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 Thermoelectric materials are playing a larger role in the global effort to 

develop diverse, efficient, and sustainable energy technologies:  primarily through 

power-generating thermoelectric modules.  The principal components of 

thermoelectric modules are solid-state thermoelectric materials – typically heavily 

doped semiconductors – that convert heat directly into electricity.  However, this 

conversion efficiency is too low to supplant traditional energy technologies – severely 

limiting the distribution of clean and sustainable thermoelectric energy technologies.  

Efforts to enhance thermoelectric efficiency, which have been underway for decades, 

have been slow to realize appreciable gains in thermoelectric efficiency.  However, a 

key advance in improving efficiency – the New Paradigm in thermoelectric material 

research – has been the development of thermoelectric nanocomposites.  

Thermoelectric nanocomposites show improved efficiency; however, they are often 

synthesized from highly toxic elements via energetically intense and costly synthesis 

procedures.  Therefore, this research focuses on the discovery and development of a 

novel procedure for synthesizing thermoelectric nanocomposites – attrition enhanced 

nanocomposite synthesis – from open cage-like skutterudite-based materials.  With 



 

 

further optimization, high-performance power-generating thermoelectric materials can 

be produced via this technique.  Therefore, attrition-enhanced nanocomposite 

synthesis may play a small, though instrumental, role in achieving sustainable 

electrical power. 
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I.  Introduction 

 The prospect of catastrophic social and economic consequences triggered by 

global climate change has motivated unprecedented demand for a host of diverse, 

clean, and sustainable energy technologies and  may be satiated in part by high-

efficiency thermoelectric materials.1, 2  To date, however, thermoelectric materials 

with efficiencies high enough to justify large-scale implementation remain elusive.  

Therefore, improving their efficiency has been the focus of intense research for 

decades.3   

 Thermoelectric efficiency, often presented as a material dependent 

dimensionless figure of merit (ZT), is dependent on the electronic and thermal 

properties of the material.  The ZT (Eq. 1), given by: 

�	 = 	 ���� 	          Eq. 1 

is dependent on the electrical conductivity (s), Seebeck coefficient (S), and total 

thermal conductivity (kT) at a given temperature (T).  Therefore, the prime focus of 

TE-themed research has been to increase the electrical conductivity and Seebeck 

coefficient, and decrease the total thermal conductivity of the material.4  The former 

two are realized in heavily doped semiconductors – where the charge-carrier 

concentration is sufficient enough to produce high electrical conductivity while 

maintaining a reasonably large Seebeck coefficient – the latter (the thermal 

conductivity) is more challenging to decrease without appreciably effecting the other 

two.5  Two approaches, however, consistently prove to effectively decrease thermal 

conductivity:  interstitially doping cage-like crystal structures with loosely bound filler 



2 

 

atoms; and the synthesis of nanocomposites; that is, the nanostructuring of 

polycrystalline (micrometer-sized) matrices with nano-sized inclusions. 

 The prototypical filled cage-like thermoelectrics are the skutterudites:  a family 

of transition metal and pnicogen-based intermetallic compounds that adopt the body-

centered cubic space group Im3.  The skutterudites can be filled with a number of 

disparate elements – typically rare-earths – that reduce thermal conductivity in the 

material by suppressing phonon transport.6, 7  This dissertation focuses on the indium-

filled cobalt antimonides (InxCo4Sb12), which – although having been predicted to be 

thermodynamically unstable8 – exhibit dramatically reduced thermal conductivities 

compared to their unfilled counterparts.9-11 

 Nanocomposites are considered to be the new paradigm12 in the quest for high-

performance thermoelectrics.  The nanosized inclusions scatter phonons migrating 

though the micron-sized matrix.  Their synthesis, however, typically involves long 

heat treatments, and they are often synthesized from lead – a well-known neurotoxin 

and the object of intense environmental sequestration.12-14   

 The following four manuscripts describe the discovery and development of a 

novel procedure for synthesizing nanocomposite thermoelectrics from unstably filled 

open cage-like crystal structures.  This research focuses on experimentally verifying 

the metastability of indium-filled antimonide skutterudites, then exploiting the 

metastability to synthesize nanocomposite thermoelectric materials.   

 The first manuscript reports a new indium-filled compound (InxRh4Sb12).  The 

structural response to indium filling is reported, as is the influence of indium filling on 
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the thermoelectric properties of the filled compound (namely, electrical conductivity, 

Seebeck coefficient, and thermal conductivity).  The indium-filled InxRh4Sb12 is 

compared to unfilled Rh4Sb12 and exhibits a slight lattice parameter expansion upon 

indium filling.  Moreover, the thermoelectric properties are significantly altered.  The 

thermoelectric and structural response, along with Rietveld refinements, provides 

significant evidence for indium void-site filling in the Rh4Sb12 skutterudite crystal 

structure. 

 The second manuscript reports a new indium-filled solid-solution (In0.1Co4-

xRhxSb12) and is compared to the unfilled Co4-x RhxSb12 solid-solution.  As in the first 

manuscript, the structural response to indium filling is reported, as is the influence of 

the filler atom on the thermoelectric properties – both provide strong evidence for 

indium void-site filling in the Co4-xRhxSb12 solid solution.    

 However, the metastability of the solid-solution, including its end-members, is 

explored.  A distinctive structural response to indium filling, unique to the Co4-

xRhxSb12 solid-solutions, combined with lattice parameter data was used to verify the 

metastability of indium in the In0.1Co4-xRhxSb12 solid-solution.  Indium was found to 

precipitate from the void-site of the skutterudite crystal structure when subjected to a 

long heat-treatment at elevated temperatures.  

 The third manuscript exploits this metastability with the aim of synthesizing 

nanocomposites by controllably enhancing the precipitation of the indium-filler.  

Mechanical milling is investigated as a possible mechanism to enhance the kinetics 

and dispersion of indium upon precipitation.  A uniaxial hot-press was used to quickly 
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sinter the milled powder into dense pellets.  The structural and thermoelectric response 

to mechanical milling was reported.  The size and dispersion of the precipitate was 

inferred from the thermoelectric properties, particularly from the observed suppression 

of the thermal conductivity.   

 Moreover, transmission electron microscopy analysis of the lowest thermal 

conductivity sample provided evidence of the nano-sized precipitates.  The 

precipitates were found to be InSb, and varied in in size from ten’s to hundreds of 

nanometers.    Cobalt-site doping was employed to verify that the technique can be 

used to synthesize high-ZT thermoelectrics.   

 High-temperature X-ray diffraction was used to qualitatively explore the 

kinetics of indium precipitation from the void-sites:  First, it was found that when 

subjected to a heating profile that simulates the sintering conditions a greater amount 

of indium precipitates from the heavily milled samples upon heating.  And some 

reversion occurs upon cooling.  Second, it was found that rapid heating during 

sintering (200 oC/min) followed by moderate cooling (10-50 oC/min) causes the 

greatest amount of indium to precipitate.   

 The fourth manuscript sought to explore the effect of rapid sintering and heat-

treatment on the thermoelectric properties of the ball-milled and indium-filled p- and 

n-type substitutionally doped In0.3Fe0.8Co3.2Sb12 and In0.1Pd0.15Co3.85Sb12 compositions.  

Drawing from the previous manuscript and unpublished high-temperature X-ray 

diffraction data, it was determined that rapid heating during sintering (400 oC/min) and 

moderate cooling would produce the greatest concentration of InSb nano-sized 
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precipitates.  The samples were rapidly densified using spark-plasma sintering and 

furnace cooled.  The thermoelectric properties were evaluated.  The sintered samples 

were then subjected to a rapid heat-treatment and the thermoelectric properties were 

measured again.  It was found that the iron-doped sample precipitates indium readily 

upon sintering.  Upon heat-treatment, exceptionally low thermal conductivity was 

observed in the heavily milled palladium-doped samples.  Transmission electron 

microscopy was used to verify the dispersion of the nano-sized precipitate in the 

palladium-doped sample with the lowest thermal conductivity. 
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Abstract 

 This study reports the synthesis and characterization of polycrystalline indium-

filled InxRh4Sb12 (0 ≤ x ≤ 0.2) skutterudites. The structural response to indium filling 

was monitored by whole pattern fitting of the powder X-ray diffraction data. Indium 

occupation of the oversized void-sites was verified by its unusually large thermal 

displacement parameter. The indium solubility limit approached 0.15. The principal 

thermoelectric properties were measured from 300 to 600 K. All samples are 

semiconducting. Indium void-site occupation reduced the lattice thermal conductivity 

of In0.15Rh4Sb12 30% at 300 K; however, the effect was subverted at elevated 

temperatures due to a coincident increase in bipolar thermal diffusion. The high-

temperature thermoelectric figure of merits (ZT's) are low compared to the 

isostructural indium-filled InxCo4Sb12 skutterudites due to a striking sign change in the 

Seebeck coefficients at 400 K and relatively high thermal conductivities. 

 

Key Words:  Inorganic materials, Interstitial alloys, Semiconductors, Transition metal 

alloys and compounds, Thermoelectric materials 

 

1. Introduction 

 Skutterudites are particularly promising candidates for advanced 

thermoelectric materials and are the focus of lasting interest due to their highly tunable 

transport properties. Steadfast research has produced many skutterudites with 

reasonably high thermoelectric figure of merits (ZT's): 
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�	 = ���
�����         Eq. 1 

where T is the absolute temperature, S is the Seebeck coefficient, σ is the electrical 

conductivity, and κL and κe correspond to the lattice and electronic components of the 

total thermal conductivity (κL + κe). 

 The binary skutterudite is a naturally occurring cobalt arsenide mineral 

containing 32 atoms per unit cell with a body-centered cubic crystal structure. A 

myriad of binary, ternary, and quaternary skutterudites have been synthesized from 

groups 8, 9, and 10 transition metal cations and from a number of chalcogen, 

pnictogen, and group 14 semimetal anions.7 Substantial overlap and minor 

electronegativity differences between the cation and anion produces a highly covalent 

structure with exceptional carrier mobilities and relatively high intrinsic electrical 

conductivity.7, 15 

 In addition, skutterudites possess an open cage-like architecture with two 

icosahedral void-sites per unit cell. The void-site framework is comprised of antimony 

cages formed from a network of tilted cobalt arsenide octahedra. The void-site 

antimony cages can be filled with a variety of elements ranging from the alkalis, 

alkaline earths, and rare earths, to a number of poor metals including indium (Fig. 1a 

and b).9-11, 15 Due to the large cage size, the filler atoms are weakly bonded, rattle (as 

evinced by their large thermal displacement parameters), and suppress thermal 

transport.7, 15 Moreover, the filler atom often contributes to the charge carrier 

concentration. Therefore, the ZT can be enhanced by both decreasing the lattice 

thermal conductivity and increasing the electrical conductivity.15 
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Figure 1:  The crystal structure of InxRh4Sb12 showing (a) the cubic sublattice 
formed by Rh atoms (blue), the planar four-membered rings (green) connected by Sb4 
atoms (yellow) along the (1 0 0), (0 1 0), and (0 0 1) crystallographic directions, and 
the interstitial voids (turquoise cubes) with In fillers (red); (b) alternative 
representation of the interstitial void as an icosahedral cage (red) formed by 12 Sb 
atoms with In (red) “rattling” inside. The Sb atoms (end of each yellow bond) are 
omitted for clarity. Rh atoms (blue) are shown in the centers of tilted RhSb6 
octahedra. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of the article.) 
 
   

 Although much progress has been achieved in optimizing the ZT of unfilled 

skutterudites through transition metal and pnictogen-site doping, alloying, and 

nanostructuring; the most consistently effective strategy for achieving the highest ZT 

in skutterudites is through void-site filling. Its effectiveness is readily apparent in the 

indium-filled InxCo4Sb12 skutterudites, where the ZT can be increased nearly 10 fold.9, 

11 Indium suppresses the lattice thermal conductivity substantially while also donating 

sufficient 5p electron density to facilitate degenerate electrical conductivity.10 
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 As in the InxCo4Sb12 skutterudites, the association between void-site 

substitution and lattice thermal conductivity reduction is well-known; however, the 

exact mechanism that causes the reduction has not been universally accepted. Guest–

host quasi-harmonic coupling and filler-induced avoided crossing of phonon modes 

are likely explanations.16, 17 However, the theory first proposed by Slack,18 in which 

vibrating rattler atoms truncate phonon path lengths by resonant scattering, remains a 

persistent and conceptually attractive model.4  Enhanced suppression of lattice thermal 

conductivity has been linked to greater rattler displacement caused by filler atom 

radius contraction or antimony cage expansion.19, 20  Therefore, indium-filled 

InxRh4Sb12 may exhibit an even greater suppression compared to InxCo4Sb12 due to a 

7% larger void radius in the Rh4Sb12 structure. 

 The Rh4Sb12 skutterudite is a hole dominated semiconductor with strongly 

covalent rhodium antimony bonds. Strong covalency produces exceptional charge 

carrier mobility and high lattice thermal conductivity. Indium void-site occupation will 

likely reduce the lattice thermal conductivity, while modestly affecting carrier 

transport due to poor overlap. Though rhodium is an expensive element, the Rh4Sb12 

skutterudite is an ideal candidate for studying the interplay between void-site filling 

and thermal conductivity reduction. 

 Lanthanum, ytterbium, and iodine filled Rh4Sb12 skutterudites have been 

reported, though these studies fail to report thermoelectric data at elevated 

temperatures – the temperature region where an understanding of thermal conductivity 

in skutterudites is most crucial.21-23 However, this study systematically examines the 
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effect of indium filling on all of the principal thermoelectric properties of InxRh4Sb12 

at elevated temperatures, with the aim of assisting current theories of thermal transport 

in filled skutterudites. 

 

2. Experimental 

 Polycrystalline samples of InxRh4Sb12 (0 ≤ x≤ 0.2) were prepared by standard 

solid-state reaction.  The elements 99.999% In powder (Aldrich), 99.5% Rh powder 

(Aldrich), and 99.5% Sb powder (Strem) were thoroughly mixed in air in an agate 

mortar.  The powders were loaded into alumina crucibles and reacted in a tube furnace 

at 610oC for 10 hours and 675oC for 36 hours under a constant flow of antimony vapor 

and 95/5 N2/H2 gas.  The furnace cooled samples were ground and loaded into a 12 

mm graphite die and sintered in a uniaxial hot press at 600oC for 60 minutes with a 

pressure of 200MPa under a dynamic vacuum.  The resultant uniaxial hot press 

sintered (HPS) pellets attained greater than 90% the theoretical density.  For 

comparison, a second set of Rh4Sb12 and In0.1Rh4Sb12 samples were synthesized as 

above; however, these samples were light-pressed into 8mm diameter pellets and 

conventionally sintered at 675oC for 6 hours under a constant flow of 95/5 N2/H2 gas.  

The resultant standard furnace sintered (SFS) pellets were approximately 60% the 

theoretical density. 

 Phase analysis of powder samples was performed by X-ray diffraction using a 

Rigaku MiniFlex II diffractometer with Cu Kα radiation and a graphite 

monochromator for the diffracted beam.  Structural characterization of the 
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In0.1Rh4Sb12 HPS sample was carried out using data from a Rigaku D/MAX Ultima IV 

diffractometer with Cu Kα radiation and a graphite monochromator for the diffracted 

beam.  A soller slit of 0.5º was used for incident beam to reduce the axial divergence 

and the specimen was scanned at a step size of 0.01º and a speed of 14 s per step over 

a 2θ  range of 10-120º.  Lattice parameters were calculated by LeBail fit with Si as an 

internal standard.  The crystal structure of the In0.1Rh4Sb12 HPS sample was refined by 

the Rietveld method using GSAS software suite.24, 25  The microstructure of the 

sintered samples was examined on a Quanta 600F FEG SEM.  

 The principal thermoelectric properties; the Seebeck coefficient (S), electrical 

conductivity (σ), and thermal conductivity (κT) were measured from 300-600K.  The 

Seebeck coefficient and electrical conductivity data was collected on an ULVAC-

RIKO ZEM-3 under a helium atmosphere.  Thermal diffusivity (α) was measured on a 

Netzsch LFA 457 Micro Flash under flowing N2 and specific heat (cp) was measured 

on a Mettler Toledo 821e Differential Scanning Calorimeter with an alumina 

calibration standard under flowing N2.  Thermal conductivity was determined from the 

relation κT = cp α d, where d is the sample bulk density. 

 

3. Results and Discussion  

3.1 Crystal Structure and Microstructure 

 Powder X-ray diffraction patterns reveal that all the InxRh4Sb12 (x ≤ 0.2) 

compositions crystallize in a body-centered cubic structure with space group Im3�.  

Trace InSb and antimony impurity phases were detected in all samples with indium 
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content of x ≥ 0.1. However, all samples with indium content of x ≤ 0.15 became pure 

phase when subjected to uniaxial hot press sintering (Fig. 2). A trace amount of InSb 

was detected in the x = 0.2 sample and can be identified clearly in the diffraction 

pattern under magnification. Lattice variation with filling fraction indicates a solubility 

limit of indium close to x = 0.15 (Fig. 3). It is likely that the x > 0.15 phases are not 

thermodynamically stable, and are mixtures of phases with lower indium content and 

InSb impurity; which may explain the slight downturn in lattice parameter for the 

nominal x = 0.2 sample. 

 

Figure 2:  XRD patterns of InxRh4Sb12 �0 � � � 0.2� samples after uniaxial HPS. 
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Figure 3:  Cubic cell edge a vs nominal In content x in InxRh4Sb12.  Error in the cubic 
cell edge measurements is 0.001 Å. 
   

