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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

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

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
harfiness values can be determined. More significantly, additional properties of the materljl, such as
its Indentation modulus and elasto-plastic hardness, can also be determined. All these"values can be
calqulated without the need to measure the indent optically. Furthermore, by a varietyoftechniques, the
insfrumented indentation test allows to record hardness and modulus depth profilés within p, probably
conjplex, indentation cycle.

[SO|14577 (all parts) has been written to allow a wide variety of post-test data-analysis.

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

Part 1:
Test method
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5 part of 1ISO 14577 specifies the method of instrumented indentation test for detern
Aness and other materials parameters for the following three ranges:

macro range: 2 N < F < 30 kN;
micro range: 2 N> F; h > 0,2 pm;
nano range: h < 0,2 pm.

the nano range, the mechanical deformation strongly depends on the real shape of indenter
ulated material parameters are significantly influenced by the contact area function of t}
H in the testing machine. Therefore, careful calibration of both instrument and indent

brent machines.
macro and micro ranges are distinguished.by the test forces in relation to the indentatig

ention is drawn to the fact that the micro-range has an upper limit given by the test force
er limit given by the indentation depth-of 0,2 pm.

determination of hardness and ‘ether material parameters is given in Annex A.

At high contact pressures, dainage to the indenter is possible. For this reason in the mj3
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manent indenter deformation can occur and can be detected using suitable reference ma
bssary that its influence on the test result be taken into account.

5 test method{can also be applied to thin metallic and non-metallic coatings and n
erials. In this{case, it is recommended that the specifications in the relevant standards bg
unt (seezal$o 6.3 and ISO 14577-4).

Normative references

hination of

tipandthe
e indenter
er shape is

lired in order to achieve an acceptable reproducibitity of the materials parameters determined with

n depth.
(2N)and a

ICI'O range,

Hmetal indenters are offen‘used. For test pieces with very high hardness and modulus of elasticity,

Ferials. Itis

bn-metallic
taken into

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)
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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 (he) 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/mlf
curve at maximum test force)
Cr Instrument compliance nm/mlf
Cs Compliance of the contact after correction for machine compliance nm/mlf
EiT Indentation modulus of the test piece GPa
E, Beduced plane stra_in modullus of the contact (combination of test‘piece and GPa
indenter plane strain moduli)
F Test force N
Frnax Maximum test force N
h Indentation depth under applied test force mm
hc Depth of the contact of the indenter with the testpiece at Fipax mm
hmax Maximum indentation depth at Fiyax mm
hp Permanent indentation depth after remotal of the test force mm
h Point of ipters_ectiop _of the ta_mgent ctto curve b at Fax 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
HMgif Martens hardness, determined from the first derivative of h vs \/F GPa
Vg Poisson’s ratio of the test piece
r Radius.ef-spherical indenter mm
RiT Indentation relaxation %
Welast Elastic reverse deformation work of indentation N-m
Whota Total mechanical work of indentation N-m
o f:one semi-angle or angle of facet to the indentation axis for pyramidal °
indenters
0 Maxin_lum_angle between the contact surface and the indenter for calculation °
of radial displacement
T Ratio Welast /Wrotal %
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?2 is allowed. 1 MPa = 1 N/mm?2.

© ISO 2015 - All rights reserved
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>V

hmax

Key
a |application of the test force
b |removal of the test force
tangent to curve b at Fiyax

Figure 1 — Schematic representation of the test procedure
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Key)
a |indenter
b |surface of residual plastic indentation in a test piece that has a “perfectly plastic” response
C 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”
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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);

c¢) hardmietal 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 tgdken
in interpreting the results obtained with such indenters. Other materials like sapphire can also be used

NOTE ue to the crystal structure of diamond, indenters that are intended to\be spherical are often
polyhedronf and do not have an ideal spherical shape.

The test procedure can either be force-controlled or displacement-controlled. The test force, F|the
correspondling indentation depth, h, and time are recorded during the-whole test procedure. The result
of the test |s the data set of the test force and the relevant indentationvdepths as a function of time [see
Figure 1 and Annex B).

For a repraducible determination of the force and corresponding indentation depth, the zero poin{ for
the force/ipdentation depth measurement shall be assigned\individually for each test (see 7.3).

Where timp-dependent effects are being measured

— using the force-controlled method, the test force is kept constant over a specified period and|the
changg of the indentation depth is measured-as a function of the holding time of the test force [see
Figurels A.3 and B.1), and

— using the indentation depth contrelled method, the indentation depth is kept constant over a
specified period and the change ofithe test force is measured as a function of the holding time offthe
indentption depth (see Figure$ A4 and B.2).

The two kinds of control menfionied give essentially different results in the segment b of the curvds in
Figure B.1 p) and Figure B.Z’b) or in Figure B.1 b) and Figure B.2 a).

5 Testihg machine

5.1 Thetestingmachine shall have the capability of applying predetermined test forces or displaceménts
within the féquired 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 ISO 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 CO, (but keeping the surface témperafure above
the dew point);

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

If these methods fail and the surface is sufficiently robust, wipe the surface with a lint-free tissue soaked
in splvent to remove trapped dust particles, after which, the surface shall'be rinsed in a solvent as above.

Ultgasonic methods are known to create or increase damage to surfaces and coatings and ghould only
be ysed with caution.

Forfan explanation concerning the influence of the test piece roughness on the uncertainty of the results,
see|Annex E. Surface finish has a significant influence on.the test results.

Thq test surfaces shall be normal to the test force direction. It is recommended that the test|surface tilt
is I¢ss than 1°. Tilt should be included in the uncertainty calculation.

6.2| Preparation of the test surface shall be carried out in such a way that any alteration of the surface
harflness and/or surface residual stress (e.g.due to heat or cold-working) is minimized.

