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1.0 ABSTRACT

The final goal of this project is to produce, by the end of Phase Il, an all ceramic high
temperature thermoelectric module. Such a module design integrates oxide ceramic n-type,
oxide ceramic p-type materials as thermoelectric legs and oxide ceramic conductive material as
metalizing connection between n-type and p-type legs. The benefits of this all ceramic module
are that it can function at higher temperatures (> 700°C), it is mechanically and functionally
more reliable and it can be scaled up to production at lower cost. With this all ceramic module,
millions of dollars in savings or in new opportunities recovering waste heat from high
temperature processes could be made available. A very attractive application will be to convert
exhaust heat from a vehicle to reusable electric energy by a thermoelectric generator (TEG).

Phase | activities were focused on evaluating potential n-type and p-type oxide compaositions as
the thermoelectric legs. More than 40 oxide ceramic powder compositions were made and
studied in the laboratory. The compaositions were divided into 6 groups representing different
material systems. Basic ceramic properties and thermoelectric properties of discs sintered from
these powders were measured. Powders with different particles sizes were made to evaluate
the effects of particle size reduction on thermoelectric properties. Several powders were
submitted to a leading thermoelectric company for complete thermoelectric evaluation.

Initial evaluation showed that when samples were sintered by conventional method, they had
reasonable values of Seebeck coefficient but very low values of electrical conductivity.
Therefore, their power factors (PF) and figure of merits (ZT) were too low to be useful for high
temperature thermoelectric applications. An unconventional sintering method, Spark Plasma
Sintering (SPS) was determined to produce better thermoelectric properties. Particle size
reduction of powders also was found to have some positive benefits.

Two composition systems, specifically 1.0 SrO — 0.8x1.03 TiO2 - 0.2x1.03 NbO2.5 and
0.97 TiO2 - 0.03 Nb02.5, have been identified as good base line compositions for n-type
thermoelectric compaositions in future module design. Tests of these materials at an outside
company were promising using that company’s processing and material expertise. There was no
unigue p-type thermoelectric compositions identified in phase | work other than several current
cobaltite materials. Ca3Co409 will be the primary p-type material for the future module design
until alternative materials are developed.

BaTiO3 and rare earth titanate based dielectric compositions show both p-type and n-type
behavior even though their electrical conductivities were very low. Further research and
development of these materials for thermoelectric applications is planned in the future.

A preliminary modeling and optimization of a thermoelectric generator (TEG) that uses the n-
type 1.05r0—1.03x0.8 TiO2 - 1.03x0.2 NbO2.5 was performed.

Future work will combine development of ceramic powders and manufacturing expertise at
TAM, development of SPS at TAM or a partner organization, and thermoelectric
material/module testing, modeling, optimization, production at several partner organizations.



2.0 EXECUTIVE SUMMARY

The final goal of this project is to produce, by the end of Phase Il, an all ceramic high
temperature thermoelectric module. Such a module consists of oxide ceramic n-type, oxide
ceramic p-type materials as thermoelectric legs and oxide ceramic conductive material as
metalizing connection between n-type and p-type legs. Because of all ceramic components, the
module should have advantages of (a) It can operate at high temperatures above 700°C and up
to 1000°C. Therefore, higher temperature difference can be established to have higher energy
conversion efficiency, (b) It can extend the application to some industrial processes that no
current thermoelectric device is applicable, (c) It has better thermal matching among
components and therefore can sustain more operating cycles, (d) It is less complicated and
more cost effective to co-process all components together to make modules, and (e) It is cost
effective to scale up the ceramic powder components, processes and the facilities are readily
established. The owverall effect is a thermoelectric module that is operable at higher
temperatures, has higher conversion efficiency, has higher reliability and costs less to produce.
With this all ceramic module, millions of dollars in savings or in new opportunities recovering
waste heat from high temperature processes could be made available. A very attractive
application will be to convert exhaust heat from a vehicle to reusable electric energy by a
thermoelectric generator (TEG).

Phase | research work was focused mainly on studying the potential of several ceramic oxide
formulations for high Seebeck coefficient, high electrical conductivity, and low thermal
conductivity so to yield high power factor and high ZT suitable for thermoelectric application at
high temperatures. A modeling and optimization of a thermoelectric module was then
performed using thermoelectric properties of selected components.

Following the work plan, more than 40 ceramic powder compositions were made and tested in
the laboratory. The compositions were divided into & groups representing different material
systems. After the powders were made, ceramic disc samples were pressed and sintered either
in air or in a reducing atmosphere (established by hydrogen/argon (H2/Ar) gas mixture). Basic
ceramic properties and thermoelectric properties of sintered discs were then measured.
Powders with different particles sizes were also made to evaluate the effects of particle size
reduction on thermoelectric properties. Several powders were also submitted to a leading
thermoelectric company for complete thermoelectric evaluation.

Initial evaluation showed that when samples were sintered by conventional method, they had
reasonable values of Seebeck coefficients but very low values of electrical conductivities.
Therefore, their power factors (PF) and figure of merits (ZT) were too low for high temperature
thermoelectric applications. It was found that samples sintered by an unconventional method,
Spark Plasma Sintering (5PS) technigue, produced better thermoelectric properties. The
improvement is mainly through improvement of electrical conductivity. It is believed now that
SP5 is a key processing step to produce high temperature oxide thermoelectric materials.

Particle size reduction of the ceramic thermoelectric composition has benefits. It will be
investigated and developed further.

Two composition systems, one based on doped TiO2 and one based on doped 5rTiO3, have been
identified as good precursor compasitions for n-type thermoelectric compositions. Works were
done specifically on 0.97 Ti0O2 — 0.03 NbQ2.5, and 1.0 5rO — 0.8x1.03 TiO2 — 0.2x1.03 NbO2.5



compositions. Results at an outside company were promising using that company’s processing
and material expertise. With some process and/or material modification, ZT close to 0.25 was
obtained. The goal in the future is to increase ZT to > 0.5.

An innovative approach was taken in formulation research. Nine BaTiO3 or rare earth titanate
based commercial dielectric compositions were evaluated for their thermoelectric properties.
Several of them show potential as either n-type or p-type materials. They have high Seebeck
coefficients in some cases near +/- 1000 uV/K even though their electrical conductivities are too
low. Further development may be worthwhile. Again, key approach will be to increase their
electrical conductivities through composition chemistry or through processing technigue
without giving away their Seebeck coefficients.

There are no unique p-type thermoelectric compositions identified in phase | work other than
several current cobaltite materials that were reported in literature. Ca3Co409 is the most
available high temperature p-type material at this moment. Development of other p-type
materials must continue in the future.

A preliminary modeling and optimization of a thermoelectric generator (TEG) that used the n-
type 1.0 5r0 — 1.03x0.8 TiO2 — 1.03x0.2 NbO2.5 was performed. This modeling and optimization
technique is a very useful tool in estimating; (a) how practical physically, technically, and
economically to fit chosen thermoelectric materials into an actual module to generate renewed
usable energy, (b) optimum design of the TEG device, (c) material consumption of the TEG
device, and (d) material and manufacturing cost of the TEG device.

Future works in are;

(1) Optimize (a) the SrO = TiO2 = NbO2.5, (b) TiO2 = Nb02.5 {or Ta02.5), and (c) the dielectric
composition systems to improve their thermoelectric properties. Target is to increase ZTs from
current value (0.1 - 0.2) to 0.5 or above. Specific technical approaches will be to (a) develop an
optimum formulation chemistry (dopant level, dopant type, stoichiometry), (b) develop particle
size reduction technology and (c) develop and qualify raw material sources for scale up.

(2) Develop and optimize a non cobalite based p-type formulation. SrTiO3 with p-type dopants
and dielectric compositions are to be investigated as starting points. Technical approaches will
be the same as proposed above for n-type materials.

(3) Develop and identify an oxide ceramic conductive metallization material. La203 = Mn02
based compositions will be a starting point.

(4) Develop and optimize the SPS process to sinter individual component and module assembly.

(5) Develop a process to integrate p-type and n-type thermoelectric legs with metallization to
build a prototype module device.

(6) Build prototype of the module. Test and verify against design outputs from modeling and
optimization.



3.010N D ION
3.1 Goals

The goal of DE-5C0004299 project was to study the feasibility of an all ceramic thermoelectric
module. Such a module consists of oxide ceramic n-type, oxide ceramic p-type materials as
thermoelectric legs and oxide ceramic conductive material as metalizing connection between n-
type and p-type legs.

There are a number of advantages of the all ceramic module approach. Among them are:

Operating temperature range - The module can operate at high temperatures above 700°C and
up to 1000°C. It can extend its application to some industrial processes that no current
thermoelectric device is applicable. Energy recovery from automobile exhaust would be an
example.

Reliability—- It has better thermal matching among components and therefore can sustain mare
operating cycles.

Cost -- It is less complicated and more cost effective to co-process all components together to
make the module.

Scale up -- It is cost effective. Industrial processes are readily established to scale up the ceramic
components.

The overall effect is a thermoelectric module that can operate at high temperatures, has more
energy conversion efficiency, has higher reliability and costs less to produce in large quantities.

3.2 Background

Industrial waste heat refers to energy that is generated in industrial processes without being
recovered to practical use. There is a problem of inefficiency in today's industrial processes.
Energy efficiency is important in vehicles, electric power stations, military machinery, and many
industrial systems. Efficient use of energy can extend the operating lifetime of systems, extend
mileage ranges, and enable more affordable operation. With the increasing cost of fossil fuels,
improved efficiencies can result in substantial cost savings. Current commercially available
thermoelectric conversion systems and materials can only function at waste heat temperatures
below 500°C. This limitation leaves out many industrial processes where waste heats are
generated at much higher temperatures. The limitation is due largely to a) no suitable low cost,
higher temperature thermoelectric materials, b) mechanical failure caused by thermal
expansion mismatch between thermoelectric components and conductive or metalized
materials, c) design limitation in heat management, and d) other factors such as the costs of raw
materials, processing, and manufacturing.

Early Thermoelectric (TE) materials research in the 1950s and 1960s yielded bismuth telluride
(Bi2Te3), lead telluride (PbTe) and silicon-germanium (SiGe) alloys as the materials with the best
figure of merits in three somewhat distinct temperature ranges. Bi2Te3 and its alloys have been
used extensively in TE refrigeration applications, some niche low power generation
applications, and have a useful temperature range of 180°K to 450°K. PbTe and 5iGe materials
have been used extensively in higher temperature power generation applications, particularly
spacecraft power generation, and have a useful temperature range of 500°K to 900°K

5



and 800°K to 1300°K, respectively [1]. The discovery of these materials as good candidates for
TE devices led to continuous and numerous research and develppment of TE materials with
high energy conversion efficiency. The energy conversion efficiency of TE material is gauged by
a parameter called Figure of Merit, ZT. ZT is dimensionless and is defined as;

ZT = (Q* x o x T)/k, (1)

where Q (uV/°K) is the Seebeck coefficient of the material, o (S/cm) is the electrical conductivity
of the material, T (K) is the absolute temperature and k (watt/m-K) is the thermal conductivity of
the material.

However, much less amount of work were devoted to show how these materials could be
integrated into a device module and how the device module will function effectively with high
efficiency. Thermoelectric device efficiency is defined as;

) :[11—1]5-{14“2’?)”—1
= | L J|la+zT)*+1 iz

where,

Z* 15 the optunumn Z of the p-type/n-type couple in the TE device,
Ty and T are the temperatures of the hot and the cool sides respectively, and

T is the average of Ty and T..

As can be seen from the equation above, device efficiency is not only dependant on ZT, which is
only part of the equation, temperature difference between the hot and cold side is equally
important. For that reason having a high thermal resistance in the material is important to hold
as high a temperature difference as possible. The above argument is basically saying that TE
technology development consists of two important parts. That is; material development to
achieve high ZT and thermal management to operate with high temperature hot side and to
sustain high temperature difference between hot side and cold side.

Cost effectiveness is another important but sometimes forgotten factor. The TE device has to be
cost effective to produce commercially to find its acceptance to the end user. A good parameter
to judge is the dollar per watt number. That is how much the device will cost the user to
purchase vs. how much power the device can deliver. Among many other factors, the dollar per
watt figure is impacted by raw materials cost, environmental impact, design costs, and
manufacturing costs.

