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Abstract: The cost-effective fabrication of CoSb;-based filled skutterudites (SKD) thermoelectric materials is a bot-
tleneck issue preventing their successful commercial application. In this study, we employed a simple and scalable
process to simultaneously produce a rapid formation and consolidation of n-type filled skutterudites. This method,
consisting of RF-induction melting, quenching and spark plasma sintering (SPS), required less than a half-hour, sig-
nificantly shorter than conventional process of furnace melting (over 24 h), annealing (about one week) and SPS. The
fabricated bulk SKD materials possessed homogeneous composition and structures with a good thermoelectric per-
formance which are analogous to those materials fabricated according to a conventional process. The homogeneous
microstructures and phase composition distribution which was a result of the simultaneously proceeded rapid reaction
and densification of the grinding-destructed dendrite networks of the Sb/CoSb/CoSb;, peritectic structure formed in the
RF-induction melting and quenching. The good thermoelectric TE performance and the very low consumption of

process time and energy would make this simple process a potential and practical method for industrial-level mass

production of filled skutterudite thermoelectric materials.
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Thermoelectric (TE) technology offers the possibility to
directly convert waste heat into usable electricity. The
energy conversion efficiency of TE materials mainly de-
pends on the so-called dimensionless figure of merit
ZT=c’oT/k, where « is the Seebeck coefficient, o is the
electrical conductivity, T is the operation temperature and
x is the thermal conductivity!"?. In the past decade, nu-
merous high-performance TE materials have been re-
ported®?). Amongst them, CoSbs-based filled skutterudites
are the most promising candidate for TE power generator
applications due to their high Z7s and good mechanical
strength!'”. Currently, research on filled skutterudites has
mainly focused on device technology and mass fabrica-
tion, while the further enhancement of Z7s is also a
long-term target!!'"'%,

The fabrication process for filled skutterudites gener-
ally includes the synthesis of single phase SKD powder
and its subsequent densification. The SPS technique has
been widely employed for fabricating dense bulk TE mate-
rials with advantages of short sintering time and suppressed
grain growth!". As compared to the densification process,
the powder preparation is more time-consuming, and
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therefore has become a bottleneck in terms of indus-
trial-level massive fabrication of filled skutterudites.
Melting-quenching/annealing process is a commonly used
and conventional method for the fabrication of skutteru-

{14-16] melt-grown ingots

dite powder . In this process,
experience a long-term annealing period (about one week)
at elevated temperature to form a pure filled skutterudite
phase. This method is time and energy-consuming. Urgent
demands for fast and simple fabrication method with low
energy-consuming but good microstructure-controllability
have arisen from the commercialization of thermoelectric
power generation technology. Recently, many efforts have
been carried out to deal with this issue. Some new meth-
ods, such as mechanical alloying!'""'®, microwave
heating!'”’, and self-propagating high temperature syn-
thesis??"), have been adopted to prepare filled skut-
terudite powder. Nevertheless, it has been reported that
a pure filled skutterudite phase with high filling fraction
is very difficult to be achieved by these methods due to
the complex cage-like crystal structure of filled skut-
terudite and the Co-Sb peritectic segregation during the

reaction.
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Besides the efforts to simplify the preparation process
for filled skutterudite powder, other approaches looking
into formation and densification of filled skutterudites
simultaneously during the SPS process have also been
reported recently. The most typical example is the melt-
spinning/SPS method***). The product after melt-spun,
containing a complex mixture of amorphous phase and
nano-grain SKD, can be converted to pure filled skutteru-
dite crystalline bulk with high density by SPS. As com-
pared with the conventional melting-quenching/ anneal-
ing/SPS method, this melt-spinning/SPS method is effi-
cient and less-time consuming, though the further optimi-
zation of both the melt-spinning equipment and process
parameters is still challenging in order to develop an in-
dustrial-level production technology. Recently, Yu, et a/*¥
reported another quick method (melting-quenching/ SPS)
to prepare p-type barium and indium filled skutterudites.
They melted the raw materials at elevated temperature
using an elemental-heating furnace and then quenched
them in oil. They obtained ingots containing a mixture of
Sb, CoSb, CoSb, and BaSb (or InSb). Then, they ground
the quenched ingot into fine powders and sintered them
directly by SPS. Interestingly, they found that a pure filled
skutterudite phase was directly obtained after SPS without
pre-annealing. This method is in principle similar to the
melting-spin/SPS technique, but it is simpler and cheaper.
For this simple fabrication process, further investigations
such as on the solid reaction mechanism during SPS for
both the p-type and n-type SKD are essential for estab-
lishing an industrially applicable technique.

