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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.
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Fine ceramics (advanced ceramics, advanced technical
ceramics) — Determination of thermal diffusivity of
monolithic ceramics by flash method
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document specifies the test method for the determination of thermal diffusivity
erature to atleast 1 700 K by the flash method for homogeneous monolithic ceramicsw
han 10 %.

) methods, like laser flash, are applicable to homogeneous isotropic fhaterials w
sivity values ranging from 0,1 to 1 000 mm? s'1 within the temperature.range from ap
Kto 2 300 K.

method described in Annex G describes how to estimate, on the‘basis of the thermg
the specific heat capacity and the thermal conductivity of homggeneous monolithic ce
Kity less than 10 %.

Normative references

following documents are referred to in the text.in such a way that some or all of t
Fitutes requirements of this document. For dated references, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

611, Geometrical product specifications{(GPS) — Dimensional measuring equipment: Mid
nal measurements — Design and metrological characteristics

8754, Fine ceramics (advanced ceramics, advanced technical ceramics) — Determinati
pparent porosity

Terms and definitions

he purposes of thissdocument, the following terms and definitions apply.
nd [EC maintain terminology databases for use in standardization at the following adc

SO Online.browsing platform: available at https://www.iso.org/obp

ECElectropedia: available at https://www.electropedia.org/
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thermal diffusivity
thermal conductivity divided by the product of specific heat capacity and density

3.2

thermal conductivity
density of heat flow rate divided by temperature gradient under steady state condition

3.3
spec
heat
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mperature change of the rear face of the specimen after the lightpulse heating

hnge of the spectral radiance from the rear face of the specimen after the light pulse he
ry: It should be noted that the observed transient curveds proportional to the change of the sp4
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Figure 1 — Transient temperature curve of the rear face of the specimen after a light pulse
heating onto,the front face of the specimen

3.11

half rise-time

b2

timefuntil AT,,,,/2 is attainedfrom the pulse heating
3.12

chanjacteristic time.ofheat loss

T

c
time| of heat_lgss determined when the cooling region is fitted with an exponentipl function,

[ATo| exp(=t£7)]

Note [l te‘entry: See Figure 1.

3.13
extrapolated temperature rise

AT,

temperature rise determined when the cooling region is fitted with an exponential function,

[Ty exp(-t /7. )]
4 Apparatus

4.1 General

The apparatus shall be designed for obtaining the thermal diffusivity from the transient temperature
curve of the rear face of a specimen after the light pulse is irradiated onto the front face of the specimen.
It shall consist of the principal components as shown in Figure 2.

©1S0 2022 - All rights reserved 3
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1
a
2
b
3
Key
pulsed Igser 4. ~specimen holder
data analysis 5 power supply
detector 6  heater
a  Trigger dignal.
b Transienft temperature response.
Figure 2 — Block diagram of laser flash apparatus for measuring thermal diffusivity
4.2 Specimen holder
The specimen halder shall hold the specimen stable, with minimum thermal contact, and shgll be
designed to|suppress stray lights from the laser beam/light flash being transmitted to the tranjsient
detector.

A diaphragm with aperture diameter slightly larger than the specimen diameter should be placed close
to the front face of the specimen, and another diaphragm with aperture diameter smaller than the
specimen diameter and larger than the target size of radiative detection should be placed close to the
rear face of the specimen.

4.3 Flash source

The flash source shall be a pulse laser, a flash lamp or another device capable of generating a short
duration pulse of substantial energy with pulse duration preferably shorter than 1,0 ms in full width at
half maximum (FWHM). The specimen should be irradiated uniformly by the light pulse.

4 © IS0 2022 - All rights reserved
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When a pulse laser is used for the light pulse, the direct beam profile is often irregular because of
multi-mode oscillation. In this case, the beam should be converted to a uniform beam by using beam-
homogenizing optics.

4.4 Thermometer for measuring steady-state temperature of the specimen

The steady-state temperature of the specimen before pulse heating should be measured by a
thermocouple, or an equally or more reliable thermometer.

The thermocouple shall be positioned such that it does not interrupt the light pulse heating onto the
front face of the specimen, or the radiation from the rear face of the specimen. If the specimen does not

react with the thermocouple, a thin thermocouple should be contacted with the specimen|
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ecimen temperature with minimal uncertainty. If the thermocouple junction canno

hg of the specimen, or because of the system design, the tip should be placed as-close af
pecimen in the same plane.

Detector for measuring transient temperature rise of reanTace of the speg

fransient temperature rise curve on the rear face of the specirhen shall be observed
ict radiation thermometer or a radiation detector. The frequency response of the d
sociated electronics should be faster than 10 kHz. The target diameter of the radiat
Ild be smaller than 50 % of the diameter for disk speciméns, or 50 % of the shortest sid
re and rectangular specimens.

Environment for measurements

urements can be performed under open aig under an inert gas atmosphere or unde
| temperature. For higher temperature measurements, an appropriate inert atmospher
be used, when necessary, to protect furnace parts and specimen holders from oxid
bct the specimen and its coating from;structure or phase changes and compatibility pr

Temperature control unit

igher temperature measurements, the specimen should be kept at a stable temperatur
brs before pulse heating. Prift and fluctuation of the temperature should be less than 0

Data acquisition unit

[ransient detector signal should be amplified and converted to the digital signal us
oscope or'an AD converter, which is input to a personal computer for computation of
sivity. The frequency response of the amplifier and the AD conversion should be faster
reselution of the AD conversion should be larger than 10 bits, more than 1 000 data p

to measure
F be allowed
terrupts the
practical to
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with a non-
etector and
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e-length for

I vacuum at
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htion and to
bblems.

e by electric
,01 K/s.

ng a digital
the thermal
than 10 kHz.
bints should

mpled with the sampling time faster than 1 % of the half rise-time “t1/2".

5 Specimen

5.1

Shape and dimension of specimens

The specimen shall be a flat plate of circular, square or rectangular shape. The specimen diameter or
side shall be larger than 5 mm and up to typically 20 mm.

The specimen thickness shall be chosen to be as follows:

a) sufficiently thick that the t; ,, value is larger than five times the pulse width.

b) the diameter-or-side-to-thickness ratio shall be equal to or higher than 5:2.
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In most cases, experience shows that the diameter-or side-to-thickness ratio is in the order of
magnitude of 4:1. However, some reference materials supplied from NMIJ (see Annex F) include specimens
of 10 mm diameter and 4,0 mm thickness. They would be out of the ratio of 4:1. Therefore, in order to also

he reference materials with the above-mentioned sizes, the selected ratio is identified as 5:2.

The uniformity of the specimen thickness shall be smaller than 1,0 %.

