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ABSTRACT 

A s e r i e s  of t e n  s l i c i n g  d e m o n s t r a t i o n s  on a  mul t i -wi re  s l u r r y  

saw, manufactured by Yasunaga Engineer ing  Company of Japan and d i s -  

t r i b u t e d  by GEOS C o r p o r a t i o n  of Stamford,  C o n n e c t i c u t ,  w a s  made t o  

e v a l u a t c  t h e  s i l i c o n  i n g o t  w a f e r i n g  c a p a b i l i t i e s .  The r e s u l t s  

r e v e a l e d  t h a t  t h e  p r e s e n t  sawing c a p a b i l i t i e s  can p r o v i d e  u s a b l e .  
2  

wafe r  a r e a  from a n  i n g o t  1 . 0 5  m /kg ( e . g .  k e r f  wid th  0.135 mrn'and 

wafe r  t h i c k n e s s  0.265 mm). S a t i s f a c t o r y  s u r f a c e  q u a l i t i e s  and 

e x c e l l e n t  y i e l d  of s i l i c o n  w a f e r s  were found. One drawback i s  

t h a t  t h e  add-on c o s t  of producing wafe r  from t h i s  saw, a s  p r e s e n t l y  

used ,  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  sys tems  b e i n g  developed by 
. . 

Var ian  and Cryst .a l  Systems f o r  t h e  Low-cost S i l i c o n  S o l a r  Array 

P r o j e c t  (LSSA), Task 11, p r i m a r i l y  because  t h e  Yasunaga saw 

u s e s . a  l a r g e  q u a n t i t y  of w i r e .  The add-on c o s t  can b e  s i g n i f -  

l i c a n t l y  reduced by e x t e n d i n g  t h e  w i r e  l i f e  and /or  by r e u s e  of 

p r o p e r l y  p l a t e d  w i r e  t o  r e s t o r e  t h e  d i a m e t e r .  
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SECTION I 

INTRODUCTION 

In the present solar cell technology, the most efficient solar cells are 

produced from single crystal, defect-free silicon wafers. The wafering tech- 

nique to produce silicon wafers from a single crystal ingot becomes one of the 

important considerations for Low-cost Silicon Solar k r a y  (LSSA) project , in that 
minimum kerf loss is required to achieve the required sheet cost. The conven- 

tional cutting techniques, such as O.D. saws and I.D. saws, do not appear 

capable of meeting the low kerf requirements. Efforts are underway to develop 

and evaluate several multi-sawing techniques, such as the miltiblade slurry 

sawing process (Reference 1) and multi-wire fixed diamond slicing method. 

(Reference 2)., A new multi-wire-slurry wafering machine is available and 

developed for semiconductor manufacturing. Its potential for the use in 

LSSA project, Task 11, needs to be evaluated. 

In this report, the results of a series of ten silicon wafering demon- 

strations on a multi-wire-slurry slicing system by Yasunaga in Japan will be 

discussed, and the surface damage on the as-sawed wafers will be examined to 

evaluate the quality of wafers produced by this system. 



SECTION I1 

SAW DESCRIPTION 

The saw under  e v a l u a t i o n  i s  a  mul t i -wi re  s l u r r y  t y p e ,  Model No. YQ-100, 

manufactured by Yasunaga Engineer ing  Company of Japan  and d i s t r i b u t e d  by t h e  

GEOS Corpora t ion  i n  Stamford , Connec t icu t .  It i s  a l s o  c a l l e d  a  "GEOS" saw. T h i s  

saw i s  c a p a b l e  of s l i c i n g  work p i e c e s  up t o  4 x 4 ~ 4 - i n .  i n t o  250 w a f e r s  s imul tane-  . 

o u s l y  w i t h  minimum k e r f  l o s s .  The o v e r a l l  p i c t u r e  of t h e  saw i s  shown i n  F i g u r e  

1. The p r e s e n t  c a p a b i l i t i e s  and ' s p e c i f i c a t i o n  of t h i s  saw a r e  shown i n  Tab le  1. 

Each w i r e ,  from 5000 t o  75,000 f t ,  was wound on a  r e e l ,  r o u t e d  around a  rock-arm 

t e n s i o n i n g  d e v i c e ,  a  w i r e  g u i d e  c a r t r i d g e ,  and t h e n  rewound on a  take-up r e e l .  

The g u i d e s  a r e  g r o o v e d : t o  a c h i e v e  t h e  d e s i r e d  wafe r  t h i c k n e s s .  The c o n t i n u o u s '  

w i r e  forms m u l t i p l e  w i r e  l o o p s  around t h e  w i r e  g u i d e s .  

I n  o p e r a t i o n ,  t h e  i n g o t  i s  cemented t o  a  mounting b lock .  The i n g o t  i s  

p o s i t i o n e d  upon a p l a t f o r m  which raises t h e  workpiece  t o  t h e  m u l t i p l e  w i r e s  

-under c o n s t a n t ,  bu t  a d j u s t a b l e  l o a d .  

A r e c i r c u l a t i n g ,  t empera tu red  c o n t r o l l e d ,  a b r a s i v e  s l u r r y  i s  pumped t o  

t h e  c u t t i n g  a r e a .  S l i c t n g  i s  accomplished by o s c i l l a t i n g  t h e  m u l t i p l e  w i r e s  

a c r o s s  t h e  work and f l u s h i n g  away t h e  k e r f  w i t h  t h e  a b r a s i v e . s l u r r y .  

The f o l l o w i n g  working c o n d i t i o n s  a r e  a d j u s t a b l e  o v e r  wide r a n g e s  t o  meet 

t h e  d e s i r e d  s p e c i f i c a t i o n s :  

(1 )  Wire d i a m e t e r  

(2)  Wire Guide p i t c h  

(3 )  Abras ive  M a t e r i a l  S i c ,  Diamond 

(4)  Abras ive  P a r t i c l e  S i z e  S i c :  5,  9 ,  1 2 ,  1 5 ,  20, 25,  30 urn 

(5)  C u t t i n g  P r e s s u r e  Varialslr., lip t n  t ~ n n d l e  s t r e n g t h  
of w i r e  

(6 )  Wire Feed Rate  42 t o  112 mlmin 

(7') M u l t i p l e  Wire S t r o k e  Ra te  30 t o  80 c y c l e s / m i n  

Opt imiza t ion  of t h e s e  v a r i a b l e s  would b e  r e q u i r e d  f o r  t h e  r e d u c t i o n  o f  

w a f e r i n g  c o s t  i n  t h e  LSSA p r o j e c t .  



SECTION 111' 

DEMONSTRATION RESULTS 

I n  'order  t o  e v a l u a t e  t h e  c a p a b i l i t y  of t h e  m u l t i - w i r e - s l u r r y  saw, a  

s e r i e s  of t e n  d e m o n s t r a t i o n s  were performed by Yasunaga Engineer ing  Company i n  

Japan  through a  c o n t r a c t u a l  ar rangement  w i t h  GEOS C o r p o r a t i o n .  Th is  s e r i e s  of 

d e m o n s t r a t i o n s  was conducted under  c o n d i t i o n s  s p e c i f i e d  by t h e  J e t  P r o p u l s i o n  

Labora to ry  (JPL) on m a t e r i a l  p rov ided  by JPL. The s i l i c o n  i n g o t s ,  p rov ided  by 

JPL f o r  e a c h  d e m o n s t r a t i o n ,  were approx imate ly  3 i n .  i n  d i a m e t e r  and 1 i n .  l o n g ,  

c u t  from one C z o c h r a l s k i  s i l i c o n  s i n g l e  c r y s t a l  s u p p l i e d  by S i l t e c  Corp . ,  Menlo 

P a r k ,  Ca. S e v e r a l  p r o p e r t i e s  of t h i s  c r y s t a l  a r e  a s  f o l l o w s :  

(100)  o r i e n t a t i o n  

P-type,  Boron doped 

R e s i s t i v i t y  a t  t o p  = 2.7  ohm-cm 

R e s i s t i v i t y  a t  bot tom = 2.0  ohm-cm 

The JPL s p e c i f i e d  s l i c i n g  c o n d i t i o n s  and t h e  performed c o n d i t i o n s  f o r  each of 

t h e s e  t e n  d e m o n s t r a t i o n s  a r e  g iven  i n  T a b l e s  2  th rough  11, r e s p e c t i v e l y .  The 

r e s u l t s  of t h e s e  d e m o n s t r a t i o n s  a r e  a l s o  summarized i n  T a b l e s  2  th rough  11. The 

c u t t i n g  d a t a  r e p o r t e d  by Ya'sunaga a r e  i n  Appendix A. 



SECTION I V  

DISCUSSION 

A. M I N I M U M  WIRE SIZE 

Demonstrat 'ion 10. (Table  11) showed t h a t  t h i s  saw f a i l e d  t o  s l i c e  s i l i c o n  

w i t h  0 .1  mm ($0.004 i n . )  d iamete r  steel w i r e  due t o  w l r e  breakage.  The f a c t  t h a t  

t h e  w i r e  broke v e r y  q u i c k l y  (13 min) r a i s e s  doubt a s  t o  t h e  c o n c l u s ~ v e n e s s  o f  

t h i s  t e s t .  F u r t h e r  development i s  n e c e s s a r y  f o r  t h e  u s e  of t h i s  s l z e  s t e e l  w i r e .  

On t h e  o t h e r  hand ,  t u n g s t e n  w i r e  may be  used i f  t h e  s m a l l e r  w i r e  i s  r e q u i r e d ,  

and c o s t  g o a l s  can b e  met. The minimum s t e e l  w i r e  s i z e  f o r  s l i c i n g  s i l i c o n  

w i t h o u t  w i r e  b reakage  i s  0 .12 mm ($0.0047 i n . ) .  

B.  WAFER YIELD 

The wafe r  y i e l d  i s  d e f i n e d  a s  a r a t i o  of t h e  unbroken wafe r  and t o t a l  

number of w a f e r  i n  t h e  demons t ra t ion .  The wafe r  y i e l d  r a t i o  f o r  each demon- 

s t r a t i o n  i s  g i v e n  i n  T a b l e s  2 th rough  11 and was g e n e r a l l y  g r e a t e r  t h a n  95 p e r -  

c e n t .  Demonstra t ion 10 f a i l e d  because  t h e  0 .10 mm d iamete r  w i r e  broke a f t e r  13 

min of s l i c i n g .  E f f o r t  was made t o  r e w i r e ,  however, t h e  w i r e  broke a g a i n  a f t e r  

1 h r  and 23 min of r e s t a r t .  Demonstra t ion 8 (Table  9)  f a i l e d  because  t h e  w i r e  

was broken when t h e  s u p p o r t i n g  dummy g l a s s  p i e c e s  came l o o s e .  Demonstra t ion 5 

(Tab le  6 )  h a s  a r e l a t i v e l y  low y i e l d  which may have r e s u l t e d  from t h e  e x c e s s i v e  

s u r f a c e  roughness  and t h i c k n e s s  v a r i a t i o n .  These wafe r  i m p e r f e c t i o n s  were found 

t o  have r e s u l t e d  from t h e  improper c o n t r o l  of w i r e  c u t t i n g  l o a d .  Except t h e s e  

t h r e e  s l i c i n g s ,  a l l  t h e  o t h e r  s l i c i n g s  have demonstra ted t h e  p o t e n t i a l  of e x c e l -  

le11C wafer y i e l d  of t h i s  wafe r ing  machine. It should be p o i n t e d  o u t  t h a t  one 

major  drawback i s  t h e  p o s s i b l e  l o s s  of t h e  whole i n g o t  2f w i r e  b reakage  o c c u r s  

d u r i n g  t h e  s l i c i n g .  The s l i c i n g  s y s c e a ~ s  be ing  developed by Var ian  and C r y s t a l  

Systems w i l l  l o s e  two w a f e r s  i f  any w i r e  b r e a k s .  T h i s  problem r e q u i r e s  i n v e s t i r  

g a t i o n  t o  d e t e r m i n e  t h e  p r o b a b i l i t y  of f a i l u r e  and r e s t a r t  p o t e n t i a l .  



C. KERF THICKNESS 

The average ker f  t h i c k n e s s  f o r  each s l i c i n g  is  g iven  i n  Tables  2  through 11 

,and i s  summarized i n  Table  13. These v a l u e s  a r e  taken  from t h e  d a t a  r epo r t ed  by 

Yasunaga (Appendix A) . 
A s  shown i n  Tables  2  through 11, t h e  ke r f  t h i cknes s  depends d i r e c t l y  

upon t h e  combination of w i r e  and a b r a s i v e  s i z e s  used f o r  t h e  s l i c i n g .  

Add i t i ona l  v a r i a b l e s ,  such a s  wi re  feed r a t e ,  a b r a s i v e  m a t e r i a l  t y p e s ,  e t c ,  

which were sugges ted  (Reference 3) by GEOS a s  shown i n  Table 1 2 ,  w e r e  n o t  

eva lua t ed  i n  t he se  demons t ra t ions .  