In this study, we have adopted the melting-quen-
ching/SPS process proposed by Yu, et al. to prepare
n-type Yby3Co4Sby, filled skutterudite bulk material.
The induction melting was adopted instead of the fur-
nace heating process, because the induction melting has
the advantages of rapidly heating and self-stirring effect,
which can greatly shorten the evenly time of the liquid
as compared with the traditional furnace heating. The
quenched ingots were ground into fine powder and then
sintered directly by SPS at several specified tempera-
tures for different durations. This method required less
than 30 min of total high temperature processing, in-
cluding 5 min or less for induction melting and 20 min
or less for SPS. The microstructure, chemical composi-
tion, Yb filling fraction, and TE performance of the
obtained samples were systematically characterized.
The Ybg3Co4Sby, phases with Z7s comparable with
those by the traditional method were successfully
achieved wusing this simple and quick method. The
correspondingly reaction mechanisms during the SPS
process were also discussed.

1 Experimental

The raw materials, Yb (99.98%, ingot), Co (99.95%,
shot), and Sb (99.99%, shot), were weighed in stoichio-
metric ratios and loaded into quartz tube with carbon cru-
cible (inner diameter ¢ 15 mm). The tube was sealed under
a pressure of 10 Pa and then melted by a home-made
RF-induction heating instrument. After holding at 1353 K
for 300 s, the sealed ampoule was quenched in supersatu-
rated salt water. Then, the quenched ingot, about 20 g, was
crushed and ground into fine powder, and screened
through a 200 mesh sieve. The obtained powder was then
directly sintered by SPS under a pressure of 60 MPa at
different conditions. The sintering temperatures were cho-
sen as 863 K, 898 K, and 943 K, respectively. The dwell-
ing time at specified temperatures was chosen as 5 min
and 15 min. The sintered products were named as 863 K-5
min, 898 K-5 min, 943 K-5 min and 943 K-15 min, re-
spectively, based on their own sintering temperature and
keeping period. A sample with the same composition as
those by the above mentioned method was also prepared
by using the traditional melting-quenching/annealing/SPS
method (Ref. [25]) , and named as TM for comparison.

The samples prepared by the melting-quenching/SPS
method were examined by powder X-ray diffraction (XRD,
Rigaku Rint2000, Cu Ka), scanning electron microscopy
(SEM, ZEISS SUPRA 55) and electron energy dispersive
spectroscopy (EDS, OXFORD Aztec X-Max80). The Yb
filling fractions in the filled skutterudite matrix were col-
lected by EDS at 12 randomly chosen grains. The relative
contents of the secondary phases were estimated simulta-
neously according to the different contrast in SEM results
via the Image Tools 3.0 software analysis. The densities of
the sintered samples were measured using the Archimedes
method. The Seebeck coefficient and electrical resistivity
were measured using the standard 4-probe method
(ULVAC ZEM-3) in a He atmosphere. The thermal con-
ductivity was calculated from the measured thermal diffu-
sivity D, specific heat C,, and density d according to the
relationship x =DC,d. Thermal diffusivity and specific
heat of the samples were measured by a laser flash method
(Netzsch LFA 427) and differential scanning calorimetry
(Shimadzu DSC-50), respectively. All the measurements
were performed at a temperature range from room tem-
perature to 800 K.