 The maximum indium solubility was less than the 0.22 reported for indium-

filled InxCo4Sb12 prepared by a similar synthesis technique.9 Bauer et al.22 also 

observed a decrease in the ytterbium solubility with an increase in transition metal size 

in the ytterbium-filled cobalt, rhodium, and iridium antimonide skutterudites. Lattice 

parameter expansion upon indium substitution was slightly smaller than the indium-

filled InxCo4Sb12 skutterudites due to the 7% larger void radius in the parent Rh4Sb12 

structure.7, 9 

 Rietveld refinement of the crystal structure was performed on the In0.1Rh4Sb12 

HPS sample using powder XRD data (Fig. 4). The refined crystallographic parameters 

are listed in Table 1. The lattice parameter (a) was determined to be 9.2375(1) Å, 

slightly larger than the unfilled Rh4Sb12 structure. Indium occupation of the void-site 
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was confirmed by its extremely large isotropic thermal displacement parameter (Uiso) 

as compared to Rh and Sb. In addition, Rh was found to exhibit less thermal motion 

around its equilibrium position as compared to Sb, which is consistent with other 

skutterudite systems. Attempts of refining the structure, by either including antimony 

or excluding indium from the void-site (2A), were not successful; nevertheless, it is 

probable that a small amount of indium substitutes onto the Rh site (8c). Synchrotron 

X-ray and neutron diffraction studies would prove useful in providing further insight 

into this possibility. 
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Figure 4:  Observed (open circles) and calculated (solid line) X-ray powder diffraction 
profiles of the In0.1Rh4Sb12 HPS sample.  The vertical bars indicate the expected 
reflection positions.  The difference curve of (Iobs – Icalc) is shown at the bottom. 
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Table 1:  Rietveld refinement of HPS In0.1Rh4Sb12 showing large Uiso for the indium 
filler. 

 
Note 1:  The refined cell edge a = 9.2375(1) Å.  The goodness of fit and R factors are 
χ2 = 1.46, wRp = 10.81% and Rp = 7.16%, respectively, over 2θ range of 10-120o.  
The occupancy of In was refined to be 0.10(2). 
  

 Electron Dispersive Spectroscopy (EDS) analysis of the sample compositions 

did not indicate a large deviation from the nominal values. SEM revealed little 

difference when comparing the Rh4Sb12 and In0.1Rh4Sb12 HPS samples. However, 

further analysis of the Rh4Sb12 and In0.1Rh4Sb12 SFS samples revealed a notable 

difference in particle connectivity and porosity between both the filled and unfilled 

SFS samples between the SFS and, HPS samples (Fig. 5). The secondary InSb-

impurity phase present in all of the In0.1Rh4Sb12 samples likely forms a eutectic at the 

primary phase surface, and during standard furnace sintering promotes greater particle 

connectivity – significantly altering electronic and thermal transport (Fig. 5a and b). 

However, uniaxial hot press sintering produces no microstructural variation owing to 

the speed and efficacy of pressure assisted sintering (Fig. 5c and d). Therefore, the 

observed trends in electronic and thermal transport of the HPS samples can be 

attributed solely to modification of the crystal structure, namely indium substitution, 
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while trends in the transport properties of the SFS samples are distorted by differences 

in sample microstructure.

 

Figure 5:  Microstructure of Rh4Sb12 and In0.1Rh4Sb12 SFS (a and b) and HPS (c and d) 
samples.  Scale bar is the same for all images.  Note the large difference in porosity 
between the SFS and HPS samples, and the differences in particle connectivity 
between the SFS samples due to the secondary InSb impurity phase.  
 

3.2  Electrical Properties 

  Temperature dependent electrical resistivity data (ρ = 1/σ) of the InxRh4Sb12 

HPS samples, and a comparison between the SFS and HPS samples are shown (Fig. 6a 

and b). All samples are semiconducting, consistent with the ytterbium-filled 
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YbxRh4Sb12 skutterudites.22 The indium contribution to the charge carrier 

concentration is small compared to the degenerate indium-filled InxCo4Sb12 

skutterudites, due to the larger void-site radius of the Rh4Sb12 system.9, 11 The indium-

filled InxRh4Sb12 HPS samples are slightly more resistive due to an impurity scattering 

mechanism activated by indium void-site substitution. Lattice expansion is expected to 

increase electrical conductivity in the skutterudite structure.26 In contrast, the SFS 

samples exhibit the opposite trend; where the effect of the impurity scattering 

mechanism is concealed by the InSb modified microstructure, as discussed in Section 

3.1. 

 The temperature dependence of the Seebeck coefficients is shown (Fig. 6c and 

d). The pure Rh4Sb12 samples show positive (∼100 µv/K) Seebeck coefficients over 

the entire temperature range. Conversely, the Seebeck coefficients of the indium-filled 

samples are negative at room temperature, they become increasingly positive at 

elevated temperatures, and nearly approach the value of unfilled Rh4Sb12 at 600 K. 

The observed sign and temperature dependence of the Seebeck coefficients indicates 

the evident dominance of indium donated n-type carriers at low temperatures, 

followed by their near depletion at elevated temperatures. There is minor dissimilarity 

between the HPS and SFS Seebeck coefficients (Fig. 6d) 



20 

 

 

Figure 6:  Temperature dependent resistivity and Seebeck coefficient data (a and c) of 
InxRh4Sb12 HPS samples.  A comparison of InxRh4Sb12 HPS (filled symbols) and SFS 
(open symbols) samples is shown (b and d).  The SFS samples are more resistive than 
the HPS samples due to their higher porosity; however, little difference is observed 
between Seebeck coefficients.   
 

3.3 Thermal Conductivity 

  Temperature dependent thermal conductivity data of the HPS samples and a 

comparison between SFS and HPS samples is shown (Fig. 7a and b). Lattice thermal 

conductivities were calculated from κL = κT − κe, and estimations of the electronic 

thermal conductivities were given by the Wiedemann–Franz law, κe = LσT, where a 
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Lorentz number (L) of 2.00 × 10−8 V2 K−2, (consistent with other filled MxRh4Sb12 

skutterudites), was used.22, 27, 28  The thermal conductivities of the SFS samples are 

considerably lower than the HPS samples due to the 30–38% greater porosity of the 

former; moreover, the order of the filled and unfilled SFS and HPS samples is revered 

(Fig. 7b). The indium-filled In0.1Rh4Sb12 SFS sample possessed a thermal conductivity 

that was higher than the unfilled Rh4Sb12 SFS sample over the entire temperature 

range. The reversal is due to the InSb modified microstructure as discussed in Sections 

3.1 and 3.2. This finding underscores the importance of microstructural analysis when 

evaluating trends in thermal transport. 
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Figure 7:  Temperature dependent total and lattice thermal conductivity data (a and c) 
of the InxRh4Sb12 HPS samples.  The indium-containing samples exhibit bipolar 
thermal diffusion.  A comparison of InxRh4Sb12 HPS (filled symbols) and SFS (open 
symbols) samples is shown (b and c).  Greater porosity in the SFS samples cause a 
decrease in the thermal conductivity of both filled and unfilled samples. 
 

 Indium void-site occupation reduces the thermal conductivity of the 

In0.15Rh4Sb12 sample 30% at room temperature. However, while the Rh4Sb12 sample 

showed standard inverse temperature dependence, the thermal conductivity of the 

indium-filled samples increased at about 400 K. Indium void-site occupation produced 

virtually no reduction in thermal conductivity at elevated temperatures. The observed 
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behavior of the indium-filled samples is attributed to a reduction in lattice thermal 

conductivity by the indium filler, as observed at 300 K, and a coincident increase in 

bipolar thermal diffusion (κBP) at higher temperatures. Bipolar thermal diffusion has 

been reported in intrinsic and lightly doped small band-gap semiconductors, and 

occurs when there is an appreciable contribution to the total electrical conductivity by 

both charge carriers.29, 30  It is related to the partial electrical conductivities (σ1,2) and 

Seebeck coefficients (S1,2) by the following: 

��� = ��×��
����� ��� − � �� and ! ,� = # ,� × $ × % ,�    Eq. 2 

where σ1,2 are the partial electrical conductivities; and n1,2, e, and µ1,2 are the individual 

carrier concentration, charge, and mobility respectively. Estimation of the total 

electronic thermal conductivity using the Wiedemann–Franz law and static Lorenz 

number ignores this contribution to the total electronic thermal conductivity, which is 

better represented by the following: 

�& = �&, + �&,� + ���       Eq. 3 

where κe,1,2 are the partial electronic thermal conductivities of the individual charge 

carriers. 

 Bipolar thermal diffusion is not observed in the indium-filled samples at lower 

temperatures (Fig. 7c). At 300 K the total electrical conductivity of the indium-filled 

samples is dominated by n-type charge carriers donated by indium. The sign and 

magnitude of the Seebeck coefficients indicate this region is far from intrinsic. 

Therefore, an appreciable bipolar thermal diffusion contribution is likely prohibited. 

However, as the indium band is progressively depleted at elevated temperatures there 
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is a relative increase in intrinsic electrical conductivity, and a concomitant increase in 

bipolar thermal diffusion. 

 Conversely, the unfilled Rh4Sb12 sample exhibited no bipolar thermal diffusion 

over the entire temperature range. Studies have reported a vast disparity between hole 

and electron mobility, 3 × 103 and 70 cm2V−1 s−1 respectively, in unfilled Co4Sb12.
31 

Single-crystal studies have reported an even larger hole mobility (8 × 103 cm2 V−1 s−1) 

in unfilled Rh4Sb12.
32  In contrast, the hole and electron mobility ratios in intrinsic 

Bi2Te3 and Si, both known to show appreciable bipolar thermal diffusion, are one to 

two orders of magnitude less than the skutterudites.30, 33, 34 Therefore, it is likely that a 

vast disparity in hole and electron mobility in completely intrinsic Rh4Sb12 prohibits 

appreciable bipolar thermal diffusion as only one charge carrier (holes) likely 

dominates the electrical conductivity (Eq. 1).35 

 These complexities do not totally prohibit evaluating the efficacy of indium 

filling. As contended in this section, bipolar thermal diffusion is negligible at 300 K in 

all samples. The observed lattice thermal conductivity reduction of the In0.15Rh4Sb12 

sample in this region is 30%. Therefore, as compared to indium-filled InxCo4Sb12, 

indium filling is only moderately effective at reducing the lattice thermal conductivity 

in InxRh4Sb12, contrary to what has been predicted. 

 The ZT of the unfilled Rh4Sb12 HPS sample was higher than the indium-filled 

HPS samples. Indium substitution into the icosahedral void-site had a particularly 

deleterious effect on the Seebeck coefficients, and had little effect on the total thermal 
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conductivities at elevated temperatures. The standard sintered samples exhibited a low 

ZT due to the high electrical resistivity that resulted from their high total porosity. 

 

Figure 8:  Temperature dependence of ZT of (a) HPS samples InxRh4Sb12 and (b) HPS 
(filled symbols) and SFS (open symbols) sintered samples. 
 

4. Conclusion 

 Polycrystalline samples of InxRh4Sb12 were synthesized with a maximum 

solubility limit close to 0.15. Indium insertion into the icosahedral void-site was 

confirmed by Rietveld analysis. The thermoelectric properties were measured from 

300 to 600 K. Despite the occurrence of bipolar thermal diffusion in the indium-filled 

samples, it was determined that indium substitution into the icosahedral void-site only 

has a moderate effect on the lattice thermal conductivity. This finding is in contrast to 

what has been predicted for void-site-filled Rh4Sb12 and may facilitate a greater 

understanding of the mechanism responsible for the reduction of lattice thermal 

conductivity in the indium-filled skutterudite systems Fig. 8. 
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Abstract 

 The effect of indium icosahedral void-site filling on the transport properties of 

cobalt and rhodium antimonide solid solutions is investigated.  Co4-xRhxSb12 and 

indium-filled In0.1Co4-xRhxSb12 solid solutions were synthesized.  Partial rhodium 

substitution produces a distinct clustering-induced lattice strain that is partly relieved 

upon indium substitution into the skutterudite icosahedral void-sites.  Indium lowers 

the thermal conductivity of all samples near room temperature.  A distinct increase in 

thermal conductivity is observed in all indium-filled rhodium substituted samples at 

elevated temperatures and is attributed to bipolar thermal conductivity.  In addition, 

the indium-filled samples were subjected to a 6-day heat treatment at 400 oC.  Void-

site filled indium was found to be metastable at this temperature – precipitating indium 

after the 6-day heat treatment – thereby presenting concerns over the long-term 

stability of thermoelectric devices based on indium-filled skutterudites.     

 

Key Words:  Thermoelectrics, Alloys, Solid Solutions, Thermal Conductivity, 

Semiconductors, Nanocomposites 

 

1.  Introduction 

 Thermoelectric materials are the subject of intense research.  The prospect of 

potentially catastrophic social and economic consequences triggered by global climate 

change has stimulated unprecedented demand for a host of diverse, clean, and 
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sustainable energy technologies.  This demand may be satiated in part by high-

efficiency thermoelectric materials.1   

 Skutterudites are a particularly promising class of thermoelectric materials as 

they can be tuned to possess some of the highest thermoelectric efficiencies observed 

in single-phase materials.3, 36  Skutterudites possess an open cage-like crystal structure 

with two large icosahedral void-sites per unit cell (Fig. 9).  The void-sites can be filled 

with an array of disparate elements:  ranging from the electropositive alkalis and rare-

earths, to poor metals such as indium, lead, and tin.7  Thermoelectric efficiency – 

correlated to a dimensionless, temperature dependent (T) thermoelectric figure of 

merit (ZT) – is enhanced by reducing the total thermal conductivity (κT), increasing 

the electrical conductivity (σ), or increasing the Seebeck coefficient (S) of the material 

(Eq. 1): 

�	 = ���
�����         Eq. 1 

 The skutterudite ZT is strongly enhanced by void-site filling.  The filling atoms 

dramatically suppress thermal conductivity while concurrently contributing charge 

carriers to the total electrical conductivity.  Moreover, the Seebeck coefficient, which 

is inversely related to the carrier concentration, generally remains reasonably large in 

filled skutterudites.  Consequently, a sizable increase in ZT is often exhibited in filled 

skutterudites compared to unfilled skutterudites.3, 8-10, 37-39   However, in addition to 

icosahedral void-site filling, transition metal- and pnicogen-site alloying has also 

proven to be an effective strategy for suppressing thermal conductivity in 

skutterudites.22, 40-43   
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Figure 9:  The body-centered cubic indium-filled skutterudite crystal structure:  (a) 
Indium (red) is shown at the center of the icosahedral-void-site, surrounded by tilted 
(Co/Rh)Sb6 octahedra (blue and grey, respectively).  (b) The icosahedral void 
constructed from 12 Sb-atoms from the titles octahedra is shown in red. 
  

 Researchers have studied the individual effects of cobalt and rhodium 

alloying43, 44 and indium icosahedral void-site filling9-11, 45 on the thermoelectric 

properties of antimonide skutterudites– both of which suppress lattice thermal 

conductivity – their combined effect, however, has not yet been investigated.  

Moreover, although high ZT’s have been reported for indium-filled skutterudites, their 

thermodynamic stability is suspect.8, 46  This study, therefore, examines the collective 

influence of both indium filling and rhodium-cobalt alloying on the thermoelectric 

properties of skutterudite antimonides, and investigates the possible metastability of 

the indium void-site filler. 
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2.  Experimental 

 Co4-xRhxSb12 and indium-filled In0.1Co4-xRhxSb12 compositions (with x = 0, 1, 

2, 3, 4) were synthesized from elemental indium (Aldrich, 100 mesh, 99.99 %), cobalt 

(Aldrich, < 2 um, 99.8 %), rhodium (Aldrich, 100 mesh, 99.5 %), and antimony (Alfa 

Aesar, 100 mesh, 99.5 %) in excess antimony vapor via a procedure developed by He 

et al. [6].  The as-synthesized powder was briefly ground in an agate mortar and hot 

pressed according to the sintering procedure published by Eilertsen et al. [18].   

 X-ray diffraction (XRD) data were collected on ground post-sintered sample 

powders using a Rigaku Ultima IV Multipurpose X-ray Diffraction System.  The 

samples were loaded onto an oriented Si single-crystal sample holder (MTI 

Corporation) with nearly zero background to maximize the possibility of detecting 

impurity phases.  Diffraction patterns were collected with a fixed-time scan rate of 

0.01 ostep-1 and 0.1 sec step-1 from 10 to 120 o2θ.   

 The diffraction data were analyzed using the Le Bail technique47 as 

implemented in the Fullprof program.48  Peak shape was described by a Pseudo-Voigt 

function with additional asymmetric parameters for low-angle domain peaks (below 

40 o2θ), and the background level was fitted with a linear interpolation between a set 

of 40 to 60 given points with refineable heights. 

 The room temperature coefficient of thermal expansion (CTE) was determined 

from a linear fit of lattice parameter expansion data obtained from 35 to 600 oC.49 The 

principal thermoelectric properties were measured from 300 to 650 K.  Electrical 

conductivity and Seebeck coefficient data were collected using an Ulvac-Riko ZEM 3 
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under static helium atmosphere.  Thermal diffusivity (α) and specific heat (Cp) data 

were collected under flowing N2 using a Netzsch LFA 457 Micro Flash, and a Mettler 

Toledo 821e Differential Scanning Calorimeter, respectively.  Total thermal 

conductivity was determined from the relation κT = cp α d, where d is the sample bulk 

density. 

 Following thermoelectric measurements, the indium-filled samples were 

loaded into a tube furnace and reheated to 400 oC for 6-days, under a flowing N2/H2 

95:5 gas mixture to prevent oxidation.  The samples were furnace-cooled.  X-ray 

diffraction data was collected as above. 

