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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 



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√ , 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√ , 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 (max) 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):   

     (
     

  
) (

√      

√     
  
  

)         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):    

    
   

  
           Eq. 2 
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where the Seebeck coefficient (S), the electrical conductivity (), and the total thermal 

conductivity (T), 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 1:  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 (S
2) by traditional substitutional- or 

interstitial-site doping is typically ineffective.  As electrical conductivity (      

 ) is dependent on the fundamental charge (e), the charge carrier concentration (n), 
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and the charge carrier mobility (), 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 (TH) developed in the material due to a 

uniform temperature fluctuation (T) are exacerbated by large Young’s moduli (E):
11

   

                    Eq. 3 

where is the thermal expansion coefficient of the material.  Moreover, the material 

resistance to thermal fatigue (R):
11

 

   
     

  
         Eq. 4 

where f 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 2: 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 experiments
23

, 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 interstitial
27, 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 

 > 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 = 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 studies
35-39

, 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 



10 
 

antimony (Alfa Aesar, 100 mesh, 99.5 %) in a flow of antimony vapor and a reducing 

95% N2 5% H2 gas mixture at 610 
o
C for 12 hours and 675 

o
C 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 
o
C, 

with a ramp-up and cool-down rate of 20 
o
C / 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 
o
C (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 
o
step

-1
 and 0.1 sec step

-1 
from 10 to 120 

o
2.   

 The diffraction data were analyzed using the Le Bail technique
45

 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 
o
2), 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 Hilliard
47

 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 3:  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 () 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 4:  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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         Eq. 5 

where o 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

   

    (
 

 
)
   

 
 

    
        Eq. 6 

where  is a constant taken to be 0.016.   

 

Figure 5:  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 () 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

 

 

    
 
√ 

 
(√
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)
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)
   

)     Eq. 7 

where           [      (
 
 ⁄   )    ]  

     
 
 ⁄   

   Eq. 7a. 

and           [      (
 
 ⁄   )    ]  

 

(  ⁄   )
      Eq. 7b. 

calc was calculated with the variable Ktip taken to be 1 MPa√ .  The data was plotted, 

where the x and y components were calc and meas, respectively.  Since Ktip is taken to 

be 1 MPa√ , variation in the the slope of the linear fit reflects the inequality of calc 

and meas, and therefore, gives the intrinsic crack-tip touhgness (Ktip) of the material. 

 

Figure 6:  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).   
 



17 
 

 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 

m 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 m 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

 

    (
   

     )  [    (
 
 ⁄ )

   
  ]     Eq. 8 

where   
     (  ⁄ )[  (  ⁄ )][         (  ⁄ )    (  ⁄ )

 
]

[   (  ⁄ )][  (  ⁄ )]   
   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 7:  SEVNB 4-Point Loading Schematic.  The span (S) is the horizontal distance 

between the upper and lower pins,   
 

 
(   ).  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 8:  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 m, 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 m (a), 15-40 m (b), 15 m (c), and 15 m (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 (S
2
) 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 1:  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.  o = 2 for both samples.   

 

 Results for Ktip are shown using the COD technique (Fig. 16).  meas data from 

four cracks taken from multiple indents is plotted against calc (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√  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. 



29 
 

 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√  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 2: 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 m. 

 

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√ ) 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 samples
18, 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√ ) and interstitially doped 

(0.574 MPa√ ) 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√ )
22

 and Rogl et al. (1.1 MPa√ ).
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, 
57-58

and 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√  by the Vickers indentation technique and no 

fracture toughness values without nano-sized inhomogeneities were resported.
34
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 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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