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ABSTRACT

In modern engineering there is an urgent need for a deeper
understanding of the nature of surface texture and its influence
upon the functioning of the element of which it forms a part.
0f particular importance, in this connection, is the behaviour of
surfaces in stationary and sliding contact. Investigations of
the contact of surfaces, on the one hand, and the evolution of
methods of surface specification and characterisation, on the
other, have developed more or less independently. This thesis

attempts to bridge the gap between these two areas of study.

The main emphasis of the work has been upon random surfaces
which are produced by a significant proportion of modern
manufacturing methods. The theories used have been drawn from
those employed in the study of other types of random processes.
Both these theories, and the experimental evidence used to support
them have been usually presented in digitel form; therefore cscme
emphasis has been placed upon tﬁe problems involved in the analysis

of data presented in this form.

The theoretical analysis is concerned with the representation
of a surface profile as a random signal and the significance of this
for the properties of surfaces of significance in their contact.
This then allows the development of a theory of the movement of a
second body over such a random profile. The friction and wear of
random surfaces is tackled through thé analysis of results obtained
from well instrumented experiments; this suggests that a stochastic

approach to the tribology of random surfaces is well justified.



Finally an attempt has been made to provide a broad fundamental
analysis of the generation of such surfaces. In this way it is
hoped that the work provides a basis for the classification or the
typology of surfaces in terms both of their functional behaviour

and of the relationship of this to the details of their generation.
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1. INTRODUCTION

For many years surface finish has been reéognised as an
important part of manufacturing technology. The recognition of this
importance has resulted in more complex methods of its measurement.
Stylus tracer instruments have played a major role in this
development. In very recent times an additional advantage of
these instruments has been that the output, being in an electrical
form, can easily be transformed .into digital form for
subsequent analysis. In this way, analysis of surface topography
has reached a new level of sophistication requiring considerable
skill in digital as well as .analogue techniques. At the same time
there has been only limited development of ideas about the way in
which surface topography influences the functional behaviour of
surfaces in engineering practice. A major role of surfaces of
functional significance is their behaviour in situations involving
contact and rubbing. Moreover, with only one or two exceptions,
models used in the analysis of the contact and rubbing of
surfaces have been very theoretical and have not been directly
related to the knowledge provided by stylus instruments and the
detailed analysis of their outputs which is now possible. This
thesis tries to tackle this central question by relating
characteristics of surfaces known to be of significance in their
contact to digital analysis of the output of stylus instruments.
Because the field is so large attention has been limited to
properties related to surface contact and only surfaces having
random characteristics have been considered. This means that
surfaces prepared by mechanical methods involving the random

contact of cutting elements (grinding, grit blasting, etc.) are



the type of surfaces to which this work will apply.

Chapter 2 reviews, briefly, the background and literature of
this chosen field of study and a more detailed published review by
the author is provided in Appendix 1. Chapter 3 describes the
techniques used in the later work; in particular, it outlines the
methods used to analyse surface profiles (or other waveforms) when

presented in digital form.

A major part of this thesis is concerned with a model in which
a surface profile is presented as a random signal with a Gaussian
Adistribution'of heights and an exponential autocorrelation function.
Chapter 4 provides an analysis of this model and its significance
for surface contact. This theory is then compared with the results
of a similar analysis of the profiles of a ground surface and the
consequences of this comparison for the development of methods of

characterising surfaces are discussed.

Chapter 5 provides a theoretical analysis of the movement of
a second body over the surface of a body having a random profile,
without any deformation of either. The more complex question of
the conseéuences of rubbing surfaces under load has been studied
experimentally and the results of this work are reported in
Chapter 6; the extent to which these observations can be treated
by the same form of analysis is discussed. In Chapter 7 the
generation of random surfaces by mechanical methods is considered;
the major object is to explore (in an elementary, but fundamental

manner) the extent to which the observed characteristics of



profiles of random surfaces might be expected on theoretical
grounds. Finally Chapter 8 draws some broad conclusions from the
work described in the thesis and outlines the directions in which

the subject may develop.



2, SURFACE TOPOGRAPHY AND SURFACE CONTACT

2.1 Introduction

Surfaces are becoming more and more important. The
requirements of modern technology are placing an ever—incfeasing
burden upon the surface and the surface\layers of components. This
calls for a greater understanding of the nature of surfaces, of
their measurement and classification, of their features and of their
control in manufacture. In order to bé able to decide on these
properties, both physical and topographic, which.are most likely to
be of use in controlling manufacture and predicting functional
behaviour it is necessary to examine in detail some of the

various functions to which surfaces are required to perform.

A comprehensive review of the subject covering the most
important aspects of this problem from function through to
geometrical classification is given in Appendix'l. This chapter
will select, for brief discussion, those aspects of particular

significance for the work described in this thesis.

2.2 Surface contact

In order to be able to understand the behaviour of surfaces
in friction and wear a consideration of the mechanism of solid
contact is essential. The nature of the contact either dry or
through lubricant films, together with the physical properties of
the materials, will determine, to a large extent, the performance
of the surface; for example its suceptibility to damage in sliding

contact or its ability to run-in.



Theories of surface contact are derived mainly from the
equations for a single contact region usually represented by the
contact between a smooth sphere and a flat surface. At light
loads there is elastic deformation of the two bodies. If the
radius of the sphere is R, the load W, El’ E2 and Vis Vo are the

values of Young's modulus and Poisson's ratio for the two materials

respectively then using the Hertz equations the radius a, of the

area of contact is given by

3 12 1.2 ]2
e = |7 ®bg ) (2-1)
1 2
which reduces to
WRy1/3
a, = L.11 (F) - (2-2)

when E1 = E2 and vl = vz = 0.3

At very heavy loads the size of the contact region is
dominated by the plastic behaviour of the material and for

circular contact area the radius of the contact area is given by

a_ ; vwhere
P .

mTalH=W
p
1/2
= (X -
or a = ("H) (2-3)

where H is the flow pressure or hardness of the softer of the two

materials.



The load at which plastic flow first occurs can be derived
using the equations for an elastic contact. At this load the
‘maximum shear stress just reaches a value of Ya/2 where Ya is the

yield stress in uni-axial mode. Then using the relation
H=2.7Y (2-4)

the load at which the onset of plastic flow occurs can be

calculated.

A measure of the load at which the transition from elastic to
plastic deformation coccurs .is that value such that ap =a,.

Equating these from equations (2-2) and (2-3) gives

R2H3
E2

W (2-5)
Then, to a reasonable approximation, the following conditions apply.
Fully elastic conditions occur at loads < Wc/15 and the first
plastic flow occurs at this load. Fully plastic conditions occur

W

at loads > 40 753 In between there is a transition region between

the onset of plastic flow and complete plastic flow.

Theories of surface contact are concerned with the behaviour
of individual contacts and with the subdivision of the total real
area of contact into multiple contacts which occurs when rough
surfaces are used. Much of the earlier work on surface contact
Holm (1958), Bowden and Tabor (1954) and Merchant (1940) was aimed
at producing a rational explanation of Amontons' Laws of Friction

(Amontons 1699) which are that the frictional force is



(a) proportional to the load, and (b) independent of the area of
‘contact. The first important point realised was that the real area
of contact is mucﬁ smaller than the apparent area calculated from
the dimensions of the parts. Tﬁis together with the formulation of
the adhesion theory of friction enabled the laws to be explained.
The important assumption was made that the real area of contact
arose from plastic deformation of asperities under the load W.
The>area of contact A would then be equal to g where H is the
hardness of the softer material. The adhesion theory of friction
also assumes that the frictional force arises from the force
required to shear the junctions at this real area of contact.

Hence the frictional force is proportional to real area of contact,
which in turn is proportional to the load. This theory did not
attach much importance to the surface finish because it plays

no part in determining the severity 6f the contact conditions,

but Archard (1957) pointed out that although plastic flow could be
expected to occur on the first few passes of two contacting parts
in relative motion it would not continue indefinitely, some
equilibrium state would occur when the asperities could support

the load elastically. He tﬁen went on to show that Amontons'

Laws could be explained using elastic deformation theory

providing the average contact size remaind constant with load.

This was a direct result of having an increase in the number of

contacts with load, a point which required more than one scale of

size of asperity on the surface.



In order to decide which of these two deformation modes,
elastic or plastic, occurs in practice, it is necessary to

consider the nature of the surface geometry.

2,3 Surface topography and its measurement

In this section we will be concerned only with the geometrical
properties of the surface - some other properties which are

significant in the functional behaviour are discussed in Appendix 1.

The physical size of the marks left on the part by the
manufacturing process is very small. Four orders of magnitude in
the size of the roughness values exist, ranging from 0.1 um for
polishing, to almost 1 mm for shaping; a typical size would be
about 5 um for turning. In the horizontal spacings the range is
about three orders of magnitude from a few millimetres down to
a micrometre or thereabouts; as above, a typical value is about
20 um for a turned surface. These small sizes and wide range of
values make assessment of the surface geometry difficult by eye
or thumbnail consequently a wide variety of instrumental methods
have been devised to more accurately assess the surface geometry.
These range from optical, pneumatic and capacitative techniques,

for example, to the commonly used stylus tracer instruments,

The optical methods usually used are either based on a
microscope (Martin 1967) or an interferometer (Tolansky 1970) or
both. Normal viewing under a microscope gives information over

an area; the only information in the vertical plane is obtained



by use of the focusing mechanism or by the use of oblique lighting
which causes shadows'on tﬁe surface from which estimates of height

can. be made.

Vertical information of high accuracy can be obtained at the
expense of some loss of area information by the use of interferometry;
this usually in#olves the positioning of a reference plate on top
of the surface either parallel to, or at an angle to, the general
direction of the surface. Contoﬁr lines of the surface are
produced by this means. Another technique due to Linnik enables a
'greater numerical aperture of the fringe viewing optics and hence
better resolution to be obtained by positioning the reference flat
in a remote place away from the sﬁrface. (Reason 1969). Better
results can also be obtained by use of multiple beam interference
(Tolansky 1970) in which both the surface and masfer plate are
coated. Other techniques such as Nomarski interference contrast
and phase contrast can be used to advantage on smooth surfaces.

In recent times the assessment of the surface geometry using
goniophotometric techniques has been gaining popularity. (See
Bennett and Porteus 1961, Davies 1954 and Reneau and Collinson

1965) .

However, although these latter methods can be made to give
satisfacfory results for some surfaces they have, as yet, been
impossible to make universally useful for the assessment of the
surface texture, The other more conventional optical techniques,

although useful, have not found extensive use in workshops because



10

of the difficulty in getting, cheaply, a number as the output

which relates directly to the surface finish.

Pneumatic and capacitative techniques have been used over
a number of years but they have found little general use. In
pneumatics, for instance, the sensitivity is inadequate for many
‘uses whereas in capacitative techniques, where the capacitance
between a reference plate and the surface is measured in order to
assess the surface roughness, one of the difficulties is found in
measuring any surface other than those having a flat shape; a
different shaped reference capacitor plate being required for each

shape of surface.

It is, however, stylus instruments which have become the most
widely used for‘the assessment of surface texture. This is because
of their ease of use, and convenient and unambiguous 6utput.

(See Reascn et al 1944 and Reason 1956)). In fact, in recent years,
the use of the stylus instrument .as a research as well as an
inspection tool has been increasing mainly because of the advent

of digital techniques (Reason 1964(a). Consequently this thesis will
be concerned only with the results obtained from stylus instruments

and in particular those results obtained using digital techniques.

One of the features that has emerged in the investigation of
surface geometry using stylus instruments and digital methods has
been tﬁe importance of analysing good quality data in the computer.
Before any useful comparison of results can take place the quality

of the data used must be assured. The author has been very aware
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of éhis point and has taken steps to ensure the quality of the

input data to tﬁe computer. Tﬁis ﬁas taken two forms. First, a
method has been deviséd in wﬁich the shape of the stylus itself

can be accurately assessed (Jungles and Whitehouse 1970). Second,

is the processing of the digital data prior to analysis in the
computer. In particular, a digital filter has been devised which

has optimum attenuation and phase characteristics and which allows
the removal,lfrom the digital data, of the extraneous long wavelength‘
components often met with in surface profiles (Whitehouse 1968).

These techniques are dealt with in Chapter 3.

One of the main iﬁterests in surface finish research at the
present time is that of trying to develop a typology of the surface
geometry so that a completely adequate classification of the surface
can be made without resorting to the existing technique of
specifying the R.a value together with a statement of the
‘manufacturing process. This existing technique, although very
useful, is becoming increasingly unsatisfactory in some respects
because (a) it cannot adeduately predict the behaviour of the surface
in some of the more stringent modern engineering functions, and
(b) it can prove restricting to the production engineer who wants
complete freedom in the choice of manufacturing process. Before
discussing some of the work that has been done on topographic
typology it is proposed first to consider some of the fundamentals
which must be involved; because any discussion of typology
naturally leads to statistics we will examine initially some of the

statistical considerations.
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Surfaces can be random or deterministic or, more usually,
a mixture of both. For a complete specification of a general
random process, high order joint probability density functions are
needed (Bendat 1958). However, in practice a second order joint
pfobability density function will suffice. From this both the
ordinate height distribution and the autocorrelation function,
and hence the power spectrum, can be found. Because the second
order probability density function is, in general, not known, the
autocorrelation function and fhe ordinate height distribution can be
conveniently used to define the statistics of the profile. In the many
practical instances whére the statistics of the process is Gaussian,
or thereabouts, then the normalised autocorrelation function and
the RMS (or average value Ra) completely define the profile. One
of the main reasons why these are a good basis for consideralions
of typology is that the autacorrelation function has the useful
‘property of being able to separate the random from the periodic
components of a waveform. Such has been the usefulness of these
statistical parameters that they have been used in many different

fields.

One practical point about any typology is that the parameters
used should, from an instrumental point of view, be kept simple and
cheap. Furthermore for a parameter to be useful in typology it
must be at one and the same time both discriminatory to distinguish
between one surface and another wﬁile being reliable enough not to
produce wildly varying values over the same surface. Another point

which tends to be neglected is that a typology should be capable of
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taking into account not only the overall statistics of the surface
but also statistically unpredictable freak events. This is one
region where correlation techniques are of little use. Such behaviour

is difficult to predict even using statistics (Gumbel 1959).

Turning back to the statistical aspects most of the present-
day parameters of surface geometry are basically estimates either
of the height distribution or of the autocorrelation or mixtures of
the two. The importance of the ordinate height probability density
function in surface metrology was first realised by Abbott and
Firestone (1933) who proposed the use of a curve showing how the
ratio of metal to air changed with the height of a hypothetical
flat plate lapping away the surface from the highest peak to the
lowest valley. This curve is generally referred to as the bearing
area (or ratio) curve; it is in fact one minus the ordinate height
'distribution function. Pesante (1963) proposed a classification
according to the shape of the ordinate height density function.

He found it more useful than the bearing area curve because it was
more‘discriminating. Reason (1964(b)) proposed the use of the
consolidated bearing area curve together with the high spot count
to classify the surface, and Ehrenreich (1959) suggested that

measurement of the slopeof the bearing area curve could be useful,

The Ra and RMS values are essentially estimates of the scale
of size of the ordinate height distribution - as indeed, also, are
any peak height measure such as the maximum peak-to-valley height.
Some attempt, however, usually has to be made in peak height measures

to preclude freak events. To this end the Swedish Standard



considers the difference in height between thé 5% and 907 bearing
area percentages and the Britisﬁ Standard considers the difference
in height between the five higﬁest peaks and five lowest valleys.
Other featufes of the density function can also be considered to

be useful, especially in demonstrating wear, for instance, the skew.
Al-Salihi (1967) in fact proposes that in addition to the RMS value
the third, fourth and higher central moments should be considered.

Unfortunately these are difficult to measure reliably.

The fundamental reason why the height distribution itself is
of limited vglue is that it contains no information about the
bandwidth of the profile waveform. Before considering methods
that have been evolved in answering this problem directly we will
first consider those methods of classification which involve the
derivatives of the surface profile. Myers (1962) recommended the
use of the RMS values not just of the profile itself, but the RMS
values of the profile slope and second derivative, together with a
directional parameter. Other investigators have proposed the use of
either one or more of the derivative parameters. Peklenik (1963)
considered the value of the standard deviation of the slope as a
convenient estimate of the autocorrelation function. The use of
the distribution of the slope has been reported by others
including Kubo (1965), Nara (1962). Nara suggested that the Ra
value and the mean slope value could be used for specifying a
surface on a two-dimensional graph. He maintained that by -doing
this he could estimate both the drop—off of the autocorrelation

function and the high spot density.

14



One of the important practical points coﬁcerning the use of
these Higﬁly discriminating parameters like slope or curvature
measurement.is that they tend, by their very nature, to reduce
the effective signal to noise ratio, i.e. extraneous short
wavelength noise tends to getvamplified. One way out of this
problem is to introduce a short wévelength filter. This will be
meﬁtioned later on concerning the work of Spragg and Whitehouse

(1971).

Many people have pointed out that there is a functional need
‘for a spacing type of parameter, for instance in the sheet steel
industry (Butler and Pope 1968). Some examples of parameters that

have been used are the number of crossings at a given height
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(Reason, 1964(b), Pesante 1963, Peklenik 1963). The number of peaks

in a given length has also been used. Sometimes, for example, in
lthe American sheet steel industry, the definition of a peak is
different from the normal one; they insist on the valley following
the peak being more than a fixed distance below. A more recent
measure is the average wavelength introduced by Spragg and
Whitehouse (1971) which takes into account the size of all the

harmonics as well as the dominant spacing.

Any classification must be a condensation of information.
Of all the thousands of bits of information contained in a typical
waveform only a few are going to be needed for any given function.
(Ultimately we require one piece of information - the answer to
the question "Will it perform satisfactorily?'". but this begs

the question of where this information is to be found). This is
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where the autocorrelation function is useful because it represents

a useful condensation of the information in the waveform.

Wormersley and Hopkins (1945) were tﬁe first to put forward
effectively the autocorrelation function (in a time series form)
as a useful measure of surface texture followed by Linnik (1954) and
Nakamura (1960). ﬁowever, it was Peklenik (1967) who proposed the
- further condensation of the autocorrelation into groups suitable
for use as a classification system. He proposed classifying the
~autocorrelation function to decide into which group it best
.fitted. The surface was then typified by the number of the group.
Thus he was able to present sﬁrfaces made by different processes

on a typographic scale which comprises:

Group 1 - Cosine or steady valued.

Group 2 - Exponential decay plus cosine.

Group 3 - Exponential decay modulating a cosine.
Group 4 - Complex combination of groups 2 and 3.
Group 5 - Exponential decay.

In this classificgtion, Group 5, for instance, (first order
random surface ) 1is typical of grinding honing etc., whereas
Group 3 (second order random surface) together with Group 2 are
more typical of single-point cutting processes like shaping,
turning etc. Group 1 is purely deterministic and does not occur

on practical surfaces.

As a further subdivision of each group, Peklenik (1967)

introduces the correlation length and the correlation period; the
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formeé measuring the rate of decay of the autocorrelation function
and the latter measuring the spacing of the dominant periodicity.
Although this classification system is a major step forward in

the specification of surface texture it has certain difficulties in
its application. Tﬁese, and some proposed amendments to include

the classification of the ordinate height distribution are discussed
in Appendix 1 (Whitehouse 1970). The extension of surface assessment
to three dimensions by Peklenik and Kubo (1968), McAdams et al

(1968), and others is also discussed in Appendix 1.

2.4 Surface topography and surface contact

From wha£ has been said in Sections 2.2 and 2.3.it is clear
that a great deal of time and effort by researchers has been put
into the fields of surface contact and surface topography. In the
field of surface topography, progress has been particularly rapid
over the past few years. However, these two fields have developed
practically in isolation. The result is fhat many questions are
still left unsolved; in particular the influence of surface finish
upon beﬁaviour involving contact, such as wear and friction, still
remains largely unknown. An important example is in determining
tﬁe mode of the deformation that occurs under different conditions
when two bodies are contacted. It used to be thought (Bowden and
Tabor 1954) that the asperities were always plastically deformea
upon compression. More recentl& it has been recognised that
surface contact must often involve an appreciable proportion of

asperity contacts under which the deformation is partially or



18

completely elastic (Archard 1957);. consequently, the surface
finish must play a large part in determining the proportion of
elastic and plastic deformation. The great need at present,
therefore, is tﬁe bringing togetﬁer of the theories of contact with

the characteristics of surfaces as determined by surface metrology.

One of the few, and perhaps most successful, attempts to bring
tﬁese disciplines together has been by Greenwood and Williamson
(1966). They assume that the surface is made up of a Gaussian
distribution of asperities of standard deviation o* and that upon
contact, say with a flat plate, only the upper tips of the
asperities actually make contact. They assume that gll asperities
have a radius of curvature R at the tip. They assessed the proba-
bility of plastic deformation of the asperities using this model.
In fact there is always a finite chance 9f plastic flow using
A this model; however, one important conclusion that Greenwood and
Williamson came to is that the probability of plastic flow depended
‘very little on the actual load but is critically dependent upon a

plasticity index Y given by

¢,="§}{_’ (%)1/2 (2-6)

where E” is the composite Young's Modulus and H is the hardness.
Unfortunately although this equation represents a considerable
advance, their theory has its limitations. They do not take account
of the existence upon surfaces of superposed asperities of

differing scales of size. Also the plasticigy index assumes that

the deformation of each of the asperities is independent, consequently



the plasticity index has significance only if it is applied to

the main long wavelength structure of the surface. Also the theory
does not take account of the distribution of peak curvatures always
found on surfaces. One final important point is that their theory

only relates contact phenomena to peak characteristics and not the

characteristics of the profile waveform used in practice to assess

the surface texture. The need, therefore, is for further steps to

complete the bridging of the gap between contact theory and modern

methods of measuring and classifying surface texture.
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3. TECHNIQUES

3.1 Introduction

A large part of this thesis is concerned with information
derived from Talysurf profilometer instruments presented in digital
form. The significance of this technique in the development of
the subject has been already discu&sed in Chapter 2 and
Appendix 1. Broadly speaking its advantages lie in the range of
processing operations which become available when data are
available in digital form; these oberations are possible because
of the availability of fast digital computers. For these same
reasons similar techniques have been used in the present work for
the analysis of experimental data presented in Chapter 6. The
-experimental data include values of the frictional force and the
displacement of one body when it moves over another (which we
shall describe as the "ride'"), as well as the surface profiles of
the rubbing bodies. These measurements, and the details of the
apparatus used, will be described at the appropriate point in
Chapter 6. However, at this stage it is relevant to explain that,
for obvious reasons of convenience,‘these measurements have been
made using a Talysurf stylus and its associated circuits as a
displacement transducer. In this way the whole range of
experimental data presented in this thesis (and not merely the
surface profiles) has been presented in the same digital form

for subsequent analysis.

To allow the description of the later work to proceed without
interruption, this chapter contains a description of the techniques

used to transform the instrument output into digital form suitable



Figure 3-1. Talysurf Pick-up showing
Datum Attachment.
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" for use with the computer. The computer techniques used in the
analysis of this data are then discussed. Because of the number
of different programs used in this work this discussion of
computer analysis has been, necessarily, confined to the broad
principles involved. However, as an example, one program has

been selected for more detailed explanation. Most of these
techniques of analysis are also applicable to the results obtained
in Chapter 7; here surface profiles, in digital form, are
obtained from simulation of the mechanism of generation instead of

from the output of the Talysurf instrument.

To set'this work in its proper context, this chapter opens
with a brief discussion of the Talysurf instrument and its
successor the Talystep; which has the potential for development
as a high resolution profilometer. The question of instrument
resolution has played an important role in the work described in
Chapter 4 in which divergence between the thecoretical model and
the experimental measurements may be in part attributable to
stylus resolution. Tﬁe stylus shape plays an important role in
instrument resolution. For this reason, the author has been
involved in some detailed examination of the shape of styli used
in profilometry and their method of manufacture. A brief account

of this work is included in this chapter.

3.2 Stylus Instruments

The basic instrument used in this work has been the

Talysurf 4 which is a stylus tracer instrument used extensively
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‘in industry for the measurément of surface texﬁure. In the
operation of this instrument a sharp stylus is tracked slowly
across the machined surface. The up and down movements of the
stylus are amplified and registered on a meter and a recorder.

The stylus is usually a diamond pyramid typically of tip dimension
- 2.5 ym in the direction of traverse. The pick-up element upon
which the tip is fixed is constrained to have only one degree of
freedom and as a result of this the up and down movements which
are communicated to it by the stylué represent an accurate
geometrical representation of the surface itself in the one track
over which the stylus is passing. (Detailed descriptions of the
electronics are contained in the handbook). It must suffice here
to say that the instrument transducer is of the inductive type. In
this an armature which is éonnected to the pick-up element moves
within a coil according to the movement of the sgylus. The coil
itself is part of a bridge circuit being fed from a 10 kHz carrier
signal. The changes in the position of the armature cause
different inductance in the two halves of the coil which has the
effect of converting the stylus, and hence armature movement, into
an amplitude modulated voltage which can then be processed by
filters and other appropriate circuits. An essential feature of
the mechanical principle is that the surface roughness is measured
relative to a straight smooth optical flat which is supported
above the stylus, figure 3-1. It is the movement of the stylus
relative to this optical flat which constitutes the measured
surface roughness. For convenience a crude datum called a skid, or

alternatively a shoe, can sometimes be used. These take the form
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of a blunt foot wﬁich rests on the surface and to which the body of
the pick-up is attacﬁed. The mechanical reference relative to which
the stylus movement is measured is then taken as the difference
between the skid vertical position and the stylus. Upon being
moved, because tﬁe stylus is so very much sharper than the skid,

an approximate profile waveform is generated. This technique was

not used during these experiments.

The Talystep, figure 3-2, is another type of stylus tracer
instrument. It works on a principle which is basically the same
as that of the Talysurf. However, there are important differences,
mainly mechanical. First and foremost is that the stylus load,
insteéd of being 100 mg as in Talysurf, can be varied and reduced
down to loadings as low as 0.5 mg — a feature which makes possible
the use of very sharp styli. Also the maximum magnifications
obtainable are different from that of a Talysurf. Instead of a
103 top vertical magnificatrion, for the Talystep it is 10°;
horizontally it is 2000 instead of 500. The Talystep, however, has

a much shorter traverse length,

The two greatest advantages of these tracer instruments are
(a) that the output is in the form of an electrical signal which
can easily be processed, and (b) that they are very convenient and

easy to use.



3.3 Measurement of stylus shape

3.3.1 The significance of stylus shape

For most practical applications of tracer type instruments
the fact that the finite size of the tip of the stylus must filter
out some of the short wavelengths on the surface is not important.
Neither is it important that the minute structure and shape of the
tip itself are not precisely known. However, in some cases where
ultra-fine surface finish is being measured or detailed
investigation‘of the fine structure on surfaces is being carried
out then it becomes not only essential to use a much sharper stylus,
it also becomes very important that the geometry of the tip is

known. To use a very sharp tip of the order of 0.1 ym dimension
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is not practical for two reasons. First, the loading of the stylus

taken with the smaller tip would take the pressures at.the tip well
behind the yieid point of most metals. Second, the relatively
coarse movement of the Talysurf would not be conducive to the
maintenance of the fragile tip. However, use of the Talystep, is
practical and, for the pﬁrpose of the investigation described in
Chapter 4, is an admirably suitable instrument. Use of such small
styli not only gives instrumental problems it also highlights the
problem of the measurement of the tip geometry. Obviously the

first technique that comes to mind is that using optics.

3.3.2 Optical Microscopy

For many years the nominal tip dimension used in conventional

stylus tracer instruments have been of the order of 2.5 um for
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Figure 3-3. Optical methods of stylus measurement.

(a)
(b)
(c)
(d)

2.5 ym stylus using normal bright field.
Stylus as in (a) but using phase contrast.
Stylus as in (a) but using Nomarski Interference.

Sharp chiselstylus using normal bright field.



.normal surface profilometry applications. Dimensions of this size
can, to some extent, be examined optically. For instance in
figure 3-3 a diamond tip having the dimension of about 2.5 Hm
square is shown as viewed with the different optical techniques of
(a) normal bright field, (b) phase contrast, and (c) Nomarski
interference. It will be seen that it is difficult to determine
the real dimension of the tip itself let alone any fine structure

that may be present at the tip.

For the work described in Chapter 4 it therefore becomes
necessary to devise a method of measuring the microgeometry of the
stylus tip. Another problem emerged as a result of this exercise
in Chapter 4; this was the manufacture of diamond styli of
extremely small dimension, sufficient for the requirements of the
investigation. In the solution of both of these problems the
author gratefully acknowledges the significant contribution of

Mr. John Jungles of Rank Precision Industries Ltd., Metrology

Research Laboratory. These details are covered in Sections 3.3.3 to

3.3.5. A published paper on these techniques is included in

Appendix 3 (Jungles and Whitehouse 1970).

3.3.3 Scanning Electron Microscopy

From what has been said concerning the various optical
techniques and judging from the pictures shown in figure 3-3, it
would seem natural to apply the scanning electron microscope
technique to the measurement of the stylus tips. This is because
of its obvious advantages over light microscopy. These advantages

are (a) the depth of focus is increased because of the long focus
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Figure 3-4. Scanning electron micrographs of styli.
(a) Sharp chisel stylus.
(b) Stylus as (a) but aluminium deposit.
(c) Gramophone stylus.

(d) Stylus as in (c) but at a higher magnification
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magnetic lens which keeps the beam divergence small, and (b) the
increase in the useful magnification which is made possible by the

very small equivalent wavelength of the electron beam.

Unfortunately it was found that the measurement of diamond
tips by secondary emission techniques was not completely
satisfactory. An éxample‘is shown in figure 3-4(a) which is a
scanning electron micrograph of tﬁe chisel shaped stylus shown in
figure 3-5(b). It can be seen that although there is a considerable
improvement it still leaves a lot to be desired. This is due to
two things, the first being tﬁat the diamond is an insulator and
the second is the extreme nature of the geometrical shape of the
tip. Secondary emission from an insulator such as diamond can be
a complex pﬁenomenon because of the absence of free electrons. An
insulator will not lose energy as in a metal by interaction with
free electrons in tﬁe conduction band. Primary electrons will only
lose energy by interaction with the valence electrons and, unless
the insulating object is a thin film on an electrically conducting
base, a space charge forms in the material. It is possible for an
insulator to emit more electrons than were introduced giving
rise to a net change in charge which causes charge to migrate

towards peaks or other sharp boundaries.

Attempts to reduce this effect by deposition of a thin
deposit of conductive materials like aluminium, gold or carbon

have not much effect as seen in figure 3-4 (b).

Consequently it became clear that although scanning electron



techniques are suitable - even for diamonds having little extreme
geometrical shape, as in the gramophone styli, figure 3- 4 (c)
and (d) it is not really satisfactory for the diamond tips in

question.

3.3.4 Transmission electron microscopy

In this technique the electron beam is passed directly through
a replica of the object to be measured. In the case of diamond
tips this in itself presents problems because any replica must not
only show the details of the tip clearly but must show enough of
the overali geometry of the stylus to enable it to be found when
in the microscope. Usually all sorts of various shapes and
markings litter the view. Some sort of positive identification is
essential. For this reason the natural single-stage replication
materials like gelatine, collodion and formvar and some two-stage
techniques which utilise wax, gelatine, acetates and metals as

the first stage failed.

Glass as a first stage replica material was tried. Glasses
differ in properties from the organic polymers which are usually
used for replicas in electron microscopy. Whereas the polymers are
partly crystalline and only to some degree amorphous, glass is
completely amorphous which means that any replica of the tip is
likely to be faithful - at least for a limited time. One other
advantage of glass is the ease with which a second replica of
carbon can be released from the glass. By these techniques

the required results were achieved.

27
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WO-5Mnri
Figure 3-5. Transmission electron micrographs of styli
(a) Stylus shown in Fig. 3-3(a).
o) Stylus shown in Fig. 3-3(d).
(©) Ultra-sharp stylus.
(d) Stylusas in (c) at a higher

magnification.
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No damage to the tip could be expected thfough indenting the
glass because the relative hardness of diamond and glass is about
the same as for tungsten carbide and zinc, so the tip is most
unlikely to be damaged. One result which supports this statement
is that no changes were observed in a succession of replicas taken

from the same tip.
Practically the procedure was as follows:

A small rig was constructed for use on a standard instrument

| (Talystep) which enabled a known load to be applied while the
diamond was resting on the glass. A given small force of about

1 grm was then applied smoothly for about a second. This process
was repeated many times within a small region. Having such control

enables many such indentations to be applied in the same way.

Carbon was then deposited onto the indentation from one or two
directions at right angles up to a thickness of about 0.03 um to
give rigidity. This was subsequently shadowed with gold or
platinum to a depth of about 5 nm. The replica was then floated
from the glass by immersion in water. The carbon replica had then
to be removed and placed on a standard electron microscope grid.
The depth of carbon used was necessary to give rigidity. Rigidity
of the replica was sometimes difficult to maintain as is shown in

figure 3-5(b) which shows a typical replica fracture.

Typical results are shown in figure 3-5. Picture (a) is
that of the tip shown in figure 3-3, (a), (b) and (c) showing the

clear detail. Picture (b) is that of the stylus shown in
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figure 3-3(d), and finally figure 3-5 (c) and (d) are
micrographs of an ultra sharp stylus.

3.3.5 Manufacture of a stylus for ultra
high resolution .

A previously mentioned a sharp stylus was required for
testing the limits of the.theory in Chapter 4. The stylus that
was made is shown in figure 3-5(¢) and (d). It Qas made by lightly
loading an ordinary stylus against a slowly rotating cast iron
disc charged with one micron diamond paste. Arrangements were made
so that the diamond could be turned accurately through 90°
periodically. This method differs from the conventional techniques
in that it uses much smaller loads and much slower speeds.

Although this results in long periods of polishing, of the order
qf days, the final result justified the delay. Using this
technique it was 2lso possible to make styli of sharper angle than
the conﬁentional 90° pyramid but the combination of sharp tip and

acute angle make it mechanically fragile to use.

3.4 Digital techniques

3.4.1 Analogue/digital conversion

In addition to tﬁe basic analogue instrument, the Talysurf
or Talystep, a data logging system has been used (figure 3-6).
This comprises a Solartron A/D converter and serialiser which
intercept the Talysurf or Talystep signal immediately after the

recorder amplifier., The digital signal is then fed to either a



Data Dynamics 110, S—channél paper tape punch, or alternatively
to a Facit 8-channel paper tape punch. Both of these systems are
capable of about twenty digital measurements per second. In what
follows the digital value‘of a sample of the height of the
waveform will be referred to as a profile ordinate or simply an
ordinate. Each ordinate consists of three decimal digits
together with a fixed character symbolising the end of the

ordinate (or word).

The Talysurf signal was arranged so that the total width of
the recorder paper corresponded to 999 units on the paper tape;
zero being on one edge of the recorder paper rather than in the

centre. This saves a polarity character.

Every ordinate was represented, therefore, by a number
between O and 999 which saved the use of a character for a decimal
point. This meant tﬁat each measurement of the waveform had a
resolution of 10 bits; the relative accuracy of successive
ordinates was therefore 10 binary bits. (This does not mean that
the waveform itself was accurate to this value - a figure of about

2% would be realistic.

Digital techniques were preferred over analogue because they
are (a) intrinsically more accurate, (b) more versatile,
(c) better for storage and display, and (d) quicker and cheaper in

the long run. These will be explained briefly:
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(a) It is difficult to get analogue instruments
tﬁat operate on the Talysurf electrical waveform
to better than one percent, as just stated
10 bit accuracy is easily possible digitally.
Other points on this topic will be referred to

later.

(b) By merely writing a program any parameter of the
waveform can be measured. This is usually not
too difficult. It is usually much more difficult

to do the same things by analogue techniques.

(c) The form in which the data is obtained in the
digital technique makes it more suitable for
storage and retrieval tﬁan the usual analogue
techniques. In the system developed here the
paper tape output was transcribed onto magnetic
tape. Thus a library of data tapes was built
up which could be called up and operated on very

quickly.

(d) The ease with which programs can be changed

saves time and hence money in the long run.

Obviously the digital techniques employed could not enable
real-time evaluation of parameters to be made. However, the data
could be collected at the time of the experiment so this was not

much of a restriction.
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The use of digital techniques also has the advantage that
programs and data can be exchanged between workers more efficiently
than is the case with analogue information and instruments. In the
long run this should result in better correlation between all work
in the field. However, as the work in Chapter 4 will show, even
digital techniques can be difficult to handle and understand.

The problems in digital analysis can be summarised as follows:
(2) Acquisition and quality of data.
(b) Pre-processing of data.
(¢) Evaluation of parameters.

It is one of the objects of this thesis to obtain suitable

- methods for dealing with the digital data resulting from the
measurement of surface topography in the most efficient way. Some
of these points will emerge in the individual chapters. In the
remainiﬁg part of this chapter emphasis will be given to the methods_
that have been adopted to process the data correctly. Also some
essential detail of the programs that have been written for the
various chapters will be given although fuller details including

block diagrams and instructions will be left to Appendix 2.

3.4.2 Acquisition and quality of data

The acquisition of the data has been briefly dealt with in
Section 3.4.1 where it was explained that punched paper tape was
taken from the data logger with each ordinate being in the form

of three decimal digits followed by an end of word character.
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There is no value in trying to get resolution of each measurement
greater than 10 bits because of the inherent noise level of the
signal; this is due not necessarily to instrument noise, but to
environmental mechanical or electrical noise. Where possible noise
has been reduced by appropriate techniques such as supporting the
Talysurf on a mechanical shock absorbing table. Unfortunately the
use of the Datum Attachment on the Talysurf, figure 3-1, although
removing possible errors due to the skid, makes the instrument
more sensitive to extraneous mechanical vibration because of the
increased mechanical loép between the pick-up datum and the
workpiece. It is therefore necessary to use some care when

employing the Datum Attachment.

The errors due to the 1imited resolution (i.e. 10 bits in this
-case) is called quantisation error (Watts 1961). It is not
important from the point of view of the measurement of averaging
type parameters like RMS or R,, but it can be of importance when
effects due to sampling and the definition of parameters are taken
into account. This will be briefly explained later. For an
RMS evaluation, for example, using Shepards correction if q is
the resolution limit then the error in RMS is q Y12 which is

negligible in the 10 bit case.

In all this work equi-spaced samples have been taken for ease
of instrumentation but this is not necessarily the best for any
application, (Linden 1959). Second order sampling which uses
overlapping trains of equi-spaced samples can be used in band-pass

signals with a large reduction in the amount of data over first



order sampling (equi-spaced data).

However, even the use of equi-spaced data has its problems
as will be readily seen in Chapter 4 where it is shown that the
values of many measured parameters depends crucially on the

sampling interval.

3.4.3 Pre-processing of data: principles

This is one of the most important of.the techniques that have
been developed here to meet the need for getting useful information
out 6f surface data. Basically the problem is as follows: The
profile graph emerging from any stylus trace instfument can have
two sets of extraneous information contained within it, the one
usually long wavelength, and the other short wavelength. Both
‘of these can be troublesome and can give rise to incorrect results.
The long wavelength errors affect the average type of measurement
such as éutocorrelation, R, etc., whereas the shorter wavelength
errors affect the discriminating parameters such as the derivatives
or curvatures on the surface. It must be conceded that both of
these types of parameters are of fundamental importance in surface
topography and are of particular importance in relation to the work

in this thesis.

The nature of the long wavelength extraneous component is
usually two-fold; one instrumental and the other natural. The
long wavelength error introduced instrumentally is caused because

of the imperfect levelling of the specimen relative to the
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mechanical datum of the instrument. This has the effect of
producing a ramp-like profile signal on the Talysurf chart. Other
effects are the general curvature or shape of the surface being
measured or even the presence of waviness which is due to imperfect
machining of the surface. Similar effects can occur in the digital
record of the displacemeﬁt of one body as it slides over another

(the ride) because of errors in the friction apparatus.

The short wavelength (or sometimes better expressed as high
frequency) extraneous components are usually due to electrical
noise like the mains or vibration due to motors, gearboxes and

general impulses in the vicinity of the instrument.

In both of these cases, both high and low frequency, some
form of filtering technique must be adopted and, in general, the
filtering is best done digitally because the characteristics and

accuracy can be closely controlled.

Many forms of filtering are possible including the fitting
of a least squares line or polynomial through the profile. The
former removes the errors due to instrument but not other errors.
Least squares polynomials like Legendre polynomials can be used,
or even Chebychev polynomials which, although not least square,
do find the minimum divergence between the profile and the
polynomial. Tﬁe disadvantages of all these is that some knowledge
of the polynomial degree of the error must be known otherwise
distortion can sometimes result. The best method is to use a
true digital filter which does not require a knowledge of the

profile. These will be explained in the next subsection.
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A special filter has been devised to be used specifically in
work on surface topography which can provide a high degree of
accuracy and realism (Whitehouse 1967). This differs from the
standard 2-CR filter digital technique derived earlier (Whitehouse

and Reason 1965).

3.4.4 Pre-processing of data: Digital filtering

In general if Yy is the Nth ordinate of the profile and the
ordinate spacing is uniform, then if the mean line found by the low
pass filter is MN for the Nth value then, in general, (Haykin and

Carnegie 1970)

N N _
My = D ooy L BMy (3-1)
i=0 i=1
In other words the Nth output from the filter in digital form
can be expressed in terms of all other preceding inputs and

outputs.
If all the Bi's are zero then

N
L LT | (3-2)

i=0
where a, are weighting factors found from the impulse response of

the desired filter.

Where Bi are not zero then the filter is called recursive or
closed loop. For example, a single-stage digital filter could be

made by the expression

36
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My oy b B (3-3

where the choice of o and B determine the position of the low cut

break point and the gain of the transmission characteristics.

Because the choice of the Bi's are critical due to the closed

loop nature of the digital filter the form of equation (3-2) was used.

Consider the standard instrumental method for removing the
extraneous long wavelength components. This consists of two CR
filters in cascade. The impulse response h(t) is given by

h(t) = 6 - (2 - t/RC) exp (-t/RC) . 1/RC (3-4)

where 6 is the unit impulse and RC is the time constant which can
be written in terms of a high and low pass component h(t) and
h(t) thus

h(t) = & - h(t) (3-5)

The true output from the filter g(t) is given by

, t :
g(t) = f h(t-1) y(1) dr
—t t
= f §(t~1) y(t) dt - J h(t-1) y(1) dt (3-6)

= y(t) - m(t) where y(t) is the original profile and

m(t) is the mean line at t. (3-7)



Y34 g3103¥4¥0D - 3SVYHJ 1:€ (q) SOILSHIDVEVHD Y3LU43AVM JHUVANVLS (0)

HIONITIAVA 440-1M0 20 NOILOVYS

o002 B o 3 o3 £0 _.w
I/ m
N %
Z
or =
/ @
% oo 9
e cs m

(4 1/
: i

AININIYNSY3NW HSINIY 30VIHNS NI 3SN Y04 Y3LT4d3AVM JO  3dAl (J3AQUdWNI
- L-€ Otd



38

Equation 3-7 can be rewritten non-dimensionally in terms of o

the ratio of distance to the cut-off. Thus

g(e) = y() -m(a) (3-8)

here (3-4) becomes h (a) = §° - Aexp (-Aa).(2-Aa)

A = A/vaC where A is the cut-off, upis the tracking
. . (3-9)
speed of the pick-up, a = x/o where x is the distance

along the profile.

Although the standard wavefilter has been useful in practice
it has certain disadvantages when dealing with research problems

on surface topography because of the following:

(a) The characteristic is such that the mean line

is not smooth for high frequency profiles.

(b) The mean line is not flat up to the cut—off

of the filter.

(c) There can be phase distortion of the filtered
signal in some cases where the signal is near

to the filter cut-off.

Because of these disadvantages and because of the research work
required in this thesis and elsewhere a new filter was devised,

it is called the phase-corrected filter. Figure 3-7 shows a
comparison of the amplitude chara;teristic of the standard filter
and the phase-corrected filter. A published paper on this work is

given in Appendix 3 (Whitehouse 1968).
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Tﬁis pﬁase-éorrected'filter'is developed in thelfollowing
way: No phase distortion of tﬁe filtered output implies that all
components of the input waveform, that have not been completely
rejected, are not shifted relative to eacﬁ otﬁer in their passage
‘through the filter. Strictly they should not be shifted in time

at all. However, this is impossible, because if
H(w) = R@w) + jX(w) (3-10)

is the frequency characteristic of a filter, the phase angle ¢ is

given by
| -1
$ = tan = X(w)/R(w) (3-11)
From which for ¢ to be zero X(w) = O i.e. H(w) is real.

H(w) can only be real if the impulse response is an even
function, that is it extends equally on both sides of the time
origin into both the future and the past which is impossible.
However by shifting the axis of symmetry of the impulse response
from the time origin to.t = to this introduces only a delay into

the filter (which is equivalent to a linear phase term) and shifts

all the components relative to each other by an equal amount,

thus removing phase distortions. There are problems involved in
having to shift the time origin a sufficient amount but these are

explained elsewhere (Whitehouse 1968).

Under these conditions and taking the improved characteristics

into account then equation (3-5) now becomes -
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h(t)

8 (t-ty) - h ([t-t D) (3-12)
and

t .
g(t) = y(t—to) - ] _l'l(t"'to-'l‘) y(t) dt : (3-13)
o

and the normalised impulse response of the desired characteristic,

1 . Sinm(1+B) (o~a)Sinm(1-B) (a-a)
72 (1-B) (a-0)?

(3-14)

h(a) = 8(a-0) -

where B is the ratio of wavelengths having unit to zero transmission
and is equal to 1/3 in the chosen case. a 1is the normalised

version of to.

Equation 3-13 which incorporates équation 3-14 is easy to
evaluate and operate in the computer. The values of di
corresponding to the digital values of the low pass component of
equation (3-14) are tabulated in the computer. Some examples
showing how effective the new type of filter is are shown in

figure 3-8.

Use of such a filter ensures that what may conveniently be
called a realistic profile waveform will result (Whitehouse 1968).
It must be emphasised that the real advantage of a digital
filter over that of a polynomial fit under such circumstances is

the predictability of its behaviour on any profile.
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All practical waveforms measured throughout any of the
experiments described in this work are first pre—processed by the
digital filtering method described. All parameters to be measured

are subsequently derived from the filtered output.

Short wavelengtﬁ filtering can be used to remove noise by
exactly the same metﬁod except that the component involving the
impulse function is now no longer required. This means that the
output is low-pass. Obviouély, because short wavelengths are
being removed the extent of the weighting function of the filter
is very much shorter than that used to establish a mean line for.
the removal of long wavelengtﬁ errors, The only occasion for the
use of the higﬁ frequency filter in this work was in the analysis

of friction waveforms.

3.5 Digital analysis

3.5.1 ‘General principles

As in analogue techniques there is a considerable skill in
digital analysis. Unfortunately many engineers skilled in analogue
techniques do not realise that it is not obvious to go from one
to the other. The measurement of derivatives is just one example.
Most investigators of surface topography have used three-point
analysis for the majority of the definitions of peaks and
derivatives etc., as will be made clear in Chapter 4. However,
there are better, although more laborious, ways of doing the job.

For instance, there are techniques of numerical differentiation,



42

integration, interpolation and extrapolation, all of which should
be used if high accuracy 1is required; However, it must be admitted
that these metﬁods are not always necessary. For instance, in the
evaluation of tﬁe mean line from tﬁe standard 2 CR filter the
convolution integral is evaluated by using tﬁe trapezoidal rule.
But it is not necessary to work out a mean line point for every
profile point; one in every few profile points can be evaluated
and a linear or parabolic interpolation made between the points.
This saves computing time. In Wﬁat follows it will be pointed out

occasionally where numerical techniques are needed.

One fundamental point is that the numerical analysis formula
to be used, the sampling rate, and tﬁe quantisation interval, are
all intimately tied togetﬁer in questions of accuracy. For example,
in the three point definition for a peak (namely that the central
ordinate should be ﬁighest), if the sampling rate is high compared
to the bandwidth of the signal, and if the quantisation interval
is large compared to the amplitude of the signal then not many peaks
will be counted. But using another more comprehensive definition
of a peak might increase the count. This could also be achieved

in other ways, for instance by reducing the quantisation interval.

3.5.2 Evaluation of parameters

In the course of the following work a large number of
parameters have had to be measured. For these a number of programs
have been written. The following is a list of the parameters that

have been necessary to evaluate:



(1) Autocorrelation functions and power spectra.

(2) Statistical distributions of various parameters
including ordinate heigﬁts; peaks, valleys,
curvatures of botﬁ for different heights, slopes
and second derivatives, botﬁ filtered and
unfiltered. These distributions are computed
togetﬁer with the necessary moments and extremes of

the distributions,

Additional programs have been written to measure particular

points, e.g.

(a) The evaluation of the envelope of a circular
body having one degree of freedom moving across

the profile waveform.

(b) The generation of random profiles according

to various statistics.

Other programs distinct from these have had to be written to
either verify or work out numerically some of the theorefical
formulae. These include the evaluation of envelope behaviour,
the distributions of peaks and valley curvatures and height

distributions etc. These will be outlined in Appendix 2.

In all the programs involving measurements on data acquired
during experiments such as those obtained from Talysurf profiles

of surfaces or from friction and experiments are initially

43
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transcribed from paper tape onto magnetic tape. They then become
part of a library of data tapes, each track or profile being
classified by a number and a magnetic tépe name. Preceding

each set of data on tﬁe magnetic tape is an indentifier containing
information on magnifications, manufacturing process, data etc.
When using this data in any of tﬁe programs the identifier is

automatically printed at the top of the line printer page.

The advantage of transcription onto magnetic tape (or disc)
is that the program can be written more efficiently, repeated

scanning of the data being possible.

All programs are written in I.C.L. version of Fortran IV.

3.5.3 ‘Autocorrelation and power spectra

The formula used for the evaluation of the autocorrelation is

given by C(é) wﬁere
CB) = yx®y(x+p) (3-15)

or for a practical record
L-8

C(g) = i%é- I y(x) . y(x+g)dx (3~16)
0
where L is the length of the record and y is the profile of zero mean
value. In the program, equation (3-16) is divided by the variance to
give the normalised autocorrelation. In equation (3-15) which is obtained
from a single profile record the ergodic principle is assumed (Lee 1960)

that is, the time (or space) average as given in the equatiom is
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equivalent to the ensemble average.

If T is the spacing, M is the lag number and N is the Number

of ordinates in the record, then equation (3-15) becomes in the

normalised and digital form.

. N L
CMI) = — )} yWlD . yETMr) /<) y(ED? (3-17)
M e Nia

The structure function S (B) is given by

(y(x)-y (x+8)) 2 (3-18)

which is often more reliable for large values of 8 because it
effectively removes some elements of drift in the mean value. In
the program S(B) is evaluated at the same time as the autocorrelation

function.
Notice that S(8) = 2(C(0)-C(8)) (3-19)

indicating that there is no difference in the information if the

data are strictly stationary.

The power spectrum, or more correctly the power spectral

density, is given by (see for example Bendat and Piersol 1966).

oo

P(f) = 2 J C(B) W(B) Cos2nfp dB (3-20)
6]
where W(g) is a lag window used for reducing the presence of
misleading information introduced into the power spectrum because

of the abrupt truncation of the autocorrelation function at the
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maximum allowable value of B (Bmax) deemed suitable for

reliability. 1In practice Bmax is usually about 107 of L.
W(g) = 0.5+ 0.5Cos(mB/8__ ) (3-21)

The form of W(B) here used is due to Hanning (Blackman and
Tukey 1958). Tﬁere are more direct ways of getting the power
spectrum tﬁan via the autocorrelation function i.e. direct from
the signal itself, but it was considered best to proceed in the
way indicated because of the additional need for the auto-

correlation function itself.

3.5.4 Other parameters

Derivatives, curvatures etc. In the investigation into the
three-point analysis technique discussed in Chapter 4 the definition.
of a first derivative was taken digitally to be

Vi1 Y

Yo = Tw o (3-22)

where T is the ordinate spacing. A more accurate formula would

use more than the three ordinates; for example

. - _ _ _
Yo T ®or [Yg 9y, +45y,=-45y_1+9y_, y_3] (3-23)

In cases other than testing three-point analysis work this is

preferred. Similarly for the second differential instead of
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v§~ = (3-23)

T2

it, more accurately, should be (HMSO 1956)

A, 1 - _ _ _
Yo 7 Teor? (2y4-27y,+270y,~490y +270y_;-27y_,*2y_,) (3-24)

In working curvatures out use is made of the formula

y’/
1 0 _
L. (3-25)

(1+(y5) 2 °/2

which reduces in the region of peaks and valleys where the interest

usually lies to
R Yo

-

because in these regions yé nv 0 for a peak yé is negative and for

a valley it is positive,

Once the distributions of these parameters have been found
it is a simple matter to work out the basic moments of them.
This is the same procedure for any distribution. For example if the

probability density of the profile height is f(y).

o

The mean value §' is J yf(y)dy (3-26)

-0

(=]

The average J l(y';)lf(y) dy (3-27)

=00

©o

The variance is 'f (y-y)2.£(y) dy (3-28)

-—00



= (y)2 = 02 (the RMS value squared)

The skew is given by

(=]

L f (y-7)3 £(y) dy (3-29)
03 .

-—00

and the kurtosis or excess by

(e
1 _y
— (y-y)* f(y) dy - 3 (3-30)
ot
Other moments could be measured but in practice these are
unreliable because any extreme freak peak ordinate can dominate the

results.

Other parameters based on derivatives can be measured, one of

these is the total length of curve.
This is given by
X

2
Total length = 1 J V1+(y2)?2 dx (3-31)
x2--x1 0

X

This works out as the running secant of the surface. Hence

RMS secant = Y1+ mean square slope (3-32)

One more very important parameter that is measured is the
average wavelength parameter which was initially proposed by

Mr. R. C. Spragg. This has been defined via the mean square

angular frequency w?,
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(3-33)

]

N2 | (N2 (3-34)

The average wavelength is defined from equation (3-34) by

inversion to give

y
A = o2m., S (3-35)
Y RMS
which is a general expression for either a random or periodic
waveform. See Spragg and Whitehouse (1971) for a discussion of

this parameter.

In the.program both average and RMS values are worked out.
The bearing ratio, which is defined from the amplitude density
function, is also worked out. It is in effect simply unity minus
the amplitude distribution function i.e.

[ee]

BR(y)) = J £(y) dy (3-36)
oy

and has been used extensively in surface typology.

3.5.5 Locus of movement of one cylinder
on_another in the crossed cylinders-machine

Essentially this involves the working out of the path that a
smooth upper cylinder would take in running over a rough lower

cylinder.
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Basically in 2D tﬁe metﬁod consists of plotting the path of
a circle of known radius acroés the péaks of the profile. It is
essentially a mecﬁanical filtefing device. The computer technique,
as in conventional method of digital filtering, is straightforward
but tedious: First tﬁe ciréle radius R has to be modified into
an ellipse to take account of tﬁe magnification differences between
ﬁorizontal Vh and vertical magnifications Vv of the data:

Ve X .o

i.e. vy = RVV 1-"1- (Ev—)z ) (3",37)
h

Let the values of y for equal increments of x. be Cy ++eCqreeCp

where o is the point on the circle corresponding here to

X = 0.

To find the position of the point of contact of the envelope

at any point on the profile, say a,, the ellipse ordinates are

k

positioned such that ¢

is lined up coincident with a The two

0 k*
series of ordinates are then added up. If the maximum sum is at a
position corresponding to ag where s is the number of ordinates
spacings measured from the position k then the height of the
envelope at position k is as-(co—cs) and the difference between the’
envelope and a, is simply as—(cO—cl)—ak. This operation is
repeated for each profile ordinate in turn along the available

length. The Rp value is then
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k=N=-(L+1)
Rp = m E=L ((as—ak)-(co—cs)) (3_38)

where s takes a different value for each k.

Obviously the length of computation here depends mainly on
the time for finding the position of contact at each position of
the circle relative to the profile and this in turn depends on

" the extent of the ellipse.

