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EQUIPMENT FOR DETERMINING THERMOELECTRIC PROPERTIES
OF MATERIAL BY MODIFIED HARMAN'S METHOD

The results of the development of equipment for determining the thermoelectric properties of
materials — electrical conductivity, thermal conductivity, the Seebeck coefficient and thermoelectric
figure of merit in the temperature range of 30— 500 °C using modified Harman's method are
presented. Measurement errors are estimated and reduction methods are described. The results of
measurements of material samples based on BiTe; obtained using the described equipment are
shown.
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Introduction

General characterization of the problem. Thermoelectric energy converters find more and more
applications in various fields of science and technology, in particular in medicine, metrology, space and
military technology, electronics, household and computer technology, etc.

Recent years have seen increasing interest in the creation of thermoelectric generators, which are
used for the conversion of heat from industry and internal combustion engines, which opens up new
opportunities for "green" technologies. Special attention is drawn to the creation of TEGs on vehicles,
primarily cars. The use of such thermoelectric generators allows you to get a fuel economy of 5 — 10 %.
Such works are being intensively developed in the USA, Japan, and Western Europe. In doing so, the
typical operating temperature range for thermoelectric energy converters is 50 — 300 °C. For this
interval, materials based on Bi-Te are most suitable, and an additional improvement in efficiency can be
achieved by using materials with programmable heterogeneity, namely functionally graded materials.

One of the main factors affecting the quality of thermoelectric energy converters is the figure of
merit of thermoelectric materials they are made of. Advances in the technology of obtaining materials
are directly related to the accuracy of determining their parameters, since further improvement of the
quality of materials is possible only if a clear connection is established between the technological actions
during the obtaining of the material and its properties.

Analysis of the literature. The most attractive for the creation of high-precision measuring
equipment for determining the thermoelectric properties of materials are the use of the absolute method
and Harman's method. The main disadvantages of the absolute method [1, 2] are the complexity of the
design of the sample holder, and, therefore, the process of setting up the sample for measurement, and
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the need for a long time to reach stationary mode by the system, which makes the measurement process
quite long. In addition, in order to increase the accuracy of the measurements, the samples used in the
measurements are quite large — with a diameter of about 6 — 8 mm and a length of 8§ — 15 mm, which,
when examining a large number of samples, leads to significant losses of material, in addition, reduces
the speed of reaching stationary mode by the system. Harman's method is devoid of such shortcomings
of the absolute method [3, 4]. Much smaller samples are used to determine thermoelectric properties by
this method, and the structure of the sample holder itself is simple and convenient to use.

The essence of Harman's method is as follows. A sample of thermoelectric material is fixed in the
thermostat on two current leads (Fig. 1).

Fig. 1. Schematic of Harman's method. 1 — sample, 2 — thermostat,
3, 4 — current leads, 5, 6 — thermocouples.

The values of the thermoelectric figure of merit, as well as the thermal conductivity, electrical
conductivity, and the Seebeck coefficient, are determined by the resistances of the sample and the
voltage drops on the sample, measured when passing direct and alternating current therethrough:
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where R~, U- are the resistance of the sample and the voltage drop on it when alternating current is
passed, R-, U- are the resistance of the sample and the voltage drop on it when direct current is passed,
T, is the average temperature of the sample, /, S are the length and area of the sample cross-section, vy;
are correction factors that take into account the heat exchange of the sample and current leads with the
thermostat. These factors depend on a large number of parameters, namely the radiation coefficients of
the sample, contact plates and current leads, their temperature dependences, as well as the exact values
of electrical conductivity and thermal conductivity of wire materials, the radiation coefficient of
chamber walls and its temperature dependence, exact geometric dimensions of current leads, etc.

Work [5] presents an analysis of the errors in measuring the figure of merit using Harman’s
method and shows that the main source of errors when using Harman’s method is the heat exchange of
the sample with the environment through current leads and radiation. To minimize these errors, the
technique of modified Harman’s method is proposed, which makes it possible to measure the properties
of the thermoelectric material with a high speed of response, and at the same time take into consideration
the heat exchange of the sample with the thermostat, measuring all the necessary values for this during
one experiment.
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The purpose of the work is to develop high-speed, high-precision equipment for determining the

thermoelectric properties of a material using modified Harman’s method in the temperature range of
30 — 500 °C, which takes into consideration possible measurement errors, and the equipment itself is
made on a modern element basis, using computer processing of measurement results.

