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Thermoelectric and transport properties of FeVSh, ,Sn, (0.015<x<0.055) alloys were studied with respect to types of vials
(zirconia and stainless steel), Sn contents and temperature. The results were compared with the previously studied samples
synthesized by using stainless-vial. All the designated compositions in current work were prepared via a mechanical alloying
process using a zirconia vial. Vacuum hot pressing was conducted to consolidate the mechanically alloyed powders. F43m
symmetry was being confirmed from the Rietveld refinement pattern. The phase transitions during the milling process and
vacuum hot processing were investigated and the results exhibited near single half-Heusler phases with a minor portion of the
second phase within the matrix. The Second phase might play a role to reduce thermal conductivity. Electrical conductivity
exhibited semi-metallic behavior in all the temperature range. Carrier concentrations are found to be decreased with the
increasing Sn contents and the FeVSbyys5Sng s specimen showed the Z7,,,. of 0.23 at 757 K.
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Introduction and high cost of the materials [7, 8]. Generally, the TE
material performance is derived from, ZT = (a’cT)/
Mechanical alloying (MA) process is a well-known (K txe) = (PF/x)T. It is obvious that an efficient TE

high energy milling technique that can produce ultrafine material should have high a (Seebeck coefficient), o
microstructures which can be controlled during the (electrical conductivity) but low x (thermal conductivity),
progress of the milling [1]. It has superior advantages K. (lattice thermal conductivity) and . (thermal
over other traditional processes; for instance, it may conductivity due to electronic contribution) at the
help to produce alloys that are difficult to produce applicable temperature, 7. However, it is highly
applying conventional metallurgical techniques, namely challenging to get high ZT because of the inter-relation
casting and forging [2, 3]. Regarding this, MA can be of these ZT parameters [9].
utilized for elements with a low melting point which Half-Heusler (HH) alloys are the new addition in
may suffer from sublimation during processing. Despite renewable energy materials and could become an
these benefits, there are few drawbacks of the MA appropriate candidate for TE devices. HH materials
process which may generate problems during the have advantages over other TE materials because of its
synthesizing process. One important effect that we high-temperature strength, cheap ingredients and ease
suffered previously was the contamination of the foreign of synthesis process. HH alloys showed improved TE
elements from stainless-steel vial during the milling efficiency from intermediate to high-temperature waste
[4]. It made the desired half-Heusler (HH) system heat conversion [10]. Generally, HH has considerable
unstable, causing a negative doping effect. To overcome PF at 300 K. It is the major merit point of getting high
such problems, zirconia vial was used in order to efficiency. Till today, the best TE efficiency was
prevent the incorporation of foreign elements from the observed from the HH alloys of ZrNiSn, ZrCoSb, and
vial. NbFeSb in the range of ZT = 1~1.5 [11-15]. Ferluccio
Thermoelectric (TE) generators open a feasible way et al. showed that NbCoSb HH also produced ZT =~ 1
to reduce the dependency of fossil fuels and greenhouse when it occupied vacancies at the Nb site [16]. Zhu et
gas emissions by converting waste heat into electricity al. revealed that TE efficiency in HH alloys was
[5, 6]. However, the large-scale applications were not limited due to large lattice thermal conductivity (r.)
possible yet because of moderate conversion efficiencies around 10~13 Wm™'K™" at 300 K [17]. Recently, FeVSb

HH alloy has gained research interest owing to its high
PF value though it had a relatively high k value around

*C di thor: . .
Tol B3 S 15385 8~10 Wm.’lK’{ [18]. Hence, the reduction of x is one
E-mail: scur@ut.ac.kr of the main objectives to get high ZT in FeVSb alloys.
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For achieving optimum efficiency, doping in the FeVSb
HH system may reduce the thermal conductivity barrier
[19]. Mass scattering process may be one of the efficient
ways to reduce thermal conductivities in the HH system
which may reduce the x;, around 4~5 Wm™'K™' [20].
Recently, Zou et al. stated that x could be reduced by
boundary scattering engineering [21]. Stadnyk et al.
studied the Fe,,Cu,VSb matrix and found metallic
conductivity at elevated temperature owing to a
sequential-shift in Fermi level to the conduction band
[22]. Some of the previously reported highly efficient
thermoelectric materials are p-type ZrCoBiyg5Sbg 1551020
half-Heusler (ZT =1.42 at 973 K) [23], p-type
endoaxially nanostructured PbTe (ZT =2.2 at 915K)
[24], Bismuth-doped GeTe (ZT = 1.8 at 722 K) [25],
Skutterudite DDyFe;CoSby, (ZT > 1.3 at 773 K) [26]
and Bismuth Chalcogenides, Bi,Tes;/Sb,Te; super-
lattice (ZT~2.4 at 300 K) [27].

