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INITIATION f& DETOMATIOM OF HIGH 
IXTLOSIfia IT SHOCKS 

THE 

Bfi 

J. N« Hsjowlcs 
ft«   J.   JSSOSS 

.* ABSTRACT! A r«flt«Ud llgh* tachnlque was usad to measure 
th* VSloclty of induced li* -  5S sad speed-up to detonation 
vsloolty In TUT, Psotolits, Composition B, :omDcsitlon B-3, 
65/35 Octol and 75/25 CyelotoJ.  The method constated of- 
placing a light refloating elumlnlzed Mylar film in contact 
with tho fraa sarfass of tho tost sxplootve wedge which waa 
fastened to S brass plats, «hooking tho opposite side of the 
plate by as sxpicslvs detonation and obasrwing with a smear 
camera the arrival of tho shock «two St tho free explosive 
surface. Tho arrival of tho ahock was detected by a change 
1» the intensity of light reflectod frosj ths Mylar fila 
surfses./ Ths Initial parti'le velocity behind the shock 
froot In ths tost explosiv** was determined by treating the 
explosive at ths brass su- face as as inert material and 
applying shook 1apsdS»fiS relationships. Several points on 
the Hugonlot wors deter*load far tho unexplcded explosives 
from ths boosdary condlcloas. Curves are presented for ths 
build-up shock velocity relative to lsltlatlon prsssars as 
wall aa ths varlstloo of delay tlaa to stsady vsloslty as a 
faostloo of lsduosd shoak pressure. 

0. 8. BATAL OMMABCB 
Man OAK, 

58AA     578JT 
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Tha report presented herein Is basetf on a paper that was given 
at tut AXP Conference held In October 1957 at London, England. 
The work was done under Taak Assignment NOL 260-57 In the Explo- 
Sloa Dynamics Division of the Explosions Research Department. 
The work described Is supported under a task for tbo University 
of California Radiation Laboratory to study baalc ohercmena 
rolatad to the explosive Initiation and detonation processes. 
This work has Interest to workers concerned with deflagration 
to detonation transition In propellants.  The goal of BuOrd 
Task NOL-323 on Lefiageratlcn-Detonatlon Transition has been 
augmented by the finding of this report.  This work is further 
useful to Taak PR 43 financed with Bureau of Ordnance 'unds 
Th« results will find application to a key problem concerning 
the mechanists of Initiation of explosives and tests for sensi- 
tivity (NAVORD Report 3906: Problem 7-7.7). 

W. V. WILBOURNE 
Captain, U5h' 

inder 

aba*» u Ü.   tf.   ARONSON 
By direction 
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INITIATION TO DETONATION OP HIOH 
EXPLOSIVES BY SHOCKS 

