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Evabuating surface finish in ordéf to determine the qualityaoﬁh

work is a practice that has been with us ever sincé.the first tool was

v

. " invented. But me&suring surface finish based on modern sunfacegmgtrﬁlogy

RN

. is of fairly recent origin. Even more recent is the Eéchniqq& of measure-
o ' Vs . 3\ : “ N -
ment and control of surface finish by automatic means, as' required by

- adaptive numerical control of machine tools. Modern teéﬁndlpgy has ‘provided
* . [P kv * "” ¢ \ .
the means for fast production of compiéx machine parts of superior quallty
[ Y C " i _‘
at minimum cost, and research is continuing for fdrther‘imprqvement. Surface’

v T . . v
finish measurement, as the ultimate quality control tool, has to keep up

with the technologjcal changes that are'being cbnstan}By‘introduced to . -

2 N ;
machirie tools and'their control systems«  ° . : ,
¢ 4 : - e .‘ j.o . ' i ' ¢’ ‘-\
. " In this rgpoft, a survey of the pre§ént,state of the art of

. -

® > ’ ' o
. surface finish méasurement and control is made, In order ‘to understand the

.t -

" .environment in which surface finish measurement systems are expected to

i 4 . . N .
I ' perform, a brief and genéral review- of metalmachining sYstemgi numerical
o " . rg . T P . o ,
* . 5oy . ) - g t co
k , cofift¥l and adaptive control is provided. /
- * ° ‘- v - | <t B
o N v : : - )
- * ! \ » ¢ -
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. . ! . INTRODUCTION - o "
. " .

During the:last 'tyo decadis, wetalmachining techniques have. aghieved

s , . R i § N 4 g

' ' .spectacular progress, mainly as a result of rapid advancemént iu,xuméricdg:

N ’ 3 ’ , - "
Coutral systemb. bver increasing sopnistication of the machining process has .

. ’ . *

4 . D . : .
* kept challinging.coutrol technoloygy wWitn intriguing provlems.  Although stpady

»

growtn of solid state ceatrol and conputer technology has helpdd splve nany

~ oo
. <

. ’ ; < .
of tuese propleas; tne metalworking process nas proved o be £3ar more complex

PN

‘ L ae > ‘
: . than fwitherio reajized. . !
- o . . ’ . R
] . i b
v L]
1 s
, - Adaptive contrul, that is, control action to qumpensate for undesiraole
v . . ’

M * i3 3 - - . - " -
Changgo in cergalu parasuters affuvcting the quaiity !t work by using on-line

2

inforaatioa regarding tool action during the nachining process hds alwavs been
) : . . . )
entircly dependeat upon tre skill of Che operator. Autcomatic control technlques
. d - ‘ ° . ’ [
= uded te be eltner Upeti-iovp, of closed-loop witn reterence tu rixed sei-points,
o X
) -~ D-- -
orn When ar was rialized that fixed mathematical descriptions of the mauy interactiwae

& o "o - .

h - PR 0 N . . P B :

. proceasus would hot be able tu provide ,the jdeal control getions, & frantic
> . Tl » a N

t K . ) \ . i .
searcii lor necessary devices-for acaptive.control of wmachine tualy was launcied.-:

"
Wt ‘

Problens In several areds were encouatercdynibrvmost anongst which was absopce
\ v Y f‘( V3 "4‘ . , '
of adfquaic on-lipe measuring instruicnty. “Wifficulty in providing Scicntffic
Y . H N B
. L x v " “

woo- ' . ‘ e, . . ¢ R .
description Of nany'of  toe protesw varfabled was .another problea. While some

Eucccss wae achieved 1n adaptive control ot one or more individual control loops
* . . o 1,

&

. ) \ . “
involving woll-defined, weasurable variables, it was' a tar cry from the-total-

. adaptive coutral that csperts had envisioned. For one thing, well-definéd

’

variables agé not Independent, but iﬁtcract}Ve with other f{ll-defined and random

. » <

w

. . variables, nmakibyg wmetalmachidlig a stochastic mulg}variable proeess., '

Ep ~ t ' . 3

. 0

. 5 ‘ ¢ e ' i
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90 I . . .
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Adapttfe nuwmerical control of machine tools Is a clused-loop svstem
. \ ° . . ! hd ‘:- :
Y wherefn input program parameters, are contindously and automaticelly eogtimiz.ed R
’ «‘- F 3 \ "‘5 ..}
B . ; - 3 < L N ‘e v 5 ! P . >
with the help of data obtained fron actual on-line cbservation of BV erEXan '
. i '] P
N . . [ f
) s ’ s r ' 2 ” * . ) N . s . I3 g bl
N Nardables. | Toe obneBvation muy renge [rom simple senoing of Telervace Vaiues
{ i : . .
for ON-OFF opiration, to real-time, continudus neasurement vf values, curve “,
: , ° - . - R
. shapes and tunctlons and instaatancously processing then {0 coumputavid 1arms. .
; e : st : : T
. -t ’ . 4 M b - N
. M o - - i SN LR < -~ 4 oy 64
. Continuous 1nput parameter optiwizatioa 14 necessdry Lo necet Cetlall speciliea |

. o> ’ v o -~ .
. sobjectives o perbormance critersal ., A gurther sopaistication Ls atZevpled
~ “ o " *
’ . ot £ /o .
J when- the ngeed arises, by utitrzing aptlmal contrelprograns, wilch opfialze
. & » & G S 1 1
-v - (7} M 4
. » s - A
» ceptdin input or control fundtions instead ol a4 sef of pirameter values,
' b EALLLA I b BEE y ot .
. [3] - - " “ ) '
. . .. . ,r:. . . . a
- A . N - 4 N -
e - D . = - U ’ . ‘
g \ ’ The Hrigcipalegoal ot adadtive control is eitaer sustaiping tov eiticiency
- - . . * ’ - :
e ‘ & T ey i I P o
of the input progran? ér. improving updn it. In allt Lypes o6 machine tocss, tue
t Pt vl Ji v
. e ¢ . - . - “ .
2

. o L . . o, : .
inpul program cousisls 0 specilications ol cuttdng spedd, size ot cut, tovi
. v .

0 . - - s 1 *
» ’ i
material, teel suape, cutting fiuids and siwilar intorzation. .
Iy * -

> R E . ‘ 13
. - - = . .
1
~ . ) ' 0 o’ N s
. An acaptive dontrol eyem would judge the suitabilitye<of suca Igput
5 o o v ~

' () o FaY B -
. . . . M - ] i
information against certain primary gbjectives, namely, size, surlace integricy,

P

. P » " N od l
- D, . . - o O \ . ‘
j surface finish dndgminizmum cost of thi finished praduct. CLentinvous observation

. L . . . - .
! ©of these parameturs s Cheretore essential for optinmizing the process.
'S -, - - O

¢
7

- . v + - -
. . i I . :
i R . . O . . S .
Many sensors aud on-line aeasurdiag deévices have been developed over the

.
- . -
. .

. ‘ . N . ’
years for wmeasuting and cositrolliing size) "insofar as tixed quantitics 1lilke lengtih
d T > . . 4 »

R \ v (Y ° ) - Al . ’ i - : !

of diameter ave cdonterned. But suitable devices for accurate, ~dircct moeasurement
L] ‘. Y a . .

. P

. of complex, contourvd shapes and taking rapid control actiens are.yet to be  °
) DS, " ,
\ .

. perfected, L




* b
. . LY + -

§ , ‘ : )
Surface integrity, which refers to residual stresses, cracks, and
-~ . . . !

‘ " other superficial surface characteristics that modify the functional pro- e

perties of the work material fis geuerally countrolles by the inpul program -
R : .
4

N n
only, "since adequate on-line sensors dare lacking.

» I : N -t ~
o
. . . . .
}

: ; . p N
inish medsurement has gpne througn many stages of'

_ontinuous surtace

LY

. FRY

resclt, its coatrol

contact deWices or i\put data gathered {rom more accurate off-line ohscrvations.

s
; - “a

N

»

1t will be noticed, however, thiat all the above tihree parazeters relate
’ ’ P

, o . o 1
‘to the quality of the finished product and consequently thelr accurate control

ls of paracount iawportance to the sachining prooevss. Accurate conlrol requires
I 5P -

B . . . o -
decurate cu-live tedsurement, - Conventional sensing devices, no mabter ow

1. i

sopaisticated, have proved inc:%gctive, since they mestly involve seontact with

» - N 'S

‘the workpicte and lience the 'mlasurcment is subject to friction, vibration dnd
other random@&listurbances. °Research wor® has therefore been mainly directed

‘foward non-contact electro-optical sensors to deal witii accurate dimensions,
. ’ Ll -

surface integrity and surface finish.

-

: ¥

7
Minimum or optimum cost which s related to ‘production speed, is fQirly

‘

[y

well described in terms of scveral measurable varfables. Its relationship with

., . T . -

- the above fnree pegrformance criteris, however, is cither based on fixed input
. . !

.

data derived Yrown shop experience or follows qn‘appropriatc search stracigy

programmed to optimize the oparafion. Obviously, improvement,of scdsiug aud
R .

measurement tecimiques .will provide better cost coatrol.: ' o %

) v ’ R o : R




©- control of machihu teols, the

- .

« . o * M PR
This technical report wmaitily reviews the “latest methods ot ou-line -

. . e
. - . “

surdace tinlsh wmeasurement and demonstretes its flaportance to adaptise numerical
1 © N E

4 : o
. . v, L ° e o . . : . )
control . vt nadacnine tovls,. PR ' o
¢ B - v o
.4 : R . S
EY . . 3 . ) q
. . . . .
" . ‘
{ B . . i
The report has been vrganized o toucn un all penegal aspecks of r
{ b ! A : .
1 L I : ' . M

nuaerically controlled wachine touls in order to provide an undugstaﬁuing,of
. ) ., 0 "’, -' ) o [ 50\0 "

the systew envirvoament within whilly the surfdee finfon muasurement-and centroL

N . 3

/ .
apparatus is vxpected to pertora, a 7 ' .

v .

N ' . - s . . . '
Starting with g brief afstoly at the developaent or adapt¥ve nuuerical

-
4 N

dntinves with a phvsical description of

. - .

! s
!
tie macoining process and e
1]

.

eliowaed by a discussion dn tie Ybrldbles

associated with toe proctus.” ihe adaptive “control systen is described next,
. :
i
. e - ay

« with special empiasis on surtace tinisir control as®ap ioportant tool ia che

-

. ’

[] ' .
overall svstea.

~

« J .o .
A - - ,“5 N
- Laving provided an,ddequdte bﬁﬁ cund of tue 'svstenm configuration, the
R - N < . -
s : ; . . . . : os
report now goes fntu details of surflce fintsh measurcvment techniques. First,
% 'w \ - - ' te -
.. tne surface metrology or tae measurement yunits and, standards dre discyssed.

.
»

Y

N

~

- ‘ Ky , N . . . . . N ..
-Then, a statistical analvsis of surface tdnish as a sgochastic system is.presented.
\ ~ - R . . S -

< - - *
» P

Influence of sccongdrffggxametcrs, such as xqutting forfcs, cut;iig“gouqn,\cuctipgf.

ok o 1y
, — P + = N

’ ' - . . - . PRI . 3.
temperature, vibrativn ance tool wear on surface fini.h quality iy wlse treatad s

& . - - « Daw
3 .- 4 N o . . \ -~ '
briefly. uptimal control of cutting speed aud feecrate with tha nelp of con-
- 2 ¢ : ! .

tinuous measurepent of surfach finish s also suggested. Filually, past and -

at - v ;".‘ P"’ﬁ : o

present measurement techniques and instruments are analyzed in the light of

- b3

- -econumiys, accuracy and quality of the machiuning prodgss.
AR S ~ -

vty . vt s
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v L8 o In conclusion, the salient points of the :-repox‘t‘ are a{m‘marizé’ :

& N . . )
o achievements and suort?:ommgs in surface measurcment technology are mentihoned
. 4 BN

. . . E » .
k : . ' 1. D e
re and some guidelines on future- res®arch work are suggested. . .
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bilicy was not as fnportunt a censideration as tie necu for quick growth of
_ ! . R o ©
the technology, which was dcstincd;tm be a vital touol in implementing, tue | . o
, . N7 3
¢ a ’ . ¢
"industrial revolution! tndt was Jubt aroytd | tnc corner . ﬂdchide tool 1Adustry
- & N / 7 -"» “_n- i - ~ —'/.r
in general, tacreiore, LalKLd tor tae fullgfz capdoilxtv of thePedntrol geen-
S ! - ( I p
uology An oxder to dLVLlup an cconomxcull Jihblu_automagic conpral phaden, -
H ' ; ° 0 -
- . \ S P ]
: The tirst generationyoud the control system, commercidally intreduced in | .
v A i ’ ";TE‘ | > - v
1954, was ofticdally talled 4NumuricaI tentrel Systea' and cunsisted of vacuud &
- &5
tubes and  analoy circujtry. ‘ - I o
B S : . o L .8
. o . . » ; ‘. s “
A‘machinb tovl 1s said to be "nuwerically contrpkiid" if it works im an .
.V \ o > L
\ ~ . Q ¢ L . _ P . o
dutomaticoor sewi~ automatic wanner according-to instructions crubsuagccu~tgzi; ’ [
. f ’ - “a ‘ ¢ a E
§ ' . =, C . CoTh
¥ K . . . . ' . . : «
g}n 8 coded torm, From u.detuilcd‘drawxng of the "part” to be mdﬁFIKCd’ a - .
R Y NS ° - . . . " - , 4 .
~ . ] . y #W’ / j v
puxts~pxobrdg is wlitth. The program provides iaattuu%gﬂﬂb e zowl selecyipn,’ ., .
] [
S , "
nd
feed rnLcS, spindlc spced;T\hAchlnL axis wmotions, coolant‘contxox and otuer = 7
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DEVELOPHMENT OF ADABTIVL NUMERICAL CONTROL
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The tirst mdjor rescarch undertaking and subsequent development ol

