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JOURNAL DE PHYSIQUE IV C3-623 
Colloque C3, suppl. au Journal de Physique III, Vol. 1, octobre 1991 

THE INFLUENCE OF GRAIN SIZE ON THE SPALL FRACTURE OF COPPER 

J. BUCHAR*, M. ELICES** and R. CORTEZ** 

* Department of Physics, University of Agriculture, 
Zeme'de'lskcL 1, 613 00 Brno, Czechoslovakia 

**Department of Material Physics, Escuela de Ingenieros de 
Camincs, Ciudad Universitaria, SP-28040 Madrid, Spain 

Résumé : L ' i n f l u e n c e de l a t a i l l e des g r a i n s su r l a f r a c t u r e pa r 
é c a i l l a g e du c u i v r e soumis à une charge e x p l o s i v e e s t é t u d i é e . On 
t r o u v e que l a c o n t r a i n t e d ' é c a i l l a g e dépend de l a t a i l l e des 
g r a i n s . La t r a n s i t i o n f r a c t u r e i n t e r g r a n u l a i r e - f r a c t u r e 
t r a n s g r a n u l a i r e e s t é t u d i é e en d é t a i l . La s i m u l a t i o n numérique 
des e x p é r i e n c e s e s t r é a l i s é e . 

The influence of grain size on the spall fracture of copper 
under explosive loading was studied. It was found that samples with 
different grain sizes exhibited different spall strength. The frac­
ture mode transition from intergranular to transgranular fracture 
was studied in details. The numerical simulation of explosive expe­
riments were performed. 

INTRODUCTION 

The spall is a specific kind of fracture which is generally 
caused by development of tensile stresses during the interaction of 
opposing release waves /1,2/. Its occurence is connected e.g. with 
the explosive loading, used extensively in a number of practical 
applications /3/. 

The process of spallation has been studied in a number of labo­
ratories with a view to obtain criteria for dynamic fracture at high 
strain rates. Much of these experimental works, see M , 5 / , for a re­
view, has been based on the examination of recovered samples from 
which attempt has been made to correlate the degree of material dama­
ge with various features of the stress-time history. 

Table 1 Spall strength of Copper 

or /GPa/ Reference Remark (kind of loading) c 

1.8-2.5 given in /1/ OFHC (different impact velocities) 
0.8-1.6* 191 99.5% Cu (different impact velocities) 
1.62 /10/ 99.6% Cu - explosive loading 

(independent of pm) 
1.9-2.1 /11/ single crystals-explosive loading<111> 
1.2-1.5 /12/ OHFC - laser irradiation 
0.85-1.4 /13/ OHFC (200 ̂ m grains) - expanding ring 
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The s t u d y  o f  t h e  m e t a l l u r g i c a l  a s p e c t s  o f  spa l l i n g  r e v e l a e d  t h a t  
t h e  s t r e s s  a t  u h i c h  m a t e r i a l  f a i l u r e  o c c u r e d  was g e n e r a l l y  dependen t  
on  i t s  p r e c o n d i t i o n i n g ,  wh i ch  d e t e r m i n e d  i t s  m i c r o s t r u c t u r e ,  and i t s  
p u r i t y  /5-8/.  T h i s  phenomena c a n  e x p l a i n  t h e  u s u a l l y  w ide  v a r i e t y  o f  
t h e  s p a l l  s t r e n g t h  as  i t  may be w e l l  documented e.g. f o r  p o l y c r i s t a -  
L l i n e  copper .  The s p a l l  s t r e n g t h  o f  c o p p e r  may v a r y  be tween 0.8 t o  
2.5 GPa as  i t  i s  documented i n  T a b l e  1. 

The g i v e n  pape r  d e a l s  w i t h  t h e  s t u d y  o f  m a i n  m e t a l l u r g i c a l  as -  
p e c t s  o f  coppe r  s p a l l i n g  w i t h  t h e  emphas is  on t h e  g r a i n  s i z e  i n f l u -  
ence. 