I n  t h e s e  demons t ra t ions ,  t h e  e f f e c t s  of w i r e ,  a b r a s i v e  and guide  r o l l e r  

p i t c h  s i z e s  on t h e  ke r f  t h i cknes s  and wafer  t h i c k n e s s  a r e  def ined  i n  F igure  2  

and summarized i n  Table  1 3 .  It i s  found t h a t :  

The re fo re ,  t h e  ke r f  t h i c k n e s s  (B) of a  s l i c i n g  can be  es t imated  from w i r e  s i z e  (C) 

p l u s  t h r e e  t imes t h e  a b r a s i v e  s i z e  ( D ) .  The w i r e  s i z e  i s  thus  t h e  dominant f a c t o r  

c o n t r o l l i n g  ker f  l o s s .  

D.  WAFER THICKNESS 

The average wafer  t h i c k n e s s  f o r  each s l i c i n g  demonstrat ion i s  g iven  i n  

Tables  2  through 11 and i s  summarized i n  Table  13. The v a l u e  i s  taken  from t h e  

average  wafer  t h i c k n e s s  d a t a ' a t . p o s i t i o n  5 (See F igure  3)  r epo r t ed  by Yasunaga 

(Appendix A). The wafer  t h i cknes s  and ke r f  width of Demonstration 8' were n o t  

measured, s i n c e  t h e  wafer ing cond i t i ons  were re-evaluated i n  Demonstration 9 .  A n ,  

e f f o r t  was made t o  measure wafer and ker f  t h i cknes se s  on t h e  i ngo t  f o r  Demo- 

s t r a t i o n  10 by op t i ca l 'm ic roscopy .  It was found t h a t  t h e  average wafer t h i cknes s  

and ke r f  width w e r e  0.250 and 0.13 mm, r e s p e c t i v e l y .  Wafer t h i cknes s  of a  s l i c i n g  

should be r e l a t e d  t o  gu ide  r o l l e r  p i t c h  s i z e  and ker f  t h i cknes s .    his r e l a t i o n -  

s h i p  can be i l l u s t r a t e d  i n  F igure  2  and expressed a s :  

E = A + B  

o r  . 
Wafer t h i cknes s  + ker f  t h i cknes s  = R o l l e r  P i t c h  S i z e  



The s l i c i n g  r e s u l t s ,  a s  shown i n  Table  13 ,  a r e  r e a s o n a b l y  i n  agreement 

w i t h  t h e  r e l a t i o n s h i p  of Equat ion 2 .  By s u b s t i t u t i o n  of Equat ion 1 , i n t o  2 ,  

one f i n d s  t h a t  

Theref o r e ,  . . . 

Wafer t h i c k n e s s  = Guide R o l l e r  P i t c h  S i z e  . 

- .Wire Diameter 

- 3  'Abras ive  P a r . t i c l e  S i z e  

The minimum p i t c h  s i z e  of t h e  g u i d e  r o l l e r  p r e s e n t l y  a v a i l a b l e  i s  0 . 4  mm 

(15.75 m i l s ) .  S p e c i a l  f i n e r  p i t c h  r o l l e r s  would r e q u i r e  development and 

evaluation. I f  we u s e  a  0.12 mm d i a m e t e r  w i r e  and 0.005 mm a b r a s i v e  on 0 .4  mln 

g u i d e  r o l l e r s ,  we w i l l  o b t a i n  a  w a f e r i n g  of 

Kerf wid th  = 0.135 mm ( 5 . 3  m i l s )  

and.Wafer  t h i c k n e s s  = 0.265 mm (10.4  , m i l s )  

These v a l u e s  exceed t h e  p r e s e n t  sawing c a p a b i l i t i e s  of Var ian  and C r y s t a l  
2  

System, and p r o v i d e  w a f e r s  a t  1 .05  m /kg.  

E. WAFER THICKNESS VARIATION ON LOCATION I N  INGOT 

Since  t h e  i n g o t  is  s l i c e d  by one con t inuous  w i r e  which forms m u l t i p l e  

w i r e  l o o p s  around t h e  w i r e  g u i d e ,  t h e  w a f e r s  a t  t h e ' f r o n t  s i d e  a r e  s l i c e d  .by 

t h e  f r e s h  w i r e  w h i l e  t h e  w a f e r s  a t  t h e  r e a r  s i d e  a r e  s l i c e d  by t h e  worn w i r e .  

T h e r e f o r e ,  t h e  w a f e r s  a t  t h e  f r o n t  have t h e  p o t e n t i a l  of b e i n g  t h i n n e r  t h a n  t h o s e  

a t , t h e  r e a r  s i d e  of t h e  i n g o t .  

The s l i c e  t h i c k n e s s  d a t a  p rov ided  by Yasunaga (Appendix A) i n d i d a t e d  no 

a p p r e c i a b l e  wafer  t h i c k n e s s  v a r i a t i o n  ' a s  a f u n c t i o n  of t h e '  l o c a t i o n  i n  . i n g o t  

s l i c i n g .  Cons iderab le  t h i c k n e s s  v a r i a t i o n  of w a f e r s  was found i n  Demonstra t ion 5 ,  

b u t  t h i s  v a r i a t i o n  does  n o t  c o r r e l a t e  t o  t h e  w i r e ' w e a r i n g  as d i s c u s s e d  above.  

N e v e r t h l e s s ,  t h e  e f f e c t  of w i r e  wear on t h e  wafer  t h i c k n e s s  v a r i a t i o n  ( i f  e x i s t -  

e n t )  can be  c o r r e c t e d  by t h e  programmed p i t c h  d i s t a n c e  of t h e  g u i d e  r o l l e r .  



F. WAFER TAPER 

I n  each ingo t  s l i c i n g  demonstrat ion,  t h e  wafer t h i ckness  was determined 

on f i v e  l o c a t i o n s  on t h e  s e l e c t e d  wafers  f o r  determining t h e  t a p e r .  The 

l o c a t i o n s  of th ickness  measurements a r e  shown i n  F igure  3 .  The measured d a t a  a r e  

provided by Yasunaga i n  Appendix A. The average v a l u e  of s e l e c t e d  10 t o  13  

wafers  a t  each l o c a t i o n  of t h i ckness  measurement f o r  each s l i c i n g  demonstrat ion 

is  g iven  i n  Table 14. The r e s u l t s  i n d i c a t e  t h a t  t h e  wafer t a p e r  i s  not  

app rec i ab le .  It should be poin ted  out  t h a t  v a r i a t i o n s  i n  t h e  wafer t h i ckness  d id  

n o t  c o r r e l a t e  w i t h  l o c a t i o n  on t h e  wafers .  The minimum wafer t h i ckness  can 

occur  a t  t h e  top,  bottom o r  t h e  middle of t h e  s l i c e s .  The wafer' t a p e r  i n  

Demonstrations 5 and 7 was found t o  be approximately 0.020 mm i n  some wafers .  

However, i n  a i i  t h e  o t h e r  demonstrat ions t h e  t ape r  was approximately 0.005.min 

o r  l e s s .  

G. STIRFACE QTTAT,TTY 

A s  shown i n  Table 12,  GEOS repor ted  t h a t  t h e  dominant f a c t o r s  a f f e c t i n g  

t h e  s u r f a c e  q u a l i t y  of wafers  a r e :  

1 Wire d l a m e t e ~  eslerance 

2 Wire s t r o k e  r a t e  

( 3 )  Ahras j~re  m a t e r i a l  

(4) Abrasive g r i t  s i z e  

( 5 )  Abrasive s i z e  t o l e r a n c e  

(6 )  cullring p re s su re  

Based on t h e s e  f a c t o r s ,  v i s u a l  observa t ion . (macro)  and o p t i c a l  microscope 

examinat ion a s  w e l l  a s  scanning e l e c t r o n  microscopy were u t i l i z e d  t o  examine 

t h e  s u r f a c e  q u a l i t y  of wafers  f o r  va r ious  c u t t i n g  cond i t i ons .  The r e s u l t s  of . 

t h e s e  examinat ions a r e  a s  fol lows: .  

1. Visua l  Observation (Macro) 

(1) ~ b r a s i v e  g r i t  s i i e  appears  t o  have t h e  most s i g n i f i c a n t  e f f e c t  
on t h e  s u r f a c e  cond i t i on  of wafers .  Demonstrations 4 and 5 were 



s l i c e d .  by 5pm (/I3000 g r i t )  S i c  a b r a s i v e  w h f l e  a l l  t h e , o t h e r  i n g o t s -  , 

were s l i c e d  by 10pm (/I1500 g r i t )  S i c  a b r a s i v e ,  The macro s u r f a c e  
f i n i s h  on t h e  w a f e r s  of Demonstra t ions  4  and 5  should be f i n e r  
t h a n  t h o s e  s l i c e d  by 10pm a b r a s i v e .  However, v i s u a l  o b s e r v a t i o n  
showed t h e  o p p o s i t e .  A c o n s i d e r a b l y  g r e a t e r  amount of c u t t i n g  marks 
were observed on t h e  w a f e r s  of Demonstra t ions  4 and 5  t h a n  t h o s e  
of o t h e r  i n g o t s .  F i g u r e  4  shows t h e  t y p i c a l  c u t t i n g  marks on t h e  
w a f e r s  of Demonstra t ion 5. 

(2)  A l l  t h e  w a f e r s  s l i c e d  by u s i n g  10pm S i c  a b r a s i v e  have an  e x c e l l e n t  
s u r f a c e  q u a l i t y ,  e x c e p t  some minor sawing marks were found on 
w a f e r s  i n  Demonstra t ions  7  and 9.  Some sawing marks shown on 
t h e  w a f e r s  of Demonstra t ion 7  a t  t h e  a r e a  of t h e  e n d . o f  s l i c i n g  
may be  due t o  some unexpla ined  h e s i t a t i o n s  of w i r e  a t  t h a t .  p o i n t ,  
a s  shown i n  F i g u r e  5 .  A w i r e  c u t t i n g  mark was found on t h e  wafe rs .  
of Demonstra t ion 9  a t  approx imate ly  18 mm d e p t h  from t h e  s t a r t i n g  
p o i n t .  T h i s  mark was r e p o r t e d  t o  r e s u l t  from t h e  a b r u p t  
change o f . w i r e  l o a d  ( c u t t i n g  p r e s s u r e ) .  T h e r e f o r e ,  uniform 
c o n t r o l  of w i r e  l o a d i n g  i s  a n  impor tan t  f a c t o r  a f f e c t i n g  t h e  
macro s u r f a c e  f i n i s h  of t h e  wafe r .  

/ 

The macroscopic  s u r f a c e  roughness  of s e v e r a l  d e m o n s t r a t i o n s  was 
measured by a  s u r f a c e  con tour  a n a l y z e r . "  The a n a l y z e r  was t r a c e d  
a long  t h e  d i a m e t e r  of a  wafer  i n  t h e  c u t t i n g  d i r e c t i o n ,  pe r -  
p e n d i c u l a r  t o  t h e  w i r e  c u t t i n g  marks.  The t y p i c a l  s u r f a c e  rough- 
n e s s e s  of Samples 1-15, 5-45, 7-7 and 9-5 a r e  shown i n  F i g u r e s  6 ,  
7 ,  8  and 9 ,  r e s p e c t i v e l y .  A s  shown i n  F i g u r e  6 ,  t h e  maximum 
i r r e g u l a r i t y  a t  t h e  c e n t e r  a r e a  of wafer  1-15 i s  approx imate ly  
9pm. F i g u r e  7  r e v e a l s  t h e  s u r f a c e  c o n d i t i o n  of Specimen 5-45 
t o  have s e v e r e  i r r e g u l a r i t i e s .  The wors t  roughness  occur red  
a t  c e n t e r  a r e a  of t h e  wafer  t o  be  70pm. F i g u r e  8  shows a  t a p e r  
of 22pm over  a  d i s t a n c e  of approx imate ly  1 0  mm a t  t h e  lower h a l f  
of t h e  Wafer 7-7. The sawing marks on t h i s  wafe r  a t  t h e  a r e a  of 
t h e  end of s l i c i n g  was found t o  be  approx imate ly  12pm. F i g u r e  9  
shows t h e  v e r y  good s u r f a c e  f i n i s h  of Wafer 9-5 excep t  f o r  a  s t e p  
of 25um a t  approximately 18 mm from t h e  s t a r t i n g  p o i n t ,  where a  
sawing mark was observed.  The importance of t h e s e  s u r f a c e  c o n t o u r  
a n a l y z e r  r e s u l t s  t o  c e l l  performance i s  n o t  c l e a r .  

