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INTRODUCTION 

This paper r e l a t e s  t o  the economics and s e n s i t i v i t i e s  of s l i c i n g  la rge  
diameter (> - 4")  s i l i c o n  ingots  f o r  photovol ta ic  appl ica t ions .  

In order  t o  a r r i v e  a t  economics which d i r e c t l y  r e l a t e  t o  the  cur ren t  
low cos t  s o l a r  a r ray  a c t i v i t y ,  SAMICS cos t ing  methods were u t i l i z e d .  A l l  
economics a r e  projected i n  1980 do l l a r s .  

Currently,  the  manufacture of 6 inch diameter s i l i c o n  ingots  by the 
Czochralski process is  a cont rac t  requirement of the  LSA pro j ec t .  Ingot 
diameter does not present  any technological problems t o  the  CZ growth 
process. Indeed, diameters of up t o  8 inches a r e  considered f ea s ib l e .  
However, it  is  considered t h a t  the  s l i c i n g  of s i l i c o n  ingots  i n  excess of 
5 inch diameter a t  t he  required thickness  and y i e l d  (25 s l ices/cm o r  
63 s l i ce s / i nch )  using cur ren t  I . D .  s l i c i n g  techniques is unproven. 

The curren+ 'SA s l i c i n g  cos t  goals  assume t h a t  1 kg of s i l i c o n  ingot  w i l l  2 produce 1 mete qf wafer a rea .  Fa i lure  t o  achieve t h i s  goal  negates t he  
assumption and thus w i l l  d i r e c t l y  impact on the  ingot add-on cos t .  

Kayex inhouse wafering of 6 inch diameter CZ ingot f o r  s o l a r  c e l l  
f ab r i ca t i on  indicated t h a t  the  s l i c i n g  of nominally 0.020 inch wafers was 
possible .  It should be noted t h a t  t he  amount of wafering undertaken was 
minimal. In  a photovol ta ic  manufacturing environment, only one s l i c i n g  
spec i f i ca t i on  would be required. Standard semiconductor mater ia l s  opera- 
t i ons ,  although s l i c i n g  t o  more d i f f i c u l t  spec i f  i c a t i ons ,  have t he  
p o t e n t i a l  of u t i l i z i n g  the  blade more adequately by progressively s l i c i n g  
less demanding spec i f i ca t i ons ,  e .g. smaller  diameters, t h i cke r  wafers, e t c ,  

Current economics and s l i c i n g  aJd-on cos t  s e n s i t i v i t i e s  have been 
calculnted using var iab le  parameters f o r  blade l i f e ,  s l i c i n g  y i e ld  and 
s l i c e  c u t t i n g  speed. A l l  f i v e  standard SAMICS ca tegor ies  were ca lcu la ted  
assuming f ixed parameters. 

It is considered tha t  l a rge  diameter 05") s i l i c o n  ingot s l i c i n g  by I . D .  
blade techniques f o r  P,V. appl ica t i<>ns  is s t i l l  i n  a development s tage.  A s  
such, t he  f ac to r s  most l i k e l y  t o  d i r e c t l y  inf luence s l i c i n g  add-on c o s t s  
were chosen a s  the  var iab les .  It is appreciated t l ia t  the  standard SAMICS 
ca tegor ies  could a l s o  be ca lcu la ted  on a va r i ab l e  b a s i s  and d i r e c t l y  a f f e c t  



s l i c i n g  add-on cos t s ,  but t o  a lesser degree. 

Data generated using t h e  previously descr ibed va r i ab l e s  i nd i ca t e  t h a t  
c u t t i n g  speed has the biggest  impact on s l i c i n g  add-on cos t .  This is 
followed by s l i c i n g  v i e ld  and, t o  a l e s s e r  degree,  by blade l i f e  a s  the 
blade l l f e  increases .  

D.4TA INPUT 

Only a minimal amount of I . D .  s l i c i n g  of l a rge  diameter (nom. 6") s i l i c o n  
ingots  was performed at the  Kayex Corporation. The slices were used f o r  
conversion i n t o  so l a r  c e l l s .  Approximately 10 s l i c e s  were produced per ingot.  
Based on t h i s  work, r cu t ine ly  achieveable parameters were determined, e.g. 
s l i c e  t h i c k n e ~ s  p ius  kerf of 0.034" (11.6 s l ices) /cm o r  29.4 s l i c e s / ~ n c h ) .  

Add:.tionally, var ious I . D .  s l i c i n g  r e p o r t s  were analyzed t o  more f u l l y  
determine t h e  current  "state of the  a r t " ,  such t h a t  projected techrriques 
and r e l a t ad  c o s t s  could be  a r r i ved  at.  

A WE/JPL 1978 f i n a l  report( ') by H.  I. Yoo of Applied Solar  Energy Coorp. 
was used a s  a reference t o  simulate SAMICS FORMAT A t o  develop cyc le  times, 
projected labor  and mater ia l  c o s t s  f o r  t he  I .D.  s l i c i n g  of 6 inch diameter 
s i l i c o n  ingots .  

A f u r the r  DOE/JPL 1980 repor t  (*) by M.B. Leipold, C.  Radics and A. Kachare 
of JPL was used a s  a comparison t o  b e t t e r  qua l i fy  present  day manufacturing 
c a p a b i l i t i e s  and fu tu re  pro jec t ions .  

SAMPLE SAMICS ANALY S IS 

Analyses were performed t o  r e a l i s t i c a l l y  develop the  cos t  of s l i c i n g  of 
l a rge  diameter ingots  i n  $ per m2 a s  a funct ion of wafer diameter and wafer 
y i e ld  The approach d i f f e r e d  from the  Leipold e t . a l .  wafering cos t  analyses ,  
i n  t h a t  a t o t a l  production quant i ty  (wafer a r ea )  was not  u t i l i z e d  a s  t h e  
s t a r t i n g  point .  

