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To protect CoSbs-based skutterudite thermoelectric materials from oxidation
and to suppress the sublimation of antimony in long-time service, a series of
surface coatings including Al, Al-Ni, Al-Ni-Al were deposited onto Ybg 3.
Co4Sby2 by using an electrochemical deposition method. The thermal aging
behavior for the Yby3Co4Sbis samples with and without different surface
coatings were investigated by accelerated thermal aging tests at 873 K.
Thermoelectric properties of Yby3Co04Sbs with different coatings after aging
are used as the evaluation criteria for coating effectiveness. After thermal
aging at 873 K for 30 days, the thermoelectric properties of Ybg3Co04Sbis
coated with Al-Ni double-layered coating were almost undecreased, indicating
that the Al-Ni coating is suitable for protecting CoSbs-based skutterudite from
oxidation and for suppressing the sublimation of antimony. It is expected that
this coating could improve the reliability of CoSbs-based devices and could
accelerate the application of skutterudite thermoelectric generators.

Key words: Thermoelectric, coating, electrochemical deposition, CoSbs-

based skutterudite

INTRODUCTION

Thermoelectric (TE) materials can directly con-
vert heat into electric power using the Seebeck
effect, and so have potential application in waste
heat recovery. The theoretical conversion efficiency
of TE materials depends on the dimensionless
figure of merit, ZT = S?¢T/x, where S is the Seebeck
coefficient, ¢ is the electrical conductivity, T is the
absolute temperature, and x is the total thermal
conductivity. In the past 20 years, great progress
has been made in the improvement of TE properties.
CoSbs-based skutterudites (SKDs) have been
regarded as one of the most promising TE materials
in the medium temperature range.'™ The ZT values
of filled skutterudites have been greatly improved to
1.7-2.0*° and the theoretical conversion efficiency
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for these TE materials has reached above 15%.
However, CoSbs-based SKD is faced with the prob-
lem of degradation in TE properties at high tem-
peratures due to oxidation, thermal decomposition
and the sublimation of antimony.®” The trouble-
some oxidation can completely incapacitate the TE
element in a short service period, and decomposition
by sublimation of Sb atoms can change the compo-
sition of TE materials and eventually result in the
degradation of the TE performance. Moreover, the
sublimation products can diffuse or condense on the
cold side of TE unicouples, leading to electrical
shorts in the TE device.® To increase their reliability
and to prolong the service life of SKD-based TE
modules, it is desirable to develop a protective
coating to prevent both oxidation and sublimation.
There have been some studies about the coatings for
CoSbs-based SKDs. El-Genk et al.”!° found that the
metal coatings of Mo, V, Ta, and Ti can effectively
suppress the sublimation of Sb in CoSbs-based
SKDs. Godlewska et al.!' deposited a Cr-5Si thin
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film coating onto CoSbs using pulse magnetron
sputtering, preventing the oxidation of SKDs in
high-temperature air, but the thin film coatings lost
the protection ability at 600°C. Zhao et al.'? depos-
ited a Ti coating on the CoSbs substrate by DC
magnetron sputtering to prevent the sublimation of
Sb. The coated CoSbs sample with thicker Ti film
had lower weight loss per unit area after accelerated
thermal aging tests at 650°C. Compared with the
uncoated CoSbs material, the degradation of TE
properties of coated CoSbs slowed down. Afterward,
Dong et al.'®* fabricated inorganic—organic silica
based composite protective coatings dispersed with
glass or granular alumina particles for SKDs via a
modified sol-gel procedure combined with a slurry-
blade method. The results showed that the forma-
tion of micro-cracks was restrained by either glass
particles or alumina particles during solidification
due to the relaxation of tremendous cohesive
stresses in the gel. After thermal aging at 600°C
in vacuum, inter-diffusion of Sn from the glass to
SKDs and of Sb from SKDs to the coating layer was
observed in the silica-based composite coatings with
dispersed glass particles. Above all, the previous
studies of metal coatings have shown effective
suppression of oxidation and Sb-sublimation. How-
ever, most of the metal films coated by magnetron
sputtering do not have strong bonding with the
SKDs. Meanwhile, the coatings were easy to crack
or could readily fall off of the TE substrate after
long-time thermal aging or thermal cycling. On the
other hand, composite coatings consisting of non-
metallic materials are complex to obtain and the
thickness of protective films is difficult to control.

