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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 ngted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, PariffZi(see www.iso.org/directives).

SC 3, Hardness testing.

This second edition cancels and replaces\the first edition (ISO 14577-1:2002), 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 2015 - All rights reserved
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Introduction

Hardness has typically been defined as the resistance of a material to permanent penetration by
another harder material. The results obtained when performing Rockwell, Vickers, and Brinell tests are
determined after the test force has been removed. Therefore, the effect of elastic deformation under the
indenter has been ignored.

ISO 14577 (all parts) has been prepared to enable the user to evaluate the indentation of materials by
considering both the force and displacement during plastic and elastic deformation. By monitoring the
complete cycle of increasing and removal of the test force, hardness values equivalent to traditional
hardness Values can be determined. More SJ:gmflcantly, additional propertles of the material, such as

oooooooooooo
oooooooooo

...........

instrumented indentation test allows to racord h‘ardness and modulus depth profiles within a, probably
complex, indentation cycle.

© IS0 2015 - All rights reserved \
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Metallic materials — Instrumented indentation test for
hardness and materials parameters —

Part 1:
Test method

1 Scope

This part of ISO 14577 specifies the method of instrumented indentation test for determination of
hardness and other materials parameters for the following three ranges:

— macrorange: 2 N < F <30 kN;
— microrange: 2 N>F;, h>0,2 pm;

— nano range: h <0,2 um.

ooooooooooooooooooo

oooooo

......

lower limit given by the indentation depth Gf;2 pm.
The determination of hardness and other material parameters is given in Annex A.

At high contact pressures, damage to the indenter is possible. For this reason in the macro range,
hardmetal indenters are often used. For test pieces with very high hardness and modulus of elasticity,
permanent indenter deformation can occur and can be detected using suitable reference materials. It is
necessary that its influence on the test result be taken into account.

This test method can also be applied to thin metallic and non-metallic coatings and non-metallic
materials. In this case, it is recommended that the specifications in the relevant standards be taken into
account (see also 6.3 and ISO 14577-4).

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 14577-2:2015, Metallic materials — Instrumented indentation test for hardness and materials
parameters — Part 2: Verification and calibration of testing machines

ISO/IEC Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)

© IS0 2015 - All rights reserved 1
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3 Symbols and designations

For the purposes of this document, the symbols and designations in Table 1 shall be applied (see also
Figure 1 and Figure 2).

Table 1 — Symbols and designations

Symbol Designation Unit
Ap (h¢) Projected area of contact of the indenter at distance h¢ from the tip mm?
As (h) Surface area of the indenter at distance h from the tip mm?
CiT Indentation creep %

Cr Total measur.ed compliance of the contact (dh/dF tangent to the force removal nm/mN
curve at maximum test force)
Cr Instrument compliance . nm/mN
Cs Compllance of the contact aft,e,f. (}QI‘ECQUOI’I for machine compliance nm/mN
ErT GPa
E, GPa
F N
Fmax N
h mm
hc mm
Rmax Maximum 1ndentat10n depth at Fmag::§° mm
hyp Permanent indentation dept:h: -afigz removal of the test force* mm
h Point of 1pters.ect10.n .of the tgngﬁg;’c to curve b at Fpax with the indentation mm
depth-axis as identified on Figure 1
HiT Indentation hardness GPa
HM Martens hardness GPa
HM, Marteps hardn.ess, determined from the slope of the increasing GPa
force/indentation depth curve
HMgife Martens hardness, determined from the first derivative of h vs \/F GPa
\2 Poisson’s ratio of the test piece
r Radius of spherical indenter mm
RiT Indentation relaxation %
Welast Elastic reverse deformation work of indentation N-m
Whotal Total mechanical work of indentation N-m
o Fione semi-angle or angle of facet to the indentation axis for pyramidal °
indenters
9 Maxirr.lum.angle between the contact surface and the indenter for calculation °
of radial displacement
T Ratio Welast /Whtotal %

NOTE 1 To avoid very long numbers, the use of multiples or sub-multiples of the units is permitted.

NOTE 2 The continued use of the unit N/mm? is allowed. 1 MPa = 1 N/mm?Z.

2 © IS0 2015 - All rights reserved
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>

hmax

Key

a  application of the test force

se

removal of the test force :::

/ ]

hc
hmax

a indenter

b  surface of residual plastic indentation in a test piece that has a “perfectly plastic” response
¢ surface of test piece at maximum indentation depth and test force

6 maximum angle between the test piece surface and the indenter

Figure 2 — Schematic representation of the cross section of indentation
in the case of material “sink-in”

© IS0 2015 - All rights reserved 3
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4 Principle

Continuous recording of the force and the depth of indentation permits the determination of hardness
and material properties (see Figure 1 and Figure 2). An indenter consisting of a material harder than the
material under test shall be used. The following shapes and materials can be used:

a) diamond indenter shaped as an orthogonal pyramid with a square base and with an angle a = 68°
between the axis of the diamond pyramid and one of the faces (Vickers pyramid; see Figure A.1);

b) diamond pyramid with triangular base (e.g. modified Berkovich pyramid with an angle a = 65,27°
between the axis of the diamond pyramid and one of the faces; see Figure A.1);

¢) hardmetal ball (especially for the determination of the elastic behaviour of materials);
d) diamond spherical tipped conical indenter.

This part of ISO 14577 does not preclude the use of other indenter geometries; however, care should be taken
in interpreting the results obtained with such indenters. Other materials like sapphire can also be used.

NOTE Due to the crystal structure of digmeugt, indenters that are intended to be spherical are often

ooooooo

Figures A.3 and B.1), and e

— using the indentation depth controlled method, the indentation depth is kept constant over a
specified period and the change of the test force is measured as a function of the holding time of the
indentation depth (see Figures A.4 and B.2).

The two kinds of control mentioned give essentially different results in the segment b of the curves in
Figure B.1 a) and Figure B.2 b) or in Figure B.1 b) and Figure B.2 a).

5 Testing machine

5.1 Thetestingmachine shall have the capability of applying predetermined test forces or displacements
within the required scope and shall fulfil the requirements of ISO 14577-2.

5.2 The testing machine shall have the capability of measuring and reporting applied force, indentation
displacement and time throughout the testing cycle.

5.3 The testing machine shall have the capability of compensating for the machine compliance and of
utilizing the appropriate indenter area function (see Annex C and ISO 14577-2:2015, 4.5 and 4.6).

5.4 Indenters for use with testing machines can have various shapes, as specified in ISO 14577-2 (for
further information on diamond indenters, see Annex D).

