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Foreword

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

The procedy

described i

different types of ISO documents should be noted. This document was drafted in accordande\wit

editorial ru

Attention is

ia neededdo

es of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

drawn to the possibility that some of the elements of this document may‘be the subjg

ect of

patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Detalils of

any patent rjights identified during the development of the document will be in théjIntroduction af
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade npme used in this document is information given for the convenience of users and doe
constitute ah endorsement.

For an exp
assessment,

Barriers to Trade (TBT) see the following URL: Foreword - Sufiplementary information

The commitftee responsible for this document is ISO/TC 107 Metallic and other inorganic coatings.

anation on the meaning of ISO specific terms and\expressions related to confor

1d /or

S not

mity

as well as information about ISO’s adherence to*the WTO principles in the Technical
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Introduction

Thermal barrier coatings are highly advanced material systems. They are generally applied to surfaces
of hot-section components made of nickel or cobalt-based superalloys, such as combustors, blades,
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 which can sustain an appreciable
temperature difference between load bearing alloys and coating surfaces. These coatings permit the

h' hl- gl Baratian-irchialdio o 1 caraaraitetharalba: ot dio o b ot 100
lg cCrptratar CoOptTatioTr Uy STCTOTIT g cCSCCOTITPOTICTICS, tIICT C Oy CATCTIOTITS T CIT TV TSt

Althgugh thermal conductivity is one of the most important properties of thermalcbarrier coatings,
the gxisting International Standard (ISO 18755:2005) includes only the method, for,determining the
thermal diffusivity of monolithic ceramics, regarding the heat conduction in thermal barri¢r coating.

© ISO 2016 - All rights reserved v
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INTERNATIONAL STANDARD ISO 18555:2016(E)

Metallic and other inorganic coatings — Determination of
thermal conductivity of thermal barrier coatings

1 Scope

This International Standard specifies the method for determining the thermal conductivities of thermal
barrj T TSt T I —1 i i rmal to the
coating surface, at room temperature.

2 Normative references

The following documents, in whole or in part, are normatively referenced\iir’ this docunjent and are
indigpensable for its application. For dated references, only the editign)cited applies. For undated
referfences, the latest edition of the referenced document (including any-amendments) applies.

[SO 1463, Metallic and oxide coatings — Measurement of coating thickness — Microscopical method

[SO 18755:2005, Fine ceramics (advanced ceramics, advanced)technical ceramics) — Detefmination of
thermal diffusivity of monolithic ceramics by laser flash method

EN §21-3, Advanced technical ceramics — Monolithic ceramics. Thermophysical properties — Part 3:
Determination of specific heat capacity

ASTM E1269-11, Standard Test Method for Detefmining Specific Heat Capacity by Differential Scanning
Caloffimetry

3 Terms and definitions

For the purpose of this standdrd, the terms and definitions given in ISO 18755:2005 and the
folloing apply.

31
thermal barrier coating
TBC
two-|ayer coating.censisting of a metallic bond coat (BC) and a ceramic top coat (TC), in order to reduce
heat transfer frem outside of the top coat through the coating to the substrate

Note [l to entry: See Figure 1.

© IS0 2016 - All rights reserved 1
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barrier coating (TBC)

Figure 1 — Diagrammatic view of a section of TBC

0 14188:2012, definition 3.1, modified]

apparent thermal diffusivity

thermal diff
coating (TB

3.3
normalized
T(t)/AT
value which
surface afte
heating by {

usivity of the specimens [substrate with bond coat{BC) and substrate with thermal bg
)] in a direction normal to the coating surface

temperature rise

is determined by dividing the difference between the temperature of the specimen
r the pulse heating and the temperature of the specimen rear surface before the |
he difference between the maximum temperature of the specimen rear surface an

rrier

rear
bulse
1l the

temperatur¢ of the specimen rear sugnface before the pulse heating
T(t) (-7,
AT [ -T,
where
T1(t) | is tempepature of specimen rear surface after pulse heating by a flash method;
t istime;
To s temperature of thespecimenrear surface before putse treating;
Tmax is maximum temperature of specimen rear surface.

Note 1 to entry: See Figure 2.
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a) Flash method b) Temperature-rise curve under-ideal ronditions
Key
1 pulse heating X  time (s)
2 dpecimen Y normalized temperature rise-T(t) / AT
3 dubstrate A areal heat diffusion time{s)
4 TBC
5 frontsurface
6  1ear surface
7  ipfrared radiometer

3.4
temperature-rise curve

Figure 2 — Flash method and temperature-rise curve under ideal conditions

curve which shows the variation in theyiormalized temperature rise of the specimen rear ¢

time

Note |l to entry: See the thick solid line in Figure 2b.