Currently SiGe is the best available TE material for high temperature uses, but costs of
production have limited its uses to NASA applications in space. Although the 5iGe materials can
operate effectively in higher temperatures, there is no current module that can cost effectively
match those temperatures. In order for the module to function at those higher temperatures,
precious metals with high conductivity and very high melting points must be used such as
platinum. These materials are not cost competitive with high temperature alternatives in many
industries, such as bottom cycling. Thus in order to gain global adoption, a novel approach must
be taken in module design. For many industries such as glass or metal smelting, the entire
module, especially on the hot side, must be able to tolerate extreme temperatures for up to 10
years. Otherwise industrial corporations will be hesitant to purchase and install them in their
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factories. Ceramics’ main advantage in industry is its robust and durable nature in high
temperature environments. Kilns, furnaces, and other such equipment are often made out of
ceramics. Thus if the entire TE device is made out of ceramics, including the n-type, p-type,
conductive contacts, and hot side heat exchanger then the entire device can operate at these
high temperatures, and survive the industry required 10+ years of required operation.

3.3 Solution and Opportunity

The all ceramic TE technology allows for the opportunity to recapture the wasted energy
generated at high temperatures up to and above 1000°C. The integrated thermoelectric system
and materials can harvest those high temperature waste heat energies and convert them into
electricity. Thermoelectric heat recovery technologies can frequently reduce the operating
costs for facilities by increasing their energy productivity and energy efficiency. In Automobile
industry, waste heat recovery from diesel or gasoline engine exhaust has the great benefits of
increasing fuel efficiency, reducing carbon deposit, reducing weight, and reducing
manufacturing cost of both military and commercial vehicles. In an extreme case, jet based
aircraft have a huge available temperature difference between the jet exhaust and the passing
air. The greater the temperature difference between the two sides of the thermoelectric
materials, the more electricity can be harvested. The problem with current thermoelectric
materials is they have not been able to operate above 300°C efficiently [2-4]. Either the material
or the system, begins to breakdown under this heat. Thus current technologies have been
unable to capture energy where most of it is available in the 700-1000°C range. The novel
system developed under this project is all ceramic based and thus after development will be the
first materials that can operate efficiently in that temperature range.

The market also demands a low cost of production as well as flexibility in uses. The technologic
solution must be adaptable to harvesting heat in different applications ranging from power
production plants to smaller vehicle power trains. The current commercially available state of
the art in thermoelectric materials can only be used in temperatures below 500°C. Above that
temperature it can no longer function as a result of the materials or modules losing stability.
This prevents efficient use of thermoelectrics in recovering, for example, a vehicle’s engine
exhaust heat since half of the exhaust manifold is operated at peak temperatures between
600°C to 800°C. Another example is in a coal power plant, where the furnace heats water to
370°C in order to make steam, however to increase energy output the steam is superheated
above 540°C. There are many industrial processes that generate waste heat above 800°C. In
order to integrate thermoelectric waste heat recovery in power plants, these systems and
materials will have to be resistant to much higher temperatures.

The all ceramic technology innovation is a novel system approach that integrates high
temperature ceramic oxide thermoelectric materials, ceramic conductive oxide materials, and
efficient module design that will be able to function at extreme temperatures (up to 1000°C).
Thus it is far more energy efficient and can harvest thermal waste energy at temperatures
current materials cannot tolerate. It can also be produced in a low cost manner, and form fitted
to different industrial applications.

As a result we can meet military and commercial needs as well as overcoming technical
obstacles. There is over $300 million in commercial potential in high heat industrial
processes.[1] This market would be easier to integrate into than a space confined application
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such as in vehicles, The all ceramic materials and technology can meet the specific energy and
temperature requirements of operation where +1000°C waste heat is generated. After proof of
principle we will have prototype testing with global partners in industrial settings. We can then
continue to increase the sophistication for industrial applications such as steel mills and coal
power plants, where temperatures are even higher

3.4 Anticipated Public Benefits

The application that would be most visible to the public would be to increase energy efficiency
in combustion engine based transport. There by reducing America’s carbon footprint, as well as
dependency on foreign oil imports. Converting waste heat produced by motors into electricity
would make cars far more efficient. There is an untapped opportunity that exists to harvest
energy from the engine and exhaust infrastructure. According to BMW, automobiles are an
example of high energy usage with low efficiency. Roughly 75% of the energy produced during
peak combustion is lost in the exhaust and engine coolant in the form of heat. Already BMW
states that fuel efficiency is increased by 12% with early thermoelectric prototypes. With DOE
funding BSST, BMW, and Ford are working on these prototypes for passenger cars. If successful
they would no longer need an alternator to recharge the car's battery, in both hybrid and non-
hybrid models. Fuel efficiency, weight, air pollution, and the cost of the car can therefore be
reduced.

As stated above, the breakdown of current thermoelectric energy conversion at high
temperatures is not only due to thermoelectric materials but it could also be due largely to
breakdown as caused by thermal expansion mismatch between thermoelectric materials and,
for example, metallization components. This is why it is important to have high temperature
strength in these materials. The current system could barely create enough energy for standard
car batteries, while with the all ceramic integrated system it could function satisfactory in much
higher temperatures up to 1000°C. As a result the reliability and fuel efficiency can be
improved, while weight and costs can be reduced.

If this all ceramic technology is broadly adopted, we expect that in automobile industry alone, it
could reduce fuel consumption by American drivers by over 10% resulting in savings of as many
as 2,068,000 barrels of crude per day according to the CIA World Factbook. American drivers
would save at least 10% of the money they spend on fuel as well as reducing the cost of buying
and maintaining a car. The initial expectations are that the system would cost only 50% of the
cost of an alternator, and would have a much longer lifetime and less maintenance problems.
The cost savings when the all ceramics technology is applied to other industrial processes such
as coal power plant, jet combustion engine could be equally as large and significant. Table 1
below shows a breakdown of the potential waste heat by industry and is from the 2006 DOE
Engineering Scoping Study of Thermoelectrics.

These industries could provide additional electricity either within their factories or to the grid
that would not add any emissions or require any additional fuel sources. This could lower
emissions per kilo-watt-hour (kwh) for those factories, reduce emissions per unit of production,
and lastly save the industries on their electric expenses. This effect could be seen through
American and Global industries and could be an important tool for meeting Cap and Trade and
global emission goals in the future.



3.5 Technical Approaches and Schedule

Major technical approach in Phase | was focused on increasing conductivities of several baseline
ceramic oxide composition systems without affecting their Seebeck coefficients by i)
stoichiometry wvariation, ii) donor (n-type) / acceptor (p-type) doping and iii) processing
conditions (sintering technique, sintering temperature, sintering atmosphere, milling, etc.). At
the end of Phase | the approach was to design an integrated thermoelectric energy conversion
module that uses high temperature oxide ceramic thermoelectric materials, high temperature
oxide conductive metallization and high temperature ceramic isolating materials. The design and
evaluation of the integrated TE module will be performed at Clarkson University using
mathematical models describing: convective and conductive heat transfer, fluid flow, and
thermoelectric power conversion.

Table 1: Thermoelectric waste heat opportunities in the U.S. industries

Commercial | Water/Steam Boilers 150*C (300°F) 560 na na na
Industrial | Water/Steam Boilers™ 150*C (300°F) 610 na na na
Efthylene Fumace 150°C (300°F) 0 na na na

960°C (17T50°F) 42 02 0& 10

Medting 730°C (1380°F) 286 1.4 4.3 7.2
Metal Casting Iron Cupola A75'C (TOO*F)
Sieel Blast Furmnace
Lime Kin
Cement Kiln (with
preneater) 200*C (380°F) T0 03 1.0 1.7
Cement Kiin (no preheat) B20°C (1500°F) 8.4 04 1.3 21
Glass oxy-fuel Fumace 1425°C(2600°F) 4.8 0.2 0.7 12

480*C (300°F)

This modeling and optimization technique is a very useful tool in estimating; (a) how practical
physically, technically, and economically to fit chosen thermoelectric materials into an actual
module to generate renewed usable energy, (b) optimum design of the TEG device, (c) material
consumption of the TEG device, and (d) material and manufacturing cost of the TEG device.

Table 2 is a Phase | work plan.



Month
Task Names
Task 1 Prepare Samples
Task 2 Thermoelectric Measurement
Task 3 Characterization of powders and ceramics
Task 4 Composition and Process Modification
Task 5 Design of Commercial Prototype
Task 6 Final Report

Table 2 Phase | Work Plan

4.0 Technical Approaches

4.1 Tasklan 2, Prepare Samples and Thermoelectric M men

4.1.1 Powder Synthesis

More than 40 ceramic oxide compositions for preliminary study were prepared by conventional
oxide reaction route. Table 3 is a list of powder compositions made. As indicated in Table 3, the
compositions were divided into & groups. Reasons why these compositions were selected are
briefly explained.,

Group 1: Doped TiO2 (Samples 001-006, 039, 015-017, and 019-021). These compositions were
selected for study based on an early work done at TAM Ceramics in 1960s [5]. The expectations
were that Nb205 and Ta205 doped compositions will exhibit n-type thermoelectric behavior
and CuO and Li20 doped compositions will exhibit p-type thermoelectric behavior.

Group 2: Doped CeO2 (Samples 007-009, 044, 012-014). These compositions were selected also
based on the early work done at TAM Ceramics in 1960s. The expectations were that Nb205
doped compositions will exhibit n-type thermoelectric behavior and CuO doped compositions
will exhibit p-type behavior.

Group 3: 5rTiO3 or Doped SrTiO3 (Samples 010-011 and 040). These were selected based on
recommendations from several material experts and literatures [6-10). The expectation was that
they will exhibit n-type behavior.

Group 4: Mn and Co based (Samples 018 and 022-028). Mn based compositions are shown in
literature [11-15] to have n-type behavior and Co based compositions are shown in the
literature to have p-type behavior [16-20]. Literature reports tend to suggest it might be
possible to sinter these Mn and Co based compositions in air to yield high electrical
conductivities to give high ZTs for high temperature thermoelectric application. Sintering
ceramics in air is the most economic approach for production.

Group 5: Co, Fe, Ni titanate based (Samples 041-043). These compasitions were recommended
by material experts [21-22]. Whether these compositions exhibit p-type or n-type
thermoelectric behavior was a subject of this study.
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Sample Number Compasition Group Target (W ar P Type)
w01 0.8 TwO2 - 0.2 TaD2.5 1 N
002 0.6 TeD2 - 0.4 TaD2LS 1 N
003 0.4 TiD2 - 0.6 TaD2 S 1 N
04 0.8 T2 - 0.2 Wbz 8 1 N
08 0.6 THD2 - 0.4 N2 5 1 M
006 0.4 THO2 - 0.6 MO 1 M
038 0.97 Ti02 - 0.03 NbO2.5 1 N
015 0.98 TiD2 - 0.02 CwD 1 F
0lg 0,95 TiD2 - 0.04 CwD 1 F
m? 0,54 Ti02 - 0.06 Cwd 1 B
s 0,98 THOZ - 0.02 LI00.S 1 P
020 0.95 TiD2 - 0.05 Li00.5 1 [
021 0.92 TiD2 - 0.08 LiD0.5 1 P
o007 0,98 Cel2 - 0,02 M2 5 2 N
L] 0.9 Cel)Z - 0.04 N2 5 2 M
e 10.94 Cei2 - 0.06 NeO2.5 2 N
44 0.874 Ce02 - 0.126 Nb02.5 F3 N
012 0.98 CaD2 - 0.02 CulD 2 F
al3 096 Ca(2 - 0.04 Culd 2 B
014 0 94 Ca2 - 0,06 Qi) 4 P
210 3 S0 - TiD2 - WO 5 3 N
a1l 3 Sr( - ToO2 - Tali2.5 k; N
(40 Sr() - 08 TiD2 - 0.2 MbO2.5 k] N
018 0.5 Bl - 0.5 Sr0 - 0.6 ColD - 0.4 FeD1 5 4 P
22 CaMin3 4 N
23 CaMin(3 - BaTi(3 - N3OS - CoD 4 N
4 Cabdn(1] - Celd2 - Nh20S 4 M
24 CaMin(3 - W02 - Nh204 4 N
az6 CaMnD3 - BaTi03 4 N
az7 CalCod® 4 P
L] CalCof 31T 4012 4 P
()] Srl) - 0.6 Cod - 0.4 FeD1.5 5 P
042 0.2 Sr0 - 0.4 Ni - 0.4 FelD1.5 - ToO2 5 P
043 0.2 Cal) - 0.4 Ni) - 0.4 Fe) 8 - T2 kL P
o9 XTRMIZH & MorP
a3 NPOE10H & Mor P
ozl COGE00H & Mor P
32 COGI%0H & NorP
@3 BaTiO3 & MorP
o4 COE630L & HorP
Q35 YS¥I6IL & MorP
035 ZSULIIH & MorP
a7 XTRIOZH - Bail 51500 $)Co(0 6 el 4303 & Maor P