MATERIAL AND EXPERIMENTAL PROCEDURE 

The m a t e r i a l  used  was p o L y c r i s t a l L i n e  c o p p e r  (0.097~g, l e s s  t h e n  
0,003 Fe and  A l ,  99.96 Cu - i n  w t  X), a n n e a l e d  a t  850°C f o r  d i f f e r e n t  
t ime .  T h i s  a n n e a l i n g  l e d  t o  t h e  d i f f e r e n t  v a l u e s  o f  a v e r a g e  g r a i n  
s i z e  (94, 104, 112, 130, 1 5 4  and  185 p m ) .  

Sample d i s c s  1 0 0  mm i n  d i a m e t e r  were mach ined  t o  t h i c k n e s s  20 mm. 
The samples were s u b j e c t e d  t o  shock l o a d i n g  p roduced  by  t h e  de tona -  
t i o n  o f  t h e  expJos i ve  charge .  The used  e x p e r i m e n t a l  a r r angamen t  enab- 
l e s  t o  o b t a i n  t h e  l o a d i n g  p r e s s u r e  p u l s e  ~ ( t )  and t h e  f r e e  s u r f a c e  
v e l o c i t i e s  v ( t )  /10 / .  I n  o r d e r  t o  o b t a i n  d i f f e r e n t  l o a d i n g  c o n d i -  
t i o n s  f i v e  d i f f e r e n t  e x p l o s i v e s  were used. By t h i s  way t h e  v a l u e s  o f  
p, = 7.4; 12.8; 17.5; 25.3 and 54  GPa were ach ieved .  

The s p a 1 1  s t r e n g t h  was i n f e r r e d  f r o m  t h e  r e c o r d  o f  f r e e  
s u r f a c e  v e l o c i t y  - t i m e  h i s t o r y  u s i n g  " p u l l - b a c k "  s i g n a l  /14/ .  The 
c o r r e s p o n d i n g  s t r a i n  r a t e s  i n  t h e  s p a l l  p l a n e  u e r e  e v a l u a t e d  u s i n g  
t h e  f o r m u l a  d e v e l o p e d  i n  / I S / :  

(1 E. 1 d p  , 
pu d t  

u h e r e  p i s  t h e  m a t e r i a l  d e n s i t y ,  3 i s  t h e  mean r a t e  o f  p r e s s u r e  
change i n  t h e  s p a l l  p l a n e  and U  i s  f h e  shock v e l o c i t y  w h i c h  may be 
d e t e r m i n e d  u s i n g  d a t a  g i v e n  i n  /16/ .  

F o r  n u m e r i c a l  s i m u l a t i o n s  o f  s p a 1 1  f r a c t u r e  t h e  thermo-mechani -  
c a l  c a l c u l a t i o n s  were inade by u s i n g  PR2D f i n i t e  d i f f e r e n c e  code  / 1 7 /  
w i t h  e x p l i c i t  t i m e  i n t e g r a t i o n ,  The b e h a v i o u r  o f  coppe r  was d e s c r i b e d  
by  t h e  s t a t e  e q u a t i o n  

r e l a t i n g  t h e  p r e s s u r e  t o  t h e  i n i t i a l  vo lume V and vo lume V . The 
e q u a t i o n  ( 2 )  was o b t a i n e d  by  t h e  f i t t i n g  o f  da?a g i v e n  i n  /16/, a  = 
= 278.2 6Pa and n  = 1.2. The n e x t  m a t e r i a l  p a r a m e t e r s  used  f o r  numl -  
r i c a t  s i m u l a t i o n s  uere :  I n i t i ? l  d e n s i t y  Q = l / V o  = 8.93 g  , 
P o i  sson  r a t i o  v = 0.33, Young S modu lu  E = 1.1 9x1 O ~ H P ~  , t h e r m a l  
e x p a n s i o n  s o ~ t f i c i e n t  = 49.5~10'6 K'? , therm?+ c o n d u c t i v i t y  k  = 
= 394  urn-' K , s p e c i f i c  h e a t  cp  = 0.092 c a l  g  and  GrUne isen  
p a r a m e t e r  3 1.89. The i n f l u e n c e  o f  g r a i n  s i z e  was e x p r e s s e d  by t h e  
v a l u e  o f  t h e  y i e l d  s t r e s s  dy . The v a l u e s  o f  by were d e t e r m i n e d  
i n  /19/ .  

