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ABSTRACT: The influence of shear strain on the microstructural, physical, and
mechanical properties was studied on large bulk samples (diameter: 30 mm, thickness: 1
or 8 mm), which were consolidated by high-pressure torsion (HPT) from a commercial

powder DD, ;Fe;CoSb,. Particularly, the thick sample (mass ~ 53 g) allowed measuring L g nosn=tmn
the thermoelectric (TE) properties with respect to various orientations of the specimen ML et o
in the sample. All data were compared with those of a hot-pressed (HP) reference [l Saeapatedl ]
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sample, prepared with the same powder. Transmission electron microscopy, as well as X- Moo w b\ 7=@mon /1]
ray powder diffraction profile analyses, Hall measurements, and positron annihilation 081 Saof I
spectroscopy, supported these investigations. Furthermore, synchrotron data for the 0T §1nu : i
temperature range from 300 to 825 K were used to evaluate the changes in the grain size o8 R S mramrr |

and dislocation density as well as the thermal expansion coeflicient via the change in the S P . - i S
lattice parameter during heating. In addition, hardness and direct thermal expansion 400 50 6(')I'0[K] 700 800
measurements of the HPT samples were performed and compared with the HP

reference sample’s values. With the increase of the shear strain from the center to the rim

of the sample, the electrical resistivity becomes higher, whereas the thermal conductivity becomes lower, but the Seebeck coefficient
remained almost unchanged. For the thin as well as thick samples, the enhanced electrical resistivity was balanced out by a decreased
thermal conductivity such that the maximum ZT values (ZT = 1.3—1.35 at 856 K) do not vary much as a function of the shear strain
throughout the sample, however, all ZTs are higher than that of the HP sample. The thermal—electric conversion efficiencies are in
the range of 14—15% (for 423—823 K). With similar high ZT values for the n-type skutterudites, fabricated in the same fast and
sustainable way, these p- and n-type skutterudites may serve as legs for TE generators, directly cut from the big HPT bulks.

KEYWORDS: skutterudites, thermoelectrics, nanostructures, high-pressure torsion, severe plastic deformation

1. INTRODUCTION simultaneously possess a high Seebeck coefficient, such as a
semiconductor or a semimetal, a low electrical resistivity as
well as a low thermal conductivity such as a metal and a glass,
respectively, and all that within the temperature gradient
applied.

Among the wide spectrum of TE materials, like half-Heusler
alloys, tellurides, silicides, selenides, or Zintl phases,l_17 p- and
n-type skutterudites have been proven to have excellent high

Thermoelectricity is a simple and green technology for the
direct conversion of heat (i.e, any exhaust heat, geothermal,
solar heat, or even body heat) into electricity, and vice versa.
For such a thermoelectric (TE) device (i.e, a TE generator),
p- and n-type legs are needed, which are connected thermally
in parallel and electrically in series. The quality of a TE
material is judged by the dimensionless figure of merit ZT =

S*T/p), where S is the Seebeck coefficient, T is the absolute ZT values and efficiencies, "~ but still it is the goal of
temperature, p is the electrical resistivity, and A is the thermal researchers to further improve them. One among various
conductivity, consisting of the lattice and carrier conductivity pos'sibi'lities to further enhance ZT and 7 is to.decrease‘the
(4 = Ay + A), as well as by the so-called thermal—electric grain 51ze'and 1gtroduce defects and other crystal 1mperfec.t10ns
conversion efficiency such as dislocations to enhance phonon boundary scattering at

interfaces and consequently to reduce the lattice thermal

T, — T, {1+ (ZT), =1

n= i et hiresacs
T, 1+ (ZT)a + % ) Received: February 8, 2021

h Accepted: March 15, 2021
Published: April 28, 2021

including the Carnot efficiency, where T, and T, are the
temperatures on the hot and cold sides of a TE generator,
respectively, and (ZT), is the average ZT over the temperature
range applied. Therefore, an ideal TE material should
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conductivity ﬂph.w—sz This can be achieved by applying severe

plastic deformation (SPD) via high-pressure torsion (HPT).
With this technique severe torsional strain, increasing along the
disc radius, is introduced, resulting not only in ultrafine or even
nanocrystalline materials but also in a high density of crystal
lattice defects, especially dislocations and grain boundaries
with high angles of misorientation (ref 33 and references
therein). The authors recently published an overview of the
effects of SPD on the TE performance of skutterudites and
Heusler and half-Heusler alloys, as well as of Bi-tellurides.**

In the case of ball-milled (BM) and hot-pressed (HP)
unﬁlled,35’36 single—,37 double-, and multifilled*****° Sb-based
skutterudites, after optimizing the processing parameters,”' the
authors could substantially enhance ZT (p-type: to ZT of
1.5 n-type: to ZT of almost 2*°) due to a significantly
reduced thermal conductivity after HPT; however, the
electrical resistivity was higher, and the Seebeck coefficient
remained almost unchanged.

With the knowledge of the proper processing parameters
(optimized number of revolutions, applied pressure, and
processing temperature) of our previous invoe,stigations,ss_42
we tried as a further step to consolidate directly and plastically
deform (HPT process) commercial p-type, DD ;Fe;CoSb,,
and n-type, (Sm,Mm),,5Co,Sby,, skutterudite powder from
cold-pressed (CP) powder pellets with a diameter of 10 mm
and a thickness of less than 1 mm. ZTs ~ 1.3 at 783 K and ZT
~ 1.44 at 823 K, respectively, were achieved."”** This method
is time- and energy-saving, because ball milling and hot-
pressing can be avoided, and the whole preparation method
takes less than half an hour; however, for commercial use, these
discs are rather small.

Recently, upscaling of HPT devices already allowed us to
prepare n-type (Sm,Mm),,4,C0,Sb;, skutterudite samples with
a diameter of 30 mm and heights of about 1 mm and 8 mm
starting from commercial powder. Depending on the shear
strain introduced, that is, the position of the measured
specimen in the large HPT disc, ZTs between 0.9 and ~2.1
were achieved for the samples with a 1 mm thickness.” As a
first success, a big sample with a thickness of 8 mm and a mass
of ~53 g was HPT-consolidated, revealing an almost
homogeneous shear strain and ZTs between 1 and 1.4,46
leading to the current work, that is, transferring this knowledge
to p-type skutterudites.

