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How Severe Plastic Deformation
Changes the Mechanical Properties of
Thermoelectric Skutterudites and Half
Heusler Alloys

Gerda Rogl* and Peter F. Rogl

Institute of Materials Chemistry, University of Vienna, Vienna, Austria

Thermoelectric leg materials with a high figure of merit, ZT, are the essential basis to build
thermoelectric generators, directly converting waste heat into electricity. Skutterudites and
half-Heusler alloys are promising candidates because they can be used in a wide
temperature range, the starting material is available and cheap and in addition they are
environmentally friendly. Severe plastic deformation via high-pressure torsion (HPT) is a
technique to achieve very fine grains in micro- or even nano size with small and high angle
grain boundaries and in parallel introduces a high level of defects like vacancies and
dislocations. Therefore, this method was applied not only to enhance ZT of ball-milled and
hot-pressed skutterudites and half-Heusler alloys but so far was also successful to directly
produce dense nanostructured bulks from skutterudite powders. Although HPT
compacted samples are chemically homogeneous, they are not homogeneous with
respect to the shear strain increasing from the center to the rim. HPT changes the
microstructure and density and thereby not only influences the thermoelectric but also the
mechanical properties. In this work an overview is given of the influence of HPT on
hardness, elastic moduli, indentation fracture toughness, thermal expansion and thermal
shock resistance. The corresponding properties of hot-pressed skutterudites and half-
Heusler alloys are compared with those after severe plastic deformation, dependent on the
processing properties and position of the specimen in respect to shear strain. Data are
collected from earlier investigations of the authors and from the literature, but also newly
achieved and evaluated data are included.

Keywords: severe plastic deformation, high-pressure torsion, skutterudites, half Heusler alloys, grain size,
mechanical properties

INTRODUCTION

In the midst of climate change, we are urged to find sustainable, cheap and fast methods to produce
green energy. Thermoelectric (TE) materials can convert any form of waste heat directly into
electricity without any moving parts (Snyder and Toberer, 2008). The quality of a TE material is
judged by the figure of merit, ZT = (S°T)/(p\) where S is the Seebeck coefficient, T is the temperature,
p is the electrical resistivity, A =\ + A1, is the thermal conductivity, consisting of the electronic, A, and
the phonon part, A, Besides silicides (Sadia et al., 2016), Bi-tellurides (Ma et al., 2008; Poudel et al.,
2008; Yu et al., 2009; Ashida et al., 2012), PbTe (Cohen et al.,, 2015; Guttmann et al., 2015;
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Komisarchik et al., 2016) or Zintl phases [(Kauzlarich, 2019) and
references therein], just to point out some important TE
materials, skutterudites [review articles (Snyder and Toberer,
2008), (Nolas et al., 1999; Uher, 2001; Rowe, 2006; Rull-Bravo
etal,, 2015; Schierning et al., 2015; Rogl and Rogl, 2017b; Rogl et al.,
2019; Rogl and Rogl, 2019; Hasan et al,, 2020) and references
therein] and half-Heusler alloys [(Sakurada and Shutoh, 2005;
Gelbstein et al., 2011; Poon et al., 2011; Xie et al., 2012; Fu et al,,
2013; Schwall and Balke, 2013; Appel and Gelbstein, 2014; Fu et al.,
2015; Giirth et al., 2016; Li et al., 2016; Rogl et al., 2017b; Tavassoli
et al,, 2017; Tavassoli et al., 2018; Zhu et al,, 2019) and review
articles (Casper et al., 2012; Poon, 2018) and references therein] are
the most promising candidates, exhibiting not only a high ZT
value, but they are easy to fabricate and the starting materials can
generally be chosen from those available and cheap. In addition,
skutterudites as well as half-Heusler alloys are suitable for heat
sources at moderate temperatures (300-900K) such as in
automobile exhaust or industrial waste heat. Still, it is a goal of
researchers to further increase ZT. Besides other routes, an efficient
technique is to decrease \,p, via a drastic reduction of the grain size,
and in parallel to enhance the phonon boundary scattering at
interfaces and crystal defects, such as point, line and volume defects
(Kim et al,, 2015; Zhang et al., 2017).

One possibility covers “bottom-up” methods like ball-milling
(BM) or high-energy ball milling (HBM), which decrease the
grain size to micrometers or even below hundred nanometers and
increase the defect density (Rogl et al, 2014b), but during
solidification in a hot press or via spark plasma sintering, the
grains partially re-grow, and the defect density decreases.

Another possibility is severe plastic deformation (SPD), a
“bottom-down” method, which produces materials with grains
down to nanometer range and in addition introduces vacancies,
dislocations, grain boundaries with high angles of misorientation
and other defects (Zehetbauer and Estrin, 2009; Rogl et al., 2012a;
Rogl et al,, 2012¢; Valiev et al.,, 2012; Rogl et al., 2013b; Valiev
et al., 2016; Ivanisenko et al., 2016; Rogl et al., 2020a).

SPD, actually dating back to 200 BC, when repetitive forging
and folding was used to strengthen the steel for swords (Langdon,
2011; Segal, 2018), is one of the major techniques to produce
materials with ultra fine grains. In the 1930s Nobel laureate P.W.
Bridgman used a combination of compression and torsional
straining on metals (Bridgman, 1952), but the method, then
called intensive plastic deformation, became scientifically
important in the 1990ies when Valiev et al. published a clear
evidence of ultra fine grains (Valiev et al,, 1991). Musalimov
introduced the term SPD (Musalimov and Valiev, 1992).

Nowadays, besides high pressure torsion (HPT) there are
several other methods to introduce SPD like equal channel
angular extrusion/pressing (ECAP), continuous extrusion
forming (CONFORM), accumulated roll bonding (ARB), multi
directional forging (MDEF), cyclic extrusion, and compression
(CEC), repetitive corrugation and straightening (RCS), twist
extrusion (TE), hot area reduction extrusion (HARE), the cone-
cone method (CCM), just to name the most important ones.
All these methods have advantages and disadvantages. Using
forging, extrusion and rolling, the cross section is limited, they
need very high loads and result in anisotropic substructures, but
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the advantage is that the length of the produced material is
almost unlimited. Continuous extrusion forming, e.g., is applied
for wire and tube manufacturing. ARB accumulates a large
strain in the sheet and a very fine structure, however, not
three-dimensionally equiaxed. For details on these techniques
see the overview articles by Valiev et al. (2016) (Valiev et al.,
1993; Valiev et al., 2006).

ECAP and HPT are the most commonly used methods (Valiev
etal,, 1993; Sanusi et al., 2012; Valiev et al., 2016; Ivanisenko et al.,
2016; Suwas and Mondal, 2019). They have both the advantage
that the cross sectional area of the sample remains nearly
unchanged by deformation; the result is the formation of a
finer grain structure while damage and fracture are
suppressed. Using ECAP, the sample can be extruded several
times, reaching an ultrafine grain structure, but with ECAP, using
back pressure, only 2 GPa at the most can be achieved, whereas
with HPT it is possible to reach 10 GPa.

Various research groups used the ECAP process on Bi-Te
alloys (for a summary see (Rogl et al., 2013b)) and found grain
refinement and as consequence enhanced TE properties and
higher hardness but also in some cases higher bending
strength and/or reduced texture.