In this study, three kinds of coatings (Al, Al-Ni,
and Al-Ni-Al coatings) were electroplated on the
Ybg 3C04Sb, substrate to prevent the oxidation and
the sublimation of Sb. Accelerated thermal aging
tests were conducted on the samples with different
coatings at 873 K for different times. The
microstructures of the interfaces and thermal aging
behaviors of different coatings were investigated by
scanning electron microstructure (SEM). The effects
of different coatings on preventing the oxidation of
CoSbs-based SKDs and suppressing the sublimation
of Sb were assessed by evaluating the TE properties
of the samples before and after thermal aging. It is
expected that these results could facilitate the study
of reliability of CoSbs-based devices and accelerate
the application of skutterudite TE generators.

EXPERIMENTAL PROCEDURE

Ybo.3C04Sbs powders were synthesized by melt-
ing, quenching, and annealing processes. Stoichio-
metric quantities of the constituent pure elements
Co (99.97%, powder), Sb (99.99%, powder) and Yb
(99%, powder) were weighed according to the mole
ratio, loaded into graphite crucibles in a quartz
tube, and sealed under a pressure of 0.1 Pa in an
argon atmosphere. Then, the samples were melted
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at 1373 K for 12 h, followed by quenching in
saltwater. After annealing at 933 K for 168 h, the
ingots were ground into fine powders and sieved to
get Ybg 3Co4Sbqo powders. The powders were loaded
into graphite dies of diameter 30 mm and sintered
at 620-640°C under pressure of 55-60 MPa in
flowing argon by hot-pressing (HP) sintering.'®®
The sintered wafers were cut into 3 mm x 3 mm x
9 mm cuboids and ®10 mm x 2 mm cylinders by
wire cut electrical discharge machining (WEDM).
All Ybg 3Co4Sbo samples had a relative density of
over 97% estimated via the Archimedes method.

An electroplating technique was used to deposit
Al, Al-Ni and Al-Ni-Al coatings on the CoSbs-based
SKD substrate. Before plating, the surface of all
samples required pretreatment. The surfaces of the
samples were carefully polished. To remove organic
impurities, the samples were rinsed in an alkaline
degreasing agent at 40°C for 3 min and then
washed with deionized water. To remove inorganic
impurities and surface oxides, all the samples were
etched in a HNO3s:HF:H50 = 3:1:6 mixed solution
for 40 s, and then cleaned with deionized water.
Tables I and II present the composition of the
electroplating bath and plating parameters. The
thicknesses of various coatings could be controlled
by adjusting the electrodeposition time and the
current density. Figure 1 shows the diagrammatic
sketch of various coatings.

All the surfaces of the bar-shaped SKD samples
were coated with single- or multi-layer metal coat-
ings. The surface morphology of different coatings
on the SKD substrates were characterized by field
emission SEM (JSM-6700F, JEOL). The samples
with different coatings (Al, Al-Ni, Al-Ni-Al) were put
into a quartz tube without sealing, heated to 873 K
in the furnace in air and then kept at this temper-
ature for 5 days, 10 days, 15 days and 30 days in
order to investigate their isothermal aging behavior.
All samples were naturally cooled down to room
temperature in the furnace. The compositions of
different coatings after thermal aging were identi-
fied by energy dispersive spectroscopy (EDS) and
x-ray diffraction (XRD, Rigaku, Rint-2000).

