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Abstract 

The predict ions of the  theor ies  of so l id -par t ic le  erosion of b r i t t l e  
mater ia l s  a r e  compared to  experimental r e s u l t s  of s t ud i e s  i n  which angular 
A1203 p a r t i c l e s  with mean diameters D of 23-270 wn a r e  used t o  erode (111) 
surfaces  of s i l i c o n  s ing l e  c r y s t a l s  a t  impact angles  a from 20-90° and 
v e l o c i t i e s  v from 30-150 m f s .  The descr ip t ion  of the s teady-state  erosion 
r a t e  by a power law, dW a (v sina)"LIm must be modified t o  include threshold 
and p l a s t i c i t y  e f f ec t s .  h r thermore  the  ve loc i ty  exponent n depends on 
D. Resul ts  using abrasives  of d i f f e r e n t  s i z e s  mixed together can be 
explained using a logarithmic-normal d i s t r i bu t ion .  The r e s u l t s  of 
t r ans i en t  experiments can be used t o  explain the syne rg i s t i c  e f f e c t s  which 
a r e  observed using a biomodal d i s t r i b u t i o n  of abrasives.  

I. Introduct ion 

'he  erosion of mater ia l s  by so l id-par t ic le  impacts is an important 
process which may l i m i t  the se rv ice  l i f e t ime  of cmponents. B r i t t l e  
mater ia l s  have po t en t i a l  uses i n  many high-technology energy appl ica t ions ,  
e.g. valves i n  coal ga s i f i ca t i on  p lan ts ,  gas turbine blades,  e lec t rodes  and 
re,enerative heat exchangers fo r  MIID appl ica t ions ,  and photovoltaic 
devices. Therefore, understanding the erosion process i n  b r i t t l e  mater ia l s  
is important. This paper w i l l  review the progress made i n  the  l a s t  two 
years i n  understanding the erosion process i n  s i l i c o n  s ing le  c r y s t a l s ,  a 
mater ia l  which not only has appl ica t ions  a s  photovol ta ic  devices,  but 
represents  an i dea l  b r i t t l e  so l i d  and, therefore ,  is important a s  a model 
mater ia l  t ha t  should c lose ly  conform t o  t heo re t i ca l  predict ions.  

11. Theory 

Material  removal by impacting p a r t i c l e s  occurs by l a t e r a l  crack 
formation i.e., subsurface cracks p a r a l l e l  t o  the impacted surface,  which 
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form pr imar i ly  a s  a  r e s u l t  of r e s i d u a l  e l a s t i c - p l a s t i c  s t r e s s e s  under a  
sha rp  indentor .  I h  models based on t h i s  experimental  obse rva t ion  have 
been proposed t o  desc r ibe  the  e r o s i o n  process  i n  b r i t t l e  ma te r i a l s .  Both 
t h e o r i e s  assume t h a t  the  m a t e r i a l  removed is given by the  a r e a  con ta in ing  
t h e  l a t e r a l  c racks  t imes the  depth of the  l a t e r a l  c racks ,  which is assumed 
t o  be p ropor t iona l  t o  the  depth  of p e n e t r a t i o n  of the  impacting p a r t i c l e .  
Both models assume t h a t  the  l a t e r a l  crack s i z e  c  is propor t iona l  t o  t h e  
s i z e  of the  r a d i a l  c racks ,  i .e.,  c racks  normal t o  the impacted s ~ r f a c e ,  
which form a s  a  r z s u l t  of e l a s t i c - p l a s t i c  loading s t r e s s e s  under a  sharp  
indentor .  In  tu rn ,  the l a t t e r  may be viewed a s  end-loaded half-penny 
c racks ,  the  loading being due t o  the  p l a s t i c  zone expansion, where the  
p l a s t i c  zone s i z e  is smal l  compared t o  e  f i n a l  crack a r r e s t  s i z e .  

2 f S  Fracture  mechanics g ives  c  a ( P  / K  ) f o r  t h i s  s i t u a t i o n  with Pmax 
being the  maximum con tac t  forcem%d \ the  f r a c t u r e  toughness. The 
t h e o r i e s  d i f f e r ,  howeve;, i n  t h e  c a l c u l a t i o n  of contact  stress 

2 po a Pmax/amax, where a;,, is the con tac t  a rea .  