Determination of s l i c i n g  cyc le  time was the  i n i t i a l  parameter developed. 
The cyc le  times f o r  the s l i c i n g  of 4 inch and 6 inch diameter wafers is 
i l l u s t r a t e d  i n  FIG. 1 and FIG. 2 .  

Actual SAMICS cos t  analyses  were performed f o r  both 4 inch a ~ d  6 inch 
diameter s i l i c o n  ingot s l i c i n g  using the  standard IPEC p r i c e  equation. Thc 
4 Inch diameter c o s t s  generated are f e l t  t o  be a reasonable approximation of 
present  mantrf ac tu r  ing achievements. The 6 inch diameter c o s t s  generated 
repreren t  a p ro jec t ion  of the  c o s t  of s l i c i n g  using cur ren t  "state of t h e  
a r t "  techniques. 

FIG. 3 shows an example of rhe SAMICS c o s t  ana lys i s  f a r  s l i c i n g  of 6 inch 
diameter ingot .  This example a r b i t r a r i l y  assumes a c u t t i n g  speed of 1 inch/  
minute, a blade l i f e  of 150C s l i ce s /b l ade ,  and a wafer y i e ld  of 75%. A series 
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of calculat ions e r e  then made by varying these three parameters. This was 
done t? measure the s e n s i t i v i t y  of the parameters on add-on cost.  

For the purpose of c a l c d a t i o n .  the  following three SAnICS parameters 
were helrl constant: 

a) Equipment (Cl) a t  $57,322 
b) Space (C2) ~t 55 sq.f t .  

. c )  Utilittes (C5) a t  $1,350 per year. 

D i r e c t  labor and d i rec t  materials  were varied only t o  allw f o r  varying 
. blade j4fe. 

Since batch cycle rimes a r e  d i r e c t l y  influenced by blade l i f e ,  a series 
of calculat ions were made t o  determine these relat ionships.  An example of 
batch cycle the  re la ted  t o  a spec i f i c  blade l i f e  is i l l u s t r a t e d  i n  FIG. 4, 
together with t o t a l  cycles per year, t o t a l  wafers cu t  per year, t o t a l  
wafers produced a f t e r  the  wafer y ie ld  fac tor  is ap l i e d  and the  conversim ! of good wafers produced in to  t o t a l  surface area  (r ). 

ADD-ON SENSITIV: - - '.ALYSIS 
7 .- 

As a r e s u l t  of the  ca lcula t ions  made durin? the M I C S  cost  analysis ,  the  
e f fec t s  or: the ~ n g o t  s l i c i n g  idd-on cos t s  a s  a r e s u l t  of varying the  blade 
l i f e ,  &l ice  yield,  ar.d cu t t ing  speed fac tors  a r e  i l l u s t r a t e d  i n  Tables 1, 2, 
and 3. The overa l l  s e n s i t i v i t i e s  :.re a l so  expressed graphically i n  FIG. 5 
and FIG. 6. 

The intent  of the  data gene.ated is not t o  produce a speci f ic  silr,:n 
*.got slici1.g add-on cost ,  but rather  t o  i l l u s t r a t e  the e f f e c t s  of varying 
speci f ic  process parameters as they r e l a t e  t o  s l i c i n g  add-on cost  per  wafer 
and t o  the d i c i n g  add-on cost  per meted. 

It is real ized tha t  var ia t ion  of some of the  M I C S  fac to r s  tha t  were 
held constant could a l so  obviously a f fec t  the s l i c i n g  add-on costs .  Indeed, 
a cs lcula t ion  w a s  made showing the e f fec t  of u t i l i z i n g  1 operator f o r  10 
saws. An add-on c ~ s t  reduction, i n  terms of do l l a r s  per meter2, of 23% can 
be aclrieved as illustracc?d i n  FIG. 7. 

COMPARISON OF 4" AND 6" DIAMETER SLICING ADD-ON COST 

Defirred process paraaretcrs were used t o  ca lcula te  the  add-on cos t s  fo r  
both 4" and 6" diameter wafers a s  f o l l ~ w s :  

- Sl ice  yield of 94% 
- Blade l i f e  of 1500 s l j c e s  per '+lade 
- Cutting ~ g e e d s  of L1'/min. and 3"/m'n. respectively. 

The completed s l i c i n g  edd-on cos ts  i n  both cos t  per wafer end cost  per 
meter2 fo r  the  s l i c i n g  of ~ 0 t h  4" and 6" d i a e t e r  ingots  a r e  i l l u s t r a t e d  
i n  FIGS. 8 through 11. 
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Analysis of the da ta  generated indicates tha t  a lower add-on cos t  per 
wafer can be achieved when s l i c i n g  4 inch diameter ingot* however, 
s igni f icant  reductions can be made t o  the cos t  per meter2 h e n  s l i c i n g  6" 
diameter a t  comparable cu t t ing  speede, y ie lds  and blade l i f e .  

CONCLU S IONS 

A cost  analysis ,  using the SMICS FORMAT A indicates various 
s e n s i t i v i t i e s  tha t  a f fec t  s l i c i n g  costs .  

Based on the  analysis  of the da ta  generated, it is considered tha t :  

1. Cutting speed has the  biggest impact on I.D. s l i c i n g  add-on cos t ,  
par t icular ly  as blade l i f e  is optimized. 

2. S l i ce  y ie ld  has a s igni f  icarrt bearing on I. D. s l i c i n g  add-on cos t ,  
but t o  a lesser degree than cu t t ing  speed. 

3. Above 500 s l i c e s  per blade, blade l i f e  has the least impact on I.D. 
s l i c i n g  add-on cost .  

It is a l s o  apparent tha t  p o t r n t i a l  cos t  improvements t o  the  s l i c i n g  add- 
on cos: can be gained as the  diameter of the ingot t o  be s l iced  is 
increased. This a l s o  impacts on equipment throughput capabil i ty.  
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DISCUSSION: 

VCLF: Since you didn't include the cost of the lost silicon, I think you came 
to somewhat the wrong conclusion. 1 think the yield probably is the more 
important one, once you include the silicon cost. 

