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Preface

During the summer of 1993, whilst working at the Centre Suisse d’Electronique et de
Microtechnique (CSEM) for a 6-month university work placement, 1 began discussing the
possibilities of developing a cew nanatribological system with Dr. Rainer Christoph. The
objective was to integrate several different surface analytical techniques into one multifunctional
tool for a more complete characterisation of surface mechanical properties. It seemed that the
rapidly emerging field of micro- and nanotribology bad hatched many oew ideas, but no-one as
yet had combined them in a simple and user-friendly way. The challenge was there, as was the
necessary infrastructure and technical competence to make it a reality. Thus I embarked on a three
year research project which would prove exciting, stimulating and which I felt would actively
contribute to advances in surface science. However, as with almost all new developments, some
problems were enconntered and mistakes made along the way which, althongh frustrating at the
time, gave me valuable experience and helped me gain a better understanding of how best to
transform a scientific idea into a feasible (and perhaps more commercial) propositioo! It is true
that makiog a PhD thesis in a highly competitive and industrial environment is perhaps not the
most ideal of situations, but one which has tanght me a lot more about the real world than 1 ever

could have learnt in an academic establishment.

On a more technical note, this thesis represents only the beginning of what in the future may well
become a standardised test method and a common tool in materials science, bath at a fundamental
level for research into new materials and processes, and at an industrial level for the guality
control of increasingly complex structures and coatings. It has been a pleasure for me to work in
the field of tribology and I hope that it will continue to develop and evolve with the same vigour

with which it has dooe until now.

Nick Randall
Neuochétel, Summer 1997



Introduction

The term ‘tribology’ can be described as the science and technology of two interacting surfaces in
relative motion and is derived from the Greek word fribes which means rubbing. Although the
name tribology has only been in use for some 30 years, the science which it describes dates back
to before recorded history and embodies the study of friction, wear and lubrication. The industrial
importance of tribological studies cannot be ignored; worldwide surveys have confirmed that at
least 1-2% of the gross national product might be saved with minimal further investment in
research, and that the potential for even larger savings might exist with further research!. It js
clear that as the relative price of energy continues to rise, and the need to conserve both energy
and raw materials becomes more widely appreciated, correct tribological design will become

increasiogly important.

The more recent developmeat of new techmiques to measure surface topography, adhesion,
friction and mechanical properties on a micro- and nanometer scale has led to a new field referred
to as micro/nanotribology which is concerned with experimental and theoretical investigations of
processes occurring from micro scales down to atomic or molecular scales. Such studies are
becoming ever more important as the miniaturisation of moving parts and mating surfaces
continues to increase. However, as devices and components become smaller, the apparatus
required to measure their properties becomes more complicated and the limits of resolution are
continually being pushed back. Micro/nanotribological studies are crucial to developing a
fundamental understanding of interfacial phenomena occurring at such small scales and are
boaosted by the varions industrial sectors whose livelihcod depends on their ability to increase
performance, reduce costs and increase efficiency’. Such industries include magnetic storage
systems, microelectromechanical systems (MEMS), integrated circuits, thin films and coatings, to

oname but a few.

The invention of the Scanning Tunnelling Microscope (STM) in 1981 by Gerd Binnig and Heini
Rohrer at the IBM Ziirich Research Laboratory suddenly revolutionised the field of surface
science and was awarded the Nobel prize in physics in 1986. This was the first instrument



capable of directly obtaining three-dimensional images of solid surfaces with atomic resolution’
and paved the way for a whole new family of Scanning Probe Microscopies (SPM), e. g.,
Scanning Force Microscopy (SFM)?, Atomic Force Microscopy (AFM)®, Scanning Near-field
Optical Microscopy (SNOM)®, Magnetic Force Microscopy (MFM)’, Friction Force Microscopy
(FFM)®® and others'®!. Although the different types of SPM have their own unique measuring
ability, they all have the same principle in common, namely an extremely high local resolution
obtained by limiting the interaction range between the probe tip of the microscope and the sample

surface to a tiny spatial spot.

SPMs and their modified counterparts can be used over an extreme range of magnifications from
10° to 10° times in x, y and z directions, meaning that they can image from macro down to atomic
dimeusions. In addition, such instruments do not require a vacuum environment, nor a conducting
sample, and can be used in any sample enviroument such as ambient air'%, liquid>**, various

3, vacuum'® and at low temperatures'’'%, The most comman SPM is probably the SFM, due

gases’
to its wide range of applicatious, ease of use and imaging modes (e.g., contact mode, non-coutact
mode, tapping mode, pulsed-force mode, etc) which enable it to be used for measuring surface
topography and roughuess, friction, adhesion, clasticity, scratch resistance and for
nanolithography and nanomachining. However, at the nanometric scale, certain industries require
the accurate and reproducible measurement of other surface mechanical propertics such as
hardness and elastic modulus, parameters which cannot easily and quantitatively be measured

using SFM techniques alone.

This leads us to the ficld of nanoscale indentation (also referred to as instrumented indentation, or
depth-sensing indentation) where a tip of known geometry is pressed into the sample whilst
simultaneously recording both the force and the displacement. This allows an accurate calculation
of hardness, modulus, time-dependent creep, toughness, fatigne and residual stress data for depths
as small as <50 nm'®, Such measurements can assess structural heterogeneities on and nndemeath
the surface such as diffusion gradients, precipitates, buried layers, grain boundaries and

modifications in surface composition.

Hardness measurements nsually fall into three main categories: (i) scratch hardness; (ii) rebound

or dynamic hardness; and (iii) static indentation hardness®®. Scratch hardness depends on the



ability of one material to scratch another or to be scratched by another solid, and was first put on a
semiqunantitative basis by Friedrich Mohs in 1822 who selected 10 mioerals as standards,
beginning with talc and ending with diamond, thus producing the Mohs scale which is still widely
used by mineralogists. Modem day solid and thin film surfaces are scratched by a sharp stylus
made of a hard material, typically diamond, and either the loads required to scratch or fracture the
surface or delaminate the film, or the normal/tangential load-scratch size relationships are nsed as
a measure of scratch hardness and/or interfacial adhesion” . Rebound or dynamic hardness
testing involves the dynamic deformation or indentation of the surface; a diamond-tipped hammer
is dropped from a fixed height onto the test surface and the bardness is expressed in terms of the

energy of impact and the size of the remaining indentation.

The most widely used method for determining the hardness of materials is the static indentation
method which is essentially a measure of the plastic deformation propertics and only to a
secondary extent the elastic properties. Macrohardness tests arc now commoaplace and
inexpensive instruments have been developed which combine reliability with ease of operation.
However, the loads used are still high (of the order 0.5-50 kg) meaning that vitrathin films and
coatings cannot be measured with this method. Furthermore, as new surface treatments and thin
films are developed, as are used for example in micromechanical applications, new types of
instrument have needed to be designed to cope with very shallow indentation depths and low

loads (nanonewtons to millinewtons).

In a conventional indentation hardness test, the coptact area is determioed by measuring the
iadentation size by an optical microscope after the indenter tip has been unloaded from the
sample. For most metals, there is little change in the size of the residueal imprint on unloading so
that the conventional hardness test is essentially a test of hardness under load, although it is
subject to some error due to varying elastic contraction of the imprint™. With depth-sensing
iadeatation hardoess tests, the coatact area is determiced by measuring the indentation depth
during the loading/unloading cyclezs'm, but such depth measurements have a major weakness
arising from ‘piling-up’ and ‘sinking-in’ of material aronnd the indentation. The measured
iadentation depth needs to be comrected for the depression (or the hnmp) of material around the
imprint before it can be used for calculation of the hardness’**. The Young’s modnlns of

elasticity is the slope of the stress-strain curve in the elastic regime and is obtained from the slope



of the unloading curve’*. In addition to measurements of hardness and modulus, static
indentation tests have been used for measnrements of a wide variety of material properties such as
elastic-plastic deformation behaviour”, flow stress®™, film-substrate adhesion®, residual

stresses, creepas, stress rclaxation”, fracture tonghness and brittlcnessd‘o, and fatigue“.

For the case of very thin films (micron and sub-micron), whose growing industrial importance
makes them increasingly common, their intrinsic hardness becomes meaniogful only if the
influence of the substrate material can be eliminated. Thus the indentation depth shonld ot
exceed about one tenth of the total coating thickness and so applied loads in the order of 0.5-50
mN are desirable if the indentation depths are to remain in the nanometer range. In this case, the
size of the residual imprint is inferior to the resolution limit of a conventional optical microscope
and locating it is almost impossible after removal of the indentation load. Althongh modem
depth-sensing nanoindentatioo instruments can accurately measnre the hardness at such sballow
depths, it is of particular interest to visualise the imprint in order to check the depth measurement,
characterise the material response in terms of pile-up or sink-in, investigate the surface
morphology prior-to and after indentation, and to verify that the measurement has been made in

the comrect location (particnlarly important when measuring multiphase materials).

Previous efforts to image residual imprints have inclnded STM/SFM**®, Scanniog Electron
Microscopy (SEM)™ and Transmission Electron Microscopy (TEM)? but the problems of
accurately relocating the sample io order to place the imprint within the range of the imaging
microscope have never really been solved. Furthermore, the need to be able to accurately position
indentations at highly localised sites is evermore present as matenials become more complex and

microstructures more intricate.

The motivation for this work was therefore to satisfy the industrial oeed to combine a highly
accurate nanoindentation system with a high-resolution imaging technique (SFM) in such a way
that a specific sample site can be located quickly and easily both before and after an indentation
experiment. In additioo, the applicability of the SFM technique to alternative modes of operation
such as indenting and scratching have been investigated and realised with a hope of producing a

complete nanotribological rest-station in ooe integrated instrument.



Chapter 1 gives an overview of SFM principles, with emphasis on the use of friction force
microscopy and details abont the Atomic Scale Tribometer™ which formed the basic instrument
from which modifications were made. This instrument was developed and its advantages shown

by my predecessor Martin Binggeli in his PhD thesis',

In Chapter 2, the principles of nanoscale scratching are described together with their industrial
implications, especially ia the magnetic hard-disk indnstry where no other method presently
exists for characterising the extremely thin barrier films which are now being nsed. Some

interesting resuits and the first utilisation of diamond-coated cantilever tips are shown.

The principles of nanciadentation are explained io Chapter 3, after which the SFM approach to
nanoiodentation is described in Chapter 4, as is the use of such techaclogy for indenting and
subsequently imaging with the same diamond tip. The first combined system prototype is
presented in Chapter 5 with which nanoindentation and imaging could be carried ont in a nser-
friendly manner. The limitations and restrictioos of this system thea lead to the development of a
more commercially viable solntion to the problem, in the form of the Nano Hardness Tester™,
which is detailed in Chapter 6. The final section, Chapter 7, lists some published resunlts and
applications, confirming the applicability of the system to a whole range of indpstrial and
rescarch problems and demoasiratiog its poteatial for future developmeot and more in-depth
tribological studies.



Chapter 1

Scanning Force Microscopy

Since its development in 1986 by Gerd Binnig, Cal Quate and Christoph Gerber at Stanford
University'2, the scanning force microscope (SFM) has revolutionised the field of surface
analysis, allowing three-dimensional imaging up to atomic resolution in almost any sample
environment. With an expected annual growth rate of 70%, commercial production of such
instrumeats is expected to become a $1 billion industry by the year 19987 and it is clear that both

research and industrial applications will continue to rapidly expand.

1.1 The principles of the scanning force microscope

The basic principle of the SFM copsists of scanniog a very sharp tip, which is mounted on a
spring or cantilever beam, over the sample surface and measuriog the tip/sample interaction
forces using some kind of deflection sevsor. Although a similar principle to conventional stylus
profilometers which have been in use for many years, the main innovative feature of the SFM is
its feedback control system which allows the contact pressure between the tip and sample to be
controlled and adjusted very accurately, in order to image the surface topography with very low
contact pressures. In the so-called contact mode, the tip and sample are in relative motion whilst
being in mechanical contact, meaning that the deflection of the cantilever is proportional to the
height variation of the sample and therefore can be recorded with subnanometer height resolution
and with force resolution in the order of nanonewtons or smaller’. In the non-contact mode, the
tip is scanned at a very close distance to the sample surface but without in fact comiog into
contact with it, and force variations dume to force gradieuts of long range icteractions are
detected'. This method, although useful for atomic-scale measurements, is wot relevant to

tribological and normal imaging applications and so is not described further.
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Figure 1: Principle of operation of the scanning force microscope.

In most SFM systems the sample is scanned using a piezoelectric tube which can be actuated in
the x, y and z axes and the deflection of the cantilever is measured psing a beam deflection
technigue where a laser beam is focussed onto the reflective backside of the cantilever and is then
reflected into a photosensitive detector. The basic principle is depicted in Fig. 1. Other methods
for measuring cantilever deflection exist, such as homodyne/heterodyne interferometry®, fiber-
optic intcrfcromctry“, capacitive’’ and piezoresistive’® methods, but the beam deflection
technique is still the most common. To minimise the effects of lateral forces being applied at the
tip during scanning in contact mode, and for measuring the topography of soft surfaces, SFMs can
be operated in the so-called farce modulation mode or tapping mode®, In this mode, the tip is
lifted and then lowered to contact the sample (oscillated at constant amplitude) during scanning
over the surface with a feedback loop maintaining a constant average force. This technique
eliminates frictional force entirely, the amplitnde being kept large enongh to prevent the tip from
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An ideal SFM is a noise-free device that images a sample with perfect tips of known shape and
has a perfectly linear scanning piezo. In reality, scanning devices are affected by distortions for
which corrections must be made. Such distortions can be either linear or nonlinear. Linear
distortions mainly resnlt from imperfections in the machining of the piezoclectric actuators
causing cross-talk between the Z-piczo and the X- and Y-piezos and vice versa. Nonlioear
distortioos mainly result becanse of the presence of a hysteresis loop in piezoelectric ceramics.
Electronic noise may also be present in the system, but can nsnally be removed with snitable

filters.

1.2 Friction force microscopy

By measuring the lateral force on the cantilever tip, or the torsion, it is possible to map the
frictional properties of the sample surface. This is referred to as Friction Force Microscopy (FFM)
or Lateral Force Microscopy (LFM) and is best achieved by nsing a rectangular cantilever and an
optical beamn deflection method, such as that shown in Fig. 3. Any angular movement of the
cantilever will change the location of the laser spot focnssed on the four-quadrant photodiode,
and thus the balance of electric current. The intensity difference between the upper and lower
segments is proportional to the vertical bending of the cantilever (topography) and the difference
between the left and right segments is propaortional to the torsion of the cantilever (friction). The
advantage of this system is that both normal and lateral forces can be measured simultaneously,
allowing chemical sensitivity of the surface due to the lateral force being influenced by the
chemical properties of the measured material®. Frictional contrast is obtained experimentally by
allowing the normal force to vary whilst scanning, after which a two-dimensional histogram can
be plotted of the lateral force as a function of the normal force. Surface regions having different
friction coefficients will appear as straight lines on the histogram and can be attributed to
different materials depending on their position. Such a procedure eliminates the need to calibrate
the zero of the normal force at the contact point, this being difficult in practice owing to the
presence of Van der Waals and capillary attractive forces. Coefficients of friction may also be
calcnlated by summing the forward and backward lines of a scan to eliminate any torsion of the

cantilever produced by changes in topography.
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Figure 3: The principle of the two-dimensional beam deflection technique for simultaneons

detection of normal and lateral forces acting on the FFM tip.

With regard to nanctribological studies, the FFM is well suited to the simulation of a point
contact and can be utilised for a whole host of interesting applicahons. For a single asperity
contact, the dependence of friction on load can be significantly non-linear, this being to the
coutrary of Amootons’ law of friction which states that the coefficient of friction is indepecdent
of apparent cootact area and normal load. Thus the FFM can be used to study the dependence of
shear stress on the mean contact pressure between tip and sample, the results of which have
already suggested that microcomponents sliding under lightly loaded conditions should
experience very low friction and near-zero wear -. Another example is the use of a FFM to move
small islands of material by the action of the scanniog tip. The lateral forces are monitored during
the manipulation, from which the shear strength at the interface between island and substrate can

be accurately measured™.
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1.3 The Atomic Scale Tribometer™

The main SFM used in this work was one built by Centre Suisse d’Electronigne et de
Microtechnique and commercialised under the name Atomic Scale Tribometer™(AST). This

14,54

instrument, developed at the University of Konstanz ™", merits some further explanation owing

to its advantageous design and wide-ranging use.

. The instrument is designed as a stand-alone measuring head, i.e., the piezoelectric scanner is
integrated with the optical beam deflection system in such a way that samples of any size can be
imaged. The collinear beam path is depicted in Fig. 4, with a laser diode as the light source. Both
normal and lateral forces are measured nsing a four-quadrant position-sensitive detector (PSD).
The laser beam passes through a polarising beam-splitter (BS) and a A/4 plate (which rotates the
polatisation vector), is reflected off the cantilever, passes undeflecied back through the BS due to
its polarisation orientation, and is directed into the PSD.

gs.
vy
2
Glass
Chip Lever
holder
) J
Piezo
{8 segments)

Figore 4: Schematic representation of the collinear detection system used in the Atomic Scale

Tribometer™,
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1.4 Surface roughness and its measnrement

Most tribologists are concerned with what happens when two solid surfaces slide over each other,
under ecither dry or lubricated conditions. Surface texture and roughness parameters are often
measured and compared before and after the wear process, as well as at intermediate stages.
Understanding the relationship between wear properties and surface texture can lead to the
specification of optimised surface propertics and manufacturing processes for various surface
fuoctional needs. Some theoretical aspects of surface roughness measurements using SFM are

now explained regarding their validity with respect to conventional roughness measurements.

There are a great variety of surface parameters, many of which have been developed to
characterise the function of engineering surfaces for particular applications. Such parameters can
generally be classified as height parameters, wavelength parameters, shape parameters, and
combinations of these, known as hybrid parameters. These are all explained in detail in the
literature®, but when imaging with a SFM, the most common statistical descriptors of surface
height are the average ronghness, R, and the root mean square (RMS) roughness, Ry, which are

closely related and can be defined as follows:

1 re
R = ZL ()l

1

R, = EJ: yz(Jnc)J:br}2

where y(x) is the surface profile, sampled over the length, L. The parameters R, and Ry, are very
useful estimates of the average heights and depths of surface profiles. For homogeneous surfaces
R, is very close to R,,,, but if the surface is heterogeceous then Ry>R,. Conventionally, such
roughness parameters are measured on a microscale using instruments such as the stylus
profilometer or the non-contact optical profilometer. The former consists of a sharp, lightly
loaded stylus which is drawn at constant speed over the surface to be examined, whereas the latter
illuminates the surface with infrared radiation, some of which is scattered back to the instrument,

its angular distribution beiﬁg determined by the surface topography of the sample. Both methods
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can measure either a single line profile or an area with a vertical resolntion of <10 nm and a
lateral resolution of 1 pm. The SFM, in contrast, which has snb-nanometric lateral and vertical
resolutions will of course give a far more detailed roughness profile of a given sample area and
this will also affect the gnantitative ronghness valne measnred. However, the main advantage of
three-dimensional imaging is that the surface morphology can be investigated and marked
differences observed even if the ronghness remains constant. An example of this is shown in Fig.

6 which shows two surfaces of identical R,,,; bot having completely different structure.

Figure 6: SFM images of two surfaces having the same ronghness (R = 54 nm) bot completely
different structure. Image (a) is a Si;N; bearing ball and (b) a ceramic tool surface.

Note the difference between the two typical line profiles (lateral resolution = 20 nm).
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A valne measured on a micron scale cannot be directly compared with one on a nanoscale so
methods are required in order to extrapolate from high resolntion SFM images so that
comparative roughness values can be calculated in relation to their scale dependence. Fractal
analysis, based on Mandelbrot’s classic paper of 1967, has been increasingly nsed to characterise
the self-repeating nature of smrface ronghness‘nm, and it has been shown that roughness does
appear fractal at nanometer scales®2. For a small region of a rongh surface to statistically resemble
a larger region, the enlargement should be done unequally in the vertical (z) and lateral (x, y)
directions. This is described as a self-affine fractal, i.e., the surface scales differently in different
directions, and can be characterised by calculating an average roughness for each length scale and
plotting it in a log-log plot against the horizontal lenpgth scale as shown in Fig. 7.
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Figure 7: The RMS roughness of the Si;N; bearing ball snrface shown in Fig. 6 (a) plotted
against the horizontal length scale on a log-log plot. Images of 1 p.mz, 16 pmz and 64
um’ were subdivided into data parcels from 8 nm up to 4000 nm horizontal scale and
an average ronghness value calcnlated for each length scale.
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It is observed that the data follows two straight lines of different gradient, depending on the
magnitude of the horizontal length scale. Snch a linear region over at least two decades is
indicative of fractal character. The actual roughness value for the surface is calculated from the
gradient of the second slope and therefore this value may be extrapolated in order to obtain a
direct ronghness comparison with data obtained from conventional profilometers. Many common
engincering surfaces exhibit the same phenomenon of fractal behaviour up to a certain critical
length scale, Lo, above which the slope drastically decreases. The value of Lo can often be
attribnted to a surface machining or growth process. For polycrystalline surfaces this may be the
grain size, whereas for machined snrfaces it may correspond to a characteristic tool size. Fractal
methods can also be used to extrapolate down to atomic dimensions, althongh a cut-off point will
be reached at which the measurement becomes limited by the geomeiry of the SFM tip. This has
been shown with STM measurements on fracture surfaces®, where the power spectra exhibit

fractal characteristics down to a length scale of 12 A.

Topographical analysis of fractal surfaces from SFM images extends the range of experimental
measurement by several ordets of magnitude. While fractal dimensions calculated from SFM
images cover only perhaps 2-3 decades, they do so in the range of nanometers, in complement to
conventional profilometer measurements which typically cover abont 3 decades in the range of
microns to millimeters. In the cases where both measurement techniques yield equivalent fractal
dimensions, it is possible to bridge the gap from atomic up to millimeter scales. In the cases
where measurements yield different fractal dimensions, some consideration must be given to the
possibility that more than one process bas occurred as the surface was being produced, leading to
a multifractal structure. This could be further investigated by making a single measurement over
the entire range of useful length scales, but present instrumental methods as yet are nnable to

perform such measurements with adequate resolution over the whole range.
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Chapter 2

Nanoscale Scratching

Nanoscale scratchiog and wear studies are a very powerful meaus of evaluating the mechanical
integrity of nltrathin films and coatings. Improvements in experimental techniques and analysis
have advanced the study of atomic-level nanotribology on well-defined surfaces, but it is difficult
to directly apply these studies to practical surfaces. Almost all sliding surfaces, whether
polycrystalline or amorphous, are contaminated, not well-defined and inhomogeneous, and
therefore require specially adapted instrumentation for their characterisation.

2.1 Industrial implications

In view of increasing demands for achieving sub-micrometer tolerances without sacrificing the
reliability of technologically advanced electromechanical components, snch as those used in
magnetic recording devices and MEMS, and the rapid emergence of new vacunm techniques for
producing ultrathio films with novel microstructures, basic knowledge of the nanoscale
mechanical and tribological characteristics of thin films is of both practical and scientific
significance. Very lightweight sliding parts are beginniog to be used in magnetic storage systems
which require wear rates that are almost zero. For magnetic discs with a multilayered thin film
structure, any wear of the diamond-like carbon (DLC) overcoat is catastrophic, such wear usnally
being initiated during each start-stop cycle of the read/write head. Most modem magnetic heads
are monuted on a slider which is spring-loaded (typicatly 30-90 mN) against the disk surface, an
air bearing being established at the head-disk interface during the spin-up of the disk. Since such
an interface must survive several thousand start-stop cycles during the lifetime of the drive,
friction and wear of both the slider and disk become important cousideratious in the design of the
head-disk interface. Curreat head-disk spacings in magnetic disk drives are of the order of 50 nm,
but are being constantly decreased in order to increase the recordiog density. In the 1960s, typical

recording densities were of the order of 5 kbitsfinch?, whereas densities of up to 1000 Mbits/inch?

21



are now being achieved. In view of the increasing operational demands on the head-disk
interface, the need for a detailed tribological understanding of issues such as surface ronghness,
wear of the magnetic medium, stiction behaviour and the effects of humidity, contamination and
operaticg environment is becoming ever more important™. The magnetic hard disk is but one
example of the many modem microdevices whose development can be aided by nanoscale

scratching and wear studies.

2.2 Experimental instrumentation

The techniques developed for nanoscale scratching are based on the principles of the scanning
force microscope (SFM) described previously in Chapter 1. In order to obtain accurate data in a
controlled way if is important to use cantilever tips of known geometry, suitable cantilever beams
(i.e., stiff enough to create damage under load, but flexible enough to allow imaging of the
surface without causing additional damage), and to calibrate the applied force. As we shall see
later, soft materials can be successfully scratched and imaged with commercially available
cantilever tips of silicon or Si;N,. However, for harder materials, specially adapted beams and
tips are required that will resist damage and to this end the nse of diamond, either polished as a

solid tip or deposited as a thin film onto an existing Si-based tip, is the logical solution.

