Vol. 10 No. 3, Sept. 2019

Journal of Measurement Science and Instrumentation 285

Measurement of thermal conductivity of materials using
single-side TPS technique
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Abstract: Based on the traditional measurement theory of transient plane source (TPS) technique, single-side TPS method is

proposed for measuring the thermal conductivity of single specimen. The problem of transient heat conduction in a semi-infinite

boundary condition is studied and the theoretical formula of single-side TPS method is deduced. During the measurement, the

influence of the probe heat capacity on the results is analyzed and the corresponding mathematical compensation model is

established, and a series of experiments on different materials are conducted by hot disk probe at normal temperature and

pressure. The results show that the relative error with the single-side TPS method is less than 5% and the relative standard

deviation is no greater than 3%. This method has high accuracy and good reproducibility, which provides a feasible measuring

method for single material that does not meet the requirements of the standard TPS theory.
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0 Introduction

Thermal conductivity is one of the most important
thermal properties of materials, which is closely
related to their structure, composition and density.
Researching the accurate thermal conductivity has
great significance for all walks of life. For example,
the study on thermal conductivity of agricultural
products can provide effective guidance for food

[, the measurements of thermal conductivity

storage
of building materials are related to their energy
saving evaluation®®; and the tests of thermal
conductivity of semiconductor materials in integrated
circuits help to assess the stability of the
components. Therefore, it is necessary to obtain
accurate and reliable thermal conductivity of
materials.

The methods of

conductivity can be divided into theoretical methods

measuring the thermal
and experimental methods. The application of the
theoretical methods is restricted because they need to
obtain the microstructure of the material. Therefore,
the experimental methods are more widely applied in
practical engineering. These experimental methods
can be divided into two categories, steady methods

[4-5]

and transient methods The steady methods are
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widely used to measure the materials with low
thermal conductivity due to their high accuracy and
easy operation. However, the steady methods suffer
from some drawbacks. They require a long time to
complete the test and the measurement range is
narrow'™. In contrast, the transient methods have
the advantages of short measuring time, high
efficiency, wide range and non-destructivity'’. As
one of the most potential techniques among the
transient methods, transient hot disk technique is
proposed by Professor Gustafsson in 1991, Tt is
developed from the transient hot wire method. By
bending the line heat source into the plane heat
source with a double-spiral structure, the contact
area between the probe and the sample is largely
increased, which makes the heat transfer more
efficient and the measurement accuracy is
significantly improved. At present, the transient
plane source (TPS) method has developed the
samples, slab

measurement modules for bulk

samples, thin film samples and anisotropic

L1191  The corresponding theoretical formulas

samples
and mathematical models have been established and
the performance of this technique has been deeply
studied.

The TPS technique is widely used to gain the
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thermal conductivity of most materials. During the
measurement, it requires the probe to be sandwiched
between two identical samples. As for some special
materials, such as wall, equipment components and
other single materials, this method is not satisfactory
because there is only one piece of the measuring
material and it cannot be covered on both sides of the
probe. In order to enrich the measurement theory of
TPS method so that it can measure the thermal
conductivity of single specimen, single-side TPS
method is proposed on the basis of standard TPS
theory. The influencing factor of probe heat capacity
is discussed through a correction formula. And the
analysis on the accuracy and reproducibility of the
single-side TPS method are conducted using the
black rubber board,
polymethyl methacrylate ( PMMA ), marble, soap

experimental materials of
stone, stainless steel, lead and Q235-A. F steel. In
the following, the standard TPS technique is briefly
introduced and the theoretical formula of single-side
TPS is presented. Then the probe heat capacity is
corrected. The experimental materials and apparatus
are prepared and the tests are conducted. Finally,
some useful conclusions are given through the

discussion of the results.

1 Theory base
1.1 Theory of TPS technique

The TPS technique has become a standard method
for measuring the thermal properties of materials and
it can obtain the thermal conductivity, thermal

diffusivity and specific heat capacity in one
measurement. The core sensor of this method is a
hot disk probe, as shown in Fig. 1. This probe is
made of nickel because it has a large temperature
coefficient of resistance in a wide temperature range.
When conducting the experiment, the current can be
led from one end to the other since the nickel is made
into a shape of double spiral'’. There are two
insulating layers of Kapton covered on both sides of
the sensor and this design can effectively improve the

mechanical strength and service life of the probe.

