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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation on the meaning of ISO specific terms and expressions related to conformity
assessment, as well as information about ISO’s adherence to the WTO principles in the Technical Barriers
to Trade (TBT) see the following URL: Foreword - Supplementary information

The committee responsible for this document is ISO/TC 61, Plastics, Subcommittee SC 5, Physical-
chemical properties.

This second edition cancels and replaces the first edition (ISO 22007-2:2008), which has been technically
revised.

The main changes are the following:
a) Values of thermal conductivity in scope revised;

b) Sensitivity coefficient revised (3.3);

c) Thickness range for thin-film specimens changed (6.4);

d) Low thermally conducting specimens specified (8.5);

e) Precision and bias adapted; (10.2);
f) Bibliography extended;
g) Normative references updated and standard editorial revised.

ISO 22007 consists of the following parts, under the general title Plastics — Determination of thermal
conductivity and thermal diffusivity:

— Part 1: General principles

— Part 2: Transient plane heat source (hot disc) method
— Part 3: Temperature wave analysis method

— Part4: Laser flash method

— Part 5: Results of interlaboratory testing of poly(methyl methacrylate) samples [Technical Report]

iv © IS0 2015 - All rights reserved
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— Part 6: Comparative method for low thermal conductivities using a temperature-modulation technique
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Introduction

A significant increase in the development and application of new and improved materials for broad
ranges of physical, chemical, biological, and medical applications has necessitated better performance
data from methods of measurement of thermal-transport properties. The introduction of alternative
methods that are relatively simple, fast, and of good precision would be of great benefit to the scientific
and engineering communities. [1]

A number of measurement techniques described as transient methods have been developed and several
have been commercialized. These are being widely used and are suitable for testing many types of
material. In some cases, they can be used to measure several properties separately or simultaneously.
[2].[3]

A further advantage of some of these methods is that it has become possible to measure the true
bulk properties of a material. This feature stems from the possibility of eliminating the influence of
the thermal contact resistance (see 8.1.1) that is present at the interface between the probe and the
specimen surfaces. [11.[3].[4].[5],[6]

vi © ISO 2015 - All rights reserved
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Plastics — Determination of thermal conductivity and
thermal diffusivity —

Part 2:
Transient plane heat source (hot disc) method

1 Scope

This part of ISO 22007 specifies a method for the determination of the thermal conductivity and
thermal diffusivity, and hence the specific heat capacity per unit volume of plastics. The experimental
arrangement can be designed to match different specimen sizes. Measurements can be made in gaseous
and vacuum environments at a range of temperatures and pressures.

This method is suitable for testing homogeneous and isotropic materials, as well as anisotropic materials
with a uniaxial structure. The homogeneity of the material extends throughout the specimen and no
thermal barriers (except those next to the probe) are present within a range defined by the probing
depth(s) (see 3.2 below).

The method is suitable for materials having values of thermal conductivity, A, in the approximate
range 0,010 W-m-1.K-1 < A < 500 W-m-1.K-1, values of thermal diffusivity, a, in the range
5x10-8 m2-s-1 < @ < 10-4 m2-s-1, and for temperatures, T, in the approximate range 50 K< T'< 1 000 K.

NOTE1 The specific heat capacity per unit volume, C, can be obtained by dividing the thermal conductivity, 4,
by the thermal diffusivity, a, i.e. C = A/a, and is in the approximate range 0,005 M]-m-3-K-1 < C < 5 MJ-m-3-K-1. It is
also referred to as the volumetric heat capacity.

NOTE 2  If the intention is to determine the thermal resistance or the apparent thermal conductivity in the
through-thickness direction of an inhomogeneous product (for instance a fabricated panel) or an inhomogeneous
slab of a material, reference is made to ISO 8301, ISO 8302, and ISO 472.

The thermal-transport properties of liquids can also be determined, provided care is taken to minimize
thermal convection.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the cited edition applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

ISO 22007-1, Plastics — Determination of thermal conductivity and thermal diffusivity — Part 1: General
principles

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 22007-1 and the following
apply.

31
penetration depth

Ap
pen
measure of how far into the specimen, in the direction of heat flow, a heat wave has travelled

Note 1 to entry: For this method, the penetration depth is given by

© ISO 2015 - All rights reserved 1
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Appen =K\ yor

where
trot is the total measurement time for the transient recording;
a is the thermal diffusivity of the specimen material;
Kk is aconstant dependent on the sensitivity of the temperature recordings.

Note 2 to entry: It is expressed in metres (m).

3.2

probing depth

Approb

measure of how far into the specimen, in the direction of heat flow, a heat wave has travelled during the
time window used for calculation

Note 1 to entry: The probing depth is given by
Approb =KqJQ tipax

where

tmaxis the maximum time of the time window used for calculating the thermal-transport proper-
ties.

Note 2 to entry: It is expressed in metres (m).

Note 3 to entry: A typical value in hot disc measurements is ¥ = 2, which is assumed throughout this part of
1SO 22007.