Choosing the extent of the ellipse for each radius and
magnification ratio is a matter of compromise. Some limit has to
be imposed even if only for reducing computing time. A normal
criterion is to limit the vertical depth of the arc to a given
fraction of the chart. For instance on a Talysurf this might be
257Z. Even under this restriction the extent of the scan
required can be large, for example if the crdinate cspacing is
2.5 ﬁm and the radius is 50 mm then the extent of the envelope can
be over 1,300 ordinate positions if the magnification is low,

say 500X,

This procedure can be extended to take into account arough
upper cylinder, in which casecy... qe...Cy are not simply ellipse
ordinates they are magnified ordinates taken from a cross-
section of the upper cylinder. Strictly this cross-section would,
have to be continually changed but for most cases it is not

necessary.



3.6 Some details of a program

To bring together some of the topics discussed in sections
3.4 and 3.5 it will perhaps be constructive to examine a typical
program, Here no attempt will be made to list the full program,
but some details and a flow diagram,are given in Appendix 2 where
some details of other programs that have been written will be

given.

The program here selected is called PROF., It works out many
parameters associated with surface texture (or friction or ride).
Since being originally written by tﬁe author it has had some small
changes made to it at various times, particularly in the format
arrangements by my colleagues Mesérs. A. Bykat, G. Burger and
D. Kinsey,. Tﬁe technical content of this program and the digital
techniques presented are, however, virtually unchanged from the

original version.

The program can be split up into input routines, reference

lines and parameters and this sub-division will be followed below.

3.6.1 Input routine

The data emerging from the data logger consists of words of
three decimal digits followed by an end of work character. 1In
the course of the work two différent data logging systems were
used, one of five channel and the other of eight channel; therefore

the actual width of the paper tape used could correspond ta
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either of these situations and the format of the character

information depended on the data logger used.

For speed of computation the paper tape information was
transcribed onto compﬁter magnetic tape by means of an editing
routine called RSFE wﬁich, as tﬁe initials imply, is a surface
finish editor. This puts the paper tape information onto magnetic

tape in the following form:
(a) An identifier comprising of up to 80 characters.
(b) The data in blocks of one thousand ordinates.

(c) A number giving the total number of ordinates on

the tape.

Another advantage of transcription apart from that of being
able to rescan the data ordinates is that in this editing routine
checks on the data can be made. This saves time and money when the

main large program is read in.

The editing routine also enables some degree of organisation
of the surface profiles on magnetic tape. After transcription,
during which time the ordinates were automatically listed on the
line printer, a condensed list of the total number of profiles
on the magnetic tape is printed together with their identifiers
and number of ordinates. No other details of the editor will be

given here.

To call data from the magnetic tape two subroutines



SEEKSURFACE and READSURFACE are used (both FORTRAN and PLAN
versions are availaﬁle); SEEKSURFACE uses as arguments the number
of the surface profile on tﬁe magnetic tape and the name of the
magnetic tape. It positions tﬁe magnetic tape at the beginning of
the required surface and inputs into tﬁe.allocated store locations
both the profile‘identifier and the number of ordinates in the

profile.

READSURFACE reads in the data from tﬁe profile in blocks of
1000 putting tﬁem into prescribed locations in the store. It
makes available the number of actual ordinates that have been read-
in, the last block for instance will rarely contain the full 1000
ordinates. As an example of How tﬁis works the statement CALL
READSURFACE (NN, Y(4001)) puts 1000 ordinates in the Y array
starting at 4001 and it puts the number of ordinates with value

other than zero that have been read in the block into NN.

Having tﬁe number of profile ordinates available on the
magnetic tape enables a prescribed length of surface profile to be
read in. Tﬁis is useful when checking Ra or peak values which
have been taken using an analogue surface measuring instrument
because in the Talysurf, for instance, the meter assessment does
not simply start at the beginning of the trace, it depends on the
meter cut-off. Thus for the 0.25 mm cut-off, it is closer to
the end of the traverse than it is for the 2.5 mm cut-off. Knowing
the number of ordinates before the start of the run also ensures
that no time is wasted. In the program the number of ordinates

that can be skipped over at the start is called IGNORE.
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Otﬁer'useful features of the input routiné are that the
control variables are coded;_enabling tﬁem‘to be put in any
order. Also tﬁe control data for up to ten profiles can be read-
in in one go. This does not mean tﬁat ten profiles have to be
wotked on every time. Simply putting TRAV (the assesment length)

equal to zero indicates that the end of the batch has been reached.

Other points in this programme are as follows: (a) The
input control Variables are examined in a subroutine CHECKS. If
an error is detected or a questionable control value the program
either adjusts it to a value Wﬁicﬁ is reasonable or it flags an
error on the line printer. (b) For tﬁe purposes of display the
routine for plotting results on the line printer automatically

scales the values to take best advantage of the width of the paper.

Anotﬁer useful feature of tﬁe programme is in the final
output. This is aklisting of the major parameters that have been
obtained from all the surfaces tﬁat ﬁave been run in the batch.
This listing covers usually all the details of the distributions
etc. However, it has not been possible to include in the listing
any information abouf the autocorrelation function because it is

usually so complicated as to need visual assessment.

3.6.2 Processing

Turning to the process of digital filtering the program
allows quite a variation in the method of operation. Either the

phase-corrected or the standard 2 CR filter can be used or
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neither. One of the first steps in the program is to set the
weighting function into store. For the phase-corrected filter

this is done in the following way using ICL FORTRAN IV.
Where
AA(500) is the array used in this instance to store the function

B is the drop off rate required

L is the number of weigﬁting factors (assumed odd)
SUM is tﬁe store used for a normalising factér

C is tﬁe number of weigﬁting factors per cut-off
PI = 3;14159

K is tﬁe,ratio of ordinates to weighting factors.

The program reads:

5008 AA(250) 14B - the value of tﬁe central weighting factor

SUM = 14B

DO 5009 I =1, “/2

ALPI = (I+B) *PI *I/C
ALP?2 = (1-B) *PI *I/C
AA(250+I) =

SIN (ALP 1)* SIN (ALP2) / ((ALP 2%**2) / (1-B))
Using the formula described in Section 3.4.4

AA(250-1I) = AA(250+I) : The weighting function is
symmetrical so only half needs
to be calculated.

5009 SUM = 2 * AA(250+I) + SUM : The weighting function
FACTOR = SUM /C normalising factor

DO 5010 I'= 250 - L/2, 250 + L/2
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The area in the weighting function
is normalised.

5010 AA(I) = AA(TI)/FACTOR

J = K*(L-1) +1 This works out the number of profile
ordinates covered by the weighting

function.

.o

ITRAK = ITRAV - J+1 : This gives the number of ordinates
in the assessment.
After putting the weighting function into store the actual
convolution operation to get tﬁe mean line has to be carried out.
This convolution operation is particularly simple when carried out
in the computer but it can be time consuming. The following is an

example of how it is done:

DO 5011 KI = 1, ITRAK

StM = 0.0

D0 5012 I =0, L-1

SUM = SUM + AA (250 - L/2 +I) * Y (I*K + KI)
5012 CONTINUE

Y(KI) = Y(L * K/2 + KI) - SUM/C

Here the mean 1ine_point at Y(L * K/2 + KI) is contained in SUM.
This is taken from the profile value which is Y(L * K/2 + KI) which

is then shifted to position KI in the Y array for clarity later on.

In this particular program a mean line point is worked out
for every available point but in some of the other programs this is
not necessarily done; linear interpolation is used to estimate the
mean line between computed mean line points. In all the programs
referred to in Appendix 2 one of the special features has been the
options built in to allow many of the features to be utilised or not

as required.



Anotﬁer, perﬁaps, more important feature in these programs
has been the continual use of tﬁe line printer for a simple
pictorial display of evaluated results. The line printer is far
better than a grapﬁ plotter for simple display purposes, because of
its much greater speed. The autﬁor believes firmly in the
importance of a visual display in addition to numerical information
for most computer'applications; to give impact. All the programs
described make great use of this feature especially in the

presentation of distributions, mean lines, spectra etc.

An example of how this plot routine works will be given in

the following section;

3.6.3 Evaluation of parameters

As a simple example of how the parameters are evaluated and
displaved consider the section of the program relating to the

distribution of the filtered slope.

The value of the input variable JOHN determines whether
or not to apply any high cut filtering. If this is required it is
carried out in exactly the same way as for the low cut filtering
described in the previous séction, except that now the desired
profile IS the mean line that has resulted from the convolution
operation. It will then be stored in the Y array. The differential

is then given in the following routine:
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If v(M) is the magnification vertically
PS(M) is the profile.ordinate spacing.
AB(I) 1is the array in which the distribution of slope
values is stored
Then D1 = 1.0 /30000.0 / V(M) /PS(M)
SLOMAX = -10000.0 ; These set artificially high and
SLOMIN = 10000.0 ) low limits for the slope.
ITRAK = ITRAK~6
DO 1801 IAT = 1, ITRAK, 1.
Y(IAT) = (Y(IAT+6)— 9*Y(IAT+5) + 45%Y(IAT+4) -45*%Y(IAT+2)
+9% Y(IAT+1) -Y(IAT))
At this stage only differences
are used they are scaled later on.
SLOMAX = AMAXTI (SLOMAX, Y(IAT)) ) These routines determine
the highest and lowest
SLOMIN = AMINI (SLOMIN, Y(IAT)) ) slopes. ‘
1801 CONTINUE
DELTA 2 = (SLOMAX - SLOMIN) /41 : This determines the
slope distribution
interval,
DO 1802 IAS = 1, 41
AB (IAS) = 0.0r : This clears the array.
1802 CONTINUE
DO 1803 TIAS = 1, ITRAK, 1
KAT = N INT(Y (IAS) /DELTA 2) + 21 : Determines location
adds to the count
1803 CONTINUE

The next step calculates the moment of the distribution.
SUM 1 = 0.0

StM 2 = 0.0
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SUM 3 = 0.0
SUM 4 = 0.0
SUM 5 = 0.0

DO 1804 IAS = 1, 41.

1804 SUM 1 = SUM 1 + AB(IAS) * (FLOAT (IAS) - 0.5)

]

SUM 1 = SUM.1 /ITRAK : Works out mean value

DO 1805 IAS = 1, 41

SUM 2 = SUM 2 + ABS (FLOAT (IAS) - 0.5 - SUM 1) * AB(IAS)
SUM 3 = SUM 3 + (FLOAT (IAS) - 0.5 - SUM 1) *#%2*AB(IAS)
'SUM 4 = SUM 4 + (FLOAT (IAS) - 0.5 - SUM 1) *#*3%AB(IAS)
SUM 5 = SUM 5 + (FLOAT (IAS) - 0.5 - SUM 1) #*%4*AB(IAS)

1805 CONTINUE

It is, of course, possible to work out the moments from the
slope values direct but this, altﬁough more accurate, takes more
time. Tﬁe moments are subsequently converted to average, RMS,
skew and excess values. Also the ordinate differences in y(IAS) are
changed to real parameters like slope in degrees etc. When the
results are ready a routine called PLOT is used which enables the
line printer to be used as a simple plotter. First the maximum
frequency in the distribution is found; This is called PLAX.
Also part of the array AB is used to store the character information
required for the routine. The locations 42 to 46 are used.
VARY 2 is the value of tﬁe slope, VARY 1 is the tangent and IKIP
is the character number representing tﬁe frequency at slope value

VARY 2. Thus
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CALL PLOT (64,40,40,AB(42)) : Clears the array AB from
42 onwards.

CALL PLOT (26,IKIP,40,AB(42)) : Puts an asterisk in the
location in the AB array
corresponding to the value
IKIP,

WRITE (2,1809) VARY 2, VARY 1, (AB(L), L = 42,46)
1809 FORMAT (1X, F10.4, 2X, F10.4, 6X, 5A8)

This routine puts the slope value, tangent, and an asterisk
IKIP locations along the line printer width starting from the end

of the field of VARY 1,

Obviously to cover all cases of the evaluation of parameters
covered in the entirety of the programs would require a great
deal of space. These selected examples are meant simply to give an

idea of the methods adopted.
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4. THE RANDOM SIGNAL MODEL OF A SURFACE PROFILE AND ITS
ANALYSIS IN RELATION TO SURFACE CONTACT

4,1 Introduction

It is clear from the review of Chapter 2 and Appendix 1 that
surface finish is most important in the functional behaviour of
surfaces used in common engineering practice; a particular area
where surface finish is highly significant involves those
applications concerned with surface contact. In the past the
methods used in the specification of the geometric features of
surfaces have been inadequate. Tﬁey have been expressed only in
terms of the height of thé profile and have not taken into account
the spacing of the asperities or the differing scales of size
present in the surface structure (see, for example, figure 4.1).
At the same time those concerned with theories of surface contact
have used theoretical models in which the surface is represented
as an assembly of asperities. To a large extent the form of these
nodels has been based upon theoretical convenience rather than an
examination of the structure of surfaces met in practice. To a
limited extent the divergence between theoretical models and the
analysis of surfaces has been removed by the work éf Greenwood
and Williamson (1966) who used digital analysis of surface profiles
as the basis for their asperity model., Nevertheless the over-
riding need, at the present time, is for an analysis of the
problems involved in the function of surface contact based upon
knowledge of the topography of surfaces used in engineering

practice.

The work of Greenwood and Williamson although representing

a major advance is still far from a complete or accurate
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representation of ranéom surfaces such as those analysed in their
work. In this chapter we shall take as our starting point a
description of the profile as a random signal; it will then be
shown how it is possible, taking due account of the digital
techniques usually employed, to deduce theoretically those

properties of the profile relevant in surface contact.

4.2 The model
4.2.1 General

To regard the.profile of a surface obtained from a stylus
tracer instrument as a random signal is, in a great many instances,
not an unreasonable one. The chart recording obtained from say a
ground or shot blast surface could equally well have been obtained
from an instrument which measures wind gusts or many other widely
differing physical quantities, for instance, in cceanography
(Longuet-Higgins 1957), seismology (Liu 1968) and medicine
(Krendel 1959). That this random waveform description of a
manufactured surface is not illusory can be demonstrated from the
autocorrelation function and height distributions of many such
surfaces. In order to understand better how the random waveforms
concept can be applied to problems in surface topography it is
necessary to examine some of the statistical ﬁroperties of random

waveforms.

Any random waveform can be represented in more and more detail
by consideration of higher orders of joint probability function,

(Bendat 1958). If values taken from this process are
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Yo Yz, ¥4 at x5 X, and Xg then f(yl, Yo Y35 Xys Xy x3) more

completely defines the process than does f(yl, Y3 %5 x2). For

most random signals, however, the second order joint probability

density function adequately defines the statistics of the process (Lee 1960)

For stationary processes f(yl, Yo X5 XZ) can be written

1

f(yl, o3 g) where g is simply the distance x, -x If it is

1 72
understood in what follows that the Yy value is taken at a distance
of g from Yy then for convenience the joint probability dehsity

can be written f(yl, y2).

The ordinate height probability density function f(yl) and the
autocorrelation function C(B) can both be obtained from the second
order function f(yl, y2) because f(yl) is given by

flyp) = J £(y,5 v, dy, (4-1)
i.e. f(yl) is a marginal distribution function of f(yl,yz),also
the autocorrelation function C(B) can be obtained because as an

ensemble average C(B) is given as a joint moment by

© o©

-—00 00

In the case of Gaussian or near Gaussian processes the
second and higher order joint probability density functions are

completely determined by the standard deviation of f(y) and the



autocorrelation function. In what follows we will always take the

normalised form of the autocorrelation function unless stated.

Consider the joint probability density function of random
variables Yis Yo «veeey taken from a Gaussian random process.
Assume that they have zero mean and unit variance then use can be

made of the multi-normal distribution well known in statistics

(Cramer 1946). This is given in terms of Yys Yperee Yy 38 follows:

N
.y 1 3 JZ=1 15747 (43
Yis Yoeeeey ) = exp 2 -
1 2 N ‘(Zﬂ)N/ZIMIl/z 2|M|

where IM] is the determinant of M; M is given by the square matrix

dij being the second moment of the variables yiyj and Mij is the

cofactor of d.. in M.
1]

Take for example, the joint probability density of two

ordinates Y1 and Yo from a Gaussian waveform with a correlation of

P fhen

%
M..y.y.
j=1 137177

———— exp L, (4-4)
2mv1-p2 2(1-p2)
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1 1 - )
= ———=exp |[——— M, y_{™M Y_.¥ M, .Y_.V M, y5) | (4-5)
21/1-p2 2(1-p2) 117-1""127-1%0""21Y =170 2270

from which

(y_,=py )2
f(y_l,yo) --L exp ('YS/Z) . -:::gt:::: exp | - —-t 0 (4-6)
V2r V21 (1-p2) 2(1-p2)

which can be written

£(yy> v_1) = flyy) . £ly_;/v) (4-7)
where

2
£(y,) = 1 exp (-y5/2)
V21

and

f(y_l/yo) the conditional joint probability density

function* of Y1 given first Yo is

(y_,=py.)?
1 -1 "%
f(y_./yy) = ——=—== exp | ~ ———— 4-8
1707 ar(1-02) 2(1-p2) -8

which is a Gaussian distribution of mean value PYq and

variance (1-p2).

*As an example of the relevance of these concepts to the subject
of this thesis, in figure 4-10 the conditional probability
density function obtained from the digital analysis of a
practical surface can be seen.
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—

Similarly for three ordinates having correlations of Py

between adjacent ordinates and Py between the extreme ordinates:

£(y_15YsY41) = £0g) - Ely_/yg) « £y, 1/y4y_;) (4-9)

where

£(y,) = -;é; exp (~2/2)

2T
(v_,=p, 702 1
f(y_l/yo) = —:::gE:::: exp |- -1 ro
: V2m(1-p2) 2(1-p%)
and - (4-10)
(1_0%)1/2

£(y,,/Y,5Y_4)
et /21(1-p,) (1+p,~202)

(¥, (=03 =y 40 (1=p,)-y_; (p3-p,))?

2(1-o§)(1—pz)(1+02—2p§)

exp

The last term represents the probability density that ¥, occurs

given that Yo and y_; have occurred.

From this it is seen that the second and all higher density
functions can be specified completely in terms of the normalised
autocorrelation function and the value of the variance of the signal

(or more conveniently the RMS value).

Therefore it is proposed in this thesis that a completely
adequate way of representing a ¥andom type signal such as is often
met with in surface finish waveforms is to classify the surface
in terms of its ordinate height distribution and normalised auto-

correlation function.
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In particular, in this investigation it will be assumed that
such a representation of the random surface is often best achieved by
considering a Gaussian height distribution and an exponential
autocorrelation. It will suffice here to say that the model can be

justified in a number of ways.

First, and foremost, the author has found that a great number
of manufactured surfaces have a height distribution and autocorrelation
function which fit, or are a close approximation to, this model.
Second, this model has been used in the past for various other
problems, for instance in the scattering of electromagnetic waves
from surfaces. Third, use of this model simplifies the mathematics
sufficiently to allow some equations to be evaluated and hence
conclusions to be drawn from them. Finally, further justification
for such a model will be given in Chapter 7 with practical and

theoretical examples.

Using a Gaussian height distribution and an exponential
autocorrelation function means that specification of the model of
the random waveform reduces to the use of two numbers only, the
standard deviation of the distribution and the exponent of the

normalised autocorrelation function.

The system of co-ordinates is shown in figure 4.2, the mean
line through the profile will bg taken as y = 0. 1In practice
the signal will have zero mean because of the low-cut filter,
mentioned in Chapter 3, which does not substantially affect the

autocorrelation function. The probability of finding an ordinate
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at a height between h and h+8h is f(h)dh which for a Gaussian
height distribution is

L exp (-1y?)an (4-11)
5w

Here the heights have been expressed in a normalised form
y = h/o where o is the RMS of the surface or the square root of the

origin of the autocorrelation function when not normalised
2

The autocorrelation function normalised relative to o

is given by

| , L2 |
c¢(B) = fim i J y(x) . y(x+B) dx (4-12)
Le ‘L2

and is assumed to be exponential i.e.
= exp (-B/B¥) (4-13)
where B® will be called the correlaiion distanceX.

As the spacing Dbetween points on the profile is increased
their heights become statistically less dependent on each other
and B* is a scaling factor indicating the rate at which this

dependence (expressed by C(B)) declines towards zero.

For an exponential autocorrelation function the power spectrum

* We use the term 'correlation distance' to mark a distinction
between ourselves and Peklenik (1967-8) who uses the term
'correlation length' for 2.3B*. The only reason for this distinction
is that it is usual to specify a first order system in terms of
the cut-off.
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Figure 4-4. Micrograph of typical ground surface
Aachen 64-13. (Magnification 1000X) .
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is represented by white noise limited only in the upper

frequencies by a cut-off of 6db per octave (figure 4-3); this

has the physical meaﬁing that the main components of the profile
lie within a band covering the lower frequencies (longer
wavelengths). Shorter wavelengths do exist whose magnitudes
decline in a way such that their amplitude is proportional to the
wavelength. Figure 4-4 is a micrograph of a typical random surface
which shows that these shorter wavelength components do, indeed,

~ exist upon such surfaces.

4,2.2 Representation as a Markov process

Another important feature of the use of this particular model
(and, in particular, the exponential correlation function) is that
the surface can now be represented as a first-order Markov sequence;

a point considered in more detail in the next chapter.

Putting p% = into equation (4-10), because of the property

Py

of exponentials, yields

1 2 1
£(y | s¥0sY,4) = —exp (-y./2) ———
—1°707 41 Vo O ar(1-02)
_ 2 - 2
oo | - (y_1 pyo) 1 oxp | - (Y1 pyo)
2(1-p2) V21(1-p2) 2(1-p2)

(4-14)



or
(y,=py_)?2
. 1 exp -(2/2) . b e | -0 L 1
Y2m V21 (1-p2) 2(1-p2) V21 (1-p2)
(y,.-py,)2
exp - i i A (4-15)
2(1-p2)
= fG_p - £ /y_ - £y /yy) | (4-16)

Equation 4.16 shows how the Markov sequence emerges. Firstly one
ordinate has a value, the second ordinate is conditional on this,
and in turn the third ordinate can be considered as being

conditional on the second only, and so on.

In the discussion above the profile has been considered as
a continuous signal. In the digital presentation of a profile
having an exponential autocorrelation function the data becomes
a Markov chain and the conditional probability densities become
transition probabilities. Thus for a series of ordinates

Y1 Yg» Y4po-+---Ve are concerned typically, with the probability

of the transition from state i(y.) to state j( ); this transition
Yo 3Gy, :

probability Pij is an element in the stochastic matrix I

(Papoulis 1966).

P11 P12 A

: (4-17)

90 0 000

seec e .tc..a.ooc'ooPNN

If the quantisation interval is &y then the transitional
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probability for the transition from one element of the sequence
(having a value between a and (a + 8y)) to the subsequent value

(having a value between b and (b + 8y)) is given by

1 RY;
P b L exp | - (bpa)® 8y (4-18)
a V2m(1-p2) 2(1-p2)

In practice, this approach in discrete rather than continuous terms,
can be justified,to some extent, because of the finite quantisation
~inevitably involved in the statement of ordinate heights in digital
analysis. In fact the loss of information involved in current
practice is quite small. For example, it has been shown (Widrow 1956)
that the loss of information in a signal is quite small even when a
coarse quantisation interval is used and this is the basis of the

quantisation correlator (Watts 1961).

In general, the Markov property is such that

£(Y, 179 oo yy) = E0r, )0 £Qry/y, ) eenn By fy ) (4-19)

or equally with the sequence reversed; the individual elements

here are as in equation (4-8).

For the very important case where the members of the sequence,
i.e. the ordinates of the waveform, are taken far enough apart
to be considered to be independent of each other then equation

(4-19) reduces to

f(y+1y2...‘.yn) = f(y) . f(yz).....f(yn) (4-20)

the number of individual members of the sequence corresponding to
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the number of degrees of freedom in the waveform, i.e. for a
surface having a sharp cut spectrum at B cycles per unit length
in the waveform then in a length L of chart the number of degrees

of freedom would be L/2B.

The distance corresponding to independence needs some
explénation. This does not necessarily mean the same as zero
correlation; two points may have zero correlation and yet be
related, as for instance two values of a sine wavé separated by
m/2. However, for the case where the amplitude distribution is
Gaussian then zero correlation does mean independence. Thus, in
those cases where the waveform has an autocorrelation function that
crosses the zero line (for instance, if the waveform has a spectrum
with a short wavelength cut) then the position of zero correlation
is unambfguous. However, for cases where the autocorrelation function
decays monotonically to zero, for instance the exponential or .
Gaussian autocorrela&ion functions, the definition of zero
correlation, and consequently of independence, becomes somewhat
arbitrary; in this situation one requires a definition of
correlation acceptably small such that ordinates having this
correlation can be considered as independent. In what follows
we shall assume that when the autocorrelation function is
exponential and when the correlation has declined to a value of
about 0.1 the events can be regarded as independent; this

assumption will be discussed and justified later.

The particular value of correlation chosen is not very

s . . . -1
critical, i.e. the distance corresponding to a value of e or



0.5 in addition to 0.1 have been taken by others (Beckmann and

Spizzichino 1963, Peklenik and Kubo 1968).

4.3 Digital Analysis

4.3.1 Introduction; three-point analysis

One of the features of the approach outlined above is that the
surface is now represented in a form very convenient for the
~investigation of the results that emerge from the presentation
of the outputs from stylus tracer instruments in digital form.

The way that this digital information is usually used in
investigation of surface waveforms for tribological purposes is by
means of three-point analysis. The most widely quoted examples

of three-point analysis have used a single sampling interval and
this inevitably causes a loss of information compared with that
contained in the original waveform. Thus close sampling collects
a maximum of information about the profile but the three-point
analysis of this data restricts the information to structure on the
surface of this same small scale of size. Only by means of more
sophisticated techniques such as digital filtgring can the total
information in the sample be utilised. An alternative is to use
differing selections of the same information, by rejecting some
data, but still to use three-point e.g. to present information
from three-point analysis for a wide range of sampling intervals.
However, this can cause problems of rigour. When using the longer
sampling intervals one is presenting information about the longer

wavelength structure of the waveform obtained by drawing a smooth
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Figure 4-5. Model used in deducing distribution of peaks.

(a) Sampling interval, I = 2.36%; correlation, p = 0.10;
(b) sampling interval, I = 0.166%; correlation, p = 0.86
event 1, y_* event 2, event 3, y**
-CL
/)=0.10r*
___________ A
—L
1
1

4)=0.851



curve through widely separated points, Therefore any results

derived below should bear these reservations in mind.

In the terms of the Markov sequences discussed above this
represents investigating the behaviour of three-element Markov
sequences. In what follows the derivation of forﬁulae for
parameters of fundamental importance in tribology will be

considered.

4.3.2 The peak distribution

Consider a sequence of three consecutive ordinates of the
profile (figure 4-5(a)). 1In this diagram and in the discussion

which follows the average behaviour of three such consecutive

events is considered.

The necessary restrictions on these three events in order to

define a peak are as follows:
(a) The central event lies between y and y + 8y.
(b) Event 2 has a value of less than vy.
(c) Event 3 also has a value of less than y.

We may note that in what follows the valleys can be treated in a
similar way. Thus the probability that the central ordinate

represents a peak between y and'(y + 8y) is the multiplication of
the probabilities, P, P, and P_ where the P's refer to the shaded

172 3

areas of the height distribution.
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Obviously in some situations a peak may require four or even
more ordinates adequately to define it but for most purposes
these three ordinates will suffice. Also, the assumption is here
that the peak defined by these three ordinates has its apex at

event 2, The implication of this is discussed in section 4.3.6.

In terms of the joint probability density function
f(y~1,yo,y+1) the condition for a peak as defined above becomes

y y+#y y
"Prob [y_1<y,y<yo<y+dy,y+l<y] = £(y_1sYgsY,)V_19y,dy

_fo y -—00
(4-21)

which can be written

vty y y ]
y -—C0 —00
(4-22)
and using the Mean Value Theorem
y y

Which is the general equation for a peak as defined by three-

point analysis.

For an exponential correlation function equation (4-23)

reduces to

y y
£(y) I £(y_;/v) dy_ J £(y,,/y) dy ; dy (4-24)

00 -—C0
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Hence the probability density*that an ordinate is a peak at height

y is given by

y y
f% (y,p) = £(y) J £(y_y/y) dy_, f £(y,1/¥) dy,, (4-25)

-0 —00

Inserting (4-8) into this yields

£* (y,p) =2 (-y2/2) L fy
V2n 2m(1-p2) 7
(y_y-py )2 y (y,,7P¥ )2
exp | - — dy_1 J exp | - —————— dy+1
2(1-p2) ! 2(1-p2)
(4-26)
Thus
2
1 /1- 2
fx (y,p) = 1+ erf (¥/V2 /=2 exp (-y</2)
4/2';1_’ . l+p
=L g2 (g /e -y2/2
e 32 (y 1+p) exp (-y°/2)

(4-27)

When the ordinates are spaced so far apart that they can be

regarded as independent of each other equation (4-27) reduces to

2

. [} + erf (y/VE)J exp (-y2/2)

W2

£* (y):

02(y) exp (y2/2)
(4-28)

9| -
=

* Strictly in what follows the expressions are only densities when
multiplied by a constant factor to make the integral unity.
However, this is taken into account when moments are taken.

'
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It should be noted that this equation is not dependent upon the

assumption of an exponential correlation function.

The general expression for a peak using three-point analysis

\

for an arbitrary correlation function is obtained by putting

equations (4-10) into (4-22) and using the identity

X | N2 -
J ex-P —— -Q:_ﬂ_ll__ dt = ._;- ]_ + erf Lx_m_)
ov2m 2 0/2_
—c0 ’ 20 X
thus
5 y
exp (-y*/2) 1

f*x (Yap p,) =
172 Y27 Vz'n(]_—plz) —-

- 2 - - 2_
(y;=0,) 1 y(1=p +p,p,)=y_; (P %=p,)
exp|- —————| x 3 1 + erf dy_1
2(1-p,?) 2(1-p,) (14p,=20,%)

(1-p1%)

(4-29)

Figure 4-5(a) shows the three-point model for an exponential
correlation function for spacings which are large and consequently
the ordinates are independent; figure 4-5(b) shows the

corresponding situation when the events are closer and must influence
each other. Figure 4-6 shows plots of the derived forms of the peak
height distribution for a high and low value of correlation p; the
height distribution of the ordinates is also shown for comparison.
The trends with varying values of p will be observed. As p-0

(large sampling interval) the shape of the peak height distribution

becomes slightly skewed, its mean value approaches 0.85 and its
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standard deviation approaches a value of 0.7. Thus, when using
larger sampling intervals the main, longer wavelength structure

of the profile is revealed (neglecting here the problem of
aliasing) and the peaks tend to be above the centre line.

As p»>1 the shape of the peak height distribution and its mean value
and standard deviation, approaches those of the height distribution
of the ordinates. Thus, when using short sampling intervals one

is concerned with the shorter wavelength structure of the profile,

The mean value of the peak height density curve y* (p) is
found by taking the first moment of f* (y,p) in the normalised
version of equation (4-27). Thus

ol —y2
J___P______ex(y/Z) %.[1+erf(y/f—;/ ]

N 1+p
*(p) = — (4-30)

r_e_lvsp_('_}’_l_z_ Z [1+erf (y//_;/ )] dy

which gives

112)1/2

v (o) = o5y (4-31)

where N is the ratio of the number of peaks to ordinates and is
given by

N = %-tan-1 V(3-p)/(1+p) (4-32)

Similarly the variance (0)2 of the peak heights is the second

central moment. Thus



r exp (=y2/2) OO e (g7 /L2 )] ay

2 V2w
[%*(o)l = — 5
J gxp L) fo2 (y7/2) % [1 + erf (y//—‘/ ] dy

Y2 l+p
(4-33)
Lol /3e o 1 o 1+p viep 2
[0*(0)]2 I S e Tl B
1 anl /300 o1/
- tan T+p l+p
(4~34)
oK) = J1e—e) V1+o 7(1-p)
A -1 /3-p -1 /3=0 12
2V3-p tan Fres 4E._an /_i_:%
(4-35)
o* (p) 1+ 8 (-p) Vitp _ 36 (1-0)
(4_0) '3"") ﬂ(4_p)2
(4-37)

It should be noted that equations (4-27) and (4-28) when divided

by equation (4-32) are true probability density functions of peak

heights.

Equation (4-32) shows that as the correlation p increases from
zero to unity N falls from 1/3 to 1/4. These limiting values have

a simple explanation. As the sampling interval is increased



Figure 4-7.
(a)

event 1, Y1

|
B
N\

Sampling interval, [ =
(b) sampling interval, [ = 0.16B*; correlation, p

2.3B8*; correlation, p

event 2, v,

Model used in deducing the distribution of curvatures.

|
b B :

;

_ *
@ ,o=0.1oE—~—J'2'3/°7———-}
!
P
A ¢ g
\
X
—— ~

(b)  p=085=-

 1-016p8*

]



81

p>0 and N+ 1/3, the three events are then effectively independent
(figure 4-5(a)) and the chance that any one of them (e.g. the
centre one) is the highest one becomes one third. On the other
hand as the sampling interval is decreased p»1 and N+ 1/4. The
modified distributions of the two outer events are now centred

on the central ordinate (figure 4-5(b)); the areas P1 and P3 have
values of 1/2 and the probability that the central event in a peak

is 1/4.

4.3.3 Peak curvature; some general assumptions

To provide an adequate description of a surface in terms of a
distribution of asperities it is also necessary to specify their
radii of curvature. It is more convenient to discuss this in
terms of a distribution of curvatures and the method adopted by
Greenwood and Williamson in deriving curvatures from the digital
information will be adhered to. The assumption here is that one
is justified in fitting a parabola to the profile by three-point

analysis.

The problems involved in this assumption and the limits within
which this analysis are justified are complex. They will be
briefly discussed here. However, it may be noted that the results

obtained are subject to the limitations discussed below.

Figure 4-7(a) shows one possible arrangement of three events

which will give a peak at height y with a curvature C given by
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C =2y " Y4 "9 (4-38)

A negative sign being here omitted to correspond to a convention

that a peak has a positive curvature.
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A number of assumptions are made in arriving at equation (4-38),

they will be taken one by one. Firstly, the curvature is assumed
to be given by the second differential. This, in general, is a

valid argument because

A3
LR

curvature = ; 377 (4-39)
' 1+ (Ez
dx
. d2?y dy . . .
which reduces to curvature = =z when qx 1S small, a situation

likely to be true in regions near to the peaks.

The next assumption is that Yo is always at the apex of a
vertical parabola, i.e. the highest point of the peak is at
Yo In general, as figureVA-S shows, the apex y* of a vertical
parabola is shifted relative to the ordinate of Yo by the shift s

where s = — ' (4-40)
2Y3 Y4171

In addition, the height of the peak, hitherto assumed to be Yo? is
at the apex of the parabola at y*. Thus the error in the original
assumption is given by

- 2
1 (¥e17v-9)
8 (ZyO—y_l-y+1)

y*_yO = (4—41)
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For a typical case if Yo is 3, ¥, is + 1 and Y is -1 then the
error in the height is +-%§-which taken as a percentage of the
normal range of the surface (assumed to be 6) works out at less than
a two percent error. (All heights normalised by the RMS value o).
For a given degree of asymmetrybbetween Ye1 and Vg the error gets
progressively smaller as Yo gets higher, a fact of considerable
practical importance because it is at the higher peaks that the
contact occurs. However, in all this the basic assumption is that
an estimate of the curvature, as usually defined, can be made using
equation (4-38), an assumption which will be progressively less

severe as p+l, when the fourth order central differences become

small i.e. the curvature at Yo

1
= "(2}'0‘(}7_1 + Y+1)) - "1-2' GI‘YO (4-42)

Given the assumptions which have been discussed above, then
the probability of the configuration for the closely correlated
and independent cases is given by P1 X P2 X P3 where Pl’ P2

and P3 are the areas shown in figures 4-7(a) and (b)

4.3.4 Peak Curvature

In general the probability of an ordinate being a peak at
height between y and y + 8y and of curvature C covering all

possible configurations will be given by

y+8y {y
£*(y,C,p) = J J £(y0)»£C(y_1/yg) + £(v,1=2y47y_1C/lyy»y_y) dy_; dy,
y y¢
(4-43)



from which the probability density of an ordinate being a peak
at height y with curvature C is

2y—y_1—C

y
f* (y,C,p) = £(y) . J f(y_4/y) . f(————) dy_ (4-44)
1 Y Y_l 1

y=C
This is an expression giving the curvature with three-point

analysis for a general autocorrelation function.

For the exponential autocorrelation function, equation

(4~-44) becomes

1 2 y 1
£* (y,Cyp) = — exp (-y7/2) J _—
V2T 2m(1-p2)
y-C
(y_;=py)? (2y-y_,=C-py)?
exp |- ——— | exp |- dy_,
2(1-p?) 2(1-p2)

(4-45)

which is a convolution integral thus enabling simple graphical

equivalents to be drawn. Equation (4-45) reduces to:

7]
—y2 | (1-p)y-c/2 |
f*(y,C,D) = gxp._(..——"_.l__./_gz_‘ expi|- erf c

2172 (1-p2) (1 - p2) 2(1-p2)

(4-46)

which for p = O becomes

2
exp(-y~/2) :
f* (y,C) = ————————— exp [}(y—C/Z )2] erf (C/2) (4=47)
2mvV2

- 84
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The probability density function that any'ordinate is a peak
of curvature C at any height is obtained direct from equation

(4-46) by integrating, giving

1/2
f*(C,p) = [ 1 } ! exp [}__;jii___l erf < (4-48)
’ 4m(3-p) (1-p) 4(3-p) (1-p) 2157

and for p = 0

£% (C) = —— exp ( “13; ) erf (C/2) | (4-49)
V127

These distributions of equation (4-48) and(4-49) are skewed

towards zero curvature as found experimentally by Greenwood and
Williamson (1966) from digital analysis of surface§ generated by
random processes such as bead blasting. These authors suggest a
Gamma function as a suitable description of the distribution but
these equations are nearer to a Rayleigh distribution and for 1arge.
curvatures become very nearly Gaussian., A comparison of Lliese
equations with results derived from surface profiles will be given
in Section 4.3.7. In Section 4.3.6 the relationship of equation

(4~49) to a Rayleigh distribution is discussed again.

The mean curvature C* for all peaks is obtained by finding the
first moment of f* (C,p) in equation (4-48).

Thus

C* (p) = (3-p) V1-p / 2N V1 ’ (4-50)

where the expression has been normalised by N the ratio of peaks
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to ordinates (equation 4-32).

4.3.5 Other parameters

The curvature (or strictly) the second differential of the

profile as a whole is given by

—2
£(C,p0) = L exp |— (4-51)
V41 (3-p) (1-p) 4(3-p) (1-p)

Equation (4-51) is a Gaussian distribution having a mean of zero
and a standard deviation of v2(3-p)(1-p). A simple check on this
value of the standard deviation is obtained by finding the variance

of curvature from equation (4-35).

Thus
2

E [ 2y0—(y_1+y+1)] =6~ 8 + 2p2 (4-52)

The distribution of slopes as well as curvature is important
because one widely used criterion for the onset of plastic flow
(Blok 1952, Halliday 1955)’uses the mean slope of the flanks of
the asperities. The slope distribution of the profile f(m,p)is '
easily obtained as in the case of curvature of the profile as a
whole because the formula itself involves a simple linear
relationship of the Gaussian variates Y1 and Vi1 and so is

itself Gaussian with mean zero and variance given by

2(1-p2).
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Hence

o, 1/2
f(m,p) = exp [__:m.__1 [%w(l-oz)] (4-53)
4(1-p?)

from which the average modulus of the slope m can be obtained
taking into account the spacing and variance to give °
1/2

= _ o . |1p? —54)
mo= — - (4-54)

4.3.0 Effect of assumptions on curvatures*

In this section the effect of the assumption that the apex of the
peak occurs at Yo will again be considered. From figure 8, if R

is the radius of curvature

1

= * - = 2

Y_1 y 5g (4+s)
. 1 2

= * - =

Yo 7 2R °
1 2

= - -

Ve T 7R (478)

using the spherometer formula approximation to a true circular

peak.

% T am indebted to Mr. A. Dyson (Shell Research Ltd.), Adrian
Visiting Fellow of the University, for suggesting the approach
used in this section.



88

. 1 C
Letting ¢ =z where C = ZYO Y17 Y1

C
= vk - 2
o1 y 752 (4*s)
C
= % = = 2
yO y 222 5
C
= * - 2 -c)2
Yyg1 &Y 222 (2-5)

Now the probability density of a peak of curvature C at a true

maximum height of y* whose apex is a distance s from v, is ‘given
%

by £ (y*,C,s). This can be determined from the co-ordinate space

Y_1:Y9°Y41 by a transformation whose Jacobian J is given

b(y_l ’YO’Y+1)

by
a(Y*aC;S)
0Y_4 bY_l aY__l
oy* > oC ’ os
oy oy oy
where J = nug s >n0 s .)9 (4-56)
vy” “u v S
6y+1 ay+1 Ey+1
cy* > ¢C * ©s
1 C
1, - 572 (2+s)2, - oz (2+s)
1 C
J = 1, - 532 s2, - 7z S
-1 C
1, - 512 (2-s)?, + Z (2-s)

c/e ' (4-57)
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If we now consider the case where Y_1s Vg and ¥y, are all
independent then their joint probability density is f(y_l,yo,yl)
given by

2 g2 g2
1 Y e Ya

———5s eXp
(2“)3/2 | 2

Using the transformation

*
f(y—l’YO’yl) .J=1f (Y*,C,S) (4-58)

(for a justification see Davenport and Root 1958) yields

C

2(2“)3/2

% (y*,C,s) =

exp|- (4= —So(urs)D “r(yr- S 622 (ya- —C(4-5)2))
242 202 242

A , )
(3y*2- %5 y*(222+3s2) + %F (294+3s%+122252)

= ——————75 exp |-

2(2m)°> 2

(4-59)

Now the total curvature distribution of the peaks is obtained by

%
integrating with respect to y* to give f£(C,s). Thus

2 .
exp |- L %+ 120252) (4~60)

*
f(C,s) =
R27V3 120"

which is a Rayleigh distribution - demonstrating the existence of
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a Rayleigh distribution of curvatures rather than a Gamma function as
suggested as a possible distribution by Greenwood and Williamson

(see discussion of equation (4-49) above). To take into account

all the possible peak apex positions this equation has to be
integrated with respect to s. The limits of integration
corresponding to s = *%/2 have to be used because within these limits
the curvature is positive if Yo > V41091 which corresponds to our

definition of a peak. (see equations (4-55)). Then,

2/2 2 2.2
*
f(c,s) = C/_ exp (- %E . exp (- ¢ 2 )ds
227v3 Za/2 2
1 c2
= exp (- 15) .erf (C/2) (4-61)
V127w

-

As can be seen equation (4-61) is identical with equation (4-49)
illustrating that as far as the curvature of all the peaks is
concerned the errcrs due to this particular assumption are zero.

Exactly the same argument can be followed in the correlated case.

4.3.7 Analysis of surface profiles

The validity of the theory given above has been checked using
digital analysis of profile meter outputs. For this purpose
Aachen 64-13, a typical ground surface used in an 0.E.C.D. research
‘programme was used. The experimental results were derived from
surface profiles having been ob£ained by data logging the output
from both a Talysurf 4 and a Talystep as explained in Section 3.

The results presented are based upon five profiles each



" 'TABLE 4.1

Relation between sampling interval (2) and correlation (p)
between successive samples on Aachen 64-13.

Sampling interval (um) |15 6.0 3.0 2.0 1.0 0.5 0.25

Correlatior (p) 0.10 0.40 0.63 0.74 0.8 0.92 0.96

TABLE 4.2

Showing second order joint distribution practically for Aachen 64-13.
Joint distribution of Aachen 64-13 between adjacent ordinates.

Sampling interval (um) 1.25 2.5 15
Correlation p 0.825 0.68 0.1

¢ practical 0.96 0.67 0.52
o theoretical 0.99 0;73 0.565

The results in the Table were obtained from 1000 data points. In
the particular record of Aachen 64-13 used in this exercise the
sampling rates were in rational units of micro-inches rather than
micrometres; the 2.5 ym and 1.25 um corresponding to 100
micro-—-inch and 50 micro-inch spacing respectively.
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consisting of some 10,000 ordinates. Statistical analysis
shows that the normalised standard errors of the results presented
below are approximately 27 for mean values, and 57 for individual

points on the probability distributions.

By suitable selection of data in the computer it was possible
to present results for sampling intervals between 0.25 pum and
15 ﬂm. It was thus found (figure 4-9) that the model used was a
good representation of the data obtained from thé surface profiles;
the distribution of ordinates was close to Gaussian with an RMS
vaiue (o) of 0.5 ﬂm and the autocorrelation function was close to
exponential Qith a correlation distance (B*) of 6.5 ym. In
subsequent discussion the theoretical values of the correlation
(p are used for the selected values of the sampling interval as
shown in Table 4.1. It will be observed that any divergences
between these values and those obtained from the profiles are, for
the most part, within the limits of experimental error. Figure 4-10
shows the joint distribution of two ordinates on Aachen 64-13
obtained from the analysis of this same data and Table 4.2 provides

a comparison of theory and experiment for this material.

In the results presented in graphical form, sampling intervals
(2) of 15, 6, 3, 2 and 1 ﬂm (corresponding to correlations of 0.10, 0.40,
0.63, 0.74 and 0.86 respectively) have been selected to display
certain important features. Figure 4-11 shows a comparison of
theory and experiment for the probability that an ordinate is a

peak at height y (equation (4-27). It will be observed that for
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Figure 4-12. Characteristics of the distribution of peaks. The full
line gives the mean value and the broken line the
standard deviation; they are normalised by the standard
deviation of the ordinates (o). The experimental points
are derived from digital analysis of profiles from
Aachen 64-13.

SAMPLING INTERVAL/um

15 10 o 2 1_05

1.0 T T 17 T T T T T T T l/

0.8

0.6

practical points - standard
deviations

04r . .
A practical points - mean values
~=——= theoretical standard deviation ?
. i
———— theoretical mean value !
]
0.2¢ !

FRACTION OF PROFILE STANDARD DEVIATION

0 0.2 0.4 0.6 0.8 1.0

CORRELATION BETWEEN SUCCESSIVE SAMPLES, o



g =15 ﬁm down to £ = Bﬁm the agreement between theory and
experiment is good. However, for & = 1 um, figure 4-11(e), there
is a marked divergence, the number of peaks detected falling
significantly below the tﬁeoretical values. The results for all
values of the sampling interval are shown in figurel4—12.in

which the mean value and the standard deviation of the distribution

of peaks, equatious (4-31) and (4-35), are plotted against the value

of the correlation between successive samples. The most significant

divergence between theory and experiment is the fact that, for the
shorter sampling intervals the mean values lie above the

theoretical ﬁredictions (see also figure 4-11(e)).

Figure 4-13 presents theory and experiment for the probability
that an ordinate is a peak of given curvature. As before, for
L =15 ﬂm down to 3 ﬁm the agreement is excellent but again there
are significant differences for the shorter sampling interval of
£ =1 ym., It will be observed from the magnituces of the
curvatures shown in figures 4-13(a), (b), (c¢), (d), (e), that as
‘the samplingvinterval is decreased one is concerned with asperities
of smaller and smaller radius. This is made quite clear in
figure 4-14 which compares theoretical values of the mean curvature
of the peaks with the values found from the profiles using
differing sampling intervals. Once more the only significant
divergence between theory and experiment occurs at the shortest

sampling interval (& = 1 um).

The results obtained at the shorter sampling intervals suggest
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FIG 4-13b
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Figure 4-14.
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that the measurement of the surface profiles are affected by the
finite size of the stylus. In figure 4-13(e) a value of the nominal
stylus curvature has been indicated, this is taken as the reciprocal
of the nominal tip dimension of the stylus. The character of the
divergence between theory and experiment shown in figure 4-13(c)

is certainly consistent with the assumption that it arises from

the finite size of the stylus. The total number of peaks detected
is less than that forecast by the theory and the distribution has

apparently been distorted towards smaller values of the curvature.

It is, of course, equally possible.that the surface used in
this work does not conform at these shorter wavelengths to the
model assumed here. TFigures 4~11(e) and 13(e) would then imply that
the structure of shorter wavelengths, although present in the
model, does not exist upon the surface. In an attempt to resolve
this queétion experiments were performed with a stylus having a
smaller tip dimension. A discussion of the experimental procedure
and the special problems involved has been given in Chapter 3. The
results are shown in figure 4-15 where the ratio (N) of peaks to
ordinates is plotted against the correlation (p) between successive
samples. It will be recailed that the theory (equation (4.32))
forecasts that this ratio varies between 0.33 (p = 0) and
0.25 (p = 1). Figure 4-15 shows once more a divergence between
theory and experiment for sampling intervals of less than 2 um;
in this region the number of peaks detected falls well below the
theoretical values. Similar plots showing a decline have been

presented by Sharman (1967), but no explanation of the cause was
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advanced. Figure 4-15 also shows that when using a stylus with

a smaller tip dimension the decline is delayed to smaller values
of the sampling intervals. Clearly, therefore, stylus resolution
is a significant factor in the behaviour in this region. This is
clearly brought out by looking not at just the distribution of the

peaks but also at the distribution of the valleys.

That the stylus resolution is important in the valley
distribution as wcll as the peak distribution can be seen in
figure 4-16., This shows a part of a graph taken on Aachen 64-13
with no magnification difference between the horizontal scale and
the vertical scale. The magnification of 2000 that was chosen is
necessary for two reasons; (a) the recorder would not see the
possible sharp changes in the slope at the bottom of the valleys if
the magnification was lower in the horizontal direction, and (b)
the surface is fine enocugh in roughness to require a reasonable
magnification vertically. It can be seen that the valleys appear
to be sharper than the peaks. This is due to the stylus tip and is

not simply a characteristic of the surface.

It is a straightforward exercise to check that this is so.
This is done by making an epoxy replica of the surface and
retracking in the same way; using a replica turns the peaks into
valleys and vice-versa. The same effect was noticed - the

apparent valleys were still sharper.

The reason for this apparent curvature discrimination of the

stylus against peaks rather than valleys is because the stylus is in
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TABLE 4.3

Comparison of some peak and valley results for 0.25 um sampling
tip of stylus (um).

Tip of Average Average Ratio Ratio
stylus (um) curvature curvature peaks/ valleys/
of peak of valleys ordinates ordinates
-1
(mm 7) (mm-1)
2.5 x 2.5 400 500 0.04 0.06
0.25 x 0.25 700 1000 0.082 0.085
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effect a non-linear filter. This is brought about because when

a stylus runs over a peak tﬁe effective radius of curvature of

the movement of the stylus is equél to the radius of the peak,
plus the radius or equivalent radius of the stylus. When the
stylus runs into a valley one of two things happens, (a) the stylus
runs in and out of the bottom of the valley, or (b) the stylus
does not bottom. In case (a) the radius of curvature of the locus
of the stylus is that of the valley bottom minus the radius of the
sty lus. In the figure a rounded stylus has been shown for clarity.
In case (b) where the étylus does not bottom there is a

discontinuity in the slope of the locus because the stylus has
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effectively jammed in between the valley sides, figure 4-17(b). From

both of these cases it is clear that the valleys are sharper than
the peaks — as revealed by a stylus instrument. This fact has been
noticed in the digital analysis of the information. Some results

are shown in Table 4-3., It shows the difference up clearly.

Another consequence of the difference in sharpness of the
peaks and valleys can be seen in the ratio of the number of peaks
and valleys to the number of ordinates shown in Table 4-3. There
appear especially for th; big stylus to be more valleys than
peaks. This is a result of four things: the big stylus, the
quantisation interval, the sampling interval and the three-point
definition of a peak or valley. Because the stylus is large the
peak appears blunt, this in turn means that for the short sampling
interval there is little height difference between successive

ordinates; this difference in some instances will be smaller than



the quantisation interval for a few ordinates near to a peak where
the changes in level are small anyway, and because of the three-
point definition no peak is registered. The effect will tend to be

the opposite for valleys.

From the results obtained in this section it is clear that the
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stylus resolution does have a significant effect on the results of a

digital analysis of a surface profile especially for the case of a

small sampling interval.

4.4 Some applications of the model

4.4.1 Extension to three dimensions - definition
of a summit

In Section 4.3.2 a peak was defined by reference to selected
points on a profile. Thus a peak was defined as a high point on a
two-dimensional representation of the surface. Similarly we shall
now consider a summit as a high point on a three~dimensional
representation of the surface. A peak was simply represented by
three-point analysis. We now consider the corresponding

representation of a summit.

Obviously in engineering terms a summit or strictly three
summits would automatically be defined if a plate were to be
rested on a surface. If the plate is made larger, to cover more of
the surface then the same three summits would not likely be those
that contacted in the first case. The definition considered here

is that for the first contact. As before the surface will be
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considered to be made up of individual elements which may be the
sampled digital values. Figure 4-18(a) shows that the minimum convenent
number of ordinates required for a definition is five; one in

the centre being higher than four, each of equal weight, on the
four sides. 1In this picture the surface is assumed to be
isotropic so that these four ordinates are all the same distance
from the central one. This definition corresponds to a summit
which is defined when a circular plate of radius equal to unit
ordinate spacing is‘laid on the surface. If the radius taken is
Y2 times the ordinate spacing the number of ordinates now required
is 9. However, in this case, the ordinates in the definition are

not equal weight relative to the central ordinate (figure 4-18(b)).

Another simple justification for the five ordinate model is
that the equation of a summit of height z, having an apex at

2

x=0,y=0is z =2 - ax xy which has four

- 2 _
o % 3,y° - 2a

3
unknowns, consequently at least four points need to be available in

order to define it. For this purpose only the five point model

needs to be used.

To show how difficult it is to define a summit even in these
simple ways consider figure 4-18(c). Just by changing the
ordinate configuration the minimum number of ordinates in the
definition changes from 5 to 7; the six ordinates surrounding the
central one S being of very nearly equal weight. This suggests
that the number of summits likely to be found on a surface by any
digital means is likely to be variable depending on the method of

definition.



Take the simplest case, assuming isotropic geometry and
denoting the ordinates orthogonal to the y values as x values,

the configuration defining a peak is shown in figure 4-18(a).

The co-variance matrix M in the case of a general correlation

function is given in the following order Ya10 Xep0 Yoo X210 Y

E(y+1-y+1), E(y+1.x+1), ¢

M = . . . o . . (4—62)
. . . .+ E(y_y v
L ey py P3Py
Py 1 P1 P P53
M=, 11 1 1 1 (4-63)
Py Py Py 1 Ps
Py P3P P 1

When the autocorrelation function is exponential

2 V2

h and Py =Py (4-64)

- p2
For the case when the ordinates can be considered independent

Py 0 and the joint probability density f(y+1, X,10 Vo0 ¥_1» y_l)

98
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becomes

£(y, 19X, 15Y,s% y)=————‘1
+1°7+1°70°"-127-1 (2n)5/2
- 1 y2 4x2 212 g2
exp ( 2 (y+l+x+1 +y0+x—1+y—l))
(4-65)

which gives the probability of a summit at vy, fo(y) to be given

by
: 4
£y) = — [1 + erf (y//f)}
16v2w
2 1 2
exp (- y°/2 = —— o%(y) exp (- y°/2)
Y21

(4-66)

where the circle over the letter f indicates a summit property
as distinct from an asterisk for a peak property.

rd

The case where the ordinates are correlated is clearly much
more complicated. We shall, therefore, make a number of gross

simplifications to obtain some feel of the probable solution.

For the case when o) is large compared with Pqs then the

equation (4-66) becomes

4
£ (y,0) = 3/___ {1 + erf (y//f %—;—S— )}

exp (-y2/2) £° (y,p) =
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To convert equations (4-66) and (4-67) to true probability
densities require that they are divided by the ratio of summits
to ordinates in both cases. In the case of equation (4-66) this

ratio is one fifth and for equation (4-67) it is one sixteenth.

