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THEORY

R.V. Kuz cand. phys. - math. sciences

Institute of Thermoelectricity of the NAS and MES of Ukraine,
1 Nauky str., Chernivtsi, 58029, Ukraine
e-mail: anatych@gmail.com

THEORY AND DESIGN OF THERMOELECTRIC GENERATORS
R.V. Kuz USING WASTE HEAT ON VEHICLES

The paper presents the results of the analysis of theoretical works concerning the use of thermoelectric generators for
vehicles in order to obtain additional electricity and, accordingly, fuel saving. The trends and current state of
development of such generators are considered. Bibl. 21.

Key words: thermoelectric generator, internal combustion engine, heat recovery.

Introduction

General characterization of the problem. The use of thermoelectric generators (TEGs) for heat
recovery of internal combustion engines to generate electricity over the past three decades remains a
subject of increased interest from the automotive industry and specialists in thermoelectricity.

The purpose of the work is to analyze the existing achievements in the design and construction of
thermoelectric generators for vehicles and to determine the prospects in the development and design of
such generators.

Basic theories of TEG design for vehicles

The number of publications containing information on the theory of design and optimization of
thermoelectric generators for vehicles is a small part of the total number of works on thermoelectric
generators for vehicles. Below are the main results of theoretical research.

U.S. Department of Energy’s National Renewable Energy Laboratory [1, 2]

A study by Hendricks and Lustbader for different classes of trucks. Model assumptions: one-
dimensional TEG model is considered; temperature of hot exhaust gases is 700 °C. An attempt is made to
optimize the components of the system by taking into account the contact thermal and electrical resistances
in the TEG elements. The unit cost of the heat generator depending on its electric power is analyzed. It is
shown that it decreases with increasing TEG output power due to the reduction of the unit cost of the heat
removal system and in the considered model it tends to the value of $ 10/W.

A.A. Baikov Institute, Russia [3]

A number of theoretical works have been carried out, where the reasons for the inefficiency of a
thermoelectric generator (TEG) for an internal combustion engine are analyzed. The conflict of the
"engine-TEG" system is considered. Conclusions are made about the zero efficiency of the TEG, in
particular, due to the presence of additional back pressure in the system, additional mass and the need for
an additional cooling system of TEG. In the model under consideration, the economic efficiency of the
TEG is zero due to a decrease in the efficiency of the engine during the installation of the TEG.

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2020 5
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Chalmers University of Technology, Sweden [4]

A computer three-dimensional non-stationary model of a thermoelectric generator for a diesel
engine is considered. The model calculates in detail the exhaust gas flows in the generator and the heat
carrier flows. It is proposed to use this model to optimize the design of heat exchangers, select the optimal
thermoelectric materials and determine the impact of the generator on the engine. In this paper, no
conclusions are made about the economic efficiency of TEG.

Department of Mechanical Engineering, Stevens Institute of Technology, Hoboken, NJ, USA [5]

The purpose of the work was to determine the influence of the following parameters on the
efficiency of TEG: the length of thermoelement legs, the size of heat carrier channels, the ratio of electrical
conductivity and thermal conductivity of materials; the Reynolds, Nusselt and Prandtl numbers Re, Nu, Pr;
the dimensionless thermoelectric figure of merit of thermoelement materials Z7.

Theoretical approximations used. The model is one-dimensional. Heat fluxes along the direction of
heat carriers motion were not taken into account, the physical properties of the materials were assumed to
be independent of temperature. Heat losses in structural elements, in connections, on transitional thermal
resistances were not taken into account. Losses in electrical connections were also disregarded. The mass
flow rate of both heat carriers was assumed to be equal.

The model was not confirmed, as it gave a discrepancy between theoretical calculations and
experimental measurements by 40-50%.

North China Electric Power University, China [6]

The multi-parameter model includes hot and cold heat exchangers and thermoelectric modules. In
fact, the source of heat of exhaust gases and water cooling of the radiator are modeled. Emphasis is placed
on the non-uniformity of temperature differences on thermoelectric units along the gas flow.

Conclusions are made about the possibility of reducing the volume of thermoelectric material when
optimizing the design of TEG.

Due to significant assumptions and simplifications, the results obtained are not very suitable for the
design of generators. The model does not make it possible to draw conclusions about the economic
feasibility of the generator.

Department of Mechanical Engineering, University of Maryland, College Park, USA [7]

In the work of Crane and Jackson, the TEG scheme with perpendicular directions of heat carrier
flows in the hot air and cold liquid circuits of the heat exchanger is considered. The fluid circuit uses the
fluid of the car's engine cooling system.

The purpose of the work was the simultaneous optimization of the geometry of the heat exchanger
and thermoelectric modules. The optimization procedure included: theoretical modeling based on well-
known theories of convective heat transfer and thermoelectric energy conversion; numerical analysis,
experimental verification and final optimization at the level of the whole system at the cost of a unit of
electric power.

The following assumptions are used. The planes in the middle of the partitions between adjacent
channels are adiabatic boundaries for heat flows. This allowed the analysis of the entire heat exchanger
based on the consideration of one channel. Thomson's heat, as in the Betancourt model, is assumed to be
negligibly small. The physical properties of materials are temperature independent. Only convective heat
exchange of heat carriers with the heat exchanger was taken into account. The energy balance of the TEG
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takes into account the power of the fan, air circuit and liquid pump. It was assumed that Bi,Te; material
was used in thermoelectric modules.

The main results of the work. The one-dimensional Betancourt model generalized to the case of
non-parallel heat carrier flows. The possibility of obtaining a specific power of 40 W / liter of hot water
and a maximum cost of 1.1 kW / § 10000 is demonstrated.

Clarkson University, Potsdam, NY, USA [8].

Karri developed and researched a TEG model that uses the heat of the exhaust gas. The model is
based on the use of Hi-Z 20 modules. Hot heat carrier - exhaust gases, cold - water from the car's radiator
circuit.

Mathematically, the model is described by a system of four nonlinear equations solved by computer
means. The obtained results are quite accurate, but do not provide information on the optimization of TEG.
Simulation is reduced to obtaining values that can be more accurately found experimentally. The model
does not yield results of economic efficiency of the generator.

Department of Mechanical Engineering Rochester Institute of Technology Rochester, NY, USA [9]

The Betancourt, Karri, Crane and Jackson models were used and refined in Smith's work.

Smith analyzed a more complex sectional TEG circuit. The hot heat carrier flow creates temperature
differences in thermoelectric modules of three sections. The model assumes that each section has a
different number of modules. Such sectional TEGs have been investigated with Hi-Z and Melcor modules
by computer simulation and optimization.

32 combinations of the number of sections (from 1 to 3) and the number of modules in the section
are considered. The temperature dependences of the module parameters given by the empirical linear
functions of the average module temperature were taken into account.

The simulation results were tested experimentally on a TEG model.

The experiments differed from the results of computer simulations by 30-40%, which reduces the
value of such simulations. The cost of the generator in this model is estimated around $ 10/ W.

Institute of Thermoelectricity, Ukraine [10 — 21]

A number of comprehensive studies of thermoelectric generators for vehicles have been carried out,
which follow from the description of the physics of a thermoelectric generator and yield the main thing, i.e.
information for determining the optimal models of thermoelectric generators

The first calculations were carried out on a TEG model with lumped parameters. It allows you to
identify the most general patterns of TEG. This model contains a local heat exchanger of infinite thermal
conductivity and an infinite heat transfer coefficient. Under this condition, the gas enters the heat
exchanger and leaves it at a temperature equal to that of the heat exchanger. From the heat exchanger the
heat is transferred to a thermoelectric converter, the hot temperature of which is equal to the temperature of
the gas. This means that the model does not take into account heat loss during its transfer from the heat
exchanger to the thermoelectric converter and during heat transfer from the gas to the heat exchanger. In a
thermoelectric converter, thermal energy is partially converted into electrical energy, and the rest is
transferred to the thermostat. An important conclusion is that the maximum value of the efficiency of the
TEG is achieved at a certain optimal value of the temperature of the heat exchanger, which is half the
difference between the temperatures of hot gas and cold thermostat. This is the main conclusion that allows
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the optimal design of the thermoelectric generator for the car. Based on the exhaust gas temperatures for
different types of engines, it is possible to estimate the temperature of the thermoelectric converter. After
analyzing the average exhaust temperatures for petrol and diesel engines, it was concluded that the most
acceptable temperature for a petrol engine on the hot side of the thermoelectric module is only 300-350 °
C, and for a diesel engine as low as 200-250 °C.

Such results are understandable, since they are a consequence of two competing factors, namely an
improvement in the efficiency of modules with a rise in the hot temperature and a decrease in efficiency
with an increase in the thermal power passing through the TEG due to a drop in the hot temperature.

The obtained results refute the generally accepted opinion that high-temperature materials should be
used in automotive thermoelectric generators, and also limit the list of currently known materials suitable
for use in automotive thermoelectric generators.

The next important step is to analyze sectional generators. In this model, the sections sequentially
collect heat from the exhaust gas. The sections are optimized for temperature conditions and the specific
materials used in the sections. The following important information was obtained from the analysis of such
a model: it is reasonable to use no more than three sections; the use of sections can increase the efficiency
of TEG by a factor of 1.3 - 1.4. Therefore, the use of sections should be the subject of analysis in each
specific case, since a sectional generator is much more complex in design, and, accordingly,
more expensive.

The above results refer to the steady-state mode of TEG operation, when the exhaust gas is stable in
temperature and thermal power. In fact, in cars in real operating modes, these conditions are not met.
Another important result obtained at the Institute of Thermoelectricity is the analysis of the TEG operation
in the transient oprerating modes. Computer simulation of real thermal conditions shows that the average
power of the generators is approximately 4 times lower in relation to the maximum.

Conclusions

1. The design of automotive thermoelectric generators is in most cases empirical. Design is based on
sorting out various options of the model components in order to find the best one. However, such
approaches do not reveal the general regularities that describe the TEG, reducing the possibility of
finding optimal constructions.

2. All theoretical models for calculating the power of TEGs for vehicles give an error of about 30-40%,
which forces us to look for new approaches to the design of such TEGs.

3. The unit cost of TEG for vehicles is still high. Hope for their implementation remains only if they are
significantly reduced in price.

4. A comprehensive approach to the design of a thermoelectric generator is needed, which will take into
account the interaction of the TEG and the internal combustion engine.
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TEOPIA TA ITIPOEKTYBAHHA TEPMOEJIEKTPUYHHUX
I'EHEPATOPIB, 1O BUKOPUCTOBYIOTb BIJIXOJIH TEIIJIA
HA TPAHCIIOPTHHUX 3ACOBAX

Y pobomi nasoosmuvcsa pesynemamu ananizy meopemuyHux pooim, wjo Cmocylomvcsa SUKOPUCHAHHS
MEPMOENEKMPULHUX  2eHepamopi6  Onsl  MPAHCROPMHUX  3ac00i8 3 Memolo  OMPUMAHHA  000amKO80L
eNleKmpuyHoi eHepeii i, 8iOnoGioHo, ekoHoMii nanusea. Po3enanymo menoenyii po3sumky i cyu4acHutl cmau
po3pobku makux zenepamopie. bion. 21.

Ki11040Bi c/10Ba: TepMOENIEKTPUYHAI TeHEPaTOp, ABUTYH BHYTPIIIHEOTO 3TOPAHHS, YTUNI3aIlis TeIra.

Ky3b P.B. xano. ¢puz.-mam. nayx

WncturyT Tepmoanekrpuuectsa HAH u MOH VYkpaunsi,
yn. Hayku, 1, Yepuositer, 58029, Ykpanna,
e-mail: anatych@gmail.com

TEOPUA U TPOEKTUPOBAHUE TEPMOJJIEKTPUYECKUX
I'EHEPATOPOB, HCIIOJIB3YIOIUX OTXO/AbI TEILJIA
HA TPAHCIIOPTHBIX CPEJICTBAX

B pabome npusodsamcs pezynbmamuvl aHAIU3A MEOPEMUYECKUX pPadom, KACAIOWUXCS UCHOTb30BAHUS
MEPMOINEKMPULECKUX 2eHEPAMOPO8 OJisk MPAHCHNOPMHBIX CPEOCME C Yelbl0 NOJIYYeHUs: OONOTHUMETbHO
INEKMPULECKOU IHEPSUL U, COOMBEMCIIBEHHO, YIKOHOMUU MOnIued. Paccmompensl menoeHyuy pasgumust u
coBpeMeHHoe COCMOosIHIUe Pa3pabomKu maxux eeHepamopos. buon. 21.

KiroueBble ci10Ba: TEPMOIICKTPHUCCKUN TEHEPATOp, NBHIATEIb BHYTPCHHETO CTOPAHUS, YTHII3ALS
Terua.
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ELECTRONIC PHASE TRANSITIONS IN THIN Bi1-xSbx FILMS

The purpose of the present work is to study the concentration dependences of thermoelectric (TE) and
galvanomagnetic properties of thin Bi;..Sby films in the range x =0—0.25. The thin films with
thicknesses d = (250 £ 10) nm were prepared by thermal evaporation in vacuum of Bi;..Sb. polycrystals
onto (111) mica substrates and the transport properties (the electrical conductivity, Seebeck coefficient,
Hall coefficient, electronic and hole mobility, magnetoresistance) of the films were measured at room
temperature. It was established that all anomalies in the concentration dependences of the properties,
observed earlier in the Bi;.Sb. bulk crystals and attributed to electronic phase transitions, were
reproduced in thin films. The data obtained represent another evidence of the existence of the
concentration peculiarities in the transport properties of Bi;..Sby solid solutions, indicate a good
correspondence between the compositions of Bi;«Sby initial polycrystals and those of the thin films, and
should be taken into account when interpreting the results of studies and predicting properties of Bi,.
«Shy crystals and thin films. Bibl. 21. Fig. 4.

