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ABSTRACT 

It has .been  suggested t h a t  l a r g e  l a t e r a l  s t r e s s e s  in t roduced  i n  an ion  

implanted s u r f a c e  l a y e r  may cause  e l a s t i c  i n s t a b i l i t y a n d  buckl ing of t h e  

implant l a y e r  ( b l i s t e r  format ion) ,  and r e s u l t  i n  a  r e l a t i o n s h i p  D at 3/2 
mP 

between t h e  most probable  b l i s t e r  diameter  D and t h e  b l i s t e r  s k i n  th i ck -  
mP 

n e s s ,  t ,  f o r  m e t a l s  such a s  Be, V ,  s t a i n l e s s  s t e e l ,  Nb .and Mo. To'. t e s t  t h i s  

r e l a t i o n s h i p  a  sys t ema t i c  s tudy  of t h e  c o r r e l a t i o n  between b l i s t e r  diameter  

and s k i n  th i ckness  f o r  helium b l i s t e r i n g  of annealed. p o l y c r y s t a l l i n e  N i  and 

Be has  been conducted f o r  helium i o n  e n e r g i e s  i n  t h e  range  of 15-300 keV. 

For be ry l l i um t h e  r e l a t i o n s h i p  between D (m) and t(pm) can be  f i t t e d  by 
mP 

t h e  expres s ion  D = 2 4 . 6 t ' 0 * ~  whereas f o r  n i c k e l  a b e s t  f i t  i s  obta ined  f o r  
mP 

t h e  express ion  D = 1 .24 t  '*15. These r e s u l t s ,  t o g e t h e r  w i t h  o u r  e a r l i e r  
mP 

r e s u l t s  f o r  Nb and V show t h a t  t h e  r e l a t i o n s h i p  between D and t i s  " 

mP . . 
s t r o n g l y  dependent on t h e  t y p e  of meta l  s t u d i e d ' a n d  do n o t  suppor t  t h e  

lateral  s t r e s s  model f o r  b l i s t e r  formation.  
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I n t r o d u c t i o n  

The models f o r  b l i s t e r  formation i n  meta ls  f a l l  i n t o  two b a s i c  c a t e g o r i e s .  
. --- 

One i s  t h e  gas  p r e s s u r e  model [l-91 i n  which t h e  bui ldup  of excess  gas p res s -  

u r e  i n  t h e  implant  r eg ion  of maximum gas  concen t r a t ion  i s  t h e  main d r i v i n g  

f o r c e  f o r  t h e  s u r f a c e  deformation l e a d i n g  t o  b l i s t e r  appearance.  The o t h e r  is  
i 
I t h e  i n t e g r a t e d  l a t e r a l  s t r e s s  model [lo-121 i n  which i t  is  suggested t h a t  t h e  

i 
I l a r g e  l a t e r a l  s t r e s s e s  in t roduced  i n  t h e  implanted 1 a y e r . l e a d s  t o  e l a s t i c  

i n s t a b i l i t y  and buckl ing  of t h e  implanted s u r f a c e  l a y e r  above t h e  weakened in-  
I 

t e r f a c e  r eg ion  and t h u s  gas p r e s s u r e  i s  - n o t  t h e  d r i v i n g  f o r c e  behind t h e  su r -  
I 

I 
I 
i f a c e  deformation.  The proponents of t h e  s t r e s s  model [10,12]  ha.ve c r i t i c i z e d  

1 t h e  gas  p r e s s u r e  model on t h e . b a s i s  t h a t  ( i )  it cannot e x p l a i n  t h e  r e l a t i o n s h i p  

D 0: t3I2 between t h e  most p robab le .  b l i s t e r  diameter  D ' and b l i s t e r  s k i n  
mP mp. 

t h i ckness ,  t ,  suggested f o r  meta ls  s u c h . a s  Be, V ,  s t a - i n l e s s  steel ,  Nb and Mo, 

I 
( i i )  fo?!;low ion  e n e r g i e s  (e .g .  < 15 keV f o r  ~ e +  i r r a d i . a t i o n  of Nb) , t h e  b l i s t e r  

s k i n  th i ckness  i s  l a r g e r  t han  t h e  p ro j ec t ed  range,  and ( i i i )  on ly  a  sma l l  f r a c e i o n  

of t h e  t o t a l  implanted hel ium i s  a ~ t u a l l ~ e m i t t e d  dur ing  b l i s t e r i n g ' .  Recent ly ,  

Evans [13]  has  proposed an  i n t e r b u b b l e  f r a c t u r e  mechanism of b l i s t e r  formation 

which o f f e r s  a n  exp lana t ion  f o r . t h e  c r i t i c i s m s  ( i i )  and ( i i i )  l i s t e d  above. 