In terms of instrumentation, the tip must be moved across the sample either as a single line
(single pass) or as a series of lines (multipass), whilst maintaining a predefined normal load. The
integrated piezo of the SFM can be used for this purpose, but only for small scan ranges (<50%
of total scan range) otherwise hysteresis effects are no longer negligible. This can be corrected by
feedback control of the x- and y-scanner elements but such an option was not available on the
SFM used. The second alternative is to nse the piezo solely for applying the load, and to move
the sample laterally using a separate displacement system. This has the advantage that a much
longer scratch can be made and subsequently imaged at certain points along its leogth. The
experimental apparatus shown in Fig. 8 consists of an aluminium uniaxial translation table which
has a maximum range of 200 um and is displaced by a motor-screw assembly. By using a 16-bit
programmable function generator it is possible to accurately control the table movement with a

lateral step resolution of ~3 nm. Table stability in the z-direction is less than 10 nm.
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2.4 Results

In this section some results are preseated which effectively demonstrate nanoscale scratching on
both soft and hard coating materials which have practical applications. Owing to the different
hardnesses of such layers, varions cantilever and tip types have been vtilised depending on the
particular wear characteristics of the measured material.

2.4.1 Soft coatings

Modern polymer-based materials are being iocreasingly nsed for very small sliding parts (sach as
gear wheels, bearings, etc.) because of their low specific gravity and ability to be easily
fabricated ioto high-precision mechanical componeots. Polymers are also used as the binding
medium in magnetic recardiog media for holdiog together the magnetic particles. In practice,
however, pure polymers are not used due to their lack of adequate properties and are mixed with
many kinds of additive to enhance service performance. The tribological properties of such
polymer alloys and blends are difficult to accurately investigate because so many different
components may influence their behaviour. For this reason, work has begun to characterise the
wear resistance of pure polymer materials as well as composites. Bhushan et a! compared
different PET films®, polymeric magnetic tapes® and video tapes®’. The microwear process has

also been investigated in other polymers, e.g., polycarbonate®, epoxy resin® and polystyrene®.

In this study, thin films of polymethyl-methacrylate (PMMA) and polycarbonate (PC) were
deposited onto very smooth and flat silicon substrates. The surface roughness of the films was
< 1 nm meaning that shallow scratches could be performed without any discrepancies due to
local sarface variation. Due to the soft nature of these materials, standard Si3Ny4 cantilever tips

were used with spring constants of 0.1 - 25 Nm.

Fig. 10 shows a series of SFM images taken on a PMMA sample after single pass scratching at
various loads nsiog the aforementioned translation table set-up with a speed of 3.33 pm/s. It can
be noted that plastic deformatioo along the sides of the scratch path becomes more marked as the

applied load is increased. Similar scratches were carried out with the same applied load but with
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varying table speeds and it was found that the scratch depth is lower at higher scratching speeds,
probably due to the viscoelastic nature of polymeric materials. The same behaviour was also
confirmed for similar experiments on PC. The SFM images were always taken at the same
position along the length of the scratch in order to prevent error due to vanation of the table in the
z-direction. Scanning electron microscopy (SEM) showed that small flakes of wear debris were
present along the flanks of the scratches, especially at higher loads, and it seemed that such
particles were moved outside the image area during SFM scanning. SEM analysis alse confirmed
that successive scanning of the tip over the surface results in damage even with the very light
loads used and that debris is also pushed into the scratch path by the imaging tip. In addition it
was observed that wear particles attached themselves to the surface of the Si cantilever tip.

773 F 7

iy

Figure 10 : SFM surface profiles of single pass scratches made on PMMA with a table speed of
3.33 um/s, a cantilever of force constant 25 Nm™ and applied normal loads of (a) 2
uN, (b) 4 uN, (c) 6 uN and (d) 8 puN.
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Figure 11: SFM surface profile and comresponding cross-section of a multipass scratch (10
cycles) made with a cantilever of force constant 0.1 Nm™ and an applied normal
load of 1 uN on a PMMA thin film of thickness 200 nm.

The effect of a multipass scratch on PMMA is shown in Fig. 11 together with a cross-sectional
profile from which the wear depth of -5 nm could be measured. Si gnificant pile-up of material is
evident at either end of the scratch. Note that the scratch was made at a 45° angle to the
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subsequent imaging direction in order to reduce the effects of imaging with the same tip that
made the scratch. Similar multipass scratches at higher loads and with a greater number of cycles
showed the formation of ridges along the scratch sides and an increasing amount of debris both in
and around the scratch path. This phenomenon was observed for both PMMA and PC, the latter
having a lower wear rate, although the amount of debris and pile-np seemed to be abont the same

for a given wear depth.

Apart from single pass and multipass scratching modes, the SFM can also be used for producing
arrays of scratches as shown in Fig. 12 (a). In practice the iostrument is programmed to scan an
image of 6 x 6 um but with only 8 lines, meaning that an array of scratches is made with a
spacing of ~0.8 um. This is a particularly useful method for gaining an accorate measnre of
scratch depth because a simple line profile through the array gives the depth of each scratch from
which an average value can be calcniated. The example shown also demonstrates the hysteresis
of the piezo scanner between the forward and backward line of each scratch, as well as the
starting position of the tip nnder load denoted by a hole near the centre of the array. The tip

moves from its rest position to the top left corner before scanning commences.
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Figure 12 : SFM profiles of scratched polycarbonate (PC) surface after (a} series of 8 multipass
(2 cycles) scratches of 6 pm length and 0.8 uym spacing, and (b) scanning scratching
of a central square (2 x 2 um) with applied force 10 uN for 12 cycles. '
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Figure 13: Wear depth (scratch depth) as a functioo of applied normal force afier a siogle pass
scratch on PMMA and PC thin films.

The SFM alsco has the capability to scan an area uoder load after which the load is reduced to a
minimum for imaging and the scan size increased so that the worn region can be profiled in three
dimensions. An example of this is shown in Fig. 12 (b) where a 2 x 2 pm square has beeo
scanned on a PC film under an applied load of 10 pN for 12 cycles. A substantial amount of
debris has been pnshed to cither side of the ceatral womn region by the imaging tip. Contianed
imaging removes forther debris bnt in practice it is oot easy to prevent fonling of the image in
this way because debris particles attach themselves to the tip and get redeposited in the worn
region. This is particularly evident for soft polymeric materials. With PC it was found that at
wear depths greater than approximately S0 nm, the debris clusters begin to have a ooticeable
effect on the wear process ; this is characterised by the boundaries of the worn region becomiog
distorted as accumulating debris particles push against the sides and contribnte to plastic
deformation. For PMMA the effect is even more procounced with large amouats of debris being

produced after the first scanning scratching cycle.
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The scratch depth as a function of applied normal force is summarised for the two investigated
polymeric materials in Fig. 13. It can clearly be seen that PMMA has a higher wear rate than PC
for the same applied load, although both materials have been seen to exhibit a sirnilar microwear

process.

The SFM is ideally suited to the quantitative comparison of polymeric coatings by measuring the
dimensions of a single écratch made under controlled conditions. It can also provide qualitative
information abont whether scratching resnlts from brittle fracture or plastic deformation, and the
degree to which a scratch can ‘heal’ via time-dependeot relaxation’’. Elastic recovery may be
observed on many polymers by imaging a scratch at regular intervals after its fabrication and

noticing any rednction in dimensions with time.

2.4.2 Hard coatings

In section 2.1 the importance of characterising bard coatings, especially those nsed in the
magnetic recording industry, was briefly explained. In order to demonstrate the effectiveness of
nanoscale scratching on such hard materials, a selection have been studied and compared,
consisting of a commercially available hard disk overcoat of diamond-like carbon (DLC), a
flngrinated amcrphons carbon and a silicon-containing (20%) amorphcos carbon overcoat. These
three thia film cecatings were investigated by the scanning scratching method as cntlined in the
previons section. Their high hardness meant that conveotional SisNy cantilever tips could not be
used as they wonid be destroyed almost immediately after loading. Thus, some diamond-coated
tips were used together with cantilever beams having spring constants of 20 — 150 Nm’ (as
described in section 2.3). These stiffer beams were able to apply greater normal forces but at low

loads were still found to be flexible enough for high gnality imaging.

Fig. 14 shows the evolntion of a 2 x 2 um wom region as a function of nomber of cycles for a
DLC hard disk overcoat of thickness 35 nm. In each case the SFM image is shown as a top view
(left) and as a three-dimensional representation (right). The worn square was prodnced by
scanning scratching with one cycle consisting of 256 line scratches of 2 pm leagth and 8 nm

spacing. The scratching speed was 12 pm s’ and the applied force was 40 pN.
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Figure 14 : SFM profiles showing the evolution of a central worn region (2 x 2 pm) after
scratching with a diamond-coated tip and applied force 40 uN for (2) 2 cycles, (b) 4
cycles and (c) 8 cycles. Material is a DLC hard disk overcoat (thickness = 35 nm).
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After 2 cycles (Fig. 14 (a)) the wom region is just visible but there has been no significant change
ia the surface other than a shallow groove around the perimeter. The region becomes more
prononnced after 4 cycles (Fig. 14 (b)) with flattening of certain asperities by the loaded tip and
build-up of two ridges on either side of the scratched area. The initiation of a hole can also be
observed where the tp has moved across a pre-existing surface scratch and gonged out an amouant
of material. After 8 cycles (Fig. 14 (c)) the worn region has become flatter with any existing
bomps being smoothened by the action of the loaded tip. The hole has increased in size and the
two ridges have grown. This preferential wear (hole formation) suggests that a hard disk overcoat
whose surface is scratched prior to nse will fail more readily in service than a smooth unscratched

sorface.

Fig. 15 compares a 7 x 7 um area of the sarne DLC hard disk surface before and after a scanning
scratching ran of 20 cycles. Slight npheaval of the wom region has occnrred together with deep
grooving around the perimeter and ridge formation on either side of the platean. Continned
cycling (not shown) results in removal of the ridge material after approximately 35 cycles,
leading to severe wear behaviour after 50 cycles. The observed material npheaval is thonght to be
related to plastic deformation phenomena (ridge formatioa) and subsequent shearing of material
by the loaded tip. A similar effect has been observed- with silicon (100) surfaces’.

Figure 15 : SFM surface profiles of a DLC hard disk overcoat {a) before and (b) after scratching
a central square (2 x 2 pm) using a diamond-coated tip for 20 cycles with applied
force 25 pN. Note the platean-like npheaval of material and the deep grooves
around the perimeter.
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Figure 16 : SFM surface profiles of central worn regioo (2 x 2 um) after scratching with a
diamond-coated tip for 20 cycles with applied force 55 uN. Both samples am hard
disk overcoat materials, but have significanty different wear behaviours ; (a) is
fluorinated amorphous carbon and (b) is silicon-containing (20%) amorphons

carboo.

The SFM surface profiles shown in Fig. 16 represent the effects of identical scanning scratching
on two different overcoat materials and the significant variatioe in wear behaviour betweeo them.
The fluorinated amorphous carbon showed oo upheaval effects ; material was simply scooped ont
of the 2 x 2 pm region with plastic deformation being characterised by pile-up on either side of
the worn area. Wear debns was easily removed by the first imagiog scan and little was observed
aronad the damaged zone in subsequent scans. The Si-containiog amorphous carbonr also
exhibited plastic deformation effects but, in contrast, large amouots of wear particles and clusters
remained in the worn area even after many imaging scans thus confirming a significant bonding
force between such debris and the carboo surface. In addition, the inoside walls of the worn area
are far less defined than for the fluorinated amorphous carbon. The addition of fluorine to hard
disk overcoats serves the purpose of retaining hardness whilst creating a self-lubricating interface
with the head slider. Silicon additions can also increase wear resistance but larger proportions are
ceeded (30-40%) and the chemistry of the surface and sub-surface layers can become very
complicated, especially when the overcoat is subjected to an oxygenated environment where

surface silicon dioxide may significantly alter the wear properties.
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2.5 Conclusions

The use of the SFM for nanoscale scratching and wear studies has been demonstrated and shown
to be one of the only techniques able to accurately evalnate surface wear properties at nltra
shallow depths. A modem magnetic hard disk is expected to snrvive more than 10 million
revolutions withont error, which means that the surface must wear at a rate of one atomic layer
per hundred thousand to one million sliding cycles. The demand for this almost zero-wear
condition is currently stimnlating much research into surface modification technigues snch as
fluorination and ion-implantation, as these have been shown to improve wear resistance.
However, adegnate methods for characterising surface layers and simnlating the expected service
conditions are required in order to further research work in this field. The SFM is unique in the
sense that it serves a donble purpose; to create simulated damage to a surface and then to
quantitatively measure the effects of such damage in a fast and efficient way. The development of
better SFM cantilevers and tips, especially those that are diamond-coated, will no doubt produce
far more reprodncible scratching and imaging tools which can be tailored to specific applications,
e.g., doped diamond-coated tips will allow wear behavionr to be investigated as a function of
electrical potential.
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Chapter 3

Nanoindentation

The measurement of the hardness of materials finds its roots in the field of minerology where it
depends on the ability of one solid to scratch another or to be scratched by another solid. The
method was first put on a semi-quantitative basis by Mchs in 1822 who selected ten minerals as
standards and developed a hardness scale between them. Since then, several static indentation
methods have been vsed to determine bardness as a fuection of applied load and size of the
permanent impression remaining after an indenter has been withdrawn from the tested sorface.
With the development of more and more complex materials, the volume to be measured has
decreased ia size in order to give local property information at specific locations.
Nanocindentation is a recent addition to the range of methods available and has found great
success in the measurement of material properties at very low loads and shallow depths, allowing

very small material volumes to be evaluated ie a controlled and quantitative way.

3.1 Historical background

In an introductory paper in 1934, O’Neill”> remarked that hardness ‘like the storminess of the
seas, is easily appreciated but not readily measured’. The first standardised hardness test,
developed by Brinell™ in 1900, used a spherical indenter of hard steel or tungsten carbide, after
which a pyramidal indenter was developed in 1925 by Vickers’”, It was soon found that diamond
was the most suitable indenter material, its shape being gradnally refined over the last 50 years.
Microhardness testing, as the logical successor to conventional hardness testing, operates with
loads in the range 0.01 — 2 N and the size of the residual indentation can still be measured via
optical microscopy, although very small imprints nearing the resolution limit of optical methods
cannot be measured accurately. In order to measure hardness with even lower loads, a different
method has been developed which does not rely on assessing the size of the imprint, but instead

continoonsly measures the penctration depth and load as an indenter (of known geometry) is
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pushed into the sample material. With modem ‘depth-sensing’ instruments it is possible to
measure displacements of a nanometer scale and so the term nanoindentation has now become

widely accepted for this method.

Apart from simply measuring hardness, nancindentation instruments are also able to measure
other material properties such as modulus of elasticity, residual stress, time-dependent creep and
relaxation, fracture toughness and fatigne. For very thin films and coatings, nancindentation has
become popular becanse it allows a wide variety of mechanical properties to be measured without

removing the film from its substrate.

A typical load-displacement curve is shown in Fig. 17. After initial contact of the indenter on the
surface {contact load less than a few uN or less), the load is increased at a predefined rate to the
desired maximum and then decreased, at the same rate, to zero. The nnloading curve follows the
partial elastic recovery of the sample material, and it is this phenomenon that allows the
derivation of information on elastic modulus, as will be explained later in more detail. With a

sharp indenter the contact area is initially

small, and there is no distinct elastic region at Figure 17

the beginning of the test, i.e., the deformation

has both elastic and plastic displacements

Load

from the outset. Furthermore, the contact area
continuously changes as the indenter is driven

into and withdrawn from the specimen and

these factors complicate the analysis of the

data. Displacement

3.2 Indenter geometry

The main requirements for the indenter are high elastic modulus, no plastic deformation, low
friction, smooth sarface, and a well-defined geometry that is capable of making a well-defined
indentation impression. The first four requirements are satisfied by using diamond material, but a

well-defined perfect tip shape is very difficnlt to achieve. An ideal indenter has a flat-ended
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geomeiry in order to avoid problems due to contact area changes, but in practice such geometries
are rarely nsed because it is difﬁcult.to assure that the contact between a flat-ended iodeoter and
the sample surface is uniform, due to surface ronghness and misalignment of the indenter. Thus,
pointed tips of known geometry are nearly always used. The most common for nancindentation
studies are the Vickers, Berkovich and spherical geometries. The three-sided pyramidal geometry
of the Berkovich naturally terminates at a point, thus facilitating the grinding of diamonds which
maintain their sharpness to very small scales. Berkovich tip defects, as characterised by the
effective tip radius, are frequently less than 50 nm in many of the better diamonds. For the
Vickers indenter, on the other hand, it is more difficult to maintain geometric similarity at such
small scales because the square-based pyramidal geometry does not terminate at a point but
rather at a “chisel’ edge. Conical and spherical indenters are the most difficult to grind accurately
and so can have severe tip defects at small scales. In nanoindentation studies, conical iodenters
having a half-included tip angle of 70.3° are commoniy nsed because they have the same area-to-

depth relationship as the Vickers and Berkovich.

Although the Berkovich is the most suitable for very shallow peoctration depths, the Vickers may
be useful in measuring the propertics of siogle crystals with 4-fold symmetry, or to directly
compare hardnesses obtained in nancindentation experiments with conventional Vickers
microhardness results. In addition, the Vickers indenter is the primary indenter used in measuring
the fracture tonghness of brittle materials by the indentation cracking method™. The conical
indenter has advantages when one wishes to avoid deformation phenomena caused by the sharp
edges of the Berkovich and Vickers indenters, e.g., when cracking is to be avoided io brittle
materials or when large strain gradieots around the circumference of the contact complicate the
nnderstanding of indentation phenomena. The conical indenter is also more amenable to analysis
than the Berkovich or Vickers ; virtually all modelling of indentation coatact by sharp indenters
uses the conical geometry”’, and with very few exceptions’®, most finite element simulations of
indentation by sharp indenters have used the conical geometry to take advantage of the axial
symmetry’ ", Spherical indentation overcomes many of the problems associated with pointed
indenters. With a spherical indeater, one is able to follow the transition from elastic to plastic
behaviour and thereby define the yield stress®'. However, a sharper tip is desirable for extremely
thin films requiring shallow indentation.
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In order to accurately assess mechanical properties, the geometry of the indenter mast be known
and any deviations from an ideal symmetry corrected for in subsequent calcolations. For the
Berkovich, Vickers and 70.3° conical indenters, the ideal area function, A = 24.5h%, this being the
ideal area function which all three diaronds would exhibit if they were ground to perfect
geometric form. Fig. 18 sammarises the area functions of the three indenters over their range of
applicability, i.e., contact depth, h, from 20 to 7000 nm. These were determined experimentally
using a fused silica guartz sample for depths ranging from 20 to 1500 nm and an alomininm
single crystal for larger depths, the two data sets being combined using curve fitting procedures.
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Figure 18 : Experimentally determined area functions for the three commonly used

nanoindentation indenters.

The plot shows that while the geometry of the Berkovich indenter is in closest agreement with the
ideal case, the 70.3° cone shows significant deviations over most of the applicable contact range.
Such deviations are consistent with the notion that the 70.3° cone is very blnot and possibly more
sphere-like than sharp at the scales of ioterest for oanoindentation, The Vickers indenter lies

somewhere in between. Recent work® has shawn how the tip defect confuses the interpretation
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of hardnesses measured by nanoiedentation methods, since there is a change in the mode of
deformation from purely elastic at low loads to elastic/plastic at high loads. This phenomena is

more important in hard materials such as ceramics and glasses than it is in soft metals.

3.3 Analysis of indentation data

The two mechanical properties measured most frequently using load and depth-sensing
indeuntation techniques are the hardness, H, and the elastic modulus, E. Such parameters can be
calculated from nanoindentation data by several different methods, although the most common
procedure is to analyse the load-displacement curve, whick coaosists of a loading and an
unloading portion. The loading data are usually influeaced more by the plastic properties of the
material and the unloading data by the elastic properties. The loading portion is that framn which
hardness is usuvally calculated, but can also provide additional information as will be explained
later, especially regarding the properties of thin films. The unloading data are analysed according
to a model for the deformation of an elastic half space by an elastic puncb which relates the
contact area at peak load to the elastic modulns. Methods for independeatly estimating the
contact area from the indenter shape function are then used to provide separate measurements of

Eand H.

3.3.1 The unloading curve

The elastic contact problem, which plays a key role in the analysis procedure, was originally
considered in the late 19® century by Boussinesq® and Hertz*, Boussioesq developed a method
based on potential theory for computing the stresses and displacernents in an elastic body loaded
by a rigid, axisymmeitric indenter. His method bas subsequently been used to derive solations for
a number of important geometries such as cylindrical and conical indenters®®, Hertz analysed the
problem of the elastic contact between two spherical surfaces with different radii and elastic
constants. His now classic solutions form the basis of much experimental and theoretical work in
the field of contact mechanics” and provide a framework by which the effects of non-rigid

indenters can be included in the analysis. Another major contribution was made by Soeddoa, who
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derived general relationships between the load, displacement and contact area for any punch that
can be described as a solid of revolution of a smooth function®**’. His results, which are used
extensively ip analysing nanoindentation daia, show that the load-displacement relationships for

many simple punch geometries can conveniently be written as

P=oh” (1)

where P is the indenter load, A is the elastic displacement of the indenter, and & and m are
constants. Valaues of the exponent m for some common pnach geometries are m = 1 for flat
cylinders, m = 2 for cones, m = 1.5 for spheres in the limit of small displacements, and m = 1.5

for paraboloids of revolution.

Modelling indentation contact in a way that iocludes plasticity is a much more complex problem.
Since the constitutive equations are nonlinear and a number of material parameters must be
included to describe material behaviour (e.g., vield strength and work hardening coefficient),
analytical solutions are not easily obtained”’. As a resnlt, much of our uoderstanding of the
importance of plasticity in indeater contact problems has been derived throngh experimentation

and finite element simnlation.

The carliest experiments in whicb load and displacement sensing indentation methods were used
to measure mechanical properties were performed by Tabor®, who studied the indentation of a
number of metals deformed by hardened spherical indenters. A similar study was subsequently
ondertakeo by Stillwell and Tabor to examine the behaviour of conical indenters®. One
particnlarly important observatioo resulting from these studies concerns the shape of the hardness
impression after the indenter is nnloaded and the material elastically recovers. The experiments
revealed that, at least in metals, the impression formed by a spberical indeoter is still spherical
with a slightly larger radius than the indenter, and the impression formed by a conical indenter is
still conical with a larger included tip angle. The importance of these studies is that since elastic
contact solutions exist for each of these geometries (i.e., a spherical indenter in a spherical hole
and a conical indeater in a conical hole), the ways io which plasticity affects the interpretation of
elastic unloading data can be dealt with by taking into account the shape of the perturbed surface
in the elastic analysis. Tabor used these results to show that the shape of the entire nnloading
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curve and the total amount of recovered displacement can be accurately related to the elastic
modulus and the size of the contact impression for both spherical and conical indenters. In

addition, these studies showed that :

(1) The diameter of the contact impression in the surface formed by conical indenters does cot
recover during unloading — only the depth recovers.

(2) The indentation must be loaded and unlocaded a few times before the load-displacement
behaviour becomes perfectly reversible, i.e., a limited amount of plasticity sometimes occurs
in each of the first few loadings and unloadings.

(3) Effects of non-rigid indenters ou the load-displacement behavionr can be cffectively
acconnted for by defining a reduced modulus, E,, through the equation

1_0-v) (-v)
E E E,

2

where E and v are Young’s modulus and Poissons ratio for the sample and E; and v; are the same

parameters for the indenter.

Interest in load and displacement sensing indentation testing as an experimental tool for
measuring elastic modulus began in the early 1970s with the work of Bulychev, Shorshorov and
co-workers® . These researchers used instrumented microhardness testing machines to obtain
indentation load-displacement data similar to that shown schematically in Fig. 19, which was

then analysed according to the equation
S=—=—/7=EJA 3
dh ‘JE r ( )

where § = dP/dh is the experimentally measured stiffness of the upper portion of the unloading
carve, E, is the reduced modulus and A is the projected area of the elastic contact. By measuring
the initial unlpading stiffness and assuming that the contact area is equal to the optically
measured area of the hardness impression, the modulus can thus be derived. Equation (3) has its
origins in elastic contact theory and, although derived for a conical indenter, has been shown to
apply to any indenter that can be described as a body of revolution of a smooth function®’.
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Figure 19 : Schematic representation of a typical load-displacement curve, together with the
quantities used in the analysis ; peak indentatioo load, P, ; indenter displacement
at peak load, h,.., ; final depth of the contact impression after nunloading, Ay ; plastic
iodeotation depth, h, ; contact depth, &, ; and the initial unloading stiffness, S.

Due to the submicron dimensions of impressions produced in nanoindentation, and the obvions
difficulties involved in accurately measuring them, other methods are required for determining
contact areas. Pethica et al. suggested a simple method based on measured indentation load-
displacement curves and a knowledge of the indenter area function, that is, the cross-sectional
area of the indenter as a function of the distance from its tip'’. Using TEM replication methods to
establish the area function, Oliver et al. found that the final depth, Ay, gives a better estimate than
the depth at peak load®™. Doemer and Nix then developed a comprehensive method for
determining hardness and modulus from load-displacement data” . Their approach assumed that,
during the initial stages of unloading, the area of contact remains coostant as the indenter is
unloaded. However, for most materials, the initial stages of their unloading curves are very rarely
linear. Oliver and Pharr noticed that unloading data are better described by power laws such as
that of equation (1), with exponeots ranging from about 1.2 to 1.6, and that the indenter cootact
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area changes continually as it is vi_rithdrawnn. Their method, having been generally accepted with
slight modification, merits some explanation, especially since it is used for analysing the

indentation data presented later in this thesis.