3.5
half rise-time

t1/2

time|required forthe'normalized temperature rise to reach 0,5 in the temperature-rise cur

Note [l to entry: See Figure 2b.

3.6
areall heat diffusion time
A

urface with

ve

area with time-dimension which is bordered by the horizontal line at the height of the maximum
temperature-rise and by the temperature-rise curve

Note 1 to entry: See Figure 2b.

3.7
heat diffusion time
70

time period beginning with pulse heating of the specimen front surface until time at which the specimen

temperature becomes uniform

© ISO 2016 - All rights reserved
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where

T0 is heat diffusion time (s);

d is thickness of specimen (m);

a is thermal diffusivity (m2/s).

Note 1 to entry: See Figure 2b.

4 Princi

le

Thermal co
the thermal
shown in Fig

The fundan
consist of th
with BC, ang
BCand TC a

The specifiq

ure 3.

capacity

[ Specific heat

heat capacities and bulk densities of the substrate, BC, and T€ are measured separately.

Ve

Thermal diffusivity

Temperature-rise
curve

X

nductivities of the substrate, BC, and TC are determined according to calculations Jlsing
diffusivities, specific heat capacities and bulk densities. The fundamental procedures are

ental procedures for determining the thermal diffusivities of the substrate, BC, and TC
e measurement of temperature-rise curves of three types of specimens (substrate, subsitrate
| substrate with TBC) by a flash method, and of calculations. The thermal diffusivities ¢f the
e obtained by applying a multi-layer analytical model to the temperature-rise curves.

J

Multi-layer
analytical’ model

Areal heat Theoretical
diffusion time temperature-rise
method curve method

[ Bulk density ]

Thermal conductivity

5 Appar

atus for measuring thermal diffusivity

Figure 3 — Fundamental procedures for determining thermal conductivity

An example of the apparatus for measuring the thermal diffusivity is schematically shown in Figure 4.

The apparatus consists of the following.

5.1 Pulse heating light source.
5.2 Datarecorder.
5.3 Measurement circuit.

5.4 Infrared radiometer.

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=adfe5c6a121722f8fcf84c8276d3fc8f

ISO 18555:2016(E)

5.5 Specimen holder.
5.6 Chamber.
5.7 Thermocouple.

5.8 Temperature indicator.

The apparatus shall be specified according to ISO 18755:2005 and should be calibrated using reference
data and reference materials in reference to Annex E in [SO 18755:2005.

1

12

4
Key
1 ulse heating light source 7  temperature signal of specimen rear surface
2 ata recorder 8  specimen
3 easurement circuit 9  specimen holder
4 infrared radiometer 10 chamber
5 trigger signal 11 \thermocouple
6  amplification of signal 12/ temperature indicator

Figufe 4 — Typical apparatus for measuring the thermal diffusivity according to a flash method

6 S$pecimen

6.1 | Shape and dimensions

The shape and dimensions of the specimen shall be as follows.
a) The three types of specimens (the substrate, BC and TBC specimens) shall be used.

b) The specimen shape shall be a flat disk (Figure 5) or flat square plate (Figure 6). The diameter or
side length of the specimen shall be from 10 x 10-3 m to 15 x 10-3 m.

c) The thicknesses of the substrate, BC and TC are given in Table 1.

d) The substrate thickness shall be the same for the three types of specimens.
e) The thickness tolerance of substrate shall be + 0,01 x 10-3 m.

f)  The thickness of BC shall be the same for the BC and TBC specimens.

© IS0 2016 - All rights reserved 5
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g) The difference between maximum and minimum thickness shall be < 0,01 d for the TBC specimen.

h) The coating surface should be polished mechanically in order to smooth the coating surface for the
BC and TBC specimens.

i) The selections of the shape, the dimension and the thickness shall be decided according to the
agreement between parties involved in the transaction.

j)  For measurement of the specific heat capacities of BC and TC, the coatings stripped off the
substrates shall be used as the specimen.

