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Abstract

High lattice thermal conductivity has been the bottleneck for further improvement of
thermoelectric figure-of-merit (ZT) of half-Heuslers (HHs) Hf}.xZryCoSb sSng,. Theoretically
the lattice thermal conductivity can be reduced by exploring larger differences in atomic mass
and size in the crystal structure, leading to higher ZT. In this paper, we experimentally
demonstrated that a lower thermal conductivity in p-type half-Heuslers can indeed be achieved
when Ti is used to replace Zr, i.e., Hf; 4 TixCoSbg sSng >, due to larger differences in atomic mass
and size between Hf and Ti than Hf and Zr. The highest peak ZT, ~1.0 at 800 °C, in the system
Hf; «TixCoSbygSng, (x=0.1, 0.2, 0.3, and 0.5) was achieved in Hfj3Tip»2CoSbgysSng,, which

makes this material practically useful in applications for power generation.
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Broader Context

How to scavenge the vast amount of waste heat has increasingly become a major concern.
Possibly, thermoelectrics can provide an economical and environmentally friendly way to
achieve this. High thermoelectric figure-of-merit (ZT) materials are preferred for efficient
performance. Historically, PbTe and skutterudites have been considered the candidates for
medium temperature applications owing to their good ZT values. However, their uses are limited
owing to either toxicity or low thermal stability. In the same temperature range, half-Heuslers are
chemically non-toxic and thermally stable compared with the PbTe and skutterudites but the
peak ZT of p-type half-Heuslers has remained around 0.5 for quite a long time till our recent
work that improved the ZT to 0.8. In this work, we achieved ZT about 1 for p-type half-Heusler,
which makes it practically useful for medium to high temperature power generation applications,
such as waste heat recovery in car exhaust system. Specifically, the ZT enhancement mainly
comes from the reduction of thermal conductivity, which arises partly from the enhanced alloy
scattering due to larger differences in atomic mass and size of Hf and Ti than Hf and Zr and

partly from enhanced boundary scattering due to various nanostructures.



Introduction

Thermoelectric (TE) materials can convert heat, such as that in the vehicle exhaust systems'”
and that generated from solar radiations>”, into electric power in an environmentally friendly and
less costly way. PbTe®’ and skutterudites® are the suitable materials for medium temperature
(300-500 “C) whereas SiGe™' alloys are for high temperature power generation applications
(500-800 ‘C). Despite the advantages of non-toxicity, high thermal stability, and low cost
compared to PbTe, skutterudites, and SiGe alloys, half-Heuslers'!, another class of
thermoelectric materials, have been much less explored, owing to the low thermoelectric figure-
S’c

K

of-merit (ZT). By definition, ZT :( ]T , where S is the Seebeck coefficient, o the electrical

conductivity, K the thermal conductivity, and T the absolute temperature. Historically, peak ZT
of p-type half-Heuslers remains low ~0.5, mostly attributed to the high thermal conductivity'?.
Only recently, peak ZT of 0.8 at 700 °C has been achieved in p-type half-Heusler system by
nanostructure approach', revealing the potential of half-Heuslers as promising candidate for
high-temperature power generation applications. In this report, we found that larger differences
in atomic mass and size between Hf and Ti than Hf and Zr can further reduce the lattice thermal
conductivity, leading to ZT of ~1.0 in any p-type HH materials, which makes HHs really
interesting for being considered of power generation applications in the temperature range up to

800 °C, possibly replacing the much more expensive SiGe alloys”'’.

Alloy scattering resulting from differences in atomic mass and size may effectively lower
the lattice thermal conductivity'®. In the case of p-type half-Heuslers with the formula MCoSb,
where M is Ti or Zr or Hf or the combination of two or three, the high substitutability of the
three lattice sites (M, Co, and Sb) provides ample opportunities to further depress the thermal
conductivity. There have been some initial reports on reducing thermal conductivity via
elemental substitution at the three respective lattice sites of p-type half-Heuslers, such as
combination of Ti and Zr (M site)'>'®, substitution of Co by Fe'’, Ir'®, or Rh', and Sb by
Sn**?"# or Ge™. Some theoretical calculations have been conducted to investigate the effect of
mass difference and strain field fluctuation on lattice thermal conductivity of half-Heuslers as