The q u a s i - s t a t i c  nodel  of Wiederhorn and Lawn(') c a l c u l a t e s  the  fo rce  
based on the  conversion of the k i n e t i c  energy of the  impacting p a r t i c l e  
modelled a s  a  sharp i n  $ntor  i n t o  p l a s t i c  work. On the  o t h e r  hand, the  

t4 model of Evans, e t  a l .  n e g l e c t s  p l a s t i c i t y  and the contact  p ressure  is 
assumed equal  t o  the  dynamic p ressure  when a  s p h e r i c a l  p a r t i c l e  f i r s t  h i t s  
the  su r face .  The depth of p e n e t r a t i o n  is determined from the  time of 
c o n t a c t ,  and the  mean i n t e r f a c e  v e l o c i t y ,  both of which a r e  c a l c u l a t e d  from 
a one-dimer zional  impact analogue. Both models p r e d i c t  t h a t  the  s teady-  
s t a t e  e ros ion  r a t e  (weight l o s s  [ g l l t o t a l  weight of ab ras ive  impacting [ g ] )  
is given by LW a R ~ V " ,  where R is the  p a r t i c l e  radius  and v is the 
v e l o c i t y .  The exponents p red ic ted  on the  b a s i s  of the  two models a r e  g iven 
i n  t a b l e  1. It may be seen t h a t  the  only way t o  d i s t i n g u i s h  between the  
models l i e s  i n  a  determinat ion of the  v e l o c i t y  exponent, n. 

TABlJE 1. P r e d i c t i o n s  of e ros ion  models. 

Model P a r t i c l e  m n  
Shape 

Quasi- S t a t i c  ( '1 Sphere 213 (.67) 1116 (1.8) 
Angular 213 (.67) 221'9 (2 .4)  

Pulse-Impact (*)  Sphere 213 ( - 6 7 )  1916 (3.2) 
Angular 2/3 (.67) 5 

1x1. Experimental 

Angular A1203 p a r t i c l e s  r e  used t o  erode (1  11) Si s i n g l e  c r y s t a l s  
us ing a  s l inger - type  device.  (5 'Ihe exper imenta l  d e t a i l s  have been 
desc r ibed  Single impacts a r e  examined us ing scanning 
e l e c t r o n  microscopy (SEM). Erosion r a t e s  a t  a f ixed  impact a n g l e ,  



I 
v e l o c i t y ,  and p a r t i c l e  s i z e  a r e  determined from s e q u e n t i a l  weight-loss 
measurements. 

I V .  Resul ts  and Discussion 

I V -  1. Single Impacts 

A t y p i c a l  SEM of a s i n g l e  impact produced a t  a = 90' and v = 108 m / s  

t 
using 270-MU A1203 is shown i n  Mg. 1. Each fan  t h 2 t  o r i g n a t e s  from t h e  
impact s i t e  is formed by propagating l a t e r a l  c racks  which p e r i o d i c a l l y  
d ive rge  up t o  the f r e e  s u r f a c e ,  causing m a t e r i a l  removal The l a t e r a l  
c r a c k  formation is considered i n  d e t a i l  by Evans, e t  al. t 2 )  High 
d i s l o c a t i o n  d e n s i t i e s  under the  impact sites have been observed,(5) and 
t h i s  provides =vide-ce f o r  t h e  importance of p l a s t i c i t y .  

h r t h e r  impacts produce over lapping damage s i t e s  u n t i l  e v e n t u a l l y  a 
s t eady-s ta te  1W is achieved. Figure 2 i l l u s t r a t e s  a weight-loss curve 
measured f o r  a = 9a0, v = 108 m / s ,  us ing 37-M p a r t i c l e s  t o  erode a s u r f a c e  
previously  eroded i n t o  s t eady  s t a t e  us ing  l a r g e  270-MU p a r t i c l e s .  The 
e ros ion  r a t e  ( t h e  s lope)  i n i t i a l l y  d e c e l e r a t e s  a s  opposed t o  an 
a c c e l e r a t i n g  M which is always observed on p r i s t i n e  surfaces .  The shape 
of t h e  t r a n s i e n t  is t h e r e f o r e  determined by the  i n i t i a l  cond i t ion  of t h e  
s u r f  ace. 

Fig. 1. ( L e f t )  S M  of s i n g l e  impact produced us ing 270- M A1203 a t  
v = 108 m / s  and a? 90°. 

Flg. 2. (Right)  Weight l o s s  as a func t ion  of dose f o r  37- p p a r t i c l e s  
impacting a s u r f a c e  p rev ious ly  eroded i n t o  s t eady  s t a t e  (us ing  
270-rn p a r t i c l e s )  a t  v = 108 m / s  and a = 90O. 

