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A novel approach for optimization of the thermoelectric properties of p-type Heusler compounds with a C1, structure was
investigated. A successful recipe for achieving intrinsic phase separation in the n-type material based on the TiNiSn system is
isoelectronic partial substitution of Ti with its heavier homologues Zr and Hf. We applied this concept to the p-type system
MCoSbhg gSng 2 by a systematic investigation of samples with different compositions at the Ti position (M = Ti, Zr, Hf, Tip 5Zrg 5,
ZrosHfp 5, and TigsHfp5). We thus achieved an approximately 40% reduction of the thermal conductivity and a maximum
figure of merit ZT of 0.9 at 700 °C. This is a 80% improvement in peak ZT from 0.5 to 0.9 at 700 °C compared to the best
published value of an ingot p-type Half-Heusler compound. Thus far, comparable good thermoelectric p-type materials of
this structure type have only been realized by a nanostructuring process via ball milling of premelted ingot samples followed
by a rapid consolidation method, like hot pressing. The herein-presented simple arc-melting fabrication method reduces the
fabrication time as compared to this multi-step nanostructuring process. The high mechanical stability of the Heusler compounds
is favorable for the construction of thermoelectric modules. The Vickers hardness values are close to those of the n-type material,

leading to good co-processability of both materials.

1 Introduction

Thermoelectric (TE) materials directly transform waste heat
into useful electricity. TE devices are composed of pairs of
n-type and p-type materials. The efficiency of a TE ma-
terial is characterized by its dimensionless figure of merit
ZT =S?0T /x, where S is the Seebeck coefficient (also known
as the thermopower), o the electrical conductivity, x the to-
tal thermal conductivity, and T the absolute working temper-
ature. Unfortunately, all these physical properties are inter-
dependent and cannot be manipulated separately. Different
TE materials are used depending on the operating tempera-
tures. At moderate temperatures, such as in industrial waste
heat and automobiles (T =500-800 °C), several materials such
as PbTe alloys! and SiGe? are used. Among the various ma-
terial, Heusler compounds have recently gained attention as
promising materials for TE applications.~’ The advantage of
Heusler compounds are excellent electronic properties®® and
high thermal and mechanical stability.® These compounds are
made of earth-abundant elements and they are environmen-
tally friendly,1© which are important issues from the econom-
ical point of view.

Heusler compounds for TE applications are intermetallic
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compounds crystallizing in a C1y structure with the formula
MNiSn for the n-type and MCoSb for the p-type. M is ei-
ther Ti, Zr, or Hf or a combination of these elements. Cur-
rently, 20% substitution of Sb by Sn in MCoSb has achieved
the best p-type Heusler compound. 471112 However, the rel-
atively high thermal conductivity is an obstacle to imple-
menting Heusler TE’s. The total thermal conductivity con-
sists of an electronic and a lattice contribution. In general,
the phonon contribution can be reduced effectively by point
and mass defect scattering by forming a solid solution or
by additional boundary scattering through a reduction of the
grain size or phase separation. Several studies have suc-
ceeded in reducing the lattice thermal conductivity of Heusler
compounds by embedding nanoparticles such as HfO, inclu-
sions. 1?2 The most successful improvement of the TE proper-
ties of state-of-the-art p-type materials involves the artificial
reduction of the grain size via ball milling.>!! The authors
claim that the ZT improvement of 60% from 0.5 to 0.8 in
Zro5Hfp 5CoSbg gSng.2 comes from a simultaneous increase
in the Seebeck coefficient and a significant decrease in ther-
mal conductivity due to the nanostructuring. The benchmark
of ZT = 1.0 in Hfy gTig.2CoShg gSng 2 was reached by replac-
ing Zr with its heavier homologue Hf by a similar fabrication
process.® Another concept to achieve high thermoelectric per-
formance in bulk materials is phase separation on a micro- or
nano-meter scale. Investigations have mainly focused on the
PbTe, PbSe, and PbS systems.® For example, the precipita-
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tion of a second phase in PbTe + 12% PbS led to a reduction
of approximately 50% of the lattice thermal conductivity to
0.45 W m~1K.'* Recently, ZT values up to 2 were reported
for p-type Geg.g7Pbg.13Te as a result of sub-micron phase sep-
aration.®

The thermoelectric performance of Heusler materials can
also be improved by phase separation. 16-1° Recently, the out-
standing thermoelectric properties of a n-type material with
ZT up to 1.4 based on doped Tig 5Zrg.25Hfo 25NiSn 2221 were
explained by Schwall and Balke.?? The samples exhibited a
microstructure composed of three coexisting C1, phases that
were rich in either Ti or Hf.