2. Microscopic  Examina t ion .  

a.  Micro s u r f a c e  Roughness. The microscop ic  s u r f a c e  roughness  of w a f e r s  

s l i c e d  under  v a r i o u s  c u t t i n g  c o n d i t i o n s  was examined by a  s t e r e o  o p t i c a l  

.*Trade name, "Dektak T r a c e r , "  manufactured by S loan  Corp. ,  Sunnyvale,  CA. 
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microscope  a s  w e l l  a s  by s c a n n i n g  e l e c t r o n  microscope  (SEM). The t y p i c a l  mic ro  

s u r f a c e  roughness  of Demons t ra t ions  1, 4 ,  and 6 a r e  shown i n  F i g u r e s  1 0 ,  11, and 

1 2 ,  r e s p e c t i v e l y ,  by SEM examina t ion .  A t  t h e  p r e s e n t  t i m e ,  no s t a n d a r d  method f o r  

d e t e r m i n a t i o n  of t h e  s u r f a c e  roughness  h a s  been e s t a b l i s h e d .  I n  o r d e r  t o  make a  

comparison on t h e  m i c r o s c o p i c  s u r f a c e  roughness  under  v a r i o u s  c u t t i n g  c o n d i t i o n s ,  

t h e  a v e r a g e  s u r f a c e  i r r e g u l a r i t y  s p a c i n g ,  e s t i m a t e d  from SEM p h o t o s ,  of s e v e r a l  

samples  a r e  g iven  i n  Tab le  15. 

b .  S u r f a c e  Damage. The s u r f a c e  damage of a  wafe r  was examined t o  d e t e r m i n e  

t h e  d e p t h  and n a t u r e  o f  t h e  saw-induced damage from t h e  m u l t i - w i r e - s l u r r y  

s l i c i n g  p r o c e s s .  A method t o  r e v e a l  t h e  damage by a n g l e  l a p p i n g  and S i r t l  

e t c h i n g  was r e p o r t e d  by Digges ,  e t  a 1  (Refe rence  4 ) .  O p t i c a l  micr6scopy 

was u t i l i z e d  t o  examine s e v e r a l  s e l e c t e d  samples  p r e p a r e d  by t h i s  method. 

T h e i r  r e s u l t s  a r e  g i v e n  i n  T a b l e  1 5 .  At tempts  have been made t o  r e l a t e  

t h e  s u r f a c e  damage of wafe r  t o  t h e  w a f e r i n g  v a r i a b l e s .  One can f i n d  

t h a t  

S u r f a c e  Damage = Abras ive  s i z e  + X 

where X i s  a s m a l l  v a l u e  and a  f u n c t i o n  of c u t t i n g . r a t e  and w i r e  s i z e .  F u r t h e r  

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

d e m o n s t r a t i o n  r . e s u l t s  imply t h a t  t h e  wafe r  s u r f a c e  damage i s  approx imate ly  

e q u a l  t o  one a b r a s i v e  p a r t i c l e  s i z e  under  normal w a f e r i n g  c o n d i t i o n s .  'The 

w a f e r  s u r f a c e  damage from t h i s  w a f e r i n g  machine a p p e a r s  t o  b e  l e s s  t h a n  t h o s e  

produced by t h e  V a r i a n  saw ( ~ 1 8 p m )  (Refe rence  l a ) .  A sugges ted  e x p l a n a t i o n  

i s  i l l u s t r a t e d  i n  F i g u r e  1 3 .  

H.  WIRE WEAR RATE 

The w i r e  wear r a t e  of each d e m o n s t r a t i o n  was g i v e n  i n  t h e  Yasunaga 

c u t t i n &  d a t a  r e p o r t  (Appendix A). . It i s  summarized as f o l l o w s :  

(1 )  1n Demons t ra t ions  1, 2 ,  8  and 9 ,  approx imate ly  6 t o  7um r e d u c t i o n  
i n  d i a m e t e r  was found by u s i n g  10um a b r a s i v e  under  s t a n d a r d  w i r e  
l o a d i n g  ( ~ 2 0  gm/cm/wire). 



(2 )  5pm r e d u c t i o n  i n  d iamete r  was found by u s i n g  5pm abras ' ive  under 
s t a n d a r d  w i r e  l o a d i n g  a s  i n  Demonstra t ions  4 and 5.  

(3 )  . Approximately :gum wear ing  was found by using:lOpm a b r a s i v e  under 
23 gm/cm/wire of w i r e  l o a d i n g  a s  shown i n  Demonstra t ions  3  and 7.. 

T h e r e f o r e ,  t h e  w i r e  wear r a t e  a p p e a r s  t o  b e  dependent  upon t h e  a b r a s i v e  

p a r t i c l e  s i z e  and w i r e  l o a d i n g  and independen t  of t h e  w i r e  s i z e .  The l a r g e r  

t h e  a b r a s i v e  s i z e ,  t h e  g r e a t e r  w i r e  wear r a t e  w i l l . b e .  A s i m i l a r  e f f e c t  of 

w i r e  l o a d i n g  on wear ing  was found., It c a n  b e  e s t i m a t e d  t h a t  t h e  w i r e  wear ing  

i s  approx imate ly  one a b r a s i v e  p a r t i c l e  s i z e  a t  t h e  c u t t i n g  l o a d s  and f e e d  r a t e s  

used h e r e .  L i m i t s  of w e a r , r a t e ,  a t  which b reakage  o c c u r s ,  were n o t  r eached .  

The l i f e  of t h e  w i r e  is  an  i m p o r t a n t  f a c t o r  a f f e c t i n g  t h e  t o t a l  c o s t  of 

producing s i l i c o n  s o l a r  c e l l s  s i n c e  a  major  .add-on c o s t  i n  t h e  u s e  of t h i s  

s l i c e r  i s  t h e  c o s t  o f  t h e  w i r e .  

N. Mardesich and M; Leipold  (Refe rence  5) made a n  e v a l u a t i o n  o f  a  used 

w i r e  from a  p r e v i o u s  s i l i c o n  i n g o t  d e m o n s t r a t i o n .  They found t h a t  t h e  

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

e f f e c t .  There  i s  n o t  an  accompanying m a t e r i a l  d e t e r i o r a t i o n  o r  l o s s  i n  p h y s i c a l  

p r o p e r t i e s .  They sugges ted  t h a t  t h e  w i r e  might be  reused  a t  lower l o a d s  o r  be  

p l a t e d  t o  r e s t o r e  t h e  dj.ame.ter. 

I. CUTTING SPEED 

A s  r e p o r t e d  by GEOS i n  Table  1 2 ,  t h e  dominant f a c t o r s  a f f e c t i n g  t h e  c u t t i n g  

s p e e d  of s l i c i n g  a r e :  

(1 )  Wire S i z e  

(2)  Wire s t r o k e  r a t e  ( c y c l e  r a t e )  

( 3 )  Abras ive  m a t e r i a l  ( t y p e  of a b r a s i v e )  

(4 )  Abras ive  g r i t  s i z e  

(5)  Abras ive  s i z e  t o l e r a n c e  

( 6 )  R a t i o  of a b r a s i v e  to. suspendor  ( a b r a s i v e  c o n c e n t r a t i o n )  

( 7 )  C u t t i n g  p r e s s u r e  ( w i r e  l o a d )  



Among t h e s e  f a c t o r s ,  w i r e  s t r o k e  r a t e ,  a b r a s i v e  m a t e r i a l  t ype ,  a b r a s i v e  s i z e  

t o l e r a n c e  and a b r a s i v e  concent ra t ion '  i n  t h e  s l u r r y  were no't eva lua ted  i n  t h e s e  

demons t ra t ions .  I n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t  of w i r e  s i z e ,  a b r a s i v e  g r i t  

s i z e  and c u t t i n g  preksure  (wire  load)  on t h e  c u t t i n g  speed of t h i s  s l i c i n g  

system, t h e  c u t t i n g  r a t e  and w i r e  load ing  ve r sus  c u t t i n g  t i m e  of s e v e r a l  i ngo t  

s l i c i n g  a r e  - p l o t t e d  i n  F igures  14 through 19. I n  t h e s e  f i g u r e s ,  t h e  c u t t i n g  

r a t e , v e r s u s  w i r e  l oad ing  a t  one-half i n g o t  s l i c i n g  w i l l  b e  used t o  make t h e  

. comparison. The c u t t i n g  r a t e  per  w i r e  load  a t  one-half. i ngo t  s l i c i n g  is  sum- 

marized i n  Table 16. These d a t a  i n d i c a t e  t h a t  g r e a t e r  a b r a s i v e  s i z e  and w i r e  

load  w i l l  i n c r e a s e  c u t t i n g  r a t e ;  however, th-e t o t a l  c u t t i n g  t i m e  of t h e  demon- 

s t r a t i o n s  i s  not  on ly  determined by t h e  c u t t i n g  r a t e  a t  h a l f  i n g o t  b u t  a l s o  by 

t h e  c o n t r o l  of w i r e  load  by adding and removal of weights .  

It can be summarized t h a t  t h e  maximum c u t t i n g  speed i s  approximately 

8pmlmin and llpmlmin f o r  5 and l O p m  a b r a s i v e ,  r e s p e c t i v e l y ,  under one gmlcm of 

w i r e  l oad .  

J .  SLURRY 

'I'he s l u r r y  used i n  t h e  s l i c i n g . d e m o n s t r a t i o n s  c o n s i s t s  of SIC abra 's ive 

and l app ing  o i l  i n  a  s p e c i f i e d  r a t i o .  The lapping  o i l  was John Crane 3pm l app ing  

v e h i c l e ,  supp l i ed  by Crane Packing Co., Morton Grove, I L .  The r a t i o  of 

a b r a s i v e  and lapping  o i l ,  by weight ,  f o r  each demonstrat ion is g iven  i n  

Tables  2 through 11. The e f f e c t  of a b r a s i v e  concen t r a t i on  i n  t h e  s l u r r y  on t h e  

c u t t i n g  speed and wafer  q u a l i t i e s  was no t  examined quan t i t a t i ve ly . .  . 

The reuse  of  s l u r r y  was eva lua t ed  i n  Demonstrat ions '6  through .1.0. The 

r e s u l t  showed t h a t  no d e t e r i o r a t i o n  i n  c u t t i n g  c a p a b i l i t y  of t h e  reused s l u r r y  

be  found. 



K.  WAFERING COST 

The v a r i a b l e s  a f f e c t i n g  t h e . w a f e r i n g  c o s t  r e p o r t e d  by GEOS C o r p o r a t i o n  a r e  

g iven  i n  Tab le  12.  The most s i g n i f i c a n t  add-on c o s t  f o r . t h i s  w a f e r i n g  w i l l  b e  

t h e  c o s t  of t h e  expendable  m a t e r i a l s  a s  f o l l o w s :  

. . 
(1)  Wire 

(2)  Abras ive  

(3 )  Rol le r -gu ide ,  i d l e r  and V 

The c o s t s  of s t e e l  w i r e ,  s i l i c o n  c a r b i d e  a b r a s i v e  and r o l l e r s  a r e  g i v e n  

i n  'Tables  1 7 ,  1 8  and 1 9 ,  r e s p e c t i v e l y .  The c o s t  of w i r e  p e r  c u t t i n g  a r e a  used 

i n  t h e  d e m o n s t r a t i o n s  is  g iven  i n  Tab le  20. S i n c e  t h e  l i v e s  of t h e  a b r a s i v e  

and r o l l e r s  have  n o t  been e v a l u a t e d ,  t h e i r  c o s t  p e r  c u t t i n g  a r e a  cannot  b e  

e s t i m a t e d .  The t o t a l  c o s t s  of a b r a s i v e  and r o l l e r s  a s  used i n  t h e  d e m o n s t r a t i o n s  

are g iven  i n  Tab le  20. The p r e s e n t  t e c h n o l o g i e s  of m u l t i b l a d e - s l u r r y  sys tem 

(Refe rence  6 )  and t h e  mul t i -wi re - f ixed  a b r a s i v e  sys tem (Refe rence  7) h a v e  
2  2  e s t i m a t e d  t h e  add-on c o s t  t o  b e  $35.00/m and $11.57/m , r e s p e c t i v e l y .  There- 

,-I 

f o r e ,  t h e  s l i c i n g  c o s t  ($68/mL f o r  w i r e  a l o n e )  of t h e  m u l t i - w i r e - s l u r r y  sys tem 

i n  i t s  p r e s e n t  s t a t e  i s  t o o  h i g h .  F u r t h e r  e v a l u a t i o n  t o  d e t e r m i n e  t h e  l i m i t s  

of  w i r e  wear as w e l l  as means of minimizing i t  a r e  needed. A s  mentioned p r e -  

v i o u s l y ,  t h e  w i r e  of t h e  Yasunaga saw h a s  t h e  p o t e n t i a l  of b e i n g  r e u s e d  by 

p r o p e r  p l a t i n g  t o  r e s t o r e  t h e  d i a m e t e r .  



SECTION V 

SUMMARY AND CONCLUSION 

(1)  The minimum s i z e  of s t e e l  w i r e  s u c c e s s f u l l y  used i n  mul t i -wi re  
s l u r r y  d e m o n s t r a t i o n s  f o r  s i l i c o n  i n g o t  s l i c i n g  w i t h o u t  b reakage  
was found t o  be  0.12 mn (%0.0047 i n . ) .  

