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Interest in waste heat recovery using thermoelectricity has increased in re-
cent decades. To date, most such research and development has focused on
high-performance and/or low-cost materials. However, for practical applica-
tions, modules based on these materials are needed. This work presents the
development and optimization of modules based on the low-cost Fe,VAl
Heusler compound. It depicts a global analysis of the assembly in terms of the
microstructure of the joint, the contact resistances, and the module perfor-
mance. Based on this analysis, a generic method for developing joining solu-
tions for new thermoelectric materials is proposed. Using this method, the
diffusion bonding technique leading to electrical contact resistance of 5 x 10~
Q m? is hi§hlighted and a thermoelectric module with power density above
500 W m™“ for a temperature difference of 200 K developed.
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INTRODUCTION

In recent years, thermoelectric generators (TEGs)
have attracted interest for use in waste heat
harvesting. While most research has focused on
optimization of material performance, major chal-
lenges remain at the level of the complete setup,
which still limits the use of thermoelectricity to
niche applications.® In particular, the assembly of
the constitutive elements of the TEG, viz. p- and n-
type materials, electrical and thermal conductors,
and insulators, intrinsically leads to contact resis-
tances that hinder the performance of the device.?
As shown in Fig. 1, the contacts corresponding to
each interface between different materials influence
the electrical and/or thermal performance. Previous
studies on thermoelectric contacts have mostly
focused on either optimization of metal-
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semiconductor contacts (related to the microstruc-
ture of different types of thermoelectric materi-
als®®) or the influence of contact resistances at the
system level,®!! which are only parts of the global
issue. Recently, Ngan et al.'? studied the relation-
ship between contact resistance and microstructure.
However, they only estimated theoretically the
influence of this relationship on the system effi-
ciency. To enable widespread use of new thermo-
electric materials in practical applications, scaling
up from a single contact to a complete TEG should
be investigated experimentally. This step is manda-
tory to validate the repeatability and scalability of
any joining method. It seems that none of these
studies have proposed a global approach relating
experimentally the microstructure of the joints to
the contact resistance and the performance at the
TEG level, even though such a global view could
accelerate development of new optimized thermo-
electric devices based on innovative materials.

The aim of the work presented herein is to apply
such a global methodology to optimize a TEG based
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Fig. 1. Location of thermal and electrical contacts in a thermoelectric
couple.

on a thermoelectric material that is well suited for
large-scale waste heat harvesting applications.'®
The Fey;VAl compound, first studied by Nishino
et al.,'*'® is based on low-cost elements and
exhibits a high power factor (up to
6.8 x 107> W m K ?). Moreover, adequate doping
or decrease of the grain size can significantly
decrease its thermal conductivity, leading to ZT
values of around 0.2 in the range of 400 K to
500 K.1”!® Finally, the processing and manufactur-
ing properties of Fe;VAl compounds are very close
to those of metallic materials, representing a great
advantage for large-scale applications.

Different joining techniques were tested and
characterized by looking at both the microstructure
and the resulting electrical properties. The result-
ing performance of fully working prototypes is
discussed using a lumped model that highlights
the relationship between the microstructure and
system performance, providing guidelines for
enhancement of system performance.

EXPERIMENTAL PROCEDURES
Thermoelectric Materials

The FesVAl thermoelectric material used in this
work was processed by induction melting of fer-
rovanadium, iron, and aluminum pellets followed by
a slow cooling stage (10 K min~!) to avoid cracking
or solidification defects. Ferrovanadium was used
instead of pure vanadium because of its much lower
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cost without degrading the thermoelectric perfor-
mance. The doping strategy is based on off-stoichio-
metric optimization according to the formula (Fey,
3V13)100-yAl,. Indeed, varying the aluminum con-
centration allows a switch from n- to p-type mate-
rial.'* Amounts of each constituent required to
achieve the correct stoichiometry were placed in a
boron nitride crucible then heated up to 1960 K
under vacuum during 20 min before being slowly
cooled (10 K min~!). The resulting ingots weighed
around 100 g. The compositions of the base materi-
als and the melted samples were compared. Slight
loss (below 0.5 at.%) of Al and V was observed due to
precipitation of nitrides and carbides.’® Table I
summarizes the actual compositions measured by
inductively coupled plasma atomic emission spec-
troscopy. Boron nitride crucibles were used to limit
C contamination during the melting process. Values
below 0.15 wt.% C were measured on processed
samples, which has been shown to have no influence
on the Seebeck coefficient.'®

Joining Processes

A good joint must present adequate chemical
reactivity at the thermoelectric material-metal
junction to achieve good mechanical strength while
avoiding formation of brittle intermetallic com-
pounds at the interface that would lead to higher
surface contact resistivity.! Furthermore, it can be
postulated that a smaller joint thickness will lead to
a smaller surface contact resistivity. In this work,
copper was selected for the metallic junctions,
motivated by the fact that it has been previously
demonstrated that copper can perform up to 673 K
and resist thermal cycling in FeyVAl-based
TEGs.?**!