 

3.  Results and Discussion 

3.1  Crystal Structure 

 X-ray diffraction data reveal all compositions are single phase and crystallize 

in the body-centered cubic Im3� skutterudite crystal structure (Fig. 10).  The lattice 

parameter expansion observed upon Rh-substitution follows Vegard’s relationship 

(Fig. 11a).  Further expansion of the lattice is observed upon indium void-site filling.  

The percent lattice parameter expansion for indium-filled compositions is shown (Fig. 

11a).   
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Figure 10:  XRD data of unfilled and In-filled Co4-xRhxSb12 samples:  (a) All samples 
are single phase.  A shift to lower 2θ is observed due to an increase in lattice 
parameter with increasing Rh-content.  (b) Magnification of a portion of both unfilled 
and indium-filled data is included for clarity.  An increase in peak broadening is 
observed in the alloyed samples and is attributed to an increase in strain. 
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Figure 11:  Trends in percent lattice parameter expansion with rhodium substitution 
for both unfilled and indium-filled Co4-xRhxSb12 samples:  (a) A slight increase in 
lattice parameter is observed in the indium-filled samples.  All samples follow 
Vegard’s relationship.  (b) Lattice parameter expansion from 35 to 600 oC.  The 
expansion is generally linear for all samples over the entire temperature range.  (c) 
Room temperature coefficient of thermal expansion (CTE) data is shown.  Samples 
with greater rhodium content exhibit slightly lower CTE with increasing rhodium 
content consistent with the higher covalency of Rh-Sb bonding. 

 

 From main X-ray diffraction peaks, mean crystallite size (l) and strain (ε) were 

separated by constructing Halder-Wagner Plots for each composition (Eq. 2):50-52   

(�
)*+� , = -.

/ × 0 (
12+, 341,5 + 168�      Eq. 2 
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where a linear plot of the above relation between full width at half maximum ( β), 

shape factor (K), wavelength (9), and diffraction angle (θ) yields a slope and y-

intercept from which the crystallite size and strain can be calculated.  Comparing the 

slope and y-intercept of the unfilled end-members and the alloyed compositions, with 

x = 1 – 3, reveals similar crystallite sizes throughout the series; however, a significant 

strain is observed in the alloyed compositions which is largely relieved upon indium 

void-site substitution (Fig. 12, Table 2).     

 

Figure 12:  Halder-Wagner Plots of unfilled (a) and indium-filled (b) Co4-xRhxSb12 
samples constructed from the (310), (312), (420), (510), and (433) diffraction peaks.  
Strain is detected in the unfilled Co4-xRhxSb12 alloyed samples with Rh-content x = 1, 
2, 3, while the end-members are relatively strain free (a).  However, upon indium 
filling the strain observed in the unfilled alloyed samples is relieved (b). 

 

 Although samples were found to be single-phase over the entire range of Rh-

content x = 1 – 3, clustering of cobalt- and rhodium-rich regions of the skutterudite 

phase likely causes the observed strain.  The thermodynamic instability and 

corresponding miscibility gap – largely due to the large size difference between cobalt 

and rhodium – predicted by Shi et al.53 is likely responsible for the observed clustering 
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and may be viewed as a precursor to phase segregation.  The cluster-induced strain is 

partially relieved upon indium substitution, however.  As the percent lattice parameter 

expansion with indium filling decreases with rhodium content (Fig. 11a), indium-filled 

cobalt-containing compositions can expand further to accommodate larger rhodium 

atoms.   Therefore, the indium-filled solid solutions are more thermodynamically 

stable – with respect to cobalt and rhodium substitution – than the unfilled solid 

solutions. 

Table 2:  Strain and crystallite size 

 

Note 2:  Strain and crystallite size derived from Halder Wagner Plots.  The observed 
cluster-induced strain in the alloyed Co4-xRhxSb12 samples (x = 1, 2, and 3) is partially 
relieved upon indium void-site substitution.  However, as indium is not stable in the 
icosahedral void-site, an increase in strain is observed in the heat treated samples.  The 
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general decrease in crystallite size upon heat treatment is attributed to clustering of 
new Co- and Rh-rich regions during the prolonged heat treatment. 

 

 Lattice parameter expansion from 35 to 600 oC and room temperature CTE 

data for all compositions are shown (Fig. 11b, c).  Lattice parameter expansion is 

generally linear for all samples throughout the temperature range.  The CTE decreases 

as rhodium content increases, consistent with a noteworthy increase in the covalent 

character of the Rh-Sb bonds.  Slight differences are observed in the CTE data 

between unfilled- and the corresponding indium-filled compositions.      

 

3.2  Electrical Properties 

 The electronic conductivity of all samples from 300 to 650 K are shown (Fig. 

13).  All unfilled Co4-xRhxSb12 compositions (Fig. 13a) are semiconducting.  The 

conductivity increases steadily with rhodium content as the highly covalent Rh-Sb 

bonding creates highly mobile charge carriers.54  However, the cobalt-rich indium-

filled samples (x = 0, 1) are metallic (Fig. 13b).  While with increasing rhodium 

content, the indium-filled samples become increasingly semiconducting consistent 

with the reported behavior of other filled Rh4Sb12 skutterudites.22, 45  The 

semiconducting behavior is likely retained in the rhodium-rich samples as the charge 

carrier concentration donated by indium is small.  As the void-site radius is much 

larger in the rhodium-rich compositions less orbital overlap between indium and the 

surrounding antimony cage is possible.45     
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 A comparison of the Seebeck coefficient data of both unfilled and filled 

samples supports the same conclusion (Fig. 13c, d).  All unfilled compositions, except 

Co4Sb12, exhibit p-type conductivity.  All indium-filled compositions are n-type near 

room temperature.  However, all compositions, except In0.1Co4Sb12, exhibit 

diminishing Seebeck coefficients at elevated temperatures.  In fact compositions x = 3 

and 4 become p-type, and begin to approach the Seebeck coefficients of their unfilled 

counterparts.  It is apparent that with increasing rhodium content the electronic effects 

of void-site filled indium are increasingly diminished.   
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Figure 13:  Electronic properties of both unfilled (open symbol) and indium-filled 
(closed symbol) Co4-xRhxSb12 samples with Rh-content equal to 0 (□, ■), 1 (○, ●), 2 
(∆, ▲), 3 (;, ▼), and 4 (◊, ♦).  The electrical conductivity of all unfilled samples (a) is 
semiconducting and increased with Rh-substitution.  However, upon indium filling the 
cobalt-rich samples (x = 0, 1) exhibit degenerate conductivity, while the rhodium-rich 
samples (x = 2, 3, 4) remain semiconducting.  The Seebeck coefficient data is shown 
(c, d).  The Seebeck coefficient of the unfilled Co4Sb12 sample (c) exhibits an n- to p-
type transition attributed to an anion deficiency, while all other unfilled Co4-xRhxSb12 

samples with Rh-content x = 1, 2, 3, 4 are p-type.  All indium filled samples (d) 
exhibit n-type Seebeck coefficients near room temperature; however, all Rh-
substituted samples and Rh4Sb12 decrease in magnitude with temperature – the 
Co1Rh3Sb12 and Rh4Sb12 samples eventually becoming positive at elevated 
temperatures.  The observed trends with increasing Rh-content present strong evidence 
that both n- and p-type charge carriers contribute to electronic transport. 
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3.3  Thermal Conductivity 

 Total thermal conductivity (κT) and total minus electronic thermal conductivity 

(κT - κe) of both Co4-xRhxSb12 and indium-filled In0.1Co4-xRhxSb12 compositions 

collected from 300 to 650 K are shown (Fig. 14).  κT - κe is shown rather than lattice 

thermal conductivity (κL) since total thermal conductivity includes a bipolar term (κBP) 

in some samples (Eq. 3).29 

�� = �& + �< + ���        Eq. 3 

The Wiedemann-Franz law, κe = L×σ×T, was used to calculate the electronic thermal 

conductivity.27  Lorentz numbers (L) 2.44 ×10-8 V2K-2 and 2.00 × 10-8 V2K-2 for 

degenerate28 and semiconducting samples22 were used, respectively.   

 Rh4Sb12 exhibits relatively high thermal conductivity compared to Co4Sb12, as 

the Rh-Sb bonding is highly covalent (Fig. 14a, c) – greater covalency produces 

steeper acoustic phonon dispersions, thereby enhancing the effectiveness of the heat-

carrying phonons.55  The Rh-content x = 1 sample does not vary appreciably from 

Co4Sb12; however, a strong decrease in lattice thermal conductivity is observed in the 

x = 2 and 3 samples due to the large mass difference in cobalt and rhodium atomic 

masses and atomic disorder.   

 All indium-filled samples (Fig. 14b, d) exhibit suppressed thermal 

conductivities as compared to their unfilled counterparts due to the void-site filler.  

However, all indium-filled Rh-substituted samples (x = 1 - 4) exhibit enhanced bipolar 

thermal conductivity consistent with the observed Seebeck coefficient data (Sec. 3.2).  

Although both the x = 1 and 2 samples exhibit minimal bipolar thermal conductivity 



41 

 

near room temperature, the bipolar term becomes increasingly significant as their 

respective Seebeck coefficients decrease in magnitude at elevated temperatures.  The 

observed behavior in the rhodium-substituted and indium-filled samples can be 

explained by considering the following relation (Eq. 4) between bipolar thermal 

conductivity, electrical conductivity, and the Seebeck coefficient data.29    

��� = ��×��
����� ��� − � ��       Eq. 4 

As charge carriers donated by indium begin to deplete at elevated temperatures, the 

electronic properties become increasingly intrinsic (increasing the σ2-term relatively), 

as indicated by a decreasing n-type Seebeck coefficient.  Therefore, electrons donated 

by indium have a greater probability of combining with holes as charge carriers flow 

from energetic (warmer) to less energetic (colder) regions of the sample – their 

combination releases energy (heat), thus giving rise to bipolar thermal conduction in 

the material. 



42 

 

 

Figure 14:  Thermal conductivity data of both unfilled (open symbol) and indium-
filled (closed symbol) Co4-xRhxSb12 samples with Rh-content equal to 0 (□, ■), 1 (○, 
●), 2 (∆, ▲), 3 (;, ▼), and 4 (◊, ♦).  Rh4Sb12 exhibits high thermal conductivity 
compared to Co4Sb12 due to strongly covalent Rh-Sb bonding (a, c).  The Rh-content x 
= 1 sample does not vary appreciably from Co4Sb12; however, a strong decrease in 
lattice thermal conductivity is observed in the x = 2 and 3 samples.  All indium-filled 
samples (b, d) exhibit lower thermal conductivities due to the void-site filler.  
However, all indium-filled Rh-substituted samples possess a strong bipolar 
contribution to total thermal conductivity consistent with the observed Seebeck 
coefficient data. 

 

 The first indication of bipolar thermal conductivity – as indicated by an 

increase in κT - κe – in the x = 1 and 2 indium-filled samples occurs at approximately 

425 K and 375 K respectively, corresponding to nearly the same temperature regions 
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where the Seebeck coefficients begin to decrease in both samples – approximately 475 

K and 375 K, respectively.  The Seebeck coefficients for both the x = 3 and 4 samples 

decrease over the entire temperature range measured and therefore exhibit no region of 

pure (T-1) lattice thermal conductivity (Fig. 14d). 

 

3.4 Figure of Merit 

 The ZT of both series of Co4-xRhxSb12 and indium-filled In0.1Co4-xRhxSb12 

skutterudites is shown (Fig. 15).  The ZT of indium-filled cobalt-rich compositions is 

enhanced slightly; however, all indium-filled rhodium containing samples possess 

ZT’s far lower than the indium-filled In0.1Co4Sb12 sample, primarily due to 

diminishing Seebeck coefficients at elevated temperatures and increasing thermal 

conductivity due to both hole and electron charge-carrier transport. 

 

Figure 15:  ZT data of both unfilled (open symbol) and indium-filled (closed symbol) 
Co4-xRhxSb12 samples with Rh-content equal to 0 (□, ■), 1 (○, ●), 2 (∆, ▲), 3 (;, ▼), 
and 4 (◊, ♦).  The ZT of cobalt-rich samples (x = 0, 1, 2) is improved dramatically by 
indium filling.  However, none of the alloyed samples surpassed the indium-filled 
In0.1Co4Sb12 sample due to reduced Seebeck coefficients and a strong bipolar 
contribution to total thermal conductivity. 
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3.5 Indium Metastability 

 XRD data are shown for indium-filled samples subjected to a 6-day heat 

treatment at 400 oC (Fig. 16).  All samples are single-phase; however, their diffraction 

peaks exhibit a slight shift to higher 2θ consistent with a contracting lattice parameter.  

The percent lattice parameter expansions are compared to preheat-treated samples and 

Halder-Wagner Plots of the indium-filled samples before and after heat treatment are 

also shown (Fig. 17).  Indium precipitation from the icosahedral void-site induces the 

observed contraction.  Moreover, there is an increase in observed strain following heat 

treatment as well as a general decrease in crystallite size – both indicate clustering of 

new cobalt- and rhodium-rich regions upon indium precipitation (Table 2). 
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Figure 16:  XRD data of In-filled Co4-xRhxSb12 samples following a 6-day heat 
treatment at 400oC.  All samples are single phase.  Diffracted peaks shift slightly to 
higher 2θ.    

 

 Although contradictory to the findings of Wei et al.56, the thermodynamic 

metastability of the indium void-site filler is strongly supported by both theoretical 

and experimental research8, 46.  Shi et al.8 calculated filling atoms should possess 

electronegativities approximately less than χ = 1.2 in order to be stable in the 

icosahedral void-site of the skutterudite antimonides.  While the well-known filling 

atoms cerium and ytterbium are both χ = 1.1, indium is much larger at χ = 1.7.   
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Figure 17:  Halder-Wagner Plots (a-e) and percent lattice expansion (f) of indium-
filled In0.1Co4-xRhxSb12 samples before and after a 6-day heat treatment at 400oC.  The 
heat-treated alloyed samples (x = 1, 2, and 3) exhibit a distinct increase in cluster-
induced strain consistent with the unfilled alloyed Co4-xRhxSb12 samples (x = 1, 2, and 
3).  Moreover, following heat treatment the percent lattice expansion decreased (the 
lattice contracts) for all samples except the In0.1Rh4Sb12 sample indicating indium 
precipitates from the icosahedral void-sites of the skutterudite structure.  Both 
observations provide strong evidence that indium is not stable in the void-site at 
temperatures of 400 oC and above. 

 

 Moreover, the metastability of the indium-filler was previously reported by 

Eilertsen et al.46, who reported mechanical attrition enhanced the precipitation of 

indium from the icosahedral void-sites of cobalt antimonide skutterudites.  

Consequently, the long-term stability of thermoelectric devices based on indium-filled 

skutterudites is a significant concern as indium will likely precipitate from the 

skutterudite crystal upon continuous operation at elevated temperatures.  However, as 

nanocomposite thermoelectrics are proving to be some of the most promising high-ZT 
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materials12, 13 harnessing this metastability to produce nano-sized precipitated 

inclusions may yield incredibly efficient thermoelectrics.   

 

4.  Conclusion 

 The full range of rhodium-substituted and indium-filled cobalt anitimonide 

solid solutions was synthesized.  All unfilled and indium-filled compositions were 

single-phase.  While rhodium substitution reduces the thermal conductivity of unfilled 

compositions, indium-filled samples exhibit bipolar thermal conductivity with 

increasing rhodium content.  The increased thermal conductivity combined with 

diminishing Seebeck coefficients at elevated temperatures results in ZT’s far lower 

than the unalloyed indium-filled In0.1Co4Sb12 sample.  Long-term heat treatment was 

employed to verify the thermodynamic metastability of the indium void-site filler.  

Indium was found to precipitate from all compositions – posing significant concerns 

for thermoelectric devices fabricated from indium-filled compositions. 
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Abstract 

 The synthesis and thermoelectric properties of In0.1-xCo4Sb12-x skutterudite-

based nanocomposites with xInSb nanoinclusions are reported.  The nanoinclusions 

reduce the thermal conductivity of the composites considerably compared to 

nanoinclusion-free In0.1Co4Sb12.  We provide unequivocal evidence demonstrating the 

InSb nanoinclusions – found in some of the highest reported thermoelectric figure of 

merit (ZT) skutterudites – are synthesized in situ from filler atoms diffusing out of the 

icosahedral void-sites, and the kinetics of their synthesis is enhanced strongly by 

mechanical attrition.  Moreover, a procedure designed to maximize the concentration 

of InSb nanoinclusions is reported, and can be employed to create void-site-filled and 

optimally doped skutterudite-based InSb-nanocomposites with exceptional ZT’s.                                                        

 

 Keywords:  Nanocomposites, Nanomaterials, Nanostructured materials, 

Semiconductors, Thermal conductivity 

 

1. Introduction 

 Power generating thermoelectric modules can play a significant part in the 

global effort to adopt diverse and sustainable energy technologies – the prospect has 

sustained interest in thermoelectric materials research for decades.  Thus far, however, 

bulk polycrystalline materials that consistently exhibit thermoelectric figure of merits 

(ZT’s, Eq. 1) high enough to justify large-scale implementation remain elusive due to 

the complex interdependence of the primary transport properties: 
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where the Seebeck coefficient (S) and the electrical conductivity (σ) are, for example, 

oppositely related to charge-carrier concentration, and the total thermal conductivity 

(κT  = κL + κe ) is comprised of both a lattice (κL) and an electronic (κe) component.  

However, this interdependence is largely evaded by two classes of thermoelectric 

materials:  filled cage-like crystal structures (e.g. skutterudites and clathrates) and 

nanocomposites (e.g. LAST). 