B
1 =) 1
-

D D D
a) Subptrate specimen b) BC specimen ¢)-TBC specimen
Key
1  substrat¢
bond codt
top coat
diamete]

ds thicknesp of substrate
dpc thicknes} of bond coat
dtc thicknes} of top coat

Figure 5 — Shape of flat disk specimens

~cé’é
% <"
3
2 v
1 \ 1—» \
1 l i
a) Substrate specimen b) BT specimen ¢J TBU specimen
Key
1 substrate
bond coat
top coat

| side length

ds thickness of substrate
dpc thickness of bond coat
dtc thickness of top coat

Figure 6 — Shape of flat square plate specimens
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Table 1 — Thicknesses of substrate, BC, and TC

Symbol Designation Thickness (x 10-3 m)
ds thickness of substrate 1,00 <ds< 2,00
dgc thickness of BC 0,15 ds < dpc
dtc thickness of TC 0,20 (ds + dgc) < dtc
d thickness of TBC specimen d=ds+dgc+drc<3,00

6.2 Surface treatment

Both| surfaces of specimens for measuring thermal diffusivity shall be coated with,acthin, opaque,

preférably black layer according to ISO 18755:2005.

7 Measuring procedure

7.1 | Specimen thickness

The §pecimen thickness shall be measured as follows.

a) The specimen thickness shall be measured according to ISO 18755:2005.

b) The thickness of BC and TC shall be measured on.the image of the coating cioss section
dccording to ISO 1463.

7.2 | Thermal diffusivity

7.2.1 Measurement of temperature-risecurve

Accopding to ISO 18755:2005, the temperature-rise curve (Figure 2b) shall be measured as|follows.

a) The specimen shall be placed in the specimen holder of the chamber. The BC and TB( specimens
ghall be so fixed that their substrate surfaces are heated by pulse light and the temperptures at BC
gnd TC surfaces shall be detected (See Figure 2a).

b) Theatmosphere is decidéd according to the agreement between parties involved in the ftransaction.

c) The temperature-of the specimen rear surface before pulse heating, Ty, shall be measufed with the
thermocouple:

d) With variation of the specimen temperature minimized (0,2 K or less per minute) lLefore pulse
meating anid with the output of infrared radiometer stabilized; the specimen is subject to pulse

eating to measure the temperature rise.

7.2.2 Calculation of thermal diffusivity of substrate

The diffusivity of substrate shall be calculated based on the temperature-rise curve of the substrate
specimen according to ISO 18755:2005.

7.2.3

Calculation of thermal diffusivities of BC and TC

The calculation of thermal diffusivities of BC and TC shall be made based on the temperature-rise curve
and with application of a multi-layer analytical model. The areal heat diffusion time method or the
theoretical temperature-rise curve method shall be used as the multi-layer analytical model. The model
shall be chosen according to the agreement between parties involved in the transaction.

© ISO 2016 - All rights reserved
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7.2.3.1 The areal heat diffusion time method (See Annex A)

a) Calculation of the areal heat diffusion time across the specimen.
The areal heat diffusion time shall be calculated as follows.

Either of the following 1) or 2) may be used.

1) Calculation using numerical data of temperature-rise curve. The areal heat diffusion time, A
(hatche portion of Figure 7h) shallbe determined Hirnr‘ﬂy fromthe data nffnmpnrahlrn-ricp curve.

2) Calcylation using apparent thermal diffusivity. Using the apparent thermal diffusivity; a, | the

areal hgat diffusion time, A shall be calculated according to Formula (1).

2
4=d*/|6a,,, ] M

d isthickness of specimen (m);
@app is ppparent thermal diffusivity of specimen (m2/s).

The apparent thermal diffusivity of the specimen, aapp, shdllbe calculated according to equipreal
method|or half-time method (see [SO 18755:2005).

3) The dorrection factors for heat loss and non-uniformrheating should be calculated in refererice to
Annexep B and D respectively in ISO 18755:2005.

b) Calculation of thermal diffusivities of substrate,BC, and TC.

1) The thermal diffusivity of BC shall be~calculated according to Formulae (2) and (3) on the
basis of the measurement made using the BC specimen, and the thermal diffusivity of subsftrate
obtained in 7.2.2.

The thermal diffusivity of BC canjbe expressed as follows:
Ope = dBc2 /TBC (2)

where
apc is thermaldiffusivity of BC (m2/s);

dpc is thickness of BC (m);

tgc is heat diffusion time of BC (s).