The Seebeck coefficient and electrical conductiv-
ity were simultaneously measured using a ZEM-3
(ULVACRIKO, Japan) under a helium atmosphere.
The uncertainty of the electrical resistivity and
Seebeck coefficient measurements is around 5%.
The measurement of thermal conductivity was

Table I. Composition of electroplating aluminum
bath and plating parameters

CgH15N,Cl 300 g/L
AlCl; 200 g/L
CeHg 450 g/L
Current density 15-20 mA/cm?
Plating temperature 59°C
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carried out by a laser flash method (NETZSCH,
LFA457) in a flowing Ar atmosphere. The thermal
conductivity (k) was calculated by x =D x C, x p,
where D is the thermal diffusivity measured by the
laser flash technique (LFA 457, Netzsch, Germany),
C; is the specific heat measured on a differential
scanning calorimeter (DSC, 204F1, Netzsch, Ger-
many), and p is the density measured by the
Archimedes method. The uncertainty of k is esti-
mated to be within 5%, considering the uncertain-
ties for D, C, and p. All TE properties were
measured in the temperature range of 300-850 K.

RESULTS AND DISCUSSION

Figure 2 shows the electrical performances of the
uncoated Ybg3CosSbis as a function of thermal
aging time at 873 K. The electrical conductivity (o)
shown in Fig. 2a is obviously decreased after ther-
mal aging at 873 K. It can be seen that with the
extension of the aging time, the ¢ shows a decreas-
ing trend at all measurement temperatures in the
range from 300 K to 850 K. After accelerated ther-
mal aging for 30 days, the measured ¢ of uncoated
Ybg 3C04Sbs at 850 K decreases by about 30%.
Figure 2b shows the Seebeck coefficient (S) of the

Table II. Composition of electroplating nickel bath
and plating parameters

Current density 10-20 mA/cm?

Plating temperature and time 35°C (30 min)
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uncoated Ybg 3C04Sb;s sample after the 873 K-ther-
mal-aging test. It can be seen that the Seebeck
coefficient shows little change with the aging time.
The key point to evaluating the changes in the
electrical conductivity of CoSbs lies in the change of
composition due to the sublimation of Sb and
oxidation at high temperature.!” The sublimation
of antimony in CoSbs sample follows the equation'®:
CoSbs = CoSbs + Sb (g). The oxidation products of
Ybg 3Co4Sbi, are composed of YbyOs, SbyOs,
a-Sby04, b-Sbs0,, CoSbs0, and so on.'” All of these
could lead to deterioration of the TE properties of
the CoSbs-based material, especially the electrical
conductivity.

Figure 3 shows the surface microscopic morphol-
ogy of various protective coatings on the
Ybg 3Co04Sbys substrate. In Fig. 3a, it can be seen
that there are a few cracks, pores or other defects
within the Al coating. Compared to the Al coating,
the Al-Ni and AI-Ni-Al coatings show more smooth
and dense microscopic morphology. The key point of
the DC deposition process is the formation of a new
nucleus and the growth of the crystal particle,
which directly affects the size of the crystal for the
coating.?® The thickness of the coatings can be
controlled by the current density and the deposition
time.

Figure 4 shows the fractural surface microscopic
morphology of the Yby3Co4Sbis substrate with
different coatings deposited by electroplating. Fig-
ure 4a shows the morphology of the as-prepared
Ybg 3C04Sbis with Al coating before aging. The Al
coating looks with lots of cracks and micropores.
After aging at 873 K for 15 days, there is newly-
built interlayers between the Al coating and

(a)

SKD substrate

(b)

- N =

SKD substrate

SKD substrate

Fig. 1. Schematic diagram of Al (a), Al-Ni (b), and Al-Ni-Al (c) coatings on skutterudite.
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Fig. 2. Electrical performances of uncoated Yb, 3C04Sb4, as a function of thermal aging time at 873 K. (a) electrical conductivity; (b) Seebeck

coefficient.

Fig. 3. Surface morphologies of different coatings on Yb, 3C04,Sb,, substrate using DC electrochemical deposition. (a) Al coating, (b) Al-Ni

coating, (c) Al-Ni-Al coating.