For the investigation of the TE properties of FeVSb;_,Sn,
(0.015<x<0.055) alloys, a controlled MA process was
utilized with subsequent vacuum hot pressing (VHP).
Sn was used as an effective dopant for this novel system
and the result was compared with the previous study
for which stainless steel vial was used during milling.

Experimental Procedure

FeVSb,,Sn, HH systems were synthesized by MA
process using the stoichiometric powder mixtures of Fe
(63 pum), V (75 pm), Sb (45 um) and Sn (63 pm) and all
the powders were 99.9% pure. MA process was carried
out using a zirconia vial in a vibratory mechanical mill
for 6 h. The Speed of the mill was kept constant at

TP - - :
Fig. 1. Microstructures of powder specimens mill for 6 h; (a) 0 mol%, (b) 1.5 mol%, (c) 2.5 mol%, (d) 3.5 mol%, (e) 4.5 mol%, and (f) 5.5
mol%.
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1,080 rpm throughout the process. 5 mm diameter
zirconia ceramic balls were used to avoid contamination.
A 325-mesh dry sieve was used for the sieving of
MAed powders. Consolidation of the MAed powders
was carried out using VHP at 70 MPa pressure and at
1173K temperature for 2 h. Every process was carried
out under Ar-atmosphere to avoid contamination.

A particle size analyzer (PSA) was applied to get the
particle size and the data were confirmed by SEM.
Phase transformation of MAed powders and VHPed
samples were studied by XRD. A scanning electron
microscope (SEM) was employed to analyze the micro-
structures of the specimens. a and ¢ were measured
by the 4-probe method using ZEM-3. 3x3x10 mm’
rectangular samples were prepared for conducting
properties measurement and 100x1 mm spherical disk
was for thermal diffusivity measurements. Heat transfer
was captured by a laser flash instrument using a TC-
9000H. The density of the specimens was calculated on
the basis of the Archimedes principle. Hall measurements
were taken by the instrument Modified Keithley 7065
(USA) using the Van der Pauw method. Rietveld refine-
ment plot was produced using the py-GSAS-II program.

Results and Discussion

Generally, the particle size of a sample decreases
when doped with elements of a smaller ionic radius,
which replaces the larger ions from the specimen [28].
As-MAed powders are shown to be near-spherical shape
as in typical MA process and approximated particle
sizes are found to be less than 10 um (Fig. 1). There is
no considerable change of particle morphology that

R



Enhanced TE performance of FeVSb,..Sn, half-heusler matrices using zirconia vial

might be due to the use of fractional doping concentration.

XRD patterns during milling are shown in Fig. 2(a)
with respect to time, and Fig. 2(b) shows the XRD
curves of VHPed samples synthesized by the MA
process using zirconia vial. HH phases were coming
out after 4 h of milling and the remnant part of the HH
phase developed during VHP [29]. Two-second phases
of FeSn and Fe,VSn were found in as-milled powders.
Among these second phases, FeSn disappeared; however,
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Fe,VSn still remained after VHP. Near single HH
phases are dominating in VHPed samples though a fraction
of the second phase (Fe,VSn) remains, which is in
agreement with our previous study [4], (Fig. 2(b)). The
Rietveld refinement of the bulk samples (Fig. 2(c)) also
confirms the presence of single-phase with F43m
symmetry.