3.3
sensitivity coefficient

q
coefficient defined by the formula

o[ AT(t)]

:Bq =q aq
where
q is the thermal conductivity, A, the thermal diffusivity, a, or the volumetric specific heat

capacity, C;
AT(t) isthe mean temperature increase of the probe.

Note 1 to entry: Different sensitivity coefficients are defined for thermal conductivity, thermal diffusivity, and
specific heat per unit volume.[Z]

Note 2 to entry: To define the time window that is used to determine both the thermal conductivity and diffusivity
from one single experiment, the theory of sensitivity coefficients is used. Through this theory, which deals with a
large number of experiments and considers the constants, g, as variables, it has been established that

O,30< tmax'a/rz < 1,0

where ris the mean radius of the outermost spiral of the probe.

Assuming k = 2, this expression can be rewritten as

2 © IS0 2015 - All rights reserved
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1,17‘ < Approb < Z,OF

4 Principle

A specimen containing an embedded hot disc probe of negligible heat capacity is allowed to equilibrate
at a given temperature. 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 increase
in the temperature of the probe is measured as a function of time. The probe operates as a temperature
sensor unified with a heat source (i.e. a self-heated sensor). The response is then analysed in accordance
with the model developed for the specific probe and the assumed boundary conditions.

5 Apparatus

5.1 A schematic diagram of the apparatus is shown in Figure 1.

: B

5 1 3
6 7 — 1
8 A
Key
1 specimen with probe 5  bridge circuit
2 chamber 6  voltmeter
3 vacuum pump 7  voltage source
4  thermostat 8 computer

Figure 1 — Basic layout of the apparatus

5.2 A typical hot disc probe is shown in Figure 2. Convenient probes can be designed with diameters
from 2 mm to 200 mm, depending on the specimen size and the thermal-transport properties of the
material to be tested. The probe is constructed as a bifilar spiral etched out of a (10 + 2) pm thick metal
foil and covered on both sides by thin (from 7 pm to 100 pm) insulating film. It is recommended that
nickel or molybdenum be used as the heater/temperature-sensing metal foil due to their relatively
high temperature coefficient of electrical resistivity and stability over a wide temperature range. It is
recommended that polyimide, mica, aluminium nitride, or aluminium oxide be used as the insulating
film, depending on the ultimate temperature of use. The arms of the bifilar spiral forming an essentially
circular probe shall have a width of (0,20 * 0,03) mm for probes with an overall diameter of 15 mm or
less and a width of (0,35 # 0,05) mm for probes of larger diameter. The distance between the edges of the
arms shall be the same as the width of the arms.

© ISO 2015 - All rights reserved 3
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h
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§
> a
Z
=
= 2
~J
H
Key
D sensor diameter
NOTE Sensor diameters, from 2 mm to 200 mm can conveniently be used, depending on available specimen

size. The distances indicated in this figure should be measured in any but the same unit of length, when used to
calculate the heat loss through the electrical leads according to Formula (16).

Figure 2 — Hot disc probe with bifilar spiral as heating/sensing element

5.3 Anelectrical bridge shall be used to record the transient increase in resistance of the probe. Through
the bridge, which is initially balanced, the successive increases in resistance of the probe shall be followed
by recording the imbalance of the bridge with a sensitive voltmeter (see Figure 3). With this arrangement,
the probe is placed in series with a resistor which shall be designed in such a way that its resistance is
kept strictly constant throughout the transient. These two components are combined with a precision
potentiometer, the resistance of which shall be about 100 times larger than the sum of the resistances of
the probe and the series resistor. The bridge shall be connected to a power supply which can supply 20 V
and a current of up to 1 A. The digital voltmeter by which the difference voltages are recorded shall have
aresolution corresponding to 6,5 digits at an integration time of 1 power line cycle. The resistance of the
series resistor, Rs, shall be close to the initial resistance of the probe with its leads, Rg + Ry, in order to
keep the power output of the probe as constant as possible during the measurement.

4 © IS0 2015 - All rights reserved
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1
| |
| ]
Wo— @) o)
3 2 3
II R || R/2 Ry + AR l II R/2 II
O O O
Key
1 potentiometer Ry, total resistance of the probe leads
2 probe Rs series resistance
3 probe leads Ro initial resistance of the probe before initiating the
transient heating
AR increase in resistance of the probe during the
transient heating
AU voltage imbalance created by the increase in the
resistance of the probe
NOTE This experimental arrangement allows the determination of temperature deviations from the iterated

straight line (see treatment of experimental data in 8.1) down to or better than 50 pK.

Figure 3 — Diagram of electrical bridge for recording the resistance increase of the probe

5.4 A constant-temperature environment controlled to +0,1 K or better for the duration of a
measurement shall be established (see Figure 1). The chamber need only be evacuated when working
with slab specimens (see 6.3).

6 Test specimens
6.1 Bulk specimens

6.1.1 For bulk specimens, the requirement for specimen thickness depends on the thermal properties
of the material from which the specimen is made. The expression for the probing depth contains the
diffusivity, which is not known prior to the measurement. This means that the probing depth has to be
calculated after an initial experiment has been completed. If, with this new information, the probing
depth is found to be outside the limits given in 8.1.3, the test shall be repeated, with an adjusted total
measurement time, until the required conditions are fulfilled.

