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Professor Minoru Taya
Mechanical Engineering

The efficiency of thermoelectric (TE) materials is determined by the dimensionless figure-
of-merit (ZT) defined as ZT = S%0T/k where, S, o, k, and T are Seebeck coefficient,
electrical conductivity, thermal conductivity, and absolute temperature, respectively. For
weight-sensitive applications the specific figure of merit defined as ZT divided by mass
density, should be emphasized. Since MgySi for n-type and higher manganese silicide (HMS,
MnSis_,,z = 0.250 ~ 0.273) for p-type TE alloys have low mass densities, they produce
a TE module with a high specific power suitable for airborne applications. To improve
ZT by reducing lattice thermal conductivity, nanostructures are formed by mechanical
alloying and spark plasma sintering techniques. Two TE module designs are made, (1) a
segmented m-shape TE module and (2) a segmented linear TE module. The segmented
m-shaped TE generator (TEG) is composed of higher temperature segments made of n-
type MgsSi and p-type HMS, and lower temperature segments of n-type and p-type Bi-Te
based compounds. The specific power density was measured as 42.9 [W/kg] under 500 °C
temperature difference, which has a good agreement with analytical predictions. The linear-
shaped TEG is composed of AIN-Cu composite electrode integrated into the combustion
chamber wall made of Fe based shape memory alloy (Fe-SMA) by shrink-fit joining. The
power output of the linear TEG is found to be 7% higher than that of the w-shaped TEG,
and the specific power density is increased from 42.9 [W/kg] to 89.3 [W/kg] due to lighter
weight of the linear design. The maximum shear stress of the linear TEG is reduced by
47% compared with the m-shaped TEG. As a result, the linear TEG proposed gives rise to

better performance in terms of the specific power density, while it is more robust.
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Chapter 1
INTRODUCTION

1.1 Basic phenomena

1.1.1  Seebeck effect

In 1821, Thomas Johann Seebeck found that a circuit made from two dissimilar metals with
junctions at different temperatures would deflect a compass needle [1]. This is caused by a
response to the magnetic field when current flows through the circuit, i.e., the temperature
difference produces electric potential which can drive an electric current in this closed circuit,
which is known as Seebeck effect. Fig. 1.1 illustrates the open circuit composed of two
dissimilar materials where temperature difference is applied at each junction. The open

circuit voltage is given as,

V= /TH(SA(T) _ Sp(T))dT (1.1)

Tc
where, S4(T) and Sp(T') are Seebeck coefficient of material A and B, respectively, in unit

of Volt per Kelvin (V/K). Assuming that Seebeck coefficient is independent of temperature,

Eq. 1.1 can be written as,

V = (84— Sp)(Ty — Tc) (1.2)

Eq. 1.2 shows that an increase in the difference between Seebeck coefficients or a larger

temperature difference will increase the open circuit voltage.



Material A

Material B Material B

Figure 1.1: Seebeck effect: two dissimilar materials forms an open circuit

1.1.2 Peltier effect

In 1834, Jean Charles Athanase Peltier found that an electrical current would produce
heating or cooling at the junction of two dissimilar metals [2]. The direction of the heat flow
at junctions depends on the direction of the applied electric current. The heat absorbed or
liberated at the junction is proportional to the electrical current. Fig. 1.2 shows a schematic
figure of Peltier effect.

Assuming that the electrical resistance of a junction is ignored, the amount of Peltier

heat liberated by the hot junction, gy is given by,

qg = (IIy — )l =TI (1.3)

where, I14 and Il are the Peltier coefficient of material A and B, respectively, in unit
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Material B Material B

Figure 1.2: Peltier effect: two dissimilar materials are formed in a closed circuit

of Watt per Ampere (W/A).

1.1.3 Thomson effect

In 1855, William Thomson, who later became Lord Kelvin, described the interrelationship

of Seebeck and Peltier effect, which is that the Seebeck coefficient is the ratio of Peltier

coefficient to absolute temperature, see Eq. 1.4.

1
Sip = ;B (1.4)

The heat is absorbed or dissipated when current flows in a material with a temperature

gradient as shown in Fig. 1.3, and it has two terms: Joule heating and Thomson heating,

shown in Eq. 1.5 [3].



T+AT s T
V+AV V
£ I
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Figure 1.3: Thomson effect: A heat current and an electric current flowing in a homogeneous
material in which there is a temperature gradient

ds
«=I’R — IT—AT 1.
q R o7 (1.5)

The Thomson heat is proportional to both the electric current and the temperature
gradient, so the proportional constant is defined as Thomson coefficient, 7 shown in Eq. 1.6,

and usually defined positive if heat must be added to keep temperature the same [3].

T=-T— (1.6)

TE effects have been re-enlightened since Russian scientist, Abram Fedorovich Ioffe,
developed the modern TE theory introducing semiconductor physics to improve TE perfor-

mance [4]. H. Julian Goldsmid demonstrated 0°C' of cooling in 1954 by using BisTes based



TE compound [5], and showed that low lattice thermal conductivity (x,4) can improve the
performance of TE materials by proper doping in semiconductors [6]. The research of bulk
TE materials mainly followed the concept of ‘Phonon Glass and Electron Crystal’” which
means that the phonon mean free path are as short as possible like in a glass while the

electron mean free path are as long as possible like in a crystalline semiconductors [7].

1.2 Motivation

TE phenomena involve the direct conversion between thermal and electrical energy. Since
TE energy conversion is all solid-state technology, it has unique advantages such as high
reliability, no vibration and quiet operation [8]. With these advantages, TE devices have
been used in a wide range of applications from temperature measurement to waste heat
recovery and refrigeration [9, 10, 11]. A typical design of TE module device for power gen-
eration consists of n-type and p-type TE legs which are connected electrically in series and
thermally in parallel as shown in Fig. 1.8 (a). The n-type and p-type TE legs are joined
by metal electrodes, and the as-assembled series of n — p TE legs are covered with ceramic
plates on top and bottom, which are thermally conductor and electrically insulator to avoid
a short circuit. The assembled TE module device is placed in between a heat source and a
heat sink. The maximum efficiency of the TE generator (TEG) can be obtained when the

external load resistance is matched with the internal resistance of TEG as [3],

Ty -Te V1+ 2T, -1
Nmaz Ty T+ 7T ¥ 2T, + %

(1.7)

where, Ty and T are temperatures of a heat source (hot side) and a heat sink (cold side),

respectively, and T}, is the average temperature of Ty and T. ZT,, is the efficiency of TE



materials at the average temperature, T;,. The efficiency of the TE materials is determined

by the dimensionless figure-of-merit (Z7') defined as [3]

K

2T T (1.8)

where, S, o, k, and T are the Seebeck coefficient, the electrical conductivity, the thermal
conductivity which is a sum of lattice (k,,) and carrier (k¢) component, and the abso-
lute temperature at which the properties are measured, respectively. As shown in Eq. 1.7,
since the maximum efficiency of TEG module is a function of ZT consisting of TE material
properties, ZT' is a key parameter for higher efficiency of a TE module device. To improve
the ZT of TE materials, larger values of Seebeck coefficient and electrical conductivity are
desired to maximize power factor (S%¢), and lower thermal conductivity are required. How-
ever, it is difficult to control these physical properties independently because an increase
of electrical conductivity usually decreases Seebeck coefficient, and increases thermal con-
ductivity by Wiedemann-Franz law, k. = LooT, where Lg, o0 and T are Lorentz number,
electrical conductivity and absolute temperature, respectively.

To enhance Z7T', many approaches have been studied. New bulk TE materials have
been studied such as TlgBiTeg [12], clathrate (Ba,Sr)s(Al,Ga)i6(Si,Ge,Sn)so [13], PbTe-
PbS [14], CsBisTeg [15], AgPb,,,SbTesy,, (LAST) [16], IngSes_s [17], Tl-doped PbTe [18],
IngSes—,Cly.os [19], Cu,BiaTes 7Seq 3 [20], PbTe-SrTe [21], Ba,La, Yb,,CosSbia [22], Cu ion
liquid-like Cup_;Se [23], CusGa,Sni_,Ses [24], and (Ba,Sr,DD,Yb),(Fei;Ni;)4Sbia [25].
Another approach is to reduce the dimension of materials. In order to increase power factor
Hicks et al. suggested that the power factor (S?c) can be enhanced and k,py, can be reduced
by using the quantum-confinement effects [26, 27]. Dresselhaus et al. enlightens various
low dimension systems including superlattice, nanowire, and quantum dots [28]. Recently,
ZT enhancement was achieved in bulk nanocomposites consisting of three-dimensional

nanograins [29, 30, 31] based on an idea of minimizing k,,. By generating a high den-



sity of grain boundary interfaces, phonon scatters more intensively than charge carries,
which gives rise to decreasing .

The ZT values of 2.0 in Lead-Antimony-Silver-Tellurium based material (LAST) [16],
and 2.4 in BisTes/SbyTes supperlattice have been reported [32]. These alloys are good TE
materials for energy conversion systems to harvest the waste heat energy from industries,
civil activities, and transportation. However, the majority of research on thermoelectrics
is aimed at increasing the ZT value without considering other factors such as the weight,
cost-effectiveness, environmental damage, and ease of mass production. For weight sensitive
applications like ground or air vehicles the specific figure of merit, defined as ZT divided
by mass density, should be emphasized. In addition, many TE compounds use expensive
materials such as the rare earth element Tellurium (Te), which is one of the key components
in TE system, and Ag in the LAST alloy and Ge in Tellurium-Antimony-Germanium-Silver
(TAGS) alloy, resulting in an increased cost of final device. Moreover, compounds consisting
of Pb or Te are classified as toxic materials [33]. Regarding manufacturing, low-dimension
systems using a thin film processing such as supperlattice or quantum dot technology have
challenges to scale up module devices as well as the mass production. For these reasons, it
is necessary to study bulk TE alloys based on light-weight and low-cost materials without

toxic elements.

1.3 Design of TE materials

To design TE system to apply into the weight-sensitive applications such as Unmanned
Aerial Vehicles (UAV) or Micro Aerial Vehicles (MAV), following factors should be consid-

ered.

e Intermediate target temperature range of the operation: 300 ~ 600 °C

e Specific figure of merit: Z7T /mass density



TE Density - Specific ZT Cost
materials
[g/cm?] [ZT /density] | [1998USD/kg]

BigTes[35] 7.86 1.4 (at 100°C) 0.178 91.2
Zn4Shs3[36] 6.08 1.3 (at 400°C) 0.214 4.4
HMS[37] 5.24 0.47 (at 600°C) 0.090 24
AgPbigSbTeg[16] 8.08 2.2 (at 527°C) 0.272 59.9
CoSbs_;Te,[38] 7.62 0.93 (at 537°C) 0.122 72.2
doped MgSi[39] 2.36 1.08 (at 577°C) 0.380 5.2

SiGe[31] 2.93 0.95 (at 800°C) 0.324 586.3

Table 1.1: Specific figure-of-merit of bulk TE materials and material cost [1998USD/kg|
estimated by using cost data in 1998

e cost-effectiveness
e non-toxicity

Fig. 1.4 shows the state-of-art TE alloys of n-type and p-type in terms of ZT at its
operating temperature. Pb/Sb/Ag/Te (LAST), Pb-Te based alloys, ZnsSbs, Co-Sb based
alloy and Mg-Si alloys show high performance at the intermediate temperature range of
300 ~ 600°C. These materials can be converted onto a figure in terms of mass density
vs. maximum Z71', which is shown in Fig. 1.5 re-plotted based on Fig. 1.4. Most TE alloys
having the best performance between 300°C and 600°C' are heavy alloy systems while
Mg-Si is positioned on the left side giving 2 to 3 [g/cm?] of mass density. Even though
Mg-Si compound generates relatively low ZT' performance compared with other heavy alloy
systems, it can return a larger value of energy conversion performance per unit mass among

them.
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Density [g/cm’]

Rank Atom Clarke No. Rank Atom Clarke No.
2 Si 29.5 53 Ge 1.4x1074
8 Mg 1.87 59 Sb 5x1075
9 Mn 0.1 66 Ag 0.7x107°
19 Zn 8.3x1073 68 Bi 0.9%1076
33 Co 1.8x1073 70 Te 0.1x106

Table 1.2: The list of popular TE elements with Clarke numbers [40]

10
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Table 1.1 compares popular TE materials in terms of specific figure of merit [Z7T/mass
density] and cost [1998USD/g|, where the cost data of each material in 1998 are used [41].
ZT value over 2 in AgPbgSbTey system is reported [16], but due to its high mass density
(8.08¢g/cm?) the specific figure-of-merit is lower than that of MgoSi and SiGe alloys which
are light compounds with low density below 3 [g/ cm3]. Other common TE compounds such
as BisTes and CoSbs_,Te, have even lower specific figure-of-merit than MgsSi although
their ZT are high values of 1.4 and 0.93, respectively. Thus, in terms of the specific figure-
of-merit, MgsSi is suitable for intermediate temperature up to 600°C' and SiGe is good
candidate working for high temperature applications at 1000 °C.

As considering cost-effectiveness, the Clarke number can be a factor to judge its economic
feasibility based on its abundance. Clarke number is the wt % of abundance in the crust on
earth, so higher number indicates the possibility of reducing the cost of materials. Clarke
number of each element commonly used in TE system is listed in Fig. 1.2. According to
the Table 1.2, Si, Mg and Mn are in the group of most common element ranked in 274, 8"
and 9" respectively, while key materials of high performance TE compounds such as Sb,
Bi, Ag and Te are classified as less abundant elements with low Clarke index. It is true
that the abundance is not the only critical parameter to decide the cost of raw materials
because a purification process and handling procedure even including a political situation
should be considered. Fig. 1.6 and Fig. 1.7 illustrate the unit cost fluctuating for last 40
years, where the cost data of each year are estimated by using 1998 US dollar values [41].
Mg, Zn and Si have been stable and as low as 5 [$/kg] over 40 years while Sn, Bi and Sb
have an increasing trend. In Fig. 1.7 (a), Te is expensive by a factor of 10 as compared to
other materials shown in Fig. 1.6. The most expensive element used in TE compounds is
Ge whose price trend is shown in Fig. 1.7 (b). Even though the abundance of Ge is more
than Te and Bi, the price of Ge is much higher than those due to its complicated processing.
Thus, Si based TE compounds such as Mg,Si and higher manganese silicide (HMS) are the

best candidates with regard to cost-effectiveness.
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Figure 1.7: Commodity price of expensive elements: (a) Tellurium and (b) Germanium,
where the cost data of each year are adjusted to a base year of 1998
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Non-toxic system is one of the important requirements for the future energy recovery
industry. Most TE systems returning high Z7T' values are a type of alloys including either
Te or Pb shown in Fig. 1.4 and Table 1.1. Pb is well known toxic element, and it is also
reported that Te compounds are classified as poison materials [33]. Non-toxic TE alloys
working at the intermediate temperature range excluding both Te and Pb toxic elements
are MgsSi, ZnysSbs and HMS compounds, which are also in the group showing high specific
figure-of-merit and using low-cost based materials.

Considering all requirements discussed above, the most suitable TE compound for n-type
is MgoSi. With regard to p-type compounds ZnySbs and HMS can be a good candidates
to assemble n — p pair for TEG module device by using light-weight, cheap and toxic-free
raw materials. However, El-Genk et al. [42] reported that the sublimation behavior of Sb
occurred above 327°C, which degrades ZT performance. In addition, the cost of Sb as
shown in Fig. 1.6 has an increasing trend recently. Therefore, MgsSi and HMS are the best

TE materials as n-type and p-type, respectively, for the weight sensitive applications.

