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ABSTRACT 

A q u i t e  complete exposi t ion of  what has been ca l l ed  the  
c l a s s i c a l  theory of  detonat ion i s  given i n  t he  S c i e n t i f i c  
American of  May 1987 by W.C. Davis. However, Davis s t a t e s  
i n  h i s  repor t  t h a t ,  "In s p i t e  of t h e  v a r i e t y  of  modern app l i -  
ca t ions  of explosives,  detonat ion science has no t  ye t  
reached maturi ty  . . .," and, "Sc ien t i s t s  who study explo- 
s ions  a r e  spurred on by being cons tan t ly  reminded t h a t  t h e  
cur ren t  detonat ion theory  i s  incomplete. " I n  t h i s  paper a  
comparison i s  made between t h e  c l a s s i c a l  theory as exppunded 
by Davis and a  more modern theory based on the  concepts t h a t :  
( 1 )  The energy i n  t h e  very  narrow shock o r  detonat ion f r o n t  
i S high1 y  nonergodi c ,  and thermal equilibrium, p a r t i c u l a r l y  
between t h e  t r a n s l a t i o n a l  and v ib ra t iona l  energy modes, does 
not  e x i s t  i n  t he  f r o n t ;  ( 2 )  No r e a l i s t i c  temperature can be 
ascr ibed  t o  t h i s  very narrow zone; and ( 3 )  A physical  regu- 
l a t o r  which cons t ra ins  shock and detonat ion v e l o c i t i e s  i s  d i -  
r e c t l y  r e l a t e d  t o  t he  v ib ra to ry  v e l o c i t i e s  of  t h e  atoms of t h e  
shocked mater ia l s .  

The paper includes a sho r t  h i s t o r i c a l  summary, a s t a t e -  
ment of  some c r u c i a l  def ic ienc ies  i n  t h e  c l a s s i c a l  theory, 
and it contains  t h e  presenta t ion  and discussion o f  a  number 
o f  experiments and mathematical arguments favoring t h e  a l t e r -  
na t ive  theory. Among these  a r e  experimental observat ions made 
i n  t h e  1960s and 1970s and continuing t o  t h e  present .  Propos- 
a l s  of  tribochemical o r  mechanical bond f r a c t u r e  i n  shock 
f r o n t s  i n  explosives were made a s  e a r l y  a s  1938, and they  
appeared occasional ly i n  l a t e r  years ,  but  they  were o f t e n  
ignored. F ina l ly ,  r e s u l t s  from more recent  experiments and 
ca l cu la t ions  a r e  summarized, which appear t o  support fo rce fu l ly  
t h e  a l t e r n a t i v e  theory. 
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INTRODUCTION 

The e a r l y  h i s t o r y  o f  t he  study of  t h e  detonat ion of  ex- 
p los ives  was reviewed by W.C.  Davis i n  t he  May 1987 i s s u e  of  
t h e  S c i e n t i f i c  American--from t h e  synthesis  and detonat ion o f  
n i t rog lyce r in  by Ascanio Sobrero i n  1846 through t h e  develop- 
ment of t he  ZND theory by Yakov Zel'dovich, John von Neumann, 
and Werner Doering. He discussed t h e  pioneering ana lys i s  done 
by David Chapman and m i l e  Jouguet t h a t  l e d  t o  the  C - J  theory, 
from which most modern t h e o r e t i c a l  s tud ie s  have been derived. 

The concepts included i n  t h e  ZND model provided use fb l  
hypotheses a s  t o  how detonat ion i s  s t ruc tured  and maintained. 
According t o  t he  model, a shock wave propagates i n t o  t h e  unre- 
ac ted  explosive and compresses it i n s t a n t l y .  This compression, 
modeled a s  a p i s ton  moving aga ins t  t h e  explosive, provides 
enough heat t o  i n i t i a t e  chemical reac t ions  ( i n  thermal equ i l i -  
brium) behind the  shock f r o n t  which re lease  t h e  explosive en- 
ergy. This chemical energy produces the  high temperature and 
pressure  which maintain t h e  detonation. The expansion of t h e  
reac t ions '  gases provides t he  forces  t h a t  a r e  observed a s  t he  
use fu l  work, o r  t h e  des t ruc t ive  power, o f  t h e  high explosive. 

From t h i s  theory,  a r a t h e r  complex formalism with t h e  
assoc ia ted  mathematics was developed. Davis described t h i s  
formalism, a s  shown graphica l ly  i n  Fig. 1. Brief ly ,  a p l o t  of 
a l l  possible  pressure values i n  a shocked mater ia l  ( t h e  mater- 
i a l  behind a shock wave) f o r  a l l  poss ib le  values of  t he  shock 
v e l o c i t y  i n  t h e  mater ia l  is  ca l l ed  a Hugoniot curve ( a ) .  A l l  
t h e  poss ib le  s t a t e s  (pressure  and mater ia l  ve loc i ty )  of  a 
shocked mater ia l  f o r  a given shock-wave ve loc i ty  can be depicted 
i n  the Hugoniot-curve coordinate system a s  a s t r a i g h t  l i n e ,  a 
Rayleigh l i n e ,  whose s lope i s  proport ional  t o  t he  shock-wave 
ve loc i ty .  The f i n a l  s t a t e  of  a mater ia l  under t he  inf luence 
o f  a shock wave with a given ve loc i ty  i s  shown graphica l ly  a s  
t he  poin t  a t  which i t s  Hugoniot curve i n t e r s e c t s  the  s p e c i f i c  
Rayleigh l i n e ,  a s  seen i n  Fig. l ( a ) .  

The C - J  theory maintains 
t h a t  t he  poin t  a t  which t h e  
Rayleigh l i n e  i s  tangent t o  
t h e  Hugoniot f o r  t he  com- 
p l e t e l y  reacted explosive 
( t h e  C - J  po in t )  s p e c i f i e s  t 
t he  s t a t e  from which the  

e 
f 

r eac t ion  products expand t o  g 
do work. This  po in t  a l so  n 
determines t h e  detonation 
v e l o c i t y  ( D )  from the  s lope 
of  t h e  Rayleigh l i n e ,  a s  
seen i n  Fig. l ( b )  . The ZND Material velocity--, 
theory  requi res  Hugoniot Figure 1. The Hugoniot and Rayleigh curves 
curves f o r  t h e  p a r t i a l l y  which represent the C-J and ZND models. reac ted  explosive, as well  



a s  f o r  t h e  unreacted and completely reacted mater ia l .  The 
explosive w i l l  be a t  a higher  pressure i n  i t s  unreacted (1)  
and p a r t i a l l y  reac ted  ( 2 )  s t a t e s ,  a s  seen i n  Fig. l ( c ) .  A 
higher  detonation ve loc i ty  ( a  s t eepe r  Rayleigh l i n e )  denotes a 

"strong" detonation, a s  seen i n  Fig. l ( d ) .  I n  some cases ,  a 
temporary s t a t e  ( 3 )  i s  poss ib le  i n  which t h e  Hugoniot curve 
l i e s  above the  curve f o r  t h e  completely reacted explosive. 
This  s t a t e  descr ibes  a "weak" detonation, which can reach a 
f i n a l  s t a t e  ( W )  t h a t  has a lower mater ia l  ve loc i ty  and press -  
u r e  than  i n  t h e  C - 3  s t a t e .  

This i s  a macroscopic theory t h a t  can be modeled with 
hydrodynamic and thermodynamic algorithms, bu t  it denies t h e  
importance o r  even the  neces s i ty  f o r  k i n e t i c  inputs ,  and it 
provides no he lpfu l  microscopic i n s i g h t s .  A s  Davis s t a t e s  
(Ref. l ) ,  "In s p i t e  of t h e  v a r i e t y  of  modern appl ica t ions  of 
explosives,  detonat ion science has not  reached maturi ty  . . ., 
and, " S c i e n t i s t s  who study explosions a r e  spurred on by being 
cons tan t ly  reminded t h a t  t he  cur ren t  detonat ion theory i s  
incomplete. " 

The C - J  and ZND t heo r i e s  lead  t o  t he  conclusion t h a t  t he  
"constant" detonat ion shock waves observed f o r  p a r t i c u l a r  mater- 
i a l s  cause the  explosive m a t e r i a l t o t u r n  i n t o  gaseous products 
a t  a temperature s u f f i c i e n t  t o  j u s t  exac t ly  provide t h e  co r r ec t  
pressure  t o  maintain the  co r r ec t  detonat ion ve loc i ty .  There- 
f o r e ,  t he  proponents of  these  theo r i e s  have developed a number 
o f  equations o f  s t a t e  (EOS) with some r a t h e r  a r b i t r a r y  coef f ic -  
i e n t s  and parameters t o  ca l cu la t e  t he  "cor rec t"  temperatures 
and pressures  i n  t he  r eac t ion  products. Two q u i t e  recent  s t a t e -  
ments on the f a i l u r e  o r  inaccuracy of  EOSs a r e  given and d is -  
cussed i n  a l a t ?e r  sec t ion .  

The p r inc ipa l  purpose of  t h i s  r epo r t  i s  t o  present  f o r  
comparison a q u i t e  d i f f e r e n t  theory, o r  hypothesis, which de- 
s c r i b e s  both i n i t i a t i o n  and detonat ion i n  a microscopic o r  
molecular regime, includes new k i n e t i c  p r inc ip l e s ,  and gives a 
physical  explanation f o r  t h e  constancy of detonat ion v e l o c i t i e s .  

To d i r e c t  a t t e n t i o n  t o  the  s i g n i f i c a n t  aspec ts  of t h e  
experiments and ca l cu la t ions  t o  be reviewed i n  t he  following 
sec t ions ,  here a r e  t he  bas ic  concepts of t h i s  modern theoryr 

1. The i n i t i a t i o n  of  explosive r eac t ion  by shock waves i n  
chemical explosives i s  determined by ( a )  t he  production by t h e  
the  momentum t r a n s f e r ,  shear ,  o r  energy gradient  forces  ac ros s  
t h e  shock f r o n t  of  i ons ,  f r e e  atoms and r ad ica l s ,  i n  add i t i on  
t o  thermally-act ivated molecules, randomly d i s t r i bu ted  wi th in  
t h e  bulk of t h e  shocked explosive; ( b )  t he  growth of r eac t ion  
s i t e s  a t  t h e  po in t s  where s u f f i c i e n t  numbers o f  t h e  f r e e  atoms, 
r a d i c a l s ,  i ons ,  and molecular fragments a r e  formed t o  s u s t a i n  
t h e  appropriate  i n i t i a t i o n  reac t ions ;  and ( c )  t h e  input  of  a 
c r i t i c a l  quant i ty  of  energy fluence from t h e  shock fo rces  t o  
t h e  shock-compressed explosive t o  enable a minimum number of 
r eac t ion  s i t e s  t o  reach a s e l f - sus t a in ing  exothermic r eac t ion .  
(Ref. 2 ) .  
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2 .  The exceedingly high k i n e t i c  energy o f  momentum t r a n s -  
f e r  i n  t h e  de tona t ion  f r o n t  i s  s u f f i c i e n t  t o  cause massive 
f r a c t u r e  o f  t h e  cova len t  bonds o f  t h e  exp los ives  molecules a t  
and n e a r  t h e  f r o n t  so t h a t  t h e  l a r g e  major i ty  o f t h e  molecules 
are broken, a s  i n  t h e  i n i t i a t i n g  shock, t o  i n d i v i d u a l  atoms, 
r a d i c a l s ,  molecular fragments,  i o n s ,  and t h e y  a r e  rearranged 
ex tens ive ly .  These p a r t i c l e s  can t h e n  r e a c t  i n  about 
10-'lc t o  10- l2  s t o  provide t h e  chemical energy which d r i v e s  
t h e  de tona t ion .  (Ref. 3 ) .  

3.  The energy i n  thevery  narrow shock o r  de tona t ion  f r o n t  
i s  nonergodic,  and thermal equ i l ib r ium,  p a r t i c u l a r l y  between 
t h e  t r a n s l a t i o n a l  and v i b r a t i o n a l  energy modes, does n o t  e x i s t  
i n  t h e  f r o n t .  No r e a l i s t i c  temperature  can be a s c r i b e d  t o  
t h i s  zone (Ref 4 ) .  