This work investigates how intrinsic phase separation can
be generated in the p-type system MCoShggSng2 by iso-
electronic substitution on the M-position and its effect on
the thermoelectric properties. Our investigation on the ther-
moelectric properties of this system proves a 40% reduc-
tion of the thermal conductivity due to the phase separa-
tion in TigsHfy5CoSbggSng» compared to the single phase
TiCoShg.gSnp2 leading to a maximum figure of merit ZT
of 0.9 at 700 °C. Compared to the best published value of an
ingot p-type Half-Heusler compound by Yan et al.* with the
composition Zrg sHfy5CoSbg gSng 2 this is an 80% improve-
ment in peak ZT from 0.5 to 0.9 at 700 °C. Due to importance
of the mechanical stability of the materials for the fabrication
of TE modules, we investigated the Vickers hardness of the
materials as well.

2 Experimental details

Ingots of (Ti/Zr/Hf)CoShg gSng.2 were prepared by arc melt-
ing stoichiometric amounts of the elements in an Ar atmo-
sphere. For homogenization, each sample was flipped and
remelted several times. The weight loss due to the high vapor
pressure of Sb was compensated for by crushing the sample
and adding the appropriate amount of Sb. This step was re-
peated twice. Subsequently, the ingots were annealed under
vacuum in quartz ampules at 900 °C for 7 days, followed by
quenching in ice water.

The crystal structure was verified by powder X-ray diffrac-
tion (PXRD) on a Seifert XRD 3000TT using Cu Ko radiation
(A = 1.5418 A) in Bragg-Brentano geometry with an auto-
matic divergence slit. The microstructure of the polished sam-
ples was investigated by scanning electron microscopy (SEM,
FEI Nova NanoSEM 630) and the composition was analyzed
by energy-dispersive X-ray (EDX) spectroscopy. A standard-
less ZAF correction was applied for quantitative evaluation by
means of the EDAX software. The samples were cut into bars
and polished for the simultaneous measurement of conduc-
tivity and Seebeck coefficients by a LSR-3 (Linseis) in a He
atmosphere. The thermal conductivity was calculated from
diffusivity measurements by a Netzsch LFA 457. The geo-
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Fig. 1 Representative X-ray powder diffraction patterns of samples
with M = Tio_sto‘s and M = Hf.

metrical density of the bars was determined from their dimen-
sions and the mass and the heat capacity was estimated by
the Dulong-Petit law. Furthermore, we tested the mechanical
properties by Vickers hardness measurements with a Struers
Dura-Scan-20, applying a force of 0.3 kgfs on the polished and
coplanar samples. The uncertainties were 3% for the electrical
conductivity and thermal diffusivity, and 5% for the Seebeck
coefficient, leading to an 11% uncertainty in the ZT values.
We repeated the experiments numerous times and have con-
firmed that the peak ZT values were reproducible within 5%.
Furthermore, we measured the samples while heating up to
700°C and cooling and found that there was no degradation in
the individual properties.

3 Results and discussion

3.1 Structural investigations

The C1y structure of all samples was confirmed by PXRD
analysis of the powder samples. All samples were phase-
pure despite a marginal amount of B-Sn (1.2%), which is
close to the detection limit. Representative PXRD mea-
surements of HfCoShg gSnp.» and Tig sHfy 5C0oShg gSng» are
shown in Fig. 1. The position of the main (220) reflection of
Tig.sHfg.5C0Shg gSng 2 is shifted to a higher scattering angle
due to the decrease of the lattice parameter upon substitution
of Hf by Ti, as one would expect on the basis of the atomic
radii of the elements. The reflections at higher scattering an-
gles ((400), (420), and (422)) are sharper for HfCoShg gSnhg 2,
whereas in the case of TigsHfg5C0ShggSng» the peaks are
broader and asymmetric.
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Table 1 Composition and phases of the samples MCoSbg gSng 2 as determined by EDX spectroscopy, and experimental density p and Vickers

hardness HV0.3.

