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INTRODUCTION 

Elec t rochemica l  machining (ECM) h a s  been i n i t i a l l y  deve l -  

oped t o  machine a l l o y s  which a r e  exceed ing ly  t o  machine by 

convent iona l  methods. I t  b a s i s  i s  t h e  phenomenon of  e l e c t r -  

o l y s i s ,  whose laws were e s t a b l i s h e d  f i r s t l y  by Faraday i n  

1818 - 1824 (1 -2 ) .  

However, ECM t u r n s  o u t  t o  have been f i r s t  proposed i n  

1929 with t h e  b a s i c  p a t e n t  of  Gusseff  ( 3 ) .  Moreover, Burgess  

( 4 )  i n  1941 p re sen t ed  a  paper  o u t l i n e  a  number of p o s s i b l e  

ECM a p p l i c a t i o n s .  I n  1 9 4 6  e l e c t r o c h e m i c a l ' c u t t i n g  o f f  mach- 

i n e  was d e s c r i b e d  ( 5 )  b u t  t h e  a p p l i c a t i o n  of  ECM methods f o r  

a c t u a l  machining seems t o  have been f i r s t  p u t  t o  g e n e r a l  u se  

about  1950 i n  t h e  form of  e l e c t r o l y t i c a l l y  a s s i s t e d  g r i n d i n g  

( 6 ) .  I n  1959 ECM was pu t  forward i n  t h e  form of a commer- 

i c a l  appa ra tu s  f o r  r e g u l a r  i n d u s t r i a l  a p p l i z a t i o n s  by Anocut 

Engineer ing company of Chicago ( 2  & 7 )  . 
Since  t h a t  d a t e  l a r g e  numbers of  p u b l i c a t i o n s  were 

e s t a b l i s h e d .  Thus, t h e  need h a s  been f e l t  t o  rev iew t h e  

s t a t e  of t h e  a r t  of ECM. Two main a r t i c l e s  of rev iew have  

been publ i shed  s i n c e  1977 ( 8 , 9 )  . Both t h e  two were devoted 

t o  ECM p r i n c i p a l s ,  dynamic fundamental of t h e  p r o c e s s ,  elec- 

t rochemis t ry  phenomena, e l e c t r o l y t e  p r o p o r t i e s ,  d i s s o l u t i o n  



k i n e t i c s ,  t o o l  d e s i g n ,  xachlr.ed s u r f a c e  n a t u r e  and ECM 

machinery, a s  w e l l  a s ,  b r i e f  d e s c r i b t i o n  of bo th  p r a c t i c a l  

a p ~ l i c a t i o n s  and i t s  t h e o r i e s .  

Thus, and a t t empt  t o  review ECM l i t e r a t u r e  r ega rd ing  

i t s  p r a c t i c a l  a p p l i c a t i o n  and t h e o r i e s  was impera t ive .  

The o b j e c t i v e  of t h i s  paper  i s  t o  demons t ra te  the s t a t e  

of  t h e  a r t  of  ECM r ega rd ing  i t s  p r a c t i c a l  a p p l i c a t i o n  and 

t h e o r i e s .  

Because t h e  r e v i e h  of ZC:: I l +n r?+_ :~e  y i e l d e d  a  l a r g e  

nur h6 r of papers. TWO separate papers were prepared covering the topics. 

I : . leor ies  and a p p l i c a t i o n .  

11- Surface  s tudy .  

l'he most impor tan t  ECM modes a r e  d r i l l i n g ,  g r i n d i n g ,  

CU:-ting o f f ,  broaching,  w i r e  c u t t i n g ,  debu r r ing  e t c .  

1. CAVITY SINKING, HOLL 3RILLING, AND BORING 

Many t h e o r i e s  havc been p r e s e n t e d  f o r  ana lys ing  such 

p roces se s .  Konig e t  a l .  (10 )  showed t h a t  t h e  s i d e  g a p  i s  

dependent on f r o n t a l  g a p ,  t o o l  c o r n e r  r a d i u s ,  e f f e c t i v e  

t o 9 1  l a n 3  and working parameters .  Moreover, a l l  machin- 

ing  c o n d i t i o n s  were d i s c u s s e d  r ega rd ing  t h e i r  op t imiza t -  

i o n s  with t h e  h e l p  of nomograms. wn l i e  I n  anocher  p a p a r  

an i t e r a t i v e  ne thod  was used (11 )  t o  o b t a i n  t h e  p r o g r e s s i v e  

wcrkgiece con tou r  a f t e r  an e l emen ta l  t ime .  Also  Konig e t  

a i .  ( 1 2 )  i n d i c a t e d  t h a t  f o r  s h a r p  c o r n e r  t o o l s ,  the p r o f i l e  

of t h e  s i d e  g a p  i s  p a r a b o l i c .  

Dei tz  e t  a l .  (13)  i n d i c a t e d  t h a t  b e s i d e s  t h e  paramet- 

ers d i scus sed  by Konig e t  a l .  (1 0 )  , it i s  neces sa ry  t o  t a k e  

i n t o  account  t h e  a ~ o u n t  of hydrogen a s  w e l l  a s  t h e  e l e c t r -  

o l y t e  p r e s s u r e  ( 1  4 )  t hey  d i s c u s s e d  t h e  de t e rmina t ion  of 

the s i d e  yap by r e p l a c i n g  t h e  c u r v a t u r e  a t  t h e  c y l i n d r i c a l  

t o o l  bottom by a  t angen t  polygon c o u r s e  and t h e  a p p r o p r i a t e  

g;p layas determined. 