IV-2. P a r t i c l e - s i z e  Dependence 

?he p a r t i c l e - s i z e  exponent m is c l o s e  t o  the  2 1 3  pred ic ted  by the  
models f o r  l a r g e  p a r t i c l e s .  However, the  r e l a t i o n  g r e a t l y  o v e r p r e d i c t s  LW 



f o r  smell p a r t i c l e  s i t e s .  This ind ica tes  t ha t  the  expression must be 
modified t o  allow f o r  threshold e f f e c t s  which seem t o  be manifest f o r  
smaller par t ic les .  I f  the  da ta  fo r  e osion r a t e  W and p a r t i c l e  site R of 
ref .  4 18 plot ted a s  ( In  IY)I(l-R/!$,)' vs I ~ ( R - R , , ) ~ / ~  t o  allow a comparison 
t o  the models tha t  predict  t he  volume removed per number of impacts, it is 
found tha t  a ve loc i t  ependeqt threshold s f  can be obcained such t h a t  
the re la t ionsh ip  vRo (1280 t 200) x 10- s is approximately 
valid.  Wr a = go0, v = 100 m l s ,  the  threshold % * 6 m. Ihe threshold 
can be re la ted  t o  r i t i c a l  force quired t o  propagate a crack, and t h e  tlf quasi-s ta t ic  model p r ed i c t s  vR 3r5 = cons t a n t  , while the pulse-impact 
model p red ic t s  v% = constant.  &jle the exact r e l a t i o n  is d i f f i c u l t  t o  
evaluate ,  it appears from the da ta  t h a t  t he  former r e l a t i on  is more 
reasonable. 

IV-3. Particle-Size Dis t r ibu t ion  Ef fec ts  

One of the d i f f i c u l t i e s  which a r i s e  i n  the  app ra i s a l  of eshold 
e f f e c t s  is t h a t  W depends on the par t ic le -s ize  d i s t r i bu t ion .  Hgure 3 
shows the e f f e c t  of par t ic le -s ize  d i s t r i b u t i o n  a t  a = 90' and v = 100 m / s ,  

VEl+OCITY [ m/sl 

In(vt mhl) 
Fig. 3. (Left)  'Ihe normalized erosion r a t e  (measured steady-utate 

r a t e l r a t e  f o r  a -  o) a s  a funct ion of the par t ic le -s ize  
d i s t r i b u t i o n  o. 

Pig. 4. (Rlght) 'he  logarithin of the s teady-state  erosion rate am a 
function of the logar i thn  of ve loc i ty  f o r  p a r t i c l e  s i z e s  of 23, 
37, 130, and 270- m. 



a s  measured by the width of the d i s t r i b u t i o n  a, on the normalized erosion 
r a t e  (measured r a t e l r a t e  f o r  a = 0). The s o l i d  curve tha t  is ca lcu la ted  
from a logarithmic-normal d i s t r i b u t i o n  is seen t o  adequately descr ibe the 
experimental r e su l t s .  

Ihe depend.:. ze of L .  In v has been systematical ly  invest igated.  ( 7  ) 
The logarithm of the stead,-state erosion is p lo t ted  a s  a function of the 
logarithm of ve1ocq.t~ for  four  p a r t i c l e  s i ze s  i n  Mg. 4. Good f i t s  t o  
tM a vn are  obtained, hut there  is a dependence of the ve loc i ty  exponent on 
the  p a r t i c l e  diameter S a s  shown i n  Iig. 5. The f u r  a l s o  shows data  tfl 97 obtained on two d i f f e r en t  types of s i l i c o n  carbide which s h w  tha t  Si 
i s  not unique 11, t h i s  respect.  

The ve loc i ty  exponent var ies  from 3.4 fo r  37-m p a r t i c l e s  t o  2.55 f o r  
270-rn pa r t i c l e s .  A s  seen from Table 1, no current  model can explain t h i s  
va r i a t i on  of n with D. It may be postulated t ha t  smaller p a r t i c l e s  have 
shor te r  contact times and therefore  must be approximated using the pulse- 
impact model, while l a rge r  p a r t i c l e s  more nearly s a t i s f y  the quas i - s ta t ic  
model. This pred ic t s  a trend i n  the d i r ec t i on  observed. It is i n t e r e s t i n g  
t o  note t ha t  the ve loc i ty  expon n t  obtained using large (1.58-mm diameter) 
spheres impacting MgO is = 2.1, ? lo)  i n  agreement with the trend predicted 
i n  Table 1. It is believed t h a ~  the exponent for  ho ressed !XC is low ti7 because of the presence of weakened gra in  boundaries which a f f e c t  the 
erosion a t  . In  t h i s  respect po lycrys ta l l ine  MgO behaves l i k e  MgO s ing l e  
c r y s t a l s  fl'f probably because the po lycrys ta l l ine  HgO was r e l a t i v e l y  pure. 

