 008 00+3SE'L 00+36F'Q L0+3PL'L  81-39L8 €204 008
00+361°S L0+3.6'GC 20+30L'€  6L-382E €6 00. 00+38F'L Z0+3B0'Z 20+30L'E  6I-ETE €16 00
00+36/°S £0+30L'C ¥0+36L)  1Z-386'G¢ €8 009 00+3S9'L P0+380°L v0+362'1L  12-I85E  £48 009
00+3JEG'9 GO+3JEG'y 90+396'7  €z-a8EE €L 006 00+3/8'L 9Q0+36G| 90+396'Z €zZ-38CE  EiL 00§
004315/ 90+3/8'C 60+3cZZ  9z-IA8WP €9 o4 00+3¥l'Z 60+3F0°L 60+3eZZ 9z-38Y¥ €29 00¥
00+3Z28'8 ZL+3E6'L €1+30.L  0€-368G €6 00€ 0043252 ZlL+3p.'9 €1+30L1  0£-368'G €L 00¢
LO+320°L ZL+30€'G 81+3996  Ge-3LL'L  Elp 002 00+3S0'S 8L+3G8’ | 81+3I00S  §€-3LLL  Eiv 002
LO+3GE L 9Z+3/42°L LZ+32LL vr308'S  £LE 001 00+3/8'€ 9Z+39¢'p Lz+32LL  vP-I08G €€ 00l
BJOG € ewl] awlj 89 *9g (%) dway (0)dwa) EdDl awi| awi) a9 *°g (%) dws] (0)dwe)
Buusjuig uolsnyiqg Buusiug uoIsnyiq
Bd 60+306°€ ssang ed 60+300°} ssang

Z'€ xipuaddy




Z'¢ Xipuaddy

LO+3.€'L €0-3P0°Z G1-38G'€ OL+30F'L |LO+36S°L <0-3SEV gl-3st'L  0L+30%')L |LO+388°L 00+366'CZ 8L-3998..°L OL+30¥'L
00+306'+ €0-31LL°G SL-38G'€ 60+300G |00+3.9°G LO-3CC') gl-3s¥’'L  B60+300°G |00+3€L°9 00+39€'8 81-3998..°L 60+300°S
00+3EF'E €0-3GL'8 G1-38G'€ 60+306°¢ |00+3L6'C LO-IPL) 9lL-3s¥’'L 60+30G6°¢ |00+3LLF LO+T6L'L 81-3998..°L 60+309°€
L0-308°'6 Z0-398'C GL-I8G'€ 60+300°L |00+3€L’} L0-3809 9L-36+°L  60+300°L [00+3SE’L LO+38L'v 81-3G98.7°L 60+300°)
LO-3.% L L0-306°L GL-38S'€ 80+30S°L [L0-30L°L 00+390°F 9L-36%° L 80+30G°)L |1L0-320'2 20+36L°C 81-3698..'L 80+305°L
2002 auwn] IS °°a ssals 9009 awi] IS °°g ssalNg 2 008 swi| 1S *2Q sS2.418
Buusjuis Buusiuis Buusiuig
€6 002 £.8 009 €L/ 00¢
(M)dwa] (D) dwsal (M)dwa] (D) dwal (M)dwel (O)dwsl
00+3J20'€ ¥0-380'8 €03arrz  FiL-30LY €291 0% 10-3€9'8 €0-3£8'C €0-3Prz  v-30LY €91 00vL
00+3JLZ°€ £0-38E'Cc €0-IPeL  wi-FEL €L5) 00gL LO-38L'6 €0-3EE'8 €0-3v9L  vL-IeL €461 00E}
00+3E€F'€ €0-361L'8 20-3087  GI-I8SE  ELvl 00Z1 L0-308'6 20-3697 <0-308'CT  GL-I8GE  E€Lvl 00Z1
00+389°¢ Z0-39g'€ 10-a¥TL 913608 €LEL 0oLl 00+3S0°'L LO-38L°L lo3TL  91-3808  ELEH 0041
00+3./6°€ LO-IFLL L0-2069  91-3S¥L  €L2) 0001 00+3€L°'L 103809 L0-3069  9L-ASYL  €L2) 0001
00+3LEP 00+30Z'L 00+39L'S  Z1-3v6'L €11} 006 00+3€2'L 00+30Z'¢ 00+#39L'S  LL-3¥6'L  €LL) 006
00+3LL'F LO+36L°L P0+3296¢  8L-IBLL  €L04 008 00+3GE'L LO+38L'p 10+3296  8L-38LL €201 008
00+361'G Z0+3E6'L €0+300°L  61-300°L  €L6 00L 00+38%F° L Z0+3pL'Q €0+300'L  6L-300°L €16 002
00+36/.'G €0+366'G vo+ark'c  12-316T €18 009 00+3S9°L $0+380'C vo+apy'e  LZ-II6T €48 009
00+3€S'9 GO+3EG't 90+396'CZ  €-I8EE  €LL 005 00+3/8°} 90+3J8G'L 90+396Z €z-IBEE  €£LL 005
00+31G/ 80+3/Z'L 90+3856  SE-3%0°L €9 00¥ 00+3FLZ 80+3GH'p 8043556  G2-350°L €49 0¥
00+3Z8'8 LIL+3E9'C 2L+3Ze2  BZTIEY €L 00g 00+325°Z LL+30Z'6 2Zl+3Igez  62-3EEV €18 00g
LO+320°L 9L+3ZF L L1+325L  ve-36S9 €LY 002 00+3S0'S 9L+3/6F LM+325+  vE-3ESQ £ 002
LO+3GE L £Z+309'C vZ+308€  I#3AL9T  ELE 00l 00+3/8'C €Z+3J18'6 ¥Z+308€  I#IEYT  E€LE 001
EJOG T awil awn] 1S *°@ () dway {9)dws) 05]) awi] aui) IS *°q () duwss] (D) dway
Buneuig uoisnyiq Buusiuig uoisnyiq
ed 60+305°€ ssalg ed 60+300°L ssang

