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The effects of Nb substitution at the IV metal site on the thermoelectric properties of
Tio5(ZrHf)o5_xNbxNiggPdo.1Sng9sSbo oz half-Heusler alloy compounds were investigated by measur-
ing the electrical resistivity, Hall effect, Seebeck coefficient and thermal conductivity. Changes in its
microstructure were characterized using SEM and X-ray diffraction. It was shown that the substitution of
Nb for TiNiSn-based alloys led to a significant reduction in the thermal conductivity due to the increase
in defects and an enhancement of the electrical conductivity. The best sample reached a ZT of 0.66 at
900K with an Nb content of x=0.01.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The use of half-Heusler alloys as thermoelectric materials (TE)
[1] have recently been of interest due to their high thermal sta-
bility, low thermal expansion coefficient [2] and high efficiency
for high temperature thermoelectric applications. The performance
of thermoelectric depends on the temperature gradient (AT) and
intrinsic material properties. The maximum efficiency is expressed
as @max = ¢y, where 1. is defined by combining the Carnot effi-
ciency (Ty — T¢)/Ty, and y, which embodies the parameters of
the materials y = ((v/1+ZT — 1)/(~/1 +ZT + (T¢/Ty)))[3]. The effi-
ciency of energy conversion in thermoelectric materials is related
to the dimensionless figure of merit ZT, which is given by ZT =
a?T/ pk. A good thermoelectric material should ideally perform at
a wide range of temperatures with a large Seebeck coefficient, low
electrical resistivity, and low thermal conductivity. Half-Heusler
semiconductors with 18 valence electrons per unit cell [4,5] pos-
sess a narrow band gap-on the order of 0.1-0.2eV [6,7]. The
associated large effective mass leads to several characteristics,
which includes large thermoelectric power factors [8], large See-
beck coefficients (250 wV K~1) at room temperature [9], moderate
electrical resistivity (1-10 w€2m) [10] and high thermal conduc-
tivity (~10 W m~1K-1) at room temperature [9]. In their efforts
to achieve a higher ZT value, Muta et al. [11] have reported that
since Nb (4d45s1) has an additional electron in the valence shell in
comparison to Ti (3d24s2) and Zr (4d25s2), the Fermi level shifted
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upwards in the conduction bands. This demonstrated an enhance-
ment of metal-like behavior in semiconductors with increasing Nb
concentration. Hohl et al. [ 12] reported greater efficiency by doping
ZrNiSn materials with Nb, which obtained a maximum power factor
of 22 W cm~! K2 and low thermal conductivity of 5.2 Wm~1 K1
atroom temperature. Sakurada and Shutoh [13] have reported that
Ti can be effectively substituted for Zr and Hf, reducing the ther-
mal conductivity to 3Wm~1K-1. By substituting a small amount
of Sb or Bi on a Sn site, or Nb or Ta on an Zr site, Hohl et al. [12]
have reported a reduction in electrical resistivity without signifi-
cantly decreasing the Seebeck coefficient, obtaining a power factor
(a?0) of 40 uW cm~! K2 and a ZT value of ~0.5 at 700K. In addi-
tion, a low thermal conductivity of 2Wm~1 K-! was reported by
Shen et al. [14] in a ZrNiSn-based half-Heusler alloy, when a Ni site
was substituted by Pd. Yang et al. [15] elucidated the point defect
scattering for alloying Pd on the Ni sub-lattice. Other groups have
investigated large concentrations of Zr (y = 25%) substitution at Ti
sites, which reduced the thermal conductivity by mass fluctuation
scattering [16]. In this work, we report the effect of substituting IV
sites with Nb in Tig 5(ZrHf)g 5 _xNbxNig gPdg 1 Sng ggSbg 2.

2. Experimental and procedure

An ingot of the alloy Tips(ZrHf)o5_xNbxNiggPdo 1SngesSboo, was made from
high-purity elements (Ti (99.99%), Zr (>99.99%), Hf (>99.99%), Nb (99.95%), Ni
(99.99%), Pd (99.9%), Sn (99.999%), and Sb (99.999%)) by arc melting several times to
ensure homogeneity on a water cooled copper chilled under an argon atmosphere.
Fig. 1 shows out the columnar dendrites and equiaxed dendrites structure by rapid
solidification process which will be affect the concentration field re-distribution of
element solute. The grain boundaries have more Ti-rich phase.

