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This study set out to examine the flash sintering of thermoelectric materials. A finite element method
analysis of electric current activated/assisted sintering with an insulating mold suggested that the use
of a sufficiently high Joule-heating rate, such as >10000 K/s, relative to the thermal diffusion rate of
the mold material, can realize uniform sample heating. Based on the analysis results, the sintering of
Sb,Tes, a typical thermoelectric material, was conducted with a current feed duration of 1 s, using a
sintering apparatus that had been specially devised for flash-sintering. Although a slight reduction in
the density and degree of grain alignment was observed, the crystallographic phase was unaffected
by the rapid heating, with the thermoelectric performance of the Sb,Te; sample prepared by the 1-s
sintering being comparable with that of a sample that had been conventionally sintered at 773 K for
3 min. This significant reduction in the sintering time can result in the energy consumption for the
sintering process being decreased to less than 1% of that required for conventional current sintering.
This significant energy-conservation effect of the flash sintering should be appealing from a practical
point of view, especially for the fabrication of those thermoelectric materials used for power genera-
tion and aimed at energy recovery. Published by AIP Publishing. https://doi.org/10.1063/1.5041970
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Flash-sintering of antimony telluride and its thermoelectric properties

I. INTRODUCTION

Thermoelectric (TE) conversion technology has recently
attracted renewed interest given the potential for its applica-
tion to the effective utilization of energy resources. In particu-
lar, energy recovery from currently wasted heat is an obvious
target for TE power generation because TE conversion sys-
tems are highly adaptable to a wide range of heat sources,
temperatures, and energy scales, including industrial waste
heat, vehicle exhausts, and even human body heat. The con-
version efficiency of TE devices depends mainly on the per-
formance of the TE materials, which is evaluated using a
so-called ‘“thermoelectric figure of merit,” ZT = (SZO'/K)T,
where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, « is the thermal conductivity, and T is the absolute tem-
perature. Therefore, high-performance TE materials having a
particular combination of transport properties, specifically, a
large S, high o, and low k, are required. However, materials
possessing a high Z value as an intrinsic property are rare
because the demands made of TE materials conflict with one
another in terms of carrier density, electronic structure, and
crystalline nature. Microstructure refinement is therefore an
effective means of improving the TE performance when the
electronic and thermal properties are independently controlled
by artificially introduced microstructures such as grain bound-
aries, interfaces, and defects.”™

A powder metallurgical technique is commonly used for
the fabrication of a fine-grain sintered body. In particular,
electric current activated/assisted sintering [ECAS, also
known as spark plasma sintering (SPS)] is an effective
means of preparing sintered materials having a fine micro-
structure because of the rapid densification of the finely pow-
dered materials with limited grain growth by abrupt heating/

0021-8979/2018/124(10)/105104/6/$30.00

124, 105104-1

cooling under pressure.””’ In the past few decades, the effi-
cacy of microstructure modification by ECAS with the goal
of improving the TE performance has been demonstrated in
a number of material studies.®'° In these previous studies,
nanoscale texture control has been achieved using the ECAS
process with the application of mechanical pressure for sev-
eral minutes.

In the study of ECAS, flash sintering (FS), which is
defined as sintering with a duration on the order of seconds, !
is attracting increasing levels of attention as a result of a study
in which ionic conductive zirconia was successfully sintered
in a few seconds.'? Since then, FS has been applied mainly to
ceramics, utilizing a thermal runaway phenomenon that is
triggered by applying a strong electrical field, and which
affects the ionic and semiconducting transport properties, i.e.,
a steeply increasing ¢ with an increase in T.'*~'7 Although it
has been suggested that FS could potentially be used to realize
the further modification of sintered materials,10 to date there
have not been enough studies of the transport properties of FS
materials, especially TE materials. In the present study, as a
first step toward the development of FS for TE materials, the
conditions necessary to enable the sintering of TE materials
within a few seconds were examined by undertaking a finite
element method (FEM) analysis, after which FS equipment
was specially developed based on the FEM results. In addi-
tion, a typical TE material, namely, Sb,Tes, was sintered with
a current feed duration of 1 s, after which its TE properties
were evaluated.