Key words: Bi;Sby, solid solution, thin film, concentration, phase transition, thermoelectric
properties, galvanomagnetic properties

Introduction

Bi;Sh, solid solutions have attracted much attention as promising n-type low-temperature
thermoelectric (TE) materials for refrigeration devices at temperatures below ~ 200 K [1-3]. Besides, these
materials are among the physical objects whose unique properties continue to be revealed more and more
every year, surprising us with the manifestation of new physical effects. Recently, interest in studying
Bi;..Sb, crystals and thin films has sharply increased after it was established that they exhibit properties of
3D-topological insulators [4,5] in which a strong spin-orbit interaction leads to the appearance of
topologically protected metallic surface states with a Dirac dispersion law. However, by now, the
simultaneous coexistence of the topological and good TE properties, which is also observed for other
promising TE materials (e.g. V,VI3 compounds), has not found an unambiguous explanation, but in recent
years several works have appeared, related to possible effects of topological surface states on controlling TE
properties of Bi;..Sb, crystals and thin films [6, 7].

Due to the structural and electrochemical similarities of Bi and Sb semimetals, these elements form a
continuous series of Bi;.Sh, solid solutions [8], which makes it possible to study in detail the effect of the
composition on the crystal structure, band structure and physical properties. It is known that although
Bi;..Sby solid solutions have a rhombohedral crystal structure in the entire concentration range, the band
structure changes in a non-monotonic way [9-12] (Fig. 1). In the valence band of pure Bi, there are subbands
of “light” (L) and “heavy” (7) holes and, as a result of the overlap of the hole T and electron L, bands, Bi
exhibits semimetallic properties. With an increase in the Sbh concentration, the distance between the
conduction band L, and the subband L, decreases and at x = 0.023 - 0.04 (different authors indicate different
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values of this concentration) a gapless state is observed, the L; and L, bands invert. With a further increase in
x, the gap between them increases again. Simultaneously with an increase in x, the overlap of 7 and Ls bands
decreases, disappearing at x = 0.06 + 0.07, and a semimetal — indirect semiconductor transition occurs. Then,
at x = 0.08 + 0.09, the ceilings of T and Ls of the valence bands converge, and in the concentration range
x=0.09 - 0.15 the semiconductor becomes direct-gap. The maximum value of the energy gap in the
semiconductor region (Eg ~ 0.025 eV) is reached near x = 0.15 + 0.17. With a subsequent increase in x, at
x~0.15, the semiconductor becomes indirect-gap again and at x> 0.22, Bi;.Shy solid solutions acquire
semimetal properties. Thus, the Bil-xSbx system is characterized by a number of electronic phase transitions,
the presence of which should be reflected at the concentration dependences of properties.

Bismuth Antimony
EA .
T ~ A
0.09 0.15-0.17 0.22
Eo
E v Vo VA
° T L, L, \YLa Lx
L L, 5
Ls L, - H Eg
Bl == >
Ls /|
La 2 Lsi LS

i Ls W
0.04 0.07 T ' H ; == L

<> ><>l

Semimetal Semiconductor Semimetal

Fig. 1. Electronic band structure of the Bi;..Sbx solid solutions

Although the majority of studies on the fundamental properties of Bi;.Sh. solid solutions were
carried out using single crystals, at present, an increasing number of works are devoted to the study of
polycrystals [13-16]. This is due to both the great simplicity and cost-effectiveness of manufacturing
polycrystalline materials and the convenience of manufacturing TE devices of various types from them. It
was found that the nature of the concentration and temperature dependences of the TE properties of
polycrystals and Bi;..Sb, single crystals is basically the same, although the grain size has a significant effect
on the properties of polycrystals.

Earlier, we revealed a nonmonotonic behavior of the concentration dependences of TE properties in
polycrystalline Bi;..Shy solid solutions in the vicinity of x = 0.01, 0.03, 0.07, 0.08, 0.15, 0.22 [17 — 25] and
attributed the concentration anomalies of properties in the vicinity of x = 0.01 to percolation effects in the
impurity subsystem of crystal, and other anomalies to corresponding electronic phase transitions (to a
gapless state, semimetal - semiconductor, indirect — direct-band-gap semiconductor).

Currently, in connection with the development of nanotechnology, low-dimensional structures (thin
films, quantum wires, quantum dots) are widely used in various fields of science and technology, including
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thermoelectricity. The possibility of enhancing the dimensionless TE figure of merit (Z7 = (S>+T)/A, where
S is the Seebeck coefficient, A is electrical conductivity, A is total thermal conductivity, and T is absolute
temperature) in low-dimensional structures [26] have stimulated studies of Bi;..Sh. thin-film structures. In
particular, it was of interest to find out whether the revealed concentration anomalies would be observed in
the thin films obtained from the bulk crystals. When studying thin Bi;..Sb, films in the range x = 0 —0.09,
we have showed [27] that concentration anomalies of properties are also reproduced in the thin films. It
was interesting to expand the range of compositions under study, taking into account that the highest Z
values are observed in the concentration range x = 0.12-0.15 [1 — 3]. In addition, it was of interest to find
out whether technological factors or measurement conditions influence the fact of the presence of
anomalies or the nature of their manifestation.

The objects of the present study were the Bi;..Shy thin films with thicknesses d = (250 + 10) nm
prepared by thermal evaporation in vacuum onto mica substrates at 75 = 380 K of Bi;..Sh. polycrystals in
the composition range x = 0 — 0.25.

As a result of the conducted studies, it was found that in the dependences of TE and
galvanomagnetic properties on composition of thin Bi;.Sh, films in the range x =0 - 0.25, concentration
anomalies were found as well as in Bi;..Sh polycrystals, and that changes in the polycrystal preparation
technology and in the magnetic field value in which the galvanomagnetic properties are measured, do not
change the general character of the dependences of the TE and galvanomagnetic properties on the
composition.

Experimental details

The Bi;..Sh, thin films with the thicknesses d= (2504 10) nm were obtained by the thermal
evaporation of Bi;.Sh, polycrystals (x = 0 — 0.25) in a vacuum (~ 10 Pa) from a single source and their
deposition onto (111) mica substrates at a temperature 7s = 380 K with a rate of 0.1 — 0.3 nm/s. Fabrication
technique of the polycrystalline Bil-xSbx samples of various compositions (x = 0 - 0.25) for the thin films
obtaining is described in [27]. The only difference was that in the present work we used samples that were
annealed for 720 hours after synthesis, and the samples used to obtain films in the work [27] were annealed
for 1200 hours.

The film thicknesses and the condensation rate were controlled using a calibrated quartz resonator.
The crystal structures and phase composition of the initial materials and thin films were characterized by
the X-ray diffraction method. In the X-ray diffraction patterns for thin films similarly to the initial bulk
crystals, only Bi;..Sby lines were seen. The obtained Bi;..Sb, films had a mosaic structure with a trigonal
axis perpendicular to the film surface. Using X-ray photoelectronic spectroscopy and microprobe analysis,
it was shown that the film composition corresponded to the initial material composition with an accuracy
(Ax) not worse than Ax =+ 0.002.

The measurements of the transport properties were carried out at room temperature on as-prepared
films. The electrical conductivity o, the Hall coefficient Ry and magnetoresistance Ap/p were measured by
a conventional d. method on bulk parallelepiped-shaped samples and double Hall-cross shaped thin films.
Ohmic contacts were prepared by soldering indium to the bulk or film surfaces. The used value of the
magnetic field (B = 0.05 T) corresponded to a weak magnetic field in contrast to work [27], where a
magnetic field equal to B = 0.9 T was used, which corresponded to the region of a strong magnetic field. It
is known that in the weak magnetic field, RH value does not depend on B and Ap/p increases of quadratic
function. The error in the Ry, 6 and Ap/p measurements did not exceed +5 %. The Seebeck coefficient S
was measured relative to Cu with an accuracy of £3 %. The component of the TE power perpendicular to
the trigonal axis was measured. The calculation of the Hall mobilities of electrons p, and holes p, was
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carried out taking into account two types of charge carriers and assuming that n = p (which is observed
with a high degree of accuracy in Bi;..Shy solid solutions) according to the equations:

LB, —u A
=k o, (M

o=en(p, +n,); R, enp,+p,’ pB
n P

Since the mobility of electrons p» exceeds the mobility of holes i, the sign of Ru for Bi
and Bi1«Shx solid solutions is determined by the mobility of electrons. This explains the resulting
negative sign of Ry and § in bulk crystals. From the results of measuring 6, Ru, Ap/p, and S values
and taking into account the value of B, the values of n = p, ps, 1 and TE power factor P(x) = S2 ¢
were calculated.

Results

In Figs 2-4, the concentration dependences Ry (x), S(x), 4p/p(x), U (X), Wy (X), and P(x) are presented
for the Bi;.«Shyx bulk crystals and thin films. It can be seen that all dependences exhibit a distinctly non-
monotonic oscillatory behavior.

According to the measurement of S, all obtained thin films, like the initial polycrystals, had an
electronic type of conductivity. From the Fig. 2 (a) it can be seen that S(x) dependences for bulk
polycrystals and thin films are very similar. The addition of Sb atoms to bismuth to x ~ 0.10 leads to a
significant increase in S, due to the reduction of the overlap of T and Ls bands and the formation of a
semiconductor region (Fig. 1).

80+

~
o

S (uV/K)
[<2)]
o

0 4 8 12 16 20 24 0 4 8 12 21'6 20 24
X (10%) X (10?)

Fig. 2. Room-temperature dependences of the Seebeck coefficient S (a) and the Hall
coefficient Ry (b) on the composition x of the Bi;.«Sbx polycrystals (1) and thin films (2).
Solid lines are guides to the eye.
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Fig. 4. Room-temperature dependences of magnetoresistance Ap/p and thermoelectric
power factor P = S? 6 on composition x of the Bi; .Sh, polycrystals (1) and thin films (2).
Solid lines are guides to the eye.
After that, S decreases. However, we are talking only about the general trend of S change in the
range x = 0 - 0.25. Meanwhile, the S(x) dependence for both bulk crystals and thin films exhibit several
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peaks or inflections near the compositions x = 0.01, 0.02, 0.05, 0.12, and 0.18 which we attributed
[17 — 25] to a percolation and electronic phase transitions.

In accordance with the Ry measurements, all the initial polycrystals also had an electronic type of
conductivity. In the Ry (x) dependence for polycrystals (Fig. 2,b), in addition to the indicated anomalies in
S(x) dependence (Fig. 2,a), we were able at x ~ 0.08 to reveal the peak associated with an indirect-gap - a
direct-gap semiconductor transition, when the 7-band top coincides with the L,-band top [24, 25]. In S(x)
dependence, in contrast to dependence Ry (x), there is one diffuse anomalous section in the range
x=0.05-0.08 (Fig. 2a).

The dependence Ry (x) for thin films (Fig. 2,b) turned out to be more complex: Ry (x) curve had a
number of features connected with the change of conductivity type. Bi had p-type conductivity (Rx > 0) but
introduction of the first portions of Sb (to x ~ 0.007) led to inversion sign of conductivity (p — n). Then, at
x ~ 0.01, the conductivity type changed again (n — p) and followed by a new change in the sign of the
conductivity at x~ 0.02 (p — n). After that, with a further increase in x, the Ry sign for all films was
negative (Ry < 0), as for bulk crystals. The reason for the difference between the Ry and S signs may be as
follows. According to [28], in Bi monocrystals, Ry has a positive sign only along the direction of the
trigonal axis, and in the perpendicular directions, the sign changes to a negative one. Unlike Ry, the
coefficient S in any crystallographic directions remains negative. Bi;..Shy films were grown along the
direction of the trigonal axis [001], which was perpendicular to the plane of the substrate. That is why a
positive Ry sign and a negative S sign were observed for Bi films what we showed in our work [29]. The
introduction of Sb leads to an elastic distortions of crystal lattice, and with increasing x, orientation along
the trigonal axis [001] becomes less and less perfect, and at a certain concentration of Sb, orientation
practically disappears. A convincing fact confirming this assumption is the negative Ry sign observed by
the authors of [30] in polycrystalline Bi films in which there is no anisotropy of properties.

Let us point out the following circumstance. As noted above, it was previously assumed [17 —25]
that in the range x=0.005-0.01, there is a percolation transition from an impurity discontinuum to an
impurity continuum, which is with a high degree of probability is accompanied by ordering processes [31].
These processes can stimulate the formation of a more perfect oriented structure and determine inversion of
conductivity type (n — p). A subsequent increase in Sb concentration makes again the structure less perfect
and leads to the inversion of the conductivity sign (»p — n). Approach to transition to a gapless state leads
to a decrease in RH but it no longer causes an inversion of the conduction type (n — p) since a significant
number of impurity atoms makes the oriented structure even more imperfect. Thus, the alternating change
in the Ry sign reflects in some way the change in the degree of structure perfection (degree of orientation),
which, in turn, is associated with the presence of phase transitions. In a sense, a conductivity type can be
used to estimate the degree of anisotropy in the film structure. This, of course, only applies to the case if
the type of conductivity depends on the direction in the crystal.

Let us note that in the work [27] in which the Bi;..Sb, films were studied only in the concentration
range x = 0 — 0.1, no change in the sign of Ry was observed at the percolation transition near x = 0.01.
Perhaps this was due to the fact that the Ry measurements were carried out in a strong magnetic field
(B=10.9 T), and not in a weak magnetic field (B = 0.05 T), as in the present work.

