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ABSTRACT

A survey of thelliterature of grinding and surface texture
shows the influence of dressing and wear on surfaces involved
in the process and the advantages of stylus profilometry for
data collection from both grinding wheels and ground surfaces.
Statistical analysis is favoured for surface profile
characterization and, of the various parameters used, power
spectral density alone offers some prospect of effective

comparison between these surfaces.

Work on grinding with single crystals of natural corundum was
eventua11y>discontinued in favour of experiments with conventional
bonded grinding wheels subjected to a dressing operation and

some wear in grinding steel surfaces. Statistical parameters
representing the surfaces are computed using data obtained

from profilograms. Results in terms of power spectral density
are presented showing progressive improvement following upon
developments in apparatus and methods which facilitated the

use of larger surface profile samples. Transfer functions are
used to relate power spectra representing corresponding pairs

of surfaces.

The significance of power spectral density applied to surface
profile characterization is discussed and, in this context, it
is suggested that these should be described as variance spectra.
Attention is drawn to certain disadvantages of variance spectra

applied to grinding wheel and ground surface profiles.

Methods designed to improve presentation of variance spectra

lead to development of a proposed new and more suitable spectrum
in which density of standard deviation of surface profile
ordinates with respect to frequency is plotted against frequency.
Transfer functions calculated from related pairs of these
standard deviation spectra show a strong linear correlation

with frequency and offer prospects of convenient comparison

between the profiles of the various surfaces involved in

grinding.
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iv
IINT-ODUCTION

This work is concerned with the finish or surface
texture produced on the workpiece as a result of
grinding. Grinding, in the context of this study,
refers to operations carried out on machine tools with
provision for controlling the geometry and dimensions
of the wor'riece, such as evlindrical and surface
grinders. The objfect of the investigation is to obtsin
better understanding of the influence on the surfsce
texture of the ground surface exerted by the surface

of the grinding wheel.

The nature of the grinding wheel surfece is determined
not only by the structure of the wheel but, to a
considerable extent by dressing carried out prepsretory

to grinding and also by wear during a grinding operation.

4 study of the relationship between the ground surfeace
and that of the grinding wheel requires means for
charecterizing both surfaces in terms suitable for
quentitative comparison. otandardized surfece texture
parameters are calculated on the basis of a continuous
surface profile. Also, numerical assessment by means
of such perameters does not unicuely represent a

surface rrofile and is therefore unreliable for

detailed study or accurete comparisons.



Furthermore such paremeters are unsuitable for
application to a discontinuous profile such as that

of a grinding wheel.

In order to relate the surfece profile of workpiece
and grinding wheel it is necessary to identify somne
varameter or parameters apnliceble to both types of
surface and capable of effectively commnaring themn.
Meaningful comparison indicates the need for better
surface characterization than that provided by any
standard surface texture parameter such as the
arithmetical average rouvghness value Ra. Also the
method or methods adopted must be applicable to

a pair of surfaces one of which has a discontinuous

profile.

Some preliminery work, devoted mainly to surface
relationships in grinding has already been carried
out by the author. This was submitted for the avard
of an M Tech degree and,since the same title is used,
this earlier thesis will be referred to as Part 1 and

the present work as Part 2.

Part 1 contzins an outline history of the grinding
process. This includes notes on the abrasive and
other materials used in grinding and the composition

of bonded grinding wheels currently in use. Vitreous
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bonded grinding wheels containing aluminium oxide

abrasive synthesized in the electric furnace were

found to have been is use since about 1900. These
represent the type of wheel in most widespread use
for the grinding of ferrous materials and were used

exclusively throughout the investigation.

In Part 1 the mechanism of dressing and wear of

grinding wheels is discussed with some emphasis on

the facts, not then universally recognized, that
asperities of different heights exist in the active

zone of a grinding wheel and that there are a number

of such asperities on that surface of a grit interacting
with the workpiece. Since these asperities are

involved in the process of removing material from the
workpiece and are also affected by wear of the grinding
wheel their number and distribution has to be considered

in studying the surfaces concerned in the process.

One of the objectives formulated in Part 1 was to
repeat experiments described in an earlier publication,
designed to estimate the heights of asperities by
measurement of scratches produced on the ground
workpiece by the action of the grinding wheel.

These experiments provided some idea of the probable
nature of the distribution of asperities with respect
to height and confirmed the need for methods capable
of measuring the heights of asperities directly from

the grinding wheel.
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Most of the papers examined during the Part 1 invest-
-~-igation were published during the nineteen-fifties and
early nineteen-sixties. These contain much information
on the mechanies of grinding but relatively few deal in
any detail with surface texture of the ground workpiece.
However, some information was found on obtaining traces,
by means of a stylus, from the surface of a grinding
wheel rotated at extremely low speed, and in presenting
the distribution of heights in histogram form.
Developments of the first method were later used by the
author for experiments carried out in Part 2 while
histograms had been used in Part 1 to represent profile

height distribution.

In part 1 asperity heights were determined by measurement
of profilograms obtained from the surfaces of grinding
wheels. From these measurements relative frequencies
were calculated and plotted to define the corresponding
distribution curves. These distributions are compared
with their counterparts obtained from the corresponding
ground surfaces and a measure of correlation is

demonstrated.

Profile height distribution curves were recognised as
providing a limited description of any surface whether
of the grinding wheel or the ground workpiece. Once
again, attention was directed to the fact that not only

was it necessary to cope with problems peculiar to the
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grinding process but also to seek parameters capable of
more completely describing the surfaces, which might
also be useful in investigating the nature of any
relationship between grinding wheel and workpiece

surfeces.

Lverage roughness parameters such as Ba’ sometimes
failed to differentiate between surfaces with very
diffcecrent characteristics, mainly by reason of relative
insensitivity to the frequency of surface features, and
were probebly of less value, for the nuvrposes envisaged,

than profile height distribution curves.

Scre use was also made ir Fert 1 of scenning electron
microscopy in order to rrovide visuel eviderce of the
nature of grinding wheel surfsces. =ror this nurnose,
svecimens were taken fro. the perivphery of grinding
wheels which hsd vpreviously been subjected to dressing

and grinding orerations.

Since these results vere ohbtzined at a late stz-e of

the Pert 1 investigatiorn, theyv vere nresented in an
anperdix showing the effects of wear on erit surfeces.
Preraration of easch specimen for exsrinetion rececssiteted

its removal from and destruction of a grinding wheel.

4t this point it is errrovriafe to exrlein the nuztering

cvstem adonted in Psrt 2 which follovs concecutively
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from Part 1 to facilitate reference to the earlier work
and to avoid possible confusion between the two parts.
Chapters in Part 2 are therefore numbered from 8 to 13,
pages from 90 to 261, and the bibliographical references
(20) to (42). Tllustrations and tables are nurbered to
identify them with chapters, and apnendices to correspond
with those chapters to which their content primarily

relates.

apart from the wastage of grinding wheels resulting
from the procedure adopted in Part 1 for the preparation
of specimens for electron microscopy, cutting specimens
from a bonded grinding wheel excluded the possibility
of re-examining the same grits, or the same area of
wheel surface at, for example, a more advanced stare

of wear. A further point in favour of some alternative
to the use of a bonded grinding wheel was the need to
facilitate identification of individual erits in the
surface under scrutiny. These considerations led, in
the Part 2 investigation, to design and construction

of the composite grinding wheel described in Chavter 8.

In the eveht, work with this composite grinding wheel
was confined to its use with large single grits of
netural corundum. The results were regarded as somewhat
unreliable bv reason of nroblems with the anpraratus,

some of which re. zined unsolved.
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There is reason to believe thnat further development
of comnosite grinding wheel methods could yield worth-
-while results and the justification for not pursuing
this line of investigetion is that information and
facilities becane available for rrofile measurement
and statistical characterisetion of surface rrofiles
which appeared more likely to vield aprlicable

guantitative results than electron microscony.

Of the twenty-two published papers dealt with in
Chapter 7 a high vroportion consider grinding wheel
surface profile and contain results obtained from
actual grinding onerations. OSurprisingly few take
account of the effects of grinding wheel dressing and
wear on the surfece concerned, desnite the fact thet
dressing is always necessary and wheel wear inevitably

takes place in grinding operations.

Stylus profilometry was apparently used for some asvect
of surface measurement in eighteen of the vevers
examined. Descrintions of two versions of an oscill=ting
stvlus profilometer were found in the literature snd e
further two napers dealing with occillating stylus

rrofilometry applied to grinding wheels.

“ncouraging results had been obtained in Fart 1 using
stvlus vrofilometry apvlied to both ground surface and

srinding wheel. Also rot onlv did recent rublicatlons
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indicate widespread use and further development of
stvlus profilometry but also rrovided evidence that
its cavacity for resolution of surface detail is rmore
than adequate for the study of surface texture 40).

On the basis of this published information and the
exnerience gained in Part 1 it was concluded that
stvlus profilometry would be the most adanteble and
notentially informative method of studying the surfezces

involved in the grinding vprocess.

In the present work considerable effort has perforce
been concentrated on the grinding wheel: due solely to
the special problems met with in the production of
profilograms from its surface and their subsequent
characterisation. Since the ground surface has a
continuous profile the vroduction of profilograms is
straightforward and although some aspects of the
characterisation problem are common to both surfaces
those relating tc the grindirg wheel present grecter
difficulty because of its discontinuity. A4As a resvlt
the text contains relatively little on the subject of
the ground surfece notwithstending that its roughness
represents that output of the orocess with which this

work is primarily concerned.

Leference has already been iade tc those avplications
of oscillating stvlus profilometry to grinding wheel
surfaces found in the literature. The oscillating

stvlus could penetrzte deeply inte the vcids and more
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accurately follow tre steeply sloping outer sides of
grits than the conventional stvlus with its large
included angle. However, these deeper levels within
the grinding wheel obviously did not interact with the
workpiece and it was decided that profilometry using
more conventional non-occillating styvlus equipnent was

adequete for the purpose of the current investigation.

The optimum choice of means to analyse and present
surface profile data is by no means imwediately apparent
fron the literature. In addition to standardised
measures of surface texture such as arithretical avercge
(Ra) a variety of alternative parameters for surfszce
characterisation are to be found. These include the

first and second derivatives of E surface density,

a?
height distribution, mean radius of curvature of
asperities, slope variance, second-order autorecressive
models, and bearing area curves. Shinaishin (27) makes
use of power spectral density curves for surfzce and
grinding force anelysis wvhile Peklenik (21), (272), (24),
(25) employs autocorrelograms and pcver spectra for

surfaece profile analysis and introduces slope veriance

in the same context.

Farticular interest on the part of the author in pover
spectra for the study of surfeces was first stirinlated
by inforimation in one of these papers (21) on the use
of autocorrelation furctions and dispersion svectra for

characterisation of crinding wheel rrofiles. 1In lcter
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rapers by the same author, 'dispersion srectrum' is
replaced by 'power spectrum' in reference to the same
function: described as the Fourier transform of the

autocorrelation function.

In the author's opinion, and in the context of surface
profile analysis, the earlier terminology is prefereble
because 'dispersion! being synonvmous with 'varisnce!
has self evident relevance to the description of a
profile defined by ordinates while 'povwer' has no such
apparent relevance. Furthermore the use of variance
explicitly defines the meaning of a spectrum in which
variance density is plotted against frequency of surface

profile heights, as in Fig 7.1.

The total area beneath a curve such as that of Fig 7.1
represents the variance of the profile for the total
range of frequencies considered; assuming this curve
to be a good estimate of some trve spectrum. The
variance associated with rnarticular freguency hands

can also obviously be obtained from such a curve,

In the same vaner (21) transfer functions are vred to
comnare surfeces (Fig 7.2) the noints defining these
curves being the ratios of corresponding pairs of
variance densityv ordinates. Esch point on such a curve
is 2 transfer coefficient obtained by dividing the

ordinete of the svectral density curve representing tre
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output surface by the corresnonding spectral densitv
ordinate for the in»ut surface: corresronding in the

sense that both ordinates relate to the same frequencr.

These transfer functions represented the most explicit
attempt found in the literzture to demonstrate the
relationship between the roughness of different surfaces:
complementary perhaps to compmarison of average roughness
values but previding significant additionzl information

in graphical form on freguency relationships.

ljeaningful comparison of dissimilar surfaces is clearly
essential to the present investigestion and transfer
functions were potentially suitable for this opurpose.

The fact that they were derived from dispersion svectra
provided an incentive to further study of srectral
density as a means of surfece description. However, the
nature of the associated problems were by no means
apparent at this stace because the available publications
gave little information on the techniques of surfece

measurement and computation used.

More recently, surface profile ordinate distribution,

autocorrelation, and spectral density have again been

used as parameters for surface charscterisation. Sore
adverse criticism has been levlled at the last two, by
t-e same author, including statements to the effect

that coxputation of both autocorrelation and srectral
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density functions is slow and that interpretation

requires special abilities; these features rendering
the functions unsuitable for practical measurement.

However, no information is provided as to the eguinment

used or the time taken.

Despite the criticisms, information obtained from
rublished data was interpreted as encoursgement to
nroceed further with autocorrelsation and srectral
density functions as parameters applicable to the
investigation of both ground surfeces and grinding
wheel surfaces. ©OSpectral density was particularly
favoured from the outset because interpretation of
the curve appeared more straightforward than for the
autocorrelogram and there was the additional orosrect

of useful comparison by means of transfer functions.

From the foregoing it will be evident that the decison
to concentrate on profilometry for surface measurement
wss influenced by a number of publicstions while the
strongest influence towerds spectral anslysis 1s

derived from Peklenik's work.
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Chapter 9 contains some information relating to the
statistical parameters; the apparatus and methods used
to obtain profilograms. A brief account of abortive
attempts to produce autocorrelograms using a 'package'
program is followed by the writing of programs for

comnuting various parameters including vpower svectral

density.
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Chapter 10 contains results obtsined fro~ surfzce
nrofile samples defined by 1000 ordinates presented
in the form of powver spectral density curves. The
greatly increased sarple size reculted in spectral
curves with a much higher standard of smoothness and
consistency than those vrevicusly obtained from
samples of only 100 ordinates. Comparisons between
spectra obtained from different surfaces are presented
in the form of transfer function curves defined by
ordinetes calcuvlated as the ratio of corresponding
pairs of ordinates from the spectra representing the

inrut and outnut surfaces.

It will be seen that power spectral density plotted

on a natural scale does not provide for effective
visusl comparison between those narts of the two
curves associated with the shorter wavelengths. This
is seen, for example, in Fig 10.20. However, the
transfer function curve in the associated Iig 10.21
does nrovide an informative visual comrariscn between
the profiles of a ground surface and the corresponding

grinding wheel.

Plotting power snectral density onh & logarithmic scale
resulted in imrroved differentiation between srectral
density curves. The same technigue avrlied to the
transier function curves indiceted that the share of
these for the vairs of surface rrofiles considered is

feirly constant.
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lizterial presented in Chapter 10 includes initial
ettemrts to present resuvlts in terms of what were now
considered to be good estimates of the pover spectra
representing surface profiles. It also contains
the first attemrts to establish the nature of any

relationship which night exist between input and cutput

profiles.

As 1ndicated by the title, Chapter 11 is concerned with
the search for some alternative presentation of smnectrel
density curves in a form hetter adapted to the purncces
of the investigation. The first step teken in this
direction was to consider the urnits in which the
pararieter known as vpoer spectral density should be
expresced; having regard to the fact that in the
context of surface profile study, it is computed from

an array of ordinates measured in units of length.

On the basis that the area beneath the nower snectrzl
density curve represents variance expressed in linear
units to the second vpower, the horizontsl axis may be
sczled in terms of frequency expressed as the recirrocal
of the unit of length. Irom this it follows thet

vower spectral density ordinates will be in length

units to the third n»nower.



xix
llore detailed discussion in Chapter 11 along the lires
indicated is followed by results expressed in arpropriate
units (Table 11.1). Evamples of spectral curves scaled
in terms of these units are shown as Figs 11.10 and
11.11 and it will be seen that these are described as
variance spectra: 'power spectral density' and 'power
svectrun' having been discarded as inappropriate
terminology for use in the context of surface profile

measurement.

The remainder of Chanter 11 is devoted to presentation
of results in the form of svectral curves cbtzined by
plotting the square root of 'variance spectra density'
as defined above, versus frequency. These modified
spectra are better differentiated than their variance
snectral counterparts and transfer functions calculasted
from pairs of these modified curves are nesrly linecr.
However, further evamination reveals that the units
relating to the area beneath the curve sre inconsistent
with any recognised narameter of varisbility.
recognition of this shortcoming led to formulation of

the alternative spectrum proposed in Chepter 12.

=11 results given in Chapter 12 are rresented in terms
of a new spectrun, the area beneath this curve
representing standard deviation expressed in unites

of length arnropriaste to the surface profile data
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from which the spectrum is comnuted. These will be

referred to as standard deviation spectra.

Standard deviation spectra representing related surfaces
differ more, one from another, than variance srectra
narticvlarly in respect of the hieher freguencies.

This is seen to particular effect in the czse of those
representing rather similar surfzces as for example

IMigs 12.3, 12.5 and 12.7.

In order to demsonstrate the extent to which transfer
functions relating surface profiles may appropriately

be represented by straight line graphs, linear regression
and 95 per cent confidence limits are arplied to those
obtained from several nairs of profiles. Iinally these
regression lines are compared in order to show that
they clearly distinguish not only between rrofiles
differing considerably in character but also between
very similar orofiles. These trersfer functions are
therefore suitable for compering the widely differing
surfaces typical of grinding wheel and ground surface
and also the more siailar surfeces typical, for evample,

of the grinding wheel suvrface at different stzces of

we al‘ .

The effects of grinding wheel wear on the transfer
functions relating the standard deviation svectre for

nairs of profiles are discussed ir Chanpter 13.
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The simplest interpretation of the change duve to wear
being that it results in a diminution in the stesnderd
deviation of profile heights. This also applies to
the change in the ground surface associated with
grinding wheel wear. This simple conclusion proviies
confirmation of similar results in Pert 1 using
estimates of standerd deviation obtained from ascerity

distribution curves.

Detailed interpretstion of standerd deviation srectra
and the transfer functions relating these rrovides

considerably more information as follows.

(a) In addition to rroviding an estimate of stsndard
deviation the proposed svectra a2lso show the dicstribution
of this parameter in relation to frequency for a given

profile.

(b) Transfer functions obtained from comparsble srectira,
for example those associated with a specified amount of
grinding wheel wear, provide an estimate of the change
in standard deviation associated vith this wear and
also the éhange in distribution of this rarameter, with
resvect to frequency, as a result of wear. Similar
remarks apply to comvarison in the came terms hetveen

the rrofiles of sround surfece and rrinding wheel.
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Descrintive treatment of the conclusions reached from
this investigation has caused rroblems in the choice
of terminology, particularly that aprlicable to the
original methods of nresentation. However, results
exnressed in grenhical form are believed to be explicit
and, when the work was umdertaken, this was the first
time a detailed set of data connecting the surface
profiles involved in the grinding process had been

evolved.
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CHAPTER 7. LITERATURE SURVEY

In order to investigate the ground surface as a function
of grinding wheel surface topography it is necessary

to describe and compare two very different surfaces.

The usual means of characterizing surfaces are not
sufficiently comprehensive for this purpose. For
instance, the arithmetical average value (R;) defines
a surface in terms of a single number which must be
supplemented by additional information in order to
provide a more adequate description. For specification
purposes it may suffice to state the manufacturing
process and the required R, value. Alternatively a
surface profilogram may be used in conjunction with Ra.
Tn either case the characterization is part quantitative

and part descriptive.

Similar limitations apply to surface texture parameters
alternative to R,, none of which provide a surface
description suitable for an investigation of this type.
Therefore the assistance of the literature was sought
to find the extent to which more suitable parameters
and methods existed or could be developed. These had

to be applicable on the one hand to the ground surface



91
and on the other to the grinding wheel with its

characteristic features including structural voids

of such depth as virtually to represent discontinuities
in the surface. The need for effective quantitative
comparison of these dissimilar surfaces had to be
considered and therefore most of the papers examined
deal with some aspect of finishing surfaces by grinding
although material on the wider treatment of surface

measurement is also included.

In the following pages twenty-two papers (excluding
Part 1 of this Thesis) are considered, approximately
in order of publication date. Extracts are used to
facilitate discussion and the survey is summarized at

the end of the chapter.

The earliest paper examined, due to Myers (20) is
devoted to surface roughness characterization and
therefore appeared likely to contribute to solution
of the problems which have been outlined. This author
dismisses autocorrelation techniques as inadequate
for surface characterization but adds that power
spectrum analysis would collect most of the information
necessary to describe a surface. On the latter point
the meaning of this statement is obscure since in
both cases the input information is identical, namely
a series of ordinates, and the difference lies in the

subsequent mathematical processing and presentation of

data.
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Myers next outlines what is described as a more straight-
~forward procedure in terms of three new mathematical
characteristics of a surface profile. These are respect-
~ively the first and second derivatives (designated Z,
and Z_) of the standard r.m.s. surface texture parameter

(Zl) while the third is defined as

_ ~(AXj)p—Z(aXj)p
4 L

Z

where L =(AX;)p+2(aX;) = total profile distance

Xi= segment of L
P = positive slope
n

= negative slope

Examples are given of the application of 2,y 2,y 2, and
z, to hypothetical surface profiles and it is shown that

certain features are emphasised by one or other of these
parameters. However, all the profiles are based upon
regular waveforms and no account is tzken of the random
character of real surface profiles. Comparisons are made
in general terms between two of the hypothetical profiles
and real surfaces but these appear to be conjectural. The
only experimental verification offered is obtained by
plotting experimental values of fricticnal coefficient
against Zl, Z, and Za. All three diagrams show consider-
-able scatter but rather less in the case of Z than for
Z, and 23. Regression lines are drawn for each of the
three plots and correlation coefficients calculated. The

largest correlation coefficient (0.84%) occurs for Z,6 and
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from this it is concluded that slope of the surfsce

profile is most important in influencing friction and

that friction can best be predicted by Z,. This conclusion

1s self evident since Z, being the first derivative of

the r.m.s. surface parameter does in fact represent its

average slope.

This treatment of surface texture in terms of a
frictional characteristic is of interest but apart
from the above result the paper contains no information
on the roughness of real machined surfaces. Also the
methods described did not appear to be applicable to
ground surfaces because the 'characteristics' employved
take little account of the predominantly random nature

of such surfaces.

A more revealing paper is provided by Peklenik (21)
who defines the random input of a grinding process

as the cutting elements of the grinding wheel and

its outputs as surface roughness of the workpiece and
grinding wheel wear. The influence of the physical
properties and geometry of grinding wheel for the
dressed and worn cutting space is determined in terms
of averages, correlation functions, and dispersion
spectra. The transfer function of the grinding
process in terms of surface roughness of the workpiece
and wear of the grinding wheel is developed, and the

cutting ability of the grinding wheel is defined and

investigated.
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The elementary cutting profile 1s defined as the profile
obtained in the cross-section of the cutting surface
perpendicular to the cutting speed vector. The grinding
process results from the interaction between the work-
~-plece and a succession of elementary cutting profiles.
The shape of such a profile can be expressed as a random
function X(b) capable of being defined by its average

and autocorrelation function.

Investigation of cutting profiles for grinding wheels
having abrasive grains of different materials, size,
and hardness show that X(b) is stationary and ergodic
and therefore one elementary cutting profile 1s
representative of the random functlon in a certain

section of the cutting surface.

For the cutting profile to be ergodic the cutting surface
must be produced without svstematic errors which implies
optimum dressing conditions.

The average velue of an elementary profile is given by

b
b)=1
m (b) = bfox(b)db

where b = width of the cutting space.



95
The random shape of an elementary cutting profile is

characterized by the autocorrelation function K_(B)
x

1 b=5
kxw):F—_a bx(b)x(b+ﬁ)db

where g=b-b' (lag) between ordinates x(b) and x(b+g)
If =0 =
=0 K (0) = D_(b)
where K, = number of cutting edges per unit length

and D, = dispersion of the elementary profile considered

&s & random process.

The average value m, (b) and dispersion D, are the
characteristics of the elementary profile of a grinding

wheel.

Individual profiles may be obtained by scanning methods
which were developed in conjunction with methods to
determine the number of cutting edges on the cutting

surface.

The average value m, and the dispersion D, were
calculated for the following values of grinding
wheel depth of cut: 2.5, 5, 10 and 15um. Results
showed that the averages of the elementary cutting
profiles were influenced by the hardness and grain

size of the grinding wheel.
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Three graphs representing the computed autocorrelation

functions for grinding wheel surfaces are presented
and i1t is mentioned that for convenient analysis 1t
1s necessary to normalige these curves (divide by the
dispersion). Autocorrelation functions for the three

different grinding wheels are shown to be quite different.

Characterization of the grinding wheel surface 1in
terms of the averege and autocorrelation function
derived from the elementary cutting profile is saiqg
to include all features which must be considered in
investigation of the cutting process. Characteristies
previously used, namely the number of cutting edges
per unit length and the shape factor are included in

the mean and autocorrelation function.

Frequency characteristics of the elementary cutting
profile are defined by the dispersion spectrum or
spectral density which can be obtained when the
correlation function is known. Figure 7.1 shows the
dispersion spectrum for a specified grinding wheel.

It is stated that dispersion spectra for other wheels
were found to be of similar form and that the relstion-
-ship between dispersion and frequency depends strongly
on the geometrical and physical properties of the cutting
space of the grinding wheel. Also the dispersion spectrum

may be used to determine the wear and roughness transfer

functions for the grinding process.
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Fig 7.1 Dispersion spectrum of aluminium-cxide
grinding wheels; gresin size 60, hardness P, = 1.35 kg,
level a = 1l0um (after Peklenik).
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Cross correlation applied to successive elementary

cutting profiles indicates very weak correlation between
individual profiles which means that these are statistic-
-ally independent for the cases investigated.

Surface roughness of the workplece and wear of the
grinding wheel are said to be the important outputs
of plunge grinding without spark-out. The grinding
process being represented as a linear transfer system
which creates the surface on the workpiece and on the

cutting space of the grinding wheel.

The input of the grinding process is a stationary
random process representing the cutting space of the
grinding wheel characterized in terms of its mean level
and autocorrelation function or dispersion spectrum.
Corresponding outputs are surface roughness of the
workpiece and change in shepe of the elementary
cutting profiles as & result of wear and brittle
fracture. Both of these are also stationary stochastic
processes capable of being described by the same

characteristics as the inputs.

The transfer function represented by the ratio between
output and input dispersion spectra serves to character-

-ize the grinding process in relation to frequency.
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When a grinding process generates a surface roughness

Or a wear pattern it follows that some frequencies will
be amplified and others will be reduced or attenuated.
Actually it is necessary to establish the interactions
of the grinding wheel and the workpiece material and
the grinding conditions. Solution of this problem

should make effective control of the grinding process

possible.

Correlation functions representing input and output
surfaces for a specified set of conditions are presented
and also surface roughness and wear transfer functions
(Fig. 7.2 ) derived from the corresponding dispersion
spectra together with the transformation coefficient
representing the ratio of the averages for the two

surfaces.

The cutting ability of the grinding wheel decreases
with wear and can be defined as the inverse of the
wear transfer function. Cutting ability is a maximum
if the spectral characteristics of the cutting profile
remain constant over the whole frequency range. The use
of worn cutting profiles which have changed in these

terms by reason of wear causes the cutting ability to

fall below unity.

One of the future problems is to determine which factors
influence the surface roughness and wear transfer

functions respectively.
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The foregoing summarizes a paper of some comrlexity

which on close examination reveals an underlying pattern
of concepts for characterizing and relating the surfaces
of grinding wheels and workpieces which appear relatively

simple. In order to appreciate this an understanding of

the information contained in a dispersion spectrum is
necessary. Such a graph (known alternatively as a
power spectrum or power spectral density curve) can
be obtained when the correlation function is known,
although it may also be directly computed. Figure 7.1
shows such a spectrum on which areas beneath the
curve represent the distribution of dispersion or
variance with respect to angular frequency. Any
ordinate therefore represents the density of variance

associated with the corresponding frequency.

For the purpose of characterizing a surface profile
it is convenient to plot spectral density against
frequency f (eycles/mm) instead of the angular

w

frequency w where f =-Eﬁ-and to show only that part

of the spectrum corresponding to positive values of f.

Peklenik's paper tends to emphasise the validity of
representing physical and geometrical properties of
grinding wheel and workpiece surfaces in terms of
averages and autocorrelation functions together with

dispersion spectra, the last named being glven rather
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less prominence. It is clearly indicated that the
autocorrelogram and dispersion spectrum are represent-
ed as alternatives. Both are calculated from the same

data and one is a Fourier transform of the other.

Of the two parameters the dispersion spectrum appears
to offer a more explicit description of surface profile
than the autocorrelogram. However Peklenik implies a
preference, not clearly accounted for in the author's
view, for the autocorrelogram while mentioning the
need for an additional calculation (dividing the auto-
-correlogram ordinate by the dispersion) to facilitate

analysis.

In the author's experience, calculation of power
spectral densities occupied significantly more computer
time than autocorrelation but rresented no additional
problems. The overall result was a preference for power
spectral analysis based to some extent on the following

reasoning.

It is generally accepted that a population may be
described in terms of the average level and dispersion
(variance) of the random variate. If the ordinates
defining a surface profile form a distribution subject
to random variation with respect to height that profile
may similarly be defined in terms of its mean level
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and dispersion about that level but such a description

is clearly inadequate because it takes no account of
the distribution of heights with respect to frequency
or spacing of the features making up the profile.

The information which variance fails to express in the
context of surface profile characterization is precisely
that which is contained additionally in the dispersion
spectrum. It therefore appears that a surface profile
can be adequately and explicitly characterized in terms
of 1ts average and dispersion spectrum with respect to

frequency.

The relationship between the grinding wheel cutting
zone and the elementary surface profile of the work-
-plece 1s expressed in terms of the transfer function
and transfer coefficient. The first of these takes the
form of a curve Figure 7.2 obtained by dividing the
output dispersion spectrum by the corresponding input
dispersion spectrum; the second is the ratio of the
two averages. Similar transfer curves are used to
express wear and cutting ability of the grinding wheel.
Clearly these transfer curves and coefficients may
provide potential means for prediction of output
surface characteristies and this throws light on the

concluding remarks in the paper.
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Conclusions are drawn to the effect that the method

of analysis makes it possible to define the grinding
process mathematically and that one of the future

problems in grinding is to determine which factors

influence the transfer funections.

Peklenik's paper of 1965 (22) has some relevance to

the present investigation since it deals with the
characterization of various machined surfaces including
some finished by grinding. Unlike the paper previously
discussed (21) it contains no information on the surface
of the grinding wheel. The structure of surfaces produced
by different processes but having equal roughness
characteristics is investigated as a two-dimensional

problem.

The practise of categorising the components of surface
texture as roughness and waviness is said to be at least
questionable because its properties and behaviour cannot
be allocated to these two arbitrarily defined types of
deviation. Profiles can however be classified in accord-
-ance with two characteristic forms, which may be

regarded as limiting types, as follows.

1. The periodic profile comprised of one or several

cosine or sine functions.

2. The purely stochastic profile containing only

random components and no periodic components.
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Surface profiles rarely correspond with type 1 but
purely stochastic profiles, as defined under 2, do

occur under certain conditions, mainly on polished

surfaces.

The majority of surface profiles are said to lie between
the two types and it is therefore necessary to consider
the whole profile spectrum. Composite profiles can be
defined as periodic carrier profiles on which are super-
-imposed stochastic components, the latter exhibiting

no clear periodicities.

It was considered necessary to establish whether a
given profile is (a) stationary, (b) ergodic and (c)

whether it is normal or otherwise.

Tests were said to have confirmed that the mean level
of the profile and its variance were statistically
constant confirming that the measured results did not

depend on the commencement of reading.

It is stated that a single scan of the surface is

representative only when the profile can be termed
ergodic. This condition was shown to be fulfilled

since the correlation functions of the profiles

approach zero as P (the lag) approaches infinity.
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Carrier profiles with superimposed stochastic components
are said to be stationary and ergodic except when

defects of shape affect the random profile.

Recent investigations had shown that surfaces with only
random components, ground surfaces in particular, exhibit
a normal distribution while turned, milled, honed, and
lapped surfaces did not.

A series of parameters widely used in connection with
surface measurements are listed in a table together
with their formulae. These include the mean value,
arithmetical deviation (R,), geometrical mean rough-
-ness value (R_,), and peak to valley height. It is
pointed out that these describe the profiles only in
the ordinate direction and surfaces with equal values

of R,, R, etc. may differ widely in structure.

In the last few years there had been attempts to
find new parameters providing a more complete
description of surface profiles including those
proposed by Myers (20).

In this paper surfaces are characterized in terms of
the normalized autocorrelation function computed from
a two-dimensional surface profile and unlike the
earlier work (21) no mention is made of the mean and
dispersion spectrum as parareters for surface

characterization.
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It is pointed out that surfaces with equal roughness

value in terms of R, R,, R, etc. may differ widely in
structure. Differentiation of such surfaces by means

of autocorrelation functions is shown to be possible.
However this does not necessarily show autocorrelation
functions to be superior because all the ground surfaces
had widely differing values of meen and stzndard

deviation, these being the only paremeters previously

recorded for comparing these surfaces.

Expressions representing the autocorrelation functions
for two ground surfaces are tabulated. The first of

these relates to a ground surface described as having

only random components:

kx('p)ze-wp

while the second has periodicity due to the dressing
feed

100 B 01p

- _1
k ()= 093e " °2°P_0-005e "+ 0075e cos40-58
X

where P = the 'lag' or displacement measured parallel
to the surface for the purpose of calculating the series
of correlation coefficients which constitute ordinates

defining the autocorrelogram.
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In conclusion, Peklenik mentions practical limitations
on the use of autocorrelation functions but adds that
they are indispensable because they provide important

information about surface structure.

The profile of a ground surface free from periodic
components can, apparently, be represented by the

simple exponential expression of which an example

taken from the paper appears on the previous page.
However, the complexity of the corresponding expression
for a ground surface with random and periodic components
is such as to convey no impression of surface profile

or shape of the correlation function representing

that profile. Nonetheless the validity of the information
contained in the expression seems unquestionable and any
lingering doubts relate to the practical usefulness of

expressing a surface characterization in such terms.

Both the papers by Peklenik so far considered contain
information of direct relevance to the present study.
The earlier paper (21) in particular demonstrated

that it is practicable to compare the roughness of

two ground surfaces, or of two grinding wheel surfaces
worn to a different extent, by means of transfer
functions. These transfer functions were derived
from power spectra and in view of this the greater

emphasis accorded to the autocorrelation function
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appears somewhat anomalous. However, the overall
impression remained that here was material with
potential for further development directly applicable
to the problems of this investigation.

A paper on surface microtopography by Williamson (23)
is included because it contains material on wvarious
methods of surface measurement and surface texture

parameters. The author's summary is as follows.

This paper describes an approach to the

study of surfaces based on the digital
analysis of data obtained from profilo-
-metric examination. This technique is

used to determine several new surface

texture parameters including the surface
density, height distribution, and mean radius
of curvature of the asperities. Recnt theories
have shown that these are the parameters which
control the nature of surface contact. The
implications which these ideas have for the

science of metrology are discussed.

The study also shows that many surfaces have
height distributions which are Gaussian, and
in particular that the heights of the upper

half of most surfaces closely follow a

Caussian distribution.
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By combining data from many closely spaced

parallel profiles it has been possible to
reconstruct detalled maps of the surface
texture. Two examples are discussed: bead-
blasted aluminium, and a glass surface
lightly blasted with alumina. One of the
advantages of microcartography is that it
permits the geometry of the contact between
rough surfaces to be studied in detail.

A map is given showing the manner in which
the contact area between two bead-blasted

aluminium surfaces splits into sub-areas

and how these sub-areas are distributed with
respect to the surface features of the contact-

-ing solids.

Although the summary refers to only two surfaces the
paper includes results derived from a third, namely,

a surface finished by abrading a mild steel specimen
on 400 grade carborundum paper and then sliding this
against a copper block flooded with oleic acid at
approximately 10kg force and 130cm/s velocity for 30s.

It is stated that cumnlative height distribution
curves such as those in Figures 7.3 and 7.ktare a
particularly helpful method of describing a surface.
The author quotes authorities in support of his
contention that such curves represent 'bearing area

curves', i.e. the contact areas which would exist if
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113
the surface was worn down to a certain height. He

also mentions suggestions of others to the effect
that these are only 'bearing line curves' and that
two such distributions from perpendicular profiles
must be 'multiplied together' to produce a genuine
height distribution for a surface. He adds that the
latter suggestion is misleading and that a height
distribution can, in principle, be obtained from an
infinite number of closely spaced parallel sections

- the usual process of integration over a surface.

For the purpose of producing maps representing the
microtopography of surfaces 25 parellel profiles were
recorded and synchronized by methods described in the
text. The author adds that it is relatively easy to
programme the computer to search such data for true
summits: a summit being defined for this purrose as

a spot height higher than its eight nearest neighbours.
Results are presented in the form of these maps and

a table based apparently upon the height distributions.

Williamson's dismissal of the suggestion made by other
investigators to the effect that two distributions from
perpendicular surface profiles must be 'multiplied
together' to produce a genuine height distribution is
not easily reconciled with other information contained
in the paper. Figures 7.3 & 7.4  show different
distributions for 'peaks only' and 'all heights'.
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In the terminology of the paper 'peaks' appear to
be synonymous with 'true summits' and the latter are
arbitrarily defined as points higher then their eight
nearest neighbours. Since there is no evidence that
any one profile contains real maximum heights or
summits it follows that the 'peaks only' distribution
is also arbitrary and perhaps less accurately represent-
-ative of the surface than the alternative idea of a

distribution based upon two perpendicular profiles.

The second paragraph of the author's introduction
states that the study shows that many surfaces have
Gaussian height distributions and that in particular
the heights of the upper half of most surfaces closely
follow a gaussian distribution. These statements
clearly cannot be justified on the unsupported
evidence of this paper in isolation which certainly
includes Gaussian distributions on the lines indicated
but for only three types of surface one of these being
produced by the rather unusual method of abrasion with

coated abrasive paper followed by frictional wear.

It would be invidious to detail other less obvious
discrepancies between introductory claims and the
results presented. Some claims may be based upon
results from the author's earlier joint publications
two of which are mentioned in the bibliography but,

if so, the facts are not clear from the text of this

paper.
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Nonetheless inclusion of this paper is justified on
the basis that results presented in the form of
cunulative distributions provide an interesting
comparison with results similarly presented in Part 1
of this investigation. The surfaces were produced by
different methods but there are similarities between
the distributions and, at this stage, profile height
distribution curves were still being considered for

possible future use.

Two further papers by Peklenik were next considered.
The first of these (24) proposed a surface classification

system outlined in the following terms.

After at least three or four decades of
intensive research into surface description,
we are still not in a position to provide the
designer with comprehensive information

about surfaces.

Previous investigations (3) show that quite
different surface profiles may have similar
values of Ra or other parameters. The recent
introduction of the random function approach
for characterizing surface profiles yields
new techniques for a more comprehensive

statistical description of the surface.
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Correlation functions or their Fourier
transforms, the power spectra, provide an
excellent new tool for the fundamental

investigation of surfaces.