The l o a d i n g  was s i m u l a t e d  by  t h e  p r e s s u r e  - t i m e  h i s t o r y  w h i c h  
was r e c o r d e d  by t h e  manganin f o i l  gauges /18/.  The example  o f  t h i s  
r e c o r d  i s  g i v e n  i n  F i g .  I. 

The l oaded  samples  were c r o s s - s e c t i o n e d  and  examined b y  t h e  
l i g h t  m i c roscopy .  The spa11  f r a c t u r e  s u r f a c e s  were  examined u s i n g  
s c a n n i n g  e l e c t r o n  m i c roscopy .  A l l  e x p e r i m e n t s  we re  p e r f o r m e d  a t  room 
tempe ra tu re .  

EXPERIMENTAL RESULTS 

F ig ,  2 shows t h e  c r o s s - s e c t i o n  o f  sample w i t h  f r a c t u r e  i n  f o r *  
o f  t h e  s p a l l .  T h i s  k i n d  o f  f r a c t u r e ,  w h i c h  appea rs  c l o s e r  t o  back 



f r e e  se r f ace ,  was r e p o r t e d  i n  a l l  t e s t e d  samples. The m i c r o f r a c t u r e  
i s  obse rved  t o  have a  r a n g e  o f  shapes  f r o m  n e a r l y  s p h e r i c a l  v o i d s  
t o  g r a i n  - bounda ry  s e p a r a t i o n .  The e x t e n t  o f  damage was obse rved  t o  
i n c r e a s e  w i t h  a n  i n c r e a s e  i n  t h e  l o a d i n g  p ressure ,  pm , i r r e s p e c t i v e  
o f  g r a i n  s i z e .  

I n  l a r g e  g r a i n e d  samples t h e  f o l l o w i n g  n u c l e a t i o n  s i t e s  o f  t h e  
v o i d s  u e r e  found :  

- g r a i n  b o u n d a r i  es  ( n e a r l y  s p h e r i c a l  v o i d s )  - g r a i n  bounda ry  t r i p p l e  p o i n t  - t h e  j u n c t i o n  o f  a  g r a i n  bounda ry  and an  a n n e a l i n g  t w i n  

I n  t h e s e  samples p l a s t i c  d e f o r m a t i o n  i n  t h e  f o r m  o f  t w i n n i n g  was a l s o  
observed.  S i m i l a r  r e s u l t s  were r e p o r t e d  i n  /20/ ,  S m a l l  g r a i n  s i z e  
samp les  d o  n o t  e x h i b i t  such  f e a t u r e s ,  T h i s  f e a t u r e  i s  n o t  u n i q u e  t o  
shock Loading, and has  been o b s e r v e d  e.g. i n  c o n v e n t i o n a l l y  l o a d e d  Fe - 3% S i  /21 / .  I n  s m a l l e r  g r a i n e d  samples  numerous s p h e r i c a l  v o i d s  
v e r e  f ound  t o  be n u c l e a t e d  i n s i d e  t h e  g r a i n s  and n o t  a t  t h e  g r a i n  
b o u n d a r i e s .  A r round  t h e s e  v o i d s  v e r y  h i g h  d e n s i t y  o f  d i s l o c a t i o n  
occurs ,  A c c o r d i n g  t o  t h e  r e s u l t s  o b t a i n e d  i n  122/, t h e  h i g h  d e n s i t y  
o f  d i s l o c a t i o n s  a round  t h e  v o i d s  i s  t h o u g h t  t o  be p roduced  b y  s h e a r  
s t r a i n s  w h i c h  a r e  r e q u i r e d  f o r  g r o w t h  o f  t h e  m i c r o v o i d .  The number o f  
n u c l e a t i o n  s i t e s  i n s i d e  t h e  g r a i n s  i s  i n c r e a s i n g  f u n c t i o n  o f  p ressu re ,  
pm ,and d e c r e a s e s  w i t h  t h e  i n c r e a s e  o f  g r a i n  s i z e .  

