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Electrical properties of some (1,1,1) intermetallic
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Many intermetallic compounds form with a gap in their density of states at the Fermi level,
giving rise to relatively large Seebeck coefficients, on the order of —150 to —300 uV/deg. at
room temperature. Consequently, when combined with reasonable carrier mobilities in the
range of 30 to 50 cm?/V-s, ‘half-Heusler’ compounds, such as MNiSn where M = (Ti, Zr, Hf),
become attractive candidates for intermediate temperature (300 °C to 600 °C) thermoelectric
applications. Samples of TiNiSn were prepared by arc melting and homogenized by various
heat treatments. The temperature dependence of the electrical resistivity, Seebeck
coefficient, and thermal diffusivity of these samples was characterized between 22°C and
900°C. The electrical resistivity and thermopower both decrease with increasing
temperature, consistent with semiconducting behavior. The electrical power factor, defined
as S?/p where S is the Seebeck coefficient and p is the resistivity, appears quite sensitive to
the degree of homogenization in the microstructure and values in excess of 25 uW/cm-°C?
were observed in nearly single phase alloys within the 300 to 600 °C temperature range. A
brief survey of other selected ternary intermetallic compounds is also presented. © 7999
Kluwer Academic Publishers

1. Introduction is unlikely to exceed that of conventional materials, a
The search for advanced thermoelectric materials corgood understanding of the transport properties of this
tinues to shift from binary to ternary and higher orderinteresting compound is expected to provide insight
compounds. While at least one transport parameter igto the feasibility of the preparation of similar ternary
known about most{85%) of the 4,000 experimentally compounds through substitutional alloying. Previous
known binary alloys, this figure drops to onty5%  studies have investigated substitutions for the Group
of the 161,700 ternary alloys. In other words, therelVA transition metal [5] and for the Group VIIIA tran-
are some 153,000 compounds that are essentially uisition metal [6]. Other systematics remain unexplored.
known in terms of structure and properties. Several rekittle published data exists on the orthorhombic TiNiSi
cent studies of the structure and transport properties aind TiNiGe compounds. Although not strictly Heusler
an interesting class of ternary intermetallic compoundsalloys, these systems may provide useful information
such as MNiSn (M= Ti, Zr, Hf ) have shown that these on the differences between intermetallic compounds
compounds crystallize in the MgAgAs structure and arewith and without a gap. While alloy theory predicts lim-
characterized by the existence of a gap or pseudo-gap ited solubility for Si or Ge in TiNiSn, the extent of solid
the density of states at the Fermi level [1, 2, 3, 4]. Thissolubility as a substitutional replacement for tin and
feature makes them attractive candidates for a studihe effect on the band structure and the thermoelectric
of thermoelectric properties because the gap gives risproperties remains unknown. Other ternary compounds
to semiconducting-like transport properties. The mosare known to crystallize in the MgAgAs structure [7],
intriguing property from a thermoelectric viewpoint is such as the RPtSb whereRheavy lanthanide element,
that of a large room temperature thermopower, on th@nd may be of interest as thermoelectric materials.
order of —300 nV/ °C. Of the three primary macro-

scopic quantities that affect a material’s figure of merit

(electrical conductivity, thermopower, and thermal con-2. Experimental procedures