well***. A combination of Hf and Ti is supposed to be more effective in reducing the lattice

thermal conductivity than that of Hf and Zr, considering the larger differences in atomic mass
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and size of Hf and Ti. This concept has been validated experimentally in n-type (Ti, Zr, Hf)NiSn
half-Heusler systems™. However, there is lack of knowledge about the effect of (Hf, Ti)
combination on the thermal conductivity and ZT of p-type half-Heuslers. Our initial motivation
is that enhanced alloy scattering of phonons by larger atomic mass and size differences in
combination with the enhanced boundary scattering by nanocomposite approach could further
reduce the still large lattice part of thermal conductivity without too much penalty on the
electronic properties, thereby enhancing ZT. Our investigation on the thermoelectric properties
of Hf, <TixCoSbysSng, (x=0.1, 0.2, 0.3, and 0.5) proves that Hf; sTip2CoSbgsSng, has indeed a
lower thermal conductivity ~2.7 Wm™'K™' leading to a higher ZT ~1.0 at 800 °C.

Experimental Procedure

Alloyed ingots with compositions Hf; 4 TixCoSbg gSng, (x=0.1, 0.2, 0.3, and 0.5, all compositions
are nominal) were first formed by arc melting a mixture of appropriate amount of individual
elements according to the stoichiometry. To prevent oxidation during arc melting, the chamber
was continuously flown with Ar gas throughout the operation. Normally we re-melt the ingot
twice with each time flipping over the ingot to ensure the homogeneity of as-arc-melted ingot
(we notice that there is minor Sb loss, however additional effort compensating the loss did not
result in better thermoelectric properties). Then the ingot was loaded into a ball milling jar with
grinding balls inside an argon-filled glove box and then subjected to a mechanical ball-milling
process to make nanopowders. Finally bulk samples were obtained by consolidating the
nanopowders into cylinders with a diameter of 12.7 mm and a height of 13 mm, using the direct

current induced hot-press method, for us to measure all properties in the same direction.

X-ray diffraction (XRD) (PANalytical X Pert Pro) analysis with a wavelength of 0.154
nm (Cu Ka) was performed on as-pressed samples with different Hf/Ti ratios. The freshly
fractured surface of as-pressed HfjsTip2CoSbosSng, samples was observed by a scanning

electron microscope (SEM, JEOL 6340F) and a high resolution transmission electron microscope

(HRTEM, JEOL 2010F).



To measure the thermoelectric properties of bulk samples, bars of about 2 x 2 x 12 mm
and disks of 12.7 mm in diameter and 2 mm in thickness were made. The bar samples were used
to measure the electrical conductivity and Seebeck coefficient on a commercial equipment
(ULVAC, ZEM3). The disk samples were used to obtain the thermal conductivity, which is
calculated as the product of thermal diffusivity, specific heat, and volumetric density. The
volumetric density was measured using an Archimedes’ kit. The specific heat was determined by
a High-Temperature DSC instrument (404C, Netzsch Instruments, Inc.). The thermal diffusivity
was measured using a laser flash system (LFA 457 Nanoflash, Netzsch Instruments, Inc.). The
uncertainties are 3% for electrical conductivity, thermal diffusivity, and specific heat, and 5% for

the Seebeck coefficient, leading to an 11% uncertainty in ZT.

We have repeated the experiments many times and have confirmed that the peak ZT
values were reproducible within experimental errors. Besides, we measured the same sample up
to 800 °C again after the first measurement and found that there was no degradation in both

individual properties and the ZT.

Results and Discussions

Figure 1a shows the XRD patterns of the as-pressed Hf; «TixCoSbgsSng, (x=0.1, 0.2, 0.3, and 0.5)
samples. The diffraction peaks of all samples are well-matched with those of cubic half-Heusler
phases'?. No noticeable impurity phases are observed. A close scrutiny reveals that XRD peaks
shift towards higher angles with increasing Ti, suggesting that Ti replace the Hf to form alloys.
We have also estimated the lattice parameter a of all samples with different Hf/Ti ratios and
plotted the results with respect to Ti fraction x in Fig. 1b. As expected, the lattice parameter

decreases linearly with increasing Ti, following the Vegard’s law.

