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a b s t r a c t

The thermal duration test of CoSb3 thermoelectric material was studied from 600 ◦C to 750 ◦C in vacuum.
The present work showed that the sublimation of antimony in CoSb3 material obeyed a parabolic law.
Effective activation energy for the sublimation of antimony in CoSb3 was estimated to be 44.5 kJ/mol.
SEM results showed that the grain-boundary crack appeared in the initial period of test and the crack
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gradually evolved into the micro-void after thermal duration test. During the thermal duration period,
the surface of CoSb3 became degraded seriously and some bubbles of gasified antimony appeared on the
samples. After thermal duration test of 16 days at 750 ◦C, thermoelectric performance of CoSb3 declined
obviously and ZT value decreased from 0.24 to 0.16 at 327 ◦C.

© 2010 Elsevier B.V. All rights reserved.

ublimation
oSb3

. Introduction

Thermoelectric (TE) conversion, as a reliable and static heat-
o-electricity conversion technique, has attracted worldwide
ttention for the applications in electronic cooling, waste heat
ecovery and special power generation [1–3]. The conversion
fficiency and reliability of TE device are two major issues in
evice design. The conversion efficiency is greatly related with
he figure-of-merit of TE materials and temperature difference.
herefore, once the TE material of device is selected, the relia-
ility of TE material during serving time becomes an important

ssue.
Doped or filled CoSb3-based skutterudite compounds have high

T values and are regarded as one of the promising materials
orking at intermediate temperature region [4–7]. Lu et al. [8]

ynthesized the p-type La0.5Ce0.5Fe3CoSb12 with nanostructure
ia the route of hydro/solvo-hot press and ZT value reached 0.82
t 773 K. Li et al. [9] prepared the n-type InxCeyCo4Sb12 with
ano-structured InSb phase by melt-quench-anneal-spark plasma
intering method and ZT of 1.43 was achieved at 800 K. Recently, Qiu

t al. [10] synthesized the p-type Ce0.2Co4Sb11.2Sn0.8 and achieved
igh TE properties through scattering broad range of phonons
ith different frequencies. Therefore, CoSb3-based thermoelec-

ric generator is considered as one of the most suitable power

∗ Corresponding author. Tel.: +86 531 88728308.
E-mail addresses: degangzhao@gmail.com, degang2008@163.com (D. Zhao).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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generation system in many different industries. However, CoSb3
material is vulnerable to be oxidized or sublimed in different
working conditions and the oxidation products can increase the
resistance and result in the degradation of TE properties. Further-
more, the sublimation products can diffuse or condense on the
thermal insulation materials and the cold-side of the unicouples,
which could result in the electrical short circuit. Therefore, it is
essential to evaluate the reliability of CoSb3-based materials under
different serving circumstances. So far, few studies on the relia-
bility evaluation of CoSb3 material were reported. Hara [11,12]
studied the surface oxidation of CoSb3 and found that two lay-
ers of oxidation products were formed; nevertheless the kinetic
analysis and oxidation mechanism of CoSb3 material were not pro-
vided. Leszczynski et al. [13] evaluated the thermal stability of
CoSb3 in air and determined its starting temperature of oxida-
tion. In our previous work, we investigated the oxidation behavior
of CoSb3 and discussed the related mechanism [14]. Accompa-
nying the recent progress in the CoSb3-based space power, it
is necessary to evaluate the reliability of CoSb3 working in vac-
uum.

In this study, we presented a detailed study on the subli-
mation behavior of Sb in CoSb3 during thermal duration test in
vacuum and reported some interesting results. As the CoSb3-

based space power generally works at about 500 ◦C, accelerated
thermal duration tests (600–750 ◦C) were carried out in the
research. Related sublimation behavior was attentively discussed.
The results are beneficial to the technological use of TE genera-
tor.

dx.doi.org/10.1016/j.jallcom.2010.11.204
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:degangzhao@gmail.com
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ig. 1. Weight change per unit area of CoSb3 material as a function of thermal
uration time from 600 ◦C to 750 ◦C.