. %

automatic machining techmiques were applied in the acrospace industry under

. -

overnment putrund'c during and after the SQCOHd worid wdar. : zconoaice feasi-~
. . 5 &
 § , 1 -

* 2 ° s p‘; : I3 _,‘
° i
‘machfne functivns. an program s puﬁbﬁad on paper lupe or 8O
. ) ikl £t

’ :
' , N
© e . P

-a sequunge ccxrcagonding to the desired magninipg, suquince. he tape is fed into

o

. . . pu— .
“ - |

the

e otuer medium in

‘. .

a cogttollur or “procesgor" which takes over the operation by "reading

o v . y
0

7 "
1n§ituctiuns and antivatiug the, specdtied serVeriv¢s and‘teadback systems. The

e, . - T . : .
ptqgram dﬁfine& a»paxt s g aur;cs of polntb, Lines and curv»s in primarv «and .
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> _ secondary -coordinate systems. The capability of nuaerigallv_cpntrolled or

i * o ) de

. Nd\machine tools, originally started.with $imple two-¢xig point-to-Boint

~
o - .

*positioming corftrol of a drill machine, nhw ranges t¢ more than 8-axis con-
N : .

/

touring control-ef multiple functidn machiting centfes producing complex shapes.
. ) Y

' ,

Since ther programming language is made up of a numerical code, the technique —
. PLe > p

- N

alled Nuuericdl Centrol, . -

[

is

. » »
. Y

~  In 1959, tihe second generaticn NC system started utilizing soliu-state
b} b > B
tecinology with digital circuitry having individual transistors and discrete

components. [ae loglc elehents were comnitted to printed circuit boards and

v » ‘

tue hardwired program was the wiring ihat interconnected these boards. Easy
. . 1 '
alteration of the baexplane 'wirigyg provided a gesirable degree of flexibility. o
' 4 " .
‘But the expansicn of control logic and increasing demands for new features x

N

rapidly made tue size anu cost of thesce systems prohibitive,
' + * R

~ ' y .
N )
)brought on the third generation in 1965, and™

.

a

more logic elemeqts to n a printed circuit board. Interconnection

?e oyinted

needs generally called for complete redesign of the control system. It was of’
1)

‘course possible tu pre-cngincer a degree of' flexibility, proyfdud the user could’

N V%

~
\ . . /

[ Y .
foregag exactly what changes he would\make in future. . ~/
N - ) - e

»
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. The fourth generation, software-structured, computer controlled N€

+ »

. . . . ' , . :
systems, altaough conceived and applied as early as In 1964, did net reccive '

~

v . ! .

immedidte acclaim because ot high cust. It was rcallzsd, however, that the -
) . - . . &‘

system would restore to the user the flexibility of second geuerationnNC's - .

and active development work proceeded along with third generation NC's.

o .
. . ‘o

REIRLY
s v Iy
\ \

r .
v ~

By 1970, minicomputers were economically vtable, and the first suftwired, L
Computerized Numerical Control systems (CNC) were commercially available.
- v e . . . - . N
CNC generally utilizes a minicomputer and mefory wnich replace muca of tue A
) ~ - B LN K - R . - .
fixed-logic circuicry of tuec hardwired NC's. This stored logic, together witn

‘
stored torputer instructions, is called an application software program: The
. §

program permits flexibillty in a mgchidne tovol, basically wituout'causnges in

+ 4 . ¢ . N . » . o e
physical wiring or hardwarec. The jacility of chaagingethe operations of. CiC
' v .
after original manufacture 1s its biggust advaptage over aardwired MC.* Tias
” L] - o

P

*»
[ 4

. ) g .
advantuge of cuurse’ coies for a price. .
v N ¢
M . .
- - 1

. P [y
e [y .

Conséqueniiy both hardwired NC's and softwired CNC's have gained dcﬁeptance

.

. > v .
for specific applications where the inherent advantagts of each system can be

3

economically utilized. Size of the macaine tool installation‘gdd its duesired :

capabilitie¢s are major considerations ‘for seléction ot NC or CNC.
. o i N . o * ~

b N .
- A : . TN : »
! .
.

sOne of tne immediate results of CNC development was a cbacept called DNC or

direct numcrical control. DNC 15 a system coimecting a set of  numericalily

¢

o “ .
Y

controlled machines to a common memory for parts-progras or machine-progran
‘\‘ o . . LY
storage with'provision for onedemaud dislribution of datd to be machined. '
5 . ] .
' )
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I&biéaL@y, auditlonal cqpabiliti;s for collectiges display or editing of
” - w - - «
parts proétavb, o“Lrator instructions, or. data relacted to NC process are
IY—\A . ¥
e v . ;
pro rided. . . o . .
s N - o
( Tie next step, being suggestcd by expérts at technical couventions, ‘
" s I ‘ e ‘
will probably be DYC on direct factory contrgi tying a DNC system to 3
Y - - . ez LY :
business computer. . « -
. o o .
, , © N . N

. ' !
N 4 ) -
By-products of CNC development are two very ambitious comfepts which -
' ! i { "
envisage use of computer as a powerful -tool for all phases pf mcetalworking.

»
«

» . - .
These are conputer—aicded Uesign {CAD) afid computer aided manufacturing (CAM).

.

Although sone form ot CAD and CAM have been prdacticed, in design and manufabturing

for severul vears, the totally-integrated computer-controlled system is still

not o reality. ' - .

In the late sixties, adaptive coutrol emerged as a powerful tool of CAM,

Consideranie worigaas been done’'in this area since the introduction of CAC,

but its'widcsprei&wagpliéation‘ié still a - few, yeals away. Uriginally developed

- .o

. . (A . - . 9 g
for, and appiied te\milling =machines, adaptive confrol was also used on several

~ . \
otiler simple sachines with some suctess.
. a ~ -
\ . '
»

- 2 .

- T +

#

The pfimary objcctive of adaptive contkql is Eq cowtinuod%ly senge the

) .
cutcin environment’ and provxde'an automa;fc weans .of couLinually ad justing thg

£
speed and feed of a machine tbol for producing an acceptaqﬁe machined patt at

PO

* 13
the lowest cost. Actual production histories show<that metal removal rates can

oy ’,

e g

be increased 30-80Z using adaptive "control, even in fts present state of development.
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- ' - et




o attention to tewperature distributiovn, vibration, “tool tip plusticity, tool

[ S B ' Ly . .
¢ cBntrol in Ui nost etflcient sdnner, the tofal cconomics of tac s¥egey sust o

. S ,
R < % ~ "

With prouper opLimfzution»uf cutter paths and machining; sequences to take full °

\ ki
L4 L * v A’ .
advantage of adaptive control, cven greater metal reamoval rate improvcucQCO;f B

)
1 ' s .
! . ’ ‘. e

‘ Aead s +
g e . . ate
can be achieved. The areas wiicy require further experience and developaent ¢

. 0 / , -
for adaplive coutrol can bue broadly classified as follows: -

-

v L : .

¥ " , i} N “
1, Development of suitavle sensing devices for direct measurewent and,control
/elopm s¢ B SRERE :

n
- \

14 o 3
of. primary perforwance criteria, such as size, surface,integrity aad surface

finish. : '

s L e B

\ﬁ T o ol ”_‘ ° ) ‘T, .. .

2, Obtafning d3ta on the influende of ovcondary gdrameters’suca as, cutting rorce,
- “\' - 4 — \ . W . <
cutting puwer,,cutting tewmpurature, vibratiow and ool wedr on tha abuve '
. d . . .
. : b RN .,
T
perfarmance criteria, T ‘
- 3 ¢ -' i v ) A

- 3. Development of suisavle sensing diincﬁ for detecting significant Jdeviations

«

-
- ¢

. N o . ..
in the parancters which are depondent upon the propcr:xés ¢l twol and work
. L}
: hd > . : o . ~
materials, S .o ’

-
- - i . Ll
,

. 0 .o ‘
4, Ubtaining suffiicient ifnformation on tihe natural scatter ot existflng data onm
. ’ ¢

- A
_variables which are randgm in nature.’ T )
1 - .. . - 4

. Ve Y
5. Developuent of improved sensdrs toygether with cocpatible controllers and fast

. response actuators tor the tovol-workture contalt.arca, with particular
4 . - i . ‘ y
.{,}

’
v -

. )
e positioning and automatig tgal changing. e & . s .
: - . ‘ | - .
, . - - . 4 . -
v . - ; . \ . ‘
~t £, recognized throyghout the industry, however, thal 'to. apply. adaptive
‘. - - . . .

G~ .

s
'~

t . v '
. o - - . - .- .
. kftown, - An bconomic balance axists between the ideal goal of absolute maximum.
2 c —— e F : .

. ’_;t
machining rates and supportive costs. fucurred to achideve taat goal. The follgwing ., -

1

? curve shows an approximate velationship. (Fig. 1.) o ’ {
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- —4— TYPICAL MFTAL REMOVAL

TE WITH CONVENTIONAL NC

~ METAL REMOVAL
RATE

SUPPORTIVE, COSTS

, Maintenance, -
Sexwice Life, -
" Tooling, Cutters,
Programming etc.

... FCONOMIC METAL REMNVAL RATE

, © -
WITH ADAPTL\\'E CONTROL
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|
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Tie exact Jocation of the point of palance will depend upon the typegof” '~\\
‘ N
figid cy of the control hetachy-and SO Vi : //// ?

. . . B R . ) v

PICbbmfqutgdb id“tanryl seuim Lo l¢an more and,@orw u&g{é% hivrareaical

—— -

- —

\

DNC:0f one [vim . or anotuer. Iuils pxuvf\u»\LleiailiX}, cost~>avings and opticun
¢ ¢ - -

T —utdddzatfon. Lt s vlso truce thst wore taan two-tnirdS\u{ Lie ﬁc Systuls
. R » ‘_'\ {n .
\'\\\\\‘ . - ‘\\,‘ ‘“3} ;
currently in the Nurth‘Ancericdimmebset ave aardwired. The main reason '1s cost, .
1 \ . , , ‘,"., N

since fur sinpler applications, hardwired™Neis »till ch&3pcr. fie cconcaical
- 0 /

-

A
crossQover polnt between NC and CRC is, however, woving™>

(G LY Jown and as
P . * :‘7‘* '

cach fiew gevelobment In micro-eléctronics s incorporated by -
and these, in turn are epplicd to'ChC's. - \

- ¢ — . N
o N
< \\ a * » W
‘ \ -
. 3 . B

- . N . .

wWhat, may turn out to be tag rost stgnificant step In this direction, 1s the

. s 1 .

- I ] .
recent vommercial Introduction of micro-~computers by scveral swall computer a.nu- .

. . .

facturers. leart of a typical micro-couputer is a central processor of d single
4 Q
. LS8I (arge-scale Integrated) chip thgt weasures 0.16" » 0.1v". On this culp trere
. f .

are 2000 gates, the uqﬁivalunt of some 4000-5000 transistors. In its miainux e

couxiguratiqn. a’complete migru-uoxpuLgr {5 wounted on-a single LB, 1o Jddicion

S
o
to thp processor, gﬂL board alsu wounts 0&41 2K ot 8*h»t core uemory, provides 1 ~
/ - {‘ vq‘f\; . -
direct acceys to HLordgc @cmbry stacksiif zfuﬂn, dndﬁhaa all th harcwdre.to  make
-t .
a fuIl—llLdng though | amall coumu&ur. Thpru ary qulte o few ﬁicru—compuccrs ™

now avallable 1n the markcc w Ljaﬁyvarigu 4§1hiteuturu and aLtra;vac capabilities,

There is no reason why LNL muuuiagturer< vill not look Into these in redl eatunest
- . t K’
to bring down the cost;ﬁnd help thcvusu:b c%eute an eftective and efrficient QNC
. . . °

wlerarchy.
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54 CHAPTER 3 ‘ *

NUMERLCALLY CONTROLLED mc\mgmm, .\

A PHYSICAL DESCRIPTION N

-

The magnitud of numerical contzol's impact on manufacturiné technology

: : i
macczkn\:ii}s, - an industry that used to be conservafive and resistant to
e .

