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Abstract

The skutterudite CoSbs is a well-known thermoelectric material widely used to produce electricity
from heat. This material is commonly employed under vacuum but in a near future it is expected
to be used at high temperatures under oxidative atmospheres, e.g. in air. The lifetime of the material
may be affected by the oxidative environment, considerably limiting the use of the thermoelectric
equipment. The present research describes the degradation mechanisms of CoSbs from oxidation
experiments carried out under a flow of synthetic air at 800 K. The skutterudite material is
progressively oxidized after 15 h, 50 h, 100 h and 1000 h of treatment, producing three oxides on
the CoSbs surface (CoSb204 / CoO-Sb203, Sb2O4 and CoSb20¢). These three oxides have different

growth kinetics and they are produced in various amounts as a function of the oxidation time.
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Next, as a solution for an appropriate oxidation protection, this work explores the chemical vapor
deposition (CVD) process named pack cementation to synthesize a protective coating on CoSbs.
This process produces a surface layer made of aluminum antimonide (AlSb) and cobalt aluminide
(AloCo2). The oxidation experiments carried out on the coated CoSbsz highlight the protective
properties of this innovative surface layer. The coating is a protective barrier against oxygen that
keeps the CoSbs substrate unaffected by the flow of air at 800 K for 1000 hours. Consequently,
pack cementation is an efficient process to synthesize a protective surface layer that makes CoSbs

usable under oxidative environments.

Keywords: skutterudite; oxidation; aluminizing; pack cementation; corrosion; thermoelectric

material



1. Introduction

The skutterudite materials are widely studied in the academic and industrial research due to their
outstanding thermoelectric properties. They are intensively developed to produce thermoelectric
generators able to convert the heat flows into electrical energy [1-3]. The skutterudite materials
made of cobalt and antimony are particularly very attractive because of their high electron mobility,
high atomic masses, low electrical resistivity and good Seebeck coefficients [4-6]. The most
widespread skutterudite material is CoSbs, commonly employed at high temperatures under
vacuum in space industry [7-9]. This thermoelectric material provides a continuous electrical
energy for batteries in satellites and spacecrafts [10]. Since they are powerful electrical energy
producers, the skutterudite materials are currently considered as an alternative to the use of fossil
fuels on Earth [11-12]. However, under an oxidizing environment such as air at high temperature,
they may degrade progressively in service. Ideally, for potential industrial applications, the
skutterudite materials have to withstand 1000 hours of exposure in air at 800 K, a relevant
temperature found for example in car exhaust gases [12-13]. If this objective is reached, CoSbs will
be considered as an interesting and powerful material to produce innovative electrical generators.

Several research works have described the oxidation behavior of CoSbs but mainly at temperatures
lower than 800 K. Generally, the oxidation of CoSbs induces the formation of a two-part surface
layer made of a mixture of antimony oxides outwards and made of a mixture of antimony oxides
and cobalt antimonates inwards [14]. This surface layer grows according to a parabolic thickness-
time dependence. The growth mechanism occurs in three steps: (i) antimony segregation on the
surface, (ii) oxygen penetration into the region of antimony segregation, and (iii) reaction [15].
This oxidation behavior degrades the thermoelectric properties of CoSbs and the electrical device

durability [16].



In order to lower the impact of oxidation in air at high temperatures, several coating processes have
been studied in literature such as magnetron-sputtering or sol-gel process [17-19]. The chemical
vapor deposition (CVD) process named pack cementation is well-known to produce protective
coatings made of aluminum at the surface of metallic materials [20-22]. Recently we have explored
the isothermal section at 600°C of the AI-Co-Sb ternary system to point out the thermodynamic
stability of several phases of aluminum and antimony or aluminum and cobalt [23]. These results
highlight the relevance of using aluminum pack cementation to produce a surface coating on the
skutterudite material CoSbs. To assess the protection provided by the synthesized surface layer, the
current research describes the oxidation behavior of both uncoated and coated CoSbs samples under

a flow of synthetic air at 800 K for 1000 hours.