Dud to the small indentation depths irr the micro and nano range, special precautions shall be tgdken during
the test piece preparation. A polishing process that is suitable for the particular materials sha]l 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 1SO/14577-4.

NOTE Theabove are empirically based limits. The exact limits of influence of support on test piede 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.

© IS0 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 gxtermatfhaereeses

reled.

To minimige 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 drifitshall be
measured and corrected. A decision tree to assist in estimating the drift during the experimentis shgwn

in Figure 3. If the drift rate is significant, the displacement data shall be corrected by measuring
drift rate during a hold at an applied force as close to zero force as is practicable or*during a hold
suitable place in the force removal curve (see ISO 14577-2:2015, Annex G and 4.3!3).If a contact in

the
At a
the

fully elastif regime can be obtained, a hold at initial contact is preferred. In this vay, material influences

(creep, visfo-plasticity, cracking) can be minimized. The uncertainty due to’the drift, or in the ¢

correction|used, shall be reported.

NOTE To determine the drift of surface referenced instruments, elastic'contact between the reference

the surface |s sufficient; contact of the indenter with the surface is not required and is not recommended.

[flelastic limit exceeded
by contact load

Use hold to
estimate drift

Not Do not need to

Significant
A

Hold atcentact in
elastic regime

Hpld at contact{plastic)
Take into aCcount:

- creep

- Viisco-elasticity

- dracking

Y

significant correct

If noise (e.g.
vibration) is high

If not possible

Hold during force removal,
(e.g. after 90 % of the force
has been removed)

Take into account:
- creep (recovery)
- visco-elasticity

rift

and

- surface layers
- high dispersion (vibration)

Drift Temoved Using
reference surface
before and after

- cracking (tensile]
- capillary water layers
- 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.

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=5f6d10723f272d12b57716a91bb14615

ISO 14577-1:2015(E)

NOTE If the 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 forcesppplication
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 frdm the first
recorded data point to not more than 10 % of the maximum indentation depth."The firgt recorded
data point shall be less than 2 % of Fyax or less than 5 % of the maximum intlentation depth and the
fitted data shall not contain a change in indentation response such as the’onset of plastjic yielding.
It is recommended that the first recorded data point be as close to the\Zero point as pdssible. The
uncertainty of the calculated zero point results from the fit parametens, the fitting functjon and the
length of extrapolation. The uncertainty is calculated as the standard error of the interfcept of the
fit with the zero force axes.

NOTE1  The firstpartofthe indentation curve (for instance upyto 5 % of hyhax) can be affected py vibration
or other noise.

b) [Method 2: The zero-point is the touch point determined from the first increase of either the test
force or the contact stiffness. At this touch point, the step size in force or displacement shill be small
enough such that the zero point uncertainty is less than the limit required.

NOTE 2  Typical small force steps values forithe macro range are 104 Fpyax and for the micfo and nano
range less than 5 uN.

7.4| The testing cycle can be eithefr force-controlled or displacement-controlled. The|controlled

parameters can vary either continuously or step by step. A full description of all parts of the t¢sting cycle

shall be stated in the report, including the following:

a) |nature of the control (i.e: ferce or displacement control and whether a stepped or continupus change
in the controlled parameters);

b) |maximum forceA{or-displacement);

c) |force application (or displacement) function;

d) [length d@nd position of each hold period;

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

NOTE ATrexampte Tycte for mamoamd mricro Tanges 15 tire fohtowingforceappticatiom tinre; 30s7hold at Fiyax,

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

© ISO 2015 - All rights reserved
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impact. For micro range indentations, it should not exceed 2 um/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)

b) constalnt indentation displacement rate.

constant applied test force rate, and

The rate o
points for
creep and

If the drift

the measul

7.6 Thro
and variati

7.7
by any pla

applied test force removal is subject to the requirements that: a sufficient numbker of ¢
hny subsequent analysis are recorded during applied test force removal, and that the t
iny residual creep rate is within acceptable limits (see Annex G).

rate is significant (see 7.1 and Annex G), the force and depth data shall be\¢orrected by us
ed drift rate.

ughout the test, the testing machine shall be protected from shock and vibration, air movem
bns in temperature, which can significantly influence the testtesult.

[t is important that the test results are not affected by the presence of an interface, free surfac

btic deformation introduced by a previous indentationjin a series. The effect of any of tf

depends on the indenter geometry and the materials properties of the test piece. Indentations sh

at least thr
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at the corn

The minim

tween indentations shall be at least five timesthe largest indentation diameter.

htion diameteris the in-plane diameter atthe surface of the test piece of the circularimpres
t created by a spherical indenter. For non-circular impressions, the indentation diametg
er of the smallest circle capable of enclosing the indentation. Occasional cracking can o¢

im distances specified are hest applicable to ceramic materials and metals such as iron an

alloys. For ¢ther materials, itis recomimended that separations of at least 10 indentation diameters be u

If in doubt
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requireme

it is recommended thatthe values from the first indentation are compared with those f
[ indentations in_aséries. If there is a significant difference, the indentations might be
he distance should be increased. A factor of two increases in separation is suggested.

esirable to-iheasure thin coatings in cross-section (e.g. to avoid problems due to sur
. In this{case, there might not be enough coating thickness to meet the minimum spa
hts as.specified above. Smaller spacing can be used if there is experimental evidence that

o
ee times their indentation diameter away from ‘interfaces or free surfaces and the minimpjum
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ptal

e of
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b or
ese
be

bion
ris
cur

ers of the indentation. When this occurs, the indentation diameter should enclose the crack.
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fOIm
too

face
Fing
this

does not s
spaced ind

gnificantly influence the force/indentation depth/time data sets with respect to corre|
bntations on similar test pieces with thicker coatings.

ctly

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.
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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.);

It m
unc

anallysis of repeated indentations into the test material. Care should be taken that systemat

ung
ISO

Ag
(An

9
The

fitting of the force-removal curve;

thermal drift rate;

contact area due to surface roughness;

force, displacement;

testing machine compliance;

indenter area function calibration values;

calibration drift due to uncertainty in temperature of testihgmachine and time since last
tilt of test surface.

ight not always be possible to individually quantify~all of the identified contributions to t
ertainty. In this case, an estimate of standard“uncertainty can be obtained from the

ertainties that can contribute to the random standard uncertainty are not counted
IEC Guide 98-3:2008, Clause 4).

ex A) is given in Annex H.

