
I N I T I A L  P H A S E  OF D E T O N A T I O N  I N I T I A T I O N  IN P R E S S E D  T R O T Y L  
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A focal  m e c h a n i s m  is now genera l ly  accepted for  the exci ta t ion of detonation by weak shock waves  in 
physical ly  iuhomogeneous solid exp los ives .  However ,  t he re  have been open quest ions concerning the causes  
of the r eac t i on  foci,  the t ime  and place of nucleation, the d imens ions  and concentra t ion  of the foci, the course  
of  the r eac t i on  at a focus,  and the in terac t ions  of  foct.  Unfortunately,  it is difficult to examine by exper iment  
the m i c r o m e c h a n i s m s  r e spons ib l e  for  nucleation and development  of foci  of fas t  r e a c t i o n ,  and until now we 
have had only indi rec t  informat ion  obtained by var ious  in tegra l  methods.  

T h e r e  a re  genera l ly  avai lable  methods of de te rmin ing  the c r i t i ca l  p a r a m e t e r s  of shock waves that  can 
initiate r eac t ions  in exp los ives ,  which a r e  capable  of s t rengthening the propagat ing waves  under ce r t a in  con- 
dit ions up to a detonat ion level ,  which enables  one to compa re  the  suscept ib i l i t i es  of var ious  explos ives  to 
shock-wave  exci tat ion.  In te rna l  methods can be employed such as the e l ec t romagne t i c  m e a s u r e m e n t  of m a s s  
veloci ty  o r  p r e s s u r e  r eco rd ing  with manganin t r a n s d u c e r s ,  which  means  that  the average  gasdynamic  p a r a m -  
e t e r s  of the flow behind a planar  shock wave can be used to judge the s t a r t  and place of the ene rgy  r e l e a s e  
[1-3] and in some  ca se s  even the r a t e  of decompos i t ion  [4, 5]. 

In s tudies  in this  a r ea ,  one usually examines  the evolution of the m a s s - v e l o c i t y  profi le  u or  the profi le  
of the p r e s s u r e  p in the shock wave up to the point where  the no rma l  detonation f ront  is produced; one uses  a 
la rge  number  of m e a s u r e m e n t s  in var ious  sec t ions  of the charge  for  a given intensity of the init iating shock 
wave.  The wave r e m a i n s  p lanar  only for  a sho r t  per iod on account of the unloading ef fec t  of the side su r f ace  
of the spec imen ,  so one commonly  employs  shock waves  of intensity cons iderably  in excess  of the c r i t i c a lva lue .  

M e a s u r e m e n t s  on the shock c o m p r e s s i b i l i t y  of explos ives  [6, 7] as a rule  a re  pe r fo rmed  with la rge  s teps  
in the  shock-wave  intensi ty,  and in some  c a s e s  in the range  of p r e s s u r e s  exceeding the detonat ion-ini t ia t ion 
l imi t  on the a s sumpt ion  that  the explosive  does not have t ime  to decompose  substant ia l ly  at the shock front ,  
The re  has  been  no detai led study of the behav ior  of an explosive  under shock-wave  c o m p r e s s i o n  that  causes  
chemica l  r eac t ion ,  which h inders  elucidat ion of the init iation mechan i sm.  Here  we examine  the initial  s t ages  
of the explos ive  t r a n s f o r m a t i o n  of p r e s s ed  t ro ty l  near  the l imi t s  of ignition initiation and detonation in r e sp o n se  
to planar  shock waves  of s tepped prof i le .  