5.5 The testing machine shall operate at a temperature within the permissible range specified in 7.1
and shall maintain its calibration within the limits specified in 1SO 14577-2:2015, Clause 4.

4 © IS0 2015 - All rights reserved
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6 Test piece

6.1 The test shall be carried out on a region of the test surface that allows the determination of the
force/indentation depth curve for the respective indentation range within the required uncertainty. The
contact area shall be free of fluids or lubricants except where this is essential for the performance of the
test, in which case, this shall be described in detail in the test report. Care shall be taken that extraneous
matter (e.g. dust particles) is not incorporated into the contact.

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

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

— application of a subliming particle stream of COy (but keeping the surface temperature above
the dew point);

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

the test piece preparation. A polishing process ‘that is suitable for the particular materials shall be used.

6.3 The test piece thickness shall be large enough (or indentation depth small enough) such that the
test result is not influenced by the test piece support. The test piece thickness should be at least 10 x the
indentation depth or 3 x the indentation diameter (see 7.7), whichever is greater.

When testing coatings, the coating thickness should be considered as the test piece thickness. For testing
coatings, see ISO 14577-4.

NOTE The above are empirically based limits. The exact limits of influence of support on test piece depend on

the geometry of the indenter used and the materials properties of the test piece and support.

7 Procedure

7.1 Thetemperature of the test shall be recorded. Typically, tests are carried out in the range of ambient
temperatures between 10 °C and 35 °C.

The temperature stability during a test is more important than the actual test temperature. Any
calibration correction applied shall be reported along with the additional calibration uncertainty.
It is recommended that tests, particularly in the nano and micro ranges, be performed in controlled
conditions, in the range (23 £ 5) °C and (45 * 10) % relative humidity.

© ISO 2015 - All rights reserved 5
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The individual tests, however, shall be carried out at stable temperature conditions because of the
requirement of high depth measuring accuracy. This means that

— the test pieces shall have reached the ambient temperature before testing,

— the testing machine shall have reached a stable working temperature {(operating manual should
be consulted),

— the ambient, instrument, and test temperature shall be within the range for which the machine
calibration is valid, and

— other external influences causing temperature changes during individual test have been controlled.

To minimize thermally induced displacement drift, the temperature of the testing machine shall
be adequately maintained over the time period of one testing cycle, or a displacement drift shall be
measured and corrected. A decision tree to assist in estimating the drift during the experiment is shown
in Figure 3. If the drift rate is significant, the displacement data shall be corrected by measuring the

Use hotd to Not Do not need to
estlmate drlft significant correct

Slgnlf' cant

Y

H(ﬂd at contact in
‘elastic regime

If elastic limit exceeded If noise (e.g.

by contact load vibration) is high

If not possible
Hold during force removal,
Hold at contact (plastic) (e.g. after 90 % of the force
Take into account: has been removed)
- creep Take into account:
- visco-elasticity - creep (recovery)
- cracking J - visco-elasticity
- surface layers Drift removed using - cracking (tensile)
- high dispersion (vibration) reference surface - capillary water layers
before and after - low dispersion (stiff contacts)

Figure 3 — Decision tree to assist in estimating thermal drift using a constant force hold period

7.2 The test piece shall be firmly supported such that there is no significant increase in the testing
machine compliance. The test piece shall either be placed on a support that is rigid in the direction of
indentation or be fixed in a suitable test piece holder. The contact surfaces between test piece support
and test piece holder shall be free from extraneous matter, which can increase the compliance (reduce the
stiffness) of the test piece support.

6 © IS0 2015 - All rights reserved
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NOTE Ifthe sample is supported by materials or mounting methods other than those used when determining
the machine compliance, then the different elastic response of these materials and mounting methods can cause
additional compliance.

7.3 The zero point for the measurement of the force/indentation depth curve shall be assigned
individually to each test data set by one of the methods following. It represents the first touch of the
indenter with the test piece surface. The uncertainty in the zero-point shall be reported. The uncertainty
in the assigned zero point should not exceed 1 % of maximum indentation displacement for the macro
and micro ranges. The zero point uncertainty for the nano range can exceed 1 %, in which case the value
shall be estimated.

a) Method 1: The zero-point is calculated by extrapolation of a fitted function to the force-application
curve (see curve a in Figure 1); a power law fit with the exponent as a fitting parameter constrained
to be 1 < m < 2 is recommended. The fit shall be applied to values within the range from the first
recorded data point to not more than 10, % of the maximum indentation depth The first recorded

ines
oooooooooo

............
.........

ooooooo

fit with the zero force axes.

NOTE1 Thefirstpartofthe 1ri“ hta é)fri tirve (for in éhce up to 5 % of hmax) can be affected by vibration
or other noise. :

b)

NOTE 2  Typical small force steps Valu:es fo:r"t'he macro range are 10 ~4 Fmax and for the micro and nano
range less than 5 pN.

7.4 The testing cycle can be either force-controlled or displacement-controlled. The controlled
parameters can vary either continuously or step by step. A full description of all parts of the testing cycle
shall be stated in the report, including the following:

a) nature of the control (i.e. force or displacement control and whether a stepped or continuous change
in the controlled parameters);

b) maximum force (or displacement);

¢) force application (or displacement) function;

d) length and position of each hold period;

e) datalogging frequency (or number of data points).

NOTE An example cycle for nano and micro ranges is the following: force application time, 30 s; hold at Fiax,
30 s; force removal 10 s. A 60 s hold period to measure thermal drift can also be required (see Annex G).

The time taken for a test can influence the results obtained. In order to obtain comparable test results
the time taken for the test shall be taken into account.

7.5 The test force shall be applied, without shock or vibration that can significantly affect the test
results, until either the applied test force or the indentation displacement attains the specified value.
Force and displacement shall be recorded at the time intervals stated in the report.

During the determination of the touch point of the indenter with the test piece, the approach speed of
the indenter should be low in order that the mechanical properties of the surface are not changed by the

© 1S0 2015 - All rights reserved 7
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impact. For micro range indentations, it should not exceed 2 pm/s. Typical micro/nano range approach
speeds are 10 nm/s to 20 nm/s or less during final approach.

NOTE At present, the exact limit of the approach speed for the macro range is not known. It is recommended
that users report the approach speed.

Force/indentation depth/time data sets are directly comparable only if the same indenter and test cycle
(profile) is used. The test profile shall be specified in terms of either applied test force or indentation
displacement as a function of time. The two most common cycles are

a) constantapplied test force rate, and

b) constant indentation displacement rate.

