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PREFACE

The Engineering Design Handbook Series of the Army Materiel Command is
a coordinaled series of handbooks containing basic information and fundamental
data useful in the design and development of Army materie! and svstems. The
handbooks are authoritative reference books of practical information and quanti-
ative fauts helpful in the design and development of Army materie! so that i1
will meet the {actical and the technical needs of the Armed Forees, The present
handbook i3 one of a series on explosives.,

This handbook presents theoretical and practical data pertaining to explosive
trains, It includes consideration of the various elements which, in considerable
varigtion, may constitute the explosive train of an item, The main charge of an
explosive Hem, such as projectile or warbead filler, is also covered. Data are
given on the physical and explosive characteristics of typical expiosives und
references are cited in which additional data will be found.

Coversge includes development of the complete explosive train, from ele-
ments suitable for iniGation of the explosive reaction to the prometion of effective
functioning of the final, cuiput element, The nature of the explosive resction,
method of trunsfer of detonation and measurement of output are discussed.
Design principles and data pertaining to primers, detonators, delay elements,
leads. bousters, main charges and specialized explosive elements are covered.
The effects of envirenmental conditions amnd steps to be taken to avoid difficulties
are discussed.

This handbook has beep prepared as an aid to ammunition designers. It
should also be of benefit 10 seientists and engincers engaged in rescarch and
development programs or who have responsibility for the planning and interpre-
tation of ¢xperiments and tests relating to the performance of ammunition or
ammunition componenis,

‘The handbook was prepared by The Franklin Institate, Phifadeiphia, Pennsyl-
vania, based on a manuseript prepared by Armour Research Foundalion of the
Ugiversity of {llincis Instituie of Technofogy. The handbook was prepured for
the Engineering Hundbook Office of Duke University, prime contractor 1o the
Army Research Office-Durham, The Explosive Series is under the technical
guidance and coordination of a special ¢ommittee with representation from
Pivatinny Arsenal and Frankford Arsenal of the Munitions Command, and the
Ballistic Research Laboratories. Chairman of this commitice was Mr. Donald
Seeger of Picalinny Arsenal.

Elements of the U, 8. Army Materiel Command having need for handbooks
may submit requisitions or official reguests directly to Publications and Repro-
duction Agency, Lelterkenny Army Depat, Chambersburg, Pesnsylvania 172481,
Contractors should submit such reguisitions or reguests 10 thelr conlratting
officers.

Comments and suggestions on this handbook are welcome and should be
addressed to Army Research Office-Durham, Box CM, Duke Swation, Durkam,
Marth Carolinn 27706,
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EXPLOSIVE TRAINS®

PART ONE --FUNDAMENTAL PRINCIPLES

CHAPTER 1

EXPLOSIVE CHARGES AS COMPONENTS OF WEAPON SYSTEMS

A. INTRODUCHON

}. Purpose

This handbook ix one in the series of Engineer-
ing Design Handbooks dealing with explosives. It
covers the principles and factors applicable to the
design of the various individual elemants which are
parts of an explosive train. These elements include
primers, detonators. relays, delays, leads, boosters
and matn burstipg charges, In addition, principics
and factors involved in the design of explosive
ttemns such as actuators, explosive switches and
destructors, which wre usnally not elements of the
mun ¢xplosive train of a milivary iferm. are men-
tioned, particularly where the principles differ from
those applicable (o the main train,

The phenomens of inttiation, deflagration and
detonation and thelr interacuon with effects pro-
duced in surrounding materinls are discussed with
particular emphasis on those aspecls which are
important to designers of gxplosive charges. Also
discyssed  are evalpation  procedurgs,  Ioading
methods, and the effects of design upon the proby.
bitity of accidentad indtiation, vpon reliability. and
upon the useful life of an item.

2. The Explosive Troin

An explosive train is an wssombly of explosive
elemens arrangad i order of decrgasing sensitivity,
The fungtion of the explosive train is to accomplish
the controlled sugmemtation of a small impulse
o one of suituble enery 1o cause the nuin Charge
of the munition W function.

[

 Prepered by Gumier Uohn, Vsbhoratories for Research and
frevelopeem of The Franklin Institule. basced o u maouscrip:
written by B, M Xiressm o Armour Research Foundation of
the Hitsae Istitute of Tochnoiogy

Explosive trains may be divided into two gen-
eral classes, Aigh explosive traing and fow explosive
trains, according to the tvpe of explosive used in
the main charge ¥ An explosive {rain may also be
designuted aceording to the item in which it is
agsembled or to which i pertains, One of the most
comrnon gxamples of the high explosive trams is
the fuze explosive rain. 11 the bursting charge is
added, it is commonly called 2 bursting churye
explosive rain. A common example of the Jow
explosive traim is the propelling charge explosive
frain,

Propelling ¢harge explosive traing and other
low explosive trains are covered 1n other hand.
books of the Series. Uniess otherwise indicated,
the term explosive train in this handbook signifies
a high explosive srain.

The explosive or combustible elements of a
fuze explosive train are 50 arranged that

{w) theycan b activated inthe desired munner,

(b) on functioning, they will produce the de-
sired effect reliably, and

(g} the probability of premature functioning is
minimized for all foreseeable conditions of handling,
storage., (ransport and use,

Essential clements of such an assombly are
generally

(0} A primary or low gaplosive charge, con-
tained in a suitable housing, that is capable of (1)
being activated by a relagvely small stimulys
(mechanical or electrical} and (2) producing o self-
propagating resction, The output of tiis initial
charge consists principally of relatively Jow velovity
hot gases and particies.

bttt

FEor more aetileidt definithons of cxplesive Murord, see the
Crlemsiry uf tire ond o s Bamadbonn,



(b} An intermediste charge of primary high
explosive {most commonly lead azide) in which the
transition from burning 10 deionation takes place.

{c} A secondary high explosive charge (for
exampte, REX} that intensifies the shock output
from the intermediate charge, and

{dy A main charge consisting of a secondary
high explosive {for saumpie, TNT) that produces
the desired effact.

Auyxiliary elemesnts which are almost always
included in an explosive train for convenience of
design and for special purposes are

(a} Leads and relays fo {ransmil explosive
reactions between spatially separated elements,

(b} Pelay or time element to increase the
interval between activation of the first explosive
element and fupctoning of the main charpe, and

{c) A booster which is sensitive enough to be
initiated by relatively small cutput of a secondary
high explosive charge and powerful enocugh to
inittate the inseasitive secondary high explosive
usuatly used for the main charge,

M\

FIRING f’?ﬁiw\

MAT
DETONKICH

ROTOR -

»

o~

PROVEG TILE

PRIMER CHARGE

er=<INTERMEQIATE CHARGE
moRDX GASE CMARGE

mmRDX BOUSTER CHARGE

e ROV WAK (7730
TOR OFF GHARGE

| I : - ] e
Dod. o % %:’i‘ %/ﬂ MAIN EXPLOSIVE CHARGE
AT M

#5 3

A number of auxiliary elements are used in
some ordnance items which are complete explosive
trains in themselves io accomplish specific tasks

(a) Actuators

tb) Explosive bolts

{c} Desiructors

Note that the foregoing description dpplies
mainly to the most common explosive train, namely
one resulting in high explosive functioning, Where _
the output is nonexplosive, the irain is essentially
the same through inniation and zuxiliary compo-
nents. However, the explosive tramm usually never
proceeds beyond the burning stage initinted by the
primer charge. Examples of such asonexplosive
applications are signal fiares, smoke bombs. pro-
peilant systems, parachute packs and leaflet bomhs,

Figure 1 shows s simple explosive train,
Pictured in schematic form is the M503S nose fuze
which is used with 20mm ammunition. The fuze is
shown in both armed and unarmed conditions but
details of mechanical construction have been
omitted. While important, these features are beyond
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Figure 1. Typical Explosive Train



the scope of this handbook (for an assembly draw-
ing of this fuze, see Fig, 51). '

In the armed condition, the fuze is ready to
function. Whea # strikes the target, the following
sequence of aclions lake place

{a} The stab firing pin strikes the input end of
the M47 detonator, piercing the thin metal disk and
pushing into the primer charge. This stabbing
causes & reaction to be initiated in the primer charge.

{b} The primer charge initiates the intermedi-
ate charge of lead azide which is also contained in
the detonator. Here the action is accelerated and
converted to a detonation,

{c} The detonation of the lead azide is trans-
mitted to the RDX base charge of the detonator
and iy amplifieg,

{d} The RDXX booster and top off charges serve
to amplify the detonation wive 10 insure proper
initiation of the main charge in the projectile.

in a superquick fuze, such as this one, this
entire sequence takes place i only a few micro-
seconds, whereas in a Tuze having delayed action,
the imerval between activation of the primer chargs
aml explosion of the main charge may be as much
as several hundred milliseconds, Such a delay may
be introduced by a special pyrotechnic charge,
which burnas Bt 2 definite rate, betweon primer and
intermediate charges.

The rotor in which the detonator i agsembled
is afigned with the remainder of the explosive train
through the action of linear and rotational forees
enceuntered during propelling 1he projectile from
the gun. in the unarmed view {Fig. 1) the fuze is in
the safe or out-oftline position, The purpose of this
safety feature of fuzes i3 1o isolate physically the
more sensitive explosives of the explosive train
from the main charge. Since the more sensitive
explosives are more susceptible 1o acoidental initi
ation, they will not propagate 10 the main charge,
i initigted, when they are in the out-of-line position.

3. Bases for Selecting Explosive Charges

Whern the dJesigner is ready 1 build an ex-
plesive train, he must inake a variety of decisions.
Before he can select the explosive charges, he must
have a clear idea of the input stimulus that will be
used 1o start kis system and of the final output the
system is 1o have. Belween these two extremes, he
must zssemble 3 varlety of explosive components.,
This complele system will then make up the ex-
plosive {rain.

Since the objective of the explosive train is to
function the main bursting charge, it is logical to
consider it first. This charge is designed 50 as to
deliver the output which is required of the ammuni-
tion. While the output is invariably specified for all
design requirements, i is usually given in terms
which the explosive charge designer cannot use
directly.

Specifications start with the user who has a
requirement. For example, the user may want 1o
defeat a tank, 10 cause personnel casuallies or to
produce a signal. Next, the ammaunition designer
translates these needs into terms of specific am-
munition. He may call for a $0mm HEAT round to
be fired from a recoiliess rifle, a nonmetallic mine
to be triggered by foot pressure, or a marker
projectile delivering a red smoke puff lasting for
20) seconds. At this poini, the explosive charge
designer takes over, He will specify the weight and
configuration of the muin high explosive charge in
the HEAT projectile, the amount of charge in the
mine and, wgether with the ammunition designer.
will fix the size of the mine to resuit in the desired
effects, or he will specify the weight and configura-
tion of the HE burster charge and the composition
of the chemicals to produce the smoke pufl,

Where the design calle fur high explosives in i
projectile, bomb, or the like for which caliber is
gither specified or the shape of which s fixed by
ballistic considerations, the task of designing the
output churge is fuirly straightforward. The given
container is filled with as muach explosive as will Nt
Seventy percent of the total weight of o light-case
bomb, for exampile, is high explosive filler. Design
principles for blast {Paragraph 31 and for frag-
meotation {Paragraph 323 are well establishod,
Explasives for chemical charges must burst the
case and disseminate the contents effiviently, The
design of main charges is discussed in Paragraphs
76 o 83,

At the other and of the train is the initiuor,
Selection and design of the proper first element in
the explosive train is probably the most difficut
step. For this reason, this subject is reated in
depth by ftself (Paragraph 463, The design of initfu-
tors is ¢overed in Paragraphs 44 {0 56

[t 15 a basic safety requivement in almost all
amumidnition that the istiator be kept put of line so
that the train will not propagate in the event of
accidental functioning of the sensilive initiator,
While the gxplosive charge designer 1s definitely
concerned with such safety devices, they are not
included in this handbopk. The design, cunstruc-
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tion, layout, and evaluation of the various safety
and arming devices are covered in texts on fuze
design.

The next element to be considered is the
booster charge. Maost high explosive ammunition
has boosters. The booster is that charge which is
sensitive enough 1o be sctuated by the small ex-
plosive elements on the one hand and powerful
enough to cause detonation of the main explosive
on the other hand. Teiryl and RDX are common
explosives which have these properties. The
booster charge is best placed nto a cavily of the
main charge {the fuze welll. The design of boosters
is covered in Paragraphs 64 to 75,

From the standpoint of train propagalion, a
booster peliet i all that {5 required. However, for
reasons of safety and versatility, some military
ammunition calls for a complete booster containing
its own detonator and out-of-line arming device,
This secondary train is designed in the same manner
as the main train,

So far, we have considered main charges and
boosters at the cutput end amd initintors at the input
end. These three form the basic elements required
in every train, If the explosive train i3 for a small
device, no additional charges are necessary. Addi-
tional charges are added only 10 fill a particular need.

H there is t0 be a time interval between initia-
tion and functioning of the train, a delay element s
inserted. Often s relay is required a1 the end of the
delay 10 transform the defiagration of the burning
delay into a detonation wave. Delay elements are
described in Paragraphs 57 to 83,

A common explosive train charge i5 the lead,
Because of the geometry required o achiave borg
safety, detonator {or relay) and booster are sep-
arated too far for the detonation wave 10 travel
This gap s filled with a lead. Leads contain the
same explosives as boosters. Leads are covered in
Paragraphs 64 to 73,

Sometimes functions other than initiulion of
the main charge are required, Actuators exert a
force through a small distance 10 activale controls
or to close switches, Small and reliable. they are
ideally suited for remote control. Explosive holts
and destructors are other examples of devices
serving auxéfiary functons. These designs are
covered o Paragraphs 84 10 89,

Good design practive must he applied 10 all
explosive charges and 10 thelr assembly into a lrain.
Charges must he of the proper geometry and sensi-
tivity and must have the correc! density and con-
lincment as giscusssd in Faragraphs 24 10 28, They
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mus{ be compatible with other sxplosives and with
metal parts. They must be safc to handle and must
stand the extremes of tempserature in storage and
use as discussed in Paragraphs 34 1o 42, The design
of explosive charges which make up safe and reli-
able trains has not yet been reduced {0 a formula,
Rather, it requires considerable experience. The
design of unusual trains, in particuiar, should never
be attempted by a novice.

After the design is completed, the train is ready
for thorough test and evaluation as discassed n
Paragraphs 105 to 118,

8. SYSTEMS APPROACH TO AMMUNITION

4. Vehicular Aspects

a. General. Most ammunition is projecied 10 its
target over appreciable distances. Both maximum
velovities and rapges continug (0 increase with
improvements in propeliunis and design. Four
aspects of this motion must be considered by the
designer of explosive charges.

(a) Range and accuracy of a round depend
upon its agrodynamic characieristies, The external
contours dictated by aerodynamic considerations
are a limitation upon size and shape of the explosive
system.

{b) It (s sometimes necessary 10 adapl 1the
desipn of explosive charges in order 1o distribute
the weight properly for flight siability.

{¢) Veloctties and fight tmes of many modemn
misgiles are such that aerodynamic heating has
imtroduced & whole new set of explosive-charge-
design problems.

() Acceleration forces during launching. flight
and impact are the principal sources of the structural
loading of ammunition.

In addition to these more or less general con-
sequences of the functioning of milltary itemy as
vehicles, itis necessary for the designer of explosive
chargus o consider special ¢ircumstances which
may arise as a result of transport systems, Avcelera
tions dug to the mechanical acton of rapid-fire
guns and launchers are sometimes quite apprecinbie -
and have been known 10 produce undesirable re-
suhs when they were not takes inle consideration
during design. Chambers of rapid-fire weapons are
heated in the course of long bursis 10 \emperatures
which can cause functioning of roumds that reniair
in them when firing stops.

The limitatians on explosive charge Jesien
imposed by the first two aspecis Hsied above me



those of dimension and spatial configuration, They
are usually clearly stated in design specifications or
mifitary requirements for explosive charges. Effects
of aerodymamic healing and acceleration forces,
however, ars not usually obvious from a glance at
the drawings. Frequently, they can influence the
functioning of ammunition.

b, Avrodynamic Heating. Not only must an ex-
plosive system withstand high temperatures without
premature functoning, it must also function effec-
tively and reliably during or afler such exposure.
insulation of explosive charges ¢can be quite effec-
tive because the exposure ime s usuaily 30 short
that, with reduced heat transfer rates, the heat
capacity of the explosive is sufficient o keep the
wmperature within bounds. However, as velogities
and ranges continue to increase, the necessary
amount of insulatiop may increase to a point where
# seriously reduces the effectiveness of a warhead,
both by displacing explosive and by wrapping it in
a highly effective shock attenuator. The effects of
high temperatures upon explosives are discussed
in more detail in Paragraphs 35-37. Some of the
newer expglosives which are move heat resistant are
not castable. The use of these materials will neces-
sitate design changes in the carrier to facilitate
either (8} consohidation of the wxplosive charge or
{by assembly of preformed explosive Churpes.

The determination of tempersture profiles
within ammunition items affected by aerodynamic
heating is difficult, complex, and quite beyond the
scope of the present discussion. [t is, however,
frequently possible for a designer, by means of a
few guick calculations using a simplified model of
his system, w obtain a gross answer regarding the
need for more detaied caloulations, the substitution
of explosives, or the insulation ol explosive charges.
The following discussion iIs intended as an akl in
making such approximate calculations.

‘Fhe Bow comditions aboul an objeol moving
through the atmosphere are mast simple if they are
considered in termy of g coordinate system moving
with the obiect. in such a syslem, the undisturbed
air i an infinite stream moving at a velocity of
magmivde equal to thal of the object in a system of
fixed conrdinates, Quite clearly, the object impedes
this flow of air. By Bernoulli's pringiple (conserva-
fron of mementun) any reduction of the velocity of
part of the stream must be accompanied by an
inureass in pressure, Kapid compression of a gas
causes {is temperature o rise. The highest tempera-
turg which may be anlicipsted in any point in such a

system, called the stagaation temperature, is that of
air which has been brousht 1o rest with respect to
the object. The formulia for the calculation of differ-
ence between the siagnation temperalure T, is

To=T A1+ 02M% (1)

where 7, is the tempersture of the undisturbed
atmosphere and A is the Mach number. Tempera-
tures are in °K,

If the stagnation temperature is below that
which the explosive charge will suffer any i} effects,
as discussed in Paragraphs 3637, there is no prob-
lem of aerodynumic heating.

A stagnation temperatuse high enough to have
deleterious effects upon the sxplosive is not neces-
sarily reasen to take special measures. Only a small
fraction of the surface of u moving object 15 exposed
to air at the stagnation temperature, The boundary
layer of air in contutt with the surface at points
where there s an oppreciable tungential flow
component approaches a recovery temperature
which is well below the stagnation temperanire.
Typical relationships of recovery temperatures 7,
10 stagnation temperatures are

?‘m f= "\?
Fo 08wy (2

The value of this ratio varics with velocity, position,
and shape of the obrect.

Most ammunition which flies at speeds at which
the stagnation temperature of atmospheric air is
sufficient to have undesirable effects upon ox-
plosives does so for a limited time. The question as
to whether the explosive materials will reach un-
desirably high temperatures during such an inlerval
can be answered only by considering the heat fow
into and within cach component in detail

As the stagnation lemporaires rise rejative
those at which explosives are stable and as designs
become more ntricate, the means of resolving
doubts regasding whetber explosive churges wil)
survive aerodynamic heating become more labo-
rious and less positive. The introduction of a hew
barcler may wm out 1© be the only way in which
these doubls may be removed. In some cases o
simple barrier will not only be effective in protect.
ing the explosive bt it will also reduce the hem
transfer analysis 1o simple arithmetc, For vample,
if o thin fayer of insulution is applied 10 the outside
of the metal case of an explosive charge, it may be
assumed as a firsi approximation that the metal
loses no heat 0 the explosive. 1hat the surface
coefficient of heat transier is infinite, and that the



heat capacity of the insulation is negligible. If these

assumptions are made, then the heating rate of the

case is
didi = (T — T3 kdyv.Cop (3)

where 7, is the temperature of the case, 7, is the
reference temperature, 4, is the thermal conductivity
of the insulation, v, is the thickness of the insula-
tion, y. is the thickness of the case, p is the density
of the case material, and , is the heat capacity of
the case material, It will be noted that all of the
assumptions are conservative in the sense that
they tend to make the calculated temperature rise
more rapid thun the res] one. Thus, if these calcula-
tions lead to the conclusion that the protection
against aerodynamic heating is adequate, it may be
accepted with & minimum of doubt.

Where the combination of temperature, time,
space, amd weight limitations result in inadequate
protection of explosive materials, the use of heats
of evaporation and fusion 10 increase the effective
capacity of heat sinks has been suggested. Both the
fusion of low melting alloys and the dehydration of
hydrated saits have been suggested as thermal
buffers. Some salts have the added virtue of ex-
panding with dehydration to form porous insulation
mediz.

A reasonable course for an explosive charge
designer, confronted with & possible asrodynamic
heating problem, might be us follows

(a} Compute the maximum siagnation temper.
ature 10 which a round might be exposed,

(b} If possible without compromising other
features of this design, choose an explosive which
will survive this temperature,

(¢} I doubt remains regarding survival of agro-
dynamic heating, make g conservative gstimate of
the heuting rate based either on a simplified model
or experimental data for an analogous system, and

(<) #f doubt remaing at this point, give serious
consideration to the use of insulation or hear sinks,

{e) Testing of the system may be required,

¢. Acceferation. As vehicles, amwnunition lems
must, of course, be accelerated. The magnitudes of
the accelerations are in some cases immense. To
the designer of explosive charges, accelerations
are a source of structural loading which applies
inherently to all masses inchuding that of the ex-

plosive material. Accelerations associated with

changes in the momentum along the Hae of fight are
always variable, usuaily impulstve, while centrifugal
accelerations of spin stabilized projectiles remain
nearly steady during the time of flight.

When considering the efects of acceleration of
ammunition, its variability must also be considered.
On the one hand, it is often possible fo reduce
peaks by use of shock absorber principles. On the
other, the rapid changes can result in impact forces
of much greater magnitude than those due 1o the
direct effecis of gross acceleration, in considering
these effects, the designer should obiain the best
estimate available of the time-aceaieration function
te which hjs device will be subjected. Table | lists
the magnitudes of some typical accelerations of
ammuaition,

5. Structural Aspects

o, Neglecting the Strength of the Explosive. To
sustain accelerations and sti retain their functional
capability as explosive charges and mechanisms,
ammunition must be designed with full recognition
of its functions as & structure. The dme-honored
practice of neglecting the strength of the explosive
material, that is, of designing the conlainer 10 hold
a liguid of the density of the explosive, can greatly
simplify structural design and s generally quite
conservative, It may not always result in the best
sesign and, in some cases, it is inapplicable because

(a) The strengths of all explosives are far from
negligible and those of some materials are quire
appreciable. The strengths of cast explosives are on
the order of 2000 psi {compressive) and 200 ps)
(tensile), Those of plastic bonded expiosives are
somewhat higher,

TABLE 1. VALVES OF ACCELERATION 1IN AMMUNITION

Amnunition and
Caandition of Exposnre

Projegtide setback when fired in gun
Projogide piercing armor

Rockes or mivsile, normal launch
Rocker or missile, gun launched
Missile stooring

Kissile Sight vibralion

Minc waler entry

Typical Peok

30,000 i
- 150,000 Axial or Obligue
100 Axial
30,000 Axiad
40 Transverse
10 Raudom
—2.500 Axial

Natr: Forward acceleration is conventionally assigned a positive value.



{b: The resistance of the explosive material to
plastic deformuation can result in a load distribution
on the container that is very different from that
computed by assuming the explosive to behave as
a liguid,

{¢} 1= muny uspplications, explosive perfor-
mance could be improved by a smaller metal to
explosive ratio from that dictated by design in
which the sirength of the explosive is neglected.
Improvement may also result from a ditferent
spatial configuration in which the strength of the
explosive is ugilized,

{d} Some applications require metal so thin
and soft as fo have Jittle value as a structural
member.

{2} The resistance to deformation and eventual
failure of an explosive material under stress could
result in impact forces much higher than those
catculated using the hydrostatic approximation.

For these reasons it s always best, and some-
times necessary, to design an explogive item as a
composite structure or, at least, to consider the
effects of its behavior as such.

b, Conseguences of Structural Fuilure of Explosive
Charges. Obvicusly, those charges whose output
characteristics are closely associated with their
geometrical condfigurations, such ays shaped charges,
will aot function properly if the geometry is altered
by structural failure. Other consequences of struc-
tural fallure may be more serious when they occur,
Although available evidence indicates that high
mechanical stresses are, in themselves, incapable
of initiating explosive reactions. movement under
high stress, partcularly the rather sudden move-
ment resulting from a structura) failure, provides o
mechanism for the development of hot spots which
may become reaction nuclel (see Paragraph 15),
Where the fadure reésults in the relative movement
of two adiscent metal members with explosive in
hetween, action similar {0 an impact or friction
sensitivily test (where the explosives are pinched,
groumd, o impacted) may result in premature
imitiation,

The initiating tams of ammunition are gen-
erally composed of a series of rather small charges
which communicate detonation only when properiy
spaced and accurately aligned. Hence, a structural
fatlure can result i either premature functioning
or eommplete falfure.

¢, Structural Components as Sources of Fragments.
In many fypes of ammunition, notably artillery

fragmentation proieciiles, the case serves two
somewhat contradictory functions: that of the
principal structural member and that of the source
of fragments. In the one role it has to haid together
under high gun acceleration and centrifugal stresses;
in the other it must 8y apart in & prescribed manner.
The high strength which helds it together in "ue
gun also absorbs a significant amount of the energy
liberated when the cxpinsive delonates. The choice
of a structure and configuration conducive to opti-
mum fragmentation may wnduly weaken it. The
charge-to-case weight ratio which is best for frag-
mentation may afford too little metal for structuraj
stability. In addition, the agrodynamic considera-
tions of stahility and runge are involved, The design
of such a projectile is a compromise of internal.
external and terminal  ballistic  considerations
(discussed in Parageaphs 29-31). In other tvpes of
fragment-producing ammunition. where structural
or aerodynamic considerations are less siringent,
the designer has more freedom to adapt shape.
comstruction, and material to obtain optimum
fragmentation.

d. Interaction of Structure with Explosive Materials.
In addition to the interaction of explosives and inert
parts 1o form a composite strusture and their inters
action to produce output offects, important interag-
tiuns between explosives and inerts are involved in
initiation, growth and propagation of detonation,
The pinching, grinding and impact resulling from
the relative movement of inert components in
contact with explosives are, of cpurse, essential
phases of the operation of stab and peronssion
initintors. The phenemena involved in such initia-
tion processes are discussed in Paragraphs 20-23,

The mportance of confinement in every phase
of the initiation. growth and propagation of explo-
sive reactions cannot be overstressed, A change in
the confining medium can change the ¢ritical valug
of a dimension by a factor of 1en or more. Various
aspects of the effects of confinement upon explosive
reactions are discussed in practically all of the
chapters of this pamphiet,

Congideration of the role of an explosive mate-
rial as a component of the structure and of s
interaction with inert structural components from
the conceptual stage onward will probubly avoid
some problerms in the testing and evaluation stages.

6. Machanical Aspects

a. Functioning. in the sense that their usetul output
15 generally in the form of mechanical work, cx-
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plosive charges are mechanical devices. However,
the explosive charge designer must also consider

those aspects of the mechanical functioning of

ammunition which are involved in placing it in the
desired location with respec! to ils target, safe-
guarding azeinst operation unil it geis there, and
initiating the reaction at the desired place and time.
Both the effects of these preliminary mechanical
functions on the explosives and the effects of the
presence of the expiusives on the functioning must
be considersd. Because mechanical functioning
generally ocgurs after the ammunition has been
launched, the necessary energy must be either
stored in or derived from the after-launch environ-
ment of the ammunition.

Forms of stored energy which have been used
include elastic {cocked springs, compresaed gases),
chemical {batteries, propeliants, explosives), mag-
netic {permanent magnets) and electrical (charged
condensers, piezoeleciric elements). Environmental
sources inciude aerodynamic or hydrodynamic
farces incidental to the motion of the ammunition
through the ambient fluid, acceleration forces
related to lmunching, spin, water entry, and target
impact: hydrostatic forces due 10 changes in ame-
bient pressure: magnetic forges related 1o move-
ment with respect to the earth's field; eloctricul
forces related to enviroamental potential differ
ences {electrostatic in gir and electrolvtic in sen
water), and thermal and radiation effects. Quite
clearty, the range of forces represented is 50 great
that exceptional precautions are necessary at the
ong extreme to retain nearly frictionless movement
angl, &t the other, to profect the dormant mechanism,
structure and explosive charges from damage.

b. Location With Respect 16 Target. The mechan-
ical functions volved in placing the ammunition
in the desired location with respect 10 its target
might be considered as part of its functioning us »
vehicte, However, those functions under considera-
tion here dre not so clearly vehicular functions as
propulsion and fight of the tem. Theay include such
varicd activities as separation of stages in multi-
staged weapons. jump-up action of certain unti-
persannel weapons und opening of parachutes,
Some of these functions are accomplished by means
of esplosive setuators (Paragraphs 84, 85), Where
such devices are used, it is 8 concern of the de-
signers of other components 1o safeguard against
their premature initiation or other damage. 1n other
instances, where the source {(such as movement of

a small bellows uader the acticn of hydrostatic
pressure) makes only 2 small guantity of energy
available, precautions are necessary {6 prevent an
increase in the frictional lomding of the system
resulting from the distortion of the weapon case,
due either to dimensional instability of the explosive
material or to differential thermal expansion,

c. Safety and Arming Devices. H is a basic require-
ment of fuze design that the arming action must
result only from some force or condition uniquely
associated with launching or after-launch environ-
ment, Where launching forces are used, arming
must be delayed until a safe distance is attained
between ammunition and the point of hunching.
These principles, combined with the wide variety
of launching, propuision, and stabilization means
used, the range of after-launch environments, and
the inventive ingenuity of fuze designers have
resulted in a profiferation of arming devices and
schemes.

The arming requirements have made necessary
in some instances the use of forces which are so
weak uy o place very high standards on toleranges.
finishes and balance of moving parts, some of which
carvy  explosive components, The designer of
explosive components for use in safety and arming
mechanisms must be particularly careful 10 safe-
guard against dimensional instability, exudation
and loss of expiosive material. Any design change
which resully in a change tn mass or in mass dis-
tribution should be considered carelully in the light
of its effect upon the funciioning of inertal urming
systems, including rotors of fizzes for spin stabilized
devices. The effect of changes in mass distribution
caused by arming operations may somelmes re-
guire examination by an exterior hallistician,

The design of a safery and arming mechanism
% a three way compromise between reliabiliny.
guality control and compaciness. If the components
are large encugh, they ¢an be reliable even if they
vary greatly from item o emy, and guite safe if far
enough apart in the vnarmed state. To meet (he
increasing demand for miniaturization. # will be
necessary to improve continuadly the standards of
reproducibility of output and sensitivity of explo-
sive components and the wehnigues for their evalue
ation, The desigaer of the mechanism must lean
heavily on the expiosive component designer
because the basic dimensions of the mechanism
depend upon the characteristics of the explosive
components,



7. Electricod Aspects

¢, Environmentz. The complexity of our clectrical
environment is staggering. Practicaliy every in-
sulator has s static charge. Any two dissimilar
pieces of metal, wet with slightly impure water,
make 8 battery of sorts, Weld them together and
change thair temperslure and we have a thermal
generator. Every spark plug, every switch, every
thunderstorm, and ail the stars keep broadcasting
transients. Hence, all ammunition has, as does
everything eise, all sorts of small currents running
through # af random at all timeg, In general, these
currents remain o0 small as to have negligible
heating offect. However, if the assemblage of con-
ductors, semiconductors and dielectrics in the
ammunition i exposed to radiation whose fre-
quency correspends to a resonant point, fairly high
currents are possible, Electrostatic discharges and
surges dut to nearby strokes of lightning can also
develop appreciable currents,

b, Possible Initigrion of the Main Bursting Charge.
i, at some point in a circuil, spurions currents are
concentrated in a reiatively small path in intimate
contact with explosive material, It is not incon-
ceivabie that a hot spot might develop and form 4
reaction pucieus. Analysis of such systems is 100
complex to undertake, This is particularly true
inview of the lack of evidence that such ageidentally
formed electric initiators have been the canse of
accidents. 11 is well, however, to check o design for
conditions which are obviously condugive (o such
effects,

¢. Eiectric Initiutors Exposed 1o Spurivons Sipnals.
A more Treguent hazard is thar of accidental initia-
tion of sleciric imtators by swatic electricity. radic
frequency pickup or induced surges, The system,
where u shoried and grounded load wire might erve
as & tuned antenna for some frequency and a calked
crack as a microwave leak, is extremely complex,

A series of thorough investigations has estab-
Hshed that imtiation by radiofrequency energy 15
a read hazard 1o elecmroexplosive deviges, Several
sodutions have been proposed to alleviate this
problem in the design stage. Those solutions dealing
with the indtiation of electric mitiators are discussed
in Paragraph 50, The designer of ammunition can
arnirmize the hazard of initation caused by the
electrical snvironment by {ollowing these general
design pracuoes

(a) Use of initiators as insensitive as Is com-
patible with reliability of the system,

(b) Taking the uimost advantuge of the shicld-
ing properties of meial casings,

{c) Consideration of all possible roles of each
component of 2 system as & circuit element,

(d) Incorporation of arming switches, out-0°©
line safety devices and similar davices 10 proteq!
the system from premature initiation,

{e) Design of components which are as specific
as possible in thelr input characteristics. including
where applicable the speciul schemes discussed in
Paragraph 56, and

() Arranging for tests, under the best simula-
tion possibie of service electrical environments, (o
determine the susceptibility of a system to electrical
hazards,

. GENERAL DESIGN CONSIDERATIONS

8. Economies

The assessment of a weapons system involves
the comparison of ity value with s cost. The value
per round may be considered 16 be the product of
the military value of the damage of which o roung
of ammunition s capable and the probabilitly that
a given round will mfiict this damage. The cost of a
round of ammuniion includes the cost of delivenng
it to ity target as well as that of producing it

Each of these quantiues is. ip dself, a compliex
combination of diverse factors which may include
aspects of statistics, logistics, psychology. aero-
dynamics, ballistics, military strategy and tactics
and all branches of engineering. Most organizationy
charged with the development of weapons systems
include operations research Or weapons svsiems
analysis groups whoe feed combinations of expesi-
mental data, rigorousiy derived mathematival gxe
pressions and careful estimates imo electronic
computers 1 obtain estimates of the military values
of various weapon systems. 1 a system is under.
going evaluation at the same thme that in explosive
charge is being designed for i, the explosive charge
designer may find B comparstively simple 1o obtain
information regarding the relative valoe of severy
design varigats in exchange Tor data regarding the
mffuence of these varanis upon effectiveness,
relinbility or safety, More freguentlv, the phasing
of the program leaves the explosive charge designer
i the position of having w make these ¢uloons
himseif,



The number of details which might affect the
reliability of ordnance bave proliferated to such an
extent that an afiempt to be sure of everything
could lead to the emplovment of the whote popula-
tion as inspectors and cvaluators. There is a limit
to the manpower which ¢an be expended in making
sure. In addition, the probable conseguences of any
type of faiure are somewhere short of complete
disaster. The refusal to accept any risk of failure
or premature operation weould lead to the certainty
of being outclassed by alowst any polential enemy.

Compromise i5 always necessary in decisions
regarding the design, development, production,
transportution, handiing aud use of ordnance. A
two-way balance must be attained belween the
probability and cosseguences of failure and pre-
mature operation, and the costs of insuring against
thesg events,

In attempiing to arrive at such compromises,
one's judgement is sometimes impaired by the
feeling that saving a e or winping 8 war is more
impotrtant than any amount of dollars. Tt myst be
borne in mind that the cost of one ilem reprasents o
finite fraction of the nation’s economic potential,
that it Hmits the munber which can be made avail-
able, and thar Hves and wars can be Jost for the
lack of ammunition as well as by its shortcomings
with respect o safety and relinbility. On the other
hand, one weil-publicized accident can destroy the
usefulness of a weapon sysiem or material by
causing its rejection either at the command level or
by troops e an individual basis.

9. Reliubility

Reliability s o measure of the extent to which
a device behaves as i1 was designed 10 behave
during the usually short period between launching
and completion of its mission. Obviously, reliability
of ammunition and of s components 18 of key
importange. Weapons are useless If they don't
function as intended,

Reliability is defined in statistical terms, Wy
say that o system has a relinbility of say 949 percent
and we make this stalement with a confidence of
say 35 percent, The problem for explosives is more
severe for two regsons. Firgt, they are a smalf part
of a complex systom. Since the probability that all
of the componeants in a system will function is the
product of the probabilities of the individual com-
ponents. the functioning probabiiity of explosives
must be high, higher than tha of the total system.
This requirement caiis for high reliability of ex-
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plosives, Secondly explosives are one-shot devices
which cannot be tested repeatedly. Special wark-
or-fail methods of analysis have been developed
which are described in Paragraph 104,

The evaluation of materiel, including estima-
tion of its reliability, is usualiy carried out by an
organization, or at least a group, other than the
design group. Difficulties between these groups can
be reselved more readily if the designer of explosive
devices is familiar with the technigues used by
evaluators, uscs similar techaigues to mssure him-
self that his designs are reliabie, and designs devices
und systems in which reliability 15 as nearly inherent
as possible. A few general suggestions can be made
for the designer

(4) Whenever possible, gse standard compo-
nents with established guality level and other
rediability criteria at least as high as that required
by the application.

(b) Wherever possible, particularly in more
complex and expensive materiel, use redundanl
systoms,

(¢} Specify materials for which the propertics
of importance 10 your application are well known
and reproducible. Keep in mind that the average
value for a parameter may be less important for
design purposes than the exwreme values,

(d} As far as possible, design items in such a
manner that defects which affect reliability can be

detected by means of nondestructive tests or

inspection.

10, Sufety

Safety is a busic considerstion throughow
itemn life, We are concerned with the exfent o
which o device can possibly be made 1o operate
premuturely by any accidental sequenve of svents
which might occur at any time between the starl
of its fabrication and its approach 10 the target,

While safety is also defined statistically. the
approach to safety is somewhat different from that
applied 1o reliability. The keystone of Hus approach
is the fail-safe principle. Essentially, this principle
states that any sequence of events other than that
1 which 4 round is subdected in normal operation
shall result in failure rather than detomstion of the
round. Compliance with the fail-safe principle is
usually accomplished mechanically, and is the
reason most ordnance devices must be convidered
ax meghanisms,

In terms of added bulk, weight and complexity,
which can be transiated into terms of reliability,



effectivensss and logistics, safety is expensive.
Hence, the problem of safety is a double one. The
designer must be certain that his device is safe
enough and yel impose the least impairment of
functioning,

A number of policies, rules, and safety codes
that apply to various types of materiel have been
promulgated. In view of the varicty of these codes,
it is well for a designer to examine in advance the
safety criteria that wilf be applicable to his design.

The preceding remarks on safety emphasized
the protection sgsinst premalure functioning of the
initiation package. However, this is only one aspect
of system safety. Another example of safety is that
of proteciing against direct initialion of main charge
of booster by impulses incidental to handling,
shipping, storage or lnunching, and accidents which
may eccur during these vperations. The vulners
ahitity of ammausition (o initiation by accident or
anemy fire can seriously restriel its tactical usaful-
ness of greatly complicate problems of storage,
handling, and transportation, System design cun
roduce this vulpersbilily by affording mechanical
protection, support. and ¢onfinement. Hence, safety
5 not & sepurate problem but an integral part of
explosive charge design,

Y. Standordization

The decision as 10 whether to adapt a svstem
design to the use of u standardized componenl or to
design a new component especially adapted to a
system is ofien one of the most difficult a designer
has 1o make, On the one hand, anew item has often
been developed because, in the layout siage of
design, it 100k less offort 10 sketch in something
that fit the dimensions than to find out what was
available, On the other hand, the hurd and fast
resolution to use only shelf items has resulted in
systems which arg appreciably inferior to the best

attainable with regard 10 safety, reliability, effective-
ness, or compacingss, aad in the perpetuation of
obsolete items.

As a general rule, the standard item must
always be given first preference and must be con-
sidered carefully. An imporiant reason in explosive
charge design is the cest and time required to
qualify new items {see Paragraphs 105-110).

MIL-STD 320 lisis » standardized series of
dimensions for newly developed detonators, primers
and leads and for their components.

12. Information Sources

Of the many available publications in both
classified and unclassifipd Hierature, we sclected a
basic library for the explosive charge designer.
These generai references are compiled .and an-
notated at the end of this paragraph,

It is an underiying assumption that the reader
has some knowledge of military explosives. For
this reason, details of explosive materials are not
treated in this handbook. Such data are contained
in References A, g, A, and i References g and A
contain the most up-to-date collection of the newer
explosives. References o and £ contain design data
tor specific explosive components. Standard dimmen-
sions for explosive components are Histed in Refer-
enve ¢ while Reference ¢ treats the design of fuzes
of which explosive components are an important
part. Much information in an earlier handbook,
Reference o, has been used in this handbook. The
handbook s now out of print.

These general references are idemified by a
letter to make multiple referral easier. All other
references are numbersd and Hsted a1 the end of the
chapter to which they pertain,

Crher Engineering Design MHandbooks contain
information pertinent o explosive trains. For y Jisl
of current titles see inside back cover.
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CHAPTER 2

EXPLOSIVE REACTIONS AND INITIATION

A, THERMAL DECOMPOSITION AND BURNING

13, Thermsal Decompasition

Explosives are substances or mixtures of sub-
siances which may be made to undergo a rapid
chemical change, without an outside supply of
oxygen, with the hberation of large quantities of
energy penerslly accompanied by the evolution of
hot gases. As metastable materials, they react at all
temperatures above absolute zero, The rates of
these reactions are direct functions of temperature,
For explosives of practical interest, the decomposi-
tion rates at onormal lemperatures of  storage,
mandling, and fransportation. are negligibly small.
As the tempernture s dncreased o few hundred
degrees. the rates of thermal decomposition attain
significant levels. The self heating of the explosive
by the heat evolved in this reaction tends to Turther
raise the temperature and increasg the rgaction
rate. Where such ¢ircumstances result in a runaway
reuction, » thermal explosion may resull.

Most explosive reactions, whether intentional
or accidental, result from highly localized heating
which initintes a selfepropagating reaction * Ia
such a reaction the heat lberated by the reaction of
the sxplosive at one point in a charge raises the
temperature i adiacent material sulciently 1o
cause H {0 react at a similar rate. The modes and
rates of such self-propagating reactions 80 pro-
foundly affect the usable phenomena associated
with the functioning of explosives. that these
phenomeny can hardly be considered except in
terms of these modes and rates,

The reaction of a typical charge of solid ex-
plosive.  rigorously  considered in s ultimate
detuil, is so complex as 10 defy guantitive deserip-
ton Fortunately, however, the typical situation is
such that one or another aspect of the behavior of

b e e

T Mumerical References are listed in the end of each chapter
while fetieved Refevences are listed in Paragraph 12 tend of
Chapler 13

the material is s dominant that other aspects may
be dismissed as second order effects. Hence,
although gradual thermal decomposition, deflagra-
tion and detenation are usually chemically similar
processes, their physical causes and munilestalions
are so different that they may be understood best
by considering them as distinet phenomena,

The three modes of explosive reaction. thermal
decomposition, deflagration and detonation, e
similar in that their rates are direetly related to
temperaturs, pressure, ¢r both while the reactions
themselves resultin the ingrease of these quantities.
It follows that any charge of explosive il contained
SO 88 o prevent expanaion or losses of matter or
energy. will eventually explode. If the temperature
is uniform throughout the charge, the gxplosive
will be a pure thermal explosion where each element
of volume experiences the same self-accalerating
temperature rise. More gsually, any varialions in
temperature will tend to gxaggerate themselves so
that the seif-heating reaction will run awuy at the
hottest point from which o deflagration. in urn
self-accelerating, will propagate. The selbacceler
uting deflagration s chamoterized by a similnly
acgelerating rise in pressure, which is propagated
through the unreacied explosive as a COMpression
wave, [ the charge is large enough, the wave min
develop into a shock of sufficient amplitude
propagaie as a detonation,

14, Reaction Kinetics

Perhaps the reaction of an explosive materin!
can be understood best by trying 10 visualize an
explosive medecule, Such a molecule by oo structure
containing atoms which have very strong affinities
for one another, and which are prevented from
rasponding 1o these affintties by their places in the
structire, 1The positions of atoms within the struc-
ture of & molecule and that of molecules within the
crystal are fxed. not by mgid hinks, ba by equi-
librium of electrostatic and guanlum-mechuanicul
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exchunge forces, Unless the temperature is ab-

solute zero, each atom vibrates about its equilibrium

position with & random motion under the influence
of the similar random motions of its neighbors.
These random motions, which are characteristic of
thermal phenomany, apply to the partition of energy
between meolecules and between atoms of each
molecule.

Temperature is a quaniity proportional to the
average energy of molecular agitation. Atany given
absolute temperature 7, the frequency with which
any one atom attaing an agilational energy H is
given by the function A4 Te #H7 where R is the
universal gus consiant and 4’ is an inverse function
of the restraints to meotion of the particular atom.
If the agitationa! energy H cxcesds a value W,
known az the activation energy, the atom may
escape from ity position in the molecule and be free
to assums more congenial relationships. This
uproar increases the agitation of neighboring mole-
cules, that is to say, the reaction proceeds with the
evolution of heal. The reaction rate &' is the fre-
quency with which the agitational energy H of
individus! molecules excoeds W, Thus

k' (TY = A" Lo WAr (4)

The classical Arrherdus eguation sets 47w A
for small temperature ranges, and

BT m femWIRT (3)

has been used more commonly 1o represent the
temperature dependence of chemival reactions. For
the temperature range of most experiments the
difference between Equations 4 and § is not dis.
tinguishable (Fig, 21,

The qualitative implications of the Arrbenius
equation deserve the consideration of ull who deal
with explasives. Since W for military explosives
has & value between 10,000 and 100,000, while R
is approximately two or units of °K., calories and
gram medesh, @ sedl percentage change in tempera-
wre results i oan order of magnitude change in
reaction rate, The shurply defined lemperatures
which many experimenters have assoviated with
decompasition, ignition or explosion (yee Table 2)
are quite readity explained in terms of these equa.
tions and the relatively Hmited runge of rates which
may be measured by most experimental techniques,
{The ignition temperatures shown in the table are
computed while the explosion temperalures are
experimental}

The Arrhenius equalion ¢xpresses a charac-
teristic of explosives which has, porbups, a greater
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influence upon the initiation process than any of
their other attributes, For example, the reaction
rate of a typical explosive with an activation energy
of 50,000 calovies per gram mode, at 800°C is more
than ten times its reacuon rate at FOU°C.



TABLE 2.
Thermul Ignition

IGNITION AND EXPLOSION TEMPERATURES

Fxplasion Fomperature® (°0)

Explogive Temperature! (°C) 0.1 sec I ye¢ 5 ser HE svee
betn- HMX - 380 - 3237 Decomposes 106
Compaosition B - S 368 78 Drecomposey 2585
Cyclonte (RDN; - 405 316 268 Decomposes 240
Haleite {EDNA] — 265 2l6 ] Gecomposes 178
Lead Azide 335 3y 356 348 Explodes =335
i.ead Styphnate 250 - — 282 Explades 276
Nitroglyeerin {Ligund) 200 - - 322 Explodes —
Peniolite, 3O/58 - 290 268 220 Decomposes 240
PETN {Poniaeryibritol Tetranitrale) 215 272 244 233 Drecomposes 211
Silver Azide - 30 - et Explondes —
Tetracene 160 - - Phi - -
Tetryi - 340 34 237 fgndles 238
THT {Tnmtroicluene - 570 520 475 Drecomposes 465

The experimental determination of the con-
stants of Equations 4 or 5 for various explosives
is complicated by the effects of reaction products,
phuse changes and multiple reactions, as well as by
the heat transfer considerations, The reagtions of
most of the commonly used explosives are either
acceiergted  {autocatalysis) or retarded (auto-
stabiization) by the presence of their reaction
products? Because of these difficulties, generally
accepted reaction kinetics constants for explosives
#re pot gvaiable, Mowoever, the exponentiul form
of the Arrhenius eguation fils most experimental
data so well that many investgators have ignored
the complicating influences and derived more or
less empirical Arrhentus constants from plots of
the logarithm of the rate, or of a rate-dependent
guantity, a8 a function of the reciprocal temperature,

For the explosive charge designer. the most
pseful consequences of theoreticad studies  of
thermal decomposition problems are the develop.
ment of {a} 2 more valid bosis for qualitative
thinking, and (b} coordinate systems within which
most experimental data form recognizable patterns.
When confronted with an explosive charge design
problem, a soggested approach Loy renlistic sl
tion consists of the following two steps

{a) Obtuin, either from available literature or
specifically designed tests, experimental data for
situntions which simuate as closely as possible
those to be encountered in service,

(b} Interpoiate between dath points using
coordinates of nverse tomperalure, and logarithms
of times, rates or dimensions. These coordinates
may also be used for extrapolation. However,
extreme care should be exercised when extra-
polating because abrupt changes in the decomposi-
tion rate {such as those due to melting of a com-
ponent of an explosive malerial) may occur outside
of the range of experimental data.

15. The “Hat Spot” Theory of Initiation

The view that sonuniformity of heat distribu-~
tion is essential to the usual imtiation process has
been catled the “hot spot” theory of initiation. In
explosive initintors. the epergy available i con-
centrated by the use of small diameter firing pins
and, in electrical devices by dissipating the energy
in short and highly constricted paths, The addition
of grit to primer mixes serves a similar function,
Not only is nonuniformity of energy distribution
gssontial to most iniation provesses, bul i1 s an
important factor in the growth and propagation of
practically alf chemical explosive reactions used
in ordnance,

Because of the exponential nawre of the
Arrhenius eguation {Eg. 51 the reaction rate
inevitably reaches a4 level such that heat is liberated
faster than it can be lost, From this point on, tha
reaction is self.accelerating and quite rapidly be-
comes explosive.

Although a general eguation which ingludes
consideration of all of the complicating factors
would be completely intractable, the vse of simpli-
fled models makes possible solutions which con-
tribute to the understanding of the initiation
provess, However, simplifications must be vsaed
cauniously, For example, it frequendy appears that
gach explosive has a critical initiation temperature
which is independent of dimensions. Although
more extensive experiements or more dJdetailed
analyses have usually shown it 1o be an approxi-
mation which applies 10 only a specific class of
initiator, this relationship can be a useful design
tool if its Hmitations are kept in mind. Perhaps the
moest important implication of the foregoing s
that, since in any type of svstem, the crilical tem-
perature varies so Hitle with dimensionul changes
and since the volumetric specific heals of solids
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vary only sfightly from ane 10 another, the minimum
energy reguired io initinte an explosive device is
nearly proportional to the volume of material which
is heated by the input energy pulse. 1t must be
stresscd that this is an approximation which should
be applied only to comparisons of performance
within initiators of the same type initiated in a
specific manner,

Since the energy avaiable for the initiation of
explosives in ordannce 5 usually Hmited, initiation
systems are designed io concentrute this energy,
as heat, in a relatively small volume, Obviously it
it won't stay thal way. The smaller the volume in
which a gquantity of heat is concentrated, the faster
it i5 dispersed, other factors remaining similar, In
order to concentraie a given amount of heat in a
nucleus of 8 gives volume, the heating mns take
place in & tme which is short compared with the
cooling time of the nucleus. I the rate a1 which
energy is introduced, that is. the inpul power, is
reduced to a low epough level, the losses will
establish equulibrium with the sum of the input
power aad the hewt generated by the reaction, An
infinite guantity of energy will not cause Initiation
under sush eguilibrivm conditions,

Up to this point, the present discussion has
been concerned with the establishment of reaction
nuclei. Onee reaction is established at a nucleus,
the useful functioming of an inifiafor requives that
the reaction be propagated to the remainder of the
explosive charge of the initinfor, and thence, to the
next component of the explosive system. Similurly,
the consequences of accidental initation depend
upon such propagation. Thy same heat transfer
mechanisms whereby heat is dissipated from a
prospective reaction nucleus are pecessary for the
propagation of the rencton from an established
nueleus. However, conditions  which promote
sensitivity to one or asother stimulus will some-
times cause failure of propagation i carricd to
extremes. Heat may be wransmitted by conduction.
convection, radiption and what might be called
thermodynamic heat transier. Al of these mecha-
nisms are involved in the reaction of explosives.
but their relative importance vares greatly, and
changes as the reaction progresses.