Il. EXPERIMENTAL

To enable an estimation of the sample temperature dis-
tribution during ECAS, FEM analyses were conducted using
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the COMSOL Multiphysics software with a 2D axisymmetric
geometry in a time-dependent mode. The configured sample
measured @10mm X 3mm. Assuming that ECAS would be
conducted in a vacuum, the boundaries of the surface were
assigned thermal radiation values, except for the top/bottom
surfaces of the copper electrode which had a heat transfer
coefficient of 10000 W/m’K, assuming water cooling. The
influence of the heating rate on the sample temperature distri-
bution was examined. For simplicity, the temperature depen-
dence of the material properties, shrinkage behavior, electrical
conduction of the zirconia die including ionic conduction, and
Seebeck/Peltier effects were excluded.

Based on the FEM results, a dedicated FS apparatus was
fabricated. Although the main components of this FS equip-
ment were the same as those of a conventional ECAS setup,
including the electrical power source, mechanical pressure
device, and vacuum chamber, the controllable time scale of
the power supply was modified to be on the order of millisec-
onds. In addition, to cancel out the Seebeck/Peltier effect by
feeding current through the TE materials, a 100-Hz alternat-
ing current with a trapezoidal waveform was used as the
power source. On the other hand, a temperature-measuring
system was excluded because a practical means of measuring
the temperature inside the sintering mold with a time-
resolution on the order of milliseconds was not available.
Using the developed FS equipment, commercial Sb,Te;
powder (99.9%, Kojundo Chemical Lab. Co., Ltd.) was sin-
tered in a vacuum of <10Pa under a uniaxial pressure of
32 MPa, using a stabilized zirconia mold and graphite punch,
with current being applied for 1 s. For the mold material,
3mol. % yttria-stabilized zirconia with a high electrical
resistance of >10'" Qm at room temperature was employed.
Although the zirconia exhibits electrical conductivity with
ionic conduction, especially at high temperatures, it is safe to
assume that the electrical conductivity of the zirconia mold
has a negligibly small influence on the temperature distribu-
tion in the sample during ECAS. This is because the ¢ value
of the zirconia is several orders of magnitude lower than
that of the graphite punch and Sb,Te; at the low sintering
temperature (<800K) in a weak electrical field (less than
5 V/cm at a current feed of 1.2kA) and with a low-frequency
current (100Hz). For comparison, a conventional ECAS
machine (LABOX-625FC, Sinter Land Inc.) was used to sin-
ter the same Sb,Te; powder at 773 K for 3 min in a vacuum
under a uniaxial pressure of 50 MPa, using a graphite mold
and punch. In this case, the heating and cooling rates were
both 100 K/min. The obtained bulk samples, with a typical
size of @10 mm X 2 mm, were first used to acquire the value
of k and were then cut into bar shapes with a typical size of
2 x 2 x 9mm® for the measurement of ¢ and S.

Crystalline phase analysis was performed using X-ray dif-
fraction (XRD) with Cu Ko radiation. A microstructural
observation was conducted using scanning electron micros-
copy (SEM). S and ¢ were simultaneously measured in a He
atmosphere. The value of ¢ was determined using a conven-
tional four-probe DC technique. Then, S was calculated from
a plot of the thermoelectric voltage versus the temperature dif-
ference, while k was evaluated from the density (D), thermal
diffusivity (), and specific heat (Cp), given the relationship
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k=D x o x C,. Finally, D was calculated from the volume
and weight of the specimens, and « and C, were evaluated
using the laser-flash method.

lll. RESULTS AND DISCUSSION

For the sintering process, although it is apparent that the
temperature and temperature uniformity within a sample are
the most important parameters, mechanical pressure also
plays a significant role in microstructure refinement, which is
especially important for the further enhancement of TE per-
formance because the compression of the particles is central
to the densification at lower temperatures with limited grain
growth. Therefore, in the present study, ECAS using a sinter-
ing mold was examined. As a first step toward the develop-
ment of FS of TE materials, the relationship between the
heating rate and the sample temperature distribution in the
sintering mold was examined by performing a FEM analysis.

