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A segmented thermoelectric (TE) generator was designed with higher temperature segments composed
of n-type Mg,Si and p-type higher manganese silicide (HMS) and lower temperature segments composed
of n- and p-type Bi-Te based compounds. Since magnesium and silicon based TE alloys have low densities,
they produce a TE module with a high specific power density that is suitable for airborne applications. A
two-pair segmented w-shaped TE generator was assembled with low contact resistance materials across
bonding interfaces. The peak specific power density of this generator was measured at 42.9 W/kg under
a 498 °C temperature difference, which has a good agreement with analytical predictions.
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1. Introduction

Thermoelectric (TE) module is effective in the direct conversion
from thermal energy to electrical energy. Since TE energy conver-
sion is based on all solid-state technology, it has unique advantages
such as high reliability and quiet, environmentally friendly oper-
ation [1]. With these advantages, TE devices have been used in
a wide range of applications from temperature measurement to
waste heat recovery and refrigeration [2-4]. Recently, TE modules
have been applied to automobiles [5,6] and unmanned aerial vehi-
cles (UAV) for the purpose of thermal energy harvesting [7,8]. In
automobile applications, the use of TE modules increases fuel effi-
ciency by recapturing wasted exhaust heat and converting it to
useable electricity [9].

The majority of research on thermoelectrics is aimed at increas-
ing the figure-of-merit (ZT) value without considering other
factors such as the interfacial bonding materials, weight, cost-
effectiveness, environmental damage, and ease of mass production.
For airborne and other weight-sensitive applications the specific
figure of merit, defined as ZT divided by mass density, should
be emphasized. Popular segmented TE generators working at a
high temperature range use heavy alloys based on Lead Telluride
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compounds [10,11], AgPb,,SbTey.,, (LAST) [12], Te/Ag/Ge/Sb
(TAGS)[10] and Co-Sb compounds [13,14]. Even though these pop-
ular TE materials provide higher ZT values, they have large densities
of more than 8.0 g/cm?3. In addition, both lead (Pb) and tellurium
(Te) are classified as toxic materials [15]. Oxide-based TE alloys,
such as Co-0-based p-type and Zn-0-based n-type, are considered
environmentally friendly but they have low electrical properties
resulting in a generator with low output power [16]. Many ther-
moelectric generators use expensive materials such as the rare
element Te, one of the key components in TE system, Ag in the
LAST, and Ge in the TAGS systems, resulting in an increased cost of
final device.

A segmented design of joined TE materials with different operat-
ing temperatures is widely utilized for maximizing output power
[17]. This study focuses on bulk Mg,Si of n-type [18] and higher
manganese silicide (HMS, MnSi,_y, x=0.250-0.273) [19] of p-type
integrated into the high temperature region of a segmented TE gen-
erator. Both of these materials have low densities compared with
other TE material candidates and have operating temperatures up
to 600 °C. This results in a lighter TE generator that has a higher spe-
cific output power, which is ideal for airborne engine applications.
A choice of TE materials is an important factor to consider cost effec-
tiveness assuming that the common metal electrodes and ceramic
substrates are used for a module assembly. The Clarke index of Si,
Mg and Mn have high ranks of 2nd, 8th and 9th respectively, indi-
cating that these materials are more abundant compared with Ge,
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Fig. 1. Vacuum level and the displacement of the sample during the sintering with
the temperature excursion of two-step SPS process.

Ag and Te (rank 53, 66 and 70, respectively) [20]. The cost of Si, Mg
and Mn has been stable and as low as 10 US dollar value in 1998
per kilogram for last 40 years while that of Te and Ge has been fluc-
tuated and as much as 250 and 1000 US dollar value in 1998 per
kilogram [21,22]. Thus, TE materials based on Si, Mg and Mn can
be low-cost. In addition, Mg,Si and HMS consist of non-toxic ele-
ments. Various processing routes of Mg, Si have been reported such
as direct melting [23], solid state reactions and hot press (HP) [24],
the vertical Bridgman method [25,26], HP after melt-spinning [27],
and microwave synthesis [28-30]. This study shows the processing
route of TE legs using mechanical alloying followed by spark plasma
sintering (SPS) since both mechanical alloying and SPS are rapid
synthesis method to minimize grain growth, and can be carried
out at relatively lower temperature compared to other synthesis
methods such as direct melting, HP and vertical Bridgman method.
The rapid and low temperature method is desired to reduce lattice
thermal conductivity by increasing phonon scattering.

