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DEUTERIUM ISOTOPE EFFECTS DURING THE THERMAL 

SELECTED COMPOSITES WITH AMMONIUM AND POTASSIUM NITRATES 

R .  L. McKenney, J r .  a n d  S .  R .  S t r u c k  
Air F o r c e  Armament L a b o r a t o r y  

A F A T L / M N E  
E g l i n  AFB, FL 32542-5434 

N a v a l  Weapons S u p p o r t  C e n t e r  
E x p l o s i v e s  S c i e n c e s  B r a n c h  (Code  3 0 2 5 )  

C r a n e ,  I N  43722-5030 

DECOHPOSITIDN OF 1,4-BUTANEDIAMMONIUH DINITRATE AND 

0. S. E l l i s o n  a n d  S. 0. M a e g e r l e i n  

A B S T R A C T  

The  t h e r m a l  d e c o m p o s i t i o n  o f  1 , 4 - b u t a n e d i a m m o n i u m  

d i n i t r a t e  ( B O D ) ,  se lec ted  BDD-based c o m p o s i t e s  w i t h  

a m m o n i u m / p o t a s s i u m  n i t r a t e s  ( B A K ) ,  and  s p e c i f i c a l l y  

d e u t e r a t e d  a n a l o g s ,  was i n v e s t i g a t e d .  A p r e v i o u s  s t u d y  

showed t h a t  m o l t e n  BDD d e c o m p o s e s  t h e r m a l l y  v i a  a m u l t i -  

s t e p  p r o c e s s  t h a t  p r o d u c e s  a v a r i e t y  o f  c o n d e n s e d  p h a s e  

and  g a s e o u s  p r o d u c t s .  The n a t u r e  o f  t h e  p r o d u c t s  

s u g g e s t e d  t h a t  p r o t o n  t r a n s f e r  f r o m  c a t i o n  t o  a n i o n  

f o l l o w e d  by C-N bond r u p t u r e  o c c u r r e d  e a r l y  i n  t h e  

d e c o m p o s i t i o n  p r o c e s s .  D u r i n g  t h e  p r e s e n t  i n v e s t i g a t i o n  

c o n d e n s e d  p h a s e  DSC i n d u c t i o n  p e r i o d  s t u d i e s  p e r f o r m e d  

u s i n g  s p e c i f i c a l l y  d e u t e r a t e d  BOD a n a l o g s  g e n e r a l l y  

d i s p l a y e d  i n v e r s e  d e u t e r i u m  i s o t o p e  effects.  I m p a c t  
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s e n s i t i v i t i e s ,  t imes  t o  e x p l o s i o n  a n d  c r i t i c a l  

t e m p e r a t u r e s  were a l s o  d e t e r m i n e d  f o r  BOD, t h e  BAK 

composi tes ,  and  many o f  t h e i r  N - d e u t e r a t e d  a n a l o g s .  

Whi le  t h e s e  s t u d i e s  d i d  n o t  u n e q u i v o c a l l y  r e v e a l  t h e  

s p e c i f i c  c o v a l e n t  bond r u p t u r e  r e s p o n s i b l e  f o r  g e n e r a t -  

i n g  t h e  c o n d i t i o n s  f a v o r a b l e  f o r  e x o t h e r m i c  d e c o m p o s i -  

t i o n ,  t h e y  d i d  p r o v i d e  a d i r e c t  r e l a t i o n s h i p  b e t w e e n  

i n d u c t i o n  p e r i o d  chemis t ry  a n d  m a c r o s c o p i c  t h e r m a l  s e n -  

s i t  i v i t y p r o p e r  t ies.  

INTRODUCTION 

Condensed  p h a s e  k i n e t i c  d e u t e r i u m  i s o t o p e  e f f e c t  

( K D I E )  s t u d i e s  h a v e  b e e n  u s e d  s u c c e s s f u l l y  t o  e l u c i d a t e  

t h e  r e a c t i o n  m e c h a n i s m s  a s s o c i a t e d  w i t h  t h e  t h e r m a l  

d e c o m p o s i t i o n  o f  se l ec t ed  e n e r g e t i c  mater ia l s .  Some o f  

t h e  ma te r i a l s  s t u d i e d  p r e v i o u s l y  i n c l u d e  2 , 4 , 6 - t r i n i t r o -  

t o l u e n e  ( T N T ) l ,  1,3,5-triamino-2,4,6-trinitrobenzene 

(TATE3)2, octahydro-1,3,5,7-tetranitro-~,3,5,7-tetrazo- 

c i n e  (HMX)  

(RDX).4 These s t u d i e s  were c a r r i e d  o u t  w i t h  t h e  rnate- 

r i a l s  i n  t h e  s o l i d  ( H M X ,  R D X ,  T A T E ) ,  l i q u i d  ( T N T ,  H M X )  

and  m i x e d - m e l t  ( H M X )  s t a t e s ,  u s i n g  i s o t h e r m a l  d i f f e r e n -  

t i a l  s c a n n i n g  c a l o r i m e t r y  (DSC) a n d  t h e r m o g r a v i m e t r y  