ductivity), the thermopower is the most difficult to pre- Stoichiometric quantities of Ti, Ni, and Sn were
dict a priori and also to engineer. Therefore, a goodveighed out and arranged on a water-cooled copper
starting point for a systematic search for high figurehearth. Arc melting was accomplished by first melting
of merit materials are high metal content compoundshe Ni and Sn together and then adding the Ti to form a
having a large thermopower, as is the case for TiNiSnsmooth button. The button was turned over six times and
While the dimensionless figure of merit of TiNiSn itself remelted before arc-casting into a rod. The as-cast rod
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was sectioned for metallography and Hall coefficient [y«
measurements. The remainder of the rod was wrapped,
in Ta, sealed in quartz, and heat treated at"&r 3 ke
weeks. Another set of samples was cut for metallogra-
phy and Hall coefficient from the heat treated rod and
a portion of the remainder was subjected to a final heat
treatment of 950C for a period of 2 weeks. No discol-
oration on the inner surface of the quartz was observed
nor was there any noticable change in the ductility of the
Ta wrapping. X-ray diffraction patterns of the samples
were obtained with an automated powder diffractome-
ter using Cuk& radiation. Disk-shaped samples were
characterized for their electrical properties at room
temperature by a Hall effect measurement. Following
the Hall effect measurement, the disks were sectioned
into rectangular parallelepiped-shaped bars and instririgure 2 Microstructure of TiNiSn after 3 week heat treatment at 820
mented for electrical resistivity and Seebeck coefficient250X).
measurements from 22 to 900°C. The measurement
procedures are described in a previous publication [8]. .
Two samples were prepared at the University of -
Virginia by a similar arc casting procedure. Thesesam- = .~ .
ples were subsequently heat treated at&6or vari- )
ous amounts of time as described in a previous publica- -
tion [9]. In that paper, values of the room temperature
Seebeck coefficient, electrical resistivity, and thermal
conductivity were shown after annealing for up to 6
weeks. The temperature dependence of the electrical re
sistivity and Seebeck coefficient of their samples after 1
and 4 weeks at 80T is presented and discussed later.
TiNiSi samples were also prepared for this survey by
arc casting and heat treating. Significant differences be-
tween the cubic Sn and the orthorhombic Si compounds
were observed.
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Figure 3 Microstructure of TiNiSn after 3 week heat treatment at 820
(Fig. 2) followed by an additional 2 week heat treatment at G50

3. Results and discussion (250X).

3.1. Samples prepared at Ames Laboratory: _ ) )
Meta”ographic ana|ysis showed the as-cast TiNiSrﬁrtleS as described below. A small amount of material
sample to be multiphase with clearly observed dendriti¢vas removed from the 2 week at 930 heat treatment
segregation, as seen in Fig. 1. The amount of segreg&2mple and ground for evaluation by X-ray diffraction,
tion decreased afte 3 week heat treatment at 840  the results being shown in Fig. 4. All reflections can
and a subsequent 2 week heat treatment af@58s be indexed to a face centered cubic lattice and the
shown in Figs 2 and 3, respectively, albeit the mate2mount of second phase is apparently less than five
rial remained multiphased. The material was, howeverPercent. The lattice parameter was determined to equal
clearly more homogeneous following the 98Dheat  0.5930 nmusing a Nelson-Riley extrapolation routine,

treatment, which gave rise to improved electrical prop-9iving reasonable agreement with values reported by
other researchers. In fact, the U. of Virginia group re-

ported a lattice parameter of 0.5941 nm on their sam-
ples using different starting materials, a different heat
treatment, and a different diffractometer. A summary
of the room temperature electrical properties of some
of these alloys is provided in Table I. The differences

TABLE | Room temperature electrical properties of TiNiX alloys

(X=SiorSn)

Sample o (Mm-cm) n (x10'8 cm=3) w (cré/V-s)
TiNiSn IHT 14.8 8.0 53.0
TiNiSn IIHT 11.4 15.0 36.7
TiNiSi as cast 0.98 3140 2.0
TiNiSIi HT 0.68 2670 3.4

Note: IHT = 3 weeks at 840C, IIHT = 2 weeks at 950C, TiNiSi HT
Figure 1 Microstructure of as-cast and electropolished TiNiSn (250X). refers to 12 days at 110C
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Figure 4 X-ray diffraction pattern of TiNiSn prepared by arc melting and annealed for 2 weeks a€950
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Figure 5 Electrical resistivity, Seebeck coefficient, and power factor of arc melted and annealed TiNiSn. SarBple¢k heat treatment at 840,
Sample ll= Sample K additional 2 week heat treatment at 980

