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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 proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria needed{or
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

The elastic and plastic properties of a coating are critical factors determining the performance of the
coated product. Indeed, many coatings are specifically developed to provide wear resistance that is
usually conferred by their high hardness. Measurement of coating hardness is often used as a quality
control check. Young’s modulus becomes important when calculation of the stress in a coating is
required in the design of coated components. For example, the extent to which coated components can
withstand external applied forces is an important property in the capability of any coated system.

It is relatively straightforward to determine the hardness and indentation modulus of bulk materials
usifg instrumented indentation. However, when measurements are made normal to a coated surface,
depending on the force applied and the thickness of the coating, the substrate propettief influence
the(result.

The purpose of this part of ISO 14577 is to provide guidelines for conditions where a [significant
inflpence of the substrate is detected and to provide possible analytical methods to enable the coating
properties to be extracted from the composite measurement. In some casesthe coating prjoperty can
be determined directly from measurements on a cross-section.

© ISO 2016 - All rights reserved v
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Metallic materials — Instrumented indentation test for

hardness and materials parameters —

Part 4:
Test method for metallic and non-metallic coatings

1
Thi

Scope

5 part of [SO 14577 specifies a method for testing coatings which is particularly“suitable
in the nano/micro range applicable to thin coatings. However, the application of this method
of I$0 14577 is not needed if the indentation depth is such a small fraction of.the coating thi
in any possible case a substrate influence can be neglected and the coating'can be considere
material. Limits for such cases are given.

Thi
nor
1

5 test method is limited to the examination of single layers when the indentation is
mal to the test piece surface, but graded and multilayer ceatitigs can also be measure
ion if the thickness of the individual layers or gradations is greater than the spatial resol
bntation process.

test method is not limited to any particular type of mdterial. Metallic and non-metallic c
ded in the scope of this part of ISO 14577. In thispart of ISO 14577, the term coating is u
to gny solid layer with homogeneous properties different to that of a substrate it is connec
mefhod assumes that coating properties are constant with indentation depth. Composite c
conpidered to be homogenous if the structure-size is less than the indentation size.

The application of this part of ISO 14577 regarding measurement of indentation hardn
pospible if the indenter is a pyramid-or-a cone with a radius of tip curvature small enough
def¢prmation to occur within the coating. The hardness of visco-elastic materials or materialg
significant creep will be strongly.affected by the time taken to perform the test.

NOTE 1 ISO 14577-1, ISO 14577-2 and ISO 14577-3 define usage of instrumented indentation teg
matgrials over all force and-displacement ranges.

NOTE2  The analysis*used here does not make any allowances for pile-up or sink-in of indents. U
For¢e Microscopy (AFM) to assess the indent shape allows the determination of possible pile-up or s
surflace around thelindent. These surface effects result in an under-estimate (pile-up) or over-estimat
the fontact areain'the analysis and hence may influence the measured results. Pile-up generally ocd
-hardened materials. Pile-up of soft, ductile materials is more likely for thinner coatings due to th
of the stresses in the zone of plastic deformation in the coating. It has been reported that the piled
resylts/in ‘an effective increase of the contact area for the determination of hardness, while the g
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promounced for the determination of indentation modulus, since the piled up material behaves less rigi

dly. (2]

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

[SO 14577-1:2015, Metallic materials — Instrumented indentation test for hardness and materials

parameters — Part 1: Test method

ISO 14577-2:2015, Metallic materials — Instrumented indentation test for hardness and materials

parameters — Part 2: Verification and calibration of testing machines
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ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM)

3 Symbols and designations

ISO 14577-1:2015, Table 1 provides a listing of symbols and their related designations. Additional
symbols and designations used in this international standard are included in Table 1.