(TGA) a s  t h e  p r i m a r y  a n a l y t i c a l  t e c h n i q u e s .  A p p l i c a t i o n  

o f  KOIE t o  r e l a t e  k e y  m e c h a n i s t i c  f e a t u r e s  d e r i v e d  f r o m  

q u a n t i t a t i v e  l a b o r a t o r y  e x p e r i m e n t s  t o  t h e  h i g h l y  exo-  

and  h e x  ah y d r o - 1,3,5 - t r i n  i t r o -2- t r i a z i n  e 
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thermic d e c o m p o s i t i o n  r e a c t i o n s  e x h i b i t e d  by e n e r g e t i c  

m a t e r i a l s  a p p e a r s  t o  have been  successfu l ly  

a c ~ o r n p l i s h e d . ~ n  n 6  

T h i s  p a p e r  d e s c r i b e s  ( i)  t h e  u s e  o f  K D I E  t o  

m e c h a n i s t i c a l l y  c h a r a c t e r i z e  t h e  i n d u c t i o n  p e r i o d  o f  

t h e  i s o t h e r m a l  DSC d e c o m p o s i t i o n  c u r v e  f o r  t h e  m o l t e n  

e n e r g e t i c  s a l t ,  1 ,4-butanediammonium d i n i t r a t e  (BOD) 

a n d  ( i i )  t h e  r e l a t i o n s h i p  o f  these  i n i t i a l  m e c h a n i s t i c  

f i n d i n g s  t o  t h e  more q u a l i t a t i v e  thermal  a n d  i m p a c t  

s e n s i t i v i t y  c h a r a c t e r i s t i c s  of  BOD a n d  i t s  c o m p o s i t e s  

(BAK) w i t h  ammonium ( A N )  and  p o t a s s i u m  ( K N )  n i t r a t e s .  

These l a t t e r  character is t ics  were d e r i v e d  from time t o  

e x p l o s i o n  a n d  i m p a c t  e x p e r i m e n t s .  

EXPERIMENTAL 

I s o t h e r m a l  DSC a n a l y s e s  were p e r f o r m e d  w i t h  a 

P e r k i n - E l m e r  OSC-4/Thermal A n a l y s i s  D a t a  S t a t i o n  System. 

Dr ied  s a m p l e s  (1.55 0.05 mg) were w e i g h e d  i n t o  s t a n -  

d a r d  a luminum p a n s  ( P e r k i n - E l m e r  p a r t  number  219-0062)  

and  s e a l e d  h e r m e t i c a l l y  u n d e r  a n  a i r  a t m o s p h e r e .  The 

sealed sample p a n s  were w e i g h e d  b e f o r e  a n d  a f t e r  each 

e x p e r i m e n t  t o  i n s u r e  t h a t  l o s s  o f  v o l a t i l e s  d i d  n o t  

o c c u r .  T h e  i n d u c t i o n  p e r i o d  a t  each t e m p e r a t u r e  i s  t h e  

r e s u l t  o f  a minimum o f  f i v e  s u c c e s s f u l  e x p e r i m e n t s  a n d  

i s  d e f i n e d  a s  t h e  t ime e l a p s e d  f rom t = O  a t  i s o t h e r m a l  

t e m p e r a t u r e  u n t i l  t h e  i n i t i a l  d e f l e c t i o n  o f  t h e  
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e x o t h e r m i c  a c c e l e r a t o r y  p h a s e  f r o m  t h e  h o r i z o n t a l  

b a s e l i n e .  

I m p a c t  d a t a  were o b t a i n e d  w i t h  a B u r e a u  o f  M i n e s  

Model No. 2 I m p a c t  Device. Time t o  e x p l o s i o n  t e s t  

a p p a r a t u s  a n d  p r o c e d u r e  h a v e  b e e n  d e s c r i b e d  e l ~ e w h e r e . ~  

8DD-1,1,4,4-d4 a n d  BDD-2,2,3,3-d4 were p r e p a r e d  

a c c o r d i n g  t o  t h e  p r o c e d u r e s  d e s c r i b e d  by Marchand,  e t  

a l . 8  

by d i s s o l v i n g  a p p r o x i m a t e l y  1 g of  t h e  o r i g i n a l  s a l t /  

m i x t u r e  i n  5 m l o f D 2 0 .  

s t i r r e d  f o r  30 min.  a n d  t h e n  e v a p o r a t e d  t o  d r y n e s s .  T h e  

p r o c e d u r e  was r e p e a t e d ,  and  t h e  r e s u l t i n g  p r o d u c t  w a s  

t h e n  d r i e d t o  c o n s t a n t  w e i g h t  i n  v a c u u m  a t 5 0 ° C  a n d  

s t o r e d  i n  a n  i n e r t  a t m o s p h e r e  box. D e u t e r a t e d  a n d  non- 

d e u t e r a t e d  c o m p o s i t e s  a r e  d e s i g n a t e d  BAK-dx a n d  B A K ,  

r e s p e c t i v e l y .  