Table3  List of Compositions Studied

Group 6: Dielectric Materials (Samples 029-037). These compositions were not included in the
original study plan of this DOE proposal. The idea came after the grant was rewarded. It involved
evaluating several commercially available dielectric powder formulations that had been
manufactured in the past by TAM Ceramics and had been used by TAM's customers to
manufacture multilayer ceramic capacitors or microwave resonators. The reasons for studying
thermoelectric properties of these materials are i} It is an innovative approach since dielectric
materials has not been studied for thermoelectric applications, ii) Sintered grain size of these
materials are small due to they are for thin layer multilayer capacitor applications, iii) Even
though the conductivity of these materials, as they are currently formulated for dielectric
applications, should be very low, it was felt that it might be feasible to improve their
conductivities by sintering or composition modification and iv) TAM has facilities and long time
experience in manufacturing these powder formulations commercially. Therefore, if good
thermoelectric applicable materials can be developed from these dielectric materials, they can
readily be scaled up to manufacturing at TAM Ceramics.
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In the original proposal, 8 compositions containing potassium were proposed. After preliminary
laboratory work, it was found that when potassium carbonate (K2C03) was used as raw material
source, it was very difficult to mix with other oxide and/or carbonate components in water. The
slurry was very thick and remained wet even after long period of time in the drying oven. Also,
apparently because of the poor mixing and much lower melting point of K2C03, calcine was not
possible. The mixture turned into a melted mass even at low calcine temperatures. It was
obvious these powders cannot be synthesized by the conventional oxide reaction route as
outlined in Task 1 and Task 2 plans. For these powders, development works such as mixing
technigue and potassium raw material source needs to be developed beforehand. It was then
decided to skip these potassium containing compositions in order to focus on evaluation of the
other material systems.

It was planned in the original proposal to make several powder compositions at Alfred
University by Pechini or chemical precipitation method to compare with powders made by solid
state reaction method. Upon further review of the plan, this work seems to be of academic
interests only since it is well accepted that powders synthesized by Pechini method or by
chemical precipitation method will cost more and will be difficult to scale up to commercial
guantity. Plus, as reported later a composition that is suitable for comparing different synthesis
routes was identified only very recently. Therefore, such work will be deferred to a later time,

Table 4 is a list of raw material sources that had been used for making the compositions

For each composition, 50 to 70 grams total of raw materials of carbonates or oxides were
weighed according to the composition together with Darvan "C” (R.T. Vanderbilt, Norwalk, CT)
dispersant (1 wt % of total solids), deionized water (100 wt% of total solids), and two glass
mixing balls in a small plastic bottle. Weighting was to within +/- 10 mg. The plastic bottle was
then sealed and placed in a Spex paint mixer and vibratory mixed for 10 minutes, The wet slurry
was discharged into a glass drying pan and oven dried at about 250°F overnight. If more than
100 grams of powder batch was to be made, multiple 50 to 70 gram batches were Spex mixed
according to the above procedure and then each bottle of slurry was discharged into same glass
drying pan to combine them into a single larger batch. The dried powder cake was then broken
up with a mortar and pestle and screened through a 40 mesh nylon screen. The screened
powder mix was then loaded into several zirconia saggers and calcined in a batch kiln with
MoSi2 heating elements (Model 305 Cladan Technology, Inc. San Marcos, CA) at temperatures
of 1050°C or 1150°C in air for 4 hours. Weight of powder mix before and after calcine was
recorded and the % weight loss (LOI) of the powder mix after calcine was calculated and
compared with the theoretical LOI value to ensure all the carbonates were converted into
oxides. The calcined powder was then ball milled in deionized water with 0.2 inch diameter
yttria stabilized zirconia media for 10 to 24 hours. After milling, the slurry was dried and powder
was again broken up by a mortar and pestle and screened through a 40 mesh screen and
collected for future use. Most of the composition powders thus prepared had average powder
particle size of 0.7 to 1.5 micron, measured by Microtrac-X100 particle size analyzer
(HoneyWell, Clearwater, FL). Several CuO and Li20 doped powders had bi-modal particle size
distribution with coarse particle size portion of 5 to 7 microns. Particle sizes of Co, Mn, and Fe
based powders were not measured due to lack of developed measurement procedure. The
dielectric materials (Samples 29 — 38) were chosen from standard production lot without further
processing. Their powder particle sizes are from 0.7 to 1.5 micron.
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Raw Material Source Prurity
BaCO3 NOAH Techralogies, Cooe 11135 5%
San Artanio, TX
BaTiD3 TaM Ceramics, HFB 99.5%
Ningars Falls, NY
Laldd HOAH Techrologies, Code 11688 S9%
San Artonic, TX
Salvay, CFE00 #9.5%
Souston, TH
Alfs Aezar, Stock 11403 #9.5%
Ward Hill, MA
Ca2 MOAH Techrologhes, Code 18421 99.9%
San Antonig, TH
Codl NOAH Technologies, Code 18332 ¥9.5%
San A g, TH
Shepherd, P1485W S5.0%
Norwood, O
Cwd NOAH Technologhes, Code 12585 -
San Antonig, TH
Fa203 Alfe Awpiar, Stock 12375 .58
Ward Hil, M&
LCas Alfa Aesar, Stock 36225 SR
Ward Hil, M&
MnC0d NOWH Technodoghes, Code 13603 55.95%
San Antoria, TX
Ay Aaiar, Stock 14384 %
Ward Hl, MA
ThM Cerarmics, E4203 55.0%
Waagara Falls, NY
Hbats WOAH Technokogies, Code 14337 39.E%
San Antonio, TX
TaM Cersracs, E4125 S9.E%
Niagarn Falls, NY
Nl HO&H Technologies, Code 18582 5%
San Antonic, TX
=03 MOAH Techmologind, Code 18157 99.5%
3an Antonie, T
Alfs Aeser, Stock 14343 99%
Sodiay, HFL3DO #.8%
Haouston, TX
T2 NOAH Technologies, Code 20480 29.5%
San Artonia, TX
Kroncs, Grade 1000 9%
Cluebec, Cansda
Ta208 NOAH Technokogies, Code 14337 F3.9%
Sain A ko, TX
X7RI0ZH TaM Ceramnics Dielectric Product Composite
MPOS10H TAM Cararnics Dishectric Product Compedite
COGEM0H TAM Ceramics Dislectric Product Composite
COGEE0H TAM Carurnics Disbectric Product Campihite
COGEI0L TAM Ceramics Dielectric Product Compesite
YEW1E3L TAM Caramics Disbectric Produsct Composite
Z5U113H TAM Ceramnics Dislectric Product Composite

Table 4  List of Raw Material Sources

In order to maximize the number of compaositions to be surveyed within the project time period,
a fixed calcine temperature of either 1050°C or 1150°C, was selected to calcine the powder
mixes. These two temperatures for calcining the powder mixes were selected based on TAM
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Ceramics previous experience synthesizing powders of similar compositions. Study of phase
formation wutilizing DTA, TGA, XRD etc. will be a significant part of process engineering activities
to improve powder performance at the commercialization stage.

4.1.2 Disc Preparation and Sintering

For sintering in air, the milled powder was added with 8 to 10 wt% of a binder solution made
from corn syrup (Karo Light Corn Syrup, food store shelf item, ACH Food Company) diluted with
equal amount of deionized water. The powder and binder were hand mixed thoroughly with a
mortar and pestle, and screened through a 40 mesh nylon screen. 0.8 to 1.2 grams of powder
was then loaded into a 0.5 inch stainless steel die and pressed with a laboratory press (Model C,
Carver Inc., Menomonee Falls, WIS) into discs for sintering later. The applied force to the single
action die was, for most powders, 5,200 lbs. (26,480 psi). For several powders with surface area
above 50 m?/g the applied force was reduced to 3,500 Ibs (17,800 psi) to avoid powder sticking
to the die wall and/or delamination of the disc. The pressed discs were then placed on stabilized
zirconia setter plate and sintered in air at temperatures of 1200°C to 1450°C for 2 to 4 hours. For
sintering temperatures of 1320°C or below, sintering was done in a batch kiln with MoSi2
heating elements (Model 305, Cladan Technology, San Marcas, CA). For sintering temperatures
above 1320°C and up to 1450°C, sintering was done with a small laboratory batch furnace with
MoSi2 heating elements (CM Rapid Temperature Furnace, Bloomfield, NJ). Temperature ramp
up rate and cooling rate of 200°C/hr was used. These sintered smaller diameter discs were used
to study the basic ceramic properties such as shrinkage, density, grain size etc. For selected
compositions, large diameter discs were pressed using a 1.125 inch diameter stainless steel die.
In this case, 10 to 15 grams of powder with binder solution was loaded into the die and single
action pressed at 5,200 Ibs. (5,230 psi} into large diameter discs. These discs were then place on
stabilized zirconia setter plate and sintered at 1200°C to 1450°C for 4 hours. Same kilns as
mentioned above were used. Because of much more mass of the large diameter discs, slower
temperature ramp up rate and cooling rate of 100°C/hr was used. Also, soak time at the
sintering temperature was increased to 4 hours. At Alfred University, sintered large diameter
discs were cut into bars for thermoelectric property measurement.

In the proposal, it was proposed that the air sintered samples be annealed up to 900°C in H2/Ar
gas before thermoelectric measurement. It was then decided that it would be better to sinter
the samples in H2/Ar gas mixture from 1200°C to 1450°C instead.

For sintering in reduced atmosphere, 10 grams of each reacted powder composition was ground
by hand in an agate mortar and pestle to break up any agglomerates. 1 ml of a 10 wt% agueous
polyvinyl alcohol (PVA) solution (Celvol 21205, Celanese Ltd, Dallas, TX) was added into the
powder and mixed with the mortar and pestle until homogeneous; about 5 minutes. The
powder/binder mixture was granulated by repeatedly cutting with a rubber spatula and then
dried in an oven at 65°C for 15 minutes. Nominally & grams of powder was pressed into a 1.0
inch diameter cylindrical pellet using a tungsten carbide-faced die and laboratory press (model
#3925, Carver Inc., Wabash, IN) to 5,000 psi. The pellets were vacuum sealed in lubricant-free
latex condoms and isopressed to 20,000 psi (Autoclave Engineers, model #IP-6-23-30). The
pellets were placed on 99.9% alumina plates inside a 3 inch diameter controlled atmosphere
tube furnace (model #59256-P-COM, Lindberg, Watertown, WI) which was purged with
4%H,/96%Ar gas. Gas flow during a sintering run was 150 ml/min. The sample temperature
was monitored with a type R thermocouple placed near the pellets. The standard heating
schedule was heating at 3°C/min to a peak temperature which depended upon the composition,

14



a 1 hour hold and then cooling to room temperature at 3°C/min. The sintered density was
calculated from measured pellet mass and geometrical dimensions.

4.1.3 Testing of Discs

After sintering, the thickness, diameter, dry weight in air, and immersed weight in water of small
diameter discs were measured to calculate their shrinkage, density, and porosity. Grain size was
examined by SEM (Hitachi FE-SEM SU-70).

Large diameter discs were submitted to Alfred University for thermoelectric properties
measurements by 4-probe technique. The measurements were performed with either a single
sample or a triple sample set up.

For single sample set up, pellets were cut into rectangular shapes of 3mmx4mmx12mm (a x b x
L). Two small grooves (0.01" wide) were cut into the sample surface at % and % of the length (L)
of bars to prevent slippage of the inner electrode wires using in the four-point electrical
measurements. The bar-shaped sample with gold inner electrode wires was loaded into a tube
furnace (Model 2100 Tube furnace, Thermolyne, USA). The sample was mechanically
compressed between two outer (current) electrodes attached to R-type thermocouples (Pt-13%
Rh/Pt, 0.01" diameter). Gold foil (0.01” thick) was used for the outer electrodes. Two inner
electrodes consisting of R-type thermocouples are held in contact with the sample by means of
gold wire (0.01" diameter) wrapped around the sample.

