
Effects of Microstructural Evolution on the Thermoelectric
Properties of Spark-Plasma-Sintered Ti0.3Zr0.35Hf0.35NiSn
Half-Heusler Compound

O. APPEL,1,4 M. SCHWALL,2 D. MOGILYANSKY,1 M. KÖHNE,3 B. BALKE,2
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The MNiSn (M = Ti, Zr, Hf) half-Heusler semiconducting compounds are
widely investigated due to their good potential for thermoelectric (TE) power
generation applications. In the current work, the evolution of the transport
and structural properties of the Ti0.3Zr0.35Hf0.35NiSn compound upon various
thermal treatments was studied. The nominal composition was arc melted, ball
milled, and spark plasma sintered (SPS). Following SPS, large Hf-rich domains
were found by scanning electron microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDS). Subsequently, the samples were subjected to homogenization
treatments at 1163 K for 480 h and 610 h under argon atmosphere. Following
these thermal treatments, the relative amount of the Hf-rich domains was
reduced and they became smaller in size, with increasing thermal treatment
duration. Nevertheless, no uniphased structure was reached. The dissolution of
the Hf-rich domains in the half-Heusler matrix resulted in increase of both the
Seebeck coefficient and electrical resistivity values and a decrease of the carrier
concentration, attributed to elimination of these metallic domains. Resulting from
the high atomic disorder caused by substitution at the M site, low thermal
conductivity values of �3.8 W m�1 K�1 were obtained leading to high ZT values
of up to 0.82 following SPS.
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INTRODUCTION

In recent years, interest in highly efficient ther-
moelectric (TE) materials has been continuously
growing, due to the worldwide requirements to
reduce greenhouse-gas emissions and global warm-
ing. Thermoelectric converters (TEC) are capable of
direct conversion of residual heat generated by com-
bustion engines, for instance, into electricity with-
out the involvement of any moving parts. Thus, they
not only decrease the reliance on fossil fuels but
also actively reduce global warming effects.1 TEC

performance directly depends on the temperature
gradient along the device, through the Carnot effi-
ciency, and the intrinsic material properties,
through the TE figure of merit (ZT), given by
ZT ¼ a2T

�
jq; where a is the Seebeck coefficient, q is

the electrical resistivity, j is the thermal conduc-
tivity, and T is the absolute temperature. TEC with
high conversion efficiencies should possess high
Seebeck coefficient, low electrical resistivity, and
low thermal conductivity values and should operate
over a broad temperature range.2

Current, state-of-the-art converters mainly con-
tain tellurium-based TE compounds (e.g., PbTe and
GeTe), which are too inefficient to be economic, due
toboth low efficiencyvalues (5% to10%) and expensive
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primary components.3 Two additional drawbacks
associated with these materials are their low oper-
ating temperatures (<773 K) and their environ-
mentally unfriendly constituents (Pb). Against this
background, half-Heusler (HH) compounds offer a
very promising alternative for high-temperature
applications up to 1000 K with adequate TE proper-
ties, combined with additional advantages such as
environmental friendliness, low production costs,
and future availability of raw materials.

The HH semiconducting compounds with 18
valence electrons are based on the general formula
MYZ (M, Y = transition metals, Z = main group
element). The compounds crystallize in the cubic
MgAgAs-type structure (F�43m) that is based on four
interpenetrating face-centered cubic sublattices.
The crystallographic sites (0, 0, 0) and (1/4, 1/4, 1/4)
are occupied by two different transition-metal ele-
ments, the (1/2, 1/2, 1/2) sites are occupied by main
group elements such as Sn and Sb, whereas the (3/4,
3/4, 3/4) site remains unoccupied.1,4 Each occupied
sublattice can be doped or substituted individually
to enhance the TE efficiency.4–6

Themaincharacteristics thatmakeHHssoattractive
for TE applications are their high Seebeck coefficient
(�300 lV K�1 at room temperature) and electrical
conductivity (�1000 X�1 cm�1 to 10,000 X�1 cm�1)
values. However, their thermal conductivity values
tend to be quite high (�10 W m�1 K�1), which can
decrease their ZT values.6

Of all of the HH n-type compositions, the most
investigated system, showing the highest TE potential,
is MNiSn (M = Ti, Zr, Hf). In this system, the most
common approach for reduction of the thermal con-
ductivity is based on phonon scattering induced by
mass and size differences resulting from isoelectronic
substitutions at the M and/or Y positions of the com-
pounds.7–9 Another approach for ZT enhancement is
based on electronic doping at the Z position by elements
from group V (i.e., Sb, exhibiting a maximal ZT of 0.81
for the composition Hf0.75Zr0.25NiSn0.975Sb0.025

10).
Although very high ZT values of up to �1.311

were reported for such isoelectronic substituted
TixZryHf1�x�yNiSn compounds, inconsistency of the
reported values for very similar Ti, Zr, and Hf rel-
ative substitution amounts is still apparent, as
shown in Fig. 1.