IMTRODUCTICM 

Tht reliable initiation of explosives by shocks wesker than 
that produced by the steady detonation Itself la well known. 
Ixmmple« include: a) Initiation by weak boosters (reactive shock), 
b) Initiation by a booster in a can, c) initiation through Inert 
barriers*1 »2), and d) initiation by air shock^1'^). The latter 
Items entail pure shocks.  One of the first sttempts to unravel 
the phenomena occurring In the initiation of solid exploalvea by 
Shock Is due to Herzberg and Welker^»1- P l6l).  They found that 
an axploeive appeared to start detonating at a point below the 
Initiator within the body of the explosive (the so-called deto- 
nation "hook").  This effect was further staled by Bo*gs, 
Measerly and Strecket6»5 P ^fl).  The work of these Investi- 
gators waa interpreted by 3oggs and by Evrlng, et al*"' as a 
Shock propagation phenomena.  Herzberg and WalKer favored a 
"low order" detonation hypothesis.  More recently Sultanotf(3) 
studying Initiation bv air ahock found a delay In the time of 
initiation after the ahock Impacted the explosive. He alao noted 
the "hook" in the detonation trace. Cotter''' devised a tech- 
nique for observing the time Interval between Initial ahocklng 
and emission of light from s transparent explosive (liquid 
nltrome thane) and reported valuea of the tlae interval aa aa 
initiation time for several values of shock barrier thickness. 
Recently Cosner'°J showed thst detonation of Composition B from 
a Composition B donor (both charges cylindrical and of equal 
diameter) whose shock was degraded by a steel bsrrler appeared 
to begin at a dlstsnce from the barrier-explosive interfao- and 
that the dlstsnce increased with barrier thickness. The apper* 
tnt initiation point could be aa much aa 1 or 2 diameter« awwy 
from the boundary. Thla work mas Independently confirmed by 
sosse very beautiful framing camera pictures by Sultanoff(9). 
Sultanoff ah>wed that surf see displacements omcnrred on the 
▼lowed surface prior to detonation which could bs attributed to 
shocks In the explosion. Cook*-1"' has shown a number of Inter- 
esting initiation affects in cylindrical charges. * n—Im of 
pa per a related to the subject wore presented st tht rasant 
"Symposium on the Initiation snd Growth of Explosion in Solids'* 
sponsored by The Royal Society (30 Nay 1996). The authors neve 
seen only the abstracts, however, so no discussion of tames mill 
be sttempted at thla tine. Psrticulsriy applicable are the 

• * 
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Pipers by Cachla and Whl thread, Lampson and Elchelberger, and 
Inning. These ere txpaetad to be publlahad la the Proceedings 

of the Royal Society. 

Several hypotheeea have bean offered to explain the Initi- 
ation phenomena deaerlbed above. These Includex a) the low 
order-high order traoaltlon apparently first offered by Herzberg 
(aea reference (6) for discussion), b) a non-lsotropic props- 

(!!)* 

gatlon of a detonation (ahock) at euggested oy Bogge,  c) 
continuous variation In the detonation (ahock) rate such 
gradual Increase with time (suggested by Bogge).    Jscobs 
revived the letter hypothesis In the light of aore recent evi- 
dence.    To simplify the understanding of the phenomena observed 
he suggested consideration of a one-dimensional modal, Figure la. 
In this model he considered the affect of s square step Jump la 
the boundary velocity produced by a shook enterlag the explosive 
through a barrier such ss s metal plate.    Thle boundary velocity 
determines an Initial pressure and shock velocity In the explo- 
sive.    The oomv^ofew^ . explosive is adlabatlcally heated by the 
pressure Jump behind this shock.    This lnereaoes the reactivity 
of the explosive and resetIon will first start at the boundary. 
The result of resetIon Is to Increase pressure end temperature 
to accelerate the reaction rats.    The pressure incresse propa- 
gates aa a compression wave which overtakes the shock front. 
The shock front velocity is then speeded up.    The higher veloc- 
ity shook causes the material to be hotter than It would hava 
been had the shock not been reinforced.   By this process of 
ahock reinforcement, reaction ratea mount at Increasing distance 
from the boundary until the reaction time approaches that In a 
normal detonation.    The shock velocity will thsn stabilise to 
normal detonstlon velocity.    According to this view the shock 
:\-^t may or may not pass through an over driven shock wave 
iv^ioelty cad pressure exceeding Chapman-Jouguet valuea) depend- 
ing oa the ahock properties end reaction kinetics In the explo- 
sive.    In this modal no "low order" velocities ere necessary to 
effect the traoaltlon from shock to detonation but ouch quasi- 
steady wave could axiat at some stage of the progreas of the 
wave.    The more general situation confronting the Initiation 
proaesa is an Initial shock wsve follow«J by rarefactions at the 
bounderlea of the charge,    the competition between reaction af- 
fects to strengthen the shock end accelerate fuv^fcar reactlorn, 
and rarefaction effeeta to wesken the shot», art alow down reaction 
are proposed aa the general baals for the observations that hava 

Except for the work of Cottar the experiments olted hava 
been performed la geomatrlee of charge and barrier which 4a mot 
lend themeelf to the elmple analysis suggested above.    Cotter«s 
work waa incomplete in that there «as no way of obeervlag the 

t*tory of the wffeote of the shook oa the exploelve batween 
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tne time of shocking and  the emission of l*£Jifc,    Mia experli 
a3.80 could not be periormeJ ux>. the non-trsnso^ent aolld explo- 
siven which are of moat  interest  to the «IJltwy establishments. 

