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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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This docum

ent was prepared by Technical Committee {SO/TC 206, Fine ceramics.

© ISO 2017 - All rights reserved


http://www.iso.org/directives
http://www.iso.org/patents
http://www.iso.org/iso/foreword.html
https://standardsiso.com/api/?name=9118e55ddbabed3e3599c6efffa3b2da

ISO 19674:2017(E)

Introduction

There is an increasing use of coatings to improve the functional performance of materials and
components. This can be to protect against damage due to exposure to demanding environments
including high stresses and aggressive chemical environments, but can also be to modify many other
properties, e.g. thermal conductivity through thermal barrier coatings, friction through low friction
coatings, such as diamond like carbon (DLC), and optical reflectivity through coatings with controlled
optical properties.

Appropriate choice of coatings for particular applications depends on the mechanical and other

T3 Hemen H i5es e—+ae Hearbe-ergetaHs HHHRE ire-Herformance
ifetime is the residual stress that is generated by the deposition process and/or|by thermal
sion mismatch between the coating and the substrate as the component is(cool¢d from the
procgssing temperature.

This|document describes the application of a simple experimental techniqueusing the Stoney formula
to anjalyse the coating induced bending of coupons, of known mechanical properties, to ddtermine the
residual stress in the coating.

© IS0 2017 - All rights reserved v
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INTERNATIONAL STANDARD ISO 19674:2017(E)

Fine ceramics (advanced ceramics, advanced technical
ceramics) — Methods of test for ceramic coatings —
Determination of internal stress in ceramic coatings by
application of the Stoney formula

1 $cope

This|document specifies a method for the determination of the internal stress in thin‘\cerammic coatings
by application of the Stoney formula to the results obtained from measurement” of the radius of
curvhture of coated strips or discs.

2 Normative references

Therge are no normative references in this document.

3 Terms and definitions
No t¢rms and definitions are listed in this document.
ISO gnd IEC maintain terminological databases for uSe'in standardization at the following dddresses:

— IEC Electropedia: available at http://www.elé¢tropedia.org/

— ISO Online browsing platform: availablé.at http://www.iso.or

4 Principle

Coat]ng stress often plays a major role in the performance of coated tools and machine parjts. Different
techiiques have been developed for the determination of coating stress. The techniqug considered
in this document calculatésythe stress from measurement of the bowing of thin discs or stirips of well-
charjicterized materials 6f known thickness that have been coated on one side only. It is assuned that the
deformation is elastic;ie. if the coating were to be removed the substrate would return to its Jnitial shape.

Proviided that the‘coating is thin compared to the thickness of the substrate (coating thickness <2 % of
substrate thi¢kness), that the curvature has a spherical form and that the substrate was inftially flat or
of known ctirvature, then the stress in the coating can be calculated using the Stoney formjula (see 7.6)
withputthe need to know the elastic properties of the coating material.

The techmique d0€s TEqUITE accurate KNowiedge of the tICRNESS of the coating, the thickness of the
substrate, and Young’s modulus and Poisson’s ratio of the substrate material.

NOTE1 Coating thickness can be determined by techniques such as step height measurement (see ISO 18452),
crater grinding (see ISO 26423), and cross-sectioning (see EN 1071-10[4]).

As ceramic coatings are normally deposited at elevated temperatures, the stress determined at any
other temperature will be a combination of the intrinsic growth stress and stress introduced by virtue
of the difference in thermal expansion between the coating and the substrate.

© IS0 2017 - All rights reserved 1


http://www.electropedia.org/
http://www.iso.org/obp
https://standardsiso.com/api/?name=9118e55ddbabed3e3599c6efffa3b2da

ISO 19674:

2017(E)

The internal stress, 0, in the coating is deduced from the measured radius of curvature, R, , through
the application of the Stoney formulal6l as shown in Formula (1):
1 E, h? 1
Op =z (M
61—V hp Rey,
where
he is the thickness of the coating;
h, is the thickness of the substrate;
E is Young’s modulus of the substrate;
Vs is Poisson’s ratio of the substrate.
NOTE2 o}, is the mean value of the local stress through the thickness of the coating((hf << hs):
hg
og=—1| o© d
O b [0 r(2)dz

where o (z)

The radius d
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EXAMPLE The deflection of a beam, supported at its extremities, by the application of a load in the central
Zone is:
3
FL
6 —
48EI
where
L isthelength of the beam;
F  isthe applied load;
E  is Young’s modulus;
| _bt®
12
Where
b isthe width;
t isthe thickness.
Thug, for an Al substrate with E = 70 GPa, L = 100 mm, b = 10 ,mu, ¢t = 0,5 mm, replacing the¢se values in

the fi

For &
defle
corrg

reached by a 1 um film with a 2,45 GPa residual stress.