= 6 (Cspsds + CocPpclyc ) Apes — (Cspsds + 3("Bchchc>(dsz / a) 3)
B 3c,pydy + Cypped

BCpBC BC

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

as is thermal diffusivity of substrate (m2/s);

8 © IS0 2016 - All rights reserved
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ds is thickness of substrate (m);

cpc  is specific heat capacity of BC []J/(kg-K)];

pec is bulk density of BC (kg/m3);

Apc-s is areal heat diffusion time of BC specimen (s).

2) The thermal diffusivity of TC shall be calculated according to Formulae (4) and (5) on the basis of
the measurement made using the TBC specimen, as obtained in 7.2.2 and ag¢ obtained in Formula (2).

The thermal diffusivity of TG can be expressed-as follows:

2
c= dTC/TTC 4)

(@)
—

where
rrc is thermal diffusivity of TC (m2/s);
Irc is thickness of TC (m);

rrc is heat diffusion time of TC (s).

6(Cspsds + ChePpcdpe + CTCpTCdTC)ATBC-S

2
6¢5psdsqrcPrcd1c | 95c

1
e = —|3agPsds + cpePpcdpe + 3¢ rcPrcdrc +
3cgpgdg +3cpcPpcdpe + CrePrcldrc CpcPcdBe Upc
2
s
_(Cspsds +3cpePpcdpe + 3CTCpTCdTC>a_
s
(p)
wherte

CTC is specificheat capacity of TC [J/(kg-K)];
prc  is balkdensity of TC (kg/m3);

Arpc-sNisareal heat diffusion time of TBC specimen (s).

7.2.3.22-, ‘Calculation using theoretical temperature-rise curve method

The thermal diffusivities of BC and TC shall be calculated by applying the theoretical temperature-rise
curve based on a multi-layer model analysis to the measured temperature-rise curve.

The theoretical temperature-rise curve shall be chosen according to the agreement between parties
involved in the transaction. Examples of the theoretical temperature-rise curve are given in Annex B.
The measured temperature-rise curve should be corrected for heat loss and non-uniform heating in
reference to ISO 18755:2005 (Annexes B and D respectively).

a) Calculation of thermal diffusivity of BC.

1) The theoretical temperature-rise curve of the BC specimen is given in Formula (6).

© IS0 2016 - All rights reserved 9
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(T(t)/AT)th = F(dS7dBC7asachvcsacBC7psvchat)

where

(T(t)/AT)t  is theoretical temperature-rise curve;

F

is a function.

2) Input the data except for the thermal diffusivity of BC into this equation.

(6)

3) The thermal diffusivity of BC shall be calculated by fitting this equation to the measured
temperature-rise curve of the BC specimen.

b) Calculation of thermal diffusivity of TC.

1) Thetheoretical temperature-rise curve of the TBC specimen is given in Formula(7).

(T(t)/ AT)y, =G(ds,dyc,drc 0, Oger O, Cs e »Crcr Ps» Picr Prcot)

where (¢ is a function.

2) Inpu

3) The
temper

t the data except for the thermal diffusivity of TC into this equation.

thermal diffusivity of TC shall be calculated by fitting this equation to the meas
ature-rise curve of the TBC specimen.

7.3 Specific heat capacity

The specifigheat capacity shall be determined as follows:

a) The mg¢asurement of the specific heat capacity shall be according to EN 821-3:200
ASTM H1269 11.

b) The litgrature values for the coating produced by the same coating process with the powd
the sanle composition should be used, if the preparation of the coating stripped off the subs
is difficplt.

NOTE T
literature va

lltf value measured for(the raw material powders of the respective coating can be used, wh¢
es are not available:

7.4 Bulkdensity

The substrate, BC, antd'TBC specimens shall be used as follows for determining the bulk densities

and TC.

(7)

ured

5 or

er of
trate

n the

bf BC

a) Measurg the mass of the substrate, BC and TBC specimens.

b) Measure the dimensions of the substrate, BC and TBC specimens by using the micrometer and
calculate their volumes.

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

d) The bulk density of BC shall be determined according to Formula (8).

PBc:(

PBc-s (ds + dBC) - psds)/dBc

where ppc-s is bulk density of the BC specimen (kg/m3).

e) The bulk density of TC shall be determined according to Formula (9).

10

(8)

© ISO 2016 - All rights reserved
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Prc

= (pTBC—S (ds +dge + ch) —pdg — PBchc)/ch

where prpc-s is bulk density of the TBC specimen (kg/m3).