Fig. 20 shows a cross-section throngh a typical indentation and identifies the parameters used in

the analysis. At any ttme during loading, the total displacement, 4, is written as
h=h +h, C))

where A, is the vertical distance along which contact is made (the contact depth) and 4, is the
displacement of the surface at the perimeter of the contact. At maximum load, the load and
displacement are P, and A, respectively, and the radius of the contact circle is a. Upon
unloading, the elastic displacements are recovered, and when the indenter is fully withdrawn, the
final depth of the residual impression is Ay.

SURFACE PROFILE AFTER
LOAD REMOVAL I

he INITIAL /f"'l

2 SURFACE _.*
f""/
ﬂ_,.r

SURFACE PROFILE
UNDER LOAD

Figure 20 : Schematic representation of the indenting process illustrating the depression of the
sample around the indentation and the decrease in indentation depth upon uniocading
(from Oliver & Pharr™2),

43



Equation (3) can be rewritten to give an expression which relates the reduced modulus, E,, to the

contact area, A, and the measured stiffness, § :

E =

r

Nm S
2 Ta ()

Measurement of the initial unloading slope can thus be used to determine the reduced modulus if
the coatact area at peak load can be measured independently. The area of contact at peak load is
determioed by the geometry of the indenter and the depth of contact, 4. The projected contact
area at peak load, assuming that the indenter geometry can be described by an area fuaction Fih),
can be computed from the relatioo

A=F(h) (6)

The functional form of F must be established experimentally prior to analysis. To determine the
contact depth from the experimental data, equation (4) can be rewritten as

h=h_—h 0

Since h,,., can be experimentally measured, the key to the amalysis then becomes how the
displacement of the surface at the contact perimeter, A, can be ascertained from the load-
displacement data. The deflection of the surface at the contact perimeter depends on the indenter
geometry. For a conical indenter, Sneddon’s expression for the shape of the snrface ontside the

area of contact®® can be used to give

(r-2)

T

h =

)

(h—k;) 8

The quantity (h — hy) appears in this expression rather than k by itself since Sneddon’s solution
applies ooly to the elastic component of the displacement. In addition, Sneddon’s force-

displacement relationship for the conical indenter yields



P
(h=h) =2+ ©)

where § is the stiffness. Snbstitnting eqnation (9) into (8) and noting that the cootact area of

interest is that at peak load, one obtains

P
h =g—> 10
2 < (10)

where the geometric constant € for the conical indenter is giveo by
2
e=—(n-2) (11)
T

or € = 0.72. By performing the same procedure we can obtain this eqnation with different

geometric constants ; for the flat punch, € = 1, and for the paraboloid of revolution, £ =0.75.

In addition to the modulus, the data obtained nsing this method can be nsed to determine the
hardness, H, defined as the mean pressure the material will support under load :

Foow
H=—" (12)

where A is the projected contact area at peak load evaluated from eqgnation (6). Becanse
nnloading data is inherently nonlinear, the stiffness mnst be assessed from a simple power law

relation of the form
P= A(h—hf)"’ (13)

where the constants A, m and hsare all determined by a least sqnares fitting procedure. The initial
unloading slope is then fonnd by analytically differentiating this expression and evaluating the

derivative at the peak load and displacement.
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3.3.2 The loading curve

For most bulk solids, the hardness and modulus are calculated from the nnloading portion of the
load-displacement curve, as explained in the previons section. However, in some cases, this
method is not suitable for estimating the real contact area and thus the mechanical properties of
the material. This is particularly the case for highly elastic materials such as many of todays’
tribological coatings, e.g., carbon nitride, some forms of DLC, silicon nitride, etc. In such
materials the loading curve can be analysed ; the overall response of the material to the applied

load is modelled as the sam of its elastic and plastic components.

Sneddon® gives the relationship between the load, P, and the penetration depth, A, in the case of

a rigid conical indenter loaded onto an elastic material, as

__2ER’
T(-va

(14)
where E is the modulus, v is the Poisson ratio and @ is the half-angle of the conical indenter. It is
noticed that the normal load is proportional to the square of the penetration depth, the
proportionality factor being dependent on both the elastic parameters (£ and V) and the
geometrical properties of the contact, 8. In this case, the mean contact pressure, or hardness, H, is
independent of the load, the penetration depth and the contact radius, a :

P

= mt 2(1-v?)

cotd (15)

Loubet ez al. studied the case of Vickers indentation on elastoplastic materials® and confirmed

the relationship
P=K, h’ (16)

where K,,, is the experimentally measured gradient of the resultant straight line plot. Hainsworth
and Page®, using a Berkovich indenter geometry, furthered the analysis by forming an expression
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which accounts for the instantaneons elastic contribution of real materials and the dimensions of

practical indenters :

P= E{w\/g + ¢\/§ ] h' =K _n (17)

The constants y and ¢, and thus K, can be evalnated from experimental vaines of X, observed
for a range of samples of well known E and H values. In addition, Hainsworth and Page have
applied the model to coated systems (Fig. 21) ; the coating deforms elastically and plastically (I}
after which a transition region can be observed where the gradient of the P vs #° relationship is
more complex as the coating, the interfacial region and the substrate all deform together. In this
region (II), the P vs k” relationship will not necessarily display either the same slope or even be a
straight line. Finally, at large displacements, the highly fractured coating will no longer play any
significant role in supporting the applied load and the predicted curve should again be a straight
line with a gradient that can be predicted from the modulus and hardness of the snbstrate alone
(IIT). The extent of each of the three distinct regions will depend on the mechanical properties of
the system’s components and the thickness of the coating being tested.

II

Load, P

Displacement Squared, h?

Figure 21 : Predicted P vs h° relationship for coated materials (from Hainsworth ez al.*).
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This model not only allows the differing regimes of behaviour of coated systems to be ideotified,
but also allows experimental verification of the load-displacement range over which ceating only
behaviour is being assessed. For many systems this depth is approximately occe tenth of the
coating thickness. However, a necessary criterion for measuring the plastic properties of a coating
is that it yields before the substrate ; the use of soft substrates will always create the situation
where the substrate yields before the coating and in this case the hardness of the coating alone

cannot be assessed.

3.3.3 The work of indentation

When measuring the hardness of a material, it can be shown that the material offers an average
pressure of resistance®® to the indenter which is known as the dvnamic hardress, and which is

numerically equal to the ratio

energy of indenter

(18)

volume of indentation

With nanoindentation techniques, the dynamic hardness can be calculated using a work of
indentation approach™ ** in which the area enclosed by the loading-unloading curve (the plastic
work of indeotation) is divided by the residual volume of the icdentation impression. This
residual volume, V, can either be measured directly nsiog a three-dimensional mapping technique
such as scanning force microscopy (SFM) or calcnlated from the load-displacement curve and the

todeoter geometry nsing
1
1% =§(AF th) (19)

where A, is the plastic contact area and Ay is the final depth of the residual impression after
unloading. However, estimating A, from the load-displacement corve is subject to the same
reservations concerning analysis of the unloading curve as have been explained in previous
sections, namely the assumption that the unloading data follows a power-law fit which may not

be the case for all materials.

48



3.3.4 Cydlic indentation

The load-displacement corve, under different loading conditions, can be nsed to Investigate a
variety of mechanical phenomena such as transition from elastic to plastic deformation, creep
deformation, formation of snb-surface cracks and crystallographic phase transitions. Cyclic (or
multicycle) indentation can be utilised to investigate the unloading/reloading behavionr of
different materials and can highlight the effects of mechanical hysteresis, i.e., energy absorption
on each cycle. A typical load-time sequence is shown in Fig. 22 which includes three loading-
unloading cycles, hold for 100 seconds at 10% of the peak load, reload, hold for 100 seconds, and
nnload completely.

Figure 22: A typical load-time sequence ; peak load = 120 mN (from Oliver ez al’y.

Cyclic indentation can be particularly nseful for examining the elastic-plastic response of
materials ; for example, if the distance between A, and ks (see Fig. 19) remains constant after
cycling then the elastic-plastic response is very stable and therefore the plastic zone nnder the
indentation, once formed, is able to snpport the load on each cycle without growing significantly

larger.
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3.4 The importance of pile-up

In the previons sections explaining the analysis of indentation data from the load-displacement
carve, one assumption is always made ; that the maximum penetration depth of the indenter, Xy,
is correct and can be accurately used to predict the indenter contact area. This assumption holds
quite well for hard materials which work harden, but in the case of soft materials, the contact area
may be underestimated by as much as 40% due to effects of material pile-up around the
indentation imprint. For coated systems, particularly sofi films on hard substrates, pile-np is

significant because of the constraint the substrate exerts on plastic deformation of the film.

3.4.1 Bulk materials

The schematic profiles in Fig. 23 highlight the two types of material response encountered in
nanoindentation tests on bulk materials, commonly termed pile-up and sink-in, depending on
whether the material displaced by the indenter during the test is pushed to the sides of the imprint
or is compressed into the bulk, respectively. Although both phenomena are commonly
encountered in practice, little research has been done to date to investigate the exact mechanisms
responsible for such material flow. However, several bypotheses have been put forward,
including dislocation movement®, elastic recoveryzs, phase transformation’’, residual stress
relaxation®, release of stored strain energy’, etc. Quantitatively measuring the very small
material volumes that pile-up around indents is very difficult, the only really effective means
being SFM.

An idea of material response can be obtained using the ratio of final depth, Ay, to the depth of the
indentation at peak load, A, This parameter, hgh,..., can be easily extracted from the unloading
curve and has the limits 0 € h/h,... < 1. The lower limit corresponds to the fully elastic case,
whereas Ayhma, = 1 corresponds to the case of no elastic recovery after unloading. Finite element
analysis® has confirmed that pile-up is significant when Af,. > 0.7 and the material does not
appreciably work harden. For such materials, failure to account for the pile-up can lead to an
underestimation of the contact area, which in turn results in an overestimation of the hardness and

elastic modulus.
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(a) (b) (c)

Figure 23 : Schematic profiles through Vickers indentations with different material response
(top) and corresponding residual imprints (bottom) for the case of (a) perfectly
plastic material, (b) material exhibiting ‘pile-up’, and (c¢) material exhibiting “sink-
in’. Note that the maximum pevetration depth, A, is the same for the three cases
but that the residual contact area is different.

Patterns of plastic flow caused by indentation can be classified into two categories : those which
emphasise flow from unnder the indenter into the bulk (1), and those which emphasise flow
ontwards into pile-ups (2). The former category visualises the displacement of matter along lines
approximately radially directed from the indentation, the plastic displacement field having a
divergence which leads to the local storage of matter in the bulk, causing elastic compressive
stress there, and of course compensating tension outside the plastic field. The latter category
includes the models based on simple approximation te slip line fields, the plastic displacement
field is rotational and divergence free. All the volume under the indenter is transferred to the pile-
ups and there is no accompanying elastic dilatation. Both categories can be thought of as
alternative patterns available to the material in respounse to indentation. Becanse type (1) is

accompanied by a build-up of elastic stress, it is the pattem whicb will be initially dominant in
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most materials, althongh the less hard the material the sooner the pattern will snbsequently
change 1o type (2) as plastic deformation favours the ontward flow of matter into pile-ups. The
elastic energy density will be proportional to the square of the local flow stress, which is in tnm
proportional to the hardness.

This can be experimentally verified by measuring the ratio of the volume of material above the
original surface level, V,, to that below it, V. It can be noted that for pure type (2) flow, the ratio
Vo/Vy = 1, and the recovery (Apax — hlhmax = 0 ; whereas for pure type (1) flow, the ratio V/Vj =
0, and the recovery equals some finite value depending on the elasticity of the material.

3.4.2 Coated systems

Many thin film systems consist of very soft films on very hard substrates. This is particularly
common, for instance, in the semiconductor industry where films of aluminium, gold and copper
are often deposited on silicon (H = 12 GPa), germanium (& = 10 GPa) and ceramic (H = 10 - 40
GPa) substrates. The film hardness is usually in the range 0.1 — 1 GPa, making it at least one
order of magnitude softer than the material on which it is deposited. One important consequence
is that when a hardness impression is made, there is a tendency for material to pile-up around the
imprint to a much greater degree than it wounld in a bulk material®’. This is due to the severe
constraint imposed on plastic deformation in the film by the relatively undeformable substrate.
Since current techniques for analysing nanoindentation data do not make provisions for the extra
contact area produced by the pile-up, the enhancement of pile-up in soft films on hard substrates
has important consequences for the measurement of mechanical properties by such methods. In
addition, pile-up effects must be taken into account becanse it is not always passible to make
indentations on thin film systems which are shallow enoungh to aveid influences from the

substrate.

Pile-up behaviour for coated systems can be investigated as a function of the maximum
penetration depth, Ay, normalised with respect to the film thickness, # (see Fig. 24). This ratio,
hmafty can be plotted against hardness and modulns for normalised depths ranging from well
below the film thickness to well above it. In this way, the influence of the substrate can be
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directly correlated to any variations io H and E and, with a knowledge of the imprint surface
topography at each depth, can be betier explained in terms of pile-up effects.

Figure 24 : Schematic illustration of the indentation of a.soft film on a hard snbstrate and
definition of the quantities of the ratio A./15.

An example is shown in Fig. 25 for indeotations made into a sputtered gold film (¢ = 200 nm) on
a silicon substrate. At small depths well below the film thickness (Fig. 25 (a)), there is very little
pile-up, consistent with the behaviour of sputtered gold. However, at depths close to and greater
than the film thickness (Fig. 25 (b)), the amount of pile-up is substantial giving the indentation an
almost circular appearance even though it was made with a square (Vickers) pyramid. For depths
much greater than the film thickness (not shown), the amount of pile-up is not as large because a
greater portioo of the deformed volume is in the hard silicon substrate. Thus, it is apparent that
the constraint that the hard substrate imposes on the plastic deformation in the film enhances pile-
up by an amount which is greatest at indeotation depths around the film thickness. The cross-
sectional profiles through the indentations are a good way of comparing the material response at
different depths and ipvestigating any residual indenter effects at the film-substrate interface. The
SFM is again shown to be one of the only methods available for accurately gnantifying such

phenomepa.
For the case of hard coatings, which tend to exhibit much less pile-up effects, the surface nsually

snpports the indenter elastically np to a critical load at which plastic response begins, either in the
form of cracking or yielding of the substrate.
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Chapter 4

The SFM approach to nanoindentation

Although the scanning force microscope was initially developed primarily as a sorface imaging
tool, its capability has also been extecded to nancscale scratching (Chapter 2) and indentation
studies. The major advantage of a SFM system over conventional depth-sensing indertation
techniques is the combination of imaging and indentation capabilities, together with the higher
resolution force detection. The main drawback is the asymmetry of the created indentation owing

to the cantilever bending nnder load and non-linearity in the piezo movement.

4.1 Nanoscale mechanics

Before beiog able to accurately measure surface mechanical propertics with the SFM, it is
important to understand the force interaction between the tip mounted on a cantilever beam and
the sample surface as a function of relative tip-sample separation. The resalting plot, referred to
as a force curve, contains informatico about (i) the magnitude and functional dependence of long
range atiractive and adhesive forces, (ii) the point of tip-sample contact, (iii) the tip-sample
cootact area, and (iv) the elastic modulus of the sample material®. A typical force curve is shown
in Fig. 26 and its measurement starts with the sample far away from the tip and the cantilever in
its rest position. As the cantilever tip is moved in the direction of the sample, the cantilever becds
towards the sample due to attractive surface forces. The maximum forward deflection of the
cantilever multiplied by the effective spring constant, k., of the cantilever is the pull-oo force
(poiot A). As the ti]; is moved closer to the sample, it is pushed back through its original rest
position (poiot B, i.e., zero applied load) until a predetermined tip position is achieved which
corresponds to the maximum applied load (point C). On unloadiog, the camtilever movement
changes direction and passes through the position corresponding to the pull-off force (point D),
until the cantilever separates {point E) and returns to its rest position when the sample is once
again far away from the tip. In general, the pull-off force (or adhesionr) is greater than the pull-on

55



force. Note that the top right hand gnadrant of the force curve in Fig. 26 comesponds to a
conventional load-displacement curve as described in Chapter 3 for depth-sensing

nanoindentation.

‘15 T T r [l | T
-4 -2 0 2 4 6 8 10

Displacement (separation) (nm)

Figure 26 : Typical force-displacement curve for a cantilever tip approaching and contacting a
sample surface; (A) maximom poll-on force, (B) zero applied load, (C) largest
applied load, (D) maximum pull-off force, and (E} separation. Note the presence of

long-range attractive forces.

To extract the nanoscale mechanical response of the material from the contact portion of the force
curve, the tip-sample interaction is modelled as two springs in series, as shown in Fig. 27. After
contact is made between the tip and the sample surface, piezo displacement results in both tip
deflection and sample indentation, the amonnts of which depend on the relative stiffnesses of the

sample and the cantilever’®. The relationship between the displacement of the piezoelectric
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actuator (A%,), the displacement due to tip deflection (A%), and the indentation displacement

(Ah;) is simply

Ak, = Ah, — Ah, cos0 (20)

where the cos@ term corrects for the angle of the cantilever to the horizontal. The applied force,
P, can be calculated directly from the tip displacement by

P=kAk (1)
where k. is the spring constant of the cantilever. The resolution of the calculated forces is
generally of the order 1 to 50 nN, depending on cantilever stiffness, because noise in the tip

displacement detector limits depth resolution to 0.1nm.

PcosB
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Figure 27 : Schematic {a) and spring model (b) for tip-sample contact during nanoindentation.
The term 7 in the equatioo defining the spring constant of the cantilever, k., deootes
the cross-sectional momeot of inertia. This equation is only valid for a cantilever

with constant cross-sectioo.
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To calculate the load applied to the sample, P is muitiplied by cos@ to again account for the angle
of the cantilever. For a sample which is infinitely stiff with respect to the tip, no indentation will
occur and Ah, = Ah,. From simple beam theory and considering the angle,@, of the cantilever, the

angle change of the cantilever at the tip (A8,) and the tip displacement (Ah,) are related by

3nh,

46, = 2L, cosd

(22)

where L, is the length of the candlever. This angle change is directly related to the change in
photodiode voltage, V,, by system conversion and calibration factors®® which can be summarised

by a constant, Cg, such that
AQ =—+ (23)

By combining equations 22 and 23, the slope of the force curve, X, is shown to have an upper

limit, 2*, given by

g AV _ 3G,

Ah 2L cosf

F

(24

For a sample that deforms due to the force applied by the cantilever, T will be reduced from ° by
a reduction factor, f = £/Z°, such that larger values of f correspond to stiffer samples. The amount
of indentation, Ak, at differeot points along the force curve can be calculated using egnation 20.
The applied load, P, can also be calculated using equation 21 if k. is known. The indentation
displacement, Ah,, is then related to the applied load, P, through the relation by Sneddon

eER™

(1-v*)

P=

(25)

where £ is a constant which depends on the geometry of contact, E and v are the sample elastic

modulus and Poisson ratio respectively, and m is a power law exponent determined from a curve
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fit of P as a function of 4 as described in Chapter 3.3.1 for analysis of the unloading curve via the
Oliver and Pharr method®, Thus the hardness and modulus of the sample material can be

calculated as explaioed previously.

4.2 Instrumental set-np

The apparatus used for nanoindentatioo is based on the Atomic Scale Tribometer (AST) (see
Chapter 1.3) but with varions medifications. The standard piezo tube of the AST head is replaced
with a feedback controlled piezo actuator which only allows vertical movement (i.e., z-direction)
but has a displacement resolution of 0.25 nm over a 16 pm full range. Owing to the internal
feedback system, the laser beam can no longer pass through the ceatre of the cylindrical piezo
tube and so the cantilever is side-mounted and the tube offset snch that the laser can focus
unimpeded on the cantilever. The approach mechanism consists of a stepper motor controlling

the rear leg of the head, giving a step resolution of 20 nm.

Because of the restriction of the piezo to sclely vertical displacements, imaging as with
conventional SFM operaticn is not possible. This problem has been sclved by building a scanner
table on which the head can be placed. The table consists of a standard piezo tube on which the
sample is mounted allowing vertical and lateral displacements with range 6 um and 120 um
respectively. This lower piezo is connected so that it is powered by the same high voltage
amplifiers as the upper piezo of the head. Both 5-pole and 9-pole operation is possible with the
lower piezo. This means that either piezo can be used independently but aot both at the same
time. The usval configuration for imaging is to nse the lower piezo for scamning the sample, the
cantilever being kept stationary by the upper piezo and its displacement being measured by the
optical beam deflection system incorporated in the head. This has the advantage of reduciog
imaging artefacts due to non-linear lateral motion of the cantilever whilst scanning. The upper
piezo is kept stationary by holding it at fixed potential in order to reduce errors due to compliance
of the lead zirconate titanate (PZT) material. However, other configurations can be used, such as
the lower piezo for lateral scanning and the upper piezo for vertical displacemect control. The
complete set-up is shown ia Fig. 30. Coarse lateral positicning is achieved via the micrometer

displacement stage on which rests the modified AST head.
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Figure 28 : Principles of SFM nanoindentation showing (a) basic components of the system, (b)

the calcnlation of the penetration depth, p, as a function of cantilever deflecton, 4,

and piezo displacement, z, and (c) force calibration procedure by placing diamond

tip on a high precision weight balance.

The cantilever nsed for nanoindentation consists of a copper-beryllinmn beam of force constant

~10° Nm™? on which is braised a polished Vickers diamond. When the tip is driven into the

sample surface by a distance z, the cantilever deflects by a distance d, measured by the laser

deflection system, and thus the penetration depth, p, can be calculated by the equation p =z-d

(Fig. 28 (b)). Determination of the calibration constant, Cy, is performed by indenting onto an

‘infinitely stiff” material such as sapphire, enabling the cantilever deflection to be calibrated with
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4.3.1 Longitudinal displacement of indenter

As the tip comes into contact with the sample surface and begins to penetrate it, the cantilever is
deflected from the surface and the tip tends to move away from the cantilever base, as depiéted in
Fig. 31 (i). This bending produces a force parallel to the cantiiever axis, applied at the tip. For
every bending angle at the end of the cantilever it is possible to calculate the ratio of tip height,
H, to cantilever length, L. Point P, at the centre of the base of the diamond tip undergoes a

displacement Ax;, defined by
Ax, = —L1-cos f) (26)

The tip advances by a distance Ax; = Hsinf, such that, when both these terms are equal, the tip

does not have a horizontal component and thus

_1-cosf 27)

in

o~ |

As long as this equation remains unsatisfied, a longitndinal force produces a moment on the
cantilever, tending to cause an § configuration as shown in Fig. 31 (ii), or a further deflection in
terms of the ratio /L and angle 3. This longitudinal force, N, can be approximated by balancing

the sum of the x components and substituting into the corresponding stress equation

Ax = Axy + Axz = -L{1-cosff) + Hsinf = % [% - ﬁi' (28)
A& _o_N
L E EA
EAB[2H
N = 2 [L -ﬁ] (29)
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Figure 31: Cantilever deflection mechanisms for tip/surface contact; (i) bending due to
longitudinal force N, (ii) deflection in § configuration, and (iii) model taking into

account the cantilever bending in the moment calculation.
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The section of the diamond tip over which this force is applied is defined by

o o (44
A=p’ tan-2—=(z-d)2 tanEszz tan= (30)

Modelisation of the cantilever deflection has been done for three situations, in increasing order of

precisinn, but first the effect of shear must be considered:

4.3.2 Shear force effect

The vertical force, F, produces a shear effect. The angle, 8, and the deflection, d, due to this force

are given by

F FL
ﬁ=mﬂﬁ—ﬂ*@ and d=1

Gbh
where G is the shear modulus, this being an order of magnitude smaller than the modulns of
elasticity, E. The area section of the tip, A = bk and 7 is a coefficient smaller than 1. Both f and d
are such small components that they can be regarded as being negligible and thus shall be ignored

in the following models.

MODEL 1 : Cantilever deflection for constant longitudinal moment of force

This first model assumes that the mnment, M(x), due to the longitudinal force on the cantilever is

constant and is described by the following equations:
M(x)=HN -(L-x)F

1, Mk
fo) Y EI
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MODEL 2 : Cantilever deformation taken into account
Contrary to the previons model, this takes into account the deformation of the cantilever io the

moment calculation, but it oeglects the angle at the cantilever extremity (cosp =1 and sinp =0).

The following nomenclature are shown in Fig 31 (iii).
M(x) = N(Hcosﬂ——6+ y)—F(L—x+Hsinﬁ)
M(x) = N(H-8+y)-F{L-%)

| " M(x)

_gy = e

p El

wry=—2 | Foq_ _ KHsi
ﬁatﬂnﬁ—y(L)—CosKL[N(l cos KL) KHsmKL:|

d=yL)= —H (]—cosKL)-rlEtanKL—EL
cos KL KN N
3
]=.Ei and 2 N
12 Ei

2

1
If the critical force, N, = is exceeded then the cantilever will buckle. Note that this

I

critical value does not depeod oo the height, H, of the diamond tip.

MODEL 3 : Cantilever deformation taken into account

This model takes into account both the deformation of the cantilever and the angle at the

cantilever extremity in the moment caiculation. The equations now become:
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M(x)= N(Hcos -8+ y)— F(L-x+ Hsin f)

1, M®

—_— -

p EI

d=y(L)=iE-tanKL— H
KN cos KL

{(1—cos KL)(cos - —Esin ﬁ] - % L

sia f = 1 L [g(l—cosKL)—HKsinKLcosﬁ]

°°SK51—HK£tanKL

bh’
J=— an

12 El
Coatrary to the previous two models, these equatioas must be solved numerically for the angle

and the displacement.

4.4 Results

Althoungh the maiu results for the SFM-based nanoindentation instroment are presented in section
7.2, certain aspects still need to be shown, such as its ability to image with the same tip as has

made the indentation.