5.2 Density of the specimen

The porosity of the specimen as determined by ISO 18754 shall be lower than 10 %.

sible

The mass of-the specimen shall be measured before and after measurement in order to detect po

mass chang]
during the 1

NOTE If
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high emissiy
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5.4 Refer
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flash appar
reference vg

NOTE Sd
Care should|
diffusivity v

6 Measu

es, in particular for high-temperature measurements, due to reactions which cafi g
heasurements, even if they ought to be avoided.

the porosity is higher than 10 % other approaches can be applied, see References [43]to [47].

ng on the specimen

hen does not have a high absorption coefficient for the heating laser beam/light flash
ity for radiative temperature detection, the surfaces of the specimen shall be coated
Lie, preferably black layer. The coating shall be dense enough,to”prevent penetration d
light flash or thermal radiation at the observed wavelength, and should be resistive ag
ulse heating at high temperatures. Coating thickness shotild be a minimum commensj
ng directly transmitted laser/light pulse.

htings for many ceramic materials include evaporated, sputtered carbon or spi
hphite. If the test specimen reacts with carbon at high temperatures, a metal cog
inum, gold or nickel, can alternatively be used. The surface of the test specimen can,
e roughened to improve adhesion of the coating. The coating thickness dependence s}
for the observed thermal diffusivity, ifthe contribution of coatings is not negligible.

ence specimen

pecimens can be used to evaluate uncertainty of thermal diffusivity measurements
tus. The uncertainty is.6btained as the difference between the measured value an
lue of thermal diffusivity’of the reference specimen.

veral materials arewrsed as reference (see Annex F).

be taken in the/use of these references to ensure that the half rise-time and the thd
alue are similar to those of the test materials.

rement procedure

ccur
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with
f the
ainst
irate
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ting,
with
jould

by a
1 the

rmal

6.1 Meas

urement of specimen thickness

Measure the thickness of the specimen to an accuracy of 0,5 % or better, using a micrometer in
accordance with ISO 3611.

6.2 Surface treatment

Carry out the surface treatment in accordance with 5.3.
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6.3 Determination of the flash time of the laser or light pulse and the chronological
profile of the laser or light pulse

The chronological trace of the laser or light pulse versus the same trigger signal to initiate flash thermal
diffusivity measurements shall be observed. If the FWHM of the laser/light pulse duration is larger
than 1 % of the half rise-time, correction for the finite pulse time shall be made following one of the
procedures stated in Annex B.

6.4 Temperature and atmosphere control

Insert the test specimen in the apparatus and position the thermocouples. The atmosphere should be
suchithat the specimen is not subjected to any chemical change under the measured temperpture range.

6.5 | Stability of specimen temperature

The gpecimen temperature shall be controlled with drift smaller than 0,01 K/s.

6.6 | Energy of pulse heating

Irradiate the specimen with the laser or light pulse at an intensity of as low energy |as possible,
cominensurate with an acceptable noise level.

NOTH See Annex D regarding non-linearity of spectral radiance’ on temperature.

6.7 | Measurement temperature

Record the measurement temperature as Ty + AT, where Tj is the initial steady-state femperature
and AT, 5y is the maximum temperature rise ofthe specimen recorded by the thermocouple in contact
with|the specimen or the calibrated radiation’thermometer.

NOTH A thermocouple below 0,15 mmrifidiameter, which is directly contacted to the rear or side surface of a
specimen mechanically or with a paste, is preferable to estimate AT,y -

6.8 | Record

The transient temperatureycurve should be recorded for a duration at least until 10 times the half-
rise-fime, in order to thake reliable evaluation of measurements, including heat-loss cofrection and
evalyation of non-uniform heating effect.

7 Data analysis

7.1 | Calculation based on the half-rise-time method

The standard algorithm to calculate thermal diffusivity from the flash method is the half-rise-time
method, in which the analytical formula is fitted to the transient temperature curve at t, the height of a
half of maximum temperature rise of the transient temperature or radiance response curve above the
baseline AT« /2 over the half-rise-time.

If the measurement is valid when made under the above-mentioned ideal initial and boundary
conditions, the thermal diffusivity, a, is represented by Formula (1), based on the half-rise-time method:

0,138 8d*
="
tq

e8]

©1S0 2022 - All rights reserved 7
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where
d is the specimen thickness, in metres;
tq is the time delay when the temperature of the rear face reaches one-half of the maximum

temperature rise, AT,

max after the front face was heated by the laser pulse.

7.2 Criteria for applicability of the half-rise-time method

In order that the rise-time can be validly applied, the following initial and boundary conditions shall be
satisfied:

— The durfation of the laser/light pulse is short, compared with the characteristic time of heat diff\Ilsion
(FWHM <1 % of t; ;).

— The front face of the specimen is uniformly heated by the laser/light pulse.
— The specimen is adiabatic during the period of measurement after the laser/light pulse heating.
— The specimen is uniform (in geometry) and is homogeneous.

— The spg¢cimen is opaque (non-transparent and non-translucent) te, the laser/light pulse and to
thermal] radiation.

If these conditions are satisfied, the heat flow becomes one-dimensional and the temperature df the
rear face of the specimen changes according to an analytical formula (see Annex A).

The thermall diffusivity value shall be determined by fitting this formula to the observed tranjsient
temperatur¢ curve. Theoretically, if the measurementis made under the above-mentioned [ideal
conditions, the calculated thermal diffusivity value should be independent of the position along the
transient curves. Therefore, any point on the transient temperature curve can be analysed to yield the
thermal diffjusivity, a. This is given by Formula (:2).

K. d?
= (2)

d is|the specimen thickhess, in metres;

is[the time for thespecimen rear face to reach a fraction of the maximum temperature rife, in

Lx sgconds (seetFable 1);
X is[the percentage of the maximum rise in temperature;
K, is|a‘eonstant relating a to d and t,, in the case of ideal measurements.

Calculate the thermal diffusivity at fractional temperature rises other than t, ,. If the values at ¢, 3,
tos and t; ; calculated using the relevant values of K, in Table 1 are all within +2 %, then it can be
assumed that the half-rise-time method is applicable w1thout any correction. If the spread of thermal
diffusivity values so calculated is greater than +2 %, the possibility of non-ideal initial and/or boundary
conditions, imperfect design and/or operation of the flash apparatus, or problems associated with the
specimen, shall be considered.

8 © IS0 2022 - All rights reserved
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Table 1 — Values of constant Ky for a range of transient times

Key
X
Y

time

temperature rise

X K, t,
%

10 0,066 2 o1

20 0,084 3 to.2

30 0,101 2 to3

40 0,1190 o4

50 0,1388 t1/2

60 0,162 2 to.6

70 0,191 9 to,7

80 0,233 2 to,8

90 0,303 6 to.9
Y
ATmax
AT ax/2
0

t=0 t1/2 tmax X

solid curve
broken curve

transient temperature curve

observed half rise-time

Figure 3 — Averaged deviation of the transient temperature curve from

the Parker’s formula having the observed half rise-time

The applicability of the half-rise-time method can alternatively be checked through the averaged
deviation of the transient temperature curve from the Parker’s formula corresponding to the
experimentally determined half rise-time as shown in Figure 3. The averaged deviation is calculated
over the region from the halfrise-point to the maximum point normalized by the maximum temperature
rise AT, If the averaged deviation is within £1 % then it can be assumed that no corrections apply.