For the present investigation, the HPT process is employed
at 300 °C on p-type skutterudite powder, DD, ,Fe;CoSb,,, to
produce for the first time large samples with a 30 mm diameter
and thicknesses of about 1 and 8 mm. As HPT-processed
samples inherently contain a gradient of the applied shear
strain along the disc radius, all measurements need to be
performed position-sensitive to reveal the influence of strain.
Thus, because of the large radius of the samples, the larger
strain gradient in the case of thin samples allowed studying the
influence of shear strain on various properties measured, and
comparing the strain—physical property behavior with that of
the n-type skutterudite. In contrast to the thin samples, the
marginal strain gradient in the case of thick HPT discs was
utilized to compare the properties of specimens cut parallel
and perpendicular to the rotation axis. It appears that ZTs are
all higher than the ZT of the HP reference sample.

Transmission electron microscopy (TEM), as well as X-ray
powder diffraction (XRD) profile analyses, synchrotron
measurements, positron annihilation spectroscopy, and Hall
measurements, complemented our investigation. In addition,
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hardness and thermal expansion measurements were per-
formed and discussed.

2. EXPERIMENTAL SECTION

A total of five samples, s1, s2, s3, and s4, as well as the reference
sample (referred to as HP), were prepared from the same batch of
commercially sythesized p-type skutterudite powder (Treibacher
Industry AG, Austria) with the nominal composition DD, ;Fe;CoSb,,
(DD stands for didymium, a natural rare earth double filler consisting
of ~95% of Nd and ~5% of Pr). About 50% of the particles of the
starting powder were smaller than 11 ym and 90% smaller than 27
pum. The reference sample, HP, prepared from S g of the powder, was
hot-pressed (equipment: HP W 200/250 2200-200-KS) under an Ar
atmosphere at a temperature of 700 °C and a pressure of 56 MPa.
The samples sl to s4 were directly consolidated in a custom-built
HPT device (Klement, Austria) at the Erich Schmid Institute in
Leoben, Austria, using anvils with a diameter of 30 mm. An induction
heating system from IEW corporation, attached to the HPT device,
was used to heat the anvils and the powders to the desired
temperature. To avoid loss of any powder, it was filled to top of a
copper ring (hollow cylinder, wall-thickness 1 mm) as shown in
Figure la, which was placed on the lower anvil (for the mass of

=
, (d)

(a) anvil + Cu-ring + powder
(b) compacted disk (h = 1mm)
(c) compacted disk (h = 8 mm)
(d) Cu- ring before + after
compression :

Figure 1. (a) Anvil plus copper ring, filled with powder, (b) sample s2
after HPT, (c) large sample s4 after HPT, and (d) copper ring with a
2 mm height before and after compression.

powder and dimensions of the respective ring, see Table 1). During
prepressing under a nominal pressure of S GPa, the copper ring broke
and fell off (see Figure 1d). Subsequently, the sample was heated to a
processing temperature of 300 °C. Once the temperature was reached,
the sample was kept for about 15 min at this temperature prior to
deformation. HPT deformation was conducted under a nominal
pressure of 5 GPa at a rotational speed of 0.2 rpm for five revolutions,
that is, the entire preparation process was performed in less than S0
min.

For sample s1, a copper ring with a diameter of 30 mm and a height
of only 2 mm was used. Due to the smaller amount of powder, the
anvils came into contact with each other after 0.13 revolutions and the
deformation process was stopped. Samples s2 (Figure 1b) and s3 were
prepared with a higher (3 mm) copper ring and processing for five
turns was successful (Table 1). For sample s4 (Figure la,c), one
revolution was applied. As we already knew from the n-type material
that the ZTs in the big sample with a height of 8 mm are almost alike,
we wanted to save even more preparation time and energy by
applying one revolution only and find out, how this low shear strain
influences the respective properties.

All XRD data were collected using a Huber Guinier powder camera
with an image plate recording system and monochromatic Cu Ko,
radiation (4 = 0.154056 nm). Lattice parameters were calculated by

https://doi.org/10.1021/acsaem.1c00409
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Table 1. Samples (s1, s2, s3, and s4); Height of the Copper Ring, h¢,, in mm; Height of the Processed Sample, h,, in mm; Mass

of the Sample, m,, in g; Number of Revolutions, n,; Relative Density of the Whole Sample after Compaction, d,

oy in % (Error:

1%); Maximum Shear Strain, ¥,,,,; and Shear Strain (Error: about 5%) in the Center of the Specimen Depending on the
Specimen’s Position, y;, I = A, B, C, D, a, b, ¢, d (for Details, See Figure 2)“

sample hea hy mq n, D, Vimax VA
sl 2.0 1.09 5.94 0.13 99.2 11 1.5
s2 3.0 1.27 6.93 S 98.4 370
s3 3.0 1.25 6.82 S 98.4 377 NU
s4| 16 8.0 55.04 1 96.4 11.8 34
s4= 16 8.0 55.04 1 96.4 11.8 3.4

7B Yc D Ya 14 Ve Va
6.7 6.7
223 49
138 226 314 138 226 314
5.4 6.7 8.8 34 5.4 6.7 8.8
3.1 S$.3 7.8 3.1 5.3 7.8

“All copper rings had an inner diameter of 30 mm; all samples were deformed with an applied pressure of S GPa at a rotational speed of 0.2 rpm at

a temperature T = 300 (+10 °C).

least-squares fits to the indexed 26 values, calibrated with respect to
Ge as internal standard (ag, = 0.565791 nm at room temperature)
using the program STRUKTUR;* these data were double-checked
employing a Rietveld refinement (program FULLPROF*), with
which also the filling levels in site 2a of the skutterudite structure were
determined.

Synchrotron radiation powder diffraction (SXRD) data were
collected at the Taiwan Photon Source beam line (NSRRC,
BMO9A, A = 0.61963 nm) at the National Synchrotron Radiation
Research Center employing an ID IU22 crystal monochromator
DCM with Si(111), an APD scintillation counter, a photodiode,
PILATUS 200K, and a MYTHEN 24K, multicrystal analyzer.
Measurements were performed with increasing temperature from 50
to 600 °C in steps of S0 °C. The XRD and synchrotron patterns were
used to evaluate the crystallite size and its distribution as well as the
dislocation density, applying the modified Williamson—Hall method
developed by Ungar et al,,* using the convolutional multiple whole
profilg-fsi;ting algorithm (CMWP). For details on these methods, see
refs.” >

Scanning electron microscopy (SEM) investigations on samples,
broken to get a rough surface, were performed with a Tescan LYRA 3
XMU FEG/SEMXFIB instrument operated at 20 kV. A focused ion
beam (FIB) workstation was used to prepare electron transparent thin
lamellae of the samples from fracture surfaces. These lamellae were
studied using a transmission electron microscope (Philips CM12
STEM, thermo-emission source 120 kV) and high-resolution
transmission electron microscope (JEOL JEM-2100F, with a FEG
and an accelerating voltage of 200 kV). The total length of dislocation
segments visible in the TEM micrograph was measured either directly
or by the line intersection method (LIM) and divided by the observed
volume, for which the foil thickness was estimated as 30 nm. The LIM
was applied to calculate the dislocation density.