4. A phys ica l  r e g u l a t o r  c o n s t r a i n s  t h e  shock and de tona t ion  
v e l o c i t i e s ,  and t h i s  r e g u l a t o r  i s  d i r e c t l y  r e l a t e d  t o  t h e  v i b r a -  
t o r y  v e l o c i t i e s  o f  t h e  atoms o f  t h e  shocked m a t e r i a l  (Ref. 5 ) .  
T h i s  concept o f  d e t e m i n i n g  energy r e l e a s e  r a t e s  o r  r e a c t i o n  
r a t e s  through a nonequil ibrium process  based on t h e  r e l a t i v e  
v i b r a t i o n  v e l o c i t i e s  o f  t h e  atom p a i r s  and groups involved,  
i s  designated as p h y s i c a l  k i n e t i c s .  

A summary o f  comparisons o f  t h e  c l a s s i c a l  and t h e  modern 
theory  i s  given i n  Table 1 t o  a s s i s t  i n  t h e  e l u c i d a t i o n  o f  t h e  
d i f f e r e n c e s  a s  t h e y  a r e  p resen ted  i n  t h e  fol lowing d i scuss ion .  

EARLY SIGNIFICANT CLASSICAL STUDIES 

Discuss ion o f  s e v e r a l  e a r l y  experiments and t h e o r e t i c a l  
ana lyses  may a i d  i n  unders tanding t h e  depar tu res  o f  t h e  new 
t h e o r y  from what have been c a l l e d  t h e  c l a s s i c a l  s t u d i e s  i n  
shock i n i t i a t i o n  and de tona t ion .  Campbell e t  a l . ( R e f .  6 )  con- 
ducted some e l a b o r a t e  experiments i n  t h e  e a r l y  1960s on t h e  
i n i t i a t i o n  t o  de tona t ion  o f  homogeneous (nitromethane) and 
heterogeneous (Ref .  7 )  (PBX-9404, a p las t ic-bonded HMX) explo- 
s i v e s .  Analysis  o f  t h e  experiments i n  which nitromethane (NM) 
was i n i t i a t e d  wi th  shocks o f  about 8 GPa and dura t ions  o f  
about  l p  s l e d  t h e  experimenters t o  t h e  conclus ion t h a t  t h e  
shock wave compressed t h e  NM; t h e  compression heated t h e  NM t o  
some va lue  a t  which s i g n i f i c a n t  thermal r e a c t i o n  began; and, 
a f t e r  a n  induc t ion  p e r i o d ,  t h e  de tona t ion  wave o r i g i n a t e d  a t  
t h e  NM f a c e  first impacted, t r a v e l e d  through t h e  compressed 
l i q u i d  over tak ing  t h e  shock f r o n t ,  and continued i n t o  t h e  un- 
shocked m a t e r i a l .  The e n t i r e  p rocess  was considered t o  be a 
thermal equ i l ib r ium process .  The a c t i v a t i o n  energy presumed 
was about  59 kcal/mole, as i n  low temperature  thermal decom- 
p o s i t i o n .  

The a n a l y s i s  o f  heterogeneous i n i t i a t i o n  w a s  n o t  so 
e a s i l y  reached,  because t h e  bulk temperature  i n  a n  exp los ive  
shocked s t r o n g l y  enough t o  cause  i n i t i a t i o n  t o  de tona t ion  w a s  
be l i eved  n o t  t o  be n e a r l y  high enough t o  produce s u f f i c i e n t  



Table 1. Compari 

C l a s s i c a l  Theory 

sons  o f  t h e  C l a s s i c a l  and t h e  Modern Theor ies  

Modern Theory Concepts, P r i n c i p l e s  
and Observations 

The shock a c t s  a s  a p i s t o n ,  
compression hea t ing ,  e q u i l i -  
brium thermal decomposit ion,  
Arrhenius k i n e t i c s ,  thermody- 
namic determinat ion  and c o n t r o l  
o f  de tona t ion  v e l o c i t y ,  many 
d i f f e r e n t  equat ions-of-s ta te  
r equ i r ed .  

Theory Concept Shock energy c a r r i e d  i n  ve ry  
narrow zone by momentum t r a n s -  
f e r ,  ve ry  high energy g r a d i e n t  
fo rces  cause mechanical f r ac -  
t u r e  o f  covalent  bonds, phys i ca l  
k i n e t i c s ,  de tona t ion  v e l o c i t y  
determined and c o n t r o l l e d  by 
average r e l a t i v e  v i b r a t i o n a l  
v e l o c i t i e s  o f  atom p a i r s  o r  i n  
molecular fragments,  equat ions-  
o f - s t a t e  no t  v a l i d .  

Corresponds we l l  wi th  mechani- 
c a l  f r a c t u r e  concept and reac- 
t i o n  r a t e s  observed. Very d i f -  
f e r e n t  from Arrhenius k i n e t i c s .  

Mechanical f r a c t u r e  o f  covalent  
bonds i n  shock f r o n t  l e a d s  t o  
ho t  s p o t s ,  c r i t i c a l  energy 
f luence  r equ i r ed  f o r  i n i t i a t i o n .  

Explained by d i f f e r e n t  f r a c t i o n s  
o f  thermal and shock inpu t .  

No good explanat ion .  Eyring 'S 
S t a r v a t i o n  K i n e t i c s  

Shock a c t s  a s  p i s t o n  for com- 
p re s s ion  hea t ing ,  r e q u l r e s  var-  
i o u s  concepts  o f  thermal  heat -  
i n g  t o  form h o t  spo t s .  
No good explanat ion .  

Shock I n i t i a t i o n  
o f  Heterogeneous 

Explosives 

Dif ferences  i n  
S e n s i t i v i t y  i n  Various 

S e n s i t i v i t y  T e s t s  

Time t o  I n i t i a t i o n  o f  
NM a t  Low Shock 

Pressures  
Acce le ra t ion  o f  Shock 

Front wi th  Non- 
I n i t i a t i n g  Shocks 

No good explanat ion ,  
V i o l a t i o n  o f  theory .  

Explained by phys i ca l  k i n e t i c s .  

No good exp lana t ion ,  Mechanical f r a c t u r e  o f  bonds i n  
and n e a r  t h e  shock f r o n t .  

No good explanat ion .  I n i t i a t i o n  t o  Detona- 
t i o n  by Free-Radical 

Gradient 

The high energy g r a d i e n t  forms 
shock wave which i n i t i a t e s  
de tona t ion .  
Explained by massive mechanical 
bond s c i s s i o n .  

No good explanat ion .  BTNEA Experiment 

No exp lana t ion ;  
v i o l a t i o n  o f  theory .  

Inc reased  Detonation 
V e l o c i t y  o f  NM + DETA 

E a s i l y  expla ined by phys i ca l  
k i n e t i c s ,  and it i s  c a l c u l a t e d  
a c c u r a t e l y  from Hugoniot d a t a  
and empi r i ca l  formulae. 

Corrobora t ion  o f  massive 
bond s c i s s i o n .  

Mechanical s c i s s i o n  
o f  Bonds i n  P l a s t i c s  

R.Graham, e t  a l .  

No good explanat ion .  

Corrobora t ion  o f  massive . bond s c i s s i o n .  
No good explanat ion .  Shock-Induced Chem- 

i s t r y ,  R .  Graham e t  a1  
Very l i t t l e  he lp .  Understanding o f  

Microscopic Processes  
Provides  r a t i o n a l  explanat ions .  

No good explanat ion .  Isomer P a i r s  D i f f e r  
i n  Thermal o r  Shock 

S e n s i t i v i t y  

I t  is probable t h a t  t hey  would 
d i f f e r ,  s i n c e  one decomposition 
i s  thermal ,  and t h e  o t h e r  is by 
mechanical  bond f r a c t u r e .  

D i f f i c u l t  explanat ion .  Detonation 
a t  Low Veloci ty  

D i f f e r e n t  k i n e t i c  r a t e  due t o  
lower  l e v e l  o f  bond f r a c t u r e  a t  
lower i n i t i a t i o n  p re s su re .  

With b e s t  equat ion-of-s ta te ,  
c a l c u l a t i o n  i n  e r r o r  by 14.55 

Ca lcu la t ed  Detonation 
Ve loc i ty  o f  E25 

(PETN/Paraffins75/25) 

Ca lcu la t ed  by Hugoniot va lues  
and empir ica l  formula w i th in  
0.5%. 

Note: There a r e  s t i l l  ques t ions  about how t o  exp la in  deflagration-to-detonation t r a n s f e r  
(DDT) and how t o  determine t h e  temperature i n  a shock f r o n t .  The modern theory  
proposes tempera tures  o f  about 10,000 t o  30,000 K ve r sus  3,000 t o  5,000 K by t h e  
thermodynamic theo ry  i n  t h e  de tona t ion  f r o n t .  
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r eac t ion  t o  lead  t o  a detonat ion i n  t he  time obsenred. Pre- 
v ious ly ,  Bowden, Gurton and J o f f e  (Refs. 8 , 9 )  proposed and 
observed t h a t  small  cen ters  of concentrated r eac t ion  d id  occur,  
and they then assumed t h a t  an  energy-concentrating mechanism 
produced "hot spots"  i n  t he  bulk explosive. Many explana- 
t i o n s  and processes have been proposed f o r  t h i s  phenomenon: 

( a )  Gases i n  voids i n  t h e  explosive were compressed and 
heated; t h i s  hea t  was t r ans fe r r ed  t o  t he  molecules around t h e  
voids! and the  r eac t ion  s t a r t e d  on t h e  void surface.  

(b )  The shock waves co l l ided  o r  reinforced o the r  waves 
when they  moved through and around the  explosives c rys t a l s ,  
thus  causing spo t s  of higher  pressure.  

( c )  The shock caused f r i c t i o n  between the  explosive g ra ins ,  
and t h i s  f r i c t i o n  produced small a r eas  of high temperature. 

Other explanations were suggested, but none have been 
wel l  quant i f ied .  

To check t h e  concept of  t he  gases i n  t he  voids being com- 
pressed and heated, experimenters compacted explosives i n  a t -  
mospheres of gases with d i f f e r e n t  hea t  capac i t ies .  The idea  
was t h a t  the  gases  t h a t  were heated t o  higher  temperatures by 
t h e  shock compression would cause i n i t i a t i o n  i n  sho r t e r  times. 
This proposed co r re l a t ion  w a s  not  observed. 

I t  has been assumed t h a t  t he re  i s  compression o f  gases  
i n  voids,  some f r i c t i o n  between gra ins ,  and some shock i n t e r -  
ac t ions  and r e f l e c t i o n s ,  but  no very  convincing arguments 
have been made t h a t  "proved" any of these concepts as t h e  
sources o f  e f f e c t i v e  hot  spots .  However, t he  hypothesis has 
p e r s i s t e d  t h a t  some macroscopic process wi th in  t h e  shock wave 
produces hot spo t s  from which t h e  i n i t i a t i n g  r eac t ion  develops. 

A number o f  t e s t s  were developed i n  t h i s  e a r l i e r  per iod 
t o  measure and compare t h e  shock s e n s i t i v i t y  o f  explosives 
t hen  i n  use and under study. There were wedge t e s t s ,  card- 
gap t e s t s ,  drop-hammer t e s t s ,  and gun t e s t s .  Analyses o f  
t h e s e  t e s t s  were genera l ly  based on a value of  shock pressure 
a t  which the  explosive would detonate ,  u sua l ly  some 50% of  
t h e  t r i a l s .  Experimenters observed, but did not  expla in  why, 
some explosives were more s e n s i t i v e  than  o the r s  i n  one t e s t  
and l e s s  s e n s i t i v e  i n  another .  Several  t e s t s ,  such a s  t he  
drop-hammer and sk id  t e s t s ,  had components of  heat ing t h a t  
r e s u l t e d  from f r i c t i o n  o r  mater ia l  flow t h a t  a l s o  l e d  t o  some 
confusion i n  t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s ,  but t hey  d id  
provide use fu l  information f o r  r a t h e r  spec i f i c  s i t u a t i o n s .  

