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NOTATION 

The terminology used is in accordance with the ISO recommenda

tions on surface .roughness measurement by the Mean line (M) system (I~ 

The surfaces investigated were from the spark erosion reference stand

ards, which are made according to the German 'VDI 3400' specifications 

for electro-erosion machining and are recommended for reference compa

rison purposes by the International Standards Organisation. Tensile 

tests were carried out on Hounsfield Tensometer using specimens having 

standardized dimensions. 

E system 

M system 

L 

Ra(c .l.a. ,a.a.) 

Rt (Rmax) 

r.m. s. (Rms) 

r 

Yi 

Avwl 

Mean Line 

Envelope system of measurement 

Mean line system of measurement 

Traversing, sampling length of surface 

depending on the context 

Average roughness, centre-line average 

value, arithmetic average, M system 

The total height of the roughness (peak to 

valley), M system 

Root mean square height, approximately 

equal to Ra 

Radius of the stylus or skid depending on 

the context 

Profile ordinate height of the i-th peak 

measured from a reference (mean) line 

The wavelength of regular and periodic 

oscillations 

Average wavelength 

A line having the form of the geometrical 

profile and dividing the effective profile 

so that, within the sampling length. the 
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R 
p 

Rmin 

x(t), 

T 

N 

lit 

lll 

F-max 

llf 

Gxx 

Gyy 

Gxy 

Rxx 

Rxx(o) 

Dx 

FFT 
FFT-I 

A 

ti 

y(t) 

sum of the squares of distances (y1, Yz• 
••• yn) between effective profile points and 

the mean line is a minimum. Or that the sum 

of the areas contained between the line and 

profile which lie on each side of it are, 

equal. 

The average distance between the five highest 

peaks and the five deepest valleys within the 

sampling length measured from a line parallel, 

to the mean line and not crossing the profile. 

Also known as the 'ten point height' of irre

gularities. 

Distance between the mean line and the high.,. . 

est peak, within the sampling length 

Distance between the mean line and the deep

est valley, within the sampling length 

Time varying input signal(s) 

Total time period 

Number of digitized ordinates 

Sampling time interval 

Step, distance between two ordinates 

Maximum frequency, bandwidth 

Frequency step, resolution 

Auto power spectrum of x(t) 

Auto'power spectrum of y(t) 

Cross power spectrum of x(t) and y(t) 

Auto-correlation function 

Auto-correlation function at zero shift. 

Statistical variance 

Forward Fourier transform 

Inverse Fourier transform 

Ampere 

Pulse time, pulse duration 
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to 

tp 

td 

We 

Pulse interval time 

Pulse cycle time (tp = ti + to) 

Ignition delay time 

Duty factor, ratio between pulse time and 

pulse period (T = ti/tp) 

Pulse energy 
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INTRODUCTION 

1.1 Background of the problem 

The limitations of predicting the surface functional behaviour 

by the commonly known parameters as Ra, Rt, etc., have encouraged 

researchers to analyse surface roughness in more detail and in such 

parameters which are sufficiently representative of surface functional 

properties. The need for a qualitative assessment of surface roughness 

rather than a quantitative numerical assessment is being increasingly 

felt. 

More definitive methods are needed to augment the rather limited 

existing quantitative parameters used for the assessment of surfaces. 

In the absence of such an assessment it is difficult to decide as to 

which of the roughness parameters need to be controlled precisely to 

achieve the desired functional requirements of a system. From an 

industrial point of view any surface roughness assessment is incomplete 

if it cannot lead to predicting the performance of surface under oper~· 

ating conditions. The reliability of a system cannot be forecasted 

satisfactorily without establishing a relationship between surface 

characteristics and surface functions of the components constituting 

the system. 

The parameter Ra (arithmetic average), although extremely 

valuable for quality control in manufacture takes little or no account 

of the openness or closeness of the surface texture, Also it does not 

bring out whether the surface contains more protruded peaks or plateaus. 

Surfaces with wide plateaus will well support the total load compared 

to surfaces with protruding peaks which are pron.e to collapse under 

load, yet they may have indentical Ra and Rt values. 

On the other hand basic research in diverse fields such as wear, 

corrosion, lubrication, dynamic response of machine tools, etc., 

cannot be satisfactorily conducted without a knowledge of the quality 

and functional behaviour of the surfaces involved, To exemplify, the 
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case of scuffing failure of piston rings and cylinder bores with 

increase in engine power could be studied. Surface finish of the 

contacting surfaces is considered to be an influencing factor to this 

problem particularly in the early part of the engine life. A combined 

investigation by manufacturers and research organisations is being 

carried out with a view to review the varioui methods of characteriza

tion of surface finish, which in turn may offer means of ~pecifying 

surface roughness (finish) more a.ccurately for specification and 

.comparison purposes; It is also hoped that this characterization may 

establish a correlation between the bore surface finish and the per

formance of rings with respect to scuffing failure of the engine. 

To illustrate the influence o.f surface finish on functional be~ 

haviour is to study the. factors influencing the formation of a lubrica

tion film on flat slideways which is of interest also to the machine 

building industry. The effect of lubefilm formation influenced by 

slideways surface finish and other treatments as scraped slideways in 

comparison to ground slideways, sliding speeds, loads, etc., is of 

considerable importance to the overall efficiency of the system. 

Surface roughness has a considerable effect on the functional character

istics of a bearing surface operating in a lubricating regime; load 

capacity, horizontal force and surface forces all increase with 

increased roughness. Howeve~ the coefficient of friction falls with 

the increasing load capacity. The friction and the tangential microslip 

increases with growth of surface roughness. 

Operational functions of a component which are greatly influenced 

by the surface conditions are dependent on three main characteristics 

of the surface: (i) the geometrical character (ii) the machining 

character and (iii) the metallurgical aspect. The assessment of the 

first two characteristics is of importance as it is closely and 

directly related to the actual production techniques and influences 

greatly the functional behaviour and appearance of the component. A 

great deal of system reliability depends upon the surface quality. The 

importance of advanced surface roughness assessment describing its 

functional behaviour is being increasingly realised more so as the 

generated surfaces represent the output of the manufacturing system. 

12 



The development of advanced production techniques and more exact

ing design requirements coupled with the availability of more accurate 

measuring methods led to a better understanding of the relationships 

between the surface conditions and functional characteristics of 

components. Closer attention began to be paid to the techniques of 

surface roughness measurement in 1928. Since then appreciable advance

ment has been made in instrument development and differing techniques 

and in various numerical parameters with regard to surface roughness 

measurements, 

The present commercial instruments are based on the principle of 

stylus-type roughness profile measurement incorporating standard 

electronic filters to eliminate waviness and errors of form, The 

calculation of roughness parameters is based on the mean line (M) 

system (!), The most accurate method of measuring surface texture 

using stylus-type instrument is to determine the numerical value of 

the parameters from measurements made on the effective profile. 

However this method is time consuming when done manually but by using 

digital techniques it becomes faster and easier though expensive due 

to extensive computer usage, 

The digital techniques of measuring surface roughness parameters 

primarily' involve conversion of analogue signals into discrete digital . 

signals. Using suitable computer programmes many rQughness parameters 

can'be rapidly and accurately calculated incorporating also the various 

filtering techniques used for eliminating waviness, Digital techniques 

of measuring surface roughness have been used in this investigation 

with the basic purpose of defining roughness of a surface in such 

parameters which are representative of its operational functions. 

Surfaces produced by spark erosion process providing a relatively 

random configuration which are ideal for such an investigation have 

been used. Surfaces produced by· plastic deformation process have also 

been investigated with a view to study the effects of local strain 

hardening on surface texture. This method of roughness measurement has 

also been applied.to mirror finish surfaces produced by lapping process 

and conventional machining. 
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1.2 Historical review 

Reason (2) has frequently reported on the stylus-type surface 

roughness measuring techniques and instruments using the standard ISO 

double RC filter. His contribution to the development of surface 

roughness measurement using 'Mean' line system has been significant. 

Whitehouse (3) has added notable contribution to the surface roughness 

measurement techniques by way of suggesting the use of statistical 

digital techniques and an improved type 'phase-corrected' filter (4,5), 

Transmission characteristics of the phase-corrected filter compared to 

that of ISO double RC filter especially in dealing with waviness have 

been well emphasized. Establishing a mean line using wave filters, 

calculation of arithmetical parameters of surface roughness, detailed 

description of the response of double RC and phase corrected filters 

and calculation of 'weighting factors' for different profile ordinates 

per cut-off length have been discussed in detail (4). 

Spragg (6) introduces a useful parameter the average wavelength 

to supplement the information given by Ra index. This additional 

parameter takes into account the openness or closeness of the texture 

which was not given by the arithmetic average (Ra), The average wave

length which is derived from Ra/average slope and highlights the 

problem of small wavelength filtering, when considered together with 

the Ra value for a given meter cut-off, is useful in the control of 

surface roughness and could also be useful in the measurement of 

waviness, straightness and errors of form. A third parameter derived 

from the peak and valley distribution is also introduced which is 

essentially a measure of the asymmetry of the profile about the mean 

line and is a measure of the skew. 

Peklenik (7) has highlighted that a statistical description of a 

surface by means of the first and second moment of the ordinate 

probability density distribution such as c.l.a. or r.m.s. and other 

parameters is not adequate. More recent developments of surface 

characterization consider a two and three dimensional random process 

by means of the aut~ and cross correlation functions, power spectra 

and the slope probability distribution parameters. 
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A representative number of surfaces manufactured by a variety of 

metal removal processes such as grinding, turning, spark-erosion etc,, 

have been investigated with a view to achieve, first, the differentia

tion of the surfaces with the same c.l.a. and r.m.s. values, and second, 

the separation of the periodic and random components in the surfaces. 

It is shown that this new technique may disclose the differences in 

the internal structure of the surfaces. 

The elementary correlation functions analytically describe the 

types of real surface profiles which are employed for the design of 

the surface topography system based on the correlation lengths and 

correlation wavelengths. Number of practical examples have been 

considered showing the applicability of this surface classification 

which is independent of the surface generation process. The author has 

appreciated that this new tool for comprehensive surface characteriza

tion employs digital and special statistical computers which may be 

expensive for workshop application, However new measuring methods and 

parameters have been developed for use of the researchers in surface 

roughness analysis. 

Sharman (8,9) describes the influence of sample size and the 

relationships between the common surface texture parameters using both 

the commercial instrument Talysurf and the data-logging equipment with 

digital analysis of punched profile ordinates. Only ground steel 

surfaces giving varied nominal texture were examined in terms of the 

common surface texture parameters. The r.m.s. values, calculated from 

the data-logged y-ordinate heights of the profile recordings, were used 

to predict the values of the various parameters. The influence of 

sample size on the numerical values of these parameters is discussed, 

Interesting conclusions were drawn as that when using statistical 

methods and a single value is required as a general measure of the 

surface texture, the parameter r.m.s. is the most informative and c.l.a. 

values ,can be converted into r .,m. s. values. The increase in sample size 

has little influence on the mean c.l.a. and r.m.s. values where the 

samples being measured are representative of the surface being examined. 

Green (10) reviews the various methods of surface texture measure

ment and the associated metrological problems. Surface roughness 
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measurement methods as hydraulic, pneumatic, optical, capacitance and 

electron microscope along with sources of error in the stylus radius, 

amplifier distortion and effects of surface datum have been discussed. 

Relative costs of surface texture measuring equipment including also 

the digital method have been well compared in a tabular form. It 

highlights that of all the methods of measuring surface texture, 

exclusive of the on-line computer, the data-logging method is initially 

the most expensive, but .it is the most versatile and is ideally suited 

to the research laboratory. The less expensive apparatus is of the 

type which furnishes the least information on the surface texture or 

requires additional man-hours to operate and to extract the pertinent 

data. 

The readings taken with various instruments other than stylus-type 

instrument are normally functions of the three dimensional characteris

tics of the surface under test, since they are of an empirical nature, 

there is little or no correlation between measurements made with the 

different types of instruments. Instruments measuring in two dimensions 

and recording in absolute units of length have been universally 

accepted. The most popular instrument is the stylus tracer type. 

De Bruin and Vanherck (II) have analysed in detail the typology 

of the turning process using digital techniques of surface roughness 

measurement. A comprehensive study of the turned surfaces has been 

made and surface roughness has been given in useftil parameters as 

density and slope distribution, Abbott curve, power spectrum and auto

correlation functions. Further the roughness parameters have been 

calculated using standard ISO double RC and the suggested phase

corrected filters. 

Radhakrishnan (12) has evaluated surface profiles for their 

roughness with referenCe to a line that takes the shape of the 

waviness present. Such reference lines are taken either mechanically 

or electrically by the measuring instruments themselves. For a graphical 

construction of the reference line, a geometrical procedure is 

recommended in the international standards. These reference lines, which 

are obtained either ~echanically, electrically or geometrically, are 

analysed to find how far they represent the waviness present and their 
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ability to separate it. Reference line computation and comparison both 

for M-system and E-system has been done. 

Whitehouse and Vanherck (13) have also surveyed the reference 

lines in the assessment of surface texture. Emphasis has been laid on 

the fact that the assessment of surface texture and waviness is usually 

considered to be better separated for functional reasons. It is 

suggested that to separate the texture from the waviness is to position 

a reference line, not necessarily straight within the surface ,profile, 

in such a way that an unambiguous measurement can be made of the 

departures of the profile from it, Each sample length has to be long 

enough to include a reasonable length of the roughness and yet short 

enough to follow waviness and errors of form, Filtering methods as ISO 

double RC and phase-corrected filter and the 'Envelope' and 'Mean' line 

systems have also been discussed, 

The Fourier transformation which is a useful tool for the deter

mination of frequency content of a time varying signal has been 

programmed as a multidimensional discrete Fourier transform by Dens (14) 

and Cooley and Tukey (15), The algorithm has been programmed in such a 

way that its efficiency is greatest for the factor 2. The paper des

cribes a computer programme based upon an algorithm which has been 

selected in such a way that the general case (N • Y1, Y2 •••• Yi''''Ym) 

as well as the special cases N • 2m and N ~ 4m are treated in the most 

efficient way. In 1965, Cooley and T~key showed that the discrete 

Fourier transform (DFT) of a series of N values, where N is not a prime 

number, can be calculated very quickly by means of an algorithm, called 

the Fast Fourier Transform (FFT). Power spectrum is obtained by discrete 

Fourier transform of the sample and a series of multiplications. The 

inverse Fourier transform of the power spectrum yields the auto-corre

lation function. 

Robert and Loren (16) deals in detail the Digital time series 

analysis including also the application of various types of windows as 

cosine, Hanning, etc., to take care of the 'wrap-around' and,other 

associated errors. 

The available literature on the work done on surface roughness 

measurement does not indicate that the digital techniques have been 
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extensively used for assessing surface roughness in such parameters 

which are representative of its functional behaviour. The detailed 

analysis of the surface roughness of spark eroded surfaces in 

conjunction with the machining parameters and their influence on 

roughness parameters is not available. Also due to the limitations of 

the existing roughness measuring methods a deeper study of the effects 

of local strain hardening and changes in the molecular structure of 

the deformed material on its surface texture has not been possible. 

The roughness assessment of the lapped and mirror finish surfaces has 

so far been only quantitative. 