Fig. 33 shows a set of results for an indentation made ou a bulk aluminium sample. The two
images represent the same 4 x 4 um area of surface before and after indentation with a Vickers
iodenter to a maximum depth of 257 nm. The surprisingly good resolution obtaiued with such an
indenter allows the effects of pile-up around the imprint to be investigated, as well as the extent
to which the surface bas beee modified as a result of the indentation. However, it should be noted
that images smaller than those shown were more affected by the spherical geometry of the
tndenter at its tip and therefore resolutioo was reduced. Continued scanning over the same area

did show some surface damage due to the high stiffness of the cantilever beam.
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Figure 33 : Typical results from the SFM based nanoindentation instrument on a bulk
alumininm sample. Image (a) shows the surface before indentation, image (b) the
surface afterwards. Both images were made nsing the same Vickers indenter which

made the imprint. The curve (c) gave values of H = 850 MPa and E = 89.49 GPa for
a loading rate of 6 mN/min.
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Figure 34 . Typical resnlts from the SFM based nanoindentation instrument on a gold sample.
Image (a) shows the surface before indentation, image (b) the surface afterwards.
Both images were made nsing the same Vickers indenter which made the imprint.
The curve (¢) gave values of A = 632 MPa and E = 40.48 GPa for a loading rate of 3
mN/min.
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Figure 35 : Typical resnlts on a TiN-coated steel sample. Image (a) shows the surface before
indentation, image (b) the surface afterwards. Both images were made nsing the
same Vickers indenter which made the imprint. The curve (¢) gave values of H =
12.98 GPa and E = 188.13 GPa for a loading rate of 20 mN/min. Coating thickness
is 1.7 pm.
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Figs. 34 and 35 show similar sets of results on a soft gold sample and a hard TiN coating
respectively. The images of the gold surface before and after indentation do not have the same
level of contrast : this is because the image-processing software divides the colour scale over the
full range of vertical data and so there is better contrast for ftatter images, i.c. Fig 34 (a). For the
TiN sample it can be seen that the residual indentation depth (~60 nm) is of the same order as the
surface roughness of the sample, meaning that for smaller depths the Vickers indenter cannot
adequately resolve the impression that it has made during the load-unload cycle. Regarding the
quality of the indentation curves, Figs 33-35 represent the best obtaiced with the system in its
present state, the maximum penetration depths in each case being relatively large (>100 nm). For
small depths (<50 nm) a number of experimental discrepancies were observed which conld not be
explained, examples of which are shown in Fig. 36. Such artefacts were most noticeable around
the point at which maximum load was reached, characterised by instability or ‘doubling-back’ of
the unloading curve. A possible cause of such phecomena was longitudinal displacemeat of the

indenter at max. load, or buckling of the cantilever, although neither could be easily proved.
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Figure 36 : Typical artefacts characteristic of low load measurements with the SFM-based
indentation method. Two curves are shown for differeat materials, together with the

instabilities encountered at the end of the loading cycle.

72



However, a limited number of adequate low-load curves were realised with the system, an
example of which is shown in Fig. 37 for a residual penetration depth of 16 nm. In order to gain
an accurate tangent to the unloading curve, a polynomial fitting procedure was used to normalise
the data and extract values for the hardness and modulus. In the case of annealed titaninm the
calculated values corresponded reasonably well with those found in the literature far
conventional depth-sensing indentation. Similar low-load measurements on a selection of other
materials were successful, although in several cases (mainly soft materiais), the deviation and low
density of data points meant that no quantitative values could be calculated and dispersion

between data sets was large.

The use of the cantilever system, apart from the aforementioned instabilities, was found to be
sensitive to background noise, whether acoustic or electronic. The best measurement conditions
were obtained by mounting the complete system on a pneumatic vibration-isolation table to
reduce low frequeacy noise and operating it in controlled conditions regarding temperature and

humidity, to prevent thermal drift effects and expansion/contraction of the metallic components.

0.20 : y
4
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Figure 37: Typical low load indentation on annealed titanium. A polynomial fit (shown in
brackets) to this rather noisy curve enables calculation of H (= 2.014 GPa) and E (=
159.9 GPa).
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Figure 38 : Sensitivity of the SFM-based system over a 6 minute period when mounted on a
pneumatic anti-vibration table. The cantilever tip is in contact with a polished

sapphire sample.

The sensitivity of the cantilever was verified for the condition when it is in contact with a sample
of high stiffness (e.g., sapphire) over a preset period of time. The oscilloscope plot shown in Fig.
38 represents the amplitude of the cantilever over a period of 360 seconds, measured as a direct
signal from the photodiode whicb records cantilever displacement via a focussed laser beam (i.e.,
the difference between the upper and lower quadrants, or the A-B signal). The signal is stable
over an amplitude of approximately 2 nm which is satisfactory if it is considered that usual
penetration depths are at least a factor of 2 or 3 greater than this, and that measurement time for a

load-unload cycle is of the order of 60 seconds.

Regarding the stability of the laser interferometric deflection measurernent, small deviations in
laboratory temperature were found to canse significant drift in the intensity of the beam reflected
off the cantilever into the photodiode. This was due to minute changes in cantilever angle caused

by thermal effects.
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4.5 Conclusions

The principle of the SFM has been successfully applied to the nancindentation of a variety of
materials, but has proved wmsatisfactory in the quantitative and reproducible measurement of
surface mechanical properties such as hardness and elastic modnins. However, the ability of a
very well polished Vickers diamond tip to image a surface, as well as to indent it, has been
demoostrated. The system clearly has applicability to specific investigations where in-situ
imaging directly after indentation is of interest, as well as where selection of a snitable site for
indentation is important. For example, in the field of polymers, the effects of time-dependant
relaxation and viscoelasticity could by directly measured owing to the very short delay betweeo a
loading cycle and subsequent imaging of the surface. In addition, the soft nature of polymeric
materials means that cantilever beams with much lower force constants can be used, thus

increasing imaging resolution and reduciog damage to the surface as a result of scanning.

With regard to the use of a Vickers indenter, however accurately polished, there will always
remain a finite sphericity at its apex, resulting in poor imaging resolution. The obvious alternative
would be to use a Berkovich geometry which can be ground to a much finer apex, but the
disadvantages here are that the tip-sample contact pressure can be appreciably higher resulting in
damage to the sample surface, as well as possible damage to the tip itself.
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Chapter §

The combined system prototype

The preceding chapters have shown independently the values of the SFM as well as those of a
similar instrument capable of depth-sensing indentation. It has also been shown how a Vickers
indenter can be nsed for imaging a surface. However, another objective of this thesis was to
combice the indentatioa system with a cooventional SFM and an optical microscope, in order to
be able to easily select a particular sample site for iodeotation and image it with high resolution.
Because the SFM-based indentation method is not able to image a surface with sufficient
accuracy, a Separate imaging station is required and therefore the development of a precise
translation system is required, capable of positioning a specific sample area under either an

indenter or an SFM tip with micron lateral precision.

5.1 Design constraints

Although various altemative solutions and coofigurations have been investigated, the simplest
method for combiniog 2 nanoindentation unit, 2 SFM head and an optical microscope is to monat
them vertically above a sample translation system which allows positioning under any of the
three measuring ‘staticos’. Assuming this configuratioo, various constraints dictate the final

layout of the system, namely :

(1) Both the indentation unit and SFM require separate antomised approach systems.

(2) Sample translatioo must be possible along two perpeodicular axes.

(3) An adequate method of calibrating sample position nader any one statioa is aeeded.

(4) The effects of thermal expansion/contraction shonld be minimised, as these will seriously
reduce positioning accuracy.

(5) Various safety features are required to prevent ‘crashing’ of componeats into each other.

(6) Samples of any size should be measurable.
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5.2 The electromechanical positioning system

The four electromechanical translation tables wsed in this setup are basic mechanised
displacement stages as manufactured by Micro Controle, but with varions modifications. The
standard stepper motor driving the screw shaft is replaced with a continuous current motor and a
coder wheel with 1000 divisions. This gives each table, considering a lateral movement of 2.5
mm for one revolution, a theorstical ‘step’ resolution of 0.25 um. Each motor assembly is
connected to a standard data acqnisition card allowing software control of positioning, as well as
direct monttoring of actual position. The ranges of the X, Y, Zyp and Zgpy axes are 200, 100, 50
and 50 mm respectively. Because of the inhereot inaccuracy cansed by play in the screw shaft,
the tables were verified by measuring the error between programmed position and actual position
using a capacitive displacement sensor {accuracy = 0.01 pm). This was repeated for np to 30
cycles and the loss of positioning accnracy was found to increase in an approximately linear
fashion as showo graphically for the X axis (table with longest range) in Fig. 41. Temperature

changes, althongh only slight, were also fouod to influence positioning accuracy.
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Figure 41 : Deviation from programmed position for the X axis electromechanical translation

table, plotted as a function of number of cycles over the maximum lateral range.
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5.3 Software

Certain software modificatioas are reqnired in order to permit simultaneous operations to be
performed. The indentation head is operated by a software package, as is the SFM head. Both
packages were modified to allow table movement and initialisation of table position. This is
particularly important for the SFM software as it was a reqnirement that the X and Y axes shonld
be displaceable during actual scanning of the tip. However, it was soon fonnd that the tables
prodnced different levels of vibrational noise, due to the control electronics constantly correcting
the actual position. Thus an option was added which allowed the power to either table to be
switched off once the required position had beea located.

In terms of safety factors, various snb-routines are incorporated into both softwares to prevent
accidental crashing of either head into the sample. Additicaally, an extemal stop bntton is
incorporated so that the whole system can easily be cut at any given time. Regarding the relative
positioaing of the sample uader any one of the three stations, the optical microscope position is
made the reference (or absclute zero), from which the other two positions are calculated as
relative vectors and stored in a calibration file which can be read by either software package.
When displacing the sample between stations, both the indeatation and SFM heads are raised in

order to reduce any risk of a tip remaining in coantact.

5.4 Calibration of sample position

Sample position is calibrated as two separate procedures; (i) calibration of distance between
indentation head and optical microscope ; (i1) calibration of distance between SFM head and
optical microscope. Each position is stored as an XYZZ vector with respect to the optical
microscope. For (i) a fairly large indentatioa is made on a flat sample (usvally aluminium for
convenience), which can easily be found under the optical microscope. For (ii) a calibration
sample is required which can be easily centred under the optical objective, and which can be
centred withio the 27 x 27 ym maximum scan range of the SFM. To solve such a problem
requires the fabncation of a defined surface structure whose centre can be located from any other

position. To this end, a grating has been fabricated by circnlar etching in quartz with period 1 pm
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and depth ~100 nm. Therefore, when an SFM image is made on any part of this structure, the
curvature indicates in which direction the sample must be moved in order to find the centre. Fig.
42 shows a typical SFM image of the fresnel-type grating used. Such a structure can also be

easily focnssed under the 1000x objective of the optical microscope.

Figure 42: SFM image of the Fresnel lens calibration grating, etched in quartz and having
period 1 pm and depth ~100 nm.

5.5 Results

The positioning accuracy of the system has been demonstrated for an etched high speed steel
sample, this being chosen for its distribution of small-sized grains (5 — 10 pm) having different
mechanical properties. Fig. 43 shows a series of 5 indentations positinned in a cross configuratinn

with only 2 um spacing on an MgC carbide particle.
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This example effectively demonstrates the overlap between conventional optical microscopy and
the scanning force microscope. For the former, the micrographs are made at 1000x resolution, the
limit for an optical microscope operating in air. The SFM, on the other band, is capable of a
vertical resolution in this case exceeding 120 000x. Full results obtained with the combined

system are presented in Chapter 7.

5.6 Conclusions

The combined system has been successfully used to study a variety of materials. It has also
shown to be vseful simply for SFM imaging of selected sample areas in addition to residual
indentation impressions. A positioning accuracy of 1 um has been achieved, which, considering
the composite error of three electromechanical displacement tables when at any one position, is
highly satisfactory and opens up a whole new range of possibilities for the localised
characterisation of materials. The net advantages of combining a SFM with a nanocindentation
nnit and an optical microscope have been shown, as well as the significant additional information
which can be gained with such a setup. The expertise gained during the development of this
system has proved the backbone for the subsequent realisation of the Nano Harduess Tester,
described in the next chapter.



Chapter 6

Realisation of the Nano Hardness Tester

This chapter describes the development and first nse of the Nano Hardness Tester™ (NHT), a
direct result of the know-how and experience amassed and documented in the preceding chapters
of this thesis. This instrument overcomes the limitations of previons prototypes, is far more
compact and nser-friendly, and is presently commercialised by CSEM Instruments. The NHT in
its present form consists of a measuring head for performing indeotations and an optical
microscope for selecting a specific sample site prior to indentation and for checking the location
of the imprint after indentation. Both components are directly linked by an electromechanical
positioning system (2 axes) as described in the previous chapter. A compact SFM can also be
mounted in place of an objective lens on the optical microscope, and this will be explained later

in more detail,

6.1 The differential-capacitive measurement technique

The NHT measuring head is shown schematically in Fig. 44. The load is directly applied by an
electromagnet assembly via a vertical rod, the end of which houses the indenter, nsnally a
diamond ground to a Vickers or Berkovich geometry. Displacement of the indenter is measnred
by a differential capacitive detector, meaning that the rod displacement is measured differeotially
with the displacement of a sapphire reference ring which remains in contact with the sample
surface during each loading-unloading cycle. In this way the indenter motion is always relative to
any movement of the sample which, with a static system, would cause error due to elasticity of
the sample or compliance of the snpporting framework. The vertical rod is supported by two
guide springs whose stiffness control the compliance of the measuring head. This allows a certain
flexibility in head design ; for example, ooe head can he fitted with springs of low stiffness for
measuring soft materials snch as polymers, and another fitted with much stiffer springs for
measuring hard materials. During the development phase it was noticed that ferromagnetic
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materials caused significant perturbations of the system due to interference between the magnetic
field generated by the coil/clectromagnet assembly and the sample. This problem was solved by
adding a magnetic barrier, in the form of a pure ferrite disc (manufactured by ARMCO), between
the two springs to shield the electromagnet assembly and cancel any magnetism effects around

the vertical rod.

When performing a typical measurement, the entire head is lowered onto the sample surface with
its weight (approximately 550 g) transferred to the sample via the sapphire reference ring. The
indenter is first displaced manually in order to acertain the exact poiat at which the tip begins
contact with the sample surface. This contact poiot must be adjusted such that it is within the
measurement range of the coil (0 - 50 mA). A fresh sampie area can thes be selected, the head
relowered, and a complete loading-unloading cycle completed in which the control electronics

automatically detect the contact point betwees the indenter and sample.
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Figure 44 : Schematic representation of the NHT measuring head showing the coil and magnet
assembly (applied load) and the differential capacitive detector (displacemeast).



The entire operation is software controlled with varions additional options such as predetermined
sample translation between successive measurements, multicycle indeatation (either constant or
progressive loading) and adjnstable loading rate. The outer limits of the loading-unloading cycle

can be preprogrammed as either 2 maximnm load or a maximum penetration depth.

After storage, an analysis sub-routine allows any load-displacement curve to be treated as raw
data or fitted polynomially. The hardness and modulus are calenlated from the nunloading portion
of the curve using the modified Oliver and Pharr method ontlined previonsty in Chapter 3.

6.2 System calibration

Accurate measurements can only be performed if the applied load, displacement, indenter area
functioo, spring stiffness and system compliance are all adeqnately calibrated. The applied load
(or force) is nsually calibrated by placing the measuring head on a high precision digital
microbalance having a precisioo of 0.0001 g (=1 pN). Fig. 45 shows a typical force calibration
over the full range of coil current, from which a straight line can be fitted and a calibration
constant of 7.92 mN/mA calculated. Altematively, the applied load can be calibrated in a reverse
sense ; in this case varions fixed masses of 20 mg are suspended from the vertical rod of the
measuring head until a total mass of 1 g is reached. For each mass applied, the current required to
rezero the capacitive detector is measured and from this the calibration constant can be evaluated.

Displacement calibration is performed nsing a feedback-controlled piezoelectric actuator
(mannfactured by Queensgate Instruments ; model DPT-C-S). The piezo is mounted beneath the
vertical rod of the measuring head and made to displace over its full range (16 pm), whilst the
capacitive bridge of the head control unit is adjusted until the piezo displacement equals that
measured by the capacitive detector.

The system compliance is calibrated by modelling the frame and sample as two springs in series,
and the indenter area function by measuring the contact compliance and plastic penetration depth
for a large number of indentations at varying depths in an isotropic material with uniform
hardness. Both such procedures are fully explained for this instrument in section 7.3.
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The stiffness of the two springs, or spring constant, is calibrated by performing an indentation
cycle without contact, in order to plot indenter displacement as 2 function of applied force. A
typical example is shown in Fig. 46, for which the spring constant is found to be 889.8 nm/mN.
This calibration should be repeated at regular intervals so that any changes can be accounted for,
such as due to fatigue in the spring after a large number of cycles. It shonld be noted that two
springs are used in the design of the measuring head in order to assure a high lateral rigidity of
the vertical rod which houses the indenter (the lateral rigidity is in fact approximately a factor of
ten greater than the axial nigidity of the head). The springs are fabnicated from thin copper-
beryllinm sheet so that the vertical rod is supported in each case by three equiangled flanges,

these ensuring total elasticity in the vertical movement of the rod.

After total system calibration, the NHT measuring head is found to have load and displacement

resolutions of 10 uN and < 1 nm respectively.
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Figure 45 : Calibration of applied farce as a function of the current in the coil, giving a
calibration constant of 7.92 mN/mA.
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Figure 46 : Typical calibration of spring compliance for the NHT head. The experimental points
have been fitted with a linear regression, from which the average gradient gives the
spring compliance. In this case, after averaging over 4 measurements, the value is

found to be 889.8 nm/mN.

6.3 Integration of a compact scanning force microscope

The complete NHT system (Fig. 47) is housed in a solid die-cast frame to ensure cnmpactness
and stability. The measuring head and nptical microscope are mnunted side-by-side and linked by
two electromechanical displacement translation tables (X and Y axes), allowing a specific sample
site to be antomatically positianed under gither head or microscnpe with a precision of 1 um. The
measuring head is protected from accidental damage by a stiff housing and is lowered and raised
automatically via a Linear Variable Differential Transformer (LVDT) housed within the frame.
The two perpendicularly mounted tables can be moved vertically over a range of ~12 cm and

locked in position, thus permitting large samples to be measured easily. The optical microscope
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Integration of the SFM objective means that, as with the combined system (Chapter 3J), three
measuring stations are available under which a specific sample site can be quickly and accurately
positioned via the two electromechanical tables. A separate software package for controlling table
displacement allows lateral movement of the sample whilst the SFM tip is ia contact : this greatly
aids the calibration procedure (the same as previously described in section 5.4, using a circular

etched grating).

The complete NHT system is mounted on a pneumatic anti-vibration table to dampen external
vibrations and minimise noise whose frequencies may perturb the measuring head or SFM. The
influences of thermal drift and external anoise on the measnring head have been investigated

elsewhere” and have shown that, in its present form, the NHT is a very stable instrument.

6.4 The SIS objective SFM

This SFM head simply houses a standard piezo tube which is feedback controlled in all three axes
by capacitive strain ganges which practically eliminate the inherent piezo limitations of hysteresis
and oon-linearity. The total lateral scan range is 20 um and an optical fibre focusses a beam on
the backside of the cantilever, the reflected inteasity being measured by a separate control unit.
Operation of the unit is fully antomatic and user friendly, and standard Si3;Ny cantilevers can be

nsed.

The deflection of the cantilever is transformed into a measnrement signal by a glass-fibre
interferometer which serves as a position detector. This signal is sent to the control electronics
where the tip position is continuously adjusted doring scanning to compensate for height
variations. This feedback control loop ensures that cantilever deflection remains constant duriag a
measurement and is recorded as a direct representation of the surface topography of the sample.
The glass-fibre interferometric deflection sensing system is shown schematically io Fig. 48 and
has been chosen owing to its compactness and insensitivity to interference and noise. Light
emitted by the laser diode is coupled into a monomode glass-fibre which transmits the light, of
wavelength A, in oae direction only. The beam is directed via a beam-splitter oato the reflective
backside of the cantilever, the end surface of the fibre acting as a half-mirror, both of which form
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a Fabry-Perot interferometer'®, The reflected li ght is transmitted back to the fibreoptical conpler
where it is outconpled and its intensity measured by a photo diode. This signal takes the form of a
sinusoidal wave when plotted as intensity versus distance between the end surface of the fibre
and the reflecting backside of the cantilever. Typical intensity variations have a period of A/2, the
highest sensitivity of this technigue being obtained if variations of the measured signal are
determined between a minimum and a maximum (or vice versa). If the cantilever is adjusted into
a nearly linear range of this signal function then deflections can be detected with a resolution of
0.01 nm. Since the force applied by the cantilever on the surface shonld remain canstant, the Z-
piezo is used 1o compensale as described previonsly, thus ensuring that the cantilever tip remains
in the most sensitive detection range of the interferometer. The objective SFM has been shown in
practice to have an effective vertical resolution of 0.05 nm owing to the instability of the

microscope on which it is monnted'?'.
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Figure 48 : Schematic representation of the glass-fibre interferometer setup used for measuoring
cantilever displacement with the SIS objective SFM.
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6.5 Results

The main applications of nanoindentation combined with scanning force microscopy are
presented in Chapter 7. However, some basic resalts as well as other interesting applications are

described in this section.

Fig. 49 shows indentation data for two similarly work-hardenable but soft metals, in this case
pure copper and gold. The SFM images confirm the effects of pile-up around the residual imprint
and for the copper it is easily noticed that the edges of the Vickers impression are convex (or
barrel-shaped). If a metal has been highly worked, so that no appreciable work-hardening is
produced by the indentation process itself, the metal behaves approximately as an ideally plastic
material and the displacement of the the metal will follow a classical flow pattern, the displaced
material tending to flow up the faces of the indenter, bnt sioce it will be less constrained on the
faces than on the comers, it will rise more at these regions than at the edges. Thus with a Vickers
indenter, the indentation will be wider at the centre of the faces than at the edges. Note that all
cross-sectional profiles for Vickers indentations are measured vertically through the centre of two

opposite imprint edges.

If a metal has not been highly worked, the displaced material is pushed out at some distance from
the indenter ; early displacement of material in the plastic region produces appreciable work-
hardening and it becomes easier to displace the adjacent material which lies deeper below the
indentation. The impriot is therefore sunk below the original level of the sorface and the effect is
more marked at the centre of the faces than at the edges. This produces concave (or pincushion-
shaped) residunal impressions. This phenomenon, although well-documented for metals, is often
enconntered with other classes of materials. Fig. 50 shows indentation data for sapphire and
tantalom, the former being a ceramic material of high hardness (in this case measured as 21 GPa)
and one which is susceptible to brittle cracking as a resnlt of indentation. The SFM images
confirm that both materials exhibit concave imprint edges. However, the corresponding profiles
show that the sapphire imprint is significantly sunk-in below the original surface, whereas the
tantalum has a certain amount of pile-up material. In addition, the sapphire SFM image and
profile show a ‘step’ of material (right side of profile) which is above the original surface. This is
cansed by cracks propogating away from the indenter under the surface during loading.
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Fig. 51 shows indentation data for two high-tech coating materials which are now commonly
used in tribological applications. Diamond-like carbon (DLC) films are already well known for
their high hardness (20-30 GPa), high clastic modulus, low friction, chemical inertness and good
wear resistance. The load-displacement curve confirms the huge depth relaxation upon unloading,
leaving a residual imprint depth less than one third of the maximum penetration depth. The SFM
image shows the relatively large tip defect of the particular Vickers indenter used for this
indentation. Such a defect is not uncommon in the field of micro- and nanoindentation, owing to
the difficulty in polishing a four-faced diamond pyramid to a reasonable tip. For the example
shown, it is noticed that the indenter has a flat across its tip of approximate length 500nm,
although this only becomes noticeable for residual indentation depths inferior to 100 nm. Such a
phenomenon does question the accuracy of hardness and modulus values calculated from such
shallow indentations, but because of the iterative calibration procedure used for determining the

indenter area function, this effect is taken into account for depths greater than 25 nm.

For the TiN coating in Fig. 51, the measured hardness and modulus are in fact composite values
for the coating and Si substrate. Significant pile-up is evident around the imprint, possibly caused
by delamination or cracking between the coating (thickness ~100 nm) and the substrate. The
apparent irregularity in the unloading curve is characteristic of indentation into silicon and is
often referred to as a pop-in. This effect is discussed later in more detail, but for the case of
coated Si, is a good indication that the substrate is making a substantial contribution to the
indentation properties. Another such example is shown in Fig. 52 for a Si substrate coated with a
thin film (120 nm) of polymethyl methacrylate (PMMA). In this case the soft polymeric coating
has been pushed away from the indemter causing large pile-up, but has made virtually no
contribution to the measured hardness value, this being only slightly lower than the literature
value for [100] silicon.

