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ABSTRACT

'The‘purpose of Ehis research work was. to _develop a technique

for the ' measurement of.surﬁace rqughness of 'ground:
surfaces using a fiber-optic transducer. The reflection:
characteristic of a machined éurface which is sihplistic;lly
modelled as - a triahgular wave profile was first analyzed
théd?etically. Based on this theoretical prediction and
subsequent experimental verifications, it ﬁﬁs been shown

that the: ratio of reflected light, measured by a péir.of

‘fiber-optic transducers of similar specifications at 0° and

35¢ detection angles, -can be effectively used to

1

characterize the roughness " of ‘'ground® surfaces of upto .40
micro inches avérage roughness. This output ratio has been
found to' correlate to the calibrated surface roughness by a- .,

genéral equatioﬁ of foliowing form:

Ra = A.X'B * o
Where, Ra is the calibrated average roughness , "
X is the output ratio V0/V35, and;

[
A and B are constants.

The results oy the experimeﬁtal ‘investigation . also
indicated that this proceduré is practically feasible and

the roughness- measurements can-be carried out accurately and

repeatably. ‘This can also be done at very high speed

N

- ii -

a
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compared to a stylus instrument and can be huilt into -a:

Y

package compact enough to be used in a .typical aufbmotive

-

crankshaft production line.
It has also been' found that a ‘coaxial fiber-optic
transducer is best 'suited feor the purpose of rtoughness

measurement.

- iii -
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~Chapter I

o INTRODUCTION

- In recent years surface finish is starting to emerge as an
imporiant manufacturing specification £38r machined parts.
Just a few years ago the character of the surfacé was
regarded as a problem primarily for gage-blocks, gyfos, jet~-
engine . components, precision ‘bearingg and* similar
speciaiized products. .

Today.. surface finish 1is of concern in & much larger
portion of the metal-working industry. It has become a
s;ahdard ‘manufacturing specification for pumps, valves,
pistons, rptors,,machine spindles and slides, most types of
beéring_surfaces and numerous .other types of parté. . The
expanding interest in surface measutement reflects the trend
to upgrade 'guality levéls in many product lines. This élso
reflects the iﬁéfeasing realization that control §f surféce
"quzlity is cost effective.

Close control over sﬁrche finish has traditionally
been agdociated with clese dimensional tolerances on parts
that are ground, honed or lapped to sizes Finish and size
do, of course, go hﬁnd in hand in precisio# appliéations,
but even when dimensional tolerances are not particularly

tight,, there are sound economic reasons for monitoring
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surface finish. For example, superior surface finish of
automotive sheet steel irproves paintability and
drawability. Better surface finish increases motor shaft

life and reduces oil leakage, improves adhesion and
; : ,

uniformity in plating and painting'operations and provides

various advantages in hundreds of qther applications.

The determinaﬁion of the reiationship between the
prober finish of a s;rface and its function can, therefore,
'save untold dollars in industries’wheré surfaces either fail
to méet the requirementuor are 6verspecified because they
have been improperly characterized,

The increasing importance of surface cbafacﬁerizaﬁion
has resulted . in the dévelopment of several - types of
roughness measuring inétruments. - The only instrument
commonly used today is a ' profilometer where thé'méfsurement
5f surface finish is éarried out by drawing a fine stylus,
attached tc an electrical transducer, across the surface té.
be tested and obserfing the resulting electrical ’signal,
Light section microscope,  interferometer and ' electron
rmicroscopes are some of thel other -instruments aléo used for
estimating the surface guality. . -

Presently wused instruments, however, . have several
drawbacks. These instruments can not be used "on line" and
are essentially labo?giory instruments requiring
considerable time to set up and use and rely heavily upon

- —

subjective operator's skills and experience.
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These instruments are particularly unsuitable £for the
'

purpose of gquality ‘control in the production lines where
‘surface‘finish is a ‘critical fEEEor and where bproduction
with unsatisfactory finish 'needs to be ‘removed from the
line. For example, during a'coBQersétion Mr. Malconian, whe
is‘the-quality control manager at the Chrysler Engine plant
in Windsor, indicated the necessity of inspecting each
journal surface of every crankshaft iﬁ order to ensure the
reqﬁired surface quality. in this present case each
crankshaft has 12 béaring'surfaces and the inspection.period
by a profileometer ‘is approximately“'BO seconds for ‘every
surface. Since the profilometer takes many minutes per
crankshaft it is obviously impossiple to gage the surface
guality of each crankshaft using existing technolégy to
determine whether the surface roughness falls within. the
acceptable range of < 15 micro in. Ra. As a result the
current procedure is 'to take one crankshaft per shift into
the inspection room for gaging and to train an inspector on
the,pfoductioﬁ floor to "visually™ look for _gr;bfs beyond
the 15 micro‘in. range. Since the human eye can not be
calibrated, this inspection is qualitative at best. Mr.
lMalqnﬁian, I.therefore, stressed the requirement for an
instrument which couid be‘used on the pfoduction floor at

production rates to test the surface roughness. |
For many years attempts have been made to develop

- % ~
alternative techniques with a view toc overcome the drawbacks
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v

of present rpethods. As surface roughness modifies the llght

ref lecting propertles of a surface, many optlcal methods for
"the measurement of surface' roughness, by measurlng the
reflected light intensities, have been propesed. HOWever,
none of these opeical methods has yet been developed  to a

reliable instrument for production floor measurements.

t -
.

1.1 CONCEPT QE.SURFACE ROUGHNESS [1,2]

Regardlees of how it ie machined cr finished, no surface ean
be perfect. 'It'varies from the nominal surface by many
types of irregularties. Each maékining process, and each
~individual machine, in fect, produces a distinctive surface
texture. .Surface texture includes roughness) waviness, lay
ard flaws. Fig. 1.1 shows an exganded“ view of a
unidireEtional lay serface.

-a] Roughness: Roughness consists of finer irregularities
of surface texture usually resulting from the inherent
action_.of the pfoduction Erocess. These are
considered to include traverse feed marks and other
fine irregularities within the limits of the surface
roughness sampling lengeh.

b'® Waviness: Waviness is the more widely .spaced.component
of the surface texture., It includes all

" irregularities ‘whose spacing is greater than the
roughness sampling lquth. Waviness may result from

such  factors as machine or work deflections,

Numbers appearing in the sguare brackets desxgnate references
at the end of the thesis.



: e 5
‘vibration, chatter, heat treatment or warping strains.

Roughness may ' be coﬁsidered superimposed on - & ‘wavy'
surface. . o . -
c) Lay: Lay is the direction of predomihant surface
pattern, ordinarly determined by the production method
used. |
d! Flaws: Flaws are unintentional irregularities which:
oceur 1in one élace or at relatively infrequent or
- widély ‘varying intervals on the surface. Flaws

include such defects as pits, cracks, blow holes,

inclusions, ridges, scratches etc.,

1:2 SURFACE ROUGHNESS PARAMETERS [1-3)

The most comménly used and universally recognized parameter
for rouéhness'characteriiation is.the '*Average or Arithmetic
Roughness® usually dencted by'R;. For most quiheeping
applications the éverage roughness provides adeqbate
information about the - -surface guality, but in cases Qﬁere a
more ' precise surface characterization is required the
average roughness measurement alone has not been found
adeqdateLA'In tecent’&ears, however, several more parameters
have been éeveloped which <can provide further knowledge

about tpé-surface guality for specific applications. Some of

the more important parameters are described herein.
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1.2.1 Avéragg Roughness - Ra

L 4

This is the afithmatic‘évergge of the absoluté values of the

‘measured profile géight deviatiqns, taken within a éampling
length and measured from a‘ graphical cénﬁerline.. Thé
centeigine-is such that the total areas of profile lying
above and below the line are equal (Fig. "l.2).
Mathematically the averadge roughness can be represented as;

[

) g -
Ra——LLfY.dx ) . (1.1)

.
~
a

Where, Y 1is the ordinate of the profile -curve, and;
LL is the sampling length.
An approximation of Ra may"be obtained by adding the

"Y' increments, shown in Fig. 1.3, regardless of their sign

and dividing .the sum by the number of incrememts taken;

Ra = Y1+4¥2+¥Y3+... +¥fn (112)

n

Where, Y, Y2, - -, -¥Yn are Ehe ordinates, and:
n is the number of increments.
The A;eragé Roughness can also be denoted by AA
(Arithmatic Average! and is specified in micro inches QJ

in.] or micrometers {um.}.

-

1:2,2°  Maximum Peak to Valley Roughness Height = Rt

This is the distance between two lines parallel to the mean
line which contact. the extreme outer and inner pdints on the

profile within a sampling length (Fig. 1.4). Because this
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[

value can 'bé greatly affected by a sSpuriods.scratch or a

dust particle, it 1is more usual to use the average (Rtm) of
PR R
five consecutive sampling lengths;

Rt1+Rt2+Rt3+Rt4+Rt5
. 5 '

Rtm =

1.2.3 Ten Point Height - Rz

Thié is the average distance between the five highest peaks
and the five deepest valleys within the sampling length and

measured perpendicular to it (Fig 1.5). Rz is given by;

[

Rz = (Y1+Y3+YS+Y7+Y9);(Y2+¥4+Y6+Y8+Y10) _______ —(1.4)

Where, Y1, Y3, Y5, Y7 & ¥9 are the ordinates of
' highest peaks, and:
Y2, Y4, Y6, ¥Y8 & Y10 are the ordinates of

lowest wvalleys..

1.2.4 Bearing Length Ratioc = tp

A reference line is drawn parallel to the‘centcrline and at
_a preselected distance from it to intersect the prdfile in
oﬁe or more subtended lengths. The bearing length ratié is
the ratio of the sum of these‘sub;ended lengths to the

sampling length (Fig. 1.6}.

_ 851+52+S3+... _+Sn ,
| tp = T ——————-{1.5)
Where, S1, $2, S3 ... are the subtended lengths on the

profile, and;



LL is the samp}ing‘length.
Besides these, there”are several more pa;ameters uéed
for surface characterization. For a detailed descriptidn of
these and other parameters the reader 1is urged to see

references 1 to 3 .

1.3 EXISTING METHODS QF SURFACE FINISH MEASUREMENT (1,4]
With increased understanding of -the influence of surface
roughness on how a part - performs its function, there has

L

been a definite trend towards spegifying surface roughness
more closely inorder to ensure a"certain type or- level of
functioning. A few years ago it was not~possible for many
manufacturers to measure the surface finish with any degree
of accuracyf but today, because of the®recent developments
in surface roughnéss measurements,' a variet& of different

e

instruments are available. These instruments consist mainly

of the following elements: '

a) A measuring transducer to transform the surface
tépography ‘into some type of imaoge for processing.
The most common image in -use today ié an élgct:ical
voltage signal ‘obtained as the trénsducer is scanned
across the speciman surface. However, the‘imaée could
'equally well be an interferogram, a micrograph or a
light scattering pattern.

5) Analyzing equipment for procéséing the image of the

surface in order to characterize the’ topography or for

displaying the topography in a convenient manner.

A
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' ¢) A data display system which could be a siﬁple anélcé

meter, a chart recorder, an oscilloséope or a
complete gfaphic computer terﬁinal.