A change in the Ry sign in films depending on x complicates the comparison of the Rp(x)
dependences for bulk and film samples. However, it can be seen (Fig. 2b) that despite the alternating
change of Ry sign in the range x = 0 — 0.02, the character of the Ru(x) dependence remains the same as for
bulk crystals, having extrema corresponding to the phase transitions of the above types, if we take the Ry
value of Bi as the reference point. In other words, a change in Ry sign does not prevent observation of the
concentration anomalies.
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The calculation of the w, and pp values using equation (1) showed that the dependences p,(x) and
Ly (x) have also a pronounced nonmonotonic character (Fig. 3). There are several clear maxima at x ~ 0.01,
~ 0.03, ~ 0.06, ~ 0.08, ~ 0.14 and ~ 0.18. These concentrations correspond to the characteristic
compositions (Fig. 1) at which there are qualitative changes in the Bi;..Sh: band energy structure. It should
be noted that, in these dependences, as well as in the Ry (x) dependence, two maxima can be distinguished,
corresponding to the semimetal — indirect-gap semiconductor transition and indirect-gap semiconductor -
direct-gap semiconductor (x ~ 0.06 and x ~ 0.08, respectively). The dependence Ap/p (x) (Fig. 4a) actually
repeats the character of the dependences p,(x) and p, (x).

It was shown theoretically [32] that the Bi;..Sh, band structure depends not only on the composition
and thickness of the film, but also on the orientation of the film on the substrate. Therefore, it can be
expected that at low Sb concentrations, when the degree of anisotropy in the film is sufficiently high, the
extrema on the concentration dependences of the properties of the films can be shifted relative to these
positions in the crystal. Some shift of the maxima on the dependences Ap/p (x), w.(x) and p, (x) for bulk
crystals and films in the range of compositions x = 0 - 0.1 is related, apparently, to this circumstance.

In Fig. 4,b, the concentration dependences of TE power factor P = S, ¢ for bulk crystals and thin
films are presented. The lower values of P in thin films compared to bulk crystals can be explained by
lower values of electrical conductivity in thin films, since the values of the Seebeck coefficient, are
practically the same in crystals and films (Fig. 2a). Fig. 4 shows that the P(x) dependence, as well as the
dependences on the composition for all other kinetic coefficients of crystals and films, has a distinctly
nonmonotonic character. The compositions at which the maximum values of P are observed, are different
for crystals and thin films (at x ~ 0.03 and x ~ 0.06, respectively). however, these data correspond to 300 K,
while the highest values of TE figure of merit correspond to temperatures below 200 K [1 — 3]. Therefore,
our immediate task is to obtain the temperature dependences of the kinetic coefficients of thin
Bi;Sby films.

Thus, we can conclude that the concentration anomalies of TE and galvanomagnetic properties
observed for Bi;..Shy polycrystals and attributed [17 —25] to critical phenomena accompanying phase
transitions, are reproduced in the thin films obtained from these crystals. A change in the technology for
preparing initial bulk crystals (the reduction in the annealing time of bulk from 1200 to 720 hours) does not
change the behavior of the concentration dependences of kinetic coefficient of bulk crystals and thin films
qualitatively. The nature of the magnetic field (strong or weak) in which the galvanomagnetic properties
are measured does not change the general character of the dependences of the properties on the
composition and the presence of anomalies, but only affects the value of RH and Ap/p.

However, it should be noted that this is observed in sufficiently "thick" films (d = 250 £ 10 nm),
when quantum size effects (e.g, the oscillating nature of the d - dependences of properties) are practically
not manifested. The transition to very thin films and manifestation of these effects can significantly change
the physical picture. However, in a number of cases, thin-film TE energy converters are used with layer
thicknesses when size quantum effects do not manifest themselves.

Conclusions

1. It was established that the concentration anomalies of TE and galvanomagnetic properties associated
with the manifestation of critical phenomena accompanying percolation and electronic phase transitions
observed in Bi;.Sh, polycrystals in the composition range x = 0 — 0.25, are largely reproducible in thin
Bi;..Sh, films with thicknesses d = (250 + 10) nm obtained from these crystals by thermal evaporation in
vacuum on mica substrates.

2. A change in the magnetic field value used in the measurement of Ry and magnetoresistance, a change in
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the technology of polycrystals of which the films were made (a decrease in the annealing time from 1200
to 720 hours) do not affect the fact of the presence of concentration anomalies of properties both in
polycrystals and in thin films.

The alternation of the RH sign in the range x = 0 — 0.02 with changing the composition under a
constancy of sign of the Seebeck coefficient in Bi;..Sh, thin films was found. The sign of the Ry in a film
depends on the degree of film anisotropy, which, in turn, depends on the presence of a phase transition.
A change in the Ry sign with a changing the composition is not an obstacle to the detection of anomalies
in the concentration dependences of properties.

The results obtained is one more confirmation of the fact of the presence of percolation and electronic
phase transitions in the Bi;..Sh. solid solutions which manifest themselves in critical phenomena
observed not only in crystals, but also in films.

Good agreement of the critical compositions in the concentration dependences of the properties of the
Bi;..Sby crystals and thin films, indicates good reproducibility of the compositions of polycrystals in thin
films obtained from these polycrystals.

The existence of the concentration anomalies of TE and galvanomagnetic properties in Bi;..Sh, bulk and
thin film states should be taken into account when interpreting the results of studies, predicting TE
properties, and using the Bi;..Sbh. polycrystals and thin films in TE devices.
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EJJEKTPOHHI ®A30BI IIEPEXO/IU Y TOHKUX
IJIIBKAX Bi{xSbx

Memoro danoi pobomu 6yn0 eusuennss Konyenmpayitnux sanrexchocmeti TE ma 2anb8aHoMazHimHux
eracmugocmeli MouKux nieox Bi;Sby 6 inmepsani x = 0 — 0.25. Tonxi naieku Bi;..Sby moswunorw
d = (250 = 10) Hm Oyau uecomosneHi mepmidHUM GUNAPOBYBAHHAM V 6aKyymi Kpucmanie Bi;.Sby na
(111) cnroosani niokiaoku, a Mpaucnopmui  GLACMUBOCMI (el1eKMPOnposioHicmyb, Koe@iyichm
3ecbexa, koepiyienm Xoana, pyxausicmo eieKmpoHis i 0ipoK, MaecHemoonip) NIiGOK UMIPIOSAIUCD
3a KiMHamuoi memnepamypu. byno ecmamnoénemo, wjo 6ci amomanii Ha KOHYEHMPAYIUHUX
3QNeNHCHOCMSAX BIACMUBOCMEl, WO CHOCMepieanucs paiiuie 8 Macuuux Kpucmanax Bi;Sby i
no8’A3y8anucs i3 eneKmpOHHUMU DA308uMU nepexooamu, 6i0MeEOpPIEANUCs ) MOHKUX NII6KAX.
Ompumani 0aui, 3 00HO20 OOKY,— ye we 00UH 00KA3 ICHY8AHHS KOHYESHMPAYiuHUX ocobausocmeu y
MPAHCNOPMHUX 81ACMUBOCMAX MEepoux po3uuHis Bi;.Sb., a, 3 opyzozco 60Ky, yi oani éxasyroms Ha
006py  8i0noGiOHIcMb  CK1Adi8 GUXIOHUX Kpucmanie ckiadam moHKux niaieox. Odepowcari
pe3yiomamu cii0 8paxosysamu npu iHmepnpemayii pe3yiomamis 00CnioHceHb ma NpocHO3)8aHHI
eracmugocmer Kpucmanie i moukux niigok Bi;Sby. bion. 21, puc. 4.

Karouosi caoBa: Bi;,Sby, TBepauii po3uyuH, TOHKA IUIIBKA; KOHIICHTpaIlis, (a30BHH Mepexi,
TEPMOCIICKTPUYHI BIIACTHBOCTI, TAIbBAHOMATHITHI BIACTHBOCTI.
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SJIEKTPOHHBIE ®A30BbIX IEPEXO10B
B TOHKHUX MJIEHKAX BixShy

Llenvlo  Oannoti  pabomsr  ObLIO  uU3yUeHUe — KOHYeHMpayuoHuvlx  3asucumocmei 10 u
2a1b8AHOMASHUTNHBIX CB0UCNG MOHKUX nieHOK Bi . .Sby 6 unmepsane x = 0 - 0.25. Toukue naenku Bil-
xSbx monmwunou d = (250 £ 10) HM Obiiu U320MOGIEHbI MEPMUUECKUM UCNAPEHUEM 6 6AKYYME
kpucmannos  BiiwSby wma  (111) cmodsamble  nOOMOJCKU, G  MPAHCHOPMHbIE — CEOUCMEA
(an1ekmponposooHocms, koappuyuenm 3eebexa, kosgpuyuenm Xonna, noOBUNHCHOCb SIEKMPOHO8 U
ObIPOK, MASHUMHOE)NAEHOK USMEPSIUCL NPU KOMHAMHOU memnepamype. bvlio ycmanoeneno, 4umo 6ce
aHOManuU HA KOHYEHMPAYUOHHBIX 3A8UCUMOCHMAX CBOUCMS, KOmopbsle HAOIOAIUCy paHee 8
maccusnvlx  kpucmaniax BiixSby u  ceszamel ¢ onexmpounvivu - azosevimu  nepexooamu,
80CIPOUZBOOUNIUCL 8 MOHKUX NleHKax. [lonyuennvlie Oanuvie, ¢ OOHOU CHIOPOHbL, - MO euje 0OHO
00KA3amMenbCmeo CyWecmseo8anuss KOHYEHMpPAYUOHHbIX 0COOEHHOCMEN 6 MPAHCHOPMHBIX CE0UCMBAX
meepovix pacmeopos Bi..Sb., a c Opyeoii cmopomusi, 3mu OaHHble YKA3LIBAIOM HA XOPOULYIO
coomeemcmaue CKiad08 8bIXOOHbIX KPUCMALIL08 COCIMABAM MOHKUX NieHOK. [lonyuennvle pe3yibmanmul
credyem yuumuvléams npu uUHmMepnpemayuy pe3yiomamos Uccie008anull u npocHO3UPOSAHUL CEOICE
KPUCMANI08 U MOHKUX NaeHOK BiiSby. Bubn. 21, puc. 4.

KawueBbie cinoBa: BijxSbx, TBepAblii pacTBOp TOHKas IJICHKA; KOHIEHTpauus; (a3oBblii HEepexo;
TEPMORJICKTPHYECKHE CBOWMCTBA; TalbBAaHOMAarHUTHBIE CBOHCTBA
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GYROTROPIC THERMOELEMENT IN UNIFORM AND
NON-UNIFORM MAGNETIC FIELDS

Using computer simulation, the temperature distributions in the working medium of gyrotropic
thermoelements in uniform and non-uniform magnetic fields have been determined. Temperature
dependences of the efficiency of gyrotropic thermoelements in uniform and non-uniform magnetic fields
are determined. It has been established that the efficiency of generator gyrotropic thermoelements is
higher in a non-uniform magnetic field than that in a uniform field. Bibl. 19, Fig. 3.

Key words: Nernst-Ettingshausen coefficient, gyrotropic thermoelement, non-uniform magnetic field,
thermoelectric material, thermomagnetic figure of merit, efficiency.

Introduction

Nowadays, one of the promising areas of thermoelectric progress is the development of new types
of thermoelements, including gyrotropic, and a more detailed study of those already known. In recent
years, a number of works on gyrotropic thermoelements in constant magnetic fields have been published
[1—18], and some parameters of these thermoelements in non-uniform magnetic fields have also been
considered [7]. The gyrotropic thermoelements whose efficiency increases due to the excitation of eddy
thermoelectric currents in a gyrotropic thermoelectric medium, make it possible to obtain elevated
thermoelectric voltages and differ from the known multifunctionality; they are promising for use in special
thermal generators , as well as in measuring equipment. However, these opportunities are used but little, so
their development will increase the element base of thermoelectricity, improve the competitiveness of both
thermoelectric converters and gyrotropic thermoelements, and allow developing more advanced
thermoelectric products based on them, and improving their quality and reliability.

Therefore, the topicality of the work lies in the need for further study of gyrotropic thermoelements
in uniform and non-uniform magnetic fields, to increase their efficiency and reliability and to create
thermoelectric energy converters with improved characteristics.

The objective of this work is to evaluate the efficiency of gyrotropic thermoelements in uniform
and non-uniform magnetic fields in the mode of electric energy generation.

Mathematical Model

To study the parameters of gyrotropic thermoelements, it is necessary to solve the following
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equation of thermal conductivity with the corresponding boundary conditions:

oT oT
KAT +pyj* +20,| j,——j,— |=0, 1
pOJ a(]yax Jxay] ()
where T is the temperature; K is the thermal conductivity of gyrotropic medium; p, is the electrical

resistivity; x, y are the coordinates; j, j,, j, are the modulus and projections of the electric current density

vector; o, = B is the asymmetric part of the thermoEMF tensor; (), is transverse Nernst-Ettingshausen

coefficient; B is magnetic field induction.

0 0 «a

Where «,,a, are the diagonal components of the thermoEMF tensor.

To obtain eddy currents, it is advisable to consider spiral thermocouples. Considering the axial
symmetry, (1) we have

.2
J 1 oT

AT+ +—j2a (r)—=0, 3)
KG KJ“’ “( )6r

where ¢ is the electrical conductivity, ¢ is the angle, » is the radius, j(P is the - angular component of

current density, which is determined by the expression

. dT
Jy =00, (r)B(r) % @)
Whereas thermoEMEF is set by the expression
dT
E=2nrQl(r)B(r);, (5)

The thermomagnetic figure of merit of the gyrotropic material

z, (r)z%f(”. (6)

Non-uniformity can be obtained by changing the magnetic field B in a homogeneous gyrotropic
medium, or by creating an anisotropy of the Nernst-Ettingshausen coefficient Q" in the ring at a constant
magnetic field B . Let us consider the case when the magnetic field B in the ring changes along the radius
of the ring, at a constant Nernst-Ettingshausen coefficient Q" .