in conduction mechanisms between the semiconductoB00 K has a value of 0.13 eV. TiNiSn, which is intrinsic
like TiNiSn and semimetallic TiNiSi is clear. From the above room temperature, only marginally satisfies this
slope of the intrinsic conductivity (see below) the mag-requirement. Nonetheless, this material displays inter-
nitude of the energy gap of TiNiSn is estimated fromesting electrical properties within the intrinsic conduc-
o =00, eXp(Q/KT) to be on the order of 0.1 to 0.2 eV. tion regime. The high temperature electrical resistiv-
However, the TiNiSi, crystallizing in an orthorhombic ity, p, Seebeck coefficient, S, and power factdv,cS
structure, shows no evidence of a gap. of two TiNiSn alloys arc melted at Ames and sub-
A usable thermoelectric material is generally ex-sequently annealed are shown in Fig. 5. Both sam-
pected to have a band gap of at least 5 kT, which, aples display qualitatively similar electrical behavior,
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although the resistivity of the material which had beendecreases at higher temperatures. This behavior is qual-
heat treated at 95 is lower than that of the cor- itatively different from the samples prepared at Ames,
responding sample heat treated at 880This seems in that the latter alloys show a continuously decreasing
reasonable considering that a more homogeneous mgeebeck coefficient with temperature throughout the
crostructure will provide fewer second phase scatteringntire temperature range. The electrical resistivity of
sites. Clearly, control of microstructure will be a critical both sets of samples show similar behavior. The power
parameter in optimizing the thermoelectric propertiesfactor of the U. of Virginia samples increases to a max-
of these alloys. The decrease in resistivity with tem-imum of near 20uW/cm-deg? in the 300 to 400C
perature is consistent with that of an intrinsic semicon+ange. It is noted that the maximum power factor of the
ductor. The Seebeck coefficient of the two samples iAmes’ 840°C heat treated sample is similar to that of
similar and is sufficiently large to drive the power factor the U of Virginia alloys but that the application of the
to a maximum of 27uW/cm-deg? near 500C in the  additional heat treatment at 950 has improved the
material heat treated at 950 for 2 weeks. Due to the power factor. The exact causes for the improvement is
higher resistivity, the power factor of the 840 sam-  not known at this time; however, some differences in
ple maximized at 2luW/cm-deg? Interestingly, the processing are worth mentioning. The U. of Virginia
power factor increases with increasing temperature imgroup placed the samples in alumina crucibles, which
the lower temperature range, even though the materiatere in turn sealed within quartz ampoules. They sub-
should be operating in or quite near the intrinsic conducsequently observed formation of a metallic coating on
tivity range. The magnitude of the power factor is com-the inner wall of the ampoule following the heat treat-
parable with that of state-of-the-art silicon-germaniumment. In contrast, the Ames group wrapped the sam-
alloys, although Si-Ge can be used at a much higher opples in Ta before sealing in quartz and no coating on
erating temperature than TiNiSn. Continuous coolingthe ampoules was observed. Moreover, no noticeable
data was obtained after reaching the maximum tempeichange in the ductility of the Ta was observed, which
ature, and no evidence of hysteresis was observed. would have suggested that a reaction between the sam-
ple and the wrapping occurred. Clearly, additional stud-
ies are needed to identify and control the heat treatment
3.2. Samples prepared at the Univ. conditions required for the optimum power factor. The
of Virginia: thermal conductivity of various heat treated specimens
Two rectangular parallelepiped-shaped samples dfiave been measured at room temperature by the Vir-
TiNiSn were cut from an arc melted and heat treatedyinia group and found to lie in the 40 to 60 mW/cm-
sample prepared at the University of Virginia. Thesedeg. range. From the above data, the high temperature
samples were instrumented and characterized for higthermal transport in these alloys is expected to be dom-
temperature electrical resistivity and Seebeck coeffiinated by an increasing electronic component which
cient in the same manner as the alloys prepared anight offset any T* phonon scattering decrease. Tak-
Ames. The results of these measurements are showng the lower value for the thermal conductivity, a rea-
in Fig. 6. The Seebeck coefficient of both samples in-sonable estimate for the optimized ZT of this material
creases slightly with temperature to about 300and  would be 0.45 to 0.50 within the 30C to 600°C range.
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Figure 6 Electrical resistivity, Seebeck coefficient, and power factor of arc melted antB&0nealed TiNiSn. Sample designatios: IL week heat
treatment and I\= 4 week heat treatment. (Samples were prepared at the University of Virginia).
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properties include the RPtSb system, where Ris a heavy
rare earth element. Little transport data has been mea-
sured on these compounds to date.

RPdBi

4. Conclusion

Intermetallic compounds having a gap in the density of
states at the Fermi level are attractive candidates for low
and intermediate temperature thermoelectric applica-
tions. Preliminary transport measurements on annealed
TiNiSn indicate that electrical power factors exceeding
25 pW/cm-=C? within the 300°C to 600°C tempera-
ture range are achievable. Control of microstructure is a

critical processing variable in the optimization of these
Figure 7 Room temperature Seebeck coefficient of RPdBI compoundsa”oys_
as a function of atomic number. (Rrare earth).
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