18 



2 THE APPARATUS 

2.1 Technical details 

The apparatus used, shown diagrammatically in fig. I, is based on 

the principle of stylus-type roughness measuring instruments with 

provision for digitization of the surface profile ordinates. It consists 

of mechanical devices as traversing table, motor with reduction gears, 

stylus-pivot, slotted disc and photo diode mechanism and electrical 

devices as measuring bridge, limit switches, digital voltmeter, inter

face, schmitt trigger and controls for varying traverse speed. A 

paper tape punch has been plugged to the apparatus for on-line 

punching of the digitized ordinates. A pictorial view of the apparatus 

is shown in fig. 2, 

The surface to be measured is placed on the traversing table and 

is traversed under the stylus by a motor coupled to the table through , 

reduction gears and bellows. The analogue signals originating from the 

stylus traversing over the surface to be measured are fed into the 

digital voltmeter where they are converted into discrete digital 

signals. These digitized signals having values proportional to the 

departure of the profile from a reference line are punched on a paper 

tape. 

A special 'compact code' has been used for paper tape punching 

which reduces punching time by a factor of 2.5. The interface co

ordinates the signal and punching time cycles. The slotted disc and 

photo diode mechanism triggers these signals so as to be recorded at 

a distance of 2,5,~m only. These digitized signals are further 

analysed by the main computer and~esults are obtained.on the line 

printer and plotter. 

The apparatus has provision for general functional require

ments as various magnification (sensitivity) selection, varying 

distance between ordinates by changing slotted disc, varying 

sampling length, etc. 
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Fig. 1 Schematic diagram of the digitized surface roughness 

measuring apparatus 

Mechanical: 

Measuring 

traversing table, 2 coupling, 3 swivel joint, 

4 reduction gears, 5 motor for table traverse 

6 surface to be measured, 7 stylus with electro-

me.chanical transducer, 8 measuring bridge 

Digitizing: 9 slotted disc for triggering signals at 2.5 vm 

distances, 10 photo diode, 11 Schmitt trigger~ 

output sharp rising pulses, 12 digital voltmeter

analogue to digital converter output in b.c.d., 

13 interface - co-ordinating signal and punching 

time cycles, 14 paper-tape punch 

15 main computer, 16 line printer, 17 plotter 

2(} 
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Fig. 2 The apparatus 

traversing table , 2 swivel joint, 3 reduc.tion gears, 

4 motor for table traverse, 5 surface to be measured, 

6 stylus, 7 measuring_bridge, 8 slotted disc, 9 Schmitt 

trigger, 10 digita l voltmeter, 11 interface. 12 oscillos

cope, 13 paper-tape punch 
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Standard commercial instruments* were used in the apparatus. 

2.2 Accuracy of measurement 

It is important to have a sufficient number of profile ordinates 

to describe properly the significant information in the high 

frequencies. On the other hand sampling at points which are too close 

together will yield correlated and highly redundant data and increase 

greatly both the labour and cost of calculations. Recording profile 

ordinates at points closer than 2.5 ~m leads to no greater accuracy 

when the minimum stylus tip radius recommended is 2 )lm (I). A step 

, of 2. 5 J,lm between two ordinates was therefore used. 

The stylus used was fitted with a new tip and was well adjusted 

for linearity by the manufacturers. The calibration, carried out at 

various magnifications, was within ! 0.5 percent. The zero level of 

the apparatus, determined by traversing over an optical flat of known 

accuracy, was of the order of 0.003 ~m (Ra value) and therefore not 

taken into account. Errors due to dynamics of a moving stylus were 

found insignificant for the present set-up of the apparatus and 

traverse speed used (3 mm/min). The computer output showing profile 

trace and other functions of the optical flat is given in appendix 5. 

2.3 Calibration of the apparatus 

Calibration of most stylus instruments used for the measurement 

of surface roughness has been standardized as per the ISO document (17). 

Reference has also been made by Spragg (18) regarding accurate 

*Stylus-type FT250, radius 2 um, force 0.0008 N,maximum range 250 um, 

manufactured by Perthen, West Germany; measuring bridge-type 

KWS/35-S, carrier frequency 5 kHz, manufactured by Hottinger 

Baldwin Messtechnic, Wes~Germany; digital voltmeter-model 

~DPM- IEIV, voltag~ full scale 1.999 V, manufactured by Analog 

Devices, Cambridge, Mass., U.S.A, 
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calibration of surface texture measuring instuments. Calibration 

procedure must be suited to the features of the instrument being 

calibrated, The following features were considered, 

(a) The stylus has been used in conjunction with a datum. 

(b) The floor vibrations in and around the apparatus. 

(c) Traverse speeds used. 

(d) Inherent electrical characteristics and response of the 

measuring bridge along with its magnification switching errors. 

(e) Errors that may result from non-linearity of circuits and meters 

and mechanical errors which may be dependent on the deflection 

of the pointer. 

(f) Internal vibrations from actuating motors and electrical fluctua

tions, both classed as 'noise', which can be significant especially 

at high magn~fications. 

There are two recognised forms of calibration procedure. One 

involves direct evaluation of the magnification of recorded profiles 

followed by accurate assessment of their parameters from the records. 

Calibration of a high level of accuracy is possible by using digital 

recording and computer techniques, The other procedure which uses 

instrument calibration specimens is inexpensive and gives reasonable 

accuracy for general workshop requirements. Highest calibration 

standards can be attained as for checking roughness comparison 

specimens by calibrating the apparatus immediately before use for the 

particular parts of its working range that will come into play. 

The apparatus was calibrated using a calibration lever (fig. 3) 

especially made for the calibration of stylus type instruments by 

Rank Taylor Hobson, England, The lever provides the basic requirement 

of displacing the stylus by accurately known amounts which is obtained 

by using gauge blocks. Lever is so designed that it gives a mechanical 

reduction of 10 or 20 times and thus reduces the calibration error of 

the gauge block itself. The reduction ratio is determined by adjusting 

the position of the lever pivot relative to the stylus. The sensitivity 
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I 

Fig. 3 Calibration lever 

1 stylus, 2 datum, 3 pivot, 4 glass plate, 5 gauge block 

for carriage displacement, 6 gauge block for step height, 

7 carriage 

adjustment of the magnification control of the instrument is carried 

out by actuating the lever by known steps by using a pair of reference 

gauge blocks. A stylus to recorder magnification may then be adjusted 

as closely as possible. Having adjusted the overall magnification a 

reading is taken over a stepped height standard and an estimate of its 

groove depth is made by applying the magnification correction found 

by the lever. The final reading on the digital voltmeter is then 

adjusted accordingly. 

Consistency errors in the lever system are estimated to be less 

than 0.5 percent, and errors due to hysteresis in the lever and re

cording system are reduced by approaching each level of the stylus 

from the same direction. The final calibration was estimated to be 
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accurate to within :!: 0.5 percent for the magnifications used. No magni

fication switching errors were found. Errors due to dynamics of the 

moving stylus were observed by calculating roughness parameters of a 

known surface at different traverse speeds. These were found insigni~ 

ficant for the present set-up of the apparatus and the traverse speed 

used. 

Verification of the transmission characteristics of the whole 

system, which could be checked by oscillating the stylus with constant 

amplitude and waveform through a sufficient range of sinusoidal fre

quencies by using a vibrating platform energised from a low frequency 

oscillator, was not considered necessary as low traverse speed was used. 

2.4 Compact Code 

Analogue signals originating from the stylus are converted into 

discrete digital signals by the digital voltmeter. These digitized 

signals representing departures of profile from a reference line'are 

then punched on to paper tape using a special punching code named 

'Compact Code'. As the name suggests this special code reduces 

punching time by a factor of 2.5 and also reduces paper tape consump

tion. 

In this code advantage is taken of the fact that the extreme 

voltage variations of the stylus signals of -1.999 and +1.999 volt 

are represented in four digits as -1999 and +1999 respectively on the 

digital voltmeter. The extreme pointer deflections on either side of 

the meter of the measuring bridge correspond to the digital voltmeter 

display -1999 and +1999. The analogue signals converted into four

digit form are punched on the paper tape in a set of two consecutive 

rows (8+8 holes) still observing the binary coded decimal system. The 

eight holes of the tape are divided into two sets. Designating the 

hole on the right side of the tape as 1st and on the left side as 8th 

in the first row and 9th and 16th respectively in the second row, the 

compact.code is.best explained thus. 
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8 7 6 5 4 3 2 1 

I 
I 

. ~ a + 0000 
i 
I 

I Q+ 0500 

I 
I a- 051.8 
I 

-4. L ').( 
l a- 1712 
: 
I 

'I a -1001 

.! 
~ l a+ 1001 
I 

I ;I a- 0123 

I 
I a- 0000 

I 

STOP CODE 
I INSTRUMENT 

;x ,j ;r. a+ 1999 
I '! y 

128 6432 16 8 4 2 1 

CODE =a 
NO HOLE = • 
PUNCHED HOLE = o 

Fig. 4 Compact code 

8th and 7th holes are used for identifying the instrument from 

which the digitized signals are coming. 6th hole is reserved for plus 

or minus sign. 5th hole is reserved for the fourth digit which could 

he either I or zero only. Holes form 4th to 1st of the first row are 

used for 2nd digit of the four-digit output of the digital voltmeter; 

similarly 16th to 13th and 12th to 9th holes of the 2nd row are.used 

for 3rd and 4th (last) digit respectively in the binary eoded decimal 

system. Zero is repr~sented either by 10 or by the absence of holes 

in a set of four-hole segment. Some examples are given in fig. 4. 
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2.5 Selection of other measuring parameters 

2.5.1 Cut-off length 

Three cut-off lengths are usually available in commercial instru

ments as 0.25 mm, 0.8 mm and 2.5 mm. Its selection is governed by the 

type of surface irregularities and its production method which in,turn 

dete~ines the presence or otherwise of the waviness superimposing 

the actual surface texture. Experience has shown that medium cut-off 

length of 0.8. mm is generally suitable for well finished surfaces 

whereas 0.25 mm and 2.5 mm are used for fine~ and rougher surfaces 

respectively. The condition of the machine tool used in generating the 

surface is also of equal importance in the selection of cut-off length, 

as the lack of rigidity of the machine tool will be traceable in the 

form of secondary roughness (waviness) enveloping the actual surface 

undulations. 

Selection of the cut-off length also depends on the extent to 

which the waviness is desired to be filtered. The metal removal 

technique used in the spark erosion process is such that the surface 

produced by it has random surface characteristics and is usually free 

from waviness as there are no moving machine elements like in turning 

or grinding process. The medium cut-off length of 0.8 mm has there

fore been used which is also in accordance with ISO recommendations (1). 

2.5.2 Traverse length 

The stylus traverses a total of 8 cut-off lengths (6.4 mm). Out 

of which only 5 cut-off lengths (4 mm) have actually been used for 

computation, leaving 3 cut-off lengths (1.5 cut-off lengths at each 

end) for the run-in of the filter as,suggested by Whitehouse (4). 
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2.5.3 Profile ordinates 

Having selected a step of 2.5 um between two ordinates for reasons 

explained earlier there are 320 ordinates in one cut-off length and 

2560 ordinates in a traverse length (8 cut-offs), however only 1600 

ordinates (5 cut-offs) are used for computation of the roughness para

meters. In order to reduce the, computing time 2048 ordinates (2048 
11 

2 ) have only been used for fast Fourier transformation as per 

Dens, (14). 

2.5.4 Stylus 

It has a tip radius of 2 um and exerts a force of 0.0008 N on the 

surface to be measured. It is of commercial make having an electro

mechanical transducer. 

2.6 The apparatus function 

The apparatus function of digitizing the surface profile ordinates 

with highest possible accuracy in accordance with the various inter

nationally set standards for Mean line system of surfaces roughness 

measurement has been well achieved. Its input being surface undula

tions and output a paper tape ready for further processing as per the 

scheme of calculations. 

2.7 Sources of error in a stylus instrument 

Stylus does not give a true representation of the surface due to 

finite radius of' the tracing point and its being mounted on a pivoted 

arm. Errors due to pivot arm are nullified while calibrating the 

instrument against s~epped reference standards. Distortion due to the 

stylus tip radius has been worked out for known waveforms input (31). For 
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small tip radius the distortion and loss of detail is insignificant and 

Ra value remains unaffected (32). The stylus, lever and transducer 

should be of minimum mass. At high working pressure stylus can penetr~te 

into the surface. The penetration may not be same at crests and troughs 

and can be severe on softer metals, however, Ra values are not affected 

seriously. Errors due to non-linearity of stylus transducer and 

amplifier distortion can be taken care of at the time of calibration. 

The filter networks being of resistance - capacitance type,a change 

in frequency is accompanied by phase distortion of the input signal. 

These distortions of the input signals are significant in the vicinity 

of cut-off,frequencies. Use of a phase-corrected filter (4) has reduced 

phase distortion. The filter output is attenuated by irregularities of 

small width due to stylus radius which limits the penetration of the 

point into the surface cavities. Surface datum (skid or shoe) also 

effects the trace of the surface since the instrument output shows 

the relative movement between the stylus and skid. The crest spacing 

and wavelength of the surface irregularities, stylus position with 

respect to skid and stylus distance from the stylus-hinge effect the 

output. Same surface when traced with different stylus and skid .radii 

will give different outputs, The effects of errors of form (general 

curvature) of the surface are not eliminated by the skid. Placing the 

skid coaxial with the stylus can correct this defect but practical 

design problems prevent this configuration. 
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3 CALCULATION OF ROUGHNESS PARAMETERS 

3.1 Scheme of calculations 

* The computer programme first decodes the digitized ordinates 

punched on the paper tape .in compact code. It then determines the 

position of a mean line (line of least squares) through the profile. 

Normalized ordinates having zero mean and termed as profile ordinates 

representing departure of the surface profile from this mean line are 

calculated. These profile ordinates have been used in future calcula

tions of standard roughness parameters and may be denoted as Y1, Y2, 

Y3 •••.•. Yn, where N is the total number of ordinates. 

3.1. I Standard parameters 

These have been calculated as per the definition given in 

!SO-standards. With reference to fig. 5. 

Sample lt-ngth r Ll 

Fig. 5 Roughness parameters 

* The computer programme, courtesy Mr. P. Vanherck, University of 

Leuven, Belgium, was modified to meet the requirements of this 

investigation. 

30 



Ra or c,l.a. 

r .m. s. (Rms) 

Rt or Rmax 

Ra 

Rms 

Rt 

Average roughness is the mean of the absolute 

values of the profile ordinates. 

Root mean square value which is simply the 

average of the squared values .of the profile 

ordinates describes the general intensity of 

the random data. 

Total maximum roughness which is the distance 

between the highest peak and the deepest 

valley within the sampling length measures 

only the total depth of surface irregularities, 

I Ytl +I Y21· •••• JYNI 
N 

~ 2 2 2 •yl + y2 ~ •••.• YN 

= Ymax - Ymin 

3.1.2 Normalized ordinate.density function 

The total depth of the profile is divided by lines draWn parallel 

to the straight reference line at equal distances (fig. 6). The number 

of ordinates lying between two lines (classwidth in pm) divided by the 

total number of ordinates gives the percent density of that class. 

Each number has been divided by· its classwidth in order to normalize 

this density function. The normalized density function f(y) is there

fore given. in %/pm as a function of the ordinate value which is 

measured from the peak of the profile downwards. The y-axis of this 

curve therefore represents the total depth of the profile, 
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The shape of the density curve is "defined by two parameters Skew

ness (skew) and kurtosis (7) which are third and fourth moments of the 

random profile ordinates. 