2 Results and discussion

Fig. 1(a) represents the Co-Sb binary phase diagram
from Ref.[26]. Due to the presence of a Co-Sb peritectic
reaction at a temperature of about 876°C, the CoSbs



%12 3

YAO Zheng, et al: Investigation on Quick Fabrication of n-type Filled Skutterudites

1377

skutterudite phase could not be directly formed after
quenching. This was confirmed by investigating the XRD
pattern of the quenched ingot which experienced a 300 s
induction-melting at 1353 K (see Fig. 1(b)). The ingot
consisted of a mixture of CoSb, CoSb,, Sb and YbSb,. No
X-ray diffraction peaks belonging to the Skutterudite
phase were detected. SEM and EDS analyses shown in
Fig. 1(c) further proved the coexistence of CoSb, CoSb,,
and Sb in the quenched ingot. Presence of these phases
formed typical dendrite networks, in which CoSb primary
phases encircled with CoSb, peritectic phases were un-
evenly distributed in the Sb matrix. Under higher magni-
fication (see Fig. 1(d)), some bar-shape areas with brighter
contrast were also observed in the Sb matrix, which were
identified as YbSb, by EDS. Such microstructure features
are identical to that observed in the ingots prepared using a
traditional long-term (48 h) melting process reported in
Ref.[27]. However, the melting duration in this study is
greatly reduced to as short as 300 s, which is meaningful for
future industrial-level mass production.

For the traditional melting-quenching/annealing method,
the filled Skutterudite phase could be formed during the
annealing process. Long annealing periods of about one
week is required to realize the complete reaction among
CoSb, CoSb,, Sb and YbSb, before finally forming the
filled Skutterudite phase. This long-term annealing proc-
ess is quite time-consuming and it greatly limits the fast
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and massive production of filled Skutterudites. Interest-
ingly, in this study, after grinding the quenched ingot into
powder, we found that the mixtures of CoSb, CoSb,, Sb,
and YbSb, can be converted into filled Skutterudite phase
in a very short time via the SPS process. As shown in Fig.
2, after sintering the powder for just 5 min at 863 K, most
XRD peaks observed in Fig. 1(b) disappear and only three
tiny peaks analogous to the CoSb, and CoSb phases are
remained. Obviously, filled Skutterudite has already be-
come the main phase in the SPSed product. Through en-
hancing the sintering temperature (or prolonging sintering
duration), the X-ray peaks gradually shift to the low angle
(see Fig. 2), suggesting that the reaction at a higher tem-
perature (or with longer duration) is more complete and
thus more Yb enters into the voids of Skutterudites to ex-
pand the Skutterudite lattice.

The more complete reaction at a higher sintering tem-
perature (or with longer sintering duration) can be further
confirmed by the SEM and EDS analyses carried out on
the SPSed bulk samples. As shown in Fig. 3, there are lots
of secondary phases with different contrasts inside the
filled Skutterudite matrix. EDS analyses confirmed that
the dark gray areas are CoSb phases encircled with CoSb,
phases, while the bright areas are YbSb, and Sb phases.
Obviously, with increasing the sintering temperature or
sintering duration, the amount of the secondary phases
gradually decreased. For the 943 K-15 min sample, the
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(a) Co-Sb binary phase diagram from Ref. [26], (b) XRD patterns of the quenched sample, and (c, d) back scattering electron

images of the quenched sample under different magnification
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Fig.2 XRD patterns for the melting-quenching/SPSed samples

CoSb and CoSb, phases almost disappeared. Image tools
3.0 software was employed to analyze the amount of im-
purity phases in the filled skutterudite matrix. It is found
that the total amount of the impurity phases decreased
from 18.79% to 8.04% as the sintering temperature in-
creased from 863 K to 943 K, and further decreased to
4.94% as the sintering duration was prolonged to 15 min
at 943 K. Correspondingly, as shown in Fig. 4, the Yb
filling fraction, which is identified by EDS, was also
monotonously enhanced and became more homogeneous
the sintering temperature and with the sintering duration
prolonging increasing. The 943 K-15 min sample has a
maximum Yb filling fraction of 0.19, which is already
comparable with the optimal Yb filling fraction in
Yb,CosSby, system reported before!®. This provides
another piece of evidence that the reaction is more com-
plete at higher sintering temperature and longer sintering
duration.

