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Mg,Si thermoelectric (TE) elements and modules were fabricated using a
commercial polycrystalline Mgs,Si source. A monobloc plasma-activated sin-
tering technique was used to fabricate the TE elements and Ni electrodes. The
TE modules were composed of n-type Mg,Si, using pin—fin structure elements,
in order to achieve simple assembly and to realize stable operation at a tem-
perature of ~800 K. The dimensions of each pin—fin element were
42 mm x 4.2 mm x 9.8 mm, and the TE module comprised nine pin—fin
elements connected in series. The output characteristics of the pin—fin ele-
ments and the TE module were evaluated at temperature differences, AT,
ranging from 100 K to 500 K. The observed values of open-circuit voltage
(Voc) and output power (P) of a single pin—fin element were 98.7 mV and
50.9 mW, respectively, at the maximum AT of 500 K. The maximum V¢ and
P values for the TE module were 588 mV and 174.3 mW, respectively, at
AT = 500 K.
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INTRODUCTION

The relentless increase in the concentration of
atmospheric CO, due to the increase in energy
generation using fossil fuels is accelerating global
warming.! In attempts to alleviate this problem,
solar and wind power have already been turned to
practical use. However, integration of these new
energy generation systems has been slow and pro-
tracted. Thus, improving the potential conversion
efficiency of conventional power generation is still
an important issue. Thermoelectric (TE) power
generation, i.e., direct energy conversion from heat
to electrical power, can contribute to improving
the potential conversion efficiency of existing
power generators.? So far, there are only a few
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commercially available TE generators, such as, for
example, the Bi-Te system. However the Bi-Te TE
module is unsuitable for use at temperatures much
above 400 K> and its constituent elements are
toxic. On the other hand, magnesium silicide
(Mg,Si) has been identified as a promising advanced
TE material, operating at temperatures ranging
from 500 K to 800 K. Its properties, such as being
an environmentally benign material, the abundance
of its constituent elements in the Earth’s crust, and
the nontoxicity of its processing by-products, make
Mg,Si an attractive material for TE generation.*™’
Moreover, the dimensionless figure of merit, ZT,
characterizing the efficiency of a TE material, for
n-type Mg,Si has already reached ~1.0 at 873 K.®
Although a large number of studies have been done
on the TE characteristics of Mg,Si,”** the output
characteristics of Mg,Si TE elements and modules
have not been sufficiently investigated.
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When TE power generation is applied to large-
scale systems, both the output voltage and the out-
put current of the modules need to be configured by
combining the elements in the modules in both
series and parallel connections. Connecting ele-
ments in parallel offers a fail-safe composition for
the module, because, even if one element is dam-
aged, the output from the module might not be
completely lost. In this study, a pin—fin structure TE
element was developed as a means of electrically
connecting elements in parallel. For the formation
of a module with uni-leg structure, this structure
offers simple assembly and suppresses the increase
in the connecting regions, resulting in a decrease in
the internal resistance of the module, because this
element comprises a structure where one side of
several pins is connected internally. Additionally,
this structure has a fail-safe composition. Even if
one pin of the element cracks, the crack cannot
spread to the other pins, because each pin is sepa-
rated by slits.

Additionally, we have fabricated a uni-leg TE
module, composed only of n-type Mg,Si, using nine
pin—fin structure TE elements. Compared with the
conventional zn-structure TE module, which com-
prises both p- and n-type TE elements, the uni-leg
structure reduces the problems associated with
thermal expansion differences between p- and
n-type TE elements at high temperature.'®