N 

Skew I ~2:y3 
Rms3 • 

i"" I 

N 

I ~2: y4 .. 
Rms 4 • 

i .. J 

Kurtosis 

Skew-value is zer"O if the density function is symmetrical around 

the mean value. If relatively more ordinates are present at the top of 

the profile skew-value is positive and if more ordinates are present at 

the bottom of the profile its value is negative. Kurtosis value is 

equal to 3 for a Gaussian curve. It is a measure of the sharpness of 

f(y) %/~m 

sample length{Ll , 

Fig. 6 Density curve 
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the curve. Its value is greater than 3 for a sharp rising curve and 

less than 3 for a flatter curve. 

In comparison to Ra and Rt values the density curve, skew and 

kurtosis values give more useful information about the distribution 

pattern of peaks and valleys in the profile and'suggest about the 

friction and wear resistance characteristics of the surface. The 

information given by thes~ parameters would be of considerable value 

in the study of lubefilm formation between the slideways, piston and 

cylinder walls and other contacting surfaces. 

3.1.3 Abbott curve 

Also known as bearing area curve gives cumulative ordinate density 

function and represents the length of material intercepts at various 

profile depths as a percentage of the sampled length and is a function 

of the depth of irregularities. Based on the maximum peak to valley 

height section lines are drawn parallel to the straight reference line 

at equal distances below the upper reference line (fig. 7). 

0 0 
h 

25% 

.J:. 
50% 0:: 15.50 

Ql 
"0 

75% 75 

100% (Rtl 100
0 pe-rcent 

sample- length ( l J 

Fig. 7 Abbott curve 
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On a depth h from the top the material intercepts c1, c2 •••• em 

are added. The bearing area on a depth h is calculated as 

The various depth:levels may be at 25, 50 •••• 100 percent of the total 

depth (Rt). The Abbott curve is a useful parameter for studying the 

surface wear resistance and load supporting cahracteristics which are 

not indicated by the numerical values of Ra and Rt as they do not 

consider the presence_or otherwise of high peaks and wide plateaus in 

the surface profile. 

3.1 .4 Slope distribution function 

The slope of the tangent between two digitized profile ordinates 

having heights Y1 and Y2 from the reference line and a step of 2.5 um 

(AI) between them is given by (Y 1 -Y2 )/~l. A slope range of -0.6 um/um 

to + 0.6 um/um which is sufficient for the slope values present in the 

surfaces investigated has been selected. This slope range has been 

divided into 60 classes. The number of tangents with the slope value 

concerned lying in the corresponding class is determined. This number 

divided by the total number of tangents gives percent slope distribution 

function. The slope function has been normalized by dividing its value 

by the classwidth and therefore expressed in percent/um/um. In order 

to eliminate small local variations of the slope which are characteris

tic of the stylus measuring system, slope values have not been calcula

ted at every ordinate step but over a range of 5 steps (5 •• U•l2.5pm). 

The average wavelength introduced by Whitehouse (6) which 

highlights the problem of small wavelength filtering and is useful in 

the control of surfa~e roughness, measurement of waviness, straightness 

and errors of form is calculated by using root mean square value of the 
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slope. Average wavelength index indicates openness or closeness of the 

texture. 

Average wavelength (Avwl) 

rms-slope 

211' ---'Rm=s=-:--
rms-slope 

The slope distribution curve is useful when studying the geometry and 

errors of form of very fine machined (unpolished) surfaces and their 

optical reflectivity. In case of mirror finished surfaces Ra, Rt, etc., 

do not give much information. 

3. 1.5 ISO Standard double RC filter (IS0-2RC filter) 

Roughness parameters have been calculated according to the ISO. 

standard using a double RC filter which is fitted in commercial rough

ness measuring instruments. To determine the mean line of the profile 

for IS0-2RC filter special weighting; factors have been calculated for 

the present case of 320 ordinates per cut-off length (800 pm) and the 

step of 2.5 pm. The weighting, factors for 50 or 150 ordinates per 

cut-off length given in (4) were not valid in this case. In order to 

avoid local variations and reduce computing time weighting, factors for 

a group of 5 ordinates have actually been calculated thus 64 weighting 

factors per cut-off length have been determined. New profile ordinates 

having a zero mean have been calculated with reference to this mean line. 

Using these profile ordinates standard parameter Ra, Rt, r.m.s. etc., 

have been calculated and these should compare favourably with the re

sults given by a commercial instrument. 
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3. I .6 Phase corrected filter 

This kind of filter has been advocated by Whitehouse (4). The use 

of a standard IS0-2RC filter can give rise to a filtered or. modified 

profile having an unrealistic shape when compared with the original 

profile due mainly to phase distortion of the profile signal by the 

filter. Separate wavelength components of the input profile are shifted 

relative to each. other .while passing through the filter resulting into 

a distorted versio'n of the input profile. This makes measurement of pa

rameters as peak height and consequent bearing ratio misleading. Besides 

the 2RC-filter has a considerable attenuation of the roughness signal 

at the cut-off. The phase distortion mentioned above is prevented by 

avoit;l.ing time delay of profile signals in passing .through the filters, 

which means that to avoid phase distortion is to arrange that all the 

components making up the profile are delayed by the same amount in time. 

A filter having this characteristic is called a linear phase filter or 

phase corrected filter. 

Advantages of the phase corrected filter: 

(I) The filtered profile even close to the cut-off is not distorted 

due to phase distortion. Roughness signals emerging from this 

filter look like the roughness on the original profile. 

(2) The mean line of the phase corrected filter is stra.ight unless 

there are waviness undulations longer than the cut-off· length and 

its response to these undulations is in phase with them. The mean 

line, therefore, follows the general shape of the surface texture 

in a realistic way and may be considered as a measure of the wavi-. 

ness. 

(3) All roughness components wi,th wavelengths smaller than cut-of£ 

length.are transmitted 100%. Roughness components greater than 

three times the cut-off length
1

are eliminated. Roughness com

ponents lying between 1 to 3 cut-off lengths are linearly reduced. 

Traasmission characteristics of IS0-2RC filter and phase corrected 
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filter are given in fig. 8. As in the case of 2RC-filter new weighting 

factors have been calculated for 320 ordinates per cut-off length. 

Standard parameters have then been calculated using profile ordinates · 

as determined by the mean line ~stablished by this filter. 

3.1.7 

10 
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Fig. 8 
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Fraction ot cut-ott length 

Transmission characteristics of filters 

ISO-R468 standard 

According to the ISO-R468 (1) using statistical methods all 

roughness parameters have been calculated for 

(a) the total sampled length, and 

(b) each single cut-off length. 

Standard deviation and mean values from these individual aut-off length 

values have also l;>een cafculated thus giving a detailed comparable 

information about roughness of the sampled surfaces. 

A flow chart of the saheme of calculations for roughness parame

ters is given in fig. 9. 

3.1.8 The Fourier transform 

The Fourier transformation is a useful tool for determining the 

frequency content of a time.varying signal x(t). Periodic time functions 

can be broken down into an infinite sum of properly weighted sintkand 
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Fig. 9 Scheme of calculations for·roughness parameters 
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cosine functions of proper frequencies. In mathematical form: 

x(t) = a0 + ~ 

where T is the period of x(t), that is, x(t) x(t + T). 

When the coefficients an and bn are calculated using Fourier equations, 

the amplitude of each sine and cosine wave in the series is known. 

Accordingly, when the coefficients a and b are known, the magnitude 
n n 

and phase at each frequency in x(t) is determined, where 

is the amplitude at the frequency fn 

corresponding phase. 

(n/T), and tan-! (b /a ) is the n n 

Fourier series always requires periodic time function. This short

cnming is overcome by letting the period of waveform approach infinity. 

The resulting function is known as Fourier transform and the Fourier 

transform pair is defined as: 

"" 

Sx(f) = f x(t) 
-co 

"" 

x(t) f s (f) 
X 

-co 

-i211ft e 

i2'1fft e 

dt 

df 

[
forward transform] 

FFT 

[
inverse t~ansformJ 

FFT I . 

±i2wft where e = cos (2wft) t i sin (2wft), is known as the kernel of 

the Fourier transform, 
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Sx(f) is called the Fourier transform of x(t). Sx(f) contains the ampli

tude and phase information at every frequency present in x(t) without 

demanding that x(t) be periodic. 

In order to implement the Fourier transform digitally, continuous 

input signals are converted into a series of discrete data samples by 

sampling (measuring) the input waveform x(t) at certain intervals of 

time At. For greater aecu~acy At should be as small as possible. Assum

ing that input signal x(t) is observed (sampled) from some zero time 

reference to time T seconds. Then 

T/t:.t • N 

where N is the number- of samples, and T is the 'time window'. The 

discrete finite transform is given by 

n-1 
Sx 1 (mt:.f) • At 2: x(nt:.t) 

n=O 

-i2'11Ul.Afnt:.t 
e 

where m = 0,1, •••• N/2 and F-max • m,Af. 

However to fully describe a frequency in the spectrum, the magni

tude and phase, or the real and imaginary part at the given frequency 

must be calculated. As a result N points in the time domain allow us to 

define N/2 complex quantities in the frequency domain. 

If F-max is the maximum frequency present in the spectrum and is 

called 'bandwidth', then 

F-max • N 2 • Af 

where Af is the sep~ration of frequencies (referred to as resolution) 

in the frequency domain. 
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I I 
Af = T = N.At and At l = 2F-max (*) 

A~to power spectrum Gxx is obtained by multiplying S (f) by its 
X 

conjugate. 

Gxx = Sx(f)• S *(f)i = js (f)j 2 
X X 

By applying inverse Fourier transform to power spectrum the auto

correlation function (Rxx) is obtained. 

00 

Rxx(t) • Jlsx(f)l
2 

eiZ1rft df = J Sx(f)•S/(f) 

-oo 

The power spectrum function and auto-correlation function are Fourier 

transform pairs. The power spectrum gives the frequency information 

contained in the input profile in frequency domain and auto-correlation 

gives si~ilar information in the time domain. 

Aliasing errors: This is a problem that ]develops with analogue 

inputs. If a certain maximum frequency (F-max) is set and then the data 

is fed which has frequencies higher than F-max, they will fold back on 

to the lower frequencies, leading the observer to believe that there 

are frequencies present which_in fact may not be. This is not the fault 

(*) In this investigation the input signals contained in the sample 

length (L) have been measured at intervals of distance (Al) termed 

as step. Therefore, 

T/At "' L/Al N 
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of Fourier analyser, but is common to all digital signal analysers. 

This problem is avoided by making sure that the value of F-max set is 

higher than the highest frequencies in the data. 

Wrap-around error: The amount of this error, introduced due to the 

non-periodicity of the input signal, is dependent .upon the record length 

of the waveform. The discrete Fourier transform of an input.signal which 

does not have an integralcnumber of periods in the time window will 

have discontinuities at the ends of the time record. ·This error is 

avoided by replacing the rectangular time window by a cosine or Hanning 

window thus stron~ly reducing the influence of the beginning and the 

tail of the input signal. The shape of this window is defined by the 

function 

where N is the total number of ordinates and i is the running number 

of the ordinate. 

In the present investigation fast Fourier transform has been used 

making use of the Cooley - Tuckey algorithm (IS) as developed by Dens 

(14). In this programme the greatest rate of calculation is obtained if 

the number N of the ordinates on which the evaluation is done, is a 
· II power of 1 2'. Therefore only 2048 (2 ) ordinates have been used out of 

2560 ordinates measured. With a step of 2.5 ~ (Al) the values of 

fre.uency step (A£) and bandwidth (F-max) are as under: 

Frequency step (A£)= 0.195 cycles/mm 

Bandwidth (F-max) 200 cycles/mm 

The power spectrum (Gxx) has been normalized by dividing its 

value by bandwidth, giving its dimension in ~m3 • The auto-correlation 

function has been calculated by applying ·inverse Fourier transform to 

cross-power spectrum Gxy, as a direct application of this transform to 

auto-power sp~ctrum Gxx gives rise. to 'wrap-around' errors. Gxx is 

power spectrum of t~e complete signal x(t) with 2048 ordinates and Gyy 

is power spectrum of only half the signal y(t) having 1024 ordinates. 
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The auto-correlation function Rxx thus found has been normalized by 

dividing its value by the auto-correlation value at zero shift Rxx (0), 

therefore, this function starts with unity always. 

Rxx (0) D 
X 

where D is the statistical variance. 
X 

r.m.s. 

The principal application of an auto-correlation measurement of 

physical data is to establish the influence of values at any time over 

values at a future time. The sine wave or any other deterministic data 

will have an auto-correlation function which persists over all time 

displacements as opposed to random data which diminishes to zero for a 

large time displacement. The principal application of a power spectral 

density function measurement of a physical data is to establish the 

frequency content of the data. The block diagram of the Fourier trans

form is given in fig. 10. 

3.2 Computer programmes, outputs (*) 

The various roughness parameters Ra, Rms, Rt, Rp, Rmin, skew, 

kurtosis, average wavelength, etc., calculated as per the scheme of 

calculations and according to various !SO-standard filters have been 

shown as computer apecimen outputs in tables 1.1, 1.2, 1.3, appendix I. 

The computer plottings showing profile trace, density, Abbott and slope 

distribut:i:Gri. cunes 1 power· spectrum and auto-correlation functions are 

given in· figures I .I, I. 2, I. 3, appendix I. 

(*) Computing procedures for roughness parameter calculations and 

Fourier analysis, calibrat.ion charts and electrical circuit 

diagrams for the apparatus are available with the author. 

43 



X (t) 

' 
i 

I 

Sx ( f l 

INP 
N-

FFT 

UT SIGNALS 
ORDINATES 

COSINE W IN DOW 

Sx(f)xSx"(t) 

Gxx (f) 

co NJUGATE 
LT.IPLICATION MU 

AUTO 
SPEC 

-POWER 
TRUM 

G xx ( f I~ BANDWIDTH 
NORMALIZED 
POWER SPECTR 
CYCLES/MM 

UM 

y (t) 

FFT 

Sy (f) 

--

Sy(f)xS;( f) 

I Gxy (f J 

I 

I INP 
. N/2 

CRO 
SPE 
X ( t) 

UT SIGNALS 
-ORDINATES 

SS POWER 
CTRUM OF 

& y (t l 

FFT -1 

Rxx ( t l 

Rxx(t)~Rxx(o) 

A UTO -CORRELATION 
N TIME DOMAIN I 

NORMALIZED AUTO
CORRELATION 

Fig. 10 The Fourier transform 

44 



3.3 Influence of various methods of calculation on roughness parame

ters; computer output description 

The specimen computer output. table 1. 1, for· a particular surface 

measured for its roughness, gives .a comprehensive and detailed infor

mation about its many roughness parameters calculated according to the 

various standards in use internationally. 'Line of least squares 

length'determines the position of the mean line through the profile 

and the length traversed. Various roughness parameters calculated ac

cording to the ISO-standard are shown in the first block of the output. 

Under ISO-R468 heading the roughness parameters calculated according 

to ISO-R468 standard for each cut-off length, their mean and standard 

deviation are given. Parameters calculated according to two filtering 

techniques IS0-2RC and phase corrected are given under their respective 

headings. 

It would be observed that in general the Ra, Rms and Rt values 

given by the line of least squares method are higher to those given by 

other methods of calculation. It is so as the first block gives values 

for whole of the sampled length ('S cut-off lengths) and thus measuring 

the cumulative effect of undulations. The values given under 'ISO-R468' 

should, therefore, be minimum being for individual cut-off lengths. 

Between the two filters the values given by phase corrected filter are 

lower compared to those given by IS0-2RC filter because the phase cor

rected filter filters out waviness more drastically. The values given 

by IS0-2RC filter should compare favourably with those given by a com

mercial stylus type roughness measuring instrument. 

