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TiNiSn-based half-Heusler alloys have been of significant interest for their potential as thermoelectric materials, which arises from their 
promising electronic transport properties. They exhibit high Seebeck coefficients and moderate electrical resistivity values but have 
comparatively high lattice thermal conductivities (κL) that need to be reduced. A significant reduction in κL with substitutions of large 
concentrations of Zr (y ≥ 25%) in Ti1-yZryNiSn0.95Sb0.05 is observed and attributed to mass fluctuation scattering. In contrast, minute 
amounts of Sb-doping (x ≤ 5%) at the Sn-site in TiNiSn1-xSbx gives rise to non-systematic increase in κL. Extensive micro-structural 
analysis indicate a correlation between κL and the average grain diameter of these materials. The two different phonon scattering 
mechanisms to reduce κL are discussed in the Ti and Zr-based half-Heusler alloys.  
 

1.  Introduction 

Over the past few decades, there has been a revived interest 
in the field of thermoelectricity. New and advanced 
thermoelectric (TE) materials have been investigated as an 
alternate mode of energy conversion for refrigeration and power 
generation applications1,2,3.  Power generation systems with 
radioactive thermoelectric generators (RTGs) used by NASA in 
the deep space missions of the Voyager I and II and the Cassini 
Mission to Saturn have proved to be highly reliable and long 
lasting. TE materials and devices are of interest for their 
reliability and durability, and the technology is also environment 
friendly and ecologically safe. The simplicity and compactness of 
a TE generator with no moving parts (a solid state device) makes 
it ideal for niche applications. 
The efficiency of a TE material is determined by the 
dimensionless parameter ZT, also known as the figure of merit of 
the TE material and is given by4: 

ZT =
α 2σT

κ
       (1) 

where, α is the Seebeck coefficient or thermopower, σ (= 1/ρ) is 
the electrical conductivity and ρ the electrical resistivity, κ (= 
κL+κE) is the thermal conductivity, comprised of the lattice (κL) 
and electrical contributions (κE).  The state-of-the-art TE 
materials are Bi2Te3 (ZT ≈ 1 at 350 K) and SiGe (ZT ≈ 1 at T = 
1200 K) 5.  The goal is to find new TE materials that would 
exhibit a higher efficiency (ZT ~ 2-3) over a broader range of 
temperature.  

An ideal TE material exhibits high Seebeck coefficient 
(α ≈ 100 – 300 μV K-1) and favorable electrical conductivity (σ ≈ 
102 – 104 Ω-cm-1) as observed in semi-metals or semiconductors 
with an optimal energy gap (Eg ≈ 0.25 eV).6 Optimizing the 
Seebeck coefficient and electrical conductivity simultaneously 
via "doping" or chemical substitution also improves the electronic 
transport properties. To maximize ZT further, methods to "tune" 
the lattice thermal conductivity by increasing phonon scattering  

via mass fluctuation or grain boundary scattering have been 
investigated 7,8.  

In recent years, attention has been focused on the TiNiSn 
based half-Heusler alloys for their potential as thermoelectric 
materials. The half-Heusler alloys are a group of ternary 
intermetallic compounds that exhibit the cubic MgAgAs (C1b) 
crystal structure9,10., MNiSn (M= Hf, Zr, Ti) half-Heusler alloys 
possess three filled and one vacant interpenetrating fcc sublattices 
with twelve atoms in a unit cell. They are structurally comparable 
to their parent compounds, the Heusler alloys (MNi2Sn) that have 
all the four sub-lattices occupied by Ni atoms. The presence of a 
narrow bandgap in the half-Heusler alloys accounts for the 
“tunability” and variability of the electrical resistivity (ρ ≈1/σ ≈ 
0.1-8 mΩ-cm) at room temperature. The combination of the high 
negative thermopower (α >> 150 µV/K) and low electrical 
resistivity results in a power factor as high as (α2σT ≈ 1.0 Wm-