I p p o l i t e  e t  a l .  ( 1 5 )  p r e s e n t e d  a mathemat ica l  model 

f o r  t h e  de t e rmina t ion  of t h e  workpiece p r o f i l e  and cons- 

i d e r e d  the p roces s  independent  v a r i a b l e s  t o  be  e l e c t r o l y t e  

condu= t iv i t y ,  v o l t / f e e d  r a t e  r a t i o  a n d  t o o l  l and .  Note e t  

a l .  (16) found t h a t  even i f  u s i n g  a  non - in su l a t ed  e l e c t r o d e ,  

a  s t r a i g h t  h o l e  can be ob t a ined  when u s i n g  a  sodium n i t r a t e  

s o l u t i o n  and t ak ing  i n t o  account  t h e  amount of oxygen evol -  

u t i o n .  Noble e t  a l .  (17)  de r ived  a  s imple  mathematical  

approach f o r  e s t i m a t i n g  t h e  r a d i a l  c v e r c u t .  Based upon 

dimensional  a n a l y s i s  t h e  importance of t h e  r a t i o  between 

+ h ~  f e d  r 2 C 0  a ~ d  f low r a t e  was i l l u s t r a t e d .  The i r  r e s u l t s  

showed t h e  b e n e f i c i a l  e f f e c t  of u s ing  a r e v e r s e  f low sy* 

tem f o r  improving both s u r f a c e  f i n i s h  and d imens iona l  acc-  

u racy  . I n  a  r e p o r t  p r e sen t ed  by PERA (18)  t h e  c a s e  of a 

square  unrad iused  t o o l  was s t u d i e d  wi th  t h e  o b j e c t i v e  of 

determining t h e  magnitude of ove rcu t .  I t  was concludea 

t h a t  t h e  r a d i a l  ove rcu t  could  be d e f i n e d  a s  a  ' funct ion af f r -  

o n t a l  equ i l i b r ium gap and t o o l  l a n d .  D e  Bar r  e t  a l .  ( 2 )  

and Kawafune ( 1 9 )  used analogue models of t h e  e l e c t r i c  

f i e l d  t o  p r e d i c t  t h e  workpiece goemetry,  T ip ton  ( 2 0 )  s t u d -  

i e d  t h e  use  of  t h e  "Cose 9" r u l e  f o r  p r e d i c t i n g  the w o ~ k p -  

i e c e  p r o f i l e  dur ing  e q u i l i b r i u m  s t a t e J .  While the a n a l y s i s  

worked o u t  by Thorpe (21)  proved t h e  i n  adequacy of  t h e  

"Cose 8" law e s p e c i a l l y  when l a r g e  c u r v a t u r e s  were handled .  
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Also Thorpp ( 2 2 )  presen ted  a  mathematical  model 6 f  t h e  s i d e  

gap  k inemat ics .  

The v a l i d i t y  of an e l e c t r i c  f i e l d  approximation model 

t o  o b t a i n  t h e  gap  p r o f i l e  was d i s c u s s e d  by T s u e i  e t  a 1 . ( 2 3 ) .  

The e f f e c t  of machining c o n d i t i o n s  on the s t o c k  removal 

r a t e  and product ion  accuracy  of produced h o l e s  i n  hardened 

s t e e l  and Widia was i n v e s t i g a t e d  by Ahdel Maksoud ( 2 4 ) .  

J a i n  e t  a l .  (25-27) p re sen t ed  t h r e e  n o d e l s , c a l l e d  m d i f i e d  

ECM theory ,  f i n i t e  element t echn ique  (FET) and r e s i s t a n c e  

model f o r  p r e d i c t i n g  a  squa re  d r i l l e d  h o l e s .  A p a r a m e t r i c  

s tudy  which h i g h l i g h t s  c e r t a i n  g u i d e l i n e s  f o r  t o l l i n g  was 

a l s o  involved.  K l i n g e r t  e t  a l .  (28)  used a  t r i a l  and e r r o r  



procedure t o  o b t a i n  t h e  workpiece shape wh i l e  u s i n g -  a  

numerical method t o  s o l v e  t h e  f i e l d  e q u a t i o n s  f o r  two 

e l e c t r o d e s .  

Lawrence ( 2 9 )  d i s cus sed  t h e  p r e d i c t i o n  of t h e  t o o l  

and workpiece shapes us ing  an approach based on a n a l y s i n g  

t h e  p o t e n t i a l  and c u r r e n t  d i s t r i b u t i o n  i n  t h e  inter-.sleet- 

rode  gap. Nanayakkara e t  a l .  (30)  recognized  t h a t  t h e  

c a l c u l a t i o n  of t h e  shape produced by a  t o o l  o r  t h e  determ- 

i n a t i o n  of t h e  t o o l  shape was n o t  ea sy  t o  f i n d .  

The work r e p o r t e d  by Maeda e t  a l .  (31)  r ega rd ing  cav- 

i t y  s i n k i n c  o p e r a t i o n s  i n d i c a t e d  t h a t  t o  o b t a i n  sma l l  over-  

c u t s ,  high c u r r e n t  d e n s i t i e s  and low working v o l t a g e s  

should be a p p l i e d .  Moreover,  K u r a f u j i  (32)  s t u d i e d  t h e  

main parameters  a f f e c t i n g  t h e  r ep roduc t ion  accuracy  with 

p r i s m a t i c  t o o l  shapes i n  p a r a l l e l  f low methods. 

An ove r  s i m l i f i e d  assumption was adopted by Ghabr i a l  

(33)  f o r  t h e  p r e d i c t i o n  of t h e  processed  shapes .  Compar- 

i son  with p rev ious  a n a l y t i c a l  and exper imenta l  r e s u l t s  

y i e lded  widence f o r  t h e  u s e f u l  a p p l i c a t i o n  of such s imple  

approach i n  p r a c t i c e .  

The ma jo r i t y  of t h e  a n a l y t i c a l  models d e s c r i b e d  above a r e  

based on s e v e r a l  assumptions.  However, a  new term c a l l e d  

c o r r e c t i o n  f a c t o r  was i n t roduced  by some workers  a s  fo l l ows :  

Die tz  e t  a l .  ( 3 4 )  showed t h a t  when t h e  r a d i i  of curv-  

a t u r e  a r e  comparable t o  o r  even s m a l l e r  th,an t h e  average  

c r o s s - s e c t i o n a l  shape dimensions,  some c o r r e c t i o n  f a c t o r  

should be i n t roduced .  A comprehensive mathematical  model 

based on t h e  complex v a r i a b l e  t echn ique  was made by 

C o l l e t t  e t  a l .  (35)  f o r  ob t a in ing  t h e  d r i l l e d  shapes .  They 

showed t h e  c o r r e c t i o n  f a c t o r  was 0.73 f o r  i n s u l a t e d  t o o l s  

and 1.7 f o r  non- insu la ted .  Hewson ( 3 6 )  extended t h e  work 

of C o l l e t t  and employed t h e  conformal mapping tedhnique  

f o r  t h e  a n a l y s i s  of two dimensional  machining o p e r a t i o n s .  

