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EXPLOSIVES

INTRODUCTION

*

An attempt has been made here to summarize some of the information on the
properties and behavior of explosives as it is aveilable from the ope'i pre=war
literature, Ordrance reports, reports from NDRC and British reports (AC Series).

To expedite the writinz, the author has cmitted references in all those
instances where he believes that he remembers the oontents of a report eor an article
but cannot remember what report it is. Thus, to some extent, the following pages
are only "one man's opinion"” and the readers are invited, if tﬁey distrust the
author’s memory or his interpretation, to look ﬁhﬁough the Library and the files to
‘find the referensces in question. A particularly rich source of information and
literature references is a compilation by Blatt, report No., 2SRD 2014,

While the following pages contain comments on the hazards involved in
the‘h;ndling of explosives and desocribse those properties of explosives which cause
the hazards, the reader must not expect to find detailed instructions for procedure
in each individual operation. Writing such instructions would be a difficult task
and the readers are urged instead to consult with those who have had longer
experiende in handling explosives before embarking on a new operation.

It should be emphasizéd that the materials with which this compilation
deals, with the exception of primary explosives, are relatively safe military
explosives, @anufhctured by the hundreds of tons and subjected to routine handling
by rather unskilled labor in loading plants. Thus the maintenance of elementary
precautions in the handling of these materials reduces the chances of an accident
to a nominal value, not greater than those involved in handling other inflammaole
or toxic chemicals, In distinction to the other chemicals, however, one is not

likely to commit more than one bad error in handling high explosives and therefores

u careful omsideration of the safety of a novel oper t c‘n‘:ﬂtsEsB-ongly urged on all,

before the operation is aotuall underta AJ“(: -
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"~ BURNING

Witﬂ very few exceptions (azides, acetylene) explosives contain loosely
bound oxygen as well as elements which can form strong bonds with it; the chemical
reaction wﬁich is responsible for their explosive properties is the transfer of
oxyzen atoms to the new partners, accompanied by & general rupture and rearrangement
of molecules and a considerable heat evolution, which ranges from some 800 (TNT)
to 1500 (PETN) cal/gr. The end products are mainly Hy0, CO, COy 5, Nz , Hy and
solids 1like C, A1203, BaO, etc,

One can visualize the over-all reaction as a sequence of two consscutive
stops, the fiist beinzg the decomposition of the orizinal molecules into elements
(i, e. C, Hy, Oz, Np, etc.) and the second being the reaction of these elements
with oxyzen to form the end products. It is found thet in most instances (oxceétion
beinz RDX) heat is absorbed in the first hypothetical step and is evolved in the
second, Because of the preeminent role of oxyzen in explosive
reactions one commonly speaks of the buraing or deflagration of explosives, even
though the process is scmewhat different from that of the burning of fuels,

In surveyinz the properties of explosives one notes readily a rather
sharp difference between thosc materials which contain oxygzen and its acceptors in
the sams molecule (e.z. organic nitrated materials) and those in which oxygen donor
and oxygen accegptor ére present as separate moleculss aggfegated into discrete
(orystalline)particles (e.z. black powder). In gases and true solutions this dis-
tinction naturally is not observed, but in solid explosives one finds that eveu
thouzh materisls containing oxyzen and its acceptors in separate particles may be
tnermoshemically much more "explosive", a high violence of explosions (so-called
brizance; is obtained only when the contact of oxyzen and its acceptors is much more

intimate than oan be realized in blended powders, Thus it has become an invariable
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rule to use those materials as "hizh explosives" which contain oxygen and acceptors
in the same molecule; however, to improve the exothermicity of the overall resction,
one addg sometimes to the main explosive ingredient a separate oxygzen acceptor
(aluminum)'and/br oxyzen donor (inorganic nitrates or perchlorates). The result of
this mddition is usually a loss of local violence ("brizance") of action, due to the
slower reaction, but a zain in long distance ("power") performance.

On raising sﬁfficiently the temperature of every explosive (see below the
section on thermal stability), the material begins to decompose violently or "burn"
and the reaction, once started, continues spontanously even thouzh the external
source of heat and oxygen may bes withdrawn. The process of burning can be wade into
a well controlled one by a suitable selection of the physical properties of the
material and its environment., 'This has been made extensive use of in the so-called
gun propellants. The modern propellants contain mainly the same materials which
otherwise may act as high explosives, namely nitrocellulouse and nitroglycerine.
However, by the process of propellant manufacture the tendency to detonate is reduced
end the stablility of burning is enhanced. This is done by dissclving nitrocellulose
(and nitroglycerine) and then eliminating the solvent 1)un'l:i.l the residue has become
a hard horny non-porous gel possessing rather zood mechanical properties (elasticity,
non-brittleness, etc.). %hen converted into this state, the propellants are rcund
to burn quite regularly from the surface inward, the reaction zone being limited to
a very thin surface layer at any one instant.

I1f the coordinate normal to the surface of a propellant grain is denoted

by L, then the law of burning can be quite accurately exprwssed by:
4 '
dat

= | P2

1) In the go-called dry-extrusion propellants nitrozlycerine almost alone acts as the
solvent of nitrocellulose, being present slft\oib oportions that the resultant mass
has the proper consisﬁgﬁmﬂi@“@w
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and ‘hence the total rate of reaction is simply this expression times the total
insgtantaneous surface area of all grains,

The constant k, for a given propellant, has been found to be a function
of its initial temperature (rising with rising grain temperature), Also in general
the "hotter™ is the propellant (in the sense of evolving more heat in burning), the
larger is the constant k. The exponent n has a value of about 0.8-0.9 for
propellants made of nitrocellulose gel, without large amounts of oxygen donors present
as discrete crystalline particles, .

The mechanism responsible for this reaction law is now rather well undere
stood 2)° It consists in a partial decomposition of the solid constituents of the
grain on the surface. This reaction is essentially endothermic but the escaping
intermediate gaseous products undergo highly exothermic subsequent reaotions in the
ges phase, forming final products (HpO, CO, COp, Nz, etc.). The “hot" molecules
thus formed impinge on the relatively cool surface of the grain, transfer thsir
energy to it and cause further endothermic decomposition; hence the dependence on
the zas bressure surrounding the grain, since the higher the pressure the more
molecules strike the grain surface. The dependance of the rate constant on the
exothermicity of the reaction follows because the hotter the reacted gases thoe more
heat is transferred to the grain surface. Dependance on the initial temperature of
the propellant exists bacause the lower the temperature of ths grains, the more heat
energy must be supplied to them to heat them to the decomposition temperature.,

It is very important to note that as the proportion of crystalline
particles (each containing either oxygen donor or oxyzen acceptor alone) in the

propellant is inoreased, the law of burning changes., The exponent "n" starts to

2) Most recent contributions have come from the Aberdeen Ballistic Ressarch

Laboratory in Ordnance Department reporiiT\E.D
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decrease, reaching values as low as 0,2 in materials of the type of black powder,
while the constant "k" becomes less dependant on the initial temperature of the
propellant 3) but still depends on the chemistry of it. The explanation has been
advanced that basically the mechanism remains the same, but that now oxyzem and its

- acoeptor molecules are not molecularly mixed in the zas phase as they escape from the
solid surfaces, Hence the diffusion in the zas phase of one to the other, to undergo
the exothermic final reaction, becomes the rate determining process.,

On application of heat, typical "non-colloided” high explosives in
crystalline form, e.gz. TNT, Tetryl, RDX, etc. are also found to ignite and burn non-
explosively. Studies of the pressure dependance of the burning rate 1) have shown
(up to 5,000 kg/bm?) exactly the same behavior as that of nitrocellulose propellants.
While it has not been possible to determine accurately the individual values of "k"
and "n" for high explosives, qualitatively it has been found that the more sensitive
(to initiation and mechanical impact) a material is, the higher is the constant "k".

Characteristically, the regular burning of these explosives in the closed
vessel experiments doses change occasionally and somewhat urcontrollably into a violent
and almost instantaneous decomposition, usually harmful to the bomb, But this
behavior is not altogether foreizn to the zun propellants either. Ithen the pro-
pellant has been made too brittle, or the temperature of the gun is very low {making
the propellant brittle again), violent "detonations" in the gun have also been

observed, It is thus reasoﬁable to suppose that the cause is the same, namely that

3) See for instance reports from Division 8 of NDRC in 1942-1944 on rocket prepellants.

4) Division 8 NDRC reports from ERL, Bruceton, on H.E.

APPROVED FOR PUBLI C RELEASE
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rather rapid rise in pressure in the closed vessel or the jun brings the grains of
the explosive into agitation., If it is violent enough, the grains break up,
increasing the burninz surface area, This increases the rate of pressure rise,
brings with itself more breaking of the grains and soon the reaction is completsly
out of control.

- However, with sufficiently finely divided (or larzer but very fragile)
grains, the burning may get out of conirol, even thouzh the material is not counfined,
oxcept by its own mass. This may ocour even with such highly insensitive and slow
burning materials as TNT. Piles of it in the open will burn quietly for many
minutes but if the quantity is large enouzh (several tons), burning not only
acoelerates but ends in a violent explosion,

A very severe explosion destroyed a gun propellaent plant in 1941 when a
newly designed powder drier, containing much more materinl (about 10,000 lbs)than
was common before, caught on fire and the plant personnel, accustomed to relatively
harmless fires in such equipment, grabbed fire hoses and started to advance towards
the building instead of running §way° At this instant the burning changed to
detonation and more than 100 persons were killed by the blast and fragmentso

In a project of Division 8 of NDRC mixtures of inorganic nitrates had to
be milled with ammonium plerate in edge-runner mills, Occasionally the mixture
caught on fire, With about 50 1bs. in the mill the burning was quite gentle and
no harm resulted to the equipment. ¥%hen, however, larger mills were tried; con-
tairirg about 400 1lbs, of the same mixture, no fires but three very violent
explosions occurred, each throwing the cast-iron runners weighing about a ton sach
high into the air, but fortunately, due to good barricade construction, not injuring
anybody. |

To understand these phenomena one may note that the burning advtnces quite

APPROVED FOR PUBLI C-RElB\Sim— -
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rapidly along the surface of the grains or from one grain to the other (in & gun,
for instance, a rather small black powder igniter sets fire to all grains in a small
fraotion of a millisecond)., Uiven a sufficiently large quantity of the explosive
naterial, a time comes when the burning reaches desp into the heap. Here ihe gasss
formed escape but slowly because of long and narrow channels betwesn the particles
surrounding them. Thus pressure rises above atmospheric, rate of burning goes up,
hence ges is formed more rapidly, raising the presssure further and so, in a very
short while, the reaction gets out of control,

With some exceptionally rapidly burning materials (i.e. probably materisls
having very large k's) it does not require a large quantity to change'burning to
detonation. Thus mercury fulminate will detonate very rapidly after ignition (i.e.
in a millisecond or less) even when the quantity present is but a small fraction of
a gram, unless it has been compressed so highly ("dead-pressed”) thst the flame
cannot penetrate below the surface. Only in fairly high vacuum is it possible to
decompose mercury fulminate fast but without violence?) Lead azide, apparently,
has an even hizher burning rate constant, since it is wirtually impossible to dead-
press it and it dces detonate on ignition even in high vacuum.

Quite generally, those materials which spontanecusly change from burring
to detonation at atmospheric pressure when present in small quantities are calied
PRIMARY (or initiating) EXPLOSIVES. Materials which do not do so unless present in
very large quantities, and then only after lonz delays, ars called HIGH EXPLOSIVES,
while materials which are difficult or impossible to detonate even under confinement

are called PROPELLANTS, To this latter class belonz par excellence thoss materials

5) 1Ignition and detonation of mercury fulminate and lead azide have been studied by

Garner and co-workers and desori s in Proc, Roy. Soo.

APPROVED FOR PUBLI C RELEASE
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in which oxygen donors and oxygen accaptors are present as separate milcroscopio
particles. In view of what has been said before on the dependance of their burning

rate on pressure this is not difficult to understand,

SHOCKS AND DSTONATION WAVES

On the basis of the preceding discussion it might seen that there 1s no
natural 1limit Lo the rate of explosive reactions, but actually such a 1limit does
exist, It is determined by the hydrodynamic laws of propagation of shoock and
detonation waves,

In order to understand what follows it is necessary to present here at
least & hizhly simplifiod discussion of such waves. The literature on the subject
is quite large and must be consulted for a more rigorous and detailed treatment§)

Suppose we have a cylinder filled with a gas drlliquid and behind it a
piston. The piston is given a slight forward motion and then rapidly reversed and
brough to its original position. The result is an acoustic wave, consisting of the
compression and rarefaction zoues, traveling through the medium with acoustioc
velocity. At the crest of the wave, due to compression, the medium is slightly
warmer than orizinally, but it is cooled by the adiabatic expansion behind the crest
and finally resches the same state it originally possessed.

