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ABSTRACT

Thermal conductivity is an important characteristic of materials in particular semi-conductors
and ceramics. Since it varies within a wide range and is measured in a variety of methods, no
commercial device has, so far, been established to measure thermal conductivity. Hence, it sounds
necessary to develop a device to meet all needs of scholars in laboratory with a general application.
Development of such a device, beside relevant calculations, is evaluated in this paper where thermal
conductivity of a thermoelectric semi-conductor ingot (approximately 8 mm in diameter and 24 mm
in length) at the range of room temperature is considered. At lower temperatures, thermal conductivity
is almost invariant and measured in both comparative and absolute methods. Absolute value method
is still widely used at temperatures below room temperature. A great deal of practical error is due to
heat leakage via radiation, convection and heat transfer. Within the range of room temperature,
heat leakage shares a smaller contribution in error, but not an ignorable one. At higher temperatures
heat leakage plays more important role and increasing temperature makes it more and more difficult
parameter to define. Hence, for fabricating a device for thermal conductivity measurement taking
into the account the errors and the involved parameters it is necessary to review the scientist
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comments in this subject which. we have a coverage of their idea.
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INTRODUCTION

Measuring thermal properties of a semi-
conductor

Phrase “Thermal properties” refers to
properties varying with heat, such as thermal
expansion, specific heat, thermal diffusivity, thermal
conductivity, etc. Among these properties, only
thermal conductivity appears in relation of figure-
of-merit factor which defines one of the most intrinsic
characteristics of thermoelectric materials.

a?oc

Z =

where o is Seebeck coefficient, 6 and x
are electrical and thermal conductivities,
respectively. Owing to its contribution in preceding
relation, measuring of the thermal conductivity has

drawn scientists’ attention and many methods have
been developed to measure it.

For a semi-conductor whose heat flux is
comparable to that of surroundings, measurement
of thermal conductivity is inconvenient and time
consuming due to heat exchange. Steady-state
condition is vitally important in such measurements.
Therefore, during recent decades, thermal diffusivity
(a) techniques have been applied to determine
thermal transport data, and consequently, thermal
conductivity ( k=apc, where a thermal diffusivity, p
is density and c is specific heat). Still, the more
accurate value for c leads to more reliable thermal
conductivity value.

Thermal diffusivity techniques provide
larger volumes of data in shorter period of time, and
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are broadly used for measurements above room
temperature on bulk materials.

Thermal transport properties of various
categories of materials have been studied over
temperature range up to 2000K?, or as low as 100K2.
Measurements for bulk and thin film materials are
performed in different methods. Different techniques
are applied depending on temperature range and
materials.

Absolute method to measure heat flow is
the most common method at low temperatures, which
slightly differs from technique used by Lee, 100 years
ago®. A brief review of experimental requirements of
his device is represented by White*. As shown in
Fig. 1, source supplies heat at the rate of:

Fig.1: Heat supplied by the source (T,) is
conducted along an ingot of uniform cross-
section A, in which a pair of thermometers is fixed
at points 1 (T,) and 2 (T,), separated by distance L.

Heat is conducted along an ingot of
uniform cross-section A, in which a pair of
thermometers is fixed at points 1 and 2, separated
by distance L.

Thermal conductivity at any point is given by

The mean thermal conductivity between
points 1 and 2 in Fig.1 is:

where AT= T,-T,. It is assumed that
temperature is uniformly distributed across any
element (length L) of cross-section and heat leakage
through surrounding gases, insulators, electrical
connectors and by radiation is negligible.

