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PREFACE 

The Engineering Design Handbook Series of the Army Materiel Command is 
a coordinated series of handbooks containing basic information and fundamental 
data useful in the design and development of Army materiel and systems, The 
handbooks are authoritative reference books of practical information and quanti­
tative fach helpful in the design and development of Army materiel so that it 
will meet the tactical and the technical needs of the Armed Forces. The present 
handbook is 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 
variation. may constitute the explosive train of an item. The main charge of an 
explosive item, such as projectile or warhead filler, is also covered. Data are 
given on the physical and explosive characteristics of typical explosives and 
references are cited in which additional data will be found. 

Coverage includes development of the complete explosive train. from ele­
ments suitable for initiation of the explosive reaction to the promotion of ejf(.:ctive 
functioning of the fina!, output element. The nature of the explosive reaction, 
method of tmnsfcr of detonation and measurement of output are discl,l~sed. 
Design principles and data pertaining to primers, detonators, delay elements, 
leads. boosters, main charge~ and specialized explosive elements arc covered. 
The effects of environmental conditions and steps to be taken to avoid difficulties 
are discussed. 

This handbook has been prepared as an aid to ammunition designers. It 
should also be of benefit \0 ~cientists and engineers engaged in research and 
development programs or who have responsibility for the planning and interpre­
tation of experiments and tests relating to the performHnce of ammunition or 
ammunition components. 

The handhook was prepared by The Franklln Institute, Philadelphia, Pennsyl­
vania, based on a mHnuscript prepared by Armour Research Foundation of the 
University of Illinois institute of TeChnology. The handbook was prepared for 
the Engineering Handbook Office of Duke University, prim!.: contractor to the 
Army RC.'iean:h Office-Durham. The Explosiv!.: Series is under the technical 
guidance and coordination of H special committee with representation from 
Picatinny Arsenal and Frankford ArsenHI of the Munitions Command, and the 
Ballistic Research Laboratories.. Chairman of this committee was Mr. Donald 
Seeger of Picatinny Arsenal. 

E!cments of the U. S. Army Materiel Command having need for handbooks 
may submit requisitions or official requests directly La Publications and Repro­
duction Agency, Lctlerkenny A rmy Depot, Chambersburg, Pennsylvania 1720 I. 
Contmctors should submit ~uch requisitions or requests to their contracting 
officers. 

Comments and suggestions on this handbook are welcome and should be 
addressed to Army Research Office-Durham, Box CM, Duke Station, Durham, 
North CarolinH 27706 . 
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EXPLOSIVE TRAINS* 

PART ONE - FUNDAMENTAL PRINCIPLES 

CHAPTER 1 

EXPLOSIVE CHARGES AS COMPONENTS OF WEAPON SYSTEMS 

A. INTRODUCTION 

1. Purpose 

This handbook is 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 clements which are 
parts of an explosive train. These elements include 
primers, detonators. relays, delays, leads, boosters 
ami mClin bursting charges. In addition, principles 
and factors involved in the design of explosive 
items such as actuators, explosive switches and 
destructors, which afC usually not elements of the 
main explosive train of a military item. are men­
tioned, particularly where the principles differ from 
those applicable (0 the main train. 

The phenomena of initiatiun, tlcflagration and 
detonatiun and their interaction with effects pro­
duced in surrounding matcrial~ are discussed with 
particular emphasis on those aspee! ~ which are 
important to designers of explosive charges. Also 
discussed are evaluation procedures, loading 
methods, and the effects of design upon the proba­
bility of accidental initiation, upon reliability. and 
Bpon the useful life of an item 

2, The Explosive Train 

An explosive train is an a~sembly of explosive 
elements arranged in order of decreasing sensitivity. 
The function of the explosive train is to accomplish 
the cuntrolled augmentation of a small implll~e 

into one of suitabk energy to cau~e the m~lin charge 
of the munition to function. 

~ Prepared by Gumller r. ohn. 1 ~h(lrarori~~ for Resc~rch nncl 
fJnel"plll~l1[ llf The i"r.mkiln In.,tllllt~. b(LW<.I <lit" 1Il'''lll'C"111'' 
\\'1111~11 t>\ R, H .')lr"',ill.' 1(11 .'"HIllUUI I\e~~mch I 'lllrJ(Jaliun "" 
lh~ lilllllll', IIL,tilllt" ",' 1 l'~hnoi()!,) 

Explosive trains may be divided into two gen­
eral classes, high explosive trains and Inw explo.l-il'l' 
trains, according to the type of explosive used in 
the main chargt:. t An explosive train may also be 
designated according to the item in which it is 
assembled or to which it pertains. One of the most 
common examples of the high explo~ive: trains is 
the jllZe e>:plosire train. If the bursting charge is 
added, it is commonly called <I blll"stinR chlirRe 
cxplosivl! frain. A common example of the low 
explosive train is the propelling ch(ll"Re ('xplo.li\'c 
{rain. 

Propelling charge explusive trains and other 
low explosive trains are covered in other hand· 
books of the Series. Unless otherwise indicated, 
the term £'xplosive train in this hanubook signifie~ 
a hiRh expf().\iFe train. 

The explosive or combustible elements of a 
fUle explosive train are so arranged that 

(a) they can be activated in the de~ired manner, 
(b) on functioning, they will produce the de­

sired effect reliably. and 
(c) the problibility of premature functioning I~ 

minimized for all foreseeable conditions uf' hanLllill~. 
storage. trlinsport and use. 

Essential elements of such lin a:;.~cmbly are 
generally 

(a) A primary or low explosive charge, con­
tained in a suitable housing, that is capable of ( I) 
being activated by a relatively small qimulus 
(mechanical or electrical) and (2) producing a self­
propagating reaction. The output of thi, initial 
charge consisb principally of relatively low vel()cit\' 
hot gases and parlic1c~. 

'I-or m"r~ (1"~,I'kd Lldilli\i()n~ "I' c\pio,,,,. 11:ticll.l! 'c'~ d,,' 

01(","01\' dl ,U~ ('"eI ,II' Inl' ha;)<J""cl~, 
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(b) An intermediate charge of primary high 
explosive (most commonly lead azide) in which the 
transition from burning to detonatiun takes place. 

(c) A secondary high explosive charge (for 
example, RDX) that intensifies the shock output 
from the intermediate charge, amI 

(d) A main charge consisting of a secondary 
high explosive (for example, TNT) that produces 
the desired effect 

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

(a) Leads and relays to transmit explosive 
reactions between spatially separated elements, 

(b) Delay or time element to increase the 
interval between activation of the first explosive 
element and functioning of the main charge, and 

(c) A booster which is sensitive enough to be 
initiated by relatively small output of a second<lry 
high explosive charge and powerful enough to 
Imtlate the insensitive secondary high explosive 
usually used for the main charge. 

FIRING PIlII 

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

(a) Actuators 
~b) Explo.sive bolts 
(c) Destructors 
Note that the foregoing description <lpplies 

mainly to the most common explosive train, namely 
one resulting in high explosive functioning. Where 
the output is nonexplosive, the train is essentially 
the same through initiation and auxiliary compo­
nents. However, the explosive train usually never 
proceeds beyond the burning stage initiated by the 
primer charge. Examples of such nonexplosive 
applications are signal flares, smoke bombs, pro­
pellant systems, parachute packs and leaflet bombs. 

Figure 1 shows a simple explosive train. 
Pictured in schematic form is the M505 nose fuze 
which is used with 20mm ammunition. The fuze is 
shown in both armed and unarmed conditions but 
details of mechanic<l] construction have been 
omitted. While important, these features are beyond 
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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. When it strikes the target, the following 
sequence of actions take 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 a 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 is amplified. 

(d) The RDX booster and top off charges serve 
to amplify the detonation wave to insure proper 
initiation of the main charge in the projectile. 

In a superquick fuze. such as this one, this 
entire sequence takes place in only a few micro­
seconds, whereas in a fuze having delayed action, 
the interval between activation of the primer charge 
and 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 burns at a definite rate, between primer and 
intermediate charges. 

The rotor in which the detonator is assembled 
is aligned with the remainder of the explosive train 
through the action uf linear and rotational forces 
encountered during propelling the projectile from 
the gun. In the unarmed view (Fig. 1) the fuze is in 
the ~'afe or out-of-line position. The purpose of this 
safety feature of fuzes is to isolate phyS'ically the 
more sensitive explosives of the explosive train 
from the main charge. Since the more sensitive 
explosives are more susceptible to accidental initi­
alion. they will not propagate to the main charge, 
if initiated, when they are in the out-of-line pusition. 

3. Basel for Selecting Explosive Charges 

When the designer is ready to build an ex­
plosive train, he must make a variety of decisions. 
Before he Can select the explosive t.:barges. he must 
have a dear idea of the input stimulus that will be 
used to start his system and of the final output the 
system is to have. Between these two extremes, he 
must assemble a variety of explosive components. 
This complet!.! system will then make up Ihe ex­
plosive train_ 

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 so as to 
deliver the output which is required of the ammuni­
tion. While the output is invariably specified for all 
design requirements, it 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 to 
defeat a tank, to cause personnel casuulties or to 
produce a signal. Next, the ammunition designer 
translates these needs into terms of specific am­
munition. He may call for a 90mm HEAT round to 
be fired from a recoi1leS'~ 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 point, the explosive charge 
designer takes over. He will specify the weight and 
configuration of the main high explosive charge in 
the HEAT projectile, the amount of charge in the 
mine and, together with the ammunition designer, 
will fix the size of the mine to result in the desired 
effects. or he will specify the weight and configura­
tion uftlle HE burster charge and the composition 
of the chemicals 10 produce the smoke puff_ 

Where the design calls fm high exploslve~ in a 
projectile, bomb, or the like for whi(.:h caliber IS 

either specified or the shape of which is fixed hy 
ballistic considerations, the task of designtng the 
output charge is fairly straightforward. The given 
container is filled with as much explosive as will fit. 
Seventy percent of the total weight of a light-case 
bomb, for example, is bigh explosive filler. Design 
prim:iples for blast (Paragraph 31) and for frag­
mentation (Paragraph 32) are wei] establi~hed. 

Explosives for chemical charges must burst the 
case and disseminate the contents efficiently. The 
design of main charge~ is discussed in Paragraph, 
76 to 83. 

At the olher end of the train is Ihe initiator. 
Selection and design of the propel' first element in 
the explosive train is probably the most difficult 
step. For this reason, this subject is treated in 
depth by itself (Paragraph 46). The design of initia­
tors is covered in Paragraphs 44 to 56. 

lt is a basic safety requirement in almost all 
ammunition that the initiator be kept out of line so 
that the train will not propagate in the event of 
accidental functioning of the sen~itiv": initiator. 
While the explosive charge deSigner IS definitciy 
concemed with such safety devices, they are not 
included in this handbook. rhe de~ign, CDn~truc-

J 
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tion, layout, and evaluation of the various safety 
and arming devices arc covered in texts on fuze 
design. 

The next clement to be considered is the 
booster charge. Most high explosive ammunition 
has boosters. The booster is that charge which is 
sensitive enough to be actuated by the small ex­
plosive elements on the one hand anJ powerful 
enough to cause detonation of the main explosive 
on the other hand. Tetry! and RDX are common 
explosives which have these properties. The 
booster charge is best placed inlo a cavity of the 
maio charge (the fuze well). The design of boosters 
is covered in Paragraphs 64 to 75. 

From the standpoint of train propagation, a 
booster pellet is all that is 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 output end and initiators at the input 
end. These three form the basic elements required 
in every train. If the explosive train is for a small 
device, no additional charges are necessary. Addi­
tional charges are added only to fill a particular need. 

If there is to be a time interval between initia­
tion and functioning of the train, a delay element is 
inserted. Often a relay is required at the end of the 
delay to tnlnsform the deflagmtion of the burning 
delay into a detonation wave. Delay elements are 
described in Paragraphs 57 to 63. 

A common explosive train charge is the lead. 
Because of the geometry required to achieve bore 
safety, detonator (or relay) and booster are sep­
arated too far for the detonation waVe to travel. 
This gap is filled with a lead. Leads contain the 
same explosives as boosters. Leads are covered in 
Paragraphs 64 to 75. 

Sometimes functions other than initiation of 
the main charge are required. Actuators exert a 
force through a small distance to activate control::.. 
or to close switches. Small and reliable. they are 
ideally suited for remote control. Explosive bolh 
and destructors arc other examples of devices 
serving auxiliary functions. These design::.. are 
covered in Paragraphs 84 to 8Y. 

Good design practice mm.! he applied 10 all 
explosive charges and to their :\~sembly into a tr<liT~ 
Charges mu:-.t he of the prorer geometry and SCl1~l­
llVlty and must have the COlH'ct demit\· and CUll 

linemcnt a~ discussed III Paragraphs 24 to 28. rhel' 

must be compatible with other explosives and with 
metal parts. They must be safe to handle and must 
::..tand the extremes of temperature in storage and 
use as discussed in Paragraphs 34 to 42. The design 
of explosive charges which make up safe and reli­
able trains has not yet been reduced to a formuta. 
Rather, it requires considerable experience. rhe 
design of unusual train!';, in particular, should never 
be attempted by a novice. 

After the design i~ completed, the train is ready 
for thorough test and evaluation as discussed in 
Paragraphs 105 to 110. 

B. SYSTEMS APPROACH TO AMMUNITION 

4. Vehicular Aspects 

tI. General. Most ammunition is projected to its 
target over appreciable distances. Both maximum 
velocities and ranges continue to increase with 
improvements in propellants and design. Four 
aspects of this motion must be considered by the 
designer or explosive charges. 

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

(b) It is sometimes necessary 10 auapt the 
design of explosive charges in order to distribute 
the weight properly for flight stability. 

(c) Velocities and flight times of many modern 
missiles are such that aerodynamic heating has 
introuuced a whole new set of explosive-charge­
design problems. 

(d) 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 military items as 
vehicles, it is necessary for the designer of explosive 
charge~ to consider special circumstances which 
may arise as a result of transport systems. Accelera­
tions due to the mechanical action of rapid-fire 
guns and launchers are ~ometimes quite appreciable 
and have been known to produce undesirabl.: re­
sults when they were not taken into consideration 
during design. Chambers of rapid-fire weapon~ arc 
heated in the course of long bursts 10 temperalUre~ 

Which can c;tuse funclionin!! of roumls tl"lHt reJll<l1l 
In them when tinng SlOr~-

The limitation, \)[1 explosive ch,Hgc J~'~lg~' 

Imposed b:, the fir5{ two aspects li~\cd at)()\:.: ;l! " 
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those of dimension and spatial configuration. They 
are usually clearly staled in design specifications or 
military requirements for explosive charges. Effects 
of aerodynamic heating and acceleration forces, 
however, are not usualfy obvious from a glance at 
the drawings. Frequently, they can influence the 
functioning of ammunition. 

h. Aerodynamic Heating. Not only must an ex­
plosive system withstand high temperatures without 
premature functioning, it must also function effec­
tively and reliably during or after such exposure. 
Insulation of explosive charges can be quite effec­
tive because the exposure time is usually so short 
that, with reduced heat transfer rates, the heat 
capacity of the explosive is sufficient to keep the 
temperature within bounds. However, as velocities 
and ranges cuntinue (0 increase, the necessary 
amount of insulation may increase to a point where 
it seriously reduce~ 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 explusives are discussed 
in more detail in Paragraphs 35-37. Some of the 
newer explosives which are more heat resistant are 
not castable. The use of these materials will neces­
sitate design changes in the carrier to facilitate 
either (a) consolidation of the explosive charge or 
(b) assembly of preformed explosive charges. 

The determin<ltion of temperature profiles 
within ammunition items affected hy aerodynamic 
heating is difficult, complex, and quite beyond the 
scope of the present discussion. It is, however, 
frequently possible for a designer, by means of a 
few quick calculations using a simplified model of 
his system, to obtain a gross answer regarding the 
neEd for more detailed calculations, the substitution 
of explosives, or the insulation of explosive charges. 
The following discussion is intended as an aid in 
making such approximate calculations. 

The flow conditions about an object moving 
through the atmosphere are most simple if they are 
considered in terms of a coordinate system moving 
with the object. In such a system, the undisturbed 
air is an infinite stream moving at a velocity of 
magmtude equal to that of the object in a system of 
fixed coordinates. Quite clearly, the object impedes 
this flow of air. By Bernoulli's principle (!.:onservu­
tion of mOOlentun) any reduction of the velocity of 
part of the stream must be accompanied by an 
im:rcase in pressure. Rapid compression of a g.as 
causes its temperature to rise. The highc:,t tempera­
ture which may be anticipated in any point in such a 

system, called the stagnation temperature, is that of 
air which has been brought to rest with re~pe'.:t to 
the object. The formula for the calculation of differ­
ence between the stagnation temperature T, is 

T, ~ To( 1+ O.2M') ttl 

where T" is the temperature of the undisturbed 
atmosphere and M is the Mach number. Tcmpem­
tures are in OK. 

If the stagnation temperature is below that <It 
which the explosive charge will suffer any ill effects. 
as discussed in Paragraphs 36-37, there is no prob­
lem of aerodynamic heating. 

A stagnation temperature high enough to have 
deleterious effects upon the explo~ive is not neces­
sarily reason to take special measures. Only a small 
fraction of the surface of a moving object is exposed 
to air at the stagnation temperature. The boundary 
layer of air in contact with the surface at poinb 
where there is an appreciable tangential flow 
component approaches a recovery temperature 
which is well below the stagnation temperature. 
Typical relationships of recovery temperatLlre~ T, 
to stagnation temperatures are 

Tr - 1~ 
T. To = 0.8 to 0.9 

The value of this ratio varies with velocity. po~ition. 
and shapc of tht! object. 

Most ammunition which flies at speeds (It which 
thc stagnation temperature of atmospheric air I~ 

sufficient to have undesirable effects upon ex­
plosives does so for a limited time. The question as 
to whether the explosive materials will reach un­
desirably high temperatures during such an interval 
can be answered only by considering the heal flo",,' 
into and within each component in dt!tail. 

As the stagnation temperatures rise rel~tive to 
those at which explosives are stable and as design~ 
become more intricate, the means of resolving 
doubts regarding whether explosive ehHrges will 
survive aerodynamic heating become more labo­
rious and less positive. The introduction of a heat 
barrier may turn Out to be the only way in which 
these doubts may be removed. In some cases i1 

simple barrier will not only be effective In protect. 
ing the explosive but it will al~o reduce the heal 
transfer analy~i;; to simple arithmetic. For cxample. 
if a thin layei' of insulation is applied to the out~idl: 
of the metal case of an explosive l:harge, it may be 
assumed as a first approximation that the metal 
loses no heat to the explmi vc, that the surface 
coefficient of heat transfer is infinite, and that the 
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heat capacity of the insulation is negligible. If these 
assumptions are made, then the heating rate of the 
case IS 

dTcldt= (Tr - Tc)k,IYiYcCcP (3) 

where Tc is the temperature of the case, Tr is the 
reference temperature, kl is the thermal conductivity 
of the insulation, Yi is the thickness of the insula­
tion, Yr is the thickness of the case, p is the density 
of the case material. and Cc is the heat capacity of 
the case material. It wi11 be noted that al1 of the 
assumptions are conservative in the sense that 
they tend to make the calculated temperature rise 
more rapid than the real one. Thus, if these calcula­
tions lead to the conclusion that the protection 
against aerodynamic heating is auequate, it may be 
accepted with a minimum of doubt. 

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

A reasonable course for an explosive charge 
designer, confronted with a possible aerodynamic 
heating problem, might be as follows 

(a) Compute the maximum stagnation temper­
ature to which a round might be exposed, 

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

(c) If doubt remains regarding survival of aero­
dynamic heating, make a conservative estimate of 
the heating rate based either on a simplified model 
or experimental data for an analogous system. and 

(d) If doubt remains at this point, give serious 
r.;onsideration to the use of insulation or heat sink~. 

(e) Testing of the system may be required. 

c. Acceleration. As vehicles, ammumtlon items 
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 including that of the ex­
.plosivc materiaL Accelerations associated with 
changes in the momentum along the line of flight arc 
always variable, usually impUlsive, while centrifugal 
accelerations of spin stabilized projectiles remain 
nearly steady during the time of flight. 

When considering the effects of acceleration of 
ammunition, its variability must also be considered. 
On the one hand, it is often possible to 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 to the 
direct effects of gross acceleration. In considering 
these effccts, the designer should obtain the best 
estimate available of the time-acceleration function 
to which his device will be ),ubjected. Table I lists 
the magnitudes of some typical accelerations of 
ammunition. 

5. StrutlurQI Aspecfs 

u. Ne!{/eC'ting the Strength of rhe Explosil'(', To 
sustain accelerations and still retain their functional 
capability as explosive charges Hnd mechanisms. 
Hmmunition must be designed with full recognition 
of its functions as a structurc. The time-honored 
practice of neglecting the strength of the explosive 
material, that is. of designing the container to hold 
a liquid of the density of the explosive, can greatly 
simplify structural design and is generally quite 
conservative. It may not alwHYs result in the best 
design and, in some cases, it is inapplicable because 

(al The strengths of all explosives are fHr from 
negligible and those of some materials are quite 
appreciable. 'rhe strengths of cast explosives are on 
the order of 2000 psi (compres)'ive) and 200 psi 
(tensile). Those of plastic bonded explosives are 
somewhat higher, 

TABLE 1. VALUES OF ACCELERATION IN AMMUNITION 

6 

Amlnl/nirioll (/lid 
('olllliliull "I' Expo,,,r,, 

Projcclile ~etback when fir~o.l in gun 
Projectile piercing armor 
Rockel or missile. normal launch 
Rocket or miss·lle. gUll launcheo.l 
MIssile sleenng 
Mi~sile flight vibration 
Mine W<lter enlry 

Typical Pe(lk 
A('(·,'it'rcuiol1 (),') 

50.000 
-150.000 

100 
30.000 

40 
10 

-2,500 

Direction 

A1.ial 
Axial or Oblique 
A:>dal 
Axial 
Tnmsver,e 
Random 
Axial 

N()tl'.' Forw<lrd acceleration is Cl)nventionalIy assigned a positive value, 
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(b) The resistance of the eKplosive material to 
plastic deformation can result in a load distribution 
on the container that is very different from that 
computed by assuming the explosive to behave as 
a liquid. 

(c) 1n many applications, explosive perfor­
mance could be improved by a smaller metal to 
explosive ratio from that dictated by design in 
which the strength of the explosive is neglected. 
Improvement may also result from a different 
spatial configuration in which the strength of the 
explosive is utilized. 

(d) Some applications require metal so thin 
and soft as to have little value as a structural 
member. 

(e) The resistance to deformation amI eventual 
failure of an explosive material under stress could 
result in impact forces much higher than those 
calculated using the hydrostatic approximation. 

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

b. Con.\'equence.\' ofS/rue/ura/ Failure of F:xp/osil'(:' 
Charges. Obviously, those charges whose output 
characteristics are closely associated with their 
geometrical configurations, ~uch as sh(lped charges, 
will not function properly if the geometry is altered 
by structural failure, Other consequences of struc­
tural failure 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. particularly the rather sudden move­
ment resulting from a structural failure, provides a 
mechanism for the development of hot spots which 
may become reaction nuclei (see Paragraph 15). 
Where the failure results in the relative movement 
of two adjacent metal members with explosive in 
between, (lclion similar to an impact or friction 
sensitivity test (where the explosives are pinched, 
ground, or impacted) may result in prem(lture 
initiation, 

The initiating trains of ammunition are gen­
erally composed of a series of rather small charges 
which communicate detonation only when properly 
spaced and accurately aligned. Hence, a structural 
failure can result in either premature functioning 
or complete failure. 

c. Structural Components as Sources ofFrawnen/s, 
In many types of ammunition, notably Hrtillcry 

fragmentation projectiles. 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 hold together 
under high gun acceleration and centrifugal stresses: 
in the other it must fly apart in a prescribed manner. 
The high strength which holds it togeif£r in '!Jt' 

gun also absorbs a significant amount of the energy 
liberated when the explosive detonates. The choice 
of a structure and configuration conducive to opti­
mum fragmentation may unduly weaken it. The 
charge-to-case weight ratio which is best for frag­
mentation may afford too little metal for structural 
stability. In addition, the aerodynamic considera­
tions of stability and range arc involved. The design 
of such a projectile is a compromise of internal. 
external and terminal ballistic considerations 
(discussed in Paragraphs 29-33), In other types of 
fragment-producing ammunition. where structural 
or aerodynamic consideration~ arc less stringent. 
the designer has more freedom to adapt shape. 
construction, and material to obtain optimum 
fragmentation, 

d, Interaction oj'S trueilire willI Exp/OI'il'{' ;\1 aleria/s. 
In addition to the interaction of explosives and inert 
parts to form a composite structure and their inter­
action to prouuce output efTects, important interac­
tions between explosives and inerts are involved in 
initiation, growth and propagation of deturmtion. 
The pinching, grinding and impact rewlting from 
the relative movement of inert components in 
contact with explosives are, of course. essential 
phases of the operatior.. of stab and percussion 
iniliatllrs. The phenomena involved in such initia­
tion processes are discussed in Paragraphs 20-23. 

The importance 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 critical value 
of a dimension by a factor of ten or morc. Variou\ 
aspects of the effects of confinement upon explosive 
reactions are discussed in practically all of the 
chapters of this pamphlet. 

Consideration of the role of an explosive mate­
rial as a component of the structure anu of it~ 

interaction with inert structural components from 
the conceptual stage onward will probahly avoid 
somc problems in the testing and evaluation stages. 

6_ Mechanical Aspectl 

a. Fiil1Ctiol1illR. In the sense that their useful output 
is generally in the form of mechanical wurk, cx-

7 
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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 respect to its target, safe­
guarding against operation until it gets 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 explosives on the functioning must 
be considered. Because mechanical functioning 
generally occurs after the ammunition has been 
launched, the necessary energy mll~t 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, compressed gases), 
chemical (batteries, propellants, explosives), mag­
netic (permanent magnets) and electrical (charged 
condensers, piezoelectric elements). Environmental 
sources include aerodynamic or hydrodynamic 
forces incidental to the motion of the ammunition 
through the ambient fluid; acceleration forces 
related to launching, spin, water entry, and target 
impm;t; hydrostatic force!; due to changes in am­
bient pre~sure; magnetic forces related to move­
ment with respect to the earth's field; electrical 
forces related to environmental potential differ­
ences (electrostatic in air and electrolytic in sea 
water), and thermal and radiation effects. Quite 
clearly, the range of forces represented is so great 
that exceptional precautions are necessary at the 
one extreme to retain ne,uly frictionless movement 
and, at the other, to protect the dormant mechanism, 
structure and explosive charges from damage. 

b. Location With Respect to TarRet. The mechan­
ical functions involved in placing the ammunition 
in the desired location with respect to its target 
might be considered as part of its functioning as (l 

vehicle. However, those functions under considera­
tion here are not so clearly vehicular functions as 
propulsion and flight of the item. They include sllch 
varied activities as separation of stages in multi­
staged weapons, jump-up action of certain anti­
[lersonnel weapons and opening of parachutes. 
Some of these functions are accomplished by me,lnS 
of explosive actuators (Paragraphs 84. 85). Where 
such devices are used, it is a concern of the de­
l-.igners of other components to safeguard against 
their premature initiation or other damage. I n other 
instances, where the source (such as movement of 
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a small bellows under the action of hydrostatic 
pressure) makes only a small quantity of energy 
available, precautions are necessary to prevent an 
increase in the frictional loading of the system 
resulting from the distortion of the weapon case, 
due either to dimensiunal instability of the explosive 
material or to differential thermal expansion. 

c. Safety and Arming Devices. It 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 launching. 
These principles, combined with the wide variety 
of launching, propulsion, and stabilization means 
used, the range of after-launch environments, and 
the inventive ingenuity of fuze designers have 
resulted in a proliferation of arming devices and 
schemes. 

The arming requirements have made necessary 
in some instances the use of forces which are so 
weak as to place very high standards on tolerances, 
finishes and balance of moving parts, some of which 
carry explosive components. The designer of 
explosive components for use in safety and arming 
mechanisms must be particularly careful to safe­
guard against dimensional instability, exudation 
and loss of explosive material. Any design change 
which results in a change in mass or in mass dis­
tribution should be considered carefully in the light 
of its effect upon the functioning of inertial arming 
systems, including rotors of fuzes for spin stabilized 
devices. The effect of changes in mass distribution 
caused by arming operations may sometimes re­
quire examination by an exterior ballistician. 

The design of a safety and arming mechanism 
is a three way compromise between reliability, 
quality control and compactness. If the component" 
are large enough, they can be reliable even if they 
vary greatly from item to item, and quite safe if far 
enough apart in the unarmed state. To meet the 
increasing demand for miniaturization, it will be 
necessary to improve contimmlly 1he standards of 
reproducibility of output and sensitivity of explo­
sive components and the techniques for thcir evalu­
ation. The designer of the mechamsm must le'ln 
heavily on the explosive component designer 
because the basic dimensions of the mechanism 
depend upon the characteristics of the explosive 
components. 
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7. Electrical Aspects 

a. F,1JI'ironmenfs. The complexity of our electrical 
environment is staggering. Practically every in­
sulator has a static charge. Any two dissimilar 
pieces of meta!, wet with slightly impure water, 
make a battery of sorts. Weld them together and 
change their temperature and we h(lve a thermal 
generator. Every spark plug, every switch, every 
thunderstorm, and all the stars keep brondcnsting 
transients. Hence, all ammunition has, as does 
everything else, all sorts of small currents running 
through it at random at all times. In general, these 
currents remain so small as to have negligible 
heating effect. However, if the assemblage of con­
ductors, semiconductors and dielectrics in the 
ammunition is exposed to radiation whose fre­
quency corre~ponds to a resonant point, fairly high 
currents are possible. Electrostatic discharges and 
surges due to nearby strokes of lightning can also 
develop appreciable currents. 

h. Possible Initiation ofrhe Main BurstinR Charge 
If, at some point in a circuit, spurious currents are 
concentrated in a relatively small path in intimate 
contact with explosive material, it is not incon­
ceivable that a hot spot might develop and form a 
reaction nucleus. Analysis of such systems is too 
complex to undertake. This is particularly true 
in view of the lack of evidence that sLlch accidentally 
formed electric initiators have been the cause of 
accidents. It is well, however. to check a design for 
conditions which are obviously conducive to such 
effects. 

c. Electric Initiators Exposed 10 Spuriolls SiRnal,\' 
A more frequent hazard is that of accidental initia­
tion of electric imtiators by static electricity _ radio 
frequency pickup or induced surges. The system, 
where a shorted amI grounded lead wire might serve 
as a tuned antenna for some frequency and a calked 
crack as a microwave leak, is extremely complex. 

A series of thorough investigations has estab­
lished that initiation by radio-frequency energy is 
a real hazard to electroexplosive devices. Several 
solutions have been proposed to alleviate this 
problem in the design stage. Those solutions dealing 
with the initiation of electric initiators are discussed 
in Par<lgrarh 50. Tht; designer of ammunition can 
mmimize the hUZ\ird of initiation caused by the 
electl'iCllI environment by follllWlIl!2 these !2eneral 
design praC'til'e~ 

(a) Use of initiators as insensitive as is com­
patible with reliability of the system. 

(b) Taking the utmost <luvantage of the .. hiekl­
ing properties of metal casings, 

(c) Consideration of all possible roles of each 
component of a system as a circuit element, 

(d) Incorporation of arming switches, oLlt-or 
line safety devices and similar devices to prote.:t 
the system from premature initiation, 

(e) Design of components which are as "recifie 
as possible in their input characteristics. including 
where applic<lble the special schemes uiscu~sed in 
Paragraph 56. and 

(f) Arranging for tests, under the be~t sinlula­
tion possible of service electrical environments, to 
determine the susceptibility of a system tu eledrical 
hanm.b. 

C. GENERAL DESIGN CONSIDERATIONS 

8. Economics 

The assessment of a weapons system lOvolve\ 
the comparison of its value with its cost. The value 
per round may be considered to be the product of 
the military value of the damage of which a round 
of ammunition is capable aruJ the prtlhability that 
a given round will inflict this damage, The cost of a 
round of ammunition includes the cost of dehvenng 
it to its target l-lS well as thaI uf producing it. 

Each of these quantitles is, in Itself, a complex 
combination of diverse factors which may include 
l-lspects of statistics, logistics. psychology, aero­
dynamics. ballistics, military strategy and tactics 
and all branches of engineering. Most organizatiom 
charged with the development uf weapons ~ystelTl~ 
include operations research or weapons system~ 
analysis group~ who feed combinations of expel 1-

mental data, rigorously derived mathematical ex­
pressions and careful estimates into electronic 
computers to obtain estimates oftne military values 
of various weapon systems. If a system is under­
guing eVl-llul-ltion at the same time that an explosive 
charge is being designed for it. the explosive charge 
designer may find it comparatively simple to obtain 
information regarding the relative value of several 
design vl-lriants in exchange for data regardll1g the 
mfluence of these vanants upon effecti\'enes~, 

reliabilitv 01' safety. More frequently. the nhil'>lllg 
of the program leaves the explosive ch<1rgc (il',ignL'1 

III the position ()f hitvmg to make these (!l;,. 1,'1'1'. 

him~('!L 
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The number of details which might affect the 
reliability of ordnance have proliferated to such an 
extent that an attempt to be sure of everything 
could lead to the employment of the whole popu]a* 
tion as inspectors and evaluators. There is a limit 
to the manpower which can be expended in making 
sure. In addition, the probable consequences of any 
type of failure are somewhere short of complete 
disaster. The refusal to accept any risk of failure 
or premature operation would lead to the certainty 
of being outclassed by almost any potential enemy. 

Compromise is always necessary in decisions 
regarding the design, development, production, 
transportation, handling and use of ordnance. A 
two-way balance must be attained between the 
probability and consequences of failure and pre­
mature operation, and the costs of insuring against 
these events, 

In attempting to arrive at such compromises, 
One's judgement is sometimes impaired by the 
feeling that ~aving a lifc or winning a war is more 
important than any amount of dollars, It must be 
borne in mind that the cost of one item represents a 
finite fraction of the nation's economic potential, 
that it limits the number which can be made avail­
able, and that lives and war~ can be lost for the 
lack of ammunition as well as by its shortcomings 
with re);'pcct to safety and reliability, On the other 
hand, one well-publicized accident can destroy the 
usefulness of a weapon system or material by 
causing its rejection either <It the command level or 
by troops on an individual basis, 

9. Reliability 

Rcli<lbility is <I measure of the extent to which 
a device behaves as it was designed to behave 
during the usually short period between launching 
and completion of its mission. Obviously, reliability 
of ammunition and of its cumponents is of key 
importance. Weapons are useless if they don't 
function as intended. 

Reliability is defined in statistical terms. WI,; 
say that a system has a reliability of say 99 percent 
and we make this statement with a confidence of 
say 95 percent The problcm for explosives is more 
severe for two reasons. First, they are a small part 
of a complex system. Since the probability that all 
of the components in a system will function is the 
product of the probabilities of the individual com­
ponents, the functioning probability of explosives 
must be high, higher than thill of the total system. 
This requirement caBs for high reliability of ex-

10 

plosives. Secondly explosives are one·shot devices 
which cannot be tested repeatedly. Special work­
or-fail methods of analysis have been developed 
which are described in Paragraph 106. 

The evaluation of materiel, including estima­
tion of its reliability, is usually carried out by an 
organization, or Cit least a group, other than the 
design group, Difficulties between these groups can 
be resolved more readily if the designer of explosive 
devices is familiar with the techniques used by 
evaluators, uses similar techniques to as.sure him­
self that his designs are reliable, and designs devices 
and systems in which reliability is as nearly inherent 
as possible, A few general suggestions can be maue 
for the designer 

(Ci) Whenever possible, use standard compo­
nents with established quality level and other 
reliahility criteria at least as high as that required 
by the application. 

(b) Wherever possible, particularly in more 
complex and expensive materiel. use redundant 
systems. 

(c) Specify materials for which the properties 
of importance to your application are well known 
and ~eprodueible, Keep in mind that the average 
value for a parameter may be less important for 
design purposes than the extreme values. 

(tI) A:<. 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. Safety 

Safety is a basic comidcration throughout 
item life. We are concerned with the extent to 
which a device can possibly be made to operate 
prematurely by any accidental sequence of events 
whictt might occur at any time between the start 
of its fabrication and its approach to the target. 

While safety i:s also defined statistically, the 
approach to safety is somewhat different from that 
applied to reliability. The keystone of this approach 
i~ the fail-safe principle. Essentially, this principle 
states that any sequence of events other than that 
to which a round is subjected in normal operation 
shall result in failure rather than detonation of the 
round. Compliance with the fail·safe principle is 
usually accomplished mechanically, and is the 
reason most ordnance devices must be considcreLi 
a~ mechanisms, 

In terms of added bulk, weight and complexity, 
which can be translated into terms of reliability, 
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effectiveness 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 yet 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 variety of these codes, 
it is well for a designer to examine in advance the 
safety criteria that will be applicable to his design. 

The preceding remarks on safety emphasized 
the protection against premature functioning of the 
initiation package. However, this is only one aspect 
of system safety. Another example of safety is that 
of protecting against direct initiation of main charge 
or booster by impulses incidental to handling, 
shipping, storage or launching, and accidents which 
may occur during these operations. The vulner­
ability of ammunition to initiation by accident or 
enemy fire can seriously re~trict its tactical useful­
ness or greatly complicate problems of storage, 
handling, and transportation. Sy~tem de~ign can 
rcullce this vulnerability by affording mechanical 
protection, support, and confinement. Hence, safety 
is not a separate problem but an integral part of 
explosive charge design. 

11. Standardization 

The decision as to whether to adapt a system 
design to the use of a standardizeu component or to 
design a new component especially adapted to a 
system is often one of the most difficult a designer 
has to make. On the one hand, a new item has often 
been developed bccau~e, in the layout stage of 
design, it took less effort to sketch in something 
that fit the dimensions than to find out what was 
available. On the other h(lnd, the haru an;.! fast 
resolution to use only shelf items has resulted in 
systems which are appreciably inferior to the best 

attainable with regard to safety, reliability, effective­
ness, or compactness, and 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 imfl0rtant reason in explosive 
charge design is the cost and time required to 
qualify new items (see Paragraphs 105-110). 

MIL-5TD 320 lists a standardized series of 
dimensions for newly developed detonators, primers 
and leads and for their components. 

12. Informgtion Sourcel 

Of the many available publications in both 
c1a~sificd and unclassified literature, we selected a 
basic library for the explosive charge designer. 
These general references are compiled ~and an­
notated (It the end of this p<lragraph. 

It is an underlying assumption that the reader 
has some knowledge of military explosives. For 
this reason, details of explosive materials are no! 
treated in this handbook. Such data are contained 
in References h, g, h, and i. References K and II 
contain the most up-to-date collection of the newer 
explosives. References d and f contain design data 
for specific explosive components. Standard dimen­
sions for explosive components are listed in Refer­
ence (' while Reference e treats the design of fuzes 
of which explosive components are an important 
part. Much information in an earlier handbook, 
Reference (I, has been used in this handbook. The 
handbook is now out of print. 

These general references (Ire identified by a 
letter to make multiple referral easier. All other 
references are numbered and listed at the end of the 
chapter to which they pertain. 

Other Engineering Design Handbooks contain 
information pertinent to explo~ive trains. For a lisl 
of current titles see inside back cover. 

11 
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GENERAL REFERENCES 

a. Report NOLR 1 [11, Ordnance Exp/osi\'/' Train DesiJ?ner.~' 

H'mdhuok (U), U. S. Naval Ordnance Lahora!Ory, April 
I \152 (Confidential). 

A handbook of research re,ults, dalll. ~lnd tests. on explo­
sives and exrln~jve comron~nts_ 0111 (~r,}rilli. 

b. TM 9·1910. Milllury E .. pl",';"I'I, Department of the Army, 
April 1955. 

A manual anout the comr'lion lliilitilfY explosives. covering 
descriptions. properties, tests, and handling methods. 

c. MIL-STD-320. Termirw/ol(y. Dimen,"jul1;, (11111 Mala/ats III 
Explosive Compol1enr~' j()I" Use ill FII~e,'. 

A standard e,tahlishing terminology, external and internal 
dimension" and prefelTl'd <;tructllral materi,1is for exrlo~ivc 
components. OriRiltal/y i.l'.IIH'" iI.I' .... 1/ L-S 1"D-638. 

d. Gunther (' ohn. A rmv, N(I\'I', (/11</ A il' Forct' 1'1/;(' CIIIO/"11 (V I. 
Th~ Franklin In,tiiute. Repent F-A2238 ami Supplement 
f-A2231!-1, November 1\1.'9 (ALJ-30S 024 llnu AD-]I] 702) 
(Confidential), 

A c()mpilatiun of military and techninll data on all st~nd,lrd 
ami <levelopmental t'uzes and fuze explusiv~ cumpun{;:nt~, 

* See inside baek eover for handbouk designation. 
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e, Engineering Design Handbook 210, Ammllnition Serit: ... 
Fuzn, General and Mt'chllnl('ol,· 

A handbook for the designer of fuzes and fuze components. 
wilh rarticular empha'i' on mech;mical lyre~, 

f. Un/ri,,,/ I"i/ia/or f-Iomlh"oh (V). JnJ Eu .. Th<: hankltn 
Institute. April 1\l6\l (AIJ-) I'} ,}I!U) (Contidential), 

Has performance characteristics of twenty-five etednc 
initiaturs. with curve, of input sensitivity and fundionmg 
time. 

g. Engineering Design Handbook 177, Explosive Serie" 
PI'Of't'l'/ies or £~pl".<i"e.' (~r Mili/ory /fll('",,/, S('( /wn 1-

Li~ting th<: propertie, nml churuct{;:ri~tics uf eighty-three 
explosive compounds and mixtures. 

h. Engineering Design Handbook l78(C)' Explo~ive Sen{;:~, 
I'wperli(',,' of' Exp/o"i,'(',< (~r Mililary /n/('I'<'5/ (U), Sa/iOfI 2 

(Confiuenti"ll,· 
Listing the properties and characteristics of twent)'-seven 
explo~ive compOllllds and mixtures. 

i, Engineering Design Handbook 106. £it'melll' uj Armumelll 
EI1Rineel'il1R, Pari I, Sou/'ce" oj' Ener!:)'." 

A handbook on fUlidamental facts about chemic"l {;:uergy 
IIlCilllhnj!: theury of explosive reactions and properties 
of explosives. 
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CHAPTER 2 

EXPLOSIVE REACTIONS AND INITIATION 

A, THERMAL DECOMPOSITION AND BURNING 

13. Thermal Decomposition 

Explosives are substances or mixtures of sub­
stances which may be made to undergo a rapid 
chemical change, without an outside supply of 
oxygen, with the liberation of lmge quantities of 
energy generally accompanied by the evolution of 
hot g.lses. As mewstable 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 decompo~i­
lion rates a\ norm<ll tcmpcn1turc~ of storage, 
handling, and Iransport.1Iion. are negligibly small. 
As the temperature is increased H few hundred 
degrees, the rates of thermal decomposition attain 
signiticant levels. The self heuting of the explosive 
by the heat evolved in this reactiun tends to further 
raise the temperature and increase the reaction 
nlte. Where sLich circumstances result in a runaway 
reaction. a thermal explosion may result 

Most explosive reactions. whether intentional 
or accidental. re"ult from highly localized heating 
which initiates a self.propagating reactinn. I •1* In 
such a reaction the heat liberated by the reaction of 
the explosive at one point in a charge raises the 
temperature in adjan.:nt m'lterial sumdcntly to 
caLise it to react at a similar rate. The modes [lnd 
rates of such self·propagating reactions so pro­
foundly affect the usable phenomena associated 
with the functioning of explosives. that these 
phenomena 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 its ultimate 
detail. is so complex as to defy quantitive descrip· 
tion. Fortunately, huv.ever, the typical ~ituation is 
such that one or another aspect of the behavior of 

• Numerical Rc!'crences are listed in the end 01 each chapter 
whil~ lettered Refetence, are li<;!eu in Ploragl"aph I~ (end of 
Chapter 1). 

the material is so dominant that other aspects may 
be dismissed as secund order effects. Hence, 
although gradual thermal decomposition, deflagra­
tion and detonation are usually chemically similar 
processes, their physical causes and manifestations 
are so ditferent that they may be understood be~l 
by cunsidering them as di~tinct phenomena. 

The three modes of explosive reaction. thermal 
decomposition, deflagration and detonation. are 
similar in that their rates are directly relateu to 
temperature, pressure, or both while the reactions 
themselves result in the increa,:;e ofthe~e qtJ,!ntitie~. 
It follows that any charge of explOSive. if cont.lined 
so as to prevent expansion or losses of matter or 
energy, will eventually explode. If the temper:l1l1re 
is uniform throughout the charge, the explosive 
will be a pure thermal explosion where each element 
of volume experiences the same self-accelerating 
temperature rise. More usually, any variations in 
temperature will tend to exaggerate them~clve~ ... (} 
that the self-heating reaction will run away at the 
hottest point from which a deflagratioll. in turn 
self·accelerating, will propClgate. The self·acceler. 
ating deflagration is characterized by a ~imilarly 
accelerating rise in pressure, which is propagated 
through the unreacted explosive as a compreSSIOIl 
wave. If the charge is large enough, the \\(!ve m<l\ 
develop into a shock of sufficient amplitude tll 
propagate as a detonation. 

14. Reaction Kinetics 

Perhaps the reaction of an explosive materi,iI 
can be understood best by trying to visualize ,In 
explosive molecule. Such a molecule i~ a ~tructlJ!~ 
containing atoms which have very strong atfinitle~ 
foJ' one another, and which are prevenled from 
responding to these affinitie~ by their place~ in th~ 
structure. The positions of atoms within the struc­
tun.: of a molecule and that of molecules \\ ithin the 
crystal are fixed. not by rigid linh, but h) ~4ll!' 
librium of electrostatic and quantum-fT'l€chanlC<i1 

IJ 
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exchange forces. Unless the temperature is ab­
solute zero. each atom vibrates about its equilibrium 
position with a random motion under the influence 
of the similar random motions of its neighbors. 
These random motions, which are characteristic of 
thermal phenomena, apply 10 the partition of energy 
between molecules and between atoms of each 
molecule. 

Temperature is a quantity proportional to the 
average energy of molecular agitation. At any given 
absolute temperature T, the frequency with which 
anyone atom attains an agitational energy H is 
given by the function A'Te-HIRT, where R is the 
universCii gas constant and A' is an inverse function 
of the restraints to motion of the particular alom. 
If the agitational energy H exccc(h a vCllue W, 
known as the activation energy, the atom may 
escape from its position in the molecule and be free 
to assume more congcniClI relationships. This 
uproar increases the agitation of neighboring mole­
cules, that is to say, the reaction proceeds with the 
evolution of heat. The reaction rate k' is the fre­
quency with which the agitational energy H of 
individual molecules exceeds W. Thus 

k'(T) =A'Te WIRT ( 4) 

The classical Arrhenius equation sets A'T = A 
for small temperature ranges, and 

k'(T) = Ae-H'IRT (5 ) 

has been used more commonly to represent the 
temperature dependence of chemical reactions, For 
the temperature range of most experiments the 
difference between Equations 4 and 5 is not dis­
tinguishable (Fig, 2), 

The qualitative implications of the Arrhenius 
equation deserve the consideration of all who deal 
with explosives. Since W for military explosives 
has a valu.: between 10,000 and 100,000, while R 
is approximately two (for units of OK, calories and 
gram moles), a small percentage change in tempera­
ture results in an order of magnitude change in 
reaction rate. The sharply defined temperatures 
which many experimenters have associated with 
decomposition, ignition or explosion (see Table 2) 
are quite readily explained in terms of these equa­
tions and the relatively limited range of rates which 
may be measured by most experimental techniques. 
(The ignition temperatures shown in the table arc 
computed while the explosiun temperatures are 
experimental.) 

The Arrhenius equation expresses a charae· 
teristic of explosives which has, perhaps, a greatl.:r 
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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 calories per gram mole, at 800°C is more 
than ten times its reaction rate at 700°C. 
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TABU' 2. IGNITION AND EXPLOSION TEMPERATURES 

EXpl".fi"e 
Thermal/!;lIili"n 
T c"'(J("I"(llure' (OC) 

betu-HMX 
Composition B 
Cycionite (RDX) 
Haleite (EDNA) 
Lead Azide ))5 
Lead Styphnate 250 
N itroglYl:crin (Liljuid) 200 
PenIGlite. SO/50 
PETN (Pcntaeryth~itol Tetranitrate) 2Il 
Silver Azide 
Tetracene '60 
Tctryl 
TNT (Trinitrotoluen<::) 

The experimental determination of the con­
stants of Equations 4 or 5 for various explosives 
is complicated by the elt"ects of reaction products, 
phase changes and multiple reactions, as well as by 
the heat transfer considerations. The reactions of 
most of the commonly used explosives are either 
accelerated (autocatalysis) or retarded (auto­
stabilization) by the presence of their reaction 
products.2 Because of these difficulties. generally 
accepted reaction kinetics constants for explosives 
arc not available. However, the exponential form 
of the Arrhenius equation fits most experimental 
data so well that many investigators have ignored 
the complicating inftuences and derived more or 
J.css empirical Arrhenius !":onstants from plots of 
the logarithm of the rate, or of a rate-dependent 
quantity, as a fu nction of the reciprocal tem perature. 

For the explosive charge designer, Ihe most 
useful consequences of theoretical studies of 
thermal decomposition problems are the develop­
ment of (a) a more valid basis for qualitative 
thinking, and (b) coordinate systems within which 
most experimental data form recognizable patterns. 
When confronted with an explosive charge design 
problem, a suggested approach to a realist!!,.: sulu­
tion consists of the following two steps 

(a) Obt<:..in, either from available literature or 
specifically designed tests. experimental data for 
situations which simulate as closely as possible 
those to be encountered in service. 

(b) Interpolate between data points using 
!":ourrlinate:::. of invcr~e temperature, 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 material) may occur outside 
of the range of experimental data, 

f:x"I".<ion T<'fnpN(llllfl'. (OC) 
0.1 Set· I .1"1'(. 5.1"c," I II .\(.,. 

JlIO J27 Decomposes }()fi 
52f, 368 278 Decompo,~ .. 2.~~ 
4()5 316 l60 Decompo,es 24() 
265 ll6 "9 Decompo,e, ,n 
396 356 340 Explode, ,"> 335 

282 Explode, 27(') 
m Explodes 

290 266 220 Dccompo~cs 240 
m 244 225 Decompose> III 
310 290 Explodes 

I6U 
340 314 257 Ignites 2311 
570 520 475 Decompo~e~ 401 

15. The "Hot Spot" Theory of Initiation 

The view that nonuniformity of heat distribu­
tion is essential to the usual initiation process has 
been called the "hot spot" theory of initiation. In 
explosive initiators. the energy available is 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 
e~sential to mo~t initiation pro!":csscs, but il is an 
important factor in the growth and propagation of 
practically all chemical explosive reactions used 
in ordnance, 

Because of the exponential nature of the 
Arrhenius equation (Eq. 5), the reaction rate 
inevitably reaches a level such that heat is liberated 
faster than it can be lost. From this pOint on, the: 
reaction is self-accelerating and quite rapidly be­
comes explosive, 

Although a general equation which includes 
consideration of all of the complicating factors 
would be completely intractable, the usc of simpli­
fied modcb makes pussible solutions which con­
tribute to the understanding of the initiation 
process. However, simplifications must be u~ed 
cautiously. For example, it frequently appears that 
each explosive has a critical initiatiun temperature 
which is independent of dimensions. Although 
more extensive experiements or more detailed 
analyses have usually shown it to be an approxt­
mation which applies to only a specific class of 
initiator, this relationship can be a useful design 
tool if its limitations are kept in mind. Perhaps the 
most important implication of the foregoing is 
that, since in any type of "y~lcm, the critical tem­
perature varies so little with dimensional changes 
and since the volumetric specific heat~ of solids 
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vary only slightly from one to another, the minimum 
energy required to initiate an explosive device is 
nearly proportional to the volume of material which 
is heated by the input energy pulse. It must be 
stressed that this is an approximation which should 
be applied only to comparisons of pelformance 
within initiators of the same Iype initiated in a 
specific manner. 