Surface measuriné instruments can be broadly classified

into ﬁwo types: Stylus type'and-oﬁtical. Of the two, the

étylus instrumgnt is most commonly used  but opﬁical

instruments offeéqunique advantages.

1.3.1 Stylus Instrument

The' only « instrument that has achieved general use and
widespread acceptance for surface roughness measurement is
the stylus instrume;t commonly Kknown as ar'Profilometer'.
The measurement of the surface finish is~ carried out by .
lightly tracing a fine diamond stylus across the surface
contéur, aé shown in Fig. 1;7. The radius of the stylus'is
normally between 400 to 500 micro inches(10 to 12 ym). -The
vertical movements of the sylus are transmitted to a coil
inside the.trgcer body . The coil moves in the £ield of é‘
permanent magngt and this proddéés' a small fluctuating -

vbltagé whose magnitude is directly . proportional to the -

height of the surface contour. o [33
The tracer may be moved either manually or mechanica’”

over the work surface. Manual operations "make fdr

conve;ienéé and time saving setups. Mechanical movements,

however, givé a more consistent and dependable roughness
I'4

measurement .
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The profilometer has the advantage that it yieids an

»absolute‘measurement.aﬁd the resulting electrical signal can

be processed conveniently by conventional electronic

~techniques to. provide either the average surface roughness

(Ra) or a trace on a strip chart that represents, in highly
magnified terms, the surface profile. In' addition, all

national and international standards are defined in terms of

measurements made by the profilometer. This instrument,

therefore, 1is in almost universal use. ' The profilometer

performs fairly well for its intended purpose, however, it
suffers from the following disadvantages:

a) Production Capability: The main disadvantage of the

préfilometer is the mechanical .frequeﬁcy Iimifations

to affect the measurement which renders it inadequate
for production line measuréments. In many prdcesses
where surface finish is critical, the requiremenﬁ qf
this technique that the part be taken off the
production line for rqughnessumeasurement, frequently
. means that only a wvery small sample of the production
can be measuréd. . This, can“ result in substantial
. <
scrap if the surface finishing procéss deteriorates
without being detected. This 1s particularly true
with the increased use of automation in the industry
where tool wear may not be detected until many

-

defective parts have been produced.



b)

¥
[

Repeatability of Measurement on. Smooth Surfaces:

“Another “deficiency of the stylus' ingtrument is the

lack of repeatability of measurement on surfaces with
less than 10 micro inches 'average roughness. This is
due to 'relatively “large stylus tip .radius when
compared with fhe topography of the surface. This
lack of ' repeatability can be critical . as most
roughness specifications, where roughgess determines
the fqnctional . character;stic as in. Journals,
bearings, cylinders etc.; are in the range of < 20
micre in. Ra. .
Correlation with Other Instruments: Anéther problem
with the stylus instrument is its lack of correlétion
with a similar _ instrument made by another
manufacturef. This makes it difficult to maintain the
uniformity of‘ measurement if the iﬂSQrumént needs to
be repiaced.: In addition, itﬁ?i/ ¢
(] R

the ‘reliability- - and the accuracy of measurement

offered by 2 given instrument.

o~

Surface "Deformation: The last mé;or fault gf the
stylus instrument 1is the inhereht deformaf¥on or
damage to the work surface qéused E;cause of excessive
stylus pressure. This problem is obvious on soft
materials but can be-— significant even on hard
materials since the stylus pressure may approach

.

50,000 psi or more. On thé other hand, a very hard

11

s diffitult to ensure.

244

P
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sutface may also cause damage to the stylus resulting

in measurement errors.

1.3.2 Optical instruments'

In addition to éhe érofilometer ‘there are_'several opticag
instrumentsﬁayailabye for the measurement of surface finish.
These ipstrumeﬁts have scme distinct advantages as well as
limitations' for” evgluating surface quality. They are
pérticﬁTﬁrly useful for fine finish and prgbably the most
braﬁticql approqch fp} finding'ragdom pits and flaws and for
measuring .the depth of s;}atches too fine for a stylus
instrument. Their main advantage r,over. the profilometer is
that they inspect an area of a surface; rather than just the
profile of a line t%aced‘by the stylus, thus providing a
three dimensionai view of the surface tex;ﬁré. Also since
théy make little or no contact with the work surface, they
avoid thed pﬁoblem of marring the surface ﬁinish and
deforming sbft materials: Howevera- these instruments are
primarily inspeétion' instrumeﬁts and are not sqitéble for
shoé use because of the time and skill needed to éét up and
iﬁterpret their results. ‘

OptiEai instruments <¢an be broadly classified into

three categories: Optical sectioning, Interferometric

_meﬁhods and Electron microscopy.



13

1.3.2.1 Optical Sectioning

This method was first developed by Schmaltz of Germany in

1931 and has since been ref;ned and modified by a number of
designers. The method is based on the fact that when a
-surface is illuminated with an oblique,tsin sheet of light,
“ the prejected'lihe image provides a cross-sectional view of
the speC1men surface from which it ' is possible to obtain
information regarding surface roughness and contour helghts.
The Sc¢hmaltz microscope, as shown in qu..l l 8,. uses two
, objective lenses . at 45 degrees -to the surface. One lens
casts a thin shee; of light and other lens observes the

-

"profile that is produced.

s

1.3.2.2 Interferometric Methods

The interferometric methods have the widest application,

mong all the available optlcal methods, for surface texture .

o

analys1s. ‘Ia these methods, interfereace fringes are used

for measuring the height of surface = irregularities.
L]

Basically the instruments used for these- methods are

interferometers with microscope coptics to enlarge ‘the fringe,

patterns.
The fringe patterr~ -=ppears as a serles of par llel dark

bands each separated by "a light band. ThlS frlnge pattern

is produced when parellel rays of monochromatlc light-

reflected off of two surfaces rejoin 180 degrees out of

phase. If the measured surface is perfectly £flat in

e
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relation to the referenée surface, the dark fringés will be
straight- But any discrepancy in the elevation,‘ such as-a
high spote or a p%} will cause a distortion'in the fringe
pattern. |

The Erinées are separated by é known distance of half
the-wavelength of illumination., . This spaciﬁg provide§ a

grid against which the surface height irregularities can be

measured.  The interferometric teéhniques work best for
highly finished and flat surfaces. Following are the
_various interferometric’ teéh;&ques used for roughﬁess
measurement: double beam interferbmetry, ‘mutliple beam

interferometry and differential interferometry.

1.3.2.3 Electron Microscopy,
Electron miéroscopy is Sy far the most sophisticated
téchnique for the analysis of surface topograﬁhical
features. The two types of electron microscopes, used for
this pufpose are the ‘Transmission Electron Microscope':-and
l£he 'Scanning Electron Microscope'. |

| The Transmission Electron Microscope (TEM) employs
transmitted electrons to form an image of the specimen
surface. The 1low penetrating power of the electrons
reguires that‘the specimen aﬁp the entire electron pigh be
in a high vacuum region with absoluée pressures of 10 in.

of Mercury or less.. To study the surface topography, a

suitable replica whose thickness is less than 4 u in.(100
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nm.) must -.be madé» of the test specimen's surface. Thé
quantitative informatien about the topography may then be
obtained with the aid of a measuriné stereoscope - and two
mi¢rographs.of the surface taken at differenﬁ.anglef. ‘

In contrast to the TEM, -the Scanning Electron
Microscope (SEM) employs a Eeam of eléctrons focused to as
small a spot és possible on the specimen surf;ce. - An image
of the spécimen surface is produced on a dathoge ray tube
face with a signal derfvéd_ from §pecimen radiation. The
requiremeﬁt for a high_vaccum, aiscussed for the. TEM, aiéo
holds true for the SEM. Since the SEM depends primafly upon
rgfleétea or emitged radiations, there ‘are-no stringént
requireménfs on specimen tﬁfc&ness; Howevgr, The extraction
of quantitative informaticn about surface topography £from
the output of the SEM is much more difficult and complex
than from the TEM. |

The main advantége of an electroh microscope 1s its
very high magnification of the ordef of SXlO5 at a
ﬁbrizontal resolution of about 0.4 uin. (10 nm.) " However,
the high costs, inspection time and compléxity invdlved in
relating the ‘cutput to the functional aspect.of thé.surface,
iimit the use of this * technique for only special

applications.
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' Chapter -II.

LITERATURE SURVEY

In order to overcome the drawbacks of _the p;ofiloméﬁer and
limitations of existing opﬁical instruments, extensive
efforts have been wade to develop an alternate opticgﬁ
method which could measure Ehe surface finish rapidly, over
large areas and in shop envirconments. The optical technique
was considered an attractive method because of the following
basic advantages:

a) Non coﬁtact: The optical methoé is. inherently non
contact which not only avoids the problem of marring
surface finish but also  makes productioh line
operation easier since it éan operate at some distance
from the work surface. Moreaver there is no wearoﬁt
which cén chanqq‘éhe calibration equation.

b) Probe Size: The optical system has an effective probe
size which is the order of.a wavelength of the light
used. | For available light sources this can be. about
20 micro inches which is much-smaller than stylus tips
commonly used.. ‘

<) ArearAveréging: The area averaging properties of a

light‘beam helps to ensure better repeatability.

- 21 -
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d) High Speed: An optical system can perform at high
speed subject only to electronic ‘'rather = than

mechanical band width limitations.

The ability to quantify the surface roudhness optically
could aiso be of wvalue in the inyprocess estimation of
surface rdughnéss, with the purpose of controlling the
finishing process during machining or as a diagnostic aid te
-évaluate the tool wear. > |

Recently developed optical techniques are mostly based
on the property of rough surfaces which causes an incident
light‘béam to scatter in varieus directions.

[y .

2.1 INTERACTION OF LIGHT WITH ROUGH SURFACES (5]

When an electromagnetic wave.is incidenE on a plane surface;
it is reflected according to well known law:  the refiected
field depends on the wavelength, the angle of incidénce and
the electrical properties of the medium.

If the surface 'is absolutely smooth the incident wave
gets reflected specularly in a single direction obeying
Snell's }aw, i.e.  angle of incidence is equal to angle 65
refle?tion (Fig; g.la). If, however, the surface is réugh'
the i&dident energy géts scattered into various directions,
though certain directions may receive more energy than
_otheré (Fig. 2.1b). This phencmenon of reflection can be

used to define a rough surface.
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According to thi§ description, 'the same surface may be
rough for some wavelengths of.electromagnetic radiation and
smecoth for others, or for the samé wavelength it may be
either rough or smooth'dependiné on the angle oﬁ incidence.
The proportion of diffuse to specular reflection, therefore,
depends on surface roughness, wa&elength .and angle of
incidence of incident radiation. |
Thé'ggneral theory ofAthe'scattering of electromagnetic
radiation, from rough surfaces has been developed by several
authers [5,6], for applications to both periodic and random
rough surfaces. The most cdmprehensive devélopmenﬁ of this
work 1is give% by Beckmann([5] who formulated the theory of
specular and diffused reflection to obtain the ahgular_
distribution of dntensitiés in specular . ané other

directions.