. Experimental procedures

The CoSb3 ingots were prepared by melting the starting materials in vacuum-
ncapsulated quartz tube at 1080 ◦C followed by annealing at 600 ◦C for 150 h. The
esulting ingots were ground into powder and then sintered in a graphite die by
park plasma sintering (SPS) in vacuum at 590 ◦C under a pressure of 50 MPa for

00 s. The samples with the dimensions of ϕ10 × 3 mm were prepared from the
intered bulk CoSb3. Both surfaces were metallographically polished down to 1 �m
iamond paste and degreased in acetone before examination. Then the samples were
ealed in quartz tubes and heated at a rate of 200 ◦C/h in the furnace to the testing
emperature (600–750 ◦C). After keeping at the testing temperature for desired time
0–16 days), the samples were cooled to room temperature in furnace naturally.

Fig. 3. Surface images of CoSb3 after thermal duration test at 600
Fig. 2. Arrhenius plot of parabolic rate constant for sublimaton of Sb in CoSb3 from
600 ◦C to 750 ◦C.

The mass changes were calculated by the difference after and before the thermal
duration tests from an electronic balance with an accuracy of 0.1 mg. The surfaces
of CoSb3 samples were observed by scanning electron microscopy (SEM) and the
chemical composition was investigated by electron probe micro-analysis (EPMA,
JEOL, JXA-8100) with an energy dispersive spectroscopy (EDS) system. Disc-type
specimens with the dimensions of 10 mm (diameter) and 1 mm (thickness) were
prepared for thermal conductivity. Thermal conductivity was measured by a laser

flash method (NETZSCH, LFA427) in vacuum. The Hall coefficient RH was measured
at room temperature with a constant magnetic field of 1T. The carrier concentra-
tion n was determined using n = 1/RHe, where e is the elementary electron charge.
Parallelepiped specimens of dimensions 1.5 mm × 1.5 mm × 8 mm cut from the disc-
shaped sample were used for the measurements of Seebeck coefficient and electrical

◦C in vacuum for (a) 0 day, (b) 4 days, (c) 8 days, (d) 16 days.
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Fig. 4. Surface images of CoSb3 after thermal duration test a

onductivity, which were carried out by the standard four-probe method (ULVAC-
IKO, ZEM-2) in a flowing Ar atmosphere. All measurements were performed in a
emperature range of 27–527 ◦C.

. Results and discussion

.1. Sublimation kinetics

Fig. 1 shows the weight change per unit area of CoSb3 material
s a function of thermal duration time in the temperature range
rom 600 ◦C to 750 ◦C in vacuum. It can be observed that the weight
oss of CoSb3 material from 600 ◦C to 750 ◦C was in excellent agree-

ent with a parabolic rate law, which should be related with the
ublimation of antimony. In addition, the sublimation of Sb was
ore intensive at higher temperature. Generally the weight loss of

sothermal sublimation kinetics in the parabolic rule is expressed
s by a rate equation:

�m)2 = kp · t, (1)

here �m is the weight loss per unit area, kp the rate constant and
is the time [15,16]. And kp follows an Arrhenius relation of the

ype:

p = k0 exp
(

−Qeff

RT

)
, (2)

here Qeff could be reflected by the slope coefficient from the
n kp versus 1/T plot during sublimation. After calculation, it
as noted that the parabolic rate constant (kp) increased from
.7 × 10−12 g2 cm−4 s−1 at 600 ◦C to 24.6 × 10−12 g2 cm−4 s−1 at
50 ◦C, suggesting the sublimation of Sb was prone to occur at
igher temperature. Effective activation energy for the sublimation
f antimony in CoSb3 was calculated to be 44.5 kJ/mol, as shown
◦C in vacuum for (a) 0 day, (b) 4 days, (c) 8 days, (d) 16 days.

in Fig. 2. According to the definition of sublimation rate ks = �m/t,
the sublimation rate calculated is 1.5 × 10−5 g/cm2 h at 750 ◦C after
thermal duration test of 16 days, which is lower than that of Yb-
doped skutterudite under the same conditions [17]. The reason for
high sublimation rate of the latter is probably due to the combined
sublimation of Sb and Yb. The sublimation of antimony during ther-
mal duration test demonstrates that the sublimation suppression
for CoSb3 material is essential for industrial application.