Since the energy available for the initiation of 
explosives in ordnance is usually limited, initiation 
systems are designed to com:entr<lte this energy, 
as heat. in a relatively small volume. Obviollsly it 
it won't stay that way. The smaller the volume in 
which a quantity of heat is concentrated, the faster 
il is dispersed. other factors remaining similar. In 
order to concentrate a given amount of heat in a 
nucleus of a given volume, the he(lting must take 
place in a time which is short compared with the 
cooling lime of the nudeus. If the rate at which 
energy is introduced, thut is. the input power, is 
reduced to a low enough level, the losses will 
establish equilibrium with the sum of the input 
power anll the heat generated by the reaction. An 
infinite quantity of energy will not cause initiation 
under such equilibrium conditions. 

Up to this point, the pre~ent discussion has 
been concerned with the establishment of reaction 
nuclei. Once reaction is established at a nucleus. 
the useful functioning of (In iniliator requires that 
the reaction be propagated to the rem:linder of the 
explosive charge of tflt; initiator. and thence. to the 
next component of the explo~ive system. Similarly. 
the consequences of accidental initi'llion depend 
upon such propagation, Thc s(lme he(lt transfer 
mech'lIlisms whereby heat is dissipated from CI 

prospective reaction nucleus are necessary for the 
propagation of the reaction from (In established 
nucleus, However, conditi0ns which promote 
sensitivity to one or another stimulus will some­
times cause failure of propagation ir carricd to 
extremes. Heat may be transmitted by conduction. 
convection. radiation and what might be called 
thermodynamic heat transfer. All of these mecha­
nisms art.: involved in the reaction of explosives. 
but their relative importance varies greatly. and 
changes as the reaction progresses. 

The process referred to as thermodynamic heat 
transfer is one of the most important mechanisms 
involved in explosive reactions, The cooling of 
reaction prodUcts. due to abiabalic expansiun CCln, 
under some circumstances. quench .-\ reactIOn. 
Conversely. unreacted e,\plmivc<, CUll be heated by 
compression to reaction-inducing tell1perature~. 
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When the compression is of Sllfficient magnitude 
and suddenness to eau~e a significant increase in 
temperature, it is genemlly propagated through 
the material as a shock wave, Detonation, the 
ultimate goal of most explosive systems, is a type 
of reaction propagation whieh depends upon this 
mechanism to transfer the heat of reaction to the 
unreacted explosive, 

16. Deflagration 

The very rapid burning of which explosives 
are capable (by virtue of containing all of the ele­
ments needed for the completion of their reaction) 
is known as dcOagration. Deflagration is distin­
guished from detonation by its subsonic propaga­
tion rate. from which it may be implied that shock 
waves are not important factors in the prop(lgation. 
Deflagration of a gas may be described quantita­
tively in terms of thermodynamics and hydr(h_ 
dynamics. That of solid explosives is more complex 
and. for real sitllCltions, is ~ubject to only qualitative 
description. Empirical relationships, which are 
quite reasonable consequences of the mechanisms 
indicated in the qualitative description, are quite 
useful in the prediction of the course of this type 
of reaction, 

rhe reaction products of mnst solid explosives 
are largely gaseous. Most of the important asp!:cts 
of the behavior of these materials are related to 
this phase change at the time of reaction. The 
surfacc burning rate is determined by the rate at 
which heat is transrcrretl from the hot, gaseous 
reaction products to the unreacted solid explosive 
material. (The local reaction rate is quite probably 
related to temperature by the Arrhenius equation. 
but the very steep temperature gradient is renected 
in a much steepcr reaction-rate gradient, so that 
the reaction zone is almost vanishingly thin.) The 
rCltc at which heat is transferred between a gas and 
a solid is the product of the difference between 
their temperatures and a surface coefficient. The 
surf,ICe coefficient is a function of the How condi­
tions in the gas and its thermodynamic properties, 
and 1S directly proportional to pressure. When .1 

solid explosive burns. tempemturc incrcase, flow 
(;omlitions, and thermodynamic properties of its 
reaction products are neClrly constant. Thus. the 
rate at which heal is transferred from the produd~ 
to the e.\plosive and, consequently, the surface 
burning r'lte should be diredly proportional to the 
pl'c ... sure. For some materi;ils it is. but for moq the 
situation is somcwh,l\ mme complex. 
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The reaction of many, perhaps mo~t, explosive 
compounds takes place in the gaseous phase. The 
rale of surf,u.:e burning in such cases is e~~entially 
the rate at which the surface erodes due to sub· 
limation. This in turn is proportional to the rate of 
heat transfer divided by the heat of sublimation. 
Sinee the heat of sublimation of the solid usually 
increases with increasing ambient pressure, the 
increuse of the surface burning rate with im:rca~i[]g 
pressure is somewhat less than line'lr. A relation­
ship between burning rate R and pressure P which 
has been found to apply to the surface burning of a 
number of solid explosives and propellants is 

/?= GP" ( 6) 

where G is .'1 conSlant and the exponent 11 IS Ic~r. 

them one. SUlface irregularities may increase the 
burning rate by increasing the surf<lcc area and by 
intruducing a component of flow parallel to the 
surface. thus increasing the :;ur[ace coefficient of 
heat transfer. Table 3:1 lists constants of Equation 6 
for various common military explmives. 

TABLE 3. VALUES OF THE CONSTANT G IN EQUATION 6 

E.rp/,),\'il'<' 

Ammunium Picrate 
Telryi 
TNT 
PETN 
RDX 

G x 10" 

6,2.~ 

'.7 
12,5 
21 
)6 

The pressure dependence of thc rate of surface 
burning, and the fact that gas is evolved at a rate 
proportional to the sud'ace burning rate, result in a 
situation where the confinement afforded by thc 
case of an explosive charge is the mosl import:tnt 
fUl:tor in determining the course of the reaction, In 
a completely enclosed case. pressure continues to 
build up and burning rate continues to incre,tse 
until the case burs!s or the explosive is expended. 
The explosion which results is entirely due to the 
sudden release of gases when the case bursts. If 
the case has a leak, orifice or noule, eomlitions of 
equilibrium are possible in which the rate at which 
gases are evolved equals that at which they flow 
from the container. 

For rockets, in which stability of this kind is 
extremely important, the effort is made to develop 
propellants for which the exponent 11 of Equation 6 
is as low as possible. In initiating elements, the 
instability which results from the high values of II 

associated with porous explosives is an important 
factor in the rapid acceleration of reaction propuga­
tion, a part of the function of such elements. 

B. DETONATION 

17. Transition from Deflagration to Detonation 

{I. T/'({l/sitiol1 Process, The transition from dcnagra­
tion to detonation is generally divided into three 
stages (a) denagratilln, (b) low order detonation. 
and (c) high order detonation. The tran .. iuO-n from 
one to the other of these stages is usually quite 
sudden and is greatly influenced by three f:!(,;t()r~, 
particle size of the material, p-orosilY, and con­
finement provided hy the environment. 

The process of transition from the first stage 
can be described on the basis of the following can· 
cepts: The deflagration reaction rate accelerates 
rapidly if the particle size is of the right magnitude 
When confined, this increased reaction rate results 
in increased pressure which propagates as a sh{H.;k 
wave in the unreacted explosive. As the shock 
wave becomes of increasing strength, shock heating 
will cause a fast enough reaction to su~Uun the 
shock, which tht:n propagates as a Inw urder 
delOnatiun. This low order detonation then propa­
gates as a shock wave Which, if reinforced by suffi­
cient energy, will accelerate to produce a high 
order detonation. 

Particle size influences the acceleration rate of 
the reaction as does particle porosity because of 
their effect on the surface area which is expo..,t:d to 
the hot gaseous reaction. Experimentation ha~ 

shown that for each particle size there is a critical 
pressure at which the increase in burning rate with 
im.:rt:a:-.ing pre~~ure is faster lhan linear,' This 
critical pressure is inversely related to particle SiLl' 

h, Groll'flr (!( Detonation ill Primary Hh!1r Flp!o­
,lin's. In a series of experiments using the arrange­
mt:nt shown in Figure 3~ containers were sectioncu 
after firing and the expansion of the bore W<t~ taJ..t:n 
as a measure of the vigor of detonation The 

Figure 3. Arrangement Used ;n Ob.,,~v.,.tio"$ of Detonot;o" 
Growth 

17 
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arrangement was also u~cJ to measure propagation 
velocities. 
(l) Leud SlypllllGle. The growth of reaction in lead 
styphnate was very gradual in all cases. II grew 
fastest (as indicated by the taper of the bore) in 
material pressed at 4000 to 5000 psi. Under these 
conditions, the maximum measured propagation 
rate fol' 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 conditions. The growth is apparently 
continuous, though slow and, in a few experiments, 
approached its maximum fate in several inches. 
Because of its low rate of growth to detonation. 
lead styphnate is not used as a detonating charge, 
but mainly as a flash charge. where its reproducible 
ignitibility is an advantage. 
(2) Lead Azide. It has been frequently asserted 
that lead azide detonates immediately when ignited 
and that it cannot be "dead pressed," It is true that 
the growth of detonation in lead azide is so mu-:h 
more rapid, even when loaded at 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 minia­
turization, h[lve resulted in the evolution of designs 
for which these assertions must be reexamined. 

In experiments of the kind discussed in the 
foregoing par[lgraphs, lead azide (dextrinated) made 
the transition from burning to detonation quite 
suddenly for all combinations of loading pressure, 
confinement and initiation, However, when pressed 
to densities above 95% of maximum theoretical 
(requiring upwards of 100,000 psi loading pressure) 
and mildly initiated, it would detonate at rates of 
1400-1700 meters per second compared with an 
approximate rate of 3000 meters per second 
obtained at lower densities. 

c. Crawtll of Detollation ill Secondary Hi{:h 
£.\p{osh't'S, One of the principal features which 
distinguishes a secondary explosive from a primary 

explosive is its much smaller propensity for com· 
pleting the transition from burning to detonation. 
As in primary explosives, 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 is mueh slower and many 
charges, even main bursting charges, are so small 
a~ to be consumed by low order detonation before 
the transition can take place. Such m(:lin charges 
are, of course, much safer to handle and use than 
those in which the transition will take place. In 
addition to the assessment of. hazards of main 
charge detonation after accidental ignition, the 
growth of detonation in secondaJ:Y 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 to that illustrated in 
Figure 3 have been carried out with columns of 
PETN, RDX and HMX.6 A refinement was the 
use of coaxial ionization probes which could be 
led in through small radial holes at fairly frequent 
intervals along the length without unduly affecting 
the confinement. Velocity measurements obtained 
with these probes and oscilloscopes and timers 
e~tablished the currelation between bure deforma­
tion and propagation velocity. The lengths of 
columns required to grow to detonation, referred 
tu as burning lengths were determined for a number 
of combinations of particle size and loading density, 
Hardly design data, these lengths may be taken a~ 
indications of development goals. For each explo. 
sive, optimum values were indicated for each of 
these variables at which the burning length reached 
a minimum value (see Table 46). 

In other experiments it has been established 
thai the growth of detonation in a column of 
secondary explosive is accelerated by the insertion 
of a barrier followed by an air gap 7 (see Paragraph 

TABLE 4. OPTIMUM LOADING DENSITIES AND PARTICLE SIZES FOR GROWTH 
OF D£TONATION IN RDX, HMX AND PETN 

t);plos/l'e OC/iml/Ill Loadilll! Dellmy Oe./imwl1 Panicle Si,e ilumill!! 
I1ppro.r. Lfn!(/h 

Cramila/ioll DellSily Micron IJSS ,\'if\'" (tm) 
Loadi!!): D,'!!,liIV C!;mIlT) range "UI 

RDX Unsieved 1.29 251·124 (,0·120 1.2 
HMX (fi)'~t slunpk) 250·135 min()n 1.26 251-124 60·120 1.' 
HMX (second sample) (Not determined) 76~ ~3 200-270 1.4 
PETN 420 micron 1.59 124· 76 120-200 0.2 

18 



• 

• 

• 

27) It might be expected that the explosive material, 
particle size, loading density, dimensions and can· 
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 factori<ll experiment to 
determine the optimum combination would be a 
formidable program. 

Growth of detonation has been observed in a 
number of cast explosives.sln Pentolite and DINA, 
high order detonation was established in ten to 
fifteen centimeters. In Composition 8, the propaga­
tion rate grew to about 3000 meters per second, 
at which point the container apparently shattered. 
relieving the pre'ssure and allowing the reaction to 
decay. In TNT, the reaction grew so little in twelve­
inch column5 that the containers were practically 
undamaged. and the propagation rates so low, 600 
to 1000 meters per second, that it was difficult to 
obtain satisfactory records. By increasing the 
length to 34.5 inches and finally to 58.5 inches, it 
was possible to ohserve the growth of the propaga­
tion velocity to about 2000 meters per second. 
The increase was quite regular but seemed to be 
accelerating toward the end. The question as to 
whether the reaction would continue to accelerate, 
stabilize at a low order detonation, or burst the 
tube and die out has not yet been answered. 

18. Shock Wavel 

Detonation is a mode of propagation of reac­
lion in which Ihe energy thaI initiates the reaction 
is transmitted to the unreacted material in the form 
of a shock wave. It has been referred to as a reactive 
shock. The following discussion of nonreactive 
shocks serves as a preface to that of detonation. 

Shock waves, like acoustic waves, are a special 
<.:lass of compression-displacement waves. Although 
the behavior of such waves varies with their ampli­
IUde, their wave form. and the properties of the 
media in which they propagate. many relatinn:o.hips 
which derive from fundamental physical laws are 
the same for practically all cases. Although the 
typical wave attenuates as it propagate~, this 
attenuation is so slow compared with the associated 
transitions that the wave may be assumed to be 
stable when examining its detailed structure. It is 
convenient. at the beginning, to assume an infinite 
plane wave in which only movements and changes 
along the axis of propagation are significant. 

Consider, now, a wave propagating through a 
stationary medium. In a system moving with tht.: 

wave, the conservation of matter demands that the 
mass of material passing through each plane per­
pendit:ular to the axis be eyual to that passing 
through each other suc.h plane. In other words, the 
product of density and velocity is a constant at all 
points along the axis. In this system of coordinates, 
the undisturbed medium approaches the wave 
front at a velocity D equal 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, equal to the difference 
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 

p"D =pv =p(D - ul (7)* 

where p is the density amI the subscript () refcr~ to 
conditions in the undisturbed medium. 

The impulse applied to the incremental mass 
dm which passes through the wave front in the 
differential time dr in each unit area is equal to 
(p.- PD)dt where P is pressure. By conservation 
of momentum, the momentum change IIdm is equal 
to this impulse. The incremental mass, of course. is 
equal to p"dx. where dx is the distance traveJ'~cd by 
the shock wave in time dr. Thus 

(P- Poldt= udm = Poudx (8)* 

P - Po = Poudxldt = paDu (9) * 

Equations 7 and 9 may be combined and rearranged 
to obtain 

( 10) * 

Equations 7 through 10 apply quite generally 
to all pressure-displacement waves for which the 
assumption of equilibrium is valid. The relationship 
between pressure, volume and temperature IS 

known as the equation of state of a material. 

• In using Equations 7 through 10 in the e'tim~ti()n (If ~h(lc~ 
condition,. two convenlcnt systems of unlt5 m~>' t>e JCrlVCU 
from the CGS system, The use of grams as unit> ur nla~' and 
centimeters as units of lergth re,ults in demllics In gmm, rer 
cubic centimeter. The~e uen~itie~ ure IIUlnel-i"OIlly e<.jl.l,d to the 
specific gravities of the maleriat~ which are given in mo,t 
handbooks, The use of the second as the unit of lime ~nu the 
uyne u, tile unit of force results. for the usual shod ur detona­
tion c~lculation~. in velocities (centimeters per second) and 
pressures (d)o'nc. per ,quare centimeter) e!(pl-e."e<J ill IIUlllbcr, 
.0 hirge as to elude intuitive grasr, Pres<;ure, exrre~~ed in har, 
(millions of dyoes per square centimeter) and tlmc, In mlili' 
~e\;Qnus ~lIn be ~Qmbine<J with ilI",,~es in glams and dl'>taIlCC\ in 
centimeters 10 form a ~ystem in which these equations and O[her 
exprcssions of ph)osical law, muy be u,e<J wlthuut nurllen,',,1 
coefficients. The system of gram~, centimeters, micr(l~ec(lnd.,. 
and megabars IS also compatiblc and mal'.' be C\cn mure 
cunvenient. 
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Acoustic waves are those ofslIch small ampli­
tude that the volume change is negligible and 
ilP/6.p is more accurately expressed as dP/dp. 
Thus, the sound velocity ea is expressed as 

(II) 

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

c,,=VyRT ( 12) 

where y is the ratio of the specific heat at constant 
pressure to that at constant volume, and R is the 
gas constant, For elastic solids and liquids the 
expression becomes 

(I J) 

where E is the elastic modulus appropriate to the 
material and mode of prop<lgation. 

Waves of finite amplitude (those in which the 
compression of the medium is sufficient to result in 
a significant change in the compressibility, that is, 
dPldp changes significantly) may, if the pressure 
rise is continuous in time and space, hc considered 
a succession of sound waves each moving in the 
medium compressed by its predecesl.or. The sound 
velocity may change as the medium is compressed. 
causing a diHortion of the wave as it progre~~cs. 
For example, in a gas, the temperature rise with 
compression causes the higher amplitude pOltion 
of the wave to propagate faster, outrunning the 
other portions until it reaehe~ the front (see Fig. 4). 
The discontinuity of pressure density, parti("'le 
velocity. and temperature which results is known 
as a shock, '["he equations of state of solids are more 
complex so that the modification of wave forms at 
pressures beyond their elastic limits varies from 
one material to another. Shock waves of certain 
amplitudes degenerate in some solids.!' When 
compressed sufficiently. however, all matter 
becomes less compressible ~o that compression 
waves, if they are of sufficient amplitude. will 
develop into shock waves in any medium. 

A curve, commonly known as the Hugoniot 
curve, may be used with Equations 7 through 10 
10 define the conditions behind the shock wave.'''' 
The Hugoniot curve is the locus of end poi[\l~ of 
shock compressions. The pl"Opagation velocity 
should never be computed from the slope of the 
Hugoniot curve but always from that of a chord 
connecting the initial point with the final point 
using Equation 10, For ideal gases, the equation 
of the Hugoniot curve is 

20 

P p_J.-t2po 
PI) P" p}p 

(14 ) 

where M2 = (y -l){(y+ I). 
Since the Hugoniot compression results in a 

larger temperature rise than does adiabatic com­
pression, the gas bec.omes less compressible as the 
strength of the shock increases. It is thus apparent 
from Equation 10 that the velocity of a shock is a 
direct function of its strength. For situations where 
the density is so close to the limiting value (PillA) 
that variations with pressure may be neglected. 
Equation 9 may be rearranged to give 

( 15) 

Using Equation 14 and the gas laws, tile relation­
ship may be expressed in terms of the Mach number 
M which is the ratio (Die,,) of the shock propaga­
tion v.:lodty to sound velocity in the undisturbed 
medium 

(16) 

All of the conditions behind the shock may 
thus be calculated for an ideal gas by combinatiOns 
of Equations 7, 9 and 16. 

19. Detonation Waves 

(/. Eqllati(Jlls (~r S'afl.'. Those concerned with 
ordnance have particular interest in the behavior 
of gClses under two special sets of circumstance~. 
(a) atmospheric air subjected to explosive shock, 
and (b) the reaction products of the detoml\ion of 
military high explosives under condition~ in the 
detonation head. 

The rate of propagation of pres')ure displace­
ment waves is proportional to the square root of the 
resistance of the medium of propagation to changes 
in density. This relationship. as it applies to variol.ls 
types of wave in various media. is exprc.~.~ed in 
Equations 10 through 13. Equations 12 <Ind U for 
elastIC waves arc essentially ready to u~e. The 
con~lants for various materials are readily available 
in general s<;ientific and engineering handbooks. 

As the amplitudes of the waves increa~e and 
their forms change. the relationship becomes more 
complex. For shock conditions, the irreversible 
heating of the Hugoniot compression. Equation 14. 
describes relationship between pressure and den~ity. 

With the further increase in amplitude mually 
associated with the detonation of solid explo~ive':i, 
other factors add their influence to that of the 
Hugoniot heating to modify the pressure-den ... ity 
relationship further. These f,IC\ors involve inter-
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SYMMETRICAL WAVE OF FINITE AMPLITUDE 

~~-- PEAK, PROPAIlATINIl AT I-II(JHER VELOCITY. 

• 
DIRECTION OF PROPMlATION 

MOVES TOWARD FRONT DISTORTINIl WAVE FORM 

DISCONTINUITY SHOCK 
DEVELOPS 

RAREFACTION OVERTAKES 
FRONT CAUSING DECAY 

PEAK AND SHOCK 
OVERTAKE WAVE 
FRONT 

Fiiurtl 4. Formation and "lCipien' Oecay of Shock Wave from Wave of Finit" Amplitude 

and intra-molecular and atomic forces, which derive 
from relatively simple electrostatic and quantum 
mechanical principles. However, they acquire a 
considerable degree of complexity by the time they 
have been combined to obtain the attraction and 
repulsion functions for a single species of atom. 
Hence. calculation of the behavior of strong shocks 
and the detonation of solid explosives is carried 
out using One or another of several empirical 
relationships. 

Precise calculations of the thermodynamic 
behavior of atmospheric air under strong shock 
conditiom have been made and presented in tabular 
form.11 

For higher densities, the volume occupied by 
the molecules (or, more accurately, that in which 
the electrostatic repulsive forces arc significant) is 
an appreciable fraction of the total volume avail­
able. If the molecule~ are assumed to be incom­
pressible solids, the ideal gas equation of ~tatt: 

PV=RT ( 17) 
becomes 

(18) 

where 0: is the covolume of the gas, the volume 
occupied by the molecules. 

The equ<ltions of state which have been applied 
to the computation of detonation comlitions in 

solid explosives are variants of Equation I R in 
which account is taken of the compressibility of 
molecules and, in some cases, {If their thermal 
expansion.2 However, none of the equations pro­
posed are adapted to simple, direct calculation. 

For the early stages of exp,msion. which are of 
interest in connection with most military appli(;a­
tions, the pressure-volume relationship 

( 19) 

where nand K are constants, is as accurate an 
approximation as any. The exact value of n depends 
upon composition and loading density of the explo­
sive. For high performance military explosives. the 
average value is close to three, 

b. C hapI1UlIl-] ol/gll"l C ondi(iol1.\ for I deaf f)etol1t1-
lion. The thermohydrodynamic theory of Chapman 
and Jouguet i~ concerned with the transition. in<;ofar 
as it affects the propagation of detonation (the 
Chl-lpman-Jouguet point). between condition~ in the 
unreacted explosive and those at the completion 
of the reaction. 

Of the various conditions associated with thc 
detonation of an explosive, the rate of propagation 
[) is the most easily measured. Many precise 
experimental data are available relating deton<lti()n 
velocity to density. In general, for military explo-
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sives, the relationship is quite accurately repre­
sented by the equation 

D=F+Gp" (20) 

where F and G are constants characteristic of the 
explosive. Table 52 gives the constants of Equation 
20 for a number of commonly used military 
explosives. 

Data of this sort, relating detonation velocity 
to density. have been used to determine equation. 
of-slate (:onstants for the reaction products of 
detonation reactions. These constants, in turn, 
have been used with appropriate equations 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 in contact with explosive 
charges can be measured precisely and reduced to 
pressure-time data for detonation. In Table 6 12

, 

calculated values of parameters of the Chapman­
Jouguet condition are given for various explosives. 
Experimental data, where available, are included 
for comparison. For organic high explosive com­
pounds, the particle velocity is nearly one-fourth 
of the detonation velocity. Thus Equation 9 
becomes approximately 

(21 ) 

Note that in Table 6 the pressures computed 
empirically using Equation 21 agree with mea";ured 
values nearly as well as those using the more 
rigorous theory, certainly well enough for most 
design purposes. 

c. Actual Detonation. The previous discussion 
of detonation has been concerned with a one­
dimensional model. In such a model, the conservCl­
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 law~ 
completely define the conditions of detonation in 

TABLE 5. DETONATlON VELOCITY CONSTANT5 fOR EQUATION 20 

Explosive 

Amatol,50/50 
Cyclonite (RDX) 
Explosive D (Ammonium Pkrl.lte) 
Haleile (EDNA) 
LeHd Aride 
Nitroguani\line 
Pentolite, 50/50 
PETN (Pentaerythritol Tetranitrate) 
Picric Acid 
Tetryl 
Telrylol.65/35 
TNT (Trinitrotoluene) 

F (em/p.ser) G 

0.095 00415 
U.249 
O. ISS 
0.2U3 
0,286 
0.144 
0,238 
0.160 
0.221 
0.237 
0,186 
0,17R 

0,344 
0,328 
0.056 
00402 
0.3-10-- .-
0.395 
0..103 
1),325 
O,Hfl 
0.323 

this one-dimensional model, which is also described 
as an infinite plane wave and as an ideal detonation. 
Real charges, of course, have three finite dimen­
sions. It might be questioned whether consideration 
of the infinite plane wave has practical significance. 
In fact, ideal detonation is closely approximated 
when the dimensions of a charge and the radius of 
curvature of the detonation front are large when 
compared with the reaction zone length (a situation 
which is not unusual inasmut:h as reaction zone 
lengths of many explosives have been estimated 
to be of the order of millimeters or even less). 
Nearly ideal and definitely nonideal detonation 
are both quite common in ortlnClnce petformance. 

Detonation may be termed non ideal when 
the radial flow of energy and material is suffi­
cient to affect significantly the conditions at 
the Chapman-Jouguet point. As a result of the 
interdependence of these conditions with t he veloc­
ity of propagation, such effects are manifest in 
velocity variations. Either convergent or dIvergent 
flow results in non ideal detonatiun. Convergent 
detonation is rare except in cases where it is 
induced by specialized designs. Divergence, how­
ever, occurs at most interfaces with inert materiah. 
The most common shape of charges used for 
experimental observations of detonation is a long 
cylinder. In such charges, the effects of radial 
lu~ses of energy and material become apparent a~ 
the diameter is reduced. For this reason such effects 

TABLE 6. DETONAtiON CONDITIONS, CALCULAtED AND MEASURED 

C"ompmition B 
Cyclonite (RDX) 
Cyclonite (RDX) 
Cyclotol. 75/25 
Cyclotol, 78/22 
TNT 
TNT 
TNT 
• From Equation 21 

Loadinl< 
D('n"I/Y Po 
(gm/cc) 

1.712 
1.762 
1.80 
1.743 
1.755 
1.64 
1.58 
0,624 

Ve'onllli,JI] V('/m',/\' n C-J PI'f'.uure P Prmi<;'/e JieilKi/.\' 
(rm//-!,IN') (megahar) km/jJ..\er) 

Calculated Measured CClkuICl/,.d !v/L'osurrd Calculaled Measured -----
0.802 0,275· 0293 
0.862 0,327'- 0.325 

U.875 0349 0.3411" 0,224 0.216 
0_A25 0.297· 0.313 

0,829 0.311 0.213 0.213 0.218 
0,695 0.69.~ 0.2066 0.177 0.178 0,155 

0.688 0.190* 0,177 0.163 
O.3l!O O.OU. 0.11 
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have come to be known as diameter effects. 
Observable diameter effects include reduction of 
the detonation velocity ami failure of detonation. 

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

Many theories and models have been based on 
a group of assumptions regarding the controlling 
mechanisms and processes.I 2-l4 Each of the theories 
is an attempt to derive a quantitative description 
of actual detonation from a consideration of a 
manageable number of the aspects of the process. 
Still, the solutions remain complex. 

Even though a general theory is lacking, it is 
possible to make qualitative predictions of the 
behavior of actual detonations on the hasis of the 
following generalities 

(a) Other factors remaining constant, charges 
of small cross section detonate at lower velocities 
than those of larger cross sed ion. 

(b) The formula 

DfDj= J-K/r ( 22) 

where D is the detonation velocity of a column of 
radius rand DI is the ideal detonation velocity may 
be used to interpolate or extrapolate detonation 
velocity data in the range where D/DI = 0.95 or 
more. 

(c) If the diameter of a charge is too small, 
detonation will fail to propagate. Failure diameters 
for common explosives are listed in Tables 38 
and 39. 

(d) The properties of sUlTounding media can 
substantially alter diameter effects. For example, 
failure of deton<ltion in TNT has been observed at 
diameters of the order of one inch for bar charges 1a 

while detonation at nearly ideal velocity has. been 
observed for charges one-tenth this sin when 
confined in steel or brass. 14 As might be expected 
from Equation 9, the shock impedance p"Du is a 
good criterion for the effectiveness of the confining 
medium. 

(e) Velocities of nonideal detonations are 
affected by particle size of the explosive. Critical 
diameters and detonation velocity losses arc re­
duced for fine particle sizes. For some materials in 
certain ranges. it appears that the ratio of charge 
dimension to average particle dimension is more 
significant than either absolute dimension_ I n cast 

explosives, techniques conducive to fine ery~talliza­
tion reduce diameter effects, 

(0 Particle size distribution is also a factor in 
diameter effects. Detonation velocities arc higher 
and failure diameters smaller for uniform particle 
sizes than for mixtures of particle sizes. 

(g) The velocity of propagation of acltJ<i1 
detonation i~ determined by Chapman-Jouguet COn­
ditions at the center of the charge. Thus, it is possi­
ble, under some circumstances, for a material to 
detonate at near ideal velocity yet for material in 
the outer streamlines to 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 relationship between density and non­
ideal detonation is complex. Observable phenomena 
can be explained and predicted on the basis that, 
with increasing porosity, the decreasing homo­
geneity of density is reflected in decreasing homoge­
neity of temperature distribution and consequently 
increasing initial reaction rate, while the decrease 
in pressure results in slower propagation of the 
grain burning reaction and consequently longer 
reaction zones. Thus, increasing porosity results in 
greater diameter effects upon detonation velocity 
but ~ometimes in smaller failure diameters. pdrticu­
larly under intermediate conditions of continement. 

C. INITIATION 

20, Establishing a Self Propagating Reaction 

The rate at which the energy of an externally 
applied stimulus is transformed into heat and the 
degree of concentration of the heat in the explosive 
are as important in determining the magnitude of 
the stimulus necessary to initiate a reaction as are 
the chemical ,md thermal properties of the explo· 
sive. These latter factors are determined by the 
interaction of various physical properties of the 
explosive with quantities associated with the 
system or medium whereby the stimulus is trans­
mitted to the explosive. For this reason, even 
though initiation may be thermal in the last analysis, 
sensitivity must be considered in terms of the 
nature of the initiating stimulus as w~1l as its 
magnitude. 

Two limiting threshold conditions for init1ating 
apply to almost every system: that in which the 
energy is delivered in a time so short that the losses 
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are negligible during this time, and that in which 
the power is just sufficient to eventually CHu~e 
initiation. In the first condition, the energy required 
is at ils minimum while in the second, the power is 
ut its minimum. These two conditions are repre­
senteu by the dashed asymptotes in Figure 5. The 
relation between the energy required for initiation 
and the rate at which it is applied rn<lY be repre­
sented by the hyperbolas. In its genemJ terms. lhe 
rel"tionship illustrated applies to almost <111 illilialor~. 

Initiation UlX:urS when the rate at which heal 
is evolved in a reactive nucleus exceeds that at 
which it is dissipated. The impedance afforded by 
the surroundings to this dis:-,ipation i:-. commonly 
referred to as confinement. Both experiment and 
theory demonstrate the dominant role played by 
confinement in the initiation, growth, emd propaga­
(ion of explosive reac(iom, pnrticularly when the 
dimensions are as small as those of explosive train 
components. 

The properties of a container which contnbute 
most to elmfinement depend upon which of the 
several dissipative mechanisms is most important. 
This, in turn, depends upon which phase of the 
initiation process is most critical in a system, 

In the early. self-heating stage of reaction 
growth, thermal conduction is the dominant heat 
transfer mech,mism. In general. the cont,liners of 
explosive charge:'. are much better conductnr~ th,m 
the explt1~ives themselves so that a thin outer I<lyer 
of explosive is a better insulation than the cont,liner 
At this stage, except in rare instances, the prop­
erties of the container have negligible effect upon 
the initiation process. 

The pressure of detonation of solid explo~ive~ 
is sufficient to burst or permanently deform any 
container which can be made, However, the time 
involved in deton<oltion processes is of the ..,<tmt: 
order of magnitude as the expansion times of the 
containers, The rate at which the container expand~ 

"',-m--~--.-.----------'----------
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IS determined by momentum considerations ,lnd is 
inversely related to the mass or container material 
which is moved. For a thin walled container this 
mass is essentially that of the wall; for a thick 
walled container. since only the material which 
has been rCClchcd by the shock wave induced by 
the de!om-tlion is affected, the affected mass i~ 

proportional to the densilY of the material times 
the shock velocily in the material. This product, 
known as the shoc/, t/colISric im{Jeillll1ce, is a good 
measure of the effectiveness of a material as a 
confining medium for stahle detonation. l :l 

Initiation is complicated by such a variety of 
factors that the most carefully designed experiments 
yield dat<1 which are difficult to inlerpret in general 
terms. Practical situl.\tions are usually even more 
complicated. The questions which arise concerning 
initiation or explosion are best answered in terms of 
direct experiments with military materiel under 
service conditions or experiments with models and 
<.:onditions which ~imlliate service items and situa­
tions as closely ,IS possible. For specific applicatiom 
to initiator design, see Paragraphs 47-50 and for 
testing, Paragr<lph 108. 

21. Initiation by Heal 

o. lIot Wire £fcclric 'l/iliator.1. Hot bridgewire 
electric initiators arc the simplest and most direct 
i!luSlfations of initiation by heat. Since a bridgcwirc 
can be measured, its volume. heat cap,lcity and 
resistance can be calculated. Since it i~ further 
possible to generate electrical pulses and currents 
of accurately known charaetcri~tic~. thc~e can be 
combined with the bridgewire characteJ'i~tics to 
obtain accurate estimates of power. energy, and 
temperature. 

A large number of experiments have been car­
ried out in which the interrelationships of the 
variables which affect the operation of bridgewire 
initiators have been invesligaled."·f These Investi­
gations have verified the following principics 

(iI) The energy required to fire a hot wire 
electric initiator is roughly proportion(ll to the 
volume of the bridgewire, if the energy is delivered 
in a short enough time (see Fig. 6"). 

(h) Clo~er analy~is shows that the threshold 
temperature increases with reduced wire diameter. 
This trend is less m<lrked when the explo~ive has a 
high activation energy (like lead styphnate). 

(c) The energy required per unit volume also 
incrca~cr.. somewhat with decreasing bridgewire 
length. End losses probably account for this. 

, 
• • , 

'00 

'" 

.00 

~ 400 
• • 

'" 

/ 
I' 

1 

/ 

fl 
1:_-

! 
I 
, 

--,,---

j 

! 

.. _-

I 
I 

o , I 
0 

-"- . -

o o. , ~ 2.0 

(CYL'~P~'C"~ "'L I 

Figure 6. Typi~a/ Hfect <If Bdd!lewire VO/<Jme 
en Inp<Jr Choraderi5ri~5 

(d) For a specific initiator design the energy 
rC4uirernent approaches a minimum as voltage. 
current or power is increased and increases in­
definitely as power is reduced to a minimuill. 

(e) The relationship stated in (d) above refers 
to the uveruge power of a firing pulse. Pulse ~hape 
has a secondary effect which is not easily me<l~lIred. 

(f) The current requirement varie~ (lPwoxi­
mately as the 3/2 power of the wire di,lmeler ,inti 
inversely a~ the n.:sir..tivity of the bridge wire metal. 

The behavior of hot wire electric initi(\lor~ ha~ 
been described by an equation which :\gree~ well 
with expcrimental data 

C"dTldr + yT = J2 R 

where T is the temperature or a thermal nUiS~ ('II 

including the bridgewire and a surrounding layer of 
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explosive, I is the current through the wire, R is its 
resistance, and y is a cooling rate coefficient. 

Although the assumption of a constant ignition 
temperature yields remarkably accurate predictions 
of the behavior of specific hot wire initiators, it is 
an approximation. The generality mentioned a:-. 
(b) above is evidence of the limitations of this 
approximation. The above equation and others arc 
based on the assumption of a homogeneous solid 
charge of explosive. As applied to hot wire initia­
tors, the equations also imply essentially perfect 
thermal \.:ontad between bridgewire and explosive. 
It has been shown that the separation between the 
bridgewire and explosive, which results from some 
combinations of mechanical design, loading pro­
cedure, and aging, can be sufficient to cause failure 
of hot wire initiators. 

Another example of a discrepancy between 
calculations and experiment is worth noting. Based 
on the usual assumptions, the critical conditiom 
for initiating secondary explosives, such as PETN 
or RDX, have been computed but attempts to 
achieve reliable high order detonation in these 
materials with hot wires have been negative.1 

The initiation of explosives by means of elec­
trically heated wires is at prescnt more subject to 
precise quantitative control and theoretical predic­
tion than any other initiation mechanism utilized in 
ordnance. The broad range of availahle bridgewire 
materials and sizes makes it possible to vary the 
energy sensitivity by a factor of nearly 100 without 
changing either the explosive materials or the 
external configuration. At the same time, the 
process is affected by a wide variety of other vari­
ables including electrical circuit parameters, state 
of aggregation of the explosive, and mechanical 
design of the initiator. For these reasons, a reason­
ably complete characterization of the hot wire 
sensitivity of an explosive would have to be in 
terms of a series of petformance curves. Such dutu 
are available for only a few materials. Table 7lisls 
hot wire sensitivities of a number of primary 
explosives obtained for particular conditions. 
Extrapolations of these data to other conditions is 
a reasonable basis for an experimental development 
program but should not be used to make firm design 
decisions. 

The application of the foregoing to the design 
of hot bridgewire electric initiators is discussed in 
Paragraph 50. 

b. Conductive Film Electric Initiators. Both metal­
lic and semicomluctor films have heen used as 
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bridges in electric initiators. The general principle~ 
discussed above for wire bridges also apply to 
metallic film bridges. In one system, the large ratio 
of surface to cross-section area of a film is used to 
greatly increase the steady state power require­
ment while retaining a desired resistance and 
energy sensitivity.7 

TABLE 7. SENSITIVITY OF VARIOUS EXPLOS.tVES 
IN WIRE BRIDGE INITIATORS 

DDNP/KCIO,. 7~125 
Lead Azide 
Basic Lead Styphnate 
LDNK 
Tetracene 

£nerRY (erR) 
0.0001 in,·h 0.00029 ill<" 

ditllllerer dillmCl~r 

260 
34{) 

'" 138 
115 

1O~() 
1340 
000 
9.30 
460 

Tungsten wire 0.030 inch long fired at 14-20 vult~ 

In semiconduetive films, the negative resis­
tance coefficients typical of such materials ·can 
produce a channeling of the current in a restricted 
path between the electrodes and therefore can 
result in extremely localized heating. This effect 
can be used to produce extremely sensitive initiators 
when suo;;;h items are desired. 

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

Present graphite bridge initiators have essen­
tially similar firing characteristics. Their resistance 
is on the order of 1000 to 10,000 ohms. The design 
and fabrication of film bridge initiators is discussed 
in Paragraphs 50 and 56. 

c. Conducrive Explosil'e Mix Electric Initiatuni. 
The usual conductive mix consists of an explo~ive 
to which is added a relatively small percentage of 
conductive powder. Such mixes are loaded so as to 
contact a pair of electrodes. Current flowing be­
tween the electrodes flows from one conductive 
particle to another through a series of contact 
points. In general, many such paths form acomplex 
parallel-series network but one such path usually 
ha~ a lower resistance than others so that the cur· 
rent tends to concentrate, Where the conductor 
has a negative resistivity coefficient, like carbon, 
the resistive heating tends to reduce the resistance 
of the preferred path and further concentrate the 
current. Even where the conductor is a metal, the 
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tendem:y for contact resistance to decrease with 
current flow results in a similar concentration in the 
preferred path, Along the path. the heat tends to 
concentrate at the contact points. The degree of 
concentration, and consequently the relationship 
between temperature and electrical input, is Jeter­
mined by a statistical interaction of particle size. 
uniformity of mixture. particle shape, composition, 
loading density and electrode configuration and 
spacing. 

The formulation of a logical process for the 
design of a conductive mix system of specified 
electrical and firing characteristics is a task of'iuch 
formidable proportions that it has not been under" 
taken. However, remarkable results have been 
attained by enlightened cut-and-try procedures?,l~ 
The design and fabrication of conductive mix 
initiators is discussed in Paragraph 50. 

d. Transmission of HOI Cas. The initiation of 
reactions of solids by means of hot gases depends 
upon a highly complex heat transfer situation. The 
heat transfer between a gas and a solid is propor­
tional to pressure and temperature of the gas but is 

''''r---'''¥''''----
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also affected greatly by the movement of the gas 
relative to the surface and by "Surface porosity, 
roughness and configuration. Since the heat con­
ductivity of the solid is almost invariably much 
greater than that of the gas, the temperature attained 
by the surface is much lower than that of the bouy 
of the gas unless the duration of exposure-is. suffi­
cient for the solid to reach the gas temperature. In 
most situations encountered in military materiel, 
the total heat capacity of the gas is so much less 
than that of surrounding solids that the equilihrium 
temperature approached by the gas-solid system is 
practically the initial temperature of the solids. 

Initiation by hot gases has not bcen computed 
but has been measured in a number of experimental 
apparatus. J6 A shock tube is an interesting tool for 
the exposure of explosives to high temperature 
gases. It has the auv,mtage over other devices in 
that pressure and temperature of the gas in con­
tact with the explo),ive change virtuaily instantane­
ously from initial conditions to those of the reflected 
shock wave. The shock pressures used in sLlch 
experiments are too low for the shock waves trans­
mitted into the explosive to be significant factors in 
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DRIVER TO DRIVEN GAS PRESSURE RATIO 

Figure 7. Threshold Conditionl for 'ni,igfion of V"riouf Explosives in " Shod, Tube 
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initiation. Shock pressure. of course, is an important 
factor in the heat transfer between the gas and the 
solid explosive material. Some of the data for 
threshold conditions of initiation are shown in 
Figure 7,17 The effects of variations in the gas 
composition are apparently quite significant but 
require further interpretation. 

1:'. Transmission of HOI PaNicles. There is reason 
to believe that the most effective part of the output 
of some primers is the spray uf hot, high velocity, 
solid pa]"ticlc.~ or of droplets of liquid which they 
emit. Quantitative measurements of factors affect­
ing initiation by such means are difficult to make. 
The process, however, is essentially the same as 
that of initiation of suddenly heHted bridgewires, 
discLlssed in the beginning of this paragraph. 

22. I."iliation by ImpClct 

a. Impal't Semitil'ity Measllrcd with Laboratory 
Machines. Impact initiation of explosives is of 
interest to designers of ordnance for the assess­
ment and elimination of hazards and for the design 
of sHlb and percussion initiators. For the assess" 
ment of the relative hazard~ during handling and 
use of explosives. several standard impact machines 
h,we been devised. Machines and test methods are 
described in Paragraphs 107 and 108. Essentially. 
an impact machine consists of an apparatus by 
means of which a weight can be dropped from 
various predekrmined heights so as (0 ~(rike an 
explosive sample. The height from which the 
explosive is initiated is a measure of impact sensi­
tivity. Impact sensitivity values of common mili(;uy 
explosives are shown in Table 20. 

It has long been agreed that impact initiation 
is usually thermaL! The explosive is heated locally 
by compression of interstitial gases, intercrystalline 
friction, and viscous flow. On this basis it is possible 
(0 cumpute the reaction rates which may be 
expected in an impact machine. The data of one 
expcriml.!nl are shown in Figure 8,IH Here the 
temperature calculated for explosion in 250 micro­
seconds is compared with impact sensitivity. 

While impact sensitivity data are used as the 
basis for establishing safe practices and for ~clcl,;t· 

ing explosive~ which may be used in one or another 
application, there are two problems. First. it is 
admitted hy most invcstig;-llors that these tests 
really do not simulate any situation likely to occur 
in manufacture or use of ordnance. Secondly, 
different IT1<lchincs rank (he same explosives in 
different orders, Perhaps part of the problem is that 
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the explosive samples arc nol prepared in the same 
manner as cast or pressed explosive components. 
As a result, many have come to doubt the validity 
of impact test result:;, a~ a b<l~b for any binding 
decisions, Doubtlessly, sound and valid explana­
tions can be found for the inversions in Table itf 
However, such c.xplanations arc not particularly 
helpful in efforts to employ the impact machines in 
the selection of explosives. 

Still. impact test sensitivities are in widespread 
use. If a newcomer to the field of cxpl{)~i\'e" 

wonders what to make of this, he is in the company 
of experts of long experience. One basis which has 
been suggested for the assessment of the relative 
hazards connected with the use of an explosive is 
comparison by means of a variety of machine~. 
Another is the design of tests more subject to 
analysis in physical tcrm~. A third approach i" the 
use or tests, such as those described in Paragraph~ 
107 to 110, which tire uesigned to ~imlll<llc ~pccinc 
conditions of service and use. 

b. Stab IlIitiatiul/. For detonators initiated by stab 
action, one of the most Important functions is that 
of convcrting another form of cncrgy into highly 
concentrated heat. As in electrical devices. the 
energy necessary is nearly proportIOnal to the 
amount of material which i~ heated. 
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The standard firing pin for stab initiators is a 
truncated cone (Fig. 9). A rather interesting rela­
tionship has been found to exist between the 
sensitivity of the explosive used and the optimum 
size of the flat on the firing pin. The less sensitive 
the explosive, the larger the optimum diameter of 
the flat. This can be related to 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 length is equal to its diameter. Thus. as 
the energy required for initiation is increased, it is 
advantageous to distribute it over a large enough 
area to limit the effective length to nearly the diam­
eter. The flat diameter given serves the priming 
mixes commonly used. Both steel clnd aluminum 
alloys are in common use. Aluminum results in a 
significant but not ~erious Jecrease in sensitivity.a 
Alignment is critical because misalignment will 
decrease sensitivity. 

In general, the higher the Jensity of the explo. 
sive, the more sensitive the stab initiator (see 
Table 8"). Because the denser explosive offers 
more resistance to the penetration of the firing pin, 
the kinetic energy of the moving mass is dissipated 
over a shorter distance, so that a smaller qlJantity 
of explosive is heated to a higher temperature. 

TABLE 8. EFfECT OF LOADING PRESSURE 
ON INITIATOR SENSITIVITY 

Loading 
Pn',Hlln' 

(/OO!!.f.!.!J. 
15 
2l 
40 
60 
80 

PmI' fe.I'/ 
He;!:"1 
(inch) 

1.31 
0.91 
0.77 
0.61:\ 
0.57 

NO] Priming Mix in MARK 102 Cups: 2 oz ball. 

Since the resistance of solids to deformation 
does not change very much with moderate changes 
of deformation rate, the power dissipation by the 
displacement of explosive by a firing pin is nearly 
proportional to its velocity, which. in a drop weight 
system, is proportional to 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 i" shown 
in Figure 5. 

c. PaclIssiol1 IlIiti(l[ion. As in stab initiation, the 
function of the percussion firing pin is to transform 
energy inlll highly (':ollcentrated heat. However. 
contrary to initiation by stab, the firing pin duc~ not 
puncture the case in percussion initiation Rather, 
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FIgure 9. 5t'mdard Firing Pin for Stab Inltiatort 

the pin dents the case and pinches the explosive 
between anvil and case. Energy must be supplied 
at a rate sufficient to fracture the granul'H structure 
of the explosive. Criteria for percussion firing pins 
have not been refined to the same degree as those 
for stab pins. It has been established that ,\ hemi­
spherical tip gives greater sensitivity than a trun­
cated cone and that tip radius has little effect on 
sensitivity. Typical radius is 0.050 inch, 

A study on the effect of firing pin alignment 
showed that there is little effect if the eccentricity 
is less than 0,02 inch, Above 0.04 inch eccentricity, 
sensitivity decreases rapidly because of primer 
construction. Sensitivity also decreases lIS the 
rigidity of primer mounting is decreased. I n general. 
a study of the relationship of cup, anvil, explosive 
charge. and firing pin has shown that sensitivity 
variations appear to depend on the nature of primer 
cup collapse rather than on explosion phenomena 
themselves.e 

The effect of firing pin velocity result" in tilt:: 
same general hyperbolic energy·velocity relation­
ship as thai uf other initiators (see Fig. 10"). 

From experimental data it can be inferred thai 
stab and percussion initiations occur by different 
mechanisms. Kindic energy appears to be the 
determining magnitude for stab initiation. momen­
tum for percussion. 

23. Initiation by Other Mecm 

(/. Frictio/l. The importance of frictional heating in 
the initiation of explo:-'Ives has been demonqraleJ 
by sevenll invc~tigatnr~.' The ill1ponllnce of thl'> 
type of initi:ltion with respect 10 handling hazarJ~ 
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is attested by the experience of press loading 
activities, namely "press blows" are much more 
frequent during pellet ejection and ram extraction 
than during the ar.:tual prcs~ing phase. However, 
no quantitative means of measuring this property is 

in current use. Perhaps the most pertinent dClla 
regarding friction sensitivity are those shown in 
Table 9' which relate impact sensitivity to melting 
point and hardness of the intermixed grit. 

b. Electric Sparks. The initiation of explosives by 
electric sparks is of interest with respect to hazards

L 

of use. An individual may carry a charge of a few 
hundredths of a joule on his body, which if dis­
charged could initiate explosives. l » It has been 
found that the energy required for initiation is 
highly dependent upon physical and electrical 
characteristics of the discharge system and the 
form of the explosive (see Table 1 O).lij 

The military application consists of "high 
tension" initiators which are ignited by electric 
sparks (see Paragraph 50). A number of experi­
mental detonators are also being studied!·20 The 
sensitivity of common military explosives to static 
electricity is shown in Table 20. 

c. Exploding Wires. Exploding bridgewire (EBW) 
devices are a recent development in explosive 
materiel. Of course, almost any bridgewi ... e may be 
made to explode if subjected to a sufficiently rapid 
and energetic electrical discharge. However, the 
feature which classifies an item as an EBW device 
is that it will fire only if subjected to mch an im­
pulse. Lesser energies or lower nltes wiU burn out 
the bridge without initiating the explosive. The key 
feature of exploding hridgewires 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 i" com­
plex. The rate at which (he energy can be delivered 
is limited by circuit inductance, impedance mi~· 

TABLE 9. INITIATION Of EXPLOSION BY FRICTION OF PErN IN THE PRESENCE OF GRIT 

Friclion Impacl 
Hardness Me/ling expimiun np/usio'l 

(Muhs' poi'll efficiency efficiency 
Cril added scale) 1°C) (percent) (pe"'enr) 

Nil (pure PETN) 18 141 0 2 
Ammonillm nilmte n 169 0 3 
Potassium bislilphate 3 210 ]) 3 
Silver nitrate 2·3 212 0 , 
Sodium dichromate 2-3 .120 0 0 
Potassium nitrate '·3 334 0 0 
Potassillm dichromale ,., 398 0 0 
Silver bromide ,.] 434 50 6 
Lead chloride ,., 501 60 27 
Silver iodide 2-3 5_~0 100 
Borax 3·4 S" 100 )0 

Bismuthinite 2·2.5 685 100 42 
Glass 7 '"0 100 100 
Rock salt 2-2.5 804 .ID 6 
Chalcocite )·3.5 1100 100 50 
Galena 2.5·2.7 ! J 14 100 00 
Calcite 3 1339 100 43 
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TABLE 10. THRESHOLD IGNITION ENERGIES 

Ml'llll/ml'lal electrodes Rllbher/metal eleclrodes 
(no added circulI resislam'e) (10' ohm series resiJlafKd 

Material 

Lead azide 
Lead stY~hnate 
Lead dimtroresordnate 

Conracl sparks 
(500 I'-I'-fl 

20 
60 

Gaseous 
spark.! 