1.4 Design of TE generator module

Various types of TE modules are shown in Fig. 1.8. The conventional design is single-stage
couples connecting electrically in series and thermally in parallel with 7 shape (Fig. 1.8 (a)).
The typical TE module is made by connecting N pairs of n-type and p-type TE legs, which
gives rise to the output voltage proportional to N. However, the use of single legs of TE
materials in the module is inefficient to work at both high and low temperature side when
a large temperature difference AT is applied, (AT =Ty — T¢).

Harman [43] suggested the cascaded design shown in Fig. 1.8 (b), in which the bottom
TE module generates electric power from the heat rejected by the top module. This design
has a disadvantage for weight sensitive applications because an extra ceramic substrate and
metal electrodes increase the total weight of the device. One way to improve the TE per-

formance as well as to minimize the total weight of the device is the segmented design by
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Figure 1.8: Various design concepts of TEG module device: (a) conventional single-stage 7
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segmented linear module design
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dividing the n-type and p-type legs into several segments of different TE materials [44, 45].
Fig. 1.8 (c) shows two-segmented TE module device, where the subscript 1 and 2 means
TE materials working at high temperature and low temperature, respectively [3, 46]. How-
ever, the m shaped planar structure becomes unstable if the length of n-type and p-type TE
column is not identical, which makes the module weak at high temperature environment.
Stockholm [47] introduced a linear structure in which the length of each n-type and p-type
can be varied. In addition, parasitic electrical resistance of the linear design can be reduced
since its electric current flows in a straight line through the TE elements while the electric

current in planer 7 shaped design passes alternatively up and down.

1.5 Research Plan

The objective of this study is to design TEG integrated into combustion engine system
in UAV. For this application, n-type MgsSi and p-type HMS are incorporated into TEG
modules to improve the UAV’s efficiency since Si based MgySi and HMS are not only cheap
and non-toxic compounds, but also light-weight alloys with low mass density. This work

consists of,

Synthesizing nanostructred bulk n-type MgsSi to improve ZT performance

Fabricating segmented 7 shaped TEG

Designing an advanced segmented linear shaped TEG

e An innovative integration method using shrink-fit joining by using shape memory alloy

With regard to generating nanostructres in bulk TE materials, the advanced metallur-
gical route is carried out with the combination of high energy mechanical alloying (MA)
process using planetary ball milling (PM100, Retsch) shown in Fig. 1.9 and rapid sinter-

ing process using spark plasma sintering (SPS) technique (Dr. Sinter 1020S, Sumitomo
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Coal Mining Co., Ltd.) shown in Fig. 1.10. The high energy milling process generates
nano sized alloyed particles, and forms sub-grain boundaries. To avoid any contamination
and oxidation of as-processed nano particles, all handling of powders is carried out in a
glove box system shown in Fig. 1.11. The strategy of this study to improve ZT value is
the decreasing of thermal conductivity by the lattice component (kp;) since the thermal
conductivity by carrier component (k¢;) and electrical conductivity are interdependent by
Wiedemann-Franz law. Thanks to rapid sintering technique, SPS process suppresses the
growing of grains during the solidification at high temperature, so the nanostructures in bulk
TE materials enable phonon to scatter intensively through the compact grain boundaries,
which results in decreasing the .

To generate nanostructures, the effect of MA parameters such as ball composition, grind-
ing medium selection, wet alloying condition, and milling speed and time are investigated,
and then the optimization of SPS process is performed to obtain highly dense bulk materials
and minimize grain growth. The characterization of micro/nano structures of the alloyed
powders and bulk as-sintered materials is carried out via XRD/SEM/TEM. The thermal
diffusivity and the specific heat capacity are measured simultaneously by laser flash mea-
surement system (TC-9000, Ulvac-Rico, Fig. 1.12), and Seebeck coefficient and electrical
conductivity are measured at the same time by four-point probe equipment (ZEM-3, Ulvac-
Rico, Fig. 1.13). The optimization of MA and SPS process and characterization are shown
in Chapter 2 in details.

Next, two-segmented 7 shaped TEG is fabricated based on MgsSi collaborating with
Prof. Iida at Tokyo University of Science and HMS (MnSis_,, =0.250~0.273) collaborat-
ing with Prof. Itoh at Nagoya University for high temperature TE segments. The lower
temperature TE legs of commercial Bi-Te based compounds (Tellurex Inc.) are used. Even
though Bi-Te compounds are heavy alloy and including toxic element, they are utilized in
this study as low temperature TE segments since no TE alloys are competitive with them
working at room temperature. Contact resistance, a key factor in determining the output

power of segmented TE module design, is studied. In addition, a more realistic model is dis-
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Figure 1.9: Planetary ball milling equipment (PM100, Retsch)

Figure 1.10: Spark plasma sintering equipment (Dr. Sinter 1020S, Sumitomo Coal Mining
Co., Ltd.)
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Figure 1.11: box system at Ar atmosphere

cussed for the segmented TE module with all interface resistances being accounted for, and
the analytical prediction is then compared with experimental data. All details of assembling
two-pair m shaped TEG and testing its performance are described in Chapter 3.

Lastly, an innovative design based on the segmented linear TE structure is proposed
to integrate TEG modules into a combustion engine system in UAV. The key part of the
new TE design is T-shaped composite electrode composed of aluminum nitride (AIN) in a
dovetail-shape at an upper portion and copper (Cu) block as a bottom part. The combined
T-shaped electrode replaces Cu electrodes as well as large ceramic plates in m shaped TE
design so that this linear design using the compositive T-shaped electrodes further reduces
the total weight of the TE module device than that of the m shaped TE structure. Regarding
an issue for integration into airborne applications, linear shaped TEG is directly embedded
into the wall of combustion chamber by using Fe based shape memory alloy (Fe-SMA),

which is explained in details in Chapter 4.
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Figure 1.12: Laser flash measurement system: Thermal diffusivity and specific heat capacity
are measured simultaneously (TC-9000, Ulvac-Rico)

Figure 1.13: Four-point probe system: the measurement of Seebeck coefficient and electrical
conductivity (ZEM-3, Ulvac-Rico)
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Chapter 2
FABRICATION OF TE MATERIALS

In this chapter, the fabrication process of nanostructured MgsSi alloy and its charac-
terization are described. The goal is the successful solidification of nanoparticles while
minimizing grain growth to preserving their nanostructures. The first part of this chapter
describes the strategy for ZT' improvement by minimizing &y, and the selection of process-
ing route via MA and SPS compared with other methods. Both low-temperature alloying
route and rapid sintering process are required since it is difficult to synthesize MgsSi alloy
by the conventional direct melting method due to large difference of their melting point. In
the second part, parametric study to optimize the processing conditions of MA and SPS is

investigated. The last part discusses TE properties of bulk MgsSi based n-type materials.

2.1 Strategy for ZT improvement

In order to improve ZT value, reducing thermal conductivity is one of the promising
strategies for bulk TE alloy system as mentioned in Chapter 1. This is required to reduce
grain size up to nano scale to enhance phonon scattering intensively resulting in the re-
duction of x,,. However, conventional processing methods for bulk alloys have a difficulty
in fabricating bulk TE materials because of growing grains during solidification process.
It is investigated that bulk TE materials prepared via planetary ball milling [48], which
enlightens the high energy MA technique generates large quantities of nanoparticles, and
advanced hot-pressing technique can suppress the grain growth compared to traditional sin-
tering method. The idea is that nanograins produced by high energy MA process and SPS
technique can preserve a high density of grain boundary interfaces, which scatter phonon

more effectively than charge carrier, and result in the reduction of the k,. Based on this
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Materials Type zZT Kk [W/mK] Reference
(Bi,Sb);Tes p 1.4 at 100°C 1.1 [29]
SigoGeaoP2 n 1.3 at 900°C 2.5 [30]
SigoGe20B, p 0.95 at 800~900°C 2.5 [31]
Big(Te,Se)s n 0.5 at 20°C 1.0 [49]

Ybo.35C04Sb12 n 1.2 at 550°C 1.52 [50]
Feq 5Co9.5Sb1s P 0.32 at 327°C 2 [51]
GaSbipTeis5 p 0.98 at 209°C 1.0 [52]
Agp sPbasSbTey n 1.37 at 400°C 0.9 [53]

Table 2.1: ZT values and thermal conductivities of some bulk nanocomposites

method, thermal conductivities of nanostructured bulk TE materials and their ZT values
are listed in Table 2.1.

Various methods to fabricate TE materials based on MgsSi compound are shown in Fig.
2.1. A typical approach is that starting materials are directly alloyed by high temperature
melting process, and then the processed ingot is transferred to bulk crystals grown by a
vertical Bridgman method [54, 55] described in Fig. 2.1 (a), or synthesized alloy is obtained
by a long time annealing process [56, 57], which is shown in Fig. 2.1 (b). However, it is
difficult for this method to control the molar ratio of Mg and Si accurately because the
boiling point of Mg is lower than the melting point of Si. It is also hard to prevent chemical
reactions with constituents of crucibles, which degrades TE performance of contaminated
alloy. For these reasons, the optimization of excessive Mg contents and a specific crucible
to avoid contamination are required to use this method. To overcome disadvantages of high

temperature melting methods, some direct reaction techniques has been studied such as
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(a) Vertical Bridgman method

Pre-synthesis :
polycrystalline Mg2Si 9 Crushing into powder 9
(electrical furnace)

Crystal growth by VB
method

(b) Direct melting method

. . . Grinding to
Melting directly Annealing powder Hot pressing

(c) Solid Phase Reaction method

Cold pressing into . Grinding to ) )
[ solid pellet )I Synthesis ] )l powder Sintering

Figure 2.1: Various approaches for MgsSi synthesis: (a) vertical Bridgeman method, (b)
typical direct melting route and (c) solid phase reaction method at lower temperature pro-
cess
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Figure 2.2: Overall processing route of fabrication procedure of nanostructured TE materials

liquid-solid reaction [56] and solid phase reaction [58]. Fig. 2.1 (c) shows typical steps for
solid phase reaction technique. These direct reactions are carried out at lower tempera-
ture than that used in melting process shown in Fig. 2.1 (a) and (b), but they still need
longer processing time and multi-steps to finalize the complete reaction. In addition, the
volatilization of Mg is still inevitable due to its high vaporizing pressure, which makes it
difficult to control the exact molar ratio in this method as well.

Since the synthesizing driven by high temperature method has challenges to produce
MgsSi with the exact chemical compositions, the method by using mechanical force has
been paid attention. The combination of high energy MA and SPS is a very promising tech-
nique because of the low temperature as well as rapid process. However, a few researches
have been reported that the alloying of MgsSi via grinding technique followed by SPS pro-
cess [59, 60] since fine magnesium particles are flammable elements when it is exposed to

air. It is even more dangerous when nano sized powders are yielded by high energy MA
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route. The glove box system is required to protect the flammable powers from oxidation
and other contamination. Fig. 2.2 is an overall flow chart of the proposed process of synthe-
sizing nanostructured TE alloys via MA combined with SPS process. All steps of alloying
processing are carried out under Ar atmosphere. The alloyed powders after wet grinding
process are dried in vacuum environment in the antechamber of glove box, and the assem-
bly of graphite die and nanostructured alloyed power is also set in the glove box to prevent

oxidation. The SPS process is performed in vacuum condition during the sintering.

2.2 Mechanical Alloy

There are many types of alloying techniques such as SPEX shaker mills, planetary ball
mills, vertical rotating ball mill and attritor mills. In this study, the planetary type of
ball mill is used and Fig. 2.3 shows the mechanism of its operation, which generates strong
centrifuge forces to create impacts of high energy MA actions inside the container by in-
troducing the opposite rotating directions of grinding jar and supporting disc. The loading
of Mg and Si, and unloading of alloyed MgsSi powders in the milling jar with balls were
carried out in the glove box system at Ar atmosphere to avoid oxidation of the starting ma-
terials, and then the milling jar was set in the planetary ball milling equipment at 350rpm
for 25hr at dry condition followed by 250rpm for 3hr at wet grinding milling with hexane
as process control agent (PCA). The oxygen-free n-hexane (CgHj2) has an advantage to
protect the material from oxidation. After finishing alloying process, the milled powder was
transferred to the glove box and dried in vacuum environment in antechamber of the glove
box for up to 6hr, and then finally nanostructured TE powder was obtained. This alloying
process is controlled by various parameters such as grinding medium, alloying atmosphere,
control agents, alloying speed, alloying time, and ball composition, which are studied in the

following sections.
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Grinding
bowl

Supporting disc

Figure 2.3: The schematic figure of planetary ball mill [61]

2.2.1 Grinding jar selection

In order to investigate the effect of base materials of grinding medium, MA processes
with different types of jar and ball were carried out. Various types of jar and balls are
available such as alumina, stainless steel, tungsten carbide, agate and zirconium oxide de-
pending on its purpose and alloying elements. In this study of MgySi alloying, three types
of alloying medium has been tried for the suitable selection. Fig. 2.4 is XRD peak analysis
of alloyed powders by using various types of grinding medium such as alumina, steel and
tungsten carbide. Alumina and steel based alloy jar and balls are widely used for grind-
ing and alloying process. However, AloO3 peaks were detected in synthesized powder at
200rpm for 24hr (Fig. 2.4 (b)), and Fe peak was also observed in alloyed powder at 300rpm
for 8hr (Fig. 2.4 (a)). These contaminations came from the reaction between particles and
grinding medium due to the high energy induced by high rotating speed and longer alloying
time. Fig. 2.5 is SEM image showing Fe contamination of sintered sample at which bright
spot indicates metal contents of Fe coming from the stainless steel jar and balls. The MA

using tungsten carbide (WC) jar and balls had no contamination after grinding shown in
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Fig. 2.4 (c). Therefore, all MA processes in this study were carried out using WC medium

under Ar atmosphere in the glove box.

2.2.2 The effect of wet alloying

Since the MA process with Mg and Si is ductile-brittle combination, the powder particles
get more cold-welded each other due to the heavy plastic deformation. The complete al-
loying occurs usually when a balance is maintained between cold-welding and fracturing of
particles [62]. In order to reduce the effect of cold-welding, wet alloying process is required
with PCA such as stearic acid, hexane, methanol, and ethanol. The PCA adsorbs on the
surface of the powder particles and minimizes cold-welding between powder particles and
inhibits agglomeration, and it also lowers the surface tension of the solid material [62]. In
this study, hexane was used as PCA because Mg and Si is significantly sensitive to oxygen,
thus oxygen-free agent should be selected. Another reason why wet mechanical alloying
was performed is due to the quantity of the alloyed powders obtained after MA process.
Without wet alloying step, most milled particles after dry milling process stick to grind jar
and balls, thus less than 50% of powders was obtained. On the other hand, 80 ~ 90% of the
initial power was returned after the wet alloying process. This is also important to obtain
the exact composition ratio of alloyed compounds, since powder loss due to sticking to ball
and jar causes inaccurate molar ratio of the milled alloy. Therefore, wet mechanical alloying

process is required for not only the true alloying result, but also exact chemical composition.