If nine ordinates had been used for the definition then for

the case of independent events

W) 1 + erf {y//1)
256/2n

exp (-y7/2) £y L $8 W

(4-68)
The ratio of summits to ordinates is one ninth in this case.
Making again the not inconsiderable assumption that for the

correlated case p”*>>p” is large compared with the other

correlations between all ordinates other than the central one,
-FIM)ta fCorA
a situation likely to be most true for values of correlation between

zero and high correlation, then

£ (y,p) = 1 + erf
256

(4-69)

from which it is clear that under these circumstances and with



these assumptions the ratio of summits to ordinates would be

L
256 °

represent the sort of spread of sampling interval and definition

Consequently assuming that equations (4-66) to (4-69)

that can be expected then the variation in the number of summits
found over a given area could be very high; the actual value

depending on the sampling interval and the definition. Just how
valid the assumptions are that were made in the high correlation

case will be discussed in Section 4.5.

Another point concerning the assessment of the number of
summits as a fraction of the number of ordinates occurs when trying
to predict the number of summits from the number of peaks in the
two dimensional case. If the ordinates are independent of each
other and one is considering three-point analysis, the probability
of one ordinate being a peak is 1/3. Simply squaring this to give
the probability that this ordinate is a summi t implies that

f£* (y+1, Yoo y_l) is independent of f* (x X—l) which it

+1°7%0°
obviously is not. The reason for this is that if Yo is a peak in
one direction, this fac; means that, on average, Yo lies above the
centre line; it therefore has a greater probability than normal
of also being a peak in the other direction. One could carry out
an experiment in which an area of surface is completely covered
with a grid of data logged traces. Scanning the surface in the

y direction, the number of peaks in every trace could be counted
and the total number of peaks in the aréa found. A similar
procedure could be followed by scanning in the x direction with

a similar result if the surface is isotropic. But the ratio of

summits to ordinates is not simply the square of the ratio of peaks

to ordinates found in one scan. In our second scan we wish

101
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to find tﬁe number of summits; that is the number of points,
previously defined as peaks, wﬁich are peaks a second time. For
tﬁe independence case discussed above, tﬁis ratio would be 3/5.
Hence the number of summits in an area cannot be determined
directly from one digital trace, the only really valid way to deal
with summits is by using'the multi-normal distribution in the

three-dimensional case.

To summarise. The correct procedure for estimating digitally the

ratio of summits to ordinates is to work from the three-dimensional
definition and this should preferably be the five-point definition
because it is the logical extension of the three-point definition
of a peak; 1like that definition it uses the minimum amount of data.

Moreover all of the outer points have equal weight in the definition.

4.,4.2 Variability and confidence limits

The importance of B* in the specification of surface finish
has been stressed but it has additional significance in its own
right. Consider the measurement of the Ra or RMS roughness value
of a random type of manufactured surface; it is often desired to
know the confidence limits of such a measurement and this is easily
expressed if one knows the standard deviation of a large number of
such measurements made upon the same surface. Alternatively this
can be estimated if 8* 1s known. It can be shown that the standard

deviation of such a measurement of the Ra roughness of a random



FIG. 4-19

EFFECT OF STYLUS RESOLUTION.

+025 jjim

(b)
5/jm

CHART (a) IS A PROFILE OF A S.MALL SECTION ON A
FINELY LAPPED GAUGE BLOCK

CHART (b) SHOWS A SECTION OF THIS SAME SURFACE
AS MEASURED BY THE SHARP STYLUS
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surface, when normalised as a ratio of the mean value is @PProximately

R

1/V2M (4-70)

In this equation M is the ratio of the assessment length used

in the measurement of Ra to the distance between points on the

surface (2.38*%) which just provides effectively independent events.

(This ratio M is analogous to the bandwidth-duration product used
in communications theory to estimate the reliability of data,

Bendat and Piersol (1966)).

For example on the 8 mm cut-off range, the Talysurf 4
instrument has an assessment length of 3.8 mm. The value of 2.38%
for Aachen 64-13 1s 15 um. Thus the normalised value of the
standard deviation of Ra readings on this surface should be 4.57.
A measured value of the standard deviation for Aachén 64-13 based

on a large number of readings was 4.3%.

Knowledge of this, the effective number of degrees of freedom
of the wa&eform, enables the variations in other parameters to be
estimated from a limited length of profile, for instance, the RMS
valﬁe, the variation in which again has a formula similar to
(4-70). This is derived from a knowledge of the variance in the

mean square estimation of the signal.

L 2
Var.(Mean Square) = %- J (1 - lgl) |(C(B)) + 2u2 c(R)| dB
-L

(4-71)
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where C (B) is the autocorrelation and p is the mean value of the

waveform (Bendat and Piersol 1966).

4.4.3 Application of the model to theories
of surface contact

In this section the relationship between separation of bodies,
load, area of contact and conductance under elastic deformation will
be discussed to provide a physical background to the application of

models of surface asperities.

In Chapter 5 the contact of bodies will be considered
taking the size and shape of the upper specimen into account, however,
a similar approach to that of Greenwood and Williamson will be taken
in the present section. This latter part has been carried out
by Mr. R. A. Onions and will form part of his Ph.D., thesis, the

following 1s a summary of his results.

As ip the Greenwood and Williamson treatment it will be
assumed that the peaks are independent and do not interact upon
deformation. The contact between a non-deformahle flat surface
and a deformable surface, having the characteristics of the model
of this chapter, will be assumed. As in most models of surface
contact tﬁe dependent variables (Area, Load, Contact resistance)
are calculated as functions of one independent variable (the

separation).

In this approach the surface 1s considered to be made up of

asperities made up of spherical caps of radius R.
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Consider the contact of one of those asperities, the area of
contact SA is given by 8A = 7TRw using Hertz's theory where w

is the compliance.

For two surfaces whose mean levels are separated by k, at any

level y, only a-prepeortioh of peaks f* (y,C) equation (4-47) will

have a curvature C., Hence the p:. ,...tion ¢ real area of contact
due to peaks at this height having this curvature s (GA)y C is
given by
- (84) = —— w f* (y,0) (4-72)
y,C C

where in this formula it is assumed that only the independent peaks
are to be considered, hence the use of f* (y,C) rather than
- f* (y,p,C). TFor all peaks at this height having any curvature

equation (4-72) has to be integrated with respect to C

© Fx
mean (8A), = m(2.38%)2 (3-K) ( 260 4 (4-73)
0
2
since R = Sg;gaﬁil— for independence.

For all peaks contributing to the area A lying between k and =

mean (6A) = w(2.38%)2 J (y-k) fw £#(y,0) dc d 4=-74
k o € yo e
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hence the total area of contact A is given by

A = 7(2.38%)2 N J (y-k) f EiéZLEl dC dy  (4-75)
k 0

where N is the number of asperities per unit area estimated at the

mean linc from B*2.

Similarly expressions for the total load W and the conductance

(Holm 1958) may be obtained.

W = N2 E* (2.3B*)o J (y—k)3/2 J 2,0 dc dy

37
k 0 T
(4-76)
and G = N(2.38%) I (y-—k)]'/2 J £#(y,0) dC dy (4-77)
rm V2 X 0 /C

where r is the resistivity.

Usiné these expressions, graphs can be plotted showing the
variation of real area of contact with load (figure 4-20), contact
resistance with load (figure 4-21), variation of mean real area
with dimensionless separation (figure 4-22) and variation of mean
pressure with dimensionless separation and load (figures 4-23
and 4-24). These graphs will be discussed in Section 4.5.3 together
with the implications of the differences when compared to those

obtained by Greenwood and Williamson.



107

4.5 'Discussion

4.5.1 Digital analysis

The points associated with three-point analysis and the loss
of information inherent in its use have been mentioned, together
with the other difficulties involved in its implicit assumptions.
The main point at issue in this sort of approach is to decide the

range of sampling intervals from which it is acceptable to use

information in devising theories for surface contact.

The significance of the shorter wavelength structures (revealed
by the use of the shorter sampling intervals) in the contact and
rubbing of surfaces may be questioned; in any event, a lower limit
to the acceptable range is set by stylus resolution. At the other
extreme it is clear that the use of very long sampling intervals
will give results which have little phyéical significance. A more
relevant spacing of ordinates is that which will define the dominant
or main structure of the profile. This spacing is that which just
makes successive ordinates independent of each other; this corresponds
to the zero order Markov'sequence equation (4-20). How these
ordinates have to bé spaced for independence depends on the tfpe
of autocorrelation function, see Section 4.2.1. Dependent on the
arguments then put forward as a general guide to the main structure
of relevance in contact problems a sampling interval of 2.38%*

has been used.

There are a number of ways in which to justify the spacing of
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events at 2.3B*, none of them precise. However, estimates can be
made by considering different ways of defining the main wavelengths.
_For independent events the main structure of the waveform has an
equivalent wavelength of about 108%. This can be seen by using a
simple Bernouilli argument. Let the profile have two states; the
one corresponding to when the profile is above the mean line
(state 0) and the other (state 1) when the profile is below the
mean line. For there to be a crossover and back, corresponding

to the equivalent of about half a wavelength, then there must be

a change of state — equivalent to a transition of say Po1 followed
some time later by Pio* During this time only P11 transitions

would be allowed.

Hence the-probability of half a wavelength happening in two -

adjacent intervals is Poy for three intervals it is

* P10’
m-2

pOl . p11 . plO and for m 1nteryals 1t 1s po1 Pll . plO'

Hence the average number of intervals n over which there has been

a transition across the mean line and back is given by the mean

value of the distribution. Thus

[¢2]
Jipy . pit2 . p
_ (Lt Por P Pio :
n = — (4-78)
T po, - X2 L p
L Poy - P13y 10
1=2

which reduces when Pg; = P31 = Pyg = 1/2 to
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[+

}oioa/mt T /2t - 172
o= i=2 C_ i=1

I am? ] /2t - 172
i=2 1=1
koL

a+2 § 1727 - 2qeny 2 - 12
n = im ke 171 : =3
: 1/2
(4-79)
because J  1/28%1 1/2

i=1

Now, taking into account the fact that because the profile has been
over the mean line and back within three intervals means that the
actual distance over the mean line is nearer two, n becomes after-
the end corrections have been taken away near to the value 2.

[

Hence the dominant wavelength A is about four times the event

spacing i.e.
A v 9.28% n 10B% (4-80)

Coﬁsider now the power spectruﬁ (figure 4-3). Most of thé
energy is contained in frequencies up to the cut-off w = %*
implying an equivalent wavelength of 68%* and longer. If the shorter
wavelengths are removed by a sharp filter then the mean centre line
spacing is about 58% (see Bendat 1963) which gives the effective
wavelength of about 10f*., Hence the broadscale structure has an
equivalent wavelength that is (a) about four times the distance
of independence and (b) about 108*, This gives the effective

independence length to be about 2.58%, Another way of approach is

to consider the digitising of the random waveform after the high
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frequencies w > %% have been filtered out. The necessary spacing
would be about 2.5 times smaller than the cut-off wavelength which

* 3 .
yields 2285 nv 2.58% . The value of the autocorrelation which

corresponds to this is about 107 (2.38*) which means that the
independence length 2.3B8* ties up with the correlation length
proposed by Peklenik (1967). 1In this and future chapters we will
most often refer to independence length rather than correlation
length. This is because the words independence length convey better
the physical meaning, there is no difference other than this. A
statistical reason why a value of correlation between 10 and 207%
should be used is that the RMS of the conditional probability
(equation 4-8) becomes 95% (a well accepted confidence limit) of

that of the profile.

The only difficulty with the use of low correlation values for
definitions is their difficulty:in measurement, however, it seems
likely that they will be useful not only for the exponential but

also other monotonic shapes such as the Gaussian correlation function.

4.5.2 Summary of results

The results derived from the model here presented are shown
in Table 4-4, Tﬁis shows the way in which the significant
characteristics of a surface profile depend on the two independent
parameters ¢ and B*. To emphasise the importance of the scale of
size used in the aﬂalysis each characteristic is shown (except for

the plasticity index ¥, (described in Section 4.5.3) for two scales.



" 'TABLE 4-4

Characteristics of a random profile in terms of ¢ and B*

Characteristic Main Structure Fine Structure
L = 2,3p% £ = 0.23R%"

Mean peak height . 0.82¢ 0.47¢g

RMS peak lheight 0.71c 0.9 ¢

Ratio of peaks 0.33 0.26

to ordinates : '

Average upward ok %

or downward slope 0.24 o/8 1.66 o/8

Mean peak %2 %2

curvature 0.45 o/ . 20 o/8

Plasticity Index 0.3(%-)(%2 -
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The main structure is derived assuming @ sampling length
of 2.3B8* and a fine scale structure assumes asperity dimensions

one order of magnitude smaller, namely 0.238%,

For Aachen 64-13 used in the digital analysis the shorter
asperities described by 0.23B* sampling lie just within the
resolution of the normal stylus. It can be seen immediately by
comparison of the results that the differences between the
small scale of size asperities and the main structure is considerable
especially in the characteristics involving derivatives. This fact

must be of consequence in contact theory.

4.5.3 'Plasticity index and comparison with theory of
" - Greenwood and Williamson .

An important aim of recent étudies-of the topography of
surfaces has been to provide an estimate of the chances that a given
surface will be subject to plastic flow during contact;

Blok (1952) and Halliday (1955) considered the shape of asperities
which could be pressed flat without recourse to plastic deformation.

It was shown that this criterion could be expressed in the form

m < k H/E” (4-81)

where H is the hardness and E” = E/(1-v2), E being the Young

Modulus and v the Poisson ratio; m as above is the average slope
and k is a numerical factor, in the range 0.8 to 1.7 depending on

the assumed shape of the asperity. Greenwood and Williamson (1966)

assessed the probability of plastic deformation using their model
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in which asperities, each of radius R, are disposed in a Gaussian
distribution of heights of standard deviation o*. 1In this model
there is always a finite chance of plastic flow; however, it was
shown that it depended very little upon the load but was critically
dependent upon a plasticity index ¥ given by

- o*.1/2

v o= (ﬁ-—) &) (4-82)

The plasticity criterion of equations (4-81) and (4-82) are
similar in fofm. The Blok-Halliday criterion, is, however, unduly
severe because it assumes complete depression of the asperities.

The plasticity index of Greenwood and Williamson (1966) takes

account of the fact that only the tips 6f asperities are normally
involved in contact. The present work emphasises the simplificat;ons
which have been made in these plasticity criteria because they take
no account of the existence, upon surfaces, of superposed asperities
of differing scales of size, figure 4-1. The plasticity calculations
of equatién (4-81) and (4-82) assume that the deformation of each

of the asperities is independent. Therefore the plasticity index of
equation (4-82) has a significance only if it applies to the

main long wavelength structure; it should then indicate the

probability of plastic flow over regions associated with this scale
of size. If values of R corresponding to smaller scale structure
are used the arguments involved in the derivation of equation (4-82)

become invalid because the deformation of adjacent asperities interact.

In deriving a value of the plasticity index y for Table 4-4

a value of the mean curvature of the peaks derived from



FIG 4-25
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equation (4-50) has been used. Tﬁe value of ¢ derived in this way
underestimates'tﬁe probability of flow because the curvature of
the peaks increases witﬁ ﬁeigﬁt. Tﬁus tﬁe ﬁighest peaks, which
are those involved in contact have a smaller radius than the total
peak population. Numerical integration of equation (4-46) shows
the way in which the mean peak curvature varies with height. The
results are shown in figure 4-25. It will be seen that for the
broad-scale structure (p = 0.1) the upper peaks are almost three
times sﬁarper than tﬁe average. The effect.of thisvcan be seen
most clearly in figure 4-23 which shows'how the mean contact
pressure varies with surface separation. It is clear that the
‘agreement between the model proposed in this thesis and that of
Greenwood and Williamson agree very well for the case where in our
model the peak curvature is assumed to be constant. This arises
from the near-Gaussian distribution of peaks obtained in our model.
However, for the full model of this thesis where the curvature
varies with height the curve of mean pressure againét separation is
different from that of Greenwood and Williamson. In fact it is
about twice as high for small separations. The important feature
of this new curve is that it brings out even more clearly the fact

that the mean pressure at the contacts is a constant over a wide

range of separations and loads.

Another feature of this model and its comparison with that
of Greenwood and Williamson (1966) is worthy of comment. The
Greenwood and Williamson model is specified by three parameters;

o* the standard deviation of the peak distribution, R the radius
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of curvature of the peaks, and n the density of asperities per unit
area. In the terms of our theory the required parameters are
completely defined by o the standard deviation of the height

distribution, and B* the correlation distance. The theory of

contact based on our model involves a statistical distribution of
peak heights and peak curvatures. Comparing the two models o¥%

is proportional to o, R is proportional to B*%;/c and n is
proportional to 1/8*2, Hence for all random surfaces when the
Greenwood and Williamson model is used the parameters should be

related by the equation

ok Rn = constant (4-83)

There is some evidence (J. A. Greenwood, private communication)
from the analysis of bead blasted surfaces that this relation is

indeed true.

As a verification of this, Table 4-5 shows the values of this
product for some random processes other than bead-blast. Each of

the surfaces in this table are typical of the process.

They show that over a wide range the values do tend to be
constant. For those surfaces examined the constant was 0.05 with
a standard error of 0.005 which when considering the spread in

individual readings taken over a surface is remarkably good.

This value of 0.05 or thereabouts could be predicted because
consider the values of o*, R, n obtained from a random waveform,

using Table 4~4 and letting the probability of an ordinate being a
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" TABLE 4-6

Relationship between surface parameters for surfaces generated by
random processes (sampling interval 2.5 um)

Specimen RMS of Average Average Non-dimensional
No. peak Summits per Radius of Product
distrib. sq. cm. Curvature
33-10 12.3 30 000 .00125 0.047
34-02 2.5 77 000 .003 0.057
37-16 2.25 35 000 .00084 0.066
40-20 0.69 720 000 .0025 0.122
25-18 1.0 1 360 000 .06055 0.074
26-03 1.25 1 440 000 .00049 0.088
27-20 0.62 1 290 000 .00083 0.066
28-11 0.90 1 270 000 .00066 0.075
60-04 0.33 1 450 GGO .001 0.049
61-01 0.22 2 000 000 .001 0.045
64-13 0.4 1 800 000 .0008 0.059
66-14 0.69 1 470 000 .001 0.100

Average 0.068 * 0.006




summit equal K, the sample interval % and the correlation p
between ordinates. Then

1/2

(o

(1-p) vl+p _ m_(1-p)
2v3-p tan_1 VStll l;(tz:m“1 V%Sfa

1+p

o = |1 +

1 2 N /1 22

C* (3-p) V1-p . g

and n =K . %2 assuming unit area

R

tan ! (3-p) / (1+p)

here N =

(4-84)

For the case where independent events are-used then X = 1/5 for

the first five ordinate summit model and the product becomes

1/2
1+ (1-p) VY1+p - (1-p) 2N Vn “x
/=5 tan"L/32 -1 /30 (3-0)V1-p
L 2v3~p tan V/1+p A(tan /1+p)}

(4f85)

1 3.55. 0.05

Table 4-6 shows similar results obtained when sampling with an

interval of 2.5 pym. This shows that even whén the sampling has not

been chosen for independent events the value of this product is
still nearly the same being 0.068 * 0.006 indicating that, over
a wide range of size of surface roughness produced by random

manufactured surfaces, and over an order of magnitude in the
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sampling interval, this product can be regarded as constant.
Given tﬁis proviso, an estimate of K can be made for a range of
interval witﬁin whicﬁ tﬁe correlation is higﬁ. Remember that in
the definition of the summit discussed previously in Section 4.4
the calculation of tﬁe equation for a summit for the case of high

correlation was complex.

According to this the ratio of summits to ordinates for a
correlation of 0.80 would be about 0.1 and not 8.004 as would
result from equation (4-69). This indicates that the gross
assumption made in deriving the equation, namely that only corre-
lations to the centre ordinate were significant, is obviously not
justifiable in the highly correlated case, which must be a reasonable

-

conclusion because as p1+1 so does pzand Py

4.5.4 Comparison of theory and experiment

Thé comparison of theory and experiment shows that the model
which has'been adopted can provide a description of the geometrical
features of profiles from a typical manufactured surface; the
statistical distribution of surface characteristics are accurately
forecast over a wide range. This range covers an order of magnitude'
in the linear dimensions of the asperities and more than two
orders of magnitude in their curvatures. Divergences appear only
at shorter wavelength and these arise, at least in part, from the

resolution of the stylus.

First consider the results of figure 4-15, the exponential

correlation function adopted here requires that at short sampling
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intervals (N¥+1/3) the number of peaks detected should be very
nearly inversely proportional to the sampling interval. However,
with the normal stylus, reducing the sampling interval from 1 to

0.5 ﬁm increases the number of peaks by only 167 and a further
reduction to 0.25 causes no detectable increase in the number of
peaks. These results suggest thét either the fine scale structure
does not exist on the surface, or it is present and is not detected
by the stylus. The results obtained with the sharp stylus show
clearly that stylus resolution is a significant factor, at a
sampling interval of 1 ﬁm the replacement of the normal stylus by
the sharp stylus causes an increase of 20% in the number of peaks
detected. In addition, when using the sharp stylus a reduction in
the sampling interval to 0.5 um and to 0.25 um causes increasesvin
the number of peaks by 37 and 757%. Figqre 4-~14 shows that the use
of the sharper stylus also results in an increase in the mean
curvature of the neaks; 1in other words the sharp stylus reveals
more detail and finer detail. That the sharp stylus can reveal
detail upén surfaces which the normal stylus does not see is seen
from figure 4-19 which shows a typical random surface. Also

figure 4-4 shows an electron micrograph of a typical ground
surface. Thus, on the question of stylus resolution we see that
the effect of the finite dimension of the stylus is not likely to
produce a sharp cut-off in resolution (see American Standard ASA B46.5).
Nevertheless, assuming that the profile corresponds to the model of
an exponential autocorrelation function, the change in the tip
dimension from 2.5 to 0.25 ﬁm produces a smaller change in the

resolution than might be expected; perhaps the fine structure is



present but its_magnitude is smaller than is réquired by the
theoretical model. This possibility will be further explored, and
a possible explanation offered, in Chapter 7. However, it should
be noted that the tip dimension may not be the only factor which
determines the resolution of the stylus. Equation (4-54) shows
that as the sampling interval is reduced and‘structures of shorter
wavelength are involved the local slope of the surfaces become
steeper. Hence the stylus angle might also be important in the

resolution.

4.6 Conclusions

The main conclusions that can be drawn from the work in this

chapter are as follows:

1. It is possible to describe those geometrical characteristics
of a raudom surface significant iu its countact properiies
in terms of two parameters of the profile itself, namely

the RMS value and the correlation distance.

2. The $cale of size is of prime importance in the determination
of features likely gd be important in the functioning of the
surface. In particular the main structure as determined by
the autocorrelation function is the most important scale of

size to consider.

3. Providing that care in the definition and application of
digital techniques is applied it is a powerful tool in the

evaluation of surface parameters.
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5. PROPERTIES CONCERNING THE MOVEMENT OF BODIES ON
RANDOM SURFACES

5.1 Introduction

In Chapter 4 the evaluation of the geometrical properties of
surfaces likely to be of importance in contact phenomena has been
carried out using as a basic model of the surface the height
distribution and the autocorrelation function. During this
investigation it was found that good agreement existed between
" theory and practice over a wide range of sampling intervals. The
major divergence between theory and experiment occurred at
intervals which were of the same order of size as the stylus tip
dimension and smaller. This divergence was attributed, at least
in part, to the finite resolution of the stylus. One of the
purposes of this chapter is to investigate,in some more detail, the
characteristic of the motion of a stylus being tracked across a
random surface., The approach used will not be to describe in a
deterministic way the motion of the stylus, but instead, using the
concept of a Markov chain, the statistical char;cteristics of the
stylus motion will be deduced compared with the characteristics of
the profile itself. It will be shown that this basic approach can
also be used to deduce information about the movement of bodies |
much larger than a stylus.and in this way it becomes possible to
make useful comments about the Envelope System of surface texture

assessment.

This same approach has some significance in predicting the

changes that occur in surface geometry characteristics caused by
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rubbing surfaces under load. These questions and their significance

in the running-in process will be considered in detail in Chapter 6.
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In what follows the nomenclature given below will be used:

Subscript s - refers to stylus behaviour
Subscript e - refers to envelope behaviour
Subscript ¢ - refers to contact in general.

Remembering also that:

No superscript refers to the profile behaviour itself

Superscript * - refers to the peak behaviour
Superscript ° - refers to the valley behaviour
"Superscript ® - refers to summit behaviour.

In Section 5.2, a general approach to the movement of a body
over a random surface will be outlined. Following this, in
Section 5.3 some specific problems will be analysed using simplified

versions of this general theory.

5.2 Theory

5.2.1 Properties of gap between random surfaces

Consider figure 5-1 where yl(x) and yz(x) are random surfaces
of infinite extent having probability densities of fl(yl) and f2(y2).
If both have Gaussian ordinate height probability density functions
of mean value my and m, s RMS values oy and 9, respectively.then
the probability density of the gap f£(g) is given by

f(g) = f £,(vy) - £, (g¥y) dyg (5-1)

- 00
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which yields a Gaussian distribution of mean value m, -m, and

RMS value og

Yo2+02 so that if

g 172

Q
]

o, = 0, = 0, og = /2 0 - (5-2)

If one of the bodies is flat then Og = 0.

If the upper member (considered flat and having one degree of
freedom) is moved felative to the lower then because of the infinite
extent of both no vertical movement between the two would result;
the top one merely resting on the highest peak of the lower. On the
other hand if the upper member was of only limited length then some
vertical movement would be expected because the upper member, due
to its finite size, would effectively sample from the infinite
population of the random surface below it. Hence statistical
fluctuations in the vertical position of the flat body would result
if it were moved. The magnitude of this statistical fluctuation
would depend upon the relative size of‘the upper member to that of
the bandwidth of the random signal representing the profile of the
lower specimen. In two dimensions this is shown in figure 5-2 (a)
and (b) in which the length of a flat of length L is compared with .
two random surfaces, (a) having a bandwidth - indicated here by a
large correlation distance, and (b) having a short correlation
distance. The flat for these purposes is restrained from tipping,

a fact which is discussed later. It is clear that the

statistical fluctuations in case (a) will be much greater than for

case (b).



5.2.2 Effect of limited sample;
independent events

Consider a random surface having a correlation distance B*.
Regions separated by about 2.3B* can be considered to be

independent of each other in the case of a first-order random

surface, i.e. those having an exponential autocorrelation function.

Consider therefore that the surface is comprised of a chain of
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such independent events. Note that these events are not necessarily

peaks. The situation is shown in figure 5-3(a) in which a flat
upper member whose face is parallel to the mean line of the random
surface is imagined to be in contact with the surface, this in
effect gives only one degree of freedom. If there are N such
independent events within the sample L of the upper member, then
the probability of the contact being at event ¥y between y and

y + 8y is given by f(y) (F (y))N_1 8y, where f(y) is the
probability density function for the independent events and

y
F(y) = f f(yl) dyl, is the distribution function for event 1.

A similar situation arises for Yo Y3 and so on, Hence
assuming that these individual contacts are mutually exclusive
(which must be so for a system having only one degree of freedom)
the probability of a single contact between y and y + 8y is given

by fc(y)Gy where,

£,mey = N (FOTY £y (5-3)
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Equation (5-3) holds also for surfaces having other than
Gaussian height distributions and exponential autocorrelation

functions.

If N is large then contact is likely to occur when y is well
above the mean line in which case f(y) = 1. Equation (5-3) then

becomes (Gumbel 1959):
£.(96y = Nexp (- (1-F(y)) (N-1))£(y)8y (5-4)

which, for the special case of F(y) being Gaussian,
immediately reveals that the probability density of a single
contact at large y is more nearly exponential than that which
might have been expected having a knowledge of the height

density alone.

The probability density for a single contact at vy, (fc(y))

becomes

£,() =N exp (~(1-F(y)) (N-1)} £(y) (5-5)
For the particular case of a Gaussian distribution

N r N-1
f (y) = —=—— exp (-y%/2) (1 + erf y/V/2) (5-6)
¢ N Lo :
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From equation (5-6) it can be seen that N is the dominant

factor in determining the spread of fc(y).

For an upper member which is not flat then the situation
is more complicated. Consider figure 5-3(b) for instance,
in which a curved body is shown being lowered onto the surface

represented as a chain of independent events. In this case

fc(y) £ (y;) Fy) F (v « « . F (v

+

£, F ) F (y3) - FQyyp)

£l FOY 0 F Oy

(5-7)

where the individual values of Yys Ygs €tce, depend on the
shape of the upper member relative to the mean line of the

random surface.



Equation (5-7) reduces to

N F ()

£ = £ (v F‘(;;y (5-8)

1 j=1

e~ =2

i

5.2.3 Effect of limited sample;
dependent events

As before, for the sake of simplicity, we shall use a two-
dimensional approach. Consider a flat upper member being lowered
with one degree of freedom (y direction) on to a random profile.

This precludes multiple contact unless some compliance is allowed.
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The events are now dependent; and, as before, designating the events,

Y1Yy ceeeVy the probability of one contact in between

~y and y + 8y at the position of event Yy is given by

y+8y ¢y (v y - -
fcl(y)Gy = J J J ceene J f(yl,yz,y3,....yN) dyy -« -dy;

y -0 -—00 -0

- (5-9(2))

Similarly for a single contact at the position of event Yo only

fcz(y)ay is given by .

y (y¥dy ¢y y

f f J ..... I f(yl,yz,y3,....yN) dyN....dy2 dy1 (5-9(b))
T —00 -0

and SO 0N veuvwnns for a coﬁtact at the nth event position

y y+8y

J .....f f(yl,yz, .....yN) dyN.....dy2 dy1 (5-9(n))

-00 y



where f(yl’yZ’YB’ ""YN+Q is the joint probability density that
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Y1 has a value ¥q when Yo has a value Yo etc. Hence the probability

that the fall of the upper member is stopped by a contact in any

event position at height y is given by the sum of equations (5-9).

For the special case of a Markov process equation (5-9) can be

simplified and (5-9(a)) becomes:

]

y -—C0 —00 -—00

y y y
f£(y) sy I f(yz/y) f f(y3/y2) ceeen j f(yN/yN_l) dyN..,...dyl

-0 -0 -0

(5-10)

Equation (5-10) represents the probability that the upper member,
assumed here to be z flat, will be stopped in its fall onto Lhe
lower rough member by a contact in position 1 in between héight y
and y + 8y. In the equation the values of the cther events can be
anything provided that they all lie below the height y (otherwise
the contact would not be at position 1). Suppose that the other
events, although still being below y, had specific values, Y,
having a value in between Y, and v, * 8y, Y3 having a value in
between %Jand yb+ dy and so on up to Yy @s shown in figure 5-4 ..
then for this one particular configuration of the other events
relative to y, the equation for a contact at position 1 in between

y and y + 8y is

y+8y y y y
J f(yl) [ f(yz/yl) [ f(y3/y2) ..... J . f(yN/yN-l) dyH.....dy1



y+8y Y _+8y v, +8y
= a ' : b
£.,)8y I £(y;) J £(y,/v;) J E(Y4/¥y) e eee
y Ya. v,
Vi Hy
cee j f(yN/yN_l) dyy++.-.dy, dy,
Yk
(5-11(a))
which reduces to
. y +8y Y8y
fcl(}')Gy = f(y)G}'J f(yz/y)j f(y3/y2).....
Y, Yy,
yk+6y o
J f(yN/YN_l) dYN """ dyz
Y

where k is taken to be a general alphabetic character representing

the Nth event. Hence using the mean value theorem

fcl(y)éy = f(y)Gy.f(ya/y)ﬁy-f(yb/ya)GY ----- f(Yk/Yk_l)GY
(5-11(c))

Equation (5-11) can be rewritten

P1'Pa1 PhaPeb Pi k-1 (5-12)

where p, represents the probability of ¥y being in between
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y and y + §8y; P represents the conditional probability that Yo
is between Y, and v, * 8y (given that Y1 is in between y and

y + 8y); and so on. The probabilities p etc., are called

al’ Pba
transitional probabilities. Equation (5-12) represents a

homogeneous Markov chain.

For the special case when the events are independent,

equation (5-12) becomes

Py + Py s Py eeveePy | (5-13)

In the case of a Gaussian height distribution the transitional

probabilities can be written in terms of the second order normal

distribution:
- : (y o) ? L
Pal s —————  exXp [~ — | § ¥y (5-14)
V2m(1-p2) 2(1-p2)

Obviously equation (5-11(a)) represents only one. configuration
of the other events in the sequence relative to e Many more
configurations would have to be added in order to specify the

contact situation at y, as fully as equation (5-10).

If we use the terminology that the value of the event at
position 1 has the specific value of Y1 and Yy has the specific

value Yy then equation (5-12) can be better written

Py + Py + P3p + Pyg ""'pN(N-l) (5-15(a))
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and the homogeneous chain probability density corresponding to

equation (5-11) becomes

f(y) . f(yz/y) . f(y3/y2).....f(%ﬂ/YN_1) (5-15(b))

The concept of a first order chain can be adhered to even when

the contacting event is not at the end of the chain such as Yy

Under conditions for a contact at ym,for instance, the chain becomes -

£Cyy/y,)ennnn f(ym_l/ym) By ) e Ey /Y ) f(yN/yN_l)

(5-15(c))
which is a property of the reversibility of Markov chains.

To see why this should be so , consider a five element chain

Yyteee Vs the stochastic matriw
2
E(y))» E(y;y,), - - Elyyye)
M = L] L L]
2
E(ysyy) . -« EGD)

This becomes for a Markov chain (after being normalised by o2)
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1 p p2 p3 ot

p 1 p p? p3

p? p 1 p p2 (5-16)
p3 p? p 1 P

p" p3 p? o 1

from which the determinant is (1-p2)% which gives a cofactor matrix

(1-p2)3 , +p(1-p%)3 o , o , o
+p(1-p2)3, (1-p3) (1+p?2), p(1-p?)3 , ) , o
o, p(1-p2)3% , (1-p2)3(14p2), p(1-p?)3 ,
o, o » p(1-p2)3 , (1-p2)3(1+4p2), p(1-p?2)3
o, o , o » p(1-p2)3 , (1-p?)3
(5-17)

The exponent in the multi-normal distribution becomes

-1

;z—“—;;: (1'02)3(Y%+Y§) + (1“02)3(1+02)(Y%+Y§+Y2)
1-p

= 20(1-02) 3 (3, Y,y Y g+ 5Y, 49,V ¢)

(5-18)
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This can be split up, depending on which of the ordinates

YpeeeeeYs is considered to have the contact.

Suppose for instance that Y1 makes the contact, this means

that the ¥, value is fixed first, the exponent then becomes:

2 2 2 2 2
y (y,-py,) (y,-0y,) (y,-py.) (ye-py,)
1,727y M3l 4Py Vs s

2(1-p2)  2(1-p?) 2(1-p?) 2(1-p2)

(5-19)
from which the probability density becomes
(y,-p%)?
15/2 L exp (-y2/2) exp (- 22 7% )
(2m) (1-p?) 2(1-p?)
(y,-py,)2 (y,-py)2 (yc-py,)?2
exp (- ——2_ ) axp (- —2 3"y exp (- —24
2(1-p?) 2(1-p2) 2(1-p2)
(5-20)

vhich is = £(y;) . £(y,/y)) . £(y4/y,) . £(y,/y5) . £(y5/y,)

which is a true Markov chain situation for the contact at
position 1. However, if Yy had been fixed first to correspond to
the contact at position 2 then the exponent becomes

2 - 2 - 2 - 2 - 2
2,01 PY,) . (y570y,) , (v,~py3)*  (ygpy,)

2 +
2(1-p2) 2(1-p2) 2(1-p2) 2(1-p?)

(5-21)



from which the density becomes

 (y,=py,)?
1 1 2 1 P72
exp (- y5/2) exp (- ————)
(21r)5/2 (1-p2)2 2 2(1-p2)
(y.-py.)?2 (y,-07)% (ye—0y,)?
exp (- ——2 ) exp 0-—i—4Lﬁ exp V'*E—JL“
2(1-p?) 2(1-p2) 2(1-p2)

(5-22)

from which the density is seen to be

£y, /v)) « £(r) .« E(yglyy) « £(y, /v . EGrgly,)  (5-23)

which is a Markov chain which has a change of direction at Yo

Similarly if the chain was fixed at Yo simulating the contact at

A then f(yl, Yorerees Vo senees yN)

£y /y))eenn. £y __/v) - £ . @

Equation (5-24) is the same as equation (5-15(c)).

In fact for N ordinates in the chain the cofactor matrix becomes:

N-2 N-2
(l_pz) Iy p(l_pz) e o o .

o(1-p2)N 2 1oV 2142 L. L L

) : | e
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To summarise, for a surface which can be represented as a
Markov type of process, that is one in which adjacent events are
correlated by an exponential function, the probability of a contact
between a smooth flat upper member and the profile at a height y is

given by the expression

y+dy y y
J £(y)) J £(y,/yy) e J £y /yy-y) g +oee- dy,
y - -
(5-2¢(a))
y+8y y y y
e [ sy [ oraymy ol [ oy pangan o,
y -—C0 -00 =00
(5-26(b))
y+8y . y y
+J f(yN) J f(yN__llyN) I ..... J f(y1/y2) dy, «... dyy
v ~ —
(5-26(n))

-Any shaped upper member can be allowed for in equation (5-26)
simply by changing the limits of integration of successive events
to conform to the geometfy of the upper member relative to the

mean line of the surface of the lower member.

5.2.4 Behaviour of waveform between independent events

Consider an event Y5 positioned somewhere in between two
independent events i and Y, such that there is a correlation Py

between ¥y and i and Py between v; and yz,(figure 5-5) the



correlation between ¥, and Y, being virtually zero.

Then the probability density of ;o given specific values of

¥4 and Yoo is given approximately by

~( 2
(yi \91Y1+pzy2)

(1-02) (1-p2)

1
V21(1-p2) (1-p2)

1
£ (yi/yl’y2) = exp |- 7

(5-27)

which, whenever y. gets close either to y, or y,, reduces to the
i 1 2 :

familiar form

- 2
1 1 - g
B —— exp -_ e e —— e
/21 (1-p2) 2 (1-p2)

Equation (5-27) represents a Gaussian distribution whose mean value
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depends on how close it is to ¥4 and Yy and the heights of Yy and Yo

The standard deviation depends on the correlations between s and

Yy3Yg. Use of this formula enables some estimates to be made
of the excursions of the profile waveform between two fixed

independent events.

5.3 Applications

- 5.3.1 Stylus resolution

The usual assumption made regarding the use of stylus
instruments is that if f(y) is the height probability density of

the true profile, then the probability density of the measured
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profile as revealed by the stylus,fs(y),is almost identical.

For most practical purposes this is true enough but there may
sometimes be examples where this may not be true, particularly on
surfaces having a fine structure. The object of this sub-section
is to use the theory given above to explore this problem of stylus

resolution for random surfaces.

A stylus when tracked across a surface has one degree of
freedom so that it lends itself to the model of the contact of
bodies on random surfaces just given. The practical stylus has a
flat tip whose dimension is usually small compared with the
distance for independenée on a typical random surface (2.38%).
Indeed, it is obvious that unless this is so the stylus would be
incapable of performing its intended function of exploring the
surface contours; 1t would integraté elements of the profile.
Thus the model of the profile as a chain of independent events is
inappropriate for an investigation of stylus resolution. However,
the model using a first order Markov chain described in Section

5.2.3 can be used.

For an approximate solution of the stylus resolution problem

equation (5-26) can be used when simply two dependent events or

more are considered, for instance, the stylus can be assumed to be
supported by two events separated by the nominal tip dimension
(figure 5-6). These two events will be highly correlated; the
sharper the tip, the greater the correlation and the less the

effective integration due to the stylus.
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Under these conditions equation (5-26) becomes

y+8y ry
fs(y)éy = [ J f(yl,yz) dyl dy2
y -—C0

y (y+3y
+ f J f(yl,yz) dy1 dy2

®y
(5-28)
which by symmetry becomes
y+éy (¥
= 2 f f “£(y;5y,) dy,dy,
y ' -—00 .
y
= 2 f(y) 8y J £(y,/y) dy, (5-29)
For a Gaussian surface the density fs(y) becomes
. . 2 /9" . -
£ = @YD (L ert GIVZ/ED) (5-30)

V2

which, because

oo__l___ .2 ,/ﬁ =
f — exp (-y2/2) (1 + erf (y/V2 l+p)) dy =1

is a true probability density.

Equation (5-30) represents the probability density that a
stylus having a flat tip will fall to a height y (where y is

measured from the mean line of the surface).
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Taking the first moment of equation (5-30) gives the mean

height of the stylus above the mean line ;g i.e.

— @ 1
vy, = f — y exp (-y?/2)
s )
( 1 + erf (y/V/2 /%E%D)dy

where this is a ncn-dimensional value being expressed as a fraction

of the RMS value of the true profile.

Similarly the RMS value of the measured profile Ogs again
expressed as a fraction of the RMS of the real profile is given

by the second central moment. ’ o

of = | ¥ EMay - J y £ (y)dy )?
1-0,
= 1- Gz

from which

o, = /1-GD | (5-32)

Equations (5-31) and (5-32) are plotted in figure 5-7. They show
that at conditions where p n 1 when the two events are close and
the stylus tip is sharp the mean line of the measured profile

approaches that of the true profile i.e. ;; ~v 0, Also under these
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conditions the RMS of the measured profile apﬁroaches that of the
true profile i.e. g n 1. Both of these limits are physically
sensible, Consider as an example the case when a typical stylus
having a tip dimension of 2.5 um is tracked across Aachen 64-13 whose
independence (correlation) length is 15 um. For this situation o n 0.7
and according to the formula (5-32) the RMS value as measured would
be about 27 less than that of the true profile. Measured values
for this stylus and a few others, specially manufactured for this
exercise, are shown marked on figure 5-7. While it is possible to
get an idea of the RMS reduction brought about by having a stylus
not infinitely sharp, it is not so easy in the case of estimating
the mean level shift., To estimate the RMS value a large number of
tracks were made in a well-defined region on the surface for a
number of styli; one being really sﬁarp-(say, a tip dimension of
0.25 ym). The mean RMS value for readings taken with this stylus
was taken to be unity. RMS values for similar readings taken with
the other styli were then compared to this. Two points are worth
noting. First, it was possible to use a sharp stylus on the
Talysurf in this case because the specimen was not isotropic

(being ground) and consequently a large tip dimension parallel to
the lay was possible (7 um) which gives the necessary strength.
Second, it is not possible to do a similar exercise for the mean
height because of the difficulty in relocating the pick-up in the

same place after changing the stylus.

Obviously figure 5-7 only represents an approximation to the

true stylus behaviour both at the very high and low correlation



regions of the graph. At very high correlations it has already ‘
been pointed out in Chapter 4 that it is not only the tip dimension
that influences the stylus resolution, the stylus angle can also
have an effect. »Further, this effect is even more marked as the
RMS value of the surface increases without an increase in B*%,

At the low correlation end of the graph, as the stylus gets bigger,
the two events approach a separation where they can be considered
to be independent; then a new model must be used incorporating a
number of independent events, i.e. use would then be made of

equation (5-6).

As a close approximation to stylus behaviour more than two
events supporting the stylus can be used in which case the
analytical solution becomes more difficult. However, use can be
made of a result derived in Chapter 4 for the definition of the
RMS value of the peak distribution using three-point analysis.

This corresponds closely to the three-event support for the stylus,

Hence under these conditions.

(1-p)¥Yl+p _ 36 (1-p) |1/2

(4-p) ¥/3-p T (4-p)2

o & 1 + é
m

s (5-33)

Notice that when the three-event model is used a stylus shape
which is not necessarily flat but quadratic could be catered for.
The result for three horizontal points is shown plotted on

figure 5-7. The agreement between the practical results and the

theory now appears to be closer.
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The conclusion to be reached from the work in this section
is that the stylus commonly used in surface texture instruments of
tip dimension 2.5 um only affects the assessment of the texture by

a small amount.

5.3.2 Eﬁvelope system of assessing surface texture

In Secfion 5.3.1 an example has been given in which it is
useful to regard the surface profile as a first order Markov chain;
the events being correlated with each other. 1In this section an
example will be given of how the surface profile can be usefully
taken to be a succassion of‘independent events for contact
phenomena. Beckmann (1957 and 1959) has attempted to apply
concepts similar to these in the problem of reflection from a single

flat rough surface.

The Envelope or E-System of assessing surface texture was
devised a number of years ago in Germany (von Weingraber 1957).
It is a system devised to remove the unwanted long wavelengths
from a profile graph prior to assessment. It differs from the now
internétionally adopted Mean Line or M-System (B.S. 1134) in that
the reference line that is constructed from which the texture is

evaluated is not a mean line but an envelope or crest line.

In the E-System a graphical construction is made on the profile
graph which simulates the rolling of a circle of fixed radius
across the top of the profile waveform. The locus of the lowest

point on the ball or circle is then taken as the reference from
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FIG 5-0
ENVELOPc SYSTEM OF ASSESSING SURFACE TEXTURE

P IS THE RADIUS OF THE ROLLING CIRCLE

Rp IS THE AMOUNT &Y WHICH THE ENVELOPE HAS TO
BE Df*PPED IN ORDER TO MAKE IT A MEAN LINE.

Ra IS THE AVERAGE HEIGHT OF THE PROFILE FROM
THE DROPPED ENVELOPE.

Rt IS THE MAXIMUM DEPTH OF THE PROFILE FROM THE

ENVELOPE.
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which the texture is measured, figure 5-8.

The use of the envelope just described as a datum from which
measurements are made effectively filters out the long wavelengths;

.
how long these wavelengths are is determined by the radius of the
circle. Obviously, as in the M-System where a number of cut-offs
for the filters have to be used, more than one radius has to be
used in the E-System. The usual convention is to use two radii,
one at 50 mm and the other at 3.2 mm; the former to isolate the
waviness and the latter the roughness. As previously stated the
R value is the difference between the mean height of the envelope
and the mean of the profile., The Rt value is the maximum difference
between the envelcope and the deepest valley. The Ra value (which
should have a suffix E on it) is the same, virtually, as for the
M-System only the mean line now is the envelope line which has
been dropped from the crests in such a way that it splits the
profile into two parts; the area between the profile and envelope

being the same above the envelope as below it. (figure 5-8).

It is of considerable importance to determine the properties
of the Envelope System for random waveforms rather than deterministic
(Reason 1962) so that a better comparison can be made between it

and the M-System.

In order to get an insight into the way in which the Rp
value changes with radius, and also incidentally how the mean
separation between bodies changes with shape, consider how the

mean value of the envelope relative to that of the profile can be

estimated.



Consider, first, the flat body case, using equation (5-3)

the mean height of the envelope ;; is given by

Y, = J y N FN L £(y) dy (5-34)

-—00

This is difficult to evaluate for‘N having other than very small
vélues such as might be the case for a very blunt stylus, This is
still true for our specific model where it assumed that the
ordinate height probability density function is Gaussian and

equation (5-34) reduces to

00 N-1 2
- N : exp(-y*/2)
= —— |1 + erf ( /,/2)] exprlTy /)
2! e et o /z

(5-35)

Under normal conditions F(y) in equation (5-34) varies slowly

for points far removed from the origin, i.e. large y. The mean
value ;é is then very close to both the median and the mode of the
distribution. To attempt to work out the median rather than the
mean is not a solution of this difficult problem. The median is

the value Yned such that

med N-1 B
N F(y) f(y) dy = 1/2 (5-36)

which seems equally difficult to evaluate. However, the modal
value (that value of y for which the probability density is a
maximum) is much simpler to find; it can be achieved by

differentiating Yo

142



This yields the condition for the modal value Ymod

2
(¥-1) [é(ymod)] + F(ymod) f’(ymod) = 0 (5-37)
which for equation (5-6) becomes
2 2y [1 e ere 4] - -1y /2 -38
ymod €xXp (Ymod ) + er ( ) = ( ) .;T- (5 )

V2

To see how Ymod is influenced by N an additional assumption
can be made,namely that in most cases 1 < Yod © 4. This means
that (1 + erf (ymod/fiﬁ)) can be considered virtually constant

n~ V2 within a few percent. Hence

N-1

Yooq X 2 /2 v — o (5-39)
%l
Taking logarithms yields
2 = - - -
2lny .+ (G )%=21n (81) -2 1n /r (5-40)

Now since ln y2 << y2-1 if y>0 it can be seen that to a good

approximation
2 ~ 2 -
Ymod In N (5-41)

To extend this to the situation found in the E-System where
the upper body is circular we need to take account of the shape.

To do this the simple spherometer formula can be used;
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i.e. x2 = 2Rh where x is the semichord length, R is the radius and
h is the distance from the chord to the parallel tangent at the

circumference.

Consider now a simplified treatment based on the spherometer
formula. We require an effective value of N, the number of
independent events'involved when a circle of radius R rolls over
the surface profile at a depth h from the crests. In this
simplification the curved member will be considered as the equivalent
of a flat member of length 2x where x2 = 2Rh. Also the number of
independent events N in the length 2x is 2x/2.3B* where 2.3p* is
the independence (correlation) length for an exponential correlation

function. This is shown in figure 5-9.

From these assumptions an estimation of the behaviour of ;;

can be made, thus

N2 = 4x2 - 8Rh
(2:3p%)2 (2.38%)2
_ s R h
- *2.3B% " 2.3B*
_ R
= G - K
Hence
2 S S R e
Ymod e Ve v In (2.38*) * ln(Ke) (5-42)

In practice Ke has a value less than 0.3 whereas (R/2.38*) has

a value typically of 500 to 1000. Thus in equation (5-42), the
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term of greatest significance is 1n (R/2.3B8*). Thus a rough
estimate of the way in which ;é (or Rp) changes with the radius is
given by

y = Rp o YIn(R/2.38%) (5+43)

e

To test this statement equation (5-8) was solved numerically
taking the curvature into account for a wide range of values of
R using a program called REST (Appendix 2). Some of the results
are shown in figure 5-10, the mean shift between the random
Gaussian profile and envelope as simulated by the computer is
plotted against YIn(R/2.38% . It can be seen that, over the three
decades of radius plotted in figure 5.10, a linear relationship does
appear to hold for a random surface and therefore the approximations

which were made in equations (5-41) and (5-43) seem to be justified.

-Figure 5-10 also shows some results obtained from a real
surface. Three tracks on Aachen 64-13 were data logged aﬁd the
process of rolling different circles across the profile graphs
carried out by the computer using program ROLL (Appendix 2); The
parameters thus generated were outputed to éllow a comparison with
the theoretical predictiohs mentioned above. For Aachen 64-13 all
the relevant parameters such as B* and ¢ were known to enable the
practical points of Rp to be plotted for different values of radius.
It can be seen that there is a fair agreement between theory and
practice especially at large values of R; large divergences occur

for small R.
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Given the values of ¢ and B* for Aachen 64—13 then according
to the approximate theory plotted as a continuous line in
figure 5-10 the ratio of the Rp values obtained on Aachen 64-13
using the two standard radii 50 mm, and 3.2 mm should be 1.53.
The practical ratio worked out as 1.45, a divergence of about six
percent. The Rp valueé themselves were 1.15 and 1.75 for the
theoretical results of the 3.2 and 50 mm circles respectively and

1.19 and 1.73 in the practical simulation.

In conclusion it appears that the theory given above governing
the behaviour of the Envelope System does have some basis in fact.
Divergences are to be expected to some extent because of the
presence of abnormally high peaks or lack of uniformity in the
three tracks taken. 1In order to compare the envelope behaviour as
used in the E—Systém with the equivalent.M—System results, it
would be necessary to examine surface parameters such as Rp and
Ra not only relative to the envelope but also relative to the

standard wavefilter mean line and centre line.

5.3.3 Other bodies

The movement of the upper body when both of the bodies are
rough is an additional problem of significance. Suppose that the
" two bodies have different bandwidths, i.e. different values of
B*, it is always possible to get the geometry of the gap simply
by subtracting the one waveform from the other. Under these
circumstances the original situation can be replaced by one in

which a flat surface is contdacting a random surface =~ whose
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geometry is that of the gap between the two original surfaces.
Similar statements also apply to other derived properties of the
gap. Thus the curvature of the gap between random surfaces will

be the sum of the curvatures of the two original random surfaces.

Unfortunately it is not straightforward to work out parameters
of the movement or.positioning of one of these rough bodies on
another when, say, the upper one has other than a flat general shape,
or is of limited length. A number of researchers, namely Iwaki
and Mori (1958), Tsukizoe and Hisakado (1965), Kimura (1966) have
investigated problems similar to these but under loaded conditions,
and all have a;sumed that in the region of contact the mean levels
of the two surfaces are pafallel. In the case of one rounded
member the elastic conformity due to the loading is equivalent to
an assumption of parallelism. Under these circﬁmstances the number
of contacts within the given contact length are either worked out
using the level-cirossing theorems due to Rice (1944 and 1945) or
are assumed from an estimated number of asperities per unit length.
However, in the case that we have considered where no load is .
applied, the shape-cf the upper member cannot be ignored and tﬁis
is oneiof the few examples where the no load condition is more
difficult to deal with geometrically than the highly loaded

situation.

5.4 Discussions and Conclusions

In this chapter it has been indicated that, by condensing a



profile into a succession of events, it has been possible to tackle
problems, even if in a simplified way, tﬁat otherwise wouid have
been too difficult. A special feature has been that the effect of
limited size of specimen and general shape of specimen have been
considered with reference to the behaviour of one body moving or

positionad on another.

In particular in the case when the events making up the
surface have been considered to be correlated it has been possible
to investigate the behaviour of styli moving across random
surfaces — a problem having considerable significance in the field
of surface metrology. Also, when the events have been considered
to be independent it has béen possible to investigate some of the
properties of the Envelope System of surface texture assessment -
again an important problem in surface metrology: In other fields
like those of thermal and electrical contact these concepts may be
useful, especially where problems of average clearance is

important (Howells and Probert 1968).
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This chapter has been concerned with contact without deformation

or wear. Clearly when deformation and wear occur the overall
problem is usually much more difficult. Therefore, in the next
chapter we will start by considering experimental results which

occur when bodies are rubbed under load.
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6. SOME EXPERIMENTS IN WEAR AND FRICTION

6.1 Introduction

In Chapter 5 the way in which a body contacts with a random
surface has been examined, both for the case where the dimension of
the body is small compared with the correlation length of the
surface and also for the case where it is much longer. No attempt,
however, was made to investigate the contact under load; the
physical situation occurring in wear and friction.' These problems
will be investigated in this chapter. The approach adopted will
be based upon simple straightforward experiments in which the
major measuremaents will be of the fricéion between the bodies and
the changes which occur in the surface topography as a result of
rubbing. The extent to which these measurements can be interpreted

in terms of the stochastic concepts of earlier chapters will be

explored.

In investigating the changes in topography due to rubbing
we shall use the term "wear" even though it is not established
that such changes in surface geometry arise from a complete removal
of material as loose debris. These changes in surface topography
are, of course, paft of the process which is generally referred
to as "running-in". In order to be able to monitor accurately
those changes it is necessary to have a technique in which the

geometry of a particular track in the specimen can be examined

during the wear process. Such a technique will now be described.



NO
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6.2 Experimental apparatus and techniques

6.2.1 General Principles

Ideally, an instrument to measure the surface geometry of a
particular track during running-in would be an integral part of the
machine in which the experiment was taking place, (in this case
the experimental rig was the Archard crossed-cylinders friction
machine, figure 6-1). However, because the integration of the
Tzlysurf and the crossed-cylinders machine proved to be impractical,
a relocation technique had to be devised which enabled a specimen
to be measured in the Talysurf and rubbed in the crossed-cylinders
machine in such a way that 'during the running of an experiment not
only was the same track always measured on the Talysurf but exactly
the same part of the specimen was rubbed in the crossed-cylinders
machine. This means that two relocation schemes are needed, one
for Talysurf aud one for ithe crossed-cylinders mauhiué, togelher .
with a method of relating the measured track on the one to the

rubbed track on the other.

Before explaining these techniques a short description of the
crossed-cylinders machine will be given together with the functional

features that, after modification, it was able to measure.

6.2.2 The crossed-cylinders friction machine

A description of the machine and its advantages have been
given by Archard (1958). This consists essentially of a movable

carriage upon which a specimen can be mounted; over and at right



Figure 6-2. Crossed Cylinders Machine
showing flexible bar (A).