Table 1 — Symbols and designations

Symbgl Designation Unit
a Radius of contact mm
te Thickness of the coating mm
ElTc Indentation modulus of the coating GPa
Ertc* Indentation plane-strain modulus of the coating GPa
Hite Indentation hardness of the coating GPa
4 Calibration and direct verification of testing machines

The instry
ISO 14577+

Indirect vy

reference inaterial, shall be made to ensure that a new diréct verification is not needed and that

damage or

Indentatio
be chosen {

Typical indenter shapes are Vickers, Berkovich, ¢conical, spherical and corner cube.

For the detf
the coating

geometry indenter may be used provided that its area function is known. If only the elastic proper

of the coat
this avoids
will allow

toolarge a
layers, etc
begins wil
Clause 7).

ment shall be calibrated and directly verified according“to the procedures set ou
P:2015, Clause 4.

brification according to the procedure specified in™-SO 14577-2:2015, Clause 5, usir

contamination has occurred to the indenter tip.

1 experiments may be performed with a variety of differently shaped indenters which sh
o optimize the plastic and elastic deformation required for a given coating substrate syst

ermination of coating plastic properties, pointed indenters are recommended. The thir
, the sharper the indenter should be. For the determination of coating elastic properties,

ing are required, indentations in the fully elastic regime are recommended (if possiblé
problems due to fracture; pile-up and high creep rates. A larger radius indenter tip or sp}
Fully elastic indentatiens over a larger force range than a smaller radius indenter. Howe
radius and surface effects will dominate the measurement uncertainties (roughness, sur
. Too small a(radius and the maximum force or displacement before plastic deforma
be very lowThe optimum can be identified by preliminary experiments or modelling

5 Test ]rieces
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5.1 General

Generally, surface preparation of the test piece should be kept to a minimum and, if possible, the test
piece should be used in the as-received state if the surface condition conforms to the criteria given in
5.2,5.3 and 5.4.

5.2 Surface roughness

Indentation into rough surfaces will lead to increased scatter in the results with decreasing indentation
depth (see ISO 14577-1:2015, Annex E). Clearly, when the roughness value, Ra, approaches the same
value as the indentation depth, the contact area will vary greatly from indent to indent depending on
its position relative to peaks and valleys at the surface. The final surface finish should be as smooth
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as available experience and facilities permit. The Ra value should be less than 5 % of the maximum
penetration depth whenever possible.

NOTE It has been shown that for a Berkovich indenter, the angle that the surface normal presents to the axis
of indentation has to be greater than 7° for significant errors to result.[3] The important angle is that between
the indentation axis and the local surface normal at the point of contact. This angle may be significantly different
from the average surface plane for rough surfaces.

While Ra has been recommended as a practical and easily understood roughness parameter, this is an
average. Thus, single peaks and valleys may be greater than this as defined by the Rz value, although
the likelihood of encountering the maximum peak, for example, on the surface is small. Modelling to

invéstigate the Toughmness of the coating surtfacetHtSHras conciuded that tiere are two Hmitin
for pny Ra value. When the “wavelength” of the roughness (in the plane of the coating surfa
greater than the indenter tip radius, the force-penetration response is determined by the lo
surface curvature, but when the wavelength is much less than the tip radius, asperity con
and| the effect is similar to having an additional lower modulus coating on the surface.

Inc
or S
mag

ases where coatings are used in the as-received condition, random defects (such as nodul
cratches) might be present. Where an indentation site imaging system is included in
hine, it is recommended that “flat” areas away from these defects bé selected for measut

Thd
par

radius of the roughness profilometer probe should be less than the indenter radius. If the
hmeter Ra is determined with an AFM on a scan area, a scandrea of 10 pm x 10 pm is recg

Sonpe instruments are capable of scanning the indentation‘sité before indentation. In this
with the required local slope and roughness may be selected for indentation in surfaces
otherwise, on average, be too rough.