2.2.8 The optimization of alloying conditions

To investigate the effects of MA process some important parameters should be considered:
e Alloying speed

e Alloying time
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Figure 2.4: The XRD pattern of using various types of milling medium: (a) stainless steel,
(b) alumina, and (c) tungsten carbide
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Atom wt% at%
Fe 36.44 21.70
Mg 28.99 39.65
Si 24.66 29.21

Ge 6.89 3.16

(a) (b)

Figure 2.5: Fe contamination in MA of stainless steel jar and balls: (a) SEM image of
sintered Mg-Si-Ge and (b) EDS data of the surface

e The effect of ball composition

The processing speed (rpm) is one of the important factors for the complete alloying process.
If it is low below the threshold speed, the process becomes a result of simple mixture, not
alloyed compounds. However, too high speed can cause unwanted contamination from
grinding medium materials. As described in the section 2.2.1 WC jar and balls were used,
which has much less chance to contaminate TE powder from grinding materials since WC
is much harder and stable material compared with others such as steel and alumina. In this
study, alloying experiments were carried out at around 350rpm ~ 400rpm using WC jar
and balls, at which no contamination was detected and fully alloyed MgsSi was obtained.
Usually, grinding balls with 10 mm diameter are widely used since smaller diameter
below 10 mm are found to have not enough kinetic energy to alloy the bulk material, and too

large balls can lead to a significant increase of contamination in the powder [48]. Table 2.2
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Index | Starting Mat. Speed | Time Ball composition
MA-0 mixture -
MA-1 400rpm | Shr 10mm (50ea)
Mg»Si, Bi
MA-2 400rpm | 15hr 10mm (50ea)
MA-3 380rpm | 15hr | 6mm(80ea), 10mm(50ea), 15mm(2ea)

Table 2.2: MA with various milling time and ball composition

and Fig. 2.6 describe the effect of ball size and its composition. In order to investigate the
conditions of MA processing four different alloying processes were carried out. MA-0 is the
mixture of MgoSi powder and Bi doping element, where the pre-synthesized MgsSi powders
were offered by Union Material Inc. MA-1 is the alloying result at 400rpm for 5hr with
monotonic ball composition of 10mm diameter. MA-2 is processed at the same condition as
MA-1 except the milling time of 15hr. MA-3 is carried out at 380rpm for 15hr with various
size of milling balls such as 6mm, 10mm and 15mm, shown in Table 2.2. The described
speed and time in this table is the dry alloying condition. Wet grindings were done under
the same condition at 250rpm for 3hr.

As to alloying time, XRD result of MA-1 to MA-2 in the Fig. 2.6 shows that according to
the increase of milling time the XRD peak is getting wide, which is indicating small grains
in particles since MA-2 introduced higher grinding energy than MA-1 by increasing milling
time. Regarding MA-2 and MA-3, mixed ball composition generated more effective alloying
energy so that grain size of milled powder of MA-3 condition was further decreased compared
with that of MA-2. Fig. 2.6 (b) shows that the XRD peak of MA-3 become broaden than
that of MA-2, which means the milled powder at the condition of mixed ball (MA-3) has
finer grain than that at the monolithic ball composition (MA-2) even though MA-3 was
carried out at 380rpm which is lower speed than MA-2. Therefore, the combination of

various size of milling balls is more effective to generate higher milling energy enabling
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Figure 2.6: XRD result of various alloying conditions: (a) XRD peaks of different alloying
conditions(MA-0~MA-3) and (b) XRD peaks of specific angle to compare grain size of
milled particles

particle and grain finer.

As a result, MA-3 has the largest alloying energy among them, which means that various
size distribution of balls is effective than monotonic ball condition and longer milling time
can generate fine particles and grains. However, it needs to be careful to determine the ball
composition and alloying time. Too much milling time causes the agglomeration of powder

on the bottom of the corner in the jar, which gives less chance to be completely alloyed.
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500 nm ]

Figure 2.7: Microscope images of MAed powders: (a) MA-0 [SEM] (b) MA-2 [SEM] (c)
MA-3 [TEM], and (d) nano sized particle obtained from MA-3 [TEM]
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Figure 2.8: HRTEM images of n-type MgySi: (a) a single nano-particle, and (b) grain
boundaries with different orientation
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2.2.4 Nanostructure of alloyed powder

Fig. 2.7 shows the microscopy images of mechanically alloyed particles of MgsSi according
to different alloying conditions. Particle size was in the range of sub micron to hundred
micron (Fig. 2.7 (a)) before alloying process. Along with the increment of alloying energy
the size of as-milled particles became finer less than 20 pm at 400 rpm for 15 hr in MA-
2 (2.7 (b)), and alloyed nanoparticles as small as 20 nm can be successfully obtained at
380rpm for 15hr with the combination of various ball size from 6mm to 15mm (2.7 (c) and
(@)).

High resolution transmission electron microscopy (HRTEM) images in Fig. 2.8 (b) show
that the grain boundaries are randomly oriented. These adjacent grains with random ori-
entation enable more phonon scattering effectively, which gives rise to the reduction of kpy,.
Nanostructured grain boundaries of alloyed particles were generated by cold-welding process
of the mechanical alloying, which produced dislocations, and then during further alloying
process a number of dislocations formed fine grain boundaries in particles. Therefore, high
energy MA process successfully yielded nano sized alloyed particles with range of 20 nm to
200 nm and sub boundary interfaces in the particles with sub nanometers. Alloyed nano
powders of MgsSi was transferred to sintering steps to fabricate bulk solid disk specimen
where SPS technology is contributed to minimizing grain growth during high temperature

processing, which is discussed in the following section.

2.3 Spark Plasma Sintering (SPS)

SPS is a pressure sintering method based on high temperature plasma (spark plasma)
generated by electrical discharge ON-OFF DC pulse energizing [63]. The key feature of
SPS is a high thermal efficiency due to the direct heating of the graphite mold and stacked
powder materials by the large spark pulse current. Fig 2.9 (a) shows the configuration of
our SPS system. The process of SPS in the graphite mold can be described with 5 steps

such as spark discharge, a local high temperature state, evaporation, melting, and necking.
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From a spark discharge at the contact point of particles a local high temperature state is
generated and then, evaporation and melting on the surface of powders occur, and necking
is formed.

This noble sintering technique enables nano powders to be consolidated with a high
densification and keep still nano sized grains due to rapid sintering procedure. The nano
powders synthesized by MA process were set into graphite die, and compressed at a single-
axis pressurization system in the chamber with vacuum state. During the sintering process
carbon die set should be inspected frequently because nanopowder can be melt below its
melting point at a certain condition or fracture of graphite die can be occurred by heavy

pressure at high temperature.

2.8.1 Parametric study for SPS optimization

The key parameters of SPS process are soak temperature, soak time, applied pressure and
heating/cooling rate, which should be optimized for high densification and minimization of
grain growth. Among them, SPS temperature and time is most critical factors to produce
compact bulk specimen and suppress grain growth. To investigate the effects of these fac-
tors, ten different SPS processes shown in Table 2.4 were carried out under the compressive
pressure of 50M Pa and the heating rate of 100 °C/min to see the impact of soak tempera-
ture and time on the experiments. In this parametric study, MAed SiGe powder alloyed by
NASA-JPL was used.

At first, sintering process was designed from 600 °C in 5min and 10min, and SPS tem-
perature was increased by 50°C' up to 1000 °C'. Heating and cooling were carried out un-
der vacuum condition. After the sintering process, density was measured by Archimedes’s
method after polishing. The result of density measurement shown in the Table 2.4 indicates
that specimens processed at lower temperature than 800 °C' were not solidified completely
since soak temperatures were not enough to reach melting and necking stage in SPS. On

the other hand, the difference of the process (8) and (9) are within 2% compared to the
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Temp.
600°C | 700°C | 750°C" | 800°C | 850°C | 950°C" | 1000°C

Time

Smin (1) (2) (4) (6) (8) 9) (10)

10min ; (3) (5) (7) ; - ;

Table 2.3: Parameter combination of SPS

theoretical density.

Fig. 2.10 shows the effects of soak temperature and time for high densification. Soak tem-
perature is more important parameter to synthesize compact bulk TE materials due to the
increase of 5%, 7.4% and 14% of relative density value according to 100 °C' increment of soak
temperature from 600°C to 900 °C' respectively (Fig. 2.10 (a)) while the increase of soak
time, 5min to 10min, gives less than 3% increase of the measured density (Fig. 2.10 (b)).
Therefore, we can conclude soak temperature is more sensitive parameter in SPS process to
obtain highly compacted bulk material and the first factor to be decided for the complete

process.

2.4 The characterization of TE Properties

In this section, TE properties of synthesized n-type MgoSi are discussed. The effect of
excessive Mg components was also investigated, and a new doping element has been studied.

Regarding the measurements of TE properties, the Seebeck coefficient and electrical
conductivity were measured by using a four-point probe measurement system (Ulvac-Rico,
ZEM-3). The sample is prepared in the dimension of 2mm x 2mm x 10mm by cutting the
sintered bulk cylinder into a rectangular bar by using diamond saw after the SPS process.
The measurements were carried out from room temperature up to 600 °C' in a partially-filled

Helium environment. Thin carbon foils (75 wm thickness) were inserted into the contact
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Index | MPa — °C — min | Measured density [g/cm?] | Relative density [%]
(1) 50-600-5 2.31 78.8
2) 50-700-5 2.42 82.8
(3) 50-700-10 2.46 83.8
(4) 50-750-5 2.53 86.2
(5) 50-750-10 2.53 86.3
(6) 50-800-5 2.61 88.9
(7) 50-800-10 2.68 91.5
(8) 50-850-5 2.97 101.3
9) 50-950-5 2.98 101.6
(10) 50-1000-5 - -

Table 2.4: Measured density of each SPS condition
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interfaces of a sample surface and R-type thermocouples to avoid a reaction between Pt and
Si during the measurement at high temperature.

For thermal conductivity measurements, a sample 10 mm in diameter and 1 mm thick is
then prepared for the laser flash measurement system (Ulvac-Rico, TC-9000). This thin disk
specimen was directly obtained by polishing the bulk disk after the SPS. This equipment
measures the thermal diffusivity and specific heat capacity of the specimen simultaneously,
and the measurements were carried out from room temperature to 600°C. The thermal
conductivity [W/(mK)| can be calculated from the relationship, k = - C), - d, where o, and
C, are thermal diffusivity [m?/s] and specific heat capacity [J/(kgK)] respectively, which

are measured by TC-9000, and d is mass density [kg/m?].

2.4.1 Bi doped Mgy Si

The typical TE alloys based on solid solution of Mgo,BV

compounds are MgsSi - MgsGe,
MgoGe - MgoSn, and MgySi - MgoSn. Compared to Si element, Ge and Sn have higher
mass density, and Ge is very expensive element, so MgoGe and MgoSn compounds are not
suitable for weight-sensitive applications. To meet the requirements of light-weight, non-
toxic, and cost-effective TE alloy, doped MgsSi TE materials mentioned in Chapter 1.3 was
studied.

It has been investigated that bismuth (Bi) is one of the promising doping element in
Mg»Si compound [54, 59]. One reason is that the density of Bi-doped Mg»Si alloy (2.2g/cm?)
is lower than that of the ternary system such as MgsSig 4Sng. ¢ (2.9¢9/cm?). Fukano et.al. [39)]
reported the optimized doping of Bi in MgsSi system, which was 3 at%. Thus, this study
fixed the doping condition as 3 at% of Bi. Based on 3 at% Bi doping, the effect of excessive
Mg component was discussed.

Since Mg is ductile material, Mg sticks to grinding balls and wall of the jar during MA
process. The loss of Mg disables to form the exact composition of MgySi. In order to

investigate the effect of excessive Mg to the TE properties, MA with three different cases,

0 wt%, 2 wt% and 4 wt% of excessive Mg powder, was carried out by using Mg (99.9%),
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Si (99.9%), and Bi (99.999%) powders as the starting materials in the size of 140 pum.
MA processing was conducted in Ar atmosphere under 350rpm — 25hr of dry condition
followed by 250rpm — 3hr of wet alloy, where hexane was used as a PCA. Fig. 2.11 (a)
is XRD pattern of the early stage of MA after 5hr alloying. In this stage, the peak of
alloyed MgsSi was detected, but most of Mg and Si remained as raw materials. After
25hr MA processing, completely alloyed MgsSi was obtained and its XRD pattern is shown
in Fig. 2.11 (b). This alloyed powders were sintered by SPS under 80M Pa — 800°C —
3min in vacuum chamber. The XRD peak of as-sintered bulk MgsSi is shown in Fig. 2.11
(c). The electrical conductivity and Seebeck coefficient were measured simultaneously by
a commercial equipment (ZEM-3, Ulvac-Rico), and thermal conductivity was obtained by
measuring thermal diffusivity and specific heat capacity at the same time by a laser flash
system (TC-9000, Ulvac-Rico) from room temperature up to 600 °C.

Fig 2.12 shows the TE properties of electrical conductivity (a), Seebeck coefficient (b),
thermal conductivity (c¢) and the figure-of-merit (d), in which 2% surplus of Mg gave the
highest value of ZT', 0.44, but the variation of TE properties according to the amount of
excessive Mg was within 3%. Based on the results, it is verified that two-step MA procedure
with the combination of dry MA and wet MA gave rise to the exact molar ratio of MgsSi

without losing Mg during MA process.

2.4.2 Bi-In doped Mgy Si

In order to improve ZT, new doping element was investigated. Various n-type dopants
in MgsSi system have been reported such as Al [60], La [58] and Sb [64]. However, Bi is
still the most promising doping element among them for n-type [39]. A secondary doping
material was considered to focus on the improvement of the electrical properties, while the
thermal conductivity can be reduced by generating nano grain structures. The electrical
properties of MgsSi with new dopants such as Co, Fe, Ni and In are shown in Fig. 2.13.

Fe doped and In doped MgsSi show better electrical conductivity in Fig. 2.13 (a) at higher
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temperature range among others, and In doped MgsSi has larger value of Seebeck coefficient
allover the measured temperature range in Fig. 2.13 (b). Power factor (S%c) was plotted
in Fig. 2.13 (c) in which In and Fe are good candidates showing higher peaks compared
to others. However, Fe is heavier material (higher mass density) and easier to be oxides
than In, so In was selected as an additional dopant to Bi doped MgsSi. Both Bi and In
doped Mg,Si was synthesized with the same method of MA and SPS process while the
alloying energy was increased by introducing higher speed and longer duration time on the
wet grinding process, which is 325rpm for 5hr. The measured TE properties of 3 at% Bi
and 1 at% In doped MgsSi are shown in Fig. 2.14 compared with 3 at% Bi doped MgsSi.

Fig. 2.14 (a) and (b) shows electrical conductivity and Seebeck coefficient of the Bi
doped and Bi-In doped MgsSi alloys. While Seebeck coefficient (2.14 (b)) is almost identical
each other through the measured temperature range, electrical conductivity (2.14 (a)) of
the bulk Bi-In doped MgsSi is increased by factor of 2 from room temperature to around
350°C compared with Bi doped MgsSi, and the difference is getting smaller from 350 °C
to 600°C. The enhancement of the electrical conductivity is due to the increase of carrier
concentration by doping with In. The peaks of electrical conductivity appear on both alloys,
which means that the conduction mechanism transforms from semiconductor-like to metal-
like one with the increase of temperature, where electric conductivity is increasing at lower
temperature because thermal excitation is predominant.