The shape of the specimen can be cylindrical, square, or rectangular. Machining to a certain shape is not
necessary, as long as a flat surface (see 6.1.4) on each of the two specimen halves faces the sensor and
the requirements regarding sensor size given in 8.1.3 are fulfilled.

6.1.2 The measurement shall be conducted in such a way that the probing depth into the specimen
shall be at least 20 times the characteristic length of the components making up the material or of any
inhomogeneity in the material, e.g. the average diameter of the particles if the specimen is a powder.

6.1.3 The specimen dimensions shall be chosen to minimize the effect that its outer surfaces will have
on the measurement. The specimen size shall be such that the distance from any part of the bifilar spiral

© IS0 2015 - All rights reserved 5
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of the hot disc probe to any part of the outside boundary of the specimen is larger than the overall mean
radius of the bifilar spiral (see 5.2). An increase in this distance beyond the size of the diameter of the
spiral does not improve the accuracy of the results.

6.1.4 Specimen surfaces which are in contact with the sensor shall be plane and smooth. The specimen
halves shall be clamped on to both sides of the hot disc probe.

NOTE Heat sink contact paste is not recommended since:
a) itisdifficult to obtain a sufficiently thin layer of paste which will actually improve the thermal contact;

b) the paste obviously increases the heat capacity of the insulating layer and delays the development of the
constant temperature difference between the sensing material and the specimen surface;

c) itis difficult to obtain exactly the same thickness of paste on both sides of the probe and achieve a strictly
symmetrical flow of heat from the heating/sensing material through the insulation into the two specimen
halves.

6.1.5 For liquids, suitable containment vessels with adequate seals are necessary and air bubbles and
evaporation shall be avoided.

Storage and conditioning of the liquid can affect its properties, e.g. by absorption of water or gas. It
might be necessary to pre-treat the specimen prior to testing, e.g. by degassing. However, pre-treatment
procedures shall not be used whenever they could detrimentally affect the material to be tested, e.g.
through degradation.

6.1.6 For materials prone to significant dimensional changes whether instigated by measurements
over large temperature ranges, thermal expansion, change of state, phase transition, or other causes, care
shall be taken to ensure that when placing the hot disc probe in contact with the specimen, the applied
load does not affect the properties of the specimen.

With soft materials, the clamping pressure shall not compress the specimen and thus change its thermal-
transport properties.

6.1.7 The specimen shall be conditioned in accordance with the standard specification which applies to
the type of material and its particular use.

6.2 Anisotropic bulk specimens

6.2.1 If a material is anisotropic, specimens shall be cut (or otherwise prepared) so that the probe can
be oriented in the main directions (e.g. the fibre directions in reinforced plastics, the main directions in
layered structures or the principal axes in crystals).[4][8] The hot disc method is limited to materials
in which the thermal properties along two of the orthogonal and principal axes are the same, but are
different from those along the third axis.

6.2.2 The size of anisotropic specimens shall be chosen so that the requirements of 8.1.3 are fulfilled
along the principal axes.

6.3 Slab specimens

The so-called slab method is used with sheet-formed specimens extending in two dimensions, but with a
limited and well-defined thickness in a range from 1 mm to 10 mm.[9] The slab specimen thickness shall
be known to an accuracy of 0,01 mm. When two equally thick slabs of a material are clamped around a
probe and thermally insulated on the outer sides, it is possible to measure the thermal conductivity and
diffusivity of such specimens. The condition related to the probing depth (see 3.2) has to be fulfilled in
the plane of the probe but not in the through-thickness direction. This method is particularly suited to
studies of materials having thermal conductivities higher than 10 W-m-1-K-1 but can also be used for

6 © IS0 2015 - All rights reserved
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materials with thermal conductivities as low as 1 W-m-1.K-1, provided good thermal insulation of the
slabs can be arranged (for instance by performing the measurements in a vacuum).

6.4 Thin-film specimens

The so-called thin-film method is used with specimens such as paper, textiles, polymer films or deposited
thin-film layers (such as ceramic coatings) with thicknesses ranging from 0,05 mm to about 5,0 mm.[10]
The thickness of thin-film specimens (placed on both sides of the probe) shall be known to an accuracy
of +1 um.

NOTE1 When making a measurement on a material with a high thermal conductivity, the temperature
undergoes a rapid increase at the very beginning of the transient followed by a much more gradual increase. The
insulating layer, between which the sensing spiral is sandwiched, causes this rapid increase. It has been shown
both experimentally and in computer simulations that the temperature difference across the insulating layer
becomes constant within a very short time and remains constant throughout the measurement. The reason is that
the total power output, the area of the sensing material and the thickness of the insulating layer are constant in
the test.

If thin films of a material are placed between the probe and a high-conductivity background material
(in the form of an “infinite” solid), it is possible to measure the apparent thermal conductivity of the film
material, provided that the apparent thermal conductivity of the insulating layer with which the probe
is covered has been determined in a separate experiment.[10].