IV-5. Angular Dependence 

m e  power-law expression f o r  LYJ is va l id  only f o r  normal incidence for  
which dW is maximum fo r  a b r i t t l e  so l id .  For oblique impact ~ q g l e s  the 
ve loc i ty  v can be resolved i n t o  a normal component v s i n a  and a tangent ia l  
component v cosa. If f r i c t i o n l e s s  contact  condi t ions e x i a t ,  only the 
n o m l  component contr ibutes  t o  the erosion,  and it  can then be given by 
W . (v sina)". Normalized data  ( &I( a)/ &I(9O0)) obtained for  various 
v e l o c i t i e s  n p a r t i c l e  s i z e s  a r e  shown i n  Ms. 6,  where the  s o l i d  l i n e  
denotes s i n  9.8, 

'.\ie assumption tha t  the tangent ia l  component of v does not cont r ibu te  
t o  dW breaks down f o r  a < 45' where the ac tua l  losses  a r e  2-4 times g rea t e r  
than those predicted by the model. The addi t iona l  cont r ibu t ion  t o  1W fo r  
smaller a can be ra t iona l ized  i f  i t  is assumed t o  be due t o  the tangent ia l  
ve loc i ty  component t ha t  a r i s e s  because of a p las t ic -def  ormat ion cu t ing 

t 5e 
0 (12 j  mi8 process, which i n  a d u c t i l e  materia as a maximum f o r  a - 20 . 

is consis tent  with TEM observations which ind ica tes  t ha t  p l a s t i c i t y  
cont r ibu tes  t o  the erosion process. 

IV-6. Synergis t ic  Ef f e c t s  

Ihe experimental condi t ions used i n  these s tud i e s  cover the range of 
p a r t i c l e  s i ze s ,  v e l o c i t i e s ,  and impacts general ly  expected i n  s e rv i ce  
appl ica t ions  where the  components a r e  subjected t o  an erosive environmc?nt 



See. p h o t w o l t a i c  devices  unprotected from a dust  environment. Ihe  models, 
however, c.an not be assumed adhoc t o  apply t o  complex s e r v i c e  cond i t ions  
where, f o r  e-mmple, s e v e r a l  p a r t i c l e  s i z e s  o r  velocities a r e  present  
simultaneously.  The s i m p l i e t  assumption is t o  use a p r i n c i p l e  of l i n e a r  
superpos i t ion  which r e q u i r e s  t h a t  t h e  damage processes occur independently 
of each ~i9y. This assumption is not i n  f a c t  v a l i d ,  and has r e c e n t l y  been 
ex3mined i n  d e t a i l .  

Ngure  7 p resen t s  the  r e s u l t s  of an experiment designed t o  examine 
l i n e a r  superpos i t ion  f o r  e ros ion  us ing a mixture of two s i z e s  o f  
p a r t i c l e s .  The s teady-s ta te  e ros ion  r a t e  i n  Ng. 7 i s  p l o t t e d  as a 
funct ion of the  weight f r a c t i o n  of t h e  270-cm p a r t i c l e s  ( f  ) i n  a mixture  27P of 37-rm and 270-un p a r t i c l e s .  'Itte simple "law of mixing" g ven by &I = 
f270Ati37ij + f37AW37, where f  is the  weight-fraction of 37-rm p a r t i c l e s  
and the  M's  a r e  the  respect  9 v t  s t eady-s ta te  e ros ion  r a t e s  obta ined f o r  
t h a t  s i z e  of p a r t i c l e s ,  is shown as the  dashed l i n e  and is not a v a l i d  
desc r ip t ion .  

I I I I - 
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Fig. 5. ( L e f t )  Ihe logari thm of the  v e l o c i t y  exponent n a s  a func t ion  
of the  logari thm of the  mean p a r t i c l e  d i a n e t e r  D. 

Fig. 6. (Right)  The s teady-s ta te  e ros ion  r a t e  normalized by LW f o r  
a = 90' a s  a funct ion of impact ang le  cr. 