It is well known that in many cases the
surface profile contains periodicities
together with random components. One of
the prerequisites for accurate surface
characterization is the detection of this
deterministic component and that portion

which is random noise.

The concept on which the present investigation
and the proposed typology is based, has been
developed from the premise that every surface
profile may be described by basic autocorrelation

functions and/or a combination of these functions.

In what follows some attempt has been made to clarify the
content of thils paper in terms of arrangement and emphasis.
Autocorrelation functions are used throughout as the

basis of surface classification but in the terminology

of the original text correlation and autocorrelation

are synonymous.
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Investigation of a large number of surfaces has shown

that their correlation functions can be divided 1into
five groups. The first and fifth groups are defined

as follows.

Profiles considered in Group 1 are the straight line
and sine wave without any random distortions. These
do not occur in practice but their correlation functions
are defined since these represent elements for inclusion

in Groups 2, 3, and 4.

Group 5 represents wide band random noise. Its correlation

function approximates to an exponential function which

simulates the delta function corresponding with the

autocorrelogram
rxx(B)=e—aB
The surface correlation length B, 1s defined as the
average length of the surface over which the correlation
moment is at least 0.05; for machined surfaces this is
usually aboutf = 0.05mm. Smaller values are taken
to indicate that no correlation exists in the surface.
The a value defines the decay of the rxx(B) function and
is one of the parameters which characterize the type of
random profile. If a decreases the correlation length B,
increasés, the limiting case being a straight line

(Group 1) for whicha = 0 and the correlation function

is constant.
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In Group 2 are classified surfaces in which a random
vave is superimposed on a sine wave or other determin-
-istic funetion. The autocorrelation function of Group 2
is defined as the sum of two r,, (B) functions and an

example is given based upon the combination of a sine

wave and a random wave.
r (p):e-ap+cosQB
XX N

Correlation functions of this type do not decay to zero.

Group 3 1s described as a carrier profile with super-
-imposed random function and is said to represent the
most common type of surface. It's autocorrelation
function is a product of the autocorrelation functions
of the carrier profile r.(p) and the superimposed
random profile rO(B). Numerous surface measurements
have shown that the carrier profile is a harmonic
wave of frequency Q. It's autocorrelation function

is expressed by
= Q
r  (p)=cosap

and falls within Group 1. The ry(B) of the random
component corresponds with the approxiamte formula
for Group 5. Therefore the autocorrelation function

for Group 3 is given by

-apcosQﬁ

. (B)=e
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The shape of the function depends on the ratio p::%
If p — 0 the function g(x(p) approaches cosap,
If p increases the function tends to the shape
expressed by the formula for Group 3. The decay

of correlation with increasing profile length is

a characteristic of this surface type and the

correlation length B, defines basic surface elements.

Group 4 is introduced to provide for surfaces which
cannot be described by elementary autocorrelation
functions and therefore cannot be assigned to the
groups already defined. The autocorrelation function
of Group 4 consists of the sum of the elementary

correlation functions of Groups 1, 2, 3, and 5.

The provision of five groups for classification of

the surfaces under consideration is clearly unnecessary
because, as the author points out, machined surfaces
corresponding with Group 1 do not arise in practice.
Also it is stated that Group 4 has been introduced
because real surfaces cannot always be described by
elementary correlation functions. In other words,
surfaces exist which do not fall within Groups 2, 3,
or 5. However, none of the 34 surfaces considered are
assigned to Group 4 and for the purposes of this study
it may be neglected.
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Correlation analysis of a wide range of machined
surfaces ylelds two unique parameters, the

correlation length and/or the periodicity.

The correlation length Bo and the correlation
wavelength Bw represent additional information

which provides for classification into sub-groups.

A surface profile will be classified first

into one of the basic groups 1 - 5 on the

basls of the shape of it's autocorrelation
function. Further classification within the
group involves estimation of B  and B, .
Numerical evaluation of B, and B for a

large number of surfaces shows that B, varies
between 0.05 and 2.5mr and B, between O and lmm.
To establish reasonable intervals for the sub-
groups the R5 series of preferred numbers

(DIN 323) were applied.

Numerical values for the surfaces classified have the
following meaning e.g. 3/0.1/0.0% = basic group No 3,
B,= 0.1, and B,= 0.04. The numerical classification
for 34 surfaces is set out in three tables. Three of
these surfaces are assigned to Group 5, five to Group 2

and the remaining 26 to Group 3.
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Finally it is pointed out that analysis of the surfaces

classified within each group shows that surfaces
manufactured by different methods may be classified
as the same type even though thelr R, or o values
differ. Also, surfaces with similar R, or o, values
differ in their type classification, as characterized
by different B, and B values.

Of the 34 surfaces considered ten were produced by
grinding and a further six by honing, lapping, or
linishing. Eight of the ground surfaces are assigned
to Group 3 while Groups 2 and 5 each contain one of
the remaining cylindrically ground surfaces. The six
surfaces produced by abrasive processes other than

grinding are in Group 3.

Group 3 is said to represent the most common type of
surface and, of the eighteen surfaces produced by
abrasive processes considered in the paper, sixteen

fall into this category.

The foregoing paper is of interest as providing for
effective classification of ground surfaces in terms

of autocorrelation theory. In effect it represents a
continuation of an earlier work by the same author (22)
which has already been considered. However, these two
papers appeared to have 1ess direct relevance to the

present study than the first of this author's papers
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to be examined (21). These works are followed in 1968

by a fourth contribution (25) on surface characterization
which includes power spectra as one of the statistical
parameters for surface profile description along with
profile height distribution curves and autocorrelograms.
As in the earlier paper (21) the use of transfer functions
for comparison of surface profiles represented by power

spectra is envisaged.

The summary of this paper (25) restates that statistical
description of a surface by means of the first and
second moments of the ordinate probability density
distribution such as Ra or Rs is inadequate. The paper
also deals with a number of aspects of surface character-
-ization already outlined in this survey and the author
claims priority in introducing the concept of identifying
the manufacturing process from the surface using

correlation theory.

The introduction includes a statement to the effect

that the grinding process may be defined by a transfer
function computed from power spectra representing the
cutting surface of the grinding wheel as the input of

the system and the generated surface as the output.

Because the generated surface represents the output of
the manufacturing system it 1is conceivable that this

surface reflects the dynamic behaviour of the machine
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tool under actual cutting conditions and may also serve

to characterize this dynamic behaviour.

The author enumerates surface quality parameters and
states that from a geometrical viewpoint a surface

represents a three-dimensional random structure.

Autocorrelation and cross-correlation functions, power
spectra, and slope probability distribution parameters
are applied to surface characterization considered as
a two-dimensional and/or three-dimensional random process.
Surfaces manufactured by a variety of metal-removal
processes were investigated in order to differentiate
between surfaces with the same R, and R  values, and
secondly, to separate the periodic and random components

in the surfaces.

The actual configuration of real surfaces extracted by
two-dimensional surface measurement reveals the probabil-

-istic characteristic for surface deviations of both

large and small orders of magnitude. The measured
profiles represent random functions X, (/), X,(/),
...X ({) as indicated in Figure 7.5

A real surface, however, represents a three-dimensional
random structure characterized by a system of inter-
_related random functions X, (£), X,(f)...,X ({)

designated as a vector random function, Figure 7.6
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Fig 7.5 Large- and small-scale deviations in the

two-dimensional case (after Pelklenik)

a Large-scale deviations
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Fig 7.6 Three-dimensional concept of a surface of

inter-related profiles representing the random functions

X, )y X,(Uh)yeunnnn X () (after Peklenik)
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A three-dimensional flatness measuring machine by

Peklenik is illustrated and a brief description
indicates that by means of this it was possible to
explore a surface of maximum size 150mm x 150mm;
heights being determined by a pick-up interposed

between a reference plane and the surface under

examination.

Surface characterization is said to be incomplete
unless the third dimension of the surface is considered.
Reference is made to a concept for three-dimensional
assessment using ecross correlation analysis. The paper

then proceeds to deal with two-dimensional analysis of

surface texture.

The autocorrelation function R _ (A) of a surface
profile X(/) involves the coherences which could
not be derived from the distribution function.
one of the major problems in surface texture
jdentificetion is the separation of the periodie
and random content in a profile. Considering
the surface profile X({) as a stationary and
ergodic random function it's autocorrelation
function R _, (A) 1s generally estimated as
follows:
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0O
where X(/,) is equal to X,-m,, N is the number

of sampled data, and A is the displacement
between two ordinates X(/) necessary for

computing the correlation function.

The R, (0) value represents the variance D,

of the surface profile X({) that is
R,.(0) =D
andyD, = o,= R

X

It is convenient to normalize the autocorrelation

f'llIl(: t:i()ll
R (;\)
rx ) ( ) ) - X X

X

and all experimental results will be discussed

in the normalized form.

In some cases it is more convenient and desirable
to present the surface profile X(/) in frequency
domain. Using the correlation function the power

spectrum is expressed as

sx(w):%./o-mﬂx X(}\) cos WA dA
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The relationship between the power spectrum
S,(w) and the variance D, of a stationary

surface profile X(/) is given by
D =[5, (w)dw=R,, ()
o]

where w=2mf is the angular frequency and f

is the frequency (cycles/mm or cycles/cm)

Analysis of experimental results follows and this
relates to surfaces produced by shaping, spark
erosion, electrolytic machining, milling, fine

turning, surface grinding, and superfinishing.
Computed results are summarized in terms of statistical
characteristices of which the following result relating

to surface grinding is an example (Figure 7.7 ).

This shows (a) the surface profile X(/), (b) the distrib-
-ution function f(x), (c) the autocorrelation function
r. (\) and (d) the power spectrum S (w). Statistical
moments are tabulated for the various surfaces and for
the ground surface these include the following values:

R, = 1l.0pm, o, (R;) = 1.3um, peak to valley height

= 15.0pm. The correlation 1ength.lko= 0.15mm, ancd the

correlation wavelength A, = 0.2mm.
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Fig 7.7 Profilogram and characteristics of a surface

ground surface, c.l.a. = 1.0pm (after Peklenik)
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described as having ordinates x forming a Gaussian
distribution. The normalized correlation function is

said to be of the type represented by the equation

rX X (A) = e-ax

Where investigation of surface systems by means of transfer
functions is envisaged the surfaces are represented in
frequency domain. The Fourier transforms of the experiment-
-ally determined correlation functions were calculated

using the expression

S, (w) = %/Rx «(N) coswAdA
o

The characteristic carrier frequency of a given profile

is represented by the pronounced peak of the function s (w).

The disadvantage of frequency analysis 1is
that there is no possibility of determining
the correlation length of the surface from

the power spectrum.

The introduction of correlation functions,

or power spectra, as practical measurements

is 1imited for two reasons. First, compututation
by analogue or digital computer takes too long,
and second, interpretation of these functions
requires skill and understanding not necessar-

~-ily available at shop floor level.
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As an additional parameter to existing R, and R values
the slope standard deviation % was proposed in an
earlier paper. The slope of the profile changes
randomly at every point owing to the stochastic nature
of the process. It 1s assumed that surface profiles
having the same arithmetic average m, (m, = R ) and
variance D, (0} = D, =R, ) may have quite different
values of average m, and variance D, for the slope.
This property of the profile is expressed in the shape
of the autocorrelation function R ,(A) by stronger or
weaker correlation moments between the profile

ordinates.

From the theory of random functions the second derivative
of R, (A) for a random process X(/) yields the slope

variance D; it A=0

d2
Pr = - E?R“()\) A=0
This equation enables the D, parameter to be introduced.
this fulfils two of the important requirements in

characterization and practical application.

(i) D. is directly connected with the autocorrelation
function R | (A) and
(11) D; is a number and not a function and is

therefore easy to understand at shop floor level.
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Three-dimensional surface texture assessment is next

considered. In principle, only a numerical assessment
in all three dimensions can provide comprehensive
descriptions of surfaces for fundamental investigation

of the various problems mentioned at the beginning of

the paper.

Figure 7.8 shows various directional patterns of
surfaces resulting from different manufacturing

processes classified as follows:

(1) pronounced direction a, b, and c,
(1i) less pronounced direction d, and

(i11) without any or with very weak directional

pattern e.

Two measuring methods were developed to obtain

the necessary information as follows.

First, parallel tracing in which the surface should be
traced twice, the distance a  between the surface
profile X1(l) and Xz(ﬂ) being chosen according to
requirements a condition being that both traces should

have the same starting axis.

Secondly, radial tracing in which the number of
profiles are taken, originating from a point O on
the surface, at various angles 1¢n, i¢2"’i¢nin

relation to the coordinate axis 0Y.
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a,b Shaping. ¢ Milling.
d Grinding. ' e Spark erosion.

Fig 7.8 Directional pattern of surfaces generated

in various manufacturing processes (after Peklenik)
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The micro-geometrical isotropy is characteristic
of the surface under investigation. The directional
pattern which characterizes the third dimension

of a surface may be expressed analytically by

the cross-correlation function R1 2()\) as follows

N=\

= 1 o
Ry ) = ix 2 K(DR, a0
=

The peak valune of the cross-correlation
function Rij(A) related to the distance
a , between the two parallel traces is
convenient for the evaluation of the
directional surface pattern. It is

therefore

R.. (A)

l max

= f(a,)

For surfaces with pronounced parallel
directional pattern the cross-correlation
function Rij(A) should correspond to the
autocorrelation functions R_. (A) or Bjj(A)
within the confidence limits. The peak
values of Rij(A) are, in this case over

the whole range of profile distances a
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near unity. In a theoretical surface with

strictly deterministic characteristics and
absolutely parallel directional pattern, the
following condition must be fulfilled.

R (M, =R (0) =R (0)=1

Consequently the functional relation

between the distance a  and Rif()\)ma

is a straight line parallel to the a, axis.

Experimental results are given for milled, shaped,
ground, and spark eroded surfaces and the degree of
anisotropy found in the surfaces 1s expressed in

polar coordinate form.

It is suggested that the radial tracing method
proposed for three-dimensional assessment of surface
structure may be suitable for surfaces with weak or
non-directional patterns. The method may also be
applied to surfaces with circular or spiral patterns
produced by plain turning, face milling ete. where the
parellel tracing method would not provide meaningful
results.

One of the basic problems in surface
identification, apart from those already
discussed, is the determination of the
type or family to which the generated
surface belongs. The following topography
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system has been develbped from the premise
that every surface profile may be described
by & basic autocorrelation function. These
functions have previously been shown to
have the ability to separate the random

and periodic components in a surface.

Investigations on a large number of surfaces
indicate that the autocorrelation function
generated by various stock removal processes
may be classified in five groups. Graphical
representations of the autocorrelation
functions and their analytical formulae

for the proposed froups I - V are summarized

in Table 7.1

Furthermore, a classification system based
on estimates of the correlation length A_
and the correlation wavelength A, has been
developed and incorporated within the
framework of the topographical surface
system. In other words, a surface profile
will be classified first into one of the
basic groups (I - V) on the basis of the
shape of the autocorrelation function.
Further classification within the group
involves estimation of the correlation
length A, and the wavelengthA,. Detalls

and results of this investigation are given

in (24).
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137



138
Peklenik states that in some cases it 4s desirable to
represent the surface profile in frequency domain

making use of the Fourier transform of the autocorrelation

function. Use of the resulting power spectrum is
proposed for the purpose of investigating surface
systems as transfer functions. In the context of
grinding, this refers to relating the surfaces of
grinding wheel and workpiece or alternatively, to

the comparison of surfaces representing different
stages of grinding wheel wear. The author mentions,
as disadvantages of frequency analysis, that it is
impossible to determine the correlation length of

the surface from the power spectrum, that computation
of power spectra takes too long, and also that
interpretation of these functions presents difficulty

for shop floor personnel.

Peklenik apparently considers the separation of
random and periodic elements in a profile to be
essential in characterizing the corresponding surface.
He also appears to have considered the autocorrelation
function to have advantages over the power spectrum
for the purpose of this separation. Attention is

also drawn to difficulties associated with producing
and interpreting both correlation functions and pover
spectra. However the following notes attempt to show
that the justification for these views is not entirely

adequate.
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Separation of periodic and random elements in a
surface does not appear to be fundamentally necessary
for it's characterization, although it is to some
extent, practicable. From results presented in the
paper it is clear that the characteristic carrier
frequency in a surface profile gives rise to a
pronounced 'peak' in the power spectral density
curve while the corresponding autocorrelogram shows
a periodicity of the same wavelength as that present
in the profile. As means of identifying periodicity
in a profile it seems therefore that there is little
to choose between the autocorrelation and power

spectral density functions.

The random content of a profile is characterized by
the correlation length which, as the author points
out, is obtainable from the autocorrelogram but not
from the power spectrum. However, if it is borne in
mind that the power spectral density representing
'white noise' is a constant this, together with the
fact that carrier frequencies are represented by
'peaks', provides an indication of the way in which
the random content of the profile contributes to the

powver spectral curve.

In the case of the power spectral density curve

representing an electrical signal, an elemental
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area beneath the curve represents the power associated
with that frequency band contained between the limiting
ordinates. In the case of the power spectral curve
representing a surface profile, such an area represents
the variance associated with the heights contained
within the frequency band.

Visual inspection of the power spectral curve therefore
provides clear indication of the contribution made

by carrier frequencies, as represented by pronounced
peaks. The contribution to the spectrum made by all
other frequencies 1s represented by areas of greater
band width not necessarily associated with well defined
peaks. These represent the random content in a form
visuelly descriptive of the surface profile although,
admittedly, the correlation length has the advantage

of expression by a single number.

Peklenik states that the time required for computation
of correlation functions or power spectra by an analogue
or digital computer is too long for convenient practical
measurement. In the absence of any indiceztion of the
time taken to produce the results presented in the
paper no comparison with the results of the current
investigation is possible although comments on this
point will be made at a later stage.
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Peklenik also expresses the opinion that interpretation
of correlation functions or power spectra requires skill
and understanding not necessarily avallable at shop
floor level. However, this problem would appear to be

a matter of explanation and training. His proposal to
use slope standard deviation as a surface texture
parameter additional to arithmetic average value (R,)
or geometric roughness value (R;) is of interest. The
fact that this is a number and not a function although
convenient does not necessarily support the statement
that the parameter itself will be easily understood

at shop floor level.

Finally the fact that power spectral density curves
representing different profiles may be compared and
related by means of transfer functlons appears to
considerably enhance their usefulness over auto-
-correlation functions as a means of surface

comparison.

Information obtained from Peklenik's work was interpreted
as encouragement to proceed further with the application
of power spectra to characterize surfaces involved in
the grinding process, bearing in mind the additional
possibility of relating the surfaces so represented by

means of transfer functions.



The next paper to be considered (26) is devoted to
the statistical characterization of grinding wheel
profiles. This too was published during 1968 by
Stralkowski, Wu and De Vor on the basis of work

carried out in the United States. The abstract is

as follows.

The cutting profiles of three common grinding
wheels, 32A8-H8, 32A80-L8, and 32460-J8 were
analysed by Box-Jenkins autoregressive-moving
average models. The analysis involves three
stages, i.e., identification, estimation,

and diagnostic checking. It was found that
second-order autoregressive models represent
the profiles of the three wheels fairly well.
An analysis of replicate profiles taken from
each wheel indicated that the profiles were
ergodic. The models and their parameters
were related to the qualitative characteristics
of the profiles. The analysis was achieved
through the use of many charts developed for

engineering applications.

The paper's conclusions summarize the procedure and

results as follows:-

1. Three grinding wheel profiles were
characterized as second-order autoregressive

models, AR(2), using the Box-Jenkins

142
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autoregressive-moving average model

approach.

2. The two parameters of the AR(2) model
were estimated by maximum likelihood
principles, and confidence regions for

the parameters were constructed, Parameters
0° and C were also estimated and their
confidence interval calculated. (Parameter C
is a measure of the variation in the
observations unaccounted for by the model.
A\

C = error sum of squares + total sum of

squares)

3. The fitted model was diagnostically
checked by examination of the residuals.

No significant difference was found

between replicates of each wheel, confirming

the ergodic nature of the cutting space.

4%, The distinguishing characteristics of
the grinding wheel profiles were interpreted
by the parameters of the model: amplitude(f,

modulus r, and variance vo.

5., The three-stage procedure of identification,
estimation, and diagnostic checking was
achieved by using charts developed for

engineering applications.



14

The results of the analysis have some relevance to

the present study in providing further confirmastion
of the ergodicity of grinding wheel surface profiles
and the fact that statistical parameters, including

autocorrelation functions, are capable of characterizing

such surfaces.

Brief reference is made to Peklenik's characterization
of grinding wheels using autocorrelation functions (21)
and he 1s credited with having introduced the idea of

modelling the grinding process as a linear transfer

system.

The only information given about the three grinding
wheels examined 1s contained in the ﬁanufacturer's
coded specifications and there is nothing to indicate
whether the profiles were obtained from surfaces
prepared as for a grinding operation. If the surfaces
were not subjected to some form of dressing operation
they would be unrepresentative of those encountered
in actual grinding and doubt would be cast upon the
validity of results obtained from them.

Those comments seekling to relate grit size and the
amount of bond material on the one hand with statistical
paremeters on the other also appear to be based upon
some concept of grinding wheel structure neglecting

the effects of dressing and wear.
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The interest of the paper lies mainly in the application

of particular statistical models to abrasive surfaces.

A paper by Shinaishin (27) published in the United
States during 1969 deals with stochastic processes

in grinding and is summarized as follows.

The mechanism that links the grinding wheel
surface profile to the forces generated
during grinding is discussed in the case

of surface grinding. A method of describing
the profile as a stochastic function in
terms of parameters that are pertinent to
the grinding operation is also given. The
mechanisms by which diamonds in a grinding
wheel deteriorate are discussed: these
include attrition, fracture, and bond
failure. The extent of this deterioration
relative to the surface profile, forces,
and time parameters is discussed. A
relation is suggested betwen the power
spectral density, mean square, and number
of zero crossings of the profile at any
time and their values at an earlier time.

This relation includes the forces which
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are functions of the profile, and time; it
assumes controlled and stable grinding

conditions.

Examination of the paper indicated less relevance to
the present study than had been assumed from the summary.
For thls reason it is not proposed to enter into a
detailed description but several points arise which

call for comment.

The paper discusses at some length the abrasive profile,
kinematics of grit-surface interaction, the profile's
effect on force generation, the forces generated during
grinding, wheel/workpiece stability, abrasive surface

wear and the failure mechanisms associated with wear.

The surface profile of the grinding wheel was recorded
on polar graphs said to represent waviness, roughness

and total profile and also on magnetic tape.

A surface grinding dynamometer was used to measure the
low frequency forces during grinding while it appears
that accelerometers attached to the workpiece were

used to measure high frequency forces.

The results of a correlation analysis to determine the

relationship between the cutting forces and the normal
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forces are described. These results apparently bore
no relationship to what was expected on the basis of
diamond grit distribution and suggestions are made as

possible explanations for this discrepancy.

The results of a frequency analysis of the wheel
surface profile are shown in Figure 7.9 It is
pointed out that profile A before grinding has it's
peak at 6.5 Hz or about 100 eyecles per inch which is
near the number of diamonds per inch. Profile B shows
a shift to 16 Hz or about 296 cycles per inch and it
is suggested that this may indicate the exposure of
more cutting edges per diamond by reason of some

fracture in the abrasive.

Power spectra are also used in attempts to analyse
cutting and normal forces in frequency domain but
spectra presented are so complex that generalized

description is impracticable.

The author admits that the experimental results did
not cover all the objectives. This it is said, was
due mainly to the difficulty of recording spindle
vibration during grinding and also because of the
frequency limitations of the accelerometers. However,

several conclusions are drawn including the following.
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(4) before grinding

(B) ccmeeeee e after grinding for 8hr at 1 mil
depth of cut. 1 c.p.s. = 45/m cycles ver inch

(diagram and notes after Shinaishin)
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Firstly the grinding wheel surface profile changes
considerably even while the radius of the wheel has

changed 0.5um or less.

Secondly, as the depth of cut was increased progress-
~ively from lum to 2.5um a rise in the total energy
was demonstrated by the general increase in the power

spectral density of the cutting forces.

Next. when grinding began, there was a relatively low
energy in the frequency range 700Hz to 8kHz but as
grinding progressed, the energy expended in the 2kHz
band increased very fast until it reached a value at
2.5um depth of cut nearly 30 times that at lpm. This
is attributed to the development of six lobes on the
surface of the wheel increasing progressively with

depth of cut.

Finally a difference in the forces generated after
eight hours grinding can be seen, especially at 1.3
and 2.6kHz suggesting that the process of imbalance
in the wheel and the development of lobes is self

generating due to the grinding process.

Topics dealt with relevant to the present study
include some treatment of surface profile and analysis

by statistical methods including power spectral density.
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However, only surface grinding of tungsten carbide by

means of diamond abrasive is considered, there is no
information on workpiece surface profile and attention

is focussed mainly on the system of forces acting

between wheel and workpiece.

The elements in a grinding operation are described in

the following terms:

(1) the grinding machine, which is mounted

on elastic supports on the floor of the workshop,

(2) a grinding wheel mounted at the end of
the grinding machine spindle and

(3) the workpiece, which is mounted on a
work table which, in turn, 1s isolated from

the floor by elastic mounts.

The resulting system 1s said to be represented by the
two primary systems coupled by a means for transmitting

the forces (Figure 7.10).

It is not clear why elements (1) and (3) in the grinding
operation are described as being independently mounted
by means of elastic supports on the workshop floor. In

typical grinding machine construction the work table is
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Fig 7.10 Model of grinding operation (after Shinaishin)
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mounted on slideways integral with the machine. Therefore
in such a machine direct coupling and transmission of

forces exists between machine frame and worktable.

The model illustrated in Figure 7.10 appears to be over
simplified since it is based upon an unusual description
assuming that machine and workpiece are isolated except

for transmission of forces through the grinding wheel.

In all power spectra presented in the paper, power
spectral density is plotted against a logarithmic
frequency scale. All dimensions are in inches with the

exception of depth of cut expressed in 'mil' (um).

To facilitate comparison with material from other
sources, the power spectra representing wheel surface
profiles in Figure 7.9 have been re-plotted against a
natural scale on which frequencies are expressed in

cycles per linear unit of surface (Figure 7.11).

Shinaishin's paper deals with a specialized aspect of
grinding technology very different from the present
study in that it is confined to the grinding of
tungsten carbide by means of diamond abrasive.

However, grinding wheel surface profiles are represented
in terms of power spectra and a suggestion to the effect

that wear appeared to produce more cutting edges per
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diamond is consistent with findings elsewhere relating
to other abrasives; including the author's in Part 1.
Also the presentation of results in terms of power
spectral density and the general character of these
curves indicated by Figure 7.11 provided further
confirmation of the potential usefulness and validity

of this parameter.

A paper by Deutsch and Wu (28) published in 1970 deals
with the selection of sampling parameters for the study
of grinding wheel surface profile and is summarized as

follows.

Autoregressive-moving average models are
developed to represent grinding wheel
profiles for different combinations of
sampling parameters including the sample
interval, the number of observations, and

the length of record. Using 46 and 120
grinding wheels the effects of the choice

of sample interval and number of observations
on the appropriate model form are discussed.
A new criterion is proposed for the selection
of the sample interval, based on observations
per grit (OPG), to achieve comparable discrete
épproximations of the wheels and to maximize
discrimination between models of different

wheels.



155

In their introduction the authors point out that
statistical techniques used in the analysis of abrasive
tools share one common entity - the approximation of a

comtinuous record.

In such situations, the choice of sampling
parameters (sample interval, number of
observations, length of record) is of
paramount importance. The sample interval
must be small enough not to miss any
appreciable detail in the continuous
record. Likewise, for efficiency, it should
not be so small that little additional
information is gained. The length of

record analysed should be chosen to ensure

that all representative characteristics of
an abrasive tool profile are captured.
Furthermore, when a comparison of the
statistical results of dissirilar abrasive
tools is made, the inherent differences

should be elucidated.

In order to select sample intervel the average particle
size of the aluminium oxide abrasive grailns (obtained
from a table supplied by the Norton Company) is
divided by a number depending on the intended use

of the fitted model.
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If a true representation of the gualitative

characteristics of grinding wheels on an
individual and comparative basis 1s desired,
then approximately 6 - 7 OPG should be used.
However, if only models to discriminate
between grinding wheels are desired, then

a large range of OPG can be considered for
which the discriminatory power 1s constant.
A reasonable lower bound can be as low as

2 or 3 OPG. When using a smaller level of
OPG, the general characteristics of the
profile become lost in the approximation
since there is a greazter chance to miss

grits due to the large sample intervals.

Referring to the use of the OPG criterion the following

claims are made in the conclusions.

(a) Parameter discrimination is constant for
the range of OPG values where good approxim-
-ations to the continuous profile are

obtained.

(b) The efficiency of the models in uniquely

representing the different wheels is impreved.

(¢) The theoretical interpretation of the
models appears consistent with the wheel

characteristics contained in the continuous

profiles.
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The following represents the only information on

the profile measuring system contained in the paper.

The abrasive tool profiles are traced by a
stylus which oscillates across the surface.
The oscillating mechanism permits the
reduction of the stylus dimensions, which
reduces the distortion in the measured

abrasive tools.

Neither the dimensions of the stylus used nor it's

mode of oscillation are stated. However there is
reference to currently unpublished information which

appears to correspond with a paper published about

three years later (33).

It is stated that the partial correlations cut off
after one lag when using a sample interval of 0.005in.
Around a sample interval of 0.005in an autoregressive

model of order one can be chosen for reasons of

parsimony1.

Over the range of sample 1nterval from 0.001in to

0.005in an order one model is inadequate and a model

1.Concise Oxford Dictionary. Law of Parsimony: that
no more causes or forces should be assumed than are

necessary to account for the facts.
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of order two should be used to provide an adequate
representation of the sampled profiles. 1In this
context reference is made to the use of parsimonious

models in an earlier paper (26).

Areas of particular interest and apparent relevance to
the present study in Deutsch and Wu's paper were

identified as follows.

(a) The discussion of the problems of grinding wheel
surface profile sampling.

(b) The application of oscillating stylus profilometry
to grinding wheels.

(c) The use of autoregressive models to represent

abrasive surface profile.

Considering the foregoing points in reverse order,
the use of autoregression provided further indication
of some concensus of opinion with other authors
relating to the utility of statistical models of this

type applied to abrasive profiles.

Claims made for the improved accuracy of the profile
record obtained by means of an oscillating stylus
were noted but very little information is provided

and details were eventually obtained from a subsequent

paper (33).
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Two ideas emerge in the context of grinding wheel
surface profile sampling. One of these relates to the
frequency of observations within the sample so as to
relate this to the size of individual grits and the
amount of detail to be recorded in order to define
their profile. The second point is that the use of

a small number of observations per grit results in

loss of information regarding general profile character-
-istics because the chance of missing grits is increased.
These ideas clearly indicate recognition of discontin-
-uities as an integral feature of the grinding wheel

profile not to be neglected in its analysis.

Information is lacking on the surface condition of

the grinding wheels examined. There is no mention of
any dressing operation neither is there any indication
of whether or not the wheels had been subjected to

wear in a grinding operation before profile measurement

of their surfaces.

From this it appears that results presented in the
paper are intended to discriminate only between
grinding wheels of differing grit size and structure.
In order to compare grinding wheels differing in
surface condition it is suggested that profile samples
should contain a larger number of observations per

grit but no such comparisons are included in the paper.
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The paper serves to draw attention to the significant
fact that detailed study of the grinding wheel surface
by profilometry requires definition of the profile by
ordinates spaced at intervals chosen so as to adequately
define the shape of individual grits and also to
represent those areas where grits are virtually absent

from the profile - namely within the voids.

A more specialized paper published in 1971 by Masashi
Harada and Akira Kobayashi (29) deals with the
production of mirror-finish ground surfaces making
use of an ultrasonic dressing method. The summary

is as follows.

In order to produce evenly sized micro

cutting edges of uniform height reguired

for mirror grinding, a flattened head impact
at ultrasonic frequency dressing (abbreviation:
FL-USD) has been developed, using normally
directed impacts from an ultrasonically
vibrating dressing tocl with a flat-faced
Tungsten Carbide S2 (5 x 5 x 3mm) surface

on the rotating grinding wheels.
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The analysis of cutting edges made by the
FL-USD method, as observed under an electron
microscope showed that the height of cutting
edges made by general dressing (DD) methods
was usually about 2, whereas the FL-USD
heights were found to be 0.2u, situated
between 0.5p depth and wheel surface. Use of
this wheel resulted in obtaining a mirror
finish with a surface roughness of H . =0.05.
A study is made of the cutting edge production
process by FL-USD from the crushing load of

& single grain, the impact force of the
dresser on to the grinding wheel, stock
removal and observations on the shapes of

cutting edges under the electron microscope.

The paper provides an explicit description of the
ultrasonic dressing technique and the surface textures
produced using grinding wheels dressed by this method.
Comparisons are made between these results and those
surface textures produced by grinding wheels dressed

by conventional methods with a single diamond. However,
there are indications that these comparisons may tend to

underrate the potential of diamond dressing.

Neither the nominal diameters of the grinding wheels
nor the shape and mode of application of the dressing

diamond are specified. Dressing diamond traverse rates
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of 80mm and 90mm per minute and a surface speed of
30m/s are specified. Assuming the grinding wheel
dlameter to be 150mm these feed rates are equivalent
to 22um and 25um per revolution of the grinding wheel
which is a fairly high traverse rate when a primary
objective of dressing is the production of fine

surface texture on the workpiece.

The dressing method described in the paper 1is very
unusual and the results obtained in terms of surface
roughness correspondingly exceptional. Results serve
to demonstrate the very large extent to which the
surface profile of the grinding wheel and the surface
texture it produces on the workpiece can be influenced
by the method of dressing. Inclusion of the paper in
this survey is justified on the basis that it serves
to emphasise the importance of wheel dressing as a
primary factor affecting surface texture not always

fully recognized as such elsewhere in the literature.

The influence of dressing on the quality of ground
surfaces together with the effects of grinding wheel
wear are the subject of a paper by Bhateja, Chisholm
and Pattinson (31) who carried out experiments in
which medium carbon steel was ground on a precision
surface grinding machine using a vitrified bonded
alumina grinding wheel. The wheel was dressed by

a single pass of a single point diamond tool at a
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depth of cut 0.025mm (0.001in) at feeds of
0.025mm/rev and 0.325mm/rev (0.013in/rev) chosen

to represent fine and coarse dressing treatments

respectively.

The grinding operation was interrupted at intervals
corresponding to the removal of one cubic inch of
workpiece material. At these intervals the radial
wheel wear was measured and profilograms taken of the
wheel surface in a direction parallel with it's axis
using a specially adapted profilometer. Corresponding
profilograms were obtained from workpiece surfaces
using a standard profilometer. The stylus used for
grinding wheel surfaces had a 90 degree pyramid shape
with a tip radius of 0.025mm(0.001in) while that used
for workpiece surfaces had a tip radius of 0.0025mm
(0.0001in). These profilograms were digitized to
provide input data for a computer programme written

to evaluate:

(a) the cumulative frequency distributions
of the asperity pesks and valleys with
increasing depth in the profile,

(b) the bearing area characteristics of the

surfaces.
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A feature of the paper is that no attempt 1is made to
express surface roughness in terms of any one of the
more usual parameters. Instead both grinding wheel
surfaces and workpiece surfaces are represented by

means of cumulative peak and valley distributions and

bearing area curves.

When these distributions were used to compare grinding
wheel and workpiece surfaces, they appear to reflect
the influence of dressing conditions. Only when wheel
wear had progressed to an advanced stage suggesting
bond failure was the shape of the distribution ogives
significantly affected by this cause.

A coarse dressing feed was found to produce greater
bearing area but a rougher surface than a fine feed.
In this context it is pointed out that the grinding
conditions necessary to produce a good surface finish
are not necessarily those which produce a good bearing
area. This apparent contradiction may reflect upon the
limitations of bearing area curves as & means of
representing surface texture rather than the validity

of the experimental results.

wWith regard to the representation of grinding wheel
surfaces the validity of a result obtained by means of

a stylus and said to represent the distribution of
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'valleys' is questionable. Penetration into depressions

must always be limited by the finite dimensions of a
stylus and particularly so in this case where the stylus

used is described as having a 90 degrees included angle.

The methods and parameters used do not appear to have
been particularly sensitive to the effects of the
considerable amount of wear to which grinding wheels
were subjected during the experiments. However, the
paper represents a contribution in the same area of
study as the current investigation, included as such
although the findings are not particularly revealing.
Somewhat similar justification applies to the inclusion
of a paper by Motoyoshi Hasegawa (32) published in 1974
and described by its title as a statistical analysis

of the mechanism resulting in the generation of ground
surface roughness. The summary of the paper is as

follows.

This paper discusses a statistical approach
for determining the roughness of a ground
surface by considering the dressing
characteristics of the grinding wheel. The
statistical analyses are derived for the
distribution curve of the cutting edges

and the probability density function for
the occurrence of 'peaks' throughout the

surface profile of the grinding wheel after
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dressing treatment and the root mean square

roughness of the workpiece ground by the
wheel. The theory shows that when the
grinding wheel 1s repeatedly dressed by

a sharp-pointed dresser, the distribution
curve of cutting edges is parabolic. The
root mean square of the surface ground by
the cutting edges may be calculated from
wheel speed, wheel diameter, workpilece

speed, the apical angle of the dresser,

size of sample and the distribution of
cuttinge edges on the circumferential
direction of the wheel. Good agreement
was found between theoretically calculated

and experimental results.

A theoretical distribution of ‘'cutting edges' on the
surface of a grinding wheel is derived making use of

the three following assumptlons.

(1) The vibration of both grinding wheel and dresser
is negligible.

(2) The shape of the dresser is conical with an apical

angle 2.

(3) The material of the wheel in contact with the
dresser is removed according to the shape of the

dresser when this 1s fed into the grinding wheel.
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The second and third of these assumptions together
with a related diagram indicate the use of an
unorthodox mode of dressing with a conical single
point diamond dresser so presented to the wheel as

to cut in it's surface a vee groove of included angle

corresponding to the apex angle of the diamond.

When dressing with a single point diamond the axis of
the tool shank is usually inclined so as to present

the flank of the cone (or pyramid) to the surface of
the wheel with the axis trailing in relation to the
directlon of wheel rotation. In this mode an approxim-
-ately flat surface (or at least a surface which quickly
develops a worn, flattened area) is presented to the |
grinding wheel and there is no possibility of reproducing
the apex angle of the diamond on the wheel. Not only
does the mode of dressing described by the author
represent an unfavourable orientation of the diamond
(from the point of view of wear rate and economy in

the use of the diamond) but it will tend to produce
pronounced grooves in the grinding wheel which may be
reproduced on the workplece in some pattern depending

on the kinematics of the process (1).

The author's statement to the effect that repeated
dressing under the unusual conditions specified,
gives rise to a distribution of cutting edges which
is theoretically parabolic, does not appear to be
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supported by the mathematies. In fact, curves plotted
to represent this distribution for m repetitions of
the dressing process, show a progressive change from
a rectangular distribution when m =1 to a hyperbolic
distribution when m = 5. The relevant equation also
appears to support the idea that the proposed model

distribution should be described as hyperbolic rather
than parabolic.