Lattice parameters of the various compositions are
depicted in Fig. 3(a). It is quite evident that the lattice
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Fig. 2. (a) XRD patterns for FeVSby45Sny ¢ss during milling which represents other samples, (b) FeVSb,.,Sn, (x=0.0~0.055) HH phases
applying MA process using zirconia vial, and (c) representative Rietveld refinement of bulk sample x=4.5 mol%.
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Fig. 3. Crystal structure variations of VHPed samples; (a) lattice parameter, and (b) peak shifting to the greater diffraction angle.
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parameters were slightly decreased with the increase of
Sn concentrations. Generally, decreasing of lattice
parameters could shift the diffraction peak (220) to the
greater angle [21]. The substitution of smaller Sn™* (0.69
A) from the larger Sb™ (0.76 A) might be responsible
for this effect, as shown in Fig. 3(b). The second phase
might have played a role to decrease the lattice constant
with the increase of Sn concentration [30]. The relative
density is found to be quite lower than our expectation
(~95%, Fig. 5.). It might be due to the formation of a
small fraction of voids during hot-consolidation.

SEM images for VHPed samples are represented by
Fig. 4. Generally, the MA process gave rise to ultrafine
microstructure [1]. In this study, the average grain size
could not be detected accurately from the microstructures.

Rahidul Hasan, Kyu Hyoung Lee and Soon-Chul Ur

However, the microstructures showed that the approximate
grain/particle size could be less than 10 um, which is a
usual feature of MA and VHP [31]. From the SEM
images, it can be presumed to be prior particle boundaries
or grain boundaries present in the samples but we are
not sure which one it is in this set of experiments.
Since the doping concentration used was very low, it
didn’t show any significant change in grain morphology
as well.

Fig. 6 illustrates the Seebeck coefficient of the
VHPed samples produced by the MA process using
zirconia vial. The values of a were detected negative in
sign, which in turn reveal that the present charge
carriers were electrons. Notice that, the absolute value
of a increases with increasing doping concentration at

Fig. 4. Scanning electron microscope images of the various Sn-doped VHPed samples: (a) 0 mol%, (b) 1.5 mol%, (c) 2.5 mol%, (d) 3.5

mol%, (e) 4.5 mol%, and (f) 5.5 mol%.
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Fig. 6. The Seebeck coefficient of FeVSb,_Sn, HH systems as a
function of T, processed by MA process using zirconia vial
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300 K in the MA process using zirconia vial. The Hall
measurement data from Table 1 also supports this
increase in the absolute value of o. Generally, a
increases with the decrease of carrier concentration. On
the contrary, the absolute value of o decreased with
increasing Sn contents during milling, possibly due to
the undesired incorporation of vial composition in the
MA process using stainless-steel vial [4], which was
confirmed by EDS analysis. Shashanka and Chaira et
al. also reported such incorporation in their work [32].
There was no evidence of incorporation of the foreign
elements from vial found in controlled MA process
using zirconia vial in this study, which is shown in
Table 2. Moreover, the absolute value of a was increased
with increasing T and with doping concentration in the
controlled MA process using zirconia vial possibly
owing to the intrinsic excitation of the bands [33, 34].
The highest absolute value of a was found to be 106
uVK™" at 758 K, which was observed for 4.5 mol% in
the MA process using zirconia vial indicated well-
controlled composition of HH phase.

Fig. 7 showed the measured ¢ for controlled MA
process. The values of ¢ showed a similar trend to our
previous work [4] after adding dopants. o was found to
be decreased in the MA process using both zirconia
and stainless-steel vial with increasing Sn contents.
In both cases, ¢ increased with increasing 7, which
indicated the inherent semi-metallic behavior. This
increasing trend of ¢ might have forced the Fermi band
to the higher conduction band by the thermal excitement

Table 1. Measured Hall data of the bulk FeVSb;,Sn, HH
systems at room temperature synthesized by using zirconia vial.

Nominal  Hall coefficient Hall Mobility ~Carrier conc.
composition (em?/C) (em?/Vsec) (em?)
x=0.000 -0.191 285.52 7.51x10%
x=0.015 -0.212 312.52 6.32x10%°
x=0.025 -0.535 402.37 5.97x10%
x=0.035 -0.719 456.91 5.79x10%
x=0.045 -0.854 512.80 5.23x10%
x=0.055 -1.054 522.13 4.68x10%
4.5 {a
40 -
35 . ~,_‘:‘u‘ -.- : - ]
1—'-‘3 ol ‘G " ﬂ _— - s ™
E - 0.0 mol% G\\ o
5-:_2 e @ 1.5 mol% - 8 ® ]
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® 2— 3.5 mold% o
Z 0 3 4.5 mol% \ﬁ\‘ﬁ
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of charge carriers within the bandgap [35].