To solve (3) taking into account (4) and (5) and considering the boundary conditions, we obtain the
expression for the efficiency of a spiral gyrotropic thermoelement in a non-uniform magnetic field
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. (1+ 1+6ZQ(T1—T2))2 o
n_66ZQ(Tl—7"2)—(111/1+6ZQ(T1—Tz))z—ZZQTl(li«/H6ZQ(TI—2"2))
were Zngjf—;(r). ®)

Using (6), (7) one can calculate the efficiency of the gyrotropic spiral thermoelement in a non-
uniform magnetic field.

Computer simulation results

Comsol Multiphysics software package was used to build a computer model of a spiral-shaped
gyrotropic thermocouple [19]. The calculation of temperature distributions in the gyrotropic thermocouple
was carried out by the finite element method. Using computer simulations, the temperature distributions for
the /nSh material in the temperature range 300 - 700 K and the magnetic field with induction B = 1 T were
determined.

Fig.1 shows the temperature dependences of the figure of merit for thermoelectric materials /nSb,
IndAs and Bi2Te3. It is seen that the best material for the manufacture of generator gyrotropic
thermocouples is /nSb, which is consistent with the experimental results presented in [1].

Z,. K

H°

300 400 500 600 I K

Fig. 1. Temperature dependences of the figure of merit
of thermoelectric materials for gyrotropic thermoelements
(1 —InSh, 2 — Inds, 3 — Bi;Te3).

Fig. 2 shows 3D mesh models of the finite element method (@) and temperature distribution () in a
spiral gyrotropic thermoelement.
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T.K
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300
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Fig. 2. 3D mesh models of the finite element method (a) and temperature
distribution (b) in a gyrotropic spiral thermoelement.

According to the calculations, the dependences of efficiency on the hot side temperature temperature
of thermoelement 7> at the constant cold side 7; = 300 K for /nSb are constructed (Fig. 3).

1. %o

— inhomogeneous

- - homogeneous

200 300 400 500 600 700 T,°C

Fig. 3. Temperature dependence of the efficiency for
cylinder-shaped gyrotropic thermoelement (1 — InSb, 2 — InAs).
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The figure shows that the use of non-uniform magnetic fields in spiral thermoelements is more

efficient. And spiral thermoelements, whose work is based on the excitation of eddy thermoelectric

currents in a homogeneous gyrotropic thermoelectric medium, allow obtaining high thermoelectric voltages

and differ from the known ones by multifunctionality, being promising for use both in special thermal

generators and in measuring equipment. Studies of gyrotropic thermoelements of rectangular and optimal

shapes have also shown efficiency increase in the case of using a non-uniform magnetic field.

Conclusions

L.

The parameters of thermoelectric materials (/nSb, InAs and Bi;Te3) for gyrotropic thermoelements are
compared. It is established that the best material for the manufacture of generator gyrotropic
thermoelements is /nSb, the average value of the figure of merit of which in the temperature range 400
- 700 K is approximately 4-10* K"

Using computer simulations, the temperature distributions in the working fluid of a spiral-shaped
gyrotropic thermoelement for /nSb and InAs thermoelectric material were determined.

Temperature dependences of the efficiency are determined. It is established that the maximum
efficiency value of spiral-shaped gyrotropic thermoelement for material /nSh in the range of
temperatures 300 - 700 K and magnetic induction of 1 T makes 2.75%.
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I'MPOTPOITHOI'O TEPMOY2JIEMEHT B OJTHOPUJHOMY
TA HEOJHOPOJHOM MATHUTHOM ITOJIAX

C nomowb10 KOMNBLIOMEPHO20 MOOETUPOBAHUS. ONpedeleHbl PACnpedeneHus memnepamyp 8 pabouem
meie SUpompOnHLIX MEePMOIIEMEHMO8 8 OOHOPOOHOM U HeOOHOPOOHOM MazHUmMHoM noie. OnpedeneHsl
memnepamypuvie  3agucumocmu  KIIJ]  eupomponnvix — mepmodieMeHmos 6 O0OHOPOOHOM U
HEOOHOPOOHOM — MacHUmHOM noie. Ycmawnoeneno, umo KIIJ[ eenepamopHbix — cUpOmMpOnHuIX
mepmMoIeMeHmos  Oonvule 6 HeOOHOPOOHOM MACHUMHOM MNOJe 4YeM 68 OOHOPOOHOM HNoJe.
bubn. 19, puc. 3.

KaroueBbie ciaoBa: kodddunuent HepHcra-DTTHHICray3eHa, THPOTPOIHBIA — TEPMOAIJIEMEHT,
HEOJHOPOJHOE MAarHUTHOE II0Jie, TePMOAJICKTPUUECKUIl MaTepuall, TepMOMAarHuTHas JOOPOTHOCTb,
KIIA..
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CHALLENGES OF TEMPERATURE MEASUREMENT DURING
THE FRICTION STIR WELDING PROCESS

The exact determination of the process zone temperature can be considered as an increasingly
important role in the control and monitoring of the friction stir welding process (FSW). At present,
temperature measurement is carried out with the aid of a temperature sensor integrated into the tool
(usually thermocouples). Since these cannot be attached directly to the joining area, heat dissipation
within the tool and to the environment cause measurement deviations as well as a time delay in the
temperature measurement. The article describes a process and the challenges that arise in this process,
how a direct temperature measurement during the process can be achieved by exploiting the
thermoelectric effect between tool and workpiece, without changing the tool by introducing additional
temperature sensors. Bibl. 12, Fig. 7.

Keyword: friction stir welding, direct temperature measurement, Seebeck-effect, measurement errors

BcTyn

Friction Stir Welding (FSW) was developed and patented by Wayne Thomas at TWI (The
Welding Institute) in Great Britain in 1991. It is assigned to the group of solid-state welding processes.
In contrast to friction welding, the operating principle in FSW is not based on a relative movement of
the workpieces, but by means of a wear-resistant rotating tool. One of the most relevant process
variables is the axial force between the tool and the component. This force acts or- thogonally to the
welding direction and causes the tool to be completely immersed in and to remain in the joining area.
This welding process is characterized by comparatively low joining temperatures below the melting
temperature and excellent mechanical weld seam properties in comparison to conventional welding
processes, such as arc and laser welding [1]. Friction stir welding is used in aerospace, shipbuilding,
medical technology, and automotive engineering. However, the challenges for possible direct
temperature measurement, based on the Seebeck effect, are the spindle speeds of the welding tool and
the forces acting in the process. Thus, high demands on the design of the measuring device and the
permanent transmission of the electrical voltage are necessary [2].

The measurement of the joining zone temperature during the process is an increasingly
quantifiable indicator, as it al- lows conclusions to be drawn about the heat input and thus the
thermomechanical stress on the microstructure [2 —4]. Temperatures are currently measured by
thermography or thermocouples, which are integrated into the welding tool [5]. However, the latter
method is very costly and inaccurate, as the thermocouple does not contact the friction point be- tween
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the shoulder of the tool and the workpiece. In addition, various publications have described that the
thermocou- ples were either destroyed or changed in their position during the welding process so that
an exact temperature meas- urement was not possible [3]. Measurement deviations and time delays can
occur due to heat conduction in the tool or the heat transfer to the environment. An alternative to
inserting thermocouples in the tool is the Tool-Workpiece- Thermocouple method (TWT method), in
which the occurring electrical thermoelectric voltage between tool and work- piece can be measured
and then converted into a temperature value. However, this method places high demands on the used
measuring circuits and the experimental determination of the various influencing parameters, as these
have a deci- sive influence on the uncertainty of the measured temperature. In the following, the
application of this method is de- scribed using the example of a robotized friction stir welding system
and the results achieved are presented and dis-cussed.

Fundamentals of temperature measurement with thermocouples

If there is a temperature difference 7 = T; - T, at the ends of a metallic conductor (7} > T), the
electrons at the warm end are of higher thermal energy than the electrons at the cold end. As a result,
the electron diffusion, which is the rea- son for the occurrence of a potential difference E along the
conductor.

E=p— —-dx (D

The quotient dU/dT, describing the occurring differential thermoelectric voltage U along the
conductor as a function of the temperature difference, is material-dependent and referred to as the
Seebeck coefficient S(T) of the material.

The absolute thermoelectric emf of the conductor cannot be measured directly, but only in
relation to the absolute thermoelectric emf of a conductor made of another material. This can be
explained by the connecting wires of the volt- meter (mostly Cu) that are led from the hot and cold end
of the conductor through an unknown temperature field, thus generating further differential, unknown
thermoelectric emf. Therefore, two electric conductors with known Seebeck coefficients are connected
to form a thermocouple measuring circuit. The underlying physical principle, the Seebeck effect (Fig.
1), indicates that an electric current is generated in a loop of two different conductors A and B when
differ- ent temperatures T; and T, are present at the junctions of the two conductors.

Fig. 1. Schematic representation of the Seebeck effect [6]

For measuring the resulting thermoelectric voltage, the closed circuit is disconnected at one
point (Fig. 3) and a voltme- ter is applied. In the most basic case, i.e. at low-temperature differences
and for a homogeneous Seebeck coefficient for the entire conductor length, the following applies to the
measured thermoelectric emf:

U=(S,-S,)-AT 2)
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The length and the cross-section of the respective conductors are not relevant in this case. It
can also be assumed that inhomogeneous conductors, with constant Seebeck coefficients over the
entire length of the conductor, the occurring thermoelectric voltage depends only on the temperature
difference between the two junctions. Temperature gradients along the homogeneous conductors have
no effect on the measured thermoelectric emf since the resulting differential partial voltages along the
two conductors cancel each other. [6,7]. On the other hand, however, an additional thermoe-lectric
voltage occurs when the Seebeck coefficient changes, e.g. due to mechanical or chemical influences on
the con- ductor material, if these inhomogeneities in the conductor material are located in the
temperature gradient [8,9,10].

For the basic circuit for temperature measurement with thermocouples, which is most
frequently used in technology, the circuit is disconnected at a junction and the voltmeter is connected
there via copper wires (Fig. 2).

Cu

B = ¢y

Fig. 2. Basic circuit of temperature measurement
with thermocouples

The temperature 7, must be known and constant over the measuring period. When defining
their characteristic curve, internationally standardized thermocouples refer to a temperature 7,, also
known as reference junction temperature, of 7, = 0 °C. If this reference junction temperature deviates
from 0 °C, a corresponding correction must be made when converting the thermoelectric voltage into
temperature.

When it is not possible to lead the thermocouple cables to the cold junction, compensating or
thermoelectric cables are used in practice. These cables provide the same thermoelectric material
properties as the thermocouple cables used in a limited temperature range (up to approx. 200 °C).
Ideally, no additional contributions to the thermoelectric emf should occur when using compensating
cables, even if they are in the range of the temperature gradient. In practice, however, additional
contributions to the measurement uncertainty occur, which must be taken into consideration in the
process of measurement.

The illustrated basic principle of temperature measurement with thermocouples can also be
used for direct measurement of the temperature between tools and workpieces in production
machines [6].

Tool-Workpiece-Thermocouple (TWT-) Method

In the present paper, the direct measurement of the electrical thermoelectric voltage between
workpiece and tool is studied using the example of a robotic system for friction stir welding (Fig. 3).
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The average temperature is recorded along the entire contact surface between the tool and the
workpiece.

First, it is necessary to investigate which thermoelectric or compensating cables can be
connected to the two basic ele- ments of the electric thermoelectric voltage circuit in the welding robot
so that a thermoelectric circuit up to the measur- ing device is created. It is to be expected that process-
related temperature gradients will occur in the system, which could cause additional thermoelectric
voltages with different material combinations. The Production Technology Group [11] has developed a
grinding system for the test adaptable to the robotized FSW system (Fig. 4 above). The electrical
voltage is to be tapped directly from the rotating tool and led to a thermoelectric cable.

« [ata acquisition by software
— «  Converting the woltage into a
' - ternperature difference (reference
S & — junchon temperaturg)
E g 2 21|+ Determination of the process zone
;1::, o " E O temperature by using material-
TWT, ulls e e specific seebeck coefiicients
P
L]
H“‘"‘x_ B =

Norkpece

Fig. 3. Basic principle of the Tool-Workpiece- Thermocouple (TWT) Method [11]

The grinding system is electron- ically isolated from the system in order to avoid interferences.
The friction stir welding tool used consists of hardened tool steel (1.2344), and the workpieces to be
joined are made of the aluminum alloy EN AW 6060 T66 with a sheet thickness of 5 mm, a length of
300 mm and a width of 50 mm. The workpieces were joined by butt joint formation. The individual
components, which carry the thermoelectric voltage from the probe to the Cu cable, are made of the
same material (1.2344) in order not to interfere with the rules for thermoelectric circuits.

For the following investigations, the friction stir welding tool or workpiece was first extended
with thermoelectric ca-bles made of the same materials as the tool and workpiece in order to tap the
thermoelectric voltage. Copper cables were connected to these thermoelectric cables, comparable to the
basic circuit in Fig. 2, to carry the signal to the meas- uring instrument (Fig. 4).

This design requires the reference point in the thermoelectric circuit to be located at different
points in the system. It is not guaranteed that the reference junction temperature of both contact points
is identical over the course of time. The heat dissipation through the thermoelectric lines was
estimated in advance for heat conduction by analytical calculations and dimensioned in such a way
that the same temperature finally prevails at the reference junctions. In the first meas- urements at the
system, the temperature of the reference junctions was monitored by means of applied thermocouples
to validate the previously calculated minimum lengths. The measurements confirmed the correctness
of the assumptions made, the temperature at the reference junctions was the same.
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Cu-cable

Thermo-couple.