Now let the piston move always forward, being acoelerated in small jerks.
The first wave will not be followed by a rarefaction beceuse the plston keeps pushing
the medium, hence the second wave will travel in a somewhat hotter and denser msdium

and consequently, in all known substances, it will travel faster, The same is trne

6) A book, Flame and Explosions in Gases, by B, Lewis and G. von Elbe gives a fairly
elementary but not always correct treatment. A somewhat more exact presentation will
be found in NDRC report (Nos. OSRD 69, 70, 114) by Kistiakowsky and Wilson. There
also wlll be found references to the earlier literature, A complete and original
itreatment of detonation waves 1s presented in Division 8 NDRC reports of J. von
Neumamn (Nos., OSRD 549, 1140), but is is hard going.

APPROVED M&J&LIAQ RELEASE
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of the third wave relative to the second, etoc. Thus the waves will tond to catch

up with those in front, as is indicated on the schemstic drawings below.

\
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The last phase shown here is that of a shock wave, Mathematical analysis shows that
it will be formed even if the piston (or any other suitable source of pressure) is

accelerated steadily rather than in jerks., If it were not for processes of heat

conduction aad molecular diffusion, the front of the shock wave would be infinitely
s%eep; actually a finite slope does exist. The velocity of the shock wave is grester
than that of acoustic waves; according to calsculations of Hugoniot, it is only
slightly less than the acoustic velocity in the medium raised to the temperature end
pressure of the creost of the wave plus the wvelocity of the medium itself in the crest,
The latter velocity is by no means negligible and in gases may account for much of
the shock velocity. In condensed media, however, except with shocks of extraordinery
atrength, most of the shock velocity is due to acoustic velocity wheress the matter
noves much slower. Because of the. (theoretically) infinite rapidity of compression
in the shock front, the heatinzg of the medium is not carried out reversibly as in an
acoustic wave; thus; even after the passage of the rarefuction wave ané the return
of the medium to its original pressure, it is found to be hotter than originally.

This means, of course, that in a shock the mechanical energy of motion is being

dissipated and converted into heat energy. Thus any shock, aside from the purely

geometric weakening of spheriocal or oylindrical expanding waves, must gradually die oub, I

O r"‘“—“

|\
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The interpretation of detonations by Chapman and Juzuet, put on a solid
theoretionl foundation by v. Neumann, regards them as shock waves, self supported
by the energy releassed in the burning of the explosive, The establishment of
detonations out of the burning process can be visualized qualitatively as follows,
From & burning volume element in the mass of the explosive the reaction is spreand
by the efiluent hot product gjases. Behind the spreading reaction front the tewpaer-
ature and pressure of the zases are hizher, hence conditions exist for the formation

of & shock wave (see drawings above)., As this developinz shock passes around new

grains of the material, they bezin to decompose and react faster than the grains
ignited earlier, because of higher praeszure surrounding them, After a while the
shock becomes so strong that it is not limited to a flos of gases around the grains,
but involves compression and physical displacemsnt of the grains themselves; thus a
woll defined shock fronl becomes established., Its velocity and the pressure in the
crest would keep on rising indefinitely, wers it not that energy is required to
compress the material 7)9 but the enerzy available from the burning of the explosive
is finite, Eventually a balance must be established between the energy released by
the explosive and that used up in compressing the material to the conditions existing
in the shock; then the shock becomes stabilized as a tirrue detonation wave.

The theories referred to above show that the kmowledge of the chemical
composition of the reactants, together with that of thel:r density, of the equetions
of state of the substances involved, and some other thermodynawic functions, is

sufficient to predict all the hydrodynamic properties of ideal detonation wavss.

7) 1In stronz shocks this energy is larze and very much zreater than in reversible
compressions.,

~ APPROVED FOR PUBLI C RELEASE
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The velocity of these waves is found to be equal to the acoustic veloclity in the

reacted medium at the pressure and temperature of the erest of the wave plus the
material velocity of the medium‘in the crest. In solid organic nitrated explosives
at the densities commonly used (0.7 to 1.7 g/cc) the density of the medium at the
crest of the wave is some 30 to 50 percent higher than that of the unreacted materialg
the matsrial moves with velocities of the order of 1,000 m/sec° and its temperature
is perhaps 30 peroené hizher than would exist in produsts of sontrolled sdisbatic
burning while pressure resches 200,600 k@/bmzo Acoustic velocities in such media

are of the order of several thousand m/sec.

Acocording to v. Neumann the detonation wave ccnsists of a'thin moechanical
shock wave followed by a chemioal reaction zone of lower pressure; the ;nergy
releasad in the latter zone supports the shock in front and this, in turn, serves
toc start the chemicel reaction (by a mechanism which will become clear later). Ths
Initial mech&nical shock 1s suppossd to acquire a definite profile (i.e., pressurs-
distance relation) which it retains regardless of the shape of the cﬁarge, estc,

The same should be true of the reaction zone if t§is were infinltely thin., In any
case, however, they are followed by & zone in which the phenomena are best described
by sayinz that a rarefaction wave follows the detonation wave, a rarefaction due %o
the flow of gases from the crest of the wave into the space behind which was
originally occupied by the charge, and further beyond, Thizs the complete wave pro-
file depends on the shape of the charge, on the confinement around it, on the distenocs
the wave has travelled through the explosive and, finally, on whether the wave is a
divergent, planre or a converzent one 8), In general one can say that the longer

has the wave travelsed through the explosive the thigker it becomes (i.e., the high

8) This subject has bsen treated in British reports, mainly by Taeylor, Penney, Jones,

APPROVED FOR PUBLI C RELEASE
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pressure lasts longer); due to this circumstance larger charges heve greater
destructive effect. Naturally, when the charge is in the form of a thin rod, side-
ways {low of gases controls the shape of the detonation wave snd the latter aoquires
a constant shapé regardless of the length of the charge.

The detailed mechanism and the rate of chemical processes occurring
in the wave are of no importance for the propagation of a detonation wave through
an infinite amount of explosive, hydrodynamic and thermodynamic laws controlling all
the properties of the wave. However, as will be seen below, deviations from ideal
behavior are frequently observed in charges of finite size. They consist in a
slowing or & complete failure of detonation and can be traced to the finite rate of
the chemical processes responsible for the detonation; thus the mechanism of these
is of some interest.

Preclsge theory of these processes does not existy however, the writer
believes that in the detonation wave, &s in controlled burning, individual particles
of the explosive burn from thersurface inward, the rate being probably controlled
by the law given earlier.

, This ideﬁ is reasonably consistent with the absolute rates of reaction
observed in the detonation zones, which are of such magnitude that finely divided
loose explosives complete the burning of 0.1 to 1 miorosscond. On the other hand
the burning rate of typical propellants and H.E, in closed vessels in such that
decomposition progresses through the zrains about 0.2 mn per millisecond at 1,000
kg/bm? pressure, Taking the 0.8 pressure exponent of the burniny lew, particle
size of loose explosives as 0.1 mm and 150,000 kg/bm? pressure in the wave; ons gets
complete con7ersion in about 5 microseconds. The remaining discrepancy, if any, may
be qualitatively accounted for by the crushing of particles in the. shock and by the

higher temperature of the product zases in the detonation wave as compared to theéir

temperature in the adiabatic burning experiments., -

APPROVED FOR PUBLI C RELEASE
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SENSITIVITY AND IHWITIATION

An explosion may be caused not only by heating but also by a mechanical
blow' on the explosive; in fact, even materials which are difficult to briuz to
detonation by hest, can be set off readily by a mechanical shock under proper con-
ditions. nThis mechanical sensitivity has naturally received a great deal of attentic
from many investigators, but its controlling factérs are not fully understood, The
following review ig based mainly on recent dats contained in Div, 8, NDRC reports
from the Hercules Powder Co. and from %“RL, Bruceton (Mos. OSRD: 803, 1288, 1706,
2014, 3149, 3185, 4099). The studies have been generally divided into those of
sensitivity to frioction, to mechanical impact, and teo gun projectiles, although
from a étrictly scientific point of view such a division may not be justifiable,

The main fact emergzing from these studies is that pressure per se does not
cause explosions. Thus Bridzman (NDRC report No, OSRD 64) slowly applied pressures
in excess of 50,000 kg/bm? to varlous explosives and then subjected the materials
to shear without gotting any explosions unless the rate of shear was fast. Other
tests show that even fast applioation of pressure does not cause explogion without
some shear of particles or without friction between particles. Thus lsad azide
was suspended in a liquid (under conditions readily ziving explosions after & suit-
able impact) contained in a small cylinder with a piston. The ligquid was compressed
very suddenly by dropping a large weight on the piston, but no explosions resulted,

Frictional sensitivity has been studied by lettingz a "shoe" attached to
the arm of a pendulum scrape along a surface {usually roughened) covered with the
. explosive, Studies at ERL have shown that even using shoes.weighing several K3 and
heizhts of drop up to a meter, no explosives less sensitive than RDX could be made
Lo explode consistently. Various materials have been used in these tests for the

shoe and the anvil, but the most effaective way to increase sensitivity of aa

explosive was to mix it with a small proportion of a hard gritty powder. The kinetic
APPROVED FOR PUBLI C RELEASE et ———
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energy of the shoe used up in these friction experiments was at least egqual to that
which in the so-called drop test machines causes regular explosions. An ;ttempt
to find the reasons for this behavior leads %o the conclusion that in the “pendulum"
tests the material, while subjected {0 a fast blow and shear, due to the neture of
the impsaocting surfaces, was not as well confined between the shoe and the anvil as
it was in the drop-test machines, |

The drop test machines usually consist of an snvil mounted on a heavy
bagse and a striker, with a few milligrams of explosive between them, A suitable
weight 1s dropped on the striker and av.~al observation tells whether explosion
oscurred or not. When flat polished surfaces of hard tool steel are uged to contain®
the material, a sensitive primary explosive like mercury fulminate explodes fairdy

oonsistently after a drop of a 2 kg weight from a height of a couple cmog)

In the same arrangement, but with a & kg. weizht, PETN gives a 50 percent explosions
.height at about 15 om, while for RDX (Cyclonite) this height is about 25 cm. Going
to still more insensitive materials one runs into difficulties. Tetryl, for instance,
3ives ocoasional explosions at 25 cm, but their probablility never rises with height
of fall to anything like 100 percent. In fact, sbove 1 meter height of fall, Tetryl
almost ceases to explode, while TNT and smmonium piorate just can't be mads to
explode with this arrangement, regardless of hgizht and weight, until the striker
and the anvil are badly damaged. It takes, however, only a thin sheet of tin‘foil
covaring the explogive under the striker to cause Teiryl to explode regularly and

at & height as low as that of RDX; even TNT will explode now at an only slightly
greater height, but RDX and PETN explosion heights are little changed by the new
arrangement., A coating of wax on the striker surface is almost as effective as tin

foil, but the same amount of wax intimately mixed with the explosives reduces their

§) Plotting percentage expldsions against height of fall one gets typical S-shaped
probability curvesy by controlling expsrimental conditions more and more closaly
one can somewhat narrow the curves but no one has succesdsd as yet in producing
a device giving a sharp boundary between "no-explosion" and "explosion" height

o fall, APPROVED FOR PUBLI C RELEASE
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sensitivity well below what it is with the bars steel surfaces,

denerally speakingz, one finds that the more insensitive a material is
under "normal" condition of the test, tho more its aupparent sensitivity can be
increased by oonfinin; it to a tizhtly closed space in the instant of iapact, if
this does not prevent shear and crushing of the particles,

Using a iypical set-up (like the flat surfaces) it is found that the
reéuired energy of impact increases linearly with the quantity of the explosive on
the anvil, The deopendance is different for different explosives, however, so that
even the ordsr of sensitivities‘may be changed when tests are made with altered
standard quantities.

Further observations of significance are that snvil and striker made of
hard steel are by no means more effective than those of soiter metalsy in fact one
must zo Lo metals as soft as lead bsfore the ssnsitivity of materials like RDX is
materially reduced on the drop test machine. Of course, when thin layers of soft
metals are backed by hard stesl then one zets, as mentioned above, the ﬁost sffective
initialion of insensitive materials, probably because of the confining action of the
soft laysr, combined with the fast concentration of energy made possible by ths hard
material behind it, Foreizn materials reduce sensitivity when mixed with expiusives,
sxcept when they ars of the type of hard sritty powders., These latter increase
sensitivity quite materially in the drop testy ocurilously enouzh, their effectiveness
as & function of hardness seems to zo through a maximum.