In order to teat the above theories It **AS necessary to 
devlee a method »hereby explosive could  bt  undated  by a  plan« 
wave   In which the enautng aou*vj»ry velocity would bt «a constant 
as possible.    Means  had   to  be  found   to observe  ahock velocity aa 
a   function of distance  of  travel  of  the  shock fro» the  boundary. 
In addition a means of determining the shock »vplltude st  the 
boundary  was desired.     Such  an experiment ha i   „vfcD found.     The 

.i   wing report  Is a preliminary discussion of the experiments 
and raaults  obtained  to the date  of  thia writing. 

reader who If familiar with the WW* ef Walsh and 
Chri»tl*n11*'Will recognize   the experimental     .w.:ud  aa a  variant 
0* theirs.     The  present  method  uses   surface  reflection  of an 
external  light source  Instead  of argon   flash  ^«wj to detect  the 
wave   arrival.     In this  respect  the Tiethod  if *&s% generally 

:'i<able  to the precise measurement  of shock and  free aurface 
velocity,     The  measurement   is  essentially  In« ■; '"»dent  of aapll- 
tuide   of   the  wave  velocity  and   therefore   can *;   «atOOded  to lower 
pr^eieures  than  the metnod  of Walsh and Christian.     In addition 
trie detector  ia  essentially ma^alesa and  therefore  less  subject 
to introduction  of a  perturbation  on   the  result.     Six   caat  explo- 
sives  nave  been  studied   sod data   is  presenter show:   a)  Shock 
feelocity  as  a  function  of  initial   jhock  strength and dlatance of 
tnv^l  from  the  boundary,   b)   experimental   , ol   *•  on the shock 
Hugonlot  for these explosives ,  c)  delay  In U.i.UtUd at defined 
by time  to reach points where final velocity la reached minus 
time that would hsve transpired If Initiation ware Instantaneous. 

Experiment 1  Procedure 

Ths? experimental arrangement,  shown .In.Figure 2, conalated 
of a  J4"5 diameter NOL plane wave bcoaterv12) wm^t w^th east 
pentollte donor and acceptor; a 0?5 « 5"i> equare layer of Conpo- 
iltlon 1-3 (fine p.rtlcle size RDX m WT) and. finally, an 8* 
•Quart braaa plate  (thicknesa 0?5, 1?0, or 1?5).    Attached to the 
center of the free surface of the brass was an explosive wed*, 
halving an angle of 25° to the braaa surf see (tapering fron 
ipproxlnattly 0 to 0?59). a lenfth of 1Ü25 an« a wloth of 1?25. 
Tree frto surface of the wedge was nverod with an elusUnlted 
Nrltr flla«.   A braaa wedge with a 29° angle, o:?5 a 1?29 «no 

•AluRialsoa Mylar flla nag proenrad front   Coatfng rroouots Co 
101 «tat Portal Avenue, ftegRwood, new Jertty 

•» 
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mounted below the explosiv« wedge as shown. As Indiented In 
Figure 2, the explosive wedge was pieced 0725 fro« the edge oi 
• 0'.'5 x 1725 groove in the brsss pint« whloh wns out at an angle 
of 25° while the brass wedg« wss plseed 07125 below the test 
explosive wedge. In the groove wac placed s 07125 x 07} x 1" 
atrip of Lucite to which wss faatened a Nylsr f11a of 070005 
thickness with sn alualnlacd layer surface of 070001 tvhlekness 
aojacent to the brass surface. The Lucite strip was peraitted 
to extend 07187 beyond the surface. The groove served the 
purpose of measuring the shoe* velocity In the braas while the 
Lucite strip served the purpose of measui Ing the free surfase 
velocity of the plate by a light reflection aethod to be de- 
scribed. Adhesion of the film to the Lucite and explosive wadga 
surfaces was accomplished by wetting the Mylar film and the sur- 
faces with a dilute dotergent solution and then applying a 
rolling pressure to remove the excess solution. The thickness 
of the vetting agent remaining between the Mylar fila sod Lucite 
or explosive was considered to be negligible. 

