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COMPUTER OPTIMIZATION OF THE VERTICAL ZONE MELTING METHOD
FOR MANUFACTURING FLAT INGOTS OF THERMOELECTRIC
MATERIALS BASED ON Bi;Te3

The results of computer simulation of the process of manufacturing flat ingots of thermoelectric
materials based on Bi,Tes by the method of vertical zone melting are presented. The dependences of
the crystallization front shape on the geometric dimensions of the heater and coolers, their
temperatures, speed of movement and other process parameters are given. Multifactor computer
optimization of process modes and equipment design for growing flat ingots of thermoelectric
materials based on Bi;Tes is carried out. Bibl. 20, Figs. 14.
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Introduction

Thermoelectricity is finding more and more practical applications in various industries.
According to estimates [1], the thermoelectric product market today is more than 800 million US dollars
and is growing annually by approximately 9 %. More than 55 million thermoelectric modules are
produced. At the same time, thermoelectric materials based on Bi-Te remain the main ones in production.

Self-contained thermoelectric power sources operating from the heat of combustion of any fuel
are especially promising and can be used as autonomous low-power power sources for powering
equipment for various purposes. They have a long service life, are highly reliable and resistant to
climatic and impact loads, are universal, silent in operation and easy to use. Scientists and engineers of
many countries are actively working on the creation of such sources. Thermoelectric generators with an
electric power of 2 — 20 W designed for charging mobile phones, MP3 players, navigators during trips
and tourist trips were developed by a number of foreign companies (TES, Power Pot, Biolite) [2 — 7].
Thermoelectric generators have also been developed, the operation of which is based on the use of heat
from solid fuel furnaces [8 — 10]. They are serially produced by a number of enterprises [10 — 12]. At
the same time, the main obstacle for their widespread practical use is a relatively high cost, primarily
due to the high cost of the thermoelectric material from which they are made. Therefore, a lot of attention
is paid to the improvement of methods of obtaining thermoelectric materials based on Bi-Te [13 — 18].

One of the possibilities for reducing the cost of the material and decreasing the technological
defects when cutting ingots into thermoelements is the production of ingots in the form of flat rods. The
creation of a technology for the production of such ingots requires multi-parameter optimization of the
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controlled parameters of the growing process.

The work [19] shows the results of creating a computer model of the process of manufacturing
flat ingots of thermoelectric materials by the method of vertical zone melting, which is one of the most
common industrial methods of growing polycrystalline thermoelectric materials based on Bi-Te.

The purpose of this work is multifactorial computer optimization of technological modes and
design of equipment for the production of flat ingots of thermoelectric materials based on Bi;Tes.

1. Physical, mathematical and computer models of vertical zone melting process

The quality of thermoelectric material obtained by vertical zone melting is affected by various
factors, such as: impurity distribution coefficient; length of the molten zone; zone movement speed;
degree of mixing of the molten zone; heater temperature, etc. The main technological characteristic of
growth is the curvature of the crystallization front, determined by the values of the radial and axial
temperature gradients in the ingot during growth.

a d

Fig. 1. Physical model of growing thermoelectric materials by vertical zone melting: 1 — thermoelectric
material; 2 — container; 3 — quartz inserts; 4, 6 — coolers; 5 — heater; 7 —material in solid phase
(structurally oriented crystal); 8 — crystallization front; 9 —melt zone;

10 — melt front; 11 — material in solid phase (polycrystal).

The shape of the crystallization front can be convex in the liquid phase, flat or concave in the
solid phase. The most favorable for growing single crystals with a low density of defects is a flat
crystallization front. To create a computer model of the process of growing flat ingots of thermoelectric
materials based on Bi,Tes, which allows us to study the dependence of the crystallization front shape on
various technological parameters, a physical model was constructed, shown in Fig. 1. The figure shows
a fragment of an ingot, which includes polycrystalline material 11, a molten zone 9 and a single crystal
7. The ingot is placed in a container 2. With the help of a heater 5 and a system of coolers 4 and 6, a
molten zone 9 is formed, which, moving together with the heater along the ingot, ensures the melting of
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the polycrystal and the crystallization of the melt below the boundary 8, which is called the
crystallization front.

The COMSOL Multiphysics package of application programs [20] was used for computer
simulation of the process of growing Bi,Tes thermoelectric material.