(2)  The k e r f  t h i c k n e s s  of t h i s  sawing can b e  e s t i m a t e d  by o n e . w i r e  
d iamete r  p l u s  t h r e e  t i m e s  t h e  p a r t i c l e  s i z e  of a b r a s i v e  and was 
demonstra ted as low as 0.135 mm. 

(3) The wafe r  t h i c k n e s s  of t h i s  sawing i s  e s t i m a t e d  by g u i d e  r o l l e r  
p i t c h  s i z e  minus t h e  k e r f  w i d t h  and reached  0 .28 mn. 

) The p r e s e n t  c a p a b i l i t i e s  of t h i s  s l i c e r  can p r o d u c t  u s a b l e  wafe r  
a r e a  from a n  i n g o t  of 1 . 0 5  m2/kg .( lo m i l s  wafe r  t h i c k n e s s  w i t h  
5  m i l s  k e r f  l o s s ) .  T h i s  w a f e r i n g  c a p a b i l i t y  i s  c o n s i s t e n t  w i t h  
t h e  o b j e c t i v e s  of LSSA 'Tdsk 11. 

. (5)  The wafe r  t h i c k n e s s  v a r i a t i o n  and t a p e r  were shown t o  b e  c o n s i s t e n t  
w i t h  expected c e l l  r e q u i r e m e n t s .  

(6 )  Th is  s l i c e r  h a s  demonstra ted t h e  p o t e n t i a l  of e x c e l l e n t  wafe r  
y i e l d .  

. (7)  The wafe r  s u r f a c e  damage i s  approx imate ly  e q u a l  t o  one a b r a s i v e  
p a r t i c l e  s i z e  under  normal w a f e r i n g  c o n d i t i o n s .  

(8)  . The r e s u l t s  i n d i c a t e  t h a t  w i r e  wear ing i s  approx imate ly  one abra -  
s i v e  p a r t i c l e  s i z e  a t  t h e  maximum c u t t i n g  l o a d  and w i r e  feed  r a t e .  

( 9 )  The maximum c u t t i n g  speed of t h i s  s l i c e r  i s  approx imate ly  - 
8pm/min and l lpm/min f o r  5pm and 10pm a b r a s i v e ,  r e s p e c t i v e l y ,  under 
one gm/cm of w i r e  p r e s s u r e .  

(10) The add-on c o s t  of t h e  Yasunaga saw a s  p r e s e n t l y  used i s  c o n s i d e r a b l y  
h i g h e r  t h a n  t h e  sys tems  be ing  developed by Var ian  and C r y s t a l  
Systems f o r  LSSA Task 11, p r i m a r i l y  s i n c e  t h e  Yasunaga saw u s e s  a  
l a r g e  q u a n t i t y  of wire. The r euse  of t h e  w i r e  was n o t  i n v e s t i g a t e d .  
It i s  b e l i e v e d  t h a t  t h e  add-on c o s t  can b e  s i g n i f i c a n t l y  reduced 
by e x t e n d i n g  t h e  w i r e  l i f e  and /or  by t h e  r e u s e  of p r o p e r l y  p l a t e d  
w i r e  t o  r e s t o r e  t h e  d i a m e t e r .  By such  means, t h e  s l i c i n g  g o a l  of 
LSSA Task I1 might be  met.  



SECTION VI 

RECOMMENDATIONS 

From the results of these demonstrations, the multi-wire-slurry slicing 

machine has been shown to have potential for use of silicon ingot wafering 

in the LSSA Project, Task 11. It is recommended that several important wafering 

parameters be evaluated as follows: 

(1) Determine more completely the wire wear limits, particularly 
with full size ingots 

(2) Evaluate 0.30 and 0.35 mm roller pitch operation 

(3) Determine the usability of 0.10 mm wire 

(4) Determine abrasivelslurry requirements, limits and costs 

(5) Optimize the cutting time as a function of wire and abrasive 
sizes 

(6) Define the proper mounting method for silicon ingot and 
determine the time required for mounting ingot 

(7) Determine the life and cost of minor components such as rollers 

(8) Evaluate the cost factors as a function of cutting process' 
parameters and ancillary equipment variables 

(9) Modify wiring system for minimizing ingot loss due to any wire 
breakage and evaluate restart potential 

(10) Investigate wire plating. 
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Figure 1. Overall photo of Yasunaga Multi-Wire Slurry Saw 



WAFER THICKNESS 

KERF WIDTH 

ROLLER PITCH SlZE 

ARRASM SlZE 

WlRE DlAMff ER 

Figure 2.  Relationship among wafer thickness, kerf width 
and guide r o l l e r  pitch s i z e  
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Figure 3.  Location of thickness measurement on a wafer 



Figure 4. Typical cutting marks on the wafers Figure 5. Typical cutting marks on the wafers 
of Demonstration 5 of Demonstration 7 



ORDINATE: 5 nv'crn 
ABSCISSA: TRACING RATE 2 cm/rnin 

Figure 6 .  Macroscopic surtace roughness ol- sample 
1-15 measured by Dektak Tracer 



ORDINATE: 10 p.\/cm 

ABSCISSA: TRACING RATE 2 c d m i n  

Figure 7. Macroscopic surface roughness of sample 
5-45 measured by Dektak Tracer 
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Figure 8.  Macroscopic surface roughness of sample 
7-7 measured by Dektak Tracer 
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Figure 9. Mocroseopic surlace roughness of sample 
9-8 measured by Dektak Tracer 



Figure 10. Typical microscopic surface roughness on the 
wafers of Demonstratlon 1 

Figure 11. Typical microscopic surface roughness on the 
wafers of Demonstration 4 



Figure 12. Typical microscopic surface roughness on the 
wafers of Demonstration 6 



a fmvant~onal O.D. saw wind 
on a spreadtng band from the 
parallel into the wafer surface. 
Excessivs blade flutter further 
damages the crystal structure. 

c. Band saws grind nearly 
parallel to the wafer surface, 
but the eubaequent lopping 
action of the blade propagates 
deep sub-surface damage. 

b. Properly condtt~oned 1.0. 
raws are stable and grtne in r 
narrower band producing less 
than 12 micron zuba~rrface 
damage. - - 

d. The YQ-100 Oscillating Wire 
Saw laps in the narrowest 
b n d .  thereby generating 
very little crystal damage. 

Figure 13. Schematic view of surface damage generation with saws " 





. . _ 
(3 CUTTING R4TE 

X WIRE LOADlNG 

1/2 INGOT ' 

Figure 15. Cutting rate and wire loading vs cutting time of Demonstration 2 



CUTTING TIME, Hrs 

Figure 16. Cutting rate and wire loading vs cutting time of Demonstration 4 





1/2 INGOT 

I 

Figure 18. Cutting rate and wire loading vs cutting time of Demonstration 6 



CUTTING TlME, Hrs 
. . . .. 

Figure 19. Cutting rate and wire loading vs cutting time of Demonstration 7 



Table 1. S p e c i f i c a t i o n  of Yasunaga Multi-Wire S l u r r y  Saw . . . . 

4 

. . . . 

Work S i z e  lOOxlOOxlOO mm ( 4 x 4 ~ 4  i n . )  

~ i m u l t a n e o u s  Cuts  Up t o  250 w a f e r s  o r  s l o t s  

Kerf. Th innes s  Less  t h a n  0 . 1  mm (0 .004 i n . ) ,  u s i n g  0 .08  nun w i r e a n d  
5  Dm a b r a s i v e  

Wafer T h i n n e s s  Less  t han  0 .15  nun (0 .0006 i n . )  

Accuracy Th icknes s :  Less  t h a n  + 5um (+0.0002 i n . ) @ 7 5 %  
Less  t h a n  ' l O u m  ('0.0004 i n . ) @  30 

S u r f a c e  F i n i s h :  2pm u s i n g  10um a b r a s i v e  

P a r r a l l e l i s m :  15um (0 .0006 i n . )  o v e r  50 nun ( 2  ' i n . ) ,  

S l o t  Depth:  Les s  t h a n  '0.013 mm ('0.0005 i n . )  , 

Wire Guide P i t c h  0 .4 ,  0 .5 ,  0 . 6 ,  0 . 7 ,  0 . 8 ,  0 . 9 ,  1 . 0 ,  1.1 mm 
(custom p i t c h e s  a v a i l a b l e ) .  

Wire S t e e l  wi,re from 0 . 0 8  t o  0 .5  mm d i a .  

Abra s ive  S i c :  5 ,  9 ,  1 2 ,  1 5 ,  2 0 ,  30pm 

Wire S t r o k e  Length 700 mm one  d i r e c t i o q  

Wire S t r o k e  Ra te  30 t o  80 c y c l e s / m i n . ,  v a r i a b l e  

Wire Speed 42 t o  112 m/min. v a r i a b l e  

Feeding Speed o f  new w i r e  0  t o  15  m/min. v a r i a b l e  
. . 

Motors Main motor:  0 .4  kW v a r i a b l e  speed  

Wire Feeding Motor: 0 . 1  kW v a r i a b l e  speed 

Abras ive  S l u r r y  Pump: 0 . 1  kW, 60  l /m in .  
. . 

Power Source  208V, 60 Hz, 3  phase ,  20A 

A i r  
2  

1 . 5  k g / ~ i l ~  , 100 l / l t ~ i l l .  

Dimensions Width:  1 ,034  'mm (41% i n . )  
. Depth: 1 ,125  mm (45  i n . )  

He igh t :  1 ,630  .nun (64 i n . )  

Weight 1 ,400  kg  (3 ,080 l b s )  

C u t t i n g  O i l  3um Lapping.  O i l  



Table 2 .  Cu t t i ng  cond i t i ons  and r e s u l t  of bemonstrat ion 1 

JPL 
Var i ab l e  Condit ions Spec i f i ed  Performed 

R o l l e r  P i t c h ,  mrn 

Wire s i z e ,  i n .  

Abrasive s i z e ,  pm 

Cu t t i ng  O i l  

0 . 5  

0.005 

9 

S td  

0.0055 (0.14 mm) 

10 

Crane  Lapping 
Vehic le ,  3M 

S l u r r y  cond i t i on ,  a b r a s i v e l o i l  New ('~td) New (1..67/1) 

No. s l i c e s  S td  48 

Wire t ens ion ,  kg 

Breaking P t .  of w i r e ,  kg 

Wire f eed  r a t e ,  m/min 

Wire cyc l e  r a t e ,  cycle/min 

Std' 

S td  

Wire l oad ,  kg S td  6.8 max 

Unit  w i r e  l o a d ,  gm/cm/wire - 2 0  

Cut t ing  Resul t  

T o t a l  w i r e  used,  m 

~ o t a l  c u t t i n g  t i m e ,  hr:min 

Ave. wafer  t h i c k n e s s ,  i n .  
mm 

. . 
Ave. k e r f  wid th ,  i n .  

mm 

Water y i e l d ,  unb roken / to t a l  wafer  

Wire wearing, um 
2 

Length of w i r e l c u t t i n g  a r e a ,  m/cm 



Table  3. C u t t i n g  c o n d i t i o n s  and r e s u l t  of Demonstra t ion 2 

-- 

JPL 
V a r i a b l e  Condi t ions  . S p e c i f i e d  p e r  formed 

R o l l e r  P i t c h ,  ' mm 0 . 5  0 . 5  

Wire s i z e ,  i n .  0.004 0.0047 ( . 1 2  mm) 

Abras ive  s i z e ,  um 9 i 0  

C u t t i n g  O i l  S t d  Crane ~ a p ~ i n g  
V e h i c l e  3M 

S l u r r y  cond ' i t ion,  a b r a s i v e l o i l  Reuse from . New (1.6711) 
Demo. 1 

No. s l i c e s  ' .  Std  4  7  

Wire t e n s i o n ,  kg S t d  1.1 

Breaking P t .  of w i r e ,  kg S t d  3.2 

Wire f e e d  r a t e ,  m/min 5  1 0 . 3  

Wire cycle.  r a t e ,  cyc le lmin  60 62%65 

Wire l o a d ,  kg S t d  5  max 

Uni t  w i r e  l o a d ,  gm/cm/wire - 1 5  

C u t t i n g  R e s u l t  

T o t a l  w i r e  used,  m 

T o t a l  c u t t i n g  t i m e ,  hr :min 

Ave. wafe r  t h i c k n e s s ,  i n .  
mm 

Ave. k e r f  w i d t h ,  i n .  0.006 
mm 0.15 

Wafer y i e l d ,  u n b r o k e n / t o t a l  wafe r  47/47 

Wire wear ing , .pm 6  

Length of w i r e l c u t t i n g  area ,  m/cm 
2  

2.67 



Table 4. Cu t t i ng  cond i t i ons  and r e s u l t  of. Demonstration 3  

JPL 
Variab l e  Condit ions Spec i f i ed  Performed 

R o l l e r  Pit .ch,  mm 0.5 0 .5  

Wire s i z e ,  i n .  0.. 004 0.0.047 ( . I 2  mm) 

Abrasive s i z e ,  pm 

.Cu t t i ng  O i l  

9  

S td  

S l u r r y  cond i t i on ,  a b r a s i v e l o i l  New 

No. s l i c e s  S td  

Crane Lapping 
Vehicle  3M 

Reuse from 
Demo. 2  + 0.94 kg 
Abra. + 0.5  lcg 
o i l  

Wire t ,ension , kg Std  1 . 2 ,  

Breaking P t  . of w i r e ,  .kg ' Std  3.2 

Wire f eed  r a t e ,  m/min 5  10.5 

Wire cyc l e  r a t e ,  cyc le lmin  

W > i r ~ ~  I n a d ,  kg 

- Unit  w i r e  l oad ,  gm/cm/wire ' 23.1. 