F igure  1 shows the s y s t em .  The p lane-wave  shock-wave  gene ra to r  was  an explosive gun ( internal  
d i a m e t e r  of the b a r r e l  1 is 50 ram, and 2 is the piston).  The speed of the dura lumin  s t r i k e r  3 of th ickness  9.2 
m m  was m e a s u r e d  with the two contact  t r a n s d u c e r s  4 with an e r r o r  of not m o r e  than 0.5%. The velocity can 
be predic ted  with an e r r o r  of ~/0. A p r e s s u r e  pulse of initial  ampli tude f r o m  10 to  25 kbar  was applied to the 
spec imen  6 v ia  the dura lumin  s c r e e n  5 of th ickness  5 ram. The spec imens  were  of densi ty  1.56 g /cm 3 and were  
p r epa red  by p r e s s i ng  c rushed  t ro ty l ,  which was a po lyd i spe rse  powder with par t ic le  s i zes  f r o m  1 to 400 pm 
(individual pa r t i c l e s ) .  The two manganin p r e s s u r e  t r a n s d u c e r s  7 were  instal led one at the s c r e e n -  spec imen  
boundary  and the other  within the spec imen  at a d is tance  of 6 m m  f r o m  the s c r e e n  in o rde r  to  examine the 
behav ior  of the shock wave.  The t r a n s d u c e r s  were  made by photoetching f r o m  manganin  foil of MNMtsAZh3- 
12-0.25-0.2 grade of th ickness  0.03 ram. The sens i t ive  e l emen t  in the t r a n s d u c e r  occupied an a r ea  of 4• 4 m m ,  
and the init ial  r e s i s t a n c e  was 3.5 ~2. The  t r a n s d u c e r s  were  isolated f r o m  the spec imen  and the s c r e e n  with 
PTFE f i lms  of th ickness  60 ~m. The r eco rd ing  c i rcu i t  has  been  desc r ibed  in detai l  [8]. The p r e s s u r e  prof i les  
w e r e  drawn up f r o m  the p r e s s u r e  dependence of the re la t ive  change in r e s i s t a n c e  of the manganin [9]. 

F i g u r e  2 shows typ ica l  w a v e f o r m s .  The  ampli tude of the initiating shock wave was de te rmined  f r o m  the 
p r e s s u r e  profi le  at the s c r e e n - s p e c i m e n  boundary as ex t rapola ted  to t = 0 .  The re  was not more  than 370 sp read  
in the p r e s s u r e s  at the front  for  a given col l i s ion veloci ty  as de te rmined  f r o m  five expe r imen t s .  The e r r o r  in 
de t e rmin ing  the absolute value of the p r e s s u r e  was about 5-10%, which included the e r r o r  in de te rmin ing  the 
ca l ib ra t ion  cu rve .  The p r e s s u r e  fal l  co r r e sponds  to the a r r i v a l  of the d e c o m p r e s s i o n  wave f r o m  the r e a r  side 
of the s t r i k e r .  The f i r s t  t r a n s d u c e r  r egu l a r ly  r e c o r d e d  the e las t ic  p r e c u r s o r  in the dura lumin,  whose ampl i -  
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Fig.  1. Method of r eco rd ing  the shock-wave  evolution in p r e s s e d t r o t y L  

Fig.  2. Wavefo rms  for  p r e s s u r e  prof i les  at the boundary between s c r e e n  
and spec imen  (upper) and at 6 m m  f r o m  the s c r e e n  (lower) for  p r e s s u r e s  
(kbar) of: a) 11; b) 16; c ) 2 5 .  

rude was 1-3 kbar ,  which was 0.1-0.15 ~sec  ahead of the p las t ic  wave,  which ag ree s  with the known longitudinal 
veloci ty  of sound in dura lumin  and with the d imens ions  of the s c reen .  The second t r a n s d u c e r  did not r e co rd  any 
c h a r a c t e r i s t i c  f ea tu res  in the s t ruc tu re  of  the wave f ront ,  which indicates  that  the f i r s t  p r e s s u r e  s tep  at the 
f ront  d ies  away rapid ly  as the wave p ropaga tes ,  and the wave does  not spl i t  up in t ro ty l  in the range  10-25 kbar .  
Apa r t  f r o m  these  p r e s s u r e  m e a s u r e m e n t s  at two points,  the expe r imen t s  allowed us to de t e rmine  the shock 
wave speed D averaged  ove r  the base l ine  and the speed of the d e c o m p r e s s i o n  wave.  

We cons t ruc ted  the s h o c k - c o m p r e s s i o n  curve  for  p r e s s e d  t ro ty l  in p - u  coordina tes  f r o m  the measu red  
speed of the  s t r i k e r ,  the p r e s s u r e  at the shock front  at the s c r e e n -  spec imen  boundary,  and the known shock-  
wave adiabat ics  for  the s t r i k e r  and s c r e e n  [10]. The weak-wave  approx imat ion  was used in cons t ruc t ing  the 
unloading i sen t rope  for  the s c reen ,  and the in te rsec t ion  of this  with the i sobar  cor responding  to the initial  a m -  
plitude of the shock wave gave the point on the shock-wave  adiabat ic  for  the p r e s sed  t ro tyL  

The sheck-wave  adiabat ic  cons t ruc ted  f r o m  these  points is shown in Fig.  3, cu rve  1, which has a sl ight 
S-shaped  c h a r a c t e r ,  and cor responding ly  may  be divided into th ree  par t s :  the lower b ranch  up to  13 kbar ,  the 
t r ans i t i on  reg ion  13-21 kbar ,  and the upper  b ranch  above 21 kbar .  This  f igure a lso  shows the p r e s s u r e  prof i les  
in two sec t ions  fo r  four  d i f ferent  shock-wave  in tens i t ies .  

