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Naval Surface Weapons Center, White Oak Laboratoru, Silver 
Spring, MD 20903-5000, U.S.A. 

Rbsum6 La formation des points chauds est une &tape primordiale pour 
l'initiation par choc ou impact des cristaux explosifs. Par cons6quent. toute 
tentative pour comprendre l'initiation des cristaux explosifs passe par 1'6tude 
pr6alable de la localisation de 1'6nergie du choc ou de l'impact pour former 
des points chauds. Plus g6n6ralement, il apparait que la localisation de 
1'6nergie a lieu dans tous les solides cristallins, qu'ils soient inertes ou 
6nerg6tiques, d&s qu'ils sont soumis B une d6formation plastique induite par 
choc ou par impact. Cet article est en partie une revue de nos recherches en 
cours qui visent b comprendre le processus de localisation de 1'6nergie B un 
niveau microscopique en examinant la dissipation de l'bnergie dans les 
mouvements des dislocations. La production des dislocations et leur mouvement 
constituent le mkcanisme fondamental de la dkformation plastique. L'bnergie 
dissipee dans le champ de phonons engendr6 par le mouvement des dislocations 
est d6termin6e et l'on montre qu'elle est B la fois localis6e et intense. Les 
vitesses de dissipation de 1'6nergie sont calcul6es pour des chocs et impacts 
mod6r6s. Pour des chocs intenses, on montre que le pompage des niveaux 
d'6nergie interne des mol6cules pr&s du centre de dislocation est possible et 
qu'il peut produire une dissociation mol6culaire rapide. La formation de bandes 
de cisaillemnt est mod6lis6e. Ces bandes de cisaillement proviennent de 
l'accumulation de nombreuses dislocations dans de petites rdgions de 
cisaillement intense dans le cristal et elles sont consid6r6es comme sites 
macroscopiques des points ch'auds. 

Abs t rac t  The fo rma t i on  o f  ho t  spots  i s  an e s s e n t i a l  s tep  i n  t h e  process o f  
i n i t i a t i n g  e x p l o s i v e  c r y s t a l s  by shock o r  impact. Consequently, any a t tempt  t o  
understand t h e  i n i t i a t i o n  o f  e x p l o s i v e  c r y s t a l s  must f i r s t  e s t a b l i s h  how t h e  
energy o f  t h e  shock o r  impact i s  l o c a l i z e d  t o  form hot  spots.  More g e n e r a l l y ,  i t  
appears t h a t  energy l o c a l i z a t i o n  occurs  i n  a l l  c r y s t a l l i n e  s o l i d s ,  bo th  i n e r t  and 
ene rge t i c ,  when they  a re  sub jec ted t o  shock o r  impact induced p l a s t i c  
deformat ion.  Th is  paper i s  i n  p a r t  a rev iew o f  ou r  c u r r e n t  research t o  
understand t h e  process o f  energy l o c a l i z a t i o n  on a m ic roscop i c  l e v e l  by examining 
t h e  energy d i s s i p a t e d  by moving d i s l o c a t i o n s .  D i s l o c a t i o n  gene ra t i on  and mo t i on  
a r e  t h e  fundamental mechanism o f  p l a s t i c  deformat ion .  The energy d i s s i p a t e d  i n  
t h e  phonon f i e l d  generated by moving d i s l o c a t i o n s  i s  determined and shown t o  be 
bo th  l o c a l i z e d  and i n tense .  Energy d i s s i p a t i o n  r a t e s  'are c a l c u l a t e d  f o r  m i l d  
shocks and impacts. For h igh  l e v e l  shocks i t  i s  shown t h a t  d i r e c t  pumping o f  t h e  
i n t e r n a l  energy l e v e l s  o f  t h e  molecu les  near t h e  d i s l o c a t i o n  core  i s  p o s s i b l e  
which can produce r a p i d  mo lecu la r  d i s s o c i a t i o n .  The gene ra t i on  of shear bands i s  
modelled. These shear bands a r e  formed by t h e  accumulat ion o f  many d i s l o c a t i o n s  
i n  smal l  reg ions o f  i n t e n s e  shear i n  t h e  c r y s t a l  and a re  taken t o  be t h e  
macroscopic s i t e s  o f  t h e  hot  spots .  
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I n t r o d u c t i o n  

There i s  s u b s t a n t i a l  exper imenta l  evidence t h a t  t h e  i n i t i a t i o n  o f  an 

e x p l o s i v e  c r y s t a l  by shock o r  impact i s  'due t o  p l a s t i c  de fo rma t i on  o f  t h e  

c r y s t a l .  Furthermore, t h i s  p l a s t i c  deformat ion  i s  n o t  a  b u l k  o r  cont inuum 

process b u t  r a t h e r  occurs  i n  smal l  l o c a l  r eg ions  o f t e n  r e f e r r e d  t o  as h o t  

spots.  The energy l o c a l i z a t i o n  o r  c o n c e n t r a t i o n  t h a t  occurs i n  these l o c a l  ho t  

spo t  reg ions  p rov ides  t h e  means by which t h e  e x p l o s i v e  molecules a re  e x c i t e d  t o  

d i s s o c i a t i o n  wh ich i n  t u r n  p rov ides  t h e  a d d i t i o n a l  energy t o  cause r e a c t i o n  t o  