It is also stated that 'peaks' of the cutting edges

follow a Gamma distribution. This conclusion appears

to be based upon three diagrams whereon Gamma distribution
curves are fitted to histograms representing the
experimental probability distribution of 'peaks'. The

fit between curve and histogram in all three cases is

very approximate and it appears likely that the histograms
would be better approximated by a composite distribution
taking account of the fact that some parts of the grit
profile may be affected by dressing while others are

not (30).

Finally the conclusions state that the number of dressing
treatments m has a more significant effect than sample
slze n on the roughness of the ground surface. Sample
size n appears to relate to the surface of the grinding
wheel but i1t is not explicitly defined and the meaning

of the statement remains obscure,
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The paper contains what appear to be rather obvious
shortcomings of technique and description, some or all
of which may be due to errors and omissions in
translation. For this reason it was found impracticable

to evaluate its contribution to the subject.

A paper published in 1973 by Deutsch, Wu, and Stralkowski
(33) presents what is described as a new non-destructive,
on-line irregular surface measuring and data handling

system, referred to as the oscillating stylus instrument.

This 1s almost certainly the paper to which reference

is made in an earlier publication by Deutsch and Wu

in 1970 (28). The following extracts relate to techniques
saild to have been previously used for the measurement

of abrasive tools.

Typically, a stylus continually contacting

the abrasive tool with a relative motion
between the two has been used to measure
abrasive too0lS...ccceccccocrscccccnsccnnns

This type of system although capable of
measuring a fine surface finish has limitations
in reproducing the irregular configuration

of an abrasive tool.
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In order for the stylus to freely traverse
the specimen, a particuler stylus geometry
is required. Figure 7,12 illustrates a
typical grinding wheel cutting space cross
section and a stylus. The ability to c¢limb
out of the 'valleys' depends upon having a
large included angle,a, as well as always
having line BC above the highest peak in
the profile to prevent the stylus from
totally lodging. Any included angle, however,
will result in contact of surfaces AC or AB
of the stylus and the grains causing the

recorder profile to become distorted as

shown by dashed 1ines.....ccceeececccnccne

The following statements are made relating to the
oscillating stylus.

The oscillating stylus, unlike the conventional
stylus technique, imposes no dimensional
restrictions upon the stylus for functional
considerations. It uses a stylus attached
directly to the core shaft of a displacement
transducer. The stylus is oscillated by a
motor driven cam, thereby moving the
transducer core to produce a d.c. voltage
proportional to the core displacement from

electrical centre (Figure 7.13). If this
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Fig 7,12 Induced distortion produced by the
conventional profile measuring technique on

grinding wheel cross section (after Deutsch,

Wu, and Stralkowski)
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Fig 7.13 Measurement and data handling systerm
(after Deutsch, Wu, and Stralkowski)
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movement 1s not restricted, the voltage
produced by the transducer is sinusoidal
with respect to time.........ovvvvunn.....
When this cyclic movement is restricted by
a surface, the sinusoidal signal is
truncated...ovvevieennnnnnnnnn ceetstecccnes
If there is relative motion between this
surface and the stylus, the stylus for each
period is dragged over the profile from the
first point of contact (A) to the last point
of restriction (B), tracing a segment of

the surface as illustrated in Figure 7.14

As the frequency of oscillation increases
and/or the relative motion between the
stylus and the restricting surfzce decreases,
segments for which the stylus traces the
restricting object become smaller and
approach a single point producing a recorded
d.c. signal which eluclidates the entire

shape of the restricting surface.

The construction, electrical principles and calibration
of the apparatus are described in some detail and
recorded profiles representing three grinding wheels

of different grit size and density are used as examples

of this type of application.
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Fig 7.1t Example of surface tracing produced by
oscillating stylus mechanism (after Deutsch, Wu,
and Stralkowski)
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Direct comparisons between the geometry of the

osclllating and conventional stylii are shown in
Figure 7.15.The accurzey of the oscillating stylus

instrument is said to be linear within 0.5 per cent

over it's usable range.

The oscillating stylus system was evidently found to
be capable of more accurately reproducing the profiles
of grinding wheels and ecraters than methods using e
stylus having the relatively large included angle of
more conventional systems. However the claim to the
effect that the oscillating stylus system imposes

no dimensional restrictions upén the stylus for
functional considerations is so obﬁiously overstzted
that comment might be superfluous but for the fact
that the description and diagrams on stylus geometry
contain no information on tip radius which represents
one of the limitations applicable to all stylus

methods of surface investigation.

The oversimplified description of grinding wheel
surface characteristics represented by the following

extract also calls for comment.

The configuration of a wheel such as the
Norton designation 32A46J12VBEP, consists
of two dominant characteristicsy "localized

irregularities" due to closely packed grits
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Fig 7.15 Comparison of stylii -

and Stralkowski)
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(after Deutsch, Wu,
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and deep "pits", as much as two to four

times the peak to valley height of the
localized irregularities.

The description of localized irregularities as being
due to close packing of grits is incomplete since it

neglects the influence of dressing and wear on the

surface micro-geometry.

The deep "pits" represent the outermost voilds between
the bonded grits. These voids in a typical porous
structure form a continuous interconnected network

throughout the grinding wheel and any attempt to

define the depth of surface pits is virtuslly meaningless.

Difficulties attending stylus measurement are stated

as follows.

These varied characteristics (of grinding
wheels) make measurement by conventional
stylus techniques physically undesireble.
The stylus of appropriate geometry to trace
the finer "irregularities" does not have
the capability of accurately tracing or
freely climbing out of the deep valleys.

Such valleys when represented by the spaces between

grits are of virtually unlimited depth, their dirensions
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and geometry being determined by factors which include
the shape and size of grits, the amount and distribution
of bond material etc. The accessibility of surfaces
enclosed within such voids to stylus examination
must inevitably be limited by the dimensions and
geometry of any stylus. However, the technique described
uses a stylus with an included angle of only 15 degrees
the tip of which 1s therefore capable of tracing much
more of the internsl surfaces of deep depressions than
would be accessible to a more conventional stylus with

much larger included angle.

in it's application to grinding wheels the oscillating
mode overcomes the problem of stylus withdrawal from
deep cavities but since internal surfaces may be
vertical or re-entrant, there will be areas which

the stylus tip fails to contact with resulting
distortions. This limitation probably does not apply
to the measurement of craters in cutting tools as

described in the paper.

Apart from specifying the 15 degrees included angle
the paper gives no information on the geometry or
construction of stylii used in the experiments.
Neither the material nor the cross section is
specified but perhaps the most surprising omissions

is the absence of any reference to tip profile.
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There 1s evidence from a number of sources that the
active zone of a grinding wheel ‘surface ecan usefully
be reproduced by stylus methods based upon those used
for continuous surfaces, typically employing a diamond
stylus of small tip radius and large included angle.
For the purpose of studying surface texture relationships,
a profile representing the cutting space of a grinding
wheel obtained by means of such a stylus 1s comparable
with & profile of the ground surface produced with a
similar stylus.

It is evident that the oscillating stylus can provide
more information about grinding wheel surface profile
than more conventional stylus methods. However the
additional and more accurate information appears to
relate to lower levels within the profile and
therefore has little influence on the surface

interactions between grinding wheel and workpilece.

Although it contains no information on surface texture,
a paper by Thompson and Malkin (34) is included because
it deals with grinding wheel topography. Experimental
methods and conclusions are explicitly stated in the

following abstract.
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The topography of grinding wheels of various
grain sizes was measured statically by an
optical technique and dynamically by
studying the scratches left on a smooth
steel plate after lightly grinding a single
pass. The optical method yielded good
results with the coarse grained wheels.
At a radial depth into the wheel equal to
one grain diameter, the number of grains
per unit area was found to approach the
theoretical maximum number as calculated
from packing considerations. The scratch
method provided an effective means for
measuring the fine scale topography of
the wheel surface. With this method, the

number of actual cutting points was found

to be relatively insensitive to grain size.
This is attributed to large grains each
having more cutting points than smaller ones.
From the shapes of the scratches left on the
steel plate, the undeformed chip was
determined to have a trapezoldal cross-
section with typically a 120 degree included
angle between the sides and a 1l - 2 micron

width at the bottom.
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Relevant technical data are contained in the following

extract.

The grinding wheels were 8in diameter with
32A aluminium oxide abrasive 1n grain sizes
of 30, 46, 80, and 120. Each wheel was
dressed with a single point diamond
dressing tool at a crossfeed velocity

of 5in/min, After the wheel had been trued,
at least one nominal grain diameter was
dressed off taking 0.001in during each pass
across the wheel. All measurements were
taken after 10 passes by plunge grinding
of an AISI 1098 hot rolled steel workpiece
which was 4in long. Grinding was performed
at a wheel velocity V = 6000ft/min, work-
-piece velocity v = 15ft/min and depth of
cut a = 0.,001in.

The scratch method used is described as a simplification
of one originated by Nakayame and Shaw (14, 30) in
which scratches are produced on a steel plate slightly
tilted with respect to the wheel surface by grinding
with a slow wheel speed and a fast workpiece velocity.
The following extract relates to Thompson and Malkin's

technique.

The present method is much simpler (than

Nakayama and Shaw's), insofar as there is
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no tilt to the plate, and the radial depth
of a cutting point is caleulated from the
length of the scratch it produced. By
counting the scratches within a specific
area on the plate, measuring their length,
and calculating their depth, the number of
cutting points per unit area of wheel
surface can be determined as a function

of the radial distance into the wheel.

In addition, the geometry of individual
scratches can be studied to determine the

shape of the cutting points on the grains.

The experimentasl results include graphs relating
to four grinding wheels of different grain sizes.
It is stated that only about the outer 0.0001lin
of wheel can be examined but that this portion
is very important as it has the greztest effect

on the topography of the finished workpiece.

Surprise is expressed at the fact that the four
curves differ very little, only the curve for the
120 grain size having more cutting points at
depths greater than 30 microinches. Results for

the 30, 46, and 80 grain sizes are said to be
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practically identical. Therefore the number of
cutting points in the outermost portion of the

wheel is about the same regardless of grain size.

Numerous scratches were studied with the object
of determining their typical shepe and it is
stated that the cross-sectional shape of the
scratches obtained with all four grain sizes were

found to be approximately trapezoidal with side angles
typically 60 degrees and a base width of about 40 to

80 mieroinches (1 - 2 microns).

[=S

Thompson and Malkin's paper does not consider roughness
of the ground surface but has some relevance to the
current study because it deals with the cross sectional
profile of the scratches produced by grinding and the
distribution of cutting points in the wheel surface.

The fact that the number of cutting points per unit
area of wheel surface obtained by the scratch method
did not vary much between the 30, 46, 80, and 120 grain
size wheels is attributed to larger grains having more

cutting points than smaller ones.

Wheel dressing and preliminary grinding wear were both

standardized during the experiments described. The
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rate of cross feed used during dressing and also the

depth removed at each pass are fairly typical of normal
fine grinding practice. The possibility that variations
in dressing conditions and the extent of subsequent
wear could affect the number and distribution of
cutting points in the wheel surface does not appear

to have been considered but the fact that wheels of
different grit size were found to have about the same
numbers of 'cutting points' supported the view already
formulated by the author (30) to the effect that dressing
is a more potent factor in determining grinding wheel
profile in the active zone than grit size. It is
therefore appropriate that the next paper to be
considered mentions the influence of dressing on
asperity distribution. Bhateja (35) concentrates on
the diamond dressing of grinding wheels as stated in

the following abstract.

Recent studies of the diamond dressing of
grinding wheels have revealed that, besides
influencing the wear behaviour of a wheel,
dressing has another fundamental effect,
namely, the arrangement of asperities on
the wheel's cutting surface. This paper
presents a new theory of the diamond
dressing process, on the basis of a two
stage action of a single diamond tool; the
first stage involves a gross fracture of
the wheel material and the second is a

levelling effect.
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The effects of a grinding wheel's inherent

compositional properties such as the grade
or hardness and the bond type, on the
wheel's cutting surface have been invest-
-1gated experimentally in the light of this
proposed theory of diamond dressing. Both
wheel grade and bond type have been found
to affect significantly the nature of the

sharp, newly dressed grinding wheel.

Greater penetration of the dressing
influence into the grinding wheel in
softer grades of wheels and also for
vitrified bonds (as compared with resinoid

bonds) has been established.

Experiments were carried out in which four grinding
wheels of different specifications were dressed at
two feed rates viz. 0.001 in per rev (fine) and

0.010 in per rev (coarse).

Axial profiles of the grinding wheel surfaces were
obtained using a 90 degree pyramid-shaped diamond
stylus having a tip radius of 0.0005 inch. These
profiles were digitized and from the resulting data
several surface texture parameters and the cumulative
frequency distributions of peaks and valleys were
computed. Examples of the results obtalned and method

of presentation are shown in Figures 7,16 ani 7.17
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In discussion of these results Figure 7.16(2) 1is
said to confirm the polynomial-shaped cumulative
frequency distribution of asperity peaks and somewhat
S-shaped pattern of valleys. The plot of the
distribution of peaks for the harder wheel

Figure 7.16(b) 1s said to exhibit a much more

pronounced polynomial shape of peaks and a similer

polynomial shape for the valleys. This was thought
to be consistent with a greater and deeper fracture
tendency (perhaps complete grit removal) in the
softer wheel during the initial gross fracture stage

of the diamond dressing process.

The following extracts refer to the influences of

wheel grade, bond type, and dressing feed.

The mean distribution curves of Figures
7.17(a) end (c) for peaks and valleys
show that for the vitrified bond,
irrespective of the dressing feed, the
harder wheel had a stronger polynomial
tendenecy of the distributions than the
softer wheel. This is thought to be
indicative of the fact that in softer
vitrified bonded wheels, the effects of
the fracture processes in diamond dressing

penetrate deeper than in harder wheels.
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The mean asperity distributions of Figures
7.17(b) and (d) however do not show any

pronounced differences due to wheel hardness.

This suggests that owing to it's low friab-
-il1ity, the resinoid bond is perhaps some-

-what insensitive to the fracture process

in diamond dressing........vee0e.....the
stronger polynomial tendencies associated
with the harder wheels, the resinoid bonds
and the finer dressing feeds are of

significance.

The more obvlious functions of dressing are listed

as lmparting the necessary form to a grinding wheel,
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removing worn grits, and generating new cutting edges

on the wheel surface. More subtle influences of

diamond dressing are said to include rearrangement

of asperities and imposition of a constraint on the

radial location of cutting edges in the wheel surface.

Referring to his earlier work in collaboration with

others (31) Bhateja states thet diarond dressing always

produces a polynomial-type cumulative frequency
distribution of asperity peaks. This statement

appears to be based upon the shape of the ogives

plotted to represent such distributions which have

a concentration of asperities in the outer active

region of the wheel surface.
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The profiles represented by these distributions were ’

obtained using a 90 degree dlamond pyramid stylus
but no mention is made of the self evident fact
that those distributions said to represent valleys
will be distorted by reason of the inability of the
stylus to follow the contour of surfaces sloping at

more than 45 degrees.

In discussing a number of results represented by
the distribution curves it is stated that the
stronger polynomial tendencies associated with the
harder wheels, the resinoid bonds, and the finer

dressing feeds have the following significance.

Firstly it is suggested that this would mean larger
active grit densities on such grinding wheels and
that this could be a factor contributing to the
effective hardness of a wheel defined as it's
resistance to wear. Furthermore this is said to
suggest that the grade of a grindirg wheel has a
twofold influence on it's hardness, namely, the
direct effect, and also an indirect effect the
latter influencing the characteristics of the

cutting surface.

Secondly the more pronounced polynomial tendency
of the cutting asperity distribution for harder

wheels and resinoid bonds is szid to result in a
higher probability of material removal during

grinding and finer surface texture on the workplece.
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It is also suggested that a single dressability
index for a grinding wheel might be useful in
selecting the dressing conditions appropriate to

the grinding requirements.

The following extracts and notes serve to outline a

paper by Zohdi (36), published in 1974, on the estimation
and optimization of surface texture in the grinding
process by statistical analysis. The effects of five
independent variables on surface texture are considered
but these do not include wheel dressing which, in contrast

with the two preceding papers, is not even mentioned.

SUMMARY. A method of identifying the
individual as well as the combined effects
of the different independent factors on
the surface finish in the grinding process
is presented. Physical experimentation
coupled with subsequent statistical
analysis, the factorial experimentation
technique, were applied to further the
understanding of this process. Mathematical
models were developed to estimate the
quality of the dependent factor, the
surface finish. Optimum conditions that
result in the best surface finish with
the maximum rate of metal removal are

evaluated and discussed.
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Five independent variables were selected for the

factorial design of experiments as follows.

1. The grain size of the grinding wheel.

2. Coolant - water miscible. Grinding (a) with coolant
(b) without coolant.

3. Depth of cut.

4. Table speed.

5. Cross feed.

The dependent variable was the first cut surface

finish without sparkout.

In order to limit the size of the study other factors
such as material hardness, structure and hardness of
the grinding wheel were kept constant. The statistic-
-a2lly significant main effects and first order inter-

-2ctions considered are listed as follows.

1. Main Effects
Grinding wheel grain size, A
Coolant, B
Depth of cut, C
Tsble speed, D

Cross feed, E

2. First Order Interactions
Grain size by coolant, AB
Grain size by depth of cut, AC

Grain size by table speed, AD
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Grain size by cross feed, AE
Coolant by depth of cut, BC
Coolant by table speed, BD
Depth of cut by table speed, CD
Depth of cut by cross feed, CE
Table speed by cross feed, DE

Results are presented in the form of graphs, multiple
regression equations for the arithmetic rcughness

value, and correlation coefficients (r, ) including

the following.
For the AA46H8V4O0 grinding wheel
R, = 4,787 + 11.025X, + 0.375%X, + 61.229X, (1a)

0.9298

x|
n

and for the AA6O0H8VL4O grinding wheel

o)
n

, = 8.633 + 5.747X + 0.225X, + 26.317X (1Db)

0.9169

H
H

where R, = arithmetic average roughness (pin)
X. = depth of cut (0.0014in)
X_ = table speed (ft/min)
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X. = cross feed (in/stroke)

r = correlation coefficient

The F-test was applied to equations (1a2) and (1b)
and their correlation was found to be significant
at the 0.01 level. On the basis of these results and
their simple form of expression the equations are

said to be adequate for practical applications.

The rate of metal removal (ROMR) was calculated for

each case using the following equation

ROMR = 0.012X X X.in’/min (3)

To achieve optimum conditions it is desired to
minimize surface roughness represented by the linear
equations (1a) and (1b) while maximizing the non-linear
equation (3). One way of solving this problem is to
plot the values of these equations for each case as

in Figure 7.18 The best conditions for a specified
rate of metal removal, could be reached by increasing
the depth of cut to the maximum allowable level and

then consecutively increasing the cross feed and

table speed.

In the conclusions grain size is said to have a

considerable effect on surface roughness, the ratio
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of the average roughness values being approximately
equal to the inverse ratio of the mesh number of

the abrasive grains.

As previously stated the paper deals with the
application of factorial experimental design and
statistical analysis in an attempt to estimate ang
ortimize surface roughness in relation to metal
removal rate. Within the 1limits of the experiments
this object appears to have been achieved, but with
little contribution to fundamental understanding of

the process.

Dressing conditions and subsequent wear of the
grinding wheel surface have been shown by others

to heve a considereble effect on the surface roughness
produced by grinding (29). In view of this it is
surprising thet Zohdi's paper does not refer to

wheel dressing or wear. If these were deliberztely
excluded as independent variable in order to 1limit
the sccpe of experiments it is to be expected that
dressing conditions would be standardized and

specified together with the extent of wear.

However, the paper contains no mention of these factors,
an omission which can only be regarded as seriously
limiting the potential usefulness of the results

as a means of predicting surface texture.
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A paper by Friedman, Wu and Suratkar (37) published

in 1974, is included in this survey primarily because
it contains information on an oscillating stylus
profilometer. The paper deals only with the geometric
properties of coated abrasive and contains no reference
to surface texture. Apart from the following summary
only those sections which have some apparent relevance

to the present investigation are included.

The surface topography of a coated abrasive
was measured by a specially designed
profilometer with an oscillating stylus,
revealing very detailed geometric features
of the peaks. The criterion for a peak to
be a dynamic active cutting edge is analysed
and the results are applied for the identif-
-ication of active cutting edges of the
measured profiles. The distributions of
some geometric properties of the active
cutting edges as heights, distances, rake-
angles, and wear lands are evaluated for

six grades of coated abrasives.
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The specially designed profilometer referred to in

the sumrary is described as a modified version of

the "oscillating stylus" device to which reference

has already been made (28, 33). It i1s said to consist
basically of a stylus riding over the surface of

a coated abrasive which is moving at about 1.5 x lo-ﬁn/s.
The stylus 1s caused to oscillate by means of a cam
(Figure 7.19 ). The amplitude is a 1little larger than

the amplitude of the measured surface and freqguency

is about 15Hz. The displacement of the stylus is

converted into an electrical signal through an LVDT1.

The oscillating stylus device 1s said to permit the

use of a very slim probe which is of critical importance
in the case of coated abrasive where very steep slopes
and sharp corners were found and which would not other-
-wise be detected by an ordinary stylus method. The
radius of the tip is 2.5 x 10™ in and the included
angle 1is 20°.

The title of a paper by Lal and Shaw (38) refers to
the part played by grain tip radius in grinding.
An idealized model 1is proposed for the roughness
of a ground surface which relies upon the following

three assumptions.

1, LVDT: linear variable differential transformer

with reference to a type of transducer.
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(1) that each grit produces a part-circular groove;

2
(2) "scallops™" produced by uniformly spaced grits

are the major source of surface roughness;

(3) the tips of all active grits lie at the same

level in the wheel surface.

All other sources of surface roughness are neglected.

The wording of the foregoing differs from that used
in the paper but it is clezr from examination of
Figure 7.20 that these represent the assumptions

upon which the model is based.

With reference to the experiments it is stated that
only "as crushed" grains were used in the tests and

the effects of diamoné dressing were not investigated.

Scratches produced by grinding with single abrasive
grains were examined by stylus profilometry and the
results are said to show that the transverse shape of

a grain 1s closely approximated by an arc of a circle.

2. Ornament (edge, material) with scallops. Concise

Oxford Dictionary.
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Fig 7,00 Plan view of scratches left on ground surface
by wheel having uriformly spzced active grains (after
Lal and Shaw)



202
The idealized model for surface texture to which

reference has already been made is formulated on the
assunptions that grits in the surface of a grinding
wheel are evenly spaced, of uniform height, and will
produce scratches of similar shzpe to those produced

by single grits in the experiments.

The experimental results are said to show that the

only important variable affecting the grain tip radius
is the grain size. However, the reliability of this
finding appears to be questionable since the experiments

did not include the effects of dressing and grinding

wheel wear.

Although not used in the experiments, diamond dressing
{s dismissed with a cursory statement to the effect
that it produces flats at the tips of the grains.

This very incomplete description is presented without
supporting evidence and there is no mention of the

effects of wear on grit surfaces.

In the following equation h is sald to represent the

jdealized mean peak to valley roughness

v
h =
2VCv'2pD

and v = table speed

<3
N

wheel speed
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C = number of active cutting points per square

inch on the wheel surface

P effective radius of the abrasive grains

D

wheel diameter

This 1s based upon & geometrical model which assumes
"that all active grains extend the same distance from
the wheel surface" while the related diagram (Figure
7.20 implies the further assumption that they are

evenly spaced.

As a model for surface texture in grinding this is
idealized to the point of being unrealistic because

a ground surface will inevitably contzin scratches

of different depth and spacing related to the
distribution of active asperities in the wheel

surface. In fact the existence of some such distribution
is acknowledged by inclusion of a diagram attributed to
Nakayamaand Shaw corresponding with the curve for the

60H wheel in Figure 1.1% of reference (30).

The treatment of surface texture contained in the

paper does not inspire confidence because certain

basic assumptions are oversimplified and the experirental
methods deviate from normal fine grirdirg practice.

L1so none of the experimentsl results presented

relate directly to surfzce texture.
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A noticeable feature of the literature of grinding as

it relates to roughness of the ground surface is the
diversity of treatment accorded to the grinding wheel
surface. Several of the publications already considered
including (31), (32) and (35) emphasise the role of
wheel dressing in this context, while other including
the preceding paper and (36) contain no mention of

dressing.

Although it contains no information on roughness

of ground surfaces, a paper by Konig and Lortz (39)
appears to have some relevance to the present study
in that it deals with the kinematics and dynamics of

metal removal by grinding.

The surfaces of grinding wheels of nominal grit sizes

46, 60, and 100 were examined by profilometer measurement
over one fifth of their circumference representing a
scanning length of 314mm. Signals obtained from the
profilometer were processed by computer but, apart

from references to statistical algorithms in the summary,

no details are given.
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An appreciation of the results requires some

clarification of terminology as follows.

(1) A "static cutting edge" apparently refers to a
peak on the profilogram contained within what appears
to be the wheel depth of cut.

(2) The "dynamic distance'" between cutting edges

appears to represent the distance between "static
cutting edges" tzking into account the kinematic

relationships of the process.

(3) The "dynamic cutting edge number" (C, )
represents the number of peaks which would make
contact with the workpiece under given kinematic
conditions i.e. those "static cutting edges" not

kinematically screened from workpiece contact.

For the grinding wheels under consideration, graphs
are presented showing that the number of dynamic
cutting edges is approximately 5 to 12 per cent of

the corresponding number of static cutting edges.
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These are limiting values reached at a wheel depth
of cut of 15 to 25um depending on grit size.

Chip formation is said to commence at some critical
depth of engagement between a grit and the plastically
deformed workpiece referred to as the "eutting
insertion depth". It is also stated that cutting
insertion depth may be determined using a method
attributed to Nakayama and Shaw but no details are

given.

The suitability of Nakayama and Shaw's technique (14)
1s not self evident because 1t involves counting and
measuring scratches produced by grinding a lapped
steel surface tilted st an accurately predetermined
angle of inclination. In this method there is no
apparent means of differentiating scratches involving
chip removal from those associated with plastic
ploughing; neither is there any indication in

Konig and Lortz's text of how this was done.

A diagram (Figure 7.21 ) 1is presented from which may
be obtained the "effective number of cutting edges"
defined, apparently, as those cutting edges which
may be expected to result in chip formation. The
actual number of cutting edges involved in chip

is said to be much less than the number of dynamic
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cutting edges, for a given combination of grinding

wheel and workpiece material.

On the one hand, this reduction is attributed to

the fact that not all cutting edges in the cutting
engagement depth contribute to chip formation because
their maximal depth of cut is less than that of the
chip formation range and consequently they only
bring about a "displacement process". On the other
hand, those cutting edges do not take part in the
cutting process whose distance from the preceding

cutting edge 1s less than the average grain diameter.

Finally two scanning electron micrographs are
presented. One of these 1s said to show a grain
coated with workpiece material, while the other
shows a curled chip contained within & void in the
grindirng wheel. From this result it is concluded
that the coated area can teke no part in further
chip formation but it is inferred that chir rerovel

by the other cutting edge will continue.

From the preceding statements i1t seems clear that
the authors envisage no effective material removel
other than by chip formation notwithstending earlier
work (5, 6) which provides evidence to the effect
that plastic ploughing contritutes significantly

to metal removal.
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The paper contributes relatively 1little information
capable of being related to the profile of the ground
surface. Certain graphical methods of presenting data
relating to the wheel surface are however of interest,
for example Figures 7.21 and 7.23.

Figure 7,00 1s sald to show the influence of dressing
on the shape of cutting edges. The "kink" in the upper
curve at a depth of 15pm corresponds with the depth

of cut used in the dressing operation.

A paper published in 1975 by D. J. Whitehouse (40)
points out that during recent years the use of stylus
instruments has progressed from mainly engineering
applications into resesrch fields. Some practical
limitations imposed by the interfsce between instrument

and surfece are mentioned in the following extract.

The stylus type of instrument gives at best
a close approximation tc the cross-section
of a real surface. In limiting cases some
features will be missed. Slopes of greater
than the stylus semi-angle and re-entrant
features cannot be seen. Some integration
of the final detail will also be inevitable
because of the finite stylus tip size.
Because this amounts to only a few per cent

it is rarely functionally significant
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except sometimes in the measurement of
ultra fine terxture. Thls situation has
been recently relieved by the ability to
make, measure and use stylii of dimension

~10°nm at forces down to 5pN.

The capabilities of stylus methods are summarized
in the author's discussion and conclusions from

which the following extract is taken.

The stylus technique has been evolving
steadily for 40 years. The foregoing has
described some of the limitations in the
sub-engineering field. As a technique it
continues to improve. It's figure of merit
on the limiting resolution criterion of
Young is about 100nm which is a fsctor of
10 better than most methods and there are
signs that the technique could be usefully
employed to measure some of the mechanical

properties of the surface skin.

The stated object of this work is to define some limits
of stylus techniques applied to surface measurement.

In so doing the paper provides significant information
confirming the adequacy of stylus profilometry for

examination of the surfaces involved in grinding.
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Although it presents no results relating to grinding,
a paper by Fugelso and Wu (41) is included, primarily
because it describes an oscillating stylus system

outlined in the author's abstract as follows.

An improved oscillating surface profile
measuring device has been developed with
a large vertical range of measurement
combined with a small included angle of
the probe which enables very irregular
surfaces such as grinding wheels and
coated abrasives to be measured with a
high degree of accuracy. The digitally
controlled mechanism allows the stylus
to touch the specimen only at the points
of measurement elimineting dragging of

the stylus over the specimen.

A complete computerized data processing
setup has been built to facilitate the
use of the measuring device. The profile
height is sampled at constant intervals
along the profile with the data presented
in digital form., The data can be sent
either to a teletype or directly to a

computer for mathematical modelling.
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Some of the disadvantages of conventional profilometers

are stated in the introduction as follows.

Various commercially available profilometers

are being used to measure and characterize

the surface profiles. However, for the
irregular surfaces such as grinding wheels,
coated abrasives, etc these profile
measuring devices are found less useful
because of their limited vertical range,
inability to measure steep slopes due to
their 90° measuring points, and the output
in the form of continuously varying analog

voltage.

An oscillating stylus instrument was first
proposed by Stralkowski and reported in
reference (33) to measure the irregular
surfaces. That instrument had a high degree
of accuracy since the distortion of the
actual surface was elimineted by providing
15° measuring point. Besides, it had a
larger vertical range than the commercial
devices (i.e. 30mil oscillating stylus

vs 0.2mil commercial devices). However, the
stylus slides over the specimen pert of the
time and results in wear on the stylus and

damage to the specimen.
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The stated purpose of the paper is to present a

digital oscillating stylus device with the following

improvements:

(a) the ability to accommodate the large range of
surface heights (150pm);

(b) the elimination of bouncing and dragging of the
stylus thus avoiding damage to the specimen and

reduction of measurement errors;

(c) the collection of digitized data on paper tape
so that the data processing procedure is simplified.

A microscope stage 1s used to carry and position the
specimen under the stylus. A stepping motor turning
the leadscrew of one axis of the stage moves the
specimen. The stepping motor may be programmed so

as to adjust the sample interval from 8.8um to 14Opm.

The stylus moves perpendicular to the
specimen which is attached to the
microscope stage. The stylus is connected
to a metal rod held in two sleeve bearings
(Figure 7.2% ). The upper end of the rod
is connected to an LVDT1armature while the
lower end holds the needle that touches the
sample being measured. The LVDT output 1is

connected to an A/D (analog/digital) converter.

1, See reference (37).
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The stylus is moved up and down by a
solenoid. The solenoid is controlled by

a solid state relay that in turn is
controlled by logic signals from the
sequencer. When the solenoid is off, the
stylus is in the up position and clear of
the specimen enabling the specimen to be
moved without damaging the point.
Energizing the solenoid lowers the stylus
until it contacts the specimen being
measured. All the motion is stopped when
the height measurement is taken and punched
on paper tape. Since all motion is stopped
the wear on the point and damage to the

svecimen is minimized.

Figure 7.25 shows a block diagram of the system in
which many of the items shown as blocks are said to

be standard components.

One of the features distinguishing the device described
in this paper from it's forerunners is actuation of

the stylus by a signel controlled solenoid instead

of a motor driven cam. The cam operated instrument

said to have been proposed by Stralkowskl and described
in reférence (33) was used by Friedman, Wu and Suratker
up to 1974% (37) and the new system appears to

incorporate improvements made since that dzte.
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It is stated that the earlier (cam driven) and the
improved (solenoid actuated) instruments have vertical
range of 30pm and 150um respectively compared with
O0.2um for éommercial devices. As a basis of comparison
the figure of 0.2pm would appear to be either erroneus
or based upon some commercial device having a particularly
restricted range. If Talysurf 4 is taken as an example
of a profilometer ccmmercially available at the date
of this publication it's range (at the lowest magnific-
-ation) is 100pm.

Referring to the cam operated device (33) it is stated
that distortion was eliminated by the use of a 15°
measuring point. The included angle of the solenoid
operated stylus is svecified only to the extent that
it is less than 30 .

Figure 7,26 1s said to represent two traces taken
over the same place on a file. Considering the one
tooth profile shown in it's entirety and taking into
account the different horizontal and vertical sceles
it is seen that the apparent inclination of the front
of the tooth from the vertical is a little over 7 .
Assuming that the profile reproduces the cross section
of the tooth, the point of a symmetrical stylus
oscillating in the verticsl mode could follow this

surface only if 1it's included angle was 14" or less.
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The included angle of the stylus appears to have been

between 15  and 30° and since slopes exceeding the
stylus semi-angle and re-entrant features cannot be
seen (40) that part of the profile relating to the
front of the tooth cannot be a reproduction of it's
shape. A possible explanation is that the tooth face
was vertical or overhanging and that this part of
the profile derives from successive contacts between

the point of the file tooth and the flank of the
stylus.

The above comments reflect on presentation rather
than performance of the system., Clearly, the use of
a measuring stylus with a relatively small included
angle reduces distortion arising from stylus shape.
Also the repeatability of the profiles appears to
substantiate the claim that dragging and bouncing
of the stylus have been eliminated with evident

advantages for some types of surface examination.

An investigation of grinding wheel topography using
oscillating stylus profilometry is the subject of a
paper by Nassirpour and Wu (42) published in May 1979

and summarized as follows.

The grinding wheel topography is character-
-ized and analyzed as a stochastic isotropic
surface. An explicit procedure is given to

check the assumption of surface l1sotropy.



Geometric statistical properties such as
the number of active cutting points per
unit area, the ratio of real to apparent
area of contact, and the mean, root-mean-
square rake angle of ten grinding wheels
are calculated. Using the characteristiec
parameters as responses, the relative
contribution of the wheel grit size,
hardness, and structure of the total wheel
topography is quantified by factorial
design analysis. The procedure of character-
-ization is also applicable to other homo-

-geneous stochastic isotropic surfaces.

Referring to earlier work on the stochastic geometry
of coated abrasive surface, it is stated that the

conditions for surface isotropy correspond to having
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the values of height, slope, and curvature character-

-istics equal for five profiles of the surface in

five arbitrary directions.

It is further stated that characterization of an

isotropic random surface is complete if any one of

the following is known for a single profile: the

stochastic differential equation, the autocorrelation

function, the power spectrum, or the spectral moments.
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On the subject of surface characterization the paper

continues as follows.

However, more important and physically
meaningful characteristics of the surface
geometry can be obtained if we assume a
zero mean normal probability distribution
for the surface heights X(t,, t, ).

Figure 7.27 shows the principal geometric
properties of an isotropic random surface,
which include the asperity, summit, summit
curvature, summit contour, rake angle, and

wear land area.
The experiments are outlined as follows.

The topography of ten grinding wheels of
different grit sizes (G), hardness (H),
and structure (8) was measured. The grain
size varied from medium to fine (46-80-120),
the structure varied from dense to open
(8-12) and the hardness changed over a
small range of soft to hard (H-J). The
grinding wheels had aluminium oxide grains
and were vitrified bonded. All wheels were
d}essed by a single point diamond with
five passes of 5um at lmpm with no spark

out. Using the Digital Oscillating Stvlus
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Surface Profilometer, a two dimensional
profile along the cross section of each
wheel was obtained at a sampling interval
of 35.28 m. The profiles were normalized
(mean zero, variance one) before plotting.
The selection of the wheel characteristics
forms a 3x 2° factorial design (with two
missing points) with the grit size, hardness

and structure as independent variables.

The fourth order stochastic differential equation

sald to represent the grinding wheel surface profile

is given as follows.

3 3

QLX§EJ-+ a Qiﬁill + 02Q1§§£l + Q1QX1§l +a X(t) = 2(t)
dt dt dt dt

wﬁere Z(t) is the continuous white noise. The parameters

of this equation estimated by what is referred to as

the Dynamic Data System approach are tabulated. Unlike

earlier work the results of this study were said to

indicate the need for a fourth order model.

As expected, the grit size was found to be the most
important parameter in the study of grinding wheel

topography. All three spectral moments increased as
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nominal grain size decreases (the grain size increasesf’2.
In other words the variations of height, slope, and
curvature are higher for larger grain size. The density
of summits on the surface in units of area also follow
the same trend, showing that there are more maxima

for larger grains. In contrast, the number of asperities
per unit area or the number of active cutting edges

at a given level of penetration increased for smaller
grain size wheels. This illustrates why the surface

finish produced by finer grain wheels is smoother.
The experimental results are summarized as follows.

a. The variations of the height, slope, and

the curvature are higher for larger grains.

b. The number of active cutting edges per
unit area at a given level of penetration

is higher for smaller grailns.

1. i.e as the grain size number decreases the grain
size increases.

2. The profile spectral moments are designated m , m_,
m, . The first of these is the sample variance of

the surface profile X(t), while the second and third

are related to the first and to parameters of the

stochastic differential equation.
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¢c. The absolute mean value of the surface

rake angle is smaller for the larger grains.

d. The real area of contact is larger for

the smaller grains.

e. The wheel with higher hardness has smaller

height variance.

f. As the porosity increases, the height
variance, the negative rake angle, the
variance of the surface rake angle increase,
and the density of summits and the number

of active cutting edges decrease.

In this case it is the methods rather than the results
which are of particular interest. Information is
collected from grinding wheel surfaces by oscillating
stylus profilometry and the purpose of analysis is
to characterize these surfaces. The paper does not
examine surface texture or any other aspect of the
ground surface but the number of features described
as cutting edges was found to be higher for wheels of
smaller grit size and the inference is drawn that such
a wheel will produce a smoother surface. The work is
included in this survey primarily because it represents
an analysis of a number of grinding wheel surface

profiles by statistical methods.
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LITERATURE SURVEY SUMMARY

The search for information in the literature was
undertaken in the knowledge that standardized surface
texture parameters were inadequate to describe and
compare the surfaces involved in the grinding process.
It was therefore necessary to include, not only the
relevant literature of grinding, but also papers
dealing with surface measurement in related fields
which might contain methods and parameters applicable,

or capable of being adapted, to the grinding process.

Of the numerous publications examined a total of twenty-
-two, excluding Part 1 of this Thesis, are included in
the foregoing survey. These were selected on the basis
of their contributions to knowledge of the grinding
process with particular reference to those aspects of
the investigation mentioned in the preceding paragraph.
Papers on grinding relevant only to the extent of
containing conventionally expressed roughness data

for ground surfaces were omitted.