Z'€ xipuaddy




IO/AIa#
IO/AIO#
iOINIa#
iO/INIa#
iO/NIa#
o00¢i

81-3.6°C
L0+320°L
Lo+3re’L
L0+3avS7L
10+386°|
L0+3v9C
L0+3LL°E
LO+3P5°S
10+366'8
c0+3JE9°L
2o+3ry'e
20+360°6
€0+3.8°¢
vo+3.L1¢
G0+318°€
BJDGE

io/nIa#
i0/AIa#
i0/AIa#
i0/AIa#
iO/AIO#
swil
Buusiuig

IS g
¢0-49.°¢
10-32G6°¢
00+36L°¢C
10+309°¢C
20+39Sv
#0+30€°L
G0+396'9
L0+3CF'8
0L+390°¢
€L+30L°G
LL+3LL L
£C+39€°¢
Le+3PSE
Ey+3d8Y L

awil

Buusyuig

Z'€ xipusddy

iO/AIQ#  OL+30%'L | IO/AIQ# 10/AIO# iO/AIG#  OL+30%'L | iO/AIQ#  IO/AIQ# iO/AIQ#  OL+30%)
i0/AIQ# 60+300°G | iO/AIQ# i0/AIQ# IO/NIQ# 60+300°G | iO/AIQ#  I0/AIQ# iO/AIQ#  60+300°G
iO/NIQ# 60+305°€ | I0/AIQ# i0/AIQ# iO/NIQ# 60+30S°C | iO/AIQ#  i0/AIQ# iO/AIQ#  60+30G'E
iO/AIQ# 60+300°L | i0/AIQ# 10/AIQ# iO/AIQ# 60+300°L | iO/AIQ#  IO/AIQ# iO/AIQ#  60+300'L
i0/AIQ# 80+30S'} | iO/AIQ# i0/AIQ# iO/NIQ#  80+30S°L | IO/AIQ#  iO/AIQ# iO/AIJ#  80+30G'L

swil] ssals 00001 awil awi] ssaig 0008 swill  ewil uoisnyig  ssaig

uoisnyiqg Buusuig uoisnyig Buusiuig
gLl 00Z1 €12 000} €101 008
(M)dws] (D)dwa]lflz-3€'8 IS g (M)dwsal (D)dwa]l|yz-39°C IS "*a (M)dwsl (D)dway
L0-I¥8'E 91-309°C €91 (00} 4% 103,66 LO-3G6'C L0-3r8'E 91-309'¢ €491 00v1
00+321°¢€ L1-302°¢E €48} 0ol 00+350°L 00+3/.6°C 00+3clc Zl-302°¢ €491 00€El
Lo+34€'€  81-3467C Cibl 00z 00+3¥L°L LO+3b6'C L0+3ice  QL-AL6Z  E€Livl 00zl
¢0+3rL'S 6L-3¥6°L €lel 00LL 00+39¢°L <Z0+3A60'F c<o+3arL'S 61-3v6°} L€l 0011
¥0+302° | L2-30¢'8 €2l 0001 00+36E°L €0+3G9'8 ¥0+302°) le-30e°8 €421 0001
G0+3E8'F ¢c-340°¢C elLl 006 00+3.G°L GO0+360'C G0+3c8¥ ¢2¢-3.0¢ €LLL 006
L0+368'E ¥2-309'¢C €40} 008 00+36.°L L0+3GlL'¢ L0+3S8°€ #2-309°¢ €201 008
60+395°L 9Z-32¢’L €16 004 00+360°¢ 60+d¢9'c 60+395°L 9z-3¢¢’} €46 004
cL+386'% 6¢-310°¢C €48 009 00+32G'C ClL+3d86°'L <l+3d86¥ 62-310°¢ €.8 009
9L+39/'L  ££-30L°G €L 00g 004+39L°C GL+39G'G 9L+39L°1L  €£-30LG €L 005
0z+310°L /g3l €19 ooy 00+3LZv 02+3/9L 0zZ+310L  Lg-3ev) £19 ooy
lz+3EL’L v-3p88 €4 00g 00+3/L°9 9z+3E8°L ZZ+3cL'L  py-IAP88 €L5 00¢
Ge+3d69°L €6-30¢°L el 002 L0+360°L PE+36¢° . GE+369°L 25-30¢°1 €Ly 00¢
6r+358'Z  99-31G°¢ €l o]o] 10+36E£'Z Qv+361°| 6¥+358Z  99-JLGE  E€LE 00l

sl 1S ™a (M) dwsy (D) dwey AT sy alulL 1S P*q (M) dway (n)dwsy
uoisnyig Buusyuig uoIsnyiq