The sensitivity to projectile (rifle btullet) impeot, while quantitatively
quite diff'erent, e¢an be shown to be not inconsistent with the ubservations just cited, -

Compared to the drop test machine conditions. the impacts by bullets bring

into the explosive imcomparably more kinetic energy. (.30 and .50 caliber, ball snd

&P, show little diffengmomo/peféwetpURreGAert HegEall penetrate the confining
@&
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Nonetheless sensitivity to bullet impact is not extraordinarily high and this must
be accounted for by the relatively low confinement unavoidable in bullet impact
tests. In the laboratory the tests have besn acrried out on small (some 100 g)
samples placed in containers of varying degree of stremgth, from cardboard tubes to
heavy stecl pipes with sorewed-on caps. Under these conditions the sensitivity to
bullet impact is found to depend very much on the strength of the container and on
the physical state of the explosive. FPure RDX, pure PuTN, 60/50 Pentolite, Tetryl,
Comp. B, when present as loose powders at about 1 g/bc density detonate invariably
even in paper containers, Only materials like TNT must be confined in a steel tube
before explosions are observed., TNT pressed to high density has not been explodsd
even in steel containers, while cast TNT must be placed into an extra strong steel
bomb to obtain occasional explosions., Cast Comp. B does not detonate, even in steel
every time, and completaly fails to explode in light containers. The change of
gsensitivity with physical state is observed with other explosives, low density lowse
explosives being most sensitive, then the cast materials, while the highly pressed
powders are least responsive to bullgt impact, The effects of physicél state and of
the degres of confinement are so pronounced that by a suitable choice of conditions
it is possible to make TNT, for instance, appear to be more sensitive than evc.. the
50/50 Pentolite, However, when the tests are arranzed under "standard" condit:ows,
the explosives cen be arranged into & series of rising sensitivity: Ammonium
Picrate < TNT < Comp, B (waxed)< Comp. B (ummxed)< Tetryl <Pentolite<RDX < PETW ,
It is, incidentally, about the same order as that into which the sxplosiveos can be
arranzed when tested on a "reasonable" arrangement,of a drop test machine.

The apparent sensitivity to bullet impact increases with increase of the
zize of the cherge, so that, for instance, larze bombs loaded with cast TNT almost

invarisbly zive a (low order) explosion when penetrated by a bullet.,
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The effect of the size of the charge is particulerly pronounced with
eluminized explosives. %ith small laboratory samples one ususlly gets mild fires,
but large charges ;jive violent detonations. There is very lit+le doubt that these
effects of size must be attributed to the confininjy effect of the mass of the
charge on the resion directly acted upon by the bullet.

If one counts the fires in laboratory tesls as explosions, then the
addition of aluminum powder can be said invarimbly to sensitize erxplosives to bullet
impact, The meaning of the drop test machine trials of aluminized explosives is
open to even greater doubts than that of non-sluminized materials, However, if one
again takes them &t their face value, aluninum should be considered definitely as a
sensitizer. In this sense Torpex (not the desensitized kind, with $ percent wax)
should be placed near Pentolite on the scale of sensitivities, while HBX
(desensitized and degassed Torpex) will fit into the series between TNT and waxed
Comp, B,

Materials like Baratol (Barium nitrate and TNT) sre difficult to fit inte
this series because they show high sensitivity to bullet impact but are quite
insensitive (1like TNT) on the drop-test machine.

Summing up varlous practical findings about mechanical sensitivity o
explosives, the followinz regularities may be formuléted:

{a) Slow application of pressﬁre with or without shear is guite safe,
except with exiremely sensitive materials like lead azide,

(b) The hagards in the above operaiion increase as the confinement of
the oharge increases. To zive an example: rubbing two flat plates against esch
other, with the material in between, is more hazardous than rubbing e point on e
spherical surface against a flat plate covered by the explosive,

(c) Hazards of this operatiion are further inoreased when grit is mixed
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with the explosive, For example the writer doss not think that Tetryl mixed with
grit would be safe to rub between two steel plates with a vigor jreater than that
of a southern bells.

(d) In view of the above it is evidently ssfe to opérate slowly a metallic
tool azainst a chunk of explosive not more sensitive than Pentolite, but if the
.latter contains a concealed piece of metal or of rock; trouble may arise.

(e) There is no gain in safety from the use of softer metals for tools,
except possibly with the most insensitive materials like cast TNT; steel is to be
avoided (if et all) only because of its sparking teadency, with the acoompanying
dangers of ignition (small with all non-aluminized high explosives; somewhat greater
with aluminized explosives). However very soft materials like wood increase safety
greatly.

(f) Rubbing of two pieces of explosive azainst each other or stirring
loose explosive is quite safe, provided i1t is done not so violently as to cause
obvious heat avolution snd provided thai the materials are less sensitive tham, say,
pure RDX.

{g A1) sharp blows on explosive must be avoided as definitely hazaidous.
The hazards increase 3reatly when the explosive is present in a smell quantity
between foidly hard materials providing jood confinement and some grit is mixad #ith
it., The following hypothetical impacts have been arranied in the order of rapidly
decresasing hazardss ' -

1, A hard object hitting a thin layer of explosive
on & dusty hard surlace.

2, Same, but explosive on a clean hard surfece.,

3. Hard object hitting a larze volume of explosive
(or explosive on a very soft support).

4. Soft object hitting = large volume of explosive.

To make things even more precise, the writer will venture to zuess that a metal
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objeot weighing one kilogram falling fram 1 meter height, particnlarly if not in
the shape of a sméoth surfaced ball, is quite likely to set off all common military
explosives in the first case, except ammonium picrate and probably TNT. In the
sscond case only materials more sensitive than waxed Comp. B will be likely to ge
off, whereas in the third case it will tske somethinz at least as sensitive as PETN
to produce explosionaz, Nith lead mzide the writer would not try even the fourth
tast without s barricade protecting him but suspects nonethelesss that even this
material would take such a blow without explosion.

{h) Very hard metals are not more hazardous in impacts than those of
medium hardness., Shape of impacting surfaces is probably more important than hard-
ness., )

(1) All explosives may be made extremely safe even againd impaot by
addition of desonsitizers. Thus, when mnixed with large excess of water, only
materials like lead azide are still capable of detonation. When mixed with about
30 percent by weight of water, pure RDX powder is just capable of detonation wher.
tested with a stron; booster charge, Of course; to be effective, mixing with
desensitizer must be intimatey it does no zood to pour water between layze blo:xks
of cast HE for they will, of course, zo off when properly initiatsd., ILiquid
desonsitizers are more effective than equﬁl weights of powdery diluents. The.latter,
1f present in small quantities (905;, not more than a few percent) and of sufficient
hardness {e.g., harder than the orystals of the explosive itself) may even acu aé
sensitizers.

From those comments it follows that in order to make the machining 2ad
cﬁtting of HE castings safe, the following rules should be followeds

(a) Tools must not produce gritty powder; hence grinding
whesls, sand or emery cloth should be avoided.
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(b) The pressure (not the total force but force per unit
areoa of contact) should be kept low and all fast
impects (i.e., fast-moving tools) should be avoidad.

() The shape of the tools should be such that there is
little confinementy i.e., small area of contact is
better. This means thet sharp tools are bestter probably
then dull ones,

(d) Pouring water on the tool end the casting will incresase
safety but only if water penetrates to the point where
cutting 1s beiny done.

After these practical pointers, let us return to fundamentels and consider
what deductions ore caen draw from the described tests about the mechsnism of
initiation of detonation by impaoct.

To the writer, at least, they suggest that in the explosion on impact two
distinet phases can be discerned. The first comsists ir a very local heating of the
surfaeces (the original surfaces or the new ones if particles are ruptured by impact)
&5 the material is pressed between the impacting surfaces. When the temperatures,
vory locally reach high values (calculated to be 1000 to 1500°K in drop test machine
impacts), igznition occurs with suffiociently short delays {see below) to spread with
an accelerating rate., This reguires the instantaneous confinement to be so tight
that the product gases can not oscape in the early microscopic stages of the burning,
but build up local pressure and thus speed up the deflagration process., Other.ise
gither nothin;, ohservable happens or, at most, one hesars and seec a barely
niticoable local decomposition, This, for instance, is what haprens with tetryl and
less sensitive explosives on the drop test machine when flat stecl surfaces are used.
An explosion here is always a partial one and most of the material is found unchenged,
Just soattered around the anvil.

azoording to this view the first phase of the detoration by impaoct is

controlled by such factors as (a) thermal sensitivity of explosives (ses below),

\b) their friction cosfficient, (c) heat conductivity through their crystals, W®hen

the conditions are medppmclyEthetooopt finvRppiagecopie ignition is certain to
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develop into detonation, these factors become the sole ones to zsntrol mechanical

sensitivity of explosives. This theory of detonation by impact 1as been worked out
semi-quantitatively 10) and found to describe drop test results quite well.

When the confining conditions are not quite so favorable (confinement
either not present at all or lifted very rapidly after ignition) sensitivity to
impact becomes more dependant on the subsequent fate of the initial burning, that
is, the burning lsw of the explosive in question becomes of importance., This is
probably the case in most bullet impact tests, since it has been shown tﬁat explosions
do not naecessarily originate at the point where the bullet strikes the walls of the
confining vesselll)g The evidence further sugzests that yuite some time passes
between the initiasl ignition and the larze scale explosion.

With these facts in mind and allowlng for a purely praatica% safety
requirement that the more sensitive an explosive is, the less of it should bs used
in planning a charge; one may justify the normal practice of a step-wise transition
from a detonator through a booster to the high explosive charge,

In the detonator (except the super-fast ones) the primary explosive is
only ignited by the impact of a striker pin or the fusion of the bridgze wire but
its burning rapidly changes into detonationlz)° If the very small quantity o: the
primary explosive used were placed directly against the insensitive mass of th. cast

high explosive, the impact of its detonation wave might iznite locally the maixn chargag

10) G, Gamow, Bulrd Report of about 1943

11) A block of explosive directly behind or in front of & metal plate is less
sensitive to lmpact than one completely confined in a metal box,

12) Tere one to use a less sensitive material here, the confinement needed to convert
burning to detonation would have to-be heavy and anyway the delay would be long.
%his, incidentally, is made use of in a very elegant delayed action fuze for AP
projectiles, in which a thin column of tetryl in a very heavy metal tube is
ignited at one ond on impact of the projeclile on ths armor, burns alcng the
column to detonation and thus detonates the main charge at the other ead with a

delay of & few huARBROMERIROREBHIRL] C RELEASE
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however, the pressure would drop so fast, because of the small explodinz mass, that

-23 .

the ignition would either peter out or would only slowly build up into detonation,
It is therefore desirable to place next to tho primary explosive a material of fairly
hizh sensitivity and choose the emount of the former so that the pressure from its
detonation is mainteined until the adjeining material develops fully its own
detonation wave, Roushly speaking, ‘this mesns a lonzer time than the reaction time
of the next explosive., Studies of the propagation of detonation through explosives
(see later section) show that sm&ll particle sizes give shorter reaction times.
Detonation is better propagated in ezplesives of lower density, while cast materiala
with thelr large orystals are worsv from this point of view: Thus it follows that
nexl to the small amount of the primary explosive one should place & sensitive high
explosive jn the form of low density finely-divided powder, next should come a layer
of pressed powder and flnally, when the detonatiny charze has been built up to a
respectable size (and the detonation wave to a respectuble duration), may coms the
main cast explosive charge.

| Experimental datasgre in general agreement with these deductions. Thus
investizations of the minimum quantity of a primary explosive reguired to detonate
a given high explosive have indicated that the quantity lincreases with the devasity
cf the latter and becomes particularly largse for oast materials, Under compar:ble
physical conditions various hizh explosives reguire different quantities of primary
explosives for their initiation and the quantity required seems to vary about
inversely to their mechaniocal sensitivity, as will be seen by inspecting the Interim
Report PT-2B of Div. 8, NDRC,

/ it is not quite clear to the writer why the increasing powder densit:y of

the hizh explosive charge reguires more of the initiating material, unless the shook
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wave coming from the latter expends more end more of its energy in & (more or less)
adisbatic compression of the particles of the former and less in "rubbing" them
against each other, Straizht compression of the particles, as remarked beiore,
does not seem to be a good method of ignition.

