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used [5]. The model employs the hydrodynamic theory, where a material is regarded as a fluid of high
viscosity which is a function of velocity and temperature. The internal friction of the moving layers of
material serves as a heat source. The developed computer model allows one to determine mechanical stress
distribution in the matrix due to external pressure and thermal loads.
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Fig. 1. Physical model of the extrusion process of tape thermoelectric material.
1 — thermoelectric material billet; 2 — matrix; 3 — tape thermoelectric material after leaving the matrix.

The employed physical model of the extrusion process of tape material is shown in Fig. 1. The
model considers a stationary case of flowing through matrix 2 of material billet 1 obtained by cold
pressing. The geometrical dimensions: 4, B and C are width, thickness and length of matrix inlet
(thermoelectric material billet); D is the length of the beveled part of the matrix; £, F are the thickness and
length of matrix outlet whose width is 4.

To find the distributions of velocities and temperatures, one should solve the following system of
equations [5]

p(u-Vu) = V[—pl+n(Vu+ (Vu)T)—gn(V . u)I}+F ;

V-(pu)=0: (1)
pCu-VT=V-(kVT)+0,,;

Q,, =n(Vu+(Vu)" —%(v -u)I):Vu

with the corresponding boundary conditions:
— thermostated lateral surface of matrix: T = T},
— convective heat exchange of the lateral surface of sample after leaving the matrix:

—n-(-kVT) = hy(T~T,),

— heat removal by structural members, not shown in Fig.1, from lower matrix part and upper part of
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thermoelectric material billet:
-n-(—«VT)=h(T-T)), -n-(—xVT)=h,(T -T,),
— thermal insulation of upper matrix part:
-n-(-xkVT)=0,

— input pressure on the billet: p = p,

— atmospheric pressure at sample exit from the matrix: p = po = 1 atm.,

— equality to zero of fluid velocity at the boundary of contact with the matrix u =0,

— equality to zero of fluid velocity component perpendicular to the lateral side of the sample after

leaving the matrix u, =0,
where: u is velocity field, p is density, p is pressure, 1 is dynamic viscosity factor, k is thermal
conductivity, F is vector field of forces, Qvh is volumetric heat source due to internal friction, 7 is unit
matrix, /1, - hy are heat exchange coefficients, T) is ambient temperature.
Heating due to internal friction and contact thermal resistance at the boundary of contact between

material and matrix are taken into account. The properties of thermoelectric material and matrix material

used in simulation are given in Table 1.

Table 1.
Material properties

Thermal conductivity, W/(m*K) 4
1. Thermoelectric material Density, kg/ m° 7600
Heat capacity, J/(kg*K) 150
Thermal conductivity, W/(m*K) 24.3
2. Steel (matrix ) Density, kg/ m® 7850
Heat capacity, J/(kg*K) 500

Equivalent viscosity of test fluid and other parameters necessary for computer model are calculated

by the formulae given in [6].
Fig. 2 shows a mesh of finite element method which is used in Comsol Multiphysics for matrix

configuration under study.
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Fig. 2 Finite element method mesh built for matrix configuration shown in Fig. 1.
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Computer simulation results

Typical velocity fields and temperature distributions in the matrix and thermoelectric material
obtained by computer simulation are shown in Figs. 3, 4. The velocity in mm/min and temperature in
degrees Celsius are marked in colour.
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Fig. 3.Velocity field of thermoelectric material inside the matrix and after leaving it
(for matrix with dimensions: A = 15mm; B =5 mm; C = 50mm; D =20 mm; E =2 mm; F = 20 mm).
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Fig. 3. Temperature distributions in thermoelectric material and matrix (for matrix with
dimensions: A = 15mm; B =5 mm; C =50 mm; D =20 mm; E =2 mm; F = 20 mm).

Fig. 4 shows velocity fields in thermoelectric material at the exit from matrix obtained for various
matrix configurations — its inlet and outlet dimensions (indicated in the figure in mm).
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Fig. 4.Velocity fields in thermoelectric material at the exit from matrix obtained
for various matrix configurations.
1-A=15mm B=5mm, E=3mm, 2—A=10mm, B=5mm, E =3 mm,;
3—-A=5mm, B=5mm, E=3mm,; 4—A=15mm, B=5mm, E=2mm,;
S5-A=10mm B=5mm, E=2mm,; 6—-A=5mm, B=5mm, E=2mm,;
7—A=15mm B=5mm E=1mm; 8—A=10mm, B=5mm, E =1 mm;
9—A=5mm, B=5mm, E=1mm.