" 4

N
A
Fig. 4. Fastening of the thermal and copper cable to the tool (top) or workpiece (bottom)

Results
Calibration of the material combination
The used material combination of tool steel (1.2344) and aluminum alloy EN AW 6060 T66 does
not belong to the internationally standardized thermocouple material combinations. Therefore, the
T-U-characteristic or the Seebeck coefficient of the material pairing was determined at first. The
calibration was carried out in a temperature-controlled test rig using a calibrated thermocouple.
Figure 6 shows the results for the material combination 1.2344/EN AW 6060 T66.

voltage-temperature with seebeck curve (1.2344 / EN AW 6060)

12 7000
P "t e
7 —— 6000
" - . o
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£ - i
£ i e 4000 E‘
E _ /" o9 =
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2z = -0,00001x° + 0,01051%" + 8,65692x it
r//
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—Mean U-T - seebeck curve

Fig. 5. Result of calibration for 1.2344 and EN AW 6060 [11]
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The left ordinate axis shows the determined Seebeck coefficient (orange) and the opposite one
the thermo-voltage axis (blue). The Seebeck coefficient was determined with the simplified equation 2.
The temperature difference of the sup-porting points was 10 K. The results were firstly used to
calculate the temperatures during the welding process in order to prove the basic suitability of the
measurement setup. The characteristic curve of the material combination is to be determined more
precisely in subsequent tests in the calibration laboratory of the Institute for Process Measurement and
Sensor Technology.

Measurements at the robotized FSW welding unit

The temperature measurement experiments are carried out on a serial kinematic 6-axis jointed-
arm robot KUKA KR 500 MT 3. The robot is equipped with a modified FSW spindle from MAG,
which is fitted with a tool clamping system for hollow shank tapers (HSK 63). The friction stir welding
tool and workpiece were integrated into the system as de- scribed in chapter 3. The resulting forces are
recorded by a multi-component dynamometer from KISTLER, which is located below the component
holder (Fig. 5).
The system was operated with the following welding parameters:
welding speed: 1000 mm/min
rotational speed: 5000 min-1
axial force: 4000 N

shoulder diameter: 13 mm

probe diameter: 5 mm

— weld seam length: 250 mm

— plunging depth: 4.5 mm

For validation of the calculated temperatures from the Seebeck coefficients determined during

calibration, sheath ther- mocouples type K were integrated into the center of the welding zone (stir
zone). Therefore, grooves were prepared in the workpiece in which the thermocouples were inserted
without damage (Fig. 6). The intention was to prove that the temperature in the welding zone measured
with the system set up was almost on the same level as that of the thermo- couples. The thermocouples
were positioned 2 mm below the welding surface in the gap between the workpieces has to be joined.

Fig. 6. Positioning of the thermocouples along the weld seam (from left TE1 - TE4)
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The measured thermoelectric voltages were filtered with a passive low-pass filter of 1st order of
1 Hz. Figure 8 shows the increase in temperature (red) and force (blue) of the material combination
1.2344 & EN AW 6060 T66 throughout the welding time. It can be clearly noticed that the temperature
rises during the plunging phase and reaches a maximum of 450 °C at appr. 12 s. At the same time, a
reduction of the axial force to almost 1000 N can be recognized, which is due to a reduction of the
yield stress of the aluminum alloy. After the tool has sufficiently plasticized the workpiece material,
the contact surface at which the electrical thermoelectric voltage is generated increases. Due to the
contact with the still cool tool body and the plasticized workpiece, a temperature decrease of approx.
125 °C can be determined. During the welding phase (starting at t = 15 s), the axial force (4000 N) and
the temperature (approx. 500 °C) remain almost constant. The latter criterion corresponds to approx.
75% of the liquidus temperature of EN AW 6060 T66. Im- mediately before the tool retraction, the
force and the temperature rise briefly before the welding tool leaves the joining area. This can be
explained by a short dwell time before the tool retraction whereby process-related reorientations of the
spindle take place. The temperature curves of the thermocouples (TE1 - TE4) also shown in Figure 7,
which should be used to validate the results of the direct thermoelectric voltage measurement (referred
to as Tweld ThermV in the dia-gram), always indicate a maximum below the temperature curves. This
can be attributed both to a positioning slightly below the surface [7] and to the delay periods of the
thermocouples. It was determined after the measurement that ther- mocouple 3 was not positioned
exactly, which can be used to justify the deviating temperature curve.

temperature measurement EN AW 6060 & 1.2344

725 4500
i - 4000
- 3500
525
- 3000
e - 2500 _
£ E
2325 2000 'y
[ =]
2 s
5225 - 1500
- 1000
125
- 500
25 .
75 500

timeins
< Tweld_ThermV - type K1 - type K2 - type K3 - typeK4d -forceFz

Fig. 7. Results during the welding process [11]

It is also noticeable that interference signals are already recorded before and also after welding,
i.e. during the open thermoelectric circuit. This is mainly explained by disturbance variables, e.g. the
50Hz mains frequency (correctable with low-pass filter), the rotational frequency of the rotating spindle
or the system-related EMC load. As a result, both the values of the calibration and the results obtained
during the welding process must be validated by repeat measure-ments.
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Summary and outlook

The measurement results presented in the paper demonstrated that a direct temperature
measurement can be accom-plished using the TWT method. The calibration characteristic curve was
determined for the material combination used and applied to measure the process zone temperature during
the joining process. The achieved measuring values of the calibration should be additionally confirmed by
an exact laboratory calibration. During the first measurements on the robotic FSW welding robot, the
following influences on the measurement results and their uncertainty were identified:

— uncertainty of the characteristic curve determination,

—  EMC load due to system periphery,
—  wear of the probe during the welding process,

— not yet identified temperature gradients in the area of material transitions, which cause additional
thermoelec-tric voltages.

In the future cooperation between the Production Technology Group and the Institute for Process
Measurement and Sensor Technology at the TU Ilmenau, the possibilities of direct temperature
measurement based on the Seebeck effect both for friction stir welding and for other welding processes are
to be further investigated and verified. The heat trans- fer processes are also to be calculated in advance
using numerical simulations [12] and subsequently verified by meas-urement technology.
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MPOBJEMM BUMIPY TEMIIEPATYPH B ITPOIECI POTAIIMHOT'O
3BAPIOBAHHS TEPTAM

Toune suzHauenHs memnepamypu MexHOA02IYHOL 30HU HAOY8AE 6ce Dbl BAJCIUBY PONb 6 Npoyeci
KOHMPOIO | MOHIMOPUH2Y pOMAayitiHo20 36aproeants mepmsam. B danuil vac eumipiogants memnepamypu
30TUCHIOEMbCSL  3a  O0ONOMO20K0  680Y008AHO20 6 [HCMPYMeHm oasaua memnepamypu (3a36uyai
mepmonapu). Ockinoku il He MOJICHA Npukpinumu de3nocepednbo 00 obnacmi 3'€OHaAHHA, PO3CIIOBAHHS
menia 6cepeouni iIHCmpyMeHmy i 8 HABKOTUWHE cepedosUuIye BUKTUKAE BIOXULEHHS 8 BUMIPAX, A MAKOJIC
3aMPUMKY BUMIPIOGANHS MeMnepamypu 6 yaci. ¥ cmammi onucano npoyec i nog'sazaui 3 Hum npooiemu.
Iokazano, wo npsme UMIpIOBaHH memMnepamypu 6 xooi npoyecy modce Oymu 30ilicHeHe 3a paxyHoK
BUKOPUCIAHHSL MEPMOELEKMPUYHO20 eheKmy MIdc IHCmpyMeHmoM i 0emaino 6e3 3aMiHu IHCmpyMeHmy
WAsAXoM 68e0enHsi 0o0amKosux dasayie memnepamypu. bion. 12, puc. 7.

KoarouoBi cioBa: porariiiHe 3BaproBaHHsI TepPTsM, NpsME BUMIPIOBAHHs TemIiiepaTypH, edekr 3eedeka,
MOXHOKH BUMIPIOBaHHS
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IMPOBJIEMbBI UBMEPEHUSA TEMIIEPATYPBI B ITIPOINECCE
POTAIIMOHHOM CBAPKH TPEHUEM

Tounoe onpedenenue memnepamypvl MexHOA0SULECKOU 30Hbl npuodbpemaem 6ce Oojiee 8ANCHYIO POJlb 6
npoyecce KOHMPOIs U MOHUMOPUH2A POMAYUOHHOU C8aApKU mpenuem. B nacmosiwee epemst usmepenue
memMnepamypol OCyWeCcmeasiemcss ¢ NOMOWbI0 GCMPOEHHO20 8 UHCMPYMEHM OamuuKa memnepanmypol
(0bviuno mepmonaput). I1ockonbKy ux Henv3s NPUKPEnUmMb HenocpeoCmeeHHO K 00aacmu coeOuHeHus,
paccesiHue mMenia GHYMpU UHCMPYMEHmMA U 6 OKPYICAowyio cpedy 6bi3bleaen OMKIOHEHUs 6
UBMEPEHUSIX, a MAKICE 3A0ePICKY UIMEPEHUsL TMEMNEPAmYpbl 80 6pemenu. B cmamve onucan npoyecc u
CBA3AHHbIE C HUM NpOOIeMbl, KAK NpAMOe UMepeHue memMnepamypsl 8 xo0e npoyecca Modicem Ovlmb
00CMUSHYMO 34 CYem UCHONb308AHUSL TMEPMOILEKMPUYECKO20 IPhexma mencoy UHCMPYMEHMOM U
Odemanvio, Oe3 3aMeHbl UHCIMPYMEHMA Nymem 66e0eHusi OONOIHUMEIbHBIX OAMYUKO8 MeMNepamypbl.
bubn. 12, puc. 7.

KaroueBble c10Ba: poTaloHHAs CBapKa TPEHHEM, NPSMOE M3MEpeHHe TeMmeparypsl, ekt 3eebeka,
HOrPEIHOCTH U3MEPEHHsI
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COMPUTER SIMULATION OF CYCLIC
TEMPERATURE EFFECT ON THE HUMAN SKIN

This paper presents the results of computer simulation of cyclic temperature effect on the human
skin in a dynamic mode. A three-dimensional computer model of biological tissue was built with
regard to thermophysical processes, blood circulation, heat exchange metabolic and phase
transition processes. As an example, the case is considered when on the skin surface there is a work
tool whose temperature varies in the temperature range [-50 ~ +50] °C. Temperature distributions
in different layers of the human skin in heating and cooling modes have been determined. The results
obtained make it possible to predict the depth of biological tissue freezing and heating with a given
temperature effect. Bibl. 46,Fig. 10, Tabl. 2.

Keywords: temperature effect, human skin, dynamic mode, computer simulation.

Introduction

It is well known in medical practice that temperature exposure is an important factor in the
treatment of many diseases of the human body [1-3]. However, the devices used for this purpose are in
most cases bulky, without proper temperature control and thermal reproduction capabilities. To obtain
lower temperatures, systems with liquid nitrogen are used [4-8], which significantly limits the possibilities of their
use in medical institutions, where the provision of liquid nitrogen is problematic. In addition, the use of liquid
nitrogen or the Joule-Thomson effect in the expansion of gases does not allow for the exactly required temperature
regimes, and generally reduces the efficiency of using cold in treatment.

This problem can be solved by using thermoelectric cooling (heating) [3, 9-12]. Studies of the
thermal effect on biological tissue carried out for many years, the creation of thermoelectric devices on
their basis and the use in medical practice confirm their effectiveness. Thermoelectric devices are
promising in such areas of medicine as cryotherapy, cryosurgery, ophthalmology, traumatology,
neurosurgery, plastic surgery, urology, dermatology, etc. [1-3].

However, the experience of using thermoelectric medical devices has revealed a number of their
disadvantages. Among them, the most important is the lack of the ability to control the cooling and heating
processes in time. The latter significantly narrows the possibilities of treatment with heat and cold.

Studies show that cooling rates (their dynamics) play a decisive role in treatment [7, 13-25]. Thus,
very rapid cooling does not lead to the destruction of biological tissues at all. On the contrary, moderate
but cyclic cooling promotes vigorous destruction of tumors. Time cooling and heating functions are also
important in the treatment of other diseases.
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Thus, the general problem is to develop a fundamental scientific basis for creating a new genera-
tion of thermoelectric medical devices, which reproduce the specified functions of cooling and heating in
biological tissue. In most cases, it is very difficult to control the cyclic processes of cooling and heating of
biological tissue [26, 27]; therefore, it is necessary to learn to predict the depth of freezing and heating of
skin layers at a given temperature effect at different points in time.

So, the purpose of this work is to determine, using computer simulation, the temperature distributions
in different layers of the human skin in a dynamic mode at a given cyclic temperature effect.

Physical model

According to a physical 2D model with axial symmetry (Fig.1), the area of biological tissue of the
human body is a structure of three layers of skin (epidermis 1, dermis 2, subcutaneous layer 3) and the
internal biological tissue 4 and is characterized by the following thermophysical properties [28-34]: thermal
conductivity x;, specific heat C;, density p;, blood perfusion rate ws:, blood density ps, blood temperature T,
blood heat capacity C, and specific heat release Qe due to metabolic processes and latent heat of phase
transition L. Thermophysical properties of skin and biological tissue of the human body in normal [35-39]
and frozen states [40,41] are shown in Tables 1, 2. The respective layers of biological tissue 1-4 are
considered as bulk heat sources qi, where:

q.=0,.,.+p, C,-0, - (T,-T), i=1.4. (1)

The geometric dimensions of each such layer 1-4 are a;, b;. On the surface of the skin is a round work
tool 5, the geometric dimensions of which are as follows: thickness d =1 mm and diameter ¢ =10 mm.
According to medical recommendations and analysis of known cryoprobes used for cryodestruction, it was
determined that the diameter of such probes is from 5 mm to 15 mm [42, 43]. Therefore, in this work, as an
example, we took the average value of the probe diameter, which is ¢ =10 mm. The temperatures at the
boundaries of the respective layers 1-4 and the work tool 5 are T}, T», T3, T4, Ts, Ts. The temperature inside
biological tissue is 77 = +37°C. The temperature of the work tool varies in the range 77 = [-50 + +50] °C. The
ambient temperature is 73 = +22°C. The surface of human skin with a temperature of 75 is in a state of heat
exchange with the environment (heat transfer coefficient o and radiation coefficient €) at a temperature of 7.
The lateral surface of the skin is adiabatically isolated.

