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n-Type In-filled CoSbs is a known skutterudite compound that has shown
promising thermoelectric (TE) properties resulting in high dimensionless
figure of merit values at elevated temperatures. Use in various waste heat
recovery applications will require survival and operation after exposure to
harsh thermal cycling environments. This research focused on uncovering the
thermal cycling effects on TE properties of n-type Ing2CosSbis and Ingo.
Ceg.15C045b15 skutterudite compositions as well as quantifying their temper-
ature-dependent structural properties (elastic modulus, shear modulus, and
Poisson’s ratio). It was observed that the Seebeck coefficient and resistivity
increased only slightly in the double-filled In,Ce skutterudite materials upon
thermal cycling. In the In-filled skutterudites the Seebeck -coefficient
remained approximately the same on thermal cycling, while the electrical
resistivity increased significantly after thermal cycling. Results also show that
the thermal conductivity marginally decreases in the case of In-filled skutt-
erudites, whereas the reduction is more pronounced in In,Ce-based skutter-
udite compounds. The possible reason for this kind of reduction can be
attributed to grain pinning effects due to formation of nanoinclusions. High-
temperature structural property measurements (i.e., Young’s modulus and
shear modulus) are also reported. The results show that these structural
properties decrease slowly as temperature increases and that the compounds
are structurally stable after numerous (up to 200) thermal cycles.
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INTRODUCTION

The efficiency of a thermoelectric (TE) material is
determined by its dimensionless figure of merit Z7T,
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which depends on the electronic and thermal prop-
erties of the compound as defined by the following
equation:

S2g

ZT = ,
Ae + AL

(D

where S is the Seebeck coefficient, ¢ is the electrical
conductivity, A, is the electronic thermal conduc-
tivity, Ay, is the lattice thermal conductivity, and T'is
absolute temperature. Researchers have reported
advanced TE materials demonstrating ZT values of
1.6 to 2.4, with at least some of these data occurring
at temperatures of 673 K to 973 K.'™'* Skutteru-
dites belong to the Im-3 space group, having a cubic
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Co,Sb,, R,Co,Sb;,

R2?*: Ba, Sr, Ca, Ag, Pd,

R3*: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, In, Sc

Fig. 1. Crystal structure of skutterudite compound with various filler
atoms in the void site.

crystal structure as shown in Fig. 1. The structure
consists of two voids which are large enough to
accommodate various elements of comparable
radius to the voids. Elements that can be inserted into
the voids are given in the list provided in Fig. 1. The
elements inserted into the crystal voids interact and
resonate with particular wavelengths of the thermal
phonon spectrum, thereby causing them to resonate
or “rattle” at that particular wavelength and, ulti-
mately, scatter the thermal phonon rather than
allowing it to transmit through the crystal. This
effect is responsible for the dramatic reduction of
thermal conductivity in filled skutterudites when
compared with the unfilled compounds. The more
elements that can be filled inside the crystal voids,
the more wavelengths or range of wavelengths that
can be impacted and scattered, further reducing the
lattice thermal conductivity. In addition to the rat-
tling effect, the filler atoms act as a donor impurity,
thereby enhancing the electronic properties. This
ultimately increases the ZT given by Eq. 1 of
skutterudite materials, which already have pre-
dominantly high power factors. In 2006, He et al.'®
reported TE properties of In,Co4Sb, with ZT values
of 1 at 600 K. Subsequently, Subramanian et al.
discovered even higher ZT values (1.2 at 600 K) in
double-filled skutterudite compositions containing
In and a rare earth including Ce.'® Recent work by
Li et al.'” has shown ZT values of 1.43 at 800 K for
Ing 2Ceg.15C04Sb1o fabricated using melt—quench—
anneal-spark plasma sintering methods; however,
no structural properties were presented in that
work. Biswas et al.'® also showed ZT values of 1.2 to
1.4 at 620 K for n-type Ing 2Ce,Co4Sb;s skutterudite
compounds where y = 0.1 to 0.17. The present work
is mainly focused on investigating and developing
n-type filled skutterudites, the fillers being mainly
In and a rare-earth atom such as Ce. The composi-
tions studied in this work were IngoCo4Sbis and
Ing 5Ceq 15C04Sb1s. It is recognized that TE proper-
ties (Seebeck coefficient, electrical resistivity, and
thermal conductivity) and structural properties
[Young’s modulus, Poisson’s ratio, and coefficient of
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thermal expansion (CTE)] are critical to transi-
tioning these promising materials into operating TE
devices. Consequently, this work simultaneously
characterized both the TE and structural properties
for these In,Ce-based skutterudite materials. In
addition to the new structural property data on
these materials, this work also characterized the
thermal cycling behavior of these materials in the
temperature range from 300 K to 625 K for the first
time.

