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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.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main ftask of technical committees is to prepare International Standards. Draft International Standdfds
adopted the technical committees are circulated to the member bodies for voting. Publication’ as |an
Internatiorfal Standard requires approval by at least 75 % of the member bodies casting a vote.

In exceptipnal circumstances, when a technical committee has collected data of a different-kind from that
which is nprmally published as an International Standard (“state of the art”, for example), itmay decide by a
simple majority vote of its participating members to publish a Technical Report. A Technical Report is entirely
informative¢ in nature and does not have to be reviewed until the data it provides are gensidered to be no longer
valid or usgful.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent

rights. IS shall not be held responsible for identifying any or all such patent rights.

[

ISO/TR 11811 was prepared by the European Committee for Standatdization (CEN) Technical Commitjee
CEN/TC 392, Nanotechnologies, in collaboration with ISO Technical Committee ISO/TC 229, Nanotechnologies,
in accordance with the Agreement on technical cooperation between ISO and CEN (Vienna Agreement).
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Introduction

Evaluation of wear and friction in systems where interactions occur in the nanoscale is becoming increasingly
important. There are two main areas of application. The firstis in MEMS and NEMS devices, where tribological
issues can determine the overall performance of the device. It is also true that, in many cases, the tribological
performance of macroscale contacts depends on the combination of what occurs at the micro- and nanoscale
asperity contacts which actually take place when two surfaces come into contact.

The development of nanotribology testing provides a way of generating information and understanding these
small-scale contacts. This understanding can then be used to model the performance of microscale devices
ang provide the basis for future models of sliding wear.

© 1SO 2012 — All rights reserved \%
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TECHNICAL REPORT ISO/TR 11811:2012(E)

Nanotechnologies — Guidance on methods for nano- and
microtribology measurements

IMPORTANT — The electronic file of this document contains colours which are considered to be
useful for the correct understanding of the document. Users should therefore consider printing this
document using a colour printer.

1 | Scope

This Technical Report establishes techniques for the evaluation of tribological performance*of slidirlg contacts
with a lateral size of between a few nanometres (nm) and 10 um, and where the applied load is between
50{uN and 100 mN. It describes procedures for undertaking these measurements,"and provides gdiidance on
thg effect of parameters on test results. It does not cover existing SPM techniques, such as frictjonal force
mi¢roscopy and atomic force microscopy (AFM).

2 | Terms and definitions

Fof the purposes of this document, the following terms and definitions apply.

21
welar
danage to a solid surface, generally involving progressive’loss of material, due to relative motion bgtween that
suffface and a contacting substance or substances

[A$TM G40]

2.

frigtional force
registing force tangential to the interface'between two bodies where, under the action of an externallforce, one
bofly moves or tends to move relative to the other

[A$TM G40]

2.
copfficient of friction

u
/

dimensionless\ratio of the frictional force, F, between two bodies to the normal force, N, presping these
boglies together

[A$TM.G40)]

NOTET = FIN.

NOTE2 u>0.

3 Significance and use

This Technical Report provides guidance on how to carry out micro- and nanotribology tests, paying particular
attention to the likely effect of test conditions and test parameters on the results to be obtained. This Technical
Report does not specify a particular set of test conditions which should be used in a test. Appropriate test
conditions should be chosen after considering the eventual application for the materials being evaluated.
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4 Principle

Tribology tests are conducted in test systems, which are designed to press one sample against another with a
controlled relative force, while also imposing controlled relative motion. Conventionally, sliding/rolling tests are
carried out with samples where the nominal contact areas have dimensions of several millimetres or more, and
with test loads of the order of 1 N or greater. The focus of this Technical Report is on tribological tests where
the contact areas have dimensions of between a few nanometres (nm) and 100 mN, and the loads are between
50 uN and 100 mN.

Both friction and wear can be measured using these tests. A major aim of the tests is to provide information on
the tribological pnrfnrmanr*n of materials at the micro-. and nanascale This information can ho ised to deve Op
an undersjanding of the nanoscale mechanisms, which determine the wear and friction performance of the
materials gnd the dependence of these mechanisms on the structure of the material.

Application areas for these measurements are
— microt and nanoscale devices where there are sliding/rolling contacts, and

— the sifulation of micro- and nanoscale contacts, which underlie all macroscale triboldgical contacts.

