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INITIATION TO DETONATION OF HIGH
EXPLOSIVES BY SHOCKS

Bys

J. M. Majowicz
S, J. Jacobs

ABSTRACT: A reflected ligh* technique was used to measure
the velocity of induced gh¢' s and speed-up to detonation
velocity in TNT, Pentelite, Composition B, Compcsition B-3,
65/35 Octol and 75/25 Cyclotel. The wethod consisted of —
plaeing'a 1ight reflecting aluminized Mylar film 1in conteact
with the firee surface of the test explogive wedge which was
fastened to 2 braass plate, shocking the opposite side of the
plate by an expliosive dclonation and obaerving with a smear
camera the arrival of the shock wave at the rree sxplosive
surface. The arrival of the shock was detected by a change
in the intensity of light reflected from the Mylar film
surface., The initial particle velocity btehind the shock
front in the test explosiv: was determined by treating the
explosive at the brass surface 25 an inert material and
applying shock impedance relatiomships, Several points on
the Hugoniot were determined for the unexplodec explosives
from the boundary condicions, Curves are presented for the
build-up shoek velocity relative to initiation pressure as
well 28 the variation of delay time to steady velocity as a
function of induced srnhock pressure,

EXPLOSIONS RESEARCH DEPARTMENT
U. S. NAVAL ORDNANCE LABORATORY
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-—1—

EB8AA 578G

i ek A

L]
¥

.
i

e _'—-'.i“tl - .

T S



CONPIDENTIAL

NAVORD Report 5710 1 March 1958

The report presented herein is besed on a paper that was given
at tne AXP Conference held in October 1957 at London, England.
The work was done under Task Assignment: NOL 260-57 in the Explo-
sion Dynamics Division of the Explosions Research Department.
The work described is supported under a task for the University
of California Radiation Laboratory to study baaic phencmena
related to the explosive initiation and detonation processes,
This work has interest to workers concerned with def ation
to detonation transition in propellants. The goal of

Task HOL-323 on Deflageration-Detonation Transition has been
augmented by the finding of this report. This work is further
useful to Task FR 43 financed with au of Ordnance funds.
The results will find spplication to a key problem concerning
the mechanism of initiation of explosives and tests for sensi-
tivity (NAVORD Report 3906: Problem 7.7.7).

W, W, WILBOURNE
Captain, USN
Commander

@ . Cumsor

C. U. AROKSON
By direction

i1
CONPIDENTIAL



Introduetlon . . « ¢« ¢« ¢ ¢ o o s o ¢ 0 o o - o 0 o o
Experivental Yrocequre . . « ¢« ¢ o« ¢ ¢ ¢ o ¢ = o o o o
RESULLE . ¢ ¢ ¢ o ¢ ¢ ¢ ¢ o 06 0 ¢ o 0 = = » o o o o o
DisCusSBION . o o ¢ ¢ ¢ ¢ o ¢ o 0 o o 0 1 0 ¢ o 0 o o o
SUMMAYY o« ¢ o 4 o o ¢ 0 3 0 0 6 & o 0 s e 0 o s o o e
Aammu ¢ 6 0 6 8 0 0 6 6 0 5 0 0 0 e 0 o o o

anrcucoi.’............. 3 & b LB W e

Table I. Table of Shots and Explosive Compositions.
T.bl' IIO mul hu. [ ] ¢ [ ] [ ] ® [ Z [ [ ® [ 2 ® ®

Table III., Variation of .Delay Times as a Punction of
Pressure 1n TNT. . . ¢ ¢« ¢« ¢ ¢ ¢ ¢ ¢ o o

141

Page

11
12



Figure
Figure

Pigure

Pighre

Figure

Pigure

Figure

Figure

Figure

Pigure

Figure

Pignure

FPigure

1.
Q.

3.

9.

10,

11,

12,

13.

CONFIDENTIAL
NAVORD Report 571

ILLUSTRATIONS

Model for “owth of Shoek . . . .