¢hange., The nature of automatic control has made demands on mechanical design

ior greater precision and accuracy, improved part and tool. handling,,ﬁubrication

-

and cooI?hg systems, and structural rigidity. New drive concepts have been

\\~ deveIOped\for proper responding to electronic coptrol signals. Elimipnation of

.
.

tool‘vorking with virtually no operator intervention. Consequently, greater

’

-, -
hY

4 .

1

—

Machine vibration and tool chatter take on special significanée with NC

* ' . "X . i
because pf‘grbater range‘nivap eds and feeds used. This puts heavy demands on

/ ' -

r . ‘ -
¢ . // . . v
o / .

A yreat many sophiat q;ed mechanisms and devices have been developed for

0

&

- >

3.1, General -Comments \ . . , /




. ¢ °

3.2 Macnlining Svstemd . .o . ' '

‘ ";h'
Numericil control, when it“appeared in 1942, was developeds to solve the
| - T

problems of cpnteur milling. 1Tt was nest «dpplied to drilling and reaming: °
*
‘ . . .
wWith very few ewxceptions, the industrial application of' NC was limited almost

I ¢ - o . -
-~ -

. 3 & ", o
exclusi€kiy for 20 years to these two modes of operation. In the sixties{ NC <
. . 9
- ' - M I
o applicatioa expanded into diverse macirine tool architecture, coverirg almost :
’ ) 4 ’ N ' '
© all Kinds of nachining operationms. st Pl
/ ) -
» . -, ~ _ ., . ] Y : q
. Toe naim features of aachine tool control ake related to two bdsic techniques:-
N . 4 ° . ' o
Point-to-point or positicning, and contouring.,’ ) - F . - ‘
' R .
N ‘l/ // * o n . - -
v 4 - 4 s . "
« W T , . -
. - L '

7’ o o
Censicer a simple nugerically controlled columh drilling machine as example
P P 3 SRt b /.

-~ -’ ~

(Figure 2). Ihere are basically four moving parts in the machine: a table to hold

s
a

* .the workpivce, wilch noves norizontally on one axis, a saddle to hold the table,
L ] Al

which dalso moves norizontally on dnotfier axds, a drilling head that slides vertically

. -

o

on a column, and the drill its$lf.
LU |

{

3

\

1 [y

Ot completion of a drilling .operation, the drilling head is returned to its
- . ‘ . ‘ \ . »
raised position. Before performing adotﬁeriyork cycle: the table mu§§ Le woved

n .
.

. , R % \\\
v, to a new position defined by a pair of Cartesian co-ordinates., «This displacement . .?

1s produced by the movement of tiie table on the saddle, and of the saddle on the

. { N N |'
frame. -The two wdvements are imdependent and the form of the trajectory from one

¢ 4 .t
. Fl — . s
position tu another is of no importance,. When both these displacements aré com-
pleted, the tool performs its work, combining a rotation about 1ts axis with a

series of translations par&llel ti)gxs axis, In sequence, corresponding respectively

to the stages of fast traverse, work feed and rapid return. This is an example.of

& :
point-to-point or positioning system, - A: . .
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Positioning systems also pérmit certain machining operations (such as

straight-cut milling) to be performed during axis.movement. However, in

|

|

| . vl :

theée cases, the machining is done either in straight.dides parallel to the
5 ' Akctiaii )

3

axis moved or in a substantially random p&thﬁbetween prqgrammed points.

:i 4

Y

~ &
”‘z . In contoduring systems, which are also known as' cofitinuous—path systems,
] -
parts are to be machined in irregular or curved shapes. The wdrkpiece gr.tool

ey

. A
. movements' must be in a prescribed path continuously under control, thus re-
quiring complicated co-ordination of the movements of thevarious axes. Every

point in the cont%puous path describing the part shape must be accounted for,

whereaéf iﬁ positioning, only the end points of a movement .are explicitly defined.

Consequently, not bnljﬁghe physical equipment, but also the input information .
° * " g ':\t, '4" r“‘l -
for describing,lhelgd{t'is more complex. . 2

. !
¥
-

e

There are several different approaches for the path description: in contourinsijﬁ'.

" work. Linear interpol;tioh 1s used for simale machine functions, whereas more
. N

complex shapes utilize a combination’of linear and circular or parabolic inter~

‘ '{‘
polation. The hpprbximating curve gegments are, however, not.necessarily circular

or parabolic, - they may be parts of any curve described by a second order equation.

N .

The path description, therefore, ia‘accompyfshéd by approximating the curve repre-

. i
e straight lines or cur&es.

i i34
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Ve : sentative of the actual part shape by numerous short segments of easily definable -
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3.3 Components of a Hachining System L o, ¥ % \
IR . : St -
- . - . . L o f}\ T .
3.3.1 Sencral Intormation Flow . g P>
K - L \ : g '
A numerfcally controlled machining wystem 1s made up of an imput data °
o . L 4
preparation system, tiae machine tool, sensing devices and a confrol unit.... |
¢ 1, s . :
- N . . L . -
The general  ifutdrnation flow in the s¥stum is shown in Figure 3. . -
- e T . : , ' .oy
N . -, A4
. s L ;
3.3.2 Laput Data
Inforrmation from standard gngineering drawings is transferred to a program,
sheel togetheipywith: instructions on the sequence of opergtions to be performed
- . ) -
Lo . N | : ‘
and dimensions to be achieved {n their proper sequence, The dimensions and:
. L .
diSplaccmcn:sﬁire based generally on a thiree-ditdgnsional systea of Cartesian
co-ordimates vstiablished by Electronic Industrids Associgeion., '
-~ v . B . : \
v . . o ‘ .
- ’ . N @ . .
Agcording to the degree of automaticn, aany other data are spacified in .

~the prograd®such as spindle speed, feed rate, tool idertification, coolant seiection,

. . i .
work cycle (drilllng,%fupging, spot facing, etc.),” interpolation routine, etc. °
X ! v .
The input medium can be one of the following turee types: - . - ce
- -‘ :,'.‘ y;v" L) . ’.'r N . k] : ;
<~ a) Runched ‘tards o - .
) . o "I ) o ) ; ':,:L
b) Punched Tapes © -~ - v o Y
, - 4
c) Magnetic Tapes o .
¥ F S . -
. - ,
— \ . . —

Puncbied cards arce no longer a popular input wmedium becadse they are vulnerable
+ v '

2 .

to error iq'hundling"ugd contain daca'in'Vury low deusity.
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. Puhched tapes are most widely used since handling and processing are ’
— &N - .
. v « . \ * " )
r%gsbnabiy {ast” and:inexpensive, data can be Visually inspected and tape reading
‘can beiaccomplished by mecnanicdl, pneumatic or optical neans. R
o, ’ :i, - ' .o .
- . . B X' ) i

' t . ~ , o R .
Magnetic tapus have fLigh data storage density and fast read/write rates.

-~

But accidental. erasure ol dath can be a
S .

problen on suop f{lvor and visual data
- " A " v -

inspection is_dmpousible. duwever, complex contduring operations reguire a large
A . . ’

. .

. . - . -

- PR ’
sinte” thy speed of punchod Mupe riaders can licis

- ¢, . . .
anount "of {nforration, and

N . . . +
. ) : N (R 4 R
Figure 3 described the flow of intormation between tike mathivg tool snp its)

.

- . . ] , 4 ’ .
. .- = R Y . .
; . ) . . ) ) . L h
rconitrol unle,  Tigurd 4 describes dn greater dctatll the inturacg;ud"uctyucn
~ . ' . w2 *
oy - o 7. ) -
[ " PR . > - 7 -«
- ,’,' -~ ;~ ! 4
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The machine tool iz equipped to perfora automaticalif wilh-the help of

.
-

and auxiliary devices that respond to c?utrul signals, he nechanical zeans for

.

-

many variables,

~ -

automating 4 machine tool is a function ot Consideration is give

to the type of machine to e controlled, tae degree ol accuracy required, the

A - . ¢ : s . :
versatility desired and overall svsten, compatibility.,  In generaly the aim is to

. Ty . .
/// c exploit the wachind®s capability aw auch a3 possible without undue comsplication.

{:, d

- - ) : } ‘ . N
-, . R B ' &

. B
v

\’ )
+ c o . ° . b
Hovement of muchine siides is citoected edther by a direct-coupled hydraulic

- . ! - ) : R -
piston drivey a4 racdk-.and pinjon asscanly or a “lead sycrew.

y
. °

ares in thu QvalopmgnL stdge, but will soon command consideraple attention as the

best auswer to preciston linedr drive probldus. E -
{: - ‘3-.« : LN N o '
, - ~ ’ . ~ " +

¥
R B { J:,’!. ) ",l
- eyt . : . . R Y .
perfotwance of the.system, rugnetic tapes ire frequently’uged for such operatioms:
’ ~ . - Lo i v . N oo
‘Magnetic tapes are also uscd Waerd eatensive conputer functions are perforzed.’
3 ‘ ' ,’
[ N ’ .
Ll X “: s = -
- 3.3.3 The aenine Tool - - - )
- ) . .. . . a4

o
[
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Linear inducéion motors

drives,

-

’

‘the two. -
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Drives for rotatiug parts tak& many forms.. The use of hydraulic, electric
¥ , _ M 4 A
or pneumaticv,drives is dictated by .the type, requirements and size, of tiie machine
“ N . 4 ’

'_,. - P - . L.
and, the type of control. Droadly, the following types of motors are utilized:-~

:

-

L]
a) Linear Motors -  Pliston jacks driven by’ air or oil,pressure. ]
. . ' ro- <

! Y . . : .
b) Rotary Moturs i'uxrrel~;agc induction motors, Speed controlled a.c. .

Qr d.C. moLors.

- .

¢) Stepping Motors- Contrel signals cirect tne motor to rotate throggh a

prescribed nuuper of "steps'" corresponding to a desired

By -
- .

I * dispilaccuent. ) . ’ -
d) N;l?ku%ic’xotors— With cunstant *displacexcnt pistons. . ‘
. !
Y i ‘ *
N - 3 - -
‘ - B . DB | ‘ -
. v '
a~ . 7 . ‘KJ N “ ‘s *
" ’ . . et
3.3.4 Seysing Devices et , e \
g ..
- . - - e T K - '
Continuous ongline sensing or cutting énvireniwnt is necessary in order to,
» 3 et
L Y v {‘ T s .
~dpply effective control to the system. Accurate seusors and transducers are faere- i
e - T -. N . . .

~

N

fore cssential ingredients of 4 gontrol system. -~ While sume fifty variables directly

. [

or indirectly influence the machining process, it is neiti.cr ndcessary, nor econo-

mically fcasibke to sense’or measure all of them. It is sufficient to be dble, to

N

. provide sclentific description of the relatigfships amony 4l interagting variadbles,
Y A P f 5 &

4 N @

but no spectacular success has, been achiey . this end. Consequently, it has

.
Y

1
becomt absolutely essential to develop pryeision lpstruments to measure and control
B @2, - !

+ ’

" ) » / ' |

describe the whole system generate a aiaifun nunber of errors. |

' : L : ’
- R * '
s e, ~ .
e ' - e ' ¢
= »
-~

,  Instrumentation technology has been more successful in development cf sowme

LEN

areas than others. - fa recent years, demands for gréater accuracy has resulted in

[ - L& ' . ’
N ' . . o
- ‘ i) -~




-

A
.

. L - «
; .

‘ . aevelopmeut_of non—-contact '‘electro-optical measuring devices utilizing the

I

. latest optical and’ laser technology. The trend is towards more and more

<

’

| : -
; ’ error-free dacafééllectionwférlcompatibiligy with modegn céutrol systems.
| )

" corresponding sensors:-

’

K :  VARTABLE
. Tool or Part.position,

Tool.Wear, SiZe

4

4
L “
o .
g Surface Integrity
(. Surface Fiﬁish
'S
~ ‘s
| N ‘
|
[
| 7
Spindle Speed .

s

gbllowing is a liét of the more important of the machine vatiables and

»

c .

. 3 B
‘gauges,*Stylus:p;obe elettronic gauge, Photo-

Laser holograph( 36 ),.Scahning Electron »
. Hicroscopé (25,38) ~ >

‘Stylus-probe, electro-mechanical profile

" Laser "flying light-spot" system ( 16 )

ffuolbgraphic Interferometry.

