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We report on rapid solidification of an Ags;SbsgoTess s compound using planar flow casting to
stabilize the 6-AgSbTe, single phase and avoid precipitation of the interconnected Sb,Te; phase,
which leads to deterioration of thermoelectric properties. Rapidly solidified samples are in form of
flakes with different thickness (60—400 wm). Precipitation of Sb,Te; phase is fully inhibited in thin
flakes (thickness below 100 wm), which consist of an homogeneous §-AgSbTe, matrix, whereas
isolated Sb,Te; precipitates, dispersed throughout the 6-AgSbTe, matrix, were found in thick flakes
(thickness above 100 um). The lattice parameter of the §-AgSbTe, phase progressively increases
with the cooling rate, indicating progressive supersaturation of the matrix for high degree of super-
cooling. Bulk specimens were prepared by hot pressing of the rapidly solidified flakes to evaluate
thermoelectric properties. After sintering of the rapidly solidified flakes, the differential scanning
calorimetry (DSC) traces indicates partial decomposition of the non equilibrium §-AgSbTe, into the
stable phases. Measurements of the thermoelectric transport properties indicate the positive effects
of rapid solidification on thermal conductivity and Seebeck coefficient and its negative effect on
electrical conductivity, suggesting an operative way to improve thermoelectric performance.

Keywords: Rapid Solidification, AgSbTe,, Thermoelectric Materials, Metastable Phases,
Thermoelectric Transport Properties.

1. INTRODUCTION

AgSbTe,-based compounds attract interest from both
experimental and computational points of view' owing to

be obtained upon cooling only by non-equilibrium tech-
niques, such as water quenching® and melt spinning.® Slow
cooling allows the solid state precipitation of Sb,Te; above

their good thermoelectric (TE) properties in the medium
temperature range,” and since they are constituents of the
high performance lead-antimony-silver-telluride (LAST)
alloys.®> The 8-phase of the Ag—Sb—Te system, which is a
Sb-rich off-stoichiometric AgSbTe, compound, exists over
a certain composition range of Ag;¢»Sb; 161 35T€s, as
recently confirmed by Nielsen et al.* Upon cooling, the
S-phase decomposes at 360 °C into the Ag,Te and Sb,Te,
phases via an eutectoid reaction.’ However, this eutec-
toid reaction is kinetically hindered,® so that metastable
d-phase can be retained below 360 °C. Upon heating, the
metastable 5-phase slowly starts to decompose into the sta-
ble phases at around 300 °C, as shown by in-situ X-ray
diffraction experiments.” Metastable single &-phase can

*Author to whom correspondence should be addressed.
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360 °C due to crossing of the solvus. From the TE proper-
ties point of view, 0-phase is characterized by an extremely
low value of thermal conductivity (around 0.7 Wm~'K~1)
due to phonon mean path that is limited to interatomic
distances.'” This behavior has been related to an intrin-
sic nanostructure originating from the ordering of cations
into nanoscale domains (about 3 nm).!! TE properties of
0-AgSbTe, are affected by the presence of second phases
(i.e., Sb,Te; or Ag,Te)'>!% and lattice defects,'® which
are manifested by either boundary scattering or two-phase
rule-of-mixture.

In the case of Sb,Te, precipitates, heterogeneous nucle-
ation of the second phase occurs on planar defects and
grain boundaries of the 6-AgSbTe, host phase, leading to
the formation of coarse Widmanstitten microstructure with
interconnected lamellar Sb,Te, precipitates dispersed in
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the §-AgSbTe, matrix along specific lattice directions.® !
On the one hand, such microstructure favors parallel con-
duction, hindering heat and charge carriers from crossing
interfaces. Thus, electrical and thermal conductivities do
not significantly change as a function of the volume frac-
tion of Sb,Te; precipitates. On the other hand, the Seebeck
coefficient of the Sb,Te;/6-AgSbTe, composite decreases
when increasing volume fraction of Sb,Te; precipitates,
because of the effective medium behavior.®