5 Appdratus and materials
5.1 Test systems

5.1.1 Typical probe and sample geometries

Typically, 4 probe with a well-defined geometry is used to contacta flat sample (see 5.2.11). It is often important
to simulat¢ real contacts in these tests, where features such as the shape of the contact and geometrical
parameterp, such as the radius of curvature of the tip that’is in contact in the real application are reproducgd.
The assumed contact geometry, such as a pointed cone, cannot always be assumed to be correct at the
contact schles experienced in the tests described inthis Technical Report. The real contact geometry almpst
always hag a rounded form at the very end of the-contact probe. If a series of tests is to be carried out, it is also
important fo consider the repeatability of the/prebe geometry so that contact conditions can be repeated frpm
one test to the next. Other details of the samples are given in this Technical Report.

Although the words “probe” and “sample” are used in this subclause and in many places throughout this
Technical Report, it should be emphasized that wear and damage to both probe and sample can take plac

%

5.1.2 Ho|ding samples

The sample and probedieed to be held firmly and in a well-defined way so that only intended motion of the
samples can take place=Mechanical clamping of samples is often preferable, but in some cases, an adhesive
may be usged to hold samples in place, e.g. where balls are used as the probe and need to be attached tp a
probe holder. If adhesives are used, it is important that the thickness of the adhesive be minimized to redyce

the effect pf.any'time-dependent flow in the adhesive and also to reduce the effect of the reduced stiffngss
introducedwwmwmmmmmujm

adhesives to fully cure, develop maximum bond strength, as well as allow for dissipation of any exothermal
effects prior to the start of test.

5.1.3 Motion generation

The relative motion generated between the probe and the sample can be achieved by either moving the sample
or moving the probe. In either case, the motion that is generated should be well defined and reproducible
so that repeated pass tests can be achieved. The small vertical displacements and applied loads which are
applicable in tests mean that particular care is needed so that irregularities in the motion itself do not cause
artefacts in the load that is applied.
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Additional care should be taken in order to minimize motion fluctuations and other effects due to ground
motion, ambient thermal variations and air flow current (caused by ventilation systems, operator and laboratory
equipment, to mention a few possible sources).

Motion can be generated in several ways. Piezoelectric actuators can be used, but these have limited range
(normally about 100 pm). Servo electric actuators, voice coils or stepper motors can also be used with gearing
to give the requisite precision of motion. In all cases, it is important to have an independent measure of
displacement.

It is also important to design the sample stage and drive systems so that artefacts in either the z-motion and
the x-y motion, such as hysteresis or backlash, are minimized

Th
prg

Different types of motion can be used in tests. The most common is reciprocating motjon in a bac
mgnner in a single linear direction. A variant of this type of motion is where unidirectional motion is required,
su¢h that movement takes place in a single direction with lift-off before return motion, followed by repeated
contact to give multiple contact in the same direction. Circular motion is als@ quite common where the flat
sample is simply spun by a motor drive.

enable the
x-y plane.

ree axes of motion are required to give the necessary x-y motion and also coarse z-motion\to
be to be brought close to the sample. The z-axis motion should be orthogonal to the motion'in the

and forth

5.1.4 Application of normal force

The applied normal force can be generated by several different mechanisms.

The simplest method is to use dead-weight loading. This isa\passive technique, but care needs tp be taken

thg
frig
thg

An
to

compliant element. The dimensional compression of the compliant element can be measured by dis
hsducers such as fibre optic sensors;. light deflection sensing or capacitance devices. It is important that the

tra
rar
the
de

In
to

Lo
co

t load artefacts, such as parasitic friction, are not generated in the loading mechanism. Parasiti
tion generated in the elements of the loading mechanism such that the actual applied force is dif
required force.

pther common method for generating the appliediormal force is to use the compression of a complia
jenerate a force, with the normal force determined by measurement of the dimensional compres

ge and precision of the displacement transducers be matched to the deflection of the compliant
loading system so that the resolution and load range that are required can be achieved. Syste|
5igned so that interchangeapleteompliant elements can be used to give different load resolutions d

be filtered appropriately-for noise and spikes in values.

hding systems that.use a compliant element to generate the applied load can be used without
ntrol, but if a gon“level sample surface is used or the sample is rough, or when wear of the probe

C friction is
erent from

ntelement
sion of the
placement

element in
ms can be
nd ranges.

poth open and closed-loop-control, the force magnitude is directly controlled, and the controlled ¢lata needs

hctive load
or sample

ocgurs, unwanted changes are generated in the applied load. For this reason, active load conttIL?I is often
used such+that the load that is achieved is compared with the required load and the position of the loading
mgchanism adjusted through a feedback mechanism, often with a piezo-actuator, so that the gctual load
mdtches the required load.