. Cut t ing .  Resul t  

T o t a l  w i r e  used ,  m 5050 

T o t a l  c u t t i n g  k i m e ,  hr:min 8:25 

Ave. waf el- t h i c k n e s s ,  i n .  
mrn 

Ave. ke r f  wid th ,  i n .  0.006 
nun I .O.  15 

Wafer y i e l d ,  unb roken / to t a l  w a f e r .  .42/k4 . . 

Wire wearing, um 

Length o f , w i r e / c u t t i n g  a r e a ,  m/cm 
2 



Table  5. C u t t i n g  cond i t ion ' s  and r e s u l t  of Demonstra t ion 4  

. . 

JPL 
V a r i a b l e  Condi t ions  S p e c i f i e d  p e r f  brmed 

R o l l e r  P i t c h ,  mm 0 . 4  0 . 4  ' 

Wire s i z e ,  i n .  

Abras iye  s i z e ,  um 

C u t t i n g  O i l  S t d  ' Crane Lapping 
Vehic le  3 M  

S l u r r y  c o n d i t i o n ,  a b r a s i v e l o i l ' .  New (S td)  New ( l l i . 6 )  

No. s l i c e s  S t d  5 4  

Wire t e n s i o n ,  kg S t d  1 .22  

Breaking P t .  of w i r e ,  kg S t d  3 .2  

Wire f e e d  r a t e ,  ' m/min 7 . 5  12 .0  

Wire c y c l e  r a t e ,  cyc le /min  60 6 8 

Wire l o a d ,  kg S t d  7.6 max. 

Uni t  w i r e  l o a d ,  gm/cm/wire - 20 

C u t t i n g  R e s u l t  

T o t a l  w i r e  used ,  m 9000 

T o t a l  c u t t i n g  t ime,  hr:min 12 :  30 

Ave. wafe r  t h i c k n e s s ,  i n .  
mm 

Ave. k e r f  w i d t h ,  i n .  
mm 

Wafer y i e l d ,  u n b r o k e n l t o t a l  wafe r  53/54 

Wire wear ing ,  urn 
L 

Length of w i r e l c u t t i n g  a r e a ,  m/cm 



Table  6 .  C u t t i n g  c o n d i t i o n s  and r e s u l t  of Demonstra t ion 5  

JPL 
V a r i a b l e  C o n d i t i o n s  S p e c i f i e d  Per  formed 

R o l l e r  P i t c h ,  mm 

Wire s i z e ,  i n .  

Abras ive  s i z e ,  ' pm 

C u t t i n g  O i l  

S l u r r y  c o n d i t i o n  

No. s l i c e s  

Wire t e n s i o n ,  kg 

Break ing  P t .  of w i r e ,  kg '  

Wire f e e d  r a t e ,  mlmin 

Wire c y c l e  r a t e ,  cyc le lmin  

Wire l o a d ,  kg 

Uni t  w i r e  l o a d ,  gm/ck/wire 

0 .4  

0.003 

5  

S t d  

Reuse from 
Demo. 4  

S td  

S t d  

S td  

6 

6 0  

S t d  

- 

0.0047 (0 .12 mm) 

Crane Lapping 
Vel l ic le  3 M  

Reuse from 
Demo. 4 

54 

7 . 6  max 

2 0  

C u t t i n g  R e s u l t  
~ - - -- 

T o t a l  w i r e  used ,  m 

T o t a l  c u t t i n g  t ime ,  hr :min 9 :45 

Ave. w a f e r  t h i c k n e s s ,  i n .  
mm 

Ave. kerf width, in. 
mm 

Wafer y i e l d ,  u n b r o k e n l t o t a l  wafe r  ' 46/54 

TJirc wcar ing,  prn 5  
2 

Lengkl-1 ul w i r e / c u t t i n g  area, m/cm 2 . 5 3  



,Table 7. Cutting conditions and result of Demonstration 6 

JPL 
Variable Conditions Specified Performed 

, . 

Roller Pitch, mm 0.4 0.4 

Wire size, in. 0.003 0.0047 (0.12 mm) 

Abrasive size, pm 9 10 

Cutting Oil Std Crane Lapping 
Vehicle 3M 

Slurry condition, abrasive/oil New New (1.5311) 

No. slices Std 54 

Wire tension, kg Std 1.2 

Breaking Pt. of wire, kg Std 3.2 

Wire feed rate, m/min 7.5 10 

Wire cycle rate, cycle/min 6 0 6 5 

Wire load, kg Std 7 max 

Unit wire load, gm/cm/wire - 18.4 

Cutting Result 

Total wire used, m 4800 

Total cutting time, hr:min 8:O 

Ave. wafer thickness, in. 0.011 
rnm 0.272 

Ave. kerf width, in. 
mm 

Wafer yield, unbroken/total wafer. 51/54 

Wire wearing, pm 6 
Z 

~ength of wirelcutting area, m/cm 1.83 



Table.8. . Cutting conditions and tesult of Demonstration 7 

- - pp 

JPL 
Variable Conditions Specified Performed. 

Roller Pitch, mrn 

Wire s,ize, in. 

Abrasive size,. pm 9 10 

Cutting Oil 

Slurry conditfon 

Std Crane Lapping 
Vehicle 3M 

Re.use from Keuse from 
Demo. 6 Demo. 6 

No. slices Std 54 

Wire tension, kg Std 1.2 

Breaking Pt. of wire, kg Std 3.2 

Wire feed rate, m/min 5  10 

Wire cycle rate, cyclelmin 6 0 6 7 

Wire load, kg Std . . 8.6 max 

Unit wire load, gm/cm/wire - 23.1 

- -- 

. . Cutting Result 

Total wire used, m 4050 

Total c1.1 tting time, , hr:min 

Ave. wafer thickness, in. 
mm 

Ave. kerf witlL11, in. 
mm 

Wafer yield, unbrokenltotal wafer 5 3 / 5 4  

Wire wearing, pm 9 
2 

Length . of .. wirelcutting area, mlcm . . 1.54 



Table  9 .  C u t t i n g  c o n d i t i o n s  and r e s u l t  of D e m o n s t r a t i o n . 8  

J P L  
V a r i a b l e  C o n d i t i o n s  S p e c i f i e d  Performed 

R o l l e r  P i t c h ,  mm 

Wire s i z e ,  i n .  

Abras ive  s i z e ,  pm 

C u t t i n g  O i l  

S l u r r y  c o n d i t i o n  

No. s l i c e s  

Wire t e n s i o n ,  kg 

Breaking P t .  of w i r e ,  kg 

Wire f e e d  r a t e ,  m/min 

Wire c y c l e  r a t e ,  cyc le /min  

Wire l o a d ,  kg . , 

Uni t  w i r e  l o a d ,  gm/cm/wire 

0 . 4  

0.003 

9 

S t d  

Reuse from 
Demo. 7 

S t d  

S t d  

S t d  

5  

60 

S t d  

- 

0 . 4  

0.0047 (0 .12  mm) 

1 0  

Crane Lapping 
Vehic le  3M 

Reuse from Demos. 6 
and 7 + 1  kg from 
Demo. 3 

60 

1 . 2  

3 .2  

1 0  

6 7  

8 . 5  max 

20.2 

C u t t i n g  R e s u l t  

T o t a l  w i r e  used ,  m 

T o t a l  c u t t i n g  t ime ,  hr:min 

Ave. w a f e r  t h i c k n e s s ,  i n .  
mm 

Ave. k e r f  w i d t h ,  i n .  
mm 

Wafer y i e l d ,  u n b r o k e n / t o t a l s  wafe r  

Wire wear ing ,  pm 

Length of w i r e l c u t t i n g  a r e a ,  m/cm 
2 

I 

"Wafering f a i l e d  because  t h e  w i r e  b roke  a t  approx imate ly  75 p e r c e n t  
complet ion.  



Table 10. Cu t t i ng  cond i t i ons  and r e s u l t  of Demonstration 9 

Var i ab l e  Condit ions 
JPL 

Spec i f i ed  Performed 

R o l l e r  P i t c h ,  mm 

Wire s i z e ,  i n .  

Abrasive s i z e ,  pm 

Cu t t i ng  O i l  

No. s l i c e s  

Wire t ens ion ,  kg 

Breaking P t .  of w i r e ,  kg 

.Wire f eed  r a t e ,  m/min 

Wire cyc l e  r a t e ,  cpcle/min 

Wire load ,  kg 

Unit  w i r e  l oad ,  gm/cm/wire 

0 .4  

0.003 

9 

Std 

Reuse fro111 

Demu . 8 

Std  

Std 

S td  

4.5 

max 

Std 

0.0047 (0.12 mm) 

.Crane Lapping 
Vehic le  3M 

Reuse from 
Uemos. b, I ,  
and 8 

6 .9  max 

Cut t in&' Resul t  

T o t a l  w i r e  used,  ' m . 5  300 

T o t a l  c u t t i n g  t ime,  hr:min 8 : 50 

Ave. wafer  t h i c k n e s s ,  i n .  
mm 

Ave. ke r f  wid th ,  i n .  
mnl 

Wafer y i e l d ,  unb roken / to t a l  wafer  

Wire w c n r i n ~ ,  I lm 

Length of w i r e l c u t t i n g  a r e a ,  m/cm 
2 



Table  11. C u t t i n g  c o n d i t i o n s  and r e s u l t  of Demonstra t ion 1 0  

. V a r i a b l e  C o n d i t i o n s  
JPL 

S p e c i f i e d  Performed 

R o l l e r  P i t c h , '  mm 

Wire s i z e ,  in , .  

Abras ive  s i z e ,  um 

C u t t i n g  O i l  

S l u r r y  c o n d i t i o n  

No. s l i c e s  

Wire t e n s i o n ,  kg 

Breaking P t .  of  w i r e ,  kg 

Wire f e e d  r a t e ,  m/min 

Wire c y c l e  r a t e ,  cyc le /min  

Wire l o a d ,  kg 

Uni t  w i r e  l o a d ,  gm/cm/wire 

0 . 4  

0 .003 

9  

S t d  

Reuse from 
Demo. 9 

S t d  

S t d  

S td  

4  

max 

10% less 
S t d  

0 . 4  

0.0039 (0 .10 mm) 

Crane Lapping 
V e h i c l e  3M 

Reuse from 
Demos. 6  
th rough  9  

5 5 

0 .9  

. 2 . 2 ,  

I 0  

40-65 

3.0 

C u t t i n g  R e s u l t  

T o t a l  w i r e  used ,  m 

T o t a l  c u t t i n g  t ime ,  hr :min 

Ave. wa.f e r ,  t h i c k n e s s ,  i n .  
mm 

Ave. k e r f  w i d t h ,  i n .  
mm 

wafer  y i e l d ,  u n b r o k e n / t o t a l  wafe r  

Wire wear ing ,  urn 
Lerlg Lll ul: w i r . e / c u ~  L i l l g  a r e a ,  III /CIII  

2 

"Wire b roke  a f t e r  1 3  minu tes  of s l i c i n g ;  r e w i r e  was made, 
w i r e  b r o k e  a f t e r  1 h r  and 23 min of r e s t a r t .  



Table 12. Variables affecting economical silicon wafer production 

Kerf Cutting Surface Cutting 
Variable Width Speed Quality Costs 

Wire Size 

Wire Composition 

Wire Coating (if any) 

Wire Diameter Tolerance 

Wire Stroke Rate 

Wire Feed Rate D P 

Abrasive Material P D 

Abrasive Grit Size D D 

Abrasive Size Tolerance P D 

Abrasive Suspension Medium P P 

Ratio of Abrasive to Suspendor P .  D 

Cutting Pressure P D 

Guide Roller Groove Pitch 

Guide Roller Material 'D 
(may affect rnillilllu~n pitch) 

D - Definite Effect 
P - P n ~ s i h l ~ e  Effect . 