Results of the analysis of surface roughness characteristics by 

applying Fourier transformation are given in the specimen computer 

plotting, fig. 1.1. Top curve gives the surface profile trace for the 

sampled 5 cut-off lengths (4 mm) as traced by the stylus. The remainder 

five curves give information about the functional behaviour of the sur

face. They help in predicting as to how the surface (component) will 

behave when put to use in various physical and engineering systems. 

The three curves density, Abbott and slope tell about the surface un

dulations distribution characteristics and give information about the 
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friction, wear resistance, load bearing and reflectivity properties of 

the surface. Power spectrum and auto-correlation curves deal with the 

frequency content of surface irregularities and similarity in the 

surface roughness within the sampled length. 
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4 SURFACE ROUGHNESS MEASUREMENT OF SPARK EROSION REFERENCE STANDARDS 

4.1 Practical runs 

The surfaces of four spark erosion reference standards were in

vestigated. These standards are commercially made according to the 

German 1 VDI 3400 1 specifications for electro-erosion machining and are 

recommended for use for comparison purposes of spark eroded surfaces 

by the physical and chemical machining group of the C.I.R.P. * The 

standard (fig. II) has 12 small eroded surfaces designated by coded 
1 VDI class numbers 1 12, IS, 18 .•. 45. Class numbers 12 to 21 represent 

fine, 24 to 33 medium and 36 to 45 coarse surfaces. The values of the 

surface roughness parameters of various classes are given in the publi

cation (19) and have also been mentioned in table I, appendix I as 

specified-values. 

* 

SPARK EROSION REFERENCE STANDA.RO 

fig. 11 

International Institution for Production Engineering Research. 

College International pour 1 1.Etude Scientifique des Techniques 

de Mikanique . 
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Measuring all the classes of each standard would have resulted into 

too many correlated data, therefore, class 15, 18 representing fine, 

27, 30 medium and 36, 42 rough surfaces of the fou" standards were 

measured. The traverse length of the stylus being long enough it was 

considered sufficient to tak~ only one run on each surface. Standards 

being long and thin in size, special clamping fixture was used to avoid 

their bending and alignment errors coming into measurement as secondary 

waviness. Minimum traverse speed was used to avoid errors due to dynam

ics and vibrations. 

4.2 Presentation of the results 

All results of the calculation of surface roughness parameters for 

these four reference standards have been put in appendix I (tables I -

1.3, figures 1.1 - 1.4 a). Table I summarizes the Ra, Rms and Rt values 

calculated according to the various ISO standards. The range specified 

for ISO-R468 is standard deviation for five individual cut-off lengths 

of a sampled length. This range is also approximately applicable to 

the values given for IS0-2RC and phase corrected filters. The values 

entered under Rt for ISO-R468 are the mean of independent Rt values of 

the five successive cut-off lengths. Ra values and their range as 

specified by the 'VDI-standard' have also been entered; specified Rt 

values were not available. 

Tables 1.1, 1.2, 1.3 show specimen computer outputs for VDI class 

numbers 27, 30 and 36 of standard no. I respectively. These tables 

have been discussed in 3.3. Figures 1.1, 1.2, 1.3 showing computer 

plotted outputs for classes 27, 30, 36 of standard no. I have also 

been discussed in 3 . 3. For the sake of comparison Ra values calculated 

for the four standards along with the range of values specified by the 

manufacturer have been plotted in figures 1.4, 1.4.a. These graphs bring 

out the difference between the measured and the specified Ra values of 

the various classes. The values are expected to be equal for the 

four standards. Also the influence of calculations by the ISO-R468 

standard and the two filters, IS0-2RC and phase corrected, on the Ra 

values is highlighted by these graphs. 
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An appreciable difference is observed in the roughness values of 

class 30 of all the standards given by the IS0-2RC filter compared to 

those given by the ISQ-R468 and phase corrected filter (table I, 

appendix 1). To investigate this further ten successive traverses were 

made on class 30 of spark standard no. I, both lengthwise and widthwise, 

with a distance of 0.5 mm between the traverses. The mean Ra values and 

standard deviation of these ten readings have been given in table I.a. 

The results have been discussed in 6.1. 
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5 THE SPARK EROSION PROCESS 

5.1 Introduction 

Also known as electro discharge machining (EDM) or electric spark 

machining process in which the metal removal is achieved by applying 

a series of electrical sparks (discharges) between the work material 

and the tool (electrode) in a dielectric medium, usually kerosene 

which keeps control of the spark, carries away heat and washes away the 

debris. The work usually acts as the anode and the tool as the cathode. 

Depending on the workpiece material the spark is initiated across 

the working gap between the tool and the workpiece to erode the material. 

The pulse shape is generally rectangular and the current range is from 

I to 100 A at power supply voltage of 60-120 volts. Pulse time from 

0.1 to 10 ~s are generally used. The electrical energy delivered by the 

controlled pulse generator is extremely concentrated to erode away the 

metal. A more efficient selection of the pulse duration and its repeti

tion time is possible in modern electro-discharge machines. 

A tiny portion of the workpiece is converted into metallic vapour 

with a positive charge which starts back to the electrode but is washed 

away by the dielectric. The thermal shock, that occurs due to rise in 

temperature as a result of sparking, causes small particles to break 

away from the workpiece. Metal removal rate depends on the current 

density, the pulse time and the frequency. The tool feed system is of 

considerable importance in the efficient working of the process. It 

should be such so that the set value of the working gap between the 

tool and the workpiece is maintained to avoid short circuiting and to 

maintain a spark. Without an accurate tool feed system, the distance 

between the workpiece and tool would, by erosion, gradually increase 

and the spark ignition will be impossible. Mostly electro-hydraulic 

and electro-mechanical (d.c. or stepping motors) are employed as tool 

servo-mechanism. 

The electrode ~s of copper, molybdenum, copper-tungsten, brass or 

other conducting materials. Metal removal being on thermal basis and 
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hence apart from the obvious requirement that the electrodes should be 

electrically conducting, there is basically no limitation on materials 

which can be machined by EDM. Intricate and accurate shapes can be 

generated economically on hard and tough metals, otherwise difficult 

to machine. The process is used for making all kinds of dies used in 

forging, stamping, moulding, extruding, etc., which involves making of 

minute and accurate cavities. Small craters which are produced on the 

metal by this process constitute the surface roughness. Detailed 

description of the mechanism of the EDM process is given in (26). 

5.2 The operational parameters 

The operational parameters of the electro discharge machining which 

have influence on the surface roughness can be grouped into 

(a) the electro discharge machine conditions 

(b) the resultant output or efficiency of the process, and 

(c) the metallurgical aspects of the work material. 

These parameters are closely interrelated and changes in one parameter 

will greatly influence the others and the resultant surface roughness. 

They are governed by the type of work. The output or efficiency of the 

process comprises of the following parameters -

metal removal rate 

changes in micro-structure 

desired workpiece accuracy-dimensional and functional 

surface roughness of the workpiece influencing its functional 

behaviour. 

The above parameters determine the following machine conditions 

(settings) to be used for obtaining the desired surface roughness-

pulse - duration, cycle time and current 

pulse shape 

generator open voltage 

dielectric - type, flushing speed, pressure 
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servo conditions - gap width, spark stability 

polarity - of the tool and workpiece. 
' 

The metallurgical parameters consist of those physical and metallurgical 

constants of the workpiece material which directly effect the thermo

erosion process and the consequent roughness. These are --

hardness, micro - structure 

thermal conductivity, specific heat 

melting and boiling temperatures 

electrical properties, conductivity. 

The pulse energy which is a product. of the pulse time, pulse 

current and voltage is also an important machine parameter. For a given 

pulse energy the pulse time for maximum metal removal rate can be de

termined. The relationship between the metal removal rate and pulse 

energy given by erodability numbers can be better defined by taking 

surface roughness also into consideration. Erodability is better if for 

a given surface roughness and electrode wear, the metal removal rate is 

higher. The metal removal rate is inversely proportional to the desired 

workpiece roughness and accuracy. Graphs can be derived for setting 

correct machine adjustments for each combination of work and tool 

materials, desired surface roughness and accuracy. Other working para

meters as dielectric, flushing, pollution, etc., which are also equally 

important and if neglected can give rise to arcing and consequent poor 

surface finish. A deeper investigation is needed to relate EDM operat

ional parameters with eroding performance and surface roughness. 

5.3 Surface characteristics and electro discharge machining 

Foregoing brief description of the process of electro discharge 

machining indicates that the selection of its many operational parameters 

as tool and work material, various machine settings, pulse energy, 

dielectric, tool-electrode wear, etc., is dictated primarily by the 

metal removal rate which is governed by the desired surface roughness 

and accuracy of the workpiece. Study of the EDM parameters directly 
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influencing the roughness and characteristics of the eroded surfaces is 

of direct relevance to this investigation. Some researchers (20-29) 

have tried to establish relationships between surface characteristics 

and EDM parameters. However du~ to the fact that the EDM parameters 

are many in number and are interrelated, it is not easy to establish 

this relationship in a straight forward way. 

An EDM surface is basically of 'matt' type appearance and compri

ses of craters. The crater size constitutes the surface roughness- which 

is random in nature and is usually free from waviness and errors of 

form. Roughness is related to pulse energy. Other effects on the surface 

arise from the thermal and.metallurgical influences, dielectric, work 

and tool material. Pulses of longer duration generate greater heat 

penetration and have consequent effect on the surface roughness. The 

top of an EDM surface is a resolidified layer with craters of varying 

sizes. Beneath this is a surface layer which has been affected by the 

thermal and metallurgical stresses due to rapid heating and cooling of 

the surface associated with this process. The depth of this affected 

layer is about ten times the c.l.a. roughness value, Barash (25). 

A direct relationship between the surface roughness and EDM para

meters is not yet clear, however, the following is well established 

(27, 28). 

(a) The duration of the pulse has a larger effect on the surface finish 

than the energy contained in the pulse. An increased duration of 

the pulse has a deteriorating effect on the surface finish. 

(b) The relationship between the productivity and quality of surface 

is proportional to the frequency of the pulses and to the square 

of the diameter. 

In mathematical form: 

where 

v rate of erosion, volume of metal 

removed in unit time 
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Ra surface roughness i.e. average height of its irregulari-

ties 

a diameter of the singie crater 

f frequency of the spark discharge 

K proportionality factor. 

(c) Forced circulation of the dielectric fluid is one of the most 

effective means of improving the quality of the surface finish. 

(d) Spark pulses and changes in the physico-chemical properties of the 

material due to high temperatures directly influence surface rough-

ness. 

(e) Surface finish varies with the frequency for a given current. 

(f) The roughness of the machined surface increases with the amount of 

metal removed per discharge. 

(g) A relationship between the surface roughness and the volume of 

metal removed per discharge exists. 

It is 

where 

R 

a 

R 
a V b 

d 

surface roughness in pm (r.m.s.) 

constant 

metal volume removed per discharge 

constant - slope of the line (fig. 12). 

The value of 'a' can be determined by substituting the values for R 

and Vd. It will be noted that from purely geometric considerations 

one can expect roughness to be proportional to 3jvolume. 
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Fig. 12 Surface roughness v. metal removal 

5.4 Theory of the electro discharge machining process 

Various theories and mathematical models for the EDM process have 

been developed for simulating the different phenomena.occurring in the 

process, Factors as power dissipation in the plasma column, temperature, 

field electron emission, power distribution between the anode and 

cathode, electromagnetic forces required for ejecting liquid metal, 

ionization of metal vapour, etc., have been studied (29, 30). The spark 

erosion process comprises of four main physical phenomena viz spark 

breakdown , electrical power distribution, heat and mass transfer. 

Spark • breakdown in the dielectric is studied using ultra rapid 

photographic techniques, Spark is initiated by a column of positive 

charges called 'streamer' at the anode. Effective discharge starts when 

the streamer touches the cathode and a potential drop occurs replacing 

the dielectric with a conductive plasma channel. Ionization occurs at 

this stage. Energy transmission occurs with the velocity of light which 

is observed in the gap area. Breakdown is initiated due to formation of 
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a vapour channel in the liquid due to heating by the breakdown current 

giving rise to debris particles in the gap between the electrodes. Short 

circuiting between the electrodes caused by the eroded particles and 

large surface irregularities influen~es surface roughness. 

The available electrical power is distributed in the cathode 

region, plasma column and anode region of the space between the elec

trodes. The strong electrical field existing in the gap promotes elec

tron emission from the cathode. The anode is heated by the conversion 

of kinetic energy of these electrons, gained during their movement 

through the plasma column, into heat energy on impact with the anode. 

Study of the thermal balance indicates that more than 90% of the pulse 

energy is conducted as heat into the electrodes during the process. 

The energy drops at cathode and anode can be calculated by knowing pulse 

voltage, current densities and temperatures existing at the electrodes. 

EDM is dominantly a thermal process in which most of the electrical 

energy is transformed into heat resulting into dielectric and metal 

evaporation and melting of electrodes material. Most of the metal re

moval is due to heat delivered at the workpiece which melts and evapo

rates the work material which is ejected due to electromagnetic and 

electrostatic forces. This is evident from the prensence of craters on 

eroded surfaces and small ball shaped debris (chips) of the work mate

rial. The amount of metal removed per pulse is therefore equivalent to 

the quantity of metal melted per pulse. 

Drop-like formation seen on the EDM surface indicates that the 

most likely mechanism of erosion is the ejection of material in the 

molten state. The forces causing this mass flow are generated due to 

electromagnetic, electrostatic, hydraulic and thermodynamic characteris

tics in the spark and dielectric. The presence of electric charges, 

electric potential gradient and electric field inside the electrodes 

gives rise to electric forces. ~ydraulic forces are caused due to the 

collapse of the bubble formed by the evaporation and decomposition of 

the dielectric around the gap resulting into the flow of the dielectric 

over the heated metal. The larger contribution made by hydraulic forces 

in the ejection of ~etal has been proved by obtaining higher metal 

removal rates by increased flushing speeds. 
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5.4.1 Relationship between erat€r , diameter and roughness 

parameter 

The roughness of the eroded surface is directly related to the 

crater size. Changes in the EDM electrical parameters influence crater 

size and hence surface roughness. Theoretical relationship between the 

roughness value and crater geometry can be derived: For various pulse 

energies and pulse duration the width and depth of a single crater has 

been established by Heuvelman (33). However the relationship between 

the roughness parameter and the size of a single crater is in fact only 

hypothetical as it does not fully represent the eroded surface which 

comprises of a group of overlapping craters of different dimensions. 

The roughness parameters Ra, Rt, average wavelength, etc., measure the 

average effect of the series of craters contained in the sampled length. 

Ra, Rms and Rt give a measure of the mean depth, and average wavelength 

Aav (introduced by Whitehouse (6)] is a measure of the mean width of the 

craters constituting the surface. 

A theoretical relationship between the measured average wavelength 

and the diameter of a crater can be established as under. Assuming that 

the following figure represents a crater, where 

d crater diameter 

r mean wavelength for this particular 'd' 

AX wavelength at a distance x from the centre. 
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AX 

d/2 

- 1 
A = d/2 f AX dx 

0 

substituting AX by (1) 

d/2 

f~ 
0 

d/2 

J 
0 

= ~ [~ .... / d2 - d2 + d2 arc sin ~ • ~2] 
d 214 4 4 d 

T = -J;- • d 

/ 

( l ) 

(2) 

According to Mestrom (34) the average crater diameter is smaller than 

the maximum crater diameter as calculated from the spark erosion model; 

the maximum crater diameter (dmax) is the result of the total energy 

contained in one spark. From the results of Mestrom it can be estimated 

that 

d 0.70 dmax 

substituting this in (2) 
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I= i 0.70 dmax 

For cup shaped surfaces as produced by spark erosion the average 

wavelength has been estimated to be 0,85 of the mean wavelength by 

Whitehouse (6). 