From the practical point of view it is very important to notethat
judging from the bullet impant end other tests, it is possible to detonate a high
explosive, even though it is initially only burning. Thus a weak booster charge
may cause seemingly reproducible detonatious, btut there may exist considerable time
delays, while the initisl burning chenges over into full grown detonation of the
main charge, The laws of this effect are not known and should be investigated in
each individual case, HNot only from the polnt of view of the uncertainty of the
dgelays but also from that of reliability, the delayed initiation is decidedly
undesirable,

In evaluating the probable performance of an initiating system it is
well to bear in mind that the detonation wave starting from a detonator or the tip
of a primacord throﬁgh the booster and then throuxh the main charge is not a truly
sphericel wave., Thus in the developmsnt of instantaneous explosive flash light
sources at ZRL (Div’sion 8 of NDRC Report No. OSRD 1488) it was found that b="iter
approximation to reality was obtained by assuming that the center of & spherical
wave originated by primacord is located some 3 to § mm., beyond the iip of ths
primacord, then by assuming that the wave orizinates at the end of the primacord,
This observation can be expressed, of course, also by saying that there is a
directional effect of initiation along the axis of the initiator. The well known
observation that detonators initiate much more effectively from their end rather than

from the sides belongs in this class also, Finally it may be mentioned that a
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booster in the form of a narrow columm reachinz through the entire charge (& form
favored by Ordnancé in some types of bombg) seems to be the least effective booster
design, judzing from experiments of UTRL ai Xoods Hole (UE Interim Reports of

Division 8 of NDRC)

THERIAL STABILITY

From the practical point of view one may des~ribe the response of
explosives to heatinz by saying thet there is a resion of temperatures where a given
explosive ié completely stable, a rejion of hizher temperatures in which it under-
z0es a slow decompositiun, while at ;till hisher temperatures the material iznites
or explodes., This division is, of course, mot justified from the point of view
of the theory of chemical reaction kinetlos, but practicelly it is a useful one,
as the following will show,

- At ordinary temperatures all military explosives ocan be

considered as completely stable, l.e. they can be stored for many

years without any deteotsble decomposition or chanzge in physioal properties due %o
chemiocal reaction, .Least stable are nitrocellulose of high degree of nitration
and mercury fulminate, ‘Both may show noticeable decomposition after a storage of
several months at 60°C, unless the former has been stabilized by addition of
materials which react readily with oxides of nitrogen and the latter is scrupulously
dry; even these materials may be left in cool magazines for years at a time without
any worry about measurable changes taking place, °

#ith inoreasing tomperature all explosives show decomposition into
partially gaseous products, & process whioh does not zive the same chemical
individue as the high~temperature explosion but usually results in considqrabie

quantities of oxides of nitrogen and products of only partial rupture of the molecules.
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The rate of these reactions chanzes with temperature in about the szme manner
as does the rate of most other chemioal reactions, i.e. exponentially, with a
two-to three=-fold rise in rate for every 10°d rise in temperature.

With some materlals the rate, at a ;iven temperature, is stron.;ly
autccatalyticy the oxides of nitrosen have been found to act as the catalyst., This
is particularly charscteristic of the decomposition of nitrocellulose. Therefore
all modern propellants contain small quantities of such materials as diphenylamine
to react with nitrozen oxides formed from nitrocellulose and thus to prevent
autocatalysis of the latter's deoomposition, Many other explosives do npt show
to the same degree the catalysis by oxides of nitrogen (e.3. THT, RDX, PETN),

Some materials show occasional lack of stability at low temperatures which is due
to the presence of small quantities of unstable by-products (e.3. TNT and Tetryl),
Zodern methods of manufaciure insure that such impurities are completely eliminated.

Most materials (e.3. PETN, Tetryl, RDX) show a very marked increass in
their decomposition rate on melting or in solution, as compared with the crystalline
state at the same temperature., This is not a special characteristic of explosives
but is a rather common observation in the field of chemical kinetics and has been
adequately explained by the modern theory of remction rates.

A necessary requirement to make an explosive acceptable for military
purposes is that at 1009C the material be still guite steble, Ammonium Picrate,
TNT, Tetryl, Comp. B, RDX {Cyclonite), Torpex, Baronal, PETH, PbNg , can all te
stored at 100° for 24 hours without detectable decomposi‘tion° Pentolite, in which
at 100°C PETN is partially dissolved in liquid TNT, shows traces of decomposition
(0.1 percent with bad specimens) in this test, while materials containing highly

nitrated cellulose may deoompose seriously under such conditions.
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At 1209C, Tetryl and pure PITN, {of course Pentolite also) undergo slight

¢27o

decomposition in 24 hours, while Amm., Picrate, THT, RDZX, PbN6 sy Comp, B, are still

too stable for their decomposition to be measured in this time. At about 150°C,

Amm, Pierate, Comp. B and Torpex decompose measurably, while at 200°C only Amm,
Picrate, TNT and RDX reaoct rather slowly, the rest of the materials mentioned
underzoing fairly fast or explosive deoomposition.

1f instead of being kept constant ihe temperature of an explosive is being
steadily inoreased, one of two thinzs may happen, If tha'explosive is stable and
the rate of temperature rise is slow, all the material of the (small) sample decom-
poses gradually; however, 1f the rate of temperature rise is fast emough (say,
20° C/min), the material (after partinl decomposition) suddenly catches on fire,
or explodes, Tho temperature at which this ocours 1s called the explosion tempera-
ture (not to be confused with the temperature of the products formed in an exploesion).
It ranzes from some 180°C for nitrocellulose, to over 360%; for RDX end THT.
This temperature is dependant on the rate of heating and on the size of the sample,
because variable delays pracede explosion, Detailed investigation shows that these
delays or induction periods are quite reproducible and are exponential functious of
the temperature., 1If one dares to extiapolate that far, one f{inds that with
reasonably steble materials one must 5o to temperatures of the order of 1500°K and
higher before the cnlculated delays decrease to the order ;f e few microsoconds,
With small samples of explosive one is uvsually not able to follow the induction
periods to low temperatures and lonj; times as then the material decomposes quictly.
#ith larzer samples, however, one occasionally observes very lonz induction periods,
running into days and more, It seems that reaction foci are gradually established
in largze samples, which grow at an accelerated rate and finslly set tha entire

naterial on fire. liith nitrocellulose propellants, for instance, it is & common
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practice to determine explosion times at 150°C (which may take as much as 100

minutes with 5 gram samples). Hith this material, of course, the sutocatalytia

nature of the reaction is particularly pronounced, However, the writer recalls an
incident when a 2-1b. batoh of & mixture of THT and lead dloxide suddenly esught
fire after heatiny to 100°C for about 30 minutes, while simsll samples passed heating
tests at 120° for longer times, and without measurable decomposition,

Bocause of the morscor-less autocatalytic nature of thermal dscompogition
and explosion reactions, an important practical point in handlin; explosives is thet
no samples of explosives should be allowed to stay at hiszh temperatures indefinitely.
Therefore, for instance, it is most essentiai that melting kettles be emptied and
cleaned after use; otherwise it may happen that some of the old waterisl graduslly
roaches un unsteble (partially decomposed) state and scts as the nucleus for é
destructive reaction of the entire freshly added batch, Arvther important point
to note is that, because of the explosive violence of the resctions when initiated
by suddeun heaeting to high temperatures, it is very essential to avoid contact with
explosives of really hot objects, e.3. zlowinz wires from slectric heaters, etc.

The writer's knowledge of the effects of electrostatic sparks on

explosives is extremely limited and therefore very fow remarks will have to sutfice I
here,

Materials with low iznition temperatures, such as nitrocellulose, 1iz3k
powder, mercury fulminate, are very sensitive to sparks and extrems precautions
must be tsken to insure safe operations. However, the high explosives discusssd
here are probably only slightly more sensitive to sparks than other ignitable
materials, e.g, ooal dust, etc. 3 the additional danger comes about mainly because
the detf'lagration once started, cannot be put out., There is no evidence kmown to

the writer that such materials as TRT, Tetryl and RDX can be detcnated by a weak

APPROVED FOR PUBLI C RELEASE i




APPROVED FOR PUBLI C RELEASE

29 =

spark such as caused by a charged humsn body; they are ijnited instead. The ig-
nition is much more likely to occur when the materials are present as fine powder
than as pressed or cast blocks., Ezperimental efforts to cause by sparks explosion
of THT and Amm, Picrate dust suspended in air have proved completely unsuccessfuly
these powders must be setltled on conducting surfaces to produce deflagration by

sparksy Tetryl dust, however, can be detoneted when suspended in eir,

PROPCRTIES OF RTAL DETONATION WAVES

Detonation rates have been repeatedly measured under conditions intended
te approximate ths ideal ones. The normal method is to take cylindrioal charges
of increasing diameter and to determine the ﬁighest, “limiting", rate. ‘“here this
has not been done (and that is frequently the ocase), the observed rates chould be
considered only as the lower limits of the "hydrodynamic" rates. Numerical values
of the rates of wvarious explosives will.be found later in this text with other
data m iundlvldisl explosives. For interpolation of these data it is useful to
ramember that where ome deals with organic nitrated materials without additions such
as sluminum, inorganic nitrates, etc., the feollowing interpolation forrmla holds
guite well:

n =D, + 3770 (4 - dg) met/sec
flere D and D, denote detonation rates snd ¢ and do are the correspondirg densitles
of the explosive in 5/60;

Fxplosives mixtures containiug other ingredients than orgsnioc nitrated
materials do not follow this interpoletion formula, However, it ssems that irv. most
cases (Amatols, i.e. TN - emmonium nitrate mixtures, sre a striking exceptionjAone

can use a linear relation betwesn density and rate, with the proportionality

wooflicient varying from one mixture to another,
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Three major factors are known to influence the detonation rate of a
charge, in addition to the thermodynamic variables mentioned in the discussion of
the hydrodynamic theory oé detonation rates. They are: |

1. Initiation
11, Size.and confinement of charge
111, Physical state of the explosive
_ The effect of initiatiun on an apparent steady rate of propagation of

detonation has been studied msinly with liquid explosives (nitroglycerine and

related materials). In addition to a well defined high rate of detonation, which
seems to check the predictions of the hydrodynamie theory (ond which is obtained
with strong initiation), these materials possess also a slow (not ;ery reproducible)
. rate, Nitroglycerine initiated by immersing into it a weak initiator like Primacord ‘
propagates the detonation with & rate of somethinz like 1,800 moet/sec (instead of
the full rete of about 8,000 met/sec) for rather considerable distances. The same
result may be achieved by butting a narrow tube filled with nitroglycerina into a
charge oé'wide diamater‘and detonating the former with full velooity, The
phenomenon is not observed when the transition between the two tubes is made
gradual 13)0 The theory of this phenomenon has not been worked out, but indlcations
point to a surface reaction of nitroglyocerine in the slow detonation, the material
in the interior of the charge remaining unreacted and being only scattered about.

No reliable published data on similar effects in solid explosives are.
known éo the writer, althouzh he believes to. reoall some pre-war mrticles dealing
with commercial dynamites and describing effeots of weak initieation.

The effoct of the diameter of & oylindrical charge on the rate of detone

ation has been repeatedly studiedlé) and 1is rather well understood. Starﬁing with

13) Most of these data are gquoted from a confidential report of the Hercules Powder
Co, which is not generally available; ERL gives some data on the subject in
their Interim NDRC reports.

14) Fairly extensive recent data will be found in Inlerim and Progress Reports of !

Piv. 8 of NDRC fromeRbe PTHEREMIBLI C RELEASE
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a. S

large diameter charges filled with a reasonably good (not less sensitive then, say,
cast TNT) explosive, one finds constant rates independent of the charze diameter,
“%ith charges of this size, confinement appears to have no effect on the rate,

With a reduction in the charge diameter one eventumlly observes slowing
down of the detonation wave and this becomes more pronounced as the diameter is
further decreased. Finnlly, very thin oharges simply fail to propagate detonation,
Optical studies of tﬁs,shape of the detonation waves in cylindrical charges show a
lagying of the wave near the surface, i.e, a shape reminiscent of the meniscus of a
liquid in a tube, This shows that the detonation propazates slower near the surface
of the charge. %When the charge dismeter is so far reduced thﬁt only these slower
propagating portions remain, then the detonation wave as a whole 1s slowed down.
The explanation usually advanced attributes this effect to the finite time of the
chemical processes in the detonation wave. Near the surface the product gases
expand so rapidly that the chemical reaction is umable to msintain the normal
detonation pressurejy hence the mechanical shock preceding the reasti:in zone does
not receive the enerzgy it receives in the interior of the charge; +therefore 1ts
pressure and hence its rate of propagation is reduced. The correctness of this
igterpretation is further confirmed hy the observation that confinement of thin
charges increases the rate, but not to the full rate of thick charges.,

The magnitude of the charge diameter effects depends strongly on the
character of the explosive tested. Extremely thin charges of primary explosives,
like lead azide and meroury fulminale, are able to propagate detonation, With PETN
tha diameter effects are noted only with charges a few mm, thick, In Primacord,
for instance, the charge is only 1.5 mm, thick but propagation is very reliable;
however the rate (640C m/%eo) is about 1000 m/éeco lower than in a large charge of

the same density (7/-.001n/secr at 1,48 g/cc)° S§lizhtly larger diameter effects are
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ﬁoted with RDX and Tefryl, but with TAT even charges 2-=3 ocm, in diameter do not
have quite the full velocity, while charges only a few mm. in dismeter fail to
propagate altogether (unless heavily confined, as in the Bickford fuse). With cast
charzes (i.e. TNT, Comp. B) the feilure to propazate ocours relatively more readily
and one cannot follow the dependence of the rate on diameter as far as one cen
with pressed or low density powder charges. Thus 2«3 om. diameter charges of cast
INT fail rather rapidlyls)° However, even 1 cm, dlameter charges of cmst Comp, B
and Pentolite still propapate and at rates which, at least in the ocase of Pentolite,
are near the hydrodynamic values.

