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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,

governm

ental 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 partlcular the different approval criteria needed for the dlfferent types

of ISO do

ISO/IEC Directives, Part 2 (see WWW.is0. org/dlrectlves)

les of the

cuumen

[SO draws$ attention to the possibility that the implementation of this document may involve‘the[use of (a)

patent(s).

rights in
patent(s)
this may
WWW.iS0

ISO takes no position concerning the evidence, validity or applicability of ahy claimged patent
respect thereof. As of the date of publication of this document, ISO had notIeceived ngtice of (a)
which may be required to implement this document. However, implemefiters are cautioned that
ot represent the latest information, which may be obtained from the patent database ayailable at

.pbrg/patents. [SO shall not be held responsible for identifying any or allysuch patent rightq.

Any trad¢ name used in this document is information given for the convenience of users and| does not

constitut¢ an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and e
related tp conformity assessment, as well as information about ISO's adherence to the Wo

Organization (WTO) principles in the Technical Barriers to Trade(TBT), see www.iso.org/iso/foreword.html.

This doc
chemical

yment was prepared by Technical Committee 1SO/TC 61, Plastics, Subcommittee SC 5| Physical-
broperties, in collaboration with the Europeah Committee for Standardization (CEN) [Technical

Committde CEN/TC 249, Plastics, in accordance with.the Agreement on technical cooperation befween ISO

and CEN

This thir
revised.

The main|changes are as follows:
— the tgrms and definitions whichare not used in the document have been deleted from Clause 3;
— anew term contact resistance (see 3.7) has been added;

— laser fflash method kias-been changed to light flash method.

Alist of all parts inthe1SO 22007 series can be found on the ISO website.

Any feed

complete

Vienna Agreement).

d edition cancels and replaces the.second edition (ISO 22007-1:2017), which has been t¢chnically

isting of these bodies can be found at www.iso.org/members.html.

‘xfack erquestions on this document should be directed to the user’s national standards body. A
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Plastics — Determination of thermal conductivity and
thermal diffusivity —

Part 1

General principles
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3.1

d with its use. It is the responsibility of the user to establish appropriate saféty a
and to determine any regulatory requirements prior to use.

e

hal diffusivity of polymeric materials. Different techniques are-available for these meas
can be better suited than others for a particular type, state’and form of material. This
h broad overview of these techniques. Standards specific to these techniques, as refereng
,are used to carry out the actual test method.

ying documents are referred to in the text instch a way that some or all of their content c
ents of this document. For dated references,*only the edition cited applies. For undated r
edition of the referenced document (including any amendments) applies.

lastics — Vocabulary

ns and definitions
[rposes of this documentythe terms and definitions given in ISO 472 and the following ap

£C maintain terminology databases for use in standardization at the following addresses

ectropedia: available at https://www.electropedia.org/

heat pulge
heat ChaW

3.2

STATEMENT — Persons using this document should be familiar with normal laboratory
if applicable. This document does not purport to address all of the safety cogncerns, if any,

d health

ment describes the background to methods for the determination of the thermal copductivity

urements
Hocument
ed in this

bnstitutes
bferences,

heat source
heater in the form of a wire, strip, plate or foil embedded within or attached to a test specimen or an area
irradiated by incident light, e.g. a laser

3.3
heat flux

q

heat source (3.2) output produced by a planar source per unit time and unit area

Note 1 to entry: It is expressed in watts per square metre (W/m?2).
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thermal transient
temporary perturbation of temperature in a system initially at a uniform temperature due to a heat pulse
for a period during which the system does not attain equilibrium

3.5

volumetric heat capacity
product of the density and the specific heat capacity

Note1ltoe

3.6

ntry: It is expressed in joules per cubic metre kelvin [J/(m3 - K)].

thermal effusivity

b
heat tran
capacity (|

b=

where
A i
p i

Cpl

Note 1 to d

3.7
contactr
surface th
STR

R
thermal r

Note 1 to ¢
difference

The therm

r=2
A

If heat pas
materials.