(/000 i/oi/o!) 

10,000 

Minimllm 
energy 

2250 
20 

1250 

Minimllm 
capacity 

(1/-14) 

500 
5 

" NOles: (1) The energy value quoted i~ the energy (erg) ~tcred on the capacitOr': the energy di~sipated 
in the gap is ahoU! one-tenth of thi~. 

{2) The gaseous and contllet 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 ohms during the initiul stage 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 to about two microseconds which is long 
enough, even at sonic velocity, for a shock envelope 
to expand to a few hundred times the volume of the 
wire. Thus, the energy density rnay be so low that 
it is surprising that explosion is initiated. 

Gleaned from many research studies,2l-2~ the 
following practical generalities may serve as a 
guide to applications of EBW devices 

(a) Firing units should consist of special high­
rate discharge condensers and of switches with 
minimum induct..'1nce amI transient resistance so 
that the rate of current rise is on the order of IO~ 
amperes per second. Triggered spark gap switches 
are most frequently used. 

(b) Transmission lines should be as short as 
possible. For more than a few feet of transmission 
line, special "flat" low impedance cable is desirable. 
All connections must be firm and of negligible 
reliistance. 

(c) Bridgewires of pure metals rather than 

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

(d) The state of aggregation of the explosive 
around the bridgewire is quite critical. Loading 
densities much higher than one gram per cubic 
centimeter greatly increase the energy requirement 
for initiation. This increase i~ MJ great as to make 
devices loaded at higher densities inoperable for 
practical purposes. Fine particle size is also 
essential. 

(e) The reaction initiated by an EBW in 
se,condary explosives appears 10 be a low order 
detonation. Time measurements indicate initial 
velocities which are definitely supersonic yet well 
below the stable rates for the explosives and load­
ing densities used. The densities and particle size~ 
used in EBW detonators are such that detonation 
or PETN grows to its stable rate in a few milli­
meters. For other material, such as RDX. confine­
ment ar.d other measures to uugmenl this trans­
mission are desirable . 
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CHAPTER 3 

DETONATION TRANSFER AND OUTPUT 

A. EFFECTIVENESS OF ONE CHARGE 
IN INITIATING ANOTHER 

24. Detonation Propagation 

I n some cases, two charges are in such close 
cOntact that the transfer of detonation from one to 
another is indistinguishable from the propagaLiun 
within a single continuous charge. More often, 
however, packaging, structural and f.,bricCltion 
considerations rc:-.ult in the interposition of g<.'1PS 
and barriers of such magnitude thaI the agency of 
transmis:-.ion is nonreactive shock, bl'ISt, flying 
fragments or some combination of these. The con­
ditions induced by such agencies differ in important 
rc!'pects from those of stable detonation. In general, 
it takes time and SpClCC to fe-establish these con­
ditions in the receptor charge, 

Figure 11 illustrates a detonation front as 
recorded by a streak camera. Investigators agree 
that detonation of the receptor first occurs at a 
point within the receptor charge rather than at sur­
face exposed to the initiating impulse,l Although 
this phenomenon must be taken into account in the 
design of initiation systems for main charges who~e 
effectiveness is critically influenced by the form of 
the detonation wave front, it is generally ignored in 
other explosive train charges, For most practical 
purposes. transfer of detonation i~ con~iden:J in 
terms of th(; probability that high order delun'ltlOn 
will be induced in the re(;eplor. 

High order detonation is defined as lh,]t in 
which the detonation rate is equal to 01' greater 
than the stable detonation velocity of the explosive 
It is rarely practical. however. to imtrumenl real 
charges for detonation rate measurements, Hence. 

,'""rflSy 

Figure 11, Stre"k C"m",,, Record of D"tonotion 
BJlLUSTIC flE!,f"AfiCH lARS 
ABt:ROt-[N ,.waVING GROi./NO 
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high order detonation is generally considered to be 
a reaction whose effects are not significantly less 
than the maximum which has been observed with a 
charge of the type in question. for main charges, 
high order may be considered in terms of the 
desired effects of the charge. Booster charges. as 
usually used, tend either to detonate high order by 
almost any criterion or to fail completely. 

A proposed law of similitude for sympathetic 
detonation states that the critical distance for trans­
mission between one explosive charge and another 
varies with the cube root of the weight of the donor 
charge.~ However, where the intervening space was 
filled with air mther than solids, a trend WHS 

noticed toward a relationship of the 2/3 power of 
the charge weight.3 

25. Dimensional Intera(fion$ 

The effe!.:tiveness of one charge in initiating 
another is determined by the inte['<lction uf the 
properties of the explosive. its loading density, 
and the dimensions and confinement of the charge. 
The interaction is such that it would be impractical 
to tlis!.:uss these factors separately, except in broad 
generalities. 

••• • 

Although, as might be expected, the effective 
output of a donor charge increases systemati!.:aliy 
with its uiameter, the relationship between acceptor· 
diameter and sensitivity is more complex (see 
Fig. 12"). Note that the optimum diameter of an 
acceptor, from the point of view of the air gap 
across which it can be initiated, 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 morc cffcctive in 
increasing output if it is uue to a diameter increase 
than to a length increase (see Fig. 13"). 

Most experimental determination of the rela­
tive effectiveness of explosive charges in initiating 
other charges has been done as 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 a steel 
block is nearly rroportional to its 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 appJicabi1ity.~ 
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Confinement ha~ a signifir;ant eff<:cl. In rela­
tively thin-walled containers, confinement is. related 
to the weight ratio of case to charge. For heavily 
confined charges (where the wall thlcknes.~ exceeds 
the charge radius) the shock impedance of the 
confining material is a good criterion of confine­
ment effectiveness. Shock velocities of various 
metals are listeu in Table 11 (see also Paragraph 52). 

TABLE 11. D~NSlTlES ANO SHOCK VELOCITIES 
IN VARIOUS METALS 

Melal 

Aluminum 
Babbitt 
Brl1ss 
Bronze 
Copper 
Lead 
Magnesium 
Stee1 
Zin.; Alloy {die cast} 

*Ref. 5 

Vensil)" 
(glrl/er) 

2.71 
9.73 
8.50 
8.80 
8.9 
tlJ 

1.76 
7.85 
6.flO 

B. SENSITIVITY TO INITIATION 

26. Sensitivity T .,Ii 

Slwck Ve/(J("rIV 
(/IImfllli,.,.".,·",·) 

7 00 
3.25 
4.57 
4.112 
4.6* 
2. j. 
7.83 
5.30 
3.95 

u. STandard Tests. The sensitivity of an explosive 
charge to initiation 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 intuitive grasp of the effects and 

interactions of the various factors involveu. The 
fact that results obtained by varioui', procedl.m:s 
differ does noL necessarily imply that one is right 
anu another wrong or that one is necessarily better. 
Each may be completely valid as a measuremcnt 
of the sensitivity of an explosive under the conJi­
tions of the test. 

One test employed to measure sen~itivilY tu 
initiation is the booster sensitivity test in which it 

gap between donor and test charge is filled with wax 
(see Paragraph 107 for a description of the test). 
Typical results are shown in Table 12.11 The SOIl( 
gaps were determined by means of Bruceton le:-.ts 
(see Paragraph [06). Results of several other tests 
are compared in Table 13. 

h. Gap Tests. The small scale air-gap test has been 
employed by a number of investigators. In this 
test, donor and acceptor explosives are separated 
by a variable air gap (sec Figure J4)." Gap llistance 
is the measure of sensitivity. 

DONOR 

Figu". 14 . 

ACCEPTOR 

SmalJ Sude Air Gap Test 

3.~ 
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TABLE ". TYPICAL RESULTS OF BOOSTER SENSITIVITY TEST 

5U% Gap Di'I1.1'il\' 

~:~pl(!.I·il·e f'rep(ll"(l/i()11 (ill. ) (gm/n:) 

Amato! 80120 Pressed 0.83 1.65 
Am,lto! 50/50 Cast 0.60 I 55 
Composition A-3 Pre~sed 1.70 1.62 
CO'llpo~ition B Cast lAO 1.69 
Composition C Pres~e<.l 1.36 1.56 
Cumpo,ition C-3 Pressed \.36 , 62 
Cycionite (ROX) Presscd 2.33 1.54 
DBX C~st 1.35 1.76 
Ednatol 55/45 Cast 1.28 1.62 
Explosive D Pressed 1.~7 U4 

(Ammonium Pi~rlllc) 
Iialeile (EDNA) Pressed 2.09 1.42 
Minul-2 Pre,sed 1.46 1.74 
Ni!roguaoidine P"e'~eu 0.67 I .41 
Penll,Jlitc 50/50 Pres,ed 2.3(, 1.61 
Pen!oli!e .~0/5n Cll,1 Z.OS 1.65 
Pi~rawl 5214S Cas! 1.00 1.6., 
Te!ryl Pre"cu 2.01 1.5R 
Tetrylol 75/25 Ca'>1 '06 1.66 
TNT Pressed 1.6R 1.55 
TNT Cast 0.82 1.6U 
Triwnul 8U/20 Cast 058 1.75 

In Figure 15," results of this test are compared 
with ·average impact sensitivity results. Impact 
data fur the various explosives were compared 
with results obtained with the small scale gap lest. 
This test consists uf determining the minimum 
priming charge by loading the explosive into a cup 
of a blasting cap with a priming charge of DDNP. 
Buth donor and acceptor were loaded at 10,000 
psi. Bruceton tests of from fifteen to fifty trials 
formed the basis of the estimates of the gap. For 
these tests, the logarithm of the gap length wa~ 
assumed to be a normalizing function. 

A refinement of the small scale gap te~t i~ 
illustrated in Figure \6. 11 Here, a steel dent block 
is added and the gap filled with Lucile. Further. 
data are analyzed by the gap decibang method. The 
gap decibang DBlI is analogous to the decibel in 
that it expresses not an absolute energy or stimulus 
but rather a comparison with some arbitrariJ;. 
established reference level. 

This method of exprcs~jng explmive sensitivity 
is based on a function which transforms sensitivity 
data into a normal distribution in which the explo­
sive response increases with increased initiation 
intensity_ Because the initiation intensity IS tn-

, 
• 

• , 
01. __ 

\ --- r-=tl:t J 
H-+--+--j-r4'&,,_~_4-c _-cl __ -== ____ , 

i I 
" ,. 

figure 15. Minimum Priming Charge and Gap for Criti,al 
Propagation 

TABLE 13. INITIATION SENSITIVITY MEASURED BY SEVERAL TESTS 

30 

Mill. 
/mp(l("[ 71'.,/.1' 

erir. Air 
f ri III." fill. ()lIp" 0.2 eril. '_licile Gap' 
Ch/:. fA" Mill".,·I, E/H.' ill. /)i"II>. 5IJ% Gil!, 

Fl/'/"sil'<' (Kill) (ill.) (,1111 /VII. 12 (111.) (in.) (DBo) 
,,--- '-.- ---

Compo~ition B (LJc.';cns.1 0.]'1 14( 17) 9j " 0.:>'('1'> 55.75 
Cyclonite (RDXI ~(I H) 32 0.318 0.470 3.2~ 
CyclunllelWax 

99/1 34 
9S/2 31 
97/3 43 
95/5 47 
91/9 (Comp. A-3) 

Cyclo,ti!e/Calcium Steal·ute 
0.21 16( 17) > 100 

')9.3/0.7 0.392 4.07 
98.6/14 23 0.332 4.79 
9S.012.0 17 0.144 0.313 5.04 
97.2/2.~ 32 0.299 5.25 

PenlOlire, 50/50 0.12 12(15) 34 38 
10/90 14(]~) 65 

PETN 0.09 6(16) 17 0.47 
Tetryl 0.17 8(111) 26 0.184 00434 Hi} 
T etr)- tul. 70/30 0.19 1 I (I!() '" TNT. Pre~~ed 0.25 14( 17) > 9.' 0.211 I 5..'i2 

Cast 0.021 16.7 

"Ret". 7. Tallie sho,,", ch;ll"g~ in gnlms of DON P to iniriate mater;,ti pl~,>,ed to ucn,lty of 104 grams per cc. 
"Rd. g. I-igures in parenthe.,e~ lIle "Imple werghts In milligrams. 
'R~f. 9. 10 
"Ref. ~. 
'Donl1r-ROX. I m~h lung, 0.2 inch diameter. Pre,sed in >t~~( ilt 10 kpsi. 
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1fJ1----- OETONATOR 