H e  ques t ioned  whether a  g e n e r a l  r e l a t i o n  between D and t can  be a p p l i e d  on a 
mP 

I 

sound phys i ca l  b a s i s ,  s i n c e  t h e  b l i s t e r  diameter  i n  a  g iven  sample has .  been 

observed t o  vary  w i d e l y ' [ l 4 ] .  The a u t h o r s  have shown r e c e n t l y  [15-171 t h a t  ' 

4 + 
f o r  t h e  c a s e  of H e .  i r r a d i a t i o n  of t h e  two bc r " ' r e f r ac to ry  me ta l s  Nb and V,  

t h e  D a t3I2 r e l a t i o n s h i p  does n o t  ho ld .  Furthermore, t h e  r e l a t i o n s h i p  was 
mP' 

a l s o  found t o  be dependent on t a r g e t  tempera ture  [17 ] .  For  example, f o r  

annealed p o l y c r y s t a l l i n e  niobium t h e  r e l a t i o n s h i p  f o r  room tempera ture  i r r a -  

d i a t i o n  was. D = 10.3 t whereas, f o r  i r r a d i a t i o n  a t  700°C i t  was D = 5.3  
.mp mp 

' tleo5, an  almost l i n e a r  r e l a t i o n s h i p  between D and t .  k c o r d i n g  t o  t h e  
mP 



stress model, . the  va lue  of  t h e  exponent should b e  tempera ture  independent .  

The a i m  of t h e  p r e s e n t  work was t o  s e e  how t h e  D - t r e l a t i o n s h i p  changes f o r  
. mP 

a n  f c c  m e t a l ,  n i c k e l ,  and a n  hcp me ta l ,  Be. .For Be, EerNisse and P ic raux  [ l o ]  

suggested a  Dat3I2 r e l a t i o n s h i p ,  bu t  t h e r e  was only  one d a t a  p o i n t  on t h e  p l o t  

of D v s .  t .  To t h e  a u t h o r ' s  knowledge, t h e r e  i s  no d a t a  a v a i l a b l e  o n t h e  D - t  
mP . . 

r e l a t i o n s h i p . f o r . N i .  

Experimental procedures  

P o l y c r y s t a l l i n e  n i c k e l  f o i l s  o f  99.995% p u r i t y  (Marz grade)  w e r e  ob t a ined  

from M a t e r i a l s  Research ,Corpora t ion ,  New York. The p o l y c r y s t a l l i n e  be ry l l i um . I 

f o i l s  ob ta ined  from Kawecki Berylco I n d u s t r i e s ,  Inc . ,  Hazel ton,  Pennsylvania '  

w e r e  ho t - ro l l ed  from a vacuum-cast i n g o t .  The f o i l s  were f i r s t  meta l lographi -  

c a l l y  po l i shed  -and then ' .annealed f o r  2  h . . . ( a t  650°C f o r  B e  and at. 900°C f o r  

- 7 
. Ni) i n  a  vacuum of Q 1 x 1 0  t o r r .  The be ry l l i um f o i l s  were e l e c t r o p o l i s h e d  

i n  an e l e c t r o l y t e  con ta in ing  ,100 m l  phosphoric  a c i d ,  30 m l  g l y c e r o l ,  30 m l  

e thano l  and 30 m l  ou lphur i c  a c i d  a t  an a p p i i e d  vu l t age  of 35 v o l t s ,  whereas 

t h e  n i c k e l  . f o i l s  were e l e c t r o p o l i s h e d  i n  a  s o l u t i o n  "of 60% g l y c e r o l  .and 40% 

4 + 
phosphoric  acid ' .  The i r r a d i a t i o n s  w e r e > c a r r i e d  o u t  w i t h  mass ana lyzed  He 

ions  e i t h e r  from a low energy d .c .  a c c e l e r a t o r  ( f o r  e n e r g i e s  < 100 keV) o r  

from a 2-MeV Van d e  Graaff a c c e l e r a t o r  ( f o r  e n e r g i e s  1 100 keV) and t h e  i o n  

beam was i n c i d e n t  p a r a l l e l  t o  t h e  s u r f a c e  normal. During t h e  i r r a d i a t i o n  

t h e  t a r g e t s  were kep t  a t  room tempera ture  and t h e  ion  f l u x  was kep t  ].ow 

