
Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

www.zaac.wiley-vch.de ARTICLE

DOI: 10.1002/zaac.201500137

Sp
ec

ia
l I

ss
ue

From Occupied Voids to Nanoprecipitates: Synthesis of Skutterudite
Nanocomposites in situ

James Eilertsen,[a] Yuri Surace,[a] Sandor Balog,[b] Leyre Sagarna,[a] Gerda Rogl,[c]

Jelena Horky,[d] Matthias Trottmann,[a] Peter Rogl,[c] M. A. Subramanian,[f] and
Anke Weidenkaff*[e]

Dedicated to Professor Yuri Grin on the Occasion of His 60th Birthday

Keywords: Thermoelectric; Nanocomposite; Skutterudite; Nanoprecipitate; Nanoinclusion; Severe plastic deformation; High-
pressure torsion

Abstract. Nanocomposite thermoelectrics can exhibit both reduced
thermal conductivity and enhanced electrical conductivity beyond sin-
gle-phase materials; accordingly, they have become the new material
paradigm to achieve viable thermoelectric efficiencies. New synthesis
techniques are needed to further enhance their properties. A novel
technique, designed to synthesize nanoprecipitates within a well-sin-
tered single-phase polycrystalline matrix, is reported. The technique,
attrition-enhanced nanocomposite synthesis (AENS), comprises three
stages: (1) Synthesis of cage-like crystal structures with metastable
interstitials, followed by (2) severe plastic deformation (SPD), and fi-
nally (3) rapid sintering with concomitant interstitial precipitation. The
efficacy of this technique is demonstrated in this work. Filled cage-like

Introduction

Nanocomposites have exhibited enhanced material proper-
ties for centuries, the Bai-Lian and Damascus steels being leg-
endary examples.[1,2] Nanocomposites, as described herein, are
multiphase materials comprised of a micron-sized primary ma-
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skutterudite In0.2Co4Sb12 samples are synthesized and spark-plasma
sintered. They are subjected to severe plastic deformation via high-
pressure torsion, and finally sintered again via spark-plasma sintering
in order to precipitate the metastable interstitials. X-ray diffraction,
scanning-electron microscopy, and small-angle neutron scattering
(SANS) of In0.2Co4Sb12 samples subjected to this procedure demon-
strate that indium precipitates rapidly, and forms nano-sized In-based
inclusions. In addition, the amount of precipitated indium, and the size
and distribution of the nanoprecipitates are strongly influenced by the
extent of plastic deformation. This technique can be employed to syn-
thesize efficient thermoelectrics as well as materials with a number of
applications requiring rapid synthesis of nano-sized precipitates.

trix phase with nano-sized secondary-phase inclusions. These
nanoinclusions often enhance mechanical properties – such as,
hardness, strength, and resistance to creep and fracture, and
improve electrical and catalytic properties[3,4] – over their mi-
cron-scale composite and single-phase analogs. In addition,
nanoinclusions are reported to significantly improve the effi-
ciency of thermoelectric materials (TE)[5–7] – consequently,
they have become the new paradigm for enhancing TE effi-
ciencies.[8]

Further improvement of TE materials, particularly TE nano-
composites, is crucial to the implementation of sustainable en-
ergy solutions. Viable, high efficiency TE materials are one of
many alternative energy technologies that may help to deceler-
ate global climate change[9,10] as thermoelectric-based modules
require only a thermal gradient to produce electric power, and
do not emit greenhouse gases or other menacing pollutants. TE
efficiency is derived from the electrical and thermal transport
properties of the material. And is routinely quantified by the
dimensionless Figure-of-merit (ZT): where ZT = (S2σ/κT)T,
where S is the Seebeck coefficient, σ the electrical conductiv-
ity, and κT is the total thermal conductivity measured at the
operating temperature T. κT is comprised primarily of lattice
(κL) and electronic (κe) components. κL is heat transported by
crystal-lattice vibrations, phonons; and κe is heat transported
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by charge carriers, proportionally related to the electrical con-
ductivity (σ) by the Wiedemann-Franz relation. Accordingly,
the reduction of phonon mean-free-path lengths (by scattering)
and phonon velocity, and the enhancement (or maintenance)
of electrical conductivity are essential strategies to further the
development of viable TE materials.[8,11]

