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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
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Introduction

Thermal-transport properties of plastics are indispensable not only in the plastics industry but also in other
fields. Plastics are used in various manufacturing processes in new application areas, such as
nanotechnologies, and in the biomedical industry. Accurate but simple small-scale measurements are
required which can be performed quickly.

Hig||1 sensitivity and excellent temperature resolution are peculiar to the modulation techniques-ysed for the
measurement of thermal-transport properties. Temperature wave analysis is a method~ef) measuring the
thermal diffusivity of thin specimens and is also suitable for use with small specimens.
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mperature wave analysis method

Scope

part of ISO 22007 specifies a temperature wave analysis method for the \determination of
sivity of thin films and plates of plastics in the through-thickness direetion. The method can
tics in either the solid or molten state, and having either an isotropic oran orthotropic structure

method covers values of the thermal diffusivity, ¢, in the range 1,0 x 108 m2s1 < o< 1,0 x 1

the thermal
be used on

D4 m2.s-1.

surements can be performed either in air or in another atmosphere, e.g. an inert gas, at Ttmospheric

sure or at other, reduced or elevated, pressures, or underavacuum, at a variety of temperatu

Normative references

following referenced documents are indispensable for the application of this document
rences, only the edition cited applies. “Eor undated references, the latest edition of the
Liment (including any amendments) applies.

472, Plastics — Vocabulary

22007-1, Plastics — Determination of thermal conductivity and thermal diffusivity — Part
ciples

80000-5, Quantitiescand units — Part 5: Thermodynamics

IEC Guide 98:3,“Uncertainty of measurement — Part 3: Guide to the expression of un
surement (GUM:1995)

Terms and definitions

eS.

For dated
referenced

1: General

certainty in

For The purposes of this document, the terms and definitions given in 150 472, 1SU 22007-Tand 150 80000-5

and

3.1
tem
tem

3.2

the following apply.

perature wave
perature oscillation produced by a power-modulated heat source

phase shift

A6

phase difference of the temperature wave between the front and rear surfaces of a specimen

NOTE A delay is defined as a negative phase shift.
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4 Symbols and units
Symbol Meaning Unit
A slope of a plot of phase shift, Ag, versus the square root of the angular frequency, o, of s1/2
the temperature wave
C heat capacity per unit volume J/(m3-K)
d thickness of specimen m
f frequency of temperature wave Hz
k the quantity (v /2a)12
thermal diffusivity md/s
y) thermal conductivity W/(m-K)
w angular frequency of temperature wave rad/s
0N anpgular frequency that satisfies the condition kd = 1 rad/s
5 Princjple
5.1 Temperature wave analysis is a method of measuring thermal(diffusivity in the through-thickness
direction of|a thin, flat specimen by measuring the phase shift of a temperature wave between the frontfand

rear surfacq

5.2 Elect
to generatg

temperature wave.

5.3 This

the specimgn, as a function of the square root of thé-angular frequency of the temperature wave.

NOTE i

6 Appa

6.1

The apparg
consist of th

General

s of the specimen.
fical resistors, sputtered or contacted on both surfaces-of the specimen, are used, one as a he
the temperature wave by a.c. Joule heating and the other as a thermometer to detect

method involves analysis of the phase shift of the temperature wave, which is propagated thrg

urther details of the theoretical backgreund are given in Annex A and the references in the Bibliography.

ratus

tus shall be<designed to determine the thermal diffusivity as described in Clause 5 and
e following, main components. An example of a suitable apparatus is shown in Figure 1.

ater
the

hall
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Key
1 ppecimen 6 constant-temperatureenclosure 11 personal computer
2 heater 7 thermometer 12 lock-in amplifier
3 pensor 8 temperature.controller 13 digital multimeter
4 packing plate 9 functionssynthesizer 14 bias current circuit
5 ppecimen holder 10 reference signal

Figure 1 — Schematic diagram showing an example of a suitable apparatus

6.2| Constant-temperature enclosure

The| temperature range of the constant-temperature enclosure shall be appropriate to the matgrials to be
testpd.

It shall be poessible to control the enclosure temperature such that the specimen temperature does|not change
by more than + 1 K throughout the duration of the measurement.

