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The process of laser-induced brazing constitutes a potential option for connecting several ceramic
components (n- and p-type ceramic bars and ceramic substrate) of a thermoelectric generator
(TEG) unit. For the construction of the TEGs, TiO, and B,C were used as thermoelectric bars and
AIN was used as substrate material. The required process time for joining is well below that of
conventional furnace brazing processes and, furthermore, establishes the possibility of using

a uniform filler system for all contacting points within the thermoelectric unit. In the work
reported here, the application-specific optimization of the laser-joining process is presented as
well as the adapted design of the thermoelectric modules. The properties of the produced bonding
were characterized by using fatigue strength and microstructural investigations. Furthermore, the
operational reliability of the modules was verified.

. INTRODUCTION

Thermal energy can be converted into electrical current
by means of the Seebeck effect. With suitable n- and
p-doped materials and a temperature gradient, a voltage
(i.e., an electric potential difference) can be created between
the contacts on a thermoelectric device. For this, the n- and
p-type thermoelectric materials must be thermally con-
nected in parallel and electrically in series.'

Thermoelectric modules are used in a wide range of
applications. One example is energy harvesting to supply
ultralow-power devices.” Recent studies have demon-
strated the potential for the use of thermoelectric modules
in processes in which useful electrical energy can be gen-
erated through recovered waste heat.” Coupling of the
thermoelectric materials with the heat generated by solar
collectors is another application of thermoelectric modules.*

The thermoelectric materials used until now can be
categorized according to their application temperatures or
material groups. Group V elements (Bi, Sb) and their
alloys are suitable for low temperatures, whereas bismuth
tellurides (Bi,Te3) and mixed crystals with compositions
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of Bi,Te;, Bi,Ses, and Sb,Tes; are the best choices at
room temperature.z’5 6 These materials are already com-
mercially available, but their application temperature is
limited up to 250 °C.

Lead tellurides as well as rare earth oxides and alloys
of SiGe and FeSi, are used at temperatures up to about
700 °C.”® Due to ecological concerns, the use of lead-
containing materials must be minimized or completely
eliminated through substitution by more environmentally
friendly materials. Muta et al. present alkaline earth metal
titanates as feasible alternatives.”'®

The latest trends are pointing to the use of ceramic
materials, especially for application temperatures above
700 °C. The suitability of a material for directly and
efficiently converting heat energy into electrical current
up to high temperatures is determined by its physical
properties (Seebeck coefficient as well as electrical and
thermal conductivities).

Therefore future solutions hinge on the development of
thermoelectric materials of high long-term stability and
efficiency. Suitable high-temperature contacts between
thermoelectric module components are also of signifi-
cance due to the dependency of the overall component
efficiency on the joint quality. Ceramics, in particular, are
very stable and reliable at higher temperatures. Since
cobaltite has been found to be a promising ceramic for

© Materials Research Society 2014 1771
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thermoelectrics, other ceramics like perovskites, ferrites,
and titanium suboxides or boron carbides have also been
investigated.'"'* In this work, dedicated to the development
of a suitable joining technology for the thermoelectric gen-
erator (TEG) modules, titanium suboxide and boron carbide
ceramics have been used as thermoelectric materials.

Titanium suboxides (TiO,, x < 2) are n-type con-
ductors. The thermoelectric properties of TiO, are highly
dependent on the x values, which correlated to the change
of crystal structures.'' They are considered as candidates
for thermoelectrics by a number of papers.m’14 Titanium
suboxides vary in a wide range of Ti:O ratios and so
their electrical properties range from nearly metallic
conduction up to poor semiconductivity.'> In the Ti-O
binary system, interesting electrical properties were found
in intermediate phases with x = 1.75-1.9 (Ref. 16)
and high Seebeck coefficients were shown in ortho-
rhombic TiO, with x = 1.86-1.94."7 The maximal
electrical conductivity is that of Ti4O; with around
10° S/cm, but the Seebeck coefficient is rather low for
this composition.'""'® The thermal conductivity is in
a reasonable range between 1 and 3 W/(m x K) for all
titanium suboxides.'' The challenge is to combine
different suboxides in a way to maximize the resulting
ZT (figure of merit).

