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Power generation performance of a thermoelectric module consisting of the
Heusler Feo, VAL alloy was evaluated. For construction of the module, W-doped
Fey VAL alloys were prepared using powder metallurgy process. Power gener-
ation tests of the module consisting of 18 pairs of p—n junctions were conducted
on a heat source of 373—673 K in vacuum. The reduction of thermal conduc-
tivity and improvement of thermoelectric figure of merit by W-doping
enhanced the conversion efficiency and the output power. High output power
density of 0.7 W/cm? was obtained by virtue of the high thermoelectric power
factor of the Heusler alloy. The module exhibited good durability, and the
relatively high output power was maintained after temperature cycling test in

air.
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INTRODUCTION

Thermoelectric devices have recently attracted
renewed interest for their potential application in
clean energy-conversion systems. Especially, vast
amounts of low-temperature waste heat, such as
that less than 600 K, are targeted for thermoelectric
power generation because such low-temperature
heat energy is difficult to reuse with other energy
conversion systems. The conversion efficiency of a
thermoelectric device depends mainly on the mate-
rial’s thermoelectric properties, which are evaluated
using the thermoelectric figure of merit Z (=8%px,
where S is the Seebeck coefficient, p is the electrical
resistivity, and «k is the thermal conductivity). A
Bi-Te system is one of the major materials for use in
low-temperature thermoelectric devices.! Although
the Bi-Te thermoelectric device has good energy
conversion efficiency, it seems to have run into dif-
ficulty for widespread use because of the higher cost
and the limited supply of raw materials. In addition,
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the low resistance to oxidation and the poor
mechanical strength of Bi-Te alloy make the con-
struction of a durable thermoelectric device difficult.

A Heusler alloy, Fe,VAL, is a promising candidate
for thermoelectric power generation near room
temperature because of its high power factor PF
(=S%/p), such as 5.4 mW/mK? at 300 K.2 In a Fe,VAL
system, the enhancement of PF and the control of
conduction type can be realized simultaneously by
partial element substitution, such as Si for the Al
site for n-type and Ti for the V site for p-type.??
Therefore, a thermoelectric module consisting only
of the Fe,VAI system can be fabricated.* Further-
more, because of its high mechanical strength and
excellent resistance to oxidation and corrosion, a
durable thermoelectric module can be fabricated
using this alloy. Moreover, the Heusler alloy com-
prises predominantly abundant chemical elements
such as Fe and Al and contains no toxic elements.
The high durability and abundance of the material
can be advantageous for the construction of reliable
thermoelectric devices. The widespread use of this
material for thermoelectric generation systems is
anticipated.
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An important shortcoming of the Fe,VAI alloy is
its high « of approximately 28 W/mK,® resulting in a
low Z wvalue. Consequently, its thermoelectric
energy conversion efficiency is much lower than
that of state-of-the-art thermoelectric materials.
Reduction of x is therefore necessary for practical
applications. In an earlier study, we fabricated
Fe;VAI material with reduced grain size, and dem-
onstrated that boundary scattering effectively
reduced «.° In addition, for further reduction of «,
we doped a heavy element of W into the Heusler
FeoVAIL structure to achieve a k reduction effect
within grains by the mass-difference scattering in
the crystal lattice.”® In this study, to verify the x
reduction effect on power generation performance, a
thermoelectric module consisting of W-doped Fes.
VAl sintered alloy was constructed, and its power
generation capacity was investigated.

EXPERIMENTAL

Sintered bulk materials of the W-doped Heusler
Fe,VAL alloy (W-FVA) were fabricated using a
powder metallurgical process. Alloy powders pre-
pared by mechanical alloying were sintered using
pulse-current sintering technique. Details of prep-
aration grocedures were described in previous
papers.® As reported in the previous paper, the
n-type FeoVAl alloy is obtainable by the electron-
dopmg effect resulting from W substitution for the V
site.” To obtain a p-type alloy for the construction of
thermoelectric module, holes were doped into the
W-substituted FeyVAl alloy by the additional Ti
substitution for the V site.® For the construction of
thermoelectric modules, bulk material having a
cubic-like shape with a typical size of 2 x 2 x 3 mm
was used. The cubic-like shaped sintered materials
were connected with a copper electrode. Details of
the process for producing a FeyVAI thermoelectric
module were described in a previous paper.*

The p of the sintered alloys was measured in a He
atmosphere between 350-750 K using a conven-
tional four-probe DC technique. S was calculated
from a plot of thermoelectric voltage against the
temperature difference. k was evaluated using the
laser flash method. The electricity-generating
capacity of the thermoelectric module consisting of
18 pairs of p—n junctions was measured by changing
the load resistance using an electronic load system
in vacuum. One side of the thermoelectric module
was heated using a heat source of 373-673 K and
the other side was cooled using a heat sink of 293 K.
Output power (P) was calculated from measured
output voltage (E) and current (I). Efficiency (1) is
defined from P and the heat flow from the cold side
of the module. Details of measurement system were
described in a previous paper.® The durability of the
thermoelectric module against temperature cycling
in the range of 330-573 K was evaluated in air. The
heating and cooling rate was 60 and 15 K/min,
respectively. The power generation capacity was

measured during 10 min holding at 573 K in each
temperature cycle.

