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COMPUTER SIMULATION OF EXTRUSION PROCESS
OF Bi2TesBASED TAPE THERMOELECTRIC MATERIALS

As long as in the process of hot extrusion of thermoelectric materials in the form of tape structures,
billets of material are deformed under practically perfect plastic conditions, when optimizing equipment
to obtain such materials, viscous fluid approximation may be used. This allows a computer simulation
of the extrusion process using the hydrodynamic theory, where material is regarded as a fluid with a
very high viscosity, which is a function of velocity and temperature. This paper presents the results of
an object-oriented computer simulation of the process of hot extrusion of Bi;Tes; based thermoelectric
material. Cases of producing thermoelectric materials in the form of tape structures for various matrix
configurations are considered. The distributions of temperature and flow velocity of material in the
matrix are obtained, as well as material velocity fields at the exit from the matrix which directly affect
the structure of resulting material and its thermoelectric properties. Bibl. 6, Fig. 5, Tabl. 1.
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Introduction

At present, alongside with single-crystal Bi-Te based thermoelectric materials, extruded materials are
also used for the production of thermoelectric products. The main advantage of the extrusion method is
associated with improved material strength. Moreover, their thermoelectric properties may remain at the
level of properties obtained by crystallization from the melt.

Generally, extruded thermoelectric materials are made in the form of cylindrical samples up to
25-30 mm in diameter. The use of extruded thermoelectric materials in the form of tape structures for the
production of standard modules can reduce their cost by significantly reducing material losses.

At the same time, when creating equipment for producing extruded materials in the form of tape
structures, the design and optimization of its structure are necessary.

One of effective ways to study the effect of conditions for producing material on its structure is
mathematical simulation of the extrusion process in combination with the experimental results of structural
studies [4, 5].

The purpose of this work is to create a computer model of the hot extrusion process of Bi,Tes based
thermoelectric material to study the distributions of temperature and material flow velocity in a
rectangular-shaped matrix, which can be the basis for optimization of equipment for producing extruded
thermoelectric material.

Physical, mathematical and computer extrusion models

To build a computer model of the hot extrusion process of tape thermoelectric material, the viscous
fluid approximation and the application package of object-oriented simulation Comsol Multiphysics were
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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: A, 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; E, 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-vVu) =V{—pl +n(Vu+(Vu)T)—§n(V-u)l}+ F;

V-(pu)=0; @)

pCU-VT =V-(VT)+Q,
th=n(Vu+(Vu)T—§(v-u)|):vU

with the corresponding boundary conditions:
— thermostated lateral surface of matrix: 7 = T,
— convective heat exchange of the lateral surface of sample after leaving the matrix:

—n-(-xVT) = hz(T _To),

— 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:
—Nn-(—xVT)=h(T-T,), -n-(—«VT) =h,(T -T,),
— thermal insulation of upper matrix part:
-n-(—xVT) =0,

— input pressure on the billet: p = p1,

— 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 un = 0,
where: u is velocity field, p is density, p is pressure, n is dynamic viscosity factor, k is thermal
conductivity, F is vector field of forces, Qvh is volumetric heat source due to internal friction, I is unit
matrix, h, - hs are heat exchange coefficients, Ty 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 3 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.

u, mm/min

[

Fig. 3.Velocity field of thermoelectric material inside the matrix and after leaving it
(for matrix with dimensions: A = 15mm; B =5 mm; C =50 mm; 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.
l1-A=15mm B=5mm,E=3mm, 2—-A4A=10mm, B=5mm, E=3mm,;
3—-A=5mm,B=5mm, E=3mm,;4—-A4=15mm,, B=5mm, £ =2mm,;
5-4=10mm, B=5mm, E=2mm,;6-4=5mm, B=5mm,, E=2mm,;
T—A=15mm B=5mm E=1mm;8—-A4=10mm, B=5mm, E=1mm;
9—A4=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 -4 =15mm,B=5mm, E=3mm; 2—4 = 15 mm,
B=5mm E=2mm;3-A=15mm B=5mm E=1mm;4—4=10mm, B=5mm, E=3mm;
S5—A=10mm B=5mm E=2mm;6-4=10mm, B=5mm, E=1mm;7—-4=5mm,
B=5mm E=3mm;8—-A4=5mm B=5mm E=2mm;9—-A4=5mm, B=5mm, E=1mm.