For positron lifetime experiments, the samples were measured with
a standard digital spectrometer with a time resolution of 250 ps (full
width at half-maximum), using a **Na positron source wrapped in a 3
um aluminum foil. 2 X 10° counts were collected in the lifetime
spectrum for each of the samples studied. The aluminum foil caused a
source correction of 210 ps (14.6% intensity) and the 1500 ps
positronium correction varied between 0.0 and 0.12% (for more
information, see ref 53).

The density, d,, of the HP sample and the HPT-deformed samples
sl—s4 as well as of various specimens cut from these samples was
quantified using Archimedes’ principle (error < 1%). The relative
density, d, = (d,,/dyx) X 100 (in %), was calculated with d,, and with
the X-ray density, dy = (ZM)/(NV), where M is the molar mass, Z is
the number of formula units per cell, N is Loschmidt’s number, and V'
is the volume of the unit cell (see Table 1).

For measuring physical properties, the samples had to be cut into
prisms (about 1 X 2 X 8 mm®) for the measurement of the electrical
resistivity and the Seebeck coefficient and into discs (about 1 mm
height, 6 mm diameter) for measuring the thermal conductivity. The
prisms and discs, used for measuring the transport properties, were
cut from various places of the respective HPT disc. Specimens, cut for
electrical resistivity and Seebeck measurements, are labeled as A, B, C,
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and D, depending on their position in the sample. Similarly, small
letters a, b, ¢, and d are used for the specimens for thermal
conductivity measurements (see insets in Figure 2). It should be

sample s1 0.13 rev.
sample s2 5rev.
FY =———- sample s3 5 rev. T
300 _— ——— sample s4 1 rev. __
L ABCD 4
- ol Q\Y 3
z \
‘s 200 - \ ]
£ &’ i
® =
8 L ©s1-s3
K- L
(]
100
L R
I [s1-s3 |+
0 T T 1 T !
15 10 5 5 10 15

0
radius [mm]

Figure 2. Shear strain of samples s1—s4 versus sample’s radius for
DD, ,Fe;CoSb,,. Insets: sketches of the processed discs (s1—s3) and
slices (s4) with positions of the cut cuboids (A—D) and small discs
(a—d).

noted that the positions of the specimens, shown in Figure 2, are only
sketches and, therefore, are not completely true to scale. To avoid
annihilation of any defects, the sample cutting and preparation were
performed at room temperature, using superglue on the respective
metal support for cutting.

As the shear strain, y = (2zzn,r) /h (n, is the number of revolutions, r
is the radius, and h is the thickness of the sample), increases from the
center to the rim (Figure 2), the shear strain of each extracted
specimen (i.e., discs and prisms) needs to be calculated individually.
To arrive at reliable ZT values, it was ensured that the shear strain at
the center of each cuboid matches with the shear strain at the center
of the respective disc, which emphasizes that specimens with
corresponding applied shear strain were paired, for example, A with
a, B with b, and so on.

Due to fine cracks forming especially in the highly strained rim
area, it was not always easy to prepare a crack-free prism and a disc-
shaped specimen, both matching the same shear strain.

For measurements of electrical resistivity, p, and Seebeck
coefficient, S, in the range of RT to 823 K, a ZEM-3 equipment
(ULVAC-Riko, Japan) was employed (for details, see ref 23). These
measurements were carried out twice, each time upon increasing and
decreasing the temperature, but as it turned out that the second
measurement was practically identical to the first one, the data of the
second run are not shown here. Besides, to confirm our data, for a
selected specimen (C of sample s2), p and S were measured in the
temperature range of 373 to 773 K using a LINSEIS LSR-3 system in
the Thermoelectric Materials and Devices Laboratory, Department of

https://doi.org/10.1021/acsaem.1c00409
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Physics, of the Indian Institute of Science. For the measurement of the
thermal conductivity, 4, a flash method (Flashline 300, ANTER,
USA) was used, and measurements were performed at least twice with
increasing temperature as discussed in ref 23. The temperature-
dependent Lorenz number was calculated as proposed by Kim et al.>*
and served to derive A, which was applied to calculate the phonon
part of the thermal conductivity, 4., using 4 = 4. + A, These
measurements usually exhibit errors of about 5% (p and SS and 8%
(). For the Hall measurement, a thin piece of about 0.4 mm
thickness was contacted with four copper wires, which were
connected with a Van-der-Pauw equipment, recently built and tested
at TU Wien, Austria. The measurement was performed under a
pressure of 5.4 X 107° mbar at temperatures from 297.5-520 K,
applying magnetic fields from 0—10 T.

A microhardness tester, AD PAAR-MHT-4, mounted within a
Zeiss Axioplan optical microscope was used to measure the static
hardness on the surface of polished samples. Vickers hardness values
were calculated according to HV = 1.891 F/(2/)* (F = 1 N s the load
and 2/ is the diagonal length of the indent). To get a constant average
value and the respective error bar, at least 10 indents were collected.

The LINSEIS L75 Platinum Series equipment was applied to
determine the thermal expansion from RT to 550 °C of s4 and the
HP reference samples. These experimentally gained thermal
expansion coefficients were compared with those evaluated from the
change of the lattice parameter derived from synchrotron measure-
ments.

In order to guide the reader easily through the text, the following
terminology was applied: “sxpy”, where s stands for sample, x gives the
number of the sample, p the position of the measured specimen (A—
D and a—d, see the inset in Figure 2), and y the number of the
measurement run. Throughout the manuscript, in all figures, the
reference HP sample is depicted with open symbols, the thermally
stable (i.e., already annealed) samples with filled symbols.

3. RESULTS AND DISCUSSION

The shear strain was calculated for all specimens from the
center of the sample (disc) to the center of the prism or little
disc (Table 1). The specimens themselves are not perfectly
homogeneous with respect to shear strain, but for samples s2
and s3, the shear strain hardly varies along the specimens’
length or width (A—D) or along the diameter (a—d) (see
Figure 2). As sample s1 was processed with 0.13 revolutions
only and sample s4 has a height of 8 mm, the shear strain for
these two samples was very low (see Figure 2 and Table 1).
Therefore, one has not to worry about any strain
inhomogeneity within the extracted specimens.