beg in  t o  spread throughout  t h e  c r y s t a l  . 
Prompted by these obse rva t i ons ,  t h a t  p l a s t i c  de fo rma t i on  i s  e s s e n t i a l  t o  t h e  

i n i t i a t i o n  o f  e x p l o s i v e  c r y s t a l s  d u r i n g  shock o r  impact,  a  t h e o r e t i c a l  

i n v e s t i g a t i o n  was undertaken t o  understand t h e  fundamentals o f  t h e  de fo rma t i on  

process. The a n a l y s i s  focused on t h e  m ic roscop i c  r o o t  cause o f  p l a s t i c  

deformat ion,  t h e  gene ra t i on  and movement b f  d i s l o c a t i o n s ,  and examined t h e  r a t e  

a t  which energy i s  d i s s i p a t e d  by r a p i d l y  moving d i s l o c a t i o n s ,  how f a s t  these 

d i s l o c a t i o n s  move under an a p p l i e d  shear s t ress ,  and how t h e y  might  be generated 

and congregate i n  shear bands d u r i n g  an a p p l i e d  shock o r  impact. T h i s  p resen t  

paper i s  an e f f o r t  t o  draw t o g e t h e r  t h e  above ment ioned research and t o  extend i t  

t o  p r e d i c t  t h e  response o f  a  nominal e x p l o s i v e  c r y s t a l  t o  e i t h e r  m i l d  impact o r  

t o  a  more v i o l e n t  shock load ing.  

Ana l ys i s  

I n  c r y s t a l s ,  p l a s t i c  de fo rma t i on  occurs due t o  t h e  c r e a t i o n  and mo t i on  o f  

d i s l o c a t i o n s .  At t h e  m ic roscop i c  1  eve1 these  d i s l o c a t i o n s  rep resen t  a  

s u b s t a n t i a l  d i s t o r t i o n  o f  t h e  c r y s t a l  l a t t i c e  i n  t h e  r e g i o n  near t h e  co re  o f  t h e  

d i s l o c a t i o n .  Here, a  rev iew i s  g i v e n  d e s c r i b i n g  t h e  energy l o c a l i z a t i o n  and 

d i s s i p a t i o n  due t o  t h e  mot ion  of edge d i s l o c a t i o n s  i n  a  c r y s t a l 1  i n e  l a t t i c e .  

Th i s  summarizes t h e  analyses o f  r e fe rences  (1, 2, 3) t o  which t h e  reader  i s  

r e f e r r e d  f o r  d e t a i l s .  These r e s u l t s  a r e  then extended t o  a t tempt  t o  u n i f y  t h e  

shock and impact i n i t i a t i o n  o f  exp los i ves  by e s t a b l i s h i n g  t h a t  t h e  hot  spot  - 
energy l o c a l i z a t i o n  process i s  t h e  same f o r  bo th  events.  The d i f f e r e n c e  i n  t h e  

response o f  an e x p l o s i v e  t o  e i t h e r  o f  t hese  s t i m u l i  i s  j u s t  due t o  t h e  way t h e  

d i f f e r e n t  l o a d i n g  r a t e s  and s t r e s s  amp1 i t u d e s  d r i v e  t h e  d i s l o c a t i o n s ,  and t h e  

r e s u l t a n t  i n t e n s i t y  o f  energy 1  oca l  i z a t i o n .  

The i n t e r a c t i o n  Hamil t o n i a n  t h a t  desc r i bes  how a  moving d i s l o c a t i o n  

i n t e r a c t s  w i t h  t h e  l a t t i c e  can be w r i t t e n  as 



where i s  t h e  l o c a l  s t r e s s  f i e l d  o f  t h e  d i s l o c a t i o n  and Z' i s  t h e  l a t t i c e  

p e r t u r b a t i o n  s t r a i n  due t o  t h e  presence o f  t h e  moving d i s l o c a t i o n .  For a  moving 

edge d i s l o c a t i o n  the  l o c a l  s t ress  f i e l d  can be approximated by i t s  s t a t i o n a r y  

va lue which i n  p o l a r  coo rd ina tes  i s ( 4 )  

where G i s  t h e  shear modulus, b  i s  t h e  Burgers l eng th ,  v i s  t h e  Poisson r a t i o ,  r 

i s  t h e  r a d i a l  d i s tance  f o r  t h e  d i s l o c a t i o n  core, and 9  i s  t h e  p o l a r  angle. The 

l o c a l  s t r a i n  f i e l d  can be expressed i n  terms o f  i t s  compressive and shear 

components as 

and 

, X - X  
E = -  €I cos e 

dl 

I X - X  
E =-  

dl  
O s i n  e 

, X - X  
E = -  
re d  O COS e 

, X - X  
E =--- 
er d2 O s i n  e  

Where dl and d2 are t h e  i n t e r m o l e c u l a r  o r  i n t e r a t o m i c  spacings a long and 

pe rpend icu la r  t o  the s l i p  p lane r e s p e c t i v e l y  o f  t h e  moving d i s l o c a t i o n .  The 

i n t e r a c t i o n  Hami l ton ian can now be w r i t t e n  as 

X - X  
0 H  =- Gb 

I [ s i n e  + c o s e ] ( y  -9 dl 

It has been observed t h a t  d i s l o c a t i o n s  can move re1 a t i v e l y  l o n g  

d i s tances  of 10u o r  more under an app l i ed  shear s t r e s s  pulse.(5) I n  t h i s  s p i r i t  

i t  i s  p o s s i b l e  t o  c o n s t r u c t  a  wave f u n c t i o n  f o r  a  moving d i s l o c a t i o n  i n  terms o f  

a  sum o f  plane waves. 