Different joining solutions were applied on 0.7-
mm-thick copper sheets. Fe,VAl samples were
machined into 5 mm x 5 mm x 5 mm cubes. Cop-
per and FeyVAIl were slightly polished with SiC
paper and degreased with ethanol before each
joining process. Four different techniques were
tested to join the thermoelectric FesVAI blocks with
copper connecting sheets: conductive silver glue, tin
solder, silver braze, and diffusion-bonded copper. In
contrast to commercial thermoelectric modules, in
which solders based on tin-bismuth alloys are
widely used,’ other techniques were studied here,
since the nature of the materials and the expected

Table I. Characteristics of prototypes

p-Type n-Type
Prototype Composition S (uWK™) p@Qm) Composition S uVK™) puQm) Leg Size (mm?®)
Ag glue Fe49,2V24,3A126.5 42 1.47 Fe52_6V25.4A122,6 -20 8.77 5x5x5
SII solder Fe50.9V24A7A124_4 72 4 Fe51‘7V26_1A122.2 70 5.8 43 x5 x5
Ag braze Fe50.9V24.7A124.4 72 4 Fe51.7V26.1A122.2 -70 5.8 43 x5x5
Diffusion bonded F94g'3V23'7A127 71 2.32 Fe52,8V26_4A120v8 -97 4.77 4.2 x 4 x 4
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operating temperature range (up to 673 K'®) are
significantly different. Even though they cannot
reach such high temperatures, silver glue and tin
solder were tested since they are quite conventional
solutions that are widely used in other applica-
tions.?? Silver brazing has been successfully used
for iron aluminide joining.?® Since it provides low
wetting angles, this technique seemed promising for
Fe;VAI-Cu joining. Since copper presents good
wetting behavior with iron aluminides,>* direct
joining of copper to Fe,VAl using a diffusion-bond-
ing technique was also considered. Furthermore
this process was used previously by Mikami et al.z(S

The silver glue was an epoxy-based glue contain-
ing micrometric silver particles. The glue used in
this work was 10HT/S from MasterBond with
intrinsic electrical resistivity below 2 uQ m and
working temperature range of 4 K to 477 K. It was
deposited by hand using a spatula. The curing stage
consisted in holding for 45 min at 418 K under
ambient atmosphere. The FeoVAI-Cu assembly was
furthermore pressed using a screwed assembly.

The tin solder used in this study, commercialized
by Multicore, was solder paste with composition of
95.5 wt.% Sn, 3.8 wt.% Ag, and 0.7 wt.% Cu, having
a melting point around 490 K. The soldering cycle
was carried out with a holding time of 20 min at
540 K under ambient atmosphere in the same
clamping assembly used for the silver glue.

The silver braze used was 1666PA from Castolin
with composition of 45 wt.% Ag, 27 wt.% Cu and
28 wt.% Zn and liquidus and solidus temperatures
of 953 K and 913 K, respectively. The brazing cycle
was conducted under vacuum (0.1 mbar) at 973 K
for 15 min in a SRO-700 furnace from ATV
Technologie.

For diffusion bonding of Fe,;VAl and copper, the
Fe;VAI sample was pressed under 20 MPa between
two copper sheets and heated at 50 K min~! to
1200 K for 2 min in a spark plasma sintering (SPS)
device (HPD10, FCT Systeme).

Characterization of the Joints

The microstructure of the joints was character-
ized by scanning electron microscopy (SEM) and
energy-dispersive x-ray spectroscopy (EDX). The
Fe,VAI-Cu assemblies were cut transversally to the
interface before being polished to observe the inter-
face between copper and FeyVAL

The total electrical resistance of the different
joined samples, Rcas, Was measured using a cus-
tom four-probe setup. Knowing the internal resis-
tance of the Fe;VAIl sample, the R, derived from
its geometry, and the material electrical resistivity,
the electrical contact resistivity ps. in Q m? can be
estimated as

—Rmat)A, (1)

where A is the contact area of the FesVAI sample
(25 mm? in this work).