On t h e  otherhand Xawafune (37-38) s t u d i e d  t h e  p roq re s -  

s i v e  r e l a t i o n s h i p  between t h e  t o o l  and workpiece i n  a  d i e  

s ink ing  p roces s  s t a r t i n g  from an i n i t i a l  f l a t  s u r f a c e  and 



showed t h a t  t h e  c o r r e c t i o n  f a c t o r  i s  between 1-1.2,  whereas 

PERA ( 1 8 ) ,  t a k e s  it 1 . 7 .  Moreover Lawrence ( 2 9 )  s b w e d  

t h e o r e t i c a l l y  and expe r imen ta l l y  t h a t  t h e  c o r r e c t i o n  f a c t o r  

amounted t o  1 . 7 ,  where a s  I p p o l i t o  e t  a l .  ( 1  5 )  t a k e s  it 1 .5 .  

Ebeid ( 3 9 )  i n t roduced  t h e  v o l t a g e / f e e d  r a t e  r a t i o  a s  

an impor tan t  f a c t o r  c o n t r o l l i n g  t h e  s i d e  o v e r c u t  and s t a t e d  

t h a t  t h e  co r r ec t i o r i  f a c t o r  i s  n o t - c o n s t a n t  a s  mentioned 

be fo re ,  b u t  depends upon t h e  v o l t a g e / f e e d  r a t e  r a t i o .  The 

same r e s u l t s  were ob t a ined  by Hewidy and Abdel Mahboud (40)  

when d r i l l i n g  h e x a ~ o n a l  h o l e s .  

The above r e s e a r c h  workers have  ana lysed  t h e  c h a r a c t -  

e r i s t i c s  of f r o n t a l  and s i d e  d r i l l e d  zones,  b u t  l i t t l e  i n f -  

ormation concerning t h e  c h a r a c t e r i s t i c s  of  s t a g n a t i o n  and 

t r a n s i t i o n  r eg ions .  J a l n  e t  a l .  (41-42) p r e s e n t e d  an exp- 

e r imen ta l  f i n d i n g  f o r  t h e  shape and s i z e  of  the t r a n s i t i o n  

zone f o r  b l i n d  h o l e s .  The i r  r e s u l t s  have  r e a l i z e d  an exp- 

onen t iona l  t ype  of r e l a t i o n s h i p  betwcen t h e  t o o l  c o r n e r  

r a d i u s  and copied  r a i u s .  Whereas Ronig e t  a l .  (10)  dev- 

e loped  an e m p i r i c a l  formula f o r  t h e  c o r n e r  r eg ion  a s  w e l l  

a s  f o r  t h e  s i d e  gap r e g i o n .  T h e i r  e q u a t i o n s  pe rmi t  an  ac-  

c u r a t e  c a l c u l a t i o n  of the s i d e  gap  i n  the c o r n e r  r eg ion  - 
f o r  r a d i i  common i n  p r a c t i c e .  

Larsson e t  a 1  (34)  s t ~ d i e d  t h e  v a l i d i t y  of u s ing  t h e  h e i g h t  

of t h e  sp ike  produced i n  s t a g n a t i o n  zone of an u n i s u l a t e d  

d r i l l  t o o l  a s  an index of d imens iona l  c o n t r o l ,  t a k i n g  i n t o  

account  p o l a r i z a t i o n  cu rves  w i t h  c u r r e n t  d e n s i t y .  The 

r e v e r s e  problem of ECM p r o c e s s e s  i . e .  de t e rmina t ion  of t o o l  

geometry f o r  a  s p e c i f i e d  workpiece shape was ana lysed  by 

many workers.  I t  i s  n c t e d  t h a t  t h e  des ign  problem i s  n o t  

unique s i n c e  zny one of t h e  e q u i p o t e n t i a l  c u r v e  l y i n g  

i n  t h e  gap between t h e  2001 and workpiece can be  used t o  

machine t h e  workpiece. 

Xrylov ( 4 4 )  ana lysed  t h e  des ign  problem of EC d r i l l -  

ing t o o l s  u s ing  an a n ? - l y t i c a l  f u n c t i o n  t o  e x p r e s s  a  fam- 

i l l y  of cu rves  t o  d e f i n e  t h e  t o o l  p r o f i l e .  Mereover, 

Alekseev (45-46) a s s e s s e d  t h e  e r r o r  of  t h e  t o o l  p r o f j l e .  



based on +he  assumptions t h a t  t h e  c u r r e n t  d e s s i t y  was l i n -  

e a r  and normal t o  t h e  ca thode  s u r f a c e .  The t o o l  d e s i g n  

problem Is formula ted  by t h e  i n v e r t e d  approach i n  which 

t h e  s p a t i a l  c o o r d i n a t e s  a r e  t r e a t e d  a s  t h e  dependent  va r -  

i a b l e s  on t h e  p l ane  of t h e  complex p o t e n t i a l  was d i s c u s s e d  

by Nilson e t  a l .  (47-49) . 
J a i n  e t  a l .  (50-51) used t h e  f i n i t e  e lement  technique  

t o  des ign  and ana lyse  complicated ECM t o o l s .  Furthermore,  

t h e  v a l i d i t y  of ECM t o o l  de s ign  by computer a ided  d e s i g n  

(CAD) was r epo r t ed  ( 5 2 ) .  C o l l e t t  e t  a l .  (35)  ana lysed  t h e  

t o o l i n g  des ign  problems by us ing  conformal mapping t r a n s -  

format ions  t o  s o l v e  t h e  p o t e n t i a l  f i e l d .  While Tip ton  

(L3-55) d i s cus sed  t h e  ca thode  des ign  f o r  c a v i t y  s ink ing  by 

in t roduc ing  a  f i n i t e  d i f f e r e n c e  s o l u t i o n  of t h e  l a p l a c e  

equa t ion  f o r  t h e  e l e c t r i c  f i e l d .  

I n  bor ing  p roces s ,  it i s  customary t o  e n l a r g e  t h e  

p r e d r i l l e d  h o l e  ( c i r c u l a r  and n o n - c i r c u l a r )  and t h e  same 

t ime f i n i s h  it by c o r r e c t i o n  any e r r o r  i n  t h e  p r o f i l e .  