In the case of Ag,Te precipitates, dispersion of
nanometer-size second phase in the 8-AgSbTe, matrix
was reported.'* '8 In such nanostructured two-phase sys-
tems, charge and heat carriers are effectively scattered at
the interfaces, as shown by the concomitant decrease
of the electrical and thermal conductivities, with respect
to the single phase state.'*'® Furthermore, precipitation
of Ag,Te leads to the increase of the Seebeck coeffi-
cient, which was explained invoking the carrier’s energy
filtering effect.'*'® However, the applicability of the
Ag,Te/5-AgSbTe, system is questionable due to the occur-
rence of a phase transition between monoclinic and cubic
Ag,Te at about 144 °C,* which lays inside the work-
ing temperature range of the material. The effect of this
reversible phase transition on the performance of the
device needs to be investigated further.

Formation of a fully-supersaturated single 6-AgSbTe,
matrix is very important for studying the microstructure
evolved upon aging heat treatments, yet this is not an easy
task thanks to the relatively fast nucleation rate of Sb,Te;.
Rapid solidification methods can well-address this issue.
In this work, rapidly solidified 6-AgSbTe, samples were
prepared using planar-flow casting, which allows to reach
cooling rates between 10* and 10° °C/s," with the aim to
study the dependence of phase formation and microstruc-
ture evolution on cooling conditions. Thermoelectric prop-
erties were evaluated on sintered pellets obtained by hot
pressing of the rapidly solidified samples and compared
with respect to reference samples.'

2. EXPERIMENTAL PROCEDURE

A master alloy of composition Ags-,SbyTes;5 (at. %)
was prepared by melting of elemental Ag, Sb and Te
(99.99 at. % purity) in an evacuated (<10~ torr) and
sealed quartz ampoule that was refilled with a mixture of
Ar-7 vol.% H,at 850 °C for 2 h. The melt was quenched
in an iced-water bath.! Rapidly solidified samples were
prepared using a planar flow casting apparatus (Edmund
Biihler GmbH) in Ar atmosphere (1 bar). The master alloy
was induction melted in a BN crucible and ejected by
an Ar overpressure (0.2 bar) on a copper wheel rotating
at 40 m/s. As a consequence of the extreme brittleness
of the alloy, formation of continuous ribbons is limited
and fragmented flakes with different thickness (ranging
from 60 pum to 400 wm) form during rapid solidifica-
tion. The rapidly solidified samples were classified as thin
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(thickness less than 100 um) and thick (thickness larger
than 100 pwm) flakes.

In addition to the above-detailed procedure, we pro-
duced reference specimens by annealing an ampoule con-
taining the same master alloy at 850 °C (in the liquid
phase) for 2 h and moderate cooling down to 600 °C
with 2 h dwell, followed by slow cooling (—5 K/min) to
556 °C and homogenization for 80 h. Then, the alloy was
quenched in an iced-water bath. In this way, we aim to
evaluate the effect of the cooling rate on the stabilization
of the metastable single §-phase.

Structural characterization was performed using X-ray
diffraction (XRD) analysis. Measurements were performed
for powder specimens using a PANalytical X’Pert Pro
diffractometer with Bragg-Brentano geometry and Cu—Ka
radiation. Lattice parameters of the crystalline phases were
determined applying the Rietveld refinement technique®
using the MAUD software.?! The degree of preferred crys-
tallographic orientation was estimated through the Lotger-
ing orientation factor, LF, defined as
P— Do
1—pg
where p is the ratio between the summation of the
diffraction peak intensities corresponding to the prefer-
ential orientation and the summation of all the diffrac-
tion peak intensities; p, is the value of p for a randomly
oriented sample.?? Samples for metallographic analysis
were prepared by metallographic polishing with abrasive
paste (40 nm) and etching with a solution of HNO,
(45 vol.%) and distilled water (55 vol.%) for 30 seconds.
The microstructure of the samples was observed using a
Leica DMLM optical microscope and a Leica Steroscan
410 Scanning Electron Microscope (SEM), equipped with
an Oxford Instruments INCAx-sight probe for Energy Dis-
persive X-ray analysis (EDX), which was used to deter-
mine phase composition. EDX analysis was performed on
unpolished samples using pure Co as a standard.