ROBgRTS: As I say, all of the calculations we did were on slicing add-on cost 
alone. 

WOLF: Right. But I think that by itself can mislead you. 

MUD: In your analysis you had three speeds, 1-inch a minute, 2-inch a minute, 
and 3-inch a minute. That would roughly take you anywhere from 10 hours 
to 30 hours for an ingot of 30-centimeter length. What would the operator 
do? Don't you think the guy would be just sitting there for hours and 
hours? 

ROBERTS: No, not reallv. Somebody has got to mount the ingot, somebody has 
got to change blades and if you can honestly tell me that that one opera- 
tor can run 10 saws, can mount his cum ingot, can change his own blades, 
then you have got a pretty darn good guy in there. What ve are saying is 
the blade has to be changed, the time has to be allowed for, and that is 
why we put it in. How you utilize the operation is up to yourself. We 
are not specifically sayfng this guy is only going to be in there changing 
the blade for 40 hours a year and the remainder of the time he is going to 
be sitting down. It is a way of getting the time into the analysis. 

DAUD: Have you in your analysis ever considered, as it was suggested some 
time back, cutting more than one ingot at a time? 

ROBERTS: I think a lot of people are having a lot of difficulty cutting one 
ingot at a time. We haven't got an active ID slicing contract ongoing at 
the moment, these are just projections of how we see the situation. Per- 
sonally, I'd be somewhat skeptical of ganginq of ingots, particularly 
above 4-inch diameter. 

ILES: Could we get the experts to tell us why it is so difficult to gang ID 
saws? I know the problems in translating, but is it an insuperable job? 
It would be very nice to get 3 blades running in parallel instead of one. 

PARBER: Wnsanto holds a patent on slicing more than one slice at once. If 
you throw a slice it is almost impossible to get it out froo the blade. 
That is basically the disadvantage. 

DYER: We have at least three saw manufacturers here. Would they care to 
coaent on this? 

BOUJIKUIQ: I reiterate what Jeff said. There is no way you can take out a 
wafer when it breaks between the two blades. There is no way you can get 
it out of there even if it is a small piece of silicon. Even the slurry 
between the two blades, when it gets in there, is almost impossible to 
remove. If you were cutting one wafer it would be all right. 



TOO: Elav about making the blades far apart ro you can still put the hand d m  
inside and take out the broken uaferr? 

AURONYIW: I think what Eenry said could work out very uell in that you would 
k able to slice and you would have room in there to get rid of coolant 
and slurry and so on. But, from a machine derign point of view, and from 
same of the thiags we want to do in terns of controlling the blade, get- 
ting optimum loads on the blade, etc., it would be a very difficult thiw 
to do. If one blade is not cutting well the other blade is limited by it. 
It just becows a very tough thing to control. 

PARBBR: Did you have a minima thickness of sltce in rind uhen you did all of 
pour calculations? 

ROB$RTS: Yes, we used a 20 thousandths-slice thickness and 14-thousandths 
kerf for a total of 34. We kept it constant throughout all of the calcu- 
lations that ut, made. 

FLIRbEII: Do solar-cell manufacturers have anything against the 10111, or 
ll-mil or 100-ril slice? 

ROBERTS: The question is being able to utilize the materials so that the 
basic assumption of one kilogram of ingot being equivalent to one square 
meter is achieved. 

ROLIWAD: It disappoints me uhen I hear "no way can it be done." Those of you 
uho have been in the sericonductor industry probably hw,  in '65, when 
people proposed grouing 3-inch dislocation-free ingots, there were a lot 
of peop;e in the ECS meeting uho sai? "no way." Today the same people, 
the same umufacturers, claim that . . .  :y can produce 6-inch ingots, dislo- 
cation-free. I think that like B11, Zarkes was saying, we should attempt 
to project the technology and look at the various possibilities. 

DYBR: Be the difficulty of gettiag the broken slice out between the blades: 
is this a design problem, is it that no one has sat down and designed a 
solution? Or has someone considered it for a long time and decided that 
it is just impossible to design sortthing that vould stop the saw, force 
out a piece and get it golag again? Or is it just one problem and there 
are 10 others? 

(WWALD: It is very difficult to mount one blade and tension it properly and 
keep it conc*?tric. I don't know how in the world you would do two. 

DYER: Dr. Yerkes brcwght up the question of "is it a lubricant, is it a 
coolant?" 

BOUJIICU#: I am not in the lubricant manufacturing business and I don't 
handle one and I don't r e c m n d  one. Houever, the primary purpose of the 
lubricant or the coolant additive, as you call it, is to break d m  the 
surface tension of the wter and to wet the d i m n d  and the grinding 
action betnen the diamond and the rilicon. The u i n  objective w i n  ir 
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t o  minimize the rurface tenrion. lw tha t ,  a r  everybody know, i r  jus t  
p la in  simple detergent tha t  i r  avai lable  i n  the u r k e t .  N w  obviously 
simple detergent is not going t o  work i n  your operation because you have 
other defects  ouch as algae forming f o r  which you t h r w  e m  chlorine i n  
it o r  some other w i r i n g  pool s tu f f  and then you have a r u r t  inh ib i to r  ro  
the blades on the machine don't rur t .  I n  s a  cares they put wax remover 
i n  it because you have some epoxy and wax surrounding your ingot. A cool- 
ant ,  rea l ly ,  i r  nothing but a 50 cent8 a gal lon detergent and s aa  addi- 
tives i n  it which you can buy i n  a swi-ing-pool rupply house, add some 
rus t  preventive i n  it and you have got the beat coolant i n  the market. 