Note 2 to d

port property given by the square root of the product of thermal conductivity and yolun
3.5):

o>

.p.cp

5 the thermal conductivity in watt per metre kelvin [W/(m - K)J;

5 the density in kilogram per cubic metre [kg/m3];

5 the specific heat capacity in joule per kelvin kilogram.[J#(K - kg)]

ntry: It is expressed in joules per square metre kelvin square root second [J/(m? - K - s1/2)].

esistance
ermal resistance

psistance due to the conditions of'€entact of solids

ntry: The amount of heat that passes through a unit heat transfer area is proportional to the te
between its two sides and inversely proportional to the thermal resistance R.

al resistance R of a material’of thickness d and thermal conductivity A is defined as

bes in series through different materials, the overall thermal resistance is found as the sum of the

ntryslt is expressed in square meter kelvin per watt [(m? - K)/W].

etric heat

mperature

individual

4 Prin

ciples

Thermal conductivity refers specifically to the mode of heat transfer via conduction. In thermal conductivity
measurements, other modes of heat transfer, such as convection, radiation and mass transfer, can occur.
Where these modes are significant, the measured property is usually referred to as apparent or effective
thermal conductivity. Thermal conductivity is affected by the conditions under which it is measured, such as
temperature and pressure, as well as compositional variation of the material and orientation of the specimen
since some materials are not isotropic.

In steady-state methods, an appropriately sized specimen of simple geometry in contact with a heat source,
together with one or more temperature sensors, which may be combined with the heat source or separate

© IS0 2024 - All rights reserved
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from it, is allowed to equilibrate at a given temperature. Transient methods may be contact or non-contact. A
thermal transient is produced by a heat pulse to generate a dynamic temperature field within the specimen.
The temperature change with time (temperature response) is measured by one or more sensors which may
be combined with the heat source, placed at a fixed distance from the source or, as in the case of the light
flash method, located on the other side of the specimen. For measuring very thin films (with thicknesses
in the nm range), the thermal reflectance method - an ultra-fast variant of the laser flash analysis - is
well suited. Two modes are available: rear heating/front detection and front heating/front detectionl26l,
In any case, the response is analysed in accordance with a model, and a set of solutions developed for
the representative set-up and designed for the specific geometry and the assumed boundary conditions.
Depending upon the geometry of the specimen and source and the means of generating the temperature
field, one or more thermo-physical properties can be obtained, either separately or simultaneously. Table 1
contains a summary of the characteristics of different types of transient methods and the properties that
may be d¢termined by their use.

NOTE 1 [Most unfilled plastics fall into the category of materials of intermediate thermal conductivity (4,1 W/m - K
to 1 W/m +K).

NOTE 2 |Poly (methyl methacrylate) and glass fibre board IRMM-440 and glass ceramic BER-7241) havd a thermal
conductivity which is in the same range as those of most polymer and polymer-filled matefials. Polydimethjylsiloxane
and glycerpl are well characterized fluid reference materials with thermal conductivitiesinthe same rangefas those of
plastics.

NOTE 3 |The thermal conductivity A can be obtained by multiplying the thermaldiffusivity o with the yolumetric

heat capadity such as the specific heat capacity at constant pressure Cp multipliéd by density p,i.e. A=a- cpl P

Table 1 — Basic characteristics of transiént methods

Heat source/ Mode of heat |Heat source/temperature| Measured angl/or de-
Type|of method heat source . . . .
generation sensor configuration rived parameters
geometry
Hot wire/|ine source Contact/Line . : . Aa )
/hot stri stri ’ Step-wisé Combined? or separateb (¢p and b in somg versions
p p of the method)
Pulse trarsient Plane Rulse Separate a, c,, Y,
Transient|plane source Contact/Plane Pul‘s/siss;ep- Combined a,c, Y,
Laser or light flash Laser, Xenog Pulse Separate a, c,, A
o lamp/Plane p TP

A = thermaf conductivity; a = thermaldiffusivity; b = thermal effusivity; ¢, = specific heat capacity.
a2 One sepsor.
b Two sdnsors.

Annex A provides information on sources of uncertainty on measuring thermal transport propertjes.

5 Testimethods

5.1 General

A number of test methods have been developed to provide a means of measuring thermal conductivity and
thermal diffusivity based upon the basic principle outlined above. An overview of these methods is given in
the following subclauses. Some of the contact methods are summarized in Table 2. Complete details of the
contact and non-contact test methods described in 5.4 to 5.6 can be found in ISO 22007-2, ISO 22007-3 and
ISO 22007-4.

1) Glass fibre board IRMM-440 and glass ceramic BCR-724 are products supplied by the Joint Research Centre (JRC) of
the European Commission. This information is given for the convenience of users of this document and does not constitute
an endorsement by ISO of the products named.

© IS0 2024 - All rights reserved
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In contact methods, the accuracy of the measurement result depends strongly on a good thermal contact
between the sensor and the sample. Enough uniaxial pressure should therefore be applied to press the
various parts of the specimen and the heat source together.

NOTE In some cases, heat sink pastes are used to improve thermal contact.