Fig. 2.14 (c) shows the temperature dependence of thermal conductivity, as compared
with that of Bi doped MgySi. It was decreased with increasing temperature through the
whole measured range since phonon scattering at higher temperature is primary source of
thermal resistance. In order to understand the contribution of thermal conductivity by
lattice and electron components, the thermal conductivity by electron (k) is calculated
by using Wiedemann-Frnaz law, ko = LgoT, where Ly, 0 and T are Lorentz number,
electrical conductivity and absolute temperature, respectively. 2.45 x 1078 [V2/K?] was
used as Lorentz number in this alloy assuming the degenerate semiconductor [54, 60, 65]

even though Lorentz number for most thermoelectric materials is lower than that. kypy, is
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Figure 2.14: TE properties of Bi doped MgsSi and Bi-In doped Mg,Si: (a) electrical con-
ductivity (b) Seebeck coefficient (c¢) thermal conductivity, and (d) the figure-of-merit
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calculated by subtracting k; from k. Fig. 2.15 shows k¢ increases with higher temper-
ature at which thermal excitation gives energy for electrons to move from valence band
to conduction band, but s, has reduction with an increase of temperature due to higher
chance of scattering at higher temperature. Fig. 2.15 indicates the thermal conductivity is
mainly influenced by lattice component, k,j,, and the total thermal conductivity of Bi-In
doped MgsSi was reduced compared with Bi doped MgsSi due to its finer grains. There-

fore, ZT of Bi and In doped MgySi was enhanced from 0.44 to 0.68, which is 1.5 times larger.

2.5 The characterization of nanostructure in bulk TE materials

Nanostructures in bulk alloy were observed using Transmission Electron Microscope

(TEM) work. TEM specimens were prepared using two different methods: (a) Twin-jetting
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and (b) Focused ion beam (FIB).

2.5.1 Twin-jetting method

Electrolytic thinning is an effective method for conductive materials without any induced
artifacts. Commercial twin-jetting equipment (TenuPol-5, Struers) simultaneously polishes
both sides of the sample, and creates electron transparent specimens within a few minutes.
This equipment controls easily adjustable electrolyte flow, polishing voltage, polishing time,

and termination detection sensitivity. The typical procedure of twin-jetting method is,

1. Prepare the solution for electro-polishing

2. Cool down the solution up to —20°C' which is the limit of the equipment and reduce

the solution temperature further up to —30°C' by using liquid nitrogen.

3. Set the conditions for the thinning process such as,

e Flow rate of the electrolyte
e Light stop value

e Polishing time

4. Check I-V scanning and determine the voltage on the polishing range (see Fig. 2.16)

5. Find optimum conditions of temperature of electrolyte, flow rate, voltage, and polish-

ing time.

6. Cleaning specimens with ethanol and DI water

Fig 2.16 shows the excursion of voltage condition which should be set within polishing
region for thinning and creating electron-transparent area on the specimen. Table 2.5 shows

various conditions for twin-jetting process with different electrolytes where solution A and
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Specimen | Temperature | Voltage | Current | Time | Flow | Electrolyte Result
No. [°C] V] [mA] [sec] | rate
1 -37 30 26-64 263 28 A No etching
2 -37 20 20 180 28 A No etching
3 -30 20 20-26 143 28 B Etched out
4 -38.7 18 20 - 28 B No etching
4-1 -36 32 - - 28 B Etched out
) -35 25 46 - 28 B No etching

Table 2.5: Experiments for optimizing twin-jetting conditions
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B are HNOj3 (20%) + Methanol (80%) and HoPOy4 + Methanol, respectively. During the
processing of sample #1 and #2 which were not etched out, temperature increased by more
than 10 °C rapidly. This is not normal at twin-jetting process, so electrolyte was changed to
type B. In the sample #3, thinning process was performed at —30°C' of electrolyte temper-
ature, 20 [V] applied, and 28 flow units on a full scale of 50. This specimen was etched out
in 2 min, so temperature and voltage were reduced up to —38.7°C and 18 [V], respectively.
In this case of sample #4, no etching process occurred. Another polishing was run with the
same sample of #4 with increased voltage, but the specimen was etched out completely.
Other electrolyte was found such as a solution containing 5¢ lithium chloride, 11g magnesium
chlorate, 500ml methanol and 100 ml 2-butoxyethanol [66]. However, magnesium chlorate is
difficult to be handled in a lab without specific hood and storage. Therefore, other method

for the TEM specimen preparation was considered instead of twin-jetting polishing method.

2.5.2  Focused lon Beam (FIB) method

Most common method for thinning of the disk is twin-jetting process, but this may not
be the best method to some alloys. In the case of Mg-Si alloy, it was not successful to
produce TEM specimen by using twin-jetting method. The alternative is to make thin area
by etching on the edge of half circle by focused ion beam (FIB). The FIB system is similar
to a scanning electron microscope (SEM) system, but the FIB uses a gallium (Ga) liquid
metal ion source. The Ga ion beam is focused down the probe and scanned across the
sample. TEM specimen preparation via FIB process consists of cutting in half-circle disk,
polishing up to 100 pm thickness, FIB etching, and ion milling to clean the area damaged

by ion beam. The steps for the preparation of TEM specimen are,

1. Cutting : A half-circle disk is required for FIB etching since the flat area of the
semicircle is the target region for thinning process by ion beam. A polished rod in 3

mm diameter is sliced into a disk of 1 mm thickness followed by cutting again into
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half-disks.

2. Polishing : Finalized thickness of these half disks is 100 ~120 pm.

3. FIB etching : FIB equipment (FB-2100, Hitachi) was used to create thinned target
at the center in the flat area of half-circle processed by several steps of etching since
one strong beam for etching at one time can cause damage or break a specimen. In
addition, strong ion beam can widen and deepen damaged surface, which is shown as
normally amorphous. Fig. 2.17 is schematic figures and explains the thinning process
by FIB method. The half disk (2.17 (a)) is placed on the sample holder while the flat
surface is face up and is inserted in vacuum chamber. The dimension of target area
is 50 um (height), 2 pm (width) and 10 gm (depth) shown in Fig. 2.17 (¢). Fig. 2.17
(d) shows cross section view of the center, at which dimension of the tip of thinned

area is 500 nm.

4. Ton milling : In order to remove the contaminated by gun source and damaged area,
ion milling process is usually performed after FIB run. This cleaning process of ion
milling can remove amorphous layer cause by strong focused ion beam and gallium
particles deposited from the target source of FIB gun in the equipment. Milling

conditions are,

a. 1kV - 3mA on both sources (upper and lower)

b. Chamber pressure : 2.0e-5 Torr

c. Milling angle : 10 degree

d. Sample stage motion : continuous rotating (360 degree)

e. Milling time : 5~10 min

After the preparation of TEM specimen by cutting, polishing, FIB etching, and ion

milling, it is ready to observe the samples. Low magnification and its diffraction pattern
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Figure 2.17: Schematic figures of FIB processing: (a) half-circle disk after polishing, (b) top
view of the semidisk after FIB processing, (c) top view of the thinnest part at center which
is target area of TEM work, and (d) cross section view of target area at center.

were observed by JEM-2011, and JEM-2100F was used for high resolution image, STEM

images, and IFFT (Inverse Fast Fourier Transform) analysis.

2.5.8 Nanostructures in bulk Mgy St

Two TEM samples shown Table 2.6 were prepared. The sample #2 is bulk Bi-In doped
MgsSi described in the previous section, and the sample #1 is Mg, Si alloy doped with Bi,
where MgsSi powder was offered by Union Material Inc., which was synthesized by direct
melting process in an electric furnace followed by crushing the ingot into powders. Then,
the powder was consolidated via SPS process.

The microstructures in the sample #1 are shown in Fig. 2.18, where two beam bright
field TEM images show grains and their boundaries with grain size of more than 2 um.
This large grain is shown in Fig. 2.18 (a) and its selected area diffraction (SAD) pattern

is in the inlet figure, Fig. 2.18 (c). One of the smallest grains is about 1 wm shown in
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TEM sample No. Alloys Processing route
1 Bi doped MgsSi Direct melting + crushing + SPS
2 Bi-In doped MgsSi MA + SPS

Table 2.6: TEM specimen processed by two different methods

Figure 2.18: TEM images: (a) and (b) are two beam bright field TEM images, and (c¢) SAD
pattern

Fig. 2.18 (b). Along with grain boundaries of both figures (a) and (b), dislocations and
spherical precipitates are observed. Energy dispersive x-ray spectroscopy (EDS) analysis
was carried out to identify these inclusions. Fig. 2.19 shows STEM image of the interface
area of grain boundary, and the spectrum data of EDS analysis, where the size of inclusions
is within 200nm. Fig. 2.19 (b) is EDS result of whole area of the image (Fig. 2.19 (a)), and
Fig. 2.19 (c) shows EDS result of the inclusion indicated with an arrow, which is identified
as magnesium oxide (MgO).

Fig. 2.20 (a) and (c) show TEM and STEM images of the sample #2. The size of most

grains is in the range from 100 nm to 500 nm. The ring pattern of SAD in the inlet figure
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(Fig. 2.20 (b)) tells smaller grains in this sample compared with the SAD pattern of single
orientation in the sample #1 (Fig. 2.18 (b)). Fig. 2.21 (a) is a high resolution TEM image
(HRTEM) near grain boundary and Fig. 2.21 (b) is IFFT (Inverse Fast Fourier Transform)
analysis of the image, which shows that some precipitates exists and they form subgrains in
a grain. These precipitates produce a large number of grain boundaries which enable more
phonon scattering to result in the reduction of thermal conductivity of lattice component.
Fig. 2.22 is EDS result of line scanning at the boundary interface including MgO which is
shown in black inclusion in the STEM image. Through the scanned line, gallium (Ga) from
the beam source of FIB process is detected, which means the cleaning process such as ion
milling is further required. Based on TEM observation, it is proved that the combination
of MA followed by SPS processing can generate nano size powders.

In summary, high energy MA and SPS for rapid sintering technique were utilized to
synthesize MgsSi alloy and parametric study for MA and SPS process were carried out.
The secondary doping element was investigated and ZT value of Bi-In doped MgySi was
improved by 50% compared to Bi doped one. However, it is necessary to optimize the
amount of each doping element for the future work. Fig. 2.23 shows kp;, of various bulk
Mgs,Si alloys. In this figure, (a) and (b) are the xp, of nondoped MgsSi by MA and SPS
route [59], and Bi doped MgsSi grown by vertical Bridgman method [54], respectively.
Fig. 2.23 (¢) and (d) are Bi doped MgsSi by SPS after crushing an ingot synthesized by
direct melting method (TEM sample #1), and Bi-In doped MgsSi via MA followed by SPS
(TEM sample #2), respectively. The k,p of Bi-In doped bulk MgsSi was reduced at least
by the factor of 2 at 600°C' compared with non-doped MgsSi (a), and it is also lowered by

60% and 30% compared with (b) and (c), respectively.
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Figure 2.20: TEM images: (a) two beam bright field TEM image, (b) SAD pattern and (c)
STEM image

Figure 2.21: HRTEM images: (a) HRTEM image near grain boundary and (b) FFT analysis
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Chapter 3
m DESIGN OF TEG

TE module is effective in the direct conversion from thermal energy to electrical energy.
Since TE energy conversion is quiet and non-toxic feedstocks, TE devices have been used in
the applications of an electric power generator and a cooling device [67, 68, 69]. Recently,
TE modules have been applied to automobiles [70, 71] and unmanned aerial vehicles (UAV)
for the purpose of thermal energy harvesting [72, 73]. In automobile applications, the use
of TE modules increases fuel efficiency by recapturing wasted exhaust heat and converting
it to useable electricity [74].

A segmented design of joined TE materials with different operating temperatures is
widely utilized for maximizing output power [46]. Popular segmented TE generators work-
ing at a high temperature range use heavy alloys based on Lead Telluride (PbTe) [75],
AgPb,,SbTesy,, (LAST) [76], Te/Ag/Ge/Sb (TAGS) [75] and Co2Sbs [77]. Even though
these popular TE materials provide higher ZT values, they have large densities of more
than 8.0 [g/cm?]. In addition, both Lead (Pb) and Tellurium (Te) are classified as toxic
materials [33]. Oxide-based TE alloys, such as Co-O-based p-type and Zn-O-based n-type,
are considered but they have low electrical properties resulting in a generator with low out-
put power [78]. Many thermoelectric generators use expensive materials such as the rare
element Te, one of the key components in TE system, and Ag in the LAST and Ge in the
TAGS systems, resulting in an increased cost of a final device.

This study focuses on bulk MgsSi of n-type [54, 79] and HMS of p-type [37] integrated
into the high temperature region of a segmented TE generator. Both of these materials have
low densities compared with other TE material candidates and have operating temperatures
up to 500 °C. This results in a lighter TEG that has a higher specific output power, which

is ideal for airborne engine applications. The synthesis of TE legs and the fabrication of
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TE module based on a typical m-shape design will be described. In the following, we will
discuss the experimental work on the processing of TE materials, the characterization of TE
properties and the measurements of as-assembled TE generator, followed by the comparison

of the power output between the experiment and modeling.

3.1 Preparation of TE legs

3.1.1 Synthesis of TE materials

Various processing routes of MgsSi have been reported such as direct melting [80], solid
state reactions and hot press (HP) [81], the vertical Bridgman method [82, 83], HP after
melt-spinning [84], and microwave synthesis [85, 86, 87]. In this chapter, MgySi legs are
prepared as follows. Mg (99.95%), Si (99.9999%) and Bi (99.999%) were prepared as starting
materials for the Bi doped MgsSi high temperature n-type segment. Polycrystalline MgsSi
with Bi doping was synthesized with Mg:Si ratio of 67:33 (at%) including the Bi dopant
(3 at%) by an electric furnace [54]. The obtained polycrystalline compound was crushed
into powders via planetary ball milling with a tungsten carbide (WC) jar and balls. The
powders were transferred to a glovebox with Ar atmosphere and set up in a graphite die for
SPS (Sumitomo Coal Mining Co., Ltd., Dr. Sinter 1020S). The assembled graphite mold
of 15 mm in diameter was heated in a two-step procedure for SPS. The first step heats the
specimen at 30 MPa from room temperature up to 500 °C' with a rate of 100°C/min and
holds the specimen at 500 °C' for 3 min. This pre-heating step allows one to maintain low
vacuum level at the next sintering step.

As shown in Fig. 3.1, the vacuum level in the SPS chamber starts at 4.4 Pa, increases
up to 7 Pa at 500 °C, drops to 4.6 Pa after the 3 min holding step at 500 °C', and is held at
4.6 Pa for the rest of the process. For the second step, the powder in the graphite mold is
pressurized up to 50 MPa while it is heated to 750 °C with a heating rate of 100°C'/min.
After keeping at 750°C for 3 min, the specimen is cooled. This optimized two-step SPS

process enables one to keep the chamber vacuum level low, which minimizes the chance
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Figure 3.1: Vacuum level and the displacement of the sample during the sintering with the

temperature excursion of two-step SPS process
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of oxidation and contamination. The sintered MgySi disk is cut into rectangular pillars of
4dmm x dmm X dmm by a diamond saw.

To fabricate p-type HMS segment which is for the high temperature leg, Mn (99.9%) and
Si (99.9%) were individually put into an alumina jar with alumina balls, and mechanical
grinding was carried out in vibration ball milling equipment for 10 hAr in Ar atmosphere,
where the ball to powder volume ratio was 20:1 The ground powders were blended with
a Mn:Si ratio (at%) of 35.5:64.5 in rotary mixer at 100 rpm for 1 hr in Ar atmosphere,
then the mixed powders were transferred into the graphite mold of 20 mm diameter. The
HMS disk was sintered by SPS process at 900°C' and 30 MPa for 15 min in a vacuum.
As-sintered HMS was diced into 4mm x 4mm x 3.4mm by a diamond saw.

As TE segments for low temperature legs, both n-type and p-type Bi-Te based com-
pounds working at low temperature range are purchased from Tellurex Inc. in the shape of

dmm x dmm x 1mm and 4mm X dmm x 2.6mm respectively.