Conclusions

1. A computer model of the hot extrusion process of Bi,Tes 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'FOTEPHE MOJIEJTFOBAHHSI ITIPOIIECY EKCTPY3Ii
CTPIUKOBUX TEPMOEJIEKTPUYHUX
MATEPIAJIIB HA OCHOBI BizTes

Ockinvku 6 npoyeci 2apa4oi excmpy3ii mepmoereKmpudHux mamepianié y 6uensdi cmpiukosux
CMPYKMyp 3a20MO8KU Mamepiany 0epopmyromsbcsa 6 NPaKmuyHo i0eanbHux NiacmuiyHux ymMoeax, npu
onmumizayii 06naOHanHS Ok OMPUMAHHS MAKUX MAMePIanié Modce 6ymu 8UKOPUCIIAHO HAOTUNCEHHS
8’a3xoi piounu. Ile 0036018€¢ nposooumu KoOMn lomepHe MOOeN08anHs npoyecy excmpysii 3
BUKOPUCMAHHAM Meopii 2i0poOuHamiky, Oe mamepian po3ensioaemvcs K piouHa 3 0yice UCOKOI
8's3kicmio, Axa 3anexcumsv 6i0 weuokocmi i memnepamypu. Y pobomi nagedeno pesyrbmamu
00 EKMHO-OPIEHMOBAHO20 ~ KOMN IOMEPHO20  MOOENI08AHH — Npoyecy — 2apsayoi  excmpysil
mepMoeneKmpuuHo2o — mamepiany Ha  ocHogi  Bi)Tes  Posenanymi — eunaoku — ompumauHs
mepMOeNeKMPUYHUX MAMepIianié y eueisadi CmpiuKosux cmpykmyp OJisi PI3HUX KOHpIeypayii Mampuyi.
Ompumano po3nodinu memnepamypu ma weuoKoCmi NPOMiKauHs Mamepiany y mampuyi, a maxkoic
noas wWeuoKocmel mamepiaiy HA 6uxo0i 3 Mampuyi, 5Ki 6€3n0cepeOHbo GNIUBAIOMb HA CMPYKMYPY
ompumano2o mamepiany ma toeo mepmoenexmpuuni enacmusocmi. bion. 6, puc. 5, maoén. 1.

KaiouoBsi ciioBa: MoenroBaHHsl, eKCTPy3isl, CTPIYKOBHH TEPMOEIEKTPUYHIHA MaTepiall.

JIbicbko B.B., kano. uz — mam. nayk,?
Tynopoii IL® .12
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Nucturyr repmosnexrpuyectea HAH u MOH Vkpaunsi,
ByJ. Hayku, 1, Uepnosupbl, 58029, Ykpauna;
2YepHUBEILKUI HAIIMOHAIBHBIN YHUBEpCUTET nMeHH. FOpus denpKoBuua,
yi1. Komrobusckoro 2, Yeprosisl, 58000, Ykpaunna, e-mail: anatych@gmail.com

KOMIIBIOTEPHOE MOJAEJINPOBAHUE ITPOLHECCA OKCTPY3UHU
JIEHTOYHbBIX TEPMOJJIEKTPHYECKUX MATEPHUAJIOB
HA OCHOBE Bi;Tes

IockonvKy 6 npoyecce eopaueil SKCMPY3uu MmMepMOINEKMPULECKUX MAMEPUALOE 6 BUOE JIeHMOYHbIX
CMPYKmMYp 3a20MO8KU Mamepuaia 0ehopmMupyiomcss 6 Npakmuiecku uoearbHo HIACMUYecKUx
YCIOBUAX, NPU ONMUMUAYUU 0O0PYOOSAHUA ONA NOJYUEHUs MAKUX MAMepuanos Mmodxcem Obvlimb
UCNONL306AHO NPUOIUdICEHUE BA3KOU JHCUOKOCIU. DMo Nno3601siem NpogoOUms KOMNbIOMEPHOE
Mooenuposanue npoyecca KCMPY3uu € UCHOIb306aAHUEM Meopuu 2UOPOOUHAMUKU, 20€ Mamepua
paccmampusaemcsi Kak JHCUOKOCMb ¢ OYeHb 8bICOKOU GA3KOCMbIO, KOMOPAs 3A8UCUM OM CKOPOCTU U
memnepamypbi. B pabome npugedenvi pe3ynvmamsi 00beKMHO-0PUSHMUPOBAHHO20 KOMNLIOMEPHO20
MOOenUpoBanls npoyecca 20padeti IKCmpy3uu mepmodIeKmpuieckoeo mamepuaia Ha ochoge BizTes.
Paccmompennvie cnyuau nonyuenus mepmodINeKmMpudeckux Mamepuanog 8 8Uoe J1eHmoYHbIX CIMPYKmMyp
01 pasnvlx Kou@ueypayuti mampuysl. llonyuenvt pacnpedenenuss memnepamypsbl U CKOPOCMu
NPOMeEKaHUs, Mamepuaia 8 Mampuybsl, a Maxice nNoasi CKOpoCmel Mamepuaila Ha 6blxo0e U3 Mampuybl,
KOmopble  HEeNnoCPeoCmEeHHO  GIUAIOM  HA  CMPYKMYpY  HONYYEHHO20 — Mamepuana U — e2o0
mepmoaiekmpuueckue ceoucmea. bubn. 6, puc. 5, maébn. 1.

KiroueBble cj10Ba: MOJCIUPOBAHNE, SKCTPY3HUS, JICHTOUHBIN TEPMOAIEKTPUIECKUN MaTepHall.
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