Thermal stability of reference samples, as quenched
rapidly solidified flakes and sintered rapidly solidified
flakes was investigated using a SETARAM 1600 differen-
tial scanning calorimeter (DSC) with a scanning rate of
25 K/min.

To test the TE properties of both rapidly-solidified
and reference samples, we first produced 3 mm thick
and 12.7 mm dia. pellets by milling the raw materials
(rapidly solidified samples and water-quenched flakes of
the reference material) to fine powder having particle size
<50-60 pwm using mortar and pestle. The powders were
then pressed in stainless steel dies at 550 °C for 30 min
at protective atmosphere under 25 MPa uniaxial pressure
along the normal direction.

The temperature-dependent electrical conductivity,
o(T), and Seebeck coefficient (thermopower, S(7)), of
these pellets were measured at the temperature range
of 30 through 400 °C employing the Nemesis SBA-458

LF = (1)
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apparatus (Netzsch GmbH, Selb, Germany), which is
designed for simultaneous measurements of electrical con-
ductivity and thermopower for planar geometry.?>2

The thermal conductivity values of the pellets,
k(T), were determined by measuring their temperature-
dependent thermal diffusivity, «(7), and specific heat,
C,(T), as well as the density, p; k(T) is then
expressed by:?°

k(T)=a(T)-p-C,(T) )

We utilized a Microprobe LFA-457 laser flash analyzer
(LFA; Netzsch GmbH, Selb, Germany) to directly mea-
sure the thermal diffusivity of the pellets for the same
temperature range, with an instrumental accuracy of 2%.
The material’s densities were measured at room tempera-
ture, and their dependence on temperature was neglected.
The temperature-dependent heat capacity was simultane-
ously measured in the LFA in a comparative method using
a pure Al,O;-reference sample having similar geometry.
The resulting accuracy of the evaluation of thermal con-
ductivity values was 10%.

3. RESULTS AND DISCUSSION

We performed EDX chemical composition analysis for the
as quenched rapidly solidified samples, and the results
indicate that their average composition (reported together
with the corresponding standard deviation) is comparable
with the nominal one within the sensitivity limit of the
technique, as shown in Table I.

We performed XRD analysis for both quenched master
alloy and rapidly solidified samples (thick and thin flakes),
and the results are displayed in Figure 1. The experimental
and calculated values are represented by black dots and
red lines, respectively. The presence of 5-AgSbTe, phase
(space group Fm3m) is indicated for all samples. How-
ever, for the master alloy, the peak at 44.6° could not
be assigned. The difference between the calculated and
the experimental patterns (blue line) suggests the presence
of different preferred crystallographic orientations for the
samples processed at different conditions, that is, {hhO}
and {h00} for the master alloy and the rapidly solidified
samples, respectively. The values of the Lotgering factor,
reported in Table II, show a slight increase of the preferred
orientation degree as the cooling rate increases.

Table II shows the lattice parameters that were evaluated
for the cubic (Fm3m) 8-AgSbTe, phase in the different

Table I. Average values and standard deviation of the chemical com-
position, measured by EDX, in the rapidly solidified samples (thick and
thin flakes).

Ag (at.%) Sb (at.%) Te (at.%)
Nominal 16.7 30.0 533
Rapidly solidified samples
(thick and thin flakes) 17.0+£0.4 29.2+0.8 53.8£0.5

JL | |AgSbTe,
= ¥
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400 -

111 -

@8
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Log(Intensity) (a.u.)

Figure 1. Experimental (black dots) and calculated (red lines) XRD
patterns collected from the as-quenched master alloy and rapidly solidi-
fied samples (thick and thin flakes). The blue lines represent the differ-
ence between experimental and calculated patterns. Vertical lines in the
top represent the position of the indexed crystallographic reflections for
the 5-AgSbTe, phase (space group Fm3m).

samples from Rietveld refinement. It is found that the lat-
tice parameter increases with increasing cooling rate (thin
flake > thick flake > master alloy).