The indentation on glass in Fig. 52 shows the characteristic sink-in and concave imprint edges
often found in ceramic materials. Fig. 53 shows examples of multicycle indentations on both
glass and sapphire materials, where four cycles to 90% unload have been completed after initial
loading to a maximum of 100 mN. Both materials show large amoununts of elastic recovery during
unloading and the multicycle curves confirm that the unloading and reloading cycles are nearly
the same. This behaviour is often observed in ceramic materials, such low hysteresis and good

reversibility suggesting that deformation in these materials is almost entirely elastic after initial
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increasing the load in 75 mN steps over four load-unload cycles. The cross-sectional profiles
(Fig. 56 (c) and (d)) confirm the substantial uplift of material arouund the residual imprint as a
result of lateral cracking below the indenter, in addition to the radial cracks propagating away
from the comers of the imprint. In contrast to normal metals, the energy absorbed by silicon is
significant on each cycle and cbviously contributes actively to the observed cracking ; for
example, in Fig. 56 the maximum load in (b) is 50 mN less than that attained in (a) but the SFM

images show greater cracking ia the former than in the latter.

Fused silica is a member of the silicon family which exhibits a very large elastic recovery during
unloading, as depicted in the load-displacement curves of Fig. 57. For relatively low loads, in this
case 30 mN, the residnal imprint has quite an unnsual appearance suggesting that the sides of the
indentation are elastically recovered dunng unloading, whilst the comners are not. With a
Berkovich indenter, additional plasticity may well be caused by the stress concentration at its
edges, meaning that the indeuter is able to permanently mark the position of the corners of the
indentation at maximum lead. If the applied load is increased tenfold to 300 mN, as shown in Fig.
57 (b), the load-displacement curve has the same shape and the calculated hardness and modulns
are the same as for a low load indentation. However, the SFM images and their respective cross-
sectional profiles show that the residwal imprint is quite different at high applied loads;
subsurface median and lateral cracking has caused uplift of the sides of the impriot and a large
flake of material is also visible at one corper of the indentation. This characteristic material
response is highly reproducible and such large flakes of uplifted material are always found over a
comer, indicating that lateral crack propagation is obviously higher at zones where stress

conceuntrations are high.

Fig. 58 shows Berkovich indentation data for monocrystallive tungsten where the material
response is again different depending on the applied load. It has already been shown that both the
harduess and modulus of tungsten increase as the Joad is decreased™ and that at very small loads
(< 1 mN) the behaviour is almost perfectly elastic, after which a yield point is observed
corresponding to the onset of plasticity, and a permanent residual impression is formed™, 1t is
interesting to note that at a relatively low peak load of 5 mN (Fig. 38 (a)), significant pile-up is
visible around the residual imprint, whereas at a much higher peak load of 100 mN, pile-up is
negligible (Fig. 58 (b)). This would indeed suggest that tungsten has properties in the near-
surface region which are different to those of the bulk, probably due to a surface oxide layer.
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Indentation data for some less common metals are summarised in Figs. 60, namely antimony,
rhodium and yttrium. All three show properties characteristic of work-hardenable metals where
pile-up is evident around the residval imprint. Some results for cobalt are presented in Fig. 61,
this being a hard and brittle metal which readily cracks when locally compressed. The cross-
sectional profiles show the sink-in and uplift of material which occurs around the indenter, and
the multicycle force-displacement curve shows significant hysteresis on each unload-reload

cycle.

For coated systems, the NHT with integrated SFM is ideal for mapping the material response as a
function of indentation depth. The net hardness of a composite coating-substrate system is a
complicated function of the coating thickness, coating hardness, substrate hardness and the
adhesion between the coating and the substrate. Much of the previcus work in this domain, using
standard indentation techmiques, has failed to accurately differeatiate between the effects of all
such parameters. In addition, for soft coatings on a hard substrate, there is a tendency for material
to pile-up around the residual imprint to a much greater degree than it would in a bulk material.
This is due to the severe constraiat imposed on plastic deformation in the film by the relatively
undeformable substrate. Since present methods of analysing nanoindentation load-displacement
curves do not account for the extra contact area produced by the pile-up, the enhancement of pile-
up in soft films on hard substrates has important consequences for the measvrement of

mechanical properties by such methods.

Results are presented for three commeon coatings sputtered ontoe a Si [100] substrate, namely gold,
aluminium and titanium, having thicknesses of 100 nm, 300 nm and 200 nm respectively. In all
three cases, a series of indentations has been made at maximum depths (hn,,) varying over the
range 25 — 1200 nm. This corresponds to the maximum range of depths over which the NHT can
measure in its present configuration for the specified samples. The residval imprint at eacb depth
has been directly imaged with the SFM, aliowing the cross-sectional profiles at each depth to be
plotted and the effects of pile-up investigated. In addition, the evolution of hardness and modulus
has been plotted as a function of the maximum penetration depth, .., oormalised with respect to
the film thickness, #. If it is considered that the substrate begins to affect the indentation
bebaviour of the coating when h,../t; > 0.1, then clearly all the measurements made are

influenced, in varying degrees, by the Si substrate.
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Figure 64 : A sclection of cross-sectional profiles corresponding to images in Figs 62-63 are

plotted together in (a), whereas (b) shows the evolution of the load-depth carves.
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Figure 65: The variation of hardness (a) and elastic modulus (b) are plotted as a function of the
normalised depth (hma/ty) for a gold film (thickness = 100 nm) sputtered onto a Si
[100] substrate.
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The results for the gold-on-Si composite’ system are summarised in Figs. 62-65. This was the
only coating-snbstrate combination measured with a Vickers indenter and at very low depths (50
- 15 nm) the non-symmetrical tip defect is evident in the SFM images (Fig. 62), cansing more
material to be pushed away from the longer edges of the indenter tip. As An,, 15 increased, the
pile-up behaviour is seen to depend on the depth af the indentation relative to the film thickness
and the amount of pile-up can be significant at certain depths. At small depths, material is pushed
to the sides of the indenter tip giving the residval imprint a rectangular shape owing to the
aforementioned tip defect. At higher depths, at and above the film thickness (i.e., Ama/ty 2 1), the
amount of pile-up is very large relative to the indented area and gives the residual imprint a
circular appearance even though it has been made with a square pyramid. For depths much
greater than the film thickness (e.g., indent for Ay, = 2500 nm in Fig. 63), the relative amount of
pile-up is significantly smaller because a greater portion of the deformed volume is in the harder
Si substrate. This evolution of pile-up with penetration depth is represented in Fig. 64 (a) by
plotting a selection of cross-sectional profiles through imaged imprints. At depths greater than the
film thickness (in this case 100 nm), the transition between the coating and substrate is clearly
visible, as is the elastic relaxation of the Si substrate which gives a bulge in the profile ai the
interface (this can be compared with the profile in Fig. 55 for uncoated silicon). The increasing
influence of the substrate can also be seeﬁ io Fig. 64 (b) where the elastic component of the

unloading curve becomes greater as the penetration depth increases.

The variation in hardoess as a function of normalised depth is plotied in Fig. 65 (a) and correlates
well with the expected behaviour of a soft coating on a hard substrate. At small depths, the
hardness (althongh already a compaosite hardness of the coating-substrate system) tends toward a
value < 3 GPa, this value approaching that of the sputtered gold coating (< 1 GPa). At larger
depths the hardness increases rapidly and tends toward that of the substrate (~ 9 GPa), the
steepest increase being at depths close to the film thickness. The elastic modulus (Fig. 65 (b)) is
seen 10 decrease from approximately 110 GPa o 40 GPa, with a slight increase around the film
thickness, after which it falls off rapidly. From previous measurements on bulk gold (e.g. Fig. 4%)
a value of 110 GPa would seem reasorable for the elastic modulus at small depths where the
substrate influence is at its lowest. However, the measured modulus for Si is 170 GPa, indicating

that the plotted modulus ought to increase, especially for depths where A,/ > 1.
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Figure 68 : A selection of cross-sectional profiles corresponding to images in Figs 66-67 are
plotted together in (a), whereas (b) shows the evolution of the load-depth curves.
The increasing influence of the Si substrate is evident for maximum penetration
depths exceeding the aluminium film thickness (300 nm).
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Figure 69 : The variation of hardness (a) and elastic modulus (b) are plotted as a function of
normalised depth (h,../tp) for an alumininm film (thickness = 300 nm) sputtered
onto a Si [100] substrate.
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Some previous work®® has already shown that the elastic modulus is often significantly
underestimated for soft coatings on hard substrates; during unloading, the Si substrate
experiences a much greater elastic recovery than the gold coatiag. Thus, during unloadiog, the
recovered displacement is significantly different in the lower portioo of the nnloadiog curve, ic.,
afier contact with the Si is Jost. This produces a bend in the curve and changes its shape such that
the assumed power-law fitting relation no longer fits comectly. The resultant effect is that the
unloading stiffness derived from the power-law fit is underestimated, which translates to an
underestimation of the elastic modulus. This is evidently the case for the unloading portions of

the curves shown in Fig. 64 (b).

The results for the aluminium-on-Si composite system are summarised in Figs. 66-62, for which
a Berkovich indenter was used in preference to a Vickers. The SFM images show that very little
pile-up is evident at low depths, this being characteristic of sputtered aluminium. For depths
where h,q/ty > 0.1, the amount of pile-up around the residual impriot iocreases gradually,
producing a circular shaped imprint. The evolution of cross-sectional profiles is summarised in
Fig. 68 (a) and it is interesting to aote the variation in residual depth for the Si substrate below
the surface, depending on the value of A4, At the greatest depths, the observed transition
between the Al film and its substrate is nearer to the surface owing to the iocreased elastic
relaxation of the latter npon unloading. This is an important factor which should always be
considered wheo estimating the thickness of a coating from the profile of a residual indentation,
especially for the case of substrate materials which exhibit large elastic recovery. For the case
coasidered, an estimate of the film thickness from the deepest profile would suggest a value of
approximately 220 nm when in reality the thickness is accurately known (from the depositioo
rate} to be 300 nm.

The variation in hardness as a function of normalised depth is plotted in Fig. 69 (a) and shows a
very steep increase, teading toward that of Si, as soon as the indenter begios to penetrate the
substrate. This would imply that the influence of the soft aluminium coating on the composite
hardness value decreases very rapidly once Amafts > 1. For A, fty < 1, the hardoess is seen to rise
gradoally as the value of h,,,,/¢y decreases and is significanily greater than the accepted value (< 1
GPa) for aluminiam. This can be explained by the certain presence of a harder oxide layer near
the snrface of the aluminium, as well as the surface ronghness beiag of the same magnitude as the

indeatation depth for .../t < 0.4 (also shown as greater dispersion in the experimental points at
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such shallow depths). The variation in elastic modulus, sbown in Fig. 69 (b), is, similarly to the
previous gold-on-Si example, not as expected. A value of approximately 250 GPa is maintained
up until the coating thickness, after which a rapid decrease is observed which tends toward a
value of approximately 100 GPa. Considering that aluminium and silicon have respective meduli
of 75 GPa and 170 GPa, the results wonld seem very confusing. The underestimate of modulus
for hpadty > 1 can, however, be acconnted for by the unloading curves having a shape which does
not fit accurately to the usnal power law fit (as explained previonsly). This is evident from the
curves in Fig. 68 (b), particnlarly for maximum penetration depths between 300 and 1000 nm.
The overestimate of modulus for h./fr < 1 is directly related to the pile-up behaviour, and at
very shallow depths, to the certain presence of a surface oxide layer. Tsui ef af ** have recently
shown, for the aluminium-on-glass system, that an increase in contact area due to pile-up can
underestimate the true contact area by as much as B0%, resulting in significant overestimation of
the measured hardness and modulus. This theory would seem to hold well for the Al-on-Si
system, judging by the substantial pile-up observed in the SFM images of residnal imprints.

The results for the titaninm-on-Si composite system are summarised in Figs. 70-73. As opposed
to the aforementioned Au-on-Si and Al-on-Si systems, the plasma deposited titanium is in fact
harder than the Si snbstrate, due to the high internal stresses produced as a result of deposition
and the oxide film (usually TiO;) which forms immediately on removal of the sample from the
reactor. The SFM images (Figs. 70-71) clearly show the surface morphology and grain structure
of the deposited coating. For the imaged indentation made with ., = 25 nm, the residual imprint
is barely visible and is of a similar magnitude as the surface ronghness { ~20 nm). As hpy,, is
increased, no apparent pile-up effects are noticeable until the substrate is reached, suggesting that
plastic flow is far more restricted than that of softer coatings. For depths where k., > 200 nm
(the film thickmess), the amount of pile-up increases gradually but it can be observed that the
surface morphology of the piled-up material remains the same as that surrounding it. This would
suggest that, contrary to soft coatings where materal is obviously pushed to the sides of the
indenter, the material has undergone uplift due to substrate relaxation on unloading. This is
further confirmed by the concave edges of the imprint.

The variation in hardness as a function of normalised depth is plotted in Fig. 73 (a) and shows a

steep decrease from a value approaching 16 GPa at shallow depths, to approximately 11 GPa at
the coating-substrate interface. For values of A/t > 1, the hardness decreases more gradually
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down to a valuec of 9 GPa, this being the hardness of the substrate. The greater dispersion of
experimeotal points at shallow depths can be attributed to surface roughness effects and the
varying influence of the surface oxide layer, which, for such a thio film, may well exteod a
significant distance into the coating. The variation in elastic modulus, shown in Fig. 73 (b),
descends from 270 GPa to 140 GPa, with no apparent discontinuity as a result of the coating-
substrate interface. A slight underestimate of modulus is observed for An../t; > 1 and this can be
attributed, as before, to an artefact caused by the unloading curves not followiog a power law
relationship all along their leogth. The evolutioo of cross-sectipoal profiles in Fig. 72 (a) shows

the sudden increase in pile-up at depths close to the coating-substrate interface.

Having discnssed three common coating-substrate systems, it is clear that their properties as
measured by nanoindentation are a complex mixture of many factors. For hardcoated systems,
the indentation response 15 characterised by the coatiog being bent and stretched as the substrate
has yielded to accommodate the indenter displacements. The applied load is supported by a
combination of elastic flexure of the coating, plastic yielding of the substrate and any internal
stresses generated in the coating as it is deformed. The measured hardness value is therefore got
an accurate measure of either of the phases present, and so should oot be compared with the
hardness of bulk solids, except when the properties are obviously those of ooe component of the
system. For soft-coated systems, the iodeoter cuts through the softer surface layer and punshes it
away from the iodented area. For this process to occur, the coating must flow extensively and
plastically under the shear component of the contact stress caused by the loaded iodenter before
any significant yielding of the substrate occurs. It is therefore of the utmost importance to
establish the dominant deformation mechanism by directly imaging the indented area, as
demonstrated here with a high resolution SFM.

Depending on the dominant deformation mechanisms, the substrate will always play some part in
determining the contact response of a coated system, since it will react to any displacement of the
coating lower surface (i.e., it will react as an elastic foundation of a particular stiffness, or a
foundation which is flowing plastically and creating stresses in the coatiog by material
movement, or, in the case of polymers, one which behaves viscoelastically). The precise isolation
of properties which relate to the coating alone can only be realised if all of the discussed factors

are considered and taken ioto account'®.
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Figure 72 : A selection of cross-sectional profiles corresponding to images in Figs 70-71 are
plotted together in (a), whereas (b) shows the evolution of the load-depth curves.
The increasing influence of the Si substrate is evident for maximum penetration

depths exceeding the titanium film thickness (200 nm).
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Figure 73 : The variation of hardness (2} and elastic modulus (b) are plotted as a function of
normatised depth (hp,./tp) for a titanium film (thickness = 200 nm) sputtered onto a
Si [100] substrate.
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Apart from imaging the residual imprint of an indentation, the integrated SFM can also be nsed to
check and quantify the tip defect and symmetry of the indenter ased. The actnal indenter tip,
being fosed to a vertical rod, can easily be removed from the NHT measuring head and
positioned accurately under the SFM objective. Fig. 74 shows a series of SFM images of the
Vickers and Berkovich indenters used for the indentations presented in this chapter. As explained
previously, the images made of Vickers imprints at shallow depths showed a significant tip defect
for this indenter, in the form of a flat across its tip of approximately 500 nm in length. A large
scan of the indenter tip shows good symmetry between the four faces (Fig. 74 (a)), whereas a
close-up of the actnal tip apex shows the bluntness at this scale, as well as the flat whose length
can again be measured as approximately 500 nm (Fig. 74 (b)). In cootrast, the scan of the
Berkovich indenter confirms that the tip geometry remaios more well defined oear its apex and
that it does not snffer from the inherent bluntness ohf Vickers indenters (Fig. 74 (c)). Thns, it
would seem that a Berkovich geometry is far better snited to indentation depths less than 100 nm.

Although the SFM has a limited vertical range, most oanoindentations are less than 5 pum in
depth, so the instrument is well suited to the measurement of the active portion of the indenter. In
addition, the high resolution of the SFM allows shape information to be extracted directly from
the images, as well as any deviation from a perfectly sharp pyramidal geometry. Previous work in
this domain'™ has shown that the area fonction of a pyramidal indenter can be directly calculated
from information gained from an SFM image, after correcting for the effects of pixellation and
SFM probe shape. Pixellation occurs duoe to the fact that SFM data are acqnired in digital form
and so have a finite number of data points. For example, for a lateral scan size of 20 um, and
using the maximum number of points per line (512), the separation between eacb data point will
be 20 000/512 = 39 nm. This means that an image of a typical pyramidal indeoter will in fact be
made np of steps of lateral separation 39 nm. If the contact area is to be calculated from such data
then this may produce significant error, and so varions comection routines must be used.
Obviously, this effect is also present in SFM images of residnal imprints and shouid be taken into

acconnt if pile-up volumes or contact areas are to be calculated.
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6.6 Conclusions

The NHT instrument, in its present configuration with integrated SFM, has beeo shown to
provide highly precise hardness and modulus data for a wide range of materials, as well as
significant additional information concerning the true response of a material to iodentation at a
nanometric scale (e.g., elastic/plastic deformation, cracking, creep, phase transformation, eic.).
Regarding common coated systems, the NHT has proved that load-displacement information
alone is not always able to determice the true deformation mechanisms occurring at the tip-
sample interface, and that SFM imaging of the residnal imprints at varions depths is an invaluable
means of characterising coating-substrate deformation behaviour. In addition, the NHT/SFM is
capable of providing load-displacement data together with topographical information (ie.,
surface ronghness, extent of pile-np/sink-in effects, true area of contact, volume of material
displaced, indenter tip shape, etc.} in a fast and efficient manner. The differential indentation
method has been shown to have enhanced precision, a low effective frame compliance and low
drift.
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Chapter 7

Published results and applications

7.1 Surface characterisation of bearing components

Paper presented ar the 10" International Colloquium on Tribology — Solving Friction and Wear
Problems, Technisches Akademie Essiingen, Germany, January 1996 and published in the proceedings
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Surface Characterisation of Bearing Components

N. RANDALL

CSEM, Neuchétel, Switzerland

Summary

With the advent of new manufseturing technigues and better materials for contacting surfaces, modern bearing balls and races have
benefited from hander surface coatings and much improved surface finish quality. Conventional methods of characterising surface
topographical features, such as stylus profilometry, have gradually become incapable of evaluating & bearing sorface with sufficient
precision, and thus other alternatives have been required. One of these, the Atomic Force Microscope (AFM) has already established itself
as a very powerful tool for surface characterisation with nanometric precision. AFM analysis has been developed so that important
parameters, namely surface rouphness, can be easily extracted from a measured area. A selecton of three bearing balls, of different
materials and all polished to grade 3 qoality, and a comresponding bearing inner race, were analysed nsing threc of the most common
techniques presently availablc, namely stylus profilomeitry, optical profilometry and AFM. The resulting roughness values were compared

and showed that substantial variations exist between techniques.

1. INTRODBUCTION

The interplay between different bearing components in dynamic
contact is very much dependent on the topography of the
interacting surfaces, and to this end their roughness has an
important role to play in minimising friction, wear, scuffing and
other mechanisms leading to failure of the system. The surface
roughness, and related parameters, are thus crucial in gaining a
better understanding of the tribological processes which occur
on a sub-micron scale between two contacting bodies.

Owing to the limitations of traditional characterisation methods,
such as stylps, optical, electron-bearn and others [1, 7],
dlternativas have been developed to cope with the ever
increasing surface finish quality required in today’s bearing
components. One of these, the Afomic Foroe Microscope
(AFM) [2, 8], has proved revolutiopary in recent years for the
analysis of surface topography down to 2 nanometer scale [6].
Previous work [1, 3-5] has already shown the potential of such
an instrument for controlling surface roughness in a wide
variety of industrial applicatons, and for investigaling
nanoiribological interactions with previowsly unmatched
resolption. In addition, the AFM technique is able to provide
quantitative information regarding microstructural variations
across surfaces which, when combineé with roughness data,
gives a moch betier picture of the processes occurring between
sliding contacts and how they can be optimised.
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In this paper, the AFM is compared with two standand
analytical techniques currently used in industry for routine
roughness measurements, namely a stylus profilometer and an
optical profilemeter. Measurements perforroed on  three
different bearing balls of diameter 3.175mm and their
corresponding bearing inner race showed that variadons exist
between techmigues, with the AFM proving in same ways
superior for the routine characterisation of bearing components,

2, EXPERIMENTAL

2L Qutline of instruments used

All threg insruments are prescntly available commercially for
the local characterisation, in 2- or 3- dimensions, of sorface
lopographical feawres and for industdal quality control in
bearing systems. The first, a standard stylus profilometer [9}
uses & diamond stylus of tip radius 1.5-2.5um with a vertical
resolotion of 3nm and a laterzal resolution of 1pm. This method,
probably the most widely used for measuring roughness, mowves
the stylus over a surface and records vertical displacements
providing a line profile from which the roughness can be
calculated, 1t is limited by its lack of lateral reselution and so
has limited use for measuring modero sub-micron features, such
as low-period gretings, thin-film coatings and other commgn
micro-fabricated structures. Having reached the resolution limit
of this method, others have been developed in recent years in an



atempt to improve the accuracy of surface roughness
measurements.

Oue such rethod, and the second of the instruments used for
this work, is the optical profilometer [10] which focuses light
from a laser diode on the sarople surface. The light reflected
back from the surface is focused through a lens system onto two
halves of a differendal photodiode, such that both halves are
equelly illuminated when the focal length of the dbjective lens
is identical to the lens-surface separaton. A feedback loop
ensures that this separation is maintained as the lens moves over
the sample surface and thus the lens position foflows the
variation in surface profile. The laser spot has a diameter of
1pm, the instroment having a verfical resolution of 10nm and a
lateral resolution of 1pm. To this end, the optical racthod is not
really an improvement of the stylus, only an alternative.

The atomic fonce microscope, however, has vertical and lateral
mesolutdons far superior to the aforementioned profilometers,
namely 0.1nm and 0.2nm respectively. With a doped silicon tp
of radius <150A, this instrument easily provides accurate
imaging in 3 dimensions down (o a sub-nanometer scale. The
tp, integrated into a cantilcver, is moved across thc sample
surface by a piezoelectric scanricg element which is controlled
in the x, y and z directions, The subsequent cantilever
deflactions are detectad by a laser systera and recorded via a
four-quadrant photodetector. An electronic fesdback lonp
ensures that the piezo scanner follows the 7 movement of the
cantlever as the dp moves over the surface. The data is
recorded in the form of a 3 dimensicnal image, from which the
relevant roughness parameters can be obtained, either as a
cross-sectional line or as a surface profile.

The AFM used for this work, commonly Imown as the Atomic
Scale Tribometer (AST) [11, 12}, has already proved itself in
the field of sorface characterisation and nanoscale tribology
[13}. The stand-alone measuring head (shown in Fig. 1) allows
samples of unlimited size to be imaged and measures both the
vertical and lateral deflection of the canudlever, although for this
work only the vertical signal (topography) was recorded for
ronghness analysis.

2.2, Sample description and measurement procedure
The following types of bearing component were subjected to
roughness measurcments usiog stylus profilometry, optical
profilometry and atomic fonce microscopy:

(1) AISI 440C steel bearing bail.

(2) AIS] 440C steel bearing ball coated with TiC {3ura thick).
(3) Si;N, ceramic hearing ball.

(4) ABEC 7 bearing inner race.

The three bearing balls were all of diameter 3.175mm and
polished to the grade 3 AFBMA standard [14] which specifies
for this grade an allowable bearing diameter variation of
0.08um and a maximum surface roughness arithmetc average
(R of 120m. The bearing inwer race was carcfully sectioned
prior to analysis in order to allow measurements to be raade in
two perpendicular directions, namely the transverse direction
(across the machining grooves) and the longindingl direction
(along the machining grooves). 1t should be noted that during
use the bearing balls run along the race in the loagitudinal
dircction.

131

With the stylus and optical profilometers, three surface profiles
were taken oo each sarople, in different arcas, and an average
calculated for the roughness. With the AFM, five 10um x 10pm
images were made on each sample in a similar manner.

The only surface roughness parameter common to all threc
analytical metheds is the root mean square (rms) value, so this
was used for easier comparison between different samples and
methods. However, the standard roughness parameter used in
industry is the R, or centre-line-average value so it is important
to explain the relationship between these two values, The
arithmetic mean roughness, R,, is simply the average deviaton
of the profile from the reference mean line, and is defired by
eguation (1), where L is the assessraent length, y the peak

height and x the peak spacing.