To do this, either closed-loop or open-loop control is used. In closed-loop control, a direct comparison is made
between the actual and required load with a difference signal generated, which is used to drive the piezo-
actuator so that the required load is achieved. This has the advantage of being very fast, but it can be difficult
to adjust the parameters of the closed-loop control such that feedback and control artefacts (like hunting) are
not observed.

Open-loop control is where an external computer makes the comparison and sends commands to the loading
system so that the correct load is achieved. The disadvantage of this approach is that the response time of the
motor can be slow.

A useful technique that can facilitate tests on samples which have a complex surface form is to make a pre-
scan of the sample surface under a light load, recording the vertical position of the sample probe as this pre-
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scan is made. This measured form can then be used to define the measurement path reducing the magnitude

of feedbac

k motion control that is needed so that better load control can be obtained.

5.1.5 Friction measurement

Friction measurement is normally carried out by measuring the deflection of a compliant element using
displacement transducers or by applying strain gauges directly to the compliant element. If displacement
measurement is carried out, either fibre optic sensors, light deflection sensing or capacitance devices can
be used for this purpose. In view of the low friction values that are seen for some materials, it is even more
important than for the control of applied load, that the range and precision of the displacement transducers

matched tg
that are re

In this res
orthogona

ne deftiectuton or tr OIMmpllia ele e 10ading sy O Uhd e resoliution and load Ia
uired can be achieved.

pect, it is important that the axes of the two measured forces (N and F) be ensured to rem
to one another through the measurement process.

5.1.6 Real-time wear measurement

In principl
sample an
sensors, li
generated
the two sa

Relative d
attempted

5.1.7 Ten

Some test

b, real-time wear measurement can be achieved by measuring the relative displacement of

d the probe. This can be achieved by the same sensors as for friction-measurement, fibre of
hht deflection sensing or capacitance devices. However, the very small”displacements likely to
in these tests mean that artefacts generated, e.g. by thermal expansion of mechanical path betwe
Mples or irregularities in the sample stage mean that accurate real-time measurements are diffic

splacement measurements (displacement of one sample.relative to the other due to wear) can
but are difficult to achieve when one of the samples is moving relative to the other.

hperature control

systems have the capability for controlled temperature testing. Care needs to be taken in the des

of test sysfems for controlled temperature testing. It issimportant to heat or cool both the sample and the prd

so that teg
measurem
required, \
be arrangg
usually by
moving sa

5.2 Tesf

521 Ge

The behav
As the sca
that factor:

t results are not affected by unexpected temperature gradients. It is also important to ensure t
ent instrumentation is not affected.by_the sample heating or cooling; here, extensometry can
hich is difficult to achieve for low loads and small contact sizes. Temperature measurement sho
d so that reasonable confidence can be gained that the real temperature of the samples is measur|
careful placement of thermoecouples adjacent to the test samples. This is a particular issue for
mple where the stiffness of the thermocouple leads can affect the measurement of friction.

parameters

heral

our of materials at tribological contacts is very dependent on a wide range of different test paramete
le ofithe contact is reduced from the macroscale, the dominance of different factors changes
5, sueh as capillary forces due to the presence of liquids at the tribological contact, become criti

be
ge
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be
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be
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be
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be
uld
ed,
he

=
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Typical test parameters that need to be considered include:

— contact geometry;

— applied load;

— motion type;

— relative speed;

— test system stiffness;

— interface materials;

— body material (probe);
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counterbody material (sample);
surface cleanliness;
surface topography and roughness;

environment.

These different test parameters are discussed in the rest of this subclause.

5.2.2 Contact geometry

Ad
Th

im
bo
cyl
Tig
mi
Op
on
o

=

Sc
thg
an

Fo
Pe
tip
infi
red

ritical factor is the geometry of the contact. Often the contact is between a shaped probe and.alf

portant that the shape of the tip of the probe be well characterized before tests are started. In s
h samples may be shaped such as the geometry used traditionally in surface fofeg apparatus
ndrically curved samples are contacted.

shape characterization is normally carried out by different microscepy" techniques such
Lroscopy, scanning electron microscopy (SEM) and AFM.

tical microscopy is used for the evaluation of overall tip shape and quality. Some optical microsca
confocal or focus variation techniques also have height measurement capability with a resolutio
petter, but the lateral resolution is limited to about 150 nm.

hnning electron microscopy can be used very effectively but'care is needed to ensure that the ori
probe is optimized for measurements of shape. It is also important to view the probe from sever
jles as the image that is obtained from the SEM is.2D.

