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ABSTRACT 

The CoSb3 skutterudite compounds are thermoelectric materials used to produce electricity 

from heat. Unfortunately, these materials quickly oxidize in air at elevated temperature. To 

solve this problem, this work explores the possibility to produce a protective aluminide surface 

layer to limit the interactions with oxygen. To synthesize the layer, this research work 

experiments the pack cementation process. A good understanding of the process requires the 

knowledge of the thermodynamic phase equilibria of the involved elements. However, this 

ternary system has never been considered in literature. Therefore, the first part of the research 

concerns the study of the isothermal section at 600 °C of the Al-Co-Sb ternary system to 

improve the knowledge of the phases that can be formed during the pack cementation process. 

Next, the aluminide surface layer is synthesized, then characterized by coupling scanning 

electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction 

(XRD) analysis. The results reveal that the obtained coating is made of two crystalline phases, 

AlSb is the major one and Al9Co2 is the minor one. At last, the oxidation experiments point out 
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the protective properties of the surface layer against oxygen penetration, keeping the substrate 

safe for 1000 h under a flow of synthetic air at 527 °C. Consequently, the aluminized CoSb3 is 

a promising thermoelectric material usable in oxidative environments. 
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1. Introduction 

The skutterudite compounds made of cobalt (Co) and antimony (Sb) such as CoSb3 are powerful 

thermoelectric materials thanks to a high figure of merit (ZT > 1) [1-3]. CoSb3 is commonly 

used to produce thermoelectric generators able to convert heat into electrical energy [4-6]. 

These generators are mainly employed in the aerospace industry, more particularly to produce 

electricity for the space vehicles launched far away from Earth. Currently, many research efforts 

aim at developing their use on Earth under oxidative environment [7]. Actually, their sensitivity 

to thermal degradation under oxidation mechanisms is a significant problem with regards to 

their high operating temperatures (several hundreds of Celsius degrees). Numerous studies have 

highlighted a quick deterioration of the CoSb3 material under a flow of oxygen at high 

temperature. For example, Godlewska et al. have observed the formation of Sb2O4, CoSb2O4 

and CoSb2O6 at the surface of CoSb3 during oxidation in air at 500 °C for eighty hours [8]. Hara 

et al. have established that two surface layers are formed during this oxidation treatment [9]. 

They have demonstrated that the outer layer is composed of a mixture of antimony oxides (β-

Sb2O4 and Sb2O3), and the inner layer is made of a mixture of four oxides (CoSb2O6, CoSb2O4, 

Sb2O3 and β-Sb2O4). Moreover, they have described the parabolic behavior of the oxides layer 

growth as a function of time, proposing a three-step mechanism of oxidation: (i) antimony 

diffusion towards the surface, (ii) oxygen penetration into the region of antimony segregation, 

and then (iii) oxides formation. These reactions promote the degradation of the thermoelectric 

properties of the material and the decrease of the device sustainability [10]. Consequently, a 

protective surface coating is necessary to prevent the oxidation reactions and the loss of the 

thermoelectric properties [11]. Several coating processes have been studied in literature such as 

magnetron-sputtering to produce Cr-Si or Ti coatings [8,11] and the sol-gel process to 

synthesize composite glass layers [12]. The perspective to use a metallic coating with a great 

affinity with oxygen appears to be the most relevant way to solve the oxidation problem. An 
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appropriate solution could be to develop an aluminide layer on CoSb3 by pack cementation, a 

variant of chemical vapor deposition (CVD). This outlook is very attractive since pack 

cementation produces adherent coatings unaffected by the high temperatures [13]. Moreover, 

due to its great affinity with oxygen, the aluminide layer is expected to act as a barrier to oxygen, 

forming alumina (Al2O3, a stoichiometric oxide) and preserving the substrate from any 

deterioration. The pack cementation process consists in the diffusion under vacuum at 600 °C 

of aluminum atoms inside the alloy [14-15]. In literature, the three binary thermodynamic 

systems constituted by Al, Co or Sb are well known and they have been already studied [16-

22]. Unfortunately, the Al-Co-Sb ternary system has never been explored. That is the reason 

why the present research work aims at studying the isothermal section of this ternary system at 

the temperature used for the coating process, i.e., 600 °C. In a first part, the predicted section 

of the ternary system is proposed after the presentation of the corresponding binary borders. 