3.1.2 Characterization

The Seebeck coefficient and electrical conductivity were measured by using a four-point
probe measurement system (Ulvac-Rico, ZEM-3). The sample is prepared in the dimension
of 2mm x 2mm x 10mm rectangular bars by dicing the sintered cylinder after SPS pro-
cess. The five independent measurements were carried out from room temperature up to
300 °C for Bi-Te alloys and up to 600 °C' for high temperature TE legs in vacuum condition.
Fig. 3.2 (a) and (b) shows the measured electrical conductivity and Seebeck coefficient of
p-type Bi-Te alloys and their average values. In Fig. 3.3, the measured electrical conductiv-
ity and Seebeck coefficient of n-type MgySi, (a) and (b), and p-type HMS, (d) and (e), are
shown, respectively. The measured TE properties of n-type Bi-Te alloy were offered by the
supplier, Tellurex Inc. since it is commercially available while p-type Bi-Te alloy are offered
without the measured data due to its custom-made basis.

For thermal conductivity measurements, a sample 10 mm in diameter and 1 mm thick is
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Figure 3.2: Five independent measurements and their average values of TE properties
of p-type Bi-Te alloy: (a) electrical conductivity, (b) Seebeck coefficient and (c) thermal

conductivity
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Figure 3.3: Five independent measurements of TE properties of n-type MgoSi and p-type
HMS: (a) and (d) electrical conductivity, (b) and (e) Seebeck coefficient, and (c) and (f)

thermal conductivity, respectively



65

then prepared for the laser flash measurement system (Ulvac-Rico, TC-9000). This thin disk
specimen can be directly obtained by polishing to the target thickness after SPS process.
This equipment measures the thermal diffusivity and specific heat capacity of the specimen
simultaneously from room temperature to 600 °C' for the high temperature compounds and
from room temperature to 300 °C for the Bi-Te based compounds. The thermal conductivity
[W/(mK)] can be calculated from the relationship, k = a-C),-d, where a, and C), are thermal
diffusivity [m?/s] and specific heat capacity [J/(kgK)] respectively, which are measured
by TC-9000, and d is mass density [kg/m?]. Fig. 3.2 (c) shows the measured thermal
conductivities of p-type Bi-Te alloy, and those of MgoSi and HMS are shown in Fig. 3.3 (c)
and (f), respectively.

Fig. 3.4 (a)~(d) show the temperature dependent TE properties, where the TE proper-
ties of p-type Bi-Te, n-type Mg-Si and p-type HMS are the average values of five independent
characterization measured by the above measurement systems while TE properties of n-type

Bi-Te was measured by Tellurex Inc.

3.2 Assembly of m-shaped TE module

Fig. 3.5 (a) illustrates the assembly of the one-pair segmented TE generator in 7 struc-
ture. Let us define the high temperature n-type and p-type legs by ni and p; and the low
temperature n-type and p-type legs by ns and po. The temperatures of ni-ny interface and
the pi-po interface are determined by intersecting the ZT-Temperature curves of the low
temperature TE materials (ng, p2) and those of high temperature TE materials (nq, p1).
The desired interface temperature is 200 °C' at the n-type junction and 300 °C' at the p-type
junction under the boundary conditions of a hot side at 500°C and a cold side at room
temperature. Fig. 3.5 (b) is a thermal resistor network model to predict temperatures at
various points through TEG, which will be detailed in the discussion section, later on. An-
other important design parameter is the length of each segment which has been optimized

to achieve the desired temperature gradient across each material. Lengths were calculated
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Alloys Soldering materials | Bonding layer (A-B) | Processing condition

Alloy 1 Ag-Cu-Sn-Zn Cu-(n1, p1) 680 °C-5min

ni-n2, p1-p2
Alloy 2 Ag-Cd 425 °C-3min

and (n1, p1)-Cu

ni1-nz, p1-p2
Alloy 3 Sn-Ag 250 °C-3min

and (n1, p1)-Cu

ni-n2, p1-p2
Alloy 4 Pb-Ag-Sn-In 350 °C-3min

and (n1, p1)-Cu

Table 3.1: The list of all solder materials for bonding interfaces: alloy 4 is the best solder
among alloy 2~4 for low temperature junctions

based on one-dimensional heat conduction law factoring in the difference in thermal con-
ductivity of each segment, which is shown in Appendix A. The combined n-type column
is made from 5 mm of Bi doped MgsSi and 1 mm of BisTes_,Se, while the p-type leg is
made from 3.4 mm of HMS and 2.6 mm of Bis_,Sb,Tes.

The high temperature TE legs made of MgySi and HMS are brazed to a Cu electrode,
and the rest of the segments of TE materials are soldered to each other. Before brazing
and soldering processes, it is essential that Ti (50 nm) and Ag (1um) layers were coated
by an E-beam evaporator to increase the interface bonding. Ti is the active element and
an ideal adhesion material between the semiconductor blocks and the metal coating layer.
Ag has low wetting contact angle which helps the surface stick to the bonding alloys. Ta-
ble 3.1 shows all solder materials used for bonding these interfaces. All bonding processes
were carried out under the gas flowing (2 I/min) environment of 95% Ar and 5% hydrogen
to prevent joint interfaces from oxidizing and contaminating during the high temperature

process. This design with Ti and Ag adhesive layers ensures lower contact resistance and



68

RAIN
Rceramicbond
RCu
Rnc] 4 RP ol
Rnl Rp 7
RncZ 10 Rp o2
RnZ R 2
11 L’
RncS 13 Rp c3
/2R, s Y =uer,
16 Rceramicbond
17 RAIN
Tc

Figure 3.5: The m-shaped TE generator segmented in two TE legs in each column: (a) the
illustration of assembled segmented TEG and (b) thermal resistor network model



69

strong bonding. After assembling the m-shaped TE module, an aluminum nitride (AIN)
substrate was attached to the top and bottom sides of the pre-assembled TEG by using
a ceramic bond. Since AIN is thermally conductive and electrically insulating material, it
transfers heat from the heat source to the TE segments while preventing the system from

short circuiting between the adjacent n — p pair.

3.2.1 Contact resistance of bonding interfaces

Electrical contact resistance plays an important role in the segmented TE module gen-
erator. High contact resistance between TE segments and at the interface of the metal
electrodes would decrease the generator’s performance by reducing output power genera-
tion. Thus, the minimization of the contact resistances at all interfaces is highly desired.
The contact resistance was measured using a four-point probe set up, shown in Fig. 3.6,
where two current probes were connected to both ends of a sample to generate current flow
through the sample. One voltage probe was located at the end of the Cu electrode while the
other voltage probe was scanning along the sample length to detect voltage drop depending
on distance between two voltage probes. The electric contact resistance was obtained from
Ohm’s law based on measured current and detected voltage drops across the bonding in-
terfaces between the fixed and the scanning probe. Fig. 3.7 shows the measured resistance
associated with the cross section area of TE segments depending on the distance of two
voltage probes. The measured contact resistances at the interface of Cu electrode bonded
with n-type and p-type TE segments are 4.8 [u2 cm?] and 3.2 [u€) em?] at high temperature
side, and 43.2 [u cm?] and 73.6 [u€2 cm?] at low temperature side, respectively. The con-
tact resistance across the interface of high temperature and low temperature TE segments
are 75.2 [uf) em?] for n-type and 94.4 [u) em?] for p-type. The measured average value of

the electrical contact resistances based on total 6 bonding interfaces in one-pair TE module

is 49 [uQ cm?).
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3.3 Power measurement test

The assembled TEG was tested for its output power performance under temperature
differences (AT') of up to 498 °C'. The heat source located at the top of the TE generator is
made of two cartridge heaters insulated by magnesium oxide, which are inserted in a metal
block. This heat source maintains the hot side temperature (Tp) on top of the TE generator.
A heat sink made from a solid block of Cu with a water flow channel inside for tap water
circulation maintains the bottom side of the TE device at constant cold temperature (T¢)
shown in Fig. 3.5 (a). Under the heater, an Fe plate is inserted to simulate the combustion
chamber wall into which the TE generator is integrated to utilize the temperature gap
between chamber temperature and outside air. Then the TE module is stacked between
the Fe plate and the Cu block on the heat sink. The stacks are surrounded with a 2-inch
thick insulation wall made of compressed fiberboard to ensure 1-D vertical heat flow, and
thermocouples are inserted at each stacked interface as well as at the Cu electrode to monitor
temperatures through heat flow. Fig. 3.8 shows the measurement jig and its set-up.

The measurement tests were carried out under various temperature differences (AT)
ranging from AT= 100°C to 498 °C. For AT=498°C, the hot side temperature of the top
AIN substrate of the module was set to 521 °C while the cold side temperature of bottom
AIN substrate was kept below 23°C' during the whole measurement process. The mea-
surement at each step of temperature difference was recorded after waiting for steady-state
which typically occurred in 10 hr for AT=498°C. The maximum output power was gener-
ated at a half of the open circuit voltage under the matching impedance. Fig. 3.9 shows the
output power generation of the module for various AT’s. At a AT of 498 °C', the maximum
output power measured is 0.48 [W] at a load current of 3.4 [A] under a load resistance of
41 [m£2]. Since the total weight of the two-pair TEG is 11.19 [g], the specific power density,

output power per a kilogram, becomes 42.9 [W /kg].
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3.4 DModeling and verification

8.4.1 Modeling of segmented TEG

The generalized model of segmented TE module is shown in Fig. 3.10, and it is made
of combined TE legs consisting of N,, segments of n-type and N, segments of p-type. The
typical TE generator is made by connecting N pairs electrically in series and thermally
in parallel. Swanson et al. [88] and El-Genk et al. [89, 90] have shown a way to estimate
the output power generated by segmented TE modules. Min et al. [91] considered the
effect of electrical contacts on the bonding interface of the metal electrode to TE materials,

and also considered temperature drop across ceramic substrate and electrodes in a simple
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single leg TEG. By expanding the work of Min et al. [91] based on the segmented TEG
model [88, 89, 90], this study contributes to construct more reliable model to predict output
power generation of the segmented TEG system. The detailed formulation of the model for
a segmented TE module with IV pairs is given in Appendix B. From Eq. B.8 of Appendix B,

open circuit voltage of N pairs is,

Voo = N(Sy" = 83)(Tn — Te) (3.1)

where, Sé\/[ and S,Jl/[ are the effective Seebeck coefficient of N, and N, number of TE elements,
respectively, and explicit expressions of and Sé\/l and SM are given in Appendix B. From

Eq. B.10 in Appendix B, current I obtained by Ohm’s law is,

N(Sp" = Si)(Th — Tc)
NP+1 Nn+1

[ (St 3 )+ (Bt 35 )} o0

I — (3.2)

where, m is the ratio of load resistance to module resistance, Ry /R. Aj, and A,, are the cross
sectional areas of the p-type and n-type TE elements respectively. pp,, pn;, pPpc; and ppe, are
electrical resistivities of the i" p-type and n-type element and contact resistances between
the it" and (i + 1)th of the p-type and n-type elements respectively. R, is the electric
resistance of lead wires measured experimentally. Generally, the effect of R, diminishes
when N becomes larger, since the internal resistance is relatively much larger than the
resistance of the wires, but it cannot be ignored when N is small. The load voltage can be

obtained from Eq. 3.1 and 3.2,

w| I+Voc (3.3)

Np+1 1 Np+1
-|8(& (zppleﬁzppcz) An(zmem+zpm))
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Thus, output power is obtained as,

P = I’Rp
N(SM _ gM\2( _ 2. T
_ A R (R (3.4
- LN Np+1 L M Np+1 R '
— L, c.) 7( L. m) S
[Ap(;ppz ot 3 om) g (Soondn 3 ) +

In this study, it is noted that 2 pairs of TE modules are assembled, i.e., N = 2 and two
segments are used at each type, i.e., Ny,=N,=2, and 4, = A,, = A. The maximum output
power can be obtained under Ry = R, i.e., m = 1. Therefore, output power generation is

expressed as,

Sy = Sy (T — Te)?

P= e 3 2 3 (3.5)
A (prini + Z Ppe; + meLm + Z Pncz'> + Ry
i=1 i=1 i=1 i=1
The efficiency of the module is estimated as,
_ Ty —1Tc 4 2(SP1TP1 - Sannl) (Rp1 + Rnl)(TH - TC) B
n= M M _ QM - M (3.6)
T ZMTy (Sp1 = STy 2R T

3.4.2  Comparison of experimental data with predictions by the model

The measurement results of two-pair module are compared to the predicted results for

validation. Fig. 3.11 shows the measured and predicted I — V curves under AT'=498°C,
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Figure 3.11: Comparison of experimental data with prediction by the model: I-V curve and
output power as a function of load current



78

50 T T T T T

Analytical predictions 40.8
O Experimental data

N w B
o o o
T T T

Specific power density [W/kg]
o
T
=
N
Maximum output power [W]

| | | | | 00
100 200 300 400 500

Temperature difference, AT [°C]

Figure 3.12: Comparison of experimental data with prediction by the model: The maximum
output power and the specific power density as a function of AT



Maximum efficiency [%]
w

O Experiment data

Analytical predictions

2L
1k
O
O | | | | |
100 200 300 400 500

Temperature difference, AT [°C]

79

Figure 3.13: Comparison of experimental data with prediction by the model: The maximum
efficiency of the module as a function of AT. Solid lines are analytical modeling and marks

are experimentally measured data
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in which the solid line is the predicted results by Eq. 3.3 while the plotted markers are the
measured data points. The measured V¢ is 285 [mV] and the predicted value is 292 [mV],
which is in a good agreement with about 3% difference. The measured Isc of about 6.7
[A] is close to the predicted value of 6.6 [A] within 1% difference. This good agreement is
mainly due to low contact resistance at bonding interfaces. The measured internal resis-
tance of two-pair module at room temperature is 23.1 [m€] and the calculated value based
on Fig. 3.4 (a) is 22.3 [m€]. The maximum power output in Fig. 3.11 is 0.48 [W] and is
measured at the load current of 3.4 [A] while the predicted maximum output power is 0.482
[W]. This measured value and the theoretical calculation for output power generation are
in a good agreement within 1%. As indicated in Fig. 3.12, the generated power and the
specific power density are parabolic functions of AT (= Ty — T ) and are in agreement
with the predicted power equation, Eq. 3.4. The maximum efficiency of the module as
a function of AT is illustrated in Fig. 3.13 where the solid line is the prediction by the
theoretical model and the square markers are the measured points. The maximum module
efficiency is 4.6% measured at AT=498 °C' and the predicted efficiency by Eq. 3.6 is 4.8%. A
comparison between the measured data and predictions by the model demonstrates that the

segmented TE module fabrication and its measurement processes were carried out correctly.

3.5 Discussion

Contact resistance is a key factor in determining the output power of TE module design
since the electrical contact barriers at the intermediate bonding interfaces of TE segments
are larger than that at the junction of TE elements bonded with metal electrodes of hot and
cold sides. It is hard to bond directly between semiconductor materials (TE legs) by brazing
or soldering, so a thin metal coating is placed on the surfaces before soldering. Fig. 3.14
show the temperature dependent electrical resistivity and Seebeck coefficient measured by
four-point probe equipment (Ulvac-Rico, ZEM-3). Two MgySi samples are bonded by using

Ag solder with and without thin Ti-Ag coating. The measurement results in Fig. 3.14 (a)
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show that the bonding layer with Ti-Ag coating reduces the electrical contact resistance
compared with bonding without using a Ti-Ag metal coating while the Seebeck coefficient
is not affected by the addition of the thin Ti-Ag metal coating at bonding layer as shown
in Fig. 3.14 (b).

