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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.

Internationg-Standards-are-draftedinracecordanece-with-theridesgiveninthe ISOHECDreetives;Part 2.
The main thsk of technical committees is to prepare International Standards. Draft Internatjonal
Standards 4dopted by the technical committees are circulated to the member bodies for vqting.
Publication [as an International Standard requires approval by at least 75 % of the member bpdies
casting a voge.

Attention is|drawn to the possibility that some of the elements of this document-may be the subjéct of
patent rightg. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 14604 was prepared by Technical Committee ISO/TC 206, Fine ceramics.
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Introduction

The fracture strain of a coating is a critical factor often determining the performance of a coated product.
Clearly, if stressed either directly or due to thermal effects (thermal expansion coefficient mismatch
between the coating and substrate) coating cracking can occur if the critical fracture stress/strain is
exceeded, and in many cases the effectiveness of the coating will be reduced. For example, corrosion-
resistant coatings loose their protective character if cracking occurs, and optical coatings become
ineffective when cracked. In many cases, cracking is the first stage of a much more serious form of

failure in which large areas of the coating can spall.

This

g a technique

am bending
method.

nt property

in the application of any coated system, and usually the failure stress is required. For calcullation of the

stregs, both the fracture strain and Young’s modulus of the coating should be known. ISO 145

77-4:2007[1]

can be used to measure Young’s modulus by depth-sensing indentation{ but there are other methods

involving flexure and impact excitation that may also be applied (References [2], [3]).
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Fine ceramics (advanced ceramics, advanced technical
ceramics) — Methods of test for ceramic coatings —
Determination of fracture strain

1 Scope
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Terms and definitions

International Standard describes a method of measuring the fracture strain of ceramiig
1s of uniaxial tension or compression tests coupled with acoustic emission to moniter
ling of the coating. Tensile or compressive strains can also be applied by flexure using four-p
urements can be made in favourable cases at elevated temperatures as well as-atroom te

'ollowing referenced documents are indispensable for the application of this documer

ences, only the edition cited applies. For undated references, the latest edition of the

D002-1, Metallic materials — Tensile testing — Part 1: Method of test at ambient temperd

2106, Metallic materials — Fatigue testing — Axidl-strain-controlled method

he purposes of this document, thefollowing terms and definitions apply.

ure strain
h required to create a deteetable crack in the coating

The presence of-the crack can be detected using optical or scanning electron microscopy|
acoustic emission

stic emission

Fation-of acoustic signals

coatings by

the onset of
bintbending.
nperature.

1t. For dated
b referenced

ture

D002-5, Metallic materials — Tensile testing — Part:5; Method of test at elevated temperqiture

or indirectly

See Figure 1 for definition of AE signals. AE signals are recorded as hits, counts, energy

or amplitude

(3.3,

3.3
AEh
singl

3.4

4, 3.5 and 3.6).

it
e acoustic event above a set threshold

AE energy

area

3.5

of the waveform of an AE hit

AE amplitude
peak of the waveform of an AE hit
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AE threshold
arbitrary AE amplitude at which AE hits are deemed to be significant and above the AE signals generated

by the test e

3.7
AE counts

quipment

number of times the AE waveform passes a set threshold within a single hit

3.8
waveguide

metallic wi

4 Significance and use

This test pr

subject to mechanical stress at ambient or elevated temperature.

The method
coating occ
signals are
is recomme
extraneous

5 Princi

Specimens

measured a
tensile and
measureme
flexure. The
testing of m

NOTE1 D¢
is to use acd
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coming from

NOTE2 W
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samples. Nor
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pbcedure covers the measurement of fracture strain in tension or compression in coa

is applicable to cases where the substrate is sufficiently ductile such that fracture d

generated, this may interfere with those caused by coating fracture. Where possil]
hded that a test be carried out with the uncoated substrate to determine whether
AE signals occur.

ple

bf appropriate geometry are submitted to asmechanical stress; the subsequent strg
hd the onset of coating failure is detected,"Fhe test draws upon the expertise of stan
compressive tests but requires additional care due to the precision required o
hts. The applied stress may be tensile*or compressive and may be applied directly

hterials under the selected methiod of loading.