Why in our case HPT was used, is explained as follows: HPT
infers severe torsional strains into a disk-shaped sample, placed
between two anvils, one rotating against the other while applying
a large uniaxial compressive stress, usually in the range of
1-10 GPa (Figure 1). With this technique very high strains
can be imposed and thus produce bulk nanocrystalline
materials with a high concentration of defects, not only high-
angle grain boundaries but also numerous point defects and
dislocations. Applied on hand-ground (HM) or BM and hot-
pressed (HP) samples, this method leads to an enhancement of
the figure of merit ZT of a TE material, because after HPT-
processing—although the electrical resistivity is enhanced and the
Seebeck coefficient remains basically unchanged—the thermal
conductivity is significantly lower. ZTs of filled and unfilled
skutterudites, half-Heusler or Heusler alloys increase by up to
30%, as was shown by the authors (Zhang et al., 2010a; Rogl et al.,
2011c; Rogl et al., 2012a; Rogl et al., 2012b; Rogl et al., 2012¢; Rogl
etal., 2013a; Rogl et al., 2013b; Rogl et al., 2014b; Rogl et al., 2015;
Rogl et al, 2020a), Anbalagan et al. (Anbalagan et al., 2014),
Masuda et al. (Masuda et al., 2018), and other groups as listed in
Refs. (Rogl et al., 2013b; Rogl et al., 2019b; Rogl and Rogl, 2019;
Rogl et al., 2020a).

Recently the authors used HPT at moderate temperatures as a
new route to directly consolidate and plastically deform
commercially produced p- and n-type skutterudite powders
(TIAG, Austria) into a dense solid (Rogl et al, 2018; Rogl
et al, 2019a). Thereby the time and energy consuming hot-
pressing step with its concomitant significant grain growth can
be avoided. Cold pressing (CP) prior to HPT was used to compact
the powder so that it could be placed easily as a solid disc on the
anvil of the HPT equipment. ZT-values for p-type
DDy ¢Fe;CoSby, reached ZT = 1.3at 773K and for n-type
(Sm,Mm), 15CoSb;, ZT = 145at 823K, and the whole
procedure takes less than half an hour. To produce these
samples via HPT, in contrast to ECAP, has additionally the
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FIGURE 1 | Left: schematic view of the HPT setup and of the sample
dimension and the parameters used to determine the imposed strain in HPT.
Right: Shear strain, y, vs. radius, r. Data are valid for samples with thickness
0.9 mm <t < 1.1 mm, unless indicated otherwise. Photo: HPT

processed disk.

advantage that the metal tube, which is necessary to confine the
powder, already breaks and falls off during pre-pressing so no
contamination of the sample occurs, which may not be the case
when using ECAP because the filled metal tube must be extruded
as well.

In an additional step this sustainable and fast method has been
scaled up to produce bulk p- and n-type skutterudites of larger
sizes (disks with a diameter of 30 mm and a height of 1 or even
8 mm). ZT's were in about the same range or even higher than for
the small samples, the production time was between 30 and
50 min and the big samples with a weight of about 50 g turned out
to be homogeneous and could therefore directly be used to cut
legs for TE modules (Rogl et al., 2020b). A further upscale of this
fast and sustainable production method (disks with a diameter of
10 cm and various heights), using commercial p- and n-type
skutterudite powder is planned.

Also other research groups like Han et al. (2020) or Ikoma
(2019) used HPT. Han et al. synthesized hybrid nanocrystalline
alloys by mechanical bonding through HPT. This procedure
decreased the density of the lightweight alloys but due to grain
refinement improved the hardness, leading to an exceptional
specific strength especially at the disk edges. Ikoma highlighted
HPT for application on crystalline semiconducting materials,
which were transformed to metallic high-pressure phases,
developing noble electrical and optical properties.

The adaptation of TE materials to industrial applications
requires not only an in-depth knowledge of their TE but also
of their mechanical properties, because a prerequisite for
commercial use is mechanical robustness to undergo repetitive
thermo-cycling, but also to resist cracking or failure from
vibrations. For a flawless long-term and cyclic performance of
TE devices it is essential that the thermal expansion coefficients of
p- and n-legs be chosen as similar as possible. Therefore, it is
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equally important to consider possible changes after SPD.
Although mechanical properties, including thermal expansion,
of hot-pressed skutterudites and half-Heusler alloys have been
published in review articles [(Rogl et al., 2010b; Zhang et al.,
2010b; Rogl et al., 2011b; Rogl and Rogl, 2011; Rogl et al., 2016)],
so far no overview of the mechanical properties of HPT
consolidated skutterudites and half-Heusler alloys exists.

For HPT samples one must consider two main arguments: 1)
the shear strain of HPT samples is directly proportional to the
number of revolutions and to the radius of the specimen but is
inversely proportional to the thickness, therefore HPT samples
are inhomogeneous in respect to grain size and defect density,
and as a consequence they are also inhomogeneous in respect to
micro-structural, physical and, to some extent, to mechanical
properties, i.e., mechanical properties of a specimen of the rim
area might differ from those of the center area; 2) as during
annealing grains grow and defects partially anneal out, the above-
mentioned properties change to some extent. In most cases after
one heating and cooling cycle the sample is thermally stable in
respect to TE properties, however, considering mechanical
properties, particularly thermal expansion, this is not always
the case.

HPT consolidated specimens, stemming from HP or CP
samples or powder undergo changes during heating, which are
reflected in the temperature dependent thermal conductivity but
much more in the temperature dependent electrical resistivity
and thermal expansion, exhibiting curves with anomalies when
measured in a first heating cycle (Rogl et al., 2020c). For thermally
stable samples the temperature-dependent thermal expansion
curve becomes linear.

Accordingly, the present paper evaluates the effect of HPT
processing of p- and n-type skutterudites and half-Heusler alloys
on the hardness, elastic moduli, fracture indentation toughness,
and thermal expansion in comparison to a HP reference sample.
We thereby focus on the influence of the applied shear strain
(Vorhauer and Pippan, 2004; Pippan et al., 2008) as well as on the
changes after annealing (usually measurement induced heating
from 300 to 850 K within several hours).

EXPERIMENTAL TECHNIQUES

Sample Preparation

Skutterudites
a. Samples hot pressed prior to densification via HPT (HP +
HPT):

The DD-filled as well as the multi-filled p-type bulk
skutterudites (DD stands for didymium, a natural rare earth
double filler consisting of ~95% of Nd and ~5% of Pr) were
prepared via an optimized reaction-melting technique (for details
see Refs. (Rogl et al., 2010a; Rogl et al., 2011a; Rogl et al., 2012b;
Rogl et al,, 2012¢; Rogl et al., 2013b)). The multi-filled n-type
skutterudites were synthesized from arc-melted master alloys
YbSb,, SrSb,, BaSb; and Co,Sb;, (for details see Ref. (Rogl
et al,, 2012a; Rogl et al,, 2014b)). After grinding by hand (using
a WC-mortar and pestle (HM)) or BM (BM; Vario Planetenmiihle,
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Pulverisette4, WC-containers/balls), the densification of the
material was accomplished by HP in a graphite die in an argon
atmosphere at 600°C under a pressure of 50 MPa employing a
uniaxial hot press system (HP W 200/250-2200-200-KS, FCT
Systeme GmbH). The so gained cylinders of 10 mm in diameter
and about 10 mm height were cut into discs of about 1 mm height
to measure various physical and mechanical properties, labeled as
HP. At least two of these discs were used for SPD experiments via
HPT, as described in detail below, further on referred to as HP +
HPT.

