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Filled skutterudite is a promising material for thermoelectric power genera-
tion because its ZT value is relatively high. However, mass production of high-
performance thermoelectric materials remains a challenge. This study focused
on the sintering process of thermoelectric materials. Large-diameter n-type
(Yb or La, Ca, Al, Ga, In)q s(Co, Fe),Sb;o skutterudite sintering bodies with a
small thickness were successfully produced by the spark plasma sintering
(SPS) method. When direct current flows through the thermoelectric sintering
body during the SPS pulse, the Peltier effect causes a temperature difference
within the sintering body. To eliminate the Peltier effect, an electrical insu-
lating material was inserted between the punch (electrode) and the sintering
body. In this way, an n-type La-filled skutterudite sample with a diameter of
200 mm, thickness of 21 mm, and weight of 5 kg was successfully produced.
The thermoelectric properties and microstructures of the sample were almost
the same throughout the whole sintering body, and the dimensionless figure of

merit reached 1.0 at 773 K.

Key words: Mass production, skutterudite, thermoelectric performance,

spark plasma sintering

INTRODUCTION

Utilization of the large amount of thermal energy
lost to the air as waste heat is a significant problem
to be solved. Thermoelectric (TE) devices can
directly convert thermal energy to electrical energy,
thereby providing a way to effectively utilize waste
heat. In addition, TE devices have no moving parts
to cause noise or abrasion, so TE power generation
systems are expected to offer long durability and
high reliability.

Skutterudite materials are considered one of the
best materials for power generation at intermediate
temperatures owing to their promising TE proper-
ties.'™ The TE performance of a material is evalu-
ated by the dimensionless figure-of-merit ZT = T'S?/
pk, where S is the Seebeck coefficient, p the
electrical resistivity, x the thermal conductivity,
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and T the absolute temperature. The larger the ZT
value, the higher the energy conversion efficiency.
Since Caillat et al.’ reported excellent TE perfor-
mance for skutterudites, these materials have
attracted considerable attention as promising new
TE materials. The skutterudite structure contains
one large void in each cell. Filled skutterudites can
be obtained by inserting heavy metal atoms into the
voids. Because filling atoms can provide electrons,
the optimum electron concentration can be obtained
experimentally. Meanwhile, the filling atoms also
act as phonon scattering centers to decrease the
lattice thermal conductivity. Therefore, the ZT
value of filled-skutterudite materials can be greatly
improved.* Large ZT values have been reported in
the literature’” and we confirmed that the ZT
values of p/n-type skutterudites reached p-
ZT = 0.75 and n-ZT = 1.0,>° and their TE perfor-
mance did not degrade after annealing at 600°C for
5000 h under vacuum.®
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Compared to studies on the materials, research on
mass production of TE materials, which poses a
challenge, has been reported less frequently. Zheng
et al.'! recently reported the fabrication of large-size
Bi;Tes-based ingots with diameters of 30 mm,
40 mm, and 60 mm, and they discussed the prepa-
ration of homogenous ingots. Here, we report
another method to produce large sintering samples
by spark plasma sintering (SPS).

EXPERIMENTAL PROCEDURES

Raw materials such as pure metals and/or alloys
of n-type (Yb or La, Ca, Al, Ga, In)yg(Co, Fe)4Sb;o
skutterudites were melted in crucibles at tempera-
tures above 1000°C and then atomized into fine
powders. X-ray diffraction analysis demonstrated
that these fine powders were not a single skutteru-
dite phase but a mixture of (Co, Fe)Sbs, (Co, Fe)Sb,
Sb and skutterudite. The atomized powders were
further sintered into bodies with diameters of
30 mm (for lab scale samples) to 200 mm (for scaled
up samples) by SPS at temperatures between 700°C
and 750°C, pressures below 40 MPa, and holding
times between 20 min and 60 min. Figure 1 shows
the configuration of the SPS equipment used in this
experiment. The sintering temperature was con-
trolled by a thermocouple, which was set at the
center of the upper carbon punch 25 mm away from
its bottom side. The opposite position’s temperature
was measured at the lower carbon punch. The
configuration is the same as that of commercial SPS
equipment; there were no external heaters, and no
specially shaped carbon dies or fiber-reinforced
molds were used. In the setup shown in Fig. 1, mica
was used as the electrical insulating material. This
insulator was only used to fabricate thick sintering
bodies, such as those with a thickness of 21 mm.
The electrical insulating material layers can pre-
vent the Peltier effect from occurring in the sinter-
ing body so that the temperature difference between
the top and bottom sides of the sintering body can be
kept as small as possible. Instead of mica, other
electrical insulating materials such as SizNy, Al;Os3,
and AIN can also prevent the Peltier effect.