3.1. Microstructural Properties and Density. The
normalized XRD profiles of DD, ,Fe;CoSb;, as powder, HP,
and HPT-compressed, showed minor amounts of secondary
phases (<2 vol %); however, all half-widths of the HPT-
processed samples are broader in comparison to the powder or
the HP profile [Figure 3, enlarged peak (321)]. This peak
broadening originates from the smaller grain sizes as well as
from various defects, for example, dislocations, introduced
during processing. Also, the peak broadening increases slightly
from the center (specimen A) to the rim (specimen D), as the
shear strain radially increases (see also Figure 2). Measure-
ment-induced heating from room temperature to 823 K infers
grain growth and annealing out of defects and as a
consequence reduces the half widths slightly, though they
still remain broader than those of the HP sample (Figure 3).
From synchrotron radiation patterns (Figure 4), one can see
that with increasing temperature the peak maxima are shifted
to lower 26 values and the peaks become slimmer, indicating
growing lattice parameters and grain growth, respectively.
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Figure 3. X-ray profile of DD, ,Fe;CoSb;, (HP and from sample s2
specimens A to D): peak (321) enlarged. Inset: lattice parameters of
the starting powder, HP, and A to D of s2.
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Figure 4. Synchrotron profiles of DD, ,Fe;CoSby, (s2A). Left panel:
profiles for T = 50° C (323 K) to T = 600° C (873 K); right panel:
peak (321) enlarged.

These features are especially well to be seen at the enlarged
(321) peak (the right panel in Figure 4).

The filling level, y, of the reference sample, as well as of the
HPT-processed samples, hardly changed and stayed at y ~ 0.7
(values derived from Rietveld refinement).

Due to severe strains applied, in some parts of the HPT
discs, large cracks are obvious. Figure S displays the SEM
images of fracture surfaces of samples sl and s2, each of them
taken at two different magnifications. In all cases, after
annealing, the surface does not look as rough as before
annealing; in addition, bigger grains are visible. Comparing the
two annealed samples s1 and s2, one finds smaller grains in the
case of s2. Also, the rim piece of s2 exhibits smaller grains than
the center piece and overall, a more homogeneous structure, in
line with the significantly larger shear strains applied.

Figure 6 gives detailed insights into the structure of the
samples. The center part of sample sl displays a heavily
deformed microstructure with subgrains from 10 nm to several
hundreds of nanometers, bigger sheared grains as well as cracks
and dislocation walls. After annealing, the dislocation density at
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Figure S. SEM images of fractured surfaces DD, ,;Fe;CoSb,, from samples sl and s2 before and after annealing.

Figure 6. TEM images of samples s1 and s2 of DD, ,Fe;CoSb,, taken
near the center and at the edge of the HPT disc before and after
annealing.

the center is nonuniform and lower. The annealed rim piece
shows a partially recrystallized microstructure; there are
regions with grown equiaxed grains free of dislocations next

4835

to nonrecrystallized areas with dislocations, which are not
completely annealed out; therefore, the dislocation density is
nonuniform.

The lattice parameter (Figure 7a) of the HP sample is
slightly smaller than that of the powder and, taking the error
bars into account, the lattice parameters of samples sl to s4 are
in the same range, though those of samples s2, s3, and s4 can
be considered as slightly higher. The lattice parameters of the
HPT samples are slightly smaller at the center than at the rim,
which was confirmed with the evaluation of the lattice
parameters of specimens A to D of sample s2 (inset in Figure
3). Generally, a small decrease occurs after annealing. It is easy
to conceive that hot-pressing removes some of the defects and
dislocations in the ball-milled starting powder, thereby
reducing the lattice parameter. In contrast, a rising shear
strain increases the defect level again and with it the lattice
parameter.

The relative density (Figure 7b), due to fine mini cracks and
voids, is lower for HPT-consolidated samples than for the HP
reference sample, in line with earlier findings.”"**~*° Although
the difference is marginal, the relative density is higher in the
center of the samples than in the rim area due to more voids
forming with higher shear strains. Heat treatments cause a
slight densification. We observed such a behavior already in
former investigations on smaller skutterudite speci-
mens, 04143—46,5

For all samples, the dislocation density does not differ much
among the various samples (Figure 7c). The dislocation
density of the HP powder is more or less in the same range as
the dislocation density in the center of the HPT-deformed
samples. This relates to the fact that the plastic deformation at
the center is theoretically zero, practically very low (extension

https://doi.org/10.1021/acsaem.1c00409
ACS Appl. Energy Mater. 2021, 4, 4831-4844


https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00409?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c00409?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Energy Materials

www.acsaem.org

E (a) DD,Fe,CoSb,,
= 09112 | 3
2 - ]
oo |
§ 0.9108 . 3
g L ]
o 09104 | 3
2 - ]
= r ]
= 100 |(b) % E
X eof % ]
£ E E
® 98| =

S H @ center ©(LIM) X (SXRD) E

T 97 { ®center ann. & (LIM) X (SXRD) B
T [ rim < (LIM) ]

=~ 96 f{{Hrimann. & (LIM) :

E 16[© % 1
° 12} :
[N F 3]

o 8F + ]

5 F T ]
Pde oty ot
E o ]

T 0L e
70 F(d) E

E 6 F 0 {) ]
8 50 3 ;
o f E
1’4 r ]

S 30f ® e 9
20 r ]

powder HP s1 s2 s3 s4

Figure 7. DD, ,Fe;CoSb,, as powder, HP, and HPT samples s1—s4,
at room temperature, from top to bottom: (a) lattice parameter, a, (b)
relative density, d,,, (c) dislocation density, d, and (d) crystallite size,
cs.

of the sample); however, the results from the outer rim of the
sample are considerably higher by a factor of almost 3.
Annealing slightly reduces the dislocation density, as shown for
samples sl, s2, and s4.

Besides gaining the dislocation density from XRD as well as
from SXRD (s2) patterns via the profile-fitting algorithm
CMWP, for selected pieces, it was also calculated by the LIM
from the TEM images. Figure 7c documents that generally
both results are in a good agreement, although for sample s1
with LIM the dislocation density is higher than with the
profile-fitting algorithm. The reason could be that for the LIM
calculation a spot was selected, which was slightly oft the
center of the sample.

Naturally, the starting powder exhibits the largest crystallite
size (Figure 7d) because of the enormous grain refinement,
achieved by HPT; however, among the HPT samples,
crystallite sizes do not differ much. Annealing induces grain
growth, but even though, the crystallite sizes are still smaller
than those of the HP reference sample and the powder.

Exemplarily for a center piece of sample s2, the SXRD data
were evaluated by applying the Williamson—Hall method to
gain the dislocation density and crystallite size for each
measured temperature point (Figure 8). Whereas the
dislocation density decreases almost linearly with increasing
temperature, the crystallite size shows a stronger growth
between 500 and 700 K before more or less balancing out
above 700 K. The thus-obtained data are in good agreement
with those extracted from the XRD patterns (compare Figures
7 and 8).
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Figure 8. DD, Fe;CoSb,,, sample s2 center: dislocation density
(upper panel) and crystallite size (lower panel) in dependence of
temperature.