Some valuable conclusions can be d rawn f r o m  the pa r t s  of the shock-wave  adiabat ic  and the c o r r e s p o n d -  
ing p r e s s u r e  prof i les .  The prof i les  for  the lower  par t  of  the curve  a re  always of r ec tangu la r  f o r m  with equal 
ampl i tudes  in both sec t ions ,  which shows that  the re  a re  no chemica l  r eac t ions  in the t ro ty l  capable  of ampl i -  
fying the wave during the obse rva t ion  t ime ,  i .e. ,  the lower  par t  of the curve  c o r r e s p o n d s  to shock c o m p r e s s i o n  
of an iner t  subs tance .  Above some pa r t i cu la r  p r e s s u r e ,  in the p re sen t  case  13 kbar ,  the s t a r t  of the t r a n s i -  
t ional  par t ,  the wave begins  to be amplif ied f r o m  sec t ion  to sect ion.  This  at  once means  that  the flow behind 
the front  is r eac t ing  and that a fas t  chemica l  r eac t ion  has been  initiated in the t ro ty l .  In [11], the onset  of 
chemica l  r eac t ion  in p r e s s ed  t ro ty l  at about the s a m e  shock-wave  densi ty  was specif ied as the init iat ion l imit  
for  TNT.  

More detai led cons idera t ion  of the p r e s s u r e  prof i le  co r respond ing  to the t r ans i t ion  par t  of the curve  indi- 
ca tes  that t h e r e  a re  two modes  of shock-wave  amplif icat ion:  i nc rease  in the p r e s s u r e  ampli tude at the front  
f r o m  sect ion  to sec t ion  and fo rmat ion  of a c o m p r e s s i o n  s tep  in a broad zone behind the front~ which ca tches  up 
with and s t rengthens  the head par t  of the wave.  At low shock-wave  intensi t ies ,  this  c o m p r e s s i o n  s tep  is p ro -  
duced at a cons iderab le  d is tance  f r o m  the f ront  o r  may  be blocked by the d e c o m p r e s s i o n  wave a r r i v ing  f r o m  
the r e a r  side of the s t r i k e r ,  in which case  the r i s i n g p r e s s u r e  at the front cannot be explained by ene rgy  t r a n s -  
f e r  f r o m  the c o m p r e s s i o n  wave to the front ,  The r i s e  at the front  can be explained only by a s suming  that the re  
is ene rgy  product ion in the reg ion  d i r ec t ly  adjoining the shock front .  In Fig.  3 the p r e s s u r e  ampli tude at the 
front  i n c r e a s e s  f r o m  sec t ion  to sect ion for  a shock-wave  intensi ty of 15 kbar  without apprec iab le  d is tor t ion  of 
the p r e s s u r e  profi le  behind the front .  The c o m p r e s s i o n  s tep  is not obse rved  on account of the s m a l l n e s s  of the 
d isplay  t ime ,  and also it is blocked by the r e a r  d e c o m p r e s s i o n  wave, so ampl i f ica t ion  of the wave f r o m  behind 
is unlikely. The re fo re ,  the ampl i f ica t ion  of the wave at the front  is due to r eac t ion  in the m a t e r i a l  in a t ime  
c o m p a r a b l e  with the t r ans i t  t i m e  of the f ront  width and less  than the t ime  resolu t ion  of the method (<100 nsec).  If 
th is  is so,  the m e a s u r e d  shock-wave  adiabat ic  is an indirect  r e f l ec t ion  of the extent of chemica l  reac t ion .  