The experimental study of the different regions is conducted to assess some prospective 

solubility or ternary compounds which are not predictable by the initial calculation. Then, the 

aluminide layer synthesized on the CoSb3 substrate is characterized to highlight the phases 

formed during the process. At last, the oxidation behavior of the coated CoSb3 is assessed under 

a flow of synthetic air at 527 °C for 1000 hours. 

 

2. Literature review of the binary borders 

2.1. Co-Sb equilibrium phase diagram 

The commonly accepted phase diagram of the Co-Sb system is shown in Fig.1 [21]. The 

liquidus line overall decreases between the melting temperature of Co and that of Sb as a 

function of the Sb content increases. The maximum solubility of Sb is very low (up to 5 wt.% 

Sb at 1118 °C) and particularly insignificant below 600 °C in the austenitic cobalt solid solution 

(Co)ht. It is negligible in the hexagonal (Co)rt one whatever the temperature. Similarly the 
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solubility of Co in the antimony solid solution (Sb) is very low (about 0.5 wt.% Co at 631 °C). 

This diagram also evidences an intermediate solid solution CoSb whose composition varies 

around 65 wt.% Sb (62 wt.% Sb at 1118 °C to 70 wt.% Sb at 936 °C). It is noticeable that this 

phase exhibits a congruent melting at 1220 °C. In addition, there are two defined Sb-rich 

compounds: CoSb2 and CoSb3. It may be noticed that the first one has a polymorphic transition 

from (CoSb2)rt to (CoSb2)ht at 377 °C. Both defined compounds are characterized by a peritectic 

solidification (936 °C for CoSb2 and 874 °C for CoSb3). Table 1 and Table 2 respectively 

propose the crystallographic description of all the phases and the invariant reactions of the Co-

Sb binary system [23]. 

 

2.2. Al-Co equilibrium phase diagram 

The well-accepted phase diagram of the Al-Co system is shown in Fig.2 [16]. It is split in two 

parts by an intermediate solid solution (AlCo) characterized by a congruent melting (1640 °C). 

The corresponding domain of this phase extends towards the Co side up to 87 wt.%. The Co-

rich side presents a eutectic equilibrium (1401 °C) and a eutectoid equilibrium (300 °C) linked 

to the two allotropes of cobalt. In the Al-rich part of the diagram, the liquidus line decreases 

between the congruent melting temperature of (AlCo) and the melting temperature of pure 

aluminum. Between (AlCo) and (Al), four stoichiometric compounds are defined (Co2Al9, 

Co4Al13, CoAl3 and Co2Al5). All of them have a peritectic solidification (respectively 974 °C, 

1104 °C, 1140 °C and 1168 °C). Co2Al9 and (Al) define a eutectic equilibrium with the liquid 

at a temperature close to that of the melting of pure Al (659 °C). It may be noticed that there is 

no significant solubility of Co in (Al) and also of Al in (Co)rt.. In contrast, (Co)ht. presents an 

important solubility for aluminum (up to 8.6 wt.%). Table 1 and Table 2 respectively provide 

the crystallographic description of all the phases and the phase equilibria in the Al-Co system 

[23]. 



6 

 

 

2.3. Al-Sb equilibrium phase diagram 

The phase diagram of the Al-Sb system displayed in Fig.3 exhibits a defined compound AlSb 

characterized by a congruent melting (1055 °C) that cuts the phase diagram in two sides [19]: 

AlSb is in eutectic equilibrium with both pure elements Al (658 °C) and Sb (620 °C). It may be 

noticed that there is no solubility of antimony in (Al) and no solubility of aluminum in (Sb). 