Regarding the bonding process for jointing with Cu electrodes, the contact resistance
at the hot side and cold side metal junctions are less than 1 [uQ) cm?] and 70 [u2 cm?],
which are reasonably low compared to the internal resistance of TE materials. Thus, it
is important to select the correct brazing or soldering materials working at intermediate
temperatures at the junction of MgsSi - Bi-Te and HMS - Bi-Te bonding up to 300°C. The
processing temperature should be quite below 500°C' because the melting point of Bi-Te
based compound is about 590 °C'. Fig. 3.15 compares the electrical contact resistance across
the junction of intermediate bonding layers of n-type and p-type columns along with sol-
dering alloy 2 to 4, see Table 3.1. The horizontal and vertical axes of Fig. 3.15 show the
distance and electrical resistance between two voltage probes, respectively. Alloy 2 gives rise
to the largest contact resistance, 14.07 [m$) em?], due to its high processing temperature
which may create micro cracks near the junction area since Bi-Te based compound is very
brittle caused by weak van der Waals bonding along the c-direction. Alloy 3 reduces the
electrical contact resistance of HMS - Bi-Te interface up to 1.32 [m$ ¢m?] by using a low
temperature soldering material. However, it is not suitable due to its low melting point,
225°C', which is quite lower than the target temperature of 300 °C' at the intermediate junc-
tion. Alloy 4 has a melting temperature of 350 °C' and gives much lower contact resistance,
below 0.1 [m$2 em?], which is reasonably low compared with the internal resistance of the
one-pair module assembly, 11.2 [m€Q em?]. Therefore, alloy 4 is selected to minimize electri-
cal contact barriers across the intermediate junctions, which enables the smooth resistance
over the TE legs as shown in Fig. 3.15. However, the electrical contact resistance across
different TE segments is relatively larger than that at the other interfaces of Cu and TE

legs at high and low temperature sides. One possible reason is that the metal coating by

electron-beam evaporation and TE materials are physically bonded rather than chemical
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Figure 3.14: The effect of metal coating layer at bonding interfaces: (a) temperature de-
pendent contact resistance and (b) Seebeck coefficient: one solid block, bonding with and

without Ti-Ni coating
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reaction. To reduce the electrical contact resistance between different TE materials, chemi-
cal bonding is desired by optimizing to sinter different TE materials at the same time using
SPS method. A diffusion barrier is required to prevent unwanted reaction which decreases
TE performance. In this study, the limited alloys for brazing and soldering were studied.
To minimize the contact resistance at an interface, various alloys need to be examined for
optimizing, which will differ in working temperature and types of TE segments.

To verify an agreement of temperature gradient through the TEG, thermal resistor
network model [92] of the one-pair m-shaped TEG was built shown in Fig. 3.5 (b) assuming
1-D heat flow, where all contact thermal resistance of bonding interfaces as well as ceramic
bonding layers were considered. Thermal resistance R [W/K] is defined by R = Az/(kA),
where k, Az, and A are thermal conductivity, thickness and cross-section area through
which heat is being conducted, respectively [92]. The thermal resistances calculated by the
equation above are listed in Table 3.2. The largest thermal resistances of TE legs means
the largest temperature drop occurred when heat passed through the TE leg materials.
The ceramic bond layer generated the second largest temperature drop in this 7 TEG. The
RrEp is larger than Rpg, since the thermal conductivities of the n-type TE legs are larger
than those of the p-type legs (see, Fig. 3.4 (¢)). The node temperatures at junctions were
obtained based on Kirchhoff’s junction rule, i.e., ¥@Q; = 0 at each node ¢, where the heat
flow @ [W] is expressed by Q@ = AT/ Ry, [92]. From the iteration of this method at 17 nodes,
the form of [Q] = [1/Ru)[T] is calculated where [1/Ry] is 17 x 17 symmetric matrix. The
temperatures at the top (T) and the bottom (T¢) are known as boundary conditions, so
[1/Ryp] is reduced to 15 x 15 matrix. By taking the inverse of [1/R;,] matrix, the predicted
temperatures by thermal resistor network model are obtained, which is plotted in Fig. 3.16.

In addition, 2-D FEM analysis using ANSY'S was carried out, in which element type and

2 respectively, under AT = 498°C.. For more accurate

mesh size were planeb5 and 0.25 mm
results, the thick insulation wall covering the outside of the assembled TE generator and
air gap between n-type and p-type TE legs were taken into account for the FEM analysis.

The element type and mesh size of the insulation and air gap were the same as the above.
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2RAIN E-Rcerarm'cbomi E]%Cu RTEp Rrpn E-R,oc

Thermal resistance [K/W] | 0.23 9.4 0.23 | 231.3 | 131.5 | 1.14

Table 3.2: The sub-total thermal resistances of each material, where Rrpg, and Rrp, are
the sum of thermal resistance of each p-type and n-type segments, respectively. YR, is the
sum of six solder layers

Fig. 3.16 shows the result of temperatures at various points where Ty, T, i, Tpu, Thr, ThL
and T¢ are defined in Fig. 3.5 (a). The measured net AT, (= T,z — Tp1) across p-type
column is 435°C, and AT, by the thermal resistor network model and ANSYS are 437°C
and 428 °C', respectively. The net AT, in n-type leg by experiment is 412°C and those of
thermal resistor network model and ANSY'S are 437 °C' and 413 °C, respectively. AT, by the
experiment is in a good agreement with the results of thermal resistor network modeling
and ANSYS analysis within 2%, and regarding AT,, 6% difference is shown between the
measured temperature gap and the result predicted by the resistor network model. The
largest value of temperature gap is obtained by thermal resistor network model due to the
assumption of an ideal 1-D heat flow while heat dissipation presumably occurred along the
horizontal direction in the experiment and ANSYS analysis is based on 2-D geometry.
The p-type Bi-Te alloy (Tellurex Inc.) shown in Fig. 3.4 has higher electrical conductiv-
ity, which gives rise to lower Seebeck coefficient compared with other reported works [29, 93].
The electronic thermal conductivity (ke;) can be obtained by using Wiedemann-Franz law,
keg = LoT, where L is Lorenz number. The Lorenz number to estimate carrier contribu-
tion to the thermal conductivity in p-type Bi-Te alloy is determined based on its electrical
conductivity (o) according to the experimental curve reported by Goldsmid [6], which is
1.5x 1078 [V2K 2] at room temperature. The calculated lattice thermal conductivity (fpp)
by subtracting the electronic contribution from total thermal conductivity is 0.52 [W/mK]
at room temperature. In order to explain this low value of s, of p-type Bi-Te, we studied

its nanostructure by transmission electron microscope (TEM) using FEI Tecnai G2 F20.
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Fig. 3.17 (a) shows the embedded nanocrystals with the size of 2 to 10 nm. The SAD pat-
tern in the inset confirms randomly oriented nanograins, which is evidenced as ring patterns.
The HRTEM image in Fig. 3.17 (b) shows that the nanograins form with different crys-
talline orientations, each of which shows the periodic lattice structure. Some amorphous
precipitates shown in the upper middle of Fig. 3.17 (b) are observed, which is presum-
ably caused by the ion-milling process of sample preparation. The observed nanocrystals
are identified as Sb rich phase by energy dispersive spectroscopy (EDS) analysis with the
composition of Sb:Te=49:51 in atomic percent, where Bi peak intensity was too low to
analyze it while the EDS performed on the entire area of Fig. 3.17 (a) provides us with
Bi:Sbh:Te=4:30:66. These observations are similar to those of BisTes/SbyTes nanocompos-
ite processed by Cao et al. [94] who mixed two nanocrystalline powders of BisTes and ShoTes
where they used three different mixing ratios of the former to the latter, 1:2, 1:3 and 1:7.
Our data of Bi:Sb:Te=4:30:66 is close to the case of the third mixing case of 1:7, but not
exactly matching. The thermal conductivity of BisTes/SboTes nanocomposite processed
by Cao et al. is slightly lower than our data, Fig. 3.4 (a). The electrical conductivity of
our p-type Bi-Sb-Te, Fig. 3.4 (b) is higher than that of the BisTes/SboTes nanocomposite
processed by Cao et al., resulting in the higher ZT' (1.0 ~ 1.3) over the temperature range
of 25 ~ 120°C, see Fig. 3.4 (d) than that of the BiyTes/SbsTes nanocomposite processed by
Cao et al.. The benefit of the nanostructures enables intensive phonon scattering to reduce
kpn, Without reducing the electrical conductivity, which gives rise to higher Z7T" value.

In summary, a two-pair segmented TEG was fabricated using Si based, light weight,
cost-effective, and non-toxic TE alloys; MgsSi for n-type and HMS for p-type. The two-pair
segmented TEG can be used as a new propulsion system for a MAV or a waste heat recovery
system for a UAV where the proposed m TEG is attached to the surface of a combustion
chamber of a MAV or UAV. Bi-Te based compounds are utilized on n-type and p-type
segments for low temperature side. A reasonably low average electrical contact resistance
of below 50 [11€2 ¢cm?] is achieved and the total contact resistance through the module is less

than 2% of the internal resistance of the TE materials. The low electrical barriers enable
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Figure 3.17: TEM/HRTEM images of nanostructures of p-type Bis_,Sb,Tes: (a) TEM
image showing embedded nanocrystals in a matrix in size of ~10 nm, where EDS for area
analysis was carried out covering the area and its SAD pattern in the inset, and (b) HRTEM
of a single nanograin which was identified as Sb-rich phase by EDS
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the segmented TEG to reach the maximum specific power density of 42.9 [W/kg] under a

498 °C temperature difference, which has a good agreement with analytical predictions.
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Chapter 4
LINEAR DESIGN OF TEG

As mentioned in Chapter. 1, the conventional TEG is single-stage couples connecting
electrically in series and thermally in parallel with m-shape design. To design higher power
output, Harman [43] suggested the cascaded design of stacking two or more w-shaped TEGs.
TE module at lower legs consisting of TE materials working best for low temperature range
generates power from the heat rejected by the upper module based on TE legs operating at
high temperature. This design has a disadvantage for weight sensitive applications because
extra ceramic substrates and metal electrodes increase the total weight of the device. One
way to improve the TE performance as well as to minimize the total weight of the device
is the segmented design by dividing the n-type and p-type legs into several segments using
different TE materials [44, 45]. However, the m-shaped planar structure becomes unstable if
the length of n-type and p-type TE column is not identical, which makes the TEG module
weak at high temperature environment. Stockholm [47] introduced a linear design concept
of TE module where an electric current flows in a straight line through the TE legs while
the electric current in the w-shaped TEG design flows alternatively up and down. Fig. 4.1
compares the linear design with 7 design. Crane et al. [95] showed the aspect ratio of n-type
in the linear TEG design can be controlled with that of p-type independently. Sakamoto
et al. [96] designed a linear-shaped TEG for high temperature range by using only n-type
TE element, which has a limit of scaling up by connecting a number of n-type uni-legs
electrically in series and thermally in parallel. However, the reported TEGs used bulk Cu
or stainless steel as electrodes, which are the main source of increasing the total device’s
weight. In addition, ceramic substrates on top and bottom sides of the module are still
required to avoid short-circuiting.

In this chapter, an advanced design of the segmented linear TEG is proposed for its
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Figure 4.1: 7 TEG vs. linear TEG design: Electric current flows (a) alternatively up and
down along with TE legs in m-shaped TEG, and (b) in straight path in perpendicular to
heat flow in linear-shaped TEG
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Figure 4.2: Electrodes in linear TE design: (a) conventional T-shaped electrode made of
bulk metal, and (b) dovetail-shaped AIN-Cu composite electrode

integration into the walls of a combustion engine system in UAV or automotive engine with
two innovative designs: (a) dovetail-shaped electrode based on a composite of Copper (Cu)
and Aluminum nitride (AIN), and (b) self-jointing by shrink-fit behavior of Fe-based shape
memory alloy (Fe-SMA). As the high temperature TE segments, bulk MgsSi of n-type and
HMS of p-type are used since they are light-weight, non-toxic and low-cost TE compounds
working for high temperature range. In the following, we will discuss linear-shaped TEG
design and also its performance as compared with m-shaped TE module.

For accurate comparison with the m-shaped segmented TEG, the same set of TE seg-
ments are used to assemble linear-shaped TEG in this chapter. All TE legs in linear-shaped
TEG were synthesized and prepared from the same TE materials used in the w-shaped TEG
so that the measured TE properties of each segment in Chapter 3 can be utilized to predict

the performance of m-shaped and linear-shaped TEGs.
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Figure 4.3: The assembly of linear TEG: (a) Schematic figure of the assembled linear-shaped
TE module showing full and half shape of AIN-Cu electrodes, (b) assembled linear TEG
stacked with Fe-SMA plate and Cu cooling fin, and (c) thermal resistor network model
corresponding to (b)
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Figure 4.4: Shrink-fit procedure: (a) insertion of dovetail-shaped electrodes into the grooves
of pre-trained Fe-SMA, and (b) the completion of shrink-fit by increasing temperature above
Ta, of Fe-SMA
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4.1 Dovetail-shaped electrode

Conventional electrodes in the linear TE design [96, 97, 98] were made by bulky T-
shaped metals of Cu or stainless steel shown in Fig. 4.2 (a), where lower vertical block was
only incorporated to pass electric current in a horizontal direction while the top horizontal
portion of the T-shaped electrode played a role of absorbing heat energy from a heat source.
The new concept of a dovetail-shaped composite electrode proposed in this chapter is to
replace the top part of the metal block with AIN ceramic material, see Fig. 4.2 (b), which
transfers heat from a heat source effectively to lower Cu part of the T-shape electrode while
preventing a short circuit between adjacent n —p pairs, see Fig. 4.3 (a), for AIN is thermally
conductor, but insulator electrically. AIN and Cu were brazed by using Ag based brazing
filler (Ag-Cu-Ti) at 800°C. AIN has much lower mass density (3.26 g/cm?) than copper
(8.94 g/cm?) and stainless steel (8.03 g/cm?) so that the total weight of fully assembled
linear TEG using the composite electrodes becomes lighter than that of conventional linear
TEGs.

Another feature of the proposed AIN-Cu electrode has an angle in upper AIN part. In
Fig. 4.3 (a), the upper angled edge of AIN cooperates in a shrink-fitting assembly to be inte-
grated into a combustion chamber’s wall made of Fe based SMA (Fe-SMA), see Fig. 4.4 (a)
and (b). As shown in Fig. 4.3 (b), a half shape of AIN-Cu electrodes are required for the
complete TE module assembly, which are placed at the far ends of right and left sides.
A compressive force is applied horizontally on the flat end of the half shape electrodes is
important for the compressive force to be applied horizontally so that both thermal and
electrical resistances at the interfaces can be minimized and heat flows to the cold side of
the TEG, the bottom Cu block shown in Fig. 4.3 (b). The thermal resistor network model
of the linear TEG was constructed as shown in Fig. 4.3 (c), which will be discussed in the

Discussion section.
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4.2 Fe-SMA for the shrink-fit integration

The concept of new integration method is that the AIN part of the dovetail-shaped
electrode is inserted into the groove of the combustion chamber’s wall which is made of
low-cost Fe-Si-Mn-Cr SMA (Fe-SMA) [99]. As-received Fe-SMA plate from the supplier
(Awaji Materia Co., LTD, Japan) was characterized to examine the transformation temper-
atures; martensite start temperature (T,), martensite finish temperature (Tf), austenite

start temperature (T4s), and austenite finish temperature (747) by differential scanning
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calorimeter (DSC) from —70°C to 400°C, which was measured under no applied stress,
so the transformation was not stress induced. Fig. 4.5 is the DSC results of this Fe-SMA
showing the weak peaks as compared with TiNi-SMA. From the DSC results the endother-
mic peak was observed around 125 °C on the heating curve, where T)ys and T4y were found
as 115°C and 135°C, respectively. The exothermic peak on the cooling path was detected
around at —50°C but Ty and Ty were not clearly shown. Since the transformation to
the martensite phase occurs much below room temperature, Fe-SMA after the shrink-fit
assembly by heating above T4y and cooling down to room temperature is still the austenite
phase, which means no phase transition occurs at the operation temperature range of TEG,
room temperature to 500°C.