However, l i t t l e  work h a s  been done toward t h e  a p p l i c a t i o n  

of EC boring (56-57) .  J a i n  e t  a l .  (57)  d i s c u s s e d  t h e  

b e n e f i c i a l  e f f e c t  of us ing  a  b i t  t o o l  f o r  t h e  bor ing  proc- 

e s s .  T h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n s  r evea l ed  

t h a t  t h e r e  i s  a  s i g n i f i c a n t  improvement i n  d imens iona l  acc-  

uracy a s  compared t o  t h e  b a r e  t o o l s .  

A new concept  of ECM d r i l l i n g  p roces s  i s  t h e  u se  of 

composite programme c o n t r o l l e d  (CPC) ECM t o o l  (58)  t o  pr -  

oduce v a r i o u s  workshapes by c o n t r o l l i n g  t h e  s u r f a c e  poten-  

t i a l .  T h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n s  were 

c a r r i e d  o u t  by Reghuram e t  a l .  (59)  wi th  an annu la r  compos- 

i t e  ECM t o o l  w i t h  c o n s t a n t  v o l t a g e  a p p l i e d  t o  t h r e e  s e c t -  

i o n s  with d i f f e r e n t  du ty  c y c l e s  c o n t r o l l e d  by a  r e l a y  c i r c u t .  

2 .  FINE HOLE DRILLING 

L i t t l e  work h a s  been e s t a b l i s h e d  concerning deep and 

f i n €  hole  d r i l l i n g .  



Bannard (60)  i l l u s t r a t e d  four c a t e g o r i g s  f o r  EC f i ne l  

h o l e  d r i l l i n g  namelly,  Shaped Tube ~ l e c t r o l p t i c  MachirLinq 

(STEM), C a p i l l a r y  D r i l l i n g  ( C D ) ,  ~ l e c t r o s t r g a m  D r i l l i n g  

Liquid J e t  D r i l l i n g .  The problems a s s o c i a t d  w i t h  t h e  

h o l e  geometry and wi th  s u r f a c e  f i n i s h  were d i s c u s s e d .  

Jackson e t  a l .  (61-62) d i s c u s s e d  t h e  a b i l i t y  of machining 

s t r a i g h t  o r  curved h o l e s  with depth t o  diameter r a t i o s  of 

200 : 1 by Shaped Tube E l e c t r o l y t i c  ~ a c h i n i n g > ( s ~ ~ ~ )  . Mor- 

eover ,  a d e s c r i p t i o n  of t h e  Liqi~lci  J e t  f i n e  d r i l l i n g  was 

i l l u s t r a t e d  by Gardner e t  a l .  ( 5 2 )  . The h o l e  produced was 

found t o  be f o u r  t imes  t h e  di-ameter of the jst, which dep- 

ends upon t h e  throwing power of t h e  e l e c t r o l y t e .  Also h igh  

app l i ed  v o l t a g e  (400-800 V )  should  be  u t i l i z e d .  

A n  i n t e r e s t i n g  development from Lke STEY t e c h n i q u e  

h a s  been made by t h e  General  E l e c t r i c  Company ( 8 )  i n  t h e  

E lec t ro s t r eam p roces s .  A s u l p h L L r i c  a c i d  baseid e l e c t r o l y t e  

about  2 0  % c o n c e n t r a t i o n  was used and appl ie f i  t o  d r i l l  h o l e  

s i z e s  from 0.5 rnm. d iameter  o r  l e s s .  High y o l t a g e s  were 

used above 350 V which promote machining a c t i o n  i n  t h e  

"glow d i scha rge"  regime. Bellows ( 6 4  ) i n d i c d t e d  the 

c a p a b i l i t y  of ECM p roces s  f o r  d r i l l i n g  0.125 'mm. d iame te r  

h o l e s  t o  a  depth of  12.5 rnm. I t  i s  r e p o r t e d ' t h a t  on a  p r -  

oduc t ion  b a s i s ,  dep ths  of 25 mrn. a t  50 : l -dept t? /d ia .  r a t i o  

a r e  being ach ieved  with t o l e r a n c e  on t h e  h o l d  d i ame te r  of 

!: 5 %. Glew (65)  d e s c r i b e d  t h e  technolocjyic&l usage of  

C a p i l l a r y  D r i l l i n g  ( C D )  method f o r  producing deep h o l e s  
i 

ranged (0.25-0.4lmm. d i ame te r  and (6-16) mm depth i n  t u r -  

b i n e  b l ades  when u s i n g  a  d i l u a t e  n i t r i c  a c i d  g o l u t i o n  a s  

e l e c t r o l y t e  a t  100 v o l t s .  While Larsson e t  81. (66)  s tud -  

i e d  t h e  problem involved  i n  d r i l i i n g  an alurni$ium vanad- 

ium t i t a n i u m  a l l o y s .  Rota t ion  of t h e  w o r k p i d e  w i t h  res- 
p e c t  t o  t h e  d r i l l  was found neces sa ry  t o  obta4n s t r a i g h t  

h o l e s  Jones  ( 6  7 )  demonstrated t;- e problems agcompained 

wi th  t h e  i n s u l a t i o n  f o r  f i n e  h l e  d r i l l i n g  tools wi th  

g l a s s  m a t e r i a l .  



3 .  ELECTROCHEbIICAL GRINDING (ECG)  

There a r e  two main types  of ECG. The f i r s t  one i s  

based on both t h e  anodic  d i s s o l u t i o n  and a b r a s i v e  a c t i o n  

and t h e  second one i s  based only  on t h e  anodic  d i s s o l u t i o n ,  

which can b e  cons ide red  a s  EC m i l l i n g .  

ECG a p p l i c a t i o n s  were d e s c r i b e d  by t h e  United A i r l i n e s  

Inc .  (68)  f o r  t h e  overhaul  of  j e t  engines .  The p roces s  

i s  used f o r  g r i n d i n g  t h e  i n t e r l o c k i n g  s u r f a c e s  a c c u r a t e l y  

on t u r b i n e  b l a d e  shrounds and f i n i s h i n g  honeycomb s e a l s  

w i ~ h o u t  i n t roduc ing  d i s t o r t i o n  o r  b u r r s .  