In this study, the synthesis of TE legs and the fabrication of
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.

2. Experimental
2.1. Preparation of TE legs

Mg (99.95%, Alfa Aeser), Si (99.9999%, Alfa Aeser) and Bi
(99.999%, Alfa Aeser) were purchased as starting materials for the
Bi doped Mg,Si high temperature n-type segment. Polycrystalline
Mg,Si with Bi doping was synthesized with Mg:Si ratio of 67:33
(at%) including the Bi dopant (3 at%) using an electric furnace [18].
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 atmo-
sphere and set up in a graphite die for spark plasma sintering (SPS,
Sumitomo Coal Mining Co., Ltd., Dr. Sinter 1020S). The assembled
graphite mold of 15 mm in diameter was heated in a two-step pro-
cedure 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 held
the specimen at 500°C for 3 min. This pre-heating step allowed
one to maintain low vacuum level at the next sintering step. As
shown in Fig. 1, the vacuum level in the SPS chamber started at

4.4 Pa, increased up to 7Pa at 500°C, dropped to 4.6 Pa after the
3 min holding step at 500°C, and was held at 4.6 Pa for the rest of
the process. For the second step, the powder in the graphite mold
was pressurized up to 50 MPa while it was heated to 750°C with
a heating rate of 100°C/min. After holding at 750 °C for 3 min, the
specimen was cooled. This optimized two-step SPS process enabled
one to keep the chamber vacuum level low, which minimized the
chance of oxidation and contamination. The sintered Mg,Si disk
was cut into rectangular pillars of 4 mm x 4 mm x 5 mm by a dia-
mond saw.

The fabrication of p-type higher manganese silicide (HMS) for
the high temperature segment included improvements when com-
pared with previous work [19] for enhancing fabrication stability.
Powders of Mn (99.9%) and Si (99.9%) were individually put into
an alumina milling jar with alumina balls, where the ball to pow-
der volume ratio was 20:1. Mechanical grinding was carried out
in vibration ball milling equipment for 10 h in Ar atmosphere and
then the ground powders were mixed with a Mn:Si ratio (at%) of
35.5:64.5 in rotary blender at 100rpm for 1h in Ar atmosphere.
The HMS compound was synthesized and consolidated simulta-
neously in the graphite mold of 20 mm in diameter at 900 °C and
30 MPa for 15min in a vacuum by SPS method. This sintered HMS
was then cut into 4mm x 4mm x 3.4mm blocks by a diamond
saw.

Both n-type and p-type Bi-Te based compounds working at
low temperature range were purchased from Tellurex Inc. in the
shape of 4mm x 4 mm x 1 mm and 4 mm x 4 mm x 2.6 mm respec-
tively.

2.2. Characterization and contact resistance

The Seebeck coefficient and electrical conductivity were mea-
sured by using a four-point probe measurement system (Ulvac,
ZEM-3) on sintered 2 mm x 2 mm x 10 mm bars. For thermal con-
ductivity measurements, a sample with 10 mm in diameter and
1 mm thickness was then prepared for the laser flash measurement
system (Ulvac, TC-9000). This equipment was used to measure
the thermal diffusivity and specific heat capacity of the specimen
simultaneously from room temperature to 600 °C for the high tem-
perature compounds and from room temperature to 300 °C for the
lower temperature compounds of Bi-Te system.