When set for firing, the assembly was arranged so that the 
three surfaces, namely, explosive wedge, Lucite strip and brass 
with a polished surface were normal to the optleal sals of the 

. 3.788 rotating mirror smear camera (writing speed, 3.788 anlasse). 
A 3" exploding wire light source^) was used to illuminate the 
Mylar covered and polished brass facee. The light source wss 
positioned by projecting the slit of the csmera onto the re- 
flecting surfaces and placing the source at a line along the path 
of the reflected slit image.  In the test then, *s the shook 
arrives st the reflecting surface, the direction of the particles 
In the aluminum layer or polished surface changes with respect 
to the optical axis of the camera. This is turn brings sbout s 
sharp discontinuity or Interruption in the character of the 
reflected light.* The photographic record can than be Inter- 
preted to give the precise arrival time of the shook wave sloag 
the groove in the brass, along the pol!shed brsss surf see, alon& 

explosive wedge and finally the arrival time of the explosive wedge and finally the arrival time of the free 
surface along the Lucite atrip. The break in the shook veloclty- 
lree surface velocity trace established the arrival tlaa of the 
shock at the upper portion of the braes-test explosive Interface, 
while the traee from the polished surface af too brass wedge 
•stabilshed ttos arrival tlaa af the shook st the lower portion 
of the brsss-test explosive interface. Hlth this Information 
• correction aaa be aade far any existing wave tilt along the 

This method is s variant of the technique used by T. P. Cotter 
to obtain initial shock arrival la his experiment. The pres- 
ent method is based oa a suggestion by T. P. Llddlsrd of this 
Laboratory. 
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»lit.    Tilts at right angles to the silt cause no difficulty In 
interpretation as long aa they are small.    A sketch of the smear 
etaert record la shown in Figure 2 and an experimental record la 
ehowr In Figure 3* 

Remits 

The Instantaneous shock velocity at any point along the 
«xplonw wedge surface (cu*;«*ponding to known but varying 
explosive thickness) wee determined by establishing the tangent 
to the detonation trace at various position«. The resulting 
velocities were plotted as s function of explosive thickness e*n 
ere shown In Figures *-9. The extrspolsted zero thickness value 
for the Initial lnstsntaneoua ahock velocity In the teat explc* 
•Ive wan used In determining s point on the Hugonlot of the 
uinreaeted explosive aa described below. Experimental values of 
initial shock velocity and final detonation velocity are sum- 

•Ised In Table XX. 

Shock and free surf see velocities of the brass plats were 
determined In all experiments. Free surface velocity «aa plotted 
as a function of ahock velocity and la shown in Figure 10. The 
indicated points represent nenn values with a spresd of about 1%. 
In addition, free surface velocity «aa plotted aa a function of 
brass plate thlslaess and la shown In Figure 11. 

Treating täe explosive in the wedge an initially inert. Us 
pertlcle velocity la related to that of the brass by the famil- 
ies hydrodynaelc expression« 

"•' "• [-1?, vfc.\ n. ]'"" *1A "<b~- ""rtM') 
<°© • Initial density 

0 • ahock velocity 

u • Partiela velocity 

e • Subscript referring to explosive 

n • Subscript referring to metal 

COnYXMBrYIAL 
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Table of Shot« aoA fx^1 o«ir« Coapositlon* 

lx*lo«iv» 
Cist (t/oc) 