It can be seen from this figure that, although the Zr/
Hf-substituted compound (curve b) exhibits higher ZT
values compared with the nonsubstituted TiNiSn
compound (curve a), not all of the multiple-substituted
TixZryHf1�x�yNiSn compounds exhibit higher ZT val-
ues than the latter. It can be seen that two very similar
compositions of �Ti0.3Zr0.35Hf0.35NiSn (curves g and
e), with a slight variation of the Zr/Hf ratio, exhibit
lower ZT values than those of Zr0.5Hf0.5NiSn (curve b),
at least at several of the investigated temperatures. A
third, very similar composition of Ti0.37Zr0.37Hf0.26-

NiSn (curve f) exhibits much higher ZT values of up to
1. Taking into account that all three of these similar
compositions were processed and thermally treated

under different conditions, it is obvious that atomic
ordering and microstructural effects have a major
influence on the resulting TE properties. A similar
discrepancy is apparent on comparing two other HH
curves of Ti0.5Zr0.25Hf0.25NiSn (curves c and d), pro-
cessed by different powder consolidation methods of
spark plasma sintering (SPS) and hot pressing,
respectively, under different thermal conditions.
Since most HH compounds are synthesized by arc
melting or induction melting, the significant differ-
ence in melting temperature of the involved constit-
uents can lead to inhomogeneity and deviation of the
matrix composition compared with nominal. This
effect can be attributed to evaporation of low-melting-
temperature phases or the difficulty in melting of
higher-melting-temperature elements. Homogeni-
zation of the samples can be achieved by thermal
treatments, which usually influence the microstruc-
ture and consequently the TE transport properties.
Therefore, to understand the governing mechanisms
and optimize the TE transport properties of HH
compounds, these properties should be correlated to
the specific apparent microstructure of the samples.
In the class of HH compounds, the TE properties have
so far been correlated to the apparent microstructure
and the physical metallurgy conditions only for sev-
eral compounds (e.g., ZrNiSn12 and Hf1�xZrxNiSn1�y

Sby
13). In the current study, the microstructural

evolution, following various heat treatments, of the
n-type Ti0.3Zr0.35Hf0.35NiSn HH compound was cor-
related to the apparent TE transport properties, in an
attempt to identify the governing microstructural
mechanisms influencing the TE properties and to
optimize the processing conditions of such samples.

EXPERIMENTAL PROCEDURES

Samples with the stoichiometric composition of
Ti0.3Zr0.35Hf0.35NiSn were synthesized by arc melting

Fig. 1. Recently reported ZT values of selected TixZryHf1�x�yNiSn
compounds.1,11,14–17
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of the pure (99.999%) metals Ti, Zr, Hf, Ni, and Sn
under argon atmosphere. In the course of the arc
melting, the samples were remelted and turned over
three times. The synthesized ingots were milled for
5 h in a high-energy ball milling station (PM-100;
Retsch, Germany) under a protective argon atmo-
sphere. The powder had been filtered through a
60-mesh sieve and spark plasma sintered (SPS type
HP D 5/1 FCT System GmbH, Germany) at 1373 K
for 20 min (heating/cooling rates of 50 K/min) under
mechanical pressure of 44 MPa and argon atmo-
sphere of 4 Pa. Nearly fully dense (>99%) samples
were obtained following SPS. Homogenization treat-
ments under argon atmosphere were performed at
1163 K for 480 h and 610 h. All of the samples were
characterized by x-ray powder diffraction. The x-ray
data were collected on a Rigaku DMAX 2100 powder
diffractometer with a graphite monochromator on the
diffracted beam providing by Cu Ka radiation and
operating at V = 40 kV, I = 30 mA. Scanning electron
microscopy (SEM, JEOL JSM-5600; HRSEM, JEOL
JSM-7400) was employed for microstructural char-
acterizations. Seebeck coefficient and electrical
resistivity values were measured in homemade
equipment (measurement error 10%) under argon
atmosphere up to 773 K. Electrical resistivity was
measured by the four-probe method using an alter-
nating power source of 1 V/50 Hz. An auxiliary heater
was used to maintain a temperature difference of
10 K along the samples for Seebeck coefficient mea-
surements. Thermal conductivity values were mea-
sured by the flash diffusivity method (LFA 457,
NETZSCH) from room temperature to 773 K. The
room-temperature carrier concentration of the sam-
ples was obtained by Hall-effect measurements using
a self-constructed standard measurement apparatus
at magnetic field of 0.8 T.