Table 13. Summary of wafer and ker f  t h i ckness  a s  func t ion  of t he  s i z e s  
of w i re ,  ab ra s ive  and guide r o l l e r  p i t c h  

A B C D .  E 
Wafer Kerf Wire Abrasive Ro l l e r  

Thickness,  Thickness,  S i ze ,  S ize ,  P i t c h ,  
Demo No. mrn mm mm mm mm A + B  B - C  



Table 14. Average value of wafer thickness at the location of measurement, mm 

Location of Measurement*" 
Maximum 

' Ingot No. 1 2 3 4 5 Variation, mm 

9 0.265 * * 0.268 0.268 0.003 

*No significant change from 5. 

**Location of measurement on a wafer is shown in Figure 3. 

Table 15. Microscopic surface roughness and damage of 
acveral samples sliced by L l ~ e  1nulti.-wire-slurry saw 

Specimen No. 'Roughness, um* Damage Depth, pm** 

*Average irregularity spacing observed on wafer s u r f a r . ~ .  by SEM, 

**Optical microscopic examination on the angle lapped and Sirtl-etched 
wafer surface. 



Table 16. Summary of cutting rate (um/inin. per gm of each cm of wire load) 
of several slicing demonstrations . . 

Abrasive Wire No. Reuse Total 
Slicing Size, Size, of Cutting Rate, Slicing Time, 
No. mm Slurry um/min/gm/cm/wire hr-min 

Table 17. Steel. wire prices 
- - 

Wire Size, in. Appro. Meter/kg $/kg 

0.003 

0 ; 004 

0.005 

O . OOF 
0.007 



T a b l e  18 .  Milasil s i l i c o n  c a r b i d e - a b r a s i v e  p r i c e s  

P r i c e  p e r  5 l b s .  

  able' 19 .  ' P r i c e s  of r o l l e r s  

Grooved g u i d e  r o l l e r ,  
s t a n d a r d  p i t c h  

Regrooving o f  g u i d e  r o l l e r  

I d l e r  r o l l e r  

v - r o l l e r  



Table 20. Cost of wire,.abrasive and rollers for the demonstrations 

Roller 
- -- 

2 Guide, Idler, v ,  
Demonstration Wire, $/m Abrasive, Total $ Total $ Total $ Total $ 

-Reuse 'from previous demonstration 



APPENDIX A 

CUTTING DATA FOR J P ~  s 
SILICON INGOT 

(1) Data Sheet for Cutting Condition 

(2) Time-Vertical Position Data Sheet 

(3) Slice Thickness Data Sheet 

Yasunaga. Engineering Co., Ltd. 

14 November 1977 
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SAMPLE CUTTING DATA SHEET 
DEMONSTRATION 1 

2 Nov. 1977 

S p e c i f i c a t i o n  of Prospec t  

1. Mate r i a l s  0.f workpiece 
2. Dimension of work 
3. Machine No. 
4. Ca r t r i dge  type  
5. Hour p u t  . t o  used of head r o l l e r s  

Cu t t i ng  Condit ion 

1. ' ~ o l l e r  p i t c h  
2. Diameter of w i r e  
3. Abrasive 
4. Lapping o i l  
5. Ra t io  of 3  t o  4  
6. Bond ' 

7. Mean amount of ke r f  
8 .  No. of w i r e  under c u t t i n g  
9. T o t a l  weight  

10. . Mean u n i t  weighi: 
I .  T o t a l  w i r e  t ens ion  . 

12. Breaking p o i n t  of w i r e  
13. Feeding amount of wi re  
14. Rec iproca t ion  of w i r e  
15. Wears of w i r e  , 
16. T o t a l  l e n g t h  of used w i r e  

Working E f f i c i e n c y  

1. T o t a l  working t i m e  . 

2.  Number of works 
3. Working time of u n i t  work 
4. T o t a l  c u t t i n g  a r e a  
5. T o t a l  volumes of ke r f  
6. Mean volumes of ke r f  

schematics  of Work I n s t a l l e d  

GLASS (DUMMY) 

S i l i c o n  
6 78x28 ;2  mm 
YQ-100 11143 
"G" 
0  h r ,  0  min 

0 .5  mm 
0.14 mm 
New GC' ill500 (10 pm) 5  kg 
New 3  kg 
1 . 6 7 : l  
Sunlock SMD-01 
0.17 mm 
49 
Max 6 .8  kg 
Max 20 g/cm/wire 
1 . 5  kg 
4.3 kg 
10 mlmin 
63 cyclelmin 
6  pm 
4150 m 

6  h r ,  55 min 
48 pcs  
8 .4  min 
2371 cm2 
40.3 cm3 
0.09 7  cm31min 



SAMPLE CUTTING DATA SHEET (Cont.) 
DEMONSTRATION 1 

2 Nov. 1977 I 

Remarks 

1. It was 40 minutes  from t h e  t i m e  t h e  machine s t a r t e d  t o  t h e  s i l i c o n  c u t t i n g  
i n  ( t h i s  t ime i s  r equ i r ed  t o  c u t  dummy g l a s s ) ,  and s o  t h i s  t i m e  was subt rac-  
t e d  from t h e  a c t u a l  t i m e .  

Note: same h e r e a f t e r  

2 .  A t  c u t t i n g  i n  of s i l i c o n  i n g o t ,  t o t a l  weight was 5 .1  kg; a t  45  minutes  a f t e r  
this, t o t a l  weight  was 6 . 6  kg; a t . 5  minutes  l a te r ,  total weight was 6 .8  kg. 

3 .  The beginning cyc l e  r a t e  was 65 cycles/min,  bu t  w e  dropped down t o  63 cyc l e s /  
min a f t e r  85 minutes  (from when wire  was c u t t i n g  i n  a i l . ican  ingot) hecquse 
t h e  o p e r a t o r  s i d e ' s  w i r e  was de lay ing .  



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION ,1 

2 Nov; 1 9 7 7  

.'a\ . ..; 

WORK FEED 

V e r t .  : T o t a l  
T ime ,  YOS. , W e i g h t ,  C y c l e /  
Hr-Min mrn k g  Min 

V e r  t . T o t a l  
T ime ,  P o s .  , W e i g h t ,  C y c l e /  
Hr-Min mm k g  Min 



SLICE THICKNESS DATA SHEET 
DEMONSTRATION 1 

2 Nov. 1977 

UPPER SLICE NO. - 1 2 rl 

SIDE 

INGOT NO. 

SLICE NO.' 

Slice No. 



\ 

S p e c i f i c a t i o n  of P r o s p e c t  

SAMPLE CUTTING DATA SHEET 
DEEIONSTKATION 2 

3  Nov. 1977 

1. M a t e r i a l s  of workpiece  
2. Dimension of work 
3. Machine No. 
4. C a r t r i d g e  t y p e  
5. Hour p u t  t o  used of head r o l l e r s  

C u t t i n g  Condi t ion  

1. R o l l e r  p i t c h  
2. Diameter  of w i r e  
3 .  Abras ive  
4. Lapping o i l  
5.  R a t i o  of 3  t o  4  
6.  Bond 
7. Mean amount of k e r f  
8.  No. of w i r e  under  c u t t i n g  
9 .  T o t a l  we igh t  

10.  Mean u n i t  weight  
11. T o t a l  w i r e  t e n s i o n  
12 .  Breaking p o i n t  of w i r e  
13.  . Feeding amount of w i r e  
1.4. R e c i p r o c a t i o n  of w i r e  
1.5. Wears of wi.re 
16.  T o t a l  l e n g t h  of used w i r e  

Working E f f i c i e n c y  

1. T o t a l  working t i m e  
2. Number of works 
3 .  Working time of u n i t  work ' 
4. T o t a l  c u t t i n g  a r e a  .. 

5. T o t a l  volumes of k e r f  
6 .  Mean volumes of k e r f  

Schemat ics  of Work I n s t a l l e d  

S i l i c o n  
6 78 X 29.5 mm 
YQ-100 11143 
"GIf 
6 h r ,  55 min 

0 .5  mm 
0.12 mm 
New GC 111500 (10 pm) 5  kg 
New 3 kg 
1 . 6 7 : l  
Sunlock SMD-01 
0 .15  mm 
48 
Max 5 kg 
Max 1 5  g/cm/wire 
1.1 kg 
3 .2  kg 
1 0 . 3  m/min 
62 - 65 cyc le lmin  
6  pm 
6130 m 

9 h r ,  55 min 
47 p c s  
1 2.  h mi.n 
2293.6 cm2 
34.4  cm3 
0.058 cm3/min 



SAMPLE CUTTING DATA SHEET (Cont . )  
DEMONSTRATION 2 

3 Nov. 1977 

Remarks 

1. Abras ive  s l u r r y  f o r  No. 2 i n g o t  was i n s t r u c t e d  t o  b e  t h e  same a s  f o r  No. 1 
i n g o t  by GEOS. I n  c u t t i n g  No. 1 i n g o t ,  some amount of a b r a s i v e  s l u r r y  w a s  
l e a k e d  from p i p e  f i t t i n g  of o i l  pump, s o  a b r a s i v e  s l u r r y  volume became below 
one-ha l f ,  and new a b r a s i v e  s l u r r y  was used f o r  t h i s  o p e r a t i o n .  

2. Cannot load  normal t o t a l  weight  because  o p e r a t b r  s i d e ' s  w i r e  was de layed  by 
t h a t  wire t c n s i o n  being l a w .  

3 .  Used some p a r t  of 3 r o l l e r  set t h e  same a s  f o r  No. 1 i n g o t .  



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 2 

3 Nov. 1 9 7 7  

V e r t  . T o t a l  V e r  t . T o t a l  
T ime ,  . P o s . ,  l J e i g h t ,  C y c l e /  T ime ,  P o s . ,  . W e i g h t ,  C y c l e /  
Hr-Min mm k g  . M i n  Hr-Min mm k g  Min  



SLICE THICKNESS DATA SHEET 
DEMONSTRAT1,ON 2 

3 Nov. 1 9 7 7  

UPPER SLICE NO. - 1 2 7) 

SIDE 

INGOT NO. 

Sl ice  No. mm 
0 
mrn 

0 
mm 

0 
mm 

0 
mm 



SAMTLE CUTTING DATA SHEET 
DEMONSTRATION 3  

4  NOV. 1977 

S p e c i f i c a t i o n  of Prospec t  

1. Mate r i a l s  of workpiece 
2. Dimension of work 
3. Machine No. 
4. Ca r t r i dge  type  
5. Hour pu t  t o  used of hdad r o l l e r s  

Cut t ing  Condit ion 

1. R o l l e r  p i t c h  . . 

2. Diameter of w i r e  
3. Abrasive . 1 4. Lapping o i l  

Ra t io  of 3  t o  4 
Bond 
Mean amount of ke r f  
No. of w i r e  under c u t t i n g  
T o t a l  weight 
Mean u n i t  weight  
T o t a l  w i r e  t e n s i o n  
Breaking p o i n t  of w i r e  
Feeding amount of w i r e  
Keciproca t ion  of w i r e  
Wears of w i r e  
T o t a l  l e n g t h  of used w i r e  

Working E f f i c i e n c y  

1. T o t a l  working time 
2. Number of works 
3 .  Working time of u n i t  work 
4 .  T o t a l  c u t t i n g  a r e a  
5. T o t a l  volumes of ker f  
6 .  Mean volumes of ker f  

Schematics of Work I n s t a l l e d  

S i l i c o n  
4 78 x 28.2 mm 
YQ-100 ill43 
"G" 
16 h r ,  50 min 

0.5 mm 
0.12 mm 
Prev ious  use No. 2 
and new a b r a s i v e  940 g  
and new o i l  500 g  
1.67:  1 
Sunlock SMD-01 
0.15 mm 
45 
Max 7.2 kg 
Max 23.1 g/cm/wire 
1 .2  kg 
3.2 kg 
10.5 m/min 
65 - 68 cycle/min 
9 u m  
5050 m 

8 h r ,  25 min 
44 pcs  
11.5 min 
2150 cm2 
32.3 cm3 
0.064 cm3/min 



Remarks 

SAMPLE CUTTING DATA SHEET (Cont.) 
DEMONSTRATION 3 

4 ,  Nov. 1977 

1. For a b r a s i v e  s l u r r y ,  940 g of GC /I1500 a b r a s i v e  g r a i n  and 500 g of LAP-OIL 
was added t o  used a b r a s i v e  s l u r r y  from No. 2 ope ra t i on .  

2. Used another .  p a r t  of used t h r e e - r o l l e r  s e t  from No. 1 and-No.. 2 ope ra t i on .  

3 .  A f t e r  85 minutes ,  o p e r a t i o n  w a s  stripped f n r  nne minute and a cpaccr  i n o t a l l c d  
a t  the  r e a r  of  V r o l l e r .  

4 .  C u t t i n g  t i m e  was t o o  l a r g e  because of '  w i r e  de lay ing  dllring o p e r a t i o n ,  s o  
t o t a l  weight was decreased .  