This model does not take into account the thermal contact resistance between the work tool and the
human skin, since it is estimated to be insignificant and is R. = 2-10~ m*>K/W [44].

',

>
S

= " ]
d M 7 6 o €
i e e %
22— . T“
33— | T
: T,
! Fig.1. Physical 2D model of the human skin
i with axial symmetry: 1 — epidermis, 2 — dermis,
4 | i —_6 3 — subcutaneous layer, 4 — internal biological
i 1 tissue, 5 — work tool
Oi c 7 a x
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Table 1
Thermophysical properties of biological tissue of the human body [35-39]
Subcut Internal
Layers of biological tissue Epidermis | Dermis beutaneot n. erna
s layer tissue
Thickness, [ (mm) 0.08 2 10 30
Specific heat, C (J-kg™'-K™) 3590 3300 2500 4000
Thermal conductivity, k (W-m™ K1) 0.24 0.45 0.19 0.5
Density, p (kg-m™) 1200 1200 1000 1000
Metabolism, Que (W/m?) 368 368 368 368
Blood perfusion rate, w, (ml/s‘ml) 0 0.0005 0.0005 0.0005
Blood density, ps (kg-m™) 1060 1060 1060 1060
Blood heat capacity, C» (J-kg™'-K™) 3770 3770 3770 3770
Table 2
Thermophysical properties of biological tissue of the human body in
the normal and frozen states [40, 41]
. . . . . Measurement
Thermophysical properties of biological tissue Value nits
u
Heat capacity of normal biological tissue (C;) 3600 J/m?°C
Heat capacity of frozen biological tissue (C>) 1800 J/m3°C
Thermal conductivity of normal biological tissue (x;) 0.5 W/m*°C
Thermal conductivity of frozen biological tissue (x2) 2 W/m°C
Latent heat of phase transition (L) 250-10° J/m?
Upper temperature of phase transition (77;) -1 °C
Lower temperature of phase transition (7%) -8 °C
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Mathematical model

In general, the equation of heat exchange in biological tissue is given by [45]:

or

G =V (6 VD)4, G0y, (T, =T) 4 0, 114, 2)

i eti”

where C,, k, is specific heat and thermal conductivity of respective skin layers, p, is blood density,
C, is specific heat of blood, ®,; is blood perfusion of respective layers, 7, is blood temperature, 7 is

temperature of the biological tissue; QO

o 18 heat released due to metabolic processes in each layer.

The term on the left side of equation (2) is the rate of change of thermal energy contained in a unit
volume of biological tissue. The three terms on the right side of this equation represent, respectively, the
rate of change of thermal energy due to thermal conductivity, blood perfusion and metabolic heat.

The equation of heat exchange in the biological tissue (2) is solved with the corresponding
boundary conditions. The temperature on the surface of the work tool varies according to the given law
in the temperature range 77 = [-50 + +50] © C. Inside the biological tissue, the temperature 7; = + 37 °©
C. The lateral surfaces of biological tissue are adiabatically isolated (¢ = 0), and the upper surface of the
skin is in a state of heat exchange (heat exchange coefficient o and radiation coefficient €) with the

environment at a temperature of T8.

q(x.3.0)| _=a (L-T)+e o (L -1, 3)

c<x<a

y=bi

where ¢i(x,y,t) is the heat flux density of the i-th layer of the human skin, a is the coefficient of
convective heat exchange of the skin surface with the environment, € is the radiation coefficient, ¢ is the
Boltzmann constant, 75 is the temperature of the human skin surface, Ts is the ambient temperature
(Ts=+22°C).

At the initial time moment ¢ = 0 s, it is assumed that the temperature in the entire volume of the
skin is T=+ 37 °C, i.e. the initial conditions for solving equation (2) are as follows:

Ti(xy,0) =Ty, i=1,.,4. (4)

As a result of solving the initial-boundary value problem (2) - (4), the distributions of temperature
Ti(x,y,t) and heat fluxes gi(x,y,¢) in the corresponding layers of the skin at any time are determined. As
an example, in this paper we consider the case in which the temperature of the work tool varies
according to a given law in the temperature range T7 = [-50 + +50] °C. However, it should be noted that
the proposed technique allows us to consider cases where the temperature of the work tool 74?) changes
in any temperature range or according to a predetermined function.

During the freezing process, the cells will undergo a phase change at the freezing point, with the
loss of heat of the phase transition (L) and the temperature in these cells will not change. The phase
transition in the biological cells occurs in the temperature range (-1 + -8) °C. The properties of the skin
and biological tissue in normal and frozen states are given in tables 1, 2 [35-41]. In the temperature
range (-1 + -8) °C, when the cells are frozen, the heat of the phase transition is absorbed, which can be

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2020 47



Anatychuk L.1., Kobylianskyi R.R., Fedoriv R.V.
Computer simulation of cyclic temperature effect on the human skin

modeled by adding the appropriate value to the heat capacity [40, 41].
When freezing the human skin, vasoconstriction occurs in the capillaries until all blood freezes in

the capillaries, and the value ®,,tends to zero. In addition, cells will not be able to generate metabolic

heat when frozen and Q, , will be zero at temperatures below zero.

eti
In the frozen state, the properties of the skin and biological tissue will have the following
values (5) — (8):

G T>-1°C
C = L + ¢ +G -8°C<T<-1°C ®)
“1-(-8) 2
T<-8C
CZ
K T>-1°C
K, = 5%;2 _8°C<T <-1°C (6)
T<-8C
KZ
368 T>-1°C
0, =10 -8°C<T<-1°C (7)
T<-8C
0,0005 T>-1°C
®, =10 —8°C<T<-1°C (8)
0 T<-8C

Computer model

A three-dimensional computer model of biological tissue was created in a cylindrical coordinate
system on the surface of which is a medical work tool. Comsol Multiphysics software package [46] was
used to build a computer model, which allows modeling of thermophysical processes in biological
tissue, taking into account blood circulation, heat exchange, metabolic processes and phase transition.

The distribution of temperature and heat flux density in biological tissue was calculated by the
finite element method, the essence of which is that the object under study is divided into a large number
if finite elements and in each of them a function value is sought for that satisfies given second order
differential equations with the corresponding boundary conditions. The accuracy of solving the problem
posed depends on the level of partitioning and is ensured by a large number of finite elements [46].

As an example, Fig. 3-10 shows the distributions of temperature and isothermal surfaces in the
bulk of the human skin, on the surface of which a work tool is located, the temperature of which varies
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cyclically according to a predetermined law in the temperature range [-50 + +50] © C at different points
of time.

Results of computer simulation of cyclic temperature effect on the human skin in a
dynamic mode

According to the known methods of cryodestruction and coagulation of biological tissue [7, 13,
18-20] the rate of cooling should be at least (40-50) °C/min, and the rate of heating (20-25) °C/min.
Therefore, in this paper, as an example, we consider the case when the work tool temperature 7x?) varies
in the range of operating temperatures [-++50]°C as follows. First, a cooled work tool is used to carry
out cryodestruction of skin at a temperature 7=-50°C for =120 c, then the work tool temperature
changes from -50°C to +50°C for the next 240 s, following which skin coagulation is carried out with
the heated work tool at 7=+50°C for =120 s. A subsequent temperature reduction to 7=-50°C occurs
for 120 s, then this temperature effect is repeated cyclically for a better destruction of the human skin.
The indicated cyclic temperature effect on the human skin is shown in Fig.2.

T,°C

40 -

30 -

20 4

T 1

T
1200 t,c

T
0 200

T T T T

T T T T
400 600 800 1000

Fig.2. The plot of work tool temperature versus time

Figs. 3-10 show the distributions of temperature and isothermal surfaces in the cross section of
biological tissue on the surface of which the work tool is placed, the temperature of which varies
according to the above law in the operating temperature range [-50 + +50] © C at the initial and final
moments of cooling-heating cycle.
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Fig.3. Dostribution of temperature in the bulk of the skin the
surface of which accommodates a work tool
at a temperature of T=50°C at point of time t=210s
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Fig.4. Distribution of isothermal surfaces in the bulk of the
skin the surface of which accommodates a work tool
at a temperature of T=-50°C at point of time t=120 s
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Fig.5. Ditsribution of temperature in the bulk of the skin the surface of which accommodates
a work tool at a temperature of T=+50°C at point of time t=480 s
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Fig.6. Distribution of isothermal surfaces in the bulk of the skin the surfaces of which accommodates
a work tool at a temperature of T=+50°C at point of time t=480 s
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Fig.7. Distribution of temperature in the bulk of the skin the surface of which accomodates
a work tool at a temperature of T=-50°C at point of time t=720 s
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Fig.8. Distribution of isothermal surfaces in the bulk of the skin the surface of which accommodates
a work tool at a temperature of T=-50°C at point of time t=720 s
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Fig.9. Distribution of temperature in the bulk of the skin the surface of which accommodates
a work tool at a temperature of T=+50°C at point of time t=1080 s
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Fig.10. Distribution of isothermal surfaces in the bulk of the skin the surface of which accommodates
a work tool at a temperature of T=+50°C at point of time t=1080 s

From Figs. 3-6 it is seen that at /=120 s the epidermis is cooled to -48,9°C, the temperature at the
epidermis-dermis boundary is -48.3°C, the temperature at the dermis-subcutaneous fat is -25.5°C. And
at =480 s the temperature in the epidermis rises to +49,8°C, at the epidermis-dermis boundary the
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temperature is +49.5°C, at the dermis-subcutaneous fat the temperature is +40.3°C. As long as the upper
skin layer (epidermis) has the lowest thickness and blood perfusion ®, =0, then the temperature inside

this layer is close to the work tool temperature. Later, with repeated cyclic temperature exposure (Fig. 7-
10), it is observed that at = 720 s after cooling, the temperature inside the skin, for example, at the
dermis-subcutaneous fat boundary, reaches -28 ° C, and at ¢ = 1080 c after reheating, the temperature at
the dermis-subcutaneous fat boundary is + 38 ° C.

It was found that with an increase in the exposure (number of cycles) of temperature effect, a
deeper cooling of skin layers and approximately the same heating of the skin are achieved. That is, with
a prolonged temperature exposure in the range [-50 + +50] °C one can achieve destruction and
coagulation of superficial skin neoplasms.

The results obtained make it possible to predict the depth of freezing and heating of the human
skin layers at a given cyclic temperature exposure to achieve the maximum effect during cryodestruction
or coagulation. The developed method of computer simulation in a dynamic mode enables one to
determine the temperature distribution in different skin layers with a predetermined arbitrary function of
changing the work tool temperature with time 7x?).

Conclusions

1. Computer simulation was used to determine the distributions of temperature in different skin layers
in heating and cooling modes with a change of work tool temperature by the predetermined law in
the temperature range [-50++50]°C. The results obtained give an opportunity to predict the depth of
freezing and heating of biological tissue at a given cyclic temperature effect.

2. The method of computer simulation of the distribution of temperature in the human skin is
developed, which enables one to predict the results of local temperature effect on the skin and
determine at any point of time the distributions of temperature in different skin layers at a
predetermined arbitrary temporal function of change in work tool temperature Txz).
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S O.Filin CALCULATION OF THE COOLING SPEED
OF THE THERMOELECTRIC BEVERAGE COOLER

WITH "WET" CONTACT

The paper proposes an engineering technique for calculating beverage cooling speed in a
thermoelectric cooler with wet and dry contact. By calculation, the previously proven
experimentally conclusion was confirmed that filling the gap between the bottle with the drink and
the cooler container can significantly increase the speed of the cooler. The results of comparative
calculations are presented by the example of an automobile cooler of drinks Car mini-cooler FM
201.001. The ways of improving the design of the cooler in order to increase its speed are
proposed. Bibl. 10, Fig. 5, Tab. 3.

Key words: beverage cooler, cooling speed, heat exchange conditions, thermal resistances.

Introduction

This paper is the second part in a series of three works devoted to the development and research
of thermoelectric coolers for drinks with wet contact. In the previous paper [1], the market of modern
household and automobile thermoelectric beverage coolers was analyzed in terms of their cooling
speed. The performance indicators of these devices do not meet the needs of consumers. Based on the
results of experimental studies, the efficiency of the use of the so-called "wet" contact to increase the
speed of the coolers was shown. Wet contact is the filling of the air gap between the beverage can or
bottle and the cooler container with water or other liquid. The theoretical analysis below allows one to
determine the main factors influencing the mentioned efficiency. Another goal of this work is to
develop a method for calculating the cooling time of a drink in coolers with wet contact and to
compare the results of calculations using the example of data from previous experiments.

Calculation model
Initial data and assumptions

1. As in experiment [1], we take water as a cooled drink which is a liquid with the highest heat
capacity. This approach eliminates speculations associated with inaccuracy in determining the
thermophysical properties of specific drinks.

2. Similarly, as a container for a drink, we take an aluminum can with a capacity of 0.33 liters. Its
parameters are standardized and unified in most countries of the world [4].

3. The parameters of the cooler, including the thermoelectric module, are tied to the actual technical
characteristics of coolers of the Car mini-cooler FM 201.001 type used in the experiment (Fig. 1).

62 Journal of Thermoelectricity Ne2, 2020 ISSN 1607-8829



S.O.Filin.
Calculation of the cooling speed of the thermoelectric beverage cooler with "wet" contact

Fig. 1. Car beverage cooler Car mini-cooler @M 201.001 (lefi),

separately to the right - its container with a thermoelectric module installed on it.