A new triple sample set-up was constructed to increase the number of samples that could be
tested. In the new set up, the bottom platform of a bottom-loading dome furnace (Whip Mix
dental furnace) was designed to accommodate three sets of four spring-loaded thermocouples
placed at 120 degree intervals surrounding a center SiC heater, as illustrated in Fig. 1

Bar shaped samples 2mmx4mmx16mm (axbXL) were placed on top of a set of four spring-
loaded thermocouples and held in place with additional spring-loaded compression applied
from the top. The center SiC heater was used to provide a thermal gradient across the sample.

Simultaneous DC conductivity and thermopower measurements were conducted at 200 ~
900°C. In these experiments, measurements were conducted in the air using a Labview-
controlled system consisting of a programmable current source (Model 2400 Sourcemeter,
Keithley Instruments, USA), and a wvoltage/current meter (Model 2700 Multimeter/DATA
ACQUISTION, Keithley Instruments, USA).

Electrical measurements were recorded at each temperature after equilibrium was achieved as
judged by observing conductivity as function of time. To correct for the thermopower
contributions, an average conductivity was calculated from measurements collected in forward
and reverse directions. Thermopower measurements were conducted using the ‘steady state
straddle’ method. In the single sample set up, the sample was placed in the natural
temperature gradient of the furnace to provide 10-20°K gradient along the length of the
sample. For the triple sample set up, the center heater provided a 50-100°K gradient along the
length of the sample. Temperatures were measured at each thermocouple contact(T,, Ty, Ts,
Ta), and voltage was measured across the platinum legs of the six thermocouple
combinations(Vi-Va, Vi-Vi, V-V, Vi-Vi, V-V, and Vi-Vy). Thermoelectric coefficients were
obtained by measuring the voltage drop for the temperature gradient along the sample length.
The thermoelectric coefficient, or Seebeck coefficient, Q is defined as Eq. (1)
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SiC heater

Sample with in contact
O with 4 thermocouples

Fig.1  Schematic of a Triple Sample Holder for 4-probe Measurement

AV
O=lim—
lim 37

(1)

Measured values were corrected to account for contributions from the platinum electrodes, the
measured coefficient was corrected using Eq. (2)

Qs =0y +Op
(2)

where, Q, is the corrected coefficient, Q, is the measured coefficient, Qy, is thermoelectric
coefficient of platinum.

4.1.4 Results and Discussion

Table 5 lists basic physical properties of small diameter discs sintered in air. In most cases, disc
samples were sintered at multiple temperatures, The physical data for discs sintered at the
lowest temperature gave representative shrinkage, density and grain size values are shown in
Table 5. Table & lists the grain size analysis for discs sintered in air. Table 7 lists the
thermoelectric data at near 700°C (973°K) of discs sintered in air, or in H2/Ar, or both. Note that
samples 002, 003, 010, and 011 were not tested for their thermoelectric properties because of
their poor sintering. Samples 019, 020, and 021 were also not tested for their thermoelectric
properties because of their too large grain sizes.
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Sampée Ma. Group Composition Sirtaring EnrALEge Dieraiity Paragity
%) Igz2) i)

a0l 1 0.8 TWO2 - 0.2 TaD2 8 148003, Air 17.80 5.41 5.58
[ F] 1 DETIO2 - 04 TeDZS usugghm— 14.50 587 213
ok ] i 0.4 THO2 - 06 Ta02 8 1450C/2H, Air B.40 637 25.81
(] 1 DETIOZ - 0.2 NBDLS :I.ISOC.I'!_H. Air 16.40 437 513

1360 2H, Air 15,60 4,30 468
oas 1 DETIOT - 04 NBD2.5 1450C) IH, Alr 15.20 433 T.69

1360C//2H, Alr 15,60 425 453
] 1 QATIOZ - 06 NBD.5 AA50C2H, Air 15,20 438 B2R

13600/ 2H, Air 15.20 4,33 509
e 1 QAT TIOZ - 0.03 NEIDLE 1i§Q‘2H. Air 15,80 451 504

A4S0C 4H, Alr 17.40 .iE'." ?.'I._'I
oS 1 n.ﬂm-u.w 13001 2H, l.ir 1280 181 4587
] 1 096 TIOZ - 0.04 Cu 13000/ 2H, Alr 1440 3.99 4,79
oar 1 0.5 T2 - 0.06 Culd AROOC2H, l.;sr 14.80 358 B.23
(1] 1 0.98 THOZ =« 0LOZ LD, 5 EEH. Alr :IE- !.'I_vg 451
oan i 0.85 Tid2 - 0UDS LD, 5 LH0OC]2H, Air 18 40 384 .40
1ra 1 10,93 TH2 - 0.OB LADD.5 ZH, Air 17.60 Ty 5.80
ooT F D58 CaiD2 -D&hﬂlﬁ 1goc.sz. Air 16,60 7.14 4.58
{Lﬂ 2 0.9 Ce02 - 004 NBO2S 14800 2H, Air 16,50 7.14 533
0os 1 D.D‘c_a@z -IJ.DENES 145007 2H, Air 18,80 7.2 7.58
il 2 0.874 Cal2 - OL126 NBO2 8 13300/ 2H, Ak 16,00 6Te .90
JJE Fi 0,98 Cel2 - 0.02 Culd 14507 2H, Air 1280 B.83 12.82
013 F 0.596 Ca0Z - 0.04 Culd Ms0c/aH A | 1240 687 14.89
014 2 0,94 Ce2 - 006 Culd 14800726, Air 12.00 7.03 E.s:
010 3 § &0 - THOZ - NBOLS 148G 2, dir 7.30 5:5 36,09
a1 3 SErD-TDI-TlDE.S IIE'IN Air 000 558 £7.52
[0 11] k] 1.0/5r0 - 0.8 THO2 - 0.2 WbO2.5 1450544, Air 14,40 4,51 E.‘ﬁ

Table 5 (Part1) Shrinkage, Density, and Porosity of Discs Sintered in Air
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Sample No. Cormpeditan Snlering Shrinkage Darsity Forosiny

[%] [g/ee} %)

ais 0.% Bal - 0.5 570 - 0.6 Col - 0.4 FeO1.5 | 1300034, Air 25.20 550 7.1%
1240/ 2m, &ir 2520 5.33 1.3

_L2B0C/3H, Air 2840 4.57 1747

Q22 CaMrn03 1320C73H, Air 18.60 4,71 4,85
21 CadAnO3 - BaTiO3 - NB2OS - Co0 1330C/3, Air 15.20 asl LEr]
Q24 Cabin08 - Ce02 - NBO2.5 1320C/ 34, Air 16,30 5.00 13.14
[ri] CaMnrd3 - TD2 - NbIOS 13200/ 2H, Air 18.30 4,34 47
05 CaMnO3 - BaTiO3 1320C/aH, Air 15.80 6.08 583
[} m 1_!21]C|'IH. Air 19.80 4.18 10,09
041 5r0 = 0.6 Col - 0.4 FaD1.5 13200/ 2H, Air Lost Lost Lost
[FL 0.2 &0 - 0.4 NiQ - 0.4 Fe01.5 - TIOZ 1360, 2H, Alr 1500 _ 454 5.04
043 0.2 Cad) - 0.4 NiD - 0.4 Fe1.5 - TiOZ AB60C/2H, Air 15,00 4.45% B55
s XTRI0ZH 1320C/4H, Air 1440 613 E.30
030 NPOBLOH LIBOC/2H, Alr 1540 5.86 11.55
021 COHEE0H LEROC2H, Air 17.60 564 215
0a2 COGIS0H 'IEJQ'I,H. Air 17.80 598 5.0
033 BaTiD3 1AR0C/2H, Air 153 587 9.63
034 C0GA3IL 1140C2H, Air 17.60 569 2.76
035 TEVIEAL L1400/ 2H, Ar 17.00 654 5.91
036 I5U113H LHI00/4H, Air 15.20 5.5 452
037 MTRIOZH - Bal0.S )50 SHCod0.6)Fe(0.4303 13E0C/ 7, A H 504 8.25

Table 5 (Continued, Part ll)
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Sampke | Group Composition Sirtering Micregtnactung Descriotion

ool H 0.8 Ti02 - 0.2 TeD25 1450034, Air Birick lice grains with sharp edges and cornars, & - 10 microns

00z 1 D6 TIO2 - 0.d TaD2 8 14508734, Air Dl mot sinter wall

e 1 0.4 TiO2 - 06 TeD3S L4S0C/7H, Air Dl mat singar

004 1 0.ETHOZ - 0.2 NBDLS HSW.H’ Plate like grains, up to 30 microns + Larg neadis s grains, up 1o 0 microns
13E0C/3H, Alr Plate like grains, up to 10 misrens + Long nesdls ke grains, up to 20 microns

005 1 D.ETIOZ - 04 NBDZ.5 14500 IH, Air Plate like grairs, up 1o 30 microns + Long needie lke grains, up to 40 microns
1360C/2H, Air PhtlIibrpiln:,upb!vlmlﬂmr“ﬂdhhm,ﬁ-aﬂm

006 1 0.4 T2 - 0.8 NBD2S 1450C/ 2H, Alr Large graing, > 30 micron conted with liquid phise
1360C/2H, Air Flata liks graird, up 1o 4 microns + Long needie like grains, up to 8 microns:

035 1 097 TIOZ - 0.03 NBIOL.5 1320C/2H, Air Brick like graing with shenp sdges and cormrs, & - 8 microns

a3s | 1330C/2H, Air Brick like grains with sharp edges snd cormars, £ - B microns

[sE1] 1450/ &H, A Brich like grains with Mgz-lnd cormerd, & - B microns

015 1 0.5 TiO2 - 0.03 Cul 13000/ 2H, Air Large slonpeled praing, > 50 micrors + liuad phase in grain boundaries

016 1 0.96 T2 - 0,04 Culd 1300C2H, Air Large elongated grains, » 50 micrord + liguid phase in grain boundarias

17 1 .54 Ti02 - .08 Cul 100 2H, A Larga alengated grains, » 50 microns + liquid phase in grain boundaries

019 1 038 TIOZ - 0.02 LIDD.5 AI00C2H, Air ery Large Graics, > 50 microns

[ery1) 1 0L95 Ti02 - 005 LiOD.5 LI00C!2H, Air Viery Large Grains, > 50 microns

021 1 0092 TiO2 - 0.08 LID0 % 120007 2H, Air Vary Large Graing, > mmm

o7 F 0,98 Ce2 - 0.02 NBDLS 14500726, Air Large grains, 10 - 20 Fﬂhrﬂ « grmall 5 mvicren graing embedded at triple points

OO 2 .56 Ce2 - 0.04 NbO2S 1450024, Air Larga grains, 10 - 30 microns + small grains, 5-10 microns embedded at triple paints

0os 2 0.54 Ce03 - 0.05 NBDZ.5 L4500 TH, Air Grwin of 4 - § microns

C4d 0.874 Ce0Z - 0,126 Nb205 | 13300 3w, Air Grains of 1 - 4 microns

o2 F 098 Cedd - 0,02 Cul 148007, Air Vary large graing, 20 - 30- microns

023 2 095 Lol - 00 Cud 14500/ I+, Air Wery large grains, 10 - 50 mecrors

o4 2 094 CeD2 - 006 Culd 145002 Air Wary large grains, 10 - 30 mitrord

oio 3 3 50 - Ti2 - NbDLS 1450C 2, Air [ mot sinter

041 3 3500 - TiO2 - TaD2 8 1450C 24, Air D ot sinar

040 3 1.0 50 - 0.8 TiOZ - 0.2 NbO2.5 1450 4H, Air Rourd grains, §10 microns

101 4 0.8 Ba0 - 0.8 S0 - 06 Col - 0.4 FeOLS 12BO0C2H, Air Wary large graing, > 50 micrors, coated with liguid phase.
IEZ’I Air __H!mdllimi-tmuu,fml ath graing, 2 micrors
1240C/2H, Alr | Very largs grains, 30 - 50 micrans

[1FF] 4 CabinOi3 13300/ 2H, Air Graing, 4 - 10 microns + grains, 2 microns

23 4 __CaMnD3 - BaTH03 - Nb20S5 — Lol 13200/ 2H, Air Gains, 2 - 3 microns + small second phase grains, 1 micran,