I n  much t h e  same way t h e  molecu lar  o r  atomic displacement o f  t h e  l a t t i c e  due 
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t o  t h e  presence o f  t h e  d i s l o c a t i o n  can be w r i t t e n  as(6)  

+ 
where b  + and b+ c rea te  and a n n i h i l a t e  l a t t i c e  phonons o f  wave vec to r  i, Nn i s  

-9 4  
t h e  c r y s t a l  dens i t y ,  C i s  t h e  l o c a l  sound speed, h i s  P lank 's  constant  d i v i d e d  by 

2w, and w i s  t h e  phonon frequency. The coord inates  6 and l o c a t e  t h e  
q  

p o s i t i o n s  o f  t h e  d i s l o c a t i o n  and o f  t h e  observer.  

It i s  now p o s s i b l e  t o  c a l c u l a t e  an i n t e r a c t i o n  m a t r i x  element, 

<T 1 ~ ~ 1  TI>,  d e s c r i b i n g  t h e  processes by which an edge d i s l o c a t i o n  w i t h  

momentum $' i n t e r a c t s  w i t h  t h e  l a t t i c e  t o  generate  o r  absorb a  phonon o f  wave 
+ +  + 

vec to r  and t r a n s i t i o n  t o  a  new momentum k  = k '  + q. Determinat ion o f  t h i s  

t r a n s i t i o n  p r o b a b i l i t y  i s  s t ra ight forward. ( ' )  Of p a r t i c u l a r  i n t e r e s t  here i s  t h e  

p r o b a b i l i t y ,  R$p-;, t h a t  a  d i s l o c a t i o n  w i t h  momentum w i l l  i n t e r a c t  w i t h  t h e  

l a t t i c e  t o  generate a  phonon o f  momentum and then moves w i t h  a  reduced 
+ 

momentum g = C' - q .  This  can be w r i t t e n  as 

- 'OSe sine + + COSB - l n  I t a n  (t + ;) ] l2/ .  ( 7 )  
C: d: 

The l o g a r i t h m i c  s i n g u l a r i t y  t h a t  occurs a t  13 = w/2 i n  t h e  l o n g i t u d i n a l  o r  

compressive wave term a r i s e s  from t h e  s i m p l i f i e d  express ion f o r  t h e  s t r e s s  o f  an 

i d e a l  edge d i s l o c a t i o n .  Reca l l  t h a t  an i d e a l  edge d i s l o c a t i o n  i s  v i s u a l i z e d  as 

an e x t r a  h a l f  p lane o f  atoms o r  molecules i n s e r t e d  i n t o  t h e  c r y s t a l  l a t t i c e . ( 7 )  

When an edge d i s l o c a t i o n  moves through t h e  l a t t i c e ,  t h e  p o r t i o n  o f  t h i s  e x t r a  

h a l f  p lane away from t h e  d i s l o c a t i o n  core  a1 so moves and generates a  p lane  

compressive wave o f  coherent l o n g i t u d i n a l  phonons as i t  approaches t h e  column o f  

atoms o r  molecules immedia te ly  i n  f r o n t  o f  it. The case when e = n/2 desc r ibes  

t h i s  e x t r a  h a l f  p lane component o f  t h e  edge d i s l o c a t i o n .  The t r a n s i t i o n  

p r o b a b i l i t y  i s  l i m i t e d  t o  a  va lue o f  u n i t y  so t h a t  t h e  p r e d i c t i o n  o f  an i n f i n i t e  

t r a n s i t i o n  p r o b a b i l i t y  j u s t  r e f l e c t s  t h e  inadequacy o f  t h e  i d e a l i z e d  r i g i d  model 

f o r  an edge d i s l o c a t i o n  when it i s  app l i ed  t o  t h e  dynamic problem o f  a  moving 

edge d i s l o c a t i o n .  The mot ion o f  t h i s  e x t r a  h a l f  p lane i s  e s s e n t i a l l y  a b u l k  

process so t h a t  we can i gno re  t h i s  p o r t i o n  o f  t h e  i d e a l i z e d  edge d i s l o c a t i o n  

s t ress ,  and t r e a t  j u s t  t h e  reg ion  near t h e  d i s l o c a t i o n  core. Th is  o n l y  i n v o l v e s  

d i s r e g a r d i n g  t h e  l o g a r i t h m i c  term and pe rm i t s  an e v a l u a t i o n  o f  t h e  energy 



d i s s i p a t i o n  due t o  j u s t  t h e  core  o f  t h e  moving d i s l o c a t i o n .  