3.2. Temperature-Dependent Transport Properties.
Specimens for physical property measurements were deliber-
ately cut from different positions of a sample, as the radius-
dependent shear strain strongly affects the micro- and defect
structure. A comparison of sample sl, subjected to only 0.13
revolutions, with the other 1 mm thick samples allows
understanding the influence of the number of rotations on
the physical properties. Samples s2 and s3 served to investigate
the influence of the radial increase of shear strain from the
center to the rim. As expected, due to almost the same shear
strain applied (Table 1), these two samples can be treated as
equal with respect to their thermal transport properties: the
temperature-dependent electrical resistivity p(T) and Seebeck
coefficient S(T) of s2C and s3C are the same within the error
bar (see Figure S1 in Supporting Information). In addition,
one can see that a second measurement with increasing and
decreasing temperatures, performed with a different equipment
in a different lab, confirms not only thermal stability after the
first run, but also the accuracy of the original measurement.

The 8 mm thick sample, s4, allowed studying the differences
in the physical properties along two directions: parallel and
perpendicular to the HPT rotation axis.

3.2.1. Samples s1, s2, and s3. Although specimens s1C and
s2C were cut from the same position in the two samples, one
must consider that the shear strain of s2C is 33 times higher
than that of s1C, which explains the quite different TE
behavior.

The electrical resistivity, p(T) (Figure 9a), of all four
specimens of s2 is generally higher than p(T) of the HP
sample. In addition, the higher is the shear strain, the higher is
p(T), that is p(T) of specimen D is about six times higher than
that of specimen A. Generally, the p(T) curve exhibits the
same temperature dependence for all measured specimens,
independent of the radial position (A to D). During heating
(curves labeled with index 1), p(T) increases with increasing
temperature, showing a metal-like behavior, with an anomaly
between 520 and 620 K, followed by a further very slight
increase. This anomaly occurs at higher temperatures for
higher shear strains. Such anomalies were also found for the
small CP+HPT-processed p-type skutterudites™** as well as
for the HP+HPT samples [e.g, ref?”*%**] and can be
explained with the annealing out of defects, mainly holes. As
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Figure 9. DD, ;Fe;CoSb,,: (a) electrical resistivity, p [inset: p(T) of s1A1 and s1A2], (b) Seebeck coefficient, S (inset: power factor, pf), (c)
thermal conductivity, 4, lattice thermal conductivity (small symbols), phonon part (4,,), and electronic part of the thermal conductivity, 4, (lines
without symbols), and (d) ZT versus temperature, T, of samples sl, s2, and s3 in comparison to the HP sample and in the case of ZT in
comparison to a CP+HPT sample ([a] = [43]) and of a HP+HPT sample ([b] = [40]) from earlier works of the authors.

shown in Figure 8, this is the temperature range of strong grain
growth. In this context, it is worth mentioning that this
anomaly of p(T) usually occurs at the same temperature at
which in the case of thermal exg)ansion measurements, a
significant contraction takes place.’
For decreasing temperature, p(T) of specimens B2, C2, and
D2 (2 indicating the cooling cycle) does not show any
anomalies. The p(T) values are higher than those of the HP
reference sample and decrease with decreasing temperature.
Specimen A2 shows a slight anomaly between 650 and 850 K
with resistivity values in the range of the HP sample.
Although the shear strain on specimen s1C is lower than on
all specimens of s2 (Table 1), the electrical resistivity is the
highest with a prominent hysteresis of p(T) between the values
measured for increasing and decreasing temperatures. The
shape of the p(T) curve for heating is the same as for the HP
+HPT-processed samples,”” that is p(T) increases with
increasing temperature and after a plateau-like maximum,
p(T) decreases, proving that the structure of this sample is
typical for a HP+HPT sample. The grains seem not to be fused
initially as well as in samples s2 or s3, thus causing such a high
electrical resistivity in s1C; during the first heating, they fuse at
around 600 K in parallel with annealing out of defects and
holes. Specimen s1A was cut from the center part of sample s1,
where the shear strain is almost zero (see Figure 2, Table 1).
As depicted in the inset of Figure 9a, specimen slA has an
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extremely high electrical resistivity with a maximum at 520 K
and a change from metallic to semiconducting-like behavior.
This specimen is excluded from the further physical property
discussion, as due to the low strain, the grains in this specimen
seem not to be fused together.

HPT processing has hardly any influence on the Seebeck
coefficient (Figure 9b). Thus, all temperature-dependent
Seebeck values, independent of the applied shear strain, are
very close to each other, though the HP sample exhibits a little
bit higher values above 550 K.

With the equation proposed by Goldsmid and Sharp®”

Smax = Eg/(ZeTmax) 2)
where e is the elementary charge and T, is the absolute
temperature at which S, occurs, the energy gap E, of the
electronic density of states in the proximity of the Fermi
energy Ep was calculated. As S, and Ty, are about the same,
similar energy gaps for all thermally stable specimens can be
calculated. For sample s2, this yields E; ~ 245 meV, while
being slightly higher for s1C (Eg ~ 265 meV). All these values
are in good agreement with those of the small CP- and HPT-
compacted (CP+HPT) samples of our previous study,” with
energy gaps in the range of 237—274 meV.

Figure 10 shows the charge carrier density (left panel) and
the Hall mobility (right panel) for two selected specimens, one
from the center area of sample s3 and one of sample s4 (piece
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Figure 10. DD, ,Fe;CoSb,: charge carrier density, n (left panel), and
mobility, y (right panel), as a function of temperature, T, of samples
s3 center and s4 = C.

C, see Figure 2). The values obtained (for evaluation details,
see the text and Figure S2 in the Supporting Information) do
not differ much. While the number of charge carriers in the
range of 300—500 K increases with increasing temperature,
their mobility decreases. The charge carrier density of s3 is
slightly lower than that of s4 (e.g,, at room temperature n = 1.8
X 10*' cm™ for s3 and n = 2.0 X 10*! cm™ for s4) in
accordance with a slightly higher Seebeck coeflicient, and is in
the range of the small CP+HPT sample.*’ Although there is a
slight difference in the charge carrier density for samples s3
and s4 in the temperature range of 300—500 K, due to different
resistivities, the mobility is almost alike, with a decrease from u
~ 2.8 cm?/Vs to u~13 cm?/Vs in this temperature range.
Due to a lower electrical resistivity, the mobility for the HP
sample is slightly higher.