Ten of the papers surveyed in the preceding pages deal
with the texture and characterization of a variety of
surfaces and seven of these relate specifically to
ground surfaces. Nine of the papers consider grinding

wheel surface profile and four of these also deal with

the ground surface.
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Twelve papers contain results apparently obtained
from actual grinding operations but relatively few

of these take account of the effects of dressing and
wear of the grinding wheel. However, dressing is
considered by Masashi Harada and Akira Kobayashi (29),
Motoyoshi Hasegawa (32), Bhateja (35), Nassirpour and
Wu (42). Shinaishin (27) deals with wear of diamond
grinding wheels while the influence of both grinding
wheel wear and dressing on the ground surface is the
subject of the paper by Bhateja, Chisholm and Pattinson
(31).

Stylus profilometry appears to have been used for
some aspect of surface measurement in connection with
all except four of the papers, the exceptions being
Stralkowski, Wu and De Vor (26), Masashi Harada and
Akira Kobayashi (29), Thompson and Malkin (34), and
Zohdi (36).

Deutsch, Wu and Stralkowski (33) describe a profilometer
in which oscillation of the stylus is produced by means
of a motor driven cam. Application of this to grinding
wheel surfaces is dealt with by Deutsch and Wu (28).

A modified version of this profilometer was used by
Friedman, Wu and Suratkar (37) to examine coated

abrasive surfaces.
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Fugelso and Wu (41) deseribe an oscillating stylus
profilometer system with digital control, applied by
Nassirpour and Wu (42) to the measurement of grinding

wheel surfaces prepared by diamond dressing.

Statistical parameters have been extensively used for
the purpose of characterizing and describing surface

profiles, as follows.

Five papers, four of them by Peklenik (21), (22), (24),
(25), concentrate on autocorrelation functions and power
spectra. Peklenik also makes limited use of transfer
functions to relate the power spectrum representing

the profile of the ground surface with the spectrum

similarly representing the grinding wheel surface.

Five papers also introduce other parameters for surface
characterization, some of which are said to be new, as

follows.

Myers (20) specifies three profile characteristics
ineluding the first and second derivatives of the
arithmetical average roughness value. Williamson (23)
makes use of surface density, height distribution, and
mean radius of curvature of asperities. Peklenik (25)

introduces slope variance as a parameter for surface
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characterization. Stralkowskl, Wu and De Vor (26)
state that grinding wheel profiles are fairly well
represented by second-order autoregressive models.
Bhateja, Chisholm, and Pattinson (31) use bearing area

curves for the same purpose in addition to cumulative

height distributions.

The foregoing analysis indicates the number of contribut-
-ions found in the literature relating to particular
aspects of the current investigation. Very few papers
were found dealing with both workpiece and grinding
wheel surfaces and their relationship. Next in order

of scarcity were works which contained results from
actual grinding operations taking account of the effects

of dressing and wear of the grinding wheel.

Stylus profilometry applied to the ground surface and
that of the grinding wheel features extensively in the
literature and it is evident that a concensus of
opinion exists with regard to its usefulness and
potential. Oscillating stylus profilometry was
demonstrated to be superior in its ability to explore
areas of the abrasive grit inaccessible to the tip of
the stylus of larger included angle used in more

conventional profilometers.
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Statistical methods were found to be widely used for
analysis of surface profiles. Of the statistical
parameters, power spectral density was favoured by
relatively few authors. However, the only meaningful
result found in the literature representing the
relationship between the profiles of workpiece and
grinding wheel, is a transfer function connecting
power spectra derived from two such profiles (21).
Despite the evident potential of such transfer funections,
the author (Peklenik) does not appear to favour power
spectral density for surface characterization and
indicates a preference in this and other papers for

methods based upon gutocorrelation.

The system used by Peklenik to classify autocorrelograms
representing surface profiles (24), (25) are somewhat
complex but the author clearly states an opinion to the
effect that these functions are indispensable. Power
spectra are not however abandoned although of these it
is stated that computation takes too long and interpret-

—ation of the resulting curves may present difficulty.

Neither of these objections appear to be fully justified
or explained. No details of methods and duration of
computation are given and, in the absence of this
ijnformation, it is not clear why the time taken to

compute and plot power spectral density should be
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excessive compared with that required for autocorrelation
coefficients. Using the fast Fourier transform spectral
densities can be calculated very rapidly and it is probably
now quicker to calculate autocorrelations from spectral
densities, rather than to calculate them directly. Also
the power spectrum provides estimates of the contribution
to surface profile made by various frequencies - a concept
which appears easier to interpret than surface profile
classification on the basis of correlation length and

wavelength of the autocorrelogram.

A few obscurities affect certain of the expressions
contained in Peklenik's papers. For example the same
notation has been used when referring to the true auto-
-correlogram and its estimate. Attention has been drawn

to minor errors by means of footnotes.

The need to relate the texture of the ground surface
with the profile of the grinding wheel in quantitative
terms was regarded as being of primary importance when
work for Part 1 of this Thesis was undertaken.
Reproduction on the workpiece of a pattern related to
helical grooves produced on the grinding wheel by
relatively coarse single point diamond dressing and
depending on the kinamatics of the process formed the
subject of a paper by Appun (1). Subsequent work was
carried out in the belief that reproduction of such
geometric features was not a fundamental aspect of

the surface roughness capability of the grinding
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process. On the other hand, fine dressing producing

no detectable grooves, and the effects of grinding

wheel wear, were of considerable importance in determining
the surface texture of the workpiece. Part 1 experimental
results to some extent confirmed this impression and

the point is mentioned merely to emphasise that 23 years
elapsed between publication of the work by Appun and
appearance of one of the most significant contributions

exploring this relationship by Peklenik (21).

About half the papers included in this survey contain
results obtained from actual grinding operations and
half of these consider the effects of dressing and wear
of the grinding wheel: a surprisingly small proportion
in view of the very considerable influence that surface
condition of the grinding wheel has on the surface

texture of the workpiece.

The emphasis on stylus profilometry found in the
literature and the quality of results obtainable

served to indicate that this technique combined with
statistical analysis and comparison of profilograms
represented promising avenues for further investigation

of the grinding wheel/workpiece surface relationship.

Reference has already been made to the capabilities
if oscillating stylus profilometry. However, those
areas of the abrasive grit interacting with the ground

surface were considered to be sufficiently accescsible
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to a stylus of the larger included angle associated
with conventional stylus profilometry to satisfy the
needs of an investigation of which the primary purpose
was to compare, and if possible relate, the active

surface of the grinding wheel with that of the workpiece.

The profile of individual grits and the effects of
dressing and wear on this profile represent factors
to be considered in relation to the surface texture
produced. The study of the active surface of an
individual grit at different stages of dressing
and/or wear during the grinding process requires
(a) that it can be identified for examination at
different stages, (b) that having been identified

it is accessible for measurement and inspection.

Information on single grit grinding was found in
papers included in the Literature Survey relating
to Part 1 (13), (15), concerned primarily with the

mechanisms of metal removal and breakdown of the grit.

Experiments on grinding with a single grit are obviously
well adapted to re-examination of the grit. Clearly,
for the purpose of studying surface profile relation-
-ships repeated access to the grits is facilitated by
individual mounting. If a number of grits can be
individually mounted in a composite grinding wheel

this may be more appropriate to a study of surface

texture than grinding using, literally, a single grit.
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These ideas, originating from some of the earlier
literature examined, represent the basis for design
and construction of the composite grinding wheel

described in Chapter 8.

On the basis of this study of the literature and
experience gained from the work of Part 1, the author
formed the opinion that considerable effort should be
devoted to further experimental work using ordinary
bonded grinding wheels in conventional grinding
operations. It was also clear that the resulting
surface profiles should be reproduced by stylus
profilometry and that statistical analysis of these
profiles would be necessary. With regard to the
statistical methods to be used, there was evidence
that power spectra had certain potentialities which
appeared to be lacking in alternative statistical
parameters. There were also indications that power
spectra had not been sufficiently tested in the context

of surface profile characterization and comparison.
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CHAPTER 8. A COMPOSITE GRINDING WHEEL USING

SINGLE CRYSTALS OF NATURAL CORUNDUM

The object of this part of the investigation was to
carry out surface grinding operations using single
abrasive grits so as to facilitate examination at
different stages of their working life. If the

abrasive grits are sufficiently large their individual
identification during the process presents no difficulty
and the possibility can be envisaged of studying the
wear process of such grits and the development of the
corresponding ground surface during extended periods

of grinding.
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Design of the composite grinding wheel was influenced

by several ideas including the following.

Experiments on grinding with single grits were known

to have been previously used as indicated in the
Literature Survey. However, for the purpose of studying
surface relationships it is clearly expedient to provide
an adequate number of grit surfaces for examination

and therefore advantageous to grind simultaneously with
a number of differently orientated but independently
mounted grits rather than with a single grit.

Segmental grinding wheels comprising moulded blocks of
bonded abrasive mounted in some form of carrier were
known to be used for certain grinding operations where
bonded grinding wheels are unsuitable. However, in

such wheels the abrasive segments can be bonded to the
carrier and in the experiments proposed it was desirable
that abrasive grits should be removable from the

composite grinding wheel and, if possible, replaceable.

It was also envisaged that the individual grits should
preferably be single crystals and that the surfaces of
these grits should be examined by stylus profilometry

and scanning electron microscopy.
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The surface grinding machine to be used was designed

to take 7 inch diameter by % inch face width bonded
grinding wheels mounted on an arbor. Overall dimensions
of the proposed composite grinding wheel had therefore

to be related to these dimensions.

Profilometry could be applied to the surfaces of grits
without removal from a composite wheel of the nominal
dimensions indicated but the overall size of the
proposed unit greatly exceeded the workstage capacity
of the scanning electron microscope. If grits were to
be examined by electron microscopy they had to be
removable as units of size and shape adapted to the

capacity of this workstage.

Details are given of the design, methods, and materials
used in attempting to meet the requirements which have
been outlined. Some results, mainly in the form of
electron micrographs representing grit surfaces are
included but these may have been adversely affected by
problems encountered in reconciling the secure holding
of grits during dressing and grinding with the facility
for removal of mounted grits for micrographic

examination.
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At this stage, work on profilometry of bonded grinding
wheels and statistical analysis of the profiles of
these and the corresponding ground surfaces had reached
a promising stage. This alternative work now appeared
likely to provide guantitative results representing
grinding wheel surfaces and ground surfaces, possibly
throwing some light on the relationships between them.
This represented the central purpose of the investigation
and therefore work in this area was given priority.
Material contained in this chapter is included primarily
because, subject to improvements, the composite grinding
wheel is believed to represent a potentially useful
tool for investigating the behaviour of individuzl
grits, and possibly segments of bonded abrasive in a

more general context of the mechanics of grinding.

In view of its widespread use it was decided to
concentrate upon aluminium oxide abrasive. Enquiries
relating to synthetic aluminium oxide abrasive revealed
that the forms of supply widely used for the manufacture
of bonded grinding wheels were not particularly suitable
for the work proposed. The largest commercially
available grit size was No 8 which, to a first
approximation, has an average grit diameter rather

less than 3 mm. The only alternative form was to be
found in manifestly polycrystalline and very porous
lumps of material as produced in the electric furnace

(Figures 8.1 and 8.2).
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Fig 8.2 White synthetic aluminium abrasive
(another view of the lump shown in Fig 8.1 )
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The possibility of using some natural form of aluminium
oxide was next considered and, with this in mind, samples
of fused bauxite were obtained. This material was in
the form of irregular pieces of crushed rock having a
mean diameter around 25 mm. On the basis of visval
examination and some specialized advice it was concluded
that the structure contained corundum crystals of about
2 mm diameter in a matrix of feldspar, the latter being
a softer and tougher material which would undercut if

pleces of this material were used for grinding.

Natural corundum in the form of single crystals was
eventually obtained from a specialist supplier of
mineralogical specimens. Most of the crystals selected,
some of which are shown approximately full size in

Fig 8.3, were in the form of steep sided columns of

hexagonal cross-section.

With the object of using this material as a grinding
abrasive it was decided to cut these crystals into

pleces of suitable size and to mount these in a composite
grinding wheel. Fig 8.4 shows such a cutting operation
using an ISOMET low speed saw in which the cutting blade

is a thin diamond-impregnated metal disc. In operation
this disc is applied to the workpiece with a very small
controlled force and, operating at a speed of approximately
60 rev/min, transverse cutting of each crystal occupied

about 15 minutes.



Fig 8.3 Single crystals of natural corundum
(approx. 4 natural size)

2Lk
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Fig 8.4 Diamond sawing a natural corundum crystal
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Fig 8.5 shows the composite grinding wheel assembled

and mounted on an arbor of the type normally used with

a bonded grinding wheel. This composite wheel comprises
two similar components as shown in Fig 8.6 together with
a set of steel spacers. This assembly is seen, partly
dismantled in Fig 8.7. Fig 8.8 shows a stage in
dividing a previously turned steel ring into spacers

by means of a milling operation while Fig 8.9 shows a

set of spacers nearing completion.

The circular assembly formed by these elements together
with the arbor provides a series of recesses of dovetail
form at the periphery. 1Into these recesses pieces of
corundum crystal were inserted at selected orientations
and the intervening space was filled with a proprietary
mixture of polyester resin and filler material. This
material, after hardening, secured each grit in a matrix
housed in the corresponding recess of the composite
grinding wheel from which it was possible to remove

them for subsequent examination as shown in Fig 8.10.

Well-developed crystals with a minimum of taper had
been selected and cut into pieces of convenient size

for insertion into the recesses of the composite wheel.
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Fig 8,5 The composite grinding wheel and arbor
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Fig 8.7

Composite grinding wheel dismantled



Fig 8.8 A stage in producing mild steel spacers for use
in the composite grinding wheel
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Fig 8.9 Partly completed mild steel spacers for use in
the composite grinding wheel



252

Fig 8.10 Embedded single-crystal corundum grits after
removal from the composite grinding wheel
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These were embedded in the matrix material in three
different orientations. This was done by drawing
pencil lines on crystal surfaces in the directions
indicated by Fig 8.11 and positioning these lines
approximately tangential to the periphery of the
composite grinding wheel.

Spacers were arranged in the composite wheel so as to
provide a total of fifteen recesses for the reception
of individual grits. Each recess was coated with a
silicone o0il mould release agent and then partly filled
with the prepared synthetic resin, filler, and hardener
mixture} A piece of corundum crystal, held with forceps,
was immediately pressed into the soft material to a
depth determined by a simple height gauge so as to
protrude above the periphery of the aluminium discs by
about 1.5 mm. The embedding medium having set to a
gelatinous condition excess material was trimmed away

and any voids were filled with additional freshly mixed
medium (Fig 8.12).

1. Plastic Padding - hard grade



25

Db
’/
/
a e
C - 1d
f

Fig 8.11 Isometric sketch representing
part of a natural ecorundum crystal
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Fig 8.10 Composite grinding wheel assembled with arbor
and mounted on balancing mandrel showing the method of
labelling single crystal corundum grits
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On completion of these operations and curing at room
temperature of the embedding medium, the composite
grinding wheel was mounted on the spindle of the
surface grinder and the grits were dressed using a
single-point diamond dresser in exactly the same manner

as for a bonded grinding wheel.

Dressing was continued until the minimum of material
had been removed from the crystals consistent with
producing on each one a dressed surface lying in a

common cylindrical envelope (Figs 8.13 and 8.14%).

Before this result had been achieved for all fifteen
grits it was noticed that two of the embedded grits

and their matrices were loose in their recesses and
dressing had to be discontinued for this reason.

This loosening was attributed to shrinkage of the
embedding medium during and/or after curing and by
careful measurement of recesses and blocks of matrix
material subsequent to their removal from the composite
wheel this shrinkage was found to be about eight per

cent.

By partial dismantling and the introduction of paper
shims it was found practicable to hold the embedded
grits firmly enough to permit of satisfactory dressing.
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Fig 8.13 Composite grinding wheel and arbor showing
single corundum crystals after the dressing and grinding
operations
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Fig 8.1% Composite grinding wheel assembled with arbor
and mounted on balancing mandrel
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At a later stage when attempts were made to grind the
surface of a steel test specimen with the composite
grinding wheel it was found that the larger forces
associated with grinding displaced the blocks of
matrix material within their recesses and grinding
had to be discontinued at a relatively early stage

with little workpiece material having been removed.

The design of the composite grinding wheel was intended
to provide removable single grinding grits suitably
mounted in & matrix of such overall size and shape

as to facilitate examination by profilometry and
scanning electron microscopy. Profilometry could

have been applied to grit surfaces in situ but it was
more convenient to remove specimens from the composite
wheel for this purpose. The overall dimensions of the
composite wheel assembly were far in excess of the
workstage capacity of the scanning electron microscope
and removal of specimens from the wheel for examination

in the microscope was essential.

Removal of some specimens from the wheel was difficult
by reason of adhesion between the embedding material
and the internal surfaces of recesses. Various types

of synthetic resin based media and silicone release
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agents were tried but neither the problem of shrinkage

on the one hand, nor that of selecting and distributing

a release agent on the other, were completely overcome.
However, by removing specimens at different stages, a
total of six representative grit specimens were eventually

obtained.

Three of these specimens were in the newly-dressed
condition, a total of about O.4 mm having been removed
in increments of about 0.008 mm by dressing, and were
representative of the three'specified crystal orientations.
The other three were also representative of the three
orientations but had been used to plunge grind a steel
plate for about ten minutes, removing workpiece material

to a depth of approximately 0.05 mm in the process.

Profilograms were produced from the surfaces of these
specimens and from the ground surface. A series of
photographs representing grit surfaces were also obtained

using the Stereoscan scanning electron microscope.

Profilograms were conveniently obtained from these large
grit surfaces but were not subjected to any form of
analysis because it was thought that the profiles of

grit and workpiece surfaces may have been affected by
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rovement of matrices within the composite wheel. Some

of the scanning electron micrographs are however included

as follows.

Fig 8.15 shows the diamond dressed surface of one of

the natural corundum grits at a low magnification of x 26,
The leading edge of the grit surface occupies the lower
part of the print area while the upper part shows the
embedding medium. Three sides of the hexagonal crystal
are clearly seen in this photograph and the orientation,
described as radial, is self evident from this. Fig 8.16
is an oblique view of the same area at much higher
magnification (x620) while Fig 8.17 shows the trailing
edge at the somewhat lower but still relatively high
magnification of x530.

Figs 8.18 and 8.19 show, respectively, the leading and
trailing edges of a grit in axial orientation, which
means that the axis of the hexagonal pyramid from which
the grit was cut lay parallel with the axis of the
grinding wheel.

The single point diamond dressing tool was used in the
orientation recommended for dressing a bonded grinding

wheel. That is dressing was effected by presenting a



Fig 8.15 Leading edge of a natural corundum
single crystal grit after diamond dressing
Radial crystal orientation. Msgnification x26

Note. The dressed surface occupies the lower part
of the print and the area sbove represents the
mounting medium

Direction of motion relative to the

dressing diamond




Direction of motion of grit relative to

the dressing dlamond

Fig 8.16 Leading edge of a naturel corundum
single-crystal grinding grit after diamond dressing
Radial crystal orientation. Magnification x620
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Fig 8,17 Trailing edge of a natural corundum
single-crystal grinding grit after diamend dressing
Radial crystal orientation. Megnification x530

Direction of motion of the grit relative to

2

P

the dressing diamond



Fig 8.18 Leading edge of a natural corundum
single-crystal grinding grit after diamond dressing
Axisl crystal orientation. Magnification x550

Fig 8.19 Trailing edge of grit as above
Magnification x 600

265

Direction of motion relative to dressing diamond
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nominally flat surface of the diamond to the abrasive
grit surface. The absence of any visible scoring of
the grit surfaces by the diamond and the general
appearance of these surfaces to some extent confirms
that such dressing must, in this case at least, have
taken place entirely by the detachment of small chips
from the grit surface leaving asperities distributed

over the whole area.

Fig 8.20 shows the surface of a grit in radial orientation
(x20) subjected to wear by grinding a steel surface and
may usefully be compared with Fig 8.15. The general
flattening of the surface is clearly apparent and one

or two fragments of what appears to be swarf are visible.
At higher magnifications (Figs 8.21 and 8.22) this
flattened but still fairly rough surface is seen to

be confined to the leading edge of the grit.

Figs 8.23, 8.2%, and 8.25 represent a comparable set of
results to the preceding but obtained from a grit in
axial orientation. In these the surface smoothing
effect of a similar amount of wear is less apparent

than in Figs 8.20, 8.21, and 8.22.
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Direction of motion of the grit relative

to the workpiece or dressing diamond

Fig 8.20 Natural corundum single-crystal
grinding grit worn by grinding a steel surface
Leading edge. Radial crystal orientation
Magnificatlion x20
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Fig 8.21 Natural corundum single-crystal
grinding grit worn by grinding a steel
surface. Leading edge. Radial crystal
orientation. Magnification x500

Direction of motion relative to
the workplece or dressing diamond

Fig 8.22 Grit as above. Trailing edge
Magnification x640
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&

Direction of motion relative to workpiece

or dressing diamond

Fig 8.23 Natural corundum single-crystal grinding
grit surface worn by grinding steel. Leading edge.
Axial crystal orientation. Magnification x60
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Fig 8.24 Natural corundum single-crystal grinding
grit worn by grinding steel. Leading edge.
Axial crystal orientation. Magnification x590

e

Direction of motion relative to workplece

or dressing diamond

Fig 8.25 Grit surface as above. Trailing edge
Magnification x 650
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The extent and quality of the results obtained at this
stage from work with single ecrystals of natural corundum
were adversely affected by difficulties relating to
the secure holding of embedded grits in the composite
grinding wheel and subsequent extraction of specimens
for examination. While it seemed probably that these
difficulties might eventually be overcome, other
aspects of the investigation appeared more likely to
provide useful quantitative results from bonded
grinding wheels and the surfaces ground by such wheels.
Work with the composite grinding wheel was therefore
discontinued in order to concentrate on profile
analysis of bonded grinding wheels and corresponding

ground surfaces.
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CHAPTER 9. DEVELOPMENT OF SURFACE PROFILE ANALYSIS

Information obtained from the literature provided
encouragement to proceed with analysis of surface
profiles using statistical parameters including power
spectral density. Experience gained in experimental
work for Part 1 of this thesis indicated stylus
profilometry as an appropriate technique for collecting
information from the surfaces of grinding wheels and
the corresponding ground surfaces. This view was also

supported by the literature.

Vork outlined in this chapter includes the acquisition
of programs for computation of the statistical parameters
and the adaptation of a device last used in connection
with profilometry applied to a static grinding wheel

in Part 1, to facilitate controlled rotation of a
grinding wheel during collection of profile data

from its surface. This work proceeded concurrently

with other aspects of the investigation some of which

are detailed in the preceding chapter.
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Chapters 9 and 10 together represent a continuous
progression of work on surface profile analysis
extending over a considerable period of time and
separated into two chapters for convenient present-
-ation. 1In Chapter 9 profile data were collected by
visual inspection of profilograms, which effectively
limited profile sample size in terms of the number
of ordinates it was feasible to measure and record
in this way. A number of power spectra and other
statistical parameters were computed and plotted

from such samples.

These power spectra were more complex than those
found in the literature representing comparable
surfaces. Also spectra representing the profiles

of virtually identical surfaces differed considerably
one from another. Each profile sample contained 100
ordinates and the erratic nature of the results cast
doubt on the ability of these samples to represent

the surfaces concerned.

Inspection of those samples taken from grinding
wheel profiles showed a high proportion of zeros
corresponding with voids in the wheel surface and

a very small total number of finite numerical values.
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Clearly such a sample contained very little information
relating to actual grit profiles and was probably

quite inadequate to reliably represent the overall
surface profile of a grinding wheel. Power spectra
representing ground surfaces also provided some

indication that samples may have been unrepresentative.

On the assumption that inadequate sample size may
have been primarily responsible for the erratic
results so far obtained in terms of power spectral
density it was evidently necessary to determine the

influence of increased sample size.

In order to collect profile samples containing a

number of ordinates substantially in excess of 100

it was obviously desirable to devise means for automatic
collection and storage of these data. The apparatus

and methods used to facilitate this work are detailed

in Chapter 10. In the event, sample size was increased
in stages until finally samples of 1000 ordinates

were regularly used for computation of power spectral
density. These samples approached the maximum storage
capacity of one of the items of apparatus used, namely

the transient recorder.
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Results in the form of power spectra presented in

Chapter 10 show much improved smoothness and repeat-
-ability. Also, for the first time in this investigation,
transfer functions are plotted with the object of
relating spectra representing ground surface and

grinding wheel profiles.

Evidence for the isotropy of grinding wheel surfaces
after fine dressing and some wear was already available
(30) and tracing the circumferential profile had been
found the most convenient method for producing profilo-
-grams sufficiently representative of grinding wheel
surfaces. However, these circumferential profiles
were obtained using standard Talysurf equipment and
accessories. It was possible to set one of these
accessories, known as the "2 inch to infinity radius
datum element" (30) to match the curve of the grinding
wheel surface but the tedious and delicate setting
operations rendered this a slow and somewhat unsatis-
-factory procedure compared with the simplicity of
producing a profilogram from the corresponding ground

surface.
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If profilometry was to be effectively applied to both
ground surface and grinding wheel it was clearly
necessary to devise improved and simplified methods
for application to the latter.

Equipment for supporting a mounted grinding wheel on
the Talysurf worktable already existed (Fig 4.5) and
preliminary trials in which the pick-up was kept
stationary (i.e. not traversed) with the skid resting
on the curved surface of the grinding wheel, while the
latter was slowly rotated, suggested that profilograms
might be produced in this mode by controlled rotation

of the grinding wheel.

The possibility of using roundness test equipment for
the purpose outlined above was also considered. This
had the evident advantage of providing for full
circumferential profile measurement of cylindrical
workpieces. However the available OMT equipment used
sapphire stylii of larger tip radius than those designed
for surface texture profilometry, while its capacity

in terms of workpiece diameter was restricted to a

maximum of six inches.
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The practical problems of adapting roundness test
equipment to profile measurement of the seven inch
diameter grinding wheels then in use did not appear
insuperable, but had these been overcome, the grinding
wheel profile would have been represented by a polar
graph and the ground surface by the usual profilogram
in rectangular coordinates. Also surface texture
profilometry required specific and different scales

of magnification in directions normal to and parallel
with the surfacej; the latter magnification having

little relevance to roundness measurement.

Talysurf profilograms of the ground workpiece could be
produced at a wide range of magnifications (x500 to
x100000) normal to the surface and at magnificastions

of x20 and x100 parallel with the surface. A range of
magnifications normal to the surface up to x5000 was
available on the OMT roundness eguipment, but the
magnification in the circumferential direction was
obviously determined by the ratio between the nominal
radii of polar graph and grinding wheel. In this case
that ratio was around 1l:1 and therefore quite insufficient
to resolve fine surface detail; even supposing that the
use of a stylus with the necessarily small tip radius

had been found practicable. It was therefore decided
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that profilometry of the grinding wheel surface should
be based upon adaptation of surface texture egquipment
rather than roundness test machines.1 For this purpose
it was decided to construct a device providing for slow

controlled rotation of a grinding wheel.

In order to obtain the profilograms used in Part 1 of

this thesis each grinding wheel together with an aluminium
disc was mounted on the arbor of the surface grinder used
in producing the ground surfaces. This sub-assembly was
then mounted upon a standard balancing mandrel and the
assembly so produced was supported by resting the mandrel
in the vees of a fixture designed and made for use with

Talysurf 3. The arrangement can be seen in Fig 4.5,

1. At a later stage of the investigation Rotary Talysurf
equipment with which surface texture profilograms could
be produced using a pick-up traversed by swinging in a
long arc about the centre of the workpiece became
available. Once again seven inch diameter grinding
wheels were beyond the capacity of this machine. Also

by this time profilograms had been successfully produced
from such wheels using apparatus described in the

subsequent text.
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This fixture was now converted into a device for slow
controlled rotation of the grinding wheel and arbor
assembly. The power unit selected for this purpose was
a small synchronous clock motor arranged to drive the
mandrel so as to rotate the grinding wheel at one
revolution per hour. On the basis of this rotational
speed, nominal grinding wheel diameter of seven inches,
and graph recorder paper speed of twelve inches per
minute, profilograms could be produced at a magnification
tangential to the grinding wheel surfsce of x32.74.

The corresponding scale used for ground surface
profilograms was x100 and to facilitate later
calculations relating the surfaces of grinding wheel
and workpiece 32.74 was eventually taken as one-third
of 100, the error introduced by so doing being about

1.6 per cent.

At this stage the device described was transferred from
Talysurf 3 to a newly available Talysurf 4, the latter

being used for all subsequent work.

For trial purposes a prepared 80 grit grinding wheel
and aluminium setting disc were set up on the arbor and
mandrel. A profilogram was first produced from the
highly finished diamond turned setting disc at a

magnification normal to its surface of x20000.
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The recorder pen produced a well centred profilogram

from this surface with no evidence of drift or instability.

A profilogram was next produced from the adjacent
grinding wheel surface at a normal magnification of
x1000 on which the individual grits were represented

as sharply defined peaks with steep sides. Some of
these were sharply pointed but a fairly large proportion
of flattened tops were recorded in the upper levels, as
might be anticipated from the surface of a grinding
wheel which had been subjected to a dressing operation
and some wear. The general appearance of the profilogram
(Fig 9.3) suggested that the use of normal magnification
significantly greater than x1000 would probably be
disadvantageous because some lower levels would tend to
disappear and the total information contained in a

profilogram of given length would be reduced.

On the basis that profilometry would play a significant
part in the investigation some thought was given to
parameters for use in the analysis and compzarison of
surface profilograms. Chapter 7 contained clear
indications that the most promising methods of analysis

were to be found amongst certain statistical parameters.
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Specialist advice was sought at this stage with the
primary purpose of obtaining further information on
autocorrelation, power spectra, and possibly other
parameters which might be applicable to surface
characterization and comparison. Certain basic facts

including the following emerged from these discussions.

Autocorrelation refers to the correlation between two
sample points on a given profile at a specified 'lag'
interval. Two points on the same profile close together
will always have a high correlation and, if they are
coincident, the correlation will be unity. From this

it follows that the autocorrelation curve representing
any surface profile will always start at unity. If the
autocorrelation curve falls rapidly and becomes negative
(possibly approaching -1) this indicates strong negative
correlation, that is deviation on opposite sides of the

mean of similar magnitude.

The power spectrum represents the Fourier transform of
the autocorrelation curve and serves clearly to indicate
those frequency bands which predominate. If the power
spectrum is substantially constant this indicates that
all frequencies found in the surface profile are equally

represented.
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With regard to the application of autocorrelation the

following ideas emerged from the discussions.

(1) Some form of aid to calculation would be necessary
and the computer programming required in order to produce

autocorrelograms would be relatively simple.

(ii) Correlation is not to be expected between separate
sections of profilogram - there must be a continuous
record. Any attempt to correlate must therefore be
confined to the length of strictly continuous profilogram
available.

(1ii) At least 50 lag intervals should be included in

each computation.

The fact that an autocorrelogram must be computed from
a continuous record indicated the need for profilograms
of considerably greater length than had previously been
obtainable. This led to the construction of the device
already described by means of which a profilogram of
virtually unlimited length can be obtained from the

surface of a rotating grinding wheel.
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The following expression defines what is called sample

autocovariance
1 N-T
¢t =TT Zyiyi-n
i=1

where ¥, = y; =¥y Yy = Vi4qr - 7

and Y is the ordinate of a point on the profile, Y14t
is another ordinate separated from the first by a

number of lag intervalsT and N - 1 is the number of pairs
of such values. The above expression facilitates
calculation of a series of autocorrelation coefficients

for example
C

= = ete.
C
0

and these when plotted serve to define the autocorrelogram.
This method can be used to obtain the autocorrelogram
representing a continuous profile such as that of a

ground surface.

The profilogram representing a grinding wheel surface is
discontinuous in the sense that there are gaps in the
record corresponding to the voids between grits. For
the purpose of computing points defining an autocorrel-
-ogram such a discontinuous profile is open to the

objection that it may not represent the record of a
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statlonary process. Certainly the voids influence the
computed result because an ordinate within a gap mayv be
taken as zero and will affect the computed result

accordingly.

As a means of overcoming this apparent anomaly it was
proposed that any pair of values corresponding with a
gap 1n the record should not be used in calculating a
correlation coefficient. That is, such sample auto-
-covariances would be omitted and the denominator

adjusted accordingly.1

In order to obtain practical experience of the computation
of points defining an autocorrelogram, a set of trial
calculations were carried out using a manually operated
electronic calculator. The data were taken from
published work (Theory of Statisties, Yule and Kendall

p 640) and a series of eight correlation coefficients
were calculated and plotted. Satisfsctory agreement

with the published results was obtained but the amount

1. This proposal was implemented during programming

but its use was abandoned at a later stage.
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of work involved in the exercise confirmed that the use
of a computer would be essential if any significant use

was to be made of autocorrelograms and/or power spectra.

STATMAT programs for autocorrelation

The first step towards making use of computer facilities
to obtain autocorrelograms was taken when reference was
made to a descriptive program index available at Brunel
University Computer Centre. This listed several
'packages' including one called STATMAT which provided

for computation of correlation coefficients.

Data were collected by visual inspectlon of three
profilograms each representing the same grinding wheel
surface. Table 9.1 shows one such set of data in which
a zero entry for 'y' may be taken to represent a gap in
the record characteristic of the grinding wheel profile
at a point corresponding with a void between grits.
Fortran ststament cards were prepared from these data
and submitted for running on the London University

CDC 7600 Computer via Brunel University Computer Centre.



Table 9.1

-0 1
12.0 12.5
9 10
0 0
18 19

2

4,0

11
0
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0 6.0 1C.5

27 28
0 1.5
36 37
l1c.5 8.5
45 46
0 0
54 55
10.0 9.5
63 €4
0 0
72 73

56
1.0

65
0
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3.0 11.0 15.0

81 82
0 0
90

0

83
0

3 L 5
1€.0 17.5 3.0
12 13 14
11.0 18.0 4.0
21 22 23

12.0 14.0 18.5

30
10.0

39
0

48
0

57
0

66
0

75

(@

31 32
1.0 O
40 41
0 0
49 50
8.0 4,0
58 59
0 0
67 68

6 7
0 0
15 16
0 0
ol 25
8.0 2.0
33 34
6.0 11.0
42 43
0 0
51 52
2.0 3.0
60 61
0 0
69 70

6.0 10.0 1€.0 11l.0

76 77
0 3.5
85 86
0.5 1.0

y in units of 0.0001 inch
x intervals 0.00207 inch

78 79
4.5 1.0
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1.0 O
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Coordinates defining the profile of a worn
80 grit grinding wheel. Sample of 90 ordinates
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Preparation and submission of data on the lines indicated
was repeated several times over a period of about one
month during which the only responses obtained from the
computer having relevance to the computation related to
editing. On completion of editing a response was
received to the effect that files had been 'corrupted!
and this statement was interpreted as indicating that
results were unlikely to be obtained from the package

currently in use.

A considerable amount of time had been devoted to
collection of data and preparation of Fortran cards
leading to no positive results. Suggestions were
obtained regarding the availability of alternative
statistical program packages on the same computer but
the slow and tedious data preparation coupled with

the difficulty previously experienced in interpreting
information fed back from the computer served to
discourage further work on these lines and no progress
in statistical investigation was made for about one year.
However, work was eventually resumed on somewhat

different lines as follows.
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MACJO Programs

The avallability of a Prime 300 Computer at Willesden
College of Technology led to discussions with colleagues
which resulted in a series of seven programs 5eing
written in Basic language. These were identified by

the combined initials of two of the participants

(see acknowledgements) as follows.

Program Statistical Parameter
MACJO1 Autocorrelation (1)
MACJ02 Autocorrelation (2)
MACJO4 Power Spectral Density
MCJO4+H Power Spectral Density
MACJO5 Cross Correlation
MACJ06 Cross Spectral Density
MACJO? Cross Coherency Spectra

Those programs relating to autocorrelation and power
spectra were written with their known potential for
surface profile characterization in mind. MACJOl and
MACJO4 included in the computation the effect of gaps
in the input data: that is, zero ordinates on the
profilogram corresponding with voids in a grinding
wheel surface. MACJ02 and MCJO4H were designed to
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eliminate the effect of such gaps by the methods
previously indicated.

The remaining programs were written in the belief that
they might be useful for comparing surfaces as, for

example, the profiles of grinding wheel and workpiece.

The validity of programs was tested by using them to
process data leading some predictable result. An example
of a set of test data is given in Table 9.2 Appendix 9
which contains 100 values of Sin 6 at angular interwvals
of‘g arranged in 12 columns and 9 lines with line address
codes. These data were used in the knowledge that the
autocorrelation function of a sine wave is a periodic
function of amplitude 2 (upper and lower limits +1 and -1)

having the same frequency as the input signal.

Such tests applied to the autocorrelation programs MACJO1
and MACJ02 yielded the anticipated results. Programs
MACJO4 and MCJO4H for power spectral density representing
the Fourier transforms of the autocorrelation programs
may be regarded as indirectly subject to the same tests.
Similar remarks apply to cross correlation (MACJ05) and

cross spectral density (MACJ06) respectively.
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Sets of matched data intended for comparison of the
surfaces of grit and workpiece were collected. Each of
these sets comprised two arrays of 100 ordinates obtained
by visual inspection of profilograms. An example of such
real data is reproduced in Table 9.3 Appendix 9. Lines
1000 to 1160 contain ordinates representing the input
surface and lines 1500 to 1660 the output. Input and
output in this context refer to surfaces it was hoped

to compare: typically those of grinding wheel and ground
workpiece respectively. The format of these tables was
designed to suit the data filing layout adopted for
Programs MACJOl to MACJO?7. This tabulation of ordinates
into six columns was consistently used@ for all subsequent

work with the specified programs.

The next step was transfer of tabulated data to punched
paper tape by manual operation of a Teletype machine.
Rather more than 30 tapes representing individual
surfaces and combinations of two surfaces were produced
in this way and, during a period of several months, a
total approaching 100 computer outputs representing

real surfaces were obtained.

Each output consisted of a graph defining the function

three of which are reproduced in Appendix 9 as Figs 2.21
9.32 and 9.33.
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These graphs served to indicate the general shape of
functions but were of little use for purposes of
comparison having been plotted at a scale such that
the maximum ordinate is represented by five inches in

every case: the maximum available paper width.

In order to facilitate comparisons it was necessary

to re-plot the tabulated values at suitable and -
consistent scales. Tables 9.4, 9.5, and 9.6 Appendix 9
were compiled to facilitate re-plotting the spectral
density curves. Each column in the tables refers to a
particular spectrum with which it is identifiable by the

notation used.

Re-plotting and the considerable amount of re-tabulation
needed for this occupied severzal months and the result
was a total of 64 graphs (5% spectral curves, 5 cross

spectral density, and 5 cross coherency).

Although programs had been written to cover five
statistical parameters, attention at this stage was
confined alrost entirely to spectral curves obtained
by plotting power spectral density against abscissae
obtained by converting the angular frequencies to
wavelength in mm. Marking the frequency
scale in terms of wavelength or period was done in

order to facilitate interpretation of results in



293

relation to the spacing of surface profile features.
Power spectral density was plotted at a consistent scale

but no attempt was made at this stage to define the units

of measurement.