A g rea t  s t r eng th  of opinion had developed i n  t he  explo- 
s i v e s  l i t e r a t u r e  and i n  t h e  community studying i n i t i a t i o n  and 
detonat ion t h a t  shock pressure  (compression) alone ( o r  pre- 
dominantly) w a s  t h e  determinant i n  shock i n i t i a t i o n  (very 
l i k e l y  because o f t h e  p i s t o n  model). A s  a r e s u l t  o f  t h i s ,  



when a very prec ise  s e t  o f  some 60 experiments was l a t e r  per-  
formed on the  i n i t i a t i o n  o f  PBX-9404 (Ref. 10)  by the  impact 
o f  aluminum p l a t e s ,  the experimenter f a i l e d  t o  analyze the  
da t a  properly.  

Henry Eyring and colleagues (Ref. 11) a t  t he  Univers i ty  
o f  Utah i n  the  1940s, s tud ied  r eac t ion  r a t e s  i n  detonat ing 
explosives.  One s t r i k i n g  r e s u l t  from t h e i r  observat ions and 
analyses  i n  t h i s  ea r ly  period i s  t h a t  t he  r eac t ion  r a t e s ,  as 
ca lcu la ted  from t h e  detonat ion v e l o c i t i e s ,  a r e  q u i t e  s i m i l a r  
f o r  a l l  of t he  explosives they  s tudied ,  even though the  low- 
temperature decomposition r a t e s  and the  thermodynamic energy 
content  a r e  q u i t e  d i f f e r e n t .  La t e r ,  Eyring and o the r  assoc i -  
a t e s  analyzed t h i s  d i s turb ing  observat ion aga in  (Ref. 1 2 ) .  
They s tudied  mater ia l s  a s  d i f f e r e n t  as cyclopropane, t e t r y l ,  
and mixed explosive compositions. I n  a l l  cases ,  they  found 
t h a t  t h e  logarithms of t he  r eac t ion  r a t e s  f o r  assumed first- 
o rde r  decompositions were about 6.0 + 0.5 (Ref. 13) .  Eyring's 
a n a l y s i s  from rea t ion - ra t e  theory l e d  t o  h i s  concept of  
" s t a rva t ion  k i n e t i c s , "  i n  which he ca lcu la ted  t h a t  only 20 
degrees of freedom i n  any of the explosives molecules he s tud-  
i e d  were cont r ibu t ing  energy t o  t he  bond t h a t  was first t o  
break, no mat te r  how l a rge  t h e  molecule might be. This w a s  
markedly d i f f e r e n t  from Arrhenius k i n e t i c s  o r  a thermal 
equi l ibr ium process.  

S1 GNI l?t CANT EXPERIMENTS AND CALCULATIONS I N  SUPPORT 
OF THE NEW THEORY 

Some 25 years  ago, Richard Wasley and I began a s e r i e s  
o f  experiments on t h e  i n i t i a t i o n  and detonat ion of  explosives 
with t h e  objec t  of  extending the  da t a  i n t o  some unexplored 
a r e a s .  I n  preparat ion f o r  t h e  e a r l y  experiments, we reviewed 
some data  ( ~ e f .  10)  obtained on t h e  shock i n i t i a t i o n  o f  PBX- 
9404 with impacting aluminum p la t e s .  Our i n t e r p r e t a t i o n  o f  
t he  da t a  was very  d i f f e r e n t  from t h a t  published, and it l e d  
t o  t h e  der iva t ion  and publ ica t ion  of  t h e  c r i t i c a l  energy 
f luence concept (Ref. 14)  of  shock i n i t i a t i o n  f o r  hetero- 
geneous explosives.  The equation which descr ibes  the  concept, 

i s  e a s i l y  derived from t h e  k i n e t i c  energy and Hugoniot equa- 
t i o n s .  I t  serves  well  t o  descr ibe shock i n i t i a t i o n  i n  most 
o f  t h e  generally-used explosives i n  t h e  range of  shock and 
detonat ion pressures  from about 0.3 t o  40 GPa. 

I n  t h e  equation, t i s  t h e  time width o f  t he  i n i t i a t i n g  
shock pulse ,  P i s  i t s  pressure ,  p i s  t h e  i n i t i a l  dens i ty  of  
t h e  explosive, and Us i s  t h e  shock v e l o c i t y  a t  t he  pressure  P. 

This  concept and the  equation provide the  explanat ion 
f o r  t h e  previously observed s e n s i t i v i t y  anomalies i n  t h e  ini- 
t i a t i o n  o f  a spec i f i c  explosive i n  var ious  s e n s i t i v i t y  t e s t s .  



C4-238 JOURNAL DE PHYSIQUE IV 

Addit ional ly,  it was shown (Ref. 15)  t o  provide a r a t i o n a l  
c o r r e l a t i o n  f o r  da ta  from t e n  d i f f e r e n t  sources and t e s t  
methods, over  nea r ly  seven orders  o f  magnitude i n  time and 
th ree  i n  pressure,  f o r  PBX-9404 and o the r  HMX-based 
explosives.  

The reason t h i s  q u i t e  simple r e l a t i onsh ip  was not  d i s -  
covered f o r  so many years appears t o  be a r e s u l t  of t he  h i s -  
t o r i c a l  development of explosives t heo r i e s  based on the  p i s ton  
concept. Thus pressure ,  not  energy f luence,  was considered 
t o  be t h e  determinant o f  i n i t i a t i o n .  The p i s ton  concept was 
both the  genius and the  demon of  t he  C - J  and ZND theo r i e s .  

Low-Pressure I n i t i a t i o n  o f  Nitromethane 

The i n i t i a t i o n  da ta  on nitromethane were meager i n  1968. 
I t  had been observed t h a t  about 8 GPa o f  shock pressure was 
required t o  i n i t i a t e  NM t o  detonation. Here again,  t h e  o ld  
concept was held of pressure being the  determinant o f  i n i t i -  
a t i o n ,  bu* it was found t h a t  the  detonat ion was observable 
i n  about one microsecond. 

I n  an e f f o r t  (Ref. 16)  t o  determine i f  t h e  c r i t i c a l  
energy hypothesis might a l s o  apply i n  some degree t o  i n i t i a -  
t i o n  i n  homogeneous systems, we used an  experimental design 
(shown i n  Fig. 2) t o  provide near ly  rec tangular  shock waves 
o f  about 5.0 t o  6.5 GPa t h a t  pe r s i s t ed  f o r  more than  20 
microseconds. According t o  t h e  thermal-equilibrium concept, 
t h e  time t o  i n i t i a t i o n  of  NM a t  a pressure of  6.0 GPa should 
be nea r  0.1 S (Ref. 6 ) ,  a s  seen i n  Fig. 3. What we observed 
most c l e a r l y  i n  both framing-camera and streak-camera records 
( s ee  f o r  example Fig. 3) was t h a t  i n i t i a t i o n  a t  6.0, 6.2 and 
6.5 GPa occurred i n  approximately 20, 16 and 10 microseconds, 
respec t ive ly .  This  i s  some 4 orders  of magnitude s h o r t e r  i n  
time (Fig. 3)  t han  predic ted  by t h e  thennal equilibrium 
theory.  

This very s h o r t  time t o  detonat ion w a s  no t  t he  only cur- 
i o u s  r e s u l t .  I t  was a l s o  evident t h a t  the  detonat ion had not  
s t a r t e d  a t  t h e  nitromethane face  first put under pressure and 
heated,  as t h e  o ld  theory required,  but it appeared a t  some 
p o s i t i o n  very near  the  shock f ron t .  The f i l m  records show 
c l e a r l y  t h a t  a re tona t ion  a l s o  proceeds from - t h e  i n i t i a l  
detonat ion s i t e  back toward t h e  face f irst  impacted. I n  
f a c t ,  i f  t he  detonat ion had s t a r t e d  a t  t h i s  face  first  put  
under compression, the streak-camera f i lm shows t h a t  i n i t i a -  
t i o n  a t  6.0 GPa would have occurred i n  an even s h o r t e r  time-- 
about 8 microsecgnds. 

The c r i t i c i s m  from t h e  explosives community was t h a t  
t h e r e  must have been some defec t  i n  t h e  f i v e  very  cons i s t en t  
experiments. However, a f t e r  more than  20 years ,  no defec t  
has  been found o r  reported.  
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Figure 2. Design of the experiments used to study the lower pressure shock initiation 
of nitromethane. 
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Figure 3. The calculated time to initiation as a function of 
shock pressure or shock temperature for a thermal equilib- 
rium process (curve 1) compared with the initiation data for 
nitromethane?' 
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Accelerat ion o f  t h e  Shock Front i n  Nitromethane with 
Non-Ini t ia t ing Shocks 

The r e s u l t s  from t h e  NM experiments j u s t  described 
brought i n t o  doubt t h e  c l a s s i c a l  model of  t h e  i n i t i a t i o n  of 
homogeneous explosives.  Strong evidence ex i s t ed  t h a t  some 
chemical r e a c t i o n  was s t a r t e d  a t  o r  very  near  t h e  shock f r o n t  
t h a t  grew rap id ly  c lose  behind t h e  f r o n t  i n t o  a detonat ion.  
Also, streak-camera records provided evidence t h a t  before t h e  
detonat ion appeared, t h e  shock f r o n t  was being acce lera ted  
some small  amount. 

To explore t h i s  p o s s i b i l i t y  f u r t h e r ,  we designed a s e r i e s  
o f  experiments (Ref. 16 )  i n  which t h e  v e l o c i t y  o f  non- in i t i -  
a t i n g  shock waves developed i n  ethylene g lyco l  could be meas- 
ured as t h e  shocks passed through tanks of  NM. Framing cam- 
e r a s  showed t h a t  t he  shocks were acce lera ted  above t h e  ex- 
pected hydrodynamic va lues  a s  they  passed through t h e  NM and 
t h a t  t h e  increased  r a t e  o f  acce l e ra t ion  was a d i r e c t  func t ion  
o f  t h e  shock pressure p r o f i l e .  Addit ional ly,  a computer- 
ca l cu la t ed  model of t he  experiment (Fig.  4) showed t h a t  the  
amount of  nitromethane decomposition energy (about 1 t o  %) 
requi red  t o  explain the  experimental da ta ,  when included i n  
t h e  ca l cu la t ions ,  gave a n  exce l l en t  reproduction of  the  
experimental r e s u l t s .  

This  i s  a key observat ion,  because it i n d i c a t e s  a l e v e l  
o f  r eac t ion  i n  o r  very  near  t he  shock f r o n t  t h a t  i s  g r e a t e r  
than a thermal-equilibrium process would produce. F ' r t h e r -  
more, it shows t h a t  t he  shock-front acce l e ra t ion  occurs with 
no subsequent explosion o r  detonat ion i n  t h e  NM t o  provide 
energy t o  t he  shock from 
behind it. More e x p l i c i t -  
l y ,  it says t h e  shock f r o n t  
i s  a very  narrow, non- I I I 1 
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Figure 4. A computer calculation of experi- 
ments used to study acceleration of a shock 
front in shocked nitromethane. 



I n i t i a t i o n  Pa t t e rns  Produced i n  Explosives by Low-Pressure 
Long-Duration Shock Waves 

Following the  previous experiment, it seemed important 
t o  i n v e s t i g a t e  t h e  shock f r o n t  and t h e  a rea  near  it more 
c l o s e l y  t o  s tudy any observable processes  t he re .  I n  t h r e e  
new experiments with low-pressure shocks (4.0 t o  6.0 GPa), 
we designed and f i r e d  long-duration (20 t o  40 microseconds) 
shocks. The reason f o r  working i n  t h e  lower shock-pressure 
regime i s  t h a t  t h e  i n i t i a t i o n  zone and time a r e  lengthened. 
Th i s  a l lows more d e t a i l e d  and e x p l i c i t  framing-camera records 
t o  be obtained. 