 Filled cage-like skutterudites – a body-centered cubic crystal structure 

constructed from a network of tilted transition metal pnicogen octahedra with two 

pnicogen-cage icosahedral void-sites per unit cell (Fig. 18) – often achieve ZT's near 

unity.  The void-sites are filled with weakly bonded rattlers:  elements ranging from 

the electropositive alkalis, alkaline-earths, and rare-earths, to a number of poor metals, 

including indium.3, 9-11  The rattlers often suppress lattice thermal conductivity 

dramatically while simultaneously contributing to the total charge-carrier 

concentration.3, 7  The ZT is maximized by reducing the thermal conductivity and by 

increasing the electrical conductivity.  Filled skutterudites, therefore, are some of the 

most promising single-phase thermoelectric materials.3 
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Figure 18:  The crystal structure of In0.1Co4Sb12 (a).  The cubic sub-lattice formed by 
Co (blue); four-membered rings (green), formed from 4 Sb atoms (yellow) along the 
(100), (010), and (001) crystallographic directions; and the indium-filled interstitial 
voids (turquoise cubes) is shown.  An alternative representation of the interstitial void-
site (b) is depicted as an icosahedral cage (red) formed from 12 Sb atoms (omitted for 
clarity) around indium (red).  Co (blue) forms the center of the tilted CoSb6 octahedra.   

  

 Nevertheless, thermoelectric nanocomposites – the new paradigm for high-

performance thermoelectrics – consistently attain even greater ZT's.57  The thermal 

conductivity of the composites is suppressed significantly by nano-sized secondary 

phases (nanoinclusions) well-dispersed within a primary-phase matrix.12, 13, 57-59  The 

nanoinclusions, with dimensions smaller than the phonon mean free path and with 

maximum interface density, significantly scatter heat-carrying phonons – retarding the 

lattice thermal conductivity dramatically.60, 61  To avoid diminished electrical 

conductivity, however, they must also be larger than the charge-carrier mean free path 

in order to minimize adverse carrier scattering.62  In addition, analogous to filled 
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skutterudites, nanoinclusions may also increase the power factor (S2
σ): the Seebeck 

coefficient and electrical conductivity may be enhanced by charge-carrier filtering and 

modulated carrier doping, respectively.63-67 

 Consequently, many promising skutterudite-based nanocomposites with large 

ZT’s have been reported37, 38, 56, 68-72 – the most notable (achieving ZT's up to 1.43) are 

comprised of nanoinclusions reportedly synthesized in situ.  However, the origin of 

the nanoinclusion material – originating from either impurity phases or meta-stably 

filled void-sites – was not definitively determined.37, 38, 70   

 This study reports the synthesis of skutterudite-based nanocomposites In0.1-

xCo4Sb12-x with xInSb nanoinclusions, and is the first to provide unequivocal evidence 

demonstrating that the nanoinclusions are synthesized from indium diffusing from the 

icosahedral void-sites of metastable indium-filled cobalt antimonide, and that the 

kinetics of indium diffusion is enhanced strongly by mechanical attrition (milling).  

Co-site doped skutterudite-based nanocomposites with elevated ZT's were synthesized 

to demonstrate the viability of this synthesis process.  Moreover, an optimized 

procedure designed to produce thermoelectric nanocomposites with exceptional ZT's 

is presented. 

 

2. Experimental 

2.1 Nanocomposite Synthesis 

 A single batch of In0.1Co4Sb12 and a Co4Sb12 control were synthesized from 

elemental indium (Aldrich, 100 mesh, 99.99%), cobalt (Aldrich, < 2 um, 99.8%), and 
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antimony (Alfa Aesar, 100 mesh, 99.5%) in excess antimony vapor following the 

procedure published by He et al.9  An indium content of 0.1 was preferred as opposed 

to higher contents in order to avoid the generation of InSb impurity in the as-

synthesized sample.  In0.1Co4Sb12 was then divided into six specimens and each was 

milled in a Fritzch Pulverisette 357 planetary ball mill for a different duration (0, 5, 

10, 15, 20, and 40 hours) at 400 rpm.  The Co4Sb12 control was subjected to 20 hours 

of ball milling at 400 rpm.  Silicon nitride jars (25 ml), and silicon nitride balls (12 

mm) were used with a ball-to-powder ratio of 5:1.  95% ethanol (7 ml) was employed 

as a control process agent.  The powders were dried, packed into a graphite die, and 

loaded into a uniaxial hot press.  The powders were heated and cooled with a 20oC 

min-1 ramp, and sintered at 600oC with an applied pressure of 200 MPa for 20 minutes.  

The sintered pellets were 97-99% dense. 

 

2.2 Nanocomposite Structure and Property Analysis 

 Phase analysis of as-synthesized and mechanically-milled powders, and post-

sintered ground pellets was obtained by powder X-ray diffraction, using a Rigaku 

MiniFlex II diffractometer with Cu Kα radiation.  The samples were scanned from 10 

to 60o 2θ at a relatively slow fixed time scan rate of 0.02ostep-1 and 2 sec step-1.  An 

oriented Si single-crystal sample holder (MTI Corporation) with nearly zero-

background was used in order to maximize the possibility of observing InSb or other 

impurity phases in the as-synthesized sample powders.  The lattice parameters of the 
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sintered samples were calculated from high-angle diffraction peaks, between 120-142o 

2θ using a high-purity internal standard.   

 Trends in the particle-size distribution of the ball-milled powders were 

observed using images taken by an FEI Sirion XL30 field emission scanning electron 

microscope (SEM), with 20 kV accelerating voltage, on sample powder spread 

directly onto conductive carbon tape.  In addition, the particle-size distribution was 

qualitatively analyzed by dynamic light scattering spectroscopy (DLS) on a 

Brookhaven DLS Particle Size Analyzer.  The samples were suspended in 95% 

ethanol and sonicated before analysis.  Data was analyzed by the non-negatively least 

squares method. 

 The 20-hour-milled In0.1Co4Sb12 sample was analyzed before and after 

sintering by transmission electron microscopy (TEM).  The presintered powder was 

suspended in ethanol and deposited onto a lacey-carbon copper grid, while the sintered 

sample was prepared by focus ion beam (FEI Helios Dual Beam) milling.  Both were 

analyzed on an FEI Tecnai G2 F20 analytical field-emission microscope, equipped 

with a Gatan ultrascan CCD (2kx2k), EDAX EDX detector. 

 The principal thermoelectric properties were measured from 300 to 623 K.  

Electrical conductivity and Seebeck coefficient data were collected using an ULVAC-

RIKO ZEM-3 with helium atmosphere.  Thermal diffusivity (α) and specific heat (Cp) 

data were collected under N2 using a Netzsch LFA 457 Micro Flash, and a Mettler 

Toledo 821e Differential Scanning Calorimeter, respectively.  Total thermal 
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conductivity was determined from the relation κT = cp α d, where d is the sample bulk 

density. 

 High temperature X-ray diffraction (HTXRD) data were collected on reserved 

post-milled sample powders using a Rigaku Ultima IV Multipurpose X-ray Diffraction 

System with high-temperature stage.  The samples were loaded onto an oriented Si 

single-crystal sample holder, as above, and the (431), (530), and (631) diffraction 

peaks were scanned with a fixed-time scan rate of 0.01ostep-1 and 2 sec step-1, for a 

total scan time of 20 minutes.  The diffraction patterns were collected under dynamic 

vacuum at 30oC, 600oC, and again at 30oC with automatic Z-axis alignment at each 

temperature.  A heating and cooling rate of 20oC min-1 was used in order to simulate 

the sintering profile employed in the synthesis of the hot-pressed nanocomposites.  

The (431), (530), and (631) diffraction peaks were chosen as they are the highest-2� 

reflections that also exhibit reasonable intensities in the heavily deformed post-milled 

powders.   

 

3. Results and Discussion 

3.1 Crystal Structure and Microstructure 

 Powder X-ray diffraction patterns of as-synthesized In0.1Co4Sb12 and Co4Sb12 

(Fig. 19a) reveal both compositions form the body-centered cubic CoAs3 skutterudite 

crystal structure.  No InSb phases are detected in the indium-filled In0.1Co4Sb12 

sample; however, a small antimony impurity is detected in both samples.  Post-milled-

powder diffraction data (not shown) were identical to the as-synthesized data, with the 
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exception of a slight peak-width broadening due to decreasing particle sizes and 

increasing defect, strain, and dislocation concentrations.   

 

Figure 19:  XRD patterns of as-synthesized (a) and sintered (b) Co4Sb12 and 
In0.1Co4Sb12 samples.  A small antimony impurity is indicated (arrow).  A 
considerable lattice parameter contraction (inset) observed in the milled In0.1Co4Sb12 
samples following sintering, is nearly concurrent with the duration of milling.  The 
observed contractions are attributed to indium precipitation from the skutterudite 
icosahedral void-sites upon sintering. 
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 Diffraction patterns from the sintered pellets are shown (Fig. 19b).  Aside from 

residual antimony, no additional impurity peaks are detected.  However, considerable 

peak-shifts to higher 2θ are observed after sintering the milled In0.1Co4Sb12 samples 

(Fig. 19b, inset).  Lattice parameters were calculated from high-angle reflections 

(Table 3), and are observed to systematically contract with the duration of milling -- 

only the 20-hour-milled In0.1Co4Sb12 sample deviates from this trend – this deviation 

is discussed further in Section 3.5.  The contraction corresponds to decreasing indium 

occupation of the icosahedral void-sites, and is nominally quantified (x) by Vegard’s 

Law (Table 3).9 

 Bimodal particle-size distributions of the post-milled powder – consisting of 

hundred-nanometer and micron-sized regions – were clearly evident from SEM 

images and are quantified by DLS data (Table 1). The average particle sizes shift 

progressively with increasing milling time.  The average particle-sizes of the 20-hour-

milled indium-free Co4Sb12 control are somewhat larger than the corresponding 20-

hour-milled In0.1Co4Sb12 sample, possibly indicating enhanced brittleness of the 

skutterudite structure upon indium substitution.1      

                                                           
1
 There is no observed difference in the facture toughness of pure and interstitially doped cobalt 

antimonide, their response to mechanical deformation should be similar (see appendix). 
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Table 3:  Particle size and lattice parameter data 

 

Note 3:  The average particles sizes of milled powders prior to sintering determined by 
DLS.  A bimodal size distribution was observed.  The lattice parameter contraction 
calculated for the sintered samples is nearly concurrent with the reduction in average 
particle size, and is attributed to indium precipitation from the icosahedral void-sites 
upon sintering.  Nominal values of precipitated indium (x) are determined from a 
Vegard’s Law plot.  The deviation of 20-hour-milled In0.1Co4Sb12 sample is discussed 
(Sec. 3.5).   

 

 Dislocations were observed in the 20-hour-milled In0.1Co4Sb12 powder by 

using TEM.  No impurity-phases, aside from elemental antimony, were detected.  

However, InSb nanoinclusions were discovered in the 20-hour-milled In0.1Co4Sb12 

sintered sample (Fig. 20).  The elemental composition of the nanoinclusions is 

confirmed by EDS.  The nanoinclusion dimensions ranged from tens to several-

hundred nanometers, and were found within grains of the bulk cobalt antimonide 

matrix.  Completely incoherent (a) and semi-coherent (b) interfaces are observed.  The 

degree of coherency is largely a function of precipitate size, consistent with 

conventional solid-state precipitation and growth kinetics.73  The discovery of InSb 

nanoinclusions in the 20-hour-milled and sintered In0.1Co4Sb12 sample – in 

combination with the observed lattice parameter contraction – unequivocally 
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demonstrates that indium migrates from the icosahedral void-sites and reacts with 

antimony sequestered from the Co4Sb12 matrix to synthesize the InSb nanoinclusions 

in situ.74 

 

Figure 20:  TEM high resolution image of the 20-hour-milled and sintered In0.1Co4Sb12 
sample.  EDS confirmed the observed nanoinclusions are indium and antimony-rich.  
Most nanoinclusions are found within grains of the bulk cobalt antimonide matrix, and 
are both incoherent (a) or semicoherent (b) with the bulk primary-phase matrix.  A 
typical incoherent interface is shown (inset). 

 

3.2 Electronic properties 

 The electronic properties provide further evidence of the indium-filled 

icosahedral void-site metastability.  The electrical conductivity and Seebeck data are 

shown (Fig. 21).  Only the un-milled In0.1Co4Sb12 sample (Fig. 21a, inset) exhibits 

degenerate semiconducting behavior consistent with other reported indium-filled 

InxCo4Sb12 samples.9, 11, 75  The electrical conductivity of the milled In0.1Co4Sb12 

samples drop with decreasing icosahedral void-site indium concentration, nearly 
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approaching the nondegenerate semiconducting Co4Sb12 control in the 40-hour-milled 

sample.  The same trend is observed in the Seebeck coefficient data.  The Seebeck 

coefficients of the milled In0.1Co4Sb12 samples begin to approach the distinctive 

behavior of the antimony-deficient Co4Sb12 control (Fig. 21b).74   

 

3.3 Thermal properties  

 Although the electronic properties of the milled In0.1Co4Sb12 samples trend 

toward the Co4Sb12 control with increasing indium precipitation, the thermal 

conductivities do not (Fig. 21c).  The Wiedemann-Franz Law was used to approximate 

the lattice thermal conductivities (Fig. 21d): the Summerfeld value was used for the 

un-milled degenerate In0.1Co4Sb12 sample, while 2.00×10-8 W K-2 was used for the 

nondegenerate samples.28, 43, 76 

 With the exception of the 20-hour-milled In0.1Co4Sb12 sample, the lattice 

conductivities of the milled In0.1Co4Sb12 samples are similar to the un-milled 

In0.1Co4Sb12 sample, deviating only slightly at elevated temperatures despite the partial 

reduction of phonon-suppressing indium in the icosahedral void-sites (Fig. 21d).  

Therefore, two superimposed thermal conductivity reduction mechanisms – 

nanoinclusion interface scattering and void-filler suppression – ostensibly are active as 

decreasing the concentration of void-site filled indium would increase the lattice 

thermal conductivity in the milled samples.9 
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Figure 21:  Thermoelectric properties of the milled In0.1Co4Sb12 samples and the 20-
hour-milled Co4Sb12 control.  Un-milled In0.1Co4Sb12 exhibits degenerate 
semiconducting behavior (a), while all other milled (5-20 hours) In0.1Co4Sb12 samples 
trend toward the semiconducting 20-hour-milled Co4Sb12 control.  A similar trend in 
Seebeck coefficients (b) is observed.  Both trends correspond to decreasing indium 
concentration within the icosahedral void-sites.  Total (c) and lattice (d) thermal 
conductivities indicate nanoinclusions generated from the precipitated indium 
effectively suppress thermal transport in the milled In0.1Co4Sb12 samples despite 
reduced indium concentrations in the icosahedral void-sites.  Note the nanocomposite 
samples are indicated by dashed lines. 

 

 A striking reduction is observed, however, in the thermal conductivity of the 

20-hour-milled In0.1Co4Sb12 sample.  Bulk grain boundary phonon scattering can be 

totally eliminated as a possible source for this reduction, as the milled pre-sintered 



62 

 

powder-size is several times larger than the phonon mean free path (approximately 80 

nm77), moreover, some grain growth is imminent upon sintering.  In addition, the 40-

hour-milled In0.1Co4Sb12 sample exhibits higher lattice thermal conductivity.  

 Furthermore, since the electronic properties and lattice parameters of the 5- 

and 20-hour-milled In0.1Co4Sb12 samples are similar – indicating similar 

concentrations of indium-filled void-sites – in the InSb nanoinclusions within the 20-

hour-milled sample are likely smaller on average – likely less than phonon mean free 

path length – and more finely dispersed, thus  profoundly improving the efficacy of 

phonon nanoinclusion-interface scattering.60  

 

3.4 Attrition-enhanced indium precipitation: Skutterudite-based nanocomposite 

 synthesis 

 Despite many reported examples of indium-filled skutterudites,9, 11, 45, 75, 78, 79 

calculations performed by Shi et al.8 predict that indium is thermodynamically 

unstable in the icosahedral void-sites under standard conditions.  Consequently, in 

light of this and the aforementioned results (Sec. 3.1-3.3), many of the indium-filled 

skutterudites reported (including the In0.1Co4Sb12 samples synthesized for this study) 

are unquestionably metastable much below their sintering temperature (600 oC, see 

Sec. 3.5) – disappointing prospects of long-lived thermoelectric devices based on 

indium-filled skutterudites.  However, this metastability can be exploited to produce 

stable high-ZT nanocomposites, but requires enhanced precipitation kinetics to 

produce well-dispersed nano-sized precipitates.  It is evident that this is accomplished 
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by mechanical attrition since the amount of precipitated indium is observed to depend 

directly on the duration of milling (with the exception of the 20-hour-milled 

In0.1Co4Sb12 sample); namely, by generating high concentrations of potent nucleation 

sites – free surfaces, dislocations, and other defects – and by reducing the path-length 

for diffusion.  

 As dislocations, which were observed in the 20-hour-milled In0.1Co4Sb12 pre-

sintered powder by TEM, they may well be the pivotal mechanism facilitating indium 

precipitation from the void-sites and triggering the in situ synthesis of the InSb 

nanoinclusions.  Migration of mobile interstitials to dislocation strain-fields is a core 

tenet of dislocation-enhanced precipitation, a theory first proposed by Cottrell, 

Koehler, and Seitz in the late 1940’s.80, 81  Subsequent precipitation of the interstitial 

releases elastic energy stored within the crystal lattice, the activation energy for 

nucleation is lowered, and the precipitation kinetics much increased.82  In addition, 

dislocation-enhanced precipitation is well-known to minimize the dimensions and 

enhance the dispersion of precipitated inclusions. Therefore, dislocations (and attrition 

in general) permit the icosahedral void-sites of the skutterudite crystal structure to act 

as well-dispersed reservoirs, from which metastable fillers can be coaxed to diffuse 

and precipitate as ZT-boosting nanoinclusions.   