r;:;;:;:',t!-;:::i~--DETONATOR ADAPTER 

///j"W/,-,'TI---OONOR EXP .. OSIViO 
, " / 1 INCREMENTS RDX 

/' / 165 mQ INCREMENT 
/ /' PRESSED AT IO,oOOpsi 

~~~~~~---VARIABLE Gil" t (LUCilE SPACERl 

/ , 
---ACCEPTOR 

1"/7'1--- ACCEPTOR EXPLOSIVE 

STEEL DENT 
BLOCK 

crea~cd by reducing the attenuation of the Olltput 
of a standard donor. the transformation function 
will show the stimulu" to be an inverse function of 
barrier thickness. The tramformation function is 

X=A+10BlogGrlCil (24) 

where X is the stimulus expressed in DBv, A and B 
are arbitrary constants, C t is the reference gap, 
and C r is the observed (te~t) gap. The referenr.:t.: 
gap G r has been ~clected to be 1.0 inch using a 
high-intensity RDX·loaded donol'. 

Corresponding values of decibang intensity 
ami gap thickness are shown in Table 14. Table 
15 11 lists sensitivities of some explosives in gap 
decibangs as determined by the small scale I.ucite 
gap test. It is possible that the method of gap 
dccibang analysis may have a broader application 
than that of an arbitrary inten~ity measure. It may 
serve. for example, as a unit of effective initiating 
output of detonator. lead, or booster. The relation­
ship between the 'dent produced by a donor aCling 
through a barrier or gap and the gap decibang level 
of the combination appears to be linear. 

TABLE 14. RELATION OF DECIBANGS TO GlU'lRTCICNESS 

1 n[en~i[y 0 3 6 9 10 II " " :w 
(DB.) 

Thickne~s 1000 50) 251 1~6 100 50.1 2.~ I 12.6 10.0 
(mil) 

27. Variablel Affecting Sensitivity 

t/. Loudin!? Dellsity. The voids which are present 
in most explosive charges affect the initiation 
sensitivity by providing reaction nuclei and by 
rcducing the pressure in the reaction zone. These 
effects, of course, interact with tQose of charge 
size. confinement, and the nature of the tran:o.ll1itling 
medium. Results obtained with pressed, granular 
explosives in the wax gap sensitivity test are 
plotted in Figurc 17.'~ For material with le'i~ than 
onc percent voids, failures were observed with 
no barrier at all. Results with small scale gap tests 
were similar. Some data are inc luded in Table 15. 1

:
1 

Figure 1813 shows the results of a test with RDX. 
tetry!, and TNT. 

b. Lot-fo-fot Vatilltiolls. The variable with the 
largest effect on 10t-Io-lot uniformity is loading 
density. While there are other difference~ In ex· 
plosives which cannot be explained in terms of 
density effects alone, these arc difficult to pinpoint 
and even more difficult to contro1.~·11 Particle size 
and its distribution arc variables which have been 
shown to have an appreciable effect on the sensi' 
tivity of explosives in most cases. 

TABLE 1 S. SENSITIVlTIfS OF SOME EXPLOSIVES 
ACCORDING TO THE SMAll SCALE lUCITE GAP TEST 

f,,,,,dill~ {."(Ia"ll: 
Pr(·.I.I"lIrt" {),'II\;n S "II lim II \ 

['Xp/OSil'C' (~I'.\i) Igmic(" ) I UIJ.,! ---
Cyclonite (KUX) 10.0 1.5649 .1.]H ~ 
Cydunite (RDX) 38.2 1.7373. {.Oll') 
TNT ell,t I ~HIl I h " 
TNT h2 1.407~ ~.I1"\ ~ 

TNT l,).() , 5iO.~ h.ll..! 
Tritonal C\,,[ ~.0557 17 .. ' 

C. Addilil'l's. The addition of a few rcn::ent of il 
waxy substance, such as calcium ste,\rate, reduee~ 
the sensitivity of RDX by a factor of two or three. 
as indicated hy the air gap test. This effect Illay b~ 
noted in ruble 13. although on closer con~lderali()n. 
it is apparent that a large measure of this desen'iili· 
zation IS attributable to the higher density alt<li[l,lbk' 
at the same loading pre:-.~ure when a lubriClnt 
is added. 

In Table 16, the effects of added wax on the 
~ef1sjtjvity of a number or cast explosives ,-Ire given 
a~ measured by the wax gap boo~le!" sen~iti\"il) 

test. 

1" .. 
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TABLE' 16, E'ffECT OF 5 PERCENT 0_2 WAX ON THE 
BOOSTER SENSlTlVITY Of VARIOUS CAST EXPLOSIVES 

(Wgl( GQP Tttl, 
£xplo.\·il'i' Ul1wiued Waxed Dijference 

Baronal 0.86 0,64 -0.2~ 
Comp, B 1.32 116 -0.16 
Pen(olilc 2.08 1.96 -0,12 
Picratol 52/48 1.00 O.llll -0.12 
I'rX-2 U7 1.63 -0.24 
TNT 0.82 1.03 +0.21 
Tritonal 80/20 0.58 1.04 + 0.46 

d. Confinement. 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 Table ]7,14 

the agreement is somewhat less than perfect. 
The sum of a dimensionless density with a 

dimensionless Brinell hardness has been proposed 
to relate the effect of the confining medium to 

400r~---

sensitivity. This relation is shuwn in Figure 20.1-1 
Almost the identical plot results if Hrincll hardness 
is replaced with a dimcmionless strength. All of 
tne 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 mO'"( 
marked. 

TABLE 17. AIR GAP SENSITIVITY RELATED TO 
ACOUSTIC IMPEDANCE OF ACCEPTOR CONFINING MEDIUM 

('O!1jillll!g Met/IIIIII 
"fA«(('"I", 

Lucile 
Magnesium 
Zinc (die Cll~l) 
Bahhin 
Hnls~ 
S1eel (SAE 1(20) 

Shmk Impedallce fif 
A('('Cplof ('Oil("I(''''('1I1 

Inll'gM(I),I) 

'" 14 
2.6 
3.2 
3.9 
4.2 

enl""I.'I11 ("'I" 
fill ) 

0,(1(, -; 
O.(lr:~ 

01111 
0, l..j~ 
(I I.'.' 
O,~Il{l 

• Lem.l a.lide lu (~(Iyl, D.150 in~h di,lllleler (olumll' 

0,100" ACCEPTOR 

0150" DONOR 
FIRED AT 
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" 0 ., I"~-O.IOO" ACCEPTOR 

• Q 

w 100 
~ 
w 

'0 0 

> 

" " • 60 .-< 
0 w • 
" 0 

~ 4O 

• 
~ 
0 
< 
0 

• 
" 

20 -.-.~--

w 
z w 15 
w e 
Z 15 m w 
0 < m " " 'e 

, u < " w w 
0 • w w w w 0" ;; w e w e e e .< • w 

~ " w 0 wu w 0 W N e m m 

" w Z Z 0 Z • " 0 " u " 0 0 0 0 0 • < • 0 2 
< < < z 0 • < • ~ Q 0 • > N 0 • • • " • • 

MATERIAL CONFINING n" ACCEPTOR EXPLOSIVE 

Figure 19. Eff." of A".pror Confining Material upon Sen,itivity in on Air Gop re" 

39 



• 

• 

• 

" , 
0 

0 

, 0 

, 0 

, 0 

, 

-
-- ,-----

-

i TOOL SHell ~ 1020 STEEL 
-- -- --- .. -

4140 STEELe / 

/ -

/ 
BRASl. / 

BABSITY 

l 0 
~ BRONZE 

• COPPER BASE 
,W>lC DIE 'DIE CAST 

CAST - -

.M':~ MAGNESIUM, 
DIE CAST 

O~:ucm;;,- 'BAKELITe: LINEN , 

01---.. -, 0 

'" '" 

FiiU'" 20. G"p Sensitiv!ty Re/(lted to Den.ity ond Hardness of Acceptor ConfinIng Medium 

e. Gaps (I/id Harriers. In onc w<ly ur another, gaps, 
barriers or spacer materials ,Ire components of 
explosive systems. In some instances, these fell­
tures are designed into a train to (lchievc a desired 
effect. I n other cases, they are inherent to con­
struction just as is confinement. Bottoms of cups 
are barriers and manufacturing tolerances introduce 
gaps. In some instances, the combination of gaps 
and barriers are benefici'l!. For example. barrier 
fragments have transmitted detonation over a gap 
which was somelimc~ fony times that across which 
the air blast wave alone could carry it. 

Availahle experimental data relating the vari­
ubles are not complete. Figure 52 t:Ompares per· 
fonnaTlce under service conditions for several gap 
and barrier t:ombinalion~ hnth unconfined and 
confined. In Table I ~t; the effect of changing the 
spacer materi;(] in the wax·gap booster test is 
given for four explosives and a number of ~pacer 
materiah. Attention is directed to the air gap data. 
It has been sugge~ted that the mechanism of trans· 
mission across an air gap to the more sensitive 
materials must involve faclor~ other than shock 
pressure. 
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TA8lE 18. SENSITIVITY FOR VARIOUS SPACER MATeRIALS 
(Wax Gap Ted) 

___ 50 POTent Poi .. ,! (Ill.) 

Splicer Mllffl"i(li Td,)"i C()mp R t/llX Pl'lifo/il(' 

Air 5.04 I 11 '" 'i.Ot 
Woou (0<11<.) I 39 t.04 1l.':I3 1" 
Copper t.IW 1.17 O.S(, I ':12 
I'olyslyren~ 1.8:' IA.'l I. I ':I 1.')11 
A,ra,,",lx R I.H9 I At> 1.~8 ~ OS 
Aluminum 1.90 I ~ I 1.33 2 (l.'i 
Slallotind W,n 2.07 1.50 1.28 :; 0(' 

28. Misaligned Charges 

Out·of·line safety is a general requirement of 
fuzes. The usual situation i~ that of two well con· 
finl:u columns of expio"ives. one of which i~ dis· 
pl'Ked laterally with respect to the other as in 
Figure 21." Propagation occur" neUf the point 
where the expanded hole of the donor become~ 
tangent to the original act:eptor charge. In an 
experiment with PETN and I{DX, transmi~,;ion 
occurred when the charge:'. were displaced some 
what he yond the pom! of t,mgency It wa~ al~n 
observed that the"c cxplosJ\:es sometimes detonated 
from an i.lpparent central initiation point. Out·of-
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Figur. 21. Arrongement for Propaga',o" of Mila/l9'ned ChQ'ye5 

line safety should always be testeu to make certain 
that the train uoes not propagate in the safe posi­
tion (see Paragraph 110). 

C. OUTPUT 

29. Nature of Explosive Output 

The mechanism whereby useful output is 
derived from an explosion is essentially that of a 
heal engine. Heat is transformed into mechanical 
energy by the adiabatic expansion of hot, com­
pres~erJ gas. Ai> a heat engine, the detonation of 
a military high explosive is remarkahly efficient. 
Over seventy percent of the theoretical heat of 
explosion usually appears as measurable mechan· 
ical output. However, the effectiveness of an ex­
plosive charge in any particular application is not 
necessarily directly related to its total mechanical 
energy output. Only a small fraction of the energy 
usually 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 various phenomena which are 
utilized to transmit the output to the target. These 
phenomena include shock waves, gross movements 
of such intervening media as air, water or earth, 
and the projection of metal or oth<:r materiah whi<.:h 
are inert components of explosive ordnance items, 
All of these phenomena accompany most explo­
sions, but the partition of energy between them 
varies greatly with variation of design and com­
position, as do other quantities associated with 
each phenomenon which may be more important 
than energy in determining relative effediveness. 

For these reasons, characterization of the 
output of an explosive charge in terms of the 
phenomena involved in its intended application is 
the most valid basis for comparison with charges 
of other designs and loadings. Examples of such 
phenomena are blast and fragmentation. 

The theory of uctoml1ion waves i~ de~l.:ribed 

in Paragraph 19. The calculations discussed are 

based on a number of a:.,sumptions ..... hich include 
ideal detonation (Chapman-,louguet condition:-,) 
and a certain reaction chemistry. Although in many 
inv!.!:-.tigations agreement has been attained hetwecn 
experiment and theory, many of the mo~t intere~t­
ing and important aspects of the outpul behavior 
of real charges stems from their nonidcality ,~ 

from deviations in their chemical or thermu­
dynamic behavior from those commonly a~"lJllled. 
For these reasons, more quantitative predictions 
of performance are made by use of the empirical 
relationships based on measurements of out rut 
phenomena. 

An introduction to actual detonation:." those 
which are theoretically non ideal, is alS"{) 'Ct"iJital"nul 
in Paragraph 19. 

30, Effect of Charge Configuration 

a. The Delol1miol1 From. As a first uppro:\11l1atiol1, 
detonation may be considered to propag,lle in all 
directions within a homogeneous chdrgc al the 
same velocity, Thus, if a charge is initiated by a 
relatively concentrated source, the detonation 
front assumes a divergent sphencal form. This 
curvature (convex in the direction of propagation) 
is accentuated at the boundaries of the charge 
(see Paragraph 19). 

Such curvature, if its radius is small enough tn 
be comparable with the reaction zone length, results 
in a reduction of detonation velocity and pre:.,sure 
from that associated with ideal delonation. The 
explosives used in applications where detonation 
pressure is a prime consideration (pentolite, 
Compositions A-3 and Hand. cyclOlob) have 
reaction zone lengths of the order of a millimeter 
or less so that this effect is not usually important. 
However, with ~mall charges of such materiab 
as TNT, Explosive Dar tritonal, they can assume 
importance. In addition, the pressure and its 
gradient vary radially, For some applications, most 
notably the controlled propulsion of solids, wave 
fronl profiles and pressure distributions olher than 
those resulting from the action of hydrodynaml<': 
law:., in ~imple charge configurations are desirable. 
For such purposes, special configurations have 
evolved. 

One of the results of pre~sLlre variation hehind 
the detonation front is the variation III momentum 
which the detonation wave imparts to solid obicl"i\. 
Where it is desired 10 propel an object of UTlI!'nrm 

thickness which has a relatively large area 111 ((In 
tact with a charge, these variations in mornentuill 
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result in corresponding velocity variations which 
may result in distortion or even rUpture of the 
object. This problem may be alleviated by either 
of two means although they are generally r.:ombincd 

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

(b) adding mass at points where momentum 
is greatest. 

The hydrodynamic relationships which de­
termine momentum distribution in finite explusive 
charges are too complex to be solved analytically. 
However, they have been programmed for solution 
by computer. 1fl Intuitive reasoning and cut-and-try 
development have yielded satisfactory designs 
in the past. 

h. Wave She/ping. The control of the profile of 
detonation fronts has been the subject of much 
research.17 All techniques are essentially applica~ 
tions of Huygens' principle which forms the basis 
of geumetric optics. For ultimate refinement, 
account must be taken uf the fact that detonation 
velocities are not precisely constant. but satis­
factory control for m,my purposes is possible by 
designs which ignore the relatively small variations. 
The folluwing four means of controlling the 
sequence of arrival of detonation waves at various 
points in a charge have been used17.1~ 

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

(b) Two explosives of appreciably different 
rates of detonation, 

(c) Density and composition variations in the 
explosive, and 

(d) Air, inert fillers, or both of such thickness 
as to delay the wave but not destroy it. 

Perh"p" the simplest devices for the control 
of wave front profiles are line wavc generators. 
Those of the manifold lype (Fig. 22) have been 
made hy loading explosives into channels machined, 
molded, or cast intu metal or other inert components 

INITIATOR 

EXPLOSIVE PATH 

, , '----
"'. -~~--- -~~- - - . - . - -""~'- --~-~~------~ .. ----' 

\'-WAVE FRONTS ____ -- _____________ L ________________ - __________ _ 

Figure 22. une Wave Gene,a,or of the Manifold Type 
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and by constructing arrays of detonating cord. The 
detonating cord arrays were, of course, limited to 
relatively large systems by the ~pacing needeU' fo­
prevent initiation or damage due to radial bla~t 
effects of adjacent cords. 

The advent of mild detonating fuse (MDF) 
opens new possibilities in manifold type wave 
shaping devices (see Paragraph 87). In such appli­
cations, particular attention should be given the 
problem of transmission of detonation from the 
very small column diameter of MDF to the larger 
chargc)' in which it is hoped to control the wave 
front profile. Even though reliable transmission i~ 

assured, the build-up may introduce enough time 
scatter [0 nullify the wave shaping effects, Step 
construction or a tapered lead should result in a 
satisfactory system. 

Another line wave generator of the manifuld 
type consists of perforated sheet explosive (see 
Fig. 23). 

In addition to such generators, warped sur­
faces may be used to produce line waves of any 
desired curvature. The circular front generated hy 
the point initiated detonation of a plane charge. 
may also be modi tied 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 ~heet 
explosive. 

J 1. BIgst 

Blast is the brief and rapid movcment of air or 
other fluid Clway from a center of outward pre~sllre. 
as in an explosion, or it is the pressure accompany 
ing this movement. Physical manifestatiun~ of hla~t 
include (a) a shock front which i~ created by the 
rapidly expanding gases being opp()~ed by the 
lTl(.:diulll around the explosive. (b) a time period in 
whi(.:h the pr(.:sslH'(.: drops to ambient. (e) a conlin­
ued pressure drop below amhicnt and finally Ill) ,I 

Coudu)' 

£.I. DUPONT 
!IE NEMOURS a co. , INC. 

Figure 23. une Wave Generator of Sheet Explosive 
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FLAT CIRCULA~ SEGMENT 
OF SHEET E~PLOSIVE 

DETONATION ARRlve:~ 
SIM\J\.TANEOUSlY AT ALL 
POINTS ON THIS LINE IF 
A + a • c 

POINT OF 
I~ITIAT'ON 

HOLLOW CONE OF 
SI1EET nPLOSIVE 

Figure 24. Un. Wove Generator of Warped She., of EXp/o5ive 

return to ambient pressure. Figure 25" shows this 
pressure-time relationship 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 involve several steps. It always involves an 
initial explosion. It may be enhanced by the after­
burning or reacting of the explosive products with 
themselves and with the oxygen In the uir. It may 
also be enhanced by shock reflection from sulfaces 
such as ground. water, or w<llls. 

Blast decreases in magnitude at a ratio equiva­
lent to the cube root of the distance from the 
charge. Blast pressures are plotted on graphs as 
P vs r/ WI/:l where r is the distance from the charge 
amI Wl/:! is the cube root of the charge weight. 
Various design equations and graphs have been 
evolved for predicting the output from explosive 
charges, most of which are the results of empirical 
studies. The parameters which affect blast include 

(a) type of explosive 
(b) confinement 

material used 
thickness of material 

(c) configuration of explosive charge 
(d) effects 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 a generalized relationship between 
energy of the explosive and the output in terms of 
peak pressure and impulse. An equation for esti­
mating the blast pressures of cylindrical charges is 
available in classified literature. l » 

It was found that steel confined charges gen­
erally produced decreasing amounts of blast output 
with increasing thickness of confinement.~(1 The 
only exception is a very thin steel confinement 
which appears to produce a blast output equal III 

or slightly better than hare charges. Thi~ i~ prnbabl~ 
due to the fact that some unconfined -:harges break 
up partially during explosion. Certain material~ 

when used as confining media for explOSives 'lppe,tI· 
to react in an explosive manner.~l That i~, the) 
increase the blast output when they (.:onfine· explo­
sives, Some rubbers and plastics exhlhlt thl~ 

behavior. 
Studies of the effects of altilude on hla~t 

showed that there is a constant decrease In bla~t 

output with altituuc.22 For practical plll"po~e~. 

there is a 1 % decrease in excess pressure for ever! 
1000 ft altitude. 

The foregoing ~tlldie~ werc concerned willi 
exterior blasts far from ground or l-etkClI"e ~1I1-

faccs. If thc eltwge i~ expluded clo~e tu <I ~lIrLI(.;c. 

the shock wave which reaches this ~lIrface \~ill rw 
partially reflected. ·1 he reflected wave may ~uh­

sequently catch up with the m-iginal shock wave 
and reinforce it. The reason for its catching up i~ 

that the reflected wave travels through the hOI 

gases of the explosive where its velocity is greater. 

I---OU,,",TIC'N OF NEGATIVE PRESSURE '"""'----1 

figure 25. Pr.uur.·Time RelQtion,hip of Explo5ive BIQ5t 
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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 or vehicle offers many such reflective 
surfaces. Consequently. the damage produced by 
exploding a blast charge inside an enclosure is 
considerably greater than that outside of it, Less 
than 20% of an explosive may be required for an 
interior blast kill compared with an exterior one. 

Most ammunition is limited in size for tactical 
reasons. Artillery projectiles, for example, have u 
volume limitation. Hence, the designer mu~l look 
for the blasl explosive which produces the highest 
blast damage for a given volume. The missile war­
head designer faces a weight limitation in the 
same manner. 

32. Fragmentation 

(/. FraKlnen/Oliol1 Characteristics. As a m,mifcsta· 
tion of explosive output, fragmentation is char­
acterized by velocity amI 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 it to break as desired, Many 
studies have been carried out both for fragmenta­
tion projectilesn and for specialized fragmentation 
warheads.24 

The initial velocity of fragments is quite 
accurately predicted by the Gurney formulas 

C I· d . =2£ I WrlWm I'll 
lor cy In ers 1',,= v lot'.. V I + 0.5 W,./W", --

for spheres \' = VfE / _._~,.fW,1t (26) 
() \j I + 0.6 W,,/W,1t 

where v" is the initial fragment velocity 
V2E is the Gurney constant 
We is the charge weight 
Will is the weight of the fragmenting metal 

The empirical constant L is determined for a 
particular range of explosive to metal ratios. It is 
expressed as the quantity of energy per unit mass 
of explosive which is available as kinetic energy 
of the fmgments. In general. this is somewhat more 
thun half of the energy of detonation Rather than 
reducing the quantities to theoretical terms, Gurney 
constants are usually given a~ velocitie~. Table 19 
includes (Jurney constants for some explosives of 
military intere:,t. Initial fragment velocities have 
been computed and are available in tabular form?'~ 
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TABLE 19. GURNEY CONSTANTS fOR COMMON EXPLOSIVES 

Exp!".\·il·(' 

Composition Il 
Penl<.>lih: 
TNT 

vT/i 
Ui/ud 

RROO 
8400 
7l'iOO 

The lethality of a fragment is u function of its 
velocity, weight and presented area, The problem~ 
of assessing lethality and vulnerability are quite 
difficult because the seriou~ness of the dumilge 
inflicted depends first on the nature of the larget 
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, veim.:ity, shape, allituuc and 
materials. 

The determination of the optimum fragment 
size, in addition Lo the lethality considerations, reo 
quires an estimate of the probable location of the 
fragmenting charge with respect to the target at the 
time of burst and a knowledge of the azimuthal 
distribution of the fragments. In some instances 
relative movement of the charge and target is an 
impOltal11 factor. The position of the charge with 
respect to the target is sometimes a design variahle 
which is combined with other factors to muxlnlize 
effectiveness. For example, in an air-burst ,mti­
personnel weapon, burst hcight, fragment size and 
azimuthal distribution are combined to maximize 
the lethality. 

When a projectile or other container is burst 
by the explosion of the explosive contained, the 
sizes of the fragments produced vary according 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 material. Where 
all aspect~ of the design of a fragmentation round or 
head may be varied to optimize a design, the choice 
of explosive is simplified by this general tendency 
for explosives which produce the fastest fragments 
to also produce the finest fragments. The explosive 
with the highest Gurney constant may thus be 
expected to be capable of producing the largest 
number nflethal fragments. 

Where a case originally designed fur anti· 
personnel use is to be adapted for use against more 
resi~tant targets, high performance explosives Illay 
breuk it into fragments 100 small for effectivene~\. 
I n such situations a less brisant explosive may 
improve effectivene~s, G<:nerally, in gUll projected 
missiles such considerations as structural strength 
to re~ist sdback and spin acceleration~ dictate the 
use of a ca5e which forms coarser fragments than 
is uesirable even with the IllOSt brisant explOSive. 
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h. COlltrof/('d Fra/:!Il('lIrarioll. 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 used to produce frag~ 
ments which are almost all of the uptimum SiLC and 
shape. Methods which have been used include za 

(a) preformed fragments (with or without 
matrix) 

(b) notched or grooved rings 
(c) notched or grooved wire 
(d) notched or grooved casings 
(e) fluted liners, 
One form of preformed fragment is a rod. In 

controlled experiments, a rod has been found to be 
more effective against aircraft than the same weight 
of metal broken into smaller pieces. It can sever 
important structural members rather than merely 
perforate them, 

A discrete rud warhead consists of a number of 
rods (usually of steel) arranged like the staves of a 
barrel to form a cylindrical container. They ,m.': 
joined together with sufficient strength to provide 
the needed structural strength for handling, launch­
ing, and night but in such a manner that their move­
ment under the action of the explosive will not be 
impeded significantly. This container, completed 
with suitable end plates and usuCllly with auxiliary 
thin liners, is loaded with the explosive. 

A continuous rod warhead differ~ from a dis­
crete rod warhead in that the rods are strongly 
joined to one another at alternate ends in a pall ern 
similar to that of a folded carpenter~' rule. This 
hoop breaks when its circumference equals the 
sum of the rod lengths, if excess encrgy is imparted 
by the explosive, 

The value of a discrete rod fragment depends 
upon maintenance of its ~hape (as a relatively 
straight rod) and its attitude such that its long ,lXis 
i~ at right ,:Ingle::. to it~ path. The value of <I con­
tinuous rod depends upon its relaining its integrity 
as such. Ew.;h of these requirements, in turn, rests 
on a basic requirement that the velocity imparted 
to each clement of the length uf the rod L~ the same 
as that for each other elemen!. This is the most 
important application of the momentum distribu­
tion control discussed in Paragraph 30. The los~es 
of pressure at the ends c,luse the pans of the rods 
near the ends of the warhead to lag behind tho~e 
near the mitbection. Discrete rods arc hent and 
twisted, ,tnd continuou~ rods are broken as a result 
of the Jifferences jn velocity. 

33. Other Output Effects 

a. Underwater. The effects of an underwater 
explosion are separable into two Jistil1\:1 phe­
nomena, the ~hock wave and the pulsation or thc 
bubble. It is of interest to note that seventy tll 
eighty percent of the heat of detonation can he 
accounted for in the sum of the energy of the ShtlCh. 
wave and that of the movement of the bubhle. The 
shock wave is characterized in ter!Tl~ of its PCClh. 
pressure, energy, impulse and time constant. These 
quantities may be computed as functions of dis­
tance and c!mrgc w(Oight from (Ox i~ti ng nom{)gnlphs .'" 

The pulsation and other movements of th~' 

bubble impart large quantities of momentum \(1 
surrounding water. Under some circum~tances. 

the migration of the bubble due to hydrodynamit' 
and gravitational effects can result in highly con 
centrated transfer of thi::. momentum to ships llJ 

other structures so that the bubble actlon can out­
weigh that of the shock wave in its damaging 
effects. Bubble parameters may also be caleul'lled 
conveniently with a nomogram. The behavior ami 
actions of bubbles resulting from underwater 
explosions has been the subject ofseveml studiesY' 

h. Unr/erNl'i!l/!uJ. The efTccts of underground C\' 
plosion are more difficult to characterize q·uantll<l­
lively than are those in air or water because sllih 
and rocks an: ~o mu(;h morc vHriahlc in (;hHra(;lcr 
and because disturbances are transmitted through 
them as stress waves with componcnh of shear 
and sometimes tension in addition :0 the prt'~~url' 

which characterize', waves produced oy e\rIO~IOIl~ 
in fluids, Tht: initial wave tnm~mitlcd rrOlll an 
explosive charge to almost any solid medium i-; <I 

true shock wave and the pressures are far be) llnu 
the elastic limit. However, such shoeb attCf)Uatt: 
much fasler than those in water because a 1;lrgc' 
fraction of the energy is expended in sh;!llering the 
Illeuium. As the pressure approachcs the: UIHI' 

pressive strength of the materiaL the shock I" 
moJified lu a stre~s wave. It losc ... the ~harp ri~L' 

characteristic of a shock and may sepi\l'<lte ll1t,1 
~cvcra! waves, elastic comprc~siDn wave. pta~tiL 

wave. surface wave and a shear Wdve. whli.:h 
prupagat(; at di!Tt:lcnt vellH.;itie.,. 

Meanwhile, ~in.::e .;.,uil llnJ rock arc lI~LI,dh 

variable in structure and density, wave ... art' I't'­
fracted llnd reflected ll1 paths of various length~, 

In addition, whcre tilt: explo-sion occur'~ clo:>e 
enough to the ~urface to prDduce an air hla~t w;t\'c 
this induces another surface w''lVe. A~ it re~utt ul 
this wave at a distanct: uf a IIllll:. thl: glouml JJ~' 
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turhancc from a single explosion might continue 
for thirty seconds. At 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 similar in magnitude to the exponential 
decay constants for underwater explosions of 
charges of similar size.2B 

In addition to inducing shock, stress, and 
seismic waves, underground explosions displace 
the surrounding media. When close to the sUlface, 
they produce craters. Explosions too deep to burst 
through the sUliace produce spherical cavities 
known as camouflets. The product of the volume 
of a camouflet and the strength of the surrounding 
medium has been related to the heat of explosion 
ufthe charge which produces it. 

c. Siwped Charge. 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 is available 
on the design of shaped charges.n .29 Action of the 
shaped charge is sometimes referred to as the 
Munroe effect Operation is as follows. The m~,al 
of the liner and the explosive moves at the detona­
tion velocity. At the detunation fronl, the metal 
liner is deflected inward. Converging symmetrically 
toward the centerline, the metal is deflected along 
t,his line. The slug of metal which accumulates at 
the center is squeezed by the continuing con­
vergence to such high pressures that part of it 
emerges in a jet, like toothpaste from a tube. 

Because the theory of shaped charges is based 
on a number of simplifying assumptiuns and be­
cause of unavoidable variations introduced during 
manufacture and loading, a large part of design 
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and development uf shaped ch<lrges has been 
empirical. The following rules of thumb on the 
design of shaped charges, are consistent with the 
the.ory although they might not be quantitatively 
predictable. 

(a) The optimum cone (included) angle, for 
most purposes, is about 4r. 

(b) Maximum penetration is obtained with a 
stand-off distance between charge and target of 
2 to 6 cillibers. 

(c) The cone liner material which seems to 
have the best combination of properties is soft 
copper, although mild steel and aluminum have 
been used to advantage. 

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

(e) I)etonation pn::sl-Iurc seems to be the roo:--t 
important property of an explosive affecting shaped 
charge pelformance. 

(f) In spin stabilized rounds, the centrifugal 
forces are sufficient to impair shaped charge per­
formance significantly. This may be counter­
balanced. at least to some extent, by use of fluted 
and trumpet shaped liners. 

(g) As the cone angle becomes !;\rger, the 
velocity of the .iet decreases and that of the slug 
increases. Shallow :-haped charges in which the 
slug is the effective output are referred to a:o. 
Misznay-Schardin charges. They are used exten­
sively in land mines. 

(h) As the cone angle becomes smaller the 
velocity of the jet bccomes higher anu its mass 
becomes smaller until. for a tube. they approach 
infinity and zero respectively. 

(il Although penetrations by shaped charge:­
in armor plate as high as 11 calibers have been 
observed in the laboratory, the limit for practical 
ammunition is closer to four or five cone uiamclcr~. 
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CHAPTER 4 

ENVIRONMENTAL RESPONSE 

34. Military Requirements 

A military item must perform as intended after 
years of storage under conditions which may vary 
from tropical to <ifclk amI from jungle tn desert. 
In the case of explosive materiel, the situation is 
aggravated first by the fact that explosives are of 
neces,sity metastable materb]s, and second by the 
irreversibility of their operation. 

The range of-65°F (-54°C) to 16QoF (7 1°C) 
has been prescribed as that which explosive 
material musl endure in storage <lnu remain 
operative. The Temperature and Humidity Test, 
M I L·STD.304, tests over these temperatures 
(see Paragraph 110) and the most common hot 
surveillance or hot storage tests are conducted 
!60"F. '"Accelerated <lging" tests arc conducted 
at higher temperatures although interpretation of 
results is subject to question. Both bulk explosives 
am! loaded items are subjected to hot :-.toragc. 
surveillance or accelerated ~-\ging tests. After aging. 
materials may be weighed and analyzed to detect 
chemical decomposition or tested to determine 
changes in pertormance characteristics. Loaded 
items are sometimes dissected and their variou~ 
components examined and analyzed. More often, 
they are tested functionally. Changes in functional 
characteristics may result from chemical deteriora­
tion of explosive or inert components, changes in 
stale of aggregation (such as fusion and recon­
,",olidation, sintcring or redi~tribution of component:-. 
of mixtures) or dimensional distortion. 

In the course of their use, some explosive 
materiel is exposed to temperatures substantially 
higher than 16Cn ..... Three common sources of such 
high lcmperatme:-. are hOI guns, heat tram,fl:rrcd 
through metal parts from rocket motors and aero­
dynamic heating. The hot gun problem, for the 
present, is somewhat simplified for the explosive 
charge designer because it is not difficult to find 
high explosives which are more temperature 
resistant than the propellants used in guns. Rocket 
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propellants hclVe flame temperaturcs far beyond 
that which any explosive can sustain so that the 
designer of rocket warheads must consider the 
heat transfer situation. As missiles arc projecleu at 
higher velocities for longer times, the aerodynamic 
healing problem becomes more severe. At these 
higher temperatures, all effects are exaggerated 
and accelerated to a point where the deteriorations. 
which may take months or years in storage, may 
occur in minutes or seconds alld the thermal 
decomposition of the explosive may become ~clr 
sustaining and run away to a thermal explosion. 
Such explo",iom. are referred to as L"{)()f..-{~fr In 
addition, the higher temperatures may cau\e dam­
age of types which would never occur at lower 
temperatures. 

In addition to temperature, explosives <Ire 
subjected to other environments. One of the:-.c i~ 

thc proximity with metals and other explosives 
which may be chemically incompatible. 

In the course of military transportatIOn. 
handling and lise, explo~ives and explosive charge>; 
nre neces,<,urily subjected to rather violent mechan· 
ical disturhances. From the viewpOint of analytical 
mechanic~. the manifestations of these distur­
bances are compression, tension and shear of the 
explosive which must be specified in time-depen­
dent terms. However, problems associated with 
such disturbances are not usually considered in such 
terms. The usual approach is thaI of attempting to 
simulate conditions which may be experienced by 
explosive chargt:~ in ~t:rvice under quantitati\ ely 
controlled conditions and 111 circlIm<;tances where 
behavior Can be observed. Considered in these 
terms, the disturhances to which explosives may 
be subjected can be categonzed as Imp,lct, accelera­
tion, vibration and friction. 

The relative sensitivities of COfIll!lOn military 
explosives according to standard 1,lboratory le~l~ 
arc given in Table 20 while sensitivities to hazardS" 
of use are tabulated in Table 21 For detClib or 
test procedures, :-.ee Paragraph 107. 
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TABLE 20. RElATIVE SENSmVmES OF eXPLOSIVES ACCORDING TO 
STANDARD LABORATORY TESTS OF GROUND SAMPLES 

/Ju /\·1;"".1 
Starii' /;;/('('. 

500/( On 
S"/II;II"';II 

IlIIf"I{ I Te.lt.1 f'm lioll 1'1'111 1'('.1/.1'/' 
~ ~ e' 

f()(}·glll 1('11',1'/ 
~ 

Boml(',-

0 ~ 

:1'1 
, 

<:" " 
~- • ~.~ --, ~.~ 

~i 
.:::-

;::;: -, 
.~~ ~.~ " ~-

£,rp/o,\';l'(' (ill,)' (('Ill) «'m) 

Amalo!. so/so 16( 171 '.l.'i U 
BHnllol 11124) :;.~ 

Black Powder 1M it,) " S 

Compo~ilion A·3 1M 171 7~" U 
(umpo,lllOn B 14( I 'I) 57" U 
Cnmp(),;lion C-.1 \4(33) U 
(omposilllJll C-4 19(27) 47" 1I 

t'yclomle (KOX) 8( 18) 24" 100' E 
eyelulul, 70/30 14(20) 75 U 
Cyelolo], 60/40 14( 19) lOW U 
Explo~ive D 

(Ammonium Picrate) 17(18) 214" 1 OO' U 
Hlileile (EDNA) )4(17) .1 I" l' U 
bela-HMX 'JCDl 26" '0 , 
L~lI<J /HiJe (pure) 3(10) 75 [ 

I c<ld Slyphnale !(1221 12' E 

Nitrogll<ll)idine 26(7) 32()" " PCllloll!e. SO/SO 12(15) .\8" l4 U 
PETN 6( )6) 12' C 
Pieratol .. 'i2/4~ 17(1<)) 17 U 
I-'i~ru.: A"iu 13( 17) 63" 100-

Tetryl 811 !() 34-53" '6 C 
TetryloL 70/30 I I( I~) " U 
TNT 14·15( 17) 171" l)~ • U 
'lllrr~X Q( I~) " Trihmal, !1,()/20 13(16) " U 

.. ri!,\lIre~ in p,II'enthc,c, ilrc ~amplc w~lghl~ in mllllgnlln~ 
"K<:f 2 . At 101)'(", vahle at 120'(' is ;-]\ 
I, Kd. 3 1 KcL ;; 
'Kcf4 'KeLti 
" D~composes " Kef. 7 

, ignite' 
t r. E~plode,: C crackles: S Smlps: U linalT<:~t"'u 

A. TEMPERATURE 

35. High Temperature Storage 

a. Chemical DecomposiTion. As indkated by the 
Arrhenius equation (Eq. 5), explosives are decom­
pming all the time. An important ba~i~ for the 
selection of military high explosives is the slow 
rate of this decornpo~ition at storage temperatures, 
The vacuum stability test. described in Paragraph 
107, is the criterion of thermal stability which IS 

used most frequently to predid storagl.: life of an 
explosive. 

Samples of TNT and tetryl. analyzed after 
storage for twenty year", showed no detectable 
chemical deterioration.1 Assuming an al.:Livation 
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energy of 33,000 calories per mol. and 1.0 cc ga, 
evolved in 40 hrs at 120~C as the vacuum stability 
of tetryl. Equation 5 extnlpol(\lc~ 10 pn.:Jio,;:t ks~ 
than one percenl decomposition in twenty year:. al 
160o P, Most military explosives ha\'e vacuum 
stabilities at least as good as tetryL The storage 
characteristics of PETN, although worse than those 
of most military high explosives, are nOl so b,ld :1\ 

to outweigh ih LI<:"irable properties for certalll 
applications. 

h, Dilllensioliul ChollKe, Explosives. in general. 
have larger thermal coefficients of expamion than 
the metals in whil.:h thl.:Y arc u~ually 10aLled, Thi~ 
results in some tendency to extrude through any 
available openings when stored for long period, 
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at high temperatures. Under some circumstances, 
the pressure developed by this expansion is enough 
10 bulge bulkheads 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 
al a rate such that the configuration, which is so 
critical in such applications. is modified within days 
to a point where the wave shaping effects are lost. 

Materials. like Composition Band cyclota!. 
which contain large percentages of TNT, are 
particularly susceptible to such distortion because 
the high storage temperatures are so close to their 
melting points. Temperature cycling causes sU<.:h 
materials to "grow." The growing is a permanent 
expansion which is caused by the opening of 
microscopic crack:'. due to thermal gmdient stresses 
and the bridging of these cracks by fusion and 
refreezing of multiple component eutectics. 

I n general, plastic bonded explosives have 
better dimensional stability at high temperatures 
than castable materials. The dimcnsiomll stabilities 
of the resin binders of such materials provide 
reasonable clues regarding those of the mixtures. 

t·, Exp{o.\·ive Properry Change. Some explosive 
properties, especially those associated with initia­
tion and growth of detonation (sec Paragmph 
17-23), are determined by the state of aggregation 
of an explosive as much as by its composition. 

Prolonged storage of an explosive at temperatures 
near its melting point cun result in changes of struc­
ture and, in the case of mixtures, segregation of 
components. Where granular TNT 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 I.lc(,:rc{iw in sensitivity, and 
hm; caused failures, 

Similarly, a bare tetryl booster in an unlined 
cavity in Cornpo~ition R, or other TNT base 
material, may be converted to tetrytol by exudation 
of the TNT.IQ The fuzing system may not be ade­
quate for the initiatiun uf letrytol. A similar problem 
would exist if bare RDX and HMX boosters had 
been used. 

d. EXlIdation. U~ually TNT cont"ins " group of 
impurities which can form very low melting multi­
ple component eutectics, Much of the TNT u~ed 
during World War I contained large enough frac­
lions of such components that they exuded from 
the suli'aces of charges. The exudate, which wa~ an 
explosive and which could turn up in unintended 
places, presented u huzard. TNT made in accor­
dance with present specifications does exude- af 
160°F.~ Penlolite, which has an eutectic of 170~f 
and tetrytol, eutectic 153°F, have greater tenucncic:-. 
to exude, Tetrytol exudes at 149°F. Composition 
B. which has an eutectic at 174~"" exudes slightly 
at 160°F, 

TABLE 21. SENSITIVITY Of EXPLOSIVES TO HAZARDS Of USE 
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During a study designed to prevent exudation, 
it was found that the addition of a small amount of 
calcium silicate to charges containing TNT will 
keep exudation under satisfactory cuntrol.ll While 
the exudation is controlled. the addition of the cal~ 
dum silicate renders the explosive charge mOre 
brittle. 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 
and the properties of inert componenll-i a.'i 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 sllch 
items. Such failures have been observed. '2 In a 
test of a wirebridge initiator, substantially increased 
firing times after hot storage and temperature­
humidity cycling were noted. Since the basic lead 
sty ph nate charge used is one of the most stahle 
explosives known and is certainly well below any 
softening or phase transition point at 160°F. these 
chang!:s in functioning time must be attributed to 
mechanical distortions. One such distortion, which 
may be visualized, is the compression of the explo­
sive as a result of the difference in expansion 
coefficients of metal case and its pla~tic and 
explosive contents. When the initiator is returned 
to normal room temperature, the plastic and the 
explosive contract and a separation of bridgewire 
.and explosive may result as shown in Fig. 26. 

No systematic basis exists for tht: prediction 
()[' prevention of such deterioration of initiators, 
Hence, thorough tt:~ting in high temperature sur­
veillance and cycling tests is indicated. 

Figure 26. 

----+:""ry8f--SR,OGE:W,R~ 

"';::,: 
RETAINED 
E:C:PLOSIVE 

'" 
_-f-SAIO(';E PLUG 

Postulated Condition for Initiotor Failure Cavu!d by 
Wi,e-hplcniv. Seporotion 

36. Cook-Off 

11. Threshold Conditions. Of all explosion processes 
of practical interest, cook-off is the most nearly 
ideal manifestation of the thermal explo~ion de­
scribed in Paragraph 13. Considered in more 
general terms, it is like other initiation processes 
in that it is the result of a situation where energy 
losses cannot keep pace with the rate at which 
energy is released by the reaction of the explosive. 
When an explosive charge is exposed to a high 
temperature environment, its temperature rises 
eventually above that of the surrourtdings. -The 
temperature attained in the interior of the chargt.: 
is enough higher than that of the surroundings so 
that the heat liberated by the reaction is carried ott 
Since the reaction rate is an exponential functiDTl 
of temperature, Equation 5, a given increase in 
the temperature of the surroundings causes a 
larger than proponional increase of the temperature 
of the interior. A point is reached where equilibrium 
cannot be maintained. This temperature, referred 
to as the cook-off temperature, is not a constant 
property of an explosive but a property of a sy:o.tcm 
which varies with charge size, thermal properties 
of surroundings and time of exposure. 

For any given environmental temperature, the 
interior t:qllilibrium temperature increases with the 
size of the charge because heat now depends upon 
a temperature gradient. and even the same gradient 
over a longer distance should give a higher tem­
perature (but more heat is liberated per unit <lrea 
in a large charge so that the gradient is steeper), 
Thus. the surface tempt:ratul"e which will re~ult Irl 

a thermal explosion. the cook-off temperature. 
deneases as the size of a charge is increased. As a 
general rule of thumb, cook-off temperature is 
decreased about 100°F for each ten-fold increase 
in charge diameter. 

The ll~C of thermal insulation. of course. 
retards the penetration of heat into an explosive 
charge and thus may forestal! cook-off where the 
time of exposure is limited. However, since it al~o 
retards the dissipation of the heat evolved in the 
reaction. it tends to reduce the temperature which 
will result in eventual cook-off. Decisions regarding 
the use of insulation must be based on the type of 
exposure anticipated. The prob<-lbilily Df conk-off 
is reduced by insulation of charges which are lo bl' 
exposed for relatively short times to temperatures 
well above cook-off temperatures. Charges to be 
exposed to marginal temperature~ for timc~ long 
enough to appnmch thermal equilibrium are more 
subject to cook-off if imulated than if no!. 
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Under usual conditions, exposure to elevated 
temperature is for relatively short periods. Fre­
quently a 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 above the cook-off temperature of the 
charge, but the explosive may be detonated berore 
il reaches a dangerous temperature. Figure 27 1:1, a 
plot of experimental data, illustrates a case where 
the explosive reaches the cook-oft" temperature 
after the end of expected life. Such situations may 
be predicted using conventional heat transfer 
analysis techniques, although experimental veri­
fication is necessary. Cook-otT temperatures of com­
mon military explosives are listed in Reference 14. 

h. Cook-OtT Experiments. The complications of 
heat· flow. phase changes and reaction kinetics as 
applied to military explosive charges in service 
situatiom has driven many to the cunclusion that 
the probability of cook-off can be assessed only by 
direct experiment. Tests using complete ammuni­
tion under service conditions is usually too expen­
sive. Unless a charge is instrumented. such experi­
ments C<ln yield no more than a yes or no answer 
as to whether and when cook-off occurred under 

500 r-
, 

COOK-OFF TEMPERATURE 
OF EXPLOSIVE 

'DO 

" '-
" 

'DO 

" 0 

~ 
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the particular conditions. Instrumentation of a 
missile or projectile involves telemetering, adding 
to the expense. The compromise which has been 
reached most often is that of simulating the thermal 
conditions of use as closely as is possible in static 
tests using live ammunition. modified only to the 
extent necessary for the installation of thermo­
couples (see Paragraph 107). 

Typical of the many cook-off experiments is 
one which was cunduc!t:d to measure the cook-otf 
temperature of the M47 stab detonator and to 
determine if this temperature could be raised by 
modifying its cunstitut:nts. The M47, containing 
NOL 130 primer mix, an intermediate ehargt: of 
lead azide and a base charge of RDX, when heated 
in an oven. eookt:d off at 369°P (see Table 221~). 
Seven additional charge combinations were tested. 
The highest cook-off temperature for a complete 
detonator (all three charges) was 415°F. 

The cook-off characteristics of TNT. RLJX 
and tetryl are plotted in Figure 28. The curves are 
the composites of three separate experiments which 
show remarkably close agreement. DatH wcn.: 
obtained in an oven, a Wood's metal bath and in 
electrically heated tubing. Other experiments show 
that the cook-off threshold of military cxplo:-.ivc:-. i" 
in the range of 350 to 450°F.1Y,2'! 
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TABLE 22. COOK.OFF TESTS OF STANDARD AND MODIFIED M47 DETONATORS 

Group Upper C!tarIU' Imermediflle Clwrgl' 80,1,(, Chufgl' C,,()A·(~tr 
D,'signuli()n Explmil'l' WI.lmW) Explmi,·t· WI.(mld Explm;;'·1' WI.(mW) r"III/J,lon 

Standard NOl 130 primer mix 13 Dextrinated leaLi a£iLie 105 RDX 34 369 
PAX·7 Dextrinated lead azide 115 RDX 40 RDX 40 370 
PAX·9 NOl 130 primer mj" 13 Dextrinated lead azide lOS Inert" 40 515 
PAX-8 Inert" 10 Dextrinated lead azide lOS HMX" 3fi 435 
PAX·II NOl 130 primer mix 13 Dextrinated lead azide 105 HMX" 34 415 
PAX-J2 NOl 130 primer mix 13 Dexlrinated lead ~t.iLie IOJ tlMX' 14 40.~ 
DEX Inert" R [)extrinated lead a7ide 105 Inert" J6 52U 
HMX Inert" to Inert" 

"Inert charges consisted of CP grade sodium chloride. 
"HMX. recrystallized. lot PAE-E-23224. 2.5% RDX, rna)!. . 
• HMX, recrystallized, Lot unknown. 2.5% R[)X. max. 
" HMX. laboratory re{,:[y~talljzed. Lot unknown. 2.5% RIJX. rna)!;. 

c. Simufation of Aerodynamic He(/Iing. Tempera­
ture and other factors associated with aerodynamic 
testing are discussed in Paragraph 4. In some 
missile applications. the stagnation temperature. 
Equation 2, is well above the cook-off temperature 
of any known explosive, and the heating rate is 
limited mainly by the surface coefficient of heat 
transfer between air and missile. Such a ~iluation 
is closely simulated by the use of a heating element 
of constant power in close thermal contact with the 
container of a charge. Data obtained in such an 
c:{pl}rimcnt with the apparatus shown in Figure 
2915 are given in Figure 30.1.> 

37. Other Effech of High Temperature Use 

Q. Melting of Expfosil'(!s. The fact that an explosive 
charge reaches its target before cooking off is no 
guarantee that it is in the same condition as that in 
which it was launched. All of the effects of high 
temperature storage are exaggerated and accel­
erated at the higher temperatures which sumetimes 
result from aerodynamic heating, etc. In addition, 
some effects which are negligible or nonexistent 
at 160°F may become important at higher tem­
peratures. 

The castable explosives in common military 
use are all based on TNT as a vehicle. TNT melts 
at 178°F but most of the commonly used mixtures 
melt at slightly lower temperatures. One effect of 
the melting of TNT is the "thermal buffering" 
which prevents the temperature from rising above 
the melting point until it is comrletely melted. This 
effect may keep a tetryl booster, surrounded by 
TNT or a TNT mixture well below its cook-off 
temperature until a weapon reaches its target. 

Most effects of melting are somewhat less 
beneficial. Wave ~haping systcm:-, which depend 
upon accurate retention of charge configuration, 
may lose all of their effectiveness with relatively 

66 HMX' 34 460 

slight distortion. The segregation of the com­
ponents of mixtures such as H BX can result in 
serious changes in explosive properties. A region 
in which the KDX concentration is much higher 
may he appreciably more sensitive than the 
original mixture. A hazard associated with the 
melting of explosives is the possibility that the 
material will work its way into unintended locations. 

In considering the effects of charge melting 
in use, a certain <lmount uf common scnse is neces­
sary. A warhead full of molten explosive may be 
intolerable but a little 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 it is anticipated should be considered III 

terms of their consequences, 
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b. Sen.\'i/izatiOrl. As pointed out in Paragraph 21. 
the initiation process is usually thermal. With 
increasing temperature. less additional temperature 
rise is needed to induce a self propagating reaction. 
In other words, explosives tend to become more 
sensitive as the.y are heated. However, the effect 
is rather small until the cook-off temperature is 
approached. 

Annther effect is 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.15 However, 
because most missiles are on their way to their 
targets before they are subjected to aerodynamic 
heating, this type of sensitization may be of more 
impurtance in reducing effectiveness due to de­
flagration on impact and similar defective operation 
than in contributing to the hazards of use. It might 
contribute to the hazards associated with the 
hangfires in hot guns and externally mounted 
weapons un fast aircraft. 

38. Low Temperature Storage ond Use 

Most deteriorative processes arc slowed at low 
temperatures. Hence, low temperature storage is 

54 

usually less harmful than storage at normal atmo­
spheric or elevated temperature. Rapid heating 
after low temperature storage can induce thermal 
stresses which may have more than usual tenden­
cies to crack some scaling materials which become 
hrittle at low temperatures. Ammunition which 
depends upon organic seals to protect moisture 
sensitive materials should be subjected to _. the .. 
temperature-humidity test (see Paragraph 110). 

Hurning. 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 semi­
tivities of initiators is usually quite small because 
the change from room temperature is only a frac­
tion of the rise associated with initiation. However, 
systems which are marginal with respect to growth 
or propagation of explosive reaction will usually 
fail in 1he low temperature test. 

Interestingly enough, the most noticeable 
effect of low temperature upon stahle detonation 
results from the shrinkage in volume. Becau:-.c of 
the higher density at low temperatures. detonation 
velocities and consequently detonation pressures 
are higher. The increases, of cour~e, are too small 
to have practical signficance. Where propagation 
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time is critical and must be synchronized with a 
process which is independent of temperature. this 
effect, now accentuated by reduction in distance, 
can be a source of difficulty.21 

B, ENVIRONMENT 

39, Chemical Interactions 

Table 23 22 gives the compatibilities or explo­
sives with common metals used in military con­
struction and with a few other materials. More 
complete data regarding reactions of explosives with 
metals have been compiled in several studies.2:l,~~ 

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

comment. Although this reaction is relatively ~ll)w, 
even in the presence of moisture, some forms of 
copper azide are so sensitive as to create a serious 
hazard even in minute quantities, particularly when 
in contact with lead azide. For this reason, it is 
desirable to utilize only containers of aluminum 
and stainless steel. 

The compatibility of explosives with a large 
number of plastics has also been studied.2~ It was 
shown that the following types of plastic have 
negligible effect on explosives and are themselves 
unaffected: acrylates, cellulosics, ethylenes. 
fluorocarbons, nylon, properly cured unmodi~cd 
phenolics and silicones. 

An important e1a~~ of explosive materials is 
that of mixtures of fuels and oxidant~. Oxiuanh 
are added to explosive compounds like I NT which 
are deficient in oxygen. Although the compoulluing 
of explosive mixtures is beyond the scope of [hi\ 
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handbook, a few remarks regarding the reactions 
of some of the oxidants may be useful as a guide to 
designers who specify mixtures containing them. 

Many of the oxidants used arc nitrates, 
chlorates and perchlorates. Water solutions con­
taining these ions arc highly corrosive to metals. 
The alkaline metal salts, with the help of a little 
moisture, will pit aluminum quickly. The trend 
away from potassium chlorate in priming mixes i~ 

part of the effort to reduce corrosion. Where 
explosives afe used which contain metallic nitfCltes, 
chlorates or perchloratcs in contact with metals. 
particular attention should be given the exclusion 
of moisture. 

In delay compositions, these corrosion prob­
lems have resulted in widespread use of chromates 
which. in addition to being insoluble, tend to inhibit 
corrosion. 

Mixture containing chi orates and perchlorates 
in combination with organic materials tend III be 
quite sensitive. There has been a general reluctance 
\0 usc ~uch mixtures except as primary explosives. 
An ex.:eption has been ammonium perchlorate. 

40. Simulation of Impact 

1I. tahoratory Impl[(,/ Tests. The objection to the 
laboratory impact tests described in Paragraph 22 
is that the explosive sample does not simulate 
those in actual usc. Hence, a standard machine 
was adapted to the testing of pressed anJ cast 
military explosives by the use of modified tools in 
which one inch by one inch cylinurical pellets are 
cast or pres~ed directly.H The data are gIven 1!I 

Table 21. Other impact tests arc descri1-x:d III 

Paragraph 107. 

b. Bllllet Impact. The standard hulk! impact test 
consists of shooting at a c,:\pped pipe nipple, loaded 
with the explosive to be tested, with a caliber 30 
rifle bullet fired from 90 feet. The test is dc~-crihed 
in Paragraph 107 and data obtained are given in 

Table 21. Some of the uncontrolled variables have 
been eliminated by the use of a test bomb with flat 
target surfaces in which both thickness of the target 
plates and explosive column length may be varied 
conveniently. Some of the effects of such variations 
are shown in Table 24.26 Note that the sensitivity 
increases both with plate thickness and charge 
length. 

In the nullet impact tests of other explosives, 
both aluminum and steel target plates were used in 
thicknesses ranging from 1132 to 3/16 inch. Most of 
the explosive specimens were three incher. long, 
but four. five, and six-inch columns were also 
tested. To the extent that it was significant. the 
effect of charge length varied with the explosive 
and with the criterion used to determine whether 
or not a charge was initiated. The general trend 
toward more frequent and vigorous reaction with 
increasing target plate thickness, as noted in Table 
24 seemed to apply to most explosives tested. 
Initiation was also more frequent with steel plates 
than aluminum. These effects of plate material and 
thickness were referred to as confinement elTcds. 

Another interpretation is that the heavier 
plates serve as more effective anvils for the initia­
tion of the explosiver. by squeezing or pinching as 
the explosive approaches the back plate. Onc 
aspect of this interpretation, that initiation some­
times occurs as the projectile Clpproaches the redr 
plate. was the subject of another investigation ,'7 

('. il.!"SS Impocl. In the COllrSe of u\e, IIli\it,lr1' 
explosive charges are often broughl to rest from 
high velocities by impact. Whethcr the impact l~ 

intentional or accidental, it is usually undc,iT,lbk 
for an explosiun to result. ExplOSion due to target 
impact is usually deflagratilln, low order delonutl(ln 
or, if high order, it starts from the wrong pi<lce lH at 
the wrong time. The undesirability of explosion of 
accidentally dropped or jetti..,oneJ charges i:-. 
llbviou~. 

TABLE 24. BULLET SENSITIVITY OF 50/50 PENTOLITE 

COhlllll1 Plllie A '1.:_ rh". 
UI))'<'rI'cd Effet'l~ 

Len!.:111 Thit'!;Jlen' Veil.l·iIY nerOlltlriol1 
(Ineil) (llwill (umin:1 UlltlJJ",.It,ri SIJJoke IJllrning ['1Ir1illl Comple/e 

] 0.146 1.68 0 ]0 0 0 0 
] 0.250 1_66 0 9 ] 0 0 
] 0.375 1.69 ] 2 7 0 0 
2 0.146 158 0 0 J 6 0 
2 ().2~O 1.07 0 0 0 9 ] 

2 0.375 1.63 ] ] 0 4 4 
) 0.140 1 62 0 0 J 7 0 
J ()_2~O 1.63 (] (] (] 6 4 
J 0.375 1.65 0 0 (] 2 , 
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The armor plate impact 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 be expected to vary 
substantially with such factors as the design and 
striking attitude of the ammunition and the nature 
of the surface it strikes. 

41. Setback Acceleration 

The setback acceleration, experienced by 
projectiles as they are propelled from guns, has 
been the subject of much research. Although thi~ 
work has been specifically concerned with setback, 
most of the principles and basic data are equally 
applicable to the assessment of effects of accelera­
tion i)f similar magnitude from other causes such 
as water entry and target or earth impact. 

Tahlc 1 li:-t:- some typical magnitudes of accel­
eration to which weapons are subjected in the 
course of their use. More specific data are usually 
available to the designer of components for a 
particular application. Effects of these accelera­
tions on inert components may be computed by 
conventional applied mechanics." Failure oC me­
chanical components as a result of acceleration­
induced stresses may, of course, result in the 
application of impact of sufficient magnitude to 
initiate an explosive charge. Some types of explo. 
sive charge, including shaped charges for example, 
arc strongly Jependent upon both configuration 
and point of initiation for their effectiveness. The 
explosive material is part of the structure which 
maintains such configuration. 

Typical setback accelerations experienced by 
projectiles are of the order of 30,000 times that of 
gravily.ZH The acceleration increases from zero 10 
its maximum value (see Figure 31) in a few milli­
seconds. The duration of the acceleration penod IS 

long compared to the transit time for a compressiun 
wave in the material, but short compared with the 
time required for significant heat transfer. Thus. the 
compression which results may be considered 
essentially adiabatic. If the explosive is considered 
to behave as a fluid, the pressure P at the base of 
the charge cavity is essentially the weight of a 
column of explosive of unit area, and length equal 
to that of the explosive charge, multiplied by the 
acceleration in g's. 
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In a typical projectile with an explosive charge 
of Composition B (Po = 1.7), ten inches long. the 
pressure at 30,000 g's would come to tlbOUl I ::UOO 
psi. Since this pressure is several time,", lhl.: 2.20() 
to 3,000 psi compressive strength for Composition 
B, the assumption of fluid behavior i!oj quite valid 

The appamtus for the measurement of the 
sensitivity of explosive:- to initiation by rapidly 
rising pressure, such as that due to setback. is 
descrihed in Paragraph 107. Setback sensitivity 
data so obtained for variou~ explosive:- are !i~ted 
in Table 21. 

The scthm:k initiation pressure drops linearly 
with increasing temperature to zero at the cook-off 
temperature. This increase in sensitivity with 
increasing temperature can raise the probability 
of bore pre matures where projectiles are left in hot 
gun chambers for appreciable period:- before firing. 

It was found that. when separation of charge 
base from proje!.:tik wa:- ~imulated by separation 
of plunger from specimen in the te'it C1pparatus. 
the critical setback pressures were substantially 
reduced (sec Tahle 25).H This increase in :.ensitivit) 
is said to be related 10 initiation or the cxplosi~e by 
the adiabatic compression of the air. 

Findings that !.:aviti(:~ such as bubbles, inci­
dental to the casting process, and grit inclu'iion'i 

TABLE 2$, CRITICAL SETBACK PRESSURES OF 
EXPLOSIVES OF VARIOUS BASE SEPARATIONS 

txp/O,\'il'l' 

Compo~i(ioll B 
CycloloI75/2<; 
TNT 
Tnlollul 80/20 

iVO 

SCf'lIrllllO/! 

1:17.500 
8~.()()()t 

86.000 
87,000+ 

Pr(',<lul"I'lp,il' 
'/L6 iJ!. " ill. 

S('I)(!nI/lfJn SCllUral/(1l1 

J2,0()() 
31.500 
37.0()() I'UOO 

• Maximum sctback prc5surc at whl~h cxplo51vc ~anllO( bc 
initiated at J 25° F /ill_ 25 or more shots_ 

tExtrapolated 0% point. 
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can cause substantial reduction in critical setback 
pressures have resulted in the foHowing suggested 
provisions in projectile loading standardsl~,29,,10 

(a) No cavities should be permitted at the 
interface of explosive charge and inside base of 
the projectile. 

(b) No cavity should be permitted in the explo­
sive charge close to its base. 

(e) No grit should be permitted in the projectile. 
(d) No projectile with deep gouges on the 

interior surface at the base area should be accepted. 

42. Other Effects 

a. Vibration. No evidence is available which indi­
cates that explosives as such are affected by vibra­
tion of the types to which ordnance item:;. may be 
subjected. As structural materials. of course, 
explosives may be severely damaged by vibrations. 
Included in sucb structural damage is crumbling, 
after which small particles of explosive, under the 
influence of strong vibration. may move consider­
able dis!am;cs and become lodged in crevices where 
vibrational friction or repeated impact might result 
in initiation. The prediction of such conditions 
cannot be reduced to a formula. However, for items 
subject to vibration, some consideration should bc 
given the resonant properties of explosive and 
inert structures. 

Standard tests to simulate vibrations to which 
materiel is subject are described in Paragraph 110. 

b. Fricrion. The sensitivity of explosive", to friction 
is well known from a qualitative point of view, but 