DYBR: Can we have a c m e n t  now from sameone who would l i k e  t o  speak from the 
lubricant  industry? 

BEIT: I wish t o  take exception t o  the l a s t  series of remarks. There is of 
course a necessity t o  have a surface ac t ive  agent pteaent i n  a c a p o s i -  
tion. There is no doubt tha t  a contr ibution is made by a choice of a 
su i t ab le  surfactant  t o  w e t  the surface of the  work so  tha t  you get  a good 
spread of coolant water and you can absorb through tha t  water the  energy 
released i n  the cu t t ing  operatian. We incidenta l ly  do not bother lost of 
the tire t o  put i n  an algaecide o r  a biocide. Most systems a r e  used 
heavily enough tha t  you don't require the ac t ion  of a biocide t o  suppress 
biological  ac t iv i ty .  However, i f  the composition of the addit ive t o  the 
water does not contr ibute toward a prolongation of the  l i f e  of the  saw, 
then you have a problem. The ba t t ing  average of a pa r t i cu la r  composition 
with which ACE Lube is associated is high i n  terns of prolonging the  l i f e  
of a blade. This was measured some t i m e  ago by measuring the nickel ,  not 
the diamond, tha t  emerges i n  the  ef f luent .  It required a painful accuru- 
Lition of the runoff from the operation and corre la t ion  with the through- 
put of the water used t o  cool the  blade. We found out  tha t  the amount of 
nickel per run time i n  hours was on the order of magnitude of micrograms. 
We had t o  mtasure f rac t ions  of pa r t s  per mi l l ion  of nickel  by atomic 
absorption spectrophotaetry.  This is a sophist icated e f fo r t .  I wish t o  
advise tha t  there is more t o  it than meets the eye about formulating a 
properly const i tuted ccolant. 

DYER: Would you sap the l iquid  going i n t o  the saw kerf s l o t  is mainly a 
lubricant  o r  a surfacc tension agent o r  a coolant,  o r  is i t  a l l  three? 

HEIT: One of the things tha t  we developed was choosing a c e r t a i n  anionic 
phosphorated derivat ive which adds extreme pressure e f f e c t s ,  something 
tha t  was not menticneci and tha t  you w i l l  not get  out of a conventional 
detergent,  e i t h e r  :. *anic  o r  nonanionic. There is an extreme presrure 
juncture a t  which . .  the r igh t  material  is not used, you get  a r ipping 
action. The net  r e s u l t  of our pa r t i cu la r  blend is a grea t  prolongation of 
the l i f e  of the blade and a great  freeing of the surface of the work f r a  
the kind of blemishes I 've heard coments  on frcm the f loor  before. 

RIZELL: I would l i k e  t o  poinc out t o  you sore of the problem8 that  develop 
when you don't have the r igh t  coolant. We found over yearm of working 
v i t h  t h i r  material  tha t  you can get  a grea t  decrease i n  your output and 
qua l i ty  of your wafers and i n  the r e s u l t s  of a11 of your sawing i f  you 
don't have the proper coolant-lubricant. We !.&ow t ha t  y ie lds  have goas up 
t r lwndour ly  i n  j u r t  changing from one type of coolant t o  another. They 



have dropped o f f  dramatically when e r r o r s  a r e  ~ d e  in  the  amount of cool- 
ant  tha t  is i n  the water. People forget thc importance of t h i s  i n  t h e i r  
operations a t  times. I f  you don't keep your mixture8 r igh t  and you d r . <  . 
keep your r a t e  of flow proper you a r e  going t o  lose  your s l t c e s  l i k e  tve ry -  
thing. It is a very important fac tor  and I think i t  is one tha t  is  badly 
overlooked by almost everyone that  does the work i n  t h i s  room today. 

DANYLUK: f would l i k e  t o  give a d i f f e ren t  point of view on the e f f e c t s  of 
f lu ids  on surfaces. Our opinion i s  tha t  the e f f e c t  of lubrfcants  is a 
chemoabsorption e f f e c t ,  i t  is an absorption phenomenon tha t  occurs i n  the  
cut t ing  process tha t  can d r a s t i c a l l y  a f f e c t  surface mechanical propert ies  
of nonmetals. In  f a c t ,  t h i s  phenowe,:on has been known fo r  qui te  a long 
tiae, which surprised me when we f i r s t  s t a r t i n g  working t h i s  area. We too 
have had preliminary experimental r e s u l t s  tha t  show tha t  there can be 
s ign i f i cas t  reductions i n  surface hardness of s i l i c o n  wlth f lu id  absorp- 
tion. 

LANE: Some time ago we were attempting t o  cut quartz with I D  saws and w e  
concluded tha t  the only coolant lubricant  t o  use was o i l .  It didn' t  work 
with water. Natcrally when you have a saw running and you have s i l i con  
ingots i n  the plant you look a t  s i l i c o n  too. We did qu i t e  a b i t  of slic- 
ing v i t h  s i l i c o n  and the wafers tha t  c a w  of f  were dramatically d i f fe ren t  
i n  surface f in ish .  The f in i sh  was much smoother. The surface of the  
wafers was i r idescent ,  suggesting t o t a l l y  d i f f e r e n t  surface characterts-  
t i c s .  We were to ld  by our amrketing people who were serving the semicon- 
ductor industry tha t  what we  desired there was an apparently lapped 
surface and t h i s  i r idescent  r +lored surface was undesirable, it did not 
have the r:ght appearance. It looked t o  us  l i k e  there  was a dramatic 
difference i n  the resul t ing  surface and probably i n  the damage t o  the 
wafer but we don't have any data on tha t .  