P»ntcllt* (f >1*M) 
so/so PBT«/T3rr 

CcsEpoaltl« B (P»1*T1D)M 

Composition B.J ((•»1*113)**' 

«•■ 1.787) 
65/35 BKX/W 

Cylotol f^« 1*729) 
75/fc 

It («-.1.A) 
(<?!»■■ I) 

r of Sfcot» for B 
PUt« flilckxm*«   (In.) 

w»i 

2 

1 

2 

2 

2 

1.0 

1 

2 

2 

2 

1*5 

i 

i 

l 

l 

2 

(«)   Covp> «*tiua •• 

(»)    CoKpoaltlM B-)t 

91.5 «a* BDi 
9*5* &* TFT 
l.tt.# Bta 

2*5 tl.cn roi 
.5*1.0* frr 65-60M .) 
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Knowing the ahock velocity and partial« velocity of the 
initially Inert explosive, • point on the Hugorlot for this 
material waa determined »1th the following two hydrodynamic 
eqtaatlones 

(1) VA0 - ^/C • <°- •)/* 

(2) * - v r0 u 

V • Specific volume 

f m  Preaaure 

Subscript o Indicate! uncompressed value 

Other quantltlea are as prevloualy defined. The density of 
braes waa taken to be 6.*76| explosive densities are shown In 
Table I. The plotted Hugonlot curves are shown in Figure 12. 
Extrapolations to zero pressure in Figaro 11 are tentative 
estimates but the Initial slope was determined fro» weak shock 

IUOT 

The variation of delay tine ts steady velocity as a func- 
of induced ahock pressure for all explosives exoept 1MT 

are shown In Fiaurs 13. Delay tie» la this figure la defined as 
la reference (3;# naaelyt 

Tdelay • (**•• *• ateady velocity) - 

(tlae if steady velocity existed throughout). 

The points represent aean values for duplicate experiments with 
so accuracy of about .01 microsecond. The values for HIT baaed 
on tha experimentally determined velocity are given in Table IZZ. 

Discussion 

Tha work presented above has boa« but recently completed. 
Consequently» there has been insufficient tlae bo oonslder in 
detail tha significance of tha results. Some of lta signifi- 
cance is clear« however» and these polnta will bo taken up news 

{a) The initial shock velocity la a function of the velocity 
of tha driving surface. This velocity persists at a ateady rate. 
Seeauee the wave la amplitude dependent and assumes lta velocity 
leased lately it can hardly be interpreted aa a •low-order" deto- 
nation. The results favor the ahock followed by reaction hypoth- 
etic. 

PttaX 
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WT   (Kb) 

Tim*   «a t  Function *f i*nrnurt  lo TWT 

- 

93.8 

fclcroMC.) 

0.0^8 

0.2*0 
i a! 

0.272 
0.275 
  

!■■■< cm tte 
r«loclty of $«83 

flMi (lor ordnr) Artoafttlo* 
/mieroMe. M giren la T»ole XX. 
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(b) The existence of a steady velocity for a flnlta period 
Srlor to epeed-up Implies that compression wares dua to raaetlon 
o sot start f*»oa tha boundary immediately (8aa Fig. lb). The 

steady zone li therefore evidence of ac induct loo period (prob- 
ably thermal In nature) for tha <»hemieal reaction. Zt la 
expected that further snslysls will dateraloe the Induction tlee 
ac a function of the preeeure In the atep ahock. 

(a) The "delay-time" la simply the result of tha shock 
build-up proaesa. Tha transition from shock to detonation pro- 
ceeds In an orderly way which oan be accounted for by strsight- 
rorward hydrodynamics and reaction kinetics. This experiment 
rurnlshes a basis for examining tha klnetlce of reactions 
Induced by shocks. 