As shown in Fig. 1(a), a configuration similar to that
used for conventional ECAS (with a die and a punch) was
built, using the material properties listed in Table 1. For the
sintering sample, typical TE transport properties were
applied. Note that a non-conventional insulating zirconia die
was used in our model, while a conductive graphite die is
usually employed for ECAS. In addition, the effects of the
temperature dependence of the material properties, electrical
conductivity of the zirconia die (including ionic conduction),
shrinkage of the sample, and Seebeck/Peltier effect on the
sintering were such that they could safely be excluded from
the calculations, thus simplifying the evaluation of the rela-
tionship between the heating rate and the temperature distri-
bution. Using this model, the current needed to heat the
sample center to 1273 K in a given period, t;, was sought and
the temperature uniformity within the sample was examined.

As shown in Fig. 1(b), when t; was on the order of
minutes (say, 600 s), the high-temperature region (including
the die part) was extended, resulting in a highly uniform tem-
perature distribution within the sample. Then, if t; was
decreased, corresponding to an increase in the heating rate, the
extent of the heating was reduced and the sample temperature
distribution became non-uniform until ty~ 1s. Interestingly,
however, when t; was further shortened (say, to 0.01 s), the
high-temperature area was limited to the current path and the
temperature uniformity within the sample was improved
except at the edges. This heating rate dependence of the tem-
perature distribution is clearly indicated in Fig. 2. This ten-
dency can be quantitatively explained as being a result of the
variation in the balance between the Joule-heating of the cur-
rent path and thermal diffusion into the non-heating insulating
mold. In other words, if the sample is heated to a point suffi-
ciently higher than the thermal diffusion rate of the mold mate-
rial (e.g., 1mm>/s for zirconia), the ideal temperature
uniformity can be achieved inside the sample. The results of
FEM analysis were such that it was thought that the sample
heating uniformity could be enhanced by increasing the heat-
ing rate to more than 10000 K/s, for which a current of 3 kA
would be necessary.

In addition, FEM analysis revealed that a conventional
graphite die would be unsuitable for incorporation into our
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FIG. 1. (a) Configuration for FEM analysis of the ECAS-produced sample. The sample measured @10 mm x 3 mm thick. Joule-heating of the sample center to
1273 K over different durations was examined. (b) Images of calculated temperature distribution with different heating rates. The duration and level of feed
current appears below each image. (c¢) 3D image of temperature distribution in a graphite mold with a current feed of 10250 A for 0.01 s.

FS model because its use would lead to unbalanced heating
resulting from the bottleneck in the current path at the punch
outside the die. For instance, as shown in Fig. 1(c), if the
same current feed duration as that for the zirconia die
(t;=0.01) were to be applied to the graphite die model, the
sample itself would be barely heated while the bottleneck
with the higher electrical resistance would be heated to
nearly 2000 K. Although this imbalanced heating could be
partially mitigated by reducing the diameter of the graphite
die, the bottleneck effect can only be reduced to a certain
extent since the die must be sufficiently thick to realize a
level of mechanical strength capable of withstanding
mechanical pressure on the order of MPa. Another important
point to note is the drastic reduction in the energy consump-
tion of ECAS by shortening the duration. As shown in Fig. 3,
the difference between the current estimated by FEM analy-
sis (H) and the minimum value (@), as calculated from the
heat capacity of the sample and the increase in the tempera-
ture, decreased as t; became shorter. This means that the input
power can be more effectively used for the heating of the
sample before thermal dissipation at t; < 1 s. Consequently,
the energy consumption could be reduced 40-fold by shorten-
ing the current feed time from 600 s to 0.01 s. From a practi-
cal point of view, this energy-conservation effect of FS

TABLE I. Material parameters for FEM analysis. The material properties of
copper were taken from the material database incorporated into the
COMSOL software. For the graphite and zirconia, the values obtained for
the materials used for the FS experiment were applied. For the material
properties of sample, typical values for a thermoelectric material were arbi-
trarily assigned.