Boron carbide ceramics are known to be p-type
candidate materials for high-temperature thermoelectric
energy (TE) conversion; in particular, boron-rich carbides
By + ,C, 0 < x < 6.4) have shown promising TE
properties such as a large Seebeck coefficient, moderate
electrical conductivity, and relatively low thermal con-
ductivity."® The outstanding thermoelectric properties of
boron carbides are considered to be related to their unique
crystal structure.’®?' As a single phase, boron carbides
exhibit a wide homogeneity ranging from 8.8 at.% C
(B104C) to 20 at.% C (B4C) and have rhombohedral
elementary cells composed of 12-atom icosahedra and
3-atom chains.”*** A high ZT value of 0.65 has been
reported by Wood for a boron carbide with 10 at.%
carbon and 0.5 at.% Mg addition at 1000 °C.** However,
one of the obstacles for its wide application is that a
viable n-type boron carbide could not be found.?

Thermoelectric applications generally require well
matching p- and n-type legs. Titanium suboxide is a good
n-type counterpart of boron carbide due to acceptable dif-
ferences in its thermal expansion coefficient and excellent
chemical stability at high temperatures.'” The proposed ZT
values of TiO, are around 0.2 in most papers.

Current activities are focused on materials with suit-
able thermoelectric properties and on suitable joining
technologies and material systems for contacting. The
main requirement is that the TEG module components
must be connected with good integrally bonded joints of
low electrical and thermal resistance. In particular, these
contacts must exhibit a low electrical resistance and

hence have no negative impact on the overall module
performance. Until now Cu, Ag, or Mo sheets have been
used. Silver-containing pastes, in part with n-type powder
or resin additives, have been used for producing the
contacts between the n- and p-type legs.(”&26 Compara-
tive tests on producing contacts without the use of silver
components proved unsuccessful, although the Cu elec-
trode formed a molten phase at the joining temperature.®
Till date, furnace processes have been used consistently
to achieve the temperature necessary for contacting.

Fernie et al. published a summary of filler systems for
achieving integrally bonded joints between ceramic materi-
als.”’ Electrically conductive fillers are necessary to conduct
the generated electrical energy. Therefore, metals or metal
alloys are the first choice. Another general requirement is
good wettability of the materials to be joined. Wetting of
a solid by a liquid or melt is dependent on the chemical
bonding of the two joining materials. Joining partners with
similar chemical bonding exhibit wetting angles of 6 << 90°,
meaning that wetting is adequate. In most cases, however,
the angle is much higher. This means that the wetting of the
ceramics by metals is not sufficient for successful joining.
This is due to the differences in the bonding electrons in
ceramics (localized electrons) and metals (free electrons),
making the metal-to-ceramic interface a discontinuity in the
electron structure. The bond would merely be an adhesive
bond. A chemical bond (reaction bond) can yield a joint
strength that is 10-100 times higher than that of a pure
adhesive bond.?® Hence, reaction bonds are preferable. To
enable these reactions to occur, small amounts of chemi-
cally active metals are added to the filler material.

For joining with the active filler, wetting of the ceramic
surface is achieved by chemical interaction between the
active component of the filler (e.g., Ti, Zr, Hf; Nb, Ta) and
the interface and formation of a reaction zone. Thus, an
integral joint is created between the filler matrix locally
depleted of active metal and the ceramic material. For the
active element to react successfully, it should not undergo
prior oxidation.”® Hence, joining is usually performed in
vacuum (< 107> mbar).

The present paper describes the development and
testing of the laser-joining process, which creates new
possibilities for producing high-efficiency TEGs for high-
temperature applications (7" > 1000 °C) using the advan-
tages of laser-based brazing. The high localized joining
temperatures achievable in extremely short times are
characteristic of the laser process. This laser process has
already been successfully tested in the production of
gas-tight joints between various nonoxide (SiC, Si3zNy)
and oxide (Al,0s, ZrO,) ceramics.>*>? Active noble
metal-based fillers such as Ag—Cu fillers with or without
additives (Ti, In, Zr, Hf) to improve wetting have been
found to be ideal for ceramic joining.>*—°

For the active fillers, it has been shown that higher
joining temperatures effect more pronounced diffusion and
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enrichment of the active component in the boundary layer to
ceramics and hence an increase in joint strength. However,
insufficient heating rates lead to partial evaporation of the
silver due to its high vapor pressure.”” Through optimiza-
tion, the fast laser-joining process should prove superior to
conventional furnace-based joining processes.

