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Technical Progress Report 

Introduction 

The investigation of the thermoelectric properties of n-type IrxCol,Sb3 solid 
solutions has shown that, although significant improvements compared to the 
binary compounds IrSb3 and CoSb3 were obtained, the maximum ZT value 
obtained was only about 0.36 at 300 C. In order to achieve significantly higher 
ZT values, one approach is to look at other skutterudite systems which might have 
thermal conductivities. The minimum thermal conductivity achieved for the 
IrxCol,Sb3 solid solutions was about 30 mW.cm".K". New ternary skutterudite 
compounds were discovered at JPL such as R~.sPd&b3 and RuSbzTe. These 
compounds have shown interesting thermoelectric properties and in particular a 
relatively low thermal conductivity. 

The objectives of the present effort is to investigate the properties of alloys of the 
binary compounds IrSb3 and CoSb3 with the ternary compound RuSbzTe. 
RuSbTe is a new ternaq skutterudite with a room temperature thermal 
conductivity of about 28 mW.cm".K" (about 25% of the room temperature 
thermal conductivity of IrSb3 and CoSb3). Alloys between IrSb3 and CoSb3 and 
RuSbTe might have significantly lower thermal conductivity than IrxCol,,Sb3 
solid solutions, resulting in better thermoelectric properties. Efforts have initially 
focused on determining the solubility limit of the compound in IrSb3 and CoSb3. 
The results are presented in this report. Thermoelectric properties of some on hot- 
pressed samples are also presented. 

A. Samples preparation and characterization 

Elemental powders of Ru, Sb, Te, Co and Ir (purity of 99.9% or higher) in 
amounts close to stoichiometric ratios were loaded inside a glove box under argon 
atmosphere. The loads (about 2.5 grams total weight) were placed in plastic vials 



and mixed for about 15 minutes in a miller. The mixed powders were then cold - 
pressed in a 1/4 inch steel die under about 5-6 tons of pressure. The cold-pressed 
samples were then placed inside quartz ampoules, sealed under vacuum and 
reacted by solid state diffision at 600 C for 5 days. The products of the reaction 
were then analyzed by X-ray difictometry using the Cu-Ka line. Si powder was 
added to the samples as a reference. 

After the X-ray difiactometry results showed that single phase powders were 
obtained, the samples were hot-pressed at about 6OO0C for 2 hours in graphite dies 
of 6.35 mm ID at pressures of up to 20,000 psi. An *Astro~ hot-pressing furnace 
with a constant flow of argon was used. Compact cylindrical pellets 6.4 mm in 
diameter and 5 to 8 mm long were obtained by this process. 

The microstructure of the samples was analyzed by microprobe analysis (MPA) 
to assess their homogeneity and to determine if any secondary phases were 
present. Samples containing secondary phases were determined not to be suitable 
for measurements. All the samples were characterized at room temperature by 
Hall effect and Seebeck coefficient measurements. High temperature Hall effect, 
Seebeck coefficient electrical resistivity and thermal conductivity measurements 
were pedormed on selected samples. 

B. (RuSb2Te).r(CoSbl)l,)r allow 

Table 1 summarizes the results obtained on (R~SbzTe)~(CoSb3)l, alloys. The 
lattice constant is 9.039 A for CoSb3 and 9.281 A for RuSbzTe. Because of the 
relatively large difference in lattice constant between the two compounds, one 
would expect that the solid solution range between the compounds will only be 
limited. Two samples were prepared with the following compositions: 
(RUS b2Te)o. 125( COsb3)0.87~ (sample 0x25) and (RuSbzTe)o.s7s(CoSb3)o.i 25 
(sample 0x26). For both samples, the X-ray pattern shows the presence of two 
different skutterudite phases in the samples (see Figures 1 and 2). The 
corresponding lattice constant is listed in Table 1 together with the corresponding 
percentage of the RuSbTe phase in the sample (assuming that the lattice constant 



varies linearly from one compound to the other). Based on these results, it seems 
like there a miscibility gap between the two compounds as shown in Figure 3. The 
miscibility on both sides of the system is about 5%. Sample OX46 was prepared 
on the basis of these results with a nominal composition with 5% of RuSb2Te. 
The X-ray pattern shown in Figure 4 shows that the sample is essentially single 
phase and that the corresponding skuttemdite phase has a lattice constant of 9.045 
L! (-3% of RuSbTe in CoSb3). This sample was hot-pressed and its properties are 
shown in Table 1. The sample shows n-type conductivity with a relatively high 
doping level and reasonably good Hall mobility. The Seebeck coeficient values 
are relatively large and the electrical resistivity are relatively low, resulting in 
good power factor value (- 39 pW.cm-'.K-2). The high temperature properties of 
this sample are summarized in Table 3. The Seebeck coefficient and electrical 
resistivity values increase with increasing temperature up to 600"C, resulting in a 
nearly constant power factor of about 40 pW.crn-'.K2. The thermal conductivity 
decreases from a room temperature value of about 55 mW.cm".K" to a minimum 
value of about 35 mW.cm".K" at 400°C and then increases up to a value of about 
42 mW.cm".' K" at 600°C. The calculated ZT values are listed in Table 3 and 
shown in Figure 5.  A maximum ZT value of 0.89 was obtained at 600°C. The 
values for state-of-the-art PbTe and BizTe3-based alloys are also shown in Figure 
5.  The values obtained for the (RuSb2Te)o.os(CoSb&.g~ n-type alloy compare well 
with the state-of-the-art material and this is a very encouraging result. Microprobe 
analysis remains to be performed on this sample to investigate its composition and 
microstructure. 