%

. -

s ) ¥
o . . v i

SENSOR

AN
£

Direct-coupled linear or rotary position

trandducer, Magnetic or Electrostatic Detector

1)

electric Sensors, Electro-optical Sensgr,

Laser Interferometry, Magnetic air-gap sensor,

Pulsed LED. B :

1

.
. N €

PR

recording systems, Electro-optical senmsors,

Laser Diffractometer (21 ), Laser 1g;e%fe:onecry,

-

-
7 A/
’

Tachometer, Hall-generator, Electromagnetic

non-contact sygtem ( 37 ). 4
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. ' - - A4 ' N ’ ' - '
—_— . ‘s e
¢ NARIABLE SENSOR .
) B . A .
Spindle Torque . Strain gauges, Dynamometer. ° , ’
- ’ \
. . -° A “ . : *
Spindle P, Cutting torces: - Llectromagnetic non-contact systam,J A
N ’ A ¢ ,a. ~ "a a
: Piezo-electric crystals, )
» = - ‘ ’ ' -
Vibration and Chatter . Crystal Accelerometyer, Displacement-sensing
T ’ , C L. . v R ,
R opcicaf device, Inductive a.c. bridge,——,
[ ¢ - . ~
’ o Seismic pick-up, Relative Velocity-pfck up.
. s . ) _ .
. ‘
Tool Workpilaco-temperature | ’ joul-work thermocouple effect, Lwbedded Or
. 2 . s . .-
. - v \ Cuntact thermocoupie,; Tool holder thermocouple,
' b ' Tool holder thermocouple, Resistance Bridge,
w ’ ' o - . " S .
. R.T.D., Thermistor. . ;
4 b\ R v
M
B i ) ’ - - * v
i 7 . . . . '
, 3.3.5 Centrol . ., . Yoo
- _ N i 2 4 ’ ¢

s Fully automatic vperation of a XC machine tool consists of three basic phases -
- , o . ’
. ‘ \ »
input data reading, controllins,/pgsicion nonituring.
3

~ AN -
¢ i v
’ v, P N

' / N * v

Tiie main function of the Eentral unit {s information processihy. A peripheral
. 4 “ . ., - L .

I s /,- a‘\ ~ .
. part of tiis funcetien is rgéeiving signals from the tape reader, determining thedir
- . = ‘- ’
[ , -
proper sequence and transmitting commands o coryesponding actuators.
. R ‘ .

PR
LAY . L4
Teny

/! Coe L

» ] - N * v - o

oot . The more important intormation processing work 1is assoclated with dimensional .
B - p - N . )

- , . '
. w

52

. ' - 3
data from slide movemenls.- Contrals-interpret output signals frop the tape readdr.

and fécd;puck slgnals from the wachine, and transait commands o drive systeus after

¢ procassingsthe information, In modern control systeds, data processing and cal- -
: L) ’ .

. L 4 . . i N

culatidns are assigned to computers. Cuntrol logle for dctugtion of drives is . .

' g . . a
z
s

. PN : . . Lo !




. g

It

"conventional electromagnetic relay logic systems. ' ) ¢ :

. ' LY

L B ’
>
. .
]

Programnable controllers or PC's have begun to play an increasingly imquCant
<« g ‘ » ’ -

a

|

|

|

" performed by solid-state. programmable controllers which ags,gradudlly replacing
| L et ) , /0y
| role within the machine control/computer control hierarchy, because they are
| B :

better suited than'relay systems for data comaunication with computer under any

\ system configuration. PC is reallv a special-purpose digital computer with

contro} level L/0Q interkace. Given the proper response characteristics, it can

.

: be used wherever a éequential-digital process is to ve controlled.

_4 ‘,‘
Coaa , ¢
~4- fany control configura%ions are in use, but the.most popular strugture is
b , o
shown below througn a generalized diaggram: ( Figure 5).

s V ” *

3

"The system is simple and Elﬁxible, and desiéned with ﬁhe¥poﬁular building
. ’ A

block approach. All the modJles are software impleaented. Positionfng andi

¢

. _ . . \ .
contouring controls can both be achieved™ to any degree of complexity. Core

P Iy il

memory, stourage capacityy tape reader spcug, control program capability and con-

. . -
troller versatility will naturally depend upon the performance cdriteria of the

.

macihine tool. Irrespective of the size of a system, its trend is towards com-
4 ' i .

| patibilicy with the totally integrated design @nd’manufaccuring‘syécem of cﬁe/?,
- . 2/
. . future. (CAD/CAM). ‘

- . . LN

3.4 Machine Tool Types :
‘ o ‘ _ o
; T Single "function NC.machife tools are available broadly for the following

v, I . . N \
~  machining functions: - . "
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. |
Turning . a - Mainly lathes, which are also used for
' o - ’ __boring, thread-gcutting, kaurling, cucting ’
- ’ ./’ . ° . ?
Boring -~ n 4//////{,/ - - P
¢ . B .
Drilling Pt - . sVertic oy horizonta% drilling machines, '

' - X

gun drglls, capping;'punthing, rca‘ing.

- Broaching ' - : a ) ' ‘
Punciing, §&eating - . ‘ s
Milling, Shaping . ' - i " . .
Grinding h . o = ' < . T .
. .
" Welding ' - Continuous or spot-welding. o

0 >
3

.
. ’ t
\ . 7 i}

. ' . .
Multi-function machine tools or machining ceantres are direct resufcs of numerical

. 8 iy . . ) :
control development. They are available in three to twelve ax{s arrangement,

]

with automatic roo}f changer for more than hundred tools of different sizes,

. shapes and types. oepending on the production quantities, machining éengtes

-
A v L

wmay or may not be economically feasible. An attractive alternative is the /

-

flexibi%}cx of combining several single-function maghine topls with an automated

transfer machine.




CHAPTER. 4-

1

.

MACHINING PROCESS VARIABLES ~ T \

The metalmachining process, like most physicalf}ndustrial and biological -~

‘Y

processes, may be considered a multivariable process Inter&etions exist}g,’

'the variables,, and they have a significant effecc on che perfamauce of the

.process. It is therefore worthwhile examining the Behaviour of these vatiables

in the metalcutting environment{ 6 ). / =

[ . . : . i

9

‘As mentioned in Chapter 1, the primary variables giving the performance
criteria are: - ‘ ' :

1). Dimenéio'ns ' . | ] .

2)_‘ Surface Integrity

3) Surface Finis;h -

4) Production Rate or Cost . ' ' ]
. 3 : . ) B s ‘ .,

+
°

. . “
One of the basic empirical relationships governing the méfalcutting operation

is given ﬁy the following equation, - sometimes known as iaylor equation: -

VTn:. K.\____, A - - ‘ .
a * IR R (6;1)

<
W

‘Cutting Speed

- . . \

Tool life - ' .

-3
6

J
Cut ‘I’hicknus (Feed)

n 2
"

4
o -
-

Cut Hidth (or depthfin turning, dri,u radius, tooth engagement length

[- 9
1]

© in milling, etc,) ( ' P




s
-’
v
B

Aranr s

.

(f.d. = Gross-sectional area of the cut)

I . .

Proportionality constant dependent hpon wmaterials

{1 -

|5
o
~
=
1

Lxponents .dependent bpon toed and work material properties.
T M ’ N

* 9 - -t
M « . ¥ o
v

»

. -

. .
From téie above equation, an expression for optimum tool life has been d/:rived:‘

N . .\

L~ To = (1-n) R deee (402) Lo ’
v , n . o . -
! . ‘
- n
Where s “ s .
r K .
M l m:z" ‘ ) .
R = Operating facter, i.e. s ) p
. ] . \
v
ol changing tize (for maximum productivity), ) '
Toul cost per tool change . - toe

or, 3 (for minimum cost) -
Flapsed time cost per unit time )
-
- ¢

Parc‘ial differentlacion qf equation 4.1 with respect to zs'ne variables V,f and d
will give optmum'valws of these variables as khey relate é:-itherlto production rate
, . )
or unit cost. Since tke exponents a and b are substantially les$ chan 1, theoretically
s . .

the ei’ficicm_y of ' metN_ removal insrcam:s con;.inuo(xsly a:; both feed £ and cutting depth
'd arek\ingrczjsc;i. “But £ amst are limited by other co:;scraiﬁtg andx;;xja‘c‘cical con=~
sideraLlions‘. K . T,

Al ,

~ [Nied

-

s , , s .
-Equations 4.1 and 4.2 can be combined and expressed in a different for!\ as follows:-
- g . . , )
\u } n . .
: «K\ion N I .
_Optimum cutting speed VO‘-'- Ru‘ta gb ‘ ' » _
Cl)pcimum ﬁroduciion rate =,12 "-‘0 fd ) )
) [ " \’ n ‘ - .- ¢ .
S () gy =6y = :
+ : . .1"11 s e sen (‘5.4)
= R® - :
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Equation 4.3 prescéants an idealized basis for optimum cutting speed, but

S

in order to iwplemeut an effcgtive optimization routine, information from
i‘ . -
fRd

direct measurement of size, surface {ntegrity and surface finish must be

Y L.

“available. ‘ ‘ ' - .

The effects of control variables V, f and d on surface integrity and finish
. 4

are mainly dependent upon tool and workpiece materials. Experimental data
¥ P pon p

< by

describing these relatiouships are available for various =materials and cutting
Ar—

. ) CENA 4
flulds ( ©_ ). These duta can be used for tie purpuse uf’Tgput prograzmin

oy

— A -

. . - o _ : s e M
The wide variations in ‘the nature of surface tind{shyvith differdnt material
X g

o
" -

! & ; et Vel & »
gencrally prove to be an inconvenient fcature in modern NC prograzuing. 4As a .
. hel . Iy

. ! s . . . ]
result, the cdntrol strategy has to utilize dats—fromIncificient measurement
BY Vil

.
Ry

techniques supported by gueneralized empiricae) relationships or by ag appropriate

’ * Qf;]\ ]

optimal search program. Unfortunately, several othwer variables, - zost potably
—— v
a Q

. , . - -
vibration and chatter, also have p?oqunccd iuildeqfe on surface finisi. and most

. . .

available control prograas ure inadequate to handle this. - |

& . R
¢ ' s - P
L

4
H / 4

Early adaptive control systems and most of the present ones, therefore, . .

- 3

utilize information on the following secondary parameters, which happen to be

.
. - . °

N ‘e ]
comparatively more weasurable: - ' .

(L) Cutting t)rces

(2) Cutting Power > -

(3) Cutting Temperature . ‘ - _ N

,(&j\" Taol Wear
N

(5)  Vibration , " ’ o y

.
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A I . R , . , .
¢ Measuthenc tecaniques for cuttiug forces, power and vibration have ‘

O
| e .
advanced to ia reasonable degree of sophistication. There is, however, very
* ; D R .

little satisfactory information on dependent rvlationships between these
T

! M .

{ . . - R

quantities and control variables V, f andcdy excep%:from empirical data.
. . s b .

) N ~ . .

- .

o

Direct measuremeng of tool wear rate is still in lts'iufancy, but much

‘e

\
” . -

" work has been done in developfng relationships between tool wear and other
2 . ‘ . : .
measurable variables. o ., . ,
N * °

o og . ‘ \
p B .
gsf 1 s 7 .
P Iy I

Cutting temperature has always received considerable attention as potentially
. . & T

the most &seiul feedback i{nformation, because well defined relationships 40 exist

between tpol wear mcchanisms and tool-workpiece interface temperatures.
’ s

.
.
N “

..

. Thie following equation, due to Shaw (12} is largely representative of a,

number ¢f descriptious reached by theoretical or experimental analysis:
™~

. . ¢ & M
' N4
S0.5 ' . S
. |ex ulv!E) ‘ .
\ViC coes (4.5) : .o
v . . .
- - - .
5 * ' 5 «
i /
Absolute temperature .
“Cutting encrgy per unit volume o ) :
Cutting Speed ) g )
Cutting thickness or feed . A
Coefficient of thermal conductivity oy
) & : . '
Volume specific heat » ] -
. . \
L |
- < : .
o . . ‘e
S . ,
- ’ ' |
\‘ :.. . o . . . B P




. . : -~ :
. Siuce values of K and Cv'can vary widely wigh different materials and
" " A . ' . ,.2 , L -
.- s T 4 g
may- in fact be impossible to determine for certaig combinations,of tool and

a> 2 -
.

) N - - Y - L. * v .
workpiece materials, the_gxponent .5 may have to be adjusted experimentaldy.

Shaw suggests that practleal use of the above equation {s limited to onlyy nigh

LY

.cutting speeds wheve u remdins‘virtually'constanf, giving a modified simpler
@ . ” . . o

relatfonship: - S ’ < < .

» .

where the wodified cxponent of f sfgniiics that at high speeds, lowel unit

*

energy is required for the same feed.

» » - ‘ 4

.

b .