Bd 60+305°€ ssallg Ed 60+300°1 ssallg

Z'€ xipuaddy




i0/AIQ#
i0/AIQ#
i0/AIO#
i0/AIO#
i0/AIO#
0009

rL-38€°S
L0+320°}
LO+3¥2’L
LO+3VS'L
10+386°1
LO+3v9C
LO+3LL'E
LO+3¥S'G
10+366°8
c0+3€9°L
[AVLE 148
¢0+360'6
£0+3.L£°€
r0+3.L1°C
Go+318'¢
BJOGE

10/AIQ#
10/AIO#
iO/ANIQ#
10/NIQ#
i0/AIQ#
swi
Buusjuig

89 *°q
So-3LL'L
S0-36E°C
ro-3L¢’lL
P0-391°G
€0-38L°¢C
20-366'L
L0-390°C
00+3S¥°E
c0+30L°L
£0+309'8
90+35¥°¢
60+3¥0°G
¥L+309°C
Le+3ES ¥

awill
Buusjuig

Z'€ Xipuaddy

iO/AIG#  OL+30%°L | i0/AIQ# i0/AIC# iIO/NIQ#  OL+30¥'L | i0/AIQ#  iO/AIQ#
iO/AIQ#  60+300°G | iO/AIQ# i0/AIC# IO/ANIQ# 60+300G | iO/AIQ#  I0/AIQ#
iO/AIQ# 60+30G°C | iO/AIQ# iO/AIC# iO/NIQ# 60+30G°€ | IO/AIQ#  10/AIQ#
iO/AIQ# 60+300°L | iO/AIQ# i0/AIQ# IO/ANIQ# 60+300°L | iO/AIQ#  10/AIQ#
iO/AIQ#  80+30G°L | iO/AIQ# i0/AIQ# i0/AIQ# 80+30S°L | iO/AIQ#  I0/AIQ#
awil ssaig 2009 aw|| swil ssals 2002 awil
uoisnyig Buusjuig uoisnyiq Buneuig
€L/ 00s /8 009
(M) dwel (D) dwal|sL-39¢") 290 (Y )dwse] (D )dwsel|gL-39.'8 29*a
$0-3EL°L £1-328'8 €491 oori L0-3¥L 6 +0-391°L ¥0-3EL} £1-328'8
¥0-30C°¢ £l-38€¢ L8] 00clL 00+350°'L #0300t +0-302+ €1-38€°¢C
£0-398'} 7L-38€'C  ELP) 00Z1 00+3¥L°}L €0-3£9°L <€0-398'L ¥1-38€'G
20-320°L SL-38L°6 €LEL 00L1 00+39¢'L. €0-3FL'g <o-320°} G1-38L°6
20-3re’ L GL-39¢E°L €L2) 0001 00+36€°L 20-3.2G <co3aresl G1-39¢°|
10-36€°L 91-35¢'1 el 006 00+3.S°L LO-32L v L0-38EL g1-35¢°}
LO+3rLL  81-39.'8 €01 008 00+36/°L 00+3QC'Q L0+3PL'L  81-39.'8
20+30L'E 6l-3EC°E €l6 00L 00+360'¢ c¢0+38%°L <co+30lE 6l-3€'¢C
PO+36L°L 12-389°G €48 009 00+32S'¢ €0+32) '/ PO+36L'L 12-38G°G
90+396°¢C €Z-348¢'¢c €Ll 008 00+391°'C G0+38E'H 90+396C €¢-d48¢e'e
60+3€2Z  9z-d8v'¥ €49 ooy 00+3LZv 80+30C'S 60+3cZZ  9Z-3A8¥'¥
€1+30/°L  0€-368'G €45 0oe 00+321'9 ZL+3G/'Z c€1+30.°L  0£-368°G
g1+399'G ge-3LL°1 el [0]074 LO+3S0°L /1L+3.£°G 81+399°G Ge-3LL°}
12+324LV vp-308'S €L€ 00l LO+36E£'2 GZ+302' /. ZLg+32.L  ¥¥-308'S
swiL 89 *°g (M) dwe (0)dwsy EdO} suwi auwiy 89 *°g
uoisnyg Buusyuig uoisnyiqg
Bd 60+306°€ ssallg Bd 60+300°}

iO/AIg#  0L+30%'L
i0/AIQ#  60+300'G
i0/AIQ#  60+306°€
iO/ANIQ#  60+300°)
iO/AIQ#  80+30G°)

awl] uoisnyig ssalg

£l6 00L
(M)dwal (D)dws]

€491 oorL

€461 oogl

el 0ozl

eLel 004}

€L21 000}

€LL1 006

€401 008

€16 004

€18 009

€LL 005

€49 oov

€9 00€

A4 00z

€L 001
(M) dwa] (D) dwal

ssang

Z'¢ Xipuaddy




L0+31L2'L
10+382C°L
L0+34€°1
LO+3iv'L
L0+369°1
LO+32L°L
10+388°L
10+380°¢C
Lo+3lEC
L0+319°¢C
10+300°€
L0+3EGE
Lo+3.L2Y
LO+3er's
=