Il. MATERIALS

Boron carbide with a superstoichiometric composition
of B;C was synthesized using a mixture of commercial
B4C powder (grade HD 20, dso = 0.5 pm, H. C. Starck,
Germany) and amorphous boron (95 wt% purity, H. C.
Starck, Germany). The powders were filled into a graphite
die of 60 mm inner diameter lined with graphite foil. The
graphite foil was coated with hBN suspension to prevent
chemical reaction with the powder materials. In situ
reactive fabrication of the sample was performed in
a SPS apparatus (model HP d25/1, FCT Systeme GmbH,
Germany) in argon atmosphere and 50 MPa at 1900 °C for
10 min; the heating rate was 100 K/min.

For preparation of titanium suboxide, TiO, (99 wt%
purity, Kronos, Crenox GmbH, Germany) and TiC
(99 wt% purity, H. C. Starck, Germany) powders were used
for the preparation of TiO,. The TiO, and TiC powders
were mixed in a first step to produce TiO, with x at
about 1.8. The final TiO, powder was sintered by hot
pressing (model HPW 315/400, FCT Systeme GmbH,
Germany) at 1300 °C for 2 h with a pressure of 20 MPa
in a graphite tool. The produced ceramic plate was sliced
into the legs for the module fabrication finally.

Cu sheets were employed to achieve good heat transfer
through the substrate to the n- and p-type legs. The Cu
material used (Cu-OF from Allmeson GmbH) is oxygen
free and is produced without the use of deoxidants. It
possesses a high electrical conductivity and can be heat
treated, welded, or brazed without the need for any
special precautions. Machining and structuring of the
individual traces and the connector tabs were performed
with a CNC router (Fig. 1).

A Ti-containing Ag—Cu filler product (CB4 from
Umicore AG & Co. KG, Germany), available as a normal
commercial foil with a thickness of 100 pm, was selected
for contacting the sheets with the substrate and legs.
Experimental screening of various filler candidates was
performed in advance to select the most suitable material.>®

(@) (b)

FIG. 1. Model of CNC-structured Cu traces with recesses (a, module
connector tab and b, structured trace for a pair of legs).

For the fabrication of the thermoelectric modules, a
high dense aluminum nitride ceramic (AIN180, ANCeram,
Germany) was used as the substrate material.

lll. MODULE ASSEMBLY

The thermoelectric module consists of 7 p-type
B,C and 7 n-type TiO, legs with dimensions of
5 mm X 5 mm X 4 mm, and the surface of the AIN
substrate was 18 mm x 50 mm,; after fabrication the total
thickness of the module was 10 mm.

A schematic diagram illustrating the layout of a ther-
moelectric couple is given in Fig. 2.

Module assembly was performed using the following
steps. For placement of the n- and p-type legs, a position-
ing device with the exact substrate geometry was pro-
duced. Through holes were provided on the surface to
insert the free legs. The legs were positioned in the holes
with alternating n- and p-types. Appropriately cut filler
foils were positioned to cover the top surfaces of the legs
[Fig. 3(a)]. The layout of the copper sheets was done in
a manner to ensure that these filler foils and the ends of
the legs fit into the corresponding recesses (Fig. 3) in the
copper sheets. For substrate contacting, additional filler
foils were placed on the sheets [Fig. 3(b)], after which
the substrate was laid on top to complete the module
[Fig. 3(c)]. Single-sided, permanent contacting of the
module components was done after the first laser process.
After removal of the positioning device and repeating
of the described assembly procedure on the opposite
side, the second laser process took place, resulting in a

| —— substrate (AIN)
brazing foil 1 )
brazing foil 2 jﬁ conductive path (Cu)
boron carbide (B,C) " mmmmnt] ] titanium oxide (TiO,)
I |

FIG. 2. Schematic diagram of a section through a pair of thermoelectric
legs in a TEG module.