 

3.5 HTXRD verification of milling-enhanced indium precipitation 

 Diffraction data was collected at room temperature and upon heating to 600 oC.  

A predictable shift to smaller 2θ due to lattice parameter expansion was observed; 
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however, the milled In0.1Co4Sb12 samples exhibit a suppressed shift (δH) at 600 oC.  

The suppressed shift is due to the concomitant precipitation of indium from the milled 

In0.1Co4Sb12 crystal structure.  (631) peak-shift data is shown (Table 4), and is 

consistent with shifts observed for the (431) and (530) peaks.  Upon cooling back to 

30oC, δH is only partially conserved as a shift (δC) in the original peak position (Table 

4).  Since δH is substantially larger than δC it is evident that some reversion (indium re-

dissolution) occurs during cooling.  The trends in δH and δC are in agreement with the 

lattice parameter contractions observed in the sintered samples at room temperature 

(Table 3), therefore definitively confirming that indium not only precipitates from the 

icosahedral void-sites upon sintering, but also is dependent on the duration of 

mechanical milling.   

 The aberrant 20-hour-milled In0.1Co4Sb12 sample, likely sustained the most 

reversion (Table 3, 4).  As the dimensions of the nanoinclusions are ostensibly smaller 

in the 20-hour-milled In0.1Co4Sb12 sample than the 5-, 10-, and 15-hour-milled 

samples, they possess higher surface energy and are more readily re-dissolved, 

enhancing the rate of reversion both upon heating (δH) and cooling (δC).  A similar 

effect is expected in the 40-hour-milled sample; however, as it also contains the 

highest concentration of potent nucleation sites that survive the sintering process, it is 

expected to exhibit the greatest amount of precipitation irrespective of partial 

reversion.  Moreover, since it is apparent that the 40-hour-milled matrix morphology 

is also the finest in the series, facile nanoinclusion diffusion along grain boundaries – 

and subsequent nanoinclusion coarsening – is inevitable.  The coarser nanoinclusions 
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likely exhibit a lower propensity toward reversion and exhibit a reduced phonon-

scattering efficiency – having less effect on thermal transport. 

 

4. Optimized synthesis for high-ZT thermoelectric nanocomposites 

4.1 Cobalt-site doping 

 The above research focused on the singly filled In0.1Co4Sb12 skutterudite in 

order to ascertain the source and effect of the InSb nanoinclusions uncomplicated by 

additional filler atoms.  Consequently, although the thermal conductivity is reduced 

dramatically by indium precipitation and subsequent nanoinclusion formation, the 

electrical conductivity is degraded significantly due to the loss of charge-carriers that 

accompanies indium upon precipitation from the void-sites.  Therefore, in order to 

observe the precipitation of indium and achieve high-ZT nanocomposite skutterudites, 

the skutterudite matrix must be doped with donor or acceptor impurities (e.g. Fe, Ni, 

or Pd on the cobalt-site) to compensate.  Therefore, a single-phase maximum 

palladium-doped In0.1Pd0.15Co3.85Sb12 sample was synthesized and subjected to the 

same nanocomposite synthesis technique as the 20-hour-milled In0.1Co4Sb12 sample 

(Sec. 2) in order to demonstrate the viability of the nano-structuring procedure.   

 The thermoelectric properties of the nanostructured In0.1Pd0.15Co3.85Sb12 sample 

are reported (Fig. 22) and compared to un-milled and nanoinclusion-free In0.1Co4Sb12 

and 20-hour-milled In0.1Co4Sb12.  As indium precipitates only partially from the 

indium-filled In0.1Pd0.15Co3.85Sb12 structure – as observed in the nanostructured 

In0.1Co4Sb12 (20-hour mill) sample – a comparison of thermoelectric properties of non-
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nanostructured indium-filled In0.1Pd0.15Co3.85Sb12 or indium-free Pd0.15Co3.85Sb12 

samples is not suitable as the void-site indium concentration in the nanostructured 

In0.1Pd0.15Co3.85Sb12 sample is not precisely known.  

 A striking reduction in lattice thermal conductivity (Fig. 22b) is observed in 

the palladium-doped sample consistent with the 20-hour-milled In0.1Co4Sb12 sample.  

However, due to the palladium donor, In0.1Pd0.15Co3.8Sb12 exhibits a significantly 

improved power factor, even surpassing the un-milled In0.1Co4Sb12 sample at elevated 

temperatures (Fig. 22c); and as both samples exhibit similar power factors at 374 K, it 

is possible to estimate that at this temperature, a nearly 17% enhancement in ZT is 

achieved in the palladium-doped sample due to nanoinclusion interface scattering. 
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Figure 22:  Enhanced thermoelectric properties due to cobalt-site doping of the 
skutterudite nanocomposite.  The total (a) and lattice (b) thermal conductivities of the 
20-hour-milled In0.1Pd0.15Co3.85Sb12 and In0.1Co4Sb12 nanocomposites, and the un-
milled In0.1Co4Sb12 sample are shown.  The 20-hour-milled nanocomposites exhibit 
suppressed thermal conductivity compared to the un-milled (nanoinclusion-free) 
In0.1Co4Sb12 sample.  As the power factors (c) at 374K are similar (arrow), a 17% 
enhancement of the ZT (d) can be solely attributed to nanoinclusion interface 
scattering at this temperature in the palladium-doped sample. 

 

4.2 Optimized sintering parameters 

 The most effective nanoinclusions were synthesized by milling indium-filled 

samples for 20-hours, as 20-hours of milling apparently produces the finest 
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nanoinclusion dispersion with the most optimum size while resisting agglomeration.  

Therefore, an even greater reduction of the lattice thermal conductivity may be 

achieved by increasing the nanoinclusion concentration and by maintaining a similar 

morphology.   

 The heating and cooling rates that produce the maximum amount of 

precipitated indium in the 20-hour-milled In0.1Co4Sb12 sintered sample were 

determined by HTXRD (Table 4).  It was found that increasing the ramp rate partially 

arrested precipitation upon heating and minimized the possibility for reversion, 

thereby permitting maximum precipitation upon cooling.  For example, a heating rate 

of 200oC min-1 and cooling rate of 10oC min-1 produced a three-fold increase in 

precipitated indium – given the nearly 17% rise in ZT observed in the nanostructured 

palladium-doped sample, a three-fold increase in nanoinclusion concentration could 

produce a 50% rise in ZT.   

Table 4:  Suppressed thermal expansion 

 

Note 4:  Suppressed thermal expansion (δH) upon heating and enhanced contraction 
upon cooling (δC) due to indium precipitation from the milled In0.1Co4Sb12 powders 
when heated to 600oC and cooled to 30oC, respectively.  δH is substantially greater 
than δC, indicating partial reversion occurs upon cooling. 
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5. Conclusion 

 This study reported the synthesis of In0.1-xCo4Sb12-x + xInSb(nano)  

nanocomposites.  The in situ synthesis of InSb nanoinclusions was achieved by the 

attrition-enhanced diffusion of metastable indium from the skutterudite icosahedral 

void-sites.  Transport property measurements indicate that the morphology of the InSb 

nanoinclusions is also likely improved by mechanical attrition.  The viability of this 

technique to produce enhanced-ZT was demonstrated by the synthesis of a cobalt-site 

doped sample which achieved a 17% enhancement in ZT.  In addition, optimized 

sintering parameters to increase the concentration of InSb nanoinclusions were 

reported.  It is expected that the fundamental synthesis procedure presented herein is 

applicable to all filled and optimally doped skutterudites and possibly other cage-like 

thermoelectrics with metastable filler atoms and can be used to generate 

nanocomposites with truly exceptional ZT’s. 
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Abstract 

 Nanostructuring is the foremost approach for producing high-performance 

thermoelectrics.  Often nanostructuring is achieved by exploiting the thermodynamic 

instability of supersaturated compositions; however, long heat-treatments are generally 

needed to generate the nano-sized precipitates so integral to the enhanced performance 

of nanostructured thermoelectric materials.  This research reports a refined 

nanostructuring technique – attrition-enhanced nanocomposite synthesis – that 

harnesses the thermodynamic instability and open cage-like crystal structure of 

indium-filled In0.1Co4Sb12 skutterudites to rapidly precipitate nano-sized In-based 

inclusions.  The lattice thermal conductivity of nanostructured compositions subjected 

to this technique is reduced significantly – generating the real prospect of synthesizing 

high-performance thermoelectric materials via an efficient and easily scalable 

technique. 

 

Keywords:  Thermoelectrics, Composite Materials, Nanostructures, Nanoparticles, 

Semiconductors 

 

1. Introduction 

 The prospect of catastrophic social and economic consequences triggered by 

global climate change has stimulated unprecedented demand for a host of diverse, 

clean, and sustainable energy technologies.  This demand may be satiated in part by 

high-efficiency thermoelectric materials.1, 2, 83  Decades of research has been focused 
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on enhancing the efficiency of thermoelectric materials.3  Thermoelectric efficiency is 

typically reported as a dimensionless figure of merit (ZT) at a particular temperature 

(T) (Eq. 1):  

�	 = 	 ���� 	         Eq. 1 

where �� = �< + �&        Eq. 1a 

The ZT is dependent on the electrical conductivity (σ), Seebeck coefficient (S), and 

lattice (κL) and electronic (κe) thermal conductivities of the material.  Enhanced ZT’s 

are exhibited in heavily doped semiconductors, which possess the optimum charge 

carrier concentration to produce both high electrical conductivity and Seebeck 

coefficients – resulting in high power-factors (σS2).5   

 However, reducing the thermal conductivity (specifically the lattice thermal 

conductivity), while maintaining high power-factors has proven challenging.   

Nevertheless, two techniques have proven successful in reducing lattice thermal 

conductivities:  filling open cage-like crystal structures with loosely bonded atoms – 

as in the clathrates and skutterudites – and nanostructuring of bulk polycrystalline 

matrices – as in lead antimony silver telluride (LAST).4   

 The large icosahedral voids within the open cage-like skutterudites crystal 

structure (Fig. 23) can be interstitially filled with a wide-array of disparate elements.  

The loosely bound interstitials reduce the lattice thermal conductivity of the filled 

crystal structures considerably, while enhancing the electrical conductivity by 

contributing supplemental charge carriers as traditional interstitial or substitutional 
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donor or acceptor impurities.  The ZT of skutterudites, therefore, is strongly enhanced 

upon icosahedral void-site filling.   

 

Figure 23:  Open cage-like skutterudite crystal structure.  The Inx(Fe/Pd)yCo4-ySb12 
structure contains a large icosahedral void-site at (0, 0, 0).  The octahedra (light-blue) 
constructed from the transition metals (blue) and antimony (grey) tilt to form the large 
void-site.  The void-site can be filled with a number of disparate elements, including 
indium (red). 
 

 No technique, however, has proven more effective in increasing ZT than 

nanostructuring.4, 5 Nanostructured thermoelectrics (nanocomposites) are typically 

considered to consist of a bulk polycrystalline matrix with nano-sized inclusions.  

Typically a supersaturated (metastable) composition is synthesized by cooling rapidly 

enough to prevent precipitation of the thermodynamically stable phases.  The material 

is heat-treated – often for many days – to precipitate the nanosized inclusions.57, 58, 84  

The inclusions are on the order of the matrix-phonon path length, which are 

subsequently strongly scattered by the nano-sized obstructions.85  However, ideally the 
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inclusions are larger than the charge-carrier path length and likely have little effect on 

the bulk electronic transport.   

 Attrition-enhanced nanocomposite synthesis (AENS), first reported by 

Eilertsen et al.6 combines both approaches with the aim of synthesizing high-

performance skutterudite-based nanocomposites with an energetically efficient and 

easily scalable technique.   

 AENS involves the synthesis of metastablly-filled open cage-like crystal 

structures, which are subjected to heavy attrition via mechanical milling.  The samples 

are reduced to heavily deformed fine-grained powders containing many dislocations, 

other defects, and minimized diffusion path-lengths.  The sample powders are 

sintered, and heat-treated to precipitate secondary nanosized inclusions from the 

icosahedral void-sites.  The combination of the open cage-like crystal structure, high 

dislocation and other defect concentration, and minimized path-lengths enhances the 

kinetics and distribution of precipitation – enabling wide-spread dissemination of 

nano-sized phonon-scattering precipitates.82  It was reported that rapid sintering 

followed by moderate cooling produced the greatest amount of precipitated indium in 

heavily mechanically milled samples.46  However, optimum the heating rates reported 

can only be achieved by spark-plasma sintering.   

 This research reports a refined AENS procedure.  Two maximum indium-filled 

and maximum cobalt-site-doped p- and n-type In0.3Fe0.8Co3.2Sb12 and 

In0.1Pd0.15Co3.85Sb12 samples were synthesized and subjected to varying duration of 

ball milling, and rapidly heated and sintered via spark-plasma.  To maximize the 
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precipitated indium, the sintered samples were subjected to a 20-minute heat-

treatment.  X-ray diffraction data and thermoelectric properties were collected on 

sintered and heat-treated samples in order to verify the effect of the precipitated 

icosahedral void-site filler on the lattice thermal conductivity.  Maximum reduction of 

lattice thermal conductivity was observed in a heavily ball-milled palladium-doped 

sample following heat-treatment. 

 

2. Experimental 

 Two large 20-gram void-site-filled and cobalt-site-doped In0.3Fe0.8Co3.2Sb12 

and In0.1Pd0.15Co3.85Sb12 samples were synthesized from elemental indium (Aldrich, 

100 mesh, 99.99 %), iron (Alfa Aesar, 200 mesh, 99+%), palladium (Aldrich, 200 

mesh, 99.95%), cobalt (Aldrich, < 2 um, 99.8 %), and antimony (Alfa Aesar, 100 

mesh, 99.5 %) under an atmosphere of antimony vapor and a 95%:5% N2:H2 gas 

mixture according to the procedure developed by He et al.7 The two samples were 

each divided into four individual samples and mechanically milled in a Fritzch 

Pulverisette 357 planetary ball mill for a different duration (0, 10, 20, and 40 hours) at 

400 rpm with silicon nitride bowls and grinding balls according to the procedure 

developed by Eilertsen et al.6  The milled powder was loaded into 20-mm graphite 

dies and sintered usin a FCT System GmbH SE607 spark-plasma sintering furnace:  

The samples were purged with argon and heated to 600 oC under vacuum with a 

heating ramp rate of 400 oC/min.  The samples were sintered in AC mode using 103 A 
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current with 104 N of applied force.    The sample chamber was back-filled with argon 

and rapidly cooled to room temperature at approximately 40 oC/min.   

 Powder X-ray diffraction (XRD) data were collected on as-synthesized, milled 

and sintered, and heat-treated samples using a Rigaku Ultima IV Multipurpose X-ray 

Diffraction System.  The samples were loaded onto an oriented Si single-crystal 

sample holder (MTI Corporation) with nearly zero background to maximize the 

possibility of detecting impurity phases.  Diffraction patterns were collected with a 

fixed-time scan rate of 0.01 ostep-1 and 0.1 sec step-1 from 10 to 120 o2θ.   

 The diffraction data were analyzed using the Le Bail technique8 as 

implemented in the Fullprof program.9  Peak shape was described by a Pseudo-Voigt 

function with additional asymmetric parameters for low-angle domain peaks (below 

40 o2θ), and the background level was fitted with a linear interpolation between a set 

of 40 to 60 given points with refineable heights. 

 Transmission electron microscopy analysis was conducted on the 40-hour 

milled and sintered heat-treated In0.1Pd0.15Co3.85Sb12 sample.  The sample was 

prepared by Lift-Out Technique by using an FEI Quanta 3D Dual Beam SEM with 

focus ion beam and analyzed on a Philips CM12 Scanning Transmission Electron 

Microscope (STEM) operated at 120 kV. 

 The principal thermoelectric properties were measured from 300 to 650 K.  

Electrical conductivity and Seebeck coefficient data were collected using an Ulvac-

Riko ZEM 3 under static helium atmosphere.  Thermal diffusivity (α) and specific heat 

(Cp) data were collected under flowing N2 using a Netzsch LFA 457 Micro Flash, and 
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a Mettler Toledo 821e Differential Scanning Calorimeter, respectively.  Total thermal 

conductivity was determined from the relation κT = cp α d, where d is the sample bulk 

density. 

 Following thermoelectric measurements, the sintered samples were loaded into 

a tube furnace and reheated to 600 oC under a 95%:5% N2:H2 gas mixture for 20 

minutes.  The samples were heated at a rate of 40 oC/min, and rapidly cooled by 

removing from the furnace.  The X-ray diffraction and thermoelectric property data 

was collected as above. 

 

3.  Results and discussion 

3.1 X-ray diffraction and microstructural data 

 X-ray diffraction data of as-synthesized and sintered, and 40-hour-milled and 

sintered samples are shown (Fig. 24).  X-ray diffraction data reveal the indium-filled 

iron- and palladium-doped skutterudite structures form.  A small FeSb2 and Sb 

impurity is observed in the as-synthesized In0.3Fe0.8Co3.2Sb12 sample.  And a small Sb 

impurity is observed in the as-synthesized In0.1Pd0.15Co3.85Sb12 sample.  The antimony 

in both samples is attributed to the excess antimony vapor employed during synthesis.  