btection of the fracture of coatings can be carried out in a number of ways. The most convg
ustic emission (AE), which\allows continuous monitoring of the specimen. Acoustic signal
en a crack forms. These signals are captured using suitable detectors and the signals gene]
ysed. In many cases, a waveguide is used to carry the signal from the specimen to the det
e is normally a metallic material. Use of two AE detectors can help to eliminate extraneous si
the loading mechariism. Commercially available AE systems can be used for this work.

here AE cannét be used, crack detection is possible by high-resolution video systems, which
ous monitoring. Alternatively, optical or scanning electron microscopy can be used to examir
mally this.is done post-test, but in situ examination is also possible.

fings

f the

irs before the substrate. In addition, if during plastic deformation‘ef the substrate acoustic

le, it
such

in is
dard
[ the
or in

test shall be carried out to satisfy.the requirements of accepted standards for mechanical

nient
S are
rated
bctor;
onals

may
e the

6 Appar
6.1

6.1.1

atus-and materials

Instrumentation

In simplest terms, the equipment required is a mechanism to apply load to the specimen;

extensometry to measure the strain; and apparatus to detect/monitor fracture of the surface layer. Load
is normally applied continuously through servo-electric testing machines; the load capacity of the frame
should be sufficient to allow straining of the specimen to beyond the yield point of the substrate material.
Continuation of the test to complete separation of the specimen is not normally required.

6.1.2 For flexural testing, a suitable test jig is required; four-point bending is recommended as this
applies more uniform bending moment over the gauge length. A suitable jig is shown in Figure 2.

© ISO 2012 - All rights reserved


https://standardsiso.com/api/?name=6222233621a973156a66aaa2ecdb5fc9

ISO 14604:2012(E)

6.1.3 Extensometry should be sufficiently precise to measure strain at a resolution of 0,01 %.

6.1.4 For tests at high temperatures using the uniaxial test configuration, a furnace is required which
allows access for attachment of load frame, together with extensometry, thermocouples and waveguides
to transmit the AE signals to the AE detector(s). For the four-point bend configuration, an oxidation-
resistant jig shall be used.

NOTE Deformation of oxide layers formed on a metallic jig will probably contribute to AE signals during the test.

6.1.5 Crack detection in the coating may be performed visually or by monitoring AE. Visual inspection
requ ngth. At high

ires suitable ]nng-fnral-lnngfh video facilities with a field of view containing the gauge le
(=]

temp
6.2

6.2.1
unia;
and,
depol
piecd
to th
grou

6.2.2
strai

eratures, the availability of a cool path to the video camera is also required to avoid shimnier;
Specimen preparation

Standard specimens shall be used as appropriate for the uniaxial or flexure test config

of the image.

urations; for

kial tensile tests the specimen shapes are defined in EN 10002-1, for compression tests in ISO 12106

for flexure, simple bar-shaped samples of appropriate thickness can-be used. The cog
sited on to the sample after machining to the required shape, or ifx the case of flat specin

can be machined from the coated material. In the latter case, ¢are shall be taken to ay
e test region that may cause premature fracture. Generallyythe surface of the coating s}
hd or polished except where there is a requirement to do%so.

ting may be
ens, the test
yoid damage
nould not be

fent fracture

The strain that is measured using this technique sepresents a summation of the inhe
h of the surface layer and the residual strain préSent at the test temperature. For a s

resi
resi
itis
the d
cryst
test g

6.2.3
from
addit
test |
unde
be c(
read
giver]
crach
the t

%

mple with a

ual compressive strain, the measured tensile strain is the sum of the coating fracture stirain and the
ual compressive strain, and vice versa for a.$ample with residual tensile strain. For mast purposes,
he inherent fracture strain that is required; therefore, it is recommended that the residual strain in

alline materials or the Stoney bend ¢est for amorphous materials. This may be carried
pecimen but it is normally sufficient to measure only one specimen under each coating