SALT=: We a r e  sawing quartz; a s  I told you, w e  a r e  not i n  the s i l i c o n  
sawing business per se. These people were ac tual ly  running tha t  experi- 
ment fo r  me and possible other  customers and as a r e su l t  of t h e i r  success 
i n  using o i l  I purchased one of t h e i r  machines. Sinre tha t  time we have 
gone i n t o  a technique tha t  is not even discussed in t h i s  meeting. It is 
ca l led  band s l ic ing .  We have band saws with very low ker f s  tha t  a r e  saw- 
ing large cross  sect ions up t o  9 inches square using Greentec Diamond 
blades (a  Division of DoA11). We had never been successful with t h i s  
saving process u n t i l  w e  switched t o  100% o i l .  We now end up v i t h  a very 
long blade l i f e ,  sawing hours of somewhere between 300 and 400 hours. So 
my comnent is yes, coolants a re  very important. Cocrlants a r e  just a s  
important co the process a s  the blades themselves and the machine. They 
a r e  very highly in te r re la t ed  and must be taken in to  consideration. 

KOUNDAICJUN: I manufacture I D  blades. k s t  of our experimental runs a r e  
probably 12 o r  20 pieces. We r e a l l y  would l i k e  t o  ge t  come cooperation 
fron the  users.  When we s e l l  any blades we don't ge t  the f u l l  information 
on what's the problem they have. Whether it's the  coolant,  o r  the tendon-  
ing, o r  t h i s  o r  that, because we a r e  not in  the  s l i c i n g  business, I f  we 
have t o  improve I D  blades we'd r ea l ly  l i k e  t o  cooperate with the s l i c e r .  
Mostly they blame the  problcaa on the  blade. We could t r y  softer-bound, 
harder-bound, d i f f e ren t  things, bu: ve a r e  seared t o  send any blades tha t  
a r e  new. I f  they don't work out we could cut  out our business. Actually, 



i f  we have the  f u l l  cooperation of the  s l i c i n g  department, we think we 
could improve t h i s  I D  blade l i f e .  We could do it with nickel .  Probably 
we could do it with o ther  p l a t ing ,  but we never had the chance t o  ge t  r e a l  
cooperation, t o  have some r e a l  manufacturer w i l l i ng  t o  test the blades s i x  
months or  a year. 

DYER: How do you view the  main inf luence of the f l u i d  a s  it comes in?  

KOUNDAKJUN: I f  you want the t r u t h ,  w e  ge t  it from here and there  and t h a t  i s  
the  whole thing. We don't  have i t  r e a l l y  pointed out  which lubr ica t ion  
works well .  We know somehow c e r t a i n  l ub r i ca t ion  h e l p  i n  c l ea r ing  out  t he  
n icke l  but we don't have f u l l  information from the s l i c e r s  i n  it. 

DYER: For those who don't know, I point  ou t  the f a c t  t h a t  i n  an I D  saw, the  
water can come i n  anywhere you want i t ,  but  genera l ly  you use one stream 
of water coming i n t o  the  kerf s l o t  and then a f t e r  the  blade passes through 
the  kerf  s l o t ,  you use another stream of water. You mey use o the r  streams 
t o  c l e a r  out  any t r a s h  t h a t  c o l l e c t s  i n  the  blade housing. 

BOUJIKLAN: I d id  not say t h a t  the coolant is not important, t he  coolant and 
the d i s t r i b u t i o n  of coolant.  The add i t i ve  coolant is very very important 
and it is an absolute  necessi ty .  Anybody who t r i e s  t o  go from t a p  water 
or  any o ther  deionized water is going t o  be very badly surprised.  The 
coolant is  very e s s e n t i a l  and very important. 

The o ther  comment I would l i k e  t o  make is on I D  blades. Mr. Ahatonyan 
mentioned i n  h i s  l ec tu re  t h a t  they a r e  working on t r ~ c  design of saws, and 
a l s o  ment ionod tha t  there i s  room f o r  improvement i n  diamond blades. Now 
I can take the l a s t  10 years  and s t a t i s t i c s  show t h a t  i n  diamond-blade 
performance, not including the  kerf l o s s  ga in ,  t he re  is something l i k e  30 
times, 3000%, improvement i n  the  diamond blade l i f e .  Today i n  t he  in t e r -  
na t iona l  market o r  worldwide market, the  number of diamond blades is 
approximately the  same a s  it  was 10 years  ago. A t  the same time, t h e  num- 
ber of square inches o r  square meters s l i c e d  today is about 30 times larg-  
e r .  So the re  has been improvement i n  the  diamond blade. This i s n ' t  a l l  
c red i ted  t o  the diamond blade, however. We know f o r  a f a c t  t h a t  sometimes 
the  saw aaantifacturers c r e d i t  the  diamond blade l i f e  with 10% improvement 
o r  15% improvement. I can show you customers who have blades t h a t  cu t  
1000 s l i c e s ,  and blades t ha t  cu t  maybe 80,000 s l i c e s .  So the b l a d e l i f e  is 
i n  there ,  it  is designed i n t o  the  blade. The diamond, the  blade, the  
n icke l ,  never wears i f  everything goes properly.  It is a combination of 
blade manufacturing, machine usage and appl ica t ion ,  with the cooling and 
dressing k i n g  p a r t s  of it. 
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KUM: I have done some work on the e f f e c t  of l ub r i can t s .  My r e s u l t s  seem t o  

$$ ! ind ica te  t h a t  the lub r i can t s  a c t  a s  l ub r i can t ,  coolant and a l s o  sur face  
.... - 1 c a t a l y s t  f o r  breaking s i l i c o n  bonds. I can say t h a t  because I have t e s t ed  

- 1 d i f f e r e n t  kinds of l ub r i can t s  including o i l  which is chemically not  a c t i v e  
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l i f e t imer ,  tra g ~ t  d i f fe ren t  reaultm. There a r e  a lot of i a f l w a c e r  on it 
but I think the blade, the machine, and the operator co# i n t o  play. You 
can' t  point your f inger  a t  one pa r t i cu la r  parameter and t a p  th ia  is the  
problem. We have urde progrerr i n  the  equipment. Wa u k a  better blade 
mounts, b e t t e r  machines today. You can't  make the  etatcnant  tha t  the 
blade mounts today a r e  the  same a r  they ware 10  years  ago. 

