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This paper is devoted to investigating the microstructure and thermoelectric properties of Yb-filled skut-
terudite Yb0.1Co4Sb12 under a cyclic thermal loading from room temperature to 773 K. The results indicate
after 1000 cycles, the surface morphology changes dramatically, and clear grain boundaries appear on the
surface of the sample. The grain sizes of the sample change little after 1000 cycles, and the main phase is still
skutterudite; however, a trace amount of YbSb also exists. In addition, the electrical conductivity and
thermal conductivity decrease distinctly after 1000 cycles, but the absolute value of the Seebeck coefficient
increases a little. Consequently, the ZT value decreases slightly from 0.75 at 800 K before cycling to 0.69
after 1000 cycles. It indicates that the effect of the cyclic thermal loading on the ZT of the Yb0.1Co4Sb12
material is not distinct.
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1. Introduction

Thermoelectric (TE) conversion has received worldwide
attention for the applications in electric cooling, waste heat
recovery, and power generation (Ref 1-3). The conversion
efficiency and the reliability of TE devices are two major
concerns in their practical applications. The conversion effi-
ciency of TE devices is greatly related to the dimensionless
figure of merit, ZT = (a2r/j)T, where a, r, j, and T are the
Seebeck coefficient, electrical conductivity, thermal conductiv-
ity, and absolute temperature, respectively. In addition, once the
TE material of a device is selected, the reliability of the TE
material during serving time becomes another important issue.

Skutterudite compounds have attracted much attention in the
last decade as promising TE materials. One of the remarkable
features of skutterudites is that the guest atoms can be
introduced into their cage-like framework structure to form
the filled skutterudites, which are suggested as ‘‘phonon
glass/electron crystal’’ materials (Ref 4). The ‘‘rattling’’ motion
of the filled atoms can effectively scatter phonons and cause a
significant decrease in the lattice thermal conductivity. The rare
earths (Ref 5-7), alkali earths (Ref 8), and alkaline earths (Ref
9, 10) are often used as fillers, such as Yb, La, Ce, Ba, Eu. Of
the filler species above, Yb is considered as one of the most
effective fillers to get the lowest thermal conductivity
(Ref 11-16). Therefore, Yb-filled skutterudite TE material is

considered as one of the most suitable materials in the power
generation system. However, it is worth noticing that the
evolution of structure and thermal properties of Yb-filled
skutterudite under serving conditions has been scantily studied
so far.

In addition, it is generally known that when TE materials are
used for solar-electrical energy generation, the materials will
inevitably suffer cyclic thermal loading, because of diurnal
variation. Therefore, it is essential to evaluate the reliability of
TE materials under cyclic thermal loading. However, contin-
uous thermal load is usually selected as the thermal loading to
study the reliability of TE materials because it is easier to im-
plement. Zhao et al. (Ref 17) have studied the sublimation of
Sb in CoSb3 by a thermal duration test. In our earlier work, we
have investigated the effects of thermal annealing on the
microstructure and thermoelectric properties of nano-TiN/
Co4Sb11.5Te0.5 composites (Ref 18) and nanostructured CoSb3
(Ref 19).

In this study, we report on the evolution of the microstruc-
tures and thermoelectric properties of Yb-filled skutterudite
Yb0.1Co4Sb12 under cyclic thermal loading. As the highest
working temperature of the skutterudite-based TE device is
about 773 K, the thermal cycling experiment from room
temperature to 773 K was designed to simulate the service
condition.

2. Experiment

2.1 Thermal Cycling Experiment

Highly pure metals of Yb (99.999%, shot), Co (99.99%,
shot), and Sb(99.9999%, shot)were used as starting materials.
The constituent elements were weighed according to the
Yb0.1Co4Sb12 formula and then loaded into a carbon-coated
silica tube. The tube was then sealed under a pressure of
10�3 Pa. The silica ampoule was heated to 1273 K at rate of
2 K/min and kept at 1273 K for 24 h. After that the silica
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ampoule was quenched in a water bath. The obtained ingots
were ground into fine powder and pressed into cylindrical
pellets. The pellets were sealed in a silica tube again and
annealed at 948 K for 168 h to form a completely homoge-
neous crystallographic phase. The reacted materials were milled
into fine powder and sintered by spark plasma sintering (SPS)
under 40 MPa at 903 K for 7 min. As-prepared samples of
different sizes (e.g., 39 3910 mm3 and 89 891.5 mm3 for
measurement of electrical properties and thermal properties,
respectively) were cut from the sintered bulk material. After the
characterization of the microstructures and TE properties of the
as-prepared samples was finished, these as-prepared samples
were sealed into vacuum quartz tubes. The tubes were held at
773 K for 10 min in a constant temperature furnace. Then, the
tubes were taken out to cool down to room temperature. After
each five hundred cycles of each tube, the microstructures and
TE properties of the samples were characterized.