NOTE 2 Itmightbe necessary to make measurements on films of different thicknesses and the same properties
or with different clamping pressures to eliminate mathematically the influence of thermal contact resistances.

The thermal conductivity of the background material shall be approximately 10 times greater than that
of the thin-film material.

In order to better simulate a plane heat source when testing thin films, a probe similar to the one depicted
in Figure 2 shall be used. However, the circular strips should preferably have a width of 0,8 mm and
the openings between the strips should only be 0,2 mm. When using a probe with thermal insulation
on both sides of the bifilar spiral, an initial test to determine the effective thermal conductivity of the
insulation and the adhesive holding the probe together shall be carried out.

7 Procedure

7.1 Place the probe between the plane surfaces of two specimen halves of the material whose thermal
properties are to be determined. There is no requirement regarding the shape of the outside surfaces as
long as the condition related to the probing depth is fulfilled (cf 8.1.3).

Clamp or assemble the specimen/probe assembly securely in the test rig.

NOTE1  When studying liquids, the probe is simply dipped into the liquid, often with an arrangement to keep
the probe flat.

NOTE 2  The total temperature increase in the specimen is normally less than 2 K. This means that the
thermodynamic state of the material under test hardly changes during the measurement process and the thermal
properties can thus be ascribed to the equilibrium temperature attained prior to the test.

7.2 Assemblethe complete systemin a constant-temperature chamber and allow it to attain temperature
stability as defined in 5.4.

7.3 Balance the electrical bridge prior to the test. For a probe with an initial resistance between 1 () and
50 Q, the voltage for balancing the bridge shall be selected such that the current does not exceed 1 mA.

7.4 Apply the heat pulse and record the temperature during a predetermined measuring time. Use
values provided in Table 1 as an initial guide for the power output and the measurement time.

© ISO 2015 - All rights reserved 7
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NOTE In general, a lower power output is preferred in order to minimize the perturbation of the system.
However, the sensitivity of the temperature recording increases when the power output (and consequently the
current) is higher, which is the case when studying materials with high thermal conductivity. For this reason, itis
possible to obtain good precision in measurements on such materials even with temperature increases of only a
fraction of a degree.

7.5 The voltage imbalance is determined and recorded at appropriate time intervals over the duration
of the measurement time. It is recommended that the frequency of data acquisition be such that at least
100 data points are collected during the measurement time. If the method is used to measure the thermal-
transport properties of liquids, the measurement time shall be limited to 1 s, so that thermal convection
in the liquid does not perturb the measurement.

Table 1 — Summary of recommended experimental parameters
for a range of materials with different thermal conductivities

Metal alloy Dense. Steel Ceramic Polymer Insulat_lng
ceramic material
Thermal conductivity [W/ 170 40 14 15 0,19 0,028
(m-K)]
Thermal diffusivity (mm?2/s) 69 11 3,7 0,96 0,11 0,75
Temperature increase (K) 0,3 0,5 1,0 0,8 1,3 2,5
Probe radius (mm) 15 6,4 6,4 6,4 6,4 15
Specimen thickness (mm) 30 10 10 10 15 30
Specimen diameter (mm) 90 40 40 40 40 90
Measurement time (s) 5 10 10 40 160 160
Power output (W) 4 3 2 0,5 0,25 0,1
7.6 The resolution of the equipment shall be better than 0,001 K.
7.7 Calculate the temperature increase from the voltage readings, AU(t), using Formula (1):
-1 -1
AT(t)=(Rs+Ry,+Ry)AU(t)[ JoRs —AU(t)] " (aRy) €y

where
R;, isthe total resistance of the leads;

Rs is the series resistance (see 5.3);

Ro is the initial resistance of the probe;
a isthe temperature coefficient of resistance (TCR) of the probe;

Jo isthe current through the sensor at the start of the transient; this current can easily be
determined by measuring the voltage across the bridge at the end of the transient before the
heating current is turned off and dividing by (Rs + Ry, + Ro).[1]

7.8 Change the test temperature successively to cover the desired temperatures for the specimen,
making sure that temperature equilibrium is reached at each temperature.

Multiple measurements under the same experimental conditions should preferably be undertaken.
At least three are recommended at the same temperature. Each consecutive measurement should be
made after the system has stabilized at the initially chosen temperature. The time to reach thermal
equilibrium will vary depending on specimen size, form, and thermal properties.

8 © IS0 2015 - All rights reserved
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Upon completion of the test at the highest temperature, it is recommended that a repeat measurement be
made after cooling to one or more lower temperatures. This makes it possible to detect any degradation
in the specimen properties that might have occurred due to exposure to elevated temperatures.

7.9 The thermal conductivity shall be reported along with the conditions under which it was measured,
such as temperature and pressure. The cardinal directions of the material and their orientations in relation
to the plane surface of the specimen shall be reported whenever a material is anisotropic.