2.2 MEASUREMENT'QE SURFACE ROUGHNESS BY LIGHT SCATTERING
METHODS . G

The work of Davies[6] and Beckmann[5] on the scattering of-

electromagnetic waves from rough surfaces provi?edv a
£heoretic§; basis for optical methods of estimating surface
reughness, from the measurement of scéttéred light
intensities. Beckmann's theory gives the average intensity
scattered in and away fr;;\*the speéuiar direction; broadly
speaking, the lig@} reflected into the specular direction
gives information about the variance of surface height,
while that scattered  away from " the specular direétion

depends, in addition, on the surface slopes .
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The use of specular reflection measurement for
ﬁete;mination‘ of  the surface roughness was first
-successfully inbestigated'by Bennett & éorteus[?}, based on
the relation between reflectance.and root mean square (RMS)
'roughhess obtained from the statistical treatment of thé
reflection of electromagnetic radiation from rough surfaces
derived by Davies. The expression for the reflectance
measured normal to the surface, for illumination at normal

incidence, is given by: -

2 5 4 4
R = Ro.Exp [- (4L2) ]+ RoZ.m_ (). (e)® (2.0)
- m

r
- 3

Where, Ro is the reflectance from a perfectly smooth
surface of.the same material; ’
g- is the RMS deviation of the surface’heiéhts,
A is the Qavelength of the illumination,
m 1is the RMS surface slope, and;
48 is the instrument's acceptance angle.

The ﬂfirst term in eguagion 2.1 is the specular
component of reflected light whilg the secphd term is fhe'
diffused light component.‘ If the wavelength of the incident
light is much longer than the ‘RMS deviation of surface
height ¢ , the eguation 2.1 reduces to;

R = Ro.Exp [- (Jmc)z] | CTmeeees—(2.2)

- A
by neglecting the diffused reflectance component.,

Equation 2.2 may then be written as,
2

.Ln (gg) - (4n;5) I (2.3)
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- Thus, if Re¢/R is plotted on a semilogd paper Vs. l/)\2 '
a straight line through the origin with a slope which is

directly proportional to gl is obtained. It is possible,

e e

theFefore,_ to measure the RMS roughnéss by measﬁring the
surface reflectance at rormal incidence with-illumina&ion of
various wéveLgngths. | ‘

This method was experimentally verified by Bennétt and
Porteus on gfodnd gl;ss-and steel surfaces. They found a
good agreement betwéen.optically measured‘roughnss and that
meééuréd by a profilometer. E .

The ‘Saﬁe method was rsubsequently'ﬁverified by other
authors like K.E. Torrance (8], C.A. Depew & R.D. Weir (9] and

R.C. Birkebak [10], using diﬁferent types of surfaces. Their

" results are summarized by R.C.Birkebgk([ll].  These results

all show a significant correlation between specular
reflection measurement at normal- incidence, wth surface

roughness as measured with a profilometer. However, this

e

<
P

method was found suitable only for surfaces having roughness

values of 20 llin. or less and where surface height

distribution was approximately Gaussian in nature.

o

More recently the results obtained by‘ﬂ}H. Henslexr [12]

from -his light scattering experiments on fused

. : .
polycrystalline aluminum oxide surfaces have chown good
agreement with the scattering theory developed by:Beckmann.

The . equation for specular  refléction ,Rs, as given by

Beckmann's theory is: E é?b :
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A

- 2
' 4 " emmmm——
RS= Ro.Exp [- (__T_r_cr_rcqs_e_) ] . (2.4)

) . " \ .
Where, Ro is the reflection intensity from a perfectly
smooth surface ¢of the same material,

» ‘/ ' 4
ﬁl4ﬁﬁ'-is a measure of average vertlcal roughness

Based on the assumption of Gau551an

distribgtion of surface heights,
‘A is Wgvelength of -illumination and

8 is angle of incidence..

If the -value of ln(Rs/Ro) is plotted Vs. Cos29 , a straight

, 2 .
line with a slope'qf _(4:°j ‘ls obtalned. _.Therefore by

- knowing. the slope * of the liner--lt is pOSSlble to estimate

Ehegvé&ge of o . ’ L,

By measuring the reflectance from. a surface at various

11‘7

angles of incidence ‘8 , and estimating the value of ¢ from
; y : N ,

the plot‘of 1n(Rs/Ro) end-Cosze , Hensler has shcwn that a
good correlation exists between RMS’fougnpess thus obtaiogd
and the sdrface roughness as d;termined by a profilometer.

However, - Hensler's resolts are aleo valid only for surfaces
whioh could be approximated to have Géussiae' height
~distribution and whose roughness is only a fraction of the

wavelength of the illumination.
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Lﬁ yet another WOrk,l- P.J. Chéndley[i3]"using Beckmann's
theory has estimated both variance and ~autocorrelation of
heigh£ on ground glass surfaces by measurément in and-away
from the specular direction. ' Measurements of the varbénce
of surface heigﬁt obtained have been shown tc agree closely
with “stylus 'lmeasureyeﬁts for each sﬁfface. ~ Though
Chandle?}s work has shown excellent results, his"’
experimental procedures are too coﬁplex for it to be of any
praczical utility;
Invéstigations havé alsq been made ‘into-measurements of the
cocherent power spectrum scattered by the rough surfaces. It
has been found that the measurements taken from portions of
the power spectrum curve do ;correlate with profilometric
_measuremeﬁts but the correlation is. not good enough for.
accuféte measurement of surface  roughness. The reason for-
this iack of correlation is that the power spectrum is more
:ciosely related ﬁo the slope o©of surface profile rather than
its heights([l4]. Measurehents of the pbwér spectrdm, thus
~are different for surfiaces of the same rcugnness but‘having_‘
differént slopes.

B.J. | Pernick [15] | has dﬁmostraged | tﬁat'a:'thé
‘;;racteristic pattern &n the optical Fourier tfansform
distribﬁtion of the light scattered ffom & rough surface i;
also related tc. the surface roughness. He obtainéd an

optical Fourier transforpl 4f~the seattered light by using a

transform and a cylindrical lens. By f£itting an integrated
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" “S-Gaussian curve to the experimentally observed Fourier
. )

transform pattern, Pernick has developed an empirical linear
. - - . ot . wa
- -
relation between & Gaussian width - parameter and dverage
surface roughness. .

lthough these works have all shown some degree of

succes in ‘correlating the surface roughness with the
scattered light measurements, they have primarily remained
‘of theoretical interest only because of the complex

experimental procedures which were not suitable for ordina;y
préétical purpocses. o

A more practical appreach, for estimating surface
roughness from liéht scattering measurements, has been
adapted by some ‘workers using a bifurcated. fiber-optic
tranducer. A bifurcated fiber-optic transducer consists of
optical fibers bourided lin_.a common leg at one end ahd
divided into two legs at the other end .  The fibers from
the two legs can be grouped at.. the commen end 1in several
possible ori;ntations, for example; random, concentric,
hemisbherit etc. (Fig. 2.2).- The2 first successful atrempt

to use a fiber-optic transducer was made by D. Spurgeon and

R.A.LC. Slatter[lé]. They used a randomized fiber-optic

transduce;/where one half of the f;bers wo .. used to carry
the light from an incandescent lamp to be‘incﬁdént on the
Qork surface at normal incidence while the other half
detected the light reflected from the surface and was

measured using a photodetector (Fig. 2.3). The reflected

.
—_—
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light outputhfrom the transducer was Sﬂown.to be corfelated
for turned surfaces with the surface roughness by the
.following equation:

L.Ral 724 =51 e (2.5)

Where, .L is the Trangéucer output (mv.), and;

Ra is the Average Surface Roughness {um.)

More recentiy-G.CﬂI. Lin,‘T. Shea and K. Hoang(l7] have
also shown a strong relationship between average surface
roughness and wTeflected light output from ground surfaces,
using a similar randomized fiber-optic ibqndle and - a Hé—Ne
laser as a light source (Fié. 2;4): Mathematically, this
relationship -has been exprgsséd'by the aufhors as:

v = a.xB
)

Where, Y is the Average Roughness (uin.)
X is thelransducer Output (mv.), and;

A & B are constants.‘

. 2.3 | OBJECTIVE OF THE PRESENT RESEARCH :

The main objective of this research work: is to develop a

technique for the meaéurement of surface roughness of
_'graund' surfaces using a fiber-optic tFansduqenA///ﬁ- |

Although a successful attempt has been made to use a

fiber-optic transducer in both. the works by Spurgeon &
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Slatter[lG]_and Lin, Shea & Hoang[l7), the main drawback
wi;h their method has been that the output E£from , the
transducer was not normalized before correlating it with the
surféce roughness. This is an important concerﬁ because the
transducer output could be easily affected by variables
other than surface roughness‘and lead intc an erroneous
measureméﬁ%. ‘

Y

The small range of measurement is another limiting

factor f&r their technigques to be of more general use.
8 ‘ '«

Although Lin, Shea & Hoang have shown that a linear
relationship, between surface roughness and transducer
output, exists up to about 70 micro inches, the "most

-

practical range of measurement by their method is not more

“than 20 micrp inches.

Moreove;, no effort has been'maae ’by any worker to
study the affect of bundle-size and fiber orienéation on the
proper choice of the transéucer.

This research work, thereﬁofe, also pursues efforts:

l, Tc dgvglop .a technigque where a normalized parameter
is used to characterize the surface'rougbness and
wﬁich could be used to measure the .roughness over a
range’ larger than that achiéved by. other techniques
using optical methods.

2. To .stﬁdy the effect of transducer size (and- the
geometry of fiber orientation on the se;ect%on of a

transducer -most suitable for the purpose of roughness

measuremen_t .
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" To 'bear in mind that the téchnique should be

practically feasible,

fp"satisfy, if possible, the regquirements of M;.~
Malconian (Manager QCD at Chrysler's Engine Plant at
Windscmﬁ‘fwhoéé goal is to sample 100% of the pin and

main journals on a crankshaft for roughness 1in the

acceptable range of ¢ 15 micro inches Ra.
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Chapéer III

THEORY

3.1 FIBER-OPTIC FUNDAMENTALS [18] ‘ '
The science of fiber-coptics deals with the transmission or
guidance of liéht along transparent fibers of glass or
plastic by the process of total internal reflection.

A ray of light, incident upon the interface between two
transparent optical materials ha&ing difEergnt indices of
refraction, will be tofally internally reflected if:

1. the fay is -incident upon the interface ‘Erom‘ the
direction of more dense material, and;

2. the angle made by the pay with the normal to the
interface is greater than some critical angle which
depends only on the inaices éf réfraction oE. the

 mediaf _

An éptical fiber (Fig. 3.1) is made of a higﬁ
: refracti?e index matef£ial 'core', along .which the light ié
propagated, and a low refractive index material 'cladding'
which sheaths the Ffiber core and serves to provide optical
insulation and protection toe the total reflecticn interface.
The fiber core 1is generally made of glass, plastic or
certain pblymers like polymethyl-methacrylate and could be

coated with a low refractive index glass, plastic or a



polynmer. Glass coated glass fibers are normally superior in
guality than plastic or polymer fibers:

A ray of light traversing .a. firter 0.002 in. in
‘diameter may.be)reflected as ﬁ;ny as 300C times per foot of
fiber iength. The number of reflections increase in direct
proportion to.diameter decrease. In superior qu§lity fibers
this total internmal reflection process resuits in a lcoss of
O;OOl perc;nt per reflection, thus & useful guantity of
illumination can be. transported from thin and even léng
fibers.