The energy d i s s i p a t i o n  r a t e  by t h e  phonons generated i n  t h e  core  reg ion  o f  a  

moving edge d i s l o c a t i o n  can be w r i t t e n  as 

where t h e  sum over i r e f e r s  t o  t h e  t h r e e  p o s s i b l e  phonon p o l a r i z a t i o n s .  An 

examinat ion  o f  t h e  angu lar  dependence o f  equa t i on  ( 7 )  combined w i t h  t h e  

conse rva t i on  o f  momentum revea l  t h a t  most o f  t h e  em i t t ed  phonons o r i g i n a t e  i n  t h e  

reg ion  near t h e  d i s l o c a t i o n  core  and propagate i n  t h e  d i r e c t i o n  o f  t h e  

d i s l o c a t i o n  mot ion  a long t h e  a c t i v e  s l i p  plane. Th i s  i n  i t s e l f  p rov ides  a  f i r s t  

amount o f  energy l o c a l i z a t i o n .  It a l s o  a l l ows  t h e  v e c t o r  n o t a t i o n  t o  be dropped 

on 4 and $ s i n c e  these now become s c a l e r  q u a n t i t i e s .  I n t e g r a t i n g  over t h e  

ang le  8 and ex tend ing equat ion  (7 )  t o  i n c l u d e  t h e  h ighe r  o rde r  p e r t u r b a t i o n  

terms, t h e  energy d i s s i p a t i o n  r a t e  due t o  phonons e m i t t e d  by t h e  moving edge 

d i s l o c a t i o n s  s i m p l i f i e s  t o  ( 2 )  

where 

The phonon frequency d i s t r i b u t i o n  generated by a  d i  s l  o c a t i o n  moving w i t h  

v e l o c i t y  v  can be es t imated by observ ing t h a t  i f  d i s  t h e  i n t e r m o l e c u l a r  spac ing 

d i s tance ,  then the  t i m e  f o r  t h e  d i s l o c a t i o n  t o  t r a v e l  t h a t  d i s t a n c e  i s  t = d /v  

and t h e  r a d i a l  f requency o f  encounter w i t h  t h e  i n t e r m o l e c u l a r  o r  i n t e r a t o m i c  

p o t e n t i a l  i s  w = 2nv/d. . For most i n t e r m o l e c u l a r  o r  i n t e r a t o m i c  p o t e n t i a l s  

t h i s  w i l l  correspond t o  t h e  cen te r  f requency o f  t h e  generated phonon spectrum. 

For t h e  s imple  P e i e r l  s-Nabarro s i n u s o i d a l  p o t e n t i a l  t h i s  w i l l  be t h e  exac t  

f requency o f  t h e  d i s l o c a t i o n  generated phonons. 

Un fo r tuna te l y ,  t h e  dynamical p r o p e r t i e s  o f  d i s l o c a t i o n s  a r e  no t  we1 1  

known. Of p a r t i c u l a r  concern here  a r e  t h e  d i s l o c a t i o n  number d e n s i t i e s  Nk and 

Nk-q. However, t h e r e  a re  two l i m i t i n g  s i t u a t i o n s  o f  cons ide rab le  i n t e r e s t  which 

l e n d  themselves t o  easy eva lua t i on .  One o f  t hese  occurs when N  << 1 
k  -q 

and t h e  second occurs a t  ve ry  l a r g e  d i s l o c a t i o n  number d e n s i t i e s  where 

Nk-q >> 1. I f  i t  i s  assumed t h a t  a f t e r  e m i t t i n g  a  phonon t h e  moving d i s l o c a t i o n  

e s s e n t i a l l y  s tops so t h a t  k-q - 0, then Nk-q - can be approximated by i t s  va lue  

i n  a  s t a t i c  d i s l o c a t i o n  p i l e  up beh ind some b a r r i e r ( 8 )  
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where R i s  t h e  l e n g t h  o f  t h e  d i s l o c a t i o n  p i l e  up and x  i s  t h e  p o s i t i o n  o f  

i n t e r e s t  i n  t h a t  p i l e  up. For  bo th  o f  t hese  l i m i t i n g  cases t h e  number o f  

d i s l o c a t i o n s  Nk-q,O i s  independent o f  k  and q  o r  i s  i n s i g n i f i c a n t  compared t o  

u n i t y  so t h a t  i n  bo th  cases Nk-qEO can be taken  ou t  f rom under t h e  summation and 

i n t e g r a t i o n  ope ra t i ons .  The summation reduces t o  

where 

The energy d i s s i p a t i o n  r a t e  per  moving d i s l o c a t i o n  can now be expressed as 

( dq  d". (11)  

Proceeding f u r t h e r  a long these  1  i nes , i t  i s  p o s s i b l e  t o  d e r i v e  an ex-pression 

r e l a t i n g  t h e  appl i e d  shear s t r e s s  and t h e  d i s l o c a t i o n  v e l o c i t y ( 3 )  

- - 
v = v e  o 

0 (12 )  

t h a t  resembles an e a r l i e r  r e s u l t  ob ta ined from exper imenta l  da ta  f o r  L i F  by 

~ i l m a n . ( ' )  

~ h i 1 . L  equat ion  (11) con ta ins  t h e  energy d i s s i p a t i o n  r a t e  per  moving edge 

d i s l o c a t i o n ,  cons ide rab l y  more than  one moving d i s l o c a t i o n  i s  needed t o  make a  

h o t  spot.  Bowden and Yo f fe  ( I 0 )  es t imated t h a t  t h e  c r i t i c a l  ho t  spot  s i z e  

r e q u i r e d  t o  s u s t a i n  i g n i t i o n  i s  approx imate ly  10 t o  50 microns. The maximum 

number o f  d i s l o c a t i o n s  i n  a  t y p i c a l  o rgan ic  c r y s t a l  i s  about 1010 t o  10" 

d i s l oca t i ons / cm2 .  T h i s  suggests t h a t  a  minimum o f  l o 4  t o  l o 5  d i s l o c a t i o n s  a r e  

r e q u i r e d  t o  s u s t a i n  a  ho t  spot i g n i t i o n .  