Figure 6-3. Crossed Cylinders Machine
() Upper specimen

(B) Lower specimen
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angles to the carriage a beam is mounted on giﬁbals. Another
specimen is hung under the beam so that it can make contact with
the upper surface of the specimen on the carriage. 1In this
arrangement the lower cylindrical specimen is in a horizontal plane
with its axis at 45° to the direction of traverse of the carriage
while the upper member, also in a horizontal plane is fixed at

450 to the beam in such a way that it makes a right angle with the
lower specimen. (Figufe 6-3). Thus the area of contact between
the two specimens is a circular fegion into which any part of
either specimen only enters once during a sliding operation,
figure 6—14(&). This has considerable advantages in experiments
of this kind because it helps to prevent avalaﬁche processes,

which are sometimes exhibited in wear experiments.
-

Various loads can be applied to the specimens by loading the
free end of the beam. Also, lubrication conditions can be altered
from dry to boundary because the lower specimen is held in a
holder, figure 6-4, which has a lip surround which is higher than
that of the contact point between the specimens. By filling the’
holder with oil the conditions can easily be changed from dry to
boundary lubrication. The holder also has to incorporate other

features described later.

An additional feature of the machine is a friction measuring
device in which the frictional force between the two specimens,
when in contact and moving relative to each other, causes a
deflection of a flexible bar A. (Figure 6-2). This deflection is

monitored by a Talysurf pick-up, the resulting signal from which
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is amplified by another Talysurf amplifier unit and then recorded.
There is, in addition, one more characteristic which can be
measured; this is the vertical movement of the beam caused by

the one specimen running across the top of the other. Obviously if
both specimens were smooth and straight no such movement would
arise. Here, as for the friction measurement, a Talysurf pick-up
and amplifier are used. An alternative device used sometimes

to measure the vertical moveﬁent, the "ride", is the Talymin Side

Acting Gauge.

One practical feature that has to be incorporated into the
friction measuring system is a high-cut filter, usually in our
case a digital filter, which is sometimes necessary to remove the
oscillations produced by resonances in the bar. Although
generally this filter is not required, in the case of light loads
the frictional force is so small that a thin bar is required in
order to allow the frictional force to produce a sufficient
deflection. This in turn can have the effect of lowering the
resonanﬁ frequency of the friction measuring system into the pass-
band of the friction signal which could, if undetected, give rise

to false friction readings.

The output from the friction and the 'ride" systems can be
linked to the data logger; the output signals from both being

compatible with that emerging from the normal Talysurf,



Figure 6-4. Lower specimen holder.

(A) Rotatable table.

(B) Screws to hold jaws down.

(C) Eccentric heads on screws.

(D) Movable jaw.

(E) Fixed Jjaw.

(F) Flat to locate specimen rotationally.

(G Flat to locate specimen axially.
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6.2.3 Relocation profilometry apparatus

For any given track along.the lower specimen easy and direct
comparison of any of the existing surface finish parameters is
possible because the information once stored‘digitally can be re-
examined time after time with different parameters in mind, using
exactly the same data. Hence for any given profile of the texture
any comparison of parameters is likely to be very accurate,
depending on the quality of the numerical andlysis techniques
that have been adopted. However, useful comparison depends on the

quality of the information in the first place.

In the basic experiment the surface finish of the lower
specimen is measured on the Talysurf, It is then put in the holder
(figure 6-4) on the carriage. The specimen is rubbed once, the
friction and ride graphs usually being taken at the same time. The
specimen is then removed from the holder and re-measured on the
Talysurf. After this the specimen is repositioned in the holder and
the process repeated perhaps with an increased load. The specimen
is re-measured after one, two, four rubs etc. From the graphs or
digital data the relevant parameters can be measured throughout

the whole of the running-in process.

The success of this type of experiment relies not only on the
wear occurring in the same place after repositioning but
also the measurement taking place along the same track. To achieve
these conditions some kinematic features had to be incorporated

into both the friction machine and the Talysurf vee block



Figure b-b.
Modified Vee Block.
(a) Micrometer.

(B) Specimen Collar.

Figure 6-6. Modified Vee Block

(a) Positioning screws in base.



arrangement. In order to facilitate this a three-quarter collar
was put on the end of the lower-removable-specimen. This is marked
with the letter B in figure 6-5. TFixed to the collar is a hardened

stud.

In the case of the Talysurf relocation preblem the necessary
modifications had principally to be made to the vee block,
figures 6-5 and 6-6. This involved designing a system giving six
constraints. To do this the vee itself was cut away to provide
effe;tively two sets of knife edges; contact of Fhe specimen
against these edges was achieved by means of a magnet inserted into
the base of the block. Axial movement of the specimen was
inhibited by locating the collar against a milled flat on the end
of the vee block. The stop inhibiting the rotational movement was
made adjustable tc allow any region of the wear track to be
investigated. The stop was attached to the side of the vee block
onto which the specimen collar stud located and was in the form of
a strip of metal, hinged, via crossed ligaments, to a fine
micrometer adjustment at the rear of the block, figures 6-5 and 6-6
Movement of the micrometer produced a small rotational adjustment
of the specimen. This pfoved useful in the investigation of the

metal flow within the wear region.

The same principle was employed in the specimen holder of the
crossed—-cylinders machine, figure 6-4, flats F and G being used to
locate the specimen rotationally and axially. A pair of jaws, one
movable, held the specimen. Knife edges were not possible in this

arrangement because of the load sometimes imposed on the specimen.
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Eccentric screw heads on the movable jaw allowed easy release of

the specimen from the holder.

These features ensure accurate repositioning of the specimen
after each wear rub, and measurement. It was equally important
that the Talysurf should have measured that part of the wear track
which was of most interest. Before this could be achieved,
however, the measured track on the Talysurf had to be set up
correctly. This in itself involved making the track of the pick-
up parallel to the tee slot in the Talysurf base, then ensuring
that the vee block axis was parallel to the tee slot and finally
that the track of the Talysurf pick-up lay in the same vertical
plane as the axis of the vee block. The first part was accomplished
by using a clock gauge which was positioned to measure between the
edges of the tee slot and the gearbo% column base. Positioning
of the vee block in the tee slot was achieved by means of screws
set into the base of the vee block, figure 6-6. The two outer
screws were used to adjust the direction of the vee block relative
to the tee slot whilst the two inner ones were used to take up

excessive slack.

A straight, smooth specimen of the same diameter as the test
specimens (62 mm) but about one third of a metre long was set in the
vee block and the screws adjusted until the long specimen was the
same distance from the second tee slot all along its length. The

vertical position of the gearbox was also adjusted at this stage.
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Turning now to the position of the wear track on the specimen.,
It was found advantageous to have the wear track directly on top
of the specimen i.e. in such a way that during sliding the gimbal
beam was horizontal. This was checked with a spirit level. Failure
to do this produces a wear track not quite parallel to the axis of

the specimen.

So far it is clear that many sources of error are possible
in an experiment of this nature especially whereva high degree of
accuracy and repeatability is being sought., Fortunately there was
one way in which these problems could be relieved, even assuming
that the careful measures that had been taken to ensure accuracy
had proved to be insufficient. This method consisted of literally
fitting the measurement track to the wear track. This was done by
depositing a thin iayer of carbon on the‘lower specimen, making one
wear track at a very light load and for a limited extent of the
possible traverse., The specimen was then removed from the friction
rig and measured in the Talysurf. Using this technique it was
possible when viewed under a microscope to distinguish between
the marks left on the surface by the stylus and those left by the
upper cylinder. The radial stops and the base screws on the vee
block were then adjusted until the measured track ran exactly
through the centre of the wear track.

6.2.4 Relocation profilometry - results and
other features

For the greatest possible accuracy and repeatability it is

essential that neither the vee block nor the Talysurf gearbox,
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Figure 6-8.

TALYSURF4

Talysurf relocation. This shows the
Talysurf and the vee block with the
specimen in position.
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once set, are moved. Removal and replacement of the specimen in

the vee block has to be achieved by slightly raising the pick-up

head against its ligament hinges to obtain enough clearance, figure 6-8.
Figure 6-7 shows the degree of repeatability achieved which is
comparable with that of other workers using different techniques

- (i.e. Hunt 1968).

A useful facility was introduced which enabled the chart
recorders associated with the friction and ride measuring systems
to be synchronised. Both could be operated by one switch which
enabled accurate determination of the relative phase of the friction
and ride graph. This feature enables us to obtain useful results

which are described in Section 6.5.

In the consideration of the ride, obviously the errors in
the slideway should be taken into account. This is not difficult

because over small distancec the error curve is small. 1In

fact,
because for most practical cases the data logger is coupled to the
ride, it would be a simple matter anyway to remove the slideway °

errors in the computer,

Some work in the development of the machine to make it
suitable for the type of experiment described here was carry out by
Lunn (1969) as part of a final year undergraduate project. He took
steps to overcome vibration in the friction and ride graphs due to
the motor and gearbox. He mouﬁted the carriage drive motor and
gearbox on a separate framework and used a flexible coupling to

the gearbox and the main shaft.
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FIG 6~10
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FIG 6~12

THE VARIATION OF PROFILE WITH SINGLE TRAVERSES AT
INCREASING LOAD.
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FIG. 6 =13
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6.3 Wear; changes in the surface geometry

6.3.1 Qualitative déscription

Use 6f the relocation technique described in Section 6.2.3
enables the geometrical changeévof the surface produced by the wear
process to be studied in detail. Figure 6-9 shows a typical example
of the results obtained using this technique. It illustrates how
the surface geometry changes when two cylinders (62 mm diameter)
of 0.57 carbon steel of hardness 300 D.P.N. are rubbed. together at
a fixed load of 2.5 kg under boundary lubrication. The roughness of
the cylinders was in this case 0.8 micrometre Ra and the lubricant
was a mineral oil. Figure 6—10.shows similar results using a load
of 0.5 kg. All these graphs show that it is in the first few
traversals of the load that much of the shorter wavelength
structure of the surface finish is lost; the long wavelength
structure is more likely to be preserved, a peoint that will be
referred to again in Section 6.3.2. As a first simple measure of
the changes in topograpﬂy the change in Ra value is illustrated in
figure 6-11 and it will be seen that after the first few traversals
further changes are relatively small. Another type of test in

which the normal load is increased in successive traversals is

shown in figure 6-12. Here again, the same features are displayed.

The accuracy of the relocation technique enables the worn
profile to be plotted back onto the original unworn profile both
for the case when the profile was worn away with many traversals

at fixed load and with progressively increasing load. This is



shown in figure 6-13 where the worn part of fhe profile appears
as a dotted line while the full line is that of the original
profile (which includes those parts of the worn profile that have
been unchanged). It is immediately obvious that it is the smaller
peaks situated high up on the profile that have the greatest
probability of being removed. Because of the possible presence

of adjacent peaks which will carry the load a given peak will not
necessarily be smoothed (especially at light loads). The curved
line on top of these profiles will be explained later in Section

6.3.2.

Another sort of profile change in the crossed-cylinders
type of experiment is shown in figure 6-14(b) which shows just
how the metal has behaved at the edge of the wear track. Using
the adjustment on“the relocation device on the Talysurf enables an
investigation to be carried out all over the wear track. In this
particular example the trailing edge of the wear track illustrates
the "phase change" that has taken place. Here the word '"phase"
is used spatially and not metallurgically. In the crossed-cylinders
machine this phase shift occurs on the sides of the wear track.
The reasons for this feature are associated with the way in which
one surface moves over the other in the .crossed-cylinders érrange—
ment. A given point on one specimen traces out a path on the
other at 45° to the tracks which run axially along the lengths of

the two cylinders, figure 6-14(c).
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6.3.2 Wear or running-in as a mechanical filter

Also plotted on figures 6~13 and 6-~14(a) is the locus of the
lowest point of a smooth upper specimen supposed to have been
moved across the original profile without deformation. What
stands out in this plot is the remarkable resemblance of the shape
of the subsequent worn profile to that of the shape of the locus
of the smooth upper cylinder. It appears from this, therefore,
that the final shape of the worn or run-in profile is determined
to a large extent not only by the original profile but also by how
the other body contacts it under no load conditions. This is
precisely the situation dealt with in Chapter 5 when the Envelope

System of surface measurement was considered.

Two things emerge from this and similar experiments. First,

the worn profile and the original envelone become increasingly

similar as the running-in proceeds. Second, the wear process is

in effect acting as a mechanical filter.

Thus, because the worn profile progressively approaches the
envelope in shape as the wear continues to take place and because
the average characteristics of the envelope are determined largély
by the ratio of the radius of the part to the independence
distance, it is not unreasonable to suggest that the correlation
distance is a factor of major importance in determining the run-in
profile i.e. the correlation distance is of major importance in the

wear process.
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We consider now the separation of the envelope line from
the worn part of the profile shown in figures 6-13 and 6-14. As a
first step to determine whether this separation can be explained in
terms of the deformation it is useful to decide whether this

deformation is elastic or plastic.

Consider first a load of 8 kg shown in figure 6-14. Assuming
that the yield stress can be approximated to the hardness which in
this case is 300 D.P.N. then the radius of the contact zone under

plastic deformation would be given by:

a = /X (6-1)

T H

where W is the applied load and H is the hardness; then, from
equation (6-1)

a & 10—1 mm

For elastic conditions

a = 1.11 (EI‘;—R]I/3 (6-2)

Where W = 8 kg, E is the elastic modulus = 2 x 1012 dynes/cm2

and R is the radius of the specimen. From this equation

an 10—1 mm which compares with that for the plastic case hence
the condition must be near to critical load, midway between the
onset of plastic flow and fully plastic conditions. Thus either

equations can be used to give an idea of the separation.

.
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FIG 6—-I14C

ACTION OF CROSSED-CYLINDERS MACHINE

. DIRECTION OF
SOFT UPPER SPECIMEN MOTION

POINT OF CONTACT

HARD LOWER SPECIMEN WEAR TRACK
SHOWING DIRECTION OF
SCRATCHES



162

For a spherical contact to be plastically deformed such that
the radius of the contact is 10-1 mm, using the spherometer formula
h = a?/2R, the depression h must be about 1.5 pym. Examination
of the graph in figure 6-14 shows an average drop in level of about
this magnitude suggesting that the drop in level is indeed

associated with deformation.

The fact that the instrumental technique is capable of detecting
changes in level of much less than this figure can be seen in
figure 6-15 which shows a set of results taken on a ground surface.
Special precautions were taken to preserve the d.c. level during
the experiment. Apart from the case where the applied load was
32 kg,and well over the plastic limit, the repeatability of the d.c.
level is of the order of 0.25 um. This means that, at least as far
as this type of experiment is concerned,the valleys do not

apparently move upwards during the running-in process.

This conclusion about lack of movement of the valleys is
different from that of Williamson (1968) who showed that in simple
loading experiments in which no tangential movement was allowed,
i.e. the specimen was completely contained in a "pot', the valleys
moved up under extreme loads to the mean plane level at the same
time as the peaks moved down. In our experiments, however,
tangential movement was allowed.and there is evidence that because
the metal was not completely constrained as in.the Williamson
experiment the metal was pushed to the side of the wear track
(figure 6-14(c)) and no rise in the level occurred. Figure 6-14(b)

/
shows how, by the use of the micrometer adjustment on the
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relocation device, the metal flow in the wear track can be
investigated. It should be possible, using this technique and
taking many parallel traces across the wear track, to find out

exactly where the displaced material goes.

6.3.3 Parameters of the profile and their
modification by rubbing

It has already been stated that surface geometry parameters
likely to be of importance in tho wear process are the curvature
at the peaks and the slope of the flanks because according to
modern theor§ thesz factors of the geometry, combined with the
mechanical properties, determine whether the peaks will be
elastically or plastically deformed. ~ Obviously the material
displaced by plastic deformation will cause the geometrical cﬁanges
during the wear process. The relocation apparatus, together with
the data logger and the crossed-cylinders machine, provide the
opportunity to test the idea that these features of the surface
topography are those most directly affected by rubbing. It might
be expected that the effect of running-in will be that the
curvature or slope of the asperities will be rapidly adjusted by
plastic flow so that after a few traversals the deformation becomes
primarily elastic, figures 6-9 and 6-10. Measurements of these
sophisticated parameters can be carried out during the wear run by
means of digital techniques — measurements which would be very

difficult by any other means.
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Soft specimens were deliberately selected (300 D.P.N.) so that
the geometrical changes could be expected to show up quickly. As
before the upper member was a hard, polished cylinder. The original
Ra was typically 0.5 um. In addition to the profile both the
friction and the "ride'" of the upper member on the lower were
recorded in digital form on punched paper tape.. It should be noted
that failing the availability of recording apparatus or two data

loggers these could not be recorded simultaneously.

As well as the two parameters mentioned above being
digitally measured, many other types of parameter could be evaluated
from this basic data; for these some special programs had to be
written (Appendix 2). Because all the parameters are measured
from the same sets of data then a truly meaningful comparison can
be carried out. The wear process was accomplished by performing
runs at progressively heavier and heavier loads. Between runs the

profile was digitally recorded.

Figure 6-16 éhows how the power spectrum of the surface
changed during the wear process. It shows clearly that the
components of the geometry carrying most of the "energy" (taken
as those having wavelengths longer than the half power point) were
hardly affected until the load applied was severe enough to cause
considerable plastic deformation; however, the small wavelength
components, 1i.e. those less than the five percent power point, were
considerably attenuated with even the smaller loads. This provides
some direct experimental support for the qualitative argument

advanced above that one major effect of rubbing is that the broad
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scale structure tends to be preserved. Thus we would expect that
the run—-in surface geometry might be described quite satisfactorily
by the zero-order Markov chain model of the surface; the higher

frequencies not having anything like the same importance.

A comparisop of some of the other parameters measured is shown
in figure 6-17. In this all the parameter values for the original
profile have been taken as unity to display more clearly the changes
that occur during running-in. A result which can be observed
immediately is that the average curvature at the peaks changes more
rapidly with rubbing than does any of the other parameters. The
average slope also is very sensitive to wear, whereas the Ra value
commonly used in surface finish is relatively stable; dropping to
73% of its original value as opposed to less than 357 for the
average peak curvature. These results show that it is, indeed,
peak curvature and slope that change most in the wear process;
this is the rcsult forecast at the start of this section based

upon the ideas of surface contact discussed in Chapter 4.

Figure 6-18 illustrates the close similarity of results which
are obtained by measuring either average or root mean square values.
Because of this,and for simplicity, average values have been used
to display the changes in figure 6-17. These results are only
taken up to a load of 16 kg because the surface became torn for

loadings much higher than this.

To emphasise the role of the wear process as equivalent to

that of a high-cut filter consider a comparison of figures 6-17,
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6-18 and 6-19. Figure 6-19 shows how three parameters, the height,
slope, and curvature, of the profile change when the waveform is
subjected to a high-cut digital filter of 12 dB per octave.

Because, by their very nature, curvature and (to a lesser extent)
slope are dominated by the short wavelengths they tend to become
dramatically attenuated as the filter cut—off is brought into the
wavelengths.containing most of the energy. On the other hand, the
average height (Ra) does not change rapidly with changes in high
frequency cut. In effect, as a broad guide drawn from the comparisons
of figures 6-17 and 6-19 it might be suggested that the running-in
process for this specimen hardness as typified up to loads of

16 kg is equivalent, as far as éhe R, value is concerned, to a
high-cut filter cutting at wavelengths of 75 pm whereas the
equivalent cut is at about 16 um for slopes and 5 um for curvatures.
Care must, however, be exercised in extending the comparison
between the effects of filtcring and wear. Filtering affects the
whole of the profile; as tﬁe results obtained in this chapter show,
but the influence of wear, particularly at light loads, is upon

the upper part of the waveform.

Using equation (6-1) some idea of the extent of the filtering
effect of the wear process can be obtained. This shows that
assuming that the crossed-cylinders contact can be approximated by
the contact between smooth surfaces, the width of the plastic zone
is approximately 0.06.VW where H has been taken as 300 D.P.N. and
W is in kilogrammes. Equation (6-1) also shows that tﬂe plastic

zone radius is inversely proportional to the square root of
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hardness and hence the effective filter cut-off is likely to be
related inversely to hardness. Figure 6-20 shows where these zone
widths lie with respect to the power spectrum. It illustrates why
the five percent power point is more strongly affected by small
loads than is the half power point. However, it should be
emphasised that the zone widths drawn on this graph cannot be
compared directly to that of the cut-off of a digital or electrical
filter. This would imply that the zone averages the profile in a
way similar to a rectangular weighting function; this cannot be so
because the wear process is inherently  asymmetrical. But the
example does serve to illustrate the shape of the curves in

figure 6-16.

Some other points concerning the way in which the profile
changes during wear should be mentioned. The feature of asymmetry,.
just described, obviously produces an asymmetric change in the
profile geometry. This can be demonstrated by measuring the skew
of the profile distribution or some derivative of it, for instance,
the maximum peak minus the maximum valley divided by the R, value.
Changes of two to one over the same range as in figure 6-17 would
result. Unfortunately, ékew as well as the other high order
moments of the ordinate height distribution are not very stable
measures, being strongly influenced by rare events in the sample,
One further point is that all measures of peak or ordinate height
are not very much changed by the wear process. Any measure of the
valley height is affected even less. This does not necessarily

mean that these are poor parameters; it depends whether the parameter
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is being used as an estimate of the surface finish which will result
after the running-in stage has been completed. For example, the
original R, value, which does not change much during the wear process,

is often used as an estimate of the run-in value.

6.4 Movement of rubbing bodies under load; the ride

As mentioned in Section 6.2 the part of the crossed-cylinders
machine which measures the ride consists of a pick-up mounted in
such a way as to pick up the vertical movement of the upper member
in its travels across the lower one. Using this apparatus it has
been possible to measure the ride of the upper specimen for
various loadings and hence‘come to some conclusions about the
elastic and plastic properties of the contact and in particular
elastic recovery. Ride is, however, quite difficult to measure
except for really rough specimens. This is because of the inherent
errors in the’carriage slideway and the tendency of the apparatué
to deform under load. Consequently considerable digital filtering
may be required to extract any useful information from the waveform.
For a rough specimen in which the carriage errors are small compared

with the ride the situation is much simpler.

The nature of the ride waveform can be seen clearly in
figure 6-21(a) which shows how nearly the curve approximates to a
Gaussian distribution. Any differences can no doubt be attributed
to the fact that the length of sample is statistically small;
because the bandwidth of the ride waveform is smaller than that of

the corresponding profile one requires a longer duration to get the
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same degree of reliability as that of the equivalent profile. This
statistical difference is also illustrated by the differences that
occur between the 1 kg and 2 kg curves which are both shown. An

application of the ride will be discussed in Section 6.5.2.

6.5 Friction

6.5.1 Introduction

The earliest systematic work was done by Coulomb (1785) who

- was the first to give an analytic approach. He suggested that
friction bet&een surfaces was principally due to the work required
to lift loaded asperities over each other. One of the reasons

why this approach has met with little acceptance in modern times
is because the mechanism is not dissipative; it could not, on its

own, explain a steady frictional force.

Recent work has pointed to two major mechanisms being
mainly responsible for the frictional force; the so-called adhesion
term which is related to intermolecular forces within the surface
layers and a ploughing term which is necessary to explain the,
sometimes irreversible,deformations caused in the bulk of the
material by the ploughing effect of the asperities. In what follows
some experiments will be described which try to reveal some aspects
of the friction and how it is influenced by surface finish. The
experiments were carried out at slow speeds (10 um/sec and 50 um/sec)
so as to avoid heating effects. A small amount of o0il was present

so that boundary lubrication conditions prevailed.



FIG. 6-22

COMPONENT _OF COULOMB _FRICTION
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Only the fluctuating components of the friction were
investigated because these were considered to be more related to
the surface finish than the mean value which although usually much

larger, is more related to the adhesive term.

6.5.2 Coulomb friction

To see what sort of relationship to expect between the
frictional force and the surface geometry consider figure 6-22
which shows the situation where two asperities have interlocked.

Let u be the coefficient of friction due to adhesion and F the force
required to pull the one asperity in the direction shown. Also let
the upper surface have a load W on it causing a reaction R at the
point of contact. Assume further that the average angle at the

point of contact is 6. Resolving vertically

W+ uRsin® = R cos 6 (6-3)
horizontally
F = uRcos 6 + R sin 0 (6~-4)

from which

W = Rcos 6 -y R sin 6 , (6-5)
The coefficient of friction actually measured is F/W = Mogfe
Hence Mogs is given by the division of equation (6-4) by equation

(6-5) from which
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R cos 8 + R sin 6

u
u = = — 6-6
eff R cos 8 — u R sin 0 (6-6)
_ ﬁ + tan 6 . _
" 1 -y tan 8 (6-7)

For the case of real surfaces tan 6 < 0.1 and u‘m 0.1 so that

U tan 6 can be neglected compared with unity, hence

ueff u + tan 6

Or W e = Uty (6-8)

. ™
In equation (6-8) u = S/H where S is the average shear strength of

the area of contact of the two surfaces and H is the microhardness
of the surface layer. Equation (6-8) says, in effect, that
measurement of the average level of friction gives a measure of the
adhesion and if this is assumed to be constant along the surface
then measurement of the fluctuating friction component gives an
estimate of the differential of the surface geometry, or ét least
that part of the geoﬁetry which is made apparent in the ride of

the one component on the other.

That this is so can be seen in figure 6-23 which shows the
variation of frictional force measured at precisely the same time
as the ride. In producing these results, synchronisation of the
friction record with that 6f the ride is essential. It can be
seen that where the fluctuating component of friction cuts the mean

friction level that the ride is at a stationary point. As an
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example of the quantitative accuracy of this differentiation
consider position A marked on the figure. It has a peak value of
0.70 cms. The calibration of the friction graph was such that

200 grams on the end of the beam gave 30 mm on the graph at a
magnification four times smaller. This means that the frictional
force at the end of the beam corresponding to position A was

11 grams which gives a coefficient of friction of 0.022 in this
case, because the normal load was 500 grams. Above this peak on
the friction graph is a steep slope of the ride graph. This has a
maximum slope, corresponding to the stationary point on the

friction graph, of value 0.02.

From this it can be seen that within the accuracy of the
experiment the variation of the friction graph does give the
'differenfial of the ride graph. Above the ride graph is shown a
Talysurf profile trace taken over the same region on the specimen
before the friction run had been taken. Although it is difficult
to compare this directly with the ride and friction graphs because
of the slightly different horizontal magnification, the figure

does show a reasonable agreement between the ride and profile.

Whether or not the differentiation can be seen depends on the
constancy of ﬁ in equation (6-8). In these experiments,because
boundary lubrication exists,the value of u is smaller than would
be expected with dry conditions thus making the ratio of the

alternating-to-mean value of friction rather larger than would

otherwise be expected.
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The results shown here point to the fact that it is the slope
of the surface geometry rather than the profile itself which

contributes to the alternating components of the frictional forces.

6.5.3 Nature of the frictional fluctuation

To obtain information about the frictional variations the use
of the data logging techniques described in Chapter 3 is essential.
Well over three thousand measurements of the friction and the ride
waveform were taken just for any one track. From these measurements
much information can be gleaned. For instance, it was found that,
as in the case of the ride (figure 6-21(a)) the friction measure-
ments (figure 6-21(b)) also have a distribution which is very close
to Gaussian. This is a point noticed by Nagasu (1951) for static
friction and Rabinowicz et al (1954). Again,as in the graph of the
ride variation, two examples are given, one at 1 kg and one at 2 kg
to give some idea of the variation that can exist betwecen different

tracks.

One point concerning the processing of friction information is
that the large variations. that can sometimes be introduced into the
ride waveform due to errors in the apparatus are less likely to be .
of such importance in friction; in many cases the friction waveform
does not have to be processed by a digital low-cut filter before
evaluation. Rabinowicz (1957) has proposed measuring the variations
in the transverse friction force rather than the ordinary variations
in the direction of traverse in an attempt to remove the large

average friction value. It has rarely been possible to leave out
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the filtering stage in the case of the ride waveform.

Using the data obtained in digital form from the friction
measuring system it has been possible to measure autocorrelation
functions of the friction for different loadings. From these
autocorrelation functions, which were generally exponential in
form, the independence length of the friction has been obtained in
much the same way that the independence distance of the profile was

determined.

Values of this friction independence distance have been
plotted in figure 6-24 for loads on the specimen from 1 kg to
16 kg. This distance is plotted as a function of the width of the
plastic zone to be expected on the lower specimen using equation
(6-1). TFrom the graph it appears that the distance of independence
of each friction waveform under these conditions correlates well

with the width of the plastic zone for the load used in each

[

experiment, Remember that in this experiment the upper specimen

was smooth and hard compared with the lower specimen.

The plastic zone region determines the area within which all
the forces making up the.frictional force originate. This force
will be made up of contributions from all the individual contacts
actually within the zone at any one time. Therefore, consider the
simplified situation shown in figure 6-25(a). This shows two v
possible ways in which the tangential force might vary for a single
contact from the time that it enters the contactAregion until the

time that it emerges, crushed to some extent, at the other end.
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If it is assumed that the effect of the physical size of the contact
is merely to scale up the curve in height then the situation, in
general, for the simplified two-dimensional case would look like
figure 6-25(b) which shows, for clarity, only three contacts

C1 02 and Eé in the contact zone. 1In ﬁhis figure 1 is a dummy
space variable. Again, for clarity, the second shape of the
tangential force-displacement curve is shown in tﬁe figure 6-25(b)
because it enables the actual force being generated by each contact
in the zone to be seen more clearly than it would for the first
shape. In the method of presentation shown the actual total force

is found by adding up the contributions from each contact in the

zone along the line AB.

To see why the friction independence distance and the plastie
zone should be related consider the situation shown in simplified
form in figure 6-25(b). Along the x axis are a number of impulses
representing the surface asperities on the lower member; these
impulses only refer to those large asperities which are potential
contacts. Notice that these asperities likely to be contacts are
probably dictated by the independent events of the surface. For a
random surface these impulses will be randomly distributed through-
out space. If the tangential force-~displacement curve for each
individual contact within the contact zone is s(x) then the total
frictional force that would exist if all these peaks were in contact
would be M(x), but in practice because of the finite extent of the
plastic zone region only a finite number of contacts will actually

be contributing to the total friction force at any one position
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x of the zone on the surface, i.e. the frictional force actually
measured at (x), M(x), will be,in effect, a sample from the total
population M(x); simply, for this exercise, M(x) can be taken to be
the convolution of C(x) with the plastic zone width (or more
strictly with the tangential force-displacement curve which only

exists over the plastic zone width); where C(x) is the function

describing the contact distribution in space.

M(X) = C(x) « (U (x+1L/2) -U (x~-1L/2)) (6~9)

where U(x) is the Heaviside function.

If F(w) is the Fourier transform of M(x),

F(w) of C(x) and G(w) of (U (x + L/2) - U (x - L/2))
then
F(w) = Fw) x G(w)

For this simple case

o g—i&%ﬂg (6-10)
Hence the power spectrum of F(w), P(w) is given by
— 2 ? . 2
P(w) = P(w) x lG(w)l 4P (w) sin® wlL/2
w2
(6-11)

Where Exw) is the power spectrum of Exw).
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Now if, as is drawn in figure 6-25(b), the contacts can be
considered as small compared to L in width, thén each contact can
be considered to be an impulse. Hence Exw) + 1 providing they are
randomly spaced. (Papoulis 1967). Consequently taking the
inverse transform of equation (6-11) yields the autocorrelation

function C(B)

e - a-Ehy (6-12)

which is triangular and zero at L.

The equation (6-12) assumes that the tangential force-
displacement curve is rectangular as shown in figure 6-25(a).
This may well not be the case. It could be many different shapes
(Rabinowicz 1956, Green 1955) but it will still not affect the
basic argument that C(B) will decline towards zero as 8 - L. This
because, in effect, the graph of the tangential force-

displacement curve of the contact acts as the impulse response of

the friction behaviour. The fact that it is L in length no matter

what it has for a shape will make C(B) N O at B = L. Obviously
for the more realistic case where the contact size is not small
compared with L then the independence distance of the friction
will be correspondingly larger, by the contact size amount. It
should be possible from the transform of the autocorrelation
function to get some information concerning the true nature of the
tangential force-displacement curve. The result shown in

figure 6-24,together with the reasoning given above, point to the

conclusion that under the conditions of this experiment the
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independence length of the friction waveform should correlate
closely with the plastic zone size. Indeed, under the conditions
of this experiment it would appear that the Fourier transform of
the tangential force-displacement curve represents an approximate
transfer function of the friction process, where input is the

profile contacts and the output is the frictional force.

6.6 Discussion and Conclusions

In this chapter the relationship between the topography of
surfaces and some of their tribological characteristics has been
examined. Naturally, this examination has been exploratory and has
been based upon a few simple, but highly instrumented, experiments.
The outstanding conclusion which can be drawn from this work is that
there is a wealth of information which could be obtained from a

more extended series of experiments.

ﬂoét of the merits of the work described here, and some of its
disadvantages, arise from the use of tﬁe crossed-cylinders machine.
By its use it has been possible to correlate a given feature of the
surface topography. Two important features of the crossed~cylinders
arrangement are relevant in this discussion. First, the arrange-
ment provides a single, well-defined, region of contact but a

region whose characteristics are affected by the surface topography.
Second, in sliding, this region qf contact moves continuocusly to

a fresh region of both the specimens; thus any changes in topography
and their relation to, say, the measured friction, are not masked

by the fact that some points on the surfaces are rubbed many



times before changes in topography can be examined. The major
disadvantage of the present‘machine arises from the inaccuracies
of the slideway which have contributed to difficulties in making
meaningful and significant measurements of the ride, especially
in measurement of its autocorrelation function. However, these
difficulties arise from the construction of the apparatus, (the
only one available when the work commenced) rather than from the

principles involved in its design.

Other instrumental features that have been of major
significance in this work as distinct from others in the field
have been not only the use of relocation techniques to monitor wear,
friction and ride but also the use of data logging techniques which
have led to a far more precise measure of the parameters during
running-in than that which has previously been possible. This
has not simply been due to the data logging itself but it is also
due to the use of numerical analysis techniques described in
Chapter 3. It is the use of these three features simultaneously
(a) crossed-cylinders, (b) relocation techniques and (c) digital
analysis of results, that have made the overall method so powerful.
These have helped to defiﬁe more precisely the conditions of
operation of the experiments and hence give more weight to the

results obtained from those experiments.

The difficulties involved with working with undefined
conditions applies,therefore,with even greater force to the limited
number of earlier published accounts of work in this field, the

most important of which will be mentioned below. Experiments have
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been carried out by Ostvik and Christensen (1968) on the changes

in the surface geometry that occur during the running-in process

of disks under E.H.L. conditions. As 1in our case, the geometry was
monitored systemmatically throughout the wear process using data
logging facilities, a number of parameters were measured during the
process. For their particular application they used a two-disk
machine which although enabling varying degrees of sliding and
rolling to be achieved, allowed the possibility of "avalanching"

of the wear process to take place because the wear track did not
continuously create new areas, as in the crossed-cylinders machine.
Also they diﬁ not attempt to relocate the wear track exactly after
each measurement which made the real comparison of parameters
before, during, and after wear, very difficult especially as in
most cases only two tracks were taken in order to get a statistical
average. In the processing of the data also, there is evidence of
false values due, as they say themselves, probably to impioper
alignment of the specimen during measurement of the surface.

This produces obvious discrepancies in not just one of the measured
parameters, namely, the power spectrum, but it throws some doubt

on the rest of the measured parameters. Good pre-processing of

the data such as that described in Chapter 3 would considerably

alleviate this sort of problem.

Grieve, Kaliszer and Rowe (1969) attempt to monitor the
surface geometry during the wear process. They use both relocation
techniques and data logging techniques to record a three-dimensional

contour of the specimen from parallel tracks taken with a Talysurf



along the specimen. They use a technique for this based on that

of Williamson (1968) although not so refined in the maintenance

of both the dc level and the alignment of the traces. They use

two machines, one a pin and ring machine and the other a two-ring
machine., In neither of these is the same unambiguity of result
achieved as with the crossed-cylinders machine. In the experiment
they measure both friction and wear and in the digital analysié

use three-point analysis taking no account of the problems that
this and sampling inevitably introduce. Only the R, and slope
parameters are evaluated. Again, only more so, their results
depend critically on the quality of the data they obtain from their
apparatus. They presume heavily that not only is the surface
aligned to the Talysurf apparatus when being measured but also

that there is no curvature or error of form present in the waveform
itself, both of these conditions being difficult to ensure in a

o s .
practical stituation.

A number of workers have been active in the analysis of the
fluctuations in the frictional force, in particular Strang and
Lewis (1949) and Rabinowicz (1951, 1954, 1956 and 1957). Strang
and Lewis attempted to estimate the magnitude of the fluctuating
component by measuring the sum of the vertical movements (ride) of
the upper specimen in its movement over the lower at the same time
as they measure the frictional force. No attempt was made to
relate the instantaneous behaviour of the friction graph with that
of the ride or that of the actual surface profile. They concluded

that the percentage of the fluctuating component to the mean was
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a small percentage, being of the order of 5%.- Rabinowicz (1954)

has shown thaﬁ the fluctuations of the friction gréph do appear

to follow a Gaussian law; as verified in our experiments. He

does not relate this to the surface finish or the ride. Also
Rabinowicz (1955) attempts to simulate the autocorrelation of a
friction graph by taking various models of the shear force-
displacement graph. He does not take into account any random element
in the positioning of the contacts themselves. His practical

results indicate that under the limited conditions of his experiments
where both surfaces were equally rough the distance of independence
corresponded to about twice the average contact size. This tends

to verify our results,where the one body is smooth compared with

the other and the independence distance is equal to the plastic

zone size.

Restating the work described in this chapter, it will be seen
that, despite its limitations, it appears to be the first attempt
to measure in a single co-ordinated experiment, the friction, the
ride, and the surface topography (both in its original form and as
modified by rubbing). One major result of this work has been to

show that the experimental evidence forces us to the conclusion

that these tribological features can be regarded as stochastic
processes and are capable of analysis in terms of the type of
theory developed in Chapters 4 and 5. The important distinction
is that, whereas the earlier work has as its starting point a
strong theoretical basis, the present discussion is firmly founded

upon experimental measurements.
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The results obtained have illustrated that the concept of a
surface in terms of its main structure as determined by its independence
(correlation)length and RMS value is useful in the prediction of
the run-in profile characteristics and in determining the effective
filtering action of the wear process itself. Under the conditions
of the experiments, the results have also pointed to a transfer
function of the friction process. Further, these-exercises have
shown the importance of the light or no load contacting conditions
in determining the run-in profile and have thrown light on these
topographic parameters most likely to change throughout the wear
process and also on those likely to remain constant; the one being
important in monitoring the wear process, and the other for
prediction of the run-in profile. More work can be done using the
accurate relocation profilometry to investigate the flow of metal
in the wear track. The accurate dc relocation provides a powerful
means of contouring acrees the wear track whercas the high radial
relocation accuracy in addition enables parameter usefulness to be
assessed. ‘

Synchronism of the ride and friction waveforms have enabled
information to be obtainea about the nature of Coulomb friction.
What remains to be done is a complete tie up between the friction,
ride and profile waveforms. This would enable quantitative
information to be obtained concerning plasticity and elasticity
and in particular the elastic recovery. One very interesting
exercise would be to cross-correlate the friction, ride, and

profile graphs; an experiment which would need a little more

refined apparatus.
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In summarising, the following comments can be made:

(a) When random surfaces are used, the tribological
characteristics like ride and friction are also

stochasiic functions.

(b) The power and versatility of the crossed-cylinders
machine together with relocation techniques and
data logging facilities have been proved beyond

doubt.

(c) Possibly the most important point is that the
model proposed to describe the surface geometry
not only enables some predictions to be made

about the main tribological features, it also
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7. THE GENERATION OF RANDOM SURFACES

7.1 TIntroduction

In Chapter 4 the model used for the statistical description of
a typical manufactured surface consists of a profile having a
Gaussian distribution of ordinate heights together with an
exponential autocorrelation function. One of the main reasons for
the choice of these parameters was the fact that a significant
proportion of surfaces which have been measured in the past and many
others which have been deemed to be typical of common engineeriﬁg
practice in a recent OECD programme (von Weingraber 1969) have

characteristics in reasonably close accord with the chosen model.

The types of surface which show a particular similarity with
the model include those produced by manufacturing processes which
involve some random element, for example, sand blasting or grinding.
These techniques, particularly grinding, are the finishing process
~for a high proportion of surfaces used today; other basic cutting
processes are more commonly used for stock removal rather than

finishing.

In considering the characteristics of surfaces as derived
from digital presentation of profiles it is necessary to consider
the extent to which the pre-processing of the data prior to the
analysis has affected the shape of the autocorrelation function.
An autocorrelation function which might be exponenpial in shape
can easily be changed to a second-~order form similar to a damped
exponential cosine, by the introduction of a low-cut filter; as

mentioned in Chapter 3 such a filter has to be used to remove
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unwanted curvatures and slopes from the original data. In other
words many autocorrelation functions which might appear to be second
order could in fact be exponential. Indeed the exponential
correlation function may occur much more commonly than is suggested

by published data.

The widespread existence of surfaces having a height
distribution which is close to Gaussian is even more clearly
established (see for example, Pullen, Hunt and Williamson 1969).
It therefore seems relevant to enquire whether the model adopted
in Chapter 4 is to be expected when surfaces are generated by
mechanical methods involving random processes. This question is,
in turn, related to one of the central problems of the modern
subject of surface typology discussed in Chapter 2; that 1is,
whether it is valid and meaningful to classify surfaces by a
specification of their height distribution and autocorrelation functions.

(Unless stated the normalised autocorrelation will be considered).

To explore these questions it is necessary to develop a theory
of the gemeration of surface profiles by random methods. To ensure
its wide applicability, the method adopted here will be quite
general. It will be assumed that the profile is produced by a
series of unit events, each event possibly involving the removal,
or movement of material in small quanta. The unit events will
occur in a random fashion at points along the profile and the
effect of changes in the nature of the unit event (including
random variations in its shape and size) will be investigated. It

is clear that such random elements of the process will occur in
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practical machining methods but the details of how this occurs in
practice will not be considered at this stage. It is hoped that
this approach will provide some physical insight into the
relationship between the characteristics of the generated profile

and the details of the mechanisms involved in its generation.

7.2 Simple simulation experiments

7.2.1 Method

The method adopted to explore the nature of the generated
profile shape is by a simulation of the mechanics of the
manufacturing process on a digital computer. As an example, in
this technique the quanta representing the machiningelemeﬁts on a
grinding wheel, the grits, are first specified as having a certain
shape énd size. The original profile is taken to be a horizontal
- straight linc, rcpresented in digital form, and extending over
some 5 000 locations. In what follows, for the sake of simplicity,
the machining elements will be called érits. In practice, the
element could be a bead, a shot, or even an ion. In each computer
"experiment' the shape of the unit events and their height

distribution will be specified.

The position of the grit horizontally with respect to the
surface is decided by a random number generator which gives a
number between 1 and 5 000; this number is then taken as the
location in the profile where the grit impinges. Another number

representing the height of the grit is generated subject to rules
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explaiﬁed later; this represents the height,’relative to a zero
taken as datum, at which the tip of the grit is presented to the
surface. The shape and size of the grits are also decided, where
appropriate, by another random number. If the grit so generated
interacts with the profile at the appropriate location then a 'hit'
is recorded; the height of the profile at that location is then
modified to corresponding to this interaction. Locations
immediately adjacent to it are then modified in accordance with the
assumed shape, size and mechanism of interaction of the grit. After
many such hits a profile has been built up which can then be analysed
in much the same way as real surface profiles. This will be

described in Section 7.2.3.

In this whole process a very important feature is the random
number generator. The pseudo random number generator used here
has the following formula. If RNi is the new random number and

RN. ., the previous one then

RN, = (m+ RN, )8 - integer (m + R, ;)8 (7-1)

1 1

This yields a random number between O and 1 uniformly random to
eight decimal places. The first four of these digits.are used to
define the horizontal location, the next two, the height at which
_ the grit is presented and the last two the size of the grit. The
shape of the grit is determined by the mode of operation of the
computer program. This generator gives about ten thousand numbers

before any danger of cycling occurs.

To generate a height distribution of grits which is other
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than rectangular is complicated. However, a method has been devised
in which other desired height distribution shapes can reaily be
produced. In this method the curve of the desired height
probability density function is drawn relative to a two-dimensional
vector matrix whose rows are a” and columns b” i.e. the equation

of the curve in terms of a" and b* is found where, say, the height
variable is a” and the probability density b”. This is shown for
an almost symmetrical triangular distribution in figure 7-1. Any
pair of co-ordinates represent a location in this matrix. If, when
a pair of numbers has been generated the location lies outside the
curve, say at position A, then the number is rejected, but on the
other hand if it lies within the curve, say at B, then it is accepted
and the value of a" is used as the height at which the grit will be
presented to the surface. In this way heights corresponding to any
probability density are selected the correct number of times but

i1l a randull oider. wusing this technique, a heighc distribution
having any shape within finite height limits can be generated.

Some examples are shovm in figure 7-2 (c), (d and (e). These
three height distributions have been used in these investigations.
There are no reasons, other than those of operational convenience,
why true truncated Gaussian or exponential distributions should

not be employed instead of the approximate forms shown here which

were used to represent them.

These three height distributions are of particular interest
because of their use by research workers in this field. A Gaussian

grit height distribution has been used by Baul (1967) in his work
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on simulated grinding. Orioda (1955), Yoshikawa and Sata (1968)
and Yoshikawa and Peklenik (1968 and 1970) have used the linear
distribution shown in figure 7-2, or similar shaped distributions.
Yoshikawa and Peklenik (1970) use three different distributions
correcponding to different dressing conditions of the grind wheel;
of these three, two correspond to the linear and rectangular
distributions which we use. Because of the difficulties involved
in predicting the most significant distribution to use we rely,
for our justification of the use of such height distributions,
upon the practical considerations taken into account by these

researchers.

The other consideration relevant to our investigations is the
way in which the grits or events are distributed across the
surface. In earlier work by other workers this distribution of
grit positions is assumed to be uniform., What this implies and
the tests used to ascertain the statistics of this distribution will

be described in Section 7.3.2.

In our experiments two basic shapes of grit have been
considered, the rectangular grit, and the triangular grit. The
former is generated in two ways either having fixed width or
alternatively a random width; which of these two modes is used
depends on the path through the computer program. If the mode is
fixed width it can be set by means of an input card. To illustrate
how the rectangular grit operates on the surface consider one grit
hitting the surface at a depth d below the surface level, where d

refers to the depth of the centre of the grit. The program first



positions this centre ordinate relative to the surface; it then
removes metal on either side of this centre ordinate, at the same
depth d, until the overall width of the grit impression agrees with
that of the width of the grit previously determined. For fixed
width mode this width is set at the beginning of the run, for

random width mode the grit width is set after each operation by
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means of one of the digits generated by the random number generator. .

The rectangular grit is sometimes referred to as a square grit for
simplicity. For simulated machining using triangular grits, four
modes are possible, not including the ploughing mode which is
described later in Section 7.4, The first is when the grit angle-
is random. Here, as in the square grit case, the depth (determined
from the random number generator) to which the grit indents into
the surface refers only to the centre ordinate of the grit;
adjacent ordinates of the grit indent to a correspondingly smaller
depth depending on the angle of the grit and the distance of the
ordinate from the centre of the grit. In the random ﬁode thel
random angle is determined by setting, from the random number
generator, the width at the top of the grit. This, when taken with
the depth of cut, provides a random angle. For the fixed mode,

the width is restricted to one value, but this does not fix the
angle but just the width at the top of the grit. Any degree of
randomness of the width can be achieved by relaxing slightly the
restriction on the values that the grit width can take. In
another fixed mode the angle itself could be fixed completely or
held between certain limits merely by selection from all the random

possibilities generated. A final mode of operation for triangular



grit was to suppress the one side of the grit completely thus in

effect simulating a sawtooth grit.

Other facilities offered by the program (called GRIN and
discussed in Appendix 2) include the ability to be able to simulate
sparkout by dropping the datum from which the height distribution
is measured a£ any stage during the "machining operation'. It is
also possible to operate in a mode in which the height distribution
has no fixed datum but each event simply takes away from the
existing surface the depth and width of grit that the random number

generator has selected.

7.2.2 Development of profile waveform

In Section 7.2.1 the method in which one grit indents the
surface has been discussed, together with various forms the shape
of ihe grit might take (in these simple simulations). In this
section we will discuss the characteristics of the surface profile
which have resulted after a large number of operations. In this
connection the term '"operation" implies one change of the random
number, it may or may not, imply a hit and a consequent change in
the surface profile. Figure 7.3(a) shows the form that the
profile has after only a relatively few hits, gay 50, have been
made using rectangular grit; the original height of the surface
can be clearly seen. Figure 7.3(b) shows the profile that has
developed after a large number of operations, again for rectangular
grit. By comparison, figures 7.3(c) and 7.3(d) show how the

profile has developed for the same number of operations using a
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triangular grit. It will be seen that in figure 7.3(b), and

even more in figure 7.3(d), that the surface has taken on a
noticeably random appearance. As will be shown later this random
appearance does not depend on the assumed distribution of heights

of the grits.

7.2.3 Characteristics of the generated profile -
the amplitude distribution of the roughness

In this section the generated shape of the ordinate height
distribution of the profile is considered in relation to the imposed
height distributicn of the grits. Although in principle any height
distribution of grits could be investigated; accepting that in
some cases the distribution would have to be somewhat truncated,
only the three mentioned in Section 7.2.1, namely, rectangular,

triangular and sawtooth, will be considered herec.

Consider, to start with, the case when the grits are
rectangular, of random width and of rectangular height distribution.
At first, when only a few hits have been made, most of the original
surface is left. Similarly, after a very large number of hits the
profile again approaches'a straight line corresponding to the
depth of the deepest depth of removal allowed by the height
distribution of grits. It was found that, in the case.of the square
grit, the "metal" is removed too fast for the roughness to be a
significant part of the profile when compared with either the
original or final straight line. Therefore an experiment which may

be thought to be equivalent to plunge grinding was introduced, in
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this only a limited number of operations or hits are allowed from
any one datum. Under these conditions the roughness waveform
exists, TFigure 7-4 shows two typical distributions plotted on
probability paper for the cases where the height distribution is
triangular and sawtooth. The profile ordinate height distribution
obtained in both cases are very close to Gaussian because the plots
are straight lines on the probability paper. The same exercise has
been performed with triangular grits both for the case of random
angle and variable angle. In these cases the "metal" is not
removed with quite the rapidity as when using rectangular grit with
the rectangular height distribution; thus the results obtained
for all grit height distributions can be displayed as shown in
figure 7.5. Again, the height distributions are very close to
Gaussian. This result has been found to be quite general. No
matter whdt assumed height distribution of grits or whatever the
shape and size of the grit it has been found that the ordinate
height distribution of the roughness profile invariably has a
Gaussian shape. (This distribution may be truncated at the top,
after a few operations, or at the bottom, after very many
operations, as explained-above). Two further examples are shown

in Figure 7.6.

Summarising the outcome of the simulated experiments over the
rangé of conditions tried so far poses the following question. Is
it true that the ordinate height‘distribution of a surface
produced by a single manufacturing process having a decidedly
random component is always Gaussian? The results would suggest

that this is so.
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7.2.4 Characteristics of the generated profile -
the autocorrelation function

We turn our attention to the autocorrelation function of the
profile produced by computer simulation using the techniques
described above. In this work the same problems exist as have
been described in discussing the generated height distribution.
In deriving the autocorrelation function, it is even more important
to ensure that all traces of the original straight line profile
have been removed and also that the process has not proceeded too
far and produced truncation of the height distribution at the

lowest levelb e <f*€he nuA\bcr al<n*wj (L m -bhe arcay”’

In an attempt to provide some physical insight into our
consideration of the shapes of autocorrelation functions it is
instructive not only to consider that of the generated profile
itself but also that of the individual grit impressions.

Figure 7.7 (a) shows the correlation function of a rectangular

(or square) grit of fixed width and figure 7.7(b) shows the auto-
correlation function for the square grits having random widths
with a rectangular width probability density function (these
results are proved in Section 7.3.2 below). Notice that in both
these cases the correlation length (equivalent to 2.33* in
Chapter 4) is determined in the first instance by the fixed width
of the grit, and in the second by the maximum width of grit. In
other words, for single grit impressions, without interaction
between impressions, the length of the autocorrelation function

is determined by the grit width (or strictly by the width of the
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tip of the grit hitting the surface). It is difficult in the case
of the random width grit to simulate the overall behaviour without
running into problems of grit impression overlap. TFigures 7.7(c)
and 7.7(d) show the corresponding autocorrelation functions for
triangular grits using both fixed angle (figure 7.7(c)) and

random aagle (figure 7-7(d)). Again, as for the square grit, the
significant extent of the autocorrelation function is determined by

the grit size,

Consider now the situation in which the density of grit hits
is large enough to ensure that a large proportion of overlaps occur.
Figure 7-8 shows a series of results obtained from computer
simulation, the correlation function for individual grits being

shown as a broken line, in each example, for comparison.

Certain broad conclusions can be drawn from these results.

|~ie
[
,d
p)
O
"3
Uy
t-2e
[p N
[
[l
(1]
[»N
[0
ta
ot
=2
fo
ot
Hh
o]
21

First, the correlation function, originally
the individual grit impressions, is modified by the existence of
interactions between grit impressions; the effect of this interaction
is, in gemeral, to shorten the length of the correlation function

and to change its shape. Second, as the interaction proceeds, with

an increase in the number of operations, these influences become

more marked. The influence of the number of operations upon the

slope of the autocorrelation function near the origin is shown in
figure 7-9. Here, what is actually shown is the value of the
autocorrelation function one ordinate spacing from the origin.

Because the surface is stored as an array in the computer the

first ordinate position refers to a shift of just one location,
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the minimum change possible. This gives an indication of slope

at the origin and can be used as an estimate of the distance over

which the correlation function is large valued. Third, figure 7-8

suggests that when both random interaction and random shape of
grits are operative the autocorrelation function of the generated
profile tends towards an exponential shape. To examine this
point in more detail some autocorrelation functions of profiles
generated after 5 000 operations, with random grit shape and with

interaction of events, have been plotted on a log-linear scale in

figure 7-10. The plots are very close to linear. It would appear,

therefore, that the introduction of a larger element of randommess

into the generation process produces profiles whose correlation

functions are, indeed, close to the exponential form. The relative

influence of the grit height distribution and the grit shape upon
the length.of the autocorrelation function will also be observed
igure 7-10.

.
T
L

7.2.5 Discussion of simple simulation exXperiments

Summarising what has been said above in Sections 7.2.3 and

7.2.4 the following conclusions may be reached:

1. All the grit shapes and height distributions used in
these simulations tend to produce Gaussian height

distributions of the generated profile.

2. The length of the autocorrelation function is not only
determined by the size of the grit but also the degfee of

interaction between grit impressions which tend to reduce 1it.
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3. When the degree of randomness in the grit sizes, shapes,
and interactions becomes high the autocorrelation
function of the generated profile tends to become more

nearly exponential in its shape.

These conclusicns suggest a need for a more mathematical
approach to the theory of the characteristics of the profile
generated by random processes. This will be provided below in
Section 7.3. The influence of other factors upon the characteristics
of the generated profile have also been explored in computer
simulation experiments. These experiments and the results wiil be

discussed in Section 7.4.

7.3 Theory

7.3.1 Height distribution

In this section some consideration will be given to the height
distribution of a profile of a surface produced by random manu-
facturing process. From the point of view of the height distribution
these random processes fall roughly into two categories; those like
shot peening, flame spray deposition etc. in which particles
impinge onto the surfaces. Most of the roughness in these cases is
produced through random plastic flow o£ random deposition. Others
(e.g. grinding, lapping) involve a degree of metal removal and in
addition the elementary cutting particles are firmly bonded or

embedded into a toolpiece.

In both of these types of manufacturing process, and perhaps
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others, the conditions are such that it is not unrealistic to
suggest that the shape of the ordinate height distribution of the
profile could be a direct result of the Central Limit Theorem, often
used in statistics to explain the preponderance of Gaussian
distributions arising in nature. This says, in effect, that a
Gaussian distribution will occur quite generally as a result of a
large number of independent random variables, of the same order of

magnitude, acting together.