14 2 
(5 x 1013 - 1 x 10  ionslcm -sec)  t o  minimize ' s u r f a c e  hea t ing .  The t o t a l  

dose f o r  each i r r a d i a t i o n  was chosen s o  a s  t o  avoid  b l i s t e r  coa lescence  f o r  

4 ~ e +  i o n  e n e r g i e s  g r e a t e r  t han  40 k e ~  and minimize s p u t t e r i n g  of b l i s t e r  s k i n  

f o r  e n e r g i e s  < 20 keV. The i r r a d i a t e d  s u r f a c e s  were examined i n  a  Cambridge 

s t e r e o s c a n  S4-10 scanning e l e c t r o n  microscope, and a l a r g e  number of  micro- 

graphs were taken f o r  each i r r a d i a t i o n . i n  o r d e r  t o  have s u f f i c i e n t  s t a t i s t i c s .  



The s i z e  d i s t r i b u t i o n  of b l i s t e r  d i ame te r s  were measured from t h e  micrographs 

w i t h  t h e ' a i d  of  a  ~ e i s s  p a r t i c l e  s i z e  a n a l y z e r .  The b l i s t e r  s k i n  t h i c k n e s s e s  

were measured from rup tu red  edges of b l i s t e r  s k i n s .  

R e s u l t s  

F igu res  l ( a )  and l ( b )  show p l o t s  of p  : j ec t ed  ranges  of 4He+ i o n s  i n  N i  

and B e ,  r e s p e c t i v e l y ,  f o r  d i f f e r e n t  e n e r g i e s .  The s o l i d  curves  i n  F igu re  1 

4  + 
show. proj :ected.  ranges  f o r  "He on ni.'ckel. and f o r  >bery l l ium,  r e s p e c t i v e l y ,  f o r  

d i f f e r e n t  energi .es  c a l c u l a t e d  accord ing  t o  B r i c e  [18]  which uses  Thomas- 

Fermi n u c l e a r  s topp ing  c r o s s  s e c t i o n s  t o g e t h e r  w i t h ' s e m i e m p i r ~ c a l  va lues  f o r  

e l e c t r o n i c  s topp ing  powers. The d o t t e d  curves  i n  F igu re  1 were t aken . f rom 

t h e  r e c e n t  c a l c u l a t i o n s  publ i shed  by Z i e g l e r  [19 ] .  

The b l i s t e r  s k i n  t h i c k n e s s  v a l u e s  f o r  n i c k e l  i r r a d i a t e d  a t  room tempera- 

t u r e  w i t h  4 ~ e +  i o n s  having e n e r g i e s  ranging  from 20 t o  500-keV a r e  p l o t t e d  i n  

F igu re  l ( a ) .  I n  t h i s  c a s e ,  t h e  b l i s t e r  s k i n  t h i c k n e s s  v a l u e s  f o r  e n e r g i e s  o f .  

80 keV and above a g r e e  w i t h i n  Q 10% w i t h  t h e  c a l c u l a t e d  projecked range ,  

whereas f o r  e n e r g i e s - <  60 keV t h e  v a l u e s  a r e  h ighe r  t han  t h e  c a l c u l a t e d  pro- 

j e c t e d  range.  For an energy of 20 keV t h e  b l i s t e r  s k i n  t h i c k n e s s  i s  almost 

tw ice  t h e  c a l c u l a t e d  p r o j e c t e d . r a n g e .  This  t r e n d  observed f o r  n i c k e l  i s  very  

s i m i l a r  t o  t h a t  observed: f o r  4 ~ e + . i r r a d i a t i 0 n  of niobium [20 ] .  

The expe r imen ta l ly  measured b l i s t e r  s k i n  fh icknesb  v a l u e s  f o r  4 ~ e +  i o n  

i r r a d i a t e d  B e  f o r  ion  e n e r g i e s  from 10  t o  100-keV a r e  a l s o  p l o t t e d  i n  F igu re  



valuek ag ree  w i t h i n  % 10% w i t h  t h e  c a l c u l a t e d  p ro j ec t ed  range.  For e n e r g i e s  

below 15.keV t h e  s k i n  th i ckness  va lues  a r e  h ighe r  than  t h e  c a l c u l a t e d  pro- 

I 
' j e c t e d  range,  whereas f o r  e n e r g i e s  of 60 keV o r  h ighe r ,  t hey  a r e  lower t han  