The primary reasons for this concentration on power
spectral density were to be found in the accumulation
of evidence suggesting that meaningful interpretation
and comparison of power spectra representing surface
profiles was almost certainly practicable. Interpret-
-ation of autocorrelation functions, on the other hand,
appeared to depend on classification into different
types which appeared less likely to distinguish between
surface profiles as closely similar as those produced
under different grinding conditions. Also comparisons
would probably have to be made in terms of cross-
correlation, which presented problems of interpretation

and classification similar to those of autocorrelation.

Cross-spectral density was also rejected as a means of
comparing surface profiles because it is expressed in
the form of complex numbers. This additional obstacle
was avoidable by comparison of power spectra in terms
of transfer functions; for which some precedent existed
(21), Cross-coherency was also neglected mainly by

reason of lack of information as to its potential.
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Fig 9.4 represents the spectral density curve obtained
from the profile of a finely dressed grinding wheel
subjected to minimal wear (30 seconds grinding). More
than half the area beneath the curve lies between
infinity and 1 mm on the wavelength scale but a further

well-defined pezk occurs at about 0.4 mm.

Sharply defined peaks in a power spectrum represent
narrow-bend random noise and broader pesks represent

a wide-band random signal. The profile of Fig 9.4 may
therefore be said to represent a random signal in three
bands of medium width, one being associated with very

low frequencies.

Figs 9.5 and 9.6 are both representative of the surface
of a grinding wheel subjected to five minutes wear.

The ordinates from which Fig 9.5 was computed were taken
from a profilogram produced at a magnification normal to
the surface of the grinding wheel of 1000 while the
corresponding magnification for the profilogram relating
to Fig 9.6 was 2000. The most conspicuous difference
is that Fig 9.6 is representative of narrow-band random
noise while Fig 9.5 suggests wide-band random noisé.
Both curves differ greatly from Fig 9.4 in that the
highest points are at a wavelength around 1 mm and the

ordinates near infinity wavelength are relatively small.
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Fig 9.7 represents the surface of a grinding wheel after
10 minutes wear, the normal magnification of the
profilogram from which the spectrum is computed being
the same as for Figs 9.4 and 9.5, from both of which
the spectrum differs considerably, the peak representing
narrow-band random noise having its highest point at

about 2 mm wavelength.

Fig 9.8 also represents the surface of a grinding wheel
after 10 minutes wear and relates to Fig 9.7 in the
same way that Fig 9.6 relates to Fig 9.5, that is,

the spectrum is based upon a profilogram produced at

a higher normal magnification (2000 as compared with

1000). Again the differences are considerable.

Figs 9.9, 9.10, and 9.11 represent ground surfaces
corresponding to grinding wheel wear of 30 seconds,
5 minutes, and 30 seconds respectively and all were

produced at a normal megnification of x20000.

The profilogram relating to Fig 9.11 was produced
using a curved detum element set to match the slight
transverse curvature of the plunge ground track on
the workpiece. This was not done in the case of
the profilogram relating to Fig 9.9 and the absence
of compensation for curvature may account for the

occurrence of the peak at 10 mm wavelength.
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Fig. 9.11 Sample Power Spectrzl Density Function for a
surface ground by an 80 grit grinding wheel for 30Cs.
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The eight spectral density curves represented by Figs 9.4
to 9.11 were selected from a total of over fifty spectra
produced using the same techniques with some minor
variation of computer operational instructions and

sampling methods in an effort to secure optimum results.

Some attempt has been made to use these curves to
explain the interpretation of power spectra but this
does not imply confidence in them as experimental
results. At an early stage it was realised that the
complexity and variability of these curves was such as
to cast doubt on their wvalidity for surface character-
-ization. In their complexity they differ from recults
for machined and abrasive surfsces published elsewhere.
Secondly, when two or more spectra representing the
same surface profile were compared, the differences
between them were seen to be considerable even for
virtually identical conditions of sampling and computation.
These impressions were confirmed on the basis of a large
number of comparisons not by any means confined to the
eight spectra illustrated which were selected as typical

examples.

Detailed examination of the spectral curves and data
from wﬁich they were computed led to attention being

focussed on inadequate sample size as being a probable

228
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key factor in the apparent unreliability of these
results. For example, the data associated with Fig 9.32
Appendix 9, and Fig 9.5 contain a group of only eight
nurerical values representing ordinates defining points
on the profile of abrasive grits, the remaining 92
ordinates in the sample being zero, corresponding

with voids between grits in the wheel surface.

A relatively large proportion of zero levels is obviously
to be expected in a profilogram representing the surface

of a grinding wheel but in the case of the example quoted
the sample appears so unbalanced and lacking in information
relating to grit surfaces as to undermine any confidence

in the corresponding power spectrum.

If meaningful power spectra were to be obtained the
inference was obvious. In order to obtain enough
information relating to grit surfaces for a grinding
wheel such as that of Fig 9.32 it would be necessary
to take a sample representing a much greater length

of surface profile.

From time to time the validity of including in the
computation voids represented by zero values in the
data had been considered and at this stage it was
clear that voilds could feature extensively in the

profilogram of a grinding wheel surface.
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In discussion objection had been raised to the inclusion
of zero values in computation for the following reasons.
Autocorrelation represented a stage in the computation
of power spectral density and where zero coincided with
zero there would be complete correlation represented by
unity. This correlation of zeros would lead to the voids
they represent influencing the shape of the spectral

density curve.

One possibility was to include in the computer program
instructions which would lead to the zero values being
ignored. This was said to overcome the objection
outlined above, which has been stated elsewhere in terms
to the effect that a discontinuous profile represents

non-stationary, and therefore unsuitable, data.

To ignore the existence of spaces between grits in the
grinding wheel surface is unrealistic. These represent
features of the wheel surface structure which must play

a part in production of the ground surface. If meaningful
representation and comparison of grinding wheel and ground

surface was to be achieved these voids must be considered.

For practical purposes the voids were of virtually
infinite depth. Taking the lowest level recorded on

the profilogram as zero, ordinates coinciding with a
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vold could be recorded as such or alternatively by some
relatively large and arbitrary negative value. In either

case the effects on the autocorrelogram and power spectrum

would be comparable.

These considerations led to a decision to continue with
the investigation of grinding wheel surfaces and ground
surfaces by means of power spectra computed from larger
samples of the profile. With regard to grinding wheel

surfaces, gaps 1n the record representing voids would

be taken as zero for the purpose of computation.

The samples of 100 profile ordinates so far used in
computation were obtained by visual inspection and
measurement of profilograms with manual transfer of
these data to punched paper tape. The need for larger
and possibly véry much larger samples was now apparent
and these laborious methods should be replaced by some

form of automatic data collection and storage.
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CHAPTER 10. SEMI-AUTOMATIC PROFILE DATA PROCESSING

AND ANALYSIS

Planning for partially automatic collection and
processing of data derived from surface profiles

was commenced during the later stages of the work
discussed in Chapter 9. These preparations included
identifying suitable items of equipment and investigating
the problems of linking these into a set of apparatus

capable of performing as many of the required functions

as possible.

The overall requirements were to digitize the analogue
signal from the profilometer and to record this
information on punched paper tape, preferably in a
format such that the data could be input directly to
the computer with a minimum of keyboard operation.
Profile data were to be stored on punched tape because
equipment for collecting, digitizing and recording
data was located at Brunel University while the
programs it was proposed to use were written for and
stored in the memory of the Prime 300 Compnuter at

Willesden College of Technology.
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The apparatus selected and used for collection of data
from ground surfaces are listed below, the order being

that in which they appear from left to right in Fig 10.1

Rectilinear Recorder for use with Talysurf 4
Talysurf 4 fitted with Curved Datum Element
Talysurf 4 Average Meter and Control Unit
Coordinate Plotter

Transient Recorder DATALAB DL 901 (A/D Converter)
Cathod Ray Oscilloscope TELEQUIPMENT Type D 43 R

High Speed Tape Punch

For the purpose of recording information from grinding
wheel surfaces, the device for controlled rotation
described in Chapter 9 was set up on the worktable
of Talysurf 4 using the standard pick-up with its skid

resting on the wheel surface as shown in Fig 10.2.

Specific information was supplied by Messrs Rank Taylor
Hobson regarding the procedure to be followed in
connecting the profile signal of the Talysurf L to

the digitizer (Transient Recorder). This advice
included methods of connection and test and also the
maximum permissible external load. The signal voltage

was stated to be one volt per inch of recorder



Fig 10.1 Left to right. Talysurf 4 graph recorder, Talysurf 4 with curved datum elements,

Talysurf 4 average meter, coordinate plotter, transient recorder (4/D converter), cathode ray

oscilloscope, rapid tape punch



Fig 10.2 Method of obtaining a profilogrem from the

surface of a grinding wheel usimg Talysurf 4 in conjunction
with a device providing slow controlled rotation of the
grinding wheel
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deflection and using the recommended arrangement the
recorder would continue to operate. The wiring diagram

supplied was unsuitable for reproduction.

The coordinate plotter and cathode ray oscilloscope
were introduced in order to provide means of displaying
and testing the digitized data for possible distortion
and attenuation of the analogue signal generated by
Talysurf 4. Testing was effected by examining the
known profile of a machined surface having well-defined
periodic features and comparing the profilogram
obtained from the rectilinear recorder with the
profile drawn by the coordinate plotter from the
digitized signal. The profile corresponding with

the latter was also displayed by the CRO.

Profilograms obtained from the rectilinear recorder
and from the coordinate plotter were compared by
measurement and found to be closely similar. Fig 10.3
shows the CRO in use for test purposes and Fig 10.4
surface profiles from the rectilinear recorder and

coordinate plotter at (a) and (b) respectively.

The DATALAB Transient Recorder was designed to store
a total of 1024 (210) digitized values during selected
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Fig 10.3 Oscilloscope displaying the profile of a surface

derived from Talysurf signals
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time intervals ranging frém 5 milliseconds to 200
seconds. The Talysurf kectilinear Recorder graph
paper speed of 12 inches per minute corresponds with
40 inches of profilogram per 200 seconds. If 1024
ordinates are recorded during this interval their
linear spacing on the profilogram will be 40/1024

= 0.3906 in. Corresponding intervals between ordinates
on actual surfaces will be given by the latter value
divided by the appropriate magnification. For example,
at x100 the interval will be approximately 0.00039 in

(about 10 pm) or at x20 approximately 0.002 in (50 pm).

It was decided that a sample of 1024 ordinates
distributed over lengths from 0.4 to 2 inches
(depending on the magnification used) should be
adequately representative of any ground surface .
Similar remarks apply to samples of the grinding

wheel surface for which the corresponding magnification
using the rotary device was intermediate between the

two standard Talysurf magnifications.

A1l subsequent work using spectral density curves and
transfer function relates to six surfaces which may be

specified as follows.
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Three 80 grit white aluminium oxide vitreous bonded
grinding wheels of seven inches nominal diameter were

used (Universal Abrasives Ltd designation WASOHV).

Each of the above wheels was mounted on its own
separate arbor on which it remained throughout the

balancling, dressing, grinding and profile measurement

procedures.

Dressing and grinding were carried out on a Model 540

Surface Grinder manufactured by Jones & Shipman Ltd.

The wheel and arbor assemblies were balanced and the
wheels roughly dressed with a single point diamond.
Re-balancing was then carried out and the wheels
dressed once again using the flat face of a pyramidal
diamond dressing tool as follows: five passes with
0.0005 inches in feed, two passes with 0.0002 inches
in feed and three passes with no further in feed.

All dressing passes were made at very slovw and
uniform cross feed to minimize the possibility of

grooving the wheel surfaces.

Each of the grinding wheels was numbered for
identification and surface grinding operations
were carried out as follows on carbon steel work-

-pieces.
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Wheel No. Duration of Depth of material Conditions

grinding rernoved

1 30 seconds 0.0005 in plunge

2 5 minutes 0.00% in plunge

3 8 minutes traverse
2 minutes 0.0003 in plunge

Profilograms produced at right angles to the lay at
magnifications respectively perpendicular and parallel
to the ground surface of x20000 and x100 are reproduced

in Fig 10.5.

The combined apparatus that has been described and
illustrated in Fig 10.1 was next used to produce a
total of twelve punched paper tapes each contzining
1024 ordinates obtained under various conditions
from the six different surfaces. The object was to
obtain a stock of information from which samples
could be taken for subsequent computation of power
spectra. The index compiled for identification of
the surfaces with the conditions under which they
were produced appears as Table 10.1 Appendix 10.
Relevant entries in this table refer to six tapes
representing grinding wheel surfaces and six

representing the corresponding ground surfaces.
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Information on these tapes was not in a form imrmediately

sultable for power spectrzl computation. Reasons for

this were as follows.

1. Ordinates were recorded on these tapes as coded
numerical values not arranged in the tabular format

required by the available statistical progreams.

2. 102% ordinates were recorded on each tape and it
was desired to take samples from these representing

selected groups of ordinates.

To overcome these problems a program was written the
purpose of which was to process information recorded

on the existing tapes and to output new punched tapes
representing profile ordinéte samples in the required
format. This program designated GJEDIT (see Appendix 10)
was to be run on the MINIC Computer (Microcomputers Ltd,
Woking, Surrey) at Brunel University and was written

in machine code with provision for instructions to

be given regarding the number of ordinates in the
samples, their spacing and location within the sequence

of 1024 ordinates on the input tape.
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A total of 61 tapes representing samples of 300, 500
and 1000 ordinates were produced by means of this

program and identified as MJ1IA to MJ61IA in Table 10.2
Appendix 10.

As a first step in computing power spectra fron
profile samples containing more than 100 ordinates
it was decided to make further comparisons between
the results obtainable from grinding wheel surfaces
(i) when voids are included in the computation
(Program MACJO4+) and (ii) when the effects of voids
are eliminated (Frogram MCJO4H).

Typical results are illustrated by Figs 10.6 and 10.7
respectively which, in terms of smoothness, represent

an improvement over spectra previously computed from
samples of 100 ordinates. Between wavelengths of 0.3 mm
and 0.09 mm the two curves are fairly closely similar.
These results were typical of comparisons between
spectra produced by the two programs from Samples of

the same grinding wheel surface.

The conclusion drawn from such comparisons was that
the main effect of eliminating the influence of

grinding wheel voids from the computation was to
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produce a spectrum with much less emphasis on the
longer wavelengths. The value of such a spectrum was
not discounted but the view taken at this stage was
that a spectrum neglecting voids was incomplete and
possibly misleading. The resulting decision was to
use programs including the effects of voids for all
subsequent work involving spectral density applied

to both grinding wheel and workpiece surfaces.

Sample size having been increased with some apparent
measure of improvement it was decided to attempt
computation of power spectra based upon still larger
samples. Necessary small amendments having been made
to the relevant programs, the number of ordinates
sampled was increased to 500 and subsequently to 1000

with progressively encouraging results.

The time required to input the data had been increased
by nearly a factor of ten but editing and computing
times were not greatly increased. Overall it weas
found possible to produce a power spectrum in tabular
form from a sample of 1000 ordinates in about forty
minutes or less depending upon current computer

loading.
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Some experience of power spectral computation having
been gained together with a considerable accumulation
of recorded data representing a limited number of
related surfaces, re-appraisal of this line of

investigation appeared to be timely.

Once again discussion took place regarding power
spectra during which it was emphasised that spectral
density curves computed from finite samples represent
estimates of true power spectra for infinitely large
samples. Also the inclusion in a computation of too
large a number of lag intervals in relation to sample

size was said to increase sampling errors.

In the earlier computations as many as 67 lag intervals
had been included when using samples of 100 ordinates.
Given the possibility of samples of 1000 profile
ordinates it was now suggested that computation for

as few as 34 lag intervals might be appropriate.

A program for computing spectral density includes
what is known as a smoothing window which influences
the extent to which areas of apparent high power
associated with particular frequency bands are

attributable to contamination by neighbouring

frequencies.
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The smoothing window so far used in the spectral
density programs MACJO4 and MCJO4H is represented

by the following expression and the operation as
Hanning after its originator.

An alternative called Hamming1 may give more smoothing

and the corresponding expression is as follows.

- mT
W= (0-54+0-46cos-)

In both expressions w, is the angular frequency,

T 1s the lag and M the number of lags computed.

While there appeared no reason to doubt that power
spectra could be used to meaningfully describe
surface profiles it was also evident that spectral
density was influenced by several factors related
to the methods of computation. Giveﬁ suitable
conditions the spectrum would apparently provide

a good estimate of some ideal model of surface profile.

l. Hamming was tried but no improvement was detected

and the Hanning window was retained in the programs.
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While accurate characterization of the surfaces of
grinding wheel and workpiece were obviously desirable,
perhaps even more important was the possibility of
establishing some relationship between the grinding
wheel surface and that of the corresponding ground
surface. Provided that power spectra were produced
under satisfactory standardized conditions there
might be a prospect of throwing light on such a
relationship even though the spectra fell short of

the optimum for individual surface characterization.

One measure of the success of investigation into
surface relationships would be the ability to
differentiate between and effectively compare
closely similar surfaces. Data obtained from such
surfaces were available and it was decided to
concentrate upon these at the expense of broadening
the investigation to include a greater diversity of
surfaces. This decision was take in the anticipation
that more exhaustive examination was most likely to
result in significant progress in the application of
both spectral density curves and transfer functions

to these problems.
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Results from Samples containing 1000 Profile Ordinates

Nine tapes each representing a sample of 1000 ordinates
were selected for further processing. Tables 10.4%, 10.5,
10.6, 10.7, 10.8, 10.9, 10.10, 10.11, and 10.12 Appendix
10 each contain one such set of data in the prescribed

format and these are indexed in Table 10.13.

Power spectra were computed from these data and the
plotted graphs together with tables containing the 67
ordinates defining each spectrum appear in Appendix 10
as Figs 10.8, 10.9, 10.10, 10.11, 10.12, 10.13, 10.14,
10.15, 10.16, 10.17, 10.18, and 10.19.

Power spectra produced from these much larger samples
were smoother and appeared more consistent when
preliminary comparisons were made between these and
spectra representing similar profiles computed from
smaller samples. The extent to which they were
capable of characterizing and distinguishing between
surface profiles was not immediately evident from

visual inspection for the following reasons.

Spectral density ordinates having the largest values
were in all cases located near the low frequency end

of the spectrum. With increasing frequency, power
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Table 10.13. Index of Tables 10.4 to 10.12 each
representing data in the form of 1000 ordinates

defining a profilogram

Grinding Wheels Ground Surfaces Duration of Grinding

Table Table

10.4 10.5 30 seconds
10.6 30 seconds

10.7 10.9 5 minutes

10.8 5 minutes

10.10 10.12 10 minutes

10.11 10 minutes
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spectral density fell steeply in all cases to a very
low value relative to the maximum ordinate and then
continued indefinitely at a low level with a small

downward trend.

When two such spectra representing the surfaces of
grinding wheel and workpiece are superimposed for
comparison the curves are usually well separated at
the lowest frequencies but appear to merge at the

higher frequencies (Figs 10.20, 10.22 and 10.24).

Examination of the numerical values of the spectral
density ordinates (Table 10.14) shows that the

apparent merging of curves is misleading and results
from the use of a common natural scale at which all

ordinates within the spectrum can be plotted.

The ratios between ordinates representing a pair of
corresponding profiles (treating the profile of the
ground workpiece as output and that of the grinding
wheel as input) have minimal values near the low end
of the frequency scale increasing progressively with
frequency. Such ratios are plotted to obtain the

transfer functions represented by Figs 10.21, 10.23,

and 10.25.
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Each of the spectra and transfer functions derived
from them are defined by 23 ordinates. The explanation
of this relates to the different magnifications at
whiech profilograms were produced from the grinding
wheel and workpiece. The tangential magnification
used for grinding wheels approximates closely to one
third of that used for the ground surface therefore
in order to compare spectra in terms of transfer
functions it was necessary to calculate the ratio
between every third ordinate in the grinding wheel
spectrum (i.e. 23 out of 68 ordinates) and the first

23 ordinates in the ground surface spectrum (Table 10.15).

Figs 10.20 and 10.21 on the one hand with Figs 10.22
and 10.23 on the other, represent the relationship
between surfaces assocliated with 30 seconds grinding.
In Fig 10.22 the surface profile of the ground track
was partly corrected for transverse curvature.

In Fig 10.20 this correction was omitted and the
apparent result is an increase in ordinates defining
the low frequency region of the relevant spectrunm.

The two sets of results are otherwise similar.

The characteristic waviness of the right hand part of

the transfer function curves may be produced by
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deviations in terms of smoothness between the ideal
theoretical spectrum and that which was computed.

The extent of this waviness appeared to depend, in
some measure, on the number of lags included in the
computation, the optimum being considerably less than
the number of spectral density ordinates. For these
spectra 68 ordinates were computed and inclusion of

22 lags appeared to give the most satisfactory results
of the alternatives tried. Smoothness of the spectral
curve was found to deteriorate noticeably when this

number approached the number of ordinates computed.

Figs 10.2% and 10.25 represent the relationship between
the same type of grinding wheel and the corresponding
ground surface after 10 minutes grinding. The two
power spectral curves differ markedly from Figs 10.20
and 10.21 while the transfer function has lower values
the the frequency band around 0.13 mm wavelength and

larger values above 0.10 mm wavelength.

Figs 10.26 and 10.27 represent attempts to relate the
development of a ground surface during 93 minutes
grinding with the corresponding change in the grinding
wheel surface. Wear of the grinding wheel is represented
by the transfer function in Fig 10.26 while the

corresponding change in the ground surface is similarly

shonw in Fig 10.27



329

0 T T '

00 06 04 0-3 0-2 015 01 Period mm
Grinding Wheel

Ground Surface

Fig 10.24 Power Spectral Density Curves

{ i ) [ T T 1
. 01

(0] 06 04 03 0-2 0-15 Period

Ground Surface Spectrum

Grinding Wheel Spectrum

Fig 10.25 Transfer Function

Surfaces of an 80 grit grinding wheel and corresponding

workpliece after 10 minutes grinding



330

=10
20
18+
16
14
12
o
S 1ok
S 10
% C
> «©
Y s8r @
0
c o
© -
ST 5
3 | :
+» f e
g ‘T :
e, [ M
2 =
2t 0 5
-
//’ 05 &
0 U U U 00
00 06 04 03 02 015 01 period mm

Grinding Wheel at 30 Seconds —
Grinding Wheel at 10 Minutes - - -——
Transfer Function _._._.

Fig 10,26 Wear of a grinding wheel during 94 minutes
represented by spectral density curves and transfer

function

Grinding Vheel Spectrum at 10 min
Grinding Wheel Spectrum at 30 sec

Transfer Function =



331

© 2
— <
S x10° 9
°° o
S, 6 o
+ o
o »
@ o
® - 5
a =
i ~
g <
8 3 1-0 8
S crmimemimimam— |05 8
& - e

04 == =10.0

® 06 04 03 0-2 015

"' Period mm
Ground Surface at 30 Seconds

Ground Surface at 10 Minutes
Transfer Function

Fig 10.27 Development of a ground surface during
94 minutes grinding represented by spectral density

curves and transfer function

10 Minutes Surface Spectrum
30 Seconds Surface Spectrum

Transfer Function =



332

Some similarities between the two transfer functions

are self evident but Fig 10.26 shows a lack of smoothness
in the transfer function which appears to refelect
somewhat adversely on the quality of the grinding

wheel spectra compared with those derived from the

ground surfaces.

In Figs 10.28 and 10.29 power spectral density and
transfer coefficients are plotted on logarithmic scales
against a natural frequency scale. Fig 10.28 corresponds
with Figs 10.20 and 10.21 while Fig 10.29 corresponds
with Figs 10.24% and 10.25. Some of the more obvious
effects of plotting logarithms are as follows.

The general form of the two spectral density curves
in each diagram is such that they are conveniently
plotted on the same pair of axes while retaining
separate identities. Also the point of intersection
between spectra, at which the value of the transfer

function is unity, is more clearly seen.

Some points of similarity are more clearly seen from
Figs 10.28 and 10.29 than from their counterparts
plotted on natural scales. For example the point of

intersection between the two power spectra in both
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Figs 10.28 and 10.29 approximates to the coordinates
(4, 100) on the frequency and spectral density axes

respectively.

On the assumption that the transfer function curves

of Figs 10.28 and 10.29 might be represented by
straight lines, linear regression was applied to

the points defining the transfer function of Fig 10.28.
The result obtained is shown in Fig 10.30 together
with 95 per cent confidence limits. '

Graphs obtained by plotting log. spectral density
served to distinguish much more clearly between power
spectra throughout the frequency range considered.
Also the corresponding transfer functions, of which
Fig 10.30 is typical, were of fairly constant shape
implying that a relationship might be established
between such power spectra but did little to suggest
the form this might take. Alternative methods of
representing spectral density curves were therefore

explored in the hope that some relationship might be

apparent.

1. strictly, these should called 2 standard deviation limits.
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Table 10.14+ Power Spectral Density

>

(Figs 10.20

& 10.22)

J L T W
19C23.5 6138.85  3969,08 7462.12
11501.0 504%.52  3207.71 5382.87
7300.77 2803.45  1703.62 2037.86
3324.84 1141.33  691.719  735.527
1131.02 528.82¢  395.8 554,212
490.33 388.636 317,415 278.863
275474 300.975  208.436 251.2
188.214% 235.488 135,815 269,899
111.81 193.032  115.411 113.102
47.0472 155.8 105.77 126.378
44,1186 147.053  107.572 18¢.351
26.0999 169.755  121.542 139.882
34.4567 194,066  131.861 225,074
21.0643 198,247 135,916 279.869
11,5396 181.279 138,319 184.516
7.21762  163.674 139,114 17C.943
9.57556  162.376  135.723 198.01
8.12763  163.015 126,105 151.687
5.58208 149.738  113.978 130.508
6.2243 134.065  104.461 120.674
3.92929 126,652 97.6757 99.0421
5.03001 119.339 95.922 119.627
3.47297 108.005 102.126 111.913

(Fig 10.22) (Fig 10.20)



Table 10,15

Freq.
mm'l
0.0

0.5
1.0
1.5
2.0
2.5
3.0

3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7¢5
8.0
8.5
9.0
9.5
10.0
10,5
11.0

z
J

0.209
0.279

0.233

0.208
0.350
0.647
0.757
0.722
1.032
2.248
2.438
L., 657
3.827
6.452
11.987
19.274
14,174
15.516
20.419
16.783
24.858
19.070
29.406

(Fig 10.22)
(Fig 10.20)

Transfer Coefficients.

W

J
0.392
0.4+68
0.279
0.221
0.490
0.569
0.912
1.434%
1.012
2.686
L.088
5.359
6.532

13.286
15.989
23.68%
20.773
18.663
23.379
19.388
25.206
23.783
32.224

338
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CHAPTER 11. ALTERNATIVE PECZSENTATION OF SPECTEAL
DENSITY CUKVES

The desirability of plotting spectral curves in some
alternative form which might facilitate comparisons
was now clearly apparent and trials in which the square
root of spectral density was plotted against frequency

provided encouragement to proceed along some such lines.

For some time it had been found more convenient to scale
the horizontal axes of spectral curves in terms of
frequency rather than wavlength. This method of scaling
which has the advantage of linearity, is used on all

subsequent diagrams of this type.

Spectral density in all preceding work is plotted in the
form of consistent but arbitrary numerical values. The
curves had been thought of as providing means by which
the relative frequency contributions to the spectrum
might be compared, and given consistency of units, one
spectrum might be compared with another. Furthermore
the quantitative significance of power spectral density
in the context of surface profile measurement was by no
means obvious and therefore little consideration had

been given to the units in which it might be expressed.
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With the object of obtaining a better understanding of
power spectra in the present context, spectral density
ordinates were expressed to scale in appropriate units.
Fesults so obtained are collected in Table 11.1 each
column representing a spectrum being identified by a

capital letter with numerical suffix.

Consideration was also given to the units and designation
of the parameter usually described as a power spectrum
in which the use of the word 'power' hass no apparent
relevance to the description of a2 surface profile. The
total area enclosed beneath a spectral density curve
used for this purpose equals the dispersion or variance
of the stationary surface profile it describes (25) and
variance must obviously be measured in units consistent
with those in which the profile is measured. Therefore
if ordinates of points on the profile are measured in mm
their variance will be in mm?. Abscissae of points on
the profile having also been measured in mm, frequency
can be expressed in cycles per mm for which the units

will be mmf1.

Units of area beneath the spectral curve are given by
the product of the units of spectral density and frequency.

If this area represents variance in mm’ and frequency is

1

expressed in mm™' then spectral density will be in mm’.
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With regard to designation, it appears more logical in
the context of surface profile measurement, to describe
the parameter as a 'variance spectrum' or 'dispersion
spectrum' rather than 'power spectrum' provided that the

common statistical derivation remains clearly apparent.

At this stage further small modifications were made to
computer program MACJO4 making it possible to corpute a
spectrum defined by 100 ordinates instead of 68. This
was done to extend the scope of investigation into lower
frequencies. The same sets of data were used as those
represented by Tables 10.4 to 10.12 in Appendix 10. The
computer outputs obtained under the new conditions are
designsted as Figs 11.1, 11.2, 11.3, 11l.4%, 11.5, 11.6,
11.7, 11.8, and 11.9.

In Fig 11.10 three of the spectra representing grinding
wheel profiles are plotted on a common pair of axes,
ordinates at frequencies greater than about 5 cycles

per mm being also plotted at an alternative scale.
Spectral representative of 30 seconds and 5 minutes

are so closely superimposed as to be indistinguishable
at the smaller vertical scale. At the alternative scale
used on the right of the diagram the 10 minute spectrum

is fairly well differentiated from the other two.
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Fig 11.11 represents the three ground surfaces correspond-
-ing to the stages of grinding wheel wear. The vertical
scale chosen for reasonable separation of the curves is

such as to exclude the low frequency region of two of the

curves.

Table 1ll.2 contains the square roots of the spectral
density ordinates in Table 11.1 and in Fig 11.12 (i)
two spectral curves based upon these are plotted

representing a comparison between two grinding wheel
surfaces at different stages of wear. Fig 11.13 (i)
represents the comvarison between the corresponding

ground surfaces expressed in the same way.

As a result of taking the sguare root of spectral
density, numerical values of ordinates associated with
lower frequencies are depressed and those at higher
frequencies elevated. The resulting range of ordinates
was more conveniently plotted on a natural scale than

spectral density.

Transfer functions based upon these modified curves were
plotted (Figs 11.12 (ii) and 11.13 (ii)) using information
recorded in Table 1l.4 Appendix 11l.
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In (i) {spectral density is plotted v. frequency.
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F, and G, identify the surfaces, samples, and operating
conditions used in computing spectral density.
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Treating these transfer functions as approximations to
straight lines, regression lines and corresponding

95 per cent confidence limits have been added. Relevant
informaetion and calculations appear in Tables 11.3, 11.5,
11.6, 11.7, and 11.8 Appendix 11. Other transfer
functions plotted frpm the data of Table 11.2 showed

a similar approximation to linearity.

The potential usefulness of a linear transfer function
relating spectral curves is self evident. However, only
two such sets of results each representing a comparison
between closely similar surfaces are illustrated here.
This limited treatment calls for some explanation as

follows.

Plotting the square root of spectrsl density was one of
the expedients adopted with the primary object of
representing spectral ordinates at a more convenient
scale. This having been done, with the results indicated,
attention was given to the units in which the spectrum

is expressed.

'Variance spectrum' or 'dispersion spectrum' have already
been proposed as more appropriate descriptive titles

than 'power spectrum' in the context of surface profile
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characterization. It is also shown that spectral density
is expressed as the third power, and the area beneath the

curve (variance) as the second power of the linear units

in which the profile is measured.

Ordinates obtained by taking the square root of spectral
3
density will therefore be in mm? . These plotted against

1

frequency in mm~ lead to a situation wherein the units

1
of area enclosed by the resulting curve will be mm? .

Consideration of the units in which variance and standard
deviation are expressed led to formulation of the

alternative spectrum outlined in the following chapter.
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CHAPTER 12. AN ALTERNATIVE SPECTRUM FOR DESCRIBING
THE SURFACES OF GRINDING WHEELS AND GROUND SURFACES

The preceding chapter discusses the units in which
power spectral density is expressed when computed

from data in the form of an array of ordinates defining
a surface profile. It was shown that if this array

is dimensioned in mm, power spectral density will

be in mm’ and the spectral curve is defined by plotting

this on a frequency scale dimensioned in mm™' .

The area under a curve defined in this way will

be in mm® and will represent variance, while the
shape of the curve will represent an estimate of

the distribution of this parameter with respect

to frequency. This being so the ordinates defining
the curve represent the spectral density of variance
with respect to frequency and the curve itself may be
described as a variance spectrum rather than a power

spectrum.

Variance (or power) spectral density was computed
from surface profile data obtained from grinding
wheels and ground surfaces. Results from these
data when plotted on a natural scale were not well

adapted for visual comparison. This was because
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the range of variance density values representing

each profile is so wide that the smaller values
associated with the higher frequencies appear to
be virtually zero when plotted: particularly so

in the case of spectra representing grinding wheel

profiles.

Spectral curves more suitable for visual comparison
were obtained by plotting the square root of variance
density versus frequency. The resulting curves
including those representing surface profiles as
closely similar as those of the same grinding wheel
at different stages of wear are quite well different-
-iated for visual comparison., Additionally it was
found that transfer functions plotted in order to
show the comparison between any pair of surfaces
were well approximated by straight lines of differing

slope and intercept.

If surface data are expressed in mm the area beneath

a spectral curve defined by plotting the square1

root of variance density will be in units of mma.
These units are dimensionally inconsistent with a
statement of area and also with any standard parameter

representing variability.
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These inconsistencies led to reconsideration with

the object of formulating a more generally satisfactory
alternative to the variance density spectrum than the
one described in the preceding chapter. This was

achieved as follows.

Standard deviation is the square root of variance
and is expressed in the same units as the variate
while variance itself is expressed as the second
power of these units. From this it follows that

a spectrum derived from a variance spectrum such
that the area beneath the derived curve is in linear
units will represent the distribution of standard
deviation with respect to frequency. This standarad
deviation spectrum is shown to have similar attributes,
when applied to the surface profiles considered here
as the dimensionally inconsistent type discussed in

Chapter 11.



354

If variance spectral density is in mm’, ordinates calculated
as (spectral density)% will be expressed in mm®’. These
plotted against frequency in mm~' define a spectrun in
which the units of area beneath the curve are mm. Given
that the area under the power spectral density curve
represents variance in mn’ it follows that the area

beneath this modified curve represents standard deviation

in mm.

Calculation of ordinates by raising spectral density to
the power % has the effect of reducing the range of
numerical values to be plotted to a lesser extent than
the reduction obtained by taking the square root. Also
if a power spectral density curve represents profile
ordinate variance density distribution with respect to
frequency, the new curve defines the corresponding

distribution of standard deviation density.

Table 12.1 contains ordinates calculated as described
above from the spectral density values in Table 11.1.
The spectra so defined are plotted as Figs 12.2, 12.3,
12.4, 12.5, 12.6, and 12.7.
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Frequency Transfer Coefficients Relating Surfaces
(mm=") Represented by Standard Deviation Spectra
X YFA YMQ YGK YGF YKA
0.0 0.036 0.016 0.021 0.259 0.478
0.5 0,040 0.016 0.021 0.259 0.5 %
1.0 0.052 0,021 0.021 0.261 0.
1.5 0.066 0.033 0.025 0.263 0.7%8
2.0 0.092 0.063 0.029 0.270 0.882
2.5 0.115 0,097 0.033 0.29C 0.981
3.0 0.109 0.105 0.040 0.3%0 0.956
3.5 0.105 0.150 0.052 o.bko 0.8%4
.0 0.130 0.225 0.079 0.513 0.838
4,5 0.196 0.277 0.115 o.g&é 0.919
5.0 0.271 0.320 0.150 0.54%3 0.977
5.5 0.301 0.355 0.201 0.566 0.848
6.0 0.306 0.L74 0.236 0.580 0.748
6.5 0.357 0.505 0.280 0.595 0.762
7.0 0.543 0.542 0.351 0.593 0.914
7.5 0.679 0.571 0.398 0.589 1.004
8.0 0.683 0.624 0.k39 0.588 0.916
8.5 0.683 0,650 0.550 0.600 0.746
9.0 0.757 0.832 0.625 0.614 0. 74k
9.5 0.763 0.836 0.682 0.630 0.706
10.0 0.981 0.932 0.858 0.6k2 0.635
10.5 0.852 1.022 0.982 0.667 0.578
11.0 0.96C8 1.225 0.948 0.682 C.652
11.5 0.933 1.275 0.966 0,694 0.670
12.0 0.917 1.33% 0.9%4 0,687 0.675
12.5 0.937 1.192 0.888 0.65% 0.690
13.0 1.142 1.310 0.945 0,606 0.733
13.5 1.509 1.221 0.959 C.550 0.865
k.0 1.692 1.&19 0.934% 0.510 0.922
4.5 1.587 1.491 0.950 0.476 0.797
15.0 1.466 1.587 0.973 0.485 0.731
15.5 1.406 1.379 0.971 0.485 0.70
16,0 1.334 1.263 1.066 0.530 0.6
16.5 1.176 1.260 1.069 0.554 0.609
IY = 23.124 24,522  17.791 17.55% 26.156

i
n

0.680 0.721 0.523 0.516 0.769
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For purposes of comparison, transfer coefficients were
calculated and these listed in Table 12.2 are plotted

as follows.

Fig 12.8 shows the transfer function relating to the
surface of a grinding wheel subjected to 30 seconds wear
while Figs 12.9 and 12.10 are similarly representative
of 5 minutes and 10 minutes wear respectively. Linear
regression was applied to the plotted points and the
resulting lines added to the diagrams together with

95 per cent confidence limits.

Fig 12.11 represents the development of the ground
surface in 9% minutes grinding and Fig 12.12 the
corresponding change in the grinding wheel surface

by reason of wear.

The procedure followed in calculating regression lines
and confidence intervals is set out in Tables 12.3, 12.4,

12.5, 12.6, 12.7, and 12.8 Appendix 12.

In Fig 12.13 the five regression lines are plotted on a
single pair of axes to facilitate comparison. On all six
transfer function diagrams a line 1s drawn corresponding
with unity transfer coeffieient, since transfer functions
represented by straight lines may conveniently be compared

in terms of their slope and intercept relstive to this

line.

257



361

-
A N I N I N Y N [N B A
0O 1 2 3 456 7 8 9 1111213141516 nm

1

Fig 12.8 Trancfer function at 30 seconds ¥,.,)

Figs 12.8, 12.9, and 12.10 Transfer functions with
regression line and 95 per cent confidence interval
relating standard deviation spectra representing the
ground surface and corresponding grinding wheel surface
for the duration of wear indicated. The ratios of
corresponding pasirs of standard deviation density
ordinates are plotted‘v. frequency, the ground surface
being treated as output. Y, ,Y, , and Y identify

relevant columns in Table 12.2
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Fig 12.10 Transfer function at 10 minutes (Y, )

See notes accompanying Fig 12.8
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Figl2.13 Transfer function regression lines
representing relationships between surfaces as
follows.