6.3 Heater and sensor elements

The heater element used to generate the temperature wave by passing alternating current through an
electrical resistor attached to the front surface of the specimen is assumed to be located at x=0 (see
Figure 1).

The sensor element used to detect the temperature wave by measuring the oscillation of the resistance of an
electrical resistor attached to the rear surface of the specimen is assumed to be located at x = d.

The heater and sensor should preferably be sputtered directly onto opposite surfaces of the specimen in order
to achieve high sensitivity and quick response. The heat capacities of the heater and sensor should be
negligible.

© 1SO 2008 — Al rights reserved 3
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NOTE 1 An example of heater and sensor elements sputtered directly onto the front and rear surfaces of a film
specimen is shown in Figure 2 a).

NOTE 2  An example of a heater and sensor set-up that can be used for liquid samples is shown in Figure 2 b). As
direct sputtering is not possible in this case, a set of pre-sputtered specimen-backing plates is used.

NOTE 3  Typical dimensions of a heater and sensor set-up deposited by sputtering on the specimen are 1 mm wide by
5 mm long.

Metal-layer leads are sputtered or connected using conductive paste or solder to each end of the heater and
sensor elements. Alternatively, the leads can be sputtered onto the backing plates [see Figure 2 c)]. Electrical

Contacts fr e alaad lovare o Alantrin ~aobhlac for e o to tha ~oaaar oy oA Aok maant Ao, neS
oo reatTa yCTroto CIe e CaoTC S TOT COTMTIC Tt U Ot T POWCe T SOpPPTy arra- rircasurcrmeT it ac vl

can be proided using conductive paste or solder.

Direct sputtering of the heater and sensor onto the front and rear surfaces of the specimen is recammended
for good thé¢rmal contact. As an alternative, the heater and sensor can be attached to the specimen surface
under consfant load.

1 2

4 3 W

< P
d L

a)l Heater and sensor elements and leads sputtered directly on the front and rear surfaces
of a film specimen (Examples of dimensions — Specimen: W =10 mm, L =10 mm, d = 100 pm;
heater: W =1 mm, L =5 mm; sensor: =1 mm, L =5 mm)

2
5
e
A 7
| T
L
4 4

b) Liquid specimen inserted between the backing plates on which the heater and sensor elements and leads are
sputtered (Examples of dimensions — Spacer: W =10 mm, L =10 mm, d = 100 ym; heater: W =1 mm, L =5 mm;
sensor: W =1 mm, L =5 mm; backing plate: W =30 mm, L =25 mm, d =2 mm)

Figure 2 (continued)

4 © 1SO 2008 — Al rights reserved


https://standardsiso.com/api/?name=ce7086bf87c75b6ed80367a4a97cfa76

ISO 22007

N o]

.,
\

-3:2008(E)

5] = _
)
|
5
c) Heater and sensor elements sputtered directly on the specimen, with the leads on'the backing plates
Examples of dimensions — Specimen: =10 mm, L = 10 mm, d = 100 ym; heater! .= 1 mm, L = 5 mny; sensor:
W =1 mm, L =5 mm,; backing plate: W =30 mm, L =25 mm, d =2 mm)
Key|
1 Pppecimen 4 leads 7Cy spacer
2 pputtered heater (on front) 5 backing plate
3 pputtered sensor (on rear) 6 specimen (liquid)
Figure 2 — Examples of sets of heater and sensor elements

6.4| Heating circuit
Thel power applied to the heater shall be adjusted so as to avoid a specimen temperature rise of more than
1K
6.5 Measurement circuit
A bias electric current is suppliedstd'the sensor via the layer leads for the measurement of the oscillation of the
eleqtric resistance of the sensaér.)A d.c. source that can supply an electric current to the sensor in the range
1 uA to 10 mA is used.
It isfrecommended that\the accuracy of measurement of the oscillation frequency be better than 50| ppm.
6.6| Phase-shift-measurement device
Thel oscillation’of the electrical resistance of the sensor, observed as an oscillation of the voltage between the
endp of-the'leads to the sensor, shall be measured to determine the phase shift of the temperature wave
acrgss.the thickness of the specimen. The phase shift between the heater and the sensor shall be measured
by a-set-up-such-as-thatshowninFigure——Fherecemmended-acetracy-for-measurementofthepnase shift is
+0,01°.
6.7 Devices for measuring the specimen temperature

Thermocouples may be fixed onto the backing plates and also attached to the specimen if possible. When the
temperature coefficient of the electrical resistance of the sensor is known, the temperature of the sensor can
be determined by measuring its electrical resistance.