meaningful quantitative techniques for its measure­
ment are not included in the standard explosive 
laboratory procedures. Some data are given in 
Table 20 <lnll the test is described in Paragraph 107, 
Their quantitative applicability to practical prob­
lems is not clear. Situations in which explosives are 
subject to frictional movement should be carefully 
avoided in design, as well as in handling and loading 
practices. At least one fatal accident has been 
ascribed to TNT in screw threads,31 

c. t;fecrriciry. The electrical influence", to which 
materiel is exposed are discussed in Paragraph 7. 
The most serious electrical problems stem from 
the possibility of initiation of electric initiators by 
spurious signals, Paragraph 50 contains informa-

tion regarding the input characteristics of sueh 
items. Normally an electric initiator cannot dis­
criminate between intentional and accidentally 
applied signals, 

Static electricity can be a source of spurious 
signals for the initiation of electrical items and, in 
addition, is a hazard in the loading of explosives. 
Sensitivities to static electricity of powdered explo­
sives are given in Table 20 and tests are described 
in Paragraph 107, Except for primary explo:-.ives, 
most explosives are quite insensitive to static 
electricity after loading. However, most pressed 
explosives (with the exception of plastic bonded 
explosive) are subject to a certain amount of 
crumbling and chalking at exposed surfaces. If 
such attrition of the surfaces is not prevented by 
appropriate coating or other covering, the powdered 
material can constitute a static hazard. Installations 
where initiators 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. 32 ,33 

d. 'rradialion, Most materiel is packaged to ex­
clude infrared, ultraviolet and visible radiation and 
the likelihood of any appreciable dosage of X-rays 
or nuclear mdiation seems remote, 

Primary explosives, including lead and silver 
azide, decompose when exposed to visible and 
ultraviolet light. At intensities many rtl'fles-·hrgh.:::r 
than that of direct sunlight, a number of investi­
gators helVC becn able to initiate some of these 
substances by such r<idi<ition:~4 The initiation is 
found to be basically thermal although there i'i 
SOme evidence of photochemical action in some 
cases. Decompositiun under usual daylight or 
artificial illumination is too slow to affect these 
materi<ils in the exposure times associated with 
ordinary loading. However in the loading plant, 
exposure of lead azide to direct sunlight is avoided, 
Decomposition of secondary explosives by visible 
or ultraviolet radiation is generally too slow to 
detect. 

Data obtained on the effects of exposure to 
gamma radi<ltion at <In average rate of I o~ r/hr are 
summarized in Table 26.a~ Note that the effects on 
most materials are quite small and that the greatest 
effects are those on lead uide, 
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TABLE 26. DATA OBTAINED FROM EXPLOSIVES AFTER EXPOSURE TO GAMMA RADIATION 

Lead Lead Viazodil1l- ilii/ro-
INT Tetryl RDX IIzide .,/ Yl'lif/{//" Impiwtlf!1 "l", nill PELV 

Weight of sample (g) 5 5 5 2 5 2 5 

• Volume uf ga, produced (ml/g) in the following 
tjmes (days) 

10 0,02 0.10 0.16 1.10 0.05 0.25 2.5 0.10 
20 0.04 0.20 0.44 1.95 0.07 1.35 5,0 0.41 
10 0.06 0.35 0.87 2.90 0.09 3.25 7.5 1.04 
40 0.08 0.4H 1.49 3.95 5.60 9.0 2.33 
50 0.11 0.66 5.30 0,10 7.2 IO.H 
90 0.20 1.40 0.12 

Tolal irnuliation time (days) 90 90 44 52 90 45 56 " Purity of sample. by chemical analysis (%) 
original material 93.08 
irradiated material H9.04 

Melting points, corrected (OC) 
original material 82.1 128.8 ~04.8 140.H 
irradiated materi!!i 80.9 J27.R 204.8 137.0 

Sensitivity to impact, Pica!inny Arsenal machine (in.)* 
original material IJ 9 1 6 2 
irradiated material 12 8 J 6 2 

Sensitivity to impact, Bureau of Mines machine (em)· 
original material " 25 40 65 20 4 
irradiated material 95 26 25 75 22 1 --~--

Sand tcst. 200 IS bumb, grams of ,and crushed when 
sample was ignited by black-powder fuse only 

original material 20.5 14.1 22.1 
irradiatel.! material 18,7 14.3 14.1 

Sand test. 200 g bomb. grams of sand crushed when 
~ample was mitiated by 0.30 IS of kal.! a.<:ide 

original material 48,9 56,4 61.7 
irradiated material 50.1 56.0 62.0 

• Minimum height of fall of 2.0 kg weight to produ\;e at le,,~t one explosion in ten trial~ . 

• 

• 
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PART TWO-DESIGN CONSIDERATIONS 

43. Introduction 

Explosive maleriel serves its function only if 
exploded at the intended time and place. The fuze 
is the mechanism which senses these circumstances 
and initiates the explosive reaction in response to 
the stimulus generated by target impact, proximity 
or some other circumstance or cumbination of 
circumstances to which the fuze is designed to 
respond. 

The first explosive component or initiator is 
that explosive charge which starts the explosive 
rca(.;tion in response to the initiating stimulus. At 
the other end of the train is the main bursting charge 
which produces the JcsireJ effect at the target. The 

intervening components establish a uetonation 
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 train. 
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 demolition devices, such as destruc­
tors and explosive bolts, Finally, methods of load­
ing and fabrication and techniques for evaluation 
procedures are discussed, 

CHAPTER 5 

PRIMERS AND DETONATORS 

A. DESCRIPTION AND SELECTION 

44. Function and Conltruction 

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 r.;]<lssified according to the nature of 
the stimulus to which they are designed to respond 
as stab. percussion or electric and according Lo 
their output characteristics as primers, detonators 
or squibs. 

A primer is a relatively small sensitive explo­
sive component used as a first element in an 
explosive train, As such it serves as an energy 
transducer converting mechanical or electrical 
energy into explosive energy. In this respect, the 
primer is unique <lmong the other explosive com­
ponents in a train. A primer, which is loaded with 
sensitive material. h<ls a relatively small explosive 
output and will not reliably initiate secondary high 
explosive churges. Sometimes, however, the 
purpose of the primer is performed for convenience 
by a detonator. A squib is a type of electrically 
initiated primer. 
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A detonator is a small sensitive cxplo~ive 

component which is capable of reliably initiating 
high order detonation in the next high explosive 
element in the explosive train. It differs from the 
primer in that its output will initiate reliably sec­
omlary high explosive l:harges. It ean be initi<-lted 
by nonexplosive energy. in which case it includes 
the action of a primer, or by the output of the primer. 
Furthermore, when acted 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 opcn end is sealed with a closing 
disk of metal or of paper over which the end of 
the cup is crimped. In case of electric initiators, the 
cup is crimped over the plug which contains lead 
wires or contact pin. Primcrs contain an explosive 
priming mix while detonators contain three charges, 
primarY,intermediate and base, although sometimes 
two of the~e 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. Initiator Types 

a. Stab initiators. The slab initiator is a rather 
simple item consisting of a cup loaded with explu­
sives and covered with a closing disk. It is sensitive 
to mechanical energy, A typical stab detonator -is 
shown in Figure 32. 

h. Percussion Primers. PerCllssion primers differ 
from stab initiators in that they are initiated and 
fired withuut puncturing or rupturing their con­
tainers. They are therefore llsed in fuzes mainly as 
initiators for obturated (sealed) delay elements. 
The essential components of a percussion primer 
are a cup, a thin layer of priming mix, a sealing disk 
and an anvil. Initiation is accomplished by a blunt 
firing pio which squeezes the priming mix between 
cup and anviL Typical percussion primers are 
shown in Figure 32. In general, they are less sensi­
tive than stab initiators (12 in-oz is a typical "all­
fire" point). Percussion primer cups are construr.:ted 
of ductile metals, commonly brass, in order to avoid 
rupture by the firing pin. 

c. Flash Vetonators. Flash detonators are essen­
tially identical in construction to stab initiators. 
They are sensitive to heat. A typical flash detonator 
is shown in Figure 32. Flash detonators are con­
sidered to be initiators for convenience of grouping 
even though they are not the first element in the 
explosive train. 

d. Electric Initiators. Electric primers and electric 
detonators differ from stab initiators in that they 
contain the initiation mechanism as an integral 
part. They constitute the fastest growing c\a~s of 
explosive initiators. 

Several types of initiation mechanism are com­
monly employed in electric initiators: hot wire 
bridge, exploding bridgewire, film bridge, conduc­
tive mixture and spark gap. While these types, 
depending on specific design, mayor may Ilot pro­
vide initiators with large differences in input 
sensitivities, they do exhibit different electrical 
characteristics. Typical electric initiators are shown 
in Figure 33. Electrical contact is by means of two 
wires. by center pin and case, or occasionally by 
two pins. 

To indicate construction, let us examine a wire 
lead initiator. Two lead wires arc molded inlo a 
cylindrical plug, usually of bakelite. so thaI the 
ends of the wire arc separated 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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C. Sqilihs. Metal parts of squibs are identical td 
those of electric initialor~. A typical squib is shown 
in Figure 34. A low explosive, flash charge is pro­
vided to initiate the action of pyrotechnic devices. 
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AZIDE 
PEn~ 

WIRE ".O!,-~ 

BRIDGEWIRE, WIRE LEAD (M36AI) 

PLUG 

~ 
GRAPHITE 
BRIDGE 

LEAD AZIDE 

'''----. 
GRAPHITE BRIDGE, WIRE LEAD (M51) 

LEAD AZIDE 

PUN 

PIN 

GRAPHITE BRIDGE, BUTTON (T77) 

AZI DE 

CONDUCTIVE MIX, BUTTON 

EXPLODING BRlDGEWIRE, WIRE LEAD 

Figure 33. Typical Prime" and D.tonator' (fiett'leol) 
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FLASH CHARGE COMPOSITION 

Figure 34. (/ .. clr;c Squib (M2) 

f. Group/lit: of Initia/of Types. Primers and detona­
tors are commonly placed into two groups, namely 
mechanical and electrical. Electrical includes those 
which arc initiated by an electric stimulus while all 
others are mechanical. Therefore, the mt::chanical 
group includes not only percussion and stab ele­
ments which are initiated ~ly the mechanical motion 
of a firing pin but also flash detonators which are 
included because of their similarity in construction 
and sensitivity. As a group, electric initiators are 
more sensitive and differ from the mechanical group 
in that they contain the initiating mechanism, the 
plug, as an integral part. 

One interesting detonator cuts across the two 
groups, the stab-electric detonator. 11 is an in­
genious adaptation of the button type electric 
initiator in which the pin is replaced by a s,!!,!-IL. 
diameter stab detonator (see Fig. 35). It is intended 
for lise where a detonator is initiated either by 
means of a stab firing pin (which is centered) or by 
means of an clcr..:lric pul~e (applied to outside case 
and stab case as contacts). The two component<; 
arc dc:-.igncd as conventional separate detonatur,~ 
except that the stab element is small. 

Delay detonators are those initiators which 
contain a delay charge after the priming charge so 
as to introduce a time delay in the output detona­
tion. These are discussed in Paragraph 57. 

ELECTRIC ELEMENT 

... , . 
...... ,: 

• , 
o 

Figu •• 3.5. Stob_f/ .. et'ie O .. tonotor (T29) 
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46. Bases for Selecting an Initiator Type 

In selecting an initiator for a specific ta~k, one 
must consider two main criteria, input and output. 
For the lalter, hoth type of OUtput and time in which 
this output is to be dcliven:d are important. In 
addition to these main criteria, 5i!:c, weight. cost 
and reliability should also be considered. 

With regard to initiator input conditions. it is 
probable that the dc~ign of the rest of the system 
has already established whether an electric or 
mechanical initiator is to be llsed. If not, the de­
signer is free to choose any ~ystem which solves 
his problem most easily. Mechanical initiators afC 

usually simpler to lise thun electric ones. I r the item 
is to be completely .'icaled, a percussion primer is 
indicated over a stab primer. The need for fast 
functioning times, less than a few hundred micro­
seconds, or for functioning an initiator which must 
be remotely located from the source of power can 
be satisfied most easily by the electric type. 

Once having selecteu the general method of 
initiation, the next consideration is that of ~,m~i­
tivity. As a general rule, the designer should use the 
least sensitive item <lvailable that meets his other 
requirements. Stub detonators <lre more sensitive 
than percussion detonators. Electric initiators can 
be made to fal! anywherc in a wide range of sensi­
tivities. Initiation by friction or sp<lrk canoOI be 
closely controlled so that components initiated in 
this manner are suitable in only those rare instances 
where sensitivity is of no COncern. 

In the case of mechanical initiator~. the 
designer will select the firing pin so that he ha~ 

complete control of the initiation mechanism, For 
electric initiators, on the other hand, the power 
source may be located elsewhere in the system <lnd 
may have other functions to pertorm. In such in­
stances, close coordination with the other system~ 
people involved is mandatory so that thc initiator 
will be certain to receive the eonect stimulus. 

For each initiator. definite firing inrut condi­
tions are specified. It i~ wisc to hold very closely 
to these comlitinns. For example, if the specified 
input should be designated a~ 300 volts from a 
0.00 I microfarad capacitor. then the dc~igner 

should make certain that intervening circuitry 
between capacitor and initiator doe); not reduce 
the amplitude or modify the wave shape delivcn.:d 
to the initiator. The a:.sulllption that a similar 
amount of energy delivered i'rom a Llifferent size 
capacitor will fire the initiator is risky imkeLl. 

At the same time the designer selects a type of 

initiation and an input condition which is compatible 
with his system, he must 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 bc a 
detonation. a flame or a mechanical function. If, for 
example, the initiator is to be the first element of an 
explosive train leading to the detonation of high 
explosives, then the designer requires a detonation 
as an output. Unfortunately, available output dat,! 
are more sketchy than input data so that firm, 
quantitative choices of output are difficult to make. 
Adequate testing is usuully required. 

In addition to the type of output. one is usually 
concerned with the functioning time of the initiator. 
which is the interval from delivery of the input w 
the initiator until the output of the' 'i~{tlCltor h 
re'llized. If very fast initiation is required, an 
initiator using lead azide as it:; initial charge will 
probably be nccessary. Somewhat lower acceptabk 
times may permit the use of lead sty ph nate as thl.' 
initial charge. Functioning times are u~lIaJ1y pub­
lished as a function of the input stimuli.r 

In addition to these criteria. one mllst consider 
size, weight and cost. The smallest and simple~t 
device is the least expen~ive, and tncidentally the 
most reliable, but it is limited in versatility, sensI­
tivity and functioning time. Size and weight are 
always of some importance but are relative. They 
can bccome critical in the case of a 20mm fuze 
while they may he less important in a large mis:.ik 
In the same manner, the unit co~t of an item C'.1n be 
critical if the application calls for millions of ucvlCe:­
while it may be of little concern if a relatively fev. 
item~ arc to be made. High reli.ability is expensive 
but the designer has no choice but to meet tim 
specification when it i\ required. 

Hence, the bases for selccting initiators arlO 
not clear cut and require considerable engineerin!" 
judgement. Two hints may be offered to simplify 
this task. First. initiators have been developed by 
the military agencies along certain family lines so 
that a specific input may be tied to a series of 
explo."ive components with different mounting 
systems, outputs, "nd functioning times. Con­
ver\ely, a ~pecific type of output can be traced ba..:J... 
to an assortment of initiators requiring differing 
inputs. These family group:; greatly facilitate fin~d 

:.election. Second, many explosi ve lrain.~ of different 
types exi\\ which have a record of prmcn per­
formance. Compilation:; of such pa~t practice maJ...l' 
for a good starting place.d 
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B. INPUT CHARACTERISTICS 

47. Stob Initiator'$ 

a. Initiution. The firing pin llsed 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 27a lists the compositions of common 
stab and percllssion priming mixtures which are 
used by the Armed Forces. 

b. Effects of Disk and Cup Thickness. The energy 
required to fire stab initiators 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 he the 
energy necessary to pierce the metal. Although 
data,are not on hand, it might be expected that use 
of stainless steel rather than aluminum in this 
application would result in a less sensitive initiator. 
There is every reason to expect that this relation­
ship interacts with other variables such as firing-pin 
dimensions and tolerances and the composition 
and density of the priming mix. 

c. Effects of Test Apparatus. Sensitivities of stab 
initiators are usually specified in terms of weight 
and height, measured with sume standard test 
apparatus (see Paragraphs 22 and 107). Often the 
firing pin is not changed in oesign when the dropped 
weight is varied. As the weight is reduced to 
approach that of the firing pin. motion of the pin 
and energy distribution in the system become 
quite complex. 

The support uf the primer is also important. 
Cushioned support can make an item seem much 
less sensitive than it is. 

Care must ahio be laken that the movement of 
the firing pin is not restricted so that its 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 between O.023-inch 
radius and fiat had little effect on sensitivity in one 
investigation.B Other firing pin characteristics and 
the relationship of firing pin velocity to sensitivity 
are discussed in Paragraph 22. Priming composi­
tions are listed in Table 27. 

h. Sealing Di~·ks and Cups. The material and thick­
ness of sealing cups affect the sensitivity of per­
cussion primers. As an example, data for the 
MARK JO ( Primer are given in Table 28.~ 

TABLE 28. EFFECTS OF SEALING CUP 
OR DISK ON SENSITIVITY 

Thil·knt .. \,s 

Seal (illch) 

I'aper disk 0.003 
Tin disk 0.005 
Copper disk 0.005 
Tin ~up 0.005 
Copper CliP 0.002 
Copper cup 0.003 
Copper cup 0.004 
Copper cup 0.005 

50% Firinll Helghl 
(inch) 

1.9.~ 
3.74 
4.04 
4.00 
H8 
4.19 
4.8.1 
.~,()O 

Primer MARK 101. 4-0un~e Hull 

Sid. Del'. 
.Ji.IlY~L 

0,41 
U,34 
0,56 
0,63 
0.09 
0.04 
0.\.1) 
0.98 

In a test of the effects or cup hardness, in which 
cups ranging from 31.2 to 105.7 Vickers Hardness 
were used, the trend towaru higher drop heights 
with increasing hardness was apparent but was 
neither practically nor statistically significant 

c. Other Variahles. Loading pressure has a neg­
ligible effect upon sensitivity or p!.!rcussion primer~ 
in the rang!.! from 10,000 to 60.000 psi. Mixtures 
which do not contain highly soluble component:-. 
are sometimes loaded wet without ~igniflcant effect 
on input properties. 

TABLE 27. COMMON PRIMING COMPOSITIONS 

I ngredienls FA 70 
C()mpo.I'ili(J1l (percenl by weigh!) 

TA9() PAIOO PAlO! 793 NOL6U tv'ULl30 

Lead Slyphnuk, Bllsie 53 J9 60 4U 
Lead slyphnate, Normal J. 
Barium Nitrate J9 n 44 ::5 OU 
I.ead Azide " Tetraecnc 2 j 2 j j 

Lead Dioxide 5 
Calcium Silicid~ II 14 
Aluminum Powder 10 
Anlimony Sulfide 17 11 j 10 10 15 
Lead Sulphocyanate 2l 2l 
PETN 10 
TNT j 

Potassium Chlorate 52 lJ 
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Although quantitative datu are not available, 
it is clear that firing energy requirements can be 
expected 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 firing pin action, while increasing the 
sensitivity to accidental jars and vibrations. Firm 
support of the primer is essential. 

49. Flash Detonatan 

a, Initiation. The input characteristics of flash 
initiators are difficult to characteriLe in terms which 
are significant indications of performance under 
usual conditions. Flash initiators are usually initi­
ated by the spit of a primer, the heat from a delay 
column or other action of previous explosive 
elements. The exact mechanism of initiation varies 
with the application. In some cases. Ihe flame may 
ignite the explosive; in others, either the impact or 
heat of solid particles or a shock wave may play 
important roles. No useful, quantitative results 
have been obtained with gap tests. See Paragraph 
21 on adiabatic compression theory. 

b. effect 0/ Explosive at Input t;nd. Although U. S. 
flash detonators have lead azide at the input (also 
called sensitive) end, lead styphnale has been used 
in a number of foreign items. Tests indicate that 
such items should be appreciably more sensitive 
than lead azide item~. Although no data are <11 hand 
to support this view. possibly finer particle sizes 
and lower loading densities should result in more 
sensitive items. The fact that flash detonators are 
ignited by rather diffusely di.\tributed heat might 
encourage the idea that materials like tetryl and 
PETN, which have rather low ignition tempera­
tures, might be effective at the input end of a l1a"h 
detonator. However, these materials are much less 
sensitive to heat pulses of short duration than lc<1d 
azide or lead styphnate. 

c. /::,lfecl o/Construction at Input End. According 
to a gas blast tester, a flash detonator, in which the 
sensitive end was the unpierced bottom of an alum­
inum cup coined to 0.003-inch thickness, reyuired 
gas pressure about three times as high for initiation 
as one with a closure consisting of a paper disk 
O.OOI5-inch thick held in place by an aluminum 
washer crimped into the cup. The sensitivity of 
flash detonators to initiation by hot gases is deter­
mined largely by the heat flow patterns and resulL­
ing thermal gradients. A factor which undoubtedly 

contributes to the insensitivity of the coined bottom 
detonator is the continuous metal path from tht: 
bottom around to the sides. Although the paper 
disk. as a better insulator, impedes the flow of heat 
from the gas to the explosive, it also impedes the 
transverse flow to the edges which distributes the 
heat more easily. 

SO. Electric Initiators 

a. Input Sensitivity. The input characteristics of 
electric initiators are subject to precise control over 
yuite remarkable ranges. Items have been designed 
with threshold firing energies ranging from less than 
one erg to hundreds of thousands of ergs, with cur­
rent requirements from hundredths to hundreds of 
amperes, and resistance from a few hundredths or 
an ohm to tens of megohms. 

Determination of input sensitivity of electro­
explosive devices requires sophisticated testin!! 
eyuipment and is considerably more involved than 
that of stab and percussion detonators. For a 
discussion of initiation theory, see Paragraph 2 I 
and for details on testing of the item, see Paragmph 
108. Input characteristics of specific electro­
explosive devices are recorded in the Electrh 
Initiator H andh(}ok. r 

Input sensitivity varics sharply with the type 
of transducer. E.ach type. hot bridgewire, exploding 
bridgewire, film bridge, conductive mix and spar" 
gap. must therefore be considered .,ep,wltely. 

b. Hot BridRl'l'.'irl' 'nifi(uors. Of all initiator.." 
those in which explosive., arc initiated by electrically 
heated wires behave most precisely in the manner 
which can he logically antiCipated. For this reason. 
detonators of Ihi:;.. type can be de.,igncd quite 
readily and precisely to any desired input charac­
teristics, within the relatively bro<1d limits imposed 
hy properties of availahle materials, and the ralher 
simple laws which govern their beh<1vior. 
(1) Flash Charge J:;xplo.l'iv('s. The explosLve in 
direct contact with the hridgewire is known as the 
flash charge and sometimes as the spotting charge 
Relative sensitivities of a number of expl()sive~ 
are given in Table 7. Normal lead slyphnate ha~ the 
broauc'it general use at present. For applicatiom 
where extremely rapid response is needed. lead 
azide has been used. Lead azide is also finding 
application in initiators which <1re required to with­
Stand extremes of temperatures over the Cli 1cnded 
ranges of modern missile applications (see Par,,· 
graphs 36 and 37). 
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Since the sensitivity of hot bridgcwire initiators 
is determined la'rgely by heat-flow patterns, both 
particle size and loading density have important 
effects on sensitivity. Three aspects of hell I-flow 
are involved: transfer between wire and explosive. 
dissipation through the explosive from the heated 
surface and longitudinal flow through the wire 
(end effects), Of these aspects, sensitivity is in­
creased by the first and decreased by the other two. 
The use of explosives of very fine particle ~i/.c 

results in improved contact between explosive and 
wire and, at the same time. reduces the bulk con­
ductivity of the explosive. Explosive~ have been 
ground in ball-mills to take advantage of this 
tendency. It was found that milling tor longer 
periods resulted in more sensitive initiators,! 
More recently, both lead styphnate and lead azide 
have been manufactured by processes involving 
rapid precipitation. The materials so produced 
are referred to as colloidal. Information about these 
materials is given in specifications M I L-L-17186 
for normal lead styphnate and MIL-L-30SSA for 
lead azide. Basic lead styphnate, as prol.:ured under 
specification MIL-L-163SS, has particle size:s in 
the range between 5 and 95 mic;"ons, which is 
highly satisfactory for nash charge use. 

Loading density or pressure, as it is increased, 
may increase sensitivity by improving contact 
between wire and explosive or decrease it by in­
creasing the rate of dissipation of heat through the 
explosive. In lead styphnate, loaded at pressures 
between 1000 and 4000 psi, the latter trend appar­
ently dominates. On the other hand, lead azide 
loaded at pressures between 3000 and 90,000 psi 
becomes more sensitive with increasing loading 
pressure. 
(2) Bridgewire Resistance. The resistance of <-l 
bridgewire is given by 

R = O.OOOSLr",/d2 (28) 

where the resistance R is in ohms, the length L 
and diameter d are in mils, and resistivity /'1(' is 
in microhm-centimeters. Resistivities of common 
bridgewire materials are given in Table 2~P 
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TABLE 29. RESISTIVITIES OF BRIDGEWIRE MATERIALS 

Metal 

Tungsten 
PhltillUUl 
Platinum/Iridium 

90/lQ 
R0/20 

Ni\:l;romc' 
Torhet (+ 

ResiJliL'ilV (m;("whm-C<'l1llmelerI) 
a120°C at 500°(' 

5.5 20 
10 30 

24 J9 
J I 4J 

100 120 
110 132 

• Pruprletary 11110>' of [)nvcr·llarris Co" J'..'ewark, N J 
t Proprietary alloy of Wilbur Dnver Cu .. :--'cwiJ.rk. N, J, 

(3) FirinR Enf'rgy and Power. As pointed out in 
Paragraph 20, the assumption of a fixed initiation 
temperature is a valid approximation. In combina­
tion with the relatively small variation of volumetric 
specific heats of solids (illustrated in Fig. 5). this 
approximation can be extended to the general rule 
that the firing energy requirement is proportional 
to the volume of the reaction nucleus, and further. 
the volume of the reaction nudeui'> is proportional 
to that of the bridge wire. Both the variation in 
critical temperature with size, and the effects of 
end losses are accounted for in the empirical 
equation 

WI = 25 + 450d~L 
where WI is the threshold firing energy (50% point) 

to ergs 
d is the diameter of the bridge wire in mils 
L is the length of the wire in mils 

This equation fits available data within ten 
percent for lead styphnate loaded either at 30(lO to 
5000 psi, (,Jr "buttered" or "~pnllt.:d.""'" 

On the basis of a fixed initiation temperature. 
the threshold power for initiation should be thaI 
required to attain equilibrium with the losses at 
that temperature. Experimental uata inuicale lhat, 
for short bridgewires where end losses dominate, 
the firing current requirement of lead sty ph nate 
loaded initiators is estimated from the equation!,·l 

I" = OA/Rj (short bridgewire) (30) 

where I, is the current in amperes required for 
fifty percent functioning, and Rj is the res.istance of 
the bridgewin: at tht.: f1ring temper<-llure, which has 
been assumed to be about 50U°C. ~ote that the 
current is independent of wire dimensiom and 
material. 

For long bridgewires a senH-elllpirical equation 
has been derived which relates the current required 
to overcome the radial losses and which accounts 
for the tendency for larger wires to initiate -any'­
given explosive at a lower temperature" 

11 = 2. 3d/v;::" (long bridgewire) (31) 

where II is the threshold firing <.:urn:nt for a lead 
styphnate loaded initiator with a bridgewire so long 
that end effects are negligible and r", is the re~i~­
tivity of the bridgcwire: al tht.: iniLiation temperature. 
Assumed values for vr;;: are 4.6 for tungsten and 
11.5 for Tophet C. 

The total threshold firing curn:nt, I r, is given b~ 

( 32.1 



• 

• 

• 

However. either I, or 1/ is usually so dominant that 
the other may be neglected. Hence, bridgcwires 
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 to wire bridge initiators. Details 
of the pulse shape are relatively unimportant. The 
average power, whether in the form of a damped 
RC discharge or an oscillatory discharge. is the 
important factor. The response of an initiator to 
complex sequences of electrical events is predicted 
by 

(23 ) 

The constants for Equation 23 are determined from 
the limiting threshold energy and current l which 
can be calculated by means of Equation 32 for 
Wr and 35 for I r} using the relations 

C"Tt=Wr 

"IT, = I:R 

(33) 
( 34) 

For purposes of prediction of an absolute value 
of T I , Ihe temperature of initiators is not important 
if C,I andy are computed by meClns of the above 
relations. The quantity TI may be taken as 500°C, 
which in practice has given reasonably accurate 
results. 
(4) Response Times. Condenser discharge firing 
times vary with flash charge m<ltcrial as well as 
with bridgewire characteristics and firing condi­
tions. Table 30 4 gives functioning times obtained 
in one experiment. I-igure 36 1 shows functioning 
times of some typical military items. Azide loaded 
items, in genera], have mueh shorter functioning 
times than those loaded with other prim<lry explo­
sives. Since the functioning time of a holwire 
initiator is related 10 Ihe mtio of Ihe firing energy 
to the threshold firing energy, the variation of in­
dividual threshold energies within a lot (as indicated 
by the standard deviation of the mean) is reflected 
in functioning times. 

In addition, such factors as particle size and 
porosity, which affect the growth of explosion, are 
contributing factors in the variability or functioning 
times. Precise control of these variables and of 
those which determine threshold firing conditions, 
can result in highly reproducible functioning times. 
Careful control in test items has resulted in func­
tioning times equal to calculated detonation transit 
times within a few hundredth~ of a microsecond 
(for firing conditions of 600 volts discharged .from 
a 0.01 microfarad condenser-IS,OOO ergs com­
pareu with a threshold of about ! 300 ergs). 

Functioning times at relatively low steady 
currents approach those predicted by Equatiun 35 
which is a solution of EquCltion 23~ 

t =.G In 1
2
R, 

"I 12R - "ITt 
( 35) 

(5) Typical Df'.I'iUn Problem. Design a hot wire 
initiator with a resistance of two ohms, an all-fire 
energy of 42,000 ergs, and a no-fire energy of 
15,000 ergs. 

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

w:= 15,000 X 42,000 
WI = 25,000 

From Equation 29 

WI = 25 + 450 d2L = 25,000 
d2L = 55 

Assuming a Tophet C bridgewire and using 
Equation 28 

R = 0.0005r"Lld2 = 2 = 0.0005 X 110 X L/d2 

Lid' - 36 

Solving for Land d, we gt:t 

and 

(l,fd2 ) (d2L) = V = 55 x 36 
L = 45 mils 

d 2 = 55/45 = \.22 
d = 1.1 mils 

Thus, the reqLlirement~ are met by an initiator 
with a kad styphnate flash charge al,d a Tophet C 
bridgewire 1.1 mil in diameter and 45 mils long. If 
the mechanical design of the item makes a longer 
bridgewire desirable. the requirements can be me! 
with wires of lower resistivity_ Where the length i~ 
fixed by other considerations, Equation 29 may be 
solved for the diameter (;orn:::>ponding with the 
given length. The bridge wire dimensions :',0 ob­
tained may then be substituted in Equ'ltion 23 10 

determine the resistivity corresponding with the 
desired resistClnce. A suitable material may then 
be selected from Table 30. Should the value of 
resistivity he below that of available materials. 
"heat sinks" can be llsed which are essentially blind 
terminab to which the wire is solderer.! at one or 
more points along ih length. The equations arc 
applied to the design of such a system by consider· 
ing each segment separately as a series clemen!. 
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TABLE 30. FIRING TIM'S OF HOT BRIDG'WIRE INITIATORS 

,wi/lilll: C"f'lIcilotlcl' (microfarad) 
Time 

E~ploJ'iVl' (hr) 0.5 0.05 0.0047 _._--
Polyvinyl Alcohol I.ead Azide 24 1.12- 1.26 1.09- 1.38 1.41· 5.00 
IJcxlrinated Lead Alide 64 1.08- 2.43 1.12- 2.43 3.46- 4.95 
Silver Azide 24 1.13- 1.47 1.17- 1.56 1.9 - D.l 
Silver Azide 64 1.23- 1.89 1.23· 2.36 1.3 - 43.1 
Normal Ll:ad Slyphollte 24 11.8-12.5 10.0 -2U,6 13.1 -374,4 
Normal Lead Styphnale 64 10.0 -13.7 10.6 -13.1 10.0 -381.2 
Basic Lead Styphnatc 24 10.6 -13.1 11.2-23.1 2U.0 -430.0 
Busic Lead Styphnate 64 4.4 -13.0 12.5 -14.4 10,6 6{),6 
Diazodinitrophenol 24 !U3- 9,00 10.0 ·D,!! 91.2 -362,5 

5U rna: loads of explosives. voltage of 450 volts. Times are in mi~ru~ecomJs. 

Note thaI while hot bridgewire initiators are 
more readily designed by calculation 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 colloidal or milled lead azide or lead 
styphnate. Since it is impractical to 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 characteristics, experi· 
mental verification of these characteristics is always 
necessary. If desired characteristics have been 
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specified within close limits, it is well to be prepared 
to adjust one or another of the variables involved 
after tests of a preliminary sample. 
c. Explodins.: Brids.:ewirc InifialOrs. As pointed out 
in Paragraph 23, exploding bridgewire (EBW,·· 
initiators are defined as those which fire only when 
subjected to electrical conditions conducive to 
explosion of their bridgewires. The initial charges 
of EBW initiators are secondary explosives such 
as PETN or RDX. Hence, they are relatively safe 
from initiation by direct application of heat and 
external mechani!:al influences (impact or vibration) 
or from electrical input of most any kind !:xcept the 
highly specialized pulses for which they are 
designed. 

-

MIlRk 140 

MARK 71 

MARK 70 
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If an EBW initiator is subjected to a. gradually 
increasing current, the bridgcwire 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 firing is an important character­
istic of an EBW device. for typical EBW initiators, 
this rate must equal Of exceed 109 amperes per 
second. Remembering that this rate is equal to the 
quotient of vultage by inductance and that typical 
firing circuits have output voltages in the range of 
a few thousand volts, the maximum permissible 
inductance is of the order of a few microhenries, 
which is close to the minimum practical value for 
circuits usable in ordnance. The high rate of rise 
results in concentration in the outer laycr~ of the 
bridgewire, and an increase in the effective resis­
tance from the stalic value of a few hundredths of 
an ohm to a dynamic value of a few ohms. I n addi­
tion to these electrical phenomena, the initiation 
of explosives by exploding bridgewires involves 
interactions of firing voltage and capacitance, 
bridge wire dimensions, melting point, boiling point, 
heats of fusion and evaporation, resistivity, coeffi­
cient of resistivity, heat capacity, sUlface tension 
in the liquid state, explosive composition, particle 
size and shape and the distributions thereof, charge 
dimensions and confinement and some other fClclors. 
Hence, EBW initiators do not lend themselves to 
precise calculation. 
(1) Brid!jewire Dimensions and Materials. Clearly, 
the smaller the volume of a bridgewire, the less 
energy is required to cause it to explode. However, 
a given amount of energy in a given circuit will not 
necessarily result in increasingly vigorou'i explo­
sions as the size of the wire is reduced. A smaller 
wire, for example, will generally vaporize sooneL 
If this occurs before the current approaches the 
maximum value, as determined by the circuit, 
most of the energy will be dissipated in an arc 
discharge, generally diffused in a volume much 
larger than that of the original wire, The resulting 
explosion may thus be less intense than that from 
a larger wire. This effect, combined with the char­
acteristics of practical firing circuits amI the 
properties of explosives used, will cause the thresh­
old firing energy or voltage of an EBW device to 
reach minima at optimum values of briugewire 
diameter and length which have, unfortunately, 
not yet been defined. 

Of the materials tested, platinum, gold and 
copper have given the best results.6 Nichrome, 
tungsten and silver, under circumstances fOT which 
data are available, require more energy th"n the 

first named materials. Gold and platinum have been 
preferred because of their corrosion resistance. 
(2) £xplosive Material.,·. PETN is. for the present. 
the most widely used initial charge material for 
EBW detonators. RDX and HMX.- \vhicn ;lfl' 

desirable because of their better thermal stabilit\. 
are somewhat harder to initiate. 

EBW devices are most sensitive when loaded 
with explosive:;, of very fine particle size at densities 

. close to their bulk densities. The energy and volu\ge 
requirements rise sharply with increasing loading 
density. 

d. Film Brid!je Initi(l/ors. Conductive films may be 
applied to the surfaces of insul<ltors by a varidy 
of techniques, including chemical precipitation: 
painting; drying of sllspensions and solutiom, 
writing, as with a pencil, crayon, or pen~ plating, 
vacuum evaporation; sputtering and spraying. Most 
of these techniques have been used at one time or 
other to produce bridges which can be heated or 
exploded to initiate explosive reactions. 
(I) Initiation Mechanism. The initiation llH.::chanislll 
of film bridge initiators is complex (see Paragraph 
21). Hence film bridges cannot be designed by 
computation as can hot wire bridge initiators. 
Typical complicatiom result from the fact thai 
film thickness is much less uniform than is the 
diameter of a drawn wire and that various paths 
exist between the electrodes. Where the film is a 
semiconductor with a negative resistance coeffi­
cient, like carbon, variations in film thickness anu 
path length combine with the negative resistance 
coefficient to channel most of the current into one 
or a few preferred paths. Sin-.:e the volume of 
material through which most of the current n()W~ 
is only a small fraction of the film, initiators with 
carbon film bridges are amung the mo:;,t sensitiv..: 
in use. 

Although ",orne experimental results have been 
obtained with a variety of experimental film briugc 
Initiators,7 the only type applied in standard fuzes 
has been the low-energy graphite hridge type. 
(2) Graphite Bridl-{e Films. Bridges of gn.tphitc 
bridge initiators are all made by essentiaHy the same 
process. A droplet of a colloidal suspension of 
graphite in water is deposited on a surface which 
consists of two or more metal electrodes separateu 
by, and often imbedded in, an insulator. The 
electrical and electrothermal characteristic~ of a 
bridge made in this manner are determined not onl;. 
by such aspects of the design as spacing and can· 
figuration of the electrodes and specified dilution 
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of the droplet but also by the manner or droplet 
application. 

The input characteristics of graphite bridge 
initiators (both resistance and sensitivity) <Ire 
determined. at least in part, by the chance dis­
tribution of the particles of graphite as they arc 
deposited. Consequently, the item to item variation 
is quite large. The acceptable resistance range for 
Army items is 1000 to 10,000 ohms, while that for 
Navy items is 700 to 14,000 ohms. Generally, 
several hundred ergs of input energy are required 
for reliable initiation. 

e. COl1dllClil'{! Mix Initiators. By mixing explosives 
with metals or other conductive materials, mixtures 
can be prepared which are electrically conductive, 
and in which sufficient current density results in 
initiation of a self-propagating reaction of the 
explosive. The input characteristics are functions 
of electrode 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 used for the conductive component of the 
mixtures while both common primary and secondary 
explosives serve as the explosivt: l:ompunt:nl. 

Conductive mix initiators are rarely used. The 
permutations of the variables ure so numerous that 
a systematic study of their result~ ha:, not been 
completed. A number of these results are discussed 
in Paragraph 21. In some cases, rather ritualized 
schedules of grinding, mixing and loading are 
necessary to attain the desired characteristics. 

I Spar!,. vap IlIitiufo!".I. Electric sparks of rather 
low cnngy l:ontcnt will initiate ~ome explosive~ 
(see Paragraph 23). The earliest electric 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 to lower the threshold firing voltage. 
the critical voltage varies so sharply with both gap 
length and electrode configuration that normal 
manufacturing variation makes input characteristics 
difficult to predict. This situation is not improved 
by the presence of a powdered explosive between 
the electrodes. For voltages above a few thousand 
volts, spark gap initiators can be made with more 
reproducible characteristics. Spark gap initiators 
are even more rare than conductive mix detonatnr~. 

g. Sq/libs. From the standpoint of input. squibs 
are identical to other electric initiators. Since most 
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squibs are wirebridge devices, they are designed 
like hot wirebridge initiators described in the 
foregoing. The explosive is one of the flash charges 
listed in Table 29. Some squibs have a second 
charge of black powder or similar material to initiCltc 
materials which are more difficult to ignite. 

Squibs are used in pyrotechnic train-s.~ Initia­
tors for propellants are also called squibs at times. 
However, these are larger components and should 
be called ignitors. 

C. OUTPUT CHARACTERISTICS 

51. Output of Primen 

The output of a primer includes hot gases. hot 
particles, a pressure pulse which, in some cases, 
may be a strong shock and thermal nldiation. 
Measurable quantities which have been used to 
characterize primer output include: the volume of 
the gas emitted, the impulse imparted to a column 
of mercury by the pressure pulse, the light output 
as measured by a photocell. the temperature rise 
of a thermocouple exposed to the output gases and 
particles, the ionic conduction between a pair of 
probes exposed to the output, the pressure rise in 
a chamber in which the output is confined, the 
propagation velocity of the air shock, the hangfire. 
namely the time lapse between supply of mechanical 
energy to the primer and initial primer output, and 
flame duration. Some of the more brisant primers 
emit pres~ure pul~es of ~ufficient rnagnituue to give 
measurable results in the sand test and lead disk 
test (see Paragraph 109). Each of these measurable 
quantities has been related to effectiveness in one 
or another application by experiment, theory or 
intuition. However, no general quantitative rela­
tionship of value to a designer has been developed. 
The design of a primer for appropriate output must 
be based on precedent and the following generalities 

(a) Both gaseous products and hot particles 
cmillcd by primers play important roles in ignition. 

(b) The effectiveness of the gaseous products 
in ignition increases directly with temperature and 
pressure. Since the pressure is related inversely 10 
the enclosed volume, an increase in thiS volume or 
a venting of the system may call for primer~ of 
greater output. 

h;) It has been shown experimentally that the 
heat of all enclmed body of ga~ is distributed quite 
uniformly over the surface to which it i~ c-xpml:d.·' 
Thus, the insertion of baffles or the introduction of 
irregularitics which im::rca~e the total surface, both 
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inert and reactive, exposed to the primer gases 
may necessitate the use of a primer with more 
output energy. 

(d) Hot particles of solids or globules of liquids 
are particularly effective in the ignition of materials 
with high thermal diffusivities ("lleh a~ those 
containing appreciable proportions of metall or of 
those whose melting points are well helow their 
ignition tcmperatues. 

(e) Hot particles and glubules establish a num­
ber of reaction nuclei, rather than burning along a 
uniform surface. This action may be undesirable 
in short delay columns, or in propellant grains 
designed for programmed combustion. Where (ht: 
particles or globules afC large. Dr have high enough 
velocities to penetrate beneath the ~urfacc, serious 
problems mHy result. 

(f) The blast effects of pre"surc pulse and 
accompanying gas movement <-ire both favorHblc 
and <.ldverse in igniting by meam; of a primer. 
Although they result in more rapid he:1t transfer 
between gase~ aml solid materials which are to be 
ignited. they may also "blowout the flame" by 
moving the hot gaseous products from contHct with 
the combustible mHtcria1. 

(g) In some applications, shock waves which 
are too strong mHy damage the structure of either 
reactive or inert material in <;uch a mHnncr that 
control of system behavior is lost. 

(h) The reproducibility of the time of a delay 
element is relHted to the reproducibility of the 
OUtput of the primer which initiates it. The times 
of short obturated delay elements are particularly 
sensitive to vari:1tions in primer output. 

(i) When a primer is used to drivc a firing pin 
(thi<; combination is used where the sensitivity of a 
stab primer is needed in combination with a delay 
of the' obturated type. which rC4uires a percu~sion 
primer), the important aspect of primer OlJtput is 
the momentum it is capable of imparting to the 
firing pin. Where the output gases are reasonably 
well contained, the impulse as measured in the gas 
volume and impulse machine is a reasonable gage 
of output. Where the system is essentially vented, 
blast type phenomena. perhaps as indicated in air 
shock velocity or the lead disk test. are more 
significant 

52. Output of Detonators 

Q. Poramefers of De/oIJ([/(}r OutPIII. As its name 
implies, li detonator is intended to inducc detona­
tion in a sub~cquent charg.e. The twO features of its 

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

Although it is possible to envision detonatm 
designs which arc effective in inducing del(lmllion 
without detonating themselves. the output dfcctivc­
ness of detomitor~ of current designs is dire("" 
related to the quantity of the explo:;ivc wh.·[ 
detonatc~, and to the vigor of this detonation. Th,;>sc 
quantities are somewhat less predlLtable than in 
most othcr components because the transition~ 

from burning to detonation and from low order III 
high order detonation take place In the dclllnator 

These Inmsitinm, as pointed {lut in Paragraph 
19. can require anything frum a hundredth of an 
inch to the whole length of a detonator. depending 
upon such factors HS loading density, composillon. 
particle size. confinement and column diarne!el 
However, recent developments in k,ld <ILide pro· 
duction have resulted in matcriah in whi..:h thes~' 

transitions require so little explOSIve that the ou\[ml 
of a detonator can be pl'eJicted With a fwr degree 
of confidence. 

The effective output of a detonator inclllde~ 

factors of pressure, dUi atiun and area over wh1ch 
the pres:.ure acts. Clearly a simple product of the~e 
quantitie~ is inadequate as a characterization 
because a low pressure of either long duration or 
large extent would obviously be ineffective. 

h. Measurement of Dctol/ator Output. Detonl11or 
OUtput is difficult to characterize except in terms or 
the characteristics of a subsequent charge. Thi:-. i~ 
to be expected because the transmiSSion of detona­
tion involves the interaction of quantities assoc1<IteJ 
with the acceptor as well as with the dorm!". 

Detonator output is measured by meam of gap 
or barrier tests, ~and tc~t, copper block test. lead 
disk te.st, steel plate dent test, Hopkin.\on bar lest 
<lnd in terms of the velocity of the air shock pm­
duced. These tests <Ire described in Paragraph lOY. 

No known measurement techniQ.u~ yieJds a 
qUHnlitative measure of the output of an individual 
detonator which is usable, without reservation. as a 
critcrion of the effectiveness of the detonator. 

c. Exp/osil'('s Used in Oe{onalor.l. In the past. d 

detonator was considered to be incomplete unlcs~ 
it contained three chHrges of different explosives: a 
priming or flash charge for initiation, an intermedi­
ate charge in which the transition from burning 1(' 

detonation takes place and a base charge to m.lXI 

mize output. Recent trends have been lov/ard thL: 
combination of these functions. but separate .il"-

7:-; 
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cussion is still appropriate. Priming and flash 
charges are discussed in Paragraphs 47-50 under 
input. 
(I) Intermediate CharRes. The properties of a 
primary explo~ive which promote the growth of 
detonation have not been quantitatively 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 (except in exploding 
bridgewire applications). 

Most detonators in current production have 
intermediate charges of dextrinated lead azide. 
However, the 101-to-lot variation in the growth of 
detonation in dextrinated lead a/.idc, 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 <is 
RD13J3. Although silver azide appears to be 
superior to the best lead azide in this respect, it m<iy 
never be available in sufficient quantities to be 
considered for production. In exploding bridgewire 
detonators, the function of the intermediate charge 
(as wcll as initial charge) is served by an exploding 
wire. 
(2) Base CI/{/r~es. It has been the pr<lctice to 
include base charges of booster type explosives at 
the output ends of detonators. The base ch<irgcs of 
most electric detonators in current production are 
PETN. Those of nash ami st<ib detonators of early 
designs are tetryl and of more recent designs. RDX. 
The difference between electric and non-electric 
items is that the former evolved from commercial 
electric blasting caps, in which PET"'" is widely 
used. while the latter have a much longer history of 
development within military agencies. A number 
of experimental eleetri<.: detonators have been maue 
with ROX and HMX base charges to obtain better 
stability at high temperatures. However. the im­
provement in this respect was not as great as 
anticipated,l!I Meanwhile, the superiority of lead 
azide to any of these materials in thermal stability 
has combined with the considerations discussed 
below to cause a trend toward the elimination of 
explosive base charges. 

The limitation of the size of a base charge is 
generally that of the volume <ivailable. Thus, one 
criterion of the relative effectiveness of a base 
charge explmive is its volumetric heat of detona­
tion. Another criterion is the detonation pressurc. 
(Oetonation velocity has often been used as a 
criterion but i." probably involved mainly as a factor 
in the delOnation pressure.) In Table 3\," volu-
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metric heats of explosion and detonation pressures 
of lead azide and various base charge explosives 
are given. 

TABLE 31. HEATS OF EXPLOSION AND DETONATION PRESSURES 

Volume/ric Hell! 
or E.I{l'osiot/ De/mUllioll P"l'UIII"<' 

Pressed (J/ Prc.l.I"cd (1/ 

VoiJIf's.< 10,000 p.~i Voidll'H 10.000 {lsi 
Exp/osive (cal/ce) (ca//ec) (/\ bar) (/\ har) 

Lead Azide (dexl.) 1450 97O 317 15l! 
Leud Azide (pure) 1760 1100 394 llil 
Terryl 1900 1720 276 2:'.1 
PETN 2440 Z260 m 26' 
RDX 2330 2050 354 257 
IIMX 25S0 2070 414 261 

In genera\' the cornl1arisons made fOI" the vari­
ous explosives pressed at 10,000 psi are of more 
practical significance than those made for voidJess 
materials. Most detonators are loaded at pres."ures 
in this range which is a good compromise value for 
several practical reasons. The newer forms of lcad 
azide, in contrast, are apparently immune to dead 
pressing (see Paragraph 17) except at preswre~ 

near or above 100.000 psi. so that realizable output 
approaches that for voidless lead azide, which is 
comparable to that of a base charge explosive. 
Colloidal. PYA. or RD133J lead azide. loaded in 
place of a base charge at pressures of the order of 
50,000 psi, may be expected to result in detonators 
similar enough in oulpul to detonators of silllilaJ" 
design with base charges of booster explosives to 
be indistinguishable from them. Some inveo,;tigalors 
report that I{Ol333 lead azide and PE J"N b'lse 
charge~, loaded in the ~arne volumes, have equal 
output. Others show an increase in output as a 
PETN base charge displaced lead azide. 11 The 
lot-Io-lot variations in loading characleristics of 
both PETN and lead azide probably account for 
part or thi~ di~agrcemen\. Variation" het wecn (e~( 

procedures and output criteria used by various 
investigators might also affect relative as well as 
<ibsolute output of variously loaded detonators. 

In substitution of base charge explosives. bear 
in mind that I{DX and HMX are less sensitive than 
PETN. An .intermediate charge whicb is adcyuate 
for reliable high order initiation of PETN may not 
he sufficient Cnr maximum or reproducible results 
with these materials. Experimental investigatiom 
of such substitutions should be made in full 
cognizance of the effects of eonnnement nn the 
growth and lransfer of detonation. as outlined in 
Paragraphs 20 and 25. Te"r:., which arc carried on 
with better confinement and con~olidating pressure~ 
than occur in service may be misleading. 
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d. Explosive Quail/flies and Dimension.\'. The total 
energy released by a detonator is the sum of the 
products of the hcab of detonation and the quanti­
lies of the various explosives useu. or this energy. 
only that from the explosive which detonates high 
order is effective output. In general, this includes 
the base charge and part of the intermediate charge. 
Where the intermediate charge is dextrinated lead 
azide, the fraction which detonalc~ may vary 
appreciably with loading density, confinement, and 
lot-to-lot variations in the lead azide. The azide 
which actually detonates must be sufficient to initi­
ate the base charge. In current detonator designs, 
this is assured by the use of at least 100 milligrams 
of lead azide. A rule of thumb calls for a 0.10 inch 
minimum column height. The ne(,;c~sary quantities 
of such materials as PYA, colloidal. and RDI333 
are considerably smaller than this. At this time. 
design practices have not developed to a point 
where a conservatively reliable minimum quantity 
of such materials can be specified. 

Most detonators are considerably longer than 
their diameters. This contlguration is dictated by 
hoth fuze and detonator design consideratiDns. 

e. Lmuling Density of Explosives. The growth of 
detonation is most rapid in explosives loaded at 
densities well below those usually used in military 
items. On the other hand, the effective output of 
stable detonating explosives increases sharply with 
density. Thus, a given quantity of intermediate or 
base charge explosive has a maximum effective 
output at some optimum density. The value of this 
optimum is affected 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
mum density fordextrinated lead azide and normally 
used base charge m<iterials is ubtained by loading 
at between 10,000 and 20.000 psi. As indicated in 
the foregoing, the optima for PV A, colloidal and 
RDt333 lead azide are much higher. For most lots 
of these materials. in feu:t. the optimum loading 
pressure is beyond practical limits of production 
tools. 

The optimum density for the initial ch<lrge of 
an exploding bridge wire detonator is less than one 
gm/cc. For some such devices. it has been found 
advantageous to load by increments at varying 
densities, incre<ising in 1.tages, as for example, 
1.0, 1.2. 1.4 and 1.6 gm/cc. Such gradual im.:rc<i~es 
<ire le"5 necessary in PETN than in RLJX and other 
less sensitive explosives. 

f. Confinement of Exp/()sives. Confinement is an 
important factor in both the growth of detonation 
(sec Paragraph 20) and the effective output of stable 
detonation (sec Paragraph 25). The confinement of 
a detonator is somewhat difficult to describe in 
quantitative terms, because different properties of 
the confining structure are involved in the promo­
tion of detonation growth <ind in augmentation of 
the output of stahle detonation, and because of the 
relative complexity of the structure ami configura­
tion of detonators. The confinement afforded by 
surrounding fuze structures as well <is that of the 
detonator itself can contribute significantly to the 
effective output of a detonator. 

In the early stages of the growth of detonatiun. 
the detonator case, closure. and the surrounding 
structure should be eon1.idered as a contalner- 01' 
high pressure gases. At the e<irliest stages, lighlllt'.\,\ 

(the absence of leaks) is the most important factor. 
As the growth progresses, the strength of the con­
tainer becomes more important, while the im­
portance of leaks diminishes. 

As the detonation approaches its stable ratc. 
the pressure exceeds the hursting strength of an) 
feasible container and confinement is mainly a 
matter of inertia. In relatively thin-walled con­
tainers, the confinement afforded by the inertia of 
the case is related to the weight ratio of case tn 
charge. For he<ivy walls (where the thickness equals 
or exceeds the charge radius). the shm.:k IJll­

pedance of the surrounding material (Table 11) IS 

the best criterion of its effectiveness in confinement. 
The confinement afforded by any component 

is related to its proximity to the explosives. For 
example, a heavy steel case surrounding a thick 
plastic charge holder contributes little to the con­
finement of the explosive inside the ch<irge holder 

The rearward confinement afforded by the 
plug of an electric detonator can contribute sig 
nificantly to its output. Some of the smaller electric 
detonators hHVC appreciably greater output than 
have stab or flash detonators uf nearly identical 
loading. 

D. CONSTRUCTION AND FABRICATION 

53. Initiator Cups 

Initiators usually consist of simple cylindrical 
metal curs into which explosives are pre~'ieJ and 
various inert parts inserted. ,\11!.·STO-320' \.k­
scribes design practices and <;pecifie" the 'illjntiard 
dimensions, tolerances, tinishes (lnd materials for 
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Initiator cups. In general. all initiator designs 
should conform to this standard. However, it is not 
the intent of the standard to inhibit the ucvc]opment 
of new concepts so that an occasional departure 
from the standard may be necessary for special 
circumstances. 

An example of a deviation from standard 
design is a coined bottom cup. For flash and stab 
initiators, it is desirable for both ends to be thinner 
than the walls. Cups with standard holes are used 
in which the holes afe covered from the inside with 
thin metal disks. However, this construction results 
in a sealing problem at both ends. An alternative 
method, which has been used extensively in recent 
years, is lise of a cup in which the central portion 
of the bottom is coined to an appropriate thickness 
(sec Figure 37). 
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After drawing, cups are punch trimmed. In this 
proce~s. the cup is expanded by means of a punch. 
the diameter of which is slightly larger than the 
outside of the cup, to the point at which it is to be 
trimmed. The cup IS then forced through a-rue 
which fits the punch, trimming off the expanded 
part (Fig. 38). 

Initiators are usually closed by crimping with 
a succession of conie(ll crimping tonls (Fig. 39). 
Cups for flat ended cylindrical items should be 
made 0.030 inch longer than the finished length to 
allow for crimping. 

In selecting one of the standard cup materials 
from MIL-STD-320, il i~ important to consider 
compatibility of metals with one another and with 
the explosives used (see Paragraph 39). 

CLOSURE DISK 

:'::l!!l":" 
:::::::::::::::;:;:::;::::.:::.::.> .... ............... :. .... 

SKIRT OF CUP 

LOADING TOOL 
eUSHING 

TOOL FOR FIRST CRIMP 

F'OR FINISH CRIMP 

fig"'f 39. IMlljCltor Cup Crimpin!j' 
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54. Explosive Loading 

Initiators are loaded by pressing powdered 
explosives into the cup. For details of loading 
procedures and considerations, see Paragraph 95. 
For flash and spotting charges of electric initiators, 
see Paragraph 56. 

Most fuze initiators are loaded at between 
10,000 and 20,000 psi. Exceptions include per­
cussion and stab priming mixtures which may be 
loaded at 30,000 to 80,000 psi and the flash charges 
of electric initiators which are loaded at 3000 to 
5000 psi, or sometimes arc "buttered" into a cavity 
in the form of a paste, including solvent and binder. 

As suggested in Paragraph 52, experimental 
evidence indicates performance advantages may 
result from the use of loading pressures between 
40,000 and 80,000 psi with PV A, colloidal. and 
RDI333 lead azide, However, the practicality of 
using such pressures in production has not, at this 
time, been demonstrated, 

Where a charge of one explosive is longer than 
its diameter, the usual practice is to load it in 
increments not over one diameter long, Shorter 
increments are sometimes used for a precise control 
of density, 

The base charge of electric detonators is loaded 
first, the initiator plug forming the closure. The 
usual practice for stab and nash detonators is to 
load the sensitive end first. Some reasons for thi!> 
practice are 

(a) "Press blows" are most probable when 
pressing the priming mix. Both hazards and result­
ing damage are minimized if this is the only material 
present 

(b) The greatest sensitivity of stab mixtures is 
obtained when they are loaded at pressures higher 
than those usually used for intermediate and base 
charges. By loading this material first, the charge 
may be loaded at any appropriate pressure without 
overpressing the other charges. 

(c) The priming mix, which is most vulnemblc 
to moisture and other atmospheric gases, is farthest 
from the crimped end (in a coined bottom cup). 

(d) The base and intermediate charges have 
their density gradients in the most advantageous 
direction. The reaction propagates from the low 
density end. which is most sensitive to flame or 
detonation initiation, to the high density end, which 
has the most effective output. 

55. Mechanical Initiators 

a. Siah {/lid Flush Initiators. 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 covered with a 
disk. From the standpoint of compatibility. the best 
disk material is the same as that of the cup. How· 
ever, thickness and material of the disk may he 
dictated by sensitivity requirements. Paper disks. 
usually supported by metal 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 to fit the pierced hole so as to 
form. with the remaining edge of the bottom, a flat 
sllrfa<.:c for the support of the disk. Disks for the 
closure of the output cnd are, in general, somewh,lt 
heavier to make crimping more satisfactory. A 
commonly used thickness is 0.005 inch. 

It is the usual practice to paint the ends of stab 
and flash initiators with a lacquer type sealant. 