The samples were wrapped in tantalum foil and sealed in an evacuated quartz
tube for annealing, which consisted of two stages. The first annealing was carried out
for 24 h from 1173 to 1273 K to ensure homogeneity, and the second was from 970
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Fig. 1. The columnar dendrites and equiaxed dendrites structure by rapid solidifi-
cation process.

Table 1
lattice parameters of the Tigs(ZrHf)os_xNbyxNiggPdg.1SngegSboo2 with Nb stoichio-
metric concentrations, x.

Nb content x 0 0.1 0.2 0.3 0.4 0.5
Lattice (pm) 605.15 604.21 603.8 603.25 603.23 602.86

to 1070K for 10 days to increase the ordering of the samples. Samples were taken
out of the oven after annealing and cut into disks and bars. Each disk was 10 mm in
diameter and 1 mm thick, whereas the bars were 3 x 3 x 12 mm. The disks and bars
were used for thermal diffusion and Seebeck coefficient/resistivity measurements.
The half-Heusler phase and microstructures were analyzed using X-ray diffraction
(XRD), and scanning electron microscopy (SEM), respectively. In addition, the See-
beck coefficient and electrical resistivity were simultaneously measured under a He
atmosphere using a ULVAC-RIKO ZEM-3 (Kanagawa, Japan). The thermal diffusivity
was measured using a laser flash technique from 300 to 1000 K with ULVAC-RIKO
TC-9000 in a dry nitrogen atmosphere. The specific heat capacity was measured
using a Metter DSC821 with temperatures ranging from 300 to 900K. The elec-
trical resistivity and Hall effect was measured using a Mitsubishi MCP-T600 and
Accent HL5500PC at 300K to ensure non-crack in microstructure for thermoelectric
sample.

3. Results and discussion

The effect of substituting Zr/Hf with Nb on lattice thermal con-
ductivity was studied, while maintaining optimal Ti, Pd, and Sb
concentration. The key to achieving an optimal TE figure of merit
depends on many factors, and is not limited to reducing the lat-
tice thermal conductivity. Fig. 2 shows X-ray diffraction patterns
of annealed Tio.5(Zer)0.5_bexNi0‘9Pd0.1 Sno.ggsbo.(n (X = 0—005) in
the range of 260=20-120°. All samples were identified as half-
Heusler phases by annealing from various temperatures [16]. The
peak associated with the presence of impurities is visible in TigSns
diffraction patterns, and is essential to enhance the electronic trans-
port properties. Table 1 shows the average lattice parameter of

Fig. 2. X-ray diffraction patterns of Tigs(ZrHf)os5_xNbyxNiggoPdo.1Sne.9sSbo.o2
(x=0-0.05) at 300 K. Asterisk indicates is Sn5Tig phase.

Fig. 3. Temperature dependence of the Seebeck coefficient for
Tio_5(Zl’Hf)o_5,xNbeig,QPng Sl’lo_gg Sbg,oz alloys.

Ti0‘5(ZI’Hf)O.5,XNbXNi0.9Pd0‘1 Sno.ggsbo.oz as a function of Nb con-
tent, x. Using the XRD data (20-60°), the lattice parameters of x
(x=0-0.05) were calculated to be 6.0515, 6.0421, 6.038, 6.0325,
6.0323 and 6.0286 A, respectively. The lattice parameter decreased
linearly with increasing Nb content.