In order to obtain the correct shape memory strain during the shrink-fit joining of the
dovetail-shaped electrode and Fe-SMA plate, 6% tensile strain was applied to as-received
Fe-SMA plate. This prestraining was repeated again to secure larger recovery strain of up
to 3.5%. Then, the prestrained Fe-SMA plate is subjected to shape memorization process,
i.e., annealing at 600°C for 2 hr with the heating rate of 10°C'/min under the gas flow-
ing (1 [/min) environment of 95% Ar and 5% hydrogen, then it was cooled down to room
temperature. Then, the Fe-SMA was machined with groove, see Fig. 4.4 (a), followed by in-
sertion of the top AIN part of the dovetail-shaped electrodes into the grooves of the Fe-SMA
plate, see Fig. 4.4 (a). Heating up to temperature above T4s led to a shrink-fit assembly of
the dovetail-shaped AIN-Cu electrodes with Fe-SMA plate, Fig. 4.4 (b). The compressive
strain of Fe-SMA plate for the shrink-fit joining can be optimized by joining the length of
the groove. To this end, various shrink-fit strains were applied. If the shrink-fit strain is
not optimized, cracks could occur at the end of shrink-fit assembly, for example, the use of
larger than 0.3% compression led to such cracking emanating from the sharp corners of the
grooves. It was found that 0.1% of the fitting strain enables the assembly to be crack free,
see Fig. 4.6 where the corner ends of the machined groove were rounded to avoid the stress
concentration due to the sharp corner of AIN parts. This shrink-fit bonding is expected to

be much more durable compared to solder based bonding which is prone to failure due to
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Figure 4.6: The optimization of assembling strain at the shrink-fitting process, where use
of various strains from 0.1% to 2% are used

the vibration-induced cracking soldered region.

4.3 Two-pair TEG fabrication and the output power measurement

The high temperature TE legs made of MgySi and HMS were brazed to a Cu block of
the dovetail-shaped at 680°C for 5 min using Ag-Cu-Sn-Zn soldering materials. The pre-
assembled parts were inserted into the grooves of Fe-SMA plate, and then the shrink-fitting
was carried out at 350 °C for 30 min with the heating rate of 10 °C'/min. After cooling down
to room temperature naturally, soldering was achieved between the low temperature TE legs
(na,p2) and the high temperature TE legs (n1,p1) under applied compression, and the half
shape of Cu-AlN electrodes were also soldered to ny and ps legs using Pb-Ag-Sn-In soldering
materials at 350°C for 5 min. It is essential that Ti (50 nm) and Ag (1 um) layers were
thinly pre-coated on the bonding surfaces of each TE segment prior to the soldering since

Ti is an ideal adhesion material, and Ag has low wetting contact angle, which ensures lower
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contact resistance and strong bonding. All brazing and soldering processes were carried
out under the gas flowing (2 [/min) environment of 95% Ar and 5% hydrogen to prevent
joint interfaces from being oxidized and contaminated during the high temperature bonding
process. It is highly desired to minimize the electrical contact resistances of linear TE legs
since the larger contact resistance degrades TEGs performance by reducing its output power
generation [100]. The voltage drops across the bonding interfaces were measured using a
four-point probe method, and the electric contact resistance is obtained from Ohm’s law.
The measured contact resistances at the interface of Cu electrode bonded with n-type and
p-type TE segments are 3.2 [u€2 cm?] and 52.8 [u€) cm?] at high temperature side, and 28.8
(192 em?] and 59.2 [u©2 em?] at low temperature side, respectively.

The heat source made of two cartridge heaters was inserted into Al block, and a solid
Cu block with a water flow channel inside for water circulation was inserted to the bot-
tom Cu block, see Fig. 4.3 (b). A compression loading jig of bolts (shown in Fig. 4.3 (b))
was applied horizontally the linear TEG where thin AIN plates were inserted between the
half shape electrodes and side supports of the bottom Cu block to avoid a short circuit.
Fig. 4.3 (b) shows the developed linear-shaped TEG combined with the cooling fin under
the compression in horizontal direction. This assembly was insulated by 2-inch thick fiber-
board to ensure 1-D heat flow vertically while the electric current flowed horizontally, and
thermocouples were installed at each bonding interface to monitor temperatures. The out-
put power was measured under the temperature difference (AT = Ty — T¢) varied as high
as AT = 497°C, where the hot side temperature (T7) at the AIN part of dovetail-shaped
electrode was set to 523°C' while the cold side temperature (T¢) of the bottom AIN at
the half shape of Cu-AIN electrode was maintained as low as 26 °C. Fig. 4.7 shows the
results of the output power generated by the linear TEG at various ATs. The maximum
output power measured at AT = 497°C is 0.513 [W] at a load current of 3.38 [A] under
a load resistance of 45 [m€)]. The specific power density was calculated to be 89.2 [W/kg|
by dividing the power out by the total weight of the two-pair linear-shaped TEG excluding
Fe-SMA plate, which is 5.75 [g].



T T T T T T 07
0.30 —m—AT=110
—a—T=194 |06
—p— AT=297
0.25 o —e— AT=386
./. ® -9 —40.5
\o\ —o— AT=497 ;
0.20 °\
S N . {0.4
(0] P LN
> 0.15 . \ 0.3
% >~”\’ \.\. ® '
= 0.10 N N
. * 0\ .\ n 02
> \’ 'Y .\
0.05 hg// NN ° 40.1
> p @
Ahuas N
0.0 Amm=—§ N ' ' 0.0
3 4 5 6 7
Current [A]

Output power [W]

100

Figure 4.7: The experimental results of two-pair linear TEG test: I-V curve and output

power generation as a function of load current with various AT.

4.4 Comparison of experimental data with predictions by the model

In Chapter 3, the generalized analytical model was constructed to estimate output power

generated by the segmented TEG incorporating the effect of the ceramic substrate and

electrical contacts at the interface of TE segments and metal electrodes. From this model,

the load voltage is,

V=-

2 3 2 3
j(prini + prq + ZPmLm + anq> + Ry

i=1 1=1 i=1 =1

I+ Voo

(4.1)
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Ppi» Pris Ppe; and pre, are electrical resistivities of p-type and n-type element and contact
resistances between the " and (14 1)th of the p-type and n-type elements respectively. L,
and L, are the length of each ith segment, and Vpc is open circuit voltage. R, is the
electric resistance of lead wires measured experimentally.

The output power of two pairs in the linear-shaped TEG is,

(14 m)?

1< 3 2 3 R
Z (ZpPini + prci + ansz —+ ancl> + Tw
=1 =1 i=1 i=1

2(5;}4 — SMV2(Ty — Te)? -

P =

where, m is defined as Rp/R. SI])V[ and SM are the effective Seebeck coefficient. The

explicit expressions of S]]?” and SM are,

2 E
Ky Ly,
n g
Sp; ———
=1

2 E
> S
Di
K, L Kn. L
D e L. Z — (4.3)
E E E
H’p Lpi Kp LSUbC Kp LSUbH K, an K, Lsubc Ry, LsubH

3l i,
=1

Rsubc Ln Rsubgy Ln

= tpilp  FsubeLlp  KsubyLp

nf and kp, are effective thermal conductivity of all combined p-type leg and thermal
conductivity of i*" segment, respectively. L, and L,, are total length of each combined leg.
Ksuby > Lsuby and ATy, are the effective thermal conductivity, length, and temperature
drop of the combined layer consisting of Fe-SMA plate, shrink-fit joint layer, and dovetail-
shaped electrode at high temperature, respectively. Ksupy s Lsup, and ATy, are the same
as the above at low temperature. AT, and AT, are the temperature difference through
the combined p-type column and the temperature difference across i*" segment of p-type,

respectively.

The efficiency of the linear-shaped TEG is,
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n = Ty —Tc 4 Q(SPITPI - Sme) _ (Rm +Rn1)(TH _TC) - (4 4)
Ty | ZMTy (SY — SM)Ty 2RM. Ty

where R}, is effective electrical resistance of 1-pair,

2 3
e DOUTANS o7 FEI0 DRSSV P
=1 i=1

K;,V[ and KM are effective thermal conductance of p-type and n-type legs respectively.

E
p ’ n 2
Z p pl KELsubc n “ELsubH Z ELnZ /igLsubc + ﬂgLsubH
— ﬁpz Hsubch Rsubgy Lp i—1 Ksubc Ln Rsubgy Ln
(4.6)
and, ZM is module figure of merit which is defined as,
M M2
w5 =5 (4.7)

~ RM(KM + KM)

Fig. 4.8 and Fig. 4.9 show the measured and predicted curves under AT = 497°C. The
solid lines are the calculated predictions based on Eq. 4.1 and Eq. 4.2, and the plotted
markers are the measured data by experiment. In Fig. 4.8, the measured Vo is 304 [mV]
and the predicted value is 314 [mV], which is in a good agreement within 3%. The max-
imum power output, 0.513 [IW] is measured at the load resistance of 44.9 [m€] while the

maximum output power by the analytical model is 0.517 [W]. This measured value and
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Figure 4.8: Comparison of experimental data with prediction by the model: I-V curve and
output power as a function of load current

the theoretical calculation for output power generation are in a good agreement within 1%.
Fig. 4.9 shows the maximum output power and efficiency as a function of AT (= Ty — T¢).
The generated power is parabolic functions of AT and the measured value is in an agree-
ment with the predicted power equation, Eq. 4.2 when m=1 for the impedance matching.
The maximum module efficiency is 3.6% measured at AT = 497 °C and the predicted value
by Eq. 4.4 is 4.3%. A good agreement between the measured data and predictions by the
model indicates that the segmented linear-shaped TEG fabrication and its measurement

processes were carried out correctly.
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4.5 Discussion

Fig. 4.10 through Fig. 4.15 show the comparison between measured data of the typical -
shaped TEG in Chapter 3 and the linear-shaped TEG proposed in this Chapter, where the
same TE materials are used. The solid lines in Fig. 4.10 show the temperature difference only
through TE segments as a function AT, where AT,, and AT}, are the measured temperature
gap across the combined n-type and p-type column, respectively. The marker in square
indicates n-type and that in circle is p-type, and the solid and hollow markers mean the
linear TEG and w-shaped TEG data, respectively. The dotted line is the measured Vp¢,
where the solid and hollow triangles indicate the linear TEG and the w-shaped TEG. It is
noted in Fig. 4.11 that the larger temperature gradient through TE legs in the linear design
was induced than that in the m-shaped TEG. This is mainly because of the reduced thermal
resistance thank to the use of AIN-Cu composite electrode and shrink-fit integration method
in the linear TEG design. Fig. 4.11 shows the measured temperature values (solid markers)
when AT = 500°C, and the numerical results by ANSYS (hollow markers). The conditions
used for the FEM thermal analysis based on ANSYS are as follows: (1) element type:
planeb5, (2) mesh size: 0.25 mm square, and (3) temperature boundary conditions: Ty =
525°C and Te = 25°C for AT = 500°C. The temperature gradient results of m-shaped
and linear TEG are shown in Fig. 4.12 and Fig. 4.13, respectively. The ceramic materials
covering TEG set for insulation and the space filled with air between the top Fe-SMA plate
and the bottom Cu block were taken into account for the accurate thermal analysis. The
solid and dashed lines denoting the temperatures of given positions (in horizontal axis)
in Fig. 4.11 are for the linear TEG and m-shaped TEG, respectively. The horizontal axis
indicates the locations of recording temperature, defined in Fig. 4.3 (b). In addition, the
thermal resistor network model of 1-D heat flow was built as shown in Fig. 4.3 (¢) which
is corresponding to Fig. 4.3 (b). The details of how to calculate the temperatures at nodes
defined in Fig. 4.3 (b) are described in Chapter 3. AT,, by experiment, the thermal resistor
model and ANSYS are 455°C, 475°C and 478 °C, and AT, are 465°C, 479°C and 483°C,
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respectively. These measured values and the predictions by FEM and the thermal resistor
network model are in good agreement within 5% in AT, and within 4% in AT,.

The temperature drops of the linear TE module from the dovetailed AIN to TE legs on
both high and low temperature ends are smaller than those of the 7 TEG, which verifies
that the thermal resistance through substrate layers in the linear TE design is smaller than
that of the m TEG, resulting in the larger temperature gradient in the linear TEG. This
larger temperature gradient in the linear TEG generates larger electric potential, as shown
by the dotted line in Fig. 4.10, which produces more output power generation, as shown
in Fig. 4.14, where the I — V and I — P curves of the two different TEG designs under
AT =500°C are given.
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Figure 4.12: The FEA results of temperature distributions for m-shaped TEG design
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gration using shrink-fit method
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The maximum output power of the linear TEG design is higher by 7% more than that
of the m TEG since the larger electric potential is generated in the former. Fig. 4.15 shows
the generated output power and the specific power density as a function of AT, where the
specific power density is defined as a power generation per a unit weight, ¢.e., in unit of
[W/kg]. The dotted and solid lines show the calculated maximum out power and specific
power density, respectively, and the solid and hollow markers are the experimental data of
linear and w-shaped TEG, respectively. The advantage of the linear design in this study is
to reduce the total weight of the TEG since the use of AIN plates and metal electrodes in
the m-shaped TEG design is replaced by Cu-AIN T-shaped electrode. The specific power
density of the linear TEG design is improved by 108% as compared with that of the 7 TEG
as the weight of the linear TEG is 5.75 [g] while that of m-shaped TEG is 11.19 [g] where
the both designs exclude the weight of the combustion chamber wall (Fe-SMA plate). The
lighter weight is a critical issue in weight-sensitive applications such as UAV, so the linear
TE structure is a promising design improving of power generation while ensuring stronger
bonding between the linear TEG and the walls of a combustion chamber of an engine.