If we a s s u m e  a monotone s h o c k - c o m p r e s s i o n  curve  for  an inert  subs tance ,  it is r ea sonab le  to ex t rapola te  
the lower b ranch  of curve  1 to higher  p a r a m e t e r s  by t r ea t i ng  it as a hypothet ical  shock-wave  adiabat ic  for  
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Fig. 3. The p - u  relationship for t rotyl  and evolution of shock waves 
of different intensities~ 1) observed shock-wave adiabatic for pressed 
TNT with P0 = 1.56 g/cm3; 2) shock-wave adiabatic for cast t rotyl  with 
P0 =1.614 g/cm3; 3) supposed shock-wave adiabatic for pressed trotyl  
with frozen reactions.  

Fig. 4. Scheme for the initial stage of decomposition in TNT. 

pressed t rotyl  with the chemical reactions frozen (curve 3 of Fig. 3). Curve 3 may be described by the linear 
relation D =(1.92 +1.7 u) km/sec, while curve 2 is described by D=(2.3 +2.15 u) kn~sec by averaging the data 
of [2, 7]. Curve 2 is given as an example of a shock-wave adiabatic for a substance (cast trotyl) whose de- 
tonation-initiation limit lies considerably above the working pressure range. The shapes of curves 1-3 indi- 
cate that the differences in position of curves 1 and 3 will correspond to the energy re lease  at the step on the 
basis that the measured shock-wave adiabatic provides information on the conversion step at the shock front. 

As the shock-wave intensity increases,  the compression step begins to be produced closer  and closer  to 
the head of the shock wave, and the initiation is determined in the main by the rate of energy production through- 
out the region behind the front, not in the region direct ly by the fror~ (Fig. 3, Psw =20 kbar). When we reach 
the Upper part of the curve (Psw>21 kbar), we find that the compression step begins to be formed directly 
behind the shock front,  which leads to very  rapid acceleration of the wave. No detailed study was made of the 
final stage of conversion of an initiating shock wave to a detonation wave. In [11], the same pressure range 
(p>lT) was called the detonatioD-inRiatton limit for pressed t rotyl  ~o0=1.56 ~/emS). 

The pressure  profiles and the shock-wave adiabatic for pressed TNT provide at least two important con- 
clusions. Fi rs t ly ,  there  are two modes of wave amplification, and secondly there  is a nonmonetone h e a t  
re lease  by chemical react ion at the shock front. In the lat ter  case,  the heat is produced in a very narrow zone 
compa~ble  in width with the front. Here it is reasonable to consider what physical meaning attaches to the 
t e rm  shock front. In a physically inhomogeneous explosive, a shock front i s  substantially three-dimensional,  
in contrast  to a homogeneous explosive, and the width can be estimated to a f i rs t  approximation as proportional 
to the size of the explosive particles.  This zone has the maximum gradients in the velocity, pressure,  density, 
and tempera ture ,  and the directions of these may not coincide with the direction of the material  flow. For  this 
reason there  may be marked local heating, with the temperature  r i se  greatly exceeding the mean value over 
the flow. 

The two-stage r i se  in the gaedynamic parameters  should correspond to a two-stage reaction in the 
macroktnetic sense. If we assume that the inhomogeneity causes local temperature r i ses  at the shock front 
on account of viscous frict ion between the grains,  then the thickness of the heated layer will be determined pri-  
mari ly  by the friction mechanism, which in turn is dependent on the physical propert ies of the explosive and 
the shock-wave intensity. The narrow zone with high gradients exists for a very short t ime, and we can there-  
fore show that the temperature  r i se  at the points of contact is adiabatic. If the temperature  in these foci is 
sufficient at the given shock-wave intensity to cause ignition during the t ime the wave is multidimensional, then 
there  will be amplification of the shock wave. If this i s  not so, there will be thermal  dissipation of the focus. 
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By increasing the intensity of the initiating shock wave, one can always attain the state where there  is thermal  
ignition of the individual hot spots within the character is t ic  t ime of the multidimensional front. In the present 
case this intensity is about 13 kbar. There is then burning in the layer  heated by the frict ion at a high rate 
(explosive burning), after  which there  is contact between the burning front and the cold core of the grain, which 
resul ts  in extinction or retardation of the reaction to a rate that in turn is limited by heat t ransfer .  