- very fine probes transmission electron microscopy (TEM) can also be used.

rhaps the best method for evaluating the.shape of probes is to use AFM to carry out a measurer
form. This has the appropriate instrumental resolution in both height and in the lateral directio
pbrmation that is gained can easily beprocessed to give an analysis of how the tip shape deviate
uired. However, care is needed with/the calibration and control of the AFM itself to eliminate or rg

at sample.

s is normally preferred to using two flat samples as it is very difficult to get good alignment bgtween flat
samples. The contact stresses generated in the samples are critically dependent on theirshape, g

o it is very
bme cases
where two

as optical

pes based
n of 10 nm

entation of
al different

nent of the
n, and the
5 from that
duce non-

lingarities and scan hysteresis from the AFM scanning motion, and the calibration of the AFM tip shape can be

ini
Tig
reg
thg

tself an issue.

shape can also be jevaluated by indentation into reference materials which have known i
ponse. The shape of-thé indentation can be measured, and/or the shape of the tip can be calcu
known indentatignybehaviour of the reference material.

rol

Of
co

ical tip shapes-are spherical, conical, and pyramidal shapes such as the Berkovitch indenter. T
nter is not Yfecommended due to potential for wedge tip due to the four sided shape. Balls can |
ng contacttests, but care is then needed to ensure free motion with the small balls typically used in

ndentation
lated from

he Vickers
e used for
hese tests.

Hegrade in

en diamond probes are used due to their ready availability and the perception that they do not

)e better to

use materials more appropriate to the end application. Considerable degradation of diamond probes can also
take place (see 5.2.8).

5.2.3 Applied load

The load that is applied between the probe and the test surface has a major effect on the magnitude of
friction and wear which are observed. There is often an increase in wear as the applied load is increased, but
if a change in mechanism occurs, this does not always apply. Particularly at low applied loads, the normal
relationship that frictional force is proportional to the applied load (Amonton’s law) does not necessarily apply
due to the effect of phenomena such as surface tension of any adsorbed water, which can dominate behaviour
at small scales.
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Normally, constant applied loading is used in these tests, but in systems where the load can be varied during
the test other loading profiles such as ramping or incremental loads can be used.

5.2.4 Motion type

The motion type that is used also has a major effect on the wear and friction obtained. Common types of
motion are reciprocating motion, where the probe moves backwards and forwards in the same path over the
sample, uniaxial circular motion, where the flat sample is rotated in contact with the probe, and a raster test
where the probe is moved in a raster over the surface of the sample.

One of thereh v y v v hat
is generatgd in wear processes to escape from the contact zone. Thus in uniaxial sliding, the debris is' offen
swept out pf the contact zone. If the debris remains in place in the contact zone, it can form a third_body that
acts to separate the probe from the sample affecting friction and any further wear that may take place.

Another major effect is due to the magnitude of the motion itself, where if only a small magnitude @fmotion occlirs
such that gn appreciable portion of the area in contact remains in contact through the motion,!debris is trapped in
the contact giving different mechanisms compared to the case where the surfaces move Qut of contact.

The magnitude of the motion is also important to consider. This should always be defined by consideratior) of
the magnifude of motion that is experienced in the application concerned. As themagnitude of the motion is
reduced itfis more and more important to minimize unwanted backlash and slack in the motion. For very small
magnitudels of motion with a scale of a similar size to the contact size, the contact mode changes from a slidjng
wear contact to a fretting mode contact and the mechanisms of damagefand degradation change.

5.2.5 Relative speed of contact
The relativgé speed between the probe and the sample can also affect the magnitude of friction and wear that ocgur.

With a regiprocating motion different speed profiles can’be used such as sine wave, triangular wave gnd
square wale profile.

As the spged increases, the heat generated at thie contact is also likely to increase since the power thaf is
dissipated|at the contact is given by P = uNv where u is the coefficient of kinetic friction, N is the normal appljed
load and v|is the relative speed.

If the defofmation that occurs in wear-isirate dependent (e.g. visco-elastic material behaviour), changing the
speed can|affect the wear processes which occur.