To be more specific. If there are N mutually independent
random variables whose individual distributions can be different,
and even unspecified, then the distribution of the sum of these
variables tends to be Gaussian as N becomes large (see Cramer 1946).
The Central Limit Theorem does not only apply to probabilistic
considerations but is also a property of repeated convolutions and
is used in many fields, for instance, in electrical network theory.
As an example, the impulse response of a large number of cascaded
filters is Gaussian whatever the shapes of the individual filter

responses.

In the manufacturing processes involving the random addition,
removal, or impinging of metal particles, the roughness waveform that
eventually results is the cumulative effect of many local plastic
flows resulting from separate hits. The complexity of such a
situation is considerable after only a few hits. Because the
roughness is effectively produced by maﬁy independent particle hits,
or removals, then the amplitude distribution could, to some extent,

be justifiably expected to be Gaussian no matter how each of the



individual hits has affected the surface profile. This type of
process satisfies a basic philosophy of the Central Limit Theorem
which is that the process variables should be additive; this is
done because the roughness profile is generated as a result of

the total history of the process extending well into the immediate

past.

The situation in some of the other processes is not so
straightforward because each cutting grit height is fixed relative
to some plane determined, for example, by the grind wheel or the
lap. Conseqyently it might be argued that tne surface roughness
produced by such a process would be automatically the inverted
distribution of the cutting elements on the wheel or lap. This is
not necessarily so. The roughness height probability is determined
to a large extent by the fandom element in the horizontal positions
of the cutting elements. This is especially true tﬁe more random
is the shape of the cutting element. The importance of random
positioning is met with in communication theory where it can be
shown, for instance, that the height distribution of the sum of a
number of sine waves having random phase approaches a Gaussian

distribution as the number of components increases (Panter 1965).

The condition that the cutting elements in the process are

" independent of each other is substantially true even in the case
of a grindwheel because it is usually only the outermost elements
that actually contribute to the cutting action and for levels far
away from the mean level they can be considered to be more or

less independent. Under some conditions the requirement
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for independence as a pre-requisite of the Central Limit Theorem

can be relaxed (Cramer 1946).

It is not so easy to argue the additive property of these
kinds of process but it would certainly seem that the roughness in
any area on the surface in practical situations would, in general,
not be dependent on simply the last grit but it would be dependent
on all the past history of grits hitting in the neighbourhood;
the final resﬁlt being determined in a complex way. In all
practical cases (e.g. grinding) there is a certain amount of metal
flow involved in a hit as well as metal removal, this makes these
processes more akin to the bead blasted or shot peened type of
process, at least in terms of the geometrical generation of the
surface. However, from the results of figures 7-4, 5, and 6 it
would appear that the Central Limit Theorex does hold even for the
metal removal processes only, for quite a general distribution of

grit heights.

7.3.2 Autocorrelation function

We turn now to a consideration of the autocorrelation function
of the generated profile. Because we are usually concerned with
the shape the normalised autocorrelation function will be frequently
considered (Davenport and Root 1958). It is to be expected that a

number of factors could enter into the problem; these might include:

(a) the randomness of the process (i.e. how the grits are

distributed and,
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(b) the shape of the grits as well as the way in which

the grit reacts with the surface.

In order to be able to Bﬁild up a picture of how these

characteristics of the profile affect

the profile autocorrelation

function we will first consider each one in turn and will then

bring them together in a more comprehensive picture.

In order to be able to consider the development of the

autocorrelation function we must first consider the statistical

character of the spatial distribution
taking the co-ordinates of the centre
into account only and not their shape

the basic statistics of the practical

of the individual events;
of the cutting elements
or size. To get an idea of

situation it is informative

to approach the problem from a Bernoulli trial theory. Thus, if

in a large interval O to L, N events have occurred (where N is

large) then the probability of finding K arnd only K events in an

interval & << L is given according to Bernoulli by

Prob (No in & = K)= "C

(7-1)

where p = 2/L and q = (1-p); p is the probability of finding a

specific point in {.

If N >> 1 and &/L << 1 then equation (7-1) reduces to

Poisson's theorem in which
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K
Prob (No in 2 = K) = exp (-N&/L) . SE%%El—- (7-2)
which when writing A = N/L becomes
K
exp (-ap) . 2R (7-3)

It is well-known that if & = &.-%2, and X is not constant but a

1 72
function of x i.e. A(xX) then
L
2 K
29 (f A(x)dx)
*
Prob (No in & = K) = exp (- f A(x)dx)
Kl
9 )
(7-4)
Consequently for an interval O to B this would become
: K
exp (-28) . A8 (7-5)

for the special cases which we shall require shortly (K = 1),
the probability that only one event occurs in the interval between

0 and B is

exp (-AB) . A8 (7-6)

" and also for the case where no events (K = 0) lie in the same

interval then equation (7-5) reduces to

exp (-AB) 7-7
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For events to be classified as Poissonian it is usually necessary
for some requirements to be met. These are that the probability
of more than one event happening in a small interval 82 is zero
(remembering here that only the co-ordinate of the event position
is being considered), that each event ié of an independent
character (grits are independent) and that what happens in one

interval is independent of what happens in another.

In the context of this chapter one thing to bear in mind is
that it is in space only that events are considered. We are
looking at the spatial consequences of what has been happening in
time. It will be obvious in machine processes like shot blasting
etc. that the position of the individual grits in space must be
independent of each other. In the case of grinding or polishing
the situation is not so simple because the grits are all bonded
together in the wheel. However, as in the justification for the
Central Limit Theorem, mainly the tips of the higher grits are

involved and they can reasonably be considered independent.

In order to ascertain whether grit peaks on a typical
grindwheel for instance could be considered Poissonian, a standard
test (Parzen 1962) was carried out on a number of profiles of a
grinding wheel. A blunt stylus was used to pick out only the
higher grits; then the distance of each peak, so revealed, from
an arbitrary starting point was measured. Let these distances be
designated Ul’ UZ’ .....UN for N péaks. If the events have
occurred in accordance with a Poisson point process these random

variables Ui will be independent and uniformly distributed over
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the length of the profile.

It is possible to make a test for both uniformity and
independence by observing that if Ui are independent then using
the Central Limit Theorem for moderately large values of~N these
values will be arranged according to a Gaussian distribution hence

their sum

will have a Gaussian distribution with a mean of NL/2 and a variance
given by
NL2

= NVar (Ui) = —— . (7-8)

Var (S 17

N
yielding a standard deviation o.

The test is that if SN lies between U - 20 and U + 20 then
there is a 957 probability that the test would indicate correctly

that the process is Poissonian.

A typical trace showed S_ = 884, U - 20 = 757, and U + 20

N
= 1011, thus proving subject only to the confidence in the test
that the high peaks can be considered to be Poissonian. All traces
examined showed similar results. In fact doing similar tests

on the profiles produced from these processes also gave the same
conclusion i.e. the prqfile peak positions also appear to obey a

Poissonian distribution. This is considered later. Hence as far

as the positions of events are concerned the final profile can be
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considered to be made up of a succession of impulses in space,
each representing the co-ordinate of a central position of a grit.
Thus, one ingredient likely to be of importance in determining
the autocorrelation function of the profile resulting from a
rgndom manufacturing process, namely the positions of cuftiﬁg-
elements appears to be representable by a Poisson-ImpulsebTrain

(figure 7-11(a)).

The next stage in the development of an understanding of the

form that an autocorrelation function might take is to consider -

the autocorrelation function of a single event, i.e. the impression

left by a single grit on the virgin surface. Consider first, for

simplicity, the case of a square grit impression of known length L.

206

The general autocorrelation function of a single impression, which is

an aperiodic function, is given by

L-8
yl(x) yl(x + B) dx (B<L) . (7-9)

where yl(x) is the function denoting the grit impression shape.
Note that it is valid to compare the analysis of a single grit
. as in equation (7-9) to the results obtained by computer from a

consideration of a single grit impression in the whole length of a

~

virgin surface providing that the width of the impression is small .

comparéd to the length of surface. For a single square grit

impression, equation (7-9) becomes

02 (1 - -Lﬁ—l-) (7-10)



where y is the depth of the square impression, which when

normalised by 02 and calling B/L = B yields

c® = - |8 (7-11)

If, instead of a single impression of fixed width L a number
of separated impressions of uniformly random width, and maximum’
width LmaX are considered, then the autocorrelation function

becomes

c(B) = 1- 8] (@ + an 1/ [B]) (7-12)

voexp (-|B| / e

In general if C(B,L) is the autocorrelation function
associated with an independent grit impression and f(L) is the
prohability density of a grit having a mavimum size relatcd to L

then a useful expression is

max :
c(B) = j C(8,L) £ (L) dL (7-13)
8

where C(R,L) = 0 for L < B.
In the case considered above, when f(L) is constant this

yields equation (7-12) for a random square (or strictly speaking

rectangular) grit.

In figure 7-7 some typical autocorrelation functions for

single grit impressions are plotted together with computed values.
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In the case of random widths obviously more than just one grit
impression had to be put into the surface in the computer

simulation but care was taken to ensure that none overlapped.

For a triangular grit having a constant width at the top of

the impression the normalised autocorrelation function is given by

c(® = 1-6]|gl2+6]|8]|3
for |B| < 0.5
and C(R) = 2 - 6|8| +6|Bl2 - 2]8]3
for 0.5 < |g| < 1.0 (7-14)

It may be noted here that a plot of equation (7-14) in figure
7-7(c) has a shape significantly different from that derived for
a square grit (figure 7-7(a)). It is now very nearly Gaussian in
shape and thic is due to the fact that the convolution of a
triangle is very close to Gaussian, in fact for the case under

discussion

C(B) = exp (-5.55 B2/L2) (7-15)

from which the autocorrelation function for triangular grit

" impressions having uniformly random widths at their base is given

by

max
C(B) = J exp (-5.55 B2/L2) dL (7-16)
8

which is shown in figure 7-7(d).
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Thus in all these examples, where no iﬁteraction of grit
indentations is assumed, the extent of the correlation function
over which it has a significant value is determined by the assumed
size of the unit event. Under conditions of independent events,
without interactions, the correlation length (the separation of
points on the surface which are effectively independent) is
determined mainly by the size of the longest unit event; similarly
under these same conditions, the shape of the correlation function

is determined by the shape of the grit indentation.

However, if the number of grits or particles hitting the
surface is increased such that interactions between grit indentations
or impressions occur then the situation usually becomes more complex.
Different effects can occur depending on the type of random process.
Before considering processes like grinding, grit blasting etc. we
will take a look at the effect of interaction in cases such as
flame spray deposition or spark erosion. In these processes when
there is an interaction between two unit events in the region of
the overlap there is an addition (or in the case of erosion a
subtraction) of the impressions. If one supposes that each metal
globule (in the case of flame deposition) which is deposited on
the surface has the same size and making the assumption that they
. are deposited in such a well-behaved manner that the superposition
theory applies, this enables the mechanism of the process to be
investigated simply. Under these circumstances the process can be
considered to be the convolution of a Poisson impulse train

(representing the positions at which the globules hit) with the
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shape of an individually deposited blob (or hole in spark erosion),

l.e.

y(x) = Z(x) % h(x) (7-17)

where Z(x) is the impulse train and h(x) is the shape of the unit

metallic deposit.

Using a resuit obtained in electrical theory (Papoulis 1965)
enables the autocorrelation function to be.obtained. It is given

by C(B) where

o}

C(B) = A2 J h(a) . h(B+a) da (7-18)
—w

which turns out to be the same as that obtained for a single unit
event. In other words, given these circumstances, the correlation
function would not degenerate with superposition of the unit events.
Obviously this is only an approximate picture, but it does give
an indication of under what éonditions in the mechanism of the
manufacturing process the autocorrelation function could be expected
to remain independent of unit event interaction. Incidentally, it
can be shown that if A, the density of the Poisson impulse train,
is high and considerable overlapping occurs, then in this electrical
filter model for spark erosion the height distribution of the
profile waveform tends to a Gaussian shape (Papoulis 1965) which is
a direct result of the Central Limit Theorem. This illustrates
that in this sort of process the Gaussian height distribution of

the profile is a natural result.
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An important distinction needs to be drawn at this stage. In
the last paragraph it has been shown that when a series of events
are superposed, without théir modification in.any way, then the
correlation function of the generated profile is the unmodified
correlation function of the unit events. However, in the simulation
experiments described in Section 7.2 interaction occurred. By
interaction we mean that the consequeﬁces of a selected event is
determined, in part, by the state of the profile at the location
in question. We consider below the consequences of this

interaction.

To get an idea of how the autocorrelation is changed from
that when the unit events are non-interacting consider figure
7-11(a) which shows a Poigson train of locations along a surface
where the centres of the unit events making up the final profile
are located. When working out an autocoFrelation function of the
profile for a lag B it is necessary to evaluate the ensemble average.
product of two ordinates separated by B.: Some of these products
will be from situations where both ordinates are within one unit
event, for some other products perhaps one ordinate lies in one
unit event and the other ordinate lies in the adjacent unit event.
(It must be emphasised here that by the very nature of the mechanism
of the process and the interaction very few of the unit events will
be whole; the very fact that interaction between them has taken
place ensures this). Similarly, in other products more than two

unit events or remmants of unit events may separate the ordinates.

The evaluation of the autocorrelation function may be summed
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up in terms of conditional expectation. Thus

E(y) = EC(E(Y/C)) (7-19)
=) E(y/z=t) £(2) (7-20)
over all
g

In equation (7-20) E(y) is the expected value of situation y

and ¢ is a conditional subset of ¥.

In terms of the autocorrelation function

C(B) = E(y(x) . y(x+8))
_ both in
= E Ey(x).y(x+8) //single event]x[probability of single event]
ordinates in
+ E [y(x).y(X+B) /ltwo events ]X[probability of two events]
etc (7-21)

where each line of equation (7-21) is étrictly an ensemble average.

The essential feature about this equation is that E(y(x).y(x+B8))
is zero except for the first case when the two ordinates are
contained within a single unit event. This is because the unit
events are unrelated so an ordinate from one unit event will, on
average, not be correlated with an ordinate from another with the
resulting effect of making the product zero. Thus E(y(x).y(x+8))
= E(y(x)).E(y(x+B8)) = 0 for all but single unit event cases,

assuming E(y(x)) = 0. The relationship between y(x) and y(x+B)
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when both are within one event depends upon the degree of randomness -
in the unit event itself; this will be discussed later. However,

in . order to see how this principle works out consider the simple

case of a fixed width square grit unit event. Our problem is that

of deciding the conditions under which two ordinates, separated by

B, lie within the same unit event (grit impression on the surface)
the actual value of E(y(x). y(x+B8) for a unit event is not difficult
to get because for sqﬁare grit y(x) will be equal to y(x+B) and the
variance of the product will be the same as for the profile as a
whole (assumed to be unity) hence the real problem is finding the

probabilities of occurrance.

Consider figure 7-11. 1In order that the grit covers the
interval O to B it must -have a centre between B - L/2, and L/2, a
total range of L-B. Using Poisson statistics whose density of

occurrances if_lp the probability of this happening is given by
exp (-AP(L-B))_ A (L-B) (7-22)

In addition no unit event centre must occur to cover up the origin
but not B i.e. there must be no event centre between B - L/2 and

-L/2 a range of B. The probability of this non-event is

exp (-XPB) : (7-23)

Similarly no second event must occur to include B but not the

origin. The probability of this non-event is also exp (-APB).
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Hence the total probability of the two ordinates lying within one

unit event is f(1l) given by

il

£(1) exp (-AP(L—B)) Ap (L-B) . exp (—APB) . exp (-?\PB)

exp (-APL) . exp (—APB) AP(L-B) ‘
(7-24)

Hence C(B) may be written
C(B) = constant . exp (—Aplsl) (1-]8| /L) (7-25)

where the constant depends on Ap and L.

Equation (7-25) is an interesting result because (I—IBI/L)
represents the autocorrelation function for the fixed width square
grit without interaction. It appears that in this case the effect
of interaction is to multiply the single grit result by an

exponential term. That this equation has some basis of truth can

be seen in figure 7-8(a), which shows the simulated rcsult as well
as the analytic values. In fact the treatment given above is a
little too restrictive because the centres of other unit events
contributing to the profile could lie in the forbidden regions.

They would, however, interact if their level was lower than the unit
event in the interval O to f. From this equation (7-25) and also
equation (7-12) it seems as though increasing the random element
either in positioning of the events or in their shape tends to

make the autocorrelation function more like exponential in shape.
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A further point indicates that this may &ell be so, because
consider the case when the square grit has such randoﬁ width and
is so interacting that identity with a fixed unit event is blurred
it then becomes more meaningful to consider the square edges in
the resultant profile as a Poisson process. Using the test
already described the relevant inequality cbtaired from a typical
profile chart was 10540 < SN = 13128 < 15140 which means that one
could accept the statistical hypothesis that the observed results
were of a Poisson type. Under these circumstances equation (7-21)
can be re-written in terms of number of edges rather than number
of unit events; the criterion for two ordinates to be within one
grit impression then becomes equivalent to them lying within no change
of the profile level. Hence if the signal variance is unity and

the Poisson density of edges A_ then C(B) becomes, using Poisson

statistics

E(y(x).y(x+3)) exp (—ASB) X[E(v(x).y(x+8)/no change in 1eve1]

4+ ASB exp (—ASB) x(E(y(x).y(x+B)/one change in 1eve1)

.
.

etc. (7—26f

which reduces when normalised to

c(8) = exp (-2 |8]) (7-27)

because the only contribution to the product sum comes from the
first term, in all the other cases the levels are independent and

consequently the product sum is zero. Notice that the result of
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equation (7-27) is different from that obtained for a similar sort
of waveform, the random telegraphic signal, this is because of the

multiplicity of levels in our profile.

Consider, now, the conclusions to be drawn from this discussion
of the effects of more complex combinations of events in the
generation of a surface profile and its correlation function. Two
features can be discerned. First, the replacement of events of
fixed shape by events of random shape causes the correlation
function to be modified from that of a single indentation; c.f.
figure 7-7(a) and figure 7-7(b). Second, the introduction of
random interaction also modifies the correlation function. Together
these features appear to cause the correlation function to approach

an exponential shape.

The theoretical analysis given above has been concerned
entirely with rectangular grit shapes. The same kind of behaviour
is to be expected for the more practical grit shapes. Initially
the autocorrelation is that of the single event and finally, in the
limit, when the degree of randomness that has been introduced is
extreme then the autocorrelation function is an impulse at the
origin, which corresponds to a white noise power spectrum. Under
these circumstances the randomness would be such that two ordinates,
no matter how close, would be uncorrelated. Random elements
introduced in between these two extremes would tend, as the above
analysis and the figures suggest, to make the autocorrelation more

exponential in shape. It would seem, therefore, that in the same
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way that the Gauséian distribution tends to be the natural profile
height distribution produced by a highly random manufacturing
process so the exponential shape tends to be the natural auto-
correlation function; the more the random element then the nearer

it is likely to be to the exponential shape.

In order to consider these conclusions under more practical
conditions further simulation experiments were carried out. These

will be discussed next in Section 7-4.

7.4 Further simulation experiments

From what has been said it is clear that the shape of the
autocorrelation function depends cn at least two important features,
the first being the shape of the unit event and the second is the
nature and extent of the interaction between events when considerable
overlapping takes place. There is however another feature which
needs to be investigated in order to further understand the
practical correlation function. This is the amount of metal
movement or ploughing rather than metal removal that takes place
when a grit impinges on the surface. So far in all that has éeen
said only metal removal has been assumed. This represents a
limitation of the conclusions that can be reached in terms of the
practical situation. In practice, both removal and ploughing
usually take place at the same. time for most manufacturing processes.
For example, Buttery(1968) has shown that, in grinding heat treated
steels, the amount of ploughing is closely related to the hardness

of the material., Figure 7-12 taken from Buttery's work illustrates
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this point. In order to take this into account the computer
program was modified to perform a ploughing operation as well as

a removal operation.

The program has been written in such a way that it can cater
for not only the elementary situation shown in figure 7-17 but
virtually any order ofvcomplexity such as are shown in figures
7-13(a) and (b). The effect of such ploughing has the effect of
very quickly building up a very convincing picture of a random

surface (figure 7-14).

Using the program in this form not only allows the investigation
of amplitude distributions and autocorrelation functions under
conditions more representative of practice but it enables some
simulation experiments to be carried out on such diverse subjects
as the way in which RMS roughness of the surface changes with
hardness for a given number of operatioms. (figure 7-15). On this
graph is also shown the effect of the different distributions of
grit heights. As would be expected the triangular distribution of
grit heights tends notonly to produce a rougher surface but also
for the same number of operations it removes more overall material

so one could say that as far as a finishing process is concerned

the sawtooth distribution for the grits would probably be best.

As noted in the simulatiop experiments described earlier the
amplitude distributions are very close to Gaussian, indeed with
these experiments the trend is even more marked, irrespective of the
shape of amplitude distribution of the grits. (figures 7-16 (a),

(E) and (c)).
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FIG. 7 - 17
AUTOCORRELATION FUNCTIONS GRIT IMPRESSIONS WITH NO-INTERACTION.
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Figures 7-17 (a) and (b) show the simple case of ploughing
where no interaction between the unit events has taken place and
the unit event is a fixed width triangular shape. The examples
shown are of 907 ploughing corresponding to a soft metal where
very little metal is removed and 257 ploughing which is typical

of results obtained with harder steels,

Immediately it can be seen that the effect of pile up on the
"unit event" has caused a periodic component in the autocorrelation
function. Three points of interest may be noted, (a) the extent of
the correlation function length is close to that of the whole grit
impression including pile up (L); (b) the distance to the first
zero crossing (W) corresponds to the half width of the grit
impression without pile up; (c) . the magnitude of the periodic

component is dependent upon the percentage ploughing.

Figures 7-18(a.l) and (b.1) show the autocorrelatior functions
for triangular grit impressions having’random width for both 100%
and 257 ploughing. In figures 7-18 (a.2), (a.3), (b.2) and (b.3)
it can be seen how the shape of the correlation function of the

generated profile changes as the interactions occur.

Thus it would appear that the detail of the shape of the
correlation function may give detail about the mechanism of the
machining and the randomness of the grit whereas measurements of
size can give details about density of grits and amount of

interaction.
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As pointed out in the previous section it can be seen how the
shape of the autocorrelation function tends to degenerate into the
exponential shape as the random element in the shape and position
of the unit events increases. Figures 7-18 show the transition
from the form approximating to exponential cosine to more nearly

exponential as the density of hits increases.

One thing that has emerged from this further simulation is
that the autocorrelation functions for random processes which
involve much metal movement and little removal such as bead blasting
would bé expected to show a more oscillatory shape than for hard
metal grinding for instan;e assuming no feed marks are dominant.
There is evidence (Greenwood, private communication) that this is so.
This work also gives an indication that the reason why the exponential
cosine type of shape occurs so often in practical cases is because of
the pile-up behaviour of the unit event. Finally it suggests that
autocorrelation functions rcgarded as having exponential cosine shape

are, strictly speaking, not of this type; they have a shape worked

out from the unit event mechanism (see figures 7-17 and 7-18).

7.5 Discussion and conclusions

This chapter has dealt with the way in which machining processes

of a random character develop the profile geometry.

It has been seen that starting from a single scratch situation
where the geometry of the profile is highly correlated with that

of the machine "grit" it is possible to develop a picture of the
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profile in the very complex state where the random interactions of
grit impressions tend to dominate the profile in such a way as to
produce a more or less naturally occurring Gaussian height
distribution and exponential type autocorrelation functions. As the
degree of randomness (entropy) decreases then this state of affairs
is less true and tﬁe shape of the individual indentations emerges.
In the cases where pile-up occurs then this results in the well-
known second order type of autocorrelation function resembling the
exponential cosine. The horizontal scale of size of the
autocorrelation function has been shown to be related also to the

grit impression size and density of impressions.

Apart from the many interesting side issues arising from this

investigation the main conclusions are as follows;

(aj For a random machining process the Central Limit Theorem
appears to hold. Over a wide rangé of conditions the
simulation always gave Gaussian height distributions for
the ordinates. It seems to hold for cases other than

those that could be easily proved statistically.

(b) The distribution of grit heights does not make a
significant difference to shape of either the ordinate
height distribution or the autocorrelation function
but, insofar as for a givén number of operations it
represents different numbers of hits, then it can cause

differences in the scale of size of both.



(c) The shape of the autocorrelation function depends on a

combination of three things:

(i) the shape of the tip of the grit and

the randomness of this shape,

(ii) mechanism of indentation whether ploughing

or cutting
(iii) degree of interaction of grit indentations.

(d) For random shape and high interaction the autocorrelation

function tends to become exponential.

(e) Because the correlation 1length is related often to the
unit event, and because the shape of autocorrelation
function throws light on the mechanism by which the
surface has been produced, then in the much wider field
of surface typology the use of the autocorrelation function

as proposed by Peklenik is meaningful.

(f) One of the powers of the autocorrelation function that
has emerged in this chapter, and in the friction
measurements described in Chapter 6, is that it is very
suitable for identifying the unit event behaviour in a clear

way that is very difficult using power spectral analysis.

Summarising; the work in this chapter is justified on the
basis of the considerable insight that it has given in revealing

the geometrical features of the profile in terms of the details of

222
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the unit events which produce them and thereby highlights the

features needed in a surface typology.

The further justification is that the work strengthens the
basis upon which the theory of Chapter 4, the starting point of

this work, is based.
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8. GENERAL CONCLUSIONS

Developments in engineering involve progress at many levels
ranging from fundamental knowledge to engineering practice and
design. This thesis is concerned, primarily with the development
of fundamental knowledge of surface topography and typology. Here

we try to set our findings against this wider background.

The major theme of this work has been to find relationships
between the functional behaviour of surfaces and their topography.
In particular, we have examined the relationships between the
behaviour of surfaces in contact and the features of their surface
topography as revealed by digital methods. The use of digital
techniques for the acquisition and analysis of data is a fairly new
development in the study of surface topography but is one which
shows such promise that its use seems certain to increase. In
this thesis we have chosen to explore the use of these techniques
in a number of different applications rather than concentrate on a

more limited field.

Chapter 4 considers, in a fairly fundamental way, the problem
of random surfaces and techniques used to define characteristics
of significance in their contact. One immediate result that has
emerged from this work is that it provides strong theoretical
support for the proposals for the simple classification of
surfaces by two parameters, one associated with the height of the
profile waveform and the other associated with the wavelengths

on the surface.

~m AT
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heor siece? anailysis - rided in this thesis. However,
anu,
the justification for "ii., development of a simple two parameter
classification must ultimately come from its acceptance and use
in real engineering situations. At the same time there may well
be a need for a further development of the fundamental theory

to include models other than the simple Gaussian height

distribution and exponential autocorrelation function used here.

For the study of randoﬁ surfaces and their behaviour,the
thesis shows that there exists a large body of knowledge, largely
drawn from work in other branches of science and engineering which
is of enormous value when applied to our chosen field. For example,
in addition to the work in Chapter 4, Chapter 5 shows that the
representation of a random body by means of a Markov chain can be
a useful, concept providing a tool for the simplified analysis of
complex subjects. The two examples discussed, one for a small
body such as & stylus, and the other for a large circular body,
moving across a random surface, are both practical engineering
problems of some importance in surface topography. Clearly the
extension of these concepts to take into account three dimensions

and the effects of load is likely to be a fruitful step.

Although the experimental work reported in Chapter 6 is
limited to a fairly small number of expériments, it allows some
important counclusions to be drawn., Eirst,‘it ié clear that full,
and careful, instrumentation is necessary to obtain complete

information. (Our experiments are the first in which friction,
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ride, and changes in surface topography using relocation profilometry
have all been employed). Second, once this sophisticated
experimentation has been developed, it becomes clear that the
stochastic approach to surface topography can be extended to

include the tribological behaviour of these same surfaces. Further
work in this field is clearly required and some directions in which

it might develop have been suggested in Chapter 6.

If the general approach adopted in this thesis is to have
overall significance it is important to be able to relate the
representation of the surface profile as a random signal to some
recognisable features of the manufacturing process. This problem
has been tackled in Chapter 7 in a fundamental manner. It has been
shown, very clearly, that the autocorrelation function of the
generated profile arises from the autocorrelation function of the
individual event as it is modified by other features. These
features include the random nature of the individual events them-
sel&es and their interaction with the developing surface profile
as the generation proceeds. These ideas seem to be of considerable
importance in the development of the fundamentals of surface
typology; in particular they provide a background of theory
against which the classification of surfaces in terms of their

autocorrelation functions (Peklenik 1967) can be judged.

Perhaps the outstanding conclusion which can be drawn from
the work described in this thesis is that it highlights the useful-
ness and power of stochastic theory when applied to the analysis

of surface topography and its relationship to the behaviour of
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surfaces in contact. In this respect the value of the work lies
less in the originality of éhe stochastic techniques employed and
more in their selection and application to a new field of study.
Another important feature brought out in this work is that although
care has to be exercised in interpreting the results obtained

from the simple digital analysis of surfaces, useful results can

be obtained. This thesis has tried to tackle these problems on a

- broad front so as to include not only the measurement and performance
of random surfaces but also theif generation, Thereforé, somz parts
of the work necessarily remain to be more fully developed but it

is hoped that a firm foundation has been 1laid for this further

advance.
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Typology of Manufactured Surfaces

D. J WHITEHOUSE

Research Laboratories, Rank Precision Industries, Ltd. Metrology Division, Leicester

SUMMARY. The demands of modern engineering technology are placing an ever increasing burden on the surface
and surface 'ayers of components. This problem necessitates not only a better understanding of the nature of the
surfaces, but, additionally, a closer study into the methods of characterising them.

Based upon the examination of some of the more important functions to which the surface and surface layers
are subjected, this paper examines the properties, both material and geometrical, which need to be typified.
Additionally, this paper discusses how these properties are generated or changed by various manufacturing
processes. Finally, both existing and proposed new methods of typifying surface geometry are reviewed.

ZUSAMMLNFASSUNG. Die VVerkstiickoberfliche und deren einzeine Schichten wcrden durch die Anforder-
ungen dcr modemen Technologic immer groflJeren Belastungen ausgesetz.t. Die Losung dieses Problems vcrlangt
nicht nur ein besseres Verstandnis dcr ObernachcnbceschalTenhcit, sondern auch einc cingehende Priifung dcr
Methoden, die zur Kennzeichnung dcr Oberflachc verwendet werden.

Ausgchend von der Untersuchung ciniger wichtiger Kritcricn zur Besehreibung der Oberflache und deren
Schichten, befaBt sich diese Arbeit mit der Priifung von zusatzlichen Ligenschaften, die bei dcr Beurteilung dcr
Oberflache eine Abhangigkeit sowohl des Werkstoffcs als auch der Geometric beriicksichtigen. AuBerdem werden
Moglichkciten angcgeben, wie man diese Ligenschaften verdcutlicht oder durch Anwendung verschiedener
Uerstellungsverfaliren andert.

Die Arbeit schlieBt mit einer Zusammenstellung der bekannten und der noch im Lntwurf bchndlichen

Kennzeichnungsmethoden der Oberflachenstruktur.

SURFACES
portant. The requirements of modern technology

are becoming more and more im-
are placing an ever-increasing burden on the surface
and surface layers of components This calls for a
greater understanding of the nature of surfaces,
of their measurement and classification, of their
features, and of their control in manufacture. The
requested object of this paper was to review the
concept of typology, but before tliis is possible an
understanding of what typology could comprise
needed. This

involves a look at the nature and properties of the

and of its possible application is

surfaces themselves, both physically and topo-

graphically, and an examination of what could
usefully be typified in the light of their functional
This
ofthe functions tliat surfaces have to perform.

behaviour. in turn involves a look at some

1. SURFACE FUINCIION AND PROPERTIES

The functional significance of surfaces is deter-
mined by a number of features and can be con-
sidered (a) where contact occurs with another
body, either static or dynamic and (b) where no

contact occurs.

1.1 Surface conlact

the this
heading such as friction and wear can be con-

Before behaviour of surfaces under

sidered, a consideration of the mechanism of solid
contact is essential.

The nature of the contact, cither dry or through
lubrirp.nt ftlme, log”'-thor v'itb 1llm nhy”it'al prnnertio<;
of the materials, will determine, to a large extent,
the performance of the surface; for example its
susceptibility to damage in sliding contact or its
ability to run-in.

Theories of surface contact are derived mainly
from the equations for a single contact
the
smooth sphere and a flat surface; at light loads

region

usually represented by contact between a
the deformation is entirely elastic and at heavy
loads the area of contact is determined by plastic
flow and is governed by the hardness of the softer
of the of

surface contact are concerned with the behaviour

two contacting materials. Theories
of individual contacts and with the subdivision of
the total real area of contact into multiple contacts
which occurs when rough surfaces are used.

Much of the earlier work on surface contact
(Holm[1], labor[2], Merchant[3])

was aimed at producing a rational explanation of

Bowden and
Amontons’ Laws of Friction which wcie that the
frictional force was (a) proportional to the load
and (b) independent of the area of contact. The
first important point realised was that the real

area of contact is much smaller than the apparent
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area calculated from the dimensions of the parts.
This, together with the formulation of the adhesion
theory of friction enabled the laws to be explained,
because assuming plastic flow of the asperities
under load L the area of contact 4 would be
equal to LjP where P is the hardness of the softer
material. Hence the frictional force would be
proportional to real area of contact which in turn
is proportional to the load. This theory did not
attach much functional importance to the surface
finish because it was a sumed to be crushed very
quickly under working conditions, but Archard[4]
pointed out that although plastic How could be
expected to occur on the first few passes of two
contacting parts in relative motion it would not
continue indefinitely, some equilibrium state would
occur when the asperities could support the load
elastically. He then went on to show that Amontons’
Laws could be explained using elastic deformation
theory providing thé average contact size remained
constant with load. This was a direct result of
having an increase in the number of contacts with
load, a point which required more than one scale
ofsize of asperity on the surface.

In order to decide which ofthese two deformation
modes, plastic or elastic, occurs in practice it is
necessary to consider the nature of the surface
geometry.

The geometrical features of importance in the
theory of contact are the ratio of real to apparent
area, the number of contacts in a given area and the
shape and distribution of the surface asperities[5].

e 4 10CLUVA 11iCU  IKJ JJlCu-MIXC UI0ZC
geometrical features using a variety of techniques
ranging from optical[67], thermal[8], electrical[9]
to radio-active tracer methods[10]. The dilliculty
in measurement is because the regions of interest
are more or less completely enclosed and in-
accessible, However, estimates have been made for
instance of the average size of the contact region
and have been put between 10“ “mm and 10~ mrn,
the smaller contacts tending to aggregate under
tangential forces to yield the larger values. Theo-
retical assessment has received impetus since
statistical techniques became more widely used
[10-17].

One way of getting over the inaccessibility of the
contact region has been devised by VVilliamson[124].
Using data logging facilities and accurate relocation
profilomctry[125] he plots contours of the surface
using a computer and investigates the properties
of the intersurface gap. He shows that the contact
rarely, if ever, occurs at the tops of the asperities
and usually occurs on the shoulders.

Another use of digital techniques has been to
measure the curvature of the peaks and their
distribution of heights as revealed by a stylus-type

surface measuring instrument. These measurements
have shown that the asperities can take on a wide
variety of curvature and slope values.

One of the big problems at present being tackled
is the mode of deformation of all these widely
diherent asperities; do all the peaks deform
elastically, or do they just crush plastically, or is
there a complex mixture of the two modes and if
so what then is the proportion of the plastic mode
to the elastic mode?

In an eflbrt to resolve this problem some workers
have looked for a criterion for elastic deformation
of peaks. Blok[l 8] showed that for sinusoidal ridges
of spacing / and height complete elastic
crushing can occur if

111
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where /7 is the hardness and E' is the composite
elastic modulus of the two surfaces. This was
modified by Halliday[19] who measured many
practical slopes {0) on surfaces and came to the
conclusion that if

T7/(1-v"
0<a UYD
E

where v is Poisson’s ratio, then elastic conditions
at the peaks prevailed, K2 being a constant de-
pendent on the shape of the asperities taking
values 0 8 to 1-7. Subsequently, Greenwood and
\Villiamson[ll j have introduced a far less severe

criterion— the plasticity index <©>given by

where ¢ is the RMS value of the surface and (7
is the mean radius of curvature of the peaks. For
() < 06 deformations will be elastic up to quite
high loads whereas for f > 1deformations will be
plastic almost at a touch. Unfortunately because
of the lack of definition of what is meant by a
peak, this index loses impact—in effect it just gives
the scale of size of asperity on any surface at which
the plasticity occurs, but even this is only an
average value because for one scale of size there
can be a distribution of possible curvatures.

This latest point illustrates the fact that great
care must he exercised in reaching conclusions
based on the results of analysis of surface data, and
in particular the results obtained digitally. The
values of curvature for instance depend critically
on the sampling rate used. Also of importance
when comparing results of diiferent workers is the
need for clear definition of terms—for instance
what is a peak? One final point to be taken into
consideration is the resolution, both spatial and

vertical, of the measuring instrument. Wliitchouse
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and Archard[20] have considered these problems,
both digital and instrumental, and have shown that
unless these problems arc faced the results can be
practically meaningless. For instance many workers
talk about the density of peaks on a surface but in
fact peaks exist on manufactured surfaces of
smaller and smaller size down to atomic levels.
Results should be qualified with definitions of
peaks, etc., and also some reference to the scale of
size.

Recent work[22, 23] has indicated that, even
when the proportion of plastic flow to elastic
deformation has been found, the contact situation
is still complex; the interaction of peaks deforming
plastically can give rise to effects previously
attributed to work hardening[24] resulting, for
instance, in asperity persistence under crushing
loads.

Turning to a more practical and extremely im-
portant point Kragelskii and Demkin[21] appear
to be the first to take the waviness of the surface
into account when considering the effect of the real
area of contact with load. They emphasise that the
presence of waviness reduces the real area of con-
tact, the load having to flatten down the waviness
elastically before the surface proper is fully con-
tacted.

Many surface functions are determined by the
degree of contact between two solid surfaces;
electrical and thermal conduction, seals and inter-
ference fits come into this category. In the case of
electrical conductivity the contacts provide current
paths between the two bulk materials, the resistance

Arl firm* Ke»ii*s.'s i L-NE fxr'pk fc H1  fr»

(a) the constriction of the current because of the
small dimension of each of the contacts, and (b)
the usually present oxide I''m at the contact[l].
Although the situation is similar in thermal con-
ductivity heat transfer can occur across the gap
and the cfleet of the oxide film is smallcr[25]. Yip
and Venait[26] correlate both
thermal effects with surface roughness taking the

electrical and

very important factor of waviness into account.

In sealing both the magnitude of the gap between
the two surfaces and the lay of the surface texture
[27] are important. Mitchell and Rowe[2S] use the
ratio djO as a criterion of sealing for a surface
where d is the. average peak-to-valley distance and
o is the r.m.s. value of the surface. This ratio
could be useful in predicting the sealing properties
of surfaces made by single point cutting but is not
so useful for surfaces that have been manufactured
by random multiple point methods like grinding
because in these cases, the surfaces being random,
the ratio tends to be constant. Other related
functions to sealing arc static friction[3] press
fits[29] and tolerances[30].

1.1.1 Friction and wear. These widely studied

subjects must be touched on because they involve
both the material and topographic aspects of the
surface and hence must influence concepts of
typology.

Considering first the friction properties. It is now
generally agreed that the adhesion theory[1-3]
provides the most satisfactory explanation of the
observed characteristic-.

The theory assumes that strong adhesive forces
exist between the contacting asperities which
cause cold welds at the junctions of clean asperities
between metals. The presence of these adhesive
forces[31] that probably vary with distance as an
inverse qiiartic law[32] has caused Rabinowicz[33]
to try to correlate adhesion with surface-free
energy (which is closely related to the surface
tension). If the surfaces are now moved relative
to each other shearing of these junctions can occur.
The adhesive theory of friction requires that two
components exist, a shear component for the
shearing of the junctions and a ploughing term
which is the force required to push the asperities
of the harder material through the softer one.
Asperity interlocking is usually only a minute
fraction of the frictional force, so that the co-
efficient of friction /i = SjP when the ploughing is
negligible, P being the flow pressure and § the
junction shear strength.

Factors that influence the friction between
surfaces can be mechanical like the increase of
friction due to the presence of residual strcsses[34],
crystallographic structure[35, 36], or more generally

of surface films. In general these films comprise an
oxide or sulphide layer formed on the metal
surface[37]. Next to this there will usually be an
adsorbed layer composed mainly of water, gases
and grease or oil films. All these can have a con-
siderable efleet on the friction.

Temperature can affect the properties of sliding
surfaces considerably. In the case of friction this is
due mainly to the increase in the rate of formation
of oxide films with tempcraturc[33] which lends to
reduce metal interaction[38], the mechanical shear
strength and hardness terms being affected roughly
by the same amount—that is until one of the
melting points is being approached. Obviously
also the thermal conductivities and specific heats
of the materials help to determine the contact
temperature reached in any situation.

From the point of view of surface geometry a
number of dilTercni parameters have been put
forward as having most influence on the friction.
Myers[39] suggests that the slope of the flanks
is the most relevant, whereas in the case of the
friction of metal on polymers, Trott[40] shows that
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the curvature of asperities is important—pre-
sumably because of the interlocking effect. The
slopes of the asperities should be only marginally
important in practice because of the dominance
of the adhesion term, although measurement of the
variation in frictional force can in certain circum-
stances be a measure of the first differential of the
surface geometry. Kragclskii[31 ] uses the bearing
area curve to work out friction from a profile
graph.

A recent comprehensive review of wear has been
given by Archard[41]. Wear is defined as the
removal of material from solid surfaces as a result
of mechanical action (although some engineers
would also include any displacement of metal that
produces a dimensional change).

Whereas in the past wear usually continued
through the roughness layer because of the im-
perfect manufacture of the surface, recent im-
provements have been such that the wear through-
out the life of the component is often confined
to the outermost layers which are therefore
becoming increasingly important.

The major difference between wear and friction
is that all points of contact make a contribution to
friction, but a contribution to wear is made only
by those contacts which result in damage or metal
removal when the junction has sheared. This
number is only a small fraction of the number of
contacts, perhaps one millionth. Whereas friction
is dominated by the behaviour of contacts which
involve virtually undamaged surface layers, wear is
concerned only with those few in which the surface
layers are broken.

The simplest classification of wear originated with
the friction classification of Bowden and Tabor[1].
This classification was into "severe” and “mild”
regimes. In severe wear the contact is largely
metallic. The surface damage is great and large
particles up to hundicds of micrometres are formed
whereas in mild wear the surface is relatively un-
damaged and protected by oxide films (Hirst and
Lancastcr[42]), very much smaller particles being
produced. According to Archard[41] this classi-
fication IS primarily a distinction in the scale of
size, severe wear involving contact sizes of 10“ *mm
whereas mild wear might be several orders less.

The individual mechanisms in the wear process
have been classified in a reasonably siraightforward
way by Burwcll®43] as follows;

Adhesive wear is p.imarily in terms of metallic
welding and can probably be taken to lepresent
the first stage of the severe wear regime. It involves
the transfer of metal from one surface to another[44]
and then the release of some of this transferred
material as wear debris due to either chemical

action which reduces adhesion or to residual

stresses in the transferred material, Kerridgc and
Lancastcr[45]. Rabinowicz[33] maintains that a
transferred particle comes off only if its stored
elastic energy is greater than its surface energy.

Abrasive wear is due to the cutting or ploughing
of a hard surface or particle into a softer surface,
called “two-body” if only two surfaces are involved
and “three-body” if loose debris particles are also
involved. Kruschov and Babichev[46] consider the
wear resistance of metals by taking into account
their relative haulncss. They find that the resistance
to wear is large if the surfaces arc harder, although
work hardening is not important.

Corrosive wear requires the presence of both
corrosive agents and rubbing, in particular oxides
and hydroxides of metals are easily formed in
corrosive environments and since they are usually
loosely adherent even mild rubbing can remove
them.

Fatigue wear or pitting occurs primarily when
surfaces undergo cyclic stress patterns such as
might occur in rolling or reciprocal sliding con-
ditions.

Although pitting usually occurs under conditions
of partial or full lubrication it is convenient to refer
to it in the section on wear. Dawson[47] has shown
that the criterion of pitting is highly correlated to
the ratio of the total height of the surface roughness
to oil film thickness. If this ratio is less than unity,
pitting is not likely to occur. Scuffing is likely to
occur in some situations where pitting is possible,
particularly when the slidc-to-roll ratio is high.
This is a condition associated with the high tem-
peratures generated during contact.

Another common form of wear is fretting[48],
where contacting surfaces undergo small tangential
displacements of small amplitudes.

In general wear, as friction, is influenced by
speed, temperature and load. Under low speeds,
low temperatures and low loads mild wear occurs

whereas at large values, severe wear occurs.

1.2 Intermittent solid contact

Consider the influence of surfaces on lubrication.
Depending on the lubrication regime, the surface
eflects are of different relative importance. For
instance, in hydrodynamic lubrication the surface
contact and hence possibility of wear, apart from
the intermittent contact due to debris during
running, occurs only at start up and shut down.
The debris particles, unless filtered out, cause
further wear and a progressive deterioration of
the oil film thickness. Tallian et «/.[50] and Furey
[51] have attempted to correlate the amount of
wear with the degree of metal contact as revealed
by their experimental procedures with some

success. Christenson[52] considers contact in the
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regimes between boundary and hydrodynamic
lubrication and investigates not only the number
of metal contacts but their average duration and the
rate of variation, parameters very relevant to
topographic typology. In the hydrodynamic and
elasto-hydrodynamic lubrication regimes it is the
bulk properties that usually decide the conditions,
whereas in boundary lubrication it is the surface
layers[31] which eitlicr take the form ofa molecular
layer of lubricant on the surfaces or of a solid
film such as an oxide or sulphide. Rabinowicz[33]
maintains that a property of surfaces that helps
the boundary lubrication properties is the surface
energy which when high facilitates the adherence
of lubricant molecules. The surface should also
have energetic compatibility with the lubricant
(Imai and Rabinowicz[53]), that is, it should be
capable of being wetted by the lubricant.

1.3 Fatigue

In several cases the surface plays an important
part and yet does not directly make contact with
other surfaces, for instance, in fatigue. The fatigue
cracks often start at or near to the surface layer
in regions of high tensile stress. This sort of failure
may therefore be caused more by the stresses
produced in manufacturing the surface than by
the surface geometry itself. It is the release of these
residual tensile stresses that causes fracture of the
surface layer and hence gives a basis for the
propagation of fatigue cracks.

Fatigue can be caused by a number of other
surface phenomena such as deep surface scratches,
Another effect of
internal stress can be to distort a part from its true

crystalline dislocations, etc.

form. From this it is clear that stresses in the
surface layer can influence how a part behaves.
These stresses according to Van Hasselt[54] can
be produced because of plastic deformation from
non-uniform thermal expansion, volume changes
from chemical reactions, precipitation or phase
changes and mechanical working. In practice in
order to get rid of unwanted tensile stresses the part
is sometimes shol-pcened to give a resultant com-
pression in tlic surfacc[55, 56]. It then seems likely
that residual stresses are more important than
surface finish although the finish still plays an

important part.

1.4 Bonding contact

Coming under this heading is the coalability of
surfaces, which concerns the covering of the surface
with a layer of material either for decoration or
anti-corrosion as in painting and plating. The
coating can be either chemically bonded to the
surface or physically bonded as in dilTusion. Here

obviously the chemistry of the outermost layers is
of prime importance in determining llie degree of
bonding, also the adsorption of grease and oil,
Adam[37]. In addition the surface finish can affect
the rigidity and appearance of the coaling, and it
can determine the volume of paint necessary to
paint the object[57]. Surface energy is likely to be
important as are the electrochemical properties
of the surface layers. Stresses are also important
because they can cause cracks which expose metal
to the atmosphere causing adverse chemical or

galvanic action.

1.5 Otherforms ofinteraction

Into this category may be put interaction with
waves, gases, fluids, etc. The scattering of electro-
magnetic waves, in particular light waves, by
surfaces is an important functional consideration.
Much work has been carried out in this field not
only from a visual point of view, but also in the
investigation of the nature of the surface of the
moon and sea[58].

Theories of backscattcr have been advanced for
both scalar analysis[59], and vector analysis[60].
Fraitlire[60] shows that autocorrelation functions
and r.m.s. values of the roughness can be found,
theoretically at least, by measurement of back-
scatter. Other surface information can also be
extracted such as the average slope of the asperities.
Bennett and Porteus[61] have evaluated the r.m.s.
roughness from specular reflectance at normal
incidence, although only for fine surface finish
where the slopes can be neglected. Most investi-
gators, like jL/aVieS[6.Lj, ciabuiuC pu fn. tl) cund ULUjig
surfaces and uniform incident reflectance, pro-
perties which together with the surface geometry
are of the utmost importance in questions of
appearance like sheen gloss[63]. Dielectrics do not
have reflectances as high as metals but information
can still be obtained from them.

Richmond and Steward[64] have shown that the
spectra! ernittance of metals can be increased
by two or three times by rougltening the surface.
This effectively increases the absorptance and hence,
by KirehoIT’s Law the ernittance. For dielectrics
this is not so marked [65]. The reflection of coherent
light is alfccted by the geometry of the surface;
for a given numerical aperture the speckle intensity
variation depends on the bandwidth of the
roughness [66].

Functional eflects involving the contact of gases
or fluids are too numerous to go into detail, but
take as an example of gases the simple cifcct of the
atmosphere which can cause corrosion of the parts
—especially if the surface has high residual stresses
which can cause bare metal exposure, and another
example is the presence of chlorine which can
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afTecl fatigue. The passage of fluids or gases can be
influenced by the geometry of the skin, too rough a
surface producing local turbulance and frictional
heating, e.g. on aircraft wings.

Summarising, it is obvious that in many practical
situations the surface and surface layers of a
component can determine to a large extent how
well it behaves in working conditions. The functions
here considered, although by no means a complete
list may provide a suflicient sample to indicate
which may be the important properties and hence
what needs to be typified.

How a surface behaves in practice when sub-
jected to various loads, speeds of relative motion,
temperatures and environments is likely to be
determined by not only the topological features
such as peak distribution, average height (AJ,
autocorrelation function, isotropy, waviness, etc.
but also the material properties which may be
either mechanical, physical or chemical, or more
than likely, a mix ure of all three. These surface
properties would have to include the hardness,
flow pressure, the modulus of elasticity in both
shear and tension, crystalline condition and
crystal orientation, specific heat, thermal and
electrical conductivity, reflectance, surface energy,
internal strain and stress conditions, chemical
activity and adsoiption, homogeneity and impurity
content to mention just the obvious properties.

It could be thought that most of the material
properties would be inherent in a statement of the
material to be used for a particular purpose. Un-
fortunately this is not likely to be so Hecause ihe
properties on the surface can depend so much on
the manufacturing process.

Hence this shows what an enormous amount of
information may be involved in an effective Surface
Typology. Further, as Field and Kahles[67] point
out, both material and topographic conditions
must be specified and secured if the proper
functioning of the surface is to be assurée!.

2. SURFACE TOPOLOGY

Up to the present surfaces have been typified in
one rather rough though inclusive way by specifying
the manufacturing process in conjunction with a
simple numerical index such as 72, or r.m.s., the
process in efleet determining the basic material
properties as well as the surface geometry, the
index merely ensuring some degree of control
over the satisfactory application of the process.

How has this system worked out? To try to
decide this the manufacturing process itself must
be examined to sec how good a basis for topology

it really is.
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2.1 Monufacturing process

Any form o” metal removal is liable to cause
differences between the surface and the bulk
properties. These differences are usually caused by
high temperature or temperature gradients de-
veloped during the removal process, plastic de-
formation and flow of metal, and chemical
reactions due to the presence of impurities, coolants,
etc. [67]. These differences between surface eflects
and bulk properties are being found increasingly
important with the use of nickel, titanium and
other alloys, and also because materials are being
heat-treated to higher strengths. The principal
alterations caused by these conditions arc (1)
change in hardness of the surface layer, (2) re-
crystallization or phase transformations in the
outermost layer leaving for example hard martcnsi-
tic aggregations in the ferrous alloys, (3) residual
stresses, (4) embrittlement by chemisorption, and
others. A brief review of how these effects are
brought about in the different processes may be
iustificcl.

In cutting processes like turning, two sorts of
finish can result, clean or torn depending on
whctficr a built-up edge forms on the tool[68] and
on whether or not micro-chips develop on the tool
flank[69]. The build up on a tool edge depends
largely on the tool edge temperature which in turn
depends on cutting speed. For high cutting speeds
the built-up edge disappears due to metal phase
transformations, the surface layers are subject
to higher temperatures and the roughness becomes
indopendent nf ralm angle, depth of cut and
speed[70]. On the other hand at slow speeds the
surface layers are subject to tearing and more
severe work hardening.

The mechanism of chip formation is of prime
importance in cutting processes, determining not
only the stress pattern left in the surface layer but
also the heat generated. Another factor is the
variation in cutting and frictional forces which
can accentuate ifnot initiate chatter[71 ].

Metallurgical consequences and flow properties
of the cutting action are dealt with by Turkovich
and Calvo[72] and Turkovich and Micheletti[73]
who show that most of the heat generation actually
taking place in the flow zone is due to the creation
and destruction ofdisolocations.

Because of the method of metal removal, the
shear zone in cutting is likely to contain tensije
stresses due to the flow of the hydrostatic com-
ponent of metal into the chip and also the type of
chip fracture. The rake angle of the tool can
influence the surface layers; for instance for small
positive angles the average thickness of the chip
increases and the depth of the plastically deformed
shear zone in the surface increases thus increasing
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residual tensile stress concentrations[74]. A typical
depth of the shear zone is about fifty times the
surface roughness.

In grinding the grits can be considered to be
single point tools of random rake angles having
random position relative to each other, so they do
not as a rule give the same result as that of a simple
cutting process. Also it is possible for many grits
to pass over the same workpiece position for one
wheel revolution, producing overgrinding, which
introduces random thermal and mechanical
stresses[75]. Another point to notice is that the
process of grinding can be self-dicssing in the sense
that as the grinding proceeds, grits fracture and
present new edges to the component. This only
happens if the part speed and wheel speed are
suitable.

Generally temperatures generated during grind-
ing are higher than in single point cutting, so phase
transformations and recrystallizations are more
likely to occur, but on the other hand plastic
deformation is lower resulting in lower internal
stresses. Geometrically the texture in grinding is
finer than in cutting operations and has as a rule a
Gaussian ordinate height distribution, which is not
necessarily the case for single point processes.
One factor that can greatly influence the surface
rmi.-,h of the part is the presence of chatter which
produces waviness[76]. Farmer ¢t al.[ll]] found
that to get best surface finish the table speed should
be kept low. Thorough removal of the wear debris
during the process also leads to better finish[78].

Recent work has indicated that to get a clear
picture of the grinding piocess. forward as well as
lateral flow of metal have to be considered. Also
not only chips are produced but slivers resulting
from the wide walls. These and other effects have
shown that grinding has diilerences from the
conventional cutting lcchniqucs[79]. Energy losses
are far Irghcer in grinding than in cutting because
of higher contact temperatures.

Abrasive techniques involving an area of contact
(e.g. honing and lapping) are still not fully under-
stood. They differ from normal grinding and
cutting processes, chiefly because large areas are
contacted at low specds[79]. Polishing is différent
again[80] because the abrasilc is held in a very
soft bond and is therefore relatively free. Samuels
does not subscribe to the theory of Bielby[81]
which postulates tlie formation of an amorphous
layer of molten metal on the surface during
polishing. Instead he favours the abrasive theory
which does not preclude asperiiies of all scales of
size being present. One of the big diflercnces
between polishing and cutting is that in polishing
abrasive debris can easily become embedded in the

surface and be almost impossible to remove.
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Metal forming methods involve a considerable
amount of plastic flow which may greatly aflcct
the crystalline structure and topography of the
surface, but are too extensive in their variations
for consideration in the present paper. However,
even when these methods are not the finishing
process they may have to be taken into account
because they can decide the material property
history of die surface.