The FeSb2 impurity indicates that the maximum iron doping, in combination with the 

maximum indium filling, is slightly less than Fe = 0.8.  The FeSb2 impurity is no 

longer present following ball milling.  Little difference in the diffraction data is 

observed following heat-treatment.    
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Figure 24:  XRD data of the In0.3Fe0.8Co3.2Sb12 (a-c) and In0.1Pd0.15Co3.85Sb12 (d-f) 
samples.  As-synthesized and sintered (a, d), 40-hour-milled and sintered (b, e) and 
40-hour-milled, sintered and heat-treated (c, f) are shown.  A small FeSb2 and Sb 
impurity is observed in the as-synthesized and sintered In0.3Fe0.8Co3.2Sb12 sample and 
a small Sb impurity is observed in the as-synthesized and sintered In0.1Pd0.15Co3.85Sb12 
sample (black arrows).  The FeSb2 impurity is no longer detectable in the ball milled 
and sintered samples.   
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 Lattice parameter data derived from LeBail refinements of as-synthesized and 

sintered, milled and sintered, and heat-treated samples are shown (Table 5).  The 

lattice parameter of the as-synthesized and sintered In0.3Fe0.8Co3.2Sb12 sample is 

significantly larger than the as-synthesized and sintered In0.1Pd0.15Co3.85Sb12 sample 

due to the greater concentration of indium and cobalt-site dopant.   

 A significant lattice-parameter contraction is observed in the milled 

In0.3Fe0.8Co3.2Sb12 samples following sintering.  The magnitude of the contraction 

clearly correlates with the duration of ball milling as observed by Eilertsen et al.6 in 

mechanically milled In0.1Co4Sb12, and is attributed to precipitation of indium from the 

icosahedral void-sites during sintering.  A significant contraction is not observed in the 

palladium-doped samples, however:  a slight increase is observed and attributed to 

mechanical alloying of unreacted and undetected starting material.     

 Little difference in the lattice parameters is observed in the In0.3Fe0.8Co3.2Sb12 

samples following heat treatment.  Moreover, little lattice-parameter contraction is 

observed in the In0.1Pd0.15Co3.85Sb12 sample either upon sintering or following heat 

treatment.  The large palladium atom likely conceals any lattice parameter contraction 

due to indium precipitation form the icosahedral void-sites.     

 However, precipitation of indium from the icosahedral void-site is more 

kinetically favored in the iron-doped sample than in the palladium-doped sample.  As 

the author6 attributed enhanced precipitation from metastablly indium-filled 

skutterudites to reduced diffusion path lengths, dislocations and other defects, it is 

likely that the additional strain and modified bonding environment in the heavily 
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doped In0.3Fe0.8Co3.2Sb12 sample strongly influences its response to mechanical 

attrition10 and subsequent generation of potent sites for filler-based precipitate 

nucleation. 

Table 5:  Lattice parameter data of the In0.3Fe0.8Co3.2Sb12 and In0.1Pd0.15Co3.85Sb12 
samples.   

 

Note 5:   A significant lattice-parameter contraction is observed in the milled and 
sintered In0.3Fe0.8Co3.2Sb12 samples, and is clearly correlated with the duration of 
mechanical milling.  A large contraction is not observed in the In0.1Pd0.15Co3.85Sb12 
samples and is discussed in the text. 
  

 A transmission electron microscopy (TEM) image of the 40-hour-milled 

sintered and heat-treated In0.1Pd0.15Co3.85Sb12 sample is shown (Fig. 25).  Well-

dispersed nano-sized precipitates are clearly evident in the bulk skutterudite matrix.  

The average precipitate diameter is approximately 13 nm. 
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Figure 25:  TEM of the 40-hour-milled sintered and heat-treated In0.1Pd0.15Co3.85Sb12 
sample.  Nano-sized precipitates (white arrows) are clearly evident in the heat-treated 
sample.   
 

3.2  Fe-doped electronic properties 

 The electrical conductivity data of the milled and sintered In0.3Fe0.8Co3.2Sb12 

samples are shown (Fig. 26).  The electrical conductivity drops from the as-

synthesized (0-hour) sample with the duration of ball milling and is consistent with the 

loss of charge carriers concurrent with the precipitation of indium from the void-site.   

 The conductivity of the 0- and 10-hour-milled samples increases with heat-

treatment – the 20-hour-milled sample only slightly at elevated temperatures.   

However, the electrical conductivity of the 20-hour-milled sample (at low and mid-

range temperatures) and the 40-hour-milled sample decrease following heat-treatment.   

Heat treatment of the 0-, 10-, and 20-hour-milled samples likely decreases the 
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concentration of charge-carrier-scattering defects, thus improving their electrical 

conductivity.  In addition, slight precipitate reversion may increase the indium 

concentration in the 0-hour-milled and heat-treated sample (Table 5).  However, since 

the 20- and 40-hour-milled samples precipitate the greatest amount of indium during 

sintering, likely produce the finest precipitate size,82 and likely possess the finest 

matrix microstructures – with many more accessible diffusion paths along grain 

boundaries – it is likely that the indium-based precipitates coarsen more in the 20- and 

40-hour-milled samples than in the 0- and 10-hour-milled samples during the post-

sinter heat-treatment, effecting electronic transport – strongly in the 40-hour-milled 

sample.     
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Figure 26:  Electrical conductivity data of the sintered and heat-treated 
In0.3Fe0.8Co3.2Sb12 samples.  The conductivity is degenerate as both the indium and 
iron contribute charge carriers; however, the electrical conductivity decreases with 
mechanical milling.  The electrical conductivity of the 0- and 10-hour-milled samples 
increases following heat-treatment (HT), while the 20- and 40-hour-milled samples 
shown an increase in electrical conductivity following heat-treatment.  
 

 The Seebeck coefficient data are strongly correlated to the observed drop in 

electrical conductivity with the duration of milling in the milled and sintered iron-

doped samples.  The drop in indium content drives the Seebeck coefficient closer to 

the Seebeck of pure iron-doped cobalt antimonide (Fig. 27).11   



85 

 

 As discussed above, the slight increase in electrical conductivity in 20-hour-

milled sample is likely offset by coarsening of the indium-based precipitate.  The 40-

hour-milled sample Seebeck coefficient data is relatively unchanged following heat-

treatment, which – when combined with the observed drop in electrical conductivity – 

strongly suggests coarsening of the indium-based precipitate which may off-set a 

small indium precipitate reversion (Table 5).   
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Figure 27:  Seebeck coefficient data of the sintered and heat-treated In0.3Fe0.8Co3.2Sb12 
samples.  The Seebeck coefficient increases with temperature in all samples.  Seebeck 
coefficient data for the milled and sintered samples decreases with the duration of ball 
milling and closely agrees with the trend in lattice parameter contractions observed.  
The Seebeck coefficients are not strongly affected by heat-treatment, though it is 
likely the microstructure – particularly the indium-based precipitate – is strongly 
affected in the 40-hour-milled sample. 
 

3.3 Fe-doped thermal conductivity   

 The total and lattice thermal conductivity of the milled and sintered 

In0.3Fe0.8Co3.2Sb12 samples is shown (Fig. 28).  The lattice thermal conductivity was 

calculated using the Wiedemann-Franz law and a Lorentz number equal to 2.00×108 
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V2 K-2.   The lattice thermal conductivity increases in all samples with the duration of 

ball milling.  The trend is consistent with a decrease in concentration of phonon-

suppressing indium within the icosahedral void-site.  Consequently, the resulting 

indium-based precipitate is likely smaller than the matrix-phonon path length to 

appreciably scatter phonons migrating though the skutterudite matrix.   

 However, following heat-treatment, it is evident the lattice thermal 

conductivity of all samples drops.  It is likely that coarsening of the precipitate – as 

evinced in the 40-hour-milled electronic property data – to dimensions closer to the 

matrix-phonon path length causes the suppressed lattice thermal conductivity 

observed.  

 

Figure 28:  Total and lattice thermal conductivity data of the sintered and heat-treated 
In0.3Fe0.8Co3.2Sb12 samples.  The lattice thermal conductivity (b) increases with the 
duration of mechanical milling, but drops following heat-treatment.   
 

3.4 Pd-doped electronic property data 
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 The electrical conductivity data of the In0.1Pd0.15Co3.85Sb12 samples are shown 

(Fig. 29).  All compositions are degenerate.  A strong trend with the duration of 

milling is not observed.  It is possible that with greater mechanical milling, alloying of 

unreacted and undetected starting material, along with partial indium precipitation 

may affect the observed electrical conductivity.   

 A clear correlation between the duration of milling and the observed drop in 

electrical conductivity is evident.  The magnitude of the drop trends with the duration 

of milling.  As reported previously,46 precipitation  of the void-site filler is strongly 

enhanced by mechanical milling.   
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Figure 29:  Electrical conductivity data of the sintered and heat-treated 
In0.1Pd0.15Co3.85Sb12 samples.  The conductivity is degenerate.  There is no strong trend 
with duration of mechanical milling.  Following heat treatment, however, the 
magnitude of the observed drop in electrical conductivity is strongly correlated to the 
duration of milling. 
 

 The Seebeck coefficient data of the sintered and heat-treated 

In0.1Pd0.15Co3.85Sb12 samples are shown (Fig. 30).  There is little varitiaton in Seebeck 

coefficients.  Moreover, aside from the 40-hour-milled sample, the Seebeck 

coefficients do not change appreciably following heat treatment.  The drop in Seebeck 

coefficient in the 40-hour-milled sample is attributed to drop in charge-carrier 

concentraiton concomitant with precipiation of  indium from the icosahedral void-site.   
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Figure 30:  Seebeck coefficient data of the sintered and heat-treated 
In0.1Pd0.15Co3.85Sb12 samples.  There is little variation between samples.  However, 
upon heat treatment the 40-hour-milled sample Seebeck coefficient drops, indicating a 
reduction in carrier concentration – consistent with a reduced concentration of the 
void-site filler. 
 

3.5 Pd-doped thermal conductivity 

 The total and lattice thermal conductivity data of the Pd-doped samples are 

shown (Fig. 31).  Little variation in thermal conductivity is observed prior to heat 

treatment.  However, following heat treatment a dramatic decrease in total and lattice 

thermal conductivity is observed in the 20- and 40-hour-milled samples.   

 The dramatic drop is due to the precipitation of well-dispersed nano-sized 

phonon scattering precipitates (Sec. 3.1, Figure 25).  It is probable that the 40-hour-
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milled sample possesses slightly more thoroughly dispersed inclusions as compared to 

the 20-hour samples, though TEM is needed to confirm this hypothesis. 

 

Figure 31:  Total and lattice thermal conductivity data of the sintered and heat-treated 
In0.1Pd0.15Co3.85Sb12 samples.  Little variation in lattice thermal conductivity is 
observed in the samples prior to heat-treatment.  However, following heat-treatment 
the 20- and 40-hour milled samples exhibit dramatically suppressed lattice thermal 
conductivity. 
 

3.6 Figure of Merit of iron- and palladium-doped samples 

 Although the lattice thermal conductivity drops in the heat-treated 

In0.3Fe0.8Co3.2Sb12 sample and dramatically drops in the 20- and 40-hour-milled 

In0.1Pd0.15Co3.85Sb12 samples, as anticipated, the dimensionless figure of merit (ZT) of 

both the iron- and palladium-doped samples also drops significantly (Fig. 32).  The 

reduced ZT is due to the loss of indium from the icosahedral void-site which causes a 

dramatic drop in electrical conductivity.  
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Figure 32:  Figure of merit of iron- and palladium-doped nanocomposite skutterudites.  
The ZT of the In0.3Fe0.8Co3.2Sb12 samples (a) and In0.1Pd0.15Co3.85Sb12 samples (b) both 
drop with duration of milling as the phonon suppressing In-based nano-sized 
inclusions precipitate from the icosahedral void-site, significantly reducing the 
electrical conductivity.   

 

4. Conclusion 

 Indium-filled and p- and n-type cobalt-site doped antimonde skutterudites were 

subjected to attrition-enhanced nanocomposite synthesis (AENS) combined with 

spark-plasma sintering, and followed by a rapid heat-treatment.  A substantially 

reduced thermal conductivity was observed in the 40-hour-milled In0.1Pd0.15Co3.85Sb12 

sample following heat-treatment – in fact this sample possess one of the lowest lattice 

thermal conductivities of any fully dense skutterudite reported.   

 It is evident that AENS combined with rapid sintering, cooling, and heat-

treatment can synthesize extremely low thermal conductivity nanocomposites.  If this 

procedure can be employed to synthesize nanocomposites from double-filled 

skutterudites – where the crystal structure is filled with the thermodynamically stable 
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rare-earth void-site filler and the metastable indium void-site filler, materials with 

exceptional ZT’s may be synthesized.    
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VI. Conclusion 

 A series of indium-filled compounds were synthesized.  Indium void-site 

substitution was verified by investigating the structural and thermoelectric-property 

response to void-site filling.  It was found that indium stabilizes the Co4-xRhxSb12 solid 

solution, though indium is not thermodynamically stable in the icosahedral void-site.  

The thermodynamic metastability of void-site filled indium was experimentally 

verified by observing clustering in the Co4-xRhxSb12 solid solution following 

precipitation from the icosahedral void-site.   

 It was theorized that the metastability of the void-site filled indium could be 

exploited to synthesize nanocomposite materials for high-performance 

thermoelectrics.  It was found that mechanically milling metastable InxCo4Sb12 and 

subjecting to relatively quick uniaxial hot press sintering allows indium to precipitate 

from the icosahedral void-site and form phonon-scattering inclusions.  It was found 

that an increase in the duration of mechanical milling stimulates an increase in the 

amount of precipitated indium (as observed in a concomitant contraction of the lattice 

parameter).   

 Finally, rapid spark-plasma sintering of heavily milled metastable indium-

filled compounds followed by a short heat treatment precipitated well-dispersed nano-

sized inclusions, which significantly lowered the lattice thermal conductivity of the 

nanocomposite sample.  

 The technique, attrition-enhanced nanocomposite synthesis, may be integral to 

the development of high-performance thermoelectrics by combining indium-based 
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nano-sized precipitate generation with thermodynamically stable icosahedral void-site 

fillers.  And in fact may be extended to other open cage-like crystal structures, 

specifically clathrates, to generate advanced thermoelectric nanocomposites.   
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 Thermoelectric materials are playing an increasingly significant role in the 

global effort to develop sustainable energy technologies.  Consequently, the demand 

for materials with greater thermoelectric efficiency has stimulated the development of 

state-of-the-art interstitially doped skutterudite-based materials.  However, since 

intermetallics are often embrittled by interstitial substitution, optimal skutterudite-

based device design, manufacture, and operation require thorough assessment of the 

fracture toughness of interstitially doped skutterudites.  This research determines 

whether the fracture toughness of skutterudites is sacrificed upon interstitial doping.  

Both pure and interstitially doped cobalt antimonide skutterudites were synthesized 

via a solid-state technique in a reducing atmosphere with antimony vapor.  Their 

crystal structures were analyzed by X-ray diffraction, and then sintered by hot uniaxial 

pressing into dense pellets.  The electronic properties of the sintered samples were 

characterized.  Fracture toughness of the pure Co4Sb12 and interstitially doped 

In0.1Co4Sb12 samples was evaluated by the Vicker’s indentation technique and by 

loading beam-shaped singe-edge vee-notched bend specimens (SEVNB) in 4-point 

flexure.  The intrinsic crack-tip toughness of both materials was determined by 
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measuring the crack-tip opening displacements (COD’s) of radial cracks introduced 

from Vicker’s indentations.  The intrinsic crack-tip toughness of both pure Co4Sb12 

and interstitially doped In0.1Co4Sb12 were found to be similar, 0.523 and 0.494 

MPa√m, respectively.  The fracture toughness of both pure and interstitially doped 

skutterudites, derived from SEVNB specimens in 4-point flexure were also found to 

be statistically identical, 0.509 and 0.574 MPa√m, respectively, and are in agreement 

with the intrinsic crack-tip toughness values.  However, the magnitude of the 

toughness was found to be much lower than previously reported.  Moreover, fracture 

toughness values derived from Vickers's indentations were found to be misleading 

when compared to the results obtained from fracture toughness tests carried out on the 

micronotched (SEVNB) specimens loaded in 4-point flexure. 
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I. Introduction 

1.1 Thermoelectric Materials 

 The prospect of catastrophic social and economic consequences triggered by 

global climate change has stimulated unprecedented demand for a host of diverse, 

clean, and sustainable energy technologies.  This demand may be satiated in part by 

high-efficiency thermoelectric materials.1, 2   

 Thermoelectric materials are solid-state semiconductors that generate an 

electric potential when subjected to a thermal gradient.  If the thermal gradient is 

maintained, a thermoelectric power-generating module can produce emission-free 

electric power continuously.3  The module is essentially a collection of thermoelectric 

materials (thermocouples) connected in series by metal contacts, and dimensionally 

restrained by ceramic dielectrics (Fig. 1).1  Maximum efficiency (φmax) is strongly 

dependent on the operating conditions, the thermal gradient (T1-T2), the average 

operating temperature (T), and the intrinsic transport properties (reflected in Z) of the 

thermoelectric materials (Eq. 1):   

ϕ@*A = 0B�-B�B� 5D √ �EB- 
√ �EB�F�F�

G         Eq. 1  

Z is the material-dependent thermoelectric figure of merit, the most fundamental 

qualifier in assessing the viability of thermoelectric materials, and is usually 

formulated as a dimensionless figure of merit (ZT):    

ZT = 	 J�KLF T          Eq. 2 
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where the Seebeck coefficient (S), the electrical conductivity (σ), and the total thermal 

conductivity (κT), are intrinsic material properties.4  Maximum efficiency is obtained 

when the thermoelectric materials are subjected to the greatest possible temperature 

gradient; and when they possess both high electrical conductivities and Seebeck 

coefficients, and low thermal conductivities.5  

 

Figure 33:  Schematic of thermoelectric module.  The thermoelectric materials are 
dimensionally constrained by electric contacts and ceramic dielectrics, and are subject 
to large thermal loading during typical operation.   
 