In mixed explosives {(except Comp., B, Pentolite, Tetrytol, in which both
components are true high explosives) the effects of charge diametef ere generally
large. They have been properly investigated only in Amatols (TNT and Amm, Nitrate),
where they reaéh extreme values. Actually in Amatols comtaining as little as
50-60 percent Amm, Nitrate the measured rates fall far below the predictions of the
hydrodynamic theory rezardless Qf chargs diameter (c.f. Div. 8 of NDRC Report

Mo OSRD 3411),

The theory predicts for Amatols higher raters than these of TNT of equal
density but all observed retes are definitely 1ower‘and unconfined charges of woien
moderate size are very apt to fail. The writer has been told, however, that in the
detonation of 10,000 1bs, bombs, provid;d with Comp. B boosters weighing several

- hundred pounds, higher rates have been observed at Aberdeen with 50/50 Amstol than

with TKT, Thus, possibly, with charges of this enormous size even Amatols resch

their full rate.

16) The ability of cast TNT at such small diameters to propagate dotonation 1s
quite sensitive to the method of casting. I1f the completely molten material
is allowed to cool and solidify slowly (large orystals), 2.5 om, diemeter
charges will almost certainly fail. If the TANT is cooled and stirred in the
pot until e mush of fine orystals is obtained, this material cast into 2.5 om
diameter charges will almost certainly propagate
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Du Pont slso report Dautriche 16) rates on 60/40 cast Amatol of 5" diameter which
approach THT rate.

Probably the most extreme effects are observed with commercial dynamites
made of ammonium nitrate and organic non-explosive ground materials soaked with
10-20 percent nitroglycerine. These explosives will not detonate at all when come
pressed to high densities but in ths loose form they propagate al rates as low as
1800-2000 met/sec in charges of a few om. dismeter and under moderate confinement.
However, the rates oan be raised to values as high as 4,000-5,000 met/2e0 under
extreme conditions, so that it looks as if nitroglyeerine alone was responsibls for
the detonation wave in smaller unconfined charges, the rest of the matter reacting
so much later that it does not help the detonation wave, while still contributing
its share to the "zentle" push which these explosives are expected to zive in bore-
holes in ordsr not to crush coal or rock too much.,

British observations on the air blast derived from 2000 and 4000 lbs.
thin oased bombs led them to the conclusion that the 60/40 Amatol charge detonates
more or less completely in the smaller bombs but partially falls in the larger ones.
Zoth types have the same long; tetryl booster and the difference is in the diameter
of the Amatol charge. It has been concluded therefore that a conical expanding

detonation wave iravels through Amatol for some 20 to 30 cm but then dies out.

16) The Dautriche method of measuring detonation velooities is based on a comparison
of the velocity of the material to be tested with that of Primacord, which is
assunsd to be known. In actual execution the ends of a lorp of Primacord are
attached to two points along the charge of the material, made into & cylinder
and fired from one end. A lead plate is laid under the Primacord., As the
detonation wave is propazated alonz the charge to be tested, it sets off first
the one and later the other end of Primacord, The two waves in the Primdcord
oventually meet and at this point the lead plate is found to be more damaged by
the Primacord than elsewhere. Knowledse of the distances involved, through the
charze betweer the ends of the Primacord and through the Primacord to the point
of meeting of the waves as well as of the velocity through Primacord is then

surrioient to oa RRTRGYRhe 31 oBYR: thr RRHEARE charce.
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To the writer the observation is very puzzling. The supporting efflect of the
detonaiion wave ffom a 5 om, thick central charge of tétryl should have vanished
lon; before the end of the 20 or 30 cm path in the Amatol charge. As the wave
travels towards the outside of the bomb, the radius of its curvature increasds
and hence, according to all ithe other informaiion, the chance of its dying out
should decrease, instead of rather suddenly becominz larse. However, the experi-
mental data obtained in these investizations are difficult to reconcile with any-
thing but a partial failure nf the 4000 lbs. bombs and a satisfactory performance
of the smaller ones,

A preliminary and unconfirmed but interesting observation hag been made
at the UERL, Woods Hole (see lnterim Reports of Div, 8, NDRC, US Series). Fairly
swall cast iinol charges (iinol is a mixture of ammonium nitrate, TNT and aluminum)
were found to give higher performance when the outside of the charge was coated
with & thin layer of Comp. B than when the same quantity of Coup., B was used as
the central "boostering" charze next to the usual tetryl boogter. It was suggested
that idinol, being a slowly reaotiné oxplosive, does not complets its reaction near
the surface of the charge, but that the outer layer of the faster reaocting Comp. B
insures all of the liinol participating in the detonmtion process.

The effects of the charge diamester are mixed up with the effects of the
physiocal state of the explosive and their exploration has only been stayted as yet,
The remarks made in the precedingy parazraphs refer, by and large, to charges made
of "commercial" loose powder explosives, in which the particle sizes are mixed and
only roughly controlled. In fact, the writer knows of no investizations in whioch
particle size was controlled and charge diameters and charge dersities were varied

in a systematic end comprehensive mamner, Studies made at GRL
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nearest to this requirement, but they also provide only partial data. I[fost of
these will be found in the monthly Interim Reports (DF and earlier series covering
the sams topics) of Div, 8 of NDRC,

With low density charges particle size is found to have very important
effect on the rate of detonation (with pressed charges such study is diffiocult
because of the uncertain crushing of the particles by the compression); Thus TNT in
charges of even 4 to 5 cm diameter and density of 0.8 to .9 g/bc has a dstonation
rate faster by 150-200 m/éec when the particle size is reduoced tc about 10 micronms
than when the common "grained" material is used. This effect of th; particle size,
observed in other materials also, is rsadily fitted into the theory of detonation
reactions discussed above. However, the real phenomena are probably more complex,
judging by the observations made on low density ammonium picrate charges (Report
OSRD 1756 from ERL, Bruceton), Charges of this material of about 0,9 to 1,0 g/be
density and 2.5 om diameter show a detonation rate near the hydrodynamic value when
the particle size is about 10 microns. Charges of the same density and diameler made
of particles of about 100 microns size have a rgte slower by a couple hundred meters
psr second. When the two particle sizes are mixed in various proportions; oneg
does not find, as expected, a 1l near relation between the rate and the compos.tion
of the mixture., Instead the rate is relatively too slow in mixed powders and passes
through a minimum at about 70 percent by weight of coarse particles (aqtually 2,5
cm diameter charges e;en do not propagate detonation when made up in t@ese pro-
portions of particles). Quite obviously the dependance of the ohemical rate on
particle size does not explain these effects. It has been pointed out, however,

that the natural packing density of mixed powders depends on the proporticns of the

coarse and fine particles and happens to reach a maximum for the 70/30 proportions
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of the particles used in these experiments, if the particles are assumed to be spheres.
Thus the experiments made at the samme bulk density were made at densities different
relative to the close packing of the partiéles" The average character of the cone
tacts between the purticles differed therofore in the various mixtures tested and
this must have affsoted somehow the processes that occur when the mechanical shock
preceding chemical reaction in the detonation wave passes through the powder. The
experiments show that the details of the mechanical action of the initial shock are
of great importence for the velocity and . even for the maintensnce itself af the
detonation wave. W%Whether the different consistency of the powder causes more of less
intense attenuation of the shock, whether the ignition of particles depends on how
the powder reacts to the passaze of the shock, or whether still other phenomena are
of prime importanoe cannot be decided at present,

Unfortunately no analogous studies have been made with other explosives
and ammonium picrate is so insensitive that it could be looked upon as an exception
rether than the rule. The writer, however, believes that they sre descriptive of
the general behavior of explosives, at least in the low density charges., Naturally
with individual explosives the effects will be found in charges of different diameters
and in sufficiently large charges they all must disappear.

To the writer are known no really systematic investigations of the charge
diameter effect as a function of the‘dansity of the charge, although it has been
shown that high density charges do show it. In faot, the more difficult initiation
of high density charges sugzests that in them the diameter effects should be more
pronounced. The same deduction is supported by observations on pressed oharges of
50/50 Amatol (Repart No. OSRD 3411 from SRL, Brudeton)., In charges of 2.5 to 6 om

diameter, instead of finding a linear dependsnce of the rate of density, one actually
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observes that the rete almost ceases to incrense with increasing density (in
commercial dynamites aoctual maxims of rates have been reported) when the latter
reaches values of the order of 1.9 5/600 Thus one must conclude that for a given
charge diameter the deviations of the actual rate from the hydrodynamic value increase
with density, at least in case of Amatols,

With oast charges, as already mentioned, propagation of detonation becomes
particularly difficult, but little quantitative data are available. I% has already
been mentioned that "oreamed” TNT, i.e., TNT which has been allowed to crystallize
partially in a kettle with stirriny, gives castings which propagate detonation much
better, becsuse of relatively fine orystel size, than does TNT poured completely as
a ligquid into the molds and 4llowed to solidify there into large oriented orystals,
Cast Amatols made with fine grained smmonium nitrate are also said to propagate the

detonation better, eta.

EPFECTS OF EXPLOSIVES ON THE SURROUKDINGS

This is a very extended topic and is somewhat outside the main subject
of this review, Therefore a few brisf remarks snd a table of comparative performance
ol various explosives will have to suffice.

In leboratory practice +two terms have been universally in use, the paower
and the brizance of explosives. The definition of both terme; particularly of the
latter, is somewhat loose and tests propossed to measure them are varied and not
always to the point. Ffollowing ocustom, the power is defined as the ability to do
work at a distsnce, which is little dependent on the speed of the explosive, while
brizance refers to the destructive effects in the immediate vicinity of the explosive
and is undoubtedly related to the speed of establishment snd the megnitude of the

pressure in the detcnation wave,
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or %11 the laboratory methods of determining the power of sau explosive17),
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3 e
ballistic mortar appears to be most satisfactory, In this test a sample of

explosive Welvhlng some lO g is detonated in the center of the chamber (of some

300 co volume) of a short mortar with a close fltting heavy projectile. Recoil
energy is meamsured and the results are expressed as grams of TNT to give the same
effect as 10 grams of the explosive tested., Calculations (Div, 8 of NDRGC Interim

N

Reports from EéL) show that the work done in ths portar 1s very close to the thermo-
dynemic maximu%, so that the speed of the explosive 1s obviously of little.importanceo
In %he Trauzl lead block test a quaniity (10 g) of explosive is detonated
on the bottom ;f aAoylindrieal hole in a large lead block, the hole being tamped
with clay or séch, and the volume increase is measured, Experimental data exist to
show that the éesults are a rather complex function of the conditions so that the
test is less réadily interpretable'than the mortar data.
For?the determination of the brizance the sand crushiny test snd the
plate cdenting éest have boen used amongz others. In the former a known quantity of

t

the explosive %s detonated while surrounded with carefully graded sand and.the guantity
of sand crushéd is measured., In the latter a charge is placed in direot contast
with a steel piate and the depth of indentation in the latter is measured. The
' . :

writer favors %he second test because in the former the data vary in a complex manner
with the den81éy of the charge used, while in the latter a simple linear relation is
observed., Purthermore the second test is the nearest laboratory s&pproximation to
the field use qf the brigzance of explosives, namely in demolition work, Finally, a

i
3

17) ¥ith gun p;opellants & closely related term, potential, which it obtained by
multiplying the heat evolved by the volume of gases formed, can be calculated
from the mere funcamental thermodynamic data., In case of explosives the speed
of expansion of the products may be so rapid, however, that chemical equili-
brium is th established and hence the potential is variable and not calculable,

] ‘ '
| , ‘
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study of the numerical data of the sand crushinyg test sugzest that it measures power
more nearly than brizance.