I 
I 

t h e  p ro j ec t ed  range c a l c u l a t e d  accord ing  t o  B r i c e  [18i], b u t  a g r e e  w e l l  w i t h  
I 

t h o s e  c a l c u l a t e d  by Z i e g l e r  [19 ] .  
I 

'The  b l i s t e r  d iameters  were ana lyzed ' f rom a la rge 'number  of micrographs 

i n  o r d e r  t o  o b t a i n  b e t t e r :  s t a t i s t i c s .  ,Table I summarizes a t y p i c a l  d a t a  set 

f o r  annealed p o l y c r y s t a l l i n e  n i c k e l .  Here, t h e  'number of b l i s t e r s  analyzed 

f o r  each energy a r e  1 i s t e d . t o g e t h e r  . tJi th t h e  v a l u e s  f o r  minimum (D j, min 

maximum (D ) ,  most probable  (D ) and average  (D ) b l i s t e r  d iameter .  The 
max mP a v  

s t anda rd  d e v i a t i o n . o f  t h e  b l i s t e r  diameter  d i s t r i b u t i o n  f o r  each  energy i s  

a l s o  l i s t e d  i n  Table I. In  t h e  l a s t  two columns t h e  va lues  f o r  exper imenta l ly  

measured b l i s t e r  s k i n  th i cknesses  a r e  compared w i t h  t h e  p r o j e c t e d  ranges  

c a l c u l a t e d  accord ing  t o  Br i ce  [18] .  For a  4He+ i o n  energy of 500 keV, t h e  

b l i s t e r  s k i n  t h i c k n e s s  v a l u e  i s  cons idered  r e l i a b l e  wh i l e  t h e  b l i s t e r .  

diameter  (e .g .  D . a n d  D ) v a l u e s  a r e  n o t  cons idered  t o  b e  r e l i a b l e  because 
' .  mP .av 

one observes  ..only a  few l a r g e  b l i s t e r s . o v e r  t h e  e n t i r e  bombarded a r e a .  

e n e r g i e s  below 20 keV w e  f e e l  t h a t  t h e r e  a r e  l a r g e  u n c e r t a i n t i e s  i n  t h e  v a l u e s  

of D and t f o r  reasons  d i scussed  e a r l i e r  [17]. 

Figure  2 shows a  double l oga r i thmic  p l o t  of b l i s t e r  d iameter  v s .  b l i s t e r  

s k i n  th i ckness  f o r  anne i l ed  p o l y c r y s t a l l i n e '  n i c k e l  i r r a d i a t e d  a t  room 

tempera ture  w i t h  4 ~ e +  i o n s .  The rangest bf b l i & e r  d iametesszbbserved  a t  a 

given p r o j e c t i l e  energy; i . e . ,  f o r  a given mean b l i s t e r  s k i n  th i ckness ,  a r e  

shown by t h e  v e r t i c a l  b a r s  and t h e  ranges  of s k i n  t h i c k n e s s  a r e  shown by t h e  

h o r i z o n t a l  b a r s  i n  F igu re  2.  The v a l u e s  of most probable  D and t h e  average  
mP 

b l i s t e r  diameter  D g iven  i n  Table  I a r e  a l s o  p l o t t e d  i n  F igu re  2 f o r  a a v y  . 

given  mean b l i s t e r  s k i n  th i ckness .  The s o l i d  l i n e  i s  a  p.ower r e l a t i o n  f i t  of 

D w i t h  mean b l i s t e r  s k i n  t h i c k n e s s ,  t ,  and it g i v e s  t h e  r e l a t i o n s h i p  
mp 



1.15 
D =: 12.4 t , where D and t . a r e  given i n  u n i t s  of micrometers.  The 

mP mP 

curve f i t t i n g  was done i n  t h e  manner d e , s c r i b e d . e a r l i e r  [17]  f o r  Nb, and t h e  

2 '  
c o e f f i c i e n t  of de t e rmina t ion  r , which i n d i c a t e s  t h e  q u a l i t y  of t h e  f i t  ( a  

2  
va lue  of r c l o s e r  t o  u n i t y  i n d i c a t e s  a  b e t t e r  f i t  t han  a  v a l u e  c l o s e r  t o  

ze ro )  f o r  t h e  above f i t  was 0.93, A power r e l a t i o n  f i t  f o r  t h e  average  d i a -  

meters;  as p l o t t e d  i n  F igu re  2,  w i t h  t h e  mean b l i s t e r ' s k i n  . t h i ckness ,  t., 

2 gave t h e  r e l a t i o n s h i p  D = 16.2 t1'39, (wi th  r = 0.96) ,  and f o r  t h e  minimum 
a v  

b l i s t e r  diameter  D w i th  t gave t h e  r e l a t i o n s h i p  D = 10.74 t 
min min 