Light is transmitted dqﬁn the length' of a fiber at a
constant angle with the fiber axis. Séaﬁtering from the
trué gecmetric path can occur, however, as a result of:

1. Imperfections in the bulk of the fibe¥u7

2. Irregularities in the core/clad interface of the

fiver and;
3. Surface scattering upon entry.
In the first'two instances, light will be scattered.in-
‘ a

proportion to.the fiber length, depending cn the angle of
incidence. To be functicnal, therefore}' long fibérs must
have an optical quality superior to that.of short fibers.
Surface scattering cccurs readily if the fiber ends are not‘
polished properly to produce a sﬁrface that is perpendicular
to the fiber axis.

The speed of light in matter is less than the speed of

light in air,’ and the change in velocity that occurs when
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licht passes from one lmedium to another resﬁlﬁs in
refraction. 1‘It'should bé noted- that a portion of the light-
incident on a boundry surface 1is not transmitted but is
instead reflected=‘back inte 'air. That portion which is
transmitted is totally reflected-from the sides, assuming
that ;he angle is less than the critical anéie. ‘ The
rélationship_between'the angle of incidence Q and the angle
of refraction y (Fig. 3.1), is expressed by Snell's law as:
N1.Sin6=N2.SinY . [ (3.1)
Where, N1 is the index of refraction of air and
N2 is the index of refraction of the core.
Since N1=1 for all péactical purpcses, the refractive index
of the core be&omes. '
Né=Sin9/Sihf ’ L e (3.2)
Snell's law cén also be used to calcuiate the maximum
angle within which light will be accepted into and conducted
thréugh a fiber (Fig, 3.lj: |
N1.Sinemax = Nz2- w32 )1/2 | ——-;-;—--(3.3)_
Where 6max is-the maximum angle of incidénce,
N1l is refractive index of air <{N1=1.0)},
N2 is refractivé'index of tﬁe core and
N3 is refractive index of the clad.
Substituting N1=1.0, equation 3;3 caﬁ be written as:
Sindmax = ( N22 - N3Z)1/2 e (3.4)
The quantity SinBmax 1is ' more commoniy known as

'Numerical Aperture' and is considered a basic descriptive

-

characteristic of specific fibers,



3.2 CUTPUT RESPONSE CHARACTERISTIC OF A FIBER [18,19]

The general response characteristic between the reflected
light output and the fiber distance from the surface, using.

an adjacent pair of transmitting and receiving  fibers, is

shown in Fig. 3.2.
When both transmitting and receiving fibers are in

contact with the surface, no light is -reflected to the

recéiving fiber and consequently there is rno output from it.

As the distance between the fibers and the surface increases
the cone of light from the transmitting fiker illumiﬁates‘an
incfeasingly-larger area on thé work surface. This area
becomes , in effect, the source of-g ‘secondary cone of

ly illuminates the

reflected light, which in turn increasing
recéiving element. | .
The relationship between the surface displacement and
recéiver output remains essentially linear, until tﬁe‘entife
surfqée of the receiving fiber Iis illuminated oy the
reflected light cone, at which point the rfurve reaches its
.peak (Fig.3.2). As the distance 'fncfeases beyond this
point, Q the outpuér from the receiver * decreases :in

t

approximately inverse proportion to the square of the

aistance. o

In practice, however, a randcm bundle of transmitting

and receiving fibers shows a response charasteristic as

depicted in Fig.3.3. It may be noticed that the curve has

three distinct regions a-b, b-c and c-d. In the regions a-b
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and c-d, the output from the fibéfebundle is dependent upon
its position from t%e object Su;face. The third portion of
the curve b-c, 4is the region adjacentr to the peak which
occurs at a particular value of displacement when all the?
reéeiving fibers- in the bundle are illuminated by the
reflected light. In this region (b-c) the output from the
fibers remains relatively insensitive to the displacement.
fhe output in this reQion is entirely a function ‘of ‘the
refléctivity of the work surface, and any change in the
cutput is the result only of a -change in surface-
reflectivity. '

fhis tehavicr of the response curves provides: the
possibility for estimatgng “the isurface roughness by
méq@uring tﬁzigutput from the fiber-optic £ransducer, sét at
the péak distahée. For aqy gi&en "transducer, .‘the'
characteriétic shape of the output Vs. disp;acement’curve
remains the same regardléss of work surface reflectivif&,“
and the curve will always attain its peak at the same
éistanée (Fig. 3.;3“v. The'd}siénce of. the transducer frcm
the work surﬁéce ove; whiéh its output remains maXimum can .
be termed as the working distance since the ﬁ;ahsducér has
to bey positioned here for ‘the purpose . of %roughness
measurement. The average working‘ distance is the?efore the
.transducer 'stand-off' and.the displacement over which the

output remains constant is its working range. It is obvious

that a transducer with a longer stand-off and a larger range

s

is rather desirable for this purpose. -

—
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3.3 THEORETICAL REFLECTI$N MODEL o - “

From the behaviour of the fiber response characteristic

-

curve it was observed that if the transducer is placed at a
'distance'frsa éﬁe surface,so as tc obtéin a maximum output
from its receiving fibersy * the - reflected light output from
;;ﬁhé surface can possibily Be correlated with' its roughnesé.

In order to obtain a basic guideline for a technique to be

suitable - for roughness measurement, - a theoreticatl

relationship between the reflected 1light output and’ the

surface roughness is developed here. A rough surface which

is simplisticé;ly modelled as a triangular wave profile is

used to develop this relationship.
.-

Fig. 3.5 'shows a machined surface with triangular wave
profile whose individual .facets are inclined at an angle al

from the horizontal and have a length of g . This surface

-

" receives incident lLight over a length _@'_from a source of

length L and .inclined at an angig\a’/from the 'vertical.

.

'ABC' represents one machined groove on this surface.

Thee reflecticn ocutput ,dR,d¥¥%Bm_an'elementalwlength as

‘of surfaée AB, in the direction of incident 'ray, is given
by[20]:ll . . _ S \
‘ *_dR = Ii.B.CosQ.dE; . '. -------- (3.%8)
Wherap I+ is incideng intensity; v ‘ o

'8 1is angle which .the incident ray makes with

nocrmal to the surface AB and:

- ) +

1 Ra = £/8 . tana ¢

TN

.|
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‘ B 1is the reflection distribution function.

_fﬁe réflection Qiij}ibutioh function represents 'the
nature.of infensity distribution in the scatterea-iight. It
is generally a complicated function of . a number of
variables, although it takes on simple forms in special
cases. For finely lépped and ground surfaces this function

has  been estimated by some authors(21,22] to be

. approximately exponential with respect to angle of incidence

and scaLter. "In this case this function has been assumed

as:

Where a and Xk are constants deggnding upon the

reflection coefficient of the surface and wavelength of

'

.illum%pation respectively.
The equation 3.5 can, therefore, Ye written as:
. v )
dR = Ii' ae'klze'. cosg . de @ ===——=-- (3.7)
It can'be noticed from Fi§;'3.5,_tﬁat, e

8 =qa-¢g if, ¢_<_G '

The reflected light outpﬁt from the/edkire surface AE

is, thus, ‘given by Q
~ &
: L
v _ -2k|a-d]
Rayg=/SdR= [ I,.a . -d) .
Rag oL e ) cos(a-¢) . de . (3.8)
L - . ' ~1, :
Similarly the reflected light output from face EC is:
2
Roe = /I, - ae 2Kl do(ang). e —mm- (3.9)
)
Adding equation 3.8 and 3.9, the output from a single
groove ABC is obtained as: ' ot
9 - . ’ )
'Zkla"¢r._cos(at¢) de + [ e 2k!a+¢[. cos(a+d). di

Rage =2 ;L7 e
o] -0 ..
....(3.10)

» -

C o
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"The total number of 1lluminated grooves' N, on this

~ Where,

can be estimated &s: .

N =L'/f

L' is illuminated surface length and;

t+

f = 22.Cosuq, is machining feed rate.

" Assuming a parallel light flux from- the source, it can

be shown that: -

Therefore, N=

E; = ﬁ/Cos¢

L
2% Cosa Cosd

The total reflected output from the entire illuminated

surface length is then:

Rtotal=No. of lllumlnated grooves * Output from one groove

. a I L - v
. ~Zkia-o| -
Reotal = 77 cosaTcos - g e > cos(asg).d2
+f e'2k|a ¢I .COS a+¢ ) dz]
0 .
= iiit_______ [.3"2k|‘:"q>'I cos(a-¢) + '2k|a+¢| .cos{ate)]
Riotal ~ Zcosa.cose - ) '
L.(3.11)
R
o = total a___ [e'Zkla &l .cos{a-¢)+ o"2kla* | .cos {at+d)]
- Itota1 2cosa. cosd
g c...(3.92)
Where Itotal=Ii*L, is the_total incident input, and;
p- 1is the specific reflection output.
Simiflarly for case where g<¢, it can be shown that:
) ¥
o o= 2 [e'2k|¢ -ai .cos(¢p=-a) 2k|¢ o .COS ¢+a) ' ....{(3.13)

2C05c.COSd

-
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Equation; -3.12 and 32.13 are essentially similar

equations which represent the~h§cessary réiationship betwéen

ocutput to input“rétio: P surface - slope & and ;fansducer
inclination angle ¢

It should be nocted that the rélationship developed here

-is very appreximate and is useful to the -extent that it

represents only the behavior of the transducer output with
respect to surface roughness and its angle of inclination.

The ratio © as calculated from equaﬁion 3.12 is

plotted, Vs., a for varying angles cof transducer inclination

~

@ and for an assumed value of . a=1 and k=l. These plots are

presented in Fig., 3.6 . When the transducer is normal to the

object surface (¢=0°), it is seen from this 'figgre that 9
decreases monotonously as o increases or in other words the
transducer output decreéses as the roughness of object
surface-increasés. This relationship betweén the reflected
light output and surface roughness is similar to that
obtained experimentally by Spurgeon and Slatter[l16] and Lin,
Shea & Hoang[l7] in their works. It will, therefére, seeﬁ
to indicéte‘that this simplified theoretical relation fairly
well represents the correlation Dbetween the transducer
ocutput and the surface roughness.

By increasing thé inclination angle @, tﬁe transducer
output §atterp changes and at $=30° it is noticed that the
value of P increases monotonously as a inpreaées, meaning
that the transducer output now shows an increase with

increasing roughness.
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This pattern of transducer output at $=20° (or more) is

completely opposite to that at ¢=0° and it suggests that a

- o

ratio of transducer odutput at two different detecting angles B
would bte a normalized and. a,very sensitive parameter which
"could be correlated with the surface roughness.