The d e t a i l  f r a c t o g r a p h i c  o b s e r v a t i o n  r e v e a l e d  t h a t  u p  t o  some 
v a l u e s  o f  pm and d  t h e  f r a c t u r e  s u r f a c e s  o f  shock l oaded  samples 
showed a c h a r a c t e r i s t i c  d i m p l e d  appearence.  The f r a c t u r e  o f  t h e s e  
samples  was d u c t i  l e  i n t e r g r a n u l a r ,  

The s c a n n i n g  e l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  f r a c t u r e  
s u r f a c e s  o f  t h e  samp le  w i t h  l o w e r  g r a i n  s i z e s  l o a d e d  a t  h i g h e r  p r e s s u -  
r e  r e v e a l e d  t h e  t r a n s g r a n u l a r  d u c t i l e  f r a c t u r e  mode. T h i s  k i n d  o f  
f r a c t u r e  was f i r s t l y  r e p o r t e d  i n  /23/ where i t  was t e rmed  a s  a  "pseu- 
d o  b r i  t t l e n  f r a c t u r e .  

T h i s  f r a c t u r e  was f u t h e r  r e p o r t e d  i n  /20/ where  t h e  s p a l l  e x p e r i -  
ments  u e r e  per fo rmed.  I t s  occu rence  i s  a l s o  t y p i c a l  i n  spec imens  de-  
f o rmed  a t  v e r y  h i g h  r a t e s  t o  v e r y  l a r g e  s t r a i n s  such  as  o f  e x p l o s i v e -  
l y  fo rmed p r o  j e c t i  l e s  /24 / .  Regard  l e s s  t o  e x p e r i m e n t a l  e v i d e n c e  o f  
t r a n s i t i o n  f r o m  i n t e r g r a n u l a r  t o  t r a n s g r a n u l a r  f r a c t u r e  mode t h e  quan-  
t i t a t i v e  e v a l u a t i o n  o f  t h i s  phenomena have  n o t  been r e p o r t e d .  I n  o r d e r  
t o  o b t a i n  a L i t t l e  more i n f o r m a t i o n  on t h i s  f r a c t u r e  mode t r a n s i t i o n  
t h e  e x p e r i m e n t a l  p r o c e d u r e  was m o d i f i e d  b y  t h e  i n s e r t i n g  o f  PMMA p l a t e  
be tween  e x p l o s i v e  c h a r g e  and sample. T h i s  a r r angemen t  enabLes t o  
o b t a i n  c o n t i n u e n o u s l y  v a r y i i n g  l o a d i n g  p r e s s u r e  p  /25/.  I n  F i g .  3 
t h e  p r e s s u r e  p, c o r r e s p o n d i n g  t o  t h e  f r a c t u r e  mo!e t r a n s i t i o n  i s  
p l o t t e d  a s  a  f u n c t i o n  o f  g r a i n  s i z e .  

I n  t h e  n e x t  s t e p  t h e  s t r a i n  r a t e  k i n  t h e  s p a l l  " p l ane "  ?as 
e v a l u a t e d  u s i n g  t h e  Eq.  (11, I t  was f o u n d  t h a t  t h e  p o i n t s  (u '~ ,&~)  
d i d  n o t  l i e  on t h e  s i n g l e  cu rve .  I n  o r d e r  t o  examine t h i s  phenomena 
t h e  n e x t  e x p e r i m e n t s  on t h e  samples  u i t h  g r a i n  s i z e s  d  94, 1 3 0  
and 185  U u e r e  per fo rmed.  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  r e p o r -  
t e d  i n  F ig .  4. The re  a r e  two r e g i o n s  o f  s t r a i n  r a t e  dependence o f  
s p a l l  s t r e n g t h .  The s p a l l  s t r e n g t ? ,  cfc , i n c r e a s e s  w i t h  s t r a i n  r a t e ,  