I n  t h e  f i r s t  experiment o f  t h i s  s e t  ( s ee  Fig. S ) ,  a 
s p h e r i c a l  shock wave produced i n  a l a r g e  tank o f  water  a s se s  
over  two d isks  of  LX-l0 ( a  plastic-bonded HMX explosiveP. 
The photo record obtained by the  framing camera shows t h a t  
t h e  number of  i n i t i a t i o n  s i t e s  i s  a d i r e c t  func t ion  o f  t h e  
shock pressure and t h a t  t h e  s i t e s  appear  q u i t e  randomly i n  
t ime and space. This  work w a s  corroborated i n  a s i m i l a r  
experiment by L. G. Green a t  t h e  Lawrence Llvermore Laboratory. 

I n  a f o l -  
lowing experi-  
ment, i n  which 
NM w a s  shocked 
j u s t  below an  
i n i t i a t i o n  l e v e l  
(Ref. l?), ran- 
dom c e n t e r s  o f  
r e a c t i o n  aga in  
appeared and 
coalesced behind 
t h e  shock f r o n t ,  
bu t  ahead of  t h e  
f a c e  f i rs t  put 
i n  c~mpress ion .  
I n  a l l  o f  t hese  
experiments, ab- 
s o l u t e l y  no evi-  
dence ex i s t ed  
f o r  a detona- 
t i o n  developing 
a t  t h e  sur face  
first impacted. 
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Although 
t h e  photos were 
so  p l a i n  t h a t  no 
a l t e r n a t e  expla- 
na t ions  were s e r -  
i o u s l y  proposed, Figure 5.  Design of experiment to observe effects of low- 
and al though a n  pressure shocks on LX-10. 
experiment 
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conducted independently corroborated the  r e s u l t s  i n  t h e  s o l i d  
explosives,  t he  da t a  were genera l ly  simply ignored because 
they  d id  not  f i t  t h e  h i s t o r i c  model. 

Forces and Temperature i n  t he  Shock Front 

Analysis o f  our  previously described experiments and 
o t h e r  ava i l ab l e  da ta  l e d  t o  t he  cons idera t ion  of  t h e  possi-  
b i l i t y  t h a t  mechanical f r a c t u r e  o f  some of t h e  covalent bonds 
d id  indeed occur i n  and near  t h e  shock f ron t .  Experiments 
had been (Ref. 18) and continued t o  be (Ref. 19) performed i n  
which mechanical bond s c i s s i o n  was proposed and supported by 
ana lys i s .  Calcu la t ion  (Ref. 2) of  t h e  probable acce l e ra t ion  
and shear  fo rces  i n  and nea r  a shock f r o n t  showed t h a t  mech- 
a n i c a l  fo rces  on atomic dimensions were l i k e l y  t o  be s t ronge r  
t han  t h e  covalent bonds ( i . e . ,  C-N, N-0, C-C) i n  organic  ex- 
p los ives .  I t  seemed probable t h a t  a t  f r e e  sur faces  of  t he  
explosive c r y s t a l s ,  o r  i n  voids o r  a t  c r y s t a l  and l a t t i c e  
d e f e c t s ,  mechanical bond f r a c t u r e  could occur t h a t  would 
produce f r e e  r a d i c a l s  and atoms, very  energe t ic  i ons ,  and 
exc i ted  molecules and molecular fragments t h a t  could r e a c t  
very  quickly ( i n  ps t o  t ens  of  f s ) ,  and e s s e n t i a l l y  i n  p lace ,  
t o  produce the  chemical energy t h a t  would acce l e ra t e  t h e  
shock f r o n t  o r  detonat ion f r o n t  and maintain it. 

Another f a c e t  of  t h i s  s tudy of  t h e  shock forces  i n  and 
nea r  t h e  f r o n t  i s  t h a t  t h e  microscopic l a t t i c e  can be d i s t o r -  
t e d ,  and the  atoms r i g h t  i n  t he  f r o n t  must be acce lera ted  f o r  
a t  l e a s t  some small d i s tance  (about 1 t o  4 angstroms) up t o  
t h e  ve loc i ty  o f  the  shock o r  detonat ion wave by the  momentum 
from t h e  atoms immediately behind them. A s  t h e  shock f r o n t  
is ,  i n  r e a l i t y ,  t h e  motion of  these  atoms i n  t h e  f r o n t ,  they  
a r e  acce lera ted  from some random thermal motion t o  t h e  velo- 
c i t y  and with t h e  more nea r ly  un iax ia l  motion of  t he  shock. 
The magnitude o f  t he  average acce l e ra t ion  can be ca lcu la ted  
e a s i l y  from 

v a = %  . (2)  
The fo rce ,  f = ma, providing t h i s  acce l e ra t ion  can exceed t h e  
covalent  bond s t r eng th  (Ref. 2 ) ,  so t h a t  t he  explosive mater- 
i a l  ( o r  o t h e r  organics)  would be fragmented a t  open f aces ,  
vo ids ,  and some defec ts .  This  has been corroborated i n  many 
molecular dynamics (MD) ca l cu la t ions ,  with i nd ica t ions  t h a t  
a t  very  high shock pressures ,  s c i s s i o n  can occur  wi th in  t h e  
l a t t i c e  and wi th in  enclosed molecules. 

One o t h e r  s ign i f i can t  f a c t  t h a t  must be considered i n  f h i s  
context  i s  t h a t  a t  the  f r o n t ,  t h e  major motion of  t h e  atoms 
i s  d i r ec t ed  i n  one dimension, a long the  a x i s  o f  t he  shock, 
so t h a t  temperature,  normally considered a s  random gaussian 
motion o f  t he  atoms, i s  not  a v i ab le  concept wi th in  t h e  shock 
f r o n t  (Ref. 20) .  A t  some d is tance  behind t h e  f r o n t  where 
thermal equilibrium i s  aga in  approached ( t e n s  o f  ps  t o  n s )  
a temperature may be measured. Great e f f o r t s  t o  measure 
temperature i n  t h e  f r o n t  have been disappoint ing.  Estimates 



o f  t h e  "one-dimensional" temperatures i n  var ious  detonat ing 
explosives,  based on t h e  one-dimensional v e l o c i t i e s  a long t h e  
shock a x i s ,  have ranged from 10,000 t o  30,000 K (Ref. 20) .  

Free Radical I n i t i a t i o n  of  Gases 

P. Urtiew, E. Lee and I conducted some experiments t o  
s tudy  t h e  hypothesis t h a t  concentrat ions of f r e e  r a d i c a l s  
could lead  t o  detonation. I n  a system of s i l a n e  and t e t r a -  
fluorohydrazine , i n  which r a d i c a l s  formed r ap id ly  upon mixing 
o f  t h e  two gases,  we mixed a scavenger, cis-2-butene, i n  t h e  
s i l a n e  i n  s u f f i c i e n t  concentrat ion t o  keep t h e  r eac t ion  under 
con t ro l  u n t i l  t h e  two gases  were well  mixed. Otherwise, r e -  
a c t i o n  would have occurred immediately on contac t  a t  t h e  gas- 
gas i n t e r f a c e .  We thus  demonstrated (Ref. 21) t h a t  t h e  well-  
mixed gases  would detonate  once t h e  f ree- rad ica l  scavenger 
had been consumed. 

This  demonstration o f  t h e  production o f  a detonat ion 
from a high concentrat ion o f  f r e e  r a d i c a l s  without a n  impact- 
i n  shock was supported i n  experiments by J. Lee e t  a l .  (Ref. 
227 on xenon-irradiated mixtures o f  hydrogen and ch lor ine ,  
hydrogen and oxygen, and acetylene and oxygen. The c l a s s i c a l  
theory provides no explanat ion f o r  t hese  phenomena. 

I n  another  s e r i e s  o f  experiments (Ref. 4), seve ra l  chem- 
i c a l s  known t o  be a b l e  t o  supply o r  capture f r e e  r a d i c a l s  were 
added t o  TNT a t  the  5 weight percent  l e v e l .  The impact sens i -  
t i v i t y  of  t he  TNT i n  a drop hammer Etudy was changed dramat- 
i c a l l y  by these  add i t i ves .  This  work was continued by i m -  
pac t ing  samples of  TNT and t h e  add i t i ves  with f l y i n g  p l a t e s  
i n  an  a i r  gun. The r e s u l t s  were cons i s t en t  with the  drop- 
hammer r e s u l t s .  

I n e r t  s o l i d s  and l i q u i d s ,  very  hard and gra iny  ma te r i a l s ,  
and some very  s e n s i t i v e  explosives were added t o  the  TNT i n  
separa te  con t ro l  s tud ie s .  However, t h e  changes i n  s e n s i t i v i t y  
made by the  f r ee - r ad ica l  donors and g e t t e r s  were much g r e a t e r  
than  with any of  t h e  con t ro l  add i t i ves .  

I n i t i a t i o n  and Detonation of  Nitromethane wi th  Diethylene 
Triamine (DETA) Added 

Although amines were known t o  s e n s i t i z e  NM to  shock i n i -  
t i a t i o n ,  no t  much q u a n t i t a t i v e  da t a  r e l a t i n g  t o  t h i s  observa- 
t i o n  exis ted.  Therefore,  Wasley and I conducted a s e r i e s  o f  
experiments (Ref. 23) us ing  t h e  same geometry shown i n  Fig.2, 
b u t  now s m a l l  amounts (0.01 t o  5.0 W%) of DETA were added t o  
t h e  nitromethane ju s t  before the  experiments were f i r e d .  The 
decrease i n  time t o  i n i t i a t i o n  a s  a funct ion o f  DETA concen- 
t r a t i o n  is  shown i n  Table 2. and Fig. 6a. 

Table 2 and Fig. 6b a l s o  show t h a t  t h e  detonat ion velo- 
c i t y  o f  t h e  nitromethane changed as a func t ion  o f  DETA concen- 
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Table 2 .  Results of initiation experi- 
ments in which DETA is added 
to nitromethme. 

DETA Time to Detonation 
Cone. (Y) dtt. @S) velocity (mmlps) 

0.0 (control) 18 2 2 6.40' 
0.0 ((rontrol) sb 6.34' 
0.01 0 .4~ 6.45' 
0.02 7.ab 6.4V 
0.005 73b 6.76' 
0.05 6.ab 6.W 
095 6.F &45' 
0.10 5.1b 6.Sf 
1.0 2.0 2 0.5 6.41. 
5.0 0.5 2 0.3 6 2 1  

' 10.07. 
' *l. 

t r a t i o n .  This was another  
s p e c i f i c  v i o l a t i o n  o f  t h e  
C - J ,  ZND, and o the r  c l a s s i -  

6.2 
c a l  concepts. Changes i n  
r e a c t i o n  k i n e t i c s  were no t  
supposed t o  a f f e c t  detona- L, t i o n  v e l o c i t i e s .  Further ,  6.1 

0 0.01 0.10 1 D 10.0 
wi th  t h e  use of  a n  equat ion 
derived by Skidmore and DETA (%) 

Hart  (Ref. 24) t h a t  re -  Figure 6.  (a) Time to initiation of nitre 
l a t e s  changes i n  detona- methane at 6.0 GPa a function of DETA con- 
t i o n  v e l o c i t i e s  t o  over- centration; (b) Detonation velocity of nitro- 
d r i v i n g  detonat ion press-  methane as a function of DETA concentration. 
u r e s ,  t he  " C - J  pressure" 
o f  t h e  new nitromethane 
r e a c t i o n  with 0.05% of  DETA added would appear t o  be near  1 9  
GPa. This would r equ i r e  a  dramatic change i n  r eac t ion  r a t e .  
A t  a  l e v e l  of  0.05% DETA, t h e  measured detonat ion v e l o c i t y  
i n  t h r e e  sepa ra t e  experiments was about 6.72 km/s, compared 
t o  t h e  normal value o f  6.32. This  would seem t o  r equ i r e  
t h a t  f r ee - r ad ica l  mechanisms enhanced by t h e  DETA be involved 
t o  g ive  t h e  r e s u l t s  shown i n  Table 2 and Fig. 6b. The dashed 
l i n e  i n  Fig. 6b shows t h e  detonat ion v e l o c i t y  t h a t  was calcu- 
l a t e d  with the  TIGER code (Ref. 25) .  us ing  a  s e l ec t ed  EOS and 
t h e  thermodynamic p r i n c i p l e s  from t h e  o l d  model. 