Double spiral nickel

>
A
&

> Insulating layer

Fig.1 Hot disk probe

The probe acts as both a heat source and a
temperature sensor. Normally, it is placed between
two pieces of identical samples with smooth surface.
When a constant power is applied to the probe, the
temperature of the probe increases because of the
heat effect of the nickel and the heat is transmitted to
the samples on each side of probe. The increasing
temperature of the sample is reflected by the change
of the probe resistance. This relationship can be

expressed as
R(t) = R,[1+aAT()], (D

where R, is the resistance of the sensor before it is
being heated; R(#) is the resistance of the sensor at
time ¢; a is the temperature coefficient of resistance
of the sensor; AT is the mean temperature increase
of the sensor.

The change of probe resistance value can be
measured in real time using the hot disk hardware
measurement system. The increase of the
temperature mainly results from two parts: One part
is caused by the heat flow passing through the probe
insulating layer, the other part represents the
temperature increase of the specimen surface during

the measurement. This relationship can be given by
AT(t) = AT, + AT (1), (2)

where AT, is the temperature difference across the
probe insulating layer; AT, (¢) is the temperature
increase of the specimen surface. It is important to
note that AT, becomes constant after a short time
because the insulating layer is thin and the power
output is constant,.

In order to obtain the accurate temperature rise in
the sample surface, it is necessary to study the
transient heat conduction problem in a semi-infinite
boundary condition. Assuming that the sample
around the probe is isotropic material, when the
probe is placed between two samples, the probe can
be regard as the heat source and the heat conduction

differential equation in the sample is expressed as

kviT4+ 9 =2, (3)
oc dt

where « is the thermal diffusivity of the sample; Q is
the heat provided by the probe; pc is the volumetric

specific heat capacity of the sample.
The hot disk probe with a double-spiral structure
can be considered as a number of concentric and
equally spaced ring sources. According to the Fourier

law and the first law of thermodynamics, the solution
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of the average temperature rise in Eq. (3) can be

given by

3/2

AT.(0) = Lo Doy, )
T rA

where P, is the heating power output of the probe; A
is the thermal conductivity of the sample; r is the
radius of the outermost ring of the probe; 7 is the

dimensionless time parameter and it can be defined as

T:@a (5)

-

D(7) is the dimensionless function and defined as
1

m* (m—+ 1)* <

JO[EkZze’(;)I(L)}d (6)

E=1 =1 mo /o

D(r) =

where m is the number of the concentric ring
sources; o is the variable of integration; I, is a
modified Bessel function.

According to Eq. (6), we can see that D(z) is a
function determined by the dimensionless time
parameter ¢ since the probe circle m is known. We
can get the relationship between ¢ and 7 from
Eq. (5). Therefore, it is obvious that the average
temperature increase AT, (¢z) versus the function
D(7) is a straight line and the slope of the straight
line is P,/(x*?7A). The thermal conductivity of the
measured sample can be calculated from the slope.
However, the thermal diffusivity « is unknown
before the experiment. In order to accurately obtain
the thermal conductivity of the sample, the iterative
method is usually used to solve it. A linear
relationship between AT, () and D(7z) is established
by a least-squares fitting procedure. The optimum
fitting is the thermal diffusivity of the sample, and
the thermal conductivity of the sample can be
obtained from the slope of best fitting line. Those
calculations can be completed by the hot disk

software.

1.2  Theoretical formula of single-side TPS
technique

The single-side TPS method is different from the
standard TPS method since it requires only one piece
of sample. In the process of measurement, one side
of the probe is the testing sample and the other side
is the background material with known thermal
conductivity and thermal diffusivity. A schematic

diagram of the measurement structure is depicted in

Fig. 2.

Background
material

Hot disk probe

Sample

Fig.2 Measurement structure of single-side TPS

When a constant power P, is applied to the probe,
it begins to heat the samples on both sides. For the
standard TPS method, the probe is placed on the
center of the sample surface and both samples are
identical, and the heating power applied to each
specimen can be considered as P,/2, as show in
Fig. 3. However, for the single-side TPS method,
the heat powers of the probe is not distributed
equally to the materials on both sides of the sensor
due to the difference of the thermal properties
between the background material and the measured
sample. Fig. 4 shows the different power flowing into
the different materials. It is assumed that the heating
power applied to the sample is P,, And P,— P, is the

power applied to the background material.