Du r i ng  shock o r  impact t h e  gene ra t i on  o f  d i s l o c a t i o n s  i s  g e n e r a l l y  l o c a l i z e d  

i n  t h i n  narrow shear band reg ions  f o r  most c r y s t a l l i n e  These 

shear bands a r e  reg ions  o f  i n t e n s e  shear and c o n t a i n  most o f  t h e  p l a s t i c  

de fo rma t i on  and p l a s t i c  work preformed on t h e  deforming s o l i d .  Consequently t h e y  

shou ld  ge t  very  hot.  (13'14) C u r r e n t l y  t h e r e  i s  no adequate t h e o r y  t o  account 



f o r  t he  gene ra t i on  and c o n c e n t r a t i o n  o f  d i s l o c a t i o n s  i n  t hese  shear bands 

a l though r e c e n t l y  one has been at tempted.(15) Here it w i l l  be assumed t h a t  t h e  

shear bands a r e  t h e  n a t u r a l  s i t e s  f o r  energy l o c a l i z a t i o n / h o t  spo t  f o rma t i on  i n  

r a p i d l y  deforming c r y s t a l l i n e  s o l i d s .  It w i l l  a l s o  be assumed t h a t  t h e  shear  

bands a r e  formed by t h e  a c t i o n  o f  a  few d i s l o c a t i o n  sources t h a t  under h i g h  shear 

s t r e s s  c o n d i t i o n s  r a p i d l y  genera te  d i s l o c a t i o n s  which move away from t h e  source 

and along t h e  shear band w i t h  some average v e l o c i t y  v. To a  f i r s t  approx imat ion  

t h e  energy d i s s i p a t e d  i n  t h e  shear band d u r i n g  deformat ion  i s  j u s t  t h e  p roduc t  o f  

t h e  energy d i s s i p a t e d  per  moving d i s l o c a t i o n ,  equa t i on  ( l l ) ,  and t h e  number o f  

d i s l o c a t i o n s  i n  t h e  shear band. I n  t h i s  p i c t u r e  i t i s  wo r thwh i l e  t o  examine t h e  

energy d i s s i p a t i o n  r a t e  p r e d i c t e d  by equa t i on  (11)  i n  t h r e e  1  i m i t i n g  reg ions.  

The f i r s t  r eg ion  i s  t h a t  o f  a  ve ry  smal l  d i s l o c a t i o n  dens i t y ,  Nk-qEO<<l, t h e  

second i s  t h e  domain o f  ve ry  h i g h  d i s l o c a t i o n  number dens i t y ,  Nk-qMO>>l.  The 

t h i r d  r e g i o n  o f  i n t e r e s t  i s  t h a t  o f  ve ry  h i g h  d i s l o c a t i o n  v e l o c i t i e s .  

The f i r s t  1  i m i t i n g  reg ion,  t h a t  o f  very  low d i s l o c a t i o n  number d e n s i t y ,  

i m p l i e s  t h a t  t h e  sample c r y s t a l  was i n i t i a l l y  n e a r l y  p e r f e c t  w i t h  ve ry  few 

d e f e c t s  o r  d i s l o c a t i o n s  and perhaps even very  few p o t e n t i a l  d i s l o c a t i o n  

sources. It a l s o  i m p l i e s  t h a t  t o  ope ra te  i n  t h i s  reg ion  t h e  i n c i d e n t  shock o r  

impact must be very  r a p i d l y  r i s i n g  and s h o r t e r  i n  d u r a t i o n  t han  t h e  response t i m e  

o f  t h e  d i s l o c a t i o n  sources. Otherwise l o n g  d u r a t i o n  shocks o r  impacts w i l l  

i n v a r i a b l y  c r e a t e  d i s l o c a t i o n s  d u r i n g  t h e  p l a s t i c  de fo rma t i on  o f  t h e  c r y s t a l .  

Equat ion  (11)  i n d i c a t e s  t h a t  f o r  Nk-q, <<1 t h e  energy d i s s i p a t i o n  r a t e  w i t h i n  

t h e  shear band w i l l  l i k e l y  be smal l .  ( ~ 3  Few s i g n i f i c a n t  ho t  spots  w i l l  develop, 

so t h a t  t h e  exp los i ve  c r y s t a l s  are  u n l i k e l y  t o  i g n i t e  even i f  t h e  a p p l i e d  shock 

s t r e n g t h  i s  s u f f i c i e n t  t o  shatte: and f r a c t u r e  t h e  c r y s t a l .  