Side View of Explosive System and
Smear Camera Record . . . . .«

L 4 L4 [ ] [ ] [ ] L] ]

Sketch of

Smear Camera Record of Comp _ 3 Using 1 1in.

of Brass Plate ., . . « « ¢ ¢ &

Inatantaneous Shock Velccities in
for three thicimesses of brass.

Instantaneous Shock Velocities in
three thicknesses of bress., . .

Instantaneous Shock Velocities in
fer three thicknesses of brass.

Instantaneous Shock Velocities in
for three thicknesses of brass,

Instanteneous Shock Velocities in
for tiree thicknesses of brass,

Instantaneous Shoeck Velocities in
thicknesses of brass. . . . . .

Pentolite

Comp B for

Comp B-3

65/35 Octol

® ® ld *® [ ] ® L4

75/25 Cyelotol

[ [ [ ] L4 [ ] o [ ]

TNT for three

Free Surface Velocity ans 2 Function of Shoek

Velocity in Brass Plate . , . .

Free Surface Velocity as & Function of Brass

Plate Thickness o, . « « « « o o

Hugoniot Curver for Uureacvive High Explo-

'1".. [ ] [ ] [ ] L4 L] [ ] L 4 [ ] [ ] [ ] [ [ ]

Delay to Detonation as a Funetion
Pressure in Explosive . . . . .

iv
CONFPIDENTIAL

of Initial

Page
13

14

15

16

17

18

19

21

2?2

a3

2k

25

el i o b

e e e i

T T 5 SRR



CONFPIDENTIAL
NAVORD Report 5710

INITIATIOR TO DETONATION OF HIGH
EXPLOSIVES BY SHOCKS

INTRODUCTICN

The reliable initiation of explosives by shocks weaker than
that produced by the steady detonation itself 1s well known.
Examplea include: a) initiation by weak boosters (resctive shock),
b) mitlztio? by a booster in a can, ¢) mitittio? through inert
varriers{1:2), and d) inttiation by air shock'1:3), The latter
items entail pure shocks. One of the first attempts to unravel
the phenomena occurring in the mitrtgoo og-"olid explosives by
shock 18 due to Herzberg and Welker(4,5 P 161) tThey found that
an explosive appeared to start detonating at a point below the
initiator within the body of the explosive (the so-called deto-
nation "hook"). This effect wag further studied by Boggs,
Messerly and Strecker(6,5 P 1€1) The work of these ; veeti-
gatorg was interpreted by Boggs amd by Eyring, et al,( as a
shock propagation phenomena. Herzberg and Walker favored a
"low order" detonation hypothesis. More recently mumrr(B)
studying initiation bv air shock found a delay in the time of
initiation after the shock impacted the oxp%ﬂiw. He also noted
the "hook" in the detonation trace. Cotter devised a tech-
nigue for observing the time interval between initial shocking
and emission of light from a transparent explosive (liquid
nitromethane) and reported values of the time {nterval as an
initiaticn time for severul values of shock barrier thickneas.
Recently Cosner(B) showed that detomation of Lomposition B from
& Composition B donor (both charges eylindricesl &nd of equal
diameter) whose shock was degraded by a steel barrier appeared
to begin at a distance from the barrier-explosive interface snd
that the distance increased with barrier thickneas. The appar-
ent initiation point could be as much as 1 or 2 diameters awwLy
from the boundary. This work was 1nd-mmntly.coun.r~1 gy_
some very beautiful framing camera pictures by Sultanofc{(9).
Sultanoff showed that surface displacements occurred on the
viewed surface prior to dttomtis’ which could be attributed to
shocks in the explosion. Cook'1?) has shown a number of inter-
esting initiation effects in cylindrical charges. ! number of
papers related to the sudbject were presented at the recent
Symposium on the Initiation and Growth of Explosion in Solids"
sponsored by The Royal Society (30 May 1956). The suthors have
seen only the abstracts, however, so no discussion of these will
be attempted at this “ime. Particularly applicable are the

|
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papers by Cachia and Whitbread, lLampson and Eichelberger, and
Winning. These are expected to be published in the Proceediugs
of the Royal Society.