The process referred 1o ay thermodynumic heaut
transfer is ong of the most important mechanisms
involved in explosive reactions. The cooling of
réaction products, dug o sbisbaftic cxpunsivn gun,
under some cheumsIances. quench o reaction,
Conversely, unreacted exphaives can be heated by
compression o rescion-inducing lemperatures.
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When the compression s of sufficient magnitude

“and suddenness to coause n significant mcrease in

temperature, it is genevually propagated through
the material as a shock wave. Detonation, the
ultimate goal of most explosive systems, is a type
of reaction propagation which depends upon this
mechanism to transfer the heat of reaction to the
unreacted explosive.

16. Deflagration

The very rupid buraing of which explosives
are capable (by virtue of containing all of the ele.
ments needed for the completion of their reaction)
is known as deflagration. Defagration is distin-
guished from detonation by its subsonic propaga-
tion rute, from which i may be implied that shock
waves are nat important factors in the propugation,
Deflagration of a gas may be described quantita-

tvely in terms of thermodynamics and hydios.. .

dynarmics. That of sotid explosives is more complex
and, for real situations, is subject (o only qualitative
description.  Empirical  relationships, which are
guite reasonable consequences of the mechanisms
indicated in the qualitative description, are guite
useful in the prediction of the course of this type
of reaction,

The reaction products of most solid explosives
are largely gaseous. Maost of the important aspects
of the behavior of these materials are related to
this phase change at the time of reaction. The
surface burning rate is determined by the rate ut
which heat is transferred from the hot, gaseous
reaction products 1o the unreagted solid explosive
material. (The local reaction rate is quite probubly
related to tempersture by the Arrhernius eguation,
but the very steep 1emperature gradient is reflecind
in a much sleeper reactionrate gradient, so thar
the reaction zone is almost vardshingly thin} The
rule at which heat (s transferred between a gas and
a solid is the product of the difference between
their temperatures and & surface coefficient, The
surface coefliciont is 4 function of the fow condi-
gions in the gas and s thermodynamic properties,
and iy dirgctly propostional 1o pressure, When a
solid explosive burns, tempersiure increase, fow
conditions, and thermodynamic properties of irs
reaction products are newrly constant, Thus. the
rat¢ at which heat is transferred from the products
to the explosive and, conseguentdy. the surface
burning rate should be directly proportional 1o the
pressure. For some materiuds i1 is, but for most the
situation is somewhal morg complex,



The reaction of many, perhaps most, explosive
compounds 1akes place in the gaseous phase, The
rate of surfusve burping in such cases is essentially
the rate at which the surface erodes due 10 sub-
heation, This i turn is proportional to the rate of
heat iransfer divided by the heat of sublimation.
Since the heat of sublimation of the solid usualiy
increuses with incrgmzing ambient pressure, the
increase of the surface burning rate with increasing
pressure s somewhat less than linear. A relation-
ship between burning rade R and pressure £ which
has been found 10 apply to the surface burning of a
aumber of solid explosives and propellants is

R=4GpPn {6)

where € is a constunt and 1he exponent n iy loss
than one. Surfuce brregularities may increase the
burping rate by increasing the surface arga and by
introduging a component of flow parallel to the
surface, thus increasing the surface cocflicient of
heat transfer, Table 3* {ists constants of Equation &
for various common mililary explosives.

YABLE 3 VALUES OF THE CONSTANY & IN EQUATION &
Explosive G P
Ammonium Plomte 6.2
Fotry! 8.7
TNT 12.5
PETHN 21
ROX 1)

The pressure dependenee of the rate of surface
burning, and the fact that gas is evolved at a rate
proportionsl to the suyface burning rate, result in a
situation where the confinement afforded by the
sase of an explosive charge is the most important
fuctar in determining the course of the reaction, 1n
a completely enclosed case, pressure continues 10
build up and burning rate continues o INCrease
until the coase bursts or the explosive is expended,
‘Fhe explosion which results iy entirely due (o the
sudden release of gases when the case bursts. If
the case has a leak, orifice or nozele, conditions of
equitibrium are possible in which the rate at which
gases are evolved eguals that a1 which they flow
from the container,

For rockets, in which stability of this kind is
extromely important, the effort is made 10 develop
propeliants for which the exponent n of Equation 6
ix as low oy possible. In initiating elements, the
instability which results from the high values of »
associted with porous explosives is an important
factor in the rapid acceleralion of reaction propaga-
tionn, & part of the function of such elements,

B. DETONATION

17. Transition from Dafingration to Detonation

«. Transition Provess, The {ransition from deflagra-
tion to detonation is generally divided into three
stages (a) deflagration, (b} fow order detonation.
and {c) high order detonation. The transiton from
one to the other of these stages is usually quite
sudden and is greatly influenced by three faciors,
particle size of the mumterial, porosily, and con-
finement provided by the environment.

The process of wansition from the first stage
can be described on the basis of the following con-
cepts: The deflagration reuction rale accelerates
rapidly if the particle size i5 of the right magnitude.
When confined, this increased reaction rate results
in increased pressure which propagates us a shock
wave in the unreacted explosive. As the shock
wave becames of increasing strength. shoek heutiog
will cause o fast enough reaction 10 sustiuin the
shock, which then propagates o8 o Jow order
detonation. This tow order detonution then propa-
gutes as a shook wave which, if reinforced by suffi-
clent encrgy, wil asccclerste to produce a high
order detonation.

Particle size influences the acceieration rate of
the reaction as does particle porosity because of
their effect on the surface area which is exposed to
the hot gaseous reaction, Experimentation has
shown that for each particle size there iy a oritical
pressure at which the mcrease in bBurning rate with
ingreasing  pressare is faster than linear! This
critical pressure is inversely related 1o panticle size.

b Grawith of Dewgngiion in Primpry Hivl Explo-
sives, In a series of experiments using the arrange-
ment shawn in Figure 3% comtainers were seqtioned
after firing and the expansion of the bore waus tuken
a5 4 measure of the vigor of detonanon, The
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Figure 3. Arrangernent Used in Obsorvetions of Detonotion
Growih
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arrangement was also uscd 10 measure propagation
velocities.

(1} Lead Btypinare, The growth of reaction in lead

styphnate was very gradual i all cases. It grew
fastest {as indicated by the faper of the bore) in
material pressed at 4000 15 50060 psi. Under these
conditions, the maximum measured propagation
rate for the second inch of column was about 2000
meters per second, which may be compared with
the stable rate of over 4000 meters per second for
these loading cenditions. The growth is apparently
continuous, though slow and, in a few experiments,
approached s maximum rate in several inches.
Because of #z low rate of growth to detonation,
lead styphnate is not used as & detonaling charge,
but mainiy as a flash churge, where its reproducible
ignitibitity is an advantage.
(2} Lead Azide. It has been frequently asserted
that lead azide detonates immediately when ignited
and that # cannot be “dead pressed.” It is true that
the growth of detonation in ead azide is 50 much
mare rapid, even when loaded al very high pres-
sures, that experiments in which detonation growth
and “dead pressing” can be observed in most other
explosives would lead to this conclusion. However,
these properties of lead azide, combined with the
ever rising pressures for ruggedization and minae
wrization, have resulted in the evolution of designs
for which these assertions must be reexamined,
In expermments of the kind discussed in the
foregoing paragraphs, lead azide (dextrinated) made
the traansition from burning 1o detonation quite
suddenty for all combinatons of loading pressure,
confinement and initiaton, However, when pressed
to densities above 953% of maximum theoretical
{requiriag upwards of 100,000 psi loading pressurs)
and mildly initiared, it would detonne at rates of
1400- 174 meters per second compared with an
approximate rate of 3000 meters per seeond
obtained at lower densities.

¢ Growth of Detonation in Secondury Hiph
Explosives. One of the prncipal features which
distinguishes a secondary explosive from o primary

explosive is its much smaller propensity for com-
pleting the transition from burning to detonation.
As in primary expiosives, this transition is affected
by the interaction of a number of factors including
charge size, state of aggregation, confinement, and
vigor of initiation. However, for any given com-
bination, the transition s much slower and many
charges, even main bursting charges, are 5o small
as to be consumed by low order detonation before
the transition can take piace. Such main charges
are, of course, much safer to handle and use than
those in which the transition will take place. In
addition to the assessmeni of hazards of main
charge detonation after accidental gnition, the
growth of detonation in secondary high explosives
has been investigated by those who are interested
in the development of safer detonators. The latter
have made significant contributions in the determi-
nation of optimum conditions for the most rapid
growth of detonation in some of the more sensitive
secondary high explosives,

Experiments similar fo that ilustrated in
Figure 3 have been carried out with columns of
PETN, RDX and HMX.® A refinement was the
use of coaxial lonization probes which could be
ledd in through smal radial holes at fairly frequent
intervals along the length without unduly affecting
the confinement, Vetocity measurements obtained
with these probes and oscilioscopes and timers
established the correlstion between bure deformu-
tion and propagation velocity. The lengths of
columns required 1o grow 1o detonation. referred
10 35 burning lengths were determined for a number
of combinations of particle size and loading density,
Hardly design data, these leagths may be Luken s
indications of development goals, For gach explos
sive, optimum vatues were indicated for each of
these variables at which the burning length reached
a minimum valug {see Tahie 49,

In other experiments it has been established
that the growth of detonation in & column of
sgcondary explosive is accelerated by the insertion
of a barrier followed by an air gap® {(see Paragraph

TABE 4. OPTIMUM LOADING DENSITIES AMD PARTICLE SIXES FOR GROWTH
OF DEYONATION IN REX, HMX AMD PETN

fxplosive Cpriimum Loading Denstty  Qptinmm Particte Size  Burning
Afifireay, Length

Granidation Density  Micron {188 sieve  {omd
Lowding Density (gmilec)  range cuf

RDX Unsieved 1.2 251-124 60 26 1.2

HMX (8 sumphe) 2504135 micren 1,26 251-124 G0, 120 19

HMX (second sample;  (Not determined) - 76- 81 200.27¢ 1.4

FETHN 420 migron 1.59 124- 76 120.208 4.2

18

I



27y Hmight be expected that the explosive material,
pariicie size, louding density, dimensions and con-
finement on both sides of the barrier-gap combina-
tion interact with the material and thickness of the
barrier and the dimensions of the gap to determine
the burning distance. A factorial experiment to
determing the optimum combination would be a
formidable program.

Growth of detonation has been observed in a
number of cast explosives? In Pentolite and DINA,
high order delonation was eslablished in ten to
fifteon contimeters, In Composition B, the propaga-
tion rate grew to about 3000 meters per second,
at which point the container apparently shattered,
relieving the pressure and allowing the reaction to
decay. In TNT, the reaction grew so little in twelve-
inch columns that the containers were practically
undamaged. and the propagation rates 50 low, 600
to 1600 meters per second, that it was difficult to
obtain satisfactory records. By increasing the
fength 1o 34,3 incheys and finally to 58.5 inches, it
was possible to observe the growth of the propaga-
tion velocity to about 2000 meters per second.
The Increase was guite regolar but seemed to be
accelerating toward the end. The question as to
whether the reaction would contipue 1o accelerate,
stabiize &t a low order detonation, or burst the
fube and dic out has not yer been answerad,

18, Shock Waoves

Detonation 15 a mode of propagation of reac-
tion in which the energy that initiates the reaction
is transmitted 10 the unreacted material in the form
of g shock wave, 11 has been referred to as a reactive
shock, The following discussion of nanreactive
shocks serves as a preface W that of detonation,

Shock waves, ke acoustic waves, are a special
cluss of compression-displacement waves. Although
the behavior of such waves varies with their ampli-
wude, their wave form, and the properties of the
media in which they propagate, many relationships
which derive from fundamental physical laws are
the swme for practically all cases, Although the
typical wave attenuaies ay it propagates, this
atienuation is so slow compared with the associated
transitions that the wave may be assumed to be
stable when examining 115 detiled structure, It is
conventent, ai the beginning, 1o assume an infinite
plane wave in which only movemenls and changes
along the axis of propagation are significant.

Consider, now, & wave propagating through a
stutionary medium. In & system moving with the

wave, the conservation of maiter demands that the
mass of material passing through each plane per-
pendicular to the axis b egqual 1o that passing
through each other such plane. In other words, the
product of density and velocity is a constant at all
points atong the axis. Ia this system of coordinates,
the undisturbed medium approaches the wave
front at a velocity 22 squal in magnitude to that at
which the wave propagates in the stationary
medium. The velocity v of the material relative to
the wave front is, of course, gqual 1o the ditference
between the propagation velocity and the velocity i
of the material at any point relative to the undis-
turbed medium. Thus, the equation of continuity
has the form

gl = pyv = p{I} =~ u} (7)*

where p is the density and the subscript o refers o
conditions in the undisturbed medium.

The bmpulse applied w the incremental mass
dm which passes through the wave fromt in the
differential time 47 in each unit area is equal 10
(P~ P)dt where P is pressure, By conservation
of momentum, the momentum change udm is egual
to this impulse, The incremental moss, of course. is
eqQual (e poele, where dx s the distance traversed by
the shock wave in time dr. Thus

(8 Povdr we udm e pody (#)*
Pom By poudxidt = p Du (h*

Equations 7 and 9 may be combined and rearranged
10 obtain

D= {pdPlp,dp)t (10}

Equations 7 through 10 apply quite generally
1o all pressure-displacement waves for which the
assumption of equilibrium is valid, The relationship
between pressure, volume and temperature is
known as the eguation of state of a material,

Tl using Equations T through 343 s the estimation of shock
conditions, two convenient sysiome of umts muy be denved
from the O3 svstem. The use of granss 45 units of mass snd
centimeters as units of langth sesulte in densities in grums per
cubic coemtimeter, These densities wre numerically guual to the
specific gravites of the materials which are piven in most
tiandbooks. The use of the second 25 the unit of ume und the
dyte ux the unit of oerce results, for the paial shoek or detoni-
tion ¢aleulations, it velocities feentimelsrs per secondt and
Pressures (Uyngs por sauaty COntimetert eaprossed in numbers
s0 Turge a3 1o elude intultive grasp. Pressures expressed in bars
(millians of dynes per sguare cestimetery and tmes in milli-
segands cun by combinvd with mwsses in graoss and dislances in
centimerers 1o form & system in which these equations and other
expressions of physical lmws muy be used wilhout numerteal
coefficients. The system of grams. centimeters, micrpseconds.
and megabars s aiso compaublc and mey be ¢ven more
convenent.
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Acoustic waves are those of such small ampli-

tude that the volume change is negligible and -

AP/Ap is morc accurately expressed as dPfdp.
Thus, the sound velocity ¢, is expressed as

¢, = VdPidp (1

By combining Eguation 11 with the ideal gas laws,
the familiar equation for the velocity of sound in an
ideal gas is found

o, = Y¥RT (12}

where y is the ratioc of the specific heat at constant
pressure 1o that at constant volume, and R is the
gas constant. For elastic solids and ligquids the
expression becomes

¢ =VEp (13)

where £ is the elastic modulus appropriate to the
material and mode of propagation.

Waves of finite amplitude (those in which the
compression of the medium s sufficient to result in
a significan! change in the compressibility, that js,
dPldp changes significantly) may, if the pressurg
rise is continuous in time and space, be considered
a sucgession of sound waves each moving in (he
medium compressed by its predecessor, The sound
velocity may change as the medivm s compressed,
causing a disiortion of the wave 05 iU progresses,
For example, in a gas, the omperature rise with
compression causes the higher ampiitude portion
of the wave 0 propapaie faster, outrunning the
ather portions unti # reaches the front (see Fig. 1),
The discontinunty of pressure density, particle
velooity, amd fermperalire which resulls i known
as @ shook. 'Fhe equations of state of solids are morg
cormplex so that the modification of wave forms at
pressures beyond their elastic limity varies from
one material (0 another, Shock waves of certain
amphitudes  degenerate i sompe  solids When
compressed  sufficiendy,  however, all  maner
becomes less ¢ompressible o thal compression
waves, if they are of sufficient amplitude, will
develop into shock wuves in any medium,

A carve, sommonly known us the Hugoniot
curve, may be used with Eguations 7 through 10
1o define the conditons behind the shock wave,'?
The Hugonint curve is the focus of end points of
shock  compressions, The propagation velowvity
should never be computed from the slope of the
Mugoniot curve but always from that of a chord
connecting the initial point with the final point
using Equation 10, For ides] gases, the equation
of the Hugoniot curve is

20

P e ppe (14)
Pn‘} pt}_‘-“np

where u?= (y — 1}/{y+ 1},

Since (he Hugoniot compression resulls in 4
larger temperature rise than does adiabatic com-
pression, the gas becomes loss compressible as the
strength of the shock increases. It is thus apparent
from Equation 10 thut the velocity of 2 shock is a
direct function of its strength, For situations where
the density is so close 1o the lmiting value {p,/A)
that varialions with pressure may be neglected,
Equation 9 may be rearranged 1o give

P = p, D31 — A) (15)

Using Equation {4 and the gas laws, the relation-
ship may be expressed in terms of the Mach number
M which is the ratio {D/e,) of the shock propaga-
tion velocity to sound velocity in the undisturbed
medium

PIP, == M*(1 + u¥) — b (16)

All of the condhiions behind the shock may
thus be calcutated for an ideal gas by combinations
of Bquations 7. 9 and 16,

19. Detonation Waves

o, Egunationy of Swre. Those concerned with
ordnance bave particular interest in the behavior
of gases under two special sets of circumstanges,
() almespheric awr subjected 1o explosive shock.,
andd (b the reaction products of the detonation of
military  high exploxives under ¢onditions in the
detonstion head,

The rate of propagation of pressureg displage-
ment waves is proportional 1o the square rom of the
resistance of the medium of propagation Lo changes
in density. This relationship, as i applies 1o various
tvpes of wave in various media, i expressed in
Equations 10 cheough 13 Fauations 12 and 1} for
elastic waves are essentially ready o use. The
consiunts for various materials are readily availahie
in general seientific and engineering handbooks.

As the amplittides of the waves ingrease and
their farms change, the relativnship becomes more
complex, For shock conditions, the irreversible
heating of the Hugoniot compression. Equation 14,
describes relationship between pressure und density,

With the further intrease in ampiitude usually
associated with the detonation of solid explosives,
other factors add their influence o that of the
Hugoniot heating 1o modify the pressure-density
relationship further, These {aciors involve inter-
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and intra-molecular and atomic forces, which derive
from relatively simple electrostatic and guantum
mechanical principles. However, they aoguire a
considerable degree of complexity by the time they
have been combined to obtain the attraction and
repuision functions for a single species of aton,
Hence, ealoulation of the behavior of strong shocks
and the detonstion of solid explosives s carried
out using one or another of severul cmpicical
relationships.

Precise calculgtions of the thermodynamis
behavior of atmospheric air under sirony shock
conditions have been made and presented in tabslar
form. !

For higher densities, the volume occupied by
the molecules for, more accurately, that in which
the electrostatic repulsive forces are significant) is
ant appreciable fraction of the total volume avail-
able. If the moleculex wre assumed 10 be incom-
pressible solids, the ideal gas equation of state

Py = RYT anh
hecomes
Py —~a)=RT (18)

where a is the covolume of the gas, the volume
oucupied by the molecules.

The equations of stelc which have been applied
to ihe compuiation of defonation conditions in

solid explosives are variants of Equanon 18 in
which account is taken of the compressibility of
molecules and. in some cases, of their thermal
expansion?® However, none of the equations pro-
posed are adapted 1o simple, direct calculation,

For the early stages of expansion, which are of
interest in connection with most military applicas
tions, the pressure-volume relationship

Pyt K (19)

where a1 and K are constants, is as agouruate an
spproximation as any. The exact value of n depends
upnn compositien and loading density of the explo-
sive, For high performance military explosives. the
average value s close 10 three,

b, Chapman-dauguer Conditivns for ldeal Detona:
tion. The thermohydrodynamic theory of Chupman
and Jouguet is concerned with the ransition, insofar
as it affects the propsgation of detonation (the
Chaprnan-lfouguet point). between condltions in the
unreacted explosive and those a1 the completion
of the reaction.

Of the various conditions associated with the
detonation of an explosive, the rate of propagation
DD is the most easily measured. Many precise
experimental data are avatlable relating detonation
velocily o density, {n general, for miliiary explo-



sives, the relationship is quite accurately repre-
sented by the equation

D=F+ Gp, (20)

where F and & are constants characteristic of the
explosive. Table 3% gives the constants of Equation
20 for a number of commenly used military
explosives.

Data of this sort, relating detonation velocity
to density, have been used 1o determine equation-
of-state constants for the reaction products of
detonation reagtions. These constants, in turn,
have been used with appropriste eqguations of state
in the computation of the Chapman-Jouguet con-
ditions for many explosives, More recently, tech-
niques have been developed whereby the move-
ments of metal plates n contact with explosive
charges can be measured precisely and reduced to
pressura-time data for detonation, In Table 6%
culculated values of parameters of the Chapman-
Jouguet condition are gives for various explosives,
Experimental data, where avaflable, are included
for comparison. For organic high explosive com-
pounds, the particie velocity is nearly ongfourth
of the detonation velocity, Thus Eguation 9
becomes approximately

P == p,D%4 (21)

Note that in Table & the pressures computed
empiricatly using Equation 21 agree with measured
vilues nearly a3 well as those using the more
rigorous theory, certainly well enough for most
design purposes.

¢. Actual Detongtion. The previous Jdiscussion
of detonation has been concerped with a one-
dimensionat model, In such a model, the conserva-
tion laws assume the simple forms of Equations
7. 9 and 10 Combined with data regarding the
energy of reaction and equation of state, these lawy
completely define the conditons of delnation in

TABLE 5. DETONATION VELOCITY CONSTANTS FOR EQUATION 20

Explusive F {oentfpsec; G
Amatol, 50/50 11155 8415
Cyclonite (RDX) {3,349 —
Explosive D {Ammonium Picrate} 4,153 3.344
Halgite (EDNA) £33 0.328
Lead Aride 0285 $5.056
Nitrgguanidine 3.144 0.402
Pentolite, 50/50 $.238

PETN (Pentaerythritol Fetranitrate} G160 (.395
Picric Acid {22 4.30%
Tetryl 6237 0,325
Telrytol, 65/33 4,186 3. 34
TNT (Trinitrotoluenc) 8178 $5.323

this one-dimensional model, which is also described
as an infinite plane wave and as an ieal detonation,
Reul charges, of course, have three finite dimen-
sions. It might be questioned whather consideration
of the infinite plane wave has practical sigaificance.
In fact, ideal detonation is closely approximated
when the dimensions of & charge and the radius of
curvaturg of the detonation front are large when
compared with the reaction zone length (a situation
which is not unusual inasmuch us reaction zone
tengths of many explosives have been estimated
0 be of the order of millimeters or even less),
Nearly deal and definitely nonidesl detonation
are both quite commoen in ordnence porformance,

Detonation may be fermed nonideal when
the radial flow of energy and muaterial is suffi-
cient to affect significantly the conditions at
the Chapman-Jouguet peint. As g result of the
interdependence of these conditions with the velpe.
ily of propagation, such efifecis are manifest in
velocity variations. Either convergent or divergent
flow resuits (n nonideal detonation. Convergent
delonation (s rare except in cases where it s
induced by specialized designs. Divergence, how-
£ver, 00CUrs at most interfaces with inert materials,
The most cormmon shape of charges used for
gxperimental observations of detonation 18 g long
cylinder, In such charges, the effecis of radial
losses of engrgy and material become apparent as
the diameter is reduced. For this reason such effects

TABLE & DETONAYION CONMTIONS, CALCULATED AND MEASURED

0.310~ - -

Loading  Detoniion Velovioe I3 Cod Pressure P Pamicie ¥Velociy
Explosive Density p, {emjusec) {megabar) femipsed}

{gmijee)  Calcwlated Measired Calonlated Moasured Calealated Meastred
Compasition | V1 - 0,802 0275 0.293 - -
Cygiomite (RDX) 1.762 - (1.862 0,327 (.32 - -
Cvelopite (RDX) 1.80 0.875 - (}.349 03484 .224 $.216
Cyciptol, 75128 1743 - 0825 n.297* 0.313 - -
Cyolotol, 78722 1788 0.829 - 0,311 0213 0213 218
TNT 164 0.695 0.695 0.2066 0177 4,178 4,153
THT 1.58 — 0685 0150 a3 - £,1683
THNT 0624 - 0.380 .026 - &It -

*From Eguatien 21




have come (o be known as diameter effects.
Observable diameter effects include reduction of
the detonation velocity and failure of detonation.

A rigorous gquantitative theory which takes
into account sl of the complicating factors would
be quite useless, It would be too cumbersome for a
reasonable computer program even if sufficient
experimental daig were available to establish values
for the many physical constants and properties
involved.

Many theories snd models have been based on
a group of assumptions regarding the controlling
mechanisms and processes, ! Hach of the theories
is an apempt to derive & quantitative description
of actual detonation frem a consideration of a
manageable numbey of the aspects of the process.
8titl, the solutions rematn complex.

Bven though a general theory is lacking, it is
possible to mauke gqualitative predictions of the
behavior of sctual detonations on the basis of the
following generalities

{2} Other factors remaining constant, charges
of small cross section detonate at lower veloitigs
than those of larger cross section,

{h The formuls

DD ==} Klr (22)

where 7 is the detonation velocity of a column of
radius 7 and 0, is the ideal detonation velocity may
be used o interpolaic or extrapolate detonation
velocity data in the mange where D/D = 085 or
more.

foy B the dinmeter of a charge is too smail,
detonation wili fail to propagate, Failurg diamaters
for common explosives are listed in Tables 38
and 39.

(dy The properties of surrounding media can
sybstantially alier diameter effecis, For example.
faiture of detonation in TINT has been observed at
diameters of the order of one ingh for bar charges™
while detonation a1 nearly idenl velogity has been
observed for charges one-lenth this size when
confined in siee! or brass.™ As might be expected
from Equation 9. the shock impedance p,Du is a
good criterion for the effectiveness of the confining
medium,

{e} Voilocities of nonideal detonations are
affected by particle size of Ihe explosive. Critical
diameters and detonalion velocity losses are re-
duced for fine particle sizes. For some materials in
certain ranges, it appears lhat the ratio of charge
dimension 0 average panicle dimension s more
sigrafioant thuan either absolute dimension. In cast

explosives, techniques conducive (o fine crystulliza-
tion reduce diameter effects,

(f} Particle size distribution is also a factor in
diameter eftects. Detonation velocities are higher
and failure diameters smaller for gaiform particle
sizes than for mixtures of particle sizes.,

(g) The velocity of propagation of actual
detonation is determined by Chapman-Jouguet con-
ditions at the center of the charge. Thus, il is possi-
ble, under some circumstances, for a material 1o
detonate at near ideal velocity vet for material in
the outer streamiines 1o react only partially,

{h) Nonideal detonation does not necessarily
imply incomplete reaction. Many valuable military
items include explosive charges which detonate
at very low velocities compared with the ideal
velocity for the explosives used.

(i) The reintionship between density and non-
ideal detonation is complex. (Observable phenomena
can be exptained and predicied on the basis that,
with increasing porosity, the decressing homo-
geneity of density is reflected in decreasing homoge-
neity of temperature distribution and consequently
ingreasing initial reaction rate, while the decrease
in pressure results in slower propagation of the
grain burning reaction and consequently Jonger
reaction zones. Thus, increasing porosity results in
greater diameter effects upon detonation velouity
bt sometimes in smatier fallure diameters. particy-
larly under intermediate conditions of confinement.

G, INITIATION

20, Establishing o Self Propagating Reoction

The rate at which the energy of an externally
applied stimulus iy transformed into heal ang the
degree of concentration of the beat in the explusive
are as important in determining the magnitude of
the stimulus necessary 1o initiale a reaction as are
the chemical and thermul propertes of the explo-
sive, These latier factors are determined by the
interaction of various physical properties of the
explosive with quantities assoclated with the
system or medium whereby the stimulus 8 trans-
mitted to the explosive. For this reason, even
though tnitiation may be thermal in the last analysis,
sensitivity must be considered in terms of the
natute of the initiating stimulus as wull as s
magnitude,

Twao limiting threshold conditions for inibating
apply 10 almost every system: that in which the
energy is defivered in a time 50 short that the losses
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are neghgible during this time, and that in which
the power is just sufficient 10 eventually cause
initiation. in the frst condition, the energy required
is at its minimum while in the second, the power s
at its minimum. These two conditions are repre-
scnted by the dashed asymplotes in Figure 5, The
relation between the energy reguired for initiation
and the rate at which 1 s applied mav be repre-
sented by the hyperbolas. In its general terms, the
relationship ustrated applies to almost all initiators,

Enitintion occurs when the rale at which heat
is evolved in a reactive nucleus exceeds that at
which it is dissipated, The tmpedance afforded by
the surroundings 1o this dissipation is commonly
referred to as confinement. Both experiment and
theory demonsiraie the dominant role played by
confinement in the mitintion, growth, and propaga-
tion of explosive reasctions, particularly when the
dimensions are as small as those of explosive train
components.

The properties of a container which coniribute
most to confinement depend spon which of the
severul dissipative mechanisms is most important,
This, in turn, depends uposn which phuse of the
initiation process is most critical in a4 system.

In the early, sel-heafing stage of resction
growth, thermal conduction s the dominant heal
transfer mechanism. In genperal. the comtainers of
explusive charges are much better conductors thun
the explosives themselves so thid » thin cuter loyer
of explosive is u better insulation thun the container.
At this stage, except in rare instsaces, the prop-
erties of the container have negligible effect upon
the initiation process.

The pressure of detonation of solid explosives
is sufficient to burst or permanently deform any
container which cap be made, However. the time
involved in detonation processes is of the same
order of magnitude us the expansion times of the
containgrs. The rate at which the container expands
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is determined by momentum considerations and is
inversely related to the mass of container material
which s moved, For a thin walled container this
mass is essentially that of the wull; for a thick
walled container, since only the material which
hus been reuched by the shock wave induced by
the detonution is affected, the affected mass is
proportional 1o the deasity of the material times
the shock veloeity in the matcrial, This product,
known as the shock veoustic impedance, s a good
megsure of the effectiveness of a material as a
confining medium for stable detomaition.

initintion is complicated by such a variety of
fuctors that the most carefully designed experiments
yieh! data which sre difficalt (o imerpret in general
terms. Praciical sttuations are usually even more
complicated. The questions which arise concerning
ini{tation or explosion are best answered in terms of
dircot experiments with military materiel under
service conditions or experiments with models and
conditions which simulate service items and situa-
tons as closely as possible, Forspecific applications
to inftintor design, see Paragraphs 47-30 and for
testing, Paragraph (108,

21, Initigtion by Hew?

w, Mot Wire Electriv Initiators. Hotl bridgewire
elecirie iniialors arg the simplest and most direct
dustrations of {nitiation by heat. Singe a bridgowirg
can be measured, its volume. heat capacity and
resistance can be caleulnted. Since it is further
passible 1o generute elecincnl pulses angd Qurrents
of accurately known charseteristios, these can be
combined with the bnidgewire charpgteristics 1o
obtain usccurate estimates of power, energy, and
emperiure.

A large number of experiments have been car-
vted out in which the interrelntionships of the
varables which affect the operation of hridgewire
itiators have been invesiigated ™ These mvesti-
gations bave vertfied the following principles

{4} The energy required 1o fire o hot wire
eloetric nftiator 15 roughly proportions) o the
volume of the bridgewire, if the energy is delivered
in a shot enough Hme (see Fig. 69,

ih} Closer anslysis shows that the threshold
temperature incraases with reduced wire diameter.
This trend is less marked when the explosive has a
high activatiom coaergy (ke lead styphnate).

{c} The energy required per unit volume also
moreases somewhat with decreasing  bridgewire
length. Dnd losses probably account for this.
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(d) For a specific mutiator design the energy
requirement approaches a minimum as voltage.
qurrant or power ix increased and increases ine
definitely as power is reduced (O & minimum,

te) The relationship stated in (d) above refers
to the average power of a fiving pulse. Pulse shupe
has o secondary effect which is not easily meusured,

(£} The current reguirement varigs approxi-
mately as the 32 power of the wire diumeter and
inversely as the resissivity of the bridgewire metal,

The behavior of hor wire electric initiulors has
been described by an equation which agrees well
with experimental data

CodTidt + T = IR (23)

where T is the temperature of a thermul mass €,
including the bridgewire and a surrounding layer of
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explosive, { is the current through the wire, R is its
resistance, amd v is a cooling rate coefficient,

Although the assumption of a constant ignition
temperatuse vields remarkably accurate predictions
of the behavior of specific hot wire initiators, it is
an approximation. The generality mentioned as
(b) above is evidence of the Hmitations of this
approximation. The above equation and others are
based on the assumption of a homogeneous soiid
charge of explosive. As apphied 1o hol wire initia-
tors, the equations also imply essentially perfect
thermal contact between bridgewire and explosive.
It has been shown that the separation belween the
bridgewire and explosive, which results from some
combinations of mechanical design, loading pro-
cedure, and aging., an be sufficient 10 cause failure
of hot wire initiators.

Another example of a discrepancy between
calculations and experiment is worth noting. Based
on the wsual assumptions, the cnitical ¢conditions
for initiating secondary explosives, such as PETM
or RDX, have been computed but atiempls to
achieve reliable high order detonation in these
matertats with hot wires have been negaljve.

The initiation of explosives by means of elag-
trically heated wires is ut presoent more subjec! to
precise quantitative control and theoretica) predic.
tion than any other init{ation mechanism utilized in
ordnance. The broad runge of available bridgewire
materials and sizes makes it possible o vary the
energy sensitivity by s fuctor of nearly 100 without
changing either the explosive materials or the
externat configuration. At the same time, the
process is affected by a wide variety of other vari-
ables iacluding elecirical Circuil parameters, stae
of aggregation of the explosive, and mechanical
design of the initiator. For these reusons, 4 reason.
ably complete characierization of the hot wire
sensitivity of an explosive would have 10 be in
terems of a series of porformanse cuwrves, Sueh data
are avaitable for only a few materials, Takle 7 lists
hot wire sensitivities of & number of primary
explosives obtained for particular conditions.
Estrapotations of these data to other conditions is
a reasonable basis for an experimental development
program but should not be used (0 make firm design
decisions. _

The application of the foregoing 10 the design
of hot bridgewire eleciric initiators 15 discussed in
Paragraph 50.

b. Conductive Film Electric Initlaiors. Both metal-
lic and semiconducior flms have been used as
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bridges in electric initintors. The general principles
discussed above for wire bridges also apply (o
metallic fitm bridges. In one sysiem, the large ratio
of surface to cross-scction arez of a &im is used to
greatly increase the steady siaiz power requirg-
ment while retaining & desired resisiance and
energy sensitivity.”

TABLE 7. SENSITIVITY OF VARIOUS EXPLOSIVES
IN WIRE BRIDGE INITIATDRS

Energy ferg}

8081 inch f.00029 inch
Explosive diumetar darieter
DDNP/KCIO,, 75125 260 Y
Lead Azide LY 4 1340
Basic Lead Styphnaie {25 700
LDNR 138 G i
Tetracene Pis 461}

Tungsten wire 0.030 inch fong fired af 14-20 vally

In semicomnductive Bims, ihe negative resis-
tance coeflicients tvpical of such malerinls Tah
produce a channeling of the current in a restricted
path between the electrodes and therefore can
result in extremely localized heating. This effec
can be used to produce extremely sensitive initintors
when such items are desired,

Semiconductive bridges used in ordnance are
made of graphite. These hridges normally break
down forming a very hot, localized arc when their
vpltage threshold is exceeded, Because of this
behavior, it is difficult to design the bridges for
specific conditions. HMowever, the sensitivity levels
can be determined experimentally with compara.
tive ease,

Present graphite bridge initiators have essen-
tially similar firing characteristics, Their resistance
is o1 the order of 1000 to 10,800 chms. The design
and fabrication of fite bridge initiators is discussed
in Paragraphs 50 and 56.

e, Condyctive Explosive Mix Eleciric Inititors,
The usual conductive mix consists of an explosive
1 which is added a relatively small perceniage of
conductive powder. Such mixes are loaded o as 10
contact a pair of electrodes. Current flowing be.
tween the electrodes flows fram one conductive
particle to another through a series of contacy
paints. In general, many such paths form a complex
paralleb-serigs network bul one such path usually
has a lower resistance than others so that the cur-
rent tends 1o concentraie. Where the conduclor
has a negative resistivity ¢oefficient, like carbon,
the resistive heating tends to reduce the resistance
of the preferred path and {urther concenirale the
current, Even where the conducior is a melal, lhe



tendency for contact resistance to decrease with
current flow resul(s in a similar concentration in the
preferred path. Along the path, the heat tends to
conceniraie at the contact points. The degree of
concentration, and conscguently the relationship
between temperafure and electrical input, is deter-
mined by 2 statistical interaction of particle size,
uniformity of mixiure, particle shape, composition,
loading density and eleclrode configuration and
SPACINg.

The formulation of a logical process for the
design of g conductive mix system of specified
ehectrical and fring characteristics is a task of such
formidable proportions that it has not been under-
taken, However, remarkable results have been
attained by enlightened cut-and-try procedures?™®
The design and fabrication of conductive mix
imtiators i discussed in Paragraph 50.

d. Transmission of Hot CGas. The initiation of
reactions of solids by means of hot gases depends
tgon a highly complex heat transfer sitnation, The
heat transfer between a gas and a solid is propor-
tional to pressure and temperature of the gas but is

TEMPERATURE (%)}

also affected greatly by the movement of the gas
relative to the surface and by surface porosity,
roughness and configuration. Sipnce the heat con-
ductivity of the solid s almost invariably much
greater than that of the gas, the temperature attained
by the surface is much lgwer than that of the body
of the gas uniess the duration of exposure is sufb-
cient for the solid to reach the gas temperature, In
most siluations encountered in military materiel,
the total heat capacity of the gas is s0 much less
than that of surrounding solids that the equilibrium
temperature approached by the gas-solid system is
practically the initinl temperature of the salids.

Initiation by hot gases has nof been computed
but has been measured in a number of experimental
apparatus.'® A shock tube is an interesting ool for
the exposure of explosives to high temperature
gases. It has the adventage over other devices in
that pressure and femperature of the gas in con-
tact with the explosive change virtuaily instantane-
ously fram initial conditions to those of the reflected
shock wave, The shock pressures used in such
experiments are too low for the shock waves trans-
mitted into the explosive o be significant fuctors in
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initiation. Shovk pressure, of course, is an important
factor in the heat iransfer between the gas and the
solid explosive material. Some of the data for
threshold conditions of initiation are shown in
Figure 7.7 The effects of variations in the gas
composition are apparently quite significant but
require further interpretation.

e, Transmission of Hetr Partictes. There is reason
to believe that the most effective part of the output
of some primers is the spray of hot, high velocity,
solid particles or of droplets of liquid which they
emit, Quantitative measurements of factors affect-
ing inithttion by such means are difficult to make.
The process, however, is essentially the same as
that of nitiation of suddenly heated bridpewires,
discussed in the beginning of this paragraph.

12, Initiation by Impect

a. frpact Sensitivity Measured with Luboratory
Muchines. tmpact initiation of explosives is of
interest to designers of ordnance for the assess-
ment and elimination of hazards and for the design
of stab and percussion initintors, For the assess-
ment of the relutive bazards during handling and
use of expdosives, several standard impact machines
have been devised. Machines and 1est methods are
described i Paragraphs 107 and 108, Essentially,
an impact machine consists of an apparatus by
means of which o weight can be dropped from
varipus predetermined heights so us 1o strike an
explosive sample. The height from which the
explosive is initinted is a measure of impact sensi-
tivity, Impact sensitivity valuey of common mililary
explosives ar¢ shown in Table 20.

it has fong been agreed thal Impact inibiaton
is usuutly thermal? The explosive is heated locally
by compression of Interstitia} gases, intercrystalline
friction, and viscous flow, On this basis 11 is possible
W campuie the reaction rates which may be
expected in an impact mashine. The data of one
cxperiment are shown in Figure B MHere the
temperature caicubated for explosion in 250 migro-
seconds is compured with fmpact sensitivity,

White impagt seasizivity dota are vsed as the
basis for establishing safe practices and for selegts
ing explosives which may be used in one or another
application, there are two problems. First, it is
admitted by moxt investigators thul these testy
really do net simulate any situation likely to occur
in manufacture or use of ordnance. Secondly,
different machines runk the same explosives in
different orders, Perhaps part of the problem is that
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the explosive sainplos are not prepared in the sume
MATNET as east or pressed ¢xplosive Components,
As a result, many have come to doubt the validity
of impact test resulis as a bavis for any binding
decisions. Doubtlessly, sound and valid explanu-
tions can be found for the inversions in Table 207
However, such explanutions are not particularly
helptul in efforts 1o employ the impact machines in
the selection of explosives.

Still, impact test sensitivities are in widespread
use. If a newcomer to the feld of explosives
wonders what (0 make of this, he is in the compuny
of experts of long experience, One basis which hus
been sugpested for the assessment of the relative
hazards connected with the use of an explosive iy
comparison by means of a4 variely of machines,
Another is the design of tests more subject 1o
analysis in physicsd terms. A third approach is the
use of tests, such as those desqribed in Paragraphy
107 10 110, which ure designed 1o simulate spegific
conditions of service and use,

b. Stab Inittation, For detonators imtiated by sab

-~ action, one of the most importan: functions is that

of converting another form of cnergy into highly
concentrated heat. As In electrival deviges, the
energy necessary is aswly proportional 10 the
amount of material which is heatod,



The standurd firing pin for stab initiators is a
truncated cone {Fiz. 91 A rather interesting rela-
tionship has been found to exist between the
sensitivity of the explosive used and the optimum
size of the Bat on the firing pin. The less sensitive
the explosive, the larger the optimum diameter of
the fiat. This can be related (o the compactness of
the affected volume of the explosive. The most
compact shape for a cylinder (that is, the shape
having the least surface area for a given volume) is
one whose leagth is equal 10 its diameter. Thus, as
the energy regquired for initiation is increased, it is
advantageous 1o distribute i1 over a large enough
aren to Hmit the effective length 1o nearly the diam-
eter. The fiat dismeter given serves the priming
mixes commonly used. Both steel and aluminum
altoys are in common gse, Aluminum results in a
significant bui sot seriops decrease in sensitivity?
Alignment is critical because misalignment will
decrease sensitivity,

In general, the higher the density of the explo-
sive, the more semsitive the stab initiator (see
Table R%. Because the denser explosive offers
more resistance (o the penetration of the fring pin,
the kKinetic energy of the moving mass is dissipated
over a shorter distance, so that a smaller quantily
of explosive is heated 1o a bigher temperature.

TABLE 8. EFFECT OF LOADING PRESSURE
ON INITIATOR SENSIIVITY

Loading rop Tesy

Prossure Heigit
L1600 psi )
iR 1.3
A 0,21
48 077
&4 .68
B 0.57

NG Priming Mboin MARK 102 Cups: 2 oz ball,

Since the resistance of solids to deformation
does not change very much with moderale changes
of deformution rawe, the power dissipation by the
dispacement of expiosive by a firing pin is neurly
proporional 10 #s velocity, which, ina drop weight
systemn, s proportional 1o the square root of the
drop height, The energy, on the other hand, i
proportional to the product of the height and the
weight. This energy-power relationship s shown
iy Figure 5,

o, Percusgion Initfution. As in stab initiation, the
function of the percussion firing pin is 1o transform
energy into highly qoncentrated heat. However,
comrary 10 initmtion by stab, the firing pin does not
punciure the ¢ase in percussion initiation. Rather,
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the pin dents the case and pinches the explosive
between anvil and case. Energy must be supplied
at a rate sufficient to fracture the granular structure
of the explosive. Criteria for percussion firing pins
have not been refinad (o the same degree as those
for stalr pins. 1t has been established that & hemi-
spherical tip gives greater sensitivily than a trun-
cated cone and that tip radins has lite effect on
sensitivity, Typical radius isx 0.050 inch,

A study on the effect of firing pin alignment
showed that there is Hitle effect if the eccentricity
is leas than .02 inch. Above 0.04 inch socentricity,
sensitivity decreases rapidiy because of primer
construetion.  Seasitivity  also  decreases us the
rigidity of primer mounting is decreased. In general,
a study of the relationship of cup, anvil, explosive
charge, and firing pin hes shown thal sensitivity
variations appear t0 depend on the nature of primer
cup collapse rather than on explosion phenemany
themselves.®

The effect of firing pin velocity resuits in the
same general hyperbolic energy-velocity relation-
ship as that of other initmtors {see Fig. 10°)

From experimental data it can be inferred that
staby and percussion imitiations occur by different
mechanismy, Kinetic gnergy appears 10 be the
determining magsitude for siab initiation, momen-
wm for peroussion.

23, Initiation by Other Means

o, Friction. The importance of frictional heating in
the initiation of explosives hus been demonstruted
by several investigaiors.! The importunce of this
type of initiation with respect ta handling hurards
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is attested by the cxperience of press loading
aclivities, namely “press hlows” wre much more
frequent during peliet ejection and ram extraction
than during the actusl pressing phase, However,
no quantitative means of measuring this property is

in current use. Perhaps the most pertinent data
regarding friction sensitivity sre those shown in
Table 9* which relate impact sensilivily to melting
point and hardness of the intermixed goit.

b. Electric Sparks. The initiation of explosives by
electric sparks is of interest with respect to hazards
of use. An individual may casry & charge of a few
hundredths of a joule on his body, which if dis-
charged could initiate explosives’® 11 has been
found that the energy reguired for initiation is
highly dependent upon physical and electrical
characteristics of the discharge system and the
form of the explosive {sec Table i)

The military application consists of “high
tension” initiators which are ignited by electric
sparks (see Paragraph 58 A number of experi-
mental detonators are alse being studied”®® The
sensitivity of common military explosives to static
eleciricity is shown in Table 20

oo Exploding Wires. Exploding bridgewire (EBW)
devices are a recent development in explosive
materiel. Of course, almost any bridgewire muy b
made to explode if subjected o a sufliciently rapid
and energetic electrical discharge. However, the
feature which classifies an item as an EBW device
is that it will fire onfy if sublected 1o such an -
puise, [.esser energies or lower rates will buro owt
the bridge without initiating the explosive. The key
feature of exploding bridgewires is that they can
initiate secondary explosives directly and hence
result in insensitive initiators.

The exploding wire phenomenon as well as
that of the initiation of explosives thereby is come
plex. The rate at which the energy can be delivered
i5 lmited by cireuit inductance, impedance mis-

TABME 9. INITIATION OF EXPLOSION BY FRICTION OF PETN IN TME PRESENCE OF GRIY

Friction impaer
Hurdness Metting explosive explosion
. (Muhy' point efficiency sfficiency
Grir acdded seale () {percentt {peroent)
Nil {pure PETN) .8 141 & 2
Amnonivm mirste 23 {69 & K
Potassivm blsulphate 3 214 & K
Sitver nitrate 13 212 ¢ 2
Sodium dichromute 3 320 i &
Potassium nitrate 2.3 134 ) &
Potssinm divhromate 2.3 194 & &
Lilver womide 23 434 50 &
Lead chioride 2.3 501 £} b
Sitver odide 2.3 550 O -
Rorax 34 Sad 100 i
Bismuthinite 225 GRS i 42
Gilass 7 B O HEy
Bock salf 2.2.5 804 h14i &
Chalcocite 335 1100 0 3
Liniena 2.5.27 P4 130 [H
Calivite 3 1339 146 43
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TABLE 10. THRESHOLD IGNITION ENERGIES

Metalimetal electrodes
(no added circuit resistance)

Rubberimetal electrodes
(i7" ol zeries resistance)

Gaseows Adinirsorn
Contact sparks sparks Minimum capacity
Material (300 ppf) (1000 pp)) energy (It
i sad azide 20 10,000 At 500
Lead styphnaie 60 - i) 5
Lead dinitraresorcinate - - 1250 25

Merex: £13 The energy value quoted is the energy (ery) slored on the capaciion the energy dissipated
in the gap is about one-tenth of this.

{2} The gaseous and contacl spark regions of sensitiveness are continuous with lead styphnate,

match between cable and bridgewire and skin
effect in the bridge, which raise the effective
resistance to several ghms duning the initisl slage of
the discharge, As the discharge continues, the
temperature increase in the wire maintains its
resistance in this range. The discharge time is thus
increased 1o about two microseconds which is long
enough, even at sonic velocity, for a shock envelope
to expand 1@ a fow hundred times the volume of the
wirg. Thus, the energy density may be so jow that
it is surprising that gxplosion i initiated,

Gleaned from many resewch studies ™ the
following practical generalities may serve as a
guide 10 applicationy of EBW devices

{ay Firing units should consist of spegial high-
rate discharge condensers and of swilches with
minimum iaductance and transient resistance so
that the rate of current rise is on the order of Q¥
amperes per second. Triggered spark gap swilches
are most frequently used.

(&) Tranymission lines should be ag short g
possible. For more than a few feet of transmission
fine, special “flat” low impedance cable is desirable.
Al conneciions must be firm and of negligible
resistance,

{¢} Bridgewires of pure metals rather than

higher resistance alloys are more efficient for EBW
purposes. Although silver and copper are salis-
factory in the luboratory, platinum and pold have
been preferred for military items because of their
resistance to corrosion. Diameters between one
and a half and two mils appear 1o be optimum for
initiation of such explosives as PETN,

() The state of aggregation of the explosive
around the bridgewire ir quite critical. Loading
densities much higher than one grum per cubic
centimeter greatly increase the energy requirement
for loitiation, This increase iy so great as to make
devices loaded at higher densiies noperable for
practical purposes. Fine particle size is  also
essential,

{e} The reaction imitiated by an EBW in
secondary explosives appears to be a Jow order
detonation. Time measurgments indicare ininul
velocities which are definfiely supersonic vel well
below the stable rates for the explosives and load-
ing densities used. The densities and particle sizex
used in EBW detonators are such that detonation
of PETN grows to its stable rate in a few milli-
meters, For other muaterial, such ag RD X, confine-
ment and other measures 1o augment this trans-
aission are desirable,
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CHAPTER 3

DETONATION TRANSFER AND QOUTPUT

A, EFFECTIVENESS OF ONE CHARGE
IN INITIATING ANOTHER

24, BDetonation Fropogation

in somo cases, two charges are in such close
contact that the transfer of detoration from one to
another is indistinguishable from the propagulion
within a single continoous charge. More often,
however, packaging, structural and fabrication
considerations result in the interposition of gaps
and barriers of such magnitnde thal the agency of
transmission IS ponresctive shock, blast, flying
fragments or some combination of these, The con.
ditions induced by such agencies differ in important
respevis from those of stable detonation, In general,
it takes time und spuce 1o re-establish these con-
ditions in the receptor charge.