L
R =1 £|y(x)|dx M

R = ]y (x)dx @

ot

The root mean sguare roughness, R, is the standard deviation
of the distribution of surface heights, and is defined by equation
(2) which also describes its relationship o R,, The R, value is
actually the only roughness parameter with basic significance
and is fundamental in describing sorface roughness by
statistical methods. With all three measuring techniques the
reference mean line was calculated as a polynomial function,
thus allowing smooth background curvature to be subtracted
from the date set before subsequent roughness calculation,

i RESULTS AND DISCUSSION

The average rms roughness values measured by each method
arc summarised in Table T and are shown graphically in Fig. 2.
Tt can be seen that the results obtained by stylus profilometry
are directly comparable to those by optical profilometry for all
samples, whereas a discrepancy exists between these two
methods and AFM for the bearing inner race. This is perhaps
best explained by looking at the AFM topographical images
displayed in Fig. 3 in which the different surface morphologies
are clearly idemtifiable. The bearing inner race surface (Fig. 3
(iv)) has directional machining grooves along the longitudinal
direction and se it would be expected that the ronghness in such
a direction should be different to that in a rtansverse dinection.
However, as both the stylus and opitical methods take surface
profiles of length 1.5mm and Imm respectively, with a lateral
resolution no better then 1ura, they sbould not be expected to
accurately detect machining grooves spaced on average <0.5um
apart. Furthermore, when comparing such millimetre-scale
profile lengths with AFM profile lengths of 10urg, it is obvious
that a factor of 10® exists between them and that both
profilometers are taking mom into account surface dcviatons
due to non-sphericity and macroscopic imperfections than the
far more localised AFM measurements. Previous work [5]
explains such phenomena in greater detail.

In order to further investigate the dependence of surface
roughness oo machining directionality, it was possible via the
AFM image processing software (o racasure the ronghness of a



line profile as a function of its angle with the direction of the
inner race machining grooves. Such data was very useful in
explaining the 10nro variation between wansverse - (90°) and
longitudioal (0°, 180°) rmms roughmess values and is displayed
graphically in Fig. 4 together with the corresponding AFM
image, This reinforces the superiarity of the AFM technique in
imaging features that are below the resolution lLimit of
conventional profilometers. An ioteresting point is that for
3.175mm diameter bearing balls loaded to half their load-
bearing capacity and scated comectly in the inner race, the
contact ellipse (the arca of contact between ball and race) bas a
major diarscter of 0.1-0.7mm and a minor diameter of 0.02-
0.2mm. This means that the AFM data is of the correct order of
magnitude for investipation of the ball/race contact zone and
further work may well prove beneficial in optimising this
important tribolagical aspect of bearing technology.

The images shown in Fig, 3 provide direct comparison of three
different bearing ball material surfaces with the steel inner race
with which they are in rolling contact. 1t cen be seen that the
steel surface is the roughest, consisting of sharp features and an
Ry value only just within the AFBMA standard for a grade 3
ball. This iz due to the martensitic stainless steel microstructure
{AIS] 440C) which, due to 1%C and 17%Cr additions, contains
two main phases of differing hardness, Thus during grinding
and polishing these two phases wear at different rates and thus
provide a greater roughness than a single phased material such
as TiC, The TiC coating, deposited by Chemical Vapour
Deposition (CVD) has a grain size 100 times smaller than tha
of a steel ball (in the order of 0.1um) and so exhibits less
roughness variation due 1o the superior polish that can be
obtained on such a surface. The silicon nitride {Si3N,) surface is
made up of coarse giains (1-3pm) and small pores at grain
boundarics resulting from its powder depsification fabrication
route. Polishing scratches and microscopic pores are clearly
visible in the AFM image which are fac belaw the resolution of
a stylus or optical profilometer, but which need to be measured
as they have a significant contribution to friction and
lubrication at the ball/race interfacc. Again, only the AFM is
able to image such sub-micron features with a high degree of
precision.

The outcome of such AFM data, combined with that from the
two profilometers, is that, although very useful, roughness data
is very subjective in terms of the instrument used, the distance
over which it is measured and the way in which it is calculated.
The polynomial function used in each method was, in each
case, only an approximation of the true background that shouold
be removed and did not take into account surface variations due
to waviness effects, holes and other ithamogeneities. Thus, the
combination of roughness data with 3 dimensional imaging is
definitely a step forward in characterising bearing surfaces.
Two arcas with a similar roughness value may well exhibit
substantially different topographies (as seen with the ceramic
and TiC-coated balls) amd AFM analysis permits a beter
appraisal of irregularitics which may influence the mechanical
and mbological properties of mating surfaces. However, it
should be noted that the relatively small scan renge of such a
technigue does limit its ability to provide an accurate roughness
value representative of the entire ball surface. Errors may well
occur when measuring rough surfaces that have greater
variatigns ther the 10pm x 10um square recorded. In such
cases, the aptical and stylus methods are sure to provide a more
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accurate global value of the surface roughness, despite their
resolution limitations.

d, CONCLUSIONS

A successful, and very interesting, comparison could be roade
between traditional stylus/aptical profilometry and atomic force
microscopy for the measurement of bearing balls and their
comresponding inner race. Quantitative data obtained with each
technique enabled the resolution limits of each instrument o be
investigated with respect to the characterisation of common
bearing surfaces. 1t was shown that AFM provides significant
additional information, nndetecied by other means, but that it is
still useful to combine such data with that from profilometry
measureroents in order to gain a more global picture of the
sample surface.

Following such an investigation, there is clearly much scope for
further work io this field coacerning the use of an AFM, in
particular:

(i) Ullisation of the lateral signal of the AST for
measurement of the frictonal properties of bearing
surfaces.

(i) In-sita stodies of bearing interfaces by simulating a sinple
asperity contact of a real suriace with an AFM (p, in a
rigidly controlled epvironment.

(iii} Analysis of bearing surfaces before, during and after lang
periods of usage, in order to monitor changes on a sub-
micron scale. Localised bardoess testing of the outer
atomic layers might also be incorporated in such a stady.

(iv} Accurate positioning techniques that allow profilometer

racasureroents to be made on exactly the same surface area

as AFM measurements. This is the only practical method
of really comparing such instruments.

Use of an AFM for better characterisation and quality

control of finished bearing componeats. This particulacly

applies 1o rices owing to controversy between
manufacturers concerning their finishing process.

v)

These are only a few suggestions, but they show the wide range
of applications that have become possible with the atomic force
microscope. Furthermore, the Atomic Scale Trbometer used in
this study, with its stand-alone construction enabling it o
measure samples of any size and in almost any environment,
has been shown to be a most useful tool in further investigating
the surfaces of bearing components. It is expected that such
instruments will pave the way for routine quality inspection in
manufacturing and other industrial fields.
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BEARING COMPONENT AVERAGE ROUGHNESS (R;;) VALUE (nm)
STYLUS OPTICAL AFM
AIST 440C Steel ball 11.7 12.2 12.6
AIlST 440C Steel + TiC ball 7.2 10.9 9.1
SizN, Ceramic ball 9.1 11.5 10.5
ABEC 7 Inner race {transverse) 17.8 15.7 6.8
ABEC 7 Inner race (longitudinal) 16.6 13.4 1.9

TABLE1: Comparison of root mean square (rms) roughness values for the bearing balls and inner race, measured by three analytical

techniques.
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(i) (i)

(ii) iv)

FIGURE 3 : AFM analysis of bearing components; {i) 440C Steel ball, (ii) 440C TiC ball, (iii} S$i;N, Ceramic ball, and (iv) ABEC 7
bearing inner race.

RMS ROUGHNESS (nun)
®

L} 45 [ 135 180
MEASUREMENT ANGLE (™)

FIGURE 4 : Variation of RMS roughness with angle of measurement for an AFM image of an ABEC 7 bearing inner race.
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Abstract

Thin-film coatings, modified surface layers and multiple phases are increasingly being used to improve the properties and functicnality of
engineering materials. Manoindentation effectively meets the indnstrial need to measure hardness on & micro- and even nancmeter scale and has
proved its worth in characterising the mechanical properties of surfaces, subsurface regions, interfaces, phases and grain boundaries in a quasi
non-desmuctive way, The depth-sensing indentation method provides & means of evaluating the elastic and plastic deformations of the tested
material, from which the hardness and the elastic modulus can be celculated. The combination of such an instrument with high resolution
scanning force microscopy {SFM) and a conventional optical microscope provides a system capable of a more complete analysis of important
surface parameters such as surface micro-roughness, topography and grain structure. In addition 1o the precise measurement of the indentation
depth, the displaced material volume can also be measured together with cther important information concemning the processes taking place on a
microseale whilst performing such an indentation, e.g., plastic flow, micro-fracture, material compression and other interfacial effects, First
results obtained on a multiphase high speed steel are presented, showing the net advantages of such a system in carrying out highly Jocalised
indentation studies together with precise measurement of imprints vie SFM,

Keywords : Nanoindentation ; Scanming foroe microscopy ; Vickers handness ; Micron positioning

1. Introduction 0.1 nm respectively, such instruments are able 10 produce
load-displacement curves that give an accurate
Over the last few years great advances have been made in representation of the material response, but a true
the development of both destructive and ron-destructive understanding of the elastic/plastic interactions accwring at
techniques for the accurate characterisation of materials on a the interface is not possible solely from such data,
sub-micron (or nanometric) scale. Classical indemation Additional topographical information has, in recent years,
methods, where hardness data is solely available by become increasingly important for characterising surface
measuring the size of the impression after removal of the deformation in and around the indentation area, Various
indentation Joad, have always ignored praperty variations as methods have been proposed, including SEM [7), TEM [8]
a function of elastic recovery. Furthermore, such methods and STM/SFM [9], with scanning probe techniques being
limit the minimnm depth of the indentation, meaning that one of the few able to guantitatively measure interfacial
depths of less than 1-2pum make the indentation too small for effects, such as material pile-up around indentations, with
size measurement by conventional light microscopy (1] nanometric precision and three-dimensimal imaging
More recently, varions nanoindentation technigues have capability. Such technigues, in particular Scanning Force
been developed which employ much Jower Joads and which Microscopy (SFM), are now being used, together with load-
continuously measure force and displacement as an displacement data, in order to obtain a more overall picture
indentation is made [2-6]). Most such technigues apply the of the nanoindentation process and a means of quantifying
joad either via a magnetic coil, in whick case the load is the true clastic/plastic components of the pracess. In
evaluated from the current in the coil, or via a piezoelectric addition, the exact dimensions of the imprint can be
system which produces the indentation and a capacitive obtained, cnabling a corrclation between bamdness and
sensor which measures the resultant displacement. With imprint size to be establisbed as with conventional hardness-
force and displacement resolutions in the ranges 10 nN and testing instruments. However, such a correlation does not

solve the interpretation problems due to the continupusly
- . changing contact area between the tip and the sample during
Comresponding author. indentation. As has been reported previously [12], these

0040-6090/96/515.00 © 1996 Elsevier Science 5.A. AH righs reserved
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L Cantilever
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Vickers dlamond tip
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(b)

Fig. 2. Frinciples of nanoindentation showing (a) basic components of the system and (b) the calculation of the penetration depth p as & function of

cantilever deflection 4 and piczo displacement z.

and the comresponding force is measured, via movement of
the cantilever, using a standard laser beam deflection system
(Fig. 2{a)). When the Vickers tip is driven into the sample
surface by a distance z, the cantilever deflects by a distance,
d, measured by the laser deflection system, and thus e
penetration depth, p, can be calculated by dhe equation:
p=z-d N

The schematic diagram in Fig. 2(b) shows the principlc in
more detail. Calibration of die indentation force is carried
out by using a high precision weight balance.

The NHT has a maximum piezo displacement of 16 um
with resolution 0.25 nm and the maximum force is 40 mN
with 10 uN resolution.

This instrument was initially conceived for indentation
expetiments where the load and displacement datz are
simultancously recorded during indentation to produce a
classical force-distance curve. However, the system was still
under development when used for this work and was not yet
capable of such en-line measurements. The quantitative data
that conld be measured was the maximum indentation force,
the maximum penetration depth and, of course, the
dimensions of the imprint via subsequent SFM analysis. An
estimate for the clasgical Vickers hardness, H,, of a
measurcd material can now he evaluated by considering the
Vickers relationship:

1/2
D= [1.3541]
H

v

)

where D is dhe diagonal of the indentation and P is the load
required 1o produce it. The diagonal of the indentation can
be measured psing SFM. However, although calibrated, the
SFM preduces distortion due to piezo non-linearities and
hysteresis and thus a factor is introduced into the equation to
compensate for this as well as for tip imperfections:

P 1/2
kD, = [1.354—]

v

3

This comrection factor, &, represents the difference between
the experimentally measured diagonal, D,, and the
theoretical diagonal, D. It can be found by making a series
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of indentations, of known foree, on a homogeneans sample
whose Vickers hardness is known. The dieoretical diagonal
can be calculated and compared to the experimental value
which is measured using SFM, This factor is then valid for
subsequent SFM measurements at the same scan size, made
on indentations where the Vickers hardness of che material
is not known.

2.3. Sample materials

Indentations were carried cut on two different types of
material; the first was a pure Fe test sample, used in order to
evaluate the carvection factor, &, as outlined in the previous
section. This material bad a known Vickers hardness, Hy, of
597 kg mm™ and a Young's Modulus, Ey, of 37.28 GPaat a
force of 150 mN.

The second was an M3 Class 2 high speed steel [15]
which had been etched for 15 secands in a Nita! salution
(4% Nitric acid + cthanal) followed by a depasition of Fe
oxide an the surface by cathodic pulverisation. Such a steel,
having been vacuum sintcred from powder precursors,
showed a wide range of separate phases of small size which
were ideal for testing the positioning accuracy of the system,
and which after etching could easily be distinguished by
optical microscopy. This sample, supplied by <he
Enpineering Materials Research Unit, Bradford University,
UK, was polished down to 0.25um with diamaond paste prior
to Nital etching and deposition of only a few nanometers of
Fe-303.

The microstructure consisted of primary carbides
distributed in a martensiic matrix and a quantitative
analysis by wavelength dispersive spectroscopy [16) showed
that two types of carbide were present, namely MC (where
Mis V or Cr) and M,C (where M is Fe, W, Mo, Cr or V).
The former have Hy of ~3000 kgmm'z, whereas the laner
bave Hy, in che range 1000-1500 kgmm™®. Grains of Mn$ are
also present in e Fe matrix, having been included as a
means of solid tubrication. The MC carbides are globnlar
and dark coloured, the MgC carbides are angular and lighter
coloured and che MnS grains are globular but smaller and
pale coloured.

Such a material was alsa chosen for its practical relevance,
namely for use in valve-guides and camshafts in the
automobile industry, wbere its enhanced wear resistance,
self-lubricating nature and reliability are of the utmost

imponance] 17-18].,












with the sizc of the indentation, should not have an adverse
effect because the sample surface is simply forced
downwards. Hawever, when indenting down te nanometric
scales, sarface roughness may play an increasingly
important role, and thus its prior measurement hecomes
extremely important.

The SFM also permits an accuraie measurement of the
sample surface inclination with respect to the axis of the
diamond indemter. As shown previously by Muthearn and
Samuels [21], a tilt of only a few degrees can cause a
significant crror due to the indenter tending to slide down
the inclined surface, producing a non-symmetric and
enlarged residual imprint. This leads to one of the
limitattons of the present NHT system, in which the
diamond indenter dp is applied to the sorface via a stiff
cantilever. For larger indentations performed on aluminium
it was found that ail indents with a penetration depth
exceeding about 500nm were nat perfectly symmetrical and
that at greater depths the apex of the diamond tip had moved
horizontaily during the course of the indentation, producing
a longitudinal deformation of the imprint. However, for the
far smaller indents presented in this work, such an effect
was not encountered.

Regarding the use of scanning force microscopy in
imaging indentatians, it should be added that several factors
must be taken inta account when interpreting the results.
Firstly, hysteresis and thermal drift of the piezoelectric
scanning element lead to distortion of the image, although
this can be corrected by software. Secondly, SFM data are
acquired in limited numbers of data points and so the sub-
nanometer resojution of the instrument is not maioratned
within the data set for large images. With very shallow
indentations this factor becomes increasingly significant.
Finally, the SFM tip is of finite size and its point of contact
with the surface varies as it moves across the swrface, thus
producing an error that can only be removed if the tip shape
geometry is accurately known.

4. Conclusions

It has been shown that, using the combined nanoindenta-
tion/SFM system, it is possible to carry out highly localised
indentation studies with micron positioning accurzcy and to
precisely measure the corresponding arcas with SFM. The
limitations of the present experimental sct-up for obtaining
quantitative indentation data have been discussed and the
need for further development established. Future work will
be performed with a redesigned instrument, capable of
measuning an accurate force-displacement curve without the
limitations of the present cantilever deflection system, thus
allowing direct comparisons to be made between the curve
and the corresponding SFM image of the indentation. This
work has confirmed the ability of the scanning force
microscope ta provide significant additional information
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concerning the mechanisms occurring in and around the
indentation site, and to give gunantitative data of imprint
dimensions, contact area and volume of displaced material.
Further in-depth studies of a wide variety of materiais will
ailow cioser standardisation of the nanoindentation method
and deveiop it as a very interesting and valid anaiytical
technique for the characterisation of, amongst others,
multiphase alloys, thin films and coatings, micro-welds,
hard disk surfaces and microelectronic devices.
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Abstract

We present the Nano-Hardness Tester (NHT), a new depth-sensing instrument with a differential capacitive sensor providing nanometer depth
resolution and allowing partial elimination of the frame compliance. With micron lateral positioning of the sample and topographical
measurement of the residual indent, using scanming force microscopy, it is possible to gain a better understanding of the indentation methed and
its effects on the material being tested. Furthermore, parallel imaging allows the material response to be directly investigated. Experimental results
are presented for a selection of aged austeno-ferritic stainless steels, these confirming the ability of the NHT to become a common test instrument
in quality assurance and pracess development of multiphase materials. © 1997 Elsevier Science S, A.

Keywords ; Nano-hardness tester ; Scanning force microscopy ; Multiphase materiale

1, Introduction around the indentation area, and for making precise
measurements of residuat depth and pile-up material. One
In recent years the term nanoindentation hes been applied such technique is the scanning electron microscope (SEM)
to depth-sensing indentation testing methods where the size [7.8] but this has the disadvantage of having to coat non-
of the residual imprint is of a nanometer scale and where it conducting samples with conducting fikns whose thickness
is too small to be accurately resolved by optical microscopy. is of the same order as the indentaton depth, and the
Such size limitation has ted to a number of techniques for conwast limitations in obtaining quantitative depth
continuously messuring force and displacement as an measurements.  Scanning probe techniques, especially
indecter, of known geometry, is pressed into a sample scanning force microscopy (SFM), are one of the few types
material [1-5], The applied force is usually generated via an of imaging instrument capable of making quantitative
electromagnet, in which case the cument in the c¢oil measurements at such smalt scales with nanometric
determines the load, or by a piezoelectric actuator precision and three-dimensional imaging capability [9-12].
(displacement control) where the inherent inaccuracies in In addition, the SFM principle has been used for indenting
such a system are corrected by interferometry. In most and imaging with the same tip, made possible by the partial
cases, the displacement is measured by a capacitive sensor, elastic recovery of the imprint [13-15].
With instruments now having microNewton force and Having established the nced for combining indentation
nanometer depth resolutions it is possible to produce load- techniques with suitable imaging methods, there remains the
displacement curves representative of the material response difficulty of accurately positioning the sample so that a
in terms of hardness and modulus [6}, although a true specific site can be quickly and efficiently located prior to
understanding of the elastic/plastic interactions accurring at and after indentation. In this paper a novel nanaindentation
the indenter/surface interface is stil incomplete from technique is presented (ogether with a combined
indentation data alone, optical/scanning force microscopy set-up capable of
Surface imaging techniques have become increasingly accurately imaging residual indentations with nanometer
important for characterising surface deformation in and resolution. The samples have been chosen owing to their

dual-phase nature, to the fact that their separate phases
exhibit a differeat response to indentation, and because of

oc ,
ponding author. their industrial importance in nuclear reactors.

0040-6090/97/517.00 © 1997 Elsevier Science 8.A, All rights reserved
FIr 50040-6090 (97} 00558-0

146






Table 1

Chemical composition of duplex stainless steel (wt %)

c P Si Mn Ni

Cr Mo N Nb

0.038 0.027 1.20 071 10.43

221 215 0.042 021

referred to as C6 and C7. The microstructure, consisting of
austenite in a ferritic matrix, was revealed by mechanical
polishing with alumina particles (0.3 pm) followed by
etching in electrolytic oxalic acid. The volume fraction of
ferrite, determined by surface image analysis, was found to
be about 30%. The mean size of the ferrite and austenite
grains were 20 and 40 pm reapectively [22]. Precise
positioning of indentations in the centre of a selected grain
and indent sizes at least five times smaller than the grain
diameter were important considerations in gaining specific
information about mechanical properties.

2.3. Experimental procedure

2.3.1. Calibration of instrument compliance

In order to take into account the frame compliance, both
the framc and the sample are simply modelled as two
springs in series [18). The total measured compliance (after
correction of the spring compliance), Cppy, is the sum of the
contact compliance, Conm and the frame compliance,

Cpuamet
Cooar = Coomart + Cpame M

The total compliance is given by :

1 dP
(5]

where (dP/dh),,, denates the initial slope of the unloading
curve. The reduced Young's modulus, E, is given by
Sneddon’s equation [23] :

] T 1
SREYE o

where A, represents the projected contact area at maximnm

load, and B a constant which depends on indenter geometry
{24]:

s  for a spherical indenter, =1
s  for a Berkovich indenter, = 1.034
e and in our case, for a Vickers indenter, §=1.01]

E,, the reduced Young's modulus, can be expressed as ;

1 ,_0-v) a-vg)
E E E,

r L]

@

where v, and Ej ars respectively the Poisson ratio and the
elastic modulus of diamand (v, = 0.07, E; = 114] GPa) and
v, and E, the Poissan ratio and the elastic madulus of steel
(v=10.3).

The instrument compliance was determined by performing
indentations at different loads on an elastically isotropic
material. Suck a maierial is fused silica (v=0.17, E= 72
GPa) for which the total compliance is of the form:

12515
frams _'f_
At

For this relationship, C,,, is obtained directly from the
indentation curve, whereas A, depends on Cpppn. A simple
iterative procedure is therefore used to determine the
instrument compliance by estimating Cpum and correcting it
nntil convergence is achieved using the equation:

Coua =C 5)

(25757 _ (2575)
(Cmuzl - C.ﬁm )2 (Ccmm )2

Such a procedure allows us to determine a value of Cppme 0f
about 0.16 nm mN™" which is ten times less than the frame
compliance values of Nanoindenter IT [18] or obtained more
recently with a new instrument from Paitiers [25].

(©)
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2.3.2. Calibration of tip defect for the Vickers indenter

At very shallow indentation depths and low loads it is
particularly important to correct for deviations from an
ideaily perfect indeoter geometry. This was first performed
by Pethica ef al. [1] whose methad consisted of replicating
an indenation with a soft material and measuring the
contact area with a scanning electron microscope. The
method used by Loubet et gl [24] and Carpentier [27]
consists of plotting the plastic penetration depth, h,
determined from indentation corves, as a function of the
itprint diagonal which is measured by optical microscopy.
This procedure is carried out for different materials and at
different loads. Carpentier noticed that the tip factor depends
not only on the tip shape, but also on the ratio (E&/H) which
characterises the resistance to plastic deformation of the
indented material.

For the present stady, the Vickers indenter was calibrated
via an indirect method which does not nccessitate direct

Table 2

Heal treatment and ageing of duplex stainless steel samples

Sample Heat Ageing Agpeing
Treatrent time (h) temperature
(°C-h) {*C)

Co 11209 followed by  None None
water quenching

[ &) 8000 50

c? 1000 400
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Fig. 3. Tip defeci for the Vickers indenter; the bold line represents the
theoretical projected conlact area (24.56 h,?), the dotied line the real
prajected contact area,

measurement of imprnt dimensions. Instead, the contact
compliance, C.ppo, and the plastic penetration depth, &,
must be determined for a large number of indentations at
varying depths made in an isotropic material with uniform
hardness. Such a procedure was carmied out using a
calibrated fused silica sample and defining A, in terms of
C e (200 (6)). The comresponding A, value was obtained
by extrapolating the initial slope of the unloading curve, The
tip defect for the Vickers indenter is shown in Fig. 3. By
interpolating the experimental points as a polynomial
function, the real contact area of the indenter can be defined:

A, = 24.56k + 637.90h, — 439.514,

It can be seen tbat the tip defect begins 1o be noticeable at
depths less than ~400 nm, and that the real contact area is
better described, for small depths, by a 2™ order
polynomial :

A, = 2641k + 313.99h, + 26054
The effect of the indenter calibration can be shown by

measuring the hardness of fused silica with and without such
correction (Fig. 4). Implementing a tip defect correction

3000
o Raw data
2500 L o Data afier tp defect eorrecti
g 2000 |
5 oo | ¢
1500 -
L ]
- o
1000 I * E .—-'—'—l—.—l
500 [ 1 I N
1 10 100
Load (mN)

Fig. 4, influence of p defect comection on the Vickers hardness at low
loads on fused silica

Fig. 5. Indentation curves for the three ageing conditions with a
maximum load of 100 mN for (a) the ferrite phase and (b) the austenite
phase.

allows the assumption that subsequent measurements will be
free from artefacts related to indentation depth.
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Fig. 6. influence of ageing on the Vickers hardness of (2} femrite and (b)
austenite phases for differeni loads,
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Fig. 7. Influence of ageing on the Young's modulus of (a) ferrite and
{b) austenite phases for different loads.