Electro-machining of metals also produces its
own variety of problems, for instance in spark
machining thousands of amps per square cm may
pass through die surface producing both physical
and chemical changes. In hardened steels, for
instance, after machining there is a thin resolidified
extremely hard layer, often much harder than
normally possible, beneath which there may be a
thin tempered zone. Also high tensile stresses down
to at least twice the surface roughness depth can
exist. Electrochemical machining at low current
densities can cause intergranular cracks in multi-
component alloys. From the topology point of
view in electro-spark machining, rough surfaces
are usually produced while electro-chemical
machining can get fine finishes.

The preceding sections have tried to show how the
manufacturing process can influence the material
and geometric properties of a surface and conse-
quently influence all those functional behaviours
mentioned earlier, and thus react on the general
problem oftypological specification.

Although a number of processes are usually used
in the stock removal and finishing operations
involved in the manufacture of a component it is
not only the types of process that are important in
determining the surface properties, but also the
order in which they are applied—thus giving
différent thermal histories.

Again, as Just mentioned there can be variations
of surface properties and topography within any
one process. A point brought out by Rallies and
Ficld[67] is that considerable differences can arise
in the material properties of a surface resulting
from gentle and abusive treatment; on the other
hand Olsen[83] evolved typical good conditions
for turning. This seems to show that specification
by process may not always be adequate; it also
shows how great a problem will be set in the evol-
ution of a fully sufficient specification by typology.

When considering the shortcomings of specifica-
tion by process, even by process specified in detail,
two further points arise :

(a) Specification of the process may not guarantee
against ils misapplication, and it would be
desirable if surface property tests could be
made after manufacture as a form of inspec-
tion, although this may be a far-off objective.
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(b) The production engineer wants freedom of use
of production plant. He docs not want to be
tied down to any one process for a part
because this could disrupt his scheduling of
jobs in the workshop.

Consequently, the modern search is for typology
both of the material and geometrical properties.
Numbers indicating the requirements would be put
on the drawing and the job of the production
engineer would be merely to reproduce the pro-
perties corresponding to the numbers in any way
he pleases. This is the theory; the solution is not
easy.

2.2 Materialproperly typology

To specify the material properties adequately it
would be necessary (in addition to specifying the
material itself) to control the mechanical properties
of the material, e.g. its elastic modulus and the
hardness values at the surface itself, also the degree
of residual stress allowable in the surface layers.
Surface energy and chemical properties might be
involved although they might well be intrinsic in
the spcviification of the bulk material itself. It
might also be true to say that a fairly detailed
metallurgical specification could to some extent
anticipate the mechanical properties. It could be
that the complete typology of the material pro-
perties will be too diflicult to achieve and that the
nearest approach will be something like that of
Greenwood and Williamson, who aim to predict
the functioning of the surface by including in
ibHr pincpriiy indfv Toth madcrial and surface

topography parameters.

2.3 Topographic typology

The typology of the surface geometry also
presents problems and continues to defy complete
solution. This is mainly because of the complex
character of the surface geometry and also of the
multiplicity oi diiferent functional uses to which
the surface could be put. In an effort to provide
data from which a typology could be developed, a
joint OTCD;CI1RP

launched in which typical manufactured surfaces,

research programme was
prepared by the Technical High School, Aachen,
(Professor Opitz) were circulated to diiferent
institutions and firms through the world for
evaluation and classification. In the Rank Precision
Industries Laboratories, their profiles were re-
corded digitally on tape and basic parameters were
then computed. Unfortunately not enough speci-
mens were provided of each sort of manufacturing
process to enable any sound conclusion about
typology to be made from the re:>ults, which never-
theless gave useful information. More of this sort

of co-operation, however, is essential ifthe problem
is to be solved.

Discussion of typology leads naturally to
statistical considerations. The study of these
statistical parameters has been greatly facilitated
by the use of digital techniques introduced by
Reason [85].

Surfaces can be random or deterministic in
character or more usually a mixture of both. For a
complete specification of a general random process,
high order joint probability density functions are
needed[86]. However, in practice a second order
joint probability density function/ (jqT:; x,%?2) is
sufficient where y-"yj are ordinate heights and

are spatial co-ordinates. From this the ordi-
nate height distribution (or strictly the ordinate
height probability density function) can be obtained
as a marginal density function by integrating
/0 ’i.V2; A'jXj) with respect to
about the

or jq . This gives
information relative frequency of
ordinates at any given height. Also, the auto-
correlation function can be obtained, because it is
the joint moment of ;q(.Vi) and yiixf) and gives
information about the way in which the ordinates
follow on from each other. The autocorrelation
function is usually normalised with respect to the
variance (mean square value) of the signal. A
direct equivalent of the autocorrelation function is
the power spectral density function which can be
obtained by a straightforward Fuuricr transforma-
tion. Because the second order probability density
function is in general not known the auto-
correlation function and ordinate height distribu-
tion can be used to define the statistics of liie
profile. In the many practical instances where the
statistical process is Gaussian or thereabouts then
tire normalized autocorrelation function and the
r.m.s. value (or average value Rf) completely
define the profile (assuming it has zero mean
valuc)[87]. The autocorrelation function has the
useful pioperty of being able to separate the random
from the periodic components of a waveform,
although because of its phase destroying property
it cannot tell whether or nor the periodic com-
ponent has random phase elements. Standard
methods of obtaining these statistical parameters
have been well documented[88, 89].

The usefulness

of correlation and spectral

analysis techniques has been appreciated for
many years in other fields including medicine,
where they have been used for analysing elcctro-
enccphalognims[126], for oceanography[l 18], and
for siesmology[127], to namejust a few applications.

Most of the present day parameters of surface
geometry are basically estimates cither of the
height distribution or of the autocorrelation

function or mixtures of the two. A practical
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requirement inflencing the choice of parameters is
needed to keep instrumentation costs low and
techniques relatively simple, furthermore, for a
parameter to be useful in typology it must be at one
and the same time both discriminatory to distin-
guish between one surface and another both
produced by the same process, while being steady
enough not to produce wildly varying values over
the same surface.

Another point which tends to be neglected is that
any topographic typology should be capable of
taking into account not only the overall statistics
of the surface but also statistically unpredictable
freak events, such as the odd deep scratch which
(assuming it can be located) may be important in
functions like fatigue. This is one region where
tlie use of correlation techniques is no benefit at
all; similarly the prediction of extreme behaviour
is not at all straightforward[93]. Such behaviour
is by its very nature diilicult to predict—even using
statistics.

The importance of the ordinate height prob-
ability density function in surface metrology was
first realised by Abbott and Fircsione[94] who
proposed the use of a curve showing how the ratio
of metal to air changed with ihe height of a hypo-
thetical fiat plate lapping away the surface from
the highest peak to the lowest valleys. This curve
is generally referred to as the bearing area (or
ratio) curve; it is in fact unity minus the ordinate
height distribution function. Pesante[95] proposed
topological classification according to the shape of
the ordinate height density function. He proposed
that tlie Oensity value at a given height should be
taken and, later on, that it should be augmented
with a peak count. Pesante found the density
function more useful than the bearing area curve
because it is inherently more discriminating.
Reason[96] proposed the use of the consolidated
bearing area curve together with the high-spot
count to classify the surface, and Ehrenreich[97]
suggested that measurement of the slope of the
bearing area curve could be functionally useful.
The CLA (7?) and r.m.s. values are essemially
estimates of the scale of size of the ordinate
height probability density function—as indeed is
the maximum peak-to-valley height and ten point
height. Other features of the density function can
also be considered useful, especially in demon-
strating wear, for instance the skew. Al-Salihi[98]
in fact proposes that, in addition to the scale of size
estimate, the third and fourth central moments
representing skew and kurtosis should also be
relevant. Taken as a wliole, these parameters would
provide a much more comprehensive estimate of
the density.

Unfortunately, measurement of the higher order

central moments of a distribution are not as a
general rule reliable because of the tendency of
the value to be dominated by the rare very large
peak or valley. Unless some rule is used which
excludes these freaks the results can be doubtful.
One point relating to the shape of the bearing
area curve (or the density curve to a lesser extent)
is that it is not very discriminating. Over many
surfaces encompassing a variety of processes, the
curves hardly change and this feature, taken with
the known wide possible variations in instrument
values, Yon Weingraber[99], make it rather likely
that any significant difiercnces could be swamped.
The fundamental reason why the density function
by itself is of limited value is that it contains no
information about the bandwidth of the profile
waveform. Many people have pointed out[100]
that there is a functional need for a spacing type
parameter, for instance in the sheet steel industry
[101]. Hence, to stand any chance of being a suit-
able basis for a system of typology the ordinate
height density curve, or an estimate of it, has
to be complemented by the S])ecification of another
feature such as the process of manufacture or the
autocorrelation function for instance.

Any typology must be a compromise. This is
not surprising when it is remembered that only a
few dozen bits of information from all the millions
present in a typical profile waveform are going to be
significant for any given function. The question is,
which bits? This is where the autocorrelation
funcdon is useful because it represents a useful
condensation of the information in the profile
waveform without losing information about the
energy in the component waves making up the
waveform. Wormerslcy and Hopkins[102] were
tlie first to put forward the autocorrelation function
(in the form of a time sciies) as a useful measure of
surface texture, followed by Linnik[103] and
Nakamura[104j. However, it was Pcklenik[105]
who proposed the use of the autocorrelation
functions for the specification of the typology of
surfaces, and the Author has dciived much benefit
from his contributions. He proposed classifying
the autocorrelation function into five diiferent
groups; a surface being typified by examining the
shape of its autocorrelation function to decide
into which group it best fitted. The surface was then
typified by the number of the group.

Thus he was able to present surfaces made by
diiferent processes on a typographic scale which

comprises;
Group I—Cosine or steady.
Group 2—Exponential decay plus cosine.

Group 3—Exponential decay modulating a

cosine.
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Group 4— Complex combination of Groups 2
and 3.
Group 5—Exponential decay.

In this
(first-order random surfaces) is typical of those

classification, Group 5, for instance
manufacturing processes best described by Poisson
point process staiistics[106] such as grinding,
honing etc. whereas Group 3 (second-order random
surface) together with Group 2 are more typical of
single point cutting processes like shaping, turning,
etc. Group 1 is purely deteiiiiinistic and does not
occur on practical surfaces.

Three points are valid in the discussion of these
important concepts, the first being that the reliable
measurement of autocorrelation functions is not
ve y easy. It is usually accepted that correlation
functions arc better used for the estimation of the
presence or absence of features rather than of their
qualitative values[107J. The use of double correla-
tion can sometimes help in this matter[108]. The
second point is that a more comprehensive typology
scheme could be formulated by classifying the
shape of the ordinate height density function in
addition to the autocorrelation function. Function-

ally a classification of the ordinate height density

function need probabiv only take theskew into
account, for example,+1, 0 and —1, depending
on whether the density function is positively
skewed, symmetrical, or negatively skewed. It

would be necessary to define symmetry, the zero
class, by imposing a certain limit say +0-2 for the
which the dish ibution

classified as skew zero. These three groups taken

skew within would be
with the last four groupings of the autocorrelation
due to Peklenik would provide a comprehensive
classification and would be reasonably identifiable.
That a

correlation function can be sometimes insufficient

classification based only on the auto-

can be demonstrated easily. Take for example the
which
signal switching at random times between two

random telegraphic signal consists of a
fixed levels. This has got an exponential auto-
correlation function and yet it looks nothing like a
typical lapped surface having an exponential auto-
correlation function.

Finally, there is the point that the extracting of
the d.c. level and curvatures usually present and
unwanted on a profile graph can cause a change in
the autocorrelation function. For instance with
Group 5 surfaces the removal of these misleading
low frequencies can change the appearance of the
autocorrelation to tliat similar to Group 3. How-
ever, with care, the group classification can still be
of use.

As a further subdivision of each group, Peklenik

introduces the correlation length and the correlation
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period, the former being that separation of two
points on the profile that makes them just in-
dependent of each other, and is measured by the
lag distance in which the autocorrelation function
dies finally to a fixed value, between 10 and 50%
of the That is, the

probability density function becomes equal to the

original. conditional joint
ordinate height density function. The correlation
period isthe wavelength ofthe dominant periodicity
in the autocorrelation funciion. Again these sub-
divisions are useful but sometimes they are made
difficult to measure by the presence of unwanted
features; for the correlation length by random
fluctuations in the autocorrclogram, and for the
correlation period by harmonics. Moreover, as
mentioned above the extraction of the unwanted
very low frequencies presents problems.

Whitehouse and Archard make two significant
contributions. The first is by linking together the
parameters used in the classification system of
surfaces (due to Peklenik) with the parameters
directly useful in the functional assessment (due to
Greenwood and Williamson). The second point is
that they analyse the variations in parameter
values that can arise when using digital techniques.

After proposing just two values to completely
represent a random waveform, the r.m.s. value or
(7£) value

derive expressions for the distribution of peak

aveiage the correlation length they

values, curvature at peaks and the plasticity
index[ll] using only these two geometric para-
meters. They show, for the representative case of
orHinaU' height

distribution and an exponential autocorrelation

surfaces having a Gaucsian
function, that the peak distribution becomes more
Gaussian with height and that the peak curvatures
Also

they show how, when using digital techniques,

approximate to a Rayleigh distribution.
large difiercnces in pararne er values can result
depending on the sampling interval used, and
from this decide on limits for this interval which,
in turn, leads to a way of determining the broad
structure in the surface.

Correlation length concepts have also been used
by Beckman and Spizzichino[59]. In addition,
purely spectral methods of classification in surface
finish have b.en used by Bcr and Braun[110] and
Dunin Barkovsky[l 11], who mentions cases where
it has been wusei'ul functionally, although these
examples arc not properly explained.

Turning now to other methods of typology, one
important attempt was made by Mycrs[110] wlio
recommended ihe use of the r.m.s. values of not
just the profile itself but the r.m.s. values of the
profile slope and second derivative, together with a
directional parameter.

Other investigators have proposed the use of
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either one or more of the derivative parameters.
Peklcnik[l 13] considered the value of the standard
deviation of the slope as a convenient estimate of
the autocorrelation function, the function itself
being co.Tly to evaluate directly because of the
complexity and cost of correlation equipment and
the length of time necessary to produce the
corrclogram. However, this is becoming less of a
restriction than previously because of the advent
of fast Fourier transform techniques which can
considerably speed up operation and accuracy[l 14].
The significance of the standard deviation of slope
rather than the average value of slope, is that
the slope variance is equal to the curvature of the
autocorrelation function at the origin. Peklenik
then suggested that the measurement of level-
crossing probability is a useful practical way of
determining the slope standard deviation, thus
completing the link back to the correlation func-
tion. A variation on this level-crossing technique is
to measure the average peak thickness at any
level. The use of the distribution of slope has been
reported by Kubo[115], Nara[ll16] and others.
Nara[il6] suggested that the
mean slope value could be used for specifying a

value and the

surface on a two-dimensional graph. Using this
information he then represented the surface by an
assembly of cones of half angle given by the
average slope. This he found useful in specifying
electrical resistance. Using this model he was able
to make estimates of both the correlation length
and the high spot density.

To get to a very important practical point
concerned with most of these discriminating para-
meters like slope or curvature measurement and
levcl-crossings measurement, they tend by their
very nature to reduce the elective signal-to-noise
ratio, i.e. extraneous short wavelength noise tends
to get amplified relative to the required signal—a
natural consequence of this being that the value
obtained for the parameter can be dominated by
the noise. One way out of this problem is to
introduce a short wavelength filter to cut out this
noise. However, it is of limited value to apply an
arbitrary cut to the spectrum and it is best to
try as nearly as possible to relate the position of the
short wavelength filter cut-olf to the spectrum of
the surface in such a way that what is left will be
functionally significant as far as can be ascertained,
and not just the result of an instrumental con-
venience. Spragg and \Vhitehouse[l 17] have not
only done this by referring to some of the theory
developed in[109], but they have proposed a unified
system of surface metrology based on a typology
that includes the well accepted /v,, together with
a parameter they have called the average wave-
length and a skew index based on peak values.

The average wavelength as they define it is based
on a second moment estimate of the power spectral
density function and is a significant measure for
both random and deterministic signals. Thus, this
parameter often reveals the value of the tool mark
spacing for the large class of surfaces coming
approximately under Peklenik’s Group 3—(second-
order random surfaces like milling, turning, etc.)
even when the periodic component is not visible.
Fortunately this average wavelength parameter can
be obtained instrumcntally without too much
difficulty. Another feature of this system is that it
can be applied equally to roundness and waviness,
etc., which makes it suitable for an overall surface
geometry typology. Finally, the unified system
has the advantage of being able to indicate whether
a R, value that has been obtained is based on a
suitable meter cut-off.

All the inethods so far have dealt with the
typology of surfaces two-dimensionally which
means that the assessment is usually taken across
the lay where the bandwidth 1is greatest and
requires the least distance of traverse to get a
reliable answer. Obviously if only one track is to be
taken then this is sensible—as it must also be for
isotropic surfaces, but there are occasions when a
fuller description is necessary. This requires
typology in three-dimensions and not only in two.
In the field of three-dimensional topographic
analysis much work has been done, in particular
by Longuet-Higgins[l 18] in oceanography. Another
field where three-dimensional analysis is important
is in geography [119] and mapping.

McAdams ct u/.[120] have applied hypsometric
(arca-altitude) anal>sis to random surfaces such as
abrasive surfaces. He breaks down areas of the
surface into linear combinations of basis functions;
each function having a simple geometrical shape,
it is claimed that breaking down the surface into
these forms of elemental shapes enables a more
direct tie up with abrasive particle geometry to
be made than can result from correlation tech-
niques.

As in the two-dimensional case, Peklenik and
Kubo have been prominent in the three-dimensional
considerations also. They proj*osc for the three-
dimensional assessment of a surface two methods:
(a) use of cross-corrclation techniques for parallel
tracings along the surface and (b) plots of correla-
tion lengths on a polar diagram for radial tracings.
In the parallel tracing mcthod[121] information
about the persistence of waveform is obtained by
measuring the maximum value of the cross-
correlation ofseparated traces, whereas in the radial
method[122] which is more suitable for weakly
directional surfaces, the degree of isotropy can be
indicated on a polar plot of the correlation lengths.
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Both papers bring to notice a very important
aspect of surface metrology, namely the complete
three-dimensional classification of surfaces. How-
ever, as yet, the amount of e/fort required to obtain
this sort of information is large, and more work is
required in this held before practical methods are
likely to be evolved.

Another, or additional method for topographic
control would be similar in clfect to the use of a
visual Atlas, as is used in metallurgy and was
suggested for surface typology by the late Professor
Bickel, the eye being used to compare pictures and
profile graphs of a reference surface with the
surface to be classified. This method has the
advantage that the particular geometrical features
of the surface that make it acceptable do not

have to be known explicitly.

3. CONCLUSIONS

A few final points about this typology, both
material and topographic, must be made.

(1) Everything that has been said refers to the

surface as made. What is really needed is some-
thing predictive in nature giving information about
the final surface which will not cxixt until after
the surface has been put to wuse. Ostvik and
Christensen[123] show how quickly a surface

changes with running-in. Strictly speaking any
typology should be aimed at an assessment of these
run-in surfaces and not of the virgin surface.

(2) Judging from the foregoing review, it is
doubtful if there can be an effective typology that
does not take both material and topographic
aspects into account.

(3) The use of the manufacturing process as a
basis of typology will only be really effective if the
specification is made in some detail. Otherwise
abusive manufacture could make functional control
difficult.

(4) Waviness should not be neglected in geo-
metric typology because the functional behaviour
of mating surfaces depends largely on the extent
of contact which, in turn, depends on the waviness.

(5) No system of typology is likely to find its
way into industry unless it can be reduced to terms
capable of being understood in the workshop, and
leads to demonstrable commercial benefits sufficient
to justify its cost of operation. It is possible that this
requirement will impose fewer restrictions when the

system is associated with fully adaptive control.

From what has been said it is clear that more work
needs to be done before an effective typology can be
formulated. This paper has tried to show the extent
of the problem and indicate some of the lines along

which work on typology is now being pursued.
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In what follows some details will be given of the computer
programs that have been used in the work described in this thesis.
All of the programs have been written by the author; programs
CUPE, PECU, REST and GRIN especially for this thesis, and programs
PROF and ROLL modified to take into account work carried out in
this thesis. All these modifications have also been written by

the author.

The programs will be limited simply to a flow chart and a short
description including input variables, and they will be presented

in an abbreviated form for clarity.

It is hoped that these lists of input variables, the short
description, and the flow charts will give some idea of what these
programs do. It obviously is not sufficient to allow a complete
understanding but in view of the great length of many of them, which
makes it impractical to include them all complgte, it is felt that
enough has been included to allow the ;eferences made to them in

the thesis to be intelligble.

Program PROF

This program computes the basic statistical parameters of the
profile. Basically in operation the profile itself can be processed,
prior to statistical evaluation, by means of both high and low cut
filters or simple DC removal. After filtering the following

statistical parameters can be measured:
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1. Ordinate height distribution with moments.

2. Peak and valley distributions with average

peak and valley separations and average spacings.

3. Slope distribution with moments, either smoothed

or not.
4, Average wavelength.
5. Autocorrelation function.
6. Structure function.
7. Power spectrum.

A number of options are open in deciding the particular
computing path taken through the program. These will become
apparent when the input variables are discussed. Subroutines
READS and CHECKS are used to read in and check control variables .
and surface data; flow charts are provided for these. Subroutine

SKETCH is used for plotting results.

To enable a condensation of the number of input variables
needed the program automatically scales the plotted curve to fit
best the available space. Also, in the mode of operation where
both the profile and modified profile can be outputed they are
made to share the plot array. Hence they are displayed alongside
each other, which enables a direct comparison of shapes to be

made.,
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For convenience all the input variables are coded; the code
number preceding the variable on the card. The list of variables

is given overleaf.



INPUT VARIABLES

Code

(a) Real numbers

Variable

246

(typical numerical values in brackets)

Assumed Value

if Omitted

1. Traverse length of profile measured Must be present
in units of the filter cut-off
(TRAV). (5.0)

2. | Filter cut-off in mm (0.8) ) If not present then

) bandwidth ratio must
3. | Filter cut-off in inches (0.03) ) be made to the
smoothing filter cut-
off; then only
smoothing filter used.
4. | Profile ordinate psacing in )
i - 2.
micrometres (PROFSP). (2.5) ; One must be present
5.| Profile ordinate spacing in ) '
inches (PROFSP). (.0001) )

6. Amount of data to be ignored at end
of traverse to allow synchronism Assumed value zero
with meter (IGNORE). (0.0)

7. Maximwn autocorrelation lag in VALUE = 0.1 (TRAV -
terms of the cut-off of the low weighting function
cut filter (DELMAX) (0.05) length).

8. Slope of phase-corrected VALUE = 0.333
filter (B)

9. | Bandwidth ratio (BW) (100) No top cut filter used

10. | Vertical magnification (VMAG) Must be present

(10 000)




(b) Integer numbers
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Assumed Value

Code Variable if Omitted
11. | Number of weighting function VALUE = 100
ordinates per cut-off (C) (50)
12. | Type of filter to be used (JOHN)
1. DC level removed
2. Standard 2 CR filter VALUE = 2
3. Phase-corrected filter
14. | Length of weighting function in -
terms of ordinates (L) (100) VALUE = 2XC
15. Number of lag positions per cut- No correlation
off in _correlation function (IDD) function, structure
(150) function or power
spectrum
16. Determines the ratio of ordinates
read to ordinates actually used VALUE = 1
(TSTEP) (1)
17. The surface number on magnetic

finally magnetic tape name,

tape.

The order of these variables must be real ‘then integer and

The order within these groups is not

important providing that the vertical magnification is the last

one in the real group and the surface number the last of the integer

group.

How the ISTEP facility is used depends on the variable LIK

which is obtained from a coding of the last two figures on the

vertical magnification card, for example if VMAG is 10000.02 then
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VMAG 1is taken as 10000 and LIK as 2.

For LIK equal to unity then the program reads only one in

ISTEP ordinates.

For LIK equal to two then the program smoothes all the

profile data over ISTEP ordinates.

For LIK equal to three the program replaces every ISTEP

ordinate by their average and reads just the average values in.

Another facility called ITEST is also included which is not
relevant to the normal use. In normal mode up to ten surfaces can
be computed for one run. This enables the card reader to be
released for other users in the meantime. If less are to be rum
then the control variables for the last surface should be followed
by a card containing an integer zero followed by at least one

space then 0.0,

This and the other programs are written in ICL FORTRAN IV,
The approximate run time for a surface is about ten minutes. The
core requirement is for about 26 000 locations of
immediate access store and magnetic tape transports containing the

surface profile data.

To print as plotted lines the mean line and modified profile
complete then activating switch 2 is necessary. This is simply
achieved by instructing the operator to type ON’BX’PROF 2.
Activating switch 1 has the effect of simply bypassing the

autocorrelation function, structure function and power spectrum.
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Program PECU

This program computes the numerical solutions of the
equations derived in Chapter 4 for peak height distributions, peak
‘curvature at different heights and the various moments of the
distributions. The output is printed on the line printer in a
crude plot form. Obviously, because of the symmetry of the random

waveforms, valleys can be evaluated from the same output.

It is possible to get solutions to the equations for a wide

range of value of correlation.

The relevant input variables with typical wvalues in brackets

are:

EXTR (3.5) The extreme height value to be used.
STEP (0.5) The increment in height values.

RATIO (30.0) The ratio of the correlation length to
' that of the standard deviation.

ROL (0.9) The last correlation value to be considerad. °
RINC (0.1) The increment of correlation.

ROS (0.1) The first correlation value.

ROLV 25 The value of the autocorrelation assumed

for independence.

NOCURV 5 The number of increments required in the
curvature distribution.

SIZE 1, 2, 5 (5) Scaling factors for the plot routine.

This program takes a few minutes to run and is 4914 store

locations in size.
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Program. CUPE

This program measures the peak height distribution and peak
curvature distributions as a function of height using three-point
analysis for practical surfaces. It, therefore, uses the magnetic

tape library of surface profiles.

In operation, first the data, picked up from magnetic tape,
is processed, that is any irrelevant low frequency characteristics
are removed by means of the phase-corrected filter. Second tie
amplitude distribution and bearing ratio are computed. This gives
the RMS value which is used as a unit. After this the required
peak height (or valley) distributions and curvatures are evaluated
as indicated on the flow chart. One feature of the output, which
is again in the crude plot form, is that it is made to be ezactly
similar in format to PECU so that an immediate comparison between

theoretical and practicat results couid be made at a glance, even

to comparing the shape of the distributions.

Input variables with typical values in brackets

TRAV (5.0) Assessment length in filter cut-off

values.

END (0.0) Length of surface to be ignored at
the end.

SIZE 1,2,3,4,5 Scaling factors for the plot routine.

Typical values taken in order are
100.0, 0.5, 300.0, 200.0, 200.0.

SPACE (40.0) Ordinate spacing in micro-inches.

VMAG (10000.0) Vertical magnification.



ROL

ROLV

CURVV

RFRAC

VALUE

JOHN

JIM

NOCURV

ICC

ISKIP

ISTEP

(600)
(0.10)
(2.5)
(0.5)
(20.0)
(50.0)
(1)
(1)

(25.0)

(150)
(100)
(1)

(1

Distance of independence in
micro-inches.

Correlation value taken as independence.

Maximum likely value of curvature
measured in terms of the standard
deviation of the surface.

Increment of height in terms of the
standard deviation of the surface.

RMS value in micro-inches for the
non~-filtered case.

Number of weighting factors in one
cut-off length of the filter.

Equals unity then weighting function
printed, if equal to two then not printed.

If equal to unity filters the profile
and gives amplitude distribution.

The number of points required in the
curvature distribution.

The number of profile ordinates in the
cut-off of the filter.

The length ot the weighting function in
ordinate spacings.

The number of drdinates missed out on
either side of the central ordinate.

The number of points taken as the central
ordinate compared with the total number
6f profile ordinates available.

The program takes about ten minutes to execute and uses

23,329 store locations.

The maximum number of ordinates to be

evaluated at one run is four thousand five hundred.
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Program REST

The numerical solution of the equations developed in
Section 5.2.2 are evaluated in program REST. 1In it a circular
body is imagined to be run across a random surface. The program
compares the probability density of the locus of the envelope
movement with the amplitude probability density of the profile
itself. Both curves are plotted on the same scale and on the same
axis to enable an immediate comparison to be made. In addition to
the curves the mean value and RMS values of the distributions are
found. One other feature of the output routine is that the graphs

are automatically scaled to best fit the available space.
Input variables.
RAD The radius of the circular part in terms of the

distance of independence of the random surface.

RAT10 The ratio of the independence distance to
the RMS value.

STEP The increment of height to be considered in
the distribution.

This program takes a few minutes to run and requires 4,544

store locations.
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Program ROLL

As with PECU and CUPE, ROLL is the practical equivalent.of
the program REST in which analytic formulae are evaluated. In
ROLL the ofdinates are read in block at a time and a circle
(modified to an ellipse because of the magnification distortion)
is positioned with its centre above each ordinate in turn. The
point of contact of the circle with the profile is then found for
each position according to equation 3-38. Having found this the
envelope position can be easily deduced. This process is carried
out over three thousand ordinates. The area enclosed between the
envelope and the profile is worked out at the same time as the
relative frequency of the profile height and envelope height.
This is done in Subroutine ENVEL which also plots out the profile
and envelope. From the area the Rp value (or average depth of
profile from the envelope is worked out and also the maximum
departure Rt' Then the envelope 1is dropped by a value of Rp and
the Ra (or average departure from the envelope and profile worked
out. Finally the distributions of the envelope and profile are

plotted together with their moments.

Input variables.

J (500) The number of ordinates in a block

IEND (0.0) The number of ordinates left at the end
of the traverse to enable a direct tie
up between this and the other methods
of assessment.
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254

The number of profile ordinates to
be assessed.

Horizontal magnification.

Vertical magnification.

Radius of circle in inches.

Factor in inches of chart width usad
to estimate extent of ellipse to be used.

Profile ordinate spacing in inches.

Determines mode of output

VALUE =

For INO

1

i

Ellipse ordinates printed
together with result.

Envelope and profile printed
together with results.

All results outputed.

Only final results outputed.

th .
n then every n~ point on the

envelope and profile plotted.

This program takes about 15 minutes to run normally and uses

a store of 20,000 locations.
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Program GRIN

This program simulates a random machining process. It first
generates a random number of eight figures which is broken down to
give (a) the position where the "grit" hits the surface, () the

depth to which it penetrates, and (c) the width of the grit.

It is possible to use the program in a number of modes
ranging from the use of square grit to that of triangular shapes
of various kinds. The probability distribution of the grit heights
is arbitrary and and is set by means of an input card. Also the
size of the grit can be fixed or variable. 1In one important mode
the amount of ploughing produced by the grit (and hence something

akin to the hardness of the material) can be simulated.

After a period of "machining" there is a facility in this
program for the statistics of the generated profile to be measured
after which the machining is continued. The statistical parameters
that are measured are the profile height distribution with moments,
the autocorrelation function and tlie power spectrum. After each
such measurement the resultant profile and statistical parameters
are listed using the plot routine used extensively in all these
programs.

Switch facilities

Switch 0 When on a fixed width of square grit

is used (Switch 4 has to be on also).

Switch 1 When on a print out of the surface

profile is given. This switch controls
variable JIM.
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Switch 2

Switch 3

Switch &

Switch 5

Switch 6

Switch 7

Input variables via the

IT (5)

ANR (0.1672401)

IBLO (20 values)

ICHECK (1500)

ITOT (3)
LIMIT (20)
_JOHN (2)

When on a new random number primer
will be read. This switch controls
the variable JAMES.

When on a new origin for the grit
height distribution is requested. This
shift is called DROP in the program and
is controlled by the variable JED.

When on a rectangular (or square) grit
is used. The variable is JEF.

When on a triangular grit of 45° angle
is used. The variable used is FIXANG.

When on the one side of the triangular
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grit is suppressed. The variable is ONEANG.

When on the variable HARD is read in.

This gives the percentage of metal removed

that has to be displaced. The variable
used is JEN.

card reader.

Only used when switches O and 4 on. This
determines the halif width ot the tixed
rectangular grit.

The primer for the random number
generator.

This is a card containing twenty numbers

describing a distribution of grit heights.

This is only brought in if ANR is made
negative, otherwise a uniform height
distribution is assumed.

The number of operations before the
statistics are examined.
The number of runs

Tangent of the maximum angle of the grit.

If equal to 1 a continuous take away of
material from no fixed base line is
assumed. If equal to 2 then the drop
facility can be used.
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The optional variables which follow the above are:

BOTANG (0.0) Only read when switches 4 and 5 are
off. It is the tangent of the lowest
angle of grit.

HARD (4.0) Only read when switch 7 is on. It gives
the amount of ploughing i.e. for 507
ploughing HARD = 2.0.

DROP (5.0) Only read in when switch 3 is ON.

The program takes about five minutes to make one run and
uses 16094 store locations. The author gratefully acknowledges
the assistance of Mr. G. Burger in tidying up the ploughing

routine.
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lu recent work it has been shewn that many types of surfaces used in engineering practice
have a random structure, 'j'iio ])aper takes, as a roiiresentation of the profile of such a surface,
the waveform of a random signal ; this is comj)leteiy defined by two parameters, a height
distribution aiid an auto correlation function. It is shown how such a reju'osentation can be
transformed into a modi i, appropi'iate for the study of surface contact, consisting of an array
of asperities ha\'ing a statistical distribution of both heights and curvatures. This theory is
compared with the results of an analysis of surface profiles presented in digital form. The
significance of these findings for the theory of surface contact and for the measurement and
characterixation of surface finish is discussed.

1. JXTytOEUCTIJON

All surfaces are rough. This is the startiug-point from which current ideas ahout
friction, 'wear, and other aspects of surfaces in contact have evolved. Because
surfaces are rough the true area of contact, which is much smaller than the
ujtparent area in contact, must support pressures so large that tlicy are comparahle
vith the strengths of the materials of the contacting bodies. In their earlier work
Bowden & Tabor suggested that tliese contact ]Jiressures are equal to the
how Jiressure of the softer of the two contacting materials and the normal load is
then sujjporled hy plastic how of its as] «critics. The true area of contact. 4, is then
proliortional to tlie load, If; thus it was possible to provide a simjile and elegant
explanation of Amontons’s laws of friction. However, ifthe asperities are plastically
deformed the details of the surface finish seem relatively uninpiortant since the
total area of contact and the contact pressure do not depend upon surface
to])Ography.

More recently it has been recognized that surface contact must often involve an
alij')reciable jiroportion of asjierity contacts at which the deformation is entirely
clastic. .It has lieen shown that, under conditions of multiple contacts, even if the
deformation vere entirely elastic, the true area of contact, 4, can increase almost
Droliortionally v ith the load, Ih (Archard 1957; Greenwood & Williamson 1966);
thus a satisfactory explanation of Amontons’s laws of friction is not dependent

upon the assumption of Jhastic deformation. It therefore becomes more important

7 [97] Vol. 316. A.
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tu understand, in some detail, the role which surface topography plays in the
contact of surfaces. For cxaupde, it is clear tliat surface finish will ])lay a large
]>art in deteruhiiing the proportions of elastic and plastic deformation whi(di will
occur under any given set of conditions.

Knowledge ofthe topography of surfaces has l)cen derived from the use of many
technicjues of surface examination. However, in considering the contact of
nominally Hat surfaces, the most relevant information has come from the use of
profile meters in which a lightly loaded stylus is moved acios.s the surface. In the
past it has sometimes been assumed that the only significant information thus
obtained could he expressed as the r.m.s. or centre line average (e.l.a.) value of the
Drofilc. However, in more recent years the outputs of profile meters have been
analysed in greater detail by both analogue and digital techniques. In tlie field of
production engineering this informaliun has been presented in many different ways;
height distributions, slope distributions, jxnver spectral density curves, and aiito-
eorj-elation functions are but a few ofthe charactei'isties which have been disjDlayed

(Feklenik 1967-8).

FicuiiK 1. Modcl.T of .-jarfdco.s coT.Uiining a.>periiie> of (liffoiiag seal's of-si/.o. Wlien iho ck'foi'-
ijiaiioii is clastic- the i-elatioii."lhps between tlie area of contact (J.) and tlie load (11') arc
as follows: (a) .-ixU’il, (b) d x 1I'H ; (c) *dxTI'H.

On the other hand, those concerned with the jiroldecms of surface contact have
used models of surfaces based upon many different assumptions about the nature
of surface to])Ogr;i]>h,y. fi'lnis Archard (1957) paistulated a scries of models (figure 1)
which were used to provide the first exjilanafion of Amontons’s laws of friction
for elastic defhrtnation of asperities. Although it was admitted that these models
were artificial, they contain an important feature to which we shall revert later;
this is the assumjition that there exists iqion the surfaces super|iosed asperities of
widely differing scales of size.

It is, of coiu’se, important that the models used in theories of surface contact
be more closely based igxin knowledge gained from the examination of surface
tojxigraphy. Greenwood & Williamson (1966), and others, using ijiformation

obtained by digital analysis of profile meter outp.mts, have shown that for inany
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surfaces the distribution of iieights is very close to Gaussian. Greenwood &
Williamson also made an investigation of the heiglit distribution of ])eaks; the
most common teclmique used in this investigation was three point analysis, a peak
being defined when the central of three successive sampled heights lies above those
on either side. Tlius the distribution of peak heights was also shown to be close to
Gaussian but both the mean value and the standard deviation of this distribution
differed from that of the heights of the ordinates. In addition, liy the same
techniques, a distributkm of peak curvatures was obtained; tins was skewed
towards lower values of ciu’vature. As a result of these observations Greenwood &
Williamson postulated a model, rejwesenting a I'ough nominally flat surface,
consisting of a series oi sjihcrical peaks, each having the same radius of eiuvature,
and having a Gaussian distribution of heights. On the basis of this model, and the
assumption that the deformation was elastic, it was shown that the relation
between 4 and IF was close to direct proportionality ; thus a second theoretical
derivation of Amontonsvs laws for elastic deformation conditions Avas provided.

]'hc theory of Greenwood & Williamson (1966), although repiesenting a notable
advance, is still far from a complete or accurate rejn esentation of random surfaces
such as those analysed in their work ; in particular the assunqhion of a single
radius of curvature for surface asperities is clearly a major simplification of the
model. Moreover, it, Avill be shown below that the use, in their examination of
surface ])rofiles, of three point analysis together with a single sampling interval
severely limits the information obtained from tlie surface ]»rofile.

'L'he iiresent paper considers the reju'esentahion of a surface profile as a random
signal. Although such a representation can be a complete descrijd.ion of the profile
the ])roblem lies in its transformation into a form ajipropriate to the study of
sniface contact. From earlier work this lequirement is seen as a model consisting
of a distdbution of asperities; therefore the paper is concerned with the dietribii-

tion of the heights of the peaks and their radii of curvature.

2. Fun MODUL

A surface profile (figure 2), if it is of a random type, can be defined completely
(in a statistical rather than a deterministic sense) by two characteristics: the
height distribution and the autocorrelation function (see, for example, Bendat
195S). In the main body of this paper we sludl confine our attention to the jiarti-
cular exanqile of a surface piofile having a Gaussian disti itmtion of heights and an
exponential autocorrelation function. Tliere are a number of reasons for using
this Jiartioular model. First, and foremost, analysis I>y one ofus (J). d. Addtehousc,
to be published) of a large number of surfaces used in engineering jiractice has
shown that a not insignificant iiroportion of such surfaces tits this model or is a
reasonalile approximation to it. “Moreover, this model has been Aidely used in the
theory of random jirocesses; it lias also been used to represent surfaces in studies
of the scattering of electromagnetic radiation (Beckmann & Spizzichino 1963).

7-2
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100 1). J. Wliitehoiise and J. F. Arcliard

Tho model also simplifies some aspects of the rmdhcmatics and allows a clearer
statement ofthe imymrtant physical principles to emerge. Throughout this analysis
it will be assumed that the surfaces are isotropic although it is possible, at least in

principle, to extend the theory to surfaces having an ajnsotropic structure.

1fini

201

Fiouau 2. SiDfacc profilas of Aachen 04-13 showing coorflinale system. The profile is of a
surface chosen for a dotailod analysis which is clcacribecl l.itcr in the paper. The magnitude
of ITho r.m.s. valu -of the liciglit distribul ion (rr) and the correlation distance /?* arc shown
for compari.son with the profile.

The system of coordinates used is shown in figure 2;the mean line tlirough the
profile will be taken as y — 0. In practice the d.c. level, the general slo])e and the
curvature of the surface are removed by a filter eliminating the longest wave-
lengths. 'T'his does not substantially affect tlie autocorrelation function. The
probability of finding an ordinate at a height between J and (/i+ d/t) is/ (A) d/o
When the height distribution is Gaussian the height juobahility density function is

/(ly) = (2TT)-lexj) ( - 12/-); (1)

the hicigiits bhave been e”vjU'cssed in the mujmdi/.ed form y —e Itja, v.here o
is the standard deviation of the height di.stribution.

The autocorrelation function of the profile is defined as

ap) - limy f  y{x)y{x" p)dr,

where y{x) is the height of the jtrofile at a given coordinate x and y{x-1-P) is the
height at an adjacent coordinate {x+ p). In the theory which follows it v ill be

assumed that
= exp (-/?//7%), (8)

where /,* will he called the correlation distance.'!"" When p = 2.8/?% C{p) lias
declined to 10%; in what follows we shall, arbitrarily, take this spacing as that at
which the two points on the profile have just rcaclicd the conditions where they

can be regarded as independent events.

t Wo use Ilie term b-drrelatioii distanco’ to maik a distinction between ourselves and
Peklciiilc (1967-S) wlio uses tho term ‘correlation length’ fur 2.3/7%.
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Projjerlles of random surfaces of significance in iJieir contact  101.

There exists a Fourier transform |'clation betAveen the autoeoiTclation function

C(/?) and tlic power spectra] density function F(w) of a raiidom Avaveform given by

@

1"or an exponential autocorrelation function the poAAcr spectral density function is
represented by Avliite noise limited only in the upper frequencies by a cut-off of

6 dl1l per ociaA'e. Tliis is illustrated in figure 3. Thus the jdiysicrd meaning of our

lialf power point

1.0

0.8
100

0.6
0.4

0.2

FiGi'JiE 3. The model; antocoirelation fonction and power spectral density.

model is that the main components of the surface |)rofile consists of a band coA'”cring
the loAver frequencies (longer AAowolengtlrs). Shorter AvaA'clength components exist
but tlicir magnitucie declines Avith increasing frequency so tiiat, in tliis range, tne
amphtude is proportional to AAavelength. Therefore, in broad terms, the random
signal representation of a in’ofilc Avhich has been introduced here has features akin
to siij'ter])osed asperities of differing scai1es of size; it introduces the tnultiple scale
of size features of figure Ic (ef. figure lu) into a random model rejtresetitation.

Ve are concerned here Avith the PYopcrties of surfaces of significance in their
contact. These are the heights of the jloaks and their curA atures; they Avill be
defined, as in the earliej' Avork, by three }>oint analysis. This technique Aill first be
applied to the theoretical model of our random piofilo and the results of this
theory co]U])aied Acith exjieriniental I'csults obtained from the digital jaesentation

of profilomcter records.

3. TUEOKY

As a starthig jAoint in the development of the theory Ave assume that the profile
has been sanqhed as a sc(picnee of cffectiATly inde])cndent events; therefore the

ordinates considered are separated by lengths, r ~ 2.3/7%. ".Phus a peak at a height
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bcl'Ween y and y "y may bo dobnod by throe siieh consecntive events shown in
figure 4a with the following ]-eslrictions: (a) the central event lies betw een y and
y + 2yl (& event (1) has a value of less than y| (¢) event (3) also has a value of
less than y. Thus the jjrobability that the central ordinate represents a ])eak
between y and y + 8y is the multiplication of /|, /| and P”~where the P ’s refer to
the shaded areas of the height distributions.

oven't y evenl 2, % event  y.

M2.33———,

Frexnu', 4. I\loct4 nsnj in deilueing ilistrilnition of ])caks. (a) Siunpiing interval. : z= 2.3/7*;
coi iela'ijviji. f/ — 0.10; {w) “iuujuiug iniei vai, I ~ 0.in/7"; coi'ieiauun, p = u.sc.

Usiitg this simjile defiihtion of a peak and equation (1) to dcline the pro!lability
density ofa height di.'-tribution we can show (see the ajpxendix) that the prolialiihty
density of an ordinate being a yieak at heiglit y is given by

/*@/) = I 4ei-r(;, A2) 1=ed, (-3,1),
= 11/S/211)] <0=?) ex-1> (- 4§=), (5)

where lu're. and subsequently,/'" is used to indicate that Jiroperties of peaks arc
considered, / being retained for properties of the whole profile.

This argument can be extended to include the situation where the sampled
ordinates are taken too close to be considered indcjiendent of each other. Such a
situation is shown in figure ib. in this case, also, the Jirobability of an ordinate
being a peak at height between y and y-\-dy is given by P"P."F". However, the
ordinates adjacent to the central y» are now' not allowed to take all the values of

the original height distribution jthey take values that fit into a modilied distribution
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whose shape depends upon llie samphug jntervah Tlie modibed iieiglit distribu-
tions sliown in bgure 45 arc the result of having ordinates and y - so close
to the central ordinate y”, taken as a reference, that they are dominated by it.
d’lnis, for short sampling intervals, y”j cannot differ greatly from 7, because ofthe
inability of the signal level to change rapidly ; this, in turn, is a consequence ofthe
limitatioj) of the poxver spectrum at high frequencies (bgure 3/;). In general, the
distribution of is inbueimed. not only l)y ?0o, but also, to a lesser degree, by
However, for the particular example of the model used liere (an exponential
correlation function) N can be considered as influenced by //,, only and not by
y_1i; this is a prolierty indicative of a brst order Alarkov process (Bcjidat 1958,
p. 215) and the distributions o f a n d y y (haxvn in bgure 44 are dependent only
upon the sampling interval and the value of (See the appendix, where the
derivation ofthe equations of this section is outlined and the basis of a theory for
any form of correlatioji function is indicated.)

On the more general theory associated with bgure 4b, tlm probability density
of an ordinate being a peak at height y is given by

=qlL) (y/rt7) " k). 9

Figure b shows plots of tin's peak heiglit distribution for a high and a low value of
the correlation, p; the height distribution of the ordinates is also shown for eom-
Darison. The trends with varying values of p will be otiserved. As p -> 0 (large
sampling interval). Hie shape of the peak height, distribution becomes slightly
skewed, its mean value apjiroaches 4-0.8b and its stand.ard deviation a]rproaches
a value of b.70 Thus, when one uses larger sampling inter'-als tlie jnain, longer
wavelength, structure of the profile is revealed (iieghwting, hero, the jiroblem of
aliasing (Bendat 1958)) and the peaks tend to lie above the centre line. Asp-> 1
the shape of the ])cah height distribution, and its mean value and standard
deviation, approaches those ofthe height distribution of the ordinates. Thus, when
using short sampling intervals one is concerned with the shorter wavelength
structure of the ])roble and therefore the ])caks revealed by three jioint analysis
follow closely the broad scale surface structure (cf. bgure /b, ¢).

The mean value of the peak height density curve y*(p) is found by taking the

first moment of/*(?/, p) in the normalized version of equation (0) and yields

Similarly, the variance of the jieak heights is the second central moment. Thus

_ (i-p)
TP 1P 2.YITtaji“ (Aut)  -rA"- ©)
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wlicre the normalizing factor N, giving the ratio of nninl.)cr of ])paks to number of
or<linate« is = (I/sr) tan" ,"{(«-/3)/(! +,-)}. H)

It will be noted that équations (5) and (G), when divided by equation (9), are the

probability densities of peak heights. Eqnat ion (9) shows tliat as the eorrelat ion, p,

increases from zero to unity, A falls from d to These limiting values have a

sim]>le explanation. As the sampling interval is increased, p -> 9 and A -> -; the

three events are then effectively iiidejiendent (figure 4e) and the chance that any

of

0.2 0.4
piubability drnsit}

Fiouju: a. frobahility deusitics of c.a n;dinalu licing 1 jjcak at licielit //. T)ic Itciylil. y, is
nonnalizcd 1>y Ilie i.in..s. value (cr) of the ofiliiiatr.s. Posaits ate showu for two difforont
values of the satnpiiitg interval (/). (A) I = 2.3/y*; oonv-lalion. p ~ (>10; average peak
licighf = 0.82; (P) I ~ 0.10/2*%; correlation, p ~ 0 80; axeragu peak height -- 0 11;
(C) Gaussian di.slrihuti(,n of ordinates.

one of them (e.g. the centre one) is the highest becomes onc-tliird. On the other

hand, as the sanqding interval is decreased />-> 1 and A ->j. 'The modified

distributions of the two outer events are now centred upon the central ordinate

(figure 46) ;the areas /| and have values of &and the ])rol>al)ihty that the central

event is a peak is |.

To provide an adequate deserijitlon of a surface in terms of a distributioji of
as|>erities it is also necessary to specif)- their radii of curvature. It is more con-
venient to discuss tin's in terms of a distrihution of curvatures and we shall follow
(Irccnwood & AViiliamson (1966) in deriving curvatures from the digital ]Jjresenta-
tion of the profile. The assunqttion here is that one is just ified in fitting a ])aral)ola

to the profile by three poinr analysis; the }>roblems involved in this assunqition
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and the limits within which this analysis is justified will be discussed later. Consider,
first, the examjhe of three independent events (figure 4a). Figure (in shows one
})Ossible arrangement of the three events which will give a ])eak at height y with a
curvature C givmi by A- Zmi- of-i- (%o)
In this ecjuation C is non-dimensional but the true value of curvature do]jcnds
upon the sampling interval ?; to obtain a true value, C must lie multiplied by
(ijP. We designate the sampling interval as [, rather than /? of ecjuation (2), to
emphasize the important point that the properties of tlie profile are being deduced

by finite difference methods fi'om data obtained by a sampling teclmicpie.

oveni, 1, 7] event 2, Q0 event 3, g.,,

Ficern: . luodel n%ed in deducing ilie clisrriliulion of cur\'atuirs. (1/) Sainpling inleival,
/ = 2.3/j*; eorreliition,/; = U.10; (6).samjding interval, ? = 0.10/?*";correlation,’” — O.sO.
This treatmcrit assumes that the second derivative of the ]no file is an aece])table
approximation to the curvature. Tlien the probability of the eonliguration showtt
in figure Ga. is I] 7bif;, where [f /t and Fg, arc given by the shaded areas shown.
In order to obtain the fotal probability of a peak with curvature C at a height
between y and gH-dg many configurations, similar to that sho”vn in figure On,
must be taken into account. It is shown in the appendix that this total probafiility
is given fiy a convolution integral. Thus the probability density function that any
ordinate is a Jieak of curvature C at height y is

-1
ZT)((JZ.?/")eXp[_(y.|CT]crf(lC). (Imn

As before, the argument can lierepeated for a shorter sampling interval (figure 05).

exp (-15/=) Id-dj/yc? ort ™ c (12)

exp
27T|2(I-/F) |1 (I-/a dvd -p-)_
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111e probability density function that any ordinate is a peak of curvature C (at
any height) is obtained by integrating equation (12) to give
. _CP .
P anee a-m Y g can. 5T 3
This distribution is skewed towards zero curvature; this is in general accoi'd with
the distribution of curvatures obtained by (h'cenwood & Williaruson (j¢é66) from
digital analysis of a bead blasted siu-faee. Ilicse authors suggest a F function as a
suitable descrijTion of the distribution but equation (13) is nearer to a Rayleigh,
distribution thaji a F function and for large curvatures is veiy nearly Gaussian.
A further congqiarison of these ccjuations with results derived from surface ]>rofiles
is given below.
Ilie mean curvature C* for all peaks is olhained by finding the first moment of
/*(C, /)) in equation (13). Iliis yields

(It)

where the distribution has been normalized by Ay tlie ratio of Jieaks to ordinates
(equation (9)). The curvature (or, more strictly, the second differential) of the
jnojile as a whole is given by
exp ~c2 (15)
LATT (3-/d(I-/))1i 403
which is equation (13) with the erroi' function removed. 1lhs is a Gaussian distribu-
tion having a mean of zero and a standard deviation of [2(3- /> @ —p)Jh A simple
check on this value of the standard deviation (or, moie strictly, the \ aiiance) is
obtained Iry finding the square, of the cx])ccted value of the curvature from cqua-
ticn(10). ThnsA%'o
The distribution of slopes is of inqiortance because one widely used criterion for
the onset of })lastie flow (Blok 1952; Jfalliday 1955) uses the mean slope of the
flanks ef the asperities. The distributio]i of slopes {ni) on the profile is easily
obtained from the fact that the formula involves a sinqile linear relation of the
Gau.ssiau varidtes ?/_, and and so is itself Gaussian with a mean of zero and a

variance |20-"(1—f7)\/4p. Hence

fim, p) - exp [e-TT(L -/A) 11, @
-/).
from which one derives the average iqnvard or downward slo]Jie (mean value of the

modulus)

a \"p[

- >7;

TT

1'hese formulae can also lie obtained by the same type of jn’ocediire as that used

in the derivation of equatio]i (15).
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4. R esults of analysts of SURFACE i’no files

The validity of the tlieory given above has been cheeked by digital analysis of
Drofile meter outputs. In order to J]iresent a coherent ])ictnre we give below a
fairly eonijdete analysis of the results olitained from one surface. The surface
chosen (Aachen 04-13) is a ty]»ical ground surface used in an O.K.0.1). cooperative
research programme (O.K.0.1), to be ]Hiblislied). The surface jirofilcs weie taken
at right angles to the direction of grinding.

'"The main experimental results were derived from surface ]Wofiles measru'cd on
a Talysnrf 4 stylus surface roughness in.sfrument in which a liglitly loaded diamond
stylus is traversed across the surface under examiiTation. A normal stylus with a
nominal tip dimension of 2.5/xm was used. In these experiments tlie stylus was a
diamond in the form of a truncated p”"Tamid and the term ‘tip dimension ’refers
to the linear dimension of the flat region at the tip in the direction of motion.
A horizontal magnification of 500 was obtained by using the 500 x drive unit.
Coupled to the Talysurf was a data logging system, Sjiceially devised for it,
consisting of a Solartron A/J) convertor and serializer together with a .Data
Dynamics 110 paper tape punch. From this equipment the amplilied analogue
signal of the surface profile was converted into a sequence of ordinates on the tape.
Using this system ordinates were sampled at intervals of 1pm. The information
on the ])aper tajie was sulisequently processed in an ICIj 1005 computer.

Additional results were also obtained, with a sjiecial sharp stylus having a tip
dimension of 0.25pm, the Talystep instrument being coiqilcd to the same data
logging equipment. The Talystep apjiaratus is capable of vertical magnifications
ofup to 10°and horizontal magnifications of up to 2 x 10~ This latter facility made

it possible to sanqile the jirofile at intervals of 0.25pm. Another feature of this

((uie-himdredth of the load on the Talysurfstylus) and this made the use ofa very
sharj) stylus jiossible. Kigvu'c 7 shows an. electron microgj'aph of this sharp stylus.|

A tyjiieal set of Talysurf results, from a single, prolilc, consi'-ted of some 10000
ordinates witli a sam])ling interval of 1pm ; of these, some 7000 were available for
use after filtering to remove the d.e. level, the general slope and 'wavelengths
comparailie with tlie length of the jirofile. The residts ju'esented below are based
iqgion five profiles and statistical analysis shows that the normalized standard
errms are ca. 2% for mean values (e.g. equations (7) to (0)) and cvi. 5% for jioints
on the probability distriliutions (e.g. equations (4), (5) and (13)).