1.2 Thermoelectric Material Optimization 

 Optimizing thermoelectric properties often poses a significant challenge.  For 

example, efforts to increase the power factor (S2σ) by traditional substitutional- or 

interstitial-site doping is typically ineffective.  As electrical conductivity (σ = e × n ×
μ) is dependent on the fundamental charge (e), the charge carrier concentration (n), 
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and the charge carrier mobility (µ), and the Seebeck coefficient is often inversely 

proportional to charge carrier concentration, maximization of electrical conductivity 

through excessive doping often leads to a decrease in the Seebeck coefficient.  

Therefore, in order to obtain high electrical conductivity and high Seebeck 

coefficients, thermoelectric materials must possess high charge carrier mobilities.6   

 Consequently, high-ZT materials must be highly covalent.  Highly covalent 

bonding is reflected by a well-dispersed electronic band structure, and high charge 

carrier mobility.6-9  However, the high covalency also results in large elastic constants 

– reflected in large Young’s moduli.10  Moreover, highly covalent materials are 

inherently brittle due to strong and highly directional bonding in the crystal structure.  

 The material properties that produce enhanced thermoelectric efficiency also 

lead to serious concerns over long-term material integrity.  For example, since power-

generating thermoelectric modules require exposure to cyclic temperature fluctuations 

during normal operation, the thermal stresses (σTH) developed in the material due to a 

uniform temperature fluctuation (∆T) are exacerbated by large Young’s moduli (E):11   

σBQ = 	α	E	ΔT	        Eq. 3 

where α is the thermal expansion coefficient of the material.  Moreover, the material 

resistance to thermal fatigue (R):11 

R = 	 KV	LFWX          Eq. 4 

where σf is the mean fatigue strength, is adversely affected by both the large elastic 

moduli and the low thermal conductivity necessary to produce a high-ZT 

thermoelectric.  Therefore, the material properties necessary to produce high-ZT 
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materials, the typical operating environment (large ∆T), and optimum operating 

conditions (large T1-T2) substantially increase the probability of brittle fracture and 

fatigue – a profound concern as the demand for higher-efficiency thermoelectric 

power-generating modules intensifies.2, 12, 13   

 

1.3 Skutterudite-Based Thermoelectrics 

 The demand for high-ZT materials has been satiated in part by skutterudite-

based thermoelectrics.  Skutterudites are a particularly promising class of 

thermoelectric materials as they can be tuned to possess some of the highest ZT’s 

observed in single-phase materials.3, 14  Skutterudites (Co8Sb24 or commonly Co4Sb12) 

possess an open cage-like crystal structure with two large icosahedral void-sites per 

unit cell (Fig. 2).  The void-site framework is comprised of antimony cages formed 

from a highly covalent network of tilted cobalt antimonide (CoSb6) octahedra.  The 

antimony cages (surrounding the icosahedral void-sites) can be filled: that is, the 

skutterudite unit-cell can expand to accommodate a wide-variety of disparate elements 

ranging from the alkalis, alkaline earths, and rare earths, to a number of poor metals 

and semimetals including indium, germanium, tin, and thalium.3, 15-19  
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Figure 34: The crystal structure of interstitially doped skutterudites.  For example, 
representing the In0.1Co4Sb12 crystal structure where (a) the CoSb6 octahedra are 
emphasized as semitransparent light blue polyhedra, the dark-blue cobalt atoms are 
shown in the center and the grey antimony atoms at each corner of the polyhedra.  The 
red atom in the center of the icosahedral void-site at (0, 0, 0) represents indium, the 
icosahedral void-site filler.  (b) The icosahedral void-site is emphasized by a 
semitransparent light-red polyhedron. 
 

Icosahedral void-site filling strongly enhances the material ZT.  As the interstitial site 

is exceedingly large, and the dopant bonds rather poorly with the host skutterudite 

framework, the dopants can contribute significant carrier density without appreciably 

altering its electronic dispersion – resulting in improved electrical conductivity, 

reasonably unperturbed charge carrier mobility, and some-what reduced – though still 

large (hundreds of microvolts per Kelvin) – Seebeck coefficients.  Moreover, the 

filling atoms dramatically suppress the thermal conductivity.  Consequently, a sizable 

increase in ZT is often exhibited in interstitially doped (filled) skutterudites compared 

to un-doped (unfilled) skutterudites.3, 18, 20, 21    
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 However, little research has been published that focuses on whether the 

interstitial influences the mechanical properties (particularly the fracture toughness) of 

filled skutterudites.  Ravi, et al.22 reported some mechanical properties (including 

fracture toughness) of pure CoSb3 and CeFe3Ru1Sb12; however, a comparison between 

the two compositions does not definitively demonstrate the effect of the interstitial, as 

the void-site framework – the transition metal-antimonide crystal structure – in the 

two compositions is chemically different.  For example, iron-based skutterudites were 

found to exhibit different mechanical properties than cobalt-based skutterudites.23 The 

effect of the interstitial, therefore, cannot be definitively determined.   

 Moreover, a thorough review of the mechanical properties of skutterudites 

published by Rogl et al.23 includes the fracture toughness of many skutterudite 

compositions; however, none of the compositions compare the pure CoSb3 crystal 

structure to a solely interstitially doped composition – all doped compositions are both 

interstitially and substitutionally doped.  Moreover, three out of the ten fracture 

toughness values reported for skutterudites were determined from Vicker’s fracture 

toughness experiments23, which (as discussed in Sec. 1.5) is typically an unreliable 

technique. 

   

1.4 Interstitial Embrittlement  

 Interstitial embrittlement of metals and intermetallics is a well-known 

phenomenon:  dislocation pinning,24 grain boundary embrittlement,25, 26 and a 

fundamental decrease in bond strength due to the interstitial27, 28 enhance brittle 
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fracture of many interstitially doped materials – the latter two are of significant 

concern for interstitially doped skutterudites when intergranular or transgranular 

fracture occurs, respectively. 

 Grain boundary embrittlement due to precipitation of metastable void-site 

interstitials is possible in many interstitially doped skutterudites; for example, the 

high-ZT skutterudite-based materials interstitially doped with thallium, tin, gallium, 

germanium, lead, and indium.  Calculations performed by Shi et al.29 predict that 

interstitial elements with electronegativities too similar to antimony, specifically with 

χ > 1.2, will be thermodynamically unstable in the icosahedral void-site of cobalt 

antimonide skutterudites under standard conditions.29  All of the aforementioned 

elements are χ = 1.6 or greater, and therefore, are likely to precipitate upon reaching 

thermodynamic equilibrium.  In addition, experimental evidence demonstrating the 

thermodynamic instability of indium-doped InxCo4Sb12 has been reported.30, 31  

Therefore, metastable solute atoms may diffuse through the large cage-like 

skutterudite crystal structure to grain boundaries, leading to potential embrittlement 

and reduced fracture toughness. 

 Moreover, perturbation of bonding in interstitially doped metals and 

intermetallics may have profoundly deleterious effects on fracture toughness.  

Messmer et al.27 associated enhanced embrittlement with a reduction in metal-metal 

bond strength in the vicinity of segregated interstitials near grain boundaries.  

Although skutterudites are intermetallic materials, an analogous effect may be 

expected in the interstitially doped compositions.  Electronic dispersion computations 
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performed by Wee et al.32 for Co4Sb12 and barium-filled Co4Sb12 skutterudites exhibit 

substantial bonding and antibonding character at the Brillion Zone center in the 

highest valence and lowest conduction bands, respectively.  Consequently, an increase 

in the lattice parameter – as observed in the interstitially doped antimonide 

skutterudites – should weaken the covalent bonding interaction, resulting in 

diminished bond strength.  Interstitially doped skutterudites, therefore, whether filled 

with highly electropositive rare-earths or poor metals are potentially vulnerable to 

interstitial embrittlement.   

 

1.5 Fracture Toughness Experiments 

 Fracture toughness (KIC) of thermoelectric materials is often estimated using 

the Vicker’s indentation technique outlined by Anstis et al.33  The technique is quite 

simple as it can be performed with standard hardness equipment, minimal sample 

preparation, small specimens, and minimal expertise:  samples are indented with a 

Vicker’s shaped diamond indenter – at a load large enough to produce radial cracks, 

but not large enough to produce spalling – and the indent and radial crack lengths are 

measured.  The fracture toughness is derived from the indent and crack dimensions, 

the Young’s Modulus, and hardness of the material.  Due to the simplicity of this 

technique, it has been used to evaluate the fracture toughness of many thermoelectric 

materials.34-36 

 However, despite its popularity and ease of execution, the Vicker’s indentation 

technique has been determined to be an unreliable method for determining fracture 
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toughness in a number of studies35-39, More reliable techniques are favored, for 

example by using large (3 X 4 X 25 +mm) sharp single edge vee-notch bend 

(SEVNB) test specimens in a 4-point loading flexure mode, more reliable results can 

be obtained.40-45   

 Moreover, measurements of the crack-tip opening displacements can provide a 

reliable assessment of the intrinsic crack-tip toughness (Ktip) of a material, and can be 

equated to the total fracture toughness (KIC) in the absence of extrinsic toughening – 

which occurs when, for example, secondary microstructural features bridge the crack 

and improve its toughness.40  Since total fracture toughness includes both the intrinsic 

crack-tip toughness (Ktip) and the contributions from any extrinsic toughening 

mechanisms, a reliable assessment of both Ktip and KIC – determined from the more 

reliable SEVNB method – can be used to determine whether extrinsic toughening 

occurs in the material. 

 This research seeks to determine whether interstitial embrittlement occurs in 

interstitially doped – void-site-filled – skutterudites, to verify fracture toughness 

values previously reported, for Co4Sb12 skutterudites, and to reaffirm the unreliability 

of the Vicker’s indentation technique. 

 

II. Materials and Methods 

2.1 Material Synthesis 

 Co4Sb12 and indium-filled In0.1Co4Sb12 compositions were synthesized from 

elemental indium (Aldrich, 100 mesh, 99.99 %), cobalt (Aldrich, < 2 um, 99.8 %), and 
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antimony (Alfa Aesar, 100 mesh, 99.5 %) in a flow of antimony vapor and a reducing 

95% N2 5% H2 gas mixture at 610 oC for 12 hours and 675 oC for 36 hours, according 

to a procedure developed by He et al.18  The as-synthesized powder was briefly ground 

in an agate mortar and hot pressed for 20 minutes in a 12 mm graphite die at 600 oC, 

with a ramp-up and cool-down rate of 20 oC / min.  200 MPa uniaxial pressure was 

applied while under dynamic vacuum according to the sintering procedure published 

by Eilertsen et al.19  In order to prepare sufficiently long (≥25mm) beam-shaped 

micronotched specimens for 4-point flexure loading, a second set of larger samples 

was hot pressed in a 40 mm graphite die.  As the larger diameter die prevented the use 

of a larger applied uniaxial pressure, a higher sintering temperature of 675 oC (with 50 

MPa uniaxial pressure) and longer sintering time, three hours, was employed.  The 

resulting 12 mm and 40 mm pellets were 98% and nearly 100% dense, respectively. 

 

2.2 Crystal- and Micro-structural Analysis 

 X-ray diffraction (XRD) data were collected on ground as-synthesized and 

post-sintered sample powders using a Rigaku Ultima IV Multipurpose X-ray 

Diffraction System.  The samples were loaded onto an oriented Si single-crystal 

sample holder (MTI Corporation) with nearly zero background to maximize the 

possibility of detecting impurity phases.  Diffraction patterns were collected with a 

fixed-time scan rate of 0.01 ostep-1 and 0.1 sec step-1 from 10 to 120 o2θ.   

 The diffraction data were analyzed using the Le Bail technique45 as 

implemented in the Fullprof program.46  Peak shape was described by a Pseudo-Voigt 
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function with additional asymmetric parameters for low-angle domain peaks (below 

40 o2θ), and the background level was fitted with a linear interpolation between a set 

of 40 to 60 given points with refineable heights. 

 Samples were prepared for microstructural analysis by grinding and polishing 

with successively finer grades of SiC abrasive paper and abrasive alumina slurry.  The 

samples were etched briefly (for 20 to 30 seconds) with freshly prepared aqua regia (1 

part HNO3: 3 part HCl) and analyzed on a Quanta 600F FEG Scanning Electron 

Microscope (SEM) and Leica DMRM optical microscope.  The average grain size of 

all samples was estimated using the Hilliard47 intercept method conforming to the 

procedure outlined by ASTM E112-10.48 

 

2.3 Thermoelectric Property Analysis 

 Electrical conductivity and Seebeck coefficient data was collected on both the 

12 and 40 mm samples.  The sintered pellets were cut to approximately 2 X 2 X 10 

mm bars with a low-speed water-cooled diamond saw, and lightly polished with 1000-

grit SiC sandpaper. 

 Both electrical conductivity and Seebeck coefficient data were collected using 

an Ulvac-Riko ZEM 3 under static helium atmosphere from 300 to 600 K.  The Ulvac-

Riko ZEM 3 measures electrical conductivity and Seebeck Coefficient nearly 

simultaneously.  The electrical conductivity was measured using the 4-probe technique 

(Fig. 3).  The 4-probe technique uses separate current (I-Contact) and voltage (TC/V-

Probe) probes to measure the electrical conductivity of very highly conducting (> 0.01 
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S cm-1) samples in order to minimize the effects of contact resistance.  Moreover, 

polarity of the current is changed during each measurement to minimize the effect of 

joule heating. 

 The Seebeck coefficient – the voltage developed across a material subjected to 

a thermal gradient – was measured by the static DC method:  a series of thermal 

gradients are imposed and measured on the sample (typically three) and the voltage 

developed at each thermal gradient is measured, both  using the TC/V probes (Fig. 3).  

The intrinsic Seebeck voltage developed across each TC/V probe due to the 

differences in sample (furnace) and voltmeter temperatures is quantified by a 

thermistor located near the voltmeter-TC/V probe contact (Fig. 3).  The voltages and 

thermal gradients are plotted, a linear fit is generated, and the slope (∆V/∆T) is taken 

to be the Seebeck coefficient of the material.   

 

Figure 35:  Schematic of ZEM 4-probe conductivity and Seebeck coefficient 
instrument.  During conductivity measurements I-contact and TC/H probes supply 
current and measure potential drop, respectively.  The Seebeck coefficient is measured 
via the TC/H probes, which simultaneously measures the thermal gradient and resulting 
potential gradients. 
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 Thermal conductivity of the 12 mm samples was determined by measuring the 

thermal diffusivity (α) and specific heat (Cp) data of both samples.  Thermal 

conductivity data was not collected for the 40 mm samples, however, as the entire 40 

mm pellet was needed to machine the large (3 X 4 X 25+ mm) fracture toughness 

specimens (Sec. 2.4).  The data was collected under flowing N2 using a Netzsch LFA 

457 Micro Flash, and a Mettler Toledo 821e Differential Scanning Calorimeter, 

respectively.  Total thermal conductivity was determined from the relation κT = cp α d, 

where d is the sample bulk density. 

 

2.4 Mechanical Property Analysis 

 Vicker’s indentations were made on samples cut from the 12 and 40 mm 

pellets using a Leco M-400 Hardness Tester and diamond Vicker’s-shaped indenting 

head.  Indents were carried out with various loads (25-1000 gf) applied for 30 seconds.  

The indents and resulting cracks were measured using a Quanta 600F FEG SEM and a 

Leica optical microscope.  The indent and crack dimensions were measured using 

Image J imaging software.49   

 Young’s modulus was determined using Resonant Ultrasound Spectroscopy 

(RUS), a technique developed by Migliori et al.50 The technique uses ultrasonic 

transducers to excite and measure the resonant frequencies of a test specimen.  The 

elastic constants of the specimen can be derived from the analyzed resonant 

frequencies, dimensions, and density.  Approximately 2 X 3 X 5 mm parallelepiped 

samples were cut from 12 mm pellets with a low-speed water-cooled diamond saw.  
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The samples were inserted between the two transducers of a Quasar RUS system (Fig. 

4), the samples were excited from 180 to 1030 KHz, and resonant frequencies 

collected.  The resonant frequencies were analyzed with Quasar’s analysis software 

package.   

 

Figure 36:  Schematic of Resonant Ultrasound Spectroscopy (RUS) Instrument.  A 
parallelepiped-shaped specimen is inserted between two carbide-typed ultrasonic 
transducers.  The transducers are clamped into place with minimal force. 
 

 The rapid hot-pressed 12 mm samples were used to determine hardness, 

Vicker’s fracture toughness, and intrinsic crack-tip toughness.  The 40 mm samples 

were not used for the Vicker’s indention techniques as all attempts to indent the 40 

mm samples produced significant spalling in both compositions.  Hardness (H) was 

derived from the load (P) and the impression half diagonal (a) by the following (Eq. 

5): 
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H = 	 [
X\*�         Eq. 5 

where αo is a numerical constant equal to 2 (Fig. 5).33  Both fracture toughness and 

intrinsic crack-tip toughness were determined from Vicker’s indentations and Vicker’s 

induced radial cracks.      The Vicker’s derived fracture toughness (KC) was calculated 

from the applied indenter load, Young’s Modulus, hardness, and radial crack lengths 

(Eq. 6):33-35   

K3 = β0WQ5
_.` � [

3�.a        Eq. 6 

where β is a constant taken to be 0.016.   