The temperature distribution in the sample under study consists of the solution of the differential
equation of thermal conductivity, supplemented by the dependencies of the physical properties of the
material under study, as a function of the phase state at a given point at a given temperature:

pcpg—:+ p C,uVT +Vq = Q, (1)

q = —kVT, (2)

P = Oppnaser + (1 = 0)ppnasez> 3)

Cp = 5 (0Pphaser Co oo + (1= OPphasez Co o) + LG )
= 1 (1-8)pphasez —OPphase1 (5)

T2 0pphaser +(1-6)pphrasez ’
K= erhasel +(1- e)K'phaseza (6)

where p is the density, C, is the heat capacity of the material, « is the thermal conductivity, u is the
velocity of the medium which is zero in the problem under study, 7 is the temperature, 0 is the phase
ratio at a given temperature, a,, is the mass ratio between the phases, L is the latent heat of the phase
transition, Q is the external heat flow. The phasel and phase2 indices indicate which phase the
properties belong to, the solid phase or the liquid phase, respectively.

When modeling zone melting, a stationary mode was considered, i.e. the movement of the thermal
unit, including the heater and coolers, was not taken into account. It is known that bismuth telluride-
based crystals are grown at arate of 1.5 — 2.5 cm/hour. Having estimated the time required for the system
to achieve thermal equilibrium, it was determined that during this time the heater would shift less than
0.2 mm. Heat loss in this area will be two orders of magnitude less than the heat transmitted from the
thermal unit to the ampoule. Thus, these losses can be neglected in computer simulations, as they will
have little effect on the overall temperature distribution.

For calculations in the created computer model, the geometric dimensions of the system elements,
the temperatures of the heater and coolers, the liquidus and solidus temperatures of the thermoelectric
material based on Bi,Tes, as well as the temperature dependences of the properties of the grown material
are specified.

2. Results of computer optimization

Fig. 2 shows an example of the crystallization front shape obtained by simulation using the
method described above for the case of a flat Bi>Tes ingot with a thickness of 12 mm, a container
diameter of d = 24 mm, a heater height of A4, = 72 mm, and a cooler height of 4. =24 mm (the heater
height is 3d, the cooler height is 1d), a heater temperature 71 = 760 °C, and a cooler temperature
T.=30°C.
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Fig. 2. Example of the shape of crystallization front (for a flat ingot with a thickness h = 12 mm, container
diameter d = 24 mm, heater height hy = 72 mm and cooler height h. = 24 mm, heater temperature Ty, = 760°C).

The shape of crystallization front in sections YZ (x = 0) and XZ (y = 0) at different sizes of the
ingot, heater, and coolers, as well as at different temperatures of the heater, is shown in Figs. 3 — 13.
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Fig. 3. The shape of crystallization front in sections XZ (v = 0) and YZ (x = 0) for different temperatures of the
heater Ty, (with ingot thickness h = 16 mm, container diameter d = 24 mm,
heater height hy, = 1d = 24 mm, cooler height h, = 1d = 24 mm).
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Fig. 4. The shape of crystallization front in sections XZ (v = 0) and YZ (x = 0) for different temperatures
of the heater Ty, (with ingot thickness h = 16 mm, container diameter d = 24 mm,
heater height h, = 2d = 48 mm, cooler height h. = 1d = 24 mm).
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Fig. 5. The shape of crystallization front in sections XZ (y = 0) and YZ (x = 0) for different temperatures
of the heater Ty, (with ingot thickness h = 16 mm, container diameter d = 24 mm,
heater height hy, = 3d = 72 mm, cooler height h. = 1d = 24 mm).
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Fig. 6. The shape of crystallization front in sections XZ (y = 0) and YZ (x = 0) for different temperatures
of the heater Tj (with ingot thickness h = 16 mm, container diameter d = 24 mm,
heater height hy = 4d = 96 mm, cooler height h. = 1d = 24 mm).
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Fig. 7. The shape of crystallization front in sections XZ (y = 0) and YZ (x = 0) for different heater temperatures
Ty, (with ingot thickness h = 16 mm, container diameter d = 24 mm,
heater height hy, = 3d = 72 mm, cooler height h. = 0.25d = 6 mm).
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Fig. 8. The shape of crystallization front in sections XZ (v = 0) and YZ (x = 0) for different
heater temperatures Ty, (with ingot thickness h = 16 mm, container diameter d = 24 mm,
heater height hy = 3d = 72 mm, cooler height h. = 0.5d = 12 mm).
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Fig. 9. The shape of crystallization front in sections XZ (y = 0) and YZ (x = 0) for different
heater temperatures Ty, (with ingot thickness h = 16 mm, container diameter d = 24 mm,
heater height h, = 3d = 72 mm, cooler height h. = 0.75d = 18 mm).
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Fig. 10. The shape of crystallization front in sections XZ (v = 0) and YZ (x = 0) for different
heater temperatures Ty, (with ingot thickness h = 12 mm, container diameter d = 24 mm,
heater height hy, = 3d = 72 mm, cooler height h, = 1d = 24 mm).
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Fig. 11. The shape of crystallization front in sections XZ (v = 0) and YZ (x = 0) for different
heater temperatures Ty, (with ingot thickness h = 14 mm, container diameter d = 24 mm,
heater height hy = 3d = 72 mm, cooler height h. = 1d = 24 mm).
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Fig. 12. The shape of crystallization front in sectionsx XZ (v = 0) and YZ (x = 0) for different heater
temperatures Ty (with ingot thickness h = 18 mm, container diameter d = 24 mm,
heater height hy, = 3d = 72 mm, cooler height h. = 1d = 24 mm).
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Fig. 13. The shape of crystallization front in sections XZ (v = 0) and YZ (x = 0) for different
heater temperatures Ty, (with ingot thickness h = 20 mm, container diameter d = 24 mm,
heater height hy = 3d = 72 mm, cooler height h. = 1d = 24 mm).
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As can be seen from Figs. 3 — 13, with an increase in the height of the heater, for a given
temperature, the crystallization front is leveled. It can also be seen that at /4, =3d and 4d, the
crystallization front is flat at the same heater temperature of 820°C, which is optimal for growing a given
material, and also conclude that A, = 3d is the optimal heater parameter. In this case, the optimal height
of the coolers is 4. = 1d.