As can be seen from Ng. 2 t h e  e ros ion  r a t e  of the  37-PI p a r t i c l e s  
impacting a su r f  ace pre-eroded with 270- PI p a r t i c l e s  is i n i t i a l l y  enhanced 
over t h e  eventual  s ady-s ta te  ra te .  The enhanced ( i n i t i a l )  e ros ion  r a t e  
w ' ~ ~  may be vsed (157 t o  deacr ibe  the r e s u l t a  us ing &l = f270 630 270 + 
f 3 7 q 7  + f Z 7 0 ( l  - f 270)( dW'37 - 4 7 )  where the  s u p e r s c r i p t  o is used t o  
denote the  r a t e  f o r  p a r t i c l e s  a c t i n g  i n d i v i d u a l l y  and the  s u b s c r i p t  denotes  
t h e  s i ze .  This r e l a t i o n ,  which r e q u i r e s  an a c c u r a t e  masurement of t h e  
t r a n s i e n t  e r s s i o n  r a t e  l a  shown by the  s o l i d  l i n e s  i n  Mg. 7 f o r  



6 6 WJ'37/dW37 6 8, the  range es t imated experimerrtally. 'Ihe r e s u l t s  
suppor t  t h e  predic ted  trend.  It should be mentioned t h a t  i n  an  a c t u a l  
s e r v i c e  a p p l i c a t i o n  the  s i t u a t i o n  is most l i k e l y  t o  k more complex, due t o  
more complicated p a r t i c l e  d i s t r i b u t i o n s .  

Fig. 7. me s teady-s ta te  e ros ion  r a t e  obtained f o r  mixtures of 37 and 
270-p~ p a r t i c l e s  shown a s  a func t ion  of weigbt- f racr ion of 
270-rm p a r t i c l e s .  'he dashed and s o l i d  l i n e s  a r e  expla ined i n  
the  t ex t .  

Ihe e x i s t i n g  models adequate ly  p r e d i c t  t h e  f u n c t i o n a l  dependence, on 
v e l o c i t y  and s i z e  of impacting p a r t i c l e s ,  of the  s t eady-s ta te  e roe ian  r a t e s  
i n  S i  s i n g l e  c r y s t a l s  measured using angular  A12u3 p . ~ r t i c l e s  i f  tllcy a r e  
modified t o  include:  1. p l a s t i c i t y  f o r  smal l  lmpact a n g l e s ,  2. 
p a r t i c l e - s i z e  (and pors ib ly  v e l o c i t y )  th resho ld  e f f e c c s ,  3. a p a r t i c l e -  
r -4e dependent v e l o c i t y  exponent, and 4. a particle-oize d i s t r j b u t i o n  
e f f e c t ,  'Ihe above e f f e c t s  a r e  known t o  exis t ,  but f u r t h e r  sys temat ic  
experiments a n  needed to  e s t a b l i ~ h  t h e  phenomenology i n  o t h e r  e y e t t s s ,  and 



t o  provide a sound b a s i s  f o r  t h e  proper r e l a t i o n s h i p s  needed i n  phys ica l  
models. Theoret ica l  work is needed to incorpora te  these  e f f e c t s  i n t o  t h e  
models. Synerg i s t i c  e f f e c t s  are known t o  e x i s t ,  but our understanding of 
them is not complete, anti i t  is c e r t a i n l y  not poss ib le  t o  p r e d i c t  complex 
s y n e r g i s t i c  e f f e c t s  on t h e  basis of our c u r r e n t  knowledge. F ina l ly ,  t h e  
pro  jecticle proper t i e s  (shape and hardness) have never been inves t iga ted .  
Micros t ruc tu ra l  e f f e c t s  i n  p o l y c r y s t a l l i n e  Si  are a l s o  possible.  
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DISCUSSION: 

BOUJIKIAN: On your formula where DO was 12 microns--at that point your erosion 
sort of stopped--are the particles interfering with each other? 

ROUTBORT: No. We are extremely careful to feed very slowly so that we get no 
interference of particles, in fact single streams of particles. What we 
cannot do of course, is to get particles 10 microns in diameter to erode. 
What you can do, however, is to calculate what the theoretical threshold 
should be and it turns out that in the case of silicon, the threshold is 
even less than we can measure in velocity. We have to go down to 10 
meters per second. There the erosion rate is so slow that we couldn't 
measure it. So it's not a particle interference effect, it's probably a 
real threshold effect, but we haven't proved it unambiguously. The 
material removal rate is proportional to the particle size to the 213 
power, and the velocity anywhere from the 2nd to the 4th power. It 
depends on particle shape, because that depends on the contact condi- 
tions. It depends on the hardness of the material. It depends on what- 
ever model you use, it depends on the acoustic impedance of the target 
compared to the particle and it depends on the density of the impacting 
particle. 