Several nypotheses have been offered to explain the initi-
ation phenomena described above. These include: a) the low
order-high order transition apparently first offered by Herzberg
(see reference (6) for discussion), b) a non-isotropic prope-
gation of a detonation (shock) as suggested oy Boggs, ¢) some
continuous variation in the detonation (shock) rate such(!!)a

gradual increase with time (suggested by BO{?I). Jacobs

revived the latter hypothesis in the light of more recent evi-
sence. To simplify the understanding of the phenomena observed
he suggested ccnsideration of a one-dimensional model, Figure la.
In this model he considered the effezt of a squere step jump in
the boundary velocity produced by a shock entering the explosive
through a barrier such as a metal plate. This boundary velocity
determines an initial pressure and shock velocity in the explo-
sive. The com.™0si-. explosive 1s adiabatically heated by the
pressure Jjump behind this shoek. This increases the reactivity
of the explosive and reaction wilil first start at the boundary.
The result of reaction 1s to increase pressure and temperature
to accelerate the reaction rate. The pressure increase propa-
%;tes as a comprescion wave which overtakes the shock front.

e shock front velocity 1s then speeded up. The higher veloc-
ity shock causes the material to be hotter than it would have
been had the shock not been reinforced. By this process of
shock reinforcement, reaction rates mount at increasing distance
from the boundary until the reaction time approaches thet in a
normal detonation. The ahock velocity will then stablilize to
~normal detonation velocity. According to this view the shock
Socat may or may not pass through an over driven shock wave
{7c0city cnd pressure exceeding Chapman-Jouguet values) depend-
ing on the shock properties and reaction kinetics in the explo-
sive. In this model no "low order" velocities are necescary to
effect the transition from shock %o detomation but such quasi-
steady wave could exist at some stage of the progress of the
wave. The more general situation confronting the initiation
process is an initial shock wave followed by rarefactions at the
boundaries of the charge. The competition between re¢actior ef-
fects to strengthen the shock and accelerste fui *her reaction,
and rarefaction effects to weaken the shoci. aid slow down reaction
are proposed as the general basis for the observations that have
been reported.

Except for the work of Cotter the experiments c¢ited have
been performed in geometries of charge and barrier which do not
lend themself to the simple enalysis suggested adove, Cotter's
work was incomplete in that there was no way of observing the
tatory of the effects of the shock on the explosive between

2
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the time of shocking and the emisoion of 1i::%, His experiments
aliso could not be perrormed on the non-transverent solid explo-
sives which are of most interest to the mil:':'y eztablishments.

In order to teat the above theories it x5 necessary to
devise a method wheredby explosive could be iniciated by a plane
vave in which the ensuing doundary velocity would be a3 constant
as possible. Means had to be found to observe shock velocity as
a function of distance of travel of the shock from the boundary.
I addition a means of determining the shock »mplitude at the
boundary was desired. Such an experiment hi @ .uén found, The
followi report is a preliminary discussion of the experiments
ernd results obtained to the date of this writing.

The ' who is famlliar with the worv of Walsh and
Christian w%ill recognize the experimental -C.20¢ as a variant
of theirs. The present method uses surface reflection of an
external light source instead of argon flaek ~pa to delect the
vave arrival. In this respect the method is ~i/:. generally
tpplicable to the precise measurement of shock and free surflace
velocity. The measurement is essentially in..."nmdent of il-
tude of the wave velocity and therefore can L: cxtended to lower
prressures than the we of ¥alsh and Christian. In addition
the detector is essentially marsless and thersfore less subject
to introduction of 2 perturbation on the result, Six cast explo-
teLves have been studied and date 1s presented .. show: a) shock
velocity as & function of initial chock stre-gth and distance of
travel from the boundary, b) experimental poti.*s on the shock
Hugoniot for these explosives, ¢) delay in ii::iatica &8s defined
by time to reach points where final velocity is reached minus
time that would have transpired if initiation were irstantaneoue.

