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Spark plasma sintering (SPS) is a promising method for fabrication of ther-
moelectric materials. The electric and thermal fields in the SPS process have
been simulated by using the finite element method to model an SPS-511S
experimental setup. Investigation of thermoelectric materials based on Bi2Te3
solid solutions revealed that the temperature measured close to the sample
during application of the electric current could be reproduced by the simula-
tion. Modification of the compression mold configuration could be used to alter
the electric and thermal conditions, adjust the Joule heat released in the setup
elements, and create a gradient temperature field during the SPS process. The
temperature–time dependence in the sample was also studied, revealing that
the temperature difference along the vertical axis may reach hundreds of
degrees. Prediction of the sintering temperature in each layer may allow
further prediction of the thermoelectric properties of the sample. More accu-
rate modifications of the SPS process based on such computer simulations may
help to form structures with macroscopically inhomogeneous and functionally
graded legs.
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INTRODUCTION

Spark plasma sintering (SPS) is widely used for
fabrication of various functional materials of micro-
and nanopowders.1 This method has been shown to
be very convenient and effective for fabrication of
nanostructures and nanocomposites.1 SPS is also a
perspective method for fabrication of bulk thermo-
electric (TE) materials from ball-milled nanopow-
ders.2–4 In comparison with the hot-pressing
method, the main advantage of SPS is the preven-
tion of recrystallization that occurs during bulk
sintering of nanothermoelectrics. Recrystallization

can lead to an increase of the nanograin size from
tens to hundreds of nanometers in bulk samples,
changing the structure from nano- to microscale.
This inhibits mechanisms that lead to improved
thermoelectric properties of nanostructures, mainly
decreased intensity of the additional phonon scat-
tering observed on grain interfaces.3,4 Accordingly,
the phonon thermal conductivity increases while

the thermoelectric figure of merit ZT ¼ ra2
j T

decreases, where Z is the figure of merit, T is
absolute temperature, and r, j, and a are the
electrical conductivity, thermal conductivity, and
Seebeck coefficient of the material used,
respectively.

Use of segmented or functionally graded inhomo-
geneous materials can also increase the figure of
merit. The operational vertical temperature
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difference DSz op. in branches of thermoelectric
generators can reach hundreds of degrees, with
each thermoelectric material exhibiting its maxi-
mum figure of merit at a specific temperature.
Therefore, it is expedient to make functionally
graded or segmented legs in order to improve the
performance of thermoelectric batteries.5–7

In Ref. 8, the output power of a segmented n-type
sample fabricated from Bi2Te3 and PbSe0.5Te0.5 was
about 15% and 73% higher than that of homoge-
neous Bi2Te3 and PbSe0.5Te0.5 samples, respec-
tively, while DSz op. varied from 300 K to 700 K.
The output power increased with higher DSz op..
High-efficiency TE modules based on different seg-
mented materials were investigated in Refs. 9 and
10, while an attempt to fabricate a TE generator
using segmented two-layered legs was made in
Ref. 11. Those legs, consisting of n-type Bi2Te3/
PbSe0.5Te0.5 and p-type Bi0.3Sb1.7Te3/Zn4Sb3, were
fabricated without welding within one technological
cycle of the SPS process in order to prevent material
degradation.

To obtain segmented material, vertical variation
of the sintering temperature within the sample DSz

sint should exist during the SPS process. Computer
simulations can provide deeper comprehension of
the dynamics of such temperature fields. Moreover,
direct temperature measurements within the sam-
ple cannot be achieved using traditional experimen-
tal methods.

Finite element modeling of sintering of bismuth
telluride could reproduce experimental sintering
temperature values.12–15 In particular, good agree-
ment was achieved between the calculated sintering
temperature for homogeneous Bi2Te3-Sb2Te3 sam-
ples and the experimental value of Tsint = 770 K;
ZT = 1.23 to 1.25 at Tsint = 360 K was achieved
experimentally for nanostructured samples based
on Bi0.4Sb1.6Te3 fabricated by ball milling followed
by SPS under pressure of 50 MPa.12 Inclusions with
different electric and thermal conductivities, local-
ized and distributed in the material volume, did not
essentially influence the temperature fields in the
sintered sample at macrolevel, although they
changed the profile of the electric current density
distribution.14 Thus, compositional inhomogeneity
did not influence the temperature field formation.
Homogeneous material can be used during simula-
tions of the temperature field distribution in inho-
mogeneous samples, and there is the basic
possibility to create a vertical temperature gradient
in a sample by changing the sample or die
geometry.12,15