Table 2 — Schematic diagrams of various transient experimental methods showing critical

dimensions
Method Specimen set-up Characteristic Ideal model
parameters
l w
| = specimen length
w = specimen width, 200d, t w
a a P
Hotwire Sy thickness 1> 4y
\ i d, = wire probe diameter
2
v
WS
w, =.active zone
] I.®probe length ws > 1pl
Line sofirce? pP eng I,>33d
.c?‘ diy= probe diameter 3 .6 1"
o i ; s p
“ =
< — dy="specimen diameter
v
w d,
& '
Vd A\ Y
] @) < w = width, thickness w,h,dg > 3oty
Hot plateb S KN} ' h = height _ \}Aihere .
d, = specimen diameter | (max1Sthe maximum
! Jj s=SP measuremgnt time
I
P
] ™
\v/
. d, = heat source diameter ds = dp > 40y
Transieng plane ] : a2 . when
b MS SPCTITITCIT UTATITCTCT
source i . . i '
w = specimen thickness tmax 1S the maximum
2 measurement time
v
d;

a2  Unless the specimen is a liquid, a suitable groove or hole shall be made for the hot wire or line source.
b Good thermal contact has to be established between the strip or disc and the specimen.

¢ Round or rectangular sample geometries are possible.

© IS0 2024 - All rights reserved
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Table 2 (continued)

Method Specimen set-up Characteristic Ideal model
parameters
| ds h = specimen thickness
1 ds/h =ratio between spec- d./h>5
. imen diameter (d,) and s )
Laser or light thickness (h) The diameter d, or side
flash¢ < length of the sample
1 =1R detector
shall be > 10 mm
2 = power source (laser or
\2 xenon lamp)
a Unlessthe cpnr‘imnn isa ]in‘nid' asuitable groove or hole shallbe made forthe hotwire orline sgurce
b Good thermal contact has to be established between the strip or disc and the specimen.
¢ Round|or rectangular sample geometries are possible.

5.2 Hot-wire method

This method can be used to determine the thermal conductivity of polymers asa function of temperature.
A wire hgeater is placed in a test specimen or between two test specimensyof the same matprial. The
temperatyire rise is measured either by the wire itself acting as a platinum.fesistance temperatur¢ detector
or by a thermocouple placed in close proximity to the wire. The heater, current is switched op and the

temperatyire rise is measured by the thermocouple as a function of tine.

Starting yith the Fourier differential formula, it is possible to{déScribe the transient heat flpw for an

infinitely [long wire as shown in Formula (1):

2
AT (r|t)=——2Ei| - (1)
4mLA 4ot
where
t is the time, in s;
¢ is the rate of heat flow generated by the wire, in W;
r is the distance between the heater and the thermocouple, in m;
L is the length of the' wire, in m;
A is the thermal’eonductivity, in W/(m-K);
a is the thergmal diffusivity, in m2/s (a = AlpCy);
Ei(x)| isthewexponential integral, given by:
N —u
—Ei(=—du (2)
Iy
X
For values of r2/4at less than 1, Formula (2) can be simplified to Formula (3):
4
AT (r,t)=— 0 In 2%t (3)
AnLA  F2c
where
C=evr

where y is Euler’s constant (= 0,577 216).

© IS0 2024 - All rights reserved
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According to Formula (3), the variation in the temperature, AT(r,t), is a linear function of the natural
logarithm of time, and the thermal conductivity of the sample can be determined using Formula (4):

_ ¢
4nLK

(4)
where K is the slope of the linear part of the curve of temperature variation plotted against the natural
logarithm of time.

With the correct specimen and heater dimensions as indicated in Table 2, Formula (4) can be used for
practical applications.

Details of the test method can be found in ISO 8894-1[31 and 1SQ 8894-2[41 and ASTM C1113[191

5.3 Line-source method

This techhiquellZ]l, sometimes called a needle-probe method, is a variant of the hot-wire 'method| It uses a
line-sourge probe in the form of a needle, which permits repeated measurements of thermal condyctivity to
be made without destruction of the sensor. This transient method is capable of veryfast measuremgnts and is
suited to poth melt and solid-state thermal-conductivity measurements. It is not' suited to the megsurement
of directipnal solid-state properties in anisotropic materials.