Colwel l  ( 6 9 )  and o t h e r s  (70-77) s t u d i e d  t h e  e f f e c t  of  

numerous parameters  on t h e  machining performance with econ- 

omical comparison of ECG and conven t iona l  g r i n d i n g .  A 

d i f f e r e n t  approach was publ i shed  by Colwel l  ( 7 8 ) .  On b a s i c  

of  experimental  r e s u l t s  h e  concluded a  maximum c u r r e n t  c r -  

i t e r i s  f o r  t h e  p roces s  o p t i m i z a t i o n  a s  t o  g a i n  maximum t o -  

t a l  removal r a t e .  Th i s  work does  n o t  r e f e r  t; s u r f a c e  

f i n i s h ,  r a t i o  between mechanical and e l e c t r i c a l  machining 

r a t e s  o r  p roces s  v a r i a b l e s  l i m i t a t i o n  and spa rk ing .  

Whereas a  des ig ing  of  an au tomat ic  system which a l l ows  

opt imal  o p e r a t i n g  parameters  accord ing  t o  a  d e s i r e d  c r i t -  

e r i o n  was d i s cus sed  by Lenz e t  a l .  (7  S) . The advantages  

of such t echn ique  l i n e s  i n  i t s  f l e x i b i l i t y  a s  w e l l  a s ,  i n  

t h e  i nc lud ing  of many p roces s  parameter  i n  t h e  c o n t r o l .  

Therefore ,  t h e  need of t r a i n e d  worker t o  ope ra t ed  ECG 

machine i s  e l imina t ed .  

Furthermore. models of ECG p roces s  were developed by 

Backer e t  a l .  (801, Cole  (81-82) and Kaczmarek et a l .  ( 83 )  

f o r  s e p a r a t i n g  t h e  t o t a l  removal r a t i o  i n t o  mechanical 

and e l ec t rochemica l  components, based on t h e  a s  sumption 

t h a t  the mechanical and e l ec t rochemica l  removal p roces se s  

proceed independent ly .  Levinger  e t  a l .  (84)  p re sen t ed  an 

i n v e s t i g a t i o n  i n  ECG of WC-CO cemented c a r b i d e s ,  with par -  

t i c u l a r  c o n s i d e r a t i o n  of t h e  he te rogeneous  n a t u r e  OF t h e  



e l ec t rochemica l  phenomena f o r  WC-CO cemented c a r b i d e .  A l s o  

s e l e c t i v e  e l ec t rochemica l  e t c h i n g  wk-ich r educes  t h e  r e q u i r -  ' 

ed mechanical g r i n d i n g  f o r c e s  was observed and d i s c u s s e d  a 

by Geva e t  a l .  ( 6 7 )  when g r i n d i n g  o f  cemented c a r b i d e  

s u r f a c e s .  Bra inard  e t  a l .  ( 8 5 )  found t h a t  when s c r a t -  

ching wi th  diamond t o o l  t h a t  t h e  a b r a s i o n  r e s i s t a n c e  of  

WC-CO cemented c a r b i d e  was produced by chemical  e t c h i n g  o f  

t h e  c o b a l t  method b i n d e r  from t h e  s u r f a c e .  The app l i cab -  

i l i t y  and l i m i t a t i o n s  of ECG p r o f i l e  ( r e c t a n g u l a r ,  semic- 

i r c u l a r ,  t r a p e z o i d a l  and t r i a n g u l a r )  have been i n v e s t i g a t -  

ed by R c l d ~ s  (85: fo: c a r b i d e  a n d  hard%.c2 hlqh  spzsd s t -  ' 
e e l  t o o l s .  Optimum working c o n d i t i o n s  a r e  p r e s e n t e d  i n  : ' 
the terms of depth of c u t  and workpiece accuracy .  While 

Kremer e t  a l .  (87)  a s s e s s e d  t h e  i n f l u e n c e  of d r i v i n g  par -  

ameters  on ECG s u r f a c e s  ( f l a t  and p r o f i l e s )  which were 

c h a r a c t e r i z e d  by t e c h n o l o g i c a l  dimensions,  me ta l  removal 

r a t e  accuracy ,  s u r f a c e  i n t e g r i t y  and economical dimensions ? 
regard ing  t h e i r  o p t i m i z a t i o n s .  

An i n v e s t i 2 a t i o n  of t h e  s u r f a c e  i n t e g r i t y  and r e p e a t -  

a b i l i t y  of ove rcu t  f o r  c o n d i t i o n s  of removal when a s soc -  

i a t e d  with mec'qanical c o n t r i b u t i o n  was c a r r i e d  o u t  by L 

Atkinson e t  a l .  (88)  i n  p e r i p h e r a l  ECG. F r i s c h  e t  a].. (89) 

i n v e s t i g a t e d  t h e  r e s i d u a l  stress d i s t r i b u t i o n s  i n  t h i n  

s t e e l  s t r i p s  s u b j e c t e d  t o  p e r i p h e r a l  ECG a t  vary ing  s h  111-  c 

ow s e t  dep ths  which y l e i u e d  compressive and t e n s i l c  7,s- C 

i d u a l  s t r e s s e s .  Whereas, t h e  v a r i a t i o n  of t o t a l  removal ' 
r a t e  with c u r r e n t  h a s  been i n v e s t i g a t e d  by Pe r ry  ( 9 0 1 .  

Also Noble ( 9  1 )  e s t a b l i s h e d  t h e  expec ted  amount of  rnech- 

a n i c a l  c o n t r i b u t i o n ,  The e f f e c t  of  t o o l  d i r e c t i o n  r o t a t -  

i o n  on t h e  p r o d u c t i v i t y  was i l l u s t r a t e d  by Manol ( 9 2 )  . 
Chet ty  ( 9 3 )  presen ted  t h e  p r e l i m i n a r y  i n v e s t i g a t i o n s  on 0 

smoothing of anodic  s u r f a c e  i r r e g u l a r i t i e s .  E f f e c t  of  
C 

machining t i m e  and i n f  luence  of NaN03 and NaCl solutions 
C 

us ing  r e l o c a t i n g  machining f i x t u r e  were h i g h l i g h t e d .  Also ( 

impor tan t  parameters  and t o o l  l i v e s  of  e l e c t r o l y t i c a l l y  ( 

and conven t iona l ly  ground t o o l s  were compared by Gase ( 9 4 ) .  