Current commercially available materials exhibit ZT’s near
1, though this is too low for wide-scale energy applications.[12]

TE nanocomposites, on the other hand, consistently surmount
this barrier due to secondary, well-dispersed, nano-sized in-
clusions within a bulk primary-phase matrix. Nanoinclusions
with dimensions smaller than the phonon mean-free path
lengths scatter heat-carrying phonons, thus suppressing lattice
thermal conductivity. However, for TE nanocomposites to be
a viable and widely used technology further enhancement of
the ZT via new synthesis techniques needs to be developed.

At present, nanocomposite thermoelectrics are synthesized
by ball milling, precipitation, mixing, etc. However, TE mate-
rials with precipitated, segregated nanophases are thus far un-
surpassed. Therefore, the ability to tune the precipitation kinet-
ics, precipitate size and spatial distribution – to achieve opti-
mal ZT-enhancing nanoinclusions – is essential in order to at-
tain even higher ZT’s. The yet undeveloped technique, at-
trition-enhanced nanocomposite synthesis (AENS), can
achieve this aim.

First, AENS requires synthesis of open cage-like crystal
structures that: (1) permit metastable substitutions and rapid
diffusion of interstitials, and (2) possess high electrical con-
ductivities and Seebeck coefficients – in effect, they must be
relatively good single-phase thermoelectric materials. Skutte-
rudites, with two large icosahedral voids per unit cell, and
clathrates, with 8 and 24 polyhedral voids per unit cell in type
I and type II, respectively; are ideal crystal structures for this
technique (the former is investigated herein). Cobalt antimon-
ide skutterudites, CoSb3 or commonly Co4Sb12, have been re-
searched for decades. Their large icosahedral voids can be
filled with a wide range of elements that lower lattice thermal
conductivity and improve electrical conductivity drasti-
cally.[13–16] The ZT for pristine CoSb3 skutterudites, for exam-
ple, can be enhanced from 0.051 (T = 723 K)[17] to ca. 1 with
partial Yb filling[18] or indium filling[19–21] and 1.7 with mul-
tiple Ba, La, and Yb filling.[22] Further, a ZT ≈ 2 for
(R,Ba,Yb)yCo4Sb12

[23] following severe plastic deformation
by high-pressure torsion has been reported. Moreover, they
often exhibit good structural properties[13,24] and low coeffi-
cients of thermal expansion.[25–27] In addition, research fo-
cused on indium-filled skutterudites revealed that many sam-
ples contain ZT-enhancing InSb nanoinclusions formed in
situ.[28–31] However, the source of indium has not yet been
adequately established. The work of Shi et al.[22] theorized that
in the skutterudite antimoides, void-site interstitials with elec-
tronegativities close to that of their antimony-based cages
would not be stable. Consequently, the InSb nanoinclusion
source-material was often ascribed to indium that was thermo-
dynamically prohibited from entering the skutterudite crystal
structure. The metastability of the indium-filled skutterudite
crystal structure was later experimentally verified[25,32–34] pro-
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viding conclusive evidence that the InSb nanoinclusions are
synthesized with indium sourced from the defective metastably
In-filled skutterudite voids. Accordingly, indium-filled skutte-
rudites are particularly viable candidates for the first step of
the AENS procedure.