Y ,workpilece and wheel after 20 seconds grinding
Y, ,vworkpiece and wheel after 5 minutes grinding
Y. workpiece and wheel after 10 minutes grinding
Y _workpiece before and after 9% minutes grinding

Y., grinding wheel before and after 92 minutes grinding

The above are re-plotted from Figs 12.8, 12.9, 12.10,
12.11, and 12.12,to facilitate comparison
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The width of the 95 per cent confidence zones indicates
significant uncertainty in slope and position of the
regression lines. However, if it is borne in mind that
the transfer function representing the comparison between
two identical spectra will be a horizontal strazight line
at unit level, it is clear that all regression lines
plotted, with the possible exception of the one represent-
-ing 9% minutes grinding wheel wear, differ very consider-
-ably from this situation. The regression lines differ
from one another in terms of both slope and intercept

to an extent much greater than that which could be
accounted for by variations within the confidence limits.
Exceptions to this are the lines representing the
comparison between grinding wheel and workpiece after

30 seconds and 5 minutes grinding. These are very

similar but differ significantly from all the others.

If it is accepted that a power spectrum, in the context
of surface profile investigation, is conveniently
described as a variance spectrum , then it is clearly
appropriate to describe the modification presented here
as a standard deviation spectrum. Apart from the fact
that density of standard deviation is more conveniently
plotted on a natural scale than density of variance,
there is the added advantage that for the range of data

used in these experiments, transfer functions relating
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standard deviation spectra may Jjustifiably be represented
by straight lines, which is clearly not the case for the

variance spectra.
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CONCLUSIONS 13. CONCLUSIONS

The following notes are intended to show the
contribution made by this work in relation to

deductions based upon the literature survey.

Information from the literature which proved to be
most relevant to this investigation can be considered
in three categories. The first of these relates to
methods of characterizing surfaces involved in the
grinding process, the second to means of comparing

or pelating these surfaces, and the third to the
collection of information from the surfzces with a

view to measurement and comparison.

Characterization by statistical methods was clearly
essential because of the predominantly random nature
of grinding wheel and ground surface profiles. Of
the various methods dealt with in the literature,
autocorrelation and power spectral density appeared
to be the most promising parameters for effective
measurement and comparison. Information on these

was not plentiful and came from relatively few sources.

Prediction of output surface profile from input surface
profile for a given set of conditions was envisaged as

a future possibility. In this context the input and
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output represented by the profiles of grinding wheel

and ground surface respectively were of primary interest.

The possibility of output surface prediction pre-
-supposes the establishment of some curve or equation
connecting the parameter or parameters representing

the two surface profiles. Relevant information was
particularly scarce and the only significant contribut-
-ion was found in the work of one author. This refers
to the transfer function curves relating pairs of

power spectra published by Peklenik (21).

Information on stylus profilometry applied to abrasive
surfaces including grinding wheels was plentiful and
served to confirm this as the most appropriate method
of data collection from surface profiles for the

purpose of ecomputing statistical parameters.

The main theme of the present work relates to measure-
-ment of dressed and worn surfaces of grinding wheels
by stylus profilometry, analysis of these profiles in
terms of spectral density, and comparison of spectra
by means of transfer functions. This, of course,
implies the application of similar methods to surfaces
produced by the grinding wheels. Concentration on
spectral density for surface profile analysis may

well be an unique feature of this investigation
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although this statement cannot be made with confidence
because of the extended time scale of the part time

research.

Initially, power spectral density was used for surface
characterization and comparison. At a somewhat later
stage this parameter, appropriately dimensioned, is
referred to as spectral density of variance, and the
curve itself as a variance spectrum. This was done
in order to clarify the meaning of such a spectrum as

it relates to surface profile.

Some measure of dissatisfaction with variance (or power)
spectra for surface profile characterization led
finally to formulation of an alternative spectrum
capable of better representation of the surface
profiles involved in grinding. A further advantage

of the new parameter, described as a standard deviation
spectrum, is the strong linear correlation with

frequency, characteristic of transfer functions relating

these spectra.

Interpretation of variance spectra and standard
deviation spectra is basically similar, since they
represent the distribution with respect to frequency
of profile ordinate variability; in terms of variance

and standard deviation respectively.
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Standard deviation densities representing a given
profile are contained within a considerably smaller
range of values than the corresponding densities of
variance. As a result of this, surface profiles
typical of the grinding process are shown to be more
clearly represented and compared in graphical terms,
by means of standard deviation spectra rather than

by variance spectra.

Linearity is obviously not essential for interpretation
and use of a transfer function. Here there is some
evidence for its existence and, if close correlation
was established between density of standard deviation
and frequency, this would represent a particularly

convenient relationship between surface profiles.

At this point it seems appropriate to compare rsults

with some of those contained in Part 1 of this thesis.

In the Conclusions to Part 1 (p 78) it was noted that
the compression of asperities into a zone of reduced
depth as a result of grinding wheel wear could be
expressed in terms of a diminution in the corresponding
standard deviation as represented by differences in the
slope of distribution curves. Here in Part 2 similar

comments can be applied to the transfer
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functions representing grinding wheel wear and the
corresponding development of a ground surface shown

in Figures 12.12 and 12.11 respectively.

Regression lines in both diagrams are below unity
which means that the area beneath the spectral curve
representing the output is less than that for the
input. The simplest interpretation is that the
standard deviation of surface profile heights is
reduced by grinding wheel wear: a virtually identical

conclusion to that formulated in Part 1.

Results presented here in the form of standard deviation
spectra contain significantly more information than the
above Part 1 result because the spectrum provides not
only an estimate of standard deviation for the profile
but also the distribution of this parameter with

respect to frequency.

Spectral curves appear to provide the best combination
of readily interpreted surface profile characteristics
to be had in a single parameter. Using standard
deviation spectra it is possible to estimate the
relative contributions to surface profile content

of a given frequency band. Also the easily obtainable
transfer functions facilitate quantitative comparison

between profiles in terms of standard deviation.
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Although the transfer functions derived from standard
deviation spectra show a strong linear correlation,
individual transfer coefficients deviate appreciably
from the regression lines. Direct comparison between
regression lines (Figure 12.13) shows these to be
clearly differentiated in terms of slope and intercept
but the position is seen to be less satisfactory

when these differences are considered in relation

to the width of the 95 per cent confidence bands.

If it is accepted that these deviations represent
random errors relative to a straight line several
possible and perhaps interrelated causes can be

suggested.

Errors will arise at various stages of data collection
and computation. Firstly in connection with digitizing
measured surface profile ordinates and secondly in
connection with the actual computation which will
inevitably be affected by rounding errors. Any
spectral curve represents an estimate of some ideal
spectrum and smoothing is necessary in order to
approach this optimum. Over smoothing will result

in suppression of real surface profile characteristics
and 1little or no guidance appears to be available
regarding the extent of smoothing necessary other

than by visual inspection of trial spectra.
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Inspection of the tables of ordinates defining the
various spectra shows apparently random deviations
from a smooth curve particularly evident in the

case of the smaller ordinates associated with the
higher frequencies. These deviations will obviously
affect the transfer coefficient ratios between

corresponding pairs of ordinates.

There is also a possibility that spectra may have
been adversely affected by the method of dealing with
gaps in the profile caused by voids in the grinding
wheel, which are recorded as zero ordinates.

However, comparison between tables of spectral density
ordinates representing grinding wheel surfaces with
those representing ground surfaces does not reveal

the former to be inferior. Furthermore inclusion of
data to represent voids in some way is clearly essential
because the extent and distribution of these defines
the spacing of abrasive grit surfaces within the

profile.

Samples of 100 profile ordinates have been shown to
be quite inadequate for spectral density computation
and increasing this to 1000 ordinates, a limit imposed

by the equipment, produced a striking improvement.
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Samples of intermediate sizes produced somewhat
inferior results suggesting that samples of 1000

were by no means too large.

In order to provide clear visuval differentiation between
spectra various methods of plotting have been used. 1In
Chapter 10, variance spectral density is plotted on a
logarithmic scale versus frequency (Fig. 10.28). 1In
Chapter 11 the square root of variance spectral density
has been plotted while in Chapter 12, ordinates were
obtained by raising spectral density to the power %.

Each of these methods has been shown to facilitate visual

comparison between surface profiles so represented.

An objection to the 'standard deviation spectra' of
Chapter 12 is that standard deviation (unlike variance)
is not additive. bearing in mind this objection the idea

of a standard deviation spectrum can be avoided as follows.

The transfer function from the input profile to the output

profile (i.e. from the grinding wheel to the ground surface)
is
fo(,w)
fi(w)

H(w) =

where fi(un and fo(u0 are the variance spectral density
functions of the input and output profiles respectively.
Then the transfer function is characterised by finding a

power of a such that

a
[H(w)] = a linear function of w.
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In effect, the transfer function of Chapters 11 and 12

were characterised by taking a as # and § respectively.
Of these the first is seen to provide the closer approx-

-imation to linearity.

The extent of the work involved in computing and
presenting spectral curves and related information
in this thesis may not be altogether apparent from
the text. To convey this adequately would involve
tediously dwelling upon difficulties with hardware
and software and upon details of the methods and
expedients adopted to overcome them. Nevertheless

it is evident that much more remains to be done
with considerable emphasis on the equipment and
methods of spectral computation. However, it is
believed that sufficient evidence has been presented
to justify continuation of work on these lines and
that the concept of spectral density applied to standard
deviation provides a convenient and appropriate

parameter for use 'in future work.

Work relating to the composite grinding wheel has

not so far been mentioned in these conclusions.

This was commenced at a stage when further statistical
investigation of the profiles of bonded grinding

wheels appeared to present insuperable difficulty.
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Further developments brought about a partial reversal
of this situation and it was decided to concentrate
upon the latter, which now appeared to offer prospects
of significant progress towards an understanding of
surface texture problems in grinding. No conclusions
are presented relating to results obtained with the
composite grinding wheel because of a lack of confidence
in the results available when work was discontinued.
However, subject to improvements, the device itself is
believed to represent a potentially useful tool for
investigation into the grinding process where stucdy

of surface texture may not be the primary objective.
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Table 9,2 Test Data

(100 values of Sin@ at intervals of g )

1000 DATA 0,1,0,-1,0,1,0,-1,0,1,0,-1
1010 DATA 0,1,0,-1,C,1,0,-1,0,1,0,-1
1C20 DATA 0,1,0,-1,0,1,0,-1,0,1,0,-1
1030 D4TA 0,1,0,-1,0,1,0,-1,0,1,0,-1
icko DaTA 0,1,0,-1,0,1,0,-1,0,1,0,-1
1050 DATA 0,1,0,-1,0,1,0,-1,0,1,0,-1
1060 DATA 0,1,0,-1,0,1,0,-1,0,1,0,-1
1070 DATA 0,1,0,-1,0,1,0,-1,0,1,0,-1
1080 DATA 0,1,0,-1



Table §.3

1000 DATA
1010 DATA
1020 DATA
1030 DATA
1040 DATA
1050 DATA
1060 DATA
1070 DATA
1080 DATA
1090 DATA
1100 DATA
1110 DATA
1120 DATA
1130 DATA
1140 DATA
1150 DATA
1160 DATA
1500 DATA
1510 DATA
1520 DATA
1530 DATA
1540 DATA
1550 DATA
1560 DATA
1570 DATA
1580 DATA
1590 DATA
1600 DATA
1610 DATA
1620 DATA
1630 DATA
1640 DATA
1650 DATA
1660 DATA
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Fig. 9.33 Jample Power Spectral Density Function for the Profile
Grinding ‘/reel after 5 niinutes wear. NMormal Profilogram Magnific
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JMS RNO

LDD CTS

STD CTS



SHEET

000
000
000
000
000
000
000
000
000
000
000
000
000
000

000

000
000
000
000
000
000

000
000
000
000
000
000

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

003

146
147
150
1351
152
153
134
155
156
157
160
161
162
163

164

145
166
167
170
171
172

173
174
175
176
177
200

201
202
203
204
205
206
207
210
211
212
213
214
215
216
217
220
221
222
223
224
225
226
227
230

004
112
241
011
135
127
042
000
137
241
006
150
005
175
076

241
007
150
005
175
076

241
010
150
005
175
076

241
000
144
001
261
000
241
001
144
001
261
001
112
153
144
042
000
255
022
206
022
171
140
064

2D>®PDPDPDPOWDPTYDPID>DDD>PVDLD

>PD>DPPDT

>PD>DDDDY

2P IPWIDPYDPDLIPIPPTITDDODIDPDYUDWIDIDIDW

B7

B?

GJUENIT2

CDN
L M

SUR
SNz
JMR B7
JMD R8
L.DD NO1

LFI S

RMON3 UMR 3

t DI NO2
LFI S

RMONS? (MR 1

Lnnh NO3

LFI S

RMONS JME 1

LDD CT1
ADI 1
STD CT1

Lnb €72

CDN
SXI' 144

JMR R?
JMDY R1O

JMS CRLF
JMS FL

LXI 64% LXI 1003 LXI REJ S+LINE



SHEET

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

004

231
232
233
234
23S
236
237
240
241
242
243
244
245
244
247
250
251
252
253
254
255
256
257
260
261
262
263
264
265
266
267

270
271
272
273
274
275
276
277
300
301
302
303
304
305
306
307
310
311
312
313
314
315

140
100
140
220
150
144
175
176
140
040
140
120
140
220
150
143
175
1764
000
000
241
000
153
006
047
140
254
150
005
175
076

047
022
206
022
000
114
261
000
0213
047
24}
005
144
001
261
005
112
241
012
135
127
041

> >»PP»2>2>»O>P2>2D2>>2YP>TY2>PDPPPPOPPOIDPDPPDPIPDPIPDID

P2P2DPWPPUYDPDIDIDTYIDATDVIDPDWDTD

k10

B11

GUIENIT?

LET
RMON

LXT

LET
RMON

JMD

LEI
RMON
JMR
JMS
JMS

POC
8Th

JIMS
Lnn
AlT
sTh

CDN
Lhn

SUB
SNZ
JMR

ASSIGN+4
3 EMON

403 1XI 120% t.XY REI S+l INE

ASSTGN+S
5 EMON
START
CT11

&

R11
2%4

5

3 JMR 1
R12
CRLF

HDG

CT1
RNO
Clé
]

CT&

R13



SHEET

000
000
000
000
000
000
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001
001

001

005

316
317
320
321
322
323
000
000
001
002
003
004
00S
006
007
010
o011
012
013
014
015
016
017

1020

021
022
023
024
025
026
027
030
031
032
033
034
035
036
037
040
041
042
043
044
045
046
047
050
051
052
053
054

035

061
114
261
005
000
157

000
000
000
000
000
000
000
000
000
000
000
015
o012
040
107
112
105
104
111
124
040
126
060
101
015
012
115
075
000
040
111
040
117
122
040
117
077
072
000
000
000
150
004
175
076

2681

w »PD>PDPPDPIPD>DDP>PDPDPDPDPDOPDPD>DPDPDOPDDPD>PIPDP>PIPPDPDODI>PIDDPIO>DPDPIDID>PD>PIDPDPDDPDIPPIPDP DPWDTDD

CT1
CT2
CT3
CT4
CTS
CTé
NO1
NO2
NQO3
M

TITL

TORO

RNO

Al

GJENIT2

JMR R12
PNC
§Th CT&

JIMD K7

PAGF
o]
0
0
(o]
(o]
]
]
(o]
o]
o]
0
T

EXTCIS>C12)/ GUENIT VOA/CISDICI2)/K=/(0)

TEXT/ 1 OR 0?2:3/<0)

0
o
LFI 4

RMON? JMR 1

STh NOJ



SHEET 006 GJENIT2

001 056 006 A

001 057 112 A ChN

001 060 107 A 78X

001 061 145 A SUI &40
001 062 060 A

001 063 126 A sPO
001 064 044 A A2 JHMR A1
001 065 145 A sur 12
001 066 012 A

001 067 125 A SNE.

001 070 073 A JMR A2
001 071 150 A LFT 4
001 072 004 A

001 073 175 A RMON; MR 3
001 074 076 A

001 075 261 R s1D NOP
001 076 007 A

001 077 150 A LF1 4
001 100 004 A

001 101 175 A RMONS JMR 3
001 102 076 A

001 103 261 STD NO3
001 104 010

001 105 001 JHDY RNO
001 106 047

002 000 PAGF
002 000 000 HDG 0

002 001 000 0

002 002 140 LXI 261
002 003 261

002 004 150 LFT S

002 005 005
002 006 175
002 007 076

RMON3 (MR 1

002 010 241 tnh CT4
002 011 003

002 012 022 JMS PLUN
002 013 136

002 014 241 Lnh 13
002 015 002

002 016 022 JMS PLUN
002 017 136

002 020 151 tFI HD
002 021 064

002 022 152 LGI <HD
002 023 002

002 024 300 H1 LbI 0
002 025 127 SNZ

002 026 046 JMR H2
002 027 130 LFI 5

22>2P>22>2P2WDPWYDPD>PTYDIYDYIPW DPIDPDPDPPPIPIP DUDY

002 030 005



SHEET 007 GJENI12

002 031 175 A RMON; MK 1
002 032 076 A

002 033 113 A ISF

002 034 067 A JMR H1
002 035 241 B H2 Lhn CT3
002 0356 002 A

002 037 144 A ADY 1
002 040 001 A

002 041 261 R STDh CT3
002 042 002 A

002 043 112 A CON

002 044 153 A sxn 12
002 045 012 A

002 046 042 A JMR H3
002 047 002 R SHIL HIIG
002 050 000 A

002 051 241 K H3 LTl T4
002 052 003 A

002 053 144 A anl 1
002 054 001 A

002 055 241 R STI CT4
002 056 003 A

002 057 114 A FNC

002 060 261 R STh CT3
002 041 002 A

002 062 002 B JMD HDG
002 063 000 A

002 064 040 A HD TEXT/0 DATA /¢(0>
002 065 040 A

002 046 104 A

002 067 101 A

002 070 124 A

002 071 101 A

002 072 040 A

002 073 000 A

002 074 000 A INNO O

002 075 000 A 0

002 076 114 A FIC

002 077 262 R ST NO
002 100 135 A

002 101 150 A Ci LFT XTRANS FIC
002 102 020 A

002 103 114 A

002 104 175 A RMONS JME 3
002 105 076 A

002 106 107 A 78X
002 107 143 A SuI 40
002 110 060 A

002 111 126 A SPO
002 112 044 A JMR G2
002 113 145 A SuUT 12
002 114 012 A



SHEET 008 GJUENIT2

002 115 124 A sPO
002 116 044 A JMR ©3
002 117 242 R C2? Lhp NO
002 120 135 A

002 121 002 B JMD INNO
002 122 074 A

002 123 144 A C3 ADI 1?7
002 124 012 A

002 125 242 R LD NO
002 126 135 A

002 127 146 A MUT 12
002 130 012 A

002 131 262 R STD NO
002 132 135 A

002 133 002 R MDY C3
002 134 301 A

002 3135 000 A NO 0

002 334 000 A  FUN 0

002 137 000 A 0

002 140 242 K ST SX
002 141 146 A

002 142 262 R sS1D SY
002 143 167 A

002 144 262 B sSTh S2
002 145 170 A

002 146 144 A ANT 40
002 147 0460 A

002 150 022 B JMS FAR
002 151 226 A

002 152 150 A LFT &
002 153 005 A

002 154 175 A RMONG IMH 3
002 155 076 A

002 156 242 R LD §X
002 157 1646 A

002 160 242 H LI 87
002 161 170 A

002 162 242 B L nn sy
002 163 167 A

002 164 002 R M1 FUN
002 165 136 A

002 166 000 A  SX 0

002 167 000 A  SY 0

002 170 000 A S7 0

002 171 000 A FL 0

002 172 000 A 0

002 173 151 A LFI O
002 174 000 A

002 175 114 A J3 FRC
002 176 150 A LFT S
002 177 005 A

002 200 173 A RMONF (MR 3
002 201 076 A



SHEET

002
002
002
002
002
002
002
002
002
002
002
002

002
002
002
002
002
002

002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002
002

009

202
203
204
205
206
207
210
211
212
213
214
215

216
217
220
221
222
223

224
225
226
227
230
231
232
233
234
235
236
237
240
241
242
243
244
245
246
247
250
251
252
253
254
255
256
257
260
261

242
263
264

SHEET 010

1132
071
002
171
000
000
140
215
150
005
175
076

140
012
150
005
175
076

002
206
000
000
114
262
265
153
370
121
125
046
242
265
144
001
262
265
113
065
242
265
122
111
127
044
100
144
200
114

002
226

>PD>PD2DPPDPDPDDPTD D

>PDPPD>D

>PwY>»PP2P22>2DP22P22P2D>2TYDPPDPTIBPDOPIPTUTIIDIDDPIPIDPD>POYIDIDDIOY

002 265 000 A

GJEDIT2

CRLF

FAR

F1

Fo

GJEDIT?

COUNT

ISF
JMR
JHD

o
0
LXI

LFY

J1
FL.

215

)

RMON3 (IMH

L X3

LFY

012

o

RMON? (MR

JIMD

0
(o]
FIC
STh

LFI

RXL

SNF
JMR
L

ANJ

S1h

ISF
JHR
LN

RXR
SAX
SNZ7
JMR
CUr
ADY

FNC
Cur
JMn

(o]
END

CRLF

F2
COUNY

]

COUNTY

F1
COUINT

FAR
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Table 10,2

Data Tape ©Sample Size I I or 0O Output T-pe
(input) (ordinates) Code
TLTG (L) 300 255 1 I MT1TA
" 500 255 1 I 1J2TA
" 1000 1 1 I MIATA
" 300 1 3 I HIWTA
TLTG(2) 300 1 1 I MI5TA
" 300 255 1 I MI6TA
" 500 1 1 I MI7IA
" 1000 1 1 I MIRIA
" 300 1 3 I FJ9TA
THTG(3) 300 1 1 I 1MJ10IA
" 300 255 1 I nJ11TA
" 500 1 1 I MJI2114
" 500 255 1 I MI1314
" 1000 1 1 I MI1LHTA
" 300 1 3 I MJ15TIA
THTG (4 ) 300 255 1 I MJ16IA
n 300 1 1 I MJ17IA
" 500 1 1 1 MI18TA
" 500 255 1 I VJ19I4
n 1000 1 1 I MJ20TA
n 300 1 3 I MJ21TA
THTG(5) 300 255 1 I MJ22IA
" 300 1 1 I MJ231A
" 500 1 1 I MI24TA
" 500 255 1 I MJ25TA
" 1000 1 1 I MI26TA
" 300 1 3 I MJ27IA

(Continued)



Table 10.2

TLTG(6)

"
n

1"

n

THTS (11)

"
"
1
THTS(12)
"
"

]

TLHTS(7)
TYTS (10)
THTS(11)
THTS (12)
TUTS(7)

1"

T4TS (10)

"

T4HTS (11)

"

TUHTS(12)

1

(continued)

300
300
500
500
1000
300
300
500
1000
300
300
500
1000
300
300
500
1000
300
300
500
1000
300
300
300
300
300
300
1000
300
1000
300
1000
300
1000

S I = I Ry

255

255

255

255

H M HKHKFMPHWWWWWHRBRBWRRBRBBWRMRRHBRBWRRBRWRBR-BR R (2

O oo oooooooocoocoocooooHHHHHHMHHHMHHHHAHHHHHHH H HA

1772814
FMJ2914
MJI30I4A
MI31IA
MJ32I4
MI33TA
MI3LTA
MI3I5TA
MI6IA
MI3I7IA
MI3BIA
1WJ39IL
MILOTA
MIL1TA
MI42IA
MIL3IA
MIWLIA
MIL5TA
MIL6TA
MIL7TA
MJI48TIA
MILOT A
MI50TA
MJI51IA
VJI52IA
MIS3IA
MISHTA
MJI55TA
MIS6IA
MIS7IA
MJ58IA
MJI59IA
MJ60IA
MI61IA



Table 10.4% Surface profile data for a grinding wheel
after 30 seconds wear (MJ3IA)

Phule IATA L R2, 159, 152, 182, 1e-, )82

» 108»3 ‘DaTR. 900, GOO, 000, O
1001 DATA 1524052, 152, 152,152, |>52 0%, 608 +.900: 006, Coo

1>084 CATA .00% OORr 980 DO D00, COC

1°0>2 LATA 182, 152, 182, 152, 1€2, | €7 10>35 DATA<E00,000, 000,960, oCC, ocC
10>03 IAT. 152, 192, 152, 152, 182, | €2 In3¢e> pat1a €00, 00C, 000, 000, C2C, COn
1>004 LATA 152, 152, 152, 182, 152, | &2 1>087 LATA 000, 000,015, 075, 1234, 195
1>008 CATA 152, 152, 151,151, 151, 1¢1 1>088 LATA 216 288,229, 223, 222, 215
1>00€¢€ CATA 150,150, 1,49,,(49, 145, 143 1>C39 LATA 228,227,223, 202, 17¢, 1%5¢C
1>007 CATA 149, 149, 148, 143, 143, | 49 10>90 LATA 121, 10% 081, 101, 125, 127
1008 CATA > 147, 14T, 14€, 145, 143, 161 1>091 CATA 127,127,187, 157, 171, 17¢
1>009 TATA 133,103,072, 037, 009, C15 1>092 DATA 194325, 196,168, 140, 14 <
1>D10 DATA 017,062, 098, 125, 134, 142 10>93 DATA 092, 0€¢0, 03% 019, 005, CCC
1041 PATA 143,121,095, 071, C47, 047 1094> DATA 000, 000, 0C0, 000, 000, 000
1012 [ATA> 07>0,037, 110, 117, 113, 109 109 5> CLATA DCO, 000, 0CC, €37, 07€, 102
b3013 [ATE 125,097, 081,070, 052,031 109>€ DATA 112, 145,159, 195, 15¢, [c¢
1>71¢ T2T4 G108, 000, 800, 000, 60O, OO0 1097 TAT>A 176 194, 232, 233, 224, 234
1>Z18 LATA 080,000, 000, 000, €70, GoC 1099 LATA 235, 242, 241>, 233,539, 718
I>00¢ IATp D00, 000,000,000, 07°, 000 1099 TATA> 223,233, 226, 226, 707, ¢ | -
1>717 TATA 00D, 000, CCC, 002, Gy (7 0 110>0 DATA 493, 171, 147, 125, 10, ¢ -2
1>C18 TATe 000, 30,025,071, 127,143 11>01 DATA 040,022, 000, 000, (GO0, GC1
1>C13 CaTh 170, £6%, 2038, 212, 215, 19 ¢ 11>C¢ TATA 02% 041, 087,063, 0¢3,07¢
1>C2C DATA 168,141,137, 157, 160, 0€< LIC>2 Tavn 085,027, 114,127, 143, 1€G
1>021 DATA C28,C23,015, 011, 00C, CO2 PlZ>a 1272 177,139,191, 188, 199, 199
12022 TATA 001,000, 000, 0CP, 000, 0OF 110% I>A%TA 189, 1€2, 101,077,028, Cnr
1>062 £ATA 000, CTC, 000, 000, 0C0, CE1 110€ LAT>A 000, 0C0,.00G, 008, 2 7, 77 2
152224 DATE FES, 171, €T, 152,156, 101 1107 LATA >000, 000, €35, 0S¢, C€€, O¢€1
1>025 LATA G35, 053,031, 010, GOC, 06C 1>103 LATA 047,047,037, 007, 6CC, 000
1>02€¢ [ATA 000, 000, C00, 000, G0C, 0CC 1>103 LATA -000,009,037, 041, 066, 03t
1>C%27 LA™ 000, CCO, COC, 000, 000, 00O 1110 LAT>A 110,130, 1-8€ 183, €02, 208
1>C2% LATE CCO,NCC, G0D, CO0, CCC, CCO I>111 CATr 2205217, 185,159, 138, 133
1>029 LATA 0CC, CCC, €30, 00C, CCC, 00O P>z et 189, 117,021,0€0, 827, 6CQ
15030 TATA COC, 000, 0C0, GO0, CCC, 0G0 1>413 TATA 000,000, COL, 300, C2C, GCL
>0 CATA 0CC, 00C, 00G, 0G0, CCO, OCC 111>4 CATA 000, 000, BOO, 000,000, 0GC
1>022 CATA 000, 000, CCC, 80T, CCO, £CO I>118 PATA 000, CCC, COD, 00O, 707, OO
1>033 DATA COQ, 00C, COG, COO, COC, GO0 I>11€ TATA 004,016, €44,08%, 123, 129
1>034 LATA 000,000, 000, 800, 007, 6CC b>1i7 rate 129,129,129, 11¢,103,09¢C
1>03% TATA COC, GO0, 000, GO0, 00C, COC I>118 [ATA 074, 087, 043,027, 0CC, LOT
1>03€ CATA 000, 0CO, CCC, COC, OCC, CCC 1119 pATE 0CO, CO>0, 00C, 000, 0235, 09 ¢
1>037 CATA COD, CCO, COC, 000, COG, CCO I>120 DATA 159,131,201, 2f7, 228, 229
1>C3% LATA €00, 00C, GO0, 0CO, 0C0, 0CT 1>121 PATA 226,210, 189,182, 1€9,173
1029 LATA €00, 000, 00C, 0OC, £CO0, 0CO 1>122 CATA 172,127, 08¢ 045,602, 000
1>040 DATA COC, COO, 000, OCO, 207, 000 1>123 LaTA 000, 000, 000, 000, 000, 0CC
1041 LATA. 00>0, 000, 000, 032, 09C, 14° 1>124 DATA 00C, 000,021, 0€3, 106, iC7

1125 CATA 1>18, 123,123, 124, 115, CB3

1>C4z TATA 177,134,213, 135, 162, 133 3
1>043 DATA 102,066,069, 0€9, (37, 1C2 11>2€¢ DATA 043,013,000, 000, 000, OCC
L>04& DATA 117, 140, 152, 160, 169, 19~ 1>127 DATA 000,000, 600, 0C0, 00C, OCC
1>045 TA7TA 210, 20C, V32,10, 14%, 154 1128 CLAa>TA 00C, 000, COC, OCC, COQ, COC
104€> TATE 143,129, 169, 139,210,221 ‘1>129 DATA 00C, 0CO, OCC, OCC, CCO, GCO
104>7 TATA 22,200, 198, 200, 204, 194 1>J2C CpTL DOGC, 000, 00C, CC0, 000, CCO
1>068 TATA 167,147, 182, 102,055,017 1>131 DATA 0CC,» 000, 000, CPC, CCC, OCC
1>027 LATA ODC, 000, Q00, COC, GC s CCO 1132> L[ATA 00C,C00, 0CC, 0CO, COC, CCC
1>05C LATA C4Z, 103,173,199, 208,¢21¢ 113>3 CATA ‘OOD;OOG’OOO, 060, 0C0, 0CN
10>51 DATA 216, G216, 216, 216,222, 213 113>24 DRTA.000, QOQ. OO, 000, OCC, CCC
1>r 225 600, bA0, 1us, 108, (€5, (07 11>3% pATA 0060, 00C, 00C, 0CC, CCO, COC
1>CE3 TATL CCO, 000, 000, éeo,’ooo, oCe 11>2¢ DATA OCC, (CC, CEe€,C75, 101,132
1>0€4 LATA 000, 0CC, 00O, O0C, 000, OOC 1>127 TpTP 124, 162, 127, 221, 222, 231
10>%¢ TprTp 000, GCC0, COC, OCC, 2CC, OCC 112>3% TATe 225, 236,213,198, 19C, 295
1>0c: ~aTs ODC, OCO, COC, OCC, COC, 010 112>9 CATA 208,209,205, 222, 223, 230
1>087-Ip£7TA 0G0, 020, COC, LOC, G, OCC 114>C T'ATA 296.;.'2 l'l'l.‘lkS.l?L 199
1>0€2 [ATA 0CO, 0G0, CO0, 000, CCO, 0OC 1>141 DATA: 208 224y B28, 227,225, 21¢
i>089 [ATA 000, 000, CCC, COC, 0CO, COC 1>142 baTA 230,229,220, 218, 207, 1¢1
1>06C DATA COQ, 0CC, CCO, OFC, 00T, P00 1143 pATE 174, 156, 1222, 103,779, C£C
1>061 DATA 600, R0, P0G, FGC, 010, €00 1>148 Lamp (15,700, 000, CCL, 000, CCC
1CFF T>eTe (0,000,000, 000, 000, 00C t>16¢ rpTe 0C0, 000, 00 0C2, CCO, OCL
1>0 6% Trmpr 00D, OPG, T0C, 0CC, CCC, GO 1>14€ DATA 000, 00C, CCO0, 000, 000, 900
JoCs TaT 000, 002, 000, 000>, 000, C1Y 1147 paTA> 000, 00C, 000,00C, €27, ¢ 1
1>065 LATA 033,057,094, 07%, (57, 089 1>143 TATA ££0,020,0%2,08%, 102, 023
1>066 DATA 113,123, 149, 151, 147, 139 114>3 TRTA 129,167, 131,240,577,223
1>0€7 DATA 127,119, 07%, 034, 000,000 1180 LA>TA 183(348.4”g494¢y109,024
1>0€% DATA 000, CCC, CCC, 000, CCO, OGO 11>81 . TATA 050,08?,109,too.oie,o-7
1>069 LCATA 000, 000, 000, CCC, 0CC, OCC 122 £>ATA 015,000, COC, 0CO0, CCO, OCC
1>070 DATA 000, 000, 000, 05¢, 103, 147 1>153 LAT, D00, 0COC, CCO, COC, OCC, CGCO
15071 “pTp 129,220,202, 197, 124, 158 1>1%4 DATA D00, 0C0, 0CO0, 00C, OCO, CCOC
1>072 DATA 194,137,181, 180, 165, 148 1> DATA 00C, 000, 00C, 000, OOC, 800
15073 DATA 119, C92, 069, 027, 015, 000 I>15€ DATA OOgIggg'ggg'ggg'ggg'cgg
1>074 LATA .000, 000, 000, 00C, 0GC, 00C 1>) €7 DATA 000, ’ » . ’

1188 CATA 000, 00>C» 000, 000,0CC, 0CO
§>159 DATA 000, 000, 00C, D00, 000, CCC
11€0 C>ATA 000, 000, 000s Q00,» D00, CCO

1>07% DATA 0CO, 000, 000, 00N, CCC, COO
1'>07¢ DATA (00,000, 000, 000, 01¢€ 037

1>077 TATA 046, 042, 038, 035,011,000 1>1€6] DATA 020, 040, CE& WP 3, 127,175
1678 1e1r 00»C, 00Q, 000, 000, 0CO, OCO 1>162 TATA 218,197, 136°161,118,09¢
107>9 rAaTA 000, 000, 00, 000, 000, 000 1>1€63 CATA 066& 044, 023000, 000, 000
1C30 DAT>A 000, 000, 0CC, 000, C00, COO 1>1€4 CATA »boo; 000, 000, 000, 000, 00C
108>1 [ATA C00, C0C, CO0. CCC, oce, 000 11€5> TATH 0001 0C0, 000, 0CO, oee, OOQ
1082> TCATA 000, C00,QRQs ORG, 0004 PQO 1> 1e¢ DAIA SR P00, 0QQ QG
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Table 10.6 Profile data for g ground surface

corresponding with 30 seconds grinding wheel wear (MILLTA)

LoaL

*YACJIG!