M Composition Phases pl glem® HV0.3

Ti Tig.97C00.99Sb0.79SN0 25 Ti1.00C00.97Sb0.91SNo.1 7.21 783
Tig.91C01.19Sb0.23SNg 67

Zr Zr1.01C0.96Sb0.77SN0 25 Zr1.02C09.96SP0.87SN0.16 7.69 810
Zr1.01C0g.96Shg.15SN0 88

Hf Hf1.07C00'938b0.808n0'20 Hf1,11C00,928b0,83Sn0,14 10.17 882
Hfo.80C01.28Sb0.07SN0.76

Tigs5Zros Tio.49Zr0.50C00.94Sbo.89SNo. 18 Tig.45Zr0.56C00.96Sbo.945N0.09 7.43 716
Tio.64Zr0.38C00.98Sb0.89SN0.13

ZrgsHfy 5 Zrg.47Hf0.56C00.945b0.84SN0. 19 Zrg.47Hf0.56C00.935b0.83SN0.15 9.22 846
Zrg.52Hfg.51C0g.97Sbo.72SN0.28

TigsHfo s Tig.52Hf0.56C00.98Sb0.655N0.29 (1) Tig.g5Hfo.31C01.21SP0.23SN0 61 9.38 868

(I1) Tig 3gHfo.70C00.98Sh0.84SN0.1

This is a strong indication of the existence of a second
phase with a slightly different lattice parameter (see Fig. 2
for the EDX results). Investigation of the analogous n-type
Heusler compound Tig 5Zrg 255Hfg 25NiSn by synchrotron ra-
diation revealed a splitting of the main reflex (220) into a triple
peak corresponding to three Heusler phases.?? Therefore, it is
reasonable that the same effect could occur in the p-type sys-
tem.

As shown in Table 1, the overall composition of all sam-
ples as analyzed by EDX spectroscopy agrees well with their
nominal composition, which indicates that no significant loss
of Sb took place. Samples without substitution at the M
position (M = Ti, Zr or Hf) show a homogeneous distribu-
tion of all elements apart from some minor variations of the
Sn and Sb content. Further, the alloying of Zr and Hf did
not result in phase separation because the chemical behav-
ior of both atoms is very similar and they have nearly the
same atomic radii caused by the Lanthanide contraction. This
confirms the results previously reported by Culp et al.1! The
secondary electron (SE) image of Zrg sHfy 5CoShg gSno.2 (see
Fig. 2a) shows the typical microstructure of the samples with
M = Ti, Zr, Hf or ZrysHfp5. The matrix with composition
Zro.45Hfo.55C00.95Shg.9Sng 1 is interspersed with some darker
regions of ZrgsHfo5sCoSbg7Sng3. Additionally, some very
bright spots, which can be identified as Sn inclusions, are vis-
ible.

Contrarily, the mixing of Ti with Zr results in areas with
slightly more Ti (Tig.4Zro) or slightly more Zr (Tig.sZro.4).
Still the composition changes continuously and no clear phase
boundaries are observed. This effect is even more enhanced
when Ti is alloyed with Hf. The secondary electron image
of TipsHfp5C0Shg gSng2 in Fig. 2b shows separation into a
two-phase microstructure: a dendritic structure consisting of a
Hf- and Sh-rich Heusler phase (phase I1), with an approximate
composition of Tig4Hfg7C0Sbg g5Sng.1, in a Ti- and Sn-rich

Fig. 2 Secondary electron image of Zrg 5sHfy.5CoSbg gSng.2 (a) in
comparison to Tig sHfg 5C0Shg gSng 2 (b).

matrix Tig g5Hfo.3C012Sbp 2Sng ¢ (phase 1). The bright spots
are again identified as Sn inclusions, whereas the black spots
are Hf.

Since the mechanical stability of a TE material is very
important for application and processing, the Vickers hard-
nesses of the compounds were investigated at room temper-
ature. The values are presented in Table 1. All compounds
show relatively high intrinsic hardness, which corresponds to
the previously reported values for the n-type material based on
MNiSn. 28 This is favorable for the co-processing of the n- and
p-type materials in a TE device.

3.2 Thermoelectric properties

The temperature dependence of the thermal conductivity
Kk, electrical conductivity o, and Seebeck coefficients S of
MCOSbo,gsno.z (M = Ti, Zr, Hf, Ti0,5Zro_5, Zr0,5Hf0.5, and
TigsHfo5) are plotted in Fig. 3. The thermal conductivity
of nonsubstituted compounds (M= Ti, Zr, or Hf) decreased
with increasing temperature and exhibited the highest val-
ues. The values of x decreased for solid-solution alloying of
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M = TigsZrgs and ZrgsHfp 5 due to the mass differences of
Ti, Zr, and Hf atoms. This reduced the lattice thermal con-
ductivity through chemical disorder scattering. The nearly
constant value of k for the composition TipsHfp 5 over the
whole temperature range is remarkable indicating a glass-like
behaviour. With a value of 3.2 W/(m*K) a reduction of 39%
compared to TiCoShg gSng» at 700 °C was achieved. In this
case, the presence of the intrinsic microstructure leads to addi-
tional boundary scattering at the interfaces and hence to a re-
duction of the lattice thermal conductivity. Comparable small
values reported in the literature were only achieved by micro-
or nano-structuring using a ball-milling process*>’ or by the
embedding of nanoinclusions. 2425 For comparison, the trans-
port properties of nanostructured compounds made by Yan et
al.® with the composition Tig.sHfs 5CoShg gSno.» are plotted.