Electrical contact resistance plays an important role in the seg-
mented TE module generator. High contact resistance between TE
segments or at the interface of the metal electrodes would decrease
the generator’s performance by reducing output power generation
[31].In addition, the electrical contact resistances at the intermedi-
ate bonding interfaces of TE segments are usually larger than those
at the junctions of TE elements bonded with metal electrodes of hot
and cold sides because it is hard to bond directly between semi-
conductor materials (TE legs) by soldering. Thus, before soldering
processes, it is essential that Ti (50 nm) and Ag (1 pum) layers are
coated by an electron-beam evaporator to increase the interface
bonding. Ti is an 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. The contact resistance was measured using a four-
point probe set up where two current probes were connected to
both ends of a sample to generate current flow through the sam-
ple. 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 the measured currents and detected voltage drops
across the bonding interfaces between the fixed and the scanning
probe.
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Fig. 2. 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.

2.3. TE module assembly

The high temperature TE legs made of Mg,Si and HMS were
brazed to a Cu electrode using Ag-Cu-Sn-Zn alloy, and the rest of
the segments of TE materials were soldered to each other using
Pb-Ag-Sn-In alloy, where lengths of TE legs were calculated based
on one-dimensional heat conduction law factoring in the differ-
ence in thermal conductivity of each segment. The combined n-type
column was made from 5mm of Bi doped Mg,Si and 1mm of
Bi;Tes_xSex while the p-type leg was made from 3.4 mm of HMS
and 2.6 mm of Bi,_,SbyTes. All bonding processes were carried out
under the gas flowing (21/min) environment of 95% Ar and 5%
hydrogen to prevent joint interfaces from oxidizing and contam-
inating during the high temperature process. This design with Ti
and Ag adhesive layers ensured lower contact resistance and 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 TE generator (TEG) by using an Al,03 based
ceramic bond as shown in Fig. 2(a). Since AIN is thermally conduc-
tive and electrically insulating material, it transfers heat from the
heat source to the TE segments while preventing the system from
short circuiting between adjacent n-p pairs. Fig. 2(b) is a thermal
resistor network model to predict temperatures at various points
through TEG, which will be detailed in Section 3.

2.4. Power measurement test

The assembled TEG was tested for its output power performance
and efficiency under temperature differences (AT) of up to 498 °C.
The heat source located at the top of the TEG was made of two car-
tridge heaters insulated by magnesium oxide, which were inserted
in a metal block. This source maintained the hot side tempera-
ture (Ty) on top of the TEG, and a heat sink, made from a solid
Cu block with a water flow channel inside for tap water circulation,
maintained the bottom side of the TE device at constant cold tem-
perature (T¢). Under the heater, an Fe plate was inserted to simulate
the combustion chamber wall into which the TEG was integrated
to utilize the temperature gap between chamber temperature and
outside air. Then the TE module was stacked between the Fe plate
and the Cu block on the heat sink. The stacks were surrounded
with a 2-in. thick insulation wall made of compressed fiberboard
to ensure 1-D heat vertical flow, and thermocouples were inserted

at each stacked interface as well as at the Cu electrode to monitor
temperatures through heat flow. The measurement tests were car-
ried 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 520°C while the
cold side temperature of bottom AIN substrate was kept below
23°Cduring the whole measurement process. The measurement at
each step of temperature difference was recorded after waiting for
steady-state, which typically occurred in 10 h for AT=498°C. The
efficiency of TEG was also measured from AT=100-498 °C. Based
on the measured top and bottom temperatures of Fe plate, the input
heat flux transferred from heat source to TEG can be obtained from
Fourier’s law of heat conduction, where thermal conductivity of Fe
plate is known. By dividing the output power by the input heat flux,
the efficiency was measured.

3. Results and discussion

Fig. 3(a)-(d) shows the temperature dependent TE properties,
where the TE properties 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. The measurement
accuracy of Seebeck coefficient, electrical conductivity, thermal
diffusivity and specific heat were within 5%, 9%, 7% and 10%, respec-
tively.