NOTH
is no
use 3
samp|
Howd

brmulae gives Formula (2):

b =4,8x1073 F(m)

0,75 mN force (see ISO 3274), the deflection will be 3,6 pum, i.e. an error of ~0,5 ¢
ction of 1 mm. It should be noted that,~with this beam geometry, a total deflecti
bsponds to a curvature radius of 1,7 m‘and for this substrate thickness, such a defle

If measurements are to be made during the deposition process or in other cases whej
accessible, e.g. while it is heldiin-a furnace, in order to investigate thermal stress relief, it
strip sample that is clamped at one end. The change in bowing can then be determined by

le as an optical lever andmeasuring the deflection of a known point by use of a laser and s

calcuflated stress being different from that determined using a fully clamped sample as the depositig
partifularly temperature;will be different in the two cases. In addition, as the sample begins to b

ver, please note that the.usé of a sample that is free to bend during the coating deposition wil

(2)

b for a total
bn of 1 mm
Ction can be

e the sample
s possible to
treating the
uitable scale.
result in the
n conditions,
end, it can be

possible for some coating to be deposited on the back surface, thus reducing the curvature that woyld otherwise

be measured.

6

6.1

reparation of test specimens

Matorial

IVAALU I 1AL

As the test method depends upon the determination of the curvature introduced into a substrate by the
intrinsic stresses in a coating deposited thereon, the use of a test specimen manufactured from a well-
characterized material is a prerequisite for the method.

6.2

Sample geometry

Test specimens with a strip-shaped geometry are to be preferred, but specimens in the form of a disc
can be used. The test specimen shall be manufactured from a material of known mechanical properties
that will not be affected by any elevated temperature experienced during the coating process. It shall
have a uniform thickness and shall be in a stress-free state prior to the deposition of the coating.

© ISO
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If necessary, test specimens should be annealed at a temperature above the coating temperature prior
to coating deposition in order to remove stresses induced by the manufacturing process, e.g. from
rolling, grinding or polishing.

6.3 Sample surface finish

Test specimens shall have a surface finish on the side to be coated that is commensurate with accurate
measurement of the radius of curvature produced by the coating. Where the value of internal stress
obtained in the test will be used for modelling with real components, care shall be taken to ensure
that the surface texture of the test specimen is close to that of these real components. For all other test

specimens,

the surface finish produced by careful grinding on 1200 grit emery paper is a mini

mum

requiremen

6.4 Samp

The dimens

low as poss
not to have

.

le dimensions

ons of the sample shall be chosen such that the radius of curvature after coating, Ry,

ble to improve the accuracy of the measurement. However, care should be taken in
plastic deformation of the substrate. This may require that initial testing be done to o

an approximate value for the stress in order that the test specimen dimensions can be selected

accurately.

The elastic/
plastic defo
submitted t

plastic characteristics of the substrate material depend ofi.the temperature. Thus, to
Fmation, if depositions are performed with substrate.héating and/or coated sample
b annealing at high temperatures, the estimations for\the admissible radius values s}

o]
be done with the ?y (Gy =yield stress, E = Young’s modulus)@atio of the substrate material deternj

at those tent

Where mea
deposition
those resull

peratures (see Annex A).

s made, the measured stress will be”a combination of intrinsic growth stresses
ing from differential thermal expansion between substrate and coating. In such @

computation of the coating intrinsic stress_requires knowledge of the values for the coefficig]

thermal exp

Where coat]
subject of tg
resulting fr

ansion of both substrate andicoating.

ing materials with anisotropic properties, e.g. those with HCP crystallography, ar
st, it is necessary to-detérmine any crystallographic preferred orientation in the co
m the deposition proeess.

7 Procedure

7.1 Meas

Before depg

uringTange and initial profile

siting the coating, it is necessary to determine the initial profile of the test specimen

is as
rder

btain
more

hvoid
5 are
1ould

lined

surement of the curvature is made ata temperature different from that at whicl the

and
ases,
nt of

b the
ating

as it

cannot, necessarily, be considered to be perfectly ftat. This {3 most conveniently carried out us
suitable microscope (see Clause 6) as it is difficult to accurately measure large (>20 m) radii of curvature
using optical techniques.

ng a

Before measuring the initial profile, define a measuring range (length A), along the length a of the

substrate (a

long a diameter for the disc).

In order to avoid any edge effects, the measuring range should stop at a distance from the ends equal to
at least 20 times the sample thickness.

Make some reference marks, e.g. Vickers indentations, on the substrate, so that the final profile can be
measured at the same location and in the same direction as the initial one. This procedure is essential
when the initial profile is somewhat different from a perfect circle.