(wi th  

F igu re  3  shows a  double l oga r i thmic  p l o t  of b l i s t e r  d iameter  a g a i n s t  s k i n  

th i ckness  f o r  annealed p o l y c r y s t a l l i n e  be ry l l i um i r r a d i a t e d  a t  room tempera- 

4  + 
t u r e  w i t h  He i o n s .  Here, a l s o ,  t h e  v e r t i c a l  b a r s  r e p r e s e n t  t h e  range  of 

b l i s t e r  d iameters  observed a t  . a  p a r t i c u l a r  mean b l i s t e r  s k i n  t h i c k n e s s ,  whose 

e r r o r  l i m i t s  a r e  shown by t h e  h o r i z o n t a l  b a r s .  Also p l o t t e d  i n  F igure  3 a r e  

t h e  v a l u e s  f o r  t h e  most probable  and average  b l i s t e r  d iameters .  A power curve  

f i t  of D wi th  t g i v e s  t h e  r e l a t i o n s h i p  D . = 24.6 t1*25, which i s  shown a s  
.='P - , mP 

. 3  

t h e  s o l i d  l i n e  i n  F igure  3 .  The f i t  i s  q u i t e .  good w i t h  rL = 0.99. Power 

curve f i t s  f o r  D w i t h  t and D w i th  t ,  g i v e  t h e  r e l a t i o n s h i p  D = 31.6 t 
1.4 

a v  min a v  . . 
2 

(with r = 0.96) and iImin = 16.4 t (wi th  r2 1 0.88) ,  r e s p e c t i v e l y .  

Discuss ion  

The r e s u l t s  p re sen ted  i n  t h i s  paper  f o r  a: f c c  metal, N i  and a. hcp 

m e t a l ,  B e ,  t o g e t h e r  w i t h  t h o s e  we have r e p o r t e d - f o r  bcc me ta l s ,  V and Nb, i n d i -  

c a t e  t h a t t h e  r e l a t i o n s h i p  D 0: t3I2, p r e d i c t e d  by t h e  l a t e r a l  stress model 
mP 

does n o t  ho ld .  According t o  t h e  l a t k r a l .  . s t r e s s  model '  [ l o ]  t h e  most probable  

b l i s t e r  d iameter ,  
D m ~  

can be w r i t t e n  a s  



where: E i s  Young's modulus, p i s  Pois.son's r a t i o ,  a is  t h e  y i e l d  s t r e n g t h ,  
Y 

t is  b l i s t e r  s k i n  . th ickness  and K is  a geometr ic  f a c t o r  which ranges  from 

1 .4  t o  4.9 f o r  e l a s t i c  edge c o n d i t i o n s  ranging  from a simply supported edge 

t o  a clamped edge, r e s p e c t i v e l y .  EerNisse and P ic raux  [ l o ]  claimed t h a t  t h e  

D-t  r e l a t i o n s h i p  p red ic t ed  by equat ion  (1)  agreed  w i t h i n  40% w i t h  t h e  

.experiniental d a t a  f o r  Nb, V ,  B e ,  Mo, T i ,  Pd and4301.  s t a i n l e s s  s t e e l .  How- 

' ever ,  a s  po in ted  ou t  e a r l i e r . ,  f o r  me ta l s  such as Be and V t h e r e , w e r e  only  one 

o r  two d a t a  p o i n t s  on which, t h e  c o r r e l a t i o n  was based. For t h e  c a s e  of. Nb 

t h e  a u t h o r s  have shown e a r l i e r  [17]  t h a t  t h e  d a t a  used f o r  t h e  D a t 
312 cor re-  

mP 

I l a t i o n  over  a broad range  of  4Hef i o n  e n e r g i e s  may have s u f f e r e d  from poor 

s t a t i s t i c s  f o r  h i g h  e n e r g i e s  (> 1 MeV) and t h e r e  may be l a r g e  e r r o r s  i n  t h e  

va lues  of D and t f o r  e n e r g i e s  below 15  keV, s i n c e  they  depend s t r o n g l y  on 
mP 

t h e  t o t a l  dose at'  t h e s e  low e n e r g i e s  1171. I 
Table  I1 compares o u r  exper imenta l  D -- t r e l a t i o n s h i p s  f o r  Be, V ,  

mP 
. - 

. N i  and Nb wi th .  t h o s e  c a l c u l a t e d  from equat ion  (I) f o r  t h e  two extreme v a l u e s  

of K u s ing  t h e  va lues  of E, p, and a from t h e  l i t e r a t u r e  [21-231. One 
Y 

should n o t i c e  t h a t  t h e s e  va lues  a r e  c h a r a c t e r i s t i c  f o r  annealed me ta l s  and 

may d i f f e r  from t h o s e  f o r  i r r a d i a t e d  me ta l s .  It can be seen  t h a t  t h e  agree-  

ment between t h e  experiment and t h e  p r e d i c t i o n s  f r o m - t h e  s t r e s s  model i s  f a r  

from s a t i s f a c t o r y .  Even f o r  the 'ex t reme c a s e  o f  a simply supported edge ' 