Fig. 5 shows velocity distributions along the width of the output tape thermoelectric material (1 mm

after leaving the matrix). In the percentage ratio, the smallest velocity spread is typical for cases with the

largest thickness ratio of matrix inlet and outlet.

Since extrusion conditions, i.e. die shape, temperature and strain rate, etc., directly affect the final

structure and properties of the extruded material, the information obtained is useful for optimizing the
design of equipment for extrusion of Bi-Te based tape materials. The computer model developed can also,
if necessary, reproduce these results for other materials and extrusion conditions.
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Fig. 5. Velocity distributions along the width of the output tape thermoelectric material (1 mm after leaving the
matrix) for various matrix geometry:1 —A = 15 mm, B =5mm, E =3 mm; 2—A = 15 mm,
B=5mm E=2mm; 3—A=15mm, B=5mm, E=1mm;4—A=10mm, B=5mm, E=3mm,
S5—-A=10mm,B=5mm, E=2mm; 6—-A=10mm, B=5mm, E=1mm; 7—A4 =35 mm,
B=5mm E=3mm; 8—A=5mm B=5mm, E=2mm; 9—A=5mm, B=5mm, E=1mm.

Conclusions

1.

A computer model of the hot extrusion process of Bi,Te; based thermoelectric material was created
which can be used to study the distributions of temperature and material flow velocity in the matrix, as
well as mechanical stress distribution in the matrix due to external pressure and thermal loads.

. The temperature and material flow velocity distributions in the matrix were obtained depending on

matrix configuration for the case of thermoelectric material extrusion in the form of tape structures.

. Dependences of velocity distribution of tape thermoelectric material after leaving the matrix were

obtained versus size ratio of matrix inlet and outlet. Conditions for approximation of this distribution to
the one-dimensional were determined.
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KOMIT'IOTEPHE MOJIEJTIOBAHHS ITPOIIECY EKCTPY3Ii
CTPIUKOBUX TEPMOEJIEKTPUYHUX
MATEPIAJIIB HA OCHOBI Bi,Tes3

Ockinbku 6 npoyeci 2apsayoi excmpysii mepMOeNeKmpuyHUx Mamepiane y eueisidi CmpiuKosux
CMPYKMYyp 3a20MO6KU Mamepiany 0eh)opmMylomscs 8 NPaAKmMuyHo 10eaibHUxX NAACMUYHUX YMOBAX, NpU
onmumizayii 0ONAOHAHHS 051 OMPUMAHHS MAKUX Mamepianie Modice OYmu 6UKOPUCHAHO HAOTUNCEHHSL
6’a3xkol piounu. Ile 0o360m5€ nposooumu Komn'lomepue MOOENOBAHH Npoyecy eKcmpysii 3
BUKOPUCMAHHAM Meopii 2i0poOUHAMIKY, 0e Mamepianl po32isaoacmocs K piouHa 3 0ydce GUCOKOIO
8's3Kicmio, sKa 3anexcums 6I0 weuokocmi i memnepamypu. Y pobomi Haedeno pesyabmamu
00 €EKMHO-0PIEHMOBANO20  KOMN TOMEPHO20 — MOOENO8AHHsL — npoyecy — 2apsioi  excmpy3ii
mepmoenekmpuyno2co  mamepiany —Ha  ocHogi  BiyTe;.  Posenamymi  6unaoku — ompumais
MepMOeIeKIMPUIHUX MAMEPIAie y eU2isioi CMpIuKo8UX CMpYKmyp OJisi PI3HUX KOH@I2ypayiti Mampuyi.
Ompumano po3nooiiu memnepamypu ma weuoOKoCmi NPOMIKAHHA MAmepiany y Mampuyi, a makoxic
nOsL WBUOKOCTEU Mamepiany Ha 6uxodi 3 mampuyi, sKi 6e3nocepeoHbo GNIUGAIOMb HA CIMPYKIYDY
OMPUMAHO20 MAMEPIALY Ma 1020 mepmoeleKmpuyti éracmueocmi. bion. 6, puc. 5, maon. 1.
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KOMIIBIOTEPHOE MOJAEJIUPOBAHUE INTPOLHECCA OKCTPY3UHU
JIEHTOYHBIX TEPMOJJIEKTPUYECKUX MATEPUAJIOB
HA OCHOBE Bi,Te;