Material D (kg/m3) o (S/m) C, (J/kgK) K (W/mK)
Copper 8700 6x 107 385 400
Graphite 1840 7.5 % 10* 1300 65
Zirconia 6000 0 600 3.2
Sample 5000 7 % 10* 500 5

should be appealing, especially for the fabrication of the TE
materials to be used for power generation aimed at energy
recovery.

To practically evaluate the effect of FS on the properties
of a TE material, a typical TE material, namely, Sb,Tes;, was
sintered using the equipment that had been specially
designed for FS, based on the FEM results. For the first trial,
when sintering was examined with a current feed duration of
0.1 s according to the FEM results, all the resulting samples
had cracks along the current path. With FS, any initial small
non-uniformity within the sample, such as those deriving
from non-homogeneous powder compaction, seemed to
cause a large non-uniformity in the heating effect. This ten-
dency was assumed to arise as follows: (1) An initial small
non-uniformity in the electrical resistance, such as that aris-
ing from non-homogeneous powder compaction, leads to an
imbalance in the current density within a sample because the
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FIG. 2. Temperature calculated as part of FEM analysis along the horizontal
line from the sample center to the mold, for different heating rates.
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FIG. 3. Current estimated from FEM analysis (l) and minimum value (@),
which was calculated from the relationship RsamplelztS = CoampledT (Rgample:
electrical resistance of sample, t,: current feed duration, Cgymple: heat capac-
ity of sample, dT: rise in temperature. In this case, the assigned values were
Rgample = 0.55 mQ, Cyymple = 0.59 J/K, dT = 1000K). The estimated energy
consumption (A) calculated from the relationship RiowlFem ts, Where Rioal
(10.55 mQ) was the total electrical resistance of the FEM configuration,
including the copper electrode, graphite mold, and sample, while Iggy was
the feed current estimated by FEM analysis.

current flow tends to concentrate in those parts presenting a
lower resistance. (2) That part of the sample with the higher
current density realizes a higher sintering rate prior to other
areas, due to the higher Joule-heating effect. (3) The local
reduction in the electrical resistance in that part of the sam-
ple which is sintered first leads to an increase in the imbal-
ance in the current density and the Joule-heating effect. (4)
Consequently, an inhomogeneous degree of sintering within
a sample could arise. In this scenario, since the chain of
events is a positive feedback cycle, the initial trivial non-
uniformity could result in a large degree of inhomogeneous
sintering. Although this chain effect can be negated by ther-
mal diffusion in the conventional time scale of ECAS, the
rapid heating rate in FS, which is equal to or higher than the
thermal diffusion, seems to make the chain effect non-
negligible.

To partially employ the thermal diffusion effect in FS,
the current feed time was extended and FS with a duration of
1 s was examined. In this case, sintered samples without any
cracks were obtained. As shown in Fig. 4, the rapid but
smooth shrinkage curve indicated that the stable sintering
behavior proceeded within some seconds. The sample den-
sity increased with the feed current, reaching a relative den-
sity of 97% at 1.2kA. In addition, as shown in Fig. 5, a
sufficiently densified and homogeneous microstructure was
confirmed in almost all parts of the sample except for an
outer rim around 0.3mm from the edge. Interestingly, by
comparing the original Sb,Te; powder [Fig. 5(a)] and the FS
sample [Fig. 5(c)], the grains appear to have grown with the
evolution of the orientation texture derived from the aniso-
tropic crystal structure of the Sb,Te; within a period of sec-
onds although the plate-like particles of Sb,Te; powder align
easily as a result of compaction.