Bxperinentsd Procedure

The experimcntal arrangement, shown H Pigure 2, conrsisted
of o 45 diameter NOL plane wave booster(l2) made with cast
pentolite doncr and accaptor; e 075 x 5U5 square layer of Cou.go-
81 tion B-3 (fine purticle size RDX in TNT) and, finally, an 8
square brass plate (thickness 075, 1"0, or 1'.'55. Attached to the
center cf the free s ¢ce of the brass was an explosive wedge
having an angle of 25° to the brass surface (tapering from
tpproximately O to 0759), a length of 1725 and & wiath of 1"25.
The free surface of the wedge was novered with an sluminized

My ler file®*. A brass wedge with a 25° angle, 0775 x 1725 was

‘Aluninized Mylar film was procured [rom: Coating Produsts Co.,
101 West Forest: Avenue, Englowood, New Jersey

3
CONFIDENTIAL



CONRIDENTLAL
NAVOHD Report 5710

mounted below the explosive wedge as shown, As indicated in
Figure 2, the explosive wedge was placed 0725 from the edge of
a 0% x 1725 groove in the brass plate which was cut at a2n angle
of 259 while the brass wedge was placed 0125 below the test
exploaive wedge. In the groove wez placed g2 07125 x O?é x 1"
strip of Lucite to which was fastenod a Myler film of 0,0005
thickness with an aluminized iayer surface of 070001 *hickness
acjacent to the brass surface. The Lucite strip was permitted
to extend 07187 beyond the surface. The groove served the
purpose of measuring the shock velocity in the brass while the
Lucite strip served the purpose of measuring the fres surface
velocity of the plate by a light reflection methud to be de-
scribed. Adhenion of the film to the Lucite and explosive wedge
surfaces was accomplished by wettiug the Mylar film and the sur-
faces with a dilute dotergent solution and then applyirg a
rolling pressure to remove the excess golution. The thickness
of the wetting agent remaining between the Mylar film and Lucite
or explosive was considered to be negligible.

When set for firing, the assembly wes arranged so that the
three surfaces, namely, explosive wedge, Lucite wstrip and brass
with 2 polished surface were normal to the optical axis of the
rotating mirror smear camera (wr%t%yc speed, 3.768 mmgusec).

A 3" exploding wire light source'l3) was used to 1lluminate the
Mylar covered and polished brass faces. The light source was
positioned by projecttng the slit of the camera ontc the re-
flecting surfaces and placing the source at a line along the path
of the reflected slit image. In the test then, ns the shock
arrives at the reflecting surface, the direction of the particles
1in the aluminum layer or polished surface changes with respect
to the optical axis of the camera. This in turn brings about a
sharp discontinuity or interruption in the character of the
reflected light.* The photographic record can then be inter-
preted to give the precise arrival time of the shock wave along
the groove in the brass, al the polished brass surface, along
the explosive wedge and finally the arrival time of the free
surfeace glong the Lueite strip. Thc break in the shock velocity-
t'ree surface velocity trace established the arrival time of the
shock atl the upper portion of the brass-teat explcsive interface,
while the trace from the polished surface of the bLrass wedge
established the arrival time of the shock at the lower portion
of the brass-test explosive interface., With this information

a correction can be made for any existing wave tilt along the

* This methcd is a variant of the technique used by T. P, Cotter
to obtain initiel shock arrival in his experiment. The rres-
ent method 1is based on a suggestion dy T. P. Liddiard of this
Laboratory.

CONPFIDENTIAL
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slit., Tilts at right angles to the slit cause no difficulty iv
i nterpretation as long as they are emall, A sketch of the smear
camera record is shown in Figure 2 and an experimen*al record is
showr in Figure 3.

Resulte

The instantaneous shcck velocity at any point 2long the
=xrlogrve wedge surface {(corresponding to Known but varying
explosive thickness) wes determined by establishing the tangent
t-0 the detonation trace at various positions. The resulting
velocities were plotted as a function of explosive thickness ano
are shown in Figures 4-9, The extrapolated zero thicknees value
ffor the initial instantaneous shock velocity in the test explo-
s ive was used in determining a point on the iot of the -
unreacted explosive as described below. Experimental values of
Lnitial shock velocity and final detonation velocity are sum-
marized in Table II.