_- N d e u t e r a t e d  BDD a n d  B A K  c o m p o s i t e s  were p r e p a r e d  

T h e  r e s u l t i n g  s o l u t i o n  was 

RESULTS 

- DSC D e u t e r i u m  I s o t o p e  E f f e c t  ( D I E )  S t u d i e s  

T h e r m o l y s i s  e x p e r i m e n t s  were c a r r i e d  o u t  w i t h  

m o l t e n  s a m p l e s  and  a r e  c h a r a c t e r i z e d  by a n  i n d u c t i o n  

p e r i o d  t h a t  p r e c e d e s  t h e  a c c e l e r a t o r y  ( e x o t h e r m i c )  

d e c o m p o s i t i o n  p h a s e .  D u r i n g  t h e  c o u r s e  o f  t h i s  

s t u d y ,  i t  was f o u n d  t h a t  t h e  o c c a s i o n a l  r e l e a s e  o f  

c o r r o s i v e  d e c o m p o s i t i o n  g a s e s  i n t o  t h e  DSC c e l l  

u l t i m a t e l y  r e d u c e d  t h e  p r e c i s i o n  o f  t h e  d a t a  and  

s h o r t e n e d  t h e  c e l l  l i f e .  I n  some c a s e s  a DSC c e l l  was 
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u s e d  f o r  a s  few a s  t w o  h u n d r e d  e x p e r i m e n t s .  T h i s  

problem p r e c l u d e d  o u r  a c q u i r i n g  a b s o l u t e  i n d u c t i o n  

t imes f o r  a l l  compounds  i n c l u d e d  i n  t h i s  s t u d y  f r o m  a 

s i n g l e  DSC c e l l .  W h i l e  a b s o l u t e  i n d u c t i o n  times were 

u n i q u e  t o  a g i v e n  DSC c e l l ,  D I E  v a l u e s  a n d  a p p a r e n t  

a c t i v a t i o n  e n e r g i e s  were n o t  c e l l  d e p e n d e n t .  As a 

r e s u l t  o f  t h i s  c e l l  l i f e  p r o b l e m ,  t h e  l o g  i n d u c t i o n  

times v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  d a t a  p r e s e n t e d  

g r a p h i c a l l y  i n  F i g u r e  l a r e  a s  m e a s u r e d  f o r  BOD a n d  

BDD-N,N,N,N ,N ,fi! -d6 and  n o r m a l i z e d  f o r  8 D D - 1 , 1 , 4 , 4 - d 4  

a n d  B00-2,2,3,3-d4. Averaged  raw i n d u c t i o n  p e r i o d  d a t a  

a r e  p r e s e n t e d  f o r  BAK (11 mole p e r c e n t  AN) a n d  BAK-dx 

(11 mole  p e r c e n t  AN-d4) i n  F i g u r e  2. 

a p p a r e n t  a c t i v a t i o n  e n e r g i e s  a r e  shown i n  T a b l e s  1 a n d  

2, r e s p e c t i v e l y .  

I l l  

D I E  v a l u e s  a n d  

Time To E x p l o s i o n  E x p e r i m e n t s  

Time t o  e x p l o s i o n  t e s t s  were c a r r i e d o u t o n  10 mg 

s a m p l e s  o f  BOD, i t s  N - d e u t e r a t e d  a n a l o g ,  f o u r  B A K  

c o m p o s i t e s  and  t h e i r  N - d e u t e r a t e d  a n a l o g s .  T h e  C- 

d e u t e r a t e d  a n a l o g s  o f  BOD were n o t  a v a i l a b l e  i n  

s u f f i c i e n t  q u a n t i t i e s  t o  s u p p o r t  time t o  e x p l o s i o n  

e x p e r i m e n t s .  Times t o  e x p l o s i o n  v e r s u s  t e m p e r a t u r e  

c u r v e s  a r e  shown f o r  s e l e c t e d  m a t e r i a l s  i n  F i g u r e  3 a n d  

c r i t i c a l  t e m p e r a t u r e s  a r e  shown i n  Tab le  3. 

P r e s e n t a t i o n  o f  t h e  t ime t o  e x p l o s i o n  d a t a  f o r  t h e  
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o t h e r  BAK c o m p o s i t e s  wou ld  s e r v e  o n l y  t o  c l u t t e r  t h e  

f i g u r e .  The c r i t i c a l  t e m p e r a t u r e  i s  d e f i n e d  as  t h e  

l o w e s t  c o n s t a n t  s u r f a c e  t e m p e r a t u r e  a t  w h i c h  a m a t e r i a l  

o f  a s p e c i f i c  s i z e ,  shape, and c o m p o s i t i o n  can s e l f -  

h e a t  c a t a s t r o p h i c a l l y .  * 
ve rsus  r e c i p r o c a l  t e m p e r a t u r e  c u r v e s  f o r  BOD and i t s  

- N-deu te ra ted  a n a l o g  a r e  shown i n  F i g u r e  4. 

Impact  Exper imen ts  

Log t i m e s  t o  e x p l o s i o n  

I m p a c t  s e n s i t i v i t y  e x p e r i m e n t s  were c a r r i e d  o u t  

w i t h  f o u r  BAK and one BAK-d, (11 mo le  p e r c e n t  AN-d4) 

compos i tes  u s i n g  a 2.5 kg w e i g h t .  I m p a c t  

s e n s i t i v i t y  d a t a  f o r  BOD and i t s  5 - d e u t e r a t e d  a n a l o g  

were o b t a i n e d  u s i n g  a 5 Kg we igh t .  The m a t e r i a l s  were 

ground, b u t  n o t  s ieved ,  p r i o r  t o  t e s t i n g .  Each 

powdered sample  was i m p a c t e d  on N o r t o n  c o a t e d  a b r a s i v e  

paper  o f  180 g r i t  (FSN 5350-271-7930). T w e n t y - f i v e  t o  

t h i r t y  samples  were used  f o r  each c o m p l e t e  t e s t .  BDD- 

1,1,4,4-d4 and BDD-2,2,3,3,-d4 were n o t  a v a i l a b l e  i n  

s u f f i c i e n t  q u a n t i t i e s  t o  s u p p o r t  i m p a c t  e x p e r i m e n t s .  