Aav 0.85 I 

average wavelength Aav 0.85 0.7 

0.47 dmax 

The value of the maximum crater diameter be.ing known for a given pulse 

energy (33), the value of the average wavelength can be calculated. A 

mathematical model can also be developed to establish relationships 

between the roughness and EDM parameters which will be helpful in a 

better control of the spark-machine settings to obtain the desired 

surface roughness. 

5.5 Practical runs with various electro discharge machine settings 

With a view to have a further insight into the various theories 

and models developed for the EDM process, particularly with respect to 

correlating its parameters with the surface roughness produced, 

experimental investigations have been carried out at various electro 

discharge machine settings such as: 

(a) the time interval between the pulses so that subsequent pulses 

can be considered as almost independent pulses 

(b) pulse durtation, and 

(c) pulse current. 

Other variables as electrode polarity, composition of the dielectric 

and its flow rate, voltage, etc., which also influence surface roughness 
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have not been changed in order to study more the effects of electro

thermal power variations on the roughness .• 

Circular rods of die steel 56 Ni Cr Mo V7 having a diameter of 

10 ± 0.1 mm with no hole were used as workpieces. Electrodes of electro

lytic pure copper of cylindrical shape and diameter 12 ± 0.1 mm with 

a hole of 2.4 ± 0.05 mm in the centre for pumping dielectric were used. 
0 3 Shell Sol TD at temperatures 20-40 C and flow rate 0.2 ± 20% em /s 

was used as dielectric. The electro discharge machine used, AEG Elbomat 

400 having transistorized circuit, delivered rectangular pulses at open 

circuit voltage of 80 - 100 volt. 

The tests were carried out with the electrode and workpiece coaxial 

so as to keep the working area constant during the test. The duration 

of the test was 15 minutes. Keeping in view the aims of this investiga

tion and that the relationship between the metal removal rate and Ra is 

already known the metal removal rate was not taken into consideration. 

For each setting of the pulse-time, interval and current three repeat 

surfaces were eroded using a fresh electrode each time. 

5.5.1 Presentation of the results 

The results of the investigation obtained by the four methods of 

calculation for different spark-machine settings have been given in 

appendix 2 (table 2, figures 2.1, 2.2, 2.3, 2.4). Table 2 summarizes 

the mean Ra and average wavelength values for each setting of the 

spark-machine. The pulse ratio (pulse time/pulse interval) and energy 

per pulse have also been entered. For the sake of comparison only Ra 

values have been considered. Other rou~hness parameters as Rt, Rms, etc., 

show a trend similar to that shown by Ra. The average wavelength is 

calculated by the line of least squares method only, hence not given 

for other methods of calculations. Figures 2.1, 2.2 and 2.3 show Ra 

values as a function of the pulse time, pulse ratio and energy per 

pulse respectively at different current levels and methods of calcula

tion. The influence of calculations by the line of least sqaures method, 

ISO-R468 and the two filters IS0-2RC and phase corrected on the Ra 
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values is highlighted by these figures. Figure 2.4 show Ra as a function 

of average wavelength at various current levels. Relatively higher Ra 

and average wavelength values obtained for the considered spark-machine 

settings have also been shown in fig. 2.4 as abnormal values. The 

results have been analysed in 6.2 and 6.2.1. 
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6 ANALYSIS OF THE RESULTS 

6.1 Spark erosion reference standards 

Results of the measurements carried out on the four standards 

have been analysed with reference to: 

(a) Standards are used for reference, comparison purposes; standards 

should be identical. 

(b) Deriving information about the functional properties of the sur

face from its relatively new parameters as skew, power spectrum, 

auto-correlation functions, etc. 

(c) Effects of the IS0-2RC and phase corrected filtering techniques 

on commonly known roughness parameters as Ra, Rt, etc., and wavi

ness; factors influencing the selection of the type of filter best 

suited to the surface under examination. 

Referring to results given in appendix I, the following observations 

have been made. 

Ra: Values measured by ISO-R468 and both the filters fall within the 

specified range for medium class 27 only. They are lower or higher 

for fine and rough surfaces respectively. IS0-2RC filter gives 

about 30% higher values compared to those given by the ISO-R468 

and phase corrected filter which are close· to each other. 

Rms: Values follow a trend similar to Ra values only that IS0-2RC 

filter gives about 40% higher values compared to those given by 

the phase corre~ted filter and ISO-R468 which are· close to each 

other. The ratio Ra : Rms is about I : 1.3. 



Rt: Both filters give near equal values which are about 50% higher to 

those given by ISD-R468. This is so as the values given for ISD

R468 in table I are means of the individual Rt values of 5 cut-off 

lengthsand thus greatly eliminating waviness. 

It is noteworthy that in case of class 30 which showed excessive 

waviness during measurement, roughness values given by the phase correc

ted filter are closer to those given by the ISO-R468. The IS0-2RC filter 

does not eliminate waviness appreciably as such the values given by~ it 

are higher to those given by other methods of calculation. Table l.a 

shows that the waviness is observed in length direction only. The ratio 

between Ra values in length and width directions is about the same as 

that between average wavelengths (table l.a). It indicates that the 

relationship between Ra and average wavelength is linear. The closeness 

in roughness values measured in perpendicular directions is suggestive 

of the crater type surface texture. 

Various functions shown in figures 1.1, 1.2 and 1.3 give comprehen

sive information about the functional behaviour of surfaces. Density and 

Abbott curves, skew and kurtosis values tell about the distribution 

pattern of peaks and valleys and are suggestive of friction, wear resis

tance and load supporting characteristics. Surfaces having protruding 

peaks are prone to collapse under load compared to surfaces with wide 

plateaus which have good total load supporting capacity; yet these sur

faces having different surface profiles may have identical Ra & Rt 

values. 

Slope function suggestive of the directional changes of the profile 

curves, is of significance where the component is subsequently treated 

for improving its surface properties. Average wavelength gives a quanti

tative basis for specifying the openness or closeness of the surface 

texture. Profile curves having different average wavelengths will behave 

differently yet they may have equal average heights. This would be of 

interest to the sheet-metal working industry where control of the sur~ 

face texture is necessary to obtain consistent lubricant performance 

and to prevent scoring and sheet texture from showing through the paint 

on the finished component. 
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Rt value which measures only the total depth of surface irregula

rities is by no means a complete definition of the roughness as no 

account is taken of frequencies of the surface irregularities. Power 

spectrum establishes the frequency composition which in turn bears 

important relationships to the basic characteristics of the physical 

systems involved. Auto-correlation function describes the general 

dependence of the surface.irregularities at one time on the irregula

rities at another time. It shows where the irregularities are similar 

to each other along the sampled length; similarity is indicated by a 

peak in the auto-correlation curve. provides a powerful tool for 

detecting deterministic.structure which might be masked in a random 

background. 

As expected of the spark eroded surfaces, being fully random, the 

density distribution function is near Gaussian, power spectrum shows 

many frequencies and auto-correlation function quickly falls to zero 

(figures 1.1, 1.2, 1.3). This investigation of the spark eroded .sur

faces, with reference to their profile ordinate distribution functions, 

auto-correlation function and frequency content which has been possible 

as a result of using digital techniques, has highlighted the absence of 

waviness and errors of form and the presence of craters in the surface 

texture. Such surfaces cannot be generated using conventional metal 

cutting processes. The very 'matt' like appearance of the surface in

dicates that the metal removal has been due to a combined effect of 

physico-thermal-metallurgical degeneration of the surface; the hypothe

sis used in the analysis of electro discharge machining process. 

6.1.1 Conclusions 

In general results indicate that for the same class the four 

standards do not give identical roughness values. Measured values of 

all the standards differ appreciably from those specified. Only class 

27 gives roughness values which are close to the specified range. Ra 

and Rms give identi~al information. No relationship exists between Ra 

and Rt values of the surface. 
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The study also brings to light: 

(a) That an assessment or comparison of the surfaces based entirely 

on their Ra, Rms and Rt values can lead to incorrect conclusions 

especially when surfaces with random configurations are involved. 

In such cases functions as density and slope distribution, skew

ness, kurtosis, etc., of the surface give realistic, accurate and 

comparable information about its characteristics. The relationship 

between roughness parameters of the surface and its functional be

haviour is better understood. 

(b) The superiority of the phase corrected filter over the standard 

!SO-double RC filter in dealing with waviness. Phase corrected 

filter gives better roughness measurement of surfaces containing 

large wavelengths compared to those given by a commercial instru

ment having a double RC filter. For Ra, Rms and Rt values the 

phase corrected filter compares favourably with the ISO-R468 

standard. 

6.2 Analysis of the results obtained by various electro discharge 

machine settings 

In EDM most of the electrical energy is transformed into heat 

making the metal removal basically a thermal process. The results of 

this experimental investigation have therefore been analysed with a 

view to study the effects of EDM-electrical parameters on the surface 

roughness. Referring to the results given in appendix 2 the following 

observations have been made. 

Table 2 shows that the Ra values given by the line of least squares 

method (LLS) and IS0-2RC filter are close to each other. These are higher 

to the values given by the ISO-R468 and phase corrected filter which 

are close to each other. This is so as the ,LLS and IS0-2RC filter 

measure the cumulative effect of the surface undulations of the sampled 

length. Whereas ISO-R468 gives the mean of the individual Ra values of 
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five cut-off lengths and the phase corrected filter drastically filters 

out waviness. The above holds good for all settings of the spark machine. 

In fig. 2.1 which show Ra values obtained by different methods of 

calculation as a function of the pulse time (duration), the x-axis could 

well represent the pulse interval time asthereis no appreciable diffe

rence between the pulse time and pulse interval time values. It is ob

served that at low current levels (8, 22.5 A) the increase in roughness 

with increased pulse time is marginal. At higher current levels {40, 

50 A) the increase in roughness with increased pulse time is appreciable. 

Above 300 ~s pulse time the drooping trend observed in the roughness 

value is due to the increase in the crater width as a result of increase 

in the pulse time. Ra value decreases with an increase in the crater 

width which is proportional to the pulse time. 

Figure 2.2 showing Ra as a function of pulse ration (ti/to) 

indicates that with decreased pulse interval time relative to pulse 

time there is a decrease in the surface roughness. However the increased 

current level seems to nullify this decrea.se in the roughness. 

Figure 2.3 shows Ra values as a function of energy per pulse which 

is taken proportional. to the product of pulse time and current (voltage 

being constant). Within the range of energy level 0.6 to 4.0 units the 

increase in Ra value not appreciable. Whereas in the range 4.0 to 

60.0 units the Ra values increase appreciably. The closeness in the 

roughness values given by the LLS, IS0-2RC filter and IS0-R468, phase 

corrected filter is observed in this figure too. 

Figure 2.4 showing Ra as a function of average wavelength at 

various current levels indicates that Ra values increase with increase 

in average wavelength which is as a result of increase in the electri

cal energy. The variations in current levels, do not effect the inter

relationship between Ra·and average wavelength. The curve showing 

abnormal Ra and average wavelength values obtained for similar spark

machine settings is considered to be as a result of variations in EDM 

parameters other th~n electrical e.g'· dielectric flushing speeds, 

pressure, pollution, direction of the roughness measurement, etc. 
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6.2.1 Conclusions 

The foregoing observations based on the limited results do not 

contribute much in establishing direct relationships between the surface 

roughness parameters and spark-machine settings. However the following 

conclusions can be drawn in addition to those already mentioned in 

6. I. I. 

Surface roughness is influenced more by the combined effect of 

EDM parameters as pulse-time, interval, ratio and current rather than 

their individual effect. Pulse energy correlates well with Ra value of 

the surface. Relationship-exists between Ra and pulse time. Current 

density influences the magnitude of roughness value. Heat conduction 

plays an important role especially at low current density when relati

vely more heat is conducted resulting into less metal removal rate and 

thereby less roughness. At high current density there is less conduction 

of heat resulting into increased metal removal rate due to increased 

heating which in turn increases roughness. Crater depth and crater width 

which are directly related to the Ra and average wavelength respectively 

are influenced by changes in the electrical parameters of the EDM. The 

relationship between Ra and average wavelength is linear. 

Pulse interval time also influences roughness. Longer interval 

between the pulses causes ignition delay and difficulties in initiating 

the ignition resulting into decreased pulse time and increased roughness. 

Shorter interval between the pulses reduces chances of resolidification 

of the molten metal and also increases pulse time thereby decreasing 

roughness. 

There are other factors which also influence surface roughness such 

as the gas pressure from the previous discharge which effects the crater 

width. High gas pressure decreases width of the plasma channel causing 

a reduction in the crater width and thereby increasing roughness. Pulse 

shape also effects roughness. For the same amount of pulse energy there 

can be two extreme types of pulses; a quick sharp rising pulse or a 

flatter pulse. In the latter case the h.eat conduction is more due to 

increased pulse time as a result the.re is less heating and less metal 

removal, hence better surface finish. The optimum pulse time giving 
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pulse energy which produces the desired surface roughness can be deter

mined experimentally. 

Any increase in the electrical energy causes an. increase in the 

transformed heat energy available for metal evaporation which in turn 

results into increased roughness. The hypothesis of the electro dis

charge machining process based on the he&t conduction is therefore 

more appropriate. 
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7 POSSIBLE APPLICATIONS 

7.1 Roughness measurement of deformed surfaces 

7. l . l Introduction 

The surface texture plays an important role in the sheet metal 

working process such as forming. The life of the die and lubrication 

performance are greatly influenced by the surface roughness of the 

sheet material giving rise to friction between the contacting die and 

sheet surfaces. Deformation takes place in the molecular structure of 

the sheet material during the forming process. The granular size and 

their distribution pattern within the material structure is changed 

due to a combined effect of the tensile and compressive stresses. The 

change in the granular size and structure near the sheet surface con

stitutes its surface roughness. It is possible that relationships may 

exist between one or many surface roughness parameters and deformation 

in the molecular size and structure, which may well control the surface 

texture on the finished product. It is also to be considered that the 

surface finish of the product is also influenced by the rubbing action 

between the die and metal surface. 

7 .I. 2 Experiments 

In order to study the interconnections between the surface 

roughness parameters and molecular deformation of the material, 

experimental investigations were carried out by subjecting test pieces 

of steel, brass, stainless steel. maraging steel and aluminium to a 

standard tensile test at various elongations on a Hounsfield Tensometer. 

The test pieces (fig. 13) from the commercial stock having standard 
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specifications* and sizes were used. The strain has been calculated 

~--~-------1~0------------~ ! 
dimensions in mm 

Fig. 13 Tensile test piece 

using the following fQrmula 

6 = - ln bo b 

where 

bo = width in the middle of the testpiece before stretching 

b = minimum width after stretching 

d • mean strain (negative, being in the width direction), 

The various strain settings have been obtained from the standard graph 

• Steel 

Brass 

Stainless steel 

Maraging steel 

Aluminium 

FePOO type, cold rolled, C0.5 Mn0.3 P0.5 S0,4, 

C • 485' N.mm-2, n • 0.24 

KMs63 type, Cu63 Zn36 Al0.2 Fe0.2 Sn0.5 Pb0.5, 
-2 C = 588 N.,mm , n • 0.45 

316 (En58J) type, 5Cr Ni MotS 12, 
' -2 

C = 1039 N •• mm , n • 0.53 

350 type, code sv4/RHF 33, cross rolled, NilS 

Col2 Mo7 C0.03, C = 1137 N~mm-2 , n = 0.05 

BSS 1476 series, Sii.O Mn0.6 CuO.l lfgl.O Fe0.6, 
-2 C .. 294/ N.!mm , n • 0.062 
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_n 
C x a ) for the materials used. Surface roughness was measured be-

fore and after the tensile test. 