Fig. 3 shows that the absolute values of the Seebeck coeffi-
cient increased with increasing temperature in the range from 300
to 1000 K. The variation of Nb-concentration (x=0-0.02) induced
two regions at the intersection. In the first region, substitution at
Zr[Hf sites with Nb at temperatures ranging from 300 to 823K
showed degenerating characteristics, where the Seebeck coeffi-

Table 2

Room temperature values of electrical transport parameters of Tig s(ZrHf)o5_xNbxNiggPdg 1SngesSbo o2 compared with Journal of Alloys and Compounds [10].
Sample p (10> Qm) ZEM p (107> 2m) Hall effect n(10'°/cm?3) i (cm?/Vs) a (v/K)
Tio.99Nbg 01 NiSn (Ref. [10]) 1.23 33.0 15.0 —-208.0
Tip.9sNbg 02 NiSn (Ref. [10]) 09174 50.0 14.0 -191.0
Tip.99Nbg 1 NiSn (Ref. [10]) 1.3158 19.0 26.0 -229.0
Tip.0sNbg 02 NiSn (Ref. [10]) 0.8929 30.0 24.0 -199.0
Tig5(ZrHf)o 5 Nig.9oPdo.1Sno.9sSbo.o2 0.3676 0.3777 23.7 69.9 -87.0
Tig5(ZrHf)o.49Nbg 01 NigoPdg 1 Sng .95 Sbo 02 0.3532 03733 26.4 63.3 -83.9
Tig.5(ZrHf)o.48Nbg 02 Nig9Pdo 1 Sno.95 Sbo.02 0.3445 0.3187 33.6 58.3 -79.9
Tio.5(ZrHf)o.47Nbg 03 Nig.9Pdo.1 Sno.9s Sbo.o2 0.297 0.2919 37.0 57.8 —69.4
Tig 5(ZrHf)o.46Nbg 04 Nig o Pdg 1 Sng 95 Sbo 02 0.2601 0.2932 39.7 53.6 —63.7
Tig.5(ZrHf)o.45Nbg 05 Nig9Pdo 1 Sng.95 Sbo.02 0.1977 0.1841 66.4 51.1 -51.4
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Fig. 4. The temperature dependence of electrical

Tios (Zer)o_s,X NbyNig9Pdg.1Sng.98Sbo.02 alloys.

resistivity  of

cient decreased with increasing Nb concentration. According to the
Mott and John equation [17], the Seebeck coefficient of degenerated
semiconductors is
m2k2T dIno(E) T  dNi(E)
3q dE

S= ZTotAE)
Neot(E)  dE  |p—g;

E=Ef

where kg, q, 0(E), Niot(E) are the Boltzmann constant, charge on
an electron, electrical conductivity and value of density of state
(DOS), respectively. An increase of carrier concentration from 23.7
to 66.4 x 10'%/cm? was observed for Nb concentrations x=0-0.05
as shown in Table 2. This change in properties was believed to

Fig. 5. Power factor of the Tig5(ZrHf)o5_xNbxNiggPdg.1Sng9gSboo2 alloys as a func-
tion of temperature.

be caused by a shift in the Fermi-level to a higher energy in the
conduction band by Nb dopants. In the second region, the abso-
lute value of the Seebeck coefficient decreased above 823 K, which
was attributed to the excitation of electron-hole pairs across the
energy gap at higher temperatures, and is in agreement with
the studies conducted by Hiroaki et al. [11]. Metal behavior was
observed with high concentrations of Nb (x=0.03-0.05) substitu-
tion at Zr/Hf sites. The Seebeck coefficient then reached a maximum
of |S|=163 wWK-! with an Nb concentration of x=0.01, which
begins to decrease at 926 K.

Fig. 4 shows the temperature and Nb content dependence
of the electrical resistivity. The electrical resistivity showed a

Fig. 6. SEM image the characteristic grain structure of varying sizes for Tig 5(ZrHf)o 5_xNbxNigoPdg.1Sno9sSboo2: (a) x=0, (b) x=0.01, (c) x=0.02 and (d) x=0.03, the grain size