[R5 0

SR ML

Bl GOk 0%

Figure 11, Streak Camera Record of Detonation

Figure 11 iHustrates a detonation front as
recorded by a sireak camera. lavestigators agree
that detonation of the receptor first pecurs at a
point within the receptor charge rather than at sur-
face exposed 10 the injtiating impulse, Although
this phenomenon must be taken into account in the
design of initiation systems for main charges whose
effectiveness is eritically influenced by the form of
the detonation wave front, # is generally ignored in
other explosive train charges. For most practical
purposes. transfer of detonation is vonsidered in
termy of the probability thut high order detonation
will be induced in the recepior,

High order detenation is defined as thul in
which the detonation rate is egual to or greatsr
than the stable detonation velocity of the explosive.
It is rarety praciical. however, o instrument roul
charges for detonation rate measurements. Hence,
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high order detonation is generally considered to be
a reaction whose effectz are not significantly less
than the maximum which has been observed with
charge of the type in guestion. For main charges,
high order may be considered in terms of the
desired effects of the charge. Booster charges, as
usually used, tend zither to detonate high order by
almost any criterion or o fail completely.

A proposed law of similitude for sympathetic
detonation siates that the critical distance for trans-
mission between one explosive charge and another
varies with the cube root of the weighi of the donor
charge? However, where the intervening space was
filled with air rather than solids, a trend was
noticed toward a relationship of the 2/3 power of
the charge weight?

25, Dimensional Interagtions

The effevtiveness of one charge in initiating
another is determined by the imeraction of the
propertics of the explosive, ifs loading density,
and the dimeasions and confinement of the charge.
The interaction is such that i woeuld be impractical
to diseuss these factors separately, except in broad
generalities,

Although, as might be expected, the effective
output of a donor charge incroases systematically
with its diameter, the relationship betweesn acceptor -
diameter and sensitivity is more complex (see
Fig. 12%). Note that the ppiimum dameter of an
acceplor, from the point of view of the air gap
across which it can be initinted, is slightly less than
the diameter of the donor. This relationship applies
specifically to well confined columns of explosive.

As might be expected, the increase in the
weight of a donor charge is more effoctive in
increasing output if it i due (0 a diamater increase
than to a length increase {see Fig. 13%).

Mast experimental determination of the rela-
tive effectiveness of explosive charges in initialing
other charges has been dong us part of a study of a
specific system. Hence, the variables are generally
so intermingled as to make generalizations from
such data difficult. However, the evidence that the
volume of dent which a charge makes in 8 stcel
block is nearly proportional @ Hs effectiveness as
an initiator, combined with relatively broad and
interpretable plate-dent data, makes it possible to
derive relationships which appear to have relatively
Broad applicability.?
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Confinement haw a significant effect, In rela-
tively thin-walled containers, confinement is related
o the weight ratio of case to charge. For heavily
confined charges {where the wall thickness exceeds
the charge radius) the shock impedance of the
comfining material is a good criterion of confing-
ment effectiveness. Shovk velocities of various
metais are listed in Table 11 (see also Paragraph 52),

TABLE 13, DENSHIES AMD SHOCK vELOCINES
W VARIOUS METALS

Laensity Strock Velavity
Moraf {grmfoe} Leririfericrenyes)
Aluminum 27 700
Bubhit 913 3258
Brass 8450 A4.57
Bronge R.BO 482
Copper 8.9 &4
Load 1.3 214
Magnesium 1.76 .83
Hreel T84 5.30
ding Alloy {die casy .60 1.93
*Ref, §

B, SENSITIVITY TO INITIATION
26, Sensitivity Tests

a. Standard Tests. The sensitivity of an explosive
vharge © inftiation by another is the result of the
interaction of a number of variables. This inter-
action has not been reduced to a formula. However,
a review of available tests should help the designer
to develop an intuinve grasp of the effects and

interactions of the varipus fPactors involved. The
fact thatl results obtained by various procadures
differ does not nccessarlly imply thal one is right
and another wrang or that oas is necessanly beler,
Each may be compietely valid as a measurement
of the sensitivity of an explosive under the condi-
tiony of the test.

One test employed (0 moasure sensitivity w
initiation is the booster sensitivily st in which a
gap between donor and test charge ig Alled with wax
(see Paragraph 107 for a description of the test).
Typical resulis are shown in Table 12.% The S0
gaps were determined by means of Brucelon lests
(sce Paragraph 106}, Results of several other lests
are compared in Tabie 13,

b, Gap Fests, The small scale air<gap test has been
employed by a pumber of mvestigalors. In this
test, donor and acceptor explosives are separated
by a vaclable air gap (soo Figure 14" Gap distance
is the measure of sensitivily,

e, -
EAPLOEIVES

BENG

TESTED
LONIH ACLERTOR
Figure 4. Smofl Scole Air Gop Test
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TABLE }2. YYPICAL RESUMTS OF BOOSTER SENSITIVITY TEST

3% Gap Pensity
Explosive Frrepusation {in.) {gmjce)
Amatol 8320 Pressed 0.83 .63
Amatol A0/53 {Cast 0.60 1.5%
Composition A-3 Pressed 1.70 1.62
Compuosition B Cast 1.40 .69
Compositian € Pressed 1.36 1.56
Composition €-3 Prassed 1.36 162
Cyclonite {(REX]} Preszegd 2.33 1.54
pex Cast 1.35 .76
Ednatot 55/45% {ast 1.28 1.62
Explosive I3 Pressed 1.27 1.54
tAmmomum Picruiel
Haleite {EDMNAY Pressed 2.09 1.42
Minol-2 Pressed .46 1.74
Nitragitanidine Prewged .67 1.41
Pentolite 5450 Pressed 236 1.61
Pantalite 30/50 st 2.08 1.65
Picratal 32/48 {ast 1.G0 .63
Tetryl Pressed et I .58
Tetrytol 75{23 Cant 1 66 1.66
TNT Prossog .68 1.55
TNT Casl 082 1.60
Trilonat B 16 L] (AR 1758

In Figure {37 resuits of this tesi are compurad
with -gverage Impact sensitivity results, Impagt
data {ur the varous explosives were compared
with resubts obtuined with the small scale gap test,
This test consisis of determining the minimum
priming charge by loading the explosive into a cup
of a blusting cap with a priming churge of DIDNP.
Bolh donor and acceptor were oaded at 10,000
psi. Bruceton tests of from fifteen 1o fifty trials
formed the basis of the estimates of the gap. For
these tests, the logarithm of the gap length was
assumed to be g normalizing function.

A refinement of the smail scale gap test is
illustrated in Figure 16.“ Here, 5 sizel dent block
is added and the gap flled with Lucite. Further,
data are analyzed by the gap decibasg mothad. The
gap decibang DB, is analogous to the decibel in
that it expresses not an absolute energy or stimulus
but rather a comparison with some arbitrarily
established reference lfevel.

This method of expressing explosive sensitivity
is based on a function which transforms sensitivity
data into a2 normal distribution in which tho explo-
sive response increases with increassd inftiation
intensity. Because the initiation inteasity is in-
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Figure 15, Minimum Priming Charge and Gap for Criticel
Propugoetion

TABLE 13, IMNITIATION SENSITIVITY MEASURED BY SEVERAL TESTS
Min, It Tesis Crir, Air
Fein," i, Gapt 0.2 Crit Lucite Gap'
hy. ek Mines®  ERL in fiom, F698 Gy
Eypfasive fgm) L. teonl WNol 42 (iR It {8,
Compusition B {Desens. AL 14007 9S82 - Q.266 3375
Cyolonite (RDIXG - GRS 32 - 03E Q4 328
Cyolunlie/Wax
$%/1 - - 34 - - -
GHi2 - - - 3% - - -
GF3 - - - 43 - - -
9573 - - - 47 - - -
G5 Womp. A | 16117 100 - - - -
Cyelonite/Caloham Stearate
WEIGY - - - - - 0,392 447
GE .61 4 - - . - ¢332 419
RO - " - T 004d 2313 $.44
912118 e - - 32 04.299 5.2%
Pamsiize, 0150 Wiz 1213) 34 k. - e -
i o 14{15) 64 - v - -
PETH 0. 0% 6iLB) 17 - (.47 - -
Fetry 0,17 Bi18) 26 - 0,154 434 3.8L.
Tetrytol, WG 09 1114} 28 o R - -
TNT, Pressed .25 14017 = 95 - - G288 552
Last - - - - - 3011 H

“Ret. 7. Tahle shaws churge in grams of DDNP 1o initinte material pressed to density of 1.4 grams per £
"Ref. g Figares in parentheses ore sample weights in milligrams.

tRef 8 1
et B,

“Hraner - RDX. 1 imeh fong, 0.2 inch diameter. Pressed in steel at 10 kpsi,
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Figure 16, Smnll Scule Lucite Gop Test

creased by reducing the attenvation of the output
of a standard donor. the transformation fungtion
witl show the stimudus 1o be an inverse function of
barrier thickaess., The wansformation function is

X4 4 10 A log GG {24)

whete X s the stimulus expressed in DB, A and B
ate arbitrary constants, (0, is the reference gap,
and €, is the observed (est) gap, The reference
gap €, has been sclected 10 be L0 inch using a
high-intensity RDX-oaded donor,

Corresponding values of decibang intensity
and gap thickness are shown in 'Table 14, Tuble
154 Hets sensitivitdes of some oxplosives in gap
decihungs o5 determined by the small scale 1ucite
gap test. 1t is possible thal the method of gap
decibung analysis may have a broader application
thin that of an arbitrary inensity medsure. [ may
setve, for exnmple, as 2 unit of effective initiating
output of detonator, lead, or booster. The relation-
ship between the dent produced by a donor acting
through a barrier or gap and the gap decibang level
of the combination appears 10 be linear.

TABLE 14, RELATDON OF DECIBANGS TO GAP TRICKMESS
Intensity & 3 & g {g& 13 & 19 24
(D8,)
Thickness
{mil)

1006 301 23% 128 140 300 2500 126 100

27. Variables Alfecting Sensitivity

a. Louding Density. The voids which are present
in most explosive charges affect the initiation
sensitivity by providing reacuon nuclel and by
reducing the pressure in the reaction zone. These
effects, of course, interact with those of charge
size, confinement, and the nature of the transmitting
medium, Resulty obiained with pressed, granulur
explosives in the wax gap sensitivity test are
ptotted in Figure 17.% For material with less than
ong percent voids, fallurex were observed with
no barrier at all. Resuits with smaH scale gap tests
were similar, Some data are included in Table 1519
Figure 18% shows the results of a test with RIDX,
teteyl, and TINT.

b. Lot-to-dor Varietions. 'Vhe wvariable with the
largest effect op lot-tosdot uniformity is loading
density. While there are other differenves in ex-
plosives which cannot be explained in terms of
density effects alone, these are difficult 10 pinpotnt
and even more difficult to controt P Purticle size
and its distribution are variables which have hoen
shown to have an appreciable effect pn the sens-
tivity of explosives i most cases,

TABLE 15 SENSITIVITIES OF SOME EXPLOSIVES
ACCOROING FOQ THE SMALL SOME LUCIE GAP TEST

fanding Loy

Hrossure $romsity Fernitivits
Frapphosive {Apsi} {pmicct LE,
Cyclonite (R{)X) ERH 15640 3043
Cyelunite (RIDXY 38.2 17373 206y
TNT FA HIRRET 1,2
TN .7 TR A3
THT v FARES LR
Tritonal {ant EK A FEUA

¢, Addirives. The pddition of a few porgent of o
waxy substance, suth as calcium stearate, reduges
the sensitivity of RDX by a fsetor of 1wo or three.
as indicated by the air gap test This effect may be
anoted in Vable 13, although on closer consideration,
it is appurent that g large measure of thix desensiy-
zatian 13 attribuiabde (o the higher density altainabile
at the same loading presswe when o lubricant
is added.

In Table 16, the effects of added wax on the
sensitivity of a number of cast explosives are given
as measured by the wax gap booster sensitivity
test,

b -
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TABLE ¥&. EFFECY OF 5 PERCENT D-2 WAX ON THE
S8OOSTER SENSITIVITY OF VARIOUS CAST EXPLOSIVES

{¥ox Gap Test) .

Explosive Lamenzed Waxed Difference
Baronat (.86 (.64 -0.22
Comp. B i.32 .16 -0.16
Pentolite 208 .96 -0.12
Picratol 32/48 166 0.88 —0.12
Fix-2 1.87 1.63 -0.24
INT 482 1.03 +0.21
Tritonal 8028 G.58 1.04 +0.46

. Confrement. Critical air gaps as determined by
the test illustrated in Fig. 14 are related to con-
fining media of the acceptors used as shown in
Figure 19, However, as may be seen in Tuble 17,
the agreement is somewhat less than perfect,

The sum of a dimensionless density with a
dimensioniess Brinel] hardness has been proposed
to relate the effect of the confining medium to

400, -

sensitivity, This relation is shows in Figare 200
Almost the identical plot results f Brinell hardness
ts replaced with 2z dimensioniess strength. All of
the above data were obtained with tetryl acceptor
charges. The effect of confinement upon sensitivity
varies considerably from one explosive to another
For small columns the differences become mor:
marked.

TABLE 17, AR QAP SENSITIVITY RELATED 1O
ACOUSTIC HAPEDANCE OF ACLEPTOR CONFIMING MEDIUM
Shork fmpedanre of
Confining Mediom  Aveepror Confinrmens (ntical A Gapt

of Aveeptar tenpgarayd) (i)
f.ucite 4.7 00603
Magnesium HES [IXERY
Zing {die custd 16 0101
Babbitt 32 0148
Bruss 34 {153
Steel (SAE 1) 4.2 3. 2a0

*Lead azide fo tetrd, 00150 isch divmeder columns
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¢. Gups and Barriers. In one way oranother, gaps,
barriers or spacer materials are components of
explosive systems. In some inslances, thess feq-
tures are designed into a train 10 achieve a Jesired
effcct. In other cases, they are inherent 1o con-
struction just as is confinement, Bortoms of cups
are barriers and manufacturing tolerances introduce
gaps. ¥n some instances, the combination of gups
and barriers are beneficial. For cxample. barrier
fragments have trapsmitted detonalion over a gap
which was semetimes forty tmes that scross which
the air blast wave slone could carry it

Available experimental data relating the vari-
ables are not complete. Figure 52 compares pers
formnce uader service conditions for several gap
and barrier combinations hoth unconfined and
confined. It Table 1% the effect of chanping the
spacer materiadl in the wax-gap booster test s
given for four sxpiosives and a number of spacer
raterials, Altgation is directed 10 the air gap data.
{t has been suggested that the mechanism of trans-
MISSOn aCross an Jr gap to the more sensitive
materials must invalve {actors other than shock
pressure.
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TABLE 18, SENSITIVITY FOR VARIOUS SBACER MATERIALS
Wax Gup Test}

G Porcen Palnr i

Spacer Meoterial Toresi Camipr. B fHBX Pemnrolite
Alr S §.28 393 £.01
Wisng {ouk} L339 §.04 43 |47
Copper 169 1,17 .80 1.4
Polystyreny LES 3.4% 3w ) sl
Arrawax B {.8% 1 108 TAR
Alyminum .40 .84 1,33 BANE
Stanalmd Wax 2.4 HIREEH 128 RS

28, Misoligned Charges

Out-of-line safety is & general requirement of
fuzes. The usual situation is that of two well con-
fined columns of explosives, one of which iy dise
placed laterally with respect 1o the other ay in
Figure 21.% Propagation ocouwrs near the point
where the expanded hole of the donor becomes
tangent 1o the onginsl scceptur charge. In an
experiment with PETN and RDX, wvansmivsion
occurred when the charges were displated some-
what bevond the point of wngency. U oway also
observed that these explosives sometimes delonated
from an apparent central initiation puint, Qut-of-
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ine safety should always be 1ested 1o make certain
that the train does not propagale in the safe posi-
tion {see Paragraph 110).

€. QUTPUT

29. Noture of Explosive Output

The mechanism whereby useful output is
derived from an explosion is essentially that of o
heat engine, Heat is transformed into mechanical
energy by the adiabatic expansion of hot, com-
pressed gas. As oz heat engine, the detonation of
a military high explosive is remarkably efficicnt.
Over seventy percent of the theorgtical heat of
explosion usually appears as moasurable mechan.
wal output. However, the effectiveness of an ex-
plosive charge in any particular application is not
necessarily directly related to its total mechanical
energy outpul. Only a small fraction of the energy
usualiy reaches the target and, of this, most is
usually either reflected or absorbed without damage
to the target, Hence, effectiveness is characterized
in terms of the wvaripus phenomena which are
utilized to transmit the oniput 1o the target. These
phenomens include shock waves, gross movemaents
of such intervening media as wr, water or garth,
and the projection of metsl or other materinis which
are inert compenents of explosive ordnance irems.
All of these phenomena accompany most explo-
stons, but the partition of energy between them
varies greatly with variation of design and com-
position, us do other guantilies associnled  with
gach phenomenon which may be more important
than engrgy in determining relative effecliveness.

For these reasons, chamcterization of the
outpur of an explosive charge in terms of the
phepomena invelved in its intended application is
the most valid basiy for comparison with charges
of other designs and loadings. Examples of such
phenomens are blast and fragmentation.

The theory of dotonation waves is described
in Paragraph 19 The calculations discussed are

based on a number of assumptions which include
ideal detonation {Chapman-louguet conditions)
and a certain reaction chemisiry. Although in many
investigations agreement kas been uttained between
experiment and theory, many of the most interest-
ing and impertant aspects of the ocutpul behavior
of real charges stems from their nonideality o
from deviations in their chemical or thermo-
dynamic behavior from those commonly assumed.
For these reasons, more quantitative predictions
of performance are made by use of the empirical
relationships based on measurements of oulput
phenomena.

An introduction 1o actual detonations, those
which are theoretically nonideal, ts al® " CoMdind
in Paragraph 19,

30. Effect of Charge Configuration

a. The Detonation Pront. As & Best approxanation,
detonation may be considered (o propagste in all
directions within a homogeneous charge ot the
sume velocity. Thus, if & charge 18 initinted by o
relatively concentrated source, the  defonation
front assumes @ divergent spherical form, This
curvature (convex in the dirgction of propuagation)
is accentuated al the boundaries of the charge
(see Paragraph 19).

Such curvature, # its radius is small enough to
be comparable with the reaction zone length, resulis
in g reduction of detonation velocity and pressure
from that assoctated with sdeas! dewnation, Tho
explosives used in applications where detonation
pressurg is a prime  consideralion  (pentolite,
Compositions A-3 and B and cyolowls) have
reaction zone lengths of the order of & millimerer
or less so that this effect is not usually important,
However, with small charges of such muaterials
as TWNT, Explosive D or tritonal, they can assume
importance.  In addition, the pressure and s
gradient vary radially. For some applications, most
notably the controlied propulsion of solids. wave
front profiles and pressure distributions other than
those resulting from the action of hydrodynamig
laws in simple churge configurations are desirable,
For such purposes. special configurations have
evolvad,

One of the resuits of pressure variation behind
the detonation front is the varialion in momenptum
which the detonation wave imparts 1o soelid ohiects.
Where it is desired o propel an object of unnorm
thickness which has a rejutively large area in con-
tact with 2 charge, these vanalions in momentum
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result in corresponding velocity variations which
may result in distortion or even rupture of the
object, This problam may be alleviated by either
of two means although they are generally combined

{a) distributing the explosive charge so as to
reduce the variation in momentum transfer, or

{b) adding mass af points where momentum
is greatest,

The hydrodynamic relutionships which de-
termine momentom distribution in finite explosive
charges are 0@ complex 1o be solved analytically.
However, they have been programmed for solution
by computer.® Intuitive reasoning and cut-and-try
development have yielded satisfactiry designs
in the past,

. Wave Shaping., The control of the profile of
detonation fronts has been the subject of much
research.!” All fechaiques are essentially applica-
tions of Huygens’ principle which forms the basis
of geomelric opties. For ultimate refinement,
account must be taken of the fyct that detonation
vielocities are not precisely constant, but sutix
factory control for many purposes is possible by
designs which ignore the relatively small variations,
The following four means of controlling the
sequence of arrival of detonation waves al various
points i a charge have been used!™

() Wave interrupters which require the wave
to go around the interrupter,

(b} Two expiosives of appreciably different
rates of detonation,

(€} Brensity and composition varialions in the
gxplosive, and

{4y Asr, inert Glers, ur both of such thickness
as to delay the wave but not destroy ir

Perhaps the simplest devices for the control
of wave front profiles are lne wave generators,
Thase of the manifold type (g £2) have heen
made by loading explosives into channels machined,
molded, orcast into metal or other inert components
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and by constructing arrays of defenating cord. The
detonating cord arrays wers, of course, limited to
relatively large systems by the spacing needed fo
prevent initiation or damage due to radial blast
effects of adjucent cords,

The advent of mild detonating fuse (MDF)
opens new possibilities in manifold type wave
shaping devices {s¢c Paragraph 7). In such appli-
cations, particular attention should be given the
problem of transmission of defonation from the
very small column dinmeter of MDF to the larger
charges in which it is hoped 1o control the wave
front profile. Even though relable traasmission 1§
assured, the build-up may introduce enough time
scatter Lo nullify the wave shaping effects. Siep
construction or a taupered iead should result in a
satisfactory system,

Ancther line wave generator of the munifold
type consists of perforated sheet explosive {(ses
Fig. 23).

In addition te such generators, warped sur-
fages muy be used o praduce fine waves of any
desired curvature, The circular front generuted by
the point initfated detonation of o plane charge,
myy ulso be modified by warping the plane and by
transmission to  other explosive surfaces. One
example, illustrated in Figure 24, is the generation
of a straight line wave by means of warped sheet
explosive,

3, Blast

Blast is the brief and rapid movement of air or
other fuid away from a center of outward pressure,
a5 in an explosion, or i s NG prossure acgompany.
ing this movement, Physical manifestations of blast
include {a) & shock fromt which is created by the
rapidly expanding gases being opposed by the
mediuet drouad the explosive, (8 a time period in
which the pressure drops o ambient. 163 8 contin-
wod pressure drop below ambient and Snally (D)
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return to ambient pressure. Figure 25" shows this
pressure-fime refationship resulting from reactions
of explosive charges. The area under the curve
above ambient is called impulse.

The blast wave is produced by a process which
may invoive several steps. It always involves an
inttial explosion. It may be enhanced by the after-
burning or reacting of the explosive products with
themseives and with the oxygen in the air. H may
also be gnhanced by shock reflection from surfaces
such as ground, water, or wally,

Blast decreases in magnitude at a ratio equiva-
lent 10 the cube root of the distance from the
charge. Blast pressures are plotted on graphs as
P vy v/ W% where r is the distance from the charge
and W% ig the cube root of Lhe charge weight
Various design equations and graphs have been
evelved for predicting the output from expiosive
charges, most of which are the results of empiricul
stucies. The parameters which affect blast include

{a} type of explosive

{b} confinement

material used
thickness of material

PEAK. PRESSURE

AKEA DUNDER CURVE FOR

(c} configuration of explosive charge

{d) effecis of exterior media

atmospheric pressure
water

(e) reflection of blast from surfaces

exterior blast
interior blast

The studies conducted with explosives showed
that there exists s generalized relationship between
cnergy of the cxplosive and the output in terms of
peak pressure and impuise. An equation for esti-
mating the blast pressures of cvlindrical charges is
available in classified lierature ™

It was found that steel confined charges gen-
erally produced decreasing amounts of blast output
with (ncreasing thickness of confinement.®® The
only exception is & very thin steel conflinement
which appears 1o produce a bigst output equal to
or slightly better than bare charges, This 1s probubly
due to the fact that some unconfined charges brauk
up partially during explosion. Certaln matenals
when used as confining media for explosives appeat
o ceact i oan expiosive manner?’ That s, they
ingrease the blast cutput when they confing explo.
sives. Some rubbers and plastics exhibit thiy
behavior,

Studies of the effects of altude on bl
showed that there s o ¢onstant degrense in blast
output  with sltitade® For practical  purposes.
there is a 19% decrease in excess pressure for every
1000 ft altitude.

The foregeing studies were concerned with
exterior blasts far from ground or reflecuve sur.
faces, I the charge is exploded close 1o 0 surfuce,
the shock wave which reaches this surface will by
partially reflecied. ‘ihe reflecied wave muay sub-
sequently catch up with the original shock wave
and reinforce i, The reuson for By calching up is
that the reflected wave travels through the hot
gases of the explosive wherg its velocity is greater,
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If many reflective surfaces are available, the result-
ing blast damage can be considerably greater than
that without reflective surfaces. The interior of a
structure of vehigle offers many such reflective
surfaces. Consequently, the damage produced by
exploding 2 blast charge imside an enclosure is
considerably greater than that outside of it. Less
than 20% of an explosive may be required for an
interior blast kil compured with an exterior one.

Most ammunition is limited in size for tactical
reasons. Artillery projectiles, for example, have a
voiume itmitation. Hence, the designer must look
for the blast explosive which produces the highest
blast damage for a given volume. The missile war-
head designer faces z weight limitalion in the
same manner.

32. Fragmentation

a. Fragmentation Characteristics, As a manifesta-
tion of expiosive output, fragmentation is char-
acterized by velocity and size distribution of
fragments. For some purposes, the size and shape
of fragments are predetermined either by preform-
ing or by modifications of the case or charge design
which predisposes #t to break as desired. Many
studies have been carried out both for fragmenta.
tinn prajectiles® and for specialized fragmentation
warheads

The imitial velocity of fragments is quite
aceurately predicied by the Gurey formulas

W

njmwi!f ( 25 )

for eylinders v, = V2E VITosW nie

for spheres v, == \2E \;; e Wi (46
M " Ht

where v, is the initial fragment velocity
V2E is the Gurney constanl
W, is the charge weight

W, is the weight of the fragmenting metal

The e¢mpirical constant £ s determined for a
particutar range of explosive 10 metal ratios, 11 is
expressed as the quantity of energy per unit mass
of explosive which is available as kinetic energy
of the fragmenmis. I general, this is somewhat morg
than half of the energy of detonation. Rather than
reducing the guantities to theoretical terms, Gurney
constanis are usuaily given as velocilies. Table 19
includes Crurney constants for some explosives of
military dmterest. Initiad {ragment velocities have
beed compuied and are avadable in tabular form.®
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TABLE 19. GURNEY COMETAMTE FOR LOMMON EXPLOSIVES

IR

Explosive {fiiaess
Composition B RROG
Penlolile #4143
TNT TaiHE

The lethality of a frugment is a function of its
velocity, weight and presented ares, The problems
of assessing lethafity and vulnerahility are quile
difficult because the serigusness of the dumage
inflicted depends frst on the naturg of the target
and then on the point of impact and direction of
the flight of the fragments with respect to the target
as well as its size, velocity, shupe, altitude and
materials.

The determination of the optimum fragment
size, in addition to the lethality considerations, re-
quires an estimate of the probable jocation of the
fragmenting charge with respect 1o the target at the
time of burst and a knowledge of the azimuthal
distribution of ithe frugmuonts. In some instances
relative movemnent of the charge and target s an
irmporiant fuctor. The position of the charge with
respect to the target is sometimes o design varjable
which is combined with other faclors to maximize
eflcctiveness, For example, i an air-burst anti-
personnel weapon, burst hoight, fragment size and
azimuthal distribuition are combined {0 maximize
the lethality,

When a projectile or other containgr is burst
by the explosion of the explosive contained, the
sizes of Lhe Tragments produced vary sccording to a
statistical distribution. Of course, this size is also
affected by the charge-to-case mass ratio and by
the physical properties of the case muterial, Where
afl uspects of the design of ¢ fragmensation round or
head may b varicd to optimize o design, the choice
of explosive is simplified by this general tendency
for explosives which produce the fastest fragments
o also produce the finest fragments. The ¢xplosive -
with the highest CGurney constant may thos be
expecied 1o be capable of producing the largest
numbier of lethal fragments,

Where 4 case originally designed for antli.
persoancl use is 1o be adapied for use against more
resistant targets, high performance explosives may
break it into fragments 100 small for effectiveness.
In such situations o less brisant explosive may
improve effectiveness. Genurally | in gun projecied
missiles such considerations as siruciural strength
1o resist sethack and spin asceierations dictate the
use of 4 case which forms coarser frugments than
is desirable even with the most brisant explosive,



b, Controfled Fragmentarion. Since the breakup
of charge cases under explosive attack is mainly
two dimensional, the average size of fragments
may be reduced and their number increased by the
use of multiple walled cases. A wide variety of
other methods have been uvsed to produce frag-
ments which are glmost all of the optimum sizc and
shape. Methods which have been used include?®

{a} preformed f{ragments (with or without
matrix)

{b) notched or grooved rings

{cy noiched or grooved wire

() notched or grooved casings

e} Auted liners,

One form of preformed fragment is a rod. In
controlied experiments, a rod has been found ta be
more effective against aircraft than the same weight
of metal broken into smaller pieces. It can sgver
important structural members rather (han merely
perforate them.

A diserete rod warhead consists of a number of
rods {usually of steel) arranged like the staves of a
burrel to form u cylindrical comtainer, They are
joined together with sufficient strength to provide
the needed structural strength for handling, launch-
ing, and fHght but in such a manner thal their move.
ment under the action of the explosive will not be
impeded significamtly. This container, completed
with suitable emd plates and usually with auxiliary
thin Hners, is loaded with the explosive,

A cominuous rod warhead differs from a dis
crete rod warhead in that the rods are strongly
joined 1o one ancther at alterpute ends in a patigrn
simifar 1o that of a folded carpenters’ rule. This
hoop breaks when s circumference equsls the
sum of the rod lengths, if excess energy is imparted
by the explosive,

The value of a disgrete rod fragment depends
upon maintenance of ity shape (s » relatively
straight rody and i1s awitude such that its kong axis
is at right angles 1o 48 path, The valoe of a ¢on-
tinuous rod depends upon its retaining its integrity
as sugh, Each of thewe requirements, in turn, resis
on a basic reguirement that the velocity imparted
o eavh clement of the lenpth of the rod is the same
as that for esch other element. This is the maost
important application of the momentum distribu-
tion control discussed in Paragraph 30. The losses
of pressure at the ends cause the parts of the rods
near the ends of the warhead to lag behind those
ngir the midsection, Discrele rods are benl and
twisted, and continuous rods are broken us a result
of the differences in velocity.

33. Other Quiput Effects

a. Underwarer. The effects of an underwater
explosion are separable into two distinct phe-
nomena, the shock wave and the pulsation of the
bubble. It is of interest to note that seventy tw
eighty percent of the heat of detonation can be
accounted for in the sum of the energy of the shock
wave and that of the movement of the bubble, The
shock wave s characiorized in tormy of its peak
pressure, energy, impuise sand time constant. These
quantities may be computed as functions of dis-
tance and chatge weight from existing nomographs #

The pulsation and other movements of the
bubble impart farge quantities of momenwum to
surrounding water, Elnder some circumstances,
the migration of the bubble due (o hydrodynamic
and gravitational effects can result in highly con
centrated transfer of this momeatum 1o ships or
other structures so that the bubble action can out-
weigh that of the shock wave in s damaging
effects. Bubble parameters may also be calculated
conveniently with & nomegran. The bebavior and
actions of bubbles resuliing from  underwater
explosions has been the subiect of several studies ™

b Undergraund. The effects of underground ex-
plosion are more difficult to characterize quantita-
tively than are those in aiy or water because soils
and rocks are so much more variable in chareer
and because disturbances are transmitied through
them as stress waves with components of shear
and sometimes tension in addition w the pressur
which characterizes waves produced vy explosions
in fluids, The inigisl wave trunsmined from an
explosive charge 10 almost any solid medium is o
true shotk wave and the pressures are fur beyond
the elastic Hmit, However, such shocks atteniaie
much faster than those in water hecause o large
fraction of the energy is expended in shultering the
medium, As the pressure approaches the come
pressive strengih of the material. the shock is
madified to a stress wave, o Joses the sharp rise
characteristic of a shock and may seporate into
several waves, elastic compression wave, plastic
wave, surface wave and @ shear wave, which
propagate ol different velociies.

Meanwhite, since soil and rock are usually
vitriable in struciore and densily., waves arg re-
fracted and reflecied in puaths of various lenpths,
In additian, where the explosion occurs close
enough 1o the surface 1o produce an air hlast wiave.
this induces another surfage wave. Ay i result of
this wave, at a distance of a mule. the ground dis-
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turbance from a single explosion might continue
for thirty seconds. Ar large distances, the distur-
bances induced by underground explosions have
essentially the same characteristics as seismic
waves produced by earthquakes. However, at
shorter distances, the positive durations of stress
waves are simifar in magnitude to the exponential
decay constants for underwater explosions of
charges of similur size®®

In addition to inducing shock, stress, and
seismic waves, underground explosions displace
the surrounding raedia. When close to the surface,
they produce craters. Explosions (0o deep (o burst
through the surface produce spherical cavities
known as camoufiels. The product of the volume
of a camoufiet and the streagth of the surrounding
meditm has been reinted to the heal of explosion
of the charge which produces it.

¢. Shaped Churge, The lined shaped charge is one
of the most effective means for the defeat of armor
in terms of the ratio of thickness penetrated to
diameter of round. Much information iy available
on the design of shaped charges ™™ Action of the
shaped charge is somethnes referred to as the
Munroe effect. Operation is as follows, The matal
of the liner ami the explosive moves at the Jdetona-
tion velocity. At the detonation front, the metal
liner is deflected inward. Converging symmetnically
taward the centerling, the metal is deflected along
this line. The siug of metal which accumulates at
the center 1§ squeezed by the conlinuing con-
vorgence to such high prossures that part of il
emerges in & jet, like toothpaste from a tube.
Becanse the theory of shaped charges is based
on 8 number of simplifying assumptions and be-
cause of unavoidable variations introduced during
manufacture and loading, 8 large part of design
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and development of shaped charges has been
empirical. The fotlowing rules of thumb on the
design of shaped charges, are consisient with the
theory although they might not be guantitatively
predictable.

(4} The optimum cone {mcluded) angle, for
most purposes, is about 42°,

(b) Maximum penetration is ebtained with a
stand-off distance between churge and largel of
2 to 6 calibers.

{c} The cone liner material which seems to
have the best combination of properties is sofi
copper, although miig steel and aluminum have

been used to advantage, -

(d) Optimum cone liner thickness is about
0.03 caliber for copper.

(¢} Detonation prossure seems 1o be the mosl
important property of an explosive affecting shaped
charge performance,

(D In spin stabilized rounds, the cendrifugal
forces are sufficient 1o impair shaped charge per-
formance significantly. This may be counter-
balanced, at least 1o some exient, by use of fluted
and trumpet shaped Haers,

(&) As the cone angle becomes larger. the
velocity of the jet decreases and that of the slug
inereases, Shaflow shaped charges in which the
slug is the effective output are referred 10 as
Misznay-Schardin charges. They are used exien-
sively in lund mines,

(h} As the cone angle becomes smaller the
velogity of the jot becomes higher and HS muss
becomes smaller until, for a tube, they approach
infinity and zero respectively.

(i) Although penctrations by shaped charges
in armor plate as high as 1} calibers have been
observed in the laboratory, the limit for practical
armmunilion s closer $o four or fve cone diamelers.
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CHAPTER 4

ENVIRONMENTAL RESPONSE

34. Military Regquirements

A military ftem must perform as intended after
years of storage under conditions which may vary
from tropicsi {0 arctic and from jungle 1o desert.
In the case of explosive materiel, the situation is
aggravated first by the fact that explosives are of
necessity metastable materials, and second by the
irreversibility of their operation.

The range of —65°F {~84°C) {0 160°F (71°0)
has been prescribed as that which explosive
material  must endure In storage and  remain
operative. The Temperatwre and Humidity Test,
MIL-STD-304, taxes over these ftemperatures
{se¢ Paragraph 1103 and the most common hol
surveillance or hot storage tests are condugted
160°F, “Accelerated aging” tosts are conducted
at higher temperatures although interpretation of
results is subject to guestion. Both bulk explosives
and loaded Hems are subjected 1o bol storage.
surveitlance or accelerated aging tests. After aging.
materials may be weighed and analyzed 1w detect
chemical decompaosition or tested 1o determing
changes in performance charscteristics, Loacled
items are sometimes dissected and their various
components examined and analyzed. Morg often,
they are tested functionally, Changes in functional
characteristics may result from chemical deteriora-
tion of explosive or inert components, changes in
state of aggregaton {(such as fusion and recon-
solidution, sintering or redistribution of components
of mixtures) or dimensional distornon.

bn the course of their use, some explosive
materiel {s exposed 1o {emperatures substantially
higher than 16FF. Three common sources of such
high temperatures are hot guns, heat transferred
through metal parts from rocker motors and aero-
dynamic heating. The hot gun problem, for the
present, is somewhat simplified for the caplosive
charge designer because i i not difficuit to find
high explosives which are more lemperature
resistant than the propellants used in guns, Rocket
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propellants have flame temperstures far beyond
that which any explosive can susiain so that the
designer of rocket warheads must consider the
heat transfer situation. As missiles are projected at
higher velocities for longer times, the aerodynamic
heating preoblem becomes more severe. Al these
higher temperatures, all effects are exaggerated
and ageclerated to & point where the deteriorations,
which may take months or years in storage, may
oceur in minutes or seconds aud the thermal
decomposition of the explosive may become sell
sustaining and run away to a thermal esplosion.
Such explosions are yeferred 0 as covk-offl In
addition, the higher temperatures may enuse dam-
age ofF types which would never occur al lower
tomperalures,

In addition to tempersture, explosives are
subjected to other environments. One of these iy
the proximity with metals and other explosives
which may be chemically incompatible.

In the course of military transporiation.
handling and use, expiosives and explosive charges
are necessanily subjected to rather viclent mechun.
ol disturbances. From the viewpont of angdytcal
mechunics, the manifestations of these distur
bances are compression. tension and shear of the
explosive which must be specified in lime-depen-
dent terms. However, problems associated with
such disturbances are not usually considered in such
terms. The usual approach is that of sttempting 10
simulate gconditions which may be experienced by
explusive churges in seevice pader guantitatively
controlled conditions and in ciroumstances where
behavior can be observed. Considered in these
terms, the disturbances (o which explosives may
be subjected can be categorized ax impagt, accelora.
tion, vibration and friction,

The relative senshivitics of common military
explosives according 10 standard boratory 1esty
are given in Table 20 while sensitivities 1o hazards
of use are tabulated in Table 21, For detalls ol
test procedures, see Paragraph 107,



TABLE 20.

RELATIVE SENSITIVITIES OF EXPLOSIVES ACCORDING 10

STANDARD LABORATORY TESTS OF GROUND $AMPLES
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A, TEMPERATURE

35. High Temperature Storoge

a. Chemical Decomposirion. As indicated by the
Arrhenius equation {Eg. 5), explosives are decom-
posing aif the tme, An bmportant basis for the
selection of military high explosives s the slow
rafe of this decomposition at $1orage temperatres,
The vacuum stability test, described in Paragraph
107, is the oriterion of thermal stability which is
wsed most {requently 1o predicl storage life of an
explosive.

Samples of TNT and teuryi, analyzed after
storage for fweniy years, showed no detectable
chemical deterioration’ Assuming an aclivalion
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energy of 33,000 calories per mol, und 1.0 <o gas
evolved in 40 brs at 120°C as the vacuum stability
of tetryl, Equation § extrapolates to prodict less
than one percent decomposition in twenty years
160°F. Most millary eaplosives have vacuum
stabilities 6t least as good as tetrvl The storage
characteristics of PETMN, although worse than those
of most military bigh explosives, are not so bad o
10 oulweigh ity desirable properties for certuin
applications,

b Dimensiongl Change. Explosives. in general,
have larger thermal coeflicients of expansion than
the metals in which they arc usually louded. This
results it some fendency (¢ exfrude through any
available openings when stored for long periods
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at high temperatures, Under some circumstances,
the pressure developed by this expansion is enough
10 bulge buikheads or covers.

Some wave shaping systems {see Paragraph 30)
involve the use of air spaces within or adjacent to
explosive charges. At elevated temperatures, the
gravitational forces are sufficient to induce creep
at a rate such that the configuration, which is so
critical in such apphications, ts modified within days
10 a point where the wave shaping cffects are lost.

Muterials, like Compsosition B and cyclotol,
which contain large percentages of TNT, are
particutarly susceptible to such distortion because
the high storage temperatures are 5o close 10 their
melting points. Temperalure cycling causes such
maierials to “grow.” The growing is a permanent
expansion which i caused by the opening of
micrascopic cracks due to thermal gradient stresses
and the bridging of these cracks by fusion and
refreezing of multiple component eulectics.

In general, plastic bomded explosives have
better dimensional stability at high temperatures
than castuble materials. The dimensional stabilities
of the resin binders of such materials provide
reasonable cloes regarding those of the mixtures,

«. Explosive Property Change. Some explosive
properties, especially those associated with initia-
tion and growth of detonation (se¢ Puragraph
17.23), are determined by the state of aggregation
of an explosive as much as by its composition,

TABIE 2V,

o0 ke Deop Tesr?
10% Firing

Proionged storage of an axplosive af temperatures
near its melting point can result in changes of strue.
ture and, in the case of mixtures, segregation of
components, Where granular TINT is used in a
booster or other application in which the differential
in initiation sensitivity between cast and granular
TNT is important, prolonged storage at 160°F
results in substantial decrease in sensitivily, and
has caused failures.

Similarly, a bare tetryl booster in as unlined
cavity in Composition B, or oiher THT base
material, may be converted to tetrytod by exudation
of the TINT.'® The fuzing system mav not be ade-
quate for the initiation of tetryiol A simifar probiem
would exist if bare REX and HMX boosters had
been used.

d. Exudation. Usually TNT containg 2 group of
impurities which can form very low melting multi-
ple component eutectics. Much of the TINT used
during World War ¥ contained large enough frag-
tions of such components that they exuded from
the surfaces of charges, The exudate, which wus an
explosive and which could turn up in unintended
places, presented a hazard. TNT made in sccor-

dance with present specifications does exudé al ™ 7

[60°F * Pentolite, which has an sutectic of 17T0F
and tetrytol, eutectic E53°F, have groater tendencies
w exude, Tetrylol exudes at 149°F. Composition
B. which has an eutectic at {74°F exudes slightly
at 160°F,
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During a study designed to prevent exudation,
# was found that the addition of a small amount of
calciurn silicate to charges containing TNT will
keep exudation under salisfactory control.!t Whiic
the exudation is controlied, the addition of the cal-
cium silicate renders the explosive charge more
brittie. The degree of increased hazard that this
addition may cause has not yet been determined.

e, Effects in Initiators. The performance of initia-
tors is determined as much by spatial configuration
angd the properties of inert components as by those
of the explosive materials.

Bridgewires of electric initiators may be broken
by the tension resulting from the thermal expansion
of the plastic plugs which are often used in such
ttems. Such Tailures have been observed.'? In a
test of 2 wirebridge nitlator, substantially increased
firing times after hot storage and temperature-
tamidity oyeling were noted, Since the basic lead
styphnate charge used {5 one of the most sluble
explosives known and is certainly well below any
softening or phase transition point at 160°F, these
changes in functioning time must be attributed to
mechanical distortons, One such distortion, which
may be visualized, is the compression of the explo-
stve as @ result of the difference in expansion
coetficients of metal case and (s plustic and
explosive contents, When the initialor is returned
10 normal room temperature, the plastic and the
explosive contract and a separation of bridgewire
and explosive may result as shown in Fig. 16

No systematic basis exists for the prediction
or prevention of such deterioration of initiators.
Hence, thorough tesiing in high temperaturs sur-
veillance and Cycling tests ix indicated.

o B KL W

GAP

* BRIDGEWIRE

of e HETAINED
: EXPLISIVE

1 BAR

A BRIDGE PLLIG

Figure 76. Postyinted Condition for Initiotor Foilure Caused by
Wire-Explosive Seporotion

36. Cook-Dff

u. Threshotd Conditions, OF ali explosion processes
of practical intergst, cock-off is the most nearly
ideal manifestation of the thermal explosion de-
scribed in Pavagraph 13. Considered in more
general terms, it is like other sitiation processes
in that it is the result of a situation where energy
fosses cannot keep pace with the rate at which
energy is released by the reaction of the explosive,
When an explosive charge is exposed (1o a high
temperaturc environment, 1§ emperature rises
eventually above thai of the sdrroundings. -The
temperature atisined in the interior of the charge
is enough higher than that of the surroundings so
that the heat Hberuted by the reaction is carried off.
Since the reaction raie is an exponential function
of temperature, Equation 3. a given increase in
the temperature of the surroundings causes a
larger than proportonal increase of the temperature
of the interior. A point is reached where equilibrium
cannot be maintained. This temperature, referred
1o as the cook-off temperature, 1S nol a constant
property of an expiosive but a property of a system
which varies with charge size, thermal properties
of surroundings and time of exposure,

For any given enviroamental temperature, the
imteriac equitibeiam temperature {aoreases With the
size of the charge because heast flow depends upon
a temperatare gradient, and even the same gradient
over a longer distance should give a higher tem-
perature {but more heat is lberated per unil wren
in u large charge so that the gradient is steeper),
Thus, the surface temperature which will result in
a thermal explosion, the cook-off lemperature,
decreases as the size of a charge is increased. Asa
general rule of thumbd, cook-off temperature is
decreased about 100°F for cach ten-fold increase
in charge dinmeter,

The wse of thermal insulation. of course.
retards the penetration of heat into an explosive
charge and thus may forestall cook-off where the
tine of exposure is Hmited, Howover, singe i1 also
retards the dissipation of the heat evolved in the
reaction. it tends 10 reduce the lemperature which
will result in eventual cook-off. Decisions regarding
the use of insulation must be based on the wype of
exposure anticipated. The probuability of cook-off
is reduced by insulation of charges which are 10 be
exposed for refatively short times 1 temperatures
well above couvk-off temperatures. Charges to be
exposed to marginal temperatures for Umoes long
enough (o approach thermal equilibrium are more
subject 1o cook-off i insulated than if not.



Under usuul conditions, exposure to elevated
temperature is for relatively short periods, Fre-
quently & charge is detonated purposely after
exposure to high temperatures for a few minutes,
Under such circumstances, the environment to
which the packaged explosive charge is exposed
may be well zhove the cook-off temperature of the
charge, but the explosive may be delonated before
it reaches a dangerous temperature, Figure 279, a
plot of experimental data, lustrates a case where
the explosive reaches the cook-off temperature
after the end of expected life. Such situations may
be predicted using conventional heat transfer
analysis technigues, aithough experimental veri-
fication is necessary. Cook-ofT temperatures of com-
mon military explosives are listed in Reference 14,

b Cook-Qff Experiments, The complications of
heat flow, phase changes snd reaction kinetios us
applied to military explosive charges in service
situations has driven many (o the conclusion that
the prabability of cook-off can be assessed only by
dirgct experiment. Tests using complete ammumis
tion under service conditions is usually 100 expen-
sive. Unless u charge is instrumented. such experi-
ments can vieki no more thun g ves oF no answer
as to whether and when cook-off pecurred under

— e -

the particular conditions. Insfrumentation of u
missile or projectile involves telemetering, adding
to the expense. The compromise which has been
reached most often is that of simulating the thermatl
conditions of use as closely as is possible in static
tests using live ammunition, modified only to the
extent necessary for the imsiallation of thermo-
couples (see Paragraph 147},

Typical of the many cook-off experiments is
one which was conducted 0 measure the cook-off
temperature of the M47 stab detonaior and (o
detcrmine if this temperature couid be raised by
modifying its constituents, The M47, containing
NOL, 130 primer mix, an intermediate charge of
lead azide and a base charge of RIXX, when heated
in an oven, cooked off at 369°F {sec Table 22'%).
Seven additional charge combinations were tested,
The highest cook-off temperature for a complete
detonator (all three charges) was 4§5°F,

The cook-off characteristics of TNT, RDX
and tetryl are plotted in Figure 28, The curves are
the compasites of three separate eXperiments which
show remarkably close agreement. Data were
abtained in an oven, a Wood's metal bath and in
ghectrically heated fubing. Other experiments show
that the cook-off threshold of military explosives s
in the range of 350 1o 45058 v
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TABLE 22.

COOK-OFF TESTS OF STANDARD AND MODMFIED M47 DETOMATORS

Uroup Laper Charge hitermediote Charge Fuse Charge Cooh-Cf
Bosignution Explusive Wi (my) Explosive Wi {mg} Eaplusive Wi img} Tewp °F)
Standard WNOL 130 primer mix 13 Dextrinated lead azide 103 EDX 33 369
PAX-7 Diextrinated lead azide {15 RDX 40 HidX 40 370
PAX-% RO 136 pnimer mix 13 Dextrinated Icad azide 103 ineri" 44 535
PAX-B inert* 10 Dextrinated lead azide [0%5 HMX" 38 435
PAX-} MOL 130 primer mix 13 Dexirinated lead azide 15 HAMX" 34 415
PAX-12 NOL 130 primer mix 13 Dextrinated lead nzide 1035 PEMXY 34 405
DEX Inerth ] Dextrinated lead azide 105 inert® 36 520
HMX ingrt® 10 Inertt i) HMX 34 460

% inert charges conmsisted of OF grade sodium chloride.
*HMX, recrystallized, Lot PAE-E-23224, 2.5% RDX, mux.
* HMX, recrystaliized, 16! unknown, 2.5% RDX, max.

Y HMX, sboratory recrystallized. Lot unknown, 2.5% RDX. max.

¢, Simulation of Aerodynomic Heating. Tempera-
ture and other factors associated with aerodynamic
testing are discussed in Paragraph 4. In some
missile applications. the stagnation temperature,
Egquation 2, is well above the cook-oft temperature
of any kmown explosive, and the heating rate is
limited mainly by the surface coefficient of heat
transfer between air and missile, Such a situation
is closely simulated by the use of a heating element
of constant power in close thernal contagt with the
container of a charge. Data obtained in such an
gxperimoent with the apparalus shown in Figure
293 are given in Figure 300

37. Other Efects of High Temperature Use

a. Melting of Explosives. The fact that an explosive
charge reaches i1s targel before cooking off is no
guaraniee that # 13 in the same condition as that in
which # was launched. All of the effects of high
temperature storage are exaggerated and accel
erated at the higher temperatures which sometimes
resuft from aerodynamic heating, ete. In addition,
some effects which are negligible or nonexistent
at 160°F may become important at higher tem.
PEratures.

The castable explosives in common militury
use are ail hased on TNT as a vehicle, THT melts
at 178°F but most of the commonly used mixtures
meht at slightdy lower temperatures. One effect of
the mehing of TNT is the “thermal buffering”
which prevests the temperature from rising above
the melting point until # is completely melted. This
effect may keep 2 tetryl booster, surrounded by
TNT or & TNT mixture well below its cook-off
temperature untd a weapon reaches its target.