Pse = (Rmeas

This method is similar to the integral method
proposed and validated by De Boor et al.*

Processing of Prototypes

Four prototypes were fabricated based on differ-
ent FeoVAl compounds and different joining tech-
niques with a number of couples varying from 7 to
40. The lower copper plates were first properly
placed in an array, on which a layer of joining
material was deposited. The p-type legs were then
placed, followed by the n-type legs (or alternatively),
then a layer of joining material was deposited on
these legs. Finally, the upper copper plates were
placed. Each prototype used copper plates of
5mm x 12 mm x 0.7 mm. The different prototypes
were:

e A silver glue prototype For the assembly of
this first prototype, a droplet of silver glue was
placed on each Cu-Fe,VAl interface by hand.
Once the assembly was completed, it was heated
up to 418 K for 45 min under ambient air.

e A tin soldering prototype This second proto-
type was designed using the same scheme as the
silver glue prototype. Owing to the larger num-
ber of couples with higher Seebeck coefficient
and better electrical contact, better performance
was expected from this prototype. The same
steps as for the silver glue prototype were
carried out with a heating stage at 540 K for
20 min.

e A silver brazing prototype This prototype
was designed to work at higher temperatures
than the previous ones using the same Fe,VAl
compounds. For this prototype, the assembly
was carried out on a graphite PAPYEX sheet
(from MERSEN) in a SRO-700 furnace and an
alumina plate was put on top of it. To ensure
good contact, pressure of 17 kPa was applied on
top of the assembly using a weight. The brazing
cycle was carried out at 973 K for 15 min.

e A copper diffusion-bonded prototype The
Fe,VAI legs were joined to copper using the
diffusion bonding technique previously pre-
sented. The assembly was then been carried
out with silver brazing and pressure for copper—
copper junctions as for the previous prototype.

The materials and geometrical properties of these
prototypes are detailed in Table II. The geometry of
the thermoelectric legs was chosen to facilitate the
machining process and manual manipulation dur-
ing prototype assembly.

Measurements of the Performance of the
Prototypes

Two types of measurement were carried out on
the prototypes. Firstly, the internal electrical resis-
tance (Reas) Was measured using a four-probe
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Fig. 2. Schematic representation of custom setup used for module
characterization: 1, module; 2, heater sheeted with anodized
aluminum; 3, heat sink made of anodized aluminum immersed in a
cooled propanol bath; 4, thermocouples; 5, clamping screws; 6,
thermal grease layers.

technique. Small currents (< 100 mA) were used to
minimize the influence of the thermoelectric effect
on the measurements. Secondly, the open-circuit
voltage (V,.) for a given temperature difference
between the cold and hot sides of the TEG was
measured on the custom setup shown schematically
in Fig. 2. In this setup, a finned heat sink is
immersed in a controlled cooler, allowing tempera-
tures down to 233 K. The prototype is placed
between the heat sink and an electrical heater (a
1 Q, 200 W rated power resistance) allowing heat-
ing of the hot side up to 423 K. The heat sink and
heater casing were both made out of anodized
aluminum. The anodized layers serve as insulators
between the copper plates and heat exchangers and
avoid the use of additional ceramic plates. Silicon
thermal grease was used on both sides of the
prototype to ensure good thermal contact. Screws
were used to clamp the prototypes between the
heater and heat sink to add some pressure and
ensure good contact. Holes were drilled in the heat
sink and the aluminum casing of the heater to
measure the hot- and cold-side temperatures using
K-type thermocouples. Voltage was measured with
a portable multimeter. Note that the silver glue
prototype was assembled and screwed between the
heater and heat sink before the curing step.

Based on the measured open-circuit voltage and
corresponding temperature difference, the effective
Seebeck coefficient proposed by Huang et al.?® can
be deduced using the following equation:

Voc = Zmat ATteg - Zmeas AT’ (2)

where V. is the open-circuit voltage, Y mat =S, —
S, is the Seebeck coefficient of the material couple
in VK1 AT'eg is the effective temperature differ-

ence across the thermoelectric legs, > ... is the

(a)
Oc 0.
AT=T,-T. () ATrgg e e
Oc Oc
(b)

Fig. 3. (a) Description of thermal lumped model. (b) Electrical
lumped model used to assess the properties of the prototypes.

effective Seebeck coefficient, and AT is the temper-
ature difference measured across the prototype.