FIG. 3. Schematic diagram for assembly steps for single board side
(a, substrate with positioning device, legs, and filler foil; b, Cu sheets
with filler foil; ¢, complete single board side assembly; and d, com-
pleted module with connector tabs).

J. Mater. Res., Vol. 29, No. 16, Aug 28, 2014 1773
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completely assembled module with contacts [Fig. 3(d)].
The steps are illustrated in Fig. 3 below.

IV. LASER JOINING

A diode laser (Rofin Sinar GmbH, Germany) with
wave lengths 808 and 940 nm and a maximum power of
3.1 kW was used for laser joining of the ceramics. The
laser beam was guided via a scanner after passing through
a fixed optical element with focal length f = 405 mm.
An elliptical figure was found to be the most suitable
scan path and was adjusted according to the number of
joined thermoelectric couples.

The partial transparency of the AIN substrate plate to
the laser wave lengths was exploited to guide the laser
beam. The transmittance of the AIN substrate was
measured according to the principle of double integrating
spheres® and was found to be 31.5% at a substrate height
of 1.00 mm.

The laser-joining process can be described in the
following way: the laser beam impinges on the substrate,
is partially transmitted through the substrate plate, and is
absorbed by the metal filler. This results in heating of the
filler foils accompanied by a reduction in the thermal
loading of the substrate. Laser irradiation must be per-
formed in vacuum (Fig. 4) for two reasons: the TiO,
component oxidizes in air at temperatures above 300 °C
and additionally the Ti-active filler would oxidize
quickly. Oxidation of the titanium suboxides would have
an immediate effect on critical properties such as elec-
trical and thermal conductivities. With respect to the Ti
additive of the active filler, it is known that its main func-
tions are to ensure good wetting of the ceramic and to
enable chemical interaction at the filler—additive interface
with the formation of a reaction layer. The chemical
structure of this reaction layer significantly contributes to
relieving the surface stresses in this region.”® Because the
active metal has a high reactivity, it must be ensured that it

diode laser

- scanner

IR camera

inspection glass
b (ZnSe)

|
vacuum chamber sample

FIG. 4. Schematic diagram of test setup for laser-joining
experiments.

does not oxidize during the joining process and continues
to be available for the formation of the joint.”’

Continuous laser irradiation during the joining pro-
cess precluded the use of conventional methods such as
thermocouples for localized temperature measurement.
A temperature-measuring unit mounted right on the irra-
diated surface would also be irradiated and is not able to
identify the correct temperature. Infrared thermography
enables noncontact measurement of the surface tempera-
ture. In the laser process of the present study, an IR camera
(VarioCam hr from Infratec GmbH, Germany) with a
working range between 7.5 and 14.0 um was used to record
the temperature. To obtain realistic measurement signals, it
is necessary to know the emission coefficients of the
material to be measured. Emission coefficients of 0.82
and 0.91 were obtained for AIN and B4C, respectively.
The measurement method for the determination of the
material-specific emission coefficients is described exhaus-
tively in Ref. 32. Because the thermal imaging camera
was positioned outside the vacuum chamber, the
absorption of the ZnSe window in the vacuum chamber
was also taken as a parameter and was adapted via the
transmittance of the camera filter used (Fig. 4).

To optimize the laser process, it is important not only to
concentrate on the temperature reached by the irradiated
surface but also to consider the temperature distribution in
the various layers. Because no direct measurements could
be made on the various layers, the FEM-code COMSOL
Multiphysics was used for calculating the temperature
distribution. This program enabled additional equation
systems and differential equations to be implemented
and thermoelectric effects to be simulated.*®

V. MODULE PERFORMANCE EVALUATION

The output voltage (U) and current (/) were measured
using a module-testing device (Mtec01-600, TEC COM
GmbH, Germany) in N, atmosphere up to a temperature
difference AT= 312 K, the hot-side temperature (7},) and
cold-side temperature (7)) of the module were obtained
by measuring the reference block temperatures at differ-
ent positions. During testing, 7, was adjusted with a heat
exchanger and kept at 7, < 65 °C. The output power (P)
was calculated from the measured U and I; a schematic
diagram of the module test apparatus is shown in Fig. 5.