b. Samples cold pressed prior to densification via high-pressure
torsion (CP + HPT):

For the CP + HPT samples commercially produced p- and
n-type skutterudite powders, DD, ,Fe;CoSb,, and
(Sm,Mm), 15CoSb;, (from TIAG, Austria), were used. About
1g of the original powder was cold pressed, a step only
necessary to place the right amount of powder on the anvil of
the high-pressure torsion equipment. These cold pressed pellets
were HPT processed, as described below, and are further referred
to as CP + HPT. As reference sample the commercial powder was
hot pressed, as described in (a), named HP.

c. “Big” samples (powder + HPT):

For samples having a diameter of 30 mm and a height of 1 mm
or 8 mm, the same commercial skutterudite powders, as used for
CP + HPT, were directly HPT processed (powder + HPT).

Half-Heusler Alloys

P- and n-type half-Heusler alloys were prepared using an
optimized arc melting technique followed by a treatment in a
high frequency furnace, long time BM and an advanced hot-
pressing technique (for details see Refs. (Giirth et al., 2016; Rogl
et al., 2017b; Tavassoli et al., 2017; Tavassoli et al., 2018)). The HP
samples were then HPT processed (HP + HPT).

Severe Plastic Deformation via High

Pressure Torsion

The HPT technique used here is based on the Bridgman anvil-
type device where a thin, disc-shaped sample is subjected to
torsional strain under a high pressure between two anvils
(Figure 1). On the sample disc, placed between the two anvils,
a hydrostatic pressure, P, in the order of several GPa is applied
(1-10 GPa) and at the same time plastic torsial straining is
achieved by rotation of one of the anvils. In constrained HPT,
samples are placed into the cavity of the lower anvil, preventing
an outward flow of material and this way avoiding a reduction of
the thickness.

The shear strain, y, is dependent on the number of revolutions,
n,, the radius, r and the thickness, t, of the specimen in the
following way: y = (2mn,r)/t (with the rotation angle ¢ = 2mn,) as
illustrated in Figure 1. After Pippan et al. (2008) even at the
center point (r = 0) the shear strain y > 0.

SPD Changes Mechanical Properties

For all samples, except for the “big” ones, HPT was performed
in a hot-processing equipment from W. Klement, Austria, with
inductive heating controlled by an infrared pyrometer. Sample
dimensions were: r = 5mm, t ~ 1 mm and process parameters
were: 4 GPa; one, four or eight revolutions; 0.2 rpm; about 300°C;
in some cases protective Ar atmosphere was used.

The “big” samples were processed in a custom-built
equipment from Klement, Austria, outfitted with an induction
heating system from IEW Corporation. The powder was filled
into a hollow copper cylinder (wall thickness 1 mm) with an inner
diameter of 30 mm and a height of 2, 3 or 16.5 mm (placed on the
lower anvil) and subsequently compacted under a nominal
pressure of 5 GPa, heated to 250°C or 300°C (15 min holding
time) before the pellet was deformed at a rotational speed of
0.2 rpm for 0.13, one or five revolutions (details are given in
references (Rogl et al., 2020D)).

For all HPT samples the shear strain is increasing from the
center to the rim as can be seen in Figure 1. For discs with r =
5mm and t ~1 mm the shear strain increases from ~5 to ~31
for one revolution and to ~155 for five revolutions. This
increase at the rim is even bigger for the samples with r =
15 mm and t ~ 1 mm, namely ~476. In contrast to all these thin
samples, the shear strain for the samples with r = 15 mm and a
height of 8 mm reaches, even for five revolutions, only ~60 at
the rim.

Measurement Techniques
Density —Porosity

The relative density (in %) d, compares the measured density d
from Archimedes’ principle with the X-ray density dx: d,. = (da/
dx)x100; the X-ray-density dy is given by dx = MZ/VL, where Z is
the number of formula units within the unit cell, M is the molar
mass in [g/mol], V is the volume and L is Loschmidt’s number.
The relative porosity, por (in %), is given by por = 100 - d,q.

Crystallite Size and Dislocation Density

The crystallite size and its distribution as well as the dislocation
density were evaluated from heavily exposed XRD patterns
applying the modified Williamson-Hall method developed by
Ungar et al. (2009). For this purpose, the convolutional multiple
whole profile-fitting algorithm (CMWP) was used, as given in
detail by Ribarik et al. (2004) (Schafler, 2011; Lohmiller et al.,
2013).

Hardness

Prior to hardness tests the samples were polished with a 0.3 ym
alumina paste to produce an optical finish before testing.
Hardness was determined with two different equipments. For
static hardness measurements a microhardness tester was used,
AD PAAR-MHT-4, mounted within a Zeiss Axioplan optical
microscope employing a load of 1N, a rate of 0.1 N/s and a
loading time of 10 s (referred to as HVO0.1).

For all indentation data the hardness HV is

0.102 x 2F sin 3% F
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with the diagonal length 2¢ of the indent and F the indentation
load. At least 10 different impresses were applied to obtain
minimum standard deviations.

For dynamic hardness measurements a micro-indenter MHT4
and a Zeiss microscope was employed. With this indenter the
load is decreased until relaxation of the sample occurs, which is
also the reason why the dynamic hardness usually is slightly lower
than the static hardness, as for static hardness measurements the
diagonals of the imprints are measured after the force was
released and the imprint has shrunk slightly.

Indentation Fracture Toughness

Fracture toughness is a measure of the resistance of a material to
crack propagation. There are various methods to determine the
fracture toughness like by the introduction of a pre-crack into the
test sample e.g., the Chevron Notched Flexure Specimen method,
the Single-Edge Pre-cracked Beam method or the sharp “V”
Notch Beam method. All these methods do not qualify for
rather brittle HPT-processed samples; however, it is possible
to determine the Vickers indentation fracture toughness (also
named Vickers fracture resistance) (Lawn et al., 1980; Sakai and
Bradt, 1993; Clement et al., 1999), Kj¢ from the relation (Shetty
et al., 1985; Ponton and Rawlings, 1989)

E 1/2 F
ke = B(y) o @

where E is the Young’s modulus, HV is the hardness, F is the
indentation load, c is the radial crack length from the center of the
Vickers indentation to the tip and g is a function of the indenter
angle, which for Vickers indentation is: 3 = 0.016(4).

As not in all cases E was measured, a second method was
chosen to determine the indentation fracture toughness, i.e. by
applying the Shetty-Wright-Mincer-Clauer equation (Shetty
et al., 1985; Ponton and Rawlings, 1989)

F
Kic = 0.0319 7 3)
where a is half of the indentation diagonal and € (£ = ¢ - a) is the
length of the crack measured from the corner of the indent to the
tip. This equation requests that according to Madeiros et al.
(Madeiros and Dias, 2013) the cracks can be classified as of
Palmgqvist type, which is the case, if c/a <2.5.