K=1.4) t h e  pre-exponent ' f a c t o r  i n  t h e  D -t r e l a t i o n s h i p  p r e d i c t e d  by t h e  
mP 

s t r e s s  model i s  much l a r g e r  (by almost  a f a c t o r " o f  2-4 f o r  V,  N i ,  Nb) than  

t h e  exper imenta l  va lue .  Furthermore, t h e  stress model p r e d i c t s  t h e  exponent 

of t t o  be  independent of m a t e r i a l ,  whereas t h e  exper imenta l  va lues  show them 

t o  be  s t r o n g l y  dependent on t h e  t y p e  of metal (e .g .  va lue  of exponent v a r i e s  

from 0.85 f o r  V t o  1.25 f o r  Be) s t u d i e d .  Recent ly,  Van Guysse e t  a 1  [24]  

have t r i e d  t o  f i t  t h e i r  d a t a  for 21-keV He+ idn  i r r a d i a t e d  rhenium w i t h  the  



r e l a t i o n s h i p  D a t1*45y but  t h e i r  d a t a  were taken  from b l i s t e r s  formed a t  only 

one energy of 2 1  keV wi.th t h e  i r r a d i a t i o n  tempera ture  a s  t h e  v a r i a b l e .  The 
I 

. f i t t i n g  was done f o r  on ly  a  smal l  range  of va lues '  f o r i t  (between 2, 0.06 - 
0.12 urn). Thus, i t  is d i f f i c u l t  t o  s ay  i f  D a t  ! w i l l  indeed be  v a l i d  f o r  

. .  I 
rhenium over  a  l a r g e r  range  of D' and t va lues .  ! 

mP ! 
The D -t r e l a t i o n s h i p s  determined exper imenta l ly '  i n  t h e s e  s t u d i e s  d i f f e r  

mP ' 

s i g n i f i c a n t l y  from t h o s e  suggested by o t h e r  a u t h o r s  [10,12]  and cannot  be  

cons idered  a s  suppor t ing  evidence f o r  a  model f o r  b l i s t e r  formation based on 

integrat.erl  .I.ateraS. s t r e s s .  Furthermore, i t  should be  r e a l i z e d  t h a t  t h e  gas 

p r e s s u r e  model f o r  b l i s t e r i n g  does no t  imply a  l i n e a r  r e l a t i o n s h i p  between 

D and t ,  a s  h a s  been d i scussed  e a r l i e r  [17] .  Our e a r l i e r  obse rva t ion  [16]  
mP 

t h a t  n e a r l y  s p h e r i c a l  b l i s t e r s  can be formed wi th  biise's of sma l l e r  diameter  t han  

t h a t  .of t h e  . b l i s t e r  diameter  support  ,, i n  c e r t a i n  c a s e s  ,. . the gas  p r e s s u r e  

d r iven  b l i s t e r  model. Furthermore, r e c e n t  r e s u l t s  by Evans and Eyre on t h i n  

molybdenum samples i r r a d i a L r d  w i h h  100 kcV He+ i o n s  shew t h a t  b l i s t c r i  can 

form on t h e  r e a r  s u r f a c e  (oppos i t e  t o  t h e  implanted s u r f a c e )  an  obse rva t ion  which 

i s  incompa t ib l e 'w i th  t h e  l a t e r a l  s t r e s s .  model. A c r i t i c i s m  of t h e  gas  p r e s s u r e  

model t h a t ,  a t  low i o n  e n e r g i e s  t h e  th ickness '  of b l i s t e r  s k i n  corresponds t o  

depths  l a r g e r  than  t h e  p r o j e c t e d  range  ( s e e  Fig.  I ) ,  an  obse rva t ion  which was 

claimed t o  be . incompa t ib l e  w i t h  t h e  gas  p r e s s u r e  model [10 ,12] ,  i s  n o t  v a l i d  
:. . 