RESULTS AND DISCUSSION

Figure 1 presents the temperature dependence of
S and p in the sintered alloys. The reported band-
structure calculations suggest that the Fe,VAl is a
semimetal with a steep pseudogap at the Fermi
level.1%!! Since the Fermi level lies around the bot-
tom of pseudogap, S produced by electrons and holes
are expected to nearly neutralize each other,
resulting in a small value of S of less than 30 uV/Kin
the non-substituted Fe;VAl alloy.?? A large negative
S value was obtained by the W substitution resulting
from the electron doping because the number of
valence electrons of W is greater than that of V. The
obtained S value in the W-substituted sample is as
high as that in the FeyVAlj ¢Sig 1, which has been
reported as a conventional n-type Heusler alloy.? For
the additionally Ti-substituted sample, the valence
electron density is reduced and the Fermi level can
be shifted from a conduction-band to a valence-band
because the number of valence electrons of Ti is
lower than that of V. As a result, S was changed to a
positive value. The S value in the sample with the
double substitution of W and Ti is as high as that in
the FeyV(gTig 1Al, which has been reported as a
conventional p-type Heusler alloy.?

The non-substituted Fe,;VAI exhibits a semicon-
ductor-like T' dependence of p over a wide temper-
ature range up to 1,200 K and its value reaches
3 mQcm at 2 K.'? Although p decreases with the
increase in T, its value is still as high as 1 mQcm at
300 K. Compared to the non-substituted Fey;VAl
alloy, the p value was reduced by the element sub-
stitution and its T dependence was changed to
metallic-like behavior as presented in Fig. 1. This
reduction of p can be explained simply by the car-
rier-doping effect achieved via the element substi-
tutions, as expected from the difference in the
nominal valence of V and substitution elements of
W and Ti. The reduced p values in the n-type and
p-type W-FVA are as low as that in the reported
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Fig. 1. T dependence of S and p in the n-type solo W-substituted
and in the p-type W and Ti-substituted Fe,VAI sintered alloy.
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carrier-doped Heusler Fey;VAI alloys, such as the
n-type FesVAlyoSip1 and p-type FeyVioTig AL%?
On the other hand, compared to the x value in the
conventional n-type Si-substituted and p-type
Ti-substituted Fe,VAl sintered alloy of 12 and
14 W/mK, respectively, the W-FVAs exhibit a much
lower x value of 7 W/mK at room temperature. This
great reduction of k without severe deterioration in
electrical properties contributed to the enhance-
ment of Z. Details of the W-substitution effects on
the thermoelectric properties of FesVAI alloy were
described in previous papers. "

The power generation capacity of the thermo-
electric module consisting of the W-FVA was eval-
uated. The power generation test was performed
using the thermoelectric module consisting of 18
pairs of p—n junction (Fig. 2). As depicted in Fig. 3,
E and P values increase with the increasing the
heat source temperature (7). The maximum out-
put power (Pn.,) at Ty =673 K reaches 2.1 W.
Because the heat-receiving area of this module is
about 1.7 x 1.7 ecm, the output power density is
estimated to be 0.7 W/ecm?, which is comparable to
that of the Bi-Te thermoelectric module. In addition,
n also increases with the increase of T'y and its value
reaches 1.4%. The results of the power generation
test are summarized in Table I.

Figure 4 shows comparisons of measurement
results and calculated n and P, from the ther-
moelectric properties of W-FVA. Measured values
are much lower than expected. Usually, one reason
accounting for the degradation in n and P,y is
interfacial electrical resistance between the ther-
moelectric element and electrode material, which
increases the internal resistance (R;) of the ther-
moelectric module and causes power loss. However,
the actual R; of 101.9 mQ calculated from the mea-
sured I dependence of E is almost identical to the
estimated R; of 100.4 mQ calculated from the p of W-
FVA. Therefore, the power loss by the interfacial
electrical resistance can be negligible in our module.
The other cause of the degradation of the results of
the power generation test is the thermal resistance
between the thermoelectric module and heat sour-
ces. For the power generation test, an insulating
1-mm-thick AIN plate was inserted between the
bare electrode thermoelectric module and the
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Fig. 2. Thermoelectric module consisting of 18 pairs of p-n
junctions.

metallic heat source or heat sink to prevent elec-
trical leakage. Although the thermal conductivity of
the AIN plate is relatively high, such as 195 W/mK,
and although thermal conductive paste was applied
between each solid part, the thermal resistance is
unavoidable even though 5 MPa pressure was
applied to enhance the thermal contacts, resulting
in a severe temperature drop between the heat
source (sink) and the thermoelectric element.
Actually, the estimated temperature difference at
the thermoelectric element (dT..), which is calcu-
lated from the open circuit voltage (Eoc) and S of
the sintered alloys, is much lower than the tem-
perature difference (dT) between the heat source
and heat sink as listed in Table I. Then, the gen-
eration power, which increases with the square of
dT, is considerably reduced. The thermal conduc-
tivity of the AIN plate and the constituent materials
of the heat source and heat sink is high compared to
the thermoelectric element. Therefore, the main
cause of the temperature drop is poor thermal con-
tact among the solid parts. Simple heat conduction
analysis shows that about 90% of the temperature
drop is attributable to the interfacial thermal
resistance. In addition, direct thermal radiation
from heat source to heat sink also caused the
reduction of power generation performance because
the distance between the hot side and cold side is as
small as 4 mm.