The rate of applied test force removal is subgect to the requlrements that: a sufficient number of data

The indentation diameteris the in-plane dianiéter atthe surface ofthe test piece ofthe circular impression
of an indent created by a spherical indenter. For non-circular impressions, the indentation diameter is
the diameter of the smallest circle capable of enclosing the indentation. Occasional cracking can occur
at the corners of the indentation. When this occurs, the indentation diameter should enclose the crack.

The minimum distances specified are best applicable to ceramic materials and metals such as iron and its
alloys. For other materials, it is recommended that separations of at least 10 indentation diameters be used.

If in doubt, it is recommended that the values from the first indentation are compared with those from
subsequent indentations in a series. If there is a significant difference, the indentations might be too
close and the distance should be increased. A factor of two increases in separation is suggested.

It can be desirable to measure thin coatings in cross-section (e.g. to avoid problems due to surface
roughness). In this case, there might not be enough coating thickness to meet the minimum spacing
requirements as specified above. Smaller spacing can be used if there is experimental evidence that this
does not significantly influence the force/indentation depth/time data sets with respect to correctly
spaced indentations on similar test pieces with thicker coatings.

8 Uncertainty of the results

A complete evaluation of the uncertainty shall be carried out in accordance with ISO/IEC Guide 98-3. A
detailed description of two methods of evaluation of uncertainty is given in Annex H.

Method 1: This approach for determining uncertainty considers only those uncertainties associated
with the overall measurement performance of the testing machine with respect to reference blocks
(abbreviated as CRM below). These performance uncertainties reflect the combined effect of all of the
separate uncertainties (indirect verification). When using this approach, it is important that, during
the test, the individual machine components are operating in the exactly same way and within the
tolerances of the indirect validation being used to estimate the uncertainties.

8 © IS0 2015 - All rights reserved
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Method 2: This approach calculates a combined uncertainty from individual contributions. These can be
grouped into random and systematic uncertainties. Individual parameters can contribute one or both
types of uncertainty to the total measurement uncertainty. For example, the uncertainty in measured
displacement can have a random component due to the resolution of the scale used and vibrational
noise, etc., plus a systematic component due to the displacement sensor calibration uncertainty. The
following sources of uncertainty shall be considered:

— zero point assignation;

— measurement of force and displacement (i.e. noise floor, including effects of ambient vibrations and
magnetic field strength changes etc.);

— fitting of the force-removal curve;

— thermal drift rate;

— contact area due to surface roughness::

— force, displacement;

— testing machine compliance; i UL
— indenter area function cahbratlon vaf v
— calibrationdriftdue to uncerxamtym t’émperaturé oftestlng machine and time since last calibration;

— tilt of test surface.

.....
ooooooo

oooooo
oooooo

uncertainties that can contribute te: ‘l:h 'random standard uncertalnty are not counted twice (see
ISO/IEC Guide 98-3:2008, Clause 4).

A guideline for the evaluation of the uncertainty in determination of hardness and materials parameters
(Annex A) is given in Annex H.

9 Testreport
The test report shall include the following information:
a) reference to this part of ISO 14577, i.e. 1SO 14577-1:2015;
b) all details necessary for identifying the test piece;
¢) material and shape of the indenter and, where used, the detailed area function of the indenter;
d) testing cycle (control method and full description of the cycle profile); this should include
1) set point values,
2) rates and times of force or displacement,
3) position and length of hold points, and
4) datalogging frequency or number of points logged for each section of the cycle;
e) resultobtained, the total expanded uncertainty and the number of tests;
f) method and functional form of any fit used for the determination of the zero-point;

g) all operations not specified by this part of ISO 14577, or regarded as optional;

© 1S0 2015 - All rights reserved 9
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h) details of any occurrence that can have affected the results;
i) temperature of the test;

jJ) date and time of test;

k) analysis methods;

1) if required, all agreed additional information including determined values from the measured
force/indentation depth curve and detailed information about the uncertainty budget.

NOTE Itis frequently desirable to describe in thid test report the location of the indentation on the test piece

and the unique identifier of the instrument or the; §fedtfic instrument configuration used to perform the test.

cessssrenes

10 © IS0 2015 - All rights reserved
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Annex A
(normative)

Materials parameters determined from the force/indentation
depth data set

A.1 General

Instrumented indentation force/indentation depth data sets can be used to derive a number of
materials parameters.

NOTE Using more complex test procedures, like extended cycles (load-partial unload) in an indentation that

increases incrementally in force to obtain many unloading curves referenced to the same zero point, it is possible
to get information about contact compliance at different test forces at a single test site.

A.2 Martens hardness?)

A.2.1 Determination of Martens: hai‘dl’}eﬁs, HM

F

~A(h) (A1)

NOTE The formula gives HM in MPa. To get HM in GPa a factor of 10-3 is required.
Values of Martens hardness are comparable only if obtained at the same depth.
The designation of angle « for the Vickers and Berkovich indenters is shown in Figure A.1.

The surface area Ag(h) for the Vickers indenter is given in Formula (A.2) and for the Berkovich indenter
in Formula (A.3).

a) Vickers indenter

4xsina

COSZOC

A ()= x h? (A.2)

b) Berkovich indenter

Ay (=23 xtana ﬁ:;n“ « h? (A.3)

1) Former designation Universal hardness HU, see Reference [1].

© 1S0 2015 - All rights reserved 11
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NOTE1  Ag(h) = 26,43 x h2 for the Vickers indenter (2a = 136°), Ag(h) = 26,43 x h2 for the original Berkovich
indenter (a = 65,03°) and As(h) = 26,98 x hZ for the modified Berkovich indenter (a = 65,27°).

NOTE 2  Most Berkovich indenters in use have, in fact, a modified Berkovich geometry.

For an indentation depth A < 6 pm, the area function of the indenter cannot be assumed to be that
of the perfect theoretical shape, since all pointed indenters have some degree of rounding at the tip
and spherically ended indenters (spherical and conical) are unlikely to have a uniform radius. The
determination of the exact area function for a given indenter is particularly important for these
indentation depths, but is beneficial for all indentation depths (see 1SO 14577-2:2015, 4.5.1 and 4.6).

For an indentation depth h < 6 pum, the real surface area, Ag(h), shall be used for the calculation; see
Annex C and Reference [2].