f o r  t h e  fo l lowing  reason.:: Our r e c e n t  s t u d i e s  [26,27]  on dept.h d i s t r i b u t i o n  of -helium 
- . . . . . . . . . . . . . . .  . . .  ..... . . - .  . -  

+ 
bubbles  f o r  2 0 - k e ~  , H e  i on  i r r a d i a t i o n  of n i c k e l  a t  500°C show t h a t  t h e  peak 

i n  t h e  s w e l l i n g  due t o  hel ium bubbles  o r  v o i d s  occurs  a t  a depth  much l a r g e r  

than  t h e  c a l c u l a t e d  p r o j e c t e d  range, b u t  t h e  peak swe l l i ng  depth  ag rees  w e l l  

w i t h  t h e  mean b l i s t e r  s k i n  t h i c k n e s s  f o r  t h a t  energy.  Thus, t h e  obse rva t ion  

t h a t  t h e  b l i s t e r  s k i n  t h i c k n e s s  i s  l a r g e r  t han  t h e  p r o j e c t e d  range f o r  low 

ion  e n e r g i e s  i s  q u i t e  c o n s i s t e n t w i t h  t h e  gas  p r e s s u r e  model. . I n  a d d i t i o n ,  

Evans [13 ]  h a s  o f f e r e d  some q u a l i t a t i v e  arguments , f o r  i n t e r b u b b l e  f r a c t u r e  t o  

occur  a t  a  depth  l a r g e r  than  t h e  peak i n  t h e  helium d i s t r i b u t i o n .  



. . . . . . 
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Another c r i t i c i s m  r a i s e d  b y , t h e  proponents  of t h e  s t r e s s  mode1;that on ly  a  

sma l l  f r a c t i o n  of t h e  t o t a l  hel ium f l u e n c e  i s  a c t u a l l y  r e l e a s e d  du r ing  b l i s -  
. -. - - -. 

t e r i n g  is n o t  r e a l l y  a  v a l i d  one because expe r imen ta l ly ,  one does n o t  always 

1 . observe many cracked b l i s t e r s . U n 1 e . s ~  t h e  b l i s t e r s  a r e  ruptured  no l a r g e  gas  

b u r s t s  w i l l  be  seen .  I n  t h o s e  c a s e s  where seve re  f l a k i n g  occu r s ,  l a r g e  b u r s t s  

of gas  r e l e a s e  have been observed by Bauer and Thomas [ 2 8 ] .  I n . t h e  e a r l y  

+ 
experiments  on D i r r a d i a t i o n  of copper by ~ a m i n s k ~ [ l ] ,  t h e  number of gas  b u r s t s  

. c o r r e l a t e d  very  w e l l  wi th  t h e  number of ruptured  b l i s t e r s  (p i ' t s )  observed on: 

t h e  s u r f a c e .  

~ o n c l u s i o n s  

The r e l a t i o n s h i p  between t h e  most probable  b l i s t e r . :  d iameter ,  D , and 
mP 

t h e  mean b l i s t e r  s k i n  t h i c k n e s s ,  t ,  f o r  n i c k e l  he ld  a t  room tempera ture ,  can 

be  expressed a s  D = 12.4 tl"', and f o r  annealed p o l y c r y s t a l l i n e  bery l l ium,  
mP 

I 
can b e  expressed  a s  D = 24.6 t lS2'. These r e l a t i o n s h i p s ,  t o g e t h e r  w i t h  

"'P 

e a r l i e r  r e s u l t s  ob ta ined  f o r  Nb and V ,  show t h a t  t h e  r e l a t i o n s h i p  between D 
mP 

and t i s  dependent on t h e  type  of meta l  s t u d i e d  and does n o t  suppor t  t h e  

l a t e r a l  s t r e s s  model f o r  b l i s t e r  formation which p r e d i c t s  f o r  many 

I meta l s ,  i nc lud ing  B e ,  Nb and V.  

The a u t h o r s  would I i k e  t o  thank P. Dusza f o r  h i s  h e l p  . i n  t h e  i r r a -  
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. F i g u r e  . . Captions 

4 + 
Figure  1 . . P r o j e c t e d  ranges  of He i o n s  ( a )  ' in  n i cke l - .  and.- (b)  

i n  be ry l l i um a s  a  f u n c t i o n  of p r o j e c t i l e  energy.  The s o l i d  

curve.marked ."Bricet' was c a l c u l a t e d  us ing  Thomas-Fermi 

n u c l e a r  s topp ing  and B r i c e ' s  semi-empirical exp res s ion  ' f o r  

e l e c t r o n i c  s topping .  The d o t t e d  cu rve  was taken  from t h e  

range-energy. curves.  , c a l cu l a t ed  by Z i e g l e r .  . The d a t a  . p o i n t s  

w i t h  e r r o r  b a r s  a r e  measured s k i n  t h i c k n e s s  va lues  f o r  annealed 

p o l y c r y s t a l l i n e  me ta l s  i r r a d i a t e d  a t  room tempera ture  w i t h  4He+ 
2 