Table 1 and Table 2 respectively present the crystallographic description of the phases and the 

phase equilibria in the binary system Al-Sb [23]. 

 

3. Materials and Methods 

3.1. Calculation of the predictive Al-Co-Sb ternary isothermal section 

To our knowledge, the Al-Co-Sb ternary system has never been studied in literature. In a first 

time, the binary Calphad modeling of Co-Sb due to Zhang et al. [21], of Al-Co due to Stein et 

al. [16] and Al-Sb due to Balakumar and Medraj [19] were selected. The phase diagrams of 

these three binary systems are plotted in weight percent in Fig.1, Fig.2 and Fig.3, respectively. 

In the Calphad method, the Gibbs energies of phases are described using mathematical models 

in which some coefficients should be adjusted. They are obtained on the basis of selected 

available experimental data with regards to the phase equilibria and the thermodynamic 

properties of the considered system. These three binary databases are compatible to one another. 

Consequently, a thermodynamic database including them was created. A predictive calculation 

of the equilibria between all the phases was done at 600 °C. The corresponding phase diagram 

is presented in weight percent in Fig.4. One should note that the database can only predict 

possible equilibria between the phases issued from the binary borders, and it does not indicate 

possible ternary solubilities or the existence of ternary compounds. The obtained diagram 

shows a biphasic equilibrium between AlCo and AlSb splitting the isothermal section in two 
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parts. The Al-rich side displays equilibria between AlxCoy and AlSb. The CoSb border displays 

equilibria between CoxSby and AlCo. The isothermal cut being only predictive, it requires 

experimental investigations. 

 

3.2. Synthesis of the materials for the thermodynamic study 

In order to explore experimentally some areas of the isothermal section, eight samples made of 

a mixture of various amounts of aluminum powder (99.5 %, 7-15 µm, Alfa Aesar®), cobalt 

powder (99.5 %, 15 µm, Touzart et Matignon®) and antimony powder (99.9 %, 20 µm, Alfa 

Aesar®) were compacted in air at 300 bar with a hydraulic press to obtain pellets. Afterwards 

each pellet was put inside an alumina crucible, itself inside a silica ampoule sealed under a 

dynamic secondary vacuum (10-6 mbar) to avoid any oxidation of the samples during the 

thermal treatment. Then, the whole system was treated at 600 °C for 10 days inside a muffle 

furnace (Nabertherm), then followed by water quenching. 

 

3.3. Synthesis of the aluminide coating 

The chemical process used to coat the CoSb3 substrate is pack cementation. The CoSb3 pellet 

is a lab-made sample obtained from CoSb3 powder (5 μm in diameter, 99.99 %, synthesized by 

powder metallurgy), densified by spark plasma sintering (SPS) [24]. First, the surface of the 

CoSb3 pellet is polished with SiC papers and ultrasonically cleaned in ethanol. Then, the pellet 

is positioned under a dynamic secondary vacuum (10-6 mbar) inside a sealed silica ampoule that 

contains a mixture of powders, i.e. Al (the element to be deposited), Al2O3 (inert filler powder) 

and a small amount of CrCl3 (the halide salt activator). Next, the ampoule is exposed to 600 °C 

in a muffle furnace (Nabertherm) for 30 minutes. At this temperature, the aluminum atoms 

diffuse inside the CoSb3 substrate and react with the cobalt and antimony atoms to produce a 
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metallic coating at the surface of the material [14]. At last, the silica ampoule is air quenched 

at room temperature. 

 

3.4. Characterization of the obtained phases 

The crystalline phases of the synthesized samples are assessed by X-ray diffraction (XRD) with 

a Philips X'pert pro diffractometer using a monochromatic CuKα radiation (λ=0.15406 nm). The 

patterns were collected from 2θ = 20° to 60° with a step of 0.01671°. The phases are identified 

using the diffraction files provided by the International Centre for Diffraction Data (ICDD). 

