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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 procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Par.r:?.“:(gee www.iso.org/directives).

ooooooooo
oooooooooo
oooooooooooo

ooooooooo

SC 3, Hardness testing.

This second edition cancels and replaces\.‘(the first edition (ISO 14577-4:2007), which has been
technically revised.

ISO 14577 consists of the following parts, under the general title Metallic materials — Instrumented
indentation test for hardness and materials parameters:

— Part 1: Test method
— Part 2: Verification and calibration of testing machines
— Part 3: Calibration of reference blocks

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

iv © IS0 2016 - All rights reserved
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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
using instrumented indentation. However, when measurements are made normal to a coated surface,
depending on the force applied and the thlckness of the coating, the substrate properties influence
the result.

......

propertles to be extracted from the cqfnp051te mea;surement In some cases, the coating property can
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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 Scope

This part of ISO 14577 specifies a method for testing coatings which is particularly suitable for testing
in the nano/micro range applicable to thin coatings. However, the application of this method of this part
of ISO 14577 is not needed if the indenmtion depth is such a small fraction of the coating thickness that

The application of this part of ISO'. 4577 regarding measurement of indentation hardness is only
possible if the indenter is a pyramid 5t a cone with a radius of tip curvature small enough for plastic
deformation to occur within the coating. The hardness of visco-elastic materials or materials exhibiting
significant creep will be strongly affected by the time taken to perform the test.

NOTE1 ISO 14577-1, ISO 14577-2 and ISO 14577-3 define usage of instrumented indentation testing of bulk
materials over all force and displacement ranges.

NOTE 2  The analysis used here does not make any allowances for pile-up or sink-in of indents. Use of Atomic
Force Microscopy (AFM) to assess the indent shape allows the determination of possible pile-up or sink-in of the
surface around the indent. These surface effects result in an under-estimate (pile-up) or over-estimate (sink-in) of
the contact area in the analysis and hence may influence the measured results. Pile-up generally occurs for fully
work-hardened materials. Pile-up of soft, ductile materials is more likely for thinner coatings due to the constraint
of the stresses in the zone of plastic deformation in the coating. It has been reported that the piled up material
results in an effective increase of the contact area for the determination of hardness, while the effect is less
pronounced for the determination of indentation modulus, since the piled up material behaves less rigidly.[11[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.

ISO 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

© 1S0 2016 - All rights reserved 1
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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

Symbol Designation Unit
a Radius of contact mm

tc Thickness of the coating mm
ElTc Indentation modulus of the coating GPa
Erpc* Indentation plane-strain medulus of the coating GPa
Hite Indentation hardness oft,hgmatmg GPa

For the determination of coating plastic propertles, pointed indenters are recommended. The thinner
the coating, the sharper the indenter should be. For the determination of coating elastic properties, any
geometry indenter may be used provided that its area function is known. If only the elastic properties
of the coating are required, indentations in the fully elastic regime are recommended (if possible) as
this avoids problems due to fracture, pile-up and high creep rates. A larger radius indenter tip or sphere
will allow fully elastic indentations over a larger force range than a smaller radius indenter. However,
too large a radius and surface effects will dominate the measurement uncertainties (roughness, surface
layers, etc.). Too small a radius and the maximum force or displacement before plastic deformation
begins will be very low. The optimum can be identified by preliminary experiments or modelling (see
Clause 7).

5 Test pieces

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
52,53 and 54.

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

2 ©1S0 2016 - All rights reserved
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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
investigate the roughness of the coating surfacel4l[2] has concluded that there are two limiting situations
for any Ra value. When the “wavelength” of the roughness (in the plane of the coating surface) is much
greater than the indenter tip radius, the force-penetration response is determined by the local coating
surface curvature, but when the wavelength is much less than the tip radius, asperity contact occurs
and the effect is similar to having an additional lower modulus coating on the surface.

For ceramics, this is less of a concerii: \than for metals, although surface damage can occur. Grlndlng
and polishing shall be carried out such that any stress induced by the previous stage is removed by
the subsequent stage, and the final stage shall be with a grade of polishing medium appropriate to the
displacement scale being used in the test. If possible, electrochemical polishing should be used.

NOTE1 Many coatings replicate the surface finish of the substrate. If it is acceptable to do so, surface
preparation problems can be reduced by ensuring that the substrate has an appropriate surface finish, thus
eliminating the need to prepare the surface of the coating. In some cases, however, changing the substrate surface
roughness may affect other coating properties; therefore, care should be taken when using this approach.

NOTE 2 In coatings, itis common to get relatively large residual stresses (e.g. arising from thermal expansion
coefficient mismatch between the coating and the substrate and/or stress induced by the coating deposition
process). Thus, a stress-free surface would not normally be expected. Furthermore, stress gradients in coatings
are not uncommon, so that removal of excessive material during a remedial surface preparation stage may result
in a significant departure from the original surface state.