BOUJIKIAN: The hardness of the particle, therefore, comes into it. 

ROUTBORT: The hardness of the target, not the particle. Yes. 

CHEN: Your model is based on the complete brittle fracture rodel, brittle 
mattrial, no plasticity occurred during the impact. 

ROUTBORT: No. That's not quite right. Because you do assume that the kinetic 
energy of the indentor, if you will, is converted to plastic work in the 
plastic zone. 

CHEN: No, I'm referring to the Weiderhorn paper about six sonths ago. He 
used a high-speed camera, and shooting the particle on the glass surface, 
he definitely showed there's a scooping. Showed the particle really 
pushed into the glass surface, and melted it...with energy so high it 
melted the surface and scooped part of the material out.RO 

RDUTBORT: Many people observe intense shear zones where there's actually molten 
material. We have never observed it in silicon. You can indeed calculate 
that there's enough kinetic energy of the impacting particle to melt the 
material depending on the conductivity of the material. But we've never 
seen it. 

HEIT: Are the abrasive particles directed against the work in an airstream? 

ROUTBORT: No. That's not an airstream. It's under vacuum...the whole system. 
It's under vacuum because this arm is rotating at 10,000 rpm, and it 
doesn't rotate very well in air. The particles are mechanically 
accelerated out the end of the tube. 

HEIT: How do you determine the weight loss of the silicon? 



ROUTBORT: We do it sequentially, ve put in a charge of 10 grame, we erode 
away, we stop, we open the vacuum, we take the samples out and weigh them, 
we put them back in. 

HEIT: Is there any embedment of the abrasive? 

ROUTBORT: Absolutely none. We've used dispersive X-ray analysis and there's 
no trace of aluminum; silicon yes, but none of aluminum. Alumina w find 
embedding in all of our metal work. In fact, m n y  of our metal samples 
that we've run for various reasons or other gain weight due to embedding. 
The aluminum and nickel are both fairly soft, the abrasive particle is 
very sharp, it just sticks in. 

WOLFE: I want to congratulate you on a marvelous piece of work that really 
helps to illuminate what is going on in this silicon removal area. You 
recomended looking at a higher-density particle like aluminum oxide 
rather than silicon carbide or such. I think there's probably a small dif- 
ference. What you did is probably directly applicable to the something 
like sandblasting, while what we have is a backup of the particles with 
the tool, so the tool actually imparts the velocity onto the particle and 
so therefore the density of the particle is probably not as important as 
its hardness. I think the hardness comes in the size of the impact area. 
If you have a more ductile particle impacting,  he impact area is probably 
larger, because the particle spreads out. When you have a very hard parti- 
cle, the impact area is smaller, we have a larger force on a smaller area. 
I suspect that goes more rapidly to the cutting rate question than the den- 
sity in this type of cutting we are doing here. 

ILES: This is the first paper we've had where people are discussing the me- 
chanics of erosion, It seems to me we've got liquid drops and we've also 
got particles of silicon from the kerf, coming at very high speed, loose, 
not bound on the diamond wheel. Are we in the range of speeds where we 
would expect to see some impact with silicon by silicon itself, which would 
perhaps modify the cut rates? 

ROUTBORT: Do you have any idea what the velocities are? 

ILES: I suspect it's in the range of 100 meters per second. 

ROUTBORT: We have significant losses at 10 meters per second with hard 
particles. 

ILES: I'm glad your talk opened up that sort of possibility. That's very 
interesting. 

WOLF: Danyluk's experiments seem to indicate, in light of what you have been 
showing us here now, that depending opon what kind of lubricant we aTe 
using, we could get predominantly ductile erosion, or predominantly 
Lrittle erosion. Possibly one kind of hlparering of the particles due to 
some tool vibration and so on, and the other kind, just pushes ductily the 
material away. Waybe we can learn to take advantage of these. 

ROUTBORT: These things make a difference of a factor of 4 or so in erosion 
rate. At least the stuff we've studied. Now four is evidently enough for 
you people to make big savings. 