© ISO 2017 - All rights reserved
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It is recommended that, where hardness indents are used as reference marks, indentations should be
produced using a microhardness tester at a load of no greater than 1 kg.

For measuring the profile, the sample shall lie freely, without any external stress. Place the strip on two
supports, so that it overhangs each support by a quarter of its length; proceed similarly for a disc.

NOTE In many cases, supporting the sample on its ends will have negligible effect upon the curvature.
However, the use of supports will avoid problems with stability of the sample if one or both ends of the sample
are not perpendicular to the sides.

Especially for thin samples, ensure that the weight of the sample does not change its shape: turning the
strip (or disc) over on the supports should leave the profile unchanged, except for the sign.

In the case of optical microscopy, for each profile, measure the coordinates ( x;, z; ) offabout 10 points
distrjibuted uniformly along the predefined measuring range. The ordinate z; ¢drresponds to the
vertical position of the microscope objective for which the point x; of the surface of'the sample is in the

image plane. The focusing axis of the microscope shall be perpendicular to thesurface to bg coated, and
espefially to its longitudinal axis.

The initial curvature can be disregarded in so far as it is very low (<5 %) when compared with the final
curvpture.

After the initial profile is measured, the sample shall be handledin such a way as to avoidl changes in
internal stress or in irreversible deformation.

7.2 | Deposition of the coating

The test method relies upon the coating being deposited on one side only of the test spgcimen. The
simpllest way to achieve this is to clamp the test.§pecimen at its ends and to use sacrificial pieces of the
samg material along the sides of the sample toensure coating thickness uniformity across the sample.
In ofder to ensure that the sample stays ‘i’ contact with the support during temperatfire changes
asso¢iated with the coating process, it isTecommended that the sample support be manufactured from
the same material as the sample. Alterhatively, the sample can be clamped around its perimeter using
a mask with a suitable cut-out. However, as the use of such a mask will leave uncoated r¢gions along
both|sides, it will be necessary teimake allowance for this in the final result, or the uncoated sides of
the gpecimen can be removed.té ensure that the measured curvature after coating is noft influenced
by the presence of uncoated-regions, but care is needed to avoid introducing any stress during such
opergtions.

Where the value pof\internal stress obtained from the test will be used for modelling with real
components, care_should be taken to ensure that the deposition process is as near as pradtical to that
used|with theseteal components. In particular, where a physical vapour deposition proceps is used, it
is essential te’adopt the same substrate orientation to the depositing flux, the same substrfate bias and
chamber, pressure and, if possible, the same deposition rate. These precautions will help tolensure that
the spme‘growth morphology is obtained on the test specimen as on the real components.|All relevant

dep sition parnmnfnrc shall he monitored and recorded

7.3 Coating thickness

In order to calculate the internal stress in the coating, it is necessary to know the coating thickness, ht.
Measure the coating thickness at a series of points on the test specimen, using an appropriate method.
Where a destructive technique is used, e.g. crater grinding (see Reference [3]), this should be carried
out after measuring the final profile.

7.4 Adjusting the sample geometry after deposition of the coating

Adjusting the sample geometry after deposition is considered undesirable and should be unnecessary
provided the recommended procedures given in 7.2 are followed and that the length masked at each
end by the clamps is small compared to the total length of the sample.

© IS0 2017 - All rights reserved 5
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Any cutting of the specimen should be undertaken with the greatest of care in order to avoid introducing
plastic deformation. Where necessary, cutting perpendicular to the coating plane should be realized
carefully by slow cutting with a cooled diamond saw and with the specimen fully supported. Cutting

parallel to the coating plane is not permitted.

7.5 Meas

uring the final profile

Measure the final profile of the specimen using an appropriate technique, such as that described in 7.1.
Correct the measured value for any initial curvature of the test specimen.