Few papers exist on the theory and simulation of
sintering of nanothermoelectrics. Therefore, study
of the temperature fields during the SPS remains an
unaddressed problem. In the present study, we used
the finite element method to simulate SPS of
segmented thermoelectric nanomaterials in a gra-
dient temperature field during one technological
cycle.

SIMULATION MODEL

Calculations were carried out using COMSOL
Multiphysics software for the SPS-511S experimen-
tal setup3,4 using a two-dimensional (2D) axisym-
metric geometry. The mesh consisted of 3520
domain elements of triangular shape and 331
boundary elements. The default, physics-controlled
mesh sequence was used.

The modeled installation consists of a vacuum
chamber with steel electrodes cooled by water
(Fig. 1). The compression mold (6), which is fixed
by graphite inserts (2 and 8), is placed between steel
electrodes (1 and 10). The sintered sample (4) is set
between graphite punches (3 and 7). Reliable con-
tact is maintained by graphite foil linings, placed
between the steel electrodes and graphite inserts,
and a graphite foil tube, placed inside the compres-
sion mold.

The simulation was time dependent and included
the system of differential equations describing the
distribution of electric potential and temperature.
The electric current density j and heat flow density
q are related to their gradients according to the
generalized laws of thermal and electrical conduc-
tivity as follows16:

j ¼ �rðrlþ SrTÞ; ð1Þ

Fig. 1. Schematic model of SPS setup. 1, top cooled electrode
(de = 80 mm, he = 60 mm); 2, top graphite insert (dg = 80 mm,
hg = 60 mm); 3, top graphite punch (dp = 20 mm; hp = 20 mm); 4,
sample (hs = 10 mm, ds = 20 mm); 5, aperture for thermocouple
TC1; 6, cylindrical compression mold (wall thickness dw = 20 mm,
hm = 40 mm); 7, bottom graphite punch (dp = 20 mm, hp = 20 mm);
8, bottom graphite insert (dg = 80 mm, hg = 60 mm); 9, aperture for
thermocouple TC2; 10, bottom cooled electrode (de = 80 mm,
he = 60 mm); 11, vacuum chamber.

Bulat, Novotelnova, Tukmakova, Yerezhep, Osvenskii, Sorokin, Panchenko, Bochkov, and Ašmontas1590



q ¼ �r� jT þ STjð Þ; ð2Þ

where rl is the gradient of the electrochemical
potential and S is the Seebeck coefficient.

The law of conservation of charge takes the
following form:

div j ¼ 0: ð3Þ
Energy balance takes the form17

cpq
@T

@t
þ div� qþ jrl ¼ 0; ð4Þ

where cp and q are the specific thermal capacity and
material density, respectively, t is time, and jrl is
the Joule heating.

In the experiment,3,4 a pulsed direct current of up
to 1000 A was used. The duration of an impulse was
3.3 ms, and the on/off time ratio was 2.2. Two
periods of the current switching-off followed the
package which consisted of 12 impulses. In the
simulation model, the time dependence of the
effective current density was applied as the bound-
ary condition on the upper electrode end, while the
electric potential on the bottom electrode had zero
value. All lateral surfaces of the setup elements,
including electrodes, punches, and the die, were
electrically isolated.

Thermal boundary conditions corresponding to
radiative heat removal from the lateral sides of the
compression mold, graphite inserts, and electrodes
were applied, as follows:

nðqÞ ¼ erSB T4
amb � T4

0

� �
; ð5Þ

where n is the normal vector, and
rSB = 5.670 9 10�8 W m�2 R�4 is the Stefan–Boltz-
mann constant; the factors e were taken from Ref. 13

as 0.75 and 0.675 for graphite and steel, respec-
tively; the ambient temperature was Tamb = 300 K,
and T0 is the temperature of the external surfaces of
the elements.