In order to investigate the effect of the metal coating at bonding
interfaces, two Mg,Si samples in a rectangular bar shape with a
dimension of 2 mm x 2 mm x 8 mm were bonded by using Ag solder
with and without thin Ti-Ag coatings formed by electron-beam
evaporator. The temperature dependent electrical resistivity and
Seebeck coefficient were measured by four-point probe equipment
(Ulvac, ZEM-3) from room temperature to 600 °C. Fig. 4(a) shows
that the bonding layer with Ti-Ag coatings reduces the electrical
contact resistance compared with the bonding without using Ti-Ag
metal coatings, while the Seebeck coefficient of the two samples
is identical to that of a solid Mg,Si sample without a bonding as
shown in Fig. 4(b).

Fig. 5 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
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Fig.3. Temperature dependent TE properties of n-type Mg, Si and p-type HMS as high temperature segment, and n-type Bi, Te;_,Sey and p-type Bi,_,SbyTes as low temperature
segment: (a) thermal conductivity, (b) electrical conductivity, (c) Seebeck coefficient, and (d) dimensionless the figure-of-merit, ZT.

segments are 4.8 nQ2cm? and 3.2 w2 cm? at high temperature
side, and 43.2 w2 cm? and 73.6 w2 cm? at low temperature side,
respectively. The contact resistance across the interface of high
temperature and low temperature TE segments are 75.2 .2 cm?
for n-type and 94.4 w2 cm? for p-type. It is important to select
the correct soldering material at the junctions of Mg,Si/Bi-Te/Cu
electrode and HMS/Bi-Te/Cu electrode since the processing tem-
perature should be quite below 500 °C because the melting point of
Bi-Te based compound is about 590 °C. Fig. 6 compares the electri-
cal contact resistance across the junction of intermediate bonding
layers of p-type column along with soldering alloy 2-4, see Table 1.
The horizontal and vertical axes of Fig. 6 show the distance and elec-
trical resistance between two voltage probes, respectively. Alloy 2
gives rise to the largest contact resistance, 14.07 m$2 cm?, 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 1.32mQ cm? by using a low temperature soldering mate-
rial. 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 junction. Alloy 4 has a melting temperature of 350°C

Table 1

and gives much lower contact resistance, below 0.1 m$2 cm?2, which
is reasonably low compared with the internal resistance of the 1-
pair module assembly, 11.2 mQ2 cm?. Therefore, alloy 4 is selected
to minimize electrical contact barriers across the intermediate
junctions, which enables the smooth resistance over the TE legs as
shown in Fig. 6. 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 temperature side. One possible
reason is that the metal coating by electron-beam evaporation and
TE materials are physically bonded rather than chemical reaction.
To reduce the electrical contact resistance between different TE
materials, chemical bonding is desired by optimizing to sinter dif-
ferent TE materials at the same time using SPS method. A diffusion
barrier is required to prevent unwanted reaction which decreases
TEG performance. In this paper, 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.

The assembly of the segmented TEG in 7 structure is illustrated
in Fig. 2 (a) which is a typical design of TE module made by connect-
ing n-p pairs electrically in series and thermally in parallel putting
metal electrodes in horizontal direction, and heat flows through

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

Alloys Soldering materials Bonding layer (A-B) Processing condition
Alloy 1 Ag-Cu-Sn-Zn Cu - (ny, p1) 680°C - 5min
Alloy 2 Ag-Cd ny-nyz, p1-p2 (n1,p1) - 425°C - 3 min
Cu
Alloy 3 Sn-Ag ni—ny, p1-p2 250°C - 3min
(n1,p1) - Cu
Alloy 4 Pb-Ag-Sn-In ny—ny, p1-p2 350°C - 5min

(n1,p1)-Cu
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TE legs in vertical direction. Let us define the high temperature n-
type and p-type legs by ny and p; and the low temperature n-type
and p-type legs by n, and p,. The temperatures of the n;-n, inter-
face and the p;-p, interface were determined by intersecting the
ZT-temperature curves of the low temperature TE materials (13, p2)
and those of the high temperature TE materials (11, p1). Referring
to Fig. 3(d), the desired interface temperature, at which ZT curve of
n, approaches that of n; but one is not intersected with the other,
is 200°C at the n-type junction and 300°C at the p-type junction
in the same manner, under the boundary conditions of a hot side
at 500°C and a cold side at room temperature. The interface tem-
peratures can be more optimized by characterizing TE properties of
n-type and p-type Bi-Te alloys up to 350°C to figure out the actual
intersecting point of ZT curves.