3hock and free surface velocities of the bress plate were
determined 1in all experiments. Free surface velocity was plotted
as a function of shock welocity euéd is shown in PFigure 10. The
indicated noints represent mean values with a spread of about 1%.
In addition, free surface velocity was plotted as a fumction of
bxass plate thicliness and is shown in Figure 11.

Treating the explocsive in the wedge as initially inert, 1ics

particle velocity is related to that of the brass by the femil-
far hydrodynamic expression:

Ue ° u.[_(?o 2(:0*0)5 - J; Uy © 1/2 u(brass surface)

©o = Initial density

U « Shock velocity

u = Particle velocity

e - Subscript referring to explosive
me Sub:crtpt'r'orerrlvg to metal

5
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TABIX I

Tehle of thots and Exploeive Compositions

cast, (g/e)
| Pentclite (& = 1.676) _ S ‘
50/50 PETN/TWE
= Camposttien B (@=1.710)(%) 2 1 1
- 4 Composition B3 (= 1.723)® | 2 2 1
Octol (P=1,787) | e % 1
65/35 Bx/TRr
Cyslotol (P=1.729) 2 2 1
T5/25 FOX/THr
T (©=1.55) 2 2 2
(Cresmed)

(a) Compositica Be 59.5 £2% ROX
9.5t 2% ™
100”0“ Wax

(b) Composition B=3: 59.521,06 BOX  (Medisn Particle diemeter of RDX:
ho.5 1,06 ™ 65-80 microus.)




TABLE IT

(computed)
(k)
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Initial Particle | Initisl Pressure |
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.
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(=
Z2RA | &R | &% -y b
g %558 | 998 | 888 | 535 | 43% | 848
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Knowing the shock velocity and particle velocity of the
inttially inert explosive, a point on the Hugoniot for this
raterial was determined with the following two hydrodynamic
equations:

(1) VN, = (%/(" = (U=-vw)/U
(2) 27U,

V = Specific volume
P = Pressure

Subseript o indicates uncompressed value

Other quantities are as chvioully defined, The density of
brass was taken to be §5.476; explosive densities are shown in
Table I. The plottad Hugoniot curves are shown in Figure 12,
Extrapolations to zero pressure in FPigure 11 are tentative
ettimates but283e initial slope was deterained from weak shock
mea surements . )

The variation of delay time to steady velocity as a func-
tion of induced shock pressure for all explosives except THT
are shown in Figure 13. Delay time in this figure 1is defined as
in reference (3), namely:

Taelay ~ (time to steady velocity) -
(time if steady velocity existed throughout).

The points represent mean values for duplicate experiments with
an accuracy »f about .01 microsecond. The values for TNT besed
on the experimentally determined velocity are givem in Table III,

Discusaion

Th: work presented above has been but recently completed.
Consequently, there has been insufficient time to consider in
detell the significance of the results. Some of its signifi-
csnce 18 clear, however, and these points will be taken up now:

(a) The initial shoek velocity is a function of the velocity
of the driving surface. This velocity persists at a steady rate.
Because the wave is amplitude dependent and assumec its velocity
immediutely it can hardly be interpreted as & "low-order" deto-
na:ion. The results favor the shock followed by reaction hypoihe
esl s,

8
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PABIR 1TX

Variation of Delay Time as & Function of Pressure in TRY

Infitial Pressure in

! T () (wierosec)

&1.1 0.272
0.275

# Based on the observed final (lov order) detemation
velocity of 5.23 mm/microsec. as given in Table II.

CONFTDERTIAL
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(b) The existence of a steady velocity for a finite period
prior to speed-up implisz tnut compression waves due to reaction
do not start from the boundary immediately (See Fig, 1b). The
steady zone 1s therefore evidence of et induction period (prob-
ably thermal in nature) for the rhemical rcaction. It is
expected that further analysis will determine the induction time
as & functicn of the pressure in the step shock.

