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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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Introduction

Thermal barrier coatings are highly advanced material systems, generally applied to surfaces of hot-
section components made of nickel or cobalt-based superalloys, such as combustors, blades, and vanes
of power-generation gas turbines in thermal power plants and aero-engines operated at elevated
temperatures.

The function of these coatings is to protect metallic components for extended periods at elevated
temperatures by employing thermally insulating materials that can sustain an appreciable temperature
difference between load bearing alloys and coating surfaces. These coatings permit the high-
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Althgugh thermal conductivity is an important property of thermal barrier coatings; ISO| 18555 only
describes a method for measuring this parameter of thermal barrier coatings at room.temperature.
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INTERNATIONAL STANDARD 1SO 24449:2021(E)

Metallic and other inorganic coatings — Determination
of thermal conductivity of thermal barrier coatings at
elevated temperature

1 Scope

This|document specifies a method for determining the thermal conductivity of ceramic t(l)p coat (TC)
constituting thermal barrier coating (TBC) subjected to heat treatment, in a directien.ngrmal to the
coating surface, from room temperature up to 1 000 °C.

2 Normative references

The following documents are referred to in the text in such a way that-some or all of their content
constitutes requirements of this document. For dated references, enly the edition cited [applies. For
unddted references, the latest edition of the referenced document (ificluding any amendmenpts) applies.

ISO 1463, Metallic and oxide coatings — Measurement of coatingthickness — Microscopical method

ISO 14188, Metallic and other inorganic coatings — Test méthods for measuring thermal cydle resistance
and thermal shock resistance for thermal barrier coatings

ISO 18555, Metallic and other inorganic coatings — Determination of thermal conductivity of thermal
barrier coatings

ISO 18755, Fine ceramics (advanced ceramies, advanced technical ceramics) — Determination of thermal
diffusivity of monolithic ceramics by laser flash method

EN 821-3, Advanced technical cerami¢s - Monolithic ceramics. Thermophysical propertigs - Part 3:
Determination of specific heat capacity
3 Terms and definitions

For the purposes of thissdocument, the terms and definitions given in ISO 14188, ISO 18p55 and the
following apply.

ISO gnd IEC maintain terminology databases for use in standardization at the following addresses:

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

— IE€Electropedia: available at https://www.electropedia.org/

3.1

thermal barrier coating

TBC

two-layer coating consisting of a metallic bond coat (BC) and a ceramic top coat (TC), in order to reduce
heat transfer from outside of the top coat through the coating to the substrate of a heat-resistant
metallic material

Note 1 to entry: See Figure 1.
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Key
1 top coat|TC) 3 substrate
2 bond codt (BC) 4 thermal barrier coating
Figure 1 — Diagrammatic view of a section of a TBC
4 Principle
The TBC specimen shall be heat-treated prior to the measurementrat.elevated temperature in ¢rder

to minimize
of the subst
can be rega
of the subst
specific hea

The fundam
of the meas|
with TBC) 1

applying a multi-layer analytical model to the temperature-rise curve.

The specific

the change of the coating microstructure. Since the heat-treated BC specimen consi
rate and the BC can be treated as the same as the substrate specimen, the TBC spec
rded as a two-layer model consisting of the substrate and the TC. Thermal conductiy
rate and TC are determined in accordance with*calculation using the thermal diffusiv
[ capacities, and bulk densities[ll. The fundaméntal procedures are shown in Figure 2.

urement of temperature-rise curves of-two types of specimens (substrate and subs
py a flash method, and of calculations. The thermal diffusivity of the TC is obtaing

sting
imen
yities
ities,

ental procedures for determining the thermal diffusivities of the substrate and TC consist

trate
d by

heat capacities and bulk densities of the substrate and TC are separately measured.
e N
Thermal diffusivity
Temperature-rise
curve
. (at elevated temp.)
$pecific heat .
. Bulk density
capacity (at room temp.)
(atelevated temp.) Multi-layer '
analytical model
Areal heat I'heoretical
diffusion time temperature-rise
method curve method
. J

Thermal conductivity

Figure 2 — Fundamental procedures for determining thermal conductivity

© IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=0fd01e56ec942be7a6070db1b7d99534

ISO 24449:2021(E)

5 Apparatus for measuring thermal diffusivity
An example of the apparatus for measuring the thermal diffusivity is schematically shown in Figure 3.

The apparatus consists of pulse heating light source, data recorder, measurement circuit, infrared
radiometer, specimen holder, chamber, thermocouple, temperature indicator and heater. The apparatus
shall be specified in accordance with ISO 18755 and should be calibrated using reference data and
reference materials in reference to ISO 18755:2005, Annex E.