VI. RESULTS AND DISCUSSION
A. Optimization of laser-joining process

Single-sided joining of a module with 14 legs
required a laser power density of maximum 3.34 W/mm?”
and yielded AIN substrate surface temperatures reaching
900 °C. The laser power was increased in steps of 1% of
the final power; after the required maximum power was
reached (Fig. 6), the power was decreased in a controlled

1774 J. Mater. Res., Vol. 29, No. 16, Aug 28, 2014
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manner until the laser source was completely shut off.
Under the ascertained optimum laser conditions, a uniform
temperature distribution was recorded on the directly irra-
diated substrate surface. In contrast to previous studies,®
the current joining process involved an additional joint.
With the introduction of the copper sheets, it became
necessary to generate two seams (above and below the Cu
component) in one laser irradiation step. In the design of
the copper sheets, it had to be ensured that two lined-up
joints could be produced during laser irradiation at a
tolerable AIN substrate thermal load. Experimental inves-
tigations with copper sheets of varying height (0.5, 1.0,
and 1.5 mm) yielded an optimum tape height of 1.0 mm.

The characteristic temperature profiles for the measur-
ing points shown in Fig. 7 (P1-P4) on the AIN surface
during laser treatment are given in Fig. 8.

Figure 8 shows curves of surface temperature versus
time over the laser irradiation period. After rising steeply
to approximately 900 °C the temperature dropped, despite

upper heater

coupling element

reference block

reference block

coupling element

lower heater
heat exchanger

FIG. 5. Experimental assembly of module test apparatus for perfor-
mance evaluation.

10 mm

(@) (b)
FIG. 6. TEG module at maximum joining temperature (a) and after
joining and cooling (b).

FIG. 7. Selection of measuring points.

the continuous increasing of the laser power. The recorded
temperature drop can be explained by the melting of
filler foil 1, leading to the transfer of heat to the
conductive trace (due to the integrally bonded joint).
This effect was simultaneously recorded as ‘“heat loss”
from the substrate surface by the IR camera. The resultant
heating of the trace with further increasing of the laser
power then led to the melting of filler foil 2 and hence to
heat flow toward the ceramic legs.

This specific behavior during laser joining was observed
in all joining tests. The temperature kinks visualized with
the thermal imaging camera during joining can be helpful
in controlling the laser-joining process.

The formation of bonds between the single layers
induced by the heating of the different module layers by
laser beam irradiation was simulated in the FEM-code
COMSOL Multiphysics (COMSOL Multiphysics GmbH,
Germany). Exemplary, Fig. 9 shows the separate phases
from the simulation of the joining experiment in chrono-
logical order.

After exceeding the melting temperature of brazing foil
1 and melting of the solder (phase 1), the conductive path
(copper sheets) is heated nearly up to the temperature of
the AIN-substrate within seconds (phase 2). This causes
the rise of the temperature of brazing foil 2 above the
bars. The melting of the foil above the two bars happens
in a time-delayed manner, because the different thermal
conductivities of B,C and TiO, yield to different heat
accumulations at the solder—ceramic junction. Only after
the melting of brazing foil 2 (phase 3 and 4) does the full
heating of the bars start. The thermal conductivities of the
two materials are in this case essential for the rate of the
heat transport. When the maximum laser beam power and
temperature of the AIN-substrate surface (phase 5) is
reached, the bars are completely through with heating and
the brazing foils 1 and 2 exist as liquid phase. The
shutdown of the laser beam (phase 6) causes a cooling of
the components at different rates, depending on the heat
capacities of the materials and the free surfaces for heat
radiation exchange with the experiments performed via
an infrared camera.

1000
900/
800/
700
600
500
400
300 =
200 / —p2|
1001 /" -

% 100 200 300 400 500 600 700 800

time/s

brazing foil 2
beazing foil 1

temperature / °C

|

FIG. 8. Joining process temperature profiles.
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FIG. 9. Simulated temperature distribution inside the separate layers of the module during joining process.