As the slopes of all S(T) curves are almost alike and linear in
the temperature range below 500 K, as a cross-check, the
charge carrier concentration can be estimated from Mott’s
formula assuming that the effective electron mass m*
corresponds to the free electron mass

with kg being the Boltzmann constant and 7 the reduced
Planck’s constant. In the range of 300—500 K, this estimation
yields n ~ 2.7 X 10*! cm™, confirming the Hall data given
above.

The power factor for all samples is shown in the inset of
Figure 9b. All values are close to those of the HP reference
sample, and due to almost the same Seebeck coeflicient for all
samples, the power factor is mainly governed by the electrical
resistivity, that is the lower the electrical resistivity, the higher
the power factor; therefore, the highest values are reached for
the HP sample with 2.8 mW/mK? at 708 K. Among the HPT-
consolidated samples, s2A2 with 2.6 mW/ mK? at 756 K shows
the highest value, reaching almost the one of the HP sample.

The temperature-dependent thermal conductivity with its
electronic and phonon part is displayed in Figure 9c. Whereas
A increases with increasing temperature, A, consequently
decreases. The electrical resistivity generally increases from the
center toward the rim, due to finer grains and an enhanced
defect density, for the thermal conductivity, it is the opposite,
decreasing with increasing shear strain, and within the
measured range, 4 is almost temperature-independent. For all
specimens, the 4 values are lower than those of the HP sample,
which also applies to the lattice thermal conductivity. Due to
grain growth, the values for the annealed specimens are slightly
higher.

The temperature-dependent ZTs of the HP- and the HPT-
processed samples as well as data from earlier findings of the
authors*”* are depicted in Figure 9d. The thermally stable
specimen C of sample s1 exhibits a ZT of almost 1.3 at 773 K,
which is slightly higher than ZT = 1.2 of the HP sample at 810
K. This result shows that heating the powder to 300 °C under
a pressure of S GPa for 15 min can already produce materials
with at least the same ZT as after time- and energy-consuming
hot-pressing (at $6 MPa). All ZTs of samples s2 and s3 are in
the same range with ZT's around 1.3 reaching almost 1.4 at 773
K. ZT values do not vary much as a function of the shear strain
because at an almost constant Seebeck coefficient, resistivities
increase from the center to the rim but are balanced out by
concomitantly decreasing thermal conductivities. This finding
that ZT for all four p-type specimens does not vary too much is
new; it is in contrast to the n-tzrpe skutterudites investigated in
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Figure 11. DD;Fe;CoSb,,: electrical resistivity, p, versus temperature, T, of sample s4= (left panel) and of sample s4|| (right panel).
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addition, this may be taken as a confirmation that s2 and s3
with respect to physical properties can be treated as equal. All
these ZT values are excellent for p-type skutterudites and are
higher than that of the HP sample; furthermore, they are in the
same range as those of the CP+HPT and the HP+HPT
samples. The thermal—electric conversion efliciency, calculated
with eq 1, is about #43_gy3x = 13.8% for the HP sample and
s1C2, for all other HPT samples, 74,3 g3 = 14.4—14.7% (for
details, see Figure 13, Section 3.2.3.).
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Figure 12. DD, ;Fe;CoSby,: ZT versus temperature, T, of sample s4=
(left panel) and of sample s4|| (right panel).

3.2.2. Sample s4. Sample s4 is 8 mm thick with a mass of
~53 g. Due to the thickness and the fact that s4 was HPT-
consolidated within one turn, the variation of shear strain
across the sample is low, allowing us to focus on the directional
dependence of the TE properties. Accordingly, sample s4 was
cut into slices perpendicular (s4=) and parallel (s4]|) to the
rotation axis, as shown in Figure 2.

Comparing the temperature-dependent behavior of the
electrical resistivity (Figure 11) of specimens cut from these
different sets of slices, one can immediately see that the shape
of the respective p(T) curves for the first measurement with
increasing temperature is different for the specimens cut
perpendicular and parallel to the rotational axis. Although the
shear strain within the sample does not change much, it has an
influence on the electrical resistivity.

All specimens from s4= (Figure 11, left panel) exhibit p(T)-
curves similar to those of the thin samples, with the electrical
resistivity increasing with increasing temperature till a
maximum is reached, before decreasing at higher temperatures.
This maximum is slightly shifted with increasing shear strain
from 500 to 650 K, which means that for higher shear strain
(s4=D) more defects, especially holes, are introduced, and the
grains are smaller, and therefore it takes a higher temperature
to anneal most of the defects out. In addition, p(T) is shear-
strain-dependent, increasing toward the rim of the HPT
sample. For the first measurement with decreasing temperature
and further measurements with heating and cooling (not
shown), the p(T)-behavior is metal-like with curves almost in
parallel to the HP p(T) curve, though shifted to higher values.

Comparing these observations with the p(T) curves of s4]|,
one can see (Figure 11, right panel) that during the first
heating cycle, all specimens, except A, exhibit a maximum
already at about 370 K and show a second slight anomaly
between 500 and 600 K. In this context, it must be noted that
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Figure 13. DD, ,Fe;CoSb,,, samples s1, s2, s3, HP, HP+HPT, and
CP+HPT: average values (423—823K) from top to bottom of
electrical resistivity, Seebeck coefficient, power factor, thermal
conductivity, and lattice thermal conductivity (smaller symbols),
ZT, and, in addition, ZT,,,,, at 810 K (big symbols) and efficiency in
dependence of shear strain. Note: all values are from the thermally
stable measurements, the symbol X represents s2C4, measured with a
different equipment. The lines are guides to the eye.

the shear strain of all specimens of s4= can be considered as
homogeneous, whereas for the specimens of s4||, there is a
gradient of shear strain within each specimen (see Figure 2).
Obviously, because of the shear-inhomogeneity of these
specimens, some of the introduced defects already annihilate
at around 370 K while heating the specimen during the
measurement. Still, higher temperatures are needed to anneal
out almost all of them. For the cooling cycle, the p(T) curves
hardly differ from those of s4= in shape, but values are slightly
lower.
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For all specimens of s4= and s4||, the shape of all
temperature-dependent Seebeck curves (displayed in Figure
S3 of the Supporting Information) looks practically alike and is
the same as for samples sl, s2, and s3 and in the range of or
only slightly lower for the HPT-compacted sample compared
to the HP one. The heating and cooling curves are almost
identical.

The energy gap values, calculated with eq 2, do not vary
much and are in the range of E, ~ 250 meV, not differing
much from that of the thin sample s2. The charge carrier
density obtained from the calculation with eq 3 yields n ~ 2.8
X 10*' cm™ for all specimens; the average charge carrier
mobility, calculated with equation p = 1/(pne), gives u ~ 2.1
cm?/Vs, data, which are in good agreement with those gained
via Hall measurements performed for specimen C of s4=,
shown in Figure 10.