5.2.6 Tegt system stiffness ‘and inertial effects

The stiffngss and inertia.of the elements of the test system can have a major effect on the magnitude of frictjon
and wear that occurs ina test.

Stiffness ¢an affectfesults in two ways. If the force that is applied to the sample is generated througl a
compliant element in the system, any inaccuracy in the plane of motion such that the probe does not travel
parallel to fhé-surface leads to a tendency for the applied load to vary due to the altered force generated in fhe
compliant efementimthefoadimgmectamism:

Where the sample surface is not flat, spring elements in the loading mechanism of the system can generate
varying forces which can affect wear. In the worst case, surfaces which are rough can promote resonances in
the mechanical elements of the loading system, creating high peak loads which can create great damage to
the surface. Inertial elements, such as masses in the system can cause similar effects. Measurement of the
resonance of the test system with and without samples in place can be carried out to measure the vibrational
response of the test system. Vibration of the test system during a test is induced by the motion of the probe over
the sample. The vibration often increases as the relative speed of the test is increased. It is important that the
frequency of the induced vibration be kept away from the resonance frequency of the test system to minimize
artefacts caused by the generated vibration.

6 © 1S0 2012 — All rights reserved


https://standardsiso.com/api/?name=95a3635e7d762b3e47ec1fe39219cea7

ISO/TR 11811:2012(E)

5.2.7 Interfacial material

The presence of any interfacial material at the contact between the probe and the sample affects wear and
friction. This effect becomes more and more important as the scale of the contact decreases, as the effect of
water or other interfacial contaminants becomes more dominant and as the scale of the contact becomes smaller.

5.2.8 Materials

The materials of the two surfaces is important, not only because of reactions that can occur between the
materials of the probe and the sample, but also because of potential reactions between the sample materials

+lo H 4 lo <l H Y £ H | 4 ralbload la 4
an U UITC SUTTounridn IU alIIIUOpI 1ICTT arid ail Iy mneriaviar 1riatcliar tiadl udll VT }JICDCI It

The materials are also important through their physical properties, such as thermal conductivity, which have a major
effect on aspects such as the dissipation of frictional energy generated at the interface. The.'metallufgical state
of {he materials should also be considered, e.g. heat treatment, crystallographic orientation or work hardening.

It ghould be emphasized that both the material of the probe and the sample itself should be considered. A
seffies of tests is often carried out with the same probe, but it is nevertheless essential that the prolpe material
be|considered as part of the tribological system.

5.2.9 Temperature

The temperature of the test samples needs to be kept constant or at least monitored during the tes}. For tests
ungler ambient conditions, it is usually adequate to monitor the témperature of the environment of the test, as
thg heat generated in the tests described in this clause is normally very small and does not have a great effect
on|the overall temperature of the sample. However, the local*temperature at the contact itself may be large,
particularly for nanoscale contacts. There are few technigues which can be used to monitor the temperatures
generated at these contacts.

Fof test systems with heating or cooling systemsthe overall temperature of both of the samples needs to be
mdnitored so that the sample temperatures are~eontrolled to the desired values.

5.24.10 Surface condition

It i$ particularly important for small-scale contacts that the surface condition is well controlled to gnsure that
thq likelihood of the presence of surface contaminants such as water and grease is reduced. Gopd sample
handling procedures, such as the use of clean gloves and washing the sample with pure reagent grade solvents
to femove contamination, should be followed.

It ghould be noted, however, that many materials such as polymers are sensitive to or can dissolve in solvents.
In this case, another-appropriate cleaning procedure should be used.

5.4.11 Surface’roughness and topography

The roughness of the surface affects the results obtained through stiffness and inertial effects as outlined
abpveNt'is also difficult, if not impossible, to achieve meaningful results if the roughness of the|surface is
graatef than the scale of the damage produced by the test. It is, therefore, important that the surface of the
sample be prepared so that it is smooth.

5.2.12 Environment

The test environment needs to be controlled or at least measured so that test conditions can be reproduced.
Tests may be carried out in air, in other gases or in vacuum, or in liquids. The purity of any gases or liquids that
are used should be checked, as contaminants can have a major effect even at low concentrations.

Moisture has a major effect on the results of tests whose effect increases as the scale of the test is decreased.
This arises from the likelihood of water adsorption or even condensation at high humidity levels at the contact.
It is therefore important to measure the humidity of the air or gas in the environment surrounding the test, and it
can be beneficial to have control of humidity with the ability to vary the humidity to examine its effect on results.

