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VISCOUS FLUID APPROXIMATION WHEN
SIMULATING Bi;Te; BASED THERMOELECTRIC
MATERIAL EXTRUSION PROCESS

In the process of extrusion, billets of material are deformed under virtually perfect plastic conditions.
Such a process can be simulated using the hydrodynamic theory, where a material is regarded as a
fluid of very high viscosity which is a function of velocity and temperature. The internal friction of the
moving layers of the material serves as a heat source, so it is also necessary to use the heat transfer
equation in conjunction with the hydrodynamic aspect of the problem. This approach is especially
effective for simulating the extrusion process of thermoelectric materials when large deformations are
present. 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 cylindrical samples of circular
cross section for various matrix configurations for single-stage and multi-stage extrusion are
considered. The distributions of temperature and flow velocity of material in the matrix are obtained, as
well as stress distribution in the matrix due to external pressure and thermal loads, which formed the
basis for optimization of equipment for producing extruded thermoelectric material. Bibl. 5, Fig. &,
Tabl 1.
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Introduction

The hot extrusion process is widely used in the production of thermoelectric materials [1 — 3]. The
essence of it is punching a thermoelectric material through a hole in a heated mold. The main advantage of
this method is associated with an improvement in the strength characteristics of material. Moreover, their
thermoelectric properties can remain at the level of the properties of materials obtained by crystallization
from the melt.

Since hot extrusion is usually carried out at sufficiently high temperatures, the structure of the
extruded material is formed in the process of plastic deformation, resulting in a deformation texture. The
extrusion conditions, namely the shape of the die, the temperature and strain rate, the strain value, the
structure of the initial billet, affect the final structure and properties of the extruded material. One of the
effective ways to study the influence of these conditions on the formation of the structure and texture of the
extruded material is mathematical simulation of the extrusion process in combination with the experimental
results of structural studies [4].

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 the matrix, as
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well as the stress distribution in the matrix due to external pressure and thermal loads, 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, the application package of object-oriented
simulation Comsol Multiphysics was used [S5]. In extrusion processes, the initial billets of material are
deformed in a hot solid state under practically ideal plastic conditions. Such processes can be simulated
using 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;
therefore, heat transfer equations are also used in conjunction with the hydrodynamic aspect of the
problem. This approach is especially effective for simulating the extrusion of thermoelectric materials in
the presence of large strains. In addition, the developed computer model allows one to determine stress
distribution in the matrix due to external pressure and thermal loads.
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Fig. 1. Physical model of extrusion process

The physical model of the extrusion process is shown in Fig. 1. The model considers the stationary
case of flow through matrix 1 of the cylindrical billet of material 2 obtained by cold pressing.

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

pu-Vu) = V{—PI+77(Vu+(VM)T)—§77(V~u)I}+F;
V-(pu)=0; (1)
pCu-VT=V-(NT)+0,:
0, = (Vi (V) = 2(V-a)]): Vi

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
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—n-(=kVT)=mh(T-T,),
— heat removal along structural members, not shown in Fig.1, from lower matrix part and upper part
of thermoelectric material billet:
- (-RVT) = (T~ T,), ~n-(~¥T) = h,(T~T,).
— thermal insulation of upper matrix part:
-n-(—kVT)=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 liquid velocity component perpendicular to the lateral side of the sample after
leaving the matrix u n =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 mass forces, Qvh is volumetric heat source due to internal friction, / is unit
matrix, 4, - hs are heat exchange coefficients, 7y 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

The properties of thermoelectric material, which in simulation is considered to be a high-viscosity
fluid, were determined experimentally, and their correlation was verified with the published data. For this
model, it was necessary to determine the equivalent viscosity of the test fluid. The equivalent von Mises
stresses can be found from the general deviator stress tensor [5] as

or, using 7 = 2n€, where & is strain rate, 77 is velocity, as

0, =\0n’c € . (3.2)

Representing the equivalent strain rate as

3
P = 55:5

the expression (3.2) can be re-written as
Geqv = 377¢qu :

Strain rate tensor is determined as follows
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T
g.:Vqu(Vu) :l

2 2
Shear velocity:
7 =l7= %7‘ y
Accordingly,
=57
Flow rule

O =Kf

eqv
The flow rule specifies that plastic flow occurs when the equivalent stress o, reaches the flow stress, f.

Viscosity is defined as

Ky

3¢,

The magnitude of the total flow stress is given by the expression for the generalized Zener-Hollomon

1/n
asinh (Zj
A

LA

n

function

1 . (=
where: 4 =2.39*%10% 1/s, n =2.976, 0.=0.052 1/MPa, Z = ﬁye(ﬂj , O=153kJ/mole, R=8.314 J/K*mole

[5].

Fig. 2 shows a mesh of finite element method which is used in Comsol Multiphysics.
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Fig. 2. Finite-element method mesh.
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Computer simulation results

Velocity fields and temperature distributions in the matrix and thermoelectric material obtained by
computer simulation for different matrix configurations (angles y) are shown in Fig. 3-6. The velocity in
mm/min and temperature in degrees Celsius are marked in colour.
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Fig. 3. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 30°)
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Fig. 4. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 45°)
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Fig. 5. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 60°)
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Fig. 6. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix (y = 90°)
Matrix configuration for the case of three-stage extrusion is shown in Fig. 7.
d, h,
h,
h,
h!i
Fig. 7. Matrix for three-stage extrusion of thermoelectric material
Velocity field and temperature distribution for this case are shown in Fig.8.
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Fig. 8. Velocity field (a) of thermoelectric material inside the matrix and temperature
distribution (b) in material and matrix for the case of three-stage extrusion
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The developed computer model can serve the basis for optimizing the design of equipment for

extrusion of BiyTe; based thermoelectric material in order to improve its efficiency and to enhance the

quality of the material obtained.