Fig. 8(a) and 8(b) represent x,,, and x with respect to
time and doping elements. Thermal energy is transferred
by the thermalized electrons in the conduction band
and lattice vibration (phonon). The total thermal
conductivity of a material system can be expressed by
the following equation, x = k;;; + k.. Both k and xy,, of
FeVSb,,Sn, were found to be decreased significantly
with increasing Sn contents. Possibly, enhanced phonon
scattering could play a major role in this decrease of
x and x,, [36]. Additionally, highly dense grain
boundaries might form because of the expected small
grain size (~10 pm) [37]. Consequently, the scattering
of phonon could take place at grain boundaries which
might produce a favorable path to the reduction of #y,.
A similar tendency was experienced for x of all
FeVSb,,Sn, HH samples. There is a slight difference
found between x and #y,, due to the very low value of
k. of FeVSb,Sn, HH alloys. Though x, is found
considerably low; however, it cannot be ignored for
good TE devices. A portion of the second phase could
also be responsible for this decreasing value of x [38].
The origin of the cause in the differences of thermal
conductivity and lattice thermal conductivity might
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Fig. 7. Temperature dependence of ¢ values as a function of T for
the MA process using zirconia vial
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Fig. 9. Calculated ZT of VHPed FeVSb,..Sn, specimens for the
MA process using zirconia vial.

Table 2. EDS analysis of the VHPed samples synthesized by the
MA process using zirconia and stainless-steel vial.

MA process using
zirconia vial (at.%),

MA process using
stainless steel vial (at.%),

Elements doping concentration, doping concentration,
x=4.5 mol% x=1 mol%

Sb 20.63 20.54

Fe 36.44 36.33

Sn 10.31 10.15

\Y 32.62 32.50

Ni 0.00 0.06

Cr 0.00 0.42
Total 100.00 100.00

be the reduction of the acoustic phonon bandwidth,
consequently lowering the acoustic phonon group
velocities [39], which might decrease the lattice
thermal conductivity.

Fig. 9. indicates the ZT value calculated from a, o,
and x for the MA process using zirconia vial.
Comparing the MA process between zirconia vial and
stainless-steel vial, the former produced a much higher
ZT compared to ref. [4], which is clearly seen from the
figure. Generally, a sample with high relative density
possesses the maximum ZT and that is evident for
FeVSbygs5Sng o4 at 757 K. The corresponding ZT,,,,~0.23
was calculated because of relatively high a and low «,
which suggest that ZT can be further improved by
careful tuning of appropriate dopant. If x might have
reduced further by applying multiple substitutions and/
or small grain formation, ZT could be enhanced to
unity which is in good accordance with Codrin et al.
[25].

Conclusions

FeVSb,Sn, (x=0.015~0.055) HH compositions
were fabricated by the MA process using zirconia vial.

Rahidul Hasan, Kyu Hyoung Lee and Soon-Chul Ur

A subsequent VHP was required to consolidate the
powders. After MA and VHP, all the compositions
produced near single HH phases. In this study, TE
properties of the MAed materials processed using
zirconia vial and stainless-steel vial were evaluated as a
function of doping concentration and T and compared
between them. It was found that the incorporation of
foreign elements from stainless-steel vial reduced the
absolute value of a and increased the x by negative
doping effect. On the other hand, a was not being
affected by impurities in the MA process using zirconia
vial, leading to a relatively higher absolute value of «
of 106 uVK™' at 758 K for the optimum composition. x
reduced comprehensively for the MA process using
zirconia vial, possibly due to enhanced phonon scattering
due to doped with Sn and second phase interaction. It
was observed that Sn-doping in FeVSb HH phases
synthesized by the MA process using zirconia vial
reduced x to its lowest value of 3.38 Wm™'K™' from
intrinsic FeVSb (~8 Wm™'K™). A ZT .« of 0.23 was
being calculated for FeVSbygssSngess at 757 K using
zirconia vial, which is a much-improved value compared
to the MA process using stainless-steel vial [4]. The
lower x;,, and relatively high magnitude of a played the
main part to reach this ZT ... Further improvements in
TE efficiency it might be possible by the multi-doping
technique.
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