Second, AENS requires the application of severe plastic de-
formation. In initial studies of the AENS technique,[32,33] it
was reported that the amount of – plastic deformation incurred
by indium-filled skutterduite samples – administered by ball
milling – was directly related to the amount of indium that
precipitated from the crystal structure upon further heating.
This apparent boost in reaction kinetics is likely due to both
(1) dislocation-enhanced precipitation – first proposed by Cot-
trell,[35] Koehler, and Seitz[36] – and the reduction of grain
size.[37,38] Production of fine grain morphologies, dislocations,
and other defects in polycrystalline materials can be achieved
by more efficient techniques than ball milling, however. High-
pressure torsion (HPT), a technique first proposed by Bridg-
man in the 1940’s,[39] simultaneously applies Giga-Pascal pres-
sures to a sample under rotation, ultimately producing submic-
ron grain morphologies – often replete with dislocations – in a
fraction of the time required by ball milling, and the technique
eliminates the possibility of contamination by milling me-
dia.[40] In addition, HPT has been used extensively to precipi-
tate well-dispersed nano-sized secondary phases in structural
materials such as the Al-Fe,[41] Al-Cu,[42] Al-Li-Cu-Mg[43] al-
loys, and has been used extensively to generate sub-micron
grain morphologies and dislocations in skutterudite materi-
als.[44–47] Thus, HPT is ideal to enhance the precipitation kinet-
ics of metastable fillers from cage-like thermoelectric materi-
als – upon further heat treatment.

In fact, rapid heat treatment of the heavily deformed sam-
ples – to rapidly precipitate secondary inclusions and prevent
their subsequent coarsening – is finally required. Eilertsen et
al.[32] observed, by high-temperature X-ray diffraction, that
maximal precipitation of indium from the skutterudite crystal
structure occurred when deformed samples were heated to
600 °C at fast heating rates (100–200 K·min–1). Consequently,
spark-plasma sintering is the ideal technique to obtain nano-
sized secondary phases and relatively defect-free, fully sintered
samples.

The efficacy of the aforementioned to the AENS process is
investigated in this work. Analysis of samples produced after
each stage of the process is conducted via X-ray diffraction,
scanning-electron microscopy, and small-angle neutron scat-
tering. Data from the samples at: Stage 1, as-synthesized,
SPS’ed (Pre HPT); Stage 2, samples following HPT processing
at room temperature (RT HPT) and 400 °C (HT HPT); and
Stage 3, same samples following re-sintering via SPS (RT HPT
SPS and HT HPT SPS) demonstrate that indium precipitates
from In0.2Co4Sb12 during re-sintering of both samples sub-
jected to high-pressure torsion. The amount of precipitated in-
dium, and the size and distribution of the nanoinclusions are
influenced strongly by the degree of micro-structural defor-
mation – varied here by processing temperature. Moreover, de-
gradation of CoSb3 to CoSb2 and Sb is observed in the HPT-
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processed samples, though CoSb2 and Sb re-react to form
CoSb3 during re-sintering.

Results and Discussion

1 Crystal Structure and Microstructure, Pre and Post HPT
Processing

The as-synthesized Pre HPT sample was found to be pure
phase via XRD. The sample is highly crystalline, and pos-
sesses a lattice parameter consistent with other reported in-
dium-filled skutterudites[19,34] (Figure 1). Following HPT pro-
cessing, a Sb-impurity phase was detected in the room tem-
perature RT HPT samples, and a CoSb2 impurity phase was
detected in both RT HPT and high temperature HT HPT sam-
ples. Although some Sb-impurity phase is expected in the HT
HPT sample, it is considered too small to be detected by labo-
ratory XRD. In addition, the lattice parameters and crystallite
strain increase, and the crystallite sizes decrease as compared
to the as-synthesized Pre HPT sample. These effects are more
pronounced in the room temperature (RT) processed sample
as compared to the high-temperature (HT) processed sample
(Table 1).

Specifically, following HPT processing, the lattice-param-
eter increases 0.06% and 0.02 % in the RT HPT and HT HPT
samples, respectively. The strain is more than four times
greater in the RT HPT sample than the as-synthesized Pre HPT
sample, while the strain in the HT HPT sample is relatively
unchanged – probably due to annealing during the HT pro-
cessing. Although the crystallite sizes are nearly halved by
HPT processing, they are nearly the same for both RT HPT
and HT HPT samples; their magnitudes are consistent with
previous studies.[48]

The microstructures of the Pre HPT, RT HPT, and HT HPT
samples are shown in Figure 2. The Pre HPT sample is well
sintered; the grains are micron-sized. The sample microstruc-
ture is completely transformed following HPT processing.
HPT processing produces nano-sized grains and significant
structural damage (Figure 2b,c). Both room-temperature and
high-temperature samples exhibited numerous cracks, that se-
verely complicate reliable electrical and thermal transport
property characterizations. The high-temperature HPT sample
exhibited a systematic network of radial cracks near the edge
of the sample (Figure 2d–f).