¢0-38L°€
LO-JEY'C
00+39F°C
LO+36¥'E
20+3659°L
¥0+308°¢C
90+350°¢C
80+3r9C
L1+3S1°¢C
rL+3CLO
B61L+3rEC
GZ+3alce
7€+308°L
Ly+39C°G
swil
Buusjuig

Z'¢ Xipuaddy

10-3¥8'€  91-309°¢C
00+32L'C  Z1-202°€
L0+3/€€  81-AL6T
Z0+3PL'S  6L-3V6'L
pO+302°L  12-30¢'8
S0+3€8Y  22-3.0°C
[0+358'¢  ¥2-309°¢C
60+395L  92-3ZE')
Zi+386'v  62-310°C
9L+392'L  €£-30L'S
0z+3L0L  Le-3EYL
lZ+3CLL vp-ave'8
Ge+369L  25-30€°L
6v+398'7  99-316°C
swiL 1S g
uoisnyiqg

Bd 01+30%'}

€49} [0]0) 4
€46} ([0} 48
givl 00ci
€Ll 00LL
£lZ1 0001
eLll 006
L0} 008
€6 004
£.8 009
€Ll 00S
€49 00
€49 00ge
194 4 00¢
WA 00l
(M) dwa) (D)dwsay

ssels

00+3LEY
00+365'v
00+306'v
00+39¢'S
00+3.9°S
00+3S1°9
00+3€49
00+3er'L
00+3.¢'8
00+3vE'6
L0+340°L
10+392°1
L0+3ES°L
L0+3E6°L
edOS9

Z0-3J16°8 10-3aP8E  91-309%C
L0-308'0 00+32L'€  £1-30T°€
00+388'Q l0+3.€€  81-3/6°C
LO+38/.'6 2Z0+3FL's  BL-I6'L
€0+3ZL'C vO0+30Z'L  LZ-30E'8
$0+3G8°/ G0+3€8F  Z2-3.0¢C
00+3E€/.°'G L0+398'E  ¥2-309°¢C
60+320°L 60+395°L  92-3Z¢'L
LL+320°9 ¢i+38e'r  62-3L0°C
GL+388°L 94L+394'L  ££-30L'G
BL+3PG'Q 02+3AL0°L  L£-3EV)
GZ+386'8 fZ+3SLL  vr-3AFB'B
PE+3P0’'G Ge+369°L  26-30€}
Sp+3/p° L 6¥+358°C  99-316°¢
awl] ewi] 1S Pa

Buusyuig uoisng
Bd 60+300°G

€491
€451
eivl
(AN
£L2)
€L
€L0l
€6
€48
€L
€L9
€49
74 4
€L

(1) dws L

ssang

oovl
oogl
00z!
0oLl
0001
006
008
00L
009
00§
ooy
00€
00z
00l
(0)dway

Z'¢ xipuaddy




LO+3LE'L

L0+382°L
LO+3.L€°L
LO+34v'L
L0+365°1
Lo+32L')
L0+388°L
10+380°C
L0+3LEE
10+319C
10+300°€
10+3EG°E
Lo+3LC¥
L0+32F'S
Bdo¥l

90-36E'6
g0-3.2¢
¥0-39¢€°L
$0-356'9
€0-3E9V
c0-36CT ¥
LO-390°9
LO+36¥°L
c0+3avrL L
GO+3EL’L
LO+3EF L
LL+328'Y
LL+3deE’L
GZz+38lL'E
awny
Bunsiuig

$0-3€L°L £1-328'8

¥0-302°v £1-38€'C
€0-398°| 1-38¢'S
20-320°1 G1-384'6
20-3ve’L G§1-39¢°|
10-36€°L 91-36¢°|
L0+3r L)L 81-394'8
20+30L°€ 61-3€2°¢
¥0+36.L°1 1¢-389°G
90+396'2 £C-38E'E
60+3€2°2 QZ-3A8t'v
€1+304°L 0€-368'G
81+399'¢ ge-344')
Le+32L’) ¥¥-308'G
Bl a5y °°g
uoisnyia
ed OL+30%'|

Z'¢ Xipuaddy

€491
€451
1A 4"
eLE)
€lelh
€LL1
€201
€6
€48
€Ll
€49
€48
eiy
€Le

ool 00+3lEV
00El 00+365't¥
oozl 00+306't
ookl 00+39¢'S
000} 00+3.9'6
0086 00+361°9
ooe 00+3€L°9
00L 00+32%'2
009 00+3.¢'8
008 00+3tC'6
oot LO+3.0°L
00E L0+392L
00z LO+3ES L
oo} LO+3g6'L
() dwsy (0 )dwsey EERE
§83118

G60-3£9°¢
¢0-391'6
¥0-308°€
€0-366°L
¢0-30¢€'L
L0-302°L
00+30L°L
L0+38LY
€0+3/1°¢C
SO0+3.L€
80+380°C
cL+3as8e’L
LL+3LLE
GZ+3168
awn]
Buusiuig