5.3| Polishing
It s
har
For
and
the
dis

Hening and/or the residual stress state>of the surface and, consequently, the measureq

polishing shall be carried out such that any stress induced by the previous stage is 1
subsequent stage, and the final stage shall be with a grade of polishing medium approp
lacement scale being used in\the test. If possible, electrochemical polishing should be us

NOTE1 Many coatings replicate the surface finish of the substrate. If it is acceptable to do
prepparation problems can( be‘reduced by ensuring that the substrate has an appropriate surface
elinfinating the need toprépare the surface of the coating. In some cases, however, changing the subst
roughness may affect‘ether coating properties; therefore, care should be taken when using this appr

NOTE 2  In coatings, it is common to get relatively large residual stresses (e.g. arising from therm3
coefficient mismiatch between the coating and the substrate and/or stress induced by the coating
progess). Thusya stress-free surface would not normally be expected. Furthermore, stress gradients
are hot ungommon, so that removal of excessive material during a remedial surface preparation stag
in afsignificant departure from the original surface state.

b situations
Ce) is much
cal coating
fact occurs

hr growths
the testing
ement.

roughness
mmended.

case, areas
that might

hould be appreciated that mechanical polishing of surfaces can result in a change i the work

hardness.

ceramics, this is less of a concern than for metals, although surface damage can occufr. Grinding

emoved by
riate to the
bd.

so, surface
finish, thus
rate surface
bach.

1 expansion
b deposition
in coatings
b may result

NOTE 3

Polishing reduces the coating thickness and so the effects of the substrate will be enhanced when

indenting normal to the surface. Where the data analysis requires an accurate knowledge of the coating thickness
indented, polishing will require re-measurement of coating thickness. This again emphasizes the need to carry

out minimum preparation.

5.4 Surface cleanliness

Generally, provided the surface is free from obvious surface contamination, cleaning procedures should
be avoided. If cleaning is required, it shall be limited to methods that minimize damage, for example

— application of dry, oil-free, filtered gas stream,

© ISO 2016 - All rights reserved
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— application of subliming particle stream of CO; (taking care not to depress the surface temperature
below the dew point), and

— rinsing with a solvent (which is chemically inert to the test piece) and then drying.

Ultrasonic methods are known to create or increase damage to coatings and should be used with
caution.

6 Procedure

6.1 Testiconditions

6.1.1 The indenter geometry, maximum force and/or displacement and force displacement cycle (With
suitable hold periods) shall be selected by the operator to be appropriate to the coating tobe measyred
and the operating parameters of the instrument used (see Figure 1).

Indentation hardness values are only valid if plastic deformation has occurred so thatthere is a residlual
indentation after force removal. Therefore, if both hardness and modulus are réquired from a singlg set
of indentatjions, then a small radius tip is required and a self-similar geometxy:

NOTE1 Atypical “small” radius for hardness measurement is that of a Berkeyvieh indenter (<250 nm). A typical
“large” radips for modulus measurement is <25 pm. In certain cases, a change\of indenter can be avoided by fprce
selection. The range of elastic deformation can be estimated by the formuldae'in Annex A.

NOTE2  Anexample of a simplified stress analysis is given in 7.3, Note 4.

6.1.2 WHere multiple indentations normal to the surface ot indentations in cross-section are planfed,
each indent shall be positioned and separated accordingste 1ISO 14577-1:2015, 7.7.

NOTE oatings can display a high degree of anisotropy, and thus the orientation of the indenter within the

plane and the direction of indentation (normal or cross*section) can significantly alter the measured value of the
hardness arjd sometimes the modulus.

6.1.3 The¢ parameters of the instrumented indentation test are defined according to ISO 14377-
1:2015,7.4.

The following parameters ofeoating/substrate influencing the measurement result should| be
considered:

a) substrpte hardness, Young’s modulus and Poisson’s ratio;
b) coating thickness)

c) surfacg roughness;

d) adhesiphof the coating to the substrate (delamination of the coating should be avoided).

All these parameters should be kept constant if a direct comparison of force displacement curves is to
be made in order to detect a relative change in properties between two or more test pieces.

