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A thermal conductivity apparatus based on the parallel heat-flow technique has been fabricated to
measure the thermal conductivity of small specimens. The steady-state method is used to measure
samples of 1�1�10 mm3 dimension in the temperature range of room temperature–700 K. The
details of instrument fabrication, the method of calibration, and typical measurements on test
samples are described. The apparatus can also be used to measure the Seebeck coefficient in the
same temperature range. As an example we report the thermal properties of CrSi2, which is a
potential candidate for high-temperature thermoelectric applications.
I. INTRODUCTION

In recent years there has been a considerable increase in
the effort to identify new and efficient thermoelectric mate-
rials that would supercede the existing materials, especially
at higher temperatures. For a material to be considered as a
good thermoelectric, it must have a large figure of merit
defined as Z=S2� /K, where S is the Seebeck coefficient, �

is the electrical conductivity, and K is the thermal conduc-
tivity. Amongst these three properties, K is most difficult to
measure experimentally.

For relatively big samples there are well-established,
steady-state and nonequilibrium techniques,1–3 but small
samples pose difficulties associated with heat flow during the
measurement. The most widely used commercial method is
based on the laser flash technique.3 But the method has limi-
tations for high K materials and at elevated temperatures.
Recently Tritt et al.4 described a method known as the par-
allel conductance technique, which is suitable for small
samples. They measured the K value for a few standard ma-
terials from 10 K to room temperature.

The problems associated with heat loss increases with
temperature and measurement of K at high temperatures is
very challenging. In this paper we describe an apparatus,
which can measure the K value of small samples �1 mm
�1 mm�10 mm� based on the parallel conductance tech-
nique from room temperature to 700 K. The same apparatus
can also be used to measure the Seebeck coefficient of the
material without disturbing the physical mounting.

The paper is divided into three sections. In Sec. II, the
principle of measurement is explained, followed by a de-
scription of the apparatus in Sec. III. Section IV contains
results obtained for standard samples.
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II. PRINCIPLE OF MEASUREMENT

A. Thermal conductivity measurement

Under steady-state conditions the K of a material is de-
fined as

K = �QS�/A�/��T/�L� , �1�

where QS� is the amount of heat passing per unit time through
a cross-section area A, and causing a temperature difference,
�T, over a distance �L. QS� /A is therefore the heat flux that
is causing the temperature gradient, �T /�L. The measure-
ment of thermal conductivity therefore involves the measure-
ment of the heat flux and temperature difference. The diffi-
culty of the measurement is always associated with heat-flux
measurements because of the undefined amount of heat loss
accompanying the heat transfer process.

A schematic representation of a heater block–sink as-
sembly is depicted without and with the sample in Figs. 1�a�
and 1�b�, respectively. It is a steady-state method where tem-
perature differences between the source and sink are mea-
sured as a function of time and the sample holder and sample
act as two parallel heat conducting paths. First, the charac-
teristics of the sample holder are measured, which deter-
mines the baseline or background thermal conduction and
losses associated with the sample stage. The second step con-
sists of attaching the sample and measuring the new charac-
teristics of the assembly. By subtraction of the background
thermal conduction, the thermal conductivity of the sample is
calculated.

When heat is supplied to the heat source of Fig. 1�a�, a
part of it is utilized in raising the temperature of the source
block while the remaining is dissipated to the surrounding
through the cell assembly. At a constant input power, the
temperature initially rises linearly as a function of time as the
heat loss is negligible. Subsequently, as the temperature in-
creases, the heat loss also increases and at equilibrium both
the input power and the heat loss per unit time become equal.
The temperature of the heater block at equilibrium reaches a

constant value, which is taken as the equilibrium �T. Thus
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the total heat input is a summation of the heat gained by the
source and the heat dissipated to the surrounding. When a
sample is placed between the source sink assembly �Fig.
1�b��, a part of the heat passes through the sample, which
depends on the K of the sample. Thus the heat input is dis-
tributed among the heating source block, the heat transfer
through the sample, and heat loss through the cell assembly.
If the same heat input is maintained in both the cases and
assuming that the heat dissipated in both is the same, the K
of the sample can be found. This is known as the parallel
conductance method.

Thus mathematically, it can be written as follows: With-
out any sample �as in Fig 1�a��,

PE = x�TE + H�; �2�

with the sample �as in Fig 1�b��,

PS = x�TS + H� + QS�, �3�

where the subscripts E stand for an empty run �i.e., without
the sample�, S stand for a run with the sample. PE and PS is
the power supplied, �TE is the equilibrium temperature
change in the heater block without the sample, and �TS is the
equilibrium temperature change with the sample. H� is the
heat loss per unit time. x is the heater constant that depends
on the specific heat, mass, etc. of the heater block. QS� is the
heat flux through the sample.