¥0-3EL’L g£l-328'8

v0-302'¢  €4-38€T
€0-398°F  PL-38ECG
z0-3z0'k  §L-38.6
zo-aye'l  §h-3og)
L0-36EL  9L-3SEL
Lo+avl L 813928
zo+30L'€  6L-3ETE
vO+36.L  1Z-386°G
90+396'Z  €Z-38€E
60+3€22  9z-A8F'v
£1+304°L  0£-369'G
81+399°G  SELL)
lz+#32LL pp-308°6
swi] 89 *°q
uoIsnyiq
Bd 60+300'G

€491
€451
eivl
€LEL
€Lel
€L1l
€L01
€46
€48
€Ll
€49
€L8
ely
€Le

(1) dway

ssallg

oov

00EL

00Z L

00kt

0004

006

008

00

009

005

oo¥

00€

002

00l
{0)dway

Z'¢ xipuaddy




LO+31C')
L0+382°L
LO+3.L€°)
LO+3.1¥'L
L0+365°L
Lo+32L°1
L0+388°L
10+380°¢C
Lo+3LEC
10+3197¢C
10+300°€
L0+3EG°E
L0+3LCY
LO+3E¥'S
EJOVL

¥0-320°C
$0-356'G
£€0-3¥0'C
€0-30¥'8
¢o-3sE¥
10-300°€
00+366°C
L0+328'Y
€0+36¥°L
Go+3€L’L
10+38l°€
0L+3.59
GL+369°¢
¢c+3alo’L
awilL
Buusiuig

£0-3rr'e ?1-30L°v
€0-3¥9°L yiL-3Le’l
20-308'¢ Gl-386°¢
L0-3¥C L 91-360'8
10-306'9 9L-3s¢¥'4
00+391°6 L1-3r6°)
L0+329'G gL-38L°L
£0+300°L 61-300°}
vO+3atvr'e L2-316°¢
90+396°¢ €248t
80+395°6 gg-350°1L
Zl+32ee 6¢-32E'v
LL+328°'L PE-365'9
Fe+308°C -39
swil IS *°a
uoisnyig

ed 0L+30¥°L

Z'¢ Xipuaddy

€L91 0oFL 00+3LE ¥
€251 0oclL 00+36S ¥
£iPl 00zl 00+306'
£LEL 004 00+392°G
£LZL 0001 00+3.29°G
£LLL 006 00+3S1°9
€201 008 00+3€.°9
€26 004 00+32F'.
€48 009 00+3/2°8
gLl 00§ 00+3¥E'6
£L9 oov LO+340°}
€45 oo¢ L0+392 1
£Lp 00z LO+3ES°|L
£i€ 001 LO+3E6°L
) dwsl  (D)duwsy BdDG
ssalg

¥0-369'G
£0-3.9°L
€0-3LLS
¢0-36€°¢C
L0-3¢¢’L
L0-36€'8
00+39¢€'8
¢0+3G6¢E°}
€0+39L'Y
Go+3Ll’e
L0+316'8
LL+3v8'L
GL+3¥6'6
£2+3d96°L
awl]
Buusuig

€0-aPr'z  vL-30LY
€0-3P9°L  pL-3IEL
z0-308'7  G1-385°€
Lo-avz’'L  91-360'8
10-306'9  91-3St°L
00+301'  /L-3V6'L
L0+329'6  81-38L'L
€0+300°F  61-300°1
pO+3IPPE  LZ-316T
90+396'Z  €2-38€'E
g0+365'6  62-350°)
Zi+32eT  62-3ZEV
L1+325°L ¥E-365°9
vZ+308°C  L¥-3E9°T
awiL IS °°Q
uoisngiq ;

Bd 60+300°G

€491
€451
el
€lel
€Lel
€Ll
€401
£.6
€.8
€LL
€49
€9
eLy
€LE

() dwa

ssallg

ooyl
0oel
00z}
00LL
000}
006
008
00L
009
005
00
00¢
00z
00k
(0)dwsy

Z'¢ Xipuaddy




v0+36.°8
S0+306°L
GO+3ES'Y
90+3¢€¢°|
90+316°¢
2043157}
L0+3¥5°L
B0+32C'S
60+3€9°G
LL+3€L°L
(AR = VA"
GL+3€0°L
8L+38L°L
£¢+389°L
=L

60-362°)
60-32C'C
60-30L ¥
60-30€°8
80-388°L
80-388 %
£0-316°L
£0-3v6°S
90-38L°€
§0-3£9°¢C
$0-380 %
¢0-369°'L
00+3.L'€E
¥0+3€0°L
sl
Buusiuig

¥0-3€L°L €1-328'8

p0-302'v  €1-38€°T
€0-398'L  vL-38ES
Z0-3z0'L  G1-38L'6
20-3v€L  GL-39E')
lo-368Z  91-3SE')
10+3FLL  81-39L8
Zo+30L'e  6L-3EZE
pO+36L°L  12-385°S
90+396'7  €2-38L’C
60+3€2T  9z-38FF
€L+304°1  0£-368'G
gI+399' €3
[2+32L) vp-308'S

awiL 99 °9g

uoisnyig

ed 0L+30F'L

'€ Xipusddy

€491
€491
el
AN
€421
eLhL
€01
€46
€8
€Ll
€L9
€49
A4
€€

ool Lo+3EL'E
oogl LO+3L6V
oozl LO+3LL 9
0oL} L0+385°6
0ool 20+35¥°'L
006 20+36¢°¢
oos co+3aLLY
004 ¢0+3¢E'8
009 €0+356°L
00s £0+3/9°G
oov P0+3.L2°C
0oe GO+3L¥’L
00z 90+3L1°C
00l 80+39Z|
Ghdwal (D)dway BdDE
ssallg