By suitable selection of data it was jxis.siblc to jircscnt results foj- sampling
intervals between 0.25 and 15pm. It was thus found (figure 8)that the model used
in this jvqier was a good rejircsentation of the data obtained from the surface
profiles; tlie distribution of ordinates was very close to Gaussian, with an r.m.s.

value (a) of 0.5pm, and the autocorrelation function was close to exponential

i" Wo ai'o indL'btod to Mr J. Jungles (liosoaroli Depart meut Itank J’rocisiou Tiidnstrios Ltd)
for lii 5skill ill making and moasm lag tin's .st\ Ins.
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1"tezu x 8. Chara.ctcria(ics of profiles of Aachen 01-13 repre.scntccl as a random signal, (a)
Cumulatile distribution of lieiglit.s (normal })rol)ability jiaoer); (b) Coirelation as a
function of sampling inti,real (logarillimic-linear plot).
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witl) a correlation distance [fP) of ().5/im. In subsequent discussion wo shall use
theoretical values of the correlation ¢£) for the selected velues of the sampling
interval as shown in table 1. It will be observed that any divergences lietween
these values a.nd those obtained from tlie jirofilcs are, for the most jiart, within the
limits of exjierimental error. In the i-esult-s, presented below in gra|)bieal form,
sanqding intervals (/) of \n, 3and 1pm (corre.sponding to correlations (p) of 0.10,

0.03 and 0.80 respectively) have been selected to display certain important features.

T AELIf 1. JIELATIOX EKTW'KEN SA%iirLINO INTENVAL ) AND CORUEEATION
(p) BETWEEN SUCCESSIVE SAMPLES ECU AACEEN 04-13

sampling interval, Ppiii 1.) 0.0 3.0 2.0 1.0 0.5 0.25
correlation, p 0.10 0.40 0.03 0.74 0.80 0.92 0.90

Figure 9 shows a comparison of theory and. exjieriments for the probability that
an ordinate is a jieak at, a height y (equation (G)). It will be observed that for
I — topm and / = 3pin the agreement betaveen theory and experiment is remark-
ably good. However, for 1= 1pm (figure 9c¢) there is a juarked divergence, the
number of peaks detected falling significantly below the theoretical values. The
results for all values of the sampling interval arc shown in figure 10 in which the
mean value and the standard deviation of the distrilmtion of peaks (cfjuations (7)
and (8)) are plotted against the value of the correlation between successive
samples. The most significant divergence between theory and experiment is the
fact that, for the shorter sanqding intervals, tlic mean values lie above the
theoretical predictions (see also figure 9c¢).

Figure 11 presents theory and experiment for the jwobability than an ordinate
is a |'>cak of given curvature. As before, for 1 — lopin and - 3pm the agreement
is excellent but there are significant diflerenees for the shorter sanqding interval
of / = 1pm. Jt will be observed ii'om the magnitudes of the curvatures shown in
figures 11 a to e, that, as the sampling interval is decreased, one is concerned with
asperities of smaller and smaller radius. This is made quite clear in figure 12 which
compares theoretical values of the mean curvature of the Jieaks with the values
found from the profiles for differing sampling intervals. Once more, the only
significant divergence between theory and cxjxu’iment occurs at the shortest
sampling interval (/ 1/,.m).

The results obtained at shorter sampling intervals (see, in particular, figures 9c,
11c) suggest that tlie measurements of the surface profiles arc alfcctcd by the
finite si/e of the stylus. In figure 11¢ a value of the nominal stylus curvature has
been indicati'd ; this is taken as the reciprocal of the nominal tip dimension of the
stylus. The character of the divergence between theory and experiment shown in
figure 11cis certainly consistent with tlie assuuqition that it arises from the finite
size of the stylus. The total number of ]leaks detected is less than that forecast by
the theory and the distribution has apparently lieen distorted towards smaller

values of the curvature.
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It is, of course, equally possible that the surface used in this work does Jiot
conform, at these shorter wavelengths, to the model assumed in this ])aper.
Figures 9c and 11c would then imply that the structure of shorter wavelengths,

although present in the model, does not exist upon the surface. In an attem})t to

0.1 0.2

B

0.05 1 0.150 0.05 a’
probability dcjisily
FiGurm 9. Probability ueu.sities of an ordinate being a peak at a heipln y. 'T'lie full linos give
the theory (ocpiaiion (C)). The oxjioi-iincntal points are derived from digital analysis of
profiles of Aachen 04-1:. Results arc shown for the values of the .saiujding inter\ al (1)
corresponding to differing values of the correlation (p) between successive .sanijdcs.
(a) I—1.j /iin. (>~ 0.10; (6) I = IbO/nn, /» = 0.09; (0) [ = 1.0/an, p — O.SO.

resolve this question experiments Avere performed with a stylus Avitii a smaller tip
dimension. The results are shown in ligure 19 Avhere the latio (A) of })eaks to
ordinates is plotted against the correlation (/) bcl.A\een successiA'c samples. It Avill
be recalled that the theory (equation 9) forecasts that this ratio varies betAvecn
0.99 {p —0) and 0.2.5 {p — ]). Idgure 19 shoAvs, once more a divergence between
theoiy and experiment for sampling intervals of less than 2/on; in this region the
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sampling iuterval/pm
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con elation between successivo sarnple.s, />
Figukk 10. Characteristics of the distribution of peaks. The full line gives tlu' mean value
(equation (7)) and the bi'oken line the standard deviation (e(Jual ion (S)); they are

normalized by the standard deviation of the ordinates (cr). The experimental points arc
derived from digital analysis of profiles from Aachen 04 -13.
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FiCit' KK 11. Probafiility densities of an ordinate being a peak of a given curvature. The full
lines give tlie theory (equation (13)). Tiio experimental points are from digital analysis of
|)rofiles from Aaehen (34 13 (cr = 0.7 /tin, /?* = 0.5 pm). Ke.sults are shown for three
values of the sampling interval (?) corre.-=ponding to differing values of the eorrelat ion (p)
between successive satnj<le.s. («) /= 15pin, p = 0.10; (5) I = 3.0pm, p ~ 0.03;
(¢) / = 1.0 pin, p =m O.SO; the arrow indicates the nominal stylus curvature, 400 /im~k



112 1). J. Whitehoiise and J. F. Arcliard

samp] j iig in t.or\ ai//iin

0a

0 02 0.1 Lnef 0.8 1.0
correlation between successive samples, p

Frc4UKK 12. Mean curvatirre of (lie peaks as a funct ion of the eorrelatio i (p) between successive
samples. 'The full lino gives the tlieory (equation (14)). The exjierimenta) points are
derived from digital analysis of profiles from Aachen 04 13 {o — 0.6 yin, ft* 0.5 /an).

O, Normal stylus, nominal tip dimension 2.5 ym ; a, special st\ lus, nominal tip dimension
0.25 ym.

samjiling interval/ym

OO

0 02 Ur '00 1.0

correlation between successive sarnple.s, p

I'btiUKt: 13. Ratio (.Y) of peaks to ordinates as a function of the correlation (p) between sue-
cesive sanqiles. The full line gives the theory (equation (Oj). The experimental ]>oints are
derived from digital analysis of Jirofiles from Aachen 04 -13. Q, Normal .stylus, nominal
tip dimension 2.5 /un; A, sjiecial stylus, nominal tip dimension 0.25 yin.
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numbers of jiecaks detected falls well below the theoretical values. .Similar ]dots
sho”ving a decline in the number of jjcaks detected at short sampling intervals liave
been presented by Sharman (1967-8), but no explanation of tlie cause has been
advanced. Figure 13 also shows tliat when using a stylus with a smaller tip dimen-
sion the decline is delayed to smaller values of the sampling intervals. Clearly,
therefore, stylus resolution is a significant factor affecting the behaviour in this

region.

5. DISCUSSION

The starting-point of the present work is the conce])t, well accepted in the theory
of random processes but unexplo] ed in the field of surfaces and their contact, that
arandom profile can be comj)letcly defined by two Jiarameters :the height distribu-
tion and the autocorrelation function. For the particular example of the model
used in this paper, these two parameters become simjily two lengths, the r.m.s.
value ofthe height distribution (cr) and the correlation distance (/?*). The statistical
distributions of all significant geometric cfiaracteristics of the surface ])rofile, for
example, slopes, peaks and curvatures, can then be predicted from these two
independent parameters. It is significant that the jjresent work, which has arisen
from markedly theoretical considerations, is set against a })arfcicular background
of comment from those concerned with practical as]jccts of the measurement of
surface finish and its use in engineering. This includes many comments that a
measurement of surface finish, widely adopted hitherto, based solely upon the
height distribution (r.m.s. or c.l.a. roughness) is not an adequate description ofthe
functional significance of surface rougliness (Reason 1967-8). Therefore, the ideas
outlined here seem very relevant in any attempt to ])rovide a more cojiijilete
specification of surface finish. In practice, for reasons connected with ease of
iAT 1»A V-1 Ipvixdlt-j Tv AilCVj KVt. £i K'Y/ 1TAV-1v0 »«l\y KV iL\ VA §ViLl iL I tib  I'J10
average upward or downward slope. However, although nuniy simfaces do not
conform exactly to the simple model used in this paper, the priucijdo of specifying
surface finish in terms of two independent parameters seems capable of wider
application.

'The importance of /?" in the s])ccification of surface fmish has been stressed, but
it has an additional significance in its own right. Consider the measurement of the
c.l.a. or r.m.s. roughne,ss value of a landom surface; it is desired to know the
confidence limits of such a measurement and thus is easily expressed if one knows
the standard deviation of a large number of such measurements made iqion the
same surface. Alternatively this can be deduced if /?" is hnovii. It can be shown
that the standard deviation of such measurement of the c.l.a. roughness of a
random surface, when normalized as a ratio of the incan value, is % / In
this expression Ji is the ratio of the assessment length (L), used in the measure-
ment of c.l.a., to the distance between points on the surface (2.3/i'"*) which just
Jirovides elfeclively indejxmdent events'. (This ratio .di is analogous to the band

width Xduration Jiroduct used in communications theoj-y to estimate the reliability
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of data,) For example, on the 0.03 in cut-off range, the Talysmf 4 instrument has
an assessment length, of 0.15 in (3.81 mm). 'The value of 2.3/?* for Aaehen 04-13
is 15pm. Thus the normalized standard deviation of c.l.a. readings on this surface
should he 4.5%. A measured value of the standard deviation for Aachen 04-13,
based upon a large number of readings, was 4.3 %.

The comparison of theory and experiment outlined in this paper shows that the
model which has been adopted can j)rovide a satisfactory dcscrintion of the, geo-
metric features of profiles from a surface typical of engineering practice; the
statistical distribution of surface characteristics are accurately forecast over iiwide
range. Tliis range covers an order of magnitude in the linear dimensions of the
asperities and more than two orders of magnitude in their curvatures. Divergences
apipear only at shorter wavelengths and these arise, at least in Jiart, from the
resolution of the stylus. This is cleai- from a more detailed consideration of the
results obtained vith the sharp stylus.

First, consider the results of figure 13. The model adopted in the jiresent paper
reijuires that at short sampling intervals {N -> J) the number of peaks dc'tected on
a given length of profile should be inversely projioi tional to the samjiling interval.
However, with the normal stylus, reducing the sampling interval from 1to 0.5pm
increases the number of peaks by only 16% and a further reduction to 0.25pm
causes no detectable increase in the number of ]>eaks. These results suggest that
either the line scale structure does not exist upon the surface, or it is ),resent and
is not detected by the stylus. 4'he results obtained with the sharp stylus show,
clearly, that stylus resolution is a significant factor. At a sampling interval of 1/on
the replacement of the normal stylus by the sharp stylus causes an increase of 20 %
in the number of peaks detected. In addition, when using tlic sharp stylus, a re-
duction in the samjjling interval to 0.5pm and to 0.25/on causes increases in the
numbi.T ot Jienk= by 37 .and 75 % F.ig’'re J2 shows that use of the
sharj) stylus also results in an increase in the mean curvature of the jteaks; in other
words the sharp stylus reveals more detail and liner detail. The suggestion that
the finite size of the stylus has an influence upon the re,solution of the finest deta.il
is suj>jx>rtcd by other experiments (R. F. Rea.son, un])ublished) in which a sharj)
stylus has revealed considcraltle detail u])on smoofh surfaces vhieh tlie normal
stains does not reveal.

A detailed discussion of the effect of the size and shape of the stylus upon
resolution is outside the scope of the pi'esent jiajter. However, some general con-
siderations arc worthy of comment. I'hrst, the effect of the finite size of the flat tip
of the stylus is not likely to produce a sharj) cut-off in resolution but should
exercise an inlluence over a range of wavelengths somewhat as has b(\ n indicated
in the discussion of figure 13. Nevertheless, assuming that the jiroiile corresjtonds
to the model of this ])ajier, the change in the stylus tip dimension from 2.5 to
0.25/on jjroduce.s a smaller change in the lesolution than might be exj)ected;
jierhaps the line scale structure is present but its magnitude is less than is required

)y the theoretical model. However, it should be noted that the lij) dimension may
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not 1)0 the only factor wiiich determines the resolution of the stylus. Equation (17)
shows that as tlie sani])ling interval is reduced, and structures of shorter wave-
length are involved, the local slope of the surfaces becomes stecjier (cf. figures lu, c).
Il)us, although existing instruments reveal the details known to be of functional
significance, to resolve the finest detail on random surfaces it may be necessary
to consider the complete shape of the stylus, the sides as well as the tip.

The present work has also focused attrition ujion a problem associated with the
representation of random surfaces by models. Ithas been explained that therandom
signal re])resentation used in this paper is a complete desciiption of the profile,
in a statistical rather than a deterministic sense. Howeve)', models appro])riate
to the prolilems of surface contact are expressed as a distribution of peaks and
such models have been derived from digital analysis of surface profiles; consider-
ation of the results olnained in this ])aper shows, immedialcly, the difficulties
associated with any definition of a jieak. The simpler foi'ins of digital analysis
(for example, the three-point system which has been widely used) cause,
inevitably a loss of information compared with that ])rovided in the original random
signal representation, or that which is present in the sruface jirofile. Thus, a
close samjiling technique collects the maximum amount of information about
the profile ; but three-jioint analysis of these data restricts the information to
structures of this same small order of size. Only by the use of more sophisticated
techniques, such as digital filtering, can the total information in the saiujile be
utilized. An alternative is to use differing selections of the same information, by
rejecting some data, but still to use three-point analysis; e.g. to present, as we
have done, information from tlirce-point analysis for a wide range of sampling
intervals.

However, these techniques present problems of rigour. When using the longer
saiiipling intervals om” is pi'esenflng .statistical information aliont the longei- wa.ve-
lengtli structure of the profile obtained by drawing a smooth curve through v idcly
separated jioints upon it. Thercfoi'c the I'csnlts j'resented above, in particular, the
values of curvature obtained from long sampliiig intervals, should be interjircted
with, these reservations in mind.

Eecau. se the description of the profile as a random signal is statistical in its form
an overemphasis igion the limitations of three-jmint samjfiing is not, jicriuijis, the
most significant jToblem. 'Jlie more important, and difficult, question is deciding
the range of sampling intervals from which it is accc])table to use information in
devising models for theories of surface contact. The significance of the shorter
wavelength structures (revealed by the use of shorter samjiling intervals) in the
contact and ral>!)ing of surfaces may 1)C questioned; in any event, a lower limit
to the acccjitable range of sampling intervals is set by stylus I'csolution. At the
other extreme it is clear that the use of veiy kaig samj'ling intervals will give
results which have little jihysical significance.

A more relevant question is the sjiacing of eve nts that will define the dominant
a-main structure of the profile; such a sjiacing might be considered as the ujiper

6-2
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limit of sampling intervals to be nscci in devising models for tlie study of surface
contact. To outline this structure inpilies that the profile be consideicd as a series
of events wliich have Jjust reached the Sjiacing where they can be regarded as
clFcctively independent. As discussed earlier, this suggests a spacing of events of
2.3/T" and also im])li(;s that the main structure of the profile has a wavclengtli of
cu. Jo/?*. Similarly the profile can be considered in terms of the power spectral
density function (figure 35). This suggests that fhe most significant iiifornuition
is contained in a lo\r-pass band of fi-cquencics having a cut-off frequency of
(> tt/?*)-i. This a.jiproach suggests a wavelength of ca. o/?* foi' the main srructure
of the profile. Jdnally, we can airive at an estimate of tlie broad scale structure
from a consideration of the number of times the profile crosses the centre line;
the mean distance between such crossings might be rogardcd as half the wave-

length of this main structure. To obtain a meaningful result with tins apjiroach one

100 [im

FitnuiE 14. Talysurfprc'filcs of cylindrical specimens used in lubrieafed friction experiments.
{a) Original surface jirolilc; (< jirofile of the same line after on.” traversal of the load.
SnofiTucns 0 AW (7 st*cl; 300 cl.p.::. ; 0.C3"; mm diamchr; lo.id 2.1 fb

must ]'cmove the high frequency comjioncnts. If we rcjilace the jiower spccti'al
density distrilmtion of figure 35 by one )\ith a sharj) cut-off at an angular frequeiicy
of .]//?* (low-pass filt'Crod white noise) it is possible to use a result derived by Rice
(sec Bendat 1955, p. 128). For this situation the mean distance betvecn centre
line crossings is o 0 /?* and a représentative value of the wavelength of the main
structure is 11/i*. it can be argued that, when con.ddering the rosults of three-
point analy.sis, a somev hat shoi’ter interval is ajiprojmate because in sm face
contact one is concerned with the tips of the higher asperities. As a general guide
to the main structure of relevance in contact jiroblems we shall thereforc use the
results derived from a samjiling interval of 2.3/?*.

TJic significance of this distinction between the differing scales of size involved
in surface structure and the imjiortance of the main, broad scale, structure is
illustrated in figure : :.The ujijier rocord shows the original jirofile of a cylindrical
sj)ecimen u.sed in a low sjieed boundary luliricated friction cxjicriment using a
crossed-cylinders friction machine (Arcliard 1955). The lower jirofile is of the sa7ne
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tmeJ: upon the surface after just one traversal of the load. It will he seen that the
smaller scale structure has hecn lost by plastic flow during the first traversal but
the longer wavelength structure remains u])on the surface and is the dominant
factor in determining the contact conditions in subsequent traversals of the surface.
A more comjfietc account of these experiments will be Jjiublished elsen liere
(I). J. AVhitehouse & J. F. Archard. to be published).

An important aim of recent studies of the topography of surfaces has been to
provide an estimate of the chances that a given surface will be sub jected to plastic
flow dining contact. Jilok (1952) and ffalliday (1955) considered the shape of
asperities which could be pressed flat without recourse to plastic d.efoi'ination.

It was shown that this criterion could be expressed in the form
m " 18)

Where JJ is the hardness and E' — 77,1 — j), E being the Young modulus and r
tiic Poisson ratio; M, as above, isthe average upward or downward slope and K is
a numerical factor, in the range 0.8 to 1.7, which dejicnds only upon the assumed
shajie of the asperity. Greenwood & Williamson (1966 ) assessed the jirobability of
plast ic deformation using their model in which asperities, each of radius A', are
disposed in a Gaussian distribution of heights of standard dev iation mx*. In this
model there is always a finite cliancc of plastic flow ; however, itwas shown that it
dcjicnded very little upon the load but was critically dependent ujion a jilasticity

index, given by ,

The pla.sticity criteria of ecpiations (18) and (10) are similar in form.The Blok-
lialiiday criterion (equation (18j) is, however, unduly severe because it assumes
eomjiletc dcpres“sion of the asjieritics. The plasticity index of Greenwood &
Uniiamson (1906¢) takes account oJ tiio fact that only the tiji.s oi asperities are
normally involved in contact. The jwesent work' emjihasizcs the simplifications
which have been made in these jilasticity criteria because they take no account of
the existence, ujion surfaces, of supeiqgiosed asperities of differing scales of size.
The plasticity calculations of equation (18) and (19) assume that the deformation
of each of the asjierities is indcjiendent. Tliereforc the plasticity index of equation
(19) lias a signiiicance only if it is ajiplied to the main, long wavelength structure;
it sliould then indicate the jirabability of plastic flow over regions associated v ith
this scale of size. If values of Ai'corresjionding to smaller scale structure are u.sed
the argumecnt.s iinolved in the dci ivation of equation (19) become in\ alid because
the deformation of adjacent asperities interact, as in the model of ligures 15, c.

To summarize the results derived from the mudel of the present jiajier, table 2
shovs the way in which the significant characteristics of a surface profile depend
upon the two independent jiarameters & and /?*. To emphasize the importance of
the scale of size used in the analysis each characteristic (except if, for reasons

outlined above) is shown for two scales. The main structure of the profile isderived
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assuming a sampling interval, 1, of 2.3/?* and the fine scale structure assumes
asperity dimensions one order ofmagnitude smaller z = 0.23/?%). For Aachen 04—13,
used in our digital analysis described above, this is just within the limits of
resolution of the Talysurf instrument using the normal stylus. In deriving a value
of the plasticity index, if, a value of the mean curvature of the peaks, derived
from equation (14), has been used. The value of derived in this Acay somcAvhat
underestimates the probability of plastic floAv because, as equation (II) shoACS,
the curvature of the peaks increases AMith increasing heiglit. Thus the higliest
peaks, Avhich arc those iuAmlved in contact, luiA'c a smaller radius than the total

population.

'TABLE 2. CJfABACTEETSTICS OF A BANDOM PBOFJLi:
IN TEBAIS OF (T AND /7%

characteristic of the profile main structure fine structure
(f = 2.3/7%) (f = 0.23/7%)

mean of peak distribution -t-0.S2cr +0.47cr

standard deviation of peak 0.71cr O.0fr

distrilnit ion, a*

ratio of peaks to ordinates, N 0.33 0.26

average upward or downward 0.24(@//?7* 1.GGer//?*

slope, Tfi

mean peak curvature, c* 0.45cr//E- 20cr//?*-

plaSticity index, f 0.3 n

A complete theory of the contact of surfaces on the basis tlio model of this jjajicr
cannot be jiresented here. IlowcAX-r, one interesting feature of the model and its
comjiarison Avitii that of GrecriAvood & Williamson (1966) is Avorthy of comment.
The Greenwood & Williamson model is specified by three jiarameters; cr¥, the.
standard deviafion of the peak height distribution ; si, the radios of curvature of
the asperities; and ?, the density of asperities per unit area. Jn the model of this
paper the requiicd parameters are com jiletely defined by cr, the standard dcA iation
of tlie heiglit distribution and /2%, tlie correlation distance. The theory of contact
based on our model iiroolves a statistical distribution of both peak heiglus and
jicak curvatures. Compaiing the two models: a* is proportional to « T1 is |>ro-
piortional to /F'fcr, and 1is proportional to 1//?*“ Therefore for allrandom surfaces,
Ahen the Greenw ood & Williamson model is used the parameters should be I'clated
DA' the equation

o'*ijb/ = constant.
There is some evidence (J. A. GreeriAvood, private communication) from the
analysis of liead-blastcd surfaces that this relation is, indeed, obeyed.

Finally, a brief comment upon the generation, by mechanical jirocesscs, of

surfaces having a random structure. Such surfaces are generated by multiple
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contacts between jiarticles and the surfaces. Tlius in grinding and sand blasting
the unit event is the interaction of a grit with the surface resulting in the disjilace-
inent or removal of material. If one postulates a random element in these events it
seems likely that the surfaces thus generated would have a random structure in
which the standard deviation of tlie height distributioji bears a simple relationship
to the depth of the unit event and the correlation distance similarly bears a simple
relation to the A\idth of the unit event.

We are indebted to Dr J. A. Greenwood and Dr J. B. P. Williamson for discus-
sions of their published and unpublished work. Our tlianks are due to our colleague
Dr P. H. Idiillipson for helpful discussions of the theory of random processes. We
also thank the Directors of Bank Precision Industries Ltd for financial sujiport and

for jiermission to jmblish.

ArrExnix. Genekal eoum or the theory

Jn the derivation of the relevant expressions use Avill be made of the multi-
dimensional normal distribution (m.n.d.) which is concerned with the joint
jircbability density function of a number of Gaussian varidtes; in our problem
these variates will be simply profile ordinates. The m.n.d. will be Gaussian because
any linear combination of Gaussian variites is itself Gaussian.

Defnition (see Bendat 1955 ). If the ordinates Very eeer have Gaussian height
distributions, having a mean of zero and a variance unity then their combined

joint density function is given b\

N
(A1)
213/
Where ]J/| is the determinant of d/ ;Ji is given by the sqiuue matrix
d-ip
M =
d\d dv.r ... dyyj
dijbeing the second moment of the variables Jlfjis the co-factor of in Ji.
'Take, for examjile, tlv' joint jirobability density of two ordinates, say and
coiTf'lated by p. Then
e
/(Vo. M',) -= (- kS) 2(1—/P) ,

Similarly, for three ordinates, y *, y*, y.*, having a correlation of py between
adjacent ordinates and p., between extreme ordinates the joint jircbability density

is given Inr
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1
where
1 “
_ @/-I-Jh 2/o
f(y-M- :2 (1-p0
(i-pn

vi{2tt(1—p.2) (1 £p2 —

X exp ¢/a ~p\j - y,Pi(J-p-fl-y-xUA - P-dY

For the model under considération the autocorrelation is exponential. Hence
p\ = P2-Then /[y*i/yo, y_J reduces to r(;» yiya) Which is a critciion for a first-
order Markov process. Hence for an cxj)onential correlation function equation

(A2) becomes
/@RI <.) = exp (- 19 %

1 {lh-\-pluY 5

It will be noted that the simplified form of the theory used in this jiaper arises
because p.,, — p\ and for a jxariicidar sampling interval this result does not depend
Ujion the fact that the autocorrelation function is exponential. However, the
exponential correlation function is an essential requirement for the general

applicability of the simplified tlieory at UU sangiling intervals.

Peak height distribution
Tiio probability of an ordinate being a Jealk at a height lietween y .mi4 y ]y L.
wi'itten in teims of a restriction of the joint probaliility density iange in tlie
following form (see theory):

prob h/ | <y,y <yu < yTdy,y,i <y]

n i/ fu
/(y i, 2/0,2"1) d// idy(,d// i.

v J
AVhicli is the gcneial equation of a peak using the three ordinate nmdel ;when

the correlation is exponential the probability density reduces to the following form

Bl *ipp /od .
\ dy .ir exp *ipp7. dyi.
f-E 21 =) J-%
T'his reduces to ecjnation (fi) of the theory and, for , o ,gives equation (5).

The ratio (A') of the numher of jieaks to ordinates, for any value of the corre-
lation », is olitained simply by integrating equation (@).
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ika/j curmfiire distrUmtion

1\)1'a given cin'vature, C, as defined in (lie text, the ordinates are related hy an
exjiression
5 = —yo™ 2/-i-/.fi-
Hence tlie total jircbahility of an ordinate being a peak between ¥ and y + dy and
describing a cuiwatnre, C covering all possible configurations of ¥y 7 ¥ and y.M,
is friven bv
fizial cu

2/ V-\ ~U
P'iyPhp) = fiihdjfy-ikhPf 24

dy-idyo— A4
JY Jy—0 o, 20 it (B4)

Hence the probability density of an ordinate being a peak at height y with

curvature C is

‘fd-y-i-P"
r(y, (7,p)=/(y) V=i dyev (A 5)

r .
Jy-C Yr Y1
Tins is a convolutioji integral Avhich enables singilc graphical equivalents to be
consti-ucted ; ec|uation (A 5) corresjionds to the general cui-vature formula Avith a
general autocorrelation functio]i. HoAA CAmr, for the simple exjionential correlation

it becomes

" ]
*0,C,p) =D _e>:p (- |
~(1-2)
. y-yl1-6G-py)-
X exj) ex]) . F
1 (1:4=/) 2(1-Y)
This reduces to equation (12) of the theory and when p — 0 one obtains
equation (11).
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Abstract

Theories of the contact of rough surfaces use models in which the surfaces are
represented as a distribution of asperities. Realistic models of surfaces should be based
upon knowledge of the topography of surfaces used in engineering practice. In recent
years much knowledge of surfaces has been gained from tfie digital presentation and
analysis of the output of instruments in which the surface profile is explored by means of
a lightly loaded stylus.

This paper explores the concept of a random signal as a model of the surface profile;
such a model, expressed as a height distribution and an auto-correlation function, is a
complete representation of the proliie. It is shown that, within the iimiis wiiete siyius
resolution is not a significant factor, such a model is an adequate representation of the
profiles of a typical ground surface. For surface contact studies it is then required to
transform the random signal model into a form in which the surface is represented by a
distribution of asperities. Suitable asperity models are discussed in the light of the
theoretical analysis and the results of digital analysis of surface profiles. The significance
of this work is illustrated by some lesulis showing changes in surface finish caused by
running in under conditions of boundary lubrication.

Introduction

Two concepts form the background of this paper. The first is the idea that the way
in Whhich surfaces touch is of vital importance in many brandies of engineering; friction
and wear, the conduction of heat and electricity between bodies in contact are examples
of important areas of engineering practice where the nature of the true area of contact is
of vital significance. The second concept is that all surfaces are rough; certainly all sur-
faces used in engineering practice consist of hills and valleys which arc very large compared
with atomic dimensions. The major problem in this field is to take the methods by which
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the foufjhness of surfaces are measured and characterized and to transform this informa-

tion into a form in vziiich it can be used in theories of surface contact.

Theories of Surface Contact

It is well accepted that, because surfaces are rough, the true area of contact is very
much smaller than the apparent area in contact. Much of the development, over,the post-
war eia, of a scientific approach to the study of friction, lubrication and wear [1] is based
upon the idea that the pressures at true areas of contact are very large indeed. It is com-
monly assumed that the hills, or asperities, upon surfaces can be regarded as spherical caps.
If the load on a single asperity is sufficiently small the deformation is elastic and the rela-

tionship between area of contact. 4, and load, W, is given by the Hertz equations (2)

4 3WR 0
= n

2E'
where E' = F/(1 - ™); E is Young's modulus and v is Poisson's ratio. R is the rela-

tive radius of curvature of the surfaces in contact. At heavier loads the deformation is
plastic and the area of contact is given by [3]

A4 = MW @

where R is tfie hardness of the material.

In their earlier work Bowden and Tabor [1] suggested that the deformation of the
asperities was plastic. Therefore the true area of contact was proportional to the load
and, assuming that friction arises from tlie force required to shear these areas, the friction-
al force is also proportional to tlie load. Thus it was possible to provide a simple and

()

(¢)

FIG. 1 MODELS OF SURFACES CONTAINING ASPERI fItS OF DIFFERING SCALES OF SIZE.
When the deformation is elastic the rela'.ionships between the area of contact {4) and the
load nvj arc as follows: (a) (b) (c) oc;y44/45
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In recent years it has been recognized that the contact of surfaces must involve an
appreciable proportion of asperity contacts at which the deformation is entirely elastic.
Archard [4,5] suggested a series of models (Figure 1) to represent surfaces. It was shown
that as these models became more complex the relationship between 4 and fV, assum-
ing entirely elastic deformation, moved more closely towards direct proportionality. Thus
it was shown that a satisfactory explanation of Amontons' laws of friction is not depend-
ent upon the assumption of plastic deformation. Afthough it was admitted that these
models were artificial, two features are worthy of comment. First, the geometric features
of the particular model used may not be of the greatest significance in seeking an explana-
tion of Amontons' laws. What is important is the physical consequences; in the complex
models an increase in the load is almost entirely used in creating new areas rather than
enlarging existing ones. Secondly, the models contain a feature to which we shall revert
later; they assume that there exists upon the surface superposed asperities of widely differ-

ing scales of size.

In the most important recent contribution to the subject Greenwood and Williamson
[6,7] used the results of an analysis of measured surface profiles. They showed that for
many surfaces the asperities have a Gaussian distribution of heights. Their model of sur-
faces therefore consisted of a series of spherical asperities, each having the same radius of
curvature as in the model of Fig. la, but having a Gaussian distribution of heights. With
such a model the relationship between 4 and M is again close to direct proportionality.
Thus a second theoretical derivation of Amontons' laws of friction was provided for
elastic deformation under multiple contact conditions.

If, as in the earlier work of Bowden and Tabor [3], it is assumed that the deforma-
tion is entirely plastic, the details of the surface finish seem relatively unimportant since
the total area of contact and the contact pressures do not depend upon surface topography.
However, if an appreciable proportion of the load is borne by elastic deformation the role
of surface topography becomes much more significant. For example, the proportion of
the load which is borne by plastic flow, even though it be very small, may be highly sig-

The Measurement and Characterisation of Surface Roughness

Many different methods have been used in tlie measurement and characterization of
surface topography. These include optical, capacitance, and electron optical methods. All
of these have a role in the examination of surfaces. However in this paper we shall confine
ourselves to the most commonly used method in which a lightly loaded stylus is moved
over the surface. Its vertical movement is converted into an electrical signal v/hich is
ampilificd. Tlic output signal is displayed on a chart recorder, thus presenting a repre-
sentation of the surface profile, or is used, after suitable filtering to provide a meter read-
ing. In engineering practice an acceptable characterization of the surface roughness is often
taken as the center line average (c/a) or rms value of this signal. A typical profile to-
gether wit!) the coordinate system used in this paper is shown in Fig. 2. In recent years it
has been widely recognized, by tliose concerned with the measurement of surface finish
and its use in engineering practice, that a characterization based solely upon nns or c/a
readings is sometimes not an adequate description of tlie functional significance of surface

roughness [8].
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FIG. 2 SURFACE PROFILE OF AACHEN 64-13 SHOWir'G COORDINATE SYSTEM.
The magnitude of the rms value of the height distribution /a) and the correlation distance

p

' are shown for comparison with the profile.

One feature of stylus instruments which is of particular importance in the context
of our present discussion is the ease with which the output can be analyzed by analogue
and digital techniques. In the field of production engineering this information has been
presented in many different ways [9] ; height distributions, slope distributions, power
spectral density curves and autocorrelation functions are but a few of the characteristics
which have been displayed. However, the relationship betv/een these characteristics and
the functional performance of surfaces has received little attention.

Greenwood and Williamson [6], and many others, have shown that for many sur-

faces the distribution of heights is very close to Gaussian. Using digital analysis. Greenwood
and Williamson also investigated the distribution of peak heigfits. The most common tech-

nique used in this type of investigation is three point analysis in which a peak is defined
when the central of three successive sampled heights lies above those on either side. It was
shown that the distribution of peaks v/as also close to Gaussian but the mean value and
the standard deviation of this distribution differed from that of the heights of the ordi-
nates. We shall consider later the significance of these findings.

A Pann'oni Signal Modnl of a Surface Profile

Since many surfaces have a distribution of heights which is Gaussian it seems appro-
priate to use tlie powerful techniques which have been used in the analysis of random
processes as an aid in analysis of surface topography. We therefore consider as a model
of a surface profile a random signal defined completely (in a statistical rather tfian a
deterministic sense) by two parameters: a height distribution and an autocorrelation
function. Wo shall confine our attention.to tire particular exa.miple of a surface profile
having a Gaussian distribution of heights and an exponential correlation function. The
major reason for using this model is that many surfaces used in engineering practice con-
form to this model or are a close approximation to it [10] . Moreover this model fias
been widely used in both the theory of random processes [11] and the representation of
surfaces in studies of the scattering of electromagnetic radiation [12].

Fig. 2 shiows a typical profile and the coordinate system adopted here; the mean
line through the profile will be taken as y - 0. In practice, tire dc level, the general
slope and curvature of the surface are removed by a filter removing the longest wave-
lengths. 1his does not substantially affect the autocorrelation function. If the disir ibu-
lion of heiglits is Gaussian the [irobnbility of finding an ordinate at a height between y
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and (y + dy) is dy where the height probability density function is given by

In this equation the x axis (y = 0) istaken as the mean line through the profile and

the ordinates have been normalized by the standard deviation, o, of the height distribution.

The autocorrelation function is defined as

9.im 1 <Ln
- / /0 y (x+DB dx @
~ -L/2

in this equation y (xj isthe height of the profile at a given coordinate and y (x+]3) is
its height at an adjacent coordinate (x1+/3). C (p) is an expression of the way in which the
statistical dependence of the heights of two adjacent points on the profile depends upon
their spacing. We assume that

= exp (p/p¥® ®)

where P* will be called the correlation distance. Thus the statistical dependence of the

heights of two points on the profile declines towards zero as their spacing, P, increases.

There is a well known Fourier transform relationship between the autocorrelation
function, C (j3), and the power spectral density function of the vzaveforrn, P (oj). of a
random waveform given by the equation

1 +o0
c@ = - [ P (co) exp (jejp) dcj ©
2n  -oo0
This relationship between C (p) P (co) for tlie particular model used here is shown

in Figure 3. The spectrum consists of white noise limited only at higher frequencies by a
cut-off of 6 db per octave. The moaning of this, in physical terms, is that there exists a

r-lalf
Power
1.0 Point
100
Power
Spectral
Density 80
60
0.6
2.3pP”
0.4
0.2 - 1
T 5
Separation (p) 1 P
Angular frequency - (co)
(Log. Scale)

FIG. 3 THE MODEL: AUTOCORME LATION FUNCTION AND POWER SPECTRAL DENSITY.
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wide band of lower frequencies (longer wavelengths) in the structure of the profile. At
higher frequencies (shorter wavelengths) the magnitudes of the components present de-
clines so that in this range the amplitude is proportional to the wavelength. It will also
be noted that, at least in principle, these components continue to exist to an infinitely

sliort wavelength.

Theory' of Peak Distributions for the Random Signai fdlode!

VVe now show how this random signal model of a surface profile can be transformed
into a model which is appropriate to the theory of surface contact. It will be recalled that
models of surfaces used in the theories of contact consist of a distribution of spherical
asperities. This practice will be followed here, the cfiaracteristics of the asperities being
derived from the characteristics of the peaks of the surface profiles. As in the earlier work
on digital analysis of measured profiles, the peaks v/iti be defined by three point analysis.
An outline of this derivation will be given here; a more complete account will be pub-
lished elsewhere [13].

The results obtained in this type of analysis depend upon the spacing of the three
samples which are assumed to be separated by constant sampling intervals 2. Consider

first samples separated by intervals P = 2.3/3* It will be observed from equation (5)

EVENT 1 EVENT 2 EVENT 3
(y-t) (yO) (y+1)

(a) Correlation C.10

(b) Correlation 0.85

HH

FIG. 4 MODEL USED ID DEDUCING DISTHIBUTION OF PEAKS,
(a) Sampling interval, P ~ 2.3,K; correlation, p = 0.10
Ib) Sampling interval, P = 0.1C."'; correlation, p - 0.8G.
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and Figure 3 that with this separation the correlation between successive events has de-
clined to 0.10. This will be taken as the separation where the ordinates have just reached
tlie condition where they can be regarded as independent events. The justification for
this assumption is given elsewhere [13]. The probability distributions for the three ordi-
nates are therefore each given by the original Gaussian distribution of height and this is
shown in Figure 4(a). Thus the probability of the central ordinate being a peak at a
height between y and /[y“~dy] is given by three independent probabilities.

(a) the probability that event 1 (/- 1) is less than y
(b) the probability that event 2 (/o) lies between / and (y+dy)
(c) the probability that event 3 (y”j) is less than y.

The probability is therefore the product of these three probabilities given by the shaded
areas PiP-~ and P” in Figure 4(a).

For shorter sanripling intervals the two outer ordinates (y"j and y_;) lie so close
to the central point (yq,) that there exists a strong statistical correlation between the
heights y_% and y”* and the central ordinate y”. The effect of this is shownin Fig.
4(b) where it will be observed that the probability distributions ofy_ i and y”j arenow
modified by the fact that yo lies between y and (y + 5y). Hov/ever, the probability
that the central event is a peak between y and (y + 6y) is, once again, given by the
product of the probabilities Pi, P>, Pj, shown by the shaded areas of the distributions.

Figure 5 shows that similar techniques can be used to deduce the probability that a
given ordinate is a peak of curvature C. Fig. 5(a) shows one combination of events which
leads to this result Vw/hen

C = 2yo -y,i -y-i 7

In this equation C is nondimcnsional but the true value of the curvature depends upon

X and is obidined by mulupiyiuy C by {u/Z’']. Cncé again tliC piobabiiity is Lhc-product
of the three shaded areas Pi, P:, "3 but the total probability that the central event isa
peak of curvature C isobtained by considering all possible configurations which satisfy
equation (7). Fig. 5(b) shows the similar system for shorter sampling intervals when a

high correlation exists between successive events.

Using these methods the following expressions for the probability density functions
have been derived. The probability density of an ordinate being a peak at height y is

1

= Iterff-~ /— ®
b &P A\f2-n \>/7V 1+p

where p isthe correlation between successive ordinates. For larger sampling intervals

p 0, and equation (8) becomes

o) = 1027 [VISfY)]™ exph--An ©
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(a) Correlation 0.10

(b) Correlation

FIG. 5

MODEL USED IN DEDUCING THE DISTRIBUTION OF CURVATURES.
(a) Sampling interval, 2

2.3/1'; correlation, p = 0.10
(b) Sampling interval,

C = 0.163*%; correlation, p = 0.86.

Similarly the probability density of an ordinate being a peak of curvature C at height y
is given by

exp
~iy,Cpi =

. p)y -V: C]™~\ c 1
7z;
27T\/2 (1-p:) =P

dav) I I2VTVJ !

As before, for large sampling intervals p ~ 0 and equation (10) reduces to

exp (%/7) 2
T 2 exp [-(/-%C) ] erf [%C] +31)

The probability density of an ordinate being a peak of curvature C (at any height) is ob-
tained by integrating equation (10) with respect to y. Thus

1 72 C
Cp = exp erf B 12)
47 (3-p> (1%p) 4 (3-p)(1-p) 271:7
The ratio of peaks to ordinates N is
N — -- tan""' \/73-p)/(Up) :13)
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The conclusions to be drawn from this analysis can be summarized as follows;

(1) In defining the functional characteristics of the profile by three point analysis

or similar techniques the sampling interval used is a critical parameter.

(2) According to equations (8) and (9), if the height distribution is Gaussian the
peak height distribution is also approximately Gaussian for all sampling intervals; Green-
wood and Williamson [7] obtained this result from digital analysis of bead blasted sur-
faces using one sampling interzal. Moreover, the characteristics of this peak height dis-
tribution depend upon the sampling interval and lie between t.vo limiting conditions;
these correspond either to a sampling interval so short that a high degree of correlation
exists between successive samples, or, at the other extreme, to the sampling interval that
will select a series of events which are effectively independent.

(3) Similarly the ratio of peaks to ordinates, N, depends upon the sampling inter-
val. Equation (13) shows that at long sampling intervals (p-» 0) N is V3 and at short
sampling intervals (p->1) N is V4. These limiting values can be explained in simple
terms. p —>0 implies that the three events are independent and the chance that any one
of them (e.g., the central one) is the highest is obviously one third. As p->-1 the modified
distributions of j and y (Fig. 4(b) ) become centered on the central j/q so that the
areas .and P" become and the probability that the central event is a peak be-
comes V4.

(4) The peak curvature distribution (equations (10) and (11)) is a function of the
peak height. This dependence upon height increases as the sampling interval increases
and the correlation between successive samples is consequently reduced.

(5) The mean curvature of the peaks increases with increasing peak height. For
example, with a sampling interval of 2.3/3* (Fig. 4(a) ), the cuivature of the higher peaks
is approximately three times that at the mean line.

(6) Theory and experiment show that the peak curvature distributions exhibit a
general tendency to be skewed towards zero curvature. This has been previously demon-
strated from digital analysis of profiles [7]. However our work shows that this distribu-
tion becomes more nearly Gaussian at the highest levels of the surface profile.

(7) The results given by Greenwood and Williamson [7] correspond, in the terms
of our analysis, to an intermediate sampling rate. The characteristics of their peak height
distribution (bothi its standard deviation and its disposition with respect to the height dis-

tribution) indicate a correlation co efficient between successive samples of about 0.7.

(8) The methods described here can bo extended in various ways. For example,
definitions of a peak other than that described here can be accommodated. Similarly the
sar,,e basic methods can be employed in the analysis of random profiles having height dis-
tributions other than Gaussian; where appropriate, graphical rather than analytic tech-
niques can be used.

Digital Analysis 0f Profiles

We outline here the results of digital analysis of surface profiles and their compari-
son with the theory given above. The surface chosen, Aachen (G4-13), is a typical ground
surface used in an OECD cooperative research programme [14] . The results were obtained

by converting the analogue signal from a Talysurf 4 instrument into digital form and sub-
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sequently processing the information in an ICL 1905 computer. A typical set of results
used in the analysis consisted of some 10,000 ordinates with a sampling interval of If.W .
By suitable selection of the results the effect of larger sampling intervals could be investi-
gated. The Talysurf 4 instrument has a stylus which is a truncated pyramid, the dimen-
sion of the tip in the direction of traverse being approximately 2.5am; we term this the
nominal tip dimension. A special series of experiments was also conducted using the
Talystep apparatus using a special lightly loaded stylus having a nominal tip dimension of
0.25pm. In this worl: the sampling interval was reduced to 0.25/L(m.

Analysis of the results showed that the model used in this paper was a good repre-
sentation of the data obtained from the surface. The distribution of heights was very
close to Gaussian with an rms value (a) of O.bp.m and the autocorrelation function
was very close to exponential with a correlation distance (/3* equation (5) ) of 6.5pm.
Table 1 shows the values of the correlation (p) between successive “amples for the values
of the sampling interval (S) used in this work.

Table 1
Relation Between Correlation (p) and Sampling Interval (C) for Aachen 64-13

Sampling Interval (pm) 15 6.0 3.0 2.0 1.0 0.5 0.25

Correlation (p) 0.10 0.40 0.63 0.74 0.86 0.92 0.96

Figures 6to 8 show comparisons between the theory, outlined above, and the results
derived from the digital analysis of Aachen 64-13. Figure 6 shows the probability densi-
ties that an ordinate is a peak at a given height (Equation (8)) for sampling intervals of 15,
3 and Ip/n, corresponding to correlations of 0.10, 0.63 and 0.86 respectively. Similarly
Figure 7 shows the probability density that an ordinate is a peak of cur\/ature C (equation
(12) ) for these same sampling intervals. It will be obsewed that the agreement between
thr>ory and experiment is very aood except at tlic shortest sampling interval.

This divergence between theuiy and experiment suggests that the measurements
may bo affected by the finite size of the stylus. Consider the results shown in Fig. 7. It
will be observed that as the sampling interval is reduced one is concerned with the detec-
tion of peaks of larger and larger curvatures. In Fig. 7(c) a nominal value of the stylus
curvature is indicated; this is taken as the reciprocal of the nominal tip dimension, as
defined above. It will be seen that the divergence between theory and experiment occurs
in the region expected if it were attributed to tfie finite size of tlie stylus.

The effect of stylus size is also shown in Fig. 8 in which the theoretical values of /V,
the ratio of peaks to ordinates (equation (13)), are compared witli values derived from
digital analysis of surface profiles. It will be recalled that according to the theory tliis
ratio varies between values of V3 for large sampling intervals (p->0) and for very
short sampling interv'als (p-~ 1) Fig. 8 shows that for sampling intervals greater than ?pm
(p < 0.74) the ratio of peaks to ordinates detected by digital analysis of profiles agrees
well with the theory. For shorter sampling intervals the numbers of peaks detected fall
well below the theoretical values. Fig. 8 also shows that when using a stylus with smaller
tip dimension upon the same surface the number of peaks detected in this region sliows a

significant increase.
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The full lines give the theory (equation 8). The experimental points are derived from

Results are shown for the values of the

digital analysis of profiles of Aachen 64 13.
(p) between

sampling interval (C) corresponding to differing values of the correlation

successive samples (a) £ = 15/im, p = 0.10

3.0

1.0

Height (y)

Probability Density

-2.0

0.05 0.10 0.15 0.20

FIG. 6 (b) C = 3.0;rn), p - 0.63
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Curvature (MM *)

PROHABILITY DENSITIES OF AN ORDINATE BEING A PEAK OF A GIVEN CURVATURE.
The full lines give the theory (equation 12). The experimental points arc from digital anal-

ysis of profiles front Aachen 64-13 io = 0.5pm, ~ 6.5p/7?). Results are shown for three
values of the sampling interval (0 corresponding to differing values of the correlation (p)

between successive samples, (a) C = 15pm, p = 0.10
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Sampling Interval (pm)

15 10 0.5
0.4
0.3
Ratio of
Peaks to 0.2
Ordinates
(N)
0.1
0 0.2 0.4 0.6 0.8 1.0

Correlation Between Successive Samples (p)

FIG. 8 RATIO (N) OF PEAKS TO ORDINATES AS A FUNCTION OF THE CORRELATION (p)
BETWEEN SUCCESSIVE SAMPLES. The full line gives the theory (equation 13). The
experimental points are derived from digital analysis of profiles from Aachen 64-13.

Using normal stylus, nominal lip dimension 2.5pm.

Using special stylus, nominal tip dimension 0.25pm.

This comparison between the theory and the results of digital analysis of surface
profiles shows tiiat stylus instruments are capable of detecting surface features covering
tv.'o orders of rr.agnitude (see the magnitudes of curvatures in Fig. 7) and this covers most
ui ilie fecituies of sui fdce siiuclui e known Lu be uf funcLiunai biyiiiiiucjiice, ai Lite smallest
scale of size, however, the resolution may be influenced by the finite size of the stylus.
Tfiere is some evidence that features of the stylus, other than the tip dimension, influence

the resolution [13] and, clearly, this is a subject worthy of furtfier study.

An Experiments! Study of Surfscc Profiles During Running-!n

VVe now discuss some experiments which form part of a larger programme devised
to study the factors of surface topography of significance in friction and wear. The ex-
periments to be described were conducted using a simple crossed cylinders friction
machine [15] in which two cylindrical specimens were loaded together and rubbed at
low sliding speeds. The direction of sliding (Fig. 9) was at 45° to the axes of the two
cylinders so that, during sliding, the point of contact moved constantly to a new region of
both the specimens.

In these experiments arrangements were made to locate one of the specimens
accurately, both in the friction machine and in the Vee-block of the Talysurf apparatus.
In this way it was possible to measure the profile of #/)Csame track on tfie specimen, both
in its original state and after one or more traversals of the loaded contact in the friction
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machine. As a demonstration of the accuracy of the relocation techniques Fig. 10* shows
profiles (both examples repeated after relocation) of two parallel tracks on the surface of
a specimen separated by a distance of 5X 10~'* in (1.27 X 10“™ cm).

In the experiments to be described the cylindrical specimens were 0.25 in (0.635
cm) diameter and were of a 0.5% plain carbon steel hardened and tempered to a hardness
of 300 DPN. They were rough ground to a finish of 32 X 10~" in ¢/a and were rubbed

together under conditions of boundary lubrication using a plain mineral oil as a lubricant.

Figure 11 (a) shows the profile of a specimen before running and Figure 11 (b) shows
the profile of the same track on the specimen after one traversal under a load of 2.5 Kg.
It will be observed that as a result of one traversal of the load th.e tops of the higher asper-
ities have been greatly m.odified by plastic deformation but the valleys arc largely unaf-
fected. This is shown in Fig. 11(a) where the modified profile has been superposed on
the original profile. Where the two profiles differ the modified profile has been shown
by a broken line. This same technique has been adopted in Fig. 12 which shows the
original profile of a similar specimen and the superposed profiles obtained after a series
of experiments involving successive traversals at loads of 0.25, 2.0 and 8.0 Kg.

'These profiles involve no rubbing in the friction machine and were devised simply to demonstrate

the accuracy of the re location system. We are indebted to Mr. M. S. Lunn for these results which

were undertaken as part of a final year undergraduate project in the Department of Engineering of
the University of Leicester.

FIG. 9 THE. CROSSED CYLINDEFtS FRICTION MACHINE.
A. Lovver specimen. B, upper specimen. C, direction of motion of lower specimen and

carriage. W. load. F, calibration of frictional force.
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FIG. 10

FIG.

11

DEMONSTRATION OF THE ACCURACY OF RELOCATION.

Records A and B are taken along the same track, relocating the specimen and re adjusting
the micrometer between the two recordings. Records C and D are taken along a parallel
track C0005 in (1.27 x 10 ~ cm) from that of A and B; as before, specimen relocatetf

and micrometer adjusted between tracks.

TALYSURF PROFILES OF CYLINDRICAL SPECIMENS USED IN LUBRICATED

FRICTION EXPERIMENTS. (A) Original surface profile (with profile of Ib) superposed).

(B) Profile of the some line after one traversal of the load. Specimens 0.5% C steel, 300

D.P.N., 0.G35 mm diameter, cla 32 x 10 * in. Load 2.5 Kg.
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Figures 11 and 12 show that one immediate effect of rubbing is that much of the
shorter wavelength structure of the surface finish at the regions of contact is fost as a
result of the first traversal of tlie load. The dominance of tfie longer wavelength structuw
of the surfaces after rubbing is also illustrated in Fig. 12 by reference to the rolling circle
envelope. Above each profile in Fig. 12 is displayed this rolling circle envelope corre-
sponding to the locus of the lowest point of a 0.25 in (0.635 cm) diameter sphere (repre-
senting here the upper specimen) moved over the original profile without deformation.
This technique operates as a mechanical filter [8] and the resemblance betVv'een the roll-

ing circle envelope and the profiles of the surface after rubbing will be noted.

The fact that these changes in the profile are produced in tfie first few traversals
is demonstrated in Fig. 13. As a simple measure of changes in the surface topography, ih
change in the c¢b value of the roughness is used. This change is plotted as a function of

M
100aM

FIG. 12 TALYSURF PROFILES OF SPECIMENS USED IN LUBRICATED FRICTION
EXPERIMENTS. In this experiment three traversals of the load were made «nd
the loads used in successive runs were 0.25 Kg, 2.0 Kg and S.0 Kg. Each record
shows the original profile and tlic profile at the particular stage of the experimerits.
Above the profiles is also sho-wn the rolling circle envelope (sf*e text).
(A) Profile after one run (B) Profile after two runs (C) Profile after three runs

The conditions were otherwise as in Figure 11.
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the number of repeated traversals at the same load. It will be seen that after the first few

traversals further changes in roughness are very small indeed.

Discussion

It has long been recognized, in the study of random processes, that a random signal
can be completely defined, in a statistical sense, by two parameters: the height distribu-
tion and the autocorrelation function. The present paper takes th’s same model for the
profile of a random surface. In the particular model used in this paper these two param-
eters become simply tv/o lengths associated with the y and x coordinates of the profile;
tliese lengths are the standard deviation of the height distribution (a) and the correlation
distance (/3*). It can be shown [13] that all the required geometric parameters of the
profile can be defined in terms of these two independent parameters. Thus it is possible
to derive statistical distributions of peak heights, peak curvatures and slopes. Although
many surfaces do not conform exactly to the model of this paper, nevertheless the prin-
ciple of characterizing surface finish in terms of two such independent parameters seems
capable of wider application. In practice, for reasons connected with ease of measurement,
it may bo desirable to measure a derived parameter such as the mean slope.

The theory and its comparison with the results of digital analysis of surface profiles
also raises a fundamental problem associated with the representation of surfaces by models.
The random signal model is a complete description of the profile in a statistical rather than
a deterministic sense. In transforming this model into a form suitable for the study of
surface contact the techniques of three point analysis v/ere used. It was then found that
the results thus derived depend upon the sampling interval used. The meaning of this
result is that three point analysis causes, inevitably, a loss of information compared with
tliat which was present in the random signal model or that wliich existed in the original
surface profile. Three point sampling provides information about that part of the surface

20

% Change

10

8 16 24 32

Number of Runs

f-IG. 13 CHANGE IN SURFACE ROUGHNESS AFTER REPEATED RUNS.
Repeated runs weie made at a constant load the surface finish being
measured throughout the series of experiments which were performed
for three different loads. (A) 0.2 Kg, (B) 1 Kg, (C) 2.5 Kg.
The graph shows the percentage cftange in c/la roughness with the

numtx?r of runs. Experimental conditions otherwise as in Fig. 11.
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structure which has a wave length comparable with the sampling interval. An over-
emphasis upon the limitations of three point analysis is perhaps irrelevant here; what is
more important is a broader pfiysical interpretation of the results of the analysis.