The geometry of device depends on
sensibility of thermometers and maximum value of
.In practice, L should be greater than diameter of
cross-section. For materials with low conductivity
(e.g.thermoelectric materials) diameter of 3to 4 mm
and L /Ad<10 is preferred®.
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Comparative methods for thermal conductivity
measurements

Comparative methods determine thermal
conductivity (k) of a material with respect to that of
a proper reference material. The sample whose
thermal conductivity is to be measured is
sandwiched between two cylinders made of
reference material whose thermal conductivity is
exactly known. Temperature gradient in sample and
reference are measured. If cross-sections of sample
and reference are equal, then:

P K'sr(AT/AX)sr
(AT/AX)

where « . is the known thermal
conductivity of the standard reference and (AT/AX),
and (AT/Ax) are the temperature gradients of
reference and sample, respectively.

Thermocouples are located near the
interfaces of sample and reference (which are both
shielded in a cylindrical guard). A schematic of
thermal conductivity measurement device is
represented by Francl and Kingry*, in which
Chromel/Alumel thermocouples are located on silver
plates separating the sample and reference.
Thin layers of indium amalgam are used to overcome
the problem of contact resistance. A modified version
of this device is reviewed by Hust®®.

Comparative methods are not focused in
this paper, because of lack of a standard reference;
although, using comparative methods, the
measurements would be more convenient and
straight forward, complicated computation would not
be necessary and instruments would be calibrated
accurately. Having a standard reference, a more
precise measurement would be accomplished
following structure below:

The sample and the reference are located
consequently in a thermal conduction instrument.
A thermal flow ¢ passes along both sample and
reference and T, T,, AT= T, T, , Top,
AT = To,, Toy 1, A, and A are measured, where
last four are lengths and cross-sections of sample
and reference, respectively. Knowing thermal
conductivity of reference (x,), that of sample will
be:
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Thermal diffusivity method for thermal
conductivity measurements

Non-steady-state methods to measure
thermal transport were the matter of practice in 19®
and early 20" centuries, and through the efforts
made by scientists, impressive collections of
mathematical calculations and practical approaches
were provided?®2?!, Among these techniques was
thermal diffusivity method in which thermal diffusivity
(x’) is measured and substituted in thermal flow
differential equation:

where U is heat loss coefficient of surface
lost by radiation, conduction and convection, tis time
interval between consequent measurements, and X
is distance between two points whose temperatures
are to be measured. Depending on boundary
Tcpﬂ it a_va-d_e range of solutions to Fourier's
Ny Wa?eao;_s ?:, and many ingenious
techniques have been recently developed.
Two factors are responsible for these developments:
First, time is measured more accurately by the
means of recent advanced equipments such as
oscilloscopes, digital data acquisition systems and
microcomputers. Second, when measurement time
is short, heat losses decrease significantly and can
be accurately taken into account by manipulating
the differential equation or by properly calibrating
equipments.

This approach is entirely different from
steady-state methods in which heat leakage must
be precisely quantified or eliminated to avoid large
errors. Ref22 has more about non-steady-state
methods.

Angstrom’s method for thermal conductivity
measurements

Angstrom’s Method developed in 1861 and
gained widespread acceptance®. According to this
method, a heat source whose temperature
sinusoidally varies with time is attached to the end
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of a semi-infinite radiating ingot (x=0). Temperature
waves will propagate along the ingot with velocity
v=w/f3, where w is angular velocity and f is phase
shift per unit length. Thermal diffusivity is then
obtained as?:

x'=lv/2In(q)

where | is distance between two
thermocouples, and q is amplitude decrement in
temperature wave.

Instrumentation
Development and trial of methods to measure
absolute value of thermal conductivity

In thermal conductivity measurement
instruments, thermal transport (needed for
temperature difference at a certain distance from
one end of a semi-conductor ingot of cross-
section A) must be accurately defined. Having
mentioned restrictions, a device (as illustrated in
Fig. 2) is widely used to define thermal transport at
room temperature and its arrangement is as follow:

| Heater (3)

! Guard (4) ——p|

To

<

Thermocouple

Alumina

ple (1)

The sample (1) is located between two heaters (3).
To avoid heat leakage, a guard (4) shields the
measurement tools. Finally, the equipments lay on
the device base (2). Heater supplies a heat flow in
the sample and provides a temperature gradient
(T,-T,)about5to 10 °C at a distance | (about 12mm)
which is measured by a pair of Chromel/Alumel
thermocouples. Diameter and height of the guard is
critically important.