& , u p  t o  some c r i t i c a l  value, cc and t h a n  i t  r e m a i n s  c o n s t a n t .  
S i m i l a r  t endency  i n  s p a l l  s t r e n g t h  b e h a v i o u r  was r e p a r t e d  f o r  6961-T6 
a luminum /26 /  and f o r  some s t e e l s  /27 / .  T h i s  b e h a v i o u r  was i n t e r p r e t e d  
a s  a  t r a n s i t i o n  f r o m  b r i t t l e  t o  d u c t i l e  s p a l l  and  t h e  t h e o r y  o f  t h i s  
phenomena was d e v e l o p e d  /28,29/. 

I n  c o p p e r  t h i s  f o r a  o f  clc(i) dependence c o r r e s p o n d s  t o  t h e  
t r a n s i t i o n  f r o -  i n t e r g r a n u l a r  t o  t r a n s g r a n u l a r  s p a t 1  f r a c t u r e .  The 
a e t a l o g r a p h i c  o b s e r v a t i o n  s u g g e s t s  t h a t  t h e s e  f r a c t u r e s  a r e  a  conse-  
quence o f  d u c t i l e  v o i d s  g r o w t h  and l i n k u p .  The i n f l u e n c e  o f  s t r a i n  
r a t e  c o n s i s t s  i n  d i f f e r e n t  p r o c e s s e s  o f  v o i d s  L i n k u p  /23/ .  
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I n  o r d e r  t o  e x p l a i n  t h e  observed i n f l u e n c e  o f  s t r a i n  r a t e  on t h e  
s p a l l  s t r e n g t h  t h e  t h e o r y  o f  s p a l l  deve loped i n  /28,29/ was a p p l i e d ,  

f t h e  main reposition o f  t h i s  t h e o r y  i s  an energy c o n d i t i o n  Q~'!cR r e q u i r e s  t R a t  t h e  t l a ~ f i c  p o t e n t i a l  and k i n e t i c  e n e r g i e s  asso- 
c i a t e d  w i t h  t he  hens i  l e  oa l n g  process  exceed t h e  f r a c t u r e  energy 
absorbed i n  t h e  s p a l l  process. An e x p r e s s i o n  f o r  t h e  f r a c t u r e  energy  
i n  d u c t i  Le s p a l l  i s  based on an assumpt ion  o f  f a i  l u r e  th rough  p l a s t i c  
h o l e  growth  and l i n k u p .  Based on t h e  t h e o r y  d e s c r i b e d  i n  /30/  a  r e -  
l a t i o n  f o r  t h e  d u c t i  Le s p a l l  s t r e n g t h  may be o b t a i n e d  

where t h e  f low s t ress ,  o'f , i s  assumed t o  c o m p l e t e l y  c h a r a c t e r i z e  
l o c a l  p l a s t i c i t y  d u r i n g  s p a l l  damage. The s t a b l e  h o l e  g rowth  proceeds 
t o  a  c r i t i c a l  v o i d  f r a c t i o n ,  &c , a f t e r  which v o i d  coa lescence and 
r a p i d  l o s s  o f  t e n s i  Le Load c a r r y i n g  c a p a c i t y  ensues. The v a l u e  o f  E 
i s  assumed t o  be independent  o f  t h e  k i n d  o f  m a t e r i a l ,  e c =  0.15 /IS?, 
I n  h i g h  s t r a i n  r a t e s  reg ion ,  i.e. i > e c  , t h e  t h e o r y  l e a d i n g  t o  t h e  
Eq .  ( 3 )  f a i l s .  The model o f  v o i d s  g rowth  i s  t h u s  p r o b a b l y  approved 
f o r  v o i d s  a t  g r a i n  boundar ies .  

