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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 which can sustain an appreciable
temperature difference between load bearing alloys and coating surfaces. These coatings permit the

h' hl- gt Baratian-irclhialdio o 1 caraaaitetharalba: oo dio o b ot 120
lg cCrpCtratar COptTatioTr Uy STCTOTIT S cHCSCCOTITPOTICTICS, tIICT C Oy CATCTIOTITS CHCIT TV OS5t

Althgugh Young’s modulus is an important property of thermal barrier coatings,the existing ISO
stanglard only describes a method for measuring the Young’s modulus of monolithjc'ceramigcs.

This|International Standard specifies a method for measuring the Young’s modulus of thermal barrier
coatings that consist of multilayers formed on substrate by thermal spraying.

The measuring procedure of this International Standard is applicable:or the measurement of the
Younlg’s modulus of various thermally sprayed coatings.

© ISO 2016 - All rights reserved v
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Metallic and other inorganic coatings — Measurement
of Young’s modulus of thermal barrier coatings by beam
bending
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International Standard specifies a method for measuring the in-plane Young'’s modu|lus, at room

erature, of thermal barrier coatings formed on substrates by thermal spraying.

Normative references

following documents, in whole or in part, are normatively referenced in this docunj
pensable for its application. For dated references, only the edition’ cited applies. |
ences, the latest edition of the referenced document (including anyxamendments) appl

463, Metallic and oxide coatings — Measurement of coating thickness — Microscopical nf

611, Geometrical product specifications (GPS) — Dimensiohal measuring equipment: Mig
nal measurements — Design and metrological characteristics

287, Geometrical Product Specifications (GPS) — Suxface texture: Profile method — Term!
urface texture parameters

3385 (all parts), Geometrical product specifications (GPS) — Dimensional measuring eqt

500-1, Metallic materials — Calibration and verification of static uniaxial testing machin
on/compression testing machines <='Calibration and verification of the force-measuring s

4188, Metallic and other inorganic coatings — Test methods for measuring thermal cyg
hermal shock resistance forthermal barrier coatings

Terms and definitions
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Figure 1 — Diagrammatic view of a section of TBC

0 14188:2012, 3.1, modified — a different note to entry and figure has been used.]
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ental procedures for measuring the.Young’s moduli of the substrate, BC, and TC consjst of
bment of the force-strain diagram.ef three types of specimens (substrate, substrate [with
trate with TBC) by a four-point bending method and of calculations according to the theory
e beam. [11[2][3][4](5]

atus for measuring Young’'s modulus
of the apparatus{or-measuring the Young’s modulus is schematically shown in Figure [2.

us consists efifour-point bending jig, testing machine, and strain measuring equipmeni.
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3 dupportroller 11 strain gauge
4  lpadroller 12 strain measufing equipment
5 lpad bed a distancebetween load rollers
6 hall [ distanée between support rollers
7 sting machine
8 jzrce

Figure 2 — Typical apparatus for measuring the Young’s modulus (in the case that the tensile
force is‘applied to the TBC)

5.1 | Testing machine

The testing machine is specified’according to ISO 7500-1.

5.2 | Four-point bending jig

The four-point bending jig consists of the load bed, load roller, support bed, support rollerf and ball, as
follows.

a) The loadibed, load roller, support bed, support roller, and ball shall have sufficienf rigidity to
preventtheir plastic deformation during testing.

b) The’width of load bed load roller, support bed and support roller shall he ]qrgpr than that of
specimen.

c¢) The distance between load rollers shall be between 15 mm and 30 mm.
d) The distance between support rollers shall be three times the distance between load rollers.

e) The radii of support rollers and load rollers shall be the same and shall be between 2,0 mm and
3,0 mm.

f) The surface roughness of rollers shall be <0,4 pm Ra according to ISO 4287.

g) The ballis used to ensure that the force is distributed evenly between the left and right load rollers.

© IS0 2016 - All rights reserved 3
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5.3 Strain measuring equipment
The strain measuring equipment shall be specified as follows.

a) The strain measuring equipment shall be capable of identifying, to the accuracy of +1 %, the strain
to be measured with the strain gauge.

b) The strain gauge length should normally be <5 mm.