S ? S o

. The mechanism of tool wedr rate has been found to be analogous to chemical
1

i

rate processes { 6 ), as demonstrated by the equation 4.7

"p )
‘e,
. : B/8 o, ‘ .
T - J\L‘ LI ICANY (“- 7) - .
| D ’
where ’ ’ e . .
. ° . Lo ’ r’
Te = Tool life ' ‘ !
- . o 4 *
“TALB = WCongtants

-] s Absolute temperature
. . ‘ ~N

° -

Experimental results have indicated that the above equation holds good
. ’ . . 7
only within certain temperature and cutting speed threshold. Extensive analyges:

- . -

of temperature distribution at the tool-workpiece -interfaces have been performed,

- mainly with ithe help.of embedded thermocouple measurements. While it has been

established beyond doubé\thac there are fundamental reaSons why cutiing temperature

v . £ -

, ' o f

I T
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should slvnix'\_anclv 1\tlmmu.e\kool Wv\ar, \it is also clear chac these rulationships R,
A . A . ‘,. .
’ arcﬁ extremely mpl\é\x an hard to describe. . , o
' - . e 5, . .
: NN o T
\\ . - N N . ) ,
| R . ! \e . ) , ' ‘ ]
. Fig. 6 gives a set of qualitative curves on rate of tool wear versys . .
. 1 i ‘

N -
B . .- . .
H

. cﬁ};ting temperature for five disti}zc'c manifestations of tool wear as suggc!t d .
. by Viervgge (6 ;.“ . ' ] R

- . \ v . ' a
\

. . +

\ ' :}% I - ' ¢ - . -
For practical pux:%cse:\, and also for pofential applicatfon in adaptive-

control, i:‘has\b\gen 'suggested\"that wear mechaniszs (a), (oY ard (c) .in Fig. 6

be.combti ned and trey t:.q X inscensitive to tnmperatur*ut sensitive to cutting

4 * . At TR ‘
' . . N I3 « ¥
C I
forces: or pressute&., ‘himllarlv (d) and-{e) silould-be cowbined as a sinble
4 . i -~ I N R . ‘ e ) - o
mechanismudepend,mt sclely\upon cutt-_ing temperaturq,. ‘ . )
. « ; ) - o . . '_,‘a - i .
i \ : : ' PR , e - T ~
’ =T . v ‘ - ’.
o N < e .
Advaaced ins»ruments for continuous measurement of tymperdture at the
~ Ve . -
! tool-workpiece i,x'mteri‘@ce have beun ‘devioped for labO{'acory work, but their extensive
’ R \ , - ‘. N '

* . - \‘ [N - L 13
\_practical utilization i}las lagged behind, Following is a list of temperature

.
sa

. medsuring devices currently in use or Heing developed for machin® “tool application: -
. . \ ' - T o

s
[y

TOOl"eth:udud Thermocouple‘”— "‘uc.\ prerimce, strong signal at nibh temperatures,

< L. oL , R .
<V ‘ e .. ,inst\ability\, uisixlétioq failurc:, slow. response.

. . e e - .‘S

-~

o Resistance\iemperaﬁ‘ure Detector (R,T.D.) . -~ ) . : -

N M . ’ - , I Lo .

' - - Strong signal at all temperatures, low temperature
~ y P - ‘

~* b

- - -~ - ’ ’ 3 h
g - - - t
o FE . : ange, very slow response. : > ;
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" roughness l;dits are casily exceeded when vibration and chatter sé;,in. Vital

- 35

. ..
~7

‘e ’ F 4
\ Thermlstor - Strong, stable signal, £éstvre§ponse,

a
S -~

y . ~ N ° * s SN

low temperature range. 4 ., . -

-

N g¢." o B

Tool and wOrkpiuag‘BEzé as T.C. materials ' N

- .. .* = Holds wuch promise, successfully used in . '
, aétu&i?ﬁﬁblicacion, not enough data on various

combinations. s

. - N N
R

.

- - t

- —~—
. Ty

\ . - ’ '
Vibration of machine tools has- a pronounced effect on the quality of
surface finish. Advancement in machine tool design due to introduction of adaptive
- : y - A,

numsrical control has pushed the machines to the limits of their wmechanical and —

} ~

" structural capahility. liigher.s:peeds, inc¥ased feedrates and cutting deptis

i

require greater cutting forces and power, andipcsult in increased wvibration and

5 -
[l

" chatter. Vibration amalysis is thercfore of increasing concertt to machine. tool- . *

9 ; N

designers, and 1s already reshaping the operation_and design of machintﬁg systems,

Unlike other parameters, vibration and chatter are entirely harmful. Tool

'is'er§;ically reduced by cuts that involve excessive vibration. Surface .

compodgﬁgs, such as, drive trains, spindle Beafings and slideways are i
, =, u e . e el
adversely "affected by vibration. ¢ o

- o

an B . ' .
~
. - -
o - . N s

-~

\ Vibration in m;;hine~fools ié\besically of-twg types: -

NN ¢ )] Forced (2) Self-excited.

- .
. .
5 A . . 7 -
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_irregularities, Spiﬁdle ufibaiance or noisy servo-control performance.

Forced. vibrations af e caused by maving or rotating"SQutcus jocated -
° - . T . .

either within the"mathine ‘itself vr outside, but connected to the, mﬁ,ﬁine >
. 1

through'. foundations and building structures.

~ A . N

N -
. . .
. .

.- - . - . R 1 -

Typical internal forced vibration sources aré cutter impacts, drive
' [4

2

»Self- xeited vibratl?n is due te basic Lnstdbili;v of the systex or process.
In machining protess, tnib 1u.m of vibration causes chatter: fie instabilicy

t

¥ksﬁlts from a combination or interaction of the metal.removal process and tne
B . 1 - )

.structural deflections or dy

has no vibrfation forces asso
o “

f tim¢ as demdnstrated thro

s

it

cliated withi

'

hamics of tie Tachine tool.

uga the clyscdloop diagram in. Figure 7.
A

The instapciliity initially

but such forces build up over a period

——

, .
For further understaqding of chatter, iet us look at Figure 8,
“ ‘ )

the cutting operation-in a lathe,

which shows

. Pae actual chip thickness being cut, or the -

feedrate is affected by macﬁiﬂﬁﬂdefleccion and also by material left on the suridce
%

\ i
from the previous revolution. In effect, the workpiece "records" the vibration

i N

" e BN v ] y
- and plgxb «it dack one. revolution later. This forms the feedback or regenera—
*

T

L)
tive path for the vibration\and ltads to the instabilitvy we call chatter{23,24).

)
/
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" The cutting force fenerated during chip removal has been found to be a

functich of the feed. The workpiece material, togl gecmetry and depth of cut

o«

Ey alsy greatly affect the cutting force. -All these factors have been - ‘
.o ' tog&;har fato a term called cuttiYs stiifness.
. .

The relationship of feed, cutting stiffness and machipe dynamics is shown
in Figure 9, which is really an.extension of Flgure f in concept.

[ ‘b
- M :

Many of the causes of vibration and chatter can be eliminated ar tue’design

stage by woddrn ﬁbdelling teciiniques and later with the help of dynumic testing
1 #%

1
b

. programs. But sélf-excited chatterff&y require instantancous adjustioent of tool

position and tool geometry In addition to the usual modification of cutting speed,

. L
feed and cut depth. - \\// o
. « . ‘ :
AN : -
P ' Considerable research work has been done on vibration and chi Bd_their
S effect on Lachine tool performance. Altiough study of zachineteol is

0

- I ) - N
beyond "the. scope of this report, its relevance to any study of swriace finish

« v
- .

o medSurement and“control cannot be denied. Witlhwout going into any complex vibration

{

analysis, 1t can be sald tiat suitable techniques for vibration control is
¥ } B

8
.. r{ . _'
essential for optimum machiine perfprmance. The full range of feédback loops

avallable for vibration control is imiense lue to interactiuvn of the cutting e
- N ' oo '

process, drive trains, frame, bearings, tool and table positioning geylccs together
L4 h a x .
R .

. . 4 S 3
with the fact that vibratioun is an crractic phenosernon and has to be hanqﬁed as a

‘ R ) ‘ 3
stochastic process.” ) ' i ]
‘ -fv '
. 3
% 1 7,
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o

. ‘
Cuttfﬂﬁ“forces, torque and power are traditionally measured with

. dynamometers, strain gauges, plezao-electric crystals etc. Recently, non-contact
' . * 3

measuning‘dcyiccs have been introduced commercially, which utilize kthe tectinique

of inductive and capacitive coupling between stationary and rotating electro-
magnetic or electronic modules, transducing and amplifylng the required analog

signals with thc)help of the latest equipment in microcircuitry ( 37). Speed
measurcment 18 also incorporated in the same system.

«
L3

'
N
»

: ; S
: M - Nl . .
Vibration measurement is essgntiaily sersing of relative displacement

o

[4
a

criteria,

, Ae ;
between tool and workpiece. Accurate measurement, estimation and control of
this relative displacement is absolutely necessary to achieve the machine perforbance

3

.

Although conventional uccelerometfers are extensively used,the trend

is towards non-contact vlectro-optical or electromagnetic devices.
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CHAPTER 5

N\ ADAPTIVE CONTROL TECHNIQULS

N foa

5.1 Theory-
RIS A

.

Adaptive Control systems are probabilisti¢ decision processes in whicH

there is some ungertainty that can be reduced during the course of the pro-
1] " RS .

-

cess by information derived from observation of the performance of the protass.

1

In case of stpchastic processes, the functions describing the problem have
11

known prcbability distributions, but nothing can be done to reduce the

unéértainty about future values of the probability deasities. In adaptive

-

fo

pracesses, the probability distributions are not known Jn advance, but can ]

be estimated by a "learning” procedure based on observation of the process.

- . .
* - .

7
e

o

The dynamic programping equations can be derived and solved only for - .

problets where theéﬁﬁcertainty q; which the process 1s to "adapt"” can be N
comﬁletely specified at every stage by a set of sufficient statistics.

" ¢ to. « .. ,:‘
7 X
BN

HE
let us consider a dynamic system described 3y
]

Ck - 1) = C(k) ~ hx(k).r w(k)

. -

where h 1s an unknown constant with its value described by a probability.
. density p and w(k)-is a random variable with a known ﬁrobability dcnsitf’q.

Because there are two sources of uncertainty, h and w(k), no amount of .

-

observation can glve an exdet determination of the value of eirher. However, . R

since p_and q are known, we get a revised probability density for h at cach

stage. In thi§ way, we can develop a recursive relation for.gpe optimal

4

reiurn function in terms of initial resources and/}éé mean and standard

‘.

/
|



- 3

deviations of random variables x and w.

. " ‘
A complete mathematical.analysis of adaptive control is beyond- the .

v

scope of this report, but the brief comments above will help in the .

appreciation of the practical applications’ Jescribed in the next few pages.

. / N .
52 I Control Svsten . . 4

. . b N ’

. In the previous chapters ye have already introduced the basic conhepts
of adaptive control of machine tools. In essence, the art of adaptive
s 0 .

control comprines wo functions: .performance measurement, or on-line

v
N

determination of actual metalcutting performance; and contyol, or appro-
. k]
- ) ) ,
. priate adjustment of cutting parameters to achieve the desired performance. -

-

v Figure 10 {llustrates the capabilitibs of a fairly comprehensive

adaptive contrel system developed by Bendix Corparation ( 22 ED
-3 » ‘;‘ "" -

Al
. . . . 2

However,-depending on the type of machining opera{ion, size, shape and material
e : o, - a

of, workptece and the dcgreé ?f accuracy required, the system configuration nay

I

vary to a great extent. For example, the optimizing system may aim for oaly

e *

maximum&cutﬁing force or depth af cut under constant feedrate and spindle

’ - 15 N i ;
speed constraints. Operating conditions invelving air gaps, interrupted cuts

or continuous cuts are also sensed for rough-machining jobs in order to
extend tool life and avoid unproductive cutting time.: Positioning comtrol

S — . c . ’

for tool wear compensation often follows temperature signals and optical

tool-wéar measurcments in the fundamental .control loop. -Severat control
ach;nas use an adaptive loop only{for Qutomatic vibration controiﬂig;nrder
: s : Ao

to achieve a superior.surface finish while the basic control fo&? handles

L]
K]

- e

- ' i - *

& ~ N 3 . P
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1

all other parameters by conventional mnumerical.control.:
T » 1Y K!.? .
a .

v Idally;  an adaptive. control system vmploys three feedback control

loops as the Bendix concept demonstrates in Figyre 1. One ia?the con- -

ventional loop, which measures and controls the tool position and fecdrates
~ . ¢ a’

with the help of final input data on tool movements.’, This is basic numerical ;

control.

The second loop is the adaptive loop, which measures how well the’
- ° M
process is performing and then adjusts the controllable -inputs for a better

performance. Typlcally, the sensors determine on~line machine parameters

° Y -

such as spindle speed, cutting forces, torqus, temperafure, tool-wear,

-

A purfornance oeasurenient system uscs
-

actual tool movement and vibrationm.

thesec measured parameters to compute a periormance evaluation variable,

. g -~ 2 ﬁ
wh&ch may be indicative of workpilece surface fifish. The performance weasure-
. - S

*

ment system also details violations of preset constraint limits by the

measured- machining parameters, the calculated machining parameters (e.g., horse

¢ - .

<

power) and tihe performance evaluation variable. Lastly, the perfornance

.

measuremcnt‘systemz%ptcrmincs the performance index, or how well the system

is performing. The last two pleces of 1nformation are inputs to an optimizing
\ . ,
system which employs a strategy that sceks to obtain better system perfor-
- - A r J
/ r . »‘f n. -
mance within the limits 1mp§sed by )xh: pre-sct constraints.
- N v ! »

.