The time dependence of the material parameter being measured should be taken into account.
NOTE1 Hardness and Young’s modulus values can be affected by adhesion.[6][Z][8][2][10]

NOTE 2  Variations in test piece parameters other than hardness or modulus can affect measurement of these
quantities. If the indentation depth is a sufficiently small fraction of the coating thickness, or the coating thickness
may be reasonably well estimated and is constant for all indentation sites on a particular sample, it is possible to
measure EjTc* and Hjte. without an accurate thickness measurement. If, however, the properties as a function of
relative indentation depth are to be compared, an accurate thickness determination may be necessary. The exact
limits depend on the ratio of properties of coating and substrate.

4 © IS0 2016 - All rights reserved
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6.2 Measurement procedure

6.2.1 General

Introduce the prepared test piece and position it so that testing can be undertaken at the desired
location.

Carry out the predetermined number of indentation cycles using the selected test conditions.

6.2.2 Force control experiments

A single force application and removal cycle shall be used. A decision tree to assist in gsti
drift during the experiment is shown in ISO 14577-1:2015, Annex G.

mating the

NOTE

In case of displacement control measurements, the creep effects prevent an acctirate de

termination

of the slope of the unloading curve at maximum force and this will result in an incorrect\hardness and modulus

calc
cort
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ulation. Furthermore, displacement control measurements do not allow thermal displac
ection.

Data analysis and evaluation of results for indentatien normal to the s

General

bre the data obtained during the indentation experiments can be analysed, it is necess:
‘ected the displacement data for significant thermal’ drift, determined the values of
hined Cs (the contact compliance) by correcting.the data for the instrument frame ¢
'he hardness and indentation modulus of theitést piece can then be calculated using f}
14577-1:2015, Annex A. ISO 14577-2:2015, Annex D describes the determination of Cg

perties thus calculated according to ISO 14577-1 are composite properties for the coating
bination. 7.2 and 7.3 provide methods:for extracting the hardness and indentation mod
[ing from the composite propertiesieasured assuming that the coating properties af
h depth.

E1 For indentation into a cross-section, the values obtained using ISO 14577-1 can be cons
e of the coating, provided thatthe recommendations in 6.1.2 have been followed.

E2 Empirical guidelinés'are given in Reference [11] for hardness measurement of electropla
teels, where it is reecommended that the indentation depth does not exceed one tenth the thic
ing.

[ parametersfoy’'ductile and brittle coatings shall be considered separately.

indentation normal to the surface, elastic deformation of the substrate will always o
Lings,.even though this could be negligibly small for a thick compliant coating on a stiff
s, the'measured modulus will always be the composite modulus of the coating and subj

bment  drift

urface

iry to have
Ap(hc) and
ompliance,
prmulae in
hnd Cr. The
/substrate
ulus of the
e constant

dered to be
ed coatings

kness of the

Ccur for all
substrate.
strate, and

thevalue obtained will be a function of indentation depth.

For hardness measurement, it is recommended to use as small a radius indenter as possible (i.e. as sharp
as possible) to limit the plastic deformation to be within the coating. A measurement of the uncoated
substrate hardness is a useful guide to the appropriate choice of analysis (soft vs. hard). In some
circumstances, it is possible to identify a range of indentation depth over which the measured hardness
is constant (i.e. before the onset of substrate plastic deformation) and then carry out indentation
experiments within this range.

Estimates of coating hardness and modulus may be extracted from the composite values Eit*, Hir
obtained from indentation normal to the surface by expressing those composite values as a function
of contact radius a or contact depth h. normalized to coating thickness. Measurement of coating
thickness, t¢, is not required to obtain an accurate intercept value. However, if data from different
thickness coatings are to be plotted together, or the maximum range of indentation depth for valid data
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is to be used, it is recommended to make a measurement of actual coating thickness to ensure the best
reproducibility of results. For indenters of different geometries (e.g. Berkovich, Vickers, spherical, cone,
etc.), a is approximated by the radius of a circle having the same area as the projected area of contact
with the indenter according to Formula (1):

a=—> 1)

Thisvaluehasexactequivalenceforasphericalorconicalindenterbutbecomesincreasinglylessphysically
meaningful as the axial symmetry of the indenter reduces, i.e. cone = sphere > Vickers > Berkovich.