Elastic Properties and Fracture Strength
Resonant ultrasound spectroscopy (RUS), based on Migliori’s
method (Migliori et al, 1993), was used to determine elastic
properties via the eigenfrequencies of the sample with the
knowledge of samples’ mass and dimensions. Cylindrical
samples are mounted “edge-to-edge” between two piezo-
transducers and are excited via a network analyzer (HP
8751A) in the frequency range from 100 to 500 kHz (Migliori
and Maynard, 2005). Elastic properties, Young’s modulus (E) and
Poisson’s ratio (v), can be derived via a least-squares fit program,
comparing the measured and calculated eigenfrequencies.

RUS measurements require ideally a spherical or at least a
cubic shape of the sample, therefore, only HP samples qualified to

SPD Changes Mechanical Properties

be measured with RUS, because HP + HPT and CP + HPT
samples are very thin in comparison to their diameter. As a
consequence, for HPT compacted samples, the Young’s modulus
was determined in parallel with dynamic hardness measurements
with a micro-indenter (MI) MHT4. The software of the MI
evaluates the Young’s modulus, E, for a given Poisson’s ratio,
v. For all HPT samples, v of RUS measurements of the HP sample
were used for the respective determination of E with the MI and
for the calculation of other elastic moduli, as slight changes of v
hardy influence E. Even though the same v was used, differences
between E values from RUS and MI measurements may occur
because with RUS the whole sample is measured, whereas the MI
indenter touches only a very small area of the sample’s surface.

E

B:3(1—2v) )
E

Gzz(v+1) )

While the hardness is a measure for the strength of a material, the
elastic modulus not only characterizes the elasticity of a material
but also affects the thermal shock resistance and fracture strength,
o (0 = E'?).

The error for mechanical properties’ data is generally about 5%
or less. More details about mechanical properties measurements
can be found from a series of publications on the subject [(Zhang
et al,, 2010a), (Rogl and Rogl, 2011), (Rogl et al., 2016), (Zhang
et al,, 2010b; Dahal et al., 2015; He et al., 2015; Rogl and Rogl,
2017a) and references therein].

Thermal Expansion
Thermal expansion was measured with two different types of

equipment. From 42K to room temperature a miniature
capacitance dilatometer was used, above room temperature a
dynamic mechanical analyser DMA7 (Perkin Elmer Inc.) was
applied (for details see (Rotter et al., 1998; Rogl and Rogl, 2011;
Rogl et al,, 2016)). The thermal expansion coefficient « follows
from a temperature derivative of the length change a¢, ie.,

o0AL\ 1

RESULTS AND DISCUSSION

Mechanical properties are dependent on the specimens’
composition and additional phases in the sample, on the
density and temperature. Therefore, in this work, all densities
have been given and values are valid for room temperature if not
stated otherwise. As SPD has an enormous influence on grain
size, defect density and density of a material, these parameters
must be discussed before going into details about changes in
mechanical properties.

Microstructure and Density
Figure 2A compares the crystallite size, derived from the XRD

data, of the HP processed skutterudite samples to those of HPT
compacted ones before and after heat treatments. Although the
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domain size of the HP reference samples varies between 55 and
155 nm, it is significantly reduced in case of the respective HPT
specimens. The crystallite size does neither differ significantly
among the HPT samples, with about 30-50 nm, nor among
positions, center or rim, within the sample. Also, the history
of the sample, HP, CP or powder, has hardly an influence. During
measurement induced annealing the crystallites grow, but still
remain smaller than those of the HP sample.

The dislocation density, (Figure 2A), appears mirror-inverted
to the crystallite size, being larger in case of the HPT processed
specimens. Annealing reduces the dislocation density, in some
cases to the same level found for the HP samples.

TEM images (Figure 2B), exemplarily shown for p-type
DD, ;Fe;CoSby,, highlight the difference in grain size between
the HP, CP + HPT and the annealed CP + HPT samples. The HP
sample reveals a distribution of grains in the range of 200 nm,
whereas the CP + HPT sample exhibits a mixture of grains of
various sizes, but all of them smaller than 100 nm. After

SPD Changes Mechanical Properties

annealing, most of the very small grains have grown and
therefore the size distribution becomes more homogeneous.
Figure 2A also represents the relative densities of various p-
and n-type skutterudites after HP, which is the reference value,
after HP + HPT (full symbols) or after CP + HPT (open symbols)
and in some cases also after annealing. All data refer to an average
value of the whole sample. The two numbers, xy in Figure 2
indicate the applied pressure in GPa, x, and the number of
revolutions, y. One can see that for almost all HPT samples
(HP or CP prior to SPD) the relative density is lower in
comparison to the HP reference sample. Due to the fact, that
besides the introduction of various defects also very small holes
occur, the density decreases. Additional thermal treatments cause
only a marginal densification because during annealing mini-
cracks anneal out completely or fuse together to smaller holes.
Whereas the relative density of HPT samples, processed with a
pressure of p = 1-5 GPa, is decreased by 0.5%-1.9%, the increase
after annealing is usually only in the range of 0.1% to maximal
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FIGURE 2 | (A) Skutterudites: relative density, d,o (upper panel), crystallite size (middle panel) and dislocation density (lower panel) vs. various treatments: HP,

HPT (after HP) and after annealing the HP + HPT sample. Full symbols indicate HP + HPT samples, open symbols indicate CP + HPT or powder + HPT (big) samples
(Note: The numbers indicate the applied pressure in GPa followed by the number of revolutions. (a), (b), () and (d) denote differently processed specimens of the same
sample). (B) TEM images of p-type DD, 7FesCoSb+» (from top to bottom) of a HP, a CP + HPT and a CP + HPT annealed sample.
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0.3%, which means that also after annealing the density of the HP
sample is not reached.

Two samples in Figure 2 catch special attention: 1) the HM
sample, DDy 44Fe; 1Co; 9Sby,, which has, due to the fact that the
bulk was ground by hand, a much lower density already before
SPD, and which additionally decreases after HPT processing, 2)
DD, 53Fe;CoSb,, consolidated with a pressure of 8 GPa and one
revolution, which exhibited after HPT a higher density than the
respective HP specimen. Due to an extraordinary high pressure
(p = 8 GPa) hardly any holes could develop and the sample was
firmly compacted. From Figure 2 we can learn even more:
although three specimens of a sample of n-type
(Sm,Mm); 15Co,Sb;, with a diameter of 30mm were
consolidated with 5GPa and five revolutions (labeled as 55),
the densities of 55(a), 55(b) and 55(c) turned out to be different.
As sample 55(a) was processed at 300°C, and sample 55(b) was
processed at only 250°C, we can conclude that the higher the
processing temperature is, the higher is the density. In case of
sample 55(a) the applied pressure of 5 GPa together with five
turns at 300°C yielded a sample with a density in the range of the
HP one, which, like a HP sample, was practically not influenced
by annealing at all. 55(c) shows that the density for two specimens
from a sample with a height of 8 mm, cut in two perpendicular
directions is, within the error bar alike (For more details about
sample preparation see (Rogl et al., 2016)). Finally sample 51(d) is
processed with only one revolution and consequently owns a
lower density. The same trend also becomes noticeable for the big
p-type skutterudite DD, ¢Fe;CoSby,, i.e. the density is higher for
sample 55 than for sample 51. One big DD, ¢Fe;CoSb,, sample
(50.13) displays another phenomenon. As the sample was
processed with less than one eight of a full revolution hardly
any defects and cracks were introduced; its behavior is thus closer
to an HP than to an HPT consolidated sample. As a consequence,
the density is higher than for the sample processed with one full
revolution.