Lumped Model of Thermoelectric Prototypes

To critically assess the influence of the thermal
and electrical contact resistances, a first-order
lumped model was developed. This model easily
computes the electrical power generated by a TEG
considering the contact resistances, besides the
thermoelectric material properties and generator
geometry. This model is composed of two uncoupled
subcircuits. The thermal subcircuit (Fig. 3a) com-
putes the effective temperature difference between
the extremities of the thermoelectric legs, ATte,. In
this subcircuit, the thermal resistance of the ther-
moelectric leg, ®, and the thermal contact resis-
tance, ®,, in K W !, are defined by Eqs. 3 and 4,
respectively:

l
_Tsc
0. =", (4)

where [ is the thermoelectric leg length, A is the
thermoelectric leg area, 2 is the mean thermal
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conductivity of the thermoelectric material in
W m ! K1 and r.. is the thermal contact resistiv-
ity in Km? W', From the definition of these
resistances and knowing the temperature difference
between the heat source and sink, AT, the effective
temperature difference on the thermoelectric legs
can be computed as

o

ATteg - ATW .

(5)

Equation 5 can be rewritten to describe the relative
temperature difference as a function of the thermal
parameters as follows:
ATy 1
AT 14 27k’

(6)

The electrical subcircuit (Fig. 3b) is used to estimate
the electrical power generated by the TEG. The
total TEG resistance is defined as

l
Rig =R, + R, + 4R, :%+%"l+4%, (7)
where p, and p, are the electrical resistivity of the
thermoelectric materials in Q m and p, is the
electrical contact resistivity in Q m? The open-
circuit thermoelectric voltage can be computed from
ATieg and ) at using Eq. 2.
Knowing R, and V,. the electrical power at
matched load, P,,.x, can be computed as

_ Ve
Pas = g5 ®)
Using Eq. 2, the power can be expressed as
2
AT,
Poox = (Zmat teg) ) (9)
4Rteg

The present model assumes temperature-indepen-
dent properties and neglects the physical coupling
occurring through the Joule, Peltier, and Thomson
effects. These strong assumptions are valid for a
first-order approximation.

RESULTS
Microstructure of the Joints

The interface of FesVAl assembled to Cu with
silver glue is shown in Fig. 4. Silver particles and
the epoxy matrix can be discriminated, showing
that the conductive phase did not completely fill the
joint between Fe,VAl and Cu. It is also worth noting
that the silver glue layer has a width in the range of
10 ym to 20 pm.

Figure 5 shows the interface of the assembly
using the tin solder. The global shape of the tin
solder suggests very good wetting of Cu, but in
contrast no wetting of Fe,VAL This explains the
discontinuity of the interface between Fe,VAl and

20 um
ot Cu Ag Glue

Fig. 4. Micrograph of cross-section of FeyVAl-silver glue—Cu
assembly.

Fig. 5. Micrograph of cross-section of Fe,VAI-tin solder—-Cu
assembly.

solder and the large contact resistivity reported in
the next section, as well as the weak mechanical
strength. Indeed, Fig. 6 shows the Fe;VAI soldered
sample after disassembly of the Cu—Fe,VAl joint. It
is clear from Fig. 6a that the tin solder joint is quite
ineffective. The major part of the surface is free of
solder. Moreover, there are some zones free of tin
solder inside the solder droplet, leading to an even
smaller effective contact surface, as highlighted at
higher magnification in Fig. 6b.

Figure 7a shows the complete FeoVAI-Cu inter-
face when joined with silver braze. It can be
observed that only one-third of the total interface
was really connected by the braze. On the other
hand, when zooming in on the interface, it is clear
that the braze reacted with copper. On the FeyVAI
side, there did not seem to be any reactivity at this
scale. The chemical composition profile in Fig. 7b
highlights that the reactive layer on the Cu side is
composed of 70 at.% Cu, 20 at.% Zn, and up to
10 at.% Ag, similar to that of the Cu-rich particles
present in the brazed joint. Figure 8 shows the
Fes VAl surface after disassembly of the specimen.
Figure 8a reveals that the surface was still mostly
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Cu

I
ﬂ Fe,VAI

Fig. 6. (a) Micrograph of Fe,VAl surface after disassembly of the tin
soldered specimen. (b) Magnified view on a tin droplet of (a).

covered by the silver braze, as seen even more
clearly at higher magnification in Fig. 8b. This may
indicate that some reaction may have occurred
between the braze and Fey,VAI, although a reaction
layer could not be observed in this work.

Figure 9 presents a SEM micrograph and EDX
profile of the diffusion-bonded joint. The micrograph
in Fig. 9a shows the presence of a thin zone where
copper reacts with Fe,VAL. When zooming in, it
becomes clear that diffusion of copper occurred
along Fe,VAl grain boundaries close to the inter-
face. The chemical profiles in Fig. 9b show that the
bright-grey zone at the interface is depleted in
aluminum. This depleted zone is about 5 um, with
some copper particles located in this zone. The
profile shows that aluminum also diffused within
the copper layer.