EXPERIMENTAL PROCEDURES

All the compositions were synthesized by the
conventional solid-state reaction method. In, Co,
and Sb were mixed together in stoichiometric ratio
in a mortar and ground in air. The In-Co-Sb mixture
was reacted in a 5% Hy/Ny gas environment. The
sample was heated slowly and calcined in a furnace
at temperatures up to 675°C for ~40 h. Thus formed
In-Co-Sb sample was combined with Ce that was
weighed, mixed, and ground to form the proper
stoichiometry in an Ar-filled glove box. The In-Ce-
Co-Sb sample was reacted in a 5% Hy/Ny environ-
ment at up to 675°C for 24 h using predetermined
heating and cooling ramp rates. The resulting
sample was ground again, ball milled, and sintered
in a furnace at 675°C. The phase formation was
followed at each step by powder x-ray diffraction
(XRD) taken on Rigaku Miniflex-II by using Cu K,
radiation with a graphite monochromator. The
Seebeck coefficient and electrical resistivity mea-
surements were carried out on ZEM-3 (within an
error limit of 5%), and the thermal diffusivity
measurements (within an error limit of 10%) were
carried out on a Netzsch micro flash instrument.
Specific heat measurements were performed using a
Mettler differential scanning calorimeter.

This work also investigated and measured the
temperature-dependent shear modulus, G, Young’s
modulus, E, and Poisson’s ratio, v, of the Ingo.
Co4Sbio and IngoCeq 15C04Sb1o skutterudite mate-
rials up to 300°C. These measurements were
performed using techniques described by Migliori
and Sarrao'® in a specially designed high-tempera-
ture resonant ultrasound (RUS) system shown in
Fig. 2. This system was specially designed to per-
form the RUS measurement technique at tempera-
tures up to 400°C. This system and its sensing
transducers were checked and calibrated by mea-
suring a known fused quartz sample at tempera-
tures up to 90°C. The measured Young’s modulus
(E) and Poisson’s ratio (v) of the fused quartz sample
(v =0.156, E = 73.4 GPa) showed good agreement
with known literature and manufacturer values
(v=0.17, E =725 GPa). The skutterudite com-
pounds investigated here are isotropic materials
because of their basic cubic structure, and therefore
their structural properties, E, G, and v, are related
by the well-known relationship
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Fig. 2. High-temperature RUS chamber capable to 400°C.

E
C=5iy @

The RUS technique inputs a vibrational signal to
a rectangular parallelepiped sample as shown in
Fig. 2 and evaluates the output frequency spectrum
from the sample to determine the elastic coeffi-
cients, C1; and Cyy, through inverse analysis tech-
niques. These elastic coefficients are then used to
determine G, E, and v using

G =Cyy, 3
C44(3C11 —4Cyy)

E = , 4

Cri— Cax @

_ Cnp—2Cy )

' 2(C11 — Cya)’

Equations 3-5 were then used to establish the
measurement values that are presented in Fig. 6.
The output frequency spectrum and resonances
from the sample shifted (and new resonances were
created) as temperature increased in the testing.
These resonance frequency shifts and new reso-
nances were meticulously tracked to determine the
elastic coefficients, C1; and Cyy, as the temperature
increased. The uncertainties in the elastic modulus
and Poisson’s ratio in Fig. 6 were determined to be
4% and 6.5%, respectively.