Test report

test report shall include the following information:
reference to thispart of ISO 14577, i.e. ISO 14577-1:2015;
all details'necessary for identifying the test piece;

materialand shape of the indenter and, where used, the detailed area function of the ing

alibration;

he random
statistical
¢ standard
twice (see

ideline for the evaluation of the uiicetrtainty in determination of hardness and materials parameters

enter;

tésting cycle (control method and full description of the cycle profile); this should includle

f)
g)

1) set pointvalues,

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;
result obtained, the total expanded uncertainty and the number of tests;

method and functional form of any fit used for the determination of the zero-point;

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

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

j) 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
and the unique identifier of the instrument or the specific instrument configuration used to perform the tést.

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

Materials parameters determined from the force/indentation

depth data set

number of

tis possible

A.]I General

Insfrumented indentation force/indentation depth data sets can be used to derive a

materials parameters.

NOTE Using more complex test procedures, like extended cycles (load-partial unlead) in an indgntation that
increases incrementally in force to obtain many unloading curves referenced to the.same zero point,

to gpt information about contact compliance at different test forces at a single est site.

A.2 Martens hardness?)

A.2l1 Determination of Martens hardness, HM

Martens hardness, HM, is measured under applied test force. Martens hardness is determine

valyies given by the force/indentation depth curve:during the increasing of the test force,

afte
thu

Mai
isn

Mai
pen

NOTI

Valiies of Martefis-hardness are comparable only if obtained at the same depth.

r reaching the specified test force. Martens hardness includes the plastic and elastic dg
5 this hardness value can be calculated for albmaterials.

bt defined for the Knoop indenter orfor ball indenters.

tens hardness is defined as the_test force, F, divided by Ag(h), the surface area of th
etrating beyond the zero-point of the contact, and is expressed in MPa, as given in Formy

_ F
Ay(h)

E The formula-gives HM in MPa. To get HM in GPa a factor of 10-3 is required.

d from the
preferably
formation,

tens hardness is defined for the Vickersland Berkovich pyramidal indenters shown in Figure A.1. It

e indenter
la (A.1).

(A1)

th indenter

The designation of angle a for the Vickers and Berkovich indenters is shown in Figure A.1.
The sutface area As(h) for the Vickers indenter is given in Formula (A.2) and for the Berkovi
in Formula (A.3).
a) Vickersindenter

A (h)= ‘LXS# x h?

cos“a

b) Berkovich indenter

As(h):—3x\/§><tana < h?

coso

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

© ISO 2015 - All rights reserved
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NOTE 1

NOTE 2

65,03°) and Ag(h) = 26,98 x h2 for the modified Berkovich indenter (a = 65,27°).

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

As(h) = 26,43 x h2 for the Vickers indenter (2a = 136°), As(h) = 26,43 x h2 for the original Berkovich
indenter (a =

For an indentation depth h < 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 ISO 14577-2:2015, 4.5.1 and 4.6).

For an ind
Annex C an

NOTE3
to the dista
(cubic or po
up table. Al{
or a spline f

For the mi
should be ¢

For certain
duration o
application

s o | yu) L Ve =l 1 £ ALl 1 111 s el 1 h
FIILAUIUIT UTPUIT T U I, LT 1T SUl'ldit dicd, Ag(/1), SIidIl DT UsSTU 1UT LT L4dICUl4dtivll,

d Reference [2].

'he area function, Ag(h), is normally expressed as a mathematical function relating the surface
hce from the tip of the indenter. Where the area function cannot be described by a relatively siy
ynomial) mathematical function, then an estimate can be made either graphically,or'by usingal
ernatively, a different mathematical function can be used to describe different parts of the inde
inction adopted.[21]

Cro and macro ranges, the test forces, 1 N, 2,5 N, 5 N, and 10 N andtheir decimal multi
hosen for easy comparison of hardness values.

applications, it can be useful to hold the specified test force @ver a specific time interval.
F the hold period of the test force should be documentedto.an accuracy of 0,5 s. The fiel
for Martens hardness is given in Figure A.2.

2a
A’\

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

see

hrea
hple
boKk-
hter

bles

The
d of

12
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h
100 | | II NS NJ UL \J N\
101
-2
10 2N
- N
;02 A
747‘7—1’\-’. < ___j
10 & o m—m—— —H
10’ T ——
c ———__10%y
10-6 IIIIIIIIIII IIIIIIIIIII IIIIIIIIIII IIIIIII:n-\I‘F-O-I‘I
10° 2 34 6 100 2 34 6 10° 2 34 6 10> 2 3 4,6° 10* 2 3 45 HM
d e f g h
Key
a |macro range e plastiés
micro range f  nonhsferrous metals
nano range g o steel
rubber h: " hardmetals, ceramics
NOTE HM is given in megapascals in Figure A:2
Figure A.2 — Relationship between Martens hardness, indentation depth, and test force
A.2l2 Designation of Martens hardness
EXAMPLE
HM 0,5/20/20 £8,700 GPa
hardness value
holding time of test force at maximum test fofce
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 % Frax and 90 % Frax:

h=m T n4)
The slope, ns can be determined by a linear regression of the Formula (A.4) in the range 50.% Fmnay < F
< 90 % Fiax- In this case, it is possible to determine the hardness by the modified method giveh in
Formula (A.5) from the force/indentation depth curve:

1
HM¢ = ——— % (p.5)
m = Ag(h)/ h

NOTE1 The formula gives HMg in MPa. To get HM; in GPa a factor of 10-3 is required.
NOTE 2  As(h) = 26,43 x h2 for the Vickers indenter (2a = 136°), As(h) = 26,43 x h2 for the original Berko}ich

indenter (a

A.3.2 De

EXAMPLE

= 65,03°) and As(h) = 26,98 x h2 for the modified Berkovich indgnter (a = 65,27°).

signation of Martens hardness, HMg

HM; 1(

) / 10 = 4,010 GPa

hardness value

application time of test force, in seconds

NOTE ]
depth curvg
the test pieg
test results
hardness va

test force, in newtons

hardness, H|

A33 D

'he method for determining Martens hardness from the slope of the increasing force/indentdtion

has the advantage of being independent of the uncertainty of the determination of the zero-point

e roughness. There is also a lower influence of vibration at the location of the testing machine o

For test pieces exhibiting a variation in hardness as a function of indentation depth, the determ

lues, HMyg,"deviate from HM determined as in A.2.1. In this case, the concept of differential Mar
diff, @s-described in A.3.3, can be applied.

and

the
ned
Lens

force/indentation curve, HMgifr

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 HM; value (see A.3.1).
When HM varies with h, stepwise linear regression can be performed over small portions of the curve.

14
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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 gy =— 55— (A.6)

Gk
oNF ) h?

Ag/h?2 s equal to 26,43 for the Vickers and orignal Berkovich indenters (see Note 1 in A.2.1).

where

NOTE The formula gives HMgjfr in MPa. To get HMgjfr in GPa a factor of 10-3 is required.

It i known that (numerical) differentiation increases the experimental noise of the 'curvgs, and this
shall be included when calculating uncertainties.

Forfhardness profiles, a notation as for HM or HMjs is not possible, thus the differéntial Marterls hardness
shopld be reported as a graph of HMgiff vs. h or HMgifr vs. F. Any variation oftHMgifr with degth shall be
intgrpreted in the light of a complete understanding of the indentation size effect.

A.4 Indentation hardness

A.4.1 Determination of indentation hardness, Hit

Indentation hardness HiT is a measure of the resistance to;permanent deformation or damage and, to a
firsf approximation, is given in Formula (A.7).

F,
Hip o = —22% (A.7)
07 a,(he)
whére
Frax is the maximum applied-\force;

Ap(hc)  is the projected (cress-sectional) area of contact between the indenter and theftest piece.

NOTE1 The formula gives Hi1:9 in MPa. To get Hit,0 in GPa a factor of 10-3 is required.
NOTE 2  This definitionis4in accordance with that first proposed by Meyer.[3]

The contact depth;vh¢, is derived from the force removal curve using the tangent depth, fi, and the
maximum indentation depth, hpax, correcting for elastic displacement of the surface adcording to
Snefddon’s analysis,[2] contained in Formula (A.8), where g(m) is a variable in the range 0,6 ¢ < 0,8 the
valye of which'depends on the indenter geometry and the extent of plastic yield in the contagt, for more
infdrmation see Reference [13].

r=hmnv_£[m) Pa (hmqv_hr] (A.8)

where

g(m)  isavariable 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-

© IS0 2015 - All rights reserved 15
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Different methods have been used for the determination of hr and can be essentially described by
two approaches.

a)

Linear extrapolation 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 hy.

This method is only recommended for use with highly plastic materials where the depth of elastic

recove

NOTE 3

ry is less than 10 % of hpax.

Often, the range between 98 % Fax and 80 % Frax is taken for the least-square fitting proced

If a lin¢ar fit to the force removal curve is used, then the values for epsilon in Table A.1 shall bé

b)
curve
as givg

F=Bx

where

B s
m is
Band m ar

Often, the

but this can be varied according to the “quality” of the¢~unloading curve. If it is necessary to rest

the data fi
be conside
differentia
with the di

Ifthe expor
m>1,5isa
would havg

The value g
gamma fur
(see Referd
0,5 % fort

e(m)=

Power [law method (see Reference [4]): this recognizes the fact that the first portion of the.rem

fthe testcurve is generally notlinear, but can be described by a simple power law relation
n in Formula (A.9):

(h = hp)m

h constant;

hn exponent that depends on indenter geometry and contact plasticity.

range between 98 % Fmax and 20 % Frax is taken for the least-square fitting proced
ted to less than the top 50 % of the force\removal curve, the indentation experiment s

Ling the fitted power law relationship-and evaluating at Fihax. The intercept of this tang
splacement axis yields hy.

ent, m, exceeds certain valuestheresulting hr should be interpreted very carefully. (For exam
sign that the results can have'some time dependence. Values of m > 2 mean that the contact:
to be sharper than the inndenter, which is physically impossible, see Reference [16].)

fmobtained is thenused to calculate ¢(m). This can be implemented by direct calculationu
ctions I' [Formula (A.10)] or by using a suitable approximation. One possible approxima
nce [13]) is Férmula (A.11). The error introduced by using this approximation is less

e range 1,05&'m < 5.
rf.m
1 2m—2

11 (A

e determined by fitting the force removal data curye by the given power law relationshiy.

ure.
ced.
pval

hip

h.9)

lire,
rict
hall

red to be abnormal and care should be(taken in its interpretation. The tangent is found by

rent

ple:
irea

bing
fion
han

10)

_f (2m—1)

“lam-2) ]
0,08158 0,61679 1,26386

g(m)=

Table

16

- + (A
Jm-0,94 (m-0,94)"%%  (m-0,94)%001

Other appr

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

11)
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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

F 2,2
HIT 0= max _ _ 4h_“ tan a (A12)
T Aph)

NOTE 4  The formula gives Hit,0 in MPa. To get Hit,0 in GPa a factor of 10-3 is required,
b) Berkovich indenter

F,
Hiro =— 2 =3-43-h tan’a (A.13)
plhc)

NOTE5  The formula gives Hit,0 in MPa. To get Hit,0 in GPa a factor of 10*3 is required.
whére

hc is the depth of contact of the indenter with the test piece calculated as in Formula (4.8).