The r e s u l t s  a r e  p r e s e n t e d  i n  Tab le  4. 

DISCUSSION 

The p r e s e n t  s t u d y  has sough t  t o  use t h e  KDIE t o  

e l u c i d a t e  t h e  c h e m i c a l  r e a c t i o n  mechanisms a s s o c i a t e d  

w i t h  t h e  i n d u c t i o n  p e r i o d  o f  t h e  i s o t h e r m a l  

d e c o m p o s i t i o n  c u r v e  f o r  m o l t e n  BDD. A second o b j e c t i v e  

was t o  d e m o n s t r a t e  t h e  r e l a t i o n s h i p  o f  t h e s e  f i n d i n g s  
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t o  BDD's t h e r m a l  and i m p a c t  s e n s i t i v i t y  c h a r a c t e r i s t i c s  

and t h o s e  o f  s e l e c t e d  BAK compos i tes .  I t  has  been 

shown t h a t  many c o m p e t i t i v e  r e a c t i o n s  t a k e  p l a c e  d u r i n g  

t h e  i n d u c t i o n  p e r i o d 9  o f  t h e  BDD t h e r m a l  d e c o m p o s i t i o n  

p r o c e s s  and i t  i s  b e l i e v e d  t h a t  t h e s e  r e a c t i o n s  r e s u l t  

i n  t h e  a c c u m u l a t i o n  o f  a t h r e s h o l d  c o n c e n t r a t i o n  o f  

m a t e r i a l s  w h i c h  c a t a l y t i c a l l y  i n i t i a t e  e x o t h e r m i c  

decompos i t i on .  T h i s  h y p o t h e s i s  i s  s u p p o r t e d  b y  t h e  

r e s u l t s  o f  a c u m u l a t i v e  i n d u c t i o n  p e r i o d  s t u d y  where i t  

was d e m o n s t r a t e d  t h a t  t h e  i n d u c t i o n  p e r i o d  i s  a f f o r d e d  

a 'm e m or  y 11.9 

W h i l e  a r a t e  c o n s t a n t ,  k, c a n n o t  be  d e t e r m i n e d  for 

t h e  i n d u c t i o n  p e r i o d ,  d i r e c t  measurement of  i n d u c t i o n  

t i m e s ,  t, can be  o b t a i n e d  f rom i s o t h h r m a l  DSC 

exper imen ts .  

t i o n  t i m e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a t e  c o n s t a n t  

kh - t d  

kd  th  

I t  has been suggested'  t h a t  t h e  i n d u c -  

- - -  

where t d  is t h e  i n d u c t i o n  t i m e  f o r  a s p e c i f i c a l l y  

d e u t e r a t e d  m a t e r i a l  and t h  i s  t h e  i n d u c t i o n  t i m e  f o r  a 

n o n - d e u t e r a t e d  m a t e r i a l .  

The d e u t e r i u m  atoms o f  t h e  l a b e l e d  BDD a n a l o g s  

used i n  t h i s  i n v e s t i g a t i o n  were  s e l e c t i v e l y  p l a c e d  

around t h e  C-N bonds, s i n c e  c a l c u l a t i o n a l  d a t a  

sugges t  t h a t  t h i s  bond i s  t h e  most l i k e l y  t o  r u p t u r e .  

P o l i t z e r l '  showed by c o m p u t a t i o n a l  a n a l y s i s  t h a t  a 
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C-NH3' bond is weaker than a C-NH2 bond and, hence, is 

favored f o r  C-N bond fission. Assuming that C-N bond 

rupture is involved in the transition state and taking 

into consideration the selective placement o f  deuterium 

atoms in the substrate, the observed inverse DIE values 

for  the E- and C-deuterated analogs of BDD were 

unexpected. The results from a previous studyt9 

suggest that a cycloelimination reaction is rate 

determining with respect to the induction period and 

leads t o  conditions favorable f o r  initiation of the 

acceleratory phase o f  the decomposition process. The 

following structure is thought to be representative o f  

the probable transition state associated with this 

reaction : 

H I H  
H 

Inhibition of the C-H out-of-plane bending motion of 

the central carbon atom may then account for the 

results from BDD-1,1,4,4-dq and BDD-N,N,N,t j ' , t j ' ,N'-  

d6. l1 9 l 2  

Isothermal DSC experiments are carried 

out under carefully controlled conditions allowing the 
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researcher  t o  make q u a n t i t a t i v e  measurements and ga the r  

da ta  s u i t a b l e  f o r  k i n e t i c s  and mechanis t ic  r e l a t e d  

de te rmina t ions .  Time t o  explosion experiments ,  on t h e  

o the r  hand, a r e  more q u a l i t a t i v e  and a r e  designed 

primarily t o  provide t h e  r e sea rche r  w i t h  s a f e t y - r e l a t e d  

data .  Safe ty  da t a  a r e  requi red  d u r i n g  t he  development 

of new ene rge t i c  ma te r i a l s / f a rmula t ions .  These 

experiments t y p i f y  an exper imenta l  cond i t ion  considered 

more severe ;  i.e., h igher  tempera tures ,  l a r g e r  mass, 

reduced o r  no f r e e  volume, and more confinement ,  than 

t h a t  encountered d u r i n g  an i so the rma l  DSC experiment.  