¢
. ?\ ~ N = «

The thirﬂ,one can bd}calleﬁsa traf%lng loop, or a refinemeat loop, where
o oy . 4 N

' W ) /
the actual surface finish is .‘é;hrcd. Two signals, the com%uted performance
. ‘:'\‘ ‘ - + » \ .' :\\\'
© \ - '! \ . \ .

s.-‘\n 'f
.



v ' -

evaluation variable and the actual surface finish measurement aye inputs to

Y

a training sysgfm. The training system compares the two signalg and computes

corructions to tho coefficients of the regrasaion equations of the performance

.

meagurement systbm. The training aVQtOn thus reduces lhe error be an the

pre ;ctedﬁor Cdlc7lated surface {inish and the actual surface f%nish.

' - \
( o
i ‘“
! . Yo '

- -

.\ The performance index of the machiningiprocess is geuéfal%y considered

Il
y x
to be\thq metal removal rate, which is directly related to productivity and
l

i

cost. For a dcscriptlon of the per‘ormancc index deginization strategv

: \ ’ P

let us consider the operation of a grinder, whose main wurpose is. achieving
? “5

4”“fdlkﬁm <

1 1 o A 'gl‘,':" ' : L

A .
e ¥alue of the metal removal race;for a single grinding stroxe isg

a smooth surface finigh.

" the prpduct of the table fééd, cross feed and downfeed. Since,'for.a gigcﬁh

3

layer |the downfeed {s held constant, it is sufficient to find the highest

produgt of table feed and cross feed within preset’'congtraints, in order to

naxin

nize the metal removal rate. .To machine an entire¢ surface, mulliple

(4 v . N

strokels may be required. Optimizatfon on a'per stroke basis, therefore, . ™
. ‘ T P e
does not necessarily lead to maximun productivity. ’Atathe end of cachi stroke

. * v _‘,. v

r

the end| of the wot»p+q§frbLfore crossfee@,can b ncrmitted For a givﬁn

_the numbler of prinding strokes.. O ) [

-

” N
§trategy employed to optimike t&brperformance index cmp&psi%csn
the mlnimization of the npmber of grindiﬁg strokes. Table Yeed is'rﬁduced

L

until parhmeter conSCraints are violated, at which_time table feed is

-

=




q

2

dncreased. If 1t 1s reduced to {ts lower limit without viblqting any' con-
st@afnt,athcn the crossfeed'is increased for the next stroke. By adaptive
. A ] & .

in pre-set constraints, most
. A
notably thut of surface finish, the metal removal rate is maximized.

adjustments of cable'and-qrossfeed with

- <

5.3 - Hardware and Sensors ) _ .
. A r o ’

ia

The-hardware configuration for tﬁ? above systenm is shown fn generalized
4

terms in Figure 1l. . :

&

In the Bendix system the surface finish measurement system for the
4+ ~ - R Ly ¢ ,
grinder was used off-line, Wut in a very effective manncr. It may be dore

-
. "

difficult to da so in case of other types of machine tools, but adyqnc;§§

1

© on-line measurcment techniques are being developed to solve this problen} > ?'
'Y . P *
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e CHAPTER 6

‘ . SURFACE FIﬁISH MEASUREMEQ¥

4 - o~ At -
06.1 Introduction - ] .
' Surface Finish is a measurc of the topography or gecmetry of@the N

'3
< N L *+
;outér surface layer of a machined{par . Lot of time and money are probably
[ - . b .

¢ « -

i 3 , .
p ‘'wasted on unnegessary fin{shing operations without obtaining the!desired

, 'results to any degree of certainty, .The trend is to “specify" and “control”
all surface rvquirvmengp of a component with the alm of arriving at an '

s ¢

optimum surface topography - one that satls.ics the cost/function relation-

i

. shib. It is a natter of value cnplneering. ideall>, we want to satisiy
. » .
-~ al’ the functional requi rements with mlnimun vifort, .
i v * ——

€

Typicaﬁ relationships of surface roughness to production time for
x . ‘
commonly uscd tools and raterials shown in Figure 12, are taken from Byritish

SCandard BS1134,. "Assessment of Surface Texture”, The relacionship? clearly

demonstrate that the quali:v pf qurf;zw finish is dependent upon the nype of

«

machining A LVpiLal preliminary visual analvsis of the problem could 8Q
1lke this. The turning curve rises ;harply‘at about 0.6 pn Grirding

. vould probably do begter. On the other hand, do we need 0.6 inn?

.

* MY
1

: Specification and. control of surface finish of machined parts create

.
. other difficult problcms due to the close relatxonshtp between the surface

5 © <

. texture and\thu machining.pchcss igself. Further, the performance of the
rd

“ . -

product in hUbSLquch survice ,depends on the characterxst1cs of 1ts surface.
-~ T

) Besides production timc or cost, b}hgr important factors related to surface

\1. N y } *

Y -
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FIGURE 12, TYPICAL RELATIONSHIPS OF SURFACE ROUGHNESS

. TO PRODUCTION TIME ( 26 )
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are weat\ fatigue strength, load capacity, rate of heat transfer, noise,

ﬁpﬁding of paint lacquers and adhesives, and appéarance.

# . °®
X. Friction ‘and wear depend to a large extent\on the actual a;ofile of two

8 tﬂqces that are in sliding contact ( 19,20 ). The true area of contact
P > . .

is always considerably less than the apparcnt area because the surfaces only
. . 1 -

: - ‘ \
touch at those points where surface asperities Zeet. The actual stresses on

the asperitivs, therefore, can be several times the stresses calculated for N
the apparegt area. . ) . . g
N ‘ J

$ Thg fatigue propertics of a manufactured part are frequently influenced’
[

by the nature of the surfacg ( 1@,20 ). The lubrication charactevist*cs '

-
- ST : " ‘
of a surface sometines depend on the actual nrofile of the surface, since some

»

contours/d/c: beL‘:r at holding a lubricant than others { 20 ). Stress : !

corrosion is another problem assoctated with undesirablc surface roughacss
. P Wy,

RN

. - i
-~ =

:P;’ ot
("20,38 ). ‘ ' ..
Besides surface finish, there is, another aspect of surface quality which

‘must be controlled to ensure high reliability of the machiged part, - surface

™~ .
integrity. Surface Integrity is a mcasure of metallurgical and mechanical .
-p 4 ' Y
alterations in the surface,layerlof the part. : . '

\

.
I3

In major industrics, great epphasis is placed on providing guidelines

- A
for maintenance of high surfaca quality and especially, high surface intcgrity.
PEAY

. The need for rigid coutrol of surface: incegrity has incr»qﬁud continually in

industries emploving structutal materialq at higher and hi gger strength levels,

'S




[y

With increased strength levels, fatigue and stress corrosion resistance

exhibit a marked increase in seansitivity to surface conditions ( 38 ). )
y .

+

2 N R -

~—— ' . A

To maintain high surface integrity in chip removal operations such' as .

-milling, turning and, drilling, machining conditions should be selected wi’

P
provide long tool Y/;L. In additibn, tools nust be kept sharp (1. e.yffk\suent

tool chanpg) to minlmizu metallurgical changes within the surface layer. In »
grinding, low wheel speeds: and light dhum feeds, together wi%h'the use of highly

active cutting oils, are nccessary te minimize surface alterations. Post

v .

operative nachining processes such as heat treatment, -etc., and rigid inspection,

techniques are required to insure proper surface conmdition. =~

v

~ - R -~

.
All these procedures increase the cost of manufacturing to unprofitable
°

- trd ® . . N

(ha™ . )
levels. lence, adaptive control of surface quality with the acid of on-line

A
\

measureTents és essential for econonical nrecinion;maehining. dccurate on-line
measurement Eechniques have not yek been perfected, but considerable work
has been done in this area. A studx:of tlie measurement techniques requires
a complete understanding of the standards and units of measurcmgn; used to

describe the surface geometry. ¢ £ ‘
N ) . ' . v 4
X : h

s

The surface texture irregularities consigt of three superimposed com-

ponents, nancly roughness, waviness and form errors-(Fig. 13).

W . ' . -

6.2 Surface Metrology - ) :

“Metrology is the science of precise measurement. The aims of metrology
!
i } .
are to provide and to maintain prﬁcise‘definitions of the units of the system .

B 3 .

. - . o
of measurement, to-.-decide what {s to be ﬁ%asured, to know and to control the -

3

-
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?1 ‘ ¢ COMBINED EFFECTS OF THREE CAUSES
’ -~ ) ' ’
H ™

\

-




—

T

uncertainties assocliated with the mcasurement, and to provide a meaningful,

usable representation of the measurement.

1} \
-

. - +
»

R ~ e

Over the 1ast-t§yec decades or do, the manufacturing industry has been

¢ z

-

- ‘

“incréasingly concerned with the subject of surface roughhess measurement. It

\

is the result of a realization that improvement in surface finish often leads

to improved performance and increased life. Much research has been done on
. -
the influence of surface roughness on lubrication, resistance to wear, load-
\

_carrying capacity, tool life, resistance to corrosion, fac%gue resistance,

Is \.
ability to hold pressure and noise reduction., Various meth?ds of measuring

. . \
roughness have becn used in investigations and many instrurehts have been -

]

developed for this purpose. The usual concept of roughness is sensory, t at
is, it is evident mainly to the senses of sight and touch. It has, therefore,

o~
been difficult to define surface roughness in terms of measurable Attributes,

/

2
«

. , . w
. Any machined surface will always havelsom) roughness. Abrasion pro- -
cesses, such as lapping and loning, produce irregular.and multi-directional
textures. Griﬂding, the most widely used finishing process, generally glves

a textyre which is irregular but unidirectional. Textures produced by cutting

processéshiike turning, boring and shaping tend to be hoth evenly spaced and
. R ’

unidire&sional. Each machininﬁfptqtgss has a typical effect on the nature

.

.of the surface produced. 'Heﬁce. when a speéification is made for the required

\

s&pface fknish, it is also necessary to specify the machining or finishing

' /
process.




Every surface created by a chip-removal machining process is rendered

‘imperfect due to a varletv of reasons, which can be classified into.féur orders

“ i . s

of geometrical irregularities: : . '

. T

v

First‘brdcrﬂ -Iff%kularitics due to inaccuracies in the machine tool, lack
of straightness in tha s11deways, deformation of ‘the work~ .ot
.piece under cutting forces, etc. N
’ Second Order: =Irregularities caused by vibration and chatter. . \\\\\\
Third Orher: ~Irvegularities caused by the machining itself and process v
characteristics.
Fourth Ordef: =Irregularities due to lackJof surface integrity, rupture of

material during the separadfon of the chip, fte.
. '
Not all surfaces are created by(the chip-removal process, but the above .
. , a ; , .

four orders give us some uscful fdeas about causes of surface roughness. Tne

first and sccond ofders of irregularities constitute the Wiviness and form .

-

errors of the surface, pnd may be termed macro-geometrical errors. The third
.:) o R

. t . . R
! and fourth orders of imregularities coastitute roughneéss, and may be termed
v . . \ 7

e ~ i
.

.o o
micro-geometrical errors.

- f - H
B ~
.

PR
The firgt prublem associated with any system of surfdace measurcmeng is

that of selecting a suitable reference from which the measurement is to be taken. *

Two possible references seem automatic cholces: -

.
’

a) In order Lo draw a straighé line through a set of points defining the\profilg,
one should apply t?e prinéiple of lc§st squdres so that the reference line nay be )
\ regarded as the line which reduces the sum of the squarés of the deviations to(g
minimum . This is called the mean line, and-it divides the section {n such a
j\ *way ihat Lhé‘sum of theareas above and below {t are cqual and & minimua~

[ 4
.




b) A line touching the peaks of the profile, that is an envelope line which

defines the macro-geometrical form.
. /

These two systems of drawing reference lines in order to assess numerical
values of s;rface roughnesé are called the M-System and E-System tespectively.
The advantages of one system over another is not a ﬁaCCer of universgl accord,,
‘however, and therefore, both systemg have been in extensive use,

el
G

DY

M-System

It is clear from Fig. 14 that a mean line through the whole section AB miy not

give a very useful representation of the surface roughness. A better indication

P

will be obtalned from the average of a number of consecutive samples of length L.

Congider Fig. 15, and let the curve-describing a sample section be in the

v
original coordinate system (xl’yl) - conveniently defined by a stylus probe

typé instrument., If the area bounded by the curve, the x — axis and the sample

length ordinétes is measured to be A, then a line ab can be found from the relation-

ship a = A-, such that the sum of the areas above it is equal to the sum of the
_: ) Ll " - , K
areas below 1it. T ’

[

- . o

Let the shaded area lying above ab bé Ai'. Now 1if the coordinates are rotated

fﬁrough an angle 92 to give a new coordinate'system (xz,yz) » & new line ap b2
? ) ;

may be found which will have §n?area Ay lying above ii. In this manner, a series
of vélués for A corresponding to a geries of values of © ’ may be found and by
, .

graphical interpolation the value of g which gives the minimum area A, may be

determined.
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_rough-machined worhpiece.