8 Calculation of thermal properties
8.1 Bulk specimens

8.1.1 For small increases in the temperature of the probe, we have
R(t)=Ro[1+a-AT(t)] 2)

where
AT(t) (= T(t) - To) is the mean temperature increase of the probe;
Ro is the initial resistance of the probe at temperature Ty;
a is the temperature coefficient of resistance (TCR) of the probe.

The temperature increase can be seen as consisting of two parts. One part represents the temperature
difference across the intercalated insulating layer and the other part the temperature increase of the
specimen surface during the transient measurement. This can be expressed as

AT (t)=AT;(t)+AT,(t) ()

where
ATj(t) isthe increase in temperature over the insulating layers of the probe;
ATs(t) istheincrease in the temperature of the specimen surface.

With the assumption that the bifilar probe can be approximated by a number of concentric and equally
spaced circular line sources, the solution of the thermal conductivity equation (see Reference [1]) is
given by

3/2.,\ "}
ATy (z)=Py(x*/*r2) D(x) @)
where
Py is the power output of the probe;
r  isthe radius of the outermost ring source;

A isthe thermal conductivity of the specimen material;

T is defined as
1/2
e =(t/0)" (5)

where 6 = r2/a;
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D(t) isthe dimensionless specific time function, defined as

D(r):[m(m+1)]_2].6_2 ilikexp _(1 ok ) 10( Ik jda 6)

0 =1 k=1 4m*c? 2m?c?
in which
m is the number of concentric ring sources;
o isthe integration variable;
Ip is a modified Bessel function.

Typical values of D(t) are given in Figure 5.

A time correction, t¢, shall be introduced because of unavoidable hardware and software delays. This
means that the development of the full power output of the probe does not coincide exactly with the time
t =0, and a time correction shall be introduced accordingly. This is accomplished by replacing t by 7. in
Formula (5), where

re=[(t-t0)/0]" (7)

Typical time corrections are a fraction of a second and shall not be larger than 0,5 % of the total
measurement time.

NOTE1  ATj(t) becomes constant after a short time provided the insulating layer is thin and the power output is
constant. The time it takes to approach this constant value is determined by the relaxation time, 62/a;, where § is
the thickness of the insulating layer and «; is the thermal diffusivity of the layer. For a typical insulated probe, the
relaxation time is less than 10 ms and the time required to reach a constant temperature difference is less than
100 ms.

NOTE 2  Thepossibility of determiningthe thermal contactresistance experimentally viatheinitial temperature
difference, ATj(t), enables the true bulk properties of the specimen material to be determined.

NOTE 3  If the thermal diffusivity and time correction are known (see 8.1.2), there is a linear relationship
between the temperature increase, ATs(t), and D(7) [see Figure 4 b)] where, in the example given, AT; = 0,656 6 (K)
and ATs(t) = 1,894D(7) (K).

8.1.2 The calculation of thermal conductivity and diffusivity starts with an iteration procedure with the
diffusivity, @, and the time correction, t., as optimization variables. Through iteration, a linear relationship
between ATs(t) and D(7) is established (by a least-squares fitting procedure) and the diffusivity and time
correction are obtained from the final step of the iteration procedure. Finally, A is determined from the
slope of this line [see Formulae (4) and (5)].

8.1.3 The initial time window selected for the analysis can result in experimental points deviating from
a straight line [see Figure 4 b)]. By removing deviating data points, a correct time window is obtained for
the analysis. The graph of residuals [see Figure 4 c)] clearly displays the deviating points.

As the specimen is of limited size, its boundaries might, after some time, affect the temperature increase.
This deviation will become apparent in the graph of residuals [see Figure 4 c)] and, if there are deviating
points at the end of the transient, these shall also be deleted.

NOTE In view of the statistical nature of the expression used for the probing depth (see 3.2), it can be stated
that the probing depth will have to be larger than the radius but less than the diameter of the bifilar spiral of the
probe in order to determine both the thermal conductivity and the thermal diffusivity from one single transient
recording.
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b) Temperature increase versus D(1)
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ATexp - ATmodel (K)‘
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-0,011

-0,022 |

-0,033
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c) Temperature residuals versus D(1)

Key

D(7) specific time function
R2 correlation coefficient
t time

AT temperature increase

ATexp — ATmodel temperature residual

NOTE The model fitting has been performed on the solid black points. The mean deviation of these points
from the fitted straight line is 30 pK.

Figure 4 — Various temperature increase/time plots

8.2 Anisotropic bulk specimens

For anisotropic materials, a separate determination of specific heat and density is required since the
specific heat capacity per unit volume is necessary to calculate the thermal properties. If the properties
along the a- and b-axes are the same, but different from those along the c-axis, and if the plane of the
probe is mapped out by the a- and b-axes, the following expression for the temperature increase applies:

AT, (e0)=Po| 7r(2,2) 2| D(e,) ®)

where
A, isthe thermal conductivity along the a-axis;

Ac is the thermal conductivity along the c-axis.

ra=(t/0,)"" 9)

where 0, = r2/a,.
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An iteration, similar to the one presented in 8.1, will give the thermal diffusivity, a,, along the a-axis. If
the specific heat capacity per unit volume, C, is known, then

Ae=C-a, (10)

From the slope of the line corresponding to Formula (8), A can be obtained since A, is known from
Formula (10). Finally, the thermal diffusivity along the c-axis can be calculated from the standard
relationship.