Preliminary results obtained for (RuSb2TeX(CoSb3)1, alloys showed that good 
ZT values were obtained for n-type alloys on the CoSb3-rich side. However, the 
ZT values are still limited because the reduction in thermal conductivity is not as 
important for the solid solution with about 5% of RuSbzTe as it would be for a 
solid solution with about 25 % of RuSbzTe. Based on the results obtained so far, 
it seems that the miscibility limit in this system is about 5% on each side. 
However, longer anneals on samples containing more than 5% of one phase in the 
other might result in single phase, homogeneous samples. This will be investigated 
in the future. More samples within the solubility limit established so far will also 



be prepared and their thermoelectric properties measured to confirm the good 
results obtained on n-type alloys. 

C. (RuSbTeL(IrSbth,, alloys 

Table 2 summarizes the results obtained on (RuSbzTe),(IrSb3)l, alloys. The 
lattice constant of IrSb3 is 9.2533 A while the lattice constant of RuSbzTe is 
9.2811 A. The difference in lattice constant is much less between IrSb3 and 
RuSbTe than between CoSb3 and RuSbTe and the miscibility is expected to be 
larger than in the system (RuSb2Te)dCoSb3)l,. Samples with several different 
compositions (listed in Table 2) were prepared and analyzed by X-ray 
diffiactometry. The results (Figures 6-12) show that all the samples were single 
phase and the corresponding lattice constant are also listed in Table 2. Figure 3 
shows the percentage of the RuSbzTe compound which was calculated from the 
lattice constant obtained from X-ray diffiactometry. The results seem to indicate 
that a complete range of solid solutions exist between IrSb3 and RuSbzTe. 

Samples 0x5 ,  OX5#2, OX5#3, OX6#2 and OX6#3 were all hot-pressed at 
temperatures higher than 750C. Microprobe analysis showed that all these 
samples showed some decomposition and presence of arsenopyrite phases (higher 
melting point, A X 2  phases) was always detected. Measurements of the 
thermoelectric properties of these samples were not performed because the amount 
of secondary phase was too important. Samples DXl and DX2 were hot-pressed at 
700 and 600 C, respectively. Microprobe analysis of these samples showed that 
they were almost single phase with the skutterudite structure. The samples show p- 
type conductivity although they were doped with Pt which is a good n-type dopant 
for IrSb3. The Hall mobilities are reasonably good for such alloys. The Seebeck 
coeficient is relatively low, typical of p-type skutterudite phases. The room 
temperature thermal conductivity of the IrSb3-rich alloy is about 44.3 mW. 
cm".K-' while it is about 29 mW.cm".K" for the RuSb2Te-rich alloy. IrSb3-rich 
alloys have larger thermal conductivity than RuSbzTe-rich alloys which is 
expected because the thermal conductivity of RuSbTe is only 25% of the value 



for IrSb3. Thus, better thermoelectric properties might be expected on for the 
RuSbTe-rich alloys. The high temperature Seebeck coefficient, electrical 
resistivity and power factor values are shown in Figures 13 and 14 for sample 
DX2 and DX1, respectively. The maximum power factor value achieved is about 
6.5 pW.cm-'.K2 for sample DXl at 500 C. This is relatively low because of the 
relatively Seebeck coefficient values achieved for p-type skutterudite phases. N- 
type RuSbzTe alloys might have a much better potential because the electron 
effective mass is larger, resulting in larger Seebeck coefficient values. For the 
(RuSb2Te)&rSb3)1, alloys, efforts will now concentrate on preparation of n-type 
RuSbTe-rich alloys to investigate their potential. Larger amounts of platinum 
might produce n-type samples but other dopants such as Ni or Pd will also be 
investigated. 

D. Summary and future work 

We have found that there is a limited range of solid solutions between the 
skutterudite compounds CoSb3 and RuSbTe (about 5% on each side). For the 
system (RuSbzTeX(CoSb3)1,, preliminary results obtained on one n-type sample 
on the CoSb3-rich side show that these alloys have good thermoelectric properties 
and a maximum ZT of about 0.89 was obtained at about 600C. More 
experiments will be started to investigate the possibility of a broader range of 
miscibility in this system which would allow an even further decrease in the lattice 
thermal conductivity, resulting in better thermoelectric properties. IrSb3 and 
RuSbTe form a complete range of solid solutions. Hot-pressed samples in this 
system have shown p-type conductivity. The thermoelectric properties of these p- 
type alloys have been measured and results have shown that their potential for 
thermoelectric applications is limited mainly because of the relatively low Seebeck 
coefficient values for p-type materials. Efforts will be directed on preparing n- 
type samples of the same alloys by doping with various dopants such as Ni and 
Pd . 
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Table 1 : Room temperature properties of (CoSb3)x(RuSb2Te)l-x alloys 
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u b l e  a; Room temperature properties of (IrSb3)x(RuSbZTe)l-x alloys 
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Table 3; High temperature properties of sample OX46 (see Table 1 for composition) 
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