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 3 

4 Nov. 1977 , 

V e r t  . T o t a l  Ver t . T o t a l  
Time, Pos.  , Weight,  Cycle /  Time , Pos.  , .Weight ,  Cycle /  
Hr-Min mm kg Min Hr-Min mm kg Min 



S L I C E  THICKNESS DATA SHEET 
DEMONSTI~ATION 3 

4 N o v .  1 9 7 7  

UPPER SLICE NO.- 1 2 7 7 .  . . 

SIDE SIDE 

INGOT NO. 

SLICE NO.' 

0 -0 - @  
S l i c e  No .  mm mm mm 

0 
mm 

0 
mm 



SAMPLE CUTTING DATA SHEET 
DEMONSTRATION 4  

8  Nov. 19'77 

S p e c i f i c a t i o n  of P r o s p e c t  

1. M a t e r i a l s  of workpiece  
2 .  Dimension of work 
3. Machine No. 
4. C a r t r i d g e  t y p e  
5. Hour p u t  t o  used of head r o l l e r s  

C u t t i n g  Condi t ion  

1. R o l l e r  p i t c h  
2. Diameter of w i r e  
3 .  Abras ive  
4. Lapping o i l  
5.  R a t i o  of 3 t o  4  
6. Bond 
7. Mean amount of k e r f  
8. No. of w i r e  under  c u t t i n g  
9.  T o t a l  we igh t  

10.  Mean u n i t  weight  
11. T o t a l  w i r e  t e n s i o n  
12.  Breaking p o i n t  of w i r e  
13.  Feeding amount of w i r e  
14.  R e c i p r o c a t i o n  of w i r e  
15.  Wears of w i r e  . 
16. T o t a l  l e n g t h  o f  used w i r e  

Working E f f i c i e n c y  

1. . T o t a l  working t ime  
2 .  Number of works 
3. Working t ime  of u n i t  work 
4. T o t a l  c u t t i n g  a r e a  
5. T o t a l  volumes of.  k e r f  
6.  Mean volumes of k e r f  

Schemat ics  of Work I n s t a l l e d  

GLASS (DUMMY) 

S i l i c o n  
d, 78.5 X 27.3  
Model YQ-100 B-3707 
!'GI1 
0  h r ,  0  min 

0 .4  mm 
d, 0.12 mm 
New GC /I3000 (5  urn) 415 kg 
New 2.8  kg 
1:1 .6  

. Sunlock SMD-01 
0.135 mm 
55 
Max 7 .6  kg 
Max 20 g/cm/wire 
1 .22 kg 
3 .2  kg 
1 2 . 0  m/min 
68 c y c l e l m i n  
5 um 
9000 m 

1 2  h r ,  30 min 
54 p c s  
13 .9  rnin 
2660.6 cm 2 
35.9 cm3 

3  0.0479 cm /min 



SAMPLE CUTTING DATA SHEET (Cont.)  
DEMONSTRATION 4 

8 Nov. 1977 

Remarks 

1. Used new t h r e e - r o l l e r  set ,  a b r a s i v e  s l u r r y  and d r i v e  r o l l e r  about  55 mm 
d i a m e t e r .  

2. A s  c i r c u l a r  s u r f a c e  o f  i n g o t  i s  n o t  smooth a s  i n  f o l l o w i n g  f i g u r e ,  two 
dummy g l a s s e s  were  bonded on i n g o t .  

3 .  Spended c u t t i n g  t i , m e  was t o o  l a r g e  and,  consequen t ly ,  wise was del-ayed ;7 

l i t t l e  because  b o t h  dummy g l a s s e s  a r e  n o t  symmet r ica l .  

4 .  F i n i s h e d  c u t t i n g  s u r f a c e  i s  n o t  good. At a c u t t i n g  r .ond i t ion  w i t h  GC //3000 
and w i r e  0 .12  nun d i a m e t e r ,  i t  is  n e c e s s a r y  t o  pay much t ime.  

C u t t i n g  under t h e s e  c o n d i t i o n s  i s  d i f f i c u l t .  W e  must s t u d y  t h e  c u t t i n g  
o p e r a t i o n  f u r t h e r .  

5. About c a l c u l a t i o n  f o r  c u t t i n g  w e i g h t ,  we d e c i d e d  t h a t  work ' s  w i d t h  is  a s  
f o l l o w s  : 

where D i s  work d i a m e t e r  



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 4 

8 Nov. 1977 

Vert . Total Vert . Total 
Time, Pos. , Weight, Cycle/ Time, Pos. , Weight, Cycle/ 
Hr-Min mrn kg Min , Hr-Min mm kg Min 



SLICE THICKNESS DATA SHEET 
DEMONSTRATION 4 

.8 NOV. 1977 

UPPER SLICE NO. -1 2 T) 

SIDE 

INGOT NO. 

SLICE NO.' 

0 0 < @ 0 0 
Slice No. mm . mm mm mm mm 



SAMPLE CUTTING DATA SHEET 
DEMONSTRATION.5 . 
9 Nov. 1977. 

> 
Specification of Prospect 

1. Materials of workpiece 
2. Dimension of work 
3. Machine No. 
4. Cartridge type 
5. Hour put to used of head rollers 

Cutting Condition 

1. Roller pitch 
2. Diameter of wire 
3. Abrasive 
4. Lapping oil 
5. Ratio of 3 to 4 
6. Bond 

I ,  
7. Mean amount of kerf 
8. No. of wire under cutting 
9. Total weight 
10. Mean unit weight 
11. Total wire tension 
12. Breaking point of wire 
13. Feeding amount of wire 
14. Reciprocation of wire 
15. Wears of wire 
16. Total length of' used wire 

Working Efficiency 

1. Total working time 
2. Number of works 

.. 3. Working time of unit work' 
4. Total cutting area 
5. Total volumes' of kerf 
6. Mean volumes of kerf 

Silicon 
' (1 78.5 x 29 
YQ-100 B-3707 
"G" 
0 hr, 00 min 

Previous use No. 4 

Sunlock SMD-01 
0.135 mrn 
55 
Max 7.6 kg 
Max 20 g/cm/wire 
1.25 kg 
3.2 kg 
11.5 m/min 
68 cyclelmin 
5 um 
6727 m 

9 hr, 45 min 
54 pcs 
10.8 min 
2660.6 cm2 
35.9 cm3 
0.0614 cm31min 

Schematics of Work Installed 



SAMPLE CUTTING DATA SHEET (Cont.)  
DEMONSTRATION 5 

9 Nov. 197'7 

Remarks : 

1. Used t h e  same t h r e e - r o l l e r  set  and a b r a s i v e  s l u r r y  a s  No. 4 i n g o t  ope ra t i on .  

.2. A s  i n  No. 4 o p e r a t i o n ,  used MDC dep th  c o n t r o l  w i t h  s t o p p e r  s e r v i n g  t o  
p r o t e c t  w i r e  s l i pp ing . .  



TII.IE-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 5 

9 Nov. 1 9 7 7  

WORK FEED 

V e r t  . T o t a l  
T i m e ,  P o s .  , W e i g h t ,  C y c l e /  
Hr-&fin mm kg Min  

V e r t  . . T o t a l  
T i m e ,  . P o s . ,  W e i g h t ,  C y c l e /  
Hr - l l i n  mrn kg l l i n  



SLICE THICKNESS DATA SHEET 
DEMONSTRATION 5 

9 Mov. 1977 

UPPER SLICE NO. -1 2 77 

SIDE 

INGOT NO. 

SLICE NO.' 

Slice No. 
0 
mm 



SAMPLE CUTTING DATA SHEET 
DEMONSTRATION 6 

5 Nov. 1977 

S p e c i f i c a t i o n  of Prospec t  

1. Mate r i a l s  of workpiece 
2. Dimension of work 
3. Machine No. 
4. Ca r t r i dge  type 
5. Hour pu t  t o  used of head r o l l e r s  

Cu t t i ng  Corldition 

1. R o l l e r  p i t c h  
2. Diameter of w i r e  
3. Abrasive 
4. Lapping o i l  
5.  Ra t io  of 3 t o  4 
6.  Bond 
7. Mean amount of ker f  

, 8. No. of w i r e  under c u t t i n g  
9.  T o t a l  weight 

10. Mean u n i t  weight  
11. T o t a l  w i r e  t ens ion  
12; Breaking p o i n t  of w i r e  
13. Feeding amount of w i r e  
14. Rec iproca t ion  of w i r e  
15. Wears of w i r e  
16.  T o t a l  l eng th  of used w i r e  

Working Ef f i c i ency  

1. T o t a l  working t i m e  
2. Number of works 
3. Working time of u n i t  work 
4. T o t a l  c u t t i n g  a r e a  
5. T o t a l  volumes of ke r f  
6. ivlean volumes of ke r f  

Schematics of Work I n s t a l l e d  

GLASS (DUMMY) 

S i l i c o n  
(1, 78 x 27.2 '  ' , 

YQ-100 # I43  . 

"GI' 
0 h r ,  0 min 

0.4 mm 
0.12 mm 
New GC fll500 (10 um) 5.2 kg 
New O i l  3.4 kg 
1.53:  1 
Sunlock SMD-01 
0.15 mrn 
55 
Max 7 kg 
Max 18 .4  g/cm/wire 
1 . 2  kg 
3.2 kg 
10 m/min 
65 cycle/min 
6 pm 
4800 m 

8 h r ,  0 min 
54 pcs  
8 .9  m i n  
2628 cm2 
39.4 c m  3 

0.082 cm3/min 



SAMPLE CUTTING DATA SHEET (Cont.  ) 
DEMONSTRATION 6 

5 Nov. 1977 

Remarks 

1. A f t e r  22 minu tes  o f  c u t t i n g  i n  s i l i c o n  i n g o t ,  one w i r e  a t  midd le  of head 
r o l l e r  was f l y i n g  up ,  s o  i t  was mended and o p e r a t i o n  con t inued .  

2 .  The t i m e  r e q u i r e d  f o r  t h i s  mending t i m e  was s u b t r a c t e d  f r o m ' a c t u a l  c u t t i n g  
t i m e  . 



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 6 

5 Nov. 1977 

wQf . . "  

WORK FEED 

Ver t  . T o t a l  
Time, Pos. , Weight, c y c l e /  
Hr-Min mm kg . Min 

Vert  . T o t a l  
Time, Pos. , Weight, Cycle/  
Hr-Min mm kg Min ' 



SLICE THICKNESS DATA SHEET 
DEMONSTRATION. 6 

5 Nov. 1977 

UPPER SLICE NO. -.I 2 7 )  

I SLICE NO. 

Slice No. 



SAMPLE CUTTING DATA SHEET 
DEMONSTRATION 7 .  

7 Nov. 1977 

S p e c i f i c a t i o n  of P r o s p e c t  

1. M a t e r i a l s  of workpiece  
2. Dimension of work 
3. Machine No. 
4. C a r t r i d g e  t y p e  
5. Hour p u t  t o  used of head r o l l e r s  

C u t t i n g  C o n d i t i o n  

1. R o l l e r  p i t c h  
2. Diameter of w i r e  
3. Abras ive  
4. Lapping.  o i l  
5. R a t i o  of 3 t o  4 
6.  Bond 

i 
7. Mean amount of k e r f  
8.  No. of w i r e  under c u t t i n g  
9. T o t a l  we igh t  

1 0 .  Mean u n i t  we igh t  
11. T o t a l  w i r e  t e n s i o n  
12.  Breaking p o i n t  of w i r e  
13.  Feeding amount of w i r e  
14.  R e c i p r o c a t i o n  of w i r e  
1 5 . .  Wears of w i r e  
16.  T o t a l  l e n g t h  of used w i r e  

Working E f f i c i e n c y  

1. T o t a l  working t ime  
, 2. Number of works 

3. Working t i m e  of u n i t  work 
4. T o t a l  c u t t i n g  a r e a  
5. T o t a l  volumes of k e r f  
6. Mean volumes of k e r f  

Schemat ics  of Work I n s t a l l e d  

S i l i c o n  
(P'78 x 27.2 . 
YQ-100 !I143 
"G" 
8 h r ,  17  min 

P r e v i o u s  u s e  No. 6 

Sunlock SMD-01 
0 . i 5  mm 
5 5 

. Max 8.6  kg 
Max 2 3 . 1  g/cm/wire 
1 . 2  kg 
3 .2  kg 
1 0  m/min 
67 cyc le /min  
9 D m , '  
4050 m 

. . 

6 h r ,  45 min 
54 p c s  
7 . 5 l l l i l l  

2628 cm2 
39.4 cm3 
0.097 cm3/min 



SAMPLE CUTTING DATA SHEET (Cont.) 
DEMONSTRATION 7 

7 Nov. 1977 .  

Remarks 

1. Used same t h r e e - r o l l e r  set which was used a l r e a d y  f o r  No. 6  o p e r a t i o n ,  bu t  
wound w i r e  on another  p a r t  of r o l l e r .  

2. However, t o  measure s l i c e d  wafers  i n  o p e r a t i o n s  No. 1, No.. 2., No. 3  and . 

No. 6 ,  t h e  lower p a r t  t h i cknes s  of each wafer  was t o o  l a r g e  i n  d e v i a t i o n ,  
and s o  a  dummy g l a s s  was i n s t a l l e d  a s  shown below. 