Archimedes measurements with specimens of very low masses
are usually not accurate enough to reliably distinguish the density
between center and rim area of a sample with a diameter of
10 mm and a height of 1 mm, however, with the big samples with
a diameter of 30mm such density measurements were
performed. It turned out that the samples are more porous (by
about 0.5% or even less) in the rim than in the center area. Most
likely this is a consequence of voids and/or cracks created by the
higher shear strains at the rim.

All half-Heusler alloys (Figure 3) generally show the same
density behavior as the skutterudites: a decrease of density after
HPT and a slight increase after one or more heat treatments.

Hardness
Hardness of HPT compacted samples is affected by three separate

factors: 1) the fine grain size, 2) the specific texture and 3) the high
dislocation density, which is an inherent feature of the SPD-
processed microstructure.

Figure 4 (upper panel) presents the correlation between
Vickers hardness, HV and the relative density of selected HP
and HPT compacted skutterudites before, and in some cases, after
annealing. The data of the HP samples (open symbols) were
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FIGURE 3 | Half Heusler alloys: relative density, dye, vs. various
treatments, HP, HPT (after HP) and after annealing the HP + HPT sample.

linearly fitted; therefore, it is easy to see that all hardness values of
the corresponding HPT samples (full symbols) have a much
higher hardness, although their density is lower. As expected,
both, densities as well as the hardness increase slightly after
annealing. The same behavior is valid for p- and n-type half-
Heusler alloys, as can be seen in Figure 4 (lower panel). Figure 4,
in addition, shows that half Heuslers generally are harder than
skutterudites.

To explain this contradictory behavior, lower density—higher
hardness, one has to consider that for a constant temperature
two parameters affect the measured hardness of these
materials, i.e., the relative density and grain size coupled
with the defect density. A lower relative density of powder
compacts results in lower hardness values; therefore, the
HPT samples are expected to reveal lower hardness values.
On the other hand, for a given density a decrease of grain size
(Hall-Petch relation) together with an increase of the defect
density drives higher hardness values, which generally
applies to the HPT processed samples, as all measured
values after HPT are larger than those of the HP reference
sample. This means that the increase of hardness in HPT
samples is mainly governed by grain refinement and the
introduction of defects.

Figures 5, 6 display the dependence of static hardness on the
shear strain for HP + HPT skutterudite and half-Heusler samples.
For both groups of TE materials hardness is increasing with
increasing shear strain. For some samples the hardness was
measured in the center and rim area (not shown), with the
result that the hardness is increasing from the center to the
rim in accordance with Zhilyaev et al. (2003), who found that for
a material where recovery is slow the hardness is initially lower in
the center than at the rim. Vorhauer and Pippan (2004) and
Pippan et al. (2008) among others reported that the
microhardness varies significantly along the radius of disks
processed by HPT at the early stages of deformation but that
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the hardness becomes homogeneous with a high level of
deformation. Basically, the same results were found in various
other investigations of simple metals [e.g., (Valiev et al., 2010;
Song et al., 2012; Borodachenkova et al., 2017; Rijal et al., 2020)];
unfortunately, no distribution of density is given in these
publications.

For three CP + HPT samples static hardness was measured
along the radius of the disk from the innermost point to
the rim; results are shown in Figure 7. For the p-type
DDy ;Fe;CoSb,, the difference between the hardness
value of the HP sample (HV = 510) and the center of
the CP + HPT sample (HV = 524) seems to vanish, but
considering alower relative density of 2% (see Figure 4) of
the CP + HPT sample, the hardness is increased, as it was
found by the authors (Rogl and Rogl, 2011) that in case of
skutterudites generally a change of 1% in relative density
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FIGURE 6 | Half Heusler alloys, HP, HP + HPT, HP + HPT annealed:
Vickers hardness HV, vs. shear strain.

equals a change of ~40 in HV. For DD, ;Fe;CoSb;, the
increase in hardness from the center to rim with only 4% is
low. For n-type (Sm,Mm)y 15C0,Sb;, the difference in
hardness between the center of the CP + HPT samples,
is bigger than for the p-type skutterudite: for the sample
processed with 4 GPa and one revolution the increase in
hardness is about 50%. Whereas the increase from the
center to the rim for the CP + HPT sample, consolidated
with one revolution is more or less linear, the sample, processed
with five turns, displays a linear increase, followed by a plateau-
like behavior in the middle section and an even steeper linear
increase toward the rim. This observation is also backed by the
work of Das et al. (2012) reporting for HPT treated aluminum
samples that not only hardness gradually increases with distance
from the center to edge but additionally with the number of
turns.
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After annealing the change in hardness is marginal throughout
the whole measured range, although it appears slightly enhanced
for the n-type CP + HPT sample processed with one revolution.

Figure 8 illustrates the dependence of static hardness on the
applied shear strain of big p- and n-type skutterudite samples
(diameter of the disk is 30 mm), compacted directly from powder
via HPT. In general, all hardness values of the big HPT samples
are higher than those of the HP counterparts. Grain refinement
with the introduction of defects influences this mechanical
property stronger than the lower density. For both, p- and
n-type hardness is higher for the specimens produced with
five turns in comparison to those, produced with one turn:
this was also observed for the samples with 10 mm diameter.
Furthermore, in both cases samples with a thickness of about
8 mm, due to generally lower shear strain, have lower hardness
values than those with a thickness of only about 1 mm. The
difference in hardness, measured on specimens cut perpendicular
to each other from one sample, is insignificant. It is interesting to
note that the DDy ;Fe;CoSb,, sample, which due to only 0.13
turns appears closer to a hot pressed than to an HPT processed
sample (300°C, 5 GPa), reveals a spectacular high density and as a
result also a high hardness. After annealing, and a slightly higher
density also hardness is marginally enhanced.

Indentation Fracture Toughness
Resistance against crack growth, often being characterized by the

fracture toughness, Kjc, is another mechanical property, which is
important for the practical use of a TE material. Theoretically K;¢
should decrease with increasing strength and hardness.
Unfortunately, no data about TE SPD treated materials are
available and only a few specimens, HP, HP + HPT and CP +
HPT, revealed crack propagation during hardness measurements.
This is the reason why it is hard to draw a universal conclusion from
the current results for all HPT processed skutterudites and half-
Heusler alloys. With almost no change of the Young’s modulus for
HP + HPT and CP + HPT samples after HPT, not much change in

0-64.

fracture indentation toughness, Kjc, can be expected; still it should be
found out whether or not it is easy for cracks to spread after HPT (for
details also see (Hohenwarter et al., 2009; Hohenwarter et al., 2011;
Hohenwarter and Pippan, 2011)). The values of fracture indentation
toughness of various HP skutterudites with 1.1 MPam'"? < K¢ <
2.2 MPam"? (Rogl and Rog, 2011) and of various HP half-Heusler
alloys with 1.8 MPa m"? < K¢ < 2.3 MPam"? (Rogl et al, 2016)
indicate, even considering an error bar of 10%, that K¢ of half-
Heusler alloys is higher than that of skutterudites. For CP + HPT
DD, ;Fe;CoSb;, K¢ was calculated with Eq. 2 and revealed K¢ =
1.36 + 0.14 MPam"?, for CP + HPT (Sm,Mm)q,;5C04Sby, Kic =
1.23 +0.12 MPa m"? for the sample 41 and 1.26 + 0.13 MPa m"’? for
the sample 45.