Several  o t h e r  i n t e r e s t i n g  r e s u l t s  were observed i n  t h i s  
s e r i e s  of  t e n  h ighly  t echn ica l  and c o s t l y  experiments. A s  i n  
t h e  e a r l i e r  work wi th  n e a t  NM, t h e  o r i g i n  o f  the  detonat ion 
is a t  o r  very  near  the  shock f r o n t  i n  t h e  experiments with 
0.1% o r  l e s s  o f  added DETA. The r e tona t ion  from t h e  zone 
where the  detonat ion o r ig ina t ed  i s  c l e a r l y  evident.  The red- 
brown c o l o r  (probably from ni t rogen  d ioxide) ,  a l s o  seen  by 
Cook (Ref. 25) i n  h i s  NM i n i t i a t i o n  s t u d i e s ,  i s  shown i n  t h e  



framing-camera records  t o  sweep Sackwards toward t h e  f ace  
first impacted, i n  consanance with t h e  re tona t ion .  I n  t hese  
experiments with t h e  lower concentrat ions of  DETA, some ini- 
t i a t i o n  s i t e s  appeared a t  separated po in t s  a t  the  shock f r o n t  
and coalesced i n t o  the  detonat ion f r o n t ,  a s  seen i n  o u r  ear -  
l i e r  experiments wi th  low pressure shocks. 

When t h e  DETA concentrat ions were 1% and 546, t he  deto- 
na t ion  developed i n  about 2 and 0.5 microseconds, respec t ive ly .  
This  i s  s i m i l a r  t o  t h e  time t o  detonat ion i n  NM with no addi- 
t i v e s  with shock pressures  of about 7.5 t o  9.0 GPa, compared 
t o  t h e  6.0 GPa i n  these  experiments. An i n t e r e s t i n g  phenom- 
enon seen i n  t h e  framing-camera photos of  t hese  two f i r i n g s  
was t h a t  t he  i n i t i a t i o n  occurred i n  hundreds of  small cen te r s  
of  r eac t ion ,  which quick ly  coalesced i n t o  t h e  detonat ion 
f r o n t .  The small  cen te r s  appeared first t o  be d i s t r i b u t e d  
q u i t e  randomly i n  t ime and space. The p a t t e r n  was f i n e r  a t  
t h e  h igher  concentrat ion.  Th i s  i s  remiscent o f  t h e  r e s u l t s  
seen  previously i n  t h e  i n i t i a t i o n  s t u d i e s  o f  heterogeneous 
explosives ( ~ e f .  l ? ) ,  except t h a t  here  t he  number of r e a c t i o n  
s i t e s  i s  a func t ion  of  increased  DETA concentrat ion r a t h e r  
than  increased pressure.  However, both increased DETA con- 
c e n t r a t i o n  and increased pressure lower t h e  time t o  detonat ion.  

Here i s  another  observat ion o f  considerable  i n t e r e s t .  
Now t h a t  t h e  detonat ion occurs  i n  about 1 microsecond, a s  i n  
t h e  e a r l i e r  work (Ref. 6 )  a t  8.0  GPa, t h e  detonat ion appears 
i n  t he  streak-camera photos t o  o r i g i n a t e  a t  t h e  nitromethane 
f a c e  first impacted. However, i t  can be seen e a s i l y  i n  t h e  
framinp-camera photos t h a t  t h e  detonat ion is a c t u a l l y  forming 
i n  t h e  narrow band where t h e  r eac t ion  s i t e s  a r e  coalescing.  
Thus, i n  t h e  o l d  s t r e a k  records (Ref. 6 ) ,  t h e  detonat ion would 
have appeared t o  come from t h e  container-NM i n t e r f a c e .  I n  
f a c t ,  i n  some o f  those  e a r l y  records,  t h e  r e a c t i o n  l i g h t  
seems t o  reach r a t h e r  tenuously toward the  i n t e r f a c e .  This 
same phenomenon would have made it d i f f i c u l t  f o r  Hardesty 
(Ref. 2 6 )  t o  observe the  exac t  pos i t i on  o f  t h e  detonat ion 
f r o n t  i n  h i s  i n i t i a t i o n  s tudy.  Recent experiments (Ref. 2 5 )  
on t h e  i n i t i a t i o n  o f  l i q u i d  n i t r i c  oxide support the  con- 
t e n t i o n  t h a t  t h e  detonat ion i s  formed i n  a narrow zone where 
t h e  r eac t ion  s i t e s  a r e  coalescing and not  a t  t h e  container-  
explosive i n t e r f a c e .  

The BTNEA Experiment 

A homo eneous i d e a l  explosive, b i s - t r i n i t r o e t h y l  ad i -  
p a t e  (BTNEAY w a s  synthesized with t h e  i s o t o p i c  l a b e l s  (carbon 
t h i r t e e n  and oxygen eighteen)  introduced i n t o  t h e  pos i t i ons  
ind ica t ed  i n  Fig. 7 .  This explosive w a s  chosen f o r  t h i s  ex- 
perinient, because it appeared t h a t  t h e  CO and carbon dioxide 
molecules expected a s  detonat ion products were a l r eady  formed, 
and the  i s o t o p i c  l a b e l s  would be found i n  t h e  CO and carbon 
dioxide products.  
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Figure 7. The s t r u c t u r e  o f  b i s - t r in ic , i roe thyl  ad ipa te .  The 
a s t e r i s k s  i n d i c a t e  carbon atoms o f  i so tope  13 and 
oxygen atoms o f  i so tope  18. 

The explosive was detonated i n  a bomb calor imeter  i n  
which t h e  products were co l lec ted  and then analyzed f o r  the  
i s o t o p i c  r a t i o s -  ( ~ e f .  27). The experimental r e s u l t s  show - 
t h a t  t h e  r a t i o s  of  c12/c13 and 0 16)018 a r e  e s s e n t i a l l y  the  
same f o r  a l l  of t he  products containing C and/or 0 ,  and they  
a r e  near ly  equal t o  t he  i so top ic  r a t i o s  i n  t h e  o r i g i n a l  
BTNEA sample. The ana ly t i ca l  values of  t he  r a t i o s  were s a i d  
t o  be well  wi th in  t h e  experimental p rec is ion  of t he  determin- 
a t i o n .  The conclusion t h a t  i s  obvious i s  t h a t  almost every 
covalent  bond was broken, t he  atoms were scrambled, and they  
were randomly combined i n t o  the  detonation products. Quoting 
from the  paper, "We must conclude t h a t ,  i n  t he  case of t he  
homogeneous i d e a l  explosive, a l l  of the bonds of t he  o r i g i n a l  
explosive molecules a r e ,  i n  e f f e c t ,  broken during the detona- 
t i o n  process.  These molecular fragments then must recombine 
i n  a s t a t i s t i c a l l y  random fashion p r i o r  t o  t h e  k i n e t i c  " f reeze  
out"  of  products during t h e  ad i aba t i c  expansion. Cer ta in ly ,  
d i f fus ion  on a molecular l e v e l  cannot be an  important r a t e -  
con t ro l l i ng  process.  " 

Is  Detonation Veloci ty Determined by Thermodynamics o r  
Atomic Vibrat ional  Veloc i t ies?  

From the  e a r l y  days of  t h e  study o f  explosives,  deto- 
na t ion  v e l o c i t i e s  have been known t o  be r e l a t i v e l y  constant  
f o r  a given explosive. I n  t he  ZND and o the r  hydrodynamic 
models, the  major ve loc i ty  determinant i s  considered t o  be 
the  thermodynamic content of  t he  explosive, which provides a 
d e f i n i t i v e  pressure during the  detonation. Reaction k ine t -  
i c s  a r e  considered t o  be i r r e l e v a n t  t o  t h e  process.  

The NM-DETA experiments previously discussed i n d i c a t e  
t h a t  k i n e t i c s  may a f f e c t  detonat ion v e l o c i t i e s .  However, a s  
seen i n  the  DETA work ( ~ e f .  23) ,  even with an  almost 50% 
increase  i n  detonat ion pressure,  t h e  detonation v e l o c i t y  of 
NM increased only about 6%. I t  appears obvious t h a t  t he re  i s  
some l a rge  energy l o s s  o r  some r e s t r a in ing  f ac to r .  Is the re  
some process t h a t  cont ro ls  t he  detonat ion 's  reac t ion  r a t e  i n  
a chemical o r  physical  sense t h a t  w a s  no t  previously con- 
s idered?  

Many recent  quantum-mechanical and o the r  ( ~ e f .  2 5 )  
k i n e t i c s  s tud ie s  have supported t h e  content ion t h a t  t he  
shocked system i s  not  i n  thermal ewuilibrium, p r inc ipa l ly  



because the  ca lcu la t ions  show t h a t  the  acous t ic  energy from 
shock waves i s  t r ans fe r r ed  too slowly t o  a thermally e q u i l i -  
b ra ted  s t a t e  of t h e  intrarnolecular vibrons. These r e s u l t s  
support t h e  concept of  t he  nonequilibrium na ture  o f  t h e  shock- 
f r o n t  processes ( ~ e f .  4), but they do not  he lp  much t o  explain 
what i s  occurring a t  o r  very near  t h e  shock f r o n t  t o  cause it 
t o  acce l e ra t e ,  what causes t h e  r eac t ion  pa t t e rns  seen, and 
what causes the appearance of  the  detonat ion a t  o r  very near  
t h e  f r o n t ;  nor  does it t e l l  u s  why detonat ion v e l o c i t i e s  
should have the  values they  do o r  why they should be r e l a t i v -  
e l y  constant .  These ques t ions  w i l l  be addressed below. 

The 'scale of km/s i n  which shock o r  detonat ion ve loc i -  
-13 t i e s  a r e  u sua l ly  given i s  the  same s c a l e  a s  angstroms p e r  s . 

The s igni f icance  of t h i s  observation is t h a t  during shock 
i n i t i a t i o n  o r  detonation, t he  f ron t  i s  moving across  a  cova- 
l e n t  bond of  an  explosive i n  a period on t h e  order  of t h e  
v i b r a t i o n a l  frequency. When one ca l cu la t e s  t h e  r e l a t i v e  
v e l o c i t y  o f  t h e  v ib ra t ing  atoms i n  a  C , H , O , N  system by t h r e e  
d i f f e r e n t  methods (Ref. 25) ,  these  v e l o c i t i e s  a r e  found t o  
f a l l  i n  t h e  same magnitude a s  the  shock and detonat ion velo- 
c i t i e s .  Could t h i s  be t h e  key t o  t he  v e l o c i t y  r e s t r a i n t  and 
t h e  s t a b i l i z a t i o n  o f  detonat ion v e l o c i t i e s ?  

I n  MD ca lcu la t ions  of  covalent systems (see  Ref. 25 f o r  
the  references t o  s tud ie s  reported i n  t h i s  paragraph) r e l a t e d  
t o  organic explosives,  John Hardy, Arnold Karo and I found 
a shock f r o n t  t o  be q u i t e  narrow (about 10 t o  100 angstroms). 
This  same r e s u l t  was obtained i n  MD ca l cu la t ions  by Dremin 
(Ref. 20) and Holian; i n  MD ca l cu la t ions  of detonating sys- 
tems by Peyrard e t  a l . ,  Lambrakos e t  a l . ,  and E l e r t  e t  a l . ;  
i n  quantum mechanical ( W )  ca l cu la t ions  by Coffey and Toton, 
Dancz and Rice, Z e r i l l i  and o thers ;  i n  l i g h t - r e f l e c t i o n  ex- 
periments i n  NM and water by Harr i s  and P res l e s ,  and Kormer, 
Campillo e t  a l . ,  and o thers .  If t h i s  i s  so,  then  the  shock 
f r o n t  energy i s  held i n  a very  narrow band, and the  energy- 
o r  momentum-transfer r a t e  i s  enormous, as was ca lcu la ted  by 
u s  previously (Ref. 5 ) .  This suggests t h a t  the  acce l e ra t ion  
and shear  forces  i n  the  shock f r o n t  a r e  of t he  magnitude 
previously ca lcu la ted  (Ref. 2 ) ,  which a r e  of  t h e  order  t o  
mechanically s c i s s i o n  covalent  bonds, p a r t i c u l a r l y  a t  voids,  
sur faces ,  c r y s t a l  defec ts ,  e t c .  