Figures 2(a and b) show the optical and SEM (sec-
ondary electron detector) micrographs, respectively, of the
etched master alloy. The microstructure is characterized by
lamellar precipitates, indicated by arrows in Figure 2(b),
dispersed in the matrix that, according to previous lit-
erature reports,’!7 can be identified as Sb,Te,, although
not detected in the XRD pattern shown in Figure 1.
The Sb,Te, precipitates and the 5-AgSbTe, matrix form
an interconnected lamellar Widmanstitten microstructure
with orientation relationship of (0001)Sb,Te; || (111)6-
AgSbTe,, as reported by Medlin et al.'® A similar
microstructure was observed also for the as quenched and
sintered reference sample as reported in Ref. [1].

Table II. Lattice parameter of 6-AgSbTe, in the master alloy and
rapidly solidified samples (thick and thin flakes); Lotgering orientation
factor for the the master alloy and rapidly solidified samples (thick and
thin flakes).

Lattice Preferred Lotgering
parameter crystallographic  factor,
Sample Phase A) orientation LF
Master alloy 0-AgSbTe,  6.0752 {hhO} 0.12
Rapidly solidified
thick flake 0-AgSbTe,  6.0768 {h00} 0.27
Rapidly solidified
thin flake 0-AgSbTe,  6.0781 {h00} 0.30
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Figure 2. (a) Optical micrograph of the etched surface of the
as-quenched master alloy. (b) secondary electron micrograph of
the etched surface of the as-quenched master alloy: the arrows indicate
the Sb,Te, precipitates.

Figure 3(a) shows a SEM micrograph (5 kV sec-
ondary electron signal) of the non-etched cross-section of
a thick flake having an average thickness of 130 wm.
The microstructure is characterized by columnar grains
with a thickness ranging between 10 um and 30 wm.
Figures 3(b and c) show optical and SEM (secondary
electrons signal) micrographs, respectively, of the etched
cross-section of a thick flake having an average thickness
of 130 um. Lamellar precipitates of Sb,Tes, indicated by
the arrows in Figure 3(c), are revealed to be randomly dis-
persed in the AgSbTe, matrix, whereas other parts of the
matrix are free of precipitates, thereby suppressing forma-
tion of the interconnected Widmanstitten microstructure
macroscopically across the entire sample. Overall, the den-
sity of precipitates appearing in the thick rapidly-cooled
specimens is lower than that of the precipitates in the as-
quenched master alloy.

Figure 4 shows a SEM (secondary electrons signal)
micrograph of the etched cross-section of a thin flake (with
thickness of about 60 pm). In this case, there is no evi-
dence for formation of precipitates in an interconnected
Widmanstitten pattern, and the microstructure is charac-
terized by columnar grains with a width less than 5 um.

J. Nanosci. Nanotechnol. 17, 1650-1656, 2017

Figure 3. (a) Secondary electron micrograph of the non-etched cross
section of a rapidly solidified thick flake (thickness 130 wm). (b) Optical
micrograph of the etched cross section of a rapidly solidified thick flake
(thickness 130 wm). (c) Secondary electron micrograph of the etched
cross section of a rapidly solidified thick flake (thickness 130 um): the
arrows indicate the Sb,Te, precipitates.

The absence of Sb,Te; precipitates (at least on the
micrometric length scale) in the thin flake specimens indi-
cates that 6-AgSbTe, phase was successfully quenched
to form a single phase state, avoiding the undesirable
precipitation of the Sb,Te; phase above 360 °C. In this
manner, we manage to obtain a supersaturated metastable
single 6-AgSbTe, phase, which exhibits the largest lat-
tice parameter, 6.0781 A, in agreement with the values
reported in literature,'>?’ whereas lattice parameter gradu-
ally decreases with the increase of lattice equilibrium level
as indicated in Table II. The latter is directly associated to
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Figure 4. Secondary electron micrograph of the etched cross section of
a rapidly solidified thin flake (thickness 60 wm).

the ongoing process of precipitation of the Sb,Te;-phase,
leaving behind non-saturated d-matrix. This effect is less
marked for the thick flakes where partial precipitation of
Sb,Te, occurred, leading to a slightly lower value of the
lattice parameter (6.0768 A); this is due to the moderate
cooling rates attained for the thick specimens, as opposed
to the very fast cooling rate attained for the thin specimens.
In the case of the master alloy, the cooling conditions are
found to be the most moderate, accompanied by relatively
high nucleation rate of the Sb,Te; phase, leading to the
lowest value of the lattice parameter (6.0752 A).