WERNER: I don't have specia l  experience i n  I D  uwiag  of r ig id  hard material  
l i k e  s i l i con ,  but I can re fe r  you t o  a recent ASne Session on a e t a l -  
working lubricat ion,  where the  stress war on metal. My contr ibution t o  
tha t  points  out tha t  i n  any grinding process, an ingoing cut  perpendicular 
t o  the work material ,  without having the  ingot ro ta t ing ,  generatar a 
ra ther  long contact zone, much longer than i n  conventional grinding pro- 
cesses. I D  mwing basical ly is a grinding process, i t  has a ra ther  m a l l  
grinding wheel, same a s  stone cu t t ing  with a raw blade is a l s o  a grinding 
process. This, together with the  f a c t  tha t  r ig id  hard material  ground by 
diamond r e s u l t s  i n  r e l a t ive ly  high f r i c t i o n a l  forces ra ther  than chip 
removal o r  chip f o ~ t i o n a l  forces,  requir ing the applicat ion of a lubr i -  
cant ra ther  than a coolant,  because i n  t h i s  care,  where f r i c t i o n a l  Forcer 
and f r i c t i o n a l  energies a r e  r e l a t i v e l y  high, the  ac t ive  reductioa of 
energy by lubr ica t ion  is more important than the out-flux of energy i n  the  
form of a cooling ef fec t .  However, i n  pract ice,  a s  I learn  here, the  
applicat ion of o i l  i n  s i l i c o n  grinding o r  s i l i c o n  sawing is not the s t a t e  
of the a r t .  I believe tha t  is the reason why r m v a l  r a t e s  and cu t t ing  
speeds i n  terms of the tangential  cu t t ing  speed of the saws is limited. 

(The recordirg tape was repldced a t  t h i s  time and part of the discussion 
was los t .  -Ed. 1 

.... and is  jus t  removed and i f  you even very suddenly s top  your grinding 
process you never see t h ~ s e  layers  of restructured graphite  type of carbon 
atoms, but a t  20 t o  50 contacts,  with high f l a sh  temperatures, per second 
you rea l ly  wear down your c r y s t a l  r a the r  f a s t .  Whenever you have high 
contrct  temperatures, o r  f r i c t i o n a l  conditions, these f l a sh  temperatures 
occur, you have tha t  kind of wear. I f  you increase your grinding speed 
and your in-feed ra te ,  you come t o  a point where the  high surface energy 
t h a t  is a f f c  t ing  your diamond is such tha t  your diamond c r y s t a l  wears 
rapidly. In  t h i r  case, the  only way out is t o  apply a lubricant ,  not a 
coolant,  because a coolant can only have an e f f e c t  a f t e r  the  s ing le  
c r y s t a l  l e f t  the contact zone. So, cooling w a u s  removing of energy t h a t  
was er tabl i rhed and lubr!.cation means avoiding an energy t o  be er tabl i rhed 
o r  t o  be t ransforwd from mechanical in to  thermal energy. If you have a 
high degree of f r i c t i o n ,  and I think we have that, i f  you have a higher 
than norm1 cu t t ing  r a t e  and removal r a t e ,  then I think an o i l  type of 
lubricant  would be the beat answer. 

PEIUflSS: Looking a t  tFe chart  that war put up this morning about the  variour 
kinds of u v r ,  you raw the higher rpeeda, l i n e a r  rpaeds and higher prer- 
surer  i n  the  I D  maw. But there i r  a l s o  a p p ~ r e n t l y  aome bandraw work over 
here t h a t  apparently could be the uw. Do you think there  sneedr can be 
i n c r c r r d ,  where do tm f a l l  i n  the context of high-.peed grindi- on 
t h i w r  l i k e  th ia?  
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WERNER: High-speed g r i n d i n g  is  a very  c o n t r o v e r s i a l  i s s u e .  About f i v e  y e a r s  
ago,  o r  a l t t t l e  more, the  g r i n d i n g  world was th ink ing  t h a t  h igher  speeds  
is t h e  answer t o  t h e  h igher  demand f o r  i n c r e a s e  of removal r a t e s .  There 
a r e  a r e a s  where high-speed g r i n d i n g ,  100 m / s  and more, f o r  example and 
f l u t i n g  of d r i l l i n g  t o o l s ,  r e s u l t e d  i n  tremendcus removal r a t e s .  I n  t h i s  
f l u t i n g  of d r i l l i n g  t o o l s ,  t h e  removal r a t e s  a r e  20 t o  100 times h igher  
than  i n  m i l l i n g  and a t  the  same time you c u t  i n t o  hardened m a t e r i a l  with- 
o u t  v i s i b l e  thermal e f f e c t  on the  work sur 'ace.  Now t h a t  would be n i c e  i f  
t h a t  would be t r u e  f o r  a l l  m a t e r i a l s .  It is  on ly  t r u e  f o r  c e r t a i n  
m a t e r i a l s  which have what I c a l l  a very  good thermal- re la ted  e r i n d a b i l i t y .  
Thkt means, whi le  I g r i n d  wi th  i n c r e s s e d  removal r a t e s  my thermal l e v e l  
does no t  go up, but  remains a t  t h e  same l e v e l .  That  is on ly  t r u e  f o r  
those  m a t e r i a l s  t h a t  show a c l e a r  drop of c u t t i n g  f o r c e s  i f  yo. i n c r e a s e  
t h e  g r i n d i n g  speed,  the  circumferential sp2ed of t h e  wheel. There a r e  
o t h e r  m a t e r i a l s  t h a t  do no t  f . ? w  i h i s  b e n e f t c i a l  drop of f o r c e s  i f  you 
i n c r e a s e  the  c i r c u m f e r e n t i a l  speed. Those m a t e r i a l s  have a r e l a t i v e l y  
h igh  f r i c t i o n a l  p o r t i o n  of t h e  energy i n  t h e  c u t ~ i n g  p rocess  and I suspec t  
t h a t  s i l i c o n  belongs t o  those  m a t e r i a l s .  There fo re ,  I would be r a t h e r  
caref t ,?  i n  i n c r e a s i n g  t h e  c i r c i ~ m 2 e r e n t i a l  speeds f o r  a g iven machine t o o l  
and m a t e r i a l .  Iiowever, i ; t !~ ,k  i t  might make sense  t o  experiment a l i t t l e  
b i t  by applying a c o o l a . ~ t  i n a t  goes more i n t o  t h e  d i r e c t i o n  of a l u b r i c a n t .  