Characterization of Electrical Contact

The measured electrical contact resistivities are
presented in Fig. 10 for the different joining tech-
niques, varying in a very large range depending on
the joining process, from 9.46 x 10~ Q m? for the
silver glue down to 5 x 1072 Q m? for the silver
braze and diffusion-bonded copper.

Prototypes

Table I summarizes the experimentally deter-
mined electrical characteristics (Ryeas and Zimeas) as
well as the calculated ones (R.,; and X,.;; where
the subscript “mat” relates to the material proper-
ties) estimated based on the geometry of the proto-
types and properties of the materials. These
characteristics are those expected in the absence
of contact resistance. The measured internal resis-
tance decreased drastically from 40,000 mQ for the
Ag glue prototype down to less than 50 mQ for the
Ag braze and diffusion-bonded Cu prototypes, while
the effective Seebeck coefficient varied by a factor of
around 5. This is mainly due to the fact that the
internal resistance is directly linked to the electrical
contact resistance, which varied significantly with
the joining technique applied (see previous section),
while the effective Seebeck coefficient is not directly
linked to the electrical contact resistance.

DISCUSSION
Joining Processes

Hogblom et al.'® reported electrical contact resis-
tivities in the range of 10 Q m? to 10~7 Q m? for
TEGs, depending on the process applied. Most of the
techniques used in this work are thus in the range
of good performance, except for the tin solder and
definitely the silver glue.

The high contact resistivity of the silver glue
cannot be explained by its bulk resistivity
(~2uQ m) nor the presence of large porosity
(Fig. 4). A Cu-to-Cu joining test was carried out
using the same conditions, and a low contact
resistivity of 3.5 x 10~ Q m? was measured. There-
fore, the origin of the large contact resistivity is
probably the silver glue—Fe;VAI interface. The
presence of a very thin layer of alumina on the
Fe, VAL could explain this large contact resistivity,
as reported by Weidler et al. in the case of alu-
minum-silver glue contacts.?”

In the case of the tin solder, Ebling et al.’
reported a similar contact resistivity (up to
1.72 x 107 Q m?) from soldering tests on BisTes
with Sn-Ag-Cu solder. This level of contact resistiv-
ity could be explained by the poor wetting behavior
and weak strength of the joint between Fe;VAI and
tin solder (Figs. 5, 6).

The process leading to the smallest contact resis-
tivity (diffusion bonding) exhibits a specific reactiv-
ity and the creation of a smooth interphase
transition between Fe,;VAI and Cu. In this process,
diffusion of aluminum in copper is highlighted,
which can be explained by two phenomena: (1)
aluminum presents the largest diffusion coefficient,
and (2) looking at the phase diagrams of the Al-Cu,
Fe-Cu, and V-Cu couples, Al presents a large
solubility in Cu,?® indicating good chemical affinity
between these two elements.
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Fig. 7. (a) Micrograph of silver brazing test. (b) EDX chemical profile across the interface, along the green arrow in (a) (Color figure online).

Figure 10 also shows that silver brazing exhibited
electrical contact resistivity similar to that of copper
diffusion bonding (in the 1072 Q m? range). Com-
paring the interface of the tin solder test (Fig. 5)
and the silver brazing test (Fig. 7b), it is obvious
that the silver braze presented a lower contact angle
on Fe,; VAl than the tin solder, which could indicate
better wetting of the silver braze. This may explain
the lower contact resistivity, despite the high poros-
ity in the silver braze joint and the similar bulk
resistivities of the filler materials (about 10~7 Q m).
Indeed, the contribution of the silver braze (consid-
ering that one-third of the area is effectively joined)
is around 5.5 x 10711 Q m?, still two orders of
magnitude lower than the measured electrical con-
tact resistivity. The better joining behavior of silver
braze compared with tin solder is also confirmed by
the disassembled surfaces (Figs. 6, 8). Indeed, the
Fey VAL surface covered with silver braze is much
larger than in the case of tin solder.

Considering the contact resistivities and ease of
implementation, silver brazing and diffusion bond-
ing seem to be the most suitable techniques for
development of effective prototypes.

Assembly of Prototypes

Based on the theoretical and experimental values
and taking into account the geometrical configura-
tions of the different prototypes, the following three
contact parameters presented in Table III can be
estimated:

e The mean electrical contact resistivity pg.
for the prototype can be computed as

o (Rmeas - Rmat)
psc - 4]\,

where A is the thermoelectric leg area and N is the
number of thermoelectric couples in the prototype.
The factor of 4 is due to the number of contacts per
couple (2 per leg).

e The Seebeck ratio, X,.;, defined as?