4. The bottom of the container in the cooler Car mini-cooler FM 201.001 is made as a separate element of
non-metallic material, and the bottom of the can is concave. There is a linear direct contact between the
can and the bottom along the circumference of the convex part of the bottom. Therefore, when
calculating a dry contact cooler, we assume that the bottom surface does not participate in heat
exchange between the container and the beverage can.

5. Due to its smallness, we neglect the thermal resistance of the can. However, in the case of a plastic
bottle, this component of the total thermal resistance must be considered.

6. We assume that the space between the container and the cooler body is filled with polyurethane foam

insulation (Fig. 2).

Fig.2. Calculation scheme of beverage cooler.
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Table 1
Initial data for the calculation
Parameter Value ‘ Source Comment
Cooler capacity
Material Manufacturers’ | Aluminum Manganese alloy
data Al-Mn

Thermal conductivity, A, 188 Wm'K  |[2]

Specific mass heat capacity, ¢, 985 J/kg K 2]

Mass (without bottom part), m, 113.850 g Measured

Height, £, 69 mm Measured

Inner diameter, d, 67 mm Measured

Thickness, 6, 2 mm Measured

Water in container

Thermal conductivity, A, 0.55 Wm-K |[3] At a temperature of 10°C
Specific mass heat capacity, ¢ 4200 J/kg-K | [3] At a temperature of 10°C
Total mass, m,, 150g Measured
Including mass of water mass in a 7.1¢g Calculated
cylindrical gap, m,;
Height, 4, 68 mm 1 mm less than 4,
Layer thickness, &, 0.5 mm (dy—Dc)/2
Beverage can
Material [4] Aluminum alloy AMr2
Thermal conductivity, A. 159 W/m-K  |[5]
Specific mass heat capacity, c. 963 J/kg'K |[5]
Mass, m, 13.280 g Measured
Outer diameter, D, 66 mm [4]
Height, A, 115.2 mm [4]
Thickness, J. 0.11...0.30 [4] 0.11 — in the cylindrical part
mm 0.30 — in the lower part

Beverage (water)

Thermal conductivity, A4 0.574 W/m-K |[3] At a temperature of 15°C'
Specific mass heat capacity, cq 4190 J/kg-K | [3] At a temperature of 15°C
Mass, mq 3320¢g Measured

Insulation
Material Foamed polyurethane
Thermal conductivity, A 0.029 W/m-K |[6]
Specific heat capacity, cix 1.47 [6]
Density, o, 40 kg/m® [61.[7]
Thickness, 6;, 6.5 mm Measured

! Taken as the average temperature of the beverage in the process of cooling.
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Calculation of theoretically minimum cooling time

The minimum time 1., for cooling a beverage in a can to a temperature #r (under ideal conditions of
heat exchange at the boundaries of media) can be found from the heat balance of the cold side of the
cooler:

(Q)_Qz_és_ém)'rmmzéd"' T, TY, T, (1)

=m,C, -(ta —l‘f)+(mwcw +m.c, +mpcp)'(la _tp)+(mmcm)‘ l ;tp @

where: Q) is average cooling capacity of thermoelectric module during cooling; Q2 is average heat

input from the environment through the bottom of the can, Q is average power of heat input from

the environment to the upper part of the can, not immersed in the container, (J, is average power of

heat input from the environment through the insulation, Qs O, Ow, Op, Qin is the amount of heat
removed from the drink, can, water in the gap, container and insulation, respectively, m is mass, ¢ is
heat capacity, ¢, is air temperature in the room and the initial temperature of all the elements, # is
finish temperature of the beverage, ¢, is average temperature of the cooler at the end of cooling
process.

The only unknown value in Eq.(2) is temperature z,, One can calculate it from the thermal
balance of the gap or use the experimental data. Putting into calculation the values ¢, =25 °C,
tr=10°C, t, = 8.2 °C and substituting data from Table 1, we obtain:

Table 2

Intermediate results of calculating thermal balance components

Object Designation muc; [J/K] O, [J] Percentage
Beverage maca , Qua 1382.7 20740.5 87.44%
Can mece , Qe 11.95 200.76 0.85%
Water in the gap MyCy , Ow 62.85 1055.88 4.45%
Container myCp, Op 102.46 1721.3 7.26%
Insulation MinCin , Qin 0.013 0.1065 0.0005%
Sum )y 1560 23718.6 100%

It follows from the presented data that, in terms of mass heat capacity, the presence of water in the
gap increases the thermal load on the module by less than 5%. The influence of the can (0.85%) is within
the experimental error, and therefore, may not be taken into account in engineering calculations, similarly
to the effect of insulation, which is absolutely negligible. The role of thermal resistances of the same
elements is analyzed below. A similar conclusion in relation to insulation can be made when analyzing the
structure of heat inputs. In [9], [10] it was shown that the isolation of the ice form of thermoelectric ice
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cube ice makers does not increase the ice maker productivity, because the lion's share of the heat load is the
process of the water-ice phase transition. Despite the fact that in our example we are not talking about
freezing a beverage, the contribution of heat inputs from the environment is also not vital. Both in the case
of ice makers and in coolers, i.e. in the products where the dynamic characteristics are decisive, the thermal
resistance of the layers of materials between the cooled object and the source of cold has a greater

influence than the mass heat capacity. This thesis is confirmed by the experimental data and further
calculations.

Algorithm for calculating the average cooling capacity of the module O,

To be able to use the module manufacturers’ data given in Table 3 and in Fig. 3, it is
worthwhile to:

1) interpolate the values Qomar and AT, between the two temperatures of the hot side of the
cooler (the manufacturer provides data for temperatures 27 and 50 °C) for the temperature ¢, of the hot heat
sink in the steady state, which was measured during the experiment, i.e. for #, = 32 °C;

2) determine the value of relative current ///max. In our case it is 2.15/3.4 = 0.63;

3) build dependence Qomax (4Tmax) for this ratio and the above temperature #;;

4) using the above assumptions, calculate AT =1,-¢, and graphically determine Qo as

shown in Fig. 4.

Another possible option is calculation of Q) by the formula proposed in [8].

Table 3
Technical parameters of module MT-1-1.45-143S

Parameters Unit MT 1-1.45-143S
Current, max A 34
Voltage, max A% 16.6
Coolling Pover, max, (at Th=27°C) w 33
Temp. Difference, max, (at Tw=27°C in vacuum) K 70
Resistance (at T=27°C amb) Ohm 4.56+10 %
Width mm 40+0.5/-0.1
Length mm 40+0.5/-0.1
Thickness mm 3.8
Thickness tolerance mm +0.3
Parallel Difference mm 0.05
Wire Length mm 120+10
Wire Section mm? 0.035
Operating temperature, max °C 90
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Cooling Power vs. Temperature Difference at Th=27°C for Different Imax
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Fig.3. Load characteristics of module MT-1-1.45-143S.
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Fig. 4. Graphical method for determining the cooling capacity of the MT-1-1.45-143S
module under steady state operation on the manufacturers’ database (Fig. 3).
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Fig.5. Typical dynamics of temperature change on the cold and hot side of module of
thermoelectric cooler at ambient temperature t, = 25°C:
1 — hot heat sink temperature t,, 2 — container temperature at wet contact tyy,
3 — container temperature at dry contact t,q, 4 — average beverage temperature tg.

Due to the variability of temperatures on both sides of the thermoelectric module, the value
Q) is also not constant. Its relative stabilization occurs approximately 10 minutes after the cooler is

turned on (Fig. 5). Therefore, in order to increase the calculation accuracy, one can separately
determine the values of Qu? and Q. for two time intervals z; u 7; and then use the formula (3)

Qo _ O T+ 0 (Toin —71) , 3)

T

min

where 7; = 10 minutes.
On substituting (3) into (2) we find zyin.

(2010600,
0,

Where Q()[ =204 W, Q()g =178 W.

The calculation of values Qz , Q3 , Qn by the known dependences for heat transfer through a multi-

)+10-60 = 1244.95 = 20m48s | 4)

layer wall and for natural convection in air (with regard to the data in Table 4) yielded the following
results: Qz =0.027 W, Q3 =0.063 W, Qn =0.019 W. The sum of these three heat inputs (0.109 W) is as

little as 0.6% of the average cooling capacity of module, which makes it possible to ignore them in the
engineering calculations.

Actual time of beverage cooling from 25 °C to 10 °C is a factor of 2.5 longer (Table 5), which is due
to thermal resistances of layers 6. , 8, and 9, (Fig.2).
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Calculation of cooling time with regard to thermal resistances of layers

To take into account the influence of the thermal resistance of the media layers located in the gap
between the beverage and the cold source (module), it is necessary to use the thermal balance of the cooled
object in a regular thermal mode [3,11]:

> (me)-d(At) =k, -F-At,-d(z) )

Solving Eq.(5) for 7, we obtain:

Z mc, t,—t

T= In £ (6)
ksF ot —t,
where:
1

kh=——-——— . (7)

1 o5, 6,

a, A, 4,

In relation (6), we separately take into account the heat exchange through the container bottom made
of rigid plastic (4,= 0.2 W/mK). In relation (7), in the calculation of the container thermal resistance J,*/4,,
we use the reduced thickness J*,, calculated by formula (8):

P F151 +(F_Fi)52
g F

; (8)

where: F; = hpan, F =mndyh,, J;=27,+ 5 mm (seeFig.l), &,=%(Yend,—an/2).
Substituting the data from Table 1 and assuming the coefficient of heat transfer from water to the
can wall oy = 140 W/m?K [12,13], we obtain 6%, =36 mm, ks=122.1 W/m’K.

Conclusions

A laboratory for remote monitoring and control of the heat generation unit operation has been
developed. The established laboratory provides an opportunity to study the methods of backup power
management due to electricity generated by an array of solar panels located outside the room with the heat
generation unit and thermoelectric elements mounted thereupon. The scientific novelty of the results
obtained lies in the fact that the methods of combining various processes of energy generation from one
source and methods of emergency power supply for the control elements of this process have been further
developed. The practical significance of the results obtained is that the created lab allows holding
experiments with different cases of regular stopping of heat generation process in case of unstable or
missing power supply for control units. Prospects for further research are to develop methods of regular
shutdown of the heat generation unit in conditions, when the elements of control and monitoring of the unit
are not provided with regular power supply.

The work was supported by the grant of State Fundamental Research Foundation according to contract
®83-111/2018.
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THERMOELECTRIC PROPERTIES OF THIN FILMS
OF BISMUTH AND BISMUTH-ANTIMONY SOLID SOLUTION

The temperature dependences of the resistivity and thermoEMF were investigated by the method
that excludes the occurrence of external strain in the film-substrate system, and the thermoelectric
power factor was calculated in the temperature range of 77 to 300K for bismuth-antimony solid
solution films on substrates with different thermal expansion coefficients. It has been found that to
get the maximum thermoEMF, the ratio of the crystallite size and film thickness is critically
important, which is due to the different confinement of electrons and holes mobility by the surface
and crystallite boundaries. The maximum thermoEMF and power factor correspond to thick block
films of BiyssSbo.1> on mica.The research was supported by the Ministry of Education of the
Russian Federation as part of a state assignment (project No. FSZN-2020-0026). Bibl. 19, Fig. 7,
Tabl. 1.

Key words: bismuth, bismuth-antimony, thermoEMF, size effect, power factor

Introduction

The bismuth-antimony solid solution is known as the most effective low-temperature
(temperatures below 200 K) thermoelectric material. At the same time, works of recent years show the
possibility of using quantum and classical size effects in electronic phenomena, as well as internal
strains to increase the thermoelectric figure of merit of materials [1 — 5].

The thermoelectric figure of merit (Z) in low-dimensional structures and nanostructures in
comparison with homogeneous bulk materials can increase both due to an increase in the power factor
(P), due to the peculiarities of the densities of states in the vicinity of the bottom of the lower
dimensional quantization subband [5, 6] and due to a decrease in thermal conductivity due to the
scattering of phonons at the interfaces [7]. Another mechanism for changing the thermoelectric power
can be a change in the ratio of the contribution of electrons and holes to the thermoEMF due to
different restriction of their mobilities by the surface and crystallite boundaries in a thin film [8, 9].

Straintronics offers another possibility in the task of increasing the thermoelectric figure of
merit [10]. Straintronics (from the English “strain” - tension) is a new scientific direction of condensed
matter physics, using physical effects in solids caused by strains arising in micro- and nanolayers and
heterostructures under the action of external control fields, leading to changes in the band structure,
electric, magnetic, optical and other properties of materials [11]. The possibilities of straintronics
become obvious if we pay attention to the fact that some theoretical calculations and some
experimental results show that the use of high pressures can significantly increase the Z7 of some
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materials [12]. However, this approach is not widely used due to the technological complexity of
creating high pressures in finished devices. It is deformation that can be an analogue of high pressures,
which, in the case of thin-film materials, can be easily created in several ways, in particular, by using
substrates with different lattice parameters and coefficients of thermal expansion, deposition of films
on bent substrates or their controlled bending directly during operation, and much more. In low-
dimensional structures located on substrates, it is possible to create record elastic strains, for example,
vitrified bismuth wires of submicron size withstand relative elongations of 2-3% [13]. This is
equivalent to the value of elastic strains in bulk crystals corresponding to mechanical stress up to 1
GPa, which approximately corresponds to the values used in the study of bulk crystals of this type. At
present, active research in the field of straintronics is just beginning.

Within the framework of this work, the possibilities of increasing the thermoelectric figure of
merit of thin films of bismuth and bismuth-antimony solid solution are experimentally investigated
using the above approaches.

Experimental procedure

Bismuth films with a thickness of 10 nm to 1 um and bismuth-antimony films with an
antimony concentration from 3 to 15 at. % Sb were investigated. Plates of monocrystalline mica
(muscovite) and a polyamide film were used as substrates. The coefficient of linear thermal expansion
(CLTE) of these materials is 8 x 107¢ K™! and 45*%107¢ K!, respectively. The CLTE of bismuth in the
trigonal plane is 10.5 x 10°° K™!'. Thus, mica substrates cause in-plane tensile strain, while polyimide
substrates cause in-plane compression strain of the film at temperatures below the film formation
temperature.