The SEM image of the as-pressed HfysTip>CoSbysSng, sample is displayed in Fig. 2a,
from which we can see that the grain sizes are in the range of 50-300 nm with an estimated
average size about 100-200 nm. The TEM image (Fig. 2b) confirms the average grain size

observed from the SEM image, which is ~200 nm and below. Figure 2¢ shows two nanodots



sitting on the grain boundaries. These nanodots are commonly observed inside our samples. One
unique feature pertaining to our samples is that dislocations are also common, as shown in Fig.
2d. The origin of the dislocations is probably due to the extensive mechanical deformation
during ball milling. The small grains, nanodots, and dislocations are all favorable for a low

lattice thermal conductivity due to enhanced phonon scattering.

Figure 3 shows the temperature-dependent thermoelectric (TE) properties of Hfj.
x11xCoSby gSng, (x=0.1, 0.2, 0.3, and 0.5) samples. All these samples have been made by ball
milling the as-arc-melted ingot using the same ball milling time and hot pressing conditions. The
electrical conductivities are plotted in Fig. 3a, from which we can see that electrical conductivity
decreases with increasing Ti for the whole temperature range. The positive signs of Seebeck
coefficients of all samples indicate p-type transport behavior (Fig. 3b). The Seebeck coefficient
follows roughly the trend of increasing with increasing of Ti, opposite to the trend of electrical
conductivity (Fig. 3b). Meanwhile, the differences in Seebeck coefficients among various
compositions are diminished at elevated temperatures. Figure 3¢ demonstrates the temperature-
dependent power factor. HfyoTip1CoSbosSng, has the highest power factor whereas
Hfy sTipsCoSbysSng» has the lowest power factor for the whole temperature range. The power
factor of Hfy gTi9p2CoSbggSng, increases steadily with temperature and reaches as high as 25.7 X

10* Wm™'K? at 800 °C.

Figure 3d shows the temperature-dependent total thermal conductivity of Hf).
x11xCoSbggSnp, (x=0.1, 0.2, 0.3, and 0.5) samples. The volumetric densities of Hf}.
xT1xCoSbggSng, samples are 10.1, 9.8, 9.7, and 9.0 gcm’3 for x=0.1, 0.2, 0.3, and 0.5,
respectively, which are 98%, 98%, 99.9%, and 99.6% of the theoretical density according to each
composition. For the whole temperature range, thermal conductivities of HfygTip>,CoSbggSny»,
Hfy 7 Ti93CoSbg sSng», and HfysTipsCoSbysSng, samples are similar with each other and much
lower than that of HfyoTipCoSbygSng,. The thermal conductivity of HfysTip2CoSbggSng 2
changes very little with increasing temperature and the minimum value is 2.7 Wm™'K™'. To get a
clear view of how Hf/Ti ratio affects the lattice heat transport, we estimated the lattice thermal
conductivity (x;) by subtracting both the electronic contribution (x,.) and the bipolar contribution

(Kpipotar) from the total thermal conductivity (x) while x, was obtained using the Wiedemann-



Franz law. The temperature dependent Lorenz number was calculated from the reduced Fermi
energies”’, which were estimated from the Seebeck coefficient with a consideration of the two-
band model. Similar with the total thermal conductivity, lattice thermal conductivities of
Hfy s Ti92CoSbg sSng 2, Hfy7Tip3C0SbysSng 2, and HfysTipsCoSbgsSng, samples are similar with
each other and much lower than that of Hfy¢Tip;CoSbggSng, (Fig. 3e). As Ti is gradually
introduced into HfCoSbysSng, system, lattice thermal conductivity experiences a sharp
suppression from x=0.1 to x=0.2 and then becomes almost saturated above x=0.2. The theoretical
calculations on Hf|TiCoSb using molecular dynamics (MD) simulations via the harmonic and
cubic force interatomic constants obtained from first principles calculations predicted such
thermal conductivity decrease®®. The lattice thermal conductivities of Hf;. TixCoSbg sSng (x=0.1,
0.2, 0.3, and 0.5) samples at room temperature are plotted in the inset of Fig. 3e in comparison
with the calculations. It is very encouraging to see that our experimental data and the theoretical

calculations are in very good agreement.