Zratio B

A, (10)

e The thermal contact resistivity, r,. can be
computed by using the Seebeck ratio. From



Global Analysis of Influence of Contacts on Heusler-Based Thermoelectric Modules 5397

Fig. 8. (a) Micrograph of Feo,VAI surface after disassembly of the
silver brazed specimen. (b) Magnified view of the silver-free zone in

(a).

Egs. 2, 6, and 11, it can be written as

ATteq 1
Zratio T AT 1_,_2%- (12)

Rewriting this equation, the thermal contact
resistivity can be expressed as

e = (Coio V) 5 (13

It is worth noting that the thermal conductivity of
the thermoelectric material and the thermoelectric
leg length must be known. A mean thermal conduc-
tivity of 12.5 Wm ' K ! taken from literature®
was used for the Fe,VAl samples processed in this
work.

Y atio 18 dependent on the geometry. Indeed,
longer thermoelectric legs result in an increase of
this ratio for the same thermal contact resistance,
which means that it can only be used to compare
TEGs with the same geometry. On the other hand,
the electrical and thermal contact resistivities are
independent of the module geometry and can be
used to compare different prototypes. For the sake

of comparison, the characteristics and performance
of two Fe;VAl-based modules reported in literature
(from the works of Mikami et al.2%?! on Ti, Si, and
W doping) are also presented in the final two rows of
Table III.

The mean electrical contact resistivity values
determined for the prototypes are in reasonable
agreement with those measured previously during
the characterization of the individual joints
(Fig. 10). Only in the case of the silver glue is an
overall value significantly higher (about 176%) than
that of the single test obtained. Hence, except in the
latter case, all the prototypes exhibited good elec-
trical contact resistivity in the range of values
reported in literature (1072 Qm? to 107 Q m?).'°
When looking at the electrical contact resistivities of
the two last prototypes, it is obvious that the use of
silver braze ensures a low electrical contact resis-
tivity. Meanwhile, the diffusion-bonded prototype
presented nearly the same electrical contact resis-
tivity as the silver braze prototype, confirming that
Cu-Fey VAl joints present ultralow resistivity.

To highlight the contribution of the silver braze in
this assembly, a copper-to-copper joint was silver
brazed. The measured contact resistivity was
1.7 x 10 Q m? representing about 40% of the
total surface contact resistivity of the Fe,VAI/Cuw/
Braze/Cu assembly. This conclusion is confirmed
when looking at the two state-of-the-art prototypes
from Mikami et al.?®?! that exhibited electrical
contact resistivity one order of magnitude lower
than in this work. This lower contact resistivity
probably results from the fact that they manufac-
tured the prototypes only by SPS (without an
additional brazing step). Further work on the
scalability of this process and the resulting mechan-
ical properties should be considered.

The Seebeck ratio, X4, of all the prototypes lay
in the range of 0.4 to 0.7, which is comparable to
other works (Table III). As defined in Eq. 12, this
ratio depends on the thermal contact resistance and
the thermal resistance of the thermoelectric leg.
Therefore, a higher Seebeck ratio will be obtained
when lowering the thermal contact resistivity or
thermoelectric leg thermal conductivity and when
increasing the thermoelectric leg length. These
effects are highlighted when comparing the silver
glue prototype with the others (Table III).

For the thermal contact, the first prototype
presented the lowest thermal contact resistivity.
This can be explained by the fact that the silver glue
prototype was assembled between the heater and
heat sink used for the characterization before the
curing step. Therefore, its planarity could have been
improved compared with other modules, leading to
lower thermal contact resistance. A typical thermal
contact value of about 2 x 107*Km? W' was
found for the other prototgrpes, similar to the value
found by Hogblém et al.'’ for commercial bismuth
telluride modules.
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Fig. 9. (a) Micrograph of interface of diffusion bonding test. (b) EDX chemical profile across interface, following the green arrow in (a) (Color figure online).

Ag Glue

Sn Solder Ag Braze
Joining technique

Diffusion Bonded

Fig. 10. Surface electrical contact resistance measured during joint
testing for four different joining techniques.

Finally, the two state-of-the-art prototypes from
Mikami et al.2®?! present similar thermal contact
characteristics to the present work. This may
indicate that the thermal contacts are dominated
by the interface (anodized aluminum and thermal
grease in this work) between the copper plates and

heat source and sink rather than by the interface
between copper and thermoelectric materials.