6 Specimen

The specimé¢ns shall be specified as follows.
a) The thrge types of specimens, the substrate, BC, and TBC specimens shall be used.

b) The specimen shape is a beam type (see Figure 3) and the dimensions of the specimen shall pe as
given in Table 1.
1 3

A b

a) Substrate specimen

2

1 hs

I, b

b) BC specimen (substrate with BC)

A b

c) TBE specimen (substrate with both BC and TC)

Key
substrate
BC
TC

I  total length

b  width

hs substrate thickness
hy BC thickness
he TC thickness

Figure 3 — Shape of specimens
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Table 1 — Dimensions of specimen

Symbol Designation Dimension
[ (mm) distance between support rollers 3a
Iy (mm) total length I+6<I
b (mm) width 4<b<(1/6)1
hg (mm) substrate thickness 1,5<hg<3,0
hy (mm) |BC thickness 0,10 < hp and hs /20 < hy, for BC specimen
hc (mm)  |TC thickness 0,20 < h¢ and (hs + hp) /10 < hc for TBC specimen
c) The thickness tolerance of the substrate shall be £0,01 mm.
d) The side surface of the BC and TBC specimens shall be polished to remove the ceating deposited on

the side surface. The polishing shall be done cautiously so that it does not damage the d

7 Measuring procedure

7.1

Specimen dimension

The dimensions of the specimen shall be measured as follows.

a)
b)
‘)
d)

7.2

a)
b)

The total length of the specimen shall be measured according to ISO 13385.
The width of the specimen shall be measured according to ISO 3611.
The thickness of the substrate shall be measured according to ISO 3611.

The thickness of BC and TC shall be measured on an image of the coating cross section
1SO 1463.

Force-strain diagram

The strain gauge shall be attached to the coating surface for the BC and TBC specimensg.

The strain gauge shall b€ attached at the middle portion of the specimen, parallel to the
direction, as shown i Eigure 4.

For the TBC specimény,'with significant porosity, where adhesive for fixing the strain §

signij

© ISO
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Figure 4 — Position of strain gauge

cimen shall be placed into the four-point bendingyjig, as shown in Figure 5 a), when te
applied to the coating or as in Figure 5 b) wheh compressive force is applied. The dire
brce applied to the coating shall be decided’according to the agreement between p3

involved in the transaction.

P/2 P/2

nsile
ction
rties

Key
1
P

d)

f)

g)

strain gauge

a) Tensile force

b) Compressive force

force apptiedtospecimen

The test speed shall be <0,5 mm/min.

Figure 5 — Direction of force applied to the coating by four-point bending

For the BC and TBC specimens, the force range shall be low enough to prevent damage to the coating

and to prevent plastic deformation of the substrate.

The strain range applied to the coating shall be decided according to the agreement between

parties involved in the transaction.

The force shall be applied to the specimen repeatedly until the force-strain diagram is stable

within the specified force range.
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h) For the substrate specimen, the force-substrate strain diagram shall be measured and its slope
determined (see Figure 6). The measurement shall be carried out three times on one specimen. The
average of their slopes shall be used in the calculation of Young’s modulus. This measurement shall
be carried out for three specimens prepared using the same procedures.

PA

Key

&s

Agg
AP
AP/AEg

AP

\J

tn

substrate strain

force (N)

increment of substrate strain
increment of force

slope of force-substrate strain diagram

Figure 6 — Force-substrate strain diagram

i)  Ior the BC specimen, the force-BC strain-diagram shall be measured and its slope detgrmined (see

Figure 7). The measurement shall be.garried out three times on one specimen. The avefage of their
glopes shall be used in the calculatién of Young’s modulus. This measurement shall bg carried out
for three specimens prepared using the same procedures.