NOTE3  The area function, Ag(h), is normally expressed as a mathematical function relating the surface area
to the distance from the tip of the indenter. Where the area function cannot be described by a relatively simple
(cubic or polynomial) mathematical function, then an estimate can be made either graphically or by using a look-
up table. Alternatively, a different mathematical fgnctlon can be used to describe different parts of the indenter
or a spline function adopted.[21] i

Figure A.1 — Shape of indenters for determination of HM

12 © IS0 2015 - All rights reserved
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NOTE HM is given in megapascals 1:11 Flgum.A 2

Figure A.2 — Relationship between Martens hardness, indentation depth, and test force

A.2.2 Designation of Martens hardness

EXAMPLE
HM 0,5/20/20 = 8,700 GPa

hardness value

holding time of test force at maximum test force

application time of test force, in seconds

test force, in newtons

© IS0 2015 - All rights reserved 13
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A.3 Martens hardness, determined from the increasing force/indentation depth
curve

A.3.1 Determination of Martens hardness from the slope of the increasing force/
indentation curve, HMg

For homogeneous materials (where the dimension of the inhomogeneities in the region of surface
is small in relation to the indentation depth), Formula (A.4) is a reasonable approximation to the
force/indentation depth curve for force - displacement data between 50 % Fpax and 90 % Fax:

h=m xJF (A.4)

The slope, mg can be determined by a linear regression of the Formula (A.4) in the range 50 % Fpax < F

1

HM =—
2 2
m~Ag(h)/h

(A.5)

EXAMPLE
HMs 10 / 10 = 4,010 GPa

hardness value

application time of test force, in seconds

test force, in newtons

NOTE The method for determining Martens hardness from the slope of the increasing force/indentation
depth curve has the advantage of being independent of the uncertainty of the determination of the zero-point and
the test piece roughness. There is also a lower influence of vibration at the location of the testing machine on the
test results. For test pieces exhibiting a variation in hardness as a function of indentation depth, the determined
hardness values, HMg, deviate from HM determined as in A.2.1. In this case, the concept of differential Martens
hardness, HMgisr, as described in A.3.3, can be applied.

A.3.3 Determination of Martens hardness from the first derivative of the increasing
force/indentation curve, HMgjfr

The concept of the determination of the Martens hardness given by the slope of the increasing
force/indentation depth curve can be extended to materials with variation in hardness as a function
of indentation depth. A material with HM(h) = const. can be analysed with a linear regression of h vs.
F1/2 over a large portion of the force/indentation depth curve to obtain a single HMg value (see A.3.1).
When HM varies with h, stepwise linear regression can be performed over small portions of the curve.

14 © IS0 2015 - All rights reserved
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In the limit for infinitesimal step widths, the first derivative of h vs. F1/2 is calculated (local slope).
Formula (A.5) can then be rewritten as Formula (A.6):

1
HM giff = —— (A.6)

(o)

As/h?  is equal to 26,43 for the Vickers and orignal Berkovich indenters (see Note 1 in A.2.1).

where

NOTE The formula gives HMqi¢r in MPa. To get HMgjfrin GPa a factor of 10-3 is required.

It is known that (numerical) differentiation increases the experimental noise of the curves, and this
shall be included when calculating uncertalntles

where

Frax is the maximum applied force;

Ap(hc) s the projected (cross-sectional) area of contact between the indenter and the test piece.
NOTE1 The formula gives Hit,g in MPa. To get Hit,0 in GPa a factor of 10-3 is required.
NOTE 2  This definition is in accordance with that first proposed by Meyer.[3]

The contact depth, h¢, is derived from the force removal curve using the tangent depth, hy, and the
maximum indentation depth, hmax, correcting for elastic displacement of the surface according to
Sneddon’s analysis,[53] contained in Formula (A.8), where &(m) is a variable in the range 0,6 < ¢ < 0,8 the
value of which depends on the indenter geometry and the extent of plastic yield in the contact, for more
information see Reference [13].

hc = hmax - €(m) x (hmax - hr) (A.8)

where

g(m) is a variable in the range 0,6 < € < 0,8; the exact value depending on the indenter geometry
and the extent of plastic yield in the contact and is calculated using Formula (A.11). For
more information, see Reference [13];

hy is the intercept with the displacement axis of the tangent to the force-removal curve at

Fmax-

© 1S0 2015 - All rights reserved 15



ISO 14577-1:2015(E)

Different methods have been used for the determination of hy and can be essentially described by
two approaches.

a) Linearextrapolation method (see Reference [10]): this assumes that the first portion of the unloading
curve is linear and simply extrapolates that linear portion to intercept the displacement axis. The
intercept of this tangent with the displacement axis yields h;.

This method is only recommended for use with highly plastic materials where the depth of elastic
recovery is less than 10 % of hpax.

NOTE3  Often, the range between 98 % Fyax and 80 % Frax is taken for the least-square fitting procedure.

If a linear fit to the force removal curve is used, then the values for epsilon in Table A.1 shall be used.

b) Power law method (see Reference [#}}i:his recognizes the fact that the first portion of the removal

ooooo
ooooooooooo

..........
...........

as given in Formula (A9): ¥

F=Bx(h-hpym (A9)

where

B isaconstant;

but this can be varied according to thg“quality” of the unloading curve. If it is necessary to restrict
the data fitted to less than the top 50 % of the force removal curve, the indentation experiment shall
be considered to be abnormal and care should be taken in its interpretation. The tangent is found by
differentiating the fitted power law relationship and evaluating at Fihax. The intercept of this tangent
with the displacement axis yields h;.

Ifthe exponent, m, exceeds certain values the resulting hy should be interpreted very carefully. (For example:
m >1,5is asign that the results can have some time dependence. Values of m > 2 mean that the contact area
would have to be sharper than the indenter, which is physically impossible, see Reference [16].)

The value of m obtained is then used to calculate ¢{m). This can be implemented by direct calculation using
gamma functions I' [Formula (A.10)] or by using a suitable approximation. One possible approximation
(see Reference [13]) is Formula (A.11). The error introduced by using this approximation is less than
0,5 % for the range 1,05 <m <5.

h . —h _
g(m)=m-7( X C)=m- 1oL _\2m=2) (A.10)
yax J;F 2m-1
2m-2
£(m)= 0,08158 0,61679 1,26386 (A11)

- +
Jm-0,94  (m-0,94)"%  (m-0,94)0001

Other approximations are permitted such as the use of a look up table (see e.g. Reference [22]).