The designation of angle a for Vickers and Berkovich\geometry indenters is shown in Figure|A.1.

NOTE6  Ap(h) = 24,50 x hZ for the Vickers indenter (2a = 136°), Ap(h) = 23,97 x hZ for the origingl Berkovich
indgnter (a = 65,03°) and Ap(h) = 24,49 x hZ for the-modified Berkovich indenter (a = 65,27°).

NOTE 7  Most Berkovich indenters in use'iave, in fact, a modified Berkovich geometry.
NOTE8 The maximum indentation depth, hpax, is the depth at maximum test force and measured at the start

of fgrce removal. It includes any additional creep displacement that has occurred in any hold peripds up until
force removal.

that of the perfect theoretical shape, since all pointed indenters have some degree of rounding at the
tip fand spherically ,ended indenters (spherical and conical) are unlikely to have a unifgrm radius.
The determinationof'the exact area function for a given indenter is required for indentat{on contact
deptths < 6 um, butis also beneficial for larger indentation depths (see ISO 14577-2:2015, 4.5[1 and 4.6).

For|an indentation contact\depth < 6 pm, the area function of the indenter cannot be aSS}med to be

NOTE9  Thearea function, Ap(h), is normally expressed as a mathematical function relating the prpjected area
of contacttothe 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 lopk<up table. Alternatively, a different mathematical function can be used to describe different parts of the
indenter or a spline function adopted.[41]

In all cases, the estimated hardness values Hyt 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 H;t value as initial estimations Hjt,0. 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 Hit to other hardness scales is contained in Annex F.

© IS0 2015 - All rights reserved 17
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A.4.2 Designation of indentation hardness, H|T

EXAMPLE
Hy

A.5 Indg¢

A.5.1 De

The force 1
estimate o
for radial d
n is the nu
Er0..Form
E*, can be
modulus ¢
material. H
can occur,

0,5/10/20/30=11,300 GPa

-

hardness value

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

bntation modulus

termination of indentation modulus, EjT

emoval curve is fitted and the contact depth derived'in the same way as in A.4.1. An in
f the reduced modulus is calculated using Formulad/A.14). This value shall then be corre(
isplacement of the surface using the method given in Annex I to give the value of E;., (w}
mber of iterations used in the correction) using the estimated E; value as initial estimat
bre information see Reference [13]. Using Fermula (A.15), a value for the plane strain modu
Calculated. Using the Poisson’s ratio of<the test piece (known or estimated), the indenta
hn be calculated using Formula (A.163} and is comparable with the Young’s modulus off

f either pile-up or sink-in is present.

Jn

Bro—f—— (o
"dc,fAy(h)
E = 1 _ b (A
I O S (2 I o ()
E E,

A i

tial
ted
lere
ons
lus,
[ion
the

owever, significant differences between the indentation modulus, ErT, and Young’s modfilus

14)

15)

18
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1 1-(vy)
Er,n Ei
where
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(A.16)

Vg is the Poisson’s ratio of the test piece;

Vi is the Poisson’s ratio of the indenter (for diamond 0,07) (e.g. in Reference [6]);
| acthbha wod o Kna-adaila firlho s do ot s oo o ot
l_lr Io tIIv TCUuUulLULUU IIIUUUTIUS Ul LU TITULIItAalivIlITl LUTItdac (g,

For|h¢ > 6 pm, the following are valid:

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

n 4,950 x h. for the Vickers indenter and the modified-Bérkovich indenter;
p

n is equal to 4,895 x h for the Berkovich indenter
p

Cs  isthe compliance of the contact, i.e. dh/dF of the test force removal curve(corrected for
machine compliance) evaluated at maximum test force (reciprocal ofthe contact dtiffness);

Ap is the projected contact area, the value of the indenter area function at the contact depth, hc,
defined in accordance with ISO 14577-2:2015, 4.6.

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

indgnters have been proposed in Reference [14].

A vdriable epsilon (¢ = 0,6 to 0,8) and radiakdisplacement correction shall be used, see A.4.1. The method
for pstimation of radial displacement cottection is given in Annex I. The radial correction is{very small

for most metals (<0,5 %) but reaches up to 5 % for highly elastic materials such as fused sili¢a.

A.5l2 Designation of plane.strain modulus, £*, and indentation modulus, E|1

EXAMPLE 1
E'0,5/10/20/30E220 GPa

plane strain modulus

time taken to remove the test force, in seconds

hn]r]lng time of the test force at maximum test Fnrrn' in-$econds

EXAMPLE 2

© ISO 2015 - All rights reserved

application time of test force, in seconds

test force, in newtons
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Er0,5/10/20/30 =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

tcation-time-of-testforce— ,

Iftheinden

NOTE i
and metal a

A.6 Ind¢

A.6.1 De

If the chan

indentation depth can be calculated as given in Formula:(A-17). This is a value for the creep of|

material [

NOTE 1

NOTEZ2

A.6.2 De

The relativj

test force, in newtons

fation modulusis given, then the value of the Poisson’s ratio used for calculation shall'be repor

or some materials, a correlation between Ejt and tabular values for the Young’s,modulus of m¢
loys is demonstrated; see References [7] and [8].

pntation creep
termination of indentation creep, Ci1
ge of the indentation depth is measured with constant test force, a relative change of]

e Figure B.1 a), Figure B.1 b), and Figure A.3]:
b —hy

hy

%100 (A

the indentation depth at the time (t1) of reaching the test force, which is kept constant;
the indentation depth at time (¢2) of holding the constant test force.