For half-Heusler HP-Tiys5ZrysNiSn fracture indentation
toughness was determined in a previous work of the authors
yielding Kic = 1.9 + 0.2 MPam'"? (Rogl et al, 2016). As the
Youngs modulus was not measured for HP + HPT Tij 5Zr( sNiSn,
Eq. 3 was applied for the calculation of Kjc, with ¢/a = 1.8
satisfying the Palmqvist criterion. The resulting Kic = 1.3 +
0.13 MPam'? is, even considering the error bar, lower than
that of the HP sample.

Lower fracture indentation toughness values after SPD were
also found for steel (Pippan and Hohenwarter, 2016; Schwarz
etal, 2017) or iron (Hohenwarter and Pippan, 2010). The reason
given was the higher hardness coupled with an enhanced defect
density (especially dislocations), an explanation, which also
makes sense for the here-discussed TE materials.

Elasticity and Debye Temperature
Figure 9 gives an overview of all measured elastic properties of

HP and HPT processed skutterudites. Measurements performed
with the micro-indenter, MI, where the Young’s modulus, E, is
determined from imprints, yield somewhat higher values (1-3%,
for DD, 53Fe;CoSb,, even a little bit more) than those measured
on the entire sample with RUS.
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Comparing the rather accurate RUS measurements of the p-
and n-type skutterudites and taking into account that the relative
density is higher than 98.5% for all of them, one can see that the
Young’s moduli, E, of the n-type skutterudites are on average
slightly higher than those of the p-type and that DD, 53Fe;CoSb,,
with the lowest filling level and the lowest density among the
p-type skutterudites has the lowest E. These observations confirm
earlier findings of the authors (Rogl and Rogl, 2011). As E
decreases almost linearly with decreasing density (for details
see (Rogl and Rogl, 2011)) and all HPT samples have a lower
density than the HP ones, lower E values are expected, which
indeed is the case for almost all HPT samples (see the values
gained with the micro indenter). In this context it is interesting to
note that Li et al. (2018) demonstrated that plastic deformation
decreased the elastic moduli for brass, aluminum, and low carbon
steel by 10-20%.

Bulk modulus, B, and shear modulus, G, were evaluated with
Eqgs 4, 5, respectively; the values are also presented in Figure 9.

The average Young’s modulus, E, of all depicted values
resulted in E,, = 141.3 GPa with a standard deviation of ¢z =
4.9 GPa, which is lower than the error of 5% occurring during
measurements. As the average E for all HP samples is 142 GPa
and for all HPT samples is 141 GPa, one can conclude that the
Young’s moduli and as a consequence the shear and bulk moduli
are practically unaffected by SPD.

Pugh’s relation (Pugh, 1954), i.e., a material is considered as
brittle if B/G < 1.75, defines all discussed skutterudites as brittle
(all exhibit values 1.4 < B/G < 1.6).

The fracture or breaking strength, i.e., the stress at which a
specimen fails via fracture, can be roughly estimated with ¢ ~ E'/2,
which would be about 12 GPa for the specimens discussed above.

Figure 10 is dedicated to the relation between Vickers
hardness and Young’s modulus (HV-E) of skutterudites. The
plots HV-E of the various HP skutterudites (full symbols) are
fitted linearly, revealing the relation HV = 3.75(16) E. Almost all
HP skutterudites have data on the fit line or at least between the
two error bars of the fit. In a recent article (Rogl et al., 2017a)
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and a review article ((Rogl and Rogl, 2017a) and references
therein) the authors also presented the influence of
nanoparticles, dispersed in the skutterudites matrix, on ZT
and on mechanical properties. These data are plotted in
Figure 10 with partially filled symbols: almost all
skutterudites with dispersed nanoparticles have values not
only above the fit line but mainly also above the upper error
line; n-type skutterudites with TaggZr,B particles reveal
especially high HV and E values. Interestingly all data points
for HPT samples (big symbols) appear above the upper error
line, in some cases the data are even above those with dispersed
nanoparticles and for all n-type skutterudites they are higher
than those of the p-type. The CP + HPT sample of
(Sm,Mm),Co,Sb;, exhibits already a high value after one
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revolution, but for the specimen processed with five revolutions
this value is extraordinary high, indicating once more that,
applying the same pressure, more HPT-revolutions yield
higher strength.

Elastic moduli have been measured and evaluated for two half-
Heusler alloys, namely for p-type Tiy ;5Nbg ssFeSb and for n-type
Tig 521 sNiSn (see Figure 11). Whereas the elastic moduli of p-
and n-type skutterudites are very close to each other (Figure 9),
for p- and n-type half-Heusler alloys they differ significantly. RUS
reveals for p-type Tij5sNbggsFeSb a Young’s modulus of E =
192.3 GPa, while E = 164.0 for n-type Tij5ZrsNiSn, which is
about 15% lower. Consequently, these lower values infer also
lower shear and bulk moduli. RUS data and those gained from
micro indentation hardly differ. While there is almost no
difference between the elastic moduli of the HP sample and
the values at the center of the HPT half-Heusler alloys, there is a
slight increase toward the rim. But hardly any change was
observed after annealing. Whereas Pugh’s relation (Pugh,
1954), applied on all skutterudites discussed, characterized
them as brittle, for both half-Heusler alloys, HP or HP +
HPT, center or rim, 1.84 < B/G < 1.95, and therefore they
may be considered as “ductile”.

Debye temperatures are of importance to define the
vibrational spectra of TE materials: any change in the Debye
temperature suggests an alteration of the dynamic properties of
atoms. There are various methods to extract the Debye
temperature 0p. Isotropic compounds, being compacted via
HP or HPT into a dense bulk are suitable for determining 6p
from the sound velocity, using Anderson’s equation (Anderson,

1963):
h <3nLdA>1/3
Op=— Vi
kB 4Mn

where h is the Plank’s constant, kg is the Boltzmann’s constant, L
is Loschmidt’s number, d, is the measured density, M is the
molecular weight, and n is the number of atoms in the
asymmetric unit cell. In isotropic polycrystalline materials the
mean sound velocity v,,, follows from

12 1 o 0 (313 + 4G)1/2 q (G)”Z
v=l-|5+= with v,= ————] and v;=(—+
"3\ v L 3d \d
(8)

where v and vy are the longitudinal and transversal sound
velocities, respectively (Schreiber et al., 1973).