Fig. 7 shows the output power generation of the module for vari-
ous 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 resistance of 41 mg2.
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.
The measurement results of a two-pair module are compared to
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Fig. 7. The experimental results of two-pair segmented TE module test: output
power generation as a function of load current with various AT.
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the predicted results for validation. Swanson et al. [32] and El-Genk
et al. [33,34] have shown a way to estimate the output power gen-
erated by segmented TE modules. Min et al. [35] 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 non-segmented TEG.
By expanding the work of Min et al. [35] based on the segmented
TEG model [32-34] for two-pairs, the open circuit voltage of two-
pairs is,

Voc = 2(Sy" = S (T — Tc) (1)

where S} and S} are the effective Seebeck coefficient of p-type and
n-type TE column, and the current I obtained by Ohm’s law is,

2(Sp = SM)(Tw — Tc)

2 3 2 3
(1+m) (2> R+ ) Ro+ > R+ > Rug | +Rw
i=1 i=1 i=1 i=1

I =

(2)

where m is the ratio of load resistance to module resistance, R;/R.
Ryi, Rni» Rycir and Ry are electrical resistances of the ith p-type and
n-type element and contact resistances between the ithand (i + 1)th
of the p-type and n-type elements, respectively. Ry, is the electric
resistance of lead wires measured experimentally. Generally, the
effect of R,, diminishes when the number of n-p pair (N) becomes
larger since the internal resistance is relatively much larger than
that of the wires, but it cannot be ignored when N is small. The load
voltage can be obtained from Eqs. (1) and (2),

2 3 2 3
V== 12> Roi+> R+ Y R+ > Rug | +Rw |1+ Voc
i=1 i=1 i=1 i=1
3)

The maximum output power can be predicted under R; =R, i.e.,
m=1. Therefore, output power generation is expressed as,

2
(S — SMY(Ty — Tc)?

2 3 2 3
2 ZRpi + ZRpCi + ZRni + anci + RTW
i=1 i=1 i=1 i=1

The efficiency of the module is estimated as,

-1
0= Ty — Tc A;l N 2(Sp1 Tpy = Sny Tny)  (Rpy + Ry )T — Tc) (5)
T ZMTy

(SM — SMTy 2RY Ty
where RM,, KM, KM and ZM are the effective electrical resistance of
1-pair, the effective thermal conductance of p-type and n-type legs,
and the module figure of merit, respectively.

Fig. 8(a) shows the measured and predicted I-V curves under
AT=498°C, in which the solid line is the predicted results by Eq.
(3) while the plotted markers are the measured data points. The
measured Voc is 285 mV and the predicted value is 292 mV, which
is in a good agreement within 3% difference. The measured Is¢c of
about 6.7 A is close to the predicted value of 6.6 A within 1% differ-
ence. This good agreement is mainly due to low contact resistance at
bonding interfaces. The measured internal resistance of a two-pair
module at room temperature is 23.1 m§2, and the calculated value
based in Fig. 2(b) is 22.3 m£2. This shows that reasonably low con-
tact resistances at the bonding interfaces are achieved and that the
measured current is in a good agreement with the theoretical value
by minimizing the current drop. The maximum power output in
Fig. 8(a)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 1% difference. As indicated in Fig. 8(b),

P=1I’R, = (4)

T T T T T T T
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Fig. 8. Comparison of experimental data with prediction by the model: (a) -V curve
and output power as a function of load current, (b) the maximum output power and
power density as a function of AT, and (c) 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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Table 2
The sub-total thermal resistances of each material, where R;“Ep and R;’én
sum of six solder layers.

are the sum of thermal resistance of each p-type and n-type segments, respectively. ZRZ’C is the

§ th § th
RA(N Rrerumicbond

th th th th
S ORE R R SORL

Thermal resistance (K/W) 0.23 9.4

0.23 231.3 131.5 1.14

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. (4). The maximum efficiency of the module as
a function of AT is illustrated in Fig. 8(c) 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. (5) 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.