Although waterproof seals have been shown to be 
effective in most instances, moisture proofing 
according to the T cmperature and Humidity Cycling 
Test (see Paragraph lID) is seldom achieved. 

h. Percussion Primers. A percussion primer ('on­
sists of a cup, a small charge of priming mix and an 
anvil. Sealing disks or cups are sometimes useLl. 
Some anvil~ are held in place only by a force fit ;lnd 
protrude beyond the edges of the cups. The tin.ti 
seating of the anvils takes pla.:e as they are crimped 
in place. Adequate square shoulder~ :,houlJ be 
provided for the anvil Wppot1. 

The relatively thin layer of priming mix used 
in percussion primcrs makes it possible to load 
these items wet with the expe<.:tCltion that they ean 
be dried in a reasonable amount of time. l\Ian~ 01" 
the primers u~ed for small arms are loaded wet. 

56. Electric Initiators 

a. Initiator Plllgs. Electric initiators differ in con­
:o;truction from mechanical initiators mainly in that 
they include plug assemblies, which are essentially 
means of supporting and insulating a pair uf 
electrodes. The electric firing stimulus is carried 
through these electrodes to bridges or other means 
of converting electric energy into a form to which 
the explosive will respond. 

Most plug:, are molded of phenolic material 
Powdered iron plugs are now being evaluated. 
They are designed to altenuate radio-frequency or 
other spurious electrical signals. 12 The plug may 
have a front region of reduced diamc\er onto which 
a ferrule or charge holder is forced to serve a~ .\ 
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receptacle into which the flash charge is pressed or 
"buttered" (see Figure 33), For wire lead assem­
blies, two wires are imbedded in a phenolic plug 
with the plug acting as the insulator. The button 
type assembly consists of two concentric stainless 
steel components, pin, and ring shaped plug, 
cemented together and insulated from one another 
by a thin layer of synthetic resin adhesive. In addi­
tion tu their ruggedness and adaptability to certain 
fuze designs. the plugs provide rear.vard confine­
mt:nt which significantly augments the output of 
the initiators. GJass-kovar plug assemblies and 
other metal ceramic seals provide a basis for the 
development of hermetically sealed units. Such 
assemblies have found wiJesprcad application in 
explosive actuated devices, discussed in Paragraph~ 
84 and 85. 

h. Bridging Techniques. Most electric initiators are 
wire· bridge items and most of the remainder are 
film bridge initiators. Several techniques have been 
developed to apply wires 10 the electrodes of the 
wire bridge type. 
(I) Soldered Bridges on Raised Terminals. Solder­
ing a bridgewire to a raised terminal is, of course, 
the obvious way to connect one wire to another. 
(See M36A I detonator, Figure 33.) For quantity 
production, a large number of plugs are lined up in 
a fixture and a length of the bridging wire is 
stretched so as to bisect the tips of the terminals . 
The group is bridged by touching each tip with a 
properly tinned soldering iron. Subsequent opera­
tions include removal of all Hux, trimming the ends 
of each bridge at the outside edges of the terminah, 
and pinching the terminals together to put a little 
lilack in the wire. Although a hand proce~s, it is 
reasonably fast. One of the principal disadvantages 
of this technique is that the suspended wire is easily 
broken by press loading of the explosive. 
(2) Flush Soldered Bridges. This fastening tech­
nique is similar to that with raised terminals, except 
that the lead wires are ground Hush with the face of 
the plug. Explosives may be pressed against such a 
bridge. However, buttered or spotted charge~ Illay 
not contact a ftush bridge over as large a fraction 
of its surface as they would cover a bridge on 
raised terminals. 
(3) Weldf'd Bridges. Where soldering is impractical, 
bridgewires may be resistance welded. In addition 
to eliminating the soldering Hux, this technique 
reduces the number of metals involved to a mini­
mum. The welding of bridge wires, in its ultimate 
development, is ideal for high rate automatic pro-
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duction. However, in its present state, it is some­
what slower than soldering. Bulton type plugs when 
used with wire bridges are 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 droplet of a diluted 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 art, a recently developed 
automatic bridging machine has permitted the 
application of fairly uniform filmsY! 

c. Bridgewire Materials. Bridgewire is selected 
first for its resistivity. Next its adaptability to the 
bridging process and its compatibility with the 
explosive to be used must he considered. The very 
small size of the usual bridge wire results In a 
situation where an amount of corrosion, which 
might be negligible elsewhere, is sufficient to part 
the wire. These considerations limit the choice to 
relatively few materials (see Table 30). 

Gold, platinum and platinum-iridium are nearly 
impervious to chemical attack, and are relatively 
easy to solder. However, the low tensile strengths 
of these materials makcs them difficult to handle 
without breakage in sizes much under a thousandth 
of an inch. They are extensively used in EBW 
devices. Nichrome and Tophet C are similar to 
stainless steel in their corrosion resistance and 
compatibility characteristics. Although somewhat 
more difficult to solder, their higher strength, com­
hincu with favorable electrical properties, ha~ 

resulted in their lise in most heated wire initiators, 
in diameters down to about 0.4 mils. Its extremely 
high tensile strength makes tungsten the preferred 
malerial ror extremely :<.mall bridgewircs. It i:<. 
available in sizes down to 0.1 mil and is not too 
rJifficu!t to work with in these sizes. 

d. Spark Gap Plugs. A plug for a spark gap initiator 
is like a plug used for graphite film devices without 
the graphite film. The gap between the tcrminals 
is about 0.00 I inch or less. 

e. Flash and Spo"ing Charges. The explosive in 
intimate contact with the electric bridge is called a 
~potting charge. Only a ~mall 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 
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"buuered" or pressed. Milled lead styphnate mixed 
with nitrocellulose lacquer is the currently used 
spotting charge. For flush bridging, dry pressed 
flash charges have been used in a number of initia­
tors. The pure explosive and uniform density of 
pressed flash charges makes them more reproduci­
ble, particularly in functioning time. 

The resistance of graphite film bridges is 

stabilized to some extent by covering them with 
a relatively thin layer of a lead styphn<lte-la(.;qucf 
mixture which is applied as a meniscus to the plug 
sUlface. Such a charge, known as a spotting charge. 
is used on some wire bridges as well as on most 
graphite film bridges. It has been found that fa~tcr 
functioning can be obtained by the use of lead 
azide, eilher milled or colloidal. 
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CHAPTER 6 

DELAY ELEMENTS 

A. DESCRIPTION 

57. Function and Construction 

Many tactical situations call for the introduc­
tion of a time delay between an input stimulus and 
firing. A variety of mechanical and electrical devices 
has been employed to delay the firing of explosive 
materiel." However. we are concerned here with 
the prolongation of the burning phase to provide 
this delay, As pointed Qui in Paragraph 17, burning 
forms an important part of the growth of detonation. 
Hence. it is one of the simplest means for providing 
delay. It is usually desirable to interpose a column 
of a special delay material in which the rate of 
burning is more readily controlled than in material 
predisposed to the growth of explosion. Since 
burning rales are affected by such conditions as 
pressure and temperature and their gradients, it 
is necessary to take these eft·eClS into consideration 
when designing initiators for delay columns and 
selecting inert components in which they are 
housed. 

In its barest essentials, a delay element is a 
metal luhe with an initiator (a primer) at one end 
(see Paragraph 45), a delay column in the middle 
and a relay or other output charge at the other end. 
In addition, depending upon the application and the 
delay material used, the element may im:!lH .. k 
baffles, igniter mixes at one or both ends of the 
delay, a housing and provision for internal free 
volume. Delay elements are subdivided according 
to construction into the two main divisions of 
obturated and vented. 

58, Delay Types 

(/. Oh/lfl"llled Delays. Obturated delay elements are 
so constructed as to retain all ga~es emitted by the 
initiator and the deluy element until the relay or 
other base charge explodes. This clas~ includes also 
the so called "internally vented" delays.l 
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Advantages of obturated delays include the 
inherent independence of these necessarily 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. Obturation also hel ps in the 
design of short delays because the resulting increase 
in pressure increases the burning rate. 
(/) Percu.\·sion Inili{lted. The principal use of per­
cussion primers in explosive trains is for the initia­
tion of delay elements. In this application, their 
main advantage ovur stab primers is their adapta­
bility to obturated systems. A typical percus:-.ion 
initiated ohturated delay system is shown in Figure 
40.H Note the heavy construction, 10 contain the 
pressure, and the expansion chamber. Some delays 
contain baffles beyond the primer to prevent 
erratic delay times caused by penetration of the 
delay column by hot primer particles, erosion by 
the action of the gas stream or cracking by the 
shock wave. 
(2) Elec/rically I niriared. Some electricall y initiated 
obturated delay elements are essentially the same 
as percu:-.sion initiated items with electric initiators 
in place of the percussion primers. Others are 
military adaptations of commercial delay blasting 
caps. The MARK 3.5 detonator (Fig. 41") is an 
example of such an adaptation. The delay powder 
is loaded, at bulk density, inlo a lead tube of larger 
than the intended finished diameter. The tube is 
then drawn \0 size, como Ii dating the explosive. 

In the electric delay detonator T65 (Fig. 42~) 
advantage is taken of the small size of spotting 
charges of recently developed electric initiators and 
of the modern gasless delay compositions to elim­
inate bamc and air space. There may be some ques­
tion as to whether the T65 remain~ ohturakd 
throughout it<. delay period becau:.e the gas pro 
duced is enough to cause high pressures. Occa-,illnal 
fast limes observed during development of 165 
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detonators indicate that those which have satis­
factory delay times do so only because they leak. 
However, the advantage of a sealed unit in storage 
is realized. 

b. Vel1led DelaY,I'. Vented delays have openings 
through which gases may escape. As dehiYs hecome 
longer, the amount of gas they produce and con­
sequently the internal volume needed in an obtu­
rated delay clement increases to a point where the 
units become too bulky. In pnlctice, before this 
point is reached, vented delays are used. The~e 
designs are usually more reproducible in function· 
ing time than obturated delays bec<lllse the tol· 
erances in internal volume, size of priming charge 
and gaseous impurities in the delay clement hilVe a 
cumulative effect of varying pressure and. hence, 
burning rate ofthe delay columns of ohturated items. 

Vents must be kept closed until the device~ ~lrc 
fired to protect primer and delay column from mois­
ture and other atmospheric deterioration. Figure 
43~ shows two means for sealing vents, (a) coveling 
them with disks, and (b) providing a s.9fLQJug to 
blowout under the action of the primer. 

c. Rill!? F,vpe Delay. The ring type delay is a special 
type of vented delay and is therefore discu:-'!oicd 
separately. The delay consists of a column of black 
powder which is wound through the fuze cnvlly 
(Fig. 44.1). The ring type delay is generally so largl: 
as to comprise a large part of a fuze. -I he delay 
time of the M54 fuze can be set at any uesired 
v<tluc from 0.4 to 25 seconds by rotating the !,;ali­
brated ring, thus v<trying the length of the delay 
train which must be traversed by the O<tmc hetween 
the primer and the output charge. 
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J. Delays Achiel'ed by Merhods Orher than Con­
trolled Rale Bl/minK. Ignition 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 a baffle 
with relatively small ports, to delay initiation of the 
relay until sufficient gas has passed through the 
ports, was not successful.4 

The pressure evolved by burning black powder 
can be utilized to give delays in the order of one to 
six milliseconds. The prinr.:iplc inyolvc~ a rapid 
build·up in pressure and terminates in the rupture 
of a disk. Designs based on this principle can be 
vented or obturated. Figure 451< shows a delay 
based on this principle, using a vented type with 
baffle. 

59. Relays 

The output charge of a delay element is usually 
a relay. The relay can con ... ist simply of the last 
charge increment in the delay element, or it can be 
a separate component inserted into the delay 
assembly. As separate components, relays are also 
used in other parts of the explosive tnlin. Typical 
relays are shown in Figure 46. 
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Figu ... 44. Fuze 10154 

The input characteristics are essentially those 
of a flash detonator (see Paragraph 49) while the 
output chClracteris!ics r..:an be those of a primer or 
a detonator as desired (see Paragraphs 51 and 52). 

The usual relay consi~ts of a cup into which 
lead azide i~ pre~sed at 10,000 p~i. In ~orne relays. 
a sealing disk is crimped over the open end while 
in other~. the end is left open, but the skirt left by 
partial filling is crimped to an angle. When such 
relays are inserted into delay elements and crimped 
in place, the crimp is compressed just sufficieRtw _ 
to result in a firm and snug fit. 

B, DELAY COMPOSITIONS 

60. Gas Producing Delay Charges 

u. LowlillK Pressure. Since the burning of gas 
producing materials depends upon lhu transfer of 
heat between the gaseous reaction products and the 
solid, the burning rate is a direct function of pre~­
sure. Thus, the delay' times of such delays are 
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Figu~ 46. TYP;(II/ hp/o.iv .. Ih,/e>y$ 

greatly influenced by all factors which affect the 
gas pressure at the burning surface. The burning 
surface, of course, is all sutiace exposed to the gas, 
including that of pores and cracks which the gas 
may penetrate. The largest class of gas producing 
delays are black powder elements," 

Reproducible behavior of any delay requires 
that it burn a~ a continuous homogeneous :-.ub­
~tance. Porosity can result in a discontinuous 
relationship hetween interface pressure (lOU burn­
ing rate. Hlack powder delays are therefore loaded 
al 60,000 psi or more. When a lnng column is 
required, it is pressed in increments, each pellet 
being no longer than its diameter (see Paragraph 95). 

b. Pcf{ct SI/pporr. As a gas producing delay burns, 
the surface in frictional contact with the walls 

diminishes while (in the case of an obturated delay) 
the pressure increases. The point at which a 
cylindrical pellet would break free and initiate the 
relay would be determim:d by such random con­
siderations as surface roughness. The time of 
breakthrough is made more definite by pressing an 
acceleration cavity in the output end of the pellet. 
The pellet is ~upported by a washer or the ·relay 
detonator cup (Fig. 47"). 

c. E..ffecl.\· (!I" Moisture lind Tl!mpCl"(liur('. J'he 
effect of moisture on the burning rate of blac" 
powJer is quite complex. For this reason, black 
powder delay elements must be kept dry. Effect~ 
of temperature extremes on perfurmance of blac" 
powder delay clements vary appreciably from one 
delay to another, The spread of data almo,,! invari­
ably increases at extreme temperatures. I t may be 
suspected that these variations are related to subtle 
design details. 

d. Obturated Deluys. In an Obturated system, the 
pressure in the enclosed free volume is increased, 
quickly at first, by the primer or flash charge and 
then progressively by the gas libenlleu hy the 
burning of the Jclay column. The result is that the 
burning rate (which is usual1y nearly proportional 
to pressure) accelerates continuously. The time 
does not increase directly with the column length 
unless the free volume is also increased. This 
requirement for a volume more or less proportional 
to the delay time limits obtur<lted g<l.~ producing 
delays to <lbout 0.4 seconds with the common 
diameter columns of 0.1 to 0.125 inch. The delay 
time of an obturated delay element, in addition to 
its direct relationship to the free volume. is in­
versely related to the gas volume and heat of 
explosion of the primer (Fig. 4ts~), 

If the pressure rise in an obturated system i~ 
sufficient to cause bursting or signilicant leakage, 
the time will be greatly increased or the item m<ly 
not burn through. The pressure may be calculated 
from thermodynamic consideration of h6i:t and gel" 
volume liberated by the primer and delay column 
and the en dosed free volume in which the ga"e~ 
are confined. For design test pUI'poses. the follow· 
ing equation gives a reasonable estimate 

(36) 

Where the pressure P is in pounds per square inch, 
the weights of the priming composition W" and the 
delay composition W <I are in milligrams and the 
enclosed free volume V is in cubic inches. 
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III 

l!. Vented Delays. The burning rate of a gas 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 65,000 psi, burns at an inverse rate of 
about 5.5 seconds per inch. 

When mounted in fuzes, vented delays must 
be located so as to vent to the outside 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 gaseous combustion products 
on these cumponents. Since the behavior of black 
powder is adversely affected by moisture, vents 
must be sealed until the delay is initiated. Two 
methods of sealing are shown in Figure 43. 

61. Ga,less Delay Charge, 

u. Deluy Compositions. The limitations of gas 
producing delay compositions and the inherent 
problems associated with their design have led lu 
the development of gas less delay mixes. It is pos­
sible to write stoichiometric equatiuns for many 
highly exothermal reactions which produce no 
gaseous products. A large number of these have 
been considered and many subjected 10 experi· 
mental investigations.5•H However. most of them 
have been discarded for one or another of the 
following reasons 

(a) Erratic burning rates, 
(b) Too large column diameter necessary for 

reliable propagation, 

rate, 
(c) Large temperature coefficient of burning 

(d) Failure at low temperatures, 
(e) Hygroscopicity, 
CO Rapid deterioration, 
(g) Unavailability of reproducible supply of 

raw materials, 
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(h) Large pressure coefficient of burning rate, 
(i) Failure at low pressure, or 

TABlE 32. GASLESS DELAY COMPOSITIONS IN CU9:RENT USE 

FilI'I Oxidufli f '''.,-{ 

BOT(ln Bllrium Chromio;: Nunc 
chromate oxide 

4 to II 89 to 96 
13 to 15 40 to 44 41 to 46 

Manganese Barium Lead None 
chromate I;hromalc 

45 to 30 o to 40 15 to 70 
201050 70 to 40 10 None 

Molybdt:num Barium Potassium 
chromate perchlorate 

20 to 30 701060 IU 

Ni-Zr Barium Potassium None 
Alloy chromate perchlorate 

6U 14 
Ni·Zr Mix Barium Pota~~jum None 

chromate perchlorate 
5131 22 42 
_~117 70 8 

Selenium BUTllifli Tak 
Peroxide 0.5 (added) 

R4 " Selenium BaO, Tin/lead alloy 
2U 80 puwuer 

( 15/85) 
20 

Silicon Red lead Celue 
20 80 01;1)(. g part~ 

by weight 

TlIng~ten Barium Pota,~ium DialnmaceoLi' 
chromll1e perchlorate earth 

27 10 39 591046 9.6 5 to 12 
3910 87 46 to 5 4.8 3 10 10 

Zirconium Lead None 
uioJo.ide 
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0) Reaction products liquid or otherwise stltr--'~ 
jed to movement from acceleration during burning. 

Table 32 lists the gasless delay cumbinations 
in current use. The range of compositions given for 
some of the combinations allows for adjustment of 
the burning rates over wide ranges. 

h, IRl1itiol1 P(}wders. A column of gasless delay 
.:omposition is usually preceded by a chargt: of 
igniter mix. Igniters are necessary when the delay 
compositions are too insensitive to be initiated 
directly by the agent used in the particular applica­
tiun. Table 33 gives the compositions of igniter 
mixes used in gasless delay elements. 

TABLE 33. IGNITION POWDERS FOR GASLESS DELAY ELEMENTS 

Fuel 

Boron (30) 
Boroll (10) 
Zirconillm (41) 

Zirco~ium (05) 

Oxidal1t 

Lead peroxide (70) 
Barium chromale (90) 
Ferric oxide (49) 

Ferric oxide (25) 

Zirconium (331 rerne oxiuc I~O) 
Titanillm (17) 

Iner! 

Diatomaceous (lu) 
earth 
Diatomaceoll~ (10) 
e~rlh 
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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 re<ldily ignitible. 

c. Properties of Delay and if,;l1ifion Powders. In 
additiun to burning rates, 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 properties, it should be stressed 
that they are affected by such variables as particle 
size. particle size distribution, intimacy and uni­
formity of mixture, relative distribution of com­
ponents of a mixture, and impurities which Clre not 
readily detectable. To control these variables, 
relatively elaborate procedures have been estab­
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 similar 
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. 

(I) BurninK Rates. Table 34 9 gives the ranges of 
burning rates of current gasless delay compositions. 
The variation of burning time within a lot of delay 
clements is expressed as a coefficient of variatioJl, 
the standard deviation of the burning time expressed 
as a percentage of the total burning lime. Under 
controlled laboratory conditions. the coefficients of 
variation of most of the materials listed are three 
percent or less. 

Lot-to-lot variability may be compensated by 
adjusting the length of the delay column for each 
new lot of delay composition or by adding appropri­
ate ingredients and remixing to speed up or slow 
down the mixture. Variation may be greatly reduced 
by careful control of raw materials and preparation 
procedures. 

Coefficients of variation as small as three 
percent can no! be expected in practical delay 
elemenh. Variations in other components than the 
delay column contribute to the variability. In 
general, these other variations affect the shorter 
delays most seriously. 

(2) Effects (~r Temperatllre and Srorug(', Since the 
burning of a pyrotechnic dday composition i~ 
essentially a heat transfer process and since the 
peak temperatures are lower than those of most 
explosive reactions, it i)' to be expected that 
temperatures of -65"F to -I-125°F, the usually 
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TABLE 34. BURNING RATES OF GASLESS DELAY COMPOSITIONS 

Approximate 
/nv",>!' 

Bumirlg Rale 
Comp(>.filion- Doigf!(l/iof! (sn'jin) 

BuCrO.ICr,O,/B 4.5-8.5 
44/41/1S 4.5 
44/42/!4 6.5 
41/44/13 8.5 

BaCrO.IB 
(amorphous) (U·3.5 
(crystalline) 9-12.5 
95/5 1.5 
90/10 0.6 

BlICrO,jKCIO,/W 
40/10/50 12.5 
70/10/20 41 

BuC rO.1 KC10./( Zr· N i )(al1oy~) 3-11 
60/14/9(70-JO)/17(30-70) Type II 6 
60/14/3 (70- )0)/23(3 0/70) Type 1[1 " BaCrO,IPbCrO,/Mn 0-16 2.5-12.5 
0/45155 2.17 
30133/37 9.45 
30/33/37 16.58 

BaO./Se/Talc 2.J 
84/16/0.5 added 

Red Lead/Si/Celite 4·11 
80/2013 to 7 added 

PbO./Zr 28/72 <0.5 

Zr/Ni/BaCrQ,/KCIO, 
5/31/42/22 T·2 6.5 
5/17170/8 Hp·25 17.8 

·Number~ given are percentages 

specified operating range of military materiel, 
should have a significant effect. In general. the 
elfect is more than is desirable. experimental result\ 
ranging up to 25% variation. 

A number of delay compositions have been 
stored at both high and low humidity.9 All thosc 
tested survived the low humidity storage without 
failure whereas a number of mixes failcd after high 
humidity storage. It was concluded thQt the mixes 
will survive storage in well sealed packages. Elfect 
of surveillance on burning rates was im:un~istent, 
some mixes slowing down 6% while others acceler· 
ated lip to 30%. It is not clear whether the tests 
demonstrated the effectiveness of the seal or thc 
moisture resistance of the uelay composition. 
(3) E.trf'cts 4 Reduced Pressure. In some applica­
tions, vented delay systems are required to operate 
at high altitudes. Many compositions are affected 
appreciahly at low pressures. Some of the slower 
mixes with crystalline boron, for example. couldn't 
be initiated at pressures less than 50 to 200 mm. 
One molybdenum mix at 40 mm, the lowest pres­
sure at which it would ignite, doubled its burn­
ing time as compared with normal atmospheric 
conditions. 
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(4) Ejj'ec/s ojAcc(!{eration. Delay elements are often 
subjected to very high accelerations while the delay 
composition is burning. If the structure of the 
material at or behind the reaction front is too weak, 
the accelerations may cause the hot products to 
lose contact with the unburned delay compositton--~ 
or a subsequent charge, and extinguish the reaction. 

Although quantitative data regarding the 
resistance of delay compositions to this type of 
failure are not available, the "slag retention," the 
fraction of the weight of the original charge remain­
ing in an opcn ended delay column after functioning. 
has been used as a qualitative indication of this 
property and the relative gaslessness of the com­
position. Slag retentions are in the following 
descending order: 0-16. > 95%; Red lead, 90%-
95%; HP-25, 90%; tungsten, > 88%; Ni/Zr. 
80%-90%; Boron. 50%-90%. 
(5) Particle Size. The effect of particle size on the 
inverse burning rates of delay compositions is 
nearly direct. In addition to increasing the burning 
rate (faster burning), reduction of the particle sil:t: 
tends to reduce the effects of temperature and 
pressure. 

d. Del'ign, Fabrication, and Loudin!? An ideal 
delay composition would be a material which, once 
ignited, would burn at a uniform rate which is 
independent of all surrounding conditions. This 
ideal has nol been attained. Reasonable perform­
ance of a delay element demands that the design 
take into account the effects of variou'i conditions 
upon the behavior of the composition. 
(I) LO/JdiIlK PrCHlfre. Data relating burning rate to 
density for harium chromate/boron composition:., 
are given in Table 35. Similar results will not 
neccs:.,arily be found with other composititJm. The 
rather small and systematic change of burning rate 
with loading pressure sugge:.,ts that considerable 
latitude is available to the designer and that adimt­
men! of pressure might be a convenient way to 
compensale for lot-to-Iot variatiom in burning rate. 
However, con:.,ideration\ of ruggedness have rc­
~u1ted in the practice of loading gas less delays at 
pressures hetween 30.000 and 40.000 psi. In thi\ 
respect. it should be borne in mind that a crack in a 
delay column can result in a '"blow through" and 
instantaneolls functioning. For best results. delay 
columns and igniter charges should be loaded 10 

increments not over one-half diameter long. 
(2) COIIIIIIII Di(lmeler. Radial losses of heat can 
retard or extinguish the burning of a delay column. 
Sm:h losses, of course. become more seri(}u~ a.., the 
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TABLE 35. IiFFECT OF LOADING PRESSURE ON BClCr04·B COMPOSITIONS 

Loadmg Pre.I'J'Uff: (10' p,l;) 
95/5 BaCrO.-B J6 /8 

Mean burning rate (sec/inch) 1.69 1.60 
Mean burning rute (sec/gmm) 0.648 0.655 
% Coefficient of Variation 1.2 0.6 

90/10 BuCrO.-B 

Mean burning rate (sec/inch) 0.670 0.653 
Mean cuming rale (sec/gram) 0,272 0.276 
% Coefficient of Variation 1.5 0.9 

column diameter, burning rate and ambient tern· 
perature are reduced, and these effects combine to 
result in a failure diameter associated with delay 
mix: and temperature. For the manganese comrosi· 
tions at ~65°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 
0.156 inch, while for a 12.5 secondlinch composi­
tion, the failure diameter is between 0.156 ami 
0.203 inch. It is believed that for practical delay 
mixtures and at - 65°F, the qUMter-inch diameter 
usually used is well above the failure diameter. 
(3) Wall Thickness. The body into which a delay i" 
loaded serves as a heat sink. Metals in general are 
much better conductors of heat than is the delay 
composition. Delay columns close to their low 
temperature failure diameters tend to have larger 
thermal coefficients as the surrounding wall thick­
ness is increased. For materillis well lIbovc their 
failure diameters, the effect of wall thickness 
becomes less important. It has been sugge~ted that 
a body with very thin walls of a good thermal con­
ductor might accelerate burning by preheating the 
column ahead of the burning front. lIl 

The strength of the delay body can be im­
portant. Yielding under the loading pressure has 
been found to result in erratic delay times. l ! Stress 
analysis of the body as a tube stressed hydraulically 
is a conservative means of assuring lid equate 
strength. However, experience indicates that delay 
bodies will usually give satisfactory results under 
conditions such thaI calculated stress i~ well beyond 
the yield point. 

C. DESIGN PRINCIPLES 

62. Obturated vs. Vented Design 

The harmful effects of moisture and other 
atmospheric gase~ make sellled delay clements 
desirable in all cases and mandatory for situations 
where an element which must b'~ exposed to normal 

9 36 f.j 0.5 

1.49 J.39 1.29 1.21 
0.645 0.642 0.646 0.693 
0.7 0.7 0.8 0.8 

0.619 0.586 0.~58 0.544 
0.280 0.21'17 0.297 0.309 
11 1.6 2.0 I.' 

storage and handling conditions contains materials 
which fail after humid surveillance. Obturated 
delays are inherently sealed. 

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

The term gasless must not be taken literally. 
Gasless delay compositions rroduce some gas, 
chiefly as a result of impurities. Ga:-. quantity is 
much less predictable than that of gaseous delays. 
For this reason, it is the best practice to use an 
internal volume large enough so that the elTect of 
pressure build-up on the delay time is negligible 
This is quite practical in relatively short delays. 
However. as the length. and consequently the 
(lmotmt of delay powder increases. the required 
free volume also increases, so a delay element can 
gct quite bulky. Such considerations often drive 
the designer to the use of (I vented systcm. 

63. Design Rules of Thumb 

Because delay compositions are metuswble 
materials containing all ingredients necessary for 
self propagating reaction, their burning is met::lst<l­
ble. The effect of any factor which tends to .:ause 
an increase or decre(lse in burning rate is exag· 
gerated. For this reason. satisfactory performance 
requires accurate control of all such factors. Conlrol 
must be maintained from the procurement of raw 
materials until the weapon, of which the delay is (I 

component, reaches its target. The following rules 
should govern the designer 

(a) Use delay compositions prepared by a well 
established procedure from ingredients of known 
(lnd controlled ch(lracleristics. 

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

(c) Where obturated constru-ction is imprac­
tical, use n seal which opens at ignition. 
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(d) If a sealed unit is not practical, use delay 
compositions of tlemonstrated resistance to con­
ditions of high humidity. 

(e) Calculate the effect of cumulative toler­
ances upon such pertinent factors as internal free 
volume. 

(f) Provide for adequate free volume in ob­
turated units. 

(g) Analyze stresses induced by both internal 
and external forces which may be anticipated dur­
ing loading, shipping, launching and operation. 

(h) Make sure that all components will survive 

these stresses taking into aC(.:Ollnt the elevated 
temperatures which result from burning oflhe delay 
column. 

0) Specify adequate loading pres~ures (at 
Ica.~t 60,000 psi for gas producing composition~ 
and at least 30,000 psi for gasless delay powders), 
and short enough increments (one-half diameter). 

U) Provide ror proper support of delay column. 
(k) Use diameters well above failure diameter 

at -65°F. (Usual practice is 0.2 or 0.25 inch for 
gasless mixtures; 0.1 or O. J 25 inch for bla!.:k 
powder.) 

REFERENCES 

CHAPTER 6 

a-i Lettered references are li~;(ed in Paragraph 12 
(end of ChClpler I). 

l. H. S. Leopold and E. E. Kilmer, A II /""""i!galillll lir J lIi('''''''/ 
Vel!liJlII jr!r Delay AnUa/or,1, (V). Naval Orunance labo· 
ratory (While Oak), NAVORD Repon 5724. 10 Seplemher 
1957 (C<mfiueotial). 

2, D. E. Seeger and R, E. Tr~wnil, /)n'("/of!IJI"1I1 vI l/ie 5() 
Mmi,~"("()lId-f)('/"y T65 E/eCllic VCIOIIa(OI' (U I. PI~'alinny 
Ar,emd Tedlni...-al Report 2.<94. April 1954 (Contidcntmll, 

3. TM ')-13UU·203. A mmllllilioll lor A llilll!l"l'II(fi, Tllnt ,4 illi­
t(m!.., and Fi~/J Artillery Weapon.!', iJepartment of the Army. 
AU~Ll~t 1960, 

4, J. Squier and L. Zernow. Short Dc/IIY Baff/(· Ddo/lliion f,Jr 
Aliliaircr(lft (""IIIMi FII'l'.I'. Aberdecn I'roving Ground. 
BKL Rep(Jrl 690. February 1949, 

5. David Han. l.,m/<·Rm1I1f Vl'I'e/op"J(.'11I of Dr/II.'" POH'd('l".1 
for AmmuliitiotJ Fllzr Appli,.",ioll. Picatinny Ar,cnal Tc~h· 
ni~al R~purt 1733,7 June 1949, 

88 

6. Burton Werbel. Vl'I'c/OPIIIl'lIi of Ddal' POll'der.1 Picatinnv 
Ar~enal Technical Report 2249. September 1':155. 

7. R. Comyn and R. Dwiggins, SlIrI'eillw!("l' ("llImn/NiHi,.", 
of Glls/n.1 fllnilers. Naval On.lnunce Laboratory (White' 
Oak). NAVORD Report 1774. 14 March 1~51. 

8. E.ff('ct '~f' !."odin/{ V"rioh/,..I OIJ I"~ RUfilill/{ C/wl"oClrri,l"Ii(, 
of DeI(fY P",,,,h'I",I, NQval Ordnance L~horatory {White 
Oak I, NAVORIJ Rcp()rt 2262. December 1951. 

9. M. r. Murphy, A ("ol11prlrllfil'/' SlIId." (ir F!I'{' P."I'mfelll!!( 
Ddll.\· C"'JIIJ(J,liliofl,l. N,;val Ordnance l.ahorarory (While 
Oak). NAVORD Repurt 5671, 2 April 195H. 

10. Fl, A. Flreslow and R. K. Blanche. Sr .. ih'I'ffopl1l('lr/ (~f II 
Shor/·n",,· Inl"rwd Fu~" n,'lay FoI"""'III .lin' 2.75-;11<11 
"'o/dill/< fill AirCI"{,fl Rockel. Nav!\1 OnJm\T1l:e Test St;ttion, 
NAVORn BY\' May 1954. 

II. E. E, Kilm~r. Tile 11<'\'('/0{)II1<'1I1 o( II,,, XE·57R nel(l\ 
I'l'im,·r.!i'I·llIe I'ilkel Bool Deptli ("IIM,!.;C Pis/of f VI. ;>;aval 
Ordn,tilce Laboratory (White Oak), ?-;AYORD Report 
6092. 13 O~tllb~r 1958 (Confidential), 



• 

• 

• 

CHAPTER 7 

LEADS AND BOOSTERS 

A.. DESCRIPTION 

64. General 

Leads and boosters are those components of 
the explosive train whose function is the trans· 
mission of the detonation established by the detona­
lor and ils augmentation to a level such that the 
main charge is initiated reliably, rhey are the most 
nexible lools of tht.: c.\plosive train designer amI 
they are the components most influenced in opera­
tion by his dedsion regarding the design of inert 
parts. They are relatively simple in function and 
fabrication. 

The explosive contained in u booster is called 
a hooq(.:r char!:(c. I n common usage, the IeI'm 
booster c!Jarge is abbreviated to hoosIer. Adually, 
a booster consists of a housing nnd other metal 
parts, the booster charge ami, as a special fealure, 
an auxiliary arming device. We are concerned here 
only with buosler chargc~. 

figures 49 to 51 are sectional views of typical 
military item)' which illustrate the usc of leads and 
boosters. Figure 49 1 shows a complete booster, the 
:-.121 A4, which is employed with point detonating 
fuzes to effect the functioning of projectiles_ It is 
typical of boosters used in artillery projectiles. The 
external threads screw into the projectile ~o that 
the boo<;\er rests in the fuze well. The internal 
thread), hold the nose fuze, one of the \148 family. 

The booster consists of two parts which thread 
together, (a) the booster charge I\.'(a tetryl pellet) 
held in the aluminum booster eup M and (h) the 
brass housing A which contains detonator L. lead 
L. and a rotor as well as a vmiety of pins and 
springs which make up the auxiliary arming devil·e. 
It is the purpose of the auxiliary ,Irming devke lO 
prevent initiation 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 line with the fUle 

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

Figure 50 2 illustrates the us.e of boosters in 
spit-back systems. Two booster charge~ arc re­
quired for this application. the donor (auxiliary 
booster) at the end of the fU7e cxplo~ive train and 
the receiver (booster) "t the bottom oflhe projectile 
cavity. Operation of this fuze is di~cusseJ in 
Paragraph 71. 

Finally, Figure 5!<i shows a lypic.1I ~11l111J 
caliber fuze with booster charge. Becau~e of the 
compactness of the 20mm fuze, no lead is requin.:d 
When the fuze is armed, the firing pin initiate~ thc 
detonator which sets off the booster directly. This 
figure illustrates that boo~tcr design is nut hard and 
fast Here the booster acts as a lead wbik_t.he top· 
orT chargl.: loaded into the projectile acts a)' ,l 
boo~ter (see also Figure I). 

65. Functions 

(I. Leads. In sume l.:onstructions, the separation 
between detonator and the next chi.'1rge mi.ly be 
short, while in others, the detonator is mounteu 
remotely from the boosler. A lead i~ llsed to tran~­
mil the detonation from detonator to booster when 
the gHp i~ 100 large for direct tran~rni ... \ion. Lcad~ 
are also used when complexity or safety of the 
train demands them. These variom circum<;tancc~ 
have resulted in the evolutlon of a wide variety of 
leads. Some are simple cylindrical chl\rge~ of 
relatively small length-ta-diameter rati()~ <lnd 
others are quite long. Some transmit detonation 
around corners or angles and others are f'le\ible. 

While the funclion of a lead i" merely the 
transmission of a detonation. in practice le,'Ids are 
often u),ed to augment the output of detonator\. 
This is done because. for re<tson<; discu~st'd in 
Paragraphs 24 and 25. booster\ are generall) 
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Figu,.. 49. Boolfer (M21 A4) 

harder to initiate than leads and because leads are 
often called upon to initiate subsequent charges 
across large gaps or through heavy barriers. On the 
other hand, it is possible to design detonators with 
output adequCltc [or the direct initiation of boosters, 
even where gaps are appreciable. In fuzes fOf'small 
arms, leads are usually not necessary (see Fig. 5), 

b. Booslers. The main charges of high explosive 
materiel afC a" insensitive as it is practical to make 
them. Detonators and leads are as smilll as is con­
sistent with reliability. In general. neither detonators 
nor leads are in themselves sufficient to initiate 
main charge explosives reliably. Hoosters are 
elements of sufficient output to detonate main 
charges reliably when initiated by detonators or 
leads. Hence, the main function of the booster is 
to augment the detonation wave. 

BOOSTER (BARE PB~RDX PELLET) 

MAIN CHARGE 

Generally, hoosters are loaded with the samc 
or similar explosives to those used in the base 
charges of detonalors and in le<lds. Therefore. their 
intensity ,IS characterizcu by velocity of prupag<l' 
lion. pressure. temperature and particle velocity )s 
not distinguished from that of detonators and leads. 
However. since the bOll~ter charge is l.lrger. its 
output i~ correspondingly greater. The fum:tion of 
a booster is to establish in the majn charge a 
detonation wave whose dimensions are large corn­
pared with the reaction zone length of the main 
charge explosive materilil. 

bb. Explosives 

For many years tetryl was the standard lead 
and booster explosive. It is still in more common 
use in leads and boosters than any other explosive. 
In recent years, the use of other explosives. (parttt..'U"=' -
larly RDX and some of its mixtures) has been 
found advantageous for some applications. Many 
of the prindpal rules of thumb, practices. and pro­
cedures which serve as guides in the design and 
loading of explosive components and systems 
derive in part from the properties of tetryl. For thi::. 
reason. tetryl has served as a standard of compari­
son for booster explosives and the development of 
some materi<lls has been a deliberate effort tu 
match its properties. 

An essential 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 to detonate 
reliably when initiated by means of a detonator or 
explosive lead. Thus, maximum amI minimum 
allowable limits of sensitivity must be closer lu-

AUXILIARY BOOSTER MI22 

DETONATOR 

SPIT-BACK TUllE LEAO 

Figure SO. 2.75·in. HEAT R<><ket with Spit·8C1~k EKplosive System 
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gether for lead or booster explosive than for other 
explosives. Considerations of design economy and 
of safety and reliability determinations tend to 
compress these limits still further. 

The explosive material used in the booster is 
somewhat more sensitive than the main charge, 
is smaller than the main charge and is less sensitive 
than the previous explosive componcnb. It should 
be remembered that initiation sensitivity is a func­
tion of a number of variables of thc experimental 
system including the agency of energy transfer, the 
confinement of the explor-.ive elements. the state of 
aggregation of the explosive and the dimensions of 
the explosive elements. The effects of these vari­
ables interact to make quantitative prediction diffi­
cult unless the experiment is a reasonably accurate 
simulation of the conditions of use. Fortunately. 
the design and loading practices for leads and 
boosters arc well enough standardized (hat a 
relatively modest test schedule can he devised to 
include conditions representative of all but highly 
specialized applications. 

Table 13 is a Jist of the sensitivities of various 
booster explosives as measured by several tech­
niques. for comparison, a few typical main charge 
explosives have been included. Note that (he 
presence of one or two percent of calcium stearate 
or wax has an adverse effet:t upon the sensitivity of 

RDX to initiation. Some designers have considered 
these materials only as binder-lubricants for the 
improvement of loading properties, overlooking 
their effects upon sensitivity. For this reason. 
notations appear in drawings or specifications indi­
cating that "up to I percent" of these ·rnaterials 
may be added. The variation allowed by such 
notations can result in a change in gap scn~itivity 
by a faclor of three or four. This is sufficient to 
make the difference between a highly reliable 
system and one which is almost completely 
inoperable. 

In choosing an explosive material for a booster. 
both the design of inert parts and special environ­
mental conditions associated with the application 
must be considered. Sensitivity and output of 
explosives may be adjusted by varying their loading 
densities. Thus, in ;some applications, substitution 
is possible, without adverse effects upon established 
safety or reliability level;s if the designer is free (0 

;specify the loading density of the substituted 
explosive. However, the loading pressure needed 
to attain the necessary density may exceed the 
strength of the container. On the other hand. if the 
necessary density is too low. the explosive may be 
subject to breakage. crumbling or to other mechan­
ical failure. 

The need to consider cook-off and thermal 
decomposition at high temperatures is obviolls. In 
the case of leads and boosters, the effects of tem­
perature extreme'> upon explosive properties. in 
particular upon sensitivity, may be more serious 
than in other explosive charges. As is shown in 
Paragraphs 36-3R, these effects can be quite large. 
In these respects, RDX and many of its mixture.~, 
particularly when plastic bonded,~ are markedly 
superior to tetry!. 

Most bomtt:rs arc pressed us pellets. Tetry·1 
has highly desir<tble properties for these purposes. 
It flow:., freely through the hoppers of autornati.: 
pelleting machines (in particular if one or two 
percent of graphite or a stearate aft: added) and. 
when loaded at tht: u:.,ual 10,000 psi. forms a pellet 
~umciently firm and strong to with~tanu the han­
dling nece~sary between pelletlng and insertion 
in the booster cup. Pure RDX. on the other hand. 
forms low uenr-.ity. crumbly. pellets when pre:.,~cu 
at this pressure. and, <tt high pressures. the pellet<; 
an~ so brittle th<tt they often break as the} are 
pushed from the die. RDX Class C W<tS developed 
to alleviate this difficulty, which may be further 
reduced by the addition of one or two pert:cnl of 
a binder-lubricant. 
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Polystyrene bonded RDX (PB-RDX) was 
originally intended as a compound for hot molding 
as a plastic. However, it can be press loaded at 
ordinary room temperatures 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 explosive. The sensi­
tivity of P8-RDX. when pressed at similar pres­
sures. is almost identical with that of other booster 
explosives. while its output closely resembles that 
of letryl. I mprovcd physical properties and output 
can be obtained by hot pressing, higher loading 
pressures, or both. but at the expense of somewhat 
reduced initiation sensitivity. 

B. DESIGN CONSIDERATIONS 

67. Relation to Fuze De~i9n 

As fuze components, dimensions of le"ds "nd 
boostcrs are largely determined by the necessities 
of fuze design. Simil"rly, the mech,mical design of 
the fuze in which it is used is one of the important 
governing factors in the confinement afforded an 
item of this type. The fact of the matter is that the 
design of leads and boosters interacts with the 
mechanical design of fuzes to such an extcnt that 
the most practical arrangement is usually that in 
which these items are designed by the fu;.'e dc:-.igncr. 

The design of leads and boosters is not as 
complex as that of initiators. For this rcason, many 
past designs have been evolved by copying a previ­
ous design which served its purpose satisfactorily. 
There is nothing wrong with such an approach 
provided improvements are added when possible, 
cme is takcn not to perpetuate errors and due con­
sideration is given to safety and reliahility. Sin!.:c 
lead and booster layout and materials affect other 
fuze design features to a large cxtcnt. it is best to 
give them careful consideration in early design 
stages hefore major dimensions are frozen. In the 
case of leads, standards have been esi<lbli;.hcu for 
dimensions and cups.~ 

68, Leads 

(I. LCflf;fth. When a lead is initiated by a detonator 
or another lead with a metal covered output end, 
some increase in the reliability with whkh it will he 
initiated may be attained by reducing its length to 
allow for a gap <it its n::ceiving end. Where it has a 
closure at the output end, a small gap at this end 
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may also increase the reliability with which it will 
initi<ite the succeeding clement. Although a number 
of investigators have noted that detonation is more 
effectively transmitted by moving fragments than 
by shock, flame, or even by the direct contact of 
detonating explosive, the permutations of variables 
are so numerous as to have uiscuuragcd a quantita­
tive study of their interactions to affect reliability. 
Optimum gaps between detonator:'. and leads 
ranging from 0.03 inch to 0.125 inch have been 
observed. 

Where a lead is used to augment the output of 
a relatively mild detonator or where it is initiated 
fur lise under adverse conuitions such as across a 
large gap or through a heavy barrier, it may be 
nccc:'.sary to make leads longer than they would 
be just for transmission. It has been found that the 
output of a lead which detonates high order for 
most of its length reaches a point of diminishing 
returns when the length is about four or five diam­
eters or more. The growth of detonation in mar­
ginally initiated leads has been observed to take 
plllce over <lS many as fifteen diameters but the 
reproducibility of this process is not well enough 
established to be relied upon. even if ~ystems 
involving such gradual growth in leads had attrac­
tive design possibilities. At the present state 01' the 
art, the only valid reason for use of a lead more 
than four diameters long is the ne<.:es;.ity <irbing 
from the mechanical separation of the components 
which it connects. 

h. f);omeler (llId Confinemenl. The most usual 
combination of lead diameter and confinement in 
military usagc is an explosive column between 
0.150 and 0.160 inch diameter, heavily confined 
in brass or steel. Figure 49 is an example of such a 
uc~ign. Failure diameters are listed in Table 36. 

As is indicated in Paragraph 25. the most reli­
ahIc tran;.mi;.sion of detonation between a detonator 
and a confined lead O\:\:lIr~ when the lead is I.:lo;.,c 
to the same diameter or slightly smaller in diameter 
than the udonator. Since a common diameter of 
detonators in military use is 0.[92 inch O.D. and 
about 0.172 inch I. D" 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 it is. present 
practices arc close 10 ideal. 

The importance of diameter and gap to ~cn~i­
tivity i:'. illustrated for idealized acceptors similar 
to leads in Figure 12. Effect of gap and confine-
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TABLE 36. FAilURE DIAMETERS OF LEAD AND BOOSTER EXPLOSIVES (INCH) 

F"bflc 
Confi,lemmi 

lIeal'Y 
(Delonming Aluminllm" Lead Brass 

Exp/o.lil'e Bore 

PETN 
RDX 

cord) 

0.06 

Lucile" (O.006 w(lll~) 

< 0.05 

(MDF) ur Slet·/" 

<0.01 <0.05 
<0.02 

RDX/Caicium Stearate 98/2 0.14·0.17 0.08-0.12 
Tetryl <0.50 
TNT (Granular) 0,.50-0,70 
TNT (BI'-) 

"Rd.4 
"Ref. .5 
e Ref. 6 

I!IARRIER CONFINEMENT 

NONE I ~U~ITE 

" NOlliE ALUM 
(AIR) BRASS 

STEEL m 
, , , 

0 " " " " '" " " <0 .. '" "" '" LENGTH {In) 

N::INE ; , 
~UCITE 

I' '7 STEEL ALUM 
e~ASS 

STEEL 

NONE 
LUCITE 

BRASS ALUM, 
BRASS 
STEEL " :: ! 

NONE 
LUCITE 

ALU~, ALUM, 
BRASS 
STEEL 

NONE 
LUCITE ." ALU~ 
BRASS 
STEEL 

o 01 02 03 04 O~ 06 07 oa ,09 10 
BARRIER THICKNESS lin.! 

STF.H DENT OUTPUT UST WITH TETRH lEJioDS, Ol691NCHES OD 
TI8U DElOIliATORS IN GROUPS OF 30 
MI,.'MUM DENT FOR H'GH ORDER DETONATION IS 00'5 'NCHES 

figure 52. Crili .. " Condition' for Detonalian af toad 

< 0.63 

" 

ment for actual service leads on initiation by 
detonators is shown in Figure 52. 

The effect of the wall thickness of a confining 
tube upon the initiation sensitivity of lealls or 
similar small columns, has not been quantitatively 
evaluated. In one experiment with 0.169-inch 
diameter leads, there was no significant difference 
resulting from confinements between 0.500 inch 
and 12.25 inch 0.0. 

An important aspect of lead confinement is the 
effect of clearance between the lead cup and the 
hule in which it is inserted. By resisting radial 
exp.msion, the confining mt:uium directs a larger 
frat:tion of the energy along the axis toward the 
booster. I n an experiment with a standard lead of 

0.10-0.13 < <l08 
0.50 <{}.IO 

<0.10 

0.171 inch nominal diameter, three groups were 
tested under identical conditiuns except for clear­
ance.' Of those with a snug fit, ten out of ten fired 
high order; of those with O.004·jnch diametral 
clearance, only four fired high order while all ten 
with 0.008 inch clearance failed. In view of these 
results, the designer has the following alternatives 

(a) Call for force fits of leads, 
(b) Load the cup in place. (This procedure is of 

value only when the loading pressure is sub­
stantially beyund the yield pressure of the cup), or 

(c) Evaluate reliability on the basis that only 
the lead cup provides confinement, and safety on 
the basis that the lead is well confined. 

The foregoing remarks regarding diameter and 
confinement of leads is intemled to apply to com­
mon arrangements where lead and booster are in 
contact or separated only by short gaps and thin 
diaphragms incidental to assembly and packaging 
within a single unit. If heavy batTiers are necessi­
tated by mechanical design or if lead and booster 
are mounted in separate structural units of a weapon 
system, larger leads should be used to insure 
reliability. 

69. Boosters 

In general, boosters are so large compared 
with the leads or detonators which initiate them 
that the initiation may be considered as a local 
action which is affected by neither dimensio"ns nor 
confinemenLH Their dimensions are ::'0 much largt:r 
than the failure diameters of the explosives with 
which they are loaded that neither dimensions no!' 
confinement are factors in propagation within a 
booster. All of the important effects of booster 
dimensions and confinement are those upon output. 

The function of a booster is, of course. to 
provide adequate output for the reliable initiation of 
the main charge. The size of booster needed to 
initiate a main charge, as pointed out in Paragraphs 
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24 and 25, depends not only upon the explosive 
material -of the main charge, but upon its confine­
ment, its state of aggregation as determined by 
manufacturing and loading procedures and comli­
tions and the location of the booster with respect 
to the main charge. 

Although the design of a fuze or booster may 
be made with one particular main charge design in 
mind, boosters should be made as large and effec­
tive as possible to allow for maximum interchange­
ability and for future 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 fill the whole round with a booster 
explosive and forget the booster?" This is essen­
tially the way some small caliber rounds are loaded. 
The ,so-called boosters of most 20mm fuzes (see 
Fig. 51) are closer to leads than to boosters in their 
size and function. For most high explosive materiel, 
however, the following motives apply for the reduc­
tion in the size of boosters so that the booster will 
be only a small fraction of main charge size. 

(a) Because of the greater 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 tend 
to increase with the mass of a charge as well as 
with the sensitivity of the explosive of which they 
are composed. 

(c) The larger the booster, the more it dis­
places of the main charge explosive, which was 
chosen for its special output properties. 

In general, the mechanical design of a fuze 
leaves a certain amount of the space in the fuze 
cavity vacant. If the designer tills this with as large 
a cylindrical peUet as practical, allowing for pack­
aging the pellet and stand-off, he will be doing as 
well as possible. In this case, boo~ter geometry is 
usually not critical. 

While it might be possihle to derive some 
notions from the data in Paragraph 19 regarding an 
ideal length-diameter ratio, if such a ratio is attained 
by reducing the quantity of explosive in the booster, 
the improved ratio will result in a less effective 
booster. 

The only reservation which might be expressed 
about filling the available space derives from the 
fact that metal fragments accclera:ed by the action 
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of the booster may be more effective 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 EHects 

The sensitivities of most explosives reach 
maxima at a specific den:sity range. The optimum 
density varies with the explosive material 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 generally loaded. For most 
practical purposes, the sensitivity of explosives to 
initiation may be considered to decrease with 
increasing density. Output, of course, increases 
with increasing density, the rate of the increase 
ranging from linear to !..:ubic 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 voidless (corresponding with 
loading pressures between 5,000 and 20,000 psi). 
Within this range, the designer may adjust densities 
to attain needed compromises between sensitivity 
and oulpul. If there is the need to employ explo­
sives loaded at den!iities appr!..:ciably outside this 
range, loading, handling and quality control prob­
lems discussed in Paragraphs 96 and 104 should 
be considered. 

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

The decrease in sensitivity with increasing 
density hecomes more abrupt as the void Jess density 
of an explosive is approached. Thus, small varia­
tions in density cause increasingly larger variation::. 
of sensitivity at very high densities. Before speci­
fying denSities in excess of 95 percent of voidless. 
a careful investigation should be made of factors 
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in fabrication and loading which can affect loading 
density to determine the maximum density which 
can be anticipated in production. It should be 
determined thai the preceding element is adequate 
for the initiation of lead or booster at this maXI~ 
mum density. 

71. Output Wave Profile 

The output wave profile of the usual cylindrical 
booster or lead is 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 input lead. For longer charges, the curva­
ture is determined by radial now and shock propaga­
tion as described in Paragraph 18. When the 
purpose of the lead or booster is only that of 
reliability initiating a subsequent charge, the gain 
in effectiveness which might result from a modifica­
tion of this profile will llsually be more than offset 
by the displacement of high performance explosive 
with lower performance explosive and inert mate­
rials used in such modification. However, main 
charges for many applications depend for their 
effectiveness upon the profiles of the wave fronts, 
which in turn are determined, at least in part, by 
the boosters which initiate them. 

The techniques for the design of charges for 
the control of wave front profiles are described in 
Paragraph 30. Charges of this kind are often called 
explosive lenses because of the close analogy 
between these techniques and those of geometrical 
optics. 

Most of the means used to shape W<lve pro­
files are present in all boosters. However, in most 
shaping applications in milit<lry 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 far as the booster is 
concerned, is that it initiates a wave with reproduci­
ble and symmetrical profile in the main charge. 
Variable or assymmetrical initiation will, of course, 
defeat the best efforts at wave shaping,9 

Two alternate means are available to the 
designer for the reduction of variability and dis­
tortion of the wave front induced in the main 
chdrge: (a) specification of precise controls. of all 
variables, or (b) design of a sy.,.tl:m to minimize 
their effects by the closest possible approach to the 
situation in which lead, booster and main charge 
form a continuum of explosive through which the 

wave propagates as a continuous detonation. Of 
these, the latter is usually the easiest and most 
satisf<lctory. 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 maIO 
charge explosive. 

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

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

(e) Use of explosives with the finest particle 
sizes available and compatible with reasonable 
loading procedures. ~_~. _ 

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

The shaped charge effect, as used in a H EAT 
round (see Paragraph 33) results in the concen­
tration of a substantial fraction of tht.: axial output 
of an explosive charge in a rather small diameter 
jet. In most situations found in explosive systems, 
little 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 spit-back fuze systems (Fig. 50), In a spit-back 
system, the target is sensed by a nose fuze which 
initiatcs a booster at the rear of the explosive 
charge. Initiation of the main charge from the rear 
is essential for satisfactory performance of the 
shaped main charge. Note that the shaped auxiliary 
booster has a hemispherical rather than a conical 
liner, so 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 slug or jet will be 
deflected by asymmetry of the liner or of the 
detonation front which projects it, close control 
is necessary of all dimensions of the auxiliary 
booster, of the fuze body which confines it. and in 
the loading procedure. In recent years, with the 
development of piezoelectric fuze sy~lem~. the 
interest in spit-back systems has waned. lfl 
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C, CONSTRUCTION AND FABRICATION 

72. Loading Techniques 

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

(a) Insertion of preformed pellets into con­
tainers, 

(b) Reconsolidation of preformed peliets to 
conform to containers, and 

(c) Direct pressing of powdered explosive into 
containers. 

Of the three common techniques, the tirst is 
the simplest and most economic<ll. Automatic 
machines are available which will produce pellets 
of any size suitable for use in leads or boosters. 
Mos.t pellets arc pressed at pressures between 
5000 and 20,000 psi or to corresponding densities. 
It is the usual practice to limit pellet lengths to 
about one diameter bec<luse large density differ­
ences from one end to another are probable in 
longer pellets. Of course, when thi'i technique is 
used, provision must be made for the retention of 
the pellets in their cavities. Clearances resulting 
from the accumulated tolemnces of the cups and 
containers. requiring the use of inert padding. such 
as cardboard and felt disks to fill these clearance~, 
may reduce the effectiveness of items loaded in 
this manner. 

The third method, that of lmlding the powder 
directly, has the advantage that it can be used to 
fiJI a cavity to an exactly predetermined point. with 
a specified loading pressure (if the last increment is 
adjusted to compensate for tolerances of the 
container). This procedure may he 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, it is well for the 
designer to at least layout a concept of a loading 
tool. I n dimensioning the item. it should be remem" 
bered that the consolidating punches should fit the 
die with only <l few thousandths of an inch clear­
ance. Misalignment can initiate the explosive on 
the one hand or result in excessive binding on the 
other hand. Columns much over one diameter long 
are USU<IJly loaded in increments one diameter 
long or less. 

The second method. although somewhat 
simpler and easier to tool for than the third and 
dbpensing with some of the disadvantages of the 
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first, can give trouble unless a means is provided 
of dealing with tolerances. If a pellet is recon­
solidated at a fixed pressure, all of the tolerances 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 pellet. Similarly, if the pellet is 
pressed to a specified length, all of these tolerances 
and variations will be reflected in the density of the 
reconsolidated pellet, and consequently in the 
pressure it exerts on the walls of the container. 

73. Short leads 

Short leads are loaded by any of the techniques 
discussed in Paragraph 72. When pellets are direct 
loaded, they may be retained by means of staked-in 
closure disks as shown in Figure 53, by features 
incidental to the fuze design as in Figure 54, or by 
a eup as in Figure 55. 

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

3600 STAKE 

Figure 53. Leed Pelletl Held in Ple,e by Stgked-in Closure Di,1< 

:;;:;=--SCREW THREADS 

LEAD PELLETS-

METAL Pi.LJG 

"'!--SlEEVE 

Figure 54. Legd Retg,ned by " Feoture of Fuze Design 
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item is that of loading somewhat more than enough 
to fill, and breaking off the excess as in Figure 56. 
Where, as in Figure 57a, the open end of a lead is 
at a sliding surface. it is the usual practice to coat 
the ends with lacquer or varnish to prevent dusting. 
Onion skin disks are also used. Allowance should 
be made for the sealant in loading. This method 
involves the risk of gumming the surface so as to 
impede arming. The holes in which leads are to be 
loaded directly are sometimes scored to improve 
explosive retention. 

Most leads are loaded into cups. Borh flanged 
ami straight cups of standardized dimensions are 
used." Where leads completely packaged in metal 
are desired, closure disks arc crimped in place. 
Moisture resistance is sometimes augmented by 
painting the crimped end with a lacquer, but the 
seals so obtained are not reliahlc. 

Leads may be installed by crimping in place 
(Fig. 58), securing with adhe~ivc, force fitting, or 
by prei'>~ing the explosive Into the cup after 
the cup has been inserted into the hole. The first 
method i~ the best adapted to economical produc­
tion but should be specified only if Ihc de~igner has 
taken into account the effects of clearances upon 
confinement as discussed in Paragraph 72. 

In designing for a force lit, the controlling 
dimension is the maximum cup dimemion after 
loading. The diameter is slightly larger than the 
manufactured cup to allow for dearance hetween 