90-3r0'c
90-355'8
G0-3..L7¢
¥0-3L0°L
¥0-3.0°S
€0-3arl'e
c0-3avL'C
L0-3EL'E
00+31LC6
c0+3€2'S
¥0+318°6
80+3G1°1L
¢L+389°¢
6L+3.€)
awn
Buusiuig

¥0-3ELL €1-328'8

¥0-30Z¢  €1-38€T
£€0-398'L  pL-38EG
z0-320°L  S1-38L°6
zo-are . SL-39¢°L
l0-36€°2  91-36E'L
Lo+3PLL 8L-39L'8
Z0+30L'€  6L-3ETE
v0+36/4° L  12-38G°G
90+3962  €2-38E°€
60+3€2'2  9z-38r'¥
€L+30L°1  0£-368°G
81+399'G  Gg-ILL')
1z+3ZLL  tvP-308°S
awi 89 *°q
uoisnyig
Bd 60+300°C

€491
€461
vl
€LEl
€L2l
E€LLL
€401
€46
€48
eLL
€49
€45
ELY
£LE

(M) dwey

ssaNg

oorl
00g}
00z}
004}
000}
006
008
002
009
00§
00¥
00
00z
00l
(0)dwsy

Z'€ xipuaddy




170

A.4 Appendix 4
Press Operations Guide

The Cubic Multi-anvil device in the Asimow Lab has a few websites associated with its
operation and maintenance. The Press Operations Guide presented here is intended to be
used with the 1000 Ton press home page and checklist maintained by Dr. Asimow as
well as the Press Information page maintained by Dr. Mosenfelder. These resources may
be found online:
http://www.asimow.conmy/labstuff/multianvilmanual.htm
http://www.gps.caltech.edu/~jed/Multianvilpage.html

The Press Operations Guide is reproduced here for archival purposes.
(currently online at: http://www.its.caltech.edu/~frgkng/Press/press.html )

Cubic Multianvil Device;

Overview

Sample Preparation
Press Preparation
Loading and Operation

Unloading
Pressure Assembly Component Preparation

Revision March 9th, 2004

Paul's Manual of Everything Multianvil
Jed's Multianvil Page

Overview:

The goal of this guide is to provide a quick guide for users becoming familiar
with the use and operation of the Multianvil Press in the Asimow Lab. A step
by step walkthrough from the notion of running an experiment to cleaning up
after the inevitable blowout.



Sample Preparation:

The entire cube assembly is composed of a number of elements. Some will
be the same for each run, while others will depend on the nature of your
sample i.e. the encapsulation required.

The major components of a cube assembly are the pyrophyllite cube, BaCO3
sleeve, furnace element, MgO filler, Moly ring/plate, thermocouple, and
sample. If preparation has been done before hand all these components can
be put together fairly quickly and you can have your experiment up and
running in a few hours or less.

The pyrophyllite cubes are prepared as below, as is the BaCO3 sleeve. The
BaCO3 sleeve should slide neatly into the pyrophyllite cube. Into this the
furnace should be slotted. Typical furnace materials are LaCrO3 and
graphite. Once the furnace is in hand make sure you measure it to determine
how big the other components in the assembly will be. At this time it is also a
good idea to have your sample prepared so you know how much space it will
take up in your assembly. The furnace will be shorter than the BaCO3 sleeve,
but will sit directly on the Moly plate at the bottom of the assembly. Once
you have worked out the dimensions of the internal components you can cut
the MgO pieces from stock supplies and start putting everything together.
The dimensions of a typical experiment with graphite heater with graphite
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capsule:

18.53mm Graphite Furnace
4.95mm MgO plug
4.73mm MgO sleeve
4.27mm 4-hole alumina
3.75mm 1-hole alumina
3.61mm 1-hole alumina
0.81mm Graphite plate
0.43mm Graphite Plate
7.61mm Sample Volume
1.45mm Moly ring
1.45mm Moly plate

With all the components measured, cut, and laid out you can begin assembly.
Insert the BaCO3 sleeve into Pyrophyllite cube. Put the moly plate at the
bottom and slide the furnace in on top of it. Add the MgO plug then the
sample. Put the MgO sleeve on top of that and the moly ring. Insert the
thermocouple and fill the gaps with resbond. Bake it overnight and you are
ready to do some experimentation.

Moly Rings

There are two moly components in the assembly. They are used to transfer
current from the press to the furnace and they protect the furnace from
extrusion. The bottom Moly plate requires no modification. The top ring
requires a slot to be cut in it so the thermocouple can pass through. It is
important to make this slot very deep, the single hole alumina must sit
completely in the volume of the ring or else it will break on loading and your
thermocouple will be severed. The placement is slightly offcenter, as in the
diagram. This is because the thermocouple wires will come out of the four-
hole alumina off center. Stretching or straining the wires across the top of the
four-hole alumina can lead to a short with the moly ring or to one of the
wires being severed on loading.