EXPERIMENTAL PROCEDURES

The starting material for the fabrication of the
Mg,Si TE devices was presynthesized polycrystal-
line undoped Mg,Si provided by Union Materials
Inc. This presynthesized MgySi was prepared from a
mixture containing granular Mg (99.95%) and
powdered Si (99.99999%) in stoichiometric ratio of
2:1 and was synthesized in an electric furnace. The
polycrystalline Mg,Si was ground into powder with
a particle size of 75 um or less. The powder was then
placed into a graphite die and sintered using an
ELENIX plasma-activated sintering (PAS) III-Es.
At the same time, Ni electrodes were formed on the
Mg,Si by employing a monobloc PAS technique,
performed at 1073 K for 2 min at a pressure of
29.4 MPa in Ar (0.06 MPa) atmosphere. Prior to
this research, as reported by Oguni et al.,'® at-
tempts were made to deposit Cu, Ti, and Ni elec-
trodes on Mg,Si by employing the same process
used in this experiment. However, it appeared that
Cu and Ti were unstable in the monobloc sintering
process. Therefore, we used Ni for the electrode
material in this work. The dimensions of the sin-
tered billet were 15 mm in diameter and 10 mm
thick. Pin—fin structure elements were cut from the
sintered billet using a wire saw. The shape of a pin—
fin element is shown in Fig. 1. The elements had a
42mm x 4.2 mm x 3.0 mm Mg,Si base, over
which four MgsSi pins, 6.8 mm tall with a square
cross-section of 2 mm x 2 mm, were arranged in a

Fig. 1. Pin—fin structure TE element.

Fig. 2. Uni-leg TE module, consisting of nine pin—fin structure TE
elements.

regular pattern. The width of the grooves between
each pin was 0.2 mm. The TE module, composed of
only n-type MgoSi, was fabricated using nine pin—
fin structure TE elements, each of which was con-
nected electrically in series using Ni terminals. The
Ni terminals connect the hot side of one element
with the cold side of its neighboring element. The
elements and Ni terminals were joined using silver
paste. The fabricated TE module is shown in Fig. 2.

The open-circuit voltage and TE power output
with the temperature difference, AT, ranging from
100 K to 500 K, were measured in air using a Union
Material UMTE-1000M. The top of the element
or module was heated by an electrically heated
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stainless-steel block, whereas the base was cooled
with an aluminum block. Heat to the heating block
was provided by an electrical heater at 473 K to
873 K, whereas the cooling block was maintained at
373 K by a combination of water cooling and elec-
trical heating. The output current and output power
were measured under closed-circuit conditions,
varying the value of the external load. The internal
resistance at room temperature of the elements and
the module were measured using an ADEX AX-222.
The Seebeck coefficient (S) and the electrical resis-
tivity (p) of the sintered samples were measured
over the temperature range from 350 K to 860 K
using ULVAC-RIKO ZEM-2 equipment. The thermal
conductivity (x) was measured over the temperature
range from 300 K to 873 K, employing a laser flash
method, using a ULVAC-RIKO TC-7000H.

RESULTS AND DISCUSSION

The temperature-dependent S values, p values, «
values, and the dimensionless figure of merit, ZT, of
sintered undoped MgySi are listed in Table I.
ZT = S*T/pk, is an index of TE performance and is
closely associated with the thermoelectric conver-
sion efficiency. The observed S values were negative
in the measured temperature range, indicating
n-type conductivity. The absolute value of S increased
from 136 uV/K at 373 K to 275 uV/K at 673 K and
then decreased to 234 uV/K at 873 K. On the other
hand, the p value increased from 7.81 x 10°° Q m
at 373K to 3.30 x 10 > Qm at 673 K and then
decreased to 2.09 x 107° Q m at 873 K. The thermal
conductivity decreased with increasing temperature.
The maximum ZT value was 0.62 at 873 K.