Table A.1 — Correction factor ¢ for different indenter geometries when using a linear fit

Indenter geometry £
Flat punch 1
Conical 2(m-2)/m=0,73

16 © IS0 2015 - All rights reserved
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Table A.1 (continued)

Indenter geometry £
Paraboloid of revolution (includes spherical) 3/4
Berkovich, Vickers 3/4

For an indentation contact depth > 6 um, a first approximation to the projected area, Ay, is given by the
theoretical shape of the indenter [Formulae (A.12) and (A.13)].

a) Vickers indenter
Fra
Hiro= — 4h.*tan’ (A.12)
S (h )

NOTE4 The formula gives Hit,o in MPa. To get Hit,0 in GPa a factor of 10-3 is required.

b) Berkovich indenter
F
Hipog=—12_=3.43 h tan’a A.13
o =" () (A.13)

NOTE 5  The formula gives Hit,0 in MPa Togét H{[ﬂ:g-ih-GPa é féctor of 10-3 is required.

where

h¢ is the depth of contac‘eoefthe 1nd;en€er W1th the test plece calculated as in Formula (A.8).

NOTE7  Most Berkovich indenters in use havé,;in fact, a modified Berkovich geometry.

NOTE8 The maximum indentation depth, Ay, is the depth at maximum test force and measured at the start
of force removal. It includes any additional creep displacement that has occurred in any hold periods up until
force removal.

For an indentation contact depth < 6 pm, the area function of the indenter cannot be assumed to be
that of the perfect theoretical shape, since all pointed indenters have some degree of rounding at the
tip and spherically ended indenters (spherical and conical) are unlikely to have a uniform radius.
The determination of the exact area function for a given indenter is required for indentation contact
depths < 6 pum, but is also beneficial for larger indentation depths (see ISO 14577-2:2015, 4.5.1 and 4.6).

NOTE9  The area function, Ap(h), is normally expressed as a mathematical function relating the projected area
of contact to the distance from the tip of the indenter. Where the area function cannot be described by a relatively
simple (cubic or polynomial) mathematical function, then an estimate can be made either graphically or by using
a look-up table. Alternatively, a different mathematical function can be used to describe different parts of the
indenter or a spline function adopted.[21]

In all cases, the estimated hardness values Hyr shall be corrected for radial displacement of the surface
using the method given in Annex I, to give the value of Hit, (where n is the number of iterations used
in the correction) using the estimated Hjr value as initial estimations Hjt,g. For more information, see
Reference [13]. The radial correction is small for most metals (<0,5 %) but rises to 5 % for highly elastic
materials such as fused silica.

Information concerning the correlation of HyT to other hardness scales is contained in Annex F.

© 1S0 2015 - All rights reserved 17
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A.4.2 Designation of indentation hardness, H|T

EXAMPLE
H705/10/20/30=11,300 GPa

hardness value

time taken to remove the test force, in seconds

i holding time of the test force at maximum test force,

'3,,55 in seconds

appjtcaﬁgn time of test force, in seconds

for radial displacement of the surface usinag:the method given in Annex I to give the value of E;.n (where
n is the number of iterations used in the cerrection) using the estimated E value as initial estimations
Er,0.. For more information see Reference [13]. Using Formula {(A.15), a value for the plane strain modulus,
E*, can be calculated. Using the Poisson’s ratio of the test piece (known or estimated), the indentation
modulus can be calculated using Formula (A.16) and is comparable with the Young’s modulus of the
material. However, significant differences between the indentation modulus, Ey1, and Young’s modulus
can occur, if either pile-up or sink-in is present.

N

Erg=————— (A.14)
Y2c [AL(h)
E' - 1 - EITZ (A.15)
1 1-(vy) 1-(vs%)
Er,n Ei
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1 2
(vs) - (A.16)
1 1-(vy)
Er,n El

is the Poisson’s ratio of the test piece;
is the Poisson’s ratio of the indenter (for diamond 0,07) (e.g. in Reference [6]);
is the reduced modulus of the indentation contact;

is the modulus of the indenter.ffor diamond 1140 GPa) (e.g. in Reference [6]);

fdh/dF of the test force removal curve (corrected for

is the compliance of the contgéﬁ Bt

NOTE

Formula (A.14) is based on an aSSIImptlon of axis symmetric contact area. Corrections for pyramidal

indenters have been proposed in Reference [14]

Avariable epsilon (£ = 0,6 to 0,8) and radial displacement correction shall be used, see A.4.1. The method
for estimation of radial displacement correction is given in Annex 1. The radial correction is very small
for most metals (<0,5 %) but reaches up to 5 % for highly elastic materials such as fused silica.

A.5.2 Designation of plane strain modulus, £*, and indentation modulus, E|T

EXAMPLE 1
E0,5/10/20/30=220GPa

plane strain modulus

time taken to remove the test force, in seconds

holding time of the test force at maximum test force, in seconds

application time of test force, in seconds

test force, in newtons

EXAMPLE 2

© 1S0 2015 - All rights reserved 19
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E£70,5/10/20/30 =220 GPa

indentation modulus

time taken to remove the test force, in seconds

holding time of the test force at maximum test force, in
seconds

application time of test force, in seconds

test force, in newtons

Ifthe indentation modulusis given, then the value of the Poisson’s ratio used for calculation shall be reported.

Crr = h_ x100 g (A17)

where
hq is the indentation depth at the time (¢1) of reaching the test force, which is kept constant;
hy is the indentation depth at time (£2) of holding the constant test force.

NOTE1  While using Formula (A.17), CiT is given as a percentage.

NOTE 2  Thecreep data can be significantly influenced by thermal drift.

A.6.2 Designation of indentation creep, 1

The relative change of the indentation depth (creep) is denoted by the symbol (1

EXAMPLE
Cr 056/10/50=2,56%

|_ indentation creep (relative change of indentation depth)

time (¢, - ) for holding constant test force, in seconds

application time of test force, in seconds

specified test force, in newtons
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Key
a  application of the test force

b  test force kept constant from £ to £

cee
. .
. .
oooooo

A.7.1 Determination of indentatioﬁ?glﬁ}:{sﬁtion, Rip Ch

ooooooooo
oooooo

force can be calculated as given in Formula (A.18). This is a value for the relaxation of the material [see
Figure B.2 a), Figure B.2 b), and Figure A.4].

F-F)

1

Ryp = x100 (A.18)

where
F1 isthe force at reaching the indentation depth, which was kept constant;
Fy isthe force after the time during which the indentation depth was kept constant.

NOTE For Formula (A.18), Ryt is given as a percentage.

A.7.2 Designation of indentation relaxation

The relative change of test force (relaxation) is denoted by the symbol Rjr.