Ybg 3C04Sb, substrate, as shown in Fig. 4b. Accord-
ing to Table III, the main phase of the interlayer is
CoSb,04, which should be caused by the oxidation.
Comparing zone A with zone B in the newly-built
oxidation layer of Fig. 4b, it can be observed that
the Al coating has the ability to retard the oxidation
process. The oxidation in zone B of Fig. 4b is more
severe, probably due to the deficiency of the Al
coating in this zone. As shown in Fig. 4c and e there
is no diffusion between Al and Ni. Figure 4d and f
shows the fractural morphologies of the
Ybgo 3C04Sbyo substrate with Al-Ni coating and Al-

Ni-Al coating after aging at 873 K for 15 days,
respectively. Clearly, there is no new phase between
the coating and the substrate, indicating that Al-Ni
coating and Al-Ni-Al coating effectively prevented
the oxidation of the Yby3CosSbis substrate. The
thickness of the Al-Ni coating is about 27 um and
the thickness of the Al-Ni-Al coating is about 42 ym.

Figure 5 shows the line scanning results of the
fractural morphology of different coatings on the
Ybg 3C04Sb, substrate after thermal aging at 873 K
for 15 days. The composition analysis and line
scanning results in Fig. 5a confirm that the sole Al
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Table III. A summary of the interlayer phase
between Al coating and SKD substrate in Fig. 4b
measured by the EDS technique

Element at.%

(0] 47.71
Co 15.35
Sb 36.02
Yb 0.74
Total 100.00

coating cannot prevent oxidation. The oxide thick-
ness within the substrate is about 55-70 um after
thermal aging for 15 days. As for the Al-Ni- and Al-

Ni-Al-coated samples, aluminum and nickel have
diffused mutually to form ordered intermetallic
compounds during the high-temperature thermal
aging test. The compounds may consist of Al3Ni,
AlNi, AlINiz, Al3Nis, and Al3Ni5.?'** Moreover,
according to Fig. 6, we find that antimony cannot
be observed in the coatings. The Al, Al-Ni, and Al-
Ni-Al coatings have the ability to suppress the
sublimation of antimony.

Figure 7 shows the XRD patterns of various
coatings on the Ybg 3Co4Sbio substrate after aging
at 873 K for 15 days. It can be observed that the
strongest diffraction peak of the Al coating is located
at about 260 = 45.2°, which corresponds to Al,Os.
Some impurity peaks of AlSb are also found. The
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Fig. 5. Line scanning of the fractural morphologies of different coatings on Ybg 3C04Sb+, substrate after thermal-aging at 873 K for 15 days. (a)

Al coating, (b) Al-Ni coating, (c) Al-Ni-Al coating.

main peaks of the Al-Ni coating and the AIl-Ni-Al
coating are located at about 20 = 44.9°. Combined
with the EDS analysis of the Al-Ni diffusion layer, it
is determined that the main peak at 44.9 degree is
mainly AlNiz, Al,Nis and Al-Ni oxidation. The
contents of the AI-Ni diffusion layer analyzed by
EDS technology are shown in Table IV.

Figure 8 presents the TE properties of
Ybo 3Co04Sbo samples after accelerated thermal
aging testing. To avoid the influence of the coating
on the TE properties, all coated samples subjected to
thermal aging were characterized after removing
the coatings. It can be seen from Fig. 8a that the ¢ of
uncoated Ybg 3C04Sb1o sample decreased by about
20% after accelerated thermal aging tests for
15 days. The o of the sample with Al coating
decreased about 15-20%. However, the o of the
samples coated with Al-Ni or Al-Ni-Al coating were
almost unchanged after accelerated thermal aging
because the sublimation of antimony and oxidation
were effectively suppressed. Figure 8b and ¢ shows
that the Seebeck coefficient and x of all samples