NOTE 3 Il‘. is relatively easy to measure the hardness of ductile coatings or the elastic modulus of brjttle
coatings. It s more difficult to determine the hardness of brittle or hard coatings or the elastic modulus.of duftile
coatings.

NOTE4  Vhere t.is not measured, nominal values of t. may be used but comparison of data’between coatjings
of different fhicknesses will be less accurate.

7.2 Coating indentation modulus

In the casqg of force-controlled cycles and test pieces of unknown indentation response, a set of {rial
indentations shall be performed (e.g. at two widely spaced forces) andanalysed to obtain estimatgs of
the test force required for the range of a/t. specified below. See Figure 1 for the selection of suitable
indenter geometry and indentation parameters.

The aim of the flow chart in Figure 1 is to achieve indentations over a range of depths that do[not
fracture tHe coating, or creep, and are elastic if possible.. A tip radius sufficiently large for an elgstic
indentation is recommended but may not always be possible. Where hardness is also required, see 6|1.1.

6 © IS0 2016 - All rights reserved
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Perform indentations Extrapolate I )
< YO TIEE linear fit to nput or estimate
<a/tc <2 (coating find coating L5 poisson ratio to
harder than E. at & ™| calculate indentation No
substrate/brittle) ITe modulus of coating
0 <a/tc<1,5 (ductile) a/t.=0

Inspect indentations for cracking and pile up

Quality assurance check

using optics/SEM/AFM

measure indentation modulus of coating

( Stop

Figure 1 — Flow chart for selection of indenter geometry and indentation parameters to

In ghe case of'\soft/ductile coatings, indentation force or displacement and indenter georhetry shall
be thosen.such that data shall be obtained in the region where a/t. < 1,5. The indentatigqn modulus
of the ecoating, E|tc, is obtained by taking a series of measurements at different indentatfion depths

value Eytc* for the coating.
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Figure 2 — Indentation modulus vs. normalized contact radius of a ductile coating on a harder
substrate — Schematically

In the casq of hard/brittle coatings, the indentation force or displacement and the indenter geomgtry
shall be chiosen such that data are obtained in theregion where a/t. < 2. The indentation modulus of
the coating, Ei1, is obtained by taking a series,of measurements at different indentation depths fand
extrapolatng a linear fit to the measured tést’piece indentation modulus, EyT, vs. a/t. to zeroll] [see

Figure 3).

NOTE 1 linear fit to indentation madulus vs. a/t. to zero is a first approximation. However, in generpl, a
nonlinear r¢lationship appears to apply ‘and can be reproduced by finite element analysis (FEA). The exact nafure
of this nonlfnear relation is not know# and so a linear fit over the restricted range indicated is a robust first
approximatjon but is not applicable.over a range wider than this.

At least 15{measurements-ib/total, distributed over 5 or more different values of a/t; or h¢/t., shall be
obtained blefore a valid’extrapolation is possible. It is recommended that at least 50 measurements in
total, distrjbuted over 0 or more values of a/t. or h¢/t., be obtained to reduce the uncertainties of{the
extrapolatjon. In general, it is recommended to increase the number of measurements made at different
a/tc or he/t. values; in preference to increasing the replications at fewer a/t; or h¢/t. points.

NOTE 2  Théquickest and most reliable method for determining the range of applied forces required to obtain
indentation results in the required range of a/t. or h¢/t. is to perform a couple of trial indentations at different
forces. Quick estimates of the likely h¢ values for lower maximum applied forces can be obtained by drawing
parallel lines to the tangent to the initial force removal curve.