Bost effects of melting are somewhat less
beneficial, Wave shapiog systoms, which depend
upon accurate retention of churge configuration,
muy losc all of their effectiveness with relatively

ExXPLOmin THE

slight distortion. The segregation of the com-
ponents of mixtures such as HBX can resull in
serious changes in explosive properlies. A reglon
in which the REDX concentration I8 much higher
may he appreciably more sensitive than the
original mixture. A hazard associaled with the
melting of explosives is the possibility that the
material will work s way into unintended locations,

In considering the effects of charge melting
in use, a certain amount OF COMIMOR SCRSE 1§ NRCESE
sary, A warhead full of molten explosive may be
intolerable st a Hitle melting at the corners might
have no ill effect in some applications. Estimates of
the quantity or degree of melting and the location
at which @t i anticipated should be considered in
terms of their consequences,
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Figure 19, Apparotus for Sirmloting Aoredynamic Heating

b. Sensitization, As pointed out in Paragraph 71,
the initiation process is usually thermal. With
increasing temperature, less additionn] temperaturs
rise is needed to induce a seif propagating reaction,
In other words, explosives tend 10 become more
sensitive as they are heated. Mowever, the effet
is rather small until the cook-off lemperature 15
approached.

Another effect 48 that of solid-solid phase
transitions, An example of one explosive in com-
mon use is HMX which exhibits a marked change
in sensitivity attributable to this cause.® However,
because most mussifes are on their way to their
targets before they are subjected 10 avrodynamic
heating, this type of sensitization may be of more
importance i reducing effectiveness due to de-
flagration on impact and similar defective operation
than ia contributing to the hazards of vse, It might
contributte to the hazards associsted with the
hangfires in bot guns und externally mounted
weapons on [ast alrorafl

38. Low Temperature Storoge and Use

Most deteriorative processes ure slowed at low
temperatures. Hence, low temperature storage is
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uspnally less harmfud than storage 8t normal atmo-
spheric or elevated temperature. Rapid healing
after low temperature siorage can induce thermal
stresses which may have more than usual renden-
cies to orack some scaling materials which become
brittle at low temperatures. Amemunition which
depends upon organic seals 1o protect moisture

sensitive materials shouid be subjected to” the™

temperature-humidity test {(see Paragraph 1100,

Burning, and the initiation. growth and propa-
gation of explosion are often retarded or prevented
by very low temperatures.

The effect of low temperatures upon the sensi.
tivities of initiators is usually guite small because
the change from room temperature is only a frac.
tion of the rise associated with inftiation, However,
systems which are marginal with respect 10 growth
or propagation of explosive reaction will vaually
fail in the low temperature test,

Interestingly enough, the most noticeuble
effect of low temperature upon stable detonation
results from the shrinkage in volume, Because of
the higher density at fow igmperatures, deronation
velocities and consequently detonation pressures
are higher. The increases, of course, are too small
to have practical signficance, Where propagation
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tirne is oritieal and must be synchromized with &
process which is independent of temperature, this
effect, now accentuated by reduction in distance,
can be a source of dithoulty »

8. ENVIRONMENT

39, Chemicol Inleractions

Table 23% gives the compalibiliies of ¢cxplo-
stves with common metals used in military con-
struction and with g fow other materials. More
complete dataregarding reactions of explosives with
metals have been compiled in several studies.zss

Of the reactions of explosives with metals,
that of fead azide with copper deserves special

comment, Although this reaction is relatively slow,
even in the prosence of moisture, some forms of
coppet azide are so sensitive &5 o Creale o serious
hazard cven i minote guantities, particularly when
in contact with jead azide, For this reason, it is
desirable to utilize only conmainers of aluminum
and stainless steed.

The compaubility of explosives with a jarge
number of plastics has also been studied ® 1t wag
shown that the following types of plastic have
negligible effect on explosives and are themselves
unaftected:  acrviates,  cellulosics.  ethylenes.
flusracarbons, ayien, properly cured unmodificd
phenolics and siticones.

An mmportant olass of explosive materials )y
that of mixtures of fuels and oxidams. Osidants
are added to explosive compounds like I'NT which
are deficient in oxygen. Although the compounding
of explosive mixtures is bgyond the scope of (his
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TABLE 23. COMPATIBILITY OF HIGH EXPLOSIVES
WITH METALS AND MISCELLANEQOUS MATERIALS
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handbook, a fow remarks regarding the reactions
of some of the oxidants may be useful as a guide to
designers who spegify mixtures containing them.

Many of the oxidants used are nitrates,
chiorates and perchiorates. Water solutions con-
taining these fons are highly corrosive to metals,
The alkaline metal salts, with the help of a little
moisture, will pit aluminum quickly. The trend
awsy from potassium chiorate in priming mixes is
part of the effert fo reduce corrosion. Where
explosives are used which contain metailic nitrates,
chiorates or perchiorsies in contact with metals.
particular attention should be given the exclusion
of moisture,

In deluy compositions, these corrosion prob-
lems have resulied in widespread use of chromates
which, in addition to being insoluble, tend 1o inhibit
corrosion,

Mixiure containing ¢hlorates and perchlorates
in combination with organic materjals tend to be
quite sensitive, There huy boen a general reluctance
to use such mixtures except as primary explosives.
An exception has been ammonium perchlorate,

40, Sirsvlation of Impact

a. Laboratory bmpuct Tests, The objection 1o the
faboratory impace fests desoribed in Parageaph 22
is that the explosive sample does not simulate
those in actual use. Hence, a stapdard maghine
was adapted 1o the testing of pressed and cast
military explosives by the vse of modified tools in
which one inch by one inch evlindrical pellets are
cast or pressed directv?® The data are given in
Table 21, Other bmpact lests arg doseribed in
Paragraph 107,

&, Bufler impacr. The standard bullet impact test
consisis of shooting i a capped pipe nipple, loaded
with the explosive 1o be tested, with a caliber 30
rifie builet fived from 90 feel, The text is deseribed
in Paragraph 107 and data obilained are given in

Table 21. Some of the uncontrolled variables have
becen eliminated by the use of a test bomb with flat
target surfaces in which both thickaess of the target
plates and explosive column length may be varied
conveniently. Some of the effecis of such variations
are shown int Table 4.2 Note that the sensitivity
increases both with plate thickness and charge
fength.

In the buzllet impact tests of other explosives,
both aluminum and steel target plates were used in
thicknesses ranging from ¥az to %s inch. Most of
the explosive specimens were three inches long,
but four. five, and six-inch columns were also
tested. To the extent that it was significant, the
effect of charge length vuried with the explosive
and with the criterion used io determine whether
or not a charge was initiated, The general trend
toward more freguent end vigorous reaction with
increasing target plate thickness, a5 noted in Table
24 scemed to apply fo most explosives tested.
Initiation wus also more frequent with steg] plates
than aluminug, These effects of plate material and
thickness were referred 1o as confinement effects.

Another interpretation is that the heavigr
plates serve as more effective anvils for the initia.
tion of the explosives by sgqueezing or pinching as
the explosive approaches the back plate. One
aspect of this interpretation, that initiation some-
times occurs as the projectile approaches the reay
plate, was the subject of another Investigation”

o Muxy Pmpact. in the course of use, mililoy
explosive charges are often brought 10 rest from
high velocities by impact. Whether the impact s
intentional or gegidenial, it is usually undesirnble
for an explosion o result. Explosion due 1o targel
impagt is usually deflagration, low order detonation
ur, if high order, it starts from the wrong place orul
the wrong time. The undesirability of explosion of
accidentally  dropped  or jettisoned  charges s
ubvious,

TABLE 24. BULLET SENSITIVITY OF 50/50 PENTOLIE

Cotenin Plite Avg. Ohserved Efects s
Lenpth  Thickness  Deavity Fyatarrition
finein lineh) tgenfve)  Uwaffected  Smoke  Burning  Fustici omplere

H 0.146 .68 ¢ 10 ¢ £ G

H 0250 1.66 0 9 } i i

§ 0.375 1.69 i 2 7 £ £

2 0.146 .58 )} { 3 é o

2 0250 167 1] 0 3] g i

2 0.375 1.63 1 | ¢ 4 4

3 0. 146 b62 0 0 3 T &

3 1.230 1.63 { 0 i & 4

3 0.373 1.65 0 0 it 2 3
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The armor plate impuct test and bomb drop
test, which are described in Paragraph 107 and
data from which are given in Table 21, are direct
tests under particular sets of service conditions.
Clearly, the velocity or drop height which will
result in an explosion can bhe expected to vary
substantiaily with such factors as the design and
striking attitude of the ammunition and the nature
of the surface # sirikes.

41. Sethack Acceleration

The setback acceleration, experienced by
prijectibes as they are propelled from guns, has
been the subject of much research. Although this
work has been specifically concerned with setback,
maost of the principies and hasic data are equally
applicable to the assessment of effects of accelera-
tion of similur magnitude from other causes such
as water entry and targe! or earth impact,

Tabke | Hists some typres! magnitudes of accel-
eralion to which weapons are subjected in (he
course of their use. More specific data are usually
available to the designer of components for a
particutar application. Effecis of these accelera-
tions on inert componenis may be computed by
conventional applied mechanics? Failure of mes
chanical components as a result of acceleration-
induced stresses may, of course, resull in the
application of impact of sufficient magnitude to
initiate an explosive charge. Some types of explo-
sive charge, including shaped charges for example,
are strongly dependent upon both configuration
and point of initiation for their effectiveness, The
explosive material is part of the strugture which
maintains such configuration,

Typical setback accelerations experienced by
projectiles are of the order of 30,000 times that of
gravity ® The scceleration increases from zero 1o
its maximum value {see Figure 31) in a few millis
seconds. The duration of the acceleration period is
long compared to the transit time for a compression
wave 0 the material, byt short compared with the
time required for significant heat transfer. Thus, the
compeession which resuits may be considered
essentially adinbatic. If the explosive is considered
1o behave as a 8uid, the pressure £ at the base of
the charge cuvity s essantislly 1the weight of a
column of explosive of unit area, and length equal
to that of the explosive charge, multiplied by the
acceleration n g's.

Pi,gmi) = {.3-935 p{ym;r'r‘%a{w L(i'n,? { 2?)
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Figure 31. Typiral Fime-Acieieration Curve for Projectife
While in Gun

In a typical projectile with an explosive charge
of Composition B {g, = 1.73, ten inches jong. the
pressure at 30,000 g's would come 10 abour 18.300
psi. Bince this pressure is severad fimes the 2,200
10 3,000 psi compressive strength for Composition
B, the assumption of fuid behavior v quite valid,

The apparatus for the measurement of the
sensitivity of explosives o fmtiation by rapidly
rising pressure. such as that due 10 setback, 1s
descritul in Paragraph 107, Setback sensitivity
data so obtained for various explosives are Hsted
it Table 21,

The setback initistion pressure drops Hnearly
with increasing temperature 1o zero 4 the cook-off
temperatuce. This  ingrease in sensitivity  with
ingreasing temperature can raise the probability
of borg prematures where projectiles are jeft in hot
gurt chambers for appreciable periods before firing.

[t was found that, when separation of charge
hase from projectile was simuinted by separation
of plunger from specimen in the test apparafus,
the critival setback pressures were substannially
reduced (e Table 2518 This increase in sensitivity
i% said to be related to initiation of the explosive by
the adiabatic compression of the air,

Findings that cavities such as bubbles. inci-
dental to the casting process, and grit inclusions

A ek e

TABLE 28, CRITICAL SETBACK PRESSURRS OF
EXPLOSIVES OF YARIOUS BASE SEFARATIONS

Fregsere ipsit”

Ne Yig iy, L frn
Explosive Nepuratiog Sepuratite Nepatulion
Compuosition B B 500 37000 1,106
Cyelotal 75/25% R0 IR0 -
TMT 86000} 3T AR P800
Tritunal 80728 87,000+ - -

" Maximum sciback pressurs al which cxplosive canno! be
initiated at 125°Ffin. 23 of more shots.
tExtrapoiated (5% point.



can cause subsiantial reduction in critical setback
pressures have resulted in the following suggested
provisions in projectile loading standards!®2830

{a} ™o cavities should be permitted at the
imerface of explosive charge and inside base of
the projectiie.

{b} No cavity should be permitted in the explo-
sive charge ciose 1o its base.

{c} Mo gritshould be permitted in the projectile.

{d} No prigectile with deep gouges on the
imerior surface at the base area should be accepted.

42, Other EHacis

g. Vibration, Mo evidence is avaijlable which indi-
cates that explosives as such are affected by vibra-
tion of the types to which ordnance items may be
subjected. As structural materials. of course,
explosives may be severely damaged by vibrations.
inchuded i such structural damage is crumbling,
after which smull particles of explosive, under the
influence of strong vibration, may move consider-
able distances amd become lodged in crevices where
vibrational friction or repeated impact might rosult
in initiation, The prediction of such conditions
cannod be reduced waformula, Howevar, for items
suhiect to vibration, some consideration should b
given the resonant properties of explosive and
inert struciures,

Standard fests 1o simulate vibrations to which
materie s subiect are deseribed in Paragraph 110,

b, Friction, The sensitivity of explosives (o Miction
is well known from a gualitative point of view, but
meaningiul guantitative technigues for its measure-
ment are nof included in the standurd explosive
iaboratory procedures. Some data are given in
Table 26 and the testis described in Paragraph 107,
Their quantitative applicability to practical probe.
fems s not glear. Sitsations in which explosives are
subtect to Frictional movement should be carefully
avoided in design, as well as in handling and loading
practices, At least one fatsl accident has been
aseribed 10 TNT I oserew threads ¥

e, Elecriciry. The electrical influences 1o which
materiel s exposed are discussed in Paragraph 7.
The most serions clectrical problems stem from
the possibifity of initiation of electric initlators by
spurtous signals. Paragraph 50 contains informa-

tion regarding the input characteristics of such
iterns. Normally as eleciric initiator cannot dis-
criminate between intentional and accidentally
applied signals.

Static electricity can be s source of spurious
signals for the initiation of electrical items and, in
addition, is a hazard 1n the loading of explosives.
Sensitivities to static electricity of powdered explo-
sives arc given in Table 20 and tests are described
in Paragraph 107, Except for primary explosives,
most explosives are guile insensitive 10 static
electricity after loading. However, most pressed
explosives {with the exception of plastic bonded
expiosive) are subiad! to & gerfain amouni of
crumbling and chulking ot exposed surfaces. If
such attrition of the surfuces is not prevented by
appropriate coating or ather covering, 1he powdered
material can constiinte a siatic hazard. Installations
where initintors or bulk explosives are handled or
stored should be made with conductive floors and
bench tops and all personnel should be properly
grounded by conductive shoes, bracelets or other
means, ¥4

d. Ireadicrion. Most materiel is packaged to ex-
clude infrared, uliraviolet and visible radfation and
the likelihood of any appreciable dosage of Xeravs
ar nuclear radiation seems remote.

Primary explosives, including lead and silver
aride, decempose when exposed 1o visible and
ultraviolet light, At intensities many hnes-highor
than that of direct sunilight, 2 number of investi-
gators huve becn able to initiate some of these
substances by such radiaton® The initiation s
found 1o be basicaily thermal aithough thers is
some evidence of photochemical action in some
cases. Decomposition under usual daylight or
artificial ilumination is 100 slow 10 affect these
malerials in the exposure iimes associated with
ordinary loading. However in the louding plant,
exposare of fead azide 1o direct sunlight is avoided,
Decomposition of secondary explosives by visible
or ultraviolet radiation i generally oo slow to
detect.

Diata obtained on the effects of exposure to
gamma raciation at an average rate of 108 r/hr are
summarized in Table 263 Note that the effecis on
mast materials are guite small and that the greatest
effects are those on lead azide.
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TABLE 26 OATA OBTAINED FROM EXPLOSIVES AFTER EXPOSURE TO GAMMA RADIATION

Weight of sample ig} .
Volume of yus produced fmifal in the following
times {days}

Tolul irradiation time {days}
Purity of sample, by chemical analysis {%)
original material
irradiated material
Melting points, correcied O}
ariginal material
irTadiated material

Sensitivity to impact, Picatinny Arsenal machine (in.)*

original materisl
irradiated material

Sensitivity to impagt, Bureau of Mings machine {cm)*

original materiol
irradiated material
Sand tost,
sample wis ;gmmé by
original material
irradiated moteriol

fack-powder fuse only

Sand test, 2450 g homb, grams of sand crushed when

sample was inttisted by 0.30 g ol feud azide
originel material
irracdiated material

206 g bomb, gmzzzs of sand crushed when

Lead Lead BHeredisi- Niro-
INT Terryl RDX tzide  siyphate rophensi glyrerin
S 5 ) 2 5 2 i
0.02 0.10 016 110 003 15 28
0.04 0.20 .44 1.95 8.07 133 58
0.06 0.35 0.87 2.90 3.0% 3.2% 1.5
0.08 0,48 1.49 3.95 564 4.8
.11 0.66 - 5.30 (}. 3y 7.2 i3]
0.20 1.40 - - 932 - -
94 S0 44 52 a0 45 56
- - - 43.08 - - -
- - - 89.04 - - -
§2.1 128.4 204 8 - - -
RO.S 127.8 204.8 - - - -
- 9 3 & 2 -
- 3 3 & 2 -
95 28 40 63 pat} 4 -
A 26 25 75 2 i -
- - - A 14.1 2i -
- - - 187 14.3 H s
Al.B 6.4 &l - - - e
5001 j6.0 62.0 - - -

* Minfmum height of fall of 2.0 kg weigh! 0 produce at least one explosion in ten trials,
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PART TWO —DESIGN CONSIDERATIONS

43, Introduction

Explosive materiel serves its function only if
expioded at the intended time and place. The fuze
is the mechanism which senses these circumstances
and initiates the sxplosive reaction in response (o
the stimulus generated by target impact, proximity
or some other circumstance or combination of
circumstances 1o which the fuze is designed 10
respond,

The first explosive component or initiator is
that explosive charge which starts the explosive
reaction in response 0 the initiating stimulus. At
the other end of the train is the main bursting charge
which produces the desired effect at the target, The

intervening components establish a defonation
wave, introduce the desired delay, guide the detona-
tion through the required path and augment the
detonation,

This part is concerned with each of the explo-
sive charges which make up the explosive {rain,
Each is described, its characteristics are specified
and design procedures are given. In addition, there
are presented a number of other explosive charges
used as auxiliary devices, such as actuators, or the
related field of demotition devices, such as destrue-
tors and explosive bolts. Finudly, methods of load-
ing and fabrication and techniques for evaluation
procedures are discussed,

CHAPTER 5

PRIMERSY AND DETONATORS

A. DESCRIPTION AND SELECTION
44, Function and Corstruction

The first element of the explosive train is the
initiator. it responds to the target stimulus received
by the fuze and starts the explosive reaction,
Initiators are classified according 10 the nature of
the stimuius 1o which they are designed 1o respond
as stab, percussion or glectrie and according 1o
their output characteristics sy primers, detonators
or squibs,

A primer is  relatively small sensitive axplor
sive component used as 3 first element in an
explosive train. As such it serves as an energy
transducer converting mechanical or  electrical
energy mio explosive energy. In this respect, the
primes is unigue ameng the other explosive com-
ponents in & train. A primer, which is loaded with
sensitive material, has a relatively small explosive
output and will not rehably initinte secondary high
expiosive  ¢harges. Somelimes, however, the
purpose of the primer is performed for convenience
by a detonator. A squib is 1 type of electrically
initiated primer.
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A detorator is a small sensitive explosive
component which s capable of reliably initiating
high order detonation in the next high explosive
element in the explosive train. it differs from the
primer in that (ts output will initiate reliably sec.
ondary high cxplosive charges. §t can be initinted
by nonexplosive energy. in which case it includes
the action of a primer, o1 by the output of the primer,
Furthermore, when scted upon by sufficient heat,
or by mechanical or electrical energy, it will
detonate,

Primers and detonators are housed in cylin-
drical cups of aluminum, stainless steel, copper or
gilding metal. The opes end is sealed with a closing
disk of metal or of paper over which the end of
the cup iz crimped. bo case of electric inflintors, the
cup 8 crimped over the plug which contains lead
wirgs or contact pin. Prirmers contain an explosive
priming mix while detonatory contain three charges.
primary, intermediate and base, although sometimes
twa of these are combined, The primary charge is
near the input or acceptor end and the base charge
is near the output end,
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45, Initiotor Types

a. Stab Initigters. The stab initiator is a rather
simple #em consisting of a cup loaded with explo-
sives and coversd with a closing disk. It is sensitive
to mechanical energy, A typical stab detonator s
shown in Figure 32

b. Percussion Primers. Percussion primers differ
from siab initistors in that they are initiated and
fired without puncturing or rupturing their con-
tainers, They are therefore used in fuzes mainly as
initiators for obturated (sealed) delay elements.
The exsential components of a percussion primer
are a cup, a thin layer of priming mix, a sealing disk
and an anvil. Initiation i5 accomplished by a blunt
firing pin which squeczes the priming mix between
cup and anvil. Typical percussion primers are
shown in Figure 32, In general, they are less sensi-
tive than stab ipitiators (12 in-0z is a typical “all-
fire” point). Percussion primer cups are constructed
of ductile metals, commonly brass, in order to avoid
rupture by the firing pin.

o. Flash Detonarors. Flash detonators are essen.
tadly ilentical in copstruction to stab initiators,
They are sensitive to heal, A typical flash deronator
s shown in Figure 32, Flash detonators are qon.
sidered to be initiators for convenience of grouping
even though they are not the first efement in the
explosive train,

d. Electric Initiaiors. Bleotric primers and electric
detonutors differ from stab jnjtiators in that they
contain the initiation mechanism as an integral
part. They constitute the fastest growing class of
explosive initiators,

Several types of intliation mechanism are com-
monty empioyed in electric initistors: hot wirg
bridge, exploding bridgewire, film bridge. condug-
uve mixture and spark gap. While these types,
depending on specific design, may or may not pro.
vide ipitiators with large differences in input
sensitivities, they do exhibit different electrical
characteristics. Typical electric imtiators are shown
in Figure 33 Elecwrical contact is by means of Iwo
wires. by cenler pin and case, or occasionally by
WO pins.

To Irmbicate conspuction, Jet us examine a wire
lead imitiator. Two lead wireys are molded into a
cylimsdrical plug, ussuslly of bakelite, so thal the
ends of the wire are scparated by a controlled
distance on the Hat end of the plug. This gap can
then be bridged with a graphite film or a bridge wire.
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e. Squibs. Metal parts of squibs are identical to
those of eleciric inftiators. A typical squib s shown
in Figure 34, A low explosive, flash charge is pro-
vided ta initiate the action of pyrotechmic devices.
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F.o Grouping of Initiatar Types. Primers and detona-
tors are commonty placed into fwo groups, namely
mechanical and eiectrical. Electrical includes those
which are initiated by an electric stimulus while all
others are mechanical, Therefure, the mechanical
group includes not only percussion and stab ele-
ments which are initinted by the mechanical motion
of a firing pin but also flash detonators which are
included because of their similarity in construction
and sensitivity. As & group, electric initiators are
more sensitive and differ from the mechanicnd group
in that they contain the initiating mechanism, the
plug, as an integral part.

One interesting detonator Culs aoross the two
groups. the stab-cleciric detonator. {1 iy an ine
genious adaptation of the buuon type electric
fnitiator in which the pin is replaced by 2 small-
dinmeter stab detonator (see Fig, 35). It is intended
for wse where @ detonutor is initiated either by
means of a stab firing pin (which is centered) or by
means Of an electric pulse (applied 1o oulside case
and stab case as contacts). The two components
are designed as conventional separate detonulors
except that the stab element is small

Pelay detonators are those initiators which
contain a delay charge afler the priming charge so
as 1o introduce o time delay in the output detona-
tion. These are discussed in Paragraph §7,
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44%. Basas for Selecting on Initiatar Type

in selecting an Initiator for a specific task, one
must consider two main criteria, input and output.
For the latier, both type of output and time in which
this output is ¢ be dclivered are important. In
addigion 1o these main criteria, size, weight, cost
and reliability should also be considered.

With regard to initiator input conditions, it is
probable that the design of the rest of the system
hay wirgady established whether an electric or
mechanical initintor is to be used. If not, the de-
signer is fres 1o choose any sysiem which solves
his probiem most easify. Mechanical initiators are
usually simpler o use than electric ones. IT the item
is to be completely sealed, a percussion primer is
indicated over a stab primer. The need for fast
functioning times, less than a few hundred micro-
seconds, of for functioning an initiator which must
be vremotely ocated from the source of power can
be satisBed most casily by the electric type.

Omnce having sclected the general method of
initiation, the next consideration is that of sensi
tivity. As a general rule. the designer should use the
east sensitive item availuble that meets his other
requircments, Stab detonalors are more sensitive
than percussion detonstors, Electric initiators can
be made 1o fall anywhere In a wide range of sensi-
tivities, Initigtion by friction or spark cannot be
¢losely controlied so that components initiated in
this manner are suitable in only those rare instances
where sensitivity is of 80 concern,

in the case of mechanical initiators, the
designer will select the firing pin 50 that he has
compiete control of the initiation mechanism. For
etectric initiators, on the other hand, the power
source may be lovated efsewhere in the system and
may have other functions 10 perform. In such in.
stunces, ¢iose coordination wilth the other systems
people mvolved 15 mandatory so that the initiatoy
will be ¢ertain 1o receive the correct stimuius.

For cach waniator, definite firing input condi-
tions are specified, I is wise 10 hold very ¢losely
10 these conditions. For example, if the specified
input should be designated as 300 volts from a
0.001 microfirad  capacitor, then the dusigner
should make certaln that intervening circuitry
between capacitor and initiator does not reduce
the amplitude or modily the wave shape deliverad
to the imitator. The assumption that 4 steilar
amont of energy delivered rom a different size
capacitor will fire the mmivator is risky indeed.

At 1he same fime the designer selects a type of

initiation and an input condition which is compatible
with his system, he musi consider the type of output
desired. As in the case of input, the first choice is
relatively simple. The application of the system
should indicate whether the output is to be a
detonation, a flame or & mechanical function. If, for
example, the initiator is 10 be the first element of an
explosive train leading to the detonation of high
explosives, then the designgr requires a detonation
as an output, Unforwnately, avaifable output data
are more sketchy than input data so that firm.
guantitative choices of ouiput are dithicull 10 make.
Adequate testing is usuully required.

In addnion to the tvpe of ouiput, one is usually
concernad with the functioning time of the iniliator,
which is the interval from delivery of the input 1o
the initiator until the output «of the inillafor is
realized. {f very fast initiation it reguired, an
initiator using fewd zzide wx its initia) charge will
probably be necessary, Somewhat lower acceptable
limes may permit the use of lead styphnate as the
initial charge. Functioning times are usually pub-.
lished as a function of the input stimuli’

Lo addition to these criteria, one must consider
size, weight and cost, The smallest and simplest
device 15 the least expensive, and ingidentally the
most reliable, but it s limited in versatility. sensi-
tivity and functioning time. Size and weight are
always of some importunee but are relative. They
can become oritical in the case of a 20mm fuze
while they may be kess imporiant in a jarge missile,
In the same manner, the urdt cost of an item can be
critical if the application calis for millions of devices
while it may be of fittle concern i a relatively few
items are (0 be made. High reliabiliiy is expensive
but the desigmer has a0 choice but w meet this
spegification when i is roguired.

Hence, the Bases for selecting Initiators are
net clenr eut andd reguire considerable engineering
judgememt. Two hinty may be offered 10 simplify
this task. First, initintors have been developed by
the military agencies along certain family lines so
that a specific input may be tied 0 a seres of
explusive components with  different  mounting
systems. outputs, and fusctoning umes. Con-
versely, a specific type of output can be traced buck
to an assortment of initigtors reguiring differing
inputs, Vhese family groups greatly facilitate finul
selection. Second. manyexplosive traing of different
types exist which have a record of proven per-
tormance. Compilations of such past practice make
for s good starting place .’



B. INPUT CHARACTERISTICS

47, Stab initinlors

a. Initiztion. The Bring pin gsed for stab initiators,
a truncated conical pin, is shown in Figure 9.
Firing pin characteristics and the relationship of
firing pin velocity to sensitivity are discussed in
Paragraph 22.

Table 27® lists the compositions of common
stab and percussion priming mixtures which are
used by the Armed Forges.

b. Effects of Bisk and Cup Thickness. The energy
required to fire stabh inifiators increases nearly
linearly with the thickness of metal which the firing
pin penetrates. The zero thickness intercept of the
drop height curve may be presumed to be the
engrgy necessary to plerce the metal. Although
data are not on band, it might be expected that use
of stainless steel rather than aluminum in this
application would resull in aless sensitive initiator,
There is every reason to expect that this relation-
ship interacts with other variables such ay firing-pin
dimensions ang tolerances and the composition
and density of the priming mix.

c. Effecss of Test Apparaius. Sensitivities of siab
initiators are usually specified in terms of weight
andd hetght, measured with some standard test
apparatus {(see Paragraphs 22 and 107), Often the
firing pin is not changed in design when the dropped
weight is varied. As the weight is reduced o
approach that of the firing pin. motion of the pin
and energy dismribytion in the system begome
quite complex.

The support of the primer is also imporant,
Cushioned support can make an item seem much
less sensitive than it is,

Care pust also be twken that the movement of
the firing pin is 0ot restricted $0 thal ity penetra.

tion is less than that which would result from free
movement under the action of the drop weight.

48. Percussion Primers

a. Initiation. Percussion primers are fired with
round-nosed firing pins. A typical radius is about
0.050 inch, but variations hetween 0.023-inch
radius and flat had little effect on sensitivity in one
investigation.? Other firing pin charagteristics and
the relationship of firing pin velocity {0 sepsitivity
are discussed in Paragraph 22. Poaming composi-
tions are listed in Tabie 27,

h. Sealing Disks and Cups. The muterial and thick-
ness of sealing cups affect the seasitivity of per-
CUsSsiOn primers. As &n exampie, data for the
MARK 10( Primer are given in Table 282

TABLE 248. EFFECTS OF SEAUNG CUP
QR DISK ON SENSITIVITY

Thivkness 50 Firing Height Std Dev

Seal Limch} tnehy | linch)
Paper disk 0.003 £5% .41
Tin disk 0.043 174 T
Copper disk 0.003% 4.04 .54
Tin cup (OGS & %3 .63
Copper cup 0.042 339 .68
Lopper cup 0.003 4.1% .64
Copper gup 0.004 4.83 8491
Lopper cup (08 5.4 1,88

Frirmee MARK 101, 4Cunce Bl

In a test of the effects of cup bardness, in which
cups ranging from 31.2 10 105.7 Vickers Hardness
were used, the trend toward higher drop heights
with increasing hardness was apparent but was
neither practically aor statistically significant.

¢. Qther Variables. Loading pressure has a neg
ligible effect upon sensitivity of percussion primers
in the range (rom 10,000 10 60.000 psi. Mixwres
which do not contain highly soluble compongnls
are sometimes loaded wet without significant effect
on input properies,

TABLE 27 COMMON PRIMING COMPOSITIONS

£A70

Camposivion (percent by weight}
FA90 PAln0 pator 703

WWWWW NOLLG K01 130

fead Styphnate, Busie -
Load Styphnate, Normal -
Barium Nifrale -
iead Azide -
Tetragene -
tead ThHoxide .
Catciun Silicide -
Aluminun Powder -
Artimony Sulfide 17
Lead Suiphocyanaie 25
PETN -
THYT £
Potussium Chiorate 52
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Alhough quantitative data are not available,
it is clear that firing energy requirements can be
expecied to increase with thickness and hardness
of the primer cup, and with thickness of the layer
of primer mix between anvil and cup. Movement
of the anvil can drastically reduce the sensitivity
to normal Bring pin action, while increasing the
sensitivity to accidental jurs and vibrations. Firm
support of ihe primer is essential.

49, Flash Detonators

a. Initintion, The input characteristics of flash
injtiators are difficult to characterize in terms which
are significant indications of performance under
usual conditions. Flash initiators are ysually initi-
ated by the spit of a primer, the heat from a delay
column or other action of previous explosive
eloments. The exact mechanism of initiation varics
with the application. {n some cases, the flame may
ignite the explosive; in others, either the impact or
heat of solid particles or & shock wave may play
important roles. No useful, quantitative resulls
have been oblained with gap tests, See Paragraph
21 on adiabatit compression theory.

b. Effect of Explosive ar Input Iond. Although UL 8,
fiash detonators have lead azide at the input (also
called sensitive) end, lead styphnate has been used
in a aumber of foreiyn ftems, Tests indicate that
such Hems should be appreciably more sensitive
than Jead azide items, Although no data are at hand
1o support this view, possibly finer particle sizes
and lower loading densities should resull in more
sensitive items. The fact thar flash detonators are
igrited by rather diffusely distributed heat might
encourage the idea that marterials like tetryl and
PETN, which bave rather low ignition tempera-
wires, might be effective at the input end of a flash
detonator. However, these materinls sre much less
sensitive 1o heal pulses of short duration than lead
azide or tead styphnate.

¢. Effect of Construction at fnput End, According
to & gas blast tester, a flash detonator, in which the
sensitive end was the unpierced botlom of an alum-
inuen cup coined 10 0.003-inch thickness, required
a8 pressure about three limes as high for initiation
ay ore with 8 closure consisting of a paper disk
$.001 S-inch thick held in place by an aluminum
washer crimped inlo the cup. The sensitivity of
flash detonators to initiation by hot gases is deter-
mined largely by the heal Aow patterns and resull-
ing thermal gradients. A factor which undoubtedly

contributes to the insensitivity of the coined bottom
detonator is the centinuous mefal path from the
bottom around o the sides. Although the paper
disk, as a better insulator, impedes the flow of heat
from the gas 1o the sxplosive, it alsc impedes the
transverse flow to the edges which distributes the
heat more easily.

50. Electric initiators

a. Input Sensitivity. The iaput characteristics of
electric initiators are subject to precise control over
quite remarkable ranges. Hems have been designed
with threshek! firing eaergles canglng from Jess than
one erg to hundreds of thousands of ergs. with cur-
rent requirements from hundredths 10 hundreds of
amperes, and resistance from a few hundredihs of
an ohm to tens of megohms.

Determination of input seusitivity of electro-
explosive devices reguires sophisticated 1esting
equipment and is considerably more involved than
that of stab and percussion detonators. For o
discussion of inniation theory, see Parpgraph 2)
and for detaily on testing of the ftem, see Paragraph
B, Inpuwt characterisites of spemfic electro-
explosive devices are recorded in the Elecwic
Initiator Handbaok’

Input sensitivity varies sharply with the type
of transducer. Each type, hot bridgewire, cxploding
bridgewire, film bridge. conductive mix and spark
gap, must thereforg be ¢onsidered sepurately,

b, Hat Bridgewive dniiators. Of all inhisors,
those in which explosives areinitiated by glectrically
heated wires behave most precisely in the manner
which can be fogically anticipated. For1his reason,
detonatars of this 1ype can be designed quite
readily and precisely {0 any desired inpul charac.
teristics, within the relagvely broad Nmits impoesed
by properties of availuble materials, and the rather
simple laws which govern their behavior,

(1 Flash Chuarge Explosives. The explogive in
direct contact with the bridgewire is known us the
flash charge and sometimes as the spotling charge.
Relative sensitivities of o pumber of explosives
are given in Pable 7. Normal lead styphnate has the
broadest general use at present. For applications
where extremoely rapid response {s needud, lend
azide has been uyed. Lesd azide s also finding
application b initigtors which are reguired 10 with-
stand extremes of temperastures over the extended
ranges of modern missile applications {see Para-
graphs 36 and 371 NP
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Since the sepsitivity of hot bridgewire initiators
is determined largely by heat-flow patterns, both
particie size and loading dessity have important
effects on sensitivity. Three aspects of heat-flow
are involved: transfer between wire and explosive,
dissipation through the explosive from the heated
surface and longitudinal Bow through the wire
(end effects}. OOF these aspects, sensitivity is in-
creased by the first and decreased by the other two.
The use of explosives of very fine particle sizc
results in improved coniact between explosive and
wire and, at the same time, reduces the bulk con-
ductivity of the explosive. Explosives have been
ground in ball-milis fo take advantage of this
tendency, It was found that milling for longer
periods resulted in more sensitive initiators)
Maore recently, both lead styphnate and lead azide
have been manufactured by processes involving
raptd precipitation. The materials so produced
are referred to as colleidal. Information sbout these
materials is given in specifications MIL-L-17186
for normatl lead siyphnate and MIL-L-3055A for
lead azide. Basic lead styphnate, as procured under
specification MIL-L-16355, has particle sizes in
the range between § and %5 microns, which is
highly satisfactory for flash charge use.

Louding density or pressurg, as it is increased,
may increase sensitivity by improving contact
between wire and explosive or decrease it by in-
¢reasing the rate of dissipation of heat through the
explosive. In lead styphnate, loaded a1 pressures
between 1000 and 4000 psi, the latter trend appar-
ently dominates. On the other hand, lead azide
loaded at pressures between 3000 and %0000 psi
becomes moreg seasitive with ingreasing loading
pressure,

(2) Bridgewire Resistance. The resistance of a
bridgewire is given by
R w 0,0005Lr ) (28)

where the resistance R is in ohms, the length L
and diameter o are i omils, and resistivity r, is
in microbme-gentimeters, Resistivities of ¢ommon
bridgewire materials are given in Table 297
TABLE 9. RESISTVINES OF BRIDGEWIRE MATERIALS
' Resistiviry {mivrobmacentiseters)

Metui @1 2 at SO0
Tungsiern 53 20
Platinueg Y 30
Platiaues indium

QG4 24 32
810 3 43
Wichrome® HEY 120
Tophat £+ Y 132

* Propricury alloy of Driver-llurrs Co., Newark, N. L.
t Proprictary alloy of Wilbur Diiver Co., Newark, N, L
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{3) Firing Energy and Power. Az potnted out in
Paragraph 20, the assumption of 3 fixed initation
temperature is a valig¢ approximation. In combina-
tion with the relatively small variation of velumetric
specific heats of solids {iHlustratesd in Fig. 5, this
approximation can be extended 1o the general rule
that the firing energy requirgment i proportional
to the volume of the reaction nucieus, and {urther.
the volume of the reaction nuclouy is proportional
to that of the bridgewire. Both the wvariation in
critical temperature with size, and the effects of
end losses are accounted for i the empirical
equation

W= 23+ 4507 {29
where W, is the threshold firing energy (50% point)
in ergs

d is the diameter of the bridgewire in mils
L is the Tength of the wire in mils

This equation 6Hits available data within ten
percent for lead styphaate loaded either at 3000 10
000 psi, or Ubuttered” or “spotted.e

O the basis of a fixed mitiation temperature,
the threshold power for initiation should be thut
required to attain equilibrium with the josses at
thut temperature. Experimental daty indicate thal,
for short bridgewires where end iosses dominate,
the firing cuarrent requiremen; of lead stvphnate
joaded initiators is estimated from the eguation!d

1, = 0.4/R, {short bridgewire} {30)

where 1, is the current in amperes required for
fifty percent functioning, and K, is the resistance of
the bridgewire at (he firing temperature, which has
been assumad 10 be about 30UFC. Note that the
gurrent 15 independent of wire dimensions and
material,

For long bridgewires s semi-empirical eguation
has been dertved which refates the current required
to overcome the radial Josses and which aocounis
for the tendency for larger wires (o inhtiate Any ™
given explosive at a lower femperature®

1 e 23dIV s, Cong bridgewirel  (31)

where [, is the threshold firing current for a lead
styphoate loaded initiator with & bridgewire so long
that end effects are negligibie and r,. is the reds.
tivity of the bridgewire uf the inftiation lemperature.
Assumed values for Vr, are 4.6 for tungsten and
[1.5 for Tophet C.

The total threshold firing curreny, £, s given by

=N+t (32)



Howaever, sither {, or {; is usually so dominant thai
the othur may be neglected. Hence, bridgowires
are grouped into short or long class depending on
which term dominates in Equation 35,

As pointed out in Paragraph 21, the hyperbolic
relationship between power and energy applies
quite accurately 1o wire bridge initiators, Details
of the pulse shape are relatively unimporiant. The
average power, whether in the form of a damped
RC discharge or an oscillalory discharge, is the
important factor. The response of an initiator to
compiex sequences of electrical events is predicted
by

C.dTidt +yT = I*R (23)
The constants for Equation 23 are determined from
the fimiting throshoid energy and current (which
can be cakulated by means of Equation 32 for
W, and 353 for L) using the relations

7= W, (33)
yTy= IR (34)

For purposes of prediction of an absolute value

of T the tempesature of initialors is not important
if ¢, and v are computed by meuns of the above
relations. The quantity T, may be taken as S00°C,
which in practice has given rcasonably accurate
results,
{43 Response Times. Condenser discharge firing
times vary with flash charge material as well as
with bridgewire characteristics and firing condi-
tions. Table 3¢* gives functioning times obtained
in one experiment, Figure 36' shows functioning
times of some typical military items, Azide lpaded
items, in general, huve much shorter functioning
times than those {oaded with other primary explo-
sives, Since the functioning tme of a holwire
mitiator 1§ related to the ratin of the firing ensrgy
to the threshold Bring energy, the variation of in-
dividual threshold energdes within a 1ot (as indicated
by the standard deviation of the mean) is reflected
in functioning tmes,

In addition, such factors as particle size and
porosity, which uffect die growth of explosion, are
contributing facters in the varinbility of functioning
times, PFrecise conwol of these variables and of
those which dotermine threshold firing conditions,
can resull in highly reproducible functioning times.
Careful control in test items hay resulted in fung-
tioning times equal to calowated detonation transit
thnes within a few hundredihs of 8 microsecond
for firing corditions of 600 volis discharged from
& 0.0 macrofarad condunscer- 18,000 ergs com-
purcd with g thresheld of about {300 crgs).

Functioning timas =t relutively low steady
currents approach those predicted by Equation 33
which is a solution of Eqguation 235

y TR 4T,

(5) Typical Bexign Problem. Design 4 hol wire
initiator with a resistance of two chms, an all-fire
energy of 42,000 ergs, and a no-fire energy of
15,000 ergs.

Solution; Since firing probabilitics tend to be
normally distributed, with respect to the logarithm
of input energy, the Bty percent point should be at
the logarithmic mean of the all-fire and no-fire points

(35)

Wie= 15,008 % 42,000
;'Vr = 25,{}{33

From Equation 29

W 250 450 L = 25000
7 of MR b
Assuming & Tophet
Equation 28

R == 0.0005r Lid® == 2 2= G.O008 ) 110 x Lfof*
Lid® = 36

Solving for L and 4, we get

(LI PL) = 1= 55 % 36
L o= 45 mils -

C bridgewire and using

andl
P 8748 e | 22
d= 1.1 mils

Thus, the requirements arg met by an initiuor
with a lead styphnate fash charge wal o Tophet ¢
bridgewire 1.1 mil in diameter and 43 mils long. 1f
the mechanical design of the Hem makes a Jonger
bridgewire desirable. the requirements can be mey
with wires of lower resistivity. Where the length is
fixed by other considerations, Equation 29 niay be
solved for the diameter corresponding with the
given length. The bridgewire dimensions so ob.
tained may then be subatituted in Eguation 23 10
determine the resistivity corresponding with the
desired resistunce. A suitable material may then
be selected from Tebie 30 Should the value of
resistivity he below thar of available materiads,
“heat sinks™ can be used which are essentinlly blind
terminals 10 which the wire 1§ soldered at one or
more poinds along s length. The sguations are
applicd to the design of such a system by consider.
ing each segmont separately as a series clument.
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FABLE 30. FIRING TIMES OF HOT BRIDGEWIRE INITIATORS

Mitling Cupacitunce {microfarady

Time
Explosive (hr) 0.5 0.05 o007
Polyviny! Alcohal { ead Azide 24 .12- 1.26 1.09- 1.38 {45 500
Dextnnuied Lesd Azide b4 08- 2.43 1.12- 2.43 346 453
Siiver Azide 24 A3 1.47 I.(7- (.56 i9 - 13t
Silver Azide 64 .23- 189 1.23- 2.36 13 - 434
Normal Legd Styvphnate 24 & -12.5 10,0 -20.6 131 -374.4
Normal Lead Styphnate 64 {0 -13.7 10.6 -13.4 LD -3842
Basic Lead Styphnate 24 6 -13.1 11.2 -23.1 0.0 2300
Busic Lead Stvphnate 64 4 -13.0 12,5 -14.4 {6 - &0
Diazodinitropheno] 24 33- 9.00 10.0 -13.8 942 -362.3
54 mg loads of explosives, voltage of 450 volis. Times are in microsecomls.

Note that while hot bridgewire initiators are
more readily designed by cplculation than most
initiators, their exact input characteristics are
affected by a wide variety of variables which are
discussed above as well as in Paragraph 21. The
formulas are empirical and in reasonable agree-
ment with performance data of military fuze items
loaded with colfoidal or milled fead azide or Jead
styphnate, Since it is impractical w specify in com-
plete detail some variables {(such as particle shape,
particle size distribution and the degree of contact
between explosive and bridgewire) which have
been found to affect input characteristios, exporis
mental verification of these characteristics is always
necessary. I desired characteristics have been

specified within close Hmits, it is well {o be prepared
to adjust one or angther of the variables involved
after tests of a preliminary sample.

c. Exploding Bridgewirve fniticrors. As pointed out
in Paragraph 23, cxploding bridgewire {EBWY -
initiators are defined as those which fire only when
subjected to elecirical conditions conducive 10
explosian of their bridgewires. The initial charges
of EBW initiators are secondary explosives such
as PETN or REX. Hence, they are relatively vafe
from initiation by divect application of heat and
external mechanical influences (mpact or vibration)
or from electrical input of most any kind except the
highly specialized pulses for which they are
designed,
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if an EBW initiator is subjected to a gradually

increasing current, the bridgewire can burn. out at
some point without exploding and initiating the
explosive. The rate at which the current must rise
{di{dr} to result in fiing is an important character-
istic of an EBW device, For typical EBW initiators,
this rate must eguul or excecd 10® amperes per
second. Remembering that this rate is equal to the
quotient of vellage by inductance and that typical
firing circuits have output voltages in the range of
4 few thousesd volts, the maximum permissible
tnductance 15 of the order of a few microhenries,
which is close 1o the minimum practical value for
cireuits usable in ordnance. The high rate of rise
resuits in concentration in the ouler layers of the
bridgewire, and an incrense in the effective resis-
fance from the static value of a few hundredths of
an ohm 10 & dynamic value of a few ohms. In addi-
ton to these elecirical phenomena, the initiation
of explosives by exploding bridgewires involves
interactions of firing voliage and capacilance,
bridgewire dimensions, melting point, boiling point.
heats of fusion aad evaporation, resistivity, coefli-
cient of resistivity, heat capacity, surface teosion
in the lquid state, explosive composition, particle
size and shape snd the distributions thereof. charge
dimensions and confinement and some other factors,
Hence, ERW inltistors do nor lend themselves 10
precise calculation.
{1} Bridgewire Dimengions and Muareriuls, Clearly,
the smalier the volume of a bridgewire, the less
energy is required to cause it 1o explode. However,
a given amount of energy in a given circuit will not
necessarity result iy increasingly vigoraus explo.
stong gs the size of the wire is reduced, A smaller
wire, for example, will generally vaporize sooner.
i this occurs before the curremt approaches the
maximum  value, as determined by the circui,
most of the energy will be dissipated in an arg
discharge, generafly diffused in a volume much
farger than that of the ariginal wire. The resulting
explosion may thus be less intense than that from
4 barger wire. This effect, combined with the char-
acteristics of practical firing circuits amd  the
properties of explosives used, will cayse the thresh-
old firing energy or voltage of an EBW device to
reach minima al optimum values of bridgewire
digmetgr and length which have, unfortunately.
not yet been defined,

Of the materials tested, platinum, pgold and
copper have given ihe best results® Nichrome,
wngsten and silver, under circumstances for which
data are avaiable, reguire more energy than the

first named materials. Gold and platinurm have been
preferred because of their corrosion resistance.
(2) Explosive Marerials. PETHM is, for the present.
the most widely used initial charge material for
EBW detonators. RDX aad HMX WHICH uare
desirable because of their hetter thermal stability.,
are somewhut harder 10 initiate,

EBW devices are most sensitive when loaded
with explosives of very fine particle size at densities

“close to their bulk densitiex. The energy and voliage

requirements rise sharply with increasing (oading
density.

d. Film Bridge Initiaiors. Conductive ilms may be
applied 10 the surfaces of insulators by o vuriety
of techniques, including chemical precipitation:
painting; drying of suspensions and solgtions;
writing, as with & pencil, crayon. or pen: plating:
vacuum evaporation; sputtering and spraying. Most
of these techniques have been used at one time or
other o produce bridges which can be heated or
exploded to initisle explosive reactions.

(1) Tndtiation Mechanism. The inftiation mechanism
of film bridge initistors is complex (see Paragraph
210, Hence fim bridges cannot be designed by
computation as can hot wire bridge initiators.
Typicat complications result from the fact that
film thickness is much less uniform than iz the
diameter of u drawn wire and that various paths
exist between the electrodes. Where the film iy u
semiconducior with a negative resistance coeffi-
cignt, like carbon, variations in 8lm thickness and
path length combine with the negative resistance
coefficient to channel most of the current into one
or o few preferred paths. Simce the volume of
matevial through which most of the current flows
is only a small fraction of the film, mmitators with
carbon film bridges are among the mnsl sensitive
in use.

Although some experimental results have heen
obtained with a variety of experimental film bridge
initlators,” the only type applied in standard fuzes
has been the low-gnergy graphite bridpe 1ype,
(2) Graplite Bridye Films, Bridges of graphite
bridge initintors are all made by essentially the same
process. A droplet of a2 colloidal suspension of
graphite in water is deposited on a surfuce which
consists of twe or more metal electrodes separated
by, and often imbedded in, an insulator, The
clectrival amd electrothermal characteristics of a
bridge made in this manner gre determined not only
by such aspects of the design as spacing and con-
figuration of the electrodes and specified dilution
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of the droplet but also by the manner of droplet
application.

The input characteristics of graphite bridge
initiators  {both resistance and sensitivity) are
determined, at least in part, by the chance dis-
tribution of the particles of graphite as they are
deposited. Conseguently, the item to item variation
is quite large. The accepiable resistance range for
Army items ix 1008 (o 10,000 ohms, while that for
Navy items is 708 o 14,000 ohms., Generally,
several hundred ergs of input energy are required
for reliable initintion.

e. Canductive Mix Initiciors. By mixing explostves
with metals or other conductive materials, mixtures
can be prepared which are electrically conductive,
and in which sufficien! current density results in
initiation of a self-propagating reaction of the
explosive, The input characteristics are functions
of electrade dimensions, spacing, configuration,
particle size shape and distribution of each com-
ponent of the mixture and intimacy of the mixture,
as well as its composition. Flaked or powdered
metals as well as graphite and acetylene black have
been wsed for the conductive component of the
mixtures while both commeon primary and secondary
explosives serve as the explosive compongnt,
Conductive mix mnitiators are rarely used, The
permutations of the variables are so numerous that
a systematic study of thelr results bas not been
completed. A number of these results are discussed
in Paragraph 21, In some ¢ases, rather ritualized
schedules of grinding, mixing and loading are
necessary to attain the desired charagteristics,

Fo Spark Gap Eniriators. Blectric sparks of rather
low encrgy content will initiate some explosives
(see Paragraph 231 The earfies! giectric blasting
caps were spark gap or “high tension” caps. The
high voltage necessary to fire spark gap initiators
is still a limitation to their usefulness, As the gaps
are reduced 1o lower the threshold firing voltage.
the eritical voltage varies 5o sharply with both gap
length and elecirede configuration that normal
manufacturing varintion makey inpul characteristios
difficult 1o predict. This siwation 18 not improved
by the presence of @ powdered explosive between
the electrodes. For voltages above a few thousand
volts, spurk gap indtiators can be made with more
reproducible charagieristics. Spark gap initiators
are even more rare than conductive mix detonators.