The CTE up to 400°C determined in this work
matched well with values reported in previous work
by Biswas et al.'® These structural properties, G, E,
v, and CTE, at high temperatures are important in
successfully transitioning these and any TE mate-
rials into operating TE devices because they govern
the TE material and device component structural
stresses that develop in operating devices under
temperature differentials experienced in energy
recovery applications. The material properties at
high temperatures are crucial and necessary inputs
to structural finite-element analyses (FEA) that
quantify high structural stress levels in TE device

designs before fabrication. These properties and
FEA analyses are therefore crucial to identifying
material and device design parameters and char-
acteristics to minimize the structural stresses and
lead to successful TE devices that can survive the
inevitable stresses that develop.

RESULTS AND DISCUSSION

Research and development work included inves-
tigating thermal cycling effects on the TE properties
of several n-type In,Ce-based CosSb;, materials
from 323 K to 673 K (200 cycles) according to the
thermal cycling profile shown in Fig. 3. XRD pat-
terns of the compounds given in Fig. 4 indicated
single-phase formation, and the peaks were indexed
based on the Im-3 space group. The lattice param-
eters calculated using Le Bail fit agree well with the
reported values for the In,Ce-based skutterudite
compounds. It is clear from the XRD patterns that
the compound is stable and does not degrade after
thermal cycling.

Thermal Cycling Effects on the
Thermoelectric Properties

The Seebeck coefficients of the IngCo4Sbis and
Ing2Cep.15C04Sb1s compounds shown in Fig. 5a, e
indicate that electrons are the major charge carri-
ers, and the electrical resistivity plots shown in
Fig. 5b, f indicate degenerate semiconducting
behavior for both compounds. An additional reduc-
tion process was carried out after the thermal
cycling in the case of In,Ce-based skutterudite
compounds to make sure the surface was not oxi-
dized due to the high-temperature thermal envi-
ronments to which they were subjected. From
Fig. 5a, b it is clear that the Seebeck coefficient and
electrical resistivity of the Ing2Ceq 15C04Sb2 com-
pound remained largely the same (slight increase),
whereas the thermal conductivity in Fig. 5¢ shows
an enormous decrease after thermal cycling. This
ultimately increases the final ZT of the ther-
mally cycled samples from 0.89 to 0.95 as
shown in Fig. 5d. Other IngsCeq15C04Sbis and
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Fig. 4. XRD patterns of (a) Ing>C04Sbq, and (b) Ing 2Cep 15C04Sb;2.

Ing 2Ceq.1Co04Sb15 samples showed larger increases
in Seebeck coefficient and subsequent power factors
after thermal cycling, thereby creating a second
pathway for ZT enhancement.'® The Seebeck coef-
ficient and electrical resistivity of the Ing2Co4Sbqo

compound shown in Fig. 5e, f show a marginal
increase in the Seebeck coefficient but an enormous
increase in the electrical resistivity. The thermal
conductivity remains almost the same before and
after thermal cycling, as is evident from Fig. 5g. The
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Fig. 5. Thermal cycling effect on TE properties of (a—d) Ing>Ceq 15C04Sb12 and (e—h) Ing 2C0o4Sbo.
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final result is that the ZT decreases in the Ingo.
Co4Sb12 compound from ~0.9 to ~0.85 after thermal
cycling. Additional samples of IngCo4Sbys also
showed only small or no effects on thermal con-
ductivity after thermal cycling.

The increase in ZT of the Ing2Ceq15C04Sbqg
compound is due to the significant reduction in the
thermal conductivity values, which can be attrib-
uted to the grain boundary effects known in these
compounds. Though the exact reason is not clear
now and further experiments are being carried out
to explain the behavior, the following hypothesis
can be a plausible reason for the observed thermal
conductivity reduction: Some of the filler atoms, in
this case Ce, being loosely bound, can possibly come
out of the crystal structure void site shown in Fig. 1
due to the rapid thermal stresses and form an oxide,
such as CeO,, at the grain boundaries. The CeO,
thus formed can act as nanoinclusions at the grain
boundaries and further scatter the thermal pho-
nons, bringing about a significant reduction in the
lattice thermal conductivity. Similar observations
were found in Ybg2Co4Sb1o/YboO3 composite by
Zhao et al.,?° wherein the lattice thermal conduc-
tivity reduced while the power factor remained
almost the same.