2. Materials and Methods

2.1. Synthesis of the skutterudite materials

The CoSbs polycrystalline samples were obtained by melting stoichiometric amounts of high purity
cobalt (Co, 99.99 %) and antimony (Sb, 99.999 %) at 1373 K for 24 hours in a vitreous-carbon
crucible sealed in a quartz tube under partial argon atmosphere. The skutterudite phase is obtained
in a second step by cooling down the temperature at 1073 K for a constant annealing for four days.
Then, the sample was thoroughly crushed in an agate mortar and the obtained powder is sieved at
36 um. At last this powder is densified by spark plasma sintering (SPS, Syntex DR SINTER Lab
515S) in graphite dies for 10 minutes at 893 K under 50 MPa. This protocol produces cylindrical

samples of 10 mm in diameter and 2 mm in height [24-25].



2.2. Preparation and oxidation of the skutterudite materials

The CoSbs skutterudite samples were slightly polished with a 1200 grit SiC paper to remove the
surface impurities and ultrasonically cleaned in ethanol. Next, the oxidation of the samples was
carried out in a tubular furnace (Carbolite) in which a flow (4 L h™") of synthetic air, i.e. a mixture
of dioxygen (20 % O>) and dinitrogen (80 % N>), is continuously injected. The studied temperature

to oxidize the samples was 800 K applied for 15 h, 50 h, 100 h and 1000 h.

2.3. Synthesis of the coating

The chemical vapor deposition (CVD) process used to coat the CoSbz substrate was pack
cementation. Firstly, the surface of the CoSbs pellet was polished with a 1200 grit SiC papers and
ultrasonically cleaned in ethanol. Then, the pellet was positioned under a dynamic secondary
vacuum (107 mbar) inside a sealed silica ampoule that contained a mixture of three powders : 0.60
g of Al (the element to be deposited), 1.40 g of Al>Os3 (the inert filler powder) and 0.02 g of CrCl3
(the halide salt activator). These amounts correspond to 0.92 g of powder per cm? of surface of the
CoSbs sample. The ampoule was annealed in a muffle furnace (Nabertherm) by increasing the
temperature with a heating rate of 10 K min! until 873 K for 30 min or until 773 K for 120 min.
At these temperatures, the atomic diffusions produces a surface layer made of aluminum combined
to atoms from the substrate [20-22]. At last, the silica ampoule was air-quenched at room

temperature.

2.4. Characterization of the skutterudite materials
The mass variation (Am) of the oxidized samples was measured with a precision balance

(METTLER-TOLEDO). The surface morphology of the samples was observed from secondary



electron (SE) images obtained with a scanning electron microscope (SEM, JEOL JSM 6010LA).
The cross-sections were observed from backscattered electron (BSE) images. Moreover, energy
dispersive X-ray spectroscopy (EDS) was used to identify the chemical elements inside the surface
layer of the oxidized samples and to quantify them from the resulting X-ray microanalysis. In order
to get a representative value of these quantifications, three EDS spots were acquired on the whole
thickness of the surface layers observed from the cross-section images. The presented values
correspond to the average of these triplicate measurements. The crystalline phases of the samples
were characterized by X-ray diffraction (XRD) with a Philips X'pert Pro diffractometer using a
monochromatic Cuk, radiation (A = 0.15406 nm). The patterns were collected from 20 = 20° to 60°
with a step of 0.033°. The phases were identified from the diffraction files provided by the

International Centre for Diffraction Data (ICDD).