3. For No. 1, No. 2, No. 3 ,  and No. 6 in,got a f t e r  c u t t i n g  was f i n i s h e d ,  t h e  
w i r e  was removed from i n g o t , b y  c u t t i n g  i t  o f f .  

A t  t h i s  t i m e ,  we t r i e d  a  way i n  which work was dropped down s lowly ,  but  we 
aga in  were unsucces s fu l  and c u t  w i r e  aga in .  

Consequently,  t h e r e  was a  brush ing  mark a t  t h e  lower p a r t  of t h e  wafer .  

4. The c r o s s  s e c t i o n  of No. 16  and No. 17 of wafer  w e r e  a s  shown below. These 
may have been caused by w i r e  s l i p p i n g  down. 

NO. 18 NO. 17 



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 7. 

7 Nov. 1977 

D l . . '  WORK FEED 

Ver t .  T o t a l  Vert  . T o t a l  
Time, Pos.  , Weight, Cycle/  Time, Pos. , Weight, Cycle/  
Hr-Min mm kg Min Hr-Min mm kg Min 



SLICE TH1CKNESS;DATA SHEET 
DEPlON STRATION 7 

7 Nov. 1977 

Sl DE 

INGOT NO: 

SLICE NO. I 



SAMPLE CUTTING DATA SHEET 
DEMON STRATION 8 

8 Nov. 1977 

S ~ e c i f i c a t i o n  of P r o s p e c t  

I. M a t e r i a l s  of workpiece  
2. Dimension of work' t 

3. Machine No. 
4. C a r t r i d g e ,  t y p e  
5 .  Hour p u t  t o  used of head r o l l e r s  

C u t t i n 2  Condi t ion  

R o l l e r  p i t c h  
Diameter of w i r e  
Abras ive  
Lapping o i l  
R a t i o  of 3 t o  4 
Bond 
Mean amount of k e r f  
No. of w i r e  under  c u t t i n g  
'Total  weig'ht 
Mean u n i t  we igh t  
T o t a l  w i r e  t e n s i o n  
Breaking ~ o i n t  o f  w i r e  
Feeding amount of w i r e  
R e c i p r o c a t i o n  of w i r e  
Wears of w i r e  
T o t a l  l e n g t h  of used w i r e  

Working E f f i c i e n c y  

1. T o t a l  working t i m e  
2. Number of works 
3 .  Work.i.ng t ime  of' 11ni.t work 
4. T o t a l  c u t t i n g  a r e a  
5.  T o t a l  volumes of k e r f  
6.  Mean volumes of k e r f  

Schemat ics .  of Work I n s t a l l e d  

S i l i c o n  
+ 78 X 2 7 ; 3  
YQ-100 i l l43 
"G" 
1 5  h r ,  12 min 

0 . 4  mm 
0.12 m m '  

P r e v i o u s  u s e  No. 6 ,  
No. 7 and No. 3 ( 1  kg) 

Sunlock SMD-01 
0 .15 mm 
6 1  
Max 8 .5  kg 
Max 20.2 g/cm/wire 
1 . 2  kg 
3.2 kg 
1 0  m/min 
67 c y c l e l m i n  
7 urn 
3870 m 



SAMPLE CUTTING DATA SHEET (Cont .) 
DEMONSTRATION 8 

8 Nov. 1977 

Remarks 

1. A f t e r  6 h r  27 min from c u t t i n g  s t a r t ,  t h e  w i r e  b roke  down, s o  o p e r a t i o n  had 
t o  b e  abandoned. 

F a i l u r e  may have been  caused by t h e  p e e l i n g  o f f  o f  r i g h t  dummy g l a s s .  

A t  w i r e  b r e a k i n g ,  a bond f o r  t h i s  dummy g l a s s  p e e l e d  o f f  where s o f t e n e d ,  and 
s o  we concluded t h a t  t h i s  o p e r a t i o n  could  n o t  c o n t i n u e .  



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 8 

8 Nov. 1977 

wGj WORK FEED 

- -- 

V e r  t . T o t a l  V e r t  . T o t a l  
T i m e ,  P o s . ,  W e i g h t ,  C y c l e /  T i m e  P o s .  , W e i g h t ,  cycle/  
Hr-Min mm k g  Min Hr-Min mrn k g  M i n  

46.3 
49.5 
52.3 
54.5 
57 . O  
59.5 
62.5 
65.0 
67.5 
69.5 
WIRE WAS 

8.5 
8.5 
8 .5  
8 .5  
8.5 
8.5 
8.5 
8.5 
8.5 
8.5 

BROKEN 



THIS PAGE 
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LEFT BLANK 



SAMPLE CUTTING DATA SHEET 
DEMONSTRATION 9 

9 NOV. 1977 

S p e c i f i c a t i o n  of Prospec t  

1. Mate r i a l s  of workpiece 
2. 'Dimension of work 
3. Machine No. 
4. Ca r t r i dge  type  
5. Hour put  t o  used of head r o l l e r s  ; 

Cut t ing  Condit ion 

1. R o l l e r  p i t c h  . 

2. Diameter of w i r e  
3. Abrasive 
4. Lapping o i l  
5. Ra t io  of 3 t o  4 
6 .  Bond 

I 
7. Mean amount of ker f  
8 .  No. of w i r e  under c u t t i n g  
9. T o t a l  weight 

10. Mean u n i t  weight 
11.. T o t a l  w i r e  t ens ion  
12. Breaking p o i n t  o f ' w i r e  
13. Feeding amount of w i r e  
14. Rec iproca t ion  of w i r e  
15. Wears of w i r e  
16. T o t a l  l e n g t h  of used w i r e  

Working E f f i c i e n c y  

1. T o t a l  working time 
2. Number of works 
3. Working t i m e  o f . u n i t  work 
4. T o t a l  c u t t i n g  a r e a  
5. T o t a l  volumes of ke r f  
6. Mean volumes of ke r f  

Schematics of Work I n s t a l l e d  

GLASS (DUMMY) 

S i l i c o n  
ip 78 X 28;4 
YQ-100 11143 

21 h r ,  12 min 

Prev ious  u se  No. 8 

Sunlock SMD-01 . 

0.15 mm 
50 
Max 6.9 kg 
Max-20 g/cm/wire 
1 .2  kg 
3.2 kg 
10 m/min 
65 - 67 cycle/min 
7 p m  
5300 m 

8 h r ,  50 min 
49 pcs  
10 .8  min 
2389 cm2 
35.8 cm3 
0.068 cm3/min 



SAMPLE CUTTING DATA SHEET (Cont.)  
DEMONSTRATION 9  

9 Nov. 1977 

Remarks 

1. A t  15 minutes  from c u t t i n g  s t a r t ,  t o t a l  weight  was decreased  from 6.9 kg 
t o  2.0 kg because  of.. w i r e  de l ay ing .  

2 .  A t  t h i s  t i m e ,  w i r e  cu t  1 8  mm i n  s i l i c o n  i n g o t .  (See Time-Vertical  P o s i t i o n  
~ a t ' a  S h e e t . )  

3 .  investigation of s l i c e d  s i l i c o n  wafe r s  a f t e r  c u t t i n g  showed t o o l  marks 
caused by w i r e  on each wafer .  

4 .  T o t a l  weight  was changed r a d i c a l l y  under c u t t i n g  o p e r a t i o n .  



TIME-VERTICAL POSITION DATA SHEET 
DEMONSTRATION 9 

9 Nov. 1977 

WIRE - 

Ver t . T o t a l  V e r t .  T o t a l  
Time, Pos.  , Weight, c y c l e /  Time, P o s . ,  Weight,  Cycle /  
Hr-Min mm kg Min Hr-Min - mm kg Min 



SLICE TIIICKNESS DATA SHEET 
DEMONSTRATION 9 

9 Nov. 1 9 7 7  

UPPER SLICE NO.- 1 2 71 

SIDE 

l NGOT NO. 

SLICE NO.' 

S l i c e .  No. 



S i l i c o n  
78 X 2 6 . 7  

YQ-100 /I143 
"G" 
0 h r ,  0 min 

P r e v i o u s  u s e  No. 6 - No. 9 

Sunlock SMD-01 
0 . 1 3  mm 
5 6 
Max 3.0  kg 
Max 7 .8  g/cm/wire 
0 . 9  kg 

l 2 . 2  kg 
1 0  m/min 
4 0 -  65 cyc le /min  
5 Prn 

SAMPLE CUTTING DATA SHEET 
DEMONSTRATION 1 0  

10 and 12 Nov. 1977 

~ p e z i f i c a t i o n  of P r o s p e c t  

1. M a t e r i a l s  o f .  workpiece  
2. Dimension of work 
3 Machine No. 
4.  C a r t r i d g e  t y p e  
5.  Hour p u t  t o  used of head r o l l e r s  

C u t t i n g  Condi t ion  

1. R o l l e r  p i t c h  
2. Diameter of w i r e  
3. Abras ive  
4.  Lapping o i l  
5. R a t i o  of 3 t o  4 
6. Bond 

.I 
7. Mean amount of k e r f  
8 .  No. of w i r e  under  c u t t i n g  
9. T o t a l  weight  

10.  Mean u n i t  we igh t  
11. T o t a l  w i r e  t e n s i o n  
12 .  Breaking p o i n t  of w i r e  
13.  Feeding amount of w i r e  
14.  R e c i p r o c a t i o n  of w i r e  
15.  Wears of w i r e  
16. T o t a l  l e n g t h  of used w i r e  

Working E f f i c i e n c y  

1. T o t a l  working t ime  
2. Number of works 
3.  Worlcing t ime  of unit. work 
4. T o t a l ' c u t t i n g  a r e a  
5. T o t a l  volumes of k e r f  
6. Mean volumes of k e r f  

Schematics of Work I n s t a l l e d  

INGOT 

CERAMIC 



SAMPLE CUTTING DATA SHEET, (Cont . ) 
DEMONSTRATION 1 0  

1 0  and 1 2  Nov. 1977 

Remarks 

1. November 1 0 t h  1977 

a.  A f t e r  1 3  minu tes ,  c u t t i n g  i n  2  mm from s t a r t i n g ,  w i r e  b roke  down. A t  
t h i s  t i m e ,  t o t a l  wei.ght was 1 . 5  lcg and w i r e  was b a r e l y  worn, but t h r e e -  
r o l l e r  set was a  l i t t l e  i n j u r e d .  

b .  Work was r e p l a c e d ;  o p e r a t i o n  di , scont inued.  

2. ~ o v e m b c r  1 2 t h  1977 

a. Operated w i t h  new t h r e e - r o l l e r  s e t  w i t h  p r e v i o u s l y  used 0 . 1  mm d iamete r  
w i r e  and pu t  t o g e t h e r  w i r e  i n  p r e v i o u s  c u t  s l o t .  

b.  Used MDC dep th  c o n t r o l  t o  4 mm dep th  from bottom of p r e v i o u s  c u t  s l o t .  

c .  A f t e r  1 h r  - 23 min, w i r e  b roke  once more. A t  t h i s  t i m e ,  t o t a l  weight  
w a s  3 kg; w e a r  of w i r e  was 5 prn. 

d .  Wire b r e a k i n g  may have been caused by w i r e  n o t  f i t t i n g  p r e v i o u s  c u t  
s l o t .  The r e q u i r e d  c u t t i n g  s l o t  i s  a s  f o l l o w s :  

WIRE BROKE DOWN 

l NGOT HERE ON NOV. lOTW 

\ 

I 



TIME-VERTI'CAL POSITION DATA SHEET 
DEMONSTRATION 10  

1 0  and 1 2  Nov. 1977 

. .  wGi WORK FEED 

Ver t  . T o t a l  Ver t . T o t a l  
Time, Pos. , Weight, Cycle/  Time, Pos . ,  Weight, Cycle/  
Hr-Min mm kg Min Hr-Min mm kg Plin 

[NOV. 1 0 t h  19771 

0 - 00 0 0 .5  6  2  
05 0 .5  1 . 0  65 
1 0  1 .7  1 . 5  65 

e TI3 
WIRE WAS BROKEN THIS 

POSIT I O N  

[NOV. 1 2 t h  19771 

L o  0 - 00 1 . 5  
1 0  0.7 2 .0  
2  0  2.2 2.0 
2  5  2.7 2.0 
3  0  3 .0  2.0 
3  5  3.7 2.0 
40 3 .9  2.0 
4 5 4 . 1  3 . 0  
5  0  4.7 2.0 
5  5  5 .0  2.5 

1 - 00 5.7 2 .5  
05 6.7 2.5 
1 0  7 .0  3 . 0  
15  7.7 3 .0  
2  3 WIRE WAS EROKEM 

MICRO DEPTH CONTROLLER WAS USED. 

' ~ 

NASA - JPL - Coml., L.A., Colif .  