BOUJIKTAN: I would l i k e  t o  mske a comment f i r s t  on the  diamond. There a r e  
hundreds of pap- r s  ' . r i t t e n  on so-cal led  wear of t h e  diamond, inc lud ing  i n  
I3 b lades  and OD olades  and t h e r e  a r e  t h r e e  types  of wear r epor ted .  One, 
t h e  thernral d i s i n t e g r a t i o n  st f l a s h  p o i n t ;  two, t h e  c rack ing  of t h e  
diamnnd--the diamond w i l l  a c t u a l l y  break because of an  a l r e a d y  e x i s t i n g  
c r a c k  t h a t  w i l l  f a l l  a p a r t ,  and t h r e e ,  t h e  whole diamond p u l l i n g  o u t  of 
t h e  m a t r i x ,  which i n  I D  b lades  is  more s e v e r e  than i n  OD b lades  because 
you have t h e  t ens ion .  According t o  hundreds of papers ,  over  90% of t h e  
wear of  diamond is  a t t r i b u t e d  t o  thermal d i s i n t e g r a t i o n ,  o r  c a r b u r i z a t i o n ,  
as it  was r e f e r r e d  t o .  Th i s  morning, P ro f .  Wolf presented c h a r t s  where 
t h e  p r e s s u r e  o r  t h e  speed is d i r e c t l y  p r o p o r t i o r ~ a l  t o  t h e  wear of t h e  
g r i n d .  This  is  c o r r e c t  up t o  t h a t  p o i n t ,  b u t  when you d i s r e g a r d  the  f a c t  
t h a t  you a r e  us ing diamond a s  a wear f a c t o r ,  t h i s  is not  c o i r e c t  because 
t h e  diamond w i l l  s t a r t  d i s i n t e g r a t i n g  a t  a much f q s t e r  r a t e  a s  t h e  speed 
i n c r e a s e s .  I f  you look a t  those  c u r v e s ,  they w i l l  f l a t t e n  o u t  and s t a r t  
coming down a s  your speed i n c r e a s e s .  Th i s  is why every  m a t e r i a l  t h a t  you 
a r e  c u t t i n g ,  being GGG o r  s i l i c o n  o r  any o t h e r  m a t e r i a l ,  h a s  a n  optimum 
c u t t i n g  speed,  i n  s u r f a c e  speed per  minute,  a t  your p o i n t  of  c o n t a c t .  The 
s i l i c o n  c a s e  happens t o  be somewhere around 3300 s u r f a c e  f e e t  per  minu te ,  
Now i f  you t r y  t o  go 5000 s u r f a c e  f e e t  per minute ,  as per  t h a t  c h a r t ,  you 
would i n c r e a s e  your e f f i c i e n c y ,  which is  no t  c o r r e c t .  You w i l l  dec rease  
your e f f i c i e n c y  a l l  t h e  way down. 

AHARONYAN: I would l i k e  t o  make one comment on t h e  wear of t h e  diamond. It 
is  very  r a r e  t h a t  a dlamond b lade  is d i sca rded  hecause t h e  diamonds have 
complete ly  worn o f f  of i t .  We have taken c r o s s - s e c t i o n a l  samples of many 
b lades  t h a t  have c u t  a few thousand s l i c e s  each and almost  the  f u l l  amount 
of  diamonds t h a t  was o r i g i n a l l y  p l a t e d  on t h a t  b lade  s t i l l  remains. The 
number f o r  a 22-inch blade  may be 10 o r  20 thousand s l i c e s  per b lade  
b e f o r e  a l l  of t h e  diamonds a r e  worn o f f .  Usual ly  we found t h a t  t h e  main 
problem h a s  been t h e  weakening of the  c o r e  and we t h i n k  t h a t  h a s  t o  do 
w i t h  r ~ b b i n g  of t h e  c r y s t a l  and t h e  wafer .  Diamond wear has  never r e a l l y  



been a big problem. We had a paper j u s t  a while ago where D r .  Chen dln- 
cussed the d i f f i c u l t i e s  with s t l i c o n  s l i c i n g  i n  terms of the f r a c t u r e  of 
t h e  s i l i c o n .  A l o t  of what we have been t a lk ing  about here  is  shear  and 
a l s o  shear  of :he diamond or a t  l e a s t  conversion t o  graphi te ,  e t c .  Do we 
have someone here  who is i n  t he  mater ia l s  drea who might make a comment o r  
analyze for  us jus t  what is i t  we want i n  the  s i l i c o n ?  Do we  want the  
shear  or  t he  f r a c t u r e  o r  what? P a r t i c u l a r l y ,  1 know tha t  D r .  Schwuttke 
has  done some work i n  previous yearn i n  t h i s  area.  What would you say w e  
want mainly, t he  f r a c t u r e  o r  the   hear? 