3. Results and discussion

3.1. Oxidation of the CoSbs skutterudite material

The CoSbs material has been oxidized under a flow of synthetic air at 800 K for 15 h, 50 h, 100 h
and 1000 h. The corresponding surface modifications are presented on the SEM images of Fig.1.
These SEM observations display the progressive growth of a surface layer with the oxidation time.
The cross-section BSE-SEM images of Fig.2 highlight this surface layer whose thickness increases
until 1000 hours of treatment. After 15 h and 50 h of oxidation, only one contrast is noticeable in
the newly formed layer. After 100 h and 1000 h of oxidation, several contrasts are clearly visible
inside the surface layer, indicating the presence of several different phases [26-27]. The
corresponding mass and thickness variations are plotted in Fig.3. We can see on these curves that

both parameters increase quickly until 100 hours of oxidation. Next, although the thickness of the
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layer is still increasing until 1000 hours of oxidation, the mass variation slightly decreases after
1000 hours in comparison with that measured after 100 h of oxidation. In order to understand the
oxide layer growth mechanism, the 100 hours oxidation experiment has been reiterated on another
CoSbs substrate the surface of which has been previously covered by a few nanometers thick gold
layer deposited by evaporation process. During the thermal treatment at 800 K, this thin gold layer
forms numerous small agglomerates on the surface, clearly observable in white on the cross-section
BSE-SEM images of Fig.4. The two parts of the surface layer formed during the oxidation
treatment are evidently distinguishable on the BSE-SEM images. Their chemical analyzes are
carried out from pointed EDS spectra and the corresponding elemental quantifications are reported
in Table 1. The lower part has grown towards the inside of the CoSbs substrate and it is made of
oxygen, cobalt and antimony. The upper part has grown towards the outside of the CoSbs substrate
and it is only made of oxygen and antimony. According to the XRD patterns of Fig.5, this oxide
layer is mainly composed of the spinel CoSb204 / CoO-Sb203, always the major phase whatever
the duration of oxidation. From 100 hours of oxidation, Sb2O4 appears on the XRD patterns that
corresponds to the upper part of the surface oxide layer identified by EDS from the cross-section
images of Fig.2 and Fig.4. The oxide Sb2O4 is known to be a reaction product obtained in two steps

from the unstable oxide Sb2O3 according to reaction (1) and reaction (2) [28-29]:

4 CoSbs (s) + 11 02 (2) — 4 CoSb204 (5) + 2 SbaO3 (s) (1)

4 Sb,03 (s) — 2/n Sby (2) + 3 Sb204 (5) )

The solid oxidation products Sb2Os (s) is formed at the surface of the oxidized CoSbs together with

volatile species evaporated just after being formed [29-30]. The more Sb>Os4 (s) is formed, the more
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some elements from the substrate are evaporated. These oxidation reactions explain why the mass
variation decreases after 1000 hours of oxidation whereas the oxide layer thickness is still
increasing at the surface of the CoSbs substrate. At last, the XRD patterns reveal that another oxide
(CoSb20g) starts to appear from 100 hours of treatment and becomes clearly noticeable after 1000
hours of oxidation. This phase is positioned at the interface between the two oxides previously
presented (CoSb2O4 / CoO-Sb203 and SboO4). The formation of CoSboOg takes place after reaction

(1) according to reaction (3) [30-31]:

CoSb04 (s) + 02 (2) — CoSba0 (s) 3)

This reaction suggests that some oxygen diffuses through the upper oxide layer (Sb204) to reach
the lower oxide layer (CoSb20s) to react with it. Another explanation provided by Godlewska et
al. indicates that the phase CoSb2Og appears at the later stages of the oxidation process as a result
of a secondary reaction between Sb>O4 and CoSb2Oy at their interface [28].

Consequently, these results clearly highlight the degradation of the CoSbz material under a flow of
air at 800 K. The surface protection of this material is essential for any industrial applications in

air.