The independence o f  s p a l l  s t r e n g t h  on t h e  s t r a i n  r a t e s  was a l s o  
observed i n  /10 /  where s p a l l  expe r imen ts  per fo rmed on samples made 
f rom copper w i t h  s i g n i f i c a n t l y  h i g h e r  c o n t e n t  o f  i m p u r i t i e s  than  t h a t  
used i n  t h e  g i v e n  research.  T h i s  independence was n o t  connected w i t h  
t r a n s g r a n u l a r  f r a c t u r e .  The reason o f  these s t r a i n  r a t e  i n s e n s i t i v i t y  
i s  a  consequence o f  t h e  heterogeneous n u c l e a t i o n  o f  v o i d s  a t  second 
phase p a r  t i  c  l e s  /4/. 

There a r e  a t  l e a s t  two  reasons o f  p o s s i b l e  s t r a i n  r a t e  i n s e n s i  t i -  
v i t y  o f  s p a l l  s t r e n g t h  - High. i m p u r i t i e s  c o n t e n t  when t h e  spa11 s t r e n g t h  does n o t  depend 

on E ove r  b road  spect rum o f  s t r a i n  r a t e s  values.  The r e s u l t i n g  
f r a c t u r e  i s  d u c t i l e  i n t e r g r a n u l a r ,  - The t r a n s i t i o n  f rom i n t e r g r a n u l a r  t o  t r a n s g r a n u l a r  f r a c t u r e  a t  
h i g h e r  s t r a i n  r a t e s  o r  d e t o n a t i o n  p ressu re  maxima, r e s p e c t i v e -  
l y .  T h i s  t r a n s i t i o n  i s  o p e r a t i n g  o n l y  f o r  copper o f  r e l a t i v e l y  
h i g h  p u r i t y .  The i n f l u e n c e  o f  m a t e r i a l  p u r i t y  shou ld  be f u t h e r  
examined, 

I n  t h e  n e x t  s t e p  t h e  n u m e r i c a l  s i m u l a t i o n  o f  t h e  g i v e n  e x p e r i -  
ments were performed. The s i m p l e  c r i t e r i o n ,  U), Cc , was adopted t o  
c h a r a c t e r i s e  t h e  damage development. T h i s  a n a l y s i s  was per fo rmed f o r  
t h e  samples u i t h  g r a i n  s i z e s  o f  96 um (crc = 3.9 G P ~ ) ,  130  p81 
= 2.6 G P ~ )  and 185 y m  ( a c  = 1.5 G P ~ )  which were loaded by t h e  pressu-  
r e  p u l s e  g i v e n  i n  Fig. 1. Numer i ca l  r e s u l t s  a r e  d i s p l a y e d  i n  Fig.  5. 
The n u m e r i c a l  r e s u l t s  c o n f i r m  t h e  r e s u l t s  o f  observed f r a c t u r e  e x t e n t .  
The n u m e r i c a l  code ment ioned i n  Chapter  2 enab les  t o  o b t a i n  f u t h e r  
i m p o r t a n t  i n f o r m a t i o n  l i k e  t h e  f r e e  s u r f a c e  v e l o c i t y .  The example o f  
t h i s  f u n c t i o n  i s  g i v e n  in- Fig. 6, I t  may be seen some agreement w i t h  
e x p e r i m e n t a l  record .  I t  means t h a t  t h e  s t r e s s  development i n  t h e  ex- 
p l o s i v e  voaded sample can be p r e d i c t e d  n u m e r i c a l l y .  Owing t o  t h e  li- 
m i t e d  scope o f  t h i s  paper t h e  more d e t a i l s  u i  l 1  be p resen ted  i n  t h e  
f o r t h c o m i n g  paper. 

CDNCLUSIONS 

( 1 )  I t  i s  shown t h a t  t h e  t e n s i l e  s t r e s s e s  produced i n  copper by t h e  
r e f l e c t f o n  o f  a shock wave a t  a  f r e e  s u r f a c e  i nduce  s p a l l i n g  
wh ich  occu rs  as a  process  o f  n u c l e a t i o n  and coa lescence o f  voids.  