Agside from demolitions the explosives in military practice are used to
fragment casings, or to produce air blast and shock in water,

For fragmentation two matlers are of importance: size of fragments and
thelr velooity. As regards the former, the results depend so much on the physical
properties snd geometry of thq case, on the shape of the detogation wave in the
charge, and on the charge to case mass ratio, that it is impossible to discuss them
here. It will not be too wrong however to state that, other things being equal and
tho mass ratio being not too far from unity, the size of fragments decreases as the
speed or brizance of explosives increases. There is no complets parallel between ilie
size of fragments and their velocity. For instance Torpex gives higher velocity
to shell fragments than Comp. B, but produces on the average larger fragments (BuOrd
reports from the Dahlgren Proving Grounds and also Div, 8 of NDRC Interim Reports
from ERL) suggesiing that it is more powerful but less brizant than the latter.

With moderately or very heavy casings the velocity of fragments appears
to be a function primarily of the power of explosives, varying by about 20-25 percent
between the extremes of TNT and Torpex, In shells, in which the charge-mass ratio
is of the order of 0.1 the velocity of fragments is in the neighborhood cf 100¢
m/sec° In very large bombs, with charge mass ratios of 2/3, velocities of almost
4000 m/sec., have been observed, [Even higher velocities can be attained with very
thin casings. :

Air blast is usually measured several tens of charge diametsrs away from
the charze, where the magnitude of the pressure poak is of tho order of tens of
pounds per square inch, Measured is usually the peak pressurs, the impulse (time

integral of positive excess pressure)and the energy (time integral of the

square of pressure excesplyy/ih HAnpRient tepppethat the following
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scalinyg law has been woell confirmed by experiments: the impulse does not depend

on the size of the charge, provided the measurements are made at such distances,that
the ratio of distance to the cube root of charge weizht is a constant. Of course,
distance from the ground, character of the topography, etc. must be appropriately
scaled, too,

What has been just said about sir blast, applies also to the shock iﬁ
water, except that due to lower compressibility of water the magnitude of pressure
rise is much greater. The measurementis (and damage to typical marine structures)
are usuvally oarried oukrat distances of twenty to [{ifty chargze diameters and give
pressures of a few Lons per square inch,

Following is a table ziving performance of various explosives in the tests
and under conditions discussed above, The data (which are unfortunately not complete)
are ziven relative to TNT which has baen taken as standard. Most of thies information
has been taken from a compilation issued by the Navael Bureau of Ordnance {Res,

Hemorandum No, 10, August 1944), supplemented by data taken directly from ERL reports.
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EFFECTIVENESS OF SOME EXPLOSIVES

| Explosive Ballistic{ Treusl{ Sand Plate Energy Fragmant
T Kortar | Block {Crushing| Dent |air Blastifater Shock |Velocity
Amatol (50/50) 118 130 86 [ 8a . 94
Comp. B (60/40/1)} 134 132 118 131 116 123 106
Comp, C-2 126 110 |
Amm, Picrate 99 88 91
Lead Azide 45 42
Meroury Fulminate] 50 52
Hinol 143 188 96 72 133 138 100
Pentolite (50/50)] 129 124 - 131
PETN . 145 1738 150 129
Pisric Acid | 111 109 109 107
RDX '3 151 180 | 136 135
Tetryl ‘ 129 130 118 _ | 116
TWT i 100 100 100 100 100 100 100
Torpex ) 154 166 160 119 146 141 120

PROPERTIES OF INDIVIDUAL EXPLOSIVES

The numerical data given below for individual explosives have been taken
from the excellent compilation by A. H, Blatt (Report from Div, 8 of NDRC, No. OSRD
2014), Literature references and completes data should be consulted in that publicationy
here an attempf has been made to salect or average the data critically, insofar as
possible. In appreciating the information given below it should be remembered that
81l mechanical sensitivity tests suffer from the impossibility of selecting a truly

absolute method of testing; hence only comparative date can be given and even these

soatter considerably, depending on the precise conditions of test.
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The same criticism applies also to the data on initiation, as vill be
ooserved clearly after the study of the numerical deta presented by Blatt., Heat and
stability tests, the data on which also suffer from lack of uniformity, are ocarried
out at selected temperatures until reaction of e convenient indicator is observedj
employed usually a}e the iethyl Violet impregnsted paper and a paper impregnated with
starch and potassium iodide, both of which resct with nitrogen oxides. In the
vacuim stsbility tests the volume of zases evolved in vacuum by a 5 g sample of
material is measured.  Explosion temperature is frequently deterained by dropping a

small sample on the surface of Woods metal.

TNT . C7H5N506 3 254,6,-Trinitrotoluene

Doseription: y ,, 80,50 ; d(liquid at 80.59) 1.465; crystal density 1.654; pressed
density at 4125 kg/bmz 1.61, Hardness about 1.2 on Mol = scele. Vapor pressuras
imreasurably small at room temperature but at the m.p. is uufficient to produce
noticeable vaporisation from the liquid surface and condensation on ccld surfaces

aver long peridds of time; vepor somewhet toxic,

Sensitivity: Determinations at various laboratories relative to Picric Acid (PA)
Jive values raﬁging from equality with PA to a sensitivity of 62 percent of PA,
delative to Tetryl a value of SO percent sensitivity has been determined, Here sensi-=
tivity is exprdgssed as inversely proportional to the heigzht of fall of a certain

weight needed to ive a certain effect. Sensitivity has been observed to decrease

with increasing temperature, betwesen 30 and 90°C.

JInitiation: wnen & small quantity (1.0 to 0.4 g;) of TNT and of an initiating
explosive are pressed togethef into a detonator orp and the lutter is iznited, the
rfollowing typiocal minimum quantiities are found to initiate TNT: Hercury fulminate

0.25 gy Lead azide 0,16 y; Diazodinitrophenol (DDNP) 0.16 5. Available data do mot

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

o —
-l -

show any obvious dependance of these amounts on the compression.

Power and Brizance: petgrminations at some 10 different laboratories of the Trauzl

lead block expansion give values ranging from 83 to 103 percent cf Picric Acid, with
an average of 95 percent. On the ballistic morter the figure is 90 percent of PA.
Sand crrushing gives 94 percent of PA,

Detonation Rate: 4870 m/sec at d = 1.0 g/ecy 6700 m/sec at d = 1.6 g/cc°

Stabilitys pecomposes without explosion on Woods metal surface up to 3600, but

explodes at 4200 to 470° , At 135° there is no explosion and no acidity in 300
minutes, 4t 120° in the vecuum stability test 0.2 cc are evolved in 48 hours (small
guantities such as this may easily be due to occluded gases or to traces of impurities
and should not be considered significant),

Reactlivity; With alkalies and ammonia TNT furnished products which are dangerously
sensitive to heat and are probably more sensitive to impact, INT is not hygro-
scoplc, It does not react with metals except in the presence of dilute nitric aéid;

then the products are hazardous,

Comments: Because of its low melting temperature ;nd great insensitivity, combined
with high performance, TNT oocupies a unique position asmong explosives. It is used
plone for filling a great variety of munitions and is also used as the liquid
component of a variety of explosive mixtures which are poured as slurries, Tetryl
end PETN are quite soluble in TNT snd form eutectios melting at 62° and 75°C
respectively. : Even RDX 1s soluble in TNT to the extent of about 4 percent at the
M.p. and about 10 percent at 100°C.

Available now is the so-=called Grgde I, INT, with a settling point above
80.2° 3 1t is furnished in two forms, flake TNT and granular INTy the latter is a
powder of essentially single crystals of TNT; the former is obtained by rapidly |

freezing a thin layer of INT on & cold drum and scraéJing the flakes off,
APPROVED FCR PUBLI C RELEAS
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TEIRYL (CE) C.HgNgOg  2,4,6=trinitrophenylmethylnitramine
Description: M.p., 130°; orystal dénsity 1.73; hardness about 0,8 on Mohs scale,
EEEEEEEIiEX‘ Various comparisons with PA zive a sensitivity of from 160 to 125
percent, Comparison with INT zives a sensitivity of about 200 percent., Comparison
with RDX gives about the same_géﬁsitivity in one type of test, lower sensitivity in
the other. Sensitivity decreases with inoreasing temperature between 30 and 90°C.
Initiation: Under the same test conditions as described for TNT, the minimum
initieting amounts are: Mercuric fulminate 0,16 z. 3 lead azide 0.03 g ; DDNP
0,075 g § there are again no clear cut data to show that higher density requires

more of the initiating meterial,

Power and Brizenoe: peterminations by a large number of investigators with the Lead
block test give values of about 120 percent of PA. Ballistic mortar data are from 121

to 132 percent of TNT. Sand crushing test gives from 113 ‘to 124 percent of TNTo'

Detonation Rate: 5420 m/sec at d = 1,0 gfcc 3 7510 m/sec at d = 1,6 g/oc,

Stabilitys pyplodes at 196° when heated at the rate of 20° / min ; ignites but does
not explode even.at 360° when dropped on Woods metal surface, Not acid and no
explosion in 300 min, at 100° , but acid in 100 min at 120° , Vacuum stability:

4 co in 48 hours at 120° .

Reactivity: Tetryl is not affected by boiling water or dilute acids but is hydro-
lyzed by boiling sodium carbonatej; it is not hygroscopic. Contact of skin with
Tetryl may ocause dermatitis,

Comments: Tetryl is the material most commonly used for booster pellets in pressed

form at a density of about 1.5 g/cc, It is usually available in bulk form &s
"spherical grained" tetryl, individual particles being of fairly uniform size end of
approzimately spherical shape; they are of microcrystalline structurs, It has been

reported that finely divided tetryl dust suspended in air at a concentration of
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70 mg/iiter can be ignited by an elecrostatic spark of 0.015 joule energy.

RDX (Cyelonite)  CglgNgOg Cyclomethylene trinitramine

Descriptions H.p. 202°(decomp.) Crystal density 1,816, Hardness between 2 and 3
on Mohs scalse,

Sensitivity: Sensitivity 150 percent of that of PA 3 sensitivity 250 to 160
percent of that of TNT; sensitivity 140 to 100 percent of that of tetryl and about
70 percent of that of PEIN have been reported. In a friction test RDX appears to
be more sensitive than PETN,

Initiantion: Determined as desoribed before, it takes 0,15 g of an 80/20 fulminate-

chlorate mixture to initiate RDX,

Power and Brizance: with lead bloock a figure of 167 percent of PA has been glven,

Ballistic mortar data range from 150 %o 161 percent of TNT, Sand crushing test
zives 145 percent of TNT,

Detonation Rate: 5830 m/sec at d = 1,0 gfccy 8000 m/sec at d = 1.60,

Stability: Does not explede on Woods metal surface up to 360°C, At 135° no acid
and no explosion in 300 minutes. Vacuum stability: 0.9 cc () in 48 hours at 120%
Reactivity: RDX is rapidly hydrolyzed by hot sodium hydroxide solutions. Mixtures
of RDX with iron {and copper) oxide have much lower thermal stability and wmay ignite
but little above 100°C., RDX is not hygroscopic. RDX does not cause dermatitis but
taken orelly acts as poison, causing convulsions.

Comments: Most of RDX manufactured at present is not a pure compound but a mixture
with about 10 percent of a homologue (HMX). The latter is explosively
indistinguishable trom RDX, except that it may be converted by precipitation from

solution at temperatures around 100Y into a more sensitive crystal modification.

N
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PETN CsHglN4012 Fentaerythritol tetranitrate

Description: y . 1399 ; crystal demsity 1.77 ; pressed density about 1.54 at
%0,000 1bs/sq. inch ; hardness about 1.8 on Mohs scale.

Sensitivity: Sensitivity 250 percent of tetryl and 160 to 110 percent of that of
RDX have been reported. Friction test sensitivity is less than that of RDX however.
Initiation: Very sensitive to initiation; only 1/20 the amount of lead azide is

reguired to initiate PEIN than tetryl.

Power and Brizance: figh lead block test values of from 147 to 168 percent of PA

and from 173 to 179 percent of TNT have been recorded. Balistic mortar gives

146 percent of TNT,

Rate of Detonation: 5550 m/sec at d = 1.0 gfoc 3 7920 m/sec at d = 1.6 z/cc.