 

Figure 37:  Vicker’s indentation schematic for determining fracture toughness.  Clear 
radial cracking must be evident; however, spalling must not be present.  Typical indent 
in In0.1Co4Sb12, imaged by SEM. 
 

 Intrinsic crack-tip toughness (Ktip) was determined from the crack-tip opening 

displacements (COD) technique.  Intrinsic crack-tip toughness was determined from 

the width of the crack-tip openings (δ) as a function of their position from the crack tip 
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(x), Young’s Modulus, crack length and indention dimension (Fig. 6) according to the 

following:40, 51 

b
cdef = √*

W Dgh
i
A
*+ A 0A*5

 .` ' A� 0A*5
�.`G     Eq. 7 

where A ≅ 11.7exp o-2.063pc a⁄ -1t_.�hu - _.hvh3 *⁄ -    Eq. 7a. 

and A� ≅ 44.5 exp o-3.712pc a⁄ -1t_.�hu -  
p3 *⁄ - t�.a   Eq. 7b. 

δcalc was calculated with the variable Ktip taken to be 1 MPa√m.  The data was plotted, 

where the x and y components were δcalc and δmeas, respectively.  Since Ktip is taken to 

be 1 MPa√m, variation in the the slope of the linear fit reflects the inequality of δcalc 

and δmeas, and therefore, gives the intrinsic crack-tip touhgness (Ktip) of the material. 

 

Figure 38:  Intrinsic crack-tip toughness schematic.  Crack-tip opening displacements 
(COD) are measured as a function of distance (x) from the crack-tip.  A typical indent 
of In0.1Co4Sb12, imaged with SEM.  The bar on the inset is 0.5 micron.  The increasing 
COD can be seen in the crack from crack bottom to top (inset image).   
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 In addition, fracture toughness was determined on 3 X 4 X 25-31 mm 

micronotched specimens loaded in 4-point flexure using the single edge vee-notch 

bend (SEVNB) technique.41, 43, 44, 52 Specimens were cut from the 40 mm hot-pressed 

samples with a low-speed water-cooled diamond saw and polished.  Pre-notch cuts 

were made with a 0.2 mm kerf diamond blade.  Razor micronotches were cut using 1 

µm diamond paste and repeatedly sliding a razor blade loaded with 0.3-0.5 gf through 

the saw-cut notch in a custom-made jig.  The resulting micronotch root radii were 

below 10 µm as recommended in Rocha et al.,44 and Nishida et al.41  The ratio of total 

notch length (a) to specimen width (w) was close to 0.3.  The micronotched specimens 

were loaded in 4-point flexure in a BOSE Endura Tec ELF 3200 (Fig. 7).  The load 

was applied at a rate of 0.5 mm(min)-1.  Fracture toughness was determined from the 

maximum load at fracture (Pf), span (S), total notch length (a), and specimen 

dimensions (B and W):41-44 

Kyz = 0 [VJ
{|�.a5 × o1.5 × pa W~ t_.` × Yu     Eq. 8 

where Y =  .vv-(* |~ )[ -p* |~ t][�. `-�.v�p* |~ t��.�p* |~ t�]
� -�p* |~ t�[ -p* |~ t]�.a    Eq. 8a 

The resulting fracture surfaces were analyzed on a Quanta 600F FEG Scanning 

Electron Microscope.  Samples were fixed to sample holders using AquaDAG© and 

analyzed at a working distance of 10 mm. 
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Figure 39:  SEVNB 4-Point Loading Schematic.  The span (S) is the horizontal 

distance between the upper and lower pins, S =  
� pL-lt.  An increasing load is applied 

at a constant rate until fracture occurs and the maximum load at fracture (Pf) is used to 
calculate KIC. 
 

III. Results 

3.1 Crystal Structure and Microstructure 

 Powder X-ray diffraction data reveal both samples crystallize in the body-

centered cubic IM-3 space group (Fig. 8).  Both samples are single phase.  Lattice 

parameters were determined from LeBail refinements and the peak-shapes determined 
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from pseudo-Voight fitting functions.  A slight increase in lattice parameter above the 

Co4Sb12 sample is observed in the indium-doped In0.1Co4Sb12 sample.   

 

Figure 40:  X-ray diffraction data of pure and interstitially doped skutterudites.  Both 
samples are single phase.  The lattice parameters of Co4Sb12 and In0.1Co4 Sb12 are 
shown.   A slight expansion in lattice parameter is observed upon indium void-site 
substitution.  The a parameters derived from LeBail matching are known to 10-5 nm. 
 
    
 Average grain size of the 12 mm rapid hot pressed samples (Fig. 9a and b) and 

the 40 mm hot pressed samples (Fig. 9c and d) were estimated to be 1-2, 15-40, 15, 

and 15 µm, respectively.  The In0.1Co4Sb12 rapid hot pressed sample was distinctly 

bimodal leading to the larger range in grain sizes. 
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Figure 9:  Microstructure of pure and interstitially doped skutterudites.  The 
microstructure of the 12 mm (a, b) and 40 mm (c, d) Co4Sb12 and In0.1Co4Sb12 pellets, 
respectively.  The calibration bar in the inset SEM image is 4 micrometers.  The 
average grain diameters were determined from the Hilliard method and found to be 1-
2 µm (a), 15-40 µm (b), 15 µm (c), and 15 µm (d).  Note the distinctly bimodal 
microstructure of (b). 
 

3.2 Thermoelectric Properties 

 Both pure Co4Sb12 compositions are semiconducting, while both indium-doped 

In0.1Co4Sb12 compositions exhibit degenerate (decrease with increasing temperature) 

electrical conductivity (Fig. 10).  There is a significant increase in electrical 

conductivity in the indium-doped In0.1Co4Sb12 compositions. 
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Figure 10:  Electrical conductivity of pure and interstitially doped skutterudites.  The 
pure Co4Sb12 samples are semiconducting, while the indium-filled In0.1Co4Sb12 cobalt 
antimonide samples are degenerate.  The electrical conductivity increases dramatically 
upon indium doping – typical of interstitially doped skutterudites.   
 

The Seebeck coefficient data are shown (Fig. 11).  The Seebeck coefficients of the 

pure Co4Sb12 samples exhibit an S-like trend with temperature, typical of cobalt 

antimonide with an anion deficiency.53  The Seebeck coefficients of indium-doped 

In0.1Co4Sb12 are relatively steady with temperature, typical of reported indium-doped 

skutterudites.18, 54, 55  
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Figure 11:  Seebeck coefficient data of pure and interstitially doped skutterudites.  The 
S-like trend with temperature observed in the pure Co4Sb12 samples is attributed to an 
anion deficiency.  The Seebeck coefficients are dramatically altered upon doping the 
skutterudite structure with indium.  The Seebeck coefficients change only slightly with 
temperature, though remain relatively large in magnitude. 
 

The power factor (σS2) is enhanced dramatically in the indium-doped In0.1Co4Sb12 

samples as compared to the pure Co4Sb12 samples (Fig. 12), illustrating that interstitial 
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doping is absolutely essential to producing high-ZT thermoelectric materials.

 

Figure 12:  Power factor of pure and interstitially doped skutterudites.  The power 
factor is increased dramatically upon indium substitution.  Interstitial doping is an 
absolute necessity for increasing thermoelectric efficiency.  Note the scale-breaks in 
the y-axis. 
 

 The thermal conductivity of the 12 mm samples is shown (Fig. 13).  The 

thermal conductivity decreases with interstitial doping. 
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Figure 13:  Thermal conductivity of Co4Sb12 and In0.1Co4Sb12 12 mm pellets.  The 
thermal conductivity is strongly suppressed with interstitial doping. 

  

 The dimensionless thermoelectric figure-of-merit (ZT) data for Co4Sb12 and 

In0.1Co4Sb12 12 mm samples are shown (Fig. 14).  The ZT is increased dramatically 

demonstrating only interstitially doped skutterudites are viable candidates for high-

efficiency thermoelectric modules.   
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Figure 14:  ZT data of Co4Sb12 and In0.1Co4Sb12 12 mm pellets.  The ZT of the 
interstitially doped sample is dramatically increased; consequently, only interstitially 
doped skutterudites can be used in high-efficiency thermoelectric modules. 
 

3.3 Mechanical Properties 

 A typical RUS spectrum for Co4Sb12 is shown (Fig. 15).  The resonant 

frequencies for both Co4Sb12 and In0.1Co4Sb12 samples were analyzed.  It was 

determined that both compositions had room temperature Young’s moduli of 140 GPa.   
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Figure 15:  Typical resonant ultrasound spectrum for skutterudite materials.  The RUS 
spectrum was generated from a Co4Sb12 sample.  The peaks are the resonant 
frequencies specific to the material crystal structure, dimensions, and density. 
 

 The results of the Vicker’s indentation tests are shown (Table 1).  A significant 

difference in fracture toughness is observed between the two samples.  It was found 

that the finer-grained Co4Sb12 sample appeared to have nearly twice the fracture 

toughness of the In0.1Co4Sb12 sample. 
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Table 2:  Vicker’s indentation fracture toughness data 

 

Note:  E = 140 GPa for Co4Sb12 and In0.1Co4Sb12, respectively.  Average hardness of 
Co4Sb12 and In0.1Co4Sb12, H = 3.61 and 6.57 GPa respectively, was derived from 
indent dimensions.  αo = 2 for both samples.   
 

 Results for Ktip are shown using the COD technique (Fig. 16).  δmeas data from 

four cracks taken from multiple indents is plotted against δcalc (calculated according to 

Eq. 7).  The slope of the linear fit of each data set gives Ktip values of 0.52�0.01 and 

0.49 �0.01MPa√m for Co4Sb12 and In0.1Co4Sb12, respectively.  These values are quite 

similar.   
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Figure 16:   Intrinsic crack-tip toughness data.  Four cracks of each sample were 
analyzed.  The slopes of the linear fits give the intrinsic crack-tip toughness values of 
the Co4Sb12 and In0.1Co4Sb12 samples.  Both materials have the same intrinsic crack-
tip toughness. 
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 Results of the fracture toughness SEVNB tests using micronotched samples 

loaded in 4-point flexure are shown (Table 2). Fracture toughness values of 0.509 

�0.060 and 0.574 �0.060 MPa√m were found for Co4Sb12 and In0.1Co4Sb12, 

respectively.  A P value of 0.8887 was found, and as P > 0.05, there is no statistical 

difference in KIC between the Co4Sb12 and indium-filled In0.1Co4Sb12 compositions.  

Moreover, the values are similar to the intrinsic crack-tip toughness values found by 

assessing the crack-tip opening displacements.   

 Table 3: Micronotch fracture toughness data 

 

Note:  The standard deviations of Co4Sb12 and In0.1Co4Sb12 are 0.060 for each sample.  
tcalc = 1.644 and t95% = 2.365.  There is little statistical difference in KIC between the 
Co4Sb12 and indium-filled In0.1Co4Sb12 compositions. 
 

Intergranular fracture dominates in both Co4Sb12 and In0.1Co4Sb12 compositions and is 

consistent with the fracture surfaces observed by Ruan et el.12 in Co4Sb12 (Fig. 15 and 

16).  
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 Figure 17:  Fracture surface of pure Co4Sb12 skutterudite.  Magnifications (a-d) reveal 
intergranular fracture dominates.  Some transgranular fracture was observed, 
particularly in the larger grains (as in c, center). 
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Figure 18:  Fracture surface of interstitially doped In0.1Co4Sb12 skutterudite.  
Magnifications (a-d) clearly reveal intergranular fracture dominates.  Some 
transgranular fracture occurs (as in d, inset) with typical river markings clearly 
evident. The calibration bar in the inset image is 10 µm. 
 

IV. Discussion 

4.1 Crystal Structure and Microstructure 

 Refined lattice parameters derived from the X-ray diffraction data 

unequivocally demonstrate indium fills the icosahedral void-site of the skutterudite 

crystal structure as lattice parameter expansion is a well-known response to 
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icosahedral void-site filling of the skutterudite structure.3, 18, 19  Moreover, the 

diffraction peaks are similarly sharp in both samples with little observed broadening – 

either due to crystallite size or alloying strain – indicating the samples are of high 

crystallinity and the indium containing compositions exhibit no indium antimony-site 

substitution. 

 The microstructure of the rapid hot-press 12 mm samples and the 40 mm hot-

pressed samples are quite different due to the short sintering time of the former.  Rapid 

coarsening is likely due to a liquid phase impurity (e.g. antimony or indium 

antimonide) during sintering. 

 The 40 mm hot-pressed samples, however, both exhibit similar grain 

morphology.  Well-defined triple points are apparent, and the grain size distribution is 

quite narrow, indicating complete sintering.  The microstructural homogeneity 

observed in the 40 mm hot pressed samples permits comparison of fracture toughness 

data (of the 40 mm samples) without the need to account for differences in sample 

microstructure.   

 

4.2 Thermoelectric Properties 

 The dramatic increase in electrical conductivity and relatively temperature 

independent Seebeck coefficient data in the indium-doped In0.1Co4Sb12 samples 

indicate that indium indeed dopes the skutterudite structure as expected from the X-

ray diffraction data.  Moreover, the dramatic enhancement in power factor with 
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indium doping underscores the necessity of interstitial void-site doping in developing 

high-ZT thermoelectric materials.   

 

4.3 Mechanical Properties 

 A comparison of the fracture toughness values derived from the Vicker’s 

indentation technique, the intrinsic crack-tip toughness derived from the COD 

technique, and the toughness values derived from the more reliable SEVNB technique, 

clearly indicates that the Vicker’s technique does not satisfactorily quantify fracture 

toughness in the skutterudite specimens – both SEVNB and COD techniques produced 

similar values, though the Vicker’s indentation technique indicated that the Co4Sb12 

sample was almost twice as tough.   

 Moreover, as both intrinsic crack-tip toughness values and fracture toughness 

values derived from SEVNB tests were approximately equal, it is evident that there is 

little extrinsic toughening or interstitial embritteling in the pure Co4Sb12 or 

interstitially doped In0.1Co4Sb12 skutterudite samples, and little variance in toughness 

values was observed due to differences in grain sizes. 

 In addition, the fracture toughness values found for the two compositions is 

much lower than previously reported (1.1 – 2.8 MPa√m) for pure and doped 

skutterudites.22, 23  Moreover, the previous studies did not compare the pure un-doped 

skutterudite crystal structure to a complimenting interstitially doped composition, but 

rather report values for pure skutterudites, and interstitially and substitutionally doped 
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compositions; therefore, this study is the first to be able to draw a direct correlation 

between mechanical properties and interstitial doping.   

 

V. Conclusion 

5.1Summary of Seminal Findings 

 Pure Co4Sb12 and interstitially doped In0.1Co4Sb12 skutterudites were 

synthesized.  Interstitial doping was verified by lattice parameter expansion and the 

observed change in electronic properties in the indium-doped samples18, 54, 55.  The 

power factor, and consequently the thermoelectric efficiency, was significantly 

enhanced in the interstitially doped samples.  The fracture toughness of pure Co4Sb12 

and interstitially doped In0.1Co4Sb12 was found using both Vicker’s indentation 

technique and by using micronotched specimens loaded in 4-point flexure using the 

SEVNB technique.  The intrinsic crack-tip toughness was determined from 

measurements of the crack-tip opening displacements, and used to confirm the results 

of the SEVNB tests. 

 The fracture toughness of the pure (0.509 MPa√m) and interstitially doped 

(0.574 MPa√m) compositions was found to be statistically the same; however, the 

value found for Co4Sb12 is much lower than previously reported by Ravi et al. (1.1-2.8 

MPa√m)22 and Rogl et al. (1.1 MPa√m).23  This study is the first to compare the 

fracture toughness of pure and interstitially doped skutterudite, as previous studies 
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reported the fracture toughness values of pure and both interstitially and 

substitutionally doped skutterudite.  Although this research found no evidence of 

interstitial embrittlement, and therefore no correlation between the interstitial and the 

fracture toughness values, it is clear that the low fracture toughness observed can lead 

to rapid failure in skutterudite-based thermoelectric modules.  Fracture toughness 

must, therefore, be improved.   

 

5.2 Future Research 

 One possible approach to improve fracture toughness and maintain (or 

improve) thermoelectric efficiency is to further develop nanocomposite-based 

thermoelectric materials with the specific aim of improving toughness and improving 

ZT.  Enhanced fracture toughness has been widely reported in nanocomposite 

materials, 57-58and nanocomposite or nanostructured thermoelectrics are the “new 

paradigm” for achieving enhanced-ZT materials.59, 60 

 Preliminary research aimed at improving the fracture toughness of profoundly 

brittle PbTe-based materials – which show some of the highest thermoelectric 

efficiencies – has proven relatively effective.34, 61-63  Moreover, Ni, et al.34 reported 

that nano-sized Pb and PbS inhomogeneities discovered in PbTe-PbS solid solutions 

resulted in enhanced fracture toughness.  However, the fracture toughness was 

determined to be only 0.34-0.44 MPa√m by the Vickers indentation technique and no 

fracture toughness values without nano-sized inhomogeneities were resported.34     



150 

 

 Moreover, Sootsman et al.61, 62 reported the synthesis of Ge, Pb, and Si nano-

sized intra-grain precipitates in PbTe-Ge and PbTe-Si solid solutions.  Although the 

authors noticed a qualitative improvement in fracture toughness in the lead PbTe-

based nanocomposites over pure-phase PbTe, they did not report this improvement 

quantitatively.61, 62 Therefore, attempts to improve the fracture toughness of 

skutterudites via nano-structuring may prove effective, though little systematic 

research has been accomplished in this area to date. 
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