( 2 )  The g r a i n  s i z e  a f f e c t s  t h e  k i n d  o f  v o i d s  n u c l e a t i o n  s i t e s  and 
t h e i r  number, as w e l l .  The observed number o f  v o i d s  i s  i n  agree-  
ment w i t h  observed e x t e n t  o f  s p a l l  daaage, 

( 3 )  Q u a n t i t a t i v e  v a l u a t i o n  o f  e x p e r i m e n t a l  r e c o r d s  o f  shock wave p ro -  
p a g a t i o n  r e v e a t e d  t h a t  t h e  s p a l l  s t r e n g t h  o f  copper was s t r a i n  



r a t e  dependen t  u p  t o  some c r i t i c a l  v a l u e  o f  s t r a i n  r a t e  tc . 
T h i s  s e n s i t i v i t y  i s  d e c r e a s i n g  f u n c t i o n  o f  g r a i n  s i z e  and  v e r y  
p r o b a b l y  depends on t h e  m a t e r i a l  p u r i t y .  

( 4 )  The c r i t i c a l  s t r a i n  r a t e ,  bc , c o r r e s p o n d s  t o  t h e  t r a n s i t i o n  
f r o m  i n t e r g r a n u l a r  t o  t r a n s g r a n u l a r  f r a c t u r e .  

( 5 )  T h i s  f r a c t u r e  mode t r a n s i t i o n  w h i c h  i s  n o t  e v i d e n t  i n  c o p p e r  
t e s t e d  unde r  c o n v e n t i o n a l  l o a d i n g  c o n d i t i o n s  ( q u a s i s t a t i c  etc.) 
i s  a l s o  dependen t  on t h e  d e t o n a t i o n  p r e s s u r e  maximum. The o b t a i -  
ned  dependence o f  t h i s  p e r s s u r e  on g r a i n  s i z e  i s  i n  agreement  
w i t h  conc l u s i  ons o f  p r e v i o u s  r e s e a r c h  /23/, u h e r e  t h e  p o s s i b l e  
m i c r o p h y s i c a  l e x p l a n a t i o n  o f  t h i s  phenomena was g i ven ,  

( 6 )  The g e n e r a l  f e a t u r e s  o f  spa11  f r a c t u r e  c a n  be p r e d i c t e d  n u m e r i -  
c a l l y  u s i n g  o f  v e r y  s i m p l e  c r i t e r i o n ,  U' ), 6, . 
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pm = 17.5 GPa (maximum of pressure) 

atn O<t<tI 
/ 

pI t l =  -Pm t,<t<t* ' p,.,, exp{"itp-tl}t >in 

TIME ( P S )  
Ffg. 1 E x p e r i m e n t a l  r e c o r d  o f ' t h e  p r e s s u r e  - t i m e  h i s t o r y .  

F i g .  2 C ross  - s e c t i o n a l  v i ew  o f  shock  l o a d e d  c o p p e r  
spec imen i m p a c t e d  a t  12.8 GPa. 0 . 7 5 ~ .  



GRAIN SIZE ( 1 0 ~ m )  

' i g .  3 The i n f l u e f i c e  o f  g r a i n  s i r e  on t h e  p r e s s u r e  
c s r r @ s p o n d i n ~  t o  t n e  f r a c t u r e  mode t r a n s i t i o n .  

STRAIN RATE C (.S1) 

F i g .  4 The dependence o f  t h e  s p a l l  s t r e n g t h  on t h e  
s t r a i n  r a t e  i n  t h e  s p a l l  " p l a n e " .  
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F i g .  5 The damage deve lopaent . .  
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TIME ( P S )  

F i g .  6 A comparison o f  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  
f r e e  s u r f a c e  v e l o c i t y  w i t h  t h e  r e s u l t  o f  t h e  
numer ica  L co lnputa t ian .  