The difference in crystallite strain in the RT HPT and HT
HPT samples is due to temperature-dependent defect forma-
tion. Since appreciable dislocation formation in CoSb3 crystal-
lites is not likely above 0.3Td (Td: peritectic decomposition T)
and the Td of CoSb3 is 876 °C, few crystallite-strain-domina-
ting dislocations are produced in the HT-processed sample,
while they are replete in the RT-processed sample. The ob-
served lattice-parameter expansion and CoSb2 formation are
due to antimony self-insertion, as previously reported[49–51]

and the subsequent collapse of the CoSb3 phase under Giga-
Pascal pressures. As above, the effect is more pronounced in
the RT-processed sample as compared to the HT-processed
sample as (1) the strain energy (attendant with dislocations) is
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Figure 1. XRD Data and Le Bail Whole-Profile Fitting of In0.2Co4Sb12

(a) as-synthesized, (b) following room-temperature HPT, and (c) high-
temperature HPT processing. Calculated reflections corresponding to
the CoSb3 /Co4Sb12, CoSb2, and Sb are shown. The as-synthesized Pre
HPT sample (a) is pure phase, while an Sb impurity is detected in the
RT HPT sample, and a CoSb2 impurity is detected in both the RT HPT
and HT HPT samples. HPT increases the lattice parameter of both (b)
and (c).

higher in the RT sample; and (2) Sb de-insertion occurs at
temperatures greater than 180 °C (at ambient pressure) as re-
ported by Miotto et al.[50] Hence Sb de-insertion, nucleation,
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Table 1. Lattice parameters of the samples.

Samples Rp Rwp Rexp χ2 a /Å Size /Å Error Strain Error

Pre HTP 5.82 7.47 6.27 1.42 9.04559 768.69 0.94 8.3618 0.0048
RT HTP 5.37 6,78 5.8 1.36 9.05105 478.79 0.38 34.3662 0.0366
HT HPT 5.26 7.00 5.59 1.57 9.04498 459.26 2.37 8.4051 0.0078
RT Post SPS 5.33 6.92 5.93 1.36 9.04181 923.83 1.48 12.2223 0.0259
HT Post SPS 4.99 6.37 5.61 1.29 9.04705 1268.94 0.33 2.0437 0.003

Figure 2. SEM of Pre HPT (a), RT HPT (b), and HT HPT (c–f). The
grains are well sintered in the Pre HPT sample (a); following HPT
processing the sample grains are severely transformed (b, c) to sub-
micron grains/particles. A systematic network of radial cracks well
distributed in the outer radius of the sample.

and growth occur upon cooling the HT sample from 400 °C to
room temperature. This effect is supported by SEM (Figure 3).
The microstructure of the HT HPT sample is shown. System-
atic micro-cracks are present, and are especially prevalent near
the edges of the HT HPT-processed sample. The micro-cracks,
as well as other defects, act as powerful centers for the nucle-
ation of Sb precipitated from the skutterudite crystal structure.
The subsequent micron-sized Sb crystals, confirmed by EDX,
are distributed near the edges of the sample. Although, an Sb-
impurity phase was detected via XRD, no Sb precipitates were
detected by SEM in the room-temperature processed sample
since the Sb in the RT-processed sample lacked sufficient ther-
mal energy to form micron-sized crystals as seen in the HT
HPT sample.