1. Description of experimental installation

Installation for measuring the properties of parameters of TEM samples using modified Harman’s

method is schematically shown in Fig. 2.
The installation consists of a measuring unit, a control unit and a pumping vacuum post. The
control unit includes sources of direct and alternating current with appropriate ammeters, voltage and

temperature meters, and a thermoregulation system.
The main unit of the installation is a measuring unit with a TEM sample holder. The design of the

measuring unit is shown in Fig. 3.
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Fig. 2. Schematic of the installation for measuring parameters of TEM samples.
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Fig. 3. Design of the measuring unit.

1 —vacuum cap clamp,
2 — vacuum cap,
3 — thermostat,
4 — removable cover of the thermostat,
5 — sample holder probes,
6 — shut-off heater,
7 — pressure leads,
8 — the base of the measuring unit,

9 — vacuum fitting,

10 — connector.

A TEM sample holder is fixed on the base of the measuring unit body, on thin stainless legs
(Fig. 4). The holder itself is a metal collapsible thermostat, in the middle of which there is a niche with
two pads on thin, elastic stainless racks. These pads are used as TEM sample holders, as well as current
leads and contact elements of potential and temperature sensors. The racks themselves are mounted in
heat spreader plates, which have good thermal contact with the base of the thermostat, but are electrically
isolated from it. The pads, which in their area are comparable to the area of the ends of the TEM sample,
are parallel to each other and are located at a distance from each other that is comparable to the length
of the TEM sample. The pads are capable of holding the sample in suspension due to friction and
elasticity of the racks. Pads and heat spreader plates, each having one measuring thermocouple and
together with the current leads being one whole, form the probes. The probes in the installation are
replaceable. This makes it possible to easily change them during routine or repair work, or to install
others — for different sizes of samples. For measurement, the TEM sample is inserted between the probe
pads through the removable side covers of the thermostat and soldered to them for better thermal and
electrical contact.

Fig. 4. Sample arrangement in the holder. 1 — Thermostat cover, 2 — probe pads, 3 — heating element,
4 — thermostat base, 5 — ceramic screed, 6 — TEM sample, 7 — probe rack.
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The thermostat is active. Resistive heating elements and thermocouples are mounted in its walls
and the required temperature is maintained with the help of a thermoregulator. To prevent thermal
distortions in the thermostat, a shut-off heater is attached to its legs, the temperature of which is
maintained by the thermoregulator at a given level. Moreover, all conductors leaving the thermostat are
in contact with the shut-off heater and, thus, acquire the same temperature as it. This significantly
reduces heat loss from the thermostat through the conductors. The conductors themselves are connected
through sealed leads to the connector and further, through the measuring cable, to the control unit. The
thermostat is covered with a cap, from under which air can be pumped out with the help of a vacuum
post, or the air can be replaced with an inert gas. Measuring TEM samples in a vacuum or in an inert
atmosphere reduces measurement errors, and also protects the TEM sample and the surface of the
thermostat from oxidation during high-temperature measurements. The vacuum cap has clamping
structural elements for better tightness.

2. Description of the measurement technique

Determination of the thermoelectric properties of the material by modified Harman's method is
carried out as follows. A sample of thermoelectric material is fixed between two contact plates with high
thermal and electrical conductivity on the current conductors in the thermostat. The side surface of the
sample and contact plates is covered with a thin, uniform layer of material with a low emissivity. To
further increase the accuracy, the measurement process is carried out consecutively twice at two
different temperatures, and the magnitude of errors caused by radiation from the surface of the sample
and contact plates is experimentally determined. In doing so, the temperature of the thermostat at which
the first measurement is made is lower than the temperature at which the second measurement is made
and is such that the errors caused by radiation from the surface of the sample and contact plates are
insignificant and can be neglected. Since at the first temperature the contribution of radiation is
insignificant, it is believed that all the heat is transferred through the current leads to the thermostat by
thermal conductivity, therefore it is possible to determine the heat transfer coefficient K> along the
current leads by thermal conductivity by passing an alternating current through the sample and
measuring the magnitude of the voltage drops on the sample U; and on the current leads Us:

«_10+0

’ 2(7:lV_T0) (1)

where: Q) = [U; is the Joule heat released in the sample, O, = [U; is the Joule heat released in each of
the current leads, 7,y = (T1+713)/2 is the average value of temperatures measured on the sample ends, 7o
is thermostat temperature.