The sintering bodies were cut into disks 10 mm in
diameter and 1 mm in thickness and into prisms
with dimensions of 2 x 2 x 15 mm® to evaluate
their TE performance. Measurements of their See-
beck coefficients and electrical resistivity were
simultaneously carried out from room temperature
to 600°C in a helium atmosphere with a ZEM-2
apparatus (ADVANCE RIKO, Inc.). The thermal
diffusivity was evaluated by a laser flash method
(TC-7000, ADVANCE RIKO, Inc.), and the specific
heat capacity was measured with a differential
scanning calorimeter. The dimensionless figure of
merit (ZT) was calculated based on the above
measurements. The microstructures of the samples
were observed and analyzed by scanning electron
microscopy (SEM).
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Fig. 1. Configuration of SPS equipment. The sintering temperature
was controlled by a thermocouple, which was set at the center of the
upper carbon punch 25 mm away from its bottom side. The opposite
position’s temperature was measured at the lower carbon punch.

Fig. 2. Photograph of the Yb-filled skutterudite sintering bodies with
diameters of 30 mm, 100 mm and 200 mm.

RESULTS AND DISCUSSION

Optimizing Fabrication Conditions of 200 mm
Diameter Sintering Bodies Without Using an
Insulator in SPS

The sintering conditions of 200 mm diameter
sintering bodies were optimized using Yb- or La-
filled skutterudites. Figure 2 shows the sintered
samples of Yb-filled skutterudites with diameters of
30 mm, 100 mm, and 200 mm, which were fabri-
cated under the optimized conditions for their
respective diameters. No cracks or re-melting were
observed in any of the samples.

The suitable sintering conditions at the lab scale
for our n-type skutterudite materials were 700°C for
20 min. Sintering a 200 mm body under these
conditions resulted in lower ZT value at the outer
part of the sintered bodies due to their lower density
in that region, which was caused by the low
sintering temperature of the outer part. The densi-
ties of the inner and outer parts of 200 mm body
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Fig. 3. Back scattering electron images of Yb-filled skutterudite sintering body with a diameter of 200 mm. (a) and (b) are the microstructures of non-
homogeneous sintering body, (c) and (d) are those of homogeneous sintering body. The densities of (a)—(d) are 7.54 g cm~3, 6.78 g cm~2,
7.66 g cm~3, and 7.67 g cm~>, respectively. The marked areas show disjointed grain boundaries.
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Fig. 5. The temperature difference between the top and bottom of

Fig. 4. The temperature difference between the top and bottom of the sintering body when the insulator was used.

the 200 mm diameter sintering body with thicknesses of 4 mm and
10 mm.

dies. Because the heat capacity of a die increases

3 with its size, the uniform heating conditions also

were 7.54 gem® and 6.78 g cm 3, respectively.

However, preparing 200 mm diameter sintering
bodies under conditions similar to those of the small
lab-scale sample is difficult. When the diameter of a
sintering body becomes larger, so do the sintering

change. Obtaining a high-density and homogeneous
sintering body is critical for fabricating a 200 mm
diameter sintering body. Taking into account the
change in the heat -capacity, the sintering
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temperature and time for the 200 mm diameter
sintering body were selected to be 750°C and
60 min, respectively. Under these sintering

Fig. 6. Photograph of the La-filled skutterudite sintering body with a
diameter of 200 mm, thickness of 21 mm and weight of 5 kg.
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conditions, the temperature difference between the
center and outer part of the sintering body with a
diameter of 200 mm and a thickness of 4 mm was
less than 10°C, and uniform density and TE prop-
erties were obtained within the whole sintering
body, resulting in ZT = 0.94.