Itis consequently possible to obtain the thermal conductivity and the thermal diffusivity in the principal
directions in a uniaxial material from one single transient measurement, provided the specific heat
capacity and density of the specimen are known. (The heat capacity per unit volume is the product of
the specific heat capacity and the density.)

8.3 Slab specimens

When solving the thermal-conductivity equation, the mathematical “method of images” has been used,
with the assumption that no heat loss occurs from the upper and lower faces or the edges of the two
specimen halves. The temperature increase can then be expressed as

ATS(T)zPO(n3/2r/1)_1E(T) (11)
where
v m m 12 2 0 1.2 2
E(r)=[m(m+1)j_zja_2 {;I};kexp[ ilm::z )]IO(Zmlfo_zﬂ{1+2;exp{—?(§j }}da; (12)
0 =1 k= i=

h isthe thickness of each of the two slabs;

o isthe integration variable.

Making the measurement in a vacuum or in still air normally fulfils the condition that the heatloss from
the upper and lower faces and the edges of the specimen shall be negligible. Figure 5 depicts D(r) and
examples of E(7) functions.
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E(7), D(7)4
3 .
E{z, hla =0,2)
2 .
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1 -
D(7)
0 | | | »
0 0,5 1 1,5 T
NOTE In all three cases, it has been assumed that the number of concentric ring sources is 10.

Figure 5 — D(7) and E(7) functions plotted for values of r up to 1,5

8.4 Thin-film specimens

The theory for thin-film specimens follows directly from the Formulae (2) and (3) and the measurement
of the temperature increase, ATj(t), over the insulating layer. By extrapolating the iterated straight line
to zero time, the constant temperature increase, ATj, is obtained from Formula (13):

Py =2A%;(AT;/5) (13)

the thermal conductivity of the insulating layer, A;, can be calculated, where
A isthe area of the probe;
6  isthe thickness of the insulating layers.

When a probe with insulation outside the bifilar spiral of the sensing material is used (see 6.4), it is
necessary to make two transient recordings to determine the thermal conductivity of the thin-film
material. The first test is made with the probe itself between the plane surfaces of the high-conducting
material and the second is made with the two thin-film specimens placed between the probe and the
surfaces of the high-conducting material. From these tests, two thermal conductivities are determined,
Viz. Aprobe, Which is the thermal conductivity of the insulating layer of the probe together with the
adhesive used to attach the insulating layers to the bifilar spiral, and A¢gta), which is the thermal
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conductivity of the combination of the probe insulation and the thin-film specimens. To calculate the
thermal conductivity of the thin-film specimen, Aspecimen, the following equation shall be used:

o +0 0 0

probe specimen _ probe + specimen (14)

)Ltotal /lprobe /lspecimen

where
Sprobe is the thickness of the probe insulation on one of the sides, together with its adhesive;

Ospecimen i the thickness of one of the specimens.

8.5 Low thermally conducting specimens

8.5.1 Introductory remarks

The hotdisc method can be used for determining the thermal conductivity and the thermal diffusivity ofa
wide range of plastic materials. The specimens should be homogeneous but not necessarily isotropic (see
8.5.3). When determining these thermal transport properties of low thermally conducting specimens,
the diameter of the hot disc probe in relation to the sample size, the experimental arrangement and the
collection of data should be selected and performed according to Clauses 5, 6, and 7.

Using of the hot disc method, it is possible to obtain the true bulk thermal transport properties of a
homogeneous material. Apparent thermal conductivity of non-homogeneous thin specimens can also
be measured in the “through” direction with the hot disc method (cf. 6.4 and 8.4). Such measurements
require specially designed probes and are limited to a thickness of less than 5 mm.

Capability analyses of the method indicate, that low thermally conducting specimens with a thermal
conductivity down to the level of 0,01 W/(mK) and a volumetric heat capacity down to 0,005 MJ]/(m3K),
can be measured.

NOTE Materials with thermal transport properties lower than those of certified materials would have to be
studied and compared in Round Robin tests.

8.5.2 Low thermally conducting bulk specimens

When analysing measurements on materials with low thermal conductivity and low volumetric heat
capacity, it is necessary to employ a slightly modified analysis of the transient recording.

This is due to a certain power loss in and from the probe during the transient recording, which includes
the following:

a) heat capacity of the probe itself, and

b) heatloss through the electrical leads.
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Following Reference [11], a good approximation of the power required to increase the temperature of
the probe itself can be given as:

Po-d:(pCy) 1@ (1 dD(r)
T dr

APprobe (T) = (15)

27rE reA
where

AP obe (r) is the power consumed by the probe itself during self-heating;

d is the total thickness of the probe;

is the heat capacity of the probe.
(pcp)
probe

The volumetric heat capacity should be calculated as a weighted average based on the thickness of the
sensing material (metal), the two insulating layers on the sides of the sensing material, as well as on the
properties and the thickness of the adhesive used for keeping the thin layers/probe together.