© IS0 2022 - All rights reserved
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If the averaged deviation is greater than *1 %, the possibility of non-ideal initial and/or boundary
conditions, imperfect design and/or operation of the flash apparatus, or problems associated with the
specimen, shall be considered as follows:

a) Imperfect design and/or operation of the flash apparatus:

1) superposition of stray light or electrical noise on the transient temperature response curve;

2) excessive drift of steady-state temperature;

3) insufficient response time of radiation detector and/or amplifier;

4) norfnegligible heat exchange with the specimen holder;

5) effd

ct of non-linearity of spectral radiance.

b) Problems associated with the specimen:

1) thermal resistance of coating;

2) podr flatness of the specimen;

3) larg

e void or inhomogeneous distribution of pores.

c¢) Non-idejal initial and boundary conditions:

1) non

-uniform heating effects;

2) finife pulse time effect;

3) rad

First, check
conditions.

ation heat loss.

items a), b) and c) 1) and improve them to make the measurements closer to the [ideal

NOTE Dyiring practical measurement by theflash method it is difficult always to satisfy the ideal initigl and
boundary conditions. Annex C and the Bibliography give examples of analyses for non-ideal conditions yhich
d as appropriate. Annex D gives. information on other sources of error. If the position is still not

can be applig

acceptable, then corrections for items c) 1)"and c) 2) are necessary via appropriate algorithms.

Examples of
the measurd

such analyses are given-in Annex C. Details of all the procedures employed shall be givlen in

ment report.

Annex F giyes information)on a method which allows evaluating the intrinsic thermal diffugivity

regardless d

Finally, Ann
thermal diff

f the measurément conditions.

ex H provides details concerning the precision data, reproducibility and repeatability ¢f the

usivity-measurements.

8 Measurement report

The following information should be recorded in the measurement report:

a) General
1) the
2) the

information
name and address of the testing establishment;

date of measurements;

3) aunique identification of the report;

4) areference to this document;

10
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b)

d)

f)

g)

h)

ISO 18755:2022(E)

5) the name of the flash apparatus used.

Light pulse

1) the type of the pulse light source;

2) duration of the light pulse in full width at half maximum (optional);
3) energy of one light pulse (optional);

4) statement of spatial profile of the laser beam.

Pl .
JPCUIIITIT

1) a description of the material (material type, manufacturing code, batchcnwmbper, date of
receipt);

2) method of cutting, grinding and/or polishing specimens from supplied'material;
3) shape of the specimen (disk, square plate or rectangular plate);
4) density or porosity of the specimen;

%) diameter or side length of the specimen;

6) thickness of the specimen.

[oating

1) use of coating (yes or no);

2) coated material;

3) coating procedure;

4) thickness of coating (optional):

Thermometry

1) thermometer used for;steady-state temperature measurements;

2) thermometer or-radiation detector used for measuring transient temperature or radiance rise
of the specimenTear face after light pulse heating.

Pata acquisition”{optional)
1) response time of the transient temperature measurements;

2) AesSponse time of the transient temperature measurements.

Yata amatysts
1) the type of the analytical solution on which the data analysis is founded;

2) the data analysis algorithm (half-rise-time method, least-square-fit method, non-linear least-
square method, equiareal method or logarithmic method).

Corrections

1) calculated values of heat-loss corrections, if any, giving full details if the methods are not given
in Annexes B or C;

2) calculated values of non-uniform heating corrections, if any, giving full details if the methods
are not given in Annexes B or C;

©1S0 2022 - All rights reserved 11
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j)

12

3) calculated values of finite pulse time correction, if any, giving full details if the methods are not
given in Annex B;

4) calculated values of non-linearity of spectral radiance correction, if any, giving full details if

the

methods are not given in Annexes B or C;

5) calculated values of coating thermal resistance corrections, if any, giving full details.

Measured results

1) the measurement temperature(s), in kelvins or degrees Celsius;

2) the
3) the

hall rise-time, 1n seconds;

calculated thermal diffusivity value(s), in m2/s;

Other ithportant information

1) dis

2) comments about the measurement and measurement results.

ussion of errors and correction procedures;

© IS0 2022 - All rights reserved
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(informative)

Principle of flash thermal diffusivity measurements

Ideal condition

The :
folloy

a)
b)
‘)
d)
e)

1

If thd
rear

%]

whet

inalytical solution for flash thermal diffusivity measurements is given by Parker et)ak
ving conditions.

The duration of the pulse is negligibly short compared to the characteristic time of hea
The front face of the specimen is uniformly heated by a light pulse.

The specimen is adiabatic during the measurement after the light pulse heating.

The specimen is uniform (in geometry) and homogeneous.

The specimen is opaque (non-transparent and non-translucent) to the light pulse ang

adiation.

pse conditions are satisfied, the heat flow becomes, one-dimensional and the temper]
face of the specimen changes according to Formufla (A.1):

[(¢)= AT{I + 22:;1 (=1)" exp(—(ﬂ'n)2 %ﬂ

0

e

AT =

O

) is the total energy absorbed by the specimen;
is the heat eapacity of the specimen;

4% isthiecharacteristic time of heat diffusion across the specimen;

1 is the thermal diffusivity of the specimen.

1] under the

t diffusion.

| to thermal

ature of the

(A1)
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(normative)

Correction for non-ideal initial and boundary conditions

B.1 General

than
kions

The calculation of thermal diffusivity using Formula (1) is modified if the pulse transit time isdegs
100 times the duration of the heat pulse, or if heat is lost from the specimen. Examples of modifical
applying to the calculation method are given in B.2 and B.3.

The mathematical derivation given in Annex A assumes that no heat is lost from the-specimen diyiring
the time taken for the heat pulse to pass through it.[2-2] For good conductors at'temperatures glose
to ambient, [this is a reasonable approximation, but for poor conductors and for most samples at/high
temperaturgs, corrections for heat losses will almost certainly be applicable.

Provided thpat use of a suitable holder design has minimized heat lost frofm the specimen by condug
and that the duration of the transient is short enough for heat lost by €ohvection to be neglected ({
are no convective losses if the measurement is performed in a vacuim), the main source of heat
is by radiation from the specimen surfaces. The best way to analyze heat loss is to compare the ¢
experimental curve with one or more of the many theoretical models available. Examples of analy
methods ar¢ given in Annex C.

tion,
here

loss
ntire
rtical

B.2 Effed

B.2.1 Gen

Several ana
time of the
time of the
delta functi

Whent, ), is
Two widely]
described aj

t of finite pulse time

eral

ytical calculations have been reported in order to correct the effect of the finite dur
heating laser/light pulse energy.[-8] If the pulse width is much shorter than the half
fransient temperature cutve, the laser/light pulse heating can be approximated by D
n located at the chronological centroid of laser/light pulse energy [2],

less than 100 timeSsthe heat pulse duration, the finite pulse time effect should be corre
used correctiorDmethods are the centroid method and the triangular pulse me
follows.

B.2.2 Cenitroid method!2]

Ifty,, is lar

per'than three times the pulse width (7)), the finite pulse time effect can be correctg

shifting the

titie origin of the data analysis to the chronological centroid of the laser/light pulse

htion
rise-
rac’s

cted.
thod

d by
(tg).

Thus, t; ;, should be replaced by 1/, —t4.

B.2.3 Determination of chronological centroid of laser/light pulse

B.2.3.1 General

The chronological centroid of the laser beam/light flash (t;) should be determined by one of the
following procedures.

B.2.3.2 Real time method

Measure the waveform of the laser beam /light pulse by a detector of frequency response faster than
10 ps and calculate the centroid directly from the observed waveform.