The following boundary condition was used for
the convective heat exchange due to water cooling:

nðqÞ ¼ h� Text�Teð Þ; ð6Þ

where h is the heat transfer coefficient
(370 W m�2 K), Text is the water temperature, and
Te is the electrode surface temperature.

The sample was made from homogeneous
Bi2Te3.

14 The temperature dependence of the
kinetic coefficients of the sample and setup materi-
als was taken into account, because SPS runs over a
wide temperature range; these dependences were
taken from Refs. 12, 18, and 19 and are presented in
Table I.

GRADED TEMPERATURE FIELD CREATION
IN SPS PROCESS

We compared the data obtained from the simula-
tion with experimental data, considering the tem-
perature change with time as a key parameter.

The temperature distribution during the experi-
ment was controlled by means of thermocouples
TC1 and TC2 in the lower graphite insert and in the
graphite die in channels 5 and 9, respectively
(Fig. 1). The measurement points in the model were
located at exactly the same places. Figure 2 shows

Table I. Materials properties used in the simulation

T (K)

j (W/m-K) r (106 S/m) Cp (J/kg-K)

Bi2Te3 Graphite Steel Bi2Te3 Graphite Steel Bi2Te3 Graphite Steel

300 1.938 91.3 14.3 0.0816 0.068871 1.233 0.1555 800 485
400 1.604 90.2 16.2 0.0597 0.077942 1.1236 0.1626 995 500
500 2.03 84.6 17.9 0.0483 0.085179 1.0493 0.1695 1208 550
600 4.091 78 19.3 0.05138 0.090662 0.994 0.1764 1381 555
700 6.881 71.7 20.6 0.06351 0.094518 0.9515 0.1833 1518 560
800 9.738 65.9 21.9 0.08552 0.097087 0.9166 0.1902 1629 570
900 12.75 60.9 23 0.1098 0.098522 0.8881 0.1972 1718 595

S (106 V/K)

Bi2Te3 Graphite Steel

220 2.15 � 1.4
235 1.8 � 1.9
200 0.9 � 2.6
160 � 0.35 3.13
0.1833 � 1.7 � 3.42
0.1902 � 2.85 � 3.5
0.1972 � 3.5 � 3.6
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that sufficient agreement was obtained between the
calculated and experimental results, which
remained very similar throughout the sintering
process. This verifies that the mathematical and
physical descriptions of the model were correct.
Based on this, further modification of the mold
geometry in the simulation model could be con-
ducted to reveal the gradient temperature field in
the sample.

We investigated the impact of the compression
mold location on the formation of the temperature
field in the sample. If the mold was located as shown
in Fig. 1, the temperature distribution was almost
homogeneous, with minimal vertical difference in
sintering temperature in the sample (Fig. 3 line 1).
However, if the die was displaced downwards to
form electric and thermal contact between the die
and bottom graphite insert, a temperature gradient
appeared in the sample (Fig. 3, line 2). Such dis-
placement of the die leads to geometrical asymme-
try of the mold and changes the specific electric and

thermal resistances of the mold elements, and
thereby asymmetrical distributions of the electric
and thermal fields; The electric and thermal specific
resistivities decrease in the lower part but increase
in the upper one.

Greater mold asymmetry leads to higher values of
DSz sint. To achieve this, a die with an extended
bottom can be used. Modeling of the sintering
process with different die configurations was used
to study the influence of the die bottom configura-
tion on the temperature distribution (Fig. 4). A
maximum current density value was selected to
keep the temperature in the central point of the
lower surface of the sample equal to 730 K. The
highest DSz sint value was achieved for the mold
with the step-profile die (Fig. 3, line 6).

Increase of DSz sint leads to simultaneous growth
of the sintering temperature difference in radial
direction DSr sint. Maximum DSr sint values were
observed on the upper surface of the samples. The
distribution of DSr sint along the radius of the upper
sample surface for different die configurations is
shown in Fig. 5. The geometric parameters of the
sample (such as diameter, height, and diameter-to-
height ratio) can be varied to decrease the DSr sint

values. Figure 6 illustrates the drop of radial tem-
perature differences caused by reduction of sample
size. The decrease of DSr sint is more significant
compared with the decrease of DSz sint.