3.2. Aluminizing of the CoSbs skutterudite material

The CVD process named pack cementation is used to aluminize two CoSbs substrates in two
different experimental conditions, one at 773 K for 120 minutes and the other one at 873 K for 30
minutes. The mass of both CoSbs samples increases during the deposition process, Am = +0.86 mg
cm? and Am = +1.37 mg cm?, respectively. The corresponding surface morphologies obtained

after deposition are observed on the SEM images of Fig.6. In both cases, a dense rough layer is
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produced at the surface of the CoSbs substrate. Indeed, during the pack cementation process, the
coating is synthesized by atomic diffusions at the surface of the CoSbs substrate. The aluminum
atoms react with cobalt and antimony atoms to produce a coating at the surface of the material,
keeping the initial topography of the substrate [20-22]. The cross-section BSE-SEM images of
Fig.7 and Fig.8 indicate that the thickness of the coatings is 8 um and 13 um, respectively. The X-
ray maps and the EDS spectra show that these surface coatings are made of aluminum, cobalt and
antimony. The corresponding elemental quantifications are reported in Table 1. Both samples show
higher amounts of aluminum at the upper part of the coating (spectrum #1) than at the interface
with the substrate (spectrum #2). Cobalt is homogeneously distributed inside the coating whereas
the amount of antimony is more important close to the substrate. This behavior may suggest that
antimony has formed volatile halides by reacting with the halide salt activator present in the pack
(CrCl3) [21]. The EDS analyzes carried out inside the substrates are homogeneous with
characteristic quantifications of CoSbs. The XRD patterns of Fig.9 reveal that the two synthetized
coatings are similarly composed of two crystalline phases. In both cases, the phase AISb is the
major one and the phase AlyCo; is the minor one. From a thermodynamic point of view, the
occurrence of only binary phases without any ternary phase has been justified by the description
of the diffusion pathway of Al inside CoSbs on the isothermal section of the Al-Co-Sb ternary
system [23]. Moreover, the isothermal section shows that the thermodynamic equilibrium exists
between AlISb and CoSbs justifying why AISD is firstly formed during the pack cementation
process. As well, the thermodynamic equilibrium also exists between AlSb and AloCo, but with no
possible equilibrium between AloCoz and CoSbs [23]. This assumption means that the formation
of AloCo occurs during a second step only inside the AISb layer with no contact with CoSbs. These
thermodynamics information implies that during the process the aluminum atoms enter the CoSbs

structure and firstly react with antimony to form AIlSb. This reaction induces the formation of
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intermediate compounds such as CoSbz or CoSb that progressively insulate cobalt in the structure.
Then, during a second step, cobalt inside the surface layer reacts with aluminum to produce AloCo2
certainly promoted by some intermediate compounds such as AlCo, AlsCo2, Al3Co, Al13Co4 [23].
Nonetheless, the amount of AloCo» is very low and hardly distinguishable from the cross-section
BSE-SEM images of Fig.7 and Fig.8 although the XRD pattens of Fig.9 evidence it inside the
surface layer. Then, the pack cementation process is a powerful process to produce a surface
coating on CoSbsz the protection properties of which have to be assessed from oxidation

experiments.

3.3. Oxidation of the aluminized CoSbs skutterudite materials

The results presented in Fig.10 and Fig.11 show the cross-section SEM images of the aluminized
CoSbs substrates after oxidation under a flow of synthetic air at 800 K for 1000 h. The thickness
of the surface layer of CoSbs aluminized at 773 K increases from 8 pm to 12 uym during the
oxidation treatment at 800 K (Fig.10). The corresponding mass variation is Am = + 0.05 mg cm™.
This behavior suggests that the aluminum diffusion continues during the oxidation at 800 K, a
temperature upper than that used to aluminize this CoSbs sample. On the other hand the thickness
of the surface layer of CoSbs aluminized at 873 K remains constant during the oxidation treatment
at 800 K (Fig.11) but this sample shows a higher mass variation Am = + 0.19 mg cm™. The different
behaviors observed for both samples can be attributed to the two different temperatures used for
the pack cementation process that induce two different surface layer thicknesses. The X-ray maps
and EDS spectra indicate that these two surface layers are made of oxygen, aluminum, cobalt and
antimony. The quantitative analyzes of these four elements are reported in Table 1. For both
samples, the amounts of oxygen and aluminum are higher in the upper part of the coating (spectrum