1K-1) at room temperature.  A very large power factor (α2σT) of 
about 4.5 Wm-1K-1 at 650 K has been reported in the 
TiNiSn0.95Sb0.05 half-Heusler alloy11. Other groups have also 
reported promising transport properties in the half-Heusler alloys. 
A ZT ≈ 0.7 at 800 K in Zr0.5Hf0.5Ni0.8Pd0.2Sn0.99Sb0.01 has been 
reported in the half-Heusler alloys by Shen et a12l. The highest 
value of ZT = 0.81 at T = 1025 K was observed by Culp et al13. 
in half-Heusler alloys with the composition 
Hf0.75Zr0.25NiSn0.975Sb0.025, which was found to exceed the 
standard set for industrial purposes by the SiGe alloys. 

2.  Experimental procedure  

Alloys of different compositions were synthesized at the 
University of Virginia by arc-melting appropriate quantities of 
elements together. For a "standard" alloy, short term annealing at 
900 °C for 14 h and long term annealing at week was carried out. 
Ball-milling at UVA was performed on an as-cast ingot to ensure 
particle control and the process is also known to produce nano-
sized particles (clusters). The ball-milled powders were shock 
consolidated using a three-capsule plate-impact compaction 
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fixture, with a single stage gas gun at GA Tech. This process 
discourages further grain growth. Details of synthesis and shock-
compaction procedures are found elsewhere.Error! Bookmark not 

defined.,Error! Bookmark not defined. Resistivity and thermopower were 
measured simultaneously at Clemson University in a closed cycle 
helium cryostat from 10 to 300 K and the specific technique is 
described in detail elsewhere14. The thermal conductivity was 
also measured from 10 to 300 K using a separate custom 
designed system using a steady state technique. The mounting 
and measurement technique and instrumentation are also 
described in detail elsewhere.  

2. Results and Discussion 

Athough the TiNiSn half-Heusler alloys exhibit 
promising electrical transport properties, the lattice thermal 
conductivity measured (≈10 Wm-1K-1 at 300 K) is quite high and 
is an important physical property to optimize. The thermal 
conductivity in half-Heusler alloys consists chiefly of the lattice 
750°C for one  

Figure 1: Lattice thermal conductivity vs. (a) Temperature (b) 
nominal concentration of Zr substitution, in the Ti1-

yZryNiSn0.95Sb0.05 series. 

contribution (κL ≈ 90% of the total κT), calculated indirectly 
using the Wiedemann Franz relation (κE = LOσT, where LO = 
2.45 x 10-8 V2/K2 is the Lorenz number, and (κL = κT - κ

At higher temperatures (T ≥ 200 K), κL is typically 
dominated by phonon-phonon interactions which limit the 
phonon mean free path ph, causing κL to exhibit a 1/T 
dependence. At these temperatures, the velocity of sound (vs) or 
phonon velocity and the specific heat capacity per unit volume of 
phonons (cv) are essentially a constant, where

phsvL 3
. 

Hence, κ
vc 

1=κ
L may be reduced by increasing phonon scattering 

mechanisms such as phonon-phonon interactions, scattering by 
grain boundaries (both external and internal), point defects, 
impurities, isotopes, dislocations etc15.  
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Figure 2: Lattice thermal conductivity vs temperature (b) average 
grain diameter in TiNiSn1-xSbx series at 300 K.  