The results f r o m  other  s t u d i e s 2  revea led  an ap- 

parent  c o r r e l a t i o n  between t h e  k i n e t i c  chemical  reac-  

t i o n  mechanisms gleaned f r o m  DSC experiments  and observed 

ene rge t i c  m a t e r i a l  s e n s i t i v i t i e s  measured by  t h e s e  more 

q u a l i t a t i v e  macroscopic experiments .  T h i s  c o r r e l a t i o n  

is r e f l e c t e d  i n  c r i t i c a l  t empera ture  (T,) d i f f e r e n c e s  

between ene rge t i c  m a t e r i a l s  and t h e i r  deuter ium l abe led  

analogs.  Ma te r i a l s  whose deu te ra t ed  analogs possess  a 

h i g h e r  c r i t i c a l  temperature  than t h e  unlabeled 

ma te r i a l s  a l s o  provide a normal D I E  a s  determined b y  

i so thermal  DSC ana lys i s .  These deu te ra t ed  m a t e r i a l s  

tend t o  be more thermally s t a b l e .  Deuterated m a t e r i a l s  

whose c r i t i c a l  temperatures  a r e  equal  t o  o r  l e s s  than 

those of t h e i r  unlabeled analogs gene ra l ly  c o r r e l a t e  

w i t h  e i t h e r  no D I E  o r  an inve r se  D I E .  
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T h e  t i m e  t o  e x p l o s i o n  c u r v e s  f o r  i3DD a n d  i t s i -  

d e u t e r a t e d  a n a l o g ,  when p l o t t e d  a s  l o g  i n d u c t i o n  t ime 

v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  ( l / T ) ,  h a v e  g r e a t e r  

s l o p e s  a t  l o w e r  t e m p e r a t u r e s  ( a p p r o x i m a t e l y  2 2 2  t o  

245OC) t h a n  a t  h i g h e r  t e m p e r a t u r e s  ( a p p r o x i m a t e l y  270  

t o  315OC). S e e  F i g u r e  4. T h e s e  s l o p e  c h a n g e s  may 

r e s u l t  f r o m  a mechanism changf3 o r  may r e f l e c t  a c h a n g e  

f r o m  a h e a t  t r a n s f e r  d o m i n a t e d  p r o c e s s  a t  h i g h  

t e m p e r a t u r e  t o  a c h e m i s t r y  d o m i n a t e d  p r o c e s s  a t  l o w e r  

t e m p e r a t u r e . 1 3  W h i l e  t h e r e  a r e  d i f f e r e n c e s  

o b s e r v e d  b e t w e e n  t h e  times t o  e x p l o s i o n  o f  t h e s e  t w o  

compounds ,  n e i t h e r  o f  them e x h i b i t s  a m e a s u r e a b l e  

c r i t i c a l  t e m p e r a t u r e .  T h i s  is d u e  t o  random p r e s s u r e  

r u p t u r e  o f  t h e  s e a l e d  s a m p l e  t u b e s .  Even t h o u g h  t ime 

t o  e x p l o s i o n  m e a s u r e m e n t s  a r e  n o t  as p r e c i s e  as 

c r i t i c a l  t e m p e r a t u r e  m e a s u r e m e n t s ,  time c o m p a r i s o n s  

a l o n g  t h e  e n t i r e  l e n g t h s  o f  these  c u r v e s  c l e a r l y  show 

t h a t  t h e  N - d e u t e r a t e d  a n a l o g  e x h i b i t s  a n  i n v e r s e  

i s o t o p e  e f f e c t  e x c e p t  i n  t h e  t r a n s i t i o n  a r e a  b e t w e e n  

t h e  t w o  c u r v e s  o f  d i f f e r i n g  s l o p e  w h e r e  n o  DIE is 

a p p a r e n t .  DIE v a l u e s  vary  b e t w e e n  0.7 a n d  1.0 f r o m  

t h e  h i g h e s t  t e m p e r a t u r e  t o  t h e  t r a n s i t i o n  a r e a ,  

whereas t h e  v a l u e s  r e m a i n  a l m o s t  c o n s t a n t  ( a v e r a g e  

0.73) f o r  t h e  l o w  t e m p e r a t u r e  (220-  23OoC) s e c t i o n  o f  

t h e  c u r v e s .  T h i s  a v e r a g e  D I E  v a l u e  c o r r e s p o n d s  wel l  

w i t h  t h e  0.80 a v e r a g e  v a l u e  o b t a i n e d  by e x t r a p o l a t i n g  
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t h e  i s o t h e r m a l  DSC i n d u c t i o n  p e r i o d  d a t a  shown i n  

F i g u r e  1 t o  t h i s  t e m p e r a t u r e  range. These f i n d i n g s  

suggest  t h a t  t h e  same e f f e c t  t h a t  c o n t r o l s  t h e  

r e l a t i v e l y  l o w  p r e s s u r e  BDD DSC i n d u c t i o n  p e r i o d  

d e c o m p o s i t i o n  p r o c e s s  i n  a i r  a l s o  c o n t r o l s  t h e  more 

v i o l e n t  t i m e  t o  e x p l o s i o n  process .  