14
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B.2.3.3 Integration method

Prepare a metallic sheet thin enough that the heat diffusion time across it is shorter than 3 ps. Then, the
chronological trace of the temperature rise of the metallic film is proportional to the integrated energy
of the laser beam from the starting point of the laser beam /light pulse. The waveform of the laser beam
/light pulse is derived as the derivative of the chronological trace of the temperature rise.

B.2.4 Triangular pulse approximationl®l

The shape of the heat pulse from a neodymium-glass laser and a flash-lamp can be approximated by a
triangular pulse of duration T with a maximum occurring at 8, where f is a fraction between zero and

one.

This
or by
subijd
shou|

Once

whel|

[(

The {

B.3

B.3.

o
[

is most easily achieved by using a fast-response photodiode (as used in several laser c
' measuring the change in resistance of a thin (approximately 25 pm) tantalum foil
cted to the heat pulse. The parameters 7 and f usually change with the heat-pulse p
Id be determined at the power to be used.

T and f are known, the thermal diffusivity a is given by Formula (BA);
_Cyd?

e

onstants C; and C, are given in Table B.1 for valuesof f;
/ is the specimen thickness.

inite pulse time correction given in Formula (B.1) should not be used for t; /, less than

Table B.1 — Finite pulse time correction constants

B G G
0,15 0,348 44 2,510 6
0,28 0,315 50 2,273 0
0,29 0,311 10 2,245 4
0,30 0,306 48 2,237 5

Effect of radiative heat losses

| Geéneral

The

hlorimeters)
strip when
bwer, and so

(B.1)

107.

thermal dlffncnnhr shall be calculated from Formula (B 2) mfrndnmncr correcti

n factors if

radiative heat losses cannot be neglected.

o0 =0,138 8 k,, d* /t;

where

a is the thermal diffusivity (m?2/s);

d is the thickness of the specimen at room temperature (m);

k,, isthe correction factor relating to heat loss from the specimen.

©ISO
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The following boundary condition is introduced instead of the adiabatic boundary condition, in order to
formulate an analytical solution under the radiative heat losses. The other assumptions are the same as
the ideal conditions.

Heat losses from the specimen can be expressed by the Newtonian cooling law and the Biot number can
be defined.

There are a few algorithms to calculate thermal diffusivity from the data obtained by the laser/light
pulse methods which take the radiative heat loss into consideration.[19-17] Cape and Lehmanl[14] give a
general solution for the laser flash thermal diffusivity measurements which takes the radiative heat
losses into consideration. The contribution of the radiative heat loss is expressed by a non-dimensional

parameter ated-the Biotnamber Cayc atrd-ehman Pt eserrtat appt oxtrmateformtafor-thett ge eral
solution. Jogell et al. find that coefficients of higher order terms in Cape and Lehman’s formula'are not
correct and present the corrected formula in Formula (B.3)[16l:
_ ° 2 t

T(t)—ATznzoAn exp(—Xn EJ (B.3)

A, =2(41)" - X2 (X2 42y +Y2) L,

X, =(21)? (1—Y/12+11Y2 /1 440),

2
Xy 24
nT (nr)
N 16 - 2 _ v3
(pr)”  3(nm)
+ 807+ 165 vyt (n21),
(nr)”  3(nr)

where

AT =Q/|C;

Q is the total energy absorbed by the specimen;

C is the heat)capacity of the specimen;

d? is the‘characteristic time of heat diffusion across the specimen;
Ty =—
a is the thermal diffusivity of the specimen;

Y=kd/A isthe Biot number.
Figure B.1 shows plots of Formula (B.3) for different values of parameter Y.

There are a few algorithms to calculate thermal diffusivity from the data obtained by the laser/light
pulse methods which take the radiative heat loss into consideration. Among them, Cowan's method[13]
and Clark and Taylor's method[12] are most commonly used. Their methods are in contrast with each
other because the former uses the cooling part of the curve, whereas the latter uses the heating part of
the curve to correct for the radiative heat loss. Takahashi et al.l1Z] proposed a correction method similar
to Cowan's method. Their method calculates the correction factor for radiative heat loss from the ratio
of t1, to 7., which is the characteristic time of heat loss.

16 © IS0 2022 - All rights reserved
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In order to apply Cowan's method or Takahashi's method successfully, drift of the steady-state
temperature and conduction heat loss shall be small. On the other hand, Clark and Taylor's method

requires a high signal-to-noise ratio.
T

Key
t time

T normalized temperature rise
Figure B.1 — Plots of Formula (B.3) for different values of the parameter }

B.3.2 Cowen’s method

According to Cowen’s algorithm, the correction factor k, is given by Formula (B.4):

K =A% Bn+Cn® +Dn® + En* + Fn® +Gn® + Hn'

4

N=22T1y 7 2Trmax

where

ATy, is the temperature rise at 10t; /»;

A=0,39499;
B=1,203 01;
C=-2,06077;
D = 2,042 96;

© IS0 2022 - All rights reserved
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E=-0,965 65;
F=0,173 47;
G=0;
H=0.
when ATs: temperature rise at 5t; /,

A=—0,747 29;

B =8,92(7 44;
C=—28,656 31;

D = 49,434 25;
E=-49,03007;

F=2778776;
G=—-8,414 14;

H=1,03579.

B.3.3 Az11mi and Takahashi’s method [17]
According t¢ this algorithm, the correction factor, k., is-given by Formula (B.5):

krhlzl__Bl(1’1+A1'c't1/2_1) (BS)

where the fgllowing values should be substituted for A; and B;:
When L < 0}4:

A;=96/(1 +L);

B, =0,0B4.
When 0,4 <[ < 1,0:

A =891 +1,240" L) -2,70 (1 - L)2];

B, =0,0T [V4 Y13 (1-L)+ 2,01 (1-L)2.

When L > 1,07
A;=89;
B;=0,080.

Where
L=d/r;

r is the radius of the specimen, or radius of the circle having the same area as the specimen if
the specimen is not a true circle.
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B.3.4 Clark and Taylor’s method [15]

Heat-loss corrections based on the Clark and Taylor rise curve data also use ratio techniques. For the
to 75 / to 25 ratio, which is the time to reach 75 % of ATy, divided by the time to reach 25 % of AT}, ,y,

the ideal value is 2 272. Determine this ratio from the experimental data. Then calculate the correction

factor ki, from Formula (B.6):
ke =—0,346 146 7+0,361 578(tg 75 /tg 25)—0,065 205 43(tg 75 / tg 25 )2 (B.6)

Corrections based on many other ratios can also be used.

B.3.5 Least-square-fit methods

An opserved transient temperature curve after pulse heating should be least-square fitfed with the
analytical solution of the thermal diffusion formula with variable parameters,vincluding [the thermal
diffulsivity value, under the initial and boundary conditions corresponding to the measurement
condjition.[18] The thermal diffusivity value is determined as one of the fixed parameters |in the least-
squafe-fitted analytical solution.