- i o n s  t o  t o t a l  doses . r ang ing  from 0 .1  . t o .  0:5 C/.cm . 
I 

Figure  2 A double l oga r i thmic  p l o t  o f .  b l i s t e r  d iameter  a g a i n s t  b l i s t e r  

s k i n  t h i c k n e s s  f o r  annealed p o l y c r y s t a l l i n e  n i c k e l  i r r a d i a t e d  
4 + : a t  room tempera ture  w i t h  H e  i ons :  The e r r o r  b a r s  ,show t h e  

. . 

4 + . . 
ranges  o f . v a l u e s  observed a t  a  given He ion  energy.  

F igu re  3 ' A  double l oga r i thmic  p l o t  of  b l i s t e r  diame.ter a g a i n s t  b l i s t e r  

s k i n  t h i c k n e s s  f o r  annealed p o l y c r y s t a l l f n e  be ry l l i um i r r a d i a t e d  
4  + 

a t  room tempera ture  .wi th  He. i o n s .  . . 



TABLE I B l i s t e r  diameter. and b l i s t e r  s k i n  t h i c k n e s , ~  f o r  annealed . p o l y c r y s t a l l i n e  N i  . i r r a d i a t e d  a t  
room tempera ture  w i t h  4 ~ e +  i o n s  of v a r i o c s  ene rg i e s .  

4 + 
H e  i o n  
energy 

(keV) 

2 0 

- 
P r o j e c t e d  Range 
Ca lcu l a t ed  According 
t o  Br ice ,  (pm) 

0.0666 

No. of 
Blisters 
Counted 

515 

0.1006 

0.1336 

0.1955 

0.2527 

0.3060 

0.4256 

0.7207 

1 
1.0283 

I 

435 

-- 
BLISTER DIAKETER (pm) , 

40 

60 

8 0 

100 

150 

300 

500 

0.7 + 0.02 

0.19 -1: 0.02 

0.25 t 0.03 

0.27 t 0.02 

0.30 t 0.02 

0.50 t 0.04 

0.77 t 0 . 1  
0.06 

I 
1.1 k 0.05 

Most Standard ' 
Min. Dia,  

Dmin 

0.22 

0.36 

0.41 

1.14 

1.44 

1.52 

3.30 

4.76 

--- 
I 

762 

413 

541 

, 582 

464 

384 

--- 

B l i s t e r  Skin 
Deviat ion 

0.18 

I 

Thickness ,  t 
(~d 

0.13 C 0.03 

Max. Dia,  

%ax 

1.25 

1.95 

2.47 

3.90 

4.40 

5.90 

11.10 

27.70 

--- 
I 

Avg. Dia,  

Dav 

0.91 

I.1l 

1.50 

2.62 

3.18 

3.82 

5.13 

10.74 

--- 
I 

Probable  
Dia,  Dmp 

0.99 

1.45 1 0.35 

1 .73  1 0.39 

3.07 

3 .28  

4 .18  

4 .90  

- 8 . 0  

--- 

0.58 

0.45 

0.74 

1.14 

4.10 

I I 



TABLE I1 Power r e l a t i o n s h i p s  f o r  most probable  b l i s t e r  d iameter ,  D (pm) and mean b l i s t e r  s k i n  t h i c k n e s s ,  
t (urn) a s  p red ic t ed  by t h e  l a t e r a l  s t r e s s  nodel  and as obFPined exper imenta l ly  f o r  d i f f e r e n t  metals. 

Yield --. 

Metal  Young ' s S t r eng th  . Rela t ionsh ip  p red ic t ed  
0 -Experimental  (annealed Modulus E  Poisson '  s by s t r e s s  model* 

p o l y c r y s t a l l i n e )  (K1012 dynes/cm2) Rat io ,  p  (x1019 dynes/cm2) f o r  k = 4.9 f o r  k = 1.4 Re la t ionsh ip  

*Calculated us ing  t h e  express ion  D t 312 given by l a t e r a l  s t r e s s  model [ l o ]  , . 

x 1 0 - 4 ( 1 - ~ ~ )  a 
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