© 1SO 2008 — All rights reserved
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7 Test specimen

7.1 Dimensions

The specimen shall be a thin film, typically between 10 um and 500 pym thick. It is usually 10 mm wide by
10 mm long. In principle, for specimens having a flat area larger than the area of the heater and sensor
elements (see Figure 2 for examples of dimensions), the permitted thickness range for reliable measurement
can be determined from the thermal diffusivity and the temperature wave frequency utilized for the

measurement, using the condition kd > 1 or o > @, (see Annex A or References [1] to [3] for details).

Liquid speqimens—atre-insertedb Agplates Ag-acaantity siviis ctent-to—cover—an—s
larger than that of the heater and sensor elements on the backmg plates [see Figure 2 b)]. The th|ckness shall
be kept constant with a spacer, the thickness of which shall be measured in accordance with 7.2.

NOTE A practical example of the frequency-thickness relationships required for acceptable measurements is stjown
in Annex C.

7.2 Thickness

The specimen thickness shall be measured by means of a suitable calibrated instrument, such gs a
mechanical|micrometer or an optical, electronic, capacitive or inductive gauge. M'shall be measured beforg the
specimen i$ placed in the specimen holder. The variation in the thickness <f the specimen should preferpbly
be less than 1 % of the mean thickness or 1 ym, whichever is the smaller:

7.3 Spegimen-backing plates

The thickngss of the backing plates used should preferably exceed that of the specimen. It is also desirgble
that the bdcking-plate material and specimen have similar thermal properties (i.e. similar values of|the
parameter fk) in order to obtain a wide linear range in the’ plot of phase shift versus the square root of| the
angular frequency of the temperature wave (see Figure.3'and Annexes A and D).

NOTE The backing plates are not necessarily limited to solid materials: liquids, gases (including air) or a vaquum
could be useg.

8 Procedure

8.1  Meadure the thickness ofthe-specimen.

8.2 In the case of a solid film, sputter a thin metal layer on each of the surfaces of the specimen to forn] the
heater and gensor. Sputter-the metal leads and insert the specimen between the backing plates.

8.3 If the|test is.performed on a liquid, insert the specimen between backing plates onto which the heater
and sensor|have ‘alfeady been attached and which are separated by a spacer of known thickness.

8.4 |f thelheater-and-sensor-cannotbe SpL ittered onto the. ennr\lmnn mechanical |n9rl|nr1 of the assem led

device can be used to ensure good electrlcal contact between the Ieads and the heater and sensor and good
thermal contact between the heater and sensor elements and the specimen.

8.5

the heater to the power source and the sensor to the phase detector.

8.6

8.7

Raise or lower the temperature of the enclosure to the test temperature at not more than 10 K/min.

Place the assembled device containing the specimen in the constant-temperature enclosure. Connect

Check the specimen temperature. If the resistance of the sensor is not constant throughout the test, this

could indicate either that too much power is being supplied to the heater or a lack of thermal equilibrium in the
enclosure. In such circumstances, repeat the test with less electric power and/or wait longer to allow the
enclosure to come to equilibrium.

© 1SO 2008 — All rights reserved
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8.8

current to the sensor. Adjust the power supplied-to the heater as a function of the electrical resis

hea

8.9
spe

using a reference signal from the_function synthesizer.