7. I. 3 Presentation of the results 

All results have been given ~n appendix 3 (tables 3, 3.1, figures 

3.1 - 3.9). Table 3 summarizes the mean Ra, Rt and average wavelength 

values of three repeat readings taken for each strain setting. Table 3.1 

summarizes the power, frequency and wavelengths obtai ned from the 

Fourier transform of the profile ordinates. Figures 3.1, 3.2 and 3.3 

show Ra, Rt and average wavelength as a f unction of the strain. Fig. 3.4 

shows the main wavelength and power values for the 1st and 2nd peak 

obtained from the power spectrum (figures 3.5 - 3.8) as a function of 

'n' value of the material investigated. Profile traces, ordinate dis

tribution functions, power spectrum and auto-correlation curves at 

various strain settings for stainless steel only have been shown i.n 

figures 3.5 - 3.8. The micro structure and grain size of the test piece 

materials before and after stretching is shown in fig. 3.9. 

7. 1.4 Analysis of the results 

Referring to the results given ~n appendix 3 the following obser

vations and analyses have been made. 

Ra and Rt: Table 3 shows the closeness of values given by the 

ISO-R468 and phase corrected filter. These are lower to the values given 

by the IS0-2RC filter and the line of least squares for reasons explained 

earlier. Ra and Rt values increase linearly with the strain. Readjust

ment takes place in the granular structure of the ma terial due to 

weakening of the molecular bond caused by straining. This results into 

increased roughness values. The close-grained structure of t he maraging 

steel does not allow an appreciable change in its granular pattern 

hence the Ra and Rt values remain unchanged . The slight drooping trend 

observed in case of maraging steel (figures 3.1 - 3.3) need to be 

investigated further with a sufficient number of dat? . 
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Average wavelength: Figure 3.3 shows that in general the 

average wavelength increases with increase in strain. This is due to 

the local necking effect giving rise to the 'beginning' instability. 

The increase in average wavelength reaches a saturation level in the 

stability region of deformation prior to the total necking. However due 

to the total necking taking place at higher strain values in case of 

aluminium and brass this ~aturation level is not seen in fig. 3.3. The 

increase in average wavelength reaches the saturation level earlier in 

case of steel and stainless steel as the deformation characteristics 

of a material are dependent on its initial grain size and molecular 

structure. The deformation process introduces waviness and reduces 

grain size as shown by the profile traces and micro structure photographs. 

No relationship seems to exist between the average wavelength and grain 

size. 

Power spectrum: The main frequency and sub frequencies appear-

ing in the profile trace and power spectrum of the deformed material 

(fig. 3.7) are due to waviness and changes in the molecular structure in

troduced by the deformation process. No waviness is observed in the 

profile trace of the material from the stock. A closer study of the 

power spectrum of the deformed material reveals the existence of three 

distinct regions (fig. 3.7). These could be termed as the region of 

1st, 2nd and 3rd peak. Each peak or region has an independent mean 

frequency representing a corresponding wavelength traceable in the 

profile trace. The wavelengths and power corresponding to these three 

peaks for various strain settings are given in table 3.1. The long 

wavelength belonging to the 1st peak and having the maximum power is 

due to the effect of local necking and the beginning instability. The 

region of 2nd peak having medium wavelengths and power is due to the 

progressive shifting of deformation to adjacent planes, a phenomenon 

termed as 'orange peel effect'. The region of small wavelengths and 

minimum power belonging to the 3rd peak is asl a · result of .changes in 

the crystal size due to straining. This is evident as the magnitude of 

small wavelengths is of the order of grain diameter after deformation 

for al.l practical Pl.!rposes keeping in view also the limitations of 

measuring the grain size accurately. 
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Relationship between main wavelength and 'n' value: Long wave-

lengths have been observed in the surface texture of deformed surfaces. 

The magnitude of these wavelengths depends on the molecular structure 

and strain hardening characteristics of the material. The relationship 

between 'n' value of the material, which is a measure of its strain 

hardening characteristics, and the magnitude of the waviness introduced 

by deformation is given in fig. 3.4. Curves belonging to the 1st peak 

show the effect of local necking on the above relationship. \,'h.ereas 

curves belonging to the 2nd peak show the variations in the relation

ship during the more stabilized state of deformation 1~hen the influence 

due to changes in th~ crystal size becomes dominant, hence lower wave

length and power values. The wavelengths and power values being avail

able from the surface roughness measurements it may be possible to 

determine 'n' values of the materials from this graph. 

7. I. 5 Conclusions 

The molecular structure which ha s a significant influence on the 

properties of products made by plastic deformation consists of rather 

long wavelengths. By standard roughness measuring methods these 

wavelengths are not measured due to their being rejected as waviness. 

The roughness measuring apparatus to be used in such cases should 

have provision for considering long wavelengths. 

7.2 Roughness measurement of lapped surfaces 

7.2.1 Introduction 

Highly polished and lapped surfaces pose problem while measuring 

their roughness by stylus type measuring instruments even at high 

sensitivity. In which case the profile trace of the surface irregulari

ties is superimposed by marks or~inating due to chatter and vibrations 
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of the stylus. The least count of the apparatus also has, a limiting 

effect on the measurements yielding correlated values of . the roughness 

parameters. The information given by the commercial instrument is 

mostly a measure of the height of the surface irregularities which in 

the case of polished and lapped surfaces do not vary much to give any 

realistic comparable datas. In the lapping process whether the surface 

irregularities produced ar.e as a result of metal removal or metal dis

placement is not cleary understood due to the limitations of the rough

ness measurement techniques. It is also to be considered that in case 

of lapping the typical geometrical configuration which is representative 

of the generating process is not traceable on the surface. The optical 

methods used for the roughness assessment of polished surfaces are also 

more a measure of their reflectivity and depth of scratches and grooves 

rather than their surface texture. Digital techniques have therefore 

been applied with a view to study the mechanism of the lapping process 

and the nature of the surface irregularities produced by it. 

7.2.2 Experiments 

Surfaces produced by lapping process and used in the line standards• 

have b~en investigated. The technique involves first lapping a ground 

steel flat with the commercial prepolishing diamond paste of 7 ~m 

grain size. The surface is nickel plated and lapped again first with 

the 7 ~m grain size paste and then successively with grade A (coarse), 

grade B (medium) and grade C (fine) paste for a period of 40 minutes 

in each case. Surface roughness and the amount of metal removed are 

measured at intervals of 10 minutes of each lapping cycle. A small hole 

• These line standards made in the Metrology laboratory of the 

Eindhoven University of Technology are 6£ 'reference' grade and 

have been used in the measuring rooms of Ph~lips laboratories. 
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is made in the surface and a count of its interference fringes at the 

rated time intervals which is proportional to the decrease in the nickel 

layer thickness !J:epresents the amount of metal removed in pm. The lapping 

was done at 10 cycles/min on the machine providing the required rotatory 

and reciprocatory motions. Roughness of the surface thus produced was 

measured both by the digital apparatus and the commercial instrument 

'Talysurf'. 

7.2.3 Presentation of :the results 

Results of the roughness measurement of surfaces lapped with 

different grades of the paste have been given in appendix 4 (tablr 4, 
fig. 4.1). Roughness parameters calculated as per the phase corrected 

filter have been given in table 4 as the values given by other methods 

of calculation as ISO-R468, ISG-2RC filter, etc .• , follow a similar 

trend,which has been observed earlier. Ra values measured by 'TalY,surf' 

have also been entered. No appreciable variations having been observed 

in results of the surfaces lapped with A, B and C grades of the paste, 

theinterrelationshi~sbetween Ra, Rt, lapping time and the amount of 

metal removed for surface lapped with 7 pm paste have only been shown 

(fig. 4.1). 

7.2.4 Analysis of the results 

Referring to the results given in appendix 4 the following obser

vations and analyses have. been made. 

Ra and Rt: In the first half of the lapping time Ra and Rt 

values decrease appreciably. In the second half the decrease is negli

gible and further lapping even·with finer paste does not cause any 

appreciable decrease in the values of these roughness parameters which 

are close to the least count of the apparatus. The effect of the 

datum surface charactezstics becomes dominan~ when measuring surfaces 

having roughness values close to the least count of the apparatus. The 
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decrease in the Ra and Rt values with increased metal removal is appreci

able in the beginning only. However after the saturation level the 

decrease in the values of these parameters is negligible. 

Metal removal: In early stages the metal removal is proportio-

nal to the lapping time. However after the saturation level is reached 

further increase in the lapping time does not cause any increase in the 

metal removal instead it only reduces the depth of scratches which is 

also observed in the interference fringe patterns. In case of lapping 

with finer pastes·the metal removal is insignificant. 

Wavelengths: The direct relationships between the roughness 

values, metal removal, lapping time and grain size of the paste observed 

when lapping with rough (7 pm) paste indicate that in the beginning the 

lapping mechanism comprises largely of the metal removal process. How

ever the presence of large wavelength of the order of cut-off length 

~nd negligible metal removal observed with increased lapping time and 

finer pastes suggest that the metal removal process is replaced by the 

material displacement process. This is as a result of the grains of the 

lapping paste having got embedded into the material after rounding off 

and giving rise to the burnishing effect. This suggests that the lapping 

mechanism is dominantly a material displacement process. 

No useful information can be derived from the slope curve, however, 

density and Abbott curves show that majority of the profile ordinat~s 

are lying at the top of the surface. 

7.2.5 Conclusions 

The investigation has thrown some light on the mechanism of the 

lapping process. It has also brought out the 'limitations of the stylus 

type instruments when used ·.for measuring the roughn~ss of highly 

polished and lapped surfaces. However, better results are possible by 

using a finer geome~ry of the stylus tip and a shorter step between the 

ordinates. Optical methods alone also do not give a complete roughness 
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assessment of the lapped surfaces. It is possible that a combination of 

the digital and optical methods could give the desired comprehensive 

information about the roughness of lapped and polished surfaces. The 

technique suggested involves first getting the 'equi-densit' photograph 

of the interference fringe pattern of the surface. The information 

contained in the equi-densit photograph can be retrieved in digital 

form by using a photo-cell in conjunction with a microscope and can be 

further analysed statistically to calculate rough~ess parameters. The 

use of the stylus is thus avoided • 

7.3 Roughness measurement of mirror finish surfaces 

Unlike lapped or polished surface the mirror finish surface 

produced by conventional machining keeps its typical geometrical con

figuration which is representative of the machining process employed. 

In such very fine surfaces the variation in their usual parameters as 

Ra, Rt, auto-correlation functions, etc., is not appreciable enough to 

enable any realistic and comparative assessment of their roughness. 

Slope values and slope distribution curve for very fine machined sur~ 

faces vary appreciably as such this parameter is more suitable for 

their roughness assessment. Slope distribution function can also be 

employed for determining the optical properties of these surfaces as 

it measures the directional changes of the surface profile curves 

and is suggestive of their.reflectivity. A relationship between the 

reflectivity index and the slope distribution function of a surface 

can possibly be established enabling a quicker assessment of its 

reflectivity index. However the differentiation between the local 

scattering and total reflectivity is also to be considered while 

establishing the above relationship. 
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8 FURTHER DEVELOPMENTS AND CRITICISM 

8.1 Further developments 

Using digital techniques it is now possible to define surface 

roughness in quantitativeas well as qualitative parameters, The high 

cost of this method of roughness measurement due to extensive computer 

usage, makes it d~sirable to establish as to which of the roughness 

parameters of the surface produced by metal removal processes as 

grinding, milling, etc., directly influence its functional behaviour. 

The scheme of calculations could then be, modified accordingly to 

measure only those parameters thus enabling an economic and efficient 

control of the machining parameters, machine tool design and its 

characteristics in order to achieve the desired values for the particu

lar roughness parameters. 

Power spectrum and auto-correlation function which give information 

about the frequencies contained in the surface irregularities can be 

used as a feed back to determine the dynamic response of the machine 

tool, cutting tool vibrations and chatter which are as a result of a 

combination of factors as feed, cutting speed, depth of cut, tool 
1 mounting, etc. It should be of interest to investigate the possibility 

of an interrelationship that may exist between the power, auto-correla

tion function, Ra and Rt values of a surface. Such a relationship could 

be helpful in correlating machining characteristics with functional 

properties of the surface generated by the machine tool. 

8.2 Command unit for a versatile digitized surface roughness measuriD$ 

apparatus 

The apparatus designed specifically for use in this investigation 

could be made more versatile and given a commercial approach enabling 

it to be used for varied and routine type of surface roughness measure

ments needing little or no expertise. The suggested command unit 
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(fig. 14) makes it possible to select some of the functional parameters 

of the apparatus, which are dependent on the type of the surface to be 

examined, in a more efficient way. The traverse length, direction of the 

stylus traverse and step between the profile ordinates can easily be 

varied using this command unit. Numerical display of the stylus position 

on the surface, signals - for start and stop of the punch, carriage 

reverse and the apparatus being ready for the next run are possible. 

Such a command unit is economical and easy to fabricate, as it use~ 

standard commercial intruments as slotted;,disc, bi-directional.counter, 

modulo-n-counter, comparator, etc. The unit can also be adapted to the 

stylus traversing,mechanism of a commercial apparatus making it possible 

to analyse the retrieved information digitally. 

8.3 Criticism 

The only negative criticism that can be made is the high cost of 

calculations involved in this digital method of surface roughness 

measurement which makes its use prohibitive for general workshop 

requirements. Of all the methods available for roughness measurment 

digital method, despite being initially the most expensive, is the 

most versatile· and furnishes maximum information. It is ideally suited 

to research laboratories. The least expensive method is the type which 

furnishes minimum information of the surface roughness or requires 

additional efforts to extract the pertinent information. However the 

user may not be interested in the complete range of possible parameters. 

Which parameters are most suitable and meaningful for a particular 

functional requirement of the surface (component) and the price one 

wishes to pay for their measurement are the guiding factors in the 

selection of the roughness measuring method. 
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'
c= ~:m~r-f-.:::.s•::..ne::;_;;wa=v~~ 16gic • puiMs lor l~ft- bidirectional 

- slotted processing hond movement counter 
In lead disc cosine wave · pulses for right-
screw of ~ hand movement '----.----' 
the stylus 
unit 

'n'- :;;elector 
:;;witch, e. g. 
n =2 for 1 ~m step 
n =5 tor 2.5 " " 
n •10for 5 .. .. 

rated 
pulses per 
revolution 

· modulo -n· 
'---- counter 

pulses out 
Ia selected 
'n' value 

trigger 

digital 
voltmeter 

bc.d. 
output 

comparator 1---

puh;es out 
for selected 
positions 

!.start punch 
2 .s.top punch 
3. reverse carriage 

drive 
4. stop (ready 

for next run) 

numerical display 
giving stylus 

position 

traverse 
length 
selector switch 

* selection of the ·n· value depends on the pitch of the 
lead screw and the number of slits on the disc. 