3. Results and discussion

Fig. 5a shows that for an applied load of 100 mN a
hardening of the ferrite phase is observed as a result of
ageing. Fig. 5b and 6b show the same measurements
performed on the austenite phase and a similar hardening
effect upon ageing is evident, but 1w a lesser extent than for
the ferrite. In the case of the austenite, such a phenomenon
has not previcusly been noticed due to limitations in
canventional microhardness-testing instruments,

Fig. 6a confinms the different levels of hardness of the
forrite as well as the stronger influence of ageing. It can be
scen that the harndness increases as the applied load
decreases, but this effect cannol be attributed to error in the
indenter calibration. This phenomenon, well known as the
indentation size effect, has already been described in the
literature but different explanations bave been given, such as
the increase of elastic contribution in indentation due to
anisotropic tlislocation pabierns [28] or friction between
indenter and surface [29, 30). In addition, bardening effects
very close o the surface may exist owing to the polishing
procednre ahd the presence of surface oxide films.

Fig. 7 shows that ageing of the fernitic phase leads also to
a slight increase in the Young's modulus (approximately
10%). In order to find out how the dislocation mechanism is
involved, internal friction measnrements wonld be useful.
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On the other hand, considering experimental errors, the
Young's madulus of the anstenite phase remains constant
after ageing.

The SFM images of indentations on both the anstenite and
ferrite phases are shown on Fig. B together with their
corresponding cross-sections and load/displacement curves.
It is particularly interesting to note the difference between
the shape of the residual imprint on each type of phase. For
the austenite, the edpes of the impnnt are convex which
would suggest an elastoplastic deformation mode with radial
relaxatiom of material aronnd the indentation during
withdrawal of the indeater. On the contrary, the imprint on
the ferrite phase exhibits concave imprint edges together
with bulging and pile-up of material around the imprint.
This phenomenon confirms the rigidfplastic deformation
mode of the ferritic phase. It bas already been shown [31]
that distortion at the edges of a Vickers indent is tirectly
linked to the elastic properties of the material. The SFM also
proved an ideal tool for measuring the residual imprint depth
(Fig. 8D, c), this correlating well with that obtained with the
NHT (Fig. Ba). The aforementioned concave nature of the
imprints was greater for the aged samples than for the
unaged samples, possibly due to the immiscibility of the
solid solution which takes place with ageing and subsequent
hardening.

4. Conclusions

The NHT has been introduced as 2 valid and practical
method for investipating and controling the ageing of
austeno-ferritic stainless steels and has clear advantages
over conventional methods, especially in temms of
resolution, positioning accuracy and its quasi non-
destructive measuring ability. The differential indentation
method has heen shown to have enhanced precision, a low
effectivc frame compliance and low drift. A satisfactory tip
defect comection has been demonstrated, as bas the
application of the NHT to selective indents in individaal
grains. It has been possible to show the effects of ageing
both in the ferrite and austenite phases, the latter having not
been previonsly possible with microhardness testing. The
SFM, when combined with a nanoindentation instrumcnt,
has been shown to provide substantial additional
information, namely:

e Confirmation that the NHT is accurately calibrated
by being able to douhle check the residual imprint
depth.

»  High resalution imaging of the residval imprints and
the surrounding surface morphology.

» Quantitative information relating to piling-up and
sinking-in of imprints.

Future work will include similar measurements wsing a
Berkovich indenter as the tip error is less pronounced and a
sphberical indenter in order 10 extract stress/strain curves for
each phase. The resulis obtained in this work confirm the
ability of the NHT to test the mechanical properties of thin
films with a thickness less than § pm.
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7.4 Characterisation of DL.C multilayers by nanoindentation and scanning force

and friction microscopy
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Francophones de Tribologie 1997 (editor M. Maillat)
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CHARACTERISATION OF DLC MULTILAYERS BY NANOINDENTATION AND
SCANNING FORCE AND FRICTION MICROSCOPY

Nick X. Randall

CSEM Instruments, Jaquet-Droz 1, CH-2007 Neuchétel, Switzerland

Abstrect;

Diamond-like carbon (DLC) has recently become a vary importent matarial in applications whare
the hardness and wear are critical paremetars. A naw method is presented where the herdness of e
multileyer can be measured, and such deta cambined with that of a microscope capable of
simultaneously maasuring topographical and frictional proparties. This is achiaved by caupling a
nancindentation instrument it a scanning force and friction microscope (FFM} via a highly precise
mechanical positianing stage which allows an indentation to ba locatad quickly and afficiantly undar
the FFM. Results are prasented for en amorphous DLC multilayer having e bilayer thickness of
approximately 40nm, for which the friction coelfficients of separgte layers can be detarminad by
making an indentation end subsequently imaging the imprint with a FFM.

INTRODUCTION

In recent yeers, the term nancindentation has bean
applied to depth-sensing indentation testing methods
where the size of the residual Imprint is ef e nanometer
scale and whara it is too small to be accuretaly resohvad
by optical microscopy. Several tachniguse have been
developed [1-3] for which the applied force is usually
appliad via an electromagnet and the displacament
measured by a capacitive sensor. With force and
displacement resolutions in tha rengas 10nN end 0.1nm
raspectively, such instruments are eble 1o produce
load-displacemant curves that give an accurete
represantation of the material responss, and from which
the hardness and modulus can be calculated.

Additional topographical information hes bhecome
increasingly  important  for  characterising  the
marphology of an indanted area but has baan limited by
the high reeolution neaded to rccurately image such
emall imprints and by the difficulties in locating en
indented area.

The introduction of scanning force microscopy (SFM)
and its related tachniguas has provided one of tha few
typse of imaging instrument capabla of making
quentitative measurements at such small scales with
nanometric precision and three-dimensional imaging
capability [4-6]. Friction forea microscopy (FFM), firet
devaloped by Mate of af [7}, has allowsd materiel
contrast to be measured due to local varlations in
fricion coefliciant. Wearless friction, a cammon
phenomenon in SFM, has bean identified as a key goel
for the microtribology of very lightweight sliding parts

(@)

FFM has already been used 1o charecterise a wide
vanety of suraces [0-10) by combining s surface
topographical and frictional imaging capabilities.
Frictional contrast is achieved experimentally by
allowing the nermal foma Fy fo very during scanning,
after which e two-dimansicnal histogrem can be plotted
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of leteral force Fi vareus Fu. Ragions of the surace
with different friction coefficients are found to lie along
different sireight lines in the histogrem and can thus ba
attributed to diffarant matarials dapanding on their
location on the histogram, Such a method eliminates
tha need to calibrate the zem point of the true nomai
force of the point cantact which is difficult because of
the presence of van dar Waals and capillary attrectiva
forces.

in this paper, tha applicability of FFM is demonstrated
with regard to gaining edditionel informetion from e
nanoindentation axperimant. By combining both
techniques, the hardness/modulus data can be edded
1o the frictional deta in ordar to better intarpret tha
nanctribological propertias of the tasted matarial.
Results are presemted for an emorphous DLC
multifayered ceoating end for a gold-coated mica
sample.

EXPERIMENTAL

The apparatus consists of e cambined systam
camprising a CSEM Nano Hardness Tester (NHT) and
a SFM, both being directly linked by an electro-
mechenicel positioning system which allows movement
in two parpendicular horizontal axes with a lateral
displacement rasolution of 1um [11]. The NHT is a
depth-sensing  instument heving e  vertical
displacement resolution of 1nm and its principla is
dascribed alsewhere [12]. The NHT has savaral
advantagaous features, in particular its differential
measurement of the indentaticn depth, made possible
by e sapphire reference ring which remains in cantact
with the sampla during the loading/unloading cycle,
giving exact pesitioning of the indantar tip relative to the
semple surface. Thus the elasticity of the sample and
frame complience are compensated, as is thermal drift
during maasurement.






(a)

Flgure 2:

(b)

- I - i )
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Schematic representstion of & Vickers indenter penetrating a multilayer. After initial contact, the uppermost

leyar deforms without fractura (a) efter which, et @ certzin critical force, this top leyer yields and tracturas (p).
Smearing of the layers occurs at the maximum penetration depth ().

Fig. 1 shows the SFM results tor the DLC multiloyer
sample, including the topogrephy and friction images
and their raspective cross-sections. It is interesting to
note that no evidence of the multllayer is visible from
the topagraphy but becomes clear fram tha friction
image. The hardness measuraments showed that the
laysr produced af 3 patential of -76V hed e hardness of
28.2GPe whereas thet pmduced at -288V had a higher
herdness of 37.3GPa, the combined muttiloyer having
an Intermadiate herdness value of 31.7GPe. It was
hoped that slope diflerances might be epparant on the
loading/unioading curve but for such thin layers no
significant verietion could be observed with the NHT
instrument. By building-up & 2D histogram it was found
that the softer layer (-76V) had a friction coefficient of
0.19 and the herder layer {-288V) a cosfficient of 0.08,
against the silicon cantilever.

By superimposing the triction image cross-section onto
that of topography, the layer thickness efter Indentation
could be estimated and was found to be of the order
50-80nm. This was clearly much higher then the 20nm
deposition thickness and can be explained as tollows;
After initiel contagt of the indenter with the multileyer,
and with incraasing normel torce, the uppermost leyers
deform without fracture {Fig. 2(g)). At & certain critical
force the top lever vields end fracturas end materal
fram this layer is smeared by the indenter as I
subsequently penetrates the next layer {Fig. 2(b)). This
continues until the maximum penetration depth is
raached, at which the number ot fractured layers is
significantly lass than the amount of leyers present
down ta that depth, due to tha alasticity ot aach layer
combined with tha smaaring ot msterial by the Indenter
(Fig. 2(c)). This simple model! might help to explaln the

aforemeniboned ‘thickness increase’ observed ofter
indantation.

The non-symmetrical nature of the Imprints in Fig, 1
was dJue 1o a combinetion ol non-linearity of the
piezoelectric scanner end slight error in the horizantal
slignment of the sample surface relative to the indsntar,

Fig. 3{a) shows en SFM topographical image of an
indentation into the gold-on-mica sampls and it is
immedietely apparant thet the pile-up can be
quantitatively measured with this method, as can the
secondery pile-up eccuring within the imprint due to
the indenter penetrating the mice substrate. The
comesponding frictlon image (not shown} was used to
calculete the 2D histogrem represented in Fig. 3(pb)
from which the frictlon coefficients of the two different
meterials could be calculsted (see Teble 1).

Regerding the histogram method for eveluating friction
coeffictents it should be nated that the straight line plot
of lsteral force veraus nommel farce is an average
through e finite number of data polnts which haove a
certain disperaion. This mey be due to venations in
topography which, if the normel force is not contralled
corractly, may afiect the frictionel dats. In practice this
effect was minimised by slowing down the feedbsck
loop of the SFM system, which also ellowad the effects
of gredient changes (such os the facas of the
indantation imprint} not to influence the trictional data
too greatly. However, some filttering of the dete was
necessery in order to minimise plene defects.

DLC (-7EY) DLC {-288V) | DLC Multileyer Gold Mica
Vickers hardness (GPa) 26.20 37.30 31.70 0.88 6.75
Young's moduius {GPe) 182.4 289.8 218.2 84.6 83.9
Friction coefficient 0.19 0.08 - 0.03 0.43

Table 1: Summary of hardness, modulus end friction parametera tor the measured samplas.
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7.5 Correlation between processing parameters and mechanical properties as a
function of substrate polarisation and depth in a nitrided 316L stainless steel

nsing nancindentation and scanning force microscopy

Paper published in Vacuum 48 (10) (1997) 849-855
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The effects af substrate polarisation in a nitrided 316L stainless steel have been investigated in an attempt to accurately
correlate processing parameters with surface mechanical properties. Nanoindentation allows the Vickers hardness to be
measured af precise depths, meaning that the variation in properties with nitriding depth can be evaluated and correlated
with the process parameters. By combining such measurements with surface imaging techniques (scanning force
microscopy and scanning electron microscopy) and electron probe micro-analysis, it is possible to explain both the
mechanical property and microstructural variations of such layers, having been produced in a low pressure are plasma
discharge at 680K with a mixed Ar-N; gas.

In this study the nanoindentation technigue is presented as a new and valid method for the characterisation of nitrided
layers, shown by hardness measurements on four nitrided layers produced with different subsirate polarisation potentials.
The net advantages of such an approach aver conventional methods (e. g. rnicrohardness testing) and the possibility of
detecting micrastructural phases previously not well detected by X-ray diffraction, make nanoindentation an attractive taol
Jor a mare camplete understanding of the nitriding process. © 1997 Elsevier Science Lid

Therefore, an additional characterisation method is required in
order 1o distinguish such 4 phase from the more common v f.c.c.
phase. In assuming thai this phase may be present as a function of

Introduction

Low prassure thermionic are nitriding '? has shown that nitrogen

reactivity can be very high in such & process, making it intercsting to
evaluate its efficiency on austenitic stainless steels, It is known that a
nitritling treatment improves the tribelogical properties of stainless
steels without affecting their corrosion behaviour, provided that it is
performed below 720-770K >4, Below such temperatres there is no
CrN precipitation within the diffusion layers; only a metastable f.c.c.
phase () containing a high concentration of nitragen in solid sohition
is formed. This supersaturated f.c.c. strocture, sometimes described as
expanded austenite, can he obiained by different processes *7, but of
greater interest is an MN-like CrN phase which recent PVD ztutlies
have shown 1o exist in the near surface region of the diffusion layer,
depending on the process parameiers ®. 1t is supposed that such a
phase is 4 complex mixture of Cr, Fe and Ni, although the kinetics of
the precipitation of this phase are still not well known.

160

depth in a nitrided layer leads to the possibility of using a depth-
sensitive indentation method which is capable of measuring hardoess
at very small depths and with high accuracy.

In recent years, manoindentation has become widely accepted as
the logical successor to microindentation, the latter being limited by
the resolution of an optical microscope as this iz used ro determing
the imprint diagonal and thus the hardaness of the tested material. The
nanoindentation principle relies on the continvous measurcment of
force and displacernent as an indenter, of known geometry, is
pressed into a sarple material >'*, The force is usually applied via
an electromagnet, in which case the current in the coil determines the
load, or by a piezoelectric load cell where the inherent inaccuracies
it such a system are corrected by interferometry. The displacement is
mesasured, in most cases, by & capacitive sengor. With instruments
now having microNewton force end nanometer depth rescluttons it is



130 mm high

730 mm in diameter
Figure 1. Schematic representation of the main components of the
low pressure arc discharge nitriding chamber, comprising: plasma
beam source (1); cylindrical (2) and flat (3) anodes; and heating
substrate holder {4).

possible to produce load-displacement curves representative of the
Ealeria.l response in terms of hardaess, modulus and elastic recovery

Having established the motivation for the presemt work, & sclection
of nitrided layers produced with different substate polarisation
potentials ere characterised using the aforementioned nanoindentation
technique, and the results explained using high resolution scanning
force microscopy (SFM), scanning electron microscopy (SEM),
clectron probe micro-analysis (EPMA), secondary neutral mass
spectroscopy (SNMS) and X-ray diffraction.

A clear comrelation was found between the nanchardness of the
niwided layers and their polarisation potentials, and in addition, the
presence of the MN-like CrN phase at the outer surface was
confirmed.

Experimental set-up

Nltriding device. The experimental eppamtus used for all nitriding
treatments, a Balzers BAI730N, is shown in Figure 1. A high curreat,
low vaoltage thermionic arc is genersted in argon in an ionisation
chamber {1 in Figure 1) mounted on the 1op of the nitriding reactor.

Segmeited anbdes (2-3 in Figure 1) which ere distributed within the
reactor spread dhe plasma thronghout the whole processing chamber,
thus creating a wniform low pressure plasma (0.4-0.8 Pa). With an
appropriate aperture between the jonisation chamber and the reactor,
an intense glow discharge supported by a low voltage (25-40 V),
high current (120 A on each anode) thermionic arc is created.

A heating resistance (4 in Figure 1} is used to provide a uniform
temperature (680 K), Prior to nitiding, a 90 mia cleaning treatment
is performed in an Ar-25%H; gas mixture {corresponding to 0.5 Pa
total pressure} in order to remove the surface oxide layer, The four
AIST 316L saruples to be compared in this study were nitrtided for 6 h
at 680 K in ap Ar-66N:;% gas mixture with different polarisation
potentials as listed in Table 1.

Nanoindentation. The instrument used for nanoindentation was a
CSEM Nano Hardness Tester (NHT}), comprsing twe distinct
compoments, a measuring head for performing indentations and an
optical aicroscope for selecting a specific sample site prier to
indentation and for checking the location of the imprint after
indentation, Both components ere directly loked by an electro-
mechanical positioning system which allows movement in two
perpendicular horizontal axes with a lateral displacement resglution
of 1 pm, This instrument is a development of an earlier
ultramicrohardness Lester'® which is based on existing technology™
and its principle is described elsewhere'®. The main advantage of this
instrument is its differential measurement of the sample surface,
made possible by a sapphire reference ring which remnaing in contact
with the sample during the loading/unloading cycle, giving exact
positioning of the Vickers indenter tip relative 10 the sample surface.
Thus the elasticity of the sample and holder is compensated, as is
thermal drift during measuremeat.

Indentations were performed at depths of 100, 200, 300, 400,
500,750, 1000, 1250, 1500 and 1750nm on all samples in order to
evaluate the evolution of hardness with depth into the nitrided layer.
Deeper penetration depths were Dot used So as to prevent
inaccuracies due te substrate effects. The loading rate was kept
canstant for all measurements and § indentations were made at each

depth,

Surface charactertsation. SFM was camried out using a CSEM
Atoaiic Scale Triboreter 72!, a stand-alone instrument having sub-
nanometer lateral and  vertical  displacement  resclution.
Tapographical images were made at scan sizes of 20 pm and 5 um,
the former to compare height variations between differem prains, the
latter in order to look a1 the grain morphology with high resolution
and io investigate any correlation between polarisation potential and
surface grain sgucture.

Table 1. Experimental canditions for the four chosan samples

Experiment 1 Experiment 2 Experiment 3 Experiment 4
Precleaning
Time (1) 15 15 1.5 1.5
Polarisation (V) -50 -20 1] +20
Gas composition Ar-25%H,; Ar-25%H; Ar-25%H, Ar-25%H,
Nitriding
Time ¢h) 6 ] 6 6
Temperature (K) 6GBO 6230 680 680
Pelarisation (V) -50 -20 g +20
as composition Ar-66%N; Ar-66%N, Ar-66%N; Ar-66%N;
(at 0.8 Pa total pressure)  (at 0.8 Patotal pressure) (at 0.8 Pa total pressire)  (at 0.8 Pa total pressure}
N concentration at the surface (at%) 26.9 308 6.9 345
Layer thickness (jira) 71 2812 7x1 812
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Optical microscopy was used to evaluate the thickness of each
nitrided layer by cutting and polishing a representative section, SEM
was used to gain an overview of the grain structure and the dispersion
of differing prain types. EPMA and SNMS allowed the surface
nitrogen comcentration to be quantified and XRD was used to
determine the phases present and their orientation.

Results and Discussion

The nitrided layers obtained, having all been subjected to
crystallographic compression and spatially anisctropic constraints near
the surface, are discussed in terms of their chemical compositica.
Figure 2 shows a typical glancing angle XRD patiern obtained with an
incidence angle of 4° for differeat nitridiog substrate polarisatioas (-
50 ¥, -20 V, floating potential, +20 V) and the following are
abserved:

* The f.c.c. base mawix, v heving a lattice parameter equal to 0,359
nm, was not visible with an incidence anple of 4° and the
diffusion layers had thickness 7-10 um.

¢ An expanded austenite phase, consisting of an f.c.c. solid soluticn,
¥, of lattice parameter between 0.377 and 0.379 nm is observed
on all samples and measured along the (111) 4 plane. A
supersaturated avstemite phase is also observed, consisting of an
f.c.c. solid solution, Y'~, which has a higher nitrogen concenwration
than the cxpanded austemite phase. This supersaturated phase is
only evident for samples 2 and 4, the lamtice parameter being
measured between 0,387 and 0.389 nm aleng the (111) 1°% plane.
In additon, it can be seen that the expanded austenite peaks are
broad, this being due to the presence of stacking fanlts and other
defects, high intermal stresses and the concentration gradient
between each layer. Such phenpmena have already been cbserved
by Saker et al after PVD treatment =,

s A phasc of partially crystallised MN-like CrN is scen, this having
a latice parameter between 0.416 and 0.412 nm as measured
along the (111) MN plane. This confirms that precipitation of the
MN-like phase has occurred by partial decomposition of the ¥y or
v Phases.

Figure 3 shows a cross-sectional SEM micrograph of the diffusion
layers of the nitrided AIS1 316L steel sample biased ai 20 V. A
similar surface structure was observed for all four sample types, this
suggesting that repardless of sample polarisation, a pardal
transformation of ¥y 0¢ W occurs after & h treatment at 680 K.
Secondary electron analysis confirmed the presenoe of a surface layer
having a composition different ta that of the satursted austenite phase
(yw) bemeath it. This MN-like CrN phase showed a certain fragitity
near the interface, with ripping of material occuming as a result of
polishing. The layer thickness measured between 300 and 600 nm.
The 4w phase had a thickness of approximately 6 pm with stacking
faulis and twinning planes being clearly visible. The substrate matrix
() can be seen below the ¥u phase,

Soch & modified surfece layer had a nitrogen cooceniration, as
measwred by EPMA, of between 27 at.% (samples 1 and 3) and 35
at.%(samples 2 and 4) (Table 1). A correlation could be found
between the X-ray diffraction and the EPMA measurements.

The SEM micrograph in Figure 4 shows the different types of grain
present and their size variation. The grain boundaries seemed to have
height differences which were particularly apparent but difficult to
quantify using this method. Hence, a series of SFM images were mads
in order to jovestigate such differences, as can be seen in Figure 5a
which shows the boundaries between three grains and the cliff-like
nature of one such interface. The diffusion layer is subjected to intense
comtpressive strains and the dislocation densities created (in particular
stacking faults and twinning planes) are much higher than in the
substrate matetial. Previous work ™ has shovwn that surface height
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Figure 2, AIS] 316L steel sampie nitrided in Ar-66%N; at 683 K
doring & h at 0.8 Pa and 120 A on each anode, with sample
potansation 420 V (A), floating potential (B), -20 V (C), -50 V (D).
The XRD pattern was taken at the outer surface of the sample (AKq
Co =0.178389 nm).
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Figure 6. Variation of nanchardness with depth below surface for the four samples nitrided at different polarisation potentials and the virgin AISE
316L, substrate: () 420 V; () 0 V; (A) -20 V; (0) -50 V,; and (*) 316L substrale.

in bardness. This phase, created during the nitiding process and
previcusly obszrved by Saker er of after a 60 h oeatment at 620 K 2
can be atributed to the decomposition of the yw phase during
treatment. In the second region (d; > 300 nm), the hardness gradually
decreases s reported previously ® with sample | (-50 V) decreasing
more strongly than the others due to its lower nitropen conceptration
at the surface caused by more efficient clectron bombardment during
nitriding, Samples 2 and 4 (-20 and +20 V respectively) seem to have
almost identical hardness profiles, this correspending to their similar
ritrogen concentrations. Sample 3 (0 V) has a profile of the same form
os that of sample 2 except thar its measured hardness is approximately
30% less. This can be explained by weaker elec tronic bombardment of
the surface which in trn makes the development of internal strains
less favourable leading to a reduced hardness of the nitrided layer.
This is confirmed by this samples’ lower swrface nitrogen
cuoncentration.

h is now widely accepted that hardness measurements are sensitive
to the properties of layers underneath the indenter lying within 10
times the indentaion depth. For the¢ measured layers having
thicknesses of ~10 jun this means that any indentation depth
exceeding ~1 pm will be subject to substrate effacts owing to the
elestic/plastic deformation field around the indeniation being deeper
than the nitrided layer. Evidence of such a phenomenon is visible for
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samples 2, 3 and 4, whose hardness profiles decrease gradually but
then increase at depths greater than 1.5 pm. Therefore, bardness
values truly representative of the uitrided layer are only possible if
the indepiation depth remains less than this value.

Regarding the nanoindentation profile of the AISI 316L substrate,
it wes apparent that the measured Vickers hardness increases as the
indentation depth decreases, At depths greater than about 700 nm the
hardness value stabilised to around 3.8 GPe, this comelating weil
with values obtained by conventional micreindentation. The
relatively sharp iocrease in hardness over the first 500 om was
attributed to a mixture of mechanical and chemical surface artefacts.
The former relates to the mechanical polishing of the sutface ptior 10
nanoindentation {io this case down io a finish of 0.25 pm using
alurnina paste) which i5 known to induce a plastically deformed layer
on the surface which is significantly harder than the base material.
The latter refers to the oxide and other chemical films thal inevitably
form oo normal experimental surfaces, even if only 8s a result of
atmospheric oxidation. Pravious work % has shown that the presence
of an oxide film only 5 nm thick can drastically increase the hardness
value obtained when the indentation depth is small e¢nough. The
roughness of an indenied surface can also contribute to error in the
measurement of hardness when such a roughness is of the same onder
as the indentation depth. However, the SFM imaging of all measured



surfaces prior to indentation determined the surface roughness as
being in the range 10-20 nm, which, for penetration depths exceeding
100 nm, could be considered as negligible.