The effect of substituting large concentrations of Zr (≥ 
20%) at the Ti site in the Ti1-yZryNiSn0.95Sb0.05 series was 
studied, keeping the optimal Sb-doping (5%) a constant. The 
electronic transport properties in the Ti1-yZryNiSn0.95Sb0.05 series 
exhibit the upper limits of power factors (α2σT) in the parent 
compositions TiNiSn0.95Sb0.05 and ZrNiSn0.95Sb0.05, decreasing 
in magnitude with increasing Zr substitution at the Ti site. 
TiNiSn0.95Sb0.05,  remains the optimal composition in this series 
of samples with the highest power factor (≈ 1.0 Wm-1K-1 at T = 
300 K).15 Figure 1(a) shows κL as a function of temperature for 
the series, Ti1-yZryNiSn0.95Sb0.05, (y = 0.0, 0.25, 0.5, 0.6, 0.75 
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and 1.0). The end elements of the series, ZrNiSn0.95Sb0.05 and 
TiNiSn0.95Sb0.05 exhibit the highest κL values, while κL in the 
intermediate alloyed compounds Ti1-yZryNiSn0.95Sb0.05 (y = 
0.25, 0.5, 0.6 and 0.75) are highly reduced by almost 50%, most 
likely due to mass fluctuation scattering arising from the 
difference in the atomic masses of Zr (MZr = 91 g/mol) and Ti 
(MTi = 48 g/mol). Figure 1 (b) shows κL at 300 K vs. Zr 
concentration (y), with a maximum mass disorder and a reduction 
of κL near a concentration of 50 % Zr at Ti site, pointing towards 

 121.8 g/mol) and Sn (MSn = 118.7 g/mol) in the periodic 
table.  

 ≤ 10 μm) and(b) Ti1-yZryNiSn0.95Sb0.05 (y = 0.25) (D ≥ 

lf-Heusler alloy, (κL ≤ 4 W m-

 a guide to the eye  

Conclusions 

ing a dependence of lattice thermal conductivity on the 
grain size (D ≤ 10 µm) in the half-Heusler alloys. 

-03-0787 and SC 
EPSCoR/Clemson University cost share.   

2 , 

mass fluctuation scattering.  
Figure 2(a) shows κL vs. temperature in the TiNiSn1-xSbx series 

with minute (x≤ 5%) amounts of Sb doping at Sn-site. Pure 
TiNiSn exhibits a thermal conductivity of about 8 Wm-1K-1 at 
room temperature, in good agreement with the thermal 
conductivity of TiNiSn measured by other groups (9 Wm-1K-1 at 
300 K)16.  For these low concentrations of Sb doping in the 
TiNiSn1-xSbx (x = 0.0, 0.005, 0.02, 0.03, 0.05), the room 
temperature values of thermal conductivity vary non-
systematically over a range from approximately (6 – 15) Wm-1K-

1, although it is expected that κL in this series would be of similar 
magnitudes at all temperatures due to the close proximity of Sb 
(MSb =
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 Figure 3: Characteristic grain structures in (a) TiNiSn1-xSbx (x = 
0.02) (D
50 μm) 

Extensive micro-structural studies in the TiNiSn1-xSbx series 

have established a direct correlation of κL with the average grain 
diameter (D) in these materials as shown in figure 2(b).Error! 

Bookmark not defined. For the "standard" TiNiSn1-xSbx compounds 
specified earlier, κL decreases systematically with a decrease in 

grain diameter (D ≤ 10 µm) even with the small variations of 
grain size. This plot also includes a ball-milled and shock 
compacted (BM-SC) TiNiSn0.95Sb0.05 sample, with D ≤ 0.05 µm 
and a remarkably low κL for a ha
1K-1). The line is

Two different phonon scattering mechanisms in the TiNiSn1-

xSbx and the Ti1-yZryNiSn0.95Sb0.05 series of half-Heusler alloys 
are presented. In the TiNiSn1-xSbx series, there is a direct 
correlation between the average grain diameter (D) and the lattice 
thermal conductivity (κL). Phonon boundary scattering is 
believed to be the prominent scattering mechanism when the 
grain size is about 10 µm or less. In the second series of Ti1-

yZryNiSn0.95Sb0.05 compounds, the average grain size, D is 
observed to be greater than 50 µm. The reduction in κL is 
attributed to mass fluctuation scattering. Our experimental results 
are in good agreement with the theoretical predictions of 
Goldsmid et al.,Error! Bookmark not defined.,Error! Bookmark not defined. on 
phonon boundary scattering in the half-Heusler alloys, 
establish
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