EXAMPLE
Rir3/10/50=0,01%

I_ indentation relaxation (relative change of test force)

time (4 - #) for holding constant indentation depth, in seconds

application time of indentation depth, in seconds

specified indentation depth, in micrometers

© 1S0 2015 - All rights reserved 21
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Key

a appllcatlon of the indentation depth !
b

of the mechanical work as W = [Fdh, botlt’ parts appear as dlfferent areas in Flgure A.5. Formula (A.19)
contains information which is suitable for characterization of the test piece.

w.
Mir = —22E %100 (A.19)
total
where
Wiotal = Welast + Wplast (A.20)

NOTE For Formula (A.20), niT is given as a percentage.
The plastic part is calculated as given in Formula (A.21):

Wplast [ Wiota =100% -7y (A.21)

If the mechanical work is not calculated by integration of the recorded indentation curve, the specific
type of procedure, for instance the use of fitted curves, shall be reported.

A.8.2 Designation of elastic part of indentation work, 7t

EXAMPLE

22 © IS0 2015 - All rights reserved
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7 0,5/10/10=36,5%
elastic part of indentation work

holding time of the test force at maximum test force, in seconds

application time of test force, in seconds

test force, in newtons

max

Figure A.5 — Plastic and elastic parts of the indentation work
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Annex B
(informative)

Types of control use for the indentation process

F h
/—— \
E It
HM H, ¥
Wtotal ¢ Welast f
a b c a b [ d t
/ / / / / / /
a) b)

Key s
...... :gh:: test force =0 N

::’  indentation creep

f recovery at zero test force

a  application of test force
maximum test force

removal of test force

a b C t a b c t
/ / / VAR P A PR AN
a) b)
Key
a  application of indentation depth ¢ decreasing of indentation depth
b maximum indentation depth d relaxation under maximum indentation depth

Figure B.2 — Schematic representation of the indentation depth controlled test procedure in
dependence on time
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Annex C
(normative)

Machine compliance and indenter area function

C.1 Machine compliance

The applied test force acts not only on the test plece surface but also on the parts of the testing machine,
which are elastically deformed.

This elastlc deformatlon causes an increase mfﬁ. easured 1ndentat10n depth that is not experlenced

C.2 Indenter area function

The calculation of the material parameters described in A.2, A.3, A.4,and A.5 is based on the contact area
(or projected area) of the indenter. However, only the indentation depth is measured. Crucial differences
can be found when comparing the actual contact area with the area calculated assuming ideal (perfect)
indenter geometry, particularly at small measured indentation depths.

These differences are due to the rounding of the tip of the indenter: in the case of the Vickers pyramid,
the line of conjunction (offset) and the deviation from the specified angle of the indenter, which are
attributable to the usual production tolerances. Furthermore, the actual contact area changes due to
wear of the indenter tip.

To maintain the reproducibility of the results, it is necessary to determine the actual contact area (or
projected area) and use it in the calculation of the materials parameters.

Two methods of determining the projected area function are possible, such as
— direct measurement using a traceable atomic force microscope (AFM); see Reference [11], and

— indirectly, by utilizing indentations into a material of known Young’s modulus and Poisson’s ratio
(see Reference [12]) or known plane strain modulus.

Two methods of determining the surface area function are possible, such as
— direct measurement using a traceable atomic force microscope (AFM); see Reference [11], and

— indirectly, by utilizing indentations into a reference material of known and depth-independent
Martens hardness and if there is some experimental evidence that, for the reference material being
used under the given experimental conditions, the indentation size effect can be neglected.

For the indirect methods, machine compliance should first be determined and the indentation depth
data should be corrected accordingly.
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To ensure that indentation derived measurements of indenter projected area function agree between
reference materials of different properties and with direct measurements (e.g. by AFM), a variable
epsilon and radial displacement correction shall be used, see A.4.1. The method for estimation of radial
displacement correction is given in Annex I. The radial correction is small for most metals (<0,5 %) but
reaches up to 5 % for highly elastic materials such as fused silica.

NOTE1 Indentation area function and machine compliance correction can be determined simultaneously
using an iterative procedure and multiple reference materials together with a variable epsilon and the radial
displacement correction; see References [12] and [13].

NOTE2  The area function is normally expressed as a mathematical function relating the projected surface
area to the distance from the tip of the indenter, Where the area function cannot be described by a relatively
simple (cubic or polynomial) mathematical functtén; then an estimate can be made either graphically or by using

26 © IS0 2015 - All rights reserved
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Annex D
(informative)

Notes on diamond indenters

D.1 Experience has shown that a number of initially satisfactory indenters can become defective after
a comparatively short time in use. This is due to small cracks, pits or other flaws in the surface. If such
faults are detected in time, many indenters can be reclaimed by regrinding. If not, any small defects on the
surface rapidly worsen and make the indenter useless.

Therefore, the following apply.

— The condltlon of 1ndenters should be momtnred regularly for contamlnatlon or defects For macro

is most often testing on contaminated test pi&€es.
For micro and nano range indenters, the cleaning procedure could be as follows.

— Hold the indenter firmly and indent into a freshly cleaved surface of expanded polystyrene several
times. The plasticizers make a good solvent and the foam-like nature is unlikely to damage the tip of
the diamond. Inspect using an optical microscope at 400 x or greater and indent gently into a small
cotton wool ball soaked in acetone or water-free alcohol (e.g. ethanol or iso-propanol) until there is
no visible contamination.

— If the contamination is not removed by repeating the process above, an indentation into either
aluminium, glass or the “end-grain” of a clean wooden spatula can dislodge the contamination
sufficiently for removal using the above cleaning procedure.

— Care should be taken not to subject the indenter to excessive normal, and in particular lateral, forces
during the indentations as this can damage the indenter. One method is to use a sample that weighs
less than the usual forces experienced by the indenter and gently and slowly lower the sample on to
the upturned indenter, thereby limiting the maximum force to that of the sample weight.

— An indentation with the maximum test force of the microindenter into PMMA and subsequent
inspection of the indent at typically 400 x magnitude is also suitable to check the indenter for
contaminations and damages.
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Annex E
(normative)

Influence of the test piece surface roughness on the accuracy of
the results

This annex is based on round-robin tests with Vickers indenters; see Reference [9].

Surface roughness causes an uncertainty in contact area due to asperity contact at very shallow
indentation depths. At larger indentation depths, the uncertainty in contact area is reduced and is most
conveniently expressed as an uncertainty in indentation depth proportional to the arithmetic (mean
deviation) surface roughness.

Martens hardness
Exampl_es of m o et I HM
materials : : caneee
01N R 2N 100N N/mm?2
aluminium 0,13 Y 0,55 4,00 600
steel 0,08 0,30 2,20 2000
hardmetal 0,03 0,10 0,80 15000
NOTE Interlaboratory tests (see Reference [9]) show that the standard deviation, sy, of the indentation depth

is approximately equal to the arithmetic roughness, Ra. The requirement for uncertainty of h < 5 % leads to the
minimum indentation depth.