2 Crystal Structure and Microstructure, Post SPS re-
sintering

SPS-processing, in effect, acts as a brief 600 °C, 20-minute
anneal or heat treatment. Consequently, the CoSb2 and Sb im-
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Figure 3. SEM of the HT HPT sample (a–c). The network of radial
cracks near the outer radius of the sample likely assisted the nucleation
and growth of Sb single crystals during HPT processing at 400 °C –
likely upon cooling. The composition of the Sb single crystals was
confirmed by EDX. Note, the Sb single crystals were largely concen-
trated near the outer edge of the HT HPT sample, and are not detected
via XRD.

purity phases are no longer detected by XRD (Figure 4). As
Biswas et al. demonstrated,[52] synthesis of CoSb3 in a few
minutes is possible. Moreover, the crystallite sizes increase and
the strain decreases significantly in both samples (Table 1). In
addition, a lattice-parameter contraction is observed in both
samples following SPS re-sintering. The resultant lattice pa-
rameters of both RT HPT and HT HPT samples following SPS
re-sintering are less than the original Pre HPT sample. There-
fore, the observed contraction is profound evidence for the pre-
cipitation of both Sb and indium from the skutterudite crystal
structure. As the lattice-parameter contraction is greater in the
RT-processed sample, precipitation from the skutterduite crys-
tal is judged to be strongly dependent on the amount of struc-
tural defects present in the sample prior to the final SPS re-
sintering (heat treatment) consistent with findings reported be-
fore.[32]

SEM analysis of the precipitates morphology in the Pre
HPT, RT HPT, and HT HPT samples following SPS re-sinter-
ing, are shown (Figure 5). All samples, even the Pre HPT sam-
ple subjected to no structural disturbance, precipitate nano-
sized phases. The precipitates in the Pre HPT sample, however,
were observed to be very poorly dispersed and were larger (ca.
100 nm) than the HT HPT-processed sample (ca. 30 nm). In
addition, these precipitates were only found in a few select
regions. The nanoprecipitates spatial distribution (depicted in
Figure 5a) is not representative of the sample as a whole.
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Figure 4. XRD Data and Le Bail Whole-Profile Fitting of HPT-pro-
cessed In0.2Co4Sb12 samples following SPS re-sintering. No impurity
phases are detected in the room temperature (a) and 400 °C (b) HPT-
processed samples following SPS re-sintering (rapid heat treatment).
Le Bail Whole-Profile Fittings reveal a small lattice parameter contrac-
tion occurred upon re-sintering for the HT HPT sample as compared
to the as-synthesized Pre HPT sample, and a large contraction for the
re-sintered RT HPT sample. A corresponding shift to higher angles
(2θ) is also readily apparent for the RT HPT SPS sample (c). Note,
the CoSb2 and Sb impurity phases are no longer detected (a and b)
following SPS re-sintering.

Z. Anorg. Allg. Chem. 2015, 1495–1502 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1499

Figure 5. Morphology, size, and distribution of the nanoprecipitates in
Pre HPT (a, b), RT HPT SPS (c, d), and HT HPT SPS (e, f). The
nanoprecipitates are poorly distributed in the Pre HPT sample. Many
regions (a) are without precipitates, some grains exhibit a high concen-
tration of ca. 100 nm precipitates. The precipitates in the RT-processed
sample are strongly coalesced with dimensions �100 nm, while the
precipitates in the HT-processed sample are well dispersed, with dia-
meters of about 30 nm.

Conversely, the HPT-processed, re-sintered samples show
enhanced nanoprecipitate spatial distribution (Figure 5c–f).
Nearly every region in both HPT-processed samples possesses
nanoprecipitates. Nevertheless, a marked difference in nano-
precipitate morphology between the RT- and HT-processed
samples is readily apparent. The nanoprecipitates in the RT
sample are coarse and largely coalesced (�100 nm). The nano-
precipitates in the HT sample, however, exhibit better spatial
distribution and are quite small in comparison (ca. 30 nm). The
difference in nanoprecipitate morphology is due to the differ-
ence in structural distortion. As disturbance increases, the en-
ergy threshold for precipitation decreases; thereby resulting in
rapidly precipitated and ultimately coalesced precipitates in the
RT-processed sample, consistent with previous studies.[32]

Consequently, better spatial distribution and smaller precipitate
sizes are found in the HT-processed sample as it was subjected
to milder plastic deformation.