The microstructures of these sintered samples
were observed by backscattering electron micro-
scopy. As shown in Fig. 3, when the sintering
conditions were not proper, disjointed grain bound-
aries existed in the outer part of the 200 mm
diameter sample. After the sintering conditions
were optimized, the disjointed grain boundaries of
the outer part decreased, and the density increased
to 7.67 g cm 3. This result is consistent with the
relationship between the density and TE perfor-
mance, i.e., the higher the density, the better the TE
performance. For the Yb-filled skutterudite, we
obtained a 200 mm diameter sintering body with a
homogenous density, uniform TE properties, and
ZT = 0.94.
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Fig. 7. The temperature dependence of (a) the electrical resistivity, (b) the Seebeck coefficient, (c) the thermal diffusivity and (d) ZT of the n-type

La-filled skutterudite sintering body with the size of &J200 — t 21 mm.
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Further Scaling Up the Sintering Body Size
Using an Insulator in SPS

For large-thickness sintering bodies, obtaining a
homogenous TE performance within the sintering
body is difficult. A temperature difference often
exists between the top and bottom sides of the
sintering body. Figure 4 shows the temperature
difference between the top and bottom of the
200 mm diameter sintering body with thicknesses
of 4 mm and 10 mm. The temperature difference
increased with the thickness. When the thickness
was as large as 20 mm, the temperature difference
was too large to obtain a homogenous sintering
body. On the other hand, during the sintering of a p-
type material, this temperature difference was
reversed. The temperature difference is caused by
the Peltier effect when direct current flows through
the TE sintering body during the SPS pulse. The
better the TE performance of the sintering material,
the larger would be the temperature difference. The
Peltier effect during sintering of TE materials is an
unavoidable problem for direct current SPS systems
that is difficult to solve by changing only the
sintering conditions. To eliminate the Peltier effect,
thin layers of mica, an electrical insulating mate-
rial, were inserted between the punch (electrode)
and the sintering, body as shown in Fig. 1, so that
the pulsed direct current could not flow directly
through the TE sintering body. Figure 5 shows the
temperature difference between the top and bottom
of the sintering body when the insulator was used.
The temperature difference between the top and
bottom of the sintering body disappeared, indicating

that the Peltier effect did not occur. At the same
time, the pulsed direct current flowed mainly
through the carbon dies, thereby heating the carbon
dies first, which in turn heated the sintering body.
Figure 6 shows a photograph of the La-filled skut-
terudite sintering body with a diameter of 200 mm,
thickness of 21 mm and weight of 5 kg. The tem-
perature dependence of the TE properties of the
200 — ¢ 21 mm sintering body is shown in Fig. 7.
The Seebeck coefficients, electrical resistivity, ther-
mal diffusivity and ZT of the large-size sintering
sample were almost the same within the whole
sintering body, including at the center, outside, top,
middle and bottom positions of the sintering body.
The microstructure of the (J200 — ¢ 21 mm sinter-
ing body is shown in Fig. 8. The disjointed grain
boundaries still existed within the sintering body.
However, compared with Fig. 3b (the sample with
inferior TE properties), the sintering body was
denser, and there were fewer disjointed grain
boundaries. These results indicate that the
200 — ¢ 21 mm sintering body was homogeneously
fabricated. Its ZT value reached 1.0.

CONCLUSIONS

Electrical insulation material layers were
inserted at the interfaces between the punches
(electrode) and the sintering body to prevent the
Peltier effect, i.e., a temperature difference occur-
ring between the top and bottom sides of the
sintering body. In this way, an n-type La-filled
skutterudite sample with a diameter of 200 mm, a
thickness of 21 mm, and a weight of 5 kg was
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successfully fabricated by SPS. The TE properties
and microstructures of the sample were almost the
same throughout the whole sintering body, and the
ZT value reached 1.0 at 773 K.
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