#1) in comparison with the area close to the interface with the substrate (spectrum #2). The amount
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of cobalt is low but homogeneously distributed inside the coating whereas the amount of antimony
is higher in the area close to the substrate in comparison with the top area of the coating. The EDS
analyzes carried out inside the substrates are homogeneous with characteristic quantifications of
CoSbs. The X-ray maps show that the whole thickness of the coatings are oxidized with no oxygen
detected inside the CoSbs substrates. These results highlight the great affinity of the surface layer
with oxygen, meaning that the synthesized coating is an efficient barrier against oxygen diffusion
that provides an appropriate oxidation protection to CoSbs. The corresponding XRD patterns are
displayed in Fig.12. The signal from AISb, the main crystalline phase of the coating, is still
observable after 1000 h of oxidation at 800 K. However, both XRD patterns include the signal from
the CoSbs substrate, even for the sample whose surface layer thickness has increased during the
oxidation treatment. This observation means that the incident X-rays beam penetrates more deeply
the sample certainly because the density of the surface layer has been lowered by the oxidation
process [32-33]. The XRD patterns also highlight that no structural change of CoSbs occurs during
the treatment. On the other hand, one of the oxidized samples also reveal the presence of some
alumina (0-Al203) meaning that a portion of the formed oxides has been crystallized (Fig.12b).
The corresponding signal is quite low although oxygen is homogeneously distributed on the X-ray
maps of Fig.10 and Fig.11 with an average amount upper than 40 at.% (Table 1). Indeed, the main
crystalline phase of the surface layer is AISb constituted by aluminum and antimony, two chemical
elements particularly well-known for their high affinity with oxygen [34-35]. Sherohman et al.
have described the oxidation process of AISb in air in two steps [36]: an initial rapid formation of
an oxidized amorphous layer, followed by the continuous oxidation throughout the AlSb material

that produces Al2O3 and Sb2O3 according to reaction (4):
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2 AISb (s) + 3 02 (g) — ALOs (s) + Sb20s (s) 4)

Any deviation from stoichiometry brought by non-equivalent oxidation would produce some Al or
Sb. They may promote the formation of hydroxide or hydride compounds such as AI(OH)3 or SbH3
that are known for their instability at high temperatures [37-38]. These compounds are easily
decomposed from 500 K, producing aluminum oxides (Al.O3) and antimony oxides (Sb203, Sb204,
and Sb20s) [39-41]. The volatilization of these unstable compounds can occur during the oxidation
treatment, inducing the disruption of the oxidized layer [42]. In our experiments the mechanical
stability of the layer is preserved during the oxidation treatment but longer oxidation durations may
partially destroy the surface layer [2].

However, out experimental results have clearly evidenced the protection property of the
synthesized biphasic coating under air environment at 800 K for 1000 h. The aluminized surface
layer acts as a protecting barrier for the CoSbs skutterudite material, avoiding any oxygen
penetration. The initially targeted objective is then accomplished, making this innovative system

interesting and a potential powerful energy producer for many industrial applications.

4. Conclusions

The present research has explored the oxidation behavior of the skutterudite material CoSbs under
a flow of air at 800 K for 15 h, 50 h, 100 h and 1000 h. The growth of a surface oxide layer has
been observed for 1000 h of treatment. This oxide layer is made of three phases. The spinel oxide
CoSb204 / CoO-Sb,03 grows inwards the substrate and the two oxides Sb2O4 and CoSb2Ogs grow
outwards the substrate. In order to prevent the oxidation of CoSbs, a protective surface coating has

been synthesized by the CVD process named aluminum pack cementation. The synthesis has been
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experimented in two conditions, one at 873 K for 30 min or another one at 773 K for 120 min. In
both conditions, the obtained biphasic coating is made of AlSb and AlyCo.. The oxidation of the
coated CoSbs under a flow of air at 800 K for 1000 hours has demonstrated the protection properties
of this innovative coating that keeps CoSbs unaffected by oxygen. Consequently, this coating is a
powerful and efficient protection barrier that makes the coated CoSbs skutterudite material an

interesting device usable for industrial applications under oxidizing environments.
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Figures caption