Aline soufce is located at the centre of the specimen being tested. Both thedinie source and specimep are kept
ata constpnt initial temperature. During the course of the measurement, aknown amount of heat is|produced
by the ling source, resulting in a heat wave propagating radially int¢ the specimen. The governing formulae
are the sgme as those for the hot-wire method. The line source takes the form of a needle-sensof probe of
finite length and diameter. Typical probes are 50 mm to 100 mm}ong and about 1,5 mm to 2 mm inj diameter
and contdin a heater element that runs the whole length of the heedle. A thermocouple sensor locatled within
the needlg, with its sensing point half-way down the length of the probe, measures the temperature rise
associatefl with the transient. Deviations from the model, such as the finite probe dimensions, re¢quire the
probe to e calibrated against a reference material. Aprobe constant, C, is introduced into Formula (4); it is
the ratio ¢f the actual thermal conductivity of the reference material to that measured by the instrument as

shown in [Formula (5):

__[9o
A= 4RLK ()

NOTE 1 |[Silicone fluids and glycerdl have been used as reference materials[l8l. If using glycerol as g reference
material, daution is advised since it is Sensitive to moisture.

Typical trpnsients show an ifittial non-linearity due to the heat wave propagating through the finite thermal
capacity ¢f the probe. This)is a region of high conductivity and, hence, low slope. With typical melt state
transient$, where the spec¢imen has no contact resistance, the transient approaches linearity dirgctly after
it overcorhes this effeet;, typically within a few seconds. The slope of interest is the linear region thiat follows
the initia] non-lingarity. Acquisition durations typically range from 30 s to 60 s. This is very important in
gathering melt.state thermal-conductivity data because it dramatically reduces the possibility df thermal
degradatijon

NOTE 2 Scanning methods have been devised which permit the automated acquisition of data at different
temperatures, so that measurements over a wide range of temperatures are possible. With such methods, the same
specimen that was used for the melt state measurements can be used for solid-state measurements, thereby permitting
measurements across the melt-to-solid transition.

Details of the test method can be found in ASTM D5930[13].

5.4 Transient plane source method

The transient plane source method is capable of measurements of the true bulk properties of materials with
a wide range of thermal conductivities.

© IS0 2024 - All rights reserved
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The techniquell?] uses a thin, plane, electrically insulated resistive element as both the heat source and the
temperature sensor to measure the thermal conductivity and the thermal diffusivity from one transient
recording. This resistive-element sensor is brought into thermal contact with two halves of a specimen of
the material under investigation. Each of the specimen halves shall have one flat surface so that the sensor
can be fitted snugly between these surfaces.

By supplying constant electrical power to the sensor, which is of known radius, and by recording the increase
in resistance as a function of time, it is possible to deduce both the thermal conductivity and the thermal
diffusivity from one single transient recording. In order to be able to deduce both these heat transport
properties from a single transient recording, it is important that the probing depth, Ap., as shown in
Formula (6), used for the test be larger than the radius but less than the diameter of the sensor.

Ap o =2a) (6)

pro
where

a  ip the thermal diffusivity of the sample material;
t  ip the total time of the transient.

The sensqr can have different designs and be composed of different materials,\A’spiral pattern is in common
use. Nickgl and molybdenum have been used as sensing materials, with the sensing spiral and its cpnnecting
leads etcled or cut out of a thin foil with a thickness of around 10 um. Other sensing materials can be used,
provided [the sensing material has a reasonably large temperature’Coefficient of resistivity. The reason
for this r¢quirement is that the sensor is used not only for increasing its own temperature and that of the
specimen|near it, but also for recording the temperature changes.

To electrigally insulate the sensing material, it is possible tosuse a variety of materials: so far thin sheets of
a polymer (Kapton®2)), a micaceous material and solid sapphire have been used. When selecting |nsulating
sheets, it {s important that these be kept as thin as possible, preferably in the range 25 pm to 100 pm, in order
to guarantee good thermal contact between the sensihg material and the flat surfaces of the surrounding
specimen|halves.

For analysing the transient recordings, the-feat transfer formulae have been solved for a rumber of
concentrif, circular line sources embedded in'an infinite medium. To fulfil this condition in a test, the size of
the specifen shall be such that the distance from any part of the sensor to the nearest outer surface of the
specimen|is not less than the probing.depth. Sensors with diameters from 1 mm to 60 mm have sp far been
used sucdessfully.

Details of|the test method canbe found in ISO 22007-2.

5.5 Temperature wave analysis method

The tempgrature waveanalysis method describes a procedurel231124] for determining the thermal diffusivity
in the thi¢kness.diréction of a thin polymer film as a function of temperature. It can be used for poth solid
and moltgn pelymers at a constant temperature or for a temperature scan. Measurements can be gerformed
in ambierft air'or at reduced pressures.