3.2. Morphology, phase composition and sublimation mechanism

The surface morphology and phase composition of CoSb3 after
thermal duration test were analyzed by SEM and EDS. Fig. 3 shows
the surface images of CoSb3 after thermal duration test at 600 ◦C
in vacuum. It can be noted that grain-boundary crack appeared in
the initial period of test and the crack gradually evolved into the
micro-void after thermal duration test of 16 days. Similar results
were also observed on the CoSb3 samples after thermal duration
test at 650 ◦C and 700 ◦C. Furthermore, after thermal duration test at
750 ◦C, some polyhedron crystallites were precipitated in the grain
boundary and with the thermal duration time increasing, the poly-
hedron crystallites became coarser, just as shown in Fig. 4. With the
help of EDS, the polyhedron crystallites were analyzed to be anti-
mony, as shown in Figs. 5 and 6 presents the result of EPMA line
profiles from point A to B of the CoSb3 sample. It can be seen that
the concentration of antimony of inner grain was lower than that of
grain boundary, indicating the sublimation of antimony arose from

the grain boundary. During the thermal duration test, the sublima-
tion of antimony in CoSb3 sample can be expressed as the following
equation [18]:

CoSb3 = CoSb2 + Sb(g). (3)
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Fig. 5. (a) SEM of polyhedron crystallites, (b) EDS spectra.

The gasified antimony gradually diffused into the grain bound-
ry of CoSb3 sample and then the sublimation phenomenon
ccurred. After thermal duration test of 16 days, the surface of
oSb3 became degraded seriously and even appeared some bub-
les of gasified antimony, just as shown in Fig. 7. The formation of
ubble should be related with the pressure of gasified antimony.

s the thickness of bubble is thin, it can be regarded as thin film.
ssuming that the middle surface of bubble is a part of sphere, the
ressure of gasified antimony can be expressed as:

= nkT (4)

Fig. 7. Surface morphology of CoSb3 material after thermal dur
Fig. 6. (a) SEM image of antimony (b) EPMA line profiles from point A to B.

where n is density of molecular number, k boltzmann constant and
T is absolute temperature [19]. With the thermal duration time
prolonging, n value increased and the bubble of gasified antimony
grew gradually. According to the nonmomental theory, the stress

of bubble is

� = pR

2t
= nkTR

2t
(5)

ation test in vacuum for 16 days at (a) 600 ◦C, (b) 750 ◦C.
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here R is the radius of bubble and t is the time. It can be concluded
hat the surface tension depends closely on the sublimation rate of
b. The sublimation of Sb was more intensive under higher temper-
ture, resulting in the higher surface tension on the samples. When
he surface of CoSb3 samples cannot stand the stress resulting from
he gasified antimony, the bubble of gasified antimony cracked.

.3. Thermoelectric properties

As the sublimation of antimony changed the partial crystal
tructure and carrier concentration of CoSb3 materials, the TE prop-
rties of CoSb3 samples were definitely influenced. Fig. 8 is the XRD
atterns of CoSb3 after thermal duration test in vacuum for 16 days.

t can be noted that the diffraction peak of CoSb2 appeared after
hermal duration test at 600 ◦C and 650 ◦C for 16 days; meanwhile,
eflection from Sb was also observable after thermal duration test
t 750 ◦C and 700 ◦C for 16 days, which was in accord with the SEM
esults above. The change of phase composition has an important
nfluence on the TE properties of CoSb3. Fig. 9 shows the TE prop-
rties of CoSb3 material after thermal duration test in vacuum for
6 days. It can be seen that the electrical conductivity declined evi-
ently after thermal duration test in vacuum at 750 ◦C for 16 days
nd the electrical conductivity at room temperature decreased by

pproximately 32%, as shown in Fig. 9(a). The decrease in electrical
onductivity is considered to originate from the decline of carrier
oncentration due to the absence of Sb. The carrier concentration of
n-tested CoSb3 sample and tested sample (at 650 ◦C for 16 days)
as 2.8 × 1019 cm−3 and 1.9 × 1019 cm−3, respectively. After ther-

ig. 9. Thermoelectric properties of CoSb3 after thermal duration test in vacuum for 16 da
T.
Fig. 8. X-ray diffraction patterns of CoSb3 after thermal duration test in vacuum for
16 days.