I n  o r d e r  t o  d e t e r m i n e  t h e  i n f l u e n c e  of!- 

d e u t e r a t i o n  on t h e  t h e r m a l  e x p l o s i o n  c h a r a c t e r i s t i c s  o f  

a p o t e n t i a l  c o m p o s i t e  e x p l o s i v e ,  BDD was m i x e d  w i t h  

v a r y i n g  amounts o f  an AN/KN m i x t u r e .  The r e s u l t i n g  BAK 

compos i tes  were d e u t e r a t e d  s p e c i f i c a l l y  a t  a l l  ammonium 

s i t e s ,  and t h e n  s u b j e c t e d  t o  t i m e  t o  e x p l o s i o n  t e s t s .  

The c r i t i c a l  t e m p e r a t u r e s  e x h i b i t e d  by  t h e  d e u t e r a t e d  

compos i tes  were l e s s  t h a n  t h o s e  e x h i b i t e d  by  t h e  non- 

d e u t e r a t e d  compos i tes ,  and t h e  A T c  v a l u e s  (Tc th ) -  

Tc(d))  were e s s e n t i a l l y  c o n s t a n t  (average 11.5OC). 

These r e s u l t s  a r e  c o n s i s t e n t  w i t h  an i n v e r s e  d e u t e r i u m  

i s o t o p e  e f f e c t  and sugges t  t h a t  t h e  d e c o m p o s i t i o n  

mechanism i s  s i m i l a r  f o r  a l l  t h e  c o m p o s i t e s  c o n s i d e r e d  

d u r i n g  t h i s  i n v e s t i g a t i o n .  An i n v e r s e  D I E  is a l s o  

e x h i b i t e d  by  BAK and BAK-dx (11 mole  p e r c e n t  AN-d4) 

compos i tes  when s u b j e c t e d  t o  DSC i n d u c t i o n  p e r i o d  

exper imen ts .  The average D I E  o b t a i n e d  from samples  

hea ted  o v e r  t h e  t e m p e r a t u r e  range  195-20OoC was 0.48 

(see T a b l e  1). S i n c e  t h e  r e s u l t s  f rom t i m e  t o  

e x p l o s i o n  t e s t s  w i t h  AN and AN-d4 suggest  t h e  
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operation of a normal D I E ,  it is believed the overall 

data from these composite tests are consistent with 

the postulates that (i) the 800 component decomposes 

independently of AN, (ii) the BDD thermal degradation 

mechanism significantly influences times to explosion 

and critical temperatures of the composites, and (iii) 

the thermal degradation mechanism is similar for all 

the composites. The critical temperature data also 

show that the global thermal stability of the BAK 

composites increases markedly with increasing AN concen- 

tration. This is consistent with the above postulates 

in that it is reflective of the high thermal stability 

of AN and its participation in the overall degradation 

process. AN may act as an acidic diluent that inhibits 

the following dissociation reaction, 

BDD [H~N(CH~)~NHJIND~ * HN03 

BDM 

and in so doing, effectively stabilizes the mixture. 

It has been suggested that BDM is involved in a 

cycloelimination reaction that leads to the formation 

of transient pyrrolidinium nitrate (PN) during the 

induction p e r i ~ d . ~  It was demonstrated 

e~perimentally'~ that the addition of trace amounts of 

PN to molten aDD significantly shortens the induction 

period, thereby thermally destabilizing the salt, The 

increased thermal stability associated with the BAK 
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c o m p o s i t e s  may a l s o  be r e f l e c t e d  i n  t h e  a p p a r e n t  Ea  

v a l u e s  s h o w n  i n  T a b l e  2 ,  where t h e  a p p a r e n t  E a  f o r  B A K  

(11 m o l e  p e r c e n t  AN) i s  s o m e w h a t  g r e a t e r  t h a n  t h a t  f o r  

BOD. DSC i n d u c t i o n  times f o r  BAK c o m p o s i t e s  w i t h  

c o n c e n t r a t i o n s  o f  AN grea te r  t h a n  I f  mole p e r c e n t  

c o u l d  n o t  be  m e a s u r e d  d u e  t o  p r e s s u r e  r u p t u r e  o f t h e  

sealed s a m p l e  p a n s .  

I m p a c t  s e n s i t i v i t i e s  o f  t h e  f o u r  B A K  

c o m p o s i t e s  were shown t o  i n c r e a s e  w i t h  i n c r e a s i n g  A N  

c o n c e n t r a t i o n .  T h i s  t r e n d  i s  c o n s i s t e n t  w i t h  t h e  

f i n d i n g s  o f  Kamletl’, w h e r e  a n  e m p i r i c a l  r e l a t i o n s h i p  

was shown t o  e x i s t  b e t w e e n  i m p a c t  s e n s i t i v i t y  and  

oxygen b a l a n c e  f o r  compounds  w i t h  s i m i l a r  t r i g g e r  

l i n k a g e s .  T r i g g e r  l i n k a g e  i s  d e f i n e d  a s  t h e  weakest 

a tom-to-a tom bond. 