The orientation texture was also confirmed by XRD, as
shown in Fig. 6. As shown in Fig. 6(a), the higher 001
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FIG. 4. Displacement of punch during Sb,Te; sintering. The displacement
was closely related to the shrinkage of the sample although thermal expan-
sion/shrinkage of the electrode and punch also contributed to the displace-
ment. The densities of the samples obtained with the different feed currents
are indicated in the inset. The dotted line in the inset is the density of the
Sb,Te; sample prepared by the conventional ECAS process (773 K/3 min).

diffraction peaks, such as 0015 at 20 =44.6 from the sample
surface perpendicular to the direction of the compression
applied during sintering, indicate the preferred orientation of
the 00l plane. The XRD pattern from a cross section of the
sample parallel to the direction of compression supported
this supposition by the higher 110 peak at 20=42.3, as
shown in Fig. 6(b). However, the lower peak intensity and
the broader peak width of the 00l peak of the FS sample, rel-
ative to that for the sample sintered with the conventional
ECAS process (773 K/3min) [see Fig. 6(c)], suggested that
the degree of orientation in the FS sample is slightly lower
than that of the conventional ECAS sample. Actually, by
using Lotgering factor F, which can be used to roughly

FIG. 5. SEM images of (a) original Sb,Te; powder and fracture cross-
sections of sintered sample prepared by (b) conventional ECAS process
(773 K/3 min), and (c) and (d) current feed of 1.2 KA for 1 s. (¢) and (d) were
taken from the center of the sample and at the edge, respectively.
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FIG. 6. XRD patterns (Cu Ko radiation) diffracted from the Sb,Te; sintered
sample prepared by (a) and (b) a current feed of 1.2kA for 1 s, (¢) and (d)
the conventional ECAS process (773 K/3 min), and (e) original Sb,Te; pow-
der. (a) and (c) show the XRD patterns for the sample surface perpendicular
to the compression direction during sintering. (b) and (d) show the XRD pat-
terns obtained for the cross-section of the sample parallel to the compression
direction. (f) is an XRD pattern taken from Anderson and Krause.?’
Unknown peaks are indicated by @.

estimate the degree of grain alignment calculated from
(p — po)/(1 —pg), where p=ZXI(001)/ZI(hkl) for the 001-
oriented sample, and po=p (F=0) for a randomly oriented
sample,'® the lower F value of 0.25 for the FS sample com-
pared to the F value of 0.30 for the 3-min ECAS sample
pointed to the lower degree of 00l-orientation in the FS sam-
ple. Therefore, the shortening of the sintering time might
restrict the progress of the texture structure, which requires
time to attain structural rearrangement by atomic diffusion in
a solid. On the other hand, the presence of an impurity phase,
such as an oxide, or a secondary phase or other crystal struc-
ture transformation was not detected. Furthermore, the
difference in the peak position between the FS sample and
that produced by conventional ECAS was negligibly small,
such that the estimated lattice parameter for a=4.267 A,
c=30.480A for the FS sample was almost the same as that
for a:4.266A, c=30484 A for the conventional ECAS
sample. These XRD and SEM observation results indicated
that the sintered Sb,Te; sample could be obtained by the
application of FS over some seconds, and would be of a simi-
lar level of quality to the sample prepared by the conventional
ECAS method, but requiring several minutes to produce.
Finally, to determine the effect of FS on TE performance,
the TE properties were evaluated. As shown in Fig. 7, all the
FS samples produced with different levels of current feed
exhibited almost the same S value, which was comparable to
that of the sample prepared by conventional ECAS, but requir-
ing some minutes to complete. Since the value of S depends on
the electronic band structure and carrier density, its value and
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FIG. 7. Temperature dependence of Seebeck coefficient in sintered Sb,Te;
samples.

T-dependence are sensitive to the crystal lattice structure and
chemical composition while being less affected by the micro-
structure. Therefore, this result for the value of S was consistent
with the results of XRD analysis, as mentioned above.