Moreover, the cross-sections of the samples are observed from backscattered electron (BSE) 

images with a scanning electron microscope (SEM, JEOL JSM 6010LA) equipped with an 

energy dispersive X-ray spectrometer (EDS). At last, X-ray elemental mapping of the cross-

section of the coated substrate is carried out at 15 kV. 

 

3.5. Oxidation of the coated skutterudite 

The oxidation of the coated CoSb3 skutterudite was carried out at 527 °C for 1000 h in a tubular 

furnace (Carbolite). A flow of synthetic air, i.e. a mix of dioxygen (20% O2) and dinitrogen 

(80% N2), was injected continuously inside the furnace at 4 L.h-1. 

 

4. Results and Discussion 

4.1. Experimental study of the isothermal section 

The eight studied compositions are positioned on the isothermal section displayed in Fig.4. All 

the samples are characterized after 10 days of thermal treatment at 600 °C under secondary 

vacuum. The corresponding XRD patterns are reported in Fig.5. Various phases’ mixtures are 

identified depending on the initial composition, i.e. the amount of Co, Sb or Al. It is noteworthy 

that all the peaks of the eight XRD patterns are attributed to phases of Co, Sb or Al without any 
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oxide phase of these elements. This observation indicates that the secondary vacuum used 

during the experiments is appropriate to avoid any oxidation of the samples during the thermal 

treatment. The whole results are collected in Table 3. Among the observed phases, AlSb is the 

only one constituted by aluminum and antimony whereas many other phases contain cobalt: 

AlCo, Al5Co2, Al9Co2, Al13Co4, or CoSb, CoSb2, CoSb3. Particularly, all the diffraction peaks 

are indexed, meaning that there is no ternary phase put in evidence from XRD. Next, the inside 

of the eight samples is observed using SEM in BSE mode. Two of the obtained micrographs 

are displayed in Fig.6 and Fig.7. They highlight areas with various contrasts that correspond to 

the different phases formed during the thermal treatment. The elemental quantifications 

extracted from the EDS results match with the chemical composition of the phases identified 

by XRD. They are gathered in Table 3. For example, three phases are observable for the C1 

sample (Fig.6). The EDS analysis locally provides the identification of these three phases: 

CoSb3 (white areas), AlSb (light grey areas) and AlCo (dark grey areas). Similarly, the BSE 

image from the sample C4 is displayed in Fig.7 and also reveals three phases: CoSb (white 

areas), (Co) (light grey areas), AlCo (dark grey areas). It is interesting to note that these 

observations highlight the existing equilibria between these phases since each one is in contact 

with the two others. Thus, these observations confirm the presence of some three-phase 

equilibria in the Al-Co-Sb ternary diagram (Table 3). More specifically, this experimental study 

highlights the existence of a thermodynamic equilibrium between AlSb and CoSb3, unpredicted 

by the calculation (Fig.4). This result is highly important for this work in which a coating is 

synthesized by the diffusion of aluminum at 600 °C inside the CoSb3 substrate. Therefore, the 

thermodynamic equilibria at the alloy surface are the main factor influencing the process, the 

formation of phases [13]. According to this new built ternary diagram, several phases can 

coexist in a thermodynamic equilibrium during the pack cementation process. This assumption 

has to be checked experimentally.  
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4.2. Coating synthesized by pack cementation 

 The cross-section SEM image of Fig.8 and the corresponding X-ray elemental mapping present 

the coating obtained on the CoSb3 substrate. This chemical characterization indicates that the 

synthesized coating is made of aluminum, cobalt and antimony. More accurately, the XRD 

characterization of Fig.9 points out the two crystalline phases of the coating: AlSb is the major 

one and Al9Co2 is the minor one. These experimental observations confirm the predicted 

thermodynamic equilibrium between these two phases. The corresponding diffusion pathway 

of Al inside the CoSb3 substrate during the pack cementation process can be plotted on the 

isothermal section of Fig.10. The equilibrium previously highlighted between AlSb and CoSb3 

justifies that AlSb is the major phase formed at 600 °C. Moreover, this phase can be in 

equilibrium with Al9Co2, the minor phase of this biphasic coating. Therefore, these results 

describe the possibility to produce a metallic coating from aluminum powder on the surface of 

the CoSb3 thermoelectric material. The formation mechanisms of aluminide coatings are 

commonly described as follows [25,26]: 