For tests at the nano and lower limit of the micro range, it might not be possible to meet the condition
of Formula (E.1) for higher hardness test pieces. To reduce the uncertainty in the mean value of the test
result, the number of tests can be increased. This should be stated in the test report.

It is recommended for tests in the nano and micro ranges that surface roughness of the indented contact
area be measured or that this area be observed by suitable means. In many cases, surface roughness can be
inferred from comparison with test pieces of known roughness or from batch sampling of surface roughness.
Avisual inspection verifying a smooth, polished, or “mirror” finish is adequate for tests in the macro range.
A known “mirror” finish metallographic preparation is adequate down to the lower micro range.
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Annex F
(informative)

Correlation of indentation hardness Hjt to Vickers hardness

Indentation hardness, Hit, can be correlated to Vickers hardness, HV, for a wide range of materials by
using a suitable scaling function.

WARNING — Although Hit can be correlated to HV in this way, any equivalent HV value so
calculated should not be used as a substitute for HV.

A simple function can be derived for a perfect Vickers geometry indenter or for a Vickers indenter where
the projected area function is known. In this case, measurements of the hardness, H|t, expressed in GPa,
is related to the Vickers hardness numbers, H¥;expressed in kgf/mm?2, by a scaling factor.

(F.1)
(F.2)

gn is acceleration due to gravity, ty81g§§§§,806 65 m/s2, thus

A A,
HY = 20 i—103><i><—><HIT 94,53H ;1 (F.3)
In As Ay In A
For an original Berkovich indenter, the relationship in Formula (F.4) holds:

A

—F’:@:og%s (F.4)

A, 26,43

S

Thus, HV, expressed in kgf/mm?2, can be expressed in terms of Hjt, expressed in GPa, as given in
Formula (F.5):

A A,
HY = 20 i—103><ix—><HIT 92,44H (F.5)
In As Ap In A
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For a modified Berkovich indenter, the relationship in Formula (F.6) holds:

A, 24,50
L _22""_0,9083 (F.6)
A, 26,97

Thus, HV, expressed in kgf/mm?2, can be expressed in terms of Hjt, expressed in GPa, as given in
Formula (F.7):

A A
Hvzix_pxi:m?'xix—pxl{”:92,62H1T (F7)
In As Ap In As

Be aware that perfect indenter geometry is generally not maintained for small indentation depths
(<6 pm) and, therefore, this simple correlation can break down. The error induced by such an assumption
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Annex G
(normative)

Drift and creep rate determination

G.1 Instrument drift

A decision tree to assistin estimating the drift during the experimentis shown in Figure 3. If the driftrate
is significant, the displacement data shall be corrected by measuring the drift rate during a hold at an
applied force as close to zero force as is practicable or during a hold at a suitable place in the force removal
curve. If a fully elastic contact can be obtained, a hold at initial contact is preferred. The hold period
shall be sufficient to allow determination of the average displacement drift rate due to the instrument
(e.g. due to temperature changes) and a linear correction shall be applied to all measured displacement
Values The drift rate correction obtained in this way is Valid only if the drift (as opposed to noise) in

layers etc.), see Reference [15].

G.2 Contact creep rate at Fiyax

Afurther hold period shall be performed at maximum force to allow for completion of any time-dependent
deformation. The minimum hold period length is, therefore, dependent on the instrument capability and
the material being tested. The hold period shall be long enough and/or the time to remove force shall be
short enough such that the relationship in Formula (G.1) holds:

qp >10- 1 (G.1)
Cr

where
gr is the force removal rate;
gc is the contact creep rate at Fax;

Ct is the measured compliance (dh/dF) at (Fmax, hmax)-
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The creep rate is defined as the linear fit to the displacement vs. time for the last 30 data points before
force removal begins.

NOTE1 Theerror in measured compliance, bc, (due to the creep rate at the point of force removal), expressed
as a percentage, depends on the range of force removal data fitted, the fit algorithm used, the absolute contact
compliance and the rate of force removal. An estimate of the worst-case error b; in the measured contact
compliance can be calculated using Formula (G.2):

be =v10 3 x qc x100 (G.2)

Jr JHp 1 .[dFj

2 dt

2 ET \/Fmax

The hardness (and modulus) can be depth-dependent, particularly if a non-self-similar indenter is used.

NOTE2  When visco-elastic materials are tested, the drift rate does not necessarily decrease by increasing
the hold at maximum force. Even if it does, the drift rate will reverse when the force is removed as visco-elastic
recovery begins. The practice of using a measurement of creep rate just before force removal to apply a creep
rate correction to the force removal data are not:recommended. The elastic modulus of visco-elastic materials

NOTE 3 000000
Reference [15]. The results show that,

It is recommended that the creep rate be as$éssed in preliminary experiments. The force removal rate
should be the highest possible that still ensures sufficient force removal data for the subsequent analysis.
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Annex H
(informative)

Estimation of uncertainty of the calculated values of hardness and
materials parameters

H.1 General remarks

Measurement uncertainty analysis is a useful tool to help determine sources of error and to understand
differences in test results. This annex gives guidance on uncertainty estimation but the values derived
are for information only.

H.2 Procedures

H.2.1 General

cycles used or the CRM material propertiég are different from the test piece or if the indentations are of
different sizes, resulting in significant indentation size effects.

Method 2: This approach considers a complete quantification of all the identified contributions to the
uncertainty (see Clause 8).

H.2.2 Method 1

Different machines will produce different deviations (bias or error) b (see Table H.1, step 6) to the
certified value of a reference block. It can be expected that this is a constant and systematic effect for a
particular machine. It is also expected that this bias is large with respect to the random components of
uncertainty and therefore is dominant. The expanded uncertainty U is therefore given by Formula (H.1)
and the result by Formula (H.2) (see Table H.1 steps 8 and 9)

U=k \Judgyy +udg; +u? +]b) (H1)
X=x+U (H.2)

InISO/IEC Guide 98-3, itis recommended to correct the mean value to compensate for known systematic
effects. To do this it is necessary that all determined values be corrected by b (This assumes that the
bias in testing the reference block will be exactly the same when testing the test piece). If the mean value
is corrected by the bias, then it is no longer an uncertainty itself. However, the (smaller) uncertainty, up,
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in determined value of b is an additional contribution to the uncertainty of the corrected results. The
uncertainty of the corrected value, Ucorr, is then given by Formula H.3 (see Table H.1 steps 10 and 11)

2 2 2 2
Ucorr :k-\/uCRM +Uiy TUE +Up (H.3)

When the resultis corrected for the bias, the result of the measurement is given by Formula (H.4):

X =(X+b) U (H.4)

corr
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H.2.3 Method 2
H.2.3.1 General

H.2.3.1.1 This approach considers a complete quantification of all identified contributions to the
random uncertainty (see Clause 8).