Vhile using Formula{{A.17), Cit is given as a percentage.

'he creep data ¢anbe significantly influenced by thermal drift.

signation of indentation creep, (i1

le change of the indentation depth (creep) is denoted by the symbol Cit

ted.

tals

the
the

17)

EXAMPLE

Cr 0,5/10/50=2,5%

20

I

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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https://standardsiso.com/api/?name=5f6d10723f272d12b57716a91bb14615

ISO 14577-1:2015(E)

Key

A.7

A.7

If th
ford

Figlire B.2 a), Figure B.2 b), and Figure A#4].

whg

NOT

A.7)

application of the test force
test force kept constant from ¢t1 to tp

Figure A.3 — Expression of indentation creep

Indentation relaxation

.1 Determination of indentation relaxation, Rt

e change of the test force is measured at-a‘constant indentation depth a relative change
e can be calculated as given in Formula{A.18). This is a value for the relaxation of the m

_h-F

1

Rt x100

bre
F1 1is the force atreaching the indentation depth, which was kept constant;
F7 isthe force after the time during which the indentation depth was kept constant.

E Fof Kormula (A.18), RyT is given as a percentage.

.2 ADesignation of indentation relaxation

of the test
hterial [see

(A.18)

Th

Tetative change of testforce (Tetaxation) s denoted by the Symbot RIT-

EXAMPLE

Rr3/10/50=0,01 %
I_ indentation relaxation (relative change of test force)

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

application time of indentation depth, in seconds

specified indentation depth, in micrometers

© ISO 2015 - All rights reserved
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Key
a
b

applica]
indentd

A.8 Plas

A.8.1 De

The mechd
only partly
remaining
of the mecl
contains in

m’elast %« 100

7-1:2015(E)

fion of the indentation depth
tion depth kept constant from t1 to tp

Figure A.4 — Expression of indentation relaxation

tic and elastic parts of the indentation work

termination of plastic and elastic parts ofithe indentation work

nical work, Wiotal, indicated during the ferée application of the indentation procedur
r consumed as plastic deformation work, Wplast. During the removal of the test force,
part is set free as work of the elastic reverse deformation, Wejast. According to the defini
nanical work as W = [Fdh, both parts,appear as different areas in Figure A.5. Formula (A
formation which is suitable for ¢haracterization of the test piece.

e is
the
fion
19)

mr =71 (Al19)
total
where
Wiotal T Welast + Wplast (A}20)
NOTE For Formulay(A.20), nt is given as a percentage.
The plastid part'is-calculated as given in Formula (A.21):
Wplast Worsear=1005—#11 Al21)

If the mechanical work is not calculated by integration of the recorded indentation curve, the specific

type of pro

A.8.2 De

EXAMPLE

22

cedure, for instance the use of fitted curves, shall be reported.

signation of elastic part of indentation work, 7t
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nm0,5/10/10=36,5%
I_ 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

elast

plast

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
—T
= \
Be N
HM Hy,
f
Wtotal ¢ Welast
a b c d t a b [ d t
/ / / / / / / /
a) b)
Key
a  applicafion of test force d testforce = OWN
b maximyim test force e indentation‘creep
c removdl of test force f  recoyéry at zero test force
Figure B.1 — Schematic representation of the’test force controlled test procedure in
dependence'on time
h F
HM aa— Ey,
Wtotal HIt
Welast
d
a b c t a b c t
/ / / / / /
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

ch are elastically deformed.

5 elastic deformation causes an increase in the measured indentation depthithat is not e
he indentation contact, but occurs between the reference planes in the testing machine.

ally, the additional indentation depth due to the test machine deformation is proportiona

e. The increase in the measured value of hyy,x is especiallyssignificant at high applied for

14577-2:2015, 4.4 and in References [10] and [12].

Indenter area function

calculation of the material parameters‘described in A.2, A.3,A.4,and A.5 isbased on the c
brojected area) of the indenter. However, only the indentation depth is measured. Crucial
be found when comparing the actial contact area with the area calculated assuming ide
enter geometry, particularly at-small measured indentation depths.

line of conjunction (offset) and the deviation from the specified angle of the indenter,

r of the indenter tip.

ected area);and use it in the calculation of the materials parameters.
methods of determining the projected area function are possible, such as

direct measurement using a traceable atomic force microscope (AFM); see Reference [1]

Machi T

applied test force acts not only on the test piece surface but also on the parts of the testin]

e. This additional compliance shall be taken into account at all forces;when indentation m
tens hardness HM, indentation hardness Hit, and indentation work; e.g. nt, are being measured as
ts directly to increase hpax and decrease the gradient of the tangent to the removal curvg

machine compliance can influence the test results, especially if the displacement me
ottom referenced. Procedures for the determination of the machine compliance ag

se differences are due to the'rounding of the tip of the indenter: in the case of the Vicke

ibutable to the usual production tolerances. Furthermore, the actual contact area char

g machine,

kperienced

| to applied
odulus ET,

b of the test
Ces.

asurement
e given in

bntactarea
Hifferences
h1 (perfect)

S pyramid,
which are
ges due to

ct area (or

], 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.

© ISO 2015 - All rights reserved
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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].

NOTE 2  The area function is normally expressed as a mathematical function relating the projected surface
areatothe dlnce ITrolxr [e D O (1€ 1ndenter. vwnere tne darea rur 0)¢ dNNnot be de riped DYy a reld
simple (cub]c or polynomial) mathematical function, then an estimate can be made either graphically or by.u
a look-up tgble. Alternatively, a different mathematical function can be used to describe different parts of
indenter orla spline function adopted. (Public domain software exists for fitting splines or higher polynomiji
[21]) A procgdure for the verification of the indenter area function is given in ISO 14577-2:—, Annex B.
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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 cqmparatively short time in use. This i1s due to small cracks, pits or other flaws in the sur

fau
sur

Thd

D.2
is nj

For

s are detected in time, many indenters can be reclaimed by regrinding. If not, any smalkde
ace rapidly worsen and make the indenter useless.

refore, the following apply.