The principle of the method is to measure the phase shift of a temperature wave propagating in the through-
thickness direction of a thin, flat specimen of thickness d, located between backing plates. For this purpose,
electrical resistors are sputtered directly onto, or contacted with, each surface of the specimen, one as the
heater for generating an oscillating heat wave and the other as the thermometer for measuring the oscillating
temperature. If a one-dimensional heat flux is assumed and the specimen can be considered to be thermally
thick (i.e. kd > 1), then the temperature change is given by Formula (7):

T(d’t):x/Ejolkexp(—kd)exp[i(wt_kd_ﬁﬂ G
(Ak+ A ky, )2 4

2) Kapton is a registered trademark of DuPont. This information is given for the convenience of users of this document
and does not constitute an endorsement by ISO of this product.

© IS0 2024 - All rights reserved
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T(d,t) isthe temperature oscillation at the rear surface of the specimen;

—

w
A
k

b

is the time;

is the periodical heat flux generated at the front surface of the specimen;
is (-1) V/2;

is the angular frequency;

is the thermal conductivity:

= (w/2a)1/2, where a is the thermal diffusivity;

subscript "b" refers to the backing plates.

The phas¢ shift, A6, between the heater and the sensor is described by Formula (8):

A=t L4 T
20 4

(8)

The phasg shift, A6, is a linear function of the square root of the angularfrequency, w, and thus thle thermal
diffusivity of the specimen can be determined from Formula (9):
2
o= _°_2 9)
24
where A |s the slope of the linear part of the plot of phase shift versus the square root of the angular
frequency.

Details of|the test method can be found in ISO 22007-3.

Details of
thermal ¢

5.6 Lig

The light
diffusivit
measured
method is
caused by
can be me

The specimen, typically 10 mm to 20 mm in diameter and 1 mm to 3 mm thick, is placed in a fu

heated to

pnductivity in the range from 0,026'W/mK to 0,6 W/mK.

ht flash method

based upon-the measurement of the temperature rise at the back face of a thin-disc

asured thyough-plane and in-plane. Alternative energy sources other than lasers can be

auniform temperature. Then, one face of the specimen is irradiated with a short (e.g.

the related test method can be found in ISO 22007-6 that specifies the method to detefmine the

flash technique is sa, on-contact, non-destructive method used for measuring th¢ thermal
y of homogeneous;-isotropic and anisotropic solids, or liquids. Transparent materials can be
provided that €hey are first coated with e.g. graphite (sprayed) to render them opdque. This

specimen

a short energy pulse on the front face. Due to the well-defined measurement directior], samples

used.

'nace and
< 500 ps)

laser or li

13 1 [2C01 rm . 1 . : £ . 11 1
IIU PUuISct==1.. 1T1IC LCIIIPCIdluIrc I'15C dl LIIC UOPpPUSILE SPCULIIIICIT 1dLT 15 ITICdSUIcU Dy dll'1

detector.

The sensor is the same for all materials or sample dimensions. A high-speed recorder collects data
representing the temperature rise. The diffusivity is calculated from the shape of the temperature-time
curve (thermogram) and the thickness of the specimen. The absolute values of the energy absorbed, of the
temperature rise and of the emissivity of the specimen surface are not required for measuring the thermal
diffusivity.

The thermal diffusivity is calculated by comparison of the experimental thermogram with a theoretical
model which takes the heat losses between the specimen and its surroundings into account. Various models
such as the partial time moments method[2%, the “half-time” method by Parkerl22] or the Cape Lehmann
Modell28] can be used. The method by Parker was introduced in 1961, initially limited to isotropic materials

© IS0 2024 - All rights reserved
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and adiabatic conditions. Within the recent decades, further correction algorithms such as for heat loss,
pulse length effects, etc., were integrated into the mathematical models as shown in Formula (10).

hZ
0=0,1388 —— (10)
t1)2
Formula (10) is according to the "half-time" method by Parker[23l,

The thermal diffusivity increases with the square of the thickness h, whereas t; , is the time representing
half of the maximum temperature increase on the sample’s rear side.

More details of the test method can be found in ISO 22007-4.

By measu|ring areference material under the same conditions as the sample, the specific heat capafity of the
sample mpterial can be calculated (for ratio method, see ASTM E1461 — Appendix X2[14]),

5.7 Stepdy-state methods

5.7.1 Guarded hot-plate method

The guarfled hot-plate method, described in ISO 8302 and ASTM C177[10-jsthe reference technique for
thermal ¢onductivity measurements since it does not require calibration“against a material pf known
thermal cpnductivity. It is a steady-state method based on achieving steady unidirectional heat floyv through
the thick}ress of a large, flat specimen. A temperature gradient acress the specimen provides the driving

force for leat transfer. According to the Fourier equation at the steady state, the Formula (11) is dgrived as
Q = AAAT/d 1D
where
Q ip the heat flow rate, in W;

A ip the thermal conductivity of the spgéimen, in W/(m - K);
A if the cross-sectional area of the specimen, in m?;

AT if the temperature differencesacross the specimen, in K;
d ip the thickness of therspecimen, in m.