8 Thermal conductivities of BC and TC

ISO 18555:2016(E)

9)

Thermal conductivities of BC, Agc, and TC, Ar¢,, shall be determined respectively by Formulae (10) and

(11):

1BC — “BC“BCFBC

Arc = OycCocPrc
9 Report
9.1 | Items to be reported

(10)

(11)

The report shall contain the following items. When the reported values are cited, thely should be
described in the report.

a) $pecimen:

)
)
3)
4)
$)

material of substrate;

materials and spraying conditions of BC.@nd TC, including surface preparation of the substrate;

shape of the specimen (disk or square plate);
diameter or side length of the specimen;

thickness of substrate, B€ and TC.

b) Measurement conditions:

iy
1)
3)

4)

1)

type of the apparatus for measuring the thermal diffusivity (model of the instrumé¢nt);

atmosphere.for measuring the temperature-rise curve;

surfacetreatment of the specimen for measuring the temperature-rise curve (coating material,

coating procedure);

temperature of specimen rear surface before pulse heating, To;

J

6)

method for measuring the specific heat capacity.

c) Results of measurement and calculation:

1y
2)
3)
4)

bulk densities of substrate, BC and TC;
specific heat capacities of substrate, BC and TC;
thermal diffusivities of substrate, BC and TC;

thermal conductivities of substrate, BC and TC.

© ISO 2016 - All rights reserved
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9.2 Additional items to be selected for the report

The report may contain additional items. The additional items are selected from the following,
according to the agreement between parties involved in the transaction.

a) year/month/day of measurement and the measurement laboratory;

b) manufacturer of the measuring system;

c) details of thermal diffusivity measurement;

1y
2)
3)
4)

5)
6)
7)

12

correction factors used in 7.2.3.1a) and 7.2.3.2;

typg of thermocouple and positional relationship between the thermocouple and specimep;

typE of the infrared radiometer;

pulse heating light source (type, intensity, pulse width, pulse beam centre df gravity an
method to determine the centre of gravity);

number of the measurement;
datp regarding the temperature-rise curve (the representative datain case of necessity);

half-rise time or areal heat diffusion time.

=

1 the

© ISO 2016 - All rights reserved
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Annex A
(informative)

Areal heat diffusion time method

A.1 General

A mylti-layer model is shown in Figure A.1. According to the multi-layer model, based on-t
function method,[2] the areal heat diffusion time A [s] across the multi-layer specimemnis ex

= [ b (6)] de = 1im

A
where
b
T

T(t)=T(t)/ AT

)= fooo T, (t)exp(-¢t)dt

é—bﬁ-i(é)

is thermal effusivity across the multi-layer specimen;
is heat diffusion time across the multi-layer specimen;

is normalized temperature rise (see 3.3);

is Laplace transform of Ty (t);

is a Laplace parameter.

The heat diffusion across the n-layered’specimen is systematically analysed using Formula

he response
pressed as:

(A1)

(A1)

© ISO 2016 - All rights reserved
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1 pulsehe
2 infrared
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aj thermal
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1

A

Layer 1: dl, @, c,p, by T,

Layer 2: dz, @, C,, P, bz, T,

Layer n:

hting

radiometer

5 of the 7 th layer (i = 1,2,...,n)
Hiffusivity of the i th layer (i = 1,2,...,n)

¢;  specific lheat capacity of the i th layer (i = 1,2,...,n)

pi bulk den|
b; thermal
T; heat diffi

A.2 Singl
The areal hd

A_ =1

1-S

From Formy

11:6A

A.3 Two-
The areal hd

sity of the i th layer (i = 1,2,...,n)
effusivity of the i th layer (i = 1,2,...,n)
ision time of the i th layer (i = 1,2,...,n)

Figure A.1 — Multi-layer model

e-layer model

at diffusion time across a singletlayer specimen A1.g is expressed as:

/6

L-S

layersmodel

atdiffusion time across a two layer specimen Az.s is expressed as:

la (A.2), the heat diffusion time of the first layer is determined by Formula (A.3):

(A.2)

(A.3)

b1113/2 + 3b2111'21/2 + 3b1111/21'2 + bzr

3/2
2

Ay =

From Formula (A.4), the heat diffusion time of the 2nd layer is determined by Formula (A.5):

T

6(b1\/Z+b2\/g)

_ 6A2-s (Clpldl + Czpzd ) B (C1p1d1 + 3Czp2d2)1'1

2
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3C1p1d1 + Czpzdz

(A4)

(A.5)
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