The condition of indenters should be monitored regularly for contaminatien or defects
range indenters, this can be achieved by inspection of the shape of an indentation into
block or routine test material as used in ISO 14577-2:2015, 6.3.

For micro and nano range indenters, periodic optical inspection using a 400 x mig
recommended for detection of contamination and gross defécts.

Detection of sub-microscopic damage or contamination is possible by maintaining a good
indirect verification and routine checking as given inJSO 14577-2:2015, 6.2 and 6.3, or
probe microscopy of indentations or the indenter itself.

The calibration certificate of the indenter is no-longer valid when the indenter shows
after it is reground or otherwise repaired,

hce. If such
fects on the

For macro

h reference

roscope is

| history or
by scanned

defects or

Contamination of the surface of the indenter can distort the test result. The source of contamination

ost often testing on contaminated testpieces.
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 polystyr
times. The plasticizers make a good solvent and the foam-like nature is unlikely to damag
the diamond. Inspecgtusing an optical microscope at 400 x or greater and indent gently i
cotton wool ball séaked in acetone or water-free alcohol (e.g. ethanol or iso-propanol) u
no visible contantinhation.

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

bne several
be the tip of
to a small
til there is

into either
famination

eral, forces

Gare should be taken not to subject the indenter to excessive normal, and in particular la

< H £ P | ot £l | £l L | 4 ra tlad o & 1 ‘ht 'h
atarmg e Haentations-asttstaraanrage e maenteronenremoaistowseasamprethat weigns

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.

© ISO 2015 - All rights reserved
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Annex E
(normative)

Influence of the test piece surface roughness on the accuracy of

This anneXis 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 sh
indentation depths. At larger indentation depths, the uncertainty in contact area is reduced and is

the results

zillow
ost

conveniently expressed as an uncertainty in indentation depth proportional to the arithmetic (mean

deviation) purface roughness.
To maintaip the contribution of surface roughness to the uncertainty in indentation.depth below 5 %5, h
shall be atleast 20 x the arithmetic mean deviation roughness, Ra, as given by Formula (E.1); see ISO 4R87.
h 220 Ra (E.D
Table E.1 gjves examples for permissible surface roughness for differéntmaterials at different test forces.
Table E.1 — Examples for maximum permissible arithmetic'surface roughness, Ra, for different
test forces, F
Maximum permissible arithmetic'surface roughness, Ra Martens hardnégss
Examplles of
. [Thooy HM
materials
0,1N 2N 100N N/mm?2
alumihium 0,13 0,55 4,00 600
stejel 0,08 0,30 2,20 2000
hardmetal 0,03 0,10 0,80 15000

NOTE IInterlaboratory tests (see Reference [9]) show that the standard deviation, sy, of the indentation d¢pth

is approxim
minimum iy

For tests a
of Formula
result, the

It is recom
area be me

ately equal to the arithmetic roughness, Ra. The requirement for uncertainty of h < 5 % leads td the
dentation depth.

f the nano addJower limit of the micro range, it might not be possible to meet the condifion
(E.1) for higher hardness test pieces. To reduce the uncertainty in the mean value of the fest
humberoftests can be increased. This should be stated in the test report.

mended for tests in the nano and micro ranges that surface roughness of the indented confact
hstred or that this area be observed by suitable means. In many cases, surface roughness cah 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.

28
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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

usipea cutabla coling flancting
£-a-Sttasre-SeaR o eHeh-

WARNING — Although Hit can be correlated to HV in this way, any equivalent HJ/ value so
cal¢ulated 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 hardnéss, Hit, expregsed in GPa,
is r¢lated to the Vickers hardness numbers, HV, expressed in kgf/mm?2, by a.séaling factor.

The ratio of projected area, Ap, to surface area, 4s, at any particular distance from the tip ¢f a perfect
Vickers indenter, is a constant as given in Formula (F.1):

Ap 24,50
A 26,43

=0,9269 (F.1)

S

The conventional Vickers hardness HV according to ISO*6507-1 is related to Ag

hv= L, F (F2)

In As
whére

gn isacceleration due to gravity,typically 9,806 65 m/s2, thus

A A
Hvzix_pxi:103xix—pXHlT :94’53H1T (F3)
In As A In As

For|an original Bérkovich indenter, the relationship in Formula (F.4) holds:

Ap _23,96

Ay 26,43

=0,9065 (F4)

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

A A
Hvzix_pxizlo?’xix—pXHIT :92’44H1T (FS)
In As A In As
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For a modified Berkovich indenter, the relationship in Formula (F.6) holds:

Ap 24,50
As 26,97

S

=0,9083 (F.6)

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

A A
Hvzix_pxizlogxix—pXHlT:92,62H1T (F7)

9n As Ay 9n As

Be aware that perfect indenter geometry is generally not maintained for small indentation de;l»ths
(<6 um) angl, therefore, this simple correlation can break down. The error induced by such an asSumption
is, in generpl, most severe at small indentation depths.