The f o r c e  a f f e c t i n g  t h e  g r i n d i n g  wheel wear was s t u d i e d  

by Pryakhin ( 9 5 ) .  D e  3 a r r  ( 2 )  showed t h a t  by us ing  alum- 

inium whegl and sodium n i t r a t e  e l e c t r o l y t e  s o l u t i o n  tun-  

g s t e n  c a r b i d e  t o o l s  can be  ground wi thou t  t h e  u s e  of 

ab ra s ive .  Be j a r  ( 9 7 )  s t u d i e d  t h e  i n f l u e n c e  of c o n c e n t r a t -  

ion ,  t empera ture ,  e l e c t r o l y s i n g  c u r r e n t ,  on me ta l  r e m ~ v a l  

r a t e ,  s y f a c e  f i n i s h  and d imens iona l  accuracy  du r ing  g r i n -  

d ing  h igh  speed s t e e l  wi th  r o t a r y  copper  wheel wi thout  - 
a b r a s i v e .  Two types  of e l e c t r o l y t e  s o l u t i o n s  (NaC1, NaN03) 

where us&. Gurk l i s  (98)  d i s cus sed  c a r e f u l l y  t h e  e f f e c t  
, 

of t h e  elx?ctrochemiral met21 r n z c v a l  p r o c e s s  on t h e  mech- 

a n i c a l  p q p e r t i e s  e s p e c i a l l y  on f a t i g u e  s t r e n g t h .  Four 

p roces se s  'were involved namely ECM, ECG, EC p o l i s h i n g  and 

EC mi l l ing , .  General  c h a r a c t e r i s t i c s  and a p p l i c a t i o n s  of 

t h e  f o u r  methods were p re sen t ed .  

4 .  EC H O N I N G  

A s tudy  of EC honing by V i c t o r  e t  a l .  (101)  demonstr- 
-3 

a t e d  t h e  p o s s i b i l i t i e s  of performing c o r r e c t i o n s  i n  c y l i n -  

d r l c a l  bo re s  by c o n t r o l l i n g  t h e  f low of e l e c t r o l y t e  i n  t h e  

working ga$. Whereas t h e  p r i n c i p l e s  of EC honing were 

i l l u s t r a t e d  by De Bar r  ( 2 )  . P a n d l e t t  ( 1  02) proved t h a t  EC 

honing h a s  much h i g h e r  s tock  removal r a t e  t han  e i t h e r  con- 

v e n t i o n a l  honing o r  i n t e r n a l  FrC. Al qo Nurai  (1 03) s t a t e d  

t h a t  i n  EC Honing t h e  tempera ture  ranged from 25-40°C. A t  

t h e s e  low+emperatures ,  no b u r r i n g ,  o r  smal l  c r ack ing  o r  

d i s t o r t i o n \ o f  most me ta l  s u r f a c e  can occur .  Hence, ECG 

and EC honing seem t o  be s i m i l a r  p r o c e s s e s  i n  which no 

b u r r s  a r e  produced. The re fo re ,  it i s  u s e f u l  f o r  a p p l i c -  

a t i o n  where b u r r s  must be avoided.  

5.  EC T U R N I N G  

A 300 A ECM l a t h e  was d e s c r i b e d  i n  1962 by Wil l iams 

and S t roupe  (104) t o g e t h e r  wi th  a  number of a p p l i c a t i o n s .  

Wilson ( 7 )  a u t l i n e d  t h e  b a s i c  concep t s  of  a  segmental  EC 

tu rn ing  t o o l  des ign .  Hofstede e t  a l .  (105) d e s c r i b e d  t h e  



phenomena observed i n  EC t u r n i n g  when t h r e e  t ype  of e l e c -  

t r o d e s  (concave, convex and f l a t )  were used.  T h e o r e t i c a l  

and exper imenta l  i n v e s t i g a t i o n s  of c u r r e n t  d i s t r i b u t i o n ,  

e f f e c t i v e  f eed  r a t e ,  and cho ice  of op t ima l  e l e c t r o d e  con- 

f i g u r a t i o n  were involved .  Moreover, D ie t z  e t  a l .  (106) 

p re sen t ed  a  mathematical  modeling of t h e  f i e l d  s t r e n g t h  

d i s t r i b u t i o n .  The i n t e r r e l a t i o n  between t h e  o p e r a t i n g  

parameters  were a l s o  d i s cus sed .  

6 .  EC CUTTING OFF 

De Bar r  ( 2 )  s t a t e d  t h a t  ECM can be  used f o r  sawing o r  

s l i c i n g  b a r s  o r  b i l l e t s .  I t  i s  p a r t i c u l a r l y  usefu l  f o r  

c u t t i n g  m a t e r i a l  such a s  t ungs t en  and i t s  a l l o y s  which a r e  

d i f f i c u l t  t o  be c u t  by conven t iona l  methods. 

7 .  ELECTROCHEMICAL BROACHING (ECB) 

ECB a s  a  new t echn ique  of ECM ( 8 )  could  be l i s t e d  

under  non equ i l i b r ium p roces s ,  where a  c o n s t a n t  c u r r e n t  

d e n s i t y  cannot  be ach ieved .  S t a r t i n g  from p r e - d r i l l e d  

h o l e s  Kremer e t  a l .  ( 1 0 8 )  s t u d i e d  t h e  parameters  c o n t r o l -  

l i n g  t h e  ECB f o r  producing squa re  and hexagonal  h o l e s  

regard ing  accuracy and s u r f a c e  i n t e g r i t y .  Whereas 

Geworkian e t  a l .  (109) broached squa re  h o l e s  i n  a  tit- 

anium a l l o y  with 300 nun l eng th .  Ghabr i a l  e t  a l .  (110) 

p re sen t ed  a  s imple  t h e o r e t i c a l  a n a l y s i s  f o r  p r e d i c t i n g  

t h e  workpiece p r o f i l e  u s i n g  both squa re  and t r i a n g u l a r  

ended broaching t o o l s  t ak ing  i n t o  c o n s i d e r a t i o n  t h e  var -  

i a t i o n  of t h e  boundary c o n d i t i o n s ,  b e s i d e s  e s t i m a t i n g  t h e  

power consumption. 2 . a l y s i s  and d e f i n i t i o n  of p rog re s s -  

i v e  shape format ions  f o r  c e r t a i n  a r b i t r a r y  t o o l  de s ign  

were a l s o  inc luded .  t i h i l e  Kohai l  e t  a l .  ( 1  11) ana lyzed  

t h e  problems accompanying t h e  a p p l i c a t i o n  of ECB f o r  

producing a i r o f o i l  and p a r a l l e l l o g r a m  s o l t s .  A comperat ive 

s tudy  between ECB and s t a t i o n a r y  ECM c u t t i n g  were perform- 

ed by S i n b e l  (1121, r ega rd ing  s i z i n g , - r a t e  of meta l  removal,  
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power consumption and s u r f a c e  q u a l i t y  f o r  c i r c u l a r  h o l e s .  