Small-angle neutron scattering (SANS) analysis conducted
on all samples, supports the aforementioned (Figure 6). The
PRE HPT sample displays the lowest scattering intensity,
while the overall scattering intensity increases significantly af-
ter HPT treatment. The observed increase is greater in the RT
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HPT sample than the HT HPT sample. The increase in the
scattering intensity is due to the genesis of nano-sized grains
during HPT processing. Nano-sized grains in the pure-phase
HPT processed samples increases the overall surface to volume
ratio, which contributes to the increased scattering intensity
considerably.[53] The difference in scattering intensity between
the RT HPT and HT HPT samples indicates there are more
nano-sized particles / grains in the RT HPT sample. Although
crystallite sizes derived from Le Bail Whole-Profile Fittings
indicate the crystallite sizes are nearly the same in both RT
HPT and HT HPT samples, a large number of amorphous,
nano-sized particles likely occur in the RT HPT processed
sample, thus contributing to the higher scattering intensity.
Subsequent heat treatment of the HPT-processed samples (RT
HPT SPS and HT HPT SPS) increases the typical size of the
matrix grains, but also promotes the formation of nano-sized
precipitates/indium-based inclusions.

Figure 6. SANS data of all samples. The scattering intensity increases
in the RT HPT and HT HPT samples due to the formation of nano-
sized matrix grains. The scattering intensity due to the matrix grains
decreases after SPS re-sintering (RT HPT SPS, HT HPT SPS) as the
grains grow. However scattering increases in the same sample due to
the presence of indium-based nanoprecipitates in the samples follow-
ing SPS re-sintering. Note, the scattering intensity in the Pre HPT
samples is less than both RT HPT SPS and HT SPS samples due to
the presence of nanoprecipitates in the latter two samples.

Assuming a biphasic system (matrix + precipitates) in the
Pre HPT, RT HPT SPS, and HT HPT SPS samples, the overall
volume fraction of precipitated indium can be estimated via
the scattering invariant defined by Q = dq q2Iq �f(1–f), where
f is the volume fraction of the precipitated phase. When f ��
1, Q is simply proportional to f. Accordingly, the overall vol-
ume fraction of the precipitated indium increases by approxi-
mately 40% (RT HPT SPS) and 50% (HT HPT SPS) due to
SPS re-sintering heat treatment. Although the observed lattice
parameter contraction, and concomitant indium precipitation –
derived from XRD was far greater in the RT HPT SPS sample
as compared to the HT HPT SPS sample. The SANS scattering
intensity is lower because much of the indium coalesces as
�100 nm sized precipitates, whereas the precipitates in the HT
HPT SPS sample are well distributed, and far smaller, ca.

Z. Anorg. Allg. Chem. 2015, 1495–1502 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1500

30 nm, thereby resulting in a scattering intensity that is greater
than the RT HPT SPS sample.

Conclusions

X-ray diffraction, scanning-electron microscopy, and small-
angle neutron scattering were used to evaluate the efficacy of
the attrition-enhanced nanocomposite synthesis (AENS) tech-
nique designed to produce nanoprecipitates from highly defec-
tive metastably indium-filled In0.2Co4Sb12 skutterudites. High-
pressure torsion (HPT) was used to stimulate precipitation of
indium from the skutterudite void sites. HPT produced the
greatest crystallite strain in a sample subjected to HPT at room
temperature. Accordingly, this sample precipitated the largest
amount of indium upon re-sintering. The smallest nanoprecipi-
tates with the best spatial distribution, however, were found in
the HPT sample processed at high temperature. This study,
therefore, demonstrates the strong correlation between struc-
tural defects, namely dislocations, on the precipitation kinetics
in filled skutterudites, and is applicable to numerous cage-like
crystals systems with metastable interstitials.