If the  Hugoniot curves o f  a  number of organic ma te r i a l s  a r e  
compared f o r  t h e  pressure range of  0.2 t o  30 GPa, the  shock 
v e l o c i t i e s  a l l  f a l l  q u i t e  c lo se ,  running from about 3 t o  9 
km/s. The unreact ive Hugoniots (no chemical energy re leased)  
o f  t h e  organic explosives a r e  very nea r ly  t h e  same. Now, i f  
t h e  detonat ion pressures  and v e l o c i t i e s  of  most of  t h e  com- 
mon explosives a r e  p l o t t e d  on the  same graph with these  o the r  
va lues ,  they  fa l l  very  near  t h i s  shock ve loc i ty  curve o f  t h e  
i n e r t  o r  unreacted mater ia l s  ( ~ e f .  3 and Fig. 8 ) .  
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If a small allowance (about 10%) i s  made f o r  t he  addi- 
t i o n  t o  t he  shock v e l o c i t i e s  due t o  the much higher  tempera- 
t u r e s  i n  t he  detonat ing explosives,  a l l  o f  t h e  D values of 
these  15 commonly-used and s tudied explosives a r e  enclosed 
i n  t h i s  small space between the  Hugoniot shown f o r  t h e  i n e r t  
ma te r i a l s ,  o r  t h e  unreacted curve f o r  t r iaminotr ini t robanzene 
(TATB), and t h e  10% increase  l i n e .  This means t h a t  t h e  ex- 
tremely rap id  r e l ea se  o f  t h e  g rea t  q u a n t i t i e s  o f  chemical 
energy i n  t h e  detonat ing explosives has only a r e l a t i v e l y  
small  e f f e c t  on t h e  shock o r  detonation ve loc i ty  ( D ) .  The 
p i s ton  formalism denies t h e  importance o f  and excludes 
k i n e t i c s  from considerat ion.  However, s ince  the  D s  a r e  i n -  
deed r e l a t i v e l y  constant  f o r  a s p e c i f i c  mater ia l ,  a physical  
o r  chemical explanation i s  required. 

Remembering t h a t  
shock f r o n t s  c ross  the  in -  
teratomic bonds o f  organic 
ma te r i a l s  i n  times of t h e  
same order  a s  t h e  v ibra-  
t i o n  periods ( ~ e f .  28) ,  I 
attempted t o  ca l cu la t e  t h e  
r e l a t i v e  v ib ra t iona l  velo- 
c i t i e s  of  t he  atoms of  
these  bonds using th ree  
d i s t i n c t  methods: (1) 
i n f r a r e d  and x-ray c r y s t a l -  
10 raphic da ta  (Ref. e 8 ) ,  
( 2 7  MD ca lcu la t ions  (Ref. 
25) ,  and ( 3 )  the  Hulburt- 
Hirschfelder  equations 
( ~ e f .  25) .  I t  was seen 
t h a t  t he  detonat ion velo- 
c i t i e s  f o r  a l l  o f  t he  or- 
ganic explosives l i e  i n  
t h e  band of v ib ra t ion  
v e l o c i t i e s  c h a r a c t e r i s t i c  
o f  t he  C , H , O , N  atom p a i r s  
(Ref. 28) .  Addit ional ly,  
we found t h a t  t he  r e l a -  
t i v e  v ib ra t iona l  ve loc i -  
t i e s  r i s e  slowly t o  mod- 
e r a t e  maxima even a t  ex- 
tremely high temperatures.  

30 TATB 

- Q 20 1 Hu(loniOtA, Bariu:]: ;rdriven 1 
Baratoi p TNM 

10 ' 10% increase in 
TATB  vibrational velocity 

(unreacted-b tor increased T 
5 ugoniot) Averaged Hugonlot 

C. H, 0, and N (inert) 

Figure 8. Comparison of Hugoniot curves for 
organic materials with the detonation velocities 
of common explosives. 

A r a t h e r  simple physical  explanation e x i s t s ,  then,  f o r  a 
near  constancy of  detonat ion v e l o c i t i e s .  The v ib ra t iona l  
motion t h a t  c a r r i e s  t he  p r inc ipa l  band-scission a c t i v a t i n g  
energy can proceed through t h e  detonat ing explosive, even a t  
ve ry  high temperatures,  only a t  o r  near  t he  r e l a t i v e  v ibra-  
ti0rBl v e l o c i t i e s .  That i s  why g r e a t l y  increased l e v e l s  of 
shock pressure and high temperatures add l i t t l e  t o  detonat ion 
v e l o c i t i e s .  



Thus, a s  shown i n  Ref. 23, k i n e t i c s  i s  important and 
can change detonat ion v e l o c i t i e s ,  but  a  l a r g e  increase  i n  
r e a c t i o n  r a t e  ( o r  energy r e l ease  r a t e )  and high add i t i ona l  
pressure (Ref. 24) make only a  small increase  i n  t h e  D. This  
does not  mean t h a t  thermodynamic energy content does no t  i n -  
f luence  detonat ion v e l o c i t i e s  o r  explosive power output .  I t  
does mean, however, t h a t  it i s  not  the  thermodynamic energy 
content  t h a t  r e s t r a i n s  t h e  v e l o c i t i e s  t o  a  range of about 
5 t o  9 km/s. 

Another observat ion (Ref. 29) on detonat ion t h a t  adds 
concern about a  purely thermodynamic cons t r a in t  i s  t h a t  D s  
measured along d i f f e r e n t  c r y s t a l  axes i n  s i n g l e  c r y s t a l s  of  
RDX and FETN have d i f f e r e n t  va lues .  This  can be explained 
i n  t he  new theory a s  a . r e s u l t  of d i f f e r e n t  k i n e t i c s  due t o  
d i f f e r e n t  f r e e  r a d i c a l s  and molecular fragments and i o n  
spec ies  formed by t h e  mechanical forces  on t h e  d i f f e r e n t  
molecular o r i en t a t ions  i n  t h e  c r y s t a l  l a t t i c e s .  

SIGN1 FI CANT MOLECULAR DYNAMICS CALCULATIONS 
Two-Dimensional Calculat ions o f  t h e  Ef fec t s  of  L a t t i c e  Defects 

The macroscopic e f f e c t s  of  t h e  increase  i n  s e n s i t i v i t y  
t o  shock i n i t i a t i o n  caused by c r y s t a l  de fec t s  such a s  voids 
o r  cracks o r  very  i r r e g u l a r  c r y s t a l  s t r u c t u r e  o r  t he  inc lu-  
s i o n  of  heavy p a r t i c l e s  i n  a n  explosive had been experiment- 
a l l y  observed. However, no ca l cu la t ions  on t h e  atomic s c a l e  
had been found t h a t  simulated these  condit ions.  Therefore,  
we completed a  s e r i e s  o f  two-dimensional (2D) MD ca l cu la t ions  
t o  s tudy these  condit ions.  I n  every case,  t h e  defec t  s tud ied  
showed a s u b s t a n t i a l  increase  i n  t h e  number o f  bond s c i s s i o n s  
and Energy concentrat ions a t  t he  s i t e s  of t he  defec ts  (Ref. 
25) 

We next  introduced a  mathematical concept by which a n  
amount of  energy equal t o  approximately the  hea t  of detona- 
t i o n  p e r  bond was added t o  t h e  ca l cu la t ion  along a  r e a c t i o n  
coordinate  where bond s c i s s i o n  had occurred. The idea  con- 
s ide red  was t h a t  t h e  r a d i c a l s  formed from t h e  endothermic bond 

f r a c t u r e  would r e a c t  i n  about 10-13s, thereby adding exother- 
mic r eac t ion  energy t o  t he  system not  f a r  from where t h e  s c i s -  
s i o n  occurred, when the  r a d i c a l s  reac ted .  We made a  number 
o f  ca l cu la t ions  i n  d i f f e r en t  geometries and a t  d i f f e r e n t  i n i t -  
i a l  temperatures using t h i s  " reac t ive"  po ten t i a l .  The e f f e c t  
was dramatic (Ref. 3 ) .  This  study i l luminated  another  factor--  
t h e  time s c a l e s  involved i n  t h e  d i f f e r e n t  i n i t i a t i o n  models 
t h a t  had been proposed. The mechanical bond s c i s s i o n  could 
l e a d  t o  exothermic r eac t ion  a t  times on the  o rde r  of 

1 0-I3s, and t h i s  could, t he re fo re ,  in f luence  t h e  shock velo- 
c i t y  by providing s i g n i f i c a n t  r eac t ion  energy a t  o r  very  near  
t h e  shock f r o n t .  On the  o t h e r  hand, t h e  equilibrium thermal 
processes  proposed (gas compression, f r i c t i o n  heat ing,  e t c . )  
a l l  r equ i r e  much longer  t imes (on t h e  ,order of  nanoseconds 
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t o  microseconds) t o  provide s i g n i f i c a n t  exothermic response. 
The shock f r o n t  i n  these  cases  would be f a r  downstream by 
such times. 

The shock energy i n  both t h e  l - D  and 2-D ca l cu la t ions  
d id  not  couple wel l  with t h e  thermal o r  v i b r a t i o n a l  energy 
i n  t h e  l a t t i c e s .  This  supported t h e  conclusion s t a t e d  ear- 
l i e r  t h a t  " the  energy i n  t he  shock f r o n t  i s  h ighly  nonergodic 
and t h a t  thermal equilibrium, p a r t i c u l a r l y  between the  t r ans -  
l a t i o n a l  and v i b r a t i o n a l  energy modes, does not  e x i s t  i n  t h e  
f r o n t  . " 

We completed severa l  s e r i e s  of 2-D and some 3-D MD c a l -  
c u l a t i o n s  t o  explore t h e  f a c t o r s  involved i n  shock r i s e  t imes 
and the  assoc ia ted  shock-front widths,  I n  both the  2-D and 
3-D s tud ie s ,  t he  shock energy s tayed loca l i zed  i n  some small 
number o f  l a y e r s  ( 4  t o  15)  of  atoms. I n  ca l cu la t ions  wi th  
t h e  i n i t i a l  v i b r a t i o n a l  motion of t h e  l a t t i c e  atoms simula- 
t i n g  condit ions near  t h e  melting poin t  o r  cold (with no 
i n i t i a l  thermal motion),  t h e  n e t  r e s u l t s  a s  t o  the  shock- 
f r o n t  widths and thus  t h e  r i s e  t imes were s i m i l a r  (Ref. 25).  

If one considers  t he  case i n  which the  shock f r o n t  s t a y s  
coherent i n  12 l a y e r s  of atoms (about 24 angstroms) and a n  
i n i t i a t i n g  shock was proceeding i n t o  the mater ia l  a t  4  angs- 
troms i n  10-13s (4  km/s) t h e  microscopic r i s e  time would be 
6 X 10-13s. I n  t h e  case  of  a detonat ion f r o n t  moving a t  8 
angstroms i n  10-I3s, t h e  microscopic r i s e  time is  3 X 10-13s. 
Allowing f o r  some l a t t i c e  i r r e g u l a r i t i e s  and s l i g h t l y  i n -  
creased intermolecular  d i s tances  i n  r e a l  systems, r i s e  times 
could be neac picoseconds, and the  shock width would be 
c l o s e  t o  t he  span o f  15 water  molecules, a s  proposed by 
Harris and P res l e s  (Ref. 30 ) .  