The ratio of transducer output .at two detecting angles

[

¢l and @2 can e obtained” from equation 3.11, as:
-2k |- | -2kt | N

Rcb] . cosp, e 1.cos(a-q>1) + e 1 .cos(a+¢1)

Rd, -~ cosé, ( _~2K[a-6, | “2K[at9, ] 1 ....(3.14)

. e . .cos(a-¢2)+ e .cos(a+¢2)

‘Sﬁbstituting @¥1=0 and @g2=¢

The output ratio at 0 and "¢ degrees 1is then:

e

0 _ [ 2e” . COosa . cosd ' (3.15)
R -2k |- - + A R
¢ | ¢I.cos(cx~¢) te 2kja ¢|.cos(a+¢)
This equation indicates that the output ratio depends
only on surface roughness, transducer inclination angle and

the wave length of illumination and is independent -of the
refleétiun coefficient of the surface.
Calculating the value of RO/R$ for varicus values of a,

a simplified correlation equatidn has been obtained between

o and ﬁo/R¢. This correlation eguation is approximately of
the following form: _ ' . h
a = A+BXC ————— (3.186)

Where, X indicates the output ratio RO/R@ and;

A, B and C are constants.

-



~ This plot between @ and RO/R@ is shown in Fig.

#=30° and .35°.

45
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Tranéducer
Qutput

Displacement —™

Figure 3.3: RESPONSE CHARACTERISTIC OF A RANDOM FIBER OPTIC

TRANSDUCER

Transducer
Jutput

Surface Roughness Increases From 1l to

o’

Displacement ——>

Figure 3.4: VERTICAL SHIFT OF THE RESPONSE PEAK WITH

VARIATION IN RCUGHNESS
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Figure 3.5:

r

THEORETICAL REFLECTION MODEL
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Chapter IV

EXPERIMENTAL APPARATUS & PROCEDURE

To verify the technical feasibility of the method suggested

-

by the theoretical model, experiments were carried

determine the relaticonship between

fiber-optic cutput at various detecting angles.

ocut to

surface roughness - and

Five

different transducers were used in these experiments to

study the effect of transducer size and, orientation of the

1

fibers on this relationship.
4

4.1 THE APPARATUS

The experimental apparatus consists of the

components:

a)_Light Source: A He-Ne laser is used as

- ’
The use of a laser

provides an effective source

coherent 1¥ght. ﬂ

Stablite Gas "Laser[23]

uniphase power output.
Specifications:

Qutput power:

Operating temperature:

Y

- 52

which

5.0 mW at 25 yin.

50-100

provides

°F.

al

following main

a light source.
is desirable in this work as it
of monochfqmatic and

>

The laser used is a Spectra Physics model 120,

highly

PR ST

"
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Long-term power éri?t: Less than S8%. " a ?

Beam diameter: ‘ .025 in. at_tl/e2 point.

Beah d;vérgence: 1.7 millirad. at l/e2 point. i

" Beam amplitéde noise:  Less than 3%. | !

Cost: ’ . § 1500 ' )
k) Spatial filtef: . Spatial filtering of the lésgr beam

eliminates any spatial noise and pro;idgs a clean
fundamental laser mode. ‘The spatial filter used.is a
Spectra Physics podel 332 [24], which utilizes a,
precision pinhole to eliminﬁte spatial noise producing

a smooth Gaussian intensity.profile.

Specificaﬁions:(

- Entrance beam dia. : Vafiable; 0.02-0.4 in.

Operating range} ; 18—26‘uin. )

(Wavelqngth) ' | |

Exit beaﬁ dia. : ~ Variable, depends on ;
input beam dia. :

Aéerture adﬁustments:’n Independeﬁt in X, 'Y and 2~ i
axesp. N

Cost: - " § 200

c) Photodetectors: The photodetecters are used to measure '
4 .
the reflected 1light intensity. The?e- are United
Detector Technolbgy> mocel PIN' 10 \bPV detectors[25]

which are optimized for an unbiaséd mode of operation.

A S
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‘ ) | ' . . . o '
Because of their. high zero bias impedance,  these

detectors .are ideally suited for «cdupling to an

operational,amplifi;E in the current mode, in which
. g . -

\\thﬁ’sb light level chapges of up to ten decades can be
. . - o

linearly detected and converted to an output voltage.

*
- LS

Specifications: N
. ‘ | _2 )
" Active area: . -0.155 in”.
o . A
N Incident light power: Max. , lO“ﬁW .
'y s . .
Response time: " "1 miro sec.
Lo * . ' : /
Responsiyity: T 0.35 }fu -
Linea;itf? LI D.C. light level changes

”

. . ) - of upto 1C decades.
- . . . I‘. ! ' ’ I—f.
Operating temperature: 32-160 °F°

’
.

Cost: _ ; s 100

%

Figures A.l> and A.2 (Appendix-A) - P§how the

linearity response .curves cf the two photodetectors’

used in the present work. The resgghée curves were
cbtained by using alPhotodyne model 66-XLA‘ Bptieal
perr meter with model 250 photeodetectors.

d) Amplifiét; The operational amplifier used +is é high

gain B.C. amblifTE;. which is built using two Burr-

. ) , . ,
fel 3622 ‘Differential Input Instrument

." " r ' @' «
6] aﬁa a Burr~-Brown mode&ha4291 gnalog.

e e —
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voltaées Eia and Eib to provide:aﬁ‘output voltage Eca,

Eob or a divided output %h'the ratic of lO*N/D, where

N and D are the humerator- and denominator voltages

respegtively. Fig. 4.1 shows a schem tic diagram of
, Gt Y g

the amplifier.

Specifications {Amplifier) : ' '

.

Gain: -1.01 to 1000

. Nonlineraity (at G=100): + 0.1% , max.
Lfnput voltage range: + 8 Vélts

Rated output; - + 10 Volts, i 20 mA,

— -Inppt_nqise:

lO-ﬁz to 100 kHz - 10 micfo Volts, rms.
10 Hz to 10 kHE— _ 2 micro Voits,.rms.
Output noise: |

10 Hz to 10 kHz 100 micro WVolts, rms.

- Frequency respoﬁse:

for + 1% flatness, min. 100 kHz
for + 3 4B flatness 2 miz
Settling time: . 5 'micro sec.

(To within 0.01% of final value) -

Operating temperature: 32-160 °F ‘ ~

" Cost: - s 75

s

Specifications (Analog Divider):

Rated input voltage N, N<D : +10 Volts.
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Rated output voltage :° +10 Volts.
Accuracy, D>i0@y-g | 0.1%.
;-Frequency respo&Sé: D=10 Vv : 20 kHz.
Output noise, D>l V : ‘_.500 microvolts.
Operating tempe£a£ure':> | 3ﬁ-IGO °F
Cost ' §$ 50.
Figures B.l to B.3 (Appendix-B) 'show the

,c;iibration curves for the amplifier model 3622 and

the analog divider model 42¢21. ‘ .

Signal Processor: This is/ an ORIEL model 7600,
microprocessor based multifunctional -signal

processor{ 28], used to process the output signal from

the phcteodetectors. The processor provides several

functions but . only .the 'running average' function is

used in this experimental work.

o

5?3 running average function provides an average

value of a varying signal. The processor reads the

input signal at about a 1 KHz rate. .In the begihning,
the average of the first 256 readings, which takes

about' 0.25 secs., is applied to the output system.

Thereafter the average of every 256 readings 1is

averaged with the previous output and then sent to the
output system. The averaging process thus continues
to provide an updated average signal at a rate of

about four times per second. The output  can be

—d



convehiently read on a digital voltmeter or .plotted on

an X-Y plotterf
Specifications

Ahalog input
impedance: 10C kOhms ‘
amplitude: ’ 10 mV to 10 V

Analog output:

impedance: - 1000 Ohms*

amplitude: e ' 0 te L0 V

resoluticn: 10 mv

Digital resolution: A/D converter; 10 bits.

D/A cdnverter, 19 bits-
Computation,‘lG bits.
Frequency response: 100 Hz, max. |
Sampling rate: 1 milli sec.

"(running avg. function)

Cost: - $ 1000

£) Fiber Optic Transducers: The following bifurcated

fiber-optic transducers[29] from Colan-Jenner
In~ ,tfies are used in the experiments.
| EK3012, ET824, EC824, EC424 and ED824.
Each of these fiber-optics is made from high
quality glass cladded flint glass fibers of 0.003 in.
diametér. In EK3012 and ET824 the fibers from;each

leg are intermixed(randomized) to .produce a uniform

Q ' 57
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dispersion within the entire cross-section of the

common leg (Fig. 2.2a)% In EC424 and .EC824 the fibers
from each leg are”bound in two concentric circles
(Fig} 2.2b) and in EDB24 they are separated into two

’

semicicles (Fig. 2.2c) at the common end.
These transducers are. SFown in Figure 4.2 and
éheir specifications are given in Table 4.1,

g) Roughness Specimens: A surface roughnés standard,
manufactured by Rubert:& Co. Ltd., England, having
precision ground éurfaces of 2.0, 4.0, 8.0, 1l6.0, 32.C
and 64.0 micro inches roughness along with several
lakoratory m&c%ined specimens .of 7.86, 11.73, .15'08'
.21.0, 26.5, 36.0, 43.2, 57.2 and 68.0 micfo inches
roughness were used i; the experimental work.

_The laboratory ;pecimens were machined using different
grades of grinding wheels and feed rates to produce various
roughness. The sﬁrféce roughness; measured by a Mftutqyo
Surftest III profilometer(3C], is an average‘of six reédinés
taken QQer the ehtire_éurface. These readings are tabulated
in Table C.1 in'Appendix—C.

' In additioﬁ to these equipments, a Philips modeliné.

42423 digital voltmeter to read the photodetector output, a
ﬂinear'va{;able differenﬁial transducér (LVDT} to obéain
signals corresponding to <+the position of the fibér-optic
transducer with respect to the specimen, and a Hewlett’

Packard model no. 7001A X-Y plotter to plot the photodector

© output signal were also used. .



4.2 EXPERIMENTAL PROCEDURE

Tﬁe experimental setup to determine the transducer response
characteristic and to measure the dtrahsducer cutput fbr
%

different surfaces at various detecting anéles; 'is shown in
Fig. 4.3. The schematic of the setup is shown in Fig. 4.4.
The object surfﬁce was oriented in such a way sc¢ that its
machining lay .was always ﬁlong .Y-direction and the
transducer is located in, a plane which - is perpendicﬁlar to
both the surface and the direction of machihing marks on it
(X-Z plane). The transducer can be inclined in this.plane
at a desired angle @ from the surface normal (Fig. 4.5).
The fixture itself was attached to a carriage to facilitate
the positioning, of the transducgr %}th- respect to” the
surface in eithér X or Z direction. .

The light from the He-Ne laser was carried by half of
the transducer fibers to be incident on the object‘surféce.
| The,réflected light from the éurface was collected® by the
other half‘ of the fiber~ and.- was measured. by the
photodetector whose ocutput, .through the operational

* e i

amplifier, was displayed on a digital voltmeter.
) N

4.2.1 Response Characteristic

The fixture was adjusted to make the transducer
perpendicular (¢=0°) ‘to a surface of the roughness standard
specimen which was placed on a good flat support.

)

pmtana A e

i
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The transducer distance from the surface was varied and
for each displacement the  transducer output was recorded.
The procedure was repeated for each of the five transducers.