Instrumept configurations uising either two identical specimens placed symmetrically about the| principal
heater plqte or a single specimen on one side of the principal heater plate are possible. The principal heater
is used tg generate a‘steady temperature gradient through the specimen, with the heat sink sjde of the
specimen|having eitlier a heater or a chiller to control its temperature. Guard heaters are used §o achieve
unidirect{onal heat’flow through the thickness of the specimen. Measurements can also be performed in
different gas.environments or under vacuum conditions.

Temperat e measurements—on each cidn of the cpar‘iman (in the Hnrnugh thickness dirnr‘finh) are made

to determine the temperature difference across the specimen. When measuring plastics, the temperature
sensors are mounted on or in the specimen surface, and thermal-contact sheets can be used between the
apparatus plates and the specimen to improve heat transfer, which may be poor due to differential specimen
expansion. The heat flow through the specimen is determined from the electrical-power input to the
principal heater.

Specimens are typically round or square sheets, 200 mm or more in diameter or length of side. ISO 8302
specifies that specimens should be at least 20 mm thick. Steady temperature and heater-voltage readings
indicate thermal equilibrium. The time taken to reach thermal equilibrium is typically about 4 h to 12 h,
although this varies with test temperature and specimen thickness. Measurements of thermal conductivity
in the range 0,001 W/(m - K) to 2,0 W/(m - K) are typical.
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Details of the test method can be found in ISO 8302.

5.7.2 Guarded heat flow meter method and heat flow meter method

This quasi-steady-state method is a variant of the guarded hot-plate technique. It uses a heat flux transducer
to measure the heat flow rate through the specimen rather than calculating it from the electrical power
applied to the principal heater, as is the case in the guarded hot-plate method. Heat flux transducers are,
typically, thermopiles that produce an output proportional to the heat flux. They thus provide a means of
directly measuring heat flux. However, the heat flux transducer shall be calibrated using materials of known
thermal conductivity. Calibration establishes a relationship between the voltage signal of the transducer
and the heat flow through it.

NOTE Matertats—used—forcatibratiomrictudegtass—fibreboard R MM=—A40—amtgtassceramic BERy7243) and

NIST 145004).

Specimenjs are typically in the form of discs 20 mm to 50 mm in diameter and 1 mm.to- 20 fjam thick.
During tHe test, a specimen is held under a compressive load between two polished, metal surfaces. The
upper suifface is the heat source which is maintained at the test temperature. The lower surface cpnstitutes
the calibrjated heat flux transducer that is attached to a liquid-cooled heat sink /maintained at 4 constant
temperatyire. The temperature drop across the specimen is determined from témperature sensprs in the
metal surffaces on either side of the specimen. The time required to reach thé steady state prior o making
measurerfents is typically about 2 h for tests at near-ambient conditions.”The amount of heat that flows
from the hot plate to the cold plate is determined by the thermal conductivity and thickness of the|specimen
as given Hy the Fourier equation in Formula (12):

Q/A=M(T, ~T.)/d (12)
where

Q/A is the heat flux through the specimen, in\W/m?;

A is the thermal conductivity, in W/{m-K);

Ty and T, are the hot-plate and cold-plate temperatures, respectively, in °C;

d is the specimen thickngess, in m.

The thermal conductivity is caldulated from the calibration factor, the specimen thicknesy and the
temperatfyire drop across the speeimen. Such instruments can measure thermal conductivities in[the range
from 0,1 {V/(m - K) to 10 W/(m': K) over a temperature range from -173 °C to above 200 °C, dependjng on the
design of [the apparatus. Thermal-contact resistance shall be considered with the heat flow metef. Some of
its effectd can be calibrated“out by applying the same load to the test stack as was used during calipration of
the instryment. Furthér-d thermally conductive paste can be applied, if needed.

Details of|{the testmeéthod can be found in ASTM E1530[15],

The heat flowinieter method is a variation of the guarded heat flow meter method, but without guaid rings. It
is again afrefative or secondary measurement method as also here specimen of known thermal trapsmission
properties shall be used for calibration. Suitable calibration materials are identical to the ones mentioned
beforehand.

Specimens are typically square slabs and shall ideally cover the complete plate assembly surfaces, but at
least the metering area (perhaps in combination with a mask of similar thermal conductivity compared to
that of the sample).

3) Available from the Institute for Reference Materials and Measurements (IRMM). This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of the product or supplier named.