Fig. 14 Command unit for a versatile digitized surface 
roughness measuring apparatus 
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GENERAL CONCLUSIONS 

The basic purpose of the investigation that is _to define .surface 

roughness in such parameters which are sufficiently representative of 

the surface functional behaviour and its characteristics has been 1 

achieved. Surfaces produced ·by electro discharge machining process have 

been studied with a view to jidentify roughness parameters which directly 

influence their operational functions. Density, power and auto-cQrre

lation functions give a.better assessment of surfaces having random 

configuration. In addition the spark erosion reference standards which 

are used for comparison purposes have been checked for their accuracy. 

A further insight into the theory of electro discharge machining process 

leading to a better understanding of the relationships between the spark 

machine and roughness parameters has been possible. A relationship 

between the roughness parameter average wavelength and the maximum 

crater diameter has been established. 

The initial grain size and molecular structure of the material has 

a considerable influence on the surface roughness and short wavelengths 

produced by the deformation process. The long wavelengths also int:r.o

duced by the deformation process influence roughness parameters. Thes~ 

long wavelengths are not measured by.the commercial instrument due to 

their being rejected as waviness as per the requirements of the inter

national standards. The relationship between 'm' value of the material 

which is a measure of its strain hardening phenomenon-and the wavelengths 

having been established a new method for determining the 'n' values may 

be possible. Theieffects of three !distinct elements of the deformation 

mechanism viz the local necking, orange peel effect and crystal size on 

the surface roughness can be studied with the help of power spectrum of 

the surface. 

The results of the roughness measurement of lapped surfaces suggest 

that in the beginning the lapping mechanism comprises mainly of the 

metal removal proses& which is replaced by the metal displacement process 

as a result of further lapping with finer paste. Th-e effects of the datum 

surface and the least count of the apparatus limit' the use of stylus 

type instruments for the roughness measurement of lapped and polished 
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surfaces. A new technique combining the optical and digital methods 

for roughness measurement of lapped surfaces has been suggested. Slope 

distribution function can be related with the optical properties of 

very fine machined surfaces. 

The response of the electrical filters to waviness and errors of 

form and their effect on roughness parameters is better understood. 

Phase corrected filter i~.recommended for surfaces having long wave

lengths and errors of'form •. In case of research oriented surface rough

ness measurements the use of an independent datum is absolutely neces

sary. Also the roughness measuring apparatus should have provision for 

considering as long a wavelength as possible. The possibility of 

digitizing a commercial roughness measuring apparatus in an economical 

way exists. 

The investigation highlights that the knowledge about roughness 

of a surface thus available is realistic, detailed and complete compared 

to that available from commercial instruments which is limited and 

cannot be accepted as unquestionable and as an absolute measure of the 

surface texture. The results obtained by using digital techniques are 

not only more accurate and convenient for comparison purposes but are 

also helpful in a better prediction of the surface functional behaviour. 

The assessment of surface roughness having been possible in so many 

parameters encourages a deeper investigation of the interconnections er

isting be~een the roughness parameters and manufacturing processes. 
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STANDARD VOl -CLASS NO ... 15 18 27 

I 
30 36 42 

no. SPECIFICATIONS RA RI'!S RT RA RI'!S RT RA RMS RT RA RI'!S RT RA RI'!S RT RA RMS RT 

.34 2.07 .62 .74 3.62 1.98 2.40 10.85 2.95 3.73 26.00 7.07 8 .so 33.70 19.30 23.00 82.40 
ISO-R468 :!,03 't1 .00 :t ,05 t ,05 !1.05 t. so ±.so t2,45 t .90 !: .90 !16.00 t3.00 :!:3,10 !10. so t 6.80 :!': 7. 50 ±29. 50 

1 IS0-2RC FILTER· .56 • 68 2.87 .71 .90 5.07 2.13 2.62 15.06 9.62 11.67 37.40 8.47 10.80 53.80 21.40 27 .so 104.0 

PHASE-CORRECTED • 34 .41 2.96 .62 .75 5.07 2.03 2.48 14.14 2.82 3. 57 44.20 7.47 9.30 46.40 18.80 22.60 103.0 

ISO-R468 ,43 • 54 2.78 .72 ,90 4,67 2.10 2. 55 11.40 2.67 3.33 14.80 6.65 8.25 35.10 19.45 23.10 88.00 
±. 05 ±. 07 ' .45 t ,02 '.os ±1.1 s ±.45 ±,50 !3,60 ±1.20 ±1,8 t 9,00 ±3.30 14,00 ±13.40 t1Q.20 :!12.10 tso.oo 

2 ISO-ZRC FILTER • 57 .72 3. 50 .90 1.18 4.82 2.28 2.80 13.55 6.78 10.06 28.50 9.33 11.44 54.80 29.10 34.70 158.7 

PHASE-CORRECTED .43 .54 3.20 • 73 .90 5.24 2.18 2. 67 13.50 2.67 3.40 21.30 7.28 9.22 46.20 21.65 25.80 112.5 

: 

ISO-R468 
,40 2.50 ,68 .as 4.50 2.25 2.80 12.45 2.95 3.65 16.90 7.55 9. 50 41.30 14.10 17.40 71.7 

!: .os ± .eo ±.07 :!:.07 :!:1,20 :!:~75 t.ao !4*00 ±1.00 !:1,30 ! 4.00 !1.60 !1,60 :!:11.10 ±12.50 ±15.40 ±57 .o 

3 ISO-2RC FILTER .40 .so 2.62 .71 ,91 4.92 2.45 3,02 15.00 9,25 10,65 28.30 
I 

9.45 11.8 57 .so 17.70 22.40 122.0 

PHASE-CORRECTED .40 .49 2.86 .68 ,84 5.32 2.37 2.90 15.14 3,03 3,80 20.60 I 7.82 9.98 52.70 14.90 19.50 121.3 

ISO-R468 .39 .48 2.83 .67 .81 4.13 2.20 2.70 12.50 2.35 2. 95 16.20 7.47 8,95 34,60 14.50 18.00 73.7 
±.04 ±.as !1.45 t .06 ! .05 ! .40 :!: .65 ! .75 ±3.65 ± .eo ±1,10 ±11.20 :t5,10 t5.70 ±16.40 6.00 ± 7 .oo ±27 .o 

4 I IS0-2RC FILTER ! 
j 

,89 1.04 3.42 .76 .94 4. 63 2.30 2.87 14.30 10.65 12.03 32.70 a. sa 11.12 55.30 17.30 20.75 so.s 

PHASE -CORRECT EO I .39 .48 4.05 ,67 ,81 4.38 2.23 2.76 14.40 2.41 3.05 24.30 7.47 9.40 47.70 14.30 17 .so 83.70 

SPECIFIED-VALUES I .56 .ao 2.24 3.15 6.30 12.50 
,53-.60 .75-.85 2.12-2.36 3.0-3.35 6.0-6.7 11.8-13.2 '· 

i 

Table 1 Spark. erosion fefer~;Jnce standards. values in micrometer 



Direction of measurement+ Lengthwise Widthwise Ratio 

Method of calculation -1- Ra (a] Ra (b) (a/b) 

ISO-R466 2.98 ± 0.50 2.72 ± 0.50 1.09 

IS0-2RC filter 9.71 ± 0.78 3.63 ± 0.43 2.67 

Phase-corrected filter 2.96 ± 0.23 2.74 ± 0.19 1.08 

Average wavelength 373.5 137.3 2.72 

values in micrometer 

Table 1.a Mean values of ten successive traverses on VDI class 

no. 30, spark erosion reference standard 1. 
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VDI-CLASS NO. 27, SPARK EROSION REFERENCE STANDARD 1 
UNSPECIFIED VALUES IN MICROMETER 

LINE OF LEAST SQUARES LENGTH 6.478 MM 
RT 18.2839 
RA 2.1909 
RMS 2. 7075 
SKEW -0.28 
KURT 2,60 

SLOPE RMS .19556 
AVERAGE WAVE LENGTH (AVWL) 86.9896 

ISO R468 C. 0. 0.8 MM 

RA(MEAN) RMS(MEANJ RT(MAX) RMIN 
1.979 2.410 13.050 -6.160 

PER c. o. LENGTH: 

RA RMS RT RMIN 
1 . 2.455 11.350 - 5. 040 
1.749 2.134 9.912 - 5. 422 
2.311 2.763 11.360 -6.160 
2.127 2.631 12.360 -5.471 
1. 712 2.067 9.318 - 3. 688 

STANDARD DEVIATION: RT(MEANJ 

.2531 .3039 1.227 10.860 

ISO FILTER c. o. 0.8 MM 
RA 2.1376 

RMS 2.6246 
RP 6.4817 
RT 15.0642 

PHASE CORRECTED FILTER c. o. 0.8 MM 
RA 2·0335 

RMS 2.4866 
RP 7.1130 
RT 14.1485 

Table 1.1 VDI-;class no. 27 
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RP 
6.890 

RP 
6.307 
4.490 
5.199 
6.890 
5.630 



.VDI-CLASS NO. 30 (LENGTHWISE) SPARK EROSION REFERENCE STANDARD 1 
UNSPECIFIED VALUES IN MICROMETER 

LINE OF LEAST SQUARES LENGTH 6. 535 MM 
RT 61.6713 
RA "' 10.8844 
RMS 13.2178 
SKEW -p.4588 
KURT 2.5065 

SLOPE RMS 0.2330 
AVERAGE WAVE LENGTH (AVWLl 356.3908 

ISO R468 c. O. = 0.8 MM 

RA(MEANl RMS(MEAN) 
3.3287 3.9915 

PER C. o. LENGTH: 

RA RMS 
3.8391 4.5381 
2.8751 3.3003 
3.3906 4.0854 
3.0078 3.5674 
3.5307 4.4663 

STANDARD DEVIATION: 

0.3917 0.5456 

ISO FILTER C. 0. = 0.8 MM 
RA = 9.6023 

RMS 11.3036 
RP 9.5151 
RT 34.6817 

PHASE CORRECTED FILTER C. O. 
RA 3.3681 

RMS 4.1111 
RP 10.8078 
RT 22.1098 

RT[MAX) 
20.8689 

RT 
18.8022 
12.9918 
17.3854 
15.0117 
18.3078 

2.4431 

0.8 MM 

RMIN 
-10.1414 

RMIN 
- 8.0748 
- 5.4891 
- 8.6800 
- 6.2075 
-10.1414 

RT(MEANl 

16.4998 

Table 1.2 voi-class no. 30 
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RP 
10.7274 

RP 
10.7274 

7.5028 
8.7054 
8.8042 
8.1664 



VDI-CLASS NO. 36, SPARK EROSION REFERENCE STANDARD 1 
UNSPECIFIED VALUES IN MICROMETER 

LINE OF LEAST SQUARES LENGTH 
RT 73.5250 
RA 8.1158 
RMS 10.8003 
SKEW -.4106 
KURT 4.4292 

SLOPE RMS .26675 
AVERAGE WAVE LENGTH (AVWLl 

ISO R468 c. 0. 0.8 MM 

RA(MEANJ RMS(MEANJ 
7.076 8.602 

PER C. o. LENGTH: 

RA RMS 
6.400 8.359 
6.908 8.277 
7.362 9.250 
5.283 6.399 
9.426 10.730 

STANDARD DEVIATION: 

1. 525 1.577 

ISO FILTER C. 0. 0.8 MM 
RA 8.4718 

RMS 10.8037 
RP 24.3822 
RT 53.7815 

PHASE CORRECTED FILTER C. D. 
RA 7.4763 

RMS 9.3133 
RP 23.0658 
RT 46.3612 

Table 1.3 

6.488 MM 

254.3942 

RT(MAX) RMIN 
41.560 -16.650 

RT RMIN 
37.510 -15.910 
30.890 -16.650 
38.880 -13.970 
25.700 -12.130 
35.560 -16.110 

RT(MEANl 

5.401 33.710 

0.8 MM 

VDI-class no. 36 
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RP 
24.910 

RP 
21.600 
14.250 
24.910 
13.570 
19.450 



00 
00 

10 

0 

-20 

;;; .a 
~ .=.s 
et:: 

~ .4 
C) 

(L .2 

0 

.a 

SKEW -.0.28 
KURT. 2-60 

0 5 10 15 20 
DENSITY [PERC ./J4.Ml 

0 10 20 . 30 40 
CYCLES/MM 

1. 6 2-4 
TRAVERSED LENGTH CMMJ 

0 

3 
::c-10 
..... 
a_ 
w 
0 

-20 . 

•• 5 
0::: 
0::: 
Cl 

0 20 40 60 60 I 00 
ABBOTT [PERC . J 

y 0 !----0:!'---:::>,.<:;"'---""""""' 
0 ..... 
~-5 

-I 
o .2 .4 .s .a 

MM 

-.6 

w 
a_ 
Cl 
....J 
(f) 

4 

+-6 L__L __ i_~--~_....J 

0 1 2 3 
PERC ./)JM/).IM 

SPARK EROSION 
REFERENCE STANDARD 
VDI-CLASS NO 27 
(730604] 

MAIN FREQ.; Q.20C/MM 
MAX. FREQ. : 34. 18CIMM 

Fig. 1 .1 

5 



50 

·-so 

0 

-100 

200 

~60 
('() 

l:: 
320 
0::: 

':!i 80 
0 
Cl. 40 

0 .a 

SKEW -10 • 46 
KURT. 2.51 

0 2.5 5 7.5 10 
DENSITY [PERC ./IJMJ 

0 ~--~~~~~~ 
0 5 10 15 20 

CYCLES/MM 

l .6 2. 4 
TRAVERSED LENGTH [MMJ 

0 

-100 

.5 
0::: 
0::: 
0 

'7 0 
0 ..... 
~-.5 

-I 

0 20 40 60 80 I 00 
ABBOTT [PERC • J 

0 ··2 .4 .s .s 
MM 

3.2 

-.6 

w 
0... 
0 
_.J 
fJ) 

+·6 
0 1 2 3 4 

PERC • /,U M/j.IM 

SFRRK EROSION 
REFERENCE STANDARD 
VOI-CLASS NO 30 
LENGTHWISE I Ul9l 
[740815-8] 

MAIN FREQ.: Q.2QC/MM 
MAX. FREQ.: 7 .Q3C/MM 

4 

5 

Fig. 1.2. ' 



:c 
~ 

-500 .8 1.6 2.4 3.2 4~0 

traversed lenglh (mml 

0 skew - 0,41 (+) 0 -.6 
kurtosis 4.42 ~ 

~ ~ 
~ 
:c 

_3 ,3. 3 
-so 

\0 £ £ ~ 

0 _.J _.J Q_ 

0.. Q. 0 
Q) Q) --o -o (/) 

-1000 2 4 6 8 
-1000 100 2 3 4 5 

densll!:J !perc.! ,uMl abboll perc./...uM/,uM 

30 1.0 auto-eorr(O) • 69.27 

in 0 
Spark erosion reference standard 

:c 20 L VDI- class no. 36 
3 L 

0 
l) 

L I Main frequency . 2.54 cycl~a/-
(I) 

10 0 MaxiliiWD frequency • 11.91 cyclea/-. 
3 . .,_) 

0 :J -.s a. 0 

00 -1.00 
20 40 60 .2 .4 .6 .8 

C!:fcles/mm 
Fig. 1.3 

mm 



f 
E 
:1. 

0 
0:: 

I 

3.0 

2.5 
27 -------A-

2.0 a 

1.5 

.90 

.8 ---------
+ .10 

X A 18 
.60 

Q 

.50 

.90 

.80 

.10 

15 .60 ----------
.50 

+ 
.40 X A 

0 
.30 

I ISO-R468 

s tondard No. 