&. Squibs. From the standpoint of input, squibs
are identical 1o other alectric nitlators. Since most

squibs are wirebridge devices, they are designed
like hot wirebridge initintors described in the
foregoing. The explosive is one of the fash charges
listed in Table 29. Some squibs have a second
charge of black powder or similar mmterial to initiate
materials which are more difficuit 1o ignite.

Squibs are used in pyrotechnic trains® Intua-
tors for propellants are also called sguibs al Umes,
However, these are larger components and should
be called ignitors.

C. CUTPUT CHARACTERISTILS

51. Ovutput of Primars

The cutput of a primer includes hot gases, hot
particles, a pressure puise which, in some cases,
may be a strong shock und thermal radiation,
Measurable quantities which have been used to
characierize primer output inglude: the volume of
the gas emitted, the impulse imparted 10 a column
of mercury by the pressure pulse, the Hght output
as measured by a photocell. the {emperature rise
of a thermocouple exposed 10 the output gases and
particles, the ionic cenduction between a pair of
probes exposed to the output, the pressure rise in
a chamber in which the oulput is confined, the
propagation velogity of the air shock. the hangfire,
namely the time tapse between supply of mechanical
energy 10 the primer and initial primer ouiput, and
fame duration. Some of the more brisant primers
gmit pressure puises of sufficient magnitude o give
measurable results in the sand test and lead disk
test (see Paragraph 109 Each of these measurable
guantities has been related 1o effectiveness in one
or another application by experiment, theory or
intuition. However, no general quaniitative rela.
tionship of value 10 a designer has been developed,
The design of a primer for appropriste oulpl must
be based on precedent and the following generalities

{a) Both gaseous products and hot panticles
emilled by primers play important roles in ignition.

(b) The effectiveness of the gasecus products
in ignition increases directly with temperature and
pressure. Since the pressure is related inversely 10
the enclosed volume, an increase i this vodume or
a venting of the systems may call for primers of
greater output,

(w) 1t has been shown experimentally that the
heat of an enclosed body of gas s distributed guite
uniformly over the surface to which # s caposed.”
Thus, the insertion of baffles or the introduction of
irregularitics which increase the total surface, both




inert and reactive, exposed fo the primer gases
may necessiate the use of a primer with more
output eneTgy.

{dy Hot particles of solids or globules of liquids
are partivularly offcctive in the ignition of materials
with high thermal diffusivities (such as those
containing appreciable proportions of metaly or of
those whose melting points are well below their
ignition {omperatugs,

fey Hot particles and globules establish a num-
her of reaction nuclei, rather than burning ulong a
uniform surface. This action may be undesirable
in short delay columns, or in propellant grains
designed for programmed combustion, Where the
particles or globules are large. or have high enough
velocities 1o penetrate bengath the surface, serious
problems may result.

{f} The blast effects of pressure pulse and
accompanying gas movement are both favorable
and adverse in igniting by mesns of a primer.
Although they result i more rapid heat transfer
between gases andd sold materials which are to be
ignited, they may also “blow ot the flame™ by
mauving the hot gaseous products from contact with
the combustible material.

{g} In some applications, shock waves which
are too sirong muy damage the structure of either
reactive of inert material in such a manner that
control of system behavior is lost.

{h} The reproducibility of the time of a delay
element is related to the reproducibility of the
output of the primer which initiates it The times
of short obturated delay elements are particulurly
sensitive 10 variztions in primer oulput.

(i} When g primer s psed 1o drive a firing pin
(this combination is used where the sensitivity of a
stab primer iy needed in combination with a delay
of the obturated type. which royuires a peroussion
primery, the important aspect of primer ouwtput is
the momentum it s capable of imparting 1o the
firing pin. Where the OUtpul gases arg reasnnably
well contained. the impualse as measured in the gas
volume and impulse machine is a reasonable gage
of ouiput. Where the system is essentially vented,
hlast type phenomena, perhaps as indicated in air
shock velotity or the lead disk test, are morg
sigsificant.

52, Culgast of Detonatoers

a. Parameters of Detonator Quaput. As its name
impites. & deonator is intended 1o induce detona-
tion tn o subseguent charge, The two features of its

output which are useful for this purpose are the
shock wave it emits and the high velocity of the
fragments of its case.

Although # is possible to envision detonator
designs which are effective in inducing deloaation
without detonating themselves, the output eflective-
ness of detonators of current designs (s direct'v
related to the guantily of the explosive wh.l
detonates, and to the vigor of this detonation. These
quantities are somewhat lessx predictabie than in
most other components becasise the transitions
from burning to delopation and from low order
high order detonation iake place in the delonator,

These transitions, as pointed out in Paragraph
9, can require anything from u hundredth of an
inch to the whole length of a detonator. depending
upon such factors as leading density, composition.
particle size, confinement and column diameter
Hawever, recent developments in lead azide pro-
duction have resulied in muteriuls o which thesy
transitions reguire so little explosive that the output
of a detonator can be predicted with 4 fair degree
of confidence.

The effective cutput of a detonator includes
factors of pressure, duration and arey over which
the pressure acts. Clearty a simple product of these
quantities is  inadequate as & characterization
hecause o low pressure of etther long duration or
large extent would obviously be ineffective,

b, Measurement of Detonator e, Detonslor
output is difficult to churacterize except in terms of
the characteristics of a subsequent charge, This is
10 be expected because the transmission of detona-
tion involves the intersction of guantities assogiuled
with the scoeptor as well ay with the donor,
Dotanator output is measured by means of gap
or barrier tests. sand 1est, copper block 1est, Jead
disk test, steel plate dent fest, Hopkinson bar test
amd in terms of 1he velocity of the air shock pro.
doged, These tests are desoribed in Paragraph 104,
Mo Known messuremem lechuigue, yields a
quantitative measure of the output of an individual
detonator which is usuble, without reservation, as u
eriterion of the effectiveness of the delonator,

o, Explosives Used in Detonators, In the past, o
detonator was considered 10 be incomplete unles»
it contained three charges of different explogives: o
priming or flash charge for initiation, an intermedi-
ate charge in which the ransition from burning 10
detonation takes place and 3 base charge 10 maxi
mize output. Recent trends have been towuard the

combination of these funchions, bul separate -



cussion s stii appropriate. Priming and flash
charges are discussed in Paragraphs 47-50 under
input.

(1) Intermediate Charges. The properties of a
primary explosive which promole the growth of
detonation have not been guantitatively defined.
From a practical point of view, the superiority of
lead azide over other available explosives in this
respect is such that no other explosive is used in a
current detonator for fuze use fexcept in exploding
bridgewire apphicationsh

Most detonators in current production have

intermediate charges of dextrinated lead azide.
However, the lot-to-lot vaerintion in the growth of
detonation in dextrinated lead azide, particularly
at loading densities necessary for the output poten-
tialities of this compound, has been a factor in the
trend toward the use of such other forms us
RD1333. Although silver azide appears to be
superior to the best lead azide in this respect, it may
never he avatlable n sufficient guanuties to be
considered for production. In exploding bridgewire
detonators, the function of the intermeddiate charge
(as woell as initzal chargel is served by an exploding
wire,
{2} Buse Charges. 1t has been the practice to
include base charges of boosier lype explosives at
the output ends of detonators. The base charges of
most glectric detonators in current production are
PETN. Those of fash and stub detonators of garly
designs are tetryl and of more recent designs, RIDX.
The difference between clecirie and non-glectsic
items is that the former evolved from commercial
electric hiasting caps, in which PETN s widely
used. while the latter have a much longer history of
development within milifary agencies, A number
of experimental electric defonalors have been made
with RDX and HMX base charges 1o obtain better
stability at high temperatures. However, the im-
provement in this respect was nol as greal as
anticipated.w Meanwhile, the superiority of lead
azide 10 any of these materials in thermal stability
has combined with the considerations discussed
helow o cause a trend toward the elimination of
explosive base charges.

The Hmitation of the size of a base charge is
generally that of the volume available, Thus, one
criterion of the relative effectiveness of a base
charge explosive i is volumetnic heat of detona-
Lion, Angther criterion 5 the detonalion pressure,
(Detonation velogily has often been used as a
criterion but is probably invelved mainly as a factor
in the detonation pressure.} in Table 312 volu-
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metric heats of expiosion and detonation pressures
of lead azide and various base charge explosives
are given.

TABLE 31. HEATS OF EXPLOSION AND DEVOMNATION PRESSURES

Volwneiric Hewut
uf Explasion Fretanaticn Pressure
Presaed af Frexsed ar
Voilless  H8.0056 psi Vaeidless 10,000 psi

Explosive {callecy  feailcey  {k Bary (L bar)
Lead Azide (dext.) 1458 97h 317 158
Lead Azide (pure) 1764} {00 104 P61
Terryl 1900 Heri H 176 21
PETMN 2444 2264 327 264
RDX 233y 2050 354 57
HMX 3588 70 414 261

In general, the comnarisons made for the vari-
ous explosives pressed at 13,860 psi are of more
practical significance than those made for voidless
materials. Most detonators are loaded 4t pressures
i this range which is a good compromise value for
several practical reasons. The aewor forms of {ead
azide, in contrast, are apparently immune to dead
pressing {see Paragraph 17} except ab pressures
near or above 100,000 psi, so that realizable output
approaches that for voidless lead azide, which is
comparable 10 that of & base charge explovive.
Colloidal, PVA, or REX1333 lead azide, loaded in
place of a base charge at pressures of the order of
30,000 psi, may be expected to result in detonalors
gmilar enough in output to detonators of similar .
design with base charges of boosier explosives to
be indistinguishable from them. Some investigators
report that RE333 lead azide and PETN base
charges, loadol in the sane volhumes, have equal
output, Others show an increase in outpil as u
PETN base charge displaced lead azide.) The
lot-to-lor variations in loading characieristics of
both PETN and tead azide probably account for
part of this disagreement. Vartations between test
procedures amd outpur oriteriz used by various
investigators might also affect relutive as well as
absolute oulpat of varieusly keaded detonators,

In substitution of base charge explosives, bear
in mind that RIDX and HMX are less sensitive than
PETM. An intermediate charge which is adeguate
for reliable high order injtation of PETN may not
b sufficivnt Tor maximum o repraducible results
with these materials, Experimental investigations
of such substitutions shouki be made m ful)
cogrizance of the effects of confingment on the
growth and transfer of detonation, as outlined In
Paragraphs 20 and 25 Tests which are carried on
with better confinement and consoldaling pressures
than occur in service may be misizading,



d. Explosive Quantities and Dimensions. The total
energy released by a detonator is the sum of the
productis of the heats of detonation and the quanti-
ties of the various explosives used. Of this energy,
only that from the explosive which detonates high
order s effeciive output. In general, this includes
the base charge and part of the intermediate charge.
Where the mnfcrawediate charge is dextrinated lead
azide, the fraction which detonales may vary
appreciably with loading density, confinement, and
jot-to-lot variations in the lead azide. The azide
which actually detonates must be sufficient to initi-
ate the base charge. In currenl detonator designs,
this is assured by the use of at keast 100 milligrams
of lead azide. A rule of thumb calls for a 0,10 inch
minimur column height, The neccssary quantities
of such materials as PVA, colloidal, and RID1333
are considerably smaller than this. At this time,
design pragiices have not developed to a point
where s conservatively relinble minimum quantity
of such materials can be specified.

Most detonators are considerably longer than
their diameters. This configuration is dictated by
both fuze and detonator design considerations.
¢. Loading Density of Explosives. The growth of
detonation is most rapid in explosives Jjoaded at
densities well below those usnally vsed in military
Hterns. On the other hand, the effective output of
stable detonating explosives increases sharply with
density. Thus, & given guaniity of intermeadiate or
base charge explosive has a maximum effective
oulpat at some optimum density, The value of this
optimum is affecied by the composition and particle
size of the explosive, the vigor with which it is
initiated, the dimensions of the charge and the
confinement afforded by surroundings, For the
conditions in the usual fuze application, the opti
i density for dexrinated lead azide and normally
used base charge materials is obtained by loading
#t between 10000 and 20000 psi. As indicated in
the foregoing, the optima for PV A, colloidal and
RI1333 lewd azide are much higher. For maost lots
of these materials, in fact, the optimum loading
pressare is beyond practical limits of production
tools.

The optimum density for the initial charge of
an exptoding bridgewire delonator is less than ong
gifee, For some such devices, it has been found
advantageous 1o load by increments at varying
densities, increasing in slages, as for example,
£.0, 1.2, 1.4 and 1.6 gm/cc. Such gradual increases
are lesy secessaty in PETN thanin RDX and other
iess sensitive explosives.

f. Confinement of Explusives. Confinement is an
important factor in both the growth of detonation
i(sce Paragraph 20} and the effsctive output of stuble
detonation {see Paragraph 233 The confinement of
a detonator is somewhat difficull 1o describe in
quantitative terms, because different properties of
the confining structure are involved in the promo-
tion of detonation growth and in sugmentation of
the output of stahle detonstion, and because of the
relative complexity of the struciure and configura-
tion of detomators. The confinement afforded by
surrounding fuze structures as well as that of the
detonator itself can contribute significantly to the
effective output of a detonator.

In the early stages of the growth of detonation,
the detonator case, ¢losure, and the surrounding
structure shouki be considered as a Contdiner of
high pressure gases. At the earhiest stages, drhtnesy
(the absenoe of leaks) is the most important factor.
As the growth progresses, ihe strength of the con-
tainer becomes more important, while the m-
portance of leaks diminishes.

As the detonation approaches its stable rate.
the pressure exceeds the hursting strength of any
feasible container and confinement s muinly a
matter of inertia. In relatively thin-walled con-
tainers, the confinement afforded by the nertia of
the case is related 10 the weight ratio of cuse 1w
charge, For heavy walls {where the thickness eguals
or exceeds the charge radius), the shock m-
pedance of the surrounding materiad (Table 111 s
the best criterion of its efecuveness in confinement,

The confinement afforded by any component
iv related to Hs proximity {0 the gxplosives. For
example, a heavy steel case surrounding o thick
plastic charge hoider conmributes Hitle 10 the con-
finement of the explosive inside the churge bolder,

The rewrwurd confinement afforded by the
plug of an electric defonaior can gontribute sig
mficantly to its putput. Some of the smaller electric
datonators have appreciably greater ourput than
have stab or flash detonators of nearly identicu
loading.

D, CONSTRUCTION AND FABRICATION

53, initistor Cups

Initintors usually gconsist of simple cyvlindrical
metal cups inte which explosives are pressed and
various inert parts mserted. MULSTDAA200 de-
scribes design practices and specifies the stundard
dimensions, toleranges, Haishes and materials for



initiator eups. In general, all initiator designs
should conform e thiy standard. However, it is not
the intent of the standard to inhibit the development
of new concepts so thal an eocasional departure
from the standard may be necessary for special
circumstances,

An example of = deviation from standard
design is a coined bottom cup. For flash and stab
initiators, it iz desirable for both ends to be thinner
than the walls. Cups with standard holes are used
in which the holes are covered from the inside with
thin metal disks. Howsever, this construction results
in a sealing problem at both ends. An alternative
method, which has been used extensively in recent
years, is use of a cup I which the central portion
of the bottom s coined to an appropriate thickness
{sec Figure 371
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After drawing, cups are punch trimmed. {n this
process. the cup is expanded by means of a punch,
the diameter of which is slightly larger than the
outside of the cup, to the paint at which it i5 1o be

trimmed, The cup is then forced through 4 di€™

which fits the punch, trimming off the expanded
part (Fig. 38).

Initiators are usually closed by ¢rimping with
a succession of conical crimping tools (Fig. 39
Cups for flat ended cylindrical items should be
made 0.030 inch longer thas the fnished length to
allow for crimping.

In selecting one of the standard cup materials
from MIL-STD-324, 1t is imporiant to consider
compatibility of metals with one another and with
the explosives used {see Paragraph 395
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54, Explosive Looding

initialors are loaded by pressing powdered
explosives infe the cup. For details of loading
procedures and considerations, see Paragraph 95,
For flash and spolting charges of electric initiators,
see Paragraph 36,

Most foze initiators are loaded at between
10,000 and 20000 psi. Exceptions include per-
cussion and siph priming mixtures which may be
loaded at 30,000 to 80,000 psi and the fiash charges
of electric imitintors which are loaded at 3000 to
5000 psi, or sometimes are “buttered” into a cavity
in the form of g paste, including solvent and binder.

As sugpested in Paragraph 52, experimental
evidence indigufes performance advantages may
resull from the use of Joading pressures between
40,000 and 80,000 pst with PVA, colioidal, and
R13I3Y jead azide. However, the practicality of
using such pressures in production has not, at this
time, been demonsiraied.

Where a charge of one explosive is longer than
#ts diameter, the usual practice is 1w load it in
increments not over one diameter Jong. Shorter
incremoents are sometmes used for a precise control
of density.

The base charge of electric detonators is loaded
first, the imitiator plug forming the closure. The
usual practice for stab and flash detonators is w
toad the seasitive end first. Some reasons for this
praclice are

fa) "Fress blows” are most probable when
pressing the priming mix. Both hazards and result.
ing damage are minimized if this (s the only material
present.

{by The greatest sensitivity of stab mixfures is
obtained when they are lpaded at pressures higher
than those usually used for intermediate and base
charges. By loading this material Airst, the charge
may be loaded at any appropriate pressure withou
overpressing the other charges.

(o) The priming mix, which is most valngrabls
to rogisture and other atmospheric gases, is farthest
from the crimped end {in a coined bottom cup).

(4} The base and imermudiate charges have
their density gradients in the most advantugeous
direction. The resctivn propagates from the low
density end. which 18 most sensitive to flame or
detonation initiation, to the high density end, which
has the most effective output,

55, Mechanital Initictors

6. Stab and Flash Initiciors. Stab and flash initia-
tors are the simplest explosive devices, consisting

of a cup filled with the explosive charges. Where a
pierced cup is used the opening is coverad with u
disk. From the stamdpoint of compatibility, the best
disk material is the same as that of the cup, How-
ever, thickness and material of the disk may be
dictated by sensitivity requirements, Paper disks,
usually supported by melsd washers, have been
used for the bottom closure of flash detonators
where there is no sealing requirement because most
of the sensitivity gained by the use of paper is lost
if the paper is coated with sealant. The loading tool
base has a protrusion 1o fit the pierced hole so asto
form, with the remaining edge of the bollom, a flat
surface for the suppeort of the disk. Disks for the
closure of the outpul end are, in general, somewhat
heavier 1o make crimping more satisfactory. A
commonly used thickpess i3 G.005 inch,

It is the ususl practice 1o paint the ends of stab
and flash initintors with z lacguer type sealant,
Although waterproof seals have been shown 1o be
effective in most instances, muisture proofing
according to the Temperature and Humidity Cycling
Test (see Paragraph 110} 5 seldon aohieved,

k. Percussion Frimery, A percussion primer con-
sists of o cup, a small charge of priming mix and ap
anvil, Sealing disks or cups are sometimes used.
Some unvits are held in place only by aforce At and
protrude bevond the edyes of the cups, The Hral
seating of the anvils takes place as they wrg Crimped
in place. Adeguate square shoudders should be
provided for the anvil suppot.

The retatively thin laver of priming mix vsed

Sin percussion primers makes it possible 1o load

these itemts wet with the expeciation that they can
be driad in @ reasonpable amount of ume. Many of
the primers used for small arms are loaded wer,

58, Blectric Initintors

a. Initigtor Plugs, Fleotric inttiators differ in con-
struction from mechanical initigtors mainly in that
they include plug assemblies, which are essentially
means of supporting and insulating a pair of
electrodes. The electric firing stimulus {8 carried
through these ¢lectredes 1o bridges or other means
of converting olectric energy into a form 10 which
che explosive will respond,

Maost plugs are molded of phenolic material.
Powdered iron plugs are now being evaluated.
They are designed 1o anenuate radiofrequency or
other spurious clectrical signals.™ The plug may
have a front region of reduced dinmueter onte which
a ferrule or charge holder s forced 10 serve as a

— e A
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receptacie into which the flash charge is pressed or
“buttered” {see Figure 331 For wire lead assem-
blies, two wires arg imbedded in u phenolic plug
with the plug acting as the insulator. The button
type assembly consisiz of two concentric stainless
stee]l components, pin, and ring shaped plug,
cemented together and msulated from one another
by a thin layer of synthetic resin adhesive, In addi-
tion to thelr ruggedness and adapiability to certain
fuze designs, the plugs provide rearward confine-
ment which significantly augments the output of
the initiators. Glass-kovar plug assemblies and
other metal ceramic seals provide a basis for the
development of hermetically sealed units. Such
assembhies have found widespread gpplication in
explosive actuated devices, discussed in Paragraphs

84 and 85,

b. Bridging Techniques. Most electric initiators are
wire bridge items and most of the remainder are
film bridge initintors, Several technigues have been
developed to apply wires to the electrodes of the
wire bridge type.

(1) Soldered Bridges on Raised Terminals, Solder-
ing a bridgewire 10 & raised terminal s, of course,
the obvicus way 10 coanect ane wire 10 another,
(See M3SAT detonator, Figure 33) For quantily
production, a large number of plugs are lined up in
a fixture and a length of the bridping wire is
stretched so as to bisect the tips of the terminals,
The group is bridged by touching each tip with a
property tinned soldering iron. Subsequent opera-
tions include removal of sl flux, trimming the ends
of gach bridge at the outside edges of the terminaly,
and pinching the 1erminals together 10 put a little
slack tn the wire, Although » hand process, it s
reasonably fast. One of the principal disadvantages
of this technigue is that the suspended wire is easily
broken by press loading of the explosive,

(N Flush Sobdered Bridges. This fastening teche
nique is similar to that with raised terminals, except
that the lead wires are ground Sush with the face of
the plug. Explosives may be pressed against such o
bridge, However, buttered or spotled charges may
not comtact « Hush bridge over as large a fraction
of its surface as they would cover a bridge on
raised terminaly,

(3 Welded Bridges, Where soldering is impractical,
bridgewires may be resistance welded, In addition
to eliminating the soldering flux, this technigue
reduces the number of motals involved to a mini-
mum. The welding of bridgewires, in its ultimate
development, s xleal for high rate aulomatic pro-
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duction. However, in its present stafe, it is some-
what slower than soldering. Button 1vpe plugs when

- used with wire bridges =mre usually bridged by

welding.

(4} Graphite Film Bridges, Plugs for graphite bridge
initiators are made by molding the plastic about a
twisted pair of enameled wires, and then grinding
the surface flush. This leaves a plastic surface with
two metal islands separated by twice the thickness
of the enamel. A dreplet of a dilated colloidal
suspension of graphite in water is applied over the
point of closest approach of these islands and
allowed to dry. While hand daubing of graphite film
remains something of an arl, a recently developed
automatic bridging machine has permitted the
application of fairly uniform fims.®

c. Bridgewire Muterials. Bridgewire is selected
first for its resistivity. Mext its adaptability 1o the
bridging process and s compatibility with the
explosive ta be used must be considered, The very
small size of the usual bridgewire results in a
sitbation where an amount of corrosion, which
might be negligible elsewhere, is sufficient (o part
the wirg, These considarations Hmit the choice to
relatively few materials {see Tahle 30).

Gold., platinum and platinum-iridium are nearly
impervious 0 chemical artack, and are relatively
gasy 10 solder. However, the low tensile strengths
of these materials mukes them difficult to handle
without breakage in sizes much under a thousandth
of an inch. They are extensively used in FBW
devices. Nichrome and Tophet € are similar 10
stainless steel in their corrosion resistance and
compatibility characteristics. Although somewhat
more difficuit to solder, their higher strength, com-
bingd  with favorable clectrical properties, has
resulted in their use in most heated wire initiators,
in digmeters down to about 8.4 mils. fts exiremely
high tensile strength makes tungsien the preferred
materigl Tor estremely sealt heidgewires, 11 s

available in sizes down 0 0.7 mil and is not 100

difficult to work with in these sizes,

d. Spark Gap Phegs. A plug for a spark gap inftiator
is like # plug used for graphite fim devices without
the graphite film. The gap between the terminaly
is about 0.001 inch or less,

e. Flash and Spotting Charges, The explosive in
intimate contact with the eiectric bridge is called a
spotting charge. Galy 2 small quantity (on the order
of 5 mg} is used. A ferrule or charge holder may
serve as a receptacle into which the flash charge is




“buttered” or pressed. Milled lead styphnate mixed
with nirocelulose lacquer is the currently used
spotting charge. Por flush bridging, dry pressed
flash charges have been used in a number of initia-
tors. The pure explostve and uniform density of
pressed fAash charges makes them more reproduci-
ble, particularly in functioning time.

The resistance of graphite film bridges is

stabilized to some exteni by covering them with
a relatively thin layer of a lead styphnate-lacquer
mixture which is applied as a meniscus to the plug
surface, Such a charge, known ax 4 spotiing charge,
is used on some wire bridpes as well as on most
graphite film bridges. It has been found that fuster
functioning can be ebiained by the use of lead
azide, either milled or colloidal.
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CHAPTER 6

DELAY ELEMENTS

A. DESCRIPTION

57. Punction and Construction

Many tactical situationy call for the introduc-
tion of a time delay between an input stimulus and
firing, A variety of mechanical and electrical devices
hus been emploved to delay the firing of explosive
materiel® However, we are concerned here with
the protongation of the burning phase (0 provide
this delay. As pointed out in Paragraph 17, burning
forms an lmportant part of the growth of detonation.
Hence, it is one of the simplest means for providing
delay. 1 is ysually desirable {0 interpose a column
of & specital delay material in which the rate of
burning is more readily comtrolled than in material
predisposed to the growth of explosion. Since
burning rates are affected by such conditions as
pressure and temperature and thelr gradients, jt
is necessary to take these effects into consideration
when designing initiators for delay columns and
selecting nert components in which they are
housed.

in its barest essentials, a delay element is a
metal tube with an initiator (3 primer) at one end
(see Paragraph 48} a delay column in the middle
and a relay or other output charge al the other e,
In addition, depending upon the application and the
delsy material used, the element may includ
baifles, igniter mixes at one or both ends of the
delay. a housing and provision for internal free
volurme. Delay elements are subdivided according
to construction into the two main divisions of
obturated and vented,

58, Dalay Types

a. Qbturated Delays, Obturated delay elements are
s0 construcied as 1o retain sl gases emitted by the
initiator and the delay element untl the refay or
other base charge explodes. This class includes also
the so called “internally vented” delays.
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Advaniages of obtursted delays inchude the
inherent independence of these nacessarily well
sealed units from effects of pressure or humidity of
the ambient atmosphere, and the absence of fumes
which might have harmful effects on other ¢com-
ponents of a system. Obluration also helps in the
design of short delays because the resulting incrense
in pressure increases the burning rate,

(1) Percussion Initinted. The prisgipal use of per-
sussion primers in explosive trains is for the initia-
tion of delay elements. fn this application, thetr
main advantage over stab primers is their adapta-
bility to obturated systems. A typical percussion
initisted obturated detay system is shown in Figure
404 Nate the heavy consiruction, o contain the
pressure, and the expansion chamber. Some delays
contain baffles beyond the primer © prevent
erratic delay times caused by penetration of the
delay column by hot primer particies, erosion by
the action of the gas siream or cracking by the
shock wave.

(2) Electricaity Initiared. Some electrically indtiated
obturated delay ¢lements are essentially the same
as percussion initisted ems with electric initiators
in place of the percussion primers. Others are
military adaptations of commercial delay blasting
caps. The MARK 33 detorpior £Fig 4173 s an
example of such an aduptation. The delay powder
i5 Ibaded, at bulk density, into a lcad tube of larger
than the intended finished diameter. The tbe s
then deawn 10 size, consolidating the explosive,

In the electric delay detonator T3 (Fig. 42%)
advantage is taken of the small size of spouting
charges of recently developed electrie nitators and
of the moderu gasless delay compositions 1o elim-
inate baffle and air space, There may be some gues-
tion as o whether the THA5 remuiny obluraiced
throughout its delay period because the gas pro-
ducedis enough to cause high pressures. Occasional
fast times obscrved during development of 163



detonators indicate that those which have satis-
factory delay times do o only because they leak.
However, the advantage of a sealed unit in storage
is realized,

b, Vemed Defuys. Vented delays have openings
through which gases may escape. As delays become
ionger, the amount of gas they produce and con-
sequently the internal volume needed in an obtu-
rated deluy clement increases to a point where the
units become too bulky. In practice, before this
point is rouched, vented delays are used. These
designs arg usually more reproducible in tunction-
ing time than obturated delays because the tol-
erances i inferasl volume, size of priming charge
and gaseous impurities in the delay clement have a
cumulative offect of varying pressure and, hence,
burning rate of the delay columns of obturated iterns.

Vents must be kept closed until the devices ure
fired to protect primer and delay column from mois-
ture and other stmospheric doterioration. Figure
437 shows two means for sealing vents, {a) covering
them with disks, and {b} providing a soft_plug to
blow out under the action of the primer. '

e. Ring ¥ype Defay. The ring tvpe delay is a special
type of vented delay and is therefore discussed
separately. The delay consists of a column of black
powder which i wound through the fuze cavity
{Fig. 44%). The ring type delay is generally so large
as to comprise a lurge part of o fuze, The delay
time of the M34 fuze can be s¢l al any desired
value from {4 to 25 seconds by rotating the cali-
brated ring. thus varying the length of the delay
train which must be traversed by the flame between
the primer and the output charge,
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d. trelavs Ackieved by Methods Orler than Cone
trofled Rate Burning, lgnition of one charge by
another may be delayed by control of the heat
transfer process. An experimental design in which
primer and output relay were separated by g baflle
with relatively small ports, 1o defay initiation of the
relay until sufficient gas has passed through the
ports, was not successfuls

The pressure evoived by burning black powder
cun be utilized to give delays in the order of ane to
six milfiseconds, The principle involves o rapid
build-up in pressure and terminates in the rupture
of a disk. Designs based on this principle can be
vented or obturated. Figure 45 shows u delay
based on this principle, using a vemied type with
baffte.

59. Relays

The output charge of u delay element is usually
a relay. The reluy can comsist simply of the last
charge increment in the delay element, or it can ba
d scparate component inserted o the delay
assembly. As separate components, relays are also
used in other parts of the explosive train. Typical
relays are shown in Figure 46,
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The input characteristics are essentally those
of a Aash detonator (see Paragraph 49} while the
outpul chardeteristics can be those of 3 primer o
A detonator as desired (see Faragraphs 31 and 52).

The usual relay consists of a cup into which
lead axide is pressed at 10,000 psi. In some relays,
a sealing disk is crimped over the open end while
in others, the end s et open, but the skirt efl by
partial filling is crimped 0 an angle. When such
relays are inserted into delay elements and erimped
in place, the crimp is compressed just sufficieniy .
to result in a firm and snug &t

B. DELAY COMPOSITIONS

60. Gas Producing Delay Charges

o, Louding Pressure, Since the burning of gas
producing materials depends gpon the transfer of
heat betwegen the gasecus reaction products and the
solid, the burning raic is a direct function of prey.
sure, Thus, the delay times of such delays are
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greatly infuenced by all factors which affect the
gas pressure al the burning surface. The burning
surface. of course, i all surface exposed 10 the gas,
ingiuding thal of pores and cracks which the gas
may penetrate. The largest class of gas producing
defuys are black powder elements

Reproducible behavior of any delay reguires
that it burn ay a2 continuous homogeneous sub-
stance. Porosity ¢an rosull an a discontinuous
relationship between interface pressure and burn-
ing rate, Biack powder delavs are therefore loaded
at 60060 psi or more. When s long column is
required, it iy pressed in increments, each pellet
hetng no jonger than s diamelcer (see Paragraph 93).

b, Pellet Suppors. As s gas producing delay burns,
the surface in irictional contact with the walls

diminishes while {in the case of an obturated defay)
the pressure increases. The point at which a
cylindrical pellet would break free and initiale the
relay would be determincd by such random con-
siderations as surface rpughness. The time of
breakthrough is made more definite by pressing an
acceleration cavity in the cuipuf end of the pellet.
The pellet 1s supported by & washer or the relay
detonator cup {Fig. 47"

o, Uffects of Meisture und Temperoture. The
effect of moisture on the burning rate of black
powder is quite compiex. For this reason. black
powder detay siemonts must be kept dry. Effects
of temperature extremes on performance of black
powder delay clements vary appreciably from one
delay to another. The spread of duta slmost invani-
ably increases at ¢xtreme temperatures. 11 may be
suspected that these variations are related (o subtle
design details,

d. Obrurated Deduys. in an obturated system, (he
pressure in the enclosed free volume is increased,
quickly at first, by the primoer o flash charge and
then progressively by the gas liberated by the
burning of the delay column, The result is that the
burning rate (which is usuully nearly proportional
1o pressure) accelerates continuously. The time
does not increase directly with the column length
unless the free volume is also increased. This
requirement for 2 volume more Or €8s proporuonal
10 the defay time limits ¢bwrated gas producing
delays 1o about 84 seconds with the common
diameter columns of €1 to 3125 inch. The delny
time of an obturated delay ¢lement, in addition to
its diregt relationship o the free volume. s in-
versely related to the gas volume and bheat of
explosion of the primer {Fig. 48°).

If the pressure rise in an obturaled sysiem is
sufficicnt 1o cause bursting or significant leakage.
the time will be gresdy increased or the item may
ot burn through, The pressure may be calCulated
from thermodynamic consideration of el anid gas
volume [iberated by the primer and delay ¢olumn
and tho enclosed free volume i which the gases
are confined. For design wst purposes, the follow-
ing cuation gives a reasonable estimuaie

P 300W, + WV (361

Where the pressure £ is in pounds per sguare inch,
the weights of the priming composition W, and the
delay composition ¥, are in milligrams und the
enclosed free volume ¥V is in cubic inches.
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e. Vented Delays. The burning rate of a pas pro-
ducing material is, in general, nearly proportional
to pressure. At atmospheric pressure, a vented
black powder delay column 0,125 inch in diameter,
pressed at 3,000 psi, buras al an inverse rate of
about 5.5 seconds per inch,

When mountad in fuzes, vented delays must
be located 5o as to vent fo the oufside or to a rela-
tively large volume, If other components of the
fuze also occupy the volume, account must be
taken of the effects of guseous combustion products
on these components, Since the behavior of black
powder is adversely affected by moisiure, vents
must be sealed until the delay is initated. Two
methods of sealing are shown in Figure 43,

61, Gasless Delay Charges

@, Deluy Compositions, The Hmitations of gas
producing delay compositions and the inherent
problems associated with thelr design have led
the development of gasless delay mixes. I is pos.
sible to write stoichiometric equations for many
highly exothermal reactions which produce no
gaseaus products. A large number of these have
been considered and many subjected (0 experis
mental investigations. ™ Mowever., most of them
huve been discarded for one or another of the
following reasons

(a) Erratic burning rates,

(b1 Too farge column diameter necesswry for
reliable propagation,

{¢) Large temperature coeflicient of burming
rate,

(dy Failure st low temperatures,

(e} Hygroscopicty,

(Y Rapid deterioration,

{g) Unavailability of reproducible supply of
raw materials,

(h}y Large pressure coefficient of burning rate,

(i) Failure at low pressure, or
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TABLE 32. GASLESS DELAY COMPOHITIONS i CURRENT USE

Fiiel Oxidunt frrerre
Boron Barium Chromiv Nont
chromate OXide
4t 1l 89 to 96 _
13 1S 40 to 44 41 1o 45
Manganese Barium Laad None
chromate chromaig
45 to 30 Q to 40 i3 70
20 to 30 70 ta A0 it Mone
Molybdenum Burium Potassium
chromate perchiarate
20 10 30 70 to 60
Ni-Zr Barium Potassium Mone
Alloy chromate perchiorate
&0 e
Ni-Zr Mix Barium Potassium Mone
chromate perchiorale
5/31 22 &2
hTd I 70 8
Selenium Barium - Tade
Peroxide 0.5 {added)
84 16
Selenium BaQ), -~ Tinflead alloy
20 B puwder
(1505
0
Kilicon Red Jead - Cedie
20 50 max, B pirts
ny weight
Tungsten Bariurm Potussim Patomacens
chromaie gﬁrc?z?eram carth
Iw iy 3910 46 R Sto 42
ERTR.¥) 4610 § 4.% ¥y 0
Aircanium Luad - Nowe
diaside
18 73

{}} Reaction products Hauid or otherwise sube— -

Jewl 1o movement from acceleration during burning.

Table 12 lists the gasless delay combinations
in cuerent use, The range of compositions given for
some of the combinations allows for adiusimen] of
the burning rates over wide ranges.

o dgnition Powders. A colums of gasless delay
composition is usually preceded by a charge of
igniter mix, Igniters are npecessary when the delay
sompositions are oo insensitive 1o be initiated
directly by the agent used in the particular applica-
tivn. Table 33 gives the compositions of igniter
mixes Used in gasless delay elements.

TABLE 33, IGHITION POWDERS FOR GASLESS DELAY ELEMENTS

Fuet Oxidant iners
Boron (30} Lead peroxide (7 -
Boron (1) Barium chromate (93 -
Zirconium (41)  Ferrig oxide (4% PiRomaceous 110
CRIH
Zirconium (85)  Ferrig oxide 125} Dimtamaceous L1
£arih

Zirconium (33)  Ferrie oxidg (20 -
Titantum (17}
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Note that these are all gasless mixtures which
also have application as gasless delay mixtures,
They differ from the mixtures of Table 32 in that
they burn faster and are readily ignitible,

¢, Properdies of Delay and Teniticn Powders. In
addition to burning rafes, properties of delay
powders of interest include variability of burning
rate, temperature coefficient of burning rate,
pressure coefficient of burning rate, effects of
storage {(both wet and dry), effects of column
diameter and obturation and mechanical properties,
Other special problems may be associated with the
use of one or another type of composition. Before
discussing these propertes, it should be stressed
that they are affected by such variables as particls
size, particle size distribution, intimacy and uni-
formity of mixture, relative distribution of com-
ponents of a mixture, and impurities which are not
readily detectable. To control these variablgs.
refatively eluborate procedures have been estabe
lished for the procurement, characterization and
treatment of raw materials, and the mixing and
subsequent treatment of the ignition, and delay
powders. It should not be assumed that simitar
properties will be observed in all mixtures of the
same nominal chemical composition. The descrip-
tion of the compounding of delay compositions is
beyond the scope of this handbook.

(1) Burning Rates. Table 347 gives the ranges of
burning rates of current gasiess delay compositions,
The vartation of burning time within a lo1 of delay
clements is expressed as & coefheienr of variation,
the standard deviation of the burning time expressed
as a percentage of the total burning time. Under
controlled taboratory conditions, the coefficients of
variation of most of the materials listed are three
percent or fess.

Lot-to-lot variability may be compensated by
adjusting the length of the delay column for gach
new 1ot of delay composition or by adding appropri-
ate ingredients and remixing to speed up or slow
down the mixture. Variation may be gready reduced
by careful controf of raw muterials and preparation
procedures,

Coefficients of variation as small as three
pereent ¢annot be expecied in practical delay
elements, Variations in other compoaents than the
delay column contribute o the variability, In
geneeal, these other variations affect the shorter
delays most seriously.

(2) Effects of Temperature and Storage, Since the
burning of a pyrotechnic delay composition is
essentially a heat transfer process and since the
pesk temperatures are jower than those of most
explosive reactions, i & 10 be expected that
temperatures of ~63F 1o +125F, the usually
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TABLE 34, BURNING RATES OF GASLESS BELAY COMPOSITIONS
Approximaie

Fmverse
Burning Rute

Compasition® Designation (seclin)
BHCFOJCNONEB _ 4.5-8.5
44/a1/1% 45
44{42(14 6.5
41444113 8.5
RaCr0,/B -
{amorphous} 0.5-3.5
(crystalline} 9.12.5
95/5 1.5
$90/10 0.6
BaCrO.,/ KCIOyW ~
40/ 10450 12,5
TON0L20 4
BuCrO, KCHO K Zr NiXalloys) 311
60/ 1 /9T0- 3N 1743070 Type §1 f
60/14/3(70- 3002330170} Type 11 1
BaCrr, /PHTrO, fMin D-i6 2.5-12.5
0/45/35 2.17
30/33{37 9.45
3033737 16.58
Ba)./3e/Tale - 23
B4/16/0.5 added
Red LeadfSHC sl - 4.1
80/2043 16 T added
PhOLfEr 28472 - <08
2N BaCr K10,
5031442102 1.2 6.5
ST HP.28 17.8

*Numbres given are perceniages

specified operating range of military materisl,
should have a significant effect, In general, the
effect is more than is desirable, experimental results
ranging up 1o 2539 variation.

A number of delsy composilions have been
stored at both high and low humidity® All those
tested survived the low humidity storage without
failure whereas a number of mixes failed after high
humidity storage. 1t was concluded that the mixes
will survive storage in well sealed packages, Effect
of surveillance on burning rates was ingonsistent,
some mixes slowing down 6% while others aceeler-
ated up to 30%. It is not clear whether the tests
demonstrated the effectiveness of the seul or the
moisture resistance of the delay composition,
() Effeces of Redugved Prossure, In come applica-
tions, vented delay systems are required 10 operate
at high altitudes, Many compositions are affected
appreciably at fow pressures. Some of the slower
mixes with orystalline boron, for example. couldn’t
be initiated st pressures less than 50 10 200 mm.
One molybdenum mix a1 40 mm, the lowest pres-
sure at which # wonld ignite, doubled its burn-
ing time as ¢ompared with normal almospheric
conditions.
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(4) Effects of Acceleration. Delay elemoentz are often

~subjected to very high accelerations while the deluy

composition ix burning. If the structure of the
material at or behind the reaction front is too weak,
the accelerations may cause the hot producis to

tose contact with the unburned delay compositiom=— - .

or a subsequent charge, and extinguish the reaction.
Although quantitative daia regarding the
resistance of delay compositions to this type of
failure are not available, the “slag retention,” the
fraction of the weight of the originad charge remain-
ing in an open ended delay column after functioning,
has been used as a gualitative indication of this
property and the relative gaslessness of the com-
position. Slag retentions are in the following
descending order: D)-i6, > 959, Red izad, 90%-
95%; HP-25, 90%; tungsten, >R&%; MifZr,
80%-90%: Boron, 309%-90G%,
(3} Particle Size, The effect of particie size om the
inverse burning rates of delay compositions is
neacly direct. In addition 1o increasing the burning
rate (faster burning), reduction of the particie sive
tends to reduce the effests of temperature and
pressure,

d. Design, Fabricaton, and Lowding., An ideal
delay composition would be a material which, once
ignited, would burn at a uniform rate which is
independent of all surrournding conditions. This
ideal has not been attained. Reasonable perform-
ance of a delay element demands that the design
take into account the effects of various conditions
upon the behavior of the composition.

(1) Loading Pressure. Data reluting burning rate w0
density for barium chromate/boron compositions
are given in Table 35. Shmilar resulis will not
necessarily be found with other compasiions, The
rather small and systematc change of burning rate
with loading pressure suggesis that considerable
hatitude is available to the designer and that adjust-
ment of pressure might be g convenient way 10
compensate for lot-to-lot varmtions in burping rawe.
However, considlerations of ruggedaess have o
sulted in the practice of louding gasless delays al
pressares between 30.000 and 40,000 psi in this
respect, it should be borne in mind that g crack in a
dofay column can result m a “hiow through™ and
instantaneous functioning. For best results, delay
¢olumns and igniter charges should be loaded in
ingrements not over one-half divmaier long.

(2 Colwnn fHamerer, Radial B0sses of heat con
retard or extinguish the buramy of u delay column,
Such losses, of course, become more serious a5 the




TABLE 35, EFFECT OF LOADING PRESSURE ON BaCrQ4-B COMPGHTIONS

Loading P;re.v.mre {103 psi}

555 BallrO-B 35 8 ¢ &3
Mean bursing rate {sec/inch) 1.6Y9 1.60 .49 1.39 1.2% 121
Meun burming rate {sec/gram) 0.648 0.635 0.645 0.642 #.645 $.593
% Coeficient of Variation 1.2 0.6 0.7 0.7 8.8 a8

98{10 BalCrO-B
Mean hurning Tale (secfinch) 0.670 0.653 0.619 0.586 {1538 4.544
Mean burmng rale {sec/gram) 0272 0.276 0.280 0.287 £.297 4309
% Coeflicient of Variation 1.5 0.9 1.1 1.6 2.0 1R

column diapmeter, burning rate and ambient tem-
perature are reduced, and these effects combine to
result in a failure diameter associated with delay
mix and temperature. For the manganese composi-
tions at —483°F, the failure diameter for a three
second/inch composition is less than 0.109 inch;
that of a ten second/inch mix is between 0,125 and
§.156 inch, while for a 12.5 secondfinch composi-
tion, the failure diameter is between 0,156 and
€203 inch. ¥ is believed that for practical delay
mixtures and at —65°F, the quarter-inch diameter
usually used is well above the failure diameter,
(3 Wall Thickness. The body into which a delay is
toaded serves as a heaf sink. Metals in general are
much better conductors of hear than is the delay
composition. Delay columns close 1o their low
temperature fatlure diameters tend to have larger
thermal coefficients as the surrounding wall thick-
ness is increased, For materinls well above their
failure dhameters, the effect of wall thickness
becomes less important. 1t has been suggested that
& body with very thin walls of a good thermal con-
ductor might accelerate burning by proheasting the
cotumn ahead of the burning front.®

The strength of the delay body can b ime
portant. Yielding under the loading pressure has
been found to resull in grratic delay times.'! Stress
analysis of the body as a tube stressed hydranlically
s a conservative means of assuring adequate
strength. However, experience indicates that delay
bodies will usuplly give satisfactory results under
conditions such that culoudated stress s well bevond
the vield point,

€. DESIGN PRINCIPLES

62, Obturated vs. Vented Design

The harmiul effects of moisture and other
atmosphenc gases make senled delay elements
desirable i all ¢ases and mandatory for situations
where an element which must be exposed to normal

storage and handling conditions contains materials

which fail after humid surveillance, Obturated
delays are inherently sealed.

Delay powders arve divided into two categories,
those whose reaction producis are largely gaseous,
and those known as gasiess. All current design
effort has been applied 10 the latter which lend
themselves to obturated design.

The term gastess must not be taken literally,
Grasless delay compositions produce some  gas,
chiefly as a result of impurities. Gas gquantity s
much less pradictable than that of gaseous delays.
For this reason, i is the best practice o use an
internal volume large enocugh so that the effect of
pressure build-up on the delsy time is negligible.
This is quite practical in relatively short delays,
However, as the length, and consequently the
amount of delay powder increases, the required
free volume also increases. so a delay element can
gt quite bultky. Such considerations often drive
the designer 1o the use of & vented system,

63, Design Rules of Thumb

Because delay compositions are metastuble
materials containing all ingredients necessary for
self propagating reaction, their Burning is metnsta-
ble, The effect of any fuctor which 1ends o vause
an increase or decresse in burning rale v oxuge
geratad, For this reason, satisfactory performance
requires accurate controd of all such factors. Conitrol
must be matttained from the procurement of raw
materials untif the weapon, of which the delay is
component, reaches is target. The following rules
should govern the designer

(a) Use delay composiiens prepared by a well
established procedure from mmgredients of known
and controlied characieristics,

(b Use obturated or internally vented con-
struction where practical.

() Where obturated construction is imprac-
tical, use a seal which opens af ignition.



(d) i a sesled unit is not practical, use delay
compositions of demonstrated resistance to con-
ditions of high humidity.

(e} Calculnte the effect of cumulative toler-
ances upon such pertineat factors as internal free
volume.

{1 Provide for adeguate free volume in ob-
turated units.

{g} Analyze stresses induced by both internal
and external forces which may be anticipated dur-
ing lpading, shipping, launching and operation,

(hy Make sure that ail components will survive

these stresses taking into zcoount the elevated
temperatures which resuit from burning of the delay
colummn.

(i) Specify adequate lpading pressures {(at
least 60,000 psi for gas producing compositions
and at feast 30,000 psi for gasless delay powders),
and short enough increments {one-hall diameter).

(J) Provide for preper support of delay column,

(k) Use diameters well above fatlure diameter
at —65°F. (Usuat practice s 8.2 or 0.25 inch for
gasless mixtures; 0.1 or 0123 inch for Dblack
powder.)
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CHAPTER 7

LEADS AND BOOSTERS

A, DESCRIPTION

64, Geaneral

Lends and boosters are those components of
the explosive train whose function is the trans-
mission of the detonation established by the detona-
tor upd s gugmentation 10 a level such that the
main charge is initinted refiably, They are the most
fexible wols of the explosive train designer and
they are the components most (nfluenced in opera-
tion by s deciston regarding the design of inert
parts. They are relatively simple in function and
fabrication.

The explosive contained in u boostar is galled
# booster charge. In common usage, the term
bouvster charge 18 abbrevialed 10 booster, Actually,
a booster consists of & housing and other metal
parts, the booster charge and, as u special lealure,
an auxibiary arming device, We are concerned here
andy with boosier charges.

Figures 49 10 51 are sectional views of typical
mifitury Hems which iHustrate the use of leads and
boosters. Figure 49 shows a complete booster, the
M2Z1A4, which is emploved with point detonating
fuzes o effect the functioning of projectiles. Tt iy
typical of boosters used in antillery projectiles. The
external thresds screw into the projectile so that
the booster rests in the fuze well The interpul
theeads hold the nose fuze, one of the MA fanuly,

The booster consists of two parts which thread
together, {a¥ the boester charge Nia tetryl pellet)
held in the ahaninum booster cup M and () the
brass housing 4 which containg detonator £, lead
Looand a rotor as well as o variety of pins and
springs which make up the auxillary arming device.
it is the purpose of the asuxiliary arming device to
prevent imtistion of the booster in the event of a
premature functioning of the fuze detonator, When
armed by setback and centrifugal forces of firing.
the booster detonator moves into ling with the fuze

detonator. The explosive train is then complete so
that the detonator in the fuze initiates the booster
detonator which in turn sets off iead and booster
charge.