The fabricated elements are listed in Table II,
with the dimension or shape of the element, its

measured internal resistance, and its manufactur-
ing factor (MF). Samples E-a and E-b were 2 mm x
2mm x 10 mm and 4.2 mm x 4.2 mm x 10 mm,
respectively. These simply shaped elements were
fabricated for comparison with the pin—fin structure
element. For the pin—fin structure element, two
samples, PFE-a and PFE-b, with different internal
resistances were evaluated, because the elements
used for the TE module had various internal resis-
tances. These variations were induced during the
sintering process. Although all the samples were
sintered using the same sequence of controlled
temperature, a slight difference in the thickness of
the sintered billet was observed. It was found that
this slight difference in thickness caused a differ-
ence in density giving rise to a variation in internal
resistance. More accurate control of the sintering
process should solve this problem. The MF, defined
as MF = R;qeal/Rint, Where Rjgea 1s the theoretical
resistance of the element and R;,; is the actual
internal resistance, was introduced in order to
interpret the quality of our elements. As shown in
Table II, the MF reaches only ~25% for samples
E-a, E-b, and PFE-a, and 14% for sample PFE-b. In
actual devices there is a contact resistance R.ontact
between the TE material and the metal; thus,
the internal resistance R;,; is given by Rj, =
R;igeal + Reontact- Although the value of MF for sam-
ple PFE-b (14%) was lower than that of the other
samples, there was no remarkable difference
between samples E-a (26%), E-b (23%), and PFE-a
(24%). 1t appears that the value of MF for the pin—
fin structure element is little affected by the slit.
However, it is important that the value of MF be
improved in order to further improve the perfor-
mance of the element. It is well known that one such
improvement can be achieved by using material

Table I. TE properties of source material

Temperature Seebeck Electrical Thermal Dimensionless
(K) Coefficient (uV/K) Resistivity (Q m) Conductivity (W/mK) Figure of Merit
373 -136 7.81 x 107 7.13 0.12

473 -167 1.29 x 107° 5.51 0.19

573 —247 2.83 x 10°° 4.45 0.28

673 —-275 3.30 x 107° 4.10 0.38

773 —252 2.51 x 107° 3.98 0.49

873 —234 2.09 x 107° 3.67 0.62
Table II. List of measured elements

Sample Dimension/ Measured Internal MF
Name Shape Resistance of Elements at RT (mQ) at RT
E-a 2mm x 2 mm x 9.8 mm 76 0.26
E-b 4.2 mm x 4.2 mm x 9.8 mm 20 0.23
PFE-a Pin—fin element 20 0.24
PFE-b Pin—fin element 34 0.14
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Fig. 3. Measured and calculated open-circuit voltage of the Mg.Si
elements as a function of temperature difference, AT, ranging from
100 K to 500 K.

more suitable to MgySi for the electrodes. This
needs to be studied in a more systematic manner
using materials such as transition-metal silicides or
Ni-Cu alloy.

The measured open-circuit voltage, V¢, of each
sample with respect to temperature difference, AT,
ranging from 100 K to 500 K, is shown in Fig. 3,
together with the calculated value [Vogeanl- The
Vociean value is given by:

Th
Voc(eal) = S(T)dT,
where T3, is the hot-side temperature, T is the cold-
side temperature, and S is the measured Seebeck
coefficient. The highest measured Voc values for
samples E-a, E-b, PFE-a, and PFE-b were 95.8 mV,
94.0 mV, 98.7 mV, and 96.0 mV, respectively, at
AT = 500 K. When compared with the calculated
value, the measured V¢ values of all samples were
lower. When the temperature difference between
the heating and cooling blocks was 500 K, it was
estimated that there was a thermal loss of about
50 K between the heating block and the element.
Taking this thermal loss into consideration, the
measured V¢ values are in fair agreement with the
calculated one. The observed V¢ of the pin—fin
structure elements, samples PFE-a and PFE-b, at
AT = 500 K were slightly larger than that of the
simple element, sample E-b, at AT = 500 K. The
main reason may be that, for the pin—fin elements,
the cross-sectional area of the cold sides is larger
than those of the hot sides due to the slits. This may
give rise to a large temperature difference between
the hot and cold sides of the pin—fin element. How-
ever, optimization of the dimensions, such as the
width and depth of the grooves, the length and
thickness of the legs, and the dimensions of the
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Fig. 4. Measured output current of the Mg,Si elements as a function
of temperature difference, AT, ranging from 100 K to 500 K.

base, may improve the performance of the pin—fin
structure element. Also, using a thermal insulator
to prevent thermal radiation from the heat source to
the slits between each pin may be needed to improve
the performance of the pin—fin element.