B.3.6 Non-linear least-square methods/19]

Wattl1ll gave the theoretical background with the wide applieability on the pulse heating methods,
wherte the temperature response T(x,;;t) at time t in cylindrical coordinates (x,r) [see Formjula (B.7]] is
accompanied with two subsidiary Formulae (B.8) and (B9)

[0 =AT, o {37 1y () £, () |

2. r
. 2 HiJo| Hj—

vy 2 ") j:r:g(r’)jo[uj%]dr’-tfexp

2 2
{—a ’“Lz+ﬁ—" (t—t')}'f’ tdt' (B.7)

T=ha? (uf+1,%) 5 (u)) ; @ b
[o(87+13) " Y giost Py 1y sing e
V2 (2+ BYBZ + 1B+ 1) vy (B2 12))
tan 3, :M (B.8)
B L,
Ml (.Uj)—Lrlo(ﬂj)ZO (B.9)

where

the distribution of a heat pulse is expressed by f(x)g(r)¥ (t) (0<x<b,0<r<a,t; <t<t,);
L4, Ly, and L, are Biot numbers of specimen (front, rear and side) surfaces;
a and b are the diameter and thickness of a specimen, respectively;

p;and B, are roots of Formulae (B.8) and (B.9), respectively;

AT( max is the maximum temperature rise of a specimen at L = 0 (adiabatic condition).

These relations show that thermal diffusivity, non-approximated Biot numbers, pulse width and non-
uniformity of pulse can be, in principle, calculated under the assumption of axial symmetry from one
transient temperature curve observed in the specified area on a specimen.
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The actual data analysis procedures can be carried out on the basis of the Marquart (non-linear
regression) method, as shown with the non-linear operational form of Formula (B.7), the algorithm of
data analysis and some measurement results in Reference [19].

In order to avoid ambiguous estimations, the centroid of pulse ty is at first determined using a
sufficiently thin metal foil, then non-uniformity of a pulse is estimated using suitable functions with
one of specimens at room temperature, where heat losses are negligibly small. As the centroid position
t, and non-uniformity of laser/light pulses are usually assumed to be constant during experiments,
thermal diffusivity, Biot numbers and AT ., (or the corresponding value in a transient radiance
curve) can be precisely determined simultaneously under the predetermined parameters, including
the observed temperature area (diameters). The procedures are also applicable to measure thermal

diffusivity ¢f tThin f1lms, such as those not covered by this regulation, because the laser heating and
observed temperature area can be flexibly controlled and specified on a specimen so as to sgtisfy
Formula (B.[), if the conditions are axial symmetry.
B.4 Effedt of direct radiative heat transport in the specimen
Combined cpnduction and radiative heat transfer occur through the specimen when it is transparent
or translucgnt to the energy pulse. Radiation can be greatly reduced by applying an opaque codting;
however, th¢ integrity of such coating deteriorates at higher temperatures because of dissimilar thgrmal
expansion df the specimen and the coating material. If the specimen is{diathermic and optically|thin,
thermal diffusivity can be calculated with the model presented by Mehling et all20] in Formula (B.10).
2 .
oo a cos + Np; sin
T(x,0)124Ty > " y,exp| - };" t\y" éy")z Bi 51N (Vnd (B.10)
n= x2 ) yR4NE +2Ng

where

a is|thermal diffusivity;

Ng; is|the Biot number;

2y, Ng;
Y islthe positive root of tan(y, ) :%; 1=0.
Yn — Vi
Furthermorf, multiple reflections\of the heating pulse and transparency to the infrared wavelengths
inside the specimen can be accounted for with the model introduced by Salazar et al.[21],
B.5 Correction for thérmal expansion
A thermal diiffusivity calculated by the procedure in the main text is the apparent thermal diffugivity
0 (T) based on the specimen thickness at room temperature.
The correct thermal diffusivity based on the specimen thickness at the measurement temperature
o(T) is derived from Formula (B.11).
d 2
a(T)=| =L | -aq(T) (B.11)
do

where

dy isthe specimen thickness at room temperature;

d;  isthe specimen thickness at the measurement temperature T'.

20
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Annex C
(informative)

Data analysis algorithms to calculate thermal diffusivity

from

observed transient temperature curve under non-ideal initial and

boundary conditions

C.1 | Logarithmic method
The thermal diffusivity is calculated from Formula (C.1) based on the logarithmi¢method(42-25]
d=-d? /4h (C.1)
whefe
is the inclination of strength line obtained when In (x/Z~AT) is plotted in respect t¢ 1/t in the

C.2
The

unde
diffu
condjition[528],

The

the 1
unde

Unde
normalized by the as§mptotic exponential function of the corresponding analytical solutio

As d¢
sincd

rising region (0,3 < AT/AT,,, < 0,6) of temperaturexise curve(s).

Equiareal method

thermal diffusivity value should be determined when the integrated areas from ¢, to
r the observed transient temperature’eurve and under the analytical solution of

sion formula under the initial andtboundary conditions corresponding to the m

hmplitude of the analytical solution is normalized to the observed transient temperat
haximum temperature ifmeasurements are made under the ideal condition with ng
r uniform heating.

r the general boundary condition with heat losses, the amplitude of the analytica

escribed in B<43; the equiareal method takes the effect of radiative heat losses from th
the obseryed temperature response curve is fitted by Josell’s formula [Formula (B.

t, are equal
the thermal
easurement

ure curve at
heat losses

| solution is
.

e beginning,
V)], which is

the splution:tirider the heat-loss boundary condition[14.16],
The ¢quiareal method calculates thermal diffusivity from the transient temperature curve|obtained by
the laserflash-measurementincontrastto-the halfrise time methed theentire seteftheekperimental

data is fitted by the theoretical curve based on Cape and Lehman’s analysis[14] corrected by Josell et
al.[lle]], which considers the radiative-heat-loss effect exactly. Both thermal diffusivity and Biot number
are simultaneously determined by this equiareal method as shown in Figure C.1.

If £>7,, the terms of order higher than second can be neglected compared with the first term in

Formula (B.2). Thus, the specimen temperature converges to the steady-state temperature before the
light pulse heating expressed by the single exponential Formula (C.2):

t

(C.2)

T(t)=AT-A, expL—XO
0

Consequently, the temperature rise decreases exponentially with the characteristic cooling time of

T, =Ty /XO2 . The data analysis procedure to determine thermal diffusivity values by the equiareal
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method is shown in Figure 2. First, 7, is determined by a least-squares fit over the cooling region t >,

of the observed temperature response curve. Then, if either the thermal diffusivity or Biot number is
determined, the other is simultaneously fixed. Thus, the thermal diffusivity is determined when the
normalized area under Formula (B.2), as a function of t with the parameter 7 for the fixed region (¢; <

t <t,),is equal to the area under the observed temperature response curve for the same time region[>],

One advantage of the equiareal method is that the quality of experimental data can be checked by
observing the discrepancy between the experimental data and the theoretical curve. Data of poor
quality, such as those affected by non-uniform heating, by drift of steady-state temperature or by a
temperature detection system of slow response time, can be screened out immediately. Thus, only
the experimental-data—of-good—guality-are—chosen—and—the—thermal-diffasivity—values—with—smaller

uncertainty|are obtained.