Conclusions

L.

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

The temperature and velocity field distributions have been obtained depending on matrix configuration
for the case of single-stage extrusion of Bi,Te3; based thermoelectric material.

. The behavior of thermoelectric material in its passage through the matrix for the case of multistage

extrusion of Bi,Tes based thermoelectric material has been studied.
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YV npoyeci excmpysii 3acomoexku mamepiany Oeopmyromvcs 6 RPAKMUYHO (0ealbHO NIACMUYHUX
ymosax. Taxuu npoyec modce OymMu 3M00€lIbOSAHUL 3 BUKOPUCINAHHAM Meopii 2iOpoouHamiku, oe
mamepian po3ensioaemuvcs K piOuHa 3 0ydce BUCOKOK 8'3KICMIO, WO 3a1edcums 6i0 weuokocmi i
memnepamypu. Buympiwne mepmsa wapis, wo pyxaromuvcs, mamepiany € makoxc 0xcepenom menid,
MOMYy HeOOXIOHO —GUKOPUCMOBY8AMU MAKONC DIGHAHMS NEPeHocy menia 6 CYKYRHOCMI 3
2I0poounamiuno yacmunor 3adaui. Taxuul nioxi0 € 0cobauso epekmuenum O MOOENIOBAHHS
npoyecy excmpy3ii mepMOeneKmpuYHUX Mamepianie, Koau npucymui Oinvuwii Oegopmayii. YV Oauiti
pobomi HasedeHo pe3yrbmamu 00'€KMHO-OPIEHMOBAHO20 KOMN'IOMEPHO20 MOOENI08AHH Npoyecy
eapsuoi  excmpysii  mepmoenekmpuyHo2o mamepiany Ha ocHoei BixTe;. Poszenawymo eunaoxu
00epIHCAHHA YULTHOPUYHUX 3PA3KI8 KPY21020 nepepizy Ol pisHux KoHugicypayit mampuyi y npoyecax
oonocmyninuacmoi ma 6azamocmyninuacmoi excmpysii. Ompumani po3nodinu memnepamypu i
weuokocmi medii mamepiany 8 mampuyi, d Makoxc po3noodil Hanpye y Mampuyi 3d paxyHox
306HIWHBO20 MUCKY U MENI08UX HABAHMAICEHb AU 8 OCHO8Y ONMuMi3ayii YCmamKky8aHHs OJis
00epIHCAHHA eKCPYO08aAH020 mepMoerekmpuyHozo mamepiany. bion. 5, puc. 8, maén. 1.
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MPUBJINKEHUE BSA3KOM )KUJIKOCTH ITPY MOJAEJTUPOBAHUM
ITPOLHECCA 3KCTPY3UU TEPMOJJIEKTPUYECKOI'O
MATEPHAJIA HA OCHOBE Bi;Te;

B npoyecce sxcmpysuu 3acomoexu mamepuaia OeQopmMupylOmcs 6 Npakmudecku UOeanrbHbiX
naacmuyeckux ycnogusax. Taxoil npoyecc modxcem Obimb CMOOEIUPOBAH C UCHONb306AHUEM MEOPULL
2UOPOOUHAMUKY, 20€ MAMEPUATl PACCMAMPUBAEMCI KAK JICUOKOCHb C O4eHb 6bICOKOU 653KOCHbIO,
3agucsawell om CKOpocmu u memnepamypuvl. Buympennee mpenue Odsudicywuxcs cnoee mamepuana
CYIACUM 8 Kayecmee UCMOYHUKA MENjd, NOIMOMY HeOOXOOUMO UCNONb306AMb MAKICE YPAGHEHUs.
nepeHoca menia 6 COBOKYNHOCHU ¢ eUOPOOUHAMUYECKOU cmoporoul 3adayu. Taxou nooxoo sensemcs
0cobenHo  dpexmusHbiM  ONsl  MOOEIUPOBAHUSL  NPOYeccd  IKCMPY3UU  MepPMOINEKIMPUYECKUX
mamepuanos, kozoa npucymcmeyiom oOoavuiue Oegopmayuu. B Hacmosweln pabome npusedeHbl
pe3yibmamuvl  00bEKMHO-OPUESHMUPOBAHHO20 KOMNUBIOMEPHO20 MOOEIUPOBAHUsl npoyecca 2opsdell
IKCMPY3UU MEPMOINEKMPUYECK020 Mamepuana Ha ocHoge BirTes. Paccmompenvl ciyuau nonyyerust
YUTUHOPUYECKUX 00pazyo8 Kpyano2o cedeHus Osi PA3IUYHbIX KOHpueypayuu Mmampuybl npu
OOHOCMYNneHYamou u MHococmynenyamou sxkcmpysuu. Ilonyuensl pacnpedenenus memnepamypuvl u
CKOpOCU meyeHusi Mamepuaia 6 mMampuye, a Makdice pacnpedeienus Hanpsidicenull 6 Mampuye 3d
cuem GHewHe20 OAGNeHUs U Menjio8blX HA2PYy30K, KOMOpble JRe2lud 6 OCHO8Y ONMmuMU3ayuu
060py008amsL 05t NOTYYEHUs: IKCMPYOUPOBAHHO20 MEPMOTIeKmMpUuieckoeo mamepuana. bubn. 5, puc. 8,
mab6n. 1.

KaioueBble ci10Ba: SKCTPY3usi, TEPMODIICKTPUUYECKUIT MaTepUall, MOJICTUPOBAHHE.
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