s e n s i t i v i t i e s  o f  e x p l o s i v e s  d e p e n d  on  t h e  r a t e s  o f  t h e  

thermal  d e c o m p o s i t i o n  r e a c t i o n s  w h i c h  o c c u r  a t  t h e  

t e m p e r a t u r e s  g e n e r a t e d  u n d e r  t h e  i m p a c t  hammer. He 

c o n c l u d e d  t h a t  t h e  r a t e  d e t e r m i n i n g  s t e p  was u s u a l l y  

h o m o l y t i c  c l e a v a g e  o f  t h e  t r i g g e r  l i n k a g e .  T h e  DIE 

r e s u l t s  f rom e x p e r i m e n t s  d i s c u s s e d  e a r l i e r  s u g g e s t  t h e  

t r i g g e r  l i n k a g e  may r e s i d e  w i t h  t h e  BOD c o m p o n e n t ,  

p r o b a b l y  t h z  C-NH3& bond. 

r e f l e c t e d  i n  t h e  i m p a c t  d a t a  f r o m  t h e  BAK a n d  BAK-dx 

c o m p o s i t e s  (11 m o l e  p e r c e n t  AN), t h e r e  was n o t  a 

s u f f i c i e n t  d i f f e r e n c e  i n  t h e  H 5 0  v a l u e s  f r o m  BOD and 

BBO-N,N,N,N ,! ,N -d6  t o  make t h e  same i n f e r e n c e .  

Kamlet” s u g g e s t e d  t h a t  i m p a c t  

W h i l e  a n  i n v e r s e  D I E  was 

I l l  
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A d d i t i o n a l  i m p a c t  s t u d i e s  w i t h  a c o m p l e t e  c o m p l i m e n t  o f  

BDO a n d  B A K  c o m p o s i t e s  a n d  s e l ec t ed  i- a n d  C - d e u t e r a t e d  

a n a l o g s ,  c a r r i e d  o u t  u n d e r  c a r e f u l l y  c o n t r o l l e d  

c o n d i t i o n s ,  a re  r e q u i r e d  b e f o r e  any  c o n c l u s i o n s  c a n  b e  

d r a w n  r e g a r d i n g  t h e  i d e n t i f i c a t i o n  o f  t h e  i m p a c t  

s e n s i t i v e  t r i g g e r  l i n k a g e .  

CONCLUSIONS 

I t  h a s  b e e n  s h o w n  f r o m  a p r e v i o u s  s t u d y 9  t h a t  EDD 

d e c o m p o s e s  t h e r m a l l y  f r o m  t h e  m o l t e n  s t a t e  v i a  a m u l t i -  

s t e p  p r o c e s s  t h a t  p r o d u c e s  a v a r i e t y  o f  c o n d e n s e d  p h a s e  

a n d  g a s e o u s  p r o d u c t s .  

on  t h e  c o n d e n s e d  p h a s e  DSC i n d u c t i o n  p e r i o d  a n d  was 

c a r r i e d  o u t  by u s i n g  s p e c i f i c a l l y  d e u t e r a t e d  BDD 

a n a l o g s .  I n v e r s e  d e u t e r i u m  i s o t o p e  e f f e c t s  were 

g e n e r a l l y  d i s p l a y e d .  W h i l e  t h i s  s t u d y  d i d  n o t  

u n e q u i v o c a l l y  r e v e a l  t h e  s p e c i f i c  c o v a l e n t  bond r u p t u r e  

r e s p o n s i b l e  f o r  g e n e r a t i n g  t h e  c o n d i t i o n s  f a v o r a b l e  f o r  

e x o t h e r m i c  d e c o m p o s i t i o n ,  i t  d i d  p r o v i d e  w h a t  a p p e a r s  

t o  b e  a d i r e c t  r e l a t i o n s h i p  b e t w e e n  DSC i n d u c t i o n  

p e r i o d  chemistry a n d  m a c r o s c o p i c  t h e r m a l  s e n s i t i v i t y  

p r o p e r t i e s .  The D I E  r e s u l t s  s u g g e s t  t h a t :  

The p r e s e n t  s t u d y  c o n c e n t r a t e d  

a. T h e  s a m e  e f f e c t  t h a t  p l a y s  a s i g n i f i c a n t  

role  i n  c o n t r o l l i n g  t h e  r e l a t i v e l y  low p r e s s u r e  DSC 

i n d u c t i o n  p e r i o d  o f  t h e  BDD t h e r m a l  d e g r a d a t i o n  p r o c e s s  

i n a i r ,  a l s o  p l a y s  a s i m i l a r  r o l e  i n  t h e  m o r e  v i o l e n t  

time t o  e x p l o s i o n  p r o c e s s .  
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h. BDD, when fo rmu la ted  i n t o  BAK composi tes 

o f  v a r y i n g  BDD concen t ra t i on ,  appears t o  decompose 

independent ly  o f  t h e  AN/KN components by a process 

s i m i l a r  t o  t h a t  of  pure BOD. 