Y 1
/
o7 /
ATmaX 0
ATmaX/Z us 3
2
0
t t t3 ty
t
1/2 ! | |
X -100 0 100 200 300 400 [ X

Key
time (mq)
normalided temperature rise

X

Y

1  exponenfial function
2 equal ar¢a method
3

least-square fit

Figure C.1 — Principle of the equiareal method to calculate thermal diffusivity from a trangient
temperature curve observed by the laser flash method
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Annex D
(informative)

Other error factors

Effect of non-uniform heating

D.1.

Ther
unifq
distn
distn

D.1.

Itis (
profi
bea

Whe
meas
mete
(10 n

The
distn

VN

~

whet

I General

e have been several investigations to analyse heat diffusion and temperaturérespong
rm pulse heating.[22-31] McKay and Schriempfl22] give a general analyticals6lution of {
ibution within the specimen after the front face is heated by a laser,beéam of arbit
ibution.

2 Observation of spatial energy distribution of pulse laser beam

lesirable that the spatial energy distribution of pulse laser,isquantitatively measured

profile can be checked with a sheet of laser-beam footprint paper.

ured using a laser power meter while changing'the aperture size of the field stop befor
r. The diameter of the aperture size should-be typically from 2 mm to the specim
hm standard) by steps of 2 mm.

energy transmitting through the aperture of diameter ¢ is the integration of
ibution q(z) of the laser beam as.shown in Formulae (D.1) and (D.2):

¢ o ¢
) (9) :Jq(z)-Zﬂzdz =qp J.[1+c1]0 (,ul E)}-Zﬂzdz =q 7'L'¢2 +cq J]O (ﬂl E)-2712612
0 r 0 r

0
Q0)/ _ g2
B/
J¢]O(u1£)~2nzdz
0 r

e

7 is the first positive root of j; (x)=0

e after non-
emperature
rary energy

with a beam

le measurement instrument, such as a CCD camera.[32] Ifithose instruments are not ayvailable, the

h the temperature profile is axially symmetric, axial energy distribution of the laser hbeam can be

e the power
bn diameter

the energy

(D.1)

(D.2)

J1(Xx) 1s the first-order Bessel function

When the aperture diameter is equal to the specimen diameter the total energy of the pule incident on
the specimen is provided by Formula D.3,

Q(r)=nr’qy=Q (D.3)
where

Q is the total energy of the pulse incident on the specimen.
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The temperature distribution along the rear face of the specimen is provided by the function T(zt),
where 0 <z<rand t > 0. Then T(z, t) is expressed by Formula D.4

oo 2 oo
Wiy t t
T(z,t)=AT| 1+ cilolu =) exp| -| — | — ||| 142 (~1)" exp| —(mn)* — (D.4)
Jr T T
j=1 P 0 n=1 0
where
AT=0Q/C
Q isthe total energy absorbed hy the specimen;
C is[the heat capacity of the specimen;
p= Sy
(2p)’
p= d is the thickness to diameter ratio of the specimen;
(2r)
d? | isthe characteristic time of heat diffusion across the specimen;
To =—
a is the thermal diffusivity of the specimen.

The non-unjiform heating effect is expressed by the first pafénthesis and the second parenthesis
corresponds to the normal solution under the uniform heatingt

D.1.3 Evaluation of non-uniform heating effect

The temperature response of any combination of p and c¢; can be calculated from Formula (D.4), and the
apparent th¢rmal diffusivity values, @, can be calgulated by the half-rise-time method. Figure D.1 shows
the calculatgd apparent thermal diffusivity valties, when temperature is measured at the centre aof the
specimen ag a function of thickness to diaméter ratio p with a parameter c;.

When the cqefficient ¢, is positive, the feam has a hot centre and when the coefficient c; is negative, the
beam has a pold centre. All curves have’a maximum (c¢; > 0) or minimum (c; < 0) between p = 0,13 and
p = 0,3, whefe the non-uniform heating effect is largest under irradiation of the laser beam of the fame
profile.
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L | | L |
0,01 0,02 0,03 0,05 0,1 0,2 0,3 0,5 1 X

Key

X ratio of thickness to diameter (in log scale), p
Y apparent thermal diffusivity (normalised)

Figure D.1 — Calculated apparent thermal diffusivity when temperature is measured at the
centre of the specimen as a function of “p” with a parameter “c,”

D.2 Measurements of apparent thermal diffusivity values dependent on light
pulse energy

The apparent thermal diffusivity derived from the observed transient radiance curve changes
dependent on the light pulse energy, because of non-linearity of Planck’s formula and temperature
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dependence of the thermal diffusivity of the specimen.[33-37] Generally, the apparent thermal diffusivity
changes as a function of temperature most sensitively at the lowest measurement temperature. Thus, it
is recommended that laser/light flash measurements are made under different levels of the laser beam/

light flash energy.

D.3 Measurements of apparent thermal diffusivity values dependent on

specimen

thickness

In order to characterize the equipment, such as the non-uniformity of pulses, measure the transient
temperature rise curves of several standard specimens different in thickness at room temperature, in

accordance

D.4 Unce

If the radiat
the observe

to Cowan's 1

If the theri]
methods or

calculated f
simultaneoy

D.5 Steady temperature of the specimen

D.5.1 Und

Thermocouj
document (fj

VIth 5.415381

rtainty associated with radiative heat losses

ve-heat-loss correction is not made, the apparent thermal diffusivity valde\calculated

nethod, Takahashi’s method, and Clark and Taylor's method.

hal diffusivity is calculated based on least-square-fit methods, non-linear least-sq
the equiareal method, the correction factor k,;; for the apparent thermal diffusivity Y

rom the observed temperature response curve is given\by the data analysis prog
sly with the corrected thermal diffusivity value.

ertainty of thermometers

bles are commonly used in flash systems operating over the temperature range of
rom room temperature to 1 700 K).®Platinum or platinum-rhodium thermocouples are

commonly y

sed and the uncertainty associated with these types of thermocouples is +1,5 K or 0,

i temperature response curve is larger than the correct value by the ratio“1/k,,; accor

from
ding

uare
ralue

ram,

this
most
25 %

according t¢ the requirements by ISO/IEC 17025, unless they are degraded or contaminated. After a
series of mefasurements up to high teniperatures, the thermocouple should be recalibrated in order to
check if its thermoelectrical responge\is unchanged after exposure to a high-temperature environment.

D52 Ten
thermome

perature difference between the specimen and the sensing part of the
ter

If the thermp
is a tempera

| contact bétween the specimen and the junction of the thermocouple is not enough, 1
ure difference between them. In this case, it is necessary to investigate the deviation
peraturé from the thermocouple junction temperature systematically.

is to prepate
contact. Record the indication of both the regularly used thermocouple and the temporarlly pasted
thermocouple, from room temperature to the highest temperature of the measurements. Then, the
reproducibility of the deviation can be checked and the conversion table from the regularly used

thermocouple temperature to the specimen temperature can be obtained.