We elucidate the faster cooling rates obtained for the
thin specimens with respects to those of the thick speci-
mens by means of thermal diffusion path, X, so that

X%\/C%t 3)

where k, Cp and ¢ are thermal conductivity, volumetric
heat capacity and time. We associate t~' to the aver-
age cooling rate of the specimens. We estimate the ratio
k/C,, which is defined as thermal diffusivity, to be ca.
0.5 mm?/s.! It is, therefore, estimated that the cooling rates
of the thick and thin specimens are ca. 17-10* and 70-
10° °C/s, respectively, assuming a temperature difference
of 500 °C. For comparison, the cooling rate of the refer-
ence materials (12.5 mm dia. ingots) is estimated to be ca.
80 °C/s based on Eq. (3), which is significantly lower than
that of the rapidly-solidified samples.

Figures 5(a and b) show the DSC traces (25 K/min)
upon heating of the as cast reference sample, the as
quenched rapidly solidified samples (representative of both
thin and thick flakes) and the sintered rapidly solidified
samples. According to the equilibrium phase diagram,’
upon heating, we would expect the following sequence of
endothermic events for our alloy:

145°C : m-Ag,Te — c-Ag,Te 4)
360°C : c-Ag,Te + Sb,Te; — 6-AgSbTe, 5)
530°C : 6-AgSbTe, + Sb,Te; — 6-AgSbTe,  (6)
560°C : 6-AgSbTe, — 6-AgSbTe, + liquid 7
1654
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Figure 5. DSC signals upon heating at 25 K/min collected for the as
quenched reference samples, the as quenched rapidly solidified flakes and
the sintered rapidly solidified flakes.

None of the three samples shows the polymorphic
transformation between monoclinic and cubic Ag,Te at
145 °C, indicating that no monoclinic Ag,Te formed upon
cooling during the different sample processing routes.
Subsequently, both the as cast reference sample and the
sintered rapidly solidified flakes show an endothermic peak
at 360 °C, T,, which is absent in the as quenched rapidly
solidified samples. The signal at 360 °C can be associated
to the eutectoid reaction between cubic Ag,Te and Sb,Te,
into 0-AgSbTe,. The concomitant absence of the peak at
145 °C and the presence of the peak at 360 °C suggests the
presence of a small amount of cubic Ag,Te in the as cast
reference sample and the sintered rapidly solidified flakes,
that cannot be detected by XRD and metallographic anal-
ysis. The presence of cubic Ag,Te in these two samples
indicates that the cooling rate during sample processing
was high enough to bypass the equilibrium polymorphic
transformation at 145 °C, freezing this phase down to room
temperature. Conversely, in the case of the rapidly solidi-
fied flakes, the absence of the endothermic peak at 360 °C
suggests the no cubic Ag,Te formed upon cooling because
of the higher cooling rate, which inhibited the eutectoid
decomposition of 6-AgSbTe,.

Finally, all the samples start melting around 560 °C, T,,,
in accordance with the equilibrium phase diagram.

An additional information from the DSC results is the
effect of sintering on the microstructural evolution of the
rapidly solidified flakes. The sintered sample obtained
from the rapidly solidified flakes show the endothermic
peak at 360 °C, which is absent in the as quenched rapidly
solidified flakes, suggesting a partial decomposition of
8-AgSbTe, into cubic Ag,Te and Sb,Te; due to the mod-
erate cooling rate after the sintering process.

J. Nanosci. Nanotechnol. 17, 1650-1656, 2017
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Figure 6. Temperature dependence of thermal conductivity (a), electrical conductivity and TE thermopower (Seebeck coefficient) (b), TE power factor
(c), and TE figure of merit (d), measured for the reference samples (filled markers) and sintered rapidly solidified flakes (empty markers), labelled as

“casting” and “melt-spinning,” respectively.