 

(i) Formation of aluminum chlorides by the reaction of the halide salt activator (CrCl3) 

and the aluminum metal powder of the pack. 

(ii) Transport of the aluminum chlorides towards the substrate by gas-phase diffusion. 

(iii) Reaction leading to the deposition of aluminum at the substrate surface. 

(iv) Diffusion of aluminum into the substrate with the formation of the aluminide 

coating. 

(v) Diffusion of the reaction products from the substrate back to the pack. 
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In this work, the pack cementation process produces an aluminide surface layer made of AlSb 

and Al9Co2 on CoSb3. This layer is synthesized with the objective to protect the substrate from 

oxidation in order to make thermoelectric generators usable under oxidative environments. 

Since the affinity of AlSb and Al9Co2 with oxygen has been already studied and established, 

this layer could be an appropriate protective layer able to keep oxygen, avoiding its diffusion 

throughout the substrate [27-30]. Indeed, Shibata et al. have shown that AlSb is extremely liable 

to be oxidized during an exposition in air at high temperature. They have described the 

mechanisms of the process in two steps that lead to the formation of an amorphous oxide [31]. 

Similarly, Wardé et al. have described the oxidation of Al9Co2 in a wide range of temperatures 

until 752 °C. They have observed the quick formation of Al-O bonds inducing the following 

steps: formation of an oxide film, dissolution of the film, oxygen desorption and dissolution 

into the Al9Co2 bulk [32]. Consequently, since the synthesized aluminide coating is made of 

these two crystalline phases, the lifespan extension of the thermoelectric material is expected 

in an oxidizing environment such as air atmosphere. 

 

4.3. Oxidation of the aluminized CoSb3 skutterudite 

The aluminized CoSb3 sample has been oxidized under a flow of synthetic air at 527 °C for 

1000 h. The cross-section of the oxidized sample is presented in Fig.11 with the corresponding 

X-ray elemental mapping. These characterizations reveal that the aluminized area at the top of 

the CoSb3 substrate is fully oxidized since oxygen is identified on the whole thickness of the 

coating. The corresponding X-ray microanalysis obtained from EDS spots carried out inside 

the oxidized coating indicates an average oxygen atomic ratio of 43.8 at.%. More particularly, 

it is noticeable that there is no oxygen in the CoSb3 substrate but only inside the coating whose 

affinity with oxygen is the highest one. This observation highlights that the metallic coating 

acts as a barrier for oxygen and protects the CoSb3 substrate from oxidation. The XRD patterns 
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obtained after 1000 h of oxidation at 527 °C of the coated sample is presented in Fig.12. In 

comparison with the XRD patterns obtained before oxidation (Fig.9), we can note that AlSb, 

the main crystalline phase of the coating is still observable but the signal from the CoSb3 

substrate is sharply more pronounced although the thickness of the coating has not changed. 

This effect indicates that the penetration depth of the incident X-ray beam is higher through the 

surface layer that became less dense during the oxidation process. Indeed, it is well established 

that the penetration depth of an X-ray beam is linked to the density of the crossed material [33, 