Stability: Explodes in 1 second at 256°, No explosion in 3CU minutes at 135° .
Acid in 90 minutes at 100° , Vacuum stability:6.5 cc in 48 hours at 120° .

Reactivity: Hydrolyzed only slowly by alkaliesy very slightly hygroscopic.

Commentss PETN does mot press nearly as well as tetryl, probably because of grester
hardness of crystals, The two major uses of PEIN at present are in mixtures w;th

TNT (Pentolites) for the bursting charges and as the charge in Primacord. The latter
is made by extruding wet paste of PETN, wrapping it in cloth,drying, wrapping again
“with waterproofing plastic impregnated covering. Primascord contains about 3 g of PETN
per foot of length., 1ts detonation can be initiated by a No., 8 or a No, 6 cap and

it is propagated at rates wvarying from about 5900 to 6500 m/"sec° However variations
in rate within one spool eare usually very much smaller than the above indicated
limits., Becmuse of the small quéntity of PETN in it, Primacord is a very weak
initiator, In demolition work it is common.to push the end of a strand of Primncord

into a detonator; another expedient is toc make a knot of Primmcord and insert this

into the main charge APRREMERIF R BiPBldsCvRFldsASEkensitive than cast Pentolite

A
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EXPLOSIVE D CeHgNaO7 Ammonium Plorate
Desoriptions ., 265° (with decomp.); orystal density 1.717; pressed density

at 12,000 1bs/sq.in. 1.48.

Sensitivity: sSensitivity 83 to 77 percent of THT.
Initiation: Under identical conditions it takes 0,85 5 of mercuric fulminate to
initiate AP as against 0,26 for TINT,

Jower and Brigance: On the ballistic mortar the value glven is 99 percent of TNT.

Sand orushing - 73 percent of TNT,

Detonation rate: 4750 m/Sec at d = 1,0 g/bc s 7040 m/kec at d = 1.6 .,

Stability: Explodes in § seconds at 3200 . At 130° no acid and no explosion in

300 minutes,

Reactivity: Being a salt (moderately soluble in water) this material will readily
exchange smmonium ilon for metal ions. Salts of heavy metalswith Pioric acid are
known for their sensitivity, particularly the lead and the silver salts. Amnm,
picrate is not hygroscopio and is not toxic, except possibly when takenvorally°
Comments: Ammonium piorate is usually supplied as a cosrse orystalline powder. It
is considered to be the most insensitive military explosive, ®hile, as remarkaed
above, it does undergo "double decomposition" with salts of heavy metsls in soluati.on,
it does not attack metals, in which respect it is very different from the free

pioric acid.

MERCURIC FULMINATE Hz(0NC),

Desoription: (Crystal demsity 4.4 s pressed density 3.56 at 5,000 lbs/sq.in.
Sensitivity: Explosions in the drop test have been obtained by the different
investigators with weights of 0.5 to 1.0 kg at helghts ranging from 0.23 to 20 om,

Svidently the results depend too much on the specific conditions chosen to have much
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meaning, except to indicate high sensitivity of M.F, to impact., Mercuric Mulmirnate
is detonated by an electric spark from a person charged to 5000 volts.

Power and Brizance: Lead block tests give wvalues of from 36 to 50 percent of PA,

Initiation: The following table shows the initiating action of M.%, on several
explosives. The last colunn shows the pressure at which loading haus been doney

other columns show the amounts of mercuric fulminate necessary to initiate explosives
indicated. Unfortunately the data at verious pressures have been reported by
different investigators and hence are not fully comparabley; however some trends with

increasing density to greater required quantities may be recognized,

: Tetrea-

%icric Amm, - nitro- Pressure
Acid TNE | Tetryl | Piorate | PEIN ‘aniline 1bs/sq.in.
0,21 0,26 0,24 0,85 : 0,20 1000
0,225 0.24 0,165 0,175 3400
0.25 0.26 : 0,20 3000
0,21 0.26 0.24 0.85 0.20 3000
0.30 0.36 0,29 : 17000 |

0.33 30000 ¥

Rate of Dotonation: 2700 to 3300 m/sec at d = 1,67 ; 4500 to 4700 m/sec

at d = 3.6 g/cec.

Stability: Explodes in one second at 240° 3 ©xplodes at 170° when heated at the
rate of 20°/mina

Comments: Mercuric fulminate is used exclusively as an initiating material, most
frequently in a mixture with potassium chlorate (to which crushed glass is added

when the mixiure is used as an impact detonator or igniter). When detonation is to

be caused by heat (electric detonators, etc.) it is important not to "dead-press”
mercuric fulminate. Pressed at pressures in excess of ca. 7000 1lbs/sq.in. merocuric
fulminats will not change bufning into detonation and hence will not act as a primary

explosivey however, when initiated by lower density mercuric fulpipa
A i
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propazate detonation even in a dense state, Sensitivity of mercuric fulminate to

flame end spark is so great that extreme precautions must be used in its handling.

LEAD AZIDE _ Pb(Ng)o

.22§origtion;' Crystal density 4.68 to 4,72, Two cry;tallino modifications have been
reported, orthorhombic, steble, and monoclinic, unstable end extremely sensitive.
Sensitivity: Sensitivity ebout 200 percent of PZIN has been reportedy also 500
percent of P4, Sensitivity about 50 percent of ﬁercurio fulminate can be estimated
from available scattered data.

Initiation: Ninimum initiating charges of lead azide, pressed with the high
explosive to 3400 1bs/sg.in. in detonator caps are, for: TNT, 0.16 g3 PA, 0.12gg
tetryl, 0.03g ; tetranitroaniline 0,05z ; hexanitrodiphenylamine ("Hexanite" ),

0,05 g. The minimum initiating charges for PETN, when loaded at indicated pressures
g .

are;
]
Pressure on PEIN, kg/bm? 0 2000 2000
Pressure on lead nzide, kg/cm® 0 0 2600
Dextrinated lesd azide 0,04g 0.17g 0,04g
Pure lead azide 0,015g " 0.10g 0,01g"

Power and Brizance: Lsad block expansion, 40 percent of PA or 70 percent of

mercuric fulminate., Sand crushing test-=75 percent of mercuric fulminate.

Bate of Detonation: 4500 m/sec at 3.4 to 3.8 g/cc density.

Stability: Explodes at 300 to 340° when heated et the rate of 20°/min. At 80° no

ohange is observed after 15 months.

Reactivityy Attacks copper and brass in presence of molsture to form extremely

sensitive copper indeo
Comments: Improperly precipitated, lead azide forms polycrystalline (twinned)

aggrezates which are extremely sensitive; large orystals in general are more sensitive
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than the fine povder. The process of crystal growth may continue even when lead agide

is kept 25 an aqueous slurry. Consequently it is common in USA not to use pure lead
azide but' the so-called dextrinated lead azide, i.e, material precipitated out of
solution in presence of dextrin. This material does nol show twinned'crystals and
does not underzo the prooess of orystal growth in presence of watery it cen therefore

be transported wet. The British use microorystalline pure lead azide.

AMATOLS Ammonium Nitrate and TNT

Description: Commonly used are slurries containimg 50 (50/50), 40 (60/40) and
20 (80/20)'parts of TNT; only the former is now used in USA, The last slurry is so

thick that it cannot be poured but must be "sorew-lasjed", i.e. extruded hot, into

shells,

Sengitivity: All Amatlols eppear to be less sensitive to impact than TNT.
Initiation: Vith increasing proportion of ammonium nitrate, the materials become

more difficult to initiate.

Power and Brizance: On the ballistic mortar the Amatols give higher values than TNT,

80/20 mixture being the most powerful; however in actual use the performance
Jdecreases as the proportion of ammonium nitrate is increased, partly because of tower
casting density obtainable in practice, partly because of &ecreasing brizance,

Detonation Rate: Cast 8Q/20 Amatol is reported to have a detonation rate of about

5500 m/sec; ocast 60/40 material a rate of about 5600 m/sec., cast 48/60 mixture a

rete of 6500 m/éeca

Stability: Materials ignite at 250-300° » hence are less stable than TNT; they also
show significant gas evolution in the vacuum stability test at 120° in 48 hours. All

Amatols are highly hygroscopic and in presence of moisture attack many metals,
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COMP, B RDX and TNT {and #ax)

Description: Now in use is a mixture of 60 parts of RDX and 40 parts of TNT with
(Comp., B) or without (Comp, B-2) 1 part of a special wax, The setting point of
these slurries is about 79° , since TNT forms an eutectic with about 4 percent of RDX.
Sensitivity: Between that of tetryl and TNT; wax has a small but distinct
desensitizing action,

Power and Brizance: Ahout 130 percent of TNT

Detonetion Rate: Can be computed by the additivity rule from those of TNT and RDX

and the density. Normal cast rate is about 7800 m/éeco

Stability: RDX and TNT do not appear to react with each other and therefore the
gtability of Comp. B is compareble to those of its ingredients.

Comments; In the preparation of Comp. B wet RDX is added to molten TNT and the

slurry is heated at 100 to 110°C, until most of the water has evaporated; consequently

Comp. B contains a small percentage of water. The heating of the slurry is accompanied

by a significant (factor of two) rise in viscosity, probably because of a defloo-

culation of RDX ecrystals,

PENTOLITES PETN and TNT
Description: Most commonly in use now is the 50/50 mixture, which is quite fluid

because a considerable part of PUTN is in solution. Setting point about 785°,

Sensitivity: Greater than that of Comp, B(-2), but very much less than of purs
PETN, both with respeot to mechanical impact and initiation.

Power and Brizance: Slightly less than those of Comp., B. They and the detonstion

rate can be computed by the additivity rule from those of the ingredients.

Stability: Less than that of pure PETN, because of the labilizing effect of the

liquid phesej however ai 100° the stability is quite satisfactory, exoept in impure

specimens, APPROVED FOR PUBLI C RELEASE
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Comments: +In distinction to Comp. B, the proportions of the liquid and solid
phases in Pentolites change rapidly with temperature bescauge of large and temperature
dependent solubility of PETN. Hence the viscosity of Pentolites rapidly decreases

with rising temperature,

TORPEX TNT, RDX and Aluminum

Description: In common use is a mixture containing 18 percent aluminum powder
(mostly through 325 mesh sieve), 42 percent RDX and 40 percent TNT, Water orizinally
present in Comp. B from which Torpex is made rescts with aluminum powder and causes

gases (containing hydrogen) to be formed. This "gassing"

occurs particularly fast
in the molten state but does nof cease in finished castings and is theru very
troublesome. Thus a 300 1lbs. charge of Torpex may produce as much asg 100 co/day for
periodé of months., Addition of .5 percent of anhydrous caloium chloride stops
gassing altogether., Sensitivity of Torpex is rather high, particularly to bullet
impact and therefore an addition of 5 percent of a special desensitizing material is
recommended, which makes the resultinz material less sensitive than Comp. B,

De-gassed and desensitized Torpex is now known as HBX,

Detonation Velocity: 7200 m/sec at 1,70 g/cc density {cast)

MINOL TNT, Ammonium Nitrate and Aluminum

Desoriptions Commonly used is a mixture approximating Torpex but with amﬁonium
nitrate replacing RDX. Both these materials have very high performance, for'ai¥

blast and water shock, but Minol is much less brizant and therefore doas not give s«
high fragment velooity as Torpex in cased charges. Minol gasses also and the addition’
of calocium chloride does not solve the difficulty, since reaction appears to ocour

between ammoniwn nitrate and aluminum powder.
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Kinol is a special case .of a class of explosives which are called Ammonal and which,
in general, contain less aluminum than Minol,

Detonation Velooity: 6900 m/sec at 1.65 g/hc density.

- 0 s W D W v D - —-

BAF QNAL TNT, Barium Nitrate and Aluminum

Description: A slow detonating but powerful mixture which may contain 35 percent
by weight of TNT, 50 percent barium nitrate and 15 peroent aluminum pdwder° Cast
density up to 2.3 can be obtained,

Detonation Velocityz 5100 m/ﬁec at 2.3 g/ density.

- — P O W - B — - -

BARATOL TNT, and Barium Nitrate
Descrigtion: A slow detonating and insensitive mixture of TNT and Barium nitrate,

containing up to 73 percent of the latter. Cast deusity of 2.5 can be obtained.