Let us now turn to the thermomechanical stress issue associated with the integrated lin-
ear TEG into the walls of combustion chamber made of Fe-SMA. To this end, we made FEM
analysis by using four different 2D geometries of TEG, (a) 7 TEG interfaced with planar AIN
and Fe-SMA plates, (b) linear TEG with AIN and T-shaped Cu electrode interfaced with
planar Fe-SMA plate, (c¢) linear TEG with dovetail-shaped AIN-Cu composite electrode, in-
terfaced with planar Fe-SMA plate and (d) the present linear TEG with dovetailed-shaped
AIN-Cu composite electrode interfaced with grooved Fe-SMA shrink-fit bonding. The FEM
results of these are shown in Fig. 4.16, 4.17, 4.18 and 4.19, respectively. The common condi-
tions used for the FEM analysis were as follows: (1) element type: plane223, (2) mesh size:
0.25 mm square, (3) temperature boundary conditions: Ty = 525°C and T¢ = 25°C for
AT = 500°C, and (4) adiabatic environment to ensure complete 1-D heat flow. The com-
pression of 0.7 M Pa in horizontal direction was applied to linear TEG to minimize contact

resistances thermally and electrically, which is generated by bolt-jointing, see Fig. 4.3 (b).
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In Fig. 4.16, the maximum shear stress of the segmented m-shaped TEG is 759 M Pa at the
interface between AIN plate and Cu electrodes mainly due to a mismatch of coefficient of
thermal expansion (CTE). Fig. 4.17 shows shear stress distribution in linear TEG design
using bulk T-shape Cu electrode, where the maximum shear stress occurred at AIN-Cu
interface, which is 1.35 GPa. This indicates the linear TEG structure using solid T-shape
electrode reported by Crane et al. [97] and Sakamoto et al. [96] is weaker design than the
above m-shaped TEG design. Fig. 4.18 and 4.19 shows shear stresses of linear TEG using
dovetailed AIN-Cu composite electrode without and with shrink-fitting integration method,
respectively. The maximum shear stress of 439 M Pa occurred at the interface of Fe-SMA
and AIN part in the assembly without shrink-fitting shown in Fig. 4.18, which is much lower
than that of the linear TEG using bulk Cu electrode in Fig. 4.17, and reduced by 42% com-
pared with m-shaped TEG. The linear TEG by using shrink-fit method shown in Fig. 4.19
gives rise to the maximum shear stress of 402 M Pa, which is reduced by 47% and 9%
compared with the m-shaped TEG and the linear TEG without shrink-fitting, respectively.
As the top corners of the groove in Fe-SMA plate is modified to be rounded to eliminate
stress concentration on the sharp part of assembled AIN, the maximum shear stress in the
linear TEG design with shrink-fit design is reduced to the smallest. On the other hand, the
conventional linear structure using a solid T-shape electrode, Fig. 4.17 was weak under high
temperature environment due to larger thermal stress induced. Therefore, the FEA results
of Fig. 4.16 through 4.19, we can conclude that the linear TEG with dovetailed AN-Cu
composite electrode built in the Fe-SMA based on shrink-fit bonding, is the best design
among others.

In summary, new TEG design is proposed, which is based on dovetail shaped AIN-Cu
electrode built in the Fe-SMA plate by using shrink-fit bonding. This design gives rise to
the best performance in terms of highest specific power density, while it is more robust
and durable. The power output of the this linear TEG is 7% higher than that of the -
shaped TEG. The specific power density of the linear TEG is dramatically increased from
that of the # TEG, i.e., from 42.9 [W/kg] to 89.3 [W/kg|] thank to lighter weight of the
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TEG design Max. shear stress Total weight Max. temperature difference
(a) 759 [MPa] 5.6 [g] 446.9 [°C]
(b) 1.3 [GPa] 4.7 [g] 439.3 [°C]
(c) 439 [MPa] 2.9 [¢] 423.3 [°C]
(d) 402 [MPa| 2.9 [g] 458.9 [°C]

Table 4.1: Comparison of various TEG designs: maximum shear stress, total weight of
1-pair assembly, and maximum temperature difference across TE materials

linear TEG, and the maximum shear stress of the linear TEG is reduced by 47% compared
with the conventional w-shaped TEG. Table 4.1 summarizes each TEG design, (a) ~ (d) as
shown in Fig. 4.16 ~ Fig. 4.19. The total weight of the design (b) is estimated based on
the measured value of design (c) and (d) by replacing top AIN part with Cu block, where
the weight of Fe-SMA is excluded. The design (a) generates the second largest temperature
difference which is larger than that of the design (b) due to the thermal resistance of bulk
T-shaped Cu electrode is higher than that of Cu planar electrode in the design (a). The
design (c) has the lowest temperature gap because the thermal conductivity of the top AIN
part is lower than that of Cu in the design (b). The design (d) of the lightest weight has the
minimum shear stress and the largest temperature gap among others due to the shrink-fit

joining method.
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Chapter 5
CONCLUSION

The goal of this research is to design a segmented TEG generating higher specific output
power, and develop self-integration method into a combustion system in weight-sensitive
applications such as aero and ground vehicles. To this end, light-weight TE materials and
new design of electrodes are essential. MgoSi for n-type and HMS for p-type are the most
promising TE compounds for this purpose since both alloys are low mass density compared
with other candidates working at intermediate temperature around 500°C'. The forming
of nanostructures is a key issue to improve Z7T value by reducing thermal conductivity
of lattice component since other properties are not easy to control independently due to
their interrelationship each other. Nano-sized grain structures enables k), to be decreased
independently resulting from intensive phonon scattering, and it was constructed via high
energy MA for alloyed nano particles and SPS for rapid sintering processing to minimize
grain growth during solidification. This combination of MA and SPS technique is simple
and effective method to synthesize bulk TE materials with nanostructues. Based on this
advanced metallurgical process, this study investigated a new secondary doping element,
Indium on Bi doped MgsSi alloy, and the ZT value of Bi-In doped n-type MgoSi was
improved by more than 50% as compared with Bi doped MgsSi alloy.

The two-pair m shaped TEG was fabricated based on two segments in each n-type
and p-type column, where n-type MgoSi and p-type HMS were utilized as TE segments
for high temperature side, and Bi-Te alloys were served as low temperature parts. It is
important to examine electrical contact resistance at all bonding interfaces in TEG assembly
because those interfaces of two dissimilar materials influence the electrical resistance of TEG
module and output power generation becomes poor with higher contact resistances. The

output power generation was measured under AT = 500°C" and experimental results were
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compared with analytical predictions, which have a good agreement within 2% difference.
The advanced linear-shaped TEG design is proposed for self-integration process into
combustion chamber’s wall using the shape memorizing of Fe-SMA. To this end, the com-
posite electrode consisting of tapered AIN part and Cu block was processed, which enables
AIN to fit into Fe-SMA for shrink-fit joining. In the proposed TEG of linear structure
in this study, each metal electrode and ceramic substrate of conventional m shaped TEG
were combined to one T-shape electrode composed of AIN and Cu, which conducts heat
effectively. Thus, larger temperature gaps across TE segments were generated and output
power was increased by 7% compared to m shaped TEG. It also lightens the total weight
of the device dramatically, so the specific power density, [IW/kg|, was increased by a factor
of more than two. The thermal resistor network model and ANSYS analysis were demon-
strated for the verification between measured temperature values and predictions. The net
temperature gap (AT, and AT),) are in a good agreement each other within 5% difference.
The AIN-Cu electrode and shrink-fitting scheme enabled the proposed TEG design to over-
come the structural weakness. The structural stability at high temperature environment
was investigated via FEM analysis using ANSYS. Thus, the TEG design in this study re-
duced the maximum thermal shear stress by 46% compared to m-shaped TEG and by 70%

of conventional linear-shaped TEG.
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Appendix A
LENGTH OF EACH TE SEGMENT

Fig. A.1is a schematic drawing of p-type segmented element with given thermal conduc-
tivity properties of each segment to find the length of each TE block. Based on Fourier’s

law of 1-D heat conduction, input heat flux @ is,

Ty—Tc  Tw—-Tc

Q =k =K
P1 P2
Lpl LP2

(A1)

where Ty, is the interface temperature of p; and p2 TE materials, and rp, and k), are
thermal conductivity of HMS and Bi-Sb-Te, which are measured at the average temperature
of Ty and Tjy,,, and Tjy,, and T¢, respectively. Total length (L) of combined leg is usually

known initially,

L =1Ly + Ly, (A.2)

From Eq. A.1, L,, can be expressed as:

KPQ (ﬂnp - TC)

L. —
P2 Kpy (TH - Tinp)

LPl (A3)

By combining Eq. A.2 and A.3,

Ly =L 1L, = [ — "r2{Tin, ~ TC)
pr — b2 —

Fpa\ iy — 2C) (A.4)
H/pl (TH - Enp) P

So, one may obtain the optimized length of each thermoelectric block shown below,
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Figure A.1: Heat flow of p-type segmented leg combined with p; and ps TE materials

L, =

Then, from Eq. A.2, L,, can be found,

LP2:L_LP1:

Similarly, the lengths of n-type column, the lengths can be calculated.

L

1+

K/p2 (Enp -
Kpy (TH - Enp)

1+

Kpy (TH
Kpo (Ti”p

- Enp)
— TC’)

(A.5)

(A.6)
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Appendix B
-SHAPED TEG MODEL

As shown in Fig 3.10, the general segmented TEG model is described by expanding
the work of Min et al. [91]. The numbers of n-type and p-type segments are N,, and Np,
respectively. It is also assembled by connecting IV pairs electrically in series and thermally
in parallel. The temperature difference AT , induced by the boundary temperature of hot

side Ty, and cold side T, is given for the p-type leg,

AT =Ty —Te
NP
= Z ATy, 4 2AT sy
=1
a7 AT, 2ATuy (B.1)
"\& AT, AT,
NP

AT Z nngi N QKfLsub
b — Ky Lp KsubLp

where we used continuity of heat flow,

AT, g AT,
Kp; : Ky ——— (B.2)
P Lpz P Lp
NP NP

Iﬁf and k), are effective thermal conductivity of all combined p-type leg and thermal con-
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ductivity of i*" segment respectively. L, and L,, are total length of each combined leg and
L,, and L, are the length of each ith segment. Kgup, Leuy and ATy, are the effective ther-
mal conductivity, length, and temperature drop of the combined layer of ceramic substrate
and metal electrode, respectively. AT, and AT, are the temperature difference through
the combined p-type column and the temperature difference across it segment of p-type
respectively. Therefore, the net temperature difference through the TE materials of p-type

is obtained as,

AT, = I~ Tc (B.3)
S kEL 2kPL
Z p Di 4 p Hsub
o1 Kop; Lip KsubLip
Similarly for n-type,

AT, = — T —Tc (B.4)
i /@ELM. N 2mesub
i—1 "fniLn ﬂsubLn

where the subscript of p and n denotes p-type and n-type element. Open circuit voltage

can be estimated by adding the voltage generated by p-type and n-type,

Voo = NV,+Va)

where, Sp, and S, are the Seebeck coefficient of ith segment of p-type and n-type, respec-

tively. By defining and AT, =T, — T,

Pit+1»

and AT, =T, — T,

Mit1

using Eq. B.2,



E
P

Voc =N Zsl p’AT Zs "ZAT

By substituting Eq. B.3 and Eq. B.4 into Eq. B.5,

Z ELpl %I: g “ELM
: Py i1 " Rn; Ly,
Voc =N N N — (TH - TC)
zp: K}?Lpi N QIQELSUI) “KkEL,,  26P L
P lipin /isupr izl ’iniLn KsubLn

To simplify Eq. B.6, the effective Seebeck coefficient is defined as:

Np, E
/{ Lpz S K/n an
: : Dpi z : ng

K K, L

SM — pL gM _ i=1 ni=n

P R ) E
Z p pl 2I§Jp Lsub Z Ky Lnl + 2I€n Lsub
— /ipl /fsupr izl ﬂniLn KsubLin

Therefore, the open circuit voltage is finally reduced to:

Voo = N(S) = S35 (T — To)
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(B.6)

(B.7)

(B.8)

The total electrical resistance is calculated by summing the TE material’s resistance, contact

resistance, and lead wire’s resistance.
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Riy = RTE-I-R + Ry
NP+1 Nn+1

= prl p; T me n; T Z Ppc; + Z Pnc; + Ry
A, A A ;

Np+1

(Z pszpz + Z ppc’L>
Np+1
“‘(anZ n; T Z an)

Ppis Pni» Ppe; and pp, are electrical resistivity of p-type and n-type element and contact
resistance between the i and (i + 1) of p-type and n-type elements, respectively. Ay and
A, are the cross sectional areas of each type segment. R,, is the electric resistance of lead

wires measured experimentally. The current I is obtained by ohm’s law.

N(S)" = SiN)(Ty — Tc)

L= Riot + R,
N(SyT = SN (Tw — Tc)
Riot(1 +m)
N(S)" — 8" )(Tw — Tc)
- Np+1 Np+1
(1+m) |N { (prlel + Z ,opcz) (meLn, + Z pncl>} +Ruw

(B.10)

here, m is defined as Ry /R. Thus, output power is estimated as,
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P = I’R;

_m
(14 m)?
Np+1

Ry
; pnci) + W

N(Sj,” — SMY2(Ty — Te)? -

Np+1

N, N,

I 1/
fT( E :ppiLPi + E : ppcz') + I( E pnz‘Lm +

P =1 i=1 =1

(B.11)

The module efficiency is defined as:

P
n= 0 (B.12)

where P is output power obtained in Eq. B.11 and @ is the input heat flux which is expressed
as [88].

1
Q = N(ATPIKPI + ATann1) + N(SplTZH - Sannl)I - §N12(RP1 + Rn1) (B.13)

K,, and K, are the thermal conductances of the p; and n; elements, respectively. R,
and R,, are the electric resistances of the p; and n; segments, respectively. The efficiency

is shown by combining Eq. B.11 and Eq. B.13 when m = 1 for the maximum output power,
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P
n = 3
Q
NS = SMNA(Ty — To)?
_ AR,
o 1
N(ATlem + ATme) + N(SplTpl - Sme)I - §N12(Rp1 + Rnl)
(B.14)
where R}, is effective electrical resistance of 1-pair.
Ri\c{t =1 prini + Z Ppe; | T 5 aniLni + Z Pne; | + ~
Ap i=1 i=1 An i=1 i=1 N
To simplify Eq. B.14 by using Eq. B.10,
(Sy" =Sy (T — Tc)
N(ATpl Kpl + ATTH Knl) + N(SplTp1 - Sme) £ 2RM
— = tot
1 N(S) = Sy (Tu — Tc)?
4RM,
2
1 (S =S¥ (T —To)
-N|[ -2 = R, + R,
NS = SMX(Ty — Te)?
ARM,
— 4R%(ATP1KP1 + AI—Ynl‘[{nl) 2(SPITP1 - Sannl) _ Rpl + Rnl (B 15)

(Spr =S (Tu —Te)*  (Spf = ST — Te) 2R];

The first term in Eq. B.15 can be reduced by using Eq. B.2 ~ B.4,
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ARM(ATy, Ky + ATy Kn) _ ARI(AT KE + AT, KF)
(SM — SM)2(Ty — Tc)? (SM = SM2(Ty — T)?
KE KE
ARl | + £ R n
ZP ELI% + QKZ?LSUb - HELW 2HELsub
iz i Ly, KsubLp K L KsubLn

=1

(SM = S)2(Tw — Tc)?

ARM (KM 4+ KA
(Spf = SM)*(Tw — Tc)
4
ZM Ty — T¢)

where, Ké\/f and KM are the effective thermal conductance of p-type and n-type legs respec-

tively.
E
KM — Kp
p
e kB L, . 265 L
im1 Kop; Lip KsubLp
E
KM — Kn
n N
Z ’%nEan + QKJELS’UJJ
KvniLn HsubLn

i=1
and ZM is the module figure of merit which is defined as:

(S =Sy
- RM(KM + KM)

M

Then, Eq. B.15 can be simplified as:
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1 = 4 + 2(SP1TP1 — Sme) N Rpl + R,
7 ZM(Ty —Te) — (SM = SM)(Ty — Tc) 2Ry,
— Tu 4 2(SP1TP1 — Sanl) _ (Rm + Rm)(TH — TC)
Ty —Tc | ZMTy (SM — SM)Ty 2RM Ty

Therefore, the efficiency 7 is estimated as:

n= Ty —1Tc 4 2(SP1TPI - Sn1TTL1) B (Rpl + Rnl)(TH — TC)
Tu | ZMTy ' (SM - SM)Ty ORM Ty

(B.16)
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