cup and loadlllg tool. Since the hoop stre~s induced 
by the loading pressure i.~ lI~ually llJrger than the 
yield stress of the cup material. the cup expclnds to 
fit the tool. The cup may also expand ::..Iightly when 
removed from the loading 1001 because of residual 
stresses from loading. Therefore., when the lead cup 
i~ to hc a"sembled as a force tit, diametral dimen­
sion and tolerance should bc specified on the load­
Ing drawing of the lead. 

74. Long Leads 

Four types of construction have hcen used for 
explosive transmission between widely separated 
arming devices and boostcr~: (a) elongated leads or 
stacks of lead pellets of the types deseribcd in 
Paragraph 73, (h) spit-back systems. (c) detonating 
cord, and (d) MDF (sec Paragraph 87), 

Of the various adaptations of short leau rahri­
cation pra<.:li<.:c,", to long leads. the reconsolidation 
of pellets is prefenlble. In loaJing loose pellets in 
a long hole. there is always i\ chance that one will 
jam. le:l\'lOg a gap whidl can be detected only' by 

STAKE 

Figure 55, lead Retainlld by a Cup 
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Figure 56. hplolive I.of;lded by Breaking off E~(en 
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Figu,e 57, 
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Lead End Coated with Scalan! 
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Figure 58. had Cup Crimped in Pia.,. 

X-ray, Use of pelleb without rcconsolidation may 
lead to failure~ be(,;<tuse of acceleration rorce~ 
(setback) producing reconsolidatioll wlth resulting 
gap. The small ram clearances nece~,ar) for direct 
loading of powder. combined with ,\ '>mall deViation 



• 

• 

• 

from straightness, can cause enough binding to 
seriously affect the reliability of the system. 

Spit-back systems are discussed in Paragraph 
71. Essentially, a spit-back system consists of a 
small shaped charge, which is initiated by a fuze 
system and which initiates a remote booster or 
receiver by the action of its jet. Most spit-back 
systems have been used to 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 to transmit detonation along 
complex paths. As a very convenient form of a 
preloaded long explosive column, it has also been 
used, for long straight leads. Detonating cord and 
mild detonating fuse are described in Paragraph 87. 

75. Boo5te,.. 

Radial confinement is much less important in 
its effect upon booster performance than upon lead 
performance. For this reason, unreconsolidated 
pellets are frequently used in booster construction. 
Cardboard disks and felt pads are sometimes used 
to take up tolerances, even though they detract 
from output if used at the bottom of a booster and 
from input sensitivity. ifused at the top. An arrange­
ment where the variations in pellet length may be 
taken up by screwing a cap to a snug contact with 
the pellet would be preferable if possible. A method 
of forming booster pellets to clear the fillets in the 
bottom of booster cups is illustrated in Fig. 59. 

It is important that loading density of boosters 
be uniform. If density is allowed to 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 to point with 
a resulting variation in detonation velocity. The 
small and reproducible gradient occurring between 
the ends ofa pellet is not usually seriuus. However. 
with careless charging, it is possible for the explo­
sive to stack obliquely against one side of mold or 
container as shown in Figure 60. Explosives so 
stacked will not completely redistribute themselves 
under pressure so that the re~lJlting pellet may be 
appreciably denser at one side than at the other 
causing asymmetry of the output W(1ve. 

Housing~ for boosters take many forms. They 
may be cavities machlOed into fuze bodie~ or they 
may be separate package~. Some booster charges 
have no housings al all and some are housed in thin 
drawn metal cups or thin walled tubing with clo~un! 
disks crimped in place. By far the most common 
housings are of the type shown in figure 49 which 
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BOOSTER PELLET 

O.O~Z (TO ELIMI~ATE "FEATHER EDGE" 
ON RAM) 

Figure !l9. Chamf.red SOllster Pel/e' 

Figure 60. Improper Charging of Cup' 

are simple cups. drawn, extruded, cast or machined 
with walls thick enough to be threaded so as to 
screw into the fuze body. For the usual thread 
pitch, NS-16, the walls must be something over a 
sixteenth of an inch thick. Unless metal fragments 
are needed to defeat a heavy barrier. the walls 
through which the detonation is to be communicated 
to the main charge should be as light as consistent 
with mechanical strength. 

Most boosters are closed merely by screwing 
the booster cup or cap into Or' onto the fuze. Others 
are closed by crimping a disk in place, cemen1ing 
or even soldering the cover on with low melting 
solder. Where covers or cups are screwed against 
surfaces close to a pellet, it is the usual practice to 
use a paper gasket to prevent explosive dust from 
being pinched directly between metal surfaces. 
Where high spin accelerations are anticipated. it i~ 

a frequent practice tu :.take the threads heavily 
after the booster has been screwed closed. Threads 
and crimps are usually sealed. Another precaution 
is the use of left-handed threads. 
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CHAPTER 8 

MAIN BURSTING CHARGES 

A. DESCRIPTION 

76, Function 

The purpose of the explosive (nlin is achieved 
by initiating effective detonation on the main burst. 
ing charge of high explo~ive ammunition, The 
resulting detonation is the source of energy for the 
output effect of the item, de"igncd (0 reduce or 
preferably destroy military targets. 

For other types of military matericl, such a<; 
chemical ammunition, the main bursting charge 
(called hurstn) is designed to open lhe ca~e amJ 
disseminate the content.s of the fvund. 

Each ammunition item is color..c;()ue{j to indicate 
the type of loading acconling to MIL-SH)-709,1 

77. Typical Main BUf5ting C}lorges 

II. HiJ.:h Exp/osil!" (HE) AmmunitioIJ, Typical 
blttlit or fragmentation ammunition is primarily a 
container filled with explosive. Its ~iLe, shape and 
construction are determined by baJJistlC and stnH;­
tura! con~iderations which vary depending on the 
vehicle, 

A typical high explosive projectile is ~I]()wn in 
Figure 6 1.2 To withstand set bad and spin forces. 
such rounds u~ually have wall thickne.\.~e." and 
metal to charge ratios greater than uptimum for 
blast or fragmentation characteristics (see Para­
graph~ 31 and 32). Puze seat liners are desirable 
to prevent the occurrCnce of loose explosive in the 
fuze well (which could constitute a ha/,ard during 
the fuzing opnation). 

The armor-piercing projcdile shown in Fig, 
62 2 is prcs<.:nted for historical interest. Now, 
projediJes of this type contain no cXplo,ive filler. 

Because the forces to which monar pro.i<;'ctiles 
,Ire subJected ,lie Illu\;h lower, they may be de~lgned 
for more nearly optimum charge 10 w\;ight r:ttio III 

acconJance \\ ilh rrincipks outlmed in Pdr;Lt.:!rapll~ 
19 and ."1il. J he S,trne hold~ Inll' for rUL'f...<:! :md 
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missile warheads and, for that matter, grenadc~, 
which are subject to relatively mild forces. 

High capacity, high explosive bombs (Fig, 63~) 
are thin walled tanks. the thickness of which is no 
more than sufficiellt to withstand normLiI rou"h 
halldlillg. A~ much [-\s 70% of the total weight:l 
such a bomb may be that of the main bursting 
charge. For frllgmentation and target penetration. 
heavier cases are sOmetlme~ uM.:d. Land mines are 
merely packaged explosive charges with fU/ing 
sy~terns (Fig. 64:!) 

Underwater mille~. depth charges, and torpedo 
warhe{tds are generally relatively- thin-walled \;on­
tainer~ with shapes dictated by ~truclural and 
pre-explosion functionlll considerations, These 
ite1Tls are usually loaded with aluminized explosive~ 
to produce high intensity shock waves. 

h. HiJ.!h Exp/osil'C Anlitan/.. (HEAT) alld High 
c.rp/osil!c P/a.I'lic (HE?) Ammunirion, As IS 

pointed out in Paragraph 33. the shaped charge 
effect of HEAT rounds results from the progressive 
wllapse, of the liner as it is engulfed, from the rear, 
by the detonation wave (Fig. 65 2 ). Thus, in addition 
to requiring a special configuf<.'ltion. a shaped 
chllrge must be initiated from the 1\;:Jr in order to 
torrn an aXlHllv symmetrical dClOnittion wave, 
Initiation can be from a piezoelectriC nose element 
to a base fuze or by means of II spit-back system as 
~hown ill Figure 50. Homogeneity of the explosive 
charge is particularly important in HEAT rounds, 

The HEr round is one which deforrn~ to 
attain intimate contact with a large area of' the 
armor which i.~ allacked, before detonating. Thl: 
J\;tonation is transmitted to the arlTlur (i~ a shock 
wave which, upon being lcJkded. cmlse~ the inner 
~urfdc<:: to spall. Ruth case and filling of such rOUIH.h 
mu\! Jdorm. 

,. erlC/llil'lIl 4/111111111111(111. -r he m,1I1l bLJj'~tJnl! 
cll,\rg('~ of chemlc.l dmlTlLlTlition an: no 1~lrger Ih,t;i 
lleL'L'\\~1l \ 10 bLlr~t 1he ,,;ase ilnli di"~C::lill:ltl' th, 
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Figure 64. Anli'on. Mine (MI5) 

Figure 66. Bu,,' .. r Type Chemical Projec';/" 
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contents.· They are usually small diameter cylin­
drical charges which often extend the full length of 
the projectile (see Fig. 66 2 ). 

78. Size and Weight 

The total weight and bulk of weapon plus 
ammunition is limih:d by the capacity of the means 
of transportation. In modern warfare, the variety 
of such means and combinations which might be 
used is so great that such factors can be considered 
only in terms of overall operations analysis. The 
ex.plosive 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 if he can show how to accomplish 
this purpose with a significantly smaller or lighter 
round. This weight-saving may be used to increase 
the tactical effectiveness of the ~y"tem by providing 
a larger complement of ammunition or by increasing 
its mobility. In these terms, the smallest and Hghtest 
round which will serve the specified purpose is the 
best design. 

Size and weight is often limited by ballistic 
factors. In gun-launched projectiles, the outside 
diameter (caliber) is fixed. The length of thc 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 fmction of the total weight and space remain 
for the main charge. 

In chemical, fiechelte, leanet, signal and bac­
teriological ammunition, where the function of the 
bursting charge is that of releasing and sometimes 
disseminating non-explosive items, the bursting 
charge should be as small as is compatible with the 
performance of this function. Not only does a larger 
charge displace some of the principal cargo, it 
also increases the probability or magnitude of 
damage to 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 to 
damage, etc. These considerations are clearly so 
specifically applicable to particular devices that 
formulas of general applicability are not feasible. 

Let us clln"ider for example, a marker pro­
jectile. It is intended to produce a conspicuous 
colored cloud, visible for a few minutes, to serve 
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as a signal or marker for ground targets. Red, 
green and yellow markers are standard. Standard 
projectiles are used with a smoke-producing mate­
riaL They are loaded by drilling a cavity in the 
pressed charge and inserting an axial bursting 
charge. 

The smoke material consists of a fine powder, 
usually dye diluted with a nonreactive agent. such 
as sodium chloride pulverized to an average 10-
micron particle, treated with an appropriate diluent. 
Typical smoke mixtures used in the 90mm M7! 
projectile are 

(Red) 80/20 l-methylamino-anthroquinone/so­
dium chloride 
(Yellow) 50/50 dimethylamino-al:obc:rll.ene/so­
dium chloride 
(Green) 40/40/20 auramine hydrochlorideJlA· 
dimethylamino-anthraquinone!sodium chI01ide.~ 

The bursting charge for this projectile is a cast 
cylinder of 67/33 baratol. A coating of acid-proof 
black paint is used on the inner surface of the smoke 
churge to prevent chemical interaction between it 
and the baratoJ bursting charge. 

8. INITIATION 

79. Sensitivity 

An essential factor in the choice of an explosive 
for use in main bursting charges of military items is 
its insensitivity to stimuli incidental to handling. 
storage, and launching which are discussed in 
Paragraphs 39-42. Such insensitivity is, in general, 
inseparable from that to purposely applied stimuli. 
Hence, boosters are lIsually necessary for the 
reliable initiation of main bursting charges. 

The initiation of a main charge explosive is not 
always a matter of simple fire-misfire reliability. 
All main charge explosives (induding TNT) are 
capable of low order detonation under conditions 
where the probability of complete failure is low. 
Thus, the problem of main charge initiation is that 
of reli<lbly initiating high order detonation. Experi­
mental investigations of this aspect should include 
output determinations, such as a fragmentation 
test.6 

The design of boosters for the reliable initiation 
of main charges is discussed in Paragraph 71. The 
relative booster sensitivity of various explosives i~ 

given in Table 20. Other comparisons appear in 
Tables 12 and 13. When a less sensitive explosive 
is to be substitutcd in a main charge, the adequacy 
of the booster must be verified. 
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80. Explosive Loading 

Voids, imperfc(.:tions and 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 stru(.:lure will ~omctimes increase booster 
sensitivity while improving charge quality at the 
same time. Other loading techniques are discussed 
in Paragraphs 93-96. 

In general. particle size and particle size dis­
tributions which arc conducive to the best loading 
characteristics are also conducive to initiation 
difficulty. The tendency is for sensitivity to increase 
with uniformity of particle size and with decreasing 
particle size. Explosives tend to become less sensi­
tive with increasing density, within the range meJ 
in military items. In taking aJvantage of modern 
techniques to approach maximum theoretically 
attainable densjties, the designer may lose more in 
reliability than he gains in pert'ormance or safety. 

81. Booster Position 

Since detonation is transmitted between 
charges through their adjacent surt'aces. the reli­
ability and effectiveness of transmission is din:clly 
related to the area of the surfaces (see Paragraph 
25). Hence a booster which intrudes into a cavity in 
the main charge. is more effective, oth!.!r wmlitions 
being equal. than one which can communicate only 
through its end. 

Intuitive reasoning leads to the expectation 
that gaps and barriers will be detrimental to the 
transmission of detonation. However, as pointed 
out in Paragraph 27, they have been observed under 
some circumstances to be useful means ofincreas­
ing reliability and effectiveness. I t may be :-uspcctcd 
that the booster cups (provided primarily as con­
tainers) combine with the clearances provided for 
ease of assembly to make many service items as 
effective as they are. although relatively few designs 
have been consciously optimi/,cd from this point 
of view. Where improvements in manufacturing 
techniques or design chang!.!s make it po~~ible tn 
reduce clearances between boosters and fuze wells, 

such reductions should be made only after deter­
mining that they will not adversely affect reliability. 
Similarly, changes in boost!.!r cup and fuze seat 
liner materials should be considered in this respect. 

82. Auxiliary Boosters and Boosted Surrounds 

When fuzes of several intrusion length':i are ,., 
be used in a main charge, the fuze well must. or 
course. be deep enough to receive the longest fuze. 
In such cuses, auxiliary boosters. usually pellets 
contained in thin drawn sheet metal container~, arc 
used to fill the space left when shorter fuzes art' 
used. Where the boosters of existing fuzes are 
inadequate. auxiliary boosters may be used. or a 
relatively small fraction of the main charge, im­
mediately surrounding the booster, may be loaded 
with a more sensitive explosive than the rest of the 
!.!h<lrge. Thc . ..,c supplementary charges are :.ome­
times referred to as boosted surround~. Tr-.:T ,ur· 
rounds have been used with amatol main charge" 
in 105mm howiti'.t.:r proj!.!ctilc:o.,2 and Cnmroilitiull 
A-4 boosted surrounds are used in 40mm projec!ilt.:\ 
loaded with MOX type explosives.7 In these exam 
pIes. the insensitive main charge explo:--ive:-- art.: 
employed for reasons other than safety (which 
would be adequate for the items named if they had 
been loaded entirely with the explosive used in the 
boosted surround). Rc1<1tive advantages of various 
designs, from this point of view, must be considered 
in terms of de~ired terminal cff'e-cts 4 

83. Confinement 

Confinement has a great effect on the sen:--i· 
tivity of an explosive charge (see Paragraph 27). 

Because of the relatively high cost of statistical 
experiments with loaded full-scale <lmmlillition, 
data <Ire scarce. However. there is every reason to 
expect that the trends indicatcu in initiat01·~ also 
apply to larger charges. It is reasonable to expect 
that the same l,;xplo:-.ive similurly loaded will be 
more sensitive in projectiles than in bomb:--. and in 
armor-piercing projectiles than high capacity pi"O­
jectiles. For items as heavily confined as projectile:-, 
smaller projectiles are probably more easily initi­
ated than l<lrgcr ones, if the booster diameter 
remains constant. On the other hand. for non­
metallic mine~. which are rather poorly confineJ. 
the self-confinement provided by the ~urrllumJing 
explosive probahly makes larger items mort: 
sensitive. 

IUJ 
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CHAPTER 9 

OTHER EXPLOSIVE CHARGES 

A. ACTUATORS 

84. Description 

Actuators are explosive devices that produce 
gas at high pressure in short periods of time into a 
confined volume for the purpose of doing work. 
They are small, reliable. one-shot devices well 
suited to remote control of small movements such 
as switch closures. Most actuators are electrically 
initiated. Hence, their initiation mechanism and 
their input characteristics are those of ck.:lric 
initiators described in Paragraph 52. 

A dimple motor is similar in con:;.truction to an 
electric detonator except that the bottom is out­
wardly concave and the explogive is a small gas 
producing charge (Fig. 67). The pressure of the 
gas liberated by the reaction inverts the end to a 
convex surface, A typical dimple motor imparts a 
0, 10-inch movement against an eight-pound load, 
The relatively complex curvature of the uimple, as 
well as accurate control of metal condition, is 
necessary for reliable and satisfactory functioning. 1 

The lower cups of bellows motors are metallic 
bellows.2 A typical bellows motor (Fig. 6R) moves 
one inch against a ten-pound load. In addition to 
linear movement, bellows motors may be used to 
give a rotary movement. They have been made to 
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 acts as a 
cylinder. The one shown in Figure 69 moves 5116 

inch against a 20-pound loau. 
Each of these motors has been used to open or 

close switch contacts or to provide other mechan­
ical movement. A number of commercial units have 
been designed containing a motor and a series of 
switch contacts within a single unit. The one shown 
in Figure 70 has four double-pole. single-throw 
switches in which each position is availahle either 
normally open or normally closed. 
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An interesting vanatlon in a switch is the 
pyroswitch which has no moving part!>, and hence, 
is not strictly an actuator. The pyroswitch (Fig. 71) 
is based on the fact thaI certain mixtures of gasless 
powders are non-conductors of electricity before 
burning but good conductors after burning. 

Non-electric actuators are based on pull-type 
igniters. They have been developed to petform 
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 it burns. The 
magnitude of this output has been computed for 
propellant actuated devices based on assumptions 
of adiabatic conditions and no motion before 
powder burn-out.3 It is not likely that these equa­
tions can be applied to actuators. 

For most design purposes, simple scaling of 
charge size to requirements from existing items will 
suffice. In such scaling. the quantity of charge 
should be proportional to the pressure or force 
desired for conshmt volume, to the volume for a 
con~tant pressure, or to the energy requirement. In 
dimple motors, the quantity of explosive used is 
so smull that it presents measuring difficulties in 
production. One means of alleviating these diffi­
culties is that of using a mixture containing a small 
percentage of a gas producing material (3 percent 
nitrostarch) with an essentially gasless mixture 
(lead selenium). Recent developments in the design 
and production of initiating elements have made it 
possible to use lead styphnate for dimple motor 
c.:harges. Lead mononitroresorcinute. which pro­
duces only about one-third as much ga~ as Icad 
styphnate, has been used for bellows motors. 

In dimple and bellows motor~. whi(.;h havl: 
appreciable internal free volumes before move­
ment. the rapid burning of materials like lead 
styphnate and lead mononitroresorcinate is tokr­
able. In the usual piston motor. however. the rapid 
burning of these materials within the small free 
volumes would cause the pressure to rise above 
the bursting point. Smokeless powder of the sporl­
ing arm type has been effective,'! Detonation, of 
course, would be disastrous in any actuators, so 
azides and other detonation-prone mute rials are 
avoided. 

Often squibs can be used <15 actuators. Actua­
tors can also incorporate one of the various delays 
discussed in Paragraph 58 
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B. DEMOLITION DEVICES AND ACCESSORIES 

86. Destructors 

The destruction of equipment, either to prevent 
it from faHing into enemy hands or to halt further 
functioning of a missile which has gone out of 
control. is ,il:compli"ht:d by explosive devices 
called destructors. Destructors are abo u~ed as 
compkte initiating systems for improvi~ed mines, 
demolition devices and the like. A wide variety of 
explosive destructors has been devised to accom­
plish such destruction. Destructors vary in size and 
~hape depending upon their specific application~_ 

A typical destructor, the Universal Destructor 
MIO. is ~hown in Figure 72\ -The principal portion 
is the pair of booster cup". The one nearer the 
activator bushing contains tetryl pellets with a 
center hole for the insertion of the activator while 
the other one contains solid tetryl pellets. A bush­
ing with two different external threads permih th..: 
device III fit must fuze cavities. The input end of 
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the destructor can accommodate a firing device and 
blasting cap combination, a firing device and acti­
vator combination or a blasting cap, electric or 
nonelectric. 

Construction of such a manual destructor as 
the M 10 differs greatly from that of destructors 
which are built into missiles or classified com­
ponents. The large explosive charg~~ r~4uired for 
these purposes must be as safe to handle as those 
of the main charges. Further, accidental functioning 
of such charges must be precluded as definitely as 
that of the main charges. For these reasons, large 
destructors are essentially special fuzing ."ystems 
which have their own explosive trains and safety 
devices. Hence, destructors whi<..:h form a part of 
a weapon system are designed in the same manner 
as the functioning components of the sy~tcm. The 
destructor is usually tucked away into whatever 
free space is available. 

87. Explosive Tube. and Sheets 

a. Detonatinx Curd. Detonating cord consists of a 
textile or plastic sheath loaded with explosive. The 
explosive strength of detonating cord is given in the 
number of grains of explosive per fool. Primacord 
is made in a numher of loadings: PETN in 30,40, 
50,60.100,150,175,200, and 400 graim per fnot, 
and ROX in 70 and 100 grains per foot. Propaga­
tion rate of standard Primaeord is qUlItt:d as 0300-
6400 mls for either explosive. Somewhat higher 
velocities are attainable. Coatings (over the textile) 
include asphalt, wax, polyethylene, vinyl, Hycar 
rubber and polyvinyl chloride. 

h. Mild DetollatillK /-'lIse (MDF). This material 
consists of a column of explosive in a lead sheath. 
MDf loaded with PETN is made in loadiT1g~ of 1. 
2, 5, 10, and 20 grains per foot in several diameters. 

It has been established that the detonation 
velocity of MOF may be raised to over 8100 mlsec 
by subjecting it to hydrostatic pressure of 55,000 
psi.6 This material has attracted wide interest for 
military applications. Several special variants 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 to be unbroken <It the surfact: after 
detonation of the core. 

Where MOF is to be used to 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 MOF. 

Pyrocore* is similar to MOF, loaded with a 
detonating-ignition composition containing hot 
particle-producing components as weU as organic 
high explosives. Compositions are varied to /lIcet 
various propellant and pyrotechnic ignition 
requirements. 

{'. Flexible Lillear Shaped Charge. A flexible 
linear-shaped charge which is essentially MDF 
drawn into a V shape, FLSC is available in a 
variety of sizes and casing materials. It has been 
used successfully in metal culling applk:ation,~. 

d. Sheet ExpIIlSil'(>. Flexible sheet explosive IS a 
mixture of PETN with some additives. This material 
has the consistency of a vinyl floor covering and 
can be cut with a sharp knife or razor blade. Sheeh 
are 10 by 20 inches and of various thicknesses. 
Extrusion in other shapes arc also available. Blast­
ing caps are recommended for initiation. 

88. Demolition Block$ 

Composition C-4 and its variants are moldable 
mixtures of RDX with various other solid~ which 
form~ a putty-like moldable plastic explosive. 
Properties of these materials are given in Tablc~ 11. 
and 20. They arc available in bulk form and in the 
form of demolition blocks.' With rea_~onab1c care. 
the rnaterial from the demolition blocks ma;.- be 
remolded into almost any de"ired ::.hape without 
appreciable reduction of density from the I._~(I 

gmlcc of the blocks. For moo;;k-llp experIments. 
Composition C-4 at this density resemble~ many of 

• Tr~demark product of E. L duPont de Nemour> und '_I' 
Wilmingtun. Del. 
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the standard main charge explosives closely enough 
in output characteristics (Paragraphs 29·33) that 
experiments with such mockups can be very useful 
for the early investigation of design concepts. 
Where simulation of explosives of higher perfor­
mance than that of Composition C-4 at a density uf 
1.5 is desired, it can be consolidated to a density of 
1.6 or higher, wiLh rel"tively low ram pressures, if 
vacuum techniques are used. Where less brisant 
materials afC dcr.ircd, military dynamites LVD' 
and M V D~ may be used. 

89. Explosive Bolts 

Explo:-.ive bolts are a convenient means for 
separating subassemblies which, up to the in'i\ant 
of desired separation, must be firmly attached. 
Stage 'icparatinn of multistage missiles is a typical 
application. In its most rudimentary form, an ex­
plosive bolt is merely a holt loaded with sufficient 
explosive to shatter it upon functioning. A bolt of 
this description might serve ."ome purposes, hut in 
many applications. it~ use would subJect nearby 
components of the system to Liamage by fragmenh. 

A more suitable type of explosive bolt for most 
applications remains one which parts at a pre­
determined surface and i~ otherwise essential!} 
intact. One method of attaining this end is that of so 
weakening the bolt at the intended breaking point 
that it may be broken by an explosion 100 wCClk to 
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 detonation induced shocks. it is possible to 
design an explosive bolt of nearly the full strength 
attainable in the diameter used which will break 
along a predetermined surface. A shock wave in a 
condensed medium is reflected from a free surface 
as a tension wave. The shock produced by a detona­
tion tends to retain the pressure-time profile, and 
hence the pressure-distance profile of the detonation 
itself. This profile is sharply peaked, so that the 
shock is followed closely by a rarefaction. The 
interactions of these reflected tension waves with 
one another, and with the rarefaction waves behind 
the detonation. induce fracture. HI •11 Such inter­
actions are utilized in the explosive bolt illustrated 
In Figure 73. 

Fig"'" 73, hplosille 80lt in Which R,,,(f,,d .. d Tension Wall'''' 
Art UtUized 
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CHAPTER 10 

LOADING AND FABRICATION 

90. Procen Selection 

Most solid high explosives are manufactured 
by processes which yield granular material. Their 
bulk densities are generally somewhat less them 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 techniques are 
casting and pressing. All explosives in common 
military use can be pressed. However, those which 
are castable are usually cast because of the greater 
convenience and flexibility of this process. As a 
rule of thumb, main bursting charges are cast while 
small explosive components (initiators to boosters) 
are pressed. 

More pounds of military explosive are cast 
than are loaded by all other processes. Essentially. 
the casting of an explosive involves only melting it 
and pouring it into a charge case or mold. In prac· 
tice. like most fundamentally simple processes, the 
procedures necessary to cast charges of the quality 
needed for acceptable performance amI safety can 
become quite elaborate. 

The most COrnrnon procedure for pressing 
powdered explosives is that of pouring the powder 
into a mold and pressing it with a mm which fits 
snugly. The pressure most fr(.·4ucntly specified for 
charges used in military items is 10,000 psi. Charges 
may be pre~sed directly into their containers or 
pressed into molds and ejected as pellets. Where 
they are prc',,~ed into containcr,<i of length.'> grenter 
than the diameter. the explosive is usually loaded 
in increments. 

After pressing or casting, it i~ '"ornctimes 
nccessilry to machine explosives. either to provide 
a smooth surface or a fuze cavity <it the filling hole, 
or to produce complex contours required for some 
specialized purpo~c~. In some cases. mating con­
tours of two charges are cemented together. 

Of increasing importance are the plastic 
bonded explosives (PBX). These are exactly what 

the name implies, and like plastics can be obtained 
in many different forms. Hence, PBX's are avail­
able for molding, casting or machining. Tht:y vary 
from rigid to rubbery consistencies. High mechan­
ical strength and high thermal stability are possible.1 

Other considerations for process selection 
include fabrication facilities and suitability of the 
explo~ive for its intended application_ 

A. CASTING 

91. Proiectile Preparation 

As part of the manufacturing process. the 
interior wall of the projectile is sprayed with paint 
or varnish, primarily to prevent rusting of the 
projectile in storage. The requiremenh of the 
eoating are that it be compatible with the explOSive, 
adhere well to the projectile wal1 and offer·a goud 
bonding sUlface for the explosive. The latter 
requirement is necessary to prevent rotation of the 
charge relative to the spinning projectile. The 
finished coating at the ba'"e of the projectile should 
be thin enough to assure thorough drying and hc 
sufficiently ~m()oth to eliminate irregularities that 
could otherwise form air rockets. 

The molten explosive is usually poured through 
a funnel-former. This tool is specially designed to 
furnish the desired surface contour upon removal 
and to hold a '"ufficient reservoir of molte]1 explosive 
to replenish the shrinking, cooling mas~ beneath it. 
A thin film of sdicone grease is applied to the 
former to aid in its relea"e when the explosive 
ha~ solidified. 

92. Effect of Casting Procedure on 

Charge Characteristics 

II. Po/"{).Iity UIIJ Carita/ion. The porosity of an 
explosive charge i.., u..,ually introduced by two 
principal causes, entrained air bubbles and tli..,· 
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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 ftuid 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 to 
shrinkage. The most serious clTect of shrinkage is 
that known to metal founders as "piping." The 
casting solidifies from the outside amI consequent 
shrinkage is that of an isolated mass at the center 
where no additional material is available to till the 
volume left by the shrinkage. The result is a single 
large void at the center of the casting. 

In a cast charge (unlike in a pressed charge). 
both density Clnu pore or cavity size are determined 
by the casting procedure. Both of these, faclors mu:..! 
be considered by the designer in terms of their 
effects upon safety, reliability, and performance. 

h. Crystal Sill'. The crystals of TNT in cast explo­
sives may vary from microscopic size to a sub­
stantial fraction of the size of the charge, depending 
upon ca~ting conditions and procedure. The ap­
proach known as cream casting (Paragraph 80) 
results in very tine crystals. In mixed explosives, 
which usually are cast in the form of slurries, the 
solid particles tend to inhibit crystal growth, 
although TNT crystals sometimes apparently grow 
around the particles of the slurry. The effects of 
particle size on initiation sensitivity, failure diam­
eter and perform<tnce characteristics (see Para­
graph 27), have also been observed to apply to 
cryst<tl size in cast TNT. 

C'. Uniform;IY of Compos ilion. Most castable ex­
plosives are poured as :..Iurrics of ROX. aluminum, 
etc .. in molten TNT. The instant a charge is poured, 
the particles of higher density than TNT start 10 
settle, and those that arc lighter start to rise, As a 
result. by the time the material solidifies, its com­
position varies from point 10 point within the 
charge. Another cause of nonuniformity of com­
position is the tendency of T1'T to form essentially 
pure crystals, leaving other components of the 
mixture at grain boundaries and in lhe (':enter of the 
charge which usually solidifies last. The most 
serious production prohlem of this kind is the 
settling of aluminum in larger charges of aluminized 
explosives. The use of aluminum and other addi· 
tives in very fine particle sizes can help to alleviate 
this problem hut also tends to increase pouring 
difficulties because of the higher viscositie:.. of the 
melts, 
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93. Standard Casting Procedure 

The most common procedure for filling a 
projectile or bomb case is to do so in a single 
pouring.2 A funnel or sprue provides a reservoir 
of molten explosive to fill the volume left by the 
shrinkage. The explosive in the funnel must, of 
course, remain liquid and in communication with 
the center of the charge. When the filling hole is 
large enough, convective heat transfer maintains 
such conditions. In olher cases, however, such 
conditions can be maintained only by meam of 
steam heClted funnels, steam tinger or hot probes 

Where the mClintenanec of a clear channel 
between sprue and the slowe~t free.dng part of a 
charge is impractical, cavitation is avoided hy 
casting chClrges in layers, each of which is allowed 
to solidify before pouring the next. 

TNT melts al R 1 0c. It forms eutectics wit!'! 
RDX, tetryl (68°C), and PETN (76°C) cllld di~­
solves these materials at higher temperatures, 
Thus, there is a general tendency for the solid., 
content ~md, hence, the apparent viscosity of most 
castable mixtures to decrease as the temperature 
is increased. However, a reversal of the tendency 
toward the reduction in viscosity has been noted in 
Composition B when it is heated above 100°C 

From the eutectic or melting point. the com· 
position of the liquid portion and its vi~eosity vary 
as heal i~ removed. It has been recommended that 
the heat content of any explosive be reduced, 
before pouring, to the minimum compatible with 
the avoidance of air entrainment. This practice can 
be followed when an experienced operator is 
available. 

TNT may be cast after it has cooled to a point 
where a fairly large fraction of il has solidified to 
form a slurry of very small crystals, Such a slurry 
is obtained by stirring it as it cllol~, as in the making 
of chocolate fudge, TNT cast in this manner is 
labeled by some as creamed TNT. Some have 
applied the tcrm creamed to all explosives which 
are cast afler stirring until the last [lossiblc instant. 
EXlreme caution must be taken to avoid air en­
trapment during stirring, 

94. Some Special Casting Techniques 

tI. f'el/f!I Ca,lfing. For very large charges, coollllg 
time is reduced and shrinkage minimized by ll'>C or 
preca:..t pellets. The best pellet casting technique 
is that of pouring a quantity of molten explosive 
into the case, and then pouring in pellets, slowl\ 
enough so that they arc not in contact with one 
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another to avoid entrapping interstitial air.2 Although 
pellct casting reduces the total amount of shrinkage 
voids, it makes it nearly impossible to maintain 
channels to the pockets of molten material. The 
mos\ important advantage of pellet casting is the 
reduction of cooling time in large charges. 

b. Vacuum Melting and Ca.\'ling. Entrainment of 
air may be avoided by melting and casting under a 
vacuum. Vacuum melting is a fairly straight­
forward procedure in the vacuum kettles which are 
maintained by many loading facilities (see Fig. 74). 
Vacuum casting requires specially designed molds 
or a vacuum chamber large enough to contain both 
kettle and mold. A divergence of opinion exists 
regarding the value of vacuum melting followed by 
pouring in air. Some investigators report results 
ne<lrly <IS good as those obt<lined with complete 
vacuum melting and casting. Others maintain that 

Figure 74_ Vneuum Cnding Kettle 

so much air is entrained in the casting proces~ that 
the value of vacuum melting is negligible, A possihle 
explanation for this difference of opinion is the 
difference in techniques which can be applied in 
various types of operation. 

c, Vibration, Jofting and Centrifugal C{1stifl~. 

Accelerating of a cast charge after pouring but 
before solidification will often expedite the move­
ment of air bubbles to the surface.3 Vibration and 
jolting often break the surface tension which 
causes bubbles to cling to sUlfaces.2 Centrifug,'I1 
acceleration, of course, also accelerates the settling 
of denser components of mixtures.~ 

d. Controlled Cooling. If an explosive charge can 
be induced to cool from the bottom up, maintaining 
a nearly plane interface between liquid and solid, 
densities well in excess of 99 percent of maximum 
theoretical are attainable. In a complicated pro­
grammed cooling, the thermal cycle of preheating 
the mold, pouring, and cooling takes over forty 
hour~.4 Al the other extreme is [hl: lI"e of s!r<t!e~l­
cally rla(.:t;d in~lIla!ion to C<lu~e d ch:ll'ge 1\) cnni III 

the 'IPPrLlxim<lle dl:"lIeu pdttem, 

B. PRESSING 

95. Standard Pro(edures 

d. :\1('(I,IIII't'III(,1I1 of' 1:_\{iln,lil (' Clu/r',.f(',\ f ,H ,111;,1: 
Ie,,! YU,lIltiIIC" or f(lr ~ome rrcmilllll yUdlll'J I'll' 
dll~·li()l1. !.iil!:!:1 leading one-ran h:iI,l11cc\ ~Irl' "'L'ti 
They <In: f<l"I('r 1h,tn an,ilyllcd h:II.IJIC< . ." ,1110.1 rlcl 

\ilil' <In ;Iccur,le'y wilhln olle rCl'l'cnt .-\111,'111.>11, 

welt:htn~ machine~ <lie dl,,() av'!lldhle. 
The de~]l'e i\ ,dw,\y:-. to hldd d -p>:ulic \\~'I~I~I 

,)1' l'\rlmiv!: Thi" uhicr.:tj\c "111 h(' ;\,'hll'\,'d II' ,I 

~lIfJillenl degr·cc of ,Iccmiley ftH 1ll.!IH ]"'Lll'rl"~" I,'. 
\Oilllllcll-ic c\1I1II·111, ,I, 111 ~'\)IlHl1l'r\:I.l1 Pi.l':II:': "'1'" 

:111..1 ~qLllh\_ Ihl' I\H) 11111,1 ;.'l)ln:n~'Jl \\,illn1c'IIII 

1ll1';I\lIllllg de\'lc~'~ ,Ire ,,:\h)r~ ;,11\1 ~'hdlelll~ (.11\." 

S~'(h)r' illg "_~I ;Irc tilkd dll,1 k,ek,i "g",]',1 

11I1'l>el" h'lIld. (drel-lll ,l'll(lrillg h d~',-III~>I<.: '-1111,: 

_1'/(. (h~tI'gJ!lg pl,lte~ III~_ -I'll I~'nd Ihl:III,~'I\<.:' I" 

rroduct]\)n r~\te~ ,-\fler tilling hlllc~ In th~' 1,1r I'i.lic' 
dlill ~~'I-<lPlllg \1t1' th~' ('\,'~"'. pl:llt:, ;LI~' .111).!lh·,1 \\ Itl: 

~·Ilr h,)ic:\ Sllll'>: "\I'I\"I\~' yll.tnll:l~" "I\' 11'11.,i, 

~pe~ilieLi h~ \\l'i!;hl. It I~ kft til Ih<.: 111"d:n~ pl,,:'~ 
[(I lIdlll~t thc ,olumc ml';tvlrl',1 ~() <," III 1<1),,<'; lilt" 

,Kcounl bulk lkll~ity. 

h. Dire('1 Pr/:'.\.Iill~ in Case. A large pruroltlon u1' 
explosive charges are loaded by direct pressing of 
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CONDUCTING 
I1ARO RUellE~ 

MEASURING SCOOP­
AVAILABLE IN A SERIES Of 
SIZES FIN£ ADJUSTMENTS 
ARE MADE BY flllN(I TOP 
SURFACE. 

fLAT RuellER ElAND 

figure 75. Scoop I.ocrding 

(cl WLUMErRIC FILLING OF TOP PLATE 

D D D r------T- T-----T--T------T -T-- ---I 
i I I I, I I I 

~ 
IDI C~SOl.IDATION OF CHARGE 

figUr9 76, Chorgoing Plat. Loading 

explosive charges in casc~ (Fig. 77)". Fils ,mo 
tolerances of explosive charge cases und loading 
tools are determined by reconciliation of three 
opposing factors 

(<I) Production costs of components rise 
sharply as tolerances are reduccu. 

(b) Powdered explosives tend to flow into the 
clearance between ram and case. I n addition to 
creating a hazard, the explosives wedged in thi~ 
space can incre'lse the frictional resistance to ram 
movement, and substantially decrease real loading 
pressure. 

(c) Interference between ram and ease results 
in binding (which may be so severe ,1S to prevent 
any pressing of the explosive), damage 10 the ea~e. 
inclusion of chips of ea,e material in Ihe explosive, 
or all of these. 

The COSl of a set of loading tools may be dis­
tribuleu over a large number of items. ror thi~ 
reason. they are often made to tits and tolerances 
similar to those used fur gages.5 Where cases are 
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LOADING RAM 

DETONATOR 

Figur.77. O.lonolor logdin9 Tool 

made by proccs~e~ such a" forging, drawing and 
extrusion. which use most of the tolerance In J01-
to-lot variation, some loading activities have found 
it worth wile to maintain a series of loading tools 
of graduated dimensions. utilizing those giving the 
best fit possible with each lot of cases. 

Production loading tools should be hardened 
(60 Rockwell C is common). The die ~hould be 
ground. honed and Japped or polished to an ~ or 
16 rms micro-inch finish. Some claim better results 
if the final operation involves longitudinal rather 
than rotary motion. 

The friction bctwc(!n the explosive and the 
walls cau~es a gradient of pressure. and hence 
density, decrcasing from the faee of the ram. The 
slope of this pressure gradient, of course. is propor­
tional to the coefficient of friction between the 
explosive and the walls, which varies with both 
explosive and case material und also with the 
interior finish of the ca~c .. 1 As a general rule, the 
density variations due to these gradienb are kept 
within reasonable bounds by adherence to the 
general ruk-of-thumb that the length of an incre­
ment after consolidation should not exceed the 
diameter of the cavity. 
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The usual loading pressure of about 10,000 
psi is well beyond the bursting strength of charge 
cups of any material which can be economically 
deep drawn. Hence, cups are supported by close 
fitting loading tools while being presseu. Most of 
the difference between the cup diameter before and 
after loading is accounted for by the expan:-.inn of 
the explosive component, relieving residual stresses, 
as it is pushed out of the tool. For this reason, 
loading tools should be made to fit the maximum 
outside diameter of the cup, within a few ten­
thousandths of an inch. St.mdard dimensions and 
tolerances of cups are listed in MIL-STO-320,r 
Bore finish and hardness of the bushing are impor­
tant factors in trouble-free ejection of finished cups. 
Lapped or honed bores are often ~pecified. Where 
cases are heavier or where explosives are to be 
loaded directly into fuze cavilie~, the interactions 
of ca~e and tool tolerances, which may be sufficient 
to cause interference between the ram and any of 
the bores through which it passes, should be con­
sidered carefully. In some situations, where explo­
sives are to be loaded directly into fuze holes, the 
most practical way to attain alignment is to use a 
pin or dowel, similar to the loading ram, 10 hold the 
component in alignment with the ram guide while 
it is being clamped in place. It is best to use an 
alignment pin a thousandth of an inch or so larger 
than the loading ram. Figure 78" shows a sel-up 
for hand loading of leads making use of an align­
ment ram and a mandrel. 

c. Stop l'S. Pressure Loading. In production, it is 
possible either to press a controlled quantity of 
explosive to a controlled height (called slop loading) 
or to apply a given load to a loading ram of a given 
diameter (called pressure loading). The inherent 
variations in production material introduce a certain 

~~:===~-'." ..... 

". 

Figur.78. Tool for Dir." I.oodini of Componenr 

amount of error in the density obtained by either 
method. 

The relationship between loading pressure anu 
charge density for commonly pressed explosive" is 
given in Table 37." An approximation of the loading 
densities of six commonly used explosive~ is shown 
in the nomograph, Fig. 79 1;. The pressure·density 
relationship varies somewhat from lot to lot. In 
arJdition, loading density is affected by such factors 
as ram clearance and increment length. 

From the usual cup tolerances, it has been 
calculated that the cross-section area of the explo­
sive column of a detonator may vary by two or 
thrce percent. In nonnal production, a reasonable 
weighing tolerance fur initiator charges is three or 
four percent. Thus. in stop loading, assuming that 
the height of an increment is exactly reproduced. 
the density may vary as much as seven percent. 

The implication of the foregoing. that densitic~ 
are more rearJily controlled by the control of load­
ing pressure than by stop loading, has been borne 

TABlE 37. LOADING DENSITY OF VARIOUS EXPLOSIVES 

Pres.led \pres.wre Kpsil Cry slid 
Elp/()\il'(' j 5 10 12 15 20 Casl Density 

Compo~i!ion A·) 1.47 ]61 1.65 
Composition B U9 1.67 
Cyclonite (ROXl 1.46 l.52 1.60 1.6~ 1.6'1 1.68 1.!!2 
EDNA (Haleitel 1.39 1.46 1.51 1.55 1.71 
E~plosive D \.33 1.41 1.47 1.49 1.61 1.64 1.72 

Lc~d Amie 24(, 2.69 2.98 3.05 3.1 b 3.28 4.6R 
(2 specimens) 2.62 2.71 2.96 3.07 

l.ead Slyphnl\tc (Norm.) 2.12 2.23 2 41 2.47 2.57 2M )J 

Pentolite. 50·50 1.~9 1.65 
PETN 1.48 ]61 1.76 

l'icTic Adu 14 U 1.57 1.5') 1.61 1.64 1.71 1.76 
Picrulo1.52/48 1.62 
Te!racene 1.05 1.22 1.33 1.37 1.41 1.48 4.72 

rctrr l lAO 1.47 U7 1.60 1.63 1.67 1 73 

TNT 1.34 lAO 1.47 1049 1.52 1.55 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. It is important for 
stop loading to specifiy dimensions. quantities, and 
tolerances such that the maximum pressure is 
within limits imposed by tool strength, When items 
so loaded arc used, safety and reli<lbility determina­
tions should take the effects of variable charge 
density into m.:counL In either type of loading, a 
check of the loading density for each production 
lot is highly desirable. 

When demity is determined by pressure load­
ing, variation in pressure, cross section area and 
charge weight each b<lvC an dTe!,;t upon the !,;olumn 
height. Usually, the length tolerances specilied 
cannot be held merely by holding the varioLis 
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quantities mentioned within their tolerances. The 
weight of explosive must be adjusted to compen" 
~ate for the other v<lri<lhles, Cornmonly, the last 
charge loaded is adjusted to fit the space remaining 
for it and the wcight b spceifico as "<lpproximatc." 

In addition to the pressing properties of the 
explosive as such, the relationship between loading 
pressure and density is affected by such factor~ as 
ram movement, clearances, increment size and the 
coefficient of friction hctw!,;cn explosive ami C<lSC. 
The movement of the ram affects the rel,{tionship 
in two ways. 

The first effect may be very serious, Where a 
balance or dead weight is used to determine the 
loading pressure. a rapid ram movement can result 
in a force due to acceleration of the masses moved 
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which may vary from a substantial fraction to 
several times the force due to gravity_ Analyses of 
some loading operations have revealt:d 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 fam speeds 
plus a dwell at the peak pressure may cause an 
increase in density). This effect is due to the fact 
that, at loading pressures usually used, explosives 
are stressed beyond their yield points i.lnd creep 
or flow plastically. This effect, of course, becomes 
more important at very high pressures, such as 
those used for delays. In addition to increasing the 
density, slower speeds plus dwell of the ram result 
in a more uniform density. 

d. Pelletizing. Most powdered explosives which 
are to be pressed, are prepressed into pellets. The 
die of the loading tool permits closer tolerances 
and better finishes than are reasonable for cases 
which are loaded by direct pressing. 

Although pellets for experimental use are 
loaded by single operation methods. in which 
weighed charges Hre pressed either by stop IOHding 
or by controlled pressure techniques. quantity 
production of pellets is accomplished in automatic 
pelleting machinery, in which the explosive is 
metered volumetrically by the controlled move­
ments of punches (Fig. 80). Single stroke presses 
of the types used lor explosives produce about 90 
pellets per minute while rotary presses have rates 
of Hbout 700 pellets per minute. 

The density gradient resulting from wall fric­
tion, in addition to its effects on explosive pertor­
mance, may adversely affect the handling properties 
of pellets. Pellets consolidated from powders at 
low densities tend to be weak in two ways; their 
resistance to body fractures is often less than 
desirable and they may crumble at <.:orners and 
chalk off at surfa<.:es. On tl--te other h~-tnd, some 
mHterials become brittle and develop residual 
strains at high den.sities. 

The eft'ect of density variation on mechanical 
properties of pellets may cause difficullie~ even 
though the variation in explosive propenies is 
tolerable. On the other hand. the general ... uperiority 
of the finishes of pelleting molds over those of 
<.:hargc cases, and the use of double acting loading 
equipment, result in somewhat smaller density 
gradients in pellets than in direct loaded explosives. 
The result of the ... c counterbalancing trends is that 
the one-to-one limiting ratio of length to diameter 

SINGLE PUNCH ROTARY 

C~1I0 .. }' 
f'.'/. 5rOK~5 CORP., PH/LA 

Figure 80. Pelletin; P''IIII'IIS 

which applies to increment loading also applies to 
pellets. ror some materials, somewhat shorter 
pellets are desirable, particularly in larger sizes. 

The diameter of a pelleting die may be maIn­
tained to almost any tolerance specified. Similarly, 
the distance between the top and bottom punches 
of an automatic pelleting machine, or the punch-to­
heel distance in a stop pre~~ing tool. can be held 
10 any desired tolerance. Thus. the dimensional 
variations are essentially the variations in expan­
sion of the material, during and after ejection fmlll 
the die. The immediate expansion upon ejection for 
a typical explosive used tor pressed pellets is about 
0.3 percent. Pellet-to-pellet variations are usually 
less th(1!l 0.1 percent but the expansion continues 
with storage at a rate which varies appreciably 
with conditions as well as with the composition or 
the explosive. Pellets of an explosive of known 
expansion characteristics, which are to be inserted 
into cups within a few hours after pelleting, may 
be held to dimensional tolcrances of the order of 
0.1 percent or less. However. tolerance~ of 0.3 
percent to 0.5 percent arc more practical. 

Variations in density reftect variations in dimen­
sions with those of the bulk density and flow char­
acteristics of the explosive, and those of the 
measured volume. With frequent pelle! dcn~it;. 

determinations and occasional adjustment of the 
pel1eting pless, explosives with good now prnpertlc~ 
can be pressed into pe!1ets reproducible in den ... it)' 
to one percent in an automatic pellding press. 
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c. R(,COflSO/idutiofl. Frequently, when it is tk~ir­

able to attain the close confinement and continuity 
characteristic of explosives loaded directly iniO 
their cases, it is difficult or inconvenient tu do Sll. 

In such instances, pellets are inserted into the 
cavities and reconsolidated by pressing. In dc~ign­
ing for reconsolidation. consideration must be 
given to the tolerances and variations of hole 
dimensions, pellet weight and pre"isure-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 is done 
to a stop so that the tolerances appear in the density 
of the reconsolidated pellet. When reconsolidation 
is specified, the effects of thc~e variations upon 
performance should be considered. 

96. Special Procedures 

tl. Vacullm Pressing. In the usual pressing opera­
tion, in which a granular explosive is pressed from 
a bulk density of about half the crystal density to 
about 95 percent of the crystal density, the pressure 
rise in the interstitial gases (assuming isothermal 
compression and no leakage) may be in the neigh­
borhood of 200 pounds per square inch. The air 
may be presumed to diffuse out of the pellct. 
through the continuous pores. quite rapidly after 
the pellet is ejected or the rum is removed. if it 
has not already leaked through the clearance 
between ram and cavity during pressing. 

When densities reach 99 percent or crystal 
density, the calculated pressure of the interstitial 
gases rises rapidly. limiting attainable densjtie~. 
When under conditions of pre:-.~ing the explosive 
or some curnponen I of it i ~ cau ~ed 10 flow plas tieall y. 
the pores may be closed into individual huhb1e~ in 
which the compres"~ed ga ... e~ are retained to cause 
excessive growth after pres~ure removal. In an 
open pore materia!, the relatively mohile gase'i 
lend to increast,! density gradients by distributing 
pressure without a correspondingly even distribu­
tion ol"the solid explosive. For these three rea~ons. 
vacuum pressing i ... u~ed where very high or uniform 
densities are required, or where significant plastic 
tlow is anticipated during pres~ing. 

Figure 81! is a diagram of a vacuum loading 
tool. First, lower and top ptHlChe'i are advan('ed to 
a pre press position to compact the powder slightly. 
Arter evacuating to I mITt Hg, rull pressure is 
applied. Production of extremely high quality 
charges of T)'-.;T (pressed at elcvated temperature) 

lin 

and Composition A-3 (both at elevated and room 
temperature) have been reported.~ DeJl'iity spreads 
within six-inch diameter charges are 0.005 gm/cc. 

b. I/of Pres.lin/-:. The unique properties of plastic 
bunded explosives are realized most fully if the)'_~_ 
are pressed at elevated temperatures. Appropriate 
temperatures are. of course, determined by the 
properties of the plastic bonding agents used and 
limited by the thermal in:-.t<lbility uf the explosive>,. 

VALVE ACTUATOR 

VACUUM PORT 

j<Oi""1-~ACUUM POPPET 
VALVE TOP PU NC H' ---+""" 

--O-RING 

CROCAR DIE--I'Sb' 
SLEEVE 

""-..,'"" 

LOWER PUNCH <:' O-RING \ 

4340 SLEEVE ~ 

Figu.eal. V,,<uum PrflHj"9 ApporotlJ' 
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Temperatures as high as 130°C have been used,; 
When heated to temperatures approaching their 
melting points, explosives and additive:., used in 
explosives, like must solids, are more prone to 
plastic How. Equipment required for hot pressing 
of PBX has been found useful in the production of 
high density charges of cunventional explosives. 
TNT is pressed routinely to a density of 1.62 in the 
vacuum pressing process described above at 70~C. 
whereas cast densities this high are unusual. 4 

Preheating of the explosive is more efficient than 
waiting for it to heat in the mold but cannot be used 
when thermosetting resins serve as binder. 

c. Hydrostatic {1!ld /sos{(l/ic Pressing. When an 
explosive is pressed in a die by means of a ram, the 
friction of the walls tends to cause pres~ure and 
density gradients. In addition, the one-dimensional 
compression can result in an anisotropic structure 
and produce pellets with residual strains. Where 
dimensional stability, uniformity and high density 
are essential to performance, hydrostatic and 
isostatic pressing have been u~cd. In both of these 
processes, the explosive is compressed by the 
action or a fluid, from which it is separated by a 
rubber (or other elastomer) film. 

In hydrostatic pressing, the explosive is placed 
on a solid surface and covered with a rubber 
diaphragm (Fig. 82), Although this process elim­
inates the gradients which result from wall friction, 
some directionality of compression remains which 
can result in anisotropic structure and residual 
strains. In isostatic pressing. the explosive is placed 
in a rubber bag (rig. 83) which is sUlTounded by the 
pressurizing fluid so that the compres~ion is essel1-
tiaHy three dimensional. 

In addition to the production of high quality 
charges, hydrostatic and i~ostatic preSSing C<ln be 
used to consolidate explosives which are so sensi­
tive. that frictional contact with the w<llls of a con­
ventional mold creates <I hazard. Materials like 
pure R[)X, of which it is difficult tll make firm 
pellets except in sm(lll ."i7.e~, can often he pressed 
hydro."tatically or isostatically.' 

Hydrostatic <lnu isostatic pressing is usu<llly 
applied to explosives which have been evacuated, 
trequently at elevated temperatures. Temperatures 
up to 130Q C and pre~sures up to 30.00U psi have 
been u~ed. The surfaces where pressure is applied 
through elastic membranes arc. of cour~e, of n.:la­
lively poorly defined form :tnd dimensiuns. Hence, 
these pressing processes must almost invariably 
be followed by machining. 

/",,----- -- ...... ",,~ 
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d. PIII.w/ill/-: ['resSllre.l. Experiments have shu\\[j 
lh(ll pressures which pulsate with an amplitude of ,\ 
few percent of the static pressure and (It a fn.:querlC') 
of about sixty cycles per second, when used with 
convential molding tools. make it po.,,~iblc to pro­
duce pellcts four or five diameters long \\ith 
negligible dcmity gradients. The interesting po~­
sibilities of thi~ techniyue in production of explo­
sive charges have not yet been exploited. 

C. FINISHING OPERATIONS 

97. Machining 

It has been found that the most unifurm 
den."ities and compositions are attained by pressing 
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or casting relatively large charges, and machining 
the charges needed from selected segments. Sim­
ilarly, high quality charges can be made by isostatic 
or hydrostatic pressing, which also must be fol­
lowed by machining operations. All standard 
machine shop operations, including milling, drilling, 
sawing, boring, and turning, are applied in this work. 

Many cast loaded items are filled through the 
same hole as that into which the fuze is to be 
inserted. After casting, the sprue is broken off. 
Although it is a good plan to design the funnel to 
form a core fur the fuze cavity, the problem of 
funnel extraction limits this practice to some 
extent. At best. then, the boltom of the fu ... e cavity 
is a rough, broken off surface and, generally, the 
cavity isn't as deep as desired. The boring of fuze 
cavities to the specified dt:pth and surface finish is 
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 specialized output are uften 
generated by such means. Explosives may be 
machined to the same tolerances as metals. Turning 
and milling to a thousandth oran 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. 

Safety is an important aspect in machining 
explo~ivcs. Since, as pointed out in Paragraph 20, 
the sensitivity of an explosive 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 to 
be used in charge fabrication is most de~irable.l On 
the basis of this test, it is considered 'iafe to 
machine Compositiun A-3, Composition B. and 
TNT at 200 ft/min surface speed. 

Cut-off tools and small drills are more hazard­
ous because of the poor cooling conditions. These 
operations, if necehsary, should be performed at 
low speeds with intermittent cutting and frequent 
flu~hing. W(1ter should be used wherever practical 
as a coolant. although tests at high speed under dry 
conditions <Ire considered justification for dry 
m<-lchining where needed. The water keeps explo­
sive du,~t out of the air and cools the cutting 
operation. 

98. Cementing of Compound Charge$ 

Explosives charges made of more than one 
explosive, in which the contour of the boundary is 
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an important 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 
be lost 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 setting 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 
catalyst or h<lrdem:r used.K Data regarding bond 
strengths and other pertinent properties have also 
been compiledY'1O 

Both surfaces to be cemented should be clean 
and fit accurately to one another. A minimum con­
tinuous layer of cement should be applied to each 
surface to be joined. Where catalytic resins are 
u<;ed, provision should he made to hold the mem­
hers in firm conW.ct for the curing period. When 
contae! cements are used. mechanical means are 
desirable to assure that the elements are in the 
proper position and orientation when they make the 
first contact. 

D. SUITABILITY 

99. Availability 

The criteria upon which explosive materials 
and fabrication processes must be chosen are suit­
ability for use in ordnance, availability, and 
suitability for a particular app;ication. 

Some materials and techniques arc inherently 
more expensive than others and should be applied 
only where the advantages to be gained are clearly 
worth the added cost. In this respect, it is well to 
remember that such costs are reflections of demand'i 
on specialized manpower and strategic materials 
so that, in a tntal war, they represent pmportional 
fractions of the total aV\tilable military potenti~l. ~ 
In other ca~cs, the most suitable materials and tech­
niques are so new as to be available only for labora­
tory quantities of items. 

Availability of an explosive involves more than 
the existence of plant capacity and raw materials 
suitable for economical production. The materia! 
must have been approved for military use and 
quality control criteria must exist. Government 
policy discourages the use of proprietary materials, 
especially those protected by trade ~ecrcts. 
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Most explosives of military interest with their 
properties and other details, are listed in References 
K 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 documents contain many details about 
the explosive including quality control criteria. 

The production of a high explosive compound 
usually requires a specialized and often elaborate 
plant. Before specifying a compound or a mixture, 
the designer should assure himself that the neces­
sary plants exist or will exist at the lime the item 
he is designing reaches the production stage. 

Mixtures are more easily made and generally 
require only the simplest apparatus. In a sense, 
the availability of a mixture 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, may be affected by 
the mixing procedures. Also, in the absence of 
specified procedures and quality controls, mixtures 
may be less uniform than desirable. For this reason, 
some take the view that each mixture is a unique 
explosive. Whenever possible, it is wise to use 
mixtures which have been standardized.~·n The 
most common mixtures are listed in Table 39 while 
priming compositions are shown in Table 27. 

The preceding paragraphs of this chapter 
describe casting, pressing, and finishing operations 
and, hence, indicate the kind of facility which must 
be available for fahrication. 

100. Output 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 to control by design and more 
uniquely by properties of the materials in which 
the energy is stored. For this reason, the total 
amounts of energy liberated in their reaction, al­
though of importance in evaluating explosives, is 
not necessarily a final criterion of relative effective­
ness in clOy particular application. Other properties, 
such as the detonation velocity or detonation pres­