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,
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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 Test conditions

6.1.1 The indenter geometry, maximum force and/or displacement and force displacement cycle (with
suitable hold periods) shall be selected h:the operator to be appropriate to the coating to be measured
and the operating parameters of the ins

NOTE Coatings can display a high deé'r'éé 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 and sometimes the modulus.

6.1.3 The parameters of the instrumented indentation test are defined according to ISO 14577-
1:2015,7.4.

The following parameters of coating/substrate influencing the measurement result should be
considered:

a) substrate hardness, Young’s modulus and Poisson’s ratio;

b) coating thickness;

¢) surface roughness;

d) adhesion of 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. Ifthe 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 E1r¢* and Hyte 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 © 1S0 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 estimating the
drift during the experiment is shown in ISO 14577-1:2015, Annex G.

NOTE In case of displacement control measurements, the creep effects prevent an accurate determination

coating from the comp051te properties measured assuming that the coating properties are constant
with depth.

NOTE1 For indentation into a cross-section, the values obtained using 1ISO 14577-1 can be considered to be
those of the coating, provided that the recommendations in 6.1.2 have been followed.

NOTE 2  Empirical guidelines are given in Reference [11] for hardness measurement of electroplated coatings
on steels, where it is recommended that the indentation depth does not exceed one tenth the thickness of the
coating.

Test parameters for ductile and brittle coatings shall be considered separately.

For indentation normal to the surface, elastic deformation of the substrate will always occur for all
coatings, even though this could be negligibly small for a thick compliant coating on a stiff substrate.
Thus, the measured modulus will always be the composite modulus of the coating and substrate, and
the value obtained will be a function of indentation depth.

For hardness measurement, itis 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 Ejr*, HiT
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, ¢, 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):

(0

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

NOTE3 It is relatively easy to measure the hardness of ductile coatings or the elastic modulus of brittle
coatings. Itis more difficult to determine thethardness of brittle or hard coatings or the elastic modulus of ductile
coatings.

6 © IS0 2016 - All rights reserved
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Select indenter geometry suitable
for modulus measurement
(large tip radius recommended)

Perform test

indentations
(two depths)
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Holdat F . et
until creeprate | , = <7:e30 .
limit met (6.6.2 Coatlng7 Yes Continue? -~
or 1S0 14577-1: fractures?
2015, G.2) UENETS:
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0 <a/t.<1,5 (ductile)
Quality\é’ssurance check
Inspect indentations for cracking and pile up Stop
using optics/SEM/AFM

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

In the case of soft/ductile coatings, indentation force or displacement and indenter geometry shall
be chosen such that data shall be obtained in the region where a/t; < 1,5. The indentation modulus
of the coating, E|t., is obtained by taking a series of measurements at different indentation depths
and extrapolating a linear fit to indentation modulus, Ejt vs. a/t. to zerolll (see Figure 2). The same
procedure may be adopted using Ejt* vs. a/t; instead, leading to a plane strain indentation modulus
value Ey1c* for the coating.
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extrapolating a linear fit to the measunggi:test piece indentation modulus, E|t, vs. a/tc to zerolll (see
Figure 3). '

NOTE1 A linear fit to indentation modulus vs. a/t; to zero is a first approximation. However, in general, a
nonlinear relationship appears to apply and can be reproduced by finite element analysis (FEA). The exact nature
of this nonlinear relation is not known and so a linear fit over the restricted range indicated is a robust first
approximation but is not applicable over a range wider than this.

At least 15 measurements in total, distributed over 5 or more different values of a/t. or h¢/t., shall be
obtained before a valid extrapolation is possible. It is recommended that at least 50 measurements in
total, distributed over 10 or more values of a/t. or hc/t., be obtained to reduce the uncertainties of the
extrapolation. In general, it is recommended to increase the number of measurements made at different
a/tcor h¢/tc values, in preference to increasing the replications at fewer a/t. or hc/t. points.

NOTE 2  The quickest 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 © ISO 2016 - All rights reserved
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Figure 3 — Indentathn modulil;s ‘¥s. normélized contact radius of hard brittle coating on a
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7.3 Coating indentation hardngss
The same normalized parameter, a/fc,g;éan be used for the evaluation of hardness results. However,
since this method requires self-similar geometry indenters (pointed indenters), the non-dimensional
parameter h/t; (ratio of contact depth to coating thickness) can also be used. See Figure 4 for the
selection of suitable indenter geometry and indentation parameters.
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! ¥
| Extrapolate linear fit
b to estimate

I Hchathc/tc=0

Quality assurance check
Inspect indentations for cracking and pile up
using optics/SEM/AFM

Figure 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 Hr vs. he/tc plot over the range 0 < h¢/t; < 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 Hitc (see Figure 5). If only a minimum in Hyt 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
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indentation hardness is obtained from a linear extrapolation to zero of an Hjt vs. h¢/t; plot over the
range 0 < hc/t. < 1 (see Figure 6).