Specimens for testing under flexural loading with AE detection require that the coatin
one face in order to ayoid’AE detection of failure events from both tension and com
ion, it is also recommended that coating be removed from the region where contact is
ig. This precautionCreduces the amount of extraneous signal arising from local fractui
r high point loading. For testing at elevated temperatures, it is also recommended that t
ated with a corrosion-resistant coating that is acoustically quiet (suitable proprietary
ly available),. Where the material does not have sufficient oxidation resistance, considerg
to carrying out the tests in an inert environment, since the oxide layers that would for
L and hence contribute to the AE signals. Care shall be taken to ensure that the sample
bsttemnperature before commencing the test.

oating be measured at the test temperature by an appropriate technique, e.g. X-ray diffraction for

out on each
condition.

o is removed
pression. In
made in the
e of coating
he specimen
coatings are
tion shall be
m could also
has attained

6.2.4 Specimens for tests under flexural loading shall be simple beams with dimensions suitable for
the test jig. Typical specimens are 50 mm x 5 mm x 2 mm, but the dimensions are dependent upon the
strength of the material at the test temperature.

NOTE Care should be taken to ensure that the specimens have sufficient thickness that uniform straining
is achieved; the onset of localized deformation around the rollers is material, thickness and temperature
dependent; the specimen design for each material of interest should therefore be reviewed prior to starting the
measurement programme.

6.2.5 Specimens for testing under direct tensile loading may be planar or of circular cross-section. The
choice is governed mainly by the form of material available, as both specimen types have advantages and
disadvantages, with neither geometry showing sufficient superiority over the other to present a definitive
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case for its use. In both cases care should be taken to minimize the introduction of stress concentrations
that would induce early failure of the coating.

6.2.6 For testing under direct compression, specimens with circular gauge cross-section shall be used
according to ISO 12106. Care shall be taken in the choice of gauge length and cross-section to avoid
buckling and bulging of the specimen during compressive loading.

6.2.7 Replicate tests shall be carried out, and at least five are required.

NOTE Coating fracture is well described by fracture mechanics in which defect size and distribution control
the behaviour_Thus _to obtain a statistically valid result rpplir‘qfn testing is essential Itisrecommended that 10

samples shoyld be tested, but it is recognized that this many samples may not always be available.

6.2.8 Thelcoating/substrate specific parameters include:
a) coatinglthickness;
b) residual stress.

These parameters shall be kept constant if a direct comparison is made betweenrtwo or more test pjeces
unless corrdctions are applied to normalize the data.

7 Test procedure

7.1 Calibfation

The instrument shall be calibrated according to the prgeedures set out in the appropriate stanglard.
Ensure that all systems are operating correctly, and introduce the test piece after appropriate
preparation|as detailed in 6.2.

7.2 Sample loading

The application of load may be performedunder load, displacement or strain control. The rate of logding
is not critichl but should conform to(the rates specified for tensile testing of metals at ambien{ (see
EN 10002-1) or elevated temperattres (see EN 10002-5). Load shall be applied smoothly in order to
avoid impadt loading of the coating ‘that may cause premature cracking. The loading mechanism |shall
also ensure that bending stresseés due, for example, to twisting of a flexural beam or by misalignmeént of
uniaxial specimens, are notintroduced.

7.3 Strain determination

In four-point flekure, strain, ¢, is calculated from the dimensions of the test jig and the relative
displacement.of the upper and lower rollers according to the following expression:

. 36d
u(3s—4u)

M

where
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6 isthe relative displacement between the upper and lower rollers, in millimetres, when the
sample is bent;
d isthe test piece thickness, in millimetres;
u isthe distance between outer and inner rollers, in millimetres;
s isthe spacing of the outer rollers, in millimetres.
NOTE1 This expression is valid for strains of < 0,3 % (Reference [4]). The spacing of the rollers is fixed and
therefore does not vary from test to test; the thickness of the specimen is measured hy a micrometer to an

accuf
accuf
1,5 %

NOTH
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NOT]H
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trace
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signa
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cases

acy of 0,01 mm; the relative displacement of the upper and lower rollers is measured by a tranj
acy of 0,01 mm can readily be achieved. This leads to a repeatability for the measurement of a
of the value and a reproducibility of 8 % if the difference in roller spacing between test)jigs is

2 To achieve the same repeatability in direct loading, extensometry should-bejused that
certainty of < 1,5 % of the measured strain at the strain level of coating fracture:This can b
sometry of grade 0,2 as described in ISO 9513 [6] when the gauge length of the'specimen exceq
0,5 extensometer requires a minimum gauge length of 6,8 mm.