In the case of Iny2Co4Sb;s, a similar process can
be thought of as occurring, but due to the lesser
tendency of indium to form an oxide (lesser affinity
for oxygen) when compared with Ce, the formation
of an oxide composite is difficult. This ultimately
retains the lattice thermal conductivity even after
thermal cycling, thereby not affecting the overall
thermal conductivity. Since the electrical resistivity
(Fig. 5f) increases enormously after thermal cycling,
the power factor decreases, thereby ultimately
reducing the overall ZT by a small extent.

High-Temperature Structural Properties

Past work with these IngoCo4Sbis and Ingo.
Ce.15C04Sb1o skutterudite materials has shown
that they are structurally stable durin% the thermal
cycling processes discussed above.'® Additional
high-temperature RUS experimental work was
carried out for the first time to measure the struc-
tural properties at high temperatures up to 300°C,
which adds to the structural property database of
these skutterudite materials. Figure 6a, b, and c
show the resulting temperature-dependent shear
modulus, G, Young’s modulus, E, and Poisson’s
ratio, v, of the Inotho4Sb12 and In0.2060.15CO4Sb12
skutterudite samples, respectively.

The shear modulus of the two materials, Ingo.
Cep.15C04Sb1s and Ing 2Co,Sbqs, generally shows a
slow decrease from room temperature to 300°C,
with the magnitude of the Ing 2Co4Sb;5 shear mod-
ulus being slightly higher than that of Ings.
Ceg.15C045Sb1s throughout this temperature range.
The Young’s modulus (i.e., elastic modulus) of the
two materials, Ing 2Ceq 15C04Sb12 and Ing 2Co4Sbqs,
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generally exhibited a slightly larger percentage-
wise decrease from room temperature to 300°C than
the shear modulus. Additionally, the magnitude of
the Ing2Co4Sbis Young’s modulus was slightly
higher than that of IngCeg 15C04Sbis throughout
the temperature range. The Young’s moduli for both
of these skutterudite materials are slightly lower
than the Young’s modulus of Bag ¢g5Ybg 2C04Sb;5 and
Ceg.s5Fes 5Co.55b1s skutterudite materials
(~133 GPa to 136 GPa) and higher than that for
lead antimony silver telluride (LAST) and lead
antimony silver tin telluride (LASTT) materials
(~46 GPa to 55 GPa).?! These new structural
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properties will be crucial in helping to evaluate
structural stresses, develop stress-reducing design
techniques, and transition these skutterudites into
future operating TE devices.

CONCLUSIONS

Thermal cycling effects were carried out in the
present study on two skutterudite material systems,
viz. Ino'ch4Sb12 and IDO.2CEO.15CO4Sb12. It was
found that thermal cycling enhances the ZT of the
In,Ce-based skutterudite whereas the ZT in
the Ing 5Co4Sb;5 compound reduces marginally. The
reason for the enhancement of ZT in the In,Ce-
based skutterudite is predominantly due to the
enormous reduction in thermal conductivity after
thermal cycling, which in turn can be attributed to
grain boundary effects. Due to the high-temperature
thermal environments, the In,Ce-based skutteru-
dite can form cerium oxide inclusions at grain
boundaries, which helps in effectively scattering
thermal phonons within the crystal. Similar
oxide formation is not possible in the case of the
Ing 5Co4Sbio compound, and hence its thermal con-
ductivity remains nearly the same. Work with other
IDO.QCGO.15CO4Sb12 and IDO.QCGOJCOLLSle samples
showed larger increases in Seebeck coefficient and
subsequent power factors after thermal cycling,
thereby creating a second avenue for ZT enhance-
ment in these materials. New temperature-depen-
dent structural properties of the IngCo4Sbis and
Ing 2Ceg.15C04Sb12 compounds up to 300°C are pre-
sented, indicating that the shear and Young’s
moduli slowly decrease as temperature increases.
This new structural property information is just as
critical as the TE properties of these In, Ce-based
skutterudites in successfully transitioning these
materials into future operating TE devices. An ac-
tual couple will be built using these n-type filled
skutterudites and p-type lead antimony silver tin
telluride (LASTT) compounds to demonstrate a via-
ble commercialization pathway for these materials.
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