Figure 30 ilustrates the use of boosters in
spit-back systems, Two hooster charges are e
guired for this application, the donor {(auxiliary
booster) at the ond of the fuze explosive train and
the receiver {booster) at the bottom of the projectile
cavily, Operation of this fuze 15 discussed in
Paragraph 71,

Finally, Figure 3i% shows a typical smull
caliber fuze with booster charge. Because of the
campactness of the 20mm Nuze, no lead 18 required.
When the fuze is armed, the firing pin inftiates the
detonator which sets off the booster directly. This
figure illustrates that booster design is not hard and
tast, Here the booster acts as a lead whiledhe op-
afl charge loaded into the projectile acts us a
booster {see also Figure 1)

&5, Functions

o, Leads, In seme construvtions, the separalion
between detonator and the next charge muay be
short, while in others, the deionator is mounted
remotely from the booster. A lead is psed 10 trans.
mit the detonation from detonuator to booster when
the wap s 100 lurge for divcgt tramsmission. Leads
are also used when complexity or safety of the
train demands them, These variows Croumstances
have resulied in the evolunon of a wide variety of
leads, Some are simple cylindrical chuarges of
refatively  smadt lengtheo-diameter  ratios and
others are quite long. Some wansmit detonation
around corners or angles and others are Aexible.
While the function of a lead s merely the
transmission of a detonation, in practice leads ure
often used to augment the oulput of detonators.,
This 15 done because, for ressons discussed in
Paragraphs 24 and 25, boosters are generally
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harder to initinte than feads and because leads are
often calied upon to initiate subsequent charges
across large gaps or through heavy barriers, On the
other hand, it is possible 16 design detonalors with
output adequate for the divect initiation of boosters,
even where gaps are appreciable. In fuzes forsmall
arms, teads are usually not necessary (see Fig. 3).

b Boosters. The main charges of high explosive
materiel are s insensitive as i1 is practical 1o make
them, {detonators and leads are as small as is con-
sistent with relinbility. In general, neither detonators
nor leads are in themselves sufficient w0 initiale
main  charge  explosives reliably, Boosters are
elements of sufficient oulput 10 detonate main
charges relisbly when initated by detonatlors or
leads. Henve, the main fupction of the booster is
W0 augment the detonation wave,

~GOOSTER {BARE £O-BROX PELLET)

e IAITN CHARGE

'\\

v

I

\‘ /yj/_a ‘m\.m‘&.»%v
BESSS

Generally, boosters are joaded with the same
or similar explosives o those usad in the base
chuarges of detonaters and in igads, Therefare, their
intensity as charactervized by velocity of propaga-
tton, pressure, temperature amd particle velocity is
not distinguished from that of detonators and leads,
However, since the bonster charge i larger, its
output is corrgspondingly greater. The function of
4 booster is 1o establish in the main charge a
detonation wave whose dimensions are jarge com-
pared with the reaction zoac lengih of the main
charge explosive materisul,

66, Explosives

For many yeurs ifetryl was the standard lead
and booster expiosive. H is sl in more common
use in leads and boosters than any other explosive.

Inrecent years, the use of other explosives (partitir

larly RDX and some of its mixtures) has heen
found advantugeous for some applications. Many
of the principal rutes of thumb, practices and pro-
cedures which serve as guides in the design and
loading of explosive compoenents and  systems
derive in part from the properties of tetryl, For this
reagon, tetryl has served as a standard of compari-
sun for booster explosives and the development of
some materials has been a deliberate effort 1o
match its properties.

An essentint feature of any military explosive
item is the safety provision of the fuze. This feature
would lose its purpose if the sensitivity of the leads
and booster were not limited. On the other hand.
the booster must be sensitive enough {o detonate
relighly when initiated by means of a detonalor or
paplosive lead, Thus, maximum and minimum
allowable limits of sensitivity must be closer to-

AVKILIARY BOOSTER MiZP

b 8P T ~BALK  TUBE

Figure 50.
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gether for lead or booster explosive than Tor ather
explosives. Considerations of design economy and
of safety and reliability deserminations tend 10
compress these Hmuts sl further.

The explosive material used in the booster is
somewhat more sensitive than the main chargs,
is smaller than the main charge and is less sensitive
than the previous explosive components. 1t shoukl
be remembered that initiation sensitivity is a fung-
tion of a number of variables of the experimental
system including the agency of energy transfer, the
confinement of the explosive elements, the state of
aggregation of the explosive and the dimensions of
the explosive elements. The effects of these var-
ables interact fo make quaniitative prediction diffi-
cult unless the experiment is a reasonably wecurate
simulation of the condigions of use, Fortunately,
the design and loading practices for leads and
boosters are well enough standardized that a
relatively modest (83t schedule can be devised to
include condidons representative of all but highly
specialized applications.

Table 13 s a list of the sensitivities of various
booster explosives as measured by several tech-
niques. For comparison, a fow typical main charge
cxplosives have been included. Note that the
presence of one or two percent of calcium stearate
or wax has an adverse effect upon the sensitivity of

RDX to initiation, Some designers have considered
these mateyials only as binder-fubricants for the
improvement of loading properties, overlooking
their effects upon sensiiivity. For this reason,
notations appear in drawings or specifications indi-
cating that “up to 1 pereent” of these ‘matenals
may be added. The variation allowed by such
notations can result in a change in gap sensitivily
by a factor of three or four. This is sufficient to
make the difference between a highly reliable
system and ome which i3 almost completely
inoperable.

in choosing an explosive material for a booster,
both the design of inert parts and special environ-
menlal conditions associated with the applicalion
must be considerad. Sensitivity and oulput of
explosives may be adiusted by varying their loading
densities. Thus, In some applications, substitution
1s possible, without adverse effects upon established
safety or refiability levels if the designer is free
specify the leading density of the substituted
explosive, However, the loading pressure needed
w attain the aecessary density mayv exceed the
strength of the container. On the other hand, it the
necessary density is 100 low, the explosive may be
subject to breakage, crumbling or 10 other mechan~
ical failure.

The need to consider covk-off and thermal
decomposition at high temperatures is obvious, In
the case of teads and boosters, the effects of tem-
perature extremes upon explosive properties, in
particular upen sensitivity, may be moreg serous
than (n other ¢xplosive charges. As is shown in
Paragraphs 36.38, these effects can be quite large.
In these respects, RDX and many of ity mixtures,
particularly when plastic bonded) are markedly
superior 10 tetryl,

Most beosters wie pressed as pellets. Tetryl
has highly desirable propertigs for these purposes.
It flows freely through the hoppers of automatic
pelleting machines Gn particular # one or two
pergent of graphite Or a stearale are added) and,
when loaded at the usual 10,000 psi, forms o pellea
sufficientdy firm and strong © withstand the han-
dling necessary between pelleting and insertion
in the booster cup, Pure RDX, on the other hand.
farms low density, crumbly, peliets when pressud
at this pressure, sad, at high pressures, the pellets
are so brittle that they often break as they are
pushed from the die. RDX Class € was developed
to alleviate this difficulty, which may be further
reduced by the addition of ane or two percent of
a binder-lubricant,
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Polystyrene bonded RDX (PB-RDX) was
originally intended 35 a compound for hot molding
as a plastic. However, it can be press loaded at
ordinary room iempersiures like other powdered
explosives. When so loaded, its physical properties,
although not as good as those of hot molded
PB-RDX, are definitely superior to those of almost
any other pressed powdered eaplosive. The sensi-
tivity of PB-RDX, when pressed at similar pres-
sures. is aimost wdentical with that of other booster
explosives, while i3 output closely resembles that
of tetryl, Improved physical properties and output
can be obtained by hot pressing, higher loading
pressures, or hoth, but at the expense of somewhat
reduced initiution sensitivily,

B. DESHIN CONSIDERATIONS

67. Relution to Fuze Design

As fuze components, dimensions of leads and
boosters are largely determined by the necessities
of fuze design. Similarly, the mechanicul design of
the fuze in which it is used is one of the important
governing factors in the confinement afforded an
jitem of this type. The fact of the mutter is that the
design of leads and boosters interacts with the
mechanical design of fuzes fo such an exient that
the most practical arrangement 15 usually that in
which these items are designed by the fure designer.,

The design of ieads and Doosters iy nol as
complex as that of injtiators. For this reason, many
past designs have been evolved by copying a previ-
ous design which served its purpose satsfactorily.
There is nothing wrong with such an approach
provided improvements are added when possible,
care Is teken not 1o perpetuate errors and due con-
sideration is given fo safery and reliability. Since
lead and booster myvout and materials affect other
fuze design features 1o a furge oxtent. 3t ig best w
give them careful consideration in early design
stuges before mujor dimensions are frozen. In the
case of leads, standards huve been established for
dimensions and cupss

68. Leads

a. Length, When o lead i initiated by a detonator
or anether lesd with a metal covered cutput end,
some increase iy the reliability with which it will he
initiated may be attpined by reducing its length to
allow for & gap al #x reeciving end. Where it has a
closure at i oulput end. a small gap at this end
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may also increase the reliability with which it will
initiate the succeeding element. Although a number
of investigators have noted that deionation is more
effectively transmitted by moving fragments than
by shock, flame, or even by the dirsct contact of
detonating explosive, the permuiations of variables
are so numerous as to have discoursged a quantita-
tive study of their interactions 1o affect reliability.
Optimum  gaps between detpnators and  leads
ranging from 0.0} inch 1o 0,125 inch have heen
observed,

Where a lead is used to augment the outpul of
a relatively mild detonator or where it is mnitiated
for use under adverse conditions such a8 &Cross a
large gap or through a heavy barrier, it may be
necessary to make leads lonper than they would
be just for transmission,  has been found that the
output of a lead which detonates bigh order for
mast of its length rewches & point of diminishing
returns when the tength is about four or five dium-
eters or more. The growth of detonstion in mar-
ginally initiated leads has been ohserved 1o luke
place over as many as ffteen diameters but the
reproducibility of this process is notl well enough
entablished tw be relied upon. even i svstems
involving such gradual growth in leads had atirags
tive design possibilities. At the preseat state of the
art, the only valid reason for use of a lead more
than four diameters long is the necessity arising
from the mechanical separation of the components
whigh it connects.

b, Dinmeter and Confinemens. The most usual
combination of leud dinmeter and confinement in
military usage 15 an explosive columa between
0150 and 0.160 inch dinmeter, heavily confined
in brass or steel. Figure 4% s an example of such a
design. Failure diameters are listed in Table 36,

As s indicated in Paragraph 25, the most relis
uble ransmission of detonation betweaen a delonalor
unsd a confined lead oocurs when the jead is ¢lose
oy the same diameter or shightly smaller in dismeter
than the detopator. Since 8 common diameter of
detonators in military use is 0,192 inch O30, and
about 0.172 inch 1, the prevalent lead diameter
is well chosen from this point of view,

The effect of lead diameter upon lead sensi-
tivity is not usually of practical significance in the
design of military materiel. Where H is, present
practices are close to ideal

The importance of diameter and gap 1o sensi-
tivity is illustrated for idealized acceptors simitar
to leads in Figure 12. Effect of gup and confine-
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TABLE 36. FAILURE DIAMETERS OF LEAD AND BOOSTER EXPLOSIVES {INCH}

Cunfinement
Fubric Heavy
{Detonating Atuminur®  Lead firgss
Ex;&z‘{}sivi Bare cord) Lucite® {0.006 walls} {MDFY  wr Steel
PETH - 0.06 - < (.85 < $.01 < 365
RDX - - - - < (.82 -
RO Calcium Stearate 9842 - 0.14-0.17 - 0.08-0.12 - -
Teiry <{.50 - 0.10-8.13 - < Q.08
TNT Granula) 0.50-0.70 < .63 0.50 - - < {5, 10
FNT {28 ) - <010 - - -
s Ref. 4
" Raf §
tRef &
BARRIER Q"’;’;:;W”’ : s 0,171 inch nominal diameter, three groups were
LUCHE e o tested under identios) conditions except for clear-
v prany P > ance.” Of those with a snug 1, ten out of ten fired
sTERL g S high order; of those with 0.004-inch dizmetral
OO B EIRE K W 40 4 8588 clearance. only four fired high order while all ten
RENGTH tir with. 0.008 inch clearance fatled. in view of these
TR * | results, the designer has the following alternatives
- = ey | (a) Call for force fits of leads,
- BRAGE T ey ! (b} Load the cup in place. {This procedure is of
BIER R - value only when the loading pressure is sub-
NNt B + stantially beyond the vield pressure of the cup), or
RASS e {¢) Evaluate reliability on the basis that only
STERL e : the lead cup provides confinement, and safety on
HONE  formmereeee v the basis that the jead 15 well confined,
aLuM. e . The foregoing remarks regarding diameter and
o8ass Lo : ] - confinement of feads is intended W apply to com-
vone : L man arrangements where lead and booster are in
Lot ) contact or separated only by short gaps und thin
wax i B . ’ diapbragms incidental to assembly and packaging
STERL e within a single unit, if heavy barriers are necessi-
o St 02 ol 04 08 Of Of 08 09 1D tated by mechanical design or if lead and booster

BARRIER THICKNESS [ind

BYERL DENT QUTRUT FEST WITH TETRYL LEADS, CHERINGHES GO0
TIGES DEYORAIORS 1y GROEUPS OF 3D
MININEIN ST FOR GG ORODHE OETONATION 15 % INGRES

Figure 82, Crities! Conditions for Datonation of Leod

ment for actupal service leads on initistion by
detonators s shown in Figure §2.

The effect of the wall thickness of a confining
tube upon the inHiation sensitivity of leads or
simtlar small columuns, has not been quantitatively
evaluated. In one experiment with 0. 169-inch
dinmeter leads, there was no significant difference
resulting from confinements between 0,300 inch
st 12,25 inch O

An important aspect of lead confinement is the
etfect of clearance between the lead cup and the
hote in which it is inserted. By resisting radial
expansion, the confining maedium directs a larger
fraction of the energy along the axis loward the
booster. In an experiment with a standard lead of

are mounted in separate structural units of a weapon
system, larger leads should be used 10 insure
reliability.

&%, Boosters

In general, boosters are so large compared
with the leads or detonaiors which inttigte them
thut the initistion may be considered as a Jooul
action which is affectied by neither dimensions nor
confinement® Their dimensions are o much lurger
than the failure diameters of the explosives with
which they are tosded that neither dimensions nor
confinement arg factors in propaganon within a
booster. Al of the important effects of booster
dimensions and confinement are those upon ouput.

The function of a booster is, of course, o
provide adequaste sutput for the refiable initiation of
the main charge. The size of booster needed to
initiate a main charge, @y poinied oat in Paragraphs
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24 and 25, depemds not only upon the explosive
material of the main charge, but upon its confine-
ment, its state of agpregation as determined by
manufaciuring and loading procedures and condi-
tions and the location of the booster with respect
to the main charge.

Although the design of 8 fuze or booster may
be made with one particular main charge design in
mind, boosters shouid he made as large and effec-
live as possible to allow for muximum interchange-
ability and for Tuture changes in main charge
design, loading procedures and explosive materials
which may require more effective booster action.

If the process of making boosters as large as
possible were carried to the extreme. one might
ask, "Why not 81 the whele round with a booster
explosive and forget the booster? This is essen-
tiatly the way some small caliber rounds are toaded.
The so-called boosters of most 20mm fuzes (see
Fig. 31} are closer to leads than to boostiers in thewr
size und function. For most high explosive materiel,
however, the following motives apply for the redug-
non in the size of boosters so that the booster will
be only a small fraction of main charge size,

(&) Because of the gromter sensitivity of
booster explosives to friction, impact and bullets,
the booster should be protected by as much main
charge explosive and metal and offer as small a
target as possible.

(b} Hazards such as cook-off and setback wnd
to increase with the mass of a charge as well as
with the sensitivity of the explosive of which they
are composed.

{¢} The larger the booster, the more it dis-
places of the main charge explasive, which was
chosen for Hs special outpul properties.

In general, the mechanical design of a foze
leaves a certawy amount of the gpace in the fugze
cavity vacant, If the designer fills this with as Jarge
a cylindrical peliet as practical, allowing for pack-
aging the pellet and stand-off, he will be doing as
well as possible. In this case, booster geometry is
usnally not critical,

While it might be possible 10 derive some
notions from the dama in Paragraph 19 regarding an
iddeat lengthediameter ratio, i such aratio is attained
bry teducing the quantity of explosive in the booster,
the improved ratio will result in 2 less effective
bhooster,

The only reservation which might be expressed
about filling the svailable space derives from the
fact that metal fragments acceleraied by the action

94

of the booster may be more ¢ffective in the initia-
tion of a subsequent charge than the direct action
of the explosive. However, quantitative data on
this effect has not been evolved.

70. Charge Density EHecis

The sensitivities of most explosives reach
maxima at a spegific density range. The optimum
density varies with the expiosive matedal as well
as with the mode of initiation. For most situations
encountered in military materiel. the optimum
density is well below the range of densities at which
military explosives are gencrally ioaded. For most
practical purposes, the sensitivity of explosives to
initiation may be considered 1o decrease with
increasing density., Quiput, of course, ingreases
with increasing density, the rate of the increase
ranging from linear to cubic depending upon the
aspect of the output under consideration.

Booster and lead explosives for most military
materiel are loaded at densities between 85 percent
and 95 percent of voidiess {corresponding with
loading pressures between 5,000 and 20,000 psi).
Within this range, the designer may adiust densities
1o attain needed compromises between sensitivity
and output. If there is the need to employ explo-
sives loaded at densities appreciably outside this
range, loading, handling and quality controf prob-
lems discussed in Paragraphs 96 and 104 should
b Cconsidered, e

In addition to the problems which are ¢learly
in the province of production or quality control,
the use of extremes of loading density introduces
a group of propagation probiems which must be
taken into account. The longer reaction zones and
more gradusl growth and decay of detonalion in
fower density explosives result in a relatively large
variation in detonation velocity, both stable and
low order. These variations not only increase r\he
probability of failure due 1o low order effects at
corners, small sections. of abrupt changes, but
often make it difficult 10 pinpoint the exact causes
of such failures. In genersl, very low lpading
densities should be used only with larger than
average charge dimensions.

The decrgase in sensitivity with increasing
density becomes more abrupt as the voidless density
of an expiosive is approached. Thus, small varia-
tions in density cause increasingly larger varimtions
of sensitivity at very high densities. Before speci-
tying densities in excess of #3 percent of voidless,
a careful investigation should ke made of faclors



in {abrication and loading which can affect loading
density 1o determine the maximum density which
can be anticipated in production. It should be
determined that the preceding element is adequate
for the initiation of lead or booster at this maxi-
mum densily.

71. Oulput Wave Protile

The oulput wave profile of the usual cylindrical
booster or fead i5 a relatively simple curve, convex
in the direction of propagation. For short boosters
initiated by relatively small diameter leads or
boosters, the front is essentially spherical, centered
at the inpui lead, For longer charges, the curva-
ture is determined by radial flow und shock propaga-
tion as desoribed in Paragraph 18. When the
purpose of the lead or booster is only that of
reiiability initialing a subsequent charge, the guin
in eflectiveness which might result from a modifica-
tion of this profiie will usually be more than offset
by the displacement of high performance explosive
with lower performance eaplosive and inert mate-
rinls used in such modification. However, main
charges for many applications depend for their
effectiveness upon the profiles of the wave (ronts,
which in turn are determined, at least in part, by
the boosters which initiate them,

The techniques for the design of charges for
the conrol of wave front profiles are described in
Paragraph 30, Charges of this kind are often calied
explosive lenses becauss of the close analogy
between these techniques and those of geometrinal
QPICS.

Most of the means used 10 shape wave pro-
files are present in all boosters, However, in most
shaping applications in military materiel, the wave
shaping features are included in the design of the
main Charge rather than the booster. In such cases,
the important requirement, so fur as the hooster is
concerned, is that it imitiates a wave with reproduci-
ble and symmetrical profile in the main ¢harge.
Variable or assymmetrical initiation will, of course,
defeat the best efforts at wave shaping?

Two allernate means are avallable to the
designer for the reduction of variability and dis-
wortion of the wave front induced in the main
charge: {a) specification of precise controls of all
variables, or (b} design of a system to minimize
their ¢ffzcts by the closest possible approach to the
situation in which lead, booster and main charge
form & continuum of explosive through which the

wave propagaies 2% 3 continuous detonation. Of
these, the latter is usually the eusiest and most
satisfactory, The following practices will help in
this respect

{a) Use of the most effective lead which is
feasible.

(b} Use of a booster diameter that is large
compared with the failure diameter of the main
charge explosive.

(c) Use of the most seasitive explosives com-
patible with safety.

(d) Minimization of barrier thicknesses and
densities, and of gaps between leads and boosters,
and between boosters and muin charges. A bare
booster in an unlined Cavity is nearly ideal.

{e) Use of cxplosives with the finest particle
sizes available and compaiible with reasonable
loading procedures. ——

(f) Use of explosives in u density range high
gnough for relatively rapid growth of detonation
and low enough to avoid dusensitization (90 to 95
percent of maximum theoretical density is a good
range).

The shaped charge effect, as used ina HEAT
rourd {sce Paragraph 33} results in the concen-
tration of a substantial fracton of the axial output
of an explosive charge in a rather small diameter
jet, In most situations found in explosive systems,
littie advantage accrues from the use of shaped
charge leads or boosters,

The most frequent use of shaped charges in
explosive trains, except in the projectile charge, is
in spitback fuze systems {(Fig, 50} In a spit-back
system, the target is sensed by a nose fuze which
initiutes & booster at the rear of the explosive
charge. Initiation of the main charge from the rear
is essential for satisiactory performance of the
shaped main charge. Note that the shaped auxiliary
booster has a hemispherical ruther than a conical
liner, 50 as to have less degradation on spin and to
provide a wider area of impact on target, Since
reliable initiation of the booster in a spit-back
system requires direct hits of the relatively small
part of the booster exposed at the bottom of the
spit-back tube, and since the slig or jer will be
deflected by asymmetry of the lner or of the
detonation fromt which profects it, close control
is necessary of all dimensions of the auxiliary
booster, of the fuze body which confines i, and in
the loading procedure. In recent years, with the
development of piczogieciric fuze sysiems, the
interest in spit-back systems has waned.!”
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€. CONSTRUCHOM AND FABRICATION

72. loading Yechnigues

The design of leads and boosters, from the
point of view of fabrivation and construction, is
largely determined by the loading procedure to be
used. Three procedures arg common

(a) Insertion of preformed pellets into con-
tainers,

(b} Reconsolidation of preformed pellets to
conform to containers, and

(c} Direct pressing of powdered explosive into
containers.

Of the three common techniques, the first is
the simplest and most economical. Automatic
machines are available which will produce pellets
of any size suitable for use in leads or boosters.
Most pellets are prowsed at pressures between
J000 and 20,000 psi or to corresponding densities.
It is the ususl practice to limit pellet lengths to
about one diwmeter because large density differ-
ences from one end to another are probable in
tonger peilets. Of course, when this technique is
used, provision must be made for the retention of
the peltets in their cavities, Clearances resulting
from the accumulated tolernnees of the cups and
contatners, requiring the use of nert padding. such
as cardboard and feir disks to Al these clearanees,
may reduce the effectiveness of Hems loaded in
this manner,

The third method, that of loading the powder
directly, has the advaniage that it can be used tw
fill a cavity 1o an exactly predetermined point, with
a specified foading pressure (f the last increment is
adjusted to compensate for wlerances of the
container}. This procedure may be expected to
result in the most effective as well as the most
reproducible performance. It is also the most
expensive procedure. When inert components are
designed for this type of loading, i1 is well for the
designer 1o at least lay out a coneeptl of o londing
tawl, I dimensioning the Hem, #t should be remem-
bered that the consolidating punches should fit the
die with only & fow thousandths of an inch clear-
ance. Misalignment can initiate the explosive on
the one hand or resudt in excessive binding un the
other hund. Columns much over one Jiameter long
arg usually foaded in increments one diameter
long or fess,

The second method. although somewhat
simpter and easter 1o 0ol for than the third and
dispensing with some of the disadvantages of the
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first, can give trouble umiess 3 means is provided
of dealing with tolerances. ¥ a pellet is recon-
solidated at a fixed pressure, aii of the {olerances in
container, in weight or dimensions of the pellet, as
well as any variations in compressibility of the
explosive will combine to vary the length of the
reconsolidated petlet. Similarly, if the pellet is
pressed to a specified length, ail of these telerances
and variations will be reflected in the deasity of the
reconsolidated petlet, and consequently in the
pressure it exerts on the walls of the container.

73. Short leads

Short leads are loaded by any of the techaigues
discussed in Paragraph 72. When peliets are direct
loaded, they may be retained by means of staked-in
closure disks as shown in Figure 533, by features
incidental to the fuze design as in Figure 54, or by
goup asin Figuee 55.

Where there is insufficient space for closure
disks or cups, leads are foaded either by pressing
powdered explosive or reconselidaiing  pellets
directly into the cavity, An optional method which
has proven useful in filling small lead holes nearly
flush without adjusting weights for each individua)

36U BTAKE

SLOBURE DiBK

e LEAR PELLETS

Figurs 53, Lead Pellats Heid i Place By Srakedein Closure Disk

,/,f,:- T
PP
O
LEAD PELLE T A
g// - .:”“”r ‘

7 P AN

b SLEEYE

Vs
s

METAM. PLUG

Figure 53. Lead Retoined by « Feature of Fuze Design



#em is that of fosding somewhat more than enough
1o fil}l, and breaking off the excess as in Figure 56.
Where, as in Figure 579, the open end of a lead is
at a shding surface, # is the usual practice to coat
the ends with lzcquer or varnish to prevent dusting.
Onion skin disks are also used. Allowance should
be made for the sealant in Joading. This method
involves the risk of gumming the surface so as to
impede arming. The holes in which leads are to be
loaded direciy are sometimes scored to imprave
explosive retontion.

Most leads are losded into cups. Both fanged
and straigh! cops of standardized dimensions are
used” Where kads completely packaged in metal
are desired, closure disks ure crimped in place.
Maisture resistance {8 sometimes augmented by
painting the orimped end with a lacquer, but the
seals so oblained are oot reliable,

Loads may be instalied by crimping in place
{Fig. 8% securing with adhesive, force fitting, or
by pressing the explosive into the cup after
the cup has been inseried into the hole. The first
method is the best adapted 10 economical produc-
tion but should be specified only il the desigrer bas
taken into accoont the effects of clearances upon
confinement ay discussed in Paragraph 72.

in designing for a force Nt the gontrolling
dimension iz the maximum cup dimension afler
foading. The diameter s slightly larger than the
manufaciured cup 10 allow for clearance betwaen
cup and foading tool. Since the hoop stress induced
by the loading pressure is usually larger than the
vield stress of the cup material. the cup expands w
fit the wol, The cup may also expand slightly when
removed from the loading oo because of residual
stresses from loading. Therefore, when the lead cup
ts 0 by assembled as a force Bt diametral dimen-
sion and wierance should be specificd on the load-
ing drawing of the lead

74, tong Leods

Four types of construction have heen used for
explosive transmission between widely separated
arming devices and boosters: () elongated leads or
stacks of lead peilets of the types deseribed in
Paragraph 73, (b} spit-back systems, (¢) detonating
cord, and {dy MDF (see Parggeaph §7).

Of the various adaptations of short Tead Tabri-
cation praviices o loag leads. the reconsolidation
of peliets 15 preferable. In loading logse pellets in
a long bole. there is always p chance that one will
am, leaving o gap which cun be detected only by
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from straightness, can cause enough binding to
seriousiy affect the relisbility of the system.

Spit-back systems are discussed in Paragraph
71. Essentially, & spit-back system consists of a
smatt shaped charge, which is initiated by a fuze
system and which initiates a remote booster or
receiver by the action of iis jel. Most spit-back
systems have been used 1o attain rear initiation of
shaped charges from nose fuzes.

Detonating cord has the advantage that it can
be bent around curves and may thus be used as the
basis for flexible leads (o transmit detonation along
complex paths. As a vary convenient form of a
preloaded long explosive ¢olumn, it has also been
used, for jong straight leads, Detonating cord and
mild detonating fuse we described in Paragraph 87.

75. Boostars

Radial confinement is much less important in
its effect upon booster performance than upon lead
performance. For this reason, unreconsolidated
pellets are froquently used in booster construction,
Cardboard disks and felt pads are sometimes used
to take up tolerances, even though they detract
from output i used at the bottom of a booster and
from input sensitivity, if used at the top. An arrange-
ment where the variations in pellet length may be
taken up by serewing a cap 10 a shug contact with
the pellet would be preferable if possible. A method
of forming booster pellets 1o clear the fillets in the
bottom of booster cups is fllustrated in Fig, 59

it is important that loading density of boosters
be uniform. If density is allowed 10 vary unduly,
this variability will be reflected in the profile of the
wave front generated in the main charge. Most
explosives vary in density from point (0 point with
2 resulting variation in delomation velosity, The
small and reproducible gradient poowrring betwoen
the ends of a peliet is not usually serious. However,
with careless charging, # {s possible for the explo-
sive 1o stuck obliquely against one side of mold or
contatner as shown in Figure 60, Explosives so
stacked will not completely redistribute themselves
under pressure so that the rowulting pellet may be
appreciably denser 8t one side than at the other
causing asymmetry of the outpul wave.

Housings for boosters take many forms, They
may be cavities machined into fuze bodies or they
may be sepurste packages. Some booster charges
have no housings at all and some are housed in thin
drawn metal cups or thin walled wbing with closure
disks crimped in place. By far the most ¢common
housings are of the type shown in Figure 49 which
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Figure 60. Improper Charging of Cup
are simple cups. draws, extruded. cast or machined
with wulls thick enough to be threaded so as 10
screw into the fuze body. For the usual thread
pitch, W&.16, the walls must be something over a
sixteenth of an inch thick. Unless metal fragments
are needed 10 defont a heavy barrier, the walls
through which the detenationis 1o be communicated
to the main charge should be as light as consisignt
with mechanical strength.

Most boosters are closed merely by screwing
the booster cup or cap into or onty the fuze. Others

are closed by crimping & disk in place, cemanting

or even soldering the cover on with fow melting
solder, Where covers or cups are sorewed against
surfaces close to a petlet, iy the usual practics 10
use a paper gasket o prevent explosive dust from
heing pinched divectly between metad surfaces.
Where high spin accelerations are anticipated, il is
a freguent practice ¢ siake the thresds heavily
after the booster has beean screwed closed. Threads
and ¢rimps are usually sealed. Another precautiom
is the use of left-handed threads.

*
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CHAPTER 8

MAIN BURSTING CHARGES

A, DESCRIPTION

7&, Function

The purpose of the explosive train is achieved
by initiating efective detonation on the main burst-
ing charge of high explosive mnmunition, The
resuiting detonation s the source of energy for the
output effect of the item, designed Lo reduce or
preferably destroy military targets.

For other types of military matericl, such s
chemical ammunition, the main bursting chargs
{called hurstery is dusigned to open the case and
disseminate the contents of the round,

Fach ammunition Hemis colorwoded 1o indigule
the type of lcading according o MIL-8T13-709,

77, Typicat Main Bursting Uharges

a. High Explosive {HE} Ampmunition. Typical
blast or fragmentation ammunition 15 primanly a
container filed with explosive. iy size, shape and
construction are determined by ballistic and strug.
tral considerations which vary depending on the
vehicle,

A typical high explosive projectile s shown in
Figure 615 To withstand seiback and spin forges,
such rounds usuuily have wall thicknesses and
metal to charge ratios greater than oplimum for
blast or fragmentation characterisics (see Para-
graphs 3t and 323 Fuze sgat liners arc Jesirable
to prevent the occurrenee of 100se explosive in the
fuze well (which could constitute a hazard during
the fuzing oporationy,

The srepor-pigrcig projectile shown in Fig
62% is prosented for historical interest. Now,
projociiies of this 1ype coniun 5o explosive fller.

Because the forces to which mortar projectiles
are subjected are musch lower, they may be designed
for mare nearly optimmum charge o wetghl ritio in
accordanve with princinles outlined in Paruaeraphs
19 and 34 "ihe same holds e lor rocker and
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missile warheads and, for thal matter, grenades,
which are subject to relatively mild forees,

High capacity, high explosive bombs (Fig. 63%)
are thin walled tanks. the thickaegss of which is no
more than sufficient ¢ wihstand normal rough

handling. As much as 70% of the tolal weight of,

such a bomb may be that of the main bursting
charge. For lragmentation and target penetration,
heavier cases are sometimes vsed. Land mines are
merely packuped explosive charges with fuving
systerns (Fig, 644).

Uinderwater mines, depth charges, and 1orpedo
warhedds are peneratly refatively thinewalled con-
twiners with shapes dictated by strugroral and
pre-explosion  functional  considerations,  These
Hems are usually toaded with aluminized explosives
10 produce high intensity shock waves.

b Hiph Explusive Astirank {HEAT) and High
Explosive  Plastic {HEPY Anununition. AS s
puinted out in Paragraph 33, the shaped charge
gfiect of HEAT rounds results from ihe progressive
collupse of the liner as it is ¢nguifed. from the rear,
by the detonation wave {Fig. 6573 Thus, in addition
10 regoiring 2 special configuration, a shaped
charge must be initixted from the reur in order 10
form an axially symmetricad detonalion wave,
Initiation can be from a piezoelectric nose element
10 a base fuze or by means of a spit-back system as
shown in Figure 50, Homogeneity of the explosive
charge is particulacly important in HEAT rounds,

The HEP reund is one which deforms, 0
attain intimate contact with » large area of the
armor which is attacked. before detonating. The
deturtation is transmitied to the annor ay s shock
wave which, upon being reflected. canses the inner
suttace 10 spull. Both case and Slling of such rounds
must deform.

o, Chemical  Ammupnition, The main bursting
charges of chemigal wnmusshan are ne furger
necessiry 1w burst ihe Case and disseminde the
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contents* They are usually small diameter cylin-
drical charges which often extend the full length of
the projectile {ses Fig. 8671,

78. Size ond Waight

The total weight and butk of weapon plus
ammunition is hmited by the capacity of the means
of transpertation. In modern warfare, the variety
of such means and combinations which might be
used is so great thai such factors can be considered
only in terms of overall operations analysis. The
explosive charge designer will usually be given an
upper limit of dimensions and weight of a round.
Under such circumstances, it is usually best to
utilize as much of this weight and space as possible
in the main charge. Where a definite tactical purpose
is specified, the designer may make a worthwhile
contribution i be can show how 1o accomplish
this purpose with a sigaificantly smaller or lighter
round. This weight-saving may be nsed to ingrease
the tacticul effectiveness of the system by providing
a larger complement of ammurnition or by increasing
its mobility. in these terms. the smallest and lightest
round which will serve the specified purpose is the
best design.

Size and weight & often limited by ballistic
factors. In gun-aunched projectiles. the outside
diameter {eabber) is fixed. The length of the round
is limited in spin-stabilized weapons by considera-
tions of stability. Setback forces and still higher
impact forces place such stringent demands on the
structural properties of many rounds that only a
small fraction of the total weight and space remain
for the main charge.

tn chemical, flechette, leaflet, signal and bac-
teriological ammunition, where the function of the
bursting charge is that of releasing and sometimos
disseminating non-explosive items, the bursting
charge should be as small a5 is compatible with the
performance of this function, Not only does  larger
charge displace some of the principal cargoe, it
also increases the probability or magnitude of
damage 10 the cargo. The size and composition of
bursting charges for such items are determined by
the interaction of considerations of case strength,
desired area of dispersion, vulnerability of cargo 1o
damage, ¢tc. These considerations are clearly 5o
specifically applicable to particular devices that
formulas of general applicability sre not feasible.

Let us cousider for example, a marker pro-
Jectile. It is intended 10 produce a conspicuous
colored cigud, visthie for a few minules, to serve
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as a signal or marker for ground targets. Red,
green and yellow markers are standard. Standard
prajectiles are used with a smoke-producing male-
rial. They are loaded by drilling a cavity in the
pressed charge and inseriing an axial bursting
charge.

The smoke material consists of & fine powder,
usually dye diluted with a nonreactive agent, such
as sodium chloride puiverized to an average 10-
micron particle, treated with an appropriste diluent.
Typical smoke mixtures used in the S0mm M71
projectile are

(Red) 80/20 {-methylamino-anthroquinone/so-

dium chloride

(Yellow) 50/50 dimethylaming-azobenzene/so-

dium chloride

(Green) 40/40/26 auramine hydrochlonide/1 .4+

dimethylamino-anthraguinone/sedium chioride
The bursting charge for this projecuile is 3 cast
cylinder of 67733 baratol. A costing of acid-proof
black paint is used on the inner surface of the smoke
charge to prevent chemical interaction between it
undd the baralol bursting charge.

B, INITATION

7%, Sensitivity

An gssential factorin the cholve of an explosive
for use in main bursting charges of military items is
its insensitivity to stimuli incidental 1o handling,
storage, and launching which are discussed in
Paragraphs 39.42. Such inseasitivity is, in general,
inseparable from that to purposely applied stimuli,
Henve, boosters are usually necessary for the
reliable initiation of main bursting charges.

The initiation of & main charge explosive is nol
always a matter of simpie fire-misfire reliability,
All main charge explosives dnchrding TNT) are
vapable of low order detonation under condilions
where the probabitity of complete failure is Jow,
Thus, the problem of main charge initiation is that
of reliubly initiating high order detonation. Expen-
mental investigations of this aspect should include
outpit determinations, such as a fragmentation
1est?

The design of boosters for the reliable initiation
of main ¢harges is discussed in Paragraph 71, The
relative booster sensitivity of various explosives is
given in Table 20. Other comparisons appear in
Tables 12 and 13. When z less sensitive explosive
is t0 be substituted in & main charge, the adequacy
of the booster must be verified.
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8¢, Explosive loading

Vouds, maperfections und discontinuities in an
explosive charge play an important role in the
transmission and propagation of detonation. For
example. cast charges. in which the voids tend to
be fewer, larger, and farther apart, are appreciably
less sensitive to initiation than pressed charges
of the same composition and density (Table 12).
Casting procedures, such as “'cream casting” which
are conducive to the formation of fine, uniform
crystal structure will sometimes increase booster
sensitivity while improving charge quality at the
same time, Other loading techniques are discussed
in Paragraphs 931-96.

In general, particle size and particle size dis-
tributions which are conducive to the best loading
charagleristics are aisc conducive to initiation
difhculty. The tendency is for sensitivity to increase
with uniformity of particie size and with decreasing
patrticie size. Explosives tend 10 become less sensi-
tive with increasing densily, wilhin the range used
in military items. In taking advantage of modemn
techuigues to approach  maximum theoretically
attainable densities, the designer may Jose mare in
reliability than he gains in performance or safety,

81, Booster Position

Since detenation is transmitted between
charges through their adjacent surfaces, the reli-
ability and effectiveness of transmission 15 diregtly
related to the area of the surfaces {see Paragraph
2531 Hence a booster which intrudes into a cavity in
the main charge, s more effective, other conditions
being equal, than one which can communicate only
through its end.

Intuitive reasoning leads 1o the expectation
that gaps and barriers will be detrimental to the
teansmission of doetonation. Mowever, as poinied
out in Faragraph 27, they have been observed under
SO Sircumstances 1o be useful means of incress.
ing rediability and effectiveness, It may be suspectd
that the booster cups {provided primarily as ¢on-
tainers) combine with the clewrances provided for
ease of assembly 1© make many service items as
effective ag they are, although relatively few designs
have begen consciously optimized from this point
of view, Where improvements in manufacturing
techniquey or design chanyges make it possible 1o
reduce clgarances belween boosters and fuze wells,

such reductions should be made only after deter-
mining that they will not adversely affect reliability.
Similarly, changes in booster cup and fuze seat
liner materiais should be considered in this respect,

82. Auxiliary Boosters and Bossted Surrounds

When fuzes of several intrusion lengths are .
be used in a main charge, the fuze well must, of
course, be deep enough to receive the longest fuze.
In such cases, auxiliary hoosters, usually pellets
contained in thin drawn sheel motal contuiners, ure
used to fill the space left when shorter fuzes are
used. Where the boosters of existing fuzes are
inadequate, auxiliary bousters may be used, or a
relatively small fraction ¢of the main charge, im-
mediately surrounding the boosier, may be loaded
with a more sensitive explosive than the rest of the
charge. These supplementary charges are some-
times referred (o as boosted surrounds. TWT sur-
rounds have been used with amatol main Charges
in 103mm howitzer projoctiies? and Composition
A~ boosted surrounds are used iIn 40mm projecliles
loaded with MOX type explosives.” In these exam
ples. the insensitive main charge cxplosives are
employed for reasons other than safety (which
would be adequate for the Hems aamed if they had
been loaded entirely with the explosive used in the
boosted surroundl Relative advantages of various
designs, from this point of view, must be congidered
in terms of desired terminal effects®

83. Confinement

Confinement has a grest effect on the sensi
tivity of an explosive charge {see Paragraph 27).
Because of the relatively high cost of statistical
gxperiments with loaded fulbscale ammunition,
data ure scarce. Mowever, there is every reason 1o
expect that the trends indicated In inltimors alse
apply to larger ¢harges. It s reasonable to expeat
that the same explosive similarly loaded will be
more sensitive in profecules than in bombs, and in
armor-ptercing projectiles than high dapadity pro-
jectiles, For items as heavily confined as projectiles,
smaller projectites are probably more easily initi-
ated thar larger ones, i the booster diameter
remains constarnt. On the other hend, fur non.
metallic mines, which are rather poorly confined.
the self-confinement provided by the surrounding
explosive probably  makes larger ilems more
sensitive,
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CHAPTER ¢

OTHER EXPLOSIVE CHARGES

A. ACTUATORS

84. Description

Actuators are explosive devices that produce
gas at high pressure in short periods of time into g
confined votume for the purpose of doing work.
They are small, relinble, one-shot devices well
suited to remate control of small moevemenis such
By switch closuras. Most actuators are elecirically
initiated, Mence, their initiation mechanism and
their input characteristics are those of clestric
initiators described in Paragraph 2.

A dimple motor s similar in construction 10 an
electric detonator except that the bouom 5 out
wardly concave and the explosive is a small gas
producing charge (Fig. 671 The pressure of the
gas liberated by the reaction inverts the end t0 2
convex surface. A typical dimple motor imparts g
0.10«inch movement sgainst an gight-pound load.
The relatively complex curvaturg of the dimple. us
well ay acourate control of metal condition, is
necessary for reliable and satisfactory functioning.

The lower cups of bellows motors are metallic
beliows® A typical bellows motor (Fig. 68 moves
one inch against a ten-pound logd. In addition o
linear maovement, beHows motors may be used ©
give a rotary movement. They have been made 10
work against loads as large as 100 pounds.

In a piston motor, the gases generated by the
explosive push a piston in the cup which sots as a
cylinder, The one shown in Figure 69 moves ¥
inch against a 20-pound foud.

Each of these motors has bean used 10 open or
close switch contacts or to provide other mechuns
ical movement, A number of commercial units have
heen designed comaining & motor and o series of
switch contacts within a single unit, The gone shown
in Figure 70 has four double.pole. single-throw
switches in which each position 1s available cither
normally open or normally closed,
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An interesting variation in a switch is the
pyroswitch which has no moving parts, and hence,
is not strictly an actuator. The pyroswitch {Fig. 71}
is based on the fact that certain mixtures of gasless
powders are non-conductors of efectricity before
burning but good conductors after burning.

Non-electric actuators are based on puli-type
igniters. They have been developed to perform
delayed mechanical functions, as in parachutes.

85, Output Characteristics

The usable output from the explosive charge
of an actuator is the work accomplished by the
expansion of the gases liberated as i burns. The
magnitude of this output has been compuied for
propellant actuated devices based on assumptions
of adiabatic conditions and no motion hefore
powder burn-out? Tt ig not fikely that these equa-
tians can be applied to actustors.

For most design purposes, simpie scaling of
churge size to requirements from existing ems will
suffice. In such scaling, the quantity of charge
should be proportional 1o the pressure or force
desired for constant volume, 1o the volume for a
constant pressure, or 1o the energy requirement. in
dimple motors, the guantity of explosive used is
so osmall that it presents measuring difficuliies in
production. One means of alleviating these dife-
culties is that of using a mixture conlaining a small
peroentage of a gas producing material (3 percent
nitrostarch) with an essentiatly gasless mixiure
{lead selenium), Recent developments in the design
wnd production of initiating elements have made
possible to use kad styphnate for dimple motor
charges. Lead mononitroresorcinate. which pro-
duces only about one-third as much gas as joad
styphnate, has been used for bellows motors,

In dimple and bellows motors, which bave
appreciable internal free volumes before move.
ment, the rapid burning of materials like lead
styphnate and lead mononitroresorginate is tolers
able, In the usual piston motor, however, the rapid
burning of these materials within the small freo
volumes would cause the pressure 10 rise above
the bursting point. Smoketess powder of the sport.
ing arm type has been effectivet Detonation. of
course, would be disastrous in any aClEators, so
azides and other detonation-prone materials are
avoided.

(Mien squibs can be used as actuators, Actua-
lors can also incorporate one of the various delays
discussed in Paragraph 58,
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8. DENMCLITION DEVICES AND ACCESSORIES

B6. Destructors

The destruction of equipment, either to prevent
i from falling intg enemy hands or 1o halt further
functioning of & missile which has gone out of
control, s aecomplished by explosive devices
called destructors, Destrucrors wre also wsed as
comnplote mitiating systems for improvised mines.
demotizion devices and the ke A wide variety of
explosive destructors has been devised 1o accom.
plish such destruction, Destruciors vary in size and
shape depending upon their specific applications.

A pymical destructor, the Universal Destrugtor
MG, shown in Figure 725 The principal portion
is the pair of booster cups. The one nearer the
activalor bushing contains tetryl pellets with o
senter hole for the inserlion of the actvator while
the other one contains solid Letryl pellets. A bushe
ing with 1wo different external threads permits the
device (o fit most fuze cavities, The input end of
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the destructor can accommodate a firing device and
blasting cap combination, a Bring device and acl-
vator combination or a blasting cap. eleciyic or
nonglectric.

Construction of such 2 manual destructor as
the MO differs greatly from that of destrugtors
which are built into missiles or classified com-
ponents, The large explosive charges reguired for
these purposes must be as safe to hundie as those
of the main charges. Further, sccidental functioning
of such charges must be preciuded as definhiely us
that of the main charges. For these reasons, large
destructors are essentially special fuzing systems
which have their own explosive trains and safety
devices. Hence, destructors which form a parn of
a weapon system are designed in the same manner
as the functioning components of the system. The
destructor is usually tucked away into whatever
free space is availuble.

87, Explosive Yubes ard Sheets

a. Detonating Cord. Detonating cord consists of »
textile or plastic sheath loaded with explosive. The
explosive strength of detonating cord is given inthe
number of grains of explosive per fool, Primacord
is made in & number of loadings: PETN in 30, 40,
50, 60, 100, 150, 175, 200, and 400 grains per foot,
and BDX in 70 and 100 grains per foot, Propags-
tion rate of standard Primacord s guoted as 8360
400 mfs for either explosive, Somewhat higher
velogities are attainable, Coatings (over the textile)
inelude asphalt, wax, polyethylens, vinyi, Hyear
rubber and potyviny! ehloride,

b, Mild Detonating Fuse (MDF), This malerial
consists of a column of explosive in & lead sheath.

MODF loaded with PETHN is made in loadings of 1,
2.5, 10, and 20 grains per foot in several diamaters,

it has been established that the detonation
velocity of MDF may be raised to over 8100 m/sec
by subjecting it to hydrostatic pressure of 55,000
o5t This material has attracted wide interest for
milifary applications. Several special varianis have
been made, including special sizes, other explosives
and metal coverings. A completely contained type
has been produced with textile and plastic covering.
thick enough 1o be unbroken at the surface after
detanstion of the core.

Where MDF i5 10 be used (o transmit detona-
tion between a detonator and a charge of booster
explosive, the limitations of transmission of detona-
tion between small and large columns of explosive,
discussed in Paragraphs 25 and 71, must be con-
sidered. A series of mild end primers is available
for use with MDF,

Pyrocore® is similar 1o MDF, loaded with a
detonating-ignition  composition containing  hot
parfigle-producing components as well as organic
high explosives, Compositions are varied to meet
various propelant and pyrotechnic ignition
requirements.

¢ Flexible Linear Shaped Chorge. A flexible
nearshaped charge which s essentially MDF
drawn into a V shape. FLSC is available in u
varicty of sizes and casing materials, It has been
used successfully in metal cutting applications.

d. Sheer Explosive, Flexible sheet explosive is a
mixture of PETN with some additives. This material
has the consistency of a vinyl fleor covering and
can be cut with a sharp knife or razor blade. Shegls
arg 10 by 20 inches and of various thicknesses.
Extrusion in other shapes are also available, Blast-
ing caps are recommended for initiation.

28, Demolition Blocky

Composition C-4 and 18 variants are moldable
mixtures of RDX with various other solids which
forms a puttydike moldable plastic explosive.
Properties of these materials are given in Tables 2
angd 200 They are avaiable in bulk form and in the
form of demolition blocks.” With reasonahie care,
the mpterind from the demolition bBlocks may be
remolded Into almost any desired shape without
appreciable reduction of density from the 1350
gmjee of the blocks. For mock-up experiments,
Composition -4 at this density resembles many of

* Trademurk product of E. ). duPont de Nemours und o
Wilninglon, Del,
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the standard main charge expiosives closely ennugh
in oulput characteristics {Paragraphs 79-33} that
experiments with such mockups can be very useful
for the early investigation of design concepis.
Where simulation of explosives of higher perfor-
mance than that of Composition C-4 at a density of
1.5 is desired, it can be consolidated to a density of
1.6 or higher, wilh relatively low ram pressures, if
vacuum techniques are used. Wheare less brisam
materials are desired, mititary dynamites LV
and MV D* may be used.

89. Explosive Boits

Explosive bolts are a convenient means for
separating subassemblies which, up 1o the instant
of desired separation, must be frmiy agtached.
Stage scparation of multistage missiles s a typical
application. In it8 most rudimentary form, an 2x-
plostve belt is merely o bolt oaded with sufBcien
explosive to shatter it upon functioning. A bolt of
this description might serve seme purposes, but in
many applications, its use would subiect nearby
caomponents of the system o dwtmage by fragmens,

A more suitable type of explosive bolt for most
applications remains ong which parts at & pre-
determined sucface and s otherwise essentially
intact, One method of attaining this end is that of 50
weakening the bolt at the intended breaking pomnt
thut it may be broken by an explosion too weak 10
do other damage, A circumferential groove will
achieve this purpose.

By taking advantage of the interactions of
reflected tension waves and the rarefactions which
follow detunation induced shocks, it is possible to
design an expiosive bolt of nearly the full strength
attainable in the diameter used which will break
along & predetermined surface. A shock wave ina
condensed medium is reflected from a free surface
as & lension wave, The shock produced by a detona-
tion tends to relain the pressure-time profile, and
hence the pressure-distance profile of the detanation
itself. This profile s sharply peaked, sc that the
shock is followed closely by a rarefaction. The
inferactions of these reflected tension waves with
one another, and with the rarefuction waves behind
the detonation, induce fracture’®" Such inter-
actions are utilized in the explosive bolt illustrated
in Figure 73

Figurn 73 faplosive Bolt in Which Reflecred Tension Woves
Are Litilived
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CHAPIER 10

LOADING AND FABRICATION

90. Process Selection

Most solid high explosives are manufactured
by processes which yield granular matersal, Their
bulk densities are generally somewhat less thun one
gram per cubic centimeter. They are used in military
applications as solids of well defined configurations,
usually at densities between 1.5 and 1.7,

The two principal loading technigues are
casting and pressing. Al explosives in comunon
military use can be pressed. However, those which
are castable are usually cast because of the greater
convenienee and fluxibility of this process. As 2
rule of thumb, main bursting charges are cust while
small explosive components daitinlors o boosters)
are pressed,

More pounds of mitary explosive are cast
than are loaded by alb other processes. Essentially,
the casting of an explosive involves only melting it
and pouring it into a charge ¢ase or mokd. In prac-
tice, like most fundamentaily simpk processes, the
procedures necessary to ¢ast charges of the quality
needed for acceptable performance and safety an
become quite elaborate,

The most common procedure for pressing
powdered explosives is that of pouring fhe powder
into a mold and pressing #t with a ram which 8is
snugly, The pressure most freguently specified for
charges used in military items is 10,006 pst. Charges
may be pressed directly into their containers or
pressed into molds and ejected as pellets. Where
they are pressed into containers of lengihs greater
than the diameter, the explosive is usually loaded
in ingrements,

After pressing or casting, i iy somuetimes
necessary o machineg explosives., either 10 provide
a smooth surface or g fuze cavity o the filing hole,
or to produce complex contours required for some
specialized purposes. i some cases, mating con-
tours of twa charges are cemented together.