P A

PAP

Key

€b

P

Asgp,

AP
AP/Agy

“b

BC strain

force (N)

increment of BC strain
increment of force

slope of force-BC strain diagram

Figure 7 — Force-BC strain diagram
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j)  For the TBC specimen, the force-TC strain diagram shall be measured and its slope determined
(see Figure 8). The measurement shall be carried out three times on one specimen. The average of
their slopes shall be used in the calculation of Young’s modulus. This measurement shall be carried
out for three specimens prepared using the same procedures.

P A

Ag,
-
EC
Key
& TC dtrain
P forde (N)
Ag, increment of TC strain
AP increment of force

AP/Ag. sloge of force-TC strain diagram

Figure 8 — Force-TC strain'diagram

8 Calculpation of Young’'s modulus
The Young’s|moduli of substrate, BC, and TCshall be calculated as follows.
a) Young'simodulus of the substrate

The Young’s modulus Es of substrate shall be calculated according to Formula (1) on the basis ¢f the
slope of|force-substrate strainydiagram measured using the substrate specimen:

a_AP
2
S

. m

b) Young’simodulus-of BC

The Youyng’simodulus E}, of BC shall be calculated according to Formula (2) on the basis of the slope
of forcefBU strain diagram measured using the BC specimen and E obtained in Formula (1):

_ —B+VB* —4AC

b 24

E (2)

8 © IS0 2016 - All rights reserved
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where
4
A = bh}
2 2 2| AP
B = 2bE i, (2hE +3hyh, + 22 | - 3ah? =
b
3 AP
C=E_h, 1bEshs ~3a)-—— (2hy, + )
‘b

c) Young’s modulus of TC

The Young’s modulus E. of TC shall be calculated according to Formula (3) on.the basig of the slope
f force-TC strain diagram measured using the TBC specimen, Es obtainéd in Formulp (1) and Ey

btained in Formula (2):

L —B+\B? —44C

] (3)
¢ 24
where
4= bh?
2 2 2 2 2| AP
B = 2bE h h, (2hc +3hhy + Zhb) +2bE h_h, {2hc +Bhch +2h2 + 6hy (h, + hy) + hg )} —3ah? |~
c

¢ - b{Egh{j +2E,E b, (20 + 3hyh, + 202 5 E_fhf}f 3a AA—P
&
C

{Eyhy (2h, + hy )+ Echy (2h, + 2k, + 1)}

9 Testreport

The test report shall contain the following items:

a) gpecimen:

1) material.of substrate;

2) materials and spraying conditions of BC and TC;

3)c-shape and dimensions of substrate;

4) thickness of substrate, BC, and TC;
5) width of specimen;
b) measurement conditions:
1) strain gauge length;
2) distance between load rollers of four-point bending jig;
3) applied force range and strain range applied to coating;

4) testspeed;

© IS0 2016 - All rights reserved 9
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5) direction of force applied to coating;
c) results of measurement
1) force-strain diagrams of the substrate, BC, and TBC specimens;

2) Young’s moduli of substrate, BC, and TC.

10 © IS0 2016 - All rights reserved
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Annex A
(informative)

Measurement method of Young’s modulus of TBC specimen with
significant porosity

A.1 | Force-substrate strain method
a) TBC specimen

The TC thickness shall be specified in Table A.1. For all other conditions ‘of the specimen, see

(lause 6.
Table A.1 — Dimensions of TBC specimen
Symbol Designation Dimension
h{ (mm) |TC thickness 0,30 < h¢e and (3/£20)(hs + hp) < he

b) Measuring procedure

1) The strain gauge shall be attached to the substrate surface (Figure A.1). The forde-substrate
strain diagram shall be measured and its slope determined. The measurement shall be carried
out three times on one specimen. The average of their slopes shall be used in the calculation of
Young’s modulus. This measurement shall be carried out for three specimens prepared using
the same procedures.

P/2 P/2

e

Key
1  dtrain gauge to measure the strain (&s) of substrate

P force applied to specimen
Figure A.1 — Force-substrate strain method

2) The Young’s modulus E of TC shall be calculated according to Formula (A.1) on the basis of the
slope of the force-substrate strain diagram measured using the TBC specimen, Es obtained in

Formula (1) and E}, obtained from Formula (2):

~B++B? —44AC
E, = o (A1)
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