24 L] CaMnd3 - Ca2 - Mh2GS 1A0C/2H, Al Graing, 2 - 3 microns, pantislly fused together

a2s 4 CabinDi3 - TDZ - NB2OS A320C/3H, Air Graing, 1 - 3 microns, partially fused together

a26 & CaMn03 - BaTi03 1320C/4H, &ir ey lange gradins, 30 - 40 microng

028 4 Caloi3)THa)012 LI20C/&H, Adr Sguare graing, & = 10 micrans

41 5 50 - 06 Co - 0.4 Fe01S L3200/ 2H, Air Very large and ron wniform graies, 20 - 50 micrans

042 5 0.2 50 - 0.4 NID - 0.4 FaDL1.5 - TIOZ 13800 2H, Adr urllandnmunﬂmmmi‘mudmb wid phase

043 5 n.zm-u.wn-n.dmy-mz 13500 7H, Air !.lrlz1l]-2\'.'!mmcdﬂcmlmtmltﬁniu@npﬁmthd'h;rm-mmkrm

v & XTRI0OZH 1330C/4H, A Senall round gring, « 1 rhicron

020 & NEOE10H 12BOC/ 34, hir Sguare gains, 1 - 2 microns + nesdis grains 7 - 3 migrons

031 & COGEXIH 1IROC 3, Air Sqpuare prains, 1 - 2 mi 4 newdle graing, 1 - 3 microns

v & COGIS0H 12BOC/ 74, Air Grairg, 2 - 5 microns « hexagonal grains, 8 - 10 microns

032 -] BaTil3 14500/ 3+, Air Wery large grains, 40 - 100 microns

| 034 ] COGEI0L 1140634, Alr Sgquare grains, 1 - 2 mi & neadie graing, 2 - 3 microns
a8 B ¥5W1E3L 1140C2H, Air Grairg, 3 - 4 micrond
38 B LI 13 aH, Air Smreoth graing, 4 - 6 microns
KTR30IH -
37 B Bad0.515r10.5)Col0. 5)Fe(0.4)03 1360C/aH, Air 1 _Large prains, 4 - 15 microns
Table®  Grain Size Analysis of Discs Sintered in Air
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Sample Electrical
Ko, ‘Group Compegion Fintering Ternparalune Sesback Coafficient Conductmity Poswer Factor
LY W) [Sfem} [Watyfmk=2)
Maar 700C Maar 700C Paar TOOC
o1 L LETHOZ -0.2 Tel2.5 1450C/dH, Air 950 =415 133601 233608
13500 1M, H2jAr 574 203 S.63E+01 4. 30604
Dl 1 0.8 THO2 - 0.2 NBDZ S L2500 &H, Alr 550 -RBE TO2E-04 5.51E-08
1332C1H, HafAr 958 309 1.70E-01 258506
05 1 BETHOZ - 04 NBDLS LIS0C 4H, Air 285 S45 4.03E-03 142507
1383071, H2fAr 358 -188 LI1E+E 462505
o6 1 .4 THO2 - 06 NBOZS LISOC/4H, Ak 388 725 5.06E-05 2.635-04
1233C/ 1K, H2/Ar FLE] -313 B.E5E-01 B.E7E-06
038 1 .97 T2 - 03 DS 14500744, air 344 -331 5. 35601 5.87E-06
1330V/4H, Air i) -4 51001 9.04E-06
1320C 1H, Ha/Ar 267 2 L13E+01 B.45E-05
015 1 058 Ti02 - 0u02 Cud 1180548, Air 2996 A B.ITELS A
13500/ 1H, H2/ar TEB -5 6.54E+00 5.B5E-05
016 1 L6 TIOZ - 0.04 CuD L1500 I, Air o =133 1.508-04 3.38E-10
1350C/1H, M/ Ar 241 £T9 403 1.586-06
o7 1 0.5 TiO2 - 0.08 Cud 1150/ 74, Air 1078 45 _ A.56E-0d 2.06E-10
13500/ 1H, Hg'!u 51 446 3. 72601 TALE-DE
o3 1 038 TiDT - 002 LIDG.5 L2002, Rir N HA WA A
| 0w 1 0,95 TiOZ - 0.08 Lio0.5 1200C/2H, Air Ha Nk HA L0}
021 1 0092 TIOZ - OLO8 LIODO.5 1300C/IH, Air HA N& A, MA
o7 F 0.58 CeO2 - 0.02 NBOZS 1450C/4H, Air 558 -577 L. T4E-01 9. 14E-06
L400C/ 1H, Ha/hr 69 565 1.05E-00 3.35E-06
L] F 096 Ce02 - 0.04 NbDLE 1a50C/3H, Alr Ha N& A L)
1400C/1H Hy'.u' #38 -595 525602 18EE-D6
oo i 0.9 CeQZ - 0.06 NBD L5 1450C/ 24, &ir s HA A A
14000/ 1H, HI/Ar $45 581 6.166-02 215E-06
a4 z 0.874 CaQ3 - 0126 NBD 15 13300/ 2H, Air A NA& L0 A
1320C/aH, Air 953 =350 F4LE-02 1. 15E-08
£z F 0.98 CeD2 - 0.02 Cud 1450C/2H, Air ey HA A L)
k] Fi 0.3€ Ced3 - 0,04 CuD I-IEE_H. Air MA WA L) H&
b4 i 0,94 CeD2 - 0,06 Cu 1A50C/2H, Air L) & A A
oo 3 35r0 - T - NBOLS L4500/ 2H, Alr T & A A
odl 3 3 5r0 -TiO2 -Tal2S 145001 2H, Air A HA A HA
40 E] 1.0'500 - 0.8 THOZ - 0.2 NBO2.5 L4500/ 4H, Air 985 ] 5. T0E-03 LézE-o7
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Table 7 (Part 1)

Thermoelectric Properties of Samples
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Table 7 (Continued, Part 1)

Thermoelectric Properties of Samples

Seebeck coefficients and electrical conductivities of samples as a function of temperature were
also measured. It was observed, for most of the samples, that electrical conductivity is the mast
temperature dependent parameter. It increases with temperature exponentially indicating a
thermally activated process in these materials. Seebeck coefficient is also dependent on
temperature but not in an exponential manner. As an example, Fig. 2 and Fig 3 show Seebeck
coefficient and electrical conductivity vs. temperature of Sample 039,

Seebeck Coefficient (pV/K)

=250
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-310
-330
-350

-370
=380
-410
-430
-450

700

Temperature (K)

Fig. 2 Seebeck Coefficient as a Function of Temperature for Sample 039
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Fig. 3 Natural Logarithm of Electrical Conductivity as a Function of Temperature for Sample 033

The performance of a thermoelectric material is normally evaluated by its power factor, PF, and
its figure of merit, ZT.

Power factor, PF, is defined as,

PF=Q’xo (3)
Figure of merit, ZT, is defined as,

ZIT=(Q*xoxT)/k (4)

Where in equations (3) and (4), Q is the Seebeck coefficient (uV/K), o is the electrical
conductivity (S/cm), T is the absolute temperature (°K), and k is the thermal conductivity
(Watt/mK). PF has a unit of (Watt/mKA2) and ZT is dimensionless.

In cases where the thermal conductivity data is not available, one can use ZT x k as an
alternative parameter to evaluate the material since k usually is not too much temperature
dependent. Fig. 4 shows ZTxThermal Conductivity of Sample 039 which should have a similar
appearance as if one would plot ZT vs. temperature.

Overall observation of thermoelectric data shown in Table 7 indicates that Seebeck coefficients
(Q, pV/K) of all samples are from -100 pV/K to -1000 uV/K for both n-type and p type materials.
These Seebeck coefficient values are in the same order of magnitude as most of the reported
oxide thermoelectric materials of various kinds. However, their electrical conductivities
(g, S/cm) are very low. Therefore, their power factors (PF, Wattfml(ljl and figure of merits (ZT)
are also very low. It is estimated that for materials with Seebeck coefficients around +/- 100 to
+/- 1000 p/K, their electrical conductivity values should be at least higher than 100 S/cm in
order to achieve ZTs > 0.1. Conductivities of samples listed in Table 7, except for several samples
(Sample 001, 005, 039, 018, 022 and 024) are at least two orders of magnitude below 100 5/cm.
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It is felt that conductivities of these samples have to be increased to much higher values first
before selection of materials can be made for future material development and module design.
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Temperature (K)

Fig. 4 ZITx Thermal Conductivity as a Function of Temperature for Sample 039

One of the reasons why the electrical conductivities and power factors of these samples are so
low might be that these samples were only sintered by conventional technigue either in air or in
reducing atmosphere in H2/Ar gas mixture. This sintering process apparently could not yield
sufficient electrical conductivities even though samples sintered in H2/Ar had higher (but not
high enough) conductivities. A different type of sintering technigue may have to be employed to
process these materials. Through literature search and discussion with experts in the field a
recently developed Spark Plasma Sintering (5PS) technique came into mind. Although a
theoretical modeling explaining how and why it worked has not been offered anywhere, 5PS
technique has been reported in literature to have successfully sintered the thermoelectric
materials and yield much higher electrical conductivities [23-26].

Discussions of results and decisions specific to individual group of materials are presented in the
following.

Group 1 (Doped TiO2): The one sample (001), which is 0.8 Ti02 — 0.2 Ta02.5 gave the best
electrical conductivity and power factor among all samples studied. It is estimated that above
600°K, ZT of > 0.1 can be achieved with this material. However higher Ta02.5 doped samples
(002, 003) had difficulty to sinter even at 1450°C. The Ta02.5 doping concentration will be
explored later to find if an optimum level exists. The Nb02.5 doped samples also show
conductivities comparable with TaO2.5 doped samples. Except for Li203 doped TiO2 samples,
firing temperatures of Group 1 materials are from 1300°C to 1450°C. The grain structure of
NbO2.5 doped samples had mixed shape of plate like grains and long needle like grains
indicating likely mixed phases or crystal structures. As expected, Ta02.5 and NbO2.5 doped
materials exhibits n-type behavior with Seebeck coefficients of -200 to -400 pV/K. The CuQ
doped samples did not result p-type behavior. They exhibit actually n-type behavior. Their
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microstructure is poor. It showed large elongated grains with lots of liquid phase materials.
Electrical conductivities of these samples are all very low. The Li203 doped samples had very
low sintering temperatures (< 1200°C) and had very large grain sizes (> 50 um), therefore these
were not tested for thermoelectric properties. Electrical conductivities of CuO doped samples
are all very low. Decision on Group 1 material study is to follow up further with TaO2.5 and
Nb02.5 doped compositions with more details later. A material with a compaosition of 0.97 Ti0O2
— 0.03 Nb02.5 was made and evaluated by a third party company. It showed encouraging
results. More details are reported later. The Li203 and CuO doped compositions will not be
followed further. To convert TiO2 into p-type behavior, some other dopants with valence less
than +4 such as Y203, La203, Na20, or K20 will be investigated in the future.

Group 2 (Doped CeQ2): Firing temperatures for Group 2 materials are near 1400°C. Seebeck
coefficients are around -500 to -600 pV/K. But again, electrical conductivities are very low. Grain
sizes of all samples were very large and not uniform. CuQ doped samples were not tested for
their thermoelectric properties. It was also observed that samples sintered at reduced
atmosphere will reoxidize during thermoelectric property measurements in air. This implies that
doped Ce02 compositions should be used in inert or sealed environment and likely not cost
effective. Decision on Group 2 material study is not to follow further.

Group 3 (SrTiIO3 and Doped SrTi0O3): The two compositions selected, Sample 010 and Sample
011, would not sinter even at 1450°C, The reason could be that the compositions were too
much Sr excess. Sample 040 composition (1.0 5r0 — 0.8 TiO2 — 0.2 Nb02.5) does not show high
enough electrical conductivity when sintered in air. However, this composition system was
recommended by experts in the field. Decision on Group 3 material study is therefore to follow
up the 1.0 SrO - 0.8 TiOZ - 0.2 NbO2.5 system in more details in Task 3 and Task 4. Also, it is
planned to investigate the feasibility of converting this composition system into p-type behavior
by replacing NbO2.5 with p-type dopants such as Y203, La203, Li203, K20, and CuO etc. If
successful, n-type and p-type materials with more thermal matching and more processing
compatibility may be achievable.