»1500 LATA

V16,0065, 07420755,092,0571

1>483 DATA,
1>5,84 DATA

17951614 158,168,159,151
178,171,159, 164,167,173

12051 UATA 151,565, 111,537,087,132 158>5 DATA 16751615165,1564162,117%
1>552 DATA 11611Q9:59901550l15t095 l’ﬁd6’pﬂfﬂ 128, 149,16%,138,) 38,143
1>553 LATA 589,095,095, 109,154,593 1>087 DATA 147513568135 %2%5 155, 12)
1>054 DATA 975.577,o1v,113.1g9.{96 106>8 DATA 184513151558, 154,123, %91

1>005 DATA 10621015151, 11d,1%85112 1>489 DATA 187,13651475)89,126,123
1>056 -DATA 111,094,593, 595,815 111 12099 DAYA'lgDilQS»l“ﬂ,{A5:57v:a79
1507 LATA 587+ 152,113,138,1%9,139 1>591 DATA 145,132,123, 111,154, 429
1>508 DATA 4879 105,112, 11451595 1%6 1>598" DATA: 211915122,%872118,5119

1>5%9 DATA
1>515 DATA

,p95:l$1.121:1565121:143

197, 5815950, 122,127,156

1>593 bATa "

1994 D>ATA

IR 195, 945 L840 142, 5536

DTSsU6R5 585, L8651 335 150

1511 DATA 997, 024,347,132,133,5114 1>495 DATA 1195 081,557, 561,969,486
1>512 LATA 1260109,122,127,181,125 12596 DATA RS, 565, U608, 428,501,545
1>513 VATA 189,125,127,133,145;, 14) 12597 DATA 577,029,591, %955 115, 0%4
1>514 LATA 1555%9151%0,153, 114,151 19928 DATA U530000s 00w Yuls 417,106

1>515 DATA
1>L16 DATA
1>417 DATA
1>%1d DATA

122,131,192,198,13%5112
108,125, 130,089, 104,033
115,3192111,5152, 06,995
DT4558590835057: 089,576

1>099 DATA
1>1%% DATA
‘13191 LATA-
1>152 DATA

1214148,4%93,%94, 127,127
498,126sL84s592,576,196
198,187,569, 198, 15351 1d
341, 134203121272145,143

1519 DATA 096,932,567 0865 035,013 1>153 DATA V1B, 055,115, 119,121,579
1>4,2% DATA 956:983:553:ﬁ943§21‘ll3 ll’ﬂabnﬂTA 095,111,115,117,145,135
15,21 DATA 108,193,158, 1175115,%9) 1>155 DATA 132,1%85156,132,127,595

1>5,22 DATA
1>%523 DATA
1>524 DATA
1>525 LATA
1>5,26 DATA
1>5,27 DATA
1>4524 DATA
1»>529 DATA
1»53% DATA
1>4531 LATA
1>532 DATA
1>533 LATA
1»534 LATA
1>435 DATA
1»>536 DATA
1>4537 LATA
1>53% DATA
1»5,39 DATA
1>545 LATA
1>541 DATA
1>542 DAIN
1>543 DATA
1>%44 DATA
1>5,45 DATA

08708850695 143,079,151
06520650109, 999,576,195
1256 1485136,5935108,993
132,138,139,1025135,125
143513%,155,1662156,16%
157,14551275133,135,139
14651485 1345126513754}
104,125, 1215136,161,153
108,107,105, 351,115,120
095,12451215139214%,063
116,1245132,137,138,132
1415135:076,075,122,122
$73:993,096,087,593,595
068509450345 054,0365%44
53159915079, 085,125,565
0932059,132,5,127, 154,092
U8751065085,131,113,139
55950955 119,138,113,137
137»1335,1335109,1325,995
133,13%, 125,108, 128,104
12051475137+1565154,166
161,161,164, 149,155,132
1595152, 145,125,179, 143
163,154,127, 14651245116

1>14,6 DATA
1>147 DATA
11>%56 DATA
1>109 DATA
1>11% DATA.
1>11) DATA
1>112 DAlA
1>113 DATA
1>114 DATA
1>11% DATA
1>116 DATA
>13117 DATA
1>1ls LATA
1>119 DATA
1>125 DATA
1>121 DATA
1>122 DATA
1>123 DATA
1>124 DATA
1>129 DATA
1>126 DATA
1>127 DATA
1>128 DATA
>1129 DATA

1085124, 132, 1065112,138
125, 138,177, 174, 188, 145
1565 1595168,152,179, 117
1740373,153, 188,147,155
l‘blfﬂbn&S}l]35:]ﬂdnl‘7
1895151, 117,150,130, 142
136515%516%» 16351360133
13751615188, 135, 145,115
113,123,147 124,153,156
1192155,124,1385133,123
133,145, 131,161, 149,168
1465 171,173,171,179,161
1735371751745 1565160, 158
169:1612155%5,1695177,10%
J81,179,191,189,183,1481
195,176519%2197, 185,141
180,180,164, 173,203,161
169,169, 173,159, 1 T4s 188
1965 174:253,191,191, 184
213,168,191,1855183, 1451
199, 19501950181, 1745 174
165,186,183, 185,177,186
179, 165,187,165, 1745031
06955732 34%» 1765 1755 153

19046 DATR 133,143, 134,15651412164 1>13% DATA 173,157,189,157,155,154
15547 DATA 16551575150, 15021575155 11>31 DATA 16%:1%851895 194,176,178
1>545 DATA 152,159,139,167,1435164 1>132 LATA 179516901675 17651945 190
1>549 DATA 161,168,151, 7751506,1085 1>133 DATA Y78,175,197,175,168,172
1555 DATA 16851465162, 16951775159 ‘1>134 DATA 14%95,139,1565168,1170,102
12551 bLATA 162,168016A45157,1765167 1>13% DATA 1735145,16%, 17251515120
12552 DATA 174515951670 16751715162 1136 DATA 1625 141,1572155:106%5107
12553 DATA 1455 14351635176s.164,5167 1>137 DATA 146,142,162,164,158,168
12554 DATA 152,165,169, 164,169,154 1>133 DATA 154,129,15%,172,159,16%

1>139 DATA 15451465139:153,171s154

1>055 DATA
1>056 DATA
12057 DATA
1>5535 DATA
1>459 LATA
1565 DATA

1>»%6) DATA:

1>562 LATA
1>563 LATA
1>564 DATA
1>565 DATA
1>566 DATH
1>567- DATA
1>565 LATA
1>969 DATA
1>5715 DATA
1>471 DATA
15572 DilA
1573 LnTA
1574 LA1A

~

15951522155, 106/51155130
167515351535 14551552159
163515451525 127,154,148
162,151,155, 16151455153
145517351662 13751425135
143,152,158, 1632344l
LKD» 1872045, 1425 1464146
137,137,139, 142,129,126
1165043820025 099211095122
134,151,1235129,145,139
141, 189,151,137,126, 109
590012751115 13451264135
1245127,1342146,1455118
135, 146, 145,123,168, 153
139,1145139,149,157,15Y
16351485 145, VA8, 135,145
195,144 14351295153, 148
163,161, 139,148,156,157
163,154015855760055% 059
1255135144, 141,173,178

SPrieerst | 7 e LR AT

1>142 DATA
1>1449 DATA
1>144 DATA
1>145 DATA
42146 LATA

1>147 LATA

>l1las DATA
1>149 DATA
1>15% DATA
1>151 DATA
1>152 DATA
1>153 LATA
1>154 DATA
1155 DATA
1>156 DATA
1>157 DATA
1>158 DATA

159,153, 148,133,138, 144
1435131013751 495159,167
15451645 149017751755 167
175,165,153, 145,144,164
15151605 1225172518¢c, 146
172,172,173, 163,104,151/
149,153,175, 184,170 143
1450 158+s4R95,13d8, 1330319
134, 14651584147,163,157
138,1565 15651193 144 159
147,135, 183,138,139, 141
1385119, 125,145,135 113
1445190, 14723345 1622133
152, 146,181,153,135,132
138, 158,155, 158,127, 140
-43;145(!57:]680177:16i
BY, 182,253,205, 133, 184
Bl5s {04 2UK

1>575 DATA 1645147,1265,152,139,160
1576 DATA 123,184, 149,116,156, 140
1>577 Ty 1612 143,1482,145,159,1030
1287 HATA 1465 196 34Y5 143013001051

il A IAMORSTS,, 187,173,171,179
1>,80 DATA 164,1675189,184,170,190
1>,8) DATA 175,176,188,159,152,111
1>982 DATA 159,159, 18%, 174,198,176

1>15v koA ,
1>16% Dﬁtaﬂﬁagfzux. P9%, 1835169
1>161 DATA 149,366,185, 139,164,167
1>162 thaTn 70 P9 VU0, YUYs 154, 16Y
1>163 DATA . MED, 18 16€, 1435 154,153
1>164 17E1587155,133, 593,113
15165 DAYA T8I r14% 155,139,187
A2 166 UATA 13),135,1265 452



Table 10.7 Surface profile data for a grinding wheel
after 5 minutes wear (MJ14IA)

*MACJI 4

>LIJAT
> 1000
1>00!
1»>002
1>003
1>004
1>00¢
1>00¢
1007>
1>008
1>009
1>010
1>011
1>012
1>013
1>014
1>01¢€
1>016
1>017
1>018
1>019
1>020
1>021
1»022
1023 >
1>024
1>02¢
1>02¢
1>027
1>028
1>029
1>030
1>031
1>032
1>033
1>034
1>038
1>036
1>037
1>038
1>039%
1>040
1>04]
1>042
1>043
1>»044
1>04¢%
1>046¢€

LATA
CATA
CATA
CATA
CATA
CATA
LATA
PATA
CATA
DATA
CATA
CATA
CATA
CATA
DATA
CATA
DATA
CATA
CATA
CATA
CATA
CATA
CATA
TATA
CATA
CATA
CATA
CATA
DATA
CATA
CATA
CATA
PATA
DATA
DATA
CATA
DATA
CATA
CATA
PATA
DATA
LCATA
DATA
DATA
DATA
DATA
DATA

000:000:000:000;000:000
000:000:000;000:000:02]
054,063,079, 078, 073, 049
01€, 000, 000, 000, 000, 000
000, 000, 600, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, COO
000, 000, 000, 000, 000, 000
000,000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, C00, 000, 600, 0C0, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, C00, 000
000,000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
0C0, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
00C, 600, 000, 000, 000, 043
059,100, 117,125, 149, 17¢
211,230, 229, 230, 228, 228
227,217,207, 198,191,171
1€2, 143, 125, 105, 069, 022
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 00C, 000
000, 022, 080, 140, 199, 227
228, 209, 18¢, 180, 175, 1 ¢85
148, 139, 145, 14%, 145, 150
146, 146, 1422, 164, 174,177
174, 170,168, 164, 157,138
095, 045, 000, 000, 000, 000
0oo0, 000, 000, 000, 000, 000
000, 000, 000, 042, 094, 1 &S
208, 230, 230, 223, 202, 180

1>048
1»>049
1>0%0
1>0€1
1>052
1»>083
1>054
1>08¢
1>086
1>087
1»>058
1>05%9
1>0€0
1>06!
1>0¢€2
1>063
10¢€>4
1>06%
1>0€6
10>¢7
1>068
1>06€9
1»070
1»>071
1»>072
1>073
1>074
1>07¢
1>07¢
1>077
1>078
107>9
1>080
1>081
1>082

DATA
CATA
CATA
PATA
DATA
CATA
CATA
CATA
DATA
PATA
DATA
CATA
CATA
DATA
DATA
DATA
DATA
CATA
DATA
CATA
CATA
CATA
LATA
TATA
CATA
CATA

LATA

CATA

CATA

CATA

CATA

CATA
CATA
CATA
CATA

000, 000, 000, 000, 000, 000
000, 000,000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 049
063, 0€0, 0%€, 051, 045, 039
020, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
036,063,07¢,081, 063,071
072,058, 03¢, 005, 000, 000
000, 000, 000, 000, 000, 000
000, €00, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 034,092, 143, 141
1€€6,193,191, 18¢€, 183, 184
193, 205, 183, 146, 101, 063
023, 000, 000, 000, €00, 00O
000, 000, 000, 000, 000, 000
000, 000, 000, 035, 091, 143
196 217,217,212,203, 177
150, 148,202, 203, 217,213
211,185, 1€7,139,092,0%0
009, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 00C, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 0C0, 000, 000, 00C, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000

1>083 CATA
1>084 CATA
1>08°% LATA
1>08¢ CATA
1>087 LATA
1>088 CATA
1>089 DATA
1>090 CATA
1>091 CATA
1>092 CATA
1>093 DATA
1>094 CATA
109% rATA
1>09€ DATA
1>097 rCAaTaA
1>098 DATA
1>099 DATA
1>100 CATA
>110]1 raTa
1>102 LATA
1>103 CATA
1>104 DATA
1>10¢% LATA
1>106 TATA
1>107 PATA
1>108 rATA
1>109 CATA
1>110 LATA
I>11! CATA
1>112 LATA
1>113 LATA
11>14 CATA
1>11€ DATA
1>11€ CATA
1117 >CATA
1>118 LATA
I>119 DATA
11>20 CATA
1>12] LATA
1>122 DATA
1>123 CATA
1>124 TATA
1125 CATA>
1>12€ LATA
11>27 TATA
1>128 LATA
1>129 DATA
1>130 CATA
1>131 PATA
1»132 CATA
1»133 CATA
1134 >DATA
113>8% CATA
11>36 DATA
113>7 DATA
1>138 DATA
113>9 DATA
1140 DAT>»A
114}
1142 >TATA
1143 L>ATA
1144 DATA
1>14% DATA
1>14€ TCATA
1>147 DATA
1>14% CATA
1>149 CATA

000, 000, 00C, 000, 000, 0CO
000, 000, 000, 000, 000, COC
000, 000, 034, 059, 084, 10¢
109,109, 110, 110,102,083
06€¢, 065, 130, 1€3, 1¢1, 17
13,141,110, 08¢C, 058, 03¢
022,014, 00C, 000, 000, 0CO
000, 000,018, 075, 114, 132
14€, 159,169,176, 180, 18C
178, 1€1,13%, 121,115, 09¢
0s8, 021, 00C, 000, 003, 01 ¢
024,029,037, 0234, 03€, 0%
079,108,132, 1€1, 207, 217
224, 229,229, 230, 230, 23¢C
230,219, 179, 151, 148, 1€¢
171,175,182, 19¢, 206, 214
21€, 224, 229, 229, 229, 22¢
229,229,191, 15C, 101,0¢%¢
013, 000, 000, C02,013,01%
020, 042, 045, 045, 04s, 059
070,079, 1CS 113, 114, Y14
114, 114, 114, 114,100,059
014,000,000, CO0, 0CO, OCO
000, 000, 000, 000, 000, 000
000, 000, 000, 000, C00, 00O
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000,011,0€3, 108, 1%¢
211,232,231, 231,231, 23¢
231,222,202, 221,214, 231
231,231,231, 231, 231, 231
231,230,227, 228, 230, 231
231, 231,231,231, 221, 21¢
20€, 172, 14€, 115, 0€6€, 03¢
023, 000,037,069, 108, 11¢
150, 1€8, 20€, 230,231, 232
233, 233,228, 214, 219, 20¢€
163,122,074, 028, 000, 00C
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 009,021,043, 0%9
071,071,071,071,0¢€3,0%0
041,032, 021,007,000, 000
000, 000, 000, 000, 00C, 00C
000, 000, 000, 000, 000, 000
044,072,095, 077,059, 031
001,000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
00C, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 003,017, 04¢, 06
090,118,151, 179,200,217
225, 228, 229, 229, 229, 224
212,187,179, 194, 184, 149
124, 107,104, 105, 095,09 ¢
095 095, 094,079,047, CC¢

PATA 02€,0>87, 124, 133, 151, 1€9

189, 20%, 221, 232, 220, 19 €
177,157, 136, 114,087,0¢1
039,018, €0C, 00C, 0CO, OCC
00¢, 000, 000, 00C, 0CO, CCC
000, 000, 0CC, OCC, CCC, OCC
0C0, 00C, 000, OCC, OCC, OCC
000, 000, OCC, OCC, 00C, OC*
032,037,029,023,02¢, C41

1150 CATA 0€>0,0€0,0€1,0€1,06€1,0%9

1181
1182>
1>183
11>54
118»¢
115>¢
1>1¢7
1>158 LCATA
1»>159 CATA
11€0 [>ATA
1>1¢€1 CATA
1>1€2 CATA
11»>€63 CATA
I>164 CATA
1>1¢% DATA
11>¢€¢ CATA

DATA
CATA
LATA
CATA
CATA
CATA
CATA

023,000, 0CC, 0CC, 00OC, CCC
00¢C, 000, 000, 000, OCC, CCC
00C, 00C, 000, 000, 0CC., OOC
000, OCC, CCC, CCC, 000, OCC
000, 0CC, OCC, COC, CCC, CCC
000, 000, 0CC, 0CC, OCC, 00C
000, 00C, 000, 040, 0€1,083
102, 12€, 147, 151, 150, 1¢€1
137,100, 0€3,02¢, CC0, OCC
00C, 000, 000, CCC, OCC, 000
000, 0C0, 000, 00C, CCC, OCC
000, 000, 047,101,133, 1¢¢
178, 199, 201, 207, €19, 231
231,226, 232,213,211, ¢C3
P09, 224, 2198, 195, 152,109
074,029,018,07¢



Table 10.8 Surface profile data for a
after 5 minutes wear (MJ20IA)

0>02 CATA 322,7

4>003 DATA
1004 CATY
1005 LaTA
}1>006 CATA
1007 BATA
1»>008 DATA
1>009 CATA
1>010 CATA
1>011 ZA7TA
12012 DATa
15013 CATA
‘1018 DATA
12015 DATA
13016 DATA
1>017 DATA
1>Q48 DATA
1>019 Ca~z
1>£20 L3700
12021 CaTn
10=22 DATA
1>023 DATA
1>024 DATA
1>02S5 LATH
1>026 CTn7A
12027 A%
1>028 LATh
12029 DATA
1>030 TATx
1>C31 Li7a
1>032 LATA
1>933 DPATA
12034 DATA
1>03% Lh™~
12936 LaTA
1>337 LATA
1>038 CATA
1>039 DaTA
1>040 CATA
1>%a1 LATa
12042 CATa
1>043 LAaTs
1>044 CATS
1>045 LATA
1>046 Za7A
12047 LATAH
1>048 LA7TH
1>049 SATA
>1050 CATa
1>051 a7
1>052 DA
1>053 2ATa
1>0%4 LAaTA
1>055 LCATH
1>3%6 -~ 7
1>057 a"4
1>052 DaTA
>10§9 DA TA
1>060 L[ATA
1261 TATA
1>062 LA
10>63 DATA
1>064 LaTa
1>065 CaTA
1>066 LATA
1>067 LATA
1>068 LATA
1>069 CATA
1>07Q DATA
1%Q74° CATA
1>Q72 DATA
1>073 DATA
1>074 CZATA
1>275 LATA
1>076 La7h
LATA
1>078 DATA
1>37% IATA
12080 DATA
+hp&y Lh7°

AN

- ame e
370,303,070, 000.0

PRGRSY |
l%SlZ?AIZE?:lQB'??3:23;
P23,233,211,1%2,127,101
10%,1C22005,2352,22248321
200,000,302, 330.052,000
00234030+ 002,3520,3235+209
223C,000,302,32C0202204320
002,00%2,C31-141412%,13C
151,210,222,2235,%22, 143
115,968.522,004-200,30¢
000,522.0905,0CC+000,230
02,0792,020,000,202.000
000-209,019,124,212,23%
223-157,068-031-009-000

0005 000,000,0004900,000

000-003-0303,002-000.,000
Q02,027,022,0200,200,000
2T, N2C,732,000.000.029
232,003,777 2254202.020

0092,230,CC2,277,222,030.
206,000,022, 720,227
J00-,000+30G+» 372051
3C0,0300.000-,000-

FRelolsl
PSS

-

200,202

J02,300,006-000-000-000
C22.3207,2034222,2004000
02,0072 222.232,C22,0022
30908,302,008,0225,22204037

200,920, 033.0220, 22240320
322,000.C25-958,232435°2
°32.,202,9022,207,200.92920
J33J-,08C '0211 455,333,220
000,00C-,300,322-222,00C
Q70,21 W.oﬂ“,ﬂj":joﬁ:uca
ST ©22.202

SRR PR PR R Pl
20,200

30%.225.722.357°C
000-,022-,320,9030
000-,000,000-2035-200-203
200,005.022,000-,520.0C2
0J32,002+235.002,023,220
202,900,0200,C00,3022,022
03C,222.222,222.,033.02C
202,373,302, 005.302,02C

[CRPRVE SN -
30-220,2235,32022,°57024300

s

320,002.3395 2324323, 320%

200.023-233.022-5304220
303.302.077 i
000,233,230, 00%2-353225503
732,020.006,000,52C25017

J87,36%,0325,003-,334.01¢
PRI PR Rt PRGN P N 2
175751510 212282,031
3300330,000,021.2774121
155,031.222,156,7°34,234
15, 11.4,046,002,000-200
2502,250,00C8.30C,000,0302
ANCL,727,000,220.2C7, 200
b isJor Inlaiai Ininie PRolulc e Ta s PRAN o
000,070,702 22042774000
000,702,270, 202,0274200
700,002,007, 22C,000,290:
~00.,9720,000,320-,000.03C90
020,992,300.,009.,C30-030
0903,000,0022072,220.220
000,0C0,J142115-7314,222
232,032,833, 3%, "0, 4
145,103,214, 2205307.520
300,030,172 2+2204C304000
302,300,223, 000-000-000
000,000,000,000-003,0290
0090,903,000.002,323223)
000,000-,000,000.,000-,000
200,022,920,C79,000,209
090+,C035+232,0332,328,00¢
002,2223.303,030,3230. 000
AQ2,200, .‘"Ol ):)11"'\9)930
f1N,14)159642,2004320, 208

]GQ,OOT,°33,”33'\33:”1_
157,149,126,095,129,091
779,006,357, 042,022, 222

AMn,~mt, 2,077,000 000

2300, 2

2

251.7

A A
.-

Sy Ny O

2,002,350

> om0
1>083
1>094
1>985%
12384
1>327
>1088
1>089
1>9390
1>99])
>1062
1>793
12064
1>065
12996
1>097
1>09"
1>06¢6
1>12°
1217
1>112
1>143
1>104
1>105
12175
12157
1>132
12173
1>11°
12111
1>112
1>113
12114
1>115
12116
1>117
1>11%2
1>119
1>120
1>12)
1>102
1>)~"
12124
1>12%
1>126
>11°7
1>172¢
1>19%
1>132
1>)7)
1>127
1>17°
12174
1>135
11>36
1>137
1>13%
1>1239
1>12¢9
1214}
1>1¢°
15147
1>144
1>14¢
1>145
12147
1> 42
1>149
1>159
1>151
1>152
1>153
12154
1155 »
11>56
11257
1>158
11>5¢
11620
12101
116>2

grinding wheel

CATA
CATA
LATA
LATA
IaTe
LATA
LATA
LATa
LaTa
La™a
ZATA
LATA
LATA
CATA
DATA
CATA
CATA

R
ThTA
LaTa
CATA

ZATA

DATA
LATA
CATA
+266524KM10002000700070080/7°008000" "

000,503,227, 727

008,993,072, 55,345, -+~
0004970, 052, 2, ~n, 20

550s0350052,95 755, 5
3004093503%,252, 35, o=
205,000,000, 255, 550, A0
00050004 30%,527, 335, 2 -
0094060+0%0,527, 255,25
000520856935 3054 070, 32
900+200400923,559,320, 275

930'?~3:vuuivouoc331:1:
+300-302,020,099,030,93355
002-000-000. 003:300 0350
000.000-000-092-002-93)
000,000,000, +00G6,0902,032

003-000-000-000.260.235
202,903-200,003.,2"7,
0,702,200,

53
.

"“lﬁ‘),n"ky

R RO PR PRl PR S PR T b
SR R ier Rl R el D Be R Ple Yol
32,802,202, 0 s TN, 0T
30,000,325, 222, ...,
0090, OVV'OOOoQODI“"I
092,302,002, C00.,002,0 1"

Pl1.7°22,732,7222,2239,2%%

931,”1\,514,f33,;3a,~]-

:143'71‘:1/7.:9a,,||
Sac,n e aaa I
IR S I PN IO B
ﬂ\ﬁ,}Jj‘:~:" - :\ ,
3005000403035, 7

000,000,000+ 005,352,022
005,000-300,000.000,00C
033,203-,023-,202,003,
330,099,000,922, 095,92

032,002,222,225,0550,237
19€,123,0222,702,2%1,% %4
?33,222,199,1112345,222
A24,252,02395127,16 4,77
PR2, 724,217,102, 01462501 .
17%, 246001064272, 22%, 7,7
TSRLCL5.058%,0L5,027, 7 4
TP ol ReRetol e FaJodie Solal Ratuls!
170s 300,777, 2022.,020, 7207
322.0204000,2%024902,352°0
N22,002.000,027,037,270 7
200, N20.0230.070,3%247 70
SIZ2sT334C0024052. 250,07
AR RCie PRI e i ke BoP R Sel Eiie
327224 020025200700 000
02540020533, 2300 2404330
130+202.03C-23504,3324077%
TI2e 203,085,045, 2300005
.l‘:}};;&:::]?::::f:f;;
> VP IEERPE S E
061,353,102 'll ﬂllé'lkl

097.023,000-000,000,939
200.900+009+099- 039302
000-002-082-080.252, 321
£03,270,527,23%, 577,730
NG, INN T AN, T T, 0T
T7T7.032,307.207,050.080
212,220.C2C0,300.0004030
900,009-000,000+002,9C2
000.000,000,090, 2", 53"
909,000,000,059,0332, ° ~
002,900,000.9%2,79%,  °
002%.330-072 ﬁ‘,l;aﬁf“
03J4320-277.5723
382-,9090,775. 000
OOO:OOOo"J“'JOO-_JO:OJ’
000,030+000,000-000+3CS
000090000+ 000T0EV-800
33%.07052332000,320, 0
295, 200+502,920,3224 227
003.000,90625992520C 70

©68,056403%,351%,227. 377
220,08000333433., 2200000

“20,000,03C.000.30G.2°7
000.000,539-,0905,000-000
200.,030-222,200.2306C.0320
9193.,009-C02242032.222,293



Table 10.9 Profile data for a ground surface corresrondi

with 5 minutes grinding wheel wear (MI4014)

LOGIN sTdUMF

STHUMP (4) LOGGED IN AT

WELCOME STHUMP

OK» LBASIC

GO
>LOAD

tAD
>1401
1»502
1>0553
1>004
1>005
1>456
1>05057
1>508
1>5%9
1>515
1>511
1>012
1>513
1>514
1>515
1>416
1>517
1>014d
1>519
1>%520
1>521
1>%22
15>23
1>5,24
1>5,25
1>526
1>5,27
1>%28
1>529
1>453%
1>%31
1»>4532
1>%33
1>5L,34
1>535

‘MACJO4’
>155% DATA 158,161,160,161,148,14%
1095 DATA 156,161,160,161,148,14%

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
LATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

129,163,145,161,175,187
189,164,173,1615161,178
180,188,164,1675177,156
181,176,195, 184,179,194
215,201,186,209, 1948, 188
181,205,191, 186,181,162
191519651955 194,5,172,154
195,207,194, 187, 184,185
163,145,1795184,159,179
180,196,187,216,201,5 182
188,162,199,256,221,156
1965,163,175,188,173,1485
16651655 17451485185, 182
16451435, 176,181,187, 188
1772,16%5,1615176,1865199
1555,183,157517151735192
207,202,194, 194,187,178
17%5189,5,191,194,195,193
203,173,191,161,188, 188
196,186, 178,197,187,209
212,191,205,190,202,201
184,205,2215191,5 188,195
229,197,1985,173,197,145
1845190,193,213,209,211
216,253,217,217,2248,221
193,2053,2%4,259,191,208
202,209,212,203,223,245
198, 187,161,172,1745178
185,255, 188,1905,219,219
165,192,218, 198,252,211
216,205,2045,213,162,186
225,213,184, 181,181,188
20552305195,187,254,163
196,161,153,162,157,156
176,209,207,2%15195,202

1536 DATA 159,1>72,205,1465177,146

1>5,37
1>5,3y8
1>5,39
1>54%
1>041
1>5,42
1>543
10,44
1>5,45
1>046
1>5,47
1>048
1>5,49
1>55%
1>551
1>5,52
1>4,53
1>5,54
15,55
1>556
1>5,57
1>558
1>559
1>56%
1>%561
1>5,62
1>563
1>%564
1»565
1>50606
1>567
1>568
1>5,69
>1070
1>4571
1>5,72
1>4573
1>L74
1>5,75
1>L76
1»>0L717
15,74
1>057y

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATRA
DATA
DATA
DATA
DATA
DATA
DLATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

151,188,1688,181,183,18%
189,195,223,209,201,224
198,213,195,221,171,2%3
525,1655,19759513,102,050%
999,123,148,150,162,5,191
195,2065191,199, 198,186
199,192,208519%55,193,216
1975203,156,217,2%45161
297,213,17652115195,164
202,195, 17851905179, 180
19651688, 188,191,187,167
191,191,199,195,201, 190
175,205, 194,185,189, 184
201,184,216,2505159,173
188, 186,17721945182,183
195,182,174,168,187,179
181,216, 180,1845179,2%3
202,5,191,189,176,168,171
189,187, 188, 181,182,175
167,1865,17651915169,200
189,182,198,191,187,1176
175,196,059, 177,173,173
1765197, 1415191517351 70
189,183,187,194, 185,173
116,192,164,17%,194,194
253,206,191,205,196,20%
175,184, 187, 185,177,198
186,182, 198,181,162,170
149,191,18%,181,199,194
18551695 139,191,202, 193
188, 181,184,175,172,156
252,189,191, 168, 184180
188,195, 189,186,180, 139
1895,185,178,191,5 191,200
183,251,186,20%,194,186
182,191,187,199,181,174
184,198,193,204,199, 191
189, 181,212, 189,158,196
165,168,178,183,188,197
183,173,1855191,191,191
185, 199,191,189,179,172
193,197,191,191,191,1717
176,195, 186,175,184, 160

1027 V709

1>%587%
1>041)
1>%82
1>583
1>084
1>4485
1>586
1>087
1>488
1>549

12099

1>0591
1>4,92
1>05,93
12094
1>0595%
1>996
1>L,97
1>593
1>4L99
1>1%%
1>1451

1>152
1>1%3
1>1%4
1>105
1>1%6
1>1457
1>1598
1>159
1>115
1>111

1>112
1>113
1>114
i>115
>1116
1>117
1>118
1>119
1>12%
1>121

1>»122
1>123
1>124
1>125
1>126
1>127

1>128

1>129
1>13%
1>131

1>132
1>133
1>134
1>135
1>136
1>137
1>138
1>139

1>14%
1>141

1>142
1>143
1>144
1>145
1>146
1>147
1>148
1>149
1>15%
1>151

1>152
1>153
1>154
1>155
1>156
1>157
1>158
1>159
1>16%
1>161
1»162
1>163
1>164
1>165
1>166

»1L50

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

Va8, 019,500, 146,211,251
197,181,197,186,215,2%5%
2131215:292:1575193:213
189,192,195,2%8,23%, 19¢
217,216,187,2%3, 189,193
187,183,187, 187,156,153
15611570155017411761l67
175:295:ld9pl66‘2541175
191,191,2%1, 181,250,193
201,218,2%3,192,%%%, 14y
1545177,19452%3, 191,242
1865,199,181,195,217,211
178,1895195,2%51,2%2,197
189,195,202, 159, 186,173
186,191,175,189,177, 18%
19501951295317611763155
177, 189,184,183,187, 186
177,2%45173,19%,218,2%57
1565194,201,18%, 186,145
l72n1431193:25q:l921252
215,299,2497,187,185, 195
150,195, 188, 18%, 183,161
196,189,153,183,193, 199
192,197,219,2%4,198,257
195,1855,195,186,182,173
1665188,197,215,173,11717
189,176,179,208,196,195
199,182, 18%5,173,176,197
184, 187,198,193,2%54,193
197,198,2%5,258,217,227
225,22%,213,221,2%99,227
203,207,216,212,183,187
193,179,168,219,207, 198
191,189,198,182,187,2%4
208,215,212,2%2,253,247
218,216,208,18%,199,193
221,199,181,189,2%4,212
207,197, 181,214, 198,199
20551955193,189,179,18%
178,167,186, 185,183,187
197,257,194,212,2%1,216
185,199,2055,205,197,2%3
201,186,187,195,198,21%
211,215,219,199,212,191
179,156,180,209,195,2%0
212,1815194,178,196,159
176,175,187»177,196,185
191,1895,2115185,196,203
209,18%5,1935191,192,1706
178,209,211,256,198,191
195,2%6,203,202,2055,205%
202,181,185%,163,4553,113
1735185: 1875 190,2012193
1962210,206,202,2%2,210
199,2%451955,1995185,207
292,201,181,172,223,210
183, 188,2%15191,113,999
1615171,1915,199,204,205
197,197,2%5,179, 181, 1808
196,196,178,187,167,162
G895 173,197, 181,204,188
167s174s17551475181,5195
182,171,177516%,202,195
191,196,212,207,2%5,211
1995254, 193,209,1906,5 145
183,191,199, 186,T8%,179
1575139,184,171,171,173
162, 171517951 7451815193
175,181,168,184,1655, 165
164517751915 187,197219Y
214,294,291,209,203, 1917
161,180, 188,194,161, 19/
148, 1815 156,223,2%%,222
195,211,223,2142199,213
\9612531]591]7“:17“5]97
195,185, 1815171,178. 172
17951815,177,187,185,193
197,204,817,197, 186,186
168,191,177518%5 1865157
1551169121911“612121177
164,196,182,191,160,181
15251455132, 147,145,161
159llblﬁ153113ﬂiﬁ72l°56
1355 04%, 1545 153,152,102
lblolbl:lﬁlnlﬁl:lﬁlol&l
lUlolQl:lUlulUU:lUU’\Ul
190019501500 100

158, 161,160,161, 148, 145



Table 10.10
Surface profile data for a grind
inding wheel

after 10 mi
inutes we
ar (MJ26IA)
> 1000 LATA 00
0, 000
1 ’ 000
1001> LATa 000, 000, 000, 00¢, 0, o, ooy 1>083 CAT
1o ATA 034,044, 058, 0€7, 12,020 1084 DA A 000, 000, 000, 0
loga: CATA 096;12‘,157’13;'052,090 108> & g;TA 000,000.000'088’000.000
>4 TATA 1€4, 223 ,138, 132, 12) S DATA 000. 000. 000 Oan’ o0 00C
1>005 LATA 180, , 239,255, 2] 108>€ LATA » 000, 000, 000
0 208 000 , 000
100>€ LATA ooo'égg‘1'2’°75‘°35:000 1087 >LATA ooojggg'gOO,ooo,ooo,coc
1>007 LATA ooo'o » 000, 000, 000, 000 1>088 LATA 000, 00 » 000, 000, 000, 000
100>8 TLAT , 000, 000, 000, 000 1>089 CATA , 000, 000, 000, 000
10500 DA42 888'000'000’000'000’288 1>090 LATA 838:000,000,000,000.823
: 000, 0 ’ 10> , 000, 000 ’
1010> LATA 000, 000. 00, 000, 00 91 CATA » 000, COC
10>11 TATA 026 , 000, 003, 01 092 >LATA O , 000, 000, 000
! 2€,02€, 02€ ’ 1,018 1059 00, CC0, 000, © , 000
ig::; CATA ooo,ooo:ooo:ggg.ooo,ooo 1,092 EQTA °°°'°°°'°00:ogg‘gg°'°°°
Loon LATA ooo,Ooo,ooo,OOO’ooc.ooo 109 < EA>TA 000,00010320046:0q8'000
1 05 2 CATA 000,000, 000, 00 » €00, 000 1>096 ¢ TA 002, 000, 000, 000, 0 o o2
lore papon 000, 600, 000, 00C, 006, 060 1097> Cata 000, 000, 000, 000, 000, 066
10>17tA>1A 000,000,000,000.000.ooc 1>098 ;A;A 000'000.000,000:008’00O
LATA 000,000, 000 » 000, 000 1099 A 000, 000, 000, 000 » 000
i°l>8 CATA 000, 000 Ooonggo,ooo,ooo ll>0; gATA ooo,ooo,oooiooo‘ggo'OOO
>019 CATA 000 ’ » 000, 000, 00 ATA 000,0 ’ » 000, 000
000, 0 » 000 11>0 » 056,082, 10
102>0 ’ » 000, 039, 1 CATA 1,079, 0¢&¢
1 LATA 078,080, 078, 07 034, 0587 11052 [ 046,045, 038, 031, 022
021 LATa 08¢ 4,070,078 ATA 000, 00 » 000
102>2 LATA ogé'gae.osl,oxx,ooo:ooo 1>103 DATA 000,000, 600, 000, 900, 900
00, 000 110>4 ’ ,» 000, 0
1>023 LATA 000, 000, » 000, 000, 0 DATA 000, 0 » 000, 000
0, 000, 00 » 000 1>105 » 000, 000, 000
10>24 LATA 00 » 000, 000, 000, 0 DATA 000, 0 » 000, 000
0, 000, 00 » 000 11>0¢€ » 000, 000, OCO
102> LATA 00 » 000, 000, 00C, CO DATA 000, 00 ,» 000, 000
0, 000, 00 » €00 110>7 © » 000,000, 000, 0
102>¢ LATA 00 » 000, 000, 000, 00 ATA 000, 000 » 000, 000
0, 000, 00 » 000 1>108 CaA , 000, 000, 000
1>027 TATA 00 » 000, 000, 000, 000 TA 000, 000 » 000, 000
0, 000, 000 ’ 11>09 CA » 000, 000, 000
1028> TATA 00 ’ » €00, 000, 000 TA 000,000, 0 »000
0, 000, 000 ’ 1>110 DA » 000, 000, 000
10>29 LATA 00 » 000, 000, 000, 000 TA 000,000, 0 ,000
0, 000, 000 ’ 11>11 CAT » 000,000, 000
1>030 CATA 00 ’ , 000, 000, 000 A 000,000, 0 » 000
0,000, 000 ’ 11>12 DATA 0% » 000, 000, 000, 0
103>1 LATA 029 » 000, 000, 000, 000 1 A 051,091,13 - ooC
T ,07%, 083 113> DATA » 130, 188,209,212
1>032 DATA 09 »083,101,110,10¢ 179, 135, 09 + 2l
7,091, 13¢ R 111>4 CATA 4 1,089,023, 00
103>3 TATA 110 » 135,191,182, 148 1 000, 000, 000 » 001
, 083,050 >115 CATA O » 000, 000, 000
1>034 CATA 000 €0, 011, 000, 000 1 00, 000, 000, 0
000, 000, 0 11>€ DATA 0€S » 000, 023, 050
103> CATA 000' ’ » 000, 000, 000 1 €%, 07%,0%¢, 0 ~
000, 000, 0 11>7 LATA 12 €€, 037, 031, 0SS
1>03¢ TATA 000, » 000, 000, 000 1> 2,149, 171,19 :
000, 000, 0 118 DATA 181 » 196,208, 19¢
1>037 CATA 000' » 000, 000, 000 11> » 151,104, 0%8
000, 000, 0 19 DATA 000 » 058, C14,000
1038 TATA 000, 000, ¢ , 000, 000, 000 112> »000, 000, 000
000, 000, 000 0 TCATA 000,0 » 000, 000, 000
1>039> DATA 050 . » 000, 000 1>121 » 000, 000, 000
000, 000, 0 LCATA 000,0 » 000, 0CO
10>40 CATA 000, 000, 0005 ¢ 00, 000, 000 112>2 » 000, 000, 000, ©
000, 000, 00 CATA 000,0 ., 00C, 000
1041> TATA 000, » 000, 000, 000 1>123 » 000, 000, 000, 0
000, 000, 00 €3 DATA 000,00 » 000, 000
10>42 TATA 000, » 000, 000, 000 11>24 » 000, 000, 000, 0
000 CATA O » 000, 000
104>3 DATA 0521031:?83'?;f'°25‘°“0 {125 TATA ogg'ggg,ooo,ooo,ooo.ooo
1>044 DATA 162,169, ]33‘ . » 133, 1%4 11>2€ CATA 000,00 , 000, 000, 000, 00O
1>044 DATA 1 €2, 162 . 204, 208, 221 | pos CATA 000. 0, 000, 000, GO0, 000
L 04€s LATA Ooo,ooo'égzlégé'o7"°2° 11>28 LATA 000'888:300,000,000,000
’ ) 034 112 . ’ » 000, 000,
:ng; gg:ﬁ 253'009'000,00010001833 li::; g:;: 800'000'0001033,888‘8gg
000, 000, 000, 0 00, 000, 000 ’
1>049 TATA 000, 0 » 000, 000, 999 131> AT » 000, 000, 000, 000
00, 000, 000, 00 A 000,000, 000 ’
105>0 LATA 000‘ 00 » 000,000 113>2 DATA , 000, 035, 043
0, 000, 000, 00 042, 027, 009, 0 ‘
1>0€1 DATA 000, 0O » 000,000 1>133 [ATA » 000,000, 000
0, 000, 000, 00 000, 000, 000, 0
105>2 CATA 000,00 » 000, 000, £0¢ L13>4 LATA o0, 000, 000
0, 000, 000, 00O TA C00, 000, 000, 00
1>053 CATA 000,000 » 000,000 113> LATA 000 > 00¢. 000, 00¢
000, 000, 000 » €00, 000, 000
108>4 LCATA 000,000‘ ’ » 000 1>13¢ CATA 000 »00C, C00
000, 000, 000, 0 1 » 000, 000, 00€
1506 DATA 000, 000, , 000, 000 137 CATA 118, 15 » €3, 039
000, 000, 000, 0 1 2187, 198,212, 2
10>c€¢ DATA 000 000) » , 000 138 PATA 184 , 212, 20€
! , 000, 000, 000, 0 1 s 1> €5 1581, 127
10> 57 DATA 000, 000, » 000, 000 139 LATA 007 » 090, C43
000, 000, 000, 00 1 » 000, 000, 000, 0
108>8 LATA 000, 000‘ ’ ’ 0 140 TATA 000,0 ,» 000, 000>
000, 000, 000, 00 > 1 , 000, 000, 000, 00C
15069 LATA 000, 000, » 000, 000 141 TATA 000,0 » 00C, c0C
000, 000, 000, 00 11>42 » 000, 000, 000, 000
1060 TCATA 058, 101 [ » 000, 000 >42 CATA 000, 0 » 000, 00C
12%, 144, 172 202 11 » 000, 000,028, 0¢
>]0¢1 >»CATA 211,‘;“ ’ & 43 TATA> 097,10 »082,074
, 173,149, 1 » 104,110,115,
IS oes TATA 0ot 51 600: 000, 000, 000 128 Cara 8;3"055'°3L:001.é83'g:g
ATA 000, 000, 000, 000 . 0, >000, 000, 000 ’
O A oaa 02 , 000,014, 020 114€ TATA 000, 0C + 000, 000, 00C
1, 000, 000, 000, O \ , 000, >000>, 00C, OC
1065> CATA 000,00 ’ , 000 147 TATA 000,00 » 000, 000C
T 0, 000, 000, 000, 00 1 » 000, 000, 00>0, 0CC
10> €€ CATA 000, COO » 000, 000 1>48 LATA 000,000 » €0C, 00C
000, 000, 000, 000 1149 » 000, 000, 000, 000, 0
s Data 000, 000, » 000, > CATA 000,000 » 000
000, 000, 000, 000 1150 » 000, 000, 000, 000, C
10>€8 DATA 000, 000, Ty 0> DATA 000, 000, 0 + 000
060, 116,172, 20€ 11581 » 000, 000, 000, 00C
1>069 DATA 208, 203, s 172, 51 CATA 000,000, 00 .
196, 164,127,095 11>82 » 000, 000, 000, COO
10>70 DATA 085, 083' 4 ’ s2> DATA 000,000
044, 031,020, 00 115>3 » 000, 000, 000, 000, 00
10>71 DATA 000,00 ’ » 020, 000 DATA 000,000 ; » 000
0, 000, 000, 000, 00 1>1% » 000, 000, 000, 000, 000
107>2 DATA 000, 00 » , 000 4 TATA 000,000,000, 0 ’
10722 Data 000, 000, 000 000: 050, 800 15 tavTa 000, 000, 000, 000, 000, 000
10754 LATA 000'000‘000‘0002000:088 'l;>7rg;:A 000, 000, 000, 000, 000, 000
1076> DATA 000, 000, 000, 000, 017, 076 11559 DATA 000, 000, 000, 00C, 000, 000
1077+ DATA 111'1361127'109‘092,052 A TA 00C, 000, ©C0, 00C, 0CC, 00C
1>078 CATA 076;056,052.039;016’012 1161> c:TA 000, C00, 000, 000, OCC, CCC
10>79 LCATA oes,oao.oa1,002,0421042 11>€2 DA;: 000, £00, 000, 000, 000, 00C
1080 C>ATA 042,035 017,011,011,010  1>163 DAZA O 3 T a8 193, 193
1081> DATA 011,011,000 02,181,177, 188,193, |
101> DATA S 20T 000, 000, 000  11€24 DATA 200,208, 21€, 21< a3
00, 000, 000, 000, 000, 000 }>1€5 DATA 215 218 214 1 ,21%, 214
| 1> €€ DATA 106'065‘020'0354164,351