Experimental Section

1 Attrition-enhanced Nanocomposite Synthesis (AENS
Synthesis)

A 10-gram batch of indium-filled In0.2Co4Sb12 was synthesized from
elemental indium (Aldrich, 100 mesh, 99.99%), cobalt (Aldrich, � 2
um, 99.8 %), and antimony (Alfa Aesar, 100 mesh, 99.5%). The pow-
ders were mixed and pressed into a pellet. The pellet was loaded into
a quartz tube, sealed under vacuum, and heated according to the pro-
cedure developed by He et al.[19] The synthesized pellet was pulverized
in an agate mortar, transferred into a graphite-foil-lined, 12 mm-graph-
ite die and loaded into a spark plasma sintering system from FCT
Syteme GmbH. The samples were purged with argon and heated to
600 °C under vacuum with a heating ramp rate of 100 K·min–1, sin-
tered in DC mode using 15 ms / 2 ms (pulse / rest) and 6 kN of applied
force. The sample chamber was rapidly cooled to room temperature at
approximately 100 K·min–1, and finally back-filled with argon. The as-
sintered pellet achieved nearly 100% the theoretical density. The sin-
tered pellet was cut into nearly 1.1-mm thick discs and finally ground
and polished to 10 mm diameter and 1 mm thick discs for HPT experi-
ments. During HPT, the discs were subjected to 4 GPa of pressure, and
rotated once at a rotation speed of 0.2 rotations per min. HPT pro-
cessing was performed at both room temperature and at 400 °C. Fol-
lowing HPT processing the samples were re-sintered via SPS (crushed
to powders or inserted as discs in order to precipitate indium from the
skutterudite crystal structure and eliminate excessive structural defects,
e.g. dislocations, from the microstructure.

2 Crystal Structure Characterization

Powder X-ray diffraction (XRD) data were collected on sintered sam-
ples before and after HPT processing with a PANalytical X’Pert PRO
θ-2θ scan system equipped with Johansson monochromator and the
ultra-fast X’Celerator linear detector. The diffraction patterns were col-
lected with a scan rate from 10° to 140° (2θ) at 0.004830°·s–1. The
samples were loaded onto an oriented Si single-crystal sample holder
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with near-zero back-ground to maximize the possibility of detecting
impurity phases. The diffraction data were analyzed using the Le Bail
technique[54,55] as implemented in the Fullprof program. Peak shape
was described by a Thompson-Cox-Hastings pseudo-Voigt function
with asymmetric parameters for low-angle domain peaks (below 40°
2θ).

3 Microstructural Characterization

The morphology of the Pre HPT, RT HPT, and HT HPT samples was
studied by scanning electron microscopy (SEM) with an XL30 ESEM
(FEI Company) operating at 10 kV with a secondary electron (SE)
detector. The samples were placed each on an aluminum SEM holder
with a carbon double side adhesive disk. The composition was ana-
lyzed by energy dispersive X-ray spectroscopy (EDX) with an EDAX
detecting unit (EDAX Inc). In addition, the morphologies of the Pre
HPT, RT HPT SPS, and HT HPT SPS samples were investigated with
a Scanning Electron Microscope (SEM) FEI Nova NanoSEM 230
using ETD (Everhart-Thornley) and TLD (Through-Lens) detectors
with electron-beam energy of 5 keV.

In addition, SANS experiments of all samples were performed at the
Swiss spallation neutron source SINQ (Paul Scherrer Institute at Vil-
ligen, Switzerland) using the SANS-I beam-line. Measurements were
carried out using three different scattering geometries: sample-to-de-
tector distance of 2, 6, and 18, m with neutron wave-length of 0.6 nm.
Raw data were processed according to standard procedures and were
calibrated for detector nonlinearity using the incoherent scattering from
water. Scattering was isotropic, and thus, we present azimuthally
integrated scattering spectra as a function of momentum transfer, q =
4π·λ–1·sin(θ/2), where θ is the scattering angle and λ is the neutron
wavelength.
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