8 .  ELECTROCHEMICAL WIRE CUTTING (ECWC) 

ECWC h a s  t h e  advantages of low power consumption and 

simplecheap t o o l i n g  systems compared wi th  o t h e r  ECM 
p roces se s .  J a i n  e t  a l .  (1  1 3 - 1  15) ana lysed  t h e  ECWC proc-  

e s s  when u s i n g  a  r e c t a n g u l a r  c r o s s - s e c t i o n a l  w i r e .  Three 

d i f f e r e n t  t h e o r e t i c a l  models were p re sen t ed .  Moreover, 

Chickamouri e t  a l .  (116) d i s c u s s e d  t h e  ECNC p r o c e s s  f o r  

t h e  t h r e e  dimensions with curved w i r e ,  a l s o  some examples 

were r epo r t ed .  The a p p l i c a t i o n  of sawing wi th  w i r e  was 

i n v e s t i g a t e d  by Degenhardt e t  a l .  ( 1  17) t h e  p roces s  was 

found t o  be  e f f i c i e n t  and i s  deemed u s e f u l  f o r  c u t t i n g  

h igh  c o s t  me ta l s  with low m a t e r i a l  l o s s e s  wh i l e  t h e  c u t  

s u r f a c e s  remain undamaged, accuracy  i s  n o t  good a s  i n  EDM 

w i r e  c u t t i n g .  A pa rame t r i c  s tudy  of ECWC was performed by 

Ghabr ia l  e t  a l .  ( 1  18) f o r  c i r c u l a r  and r e c t a n g u l a r  c r o s s  - 
s e c t i o n a l  w i r e s .  A s imple  mathematical  model and optimum 

machining c o n d i t i o n s  were f  o m d .  

While S t r e e n i y a  (119) used ca thode  t o o l s  i n  t h e  form 

of t u b e s  f o r  making t h r e e  d imens iona l  s l o t s ,  Kargin (120 - 
121) examined t h e  e f f i c i e n c y  of such t u b u l a r  ca tkodes  f o r  

t h e  format ion  of s e m i - c i r c u l a r ,  r e c t a n g u l a r  and t r i a n g u l a r  

s u r f a c e s .  Noble e t  a l .  (1 7 )  d e r i v e d  a  mathematical  appr-  

oach f o r  ob t a in ing  t h e  o v e r c u t  i n  d r i l l i n g  u s ing  t i t a n i u m  

t u b u l a r  e l e c t r o d e s .  The most impor tan t  parameters  a f f e c t -  

i n g  t h e  p roces s  accuracy  were d i s c u s s e d .  

9 .  SINGLE POINTED CATHODE 

One of t h e  main f u t u r e  s i m p l i f i c a t i o n s  of ECM t o o l i n g  

system i s  t h e  use of s i n g l e  po in t ed  t o o l  capab le  of c u t t -  

i ng  any contoured component by c o n t r o l l i n g  t h e  r e l a t i v e  

movement between t h e  t o o l  and workpiece.  Some p re l imina ry  

work a t  t h e  Massachuse t t s  I n s t i t u t e  of technology i n  U.S.A. 

and a t  t h e  Un ive r s i t y  of ~ e i c e s t e r  h a s  been unde r t aken  



s u c c e s s f u l l y ,  d e m o n s t r a t i n g  t h e  fundamenta l  f e a s i b i l i t y '  

o f  t h i s  c o n c e p t  ( 8 1 .  Moreover,  t h e  i n t e r a c t i n g  paramet-  

e r s  a f f e c t i n g  t h e  r e p r o d u c t i o n  a c c u r a c y  o f  c i r c u l a r  holfsl  

produced by s i n g l e  p o i n t e d  c a t h o d e  were  s t u d i e d  by ~ b d e l g  

Abdel Mahboud (122)  . 

1 0 .  EC DEBURRING 

S t a t i o n a r y  ECM proved t o  b e  u s e h l  on t h e  i n d u s t r i a l  

s c a l e .  I t  i s  v e r y  a c t i v e  i n  d e b u r r i n g  and embossing,  as 

w e l l  as ,  i n  LFle i n t e r n a l  p o l i s h i n g  of  d i f f e r e n t  c a s t i n g s .  

Graham ( 1 23 p r e s e n t e d  a  t h e o r e r i c a i  and e x p e r i m e n t a l  

i n v e s t i g a t i o n  f o r  s t a t i o n a r y  c u t t i n g .  P a r t i c u l a r  a t t e n t -  

i o n  i s  g i v e n  t o  e s t a b l i s h i n g  metal removal r a t e s  and t h e  

manner i n  which  t h e  i n i t i a l  s u r f a c e  t e x t u r e  i s  m o d i f i e d .  

Maeda e t  a l .  ( 3 1 )  i n t r o d u c e d  t h e  i d e a  of u s i n g  g a s - e l c  :t- 

r o l y t e  m i x t u r e s  w i t h  which t h e y  o b t a i n e d  good d i m e n s i o n a l  

a c c u r a c y .  Klnereas Senecky e t  a l .  ( 1  2 4 )  and G h a b r i a l  e t  a l .  

( 1 2 5 )  used  a i r  e l e c t r o l y t e  m i x t u r e s  which a l s o  improved 

machining a c c u r a c y ,  w h i l e  d i m i n i s h i n g  s p a r k i n g  and form- 

a t i o n  of s t r i a t i o n s  and smuts .  