© 1S0O 2012 — All rights reserved 7
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6 Test procedure

6.1 Different types of test

6.1.1 General

There are two main types of tests that can be carried out. These are friction measurements where the main
goal is the accurate measurement of friction between the probe and the sample. The second type of test is
focused on the measurement of the removal of material from the sample surface by wear processes.

Of course,|combined tests can be carried out where both friction and loss of material are measured.

6.1.2 Frigtion measurement tests

In these tgsts, the primary aim is the measurement of friction. Test systems that have the capability for frictjon
measuremgnt normally record the friction measurements digitally. In these tests, it is essential that'the friction fofce
itself be re¢orded, as Amonton’s law is not necessarily obeyed, particularly as the scale of {fie_contact is reduced.

If fluctuatipns in the applied load occur during the test, it is important also to record\the applied load. If the
friction cogfficient is required, it can be beneficial to calculate the instantaneous, frigtion coefficient by dividjng
the instantaneous values of the friction force and the applied load. However, ifithis is done, care needs to|be
taken to ensure that the data for both signals really were acquired at the same time; otherwise, large errors gan
occur in the calculation of friction coefficient.

The friction results can be presented in several ways. For reciprocating tests, plotting the friction against
displacemegnt throughout the contact path can be very useful giving*a friction loop plot [see Figure 1 a)]. If the
variation gf the friction loop with time is also required, then a vaterfall plot is a good way of presenting this
information [see Figure 1 b)]. A trend plot of variation of average friction with time or number of cycles is gfso
useful, care needs to be taken with the calculation of average friction. Several different methods can be uged
for this. Ope common method is to define a region of.the friction loop, either a specific set of displacemgnt
positions dr e.g. the central 50 % of the cycle and calCulate an average value of friction for this region for every
loop. Another method is to derive an average frigtion value for the loop from an integration of the area of the
loop [see Kigure 1 c)].
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Key
X | displacement
Y | passes

Z | coefficient of friction
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c) C,{I@tion of average friction value from central 50 % of friction loop and resultant trend graph

Igure 1 — Friction results from microtribology tests on patterned silicon warer

6.1.3 Wear tests

In wear tests, the loss of material from the surface as repeated movement of the probe over that surface is
measured. This can either be done through real-time tests where the movement of a fixed point on the probe
towards the sample is monitored throughout the test, or can be carried out by measurement of damage after
the test has finished. Note that the probe may also move away from the sample during a wear test, in the case
of build-up of interfacial layers.

Real-time monitoring of the relative probe position with respect to the surface can be achieved and provides
useful information, but it should be realized that this only gives a measure of the damage to both the materials
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in contact, that is the probe and the sample. In some cases, it is possible to use the probe to measure the
original surface profile of the sample by carrying out an initial scan of the surface under a low load that is
chosen to cause little or no damage to the surface before the test is started. This initial profile can then be used
as an initial reference which can be subtracted from the subsequent measurements of probe position.

Measurements of damage to the sample can be carried out in a number of ways. Profilometry using AFM
provides a good method for measurement of damage. Often this is carried out by measuring the profile of the
wear track perpendicular to the direction of travel. This can either be done by measuring at a number of points
(at least 3 points are recommended) along the track. Parameters such as the depth of damage, the width of the
wear track, and the cross-sectional area of any damage are all important. If available, it is better to use an area
scan and ther-ecalculate-anraverage-cross-sectionalareafromthe-area-data{see-Figure-2TFhisisparticuiqrly

useful for $cratches where there is variation in scratch morphology along the length of the scratch.

Confocal ¢ptical microscopy can also be used. This has good depth resolution (10 nm or better),| but cgre
should be|taken to ensure that the technique has adequate lateral resolution to evaluate the wear damgge
effectively] The lateral resolution is limited by the wavelength of light.

Another method to measure the damage is to use stereo SEM. In this technique, two~or more images are
acquired inf an SEM at different tilt angles, and software is used to calculate the 3D formef the damage. It shopld
be noted that there is often uplift at the edges of wear tracks so that some care is needed'in defining these edges.

Since wegr depths and wear volumes are measured relative to a reference plane, it is important to enspire
that the dgta sets that are acquired are large enough, extending well beyond-the damaged zone, so that the
reference plane can be determined precisely.

If the material tested is a polymer or a material with significant time-dependent behaviour, the time between the
test and tHe measurement of wear should be carefully chosen and\documented. Some low Tg polymers flow
and heal over long periods after damage is produced.
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