& [W/(m*K)]

. 'f" .
il
UK
44
/IM

Culp et al.
TIO.SHfO 5
) Yan et al.

Seebeck coefficient Electrical Conductivity Thermal conductivity

1 1 1 1 1

0 - n n n n P
100 200 300 400 500 600 700

Temperature [°C]

Fig. 3 (a) Thermal conductivity x, (b) electrical conductivity o, and
(c) Seebeck coefficient S as a function of temperature for

MCoShg gSng.» with the indicated composition of M. Comparison
with values reported in the literature for M = Zrg sHfy 5 (x ingot
sample) 1! and M = Tig 5Hfg 5 (e nanostructured sample).®

All samples show metallic behavior as the electrical con-
ductivity o decreases with increasing temperature (Fig. 3b).
The composition TiCoShg gSng 2 exhibited the lowest value of
o. The values increased upon substitution of Ti with the heav-
ier homologous Zr and Hf, indicating an increase in the charge
carrier concentration.
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Fig. 4 (a) Power factor PF and (b) Figure of merit ZT as a function
of temperature for MCoShg gSng 2 with the indicated composition of
M. Comparison with values reported in the literature for M =
ZrosHfo5 (x ingot sample), 11 M = Tig 5Hf; 5 (e nanostructured
sample),® and the best SiGe-based p-type material

(SigsGes)o.65(Si7oGesoP3)o.35 (). 2

All measured Seebeck coefficients are positive, indicating
p-type transport behavior. The temperature dependency shows
an almost linear increase. The maximum was not reached in
the experimental temperature range, which is very attractive
for high-temperature applications. Contrary to the electrical
conductivity, the highest Seebeck coefficient of 289.9 uV/K
(at 600 °C) was obtained for TiCoShggSng». Alloying of
Zr and Hf does not effect the Seebeck coefficient signifi-
cantly. The corresponding values of S for M = Zr, Hf, and
ZrosHfo 5 are similar. In contrast, the alloying of Zr and Hf
by Ti enhances the Seebeck coefficient and reaches a value of
244.7 uVIK at 600 °C for M = TigsHfg 5, whereas the un-
substituted ZrCoShg gSng.» and HfCoSbhg gSng 2 only achieve
a value of 208.1 uV/K and 209.8 uV/K respectively.

The calculation of the power factor S?c reveals that both
effects nearly compensate for each other. As shown in Fig. 4a,
the absolute values are between 1.94 mW/(K2m) for Tig5Zro 5
and 3.38 mW/(K2m) at 700 °C for Hf.

By combining the electronic properties with the previously
discussed thermal conductivity, we obtained a maximal ZT
of approximately 0.9 at 700°C for TigsHfp s and ZrysHfp 5.
Comparable high ZT values for p-type Heusler systems have
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only been reported for a nanostructure approach via ball
milling.*> More promising is that the value of the Heusler
compound obtained in the current study is comparable with
the record p-type value based on SiGe alloying, as shown in
Fig. 4b.? Here it is important to keep in mind that the basic
cost of the Heusler TE is approximately 60% lower than that
of SiGe. 6

4 Conclusions

An intrinsic phase separation in the p-type Heusler system
(Ti/Zr/Hf)CoShg gSng» was obtained by applying isoelec-
tronic alloying analogous to the n-type system.?2 Mandatory
was the partial substitution of Ti with Hf, which resulted in
nanostructuring of the system consisting of at least two stable
Heusler phases — one rich in Ti and Sn and the other rich in
Hf and Sh. Similar to the TiNiSn system a dendritical phase
separation was observed. Subsequently, the thermal conduc-
tivity was reduced to 3.2 W/(m*K) in Tig 5Hfg.5C0oShg.gSng 2,
which is an improvement of approximately 40% as compared
to TiCoShggSng,. This led to a maximum ZT of 0.9 at
700 °C, i.e. a 80% enhancement in peak ZT from 0.5 to 0.9
compared to the best published value of an ingot p-type Half-
Heusler compound. The high hardness and the similarity of
the values to those of the n-type material is an advantage for
the construction of TE modules based on Heusler compounds.
This initial proof-of-concept can serve as a very useful start-
ing point for the design of new materials for high-temperature
thermoelectric applications.
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