The measured maximum output current (I,..)
and maximum output power (P..,) with a load
resistance for temperature differences, AT, ranging
from 100 K to 500 K are shown in Figs. 4 and 5,
respectively. The I,., and P... values of the
samples were estimated from the relationships
Imax = S(Th - Tc)/Zr and Pmax = I?naxr = ImaxVa
respectively, where P,., is the maximum output
power under the condition in which the external
resistance is the same as the resistance of the ele-
ment, r, and T}, and T, are the hot- and cold-side
temperatures, respectively. I,,.x and V are the out-
put current and output voltage, respectively, when
the output power is at its maximum. The measure-
ments of I, and P, .x were performed with the
load resistance, including the wiring resistance,
matched to the internal resistance of each element.
Comparing sample E-b with sample PFE-a, which
have almost identical size and internal resistance,
the measured I,,,,, value of sample PFE-a is greater
below AT =300 K. On the other hand, above
AT = 300 K, it is smaller. This is due to the fact that
the slope of the measured I,,,, for PFE-a (and PFE-
b) changes at AT = 300 K; however, the reason for
this is still unclear. For sample PFE-b, the mea-
sured I, value is lower than that of sample PFE-a.
This may be due to high internal resistance in
sample PFE-b. Although the values of MF and V¢
for samples E-a, E-b, and PFE-a are almost identi-
cal, the output current per unit area of sample E-a
is larger than those of the others. However, it must
be noted that, if sample E-a were to be used for the
module, the assembly would be more complex and
there might also be a loss of current due to increased
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Fig. 5. Measured output power of the Mg.Si elements as a function
of temperature difference, AT, ranging from 100 K to 500 K.

contact and terminal resistances. On the other
hand, although the pin—fin structure element has
slits, there is no remarkable difference in the values
of I,.x and Voc between samples PFE-a and E-b.
Therefore, there is an advantage in using the pin—
fin structure element for the module.

As shown in Fig. 5, the maximum output power,
P.ax, of the elements are 19.8 mW for sample E-a,
49.8 mW for sample E-b, 50.9 mW for sample PFE-
a, and 424 mW for sample PFE-b, all at
AT = 500 K. Although the highest output power per
unit area was observed for sample E-a, the TE
module discussed below was fabricated using the
pin—fin structure element. Using this has the
advantages of simpler assembly and lower electrical
resistance than would be the case with sample E-a,
and also has the advantage of a fail-safe composition
when compared with sample E-b.

A TE module composed of n-type MgsSi was fab-
ricated using pin—fin structure TE elements with
individual elements connected electrically in series
using Ni terminals. Table III shows the number of
elements, the total resistance of the elements, and
the internal resistance of the module. The total
resistance of the elements in the module is 275 mQ,
with the average internal resistance of the elements
being 30.6 mQ. The internal resistance of the mod-
ule is 320 mQ. Since the resistance of the Ni ter-
minals used to connect each element together is
about 9 mQ, about 36 mQ is due to the contact resis-
tance between the elements and the Ni terminals.
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Fig. 6. Output characteristics of the pin—fin structure module for
various temperature differences, AT.

This terminal and contact resistance has a delete-
rious effect on the module performance. Thus, it is
necessary to improve the means by which the
elements are connected if the value of MF is to be
improved.

Figure 6 shows the I-V characteristic and output
power of the module for various temperature dif-
ferences, AT, ranging from 100 K to 500 K. The I-V
characteristic of the module is linear over the
measured temperature range. The V¢ values in-
crease with increasing AT, and reach 588 mV at
AT = 500 K. The obtained maxima, I,,x and Py,
for the module are 563.6 mA and 174.3 mW,
respectively, at AT = 500 K. Although this perfor-
mance is inadequate for practical use, there is much
room for improvement in the quality of element, as
mentioned above, such as the development of better
electrode metals for Mg,Si and optimization of the
sintering process. Additionally, there is much room
for improvement in the module architecture, as
discussed below.