(e) The "Gelay-time" is simply the result of the shock
build-up process. Tne transition from shock to detonation pro-
ceeds in an orderly way which can be accountead for by straight-
forward hydrodynamics and reactiou kinetics. This experiment
furnishes & basis for examining tie kinetics of reactions
4 nduced by shocks.

(d) The result for TNT shows two deviations from the other
substances, first, the delay 1is leis reproducible and second,
the velocity levels off at a value below normal detonation
velocity. The first observation suggestis that reaction rate ia
sensitive to the physical variations which can occur from charge
to charge even though the initial shock velocity 1is not. This
conslusion is also supported by the differences observed between
Composition B and Composition B-3, Iu these explosives the
essential difference is the particle size of the RDX and s small
percentage of wax,

The low plateau velocity for TNT suggests a true
"low-order" detonation. It could be accounted for by a two-step
reaction process for TNT, The effect will require further study
for its complete understanding.

(e) The evidence favoring zn indveotion period in the initi-
ation of the explosive sirongly suggests the existence of the
"plateao(" gr induction zone in the steady detonation as well,
Mallory(1l5) has already inferred this conclusisn im his work on
detonation pressure in TNT., This report can offer support to
his conclusions., It should be possible, by going to higher
impacting velocities on the explosive wedge, to extrapoiate the
results on an induction period to %rr kinetic conditions existing
in the noirmal detonation, Cottcr( has already done work along
these lines for liquid nitromethane.

(f) The compressed densities in the initlal shock computed
from the boundary conditions (e.g. (°/2, = 1.369 at p « 119Kb)

for Composition B-3 strorngly suggests that in the explosion of
the compressed explosives the pressures reached might, for some
conditions, exceed thoae due to the shock in a normal detonation.
( The compressed density already exceeda the cag value of

p/f'o = 1.3L€, reported by Pickett and Ccmn(l .) Prussurec in

10
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excess of C-J values could result in a period of over-drive in
the transition from shock to detonation. -Sue?lgycnarivt: have
been obzervad in gaseous detonatiun by Gordon *, There 12
evidence in the results obtained for Compouition B-3 that such
overdrive did ozcur for a short period. The records, however,
are insufficiently resolved to szsesign = megnitude and position
to this obsurvation. A camera with a h&shef Isit:ng speed should
make this possible. Overdrive was evident \¢1) in a recent re-
port on initlation of single crystals of PETW.

Summary

An experiment is Gescribed in which shock velocity im an
explosive can be observed in the initial growth atage. The
velocity can be determined as a function o initial shock
getrength and distance or time of travel. 'The initial shock
strength 18 simultaneously dectermined. The experimental method
is based on observation of phase velocity along a free boundary
by a 1ight reflection technique which becomes essentially a
massless detecter. Many applications of the method other than
that used here are suggested. It should te possible, for ex-
ample, to use the technique in the following experiments:

(a) Equation of state of solids and 1liquids,
(b) C-J pressure in explosives,

(c) Study of both elastic and plastic waves and their tran-
sition presaure in materials similar to iron.

Reported herein are points on the non-reaction Hugoniots
and shock velocity vs, distance for six military explosives in
common use. The data have been analyzed to obtain initiation
delays as a function of initial trawsmitted pressure into the
explosive over a2 limited range of pressures. It is dbelieved
that the results obtained can be applied to interpretation of
initiation problems in which other than on_.~dimensional geometry
exists. Observations such as 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 warrant further study
by the method used. They include:

e @ ® W @@ > © @ ® T ©® ® @ S © © @ O " 0 S S O & e S S O & O ®© H

*A. K, 6ppenhcin(18’ cites that Turin and Hucbler(lg) observed
high pressure «nd overdrive in initiation of gaseous deto-

nation, Oppenheim gives a theory aiming to explain the
obseivation,

11
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(a) Study of effect of loesding demsity, particie size and
additives on initiation.

(b) Extewsion of the measured range to higher and lower
1nitial shock pressures,

(c) Study of the effect of shocks followed by known rare-
faction on initiation transition.
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