NOTE1 The maximum limitof h¢/t. for alinear plot depends on the hardness ratio of the coating and substrate.
For example, for an Au coating on Nij, 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).

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

mdenters

The indentation force or displacement and indenter geometry shall be chosen such that h./t; (or
approximately a/t.) is in a range where Hjt is a maximum. Commonly, the range is 0 < hc/t. < 0,5. If a
constant maximum value of Hyr (a plateau) is observed over this range, this is the coating indentation
hardness Hirclll (see Figure 7). If only a maximum in Hyt 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 minimum estimate of the coating indentation hardness (see Figure 8).

© ISO 2016 - All rights reserved 11
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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 HiT — 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. SiOy 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 9).

NOTE 3  Sharper indenters (lower radius {ip 8#d corners and/or smaller tip included angles) generally cause

seehe shees

ceeses

fracture at lower forces than blunter or loywés g#§péct ratio indenters. Cracking can often be detected as sudden
discontinuities or “pop-in” events in the Jpg¢: dispiacement curves of force-controlled indentations.

Key

1 plastic deformation

2 overlay of principal shear stress vs. depth under indenter

3  maximum shear stress in each material

4  coating

5 substrate

6 depth

NOTE Coating hardness is only measurable if coating yields first.

Figure 9 — Diagram of the principal shear stress as a function of depth under the indenter
overlaid onto a diagram of an indentation into a coated substrate

NOTE4  To measure the indentation coating hardness, there should be sufficient yielding 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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8 Uncertainty of the results

A complete evaluation of the uncertainty shall be carried out in accordance with [SO/IEC Guide 98-3. A
detailed description of evaluation of uncertainty is given in [SO 14577-1:2015, Annex H.

9 Testreport

The test report shall be in accordance with [SO 14577-1 and shall contain the following additional
information:

a) a description of the test piece (e.g. dimensions, nominal coating thickness, coating material and
number of layers); if known, it is recommended to report

— test piece preparation,

— surface roughness Ra,

— actual coating thickness at the pnsmon oflndentatlon

b)

d)

© ISO 2016 - All rights reserved 15
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Annex A
(informative)

Contact point and fully elastic regime

For an accurate determination of the indentation depth, it is essential to be able to determine the point
at which the indenter first touches the surface of the test piece. The contact point is determined by
the first detected change of the test force, the contact stiffness or the rates of force or displacement
during the initial loading cycle. Various instruments use different methods to determine the contact
point, but the step size in force, displacement, force rate, displacement rate during the approach and
subsequent force application shall be small enough to allow determination of the zero point to the
required uncertainty (ISO 14577-1:2015, 7:3).

oooooooooooo
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The indentation depth (fully elastic dlspl défitent), h, i glveﬁfi by E OFm-ula (A.1) and the radius of contact,
a, is given by Formula (A.2) v

2/3 s
h= {3—’7} NS (A1)
4E

where

r isthe radius of the indenter tip;
Ey is the reduced modulus of contact;

F  is the applied force.

—\/Z-h.r-(l—i) (A.2)
2r

An elastic contact can be assumed if an indentation test with a maximum test force of at least two
times the contact force shows sufficiently small differences between the curves of force application and
force removal. After the thermal drift correction, the differences shall not exceed 1 nm or 3 % of the
maximum depth (the smaller value shall be used).

NOTE First estimates for the displacement error introduced by an uncorrected depth offset for a given
initial force can be derived from elastic theory [see Formula (A.1)]. In Table A.1, elastic displacements for a range
of material Young’s moduli and indenter radii are given for initial contact forces of 1 uN, 5 uN and 10 uN. Thisis a
minimum estimate assuming no plasticity.
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In all cases, consideration should be given to the likely influence of (capillary) surface films on the
surface detection or definition. These films can act to place additional unmeasured forces on the
indentation and hence, obscure the real material response.

Table A.1 — Elastic indentation depth for different indenter radii

Test Elastic indentation depth (nm) for different indenter radii (nm)
force
uN 50 100 200 500 1000 10 000
1 7,22 572 4,55 3,35 2,66 1,23
E;:S(E}l;a, 5 21,11 16,75 13,30 9,80 7,78 3,61
‘ 10 33,51 26,60 21,11 15,55 12,34 5,73
1 1,34 1,07 0,49
E=20 GPa, 5 3,93 3,12 1,45
v=0,3
10 6,23 4,95 2,30
1 0,60 0,48 0,22
E=70GPa, 5 1,76 1,39 0,65
v=0,3
10 2,79 2,21 1,03
0,48 0,38 0,18
E=100GPa, 1,41 1,12 0,52
v=0,3
10 2,24 1,78 0,82
1 0,32 0,25 0,12
E = 200 GPa, 5 02 0,75 0,35
v=03 e Sade . L i s
10 L1349 1,18 0,55
1 0:22 0,18 0,08
E'= 400 GPa, 5 0,65 0,52 0,24
v=0,3
10 1,04 0,82 0,38
© ISO 2016 - All rights reserved 17
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