Also, based on the simulation results, the yield percentage of material with an improved structure
was estimated when using the proposed technology for growing flat ingots depending on the thickness
of the ingot / (Fig. 14). Coefficient K is the ratio of the percentage of material with an improved structure
for a flat ingot to the percentage of material with an improved structure for a round ingot with the same
diameter of the container, growing conditions and the criterion for evaluating the uniformity of the
crystallization front.

1,3

1,2

1,1

1,0

0,9

10 12 14 16 18 20 22 24 p,mm

Fig. 14. Coefficient of increase in the yield of material with improved structure
when growing flat ingots depending on ingot thickness h.

Therefore, when growing material in the form of flat ingots, the percentage of yield of material
with an improved structure is 1.2 — 1.3 times higher compared to growing round ingots in a container of
the same diameter. At the same time, the optimal thickness of the ingot for a container with a diameter
of 24 mm is a thickness of 15 — 16 mm.

Conclusions

1. The results of computer simulation of the process of manufacturing flat ingots of thermoelectric
materials based on Bi,Te; by the method of vertical zone melting are presented. The dependence of
the shape of the crystallization front on the geometric dimensions of the heater and coolers, their
temperatures, movement speed, and other technological parameters is given.

2. The optimal container geometries, sizes of the heater and coolers, and their temperatures have been
determined. It has been shown that with an increase in the heater height at a given temperature, the
crystallization front is leveled. It has been established that at a heater temperature of 820 °C and
coolers of 30 °C, the optimal heater height is equal to three container diameters, and the optimal
cooler height is equal to one container diameter.

3. It has been shown that growing thermoelectric materials in the form of flat ingots allows increasing
the percentage of yield of material with an improved structure by 1.2 — 1.3 times compared to round
ingots of the same container diameter.
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KOMIT’'FOTEPHA OIITUMI3ALISAA METOJIY BEPTUKAJIbHOI
30HHOI IJIABKH 11 BATOTOBJIEHHSA IJIOCKUX 3JIMTKIB
TEPMOEJIEKTPUYHUX MATEPIAJIIB HA OCHOBI Bi;Te;3

Ilpeocmasnerno pesyromamu KOmMn 1OMEPHO20 MOOENIO8AHHA NpoOYecy 6USOMOGIEHH NJIOCKUX
SIUMKIE MEPMOeeKMPUYHUX Mamepianié Ha ocHosL Bi;Tes memooom eepmukanbHoi 30HHOT nasKuU.
Hasedeno 3anesxcnocmi ghopmu pponmy xkpucmanizayii 6io ceomempudHux po3mipie HaepieHuka ma
XOMOOUNbHUKIS, IX meMnepamyp, WeUOKOCmi pyxy mda I[HUUX MEXHOIO2IYHUX Nnapamempis.
Ilposedeno bOazamoakmopHy Komn 'lOmMepHy OnmuMi3ayilo MexHON02IYHUX pedcumie ma
KOHCMPYKYii 001a0HaHNS 0151 GUPOWLYBAHHS NIOCKUX 3UMKIE MEPMOENeKMPULHUX Mamepianie Ha
ocHosi Bi;Tes. bion. 20, puc. 14.
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