In order to further understand the fast reaction process
during the SPS, the cross-sectional morphology of the
melting-quenching/SPSed samples, named as 863 K-5 min
and 943 K-5 min, were characterized by SEM. These re-
sults are presented in Fig. 5(a) and 5(b), respectively. The
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50 um

943 K-5 min (d) 943 K-15 min

Fig. 3 Back scattering electron images of the melting-quenching/
SPSed samples
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cross-sectional morphology of the sample TM prepared by
the traditional melting-quenching/annealing/SPS method
is also presented in Fig. 5(c) for comparison. Obviously,
the grain sizes in the melting-quenching/SPSed samples
are much smaller than those in the TM sample, which ex-
perienced one week annealing at 1073 K. This can be un-
derstood as the sintering duration of these melting- quench-
ing/SPSed samples is only 5 min and therefore the growth of
the grains is greatly suppressed. Interestingly, we found many
whisker-like crystals throughout the 863 K-5 min sample,
which is different from those observed in the 943 K-5 min
sample and TM sample. The length of these whisker-like
crystals is around 1-10 um and the width is around 0.2—1 pm.
The formation of these whisker- like crystals might be
caused by the low sintering temperature and short sinter-
ing duration, which limit the sufficient growth of the filled
(1 Under higher SEM magnification
(Fig. 5(d)), it was found that some whisker-like crystals are

Skutterudite grains

divergent from one small center area consisting of lots of
closely packed nano-sized grains. EDS analyses confirmed
that these whisker-like crystals are filled Skutterudite phases
while the nano-sized grains in the inner areas are CoSb,
phases (Fig. 5(e) and 5(f)). Such distribution is consistent
with the SEM image shown in Fig. 5(a), in which the CoSb
and CoSb, phases are surrounded by the filled skutterudite
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phase, suggesting that the reaction was not complete in
the 863 K-5 min sample.

Fig. 6 shows a sketch of the possible reaction mecha-
nism in the annealing process for the traditional melt-
ing-quenching/annealing method. In the quenched ingot,
the CoSb primary phases encircled with CoSb, peritectic
phases were unevenly distributed in the Sb+YbSb, matrix,
as shown in Fig. 1(c) and 1(d). Such microstructure is in-
herited at the beginning of annealing process. Then,
through annealing at elevated temperatures, the inner
CoSb primary phases would be gradually converted to the
CoSb, phases and meanwhile the initial CoSb, phase
would transfer to CoSb; phase due to their reaction with
Sb in the annealing process. In this case, the microstructure
would evolve into the middle-state, as shown in Fig. 6(a).
Further prolonging the annealing period, most of the
CoSb/CoSb, phases completely reacted with the remaining
Sb+YbSb, phases, forming the final single Yb-filled Skut-
terudite phase. However, a minor amount of the
CoSb/CoSb, phases might be still reserved at the place
where the CoSb/CoSb, peritectic segregation is very se-
vere. Besides longer annealing duration, enough Sb-source
nearby is also an essential factor to completely eliminate
these CoSb/CoSb, phases. Our previous investigation
proved that the Skutterudite formation process is domi-
nated by the Sb-diffusion process”’”. Clearly, the results
shown in Fig. 5 suggest that the present melting-quenching/
SPS process can also achieve the middle-state and final-state
mentioned above and thus the reaction mechanism should

share similarities with that in the traditional annealing process.

However, it should not be the only one reaction mechanism
because of the much faster reaction rate in the present SPS

process (5 min) than that in the traditional annealing proc-
ess (one week). Prior to the SPS process, the quenched
ingot is ground into fine powder. In this case, the dendrite
networks (Fig. 1(c)), or even part of the Sb/CoSb/CoSb,
peritectic structure in the quenched ingot (Fig. 1(d)),
would be destroyed. Part of Sb phases can then be directly
in contact with the CoSb primary phases without experi-
encing the long diffusion process in the CoSb, peritectic
phase as shown in Fig. 6(b). This would definitely lead to
a much faster reaction rate, as mentioned above. Mean-
while, the grinding process can also greatly increase the
contacting surfaces among those of CoSb, CoSb,, Sb and
YbSb, phases and shrink the diffusion path for each ele-
ment before forming the final filled skutterudite phase.
These factors, combining the activated reaction induced
by the current heating among contacting particles during
the SPS, can explain the fast reaction rate observed in this
present study.