c. React ions c o n t r o l l i n g  t h e  DSC i n d u c t i o n  

p e r i o d  o f  t h e  BDD t h e r m a l  deg rada t ion  process a l s o  

appear t o  p l a y  a r o l e  i n  c o n t r o l l i n g  t h e  DSC i n d u c t i o n  

per iods,  t i m e s  t o  explos ion,  and c r i t i c a l  temperatures 

o f  BAK composites. 
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TABLE 1. Du: Induetlm Period Deuterium Isotope Effects For BM) and 
BAK(11 mole X PIN) and Their Oeuterated halogs I n  an Air 

Tenp (00 

175 

180 

185 

190 

191 

195 

198 

200 

Atnusphere 

800- 

&fl,fl*fl'd,d-d6 

0.7420.12 

0.8520.15 

0.6920.10 

0.84=0.15 

0.75.0.16 

0.7220.12 

_--- 
0.70+0.11 

td'th 

I 

0.47.0.05 
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TABLE 2. I n d u c t i o n  P e r i o d  Apparent  A c t i v a t i o n  E n e r g i e s  

Apparent  E a ( l )  Temp Range 

BDD 

( C a l / M o l e )  (OC) 

22400 2 1316 200-170 

B D O - ~ , ~ , ~ , ~ ' , ~ ' , ~ ' - d 6  21542 2 2035(') 200-175 

BDD-1,1,4,4-dq 17120 2 1680 200-190 

BDD-2,2,3,3-d4 26970 2 1590 180-170 

BAK (11 mole  % AN) 24320 2 3360 200-195 

BAK-d, (11 mole  % AN-d4) 27170 2 2910 200-195 

(1) Apparent  a c t i v a t i o n  e n e r g i e s  f o r  t h e  DSC i n d u c t i o n  
p e r i o d s  a r e  d e r i v e d  f rom t h e  s l o p e  o f  l o g  t i m e  
v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  c u r v e s  g e n e r a t e d  f r o m  
raw d a t a  o n l y .  

d a t a  p o i n t s  use% t o  c a l c u l a t e  t h e  D IE  v a l u e s  i n  T a b l e  
1. Removal o f  t h e  i n d u c t i o n  t i m e  f o r  180°C, which 
appears  t o  be a h i g h  t i m e  varue,  changes t h e  a p p a r e n t  
EA t o  19476 = 976 Ca l /Mo le .  

(2 )  T h i s  a p p a r e n t  E v a l u e  i s  d e r i v e d  f r o m  t h e  seven 
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TABLE 3. Critical Temperature Data For  BAK/BAK-d, 
Composites 

Composite/Compound Critical Temperature (OC) 

BDD .222(1) 

BOO (N-deuterated) 

BAK (11.0 mole %  AN)(^) 
BAK-d, (11.0 mole % AN-d4) 

BAK (35.8 mole % AN) 

BAK-d, (35.8 mole % AN-d4) 

.222(1) 

239 

230 

244 

230 

BAK (55.2 mole % AN) 264 

BAK-d, (55.2 mole % AN-d4) 

BAK (77.1 mole % AN) 

253 

279 

BAK-d, (77.1 mole % AN-d4) 267 

(1) Critical temperature could not be determined. 

(21 Mole percent KN in the above BAK composites is 
2.6, 6.3, 7.8 and 10.8, respectively. 
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TABLE 4. Impact Sensitivity Oata For BOD-Based 
Composites 

Composite/Compound 

BAK (11.0 mole % AN) 

BAK (35.8 mole % AN) 

BAK ( 5 5 . 2  mole % AN) 

BAK (77.1 mole X AN) 

BDD 

BDD-z,g,fi,P! ,!!! t f i  'd6 
l l t  

BAK-d, (11.0 mole % AN-d4) 

O B l O O  

-4.21 

-2.96 

-1.62 

*O. 99 

-4.67 

-4.67 

-4.21 

H50(cm) 

124 

82 

100 

(1) Reference 15 

( 2 )  5 Kg hammer 
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U 
al v) - 20 w 
c-. 
I- 

10 
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o BDD 
0 BDD-N,N,N,N' ,N' ,N'-ds 

BDD-f ,T ,T ,T-dT 
BDD-2,2.3,3-d4 

0 

2.1 2.15 2 .2  2.25 
I/T x 103 

FIGURE 1. I n d u c t i o n  Times or  Air Versus  Inverse  
Temperature  (OK-') f o r  BOO and i t s  C- and N- 
d e u t e r a t e d  Analogs. 
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w 

- R -  
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5 

z 
P L - 4 .  

6 -  
z 

I- 
V a 

3 .  

I I I I 1 

BAY, (11 Mole 2 AN) 
I 

BRK-d, (11 Mole % AN-d4) 

FIGURE 2.  I n d u c t i o n  Times o r  A i r  Versus  I n v e r s e  
Tempera ture  (OK-') f o r  BAK (11 Mo le  P e r c e n t  AN) 
and BAK-dx (11 Mole  P e r c e n t  AN-d4) 
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F ICURE 3 . Exper imenta l  Time to Explosion Curves for 
BOD, BAK (35.8 M o l e  P e r c e n t  AN),  BAK ( 7 7 . 1  
Percent  AN) and Their N-Deuterated Analogs 

M o l e  
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FIGURE 4. E x p e r i m e n t a l  T ime t o  E x p l o s i o n  Curves f o r  BDD 
and i t s  f i -deuterated Analog P l o t t e d  a s  
Log T ime vs. R e c i p r o c a l  Temperature.  
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