. with graphic representation of the parameters used.

.\ ] . \‘“ T -

- ’ .
zx”". N - 57

i ’ T - .
This ‘procedu“ is obviously tedioys and will present difficulties in

mea-s.g'.urement:= and computation. Consequently, the definjtion of the wecan line
- <

[
- B

is frel&&i to that of the centre line, which is taken to be parallel to the
N - *
: 8 )

gen_ieral digectio'n‘bf the profile, and such that the sums of the arecas contalned

beitween it and those parts of the profile which lie oy either side of it are

.
- TS
i

equal. " Y ) !
. ,‘{) . . ) \
l:l) '
= . *9‘ -
In practice, several rbughness weasures have been found to be useful and have
: NS L
been utilized in suitable apglicatioms. Broadly, these are: - \
PRV . .
) ’ lpﬂ.’f:i ) '
a) maximum peak-to-valley "u‘,g‘&gnt ' s \
A :
b) average roughness }’ )
¢) form factors and bearing curves, )
Maximumlpean tu valley seight Ry K g

I . . -
i

B ‘ « .
This= i3 tne simplust measure of roughness, but it is an incomplete definition,
e ‘g' ' 5 o - ,

Fig. 16 represents twec surfaces in which the total hedght of the irregularities jis
o . - L

the same. @ .

lowever, this is a useful measure for controlling the cost of findshing a

i . z

¢

Average Reugnness . ' \ - |
Wy ¢ N

- a

The rost widely accepted f«ﬁr'itcria have.becen the arithmetical average
: WA . -
deviation ol tne points in the“sectidn from the ctentre line and the root mean square

L L} -
deviations from tne centre line. The gdeviation R: is called the "Centre-Line l
' < : ) A

value.., Fig. 17 shows a NS sanple section of a surface profile

Average' or CLA

3

. o



FIGURE 16, MAXIMUYM PEAK TO VALLEY IHEIGHT Rt ' \
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RIGURE. 18" THO SURFACE CONTOURS NITH THE SAME o .
' . AVERAGE DFVIATION R . "
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The|centre line average deviations are defined by the equatiohs:

L ‘ :
R = -1-/ ] o n J '
a -

b -

_ - hv 5 )
RS Average 4 N
: 0

-
v
a

™Many earlier surface measugement systems, emploved the tracer method, -

Arithmetié-Average

r'lv-*

yielding-the root-mean-square average. On d given surface, this value would be .

e -

épﬁrqximately 113 greater thaq the.arithmetic deviation.

-

: : R : N

¢ i H N ~ I
The arithmetical average deviation has been favoured.-most because it -

-

‘presented the least amount of measurement and computation problems.

$ o ‘

- ) ) 3 ) g
‘_;;§ZE>QEE:Sds, unfortunately, do not indicate the actual profile of a’
A ! @

surface. A sinusoidal surface would gfye the same reading om a- '*HOhnets neter

v

~

as- a8 surface consisting of a series ol sharp cusps as shown in Fig. 18. . But

tﬁg%p-3urfaces can be expected, to have quite different mechantcal properties.

An obvious improveﬁent over this simple average type oforeading is .to display the
a - : '

A

How accurately this can be done so

’

that an effective control action may be takem, is however, a continuing problenm,

. 3
- + .

- ‘o
. ]
il .

Form Factors L

profile of the surface in graphical foram.

The load;carrying‘area of a finished surface is generally uwucit less than is

X N

m,

gpparent. Forpfactor is a measure of this characteristic and is defined as

K = Area of metal -
Area of enveloping rectangle

\
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- N This, is determined by adding the lengths a, b, ¢, €tc., at depths ’
A » 1 . > ! -

b - ~ - * ' .
T .. area which recomes ‘available as the peaks ar&dorr away(Fig.20). o x
w L L e
N R AN N . \\ v
i . ‘ \~ ] _‘; . &’. N .
. \ ot ‘ . T~
Otber. Measures . : vy, - ~ ] ~
. . - ) . i a-“ v
N . : ‘. e, ,‘./ ' * k'
- "f‘ N .\ - 33 ""-/ ’7 B . . . ‘r
‘ - ~ ~ ‘— ) so- 1
: . A Seggral varfations of the~GlLA'measpre are in usg in differemt
. com‘gtr;les_. Féor exa.g:pl ho .\ccomf.,ndat‘ n qu8(1966) pdves the Ten-—'omt
Y ..
‘ Height R as a useful ménsuz‘e Uﬂr.g.,.-l), w‘mere the mean dif; rence is taken -
4 . . w7 ‘* . “I\‘ Lo~
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oS AN v In Germmy(DIN 4762), maximum peak-to-vallev heifiht R, within the

¢ . ’ o

sampling lo™h is used as a surface finish measure within short sample

v

AN < ' ~ . N ) H “ e
;0 ‘lengths. ' 1 . e
g A ) . o .
< [ v v -
. ‘ " ) . - ) 1y ' N
N . The Swedlsh nmethod is baso m neak :md valley intercqpts, as shown,
. ' . ' - a » ¥, . I \ -
o in Figure 22, The mgasured value B g 18 such that SJ’_—_. -2—‘0, and - 2‘«'.. 0"
| - ; . .. , S ' . N
B . - . o e a -
\ . e . T . . .
: JUC TN ! a - A -&‘“ » -’ i
L o Since none of these measures descr;,bé‘*i’chc actual ’profile of a surface,
" ’ " ‘e . : ' :J'-‘ § [N “"""J "Q. '.ﬂ" L
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! ’ .J." N .a. . N : ® ',
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L Thy assessment of surface .roughncs:‘by scylus methods has beeq in use

. ® e
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The most commonly used type of instrument for measurement of surface
fy ' _/ }

finish has been one in which a pichk-up carrying a sharply pointed stylus is
traversed along the surface by a wotorizedl drive. Vertical movements ot the

Cm ' ' \
stylusg relative to a skid which is used to guide the pick—ug over &neayorkyiece,

-

are converted by a transducer,into corresponding’ changes in an electric signal.

These changes are then amplified and.used to drive a étrip—chart recoxder,

1
¢ . n
. L) .

-
v

»

As long as the tip of 'tife stylus i3 gmaller tinan the smallest surface

. ’”

irregularities, it would faithfully rcprodhté a magnitied cross-section of the .

surface profile. But in practice, such a small stylus tip is hard to produce

o«

. 1
. and consequently the accuracy of this measyring. technique has been restricted.
q : Cy 1 q

LA
2 G

‘e
2

>

accurate referwnce line while sliding.on au 1rrugu£i£,p¢f?acc.

-

5
»

v 1)

\

’
Moreover, tie said or shee supporting the stylus may not produce an

Many difterent

N

shapes of skids and g varietyrof skid-stylus mechanisps havey been de%gloped to

overcome the problea.

~ and nodt a true reference,

-

. which measures “the deviation

14

b

‘he skid or the shoe, however, prov

If lorg range variations in the surface macrostrugture

.

with respec¢t to a fixed reference line instead of thre

o

*

v

4
_are desirdd in addition to surface rougimess, it is obtiained by the use of a device

v

.

ides the surface reference

2 ‘

skid.
] . oy, . 3
. (
E-System e , S )
. . . - l
In Lkurope, interest”in the.envelope line of the hctual suﬁface as a referdfice
1 " ‘ ~ - .
4 . i
5 .
line has grown to a great extent. It is claimed that 1t constitutes a more sa=
tisfacﬁiry tpference than the CLA systed: - ,
’ , . ot h Ty
» - . f »
,' . - ’ ,l ‘cs. " t
A d \ .
L v 1 b ]
\ N 3 - "" -
—— PR >~




' 4 . N

. In the E-system, an envelope profile traced by airolling circle of specific
- N v s . . -
radius is used as reference line’ This procedure is extended furt.er for they

.

. dgfinition and wcasurenent of waviuness and forw errors with an appropriate value

.

for the rolling circle in each case. In such a system, the separation of roughnuess

A -

. ° A
- from other crrors, is controlled sclely oy the shape of tie reference line pgoduccd

. .
D

by the®rolling tircle. hws the value of the rolling cirdéle radius *r has to .
’ . ' v . ' ‘ b
be standardized,with care as being the most important j);z§:?2er in toc neasurement ’
’ : . . 0 \
_of roughpbss under the E-system. -

&

o

€ -

directions of appreach ot the rolling circle
which shows that the envelope protile (o) tor direcfion of appraach 'y, differs

(ruﬁ‘:he envelepe grotile (1) for dizeciion of apptoaih-vl.

The surface profile

N . : - P . . .
is produced by an iastrument wiich fises thie X and Y’coordinates by directicas .

-0f the movements ot the instrument and tue position of the envelope ia these
' ?

coordinates is fixed by the position of tne work. Curves of this kind would not

’

indicate the position ot tue actual surface relative to the itleal surface. The

-

—

best that can be done is to replaFc the ldeal su:facc\§y a line passing tnrough

.

\\\\ the total lengtn of *the actual profile. This {s hardl;\a more. refined grocedurc

than Lhat'aduptcd for placing the centre line fu the M-systeam, However, if the '

1 . b 3 ° 'c 2 - ’ < &
X and Y coordinates can be fixed with cectainty und {{ an optimum roliing carcle
H - w i . ) .
radius can bLe selected, the Devvsten provides a -faivly siwple way fov providing,
. , +
|
a description of the profile,, -
: : 4
R w4 °i N
- 1] i} ¢ - v
o . . 4'4 ’ <
y ‘ . . s
< " bl N N
- k Q - N
@ I‘ * . -y, *
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ENVELOPL SYSTEM

- FIGURE 23.
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o” B s _ . ~ny
/s various methods of statistical -analysis of profile envelopes have been .
. Ly ¥

- et
a

introduced with the help of digital computers (15). _®dr such an dnalysis, -

: - !

1

surface profiles are normally traced wita a stylus using a fixed datum aCCachmenc,{

and/the data obiained from the instrument are digitized for storage. A typical .

’

ogramime would compute envelope profiles with dif€crent rolling circle raga i,

. - . .
selecting those peaks which were linely to influence the envelope. Various

-

o

roughness parameters are then determined according to the E-system. Fig. 25 .
.

. ; - (L , Sy . .
deplcts a typical turned surface profile with envelope profiles obtalned witn {
! > - kg
-

different rojling circle racii: { 29 ). . ; ‘ ‘
S : .
\ 4 ? y a -
' . ’ Ll N

- B '
-

¢ It will be noted from Fig. 25 that the envelepe clrcles are not pertect
* > hd . “ M
circles but Jdistorted to some eitent. Commertially available instruments provide

[ different scales of vertical and®aorizontal magnification since actual vertical
¥

-

~deviations are extremely s;all compared to sorizontal distanﬂes. Tlue rolling

circles are, taerefofe, distorteu into elifpses and the arcs touching the peaks
of a profile curve become arcs of an cllipse.“..

Al . ‘ ‘

. N
' \\ , . -
-~ s . Al i ’ > /
Comparison of "{" ana "£" systems : . . /
. 13 " (%,
R . “y ,

(&3 A

.
?

v ;
A strict comnarison'of the roug:ncss/values obtai1:i.{n the "M" and "L

systems is not simple. The irregular naturc‘of the profildg is mainly respon-

»
'

sible for the problem. Yowever, the most suitable parameter for comparisoch is
; 4 i

i
r

the'Ra value. A condifion,has to be found fof.obtaining the -same Ra'valuc in

=3
@ . RS !
> hd <y .

both systems by selecting a suitable meter cut-off and envelope radius. Yeter
bl

S

cut-off or wavelength cut-off is a convenient repfesentation of sanpling length

-




- ‘ r

- g *

and stanﬂard values recommended in British §Eﬁﬁdard BS 1134 are 0.003,

5@03 0.10, 0.30 and 1.0 inch. Usual cutZoff values in. international

t!j . ¢ % . /

‘ " - - i .
stanQards are 0.25, 0.75 and 2.5 tm. From -experiments, 0.03 inch.and 0.75 mm
-4’ * “( 14
have been found to be most suitable for a wide range of surfaces.

+
-

’

For comparison purposes, aM values may first be fOun;*;:>\u ﬂ;ofilu

: A ”

centre line for three cut-offs, e.g., 0,25, 0 75 and
<,

af ter computi the

)

-~
———,

. ' - ,
2.5 mm. Then thg 5,? values are computed for the profi}c with diffrent envg-~
Q' ¥ -
lope circle raa 14% . From these R and R _ values for the profile, an tnvelope
4 al d

¥
rd

circle radius r‘pxan be found for each cut-off which-gives the same Ra value,

k)

-3 .