The second case o f  i n t e r e s t  i n  which t h e  d i s l o c a r i o n  number d e n s i t y  i s  

l a r g e ,  Nk,q,O>>l, i s  t h e  more common s i t u a t i o n  w i t h  c r y s t a l s  t h a t  have n o t  been 

prepared w i t h  extreme care. C a l c u l a t i o n s  o f  t h e  energy d i s s i p a t i o n  r a t e  f o r  

d i s l o c a t i o n s  moving i n  t h e  i n e r t  m a t e r i a l  L i F  compare w e l l  w i t h  exper imenta l  da ta  

and g i v e  energy d i s s i p a t i o n  r a t e  pe r  moving d i s l o c a t i o n  o f  t h e  o rde r  o f  1 Jou le / s  

f o r  a  .5 Gpa U n c e r t a i n t i e s  i n  G, v ,  and L of RDX a l l o w  o n l y  an 

es t ima te  o f  t h e  energy d i s s i p a t i o n  f o r  t h i s  m a t e r i a l .  Th i s  es t ima te  i s  o n l y  

s l i g h t l y  l e s s  than t h a t  f o r  L iF.  What i s  impor tan t  i s  t h a t  t h e  energy 

d i s s i p a t i o n  occurs immedia te ly  w i t h  t h e  onset o f  de format ion ,  i s  l o c a l i z e d  t o  t h e  
5 shear band reg ions,  and can a t t a i n  h i g h  energy d e n s i t y  va lues when 10 o r  more 

d i s l o c a t i o n s  a r e  i n v o l v e d  i n  t h e  deformat ion .  I n  these c a l c u l a t i o n s  thermal  . 
d i f f u s i o n  and thermal so f t en ing  have been i gno red  because t h e  t y p i c a l  t i m e  

d u r a t i o n  o f  t h e  shocks and impacts o f  i n t e r e s t  a re  l e s s  t han  5 0 ~ s  which i s  t h e  

approximate t i m e  f o r  thermal d i f f u s i o n  t o  become impor tant .  

The t h i r d  response reg ion  o f  i n t e r e s t  i n  equa t i on  (11)  i s  t h a t  o f  very  h i g h  

d i s l o c a t i o n  v e l o c i t i e s ,  v  + C. Th i s  corresponds t o  t h e  s i t u a t i o n  i n  which t h e  
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d i s l o c a t i o n s  a r e  d r i v e n  by a  s t r o n g  shock, p o s s i b l y  even a  de tona t i on  wave. The 

phonons generated by t h e  r a p i d l y  moving d i s l o c a t i o n s  have a  r a d i a l  f requency o f  w 

= 2xv/d. It i s  known t h a t  t h e  maximum d i s l o c a t i o n  v e l o c i t y  can a t  l e a s t  approach 

t h e  l o c a l  shear wave speed. For v  = 1.8 x  l o 3  m/s and d  = 10-'m, as f o r  RDX, 

t h e n  01 1013 rad /s  which i s  near t o  t h e  i n t e r n a l  mode mo lecu la r  v i b r a t i o n a l  

f r equenc ies  o f  t h e  RDX molecule.  It i s  p o s s i b l e  t h a t  even h ighe r  f requency 

o p t i c a l  mode phonons may be generated by d i s l o c a t i o n s  moving w i t h  t h e  l a r g e  

ampl i tude p l a s t i c  component o f  t h e  de tona t i on  wave. The de tona t i on  wave speed i n  
3  RDX i s  g r e a t e r  than 8  x  10 m/s and has s t r e s s  ampl i tudes i n  excess o f  30 Gpa. 

At t hese  l e v e l s  t h e  RDX c r y s t a l  must be deforming p l a s t i c a l l y  so t h a t  i t may be 

p o s s i b l e  t h a t  t h e  p l a s t i c  wave d i s l o c a t i o n  v e l o c i t y  can approach t h e  d e t o n a t i o n  

wave speed. The d i s l o c a t i o n s  w i t h i n  t h e  de tona t i on  wave would s t i l l  move a t  

speeds l e s s  than t h e  sound speed i n  t h e  wave so t h a t  c a u s a l i t y  requ i rements  would 

be met. However, t o  t h e  molecu les  a t  r e s t  ahead o f  t h e  wave i t  would appear t h a t  

t h e  d i s l o c a t i o n s  i n  t h e  wave were mov ing 'a t  v e l o c i t i e s  f a r  i n  excess i n  t h e  

i n f i n i t e s m a l  ampl i tude sound speed. I n  any event  i t  can be seen t h a t  d u r i n g  a  

s t r o n g  shock o r  de tona t i on  i t  i s  p o s s i b l e  w i t h  these h i g h  energy phonons, w>10 13 

t o  d i r e c t l y  pump and e x c i t e  t h e  RDX molecu le  by mul t iphonon abso rp t i on  t o  produce 

t h e  very  r a p i d  mo lecu la r  d i s s o c i a t i o n  assoc ia ted  w i t h  detonation.(16917) Th i s  

i n i t i a l  mo lecu la r  d i s s o c i a t i o n  would be c o n f i n e d  t o  t h e  shear bands - h o t  spot  

s i t e s  o f  t h e  shocked c r y s t a l .  