A comparison between the experimental and simulated
surface substrate temperature can be seen in Fig. 10.
In the phase of heating up (phase 1) until 460 s, there
only exist marginal deviations between the simulated and
the measured data (<<5%). The melting point of brazing
foil 1 is achieved 12 s earlier in the simulation than

1776

experimentally recorded via the infrared camera. The sim-
ulated course of temperature decrease after achieving the
maximum laser beam power (¢ > 650 s) also conforms to
the measured data.

Deviations of up to 8% between the simulation and the
performed experiment exist in the range of the melting of

J. Mater. Res., Vol. 29, No. 16, Aug 28, 2014
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brazing foil 2. The effect of temperature loss of the
substrate during the melting of the braze, which can
achieve up to 25 K, is not described completely in
a realistic manner by the applied model. This is caused
by the implementation of the melting and wettability
behavior of the solder in the model. An abrupt change in
the heat conductance between the single layers of the
model can cause an out-of-memory error,”® whereby no
convergence could be achieved. However, the simulation
provides a fine reproduction of the experimental data and
reflects the chronological course of the melting processes
for the single brazing foils well. The time gap between
the melting of brazing foils 1 and 2 is 60 s in the simula-
tion and 53 s in the related experiment, which displays
a good conformance. The developed simulation model
establishes the basis for calculating the temperature
development inside the module during the laser-joining
process in good approach. Advantages of the model are
the possibilities of determining the temperature in defined
positions of the TEG module during the joining process
and to get information of potential overstressing inside
the used materials.

B. Joint microstructure

The individual joint quality is mainly determined by
the properties of the interfaces between the filler and the
ceramic material. Scanning electron microscope (SEM)
investigations of the AIN substrate—Cu sheet—ceramic
(p- and n-type) joints produced during the laser process
showed joint seams that were continuous and free of
macroscopic defects (e.g., air pockets, macrocracks).
The active filler CB4 (70.5% Ag, 26.5% Cu, and 3% Ti)
produced good joints with the ceramic materials (AIN,
B,C, and TiO,) and the metal component (Cu) in the
system. Micrographs of AIN-CB4-Cu and B,C-CB4-Cu
at magnification 500x are given in Fig. 11 for illustration
purposes.

°C

600 |

400

temperature /

«++ simulation
200 |

—measurement

0 I S T W W W T A T W T W W W VW W T S T ——
0 100 200 300 400 500 600 700

time /s

FIG. 10. Comparison of the substrate surface temperature between
experiment and simulation.

High-resolution ceramographic investigations of
the filler—ceramic interfaces confirmed the formation
of an intermediate layer during laser joining (Fig. 12).
Formation of these reaction layers and their positive effects
on the joint strength following conventional furnace
joining have already been investigated and verified.?®
Analysis of the intermediate layer formed in the laser
process also yielded a continuous Ti-enriched region
along the filler—ceramic interface. Results of earlier work
on laser joining using active fillers containing different
amounts of Ti showed that the concentration of the
deposited titanium in the interface region depended on
the initial concentration in the active filler.*’

The Ti component was found to be enriched in the
filler—ceramic interface region in all of the ceramics
used (AIN, B4C, and TiO,) by EDS (energy-dispersive
Xx-ray spectroscopy) analysis. As an example of this
phenomenon, Fig. 12(b) shows the Ti enrichment in the
CB4-B,C joint region.

For the joint between filler CB4 and the Cu trace,
diffusion of CB4 into the Cu matrix created an
integrally bonded joint. As can be seen in Fig. 13,

FIG. 11. Micrographs of joining
Cu-CB4-B,C (b) (500x).

(b)
FIG. 12. SEM micrographs of CB4-B,C contact zone (a) and
EDS-mapping investigation for titanium (b).

Je=2530 LS+ S R

FIG. 13. Microstructural formation in filler-trace joint region.
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FIG. 14. Laser-joined bending bars.

TABLE 1. Measured flexural strengths in four-point bending conditions.