Fig.1. SEM images of the CoSbs surface after oxidation in air at 800 K for (a) 15 h, (b) 50 h, (c)

100 h and (d) 1000 h.

Fig.2. Cross-sections SEM images (BSE) of CoSbs after oxidation in air at 800 K for (a) 15 h, (b)

50 h, (c) 100 h and (d) 1000 h.

Fig.3. Mass and thickness evolutions of CoSbs as a function of oxidation time in air at 800 K.

Fig.4. Cross-section SEM image (BSE) and EDS spectra of CoSbs after oxidation in air at 800 K

for 100 h.

Fig.5. XRD patterns of CoSbs as a function of oxidation time in air at 800 K.

Fig.6. SEM images of the CoSbs surface after aluminizing by CVD (a) at 773 K for 120 minutes

and (b) at 873 K for 30 minutes.

Fig.7. SEM images, EDS characterization and X-ray maps of the cross-section of the CoSbs surface

after aluminizing by CVD at 773 K for 120 minutes.

Fig.8. SEM images, EDS characterization and X-ray maps of the cross-section of the CoSbs surface
after aluminizing by CVD at 873 K for 30 minutes. Reprinted from Ref. [23] with kind permission

from Elsevier.
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Fig.9. XRD patterns of the CoSbs surface after aluminizing by CVD (a) at 773 K for 120 minutes

and (b) at 873 K for 30 minutes.

Fig.10. SEM images, EDS characterization and X-ray maps of the cross-section obtained after

oxidation at 800 K for 1000 hours of CoSbs aluminized at 773 K for 120 minutes.

Fig.11. SEM images, EDS characterization and X-ray maps of the cross-section obtained after

oxidation at 800 K for 1000 hours of CoSbs aluminized at 873 K for 30 minutes. Reprinted from

Ref. [23] with kind permission from Elsevier.

Fig.12. XRD patterns after oxidation at 800 K for 1000 hours of the aluminized CoSbs surface

obtained (a) at 773 K for 120 minutes and (b) at 873 K for 30 minutes.
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Fig.2

22



Fig.3
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Fig.4
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Fig.5
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Fig.6
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Fig.7
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Fig.8
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Fig.9

Intensity (arb. units)

o AISb 1 AlyCo,
m]
[m]
o a)
YYYly Y Y Yyovv [LyvTamy
m]
m]
b
vvv“v )\v Yoy flyveely )
20””2'5””3'0 3'5 4'0 4'5 5'0””5'5””60

20 (degrees)

29



Fig.10
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Fig.11
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Fig.12
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Table 1. Elemental quantifications extracted from the EDS spectra presented in the study

Position at. % of O at. % of A1 at. % of Co at. % of Sb

) 1 62.2 - - 37.8
Fig.4 2 50.0 : 16.5 335
1 - G610 12.6 21.2

) 2 : 59.9 10.0 30.1
Fig.7 3 ; ; 247 753
4 - - 252 748

1 - 63.8 12.9 18.3

) 2 - 63.4 11.8 248
Fig8 3 _ _ 25.0 75.0
4 _ _ 25.1 749

1 44.6 37.0 45 13.9

) 2 41.0 27.6 4.6 26.8
Fig.10 3 _ _ 255 745
4 _ _ 24.9 75.1

1 46.9 38.1 4.1 10.9

) 2 43.8 26.0 4.1 26.1
Fig.11 3 _ _ 2477 753
4 _ _ 252 748
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