Eor one of the tfansducérs (EC824) three - response

curves were plotted using surfaces of different roughness

L]

values to ensure’ tBat'the peak output always occurs at the

'same distance from the surface.

4.2.2 Transducer Output Vs. Surface Roughness

The transducer distance from the objeét surface was soO
'adjusted as to obtain its peak output. The trgnsducer was
first ke?g perpendicular to the surface (¢=0°) and its
output was recorded for each of the six surfaces of the
roughness standard specimen. " The procedure was reéeated for
each of the five £ransducgrs. Similarly, the outéﬁt from
> each transducer 2wa§ recorded for each surface at various

other detecting angles as well.

4.2,3 Ratio of Transducer Outputs'yg. Surface Roughness

From the results o% the prévious experiments‘it was Observed
that either ' of the output.rétios {VO/V3O or V0/v35s 2-'caﬁ e
‘correlated with surface rouchness and the transducer with
conéentric fiber orientation is the most suitable one for
the purpose. These results are discussed in detail in the

next chapter} This investigation for directly measuring the

2 Vo, V30.and V35 are transducer outputs at @=0°, 3C° and
35° respectively.

NG
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output ratic was, /therefore, limited only to concentric

transducers EC42Z4 and EC824.
The experimental setup and the schematic

diag n in Figs. 4.6 and 4.7 respectively. A pair

of similar transducers were mounted in a fixture such that

both the transducers were lpcatéd in X-2 plane (Figﬁ\ 4.5),
One of the transducer was kept perpendicular to the surface
.while the other was inclined aﬁ'an angle of 30° from the
surfage normal (Fig. 4.8). The distance of the transducers
from the gurface was adjusted ﬁo obtain their peak outputs.
\\S\\\\\\‘ﬁlso, the two transducers were so arrangéd that the incident
illuminations qﬁ the "surface did not ‘interfere with each

other.

L]

The light from the lasern, divided approximately in half

by a beam splitter, was carried to the surface, by the
transmitting fibers of the two transducers. The reflected
light collected by the receiving fibers was measured by two
phétodectors whose outputs were sent toltwo input channels
of the operational amplifief_}o provicde 'a divided output in

Lthe raticd of vo/v3o0. The output was recorded“for each

-

" surface of roughness standard as well as for all the

<

laboratory machined specimens. This output for the

laboratcry machined specimen, was an average of 10

measurements taken over the entire specimen surface.'  The’
[

procédure was repeated for "the other set of transducers as
. Y

N well. Next, by setting the transducer inclination angle to

B
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35? "the output ratio VO/V35 waslsimilirly recorded for all
the surfaces. ' ;

As is menticned, 1in the previous experiment the output

ratios VO/V30 or '~ V0/V35 were taken as an average of 10.

values measured over the specimen surface. This procedure

v

is rather cumbqrsome from a practical viewpoint. Therefore,

in another experimen;, tﬁe specimen surface-was scanned by

moving the transducers at a speed of about 1 in./sec. The

resqlting output signal was processed by the running average,

function of the signal processor and was plotted on a X-Y

plotter. | .
. LA .

To test the repeatability cof this procedure, = the
averagé output ratio V0/V35 was obtained from a scan Qﬁ\the
speéimén surface once every day, over a period' of eigh£

days. The ratioc VO/V35 was measured for several specimen
-su;faces using both the transducers EC424 and ECE24.

Everyday, after &He ﬁeasu:ement for each .specimen was taken,

the amplifier and the signal processor were switched off
while the rest of the experimental set. up was left
unaisturbed.

To determine'the transducer sgnsiﬁivity wiéh respect to
the part location, the output ratio VO/V35 was also measured

by rotating the specimen surface along any of three axes

independently, in increments of 2°, up to 8°.
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- Figure 4.2: FIRERZOPTIC TRANSDUCERS
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Figure 4.3:

65

.SETUP



Laser §
£~ =
(Voltmeter |
b _ Fiber-Optic
' ‘///___‘Transduceg
‘///———-Surface
l -]
-

Figure 4.4: SCHEMATIC OF THE. INITIAL SETUP

66

ek b bt



67

. . Jovauns meZ dHL O&
dATLYTEY mwu:amz¢mm. JELA0- mmmHm dHL d0 mZOHBHmO& mqm:...mom LGV uudmﬂm

. ] . ) : Amﬁxm w mcoﬂmv mxumz mcacq:omz IIJ/V “

X =

! .
. \v

S I~
- / / - Asonpsuea]
’ / / . ‘
AKD\\ ‘ _ \\\\\ SUE[d J7-npsuelg

P i e



Figure 4.6:

b

68

-

PICTORIAL DISPLAY OF THE FINAL EXPERIMENTAL
' B HCE N . S |

SETJL\\, R v )

+




Beam Splittér

. Photo=-

Mirror T

Photo-
- Detector Detector
hY
Sevie” i
p lc I — e . N
. Vo “I‘ ’///—-- Surface Vﬁ
‘ . - 3
‘ Amplifier
N | ~ :
: - Digitial Voltmeter
——D o Plotter
5o, ' VQ’ V¢
v or Vo/ Vg,
.. 2
e -
Figure 4.7: SCHEMATIC OF THE FINAL SETUP

Bk L L.



70

=

dOVJdNS. JHL O FAILYII™

NOILISQOd SHIINASNVYAL 40 AVI4dSIA TYIHOLOId

ig*y oanbryg

~




Transducer A B o] L No. of Fibers
Type (in.} (in.) (in.) (in.) in Each Leg
, -
EK3012 +.0.118 . 0.085 - 12 N 1650
ET224 0.125 0.089 - , 24 1700
ED824 0.125 0.089, - 24 1700
° o
£caz4 0.125 0.089 0.089 24 1700
EC424 0.250 0.177 0.177 24 7000
. ) i
-

TRBLE 4.1

71

Sgeciticntions of the Fib5:~09tic Transducar:l

Fiber Cost

crientation (§)

RANDOM 40
.

~ RANDOM 65

DIVIDED 130

COAXIAL 138

COAXIAL 175



Chapgen v

: RESULTS AND DISCUSSION

5.1, INDIVIDUAL RESPCNSE CURVES
3 v ¢

Figwre 5.1 shows the three response curvés, as obtained by

using surfaces oftdifferent roug%ness values, Jbr transducer

-

EC824. These curves are plotted for,a case where the fibers

in the outer circle are used as transmitting fibers while

those in thém inner circle act as Treceiving fivers.® The
ordinate in the figure represents _EEf_éZansdpcer output
while the abscissa represents the transducer \siétance from
the objec£ surface. -It can be observed fromlthese curves
that the peak transducer output always occurs and remains
constant for .the same distance ffom the surface} in all the
three curves. -~ .

¢« If the ordinate is "cﬁanged to a non-dimensional

parameter as percentage of maximum output, the three curves

get convé:ted to a single genefal'rgsponsé/curve (Fig. 5.2),

-

thereby showing that the reponse characteristic of a fiber- .

optic transducer . remains the same regardless of ti:- work

surface roughness. N

‘3 The shaded area in the iconcentric circles indicates the
transmitting fikers, in the figures 5.1 to 3.8.

- 72 -

Y
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Similarly Figures 5.3 & 5.4 . illustrate £he response
curves of the other transducers. It is quite evident froem
these curves . that éhe response characteristics depend both
on the transducer size as well as the orientatioq of the
fibers in it. The stand-off and the. working fénge for
vagipds £ransducers are éhown in Tabie 5.1. It can be
observed from this table, that:'

.1. The transducer stand-off distance increases with the

‘increase in transducer size, \for the same fibver
R

orientation.

R
.

fiber orientaticn has the largest stand-cff as well
' .

as the working range.
-

3. The concentric transducer reaches its peak output at

ébout the same cistance using e€ither bf the outer or

the inner fibers as the transmittineg or the receiving

fibers. However, this transducer has a longer

working range'whirg using the inner and outer fibers
as the trénsmitting and receiving fibers repectivel};
As was noted in Chapter IiI, a?transducer with

the l#rgést w;rking range and the,greétéét stand- off
will be the most desirable one for the purpese of
roughness measurement.t It is apparent from these

" results that EC824 and EC424, with a stand-off

distance of 0.15 and 0:25 incles respectively, are

the most suitable among all the transducess.

Among the same size, the transducer with concentric.
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5.2° EFFECT OF .ROUGHNESS AND DETECTION ANGLE ON' TRANSDUCER
oUTPUT ' =

Figures 5.5 to 5.8 sﬁow the plots for the fiber-optic
transducer output versus stylus calibrated surféce rocughness
at three detecting angles of O, 30 and 35 degrees.- The
ordinate in these figures represents the‘ transducer output
while the abscissa represents the stylus calibrated surface
rouéhnéssh_ The plots, for transducer EK3012 could n?t_be

obtained because of the physical limitation caused by its

!

extremely short - working distance. For the other
transducers, measurements were also taken at  several
detecting anglEs between. 0 and 30 degrees. Hcwever, the

output pattern' at these angles was not found to be
continuously decreasing ‘or,increasiné in._ nature. ‘' These
‘resulﬁs, therefqre{»were unsuitable to be. used for roughness
measurgment and hence.discafﬁe@.' Also, for detecting angles
beyond 35°, measurements could not be taken because of
physical limitations of the'transduéer dimensions.

Tt can te observed from these figures that the bdtput

characteristic for each transducer is very similar in

nature. The transducer output degreases.'at 0° while

.increases monotonously at 30 & 35 degrees, in each case.

This trefd is similar to that predictéd by the theoretical

derivations in Chapter, III. ' -

¢

Another important po%nt to be noted from these curves

is, that the outppt }evels for

same size (ET824, ED824 and ECB824) are almost egual. _ It

/ .
-

the three transducers of the
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seems to.indicate that the transducer ocutput level depends
Only:on its size and not on fiber orieﬁtat}on.

The output level for EC424 is lower ﬁhaﬁ the output
. \ .

levels of any other transducer at all three deﬁecting

angles. This is rather peculiar because a larger transducer
\,is expected to provide- higher butputs.  However, since ﬂhg
output is lower at each detecting angle, it was most likely

caused because of 'é drop in the laser power, which |is
normally a result of fiuctuating line voltage, thermal
distortion in the gas tube, etg. |

For concentric transducefs, as seen in figures 5.7 &
5.8, no appfééiable differencg occurs ih outéut levels by -
using either inner or outer fibers as receivers.

From these curves, the ratio of transducer output at

two;aetecting angles hamelx‘vo/v30_and V0/vV35 are plotted,

versus surface roughness. These plots are presented _ in -~
Figu}es 5.9 & 5.10. The ordinates VO0O/V3C ,§29 ve/v3s

tepresent . the nofﬁalized output ratio while the abscissa
represents the stylus calibrated surface roughness. |

' These figures further illustrate that the output ratio )
vo/v3o, as wwell as vb/VBS, ~ i5 almost the same for each .

transducer of the . same size but of dirfferent . fiber

orientatiocn. The coaxial transducer EC424 provides maximum
S : ~ '

output ratio, showing that the ratio increases with . the

increase 1in transducer size. It could, therefore, be

concluded from these ' results thtj the output level of a

R

-



. x ﬁe
fiberFoptic.transduce; depends éssentially upon its size and.
is rather independent of the fiber orientation.
~ ' As has been qiﬁcusseé\earlier, the working distance of
a transducer not only depends upon its{size but also on the
fiber orientation. The coaxial _fiber-opti& transducer
Pecause of its maximum stand—offldistance would ,therefore,
be an obvious choice for the purpocse of csurface roughress
measurement.