Because of the low thermal conductivity and high power factor achieved by partially
substituting Hf with Ti, ZT of Hfy §Tigp2CoSbosSng,reached 1.0 at 800 °C and 0.9 at 700 °C (Fig.

3f), showing promise for p-type material as an option in high temperature applications.

We also show the specific heat (Fig. 4a) and thermal diffusivity (Fig. 4b) of Hf}.
x11xCoSby gSng, (x=0.1, 0.2, 0.3, and 0.5) samples. The specific heat of all samples increases
steadily with temperature. For the same temperature, the specific heat increases with increasing
Ti. To be cautious, we measured the specific heat of Hfy 3Tip2CoSbg sSng >, which has the highest
ZT at high temperatures, both by a High-Temperature DSC instrument (404C, Netzsch
Instruments, Inc.), which can measure the sample beyond 800 °C, and by a Low-Temperature
DSC instrument (200-F3, Netzsch Instruments, Inc.), which can only reach up to 600 °C. It turns
out that measurement results from two different DSC instruments agree with each other within
3%. On the other hand, thermal diffusivity of all samples exactly follows the trend of decreasing

with increasing Ti.

We also plotted the temperature-dependent TE properties of nanostructured bulk sample

Hfy 3 Ti92CoSbgsSng» in comparison with that of Hf, sZr0.sCoSbg Sng, " in Fig. 5. Both samples



have been subjected to the same ball milling and hot pressing conditions to minimize the size
effect on the transport properties. The electrical conductivity of HfysZrysCoSbgsSny, is higher
than that of HfygTip2CoSbgsSng, for the whole temperature range and the difference becomes
smaller with increasing temperature (Fig. 5a). In contrast, the Seebeck coefficient of
Hfy sTipoCoSbgsSng, 1s almost the same with that of HfysZrysCoSbgsSng, for all the
temperatures (Fig. 5b). As a result of the reduced electrical conductivity, the power factor of
Hf sTig2CoSbg gSng is lower than that of Hfy 5Zro sCoSbggSno from 100 °C to 700 °C (Fig. 5¢).
However, this reduced power factor is compensated by the much reduced thermal conductivity
(Fig. 5d), which yields an enhanced ZT especially at higher temperatures (Fig. 5f). The total
thermal conductivity of HfysTip2CoSbygSng, is ~17% lower than that of Hf,sZrgsCoSbggSng 2
(Fig. 5d), indicating that the combination of Hf and Ti is more effective in reducing thermal
conductivity than the combination of Hf and Zr. The origin of the thermal conductivity reduction
achieved in HfjsTip2CoSbysSng, in comparison with HfysZrysCoSbsSng, comes from two
parts: electronic part and lattice part. Specifically, x. of Hfy gTip,CoSbygSny, is about 13%-31%
lower than that of HfsZrosCoSbogSng,. The lattice thermal conductivity of
HfsTip2CoSbosSng, is about 11-19% lower than that of HfjsZrysCoSbosSng, (Fig. 5Se),
consistent with the effect of more thermal conductivity reduction by Hf and Ti combination in n-
type half-Heusler system®®. Our experimental results clearly show that thermal conductivity can
be most effectively reduced in the combination of Hf and Ti, owing to the larger difference in
atomic mass and size in the case of Hf and Ti combination. However, the lattice part still
dominates the total thermal conductivity. If more alloy scattering and/or more boundary
scattering by even smaller grains can be achieved, thermal conductivity is expected to be even
more reduced. It is clearly shown in Fig. 5f that the ZT of Hf, gTip2CoSbsSny, is comparable to
that of HfysZrosCoSbysSng, at low temperatures and exceeds that of HfjsZrysCoSbggSng, at
temperatures above 500 °C (Fig. 5f), demonstrating promise for high temperature applications.
Data of p-type silicon germanium (SiGe)'’, another promising p-type material for high
temperature applications, are also included for comparison (Fig. 5f). Hf(sTip2CoSbgsSng, may

also have cost advantages over SiGe due to the extremely high cost of Ge.