Conclusions

This swmdy has shown that significant variation in mechanical
properties is possible in nitrided austenitic stainless steels as a
function of substrate biasing. Nanoindentation has been demonstrated
as a valid anatytical technique for the accurate characterisation of
surface nitrided layers and in this case for the confirmation of a
distinct MN-like CrN phase, present oaly within the first 300 nm of
the layer, which was not easily detectable by XRD. A comrelation has
been established between the hardness profiles amnd the surface
nitrogen concentration. SFM has revealed the variation in surfece
grain structure depending on substrate polarisation and an increase in
grain boundary height has been correlated to greater negative
polarisation potentials. This study has allowed a more complete
characterisation of phenomena occurring in the surface and near-
surface regions of nitrided stainless steel.
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Abstract

The mechanical properties of thin films and surface modified layers can be measured by a variety of different techniques, with
ranoindentation being one of the most recent developments in this growing field. It is panicularly suited to thc characterisation of
bonding pads used to connect individual micro-circuits and chips. Such pads are commonly made of aluminium and have a thickness of
approximately lpm. By using a depth-sensing indentation method it is possible to obtain quantitative values for the hardness and
modulus, and thus gain better insight into the response of a bonding pad materiat to controlled deformation at such small scales. The Nano
Hardness Tester (NHT) is a recently developed instrument using an already established method where an indenter tp with a known
geometry is driven into a specific site of the material to be tested, by applying an increasing normal load. When reaching a preset
maximum value, the normal load is reduced until partial or complete relaxation occurs. At ezch stage of the experiment the position of the
indenter relative to the sample surface is precisely monitored with a differential capacitive sensor, giving a load/displacement curve
characteristic of the sample material. By consequently measuring the topography of the residual indent using a surface imaging technique
(c.g., scanning force microscopy) and combining this information with the indentation data, it is possible o gain a fuller understanding of
the material response, as well as additional information on surface mughness and frictional properties. the latter being of particular
importance in bonding applications. Experimental results are presented for a varicty of integrated circuit bonding pads, these confirming
the ability of the NHT to becoming a common test in quabity assurance and process developmeni of thin films and coatings for the
microelectronics industry. ® 1997 Elsevier Science S, A.

Keywaords: nanoindentatian, scanning force microscopy, Vickers hardness, IC bonding pads

1. Introduction IC bonding pads are of paramount importance in
serving two functions, the first of which is to provide a
In todays integrated circuit {IC} industry, the two major defined contact with a test probe in order to test the
cost considerations during manufacture and testing are continuity and basic functionality of a device, the second
money and time. The time-to-market is fast becoming an to provide a platforrn anto which connecting wires can be
increasingly  important  issue,  especially for attached by thermosonic bonding. The latter iz unsed to
manufacturers of application specific integrated circuits establish electrical contacts from a chip to the outer leads
(ASICs) wba need to provide new designs at a quicker via very fine gold wires baving a diameter down to 20
rate than their competitors. Adequate quality conirol of a pm. Both functions of the bonding pad need to be
new IC is fundamental during the development phase, examined in further detail in order to understand the
allowing design and process engincers to evaluate the impartant role of the pad*s mechanical propetries,

functionality of a new device before it reaches the final
package test, where the late realisation of design flaws

can be extremely costly in terms of time-lo-market 2, Probe testing process

issues.

—_— The maost common probes used for testing are tungsten
* Corresponding suthor. needles which are mounted on cards and arranged so that

0257-5972/97/817.00 © 1997 Elsevicr Scicnoe S.A. All rights reserved each probe is positioned above a bonding pad. The

FII S0257-B972 (97) 00435-0 complete card is then brought down onto the wafer to be
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tested such that each probe is in contact with®eéach

bonding pad (Fig. 1). The following problems may occur

during this process:

(1)Probe tips which protrude lower than their
ncighbouring tips can create deep and damaging
scrub marks on the pad making subsequent bonding
of connecting wires almost impossible,

{2) Non-planar probe tips increase the contact resistance
between tip and pad, resulfing in inaccurate voltage
level measurement and false failures during device
testing.

(3) Contamination of the porous tongsten needle (due to
stray particles or oxide build-up) and of the bonding
pad (AlO; barrier layer) can increase contact
resistance.

(4) 1f the pad is of a too soft material then substantial
dcbris may be produced when the needle comes into
contact with it. This is a very important consideration
for such a particle sensitive environment.

3. Thermosonic bonding process

The gold wire to be bonded is threaded through a
ceramic bonding capillary and beated locally with an
electron beam such that a ball is formed at its end. This
ball is then pressed against the bonding pad and by
means of ultrasonic vibraton, the gold wire is heated
locally 10 1060°C, the contact being formed by diffusion
of the ball material into the pad material (Fig. 2). Tbe
wire is then looped away from the pad via a well-defined
motion of the bonding capillary and the second bond is
finally made by so-called stitch-bonding, where the
capillary deforms the wire against the material of the
outer leads, producing a wedge-shaped impression on the
wire,

The bording energy is transferred from the capillary to
the gold wire, and from the gold wire to the pad by the

Current through

probe

——,

Tungsten needle

P

Silicon/Oxide

ultrasonic motion of the capillary. The surface roughness
of the capillary and of the pad at their interface needs to
be well-defined for an optimum transfer of energy.
Should the pad surface be too smooth then there will be
little energy transfer and a bad bond will be produced.
However, if the pad or capillary surfaces are too rough
then damage will occur to the capillary and the bond
itself may well prove to be substandard. Therefore the
roughness of the capillary and pad are important in
optimizing the thermosonic bonding process. The former
has already been investigated by scanming force
microscopy (SFM) (1], thus allowing the surface
structure of the capillary to be adequately controlled.

Having established the need for adequate quality
control of the mechanical properties of aluminium
bonding pads, this paper describes the use of a novel
nanoindentation system combined with high resolution
SFM for the determination of the hardness and surface
roughness of such pads.

4, Experimental
4.1. Instrumental set-up

The apparatus consists of two separate instruments, a
Nano Hardness Tester (NHT) [2] and a combined optical/
SFM system [3], both developed by CSEM Instruments.
The NHT comprises twe distinct components, a
measuricg bead for performing indentations and an
optical microscope for selecting a specific sample site
prior to indentation and for checking the location of the
imprimt after indentation. Both components are directly
linked by an electro-mechanical positioning system
which allows movement in two perpendicular horizontal
axes with a lateral displacement resolution of | pm.

Insulating
oxide layer

7 Scrub mark
{ created at
interface

Fig. 1. Schematic representation of the probe resting process in which a tungsten needle probe is brought into contacl with the bonding pad.
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Fig. 2. Thermosonic bonding process: (a) tailless ball bonding, (b}
loap formation, and (c) stitch bonding,.
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This instrument is a development of an earlier
ultramicrohardness tester [4] which is based on existing
technology [5]. The main advantage of this instument is
its differential measuremnent of the sample surface, made
possible by a sapphire reference ring which remains in
contact with the sample during the loading/unleading
cycle, giving exact positioning of the Vickers indenter tip
relative to the sample surface. Thus the elasticity of the
sample and holder is compensated, as is thermal drift
during measurement,

The combined optical/SFM system allows a specific
sample area to be located under the optical microscope
and then relocated precisely under the SFM in order to
carry out high resotution microscopy of the same area.
The aciual SFM used was a CSEM Awmic Scale
Tribometer [6,7], a stand-alone instrument having sub-
nanometer lateral and vertical displacement resolution.

4.2, Experimental procednre

Four different IC bonding pad types were selected for
nanoindentation, each from a different maonfacturer but
all having the same precessing history, ie., sputtered
aluminiurn to a depth of approximately 1 pm. A series of
10 indentations were carried out on each pad using the
NHT and an average value of Vickers hardness
calculated. Care was taken to ensure that each indentation
was made within a grain of the duminium microstructure
and oot on or close to a grain boundary as this might
affect the values obtained. A maximum penetration depth
of 100 em (cne-tenth of the total pad thickness) was
maintained in all cases in order to prevent any substrate
effects. The loading rate was kept constant at 5 mN min™,

Subsequent scanning ferce microscopy of the
indentations was carried out using a silicon cantilever of
force constant 0.5 N m’ in contact mode. Scanning
electron microscopy (SEM) was used to gain an
overview of the alumininm grain structure and to verify
the position of each indentation.

5. Results and discussion

The average Vickers hardness values for each bending
pad typc arc summarised in Fig. 3. It can be seen that
type A has the highest hardness (=83HV), type D) an
intermediate hardness value (=72HV) and types B and C
the lowest values (=64HV). These measurcments
correlate well with the performance of each pad type in
practice when subjected to the probe testing and
subsequent thermosenic bonding processes. Type A
resisted probe testing the best, leaving only a shallow
scrub mark and having the least continuity failures due to
poor probe tip alignment and contamination from the
Al O; surface oxide layer. In contrast, typcs B and C
were observed 1o have much deeper scrub marks, no
doubt owing to their reduced hardness, and the tungsten












properties can be measured at the same time as their
electrical properties.

6. Conclusions

This study has shown a clear correlation between the
scrvice performance of an IC bonding pad and its surface
mechanical properties. The advantages of a
nangindentation instrument combined with SFM have
been described, as has its ability to carry ount highly
localised indentation studies with micrometre positioning
accuracy and to measure precisely the comesponding
areas with SFM. The need for further development in this
field has been established, with the vision of an
integrated system able to measure on-line in a modem
industrial environment.
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Abstract

In conventional pin-on-disk testing of the tibological characteristics of two different materials o sliding contzct, the main parameters
of interest are notably the friction and wear properties of the material pair. However, when two bodies consisting of hard and soft
materizls respectively are subjected to such testing, the apparition of a transfor film, or third body, which can be a composite mixture of
the two, is often observed. Until now the characterisation of transfer films in terms of their mechanical properties has been hampered by
their oon-homogeneous distribution across a tested surface, their small size, low thickness and the difficulty in accurately positioning a
test probe such that the film properties can be measnred independently from those cf the substraie. In this paper a new methed is
introduced, coosisting of nancindentation and scanning force microscopy (SFM), which is capable of highly localised indentation testing
of a specified sample site with high resolution imaging of the area prior to and after indentation, 1n this way the hardness and modulus of
a transfer film can be obtained, as well as valuable surface topographical information concerning the material response to the indentation,
Measurements are presented for the material pair A286/polyimide after testing on a pio-on-disk tribometer in ambient ab and liquid
nitrogen. Distinct variations in hardness between the transfer films and their contacting bodies have been observed and comelated o the

wear behaviour and testing environment.

Keywords ; Nanoindentation ; Scanning force microscopy ; Tribological transfer films

1. Introduction

In recent years, and with the rapid development of rocket
engines for acrospace propulsion, the quest for higher specific
impulse has led designers to the wse of cryogenic fluids such as
liquid oxygen (LOyx) and lquid hydrogen (LH,), the
combination of which gives far higher efficiency than more
conventional foels. With such development has come the
necessary research into the behaviour of materials when
operated i cryogenic environments, in an atlempt to aid
engineers in the relizble selection of materials capable of
withstantling severe operating contitions.

The tribological behaviour of a pair of materials immersed in
a eryogenic fluid is substantially different from that observed
in ambient air, owing to the variation in thermal, rhenlogical
and chemical properties. For laboratory testing purposes, liquid
nitrogen (LN,) is commonly used to replace L.Ox or LH;, not
only for safety and cost considerations but also becanse of its
low reactivity and similar thermal behaviour {1]. Simulation of
the processes oceurring at low temperatures in rocket engines
are relevant to the engine feeding system components, ¢.g.,
turbopump, expansion joints in the feeding lines, chamber

00431 8489751700 © 1997 Flrevier Seience S.A. All righis reserved
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valves, purge valves and their associated actuating
mechanisms [2]). The materials having a sliding or sealing
function must remain sufficiently ductile and exhibit a good
wear resistance, as well as a low fricion coefficient.

Previous work [3] has showr that polyimide resing
submerged in a cryogenic floid exhibit a noticeable increase
in hardness which induces a dcerease in friction coefficicnt
and wear rate, when compared with a sliding process
performed in ambient air. Such s decrease of wear and
friction coefficient is believed to be due to the competition
between adhesive and deformation phenomena. It was also
observed that small residual flakes of a transfer film were
evident on both the polyimide pin and the A286 steel disk
after testing with a pin-on-disk wibometer. However, the
influence of such a third body on che wear process was not
investigated.

The recent development of depth-sensing indentation
techniques at a nanometic scale, commonly kmown as
nanoindentation, bas allowed highly localised hardness and
modulus measurements to be performed on very small
material volumes. The motivation for the present study is
therefore based on che use of such a new technique for the



characterisation of transfer films created between polyimide
and A286 steel disks during sliding contact. Other analysis
techniques are not appropriate owing to the large sample size
(typical disk diameter is & cm) and the difficulties in locally
characterising such thin films.

Nanoindentation has become widely accepted as the logical
solution to micreindentation, the latter being limited by the
resolution of an optical microscope as this is used to determine
the imprint diagonzl and thus the hardness of the tested
material. The nanojndentation principle relies on the
continuous measurement of force and displacement as an
indenter, of known geometry, is pressed into a sample material
[4-9). The force is usnally applied via an electromagnet, in
which case the curreat in the coil determines the load, or by a
piezoelectic load cell where the ioherent inaccuracies in such
a systern are corrected by interferometry. The displacerment is
measured, in mast cases, by a capacitive sensor. With
instruments now having microNewton force and nanometer
depth resclutions it is possible to produce load-displacement
curves representative of the maierial response in terms of
hardness, modulus and elastic recovery [10), although a true
understanding of the elastic/plastic interactions occurring at the
indenter/sample interface is not possible solely from such data,

Additional surface topogrephical informabon bas become
increasingly important for characterising surface deformation
in and around the indentation area. Various methods have been
proposed, including SEM [11], TEM [12] and STM/SEM {13],
with scanning probe techniques being one of the few able to
guantitatively measure interfacial effects, such as material pile-
up around indentations, with nanometric precision and three-
dimensional imaging capability. Furthermore, SFM does not
have the inconveniences of tedious sample preparation, does
not require a vacuum environment and in & stand-alone
configuration can measure samples of unlimited size [14)].
Some previous work [15] bas already shown the mnet
advantages of combining nanocindentation with SFM and this
paper aims to introduce such a method for the characterisation
of tibalogical transfer films.

2. Experimental details
2.1, Instrumental set-up

The apparaius consists of two separate instruments, a Nano
Hardness Tester (NHT) [16] and a combined optical/scanning
force microscope (SFM) system [15], both developed by
CSEM  Instrurgents. The NHT comprises two  distinct
companents, 8 measuring head for performing indentations and
an optical microscope for selecting a specific sample site prior
to indentatian and for checking the location of the imprint after
indentation. Both components are directly linked by an electro-
mechanical positioning system which allows movement in two
perpendicular  horizontal axes with a lateral displacemem
resolution of 1 pm. This instrument i3 a development of an
earlier ultramicrohardness tester [17] which is based oo
existing technology [1E]. The main advantage of this
instrument is its differential measurement of the sample
surface, made possible by a sapphire reference ring which
remains in  contact with the sample during the
loading/unloading cycle, giving exact positioning of the
Vickers indeater tp relative to the sample surface. Thus the
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Table 1 1
Summary of pin-on-dizk test conditions and sarmmple nomenclature

Sliding speed ( ms™* ) Test environment

Liquid nitrogen {(LN2) Ambient air
0.2 4 2
20 3 i

elasticity of the sample and holder is compensated, as is
thermal drift during measurement.

The combined optical/SFM system allows a specific sample
area to be located under the optical microscope and then
relocated precisely under the SFM in onder to carry ont high
resolution microscopy of the same area. The actual SFM used
was a CSEM Atomic Scale Tribometer [19-20], a stand-alone
instrument baving subnanometre lateral and vertical
dispiacement resolution.

2.2, Expetimeniol procedure

Four identical samples of the material pair A286/polyimide
were subjected to sliding wear experiments wsing an
sutomated ISMCM-CNES pin-on-disk tribometer [21] in LN,
and ambient air (~20°C) environments. Sliding speeds of 0.2
and 2 m s' were used and the contact pressure was
aintained at 15 MPa. The contact made was a flat-on-flat
conformal contact, and the pin and wear track diameters were
6 mm and 65 mm respectively. The disks used for testing
were machined from forged bars of A286 austenitic stainless
steel which had been precipitated for 16 h at 725°C, and their
hardness was 330 HV. The pins consisted of a commercially
available, 15% graphite-filled, polyimide resin. The test
conditions and sample nomenclature are summarised in Table
1.
The average roughness (R,) was measured for the disk wear
surface before and after testing using a Surfascan three-
dimensional stylus prefilometer. The tesidual transfer films
which bad accumulated on both the pin and the disk were
then analysed using nanoindentation, and their Vickers
hardness (HV) compared to that of the A286 and palyimide
virgin materials. All measurements were performed in
ambient air conditions. The maximum force and the laadin%
rate were varied in the ranges 5-50 mN and 10-100 mN min’
respectively. The smallest force value was used when
indenting on the transfer films in order to keep substrate
effects to a minimum. A series of 5 measurements were made
on each sample area and an average value cailculated.
Subsequent scanning force microscopy of the indentations
was carried out using a silicon cantilever of force constant
0.5N m™ in contact mode.

3. Resulis and discussion

After pin-on-disk testing of the four samples, the presence
of a dark-coloured compound was observed on both the pin
and disk wear surfaces, this being a direct result of the wear
process. It was also ohserved that the two disks tested in



Table 2

Summeary of pin-on-disk test results for the A286/polyimide material pair (the weight and volume viloes are for the pin)

Sample Initjal weight (g)  Final weight (g)  Weight difference Yolume lost Sliding distance Force (N) Wear rate
(g} (mm®) (m) (mm* N m')
1 265732 2.65528 0.00204 1.43662 2000 424.12 1.694 % 104
2 265169 2.65082 0.00087 0.61268 500 424.12 2889 % 104
3 266068 2.66043 0.0002% 0.17606 2000 424.12 2076 %107
4 265224 2.65212 000012 0.08451 S00 424.12 3.985% 107

ambient air had a far greater amount of this transfer film than

those tested in LN,. The calculated wear rates for the pins are

summarised in Table 2 and show that, for tests perfermed in
ambient air, the wear ravc is a factor of ten greater than that for
tests performed in LN,. In addition, the wear rate is higher for

a sliding speed of 0.2 m s ¢han for a speed of 2 m g1 in both

environments.

The stylus profilemetry measurements on each disk
confirmed thar abrasion had taken place, owing to the
equidistant and concentric scratches present on each wear track
surface, The notable increase in surface roughness as a result
of the wear process is surnmarised in Table 3 for the A286
disk. Scratches were visible on the wear surface, the decpest of
which were of the order 20-25 um. Scratches were observed to
be deeper for tests performed in 1.N,, this being presumably
duz to bardening of the polyimide pin at such lower
temperatures,

Fig. 1 shews the Vickers hardness of the polyimide pin,
transfer film and A286 disk for the four tested material pair
samples. In all cases the hardness of the pin and disk were
found to be 93-97 HV and 332-345 HV respectively, dhese
values being in agreement with those found in the literature for
the polyimide resin and A286 austenitic stainless steel.
However, the hardness values obtained on the transfer film
were found to vary by wp t© 15% in some cases. This
substantial variation may have been due 1 one or more of the
following factors:

1. The transfer film can be considered as a thin film adhered
to a hander substrate (A286). It is now common
knowledge that if the indentation depch exceeds one tenth
of the film thickness then the hardness of the substrate will
start to contribute to the value measured for the film. In
the present experimental case the average thickness of the
transfer film was estimated to be in the range 3-4 pm,
which meant that a maximum penetration depth of 100 nm
was well within the prespecified limil.

Table 3
Average roughness (Ra} values for the disk wear surface before and afier
testing ; profiles were measured with & stylus profilometer in ambient air

Sample Average roughness of A286 disk (um)
Before testing After testing

1 0.04 0.76

2 0.03 010

3 0.05 0.96

4 0.04 017
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Heowever, it is clear that variations in the thickness of the
transfer film did exist, as did vadations in the substrate
surface morphology as a result of the wear process.

2. The transfer film is an inhomogeneous mixturc of stcel
wear particles produced by abrasion combined with
polyimide resin particles which may be at differing
stages of chemical modification with the atmosphere,

3. The contact pressure betwcen pin and disk may vary
greaily if the pin is not mounted exactly vertically and if
only part of the pin is in gliding contact with the disk at
certain tirnes. This leads to higher shear stresses in some
areas which, in tumn, leads to higher hardness of the third
body agglomerate,

4, Relatively shallow indentation depths may result in the
measured hardness value being differem to that of the
bulk material due to the near-surface region being more
prone to amnospheric oxidation and higher conmtact
temperatures,

In practice, several indentations were made on different
transfer film areas and the values of hardness averaged in
order to reach one representative value in each casc, as
representzd in Fig. 1. Although variations do exist, the main
trend is that transfer films produced in ambient air have a
higher hardness (196-217 HV} than those produced in a LN,
environmeni. (138-152 HV). This can be accounted for by the
hardening effect resulting from a low temperature
atmasphere; the contact temperature at the pin-disk interface
may well exceed ~500°C in ambient air but nat in the LN,
atmosphere, this being the temperature above which the
bardness of an austenitic stainless steel begins to decrease.

Surface topographical characterisation of the residual
imprints by SFM gave significam additional information
about the material response to the indentation as well as to
surface morphological changes resulting from the sliding
weer process. Fig. 2 shows an image of an indentation on a
transfer film produced at a sliding speed of 0.2 m §' in
ambient air. A large amount of pile-up is visible around the
indented region, the extent of which is seen better in the
three-dimensional representaion of Fig 3(b) with the
corresponding cross-section throupgh the indent. The shape of
the Vickers diamond imprint bas become distorted due to
elastic relaxation of material around the imprint and possibly
by adhesion of matter between the indented region and the
diamond tip during unloading. The surface of the transfer
film itself is quite ebviously made up of sheared particles
which can clearly be seen in both images, as well as shallow
pits on the surface where fragments have been ripped out
during the abrasion process.












Nancindentation has been introduced as a valid method for
measuring the hardness of ultra-thin transfer films and, by
combining it with high resoluticn SFM, for iovestigating
differences in material response and surface topography, and
correlating them to the wear process. The present study should
help to predict the maximum contact energy above which
polyimide and similar polymers begin to wear unacceptably
when operated in cryogenic finids. Future work will include
more extensive mapping of the hardness gradients present in
transfer films in order to gain further information conceming
the thermal history endured by the friction track in varous
different service environments. It is hoped that such a fast-
developing technique will find application in many other
tribology-related and materials research problems, and pave
the way for a better understanding of materials properties at
the nanometer scale.
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Summary and Outlook

The goal of this thesis was to develop an integrated instrument which combines naneindentation
with scanning force microscopy. To this end, a working prototype has been completed and its
virtues demonstrated before subsequently refiniog it into a more nser-friendly and viable
proposition. In addition, the applicability of the SFM to alternative modes of operation, such as
indenting and scratching, has been explored and successfully realised. The end resolt is a

powerful systemn for the more complete characterisation of surface mechanical properties.

The implications of snch a development to the field of tribology and materials testing are
numerons and will help to bridge the gap between fundamental research at a nanometric scale and
more routine guality control in the modern industrial eavironment. Within the field of
nanoindentation, a certain speculation has existed for several years as to the actual modes of
deformation occurriag at the nanoscale when an icdeater penetrates either a bulk or a coated
material. This has existed owing to the lack of snitable techniques for imaging residnal
indentatioa sites and the difficulties in easily locating them. The nse of the SFM has permitted a
direct guantitative measurement of impriat dimensions as well as other important informatioa
conceming material response. The rontine inspection of imprints will help to tailor the
indeatation apparatus for specific applications, snch as indentatioa creep, stress relaxation and
simple fatigne experiments. In additioa, the short transfer time between making an indentation
and subsequently imaging it will create new possibilities in the research of materials which
exhibit time-dependent, viscoelastic properties, e.g., polymers. As with conventional hardness
testing, where the residnal contact area is calcnlated from optical microscopic observation, the
SFM allows the same principle to be applied to nanoscale indeatation, by measuriog the residual
contact area directly from an image. Thus, nanoindentation hardness values can be accurately
compared to those of conventional testing instruments, thus bridging the gap between these two
complimentary disciplines.

The application of a combined nanoindentation/SFM apparatus to a wide variety of industrial and

research fields has been covered in detail in Chapter 7. For certain examples, namely tribological

183



transfer films, IC bonding pads and nitrided surface layers, this still remains one of the only

methods presently available for characterising the properties of such ultrasmall material volumes.

The future ontlook for this kind of apparatus is particularly promising, especially sioce the
application of local probe techniques is siill in its infancy and many exciting developments are
yet to come. The constant refinement of scanning force microscopies and their complimentary
modes, e.g., pulsed force, tapping, magnetic force, friction force, electrostatic force, etc, will
significantly broaden the range of surface properties which can be directly measured. The
continuing evolution of local optical spectroscopies, such as io scanning near field optical
microscopy (SNOM), will provide additional, yet unprecedented nanomechanical information.
Furthermore, the combination of such disciplines will pave the way for a more global knowledge
of materials, of how they respond to external factors, and of how they can be influenced by

different processes and conditions.

The continning trend of miniaturisation regarding instrumental methods, local environments and
measurable scales will allow molecular and even atomic level characterisation in a routine
manper. This is of importance, for example, in the study of lubrication and friction in the
microelectromechanical systems (MEMS) of tomorrow and the optimisation of mating surfaces
in regnlar sliding contact. Simulation of the light loads involved at these scales will stimulate
great strides forward in materials research. The modelling and measurement of epergy dissipation
mechanisms will significantly contribute to another yet unsoived problem: the accurate prediction
of friction coefficients. In the field of biocompatible materials the surface chemical and

mechanical properties will be measurable in-siti in their native environmeots.

One of the maio problems with modern research is that the gap between the atomic scale and the
macroscopic scale has yet to be fully overcome, if a true knowledge of processes occnrring over
the whole range of scales is to be gained. As with all challenges of this kind, only much time and
effort from future generations will unlock the secrets which at this moment have not yet even
been discovered.
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