In Eq. �2� there are two unknowns, x and H�. The value
of the heater constant �x� has been obtained from the plot of
�TE vs P. This is explained in Sec. IV. The other unknown,
H�, can be assumed to be the same for a constant input
power �i.e., PE= PS�. If the same power is passed for both
and assuming H� is the same, Eqs. �2� and �3� can be equated
to the following:

x�TE + H� = x�TS + H� + QS�. �4�

Rearranging Eq. �4�,

QS� = x��TE − �TS� . �5�

Thus, once the heat flux through the sample �QS�� is known,

the K of the material can be calculated using Eq. �1�.
III. APPARATUS DESCRIPTION

A schematic diagram of the apparatus is shown in Fig. 2.
The specimen �1� is placed inside a copper sample holder
assembly. The sample holder consists of two copper 10 mm
cylindrical blocks �2 and 3� into which type-K thermo-
couples �4� of 40 Imperial standard wire gauge �swg� are
embedded. The thermocouples are in good thermal contact
but electrically insulated from the blocks using silica sheaths.
The crucial heat source copper block �2� is a 10-mm-
diameter solid cylinder �weighing 10 g� on which 20 � of
kanthal �32 swg� heater is wound. The heater is electrically
insulated from the copper block using high-temperature ce-
ment. The bottom heat-sink block �3� is welded to the copper

FIG. 1. Schematic diagram of the different heat-flow
paths for �a� empty and �b� with sample.

FIG. 2. Schematic diagram of the thermal conductivity setup �see text for

explanations�.



base plate. The heater block is supported by a thin walled
quartz tube �5� of 10 mm diam and 100 mm length. This is
provided with a spring loading �6� mounted on a stainless-
steel support frame �7�. The quartz tube is used to minimize
the conductive heat loss from the heater block to the support
frame while the spring loading ensures proper contact be-
tween the sample and the holder assembly. The thermoelec-
tric power is measured using two additional copper wires
connected to the heater and base, respectively. The electrical
insulation of the thermocouple wires prevents any electrical
interference with these copper wires.

The central sample holder is placed inside a kanthal fur-
nace �8� �15 mm inner diameter �i. d.� and 100 mm length�
the height of which can be adjusted. Height adjustment of the
furnace �9� can be done from the bottom in between a run
without disturbing the sample. This has been done to mini-
mize the temperature difference of the top and bottom ther-
mocouple at the beginning of an experiment and also for
easy loading and removal of the samples. A chromel-alumel
thermocouple is embedded along with the heating element to
control the furnace temperature through a multistep program-
mable temperature controller �Toho TTM-304�.

A vacuum-tight glass chamber �10� �80 mm diam and
400 mm height� encapsulates the whole arrangement to mini-
mize convective heat exchange. The thermal contact between
the heat source block and the sample is made or broken by a
lifting mechanism �11�. Using this, the central hot part of the
sample holder is lifted by 0.5 mm under vacuum conditions.

A. Sample preparation

It is necessary to make samples of proper dimensions as
the calculation of K depends on the sample dimensions. The
samples used for measurement were either cylindrical or
rectangular, and cut using a diamond cutter. In general, it was
necessary to have an aspect ratio of �10 for successful ex-
perimentation. Extra care was taken to make the top and
bottom surfaces parallel. Also, to ensure proper thermal con-
tact with the heater and base, high-temperature silver paste
was used as a contact material.

B. Data collection

The heater is energized by a Keithley 228 constant cur-

FIG. 3. Calibration curve of heater power vs �TE. The slope of the curve as
�TE tends to zero gives the value of x.
rent source. The thermocouple temperatures are measured by
a Keithley DMM 2700 scanner as a function of time. The
current source and the multimeter outputs are interfaced to a
computer using an IEEE-488 interface and the data collected
in the hard disk using the commercial software XLINX 2700.
The measurement consists of the following steps. Initially,
the glass chamber is evacuated until a vacuum of 10−3 Torr
is reached. The furnace is then heated to the desired tempera-
ture and allowed to stabilize. The furnace height is adjusted
such that the top and bottom thermocouples read the same
value. The constant current source is then put on and the
change in temperature is measured as a function of time.
Once the equilibrium �TS value is reached, the heater is
lifted slightly using the lifting mechanism and the change in
temperature ��TE� is again measured. It is important to re-
peat the empty run at each temperature as the heat loss keeps
changing with temperature and also the furnace position.