Several performance indexes of the prototypes
were computed from the measurements described
above. To compare the different prototypes, together
and with respect to literature, Table III presents
the following characteristics:

e P..., the power at matched load for a 200 K
temperature difference, estimated as

(Emeas AT) ’ .

p max —
4-Rmeas ’

(14)

®  Pmaxmat, the resulting power density based on
the thermoelectric material area;

®  Pmaxiot, the resulting power density based on the
total area of the prototype.

Figure 11 presents the electrical contact resistivity,
thermal contact resistivity, and total power density
for the different prototypes and for those reported in
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Table II. Measured properties of four prototypes

Prototype R eas (mQ) Zmeas vV K_l) Rat (mQ) Zmat vV K_l)
Ag glue 40,000 620 30.7 920
Sn solder 255 2600 67.4 5680
Ag braze 45 494 32.7 994
Diffusion bonded 48.5 1125 29.8 2688

Table III. Characteristics and performance of prototypes for AT = 200 K

Contact Properties

Power Performance

PI‘OtOtype Psc (Q m2) Zratio (_) I'sc (K m2 W_l) Pmax (W) Pmax/mat (W m—2) Pmax/tot (W m—2)
Ag glue 1.67 x 107° 0.67 9.85 x 107° 9.61 x 107° 0.128 0.107
Sn solder 2.93 x 1078 0.46 2.02 x 1074 0.265 132.5 110.41
Ag braze 4.80 x 107° 0.50 1.72 x 1074 5.42 x 1072 67.75 56.46
Diffusion bonded 4.58 x 10~° 0.42 2.32 x 10°* 0.261 509.77 407.81
Fe, VA2 3.27 x 10710 0.42 2.89 x 1074 0.486 687 397
Fe,VAl W2! 8.33 x 10711 0.75 7.14 x 107° 0.715 4965 2474
L
500 1167 000 = | terature 12474
& 4504 Tse
g 4007 s D)0x/00
§
§ 350
2
=" 300
z
§ 250
=
& 200
T 150
Q
g
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<&
50
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Ag Glue Sn Solder Ag Braze Diffusion Mikami Mikami W
Bonded
Prototypes

Fig. 11. Performance and contact characteristics of prototypes: psc in zQ m? (blue bars), rs. in uK m? W~ (orange bars), and total power density
in W m~2 (red bars). The characteristics of two prototypes were estimated using data from literature for the sake of comparison: a Si/Ti-doped

(“Mikami” from Ref. 20) and a W-doped device (“Mikami W” from Ref. 21

) (Color figure online).

literature. From this graph, it is clear that the
dramatic decrease of the electrical surface contact
resistivity thanks to the optimization of the joining
process leads to a sharp increase of the power
density.

It is worth noting that the best prototype of the
present study presents similar performances to the
Si/Ti-doped module of Mikami et al., which can be
considered as the best result ever reported for a

TEG based on Fe,VAL However, the present proto-
type is the first to be based on off-stoichiometric
FeoVAI compounds. Furthermore, similar perfor-
mances were achieved even with higher p.. More-
over, avoiding the use of doping elements and the
powder metallurgy route allows faster production of
modules at lower cost. Moreover, comparing this
work with literature reveals that the relative dif-
ference between praymat and Pmaxtot 1S much
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Fig. 12. Normalized power as function of electrical surface contact resistivity for different levels of thermal surface contact resistivity. Red dots
correspond to different prototypes manufactured in this work. Black lines were computed with the lumped model using the following
characteristics: AT=200K, /=4.45mm, k=10Wm ' K™', p=5Qm, and S, = IS, = 64.25 uV K~'. The discontinuous black line was

computed using the mean value of the thermal surface contact resistivities of the prototypes (Color figure online).

smaller in the present work than in the work of
Mikami et al.,?*?! indicating that the geometry
used in this work is closer to optimal.

Optimization Based on Lumped Model

The influence of contact resistances on the deliv-
ered power can be highlighted using the lumped
model. An example for AT = 200 K using Fe,VAl as
the thermoelectric material was computed. Figure 12
shows the ratio of the real to ideal power (without
contacts) as a function of the electrical contact
resistivity for different levels of thermal contact
resistivity. The different curves increase up to a
maximum when the electrical contact resistivity is
minimized. Even though this parameter was not the
subject of the optimization procedure in the present
study, the thermal contact resistivity should be
minimized too, since the smaller the thermal contact
resistivity, the larger the power, whatever the value
of the electrical contact resistivity.