Another factor governing the determination of the reaction in the f irs t  stage may be gasdynamic unloading 
of the focus, i .e. ,  wave l~ulsations spreading through the grains produce cracks in the zone of the focus, through 
which the hot decomposition products escape, thereby reducing the temperature  and pressure  at the focus. The 
number and temperature  of the foci increase with the shock-wave intensity, and this is associated with a 
reduction in the ignition delay. The proportion of the explosive decomposing, and therefore  the heat production 
going to amplify the front, will increase,  while the probability of complete extinction of a focus on arr ival  of the 
unloading wave will be reduced (Fig. 3, p = 13-20 kbar, where curve 1 increasingly diverges f rom curve 3). 
When the pressure  in the initiating shock wave attains 20-22 kbar, the concentration of loci becomes so large 
that they interact before the unloading wave arr ives ,  i.e., the shock front ignites virtually the entire surface of 
the explosive particles.  

Any further  r i se  in the shock-wave intensity produces little further increase in the rate of heat pro- 
duction in the zone, and therefore  the divergence of curves 1 and 3 (Fig. 3) becomes slower, because the con- 
centration of foci has become maximal, and the increase in heat production in the loci is determined by the 
increase in the parameters  in the loci themselves and probably also by crushing. This will explain the second 
inflection on curve 1. 

Fur ther  chemical react ion and the main heat production occur in a broad zone behind the shock front, 
which develops from the reactive loci, i.e., foci in which the reaction has not died away completely but con- 
tinues as burning of the grains f rom the surface,  with the rate limited by heat t ransfer .  Fa i r ly  convincing evi- 
dence of this mechanism has been given in [11, 12]. If the concentration of foci is less than maximal, there  is 
an expansion of the burning surface within a focus and ignition of new surfaces by expanding hot products with 
some delay. When the burning extends to the entire surface area of the explosive grains (directly behind the 
shock front at the maximum focal concentration or after some t ime behind the front at a lower concentration), 
one gets burning of the particles f rom the surface in an essentially closed volume equal to the initial volume of 
a particle if we neglect the residual porosity behind the front and the combustion of the layer of explosive in the 
f i rs t  stage. Two competing factors then influence the decomposition rate: the growth in pressure  in the closed 
volume and the reduction in the burning surface as the decomposition proceeds, Of course,  all this has been 
discussed in the absence of a decompression wave arr iving from the surface of the charge, which may cause 
partial or complete suppression of the reaction and may re tard  or  inhibit the development of detonation in ac- 
cordance with the rate and extent of the decomposition. 

The above is illustrated by Fig. 4 and Table 1, where r r is the reaction time in the  f i rs t  stage. It is im- 
possible to determine the combustion time of the heated layer  of t rotyl  at a hot focus even approximately~ so 
r r was defined as the time required for the shock wave to pass through a layer  of explosive of thickness 100 
/~m and re turn of the unloading wave at the corresponding shock-wave intensity; ~I  is the degree of reaction of 
the substance in the f i rs t  stage, which was calculated as the increment in the specific internal energy on going 
f romthe  state on curve 3to the state on curve 1 in Fig. 3: 

AEI -AEs = t /2.  p i ( v o  - v i )  - ~ / 2 .  p~ �9 (t,o - v~).. 

There (~H/Ot)0 is the initial rate of decomposition of TNT in stage H as calculated by the method of [131 from 
the observed shock-wave pressure  profile at the contact boundary and the t ime dependence of the shock-wave 
speed. 

Figure 5 shows (0~riI/at) 0 in relat ion to shock-wave intensity. The values given for the decomposition 
parameters  in Table 1 are crude est imates and appear to ref lect  only the qualitative side of the process.  The 
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curves for the decomposition rate of TNT in the f irst  stage have been drawn up on the basis of an exponential 
dependence of the reaction rate on time in such a way that the area under the curve was equal to the extent of 
decomposition in the f i rs t  stage. The initial part of the curve for the decomposition rate in the second stage 
has been constructed from published data on TNT [5]. 

There is reasonable agreement between the initial rate of decomposition behind the shock front for the 
range p>21 kbar and the rate of decomposition calculated from the linear rate of combustion of TNT as 
derived from an extrapolation formula in [14], u=0.25 +45 p mm/sec, where p is in kbar. Figure 5 gives 
(~H/at)0 = 0.043/~sec -1 for Psw = 24 kbar. The decomposition rate determined from the combustion rate for 
spherical particles burning over the entire surface is 0.051 ~sec -~ for particles of size 50 #m, as against 0.03 
/~sec -I for particles of size 100/~m. 
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