Group 4 (CoO and MnO2 Based Formulations): Sample 018 (0.5 BaO - 0.5 Ca0O - 0.6 Co0 - 0.4
Fe01.5), Sample 027 (Ca3Co409), and Sample 028 (CaCo(3)Ti(4)012) all show p-type behavior
with Seebeck coefficients of about +80 pV/K +330 pV/K and +850 pv/K. Sample 027
(Ca3Co4Q9) appears to have the best combination of Seebeck coefficient and electrical
conductivity although the actual value of electrical conductivity is, like others, still low. The
MnO2 based samples, Samples 022, 024, 025, and 026 showed n-type behavior with Seebeck
coefficients around -50 to -B0O puV/K. The electrical conductivities of these samples appear to be
a bit higher than the other groups of samples but the actual values are still very low. The issue
here, again, might be the sintering technique. Grain sizes of these samples are difficult to
determine since there were lots of second and liquid phases present. Sintering temperatures of
this Group 4 materials appear to be lower and yet shrinkages appear to be higher than Group 1
and Group 2 materials. This might present compatibility and matching issues later when n-type
and p-type materials are cosintered in a module design. Decision on Group 4 material study is to
follow up this material system only if development of p-type materials from other composition
systems proves difficult.

Group 5 (CoO, Fe203, 5r0, NiO Based Formulations): The 5rO - 0.6 CoO - 0.4 Fe01.5 (Sample
041) exhibited a small p-type but very low Seebeck coefficient (25 pV/K). It seems like most of
the cobaltite compounds are p-type. The electrical conductivity of Sample 041 was higher,
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above 30 S/cm. But, because of the low Seebeck coefficient, the overall power factor is still low.
The 0.2 570 - 0.4 NiO — 0.4 Fe01.5 - TiO2 (Sample 042) and 0.2 CaO - 0.4 NiO — 0.4 FeO1.5 -
TiO2 (Sample 043) compositions are both n-type. Seebeck coefficients are about -350 pV/K to -
470 pV/K. The SrO containing sample (Sample 042) had higher electrical conductivity than the
Ca0 containing sample (Sample 043). However, actual conductivity value of Sample 043 was still
low and its power factor is also low. All three samples had very large grain sizes and non-
uniform grain size distributions. Decision on Group 5 material study is not to follow these
materials further.

Group 6 (Dielectric Formulations): Results of this group are interesting. When sintered in air,
Sample 029 (X7R302H) and Sample 030 (NPO610H) showed n-type behavior with high Seebeck
coefficients of more than -1000 pV/K. Sample 033 (BaTiO3), Sample 035 (Y5V153L), and Sample
036 (Z5U113H) showed p-type behavior with high Seebeck coefficients around + 950 pV/K.
X7R302ZH is a temperature stable dielectric formulation (Meets EIA X7R specifications) with a
dielectric constant of around 3000. The compaosition is mainly BaTiO3 with a small amount of
additives. NPO610H is an ultra temperature stable dielectric formulation (Meets EIA NPO
specifications) with a dielectric constant of about 60. The composition is based on rare earth
titanate. Y5V153L and Z5U113H are all high dielectric constant compositions (Meets EIA Y5V and
Z5U specifications) with dielectric constant of about 16,000 and 12,000. The compositions are
BaTiO3 + BaZrO3 + additives. However, their electrical conductivities were very low. The low
electrical conductivities were expected since they were formulated for dielectric and capacitor
application. It is felt that, because of their high Seebeck coefficients, it may still be worthwhile to
investigate if with some composition modification and/or processing modification they could
possibly be developed as high temperature oxide thermoelectric materials. As shown in the case
of Samples 029 and 036, sintering in reducing atmosphere appears to improve electrical
conductivity significantly. Development of p-type thermoelectric compositions from these
Group 6 materials is of particular interest because, if workable, it presents materials alternative
to the current Cobaltite based p-type materials that will be more process compatible with n-
type components.

During study and analysis of thermoelectric data above, it was noticed that the absolute value of
Seebeck coefficient and electrical conductivity always vary in a different direction. In other
words, each time electrical conductivity increases, the absolute value of Seebeck coefficient
decreases. A further analysis was then conducted. In Fig. 5, The nature logarithm of the
electrical conductivity, LN (o) is plotted as a function of absolute value of the Seebeck
coefficient for all the n-type samples tested. The data is a collection of Seebeck coefficients and
nature logarithm of electrical conductivities of all different compositions and under all different
processing conditions. It is interesting to notice that there seems to be a universal correlation
between LN(o) and Seebeck coefficient regardless of composition systems and processing
conditions. It is not sure if a theoretical model can be established to explain this possible
correlation. However, this data analysis suggests that it might be possible to predict Seebeck
coefficient from conductivity data or vice versa.
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Fig. 5 Natural Logarithm of Electrical conductivity vs. Absolute Value of Seebeck Coefficient
4.2 Task3 ch r Wi and Ceramic

Discussing with industry experts and university researchers pointed out that the TiO2-Nb02.5
and 5rO-Ti02-Nb0O2.5 based compositions are two of the most technically and economically
feasible oxide n-type materials for practical high temperature applications. Also, no p-type oxide
materials other than Ca3Cod409 materials are available.

During the course of Task 1 and Task 2 works, dialogs and communications were established
with a leading commercial company of thermoelectric device, materials, and technology. This
company who will be referred to as “Company X" for the remainder of this report is very
interested in our thermoelectric material development program and view us as a potential cost
effective thermoelectric powder producer. They have full lines of material processing
(especially, the Spark Plasma Sintering furnace) and characterization (XRD, 5EM and ICP)
facilities to process, test, and analyze all fundamental properties of ceramic powders and
components. More important to Phase | work is that they have full lines of equipment to
measure thermoelectric properties such as Seebeck coefficient, electrical conductivity, thermal
conductivity etc. They showed keen interests in the TiO2-Nb02.5 and SrO - TiO2 — NbQ2.5
based formulations that we were working on under this DOE proposal. They agreed under NDA
agreement to test, evaluate, and advise on powders submitted by us. We took the opportunity
and submitted the 0.97 TiO2 - 0.03 NbO2.5 and 1.0 5rO - 0.8 Ti02 - 0.2 NbO2.5 powders for
their initial evaluation. At Company X's request, these powders were ball milled to two different
sizes around 1.0 micron. Table 8 shows a summary of their evaluation of physical properties of
the two powders. Table 9 shows a summary of thermoelectric properties. Fig. 6, Fig. 7, Fig. 8,
Fig. 9, Fig. 10, Fig. 11, Fig. 12, and Fig. 13 show thermoelectric properties vs. temperature. The
powders were sintered by Company X by Spark Plasma Sintering.
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Table 8 Physical Properties of Powders Sintered by S5P5
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Table9 Thermoelectric Properties of Powders Sintered by 5P5
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Fig. 13 ZT of 1.0 5r0 — 0.8 TiO2 — 0.2 NbO2.5 vs. Temperature, Sintered by SPS
The above results of Company X's evaluation can be summarized into several major points.

1. With Company X's material processing and thermal testing expertise, both 0.97 Ti0O2 - 0.03
NbO2.5 and 1.0 5rO - 0.8 TiO2 — 0.2 Nb02.5 compaositions show much improved thermoelectric
properties. ZTs are approaching 0.1. The improvement is mainly due to the significant
improvement of electrical conductivity. Notice that electrical conductivities from 100 5/cm to
500 S/cm were seen in samples with ZT > 0.05. It demonstrates again that electrical conductivity

dictates largely the performance and ZT of the high temperature ceramic oxide thermoelectric
materials,
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2. The increase of electrical conductivity is largely attributed to Spark Plasma Sintering
technology to sinter the ceramic. It was concluded that 5PS is a MUST process for sintering high
temperature ceramic oxide thermoelectric materials.

3. Seebeck coefficients of the two ceramic formulations chosen are not very sensitive to
sintering conditions. Values of Seebeck coefficients of samples sintered by SPS are only slightly
better than Seebeck coefficients of conventionally sintered samples regardless if the
conventional sintering was done in air or in H2/Ar reducing atmosphere.

4. Both the 0.97 TiO2 - 0.03 NbO2.5 and the 1.0 SrO - 0.8 Ti02 - 0.2 NbD2.5 based
compositions can be used as n-type precursor materials to develop more advanced and
commercially scalable thermoelectric module design.

5. Company X made suggestions to reduce powder particle size to nano size by milling and to
eliminate the minority phases by improving batching and/or calcine.

4.3 Task 4, Compaosition and Process Modification

Task 4 work actually started during Task 1 and Task 2 works. It was decided during the time to
investigate the effect of powder particle size reduction by milling to see if electrical conductivity
and thermoelectric properties could be improved. The milling was done with a commercial fine
media milling equipment Mini-Por, manufactured by Netzsch (Exton, PA) using either 0.1 mm or
0.5 mm diameter yttria stabilized zirconia media. This equipment and technology will be
referred to as Netzsch milling for the remaining of this report. Two compaositions (0.97 TiO2 -
0.03 NbO2.5 and 1.0 SrO - 0.8 TiO2 - 0.2 Nb02.5) recommended by experts in the field were
made and then submitted to the equipment company for Netzsch milling to reduce their particle
size.

Table 10 shows physical and thermoelectric properties of Netzsch milled powders. Particle size
data listed in Table 10 was measured by Microtrac-X100. It is noted that the 1.0 SrO — 0.8 Ti02 -
0.2 NbO2.5 powder Netzsch milled for 3 hours has much higher surface area than the 1 hour
milled sample indicating that its particle size should be much smaller than the 1 hour Netzsch
milled powder. However, actual particle size measurement by Microtrac-X100 showed its
particle size was “coarser”. It is believed that this is due to powder dispersion issue with
Microtrac-X100 technique. Fig. 14, Fig. 15, and Fig. 16 show Seebeck coefficients, electrical
conductivities, and ZT x thermal conductivity vs. temperature of the two Netzsch milled
powders.
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Table 10 Physical and Thermoelectric Properties of Netzsch Milled Thermoelectric Powders
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Fig. 14 Seebeck Coefficient vs. Temperature of Netzsch Milled 0.97 TiO2 - 0.03 NbQ2.5 Powder
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Fig. 16 ZT x Thermal Conductivity vs. Temperature of Netzsch Milled 0.97 TiO2 - 0.03 NbQ2.5 Powder

It was encouraging to see that there was a case that some improvements were made by
reducing the particle size of the powder. By Netzsch milling the 0.97 TiO2 — 0.03 NbQ2.5 powder
3 hours instead of 1 hour, disc sintered at 1450°C in air had its electrical conductivity increased
50 times, power factor increased 25 times, and ZT x thermal conductivity increased 25 times.
Although conductivity values are still very low for these samples due to discs sintered in air by
conventional technique, it appears that reducing particle size of the powder has some benefits
and is worth pursuing further. It also demonstrated again that electrical conductivity plays a
critical role in obtaining high power factor and ZT. Thermoelectric data for 3 hours Netzsch
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milled 1.0 5r0 — 0.8 Ti02 — 0.2 NbD2.5 powder could not be obtained due to discs all cracked
after sintering. There was not enough sample powder left to repeat the sintering and tests.

Follow Company X's recommendation after their first evaluation of micro meter size powders,
two additional powders with much smaller particle sizes were made and evaluated. The
composition of the first powder was 0.97 TiO2 - 0.03 NbO2.5 and the composition of the second
powder was 1.0 5rO — 1.03x0.8 TiO2 - 1.03x0.2 NbO2.5. Note that the composition of the
second powder was modified from the previous composition of 1.0 5rO — 0.8 Ti02 — 0.2 NbO2.5
by adding more B site ions of Ti and Nb but keeping Ti to Nb mole ratio the same. Past
experience with dielectric materials based on perovskite ABO3 compounds such as BaTiO3,
5rTi03, CaTiO3 etc, was such that ABO3 materials with slight excess of B site ions usually have
better sintering and densification behavior. Also, raw mix of the 1.0 5r0 — 1.03x0.8 TiO2 -
1.03x0.2 NbO2.5 powder was Netzsch milled before calcine. These two powders were all
Netzsch milled after calcine to nano particle size as indicated by high surface area of the powder
after milling.

Company X evaluated these two nano size powders. The results for both powders are
summarized in Table 11, Fig. 17 to Fig. 26.