Chikamouri  e t  a l .  ( 1  1 6 )  showed t h a t  t h e  e l e c t r o c h e m -  

i c a l  machining i n  a  s t a g n a n t  e l e c t r o l y t e  was r e a l i z e d  w i t h  

t h e  u s e  of  p u l s a t i n g  c u r r e n t .  T h r e e  examples  o f  d r i l l i n g ,  

d e b u r r i n g  and w i r e  c u t t i n g  were i l l u s t r a t e d .  Moreover,  

they s t u d i e d  t h e  e f f e c t  o f  t h e  change  o f  c u r r e n t  p u l s e s  

d u r i n g  machining.  The d i s a d v a n t a g e s  o f  t h e  ECMSE i s  t h a t  

t h e  f e e d  r a t e  a s  w e l l  a s  t h e  e l e c t r o d e  a r e a  i s  l i m i t e d  t o  

b e  r e l a t i v e l y  s m a l l .  

EC d e b u r r i n g  i s  a  p r o c e s s  f o r  selectively removing 

b u r r s  t h a t  a r e  i n a c c e s s i b l e  when us ing  o t h e r  g e n e r a l  pur -  

p o s e  f i n i s h i n g  p r o c e s s e s .  Bernard  ( 1  26) d e s c r i b e d  t h e  

equipment needed f o r  a  s i m p l i f i e d  EC d e b u r r i n g  p r o c e s s ,  

which h a s  major  a p p l i c a t i o n s  w i t h i n  t h e  h y d r a u l i c  and 

pneumat ic  component i n d u s t r i e s .  Some i n d u s t r i a l  a p p l i c -  

a t i o n s  o f  EC d e b u r r i n g  such a s  f o r g e d  aluminium f u e l  



c o n t r o l  sys tem body, c a s t  i r o n  t u r b o  c h a r g e r  h o u s i n g ,  c a s e  

ha rdened  s t e e l  c o n s t a n t  v e l i c i t y  j o i n t ,  low c a r b o n  s t e e l  

h e a t e r  t u b e  and f o r g e d  c o n n e c t i n g  r o d  were  i l l u s t r a t e d  by 

Graham (127)  . Compared w i t h  mandal t e c h n i q u e s  c y c l e  t i m -  

e s  may b e  reduced  by u p  t o  a  f a c t c -  o f  5 .  

Geworkian e t  a l .  ( 1  09) s t a t e d  t h a t  i.n o r d e r  t o  i n c r -  

e a s e  t h e  EC d e b u r r i n g  c a p a c i t y ,  m u l t i - s t a t i o n  c a t h o d e  dev- 

i c e s  a r e  r e q u i r e d .  Kur t  e t  a l .  (128)  showed some autom- 

a t i c  and semi -au tomat ic  EC d e b u r r i n g  mach ines  f o r  s a v i n g  

la.bour c o s t s .  Moreover, t h e  d e s i g n  o f  machines  and e q u i p -  

ment needed f o r  EC d e b u r r i n g  and EC c o n t o u r i n g  i s  i d e n t i c a l .  

11. PULSED ECM PROCESS 

A method t h a t  h a s  been u s e d  i n  ECM t o  b r i n g  a b o u t  t h e  

breakdown o f  p r o t e c t i v e  a n o d i c  f i l m s  i s  t h e  u s e  of p u l s e d  

c u r r e n t  (129-138) . The f e a s i b i l i t y  o f  u s i n g  p u l s e d  c u r r -  

e n t  i n  ECM a t  r e l a t i v e l y  low e l e c t r o l y t e  f l o w  r a t e  h a s  

been i n v e s t i g a t e d  by D a t t a  e t  a l .  ( 1 2 9 ) .  E x p e r i m e n t a l  

r e s u l t s  f o r  h i g h  r a t e  d i s s o l u t i o n  o f  n i c k e l  i n  5 % NaC1 

c o n c e n t r a t i o n ,  i n  a  f l o w  c h a n n e l  c e l l  u n d e r  s t e a d y  s t a t e  

and p u l s e d  c u r r e n t  a r e  p r e s e n t e d .  O p t i m i z a t i o n  of t h e  

p r o c e s s  p a r a m e t e r s  were  a l s o  i n v o l v e d .  T h e o r e t i c a l  exp- 

r e s s i o n s  were  d e r i v e d  f o r  p r e d i c t i n g  e l e c t r o l y t e  h e a t i n g ,  

mass t r a n s p o r t  and g a s  e v o l u t i o n .  R e a l i z a t i o n  o f  t h e  

PECM p r o c e s s  was c a r r i e d  o u t  by Kozak e t  a l .  (130)  E f f e c t  

o f  machining p a r a m e t e r s ,  s h a p e  of v o l t a g e  p u l s e ,  i n p u t  

p r e s s u r e ,  w i d t h  o f  g a p  and p u l s e d  t i m e  on t h e  workp iece  

a c c u r a c y  and m e t a l  removal r a t e  and i t s  a s s o c i a t e d  prob-  

lems were  d i s c u s s e d .  Whereas i n  a n o t h e r  p a p e r  (131)  t h e  

a d v a n t a g e s  o f  PECM were  ahowed. Ploreover,  m a t h e m a t i c a l  

models f o r  t h e  PECM p r o c e s s  were  d e s c r i b e d  t a k i n g  i n t o  

a c c o u n t  the non s t e a d y  p h y s i c a l  phenomena i n  t h e  s p a c e  

o f  t h e  e l e c t r o d e s  (1 1 6 ) .  S h i k a t e  e t  a l .  (136)  c l a i m e d  

t h a t  t h e  u s e  of  p u l s e d  c u r r e n t  a l l o w e d  p a s s i v a t i n g  e l e c t -  

r o l y t e s  t o  b e  u s e d .  An e s t i m a t e  o f  t h e  e f f e c t  o f  



c o n c e n t r a t i o n  p o l a r i z a t i o n  w a s  made ( 1 3 7 )  f rom which  t h e  

s h a p e  o f  t h e  optimum p u l s e  c y c l e  was c a l c u l a t e d .  S e d y k i n  

e t  a l .  ( 1 3 8 )  c l a i m e d  t h a t  c l o s e r  d i m e n s i o n a l  a c c u r a c y  

c o u l d  b e  a c h i e v e d  by u s i n g  a g a p  p u l s e  f e e d  b a c k  s y s t e m .  
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