D.5.3 Effective temperature of the specimen after light pulse heating

Since thermal diffusivities of materials change dependent on temperature, there is a fundamental
problem concerning how to assign the effective temperature to the transient measurement with
variation of temperature distribution over the specimen after the laser/light pulse heating. According
to numerical simulations, the measured thermal diffusivity value should be assigned to the effective
temperature calculated as T, + AT,,,,,, where T is the steady temperature of the specimen immediately
before the pulse heating[32l.
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In order to know the value of AT .., the temperature response at the rear face of the specimen shall be
measured with a radiation thermometer calibrated with the temperature scale. If a radiation detector
is used for relative measurements of the temperature response, AT .. shall be estimated from the
indication of other thermometers, such as a thermocouple contact with the specimen.

D.5.4 Uncertainty of effective temperature of the specimen

Since it is difficult to evaluate the absolute value of AT .., the major factors contributing to uncertainty
of effective temperature of the specimen are uncertainty of the steady-state temperature of the
specimen, T, and uncertainty of the maximum temperature rise, AT ...

D.5.
pul

Extrapolation of apparent thermal diffusivity value dependent on the la
e energy

ser/light

As d
trang
Plan
the ]

escribed in the previous subclause, the apparent thermal diffusivity derived,from t
ient radiance curve changes dependent on the light pulse energy, because‘of the non
'k’s formula and temperature dependence of thermal diffusivity of the specimen. In pri
ght pulse energy is infinitesimal, the apparent thermal diffusivity sheuld be equal to

therinal diffusivity at the steady-state temperature before the pulse lieating. The thermg

COrrg
appa

D.6

D.6.

The 1
by Pl

whet

[(

[(

It sh
even
30 °(

D.6.

esponding to the infinitesimal laser/light pulse energy can be extrapolated from 4
rent thermal diffusivity values measured when changing the ldser/light pulse energy!

Transient temperature of the specimen

I Non-linearity of Planck’s formula

pectra radiance, at wavelength A from a blackbody of temperature T, is expressed in
anck’s formula as follows:

J—l

1= 5954 8 x 1017 Wm? s the first radiation constant;

2C1

(AT)= !
2

5
A ¢
exp| ——=
p( AT
e

»=0,014 388 mK is the second radiation constant.

buld be noted.that this formula is highly non-linear, and linear approximation is not
over the narrow range as small as 10 K. For example, the spectral radiance change fj
is 18 %,ldrger than that from 20 °C to 25 °Cl[3¢l,

D

s

Calibration of radiation thermometer

he observed
-linearity of
hciple, when
the intrinsic
1 diffusivity

he series of
,38]

Formula D.5

(D.5)

satisfactory
om 25 °C to

In order to observe the transient “temperature” change of the specimen rear face after the impulse
heating instead of transient “spectral radiance”, the radiation thermometer should be calibrated using
black body cavities in the temperature range from 0 °C to 200 °C, where non-linear dependence of the
output temperature shall be corrected for accurate thermal diffusivity measurements[36.37],

D.6.3 Uncertainty associated with individual measurements

Even if a radiation thermometer is calibrated to the temperature standard with small uncertainty, a
number of conditions shall be satisfied as follows, dependent on a particular environment in order to
measure the absolute value of temperature response after the pulse heating.

The radiation thermometer shall observe only radiation from the central part of the specimen rear face
free from stray lights.
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Emissivity of the observed face of the specimen shall be high and the value of emissivity shall be known.

D.7 Time response of transient temperature measurements

D.7.1 Observation

D.7.1.1

Impulse response

Overall time responsivity of transient temperature measurements, considering the response of the
radiation thermometer and the electronics can be evaluated by the temperature response curve at the

rear face of
10 ps. The g
R(t) of the

a metal foil thinner than 100 um after its front face is heated by a light pulse shorter
bserved temperature response curve can be considered as the impulse response’ fuh
fotal unit for transient temperature measurements.

D.7.1.2 Sinusoidal response

Overall timg
an infrared
from 1 Hz
should be cq

D.8 Unce

It is not eas
reliable valy

The uncertd
be negligibl
enough to p

than
ction

b responsivity of transient temperature as a function of frequency ¢an be measured lising

ight emitting diode (IR-LED) operated in current modulation modé-iit the frequency r¢
0 100 kHz.[4%] The amplitude and the phase of the signal frorh a radiation thermon
nstant at least over the frequency from 1 Hz to 10 kHz[40],

rtainty associated with coating

y to evaluate uncertainty associated with coatingfbecause it is very difficult to meas
e of effective thickness and thermophysical properties of the coating layer.

inty can be reduced if a coating layer is thin¥énough for the heat diffusion time across
e compared with that across the specimen although the coating layer is dense, and du
revent transmission of light pulses.

pgion
heter

hre a

itto
rable
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Annex E
(informative)

Procedure to determine intrinsic thermal diffusivity

Thermal diffusivity is one of the thermophysical properties and it depends on temperature. Thermal
diffusivity is determined from a heat diffusion time and specimen thickness and it is an intrinsic value

of th

Ther]
flash

Whep the intrinsic thermal diffusivity independent of temperature-rise during mea

assegsed, the following procedurel4l] is effective:

a) $pecimens with different thickness should be prepared from the same batch of the mat

b) For a specimen, thermal diffusivities are measured by changing pulsed heating p
wniform temperature. Here, pulsed heating power should/be’ changed more than
Measurements should be repeated more than twice for each pulsed heating level.

c) Thermal diffusivity value and temperature rise are obtained from each transient temp
¢urve. They are defined as apparent thermal diffusivities because it includes thermal
felated to temperature dependence.

d) Apparent thermal diffusivities are plotted asva function of temperature rise. The e
yalue of this plot is determined by the linear‘regression.

The fxtrapolating value (a,,) of apparent thermal diffusivity as a function of temperg

defirled as intrinsic thermal diffusivity.(It means thermal diffusivity without temperatur

relatjon between apparent thermal diffusivity and temperature rise is known as in Figure H

function can be used to estimate the.extrapolating value instead of a linear function.

b material.

mal diffusivity of fine ceramics has strong temperature dependence comparedwribh nj
method, the specimen is heated by pulsed light and the temperature of the,sSpécime

etals. In the
n increases.
surement is

erial.

pwer at the
four levels.

erature rise
diffusivities

ktrapolating

ture rise is
b rise. If the
.1, the other
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Y
T N
dex N ® X _
\ \Q \ A Tmax =
® ®
\.\ -
0
0 t J
0 X X3 X3 Xy X
Key
X temperature rise, x;
Y appafent thermal diffusivity, «
t time
T temperature rise
b'¢ extrapolated temperature rise (see 3.12)
AT,,,, Mmaximum temperature rise (see 3.9)
NOTE Indertillustrates a transient temperature curve.
Figure E.l — Example of apparent thermal diffusivity plet as a function of temperature ri

The extrapd

The linear 1
of different
temperatursg

lating value is calculated as follows:

egression is carried out for thermal diffusivity obtained from measurements at k |
pulsed heating powers with r times repeats. When apparent thermal diffusivity a(x]

evels
and

P rise x are obtained for each transiént temperature rise curve, the linear function is shown

(E.1)

in Formula E.1 below.

o(x)=q+b(x—X)
where

X isthe average of temperature rise x;

o= kiE o/(x) is the‘average of apparent thermal diffusivity a(x);

r
Z,-:Z,-(Xi =ax)(oy - )
b= = o is slope of the linear function withi=1, 2, .., kandj=1, 2, .., .
2O T
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Intrinsic thermal diffusivity as an extrapolating value «,, is provided by Formula E.2

o, =0(0)=a—bx

(E.2)

The sum of squares of residual errors between the value of linear function and measured value is

provided by Formula E.3

Su =Y [y -a(x)]
ij

The experimental standard deviation Va as a square root of Sa is provided by Formula E.4

r SOﬂ

o kr—2

=

The felevant uncertainty is provided by Formula E.5:

2
2 1 X 2
(aex ) =+ 2 VOC

kr ’"Zi(xi—)?)