[ 2 ] 13

3] S H,

"""""""""""" o X 12
S / 11

Key

1 ulse heating light source 8 “Specimen

2 ata recorder 9  specimen holder

3 easurement circuit 10 chamber

4  infrared radiometer 11 thermocouple

5 igger signal 12 temperature indicator
6  gmplification of signal 13 heater

7  temperature signal of specimen rear surface

Figure 3 — Typical apparadtus for measuring the thermal diffusivity in accordance|with the
flash method

6 $pecimen

6.1 | Shape and dimensions

The shape and dimensions of the specimen shall be as follows.

The two types of specimens, the substrate and TBC specimens, shall be used.

The specimen shape shall be a flat disk (Figure 4) or flat square plate (Figure 5). The diameter or side
length of the specimen shall be from 10 x 103 m to 15 x 10-3 m.

The thickness of substrate, BC, and TC is given in Table 1.

©1S0 2021 - All rights reserved 3
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1 ST
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D
a) Substrate specimen b) TBC specimen
Key
substrate dpc thickness of BC
bond cogt (BC) drpc thickness of TC
top coat [TC) dg' thickness of substrate and BC
diametef d  total thickness of TBC specimen
dg thicknesp of substrate
Figure 4 — Shape of flat disk specimens
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a) Substrate specimen b) TBC specimen
Key
substrate dpc thickness of BC
bond cogt (BC) drpc thickness of TC
top coat [TC) dg' thickness of substrate and BC
[ sidelength d  total thickness of TBC specimen
dg thicknesp of substratg
Figure 5 — Shape of flat square plate specimens

Table 1 — Thickness of substrate, BC, and TC

Symbol Designation Thickness (x 103 m)
dg thickness of substrate 1,00 <dg < 2,00
drc thickness of TC 0,30 (dg + dgc) < dpc
d thickness of TBC specimen d=dg+dgc+dpc<3,00

The thickness tolerance of substrate shall be £0,01 x 10-3 m.
The difference between maximum and minimum thickness shall be <0,01 d for the TBC specimen.

The selections of the shape, the dimension, and the thickness shall be decided in accordance with the
agreement between parties involved in the transaction.

4 © IS0 2021 - All rights reserved
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Specimen preparation

The procedure is shown in Figure 6. The TBC specimen preparation shall be as follows.

Key

d)

7

7.1

5
e /
3
[ [ I —
2 :> ,,,,,, LI LI LI .- :> L LI LI LI :> ----- LI LI LI -
> X
4 b
a) As-sprayed b) Heat-treated c) Polished d) Coatedwith hlack layer
Jubstrate 4  oxide film
lond coat (BC) 5 black layer
p coat (TC)
Figure 6 — Procedure of TBC specimen‘preparation
TBC specimen shall be heat-treated at the maximumespecified test temperature for 2 hjto 3 h in air

Kior to the measurement in order to minimize the, change of coating microstructur
easurement, since the thermal diffusivity andsthe thermal conductivity of as-spraye

femarkably depending on temperature history:

The TC surface shall be polished mechanitally using abrasive paper P800 or higher
mooth the coating surface for the TBC'specimen.

The substrate surface shall be polished mechanically in order to remove the oxide film

q

g§pecimen.

Both surfaces of specimens-for measuring thermal diffusivity shall be coated with a t
black layer to ensure a High'absorption coefficient to the pulse heating light and a hig
o the infrared radiometer. Sprayed colloidal graphite is suitable as the black layer. Foi
f the TC, the graplite should be sprayed directly onto it or after sputtering a metal su
latinum onto it,

Measuring procedure

Specimen thickness

b during the
d TC change

in order to

for the TBC

hin, opaque,
h emissivity
the surface
ch as gold or

The specimen thickness shall be measured at room temperature as follows.

a)

The specimen thickness shall be measured in accordance with ISO 18755.

b) The thickness of TC shall be measured on the image of the coating cross section in accordance with

ISO 1463.
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7.2 Thermal diffusivity

7.2.1 Measurement of temperature-rise curve

The temperature-rise curve shall be measured as follows.

The specimen shall be placed in the specimen holder into the chamber. The TBC specimens shall

be so fixed that their substrate surfaces are heated by pulse light and the temperatures at the TC

a)

surface
b)

accordaf
c) The tenj
d) The spe

tempery
e) The tenj
7.2.2 Calg

The diffusiy
specimen m|

7.2.3 Calg

7.2.3.1 G¢

The calculat
application
method or {
model. The
transaction

7.2.3.2 Ay
See ISO 185

The atmosphere

easured at the specified temperature in accordance withdSO 18755.

shall be detected.