RESULTS AND DISCUSSION

The microstructures of the samples obtained fol-
lowing SPS and subsequent thermal treatments at
1163 K for 480 h and 610 h are shown in Fig. 2a, b,
and c, respectively. Following the arc melting pro-
cedure, the samples exhibited large (10 lm to
20 lm), randomly scattered Hf-rich domains, which

were still apparent following the SPS treatment
(bright phase in Fig. 2a). The presence of these
domains can be attributed to the high melting
temperature of Hf (2504 K), which is higher than
each of the other constituents, and the incomplete
melting of this element in the course of the arc
melting. Following thermal treatment at 1163 K for
480 h (Fig. 2b), decomposition of the large Hf-rich
domains into smaller (1 lm to 2 lm) domains was
observed, as shown in the inset, while additional
thermal treatment at the same temperature for
610 h (Fig. 2c) decreased the domain size to the
submicron range (<1 lm). Furthermore, following
the 610 h thermal treatment, the density of the
Hf-rich domains was dramatically reduced, an effect
which can be attributed to the dissolution of these
domains into the HH matrix, to approach the nom-
inal composition of Ti0.3Zr0.35Hf0.35NiSn. Neverthe-
less, even following this latter, prolonged heat
treatment at 1163 K, complete elimination of these
domains or complete homogenization of the HH
phase was not reached.

Similar trends were also observed by XRD
(Fig. 3). The diffraction patterns of as-received
powder sample following SPS and additional ther-
mal treatment are presented in Fig. 3a. On the
same graph the 2h positions of nominal solid solu-
tion are also marked by solid lines below. The lattice
parameter of a nominal Ti0.3Zr0.35Hf0.35NiSn phase,
6.046 Å, was calculated assuming Vegard rule’s for
the three ordered HfNiSn, ZrNiSn, and TiNiSn HH
phases with corresponding Pearson’s lattice param-
eters of 6.084 Å, 6.10 Å, and 5.94 Å, respectively.

It can be observed from the figure that the peaks
of the thermally treated samples are split in the
vicinity of the nominal peaks, whereas the peaks of
as-received powder sample are not split but are
shifted relative to the nominal peaks towards small
diffraction angle (clearly visible at higher 2h
angles). The estimated average lattice parameter for
this phase was found to be a = 6.08 Å. The enlarged
value of the average lattice parameter compared
with the expected one can be attributed to the for-
mation of disordered Heusler-based Cu2MnAl
phase, where the originally vacant sublattice is
partially occupied. This disordering variant is

Fig. 2. SEM/back-scattered electron (BSE) micrographs of Ti0.3Zr0.35Hf0.35NiSn following SPS (a) and subsequent thermal treatments at 1163 K
for 480 h (b) and 610 h (c).
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consistent with the decrease of the (111)/(200)
reflection intensities ratio, typically for the Cu2Mn
Al structure.

The observed splitting of the x-ray peaks for the
thermally treated samples indicates the formation
of at least two solid solutions. Estimation of the 111/
200/220 intensities ratio favors the ordered struc-
ture of MgAgAs type for each of the obtained HH
phases rather than any disordered one. The lattice
parameters and relative volume of the obtained
phases were determined by analyzing the experi-
mental XRD spectra by Rietveld procedure using
PowderCell for Windows (PCW) software. A Riet-
veld plot of the calculated and experimental XRD
spectra in the range 2h = 55� to 82� is shown in
Fig. 3b.

The reflections are indexed in the setting of the
cubic F�43m space group. The obtained lattice

parameters and volume percent for all of the
obtained phases are summarized in Table I.

It can be seen from Table I that the thermal
treatments tend to homogenize the apparent com-
position, in agreement with the microstructure
observed following 1163 K/610 h thermal treatment
(Fig. 2c).

The temperature dependencies of the TE proper-
ties, Seebeck coefficient, electrical resistivity, ther-
mal conductivity, and the TE figure of merit,
following SPS and subsequent thermal treatments
at 1163 K for 480 h and 610 h, are shown in Figs. 4,
5, 6, and 7, respectively. From the negative and high
Seebeck coefficient values obtained (Fig. 4), it is
obvious that the samples are nearly TE-optimized
n-type semiconductors. Complementary room-tem-
perature carrier concentration values, measured
using a Hall-effect apparatus, following SPS and
1163 K thermal treatment for 610 h, were found to
be 8.67 9 1019 cm�3 and 4.00 9 1019 cm�3, values
which clearly indicate highly electronically opti-
mized materials. Furthermore, the reduction of the
carrier concentrations with increasing thermal
treatment duration is in agreement with the gen-
eral trends of increase of both Seebeck coefficient
and electrical resistivity values. It is noteworthy
that, although the Seebeck coefficient values for any
given temperature, following the various thermal
treatments, fall within the measurement error
(�10%), the general temperature dependence trend
following each of the above-mentioned thermal
treatments is in agreement with both the carrier
concentration and electrical resistivity trends. All
these trends, indicating a reduction of the carrier
concentration with increasing heat treatment
duration, are in agreement with the microstructural
and phases evolution shown in Figs. 2 and 3,
respectively, and clearly imply reduction of the rel-
ative amount of the metallic Hf-rich phase.