To verify an agreement of temperature gradient through the TE
generator, thermal resistor network model [36] of the one-pair -
shaped TEG was built and shown in Fig. 2(b) assuming 1-D heat
flow, where all contact thermal resistance of bonding interfaces
as well as ceramic bonding layers were considered. Thermal resis-
tance R™, W/K is defined by R = Ax/(kA), where k, Ax, and A
are thermal conductivity, thickness and cross-section area through
which heat is being conducted, respectively [36]. The thermal resis-
tances calculated by the equation above are listed in Table 2. The
largest thermal resistances of TE legs means the largest tempera-
ture drop occurred when heat passed through the TE leg materials.
The ceramic bond layer generated the second largest tempera-
ture drop in this 7 TE generator. The R‘T’Ep is larger than R‘T'}En since
the thermal conductivities of the n-type TE legs are larger than
those of the p-type legs (see, Fig. 3(a)). The node temperatures at
junctions were obtained based on Kirchhoff’s junction rule, i.e.,
>"Q;=0 at each node i, where the heat flow Q is expressed by
Q= AT/R™ [36]. From the iteration of this method at 17 nodes, the
form of [Q]=[1/R™][T] is calculated where [1/R™"] is 17 x 17 sym-
metric matrix. The temperatures at the top (Ty) and the bottom (T¢)
are known as boundary conditions, so [1/R"] is reduced to 15 x 15
matrix. By taking the inverse of [1/R"] matrix, the predicted tem-
peratures by thermal resistor network model are obtained, which
is plotted in Fig. 9.

In addition, 2-D FEM analysis using ANSYS was carried out, in
which element type and mesh size were plane55 and 0.25 mm?,
respectively, under AT=498 °C. For more accurate results, the thick
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600 - —O—anlaysis by ANSYS B
—@— experimental data
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Fig. 9. The temperature gradient of experimental result and prediction by thermal
resistor network model and ANSYS analysis.
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Fig. 10. Comparison of the specific power density in this study with other TEG data
reported by Nemoto et al. [31], Sakamoto et al. [37], and Zhao et al. [38], where the
total weight of other TEGs was estimated based on the dimensions and materials
mentioned in their papers.

insulation wall covering the outside of the assembled TEG 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 insu-
lation and air gap were the same as the above. Fig. 9 shows the
result of temperatures at various points where Ty, Tny, Ty, Tnr, Tpr
and T¢ are defined in Fig. 2(a). The measured net AT, (=Tyy — Tpr)
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 the experiment is 412 °C and those by the
thermal resistor network model and ANSYS are 437 °C and 413 °C,
respectively. The generated temperature gap across TE leg of p-type
measured by the experiment isin a good agreement with the results
of thermal resistor network modeling and ANSYS analysis within
2% difference while 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 the ther-
mal resistor network model due to its 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.

4. Conclusion

In this study, a two-pair segmented TEG was fabricated using
Si based, light weight, cost-effective, and environmental-friendly
TE alloys; Mg,Si 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
TEG is attached to the surface of a combustion chamber of a MAV
or UAV [7,8]. Bi-Te based compounds are utilized on n-type and
p-type segments for low-temperature side. A reasonably low aver-
age electrical contact resistance of below 50 w2 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 the segmented TEG to reach a maximum specific
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power density of 42.9 W/kg under a 498 °C temperature difference,
which has a good agreement with analytical predictions. Fig. 10
compares the specific power density measured up to AT=500°C
in this study with experimental data of non-segmented TEGs
reported by other groups, where our data is improved by a factor
of more than two among them. This is mainly because of the
segmented design and the use of light-weight TE materials.
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