It is important to trace the change of temperature
difference in the sample within the sintering time.
We checked how the maximum DSz sint changes
during the SPS process in a setup with the step-
profile die. The temperature in the sample changes
proportionally to the current density value with the
maximum DSz sint remaining almost constant dur-
ing the holding period. The experimental current
mode (Fig. 7a, line 1) seems unsuitable for sintering
in a mold with an extended die, because the values
of Ssint are insufficient for Bi2Te3 treatment. The
rise in DSz sint in this case reaches 80 degrees (Fig. 7
a, line 2) according to the simulation. To achieve a
sufficient Ssint and increase DSz sint, the current
density was increased by about 1.5 times (Fig. 7b,
line 1), which led to a DSz sint increase up to 160
degrees (Fig. 7b, line 2).

It seems that the direction of current also has an
impact on the DSsint values. This influence can be
explained by the presence of the Seebeck effect. To
confirm this assumption, the calculation was carried
out for a sample with hs = 10 mm and ds = 20 mm,
sintered in the step-profiled die. The maximum
values of DSz sint and DSr sint increased up to 220 K
and 70 K.

Note that, during the SPS process in the gradient
temperature field, one thermocouple should be
located in the graphite die, close to the upper
surface of the sample. In this case, the automatic
SPS system maintains required current values in
order to obtain maximum temperature on the upper
surface of the sample. The second thermocouple (if

Fig. 2. Comparison of dependence of experimental and simulated
temperature on time: 1, measured by TC1; 2, calculated; 3, mea-
sured by TC2; 4, calculated.

Fig. 3. Temperature distribution at t = 450 s along vertical axis in
sample sintered in die with: 1, cylindrical profile (without any exten-
sion) and located as shown in Fig. 1; 2, cylindrical profile and in
contact with the lower graphite insert; 3, concave profile; 4, conic
profile; 5, curved profile; 6, step profile.
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possible) should be placed in the die, close to the
lower surface of the sample, in order to trace the
temperature value.

CONCLUSIONS

Simulations of the SPS process showed that chang-
ing the geometry of the compression mold can enable
the current flow in the volume of the setup to be
tailored, resulting in a nonuniform temperature field
and release of Joule heat within the sample. There-
fore, the die of the compression mold not only
functions as amechanical terminator, but also affects
the formation of the thermal and electric fields.

Vertical temperature differences up to hundreds of
degrees can be achieved and maintained during
sintering in an asymmetrically located die with
extended bottom, being sufficient for one-step SPS
processing of thermoelectrics based on Bi2Te3/
PbSe0.5Te0.5, Bi0.3Sb1.7Te3/Zn4Sb3, Bi2Te3/CoSb3,
and other compositions. It seems that the current
required for SPS processing of thermoelectrics in an
extended die should be increased in comparison with
that applied for sintering in a symmetric mold, to
obtain significant DSz sint. This vertical temperature
difference increase is accompanied by simultaneous
radial temperature difference growth. This could
lead to radial inhomogeneity of the sintered material
and reduction of the thermoelectric and mechanical

Fig. 4. Different profiles of extension of die bottom part: (a) step, (b) curved, (c) conic, and (d) concave.

Fig. 5. Temperature distribution at t = 450 s along radial axis on
upper surface of sample sintered in die with: 1, cylindrical profile
(without any extension) and located as shown in Fig. 1; 2, cylindrical
profile and in contact with lower graphite insert; 3, concave profile; 4,
conic profile; 5, curve profile; 6, step profile.

Fig. 6. Drop of temperature differences in radial and vertical direc-
tion caused by reduction of sample size in comparison with size of
initial sample with hs initial = 10 mm and ds initial = 20 mm. The ratio
a = hs/hs initial = ds/ds initial.
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properties on the periphery of the sample. Address-
ing this issue remains an additional task related to
the DSr sint reduction. It is likely that the DSr sint

increase could be reduced by variation of the geomet-
ric parameters of the sample. The results of this work
show that it is possible to achieve the thermal
conditions required for sintering of inhomogeneous
materialwithin a single SPS technological cycle. This
approach will also be applicable to other combina-
tions of materials having other requirements in
terms of Ssint and DSz sint, although it is likely that
different values of current density and sintering
duration would be required.
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