" PICATINNY ARSENAL DATA

A Technical Report (Seriml No. 1372, Nov. 1943, written by W, R, Tomlinson)
from Picatinny Arsenal summarizes a great many numerical data on military explosives
as determined in the course of time at Picatinny Arsenal, In some instances those
data differ numerically from values guoted on the preceding pazes, which is under-
standable because the oonditions of tests, as remarked before, are not generally
standardized and the values quoted earlier were obtained from many sources. No
attempt will be made to interpret these discrepancies and the P,A., data are reproduced
below without further comments. The original report should be consulted for the

details of the test procedures which led to the data,
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Exglosivo

:;;;o/zo Amatol
%0/50 Amatol

onal
clonite (RDX)

plosive "D"
ad Azlde

iarcury Fulminate
X

eI

75/26 Pentolite
G0/50 Fentolite
Ep/so Pentolite

/ 70 Pentolite
orio Acld

wDX Compcsition R
RDX Couposition €2

Tetryl

80/20 Tetrytol
75/25 Tetrytol
65/35 Tetrytol
Torpex

TNT

Table 1

Sensitivity to Impact and Friction.

. Drop Test-2Kz, Wt. Friction Pendulum Test Rifle Bullet Impact Test=-Number of
Picatinny Bureau of Mines High Un-
Machine- Machine- Steel Pibre Order Partial Burn- affeot-

inches Cho Shoe Shoe Trials Detonations Explosions ed ad

15 89 Una ffected - 5 4] 0 0 5

12 96 - = 5 0 0 0 5

1] - - - - - - - - -

23 Detonates Unaffected Sa. 5 0 0 0

17 100 £ - - 108 e 0 3 7

6 10 - Detonates - = - - =
2 5 - - - - - - -
6 17 - - - 5d 5 0 0 0
- 26 - - 5 4 0 0 3
- 34 Unaffected - 24 18 5 0 2
- - - - 5 0 2 0 3
- 40 - - 5 0 0 0 5
13 80-85 - - 58 O

@ 75 Unaftested - 40 Q] 7 1 32
- 90 - - sb 0 1 0 4
8 26 Unaffectsd - 1o0a 8 1 o] 1
- 28 - = 5 0 1 0 4
= 28 - - 5 0. 1 0 4
- 28 - - 5 0 0 0 5
8 38 - - 5 1 4 0 0
14 95-100 £ Unaffected - 25 "1 0 0 24

Pressed at 10,000 psi.

Hand presssd, those not labelled u, or b were cast.
%hen packed in paper 7 out of 8 were unaffeoted anmd 1 partial explosion was obtained in the

Rifle Buliet Impact Test,

In the Rifle Bullet Impact Test this sample contained 4.86 percent water.
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Table 11

! Stability at Elevated Temperature.
759C, Inter- 100°C. Heat Test
Ignition national Heat # loss 4 Loss Exples- 120°C. Heat Test

Temperature- Test 1st 2nd ion in  Salmon Red Explo~ Vacuum Stablility Test
5 Secs., % L-c;s-.—s-in 43 48 48 100 Pink - Fumes - sion co,of zas evolved irn 40 hrs.at

Explosive SC. hy . hr, - hr, hr, min, min, milo 2009C, 1209¢,
20/20 Amatol 280 0,06 0.03 0,05  Nome - - - - 2.5
50/50 Amatol 265 - - - - - - - o2 1.0
Ammonal 265 - None 0.1 None - - - - 4.4
Cyclonite(RDX) 260 0,03 0,04 Nome  None - - - . 0,5
Explosive "D" 320 - 0.1 0.1 Noue - - - 0.2 0.4
Lead Aczide 330 - - - - - - - - 0.7
Mercury Fulminate 210 0.18 Explodes in sbout 40hr. - - - - -
PETN 210 0,02 0.1 Nome  None - - - 0,5 1/
76/25 Pentolite - - 0,01 0,2 None - - - - 1 £
50/50 Pentolite 220 - - - - - - - 3.0 13 V4
40/60 Pentolite - - - - - - - - - 11 £
30/70 Pentoiite - - - - - - - - - 11 /£
Pieric Acid 320 - - - - - - - - 0,5
RDX Composition B 270 . - 0.2 0,1 None - - - - 0.7
RDX Compositi:wn '

c2 285 - 1.8 1,4 None - - - 2,0 9,0
Toetryl 260 - - . - - - - - 3,0 N
80/20 Tetrytol - - 0.1 0,5 None - - - 3.0 11 £
75/25 Tetrytol - - - - - - - - - 14
65/35 Tetrytol - - - - - - - - 2,8 1/
Tor pex 280 - None 0.1 None - - - - 1,0
Trimonite 315 - - - - - - - - 0.9
TNT 450 0,04 0.2 0.2 None - - - - 0.4
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Sand Test, Ballistlc Mortar Test, Frazmentation Test.

200 Gram Bomb Send Test

Ballistic Mortar

Fragmentation Test

Test 3" AA, k42, Shell 37 mm., M63, Shell
Sensitivity to Initiation TNT Chargse Charge
Brisance- Gm, lercury equivalent- Density Total No, Density Total No.

Explosive _gm, sand Fulminate Gm. Tetryl percent gm./cc, Fregments gm. /cc, Fragments
80,20 Amatol 32,0 0,24 0,07 117 1,46 460 - o
60/40 Amatol 37,6 0.24 10,06 - - - - -
50/50 Amatol 39,0 0,24 0,08 122 - - - -
Ammona 1 45.9 0,20 None 122 1,65 550 - -
Cyclonite(RDX) 58,7 0,19 None 150 - - - -
Explosive "D" 37,9 0,24 0,06 97 1.45 468 = -
Load Azide 18,0 - - - - - - -
Meroury Fulminate 22.4 - - - - - - -
PETN 61.9 0,17 None 145 - - - -
75/25 Pentolite 56,5 0,18 None - - - - -
50/560 Pentolite 53,0 0,19 None 120 1,70 747 - -
40/80 Pentolite 51,7 - - - - - - -
30/70 Pentslite 49,2 - - - - - - -
Piocrioc Acid 46,8 0.27 None 108 - o - =
RDX Composition ' : :

B 51,8 0,22 None - 1.70 750 - =
RDX Composition : : '

c2 47,5 0.28 0,10 127 - - - -
Tetryl 52,8 0,20 - 121 - - 1,60 202
65/35 Tetrytol 51,5 0,22 None - 1,66 765 - -
Torpex 57,9 0,18 None 132 1.76 534 - -
TNT 63,0 0,25 None 100 1.569 655 i.44 148

&a. Contained 5 percent Wax,

e 56
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Table IV

Detonation Rate

Detonation Rate - meters/éeoo

Pressod charge density - 5m/bce

Cast

Approx. 4500

5600
5600

Pressod Charge Density - gm./co.

Explosive , 0,80 1,20 1,50 1,60 1.65
80/20 Amatol - - - - -
60/40 Amatol - - - - -
50/60 Amatol - - - - -
Cyclonite(RDX) 5110 6550 7650 8000 8180
Explosive"D" 4000 5520 6660 7040 -
Lead Azide = 3620 - 3840 -
Hercury Rimirate - 2910 - 3220 -
PETN 4760 6340 7520 7920
50/50 Pentolite = - 5410 7020 7360 -~
Picric Acid - 5840 6800 - -
RDX Composition
B - 6360 7200 7480 -
RDX Composition
c2 - - - - -
Tetryl 4730 6110 7160 7510 -
TAT 4170 5560 6620 6970 -
2,0 3.0
Lead Azide 4070 4630
Meroury Fulminate 3500 4250

e 57 =
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Charge Density

Chargze Density - gmo/oco
Pressure in = 1000 psi,

Explosive o 3 5 10 iz 15 20 Cast.
80/20 Amatol - - - - - - - 1.46
60/40 Amatol - . - - - - - 1.61
50/50 Amatol - - - - - - - 1,69
Cyclonite(RDX) - 1,456 1,52 1,60 1,83 1.65 1.675 -
Explosive "D" - 1,33  1.41 1.47 1,485 1,505 1,83 -
Lead Azide - 2,62 2,71 2,96 - 3,07 - -
Mercury Fulminate - 3,00 3.20 3,60 3.67 3.82 3,99 -
75/25 Pentolite - - - - - - - 1.57
50/50 Pentolite = - - - - - - 2.69
40/60 Pentolite - - - - - - - 1.66
30/70 Pentolite - - - - - - - 1.63
Pieric Acid - 1,40 1.49 1,57 1.59 1.61 1.64 1.71
RDX Composition B - - - - - - - 1.67
RDX Composition

c2 1,87 - - - - - - -
Tetryl - 1.40 1.47 1,67 1,60 1.63 1,67 -
80/20 Tetrytol - - - - - - - 1,51
75/26 Tetrytol - - - - - - - 1,50
65/35 Tetrytol - - - - - - - 1.60
Torpex - - - - - - - . 1.76
TNT - 1,34 1,40 1,47 1,49 1,515 1,56 1.68-1,59

- 58 -
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Hygroscopicity - Volatility,

Hygroscopicity at

309C,, 90 peroent Relative Humidity Volatility

Percent Gain Time = Percent Teuwp.- Time-
Explosive in Weight _Days _ Loss mWeht, “C,  Days
§0/20 Amatol 61.1 2 - - -
Cyclonite(RDX) None 15 - - -
lead Azide 0.3 - - - -
PETN None 15 - - -
RDX Composition B None 15 - - -
RDX Composition C2 0,55 4 1,2 25 S
Tetryl 0,04 - None 25 -
TNT None 15 - - -

- 59 «
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TaBLE VII ; .

Solubility
Solubility - zm. Explosive/100 Gm. Solvent
Baplosive Lead fMercury ' Picric Ammonium
Solvent g, Cyclonite “p" _ Azide Fulminate PETN _Acid Tetryl TNT Nitrate
Water 0 Insol. - Ingol. Insol, Insol, 0,85 0.0050 0,0100 118
" 20 - 1.1 0,06 - - 1.17 0,0075 0,0130 192
" 40 - - - - - 1,88 90,0110 0,0285 297
. 60 - - - - - . 2,98 0,0350 0,0675 421
“ 80 Insol, - Slightly - Insol, 4,53 0,0810 - 580
8ol : :

" 100 - 75,0 - - - 7.1 0.1842 - 871
Ethyl : -
alcohol 0 0,040 - - - 0,070 4,5 - - -
n 20 0,108 Slightly Sol. - - 0,196 6,9 - - 2,6
n 40 0,240 - - - 0,416 12,0 - - 5
" 60 0,579 - - - 1,205 - - - 7.5
" 78 1,195 - - - - - - - 10.5
95,% ethyl 0 - - - - - - - - <
aicohol 20 - - - - - - - - -
" " 40 - - - . © - - - -
" 1] 60 - . - - - - - - - - -
Acetone 0 4,37 - - - 14,37 - - 87 -
" 20 731 - - - 24,95 About 130 - 109 -
" 40 11,52 - - - 30,56 = - 228 -
i 60 18,00 - - - 42,68 .- - 600 -
Benzene 0 - - - - 0,150 About 2 - 13 -
" 20 0,045 - - - 0,450 9,66 - 67 -
n 40 0,085 - - - 1.160 27,5 - 180 -
" 60 0,197 - - - 3,360 59,0 - 478 -
" 80 0,405 - - - 7,900 - - _Over 2000 -
Toluene .0 0,016 - - - 0,150 = - 28 -
. 20 0,020 - - - 0,430 About 13 - 65 -
" 40 0,060 - . - 0.620 - - 130 -
. 60 0,127 - - - 2,490 About 30 367 -

80 00298 - - - 5.5850 - © Over 1700 -
N 100 0,646 - - - 15,920 = - - -

112 0,990 - - - 30,900 - - -
g:z;ggn go - - - - - soo T 0,007 0,20 -
ghloride 40 - - - - - bout 0.7 8-:8%3 &’:?2 -
. . €0 0,007 - - - - About 0,4 0,154 6,90 -

70 - - - - - - - 17,34
v 75 - - - - - - - 24,35
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“z. .8 VII {Cont*d)

Solubility
Solubility - gm. Explosive/100 Gm, Solvent
: Explosive Lead Mercury Pioric
Solvent 9C, Cyclonite "p* Azide Fulminate PETN Acid Tetryl
Ether 0 - - = - 0,200 - 0.188
" 20 - - - - 0,340 About 3 0.330
" 34.7 - - - - 0,450 3,96 -
Bthyl- 0 - . - - - . -
acetate 20 0,055 - - - - - About 40
" 43 0,090 - - - - - -
Chloroform O © - - - e - 0,28
1" 20 - - - - - About 2 0.39
1 40 - - - - - - 1.20
" 60 - - - - - About 6 2,65
Ethylens- 25 - - - - - - 4,5
di.chloride 75 - - - - - - 45,0
Trichloro- 25 - - - - - - 0,15
ekhylene 65 - - - - - - 0,52
- 61 -

INT

Ammoniun
Nitrate

1.73

3,29
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