Sample P2 Probe
[ }

Sample P2
A4

Fig.3 Power distribution of identical samples

Background
. Po-P,
material ﬁ e Probe

I —

Sample ‘ ‘ P,

Fig. 4 Power distribution of different materials

Gustafsson has studied the relationship between
the total power and the heating power applied to
measured sample when a hot-strip probe is in contact
<[12]

with two different materials And this expression

can be represented as

B P
P, 1+/})<°K)1,2, (7

p

where A, is the thermal conductivity of the

background material; K, is the thermal diffusivity of
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the background material.

The above expression is established based on the
assumption that the experimental situation can be
described by the plane-source solution. Therefore, it
is applicable to the single-side TPS condition™*. And
Eq. (7

background material is only related to its thermal

shows that the power applied to the
conductivity and thermal diffusivity. Supposing that
heat transfer ratio will not affected by the shape of
the heat source between the testing sample and the
background material, when the probe is in contact
with two different materials, the heating process can
still be regarded as the transient heat conduction
problem in a semi-infinite boundary condition as long
as the sizes of the two different materials are large
enough to meet the requirements of measurement.
According to Eq. (4), it is possible to give the
average temperature rise in a single-side measurement

with the following expression as

2P,

AT, = —
(0 AP

D (o). (8)

From Egs. (7) and (8), we can obtain the solution
of thermal conductivity by

2= ZPO ’ D(T) (9)

/2 (1 Jr%(ﬁ)m) AT ()’

K,

The thermal conductivity A, and thermal diffusivity
k, of the background material are known before the
measurement, Similar to the solution process of
standard TPS method, we can see that AT, (7) is
proportional to D(z). And we can get the value of
AT (z) from the hot disk data acquisition system. By
an iterative procedure with thermal diffusivity «, the
optimum fitting is the thermal diffusivity of the
sample and the thermal conductivity of the sample
can be calculated by Eq. (9).

2 Mathematical compensation model of
probe heat capacity

In the process of deriving the probe temperature
increase model of single-side TPS measurement, all
the equations are proposed based on the assumption
that the output power of the probe element is
constant in the whole process of measurement and all
the heat generated by the output power should be
transferred to the sample and background material.
However, the heat capacity of the probe cannot be
ignored in the actual measurements. A part of the

heat consumed by the probe insulating layer, which

leads to the actual total heating power being less than

the set output power of the probe. During the

measurement. The expression of the power applied

to increasing the temperature of the probe itself can

be given as

AT,
t

AP e (1) = d7er” (o0 ) probe 1o

where AP, is the power consumed by the probe
itself; d is the total thickness of the probe; (oc) opeis
the volumetric specific heat capacity of the probe;
AT (1) is the probe temperature increase at time ¢.
Supposing that the input power of the probe is
constant, the actual heating power of the probe at

time ¢ can be given as

P(l‘) - PO T AI)l‘mbc(t) - PO - dTU'2 ((a‘>probc w.

1D

From Eq. (11), we can see that power loss is
caused by the existence of the heat capacity of the
probe, which leads to the measurement errors of the
results. By replacing P, in Eq. (9) with in Eq. (11),
the thermal conductivity of measured sample in

single-side TPS measurement can be rewritten as

) AT ()
2( Py — dnr’® (o) prope
A= ( - >D(T) (12)

ﬁ:;r’2r<1+%(£)hz> AT (o)’

3 Measurement preparations

3.1 Experimental samples and background
material

It should be noted that the single-side technique is
only applicable to isotropic bulk materials. In order
to evaluate the accuracy and reproducibility of this
method, experiments have been carried out on seven
different single specimens, including black rubber
board, PMMA, marble ,soap stone, stainless steel,
lead and Q235-A. F steel. And we choose extruded
polystyrene (XPS) as the background material since
it has low heat transfer ability.