The power factor, displayed in the inset of Figure S3 of
Supporting Information, is generally lower for all specimens of
s4= and s4|| than that of the reference HP sample. As the
temperature-dependent power factors are governed mostly by
the electrical resistivity, they are closer to each other for
specimens A—D for s4= than for s4||. The highest power factor
of this series of all thermally stable specimens has A2 of s4||
with 2.8 mW/mK?* at 760 K, due to a very low electrical
resistivity.

Thermal conductivity is practically temperature independent
and lower than the thermal conductivity of the HP sample (see
Figure S4 in Supporting Information). Sample s4||a displays
the highest values, corresponding to the extremely low
electrical resistivity. All phonon contributions of the thermal
conductivity decrease with increasing temperature and reach
very low values.

Except for s4||A2a2 with values in the range of the HP
sample (ZT = 1.2 at 810 K), all other ZT values of the big
sample s4 exceed those of the HP sample and are in the range
of ZT = 1.3 above 800 K, independent of the position of the
measured specimen (Figure 12). The thermal—electric
conversion efficiency, #, reaches very good values with
Nirs—sioxk = 14.5 + 0.3%. As s4 seems to be more or less
homogeneous, with respect to ZT, it could be used to cut p-
legs for TE modules directly. Recently, the authors have
reported on the n-type counterpart, with ZTs in the same
range as that for a big sample like s4.*°

3.2.3. Comparison of TE Properties in Dependence of
Shear Strain. Figure 13 clearly documents the practically linear
dependence of the average values (T = 423—823 K) of the
thermal transport properties on the shear strain. In addition,
the highest ZT values and the efficiency (T = 423—823 K) are
depicted. Before discussing the data, the reader should be
reminded that sample s1 was HPT-processed with 0.13
revolutions only and contains a reduced gradient of shear
strain, compared to samples s2 and s3. Furthermore, in Figure
13, the data of the HP, the HP+HPT," and CP+HPT"
samples as well as of s3C2 and of s2C4, the latter measured in
another laboratory, are added for comparison.

For the four specimens of sample s2 (see Figure 13), the
electrical resistivity increases with increasing shear strain from
the center to the rim and so does, but only to a minor and
practically negligible extent, the Seebeck coeflicient. In
contrast, the thermal conductivity as well as the lattice thermal
conductivity decrease with increasing shear strain. Both effects
arise from the fact that the grains become smaller and the
defect density becomes higher with increasing strain toward
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the rim. As the Seebeck coefficient of all HPT-alloys does not
change as a function of the shear strain and is within the error
bar alike the one for the HP reference sample, one can exclude
strong changes in the band structure and relative position of
the Fermi-level; impurity states may develop but are without
influence. Whereas the Seebeck values of all samples are very
close to each other, the resistivity values are spread over a
wider range. The power factor, usually mainly dependent on
the Seebeck coeflicient, is consequently in this investigation
mainly governed by the electrical resistivity and decreases with
increasing shear strain. Although the Seebeck value for sample
s1 is in the range of that of s2, the electrical resistivity, due to
lower density, is higher, resulting in a lower power factor.

It is important to point out that the data for specimen s3C2
perfectly agree with the results of the measurements of s2C2.
Also, the resistivity and Seebeck data of s2C4, the thermally
stable specimen, measured under different laboratory con-
ditions fit perfectly well. Comparing these data with those of
HP, CP+HPT,* and HP+HPT samples,40 one can see that the
data match quite well.

Thermal conductivity values of all HPT samples, independ-
ent of their production route, are lower than the thermal
conductivity of the HP sample. Thermal conductivities and
lattice thermal conductivities of all samples s2 and s3 decrease
slightly with increasing shear strain, as expected because of the
increasing resistivity. Sample s1 with the highest resistivity
exhibits the lowest thermal conductivity.

All ZTs and average ZTs of the HPT samples are higher
than those of the HP sample with ZT = 1.2 at 823 K. As lower
thermal conductivities balanced out higher electrical resistiv-
ities and the Seebeck coefhicients only changed negligibly, ZTs
are more or less the same. For all specimens of s2, ZT is higher
than 1.3, reaching almost 1.4, which is higher than ZT values
for s1 and the CP+HPT and HP+HPT (ZT ~ 1.3) samples.

All efficiencies of s2 and s3 are in the range of 7(453_gy31) ~
14.6%. For sample s4, due to a very low strain variance, all
average vales are very close to each other and, therefore, not
shown in Figure 13. However, due to higher electrical
resistivities, balanced out by low thermal conductivities and
an almost unchanged Seebeck coefficient, the average ZT is
rather homogeneous (ZT ~ 1).

Positron annihilation spectroscopy is particularly suitable for
studying vacancy-type defects in crystalline solids.”®> We
compared the positron lifetime measured in the HP sample
with those measured in samples HP+HPT and HP+HPT +
annealed. The results are summarized in Table 2. The positron
lifetime spectra could be decomposed to two exponential
components, of which the shorter was 280—290 ps,
dominating the spectra and the longer in the range 500—700
ps, with intensities in the range 1—6%. The average lifetime
that coincides with the center of mass of the lifetime spectrum

Table 2. Positron Annihilation Data: Compound, Average

Lifetime 7,,, in ps, 7, in ps, 7, in ps, and its Intensity I, in %
DD, ,Fe;CoSb, Tove 7 7, I

HP 288.0 £ 0.5 284 + 1 680 + 90 1.0 £ 04

HP+HPT 301.0 = 0.5 286 +2 540 + 30 57+ 1.0

HP+HPT annealed  300.5 + 0.5 292+1 720+40 21 +03

“The declared uncertainties represent the statistical accuracy
(standard deviation) of the experiment and fitting procedure of the
sum of exponential components.
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is the most accurate parameter that can be extracted from the
data, and it can be seen from Table 2 that it increases
significantly in the HPT process, but subsequent annealing
does not produce further changes. This increase is associated
with the increase of the intensity of the longer lifetime
component 7,, and as the grain size is reduced by HPT, it is
likely that this component represents the excess open volume
typically present at the grain boundaries in the polycrystalline
system. The shorter lifetime component, likely corresponding
to annihilations inside the grains, 7, does not change,
suggesting that the HPT process does not affect the atomic
scale structure of the crystallites. This lifetime of roughly 285
ps is too long to be associated with the “perfect” skutterudite
lattice, suggesting that the grains contain high concentrations
of vacancy-type defects. Interestingly, the thermal annealing
after the HPT-processing decreases the intensity (I,) of 7, and
increases somewhat the value of 7, even if the average lifetime
does not change. It suggests that positron annihilation at grain
boundaries is slightly reduced, and that the overall open
volume in the vacancy-type defects inside the grains increases.
This is likely due to their increasing density, hindering the
positron diffusion to the grain boundaries (and hence reducing
L). It is furthermore in line with the TEM data, showing that
the intragrain atomic scale structures (dislocations, clusters of
vacancies) evolve in the thermal treatment after HPT.