H.2.3.1.2 The user requires the following calibration uncertainties:

— displacement calibration (possibly expressed as a function of depth);

— force calibration;

ooooo

uncertainties, which will have been calcilated:#&id combined by the F¢credited calibration laboratory
performing them. i

H.2.3.1.5 Itis anticipated that the user is able to use the same data for calculating uncertainties as was
used to obtain the values for hardness or modulus being reported. A typical indentation cycle, which
includes all of the required elements

— approaches to contact,

— holds at contact force to obtain thermal drift and vibration data,

— increases force to Fipayx at test rate,

— holds at Fipax to obtain creep rate,

— removes force (90 %) (optional hold for thermal drift/vibration measurement), and

— removes 100 % force.

H.2.3.1.6 The user shall then use the data itself to correct for thermal drift and calculate the following
measurement uncertainties, which are unique to the particular data being analysed:

— uncertainty (standard deviation) in maximum indentation depth;
— uncertainty (standard deviation) in force removal slope;

— uncertainty in zero point assignation (For feedback controlled approaches, this can be the
displacement step size at the assigned zero point. For zero points assigned by back extrapolation
from the contact force, the standard error in the extrapolation intercept can be used.);

— residual drift rate (creep) at commencement of force removal.
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NOTE The first two uncertainty measurements conveniently combine a great number of individual
uncertainties, for which it would be difficult and expensive to obtain individual values. These include effects due to
the actual sample being tested; such as the effect of surface roughness and/or contamination etc. It is, therefore, a
very poor estimate to use historical data to estimate these uncertainty contributions. The mostaccurate estimates
of the total uncertainty are, therefore, calculated using the values from a large number of replicate experiments.
Estimates of the standard deviation of force removal slope and maximum indentation depth are not possible at
all for a single measurement and suffer from a large uncertainty if small numbers of replicate indentations are

analysed. It is recommended to use the same number of replicate experiments as suggested in ISO 14577-2:2015
(i.e. 10 or 15).

H.2.3.2 Modulus analysis

Using Formula (H.6) an uncertainty budget for E; can be calculated.

Jr Jr

E:

1 1
"2 ay(h) 2 Ay (hg(Cr—Cr)

(H.6)

seeen

where

Cr
Cr
NOTE To obtain the unce-r’témt.y thé Kdimple i.lflfoiézgﬁ"cation modulus, Ey, it requires the input of values for the

cene I3

diamond modulus and bothdj#mexi sample Péisson’s ratio and values for their uncertainties.

The breakdown of theglinczértain‘%y

zgcg)mpor}éfl:cs for.fé.lp. and (Ct .-,Cg) is shown in Figure H.1.
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Figure H.1 — Uncertainties flowchart for indentation modulus

These eight uncertainty contributions are then combined to give the total uncertainty budget as follows.

Contact area uncertainty derives from uncertainties of both the area function and the measured
value of contact depth, h¢, which itself is a combination of displacement calibration, zero point
uncertainty, etc. As C7 — Cr does not have a one-to-one correlation with h¢, a sensitivity factor,
fsens(CT - CF), as given by Formula (H.7), is used to scale its uncertainty.

0,75xF.
fsenS(CTfCF) :him (H.7)

C

(Ct - Cp) uncertainty has components from the force removal slope uncertainty, frame compliance,
displacement calibration, force calibration, and residual creep rate.

It is useful to use a table to calculate the uncertainty for each box in the flow chart and then build up
according to Figure H.1 the total combined uncertainty. Be aware that the sensitivity of E; to Ay is 0,5
since it is the square root of A, that appears in the formula.

In Table H.2, contact-depth random uncertainty is considered.
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Table H.2 — Example table for calculation and combination of uncertainties

hc random Sensitivity Va:ioue Distg(l;ir:)u- Divisor| u
hmax random type 1 1 normal 1 1,0
C random type 0,75 x Frhax/hc 0,3 normal 1 0,3
combine in quadrature — — normal 1 1,04

H.2.3.3 Hardness analysis

The relationship governing the calculation of hardness is given by Formula (H.8):

F
A(h,) -

.........

force noise. Be aware, however, that the semsitivity of this method is much reduced if high stiffness
contacts are used. |

The combined uncertainty can then be calculated by the flowchart in Figure H.2.
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Annex 1
(normative)

Calculation of radial displacement correction

It is important to understand the effect of this correction on the different calculations performed in
indentation analysis. Let an indentation into a material of modulus E produce a contact under force with
stiffness S (reciprocal of compliance), and radius a at a contact depth hc. Let the area function used in
analysis be taken to be the real (unloaded) shape of the indenter at the value of h; (measured from the
tip at the centre of the indent).

Let the value of the contact radius obtained:from the unloaded area function be dg. Due to radial

oooooooooooo

...........

Formulae (1.1) and (1.2).

Hipg
HIT,IZHIT,O[1+K'E ' J
IT,0

and

H
E1=E.q [1+K- IT.0
Er,O

where K > 0 and given by Formula (1.3)

C(1=2v)(14v)
2

K= cos6 (1.3)

where
Hito isthe initial estimate of indentation hardness (see A.4.1);
Eyp istheinitial estimate of reduced modulus of the indentation contact (see A.5.1);
0 is the angle between the indenter surface and the original surface plane.

The first correction makes the most difference but, since both E and H depend on each other, iteration is
required to obtain the best results.

Conversely, when the unloaded indenter area function A(h) is derived by indentation of a reference
material, the unloaded contact area is calculated using the corrected relationship as given by
Formula (1.4).

1
H
Aszo(hC)zﬂS- 1+K-—1 (1.4)
’ 2E, E, crm
where

H F (1.5)

IT= -
A,(h,)
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NOTE1  The formula gives Hyt in MPa. To get Hit in GPa a factor of 10-3 is required.

NOTE 2 Itcanbeseenthat, without this correction, the indentation-derived area function for the same indenter
changes as the properties of the reference material used change and, when indenting a material that is not the
reference material, causes an error that is a function of the material property difference.

The radial displacement correction is large. for elastic materials, such as those typically used for
indentation derived area functions.
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