Various methods were used to obtain films with different structural perfection. The main
method for the preparation of thin-film samples was thermal deposition in high vacuum (107 Torr). In
this case, for the films of the bismuth-antimony solid solution, the method of discrete evaporation was
used, which makes it possible to obtain a homogeneous distribution of the solid solution components
throughout the volume. Using this method, under optimal production conditions [14], it is possible to
obtain films with crystallite size more than an order of magnitude larger than the film thickness (for
bismuth) and several times larger than the film thickness (for bismuth — antimony solid solution). To
obtain films with a single crystal structure, the method of zone recrystallization of a film under a
protective coating was used [8]. In order to obtain films with block sizes of the order of the film
thickness, we used a technique based on growing a film in a high vacuum on preformed nanoclusters
[15]. The structure of the films was monitored by atomic force microscopy and X-ray structural
analysis. All films were oriented in the (111) plane parallel to the substrate plane.

On the obtained films, the temperature dependences of the thermoEMF and resistivity were
investigated in the temperature range of 77 to 300 K at a stepwise temperature change with
temperature stabilization at the measurement point. To measure the thermoEMF, we used a technique
that excludes distortion by the installation components of natural strain in the film — substrate system,
presented in [16].

Experimental results and their discussion

As indicated in the introduction, in bismuth films, the crystallite boundaries and the surface
restrict the mobility of electrons and holes in different ways, which leads to significant changes in the
value of the Hall coefficient depending on the ratio between the thickness and crystallite size. The

74 Journal of Thermoelectricity Ne2, 2020 ISSN 1607-8829



V.M.Grabov, E.V. Demidov, V.A.Komarov, A.V. Suslov, V.A.Gerega, D.D.Yefimov
Thermoelectric properties of thin films of bismuth and bismuth-antimony solid solution

mobility of electrons is to a greater extent restricted by the surface at low temperatures and the
mobility of holes — by crystallite boundaries. In order to study the influence of the above phenomenon
on the thermoEMF, which, like the Hall effect, is a difference effect, bismuth films on mica with
significant differences in crystallite size have been investigated. We studied films with crystallite size
of the order of the film thickness (No. 1,4 in Figs. 1 and 2), obtained using bismuth nanoclusters in
accordance with the method developed in [15], films with crystallite size more than an order of
magnitude larger than their thickness (No. 2,5 in Figs. 1 and 2), obtained by thermal evaporation in
high vacuum under optimal conditions [14] with subsequent annealing, and single-crystal films
obtained by zone recrystallization (No. 3,6 in Figs. 1 and 2) [ §].

Figs. 1 and 2 show the temperature dependences of the thermoEMF and resistivity of bismuth
films with a thickness of 300 nm (No. 1,2, 3) and 1000 nm (No. 4, 5, 6). It can be seen from the
presented dependences that for films of the same thickness, with a decrease in the crystallite size, the
absolute value of the thermoEMF increases at low temperatures, which, as in the case of the Hall
effect, is due to the greater restriction of the hole mobility by the crystallite boundaries in comparison
with the electron mobility. For film No. 4, the absolute value of the thermoEMF at 77 K exceeds the
analogous value for bulk bismuth (a;; = -45 puV / K). In this case, the effect of crystallites on the
mobility of charge carriers for films obtained using bismuth nanoclusters can vary significantly from
sample to sample, which can be seen from a comparison of the resistivity of these films at low
temperatures: for a film 1000 nm thick, the resistivity at 77 K is almost 2 times higher in comparison
with a film with a thickness of 300 nm, obtained in a similar way (Fig. 2).
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Fig.1. Temperature dependence of thermoEMF for bismuth films on mica substrate
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In [1, 2], it was theoretically shown for the first time that the quantization of the energy of
charge carriers in thin films and wires can lead to an increase in the thermoEMF and a significant
increase in ZT. A significant thermoEMF increase in thin films due to the quantum size effect should

occur at thicknesses 7 commensurate with the de Broglie wavelength of charge carriers =

2mth//2Epm* . In bismuth single crystals, charge carriers have a sufficiently large A value, which in
the direction of the Cs axis is 67 nm for electrons and 11 nm for holes at a temperature of 77 K. In this
work, an attempt is made to experimentally discover the influence of the quantum size effect on the
thermoelectric properties of thin films of bismuth on mica.

Figure 3 shows the temperature dependences of the thermoEMF of bismuth films with a
thickness of 10 nm to 1 um, obtained by thermal spraying under optimal conditions [14] with
annealing. It can be seen from the presented dependences that at low temperatures for films with a
thickness of 1 um to 27 nm, the absolute value of the negative thermoEMF decreases with decreasing
film thickness, and for the thin film itself, the thermoEMF at low temperatures goes into the positive
region. In this case, due to the peculiarities of the formation of thin-film structures, with a decrease in
film thickness, an increase in the ratio between crystallite size and the thickness of the film (D/k)
occurs. As indicated above, in this case, with a decrease in the film thickness, the electron mobility is
more significantly restricted with respect to the hole mobility, which leads to a decrease in the
contribution of electrons to the thermoEMF and a decrease in its absolute value for thinner films.
However, for films with a thickness of less than 27 nm at low temperatures, an increase in the absolute
value of the thermoEMF begins (inset in Fig. 3), while the dependence on the thickness D/h remains
the same as for films with a greater thickness; therefore, the change in the character of the thickness
dependence of the thermoEMF for films thickness less than 27 nm cannot be due to various
restrictions of the mobility of electrons and holes by the surface and boundaries of crystallites.
Probably, an increase in the absolute value of the thermoEMF with a decrease in the thickness of the
bismuth films is associated with a change in the electronic energy spectrum due to the quantum size
effect.
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Fig. 3. Temperature dependences of thermoEMF of bismuth films of thickness
from 10 nm to 1 um. D/h is the ratio of crystallite size to film thickness
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of thickness from 10 nm to 1 um. D/h is the ratio of crystallite size to film thickness

For bismuth-antimony films this effect was not found, apparently, due to the lower efficiency
of annealing in the task of increasing the crystallite size (Table 1) for thin films of bismuth-antimony
solid solution and, as a result, smaller values of the coherence length of charge carriers as compared to
films of pure bismuth, the large values of which are critical for observing coherent phenomena [17].

Using the measured temperature dependences of resistivity and thermoEMF for the studied
films, the thermoelectric power factor P was calculated (Fig. 4). The highest value of thermoelectric
power for all temperatures is observed for films with a thickness of 500-1000 nm. However, its
thickness dependence is non-monotonic at low temperatures. For films less than 27 nm thick, the
power factor begins to grow with a decrease in the film thickness, which, like an increase in the
absolute value of the thermoEMF, is caused by a change in the band structure of the films due to the
manifestation of quantum coherence of charge carriers.

In order to experimentally study the possibility of using internal mechanical stresses to
improve the thermoelectric properties of thin films of the bismuth-antimony system, in this work, the
thermoelectric properties of thin films of a bismuth-antimony solid solution on substrates with
different thermal expansion coefficients: polyimide and mica (muscovite) are investigated. Under the
influence of the difference in thermal expansion of the film and substrate materials, bismuth films on
polyimide are in a state of in-plane compression, and bismuth films on mica, in a state of in-plane
tension at a temperature below the film formation temperature. When analyzing the results, we used
the values of the average crystallite size of the films of the bismuth-antimony system obtained by the
methods developed in [18, 19] and presented in Table.

An increase in the concentration of antimony in the film is accompanied by an increase in the
absolute value of the thermoEMF at low temperatures, which reflects a change in the thermoEMF in
single crystals with a change in their composition (Fig. 5 and Fig. 6). A decrease in the film thickness
in films of a bismuth-antimony solid solution leads to a decrease in the thermoEMF in absolute value
in the low-temperature region, while a decrease in the crystallite size leads to an increase in its
absolute value, in complete analogy with pure bismuth films.
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The effect of film strain, due to the difference in the thermal expansion of the film and

substrate materials, leads to a different type of the temperature dependences of the thermoEMF in

bismuth-antimony films on mica and polyimide substrates.

Crystallite size of bismuth and bismuth-antimony solid solution films, um.

Table

Thickness, um

Comp
Substrate material | sition, 1 0.5 0.5

at.% Sb
0 5.4 10.7 3.6
3 6.8 5.6 43
5 8.2 1.8 3.2

Mica
8 2.2 3.5 -
12 3.8 3.2 2
15 2.7 - 1.6
0 2.0 1.4 1.3
3 1.0 0.8 0.6
5 - — 0.9
Polyimide

8 1.2 0.7 -
12 1.1 0.7 —
15 1.0 - -
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The use of films on substrates with a high thermal expansion leads to a decrease in the absolute
value of the thermoEMF, especially in the low-temperature region. The maximum values of the
thermoEMF and power factor correspond to Big ssSbo.12 films on mica and polyimide (Fig. 6, 7).

o, LWVIK

LK
50 100 150 200 250 300 350
*20 1 I I | T ' T
40
zal W
80}
| T,K
—-100 200 300
—120 |
—&— () at% Sb
“140F —a—3a09%Sb 2
—v—5at%Sb & [
-160F —o— 8 at% Sb 12 at% Sb
—&— 12 at% Sb 120 F —=— 1000 nm
—7— 15 at% Sb B —A—500 nm
o —v— 250 nm

Fig. 5 ThermoEMEF of films 1000 nm thick of different
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Conclusions

It has been established that the use of films on substrates with a high thermal expansion leads

to a decrease in the thermoEMEF, especially in the low-temperature region. The maximum thermoEMF
and power factor correspond to thick block films of BigssSbo.12 on mica. In these films, the maximum
power factor of 4 * mW / K?m was obtained at temperatures of 200-250 K. The study of ultrathin
monocrystalline bismuth-antimony films with an achievable minimum defectiveness and a high
surface perfection, which provides a long coherence length of charge carriers with a predominance of
specular reflection from the film surfaces, seems to be promising for achieving high values of
thermoelectric power. However, the technology for creating such films has not been developed yet.
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TEPMOEJIEKTPUYHI BJIACTUBOCTI TOHKHUX IIVIIBOK
BICMYTY I TBEPJAOI'O PO3YHUHY BICMYT-CYPMA

Memooom, wo GuxnOuae BUHUKHEHHS 308HIUHIX OehopMayiinux GNIUGIE HA cucmeM)y NIieKA-
niokiaoka, Oyau O0CHIOJNHCeHI MeMNepamypHi 3aaedcHOCmi numomozo onopy i mepmoEPC,
po3paxosanuii hakmop mepmoenrexmpuunoi nomysscnocmi 6 inmepsani memnepamyp 77-300K 0as
niaieoK  meepoo20  PO3UUHY ~ GicMym-cypMma HA  NiOKNAOKax 3 Pi3HUM  KoepiyicHmom
memnepamypHoco posuwupents. Bcmanoeneno, wo 011 ompumanus maxcumairvioi mepmoEPC
KPUMUYHO GANCIUBUM € CNIBBIOHOULEHHS. PO3MIPY KPUCANIMIG | MOSUUHU NAI6KU, WO 00YMOBIEHO
PI3HUM 0OMENCeHHAM DPYXAUBOCMEU eNeKMPOHIE [ OIpOK NOo8epXHelo [ Medcamu Kpucmanimis.
Maxcumanvue 3navenns mepmoEPC i ¢axkmopa nomydcnocmi @ionogioac moecmum 0J10KOBUM
naiexam Bip.ssSbo.12 na cniodi. Poboma 6ukonana 6 pamxax 0epaicagHo2o 3a80anius 3a QiHancoeoi
niompumxu Minoceimu Pocii (npoexm Ne FSZN-2020-0026). bion. 19, Puc. 7, Tabn. 1.
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TEPMODJIEKTPHUECKHE CBOMCTBA TOHKHX IIJIEHOK
BUCMYTA U TBEPAOI'O PACTBOPA BUCMYT-CYPbBMA

Memoodom, uckaouaowum 603HUKHOBEHUE GHEUHUX 0ePOPMAYUOHHBIX 6030CUCMBUL HA CUCTHEMY
NIEHKA—NOONOMNCKA, — ObLIU  UCCIe008AHbI  MeMNepamyphvle  3A6UCUMOCIU  VOEIbHO20
CONPOMUBNIEHUs U MEPMOIOC, PACCUUMAH PAKMOP MEPMOINEKMPULECKOU MOWHOCIU 8 UHMeP8ale
memnepamyp 77-300K Ons nienox meepoo2o pacmeopa SUCMYM-CYypbMd HA NOOJLOICKAX C
PA3IUYHBIM KOIDPUYUEHMOM MeMNePpamypHO20 pacuuperus. Ycmanogneno, 4mo 0 noay4eHus
MAKCUMATLHOU MePMOIOC KPUMULECKU BANCHBIM LGN L COOMHOUEHUS PA3MePa KPUCTALIUMOG
U MOMWYUHBL NIEHKU, YMO 00YCN0BIEHO PATUYHBIM 02PAHUYEHUEM NOOBUICHOCHEN INEKMPOHOS U
ObIPOK NOBEPXHOCMbIO U 2pAHUYAMU Kpucmaiiumos. Makcumanvhnoe 3Hauenue mepmodIoc u
Gaxmopa mowHocmu coomeemcmeyem moacmoim 6104HbIM naeHkam Big ssSbo. 12 na caooe.
Paboma  ewinoanena 6 pamkax 2ocyo0apcmeennHoco 3a0anus npu  QUHAHCOB0U NoodepcKe
Munnpoceewenus Poccuu (npoexkm Ne FSZN-2020-0026). bubona. 19, Puc. 7, Taba. 1.
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