With the assumption that the lead pattern is wide enough to avoid self-heating and if the etched-out
electrical leads of the probe are of the shape depicted in Figure 2, the loss of power, AP, 45(7)is given

by:

) D(‘L‘)
}/ (o] m m r- A,l 1
x> A 16)
AP, T)=
leads ( ) I H L (
z-r-|| — |'In| — |+—=
H-h h) H
where
dm is the thickness of the metal used as sensing material of the probe. The influence
from the thin insulating layers is neglected because of the considerable difference
between the thermal conductivity of the metal and that of the insulating layers.
Am is the thermal conductivity of the sensing material.

H,h,L,and ! are given in Figure 2.
y is a correction factor with a value between 0,1 and 1,0.

The final formula for evaluating the thermal transport properties is based on Formula (4) modified by
the power loss given by Formulae (15) and (16).

: B AP,
ATS(T):PO' EE'F% ~D(7:)- 1_APleads_ probe
Py P,

(17)

The correction terms in Formula (17) are small, which makes it possible to use a “fixed point iteration”
procedure, see Reference [12]. This procedure is necessary since the correction terms include both the
thermal conductivity and the thermal diffusivity. The first step of the iteration should be to assume
that the correction terms are zero, and from that assumption determine both transport coefficients.
The next step should be to calculate the correction terms using the approximate transport coefficients
already determined. The iteration process should then be repeated and terminated when the difference
between the transport properties determined during one iteration step and that of the ensuing iteration
is less than 0,5 %.
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To simplify the work with correction terms it has been assumed in Formula (16) that the heat flow
from the probe through the electrical leads is controlled by the mean temperature increase of the
probe. However, the heat flow is in fact controlled by the temperature increase of the outer-most ring
source of the probe. To compensate for this slight over-estimation, it is convenient to introduce the y as
a correction factor.

A homogenous standard reference material (or a material with certified properties) with low thermal
conductivity should be used to determine the correction factor, y. Three separate experiments should be
performed, using the same mean temperature increase, and the correction factor should be calculated
using Formulae (16) and (17). For actual measurements, the mean value of the three experimentally
determined correction factors should be used.

Figure 2 depicts the bifilar spiral together with the electrical leads necessary for supplying power to
the spiral and for recording the resistance increases during the transient recording. In Figure 2, certain
geometrical distances have been defined, which are necessary for calculating the power loss from the
sensing spiral through the electrical leads.

NOTE The thin leads, by which the voltage increase of the spiral is recorded, are assumed to have the same
width as the openings between the thin “voltage” leads and the wider leads carrying the heating current.

8.5.3 Low thermally conducting anisotropic bulk specimens

As with plastics in general, materials with low thermal conductivity also display direction-dependent
properties and it is often necessary to consider the anisotropy of such specimens.

For a specimen material with direction dependent properties the same kind of correction, as given by
Formula (17), applies.

The only difference is that wherever A appears in any of the correction terms of Formula (17), it should
1

be replaced by (la A )E while a should be replaced by . The iteration procedure should be the same

as for bulk specimens. The same correction factor, y, should be used for anisotropic as well as for
homogeneous materials.

8.5.4 Low thermally conducting thin-film specimen

When working with thin-film specimens, these are placed between two high-conducting background
specimens and the transient recording is focused on the high thermally conducting background
material. For this reason, it is not necessary to introduce any correction terms when studying thin films
of a specimen material. The background material should also in this case have a thermal conductivity,
which is approximately 10 times higher than that of the specimen.

When making measurements on a thin-film specimen, the values obtained are, as indicated above, the
apparent values and only related to the “through” direction. The specimens on both sides of the probe
should have a well-defined thickness and a diameter of the same size as the hot disc probe.

NOTE The correction terms, Formulae (15) and (16), tend to zero as the radius of the probe is increased. A
practical consequence of this is that, when using probes with a diameter larger than 50 mm and covered by 13 pm
polyimide, it is possible to obtain thermal transport properties of specimens with a thermal conductivity as low
as 0,04 W/(mK) and a volumetric heat capacity larger than 0,1 MJ/(m3K). The accuracy of such measurements is
well within the margin of error given in this standard document, without employing the proposed corrections
above.

9 (alibration and verification

9.1 Calibration of apparatus

The hot disc method is an absolute method. This allows the user to perform measurements that are
directly traceable to primary Sl units (such as temperature, time, length, and voltage) without calibration
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against reference materials. Thus, the following aspects of the hot disc set-up shall be calibrated
separately:

— the travelling microscope used to measure the mean diameter of the outermost line source of the
sensor;

— the micro-meter used to measure the thickness of specimens used in thin-film and slab experiments;

— the time base and the voltages of the data-acquisition system used to record the electrical signals
from the bridge circuit;

— the TCR of the material used as the sensing material in the probe;
— the series resistor in the electrical bridge.