THockonvky 6 npoyecce eopsauell IKCMPy3uu MepMOIIEKMPULECKUX MAMEPUATO8 8 Ude JNeHMOUYHbIX
CMPYKMYp 3020MOBKU  Mamepuaid 0ehopmMupylomesi 6 HNpakmuyecku UuoedrbHO NAACTHUYECKUX
VCI08UAX, NpU ONMUMU3AYUYU 000pY008aHus O NOJYYEHUs MAKUX MAmepuanos Modicem Obimb
UCNONB308AHO NPUOIUIICEHUE 6S3KOU  JcUOKOocmuY. Dmo  NO36078em  NpPoBOOUmb KOMNbIOMEPHOE
MoOdenuposanue npoyecca IKCMpPY3uu C UCNOTb30OBAHUEM MeopUl SUOPOOUHAMUKY, 20e MAmepud
paccmampueaemcst Kaxk HCUOKOCHb ¢ 04eHb 8blCOKOU BA3KOCMbIO, KOMOPAs 3A8UCUTN OM CKOPOCHU U
memnepamypel. B pabome npugedenvl pe3ynvmamvi 00beKMHO-0PUEHMUPOBAHHO20 KOMIbIOMEPHO2O
MOOeUPOBanUsL npoyecca 20psideti IKCMpY3un mepMoITeKmpuyeckozo mamepuania na ochoee BirTe;.
Paccmompennvie cnyuau nonyuenus mepmodieKmpuveckux Mamepuaios 6 GUoe JIeHMOYHbIX CIMPYKIYD
0na  pasHvix Kouueypayuii mampuysl. Ilonyuenvl pacnpedenenuss memnepamypvl U CKOPOCHU
NPOMEKAHUsL MAMePUaLa 8 MAmpuybsl, a Makdice Noasi CKOpOCMel Mamepuaia Ha 8blxo0e U3 Mampuybl,
KOmMopble — HEeNOCPEOCMBEHHO — GIUSIOM  HA  CHPYKMYPY — HOJYYEHHO20 — Mamepuaid U — e2o
mepmosiekmpuieckue ceovicmsa. buon. 6, puc. 5, maébn. 1.

KaroueBsie c10Ba: MoaenupoBaHue, SKCTPY3Hs, JICHTOYHBIH TEPMOIJIEKTPUUECKHIA MaTepuall.
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COMPUTER RESEARCH ON THE
INFLUENCE OF THE PELTIER EFFECT ON THE
CRYSTALLIZATION PROCESS OF Bi;Te; BASED

THERMOELECTRIC MATERIALS

The article presents the results of computer simulation of the process of growing Bi,Te; based
thermoelectric materials by the vertical zone melting method with regard to the Peltier effect occurring
at the interface between solid and liquid phases of the grown material when electric current is passed
through an ingot. Bibl. 7, Fig. 6, Tabl. 1.

Key words: simulation, vertical zone melting, thermoelectric material, growing in electric field.

Introduction

Bismuth telluride-based solid solutions are unique commercially available thermoelectric materials
(TEM) for solid-state cooling and generation of electrical energy. Therefore, much attention is paid to the
improvement of Bi,Te; based TEM production methods.

Zone melting is one of the most used methods for the production of semiconductor materials, in
particular thermoelectric. However, the production of thermoelectric materials with the necessary
properties is possible only under the conditions of a controlled crystallization process, since when TEM is
obtained by this method, the crystallization front curvature, the temperature gradient at the interface
between the solid and liquid phases, the melt zone geometry, and the velocity have a great influence on the
single crystal growth stability and homogeneity.

In [1-3], the possibility of growing single crystals of thermoelectric materials by the method of
vertical zone melting in the presence of electric current passing through an ingot was considered. It is
known that when passing an electric current, at the interface between the solid and liquid phases of the
same semiconductor, just as at the interface between two different materials, the Peltier heat will be
released or absorbed. This amount of heat is sufficient to affect the course of crystallization. However,
studies of temperature distributions and geometry of the crystallization front cause considerable
experimental difficulties, so simulation of the TEM growth process is relevant, which makes it possible to
optimize the choice of technological parameters of the setup and the modes of material growth.

So, the purpose of this work is computer research on the influence of the Peltier effect that occurs at
the interface between the solid and liquid phases when growing Bi,Te; based thermoelectric materials by
the vertical zone melting when passing electric current through the molten zone, on growing process,
specifically, on the shape of crystallization front and temperature gradients.
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