1 2 3 4 
e + x A 

+ 

+ 

e 

+ 

X 

X 

)( 

IS0-2RC filter 

fig.1.4 

91 

A 

specified values 
--- upper limit 

meoan 
--- lower limit 

X 

+ 

+ 
)( 

a 

+ 
)( 

A 

Fhase corrected filter I 



30.0 

25.0 

20.0 G + 

15.0 X A 
42 

10.0 

5.0 

0.0 

12.0 

10.0 

t 36 
8.0 X A 

11:1 ____ =f: ______ 

E 6.0 
:i 

0 4.0 
0: 

I 
2.0 

no! 
9.0 

30 

4.0 

3.0 
+ 

A 
20 

1.0 
I ISO-R 468 

standard No 
1 2 3 4 
(!) + X A 

+ 

+ 
G 

1 
G 

+ 

X b. 

X 

A 

b. 

X 

IS0-2RC filter 

fig. 1.4.a 

92 

spedfied values 
-- UPPER LIMIT 
---- MEAN 
-- LOWER LIMIT 

+ 

X A' 

G 
X b. + 

1 
X 

G + A 

I 
Phase-corrected filter 



APPENDIX 2 

Pulse I Current a 

(AJ 

(~sl~ 
time iliter ratio Ra Avwl We 

val 
ti to ti/to 

a 7. 5 1.1 8.43 262 0.06 

20 20 1.0 8.11 204 0.16 

125 125 1.0 

::::1 
160 1. 0 

SilO 400 1.25 202 4.0 

1100 800 '1.4 3.83 202 a. a 

! 
a 7.5 1.1 2. 66 i 0. 06 

20 20 1.0 3.22 

I 
0.16 

125 125 1.0 4.41 1. 0 

1.25 
I 

500 400 4.211 4. 0 

1100 . 800 1.4 3. 58 ! a .a 
I 

6.aai 

; 

8 7. 5 1.1 
i 

0.06 
i ! 

20 20 1.0 7.43 1 i 0.16 
! 

125 125 1.0 

:::~! 
1.0 

500 400 1.25 A.·o 

1100 BOO 1.4 4.02: 8. 8 
i 

I 
8 7. 5 1.1 2.76 0.06 

20 20 1.0 3.25 0.16 

125 125 1.0 4.50 1.0 

500 400 1.25 4.52 4.0 

1100 BOO 1.4 3. 58 a .a 

Ra Average roughness 1-1m 

Avwl Average wavelength llffi 

22.5 

Ra IAvwl I We 

I 

i 

2061 7.61 0.1 a 

2671 0.45 9. 86 

13.09 337 1 2. 81 

a .98 264111.25 

13.94 334 27.25 

I 
3.94! 0.18 

! 
4.77, 0.45 

4.22! 2.81 

7.261 11.25 

10.181 
I i 27.25 

6. 971 I 0.18 

I 9.94i 0.45 

12.601 I 2. 81 

8.72. 111.25 

12.421 27.25 

4.00 0.18 

4.66 0.45 

4.27 2.81 

7.43 11.25 

11.14 27.25 

We 

* 

Line of least squares 

40 50 

Avwll Ra We Ra iAvwl We 

I 
I 

* ! • 
! 

a .1 o 190 s.o 17 .43) 348 6.25 

19.24 380 20.0 1s.ao! 374 -zs.o 

26.64 414 44.0 37 .ao) 596 55.0 
I 

ISD-R468 

I 
I 

* • 
7.15 s.o 10.96 6.25 

17.16 20.0 10.50 25.0 

18.45 44.0 23.06 55.0 

ISD-2RC filter 

• • 
8.48 s.o 16.48 6.25 

20.20 20.0 15.48 25.0 

24.74 44.0 39.17 55.0 

Phase corrected filter 

* * 

7.01 5. 0 11.27 6.25 

17.04 20.0 10.76 25.0 

18.82 44.0 23.17 55.0 

Energy per pulse • l\.ti.10-3 (unitsl 

Machine settings not possible 

Table 2 Mean values at different spark-machine settings 
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APPENDIX 3 

STANDARD + 
STRAIN [%) 

. UNSTRETCHEO 
0.0 

MINIMUM 
0.5 

MEDIUM 
4.8 

MAXIMUM 
15.9 

UNSTRETCHED 
o.o 

MINIMUM 
o.s 

--~-~·--·--· 

MEDIUM 
a.o 

MAXIMUM 
26.4 

Table 3 

ISO-R468 

Ra Rt 

o.ao 6.73 

0.09 1.05 

0.12 1.14 
~ ... -.. ~~-------

0.76 5.32 

1.52 10.60 
" 

IS0-2RC 
FILTER 

Ra Rt 

1.4 6.28 

o. 54 1.35 

0.14 1.18 

1. 06 6.24 

1.81 12.46 

PHASE CORRECTED 
FILTER 

Ra Rt 

0.81 6. 67 

0.09 1.04 

0.12 1.17 

0.88 5.35 

1. 58 11.50 

Tensile test results (roughneSs parameters} 
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STEEL 

LINE OF LEAST 
SQUARES 

Ra Rt 

1 .56 8.95 

BRASS 

STAINLESS STEEL 

0.66 3.47 
- ·--.--·-·····,-·~" 

0.13 1.37 

0.95 7.18 

1.80 14.11 

MARAGING STEEL 

ALUMINIUM 

AVERAGE 
WAVELENGTH 

165 

137 

141 

165 

275 

342 

71 

138 

140 

values in micrometer 



0 24 STEEL 

NATURAL PEAK POWER FRE[JUENCY WAVELENGTH MAIN MIN. I GRAIN 
STRAIN ~m3 CYCLES/mm pm WAVELENGTH WAVELENGTH Oil\. 

% pm um um 
UNSTR!tTCHEO 1 st .as 0.20 5000 5000 

o.o 2 nd .04 4.00 250 50 
3 rd .005 20.00 so 28.1 ··----

MINIMUM 1 st 1.2 I 0.20 5000 5000 
0.5 2 nd 0.2 1.00 10~~ 3 rd 0.1 I 14 .oo 52.7. 

MEDIUM 1 st 0.55 0 •. 20 5000 
4.8 2 0.15 4.0 

3 rd q.o5 20.0 50 ' 45.3 

MAXIMUM 1 at 0.3 0.78 

I 
1282 

i 15.9 2 nd [ 0.1 5.0 200 35 
3 rd 0.2 25.0 40 35 

= n 0 45 BRASS 

UNSTRETCHEO 1 1 st .095 0.39 2564 
o.o 2 nd .03 4.00 250 71 

3 rd .004 15.00 66.0 50.2 

MINIMUM 1 st Q.2 0.20 5000 
0.4 2 nd o.e 2.0 500 

3 rd 0.01 10.0 ....... 1-··· 
100 75.3 

---

i 
MEDIUM 1 st 0.4 0.39 2564 2564 

5.4 2 nd I 0.12 3.0 333 
3 rd o. 01 20.0 so 45.7 

MAXIMUM 1 st j 4.9 Q.20 5000 

I 

5000 

i 23.4 2 nd 0.9 3.00 333 1 35 
3rd 0.1 14.QO 71.4 86.8 

0 53 STAINLESS STEEL 

UNSTRETCHEO 1 st 0.55 o.zo 5000 
o.o 2 nd o.os 1.50 ~;~ 35 

3 rd 0.001 1.70 730 

MINIMUM 1 st .007 0.39 2564 2564 
0.5 2 nd .001 4.00 250 

3 rd .0002 20.00 50 7.6 .. 
MEDIUM 1 st 0.33 i 0.78 1282 1282 

8.0 2 nd 0.07 4.00 250 
3 rd o.oo 25.00 

• 

40 33.4 

MAXIMUM 1 st 0.60 1.95 512 512 
26.4 2 nd 0.20 s.oo 200 17 

3 rd 0.001 23.00 43 44.5 

n - 0 05 . MARI\GING STEEL 

UNSTRETCHEO 1 st 0 .a 1.95 512 512 
o.o 2 nd .25 4.0 250 .. 

3 rd • oz 12.00 83 71.1 ----· -~,--·· 

MAXIMUM 1 st 0.21 1. 56 641 641 
2.4 2 nd .15 6.00 166 .. 

3rd • 02 18.00 55 46.5 

n • 0 06 ALUMINIUM 

UNSTRETCHED 1 st 0.6 
0.20 ~ 5000 5000 

o.o 2 nd 0.3 z.o 500 .. 
3rd ~l!!- __ ..!.5_:Q. __ 

. 
66 54 

MAXIMUM 1 st 5.5 0.59 1694 1694 
13.0 2 nd 1.4 2.0 500 • 

3 rd 0.1 5 200 150 

Table 3.1 Tensile test results {Fourier transform) • not measurable 
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APPENDIX 4 

Lapping Ra Rt Average 
time Wavelength 
min. ].Jm ].Jm .. ].Jm 

10 .050 . 1. 02 331 

20 .020 0.24 55 

30 • 010 0.28 246 

40 .006 0.26 212 

'10 • o:J45 0.14 107 

20 .0054 0.26 156 

30 .0045 0.19 450 

40 .0044 0.24 307 

10(c) 

20 .0054 0.09 54 

30 .0049 0.19 304 

40 .0047 0.25 466 

10 .0031 0.20 797 

20 .0027 0.17 650 

30 • 0051 0.15 404 

40 .0060 0.25 741 

(a) Commercial instrument 
(b) Measurements not taken, 
(c) Punch tape spoiled 

Grade 7 ].Jm 

Power (a) 
Metal main Maximum Talysurf 

removed freq. frequency Ra 
].Jm ].Jm3 cycles/mm ].Jm 

0.80 .022 1.76 

1.20 • 001 197.60 

1.50 .0024 2.14 
(b) 

1.62 .0021 1. 36 

Grade A (coarse) 

0.0()03 1.17 .(107 

(d) 0.0022 1.17 .005 

0.0012 1 .17 .005 

0.0011 0.98 .004 

Grade B (medium) 

(d) 0.0001 17.38 .005 

0.0009 1 .17 .005 

0.0013 1 .37 .004 

Grade C (time) 

0. 0016 1 .17 .004 

(d) 0.0009 1 .17 .004 

0.0004 1. 76 .004 

0.0003 0.98 .004 

(d) Metal removed from grade A to grade C (~20 minutes lapping) 
0.4 ].Jm 

Table 4 Results with different grades of the lapping paste 
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SUMMARY 

This thesis deals with digital techniques applied to the measure~ 

ment of surface roughness-enabling a comprehensive assessment of rou~h

ness parameters~ The parameters have been evaluated in terms of density 

and slope distribution, Abbott curve, power spectrum, auto-correlation 

function, skew, kurtosis and average wavelength. The commonly used 

parameters as Ra, Rms and Rt have been calculated as per the ISO 

standards on the mean line system of roughness measurement. The influen

ce of calculations based on different mean lines and the two filters, 

standard double RC and phase corrected, on the roughness parameters 

and waviness has been studied. 

Surfaces produced by diverse manufacturing processes as spark 

erosion, forming and lapping have been measured with a view to identify 

roughness parameters which are influenced by the machining parameters. 

An attempt ha.s also been made to correlate roughness parameters with 

the mechanism of the manufacturing process. In this thesis the main 

emphasis has been on defining roughness of a surface in such parameters 

which are representative of its operational functions. 

The limitations of the commercial stylus type instrument when 

employed for the roughness measurement of polished and very fine 

machined surfaces and those containing long wavelengths have bee~ 

highlighted. A command unit has been suggested to give a commercial 

approach to the apparatus used and to add to its versatility. This 

unit also offers possibilities of digitizing a commercial roughness 

measuring instrument in-an economical way. 
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SAMENVATTING 

Dit proefschrift behandelt de digitale technieken toegepast op 

het meten van oppervlakte ruwheden. Deze technieken maken een uitge

breide bepaling van deruwheidsparametersmogelijk. De parameters die 

berekend worden zijn: amplitude en belling verdeling, skew, kurtosis, 

Abbott kromme, power spectrum, auto-correlatie functie en gemiddelde 

golflengte. De algemeen gebruikte parameters zeals -Ra, Rms en Rt werden 

berekend volgens het middellijn systeem zeals vermeld in de ISO ruw

heidsstandaarden. Vervolgens werd de invloed bestudeerd op de berekende 

ruwheidsparameters en de golving van de verschillende middellijnen en 

van de twee gebruikte filters-standaard dubbel RC en fase gecorrigeerd. 

Oppervlakken geproduceerd door verschillende vervaardigingspro

cessen zoals vonkerosie, vervormen en lappen werden gemeten ten einde 

de ruwheidsparameters te vinden die worden beinvloed door de proces

parameters. Er is ook een paging ondernomen om ruwheidsparameters met 

het mechanisme van het vervaardigingsproces te correleren. In dit 

proefschrift wordt de nadruk gelegd op het beschrijven van de opper

vlakte-ruwheid door die parameters die representatief zijn voor het 

functionele gedrag. 

De grenzen van de commerciele tasterinstrumenten komen duidelijk 

naar voren wanneer ze gebruikt worden voor de ruwheidsmeting van gepo

lijste en van zeer gladde oppervlakken en van die waarin grote golvingen 

voorkomen. 

Er wordt een stuureenheid voorgesteld om het gebruikte apparaat 

geschikt te maken voor routine metingen en om zijn veelzijdigheid te 

vergroten. Deze eenheid biedt ook mogelijkheden om commerciele ruw

heidsmeetinstrumenten op economisch verantwoorde wijze te digitaliseren, 
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STELLINGEN (STATEMENTS} 

The advanced production techniques and more exacting design 
requirements together with the availability of comprehensive 
measuring methods call for the universally used term 'surface 
roughness measurement' to be modified to 'surface roughness 
and waviness measurement'. Accordingly the international standards 
on surface roughness should be supplemented with standards on 
waviness measurement. 

2 The surface should be defined by its functional properties and 
not by the manufacturing process employed for its generation. 

3 A static calibration system for a stylus type roughness measuring 
instrument is possible using a tilting optical flat in conjunction 
with an autocollimator. 

'The calibration of stylus instruments', draft UK proposal ·for 
ISO recommendation, ISO/TC 57/SC 1/WG 2. 
Calibration lever manufactured by Rank Taylor Hobson, England. 

4 In the near future a primary standard of length may cease to exist. 
The metre will thenceforth be related to the velocity of light. 

5 Kinematical design is an abstract design philosophy which considers 
contacts and motions as ideal but without reference to mass or force. 
An advanced theory should take into account the elastic and plastic 
deformation of contacting surfaces; Abbott curve can be used for 
describing their properties. 

6 The accuracy of measurement attainable in a metrology laboratory 
may not be compatible with the degree of its cleanliness. It may 
even be inversely proportional. 

Measuring rooms are invariably kept meticulously clean. 
- observation -

7 The reduction in noise level in the sheet metal working industry 
can be achieved without substantially increasing the cost of 
production by employing sophisticated design of the tooling. 



8 Technical aid given to the developing countries in the form of 
highly sophisticated technology and equipment is like growing 
roses in desert. 

9 'Although we believe in non-violence, the use of force cannot 
be ruled out' - statement by a politician. 

An example of diplomatic preciseness - self contradictory. 

!0 An electronic pocket calculator when used by a person unconversant 
with it will most probably give a wrong answer in 9 decimal places. 

Eindhoven, 9 May 1975 Anand Prakash 