SCHWUTTKE: Actually,  t o  be honest ,  I don ' t  know what we want today. I th ink  
what you want today is the f a s t e s t  c u t t i n g  ac t i on  and then the  next ques- 
t i o n  is how can t h i s  be achieved i n  s i l i c o n ?  The bas ic  mechanism t o  
separa te  s i l i c o n  is  the  shear loop; t h a t  means a d i s loca t ion  loop t h a t  is 
put i n t o  the sur face  by abrasion. I f  you have a p i leup  of such shear  
loops i n  s i l i c o n ,  you form s p ? i t s ,  c ~ a c k s ,  and then you separa te  t he  s i l i -  
con because t he  pi'eup of shear  loops i n  s i l i c o n  w i l l  put the  sur face  i n  
tens ion  and t h a t  w i l l  open up a crack. That is the  bas ic  mechanism. What 
I would say is ,  based on t h i s ,  you have t o  s t r i v e  *O ge t  t he  bes t  poss ib le  
abrasion process i f  you want t o  separa te  s i l i c o n .  This may r e l a t e  di-  
r e c t l y  t o  how you put i n  your f l u i d ,  your coolan t ,  whatever you name i t  t o  
ge t  the bes t  possible  abrasion of s i l i c o n .  

CHEN: A s  f a r  a s  I know, t he re  a r e  no da t a  a v a i l a b l e  on the  ~ h e a r c n g  s t r e n g t 5  
of t h e  s i l i con .  For b r i t t l e  ma te r i a l ,  normally we're t a lk ing  about No. 1 
type, t ha t  i s ,  an opening-mode f r ac tu re .  Tha t ' s  d i r e c t  opening of the 
crack. I n  a shear ing c rack ,  i t  is  r e l a t i v e l y  d i f f i c u l t .  The s \ear ing 
s t r eng th  should be higher then the  t e n s i l e  s t r eng th  t h a t  caused the  open- 
ing of the  crack f o r  crack propagation. 

SCHWUTTKE: That i s  bas i ca l l y  c o r r e c t ,  but I sa id  what you need is  a . f l eup  of 
shear  loops. You uurpass the  t e n s i l e  s t r eng th  of the  s i l i c o n  vcl e a s i l y  
t h i s  way, and t h i s  is normally what happens. 

CHEN: Thia is a d i f f e r e n t  mechanism. Df s l oca t ion  is due t o  t he  shear ing 
stress and therefore  local ized p l a s t i c  deformstion. However, the crack 
propagation of t he  b r i t t l e  mater ia l  under the  shear ing is r e l a t i v e l y  
higher.  

SL'HWUTLXE: I th ink  the  very su rp r i s ing  thing is  t h a t  i n  s i l i c o n  you introduce 
shear  loops a t  rcom temperature, which is  genera l ly  not  known. l'here is 
no p i a s t f c  deformation, For instance i f  you have p l a s t i c  dsformation, you 
would have cracke i n  s i l i c o n  surrounded by  dislocation^ a t  room tempera- 
tu re .  This  has never been observed and a c t u a l l y  does not occur. P l a s t i c  
deformation of s i l i c o n  is a very spec i a l  and complicated thing and a l o t  
of i n f o r m t i o n  i n  the  l i t e r a t u r e  is  not cor rec t .  

YERKES: You know, L am g e t t i n g  r e a l  confused again.  It seems t o  me people 
bere  t a lk ing  about 101~11 o r  12-mil-wide gri7tdlng holes  o r  s l o t s  i n  t h e  
s i l i c o n  and t h a t  has go t  t o  have mi l l ione  o r  t ens  of thousands of l i t t l e  
molecular cracks and th ings  t h a t  Dr .  Schwuttke is t a lk ing  abuut. It reemo 
t o  me t h a t  r i gh t  down there  where a l l  of ihese dfamsnds are impacting t h e  
r i l i c o n ,  and where these  hydraul ic  fo rces  a r e ,  and the  l ub r i ca t i on  and the  
steam and whatever else, i t  is a very wide t r ack  with thousands of events  
occurring. The poor s i l i c o n  doesn ' t  know vhere t o  crack,  and how t o  



proceed next. So it is a very s t . q t i s t t c a 1  kind of a thing. I l iked  lahat 
Pe te r  (Iles) sa id  e a r l i e r  about whacking t h l ~  thing and ju s t  having i t  cu t  
1 . i ~ e  bologna because i f  t he  oologna makers l o s t  ha l f  t h e i r  s t u f f  they 
would be out of business now. So we r e a l l y  ought t o  be looking a t  these  
very t h l n  shearing e f f e c t s .  

C WOLF: I wonder how well  you can s l i c e  your hologna once ycu :ool i t  i n  l i qu id  
.- t nit rogen? 
L 
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HEIT: I have notes bearing on the  devclopment work t h a t  we did i n  connection 
* :: with t h i s  coolant su r f ac t cn t  composition. This  goes back t o  '76. We 

found, i n  th ree  separa te  semples, 0.3% t o  0.4% s i l i c o n .  We measured 0.31 
t o  0.38 p a r t s  per mi l l i on  of n icke l  i n  those samples. We d idn ' t  f ind  the  
diamond, we d idn ' t  look f o r  i t ,  but you can f ind  the  nickel .  Now the  wear 
on the n icke l  is e s s e n t i a l l y  constant  and i t  is  disappearing i n t o  the s o u p  
a t  the r a t e  of 10,000 p a r t s  of s i l i c o n  t o  1 p e r t  of n icke l .  T?iat 12 a 
t r aceab le ,  a t t r ibu tab l ,?  s t a t e  of a f f a i r s .  We a l s o  measured another speci- 
men using the  treatment and we found one ha l f  of t he  amount of nickel .  I n  
500 mil.limeters per minute we found 0.196, and t h a t  i s  what our claim t o  
fame is,  we extended the l i f e  of t he  saw by preserving the  n icke l  matr ix  
i n t o  which pa r t i cu?a r  a l l o t r o p : ~  modif icat ion a diamond is embedded. 