average diameters of 20-50 pm.
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slight linear decrease with increasing Nb content. Minimum car-
rier mobility (. =51.1cm2 V-1 s~1) with a low electrical resistivity
of 0.1841 x 10-> Qm was achieved with an Nb concentration of
x=0.05,as showninTable 2. The experimental results show that the
addition of Sb is effective for the reduction of the electrical resis-
tivity of half-Heusler alloys. Similar studies were also conducted
by other groups [18-20]. In addition, doping at levels greater than
0.006 at% Sb on Sn sites results in an increase in electron carrier den-
sity [8]. Based on the Seebeck coefficient and electric conductivity
results, the observed behavior showed degenerate characteristic
in Tio.s(Zer)o.S_bexNi()‘gPdo.l Sl’lo.ggsbo.oz with varying Nb con-
centration. Using the measured electrical resistivity and Seebeck
coefficient, the power factor was calculated and is shown in Fig. 5.
The power factor may be influenced by many factors such as the
Fermi level [21], density of state [22], mobility (electrons and
holes) [23], phonon scattering [24], and so on. From the point
of electrical conductivity equation, o~T>/2ms>/2 1 /k,,, which is
a function of carrier concentration, where p is carrier mobility,
m* is carrier effective mass, and k,;, is lattice thermal conduc-
tivity. In order to achieve better thermoelectric performance, a
higher mobility to thermal conductivity ratio is required. In this
study, the highest power factor was achieved when the Nb con-
centration was in the range x=0-0.05. The power factor was
observed to reach ~39.18 wW cm~! K—2 at 800 K with larger mobil-
ity (63.9cm?/Vs) when Nb substitution level x=0.01. The results
yielded consistent with the electrical conductivity equation. It is
believed that this might be either a change in electronic band
structure, or doping the compound using Sb and Nb due to the
V and Sb have one more electron and enhance the carrier mobil-
ity.

Fig. 6(a)-(d) shows the SEM image with different Nb concen-
trations, with x ranging from 0 to 0.03. Intuitively, the grain size
decreased and voids increased with increasing Nb concentration.
Both the grain size and voids influence the thermal conductivity.
It appears that the sample readily formed voids with increased
Nb-doping, which leads to phonon scattering, reducing thermal
conductivity. The total thermal conductivity as a function of
temperature for the series Tig 5(ZrHf)g5_xNbxNiggPdg.1Sng 9gSbg.02
(x=0-0.05)is shown in Fig. 7. It demonstrates that the thermal con-
ductivity slightly increased with increasing Nb substitution from
x=0 to x=0.05. According to the Wiedmann-Franz-Lorenz Law,
L= (k/oT)= (n2/3)(k3/e)2T, where L is the Lorenz number and is
characterized by o and k, respectively, the thermal conductivity is
proportional to electrical conductivity at constant temperature. The
behavior of thermal conductivity agrees with the trend of electrical
conductivity.

Fig. 7. The effect of (ZrHf) alloying at the Nb site on the thermal conductivity of
Tio.5(ZrHf)p5-xNbxNig.gPdo 1 Sno.gsSbo.o2 alloys as a function of temperature.

Fig. 8. Thermoelectric figure of merit for (ZrHf) alloying at the Nb site as a function
of temperature.

Fig. 8 shows the dimensionless figure of merit, ZT, for all
samples from 300 to 900K. Nb substitution in the compound
Tig.5(ZrHf)g5_xNbxNiggPdg 1SngggSbg g, was observed to reduce
thermal conductivity (475Wm~1K-!) and enhance the power
factor (38.47 wW/cmK?). When Nb substitution concentrations
reaches x=0.01, the ZT value reached ~0.66 at 900 K.

These results demonstrate that the presence of Nb can lead to
voids in alloys that possess a NiSn phase, which reduces the total
thermal conductivity and enhances the ZT value in relatively high
temperature ranges.

4. Conclusions

The effect of Nb substitution on the high temperature ther-
moelectric properties of Tigs(ZrHf)y5_xNbxNiggPdg 1Sngg9gSbg o2
compounds was systematically studied. Alloying by Nb substi-
tution into Zr and Hf sites led to an increase in the power
factor, achieving a maximum value of 39.18 pW/cmK? at 800K
and Nb content x=0.01. It demonstrated a degenerative effect
in Ti0.5(Zer)o.5_XNbXNiOA9Pdo.] Sl’lo.ggsbo‘oz with Nb concentration.
The total thermal conductivity increased slightly with increasing
Nb substitution from x=0 to x=0.05. The sample readily formed
voids in the NiSn phase with increasing Nb-doping, leading to
phonon scattering, and consequently reducing the thermal con-
ductivity. Finally, a ZT value of 0.66 at 900K was obtained for
Tig5(ZrHf)o.49Nbg 01 Nig.9Pdo.1Sng 98Sbo 02 alloys.
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