Summary 

Equat ion  (11)  desc r i bes  t h e  energy d i s s i p a t i o n  r a t e  pe r  moving d i s l o c a t i o n  

over  a  wide range o f  p l a s t i c  de fo rma t i on  cond i t i ons .  The l o c a l i z e d  energy 

concen t ra t i ons  r e s u l t i n g  f rom a  l a r g e  c o l l e c t i o n  o f  d i s l o c a t i o n s  i n  t h e  shear 

bands o f  a  r a p i d l y  deforming exp los i ve  c r y s t a l  may p rov ide  t h e  means o f  

i n i t i a t i n g  chemical r e a c t i o n  f o r  a  broad range o f  impact o r  shock d r i v e n  

deformat ion .  It has l o n g  been known f o r  i ns tance  from dead p ress ing  exper iments  

and from e a r l y  impact exper iments(18) t h a t  de fo rma t i on  i s  an e s s e n t i a l  element t o  

shock o r  impact i n i t i a t i o n  o f  exp los ives .  It i s  a l s o  known t h a t  e x p l o s i v e  

c r y s t a l s  w i t h  few d e f e c t s  o r  d i s l o c a t i o n s  a re  d i f f i c u l t  i f  no t  imposs ib le  t o  

shock i n i t i a t e  even a t  ex t remely  h i g h  shock l eve l s . (19 )  It has a l s o  been 

observed t h a t  t h e  s i z e  o f  t h e  e x p l o s i v e  c r y s t a l s  i n f l u e n c e s  t h e i r  i g n i t i o n  

s e n s i t i v i t y . ( 2 0 )  It i s  w e l l  known t h a t  t h e  shear s t r e s s  f o r  de fo rma t i on  and 

f a i l u r e  o f  any c r y s t a l  depends on i t s  p a r t i c l e  s ize .  Whi le  t h i s  r e l a t i o n  has n o t  

been e x p l i c i t l y  d e r i v e d  here,  i t  has been d e r i v e d  elsewhere,(') and g i v e s  t h e  

c l a s s i c a l  Ha l l -Petch 221 
The p r e d i c t i o n  t h a t  energy can be d i r e c t l y  t r a n s f e r r e d  from t h e  shock i n t o  

t h e  i n t e r n a l  mo lecu la r  modes by mu1 t i -phonon e x c i t a t i o n  p rov ides  a  ve ry  r a p i d  way 

t o  ach ieve mo lecu la r  e x c i t a t i o n  i n  i n e r t  c r y s t a l s  and p o s s i b l y  even mo lecu la r  



d i s s o c i a t i o n  o f  exp los i ve  molecules du r ing  detonat ion.  Several  recent  

experiments preformed on t h e  i n e r t  m a t e r i a l s  qua r t z  and l i t h i u m  n ioba te  show a 

s i m i l a r  r a p i d  molecu lar  e x c i t a t i o n  and energy l o c a l  i z a t i o n ,  probably  i n  t h e  shear 

bands, immediately on appl i c a t i o n  o f  h i g h  1 eve1 shock.(23y24y25) Even d u r i n g  

r e l a t i v e l y  m i l d  impacts energy l o c a l i z a t i o n  occurs immediate1 y w i t h  t h e  onset o f  

deformat ion and apparent temperatures a re  reached t h a t  f a r  exceed those p o s s i b l e  

due t o  b u l k  processes.(26) 

Concl u s i  on 

Shock o r  impact generated h o t  spots  i n  c r y s t a l l i n e  exp los i ves  i n v o l v e  t h e  

same phys i ca l  process o f  energy l o c a l i z a t i o n .  Both r e q u i r e  p l a s t i c  de fo rma t ion  

o f  t he  sample which occurs by t h e  fundamental processes o f  t h e  generat ion and 

movement o f  d i s l o c a t i o n s  and t h e  l o c a l i z a t i o n  o f  these d i s l o c a t i o n s  i n  shear 

bands i n  t h e  deforming s o l i d .  It i s  l i k e l y  t h a t  t he  range o f  response o f  an 

exp los i ve  c r y s t a l  f rom t h a t  o f  a r e l a t i v e l y  weak r e a c t i o n  due t o  a m i l d  impact t o  

t h e  extreme r e a c t i o n  o f  de tona t i on  due t o  s t rong  shock a re  b u t  d i f f e r e n t  

man i fes ta t i ons  o f  t h e  same energy l o c a l i z a t i o n -  ho t  spot f o rma t ion  process. 
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Comment on Hot S p o t s  - J .  LEE 