Measured 5 and P, of a thermoelectric module
consisting of the conventional Fe,VAl alloys of
n-type FesVAlyoSip; and p-type FeyVygTig 1Al
sintered alloy with the same configuration are
portrayed in Fig. 4. It is readily apparent that
improvement of the Z value by W-doping enhances
. In addition, the k reduction effect by the W-dop-
ing enhanced dT, thereby improving E and P. The
dT. in the W-FVA module is about 10 % larger
than that in the module consisting of the conven-
tional Fe,VAl sintered alloys without W-doping.
This effect contributes indirectly to  enhancement.

To evaluate the geometric effect on the power
generation performance, the element height (H)
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Fig. 3. E and P of the W-FVA thermoelectric module.
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Table I. The power generation capacity of the W-FVA thermoelectric module

T (K) dTes: (K) Eoc (V) Ppax (W) PMD (W/cm®) n (%)
373 70 0.24 0.15 0.05 0.5
473 145 0.53 0.71 0.25 1.0
573 215 0.78 1.49 0.51 1.3
673 275 0.93 2.12 0.73 14
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Fig. 4. n and P« of the thermoelectric module consisting of the
W-FVA and the conventional n-type Si-substituted and p-type
Ti-substituted Fe,VAI alloy. The estimated Py« and n of the W-FVA
thermoelectric module are also indicated.

dependence of y and P« at T = 673 Kis estimated
as presented in Fig. 5. For estimation, the module
configuration, except for the element height, was
fixed, and the interfacial thermal resistance esti-
mated from the above power generation test was
taken into account. 5 is enhanced by the increase of
H. This enhancement of 5 results from the increase of
dT at the thermoelectric element, resulting from the
increase of thermal resistance at the thermoelectric
element and the relative decrease in the interfacial
thermal resistance. At H = 20 mm, # of the W-FVA
thermoelectric module reaches 97 % of ideal , which
is calculated without the interfacial thermal resis-
tance effect. On the other hand, P, increases with
the decrease of H because of the reduction of elec-
trical resistance at the thermoelectric element. At
H =1 mm, P, of the W-FVA thermoelectric mod-
ule reaches 2.8 W, which corresponds to the power
density of 1.0 W/em?. It is particularly interesting
that the rate of increase in P, .4 in the conventional
Fey; VALl thermoelectric module by the decrease of H is
lower than that of the W-FVA thermoelectric module.
Moreover, P,,.x in the conventional Fe;VAl thermo-
electric module decreases with the decrease of H
below 2 mm. This degradation of P, results from
the higher x of the conventional FeyVAl alloy,
resulting in the lower dT at the thermoelectric ele-
ment. These results indicate that the reduction of k
by the W-doping improves both # and P,,., in prac-
tical thermoelectric power generation.

Fig. 5. Element height dependence of n and P of the thermo-
electric module consisting of W-FVA and the conventional n-type
Si-substituted and p-type Ti-substituted Fe,VAI alloy.
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Fig. 6. Ri, Eoc and Py of the W-FVA thermoelectric module under
temperature cycle test.

The power generation performance of the ther-
moelectric module against temperature cycling in
the range of 330-573 K was evaluated as presented
in Fig. 6. Through the 3,000 times (1,500 h) tem-
perature cycling, the R; value is almost constant.
This result suggests that the electrode joint and the
Fey, VAL alloy are highly resistant to rapid tempera-
ture change and oxidation in air at 573 K. On the
other hand, the P, value decreased gradually
because of the reduction of E. We suppose that the
decrease in E was mainly caused by the reduction of
dT at the thermoelectric element resulting from the
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increase of thermal resistance between the module
and heat source because the thermal conductive
paste is the most deteriorative material among the
power generation components. This temperature
cycling test is still ongoing and will continue until
10,000 cycles (5,000 h). The detailed investigation of
the cause of the reduction of E will be conducted
after the test.

CONCLUSIONS

A thermoelectric module consisting of W-doped
Heusler Fe,VAl sintered alloy was fabricated. The
reduction of x by the heavy element W-doping
improves both n and P when taking account of
practical interfacial thermal resistance. The power
density of 0.7 W/em? on the heat source of 673 K is
comparable to that of a state-of-the-art thermo-
electric module: 1 W/em? for a Bi-Te module.'® We
expect that the low-cost constituent element and the
high durability of the Heusler alloy will provide
many benefits in practical applications.
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