Of increasing importance are the  plastic
bonded explosives (PBX}) These are caacily whal

the name implies, and like plastics can be obtained
in many different forms. Hence, PBX's are avail-
able for molding, casting or machining. They vary
from rigid 1o rubbery consistencies. High mechan-
ical strength and high thermal stability are possible.!

Other conmsiderations for process selection
inciude fabrication facilities and suitability of the
expdosive {for its intended application,

A CASHNG

1. Projectile Preparotion

As part of the manufacturing process, the
interior wall of the projectile is sprayed with paint
or wvarnish, primarily 10 prevent rusting of the
projectile in storage. The requirements of the
costing are that 1t be compaltible with the explosive,
adhere well to the projectile wall and offera gowd
bonding surface for the explosive. The latter
requirement §s necessary Lo prevent rotation of the
charge relative 1o the spinning projectile. The
finished coating at the base of the projectife showld
be thin enough 1o assure thorough drying and be
sufficiently smooth 1w eliminate irregularities that
could otherwise form air pockets,

The molten explosive is usually poured through
2 funnel-former. This tool is specially designed to
furnish the desired surface contour upon removal
and 1o hold a sufficient reservoir of molter explosive
1o replenish the shrinking, conling mass beneath it
A thin film of silicone greuse is applied 10 the
former 10 aid in s release when the explosive
has sofidified.

9%, Effect of Casting Procedure on
Charge Choracteristics
a. Porosity and Cavitation. The porosity of an

explosive charge s uwsually introduced by two
prinvipal causes, entrained air bubbles and dis-
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solved gases, and shrinkage which occurs as the
charge solidifies and cools. The higher the tempera-
ture of casting and the more fluid the melt, the larger
is the fraction of the entrained air which forms into
bubbles and floats out of the charge. On the other
hand, these conditions maximize cavitation due 1o
shrinkage. The most serious effect of shrinkage is
that known to metal founders as “piping.” The
casting solidifies from the outside amd conseguent
shrinkage is that of an isolated mass at the center
where no additional material is available to i} the
volume ieft by the shrinkage. The result is a single
large void at the center of the casting.

In 4 cast charge (unlike in a pressed charge).
both density and pore or cavity size arve determined
by the casting procedure. Both of these factory must
be considered by the designer in terms of their
effects upon safety, reliability, and performunce.

b. Crystal Size. The crystals of TNT in cast explo
sives may vary from microscupic size 10 a sub
stantial fraction of the size of the charge. depending
upan casting conditions and procedure. The ap-
proach known as cream casting {(Parsgraph R0
results in very fine crystals. in mixed explosives,
which usually are cast in the form of slurries, the
solid particles tend w0 inhibit orystal growth,
although TNT crystals sometimes apparently grow
around the particles of the slurry, The effecis of
particle size on initistion sensitivity, fallure diam.
gter ard performance churscteristics {see Parae
graph 27), have also been observed to apply to
erystal size in cast TN'T,

oo Uniformity of Compasition, Most castable ex-
plogives are poured as slurrics of RDX, aluminum,
gie.. inmolten TN, The instant a charge is poured,
the particles of higher density than TNT start to
seltle, and thuse that are lyghter start 1o rise. As a
resuit, by the time the marerial solidifies, its com-
position vares from point to point within the
charge. Another cause of nonunidformity of com-
position is the tendency of TNT to form essentinlly
pure crystals, leaving other composnents of the
mixture at grain boundaries snd tn the conter of the
charge which osually solidifies tast, The most
serious production problem of this kind is the
settling of aluminum in larger charges of sluminized
explosives. The use of stuminum and other addi-
tives in very fine particle sizes can help o alloviaie
this problem but also tends 10 incrense pouring
difficulties becapse of the higher viscosities of the
melts.
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93, Standard Casting Procadure

The most commeon procedure for filling a
projectile or bomb case is to do so in a single
pouring? A funnel or sprue provides a reservoir
of molicn explosive 1o fill the volume left by the
shrinkage. The explosive in the funnel must, of
coursg, remain Hguid and in communication with
the center of the charge. When the filling hole is
large enough, convective heat transfer maintains
such conditions. In other cases, however, such
conditions tan be maintained only by means of
steam heated funnels, steam finger or hot probes.

Where {he mainienance of & clear channel
petween sprue and the slowest freezing parl of a
charge is impractical, cavitation |5 avoided hy
casting churges in lavers, each of which is allowed
to solidify before pouring the nexl

TNT melis ot RBI°C. It forms eutectics with -
RDX, tetryl (68°CY, and PETN (76°C) and dis-
soives these malerials ut jigher 1emperatures.
Thus, there s 8 general tendency for the solids
content and, hence, the apparent viscosity of most
castable mixtures {0 decrease as the ftemperature
is increased. Howoever, a reversal of the tendency
toward the reducion in viscouity his been noted in
Composition B when it is heated above 100°C,

From the eutectic or melting point. the com-
position of the lquid portion and iy viscosity vary
as heut iv removed. It has been recommended that
the heat conptent of any explosive be reduced,
before pouring, 1o the minimum ¢ompatibie with
the aveidance of air entrainment. This practice can
be followed when an experienced operator ix
avatlahle.

TNT may be cast afler it has cooled 10 a point
where a faisly large fraction of it has solidified 1o
form a shurry of very small crystals, Soch a slurey
is obtained by stirring i1 as 1 cools, ax in the making
of chocolate fudge, TNT cast in this manner is
labeled by some &y creamed TNT, Some have
applied the wem creamed 10 al) explosives which
are cast after stirring until the hast possible instant,
Extreme castion must be laken 10 avoid air en-
trupment during stirning.

24. Some Special Lasting Techniques

g, Peller Castng. For vory large charges. cooling
ime s reduced and shrinkage minimized by use of
precast pellets. The best pellet casting rechnique
s that of pouring & quantity of mollen explosive
ity the case, amd thes pouring in pellets, slowly
enough so that they wre not in contact with one




another to avoid entrapping intersitial air.t Although
pellet casting reduces the total amount of shrinkage
voids, it makes it nearly impossible 1o maintain
channels to the pockets of molien material, The
mosl important advaniage of peliet casiing is the
reduction of cooling time in large charges.

b. Vacuum Melting and Casting, Entrainment of
air may be avoided by meiting and casting under a
vacuum. Vacuum melting 18 a fairly  struight-
forward procedure in the vacuum kefties which are
maintained by many loading facilities {see Fig. 74}
Vacuum casting requires specially designed molds
or a vacuum chamber large enocugh 10 contain both
kettle and mald. A divergence of opinion exists
regarding the value of vacuum melting followed by
pouring in air. Some investigators report results
nearly as good as those obtained with complete
vacuum melting and casting. Others maintain that

Figure 74. Vacvum Conling Kettie

so much air is entrained in the casting process that
the value of vacuum melting is negligible, A possible
explanation for this difference of opinion is the
difference in technigues which can be applied in
various types of operation.

¢, Vibration, Jolting and Centrifugal Custing.
Accelerating of a cast charge after pouring but
before solidification will often expedite the move-
ment of air bubbles 10 the surface® Vibration and
olting often break the surface tension which
causes bubbles o ding to surfaces.t Centritfugal
acceleration, of course, also accelerates the settling
of denser components of mixtures.?

d. Comrofled Coofing. 1f an explosive charge can
be induced 1o cool from the bottom up, maintaining
a nearly plane interface between liguid and solid,
densities well in excess of 99 percent of maximum
theoretical are altainable, In 4 complicated pro-
gramimed cooling. the thermal cyele of preheating
the mold, pouring, and cooling takes over forty
hours,t AL the other extreme 15 the use of stratey-
cally pluced insulation to cause o chirge to conl in
the approgimate Jesied pattern,

8. PRESSING

98, Standard Procedures

w. Measurement of Explostve Chgrges. Boy smali
fesd gusatities or for some promivm quality pros
duction, diveot ramding one-pun balanges are wsoid,
They are foster thap analvniical Balanges aned pro
vide an gcouraey withi one pereent. Aulonminy
wetphitg machines are also available.

The desire is adways 1o oad o wpeciie weigh
of explosive. This ohjective can beachiovad T o
sufligient dogroe of aeonracy 1or many purposgs b
vohumeing vontrel as nocommerond Blicding aps
and squibe, The two most commuen solumen
g devives are sooops amd charging e
Svoups 0y P9 are filled and develed oy
pubber Bamd. € areful scooping s awwurnte withes
G0 Charing plates tha TR dend themselves e
production rades. After niling holes an the tap piaty
aid surapsng off the escesso plites are alipned ath
cup hodes, Since oaplosig Juanuses are osuabs
speitied By woight, U s [elt to the Toading plos
s adjust the volume measured so oy to take into
account bulk dunsty,

B, Ddirect Pressing in Cuase. A large proportion ot
explosive charges are loaded by direct pressing of
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gxplosive charges in cases (Fig. 77¢. Fly and
tolerances of explosive charge cases and loading
tools are determined by recanciliation of three
oppoaing factors

(@) Production ¢osts  of c¢omponents  rise
sharply as tolerances are reducest.

(b) Powdered explosives tend 10 Bow into the
clearance between ram and case. In addiion o
creating a hazard, (he explosives wedged in this
space can increase the frictional resistance to ram
movement, and substantially decrease real toading
pressure.

{2} Interference betweern ram and Cuse resulis
in binding (which may be so severe as 1o prevent
any pressing of the explosive). damage 1o the ¢use.
inclusion of chips of cuse material in the explosive,
or dll of these,

The cost of a set of loading tools may be dis.
ributed over a large number of items. For this
reason. they are often made o fis and tolerances
similar to those used (or gages.® Where casegs are
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Figure 77, Betonater Leading Tool

made by processes such as forging, drawing and
extrusion, which use most of the tolerance in jot-
1o-lot variation, some loading activities have found
it worthwile 10 maintain a series of loading tools
of graduated dimensions, uilizing those giving the
best fit possible with each lot of cases.

Production loading tools should be hardened
{60 Rockwell C is common), The die should be
ground, honed and lapped or polished 1o an 8 or
16 rms micro-inch finish, Some claim bener results
# the fingl operation involves longhdinal rather
1han rotary molon

The fricton belween the explosive and the
walls causes a gradient of pressure, and hence
density, docressing from the fuce of the ram. The
siope of this pressure gradient, of course, is propor-
tional 1o the coefficient of friction between the
explosive and the walls, which varies with both
expiosive and oase malerial and also with the
interior fnksh of the cuse’ As a general rule, the
gensity variations due 10 these gradients are kept
within reasonabie bounds by adherence to the
general ruke-nf-thumb that the length of an incre-
ment alter consolidation should not exceed the
diameter of thy cavily.




The usual loading pressure of about GO0
psi is well beyond the bursting strength of charge
cups of any material which can be economically
deep drawn. Hence, cups are supporied by ¢lose
fitting loading tools while being pressed. Most of
the difference between the cup diameter before and
after loading is accounted for by the expansion of
the explosive component, relieving residual siresses,
as it is pushed out of the toel, For this reasosm,
loading tools should be made to fit the maximum
outside diameter of the cup, within a fow ten-
thousandths of an inch. Standard dimensions snd
tolerances of cups are Hsted in MIL-STD-3207
Bore finish and hardness of the bushing are impor-
tant factors in trouble-free election of Bnished cups.
Lapped or honed bores are often specified, Where
cases are heavier or where expiosives are 0 be
loaded directly into fuze cavities, the intersctons
of case and ool tolerances, which may be sufficient
to cause interference between the ram and any of
the bores through which it passes, should be cons
sidered carefully. In some situations, where explo-
sives are to be loaded directly into fuze holes, the
most practical way to attain alignment is 10 use &
pin or dowel, similar 1o the loading ram. 1o old the
component in alignment with the ram guide while
it is being clamped in place, 1t #s best 10 use an
alignment pin a thousandth of an inch or so larger
than the loading ram. Figure 78% shows a set-up
for hand loading of leads muking use of an align-
ment ram and a mandrel,

¢, Srop vs, Pressure Loading. In production, # is
possible either to press a controlied gquantity of
eaplosive to a controtied height (called stop loading)
or 1o apply a given koad o a loading ram of 2 given
diameter {called pressure loadingh The inherent
variations i progduction material infroduce 4 cortain
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Figure 78, Too! for Direct Looding of Compenent

amount of error in the density obtained by either
method,

The relationship between lpading pressure and
charge density for commonly pressed explosives is
given in Table 37 Anapproximation of the Ipading
densities of six commonly used explosives is shown
in the nomograph. Fig. 79% The pressure.density
reiationship varfes somewhat from ot to lot, In
addition, lcading density is affected by such factors
as ram clearance and increment length,

From the usual cup tolerances, it has been
calcuiated that the cross-section area of the explo-
sive column of a detonulor may vary by two or
three percent. In normal production, a reasonable
weighing tolerance for initiator charges is three or
four percent. Thus, in stop loading. assuming that
the height of an ncrement s exactly reproduced.
the density may vary as much ay seven pergent,

The implication of the foregoing, that densities
are more readily controlled by the control of load-
ing pressure than by stop loading. hus heen borne

TABLE 37, 1OADING DENSITY OF YARIOUS EXPLOSIVES
Prossed (pressire Kpsi) Crystid

Evpiersive # 5 i 42 i5 2 Cust Demsity
Comgosition A3 §47 - 161 1.6% - - o T
Composition 8 - - §.50 - - o .67 -
Cyelanite (RDX) HR .52 i A P43 1463 1.68 - |82
ELNA (Hulelte) - 13% P46 - .53 158 - 1.71
Exptosive [} 133 1.4 ¥ 1.4% i64 164 - 1,72
Lead Aside 1as 268 258 3408 348 328 - 4.68

{2 specimens) 2463 oS 184 - 107 - - -
Laud Styphstate (Mo} 2.42 123 T4 247 2.587 263 - EN
Penrotite, 56540 - - 1.5y - - - 1.6% -

TN - 1 4% HEH - e - - 1.78
Piarie Avid i 1 .57 159 i.61 1.64 1.7 1.76
Proratol, T2/48 - - - - - - 1.62 -
Terracens 1.35 122 35 SR e ¥ 1.4} 1.48 - 472
Tetry! §.46 1.4% 87 i.6l 1.63 1.67 - 1.73
™ 1.34 HE 3¢ A&7 {49 .52 1.5% 1.59 1.65
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out by experience. However, the production ad.
vantages of stop loading are sufficient to outweigh
any theoretical disadvantages. ¥t i important for
stop loading to specifiy dimensions, guantities, and
tolerances such that the maximum pressure is
within limits imposed by (ool strength, Whes items
so loaded are used, sufety and reliability determing.
tions should take the effects of variable charge
density into aceount, Tn either type of londing. a
check of the [pading density for each production
lot is highly desirable,

When density is determined by pressure load-
ing, variation in pressure, ¢ross section area and
charge weight euch have un effect upon the column
height. Usually, the length toferances specified
cannot be held merely by holding the varipus
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guantities mentioned within their wlerances. The
weight of explosive must be adjusted 10 compen-
sate for the other variables, Commonly, the Jaxt
charge foaded (s adiusted to il the space remaining
for it and the woeight is specified as “approximate.”

in addition 1o the pressing properties of the
explosive as such, the relationship between loading
pressure and density is affected by such factors as
ram movement, clearandes, increment size and the
coefivient of friction between explosive and case.
The movement of the ram affects the relationship
s DWO Ways,

The first effect may be very serious, Where a
balance or dead weight is used to determine the
foading pressure, a rapid ram movement can result
in u force due 1o acceleration of the masses moved




which may vary from a substantial fraction io
several times the force due to gravity. Analvses of
some loading operations have revealpd that the
true loading pressure was three or four times that
intended.

The second effect of ram movement usually
works in the opposite direction {slower ram speeds
plus a dwell at the peak pressuyre may cause an
increase in density). This effect is due 1o the fact
that, at loading pressures usually used, cxplosives
are stressed bevond their yield points and crsep
or flow plastically. This effect, of course, becomes
more important at very high pressures, such as
those used for delays. In addition to inoreasing the
density, slower speeds plus dweil of the ram resuit
in a more uniform deasity,

& Pellerizing. Most powdered explosives which
are to be pressed, are prepressed into peliets, The
die of the loading tool permits closer tolerances
and better finishes than are reasonable for cases
which are loaded by divect pressing.

Although peliets for experimental use are
loaded by single operation methods. In which
weighed charpes are pressed either by stop loading
or by controlled pressure techniques, guantity
production of pellets is accomplished in avtomatic
pelieting machinery, in which the oxplosive b
metered volumetricaily by the controlled move-
ments of punches (Fig. 803 Single stroke presses
of the {ypes used for explosives produce about 90
pellets per minute while rotary presses have rates
of about 700 peliets per minuie.

The density gradient resulting from wall frie-
tiow, in addition to s effects on explosive perfor-
mance, may adversely affect the handling propertics
of peliets, Pellets consolidated from powders at
low densities tend 10 be weak in (wo ways: their
resistance 10 body fractures iy often less than
desirable and they may crumble at corners and
chalk off at surfaces. On the other hand, some
materials  become brittle and develop residual
straing at high densities,

The effect of density variation on mechanical
properties of pellets may cause difficulties even
though the variation in explosive properties is
tolerable, On the other hand, the general superiority
of the finishes of pelleting molds over those of
charge cases, and the use of double acting loading
equipment, resuit in somewhat smalier demity
gradicats in pellets than in divect foaded explosives,
The result of these counterbalancing trepds is that
the ane-to-one Hmiting ratio of length 1o dinmeter

SINGLE PUNCH

ROTARY

Cowrivey
£ BTRRES JORE, P4

.

Figure 80, Pelloting Prysses

which applics 1 increment loading also applies 10
peliets, For some malerials, somewhat shorter
peliets are desirable, particularly in larger sizes.

The diameter of a pelleting die may be main-
tained to almost any tlerance specified, Similarly,
the distance between the top snd bottom punches
of an automatic pelleting machine, or the punch-to-
hreel distance in a stop pressing tool, can be held
1o any desired tolerance. Thus. the dimensional
varjations are essentiglly the variations in expan-
sion of the materisl, during and after afecton from
the die. The immediate expansion upon giection for
a typical explosive used for pressed pellets is about
(1.3 percent. Pellet-to-pelict variations are wsually
less than §.1 percent but the expansion continues
with storpge al a rulv which varies appreciably
with comditions as well as with the composition of
the explosive. Pellets of an explosive of known
expansion characteristics, which are to be inserted
o cups within a few hours afier pelleting, muy
be held 1o dimensionnl wlerances of the order of
9.1 percent or less, However. wolerances of 0.3
porcent to 48 percent are more practical,

Variations indensity reflect varialioos in dimen-
sions with those of the bulk density and flow ¢hur-
aoteristics of the explosive, and those of the
measured volume, With frequent pelivl density
determinations and occasional adjustment of the
pelieting press, explosives with good flow properties
cun be pressed inte pellets reproducible in density
to ont pereent {n an automatic pelleting press,
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¢. Reconsolidution. Frequently, when it s desir-
able to attain the close confinement and continuity
characteristic of explosives loaded directly intn
their cases, it is difficult or inconvenient to do so.
In such instances, pellets are inserted inie the
cavities and reconsclidated by pressing. In design-
ing for reconsolidation, consideration must be
given to the tolerances and variations of hole
dimensions, peilet weight and pressure-density
relationship that enter into the determination of the
relative location of the surface through which the
reconsolidation pressure is applied, Where this
dimension is critical, the reconsolidation s done
to & stop so that the tolerances appear in the density
of the reconsolidated pellet, When reconsolidation
is specified, the effects of these vanistivns upon
performance should be considered,

6. Speciul Procedures

a Vacuwnm Pressing, In the yseal pressing opera-
tion, in which a granuiar expiosive is pressed from
a bulk density of about half the ¢rysial density 1o
about 93 percent of the crystal density, the pressure
rise in the interstitial gases (assuming isothermal
compression and no leakagey mav be in the neighs
borhood of 200 pounds per square inch. The air
may be presumed to diffuse out of the pelics,
through the conlinuous pores, quite rapidiv after
the pellet is ejected or the ram is removed. i it
has not already leaked through the clearance
between ram and cavity during pressing.

When densities reach 99 percemt of orysial
density, the calculuted pressure of the intersiitial
pases rises rapidly, limiting attainable densitiex,
When under conditions of prossing the explosive
or some camponeniof itis caused 1o fow piastically,
the pares may be closed into individual bubbles in
which the compressed guses are retained 0 cause
pxpessive growth after pressure removal In an
open pore material, the relatively mobile gases
tend to ingrease density gradients by distributing
pressure without a correspondingly even distribu-
tion of the solid explosive. For thoese three rensons,
vacuum pressing is used where very high or uniform
densities are required, or where significant plasiic
flow is anticipated during pressing,

Figure 81* is u diggram of a vacuum loading
tool, First, lower and top punches are advanced to
u prepress position 1o compact the powder shightly,
After evacuating to 1 mm Mg, full pressure is
applied. Production of extremely high guslity
charges of TINT (pressed at clevated iomperature)
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and Compositton A-3 {(both at elevated and room
temiperature} have been reported. Density spreads
within six-inch diameter charges are 0.005 gm/cc.

b, Mo Pressing. The uaiguc properlies of plastic
hunded explosives are realized most fully if they
are pressed at elevated temperalures. Appropriate
temperatures are, of course, determined by the
properties of the plastic bonding agents used and
Hmited by the thermal instability of the explosives,
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Temperatures as high as $380°C have been used’?
When heated 10 temperatures approaching their
melting points, explosives and additives used in
explosives, like most solids, are more pronge 1o
plastic flow. Equipment required for hot pressing
of PBX has been found useful in the production of
high density charges of conventionsl explosives.
TINT is pressed routinely to a density of 1,62 Inthe
vacuum pressing process described above a1 70°(,
whereas cast densities this high are unusual’
Preheating of the explosive is more efficient than
waiting for it to heut in the meld but cannot be used
when thermosetting resins serve as binder,

¢. Hydrostatic and {sosetic Presying. When an
explosive is pressed in « die by means of a ram, the
friction of the walls tends to cause prassure and
density gradients. in addition, the one-dimensional
compression can result i oan anisotropic structure
and produce pellets with residual straing, Where
dimensional stability, uniformity and high density
are essentinl to performance, hydroslatic and
isostatic pressing huve been used, Bn both of these
processes, the explosive s compressed by the
action ol a fluid, from which it is separated by a
rubber (Or other elastomer) Blm.

In hydrostatic pressing, the cxplosive is placed
on a solid surface and covered with a rubber
diaphragm (Fig. 821 Although this process elimy-
(nates the gradients which result from wall friction,
some directionality of compression remains which
gan result in anisotropic structuse and residual
strains. In jsostatic pressing, the explostve s placed
in a rubber bag (Fig. 83) which is surrounded by the
pressurizing fluid so that the compression is essen-
tially three dimensional.

In addition to the production of hgh guality
charges, hydrostatic and isostatic pressing can be
used 1o consolidate explosives which are $0 sensi
tive that frictional contagt with the walls of 5 con-
ventional mold creates o hazard, Materials like
pure ROX, of which & is difficult 10 muke &rm
pellets except in small sizes, can often be pressed
hydrostatically or isostatieniiy.?

Hydrostatic and isostatic pressing is usually
upplied to explosives which have been evacuared,
frequently at elevated temperatures. Temperaturgs
up to L30°C and pressures up 1o 30000 psi have
bevn used, The surfaces where pressure is apphied
through elastic membranes are. of course. of rela-
tively poorly defined form and dimensions, Hence,
these pressing processes must almost invariably
be followed by machining,
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. Pulsating Fressurves. Experiments have shown
thal pressures which pulsate with an amplitude of o
few percent of the slatie pressure and af g froguency
of about sixty cycles per second, when used with
gonventinl mulding tools. make It possible 10 pro-
duce pellets four or five diameters long with
neghgible density gradiems, The interesting pos-
sibilities of this technigue in production of explo-
sive charges have not vet been exploired,

£ FINISHING OPERATIONS

97. Muchining
it has been found that the most uniform
depsities and compositions are attained by pressing
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or casting relatively large charges, and machining
the charges needed from selected segmienis. Sim-
tlarty, high guality charges can be made by isostatic
or hydrostatic pressing, which alsce must be fol-
lowed by machining operations. Al standard
machine shop operations, including milling, drilling,
sawing, boring, and turning, are apphied in this work,

Muny cast loaded items ave filled through the
same hole as that into which the fuze is o be
inserted. After casting, the sprue is broken off.
Although it is a good plan to design the funncl io
form a core for the fuze cavily, the problem of
funnel extraction limits this practice 1o some
extent. At best, then, the bottom of the fure cavily
is a rough, broken oft surface and, generally, the
cavity isn't as deep as desired. The boring of fuze
cavities 1o the specified depth and surface finish iy
a routine operation of production,

Profile lathes and forming tools may be used
to form almost any desired surface of revolution.
The special forms required for detonation wave
shaping and other spegialized output are often
generaled by such meuans. Explosives may be
machined to the same tolerances as metals, Turning
and milling to a thousandth of an inch is not difficult
with a good machine. However, the practical
applicability of such precision is limited by the
dimensional instability of most explosive materials.

Satety is an important aspect in muchining
explosives. Since, as pointed out in Paragraph 20,
the sensitivity of an expiosive has meaning only in
terms of the specific initiating impulse, the practice
mentioned of machining each explosive material
by remote control at ten times the surface speed (o
be used in charge fabrication is most desirablet On
the basis of this test, it & considered safe 1w
maching Composition A-3, Compositon B, and
THT at 200 ft/min surface speed,

Cut-off tools and small drills are more hazands
ous because of the poor cooling conditions, These
opetations, if necessary, should be performed o
low speeds with intermittent cutting and frequent
flusking, Water should be used wherever practical
as a coolant, although tests at high speed under dry
conditions  are  considered justification for dry
machining where needed. The water keeps explos
sive dust out of the air and cools the cutiing
gperation.

@8, Cementing of Cornpound Charges

Explosives charges made of more than one
explosive, in which the contour of the boundary iz
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an imporiant design parameter, are often fabri-

- cated from cast, pressed or machined components

which are cemented together.

Cements which harden by the loss of solvent
are generally to be avoided because the solvent can
bo losi only by diffusion through the explosive,
Diffusion may be slow and the solvent may modify
the properties of the explosive., Two types of
cement which have been used for this purpose are
catalytic sefting cements. like epoxy resins, and
contact cements. Compatibility of the materials to
be used should be checked. Compatibility of epoxy
resins with most explosives depends upon the
citalyst or hurdener wsed®* Data regarding bond
strengths and other perfinent properties have also
been compiled B9

Both surfaces to be cemented should be clean
and 8¢ securately 1o one another, A minimum con-
tinuous laver of cemant should be applied 1o each
surface fo be joined, Where calalytic resing are
used, provision should be made 10 bold the mem-
hers i Brm contact for the curing period. When
contaet coments are used, mechanical means are
desirable to assure that the elements are in the
proper position and orientation when they make the
first contacy.

D, SUITABHITY

99. Availobility

The criteria upon which explosive materials
and fabrication processes must be chosen are suit-
ability for use in ordmance, availability, and
suttability for a particular application,

Some muteriaky and {echniques are inherently
more expensive than others and should be applied
oy where the advantages 10 be gained are ¢learly
worth the added cost. In this respect, it s well o
remember that such costs are reflections of demands
on specialized manpower and strategic materials
sg that, in a total war, they represent proportional
fractions of the fowd avalable military potential,
in pther Casos, the most suitable materials and tech-
sOUEs are SO new & 10 be available only for labora-
tory quantities of items,

Avaitability of an explosive involves mote than
the existence of plant capacity dnd raw materials
suilable for economical production. The materal
must have been approved for military use and
quality control oriteria must exist. Government
pohcy discourages the use of proprietary materials.
especially those protecied by trade secrets,




Most explosives of mibiary interest with their
properties and other details, are listed in References
# and h given in Paragraph 12 {end of Chapter 1),
The existence of a Purchase Description or Specifi-
cation may be taken as evidence of the general
availability of a material for military use. These
purchase documentis contain many details about
the explosive including quality control criteria.

The production of a high explosive compound
usually requires a specialized and ofien eluborate
plant. Before specifying a compound or a mixture,
the designer should assure himself that the necces-
sary plants exist or will exist at the time the item
he is designing reaches the production siage.

Mixtures are more easily made and generglly
require only the simplest appurutus. In a sense,
the availability of a mixiure may be considered
that of its ingredients. The prevalence of this view-
point is the reason many mixtures have been speci-
fied only by notes on drawings giving their com-
positions. Mixtures so specified usually perform
satisfactorily, However, the properties of mixtures,
particularly their sensitivities, mmy be affected by
the mixing procedures. Also, in the agbsenge of
specificd procedures and guality controls, mixtures
may be less uniform than desirable. For this reason,
some take the view that each mixture is a unigue
explosive. Whenever possible, £ i5 wise fo use
mixtures which have been standurdized®® The
mast commaon mixtures are Hsted in Table 39 while
priming compositions are shown in Table 27,

The preceding paragraphs of this chapter
describe casting, pressing, and finishing operations
and, heace, indicate the kind of facility which must
be available for fubricaiion.

100, Qutput Characteristics

Explosives differ from other forms of stored
energy in that the rates at which they liberate
energy as well as the forms in which it is liberated
are less subject o control by design and more
uniquely by properties of the mmterials in which
the energy is stored. For this reason, the total
amounts of energy lberated i their reaction, al
though of importance in evaluating explosives, is
oot necessarily a final criterion of relative effective-
ness in any particular application. Other properties,
such as the detonation velocity or detenation pres-
sire, combine with energy to defing the efective-
ness of an explosive. A number of these properties
are tabulated in Table 38 for explosive compounds
and in Table 39 for explosive mixtures.

Although the effectiveness of an explosive
material in any particular application is the result
of the interaction of quantities such as those listed
in Tables 38 and 39, quantitative calculation of
effecliveness in various applications is difficult and
often impossible. Some of the quantities are directly
determined by composition. Others are affected by
the state of aggregation of the explosive which js,
in turn, partly determined by loading technigues
and conditions.

The aspect of the stale of aggregation which
has the most effect upon output is loading density
{see Paragraphs 27 and 95). In general, the effects
of density are greatest in applications such as
frugmentation and, in particular, shaped charges
where the detonation pressure is an important
factor.

101, Sensitivity

The term gemsitivity s often applied as if it
were some fundamental property of an explosive
like its melting point., The fact is that sensitivity
test results are meaningful only in terms of the test
methad employed (see Paragraph 26, If one con-
siders the complex series of evenls and the many
fagtors involved in the initiation process, this is
hardly surprising,

Sensitivity tests which are of interest 1o the
designer are of two types: (a) general laboratory
1ests, chosen for convenience, reproducitifity, and
correlation with experience, whereby the sengis
tivity of various explosives to such stimuli as im-
pact, friction, and static electricity, may be evaly.
ated, compared, and ordersd, (b) tests which are
designed 1o simulate a specific hazard to which the
explosives may be exposed. The results obtained
in the two types of tests are tabulated in Tables 20
and 21, The various tests are described in Para-
graph 107,

Some of the tabular data are directly applicable
1o the design of safe and reliable materiel, Other
aspects of safety are not subject to guanitative
evaluation or prediction, Predicting the abuse 1o
which ammunition may be subject under extreme
conditions of stress is a difficult task.

Even the more obvious data in the tables
should be applied with caution. For example,
given the maximum setback acceleration, it is
possible 1o compute the maximum setback pressure
by assuming the explosive to behave as a liquid and
applying Pascal’s Law, Comparison of this pressure
with the setback sensitivity figures of Table 21
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TABLE 38,

FUNDAMENTAL CHARACTERISTICY OF EXPLOSIVE COMPOUNDS
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might be expected to give some measure of the
safety of the weapon againgt bore prematures,
However as pointed out in Paragraphs 35.42, the
probability of such prematures is a function of a
number of aspects of weapon design and nading
procedure as well as the choice of explosive,
Hence, the data presented in Tables 20 and 21
are offered as aids to, rather than substisutes for,
judgment of the designer in the choice of explosives
which wil} result in safe and reliable ordnance.
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102, Chemical ond Physicol Properties

The fundamental chemical and physical prop-
eriies of explosives are, of course, important in
derermining  explosive  charasteristics,  These
properties are Hsted in References g and & givenin
Paragraph 12 (end of Chapter {3, Aside from these,
the most important chemical characteristics to the
designer are the reactions of explosives with
other materials with which they may come into




contact. For a condensation of compatibility data,
including the more usual combinations, see Table 23,

An example of a compatibility problem is lead
azide which is subject to a certain amount of hy-
drolysis in the presence of moisture. The hvdrazoic
acid formed reacts with most metals 1 form
metallic azides. The safest practice is {0 avoid
contact of azide with any metal except the pre-
ferred staintess steel and aluminum alloys.

Exudation is a phenomenon related 1o the
chemical characteristics of TNT bearing ¢xplosives
against which safeguards must be inken {see
Paragraph 35). Because of the similarity of many
of the impurities to the parent explosive, multiple
component eutectics are formed which melt at
ordinary storage temperatures and cxade from the
charge in an eily form,

Physical properties periain to the structursl
strength of the explosive. Plastic bonded explosives
were developed for their physical properties
which are far superior to those of cast or pressed
explosives,

E. QUALITY COMNTROL

103, Boses for Tolerances

Safety, reliability and performance of an ex-
plosive charge are determined by such design
quantities as dimensions, composition and loading
density, Limits or tolerances must be siated for
cach quantity specified. The designer’s responsie
bility with respect to tolerances does not stop with
the assurance that the specified tolerance will be
satisfagtocy, It includes determingtions of the
maximum limits or tolerances compatible with
requirements for safety, reliability, and perfor-
mance, The tolerance specified should be deter-
mined in the light of the following considerations

{n) Production costs are iaversely related to
tolerance limits, The form of this relationship varies
with quantity specified, complexity of the nem,
process used, and eguipment avaiable, Small
tolerances should be specified only on the basis
that the benefits which accrue arg worth the ¢ost,

() Where complisnce  with  tolorances ree
quired for satisfactory performance IS 100 expensive
in terms of the cost and value of the ftem, an invesii
gation should be made of possible design modifica-
tions 1o permit greater variations in the gquamily
considered.

i«) The measvrement of guaniitics which may
be specified in a design is bmited m precision,

The designer will often be called upon to
classify defects as critical, major, or minor, and to
specify AQL levels for various defects. The basis
and procedure for such classification and specifica-
tion, as well a3 the sampling procedures which are
used in inspection, are given in MILSTD-414.3
in essence, as applied 10 most explosive charges,
critical defects are those which resuit in hazards to
users, major defects are those which cause failure,
and minor defects are those which do not materially
affect usability,

104. Fuctors AHecting Quality of Explosive Charges

u. Density, The density of a pellet may be deter-
minad by measuring its dimensions with a microm-
eter and its weight with an analytica) balance and
calculuting #s weight-to-volume ratio, If it is
impervious to water, the chemist's method of
weighing in air and in water can be used. Both of
these methods are somewhat slow for repetitive
operations, such as those of quality control, For
impermeable charges, one of the most convenient
means of checking density is the preparation of two
schutions of a dense salt, one of a density equal to
the upper Hmit and the other at the lower limiting
density. if a pellet floats in the former and sinks in
the latter, #s deasity is within the specified tolerance.

The density of a cased charge may be deter
mined by weighing the case gmpty, filled with water
and after loading. The density in gm/ee is then the
ratio of the net explosive weight to the net water
weight. This method becomes impractical for smal)
cased charges like those of leads and detonators,
FHere, the density may be determined from the
weight as determined by weighing the case hefore
and after loading, and from the volume as caleulated
from the dimensions,

A scheme for confipuous quality control iy
that of pressing al some constant pressure or dead
toad and messuring the ntrusion of the rum in sach
iem. Variations in cavity dimensions, charge
weight, or pressure-density relutionship can be
detected by this method, Of course, the method is
incapable of distinguishing between these varia.
tions, and errors of one kind can compensate tor
errovs of another. However, in a well controlled
process, the probability of each type of erroris Tow
urrough that the probability of simultaneous occur-
rence, either compensating or not, is negligible.
The type of data to be collected in each case, to
avoid erroneous conclusions, can usually be deter-
mined by siudy of the problem.
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b. Crack and Cavities. In cast charges, the possible
presence of cracks and cavities cannot be ruled out.
Such defects can be detected by means of X-ray
photographs. When such inspeciion is called for,
as it should be in most cases, & defect classification
chart should be prepared, inciuding full scaled
illustrations of minor, major, and critical defects.
Such classification should be based on quantitative
determinations of effects of defects on safety and
performance. X-rays should be made in at least
two charge orientations.

o. Composition Variation. When homogeneity is
criticel, determinations of density and composition
from point to point within a charge are made from
samples obtained by sectioning the item." This is a
destructive fest, at least for the explosive charge
itself, snd can be done only on a sampling basis.
Variations in aluminum content of aluminized
explosives may be detected in the X.rays which
are made to detect cracks and cavities.
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CHAPTER 11

EVALUATION PROCEDURES

A. CONSIDERATIONS iN EVALUAHONS
105. Safety and Reliability Procedures

a. Staiistical Inferences, 1 each type of materiel
could be perfecily mads, its properties could be
accurately described by measuring one of each
type. Since this ideal can never be realized in
practice, one can measure the properties of either
every item or a sample which is truly representative
of that type. The simplest, most direct and least
questionable way to demonstrate the safety or
reliability of an explosive charge is to test enough
items under actual service conditions. This will
enable opg to determine the relisbility or safety of
the charge under actual conditions.

Absolute assurance can never be given unless
all of the units are tested. A quantitative measure,
however, can be obtained in terms of a probability
which can be qualified with a confidence level As
an example, with a low failure rate v, the number of
triads # without a failure 10 establish fwith 95%
confidence) any specified rebiability or safety levelis

PRI {39

Thus, to establish 99.9% reliability at 95% cone
fidence, it is necessary to test 2300 ifems without 2
failure, and to establish a safety of one explosion
or less in a million exposures, 2,380,000 wials
would be needed.

The designer's task, however, is o provide
sound estimates of what can be expecied in terms
of safety and reliability with relatively few samples.
To do 50 he must be able 1o recognize the sipnificant
parameters and treat the measurements on & sound
statistical basis. Hence, the following discussion
should be considered as @ general gminde. §t should
not be followed slavishly at the expense of sound
engineering practice, 1t 8 swongly recommended
that the reader supplement his background by
studying the referenced texts.'¥* A review of the

normal, binomial, and Poisson distributions would
be particularly heipful. It is important to realize,
on the other hand, that correct design of experi-
ment and performance of statistically significant
tests 1% a speciaity which calls for the services of a
qualified expert.

When computing safety and reliability by
statistical extrapolations of sensitivity data, the
following points will serve as a general guide.

{n} All safety and relishility determinations
are gstimates. As such, they should be accompanied
by assessments of their accuracy and confidence
levels.

(b} Safety and reliability determinations apply
specifically to the conditions for which they were
determined. It is part of the function of a designer
to determine, as completely as possible, the range
of conditions which may be expected to prevail in
service amd 1o assure himself of safety and reliv
abiliy over the whole range,

{¢} The surest way 1o establish safety and
reliability 1s to test 8 large enough quantity under
the exact conditions of use, The quantities neces-
sary for such tesis are, however, prohibitive,
particularly i the design and development phase,

() Afl fire points are not what their name
implies. The only way (o be sure that all charges of
a kind will fire under any given ser of conditions is
o fire them afl under these conditions. When this
is done, none will be left to use in ammunition, 1f
afl fire data are accompanied by a 50 percent point
or a no fire point, and the numbers of tials involved
in wif firg and no fire determination are speeified,
they may be used with a statistical lever technique
to compute safety and reliability levels,

fe} All extrapolations are based on assump-
tions, dupending on the nature of the underiying
distribution. Hence, predicted values should be
accompanied Dy a clear statement of the assump-
tions made and, whenever possible, a justification
far their use.
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(f) The sensitivity of a charge is determined by
its design and that of its surroundings, as well as
by the explosive materinls of which it is compased.
Thus, safety and reliability must be re-evaluated
when the design of either explosive charges or
inert parts is altered. Seemingly small changes are
sometimes important,

(g) Both safety and reliability are reinted to the
ratio of the difference between the expected service
condition and the mean sensiivity to the standard
deviation of the sensitivity. Either may be improved
by increasing this difference or by reducing the
standard deviation.

(h) Although, as shown in Paragraph 20, the
initiation process often depends upon the nosn-
homogeneity of explosives, so that sensilivity is
perhaps more inherently statistical in nature than
maost quantitative properties, it has been found
that the variability of the sensitivity of most explo
sive charges is mainly due to variations in such
quantities as dimensions, densify, and confinement.
Thus, the standacd deviation of the sensitivity can
usually be substantially reduced by improved
control of such quantities,

b. Frequeacy Distributions. Observations  will
usually take the form of variables or attributes.
Data consisting of measured characteristics are
said to be expressed by variablus. Atiribites are
specific qualities possessed by the ftem. such as
color, cracked. fired, or not fired. Hence. in general,
the item examined either conforms or does not
conform 1o some quality standard or specification.
Attributes in the form of go and #o-go dam, such
as fired and not-fired, are often referred to as quantal
response data; the event either occurs or does not
occyr upon the application of a stimulus. 1t is often
advantageous 1o express the latier as a percentage
of ovcurrence for a given stimulus which in effect
5 a means of transforming quantal data o a
variable form,

One of the methods that can be used 10 present
the results of a series of observations is a graphicsl
plot of the frequency of each occurrence with
respect to the independent variable, This plot is a
visual display of the pattern of variation for the
sbservations. With a graphical technique #1 is
usually more convenient to plot the cumplative
frequency as a tunction of the independent variable,
An example of cumulative frequency distribution,
the probability of functioning of an electric initiator.
is shown in Figure 84a. So many tyvpes of gxperi-
mental data fit a pattern of this type {also known as
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g #ormal distribution} that a special graph paper
tprobability paper} is made on which this function
will plil us u struight line (Figure 84b). When a
distribution of observations fits such a pattern it can
be deseribed by its mean {the average or 505% value)
and a standard deviation {the roul mean square of
the deviation from the mcan).

There are cases when the data will vield a
curve on probability paper as shown in Figure 833,
14 13 wise in cases of this {ype to find a suituble
mathematical transform for the independent vari-
able which will give a siraight line (o take advantage
of the properties of the normal distribution which
arg well delined. The transform {or normalizing
functiony which has been successfully applied to
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input sensitivity is the logarithm of fring stimulus,
Figure 83b. The probability that mechanical
detonators will fire has been found 1o he nearly
normally distributed with respect 1o the logarithm
of drop height which is related to the energy re-
quired for functioning. The analogy also appliss 1o
initiation by another explosive charge, the proba-
bitity of which is refated to the logarithm of gap
length. The logarithmic relutionship hus also been
found to be useful for wirebridge eleciric initiators
with respect to such energy parameters as current
or voltage.

The assumption that statistical guantities are
normally distributed, or may he made thal way by
the choice of a narmalizing function of the physical
variable, has formed the basis for mest statisticsl
methods and trealments, Most quantitative state-
ments of the variability of experimentally doter-
mined quantities are in these tarms, For this reason,
we discuss the variables in terms of this assump-
tion even though recent experimenis have <ast
some doubt on Hs appleability to safety and
refiability problems,

Probability paper may be used to exirapoiate
from experimental duts to predictions of safety
and reliability, Consider, for example, that 23 of 23
electric detonators of a given design fire when
subjected to the discharge of a one-microfarad
condenser charged to 50 volis and only one in 25
fires when the potential is reduced 1o 25 voils
Suppose that the firing circuit to be used in service
uses a onewmicrofarad condenser which will be
charged to at least 63 volts. Assuming that the
firlng probability of the initittor is normally dise
tributed with respect to the logarithm of the firing
voltage, the noted trequensies (92 percent and 4
percent} are plotted on foge-probubility paper versus
the voltages at which they occurred (30 and 28
volts), A straight line plotted through these points
gives the most probable relationship between firing
voltage and reliability. When extrapolating this line
e 63 volts, the most probable reliability is found
to be Y94 percent.

¢. Confidence Levels. Although the most probable
reliability, as indicated by constructions such as in
Figure 8%, is a valid estimate of the performance
which may be anticipated, the true relinbilily hasas
much change of being lower as it hus of being higher,
For purposes of system evaluution or operations
analysis, it 5 necessary ¢ quote reliabilities with
confidence levels. Confidence levels are guantita-
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tive statements of the reliance which may be
piaced upon the statement of a statistical quantity.,
in the foregoing example, itis certainly true that the
23 out of 25 which fired at 50 volts is exactly 92
perceant of that group of 25. It is also obvious that,
if this group is drawn from a lor of 1000, the fact
that 92 percent of the sample fired does not estab-
ish 92 percent as the reliability of the whole lot at
this level, There is a possibility that by a remote
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lot which would have fired or the only two which
would have failed were those used in the test. Thus,
the only statement which can be made with absolute
certainty (100 percent confidence level} is that
somewhere between 2.3 percent and 99 8 percent
of the lot fired at this level, To assess the effect of
reliability of the initiator upon that of the system,
the reltability must be quoted at a confidence level
somewhere between the 30 percent level {which
states that 92 percent, more or tess} will fire and the
100 percent level, which gives limits so broad as o
be useless. Statisticians generally settle for 95
percent confidence level (19/1 odds that the state-
ment is correct).

d. Reliability Determination from Mean and Devi-
ation. The standard statistical technigues used in
the conduct and anulysis of many sensitivity tests
yield data expressed in terms of 2 mean and
standard deviation. The mean i5 the point at which
30 percent explosions are observed or anticipated.
The deviation(s) of the sensitivity of an individual
charge is the difference between the magnitude of
the initiating impulse which is just sufficient o
imitiate it and the mean for the population from
which it is drawn. The standard deviation of the
population is the root of the mean square of the
deviations of the whole population,

Where the correct normalizing function and the
true  standard deviation of the sensitivity of a
charge, as well as the magnitude of the initiating
impulse to be expected in use, are Known, safety
or reliability caleulations are quite simple. A
graphical method, as shown in Figures 84 and §8§,
can be used but is not usually needed, Ht is only
necessary o divide the difference between mean
and anticipated operating condition to obtain the
deviation in standard deviation units and inter
polate on a table (see Table 40% to find the rel
ability, For example, il it is koown that the mean
sensitivity of a stab initiator i3 four inches when
dropping a two-ounce ball (in this example, eight
inch-ounces) with a standard deviation of one inch
(two incheounges) and if the expected firing im-
pulse @5 at least seven inches ffourteen inche
ounces), the deviation of the expected ring impulse
from the mean sensitivity is six inch-otinces. This is
three standard deviations above the mean and the
predicted reliability s 99.87 percent.

It is well 10 note that the statement of this
example starts with the qualifying phrase o i1 is
known, Many reported sensitivity data are obiained
by the use of experimental and analyiical tech-
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nigues whose validity rests upon that of g series of
assymptions which may or may not apply to the
situation under consideration. 1n some cases, care-

ful investigations have been made to validate these=

assumptions, Usually not, The fact that the standard
devialion is quoted in inch-ounces implies that the
probability of firing is normally distributed with
respect (o the energy of impact. Suppose that the
true distribution 15 normal with respect to the
logarithm of the energy. The log of 1he mean sensi-
tivity is 0.903 with a standard deviation of about
0.1 log units, while the log of the expecied firing
energy 18 1,146, or 0.243 log units above the mean.
The expecied firing condition, assuming the log-
rormal distribution, is 2.43 standard deviations
gbove the mean. Interpolating on Table 40, the
predicted reliability is only 99.23 percent. This one
changes In assumptions changes the expected failure
rale sigaificantly, Further, it is not correct to
assume that a fourtsen inch-ounce energy oblained
by dropping a seven-ounce ball two inches is equive
alent fo the sbove example.

TABLE 40, SAFETY AND REUARILIYY RELATED 163
DEVIAHOMS FROUM THE MEAN

Probabifity of Queererice G5}

No. of $td.
Deviarions Far Poxifive® Fur Negpative*
From Moun Devigiion Dreviarion
$.23%3 &4 40)
4.524 H 0
4842 &0 20
1.0 84,53 15.87
;282 G40 10,0
L 91.12 668
{645 5E.0 50
2,000 9173 227
2054 28.0 2.4
2357 295 1.0
31500 80,38 0.62
2575 95 0.3
3875 9.8 0.2
AL LS 5987 0.13
1.0% 949 0.1
135 95,85 005
isg 96 98 0.0
173 04,49 ol
4.0 BO997 SAVTER
506 TRT w1
LREY 1.0 % 10 ¥
ER ' 1.3 % [pere
#,043 6.4 2 101
.04 1.2 v
10.00 80X o

* Positive and negaive are meanl 10 imply devialions oward and
uway from mwore probuble vecurrence.

The determination of the statistical distribution
function of the sensitivity of a given type of charge




to a given type of initiating impulse obvigusly
requires the test firing of large numbers of charges,
each under closely controlled conditions. For soms
relatively inexpensive and eastly tested items, such
programs have been carried out,

In view of the high costs of many items and
the relatively low rate ut which they can be tested,
it is too much to hope that all aspects of the sensi-
tivity of all types of charge will ever be character-
ized in this respect. Where the designer is faced
with the necessity of predicting safety or reliability
of an item for which the distribution function is not
known, the most prudent approach is to assume the
function which gives the most pessimistic prediction
(in the case of the last mentioned example, ihe
log-normal distribution).

104, Statistical Test Mathads

a. General Considerations. The sensitivity of an
axplosive charge is the magnitude of the minimum
stimulus which will result in its initiation. Stimull
100 weak 10 initiate charges can still alter them,
sometimes quite obvicusly, a1 other Hmes in
ways which can only be detected in terms of
changed sensitivity, Mence, sublecting each charge
0 gradually increasing stimull uniil # fires 13 not
satisfactory means for determining sensitivity,

In recognition of this varigbility, & sumber of
statistical plans have been devised for seansitivity
studies, Same of these plans are designed 1o chare
acterize the entire distribution, others to charage-
terize it in terms of an assumed normal distribution,
and still others to determine some point in the
distribution which was felt to be of particular
interest. Before these plans may be applied, sanmt-
pling procedure and criteria of acceptance must be
established.

1t s a basic assumption regarding any lest ot a
limited sample that the sample is representative of
the population from which i is drawn, Unless
some effort is made at randomization, this may
not be the case, Many of the varisbles which affes
sensitivity may vary progressively or periodically
as production progeeds, Selection of & sample for
test by any systematic means might conceivably
produce a biased sample. one in which all Hemsy
are more similar in some respect than is the whols
batch or lol. A pesitive plan of rundomization
should be adopted, such as use of & able of rundom
pumbers,

While most explosive charges used in ordnance
function with nearty their maximum vigor, some

vary appreciably in output as the vigor of initiation
5 varied. Even within groups of items for which
autput is usually independent of input, an occasional
individual item, when initiated marginally, will
explade with significantly less than its maximum
vigor, For these reasons, it is necessary to prescribe
in advance the criterion of fire. Both the quantity
associated with outpul and its magnitude should be
specified. A shift of criterion part way through a
test reduces the data 1o uselessness. Sometimes
such shifts are inadvertent. For example, when
plate dent output is used as a criterion, the supply
of plates may be exhausied before completion.
The replenished supply may come from a different
heu! of metal with a different response in terms of
dent if sustains.