The surface roughness has a varied influence on the
output ratio V0/V3C or VO/V3S. The ratio decreases rapidly
as the roughness increases from 2 micro inches to 16 micro
inches. But for any increase 'in the rouéhness_béyoﬁd thi?
point it decreases aﬁ a much slower rate. The influenge of
-the roughness ébove 32 micro inches reduces significantiy
and the curves tendréo tecome asymptotic‘beygnd this point.
However, ®there appears to be a definite corréiation between-
the ratio of the outputs at two detecting angles and the
gurface rﬁughness.' "It is alsb apparent from these figures
that the ratio VO/V35 will be a mofe segsitive discriminator
than VO/Q30, for the measurément‘of surfaée roughness.

.

5.3 NORMALIZED FIBER-OPTIé'ROUGHNESS MEASUREMENT‘

- »Flgures 5.11 to. 5.14 'show the ploég\\btheen sur'face
roughness and the output ratios V0/v30 anq.~V0/V35‘>for

transducers ECB24 and EC424. The ratic 1is obtained by

electrically dividing the outputs frcm the twe similar
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ay
transducers set at ‘different angles. Fqiures 5.11 .& 5.13
are essentially the.. same as figure 5.12 & 5.14

respectively, except that logarithmic scales are used in the

™ . : .
latter case. The ordinate in these figures represents the

stylus calibrated surche roughness Ra, :while the aﬁs:issa
indicates the output ratio VO/V30 or VO/V35. [This fibern
opt;c output ratio for the laboratory machined specimens is
an average of ten values measured over the entire surface.
These values are tabﬁlated in Tables C.2 to C.5 in Appendix
c.]

Tﬁe egquations of correlation between surface roughness
aﬁd the output ratio were cbtained for botff.trénsducers
Q&ing the sﬁatiétical method of linear regression. ' These
cdrrelét&on‘-equations aleng with the standard error £
estimate‘,and coeﬁficient ' of correlation are p;esented 'Km

‘

Téble 5.2.

- *

The standard error of estimate is a measure of

~
-

dispersion of actual data points about the fitted line while

the coefficient of correlation determines the degree of

relationship between the variabkles. The high’ value of
coefficien£ of cerrelation in each case indicates a
Eonfidence _level- of better than ‘,99% for htpe present
régression gnaiysis:‘ This, in- other wprdsn qeanS'that'the
probability of drawing a wrong conclusion about the

correlation is less than 1% [32].
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.
It is,» further .cbsirved from the- results of - this
analysis that: » STy
l. Thé ‘average surface rcughness is ‘correlated with
either of the output ratiocs Vb/VBC or VO/VBS_ by a
general equation of -the form;
. Ra= A.X"E e (5.1)
where, X is the fibef*opﬁicAéutpﬁt ratio, and;
A and B are'coﬁ§£§pts.

It is obvious from equaticn 5.1:¢and aiso evident - .
from figures 5.12 & 5.14 and Table 5.2 that the -
roughness and output ratio _pave a étron§ log=log
linear relationship.

2. . For both the coaxial. fiber—opticltransducers, ,;hé;
changé iﬁ VG/V35 is greater than the changg in V0O/V30
for é corresponding change in the surface roughnéss'
value. Also, the eQuatipn of correlation between
average‘ropghneés Ra and VO/V33 is a Beﬁter_fit ;han
the equation- hetween:Ra and VO0,Vv30 as indicated by
the standard efror of estimate and?the coeﬁficient of
correlation (Table 5.2). ) ‘ © o

These results, therefore, indicate that the
output ratio-VO/V35 is a more sensitive and accurate
parameter for estimating tlie surface roughness.

3. The correlation equation between rglghness and cutput

ratio ve/v35 is a better fit for\ transducer ECB824°

3
-

than for EC424. However, .a similar change in_tﬂ5*£ :

3
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surface rouchness value causes a greater change in

-

VO/V35 "for the transducer EC424 than ECE24. . This

- :

seems to  indicate that a small c¢oaxial transducer,
though less sensitive, 'will provide a more accurate
. [} - I *

estimate of the surface roughness.

-,

5.4 MEAN SURFACE ROUGHESS BY A SCAN OF THE SURFACE

Figures 5.15 & 5.16 show the - cont inuous plots of the ou£éut
ratio VO/V35, for each labératory machined specimen as
obtained by.scanniné thé specimen surface and processing the
resulting signal< through £he‘ signal processor, '.using
transducers ECB24 and EC424 respectibelyl The ordinate, in
these plbés, represents the cutput ratio vo/v3s wﬁile the
abséissa represents the length for which the ‘specimen
surféce is scanned. The numb;r ;Qer.each plot ipéicates the
average value of VO/V3S. The surface rquéhness for each
specimen, estimated from ;his average valug of Vb/V35, using

the corresponding equations of correlation for the two

transducers, 1s shown 1in Tables 5.3 & 5.4. A comparison

between the roughness estimated from this optical method and .

the ‘'roughness obtained from stylus measurements indicates

that the .wO values are within +5% of each other, up to a
roughness of about_46“;icro inches, for both the optical
transducers. . It is' also evident from these tables that the

transducer Eééﬁé'gives the best roughﬂess measurements.
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It 1is . postulated that a small coaxial transducer
provides a more accurate mqgsuremgnﬁ of surface roughness
because it averages the reflected light output’ from 'a
smaller illuminated surface area.
. Cn one hand it 1is preferable to use a . small coaxial
fiber-optic transducer for an accurate measurement, but, on

the other hand a large coaxial, transducer tecause of its

longer working distance, ~ higher output and ketter

resolution. It is, therefore, necessary to compromise in | -

cﬁoosiné a éroper'transducer. A more>Eomprehen$ivé‘gfthy.is
further required to determine the optimum size of the
ﬁfansducer for the‘pufbosé of rouéhness MeasureMeht[

The plots in figugéé 5.15 & 5.16  were cbfained 'by
scahning the objec£ surface at a raté'of ‘about 'inéh/sec.
The spegd at which the surface caé be scanned, ultimately‘
determineéf%hé time requireé to make .a measurement by this
methdd;‘xpéiﬁce the tragsdhcers afe= not‘ih coptact with the
;surf&ce, the. scanning speea essentilally dépehds upon the
‘dyhamic repsonse characteristics of-the photode;ectors, the
amplifier,‘the analog divider and the signai processor used.

o /

'For the present case the output signal‘frdh the fiber-optic

‘transducers can be processed at a - rate of about 1000

’
1l .

. readings per second, as determined byltpé signal p;ocessoi.'
The liﬁiting scan speed would 'then;bé determined-byj the
number of réad;ngs réquired in a g;veqfiength. For example
if the specifiéégions were to requife reading .euéry'0.03;

[
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[ ‘ '
then the maximum scan rate would be 30 inch/sec.
For the. same specificaticns, a stylus instrument -

typically scans a one inch length in 12 ‘seconds.

- . -

- ' _ v

» .‘ B
5.5 STABILITY AND REPEATABIhITY OF MEASUREMENT oo .

Figures 5. 17 & 5.18 show the varlatlons in the flber—optlc

output: as m asured over a perlod of elghwvdays The ﬁalues
v ,

pl

" of VO/V35 shown -are the average values obtalned by scanning

the specimen surface. The’ measurements were started.about

-t

ff‘ﬁo mlnutes after the amplhfler and the SLgnal processor were

k-]
Qurned on- every day. -

—

It cah be observed from figures 5.17 & 5.18 ‘that .the +
~ maximum differenoe in the ‘measured value.of-_VO/VBS is less’

than 1.8% "for either of the transducers, Whigh“éould cause a -

varlatlon of about 5% in the roughness value _est;mated by _ .

5
~

-thls optlcal method A variation of 10% in~the roughhess ;
measurements by a stylus instrument is 'quite common. It is . %
apparent, . therefore, that the measurement of surface i

‘ |

roughness by this optlcal method is stable with the t&me and"

repeatable within aéceptable~limitsr

M

3

: T . . ) : . :

4 Maximum  scan rate= 1000 readings/sec ¥ C.03
‘ﬁnch/reading=30 inch/sec. . .

h : ’ . ) ' J -
. . i

s
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2

5.6 EFFECT OF SURFACE POSITIONING ERRORS ~

. . - »

Figures ‘5.19 tc 5.22 show the effect of surface ogientagion
) : . ‘ - - - .

- on the output ratio vo/V35. These curves were cbtained by’

‘rotating the ‘calibrated sﬁrface aboﬁt_ the th;ee axes
independgntly. It should ke noted that the direﬁtion_of lay
on the surface is'aléng Y-di;ection and'the transducers are
placed in X<Z. plane such that one is normal to'the'su;face
while the other is inclined from tﬁe norfral at 35 degrees

" (@=35°) as shown in fig. 4.8. ‘. .

- It 1is appérent'thaﬁ transducer ?utput'is most\sensitiQe

tc the surface rotation in the positive direction ?bout the

Y%axis, “as’ indicated by fig. 5.21. Rotéting the surface
about the other axes has. a varied effec@ on the ocutput
ratio. Howevef, a small rotation of 2° about.;ny of the
three axes - seenms permissiblé without causing any

appreciable variation in the butput ratic Vv0/Vv35. The effect

-

of transducer distance from the. surface was previously

demonstrated in figures 5.1 ' 5.4 where it- was shown that

the permissiblé variation in the working. distance 1is

. ' ' , &
approx;mately 0.10" for EC424. It is, however, evident that’.

proper surface orientatiop: particularly about the Y-axis,

is most important fer an accurate measurement # of the ratio,

of the transducer outputs and consequently the surface

roughness. L

N
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Transducer Qutput Ratio VO/VBO

Figyre 5.1l: RELATION BETWEEN SURFACE ROUGHNESS AND THE .
'&u;\unsouczn CUTPUT RATIO VO,/V30, FCR EC424 &
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VO0/V35

Transducer Output Ratio
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TABLE 5.1

Working Range of the Transducers

«

Transducer Type . Stand-off (in.) Range
EK3012 - 0.0225 + 0.
ET824 0.0625 + 0.
ED824 - 0.0800 + 0.
ece2s & 0.1400 + 0.
EC824 - 0.1475 + 0.
EC424 g:} 0.2350. + 0.
EC424 2.2500 + 0.

The shaded area in the coaxial transducer indicates the
transmitting fibers.
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TABLE 5.3

Comparison Between Roughness Measured by

'~ AA Roughness

(Profilometer)

(micro-inches)

11.75

15.10
21.00
26.50
‘36.00

43.20

57.20

£€8.00

Profilometer and EC824

Avg. V0O/V35

" (signal Processor) ’

3.09

2.41

2.10C

Estimated
AA Roughness
from VO0O/V3S
(micro inches)

(2)

11.45
15.23
20.62,
25.77
36.52
45.33
s8.81

70.14

105 i

Percentage
Cifference
Between

¢

(1) & (2).