IV. RESULTS AND DISCUSSION

A. Measurement of heater constant „x…

To find the value of x, the �TE of the heater is measured
for different input power as shown in Fig. 3. x is found from
the slope of the curve as �TE tends to zero. In the present
case x is 0.01491 W/K at room temperature. For high-
temperature measurements the value of x has been modified
depending on the change in specific heat of the heater block
material �copper�. A correction factor in �TE has to be done
for each temperature due to a change in the value of x. In the
actual experiments �T was always maintained in the linear
region of the calibration curve.

TABLE I. Thermal conductivity measurements of test materials at room
temperature.

Sample
Height
�cm�

Cross-sectional
area �cm2�

Thermal conductivity �W cm−1 K−1�
�±5% �

Observed Reported

Fused silica 1.8 0.125 0.013 0.014
SS 304 1.21 0.031 0.157 0.160
Sapphire 1.38 0.078 0.328 0.320

FIG. 4. Plot of �T vs time obtained for the different standard samples at
room temperature.



B. Room-temperature thermal conductivity
measurements

Test runs were carried out on standard samples and the
data compared with literature data. Room-temperature ther-
mal conductivity was measured for three different standard
materials namely, sapphire, SS 304 and fused silica, which
have wide variation in K values. The increase in temperature
as a function of time for the different samples is shown in
Fig. 4. The saturation �T could be achieved in sample di-
mensions and the observed and reported thermal conductiv-
ity values are given in Table I. It is seen from the data that a
good match is observed with the data reported in the
literature.5 Measurements on each sample were carried out
three times and the deviation in the K value was within ±5%
of the absolute value.

C. Measurement of K as a function of temperature

Thermal conductivity was also measured as a function of
temperature for fused silica as shown in Fig. 5. Fused silica
has a very low thermal conductivity and the applicability of
this technique for measurement of low K materials is dem-
onstrated. The calculated data is compared with the data re-
ported in the literature.5–8 Table II shows the scatter in the
room-temperature data reported in the literature by various
groups. This is because of the very low K value of fused
silica. Our result lies well within the scatter region reported
in the literature.

V. SEEBECK COEFFICIENT MEASUREMENT

The above-described apparatus can be used easily to
measure the Seebeck coefficient at respective temperatures.
For measuring the Seebeck coefficient �S�, the sample is
placed between the source-sink assembly as shown in Fig
1�b�. A constant input power is applied and the correspond-

FIG. 5. Thermal conductivity of fused silica as a function of temperature.
Plots �5�, �7� are the experimental values taken from the literature.

TABLE II. Thermal conductivity data of fused silica at room temperature
showing the acceptable scatter in data.

Reference 5 6 7 8 Our data

Temperature �K� 300 317 304 350 300
K�W m−1 K−1� 1.38 1.51 1.37 1.19 1.31
ing rise in temperature ��TS� and voltage developed across
the sample ��E� is measured. The Seebeck coefficient S can
then be calculated using the equation

S =
�E

�TS
, �6�

where �E is the voltage developed across the sample and
�TS is the corresponding rise in sample temperature. The
absolute S values of the samples were obtained by applying
the necessary correction due to the Seebeck coefficient of
copper .

VI. MEASUREMENT OF S AND K VALUES FOR CrSi2

CrSi2 has been used as a test thermoelectric material.
The variation of S and K of the hot pressed sample with
temperature is shown in Figs. 6 and 7, respectively. The
sample was prepared by direct hot uniaxial pressing of el-
emental chromium and silicon powders. The thermoelectric
data for CrSi2 as a function of temperature matches with the
reported data by Nishida et al.9 Pure CrSi2 is p type, as seen
from the data. The S value increases initially with a maxi-
mum between 500 and 600 K. The K was also measured as
a function of temperature and is seen to decrease with in-
creasing temperature. A detailed study on the thermoelectric
properties of CrSi2 can be found elsewhere.10

In summary, we have designed and fabricated a setup to
measure the thermal conductivity and thermoelectric power
of small samples from room temperature to 700 K. Equations
have been developed based on the parallel conductance tech-

FIG. 6. Seebeck coefficient of CrSi2 as a function of temperature.
FIG. 7. Thermal conductivity of CrSi2 as a function of temperature.



nique to measure K. The K value measurements on test
samples like sapphire, fused quartz, and stainless steel gave
satisfactory results. The use of this apparatus for measuring
both K and S values up to 700 K on CrSi2 has been demon-
strated.
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