Consider therefore the distribution of peak heights (equations (8) and (9) and Fig.
6). The results obtained can first be considered in terms of two extremes. It has been a
theme of this paper that a profile can be considered as a series of events, independent
when widely spaced, highly correlated when closely spaced. When the profile is considered
as a series of closely spaced events this means that one is concerned v/ith the finest scale
of structure. Thus, in the limit, the finest scale of structure lias a peak distribution which
is identical with the overall distribution of ordinates, adding the proviso, argued above,
tliat only one in every four events is a peak. This emphasizes the point that the profile
consists of superposed asperities of a wide range of sizes. The model adopted here is,
tfierefore, in a very reai sense, analogous to the model of Fig. 1(c). Figure 1(c) is a de-
terministic model with superposed asperities of three different scales of size. We have
shown that the random signal model of this paper consists of asperities covering (at least
in principle) an infinitely wide range of sizes superposed in a random fashion and which
can be interpreted only in a statistical sense. It is from the complexity of this type of
structure that the difficulties associated with the theory of surface contact arise.

The results of the experiments, shown in Figs. 11 and 12, suggest that there is a
main, broad scale, structure which is of the greatest significance in surface contact. It has
been argued elsewhere [13] that this structure corresponds to a v/avelength of approxi-
mately 10/3*. The theoretical arguments for a scale of tliis order of size may be summar-
ized as follows:

(a) Events separated by a distance 2.3/3* have a correlation of 0.1 and can be re-
garded ap those which have just reached the condition where they can be regarded as
effectively independent.

(b) The comifonents of the spectrum of nmntert power (Fig. 3 c. ' arc in ¢ bend cf

wavelengths with an upper limit of about 27f/3*.

(c) The mean distance between mean line crossings [16] (after removing wave-
lengths shorter than 2/7/3') is 5.5/3%*.

This emphasis upon ansvvering the question of what constitutes the main structure
of practical random profiles which contain a wide range of wavelengths is of importance
in considering the practical as/)ccts of surfaces in contact. It is now recognized that in
many, in perhaps the vast majority, of the asperity contacts the deformation is entirely
elastic. It therefore seems possible that many forms of surface failure may be linked with
the incidence of plastic deformation. Two criteria had been suggested which link the
probability of plastic deformation to the topography of the sur face and the mechanical
properties of the material. Blok [17] and Ilalliday [18] have suggested a criter ion which
is based upon a calculation of the sha/re of an asperity whicli can be pressed flat into the

surface without plastic flow. This can be cast in the form

where m is the average s!o[)e and K is numerical constant, in the range 0.8 to 1.7, wliich
depends upon the assumed shape of the as/jerity. Greenwood and Williamson [7] used a
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model of the surface similar to Fig. 1(a) in which the asperities, all of the same radius of

curvature R, were disposed in a Gaussian distribution of heights having a standard devi-

ation o It was shown that the probability of plastic floWdepended very little upon the
load but was critically dependent upon a plasticity index given by

Using the random signal model of the present paper both of these criteria take the same
form. The Blok-Halliday criterion can be expressed as

and the plasticity index of equation (15) takes the form,

=72 )

where, in these equations, and 7a arc numerical constants depending upon the scale
of size used. The derivation of equations (16) and (17) can be readily understood since
the theory shows that the slopes on a random surface are proportional to o//3%, is
proportional to o and R is proportional to (j3*)"/o. However, a more careful consider-
ation of the way in which these plasticity criteria are derived shows the difficulties in-
volved. They are based upon the assumption that the deformation of each asperity can

be regarded as independent. Therefore for the deterministic models of Fig. 1 they are
valid only for the simpler model of Fig. 1(a). Similarly for the random signal model of
this paper plasticiW criteria are valid only if they are applied to the main, long wavelength,
structure: they then show the probability of plastic flov.' over regions associated with this
scale of size. Using the equations corresponding to a sampling interval, C= 2.3/3* it can
be shown [13] tiiat in equations (16) and (17) 7, = 0.24 and 72 = 0.3.

Finally, we return to a major theme of this paper; the concept that random surfaces
are defined by two parameters; a and /3* Consider the way in which such random sur-
faces are generated by mechanical methods. These processes involve multiple contacts
between particles and tfie surfaces; for example, in grinding and sand blasting the unit
event is the interaction between a grit and the surface resulting in the removal or displace-
ment of material. If one postulates a random element in this interaction, it seems likely
that the surfaces thus generated could well have a random structure in which the value of
0 bears a simple relationship to the depth of tlie unit event and j3* bears a simple relation-
ship to the width of the unit event. Thus a characterization of typical random surfaces
in terms of O and /3* is not only a valid description of their functional behavior but

also may be closely linked with the mechanism of their generation.
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Paper 12

IMPROVED TYPE OF WAVEEILTER FOR USE IN
SORFACE-FINISH MEASUREMENT

By D. J. Whitehouse*

This paper is concerned with the use of phase-corrected filters in surface-textnrc measurement. It is divided
into two parts; Part 1is devoted to the requirements of surfacc-lcxturc measurement, and Part 2 is concerned
with the rclet ant ihcorv.

Part 1- A|>pHcation

INTRODUCTION

A NECESSARY PRELIMINARY to numertcal asscssmceni of
surface profiles is to extract the frequency components
reprcsentati\e of the undulations to be measured (the so-
called roughness) and to eliminate those that would be
irrelevant—in particular, the general slope and curvature
of the surface relative to the mechanical datum of tire
instrument.

Tins separation can be achieved graphically by restrict-
ing the length of sample used in the assessment of the
roughness to a given length called the sample length.
Assessment of a number of such sample lengths placed end
to end usually gives a fair estimate of the surface roughness.
A simple and convenient method to achieve this separation
instrumentally is to pass the profile signal coming from
the pick-up through an electric wavefilter before applying
it to a meter. Many early instruments made use of a filter
which had a transmission characteristic resembling that of
two capacitor-resistor networks connected in cascade in
such a manner that the second did not load the first, the
cut-off wavelength of the filter being made nominally equal
to the sample length. Eventually this type of filter, with
specified cut-off wavelengths, was standardized in the
American-British-Canadian Standards. It will be referred
to in tiiis paper as the standard filter.

For industrial purposes the standard filter has consider”
able merits. It is simple and has the property of establish-
ing a mean line naturally which does not suffer from the

The MS. of this paper tvas received at the Instiiiaion on 15th
Jamuiry J968S.
* Rivik Taylor Jlohson, Leicester.
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discontinuities sometimes present in the construciion of
the mean line according to the accepted graplncal proce-
dure (i)t (2). Moreover, this mean line is established
without dependence on instrument adjustment. It may
also be mentioRjUu that the mean line of the filter can now
be calculated dirsctiy using equations and a technique
developed at the Rank Taylor Hobson Research Labora-
tory (3). Because of iis ximplicTfv, its very widespread use,
and the fact that it is demonstrably serviceable for a great
many applications, the standard filler seems likely to find
continued industrial acceptance for many years to come.

Nevertheless, tl>e standard filter has the disadvantages
of a rather gradual transition from the nominal ‘pass’ band
of the filter to the nominal rejected region (Fig, 12.1a), and
of distorting the signal within the pass band (sometimes
appreciably) because of phase shift. These disadvantages
set problems in standardization and calibration of
instruments, and also make it difficult to assess some of
the parameters of the roughness when undulations with
wavelengths near to the cut-ofi arc present.

It is the pm pose of this pajicr to discuss the possibility
of a filter which introduces no phase distortion and has
either the same or a more suitable amplitude transmission
characteristic than the standard filter. Such a filter is
shown to be feasible and highly desirable, but it would be
more costly at present than the standard filter.

The standard wavefilter—phase-corrected
wavefilter

The amplitude transmission characteristics shown in
t References arc given in Appendix I1?.1.

el 182’ 3K
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Fig. 12.1. Comparison befioeen standard and phase-corrected fdters

I'ig. 12.10 for the standard wavefilter arc defined in
British Standard 1134 and American Standard B46.
Seventy-five per cent of the amplitude of those undula-
tions whose wavelengtli is equal to the accepted cut-ofi’is
transmitted by the filter. Also a maximum rate of attenua-
tion of 12 dB;octavc is specified (Fig. 12.1a). The signal
emerging from the filter is often referred to as a filtered or
modified profile. It is usually assessed in surface-measuring
instruments by measuring one or other of its parameters,
1S 1JC c.i.a. ul I.11la

Before proceeding to discuss these characteristics, it is
useful to imagine that any profile comprises a number
of sinusoidal compottenis each of different amplitude and
wavelength. It is not quite so simple for purely random
waveforms, but the picture is still useful. When the profile
is passed through the standard wavefilter, each of these
components gets attenuated according to its wavelength.
Also, these components get shifted in time by different
amounts depending upon the phase-wavelength charac-
teristic of the filter, so that the filtered profile does not
represent only the simple subtraction of the attenuated
components from the original profile, but is also modified
by the relative shifting of the transmitted components.
The result of this relative shifting is that the filtered
profile is a distorted version of the original profile. This
distortion is called phase distortion.

A point to note is that an electric wavefilter reacts only
to the way the input signal behaves in time. Consequently,
to find out how the filter deals with a profile it is necessary
to know how the profile is converted to a time-dependent
signal. Actually this is very simple; the measuring instru-
ment incorporates a scanning device such as a motor and
gearbox which causes a stylus to track across the surface

Proc Instn Aiech Iln"js 191)7-68

at a given speed, say v in/s. In this way an undulation of
A in wavelength on the surface is transformed into a
frequency of v\\ in time.

In order to elucidate the nature of possible improve-
ments, the manner in which the standard filter responds to
some idealized repetitive waveforms will be considered
first. This is because the standard wavefilter is generally
satisfactory for random roughness waveforms. Some
practical cases wi.'l be considered later. Repetitive wave-
AUriilo ICIAU LU UvCCijluuIC tilj g>iiui

Look first at Fig. 12.2 which shows how the standard
filter responds to sine waves. The figures show sine waves
of different wavelengths. The full line shows llie original
wave, the dotted line is the mean line found by the wave-
filter, this being the line that accounts for ihc output
behaviour. The difference at any instant between the
two lines is the filtered profile value. The top four graphs
are within the pass band; notice that the mean line is
displaced to the right relative to the original sine wave in
all cases, which means that it is delayed in time relative to
the profile, and further that the mean line has a large
amplitude of undulation even for wavelengths much
smaller than the cut-off, e.g. for one-third of the cut-off
(the top graph). Another point is that the amplitudes of
the mean line can be of the same order as the original sine
wave, even just outside the pass band. Despite these
points the filtered profile, which is the difference at any
position between the mean line and the profile, obeys
exactly the specified amplitude transmission characteristic
mentioned previously. As an example, at the cut-off the
mean line has an amplitude of just over 90 per cent of the
original sine wave profile, but the filtered profile has
the correct amplitude of 75 per cent of the amplitude of

Vol 182 Pi .J/C
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the profile. The amount by which the mean line is shifted
relative to the profile depends on the wavelength of the
sine wave profile.

Tor most commonly used filters, specifying the ampli-
tude transmission characteristics automatically fixes the
phase characteristics. This class is known as minimum
phase, of which the standard filter of two CR networks is a
typical member. Specifying the transmission characteris-
tics for the standard wavefilter automatically implies a
phase-shifted mean line.

Suppose that a filter is available which has the same
transmission characteristic as the standard filter, but at
the same time has a mean line which is not shifted in phase
relative to the profile. Mow is the mean line amplitude
affected ?

This situation is shown in Tig. 12.3 for the same sine
waves as in Tig. 12.2, and it can be seen that the mean line
is nearly straight at one-third ofthe cut-off. Compare this
with the same profile for the standard wavefilter. There
is a dramatic reduction in the amplitude of the mean line,
and this is true for all the cases shown. At the cut-off the
filtered profile for this new filter has the required amplitude
of 75 per cent of the profile—the 25 per cent attenuation
is accounted for entirely by the amplitude of the mean line.
In other words, if the mean line is kept in phase with the
sine wave profile, then for any value of wavelength the
maximum amplitudes of the filtered profile and the mean
line add up to unity—a criterion which does not hold in
the case of the phase-shifted mean line. A direct result of
this is that the mean line in phase with the profile undulates
less. Summari/ing, it may be said that the mean line be-
comes straight much nearer to the cut-off in the filter
whose mean line is in phase than it docs in the standard
wavefilter, although the filters have precisely the same

rir'rict®
fundan icnial importance.

Tor asine wave profile the phase distortion simply takes
the form of a phase shift of the filtered profile relative to
the original profile, but for any other profile which can be
considered to be made up of a number of such sine wave
components, the distortion is more complicated.

Consider now Figs 12.5 and 12.6. These show triangular
waveform profiles of diflering wavelengths. Remembering
that the filtered profile is the difiercnce at any point be-
tween the mean line and the profile waveform, it can be
seen that the filtered profile for the zero phase-slufted
mean line hears a much closer resemblance to the original
wavcfoim than it docs for the standard wavefilter.

The zero phase filter has a more realistic mean line be-
cause the sine wave components making up the triangular
waveform are not shifted relative to each other in the filter.
Consequently, the components have the same relative
positions upon emerging from it. Hence, even taking
account of those components that have been attenuated
in the filter, the output still resembles the input. This is
not so true in the case of the standard was efilter. Distor-
tion of the filtered profile can make it dilTicuit to assess
numerically. This is the problem that can be encountered

Proc hi<:n .tlevA Prigr™ 1<e67-6S

in practice when highly repetitive profiles just within the
pass band are put into the standard wavefilter. As an
example, the triangular waveforms shown in Figs 12.5 and
12.6 are a close enough approximation to a practical wave-
form to illustrate how the problem arises. Consider the
filtered profile in Fig. 12.5; the concept of a peak output
at the cut-off, say, is difficult to imagine—the peak shape
has virtually disappeared. Now look at Tig. 12.6 where
the peak is noticeable and unambiguous to measure.

So far only the phase characteristics have been con-
sidered. It is also desirable that the mean fine should be
straight for all wavelengths within the pass band of the
filter, i.e. up to the cut-off. This would mean that the
profile would suffer no attenuation for wavelengths up to
the cut-off. From a surface-roughness measurement point
of view this seems sensible, because it is natural to suppose
that if a cut-off has been chosen for the filter of a value
larger than the longest roughness wavelength on the sur-
face, then all the roughness will be passed unattenuated.
Another point about the transmission cnaractcristics which
can be mentioned concerns the behaviour outside the cut-
off. Although the behaviour outside the cut-off is not so
important as that wfitnin the cut-off it still has some rele-
vance to the measurement of the roughness. The standard
wavefilter tends to fall off too gradually for wavelengths
longer than the cut-off, with the result that waviness
components can be included in the roughness assessment.

From these factors it appears that an amplitude trans-
mission characteristic which is unity up to the cut-off
wavelength and which falls rapidly after the cut-off would
be more suitable for roughness measurement. Txcessivcly
high rates of attenuation, however, could be unrealistic
mechanically because a considerable variation is not
expected in the functional behaviour of, say, two surfaces
having roughncoS ot cq.un aiUuiiluuc um hugmly diiiei eui
wavelength. Fig. 12.16 shows one such characteristic that
has seemed practical, having unity transmission up to the
cut-off and then falling off to zero at three times the cut-off,
the rate, of attenuation being linear with equivalent
frequency.

Tigs 12.4 and 12 7 show how a filter having an in-phase
mean line similar to the one mentioned previously, but
having the new transmission characteristics, behaves to
the sine and triangular waveforms. The figures show a
straight mean line right up to the cut-off and no distor-
tion of the filtered inolile. This is what could justifiably
be called a filter with a well-behaved mean line. This
filter will be referred to as the phase-corrected filter.

So far only idealized waveforms have been shown. In
fact these accentuate the difficulties encountered in
practice. Mean lines, as a rule, do not oscillate with such a
large amplitude for practical waveforms viihin the cut-off
even for periodic profiles, because a random component is
always jircscnt. In the case of profiles which arc random,
the undulation of the mean line and distortion of the
filtered profile from the standard wavefilter arc not so
obvious. The majority of profiles of this type have realistic
mean lines, providing that the longest spacings are short

Vo! IS2 Pt i/C
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compared with the cut-off length. However, for the
standard wavefilter the distortion of the filtered repetitive
profile and the undulation of the mean line do present a
serious enough problem in some instances to warrant
correction.

Some practical profiles are shown in Figs 12.8 and 12.9
together with a comparison of the mean line found by the
standard wavefilter and the phase-corrected wavefilter.
They show that the phase-corrected filter has advantages
over the standard wavefilter in a number of ways. The gain
is usually greatest when other factors apart from roughness
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measurement have to be considered, such as only a small
amount of available traverse or waviness components
lying near to the dominant tool marks on the surface. In
fact, the advantage is usually greatest in cases where it is
impossible for one reason or another to choose a cut-ofi'
for the standard filter long enough to make phase distor-
tion negligible. Many of the parameters used to measure
roughness such as the peak value, the derivatives, or the
bearing ratio curve are affected by phase distortion.
Centre-line average is affected to a lesser extent, while
r.m.s. and some related parameters are not affected at all.

SAK”r IXNGTH

ml7

Fig. 12.8. Practical waveforms
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The roughness which is transmitted by the phase-
corrected filter actually looks like the roughness on the
original profile and it is a sensible precaution to measure
any desired parameter, even for waveforms containing
components near to the cut-off. Another point is that the
mean line for components within the cut-off is straight,
with the result that all roughness within the cut-ofi is
assessed. Yet another possibility offered by this filter is
that the mean line of the roughness found by its use could
properly be regarded as the waviness. This is because the
shape ofthe mean line is only affected by components out-
side the cut-off (which are usually due to waviness) and
also because the mean line will be in phase with these
components. The mean lines for the repetitive waveforms
outside the cut-ofi' can be seen in Figs 12.6 and 12.7;
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8 1 555
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42 8 | 224
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Figs 12.8 and 12.9 show how the mean lines for practical
profiles look convincing as the wvtviness.

On the basis of these properties it is suggested that the
phase-corrected filter is particularly suited to the needs
of surface measurement.

It has been shown how the phase-corrected wavefilter
can assistin the interpretation and assessment of roughness.
How can it be made ? This question will be answered in
the next section.

Practical models

Work has been carried out for a number of years by the
Research Laboratories of the Rank Organization with a
view to investigating and improving the behaviour of the

2000/100

PROFILE
WAVELENGTH —-

SAMPLE LEWTH —

5,000 / 100

5000/100'

cvw ' - -

Fig. J2.9. Practical waveforms with components near to the cut-off
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Standard wavefilter mean line, especially the phasc-
distortion aspects. Attempts to improve the amplitude
transmission characteristics using conventional minimum
phase networks have usually resulted in worse phase
distortion.

Eventually, a practical filter system having phase-
corrected properties was conceived at the Rank Taylor
Hobson Research Laboratory, and its cfFectivencss was
established by means of computing techniques. The theory
is described in Part 2. In this system the amplitude trans-
mission characteristics could be adjusted at will without
affecting the phase characteristics. Thus any characteristic
could be investigated. Ways of realizing the filter were
considered in conjunction with Rank Research Laboratories
(Director Dr A. T. Starr), where two methods were sub-
sequently developed and are now being investigated in a
working model, the details of which must form the subject
of a later publication.

Basically, the solution to the phase-distortion problem
can be explained quite simply. For no phase distortion the
constituent components of a waveform should not be
shifted relative to each other in their passage through the
filter. Obviously if all components passed instantaneously
through the filter, then this criterion v/ould be fulfilled.
However, this is not: possible in practice, the nearest
possible achievement being to ensure that all components
arc delayed by the same amount. It can be shown (Part 2)
that the criterion can be interjircted in another way. It is
well known that the output from a filter depends not only
on what is going in at any instant but also on what has
been put in previously. Earlier signals put in at a time that
is long in relation to the time constant of the filter have
little or no effect on the filter’s output, but events at earlier
times which arc small compared to the time constant of
the filter have an cflcct. If the filter can be arranged so
that the output at any instant is equally affected by future
and past signals, then phase distortion does not take place.

It is interesting to note that the graphical procedure to
determine the mean line called the mid-point locus mean
line, devised by Reason as early as 1962, inherently incor-
porates the above Jwinciple and consequently did not suffer
from phase distortion. Unfortunately the transmission
characteristic was not suitable and sometimes led to an
excessively wobbly mean line despite the phase correction
.
As previously stated, the above requirement can only be
achieved instrumentally by causing a uniform delay of
the components of a profile, in then passage through the
filter. This is achieved by using a filter which has a phase-
fiequency characteristic that is linear. Filters of this type
arc called linear phase filters. Having this phase charac-
teristic for the high pass filters used in surface-roughness
measurement ensures that the mean line is in phase with
the profile, and consequently has the advantages described.

As a basis for investigation, the amplitude transmission
characteristics (Fig. 12.16) mentioned earlier have been
used. Tltis has been judged useiiti from results found by
computation of a number of surfaces. The transmission
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is unity up to the cut-off, then reduces at a rate propor-
tional to the frequency up to three times the cut-off wave-
length.

There are, of course, many other transmission charac-
teristics that could be used. Some have already been
investigated by computer, and it is possible that others
will have to be considered, although the 3:1 attenuation
characteristic has so far seemed quite acceptable.

The two practical embodiments which have now been
built for comparative assessment will be called the time-
rcversai and transversal filter techniques. They have
amplitude transmission characteristics to within 5 per cent
of the desired transmission.

In the time-rcvcrsal technique the profile signal from
the Talysurf is filtered using an ordinary wavefilter and
is then recorded on magnetic tape. The tape is reversed
in direction and the once-filtered signal is picked up and
again passed through the filter. Phase distortion resulting
during the first run of the signal through the filter is
exactly cancelled out during the second because the signal
is reversed in direction. The overall transmission of the
signal is the square of the characteristic of the filter, which
can be chosen to give any desired shape. In this arrange-
ment the filtered signal finally emerging, backward, can
be measured in the same way as an ordinary signal, but all
parameters can now be measured from a realistic mean line.

The second method consists basically of using a low-
pass filler and, in parallel, a system to enable the profile to
be delayed. The former produces the mean line which is
then subtracted from the delayed profile to give the
filtered profile. In other words, an artificial time called
hiow’ that is slightly later than the real ‘now’ has been
arranged for the filter. In this way the filter can know what
is coming as well as what has gone—at lca«t to the extent
ot the difiercnce between the two 'nows’. Using this
technique it is possible to fulfil the criterion for no phase
distortion.

The transversal filter technique provides one method of
synthesizing the low-pass filter. It is built up from a delay
line made up from repetitive blocks of circuit elements.
Any desired amplitude transmission characteristic or a
close approximation to it can be realized.

Further work on these filters is in hand.

Subjects like this arc more easily explained in mathe-
matical terms than in words, and in Part 2 the theory cf
these phase-corrected or linear phase filters is shown to-
gether with some methods of making them by correlator
and matched-filier techniques.

RESULTS

Surfaces which have roughness components unavoidably
near to the cut-off are called Group I, while those which
have their roughness well within the pass band are called
Group II. Of about 50 surfaces examined, approximately
twelve were in Group 1. Fig. 12.9 shows three of these
while Fig. 12.8 shows six other profiles, each with the mean
lines found by the standard and phase-corrected filters.
The number at the exiicmc left-hand side refers to the
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c.l.a. value and the other number refers to the maximum
peak-to-vallcy height; both of these parameters are
measured in micro-inches. The pcak-valley parameter is
used as an example of a parameter that is badly affected
by phase distortion, although others could equally have
been used.

To present some idea of how these parameters change,
three types of surface have been considered. The first is
for surfaces in Group I, the second for surfaces in Group
11, and the third is for standard repetitive waveforms near
to the cut-off. In this way, the two limiting cases will be
covered. In Group II one would expect little difference
between results from the two filters, whercas for the
standard repetitive waveforms one would expect the most
difference; the results from Group I should be somewhere
between these two. As a measure of the eflcct of the dis-
tortion, the ratio of both the c.l.a. and peak-valley readings
for the outputs of the standard and phase-corrected wavc-
filtcrs were compared.

Taking first the case of the standard waveforms such as
the sine, triangular, square, sawtooth, etc. it was found
that the c.l.a. and peak-valley ratios are generally lower
than unity, but not always. Both ratios could be as low as
0 5, while on the high side the peak-valley ratio could be
2 0. For the triangular waveform at the cut-off, for instance,
the c.l.a. ratio is 0 82 and the peak-valley ratio is 0 5. The
way in which these and other parameters arc affected by
distortion is not straightforward ; for some waveforms the
pcak-valley value is accentuated by phase distortion (for
the square wave), whereas for others it is reduced.

For surfaces of Group II the c.l.a. ratio was 0 98 with
variations of about +10 per cent and the peak-to-vallcy
ratio 1-00+20 per cent, which means that well within the
cut-olT the results from the two filters arc substantially
the seme. However, for these surfaces having roughnc-ss
components near to the cut-off, the same average ratios
were 0 65 and 0 75 respectively, showing that in these
circumstances phase distortion does affect the measure-
ment of the roughness. This can be seen quite clearly in
Fig. 12.9r/, for example, which consists of a planed sur-
face having a periodic waveform near to the cut-off. The
output from the standard filter has taken on a directional
shape when compared to the original profile which is not
realistic. Upon passing the same profile through the phase-
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corrected filter the roughness is completely undistorted
and separated from the wavincss.

A point to notice about Figs 12.8 and 12.9 is that the
mean line found by the phase-corrected wavefiltcr seems
to be a convincing basis for the measurement of the
waviness.

CONCLUSIONS
The phase-corrected or linear phase wavcfilter has the
following advantages:

(1) The filtered profile within the pass-band is no
longer distorted due to phase distortion, which means
that the roughness signal emerging from the filter
actually looks like the roughness on the profile. This
helps interpretation considerably.

(2) Meaningful use of parameters such as bearing area
and peak height in the region of the cut-off is now pos-
sible, which could be important in assessing some of the
functional properties of the surface,

(3) Calibration ofinstruments is much more straight-
forward because any measurement of the filtered
profile as indicated on a meter can agree closely with
measurements taken on the chart with respect to a
straight centre or mean line drawn within each sample
length, and for repetitive waveforms can agree exactly
for wavelengths right up to the cut-off.

(4) It is a plausible proposition to consider the mean
line of the roughness as the waviness. The mean line of
this filter only responds to undulations longer than the
sample length and, further, it responds exactly in phase
with these undulations. This means that the mean line
immediately responds in a mechanically realistic way
to any wavincss present.

The behaviour of the pnasc-corrected filter to any
waveform can be exactly calculated in a manner similar
to the standard wavefiltcr (3), except that a different
weighting function must be used.

The phase-corrected wavefiltcr represents an operative
step forward in the evolution of the instrumentation of
the M system. Unfortunately, it looks like being more
costly, and the extent to which the extra realism introduced
by its use will be worth the expense remains to be
seen.
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Part 2—Theory

INTRODUCTION

'I'his part bkhfly explains the theory behind the phase-
corrected filter. It is approached from the time domain
point of view because both the amplitude and phase
characteristic can be investigated by manipulating the
impulse response of the filter. Another reason for working
in the lime domain is that it enables a graphical procedure
to be worked out which will enable the method to be
applied to surface finish graphs. In this part the frequency
equivalent of a wavelength on a surface is used because
the impulse response transforms naturally into the fre-
quency domain. Wavelength A and frequency / can be
converted by the simple formula

A=T"
where v is the scanning speed of the pick-up. Some of
the properties of filters will be first discussed as an aid to

the understanding of linear phase or phase-corrected
filters.

Notation

B Ratio of wavelengths having unity to zero trans-
mission through the filter.
C(w) Fourier transform of <(/).

c(/) Truncating function.
F(Gj) Fourier transform of/(;).
/ Frequency.

/(f) Input to filter.
G{o>) Fourier transform ofg(f).
fr T filtpr
Fourier transform of the impulse response,
/7(W) d'ransfcr function of high-pass filter.

#") Transfer function of low-pass filter.
Fourier transform of the iruncated impulse
response.

Complex conjugate of H(iu).
/'(f) Impulse response of high-pass filter.

h(j) Impulse response of low-pass Idler.
ol Truncated impulse response.
k{oj) Amplitude transmission characteristic.

Laplace operator.
/16) Real component of transfer function.

t Time variable.
h Time delay.
\4 Velocity of scan of pick-up.

(W) Imaginary component of transfer function.
Fraction of sample length.
Position of axis of symmetry.
Variable under the convolution integral.
Impulse of unit weight when integrated with
respect to time.
h Impulse of unit weight when integrated with
respect to a.
A W'avelength

1'roc hiUii Mcch Pfiprs IVIS.-OV

Time variable under the convolution integral.
;) Phase characteristic.

Angular frequency variable.

Angular frequency variable under the convolu-

tion integral.

Convolution operation.

Indicates a transform pair.

Process of taking the modulus.

FILTERS IN GENERAL

The frequency characteristics (or Fourier transform)
H{a>) of a filler can be expressed as

)26&) , 12.2)

where k(oj) is the amplitude transmission characteristic
and <>W) is the phase. The problem in surface metrology
is to get a useful form for Afa>) while maintaining a form
for <o) which eliminates phase distortion.

Impulse and step responses

These arc the response of a filter to a unit impulse or step
respectively. Either can be used to determine the output
of a filter to any input. The output of the filter is given by
the superposition iiitcgral, equation (12.3), which says in
effect that the output at any time is given by the convolu-
tion of the input signal with the impulse response of the
filter (5), i.e.

M-

sometimes wriucn
XO0=/(t)W3(z) . . . (12.3)

where/(/) is the input, g{#) is the output, and /i{t) is the
impulse response, t is the time variable under the integral
sign. Equation (12.3) is an example of time convolution;
the similar operation, frequency convolution, is involved
in the problem of impulse response truncation. In this
equation //(/—r), the reversed impulse response, is some-
times called the weighting function ofthe filter. It describes
the amount of influence that a part of the signal has on the
output of the filter at a time ¢ Equation (12.3) describes
the property of filtering in the time domain.

If 7 {a)\ 6'(«j), and F(w) are the Fourier transforms of
/'(/), g{t\ and/ (0 where

Hioi) = hi) e-""( dt, ete. . (12.4)

then

GN=F/coNa) . . . . (129
Another point about equation (12.3) is that it shows
the similarity between the processes of correlation and
filtering. The filtering process can be regarded either as
the convolution of the input waveform with the impulse
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response of the filter, or the cross-corrclation of the input
waveform with the weighting function of the iilter. The
similarity is important where embodiments are concerned.

Equally, the prohlc could be considered to be made up
of Steps.

Equation (12.4) is very important because it shows that,
the frequency characteristics of a filter, i.e. its response to
sinusoidal signals, arc tied down to the shape ofits impulse
response. Altering the impulse response alters the fre-
quency characteristics.

The impulse response can alternatively be expressed in
terms of the fraction of the time constant of the filter
which, in turn, can be expressed in terms of a fraction of
the sample length when referred to the profile. This has
the advantage of making not only the weighting function
but also the variable in the superposition integral non-
dimensional as well as relating more directly to the surface.

DiUcrcnt impulse responses and weighting
functions

Consider a low-pass filter (Fig. 12.10a). It attenuates high
frequencies. \"Twn referred to the time domain it means
that the impulse response actually spreads in time. Because
of this the impulse response tends to average out the high
frequencies in the input waveform during the convolution
process.

For high-pass filters (Fig. 12.10c) the situation is dif-

ferent because an impulse is present in the impulse
IOW PASS
e/
70
40
2000 o 20
s
20 10
0

p-ig. 12.10. Impulse response of linear phase and standard
fdter
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response, which is opposed by a low-pass component. If
the transfer function of an ordinary high-pass filter is
//(//) it can bewritten in the form

17(f) 5= 1--/7%f) (12.6)
whereH{p) 1isfor a low-pass filterand p is the
operator.

Equation (12.6) inverse transforms into an impulse
response /;(r), where
AM)= 8-A"M) 02J)

[j{i) is the impulse response of the low-pass component and
b is an impulse at the origin of unit weight.
A signal /(t) put into a high-pass filter gives an output

6(r—e)/E)dr— 1 h(t- t)/(t) dr (12.8)

but I  0(r—r)/(7)dr =/(r)—the sampling property of

impulses. Hence ecjuation (12.8) becomes

Mr-T)/(r) dr =/(/)-,» (/) (12.9)

In practice the lower limit of the integral can be taken
to be zero. Electrically mf) is the signal blocked by the
filter.
profile graph, is called the mean line. Removal of >n{t)

In surface metrology m(t), when referred to the

from the input profile constitutes the high-pass filtering
action, h(t—r) is the weighting function of the mean line
3.
Equation (12.9) can be expressed in a form, more suitable
for surface metrology by changing the time axis to a non-
dimensional fraction of the sample length

M - £ &'
=./(«=-"" (12.10
In equation (12.10) @' is a variable similar to r in equation
(12.9), i.e. //(«) = b'— h(x) where b’ and h{a) have unit
weight when integrated with respect to to
For the standard wavefiltcr

ALY - (12 .41)

or

hi{a) w—b'—A[2 —Au] C (12.12)

where 4 — 2;vRC (A is the sample length, and z' is the
tracking speed), a — .V'A where x is the distance along the
surface. In equation (12.11) both parts have the dimen-
sions of reciprocal time whereas they are dimensionless
in (12.12), which means that the ordinate scale docs not
change with the cut-off. The factor I"/f is taken into the
variable da' of equation (12.10) wEere is the equivalent

time of the sample length.

LINEAR PHASE FILTERS (Fig. 12J0F and d)

The phase charactei isiics of a filter elTcciively show how
sinusoidal signals get shifted in time in their passage

IollSJPr. K
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through the filter. The real criterion for the filtered profile
to be undistorted is that the constituent sinusoidal com-
ponents making up the profile are not shifted relative to
each other during the passage of the profile through the
filter. One method of doing this would be to ensure that
none of the components got shifted at all. This would
mean that the phase shift is zero for all frequencies.
Now

H(w) = [:(w) (12.13)
where < the phase angle, is given by
tan-" Af(w).VC(w) . (12.14)

So XCwm), thm imaginary component, would have to be zero
in equation (12.15) to make the phase zero, leaving

77(0j) = k(dj) = R(co) (12.16)

But, for the transmission characteristic of the filter to be
real, only the impulse response must be an even function,
i.e. symmetrical about the time origin axis, which is
impossible in practice because the impulse response or
the weighting function of the filter cannot extend into the
future as well as into the past. Hence, the only pos-
sibility of getting no distortion of the filtered profile is to
arrange that the components of the profile are all shifted
by the same amouni in lime by the filter. Suppose that this
meant delaying all components by /o- One component at
angular frequency w,, say, would have to be shifted in
phase by —

angular frequency

rad to get this delay. A component of

would have to be shifted by —wo/o,
and similarly for any component. In fact, to satisfy this
delay of ¢y in general 6{a>) - —  —the phase has to
have a linear rclationsliip with frequency. Therefore, the
transmission characteristic for a filter having no phase
distortion but a nchiv is of the form

TI(<u) = Ku>) e (12.17

Such a filter is called a linear phase filter.

How do the impulse responses of the zero delay and
linear phase filters compare ? It is easy to show that if
hfj) is the impulse response of the zero delay filter, then
the impulse response of the linear phase filter having the
same amplitude transmission is /'o(t—to)- 3'his means
that they have the same shape, but the linear-phase
impulse response is shifted by z, along the positive time
axis—they both have a symmetrical weighting function
but the zero delay impulse response has its axis of sym-
metry on the time origin, whereas the linear phase
impulse response has the axis of symmetry at ¢t = IQ
Shifting the axis of symmetry to to makes the. impulse
response practically realizable. Summarizing, it may be
said that it is possible practically to make a filter giving no
phase distortion only by allowing a uniform delay of all
components passing through it. This is achieved by a
filter having linear phase characteristics, which implies
that it has an impulse response which is symmetrical about
an axis of i — z, on the realizable side of the time axis.
[In the non-dimensional form Zjbecomes « (Fig. 12.10i).]
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If //o(z) <> 7/ A(AJ), then

(12.18) '
For the zero delay case the high-pass impulse response
/zo(]z]) can be expressed as 8—/zo(k|), where /?0(|l) is the
low-pass impulse response and S is an impulse of the
origin. The corresponding linear phase high-pass impulse

response is therefore given by

I,,(/) = 8(r-/0)-/zo('k-fo]) (12.19)

Equation (12.9) becomes for a linear phase filter

<20 =/ (1 Ao(A~h)“ ) /(") M (12.20)

Equation (12.19) shows that the impulse component lies
at the axis of symmetry of the low-pass impulse com-
ponent, which means that in terms of equation (12.20)
the signal itself has to be delayed by 7 before taking it
from the low-pass component. This has the effect of
producing at time ¢ the filtered output—without distortion
corresponding to the profile at z—Z7Zq

Two points are worth noting concerning symmetrical
impulse responses; one is that the step response has an
axis of odd symmetry about # = Zq, and the other is that
the operations of correlation and convolution become the
same except for an averaging term.

Different linear pliase filters

The conditions for a symmetrical weighting function to be
suitable are:

(a) It has an axis of symmetry later than z= 0 to an
extent such that no considerable part of the function
crosses the r+ — 0 axis.

(b) It is concenTatcd in a central lobe and dies away
w J Al 2 V4V, V'A iiiC- J.

(¢) Any negative portions should be small.

(d) It must have an amplitude transmission charac-
teristic suitable for use in surface metiology.

A number of different linear phase filters have been
investigated, including those which have Gaussian and
raised cosine impulse responses (6) (7). Perhaps one ol the
most obvious is the linear phase filter having the same
amplitude transmission as the standard filter. This was
mentioned in Part 1, and Figs 12.3 and 12.6 show its mean
line to two different profile waveforms.

It has an impulse response which by equation (12.19)
becomes

/5()) = 8(z-Zo)-“ t" exp

or alternatively

/(<) = 5'(¢/_rt)— —— €XP (\ jo—
ud \'3

where the latter expression puts the impulse response in
non-dimensional form, as in equation (12.3). is the

v (12.21)

angular frequency equivalent of the sample length, and #
is the position of the axis of symmetry—equivalent to Zg
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Another alternative is the ideal linear phase high-pass
filter where

sin w,(r-Zo
ufo) : ( )

or (12.22)

— \ — J—
/= 66—« T

These, however, did not seem to be as suitable a
starting point as the following filter—called the phase-
corrected filter in Part I. It has unity transmission for
wavelengths up to the cut-off and zero transmission at
three rimes the cut-off. The attenuation rate is propor-
tional to the equivalent frequency (Pig. 12.16).

The expression ‘phase-corrected filter’ has a slightly
diflerent connotation in communication theory, but it is
useful in tins context. The general equation fbr impulse
responses having this form is

/1) =
sin ()((1-1-/?)(r—t0),'2.sin (1 — —t0)/2
or
= 8.
T = k@) . TML-B)
~sin 77(1-\-B)(a —1ii) sin 77(1— —
(12.23)

where D is the ratio of wavelengths having unit to zero
transmission, being equal to ] in this case. This factor has
been found useful in surface roughness instruments to
separate the roughness. As time goes on it may be that
more useful characteristics emerge.

Realizable linear phase filters

To make a practical linear phase high-pass filter, an
impulsive component and low-pass impulse response arc
usually involved. Consider first the impulse response of
the low-pass component To be realizable it must all
lie to the tight of the time axis / = 0. This is called the
condition of causality. Hence the axis of symmetry
to (or 1?7) should be delayed as long as possible. Also the
response should decay quickly and not extend to infinity.
Impulse responses of functions having transmission
characteristics decaying faster than exponential do extend
to infinity (8). Unfortunately, the theoretical impulse
responses of those fillers having the most suitable trans-
mission characteristics do extend to infinity, so that even if
the axis of symmetry is moved a long way from / = 0 the
function is still finite at the 7 = 0 axis. Practically it has
to end at » — 0, so that some degree of truncation of the
impulse response from the ideal response must occur,
fnickily, for the cases of interest, it is possible to get a
useful approximation to the desired characteristic.

The effect of this truncation can be worked out using
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the technique of frequency convolution (5). It is the same
problem as apodization in interfcrometry (9), and the
determination of the power spectrum from the auto-
correlation function (10). Truncation can be considered
to be the multiplication of an ideal impulse function /;(/)
by another function ¢{r) called the truncation function of
unit value for a limited region and usually zero elsewhere,
which has the effect of modifying the ideal frequency
characteristic //(w). If h{t) and c¢(t) have Fourier trans-
forms of H(to) and C(w), then the truncated impulse
response h”\(t) and the resultant frequency characteristic
Hcioj) are given by -

and

I/~ (m) = /l(cu)C(w-m") d,,/ (12.25)

where oj' is a variable similar to r in time convolution.
Equations (12.24) and (12.25) arc quite general. is
the approximation to //(o)) that results in practice. c¢{i)
need not be a simple box function, it can be any shape.
I'he box truncation tends to produce oscillations in the
transmission characteristics and also to reduce attenuation
rates in //((«), Fig. 12.11. Removal of this tendency can be
achieved by a truncation function having no lobes in its
Fourier transform. Unfortunately, the attenuation rates
then become even more gradual. Truncation theory is
important because it enables the minimum length of
impulse response to be worked out, which allows the
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Blig. J2.11. Effect of truttcation on hnv-gass component
of phasc-corrccted filter
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design criterion for the frequency characteristic to be
achieved. In the case of the phasc-corrccted filter this is
just tlircc cut-off lengths to get the frequency charac-
teristic Ilcf») to within 5 per cent of 77(c'j).

The truncation problem only exists for the low-pass
component, i.e. for the mean line evaluation. If the filtered
profile is required, it is necessary to position the impulse
component symmetrically relative to it. This means, in
practice, that the signal has to be delayed by the amount
by which the axis of symmetry of the mean line weighting
function differs from 7 — 0. An exception is in the time-
revcrsal case where the truncation of the impulse response
depends on how long the tape can be run before assess-
ment commences. The main approximation in this
technique is made in the frequency domain where the
square of the transmission characteristic of the filter has
to fit as closely as possible to the desired characteristic.

Practical embodiments

There are many ways in which linear phase filters can be
made. The methods used in making correlators and
matched filters can be used because of the equivalence of
convolution and correlation for symmetrical weighting
functions. Some examples are in the use of optical,
electrostatic, and electromagnetic storage devices with
shaped masks, electrodes, and pick-up heads respectively.
Magnetostrictive lines (ii) or quantization correlators (12)
could also be used. Digital techniques are an increasingly
feasible proposition.

At the present time, however, electronic techniques

are probably the best. Two techniques have been selected
for assessment and a prototype model has been built
incorporating both methods.
Time reversal. This reversal uses the principle that if a
signal is passed through two filters, the one being the
complex conjugate of the other, then there is no phase
distortion. Here the signal is passed through the same filter
twice but the conjugation is aclticved by a reversal.

If a filter has an impulse response /’(/) whose transform
is 7/((u), then reversing the output can be shown to be
equivalent to conjugation, with an additional phase linear
term, i.e. if i(?) //(w), then

(12.26)
where is the complex conjugate of //(to). Hence
passing the signal through a filter, reversing it, and then

rcpassing it through the filter has the overall frequency
characteristic of

c-;" N E(w) I (w)= |T/(W)|Ne-~"N (12.27)

where 7T is the time taken to reverse the tape. Notice that

this is still a linear phase filter because ofthe term (13).
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Transversal filler (14)
high-pass filter are constructed separately. The low-pass

In this the two components of the

impulse response is synthesized in time by means of a
delay line with a number of taps. Each tapping point is
routed by way of an amplifier to a summing amplifier.
Hence by adjusting these gains any impulse response can
be built up. The impulse component is delayed to the
centre of symmetry of the low-pass weighting function by
means of a magnetic tape [equation (12.19)]. This just
corresponds to delaying the signal [equation (12.20)]. The
difference between the signal and the output from the
summing amplifier is then taken to give the filtered profile.
Because of dispersion, it is not usually possible to extract
the signal from the position in the delay line which cor-
responds to the axis of symmetry ofthe weighting function
and use it as the impulsive component.
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1 Introduction

The assessment of surfaces by tactile trace instruments has
found a great deal of practical use in industry becatisc of the
ease of interpretation of profile graphs as well as the coineni-
ence of having an electrical signal available for the quanti-
tative analysis of v:iuious parameters. IThe increasingly
stringent demand for a better understanding of the relation-
ships between surface conditions and the functional charac-
teristics of component parts has been greatly aided by the
de\elopments during the last decade in elccironics, which
have S(I\ed to make possible the design of more sophisticated
instruments. W are now at a point in the development of
profilometric measurement of ultra-fine surfaces where the
dimensions in the contact region of the probe are of the
utmost significance. 1 he chart record which is revealed by
the tactile tracer instrument can differ slightly from the true
profile for a number of reasons, for instance the loading of
the stylus can sometimes deform materials with low moduli
of elasticity and plasticity. Another source of uncertainty is
the lack of knowledge about the geometry o! me stylus tip.
Lor the normal run of engineering surfaces down to some
01 /rm Cl.A, these effects hale seemed negligible, but below
this they become of increasing significance.

This paper describes more accurately the finite dimensions
of the stylus tip. The aims in this endeavour have been
twofold: firstly to perfect some techniques for the rapid
assessment of the stylus tip and secondly to make use of these
techniques in an attempt to set some kind of acceptance limit
to which stylus tips can be worked by traditional methods.

The tips considérer! were (i) the nominal 2 5 /mi Talysurf
tip, and (ii) the ultra-shaip nominal 0 1/mi Talyslep tip.

2 Methods of ineasurenient of styli

2.1 Tradiiional

Lor the measurement of small geometrical forms using tlie
light microscope it is often difiicult to discriminate between
real goonictry and diffraction phenomena when objects hale
dimensions which are close to the theoretical limit of resolu-
tion. The method of light microscopy used for any specific
application may re\cal certain aspects of the object by phase
or path dilferences. llowe\er, it is usually found that the
more sophisticated forms of microscope will detract somewhat
from the ma.simum possible resolution for a given walelcngth.
At each lens interface a certain amount of dilfusion is produced
by reflection, surface asperities and, in sonic cases, dust, so

that the number of optical components should be kept to a

Abstract An appraisal is given of the qualities of diamond
styli which arc used for stirfacc texture measurement. Some
of the diflicultics encotintcred in normal optical and electron
optical methods of assessment are discussed, and a jmssible
solution which involves a two-stage replica process is
described.

minimum. Lor the particular problem of diamond tip assess-
ment it has been our experience that those techniques which
arc contrived to increase the contrast of the image do so at
the cost of resolution.

No matter which configuration of microscope is used for
examining styli, it is important that the objective lens lie of
the best quality with a large numerical aperture. For establish-
ing the quality of an objective lens we use the star test, in
which a minute point of light is \iewed against a dark back-
ground. A suitable test object is an evaporated film on a
glass flat containing small pinholes.

Examination of one of the smaller points of light at each
side of focus will reveal any spherical aberrations present in
the objective lens. It is only when all the rays of light are
focusing to a near point that the appearance of the diffraction
eficct on both sides of focus will be identical. The method of
illumination for this test is not critical, apart from the need
for a high intensity light source, because a small aperture in
these circumstances can be considered as a self-luminous
object. Our experience has been that an objective lens must
perform well according to this test otherwise it cannot be
exploited.

From an examination of the micrographs in figure 1, it is
evident that bright field (a) does indeed show the major
boundary best, while phase contrast (/)) is o\crwhelmed by
the relatively large dimensions of the pyramid faces. The
Norrnarski interference method (e) (Lang 1968, 1969), whilst
detracting slightly from the resolution of the boundaries,
does show something of the texture on the tip itself. Figure /(d)
shows a chisel tip stylus as is used on the Talystep instrument
for the measurement ofxery fine surface texture. This micro-
graph appears to indicate that the sharp edge of the chisel is
about 0 2 /mi across, but figure 3(h) rc\eals that it is less
than o0 1/fin.

The extraction of reliable information from objects whose
dimensions are close to the theoretical limits of the light
microscope is difiicult. When a craftsman is using a light
microscope to monitor the various stages in the operations
of diamond polishing, there is a practical limit of about
0 2 /(in beyond which he may only proceed and estimate the
degree of his success by guesswork.

2.2 The scanning elecirun microscope

For the analysis of the geometrical form of solid specimens
the technique of electron bombardment of the object in order
to generate secondary electron emission will have two main
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advantages over light microscopy: first, a large increase in
the depth of focus is made possible by long-focus magnetic
lenses which will keep the beam divergence small; second,
an increase in the useful magnification will he attainable

provided that the object is not too greatly alTccted by the

Figure I (a) Bright field. (A) phase contrast and

(r) Normanski interference. For purposes of comparison,
reference should be made to the electron micrograph (a) in
figure 3 which is tins same tip at a magnification of 9000 x .
(d) Chisel type stylus tip which can be compared with the
electron micrograph (A) of tins tip at 9000 x . The objective
lens used to obtain the micrographs in this figure was an
exceptionally good 140X oil immersion of ! 3 numerical

apeiture

electron beam, for example the object may acquiie a charge or
even sufter a change of its chemical composition.

Among the variables which determine the resolution and
contrast of the displayed image are shape density, electrical
conduciiv ity and the secondary emission ratio of the various
parts of the object, which is a function of the primary electron
energy. Experimental data suggest that a p'imary electron at
normal incidence to diamond and hav ing an energy of 750 eV
will release a maximum of about 2-8 secondary electrons.
Ideally, what is wanted is a yield in energy which is unity
witli lesprcci to the eneigy of a primary electron as this will
minimi/e the tendency for potential gradients to develop.
Secondary emission of an insulator such as diamond can be a
complex phenomenon because of the absence of free electrons.
An insulator will not lose energy as in a metal by interaction
with free electrons in the conduction band. Primary electrons
will only lose energy by interaction with valence electrons,
and unless the insulating object is a thin film on an electrically
conducting base, a space charge forms in the material. It is
possible tor an insulator to emit more electrons than were
introduced, giving rise to a net loss of charge. The implications
of this internal charging become evident when the geometry
of the specimen is taken into account; charges will tend to
collect or migrate towards peaks or other sharp boundaries.

The higher the energy of the primary (incident) electrons
the further will they penetrate, and the number of electiotts
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in the solid gaining energy from them will be greater. Elec-
trons accelerated by 20 kV will penetrate solids such as
aluminium to a depth of the order of 1pm and it is expected
that the penetration of electrons into diamond will be almost
double this. 1 here is evidence that surface contamination and

CoJ — 10/

toam G-

Figure 2 Electron micrographs from a stereoscan
microscope: (a). (A) chisel tip stylus in the (@) uncoatcd and
(A) the coated state. The coating is of aluminium and is
about 20 tim thick; (r), (d) typical gramophone sty lus whose
lip radius is about 12 pm. The coating in this case is gold
and aboitt 10 nm thick

thin conducting films used oti spccimetis in scanning electron
microscopes can greatly alTect the emission properties:
howcvei, prevention Cf the charging efiects in thick insulating
objects would require’ an inordinate thickness of the conducting
layers.

\Vc find that ovcrdeposited conductors such as aluminium,
gold and cat bon have little efi'ect on the instrumental resolu-
tion at the diamond tip.

Figure 2(a) and (A) shows that the resolution at the extreme
tip is somewhat ineteased I>y vacuum overcoating with 20 nm
of aluminiutn; however, the gain is not sullicient for art
accurate mcasuretnent of the sharp ditnensions of the chisel
to be made. The matter visible aroutid the tip is dirt. We
have sometimes found that an appreciable increase iti resolu-
tion is evident in the near neighbourhood of such foreign
substances.

The suitability of the scannittg electron tnicioscope for
diamond tips on which there are no really prominent features
is shown by plates (¢c) and (d), which illustrate a standard
gramophone stylus having a tip radius of about 12 /an.

2.3 The iransmission cdearan inicro.scope

Some single-stage replicas were tried using the familiar
materials, gelatine, collodioti and Fortnvar, its well as some
two-stage techniques which utilized wax, gelatine, acetate and
metals as the first stage. Our lack of success with the various
well-known techniques was for the tnost part due to the
stiingetit lequitemerii for a replica tliat riot only showed the
tip dimensions clearly but also a good deal of the pyramid
leading to the tip. This sort of deep replica is easy to find in
an area which may be littered with various shapes and
markings.
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Glass as a first-stage replica material was considered in
view of the problems encountered with other materials.
Examination of a range of glasses reveals that certain liquids
become particularly viscous near their freezing point, thus
preventing the formation and growtli of crystal nuclei. If
cooling of such a liquid is continued beyond a region where
the mass becomes rigid, then the random atomic structure
which is characteristic of glass will be held in the solid state.
The amount of ordering of the structure of glass that is
possible is strongly dependent upon the cooling rate, so that
the final configuration of the glass will depend on its composi-
tion and thermal history.

IThe qualities of glasses are quite dilTerent from those of
the organic polymers which are usually used for replicas in
electron microscopy, these substances being partly crystalline
and only to some degree amorphous. Ii a glass could be
softened to flow around the tip of a diamond stylus, then a
good replica might v\ell be formed. The advantages of such a
replica would be that an accurate representation of the tip
should result because of the amorphous nature of glass and
because of the ease of taking a second replica from the glass
by the evaporated carbon technique.

As the hardness of glass (soda lime) is 530 on the Knoop
scale, while diamond is placed at 7000 on this same scale, the
relative hardness of diamond and glass will be about tlie same
as that of tungsten carbide and zinc. Accordingly one might
not expect damage to even a fine sty lus tip when it is indented
into glass, provided that no lateral shear foiccs can opeiate.

A small rig was constructed for use on a standard instrument
(Talystep), which enabled a known load to be applied while
the diamond was resting on the glass. The instrument could
then be used to monitor the total amount of plastic deforma-
tion which occurred on application of load.

The criterion used to make good replicas is that the force
is applied smoothly and within a short period of time. Having
such control enables many such indentations to be made
within a defined area. The replica is then shadowed and

(A)

id)

Figure 3 (a) Ty pical tip as used on otir 1 aly surf
instruments; (A) Talystep sharp stylus which is ttsed for
resolving very line surface texture; (c) stipcr-sharp stylus tip
that was made in our laboratory; (d) an enlarged view of
this very sharp tip
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carbon is applied from at least two diflerent directions to
improve the rigidity of the replica. An example of how the
replica can fracture on removal frotn the glass is shown in
figure 3(A).

The stylus shown in figure 3ia) is the type of tip usually
employed for surface texture measurement and is quite
adequate for the assessment of surfaces produced by most
machine processes used nowadays in industry. Figute 3(A)
shows a stylus tip which is necessary to resolve the very fine
texture associated with polished or lapped surfaces having a
directional finish. In figure 3(c) and (d), a sty lus of exceedingly
small tip dimensions is shown. With such a tip it is possible
to measure very fine randomly orientated surface asperities
such as arc found on evaporated films and in certain condi-
tions of devitrification which take place during annealing
processes, given the proviso that only very low stylus forces
can be used.

3 Discussion

Use of the more precise information about styli obtained by
the methods described has already made possible a better
understanding of some of the smaller features on surfaces
(Whitehouse and Archard 1970).

We now know with a fair degree of certainty, just how far
the spatial resolving power of the tactile tracer instrument
can be eficclively taken. Under normal loading conditions
this limit will approach 01 /mi or about | of the wavelength
of ultraviolet light. Further information can be obtained by-
virtue of the fact that if the stylus dimensions are know n then
they can be partly computed out of a profile chart. Tlie argu-
ment does however have limitations in that on the one hand
the positive asperities can have the stylus error removed but
negative valleys into which the styhis cannot fully penetrate
must be computed, although such computation can he made
reasonably accurately.

The effects of two dilTerent stylus tip dimensions can be
seen in figure 4 where chart (a) shows the profile of a small
section of gauge block as measured by the relatively large
tip (figtire 3(r/)), and chart (A) is a portion of this same stirface
as measured by the fine chisel tip stylus (figure 3(A)).
Comparison of chr.rg

\ '\/A\
'/
0 025 Rn

|

(o) * *5/jm

0025 pm

(6) 5 pm

J-igurc 4 (a) DI'rofiie of a small section on a finely lapped
gauge block using the stylus shown in figure 3(u);

(A) a secliott of this same surface as measured by the styltis
shown in figure 3(A)

4.39
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larger stylus tip rides over and loses fine detail. A knowledge
of tip dimensions is desirable in microhaidness testing, where
within the range of H)0 g to 1mg loads, indents arc made
into sjreeillc inclusions within polycissttilline bodies.

in ultramierotomy where diamond knives are used to
section specimens for electron microscopy, this method might
play a part in defining the quality of the diamond knives used
and their rate of wear.
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