On the other hand, regarding the transport properties,
namely, ¢ and «, which are easily affected by the microstruc-
ture, a difference in its magnitude was observed, as shown in
Figs. 8 and 9. Although the T-dependence of ¢, which is also
sensitive to the electronic structure and carrier density in the
same way as S, was identical, the FS sample produced with
1.2kA exhibited a lower ¢ value compared to the ECAS
sample, the production of which required some minutes. The
lower density could be one of the reasons for the decrease in
o. In addition, the degree of grain alignment might also
affect the value of ¢ because the Sb,Te; possesses highly
anisotropic transport properties such as o /0. = 3—4."" Since
the value of ¢ was measured in the direction perpendicular to
the compression axis during sintering, that is, along the
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FIG. 8. Temperature dependence of electrical resistivity in sintered Sb,Tes
samples.



105104-6 Mikami et al.
2.0
— q
E m ©
A O o
2158 4 B o
z A B o
= A @ g
5 A
210¢ o o A
o
S o o
S o
| < 0.7kA, 15
% 05 I A1O0KA 1s
= O12kA, 1s
0773 K, 3 min
0.0 L 1
300 400 500

Temperature (K)

FIG. 9. Temperature dependence of thermal conductivity in sintered Sb,Tes
samples.

ab-plane preferred orientation, the lower degree of grain
alignment could be a reason for the decrease in o.

This difference in the microstructure also affected the
value of x, with the FS sample produced using 1.2 kA exhib-
iting a lower value of x than the sample produced using
ECAS, requiring some minutes. In the case of x, however,
since the measurement was made in the direction parallel to
the compression axis, the lower degree of grain alignment
could lead to an increase in the value of k along the measur-
ing direction because Sb,Te; also has a highly anisotropic k
value of k,u/k. =~ 4. Therefore, the lower density of the FS
sample could be the main reason for the decrease in the value
of k. Since ¢ and k have opposite effects on the ZT value,
the negative effect of the decrease in ¢ on the TE perfor-
mance could be partially offset by the decrease in x. This
evaluation of the TE properties revealed that the FS sample
exhibited small differences in the microstructure-sensitive
transport properties of ¢ and x while S remained identical.

IV. CONCLUSION

The flash sintering of thermoelectric materials was
examined by FEM analysis and the practical evaluation of
Sb,Te; samples sintered with a current feed time of 1 s. The
results of a FEM analysis suggested that uniform sample
heating could be achieved by realizing a sufficiently high
Joule-heating rate, relative to the thermal diffusion into the
mold material. In addition, the possibility of a major reduc-
tion in the energy input required for sintering was indicated
and, for the sintering of Sb,Tes, the ca. 80-Wh energy con-
sumption of conventional ECAS (773 K/3 min) was actually
reduced to 0.34 Wh for FS (1.2kA/1 s). An evaluation of the
FS samples confirmed that the crystallographic phase was
unaffected by the significant acceleration in the heating rate
while a slight reduction in the density and a degree of gain
alignment was observed. The transport properties of ¢ and x
were slightly reduced while the value of S was identical.
Since reductions in the values of ¢ and x have opposite
effects on the ZT value, the negative effect of FS on TE
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performance could be relatively small and limited although
the ZT value could not be estimated accurately because of
the difference in the measuring direction of ¢ and x.

Since it could be assumed that the negative effect of FS on
the microstructure was not an intrinsic problem related to FS
but rather a result of the lower degree of process maturity in
the present study, modification of the microstructure of the FS
sample could be achieved by the further optimization of the
sintering conditions and the powder preparation. Consequently,
it seems reasonable to conclude that the sintered Sb,Te; having
a level of TE performance comparable to that produced by a
conventional ECAS process could be fabricated by FS. This
result demonstrates that a bulk TE material could be fabricated
by ECAS in only a few seconds. Moreover, this result implies
that other functional materials, which require precise control in
terms of their chemical composition and crystallographic struc-
ture, could also be sintered by this method, although the speci-
fication of the power supply required for the ES apparatus
should be modified according to the material conductivity. In
addition, from a practical point of view, the large energy-
conservation effect of FS appears to be extremely attractive,
especially for the fabrication of the TE materials to be used for
power generation aimed at energy recovery.
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