8 © IS0 2016 - All rights reserved
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Figure 3 — Indentation modulus vs. normalized.contact radius of hard brittle coating on a
softer substrate ~=~Schematically

7.3| Coating indentation hardness

Theg same normalized parameter, a/t.,~¢an be used for the evaluation of hardness resulty. However,
singe this method requires self-similar geometry indenters (pointed indenters), the non-djmensional
parpmeter h¢/tc (ratio of contact.depth to coating thickness) can also be used. See Figurg 4 for the
selgction of suitable indenter geometry and indentation parameters.
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Select indenter geometry suitable
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Harder than
subftrate/brittle)

Perfo

0<he

Perform indentatiens
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0 < hc/tc <1 (coating softer
than substrate/ductile)

|
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(two depths)

Indentation
creep occurs?

Hold at F

. max
until creep rate

Hyy. is “plateau”
(coating softer => min)

limit met (6.6.2
or ISO 14577-1:
2015, G.2)

Qurality assurance check
Inspectindentations for cracking and pile up
using optics/SEM/AFM

Figure

Extrapolate linear fit
to estimate
HITC at hc/tC =0

4 —Flow chart for selection of indenter geometry and indentation parameters to
measure indentation hardness of coating

In the case of soft, ductile coatings on a harder substrate, the coating indentation hardness is obtained
from an Hit vs. h¢/tc plot over the range 0 < h¢/tc < 1, provided the substrate is deformed only
elastically. If a constant minimum value of HiT (a plateau) is observed, this is the coating indentation
hardness Hjtc (see Figure 5). If only a minimum in Hit occurs and indentation of a thicker coating yields
the same value, then this is a strong indicator that this is the value for the coating. Otherwise, this is
only the maximum estimate of the coating indentation hardness. If no plateau is observed, the coating

10
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indentation hardness is obtained from a linear extrapolation to zero of an Hit vs. h¢/tc pl
range 0 < h¢/t. <1 (see Figure 6).

NOTE 1

ot over the

The maximum limit of h¢/t. for alinear plot depends on the hardness ratio of the coating and substrate.

For example, for an Au coating on Ni, the hardness ratio is approximately 2,5 and the h¢/t. limit is <1; for an Al
coating on optical glass (BK7) with a hardness ratio of approximately 8, the h¢/t; limit is approximately 5. There
is a lower limit of the contact depth to measure the hardness due to the tip rounding. A reproducible hardness

value can be obtained for h¢ > 20 % of tip radius (for a 250 nm tip radius, this is 50 nm).

If the indentation size effect is getting a significant influence (measured hardness values go up for
hc/tc =0), the calculation of Hjt. from the plateau of Hit vs. h¢/t: should exclude data points possibly

3] | - 1 4 F . L 4
SOVETTIEU Dy I ITUTCTIICAtIOI SIZE CIIeTL.

It if recommended that at least 50 measurements in total, distributed over 10 or more va
or A¢/tc, be obtained to identify the plateau. In general, it is recommended to increase the
megsurements made at different a/t. or h¢/t; values, in preference to increasing the rep
fe
whg¢re the plateau of hardness values is to be determined.

In the case of hard coatings on a softer substrate, the coating indehtation hardness c

det¢rmined with a sharp (small tip radius) indenter that causes yielding within the co

recpmmended that an elastic stress analysis of the coating/substrate system be undertake
approximation of a spherical indenter of a radius equivalent to the tip radius of the self-simila
ind
and
har
fraqture of the coating can be recognized by the hardness values obtained clustering at th
valye, even at low h/t.. Note that sharper indentersimay cause fracture at lower forces than
indenters.