It i s  g e n e r a l l y  assumed t h a t  chemical r e a c t i o n s  i n  a shock a re  i n i t i a t e d  
the rma l l y .  True enough, i f  you send a s t r o n g  shock wave through the  medium, 
the-medium gets  the rma l i zed  and i f  t h e  temperature i s  h i g h  enough, you g e t  
thermal decomposit ion. On t h e  o t h e r  hand r e a c t i o n s  can be i n i t i a t e d  v i a  non- 
thermal means, e.q. mechanical shear. Th i s  i s  t h e  f i e l d  o f  t r i b o c h e m i s t r y .  
I n  a de tona t i on  wave, t h e  ques t i on  i s  how na tu re  does i t  ? Genera l l y  speak- 
i ng ,  na tu re  does th ings  i n  t h e  most e f f i c i e n t  manner. Thermal i n i t i a t i o n  i s  
n o t  very  e f f i c i e n t ,  t he  second law o f  thermodynamics poses a l i m i t a t i o n  on 
the  i n t e r c o n v e r s i o n  o f  thermal t o  mechanical energy. To g e t  an i dea  o f  t he  
o r d e r  o f  magnitude o f  t he  d i f f e r e n c e  i n  energy requirement between a thermal 
and a non-thermal i g n i t i o n ,  cons ider  t h e  p h o t o i n i t i a t i o n  o f  a gaseous exp lo-  
s i ve .  I f  you send a s t r o n g  pu l se  o f  l i g h t  th rough a gaseous exp los ive,  f r e e  
r a d i c a l s  a r e  generated i n  a pho to -d i ssoc ia t i on .  I f  t h e  r a d i c a l  concen t ra t i on  
i s  h i g h  enough l o c a l l y ,  i g n i t i o n  occurs .  D e f l a g r a t i o n  and even de tona t i on  
can be i n i t i a t e d  by t h i s  way. I f  you compute t h e  photo-energy absorbed t o  
achieved i g n i t i o n ,  t h e  o r d e r  o f  magnitude i s  i n  t h e  nanojou le  range. However 
us ing  a thermal source l i k e  a spark, t h e  i g n i t i o n  energy i s  o f  t h e  o r d e r  o f  
a m i l l i j o u l e  (and then t o  four  o rde rs  of  magnitude h ighe r  f o r  de tona t i on  
i n i t i a t i o n ) .  Thus the  d i f f e rence  between thermal and non-thermal i n i t i a t i o n  
i s  over  t h r e e  orders  of  magnitude i n  t h i s  example. I n  so l  i d  e x ~ l o s i v e s  shear 
bands can r e a d i l y  be generated. The h i g h  mechanical shear r a t e  can l e a d  t o  
t h e  decomoosit ion o f  t h e  molecules l o c a l l y .  Thus i n i a t i o n  i s  n o t  thermal.  
O f  course t h e  d i s s i p a t i o n  o f  t he  mechanical energy a t  these shear bands a l s o  
thermal izes the  medium l o c a l l y .  One can s t i l l  argue t h a t  t h e  i n i t i a t i o n  i s  
s t i l l  thermal.  However I d o n ' t  b e l i e v e  so. The evidence o f  t h i s  i s  t h a t  
Ar rhen ius  k i n e t i c s  f a i l  t o  model these so c a l l e d  "ho t  spots" .  I n  a more 



g l o b a l  view, we now know t h a t  i n  gaseous e x p l o s i v e  where t h e r e  i s  no shear 
bands, t h e  de tona t i on  s t r u c t u r e  i s  always c e l l u l a r  due t o  i n s t a b i l i t y .  
A t  c e l l  boundar ies (due t o  i n c i d e n t  shock, r e f l e c t e d  t ransve rse  wave and 
mach stems co inc idence )  t h e r e  a r e  s t r o n g  shear l a y e r s  which l e a d  t o  t u rbu -  
1  ence v i a  Kel vin-Helm01 t z  i n s t a b i  1  i t y .  Turbulence m i x i n g  then p rov ides  a  
means o f  a u t o i g n i t i o n .  C e l l u l a r  s t r u c t u r e  a l s o  p e r s i s t s  i n  homogeneous 1  i q u i d  
exp los i ves  (e.q. n i t romethane) .  I t h i n k  non-thermal means o f  i n i t i a t i o n  
shou ld  be g i ven  more cons ide ra t i ons  i n  s tudy ing  t h e  mechanism o f  de tona t i on .  
I f e e l  t h a t  t h e  t e rm "ho t  spo ts "  i s  a  b i t  m is lead ing  f o r  i t  and tends t o  
suggest a  thermal i n i t i a t i o n  mechanism i n s t e a d  o f  a  p o s s i b l e  mechanical 
i n i t i a t i o n .  

Commentaire - J. BOILEAU 

I 1  s e r a i t  i n t g r e s s a n t  d16 tend re  l e s  cons id6 ra t i ons  que vous avez pr6sentges 
s u r  l e s  c r i s t a u x  e t  l e u r s  d i s l o c a t i o n s ,  a des polymeres e x p l o s i f s ,  e t  notam- 
ment ii des " a l l i a g e s  de polymPres" pa r  ana log ie  aux "polymPres-chocs" t e l s  
que l e  po l ys t y rPne  dans l e q u e l  on a  i n t r o d u i t  des susoensions t r e s  f i n e s  d ' u n  
a u t r e  polymPre non m i s c i b l e .  

Questions - J. P. R I T C H I E  

I s  i t  an o v e r s i m p l i f i e d  res ta tement  o f  y o u r  approach t o  say t h a t  impact  
s e n s i t i v i t y  i s  e s s e n t i a l l y  c o n t r o l l e d  by m a t e r i a l  p r o p e r t i e s ,  i . e .  ha rd  o r  
s o f t  c r y s t a l s  ? What f a c t o r s  l e a d  t o  l e s s  s e n s i t i v e  exp los i ves  t h a t  can be 
c o n t r o l l e d  by t h e  syn thes i s  chemist  ? Also,  how then  does one account f o r  
c o r r e l a t i o n s  o f  impact  s e n s i t i v i t y  w i t h  oxygen balance, which i s  presumably 
independent o f  m a t e r i a l s  p r o p e r t i e s  ? 