Material Flexural strength (MPa)  Standard deviation (MPa)
AIN 295.2 19.8
B,C 434.8 232
TiO, 185.8 374
AIN-CB4-AIN 142.2 28.0
B,C-CB4-B,C 118.5 29.3
TiO,~CB4-TiO, 75.8 12.1

the Ag component (white in the image) penetrated
into the Cu matrix and formed an alloy with Cu.

C. Strength

Four-point bending tests were performed on the
ceramic—metal filler—ceramic joints in accordance with
DIN 843-1 using butt-joined bars.*’

Due to the special arrangement of the loading pins
(Fig. 14), this method exclusively provided information
about the joint strength. The laser-joined bars were
positioned to ensure that the respective joint was centered
between the pins.

Testing was done on a Zwick Roell machine by
controlling the applied force (F,.x = 5 kN). Loading
was selected to ensure that failure occurred no later than
15 s after the commencement of the test. The inner and
outer spans were 20 and 40 mm, respectively.

In the strength tests, all specimens broke in the joint
regions. Failure in the region of the ceramic material was
not observed in any tests. The respective strengths were
calculated through averaging of the results of ten laser-
joined samples. For comparison purposes, the strengths
of compact specimens of the base materials AIN, TiO,,
and B,4C were obtained through averaging of five samples
each (Table I).

The results yielded an adequate strength for the given
application, with the TiO,—CB4-TiO, joint yielding the
lowest value. The measured strength correlates well with
the strength of the different monolithic materials. The
current material development work is being dedicated to
optimizing specific material properties.

D. Thermoelectric module tests

Figure 15 shows the output voltage V and power P as
a function of current / of the module for various AT from
66 to 312 K. With increasing temperature difference the
performance of the power generation increased con-

T = 66K 1o
0,54 N
'“\‘_\. —0— —a— AT = 151K ] 100
R A —A—AT=233K {90
04+ M g —4—AT=312K |
= N e i 0=
= A 3 ~ 470 £
- \‘\ /', 5 1 Q—
g 0,3+ Sa 7 o —= 460
g N 74 e 150 2
S 024 ™ % % Ja0 &
S \I // \\“- 2 L | 1 40 5
a \/-/ """h'\"“_~ g 430 E_
o) ey A 1200
0,1 1 ) e ‘A\‘ 4200
l.. —‘ 10
T T T y 0
0,1 0,2 0,3 0.4 0,5
Current, I (A)

FIG. 15. Output voltage (U) and power (P) as a function of current (/)
of the module for AT = 66, 151, 233, and 312 K.

stantly, the open voltage V,, and the maximum output
power P, reached 0.5 V and 75 mW at AT = 312 K,
respectively. Since both boron carbide and titanium
suboxide exhibit improved thermoelectric properties
at high temperatures,?’ better performance could be
achieved by further increasing the temperature differ-
ences between both sides of the module. To investi-
gate the durability and mechanical strength of the device,
long-term stability experiments up to 100 repeating
thermal cycles will be performed.

Vil. CONCLUSIONS

During the development of TEGs consisting of ceramic
materials, laser-induced brazing was successfully applied
and tested as a technological option for joining and
contacting the several components of TEG units. In this
work, the self-developed ceramic B,C and TiO, as p- and
n-type components and a commercial AIN substrate have
been used. For joining and contacting of the components,
an active brazing alloy on Ag—Cu-basis from the company
Umicore Ltd. was chosen and tested. The laser-joined
ceramic—metal bonds feature an adequate custom-designed
strength (>75 MPa), are free of macroscopic faults,
and show a homogenous structure. The creation of an
enriched Ti-layer at the ceramic—metal bond was
proved, although the laser joining requires only a very
short process time when compared with a conventional
furnace process. Such an enriched Ti-layer is crucial
in increasing the bond strength of the joint.

By using the laser-joining technology it was possible to
develop a technology for joining and contacting TEG units,
which allow the use of a unitary filler system for all contact
points and yields to a drastic abbreviation in process time.
The realized measurements for power characterization of
the modules could demonstrate the operational reliability
of the produced brazing joints. The long-term behavior of
these brazing bonds is currently investigated.
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