»

This ‘experimong sﬁould be carried out on a large number of profiles in order to

4

obtain meaningful results. One such experiment has given the practical optimen

cut-{ff and T, values as 0,75 mn and 3.2 am rcspcctiygly(29 ). It has also been

g
t -

found that the effective separation of waviness taces place at or neay the opti-
2 . .
. mum envelope circle radius,
Is oot

Coag

round surfac%/(;ofile, together with itb "M oand "E" systenm Lan lines
} /’ I »k
is shown fn Fig.26. The “E" system mean liﬂL is obtained by shifting the envelope

by an amount h (F13.-3) The "M" systernt mean line is obtalnlg when th%:measu:ed .

signal representing ‘the profile is passced through a RC filter which eliminaté?/

»

the lower frequencies constituting the waviness. The amount of filtering will
, 1
depend on the cut-off value selected for the {ilter. 1T the cut-off value is
t )

small, the mean line will be closer to the profile, but as the cut-oft ihcreases,

L v .
the mean ling becomes smoother. With infinite cut-off "a straight mean line should

e

0 - ' Y * [y
be obtained. | f |




e -t

Y
it
.

|

|

|

.

|

o

!

BN

‘-

|

‘,.M

|

i .

1
4
:
s
=3
.
.
'1
:

A — M-SYSTEM | y
MEAN LINE. |
‘ (I
A v "
i, i N - i

l L~-SYSTEM '

MEAT LINEN

FIGURE ‘26. M-SYSTEM AND E-SYSTEM MEAN LINES FOR A&
T GROUND SURFACE PROFILE « 29 )

i / .

o Cut-off 0.75 mm r_ 3.2m |/ !
‘ , *

\5’ . Magneficdtion V- 8000 H 100 :

.
- . o
s ~
2 4 K ~.
% ! [y 14 -
a .
A}
?
. . i
4 . '
2 e LY i
. EE o &
. H » '
. - o
L] ,r . - »
L'




L - | " 70

;‘__“s-w.:\ux—'&ﬂ‘f;?‘\N“N.\w‘m“m“'"““"‘mm\,*-*--i.f“._,\ - 3 — )
s " CHAPTER 7
. ' ~// " '
STATISTICAL ANALYSIS OF SURFACE FINISH
- ’ ’ \ f L

7.1 Introduction

. i
I't has been rccognized for a number of years that a sinﬁle rougimnuess
c L4 K .

«parameter cannot effeetively Jescribe the surface characteristics. It was ©

. e — .

N found necessary In the automobile industfy not only to apply limits to R‘1
- ' »
’ but ad=so to classify the type of surface from Lts prefile ( 25 ). The
1) , s .

o : - ! .
. American automobile engincering standard SAR ﬂ?ll speciidcation for.sheet

steel calls for a control on the peax count per unit lengih of surface( 28 3..
IR ,
* L 4
Others have suggested measurement ol openness or ¢loseness of surface texture
’

’ :

on automebile sheet gteel bLodies in addition to specifving Ra 423). ALl
' o [

3

’ . o p
endations broadly point toward the need for an analvtical description

-

h . b -.
of thc‘prgfilc based on the random characteristics of all surface profiles.
! L 4
K
: , ) . )
. . ! , !

~For analvtical plrposes;-a spriggé\grofllc is separated into two
LRI ; ) - g

components. One is a function of the roughness height or amplitude of the
* R

, waveform. The gther represents the toolmirk spacing or wavelength. Statis™
tically, these two compeonents of the waveform may be described by amplitude

v : il é
distribution and auto-correlation function respectively.

‘ » ,

. 7.2 Amplitude Distribugion T

i 4

~ The amplitude distriburtion is shown in Fig.27, It is determinead by {
¢

plotting the number of ordinates which occur at diffedent levels through | i

2
e

-
the surface, and for manv practical surfaces the distrioution is Gaussian

(Fig.27a). Me of the fcatures of the distribution curve which cannot be
, <\ : .
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¢ 4 !

. . measuredby the conventional stylus-probe type instrumefits is the skew of
. . ' r
the curve which may be secn by comparing Flg.27b with Fig.27a. A good app-

. B

rox{mation to the anount of skew may be obtained by taking the diflerence

¢ - 4
_divided by R to normalize the result. ' : . .

. 4‘ . L .. . N

e ;o

s \‘.:", A

°Lj§qne of the standardizeds parameters which shy by measurpd from the
2. 3

- 1
» ~ v
g P

AY
&
‘ dmalftudé distribution can take account of yavelength, and it is ncw zene-

{f rnﬁlv recosnized that 1nfornation related to,&avelenng is of great lampor-
: r' )
NP RY

. tanae in sugface roughness bc;qurcn;nt in Orqu to predict the behaviour of

N “ &J

[

the surface under load. Statistically, this may be obtajined from the auto-

“

correlation function. v ’
. - ¢
. . ’ ‘f L .
[ , .
7.3 Auto-correlation of a Profile - :

v v

measured prof fle amﬁlithdcs f(x) on f(x +p) where B is measured along the
. - - & ) ac .I . e

surfacé. In other words, A(p) 1s the’ expecteq value of £(x)f{x +:g) averaged

‘ _&p/fample le h L;L ooon

. L . -

N ,“ Acp) 'L f(x)f(x-*p) dx
0

As 1L tends to infinicy, the averuage tends to the true auto-correlgftion

-

A maximin value at the

, . ‘ ao
”~ | oo

.4 ’k- .
function. A(p) is always a real, even function win

‘ . Fi ..8 shows two correlograms of surfaces’ pdgkuc :d by Jdifferent machi~

between the average peak and the average valley measured from the mean line,
P -

The wuto-corréTetion function A(B) characterizes the dependence of the

{
[
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R
. ning processes. Correlograms show the degree of correlation or dependence
~

‘\ -.0f one ordinate in fhe profile on others at given distdnges B {rom {t.
' - " :

¥

" . } .o . . . ' ‘

. .~ 8

. ° LY
The auto-correlation functions of the "M" and“E" system mean lines

" in Fig.26 together with that of the profiie are shown in Fig;%9. It shows
. ’ - B
/yﬁat the randomness lnvolved in the{méan lines is not as high as that of

4

" the profile. The longer waves separated by filterxng arc shdwn in, the
"\
" correlograms of the mean lines. As the envelope®is contra led by the few

) +  proninent peaks of tile’ sunface profile, the remarkable “cointcidence between

the waviness of the envelope and that of the mean line indicates that cven

ey . 8

in’ the case of random profiles without any periodicity, the waviness is
clearly deternined by the prominent peaks. Of course r should also be selec-
. e

N .
ted in such a way that ‘the envelope nakd contact with those peaks which

control and define waviness ( 29 ).

L

. . N = //"
.

~

7.4  Power Svectral Density and®Average Wavelength

»
o

. The frequency distributiéﬂ of Qhe suxface may be obtained:f}om a
éorrelogram by taking the Fourier transforg of the autb~-correlation functiont-~
® q ‘ R y i
" Pw)= 1 A(R) Cos (wx)dx wher w an -
. " i 47\ N

R *

P(e)) is called the Power Spectral Density or Power Spectrum,

0 - +
1 1

~ . . - o
e Ay

an extremely powerful and practical control paramcter was suggusted

. "

(//F~E}\ngaﬁ" in 1968 ( 39 ) and later developed by Spragg and Whitehouse ( 28 ).
A , . ,

It is the averape wavelength Aa which may be found by taking the_ ratio of

P
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. “-\xagld furtrcr refine the transfermation of the signal. Figures 34 and 35
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“sigral* from the transducer wust be condiriored. By using a passive peax

Qunlity Comparator (SfC). It operates wiah a high inbvns?tv light qourcc toe
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When this movement is restricted by a surface, the sinusoidal
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F{GURE 34. PASSIVE PFAK DETECTOR AND : :
FILTER ASSEMBLY CIRCUIT

) ._...——-——-- (T :-~--—-———————,—&-{ : L \// - ) ’
) FILTER o S B '
OSCILLATING . ) * .

STYLUS

. M Sty " RECORDER ¢

Y . ' T A ’ '
A 1. ’
PROGRAMG COMPUTER - ...:.__{:].____._ {—}f}_ o ]
' ' MAG. TAPE PAPER: A/D , ' .
L . S LU.TAPE

. DIGITIZER )
'STATISTICAL. - N ) .
% RESULTS ~ ‘ C e '

. . »
- . )

.
FIGURE 35. OSCTLLATING STYLUS SYSTEM
BLOCK DIAGRAM . *

Pz

* - ’ . “ ‘
: J/‘ - ok ‘ ' R
» . "N J - —
) {‘l ’ ' ) . E . :

. .o . e
AW - .




-
P

3

- 1
" g » . ¥
su"fjface and is mechanically chopped !

1

po

ot

-

The neax

3 B
-

© the

.

- - . Y,
face finis=n.

- it fomal s ithen digfeized

[«

by

is detected by a nuotecell which

L]
intensity distribution siynal, and is

*
12
a motor~driven slotted disc

serves as tae signal s;mrce for the
)

. . . ‘ ) ]
clectronic circuitry. N Lo
! Ay A N
1 -
, 4 - . @
Y g e oy VS QD Yo vy 3 %4 « 1 NP —
v The circurtry nrocesses the signal a® produces a voltapewdropor
! . 2
4 7 T .
& tional to the surface finish, i.e., th% smoother the finish, the larger
4 i v .
o~ i . . i , L. ‘.
. Vo the voltaze gr the outnhut of SCC, The shape of the photocell siynal depends
A B ) N .
| LA s - . ‘
; - ’ . : . - Ca . : s
upon the tyoe of surface. The sinal is first differentigted, ziving the
!/ W L N . .
Wdaht ntens.tv.distribution across the reilected licht beam. Maximum slope
aoe : : o ,
N of this signal varics with surface ‘inish. ‘After a sccond differentiation
. ( o 1
. ,%\U ‘ ) A .
é’ a signal ptororticnal to the slore of the intemsity waveform is produced.

: P N ./ . \.'
arnlitude »f thas sianal is7proportional to the steepest mlope of |
. L]

thus 1 direct indication or sur-

I

<.

& - L4

puter, wivre it is compared to a siwnil Jepresenting th‘:‘ on=1ine estimated
v

£, . ' T
Ntthe nertorrance ressurem nt function,
“ i
- .
i !
A
e , She design o

provided the macuining cperation tim

. +
4

But the maior nroblems with clectro-ontical messurement

rcf‘lcétivii;’ and hirh sensitivity of

tion.and chatter. :

e . . C - . } .
surface finiun., (he deviatjion is used as a basls of updating or training

.

N <

the system i85 also sulted ror oa-line adaptise control
[ \

worthwhiile,

Y

+ ia long .'*Jnrw,h to make Dt
~

, )
the opticdal device

are varying suriace “-

. - f
to tven minor vib$a~




|
;
; y
G e )
MGH INTESST o ~ PIFFERLNTIATOR ' -
: LIGHT ,, SOURC RERTRUEDN B 4 AMPLIFIER -
. ) exorocriL : X
: _ A STGNAL
‘ S -t [ SFCOMND
, . .DIFFERENTIATOR ,
: oV
h Y N D=-S 2
f ., uam : It
. COLLIMATOR 7 PHOTOCELL, | L -
\' > - ! K3
o ‘ ‘% e . ) rEAR-TO-PEAR. .
: {4& ‘ s yt==] AMPLTFIER ;
: - - IC » :
- ' VOLTMETER
. I _J \ I N '
, 1 M
mmyuc& CHOPPER .
. WHEEL, ’
. FIL*B'). "SURFACE OUALITY COMPARATOR' SYSTEM °
1 - N
. FIXED I BEAM  TORSTONALLY )
MIR@R SPLITTER  USCILLATING MIRROR g y . «
-~--—-r-:____’ P "D
: (2 ja p - -~
* N 4 ‘
b * - - /I ",: ;Y
‘ '7 ',[ < 1
. { >
[ -~ ~
BEAM vumst{r VARTABLL e LARGF LENS
‘ EXPANDER APER= (ST APERTU N
TURF, . ' - 3
! -
R ' E t N REFLECTED LIGHT SCAPITRED .
- L . twc DR rvm THIS APERYURL REACHES
~ LASER ] DETECTOR. \
; 4 \“ ! 7 uapETFCTED '
. ~ pHoTO B\ /AN LIeHT : .
} \  DETECTOR j BN s P
AR ) . : e MINEAR $ -
. SUBSTRATE
. ‘ , . MOTTON,
oy - - .
.‘f'( ~ . [} B ~
i FIGUR 37. “FLYING KIGHT SPOT" SURFACF _ :
"t . ro TNSPECTION SYSTIM i P T
o L ' , v ‘
R i e —
14 - '
. ’ ' “ ¢ '




' \ \ BEBIIST pag ) ‘ | 87

Sore compensation (agabast vibration is achieved by-mounting the
S , .
trument dircetly en.the tool base, but the tool-workpiede vibration will
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still affect tue reading. “his vibration can Le reasured and autonatic cor-—
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gill it nupersade.all ‘other mcphods. It is useful when re%ulty from non- |
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contadt methOQb urc'essghtia‘ or unavoidable, or when it {5 fore ix pcrtant S .
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: The basicfimgtrument confipguration ¥s shiown in Figure 38 ( 35 ). { i .

~

, o, .
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1s diverted to a fixed reference reflector and. the other half continuas Ry
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