8.10 Repeat the procedure(described in 8.8 and 8.9 to obtain further measurements of the ph

r frequencies. Select at\east five frequencies for which the empirical criterion A9 < — 3n/4 is satisfied (see
Figyre 3.)

othe

NOTE The empirical criterion A@< — 31/4 is a necessary and sufficient condition to ensure that kd > 1 (
satidfied. This criterion is useful to estimate a suitable frequency range when the thermal properties of the §

ISO 22007-3:2008(E)

0 20 40 60 80  w”(rad/s)*
0 T I T I T I T :
-n/2 —
_Tc — p—
_37.[/2 1 | 1 | 1 | 1
Af(rad)y

Figure 3 — Example of a plot of phase shift, A& versus square root of angular frequenc
Close the measurement circuit, generate amra.c. current in the heater element and apply
ter element and the wave frequency in order to limit the specimen temperature rise to less than

Measure the phase difference ofithe temperature wave between the front and rear surf
Cimen at a fixed temperature wave-angular frequency with a phase detector, such as a lock-

y, 112

a bias d.c.
ance of the
1K.

aces of the
n amplifier,

ase shift at

£. 0> ;) is
pecimen are

not known (see also Annex D).
8.11 Ifthetest is also performed at one or more higher or lower temperatures, raise or lower the femperature
of the“constant-temperature enclosure to the next temperature at not more than 10 K/min. Perforpn again the

9

9.1

9.2

©Is

Analysis of results

urements of

For a given specimen thickness and temperature, the thermal diffusivity is calculated from the slope, 4,
of a plot of phase shift, A6, versus the square root of the angular frequency, «, of the temperature wave [1].

Plotting the phase shift as a function of the square root of the angular frequency should produce a
straight-line plot (see Annex A and Figure 3). If this is not the case, it is likely that the angular frequency used

O 2008 — All rights reserved
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does not fulfil the conditions necessary for this test. In such circumstances, repeat the test over a different
frequency range.

9.3

thickness due to thermal expansion.

Calculate the specimen thickness at the test temperature, taking into account the change in its

9.4 The thermal diffusivity, «, in square metres per second, of the material is given (see Annex A) by the

equation
d2

a = 5 5
where

A is the slope of the plot of phase shift, Ag, versus the square root of the angular frequency, @, of the

temperature wave;

d is the thickness of the specimen.
9.5 Check that the condition »> a; for the calculation in 9.4 is fulfilled. If it is"net fulfilled, repeat the tests
using higher angular frequencies.
10 Calibration and verification of apparatus and method
10.1 Calibration
10.1.1 Temperature wave analysis is an absolute method,which allows the user to perform measuremgnts
that are dirgctly traceable to primary Sl units without calibration using reference materials. All elements of the
apparatus fpr temperature wave analysis shall be calibrated separately.
10.1.2 Caljbrate the thickness-measurement instrument (see 7.2) to an accuracy of at least + 0,1 ym.
10.1.3 Caljbrate the device used to measure the steady-state temperature of the test specimen assembly
(see 6.7) tolan accuracy of at least + 0{3'K.
10.1.4 The frequencies of the power supply and the phase-shift measurement device may be calibrated in
accordance with the instrument‘manufacturer’s guidelines for the equipment. Check the zero phase shift irf the
electric circpit itself.
10.2 Veriflication
Verification| of the~method and the apparatus can be carried out by making measurements on stangard
reference matérials, preferably covermg the range of thermal d|ffu3|V|t|es of the materlals to be tested and the
range of tempera ess

than 5 % of the reference values If this limit is exceeded the measurement condltlons should be re- examlned
and/or the various items of apparatus re-calibrated until the verification is successful.

NOTE

and poly(methyl methacrylate) are given in Reference [5].

Typical values for thin polyimide film are given in Reference [4] and Annex B. Typical values for Pyrex77401)

1) Product available commercially. This information is given for the convenience of users of this part of ISO 22007, and

does not con

stitute an endorsement by ISO of the product named.
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11 Precision and bias

11.1 Uncertainty

In routine measurements near room temperature for a specimen with a heater and sensor prepared by direct
sputtering, the expanded uncertainty (confidence level of 95 %) of thermal-diffusivity determination by the
temperature wave method is estimated to be  better than 5% in the range
1,0x107"m2s 1< a<1,0x10®m2s-! when determined in accordance with ISO/IEC Guide 98-3. If an
unsputtered sensor in contact with the specimen is used, the expanded uncertainty is estimated to be in the
range 5 % to 10 % (see Annex E).

11.2 Repeatability

The| repeatability of successive measurements using the same test conditions and the. same $pecimen is
expgcted to be better than 1 %.