Table 10.11 Surface profile data for s grinding wheel
after 10 minutes wear (MJ321Ia)

» 1000
1>001
1>002
1»>003
1>004
>1008
1>006
1»007
1>008
1>009
1>010
1>011
1»>012
1»013
1»014
1»015
1»>01¢
1>017
1>018
I'>019
1»020
1»021
1>022
1»023
1>024
1>02¢
1>026
1>027
1>028
1>029
1>030
1>031
1>032
1>033
1>034
1>03¢
1>036
1>037
1>038
1039>
1>040
1»04])
1>042
> 1043
1>044
1>045
1>046¢
1>047
1>048
1>049
1>050
1>081
1»>082
1»>053
1>08%54
10>&°5
1>08¢
1»087
1>058
1>0%9
1>0¢€0
1>061
1»0€2
1>063
1>0¢€4
1>06S
1>06¢
1>067
1>068
1»>069
»1070
1>071
1»>072
>1073
>1074
>107¢&
1»07¢
107>»7
10>78
107»9
1»080
1>081
1>082
1>083

CATA
DATA
CATA
CATA
DATA
DATA
DATA
DATA
DATA
DATA
CATA
DATA
DATA
CATA
DATA
PATA
CATA
CATA
DATA
CATA
DATA
PATA
DATA
CATA
DATA
CATA
DATA
DATA
DATA
DATA
DATA
DATA
CATA
DATA
CATA
CATA
DATA
DATA
DATA
DATA
CATA
DATA
PATA
CATA
CATA
DATA
CATA
DATA
CATA
DATA
DATA
CATA
CATA
DATA
LATA
CATA
LATA
CATA
CATA
CATA
CATA
DATA
PATA
DATA
PATA
CATA
CATA
CATA
DATA
CATA
DATA
DATA
CATA
PATA
CATA
LCATA
CATA
DATA
CATA
DATA
CATA
DATA
DATA
CATA

000,045, 133, 132, 146, 133
120, 109,101,090, 078, 0¢7
057,047,039, 035,036 051
077,041, 003, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
09S, 188, 194, 194, 160, 122
091,067,050, 033,018, 001
000, 000, 000, 000, 000, 000
000, 001, 058, 134, 177, 172
171,131,087, 049, 01 € 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 045, 043, 072
106 176,199, 179, 111, 031
000, 000, 000, 000, 044, 043
036,044, 138, 194, 203, 204
205, 203, 203, 203, 194, L 44
08¢, 021, 000, 000, 000, 0CO
000, 000, 00, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 600, 0C0, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 0€1, 092,107, 112
151,125,079, 035, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 023, 036, 03¢
033,010, 000,015,081, 172
201, 1€3, 130, 052, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
021,055,091,091, 085, 05¢
023, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000,032, 042, 068, 127, 131
091, 048, 003, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 600, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 0CO
000, 000, 000, 009,015,018
007, 000, 000, 000, 00O, CCC

1>084
1>08¢%
1»>08¢
1>087
1>088
10>89
1»090
1>091
1»092
1>093
1>094
1>095%
1>09¢
1»097
1>098
1»>099
1>100
1>101
I»102
1>103
1>104
1»>10¢

1>10€

1>107
t>108
> 1109
t>t10
1»>111
1>112
1>113
I>»114
I1»11s
I>11¢€
1>117
1>118
1>119
I1»120
1>121
1»122
1>123
1»>124
1>12%
1>»12¢
1>127
1>128
1>129
1>130
1>131
1>132
1»>133
1»134
1»13S
1>13¢€
1>137
1>138
1>139
1>140
1>14])
1>142
1>143
1>144
I>148
1>14¢€
1>147
114>8
1>149
1>1%50
1>»151
1»182
1>183
1>154
1>18S
115¢€>
I»1%7
115>8
1>159
1»1¢€C
1»1€1
1»1¢€2
1»1€3
1>1€4
I»>16¢%
1»1¢€¢

CATA
CATA
CATA
CATA
DATA
CATA
DATA
CATA
PATA
DATA
DATA
DATA
CATA
DATA
CATA
DATA
DATA
DATA
DATA
LATA
DATA
CATA
CATA
TATA
CATA
CATA
CATA
DATA
CaTA
DATA
CATA®
DATA
DATA
CATA
CATA
CATA
CATA
DATA
CATA
DATA
CATA
CATA
DATA
CATA
CATA
CATA
CATA
CATA
CATA
CATA
CATA
CATA
DATA
CATA
LATA
DATA
DATA
CATA
CATA
DATA
CATA
CATA
CATA
LATA
DATA
CATA
CATA
DATA
DATA
CATA
LATA
DATA
DATA
CATA
DATA
DATA
CATA
DATA
CATA
DATA
CATA
CATA
CATA

000, 000, 000, 002, 071, 1%4
202,187, 154, 102,073,034
038,041, 033,025, 000, 000
000, CC0, 000, CCO, 00C, 0223
109, 145, 179, 197, 19¢, 202
204, 199, 204, 205, 204, 191
177, 1€0,117,0€¢€, 0C0, 0CC
000, 000, 000, 000, 000, 000
000, 000, 000, 0CC, 000, 000
000, 000, 000, 000, 000, 00C
000, 000, 000, 000, 00C, 0CC
000, 000, 000, 0CC, 00C, 0OC
00C, 000, 000, 00C, 0CC, OCC
00C, 0C0, 000, 00C, 00C, 000
00€C, 0CC, 0CC, 0CC, 000, OCC
000, 0CC, 00C, 000, 00C, 0CC
000, 000, 000, 000, 000, 0CC
000,000, 000, 000, 0CO, OCO
000, 000, 000, 0C0, 000, 000
000, 000, 000, 00C, 0CC, OCO
043, 098, 109, 120, 089, 094
101,116, 117,08%,02¢, 0CC
000, 000, 000, 000, 00C, COC
00cC, 0CC, 000, OCC, OCC, OCC
000, 0CC, OCC, OCC, 00C, 00C
00¢C, 000, 000, 000, 000, 000
000,000,012, 021,021, 00C
000, 000, 000, 000, 000, 00C
000, 000, 000, 000, 000, 000
073, 14%, 17¢, 204, 203, 203
202,169, 127,0€9, 012, 000
000, 000, 000, CCC, CQC, OCC
000, 000, 000, 0C0, 000, 000
000, 000, 000, 000, 0C0, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, OCC
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 00C, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 020, 050, 074, 100, 08¢
08%5,091,097,1185,100,C12
000, 000, 000, 000, 000, 00O
000, 000, 000, 000, 000, 000
000, 000, 000, C00, 000, CCO
000, 000, 000, 000, 00C, OCC
000, 000, 000, 000, 000, 000C
000, 000, 000, 000, 000, OOC
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 00C
000, 000, 000, 000, 000, OCO
000, 000, 000,014,087, 139
201,205, 193, 13¢, 108,031
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, OCO
000, 000, 000, 000, 000, O0C
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 00C, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 019, 0¢3, 0¢1
0%3, 044, 000, 000, 000, OCC
000, 000, 000, 000, 000, 000
000, 000, 000, 013,014,011
002,017,009, 002, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, 000, 000, 000
000, 000, 000, C00, 00C, 000
000, 000, 000, 000, 000, 000
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Fig 10.9 Power spectrum for the surface profile of a grinding wheel after 30 seconds wear
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Fig 10.10 Power spectrum for the profile of a ground surface corresponding with 30 seconds

grinding wheel wear (MJ36IA)
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Fig 10.12 Power spectrum for the surface profile of a grinding wheel after 5 minutes wear
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Fig 10.14% Power spectrum for the surface profile of a grinding wheel after 5 minutes wear
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Data '"2CIA

-"’.‘8 _ . . VALU _ur rcwi N ‘
A z"; sw'p?&&v&<fl!‘w°‘elw~‘**¥"’« £13.137 804 ae.ogmg W
"gezm Y. 1% 1 -91 B9 117 296908 7 f
BIVETLRA:N e .S 7024 ¥ .p6.952I°
tee . . 3 SSQBSI. 28- 153+ 932'«53- 24.0745 13-‘
GIVE VALUE ron L 4 5oas.c 29. 13%.482 54+ .21.312) 79+
nog L J0. M= 92 &  4497.27 30 122+154. 55- T6-7562 80
(1220) LAS : 6 _3926+4__ 3T+ T107-967 S6e+ 1640224 81
< VFPEQsINTEPVALIPL/(10*F)J= 12 392 - 07+96
E‘,ﬁ%’,g’)E E;"ICAL CALE T CTOR: PANGE 504E)= 124+68S 7 .3070.7 32. 93.2572 57. 15.261% 82+  6.35206
A F(U>e 623428 LIJFCP= O 8§ 2%.,0.40 33 76.€¢12% S5R. | 4e1474 83 £.41757
* . 1AM 0_pL15:£2 J4-  T6m. S22 S9. 13.4084 84.  _€.370Q01
. 1] 2755+67 35e  757.:L,75 60+ 124927} “S5. %.1856
1 17437 36 49.5523 6T+« 125907 56+ 7.86418
+ 12 1415+64._T7. W2.5547 62+ 12.282 B7.
13 1272.46 38 37-7324 63. 119076 63.
14 1173.7  39. _Q3.7517 G4 11.4185 89
* 1581095.44_ 40«  J1+T517 65- 10:8113 9Q-
T67907.347  41.  89.-6S 66+ 1041191 91
. 17 BZ1.565 42 9.1713 67- 9-41175 92-
18 717.55 %3+ g9.7m 6B+ B:76192 83
15 677,007  44. 302642 69 5-23339 94
R 20 SN74336 45 32.3554 70 7:36263 95.
2l &7 ).222 46 33.57:9 Tls T+649 968
22 3LT 430 4T 34. 4405 72« 7056243 97
* 23 P5G .« 4665 4% 223 73« T55978 98-
24 245.525 49, 3346511 T4e 7:59359 99-
* END AT LIWE 9996
-
* "
1
) l‘i!ld!lDilll’l'ﬁl.l&.l&‘_.
‘ K 0 >,
" f"“‘ﬁg 2;‘3 ;mg ggo ogga‘a
* #
*
<
""‘.‘o;o;--ur'otl}soou»;;i&t;lt‘vAtﬂ‘ll"t!!l!' PR )
e 3
. - 0O =¢ OT NV -0 LR X ]
m”.\FNL-“”“M“N:;xmmamazmmgzmss%‘;:ﬁﬁszsms.sz:.mmea as%2%%3:c i
o— N N e en S e G Gmm e Gmy e e
: oo i ineg wirer]l alt T minnteoe on
™ie 11.9 Spectrom rerrascnting the snrfoce of a rrindirg el ter 5 . r



Data T"T4CTA >RUN

SAMPLE POVER SPECTHAL DENSITY FUNCTION F(W)
(22)NCSAMPLE SIZE)= 1%4%% '

GIVE LAG NO M

134

GIVE VALUE FOR L

1159

€122%) LAG NO« M= 34

(1225)F(ANG«FREQ« INTERVALSPI/C158F) )= 14

(41 39)ECVERTICAL SCALE FACTORIHANGE S5SUsE)= 1Y.8857
MAX.F(W)= 994.284 MINF(W)= &

VALUES OF F(W)

O 994.284 25025 152914 5%¢5 425185 7575 51.7312
9624185 2625 19%e84 S51¢5 4244582 76+75 51.8393
8740222 2725 993496 585 432586 77795 488981
T52:582 28425 9746642 53¢5 437767 T8«T5 438526
6220489 29:25 952511 54¢5 4347592 TY.7H 38.7266
507989 35425 917221 59¢5 431523 BYe75 3507651
4294876 3125 BT¢2%7 5665 421591 81«79 36¢4225
362271 3225 817147 57«5 414863 B2.75 4L+6911)
325.475 33.25 754204 585 414932 83+75 47.5987
J0%e988 34425 6847726 S5Y¢S 4241771 84«75 53.3533
289556 T39¢25 624546 6.5 43.1186 85.75 57.323
2594554 36425 57626 615 437449 8675 57.8769
- 12 2344515 3725 544655 62+5 43:7113 87+75 $5.22%4

13 2074381 38+25 53¢4547 63«5 435672 88«75 506294
14 179713 3925 53¢5165 64¢5 422096 BY«TS 45.764Y
15 1544454 4%+25 53843 655 415483 9975 41.9351

[N

R IOVLDWN -
-~

-
L N

. 16 1344523 41+25 536628 665 412534 Y1+75 39+6663
17 121721 4225 52.685 675 459498 92.75 38.7151

. 18 115952 43:25 515829 685 454664 93«75 384353

19 114964 4425 49229 695 397165 Y4.75 3JB«2356 X s s s ssan
. 29 11581 45625 474169 155 39¢161 9575 37.864Y LR

. 21 115.777 46425 457542 Tled 395871 96475 37.4064
. 22 113791 47425 44.2571 72+5 41+6%16 9775 37.%6Y O DOI= UM TNO~DOD
* 23 1154533 44«25 43.5566 T3.5 45.5884 Y8.75 36.9593 FERAEDDDDOVDDOD DR

24 19657 49425 421975 74¢5 49+5553 9¥9.75 375533
* END AT LINE 9999

2 &% % 8 & 8 a8

N

DN QOITNO DO
N = N T O PO e ot mtot ottt ot st e

. ~

e 11,6 rectrum reprecenting a sor

L B B N K B B K N BN J



Data MJIP6ETA

> PN
SAMPLE POVEFP SPECTFAL CENSITY FINCTION F(W) VALUES OF Few)
C(22)NCSAMFLE SIZE)= 1000 0__£279.92 25,  70.81%% £0.  S.8%019 7%  2,25304
GIVE LAG NO M 1 £231.92 26. 61.0608 El. f.143€3 76 2.18038
122, 2 £€089.37 21. €3.88¢4 2, "4.€0197 77. 2.07299
GIVE VALUE FOF L 3 __48356.85 28, 48.0879 £3. 4.23999 78.' _1.96006
1100 4 4542.54 29.  42.8353 S4. 4.01%579_79. 1.86176
(1220) LAG NO. M= 22 S 4158.8 30. 37.7777 S5 3.843%5 BO. 1. 7908
C122S) FCANG. FPEQ. INTEPVAL:E1/(10+F))= 10 6 3722.24 31. 32.9€88 S6. 3.63974 81,  1.7459¢
C4130) FCVEPTICAL SCALE FACTOTIPANGE SO« E)s 10%. 98 7 3253.19 32. 28.672¢ 57. 3.3€1€8 82, 1. 7142¢
MAY.F(V)m £279.92 MIN.F(W= 0O 8 2774.24 33. 25.1% €3. 3.011<1 83, 1. 6803
* . 9 2308.16 34. 22,4915 S9. 2.6€3632 B4. . €3048.
» 10 187S.41 3S5.  20.5787 60._ 2.30192 8S. 1. 5€€29
11 1491.87 36,  19.1317 61. 2.0€3¢€S 86, 1. 49853
. 12 11€7.2¢ 37. 17.8324 €2. 1.94607 87. 1. 42968,
» 13 904. 514 238, 16.4518 63.' 1.929¢3 88. 1.37201
1a 700.406 39. _14.9149 64. 1.97283 89, 1. 33199
. 15 €47.035 40.  13.3038 6S. 2.0293 90.  1.30044.
, 1€ 233.942 al. 11.792€¢ 66, 2.0589] 91. 1.27083
17 350.273 42. 10. 5523 €7. 2.05713 92, 1.23742
. 18 286,542 43. "9.€7201 €3. 2.037 93.  1.195%
: 19 235.695 44,  9.1183 €9. 2.02511.94. 1.14991
20 193.3€7 4S. 8.76378 70. 2.04%57 9%. 1.104l14
. 21 157.477 46 8.43€€1 7Tl. 2.10127 96. _1.0€82
22 127.409 47.  7.9974€ 72. 2.17649 97. 1.0378¢
. 23 103.126 48. 7.38€¢4 73. 2.2442¢ 98, 1.02433
24 B4. 4713 49, €. €3695 TQe 2.27363 99. 1.01803
. ENT AT LINE 9999
>oU1T
* 0K, LO
STHIMP (%) LOGGEL OUT AT 11°10 260€0
. TIME USED® 1°03 13°3¢ o°11
. GOOCEVE
NO UFLC ATTACHEL.
L EP!? FEFSr IO I I I SR S R N B BECEE N AR A R L B 4
.. Ve DNoO0O=UMIVIOVENOCO—~NO TV Ve ©
* FFFFU\I’@K’UDK‘DH’)U‘OOOOOOOO‘O
* LR ]
O e .....'.Il...l..0...!.'00'.'...0!".CI...!IDl......l'l...
Cmamawewrmooo o 2l 2Rl NN anElOnnRannmBa eIl osessTefaidilriragseoltisngosroge
Tip 11.7 Orcetrnm renrcsenting the surfrce of a crinding el 20%er 10 minntar vany
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Data 1J32TA -

STHWMP
STth%G{%) LOGGEL IN AT 11°'11 260€0
WELCOME STHIMP

0K, LEBASIC

GO

>LOAD *MACJO4’

> PN

SAMFLE POVET STECTRPAL [ENSITY FINCTION FC(W)
(22)NCSAMPLE €1Z7E)= 1000

GIVE LAG NO ™M

134

GIVE VALVF FOT L

1100

(1220) LAG NI. M= 34
C122S)FCANG. FPEC. INTEPVAL:TI/ (10«F))= 10

(4130) ECVEPTICAL SCALE FACTOT: PANGE SO«E)= €2.0301

MAX. F(Ww)= 3101.S1 1IN.F(W)= O,

o

VAL UVES OF F
3101. &1
3059. 33
2941.23
2770. 67
2580. 28
2402. 3¢
2257. €9
2147. 47
20€2. 3¢
1941.14

0 1785S. 57

Il 1574, €%

12 1320.99

13 10€£.98

14 Bl1é€.59

15 630. 598

1€ £07.374

17 437.703

18 401.0¢€1

19 378 59¢

20 34%.933

21 30¢€.259

22 2£%9.005

23 211.133

24 170. 14

-0 R I AN WN—~O

ENC AT LINE
>QUIT

0K, L2

oW
2S.
26.
27.
28.
29.
30.
1.
32‘
J3.
Ja.
JS.
3J¢€.
37.
33.
39.
40.
ale.
42.
43.
a4.
45.
46.
47.
48.
49.

9999

lal. 109
125. 244
119.898
119.86¢
119. 432
114,443
103. 52¢
88.0364
70.8999
€. 081¢
42. 4668
33. 5425
27.744)
24.0€13
21. 4632
19. 2514
17.0461
14.8432
12.921

11. 641¢€
11.2014
11.4%€1
11.9¢€13
12. 193
11.8311

STH!'MF () LOGGEL 2UT AT
g27 0*'0t!

TIME USEL=
GOOTLFYE

0'2¢

S0.
sl.

520 '

53.
5“.
SS.
€.
7.
58.
59.
€60.
€l.
62.
€3.
64.

6¢.

€€,
€7.
€8,
€9.
70.
T1.
72.
73.
74.

113

10.8 689
9.57137
8.27318
7.21249
€. 47873

7S
7 6.
17'
78.
79.

6. 0475 80.

5.8415¢€
S. 7€191
S. €9391
S. £3444
. 23478
4.8344]
4, 4430%
4. 17152
4. 0€3¢€¢
4.081¢€1
4. 13749
4. 1 €€€3

81.
82.
8 3.
84.
8%,
8 6.
87.
8.
89.
90.
91,
92.

4. 15101 93,
4. 1071 94.

4. 04€5¢
3.98517
3.80£03

9 <.
9 6.
97.

3. 5827 98.

3.29757

7 2€0¢€0

99.

2.98392
2. €7338
2.39121
2.15901
1.99239
1.89844
1.8€79
1.8€59S
1.8567
1.82329
1. 78016
1.76337
1. 79 €79
1.88¢€47
2.01%01
2. 15341
2.28187
2.39152
2.47498
2. 5227
2.52472
2. 47879
2. 39929
2.31124
2.24379
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Data J1MJ48TA

VAL UES: OF F(\) o e ' )
<% ‘5.4 6T 2985 5%¢S 1903753 75.95°15.5911

5%G¢556
675257
396.989
29388H
194363
119843

64.6139

WX~ PD W ¢

136984
7179632
T8.8584
1841695
T71419
Tde5145
774788
16+ 3541
733478
697553
663593
65+ 55,6
659283
67+ 3462
6d+7319
689775

END AT LINE
»LIST 15%%

o

T18+2619

66.9415

26485 63.512 §1,5 191048 76475 155908

2745 SB.1481 '3B.8 18.9634 77.75 140426

RERY 52.2987° 5345 18.5932. 78.79 14.8529
4741583 S4¢5 178562 7975 1501467
43¢56 55¢5 1607035 YLeT5 15.7483

2925
35.8%
31.29°

Je RS 4l
33.£5 .39.7534

34423
35.25
3685
3789
38425
39.85%
4585
41.25
42.25
43.85
44895
45.25
46.29%
4T +25.

48«25 £143439
49629 .

92999

415179,
<6578

569
579
S4.9
595
655
GleY
625

S0« 3L3I6-
361186
33.49559
356645

1567149
162084
194633
1644275
177588
189574
196513

4175
4875
4375
B4e75
65-75'19.Q956
66+75 . 19.62066
7795 18.8lv3

17.7246
‘187949

284316 63¢5 1967054 8879 17.6697

26« 5v24
25.5526
25¢ 1394
25.2014
2%.4745
25.6074
25.2716
24.32%3
82.4884

645
6595
66¢95
675
68 e
6945
195
7195
725
139

250968 7445

1659 UATA 98,125,85, 127,138,139
»,

Srectrua v

» 5 s 5888080

4 8 0 8¢ 08>

19.26829%
1d.7227
1843527
1803251
185668
18847 94+75 1142483

189155 9575 191711

186274 9675 155564
176996 97:75 15.62179

1761617 Y875 159942
1663992 99:75 118705

Yie75
Y2715
Y375

163959
151572
l4aSly
12.977%
1B8.5369

690'5
99475

16541y

195958 .

PRUN
$AMPLE, POVER SPECTRAL DENSITY FUNCIION F¢w)
CR2PINCSAMPLE SI4E)= 1046’

d1v€.Lan NO M

J 3k

CtVE VALUE FOR L

1955

€122%5) LAG NO. M= 34 i
C1283)FCANG«FREQ« INTERVALEPI /(1 SeF) )a |4,

C4130)ECVERTICAL SCALE FACTOitt nANGE SUsE)w 15.590)

MAXF(W)a 5544806 MINSF(WIn 4

® 0802 PNQROCITNNsLeRRe [ 2K 3%

AMINVO~Dan
VVWDDDOO VN

N

O~ 0 O
NS ~~ Do

Moen
AR

on D
rO

n
o

155

14



Toble 11.3 Transfer Coefficients (¥%) relating

Spectral Densities of Variance at Frequency I

Frequency

mm Y’
X E®,/A)
0.0 0.007
0.5 0,008
1.0 0.012
1.5 0,017
2.0 0.028
2.5 0.039
3.0 0.036
2.5 o.oau
.0 0,047
4,5 0,087
5.0 0.141
5.5 0.165
6.0 0.169
6.5 0.213
7.0 0.4%00
7.5 0.560
8.0 0.565
8.5 0.565
9.0 0.658
9.5 0.667
10.0 0.971
10.5 0.786
11.0 0.865
11.5 0.901
12.0 0.878
12.5 0.907
13.0 1.220
13.5 1.854
1.0 2.200
14,5 2.000
15.0 1.775
15.5 1.667
16.0 1.541
16.5 1.275
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Table 11.4 VTransfer Coefficient of Variasnce Density

© ® © o o o o o 6 e o o 0 o ]

L [ ) L] [ ] e o * [ ]

HOOWVWOORIIOAONITINFFWWMH OO
wmiouviovmiovionounononouviounioniouno

= e

(see Table 7.3 )

\/E /A, JMZ/Q1 \/01 /K,
Y Y

0.082 0.041 0.052
0.090 0.046 0.053
0.109 0.058 0.055
0.131 0.076 0.060
0.167 0.126 0.069
0.197 0.172 0.079
0.191 0.183 0.088
0.184 0.241 0.108
0.216 0.327 0.150
0.296 .382 0.197
0.375 0.426 0.242
0.406 0.461 0.300
0.411 0.571 0.3%0
0.462 0.599 0.385
0.632 0.632 0.457
0.748 0.657 0.501
0.752 0.702 0.539
0.752 0.73% 0.639
0.811 0.871 0.703
0.816 0.875 0.750
0.986 0.949 0.892
0.886 1.016 0.986
0.930 1.164 0.961
0.949 1.200 0.974
0.937 1.241 0.950
0.952 1.141 0.915
1.105 1.225 0.958
1.361 1.162 0.969
1.48 1 23 1 0.950
1.41 a 0.962
1.332 : o.ggg
1.291 1 273 0.
1.241 1.191 1.048
1.129 1.189 1.051

23.824 24,926 19.341
0.7007 0.733 0.569

o
Y

20.

cJoNoYolololololoNololoYololoNoNoloNoleloloNoNoNololooNoJ ol oo ol o
[ . . . [ . [ e o ° L ] . . ) ) e e e o

'JK1/A1

Y

00575
0.623
0.722
00796
0'911
0.986
0.967
0.919
0.876
009 9
0.9

0.88
0.80%
0.816
0.935
1.003
0.936
0.803
0.801
0.770
0.711
0.664%
0.726
0.741
0. 74k
0.757
0.792
0.897

0.843

0.791
0.768

0733

27.848
0.819



Table 11.5 Freguency x Transfer Coefficient

(see Teble 7.a )

X Xxy Xxy XXy XXy XXy
0.0 0.000 0.000 0.000 0.000 0.000
0.5 0.045 0.02 0.027 0.182 0.312
1.0 0.109 0.05 0.055 0.364 0.722
1.5 0,197 0.11% 0.090 0.550 1.19%
2.0 o.é3h 0.252 0.138 0.747 1.821
2.5 0.493 o.?&o 0.198 0.986 o464
3.0 o.gza 0.549 0.264 1.335 2.901
a.s 0. 0,844 0.378 1.890 3.217
.0 0.864 1.308 0.600 2.424 a.SOh
4.5 1.332 3.690 0.887 2.818 «223
5.0 1.875 2.130 1.210 3.162 4,915
5.5 2.233 2.536 1.650 3.589 4,862
6.0 2.466 3.426 2.040 a.989 4,824
6.5 a.ooa 3.894 2.503 L16 5.301
7.0 L2 L24 . 3,199 4.730 6.544
7.5 5.610 4,908 3.758 5,040 7.523
8.0 6.016 5.616 4.312 5.370 7.487
8.5 6.392 6.239 5.432 5.797 6.825
9.0 7.299 7.839 6.327 6.242 7.209
9.5 7.752 8.313 7.125 6.718 7.313
10.0 9,860 9.490 8.920 7.174% 7.111
10.5 9.303 10.668 10.353 7.755 6.969
11.0 10.230 12.804% 10.571 8.250 7.986
11.5 10.91k4 13.800 11.201 8. 744 8.523
12.0 11.244% 14,892  11.4%00 9.054% 8.932
12.5 11.900 14,263 11.438 9.095 9.4+65
13.0 14.36 15.925 12,454 8.933 10.295
13.5 18.37 15.687 13.082 8.622 12.112
13.0 20.762 17.23% 13.300 8.44+2  13.176
4.5 20.503 19.575 13.9#9 8.316 12.222
15.0 19.980 21.210 14.700 8.721  11.859
15.5 20.011 19.732 15.159 9,018 11.903
16,0 19.856 19.056 16.768 9,940 11.763
16.5 18.629 19.619 17.34%2 10.588 11.372

IXxY = 267.592 280.568 220.830 183,001 226.849



Table 11l.6

Spectrum

Iy’

23.258
25.063
15.919
12.958

23.208

(zy)*
567.583
621.305
374,074
422,303

775.511

(Zy)/n
16.694
18,274
11.002
12.421

22.809

Yy

6.56k
6.789
4,917
0.537

0.399

IXy

267.592
280,568
220.830
183,001

226.849

Ixyy/n
196.548
205,640
159.563
169.538

229.74+6

71,084
74.929
61.267
13.464

-2.897



Table 11.7

Spectrum N

y bx a y (x=0) y (x=16) S,
VF, /A, 0.086 0.7007 0.713 -0.012  -0.012 1.36% 0.0133
VM, /Q, 0.091 0.733 0.751 -0.018  -0.018 1.438 -0.0012
VG. /K,  0.075 0.569 0.619 -0.050  -0.050 1.150 0.0110
VG /F.  0.016 0.604 0.135 0.469  0.469 0.725 0.0099
VK./A,  -0.0035 0.819 -0.029 0.848 0.848 0.792 0.0120



Table 11.8

Column 1 2 3 4 5 6 7
Frequency 95% Confidence Limits

x 5, S, <1+ %-+(Z§§32)‘J001.3 t,, (Col.s) y y + (Column 5)
F /A 0.0 0.0133 0.015 0.122 0.248 -0.012 0.236 ~0.260
4,0 0.0133 0.014 0.118 0.241 0.332 0.573 0.091
8.0 0.0133 0.01% 0.117 0.237 0.676 0.915 0.439
16.0 0.0133 0.015 0.121 0.247 1.364 1.611 1.117
{G‘/K1 1.0 0.0110 0.012 0.110 0.224 0.025 0.249 -0.199
8.0 0.0110 0.011 0.106 0.217 0.550 0.767 0.333
16.0 0.0110 0.012 0.110 0.225 1.150 1.375 0.925
G, /F 0.0 0.0099 0.011 0.105 0.21k4 0.469 0.683 0.255
8.0 0.0099 0.010 0.101 0.206 0.597 0.803 0.391
16.0 0.0099 - 0.010 0.101 0.206 0.725 0.931 0.519
K, /4, 0.0 0.0120 0.013 0.116 0.236 0.848 1.08% 0.612
8.0 0.0120 0.012 0.111 0.227 0.820 1.047 0.593
16.0 0.0120 0.013 0.115 0.235 0.792 1.027 0.557



APPENDIX 12



le 12.3

(o
W
E+

Frequency

O O WO\ F O\ QANNINONO OO O COND _F 00 mNNO O IO DOV IO - I
QA0 NG N0 =H OO _F N0 O O enNINONO M A ININ D~ 3&.5339“%7
A A+ TN OV OND- I 975580855hh3hh4h5 oo N+ F m
e e e o 6 06 0 e 00 06000008 s o s e s e e e o
C00C00B030000000HO0000000000000B0000
77893%5%375177276077355 QUG B MO \O 1NN I D
\O\O\ON\O D~ \O GO ON O eNININ_+ 430 D O - \0 00 D AUNO OO A1 cn (N0 O
OOO0001122233333333344#%4433222223
S o

o
O%l\u.nu/l?_l?gé\u.s DO QO OVt HINO QAID- QIO 4 O enIND-
COO00OOHANINNO NAINT\AID UONOND F O AV QU ONen QI (U © ONCO
OCOO0OO0OO0OCOOOOMHMHANNNMMMF\ODO 567.&:7.&.725955
® o o o o o o o o o ° o s o o o o o o e e o ° o o
OOO0OO0OO0O0OOOOOOOOOOO 0001111111122111
HANT OMOAUHADNONNO NN QUDSD QA eN QI F+ O O 400 = O ONDNO M
000O011113701920/666786227&7 DN\O O _+ OO
OOO0OOCOOO0OOOOOO NS F.4ININOND-0000 00 MAI N OND- )
® o ® o o o e o o o °» s o o o o o o ° s o Y e o s o o o
OCO0O0O0O00O0OVOVOOOOOOOOUOOOLOLOOHANNNANH

0505050505050505050505050505050505
...... ‘RN e e e e “ o o 0 e 0 0 0 e 0 e 0 s e
O0112233#%556677889900112233%%5566

ArdAAAAAAAH A A

20,742

14,807 9.694

26.724

Y’ = 24,692



~

—3

e
-

~>
—>

51’\)1’\)
= =

=

~—~J I~ O

T >

CD D S T~

U U D D
BRI =
SSRGS E

>
P g ey

CO CO 8 CO D D D CD €O D CD> CD D €D CD €D > >
[=—=Yr=—SN

= ==
S22 = =
S = EiTweer =
= S ESES TSR 2SS

<
o

>
O i

SO e

.

—
i SO oorn

]

S D
- -
AN OO

CO O O T <>
e

= =S5

Ve ST

Lty

N
~—
—3 >
=
Y

Tzhle 124

Frequency
(mm™")
X

*

L] * @ L] L] [ ) [ ] [ ] .

[ ]
MOV OoOUI OO ToOVMIoVionoviovioun ol ovioulovi oo o

OOV F FWW N0 OWO DO FFWOWWD OO
[ 3 [ [

2 b e e

&

Frequency x Transfer Coefficient

O
[ ] [ ] . L]
W
o\
= oW © 0~

[ ] L . L} L]

O O NI\l oD

3 ] L]
OON) 00 F O O o W (o

FHO

O N

oV~ ONAAMIMMNIIAW N HRH O OO
L ] L] L] *

=

O

\No)

O\0
o+
QOO

10.730
11.00%
11.713
14.846
20. 73
23.688
23.012
21.990
21.79
21.

19.hboy

TRehibe

£
O N oo

o
N

XY

GK

0.000
0,011
0.021
0.038
0.058
0.083
0,120
0,182
0.316
0.518
0.75C
0.750
1.416
1.820
2,457
2,985
a.512
675
5.625
6.479
8.580
10.311
10,428
11.109
11.208
11.100
12,285
12.947
13.076
13.775
1% .595
15,051
17.056

272.774+ 286,038 211.332

XY

GF

0.000
0.130C
0.26%
0.39

0.54%0
0.725
1.020

N =
SPB
N O

N
[ ] [ ]
3 -F
-
o

w N

3
0 Q0 !
D ~J O\

O OMN ON ogl—'\n
N

201

uio Frounm—e~3+F =0
Foulono

~JI~J oo I NI oS F F AW
Y ) [ ) [ ] [ ]

159.239

(W]
i<

x

>»

* [ ] *
3;!\) o
NO
O I ONNONO Od -3 o~J O

Q0NN NN NN O

[ [ ] [ ] L] .

OW~J O WSO F 0 W = o F-J 1=
O\ OO F oo\

OO OO 0w

=t

.172

O~ I IO OO OO I VN FFFFFLwWPOOHHCOO
Y 'Y L ] [ ] [ 3 [ ] L ] [ ] L ] L) * [ ) e L ] L ] ®



Table 12.5

Transfer
Function

Y

FA

Y

MQ

Y

G K

Y

GF

Y

KA

Y’
24,692
26.72%
14,807

9.6%4

20.742

(2Y)"

53%.719
601.328
316.520
308.143

684+.136

(£Y)"/n

15.727
17.686
9.309
9.063

20.122

Sy
8.965
9.038
5.498
0.631

0.620

2XY

272.77%

286.018

211.332

159.239

211.942

YXXY/n

190.773

202.307

146.776

144,821

215.787

[
82.001
83.731
6. 556
14,418

-3.845



Table 12.6

Transfer
Function

Y

FA

Y

MQ
YGK

GF

KA

o)

0.100

0.102

0.079

0.018

-0.005

|

0.680

0.721

0.523

0.516

0.769

o)

0.825

0.842

0.652

0.149

-0.041

(X=0)
-0.145

-0.121
-0.129
0.367

0.810

1.135

0.655

00730

0.0118

0.0188



thle 12,7

X
(frequency)

0.0
4.0
8.0

16.0

0.0827

0.0220

C.00G6077

0.073

1.051

1.02¢9

1.1C2



Column 1 2 3 " 5

2 2 (0 1, (X=X)
Transfer X <l+—+. A ToT t
Function (frequency) Sy S\l's 7 > VCol.3 t,_ ,(Col.k) Y

95¢% Confidence Limits
Y + (Column 5)

Y., 0.0 0.0233 0.0259 0.161 0.328 -0.145 0.183 ~0.473
4.0 0.0233 0.0245 0.157 0.320 0.255 0.575 -0.065

8.0 0.0233 0.0240 0.155 0.316 0.655 0.971 0.339

16.0 0.0233 0.0257 0.160 0.327 1.455 1.782 1.128

Yo 0.0 0.0146 0.0162 0.127 0.259 -0.121 0.138 -0.380
4.0 0.0146 0.0153 0.12% 0.253 0.287 0.54%0 0.034

8.0 0.0146 0.0150 0.123 0.251 0.695 0.946 0. lly

16.0 0.0146 0.01€1 0.127 0.259 1.511 1.770 1.252

Y., 0.0 0.0126 0.0140 0.118 0.241 -0.129 0.112 -0.370
8.0 0.0126 0.013C 0.11% 0.233 0.503 0.736 0.270

16.0 0.0126 0.0139 0.118 0.241 1.135 1.376 0.894

Y., 0.0 0.0118 0.0131 0.11% 0.233 0.367 0.600 0.134
8.0 0.118 0.0121 0.110 0.224 0.511 0.735 0.287

16.0 0.118 0.0130 0.114 0.233 C.655 0.888 0422

Y., 0.0 0.0188 0.0209 0.145 0.296 0.810 1.106 0.51k
8.0 0.0188 0.01¢93 0.139 0.284 0.770 1.05% 0.486

16.0 0.0188 0.0207 0.14k4 0.29% 0.730 1.024 0.436
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