2.2 Measurement Methods

The microstructure was characterized by means of scanning
electron microscopy (SEM). The phase was characterized by
powder x-ray diffractometry (XRD). The density d was
measured by the Archimedes method. The electrical conduc-
tivity (r) and the Seebeck coefficient (a) were measured
synchronously by the standard four-probe method (Sinkuriko,
ZEM-1) in Ar atmosphere. The thermal conductivity (j) was
calculated from the measured thermal diffusivity D, the specific
heat Cp, and the density d by the relationship j = DCpd, where
D and Cp were measured by a laser flash method (Sinkuriko,
TC-7000) in vacuum. The r, a, D, and Cp were measured in the
temperature range of 300–800 K.

3. Results and Discussion

3.1 Structures

Figure 1 displays the cross section of the Yb0.1Co4Sb12 bulk
material after different thermal cycles. As can be seen, the grain
sizes of sample change little after 1000 cycles. It indicates that
the grain sizes of the Yb0.1Co4Sb12 bulk materials are
stable under the cyclic thermal loading. However, the surface
morphology changes dramatically as shown in Fig. 2. Before
thermal cycling, the sample�s surface is smooth. However, after

1000 cycles, clear grain boundaries appear, as shown in
Fig. 2(b). The change on surface morphology is due to the
volatilization of Sb (Ref 17, 20). The volatilization of Sb results
in the higher surface tension on the sample. When the surface
tension force reaches a critical value, cracks appear on the
sample�s surface (Ref 17).

Figure 3 shows x-ray diffraction patterns of the sample after
different cycles. It can be seen that the sample is composed of a
single-phase compound with a skutterudite structure before
cycling. After 1000 cycles, the major phase in the sample is still
skutterudite; however, a weak peak is observed in the x-ray
pattern of the sample, which is attributed to the characteristic
diffraction peak of YbSb. In addition, no evident peak shift for
the characteristic diffraction peaks of skutterudite is observed in
the x-ray pattern of the sample after thermal cycling, implying
that no serious strain exists in the sample after 1000 cycles. The
densities of the sample after different cycles are shown in
Table 1. After 1000 cycles, the density decreases by 3.3%. It is
attributed to the volatilization of Sb, which will lead to the
decrease in the sample�s mass and the increase in the sample�s
volume.

3.2 TE Properties

The temperature dependence of the electrical conductivity
for Yb0.1Co4Sb12 after different cycles is shown in Fig. 4(a). As
can be seen, the electrical conductivity of the sample decreases
with increasing temperature, which indicates a metallic trans-
port behavior. The decline in the electrical conductivity with
increasing temperature mainly originates from the enhancement
in the scattering effect of the carriers on the crystal lattice. After
thermal cycling, the electrical conductivity decreases obviously.
The value of the electrical conductivity at 300 K decreases by
15.5% after 1000 cycles, compared with that before cycling.
The reduction in the electrical conductivity with increasing
thermal cycles may be due to the following reasons. Firstly, the
reduction in the electrical conductivity may be attributed to the
higher porosity, and the relationship between the electrical
conductivity and the relative density can be described as (Ref
21):

r ¼ ð3C � 1Þ
2

rf ðEq 1Þ

where C is the relative density and rf is the theoretic electri-
cal conductivity. Secondly, the sublimation of Sb will give

Fig. 1 SEM images of the cross section of the sample at different cycles (a) before cycling and (b) 1000 cycles
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birth to the decrease in the carrier concentration of n-type
skutterudite, which also may result in the decline of the elec-
trical conductivity (Ref 17). Additionally, secondary precipi-
tates may enhance the scattering effect of the carriers (Ref
22).