For most p- and n-type skutterudites the Debye temperature
of the HP sample is in the range of 6p ~ 320 K, for the multi-filled
Fe/Ni substituted skutterudites a bit lower with 6p ~ 275K,
whereas the two investigated half-Heusler alloys with their
more rigid lattice structure have distinctly higher Debye
temperatures (for Tip sNbggsFeSb 6p = 430K and for
TipsZrosNiSn 6p = 419K). Common to all compounds,
skutterudites and half Heuslers, p- and n-type, is that the
Debye temperature after SPD is lower, although in some cases
only less than 2%. The lower Debye temperature for HPT samples
compared to the HP ones can be attributed to an increased
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FIGURE 11 | Elastic moduli of p- and n-type half-Heusler alloys, after
various treatments.

amplitude of thermal vibrations of atoms at the grain boundaries
and a higher concentration of point defects near the grain
boundary regions. The reduction in the Debye temperature
after SPD is much more pronounced for metals e.g., with a
decrease of 23% for copper, 22% for nickel or even 48% for
iron (Goyal, 2018).

Thermal Expansion

Before discussing the changes in thermal expansion after SPD,
some basics, found by the authors (Rogl et al.,, 2010) should be
stated. Thermal expansion of Sb-based skutterudites is increasing
with an increasing amount of fillers and/or an increasing amount
of iron content, which explains why Co-based n-type skutterudites
basically have a smaller thermal expansion coefficient, «, than Fe-
based p-type skutterudites. Furthermore, it could be shown that
grain size and density have only a marginal influence on the
thermal expansion coefficient (Rogl et al., 2010b).

In Figure 12 the thermal expansion of p-type skutterudite
DD sgFe;CoSby, and n-type skutterudite
Srp07Bag o7 Ybgo;CosSby, are displayed in the temperature
range from 4.2 to 300 K and from 300 to 700 K, respectively.
The thermal expansion coefficient, «, in the temperature range of
150-270 K for HP DDy ssFe;CoSby, is a = 12.0 (2)x10° K™ and
for HP Srg o7Bag 07 Ybg 07C04Sby, is & = 11.8 (2)x107° K. Below
room temperature the temperature dependent a/€, curves do not
show any anomalies (Figure 12). For both samples « is lower after
HPT; this reduction in « is more pronounced for
Sr0.07Ba0A07Yb0A07Co4Sb12 (16%) than for DD0A58F63COSb12 (4%)

To analyze the thermal expansion as a function of
temperature, the semi-classical model of Mukherjee et al
(1996) has been successfully used to quantitatively describe the
thermal expansion coefficient in terms of the phonon spectrum
including Debye and Einstein phonon modes. The Debye and
Einstein temperatures, 0, and 6 were obtained from least squares
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FIGURE 12 | Length change, A/¢q vs. temperature, T, of HP and HP + HPT DDg sgFesCoSb+2 and Srq 07Bag.07Ybo.07C04Sb42 below room temperature with fits
(see text) (left) and above room temperature (right). Some curves are shifted for a better view.

fits to the experimental data (for equations and details see Refs
(Rogl et al., 2010b). and (Mukherjee et al., 1996)). For HP
DDy s5Fe;CoSb;, 6p = 325K and 6 = 63 K; after HPT, the
Debye temperature with 6, = 318 K has not changed as much
as the Einstein temperature dropping to 6z = 35K. The same
behavior occurs for Sr o7Bag 7 Ybg 07C04Sb;, with 65 = 309 K and
og = 61 K before and with 6 = 302 K and 6 = 32 K after HPT,
indicating that after SPD the phonon vibrations of the atomic
framework (Debye modes) are not much affected, whereas the
frequencies of the rattlers (Einstein modes) tend toward lower
energy modes.

It should furthermore be mentioned that the Debye
temperatures of both samples are in the same range as those
extracted with Anderson’s equations (Eqs 7, 8) from the elastic
moduli.

For n-type Srg 07Bag 97 Ybg o7 Co4Sby, the shrinking in the a/€,
vs. T curve is much more drastic than for the p-type skutterudites
and occurs at 530 K followed by only a weak increase (Figure 12).
The heating and cooling curve of the second and third run (not
shown) exhibited a hysteresis, which was slimmer for the third
run than for the second one. Finally the temperature dependent
A€/ was linear at the fourth run during heating and cooling (the
latter is not shown), revealing a« = 9.9 (1) X 10°°K™! in the
temperature regime 350-700 K, which fits perfectly well to the
value of « below room temperature.

The temperature dependent a/€,—T curves of CP + HPT
p-type DDg;Fe;CoSb;, and n-type (Sm,Mm),;5C04Sby,, as
shown in Figure 13, have a lot in common but differ quite
much from their HP + HPT counterparts. In both cases during
the first heating run, from 300 to 400 K, the samples shrink
drastically, followed by a further very slight decrease till
800 K. This shrinking of a sample, HPT-consolidated with a
pressure of 4 GPa at almost 600 K, is astonishing and can be
only explained with an annealing out of vacancies and
fusing together of mini-cracks mainly during the first
temperature increase of only hundred degrees
(300-400 K). This explanation is backed by the fact that
after annealing the density of the samples is enhanced. Both

LA s o s s s s e e e e e B I B
0.016 - DDy 7Fe;CoSby,  (Sm,Mm), ,.Co,Sb,, 7
0.014 | < HP O =

I & CP+HPT1*'runTincr. == ]
0.012 | © CP+HPT 1% run T decr. o
F ® CP+HPT2"runTincr. H ]
0.010 | ]

- o ]

S 0.008 | ]
0.006 | e
0.004 |- < .

F @ .
o (((((_‘S 1
0.002 F . ‘L|‘|‘|‘|fl‘l"}'“"" 2
o0 F@P” ]
300 400 500 600 700 800
TIK]

FIGURE 13 | Length change, A¢/¢ vs. temperature, T, of HP

DDg 7FesCoSb,, and (Sm,Mm)q.15C04Sb+, in comparison to the CP + HPT

processed samples. Some curves are shifted for a better view.

samples contract during the first run with decreasing
temperature and exhibit a linear A€/8,—T behavior for in-
and decreasing temperature (the latter is not shown in
Figure 13) during the second circle. In the temperature
range 300-800 K for HP DD, ;Fe;CoSb;, « = 10.9 (1) X
107° K! and for the CP + HPT sample « =7.0 (1) x 10K
for (Sm,Mm), ;5Co0,Sb;, the respective values are « = 9.8 (2)
x 10°K™ and « = 5.6 (2) x 107K, indicating for both
skutterudites that the thermal expansion coefficient of CP +
HPT samples is roughly only two thirds of those of the
corresponding HP samples.

For the big samples (~50g), directly compacted from
skutterudite powder, the results are almost the same, having
also lower thermal expansion coefficients for the stable HPT
samples in comparison to the HP ones.
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A decrease in thermal expansion after SPD was also reported
for the Fe-36%Ni invar alloy by Voroshilov et al. (1973) and
Bitkulov et al. (2006), whereas Zhang and Alexandrov (1998)
published a higher thermal expansion coefficient of Ni after SPD,
attributed to nonequilibrium dislocations that disturb grain
boundaries leading to large atomic displacements near interfaces.