The moly ring can be cut with the dremel tool and diamond tipped grinders.
Starting with the small wheel for the big initial cuts then moving to the
smaller diamond drill for cleaning up the slot is recommended.
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Thermocouple

It is important to be dileberate and careful in the construction of the
thermocouple. This component has the most pieces, the highest failure rate,
and without it your experiment is toast.

Components in a thermocouple for the cubic device:

e Single hole Alumina: Insulation for the thermocouple wire as it
passes across the top of the furnace via the moly ring.

o Four-hole Alumina: Support/insulation, wires cross at base to form
thermocouple contact.

e 0.25mm Alumina plate

o Blue Thermocouple wire: Use a piece of insulation to mark the 'color'
of the wire.

s Copper coil

o Blue Thermocoulpe extension wire

+ Red Thermocouple wire: Use a piece of insulation to mark the 'color’
of the wire.
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e Red Thermocouple extension wire

The four-hole alumina should be slightly shorter than the MgO plug
surrounding it, or else the thermocouple will push itself out one end or the
other. In the cube assembly the thermocouple components are the hardest
components. They will pierce the sample capsule or can end up touching the
anvil face as the rest of the assembly extrudes around them. The ends of the
four-hole alumina should also be ground with the dremel diamond drill tool
such that they are concave. This creates a small space for the crossed
thermocouple wires to form their contact point. Poor contact will cause
thermocouple problems. The thin alumina plate at the base of the
thermocouple stack serves to protect the thermocouple from puncturing the
sample capsule.

Assembly goes as follows. Into the four-hole alumina insert the red and blue
thermocouple wires. Carefully bend the ends of each into a hook such that
the hooked portion can fit into one of the unused holes in the four-hole
alumina. The thermocouple wire is brittle, so avoid over bending. Use the
small pliers to start and some tweezers to get the final shape. Make sure the
two wires cross at the bottom, this means starting by passing the two wires
through adjacent holes in the alumina and using opposite holes for the hooks
as shown in the diagram. Once the thermocouple is formed you are ready to
insert the unit into the cube assembly. Make sure the alumina disk is at the
bottom of the single hole MgO plug. You may have to file out the interrior of
the moly ring to allow the four-hole alumina to slide through easily. Once
done, simply insert the 4-hole alumina and make sure the thermocouple wires
line up with the slot in the moly ring and they both line up with the slot cut in
the pyrophyllite cube. fold down the one-hole alumina and thermocouple
wires then file down a small pyrophyllite plug and mix some resbond to seal
the top end of the 4-hole alumina-thermocouple unit. Once that sets up a bit
you can start pressing the thermocouple wires into the slots in the
pyrophyllite. We do this to make sure our thermocouple wires do not get



stretched across the moly ring, as tends to happen when you press the wires
into the pyrophyllite before you've resbonded the center of the unit. Once the
center is secure you may begin pressing the thermocouple leads into the
pyrophyllite, typically done with the edge of a razor blade. Once in position
you may find the copper coil to assist in holding everything in place, since
the copper coil fits neatly into the hole drilled into the side of the cube
halfway down. Into the other end of the coil insert the extension wire,
making sure there is overlap between the thermocouple wire and the
extension wire. Then crimp the copper coil to make good contact between the
wires and prevent pull out. Now begin to press resbond into the slot to fill the
space and make sure the thermocouple leads remain isolated during the
experiment. The entire assembly should be baked overnight in the bake out
oven to make sure the resbond sets prior to beginning the experiment.

Tricks I've seen

Graphite will decompose in atmosphere with increasing temperature. For
high temperature or long time experiments one will probably have to rely on
LaCrO3 heaters. But I suspect is possible to run an experiment in a reducing
atmosphere by including a sacrificial graphite component in the run. Since
the graphite oxidizes and turns into a gas this might not be a useful bit of
information for our press and the extreme pressures it reaches, as sudden or
unpredictable volume change tends to lead to blowouts and failed
experiments.

Oxygen rich environments, however, are sustained under pressure by the
inclusion of POS. Under pressure PO5 decomposes into PO4 + O, this creates
an increased oxygen partial pressure in the region of compression. If you
included PO5 near your sample from the start you could synthesize under
oxygen rich conditions. This is probably of limited use for typical
petrological applications, but certainly sees more use in Materials Science
and is a very slick means of controlled atmosphere synthesis with low tech
equipment.
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Press Preparation:

Refer to Paul's Checklist. It is really quite good.
Things to add:

e Reset the pressure limit on the black box in the grey pressure control
panel. Labview should be paused to allow pressure limit setting.

e Confirm the cooling water is connected and running.

o Using the air compressor to add the initial load (switch setting "B" to
increase the load and "A" to release the load), closing the release
valve, and switching to labview control.

e Temperature control and heat switch set to off.