For some |materials, a correlation between Hir 1/10/20/30 and HV 0,1 is demonstrated; [see
Referenceg [4] and [7].
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Annex G
(normative)

Drift and creep rate determination

A dgcision tree to assistin estimating the drift during the experimentis shown in Figure 3. [fth
is significant, the displacement data shall be corrected by measuring the drift rate during 3
ied force as close to zero force as is practicable or during a hold at a suitable place in the for
curye. If a fully elastic contact can be obtained, a hold at initial contact is preferred. The |
shall be sufficient to allow determination of the average displacement drift rate due to the

(e.g} due to temperature changes) and a linear correction shall be applied to.all measured di
valyes. The drift rate correction obtained in this way is valid only if the drift (as opposed {
the|displacement values determined during the hold period (whereveriit is in the indentati
believed to result from purely instrumental effects (such as température) and not from iy
indyiced responses from the material (e.g. visco-elastic or ineldstic creep, fracture, press

edriftrate
hold at an
ce removal
jold period
nstrument
bplacement
0 noise) in
bn cycle) is
)dentation-
re induced

phase transformations, etc.). If material influences cannot bje avoided, drift rates shall bg measured

bef
ave
the

Fage linear drift rate can be calculated or the drift ratelinearly interpolated over the ti
two measurements.

Ifa
on {
(eg
removal curve, dispersion of the data when'using this method is generally lower. For difficul
a hold period at both ends of the indentation cycle can be included. It is recommended th

purely elastic contact cannot be obtained, there is no generally recommendable method.
he material under investigation, a hold at-aznear zero initial force or at up to 90 % renj

re and after each indentation (e.g. using an elastic contact with a hard reference surface)} Either the

e between

Depending
oved force

soft material) might be preferred. Because of the stiffer contact (higher contact area) in the force

materials,
ht the hold

perjod be for at least the force application time, and the first 10 s to 20 s of the hold datd should be
dis¢arded in the calculation of drift rdte, since these initial data can be significantly influencgd by time-
dependent effects (stage settling,\material time-dependent deformation, formation of capillary surface
laygrs etc.), see Reference [15].
G.2 Contact creeprate at Fyax
Afurther hold perted shall be performed at maximum force to allow for completion of any time{dependent
defgormation. Théminimum hold period length is, therefore, dependent on the instrument cagability and
thematerialbgeing tested. The hold period shall be long enough and/or the time to remove force shall be
shoft eneugh such that the relationship in Formula (G.1) holds:
dc
10— G.1
} Cr (G.1)

where

gr is the force removal rate;

gc isthe contact creep rate at Fyax;

Ct isthe measured compliance (dh/dF) at (Fmax, hmax)-
© IS0 2015 - All rights reserved 31
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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 The error in measured compliance, b¢, (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):

dc

eIy
2 L [ de
T2 B VFmax ) VOt

The hardngss (and modulus) can be depth-dependent, particularly if a non-self-similar indenteris uped.

be =V1073 x %100 (G.2)

NOTE 2 hen visco-elastic materials are tested, the drift rate does not necessarily decrease jby.increasing
the hold at jnaximum force. Even if it does, the drift rate will reverse when the force is removed, as visco-elgstic
recovery bdgins. The practice of using a measurement of creep rate just before force remoyal to apply a creep
rate correcfion to the force removal data are not recommended. The elastic modulus of visce-elastic materials
is better tegted using an indentation cycle faster than the visco-elastic time constant or by using dynamic|(ac)
indentation{methods.

Force application and removal rates can be the same, but it is recommended‘that the removal rate shuld
be higher than the application rate (if possible) to minimize the influence of creep. Slower force applicafion
reduces the hold period length required at Fiyax to achieve the necessaryreduction in creep rate.

NOTE3  The influence of material creep behaviour on hardness andimodulus results has been reportedj see
Reference [15]. The results show that, especially for materials with lowhardness-to-modulus ratio (which incljides
most metalg), the modulus results are not reliable if the hold periodds too short. A modulus error, due to creep, of
more than §0 % can arise. The variation of the hold period produced a hardness change of up to 18 %. Refer¢nce
[15] proposes hold periods dependent on the material type.that range from 8 s for fused quartz to 187 § for
aluminium.[The criterion used was that the creep rate should-have decayed to a value where the depth increage in
1 min is lesqy than 1 % of the indentation depth. It should.bé'noted that creep of 1 % of the total indentation d¢pth
can cause a Jarge change in the apparent contact stiffniess in nearly perfectly plastic materials such as metalg.

It is recommended that the creep rate be assessed in preliminary experiments. The force removal fate
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

Medsurement uncertainty analysis is a useful tool to help determine sources of error‘arnd to
differences in test results. This annex gives guidance on uncertainty estimation/ut the val
arelfor information only.

Procedures

H.2Z.1 General

In this annex, two methods for the estimation of uncertainty of calculated hardness ang
parpmeters are described.

Method 1: This approach for determining uncertainty considers only those uncertainties
with the overall measurement performance of the tésting machine with respect to the refer
(abbreviated as CRM below). These performanceluncertainties reflect the combined effed
sepprate uncertainties (indirect verification). B€cause of this approach, itis important that the
mag¢hine components are operating within the‘tolerances and all tests conducted according

of I50 14577. The underlying assumption 6fthis method is that all of the uncertainties expe
theltest are the same when indenting a GRM. This might not be true if there are differencesin i
cycles used or the CRM material praoperties are different from the test piece or if the indenta
different sizes, resulting in significant indentation size effects.

!

nderstand
es derived

materials

associated
bnce blocks
t of all the
individual
[0 this part
rienced by
Indentation
fions are of

Method 2: This approach corsiders 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, ste
certified value'ofa reference block. It can be expected that this is a constant and systematic
particular machine. It is also expected that this bias is large with respect to the random con
uncertainty and therefore is dominant. The expanded uncertainty U is therefore given by Fot
and the'result by Formula (H.2) (see Table H.1 steps 8 and 9)

b 6) to the
effect for a
ponents of
mula (H.1)

(H.1)

(H.2)

In ISO/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, uy,
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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
Ucorer-\/uCRM +um +u)7 +Ub (Hg)

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

Xeorr =(X+b) £ Uy (H.4)
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