Precursor Poveder {Made by TAM) 1,00 Srld - 057 TigRE -
1. 0%x0.8 Ted2 - 003 N2 S
1.03x0.2 N2 5
Powder Surface Area (mi'g) 5&9 6.9
Powder Size (mm) = 50 M- 30
Major Phase STl TiD2
Minor Phase T2 NBOO. 76, Zr()2
Impaariny Zrl2, & 8wt Zri2, 3.0 - 10,0 wrts
Composition | Process Modiflcation Yes Yes No Yes
By Compasy X
Processing and Sintering SPS. Condition A 8PS, Condition B SPS 12000 SPSI2000
(A1 TOOC)
Electrical Encmnim_f_[‘s.-'_'imL 360 240 14 200
Secheck Coefficient (p/K) =158 =152 =180 =130
Powit Factor (Win'mk"Z) R GHE-04 4 S4E-04 |G- 2 BOE-04
Thermal Conductivity {Walt'mk 3.6 16 2.6 3.1
ZT .23 .15 .06 e
Simered Girain Saee (Jim) —5 -5 Layered, — 4 and < | Layered, — 4 and = |

Table 11 Physical and Thermoelectric Properties of Nano Size Powders, Sintered by SPS
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Fig. 17 Seebeck Coefficient vs. Temperature of Nano Size 1.0 5r0 — 1.03x0.8 TiO2 — 1.03x0.2 NbO2.5
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Fig. 21
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Fig.26 ZT vs. Temperature of Nano Size 0.97 TiO2 — 0.03 Nb205 Powder

As shown in the above Tables and Figures, the evaluation performed by Company X on the 1.0
5r0 —1.03x0.8 TiO2 - 1.03x0.2Nb02.5 and 0.97 Ti02 — 0.03 NbO2.5 powders shows several very
encouraging results;

A) For 1.0 5rO — 1,03x0.8 TiO2 - 1.03x0.2 NbO2.5 compasition

By Netzsch milling the raw mix and/or slightly increase the (Ti+Nb)/Sr mole ratio, Calcination
was more complete and phase pure powder could be obtained. The Sr5SNb4015 and SrNb406
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phases as detected in the earlier 1.0 5r0 — 0.8 TiO2 - 0.2 Nb0O2.5 powder samples were not
detected.

Electrical conductivities of nano size powders processed at both SP5 condition A and SPS
condition B were increased to 360 S/cm and 240 S/cm. With only one exception, they are
significantly higher than previous micro size 1.0 5rO - 0.8 Ti02- 0.2 NbO2.5 powders processed
at SPS Conditions 1, 2 and 3 (0.16 to 200 S/cm). [Table 11, Table 9]

Seebeck coefficients of nano size powders processed under 5PS conditions A and B (-155 pV/K,
-152 uV/K) were comparable to previous 1.0 5r0 — 0.8 TiO2 — 0.2 Nb02.5 samples processed
under SPS conditions 1, 2 and 3. (-170 pV/K, -210 pV/K, -145 puv/K, and -130 pV/K) [Table 11,
Table 9]

The overall effect was that ZT was increased from 0.05 = 0.085 to 0.15 - 0.25.

It demonstrated that, with proper SPS conditions and/or slight modification of compaosition, the
5r0 - TiO2 = NbO2.5 composition system shows good thermoelectric properties to begin with
and can be used as base n-type material for integrated TE module design.

It is interesting to note that, after Company X processed, the 1.0 5r0 — 1.03x0.8 Ti02 - 1.03x0.2
NbO2.5 composition had its electrical conductivity decreased as the temperature was increased
(Fig. 18). It indicates a metallic type electrical conduction behavior. It is suspected that Company
X added a small amount of high electrical conductive phase to the 1.0 5r0 — 1.03x0.8 Ti02 -
1.03x0.2 Nb02.5 base powder to increase significantly its electrical conductivity.

B) For 0.97 TiO2 - 0.03 NbO2.5 composition

There was not much change with phase purity of nano size powder as compared with earlier
micro size powder. Thermoelectric properties were also comparable between nano size and
micro size powders. [Table 11, Table 9]. The electrical conductivity could be improved
significantly when Company X applied their proprietary composition and/or processing
modifications to the precursor material. However, improvement of ZT was less because
Seebeck coefficient went down at the same time,

For this 0.97 Ti0O2 - 0.03 NbO2.5 compaosition system the electrical conductivity increased
slightly with temperature at temperatures below 600°K and remains nearly constant at higher
temperatures above 600°K.

4.4 Task5, Design of Commercial Prototype

For Task 5, a preliminary design and optimization of a thermoelectric generator (TEG) that uses
the n-type SrTi(0.8)Nb(0.2)03 based ceramic material was performed. This modeling and
optimization exercise allows one to estimate how practical physically, technically, and
economically to fit chosen thermoelectric materials into an actual module to generate renewed
usable energy. This work was performed by Dr. Brian T. Helenbrook at Clarkson University
(Potsdam, New York) as a consultant under this project.

The design and optimization involved modeling exhaust heat exchange (EHX), TEG, and coolant
heat exchange (CHX) as a whole system. The TEG module utilized engine exhaust gases for the
hot source and coolant as cold source. The engine was chosen to be that of one used in a light
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duty pick-up truck. The coolant was chosen to be the standard automobile antifreeze coolant.
The compaosition of 1.0 5r0 — 1.03x0.8 Ti02 — 1.03x0.2 Nb02.5 as discussed in Task 4 work was
chosen as the n-type thermoelectric leg. Physical and thermoelectric properties of this material
as shown in Table 10, Figure 17, 18, 19, 20, and 21 in previous sections were chosen as design
inputs. As a candidate p-type material has yet to be developed, it was assumed that the p-type
legs have properties similar to n-type legs. Since the ceramic thermoelectric materials can
withstand higher temperatures than most thermoelectric materials, the TEG was placed
immediately after the exhaust manifold.

The optimization results as given in Table 1 of Dr. Helenbrook’s report showed that the 1.0 5rO -
1.03x0.8 TiO2 — 1.03x0.2 NbO2.5 thermoelectric material as it stands now does not offer
significant opportunity for energy saving when fabricated into a TEG device. Even though the
TEG can produce 124 W output (216 W effective shaft power), only 2.4 W net shaft power (<
10% of the TEG output) could be available as renewed energy for use. Most of the power
generated by the TEG had to be consumed on exhaust, coolant, and transport system to
accommodate the installation of TEG. This design suffers mainly because of the high thermal
conductivity of the thermoelectric material. The mass of the TEG was calculated to be heavy as
35 kg. Also because of the high thermal conductivity, long thermoelectric legs would be
required. This made the device width fairly large and unwieldy as the report said. The modeling
and optimization was repeated with the assumption that thermal conductivity of the
thermoelectric material was reduced by a factor of 2. The results as given in Table 2 of
Helenbrook's report were much better. TEG can now produce 264 W power output (465 W
effective shaft power). 216 W net shaft power (> 45%) can be available as renewed energy for
use. Also, length of the thermoelectric legs could be reduced by half.

The above modeling and optimization technique is a very useful tool in estimating; (a) how
practical physically, technically, and economically to fit chosen thermoelectric materials into an
actual module to generate renewed usable energy, (b) optimum design of the TEG device, (c)
material consumption of the TEG device, and (d) material and manufacturing cost of the TEG
device.

Dr. Brian Helenbrook's report is attached in the following
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TEG Generator Optimization
B. T. Helenbrook
Clarkson University

1 Thermoelectric Generator

In this section, a preliminary design of a thermoelectric generator
(TEG) that uses the n-type SrTi(0.8)Nb(0.2)0,ceramic material is
given. The TEG is designed to utilize engine exhaust gases for the hot
source. As the ceramic material can withstand higher temperatures than
most thermoelectric materials, it was decided to place the TEG
immediately after the exhaust manifold. The exhaust characteristics
were chosen to be that of an engine used in a light-duty pick-up truck, a
5.3 liter V8 gasoline engine. The engine has a nominal rating of 200
kW at 5000 rpm and 430 N m of torque at 4000 rpm. The exhaust
stream exiting the manifold from this engine was taken as m. = 0.049
kgl/s at a temperature of 670C where m, is the mass flow rate of the

exhaust. These conditions are typical of what would be expected for a
vehicle traveling at 70 mph [1-3].

1.1 Basic Design

The basic design of the generator is a counterflow heat exchanger
sandwich type as shown in Figure 1. The center of the device is the hot
gas heat exchanger. This is surrounded on either side by the
thermoelectric legs, which are in turn surrounded by the coolant heat
exchangers. For the exhaust gas heat exchanger, an offset strip fin type
arrangement is used such as that shown in Figure 2. For the coolant
side heat exchanger a series of rectangular flow channels is used such
as that shown in Figure 3. These devices will be manufactured out of a
lightweight highly conductive material such as Corning glass.
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Figure 1: Schematic of the thermoelectric generator design

Figure 2: Strip fin exhaust heat exchanger

s — — — ;

@ Flow direction

Figure 3: Coolant heat exchanger
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Clearly even the heat exchangers have a large design space
associated with them. The hot gas heat exchanger has four design
parameters as shown in the figure, L,, s5,, b,, and &,. These can be
determined from the three geometric ratios «', &' and ' and one length
scale. For this optimization study, the three geometric ratios were fixed
and only the scale of the heat exchanger was varied. The geometric
ratios were given by a'=0.38, §'=0.06, and y'=0.38. These values were

chosen on designs tested in Kays and London [4].

For the coolant side, the design parameters, s, 8., and b,, shown
in Figure 3, were all fixed based on the heat exchanger used for
automobile exhaust thermoelectric generation in [1]. The values used
were O, =23mm, s, =4mm, and b, =12.7mm. On the coolant side,
only the coolant mass flow rate was used as a design variable. In a
typical installation, the coolant lines would tap into the main system on
either side of the heater core. The mass flow rate can then be controlled
by changing the resistance of the coolant loop, either with values or by
appropriately choosing the flow resistance of the coolant inlet lines.

For the generator, the p- and n-type thermoelectric legs were
assumed to be connected electrically in series. The material properties
of the n-type legs were those measured in the preceding sections. As a
candidate p-type material has yet to be developed, we assumed that the
p-type legs have similar properties. Each leg was assumed to have a
uniform cross section. The main design parameters for the legs are the
cross-sectional area of the legs and the length of the thermoelectric
legs. The actual design variables used are the couple density, {, which
has units of number of legs per area and the aspect ratio of the legs, 7.
which is the length of the legs divided by their cross-sectional area.

1.2 Modeling

The performance of the system is predicted using 1D models. Many of
the modeling details can be found in [5]. The basic energy flow
pathways are shown in Figure 4, which is a schematic of a finite cross-
sectional area of the generator. To model the thermal section j shown in
Figure 4, it is assumed the axial conduction in the metal is negligible
and that the junction temperatures: T, ; and T, are uniform over the

J . j?
discretization area, A.
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Figure 4: Side view of a thermal section.

A steady-state energy balance on the coolant heat exchanger (CHX)
section considering convection in the fluid and conduction heat transfer
to the module surface gives,

U, 4 »
i, -T,)=0 M

Epis o= CMHT fn T

where I__fﬁ ; is the average overall heat transfer coefficient for the CHX

for this section, sy is the mass flow rate of the coolant through the
section, ¢, and ¢,  are the specific heat of the coolant evaluated at

T., and T, ., T s the uniform cold junction temperature of the
module j, and T} ; 18 the average bulk temperature of the coolant for
this section. T, ; is defined as,

— 1 .
T, =5 @t ) @
Similarly, for the EHX segment,

A
c-”‘-r TLU' i cPr.; |?:=._f"] - H-;;;L- (T;J - T.;r,_.' )= 0, (3)

3
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where the variables have definitions similar to those in equation (1).

Balancing the energy flow in and out of the module gives,

U AC ~T ) ULAL, - T, )P, =0. (4)
where P, is the power generated by the legs in the discretization area,
Py =1V, =1V, ;~IR)). (5)

1 is the total current of the generator, V,_; is the module’s open circuit
voltage, and R, is the electrical resistance of the discretization area,

R, =N, /p.+P,) (6)

where N_. is the number of (series-connected) couples in the

discretization area. The aspect ratio of the legs (y) is assumed uniform
over the generator. The number of couples in the discretization area,

N_ ;. is given by
N ;= (7)
where { is again the couple density.
The module’s open circuit voltage, V,, . is defined as,
Vnr.j = r;r_r.(’f*”, _T::._f) (8}

where uj is the effective Seebeck coefficient of the discretization area.
ﬂ}_ is defined as:

a,=N,,(@-3,) ©)

and the total current of the generator, 7, is defined as,
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N
V ZV"‘""
o, (10)

' ’ ZRJ+RL

J=t

where V is the total open circuit voltage of the generator, R, is the
total electrical resistance of the generator, R, is the load resistance.