NOTE1  Where the initial and final profiles are determined using the method described in 7.1, this correction
can be made|by subtracting the initial values of z; from the values obtained after coating, provided that both
measurements are made at the same position on the sample.
Check that the profile zg(x) is close to a circle and determine the radius, Rexp of the.Circle| The
assumed conditions (R >> A) usually allow the use of the simple method that consists @f,approximpting
the arc of the circle to a parabola, i.e. zp(x)=M, +M1x+M2x2. The measured radius of curvature
thenis Rey[=1/(2M;).
NOTE 2  The profile is close to a circle if the radius of curvature is approximately constant along the pyofile.
For verifyingthis, in the case where the profile is represented for instance by 40 points, i.e. (x;, z;;1=1tp 10),
compare the fpadii of curvature obtained on considering the pointsi=1to i=5,/theni=3toi=8,and thenifF 5 to
i =10. The vafrious radii should be nearly equal (<5 % difference betweenlargest and smallest).
NOTE 3  Adifference of the curvatures measured along different diréctions in the plane of the coating (egqsy to
measure in tle case of a disc) is a sign of a strong geometrical nonlinearity.
7.6 Calculation of stress
7.6.1 h¢ /lhg <0,02
Calculate the coating stress, o, using the simplified Stoney formula shown in Formula (3):
2
1 Es hi 1
O =—-] s S (3)
6 1—VS hf Rexp
As the presgnce of the coating will affect the value of E, determination of E should ideally be cafried
out on the cpated substrate-rather than being obtained from literature. Both Eg and E; (see 7.6.2)) can
be measurel using the téchnhique described in DIN 50992-1[5] or in References [7] and [8].
7.6.2 0,02<hs /hs<0,1
Where the ¢ofidition h; /hg <0,02 is not satisfied, then provided h; /hg <0,1, the following relation,
shown in Formula (4], shall be used instead of the simple Stoney formulalZIT1U],
1 Eg ki E¢ 1-v h
heoyg=—>—"""-—-|1+ el M B e & 4)
61-vs Rey, Eg 1-vg hy

where E; and v; are Young’s modulus and Poisson’s ratio of the film, respectively.

NOTE

The value of E¢ and V¢ can be determined using surface acoustic wavesl3] or the combined impact

excitation and depth sensing indentation method described in References [7] and [8]. However, very accurate

values for Ef¢

and V¢ are notrequired, since the term between brackets is only corrective.

© ISO 2017 - All rights reserved
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Number of repeat measurements

Itis recommended that at least five separate measurements of R, be made along parallel lines spaced

uniformly across the sample, for a rectangular sample, or on different diameters for a disc-shaped
sample. If these different measurements result in different values of stress, this suggests coating non-
uniformity across the specimen.

8 Limits to method

The method often requires specific specimens to be of specific size, thickness, substrate flatness,

etc,,

expe
natu
Only
NOTH

The

geonetry, that must be satisfied (Clause 5).

9
The {
a)

b) t

Test report

Or the curvature to be neither too low (Iar larger than the detection Imit made po3
rimental arrangement) nor too high (in order to avoid nonlinearity, especially of a
e, that results from high curvatures).

one side of the specimen should be coated.
If both sides are coated, the curvature is zero because of symmetry.

btoney formula implicitly results from certain simplifying assumptigns, particularly i

est report shall include the following information:
he name and address of the testing establishment;

he date of the test;

h)

i)

n each page, a unique report identification and page number;
he customer name and address;

reference to this document,i.e.ISO 19674;

n authorizing signature;

ny deviation from.(the method described, with appropriate validation demonstr
cceptable for the parties involved;

description-efithe test material: type and material of specimen, type of coating, coa
nd relevantdeposition parameters;

he méthod of test specimen preparation and measurement, including any post
odification;

sible by the
geometrical

h relation to

htion, to be

ting process

Coat sample

: s 1 1 1 Tt £ -
]) LIIT IIICUITIOU U1 CAICUIAdUOIT O TIILET IIdT SUIESS,

k) the internal stress values for at least five separate measurements of sample curvature;

1) the testresults;

m) the comments about the test or the test results.
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Annex A
(informative)

Determination of suitable dimensions for the test sample

Assuming that an order of magnitude value for the stress o, is known, the thickness of the substrate,

hg, should

conditions (
thickness of
direction, &

Formula (A.

Thus, taking

avoid plasti

9 4
E 2
EXAMPLE

occurs for ra
NOTE In|

annealing, it

from those d

usually being

ood

e fixed so that the resulting radius of curvature, Reyp. can be measured under

1sually around 1 m). In a beam of rectangular cross-section (b x t; b is the width and ¢
the beam) submitted to bending, the maximum absolute value of the deformation in
x » occurs in the surface of the beam and depends on the radius of curvature accordi

1):

(o
p into account Hooke’s law, €, :?y (Gy = yield stress, E £ Young’s modulus), in ord

* deformation of the substrate, it is necessary, as shown i’ Formula (A.2), that:

For alow strength steel substrate (cry =220 MPaand E =220 GPa) 1 mm thick, plastic deformn
Hii of curvature lower than 0,5 m.

the case of coatings deposited with-substrate heating and/or submitted to high temper

observed to decrease more strongly than E with an increase in the testing temperature.

o
btermined at room temperature. The —L ratio is not constant with temperature increase, with o

s the
the x
ng to

(A1)

er to

(A.2)

ation

ature

o
s important to note that residual stresses exert their effect on a material with — ratios different
E

y
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