The criterion of fire will generally depend upon
the purpose of the test. 104t is a reliability test, the
charge should be considered to have fired only if it
detonated high order in the sense that its output
cannot be distinguished from the maximum of
which a charge of i3 type is capable (due allbwance
having been made {or statistical Auctuations in this
guantity) For safety 1ests, on the other hand, any
evidence of burning, scorching, or melting of the
explosive should be considered to be the writerion
of fire.

b. Staircase Method, The Brucewn Test, A stair-
case testing technique is one in which a pre.
determined set of steps in the magnitude of the
initiating stimulus is established before starting and
in which the magnitude used for each trial is deter-
mined by results of provious trials. A number of
staircase techniques have been proposed, (O these,
the simplest and most wsed is the Bruceton test?
In the Bruceton test, the magnitude of stimulus
used in each trial is determined by the result
obtained in the immediately preceding trial, I the
preceding tial resulted in o misfire, the stimulos
1o be used in the present wial is one step higher
than that in the previous oial. W it fired, the
stimulus of the present trigl should be of a mag-
nitude one step fower, The test is continued in this
manner for a predetermined number of teiais,
The validity of the results of this procedure
depends on whether the assumption is valid that
the steps are of uniform size in a system in which
the frequency of explosions is normally distributed.
The Bruceton test is most applicable 1o systems for
which extensive fests have established the nature
of a generic normalizing function. Unfortunately, it
is often applied 10 systems for which it is not
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economically feasible to carry on such a program.
The logarithm of the initiating stimulus has fre-
quently been assumed us u normahizing function
(giving a geometric progression of siep sizes) on
the logical basis that this distribution predicis zern
probability of functioning at zevo input and tha a
positive stimulus is required for any finite proba-
bility of firing. This choice has been supporied by
such observations as the relative constancy of
standard deviations of simifar systcms over large
ranges of sensitivity. In some cases, rundown tesis
have also supported this choice.

[t should be noted that the analytical technigque
for Bruceton data was originally devised with
much larger tests in mind {10G shots or more) than
those which have been used in most safely and
reliability investigations. ¥t seems to huve boon
grasped as a straw by evaluators drowning in the
impossible problem of pradicting relinbilities o the
99.9* percent level from samples as small as
twenty-five samples. Tt is probabie that those who
have so little appreciation of the impossibility as 1o
assign such a problem will accept solutions which
depend on 5o many untenable assumptions.

The Bruceton experimentat technique iy often
used as a convenient means for the collection of
data in situations where the assumption of normality
is known 10 be false and where it is intended 1o use
other methods of analysis. An objection which
has been raised to this practice is that the strong
tendency of the Bructeon technigque to concentrate
testing near the 50 percent point reduces the value
of the data in gstimating the nature and deviation
of the distribution. Ta unswer, #t may be pointed ow
that the sample sizes available when this technique
is used are wsually so small that a reasonable esti-
mate of the mean and a rough guess of the deviation
is the most which can be expected,

. The Frankford Run-Down Method. A vun-down
method has been developed at Frankford Arsenal,
which, 4t the expenditure of a much larger sample,
makes possible n much better assessment of the
distribation of the underlying population® Begin.
ning at any ¢onvenient level of the independent
variable (drop height, voltage, barrier thickness. or
the like) between 0% and 0% of the expected
functioning level, 4 minimum of 25 triads 15 made at
each of several levels above and below the starting
level, using increments equal 10 or less than the
expecied standard deviation. The test is comibmed
in both directions in this manner untif the 0% and
100% functioning levels are reached as indicated

28

by (% and [00% f{unctioning in 25 consecutive
trizls. A cumulative probability plot is thea drawn
from the results of the test which is considered to be
the frequency distribution of the parent poputation,

. Probis, Normit, and Logit Procedures. These
procedures are not data collecting schemes but
ruther anulbytical procedures for the estimation of
disirtbution. They can utilize data collected by any
of & number of schemes. They may be used with
dats coliecied by the Bruceton experimental tech-
nigue using nopuniform steps or with incomplete or
abbreviated versions of the run-down method.
Each of these procedures is based upon the
wansformation of the observed frequency of fire
or misfire into a number related to the deviation in
terms of an assumed distribution function. In the
probit, for example, the mean is assigned a probit
value of fve, the 15.87 percent level (the mean
minus ong standard deviation) a value of four, the
84,13 percent point a value of six. and so forth.”
The normit differs from the probit procedure
only in that a value of zero is assigned 1o the mean,
This necessitutes the use of negative values but
frequently simplifies both thinking and arithmetic,
The fogit system is simifar but assumey the
ogit distribution funcion? In addition 1o fitting
certain data betler than the normal curve, this
function has the advaniages of being somewhat
more conservarve in s predictions and of being
simple gnough to apply without special tables.

B. TESTING TECHNIGUES

107, Explosive Materiols

a. General. Explosive compounds or mixtures are
evaiuated for acceptance as standard materials on
the basis of programs in which their explosive
properties are determined, Many tests have been
standardized to describe these explosive properties.
In addition, specisl tests have been developed th
take care of unusual conditons or to simulate a
particular use,

This parpgraph describes the purpose, nature,
anitd key features of the tests on explosive materials,
For u detatled discussion of the tests, the explosive
vharge designer should consult one of the hand-
books on explosives The tests covered here arg
inciuded partly for general information and partly
beeause some of the tests have been applied to
explosive charges. {1 is importani 10 realize. how-
ever. that the performance of u loose explosive




sumple may differ greatly from that of the same
explosive when pressed into z cup so as to form an
explosive component.

Tests of explosive materials are conveniently
placed into four groups. oscriptions of tesis
pertaining to sensitivity, outpul, and stabsliiy
follow. The fourth group is made up of chemical
tests designed primarily to verify composition and
state of aggregation. As such, these tests are not
included in this volume but can be found in hund-
books on explosives* Inchrded in this group are
tests on flammability, hygroscopicity, volatility,
molecular weight and axygen balance.

b. Sensitivity. The tests grouped under sensitivity
measure how easily explosive muterialy are inii
ated. They simulate the various stimuli which are
capable of setting off the explosive. The sthnuhis
used most widely is that of impact sensiiiviiy. in
addition 1o the following tests, the sand bomb test,
listed under brisance output, i also a measure of
sensitivity to initiation,

(1) Pmpact Test. The impact test consists of
dropping a weight on a sample of explosive. The
two most prevalent tmpuct tests are those by
Ficatinny Arsenal (PAYand by the Bureau of Mines
(BM). The PA apparatus is shown in Figure 86.

In the test, « sample of explosive iy sublected
to the action of a fatling weight. usunily 2 kilograms.
A 20-milligram sample is always used in the BM
apparatus while the PA sample weight is stated for
each case, The minimum height a1 which st leas)
one of 10 trials results in explosion is the impact
test value. Far the PA spparstus, the unil of heighs
isthe inch; tor the BA apparatus. it is the centimeser.

fn the PA spparatus, the sample is plaged in
the depression of a small steel die cup. cupped by a
thin brass ¢over in the center of which is placed &
slutevented oylindrical steed plug. slotted side down,
In the BM apparatus, the explosive is held between
two flat and paraliel hardenad steef surfaces, In the
former the impact is wransmitted (¢ the sample by
the veated plug, in the latter case by the upper fad
plate. The main differences between the two sty
are that the PA test (3} involves greater confine.
mert (b), distributes the translationa! impulse over
a smaller area. and (¢} involves & frivtional com-
ponent. Henge, PA test values are greatly affscted
by sample density.

Some addinonal impact tests differ primariiy in
the construction of the sample helder. The tesls
have also been modified 10 accommodate cast and
liquid explosives.

2 KILOGRAM WEIGHT

iDIE CLP ARGEpMBLY
}wwmwwu TEET EXPLOSIVE
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RAPD 15735
Figure 86, Pleotinny Arsenal Impacet Test Apparatus

{2} Friction Peadulum Test, To measure the sensi-
gvity to friction, a 7 gm sample, 30-100 meash, s
exposed 1o the action of a stec] or fiker show swing-
ing a% a peadulum at the end of a long stee) rod. The
behavior of the sample is described qualitatively e
indivcate Hy reaction {o Lhis experienee, that iy, the
most energetic reaction is explosion and, in decreas-
ing order of severity, snaps, cracks, and unaffected,
{3y Rifle Budlet Dnpacr Tesr, The traditiona] bullet
sensitivily test comsists of firing a caliber 30 rifle
into the side of a 3-inch pipe nipple. loaded with
approximately 0.5-pound of the explosive being
tested, and capped al both ends. Because of the
curved surface presented as a target. the angle of
invidence, and consequently the test results, can be
greatly affected by the condition of the weapon
and characieristics of the ammunition, Animproved
west with a flat larget plate was devised at Picatinny
Arsgaal’!
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(4} Explosion Temperature Tesi, A 20-milligram
sample of secondary explosive or a {-mitligram
sample of primary explosive. oose loaded In g
No. B blasting cap cup, is immersed in & Wood's
metal bath. The temperature determined is thai
which produces explosion, ignition, or decompesi-
tion of the sample in 5 seconds,

(5) Booster Sensitivity Test. The sensitivity of
explosives to initiation by a booster is characierized
in terms of the thickness of a wax barrier which.
when placed between a cylindrical booaster, 1%
inches by 2 inches, and the explosive being tested,
will result in high order detonation of 3} percent
of specimens. The set-up is shown schemutically
in Figure 87,

(6) Sethack Pressure Tesi. To simulate the vondi-
tions experienced by the filler of a projectile during
aceeleration in a gun, the apparatus shown in Figure
88 was developed. By the action of the propeiiant,
a pressure pulse is transmitted o an explosive
specimen through the piston system whith closely
resembles these conditions, The criterion for each
sxplosive tested is the maximum pressure at which
the explosive cannot be inttiated, when at an initial
temperature of 125°F in 23 or more trials.

(7) Armor Plate Tesr. A modified &0mm M49A2
mortar projectile is loaded with the explosive 1o be
tested, The loaded projectile, with fins attached, is
fired against armor plate from a five-foot length of
stesl tubing by a barooka igniter and a guantity of
shotgun propellant sufficient to give the desired

(o NO. 8 DETONATOR

- BOOSTER , 100 GRAMS
15/8° DIA 2" HiGH

e WAX SPACER

Pﬂ/»rss*r CHARGE
STEEL
TEST
(—— PLATE
7/ / Zha
Gy

s 4" GO ARE st

Figure 87. Booster Sensitivity Test {Wex Gop}
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velocity. The velocities are measured electronically,
and the reaction is determined by observation {for
exumple, whether or not flash occurs on impact).
The minimum velocity required to produce an
expiosion is recorded.

{2y Bomb Drop Tes:. Bomb drops are usually made
with bombs assembled in the conventional manner,
but containing either inert or simulated fuzes. The
target is usually reinforced concrete.

(€9 Conk-0ff Temperature Test, The temperature
at which an explosive charge will explode is related
1o the size of the charge, its confinement, and the
length of time it is heated, as well as the composi-
tion and foading density of the explosive. Cook-off
s usually measured by inserting a projectile con-
taining the test explosive into a carefully controlled
aven. Temperature iz measured by thermocouples
inserted into the projectile, Rate of healing, logation
of thermocouple, and simulation of heal transfer
1 other charges and weapon parts all affect the
cook-off temperature so thal results vary with
different apparatus. For hgh-rate-of-fire weapons in
the sl arms group, cook-off is best determined
by heating the weapon in actual burst firing and then
inserting an instrumented round into the chamber)®
The cook-off temperatures quoted are threshold
temperatures, those helow which cook-off wiil no
gecur in an infinite tme {practically, an hour),
(1Y Elecrrastarie Discharpe Tesr. To determine
the sensitivity 10 electrostatic discharge, a 50
milligram sample of the explosive is placed on a
fiat metal electrode. A sharp metal electrode, which
is connected 1o the frst through a condenser
charged 10 5000 volts, is brought gradually closer
1o the flat elecirode uniid the condenser discharges.
By varying the electrical capacity, the énergy of the
discharge may be varied. Values guoted arg maxiv
murn energies i jowdes for zero probability of
mitation, These datg moy be related to hazards by
keeping in mind that the human bedy, on a dry
winter day, may store as much as 0,05 joules of
static electrival energy.

¢, Chetenet, The tests grouped under output measure
the effect that an explosive produces. As do the
sensiivity [esis, oulpul tests mensure a particular
result which s udged (o simulate performance.

t11 Deronution Velocity, Of the fundamental quanti-
tues assoctated with detonstion. the propagation
velocity is the most readily and directly measurable,
While it i5 not a complete charactenization of the
owput properties of an explosive, it is a good
¢riterion of performance in many applications.
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Since the detonation velocity varies with both
density and charge dimensions, results must be
accompanied by accurate data regarding these
quantities, Detonation velocity muy be measured
by optical technigues, by electrical measurements
of transit time between points and by comparison
with the known velocity of detonating cord,

The optical technique involves the use of a
high speed camera. Streak cameras which have
been used in detonstion velocity measurements
include rotating mirror cameras, rotating drum
cameras, high-speed roll film cameras, and elec-
tronic image converter tube cameras,” Figure
18 a record obtained by u streak camera, A high
speed framing camera has alse bheen developed
which will take full image pictures at rutes higher
than four million frames per second,

The material within a detonation zonc is highly
ionized and, hence, an excellent ¢lecirical con-
ductor. Thus a pair of electricu! probes, placed inor
elose to an explosive charge. become electrically
connected when a detoration, or the shock emitted
by a detonation, engulfs them. Time intervals
between such signaly are measured with oseil
loscopes and any of several types of inerval
timersg, 4.

The d'Autriche method (Fig. 89 depends
upen the augmentstion of radial outpus at the point
where two waves in a ¢ylindrical charge converge.
Although it is attractive in that it requires no high
¢cost instrumentation and has the reliahility inherent
in its extreme simplicity, this technigue has fallen
into disuse in recent years because of the higher
precision obtainable with opticel amd elecironi
methads, With advent of mild deronming Tuse,

whose small size makes precision location of the
critical points of Figure 89 possible, and the de-
velopment of precise means of detonation velogity
control, new applivations of the d"Autriche methoy
may e antivipated.

£23 Betonarion Pressure. Delonalion pressures arg
wo high 1o measure directly with any ordinary
pressure gages. The pressures of shocks induced by
detonations in metals may be determined from
measurementy of the movement of the metal and of
shock velocity in the metal. From such datn and
the laws of shock interaction, it 18 poassible 1o
deduse detonation pressure.’® Detonation pressure
may also be determined from detonation velogity
and the density within the detonation zone, which
may be measured by means of fash X-rays,

{3y Brisanee, The shattering power of an explosive,
as distinguished from its towal work capacity, is
termed brisance, Brisance is measured in sand.
piate dent or fragmeniation tests,

in the sand test, & (hd-gm sample of the explos
sive under test pressed at 3000 psinto a Mo, 6 cap.
is initiated by lead azide in a sand test bomb con.
waindng 200 gm of "on 30 mesh” Ottawa sand, The
sand is resteved and is gongidered o have been
crushed if it passes & No. 30 sieve. The significance
of the samd test is difficult to state in physionl terms,
However, it does correlate. generally. with overall
performance characteristics.

Plate dert tests. as ysed in brisance measure-
ments, are mude with charges long ¢nough ¢com-
pared with their diamelers that the detonation head
can reach a stable configuration. The standard
specimen s 1% inches diameter by 5 inches long.
The depth of dent produced in the steel plate is
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compared with that produced by TNT, Piate dend
brisance for bare charges correlated rather well
with detonation pressure,

The fragmentation fest is the most direct
measure of the brisance of explosives. §t consists
of lpading a projectile with the sample explosive,
detonuting the charge and recovering the fragments.
The projectile is placed in & wooden box thal is
buried in sand and fired electrically. Recovery of
lragments and their classification into weight groups
permits evaluation of the chaege,

(4} Blasr. Blast pressures and impulses are detor
mined almost exclusively with piezoetectric gages
and the necessary speciatized electrical ¢ircuits,
Results are obtained by an analysis of oscillograms,
(5) Badlistic Mortar, A number of tests compure
the effectiveness of explosives as propeliants)® in
general, to preserve the moctars used, the charges
are relatively quite small (for example, ten grams in
a ten-inch bore mortar). The quantity of the explo.
sive being tested which gives the same recol as en
grams of TMU is used as the basis £ cxpressing
the relative output of the axplosive. Although
ballistic mortar test data end to correlaie with
usable output for many explosives, there are encugh
inversions 1o Inspire senous questioning of the
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meaning and validity of 1his type of data, Ballistic
moriars have not been used extensively in recent
YEAars.

(63 Tranzd Test In g Traugd block test, o sample of
explosive {on the order of 10 gm) is exploded in a
gavity in a lead Block. The increase in volume of the
hole is the criterion of outpul. It is usually reluted
to TNT. The Traued test s a direct measure of the
mechanical work performed by the explosive. It
terds 1o correlate with the heut of explosion. ol
though the small sample size is rather small for
compiete reaction of TNT. More sensitive maten-
als, which react more completely, tend 1o have
farger ‘{rauz! block values than might be expected.

d. Srabilire. The vacuum stability st i the maost
widely used stability tost for explogives, A S.gm
sapnpde 1 gmoin the Case of primary high explosives).
after having been thoroughly dried, is heated for
40 hours i vacuum st the desired temperature
3007 or 120°C) Temperatures and the volume of
gas evolved (n ¢l are quoted,

Other tests are the beat tests in which samples
wre heated for 48 hours and the effects noted
Actually, stabibty of explusives under conditions
of sgrvice 18 100 ¢omplex 10 be characterized com-
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pletely on the basis of standurdized laboratory tesls.
Tests like that for cook-off, which are tatlored 1o
simulate coaditions of use, are often necessary.

108. Input

a. Mechanical Iniiatars. Most mechanical sensi-
tivity tests, whether for stab or percussion Homs.
consist of dropping weights from various heights.
The most common means to this end is to relense s
weight from a magnet. The weights used in the
testing of stab and percussion initiators are usually
steel balls which are dropped free from the poinis
of conical magnets. Impact machines inchude con-
venient means of adjusting the height of the mugnut
between drops and meuns for rapid and precise
determination of the free faill distance (Fig. 861 in
some machines, the height adiustment inchudes
indexing stops for even intervals of height {usually
fractions of an inch or centimatar). fn others a dial,
counter or scale is provided for rapid reading of the
drop height, The latter have the advantage. in
Rruceton type testing, that the step intervads may be
varied to suil the appropriate normalizing function.

The drop test is performed in & manner
similar 10 that used for explosive materialy (Para-
graph 107), A given weight {perhaps 2 ounces) i3
dropped from various heights on the firing pin and
the results noted. Height steps are vaned by the
Bruceton technique (Faragraph 106}

b, Flectrie Injtivtor. Pepending upon the applics-
tion, the sensitivity of electric mitiators should be
characterized in cerms of the threshold Currend,
voltage, power. energy or some combination of
these. A specificution in terms of enly one of thum
may be misieading, However, i many applications,
one or another of these guantities s so much more
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sigriificant than the others that it is appropriate to
churaciorize the sensitivity of the initiator in its
terms. The sensitivity response can be defined more
rigorously in most cases by controlling the time as
well as the magnitude of the applied stimulys,

{1y Condenser Discharge Test. The sources used to
fire electric initiators in many military applications
emit pulses in which both current and voltage
exceed, by many times, the threshold conditions
for firing the initiator but for a very short duration.
in many cases, the quantily which expresses limita-
fion of outlput is the available energy. For (his
reason, L 15 8 common praclice to express the
sensitivity of an electric initiator in terms of its
energy requiremeni, The energy which 1s stored in
a charged condenser is

Ww=35CE*

where W is the energy in ergs. Cis the capacitance
i misrofarads, and E is the voltage, Theoretically,
when a condenser is discharged through avesistunce.
all of the energy s dissipated as heat in the re-
sistance. Thus o condenser discharge cirguit s
means of dissipating an accurately known quantily
of energy in an initiatyr, independent of varjations
in #s resistance. The energy sensitivities of most
of the electric inftintors now In military use were
determined by using circuits similar to thut shown
in Figure 90, Either volluge or capacitance may be
varied 1y vary the energy. In many cases, cone
venignce has been the basis for the ¢hoice. How-
gver, where a partcular application is under
comsideration, the cheice might be made or the
basis of the limitations of the firing circuit in the fuze.

The threshold firing energy tends 10 vary m-
versely with the rate at which the energy is appligd
down 10 4 pbint, characteristic of the initintor,
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beyond which further increusc in the rate of appli-

cation has no effect on the energy required, Hereis

an important basic characteristic of an initialor
For general evaluation purposes, it is recommended
that a condenser discharge circuit be chosen with a
voltage high enough and a correspondingly small
enough condenser that {urther change in the voliage
will not affect the energy requirement of the detona-
tor. An initiator test set has been developed which
furnishes the proper signal and minimizes con-
denser and switch iosses.!

(2) Voliage Sensitivity. Where the firing clreuit is a
very low voltage source, the impedance of which is
low compared with that of the initiator, as for exam-
ple, some types of battery, the throshold voltage
for firing may be the most important criterion of
sensitivity. Test firing circuits for the determinne
tion of threshold firing voltage should be, similarly,
very low impedance cirguits. A type of variabke
source which has proven useful in this respect is a
high capacity storage battary shunted by a relatively
low resistance putentiometer. The resistance of the
potertiometer should be tow compared with that of
the initiator but not so low a3 10 overtax the battery.
Agide from this, the circuit should provide for
switching and connecting with a minimum of
resistance. Contaet potentials and inductive surges
have been misleading in such cirouits. As for con-
denser discharge, a test set is wiso available for
both constant voltage and constant current tesis.
(3 Sready Current Functioning. Where the firing
sourge iy of high tmpedance and lmited current
capacity. such as the high voltage supply of an
glectroniv devige, the firing current may be the maons
significant aspect of the sensitivity of an electric
initiator, A test gircuit for the determination of
threshaold firing current of an electric inttiazor should
have an impedance which is high compared with
the maximum resistance of the initiator during
firing., A high voltage supply with & dropping re.
sistor (a ratio of 10 to | (s desirable) meets these
requirements, The currend may bo varied from wial
1 trial by varying either the veltage or the re-
sistance. In such circuits, if the switch is in series
with the dropping resistance and the initintor in the
wrong order, the distributed capaciionge of the
cireuit can get charged to the supply vollage and
discharged with un initial surge sufficient to fire the
igitiator. Ode means of insuring against such
spurious effects is that of shunting the initintor with
a switch which is opened to fire the iHwlinior,
Constant current pentode circuits have much bigher
effective impedances than can be realized by
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circuits of the kind described. However, the current
requiremenis of maost glectric initiators exceed (he
capacity of receiving pentodes.

¢. Gaps and Barriers. The relative sensitivity of
vartous explosives to initiation by detonation of
aearby charges can be determined from the results
of trials with varying gaps or barriers interposed.i1#
in such evaluations, determinations are made of the
mern and deviation of the gap or barrier using data
collection schemes and  statistical procedures
simniiar 1o those described in Paragraph 106. The
result ix o threshold value of gap or barrier which
will resuit in detonation,

it mus! be rementbered, however, that the use
of gap or barrier tests to evaluate the reliability of
systems i which gaps or barricrs are not part of
the intended design is dubjous al best. As pointed
ouf in Paragraphs 27 and 6B, gaps and barriers,
particuiarly when combined, may actually improve
a system. For example, it is possible 10 adopt a
design on the strength of tests indicating a threshold
gap of. say, a hatf {nch and then find a forty percen
fathgre rute in pilot ot tosts with zero gap. Another
possible pifall in the use of gap and barrier tests
for reliability predicuons s the assumption of
asurmality of the distribution of transmission proba-
bility with respect to the gap length, barrier thick-
oess, o some function of these quantities, In one
instance. a noapormalizable distribution has been
found)® Further, in complex systems, where gaps
and barriers are combined with angular and axial
displacements of consecutive charges, it is difficult
1o design gap, barder, or fransverse displacement
tests from which predictions may be made, with
reasonable confidence. of the reliability of trans.
mission of delonation.

For these reasons, the Varicomp eehnigue
has been dovised?® fn this technigue. construction,
materials, and spatial configuration of a system
under investigation are as nearly identical with
those of the intended dosign ay it is practical to
make them. The probability of transmission be.
ween Iwo consecutive somponents is reduced by
the substitution of 4 Josy sensitive material in the
acceptor element in the transfer under investiga
tion. By the use of a series of explosives of gruded
sensitivity, using the sensitivity or composition as
the independent variable in a data gathering system
itke the Bruceton technique, data may be obtained
from which it is possible to determine the sensi-
uvity or composition for 50 percent functioning
and is standard deviation. These guantities may be




used in extrapolating to the material 1o be used
(see Paragraph 106},

Explosives of varying semsitivity have salbso
been used to estimate the reliability with which
main charges may be expecicd to be initisted by
means of boosters. For such purpeses, the wax gup
booster test has been used {see Paragraph 107L

109. Qutput

a. Detonation. The output of detonators, leads and
boosters consists of a shock wave and high velocity
hot particles. A number of indirect ocutput fesiy are
in use which are designed to give a gquantifative
measure of the ability of the test compunent 10
propagate the detonation in the next component.
In addition to the tests Hsted, gaps and barrier tests
{Paragraph 108) may be used for this purpose.
(1) Sand Test. The sand test, in which the output
is characterized in terms of the amount of sand
which is ¢rushed by a detonator, gives a quantitive
result for each trial. Early investigators® found
good correlation between sand test results for biast-
ing caps and their effectiveness in inftisting dyna-
mite, More recently, it has been found that detona-
tors which give good sand test results may fail to
initiate booster charges. The trend s nway from
sand tests for evaluation of explosive components.
(2) Lead Disk Test. This test consists of firing 2
detonator in direct end-on contact with a lead disk,
in agcordance with MIL-STER3ILY (see Paragraph
110), The size of the hole produced in the disk ks a
measure of the output. Hole sizes are measured by
means of taper gages or by photomelric measure-
ment of the amount of kght from & standarg source
which passes through, In general, the lead disk
test is a reasonably useful guality conirol 1est which
correlates with the effcctivencss of detonators,
Significance in terms of physical quantitiey is diffiv
cult to assess, At least one situation has been
experienced in which modifications in loading
procedure which ingreased outpu according to the
lead disk test decreased effoctiveness in initiating
subsequent charges,

(J) Sreel Dent Fesr. The steel dent test consists of
firing a detonator in direct end-on contact with a
steel block in accordance with MIL.STLL316
(see Paragraph 110, The depth of the demt prov
duged is @ measure of output, The depth. or better
the volume, of the dent correlutes well woh initiatling
cffectiveness, The low rate detonation, which
crushes nearly as much sand as high order detona-
tion, makes no dent whatever in & steel plate, it has

been showa that the depth of dent is proportional
to the excess of pressure over the yield strength of
the steel of the dent block, integrated over the
vatumoe of the detenation head,

it hus been found that a detonator of 0.190-inch
dizmeter or farger, which produces 4 dent 0.010-
inch deep in a mild steel block will initiate a lead ot
tetryl or RDX under favorable conditions.'? Speciti-
cation reguirements for detonators to be used in
fures are usually at least 0.015 to 0.020-inch depth
andd many produce dents up to 0.060-inch deep.

{Jents tests are also used 1o measure the oulpul
of leads and boosters and to determune whether
token matn charges bave been caused te detonate
high order. Plates used for this purpose arc some-
fimes reforred 1o as wilness plates.
{4y Hopkinson Bar Test. In this test, the~eutput of
3 detonator is characterized in terms of the velocity
imparied 0 a sicel time piece which is fny intimate
contact with one end of a stee) bar when the deto-
nator 18 fired al the other end (see Fig, 91), The
velovity of the fime piece 15 a measure of the aver
age pressure over the time it take for the shock
16 traverse i length and the tension wave to
return, For steel, this time in microseconds is
almost exactly equal, numencally, to the length of
the time piece in centimeters (since boath shock
and tension waves propagate at 0,5 ecm/microsec).

Although the velocity of the time pigce is o
precise and rigorous measure of the momentum
of the shock in the bar. the relationship between
this shock and the output of the explosive ¢harge
which induced it is Jess ¢lear. The coupling hotwesn
the outpu of the detonator and the input end of the
bar is necessarily guite poor. Direct exposurs of
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the bar to the action of the detonator resulis in
damage with each shot and progressively changing
characteristics. The effect of attenuators {to protect
the bar) on output has not been established. Hence,
the test is only in experimental use.
(5) Velacity of the Air Shock. Since the velocity of
an air shock is a direct measure of its sirength,
measurements of air shock velocity may seem 1o
be attractice means of measuring detonator outpul,
However, at the short range over which the blast
ouipul of a detonator is effective, a larger part of
the effectiveness is attributable to the kinetic
energy of the reaction products which support the
shock than to the shock itself, ¥n this respect, an
inversion results from the nonideality of the reaction
product gases. Hence, velocity of the air shock is
not a suitable output measure,
(6) Detonation Pressure Measured by Aeans of
Shock Transducers. The output of detonators may
be determined by measuring detonation pressure
waves.® Two types of solid state transducers are
used to record the intense stress waves mvolved.
One, based upon changes in electrical conductivity
of materials normally considered as insulators,
pravides not only a reading of the peak intensity
of the wave but also a record of pressure variation
with time, The second transducer utilizes the
pularization of molecular solids to provide a device
more capable of resolving the very sieep shock
fronts often produced by exptosives of high brisance.
The explosive itemn to be tested is placed with
its output end on the transducer and initiated in the
normal manner, When the detonation wave passes
through the transducer, a signal proportional to the
magnitude of the pressure is produced which is
recorded on an oscilloscope or other electronic
device thus indicating the output of the explosive,

b, Noadetonating Nems, The output of non-
detonating  explosive charges requires entirely
different  measuring techniques from those of
detonating charges, On the one hand, detonating
output is more difficult 10 measure but on the other
hand more work has been done with detonators and
more tests have been standardized. Nondetonating
autput includes flames of deflagrating charges
{(primers, squibs, delay columnsg) and mechanicsl
output (explosive actuators),

(1) Flame Outpr, The most prevalently used
instrurnent for the testing of primer output is &
manometer connected to a closed chambey nto
which the primer fires. The outpul pulse of the
primer impar{s momentum to the liquid in the
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manometsr, causing it to displace to a maximum
and recede. The maximum displacement is propor-
tional to the momenium and s referred to as the
impulse of the primer, The volume of gas emitted.
may, of course, be measured after the manometer
reaches equilibrium.

A thermocouple placed in the flame gives some
measure of temperature although the question may
be raised as to whether it ever reaches equilibrium,
Perhaps. in mauny spplications, the temperature
reached by such a thermocouple, which is propor-
tional to the guantity of heat transferred 10 a solid
by the flame, is more pertinent than the actual
flame lemperalurs,

Light output, as measured by a photocell, has
aiso been used 88 a measure of primer output, If the
tight is mainly black body radiation, it may be quite
significant, However, the presence of some ele-
ments, such as sodium, which have strong spectral
output, might bias such results unduly,

The lead disk test, employed for detonating
ouiput, has been used for primers, Primer output
does not punciure the disk; rather the volume of
the dent becomes the measure of output, Softer
materiais, such as styrofoam, have alse been used
experinentaily for this purpose 1o achieve a larger
volume.

A test set has been developed 1o measure the
output of flame producing charges by measuring
fame emperature and length®
{3y Mechanival Quipet. The series of mechanical
actuators includes dimple motors, bellows motors,
piston motors and switches, The outpur of these
devices is usually specified in terms of pushing a
given weight through a given distance, Lse of a
test fixture employing dead weights is therefore best.

Cutput tests huve often been performed by
having the actuator push against a spring. Since the
spring force is not constant, s important 1o specify
inn this case whether the given force is measured at
the start orond of the stroke, Inthe case of switches,
it has been suggested that the initigl hump in the
lond curve of » switeh can be simulated by having
& pin rupture & metal foil,

130, Environment

Explosive charges must nol only perform as
intended; they must also be safe and operable in
the envirgnment i which they are expected 10
perform. Encompassing deep water 10 ouler space,
the runge of military environments is indeed formi-
deble. A series of tests has been developed (o




simuiate the various conditions o which smmuni-
tion may be subjected. _
Many of the tests have been standardized 1o
assure uniform conditions. The bulk of the tesis of
interest to the explosive charge designer are
grouped in the 300 series of the Militury Standirds
pertaining to fuzes. These Standards are listed in
Table 41 in two groups, those which apply during
item development and those which determine
quality in production. AH of the standards are

compiled in Depurtment of Befense dinlex of

Specifications and Standards, 30 July W61, 2
consolidation of previous velumes issued by the
three services, A convenient sumgary of descrip-
lions and use of these tests has been compiled for
fuze components.®

The explosive charge designer faces more
severe testing problems thap the fuze designer
because of the relative smallness of his components
in the system. For some of the components. the
MIL-STD tests are frankly meaningless. There is
no reason, for example, to subject a booster charge
pellet 10 the jumble test. On the other hand, it is
dangerous (o introduce an untested component,
parucularly a new concept, into the military en-
vironment, [n some instlances. other sysiem oom.
ponents may help (confinemernd, structural sirength,
sealing, cushioning), in other instances. they may
hinder (incompatible mutorials, unplanned electric
paths, stress concentrations). This problem must
be resolved by sound engineering judgement. if. for
example, detonators are to be subjected to & drop
test, they can be placed within a jig which permits
positioning and introduces confinement ®

The chief purpose of environmental (2s1s is 10
Insure safety during rough handling and surveillance,
The safety tests are of two types, destructive and
non-destructive. Oiperability is so¢ reguired after
destructive tests, such as Jolt (MILLSTIRIO0.
MIL-8TD-350) white operability is required after
non-destructive tests such as Transportation Vibra-
tion (MIL-STD303, MIL-STE383) AN surveil-
lance tests are non-destructive, such as Tempera.
ture and Humidity (MIL-STE304, MELSTD-354),

it s important 1o understand that MIL-STD
tests are never specified unless they serve u definite
purpose. The selection of tests for apphication in g
particular case requires engineering ludgement.
Tests must not be applied indiscrimingtely. On the
other hand, once a standarg st is prescribed. 138
mandatory that it be pecformed precisely as speoi-
fied without deviation. The 300 series of MIL-STrs
includes a number of tests which apply 10 special

conditions only, such as Jettison Tests (MIL-S'TD’s

307z to 310}

TABLE 41,

MiL ST 300
MiL-ETD-361
MIL-STD-A02
MIL-STD-31
Mi-5TD-304
MIL-STER30S
MHLETD-36
MIL-STD-307
MIL-STD-M8

MELLRT MW

MIL-STD- 30

MILLRTD.

ML T2
MLSTL33
MULETD R4
MELSTE 1S
MH-STD.316
MHLSTIRIT
MHLSTDLIR

M{LSTR- 319
MELE T30

MILSTD- 3

ML STD-150
MiL-STE 350
MULLST382
MIL-STER 5
MIL-STDN-254
MIL-STDNI5E
MIL-${D-356
MIL-STD-358

For other conditions, additional tests

MIL-STD TESTS FOR FUZES
Development Series

Jolt Test for Use in Development of Fuzes,
& July 1951,
Jumbic Test for Use in Development of Fuze-.
6 July 1951,
Forty {40} Foot Drop Test for Use in Develop-
ment of Fuzes, 6 July 1951,
Fransportation Vibraton Test for Use in
Deveiopment of Fuzes, & July 1931,
Temperidure und Humidily Test for Use in
Dievelopment of Tuzes, 6 July 1951,
Vacuum-Seum-Pressure Test for Use in De-
velopment of Fuzes, 26 March 1952,
Salt Spray (Fog) Test for Use in Development
of Fuzes, 27 March 1852,
Jetison {Aircrafi Safe Drop) Test for Use in
the Developmenl of Fuzes. 17 November 1958,
Jettison (Simulated Aireraft Safe Firing. from
Ground Launcher) Test for Use in the Devel
upment of Rocket-Type Fozes, 4 August 1953,
dettison (Rimulated Aireraft Safe Drop. from
Cround Launcher) Test for Lise in the Devel.
opment of Fuzes, § Augusi 1953,
dettison {Alreraft Safe Fwingd Tesy for Usgon
the Development of RocketType Fuges, d
Adgust 1681
Accidental  Helease (Low  Alitude, Murd
Surface) Salfety Test for Lse in the Develop.
ment of Fuzes. 4 August 1953
Muzele Tmpuct Safiety Tes For Use in Devel
apment of Projectibe Fores, 15 Jambary 1984,
frnpact-Bale Distupve Test foo Lise in Devel
apment of Projectide Fozes, 18 January 1954,
Wargrproofnesy Test Fur Llse in Development
of Fuzes, 20 Seprember 1954,
Static Detonalor Bafery Test for Use in Devel.
opment of Fozes, 1% Movember 19584,
Detonator Oulput Measurement By the Sreal
Dent Test, 21 Seprember 1961,
Detonetor Outpul Measurerment by the Leud
Pisc Test, 17 December 1949
Massite PUHILOR From Adrcraft on Arresied
Landing (Ground Luwncher Simubidted) Sateiy
Test for Use in DMevelopment of Fares, #
Fabruary 1958,
Tine 16 A Burse Test tor Use in Develun.
ment of Projectile Time Fuzes, 20 May 1956
Verminoiogy. Dimensions, and Mutgrialy of
Expicsve Components, for Use in Fuzes, 3
August 19549,
Jettison tAncraft Safe Dirop) Test for Use in
the Development of Fuzing Svatems, ) Sepe
termber 19349,
sdierion S eries
ol Test for Use in Production of Fuzes. &
July 198y,
Jumble Test for Use in Production of Fuzes,
6 duly 1951,
Forty 140} Fod Lrop Test for Use in Produg.
von Of Fuzes, 6 July 1951,
Tramsportation Vibration Test for Use in
Production of Fuges, 6 July 1951,
Temperature and Humidity Test for Use in
Producton of Fuzes, 28 November 1958,
Vacuum-Stean Pressure Test for Uise in Pro
ducuon of Fuzes, 13 Aprl 1953,
Salt Spray (Fog) Test for Use in Production of
Fures, 13 Apri 1053,
Five Foot Drop Test for Use in Producnon
aof Fuies, 17 November 1958

— e -
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may have to be performed, such as Sand and Dust
(MIL-E-5272B).

Four tests in the MIL-STD-304 sertes apply
specifically to explosive components. The Siatic
Detonator Safety test (MIL.-STD-115) determines
whether the rest of the train will be set off when the
detonator is initiated in the unarmed position. The
fuze or test fixture must be modified so that the
detonator may be initiated in the safe position. A
typical modification is shown in Figure 9$3. The
test is successful if no explosive charge bevond the
arming device functions, chars or deforms.

Detonator output tests by lead disk {MiL-
STD-317) and steel dent (MIL-STD-316} are dis-
cussedin Paragraph 109. Terminotogy, Dimensions,
and Materials of Explosive Components {MIL-
STD-320) applies to the selection of standard paris
during the design phase. The application of this
stundard is discussed in Paragraph 53 and 73.

AS in performance tests, programming s im-
portant in the environmental series. t may be
desirable to combine several tests sequentially or to
add tests to introduce such special conditions as
acceleration which can be performed in air gun or
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centrifuge. Sufficient samples must be tested to
aysure significant results. As a rule of thumb, no
fewer than five samples should ever be tested. The
gquantity depends on the criteria for test acceplance,
the destructive test {criterion: did this item ex-
plode?) requiring fewer samples than the non-
destructive test{criterion: is performance affecied?).

TEST TG ik

Figure 2. Arrongement for Detonotor Sufety Test
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GLOSSARY OF KEY TERMS

This Glossary is an excerpt from Naomenclature and Definitions in the Ammunition Area, MIL-8TD-
444, 6 February 1959. Definitions are often sbbreviated and only terms pertaining to explosive charge

. design are included.

actuator. An explosive device that produces gas at
high pressure in short periods of time into a gon-
fined volume tor the purpose of doing work.
Dimple motors, bellows motors and switches arg
examples of actuators.

booster. An assembly of metal purts and ¢xplosive
charge provided to augment the explosive com-
ponents of a fuze to cause detonation of the main
explosive charge of the ammunition. 1t mayv be
an integral part of the fuze, (This tarm is often
wsed as an abbreviation for booster charge}.

booster charge /. The explosive charge contuined
in a booster. [t must be sufficiently sensitive to be
actuated by the small explosive elomonts in the
fuze and powerful enough to cause detonation of
the main explosive filling. 2. The amount or type
of explosive used to reliably detonate the bursting
charge of ammunition.

brisance, The ability of an explosive 1o shatier the
. medivm which confines it; the shattering effect
shown by an explosive.

pombustion, The continuous rapid combination of o
substance with various elements such as oxvgen
or ¢hloring or with various oxygen bearing ¢ome.
pounds, accompanied by the generation of Hehs
and heat,

cook-off, The deflagration or detosation of ammuni-
tion by the absorprion of heat feom is environ
ment, Usually it consists of the accidental and
spontanaous discharge of, or explosion i, & gun
ar firgarm caused by an overhested chamber of
barrel igniting a fuze, propetlant charge. or burste
ing charge,

deflagration. A very rapid combustion somolirms
accompanied by flame. sparks, or spattering of
burring particles. A deflageation. although clrssed
as an explosion, generaily imphies the harning of o
substance with self-contained oxvgen o that the
reaction zone advances ints the unreacted ma-
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terind a1 less than the velocity of sound in the
unreacted malerial,

delay. An explosive {rain component that intro-

duces a controlled time deiay in the functioning
Process,

detonation. An exothermic chemical reaction _that |

propagates with such rupidity thatl the rate of
advance of the reaction zone into the unreacted
material exceeds the vejocity of sound in the
unreacted material. The rate of advance of Lhe
reaction zone 8 termed dotonation  velocity.
When this rate of advance attains such a value
that H will continue withowt diminution through
the uareacted material, it 15 termed the siable
detonation velocity. When the detonation velogity
B gqual (o or greater than the stable detonation
velocity of the explosive. the reaction is termed a
high order detonation. When it is lower, the reac.
tion is termed @ low order detonation,

detonator. An explosive rain component which

can be activated by either a nonexplosive im-
pulse or the action of a primer and is capable of
reflably initiating high order detonation in a sub-
sequent  high explosive component of  frain.
Whena acuvated by a nonexplosive impulse, 2
detonutor includes the funcrion of a primer. In
general detonmors are Clussilied in wecordance
with the method of initiation: such as percussion.
stah, electrie, flush, e,

explosion. A chemical reaction or change of state

which is effected in an exceedingly short time
with the gengration of & high temperature anid
generally 8 large guantity of gas. An explosion
produces & shock wave in the surrounding
medium, The term includes both detonation and
deflagration.

sxplosive. A suhstance or mixture of substances

which muy be made 1o undergo a rapid chemical
chunge. withowt an outside supply of oxvgen,
with the hberrtion of large quantives of energy




generally accompanied by the evolution of hot
gases. '

explosive train., A train of combusiible and saplo-
sive elements arranged in Bn order of decreasing
sensitivity. 1ts function is to accomplish the con-
trolled avgmentation of a small impolse into one
of suitable energy to cause the main charge of the
munition to function. ¥t may consist of primer,
detonator, delay, relay, lead, and booster churge,
one or more of which may be either omitted or
combined,

firing pin. An item in a firing moechanism of a fuze
which strikes and detonates a sensitive expiosive
to initiate an explosive train,

high cxplosive {(HE). An explosive which when
used in its normal manner detonates rather than
deflagrates or burns: that is, the rate of sdvance
of the reaction zope into the unrescied materisl
exceeds the velogity of sound in the unreacted
material,

lgniter. A device containing u specially arranged
charge of a ready burning composition, usually
black powger, used 1o amplify the initiation of a
primer.

initiator. A device used as the first element of an
explosive train, such as a detonator or squib,
which upon receipt of the proper mechanical or
glectrical impulse produces a burning or deto.
nuling action. {1 generalfy coatging a small
quantity of « sensitive explosive.

lead. (Rhymes with “feed™) An explosive frain
component which consists of a column of high
explosive, usually small in dinmeler. used 1©
transmit detonation from a detonaior 0 booster
¢harge.

low exglosive (LKL An explosive which when used
in it normal manner deflagrates or burns rather
than detonates: thot is, the rate of advance of the

reaction zone into the unreacted material is less
than the velocity of sound in the unreacted
material. Low explosives include propellants,
certain primer mixtures, black powder and delay
compositions,

primary high explosive. An explosive which is
exiremely sensitive to heat and shock and is
normally used to initiate a secondary high explo-
sive. A primary explosive is capable of building
up from a deflagration to delonation in an ex-
tremely short distance and time; it can also
propagate # detonation wave in an extremely
small diameter cofumn,

primer. A relatively small and sensitive initial
explosive train component which on being actu-
ated initiates functioning of the explosive train
and will not reliably initiate high explosive
charges. In generwd, primers are ¢lassified in
agcordunce with the methods of imtiation; such
as percussion or stab,

relay. An explosive train component thal provides
the reguired explosive energy to cause the next
element in the train 10 function reliably, 1t is
especislly applied to small charges that are
initinted by 4 delay element and, in trn, cause
the functioning of & detonator,

secondary high explosive. A high explosive which is
relatively insensitive to heat and shock and is
usuaily initiated by a primary high explosive, It
requires o refatively long distance and time 10
build up from a deflagration 1o detonation und will
ot propagate in extremely small diameter
columns. Secondary high explosives ure used for
boosters and bursting charges. Sometimes called
‘nog-initating high explosives,”

squib. A small explosive device, similar in appeare
ance 10 a detonator. but loaded with low explo-
sive, so that its ourput is primarily heat (flash),
Lisually electrically initated. i1 is provided 1w
witinte scton of pyrotechnic devices.
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Actuator, 105, 136
Aerodynamic heating, 5, 53
Ammunition, 100
Arrhenius equation, 14
Auxiliary booster, 103
Availability, 118

Ballistic maortar, 132
Barrier, 40, 92, 134
Bases for explosive charge selection, 3, 65, 87
Bellows motor, 105, 136
Blast, 42
Boosted surround, 103
Booster

charge, 89

construction, 98

design, 92

pasition, 103

sensitivity test, 36, 130
Bridge wire, 23, 30, 51, 67, 78
Brisance, |31
Bruceton techrique, 127
Bullet impact test, 37
Hurning, [3. 16

Carbon bridge. 26, 71,78

Casting, 109

Cementing, 118

Chapman-fouguet condition, 21
Characteristics, 120

Chemical decomposition, 49

Chemigal interaction. 53, {20
Compatibility, 56, 120

Condenser discharge test, 133

Conductive explosive mix clecteie indtintor, 26, 72
Conduetive film glectric initiator, 26, 71, 78
Confinement, 38, 75, §7, 92, 103
Construction, See specific explosive charge
Cook-off, 48, 51, 130

Cup, 75

d'Autriche method, 13t
Deflagration, 13, 16

Delay composition, 82

Delay element, 8O

Demolition block, 107

Demolition device, 106

Density. See loading density
Design considerations, |, 9, £, 92
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Brestructor, 106
Diptonating cord, 167
Destoastion
pressure, 74, 124, {31
transfer 10 another charge, 33, 135
teansition from deflagration, 17
velfocity, 22, 120, 130
wave, 20, 41, 95
Detonulor
construction and fabrication, 75
design. 60
funciipn, B2
output, 73, 135
Dimensiopad intgraction, 34
Dimple motor, 105, 136

Ecanomics, 9
Fleetric initiation, 25, 80
Elactric indtiator, 83, 67,77, 133, See also specific
explosive charge
Fleetric spark initiation, 30
Electrical aspeets. 2, 59, 130
Environmental response, 48, 55, 136
Fuauation of swte, 20
Evaluation provedure, 35, 57,113
Exploding bridge wire, 30, 70
Explosion temperature, 15, 130
Explosive
Bol, 108
Characieristics, 120
materipl, 71, 73,90, 118
sheet amd tube, 167
rain, |
Explosive charge. See also specific explosive
charge {actuastor, booster, delay, detonator,
lend. main bursling charge, primer, relay,
sty
bases for selection, 1, 65, &7
design considerations, 1, 9,62, 92
Fabricution, 109
general description, 1, 62, 80, 89, 100, 105
loading, 109
purpose. |
sysiom approach aspects, 4
Exudation, 38

Fabrivation, 109, See adso specific explosive charge
Fature diameter, %3, 120
Fiim bridge electric initiator, 26, 71, 78




Finishing operation, 17
Firing pin, 29, 66

Flame output, 136

Flash charge, 78

Flash detonator, 83, 67, 77
Fragmentation, 7, 44
Frankford run-down method, 12¥8
Frequency distribution, {24
Friction, 29, 59, 129
Functioning, 7
Fundamental principies, |

Gap test, 35

Gap and barrier, 44, 92, 134
Gasless delay compositions, 84
Glossary, 140

Graphite fitm bridge, 26, 71, 78
Gurney constant, 44

Heat initiation, 25

Heat of explosion, 74, 120

High temperature effect, 53
Hopkinson bar test, {33

Hot spot theory of initiation, {5
Hot wire electric initintor, 25, 67
Hugoniot curve, 20

Ignition powder, 84
Ignition temperature, 5
Iustrations, list, vii
Impact initiation, 28
Impagt simulation, 5%, 129
Information sources, 1}
Initiation

by heat, 2§, 67

by impact, 28

by other means, 29

effectiveness, 33

general, 73, 33

seasitivity, 35, 49, 102
Initiator, $ee specific explosive charge
Input characteristics, 66, {33
Irradiation, 59

L.eadh
gonstruction, 96
design, 92
fun¢tion, 89
Lead axide, 18, 12)
Lead disk test, 135, 138
Lead styphnate, 13
Lethality, fragment, 44
Loading, 109, S¢e aise specific explosive charge

Loading density, 27,66,75,82,86,94, 113,120,121
Low temperature effect, 54

Muachining, {17

Main bursting charge, 100

Mechanical aspects, 7

Mechanical iniliator. See specific explosive charge
Bielting, 53, 120

Mild detonating fuse, 107

Military environment, 48

Military standard, 137

Misaligned charge, 40

Obtursted delay, 80, 83
Out-of-line safety, 3, 8
Gutpat, 41, 72, 95, 106, 119, 130, 135

Pelletizing, 115
Percussion ipitiation, 29, 66, 80
Percussion primer, 63, 66, 77, 133
Piston motor, 105, 136
Plug for electric inittator, 77
Pressing, 111, 121
Primer
construction and fabrication, 75
design. 66
function, 62
output, 72, 136
Priming composition, 66
Projectile preparation, 109

CGuality conwel, 121

Reaction kinetics, 13
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Ring defay, 83
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Sand test, 138

Bensiivity test, 26, 35, 119, 128

Senshtivity to inftiation, 26, 35, 49, 66, 102

Sensitization, 54

Setback seceleration, 6, 98, 130

Shaped charge, 46

Shock velociy, 35

Shock wave, 19

Simulation of impact, 37

Spurk gap clectric initiator, 72, 78

Spotting charge. 78
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Spurious electrical signal, 9
Squib, 63, 72

Stab initiation, 29, 66

Stab initiator, 63, 66, 77, 133
Stagnation temperature, 5
Standardization, (1
Statistical test method, 123
Steel dent test, 135, 138
Structural aspects, 6
Suitability, 118

Switch, 103
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Systems approach to ammunitien, 4
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Temperature effect, 49, 83
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Thermal decompaosition, 13

Transfer of detonation from one charge to another,
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‘Transition from deflagration to detonation, |7

Trauzi test, 132

Linderground output effect, 45
LUnderwater output effect, 45

Yacuum stability, 132
Vehicular aspects, 4
Venied delay, 81, 84
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