Recently the authors have systematically compared the
temperature  dependent thermal expansion with the
temperature dependent electrical resistivity, p (Rogl et al,
2020), especially between 300 and 800 K of HP samples and
those after SPD. Whereas for HP samples both, the p(T)-curve as
well as the A€/€,—T curve are linear for in- and decreasing
temperatures without a hysteresis, the micro-structural
changes of HPT samples during measurement induced heating
influence the thermal expansion and electrical resistivity more or
less simultaneously. In both cases at the first run with increasing
temperature the crystallites grow and in parallel the defect density
becomes lower but also micro or nano cracks fuse together or
anneal out completely. For HP + HPT samples after expanding
linearly, with the electrical resistivity increasing, a severe change
takes place around 400 K, when the sample shrinks and further
on expands again (Figure 12 (right)). At the same temperature,
400 K, the electrical resistivity exhibits a plateau-like maximum
followed by an almost linear decrease. For CP + HPT samples a
decrease of thermal expansion occurs between 300 and 400 K and
a slight anomaly around 650 K where indeed also one exists for
the electrical resistivity. After several measurement runs the
samples arrive at a thermally stable behavior, i.e., they exhibit
a less steep but linear A€/¢, — T curve. The p(T)-curve curve runs
parallel to the one of the HP sample but at higher values,
indicating that the grains are still smaller and the defect
density is higher than for the HP samples. Rijal et al. (2020)
also found such an anomaly in electrical resistivity after HPT of
commercial pure copper, but did not measure thermal expansion.
Kourov et al. (2007) investigated the effect of plastic deformation
on physical properties and structure of the shape memory alloy
Tiye sNisg 5. They found after SPD due to the transition from the
microcrystalline to the amorphous/nanocrystalline state an
increase in the electrical resistivity with an irreversible
temperature hysteresis, which they also found for the a/¢,—T
curve. They also report a shape of the A/€,—T curve anomalous
for metal alloys. For the annealed Tisg 5Nis 5 alloy the p(T)-curve
has the typical shape of polycrystalline stoichiometric TiNi alloys.

The thermal expansion behavior of the two half-Heusler
alloys, p-type Tig15NbggsFeSb and n-type TipsZrosNiSn are
displayed in Figure 14 and revealed for the HP samples « =
12.8 (1) x 10°K ™" and « = 11.3 (1) x 10 ° K" between 300 and
880 K. The af/€y—T curves of the HP + HPT samples show
almost the same behavior of Tiy ;5Nbg g5FeSb and Tig 5Zry sNiSn.
During the first heating, both samples contract till 550 K, because
of annealing out of holes, followed by an increase, which is more
pronounced for the p-type than for the n-type sample. The first
run with decreasing temperature shows linear behavior, though
with the slope less steep below 550 K. With further cycling (not
displayed) in both cases the hysteresis between heating and
cooling becomes smaller. Finally, after four cycles the
condition is stable, but still the “kink” at 550 K remains,
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FIGURE 14 | Length change, A¢/¢, vs. temperature, T, of HP
Tio.52r0.sNiSn and Tig 15Nbg.gsFeSb in comparison to the HP + HPT
processed samples. Some curves are shifted for a better view.

indicating a changing thermal expansion coefficient. Between
550 and 880 K o = 12.3 (2) x 107 K ! for Tiy ;5Nbg gsFeSb and « =
11.0 (2) x 107® K" Tiy sZr sNiSn, whereas below 550 K the value
is only about one third.

Thermal Shock Resistance
The thermal shock resistance is the ability of a solid to withstand

sudden changes in temperature either on heating or cooling (Lu,
1998). The magnitude of the thermal shock resistance is an
important parameter for the operation of a TE device in a
cyclic temperature gradient. Due to the temperature gradient
between the hot and cold ends of the device’s legs, mechanical
failure can arise from the stress within the leg. Assuming that the
rate of change of temperature is such as to allow time for heat
conduction between the hot and cold end of the TE leg, then the
thermal shock resistance parameter Pt can be calculated with

g(l1-7)A

P =
r oF

©)
where ¢ is the tensile fracture strength, v is the Poison’s ratio, X is
the thermal conductivity, « is the coefficient of thermal expansion
and E is Young’ modulus.

Usually decreasing grain size and increasing density can
improve the thermal shock resistance; additionally, reducing
the material’s coefficient of thermal expansion and increasing
the strength and thermal conductivity can prevent a failure due to
thermal shock. As after SPD the grain size is lower but also the
density, and due to the fact, that after HPT thermal conductivity
is lower but also the coefficient of thermal expansion, not much
change in the thermal shock resistance is expected. Taking an
average value of o from the literature for the p- and n-type
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skutterudites (¢ = 37 MPa and ¢ = 86 MPa, respectively (Snyder,
2008) (Ravi, 2008)), a rough estimation can be presented for Pr.
For the p-type skutterudites Pt ~ 36-42 W/m, is lower than for
the n-type with Py ~ 150-170 W/m.

Internal Stress
The internal stress, ,, dealing with the forces and stresses inside

a leg material, can be estimated from Eq. 10:

Tine = Ga(w/28)AT (10)

where G is the shear modulus, « is the coefficient of thermal
expansion, w is the width and ¢ is the length of the leg.

The internal stresses were calculated for TE legs with w =
2 mm and € = 5 mm. As can be seen in Figure 15, due to higher
shear moduli and slightly higher coefficients of thermal
expansion, the internal stresses of HP p- and n-type
skutterudites (thick lines) are higher than those of the
corresponding HP + HPT and CP + HPT processed
skutterudites (thin lines). The difference between the HP and
HP + HPT is maximal 13%, whereas it is more than 30% between
HP and CP + HPT. Similarly, for the p- and n-type half-Heusler
alloys (not shown in Figure 15) the internal stress of HP p-type
Tip.15Nbg gsFeSb (122 MPa at AT/€ = 140 K/mm) and of the
n-type Tip5ZrysNiSn (99 MPa at AT/€ = 140 K/mm) is about
5% higher than that of the HP + HPT processed counterparts.

CONCLUSION

Even though skutterudites and half-Heusler alloys have a lower
density after SPD, hardness is higher, governed mainly by grain
refinement and enhanced defect density. Hardness is dependent
on the shear strain introduced during HPT processing: hardness is
the higher the more revolutions are applied and in addition
hardness increases along the radius from the center to the rim
of the HPT-processed cylindrical sample. After annealing, the
density and hardness of HPT samples appear slightly enhanced.
However, higher hardness coupled with an enhanced defect
density results in lower indentation fracture toughness.

All elastic moduli for p- or n-type skutterudites as well as for
half-Heusler alloys are within the error bar the same for HP and
HP + HPT as well as for CP + HPT samples. Pugh’s relation
classifies skutterudites as brittle, half-Heuslers as “ductile”.

Like metals, skutterudites and half-Heusler alloys have a lower
Debye temperature after SPD even though in case of the latter two
the difference is only in the range of about 2%. For skutterudites it
was found that the Einstein temperature is roughly only half after
HPT, indicating that after SPD the vibrations of the atomic lattice
are not as much affected as the frequencies of the rattlers are.
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Whereas A£/p—T curves of HPT processed skutterudites
below room temperature do not exhibit any anomalies, above
300 K they do. Dependent on the treatment (i.e., HP or CP before
HPT) and on the composition, it might take several temperature
cycles till most of the defects and micro holes are annealed out
and the Al/€,—T curve becomes stable with respect to
temperature cycling. In all cases, however, the thermal
expansion coefficient after SPD is lower than before.

Generally, one can conclude that HPT consolidated samples
have two advantages in comparison to HP ones: the TE figure of
merit is higher, and the material appears mechanically
strengthened.
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