12 |Test report

Thel test results shall include the following information:
a) |the name and address of the test laboratory;

b) |the date of the test;

c) |a reference to this part of ISO 22007;

d) |all details necessary for complete identification-6f the sample tested (manufacturer, product,|type, batch
number, etc.) and details of its thermal history;

e) |the shape, thickness and other dimensions of the specimens and the number of specimens tesgted;
f) |the specifications of the instrument used;
g) |the type of sensor and heaterused and their shapes, dimensions and electric resistances;

h) |the measurement conditions, such as temperature, modulated power supplied to heater, biag current on
sensor, atmosphere’in-the constant-temperature enclosure, angular frequency of temperature wave;

i) |the test results; such as the phase shifts at the various test frequencies and temperatures;
i) |a plot of phase shift versus the square root of the angular frequency (see Figure 3) for each temperature;

k) |theqvalue of the slope, 4, of the plot and the thermal diffusivity, «, at the various test temperatures;

I bl 1 Py
) daliTy UlTcT TTievalit elins.
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Annex A
(informative)

Mathematical background to temperature wave analysis

A one-dimensional heat conduction model is assumed for a specimen of thickness d, located between backing
plates of semi-infinite thickness. When a sinusoidal temperature wave is generated at the front surface of a

specimen (, = G), itis plupayatcd inthe thuuyh-th;b'r\l ress-direction-and-is-detected-at therear-surface (JL = d)
If the ampljtude of the temperature wave decays to zero at an infinite position in the backing plates)| the
temperaturg oscillation 7(x,r) at x=d is described as follows, by solving the one-dimensional diffusion
equation [}t [31:
Joexp(ier) exp[ ~(1+i)kd |
(1+1)
T(d,t) ¥ 5 5 1)
{(Ak+ﬁbkb) —(Ak - Ay exp[—2(1+i)kd}V
2k

where

7(d,t) |is the temperature oscillation at x = d;

t is time;

Jo is the periodical heat flux generated at x = 0, wherey'= jpexp(i or);

i is (— 1)12;

w is the angular frequency;

A is the thermal conductivity;

k=(w/Ra)'2, where ais the thermal diffusivity;

subscript “b” refers to the backing plates.
If the condition kd > 1 or Ak = A kisis satisfied, Equation (A.1) can be simplified as follows:

2johk <kd
T(d,t) “/7]0 exp( > )exp{i(wt—kd—ﬁﬂ (n.2)
(2k + Ak 4

The phase ghift-between the heater and the sensor is described by

Ag=—|L g (A.3)

2a 4

The phase shift, Ag, is a linear function of the square root of the angular frequency, o, and thus the thermal
diffusivity of the specimen can be determined from

2
o= d_2 (A4)
24

where 4 is the slope of the linear part of the plot of phase shift versus the square root of the angular frequency
for a given thickness, d.

10 © 1SO 2008 — Al rights reserved
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Annex B
(informative)

Typical thermal-diffusivity data for a typical polyimide

Table B.1 — Typical thermal-diffusivity data for a typical polyimide [4]

T a T a
°C mm2.s~! °C mm2.s~!
-50 0,147 130 0,108
-40 0,144 140 0,106
-30 0,141 150 0,104
-20 0,138 160 0,102
-10 0,135 170 0,101
0 0,133 180 0,099 0
10 0,131 190 0,097 4
20 0,129 200 0,095 9
30 0,127 210 0,094 4
40 0,125 220 0,093 0
50 0,123 230 0,091 5
60 0,121 240 0,090 0
70 0,119 250 0,088 5
80 0,117 260 0,087 3
90 0,115 270 0,0857
100 0,113 280 0,084 4
110 0,111 290 0,083 2
120 0,110 300 0,081 8
Sample: Kapton 1002).
Thickness: 25 pm.

2) Product 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 the product named.
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Annex C
(informative)

Example of frequency-thickness relationships required

for acceptable measurements
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1 a=1,04108m2s"
2 a=1,0510"m2s™"
3 a=1,05108m2s"
Figure C.1 — Frequency-thickness relationships required for acceptable measurements (log-log plot)
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Figure C.2 — Frequency-thickness relationships required for acceptable measuremgnts

(log-linear plot)
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