At the second temperature value, voltage drops on the sample and current leads are measured, as
well as temperatures at the ends of the sample and the thermostat when alternating current is passed
through the sample, voltage drop on the sample, voltage drops on the current leads to the sample,
temperatures at the ends of the sample and the thermostat when direct current is passed therethrough.
The ohmic voltage drop on the sample Uc is determined when alternating current is passed or at the
moment direct current is turned on, and thermoEMF Uua is determined when direct current is passed.
The value of thermoelectric figure of merit, the Seebeck coefficient and electrical conductivity, as well
as thermal conductivity are found, with account of heat transfer through current leads and radiation.
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To do this, based on the Wiedemann-Franz law, by the results of measurements of temperatures
and voltage drops on the sample and current leads at two temperatures 7" and 7" of the thermostat, the
heat transfer coefficient along the current leads at temperature 7" is determined

AT

K (T") =K2(T')U T

2
Thus, the total heat flow at a higher temperature is divided into heat flow by thermal conduction
through current leads and heat flow by radiation. Since the surfaces of the sample and the contact plates
are covered with the same coating, the effective radiation heat transfer coefficient K. can be used at
temperature 7"
0 -(2K,(T,,-T)-0,)

Ky = (1.-T,) : 3)

Analysis of the accuracy of the proposed method of determining the thermoelectric properties of
materials is given in [5]. The distributions of electric potential and temperature in the sample, contact
plates, and current leads were obtained by computer simulation, which made it possible to optimize the
measurement scheme and obtain the values of possible errors in the determination of the thermoelectric
figure of merit associated with heat transfer by radiation. Errors in determining the thermoelectric figure
of merit by the proposed method, associated with heat transfer through current leads and radiation, in
the temperature range of 30 — 500 °C should not exceed 2 %.

Typical results of measuring the temperature dependences of parameters of the sample of n-type
Bi;Te; thermoelectric material are presented in Fig. 5.
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Fig. 5. Temperature dependences of the properties of n-type thermoelectric material sample based on Bi;Tes.

An experimental comparison of the results obtained by modified Harman's method on the equipment
described above with the results obtained on the installation for measuring the properties of thermoelectric
materials, built on the absolute method, was carried out [6 — 7]. It was established that deviations in the results
increase with a rise in temperature and are within 6 — 7 % in the temperature range of 200 + 300 °C.
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Conclusions

1. High-speed, high-precision equipment has been developed for determining the thermoelectric
properties of a material by modified Harman's method in the temperature range of 30 — 500 °C
using computer processing of measurement results, which takes into account and eliminates
possible measurement errors.

2. It has been established that the errors in determining the thermoelectric figure of merit by the proposed
method, related to heat transfer by radiation, in the temperature range of 30 — 500 °C will not exceed
2 %.

3. A comparison of the results obtained by modified Harman's method with the results obtained at the
installation for measuring the properties of thermoelectric materials by the absolute method was
carried out.

4. It was established that deviations in the results increase with a rise in temperature and are within
6 — 7 % in the range of 200 + 300 °C.
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OBJIAJHAHHA 1)1 BUBHAYEHHSA TEPMOEJIEKTPUYHUX
BJACTUBOCTEN MATEPIAJY MOJU®IKOBAHUM METOJI0OM XAPMAHA

Hageoeno pesynomamu po3pobku 061a0HaHHs 0I5 BUSHAUEHHS MEPMOENEKMPUYHUX BIIACTNUBOCTEl
Mamepianie — eneKmponposgioHocmi, menaonpogionocmi, koegiyienmy mepmoEPC  ma
mepmoenekmpuunoi dobpomuocmi 6 inmepsani memnepamyp 30— 500 °C 3 euxopucmaHuAM
Moougixkoeanozo memody Xapmana. Oyineno NOXUOKU SUMIPIOGAHb MA ONUCAHO Memoou ix
sHudcenns. Iloxazano pezyrvmamu suMiprogans 3paskie mamepianié Ha ocHosi BirTes, ompumani
3a 0ONOMO2010 ONUCAHHO20 0ONAOHANHS.

KurouoBi ciioBa: metox XapMaHa, TepMOCIEKTPHUYHA TOOPOTHICTE, a0COTFOTHUI METO/I.
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