Crack detection

Continuous monitoring of the AE from the specimen undér test may provide enough
termine the onset of coating cracking in many cases, but care shall always be taken to
ignals detected originate from cracking events and notfrom other sources. The use of §
m with position-location software is strongly recomrmended to identify the AE signals
n the gauge length of the specimen. A sample of the uncoated substrate material shall

ducer and an
pproximately
0,5 mm.

will provide
e achieved by
ds 2,7 mm. A

information
ensure that
two-sensor
foming from
be tested in

- to determine if any AE originates within the/bulk material at strains similar to the fracure strain of

pating. If this proves to be the case then AE-¢annot be used as a reliable detection metho
fing. This test shall be used to set the AE-threshold parameters to be used during the
d sample.

1  AEsignalsusually show the behaviourillustrated in Figures 3 and 4 and require careful i
[ive the failure strain of the coating. This failure strain can be defined by the back extrapolatior]
e the number of events is rising rapidly with strain. The tangent to the point of inflection on th
pt is often used (Figure 4)

2 Events occurringbefore this region can be attributed to cracking events that do not prop3
ntire thickness of the.coating or to general ‘noise’ in the system. Events occurring in the upper
are attributed torepeated cracking of the coating leading to a decrease in crack spacing.

r methods 0f-determining the onset of coating fracture from the AE signals can be us
1 above'the AE threshold level is also valid and, as can be seen from Figure 3, discrimin
is case-The method used should be optimised for the system under investigation. Als
, particularly for very brittle coatings, the occurrence of a high AE energy can be a goqg

d for coating
est with the

hterpretation
of the region
e cumulative

gate through
blateau of the

ed. The first
htion is good
0, in certain
d indication

of co

htie cracking
& &

7.4.2 Visual inspection of the specimens during the test is an alternative to AE. Video equipment with
long focal length is available to enable direct observation during the test. Problems may be encountered
during flexural loading but these can be overcome by the use of fibre optics and suitable jig design.

7.4.3 An alternative technique for room-temperature testing is to periodically produce a plastic replica
of the specimen surface for subsequent examination using scanning electron microscopy (Reference [5]).
This method only gives intermittent strain monitoring.
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7.5 Test parameters

The specific test parameters include:

a) loading rate;

b) applied load;

c) displacement;

d) time;

e) strain afonsetof fracture;

f) AE threghold, if used;

g) strain af onset of AE, if used;

h) sample dimensions;

i) four-point bending jig inner and outer roller spacing, if used.

All the above parameters shall be kept constant if a direct comparison is made-between two or more¢ test

pieces unlegs corrections are applied to normalize the data.

8 Testreport

The report of the measurement should contain as a minimuprthe following information:

a) the nanje of the testing establishment;

b) the datg of the test, unique identification of the report and of each page, the name and address ¢f the
customer, and the signatory of the report;

c) areference to this method, i.e. determined‘in accordance with ISO 14604;

d) adescription of the test machine employed;

e) method|of crack detection and, if AE is used, the criterion for onset of cracking;

f) details ¢f the checks carriédout on the test machine including calibration;

g) details ¢f the test matérjal type, manufacturing code, batch number, etc.;

h) coatinglparametexsfor the test specimens, if known;

i) coatinglthickness;

j) details pfthie preparation of the surface and sample geometry;

k) strain rate;

1) individual test results, the arithmetic mean results and the standard deviation;

m) comments on the test results and methodology, particularly noting departures from this method.
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Figure 1 — Schematic representation of AE signals
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Figure 2 — Schematic. diagram of a flexural jig with acoustic emission sensors
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