Thd

con
har
yiel
thid

ds the same value, then this is a-strong indicator that this is the value for the coating.
is only the minimum estimate of the coating indentation hardness (see Figure 8).

r a/tc or h¢/t: points. This is particularly the case for hard/brittle coatings on a softej

bnter. This will determine whether the coating or the substrate will yield first during i
therefore, whether it is possible to determine the coating hardness at all. It is recomm
Hness values for the substrate be obtained for comparison, by testing if necessary. Delar]

indentation force or displacement and-intdenter geometry shall be chosen such tha
approximately a/t) is in a range where Hyfis a maximum. Commonly, the range is 0 < h¢/8
stant maximum value of Hit (a platéau) is observed over this range, this is the coating i
ness Hitclll (see Figure 7). If onlysd maximum in Hit occurs and indentation of a thicl

ues of a/t.
number of
ications at
substrate,

hin only be
ating. It is
h using the
I geometry
[ndentation
ended that
nination or
b substrate
more blunt

t he/te (or
. <0,5.Ifa
[ndentation
xer coating
Dtherwise,
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Figure 5 — Indentation hardness vs. normalized contact depth-of a ductile coating on a harder
spibstrate showing a constant minimum value “platéau” of H;r — Schematically
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Figure 6 — Indentation hardness vs. normalized contact depth of a ductile coating on a harder
substrate showing no constant minimum value of Hir — Schematically
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Figure 7 — Indentation hardness vs. normalized-contact depth of a hard brittle coatling on a
softer substrate showing a constant maximum value “plateau” of H;T — Schematically
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Figure 8 — Indentation hardness vs. normalized contact depth of a hard brittle coating on a
softer substrate showing a single maximum value of Hir — Schematically
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NOTE 2  The extent of substrate plastic deformation will depend upon a number of factors, including the
relative difference in hardness and modulus between the coating and the substrate, adhesion, the coating
thickness, the indenter radius of curvature (“sharpness”) and the maximum force. Premature yielding of the
substrate can be a particular problem in the case of hard and stiff coatings on softer substrates. However, if the
coating modulus is much less than the substrate modulus, premature yielding of the substrate can also be caused
(e.g. SiO7 on tungsten). There is a compromise between

a) using a sufficiently high force (e.g. close to but not exceeding the limit corresponding to the onset of plastic
deformation of the substrate) in order to obtain the maximum of force-depth data, thereby improving the
precision of the measurement, and

b) indenting at a low enough displacement such that the plastic zone of the indentation does not interact with
the substrate/coating interface, thus minimizing the influence of the substrate on the measurement |(see

Figure P).

NOTE3  $harper indenters (lower radius tip and corners and/or smaller tip included angles) geuderally cjuse
fracture at Jower forces than blunter or lower aspect ratio indenters. Cracking can often be deteeted as sudden
discontinuifies or “pop-in” events in the load displacement curves of force-controlled indentatigns.

Key

1 plastic leformation

2 overlay|of principal shear stress vs. depth under indenter

3 maxim@im shear stress in each material

4 coating

5  substrate

6  depth

NOTE oating hardness is‘only measurable if coating yields first.

Figure P — Diagram of the principal shear stress as a function of depth under the indenteft
overlaid onto a diagram of an indentation into a coated substrate

NOTE 4 0 MEASUTE Te INdentation coating Mardness, there siioutd be sutficlent ytefding of the coating before
the substrate yields. The best conditions for this are when the maximum of the principal shear stress occurs
inside the coating and causes plastic deformation while the stress in the substrate below does not exceed the
substrate yield stress. For a fully elastic contact with a spherical indenter, the maximum of the principal shear
stress is approximately 0,47 of the mean pressure for v = 0,3 at 0,5a below the surface.

NOTES5  Different procedures have been published which suggest methods that may be used to determine
the onset of substrate plastic deformation by the evaluation of the force increasing branch of the indentation
hysteresis curve, but none has yet been validated by the international community. These involve a method[12] in
which the differential of the force with respect to displacement is plotted versus displacement, and the point of
inflection is taken to be the depth at which plastic deformation of the substrate occurs. It has been proposed[13]
that departure from a linear relationship of force versus the square of displacement is also an indication of the
onset of plastic deformation of the substrate. However, there is no guarantee that the yield or deviation detected
is that of the substrate. Also, there is always a slight deviation from the linear relationship especially for depths
where the tip rounding has an influence.
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