A heat balance at the hot junction of the module as derived in [6] is,
Ve 1
U AQ, ~1,)-K,@,-T.,)-a T +3IR, =0, (D)

where K, is the thermal conductance of the legs. K, is defined as,

N »
K, = ?f katks ) (12)

Finally, the power of the entire generator is,

P =I'R,. (13)

For the optimization of the system, it is also required to know the
parasitic losses incurred by the TEG system. These consist of blow-
down work because of the additional exhaust back pressure caused by
the exhaust heat exhanger, the additional coolant pumping power, and
for mobile applications the additional rolling resistance caused by the
weight of the TEG. Both the exhaust blow down work, AP,, and the
coolant pumping parasitic powers, AP, are estimated using the
following expression

ﬂ=% (14)

where k is a pressure loss coefficient for the heat exchanger, Q is the
volumetric flow through the heat exchanger, and p is the density of the
fluid (coolant or exhaust gas). These power are converted to a shaft
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power using the efficiency 1. For the coolant, n is the efficiency of the
coolant pump, which was taken as 0.66. The exhaust pumping
efficiency is the ratio of the change in shaft power caused by a change
in exhaust pumping work. We have assumed a value of 0.8 which is
what one could easily attain by using a blower to overcome the
additional back pressure.

For mobile applications, the parasitic power to transport the total
weight of the TEG system is given by

W
ﬁpﬂzu‘ (15}
Mo

where u;, is the rolling resistance coefficient, W, is the weight of the
TEG system, v is the velocity of the vehicle, and 7, is the driveline
transmission efficiency. The driveline transmission efficiency accounts
for the losses in the linkages between the drive shaft and the wheels
and is a function of vehicle speed. The weight of the system is
estimated using the solid volume of the heat exchangers assuming they
are constructed from a lightweight conductive material, Corning Glass

substrate, having a density of 2230 kgfm3 :

To complete the entire system, auxiliary relations for the heat
transfer coefficients and pressure loss coefficients must be supplied.
The details of these relations are given in [5]. The entire generator is
discretized as discussed above and the resulting coupled system of
equations is solved using a Newton-Raphson iteration. This then
predicts the power output of the TEG. For the purposes of optimization,
the electrical output of the generator is converted to shaft power by
multiplying by the power-conditioning unit efficiency and dividing by
the alternator efficiency because the electrical power supplied by the
TEG reduces the amount of shaftpower required for the alternator. The
objective function for optimization is the sum of this TEG shaft power
minus the parasitic shaft powers.

2 Optimization Results

In addition to the above discussed design parameters, one must also
choose the length and width of the generator, Lx and Ly, where the
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length is measured in the direction of the flow. The design parameters
for the study are then

* coolant mass flow rate, mi.

» exhaust gas heat exchanger size, b,

 couple density, {

= couple aspect ratio, v

* length of generator in streamwise direction, L,

* length of generator in cross-stream direction, L,

As the size of the device will be constrained by the available space in
the vehicle engine compartment, we study the response to L, and L,

parametrically rather than letting the optimizer automatically find the
optimum size of the generator. An additional simplification in the
design space is that the two design parameters y and { always appear as
the product y/C in the one-dimensional model. Thus, this product is
used as a single design variable. The product of y/C is essentially the
length of the legs. The area of the legs is not critical because it is
assumed in the 1D model that all of the heat passes through the legs
and there is no parasitic heat transfer between the legs.

To investigate different size generators, a 3x3 matrix of L, and L,
variables was investigated given by ([0.5, 0.75, 1.0]m x [0.5, 0.75,
1.0Jm). These were chosen as potentially reasonable sizes for a TEG.
Although the 1D analysis treats all of the components as planar, there is
no reason that the flow paths have to be strictly recti-linear. A more
compact device could be made by serpentining the flow path. Table 1
shows the optimized results for L_,L, =0.5,0.5m.

Tite b, | Y/ (m) | Pe(W) [APe (W) |APs (W)[aPW (W)[ Net (W)
0.17 | 0.022 | 0.15 | 124 33 36 144 | 24
(216)

Table 1: Optimal design results for the thermoelectric generator using
the SrTi(0.8)Nb(0.2)0; ceramic material with L, = L, =0.5m

The TEG generates 124 Waits of power, but the net reduction in
shaft power caused by the TEG is only 2.4W. (The number in
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parenthesis is the effective shaft power of the TEG). The net change in
shaft power is small primarily because the thermal conductivity of the
material is high and thus the efficiency of the thermoelectric material
(ZT) is low. The power generated just barely offsets the parasitic
powers of which the weight penalty is the largest. The mass of the
generator was calculated to be 35 kg and the rolling resistance of the
vehicle was 0.012. This weight penalty significantly reduces the benefit
of the TEG for mobile applications.

Another outcome of the high thermal conductivity of the
thermoelectric material is that long thermoelectric legs are required.
The optimal length of the thermoelectric legs basically is a result of
matching thermal resistance between the heat exchangers and the
thermoelectric legs. Because the thermal conductivity of the material is
high, long legs are required to create enough thermal resistance to
maintain a significant temperature difference across the legs. This
makes the device width fairly large and unwieldy. As we anticipate that
the thermal conductivity of the material will be significantly reduced
by the particle size reduction and SPS sintering process, we have run
another optimization using one half the thermal conductivity. The
results are shown in Table 2. Because of the lower thermal conductivity
of the legs, shorter legs are needed and a greater conversion efficiency
is attained. In this case, the device produces 216 W at the shaft.

Tite b, | Y/ (m) | Ps(W) 5Pe (W) |APs (W)|APw (W) Net (W)
021 | 0.021 | 0.06 | 264 64 39 144 | 216
(465)

Table 2: Optimal design results for the thermoelectric generator using
the SrTi(0.8)Nb(0.2)0, ceramic material with decreased thermal
conductivityand L, = L, =0.5m

The amount of power produced depends on the area chosen for the

generator. If an area of 1x lm’ is used a net electrical power of 415 W
can be generated. However this is offset by the increased weight of the

3l



device so the net shaft power actually decreases. If we optimize
including L, and L, using a constraint that the maximum size in either

direction not exceed 1 m, the optimum size for the generator is
L,=0.3m and L, =1m which generates 316 Watts of electrical power
and 276 Watts of net shaft power. For mobile applications, the weight
penalty is the dominant loss mechanism. If one were to design for a
stationary application, the optimum size of the generator and the
corresponding output power would be significantly greater.
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5.0 CONCLUSIONS

Most of the ceramic compositions selected for Phase | study have reasonable values of Seebeck
coefficients. However, when sintered by conventional method, their electrical conductivities are
all too low. Because of low electrical conductivities, their power factors (PF) and figure of merits
(ZT) are too low for thermoelectric applications.

Two nano size powder compositions, 0.97 TiO2 — 0.03 NbO2.5 and 1.0 SrO — 1.03x0.8 TiO2 -
1.03x0.2 Nb02.5, were processed and evaluated by a third company. The results show much
improved thermoelectric properties. ZTs of 0.25 were seen. Slight composition madification,
likely by addition of a highly electrical conductive phase, plus employing SPS sintering technique
made the significant improvement of electrical conductivities and therefore power factors and
ZTs.

SPS has been identified as a key step for processing high temperature oxide thermoelectric
materials.

Particle size reduction of the ceramic thermoelectric composition has benefits. It will be
investigated and developed further.

Nb doped 5rTi03 and Nb or Ta doped TiO2 compositions are good base line compaositions for n-
type thermoelectric compositions.

No unigue p-type thermoelectric compositions were identified in phase | work. Ca3Co409
currently is the most available p-type thermoelectric composition. Future development of high
temperature p-type thermoelectric materials will be needed. It will likely to start with
attempting accepter doping of TiO2 or 5rTi03.

Several BaTiO3 and rare earth titanate based dielectric compositions showed either n-type or p-
type behavior with high Seebeck coefficients. Further investigation and development based on
these materials is planned in the future.

A preliminary design and optimization of a thermoelectric generator (TEG) that uses the n-type
1.0 SrO - 1.03x0.8 TiO2 — 1.03x0.2 NbO2.5 ceramic thermoelectric material was performed. The
optimization design outputs pointed out there is room for improvement of the chosen ceramic
material. This modeling and optimization technique is a very useful tool in estimating; (a) how
practical physically, technically, and economically to fit chosen thermoelectric materials into an
actual module to generate renewed usable energy, (b) optimum design of the TEG device, (c)
material consumption of the TEG device, and (d) material and manufacturing cost of the TEG
device.

6.0 FEUTURE WORKS

Future works are:

Optimize the SrO — TiO2 — NbO2.5, TiO2 — Nb02.5 (or Ta02.5), and the dielectric composition
systems to improve their thermoelectric properties. Target is to increase ZTs from current value
(0.1 - 0.2) to 0.5 or above. Specific technical approaches will be a) to develop an optimum
formulation chemistry (dopant level, dopant type, stoichiometry), b) to develop high electrical
conductivity additives , ¢) to develop particle size reduction technology d) to qualify raw
material sources for commercialization and e) to develop spark plasma sintering process.
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Development and optimization of a non cobaltite based p-type formulation. 5rTiO3 and TiO2
with p-type dopants must be attempted. Composition and process madifications of dielectric
formulations are also to be investigated. Technical approaches will be the same as proposed
above for n-type materials.

Develop and optimize the SP5 process to sinter individual component and module assembly.
Develop oxide conductive materials for the metallization.

Design thermoelectric modules utilizing n-type, p-type, and metallization materials that are
developed.

Fabricate prototype module or device and test their performance.

The above planned future work will combine development of ceramic powders and
manufacturing expertise at TAM, development of SP5 at TAM or a partner organization, and
thermoelectric material/module testing, modeling, optimization, production at several partner
organizations.
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10.0 LIST OF ACRONYMS AND ABBREVIATIONS

Ar
CHX
DC
DOE
DTA
EHX
ElA
H2
ICP
KWH
LN
Lol
NASA
NDA
SEM
SPS
TE
TEG
TGA
XRD

X7R302H

NPOG10H

¥Y5V153L

Argon Gas
Coolant Heat Exchanger
Direct Current
Department of Energy
Differential Thermal Analysis
Exhaust Heat Exchanger
Electronic Industry Association
Hydrogen Gas
Induction Coupled Plasma
Kilo Watt Hour
Natural Logarithm
Loss on Ignition
National Aeronautics Space Administration
MNon Disclosure Agreement
Scanning Electron Microscope
Spark Plasma Sintering
Thermoelectric
Thermal Electric Generator
Thermogravimetric Analysis
X-Ray Diffraction

Commercial dielectric powder with high sintering temperature (> 1200°C, H), has
dielectric constant of 3000 (302), meets EIA X7R temperature coefficient
specification

Commercial dielectric powder with high sintering temperature (> 1200°C, H), has
dielectric constant of 61 (610), meets EIA NPO temperature coefficient
specification

Commercial dielectric powder with low sintering temperature (< 1200°C, H), has
dielectric constant of 15,000 (153), meets EIA Y5V temperature coefficient
specification



Z5U113H

X7R

NPO

Y5V

Z5U

PF

psi

nm
LLm
mm

cm

Commercial dielectric powder with high sintering temperature (> 1200°C, H), has
dielectric constant of 11,000 (113), meets EIA Z5U temperature coefficient
specification

EIA temperature coefficient specification for dielectric material (dielectric
constant change of less than +/- 15% from -55°C to 125°C reference to 25°C)

ElA temperature coefficient specification for dielectric material (dielectric
constant change reference to dielectric constant at 25°C of less than
+/- 30x10°%/°C from -55°C to 125°C reference to 25°C)

EIA temperature coefficient specification for dielectric material (dielectric
constant change of less than +22% and less than < -56% from -30°C to 85°C
reference to 25°C)

ElA temperature coefficient specification for dielectric material (dielectric
constant change of less than +22% and less than -56% from 10°C to 85°C
reference to 25°C)

Power Factor, Unit = Watt/m-K”2
Pressure per Square Inch, Unit = Ibfinch2
Seebeck Coefficient, Unit = uV/K
Electrical Conductivity, Unit = S/cm
Thermal Conductivity, Unit = Watt/m-K
Temperature, Unit=CorForK
Temperature as Centigrade
Temperature as Fahrenheit
Temperature as Kelvin

Watt

Unit of Power

Figure of Merit, Unit = Dimensionless
Micro (10°)

Unit of Length as 10”° meter

Unit of Length as 10 meter

Unit of Length as 10 meter

Unit of Length as 107 meter
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Unit of Length as meter
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