~
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Annex F
(informative)

Reference data and reference materials of thermal diffusivity

F.1 Reference data

Recommend
by CODATA
values to cd

ed values for thermophysical properties of some key solids have been recentlyrupd
Task Group on Thermophysical Properties. The complete set of thermophysical.proj
Iculate thermal diffusivity are thermal conductivity, specific heat capacity-and the
expansion, ind are only given for copper. The thermal diffusivity values calculated,from Refej

lated
perty
rmal
ence

[42] and thg density at 300 K are listed in Table F.1 for different residual resistivity/satios (RRR] as a
function of femperature.
Table F.1 — Reference values of thermal diffusivity of:copper
Temperatfire Thermal diffusivity
K 104 m2s1
RRR=30 RRRR=100 RRR=300 RRR=1 000 RRR=3 000

300 1,164 1,197 1,206 1,209 1,212

400 1,135 1,159 1,165 1,168 1,168

500 1,111 1,129 1,135 1,138 1,138

600 1,091 1,106 1,112 1,112 1,112

700 1,071 1,083 1,089 1,089 1,089

800 1,054 1,063 1,069 1,069 1,069

900 1,036 1,045 1,048 1,048 1,048

1000 1,017 1,023 1,026 1,026 1,029

1100 0,994 1,002 1,002 1,005 1,005

1200 0,968 0,974 0,977 0,977 0,977
F.2 Reference materials
There are r¢cognized and non-recognized certified reference materials supplied by national standard

bodies. The reference materials recognized in 2021 are the following:

a) isotropil

c@raphite (NMI] CRM 5804);

b) Al,05-TiC ceramics (NMI] CRM 5807);

c) quartzglass (NMIJ CRM 5809);
d) glass ceramics (BCR-724);

e) alumina (JFCC TD-AL).

a) to c) are supplied by the National Metrology Institute of Japan (NMIJ). Their thermal diffusivities
were determined by laser flash method traceable to the SI unit. The temperature ranges are 300 K to
1500K,300Kto1000Kand300Kto 800K, respectively. They consist of three or four specimens with
different thickness to check the apparatus that can measure thermal diffusivity regardless of thickness.
d) is supplied by the European Commission's Joint Research Centre (JRC). The certified values were
determined by flash method and guarded hot plate method. The material can be used from 298 K
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tol 025 K. e) is supplied by the Japan Fine Ceramics Center (JFCC). It was experimentally confirmed that
a grade of polycrystalline alumina is homogeneous and stable enough to be used as a reference material.
[38] Two specimens with different thickness (2 mm and 3 mm) were measured in the temperature range
from room temperature to 1 000 K and the reference formula of thermal diffusivity was determined.

Thermal conductivity reference material Electrolytic Iron (NIST SRM 8420) is supplied by the National
Institute of Standard and Technology (NIST). Thermal diffusivity can be calculated on the basis of
thermal conductivity, specific heat capacity and density.

Isotropic graphite (NMI] RM 1401) has thermal conductivity as certified value, thermal diffusivity,
specific heat capacity as reference values and density as information.

Othe

E3

It is
spec

shap
Fort

1y

2)

3)

4)

©ISO

J

1s the material for the validation. If there is no reference material in the target thermg

7N S R SR

r materials exist on the market and they are proposed by apparatus manufacturers

Validation methods of the apparatus by using reference materials

effective to use reference materials in order to verify the applicablg‘tregion of ap
his purpose:

iffusivity a, with uncertainty U with the coverage factork=2. The reference materi

ange of validation, pure metals or ceramics whichihave reference thermal diffusivi
vell-known thermal diffusivity values reported ifvliteratures and databooks are us

pecimens of high thermal diffusivity materialiare useful.

Thermal diffusivities a,, of specimens.of 1) are measured. The variation consis

epeatability of measurements is calctlated as the standard deviation s., when a

easured repeatedly. If a, is obtain€d'according to AnnexE, s, is defined as u(a,,) in Fd

erify that measured thermal diffusivity a,, is within the range of a, + [(U/2)? + 5, 2]}
ange where a,, = a, * [(U/2)2¥+ s, 2]1/2 is satisfied is defined as the applicable region g

f a systematic differencé larger than +[(U/2)2+ s, 2]'/2 from «, occurs, some cor

eeded. However, when [(U/2)? + 5., 2]1/2 is larger than «; - 0,3, corrections are not pos{

anges have problems.of reliability.

erify the range”of heat diffusion time or half time and the range of thickness ¥

men thickness. Thermal diffusivity is a thermophysical property whieh is independent
e and thickness. The time response of apparatus can be checked bhy-changing specimg

repare different thickness specimens of the same batchiof the material which ]

o check the lower limit of specimen thicknessjdifferent thickness between 0,1 mnj

baratus and
of specimen
n thickness.

has thermal
nls are used
1 diffusivity
ty values or
ed. In order
1 to 2,0 mm

ting in the
specimen is

rmula (E.5).

2. Here, the
fapparatus.

rections are
ible and the

<
vhere a,, =

0t[(U/2)%+ s, 1/2 is satisfied. The upper limit of time response of the apparatus and the lower

imit of spe€imen thickness are known from the result.
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Annex G
(informative)

Evaluation of specific heat capacity and thermal conductivity

G.1 Evaluation of thermal conductivity

After direct

lambda) on

AM(T)=q(T)-p(T)-c, (T)

where

A
a

p

%

ist

e thermal conductivity;

is the thermal diffusivity;

is the density;

is the specific heat capacity.

This formul

h applies only to materials that are homogenegus and isotropic.

ly determining thermal diffusivity (a), it is possible to evaluate thermal conductivity (A,
the basis of the specific heat and density of the tested samples, according to Fopmula ((:.1).

(G.1)

a) The thermal diffusivity of the specimen shall be determined directly according to Clauses 4 5, 6
and 7.

b) The rodm temperature density shall be-measured according to ISO 18754. The density should be
evaluated at each temperature, starting’from the room temperature density, by using thgrmal

expansion data, when available.

c) Specifidheat can be determined on the basis of three different approaches:

1y

2)

3)

Differential scanning (calorimetry (DSC): this is the primary method for determining the

spe
the

h be employedta¢cording to Formula (G.1).

Litgrature datd: the data can be employed provided that samples have similar physica

geo|

the

Epecimens. The source of data shall be known.

cific heat of the fested materials after calibration of the apparatus. The resulting datg will

and

etrical’characteristics, such as density and microstructure, and are tested under similar
experimental conditions, i.e. temperature range, heating rate, test environment and coati

ing of

Flash method: specific heat capacity can be obtained by a comparative method according to
G.2.

G.2 Determination of specific heat capacity by flash method
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