The guard is designed as tightly fit as
possible to reduce free unused space and resultant
errors due to radiation (some researchers have filled
free space by thermal insulator powders, such as
alumina®). Nevertheless, heat flow (heat rate lost
by surroundings) does exist for surroundings
and must be subtracted from heat generated by
heater (3). Throughout the measurements, the
guard temperature is measured by thermocouples
as well, to estimate the heat leakage more precisely.
The guard is usually made of copper to conduct
thermal equilibrium or, in other words, to specify
leaked heat flow accurately.

Ty

Ta
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Heater (3) I
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Fig. 2: A device for characterization of thermal conductivity and its arrangement
is widely used at room temperature and its arrangement

Thermal conductivity from standard
relation of steady-state is given by:

(W - A Q)
B AAT

where W=Vl s electrical power consumed
by heater (3), AQ' is the heat rate lost by

K

surroundings, L total length of the sample, A is
cross-section of sample, | is distance between
thermocouples 1 and 2 and DT is temperature
gradient along |.

Heater is made of Nickel wires of 0.3 mm
diameter. All electrical contact (including earth
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contacts) should be checked. Tip of thermocouples
must be sharp enough. Two thermocouples are located
on the sample, one on the guard and two at the
ends of sample, under heaters. Thermocouples are
tightened in holes of 0.5mm diameter and
2mm depth.

Heat flow, temperature gradient and

chemical reaction of sample are three major factors
one must consider when designs a system to

[ Wi-KiAT1+ K2AT?2'

a7

measure thermal conductivity of the sample at high
temperatures.

This research is a confirmation to develop
an instrument to measure thermal conductivity by
absolute method at room temperature.
Accomplishing semi-practical calculations,
measuring required quantities and substituting them
in following semi-practical relation, one can obtain
a more accurate value for thermal conductivity?®:

Wi— KiAT1'- K2AT2" 2
£l 2AT Ty [P/
AT =T, -T, AT, =T, -T,
AT, =T, -T, AT, =T, -T,
AT =T, -T, AT, =T, -T,
AT =T,-T,
W =0.24R1° W2=0.24R,| 2
W W
tOAT] 2 AT,

where R, |;, R, and |, are resistance and
current passing though upper and lower heaters,
respectively. Other quantities are illustrated in
Fig. 2. Potential differences V (in mV) produced by
Chromel/Alumel thermocouples were measured
and is substituted in the below formula to achieve
an approximated temperature of above environment
temperature?,

Thermocouples producers are presenting
tables of experimentally measured values of the
voltage and calibrated temperatures, which are
accurate and easy to use.

Selecting of a guard to control heat transfer
is very important. Optimal guard size occurs when
its walls are perfect reflectors and its internal
diameter is small compared to dimensions of sample
and heater. However, semi-practical calculations for
the guard can be found in Ref. [27]. Surface of guard
(which is made of copper whose emission coefficient
is half of that of black-body) loses the heat by rate

A C\D

of 6xﬂ@3 cal/s.cm?.°C. This implies thermal
conductivity to be measured more accurately by
absolute method and that careful calculations still
involve significant errors.

CONCLUSION

Thermal conductivity is an important
physical property of materials. Measurement of this
property is easy for good conductors, but not for
semiconductors and insulators. Absolute value
method is still widely used at temperatures below
room temperature. Development of a device to
measure thermal conductivity at room temperature,
beside relevant calculations, was evaluated.
A computational method to estimate the thermal
conductivity in acceptable level was represented.
Practical errors at room temperature depend on
heat leakage by radiation, convection and heat
transfer. Within room temperature, this dependence
is less sensitive, but still necessary to measure. At
higher temperatures heat leakage plays more
important role and increasing temperature makes
it more and more difficult parameter to define.
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