have little difference after the accelerated thermal
aging. The changes are within the range of testing
error. From the measured electrical and thermal
properties, the ZT values of Yby 3Co04Sbis samples
coated with different coatings can be calculated. In
Fig. 8d, we see that the ZT of the uncoated
Ybg 3Co04Sb, sample after accelerated thermal
aging tests for 15 days was decreased by about
20%. This is mainly caused by the decline of
electrical conductivity. The ZT value of the sample
with Al coting decreased about 18%. Comparing the
ZT values between the uncoated sample and the Al-
coated sample, it can be concluded that Al coating in
this work has little effect on protecting the
Ybg 3Co04Sbo sample. However, the ZT values of
the Yby 3Co4Sbqs samples coated with Al-Ni and Al-
Ni-Al were almost unchanged after accelerated
thermal aging testing for 15 days, confirming their
effectiveness in inhibiting the oxidation and the
sublimation of Sb. Considering the cost of the
preparation for coating and to simplify the prepa-
ration process, the Al-Ni coating is the optimal one
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Fig. 6. SEM images and concentration profiles of the Al, Ni and Sb elements in the cross-section of different coatings on Ybgy 3C0,Sb+, substrate
using DC electrochemical deposition after thermal-aging at 873 K for 15 days. (a) Al coating, (b) Al-Ni coating, (c) Al-Ni-Al coating.
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Fig. 7. XRD patterns of the different coatings on Ybg3C04Sb4o
substrate after thermal aging at 873 K for 15 days.

Table IV. The contents of Al-Ni diffusion layer
analysis by EDS technology

AlNi; 40%
Al;Nis 35%
AINi 5%
Al-Ni oxidation 20%

for protecting Ybo3CosSbis from oxidation and
sublimation of Sbh.

According to these results, the thermal aging
tests mainly affect the electrical conductivity of
Ybg 3C04Sb1s. In order to adequately verify the
protective effect of Al-Ni coatings on the substrate,
we conducted the accelerated thermal aging test at
873 K on the Yby3C04Sbis samples with Al-Ni
coating for 5 days, 10 days, 15 days and 30 days.
The thermal aging test was also carried out in an air
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Fig. 9. Electrical conductivity of Al-Ni coated Ybgy 3C04Sby, sample
after 873 K-thermal aging under different times.

atmosphere. As is shown in Fig. 9, the o of
Ybg 3Co04Sbs samples coated with Al-Ni coating
showed little change after the 873 K-thermal aging.
With the extension of the aging time, the ¢ values
measured at 300 K, 500 K, 700 K, 800 K and 850 K
all remain stable. Therefore, the Al-Ni coating
deposited by DC electroplating technique is

definitely qualified for suppressing the oxidation
and the sublimation of Sb for Ybg3Co04Sbis-based
skutterudite.

CONCLUSIONS
Three kinds of protective coatings of Al, Al-Ni and
Al-Ni-Al were successfully deposited onto

Ybg 3Co4Sbys substrates by a DC electroplating
technique. The sole Al coating looks like a reticula-
tion with lots of micropores. An interlayer identified
as CoSb,0y is generated between the Al coating and
Ybg 3Co04Sby, after thermal aging tests in air due to
the loose structure of the Al coating, which results
in a failure to protect the Yby 3Co04Sb:s from oxida-
tion. On the other hand, Al and Ni in the Al-Ni or
AI-Ni-Al coatings diffuse mutually during the ther-
mal aging tests, forming an ordered fine-grained
structure within the original coatings, effectively
preventing the oxidation of skutterudite and the
sublimation of Sb. Compared to the samples without
coating or coated only with Al, the stability of
thermoelectric properties of the samples coated with
Al-Ni or AlI-Ni-Al was significantly improved. The
ZT values for Al-Ni or Al-Ni-Al coated samples are
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almost unchanged after thermal aging at 873 K for
30 days in air. Considering the preparation process,
the Al-Ni coating is regarded as a suitable coating
for preventing the oxidation of Ybgy3Co4Sbis and
suppressing the sublimation of antimony.
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