34]. Moreover, the XRD patterns of the oxidized sample also reveal the presence of some 

alumina (α-Al2O3) meaning that a part of the formed oxides has been crystallized. However, 

considering the amount of oxygen determined from X-ray microanalysis (43.8 %) and the X-

ray elemental mapping obtained from EDS, it is obvious that the formed oxides are mainly 

amorphous and then unobservable by X-ray diffraction. This assumption is understandable 

considering the quite low oxidation temperature used in this study (527 °C). This temperature 

is appropriate to promote the diffusion of oxygen inside the metallic coating and the formation 

of some oxides but without any crystallization of the formed oxides that remain mainly 

amorphous. Due to their high affinity with oxygen, aluminum and antimony from AlSb, can be 

easily considered as the main elements involved in the oxides formation, e.g. producing Al2O3 

and Sb2O3 / Sb2O4 [29]. However, the crystallization temperature for these oxides is higher than 

that used in this study, explaining why they can exist only in an amorphous state inside the 

surface layer [35, 36]. Nonetheless, the protection property of the synthesized coating is clearly 

evidenced and it makes the CoSb3 skutterudite material usable under air environment at 527 °C 

for 1000 h. The aluminized surface layer acts as a protecting barrier for the substrate, avoiding 

the oxygen penetration. Consequently, the initial objective is reached, making this system 

interesting and powerful to produce thermoelectric generators usable not only under vacuum 

for aerospace applications, but also on Earth in air environment. 
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5. Conclusion 

This work has described the synthesis of an aluminide layer by pack cementation on CoSb3 

skutterudite. To reach this objective, the isothermal section at 600 °C of the Al-Co-Sb ternary 

diagram has been investigated for the first time to know the thermodynamic equilibria between 

the phases formed from these three elements. To confirm the predicted equilibria of the ternary 

system, several samples have been synthesized to explore the section. Particularly, the two-

phases equilibrium between CoSb3 and AlSb has been highlighted and some three-phases 

domains have been observed. From this work, the sequence of the phases formed during the 

pack cementation process has been highlighted and the experimental conditions of the process 

have been defined. The aluminide layer has been achieved on the CoSb3 substrate. The 

structural investigations have shown that the coating is made of two crystalline phases, the 

major one is AlSb and the minor one is Al9Co2. Therefore, an appropriate corrosion behavior 

of the coated CoSb3 has been observed under a flow of synthetic air at 527 °C for 1000 hours. 

The aluminide layer has act as a reservoir of aluminum for maintaining a protective Al2O3 scale 

on the material surface during the oxidation process. Consequently, the aluminized layer makes 

the CoSb3 skutterudite an appropriate thermoelectric material for a use under an oxidative 

environment such as air. 
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Figure captions 

 

Fig.1. Co-Sb equilibrium phase diagram [21]. 

 

Fig.2. Al-Co equilibrium phase diagram [16]. 

 

Fig.3. Al-Sb equilibrium phase diagram [19]. 

 

Fig.4. Isothermal section at 600 °C of the Al-Co-Sb ternary equilibrium diagram. Position of 

the chemical compositions experimentally studied. 

 

Fig.5. XRD patterns of the eight chemical compositions identified on the isothermal section of 

Fig.4. 

 

Fig.6. Back-scattered electron (BSE) image and EDS characterization of the C1 sample after 

thermal treatment at 600 °C. 

 

Fig.7. Back-scattered electron (BSE) image and EDS characterization of the C4 sample after 

thermal treatment at 600 °C. 

 

Fig.8. Cross-section SEM image, EDS characterization and X-ray elemental mapping of the 

aluminizing layer synthesized on the CoSb3 substrate. 

 

Fig.9. XRD patterns of the aluminizing layer synthesized on the CoSb3 substrate. 
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Fig.10. Isothermal section at 600 °C of the Al-Co-Sb ternary equilibrium diagram. Diffusion 

way of Al inside CoSb3 during the pack cementation process. 

 

Fig.11. Cross-section SEM image, EDS characterization and X-ray elemental mapping of the 

aluminized CoSb3 sample after oxidation at 527 °C for 1000 hours. 

 

Fig.12. XRD patterns of the aluminized CoSb3 surface after oxidation at 527 °C for 1000 

hours. 
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Fig.2 
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Fig.3 
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Fig.4 

 

 

 

  