The total thermal conductivity values, indicated
in Fig. 6, were experimentally measured following
SPS and theoretically estimated following the
thermal treatments at 1163 K for 480 h and 610 h,
by assuming constant lattice thermal conductivity,
jl, values, obtained following SPS, and using elec-
tronic thermal conductivity, je, values calculated by
the Wiedemann–Franz relation (je = LT/q, where L
is the Lorenz number, being 2.45 9 10�8 W X/K2 for

Fig. 3. Experimental (a) and Rietveld-fitted (b) XRD patterns of
as-received Ti0.3Zr0.35Hf0.35NiSn powder, and following SPS and
subsequent thermal treatments at 1163 K for 480 h and 610 h. The
calculated 2h positions for Ti0.3Zr0.35Hf0.35NiSn solution are marked
by red lines.

Table I. Lattice parameters and volume percent for
the obtained phases (Fig. 3b) following SPS and
subsequent thermal treatments

Thermal
Treatment Phase I Phase II

SPS 6.023 (40 vol.%) 6.076 (60 vol.%)
1163 K, 480 h 6.032 (47 vol.%) 6.065 (53 vol.%)
1163 K, 610 h 6.045 (80 vol.%) 6.060 (20 vol.%)
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degenerated conditions, T is the absolute tempera-
ture, and q is the measured electrical resistivity
value from Fig. 5). Although a size reduction trend
of the Hf-rich domains down to the submicron range
was observed with increasing thermal treatment
duration (Fig. 2), an effect which can possibly result
in reduction of the lattice thermal conductivity,
constant jl values were taken into account for esti-
mation of the total thermal conductivities following
the 1163 K thermal treatment to provide a lower
bound for ZT estimation.

From the ZT values following the various heat
treatments (Fig. 7), it can be seen that very high ZT
values of up to �0.82 were obtained following SPS,

clearly indicating the high TE potential of the
investigated composition. These ZT values were
slightly reduced, down to ZTmax � 0.7, following the
subsequent thermal treatments. However, it should
be taken into account that these ZT values are lower
bounds, as theoretically estimated, taking into
account no lattice thermal conductivity variations
following SPS. Consequently, there is no doubt that
the investigated composition exhibits maximal ZT
values of at least 0.7 up to the maximal investigated
temperature of �730 K, which was limited by our
available characterization apparatus. The obtained
ZT values are higher than previously reported val-
ues for TixZryHf1�x�yNiSn compounds with similar

Fig. 4. Temperature dependence of the Seebeck coefficient of
Ti0.3Zr0.35Hf0.35NiSn following SPS and subsequent thermal treat-
ments at 1163 K for 480 h and 610 h.

Fig. 5. Temperature dependence of the electrical resistivity of
Ti0.3Zr0.35Hf0.35NiSn following SPS and subsequent thermal treat-
ments at 1163 K for 480 h and 610 h.

Fig. 6. Temperature dependence of the thermal conductivity of
Ti0.3Zr0.35Hf0.35NiSn following SPS and subsequent thermal treat-
ments at 1163 K for 480 h and 610 h.

Fig. 7. Temperature dependence of the dimensionless thermoelec-
tric figure of merit of Ti0.3Zr0.35Hf0.35NiSn following SPS and sub-
sequent thermal treatments at 1163 K for 480 h and 610 h.
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nominal compositions (curves e and g in Fig. 1),14,15

obtained by different preparation techniques.

CONCLUSIONS

The evolution of the microstructural and TE
properties of the n-type Ti0.3Zr0.35Hf0.35NiSn HH
compound following SPS and subsequent thermal
treatments at 1163 K for 480 h and 610 h were
investigated and correlated. Nearly optimized TE
values were obtained following the investigated
conditions, showing high maximal ZT values in the
range of 0.7 to 0.82 at �730 K. The evolution of
the TE properties, influenced by a reduction of the
carrier concentration in the course of the thermal
treatment, was attributed to the dissolution of high-
melting-temperature metallic Hf-rich domains,
which were originally apparent following arc melt-
ing. This latter result clearly demonstrates the
sensitivity of the microstructure and consequently
the TE properties of the investigated system to the
employed preparation techniques. The presented
approach was found to be very useful for under-
standing the microstructural effects of the compli-
cated HH phases on the TE properties and for
clarifying the discrepancy between previously
reported values of TE properties for similar HH
compositions obtained using different preparation
conditions.
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