In addition, make sure that the volumetric heat capacity, used when calculating the transport properties
from tests performed on an anisotropic material, has been determined with an accuracy of 2 %.

9.2 Verification of apparatus

Verification of the apparatus shall be performed periodically, preferably by measuring the thermal
conductivity and the thermal diffusivity of one or more reference materials giving values within the
range covered by the materials to be tested. If the measured values differ from the reference values by
more than the limits specified in Clause 10, recalibration in accordance with 9.1 shall be performed. If no
appropriate certified reference materials are available for thermal conductivity and thermal diffusivity,
verification can be performed by measurements on materials which have isotropic, well-known and
reproducible thermal-transport properties, such as stainless steels, Pyroceram 9606®1), Perspex1), and
polystyrene.

10 Precision and bias

10.1 In routine measurements at or around room temperature, the accuracy for thermal conductivity
is estimated at 2 % to 5 % and for diffusivity at 5 % to 10 %. The accuracy of slab measurements and
measurements at higher temperatures is estimated at 5 % to 7 % for thermal conductivity and at 7 %
to 11 % for thermal diffusivity. The ranges in uncertainty indicated here relate to probes with polyimide
insulations (thickness of insulation between 7 um and 40 um), different radii (from 2 mm to 30 mm) and
transient recordings of different durations (from 1 s to 1 000 s).

NOTE A covering factor of 2 has been used when estimating the uncertainties from a large number of tests.

10.2 If tests are repeated at the same temperature using the same probe and test equipment, the
deviation from the first measurement is very small, since the same TCR, the same probe radius, the same
power output, and preferably also the same time window for the transient measurement are being used to
evaluate the data. In such experiments, the repeatability of both the thermal conductivity and the thermal
diffusivity is between 1 % and 2 %.

NOTE1 Toestimate the accuracy of the hot disc method, Formulae (4), (8), and (11) are taken as starting points.
The accuracy of the thermal conductivity is directly dependent on the accuracy of measurement or determination
of the power output, the radius of the hot disc probe, the thickness of slab and thin-film specimens, and the slope
of the straight line of temperature increase plotted against D(r) or E(7) functions determined after an iterative
fitting process.

NOTE 2 The model used to describe the thermal conductivity process in the specimen does not incorporate all
the initial and boundary conditions that are present in actual experiments. These include the following:

1) Pyroceram® 9606 and Perspex are examples of suitable products available commercially. This information
is given for the convenience of users of this part of ISO 22007 and does not constitute an endorsement by ISO of
these products.

18 © IS0 2015 - All rights reserved



BS EN ISO 22007-2:2015
IS0 22007-2:2015(E)

a) The approximation of the bifilar spiral with a number of concentric line sources requires that the number of
equivalent line sources be not less than 10 unless calibration of the spiral with respect to the radius of the
outer line source is performed.

b) The specific heat of the probe can be estimated from the size and thickness of the sensing material (10 pm)
and the two insulating sheets (between 7 pum and 100 pm). For a probe with a radius of 6 mm, the loss in
power is estimated at 1 mW in a test of 10 s duration with a mean temperature increase of 2 K. For low
thermally conducting materials, corrections according to Formulae (15) and (17) should be considered.

c¢) The heat loss through conduction along the leads to the bifilar spiral is estimated to be less than 1 mW for
typical probe designs. Forlow thermally conducting materials corrections according to Formulae (16) and (17)
should be considered.

d) Measurements on slabs call for an estimation of the loss in heat from the thermally insulated outer surfaces
of the two slab specimens. In a test using a probe with a radius of 10 mm between 1 mm thick slabs and
insulated by polystyrene, the loss in power to the surroundings can be estimated at 2 % for a slab with
a thermal conductivity of 10 W-m-1-K-1. By performing measurements in a vacuum, it is possible to make
measurements on materials with appreciably lower thermal conductivities and also to reduce the power loss
still further.

NOTE3  Typically, a minimum of 100 data points (times and voltages) are recorded and the temperature
increases calculated. To carry out these calculations, it is necessary to supply information on three resistances
and the TCR, g, separately. The resistance of the series resistor, Rs, is determined by direct electrical comparison
with a standard resistor. The other resistances are measured by direct comparison with the series resistor. All
these measurements are performed by digital voltmeter, and the uncertainty should normally be negligible (i.e.
below 0,1 %). By contrast, the uncertainty in the TCR is estimated to be about 2 % since the measurement of
this quantity entails measurements of both resistance and temperature [see Formula (2)]. This means that the
precision of the temperature recordings in a single measurement is about 2 %. However, when repeating a test at
the same temperature and using the same TCR for the calculations, the differences in the temperature increase
from one test to another prove negligible.

11 Test report

In addition to the information required in SO 22007-1, the following information specific to the hot disc
method shall be supplied:

a) adescription of the test apparatus, including details of the power supply and digital voltmeter in the
bridge circuit;

b) relevant details of the hot disc probe, the measurement time, the power output, the scanning rate
and the time windows used in the analysis of the test data.
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