mal duration test at 750 ◦C, the formation of micro-void suggested
the CoSb3 sample has high porosity, as shown in Fig. 4, which could
leads to low electrical conductivity. On the other hand, the decline

of electrical conductivity might be related with secondary phases
such as CoSb2 and Sb, which resulted from the phase transition (for-
mula (3)) during the thermal duration test and has been detected
in the XRD measurement. Klemens [20] has shown that the effect

ys; (a) electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity, (d)
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Table 1
Thermoelectric properties of CoSb2 [17] and CoSb3 samples at room temperature.
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Material n (1019 cm−3) � (104 Sm−1) ˛ (�V K−1) � (Wm−1 K−1)

CoSb2 1.5 11.2 35 11.7
CoSb3 2.8 13.9 90 9.8

f second phase of material on the electrical conductivity is given
y

1 = �2

(
1 + 4f

3

)
(6)

here �1 and �2 are the electrical conductivity of single- and two-
hase material, respectively, and f is the volume fraction. Table 1

ists the comparison of TE properties of CoSb2 and CoSb3 sam-
les [21]. The CoSb2 phase was prone to form at 750 ◦C during
hermal duration test, which could be reflected in XRD results of
ig. 8. Therefore, the electrical conductivity of CoSb3 sample was
owest after the thermal duration test at 750 ◦C, just as shown in
ig. 9(a). Fig. 9(b) shows the Seebeck coefficient of CoSb3 sample
fter thermal duration test. The CoSb3 was still p-type conductiv-
ty after thermal duration test. The decrease in Seebeck coefficient
s partially ascribed to the high porosity of CoSb3 sample due to
he sublimation of Sb. Another possible reason is the low Seebeck
oefficient and electrical conductivity of CoSb2 formed during the
hermal duration test, which leads to a small decrease of the See-
eck coefficient of CoSb3 samples. Similar results have been found

n Hara’s research [12].
Fig. 9(c) shows the thermal conductivity of CoSb3 sample after

hermal duration test. The thermal conductivity � is the sum of the
arrier thermal conductivity �c and the lattice thermal conductivity
L. The carrier thermal conductivity �c was estimated using the
iedemann–Franz law,

c = L�T, (7)

here L is the Lorenz number (2.45 × 10−8 V2 K−2) [22]. The lattice
hermal conductivity �L was then obtained by subtracting the car-
ier contribution part from the overall thermal conductivity. After
alculation, it can be concluded that the thermal conductivity of
oSb3 was mainly attributed to the lattice contribution �L, as shown

n Fig. 9(c). With the thermal duration time prolonging, the number
f point defect or lattice defect increased due to the sublimation of
b which enhanced the scattering of high-frequency phonon and
ecreased the mean free path of lattice phone. Therefore, the lattice
onductivity decreased obviously after thermal duration test. The
onversion efficiency of TE materials depends on the maximum ZT
alues. Fig. 9(d) indicates the change of ZT value of CoSb3 materials
fter thermal duration test of 16 days. It can be seen that the ZT
alue of sample decreased significantly in the region of high tem-
erature and the ZT value decreased from 0.24 to 0.16 at 327 ◦C

fter thermal duration test at 750 ◦C for 16 days. The sublimation
f antimony in CoSb3 put forward a new demand for the coating of
oSb3-based skutterudites in the industrial application. The study
bout the coating for CoSb3-based skutterudites will be carried out
n future.

[
[
[
[
[

pounds 509 (2011) 3166–3171 3171

4. Conclusions

In this study, the thermal duration test in vacuum of CoSb3 mate-
rial was studied. The weight loss of CoSb3 material from 600 ◦C to
750 ◦C was in excellent agreement with a parabolic rate law, which
was related with the sublimation of antimony. The grain-boundary
crack appeared in the initial period of test and the crack gradually
evolved into the micro-void after thermal duration test. Polyhe-
dron antimony crystallites were precipitated in the grain boundary
during thermal duration test and with the thermal duration time
increasing, antimony crystallites became coarser. After a certain
thermal duration time, the surface of CoSb3 became degraded seri-
ously and some bubbles of gasified antimony appeared on the
samples. After thermal duration test, TE properties of CoSb3 were
deteriorated and ZT value of CoSb3 significantly decreased in high-
temperature region.
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