To test the effects of rapid solidification on thermo-
electric performance we measure thermal conductivity,
electrical conductivity, and Seebeck coefficients for differ-
ent temperatures ranging from 30 to 400 °C. The results
for the reference samples and sintered samples obtained
from rapidly-solidified flakes appear in Figures 6(a and b),
and are referred to as “casting” and “melt-spinning,”
respectively. It is indicated in Figure 6(a) that thermal
conductivity values of the rapidly-solidified specimens
are generally lower than those of the reference mate-
rials. This can be associated to the finer grain size of
the rapidly-solidified material (at the micrometer length
scale) compared to that of the reference materials (dozens
of micrometers), as well as to the supersaturated highly
non-equilibrium lattice obtained after rapid solidification.
These two factors, namely small grain size and lattice
distortion, act as sources of phonon scattering, thereby
reducing lattice thermal conductivity.?*3° It is noteworthy
that at 350 °C both datasets coincide, probably because
both sample evolved towards the same equilibrium state
above the eutectoid reaction (i.e., coexistence of Sb,Te,
and &-phase), in agreement with DSC results shown in
Figure 5. A similar trend is observed for the electrical

J. Nanosci. Nanotechnol. 17, 1650—1656, 2017

conductivity datasets, Figure 6(b), where the values of the
rapidly-solidified specimens are generally lower than those
of the reference materials. This can also be associated to
electron scattering,®! although point defect scattering is
much more dominant than grain boundary scattering. Since
rapid solidification initiates electron scattering predomi-
nantly, it also contributes to increasing Seebeck coefficient
values, as shown in Figure 6(b).

To combine the positive effect of rapid solidification on
Seebeck coefficient with its negative effect on electrical
conductivity, we calculate the resulting TE power factor,
PF = o -52.32 Both PF values of the rapidly-solidified and
reference samples are displayed in Figure 6(c). It is shown
that the PF values obtained after rapid solidification are
yet inferior to those of the reference materials. The posi-
tive effect of reduced thermal conductivity attained for the
rapidly-solidified materials is balanced with the power fac-
tor, and the resulting TE figure of merit, ZT = PF - T /k,**
is displayed in Figure 6(d). The resulting figure of merit
of the rapidly-solidified materials are lower than those of
the reference materials. We associate this difference to the
deleterious influence of super-saturated, distorted 6-matrix
on electrical conductivity. Mitigation of this influence can
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be further achieved by controlled annealing heat treatments
that partially relax the matrix strain level.

4. CONCLUSIONS

In this work, the effects of rapid solidification on
phase formation and microstructure evolution of an
Ag675b;,Tes; 5 compound were studied.

The equilibrium solid state precipitation of Sb,Te; is
progressively inhibited as the cooling rate increases, avoid-
ing the formation of the typical Widmanstitten pattern
which cause deterioration of the TE performances. Thus, a
metastable supersaturated 6-AgSbTe, phase is obtained in
rapidly solidified flakes. Microstructure refinement occurs
upon rapid solidification with formation of columnar
grains with thickness of about 5 um and 10-30 um in
thin and thick flakes, respectively. After sintering of the as
quenched rapidly solidified flakes, the DSC trace reveals
a similar behavior to the one shown by the reference
samples, indicating a partial decomposition of the non-
equilibrium 6-AgSbTe, into the stable phases (i.e., cubic-
Ag,Te and Sb,Te,).

The formation of a highly supersaturated and distorted
S-matrix by rapid solidification causes both positive and
negative effects on TE transport properties. It is concluded
that rapid solidification yields reduced values of thermal
conductivity and increased values of Seebeck coefficients;
both are desirable for enhanced TE performance. On the
other hand, it significantly reduces electrical conductivity,
which negatively affects TE performance. We suggest that
good compromise between these competing effects can be
further achieved by controlled annealing heat treatments
that partially relax the matrix strain level. Also, further
investigations are needed to optimize the parameters of
the rapid solidification process in order to maximize the
cooling rate and obtain homogeneous single phase batches.
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