Long-term stability tests™® as well as recent studies with a
combination of thermal analysis and Knudsen effusion mass
spectroscopy prove the structure stability’” and give
confidence for a long-term use at a maximum temperature of
873 K for the HP, BM+HP, BM+HP+HPT, and CP+HPT
samples.

3.3. Mechanical Properties. 3.3.1. Hardness. Static
hardness, HVO0.1, was measured for the samples sl, s2, and
s4 with the results depicted in Figure 14. One should keep in
mind that a lower relative density results in lower hardness,*’
while smaller grain sizes, together with a higher defect density,
infer higher hardness values. Therefore, these two counter-
acting variables determine the hardness of the HPT-processed
samples. Generally, hardness of all HPT samples was found to
be higher than that of the HP sample. After annealing, all
samples are a bit harder, obviously related to the slight
densification.

Measurements for samples s1 could only be performed in
the rim area as the center part was not enough densified and
the indenter broke into the surface. Hardness of sample s4 is
rather homogeneous with respect to the shear strain and
measurements on various spots of the sample did not differ
much, exemplarily shown in the inset of Figure 14. The average
value of s4 with HV0.1,, = 600 (= 5.9 GPa) after annealing is
lower than that of sl with HV0.1,, = 695 (= 6.8 GPa);
however, sl has a higher relative density. For sample s2, with
an average relative density of 98.4% and a dislocation density
three times higher at the rim than in the center, hardness is
governed by grain refinement and the introduction of defects.
Thus, hardness strongly increases from the center toward the
rim [from HV0.1 = 555 (= 5.4 GPa) to HVO0.1 = 898 (= 8.8
GPa)].

3.3.2. Thermal Expansion. Thermal expansion A//I(T) was
measured for the HP reference sample and for s4= as well as
s4||, and the results for the HP sample and exemplarily for s4||
are shown in Figure 15. For the HP sample, all A//I(T) curves
were, within the error bar, alike for the first and second run as
well as for increasing and decreasing temperatures, therefore
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only one run is shown. The thermal expansion coefficient o
follows from a temperature derivative of the length change A//
I(T). For the HP sample, the thermal expansion coefficient is
temperature independent above 300 K with a309_g;ox = 10.86
X 107 K" In contrast to the HP sample, for the HPT
samples, s4|| and s4= (shown in Figure SS in the Supporting
Information), at least two heating cycles are needed for a stable
behavior. During the first heating, the sample s4|| expands
almost in the same way as the HP sample, but at above 600 K,
the temperature region where the electrical resistivity shows an
anomaly (due to annealing out of defects), the expansion
becomes much stronger, however, above about 700 K the
curve is again almost parallel to the one of the HP sample.
During the first cooling period, sample s4 contracts almost
linearly. The second run can already be considered as
thermally stable as confirmed by further runs. The thermal
expansion coefficient is derived as @t;po_gox = 10.85 X 1076
K™!, which is in the same order of magnitude as a of the HP
sample.

Rietveld refinements of the SXRD data of sample s2C1 and
of the CP+HPT (center) sample from our previous work™
were carried out in order to evaluate the lattice parameter a(T)
for each temperature step measured (room temperature to 873
K). The results are plotted in Figure 16. The calculated lattice
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Figure 16. DD, ,Fe;CoSb,: lattice parameter, a, versus temperature,
T, for samples s2C, CP+HPT, and HP. Inset: normalized lattice
parameter, a/asy  versus T.

parameters at room temperature from the XRD spectrum for
both samples, s2 and CP+HPT, agree well with the respective
synchrotron data. In addition, Figure 16 shows the temper-
ature-dependent lattice parameter data of the HP sample,
evaluated from the measured thermal expansion coeflicient and
the calculated lattice parameter from XRD at room temper-
ature. Generally, all three a(T) graphs increase linearly with
increasing temperature, with only minor differences in
magnitude. This almost identical behavior is confirmed by
the normalized lattice parameters a/asog, which nearly
coincide (Figure 16, inset), revealing upon heating from
room temperature to 873 K, an expansion of the lattice by
0.65% for s2 and the HP sample and by 0.63% for the CP
+HPT sample. The thermal expansion coefficient could be
extracted with average values of d49_grox = 10.65 X 1076 K™!
for s2 and ay99_grox = 10.39 X 107 K! for the CP+HPT
sample; both values are slightly lower than the thermal
expansion coefficient of the HP sample.

4. CONCLUSIONS

This paper demonstrates that SPD via HPT enables a
successful production of bulk samples of p-type skutterudites
(DD, ,Fe;CoSb,,) with a diameter of 30 mm and thicknesses
of 1 mm and 8 mm from commercial raw powder. On these
large samples, we studied in detail the influence of shear strain
on the structural, physical, and mechanical properties and
found in comparison to the HP sample, originating from the
same powder, that (i) the grains were refined accompanied by
an enhanced defect density, (ii) the relative density was lower,
(iii) the shear strain had almost no influence on the Seebeck
coefficient, and (iv) the thermal conductivity and the electrical
resistivity were strongly strain-dependent. Furthermore, we
observed that (v) the enhanced electrical resistivity was
overcompensated by a very low thermal conductivity resulting
in (vi) ZTs (with one exception, s1) in the range of ZT = 1.3
to almost 1.4 at 823 K for the thin sample and ZT ~ 1.3 for the
thick sample, and with (vii) efficiencies of about 14.5% in the
temperature range of 423—823 K (except sl with 7 = 13.9%).
It is important to point out that in all cases, ZT is higher than
that of the HP sample (ZT = 1.2 at 823 K).

Although the relative density is reduced, grain refinement
enhanced the hardness, which is higher for all HPT samples in
comparison to the HP reference sample, with hardness
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increasing from the center to the rim. The coeflicient of
thermal expansion for each of the investigated HPT samples is
in the same range as the one of the HP reference sample.

Together with the already existing high ZT n-type
counterpart,%‘46 this sustainable, energy-saving, cheap, and
fast method to produce large p-type bulk skutterudite samples
with high ZTs, which are thermally stable, is perfectly suited to
directly supply p- and n-legs for TE modules. A further
advantage is that it is possible to improve the compatibility and
contact problems as well as the recyclability with legs
fabricated from the same material family.
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