Calcu la t ions  of  Shock-Induced Chemistry 

A new f i e l d  t h a t  combines physics and chemistry has come 
i n t o  prominence i n  t h e  p a s t  decade. This  research and de- 
velopment involves the  synthes is  and f a b r i c a t i o n  o f  new com- 
pounds, a l l o y s ,  and o the r  ma te r i a l s  through shock-induced 
chemical and physical  reac*ion ( ~ e f .  25 ) .  The chemistry and 
physics  i n  t hese  processes a r e  d i r e c t l y  r e l a t e d  to  t he  shock- 
induced r eac t ion  proposed i n  t h e  new theory.  

To add more real ism t o  the  MD ca l cu la t ions ,  we made two 
diatomic s tud ie s  i n  which n i t r i c  oxide and s u l f u r  n i t r i d e  
l a t t i c e s  were simulated: i n  the  first case we ca lcu la ted  t h e  
e f f e c t  o f  t he  impact of  a n  aluminum p l a t e  on a  model face- 
centered-cubic n i t r i c  oxide l a t t i c e  containing a void;  and i n  
t h e  second case ,  a s i m i l a r  geometry was used i n  which t h e  
aluminum p l a t e  impacted a  model face-centered-cubic s u l f u r  
n i t r i d e  l a t t i c e .  The ca l cu la t ions  were made i n  each case  wi th  
t h e  i n i t i a l  random motion o f  t he  atoms representa t ive  o f  room 



temperature  and a g a i n  when t h e  systems were "co ld , "  w i t h  no 
i n i t i a l  thermal motion. 

These f o u r  s e t s  o f  c a l c u l a t i o n s  were compared wi th  t h o s e  
o f  a n  e a r l i e r ,  more g e n e r a l ,  cova len t  system. The same qua l -  
i t a t i v e  r e s u l t s  were ob ta ined  o f  bond s c i s s i o n ,  wi th  atoms 
and molecular  fragments f l y i n g  acCoss t h e  void  t o  impact t h e  
o p p o s i t e  w a l l s  and cause f u r t h e r  s c i s s i o n .  When t h e  r e a c t i v e  
p o t e n t i a l  was used i n  a s i m i l a r  geometry i n  a more g e n e r a l  
l a t t i c e ,  t h e  i n i t i a l  " s p a l l "  from t h e  i n n e r  s u r f a c e  of t h e  
v o i d  and t h e  impact on t h e  oppos i t e  vo id  face  l e d  t o  a c t i v -  
i t y  o f  t h e  atoms t h a t  was v e r y  sugges t ive  o f  h o t  s p o t  forma- 
t i o n  through f r e e - r a d i c a l  chemist ry .  These motions and s i m -  
u l a t e d  r e a c t i o n s  a r e  a l l  nonergodic,  nonequil ibrium processes .  

SUMMARY OF MORE RECENT SUPPORTIVE EVIDENCE 

Sharma e t  a l .  r epor ted  ( ~ e f .  31) s t u d i e s  o f  i n i t i a t i o n  
s i t e s  found i n  TATB shocked t o  n e a r - i n i t i a t i o n  l e v e l s .  They 
found t h e  s i t e s ,  by scanning e l e c t r o n  microscopy (SHVI), t o  be 
t i n y  h o l e s  on t h e  s u r f a c e s  and edges o f  t h e  exp los ive  g r a i n s .  
They showed, by x-ray pho toe lec t ron  spectroscopy (XPS), t h a t  
d e p o s i t s  o f  acetone-soluble  r e a c t i o n  products  i n  t h e  h o l e s  
were furoxan and fu razan  d e r i v a t i v e s  o f  TATB. T h e i r  a n a l y s i s  
suggested t h a t  t h e  furoxan product could  r e a c t  w i t h  a d j a c e n t  
TATB molecules i n  a n  exothermic cha in  r e a c t i o n  t o  g i v e  a w a t e r  
molecule and a new furoxan. Thus t h e  shock=formed furoxan 
cou ld  immediately ( i . e . ,  i n  1 0 - l ~  t o  10-I2s)  provide r e a c t i o n  
energy v e r y  n e a r  t h e  shock f r o n t .  Sharma suggested t h a t  t h i s  
r e a c t i o n  could be involved i n  t h e  i n i t i a t i o n  o f  TNT a s  w e l l .  

Tanaka e t  a l .  provide  a s t r o n g  defense  o f  t h e  new theory .  
They r e p o r t  (Ref.  32)  t h a t  a n  explosive  des ignated a s  E25 
(75% P E T N / ~ ~ $  p a r a f f i n )  a t  a d e n s i t y  o f  1.265 &cc has  a meas- 
u red  D o f  7.230 km/s, whereas pure  PETN ( p e n t a e r y t h r i t o l  t e t r a -  
n i t r a t e )  a t  t h e  same d e n s i t y  has a measured D o f  6.60 km/s. 
However, t h e  c a l c u l a t i o n  u s i n g  shock v e l o c i t i e s  and t h e  empir- 
i c a l  formula gave a va lue  o f  7.267 km/s, w i t h i n  o.  51% o f  t h e  
measured va lue .  Th is  i s  w e l l  w i t h i n  t h e  p r e c i s i o n  o f  D meas- 
urements.  The c l a s s i c a l  t h e o r y  c a l c u l a t i o n  missed t h e  meas- 
u red  va lue  by 14.24%. The a u t h o r  o f  t h e  paper  who r e p o r t e d  
t h e  E25 d a t a  s t a t e d  t h a t ,  " A l l  equa t ions -of - s ta te  a v a i l a b l e  
t o  u s  cannot reproduce t h e s e  r e s u l t s . "  

I n  1992, Brenner, Robertson e t  a l .  publ ished r e s u l t s  o f  
t h e i r  MD s t u d i e s  i n  which t h e y  use  many-body i n t e r a t o m i c  
p o t e n t i a l s  t o  p rov ide  more r e a l i s m  t o  t h e i r  c a l c u l a t i o n s .  
T h e i r  e x c e l l e n t  g r a p h i c s  show i n  unmistakable d e t a i l  (F ig .  9) 
t h e  narrow shock and d e t o n a t i o n  zones ,  t h e  massive mechanical  
f r a c t u r e  o f  t h e  cova len t  bonds, t h e  f r e e  atoms and molecu la r  
f ragments ,  and t h e  f r e e - r a d i c a l  chemist ry  i n  and v e r y  n e a r  t h e  
f r o n t .  These p rocesses  a r e  nonequi l ibr ium and n o n t h e m a l .  
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Figure 9. Molecular dynamics c a l c u l a t i o n  o f  a model detonat ing 
s o l i d  with two types  o f  atoms and with exothermic 
r e a c t i v i t y  incorporated i n t o  t h e  dynamics. 

Simpson, Helm and Kury (Ref. 34) s tud ied  the  nonreact ive 
Hugoniot f o r   water mixtures,  and they  reported t h a t  with 
shocks of  5.17 t o  5.99 GPa the re  w a s  no evidence of  HMX re -  
a c t i o n .  However, they  showed by comparison with these  r e s u l t s  
t h a t  i n  solvent-pressed HMX i n  wedge t e s t s  about 3 t o  7% of 
t h e  HMX had reac ted  i n  l e s s  than  about 100 ns .  They r e p o r t ,  
"The observed h igher  shock v e l o c i t i e s  i n  t h e  solvent-pressed 
d a t a  we a t t r i b u t e  t o  a  reaction-supported shock f ron t . "  
Other pe r t i nen t  comments from t h i s  paper a re :  " Impl ic i t  i n  
t h e  use of  a detonat ion product EOS i s  t h e  assumption t h a t  
chemical r eac t ions  occurr ing under t he  shock loading condi- 
t i o n s  of t he  wedge t e s t s  go t o  completion. Therefore,  s ince  
e a r l y  time r eac t ions  may only proceed t o  intermediate  s t a t e s ,  
t h e  ex t en t  o f  r eac t ion  i n f e r r e d  through r eac t ive  modeling w i l l  
be conservat ive."  "The g r e a t e s t  unce r t a in ty  i n  determinat ion 
o f  s t a t e  behavior of  HMX from measurements on a  mixture i s  
t h e  assumption o f  a  one-dimensional shock wave passing through 
a  homogeneous medium. " 

The information i n  t hese  fou r  references e x p l i c i t l y  adds 
s t r o n g  support f o r  t he  new Walker, Wasley, Karo ( W W K )  t heo ry .  

NEM EQUATIONS USED TO CALCULATE DETONATION VELOCITIES 

I n  1968, Kamlet and Jacobs (Ref. 35) reported t h e  devel- 
opment of two empir ical  equat ions f o r  ca l cu la t ing  de tona t ion  
pressures  and v e l o c i t i e s .  With some s i m p l i f i c a t i o n  of t h e i r  
concept and a n  a lgeb ra i c  de r iva t ion ,  a  simple equat ion f o r  
c a l c u l a t i n g  D = f ( P )  was obtained: 

When t h e  de tona t ion  da t a  f o r  14 very  d i f f e r e n t  explosives a r e  
compared by means of  t h i s  r e l a t i onsh ip ,  two i n t e r e s t i n g  
r e s u l t s  appear: 



( 1 )  The a l i p h a t i c  compounds a r e  a l l  on one s i d e  o f  a n  
averaged curve,  and t h e  a romat ics  ( p l u s  s t e r i c a l l y - h i n d e r e d  
PETN) a r e  a l l  on t h e  o t h e r  s i d e .  

( 2 )  With a  smal l  p o s i t i v e  c o r r e c t i o n  f o r  hydrogen and n i -  
t r o g e n  con ten t  ( t o  compensate f o r  t h e i r  r e l a t i v e l y  h i g h e r  
shock v e l o c i t i e s  a t  a g iven  p r e s s u r e )  and a  smal l  o f f s e t  f o r  
a r o m a t i c i t y ,  a n  e q u a t i o n  was formulated t h a t  reproduces t h e  
d a t a  f o r  t h e  14 exp los ives  w i t h i n  +l .57 and -1 -03%. That 
e q u a t i o n  fol lows:  

where a  = 0 i f  t h e  compound i s  aromat ic  and a  = 1 i f  i t  i s  
a l i p h a t i c ,  and H and N a r e  t h e  weight p e r c e n t s  o f  hydrogen 

P P 
and n i t r o g e n ,  r e s p e c t i v e l y .  

The concept under ly ing  t h e  equa t ion  i s  t h a t  d e t o n a t i o n  
v e l o c i t y  i s  p r i n c i p a l l y  a  r a t h e r  simple Hugoniot r e l a t i o n s h i p ,  
D = f ( P ) .  More e x p l i c i t l y ,  thermodynamic f a c t o r s ,  t h e  EOSs, 
and even r e a c t i o n  r a t e s  have l i m i t e d  i n f l u e n c e  on t h e  a c t u a l  
v a l u e s  o f  D. 

Kamlet ' s  empi r ica l  e q u a t i o n  f o r  c a l c u l a t i n g  d e t o n a t i o n  
p r e s s u r e s  i s  probably  a s  u s e f u l  a s  t h e  TIGER thermodynamic 
code w i t h  t h e  complex EOSs t h a t  a r e  used,  and we have shown 
t h a t  t h e  D s  f o r  48 v e r y  d i f f e r e n t  exp los ives  can  be ca lcu-  
l a t e d  a c c u r a t e l y  ( w e l l  w i t h i n  t h e  exper imental  e r r o r  o f  t h e  
b e t t e r  measured v a l u e s )  from t h e  Hugoniot v a l u e s  o f  t h e  e l e -  
ments t h a t  make up t h e  exp los ives .  The equa t ion  used i s  a s  
f o l l o w s  : 

where USi i s  t h e  shock v e l o c i t y  o f  t h e  elements a t  PC-,J, 
f i  i s  t h e  atomic weight  f r a c t i o n  o f  t h e  e lement ,  and Tc i s  a  

s m a l l  c o r r e c t i o n  (abou t  3 t o  8%) ( ~ e f .  25) r e q u i r e d  because 
t h e  d e t o n a t i o n  t empera tu res  a r e  cons idered  t o  be about  2500 
t o  5000 K ,  whereas t h e  Hugoniot v a l u e s  o f  t h e  elements a r e  
u s u a l l y  measured between about  70 and 950 K .  The DS f o r  21 
o f  t h e  b e s t - c h a r a c t e r i z e d  e x p l o s i v e s  were c a l c u l a t e d  w i t h  
Eq. 5, and t h e  c o r r e l a t i o n  c o e f f i c i e n t  ob ta ined  f o r  t h e s e  
v a l u e s  i s  0.976. D v a l u e s  were c a l c u l a t e d  f o r  25 o t h e r  
e x p l o s i v e s  f o r  which l e s s  d a t a  were a v a i l a b l e ,  and t h e  
c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h i s  s e t  i s  0.932, (Ref.  3 6 ) .  