Figure 7 shows the open-circuit voltage of PFM/9,
which is given by dividing Voc by the number of
elements used in the module, for temperature dif-
ferences, AT, ranging from 100 K to 500 K. The
values of single pin—fin structure elements, PFE-a
and PFE-b, and the calculated one are also shown in
this figure to illustrate the effect of module assem-
bly on Voc. The measured V¢ of the single pin—fin
structures is about 85% of the calculated one, while
that of the module is about 57% of the calculated
one. Compared with the single pin—fin structure

Table III. Number of elements used for the TE module and resistances of the TE elements and module

Number of
Pin-Fin Elements

Sample
Name

Total Resistance
of Elements at RT (mQ)

Measured Resistance
of Module at RT (mQ)

PFM 9

275 320
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Fig. 7. Comparison of the open-circuit voltage between single
pin—fin elements and the TE module.

elements, the Vo of PFM/9 is considerably smaller.
The reduced V¢ values of the modules may mainly
be due to thermal conduction of the Ni terminals,
because the thermal resistance of the Mg,Si ele-
ment and the Ni terminal are about 70 K/W to
136 K/W (at 373 K to 873 K) and about 150 K/W to
211 K/'W (at 373 K to 873 K), respectively. This
thermal conduction in the Ni terminals reduces the
temperature difference between the hot and cold
sides of the module, because the terminals are used
to connect the hot side of one element with the cold
side of its neighboring element. This is one of the
important topics to consider when generating elec-
tric power from a uni-leg TE module. Another rea-
son for the reduction in V¢ values of the module
may be thermal radiation from the heat source to
the cold side of the module via the large gaps
between each element. In order to realize a high-
performance TE module, the means of connecting
each element of the uni-leg module must be further
refined to prevent thermal radiation and conduction
from the heat source.

The measured I, of the module, PFM, is plotted
against the temperature difference, AT, in Fig. 8,
together with those of the single pin—fin structure
elements, PFE-a and PFE-b. Compared with the
single pin—fin elements, the values of I, for the
module are smaller. The average internal resistance
of the elements in the module (30.6 mQ) is lower than
the internal resistance of the sample PFE-b (34 mQ).
Nevertheless, the I,,,,x value of the module is lower
than that of sample PFE-b. It would seem that the
resistance of the Ni terminals and the contact resis-
tance have resulted in a decrease in the output cur-
rent of the module. Another reason for this is that the
output voltage of each element used in the module is
smaller than that of a single pin—fin element.
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Fig. 8. Measured output current of samples PFE-a, PFE-b, and
PFM as a function of temperature difference, AT, ranging from 100 K
to 500 K.

CONCLUSIONS

TE elements composed of n-type Mg,Si were fab-
ricated using a commercial polycrystalline Mg,Si
source. A new device architecture, the pin—fin
structure, was used for the Mg,Si TE elements in a
uni-leg TE module, and the TE performance of both
the elements and the module was evaluated. The
observed values of the maximum output power of a
single pin—fin element and the module were
50.9 mW and 174.3 mW, respectively, at AT =
500 K. From this investigation, it was found that
the pin—fin structure is an effective architecture for
a TE device. However the performance of our
devices was greatly reduced due to electrical contact
resistance. Therefore, improvement of the contact
between the MgySi and the electrode is needed in
order to reduce contact resistance. With regard to
module performance, it was found that there were
large electrical and thermal losses. Therefore, it is
necessary to investigate the module architecture
thoroughly. However, this study also revealed
that the uni-leg TE module using pin—fin structure
elements can generate electricity at temperatures
as high as 873 K. We confirmed that Mg,Si and
this structure are promising candidates for TE
applications.
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