The temperature dependence of the Seebeck coefficient for
Yb0.1Co4Sb12 after different cycles is shown in Fig. 4(b). The
sample shows n-type conduction with negative Seebeck
coefficient. The absolute value of the sample�s Seebeck
coefficient increases after thermal cycling compared to that
before cycling. The |a| of 143.7 lVK�1 for the sample at 300 K
before cycling increases to 150 lVK�1 for the sample after
1000 cycles. The increase in the Seebeck coefficient is
originated from the decrease in the carrier concentration (Ref
17) and the secondary precipitates (Ref 22). The higher
porosity plays little role on the Seebeck coefficient. The

effective Seebeck coefficient of a two-phase composite can be
expressed as (Ref 23):

a ¼ 6j aiDiih
1� 3 jiDiih ðEq 2Þ

with:

Di ¼
ri

ðji þ 2jÞðri þ 2rÞ ðEq 3Þ

where j and r are the effective thermal conductivity and the
electrical conductivity, respectively, which are given as fol-
lows:

ji � j
ji þ 2j

��
¼ 0 ðEq 4Þ

ri � r
ri þ 2r

��
¼ 0 ðEq 5Þ

where the subscript i denotes the i-th phase and Æ æ denotes
the volume average. For the porous phase, its thermal and
electrical conductivities can be taken as zero. Therefore, from
Eq 2, it can be concluded that the Seebeck coefficient of the
sample will not change because of the higher porosity.

The temperature dependence of the thermal conductivity for
Yb0.1Co4Sb12 after different cycles is shown in Fig. 4(c). The
lattice thermal conductivity jL is obtained by subtracting the
electronic component jC (jC = LrT, where L is Lorenz
constant, L = 2.459 10�8 V2 K�2) (Ref 24) from the total
thermal conductivity j. It can be concluded that the thermal
conductivity of the sample is mainly attributed to the lattice
contribution, as shown in Fig. 4(c). The j of 4.14 Wm�1 K�1

at 300 K for the sample before cycling decreases to
3.71 Wm�1 K�1 for the sample after 1000 cycles. On the one
hand, it is attributed to the enhancement of phonon scattering
induced by the secondary precipitates on the grain boundaries
(Ref 22). On the other hand, the higher porosity may lead to the
lower thermal conductivity, which can be interpreted by the
Maxwell-Eucken equation (Ref 25):

j ¼ j0
1� p

1þ bp
ðEq 6Þ

where p is the porosity, j0 is the bulk conductivity, and b is
a constant determined by the conditions of the pores.

Fig. 2 SEM images of the sample�s surface at different cycles (a) before cycling and (b) 1000 cycles

Fig. 3 X-ray diffraction patterns of the sample at different cycles

Table 1 Density and relative density of the sample at
different cycles

Cycle time 0 500 1000
Density (g/cm3) 7.45 7.36 7.2
Relative density (%) 98 96 94
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The temperature dependence of theZT value forYb0.1Co4Sb12
after different cycles is shown in Fig. 4(d). Comparedwith before
cycling, the change in theZTvalue is not distinct. TheZTof 0.75 at
800 K for the sample before cycling slightly decreases to 0.69
after 1000 cycles. It indicates that the effect of the cyclic thermal
loading on the ZT of the Yb0.1Co4Sb12 material is not distinct.

4. Conclusion

In this study, we report on the evolution of the microstruc-
tures and thermoelectric properties of Yb-filled skutterudite
Yb0.1Co4Sb12 under cyclic thermal loading from room temper-
ature to 773 K. Under cyclic thermal loadings, the grain sizes of
sample change little, but the surface morphology changes
dramatically, and clear grain boundaries appear. In addition, the
density decreases by 3.3% after 1000 cycles. The electrical
conductivity and the thermal conductivity decrease obviously
compared with those before cycling. However, the absolute
value of Seebeck coefficient increases slightly. The ZT value
decreases slightly from 0.75 at 800 K before cycling to 0.69
after 1000 cycles. It indicates that the effect of the cyclic thermal
loading on the ZT of the Yb0.1Co4Sb12 material is not distinct.
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