4) A fibrous glass fibre board available from the National Institute for Standards and Technology Available from:
https://www.nist.gov/. This information is given for the convenience of users of this document and does not constitute
an endorsement by ISO of the product or supplier named.
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The thermal resistance (or thermal conductance) of the sample is important for selecting a proper
temperature difference between the hot plate and cold plate. The time taken to reach thermal equilibrium
within a measurement is typically about 15 min to hours and varies with test temperature and specimen
properties. The thermal conductivity range which can be measured with heat flow meter instruments
is typically 0,005 W/(m - K) up to 1,0 W/(m - K), and can be expanded to 2,0 W/(m - K) with appropriate
auxiliary means.

Details of

the test method can be found in ISO 8301[1] and ASTM C518[11],

5.8 Comparative method for low thermal conductivities using a temperature-modulation
technique
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b) the date of the test;

c) identification of the sample tested (type, batch number, etc.);

d) samp

le details and method of specimen preparation, including the thermal history;

e) the manufacturer of the instrument used, as well as the model and type of instrument;

f) the test temperature(s);

g) the measurement technique used and all relevant details as required by the part of ISO 22007 used;
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the thermal conductivity and/or thermal diffusivity (to three significant digits) plus other properties, if
measured;

details of any deviations from the conditions or materials specified in the part of ISO 22007 used;
any deviations from the procedure;

any unusual features observed.
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Annex A
(informative)

Sources of uncertainty on measuring thermal transport properties

A.1 General

A.1.1 Cirrent experience indicates that low measurement uncertainties are readily attained and
transient techniques, information on the bulk properties of solid materials can be obtained. Such in
normally frequires special care with steady-state methods, if possible to retrieve at all.

A.1.2 The major factors affecting the uncertainty of measurement of any transienttmethod are {
of time r¢quired for the temperature field to develop inside the specimen and the heat source §
both factprs affect the development of the temperature field. The optimum experimental set-up
the specimnen size to be such that the temperature field generated by the héat) source deviates 3
possible ffom that of the theoretical model during the measurement periods

A.1.3 An essential criterion for accurate measurements is an-undeformed temperature f
differencgs exist between the theoretical model and a real situationysnamely the finite size of the
and the fjct that the construction of the heat source is necessatily different from that of an idea
ideal heat|source has negligible thickness, is constructed from‘a'single material and provides perfe
contact.

A.1.4 Three thermophysical parameters can be determined when a two-probe system is us
parametejrs can also be determined when a disc heatisource, i.e. a single heater/probe system, is u

A.2 Individual sources of uncertainty

The indivjdual contributions to the measurement uncertainty can be summarized as follows.

a)

b)

The ¢egree to which the experimental arrangement does not represent the theoretical
impoftance to consider arg:

iy
2)

External parameters:

1)

2)

the sensitivity to the-boundary conditions;

the extent toquhich the number of parameters required to represent the model can be n
ajnd their aceuracy maximized.

thé-contact resistance [surface thermal resistance (STR)] between heat source and

, for some
formation

he length
feometry:

requires
s little as

ield. Two
specimen
one. The
tthermal

bd. Three
bed.

model. Of

ninimized

Epecimen,

between specimen and sensor and for the heat source/sensor combination, when
combined;

contributions due to uncertainties in the measurement parameters, including:
— the power levels used for different ranges of thermal properties and specimen sizes,

— the time interval between heat pulses.

Material/specimen parameters:

1)

specimen size and configuration;
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2) anisotropy of thermal properties;

3) effects in which other heat transfer mechanisms, including radiation, convection and mass transfer,
may be present, thus affecting the validity of the basic assumption that all heat is transferred purely
by diffusive thermal conduction.

A.3 Uncertainty with steady-state and transient methods

A.3.1 General

In this subclause, only methods included in the ISO 22007 series, together with the most commonly used and
standardi i i i i i

The focuq will be on how the different methods work and what information it is possible to|ebtain from
the colledted data. Special interest will be devoted to the presence of surface layers onf$olids |which do
not have the same thermal transport properties as the bulk material. Even a well-prepared solid|surface -
being plane, cylindrical, spherical or of other shape - has a thin layer which forms the transition from the
substratefs environment to the first surface displaying the same properties as that-of the solid| material,
here refeffred to as the bulk properties. There is always some remaining roughness’left even afteif the most
ambitioug preparation of the substrate (see Figure A.1). In addition to the sutfaCe roughness th¢re are, in
some cas¢s, probes being employed, which are covered by an electrically insulating material. Thg¢se films -
although fhin - and the surface roughness constitute a surface thermal resistance (STR) shall be cpnsidered
when anaLysing the data from both transient and steady-state methods (see Figure A.2).