Loading and Operation:

Again to Paul's Checklist.
Things to add:

o The target load should not exceed 500 tons, as higher loads will
threaten the anvil drivers (anvil drivers break regularly at 800 tons).

e Heat switch should be turned to off after completion of the program.

o The pressure and temperature control are not linked, so once the
pressure is stable you will have to start the temperature profile. Once
the temperature profile is complete you will have to change the
pressure control in labview to decompress the run.

e Always leave a small negative value in the minimum setting for press
control. Without a value of even -0.1 V (enough to generate a press
rpm of -25 to -40) the pressure in your run can build up and throw off
the experiment. This is especially true as you start the cooling water
and the heating.

o Cooling water should be turned off after the heat is turned off.
Otherwise water will condense all over the plates which will corrode
them and possibly make the press electrically unsafe.

o Use the plexiglas shield to prevent pasersby from unintentionally
encountering the electrified top or bottom plates of the press.

e >>link to pressure calibrations<<

Cubic device 21mm cube
o 3.5 GPaon412 tons

o 4GPa on 500 tons
o 5GPa on 800 tons
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Unloading:

» Backing off the pressure at 5 tons per minute is a safe rate for the
cubic device and generally fast enough for most users.

¢ remove and clean all anvils and anvil drivers.

Inspect pins and anvil drivers for damage, especially in the area of the

guide pin groove.

Replace any lost G10 on the anvils or drivers.

Vacuum the interior of the module.

Clean the top and bottom 7mil teflon sheets.

Ensure that no blowout debris remains wedged in the teflon, as

further use will cause electrical shorts or damage to the anvils or

drivers.

e Remove the used mylar sheets and thread the Staneff Devices[1]
when you remove your sample to make assembly of the next run
easy.

[1] The Staneff Device is a toothpick with a wire wound around it that is
used to thread the thermocouple wires into and out of the module. The
end of the wire opposite the toothpick forms a loop, through which the
thermocouple is threaded. When the module is loaded these protrude into
the area where the pressure assembly resides, allowing the thermocouple
wires to thread through to the terminal leads in a quick and hassle-free
manner. Staneff Devices have a limited lifespan, as the work hardening
sustained in the wire during service eventually leads to brittle failure.
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Pressure Assembly Component Preparation:

Pyrophyllite Cubes

The pyrophyllite cubes come with furnace holes but need to have slots cut for
the thermocouple leads prior to being cured. These cuts are made freehand
with a dry diamond blade, as the pyrophyllite can pick up water if you cut
wet. It is very important to have a firm grip on the pyrophyllite cube when
cutting free hand, losing control or drifting can pinch the blade or break it. If
the cubes are cut wet they will need to sit in a bake out furnace for a few
hours to drive out some of the water. Actual cutting follows the diagram:
Start cutting into one diagonal from the halfway point. Cut the slot and roll
the blade around the corner to the top 1/8" of the drilled furnace hole. The
thermocouple leads will be packed into this slot when the assembly is
prepared, so it is important to make sure there is ample room and no sharp
corner. Once the cutting is finished you will need to drill on the halfway point
to allow space for the thermocouple to extension wire joint. This feature
cleans up the exit from the pyrophyllite cube and helps to standardize the

cube to press interface.

The cut cubes are placed in a furnace for 1 hour at 500C then the temperature
is increased to 900C for 4 hours. After this curing step the furnace hole is
drilled to 1/2" with a carbide drill. The pyrophyllite undergoes a 3%
expansion during the cure, hence the need to rebore the furnace hole.

BaCO3 Sleeves
First assemble the supplies:

» Rubber Gloves (BaCO3 is a poison)
¢ Nickel plated Die + plunger apparatus



e Aluminum rings for use with the Enerpac press
e Eggcrate foam (should be on Enerpac)

e Metal holder for Die

 BaCO3 powder

o Carbon Black

e Aluminum weighing pans

o Mortar + Pestle

e Alumina firing plate

e Molycote

e Scoops, swabs, paper towels, ethanol

It is a good idea to perform these tasks in bunches, first weigh out all the
BaCO3 for all the sleeves you intend to make, then move on to the next step.
This helps keep the work area free of clutter. Initially weigh out 5.25 grams
of BaCO3 into several weighing pans. To this add just a smidge of Carbon
Black. Mix the BaCO3 and Carbon together in the mortar and pestle until the
texture and color are even. While working on the others and pressing the
sleeves, store these in the box furnace near the Enerpac press at 150C. Swab
the die and die mandrils, etc. with molycote. Remove one weighing pan and
load the die (warning will be hot). Fit the die into the metal die holder,
horizontally, and once seated fully stand it upright and load it on the press.
Press to 2,000psi on the guage and hold for 60 seconds. Back off plunger,
load Aluminum rings onto Enerpac and extract the BaCO3 sleeve carefully.
Make sure the foam is set between the rings and positioned to catch the
BaCO3 sleeve and mandrils as they come out of the die. The BaCO3 sleeve
will be very fragile, so take care. Set the BaCO3 sleeve on the alumina firing
plate and continue until all sleeves have been pressed. Turn the box furnace
up to 600C and fire the BaCO3 sleeves for 30 minutes. When finished allow
the BaCO3 sleeves to cool and turn the furnace back down to 150C. Store the
BaCO3 sleeves in a vacuum chamber / dessicator until needed. Clean all
apparatus with ethanol and paper towels.
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