[ d21 D Wwe Dd volved OIl.

cimen shall be heated to a specified temperature and held for at least 15 minta’stabiliz
iture of the specimen.

perature-rise curve shall be measured at the specified temperature;

ulation of thermal diffusivity of substrate

ity of substrate shall be calculated based on the temperature-rise curve of the subs

ulation of thermal diffusivity of TC

tneral

ion of thermal diffusivity TC shall be made based on the temperature-rise curve and
bf a multi-layer analytical model in accordance with ISO 18555. The areal heat diffusion
he theoretical temperature-rise cutye method shall be used as the multi-layer analy
model shall be chosen in accordance with the agreement between parties involved i

eal heat diffusion time method

5:2016, Annex A.

shall be inert gas or vacuum. The selection of the atmosphere shall be decided in

perature-rise curve shall be measured at room temperature in accordance with ISO"18555.

e the

trate

with
time
rtical
h the

The thermal diffusivity of T€-shall be calculated in accordance with Formulae (1) and (2) on the bagis of
measuremeht made usinigthe TBC specimen and the thermal diffusivity of substrate obtained in 72.2:

ame =dic” /Tre §3)
where

ot is the thermal diffusivity of TC (m?2/s);

drc is the thickness of TC (m);

T1C is the heat diffusion time of TC (s).

T T '2
o = 6(cspsds +crcPrcdrc) Arpe —(€sPsds "+3crcpredre)-(ds ™/ ots) @

3cgpsds '+ CcPrcdrc
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re

Cg is the specific heat capacity of substrate [J/(kg-K)];
Ps is the bulk density of substrate (kg/m3);

O is the thermal diffusivity of substrate (m?2/s);

dg' is the thickness of substrate and BC (m);

CrC is the specific heat capacity of TC []/(kg-K)];

e-rise curve

(3

b measured

rfdance with

prc  is the bulk density of TC (kg/m3);
Arpc  is the areal heat diffusion time of TBC specimen (s).
7.2.3.3 Calculation using theoretical temperature-rise curve method
The thermal diffusivity of TC shall be calculated by applying the theoretical temperatur
basef on a multi-layer model analysis to the measured temperature-rise-curve.
a) The theoretical temperature-rise curve of the TBC specimens given in Formula (3);
(T(t)/ AT )y, =F(ds ', dyc 05, 001¢ 5 Cs €15 Ps » P o t)
whete
T(t)/AT)y, isthe theoretical temperature-kise curve;
¥ is a function;
t is the time (s).
b) Input the data except for the thermal diffusivity of TC into Formula (3).
c¢) The thermal diffusivity @©f TC shall be calculated by fitting Formula (3) to th
ttemperature-rise curve ofjthe TBC specimen.
7.3 | Specific heat capacity
The $pecific heat€apacity of the substrate and the TC shall be determined as follows.
a) The specific heat capacity shall be measured at the specified temperature in acco
EN 821-3.
b) The)TC stripped off the substrates should be used as the specimen to measure the s

pecific heat

capacity of the TC.

c) The literature values for the TC produced by the same coating process with the powder of the same
composition should be used, if the preparation of the TC stripped off the substrate is difficult.

d) The value measured for the raw material powders of the TC should be used, when the literature
values are not available.

7.4

Bulk density

The substrate and TBC specimens shall be used as follows for determining the bulk density of TC.

a) Measure the mass of the substrate and TBC specimens at room temperature.
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https://standardsiso.com/api/?name=0fd01e56ec942be7a6070db1b7d99534

ISO 24449:2021(E)

b) Measure the dimensions of the substrate and TBC specimens by using the micrometer and calculate
their volumes at room temperature.

c) The bulk density of substrate shall be determined using the mass and the dimensions of the
substrate specimen.

d) The bulk density of TC shall be determined in accordance with Formula (4);
prc =(Precd — ps (d—drc ))/drc (4)

where

Prec i the bulk density of the TBC specimen (kg/m3);

d id the thickness of TBC specimen (m).

8 Thermal conductivity of TC
Thermal conductivity of TC, Arc ’ shall be determined in accordance with Forniila (5);

Are =0tc C1c * P1C (5)

9 Report
The report ghall contain the following items.
a) areference to this document, i.e. ISO 24449:2021;
b) specimégn:
1) material of substrate;
2) materials and coating conditions of-BC and TC;
3) shape of the specimen (disk-or.square plate);
4) diameter or side length.of the specimen;
5) thidkness of substrate, BC, and TC;
6) heaf treatmentcondition prior to measurement (temperature and time).

c) measurpment<eonditions;

1) typgof the apparatus for measuring the thermal diffusivity (model of the instrument);

2) atmosphere for measuring the temperature-rise curve;

3) coating of the specimen for measuring the temperature-rise curve (coating material, coating
procedure);

4) measurement temperature and holding time at measurement temperature;
5) calculation method of the thermal diffusivity;
6) method for measuring the specific heat capacity.

d) results of measurement and calculation.

1) bulk densities at room temperature of substrate and TC;

8 © IS0 2021 - All rights reserved
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