These STR layers can be made rather thin by good substrate prepafation and the use of thin insulatiing layers
on the prpbes. One can ascribe certain thermal properties to these layers and it should be notefl that the
thermal donductivity of these layers is normally quite low betause of the presence of air at ambi¢nt or low
pressure and therefore the thermal resistance is comparatively high.

A.3.2 Gparded hot plate method (ISO 8302)

When usihg a guarded hot plate or similar arrangément, the substrate is placed between two thermally high
conductirjg plates and with arrangements forlkeeping the output of power constant. The proceflure is to
measure fhe temperature differences between the plates. With this experimental set-up, it is ne¢essary to
take the ttwo STR layers on both sides of the substrate into consideration. There are essentially three ways
to compensate for the influence of the STR layers:

a) tomedasure on a substrate thick-€nough so that the thermal resistance of the layers can be neglected;

b) to prepare two substrates of different thicknesses (and the same surface roughness) [and then
mathematically eliminatethe influence of the contact resistance;

c) to infroduce a fldid-Wwith as high thermal conductivity as possible to eliminate the voids, which are
normplly filled-with air in the STR layers.

A.3.3 Hpt wire method (ISO 8894-1 and ISO 8894-2)

For theselmethods, identical arguments apply as for the TPS (hot disc} method. Howeve s-mportant to
note that the analysis of the transient recordings is performed with the presence of the STR layers.

A.3.4 Transient plane source (hot disc) method (ISO 22007-2)

When using this method an electrically insulated probe, in the shape of a double spiral, is placed between
two sample pieces - each of them with a plane surface facing the probe. Here, it is obvious that there is an
STR layer, which consists of the roughness of the surface of the substrate and the electrical insulation of the
probe. If a constant output of power is arranged from the probe (see ISO 22007-2), the mean temperature
increase of the probe can be given as shown in Formula (A.1):

T(t)=ATsrp +F(P,A,L)-D(t,a,]) (A1)
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is the time measured from the start of the experiment;

is a function of the output of power P, the thermal conductivity of the bulk material A and a length
dimension of the probe L;

is the so-called shape function dependent on;
is the thermal diffusivity of the bulk material;

is a length dimension of the probe.

hlso a function of time. However, it can be considered a constant throughout the transient fecording

kation time d,-2 / a; isless than the reciprocal sampling rate and the total number gf.samples of the
is not less than 100. d; is the thickness and q; is the thermal diffusivity of the”STR Jayer. The

constancy of ATgrg under these conditions has been proven both experimentally and in [computer

simulatio

If the out

1S.

but of power is constant and selected at such a level that the thermadltransport propertjes can be

considered constant, a plot of the mean temperature increase versus the shape function would constitute a

straight 1

conductiyity can be retrieved.

ne. The slope of this line is identical with the F - function, from which normally thg thermal

Consequently, following the procedures indicated above, we are then actually able to obtain| the bulk

propertie

5 of the solid material, and this is achieved by removing the influence from the STR layers. This

convenient possibility rests with some of the transient methods, but is difficult to be achieved with steady

state met

There ar¢ four main configurations when using the TRS\(hot disc) method.

These ard:

— bulk,

— anisoftropic,

— slab dnd thin film substrates.

It can be
Formula
thin film
ISO 2200
steady-st

A3.5 T

hods.

seen from ISO 22007-2:2022, Formulae (3), (4), (6), (8) and (11) that the condition oytlined by
.1) is applicable andit is possible to avoid the influence of the STR layer. However, when|using the
rrangement, the-STR layer influences the thermal properties measured, which is obvjous from
-2:2022, Forniula (13). This means that the thin film method operates essentially like th¢ hot plate
te methods,@nd similar precautions shall be considered if the influence of the STR layegr is to be

mperature wave analysis method (ISO 22007-3)

The recommendation on substrate and probe preparation for this method Is to use a plane f1lm substrate
with heater and sensor attached on opposite sides. It is also suggested that the heater and sensor be
deposited on the film with some physical vapour deposition (PVD) method. Experimental evidence from
numerous methods indicates, that the PVD produced heater/sensor is filling out the surface voids and

conseque
the cases

ntly covering the surface in such a way that the STR layers do not have any influence. However, in
of electrically conductive specimens, it is necessary to evaporate an electrically insulating layer

before producing the heater/sensor and in such a case the STR layer shall be considered.

Another possible arrangement is to insert the specimen between substrates on which the heater/sensors are

arranged

individually by MEMS technology. In this procedure the substrates are securely placed to attach

the specimen in order to minimise the influence of STRs.
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