CONCLUSIONS 

I t  i s  concluded: (1) That  t h e  new concept o f  p h y s i c a l  
k i n e t i c s  i s  a v a l i d  concept  f o r  determining r e a c t i o n  r a t e s  i n  
d e t o n a t i o n s  and i n  h i g h l y  shocked systems. Shock and detona- 
t i o n  v e l o c i t i e s  a r e  r e l a t e d  d i r e c t l y  t o  t h e  average  r e l a t i v e  
v i b r a t i o n a l  v e l o c i t i e s  o f  t h e  atom p a i r s  i n  C , H ,  0 ,  N m a t e r i a l s .  
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( 2 )  Tha t  t h e  exceed ing ly  h i g h  k i n e t i c  ene rgy  i n  t h e  de to -  
n a t i o n  f r o n t  i s  s u f f i c i e n t  t o  cause  massive f r a c t u r e  o f  t h e  
c o v a l e n t  bonds o f  t h e  molecules  o f  e x p l o s i v e s  (and  o t h e r  
o r g a n i c s )  a t  and n e a r  t h e  f r o n t ,  s o  t h a t  t h e  l a r g e  m a j o r i t y  
o f  t h e  molecules  a r e  broken t o  i n d i v i d u a l  atoms o r  r a d i c a l s  
and  a r e  r e a r r a n g e d  e x t e n s i v e l y ,  and t h a t  t h e  r a t e s  of t h e  
subsequen t  v e r y  r a p i d  chemical  r e a c t i o n s  c a n  be i n f l u e n c e d  
by t h e  a d d i t i o n  i n  t h e  e x p l o s i v e s  o f  chemica ls  p r o v i d i n g  
enhancing  o r  i n h i b i t i n g  r e a c t i o n s .  

( 3 )  Tha t  t h e  s imple  Eq. 5 is a  r a t i o n a l  e q u a t i o n ,  based  
on a p p r o p r i a t e  Hugoniot p r i n c i p l e s ,  which p r o v i d e s  f o r  v e r y  
a c c u r a t e  c a l c u l a t i o n  o f  d e t o n a t i o n  v e l o c i t i e s  from t h e  shock 
v e l o c i t i e s  of t h e  e l emen t s  i n  t h e  e m p i r i c a l  formulae o f  
t h e  e x p l o s i v e s .  

( 4 )  That  t h e  concep t s  o f  p h y s i c a l  k i n e t i c s  and t h e  s m a l l  
i n c r e a s e  i n  v i b r a t i o n a l  v e l o c i t i e s  w i t h  i n c r e a s i n g  tempera- 
t u r e  p rov ide  t h e  e a r l i e r  m i s s i n g  p i e c e s  t h a t  now e x p l a i n  
t h e  r e l a t i v e  cons t ancy  o f  d e t o n a t i o n  v e l o c i t i e s .  

( 5 )  That  t h e  comparison p r e s e n t e d  h e r e i n  shows t h a t  t h i s  
new modern t h e o r y  ( t h e  WWK t h e o r y )  o f  t h e  i n i t i a t i o n  and 
d e t o n a t i o n  o f  e x p l o s i v e s  p r o v i d e s  a  r e a l i s t i c  mic roscop ic  
d e s c r i p t i o n  o f  and s i g n i f i c a n t  u t i l i t y  i n  unde r s t and ing  and 
c a l c u l a t i n g  e x p l o s i v e s  phenomena. 

REFERENCES 

W.C. Davis ,  S c i .  Am.  2 5 6 ( 5 ) ,  106 (1987) .  
F.E. Walker and R.J. Wasley, P r o p e l l a n t s  and Exp los ives  
1 ,  7 3  (1976) .  
F.E. Walker, P roceed ings  o f  t h e  1 9 t h  I n t e r n a t i o n a l  Pyro- 
t e c h n i c s  Seminar,  20-25 February  1994,  pp. 297-318, South 
P a c i f i c  Inform.  S e r v i c e s  L t d ,  C h r i s t c h u r c h ,  N . Z .  ( 1 9 9 4 ) .  
F.E. Walker ,  P r o p e l l a n t s ,  Exp los ives ,  Py ro techn ic s  7 ,  
2  (1982) .  
F.E. Walker, J .  Appl. Phys. 6 3 ( 1 1 ) ,  5548-5554 (1988) .  
A.W.  Campbell,  W.C.  Davis ,  and J .R .  T r a v i s ,  Phys. F l u i d s  
4 ,  498 (1961) .  
A.W. Campbell,  W.C.  Davis ,  J . B .  Ramsay, and J . R .  T r a v i s ,  
Phys i c s  F l u i d s  4, 511 (1961) .  
F.P. Bowden and 0  . A  Gurton,  Nature  161,  348 (1948) .  
A .  J o f f e ,  Nature  161,  349 (1948) .  
E. F. G i t t i n g s ,  Four th  Symposium on  De tona t ion  ( P r e p r i n t s )  
Vol. 1 1 ,  C - 1 5  ( U . S .  GPO, Washington, D.C., 1965) .  
H .  E y r i n g ,  R.E. Powel l ,  G.E. Duffey ,  and R.B.  P a r l i n ,  
Chem. Rev. 45 ,  69 ( 1 9 4 9 ) .  
H .  E y r i n g  and An-Lu Leu,  Proc.  Nat .  Acad. S c i .  USA 7 2 ( 5 ) ,  
1717 (1975) .  
H.  Ey r ing ,  Sc i ence  199,  740 ( 1 9 7 8 ) .  
F.E. Walker and  R . J .  Wasley, E x p l o s i v s t o f f e  17 ,  9 (1969) .  



H. Cheung, A .  Weston, L. Green, and E. James, Explosive 
I n i t i a t i o n ,  Lawrence Livermore Nat ional  Laboratory ,  
Livermore, CA, UCRL-76578 (1975) .  
F.E. Walker and R . J .  Wasley, Combust. Flame 15, 233 
(1970) 
F.E. Walker and R . J .  Wasley, Combust. Flame 22, 53 
(1974) .  

W .  Tay lor  and A .  Weale, Trans .  Faraday Soc. 34, 995 
(1938) .  

M .  Held, E x p l o s i v s t o f f e  11/12, 241 (1969).  
A.N.  Dremin and V .  Yu. Klimenko, Progress  i n  Astronau- 
t i c s  and Aeronaut ics  75,  J. Ray Bowen, N .  Manson, A .K .  
Oppenheim, and R . I .  Soloukhin,  Eds. (AIAA, New York, 
NY, 1981) .  pp.153-168. 
P.A. Urtiew, E.L. Lee, and F.E. Walker, Arch. Thermodyn. 
Combust. 9 ,  259 (1978) .  
J . H .  Lee, R .  Knystautos,  and N .  Yoshikawa, Acta 
Astronaut .  5 ,  971 (1978) .  
F.E. Walker, Acta Astronaut .  6 ,  807 (1979) .  
I . C .  Skidmore and S. H a r t ,  Proc.  4 t h  Symp. ( I n t e r n a t . )  
Detonation,  U .S. Naval Ordnance Laboratory ,  White Oak, 
MD, 12-15 October 1965 (U.S. GPO, Washington, D.C.) p .47.  
F.E. Walker, I n i t i a t i o n  and Detonation o f  Explosives--  
a n  A l t e r n a t i v e  Concept, Lawrence Livermore Nat ional  Lab- 
o r a t o r y ,  Livermore, C A ,  UCRL-53860, 11 January 1988. 
D.R. Hardesty,  Combust. Flame 27, 229 (1976) .  
R . R .  McGuire and D.L. O r n e l l a s ,  P r o p e l l a n t s  and Explo- 
s i v e s  4 ,  23 (1979) .  
F.E. Walker, P r o p e l l a n t s  and Explosives  6 ,  15 (1981) .  
H.W. Koch and Ch. Baras ,  I n s t i t u t  Franco-Allemand de 
Recherches de Saint -Louis ,  France,  Rapport 28/71 (1971) .  
P. H a r r i s  and H.-N. P r e s l e s ,  J. Chem. Phys. 8 0 ( 1 ) ,  524 
(1984) 
J .  Sharma, J . W .  Forbes,  C .S. Coffey,  and T .P. L idd ia rd ,  
J. Phys. Chem. 91, 5139 (1987) .  
K .  Tanaka, S. Oinuma, e t  a l . ,  Shock Compression o f  Con- 
densed Mat te r  1989, S.C. Schmidt, J . N .  Johnson, L.W. 
Davison, ( e d i t o r s ) ,  E l s e v i e r  Science Pub l i shers  B.V., 
(1990) .  
D.W. Brenner, D .H .  Robertson,  e t  a l . ,  Microscopic Simu- 
l a t i o n ~  o f  Complex Hydrodynamic Phenomena, Ed i ted  by 
M .  Mareschal and B.L. Hol ian,  Plenum P r e s s ,  New York, 
N Y ,  pp. 111-123 (1992) .  
R.L.  Simpson, F.H.  Helm, and J . W .  Kury, P r o p e l l a n t s ,  
Explosives ,  Pyrotechnics  18,  150-154 (1993) .  
M . J .  Kamlet and S.  Jacobs ,  S .  Chem. Phys. 4 8 ( 1 ) ,  23 
(1968) .  
F.E. Walker, P r o p e l l a n t s ,  Explosives ,  Pyrotechnics  15, 
157-160 (1990) .  



C4-256 JOURNAL DE PHYSIQUE IV 

Table 3. Corre la t ions  Between Reaction Dynamics Experiments and 

Detonation Energy and Time Charac t e r i s t i c s .  

Property Reaction Dynamics Detonation 

Ve loc i t i e s  of atoms and molecules 

Center o f  mass ( I . * * C N ) *  2  km/s 

T rans l a t ion  of H atoms 20 km/s 

Ve loc i t i e s  of  atoms and molecules 

i n  detonat ion f r o n t  

"C" and "H" atoms from MD c a l c s .  

Vibra t iona l  v e l o c i t i e s  of atom 

p a i r s  a s  f  ( T )  a t  second v ib .  

level--from QM calculat ions** 

H atoms from detonat ing charge 

Energy of  atoms and molecules 

For the  reac t ion :  

( I - C N )  - ( I  . . " ~ ~ ) *  - I + C N  

(Energy ava i l ab l e  f o r  r eac t ion )  

H + OCO - ( H " ' O C O ) *  - OH + C O  

( H  k i n e t i c  energy) 

Energy o f  PES b a r r i e r  t o  TS 

Kine t ic  energy of  atoms a t  8 km/s 

Bond energies  i n  RDX 

Times t o  r eac t ion  

Lifet ime of TS 

(I. .cN)* 

( H .  ..OCO)* 



Table  3. (con t .  ) 

From MD c a l c u l a t i o n s  

"Time t o  r e a c t i o n "  

C-H i n  "CH2" 

C-H i n  "PETN" i n t e r i o r  

N-0 i n  "PETN" i n t e r i o r  

C-C i n  "C"  m a t r i x  

Est imate  o f  t ime t o  r e a c t i o n  

i n  d e t o n a t i o n  a t  8 km/s 

I n  20 angstrom zone 

I n  40 angstrom zone 

** From Hulber t -Hi r schfe lder  c a l c u l a t i o n s  