© =4.94

-2.82
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TABLE 5.4

P >

"Comparison Between Roughness Measured by

Profilcmeter and EC£f4

AA Roughness Avg. VO/V3S5 ' Estimated
(Profilometer) (Signal Processor) AA Roughness

from VO/V35

(micro inches) . (micrg.inches)‘
(1) ‘ | (2)

7.80 4.70 7.54
11.75 . ) ~4.00 $12.14
15.10 . | 3.66 '15.78
21.00 | 3.30 | 21.42
26.50 , - 3.04 o 27.30
36.00 2.74 : 37.10
43.20 | | 2.55 45.88
57.20 \ N 2.31 61.44

€8.00 2.14 77.00

106

Percentage

(=S

Difference

Between.

(1) #(2)

-3.28
-4.50
~2.00"
~3.07
-3.00
-6.20
_7.40

-13:24
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Chapter VI

CONCLUSIONS

Based on the results of this investigation the following
conclusions are made:

1. It is possible to use a laser and fiber-optics to

measure surface roughness over a significant rarige.

The ratio of ther reflected 1light intensity as

measured with a pair of #rahsmitting/receiving fiber-

op£ics-of similar specifications aﬁd set at detecting

angles of 0 and 35 Jdegrees to the normal can be

ef fectively used to characterize . the average

rddghness of a 'ground' surface. |

The rélationship between the ratio of the

outputs to the stylus calibrated surface roughness

may be expressed by the eqﬁation;

Ra.XP= A
Where, Ra is the'stylué.caliPrated AN
.roughness in micro in.
X is ﬁhe.Output ratio v0/vV35, and;
A & B are constants determined by calibration.
For the th sets of transducers uéed in this
present work, the values of these constants are;

.

A = 728.7

’ - 107 - ©
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B = 2.954 g
L]
and
A = 736.9
B = 3.170

. The output ratio vd/v35 is a~ normalized
péraﬁeter which, for an illumingtidh qa;a-particular
wavelength,' essentially depends fl&h' the - surface
roughness alcone and will bé unaffected lby other
variables like illumination inte;sity,” sufface
réflect;on etc.

A;coaxial fiber-optic transducer is best suited for
£hé purpose oflroughnéss measurement. Although a
PR :

smaller coaxial transducer was found to be more

accurate, a larger cocaxial transducer, because of its

higher output level, longer working distance and-

T o
better sensitivity.is preferable. , In addition,  the

- .
-

larger transducer is more robugﬁ and sturdy and henc

-

will be more acceptable for industrial applications.’
A typical .drawing specification_-fequires . that a

stylus instrument determine the averagb roughness Ra,

over a length- of at least C.15" fw averaging the

roughness in 5 consecutive lengths of 0.03". The
stylus scan time for "this is approximately 2 seconds.

For this.fiber-optic solution, the foot print of

the illumination (for the transducer EC424). is'

approximately c.18" iong, hence otie reading

108 .
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essentially averages over tﬁis length.- The time to
take this reading is limited only by the detecggré,

amplifiers and incieent intensity. Since the latter

would normally govern, it is estimated that the time

for this - measurement would be in the order -oﬁ one
m;llisecond.‘ A high power laser éould reduce.this
time to microseconds if it were necessary.

It appears from figures 5.13 & 5.14 Fhat it should be

>r
possible to measure roughness < 70 micro in. Ra by

'this method. However, for roughness beyond 40 micro

-

in. the change in VO/V35 is small, 50 it is unlikely
that this technigque can, effectively and accurately,
be used for measuring roughness of moreithgn 40 micro
in. Ra. This range of measurement, however, is much

v

larger than that pOSSiblé by the method'sﬁggested by

'Lin, Shea and Hoang[17]. The roughness measurements

within this‘range are expected to be within 5% of the
stylus ﬁeasurements. Moreover, the measurement by
£ﬁis methdé is stable with time and repeatable within
acceptable limits.

The results of thii,investigatign Iindicate that a
practical system could be produced quite cheaply to
quickl? ascertain th; acceptability of the machined
surfaces in a production line. Since the output from

the fiber-optic =~ system reduces as the surface

roughness increases, a minimum acceptable output can

R P
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’

be determined bylcalibraﬁing the system with similar

surfaces of known roughness. If any surface under
inspection, provides an output less than acceptable
it could then be rejected or removed from the line

for further investigations.

The entire length. of the surface could be

scanned by the transducers resulting in a longer
inspection time and the requirement of a more

elaborate system. In most cases, however, a single
. 1

readirag over a critical area should be sufficient for
B ‘. ] \\

on line qualftty control pufposes. A . typical  use of

"this procedure could.~be ~ for on line roughnéss

measurement of crankshaft journals and pins.
Figure 6.1 shows the possible position of the
. o i .
fiber-optic transducers aver a crankpin. The highest

reading (s Fig. 5.20), as ‘the journal surface

rotates past the transducer, represents the roughness

* - .
of this surface. The transducers can similarly be .

positioned over a main Jjournal to record its.

roughness. —

The sensi;}wity of the measurement with respect to

the surfafe orientation is the main dmawback of..this
‘e o

ot

procedure. X maximum variatiom of 0.1" in the
transducer position and a surface rotation of only 2°
is permiss&ble. This reguires the use of a suitable

fixture for the proper positioning of the surface

e 3
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(This is also +true for a  stylus instrument) .

1Y

However, the

more than, compensate and make it a practical

alternative to profilometric techniques in ‘current

use. -

advantages offered by the optical‘method'

et
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Chapter VII

. RECOMMENDATIONS

It is recommended that the following investigations Dbe
undertaken to extend the research program described herein;
1. As predicted by the theoretical relatidn, the output

ratio from the transducer does not depend upon the

Ja

-coefficient of reflection of the work surface,, hence

it is expected that this technigue. can be used to
measure the roughness regardless of surface material.

However to verify .this it is suggested that a similar

investigation be carried out for surfaces of ..
‘"different materials, for example; steels, aluminium,
brass, zinc, magnesium, plastic, - painted surfaces,’

wood fihishes,_paper, gelatin or other surfaces which
cannot be contacted using a.stylus instrdment.

" 2. The present study should also be extended -to surfaces
generated by different machining processh‘sﬁch as

milling, turning etc.

3. It has been shown @uring an earlier research work[31]

that 1light reflected in a direction parallel to

machining marks does not correlate well with the

- surface roughness as measured by a profilometer 'in a

direction perpendicular to the lay. The concentric

- 113 -
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fiber—optic used in this worﬁ cofiects some _of this
undesirable reflection. If these reflections were
avoided it 1is expécted that the resulting .outputs
will have a .better‘cérrelation with the sufﬁéce
foughneés. The use of a recﬁgngular apertﬁre to
" block the light reflected in the direction parallel
-~ to  lay. or a specialiy des;gned fiber~optic 1i&
recommended for future iﬁvestigations. - |
It was shown.in‘sectioh 3.2 that the light reflected
from a suréace depend; Soth on the.surfa;e_roughnesé
as well as tbe wavelength. of the illuminatioh. The

effect of surface roughness on this output Dbecomes

increasingly important as the wavelength becomes

v
1

longer. An excellent explanation of this phenomenon

is given by Bennett & Porteﬁs{?] as follows:

"Consider é nominally plane surface-made up of many
small facets randomly orienied in various directions.
If the ,dimensiocns of the facets are lLrge-compared
with-thé wavélength of light, - the reflectance of a
éurface in a given‘direptién is ‘determined entirely
by geometrical optics and is a function only of the
inclination of the-racets. As the wavelencth becomes
longer, diffraction effects become important, and the
reflectance is a function of both thekin;lination and
the sige-of the'facets. As.the wavelength becomés

still longer, so that the dimensions of the facets

/

-

o

KR L
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become very small by comparison, the ref;ectdhce of
the surface will Dbe determinéd almost enti;ely by
diffraction effects. The‘surfacé roughness will then
be the only iﬁportant parameter."

It is, therefore, suggested that this

investigation be carried out using light of longer

wavelength with a view to improved the range of

i

measuremen£. For example an infrared l#ser with
‘wavelength of 40 micro in. or 400 micro in. could be
used. Indeed; the use of ; 400 micro ipn. wavelength
may prove interesting since the diameter of the
-stylus in a stylus‘instrumént is of the order of.this.
magnitude. Infrared de£ectors would - ¢f course be
"reguired. A

‘The possibility of correlating the fiber-optic output
with other roughness parameters like maximum peak to
valley roughnesé Rt ___¥en points height Rz etc.,

should also bé explored in a future work.

This method- was basea on the assumption tﬁat the

surfaces under invesﬁigation are thoroughly cleaned

before a measurement is taken. In most indugtrial

environmé-:s, however, the machined parts are uéually

covered with a .film of 0il or other coolant fluids.

The effect of these factors, on £he correla;ion'
results alsor needs to be‘investigated in a future

‘program. -
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The results of this invéstigation indicatea that the
refiectéd output, averaged over a ;mall illuminated
surface area, has a better correlation with the
stylus calibréted surface roughness. - This_suggesés
thét if the fpot pfint cf the illuminétioﬁ is reduced
to the size of a common stylus tip (400 to SQP micrc
in.) Dby usiné a microscope objective it migﬁt be
possible to ccrrelate the output from ‘each point of
the surface with ' the corresponding output from .a
stylus insﬁrument. This procedure will-necessarily

require the use of only one fiber-optic toc obtain the

" output from a single illuminated surface point. A

specially designed fibeY¥ optic will probably be
needed to obtain a normalizéd output.

The outéut from such a‘ system could also be fed
into a general purpose mic?o computer which can be
prcgrammed to correlate this'outﬁut with.any of the

roughness paramé;ers like Ra, Rt, Rz, etc.

3

+

A successful investigation of this nature could

result in the development of an optical profilometer.
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LINEARITY

Appendix A

RESPONSE: CURVES FOR  THE
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Appendix B

CALIBRATION CURVES FOR THE OPERATIONAL AMPLIFIER .
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Appendix C

AND OPTICAL MEASUREMENT READINGS
FOR LAB. SPECIMENS
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Specimen

No.

Stylus Calibrated (Mitutoyo surftest III) Surface

Roughnesgs of Laboratory Machined Specimens

11,7

15.0

22.0

28.5

- 36.5

42.0

56.5

67.0

Surface Roughness (uin.)

2

11.5
15.0
20.5
25.0
35.0
42.5
59.5

68.0

3

_7-9

11.0

14.5

21.0

27.5
3.5
44.0
53.0

67.5

TABLE C.1l

4

12.0
14.5
22.5
2.5
35.0

43.0

56.0 -

68.5

5

8.1

12.0

16.0

20.5
5.5
35.5
43.5

57.5

70.0.

6

12.2

15.5

1¢.5

26.0 |

35.5.

44.0

56.0

67.0 .

Ra

(din.)

7.86

11.73

15.08

21.00
26.50
36.00
43.25°
57.25

68.00

128

std. dev.

(u in.)

0.82
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