(d) The reault for TMT shows two deviations froa tha other 
aubataness, flrat, the delay la less reproducible and second, 
the velocity levels off at a value below normal detonation 
velocity. The flrat observation suggests that reaction rate la 
aeosltlve to tha physical variations which can occur from charge 
to charge even though the Initial ahock velocity la not. This 
eonalualon la slso supported by the differences observed between 
Composition B end Composition B-3. In theee explosive! the 
essential difference Is the particle alse of the RDX and a aaall 
percentage of wax. 

The low plateau velocity for 1WT suggests a true 
wlow-order" detonation. Zt could be accounted for by a two-step 
reset ion process for TUT. The effect will require further study 
Tor lta complete understanding. 

(a) The evidence favoring an IndictIon period In the Initi- 
ation of the explosive strongly suggests tha existence of the 
"plateau" or Induction «one In the eteady detonation aa wall. 
MalloryU5) has already Inferred this conclusion In his work aa 
detonation pressure In TUT. This report caa offer support to 
tils conclusions. It should be possible, by going to higher 
impacting velocities on the explosive wedge, to extrapolate tha 
resulte on an induction period to.the kinetic oondltlona existing 
in the normal detonation. Cotterifi haa already done work along 
theee lines for liquid nltroaethana. 

(f) The compressed densities in the Initial ahoak computed 
from the boundsry conditions (e.g. /*/»0 - 1.369 at p • 119Kb) 
ror Coapoeltlon B-3 strongly suggests that In the explosion of 
the compressed explosives the pressures reached night, for aoas 
conditions, exceed those due to the ahoak In a normal detonation. 
(The compressed denelty already exaaada the C-J value of 
<*/*<> " 1.3^6, reported by Flckett and Cowan*16).) Frwaaurec la 

XO 
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exeees of C*J values could result In s period of over-drive in 
the transition from shock to detonation. Such overdrives have 
been obtervud In gaseous detonation by Gordon'17'#. There la 
evidence In the results obtained for Composition B-3 that aueh 
overdrive did occur for a short period« The records, however. 
are Insufficiently resolved to assign z ungnltude and position 
to this observation. A earners with a higher writing speed should 
make this possible. Overdrive was evident **•# m a recent re- 
port on Initiation of single crystals of PEW. 

Summary 

Aa experiment la described in which shook velocity In an 
explosive csn be observed la the Initial growth stag«.    The 
velocity can be determined as s function of initial shock 
strength and distance or time of trsvel.    The Initial shock 
strength la simultaneously determined«    The experimental method 
la baaed) on obaervatlon of phase velocity along a free boundary 
by * light reflection technique which beeernes essentially a 
maasless detector.    Many applications of the method other than 
that used here are suggested.    It should be possible« for ex- 
assBlo, to us* the technique In the following experimental 

(a) aquation of state of solids and liquids« 

(b) C-J pressure 1B explosives, 

(c) Study of both elastic and plastic waves mad tholr tran- 
sition pressure in materials similar to Iron. 

Reported herein are points on the non-reaction Hugonlota 
and shock velocity va. distance for six military explosives la) 
common use.   The data have been analysed to obtain initiation 
delaya aa a function of Initial transmitted pressure into the 
explosive over a United range of pressures.    It la believed 
that the results obtained can bo applied to Interpretation of 
Initiation problems in which other than on.-dlmeneloual geometry 
exleta.    Observatlooa such aa the "hook" In cylindrical charges 
should be amenable to analysis If one considers rarefaction 
effects In addition to the results obtained here. 

There are a number of variables which «arrant further atudy 
by the method used.    They Include: 

•A.K. Oppenheim*18) cite a that Turin and huebler*19) observed 
high preaaure and overdrive In Initiation of gaaooua deto- 
nation.   Oppenheln gives a theory aiming to explain the 
obsowotlon. 
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(a) Study of effect of loading danalty, pmrtloio alst and 
•dditlvaa on lotttatIon. 

(b) Ixtoialon of tho «oaturod rangt to hlghar and lowar 
Initial a hock prtaauras. 

(o) Study of tha affact of ahocfca followad by known rara- 
faction on Initiation transition. 
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