Based on the principle of sample preparation, the
surface of the sample should be smooth enough and it
helps to avoid the contact thermal resistance during
the experiment. In addition, the sample size is also
need to be large enough to satisfy the assumption
that the sensor is placed in an semi-infinite medium.

This assumption requires that the distance of heat
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transferred inside the sample must be smaller than
the outer boundaries of the sample. It depends on the
thermal diffusivity and measuring time of the testing

]

sample'”®'. The probing depth is expressed as

A/, =2 A KL max s (13)

where A, is the distance of the heat flow into the
specimen; .., is the total time of experiment.

In order to making a good measurement, the
longitudinal size of the sample should be greater than
the probing depth and the transverse dimension
should be larger than the sum of the probe diameter
and two times of the probing depth. Therefore, the
actual whole sizes of these samples are black rubber
board (100 mm X 100 mm X 30 mm), PMMA
(50 mmX 50 mm X 30 mm), marble (60 mm X
60 mmX50 mm), soap stone (60 mm X 60 mm X
50 mm), stainless steel (50 mm X 50 mm X 50 mm),
lead (50 mmX50 mm X 50 mm) and Q235-A. F steel
(90 mm>X90 mmX50 mm).

During the measurement, the probe is placed
between the measured sample and the background
material. In order to avoid the heat from the probe
spreading through the boundary of the background
material to the environment, the size of the
background material in this experiment is 100 mm X
100 mm X 50 mm.

3.2 Apparatus

Based on the theory of single-side TPS technique,
when the probe is placed between the background
material and the specimen, a heat pulse in the form
of a stepwise function is produced by an electrical
current through the probe to generate a dynamic
temperature field within the specimen. The probe
acts as both a heat source to increase the sample
temperature and a component that records the change
When
constant heating power applied to the probe, the

of resistance during the measurement.
probe resistance increases with the increase of the

probe surface temperature, which makes the
imbalance of the bridge test system produce the
potential change.

Fig. 5 shows the measurement apparatus of the hot
disk system. The probe and samples are placed in a
thermostat chamber. The heating power is provided
by the power meter and the voltage value of bridge
system is measured by the digital voltmeter. The
software is installed on the computer and the whole

measurement process is operated on the computer. In

order to keep the output power is constant, the value
of series resistance in bridge system should be close
to the resistance of the probe and its lead. During the
measurement. The interval time should not be less
than 15 min because it is necessary to make the
sample and probe return to the thermal condition
before the measurement. The  function of
temperature increment with time can be obtained

through the measurement of electrical parameters.

1

Computer

Hot disk

1

Probe
Background
material

Sample

Fig.5 Apparatus of single-side TPS measurement

4 Results and discussion

The hot disk thermal analyzer is used to measure
the thermal conductivity and thermal diffusivity of
the seven samples based on the standard TPS
technique. The results are shown in Table 1. These
measured values are taken as the standard values of
these samples. In order to evaluate the performance
of the single-side TPS technique, a series of
validation tests are carried out on the seven samples.
During the measurement, the hot disk probe is placed
between the sample and the background material, as
shown in Fig. 2. The background material XPS is an
insulation material and its thermal conductivity and
thermal diffusivity are 0. 032 W/(m - K) and
0.60 mm®/s, respectively. The heat capacity of the
hot disk probe used in these experiments is 9. 84 X
107? J/K and the radius and thickness are 6. 403 mm
and 60 m, respectively.

The temperature rise response on the probe is
collected by the hot disk data acquisition system
during the single-side experiments. Firstly, the
reproducibility tests of thermal conductivity have
been conducted at room temperature and the initial
humidity of the environment is about 40% RH. The
experimental material is PMMA since it is often used
as a standard sample. On the premise of choosing the
appropriate measurement parameters, the thermal

conductivity of PMMA is calculated according to the
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Eq. (9). Measurement results are shown in Fig. 6.