Fig. 7 displays the temperature dependences of electri-
cal conductivity, Seebeck coefficient, thermal conductivity,
lattice thermal conductivity, power factor, and ZT values
for the four samples prepared using the melting-quenching/
SPS process. The data for the TM sample prepared by the
traditional melting-quenching/annealing/SPS process are
also included for comparison. For filled skutterudites, the
filling fraction of filler atoms in the voids dominated the
electrical and thermal transport. Higher filling fraction
would lead to a larger electrical conductivity, smaller
Seebeck coefficient, and lower lattice thermal conductivity.
These effects are reflected by the data shown in Fig. 7. As
the sintering temperature increased from 863 K to 943 K,
the Yb filling fraction gradually increased (Fig. 4) and

atom atom

Co 33.04 [ Co

Sb 66.96 K Sb

10 15 keV

Fig. 5 Cross-section morphologies for the samples (a) 863 K-5 min, (b) 943 K-5 min and (c) TM, respectively, and (d) magnified im-
age of (a), and (e, f) the EDS analyses on the two points (spectrum 115 and 116) shown in (d)
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Fig. 6 Sketch of the reaction mechanism in the annealing process for the traditional melting-quenching/annealing method

g 26r )
o M —— 943 K-15 min
= »l —@— 943 K-5 min
E oo —&— 898 K-35 min

863 K-5 min
18 -
16 -
af \\Kﬁﬁw

Electrical conductivity, ¢ /
=)
T

=120+

—140

—160 +

—180

/

Seebbeck. coeffcient, a / (uV-K™)

=200 +

s4f

51k

48[
st
2}
39
36}
33

30+
27}
4L
21

Power factor, P/ (107", W-m™-K™)

T

1 i L " L i 1 " L " L
300 400 500 600 700 800
Temperature / K

Fig. 7

Sb+Yb-Sb phase

Yb,.Co,Sb,,

Yb,:Co,Shy,

(o)
CoSb,, ,,

Final state

40k —— 943 K-15 min
—@— 943 K-5 min
38t —&— 898 K-5 min
= —¥— 863 K-35 min
27 36F ——TM
B
=h r
£ 34
2= I
=
£ 32t
£
30F
3-6 - Il I} | L ' 1
i 33F
=
= 30F
D ~
s a7L
=i Al
87 24}
- E
Ex 21}
S 18)
o
= 1.5}
=
= 12k
091 I 1 L 1 I 1
1.2+
1.0 |
_ 08F
N
0.6F
04}
02}

300 400 500 600 700 800
Temperature / K

Temperature dependences of TE properties of the samples prepared by the melting-quenching/SPS method

The data for the TM sample are also included for comparison

consequently the electrical conductivity also monoto-
nously increased, accompanied with a decrease in the
Seebeck coefficient and lattice thermal conductivity. The
power factor for the 943 K-5 min sample was almost the
same with that of the TM sample and those previously
reported™. The maximum Z7T for the 943 K-5 min sample
was around 1.0 at 800 K. Prolonging the sintering duration
from 5 min to 15 min at 943 K, the ZT can be further en-

hanced to 1.1, which might be ascribed to the less secon-
dary phases within the 943 K-15 min sample. Clearly, this
ZT value is comparable with the results of TM sample
previously reported” while the synthesis period was
greatly decreased due to the shrinkage of the melting
process and the omitted time-consuming long-term an-
nealing process. Therefore, this melting-quenching/SPS
process can be a convenient, fast, and massive method for
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the future industrial-level mass production of n-type filled
Skutterudites.

3 Conclusions

In this study, the melting-quenching/SPS method has
been used to prepare n-type filled skutterudites. After
short-term (300 s) induction melting, the quenched
Yby3Co04Sby, ingot was ground into fine powder and then
sintered directly by SPS. The filled skutterudite phase can
be rapidly formed during SPS process. This filling was a
cause of the destruction of the dendrite networks and part
of the Sb/CoSb/CoSb, peritectic structure in the grinding
process. The EDS analyses confirmed that after 15 min
sintering at 943 K, the Yb filling fraction reached around
0.19, which is close to the optimal Yb filling fraction in
Yb,Co4Sby, system previously reported. Correspondingly,
the 943 K-15 min sample displayed high Z7T value being
comparable with the sample prepared by a conventional
melting-quenching/annealing/SPS process. When compared
with the time-consuming melting-quenching/annealing/SPS
fabrication process, the present method is simpler, faster and
cheaper as a practical technique for the future industrial-
level mass production of n-type filled skutterudites.
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