The data we report here are the representative results from many runs. A few typical ZT

vs. T curves of HfygTip,CoSbygSny, are shown in Fig. 6 to demonstrate the repeatability. We



have not only made many parallel batches under the similar conditions (samples 1 and 2) but also
did the thermal stability test by measuring the same sample up to 800 °C again after the first
measurement (sample 1 and 1re). In fact, the results are repeatable within 10% from batch to
batch and there is no observable degradation in either individual properties or ZT after re-
measurement to 800 °C. The good repeatability and thermal stability of HfygTip,CoSbgsSn,

sample further strengthen its promising candidacy for high temperature applications.

Although we have optimized the binary Hf} \TixCoSby gSng» composition by tuning Hf/T1
ratio and demonstrated the feasibility of thermal conductivity reduction and ZT enhancement,
there still remains much room for further improvement. First, a ternary combination of Ti, Zr,
and Hf at M site has given rise to a ZT value of 0.92 in n-type MNiPdSnSb system”. However,
there is little understanding about the influence of ternary combination of Ti, Zr, and Hf on the
transport properties of p-type half-Heuslers, which deserves further investigation. Second,
boundary scattering can be enhanced more by preserving nanosize of the precursor nanopowders
during hot pressing. Combining enhanced alloying scattering along with enhanced boundary
scattering, thermal conductivity is expected to be lowered even more and ZT is most likely to

reach even higher.

Conclusions

Larger differences in atomic mass and size between Hf and Ti than Hf and Zr at M site of p-type
half-Heuslers MCoSb are proved effective on reducing the lattice thermal conductivity by
stronger phonon scattering, which leads to a lower thermal conductivity of 2.7 Wm 'K in
HfosTig2CoSbygSngs. As a result, a peak ZT of HfygTip2CoSbggSng, reached 1.0 at 800 °C,
which paves the way for consideration of real practical applications of HHs for power generation

applications.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

(a) XRD patterns and (b) lattice parameters extracted from XRD patterns of as-
pressed Hf} TixCoSby gSng, (x=0.1, 0.2, 0.3 and 0.5) samples.

(a) SEM image and (b-d) TEM images of as-pressed Hfp sTip2CoSbggSng, sample.
Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, (¢c) power
factor, (d) thermal conductivity, (e) lattice thermal conductivity and (f) ZT of Hf}.
xT1xCoSby gSng, (x=0.1, 0.2, 0.3 and 0.5) samples. The lattice thermal conductivities
of Hf1<TixCoSbygSngp, (x=0.1, 0.2, 0.3 and 0.5) samples at room temperature are
plotted in comparison with Prof. Jun’s molecular dynamics (MD) calculations on Hf}.
xT1xCoSb in the inset of Fig. 3e.

Temperature-dependent (a) specific heat and (b) thermal diffusivity of Hf}.
xT1xCoSbg gSny» (x=0.1, 0.2, 0.3 and 0.5) samples.

Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, (¢) power
factor, (d) thermal conductivity, (e) lattice thermal conductivity and (f) ZT of
Hf, §Tip »CoSbo.sSng, and Hfy sZry sCoSbosSno,. ZT of p-type SiGe (Ref. 10) is also
included in Fig. 5f for comparison.

Repeatability demonstration of HfjsTip2CoSbgsSng, reflected on ZT dependence of

temperature from different batches and from thermal stability test.

13



Lattice Parameter a (A)

Intensity (arb. units)

g
08 02
A JL A A A
l\ J HfO.TTi0.3
“ J L HfU.STiD.S
AN N N
20 30 | 40 | 50 | 60 | 70
20 (degree)
6.06 ——————— S — ,
b s
6.04 + ‘u
.
6.02 - -
6.00 +
598~ P S S E S S R L
0.0 0.1 0.2 0.3 0.4 0.5

(220)

Hf . Ti

(222)

g(400)
(331)

08" 01

> (420)

J
J Hf Ti

Ti fraction x in Hf, Ti CoSb_ . Sn_,

Fig. 1 Xiao Yan et al.

14




200 nm

Fig. 2 Xiao Yan et al.
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Specific Heat (Jg 'K ™)
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Power Factor (10 Wm'K?)

Lattice Thermal Conductivity (Wm™'K™)

Electrical Conductivity (10*Sm™)
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