Table 1

Measurement results of samples by using a Hot disk thermal analyzer

Sample material

Heating power

Measuring time

Thermal conductivity

Thermal diffusivity

(W) S (W/(m + K)) (mm?/S)
Black rubber board 0.05 200 0.037 10 0.455 0
PMMA 0.08 160 0.200 3 0.1307
Marble 0.1 10 0.445 7 0.377 7
Soap stone 0.5 10 1. 822 0.861 6
Stainless steel 1 10 14. 58 3.558
Lead 2 3 34.83 26. 67
Q235-A. F steel 3 1 74.61 21.04
method has a good reproducibility.
Meanwhile, the verification experiments about the
3 B o PR Y o I accuracy of the single-side TPS method have been
& performed. The measurement results of the seven
= experimental materials are shown in Table 2. In
E standard TPS measurements, the power is equably
§ 0.14 applied to each side of the probe. However, during
"§ the single-side TPS measurements, the thermal
3 properties of the background material are different
E
8 from that of those measured samples. In order to
i B S B R ensure that the power divided into the sample in
1 2 3 4 5 6 7 8 9 10 . . . . .
Measurement fimes single-side experiments is the same as that in
standard measurements. The total output power of
Fig.6 Measurement results of PMMA the sensor can be calculated by Eq. (7) because the
The above data are measured in the same power is proportionally distributed to each side of the

environment using single-side TPS method. And the
reproducibility of this technique is evaluated by the
parameter of relative standard deviation (RSD). The
RSD is 2. 3% and it shows that single-side TPS

sensor and the distribution ratio is only related to the
The

following results with or without compensation of

thermal properties of the tested materials.

heat capacity are calculated by Eqgs. (9) and (12).

Table 2 Measurement results of single-side TPS with or without compensation of heat capacity

Without compensation

With compensation

Sample Heating

material power (W) Thermal conductivity Relative Thermal conductivity Relative
(W/(m « K)) error (%) (W/(m + K)) error (%)

Black rubber board 0.043 8 0.038 62 4. 10 0.038 13 2.77

PMMA 0.043 0 0.207 5 3.59 0.207 0 3. 36

Marble 0.0511 1. 891 3.78 1. 889 3.68

Soap stone 0.253 6.637 3.48 6.632 3. 40

Stainless steel 0.503 14.95 2.52 14. 94 2.45

Lead 1. 006 35.91 3.10 35. 89 3.04

Q235-A. F steel 1.504 76.77 2.89 76.71 2.82

From the measurement results of Table 2, it can
be seen that the relative errors of the thermal
conductivity are less than 5%, which indicates that
the single-side TPS method proposed in this paper
has a good measurement accuracy in a wide range (0.
03— 70 W/(m « K)). Compared with the standard
TPS method, the single-sided TPS method only

needs single specimen, which provides support for

the measurement of single materials.

As shown in Fig. 7, the existence of the probe heat
capacity makes the measurement results larger than
the actual values. With the compensation of the
probe heat capacity, the measurement result is more
accurate. Among the seven samples, the relative
errors of stainless steel (14, 58 W/(m « K)) is less

than that of the other materials and it makes the
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curve show a sudden downtrend. This is because the
surface of stainless steel could be very smooth during
the preparation process. In addition, the influence of
probe heat capacity on the measurement results
decreases with the increase of thermal conductivity.
For materials with high thermal conductivity, the
heating power is relatively large and the
corresponding temperature difference is relatively
small. According to Eq. (10), the proportion of the
power consumed by the probe heat capacity can be
neglected. Therefore, it can be found that the
relative errors with or without compensation are
almost the same when the materials have relatively

large thermal conductivity.

4.2+
4.0+ —a— Without compensation

3.8

—®— With compensation

Relative error (%)

N
AN N A

0.03710.2003 1.822 6.414 1458 34.83 74.61
Thermal conductivity (W/(m - K))

Fig. 7 Relative errors with or without compensation of heat

capacity

5 Conclusion

In this paper, TPS method for

measuring the thermal conductivity of single material

single-side

is presented. The theoretical formula is given and the
heat capacity of the probe is compensated. A series of
test experiments have been carried out to study the
measurement performance of this method. The
results indicate that the single-side TPS method has
high measurement accuracy and good reproducibility.
For the samples with thermal conductivity of 0. 03—
70 W/(m + K), the accuracy of the method can reach
5% and the RSD is less than 3%. For the
compensation of the probe heat capacity, it can
effectively improve the accuracy of materials with
lower thermal conductivity. This method can be used
for transient measurements of thermal conductivity of

single material.
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