Finally, the successive improvements in the pro-
totype design allowed an increase in the power
density by a factor of about 4000 owing to a sharp
decrease of the electrical contact resistivity (by
about four orders of magnitude). This sharp
increase is clearly in agreement with the model
presented at the beginning of this work, as depicted
in Fig. 12. In this figure, the experimental data (red
dots) agree well with the Iumped model

(discontinuous line) computed using the mean val-
ues of the prototype characteristics (I = 4.45 mm,
p=5uQm,S,=18,| =64.25 ;VK .

Since the goal of generator design should be to
reach a ratio p/pjqear as close as possible to 1, it
can be stated that the improvement of the elec-
trical contacts achieved through this work is close
to optimal. However, there is still room for
improvement by optimizing the thermal contacts.
Moreover, since this work focused only on the
influence of the assembly process on the perfor-
mance of the prototype, further performance
enhancement could be obtained through geometri-
cal optimization.

Selection of the Joining Process

After the selection of the appropriate metal elec-
trode (thermal expansion matching, chemical and
mechanical stability at working temperature, etc.),
this global study can be used to define the selection
procedure of a joining process for new thermoelectric
materials. A flowchart for this procedure is shown in
Fig. 13, comprising the following steps:

1. To select a joining process that leads to a
good metallurgical bond, good wetting and a
thin reaction layer should appear during join-
ing, although diffusion at the working temper-
ature must be avoided. Basic principles of
physical chemistry and metallurgy compiled in
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Select a joining process [

Is there a small
reaction layer
appearing
during joining
but no diffusion
at working
temperature?

Perform a joining test on a single leg
and measure the contact resistivity

Optimise
assembly
conditions

The
performances
estimated by

the model meet

the
requirements?

Validate it through the realisation of
a multicouple prototype

Fig. 13. Flowchart of selection of joining technique for high-
performance TEGs.

tools such as phase diagrams, chemical affinity
values, and microstructural characterization of
the joint interface are the first required steps.

2. To perform a joining test, tests on single-leg
samples should be used to determine joining
conditions that lead to low electrical contact
resistivity. A measurement setup for electrical
contact characterization is required, as well as a
model to estimate the performance.

3. To assemble a multicouple working proto-
type, the prototype should validate the upscal-
ing of the joining technique, considering

manufacturing and performance issues. The
prototype should be fully characterized in terms
of thermal and electrical contacts and perfor-
mance.

It is mandatory that these different steps be fully
completed to validate the choice of a joining process
for development of thermoelectric generators using
new thermoelectric materials. Therefore, the whole
selection process should be taken into account when
developing a joining process. Indeed, choosing a
process that does not complete the three steps will
definitely not lead to a high-performance generator.
Such a choice is clearly illustrated by the silver glue
example in this study, where no metallurgical bond
occurred, leading to poor performance. In contrast, a
good joining technique leading to good contact on
single-leg samples could be developed, but fail to
pass the upscaling stage towards the prototype
assembly step by being too complex.

CONCLUSIONS

Thermoelectricity is a promising technology to
change the way low-grade heat is considered. How-
ever, there is still room for improvement to bring
this technology closer to real applications. In par-
ticular, thermal and electrical contacts should be
minimized in TEGs to make full use of the potential
of thermoelectric materials. A global assessment of
these contacts is proposed herein.

The first-order lumped model described in this
work allows easy estimation of the electrical power of
aTEG considering the thermal and electrical contact
resistivities. This model was used to highlight the
influence of the contact resistivities on the electrical
power density. The results show that these must be
minimized to maximize the power density.

Based on the Fe,VAI thermoelectric compound, a
global analysis of the metal-to-thermoelectric mate-
rial assembly was carried out. This analysis showed
that assembly techniques leading to a reaction layer
between the metal and thermoelectric material gave
the lowest electrical contact resistivities.

Using these assembly techniques, several TEG
prototypes were manufactured and characterized.
The power density of the prototypes increased
dramatically when using the best assembly tech-
niques (by a factor of 4000 from the silver glue to the
diffusion-bonded copper technique). Furthermore,
these Fe;VAl-based TEGs using the off-stoichiomet-
ric doping route are competitive with Si/Ti-doped
prototypes®® with power density above 500 W m 2
for a temperature difference of 200 K.

Future work should focus on simultaneous min-
imization of thermal and electrical contact resistiv-
ities in parallel with development of high-
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performance, low-cost, and easily manufacturable
thermoelectric materials. The selection process
resulting from this study provides a simple and
powerful tool to speed up such development.
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