sure, combine with energy to define the effective­
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 
effectiveness in various applications is difficult and 
often impossible. Some of the quantitie~ arc directly 
determined by composition. Others are affected by 
the state of aggregation of the explosive which is, 
in turn, partly determined by loading techniques 
and conditions. 

The aspect of the state 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 
fragmentation and, in particular, shaped charges 
where the detonation pressure is an important 
factor. 

101. Sensitivity 

The term sensitivity is 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 
method employed (see Paragraph 26). If one con­
siders the complex series of events and the many 
factors involved in the initiation process, this is 
hardly surprising. 

Sensitivity tests which are of interest to the 
designer are of two types: (a) general laboratory 
tests, chosen for convenience, reproducibl1ity-, am! 
correlation with experience, whereby the sensi­
tivity of various explosives to such stimuli as im­
pact, friction, and static electricity, may be evalu­
ated, compared, and ordered, (b) tests which are 
designed to 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 
to the design of safe and reliable materiel. Other 
aspects of safety arc not subject to quantitative 
evaluation or prediction. Predicting the abuse to 
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 
po..,sible to compute the maximum setback pressure 
by assuming the explosive 10 behave as a liquid and 
applying Pascal's Law. Comparison of this pressure 
with the setback sen:-.itivity figures of Table 21 
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TA8LE 38. FUNDAMENTAL CHARACTERISTICS OF EXPLOSIVE COMPOUNDS 
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Explosive {gmh"cl (OC) kullilml (ca/lil m ) (Cr/gm) (m/ue) (gm/ee) (ml'gabar) (in.) 

Ammonium Nitrate 
-_ ... 

170- ~ 1"000 ~ 1.73 34; 34; 
Cyclonite (RDX) 1.82 204 22R~ i2tW 908 8780 1.65 0.255" 
Diul.Odinitrophenol 1.63 1.~7 3243 820 'OS 
Explosive D (Ammonium Picrate) 1.72 265" 2890 800 6850 U5 0.145' 
H"leite (EDNA) 1.71 175+' 2477 1276 7570 1.49 0.173' 

Lead Azide 4.l!U 6)0 367 30S 4600 3.0 0.922' 
Lead Dinitroresordn"le (LDNR) 3.2 265' 270 
Lead Styphnate 3.02 2flU-31U" 1251 457 368 5200 29 O.IUi 
Nitroglycerin (Liquid) 1.59" 2.2&13.2 Iflili 1(,00 71.~ 8000" 1.6' 0.241" 
Nitroguanidine 1.72 232 1995 '" 1077 7650 1.55 0_1 fiO< 
PETN (Pentacrythritol-Tctranitralc) 1.77 141 1960 n85 790 8300 1.70 0.253" 
Picric Acid 1. 76 122 2672 IUUO 7350 I. 71 0_1117' 
Tetryl 1.73 130 2'125 1080-1130 760 7170 I.53 U.196' < 1/2 
TNT (Trinitroluene) (Cast) 1.65 81 362U 1.01:10 730 6825 1.56 0.170' 1 

• Decomposes 
b Explodes 
, From Ref. 1 I by interpolation 
d Frum Ref. 12 -----
• Density of liquid at 25"C 

TA8lE 39. FUNDAMENTAL CHARACTERISTICS OF HIGH EXPLOSIVE MIXTURES 

, • • .~ -, :.;:<: 
~ 

,-
~~ 

Explo,liv!' C ompo.,ilio/l R"lio (I:m/crj (On 
---- -----"-- --
Amato) NH,NO,/"I N r lW/20 1.46 
Amatol NH)'~O)TNT ~()/50 1.59 
Ilaratol BaNO,/TNT 67/33 2..55 

Compositiun A-3 RDX/Wax 91/9 1.65 
Composition B RDX/TNT/Wax (\0/40/1 1.(\5 
Composition C·3 RDX/ ... 77/, .. 1.6 
Compu~itiun (-4 RDX/' 91/. . L5 

Cyclotol RDX/TNT 75/25 1. 71 
Cyclotol RDX!TNT 70/30 1 71 
Cyclotol RDX/TNT tiO/40 l.(i8 

l'cntolite PETNIT:"JT 50/50 165 
Pentolite PFTNITJ-.;T 10/90 1.60 
Picratol Expl. D!TNT 52/48 1.62 

TetrYfol Tetryl/TNT 75125 1.59 
Torpcx RDX/TNT/Al 42140118 1.79 
Tritonal TNT/AI 80120 1. 79 

"Esscnlillily the melting point uf the TNT component (SI'C) 
h From Ref. II hy interpolation 
r Kef, 12 

might be expected to give some measure of the 
safety of the weapon against bore premalures. 
However as pointed out in Paragraphs 35-42, the 
probability of such prematures is a fum:tion of a 
number of aspects of weapon design and loading 
procedure as well as (he choice of explosive. 

Hence, the data presented in Tables 20 and 21 
are offered as aids to, rather than substitutes for, 
judgment of the designer in the choice of explosives 
which will result in safe and reliable ordnance. 
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k(/IIRm) kall/?m) (cd/?m) (m/H'e), (Km/ce) vne/?abar) (in.) 
--- ~-----~ --- _._- --

1002 490 930 4500 1.46 0.074 
1990 703 '" 6420 1.55 0,160 

Ph 

1210 8100 U9 
2790 1240 7840 1.68 

7620 L6 
804U 1.5\.1 

2625 1225 '" 80~0 1.70 
2(i85 1213 R~4 R060 1.73 
21!20 1195 '" 7900 1.72 

1220 74(\5 1.(\6 0.233" 

6970 1.63 

7385 1.60 
3780 ISOO 7495 1.81 
441!O I77U 6475 1,71 

102. Chemical and PhY5ieal Properties 

The fundamental chemical and physical prop­
erties of explosives are, of course, important in 
determining explo:-.ive characteristics. These 
properties are listed in References K ami h given in 
Paragraph 12 (end of Chapter I), 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 
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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 hydrazoic 
acid formed reacts with most metals to form 
metallic azides. The safest practice is to avoid 
contact of azide with any metal except the pre· 
ferred stainless steel and aluminum alloys. 

Exudation is a phenomenon related to the 
chemical characteristics of TNT bearing explosives 
against which safeguards must be taken (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 exude from the 
charge in an oily form. 

Physical properties pertain to the structural 
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 CONTROL 

103, Bases 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 stated for 
each quantity specified. The designer's responsi­
bility with respect to tolerances does not stop with 
the assurance that the specified tolerance will be 
satisfactury. It includes determinations uf the 
maximum limits or tolerances compatible with 
requirements for safety, reliability, and peltor­
mance. The tolerance specified should be deter­
mined in the light of the following considerations 

(a) Production costs are inversely related to 
tolerance limits. The form of this relationship varies 
with quantity specified, complexity of the item, 
process used, and equipment available. Small 
tolerances should be specified only on the basis 
that the benefits which accrue are worth the cost. 

(0) Where compliance with tolerances re­
quired for satisfactory performance is too expensive 
in terms of the cost and value oflhe item, an investi· 
gation should be made of possible design modifica­
tions to permit greater variations in the quantity 
considered. 

(c) The measurement of quantities which may 
be specitied in a design is limited in precii>ion. 

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 as the sampling procedures which are 
used in inspection, are given in MIL-STb:414P 
In essence, as applied to most explosive charges, 
critical defects are those which result in haLards to 
users, major defects are those which cause failure, 
and minor defects are those which do not materially 
affect usability. 

104. Factors Affecting Quality of Explosive Charges 

u. Den,\·ily. The density of a pellet may be deter­
mined by measuring its dimensions with a microm­
eter and its weight with an analytical balance and 
calculating its 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 
solutions of a dense salt, one of a density equal to 
the upper limit and the other at the lower limiting 
density. If a pellet floats in the former and sinks in 
the latter, its density is within the specified tolerance. 

The density of a cased charge may be deter­
mined by weighing the case empty, filled with water 
and after loading. The density in gmlec is then the 
ratio of the net explosive weight to the net water 
weight. This method becomes impractical for small 
cased charges like those of leads and detonators. 
Here, the density may be determined from the 
weight as determined by weighing the case hcforc 
and after loading, amI from the volume as calculated 
from the dimensions. 

A scheme for continuous quality control Ii> 
that of pressing at some constant pressure or dead 
load and measuring the intrusion of the ram in each 
item. Variations in cavity dimensions, charge 
weight, or pressure-density relationship can be 
detected by this method. Of course. the method is 
incapable of distinguishing between these vari(l' 
tions, and errors of one kind can compensate for 
errors of another. However, in a well controlled 
process, the probability of each type of error i~ low 
enough that the probability of simultaneous occur· 
renee. either compensating or not, is negljgible. 
The type of data to be collected in each case, to 
avoid erroneous conclusions, can usually be deter­
mined by ~tudy of the problem. 
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b. Crack and Cavitie.\'. I n 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 inspection is called for, 
as it should be in most cases, a defect classification 
chart should be prepared, including 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. 

c. Composition Variation. When homogeneity is 
critical, determinations of density and composition 
from point to point within a charge are made from 
samples obtained by sectioning the item.H This is a 
destructive test, at least for the explosive charge 
itself, and 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 dett:ct cracks and cavities. 
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CHAPTER 11 

EVALUATION PROCEDURES 

A. CONSIDERATIONS IN EVALUATIONS 

105. Safety and Reliability Procedurel 

a. Statistical Inferences. If each Iype of matericl 
could be pertectly made, 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 one to determine the reliability 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)" the number of 
trials n without a failure to establish (with 95% 
confidence) any specified reliability or safety level is 

n = 2,3/y ( 37) 

Thus, to establish 99,9% reliability at 95% con­
fidence, it is necessary to test 2300 items without a 
failure, and to establish a safety of one explosion 
or less in a million exposures, 2,300,000 trials 
would be needed, 

The designer's task, however, is to provide 
sound estimates of what can be expected in terms 
of safety and reliability with relatively few "amples. 
To do so he must be able to recognize the significant 
parameters and treat the measurements on a sound 
statistical basis. Hence, the following discussion 
should be considered as a general guide. It should 
not be followed slavishly at the expense of sound 
engineering practice. It is strongly recommended 
that the reader supplement his background by 
studying the referenced texts.I·JO A review of the 

normal, binomial, and Poisson distributions would 
be particularly helpful. It is important to realize, 
on the other hand, that correct design of experi­
ment and performance of statistically .significant 
tests is a specialty 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. 

(a) All safety and reliability determinations 
are estimates, 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 or the function of a designer 
to determine, as completely as possible, the range 
of conditions which may be expected to prevail in 
service and to assure himself of safety and reli­
ability over the whole range. 

(c) The surest way to establish safety and 
reliability is to test a large enough quantity under 
the exact conditions of use. The quantities neces­
sary for such tests are, however, prohibitive, 
particularly in the design and development phase. 

(dl Atf fire points are not what their name 
implies. The only way to be sure that all charges of 
a kind will fire under any given set of conditions is 
to fire them all under these conditions. When this 
is done, none will be lert to use in ammunition. If 
ull fire data are accompanied by a 50 percen't point 
or a nofire point, and the numbers of trials involved 
in aft fire and 110 fire determination are specified, 
they may be used with a statistical lever technique 
to compute safety and reliability levels. 

(el All extrapolations are based on a.'lsump­
lions, depending on the nature of the underlying 
distribution. Hence, predicted values should be 
accompanied by a clear statement of the assump­
tions made and, whenever possible, a justification 
ror their use. 
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cn The sensitivity of a charge is determined by 
its design and that of its surroundings. as well as 
by the explosive materi(lls of which it i~ composed. 
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 related to the 
ratio of the difference between the expected service 
condition and the mean sensitivity 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 non­
homogeneity of explosives, so that sensitivity is 
perhaps more inherently statistical in nature than 
most quantitative properties, it has been found 
that the variability of the sensitivity of most explu­
sive charges is mainly due to variations in such 
quantities as dimensions, density, amI confinement. 
Thus, the standard deviation of the sensitivity can 
usually be substantially reduced by improved 
control of such quantities. 

b. Frequency Dislribulions. Observations will 
usually take the form of variables or attributes. 
Data consisting of measured characteristics are 
said to be expressed by variablc~. Attributes are 
specific qualities possessed by the item, such as 
color, cracked, fired, or not fired, Hence, in general, 
the item examined either conforms or does not 
conform to some quality standard or specification. 
Attributes in the form of go and no-go data, such 
as fired and not-fired, are often referred to as quantal 
response data: the event either occurs or does not 
occur upon the application of a stimulus. It is often 
advantageous to express the latter as a percentage 
of occurrence for a given stimulus which in eITed 
is a means of transforming quantal data to a 
variable form, 

One of the methods that can be used to present 
the results of a series of observations is a graphical 
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 
observations. With a graphical technique it is 
usually more convenient to plot the cumulative 
frequency as a function of the independent variable. 
An example of cumulative frequency distribution, 
the probability offunctioning of an electric initiator. 
is shown in Figure 84". So many types of experi­
mental data fit a pattern of this type (also known as 
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a normal distribution) that" speci,,1 graph paper 
(probability paper) is marJe on which this function 
will plot as a straight line (Figure 84b). When a 
distribution of observations fits such a pattern it can 
be described by its mean (the average or 50% value) 
and a standard deviation (the roul mean square of 
the deviation from the mean). 

There are cases when the data will yield a 
curve on probability paper as shown in Figure 85a. 
It is wise in case:. of this type to find a ~uitable 
mathematical transform for the independent vari­
able which will give a straight line to take advantage 
of the properties of the normal distribution which 
are well defined. The transform (or normalizing 
function) which has been successfully applied to 
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input sensitivity is the logarithm of firing stimulus. 
Figure 85b. The probability that mechanical 
detonators will fire has been found to be nearly 
normally distributed with respect to the logarithm 
of drop height which is related to the energy re­
quired for functioning. The analogy also applies to 
initiation by another explosive charge. the proba­
bHity of which is related to the logarithm of gap 
length. The logarithmic relatiunship has also been 
found to be useful for wire bridge electric initiators 
with respect to such energy parameters as current 
or voltage. 

The assumption that statistical quantities are 
normally distributed, or may be made that way by 
the choice of a normalizing function of the physical 
variable, has formed the basis for most statistkal 
methods and treatments. Most quantitative state­
ments of the variability of experimentally deter­
mined quantities are in these terms. Forthis reason. 
we discuss the variahles in tcrms of this assump­
tion even though recent experiments have cast 
some doubt on its applicahility to safety and 
reliability problems. 

Probability paper may be used to extrapolate 
from experimental d<lta tu predictions of safety 
and reliability. Consider. for example. that 23 of 25 
electric detonators of a given design fire when 
subjected to the discharge of a one-microfarad 
condenser charged to 50 volts and only one in 25 
fires when the potcnliClI is reduced to 25 volts. 
Suppose that the firing circuit to be used in service 
uses a one-microfarad condenser which will be 
charged to at least 65 volts. Assuming that the 
firing prohability of Ihe inili<ltor is normCllly dis­
tributed with respect to the logarithm of the firing 
voltage, the noted frequencies (92 percent and 4 
percent) are plotted on log-pmb<lbility pap!..:r vcrsu~ 
the voltages at which they occurred (50 and 25 
volts). A straight line plotted through these points 
givcs the most probClble rel<ltionship between firing 
voltage and reliability. When extrapolating this line 
to 65 volts, the most probable reliability is found 
to be 99.4 percent. 

c. Confidence Levels. Although the most probable 
reliability, as indicated by constructions such as in 
Figure 85, is a valid estimate of the pelfonnance 
which moy be anticipated, the true reliability has as 
much chance of being lower as il has of being higher. 
For purposes of system evaluation or operations 
analysis, it is necessary to quote reliabilities with 
confidence levels. ConfiJence levels are quantita-

tive statements of the reliance which may be 
placed upon the statement of a statistical quantity. 
In the foregoing example, it is certainly true that the 
23 out of 25 which fired at 50 volts is exactly 92 
percent of that group of 25. It is also obvious that. 
if this group is drawn from a lot of [000, the fact 
that 92 percent of the sample fired does not est'lb­
lish 92 percent as the reliability of the whole lot at 
this level. There is a possibility that by a remote 
coincidence of selection, either the only 23 in the 
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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 reliability must be quoted at a confidence level 
somewhere between the 50 percent level (which 
states that 92 percent, more or less) will fire and the 
100 percent level, which gives limits so broad as to 
be useless. Statisticians generally settle for 9.5 
percent confidence level (19/1 odds that the state­
ment is correct). 

d. Reliability Determination/rom Mean and Devi· 
ation. The standard statistical techniques used in 
the conduct and analysis of many sensitivity tests 
yield data expressed in terms of a mean and 
standard deviation. The mean is the point at which 
50 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 to 
initiate 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 calculations are quite simple, A 
graphical method, as shown in Figures S4 and 85, 
can be used but is not usually needed. It is only 
necessary to 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 reli­
ability, For example, if it is known that the mean 
sensitivity of a stab initiator is four inches when 
dropping a two-ounce ball (in this example, eight 
inch-ounces) with a standard deviation of one inch 
(two inch-ounces) and if the expected firing im­
pulse is at least seven inches (fourteen inch­
ounces), the deviation of the expected firing impulse 
from the mean sensitivity is six inch-ounce~. This is 
three standard deviations above the mean and the 
predicted reliability i~ 99.87 percent. 

It is well to note that the statement of this 
example starts with the qualifying phrase ((it is 
known. Many reported sensitivity data are obtained 
by the use of experimental and analytical tech-
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niques whose validity rests upon that of a series of 
assumptions which mayor may not apply to the 
situation under consideration, In some cases, care­
ful investigations have been made to validate these­
assumptions. Usually not. The fact that the standard 
deviation is quoted in inch-ounces implies that the 
probability of firing is normally distributed with 
respect to the energy of impact. Suppose that the 
true distribution is normal with respect to the 
logarithm of the energy, The log of the mean sensi­
tivity is 0.903 with a standard deviation of about 
0.1 log units, while the log of the expected firing 
energy is 1.146, or 0.243 log units above the mean. 
The expected firing condition, assuming the log­
normal distribution, is 2.43 standard deviations 
above the mean. Interpolating on Table 40, the 
predicted reliability is only 99.23 percent. This one 
change in assumptions changes the expected failure 
rate significantly. Further, it is not correct to 
assume that a fourteen inch-ounce energy obtained 
by dropping a seven-ounce ball two inches is equiv­
alent to the above example. 

TABLE 40. SAfETY ANO REUABILITY RELATED TO 
DEVIATIONS FROM THE MEAN 

Pmhllhilily oj On'un'nr:e (%) 
No. "rS/d. 
Deviarion,~ For PO.\'illYe· F()r Nt·xu/i.',,-
From Melin Dn'iu/ion Del'iarion 

0.253 60 40 
0.524 70 30 
0.842 80 20 
1.000 84.13 105.87 

1,282 90,0 10.0 
1,500 93.32 6,6H 
1,645 95.1) 50 
2.()OO 97.73 2,27 

2,054 98.0 2.0 
2.3~7 99.0 1.0 
2.500 99.38 0.62 
2.575 99.5 05 

2.875 99.8 0.2 
3.()OO 99.87 0.13 
3.09 9" 0.1 
3.29 99.95 0.05 

3.50 99,98 0.02 
3.73 99.99 0.01 
4.0() 99.997 0.00317 
5,00 2.87 x Hr' 

6.00 1.0 x 10 ' 
7.00 1.3 x 10- 10 

8.00 6.4 x 10-" 
9.1)1) 1.2xlO' L7 

10.00 8.0 x 10-" 

• PosHivc and negative are mean I to Impl>' deviations loward <lnd 
ll"ay from more prob<lble o~currence. 

The determination of the statistical distribution 
function of the sensitivity of a given type of charge 
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to a given type of initiating impulse obviously 
requires the test firing of large numbers of charges, 
each under closely controlled conditions. For some 
relatively inexpensive and easily tested items, such 
programs have been carried out. 

In view of the high costs of many items and 
the relatively low rate at 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, the 
log-normal distribution). 

106. Statistical Test Methods 

a. General Considerations. The sensitivity of an 
explosive charge is the magnitude of the minimum 
stimulus which will result in its initiation. Stimuli 
too weak to initiate charges can still alter them. 
sometimes quite obviously, at other times in 
ways which can only be detected in terms of 
changed sensitivity. Hence, subjecting each charge 
to gradually increasing stimuli until it fires is not a 
satisfactory means for determining sensitivity. 

In recognition of this variability, a number of 
statistical plans have been devised for sensitivity 
studies. Some of these plans are designed to char­
acterize the entire distribution, others to chantc­
tcrize 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, ~am­
piing procedure and criteria of acceptance must be 
established. 

It is a basic assumption regarding any test of a 
limited sample that the sample is representative of 
the population from which it is drawn. Unless 
some effort is made at randomization, this may 
not be the case. Many of the variables which affect 
sensitivity may nry progressively or periodically 
as production proceeds. Selection of a sample for 
test by any systematic me<lns might conceivably 
produce a biased sample. one in which all items 
are more similar in :;.,ome respect than is the whole 
batch or lot. A positive plan of randomization 
should be adopted, such as use of a table of r(lndom 
numbers. 

While most explosive charges used in ordmnce 
function with nearly their maximum vigor, some 

vary appreciably in output as the vigor of initiation 
is varied. Even within groups of items for which 
output is usually independent of input, an occasional 
individual item, when initiated marginally, will 
explode 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 output and its magnitude should be 
specified. A shift of criterion part way through a 
test reduces the data to uselessness. Sometimes 
such shifts are inadvertent. For example, when 
plate dent output is used as a criterion, the supply 
of plates may be exhausted before completion. 
The replenished supply may come from a different 
heat of metal with a different response in terms of 
dent it sustains. 

The criterion of fire will generally depend upon 
the purpose of the test. If it is a reliability test, the 
charge should be considered to have fired only if it 
detomtted high order in the sense that its output 
cannot be distinguished from the maximum of 
which a ch<lrge of its type is capable (due allowance 
having been made for statistical fluctuation:; in thi~ 
quantity). For safety tests, on the other hand. any 
evidence of burning, scorching, or melting of the 
explosive should be considered to be the criterion 
of fire. 

h. Staircase Methud, The Bruceton Test. A stair­
case testing technique is one in which a pre­
determined set of steps in the magnitude or the 
initiating stimulus is established before starting and 
in which the magnitude used for each trial is deter­
mined by results of previou~ triah. A number of 
staircase techniques have been proposed. Of these, 
the simplest and most used 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. If the 
preceding trial resulted in a misfire, the stimulus 
to be used in the present tria! is one step higher 
than that in the previous trial. If it fired, the 
stimulus of the present trial should be of a mag­
nitude one step lower. The test is continued in thi~ 
manner for a predetermined number of trials. 

The valiJity 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 explor-ions is normally distributed. 
The Bruceton test is most applicable to systems for 
which extensive tests have established the nature 
of a generic normalizing function. Unfortunately, it 
is often applied to systems for which it IS not 
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economically feasible to carryon such a program. 
The logarithm of the initiating stimulus has fre­
quently been assumed as a normalizing function 
(giving a geometric progression of step sizes) on 
the logical basis that this distribution predicts zero 
probability of functioning at zero input and that a 
positive stimulus is required for any finite proba­
bility of firing. This choice has been ~lIpported by 
such observations as the relative constancy of 
standard deviations of similar systems over large 
ranges of sensitivity. In some cases, rundown tests 
have also supported thi'i choice. 

It should be noted that the analytical technique 
for Bruceton data was originally devised with 
much larger tests in mind (100 shots or more) than 
thuse which have been used in most safety and 
reliability investigations. It seems Lo have been 
grasped as a straw by evaluators drowning in the 
impossible problem of predicting reliabilities to the 
99.9+ percent level from samples as small as 
twenty-five samples. It is probable thaI those who 
have so little appreciation of the impossibility as to 
assign such a problem will accept solutions which 
depend on so many untenable assumptions. 

The Bruceton experimental technique is often 
used as a convenient means for the collection of 
data in situations where the assumption of normality 
is known to he false and where it is intended to use 
other methods of analysis. An objection which 
has been raised to this practice is that the strong 
tendency of the Bructeon technique to concentrate 
testing near the 50 percent point reduces the value 
of the data in estimating the nature and deviation 
of the distribution. In cmswer, it may be pointed out 
that the sample sizes available when this technique 
is used are usually so small that a reasonable esti­
mate of the mean and a rough guess of the deviation 
is the most which can be expected. 

c. The Frankford Run-Down Method. A run-down 
method has been developed at Frankford ArsenaL 
which, Cit the expenditure of Ci much lCirger sample, 
makes possible a much better assessment of the 
distribution of the umkrlying porulati()n.~ Begin­
ning at any convenient level of the independent 
variable (drop heigh!. voltage, barrier thickness. or 
the like) between 0% and 100% of the expected 
functioning level,'\ minimum of 25 trials is mnde <It 
each of several levels above amI below the slarting 
level, using increments equal to or less than the 
expected standard deviation, The test is continued 
in both directions in this manner until the 0% and 
100% functioning levels arc reached as indicated 
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by 0% and 100% functioning in 25 consecutive 
trials. A cumulative probability plot is then drawn 
from the resu1ts of the test which is considered to be 
the frequency distribution of the parent population, 

d. Pmhil, Normi/, and Log!! Procedure.\", These 
procedures <Ire not data collecting schemes but 
rather an<:llytical procedures for the estimation of 
distribution. They can utilize data collected by any 
of a number of schemes, They may be used with 
data collected by the Bruceton experimental tech­
nique using nonuniform "teps or with incomplete or 
abbrevi'lled versions of the run-down method. 

Each of these procedures is based upon the 
transformation of the observed rrequency of fire 
or misfire into a number related to the deviation in 
terms of an assumed distribution function. In the 
prubit, for example, the mean is assigned a pro bit 
value of five, the 15.87 percent level (the meCln 
minus one standard deviation) a value of four, the 
84,13 percent point a value of six, and so forth.~ 

The normit differs from the prabit procedure 
only in that a value of zero is assigned to the mean. 
This necessitates the use of negative values but 
frequently simplifies both thinking and arithmetic, 

The logit system is similar but assumes the 
logit distribution function. lu In addition to fitting 
certain data better than the normal curve, this 
function has the advantages of being somewhat 
more conservative in its predictions and of being 
simple enough to apply without special tables. 

B. TESTING TECHNIQUES 

107 .. Explosive Materials 

(/. Cf'nel"(li. Explosive compounds or mixtures are 
evaluated 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, special tests hCive been developed ttl' 
take care of unusual conditions or to simulate a 
particulCir u~e. 

This paragraph describes the purpose. nature. 
and key feature~ of the te~ts on explosive materials. 
for <:I detailed discussion of the test~, the explo~ive 
charge designer should consult one of the hand" 
books on explosives.Io,M The tesb covered here are 
included partly for general information and partly 
because ~ome or the te"ts have been applied to 
explosive charges. I t is important to realize. how­
ever, that the performance of Ci loose c:\plosive 
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sample may differ greatly from that of the same 
explosive when pre~scd into a cup so as to form an 
explosive component. 

Tests of explosive materials are conveniently 
placed into four groups. IJcscriptions of tests 
pertaining to sensitivity, output, and stability 
follow. The fourth group is made up of chemical 
tests designed primarily to verify composition and 
state of aggregation. As sw.:h, these tests are not 
included in this volume but can be found in hand­
books on explosives,iI.~ Included in this group are 
tests on flammability. hygroscopicity, volatility, 
molecular weight <llld oxygen balance. 

b. Sen.l'ilil'ily. The tests grouped under sensitivity 
measure how easily explosive materials arc initio 
aledo They simulate the various stimuli which are 
capable of setting off the explosive. The stimulus 
used most widely is that of impact sensitivity. In 
addition to the following tests. the sand bomb test. 
listed under brisance output. is also a measure of 
sensitivity to initiation. 
(/) Impact Test. The impact test consists uf 
dropping a weight on a sample of explosive. The 
two most prevalent impa!.:t tcst~ are tho~e by 
Pic,'Itinny Arsenal (PAl and by the Bureau of Mines 
(8M). The PA appamtus is shown in Figure H6. 

In the test, a sample of explo~ivc i~ ~lIb.iected 

to the action ofa falling weight. usu,I!ly 2 kilograms. 
A 20-milligram sample is alw(jy~ lI'ied in the BM 
apparatus while the PA sample weight is 'i1il!ed for 
each case. The minimum heigh1 at whicll at least 
one of 10 trials results in explosion is the impact 
test value. For the PA apparallJ~. the unit of height 
is the inch: for the B M apparatus. it is the centimeter. 

In the PA appamtus. the sample is placed in 
the depression of a small steel die cup, capped hy a 
thin brass cover in the cemer of which is placed a 
slot-vented cylindrical steel plug. slotted side down. 
In the BM apparatus, the explosive i~ held hetween 
two flat and parallel hardened steel surfaces. In the 
former the impact is transmitted to the ~ample by 
the vented plug, in the latter case by the upper flat 
plate. The main differences between the two tests 
are that the PA test (a) involves greater confine­
ment (b), distributes the translational impulse over 
a smaller area. and (c) involves a frictional com­
ponent. Hence, PA \I.:S\ value~ are greatly affected 
by sample density. 

Some addi1ional impact tests differ primarily in 
the construction of the sample holder. r he tests 
have also been modified to accommodate cast and 
liquid explosives. 

KILOGRAM WEIGHT 

RAP~ 161354 

Figure 86. Plcatlnny ArJenai/mpact Tesr Apparatus 

(2) I-ric/ioll Pel1dulllm Tesr. To measure the sensj· 
tivity to friction, a 7 gIll sample, 50-100 mesh. is 
exposed to the action of a steel or fiher ~hoe ~wjng­
ing as a pendulum at the end of a long steel rod. 1 hl' 
behavior of the sample is described qualitatively 1\1 

indii:<lle its reaction 10 this experiem.:e, thClt i~, th!; 
most energetic reaction is explosion and, in deere,ls­
ing order of ~cvcrity, snaps, cracks, and unalTected 
(3) Riffe Bu/let Impacr Test. The traditional bullet 
sensitivity test com,isls of firing Cl caliber 30 rifle 
into the side of a 3-inch pipe nipple. loaded with 
approximately O.S-pound of the explosive being 
tested, and capped at both ends. Because of the 
curved surface pre~enteJ as a target. the angle of 
incidence, and consequently the test results. can be 
greatly affected by the condition of the weapon 
and characlerbtks of the ammunition. An improved 
test With a flat target plate was devised at Pic~tinny 
Ar~ena1.11 
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(4) Explosion Temperature Test. A 20-milligram 
sample of secondary explosive or a I a-milligram 
sample of primary explosive, loose loaded in a 
No. 8 blasting cap cup, is immersed in a Wood's 
metal bath. The temperature determined is that 
which produces explosion, ignition. or decomposi­
tion of the sample in 5 seconds. 
(5) Booster Sensitivity Test. The sensitivity of 
explosives to initiation by a booster is characterized 
in terms of the thickness of a wax barrier which. 
when placed between a cylindrical booster, I,VA 
inches by 2 inches. and the explosive being tested. 
will result in high order detonation of 50 percent 
of specimens. The set-up is shown schematically 
in Figure 87. 
(6) SethacK Pre.\',l'lIre Test. To simulate the condi­
tions experienced by the filler of a projectile during 
acceleration in agun, the <lpp<lr<ltus shown in Figure 
88 was developed, By the action of the propellant. 
a pressure pulse is tr<lnsmillcd to <In explosive 
specimen through the piston system which closely 
resembles these conditions. The criterion for each 
explosive tested is the maximum pressure at which 
the explosive cannot be initiated, when at an initial 
temperature of 125°F in 25 or more trials. 
(7) Armor Plate Test. A modified 60mm M49A2 
mortar projectile is loaded with the explosive to be 
tested. The loaded projectile, with fin1. attached, i" 
fired against armor plate from a five-foot length of 
steel tubing by a bazooka igniter and a quantity of 
shotgun propellant sufficient to give the desired 
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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 
explosion is recorded. 
(8) Bomb Drop TeST. 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) Cook-Off Temperalllre Te.\'l. The temperature 
at which an explosive charge will explode is related 
to the size of the charge, its confinement. and the 
length of time it is heated, as well as the composi­
tion and loading density of the explosive. Cook-off 
is usually measured by inserting a projectile con­
taining the test explosive into a carefully contro.~e2 
oven. Temperature is measured by thermocouples 
inserted inlO the projectile. Rate of heating, location 
of thermocouple. and simulation of heat transfer 
to other charges and weapon parts all affect the 
cook-off temperature so that results vary with 
different apparatus, For high-rate-of-fire weapons in 
the smull arms group, cook-off is best determined 
by heating the weapon in actual burst firing and then 
inserting an instrumented round into the chamber. '2 

The cook-off temperatures quoted are threshold 
temperature1., those below which cook-off will not 
occur in an infinite time (practically, an hour). 
(10) Efeclrostat;c fJi.I'Chorge Test. To determine 
the sensitivity to electrostatic discharge, a 50 
milligram sample of the explosive is placed on a 
flat metal electrode. A sharp metal electrode, which 
is connected to the first through a condenser 
charged to 5000 volts, is brought gradually closer 
to the flat electrode until the conoenscr discharges. 
By varying the electrical capacity, the energy of the 
discharge may be varied. Values quoted are maxi­
mum energies in joules for zero probability of 
initi<.ition, These data may be related to hazards by 
keeping in mimI thut the human body, on a dry 
winter day, may store as much as 0.05 joules of 
static electrical energy. 

c Output. The tests grouped under output measure 
the effect that an explosive produces. As do the 
sensitivity tests, output tests measure a particular 
result which i:-. jlJdgcd to simulate performance. 
(I ) DelOlll/lioll V ('focir),. Of the fundamental q uunti­
ties associated with detonation, the propagation 
velocity is the most readily and directly measurable. 
While it is not a complete characterizalion of the 
output properties of an explosive, it is a good 
criterion of performance in many application::.. 
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Figure 8B. Apparntus Which Simu/gle. Setback P,enu,e 

Since the detonation velocity varies with both 
density and charge dimensions. results must be 
accompanied by accurate data regarding these 
quantities. Detonation velocity may be measured 
by optical techniques. by electrical measurements 
uf 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 detonation velocity measurements 
include rotating mirror cameras, rotating drum 
cameras, high-sp!o!cd roll film cameras. and elec· 
tronic image converter lube cameras,l:1 Figure [1 
is a record obtained by a streak camera. A high 
speed framing camera has also been developed 
which will take full image pictures at rales higher 
than four million frame~ per second. 

The material within a detonation zone i" highly 
ionized and, hence. an excellent electrical con­
ductor. Thus a pair of electrical probes. placed in or 
close to an explosive charge, become electrically 
connected when a detonation, or the shock emitted 
by a detonation, engulfs them. Time intervals 
between such signals are measured with oscil­
loscopes and any of several types of interval 
timers.H.l~ 

The d' Autriche method (rig. 89), depends 
upon the augmentation of radial output at the point 
where two waves in a cylindri(;ai charge converge. 
Although it is attractive in th'lt it requires no high 
cost instrumentation amI has the reliability inherent 
in its extreme simplicity, this technique ha~ fallen 
into disuse in ret.:ent years because of the higher 
precision obtainable with optical and eleetro!]ic 
methods. With advent of mild detonating fuse. 

whose small size makes precision location of the 
critical points of Figure 89 possible, and the de­
velopment of precise means of detonation velocity 
control. new applit:ations of the d' Autriche method 
may be anti.:ipated. 
(2) Dt'tollario/l Pressure. Detonation pressures are 
too high to measure directly with any ordinary 
pressure gages. The pressures of shocks induced by 
detonations in metals may be determined from 
measurements of the movement of the metal and of 
shock velocity in the metal. From such data and 
the laws of shot:k interaction, it is possible to 
deduce detonation pressure. 13 Detonation pres~llre 
may also be determined from detonation velOCity 
and the density within the detonation zone, which 
may be measured by means of flash X-rays. 
(3) Bri.HllIeC'. The shattering power of an explosive. 
a~ distinguished from its total work capa(;ity. i~ 
termed brisance. Brisance is measured in ~amL 
plate dent or fragmentation le~t:-,. 

In the sand test, a OA-gm sample of the explo­
sive under test pressed at :WOO psi lOto a No.6 cnp. 
is initiated by lead azide in a sand test bomb con­
taining 200 gm of "on 30 me~h" Ottawa sand. The 
sand is re~ieved and is considered to have been 
crushed if it passes a No. 30 sieve. The significance 
of the sand test is difficult to state in physical terms. 
However, it does correlate, generally. with overall 
peti'ormance characteristks. 

Plate del~t tests, as used in brisance measure­
ments. are mad!.: with charges long enough com­
pared with their diameters that the detonation head 
can reat.:h a .~table configuration. rhe standard 
specimen is I % inches diameter by 5 inches long. 
The depth of dent produced in the steel plate is 

1 J 1 
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compared with that produced by TNT. Plate uen! 
brisance for bare charges correlated nIt her well 
with detonation pressure. 

The fragmentatiun test is the most direct 
measure of the brisance of explosives. J t wnsis!s 
of loading a projectile with the sample explosive. 
deton<lting the charge and recovering the frag11lenl~. 
The projectile is placed in a wonJcn box that 1:­

buried in ~anJ and fired electrically. Recovery of 
fragments and their cl''Issillealion into weight group~ 
permits evaluation of the <.:hargc. 
(4) B/ost. Blast pressures <lnd impulses are deter­
mined <lImos! exclusively with piezoelectric gages 
and the necessary specialized electrical circuits. 
Results are obtained by an analysis of oscillograms. 
(5) BalliSTic MOria/". A number of tests compare 
the effectiveness of explo.~ives as propellantsY' In 
general. to preserve the mortars used. the cllarge~ 
are relatively quite small (for example, ten grams in 
a ten-inch bore mortar). The quantity of the explo­
sive heing tested which gIves the same recoil a~ ten 
grams of TNT is used as the basis for expressing 
the relative output or the explosive. Although 
bClllistic mortar test d<lta tend to correlate with 
usable output for many explosivt'~, there are enough 
lnvemons to inspire senom questioning of the 
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me,~ning and validity of this type of data Ballistic 
mortar1"l have not been used extensively In recent 
years . 
(0) Tr(lld Tes/. In a Trauzl block test, it sample of 
explosive (on the order of 10 gm) is exploded in a 
cavity in a lead block. The increase in volume of the 
hole is the criterion of output. It is usually related 
to TNT. The TrauLl te~l is (I direct me<lsure of the 
mechanical work performed by the explosive. It 
tends to correlate with the heat of explosion. al· 
though lhe small sample size is rather small for 
complete reaction of TNT. More ~cnsitive materi­
als, which react more completely, tend to have 
larger Trauzl block valucs than might be expected. 

d. S/ohi/ily. The vacuum stability test i~ the most 
widely used stahility test for explosives. A 5·gm 
:-.ample (I gm in the case of primary high explosive~). 
after having been thoroughly dried, is heated for 
40 hours in vacuum Ht the desired temperature 
(100" or 120"C). Temperatures and the volume of 
gas evolved (in cc) are quoted. 

Other test~ arc the heat tests in which ~amples 
arc heated for 48 hour~ and the efrect~ noted. 
Actunlly, stability of cxplosive~ under conditions 
of service is too complex to be charactcriD.!d com-
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pletely on the basis of standardized laboratory tests. 
Tests like that for cook-off, which are tailored 10 

simulate conditions of usc, arc often necessary. 

108. Input 

a. Mechanical Initio/(}rs. Mos! mechanical sensi­
tivity tests, whether for stab or perclission items. 
consist of dropping weights from various heights. 
The most common means to this end is to release a 
weight from a magnet. The weights used in the 
testing of stab and percussion initiators are usually 
steel bHlls which are dropped free from the points 
of conical magnets. Impact m<lchines include con­
venient means of adjusting the height of the ffi<lgnct 
between drops and mcam for rapid and precise 
determination of the free f'lll distance (Fig. t-:6). In 
some machines. the height adjustment includes 
indc1ling stops for even intervals of height (usually 
fractions of an inch or centimeter). In others a dial. 
counter or scale is provided for rapid reading of the 
drop height. The l<iller have the adv(\ntage, in 
Bruceton type testing. that the step intervals may be 
varied to suit the appropriate normalizing function. 

The drop test is performed in a manner 
similar to that u),ed for explosive materials (Para­
graph 107). A given weight (perhaps 2 ounces) is 
dropped from various heights on the firing pin and 
the results noted. Height step ... are vaned by the 
Bruceton technique (Paragraph I06). 

b. £lee/ric l/lilialor. Depending upon the applica­
tion, the sensitivity of electric initiators should be 
characterized in terms or the threshold current, 
voltage, power. energy or some combination of 
these. A specification in terms of only one of them 
may he misleading. However. in many applic<ltion~. 
one or another of these quantities is so much more 
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significant than the others that it is appropriate to 
characterize the sensitivity of the initiator in its 
terms. The sensitivity response can he defined more 
rigorously in most cases by controlling the time as 
well as the magnitude of thc applied stimulus. 
(I) Condensf:'r Discharge Test. The sources used to 
fire electric initiators in many military applications 
emit pul~es 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 quantity which expresses limita­
tion of output is the available energy. For thi~ 
reason. it is a common practice to express the 
sensitivity of an electric initiator in term:.. of it), 
energy requirement. The energy which is stored in 
II charged condenser is 

W=5CP OR) 

where W is the energy in ergs, C is the capm;itance 
in microfarads, and E is the voltage. Theoretically. 
when a condenser is discharged through a re ... i~lance, 
all of the energy is dis:..ipated as heat in the re­
~i~tance. Thus II condenser discharge circuit is II 

means of dissipating an accurately known quantity 
of energy in an initiator, independent of variations 
in ih resistance. The energy sensitivilic" of mo~l 
of the electric initiator ... now in military use were 
determined by using circuits similar to that ~hown 
in Figure 90, Either voltage or capacitance may be 
varied to vary the energy. In many casc)', con­
venience has been the basis for the choice. H ow­
ever. where a particular application is under 
consideration, the choice might be made 01" the 
hasis of the limitations of the firi ng circuit ill the fuze. 

The threshold firing energy tends to vary In­
versely with the rate at which the energy i:.. applied 
down to a point, characteristic of the initiator, 

----.-
VOLTMETER 

POW",=r:1 
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CHARGE SWITCH 

Figur.90. rypic!» Co"d,,".e' Discharg. Firi"SJ Circuit for Testi"9' fledric I"itiators 



• 

• 

• 

beyond which further increa~c in the nile of appli­
cation has no effect on the energy required. Here is 
an important basic characteristic of an initiator. 
For general evaluation purposes, it is recommended 
that a condenser discharge circuit be chosen with a 
voltage high cnuugh and a correspondingly small 
enough condenser that further change in the voltage 
will not atft:ct the t:nergy requirement of the detona­
tor. An initiator test set has been developed which 
furnishes the proper signal and llIinirnil.CH con­
denser and switch losses,r 
(2) Va/taRe Sensitivity. Where the firing circuit is a 
very low voltage soun..:e, the impedance of which is 
low compared with that of the initiator, as for exam­
ple, some types of battery, the threshold voltage 
for firing may be the most important criterion of 
sensitivity. Test firing circuits for the determina­
tion of threshold firing voltage should be, similarly, 
very low impedance circuits. A type of variable 
source which has proven useful in this respect is a 
high capacity storage battery shunted by a relatively 
luw resistance potentiometer. The resistance of the 
potentiometer should be low compared with that of 
the initiator but not so low as to overtax the baltery. 
Aside from this, the circuit should provide for 
switching and connecting with a minimum of 
resistance. Contad putentials and inductive surges 
have been misleading in such circuits. As for con­
denser db;chargc, a tcst sct is also available for 
both constant voltage and constant current tests."1 

(3) Steady Cllrrellt Functioning. Whcre the firing 
somce is of high impedance and limited current 
capacity. such as the high voltage supply of an 
electronic device. the firing current may be the most 
significant aspect of the sensitivity of an electric 
initiator. A test circuit for the determination of 
threshold firing current of an electric initiator should 
have an impedance which is high compareu with 
the maximum resistance of the initiator during 
firing. A high voltage supply with a uropping re­
sistor (a ratio of !O to I is desirable) meets these 
requirements. The current may be varied from trial 
to trial by varying either the voltage or the re­
sistance. In such circuits, if the switch is in series 
with the dropping resislanl:c and the initiator in the 
wrong order. the distributed capacitance of the 
circuit can get charged to the supply voltage anu 
dischargeu with an initial surge sufficient 10 fire the 
initiator. One means of insuring against such 
spurious effects is that of shunting the initiator with 
a switch which is opened to fire the initiator. 
Constant current pentode circuits have much higher 
effective impedances than can be realized by 
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circuits of the kind described. However. the current 
requirements of most electric initiators exceed the 
capacity of receiving pentodes. 

c. Gaps and Barrier_~. The relative sensltlvny of 
v<lrious explosives to initiation by detonation of 
nearby charges can be determined from the results 
of tri<lls with varying gaps or barriers interposed.";·'~ 
In such evaluations. determinations are made of the 
mean and deviation of the gap or barrier using data 
collection schemes and statistical procedures 
similar to those described in Paragraph I 06. The 
result is a threshold value of g<lp or b<lrrier which 
will result in detonation. 

It must be remembered, however, that the use 
of gap or barrier tests to evaluate the reliability of 
systems in which gaps or barriers are not part of 
the intended design is dubious at best. As pointed 
out in Paragraphs 27 and 68, gaps and barriers, 
particularly when combined, may actu-ally improve 
a system. For example, it is possible to adopt a 
design on the strength of tests indicating a threshold 
gap of. say, a half inch and then find a forty percent 
failure rate in pilot lot tests with zero gap. Another 
possible pitfall in the use of gap and barrier tests 
for reliability predictions is the assumption of 
norm<llity of the distribution of transmission proba­
bility with respect to the gap length, barrier thick­
ne~s, or ~ome function of these quantities. In _one 
instance, a nonnormalizable distribution has been 
foundYI Further, in complex systems, where g<lpS 
and barriers are combined with angular and axial 
displacements of consecutive charges, it is difficult 
to design gap, barrier, or transverse displacement 
tests from which predictions may be made. with 
reasonable confidence. of the reliability of tram­
mi~sil1n of detonation. 

For these reasons. the Varicomp tcdlni411e 
has been devised.20 In this technique. construction. 
materials, and spatial configuration of <l system 
under investigation are as nearly identical with 
those of the intended de~ign as it is practical to 

make them. The probability of transmission be­
tween two consecutive components is reduced by 
the substitution of a less sensitive materi<ll in the 
acceptor element in the transfer under investiga­
tion. By the use of a series of explosives of graded 
sensitivity, using the sensitivity or composition as 
the independent variable in a data gathering system 
like the Bruceton technique, data mHy be obt<lined 
from which it is possible to determine the sensi­
tivity or composition for 50 percent functioning 
and its standard deviation, These quantities may be 
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used in extrapolating to the material to be used 
(see Paragraph 106). 

Explosives of varying sensitivity have also 
been used to estimate the reliability with which 
main charges may be expcctctl to be initiated by 
means of boosters. For such purposes, the wax gap 
booster test has been used (sec Paragraph 107). 

109. Output 

a. Detonation. The output of detonators, leads and 
boosters consists of a shock wave and high velocity 
hot particles. A number of indirect olltpullc'ib arc 
in use which are designed to give a quantitative 
measure of the ability of the test component to 
propagate the detonation in the next component. 
In addition to the tests listed, gaps and barrier tests 
(Paragraph 10~) may be used for this purpose. 
(I) Sand Test. The sand test, in which the output 
is characterized in terms of the amount of sand 
which is crushed by a detonator, gives a quantitive 
result for each trial. Early invesligalor,~21 found 
guod correlation between sand test results for blast­
ing caps and their effectiveness in initiating dyna­
mite. More recently, it has been found that detuna­
tors which give good sand test results may fail to 
initiate booster charges. The trend b away from 
sand tests for evaluation of explosive components. 
(2) Lead Di.)"k Test. Thi~ test consists of tiring a 
detonator in direct end-on contact with a lead disk, 
in accordance with MIL-STD-317 (see Paragraph 
110). The size of the hole produced in the disk is a 
measure of the output. Hole sizes are measured by 
means of taper gages or by photometric measure­
ment of the amount of light from a standard source 
which passes through. In general, the lead disk 
test is a reasonably useful quality control test which 
correlates with the effectiveness of detonators. 
Significance in terms of physical quantities is difTI­
cult to assess. At least one situation has been 
experienced in which modifications in loading 
procedure which increased output according to the 
lead disk test decreased elTectiveness in initiating 
subsequent charges, 
(3) Steel Dent Test. The steel dent test consists of 
firing a detonator in direct end-on contact with a 
steel block in accordance with MIL-STD-3l6 
(see Paragraph 110). The depth of the dent pm­
duccd is a measure of output. The depth, or beller 
the volume, of the dent correlates well with initiating 
effectiveness. The low rale detonation, which 
crushes nearly as much sand as high order detona­
tion, makes no dent whatever in a steel plate. It has 

heen shown 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 thl' 
volume of the detonation head. 

It has been found that a detonator 01'0. 19{)-inch 
diameter or larger, which produces a dent 0.0 I 0-
inch deep in a mild steel block wi!! initiate a lead vI 
tetryl or RDX under favorable conditions." Speciti­
cation requirements for detonators to be u~ed in 
fuzes are usually at least 0.015 to 0.020-inch depth 
and many produce dents up to 0.060-inch deep. 

Dents tests are also used to measure the output 
of leads and boosters and to determine whether 
token main charges have been caused to detonate 
high order. Plates used for this purpose arc sorm:­
times referred to as witness plates. 
(4) Hopkinson Bar Test. In this test, thc-"-t)l:ltput of 
a detonator is characterized in terms of the velocity 
impaned to a steel time piece which is in intimate 
contact with one end of a steel bar when the deto­
nator is fired at the othcr end (see Fig. 91). The 
velocity of the time piece is a measure of the aver­
age pressure over the time it take for the shock 
to traverse its length and the lemion wave III 

return. For steel, this time in microseconds i~ 

almost exactly equal. numerically, to the length of 
the time piece in centimeters (since both shock 
and tension waves propagate at 0.5 cm!microsec). 

Although the velocity of the time piece is a 
precise and rigorous measure of the momentum 
of the shock in the bar, the relationship between 
this shock and the output of the explosive charge 
which induced it is less clear. The coupling between 
the output of the detonator and the input end of the 
bar is necessarily quire poor. Direct exposure of 
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the bar to the action of the detonator results in 
damage with each shot amI progrc:<.sively changing 
characteristics. The effect of attenuators (to protect 
the bar) on output has not been e~tablishcd. Hence, 
the test is only in experimental use. 
(5) Velocity of the Air Shock. Since the velocity of 
an air shock is a direct measure of its strength, 
measurements of air shock velocity may seem to 
be attractice means of measuring detonator output. 
However, at the short range over which the blast 
output 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. In this respect, an 
inversion results from the non ideality of the reaction 
product gases. Hence, velocity of the air shock is 
not a suitable output measure. 
(6) Detonation Pressure Meas/lred by Means (~f 
Shock Transdl/cers. The output of detonators may 
be determined by measuring detonation pressure 
waves.22 Two types of solid state transducers are 
used to record the intense stress waves involved. 
One, based upon changes in electrical conductivity 
of materials normally considered as insulators, 
provides 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 
polarization of molecular sblids to provide a device 
more capable of resolving the very steep shock 
fronts often produced by explosives of high brisance. 

The explosive item to be tested is plClced with 
its output end on the transducer and initiated in the 
normal manner. When the detonation wave pa:-~cs 
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. 

h. Nondetoflfllinf( Items. 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 to measure but On the other 
hand more work has been done with detonators and 
more tests have been standardized. Nondetonating 
output includes flames of deflagrating charges 
(primers, squibs, delay columns) and mechanical 
output (explosive actuators). 
(1) Flame Oillplil. The most prevalently used 
instrument for the testing of primer output is a 
mClnometcr connected to a closed chamber into 
which the primer fires. The output pulse of the 
primer imparts momentum to the liquid in the 
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manometer, causing it to displace to a maximum 
and recede. The maximum displacement is propor­
tional to the momentum and is 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 many applications, the temperature 
reached by such a thermocouple, which is propor­
tional to the quantity of heat transferred to a solid 
by the flame, is more pertinent than the actual 
flame temperature. 

Light output, as measured by a photocell, has 
also been used as a measure of primer output. lfthe 
light 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 
output, has been used for primers. Primer output 
does not puncture the disk; rather the volume of 
the dent becomes the measure of output. Softer 
materials, such as styrofoam, have also becn used 
cxperimentally for this purpose to achieve a larger 
volume. 

A test set has been developed to measure the 
output of flame producing charges by measuring 
flame temperature and length.23 
(2) Mechanical OlllpUI. The series of mechanical 
actuators includes dimple motors. bellows molars, 
piston motor~ Clnd switches. The output of these 
devices is usually specified in terms of pushing a 
given weight through a given distance. Use of a 
test tixture employing dead weights is therefore best. 

Output tests hClve often been pelformed by 
having the actuator push against a spring. Since the 
spring force is not constant, it is important to specify 
in thIS case whether the given force is measured at 
the stClrt or end of the stroke. In the case of switches, 
it has been suggested that the initial hump in the 
load curvl; of a switch can be simulated by having 
a pin rupture a metal foil. 

110. Environment 

Explosive charges must not only perform as 
intended; they must also be safe and operable in 
the environment in which they are expected to 
perform. Encompassing deep water to outer space, 
the range of military environments is indeed forml· 
duble. A series of tests has been developed to 
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simulate the various comlitiuns to which ammuni­
tion may be subjected. 

Many of the tests have been standardized to 
assure uniform conditions, The bulk of the tesls of 
interest to the explosive charge designer ,'Ire 
grouped in the 300 series of the Military Stand<trds 
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. All of the standards are 
compileu in Dl'{lllrlml!flt of D(~r(,l1se Index of 
Sped/icalions and Standards, 10 .luly 1961, a 
consolidation of previous volumes issued by the 
three services. A convenient summary of descrip­
tions and use of these tests has been compiled for 
fuze components.e 

The explosive charge designer faces more 
severe testing problems than the fuze designer 
because of the relative ~mallness of his component~ 
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 to the jumble test. On the other hand, it is 
dangerous to introduce an untested component. 
particularly a new concept, into the military en­
vironment. In some instance~, other system com­
ponents may help (confinement. structural strength, 
sealing. cushioning), in other instances, they may 
hinder (illcompatible materials, unpl,mned electric 
paths, stress concentrations). This problem must 
be resolved by sound engineering judgement. If. for 
example, detonators are to be suhjected to a drop 
test, they can be placed within a jig which permits 
positioning and introduces confinement.~·1 

The chief purpose of environmental tests is to 
insure safety during rough handling and surveillance. 
The safety tests are of two types, destructive and 
non-destructive. Operability IS IIO! required after 
destructive tests, such as ,lolt (MIL·STD·300, 
MIL-STD-350) while operability is required after 
non-destructive tests such as Transportation Vibra­
tion (MIL-STD-303, MIL-STD-353). All surveil­
lance tests are non-destructive. such as Tempera· 
turcaml Humidity (MIL-STD-304, MI L-STD·354). 

It is important to understand that M I L-STD 
tests (ire never spedficu un1c,,~ they serve C\ defmitl! 
purpose. The selection of tests for application in a 
particular case requires engineering judgemenl. 
Tests must not be applied indist.:riminately. On the 
other hand. once a standard test is prescribed. it is 
mandatory that it he performed preci~e1y as ~peci. 
fled without deviation. The 300 ~eries of M I L-STD's 
include1. a number of tests ",,"hich apply 10 ~pecial 

conditions only, such as Jettison Tests (M I L-S'I l)'s 
307a to 310). For other conditions, additional tests 

TABLE 41. MIL·STD TESTS FOR FUZES 

D~",.I()pm""1 Suil'.\ 
MIL-STD·300 Jolt Test for Use in Development of FU7.e< 

6July 1951. 
~11 L·STD·30 I Jumble Test for U,e In Development of FUH"' 

6July 1951. 
\1IL-STD·.102 Forty (40) Foot Drop Tc.t for Use In O~vdup­

llIent of Fuzes. 6 Jlilv t951. 
Mll_·STD·J03 Tr;l.n~ronation Vihl:ati()n Test for Use In 

Developmcnt of t'"Ule,. Il July 1951. 
MII.·5TD·,104 Temp"'l"Uture und Humidity Test for Use In 

Development of ruzes. 6 July 1951 
MIL·STD·3U5 Vaeuum·Steam·f're"ure T""I for U,e in De· 

velopment of Fu?es, 26 March 19~::'. 
MIL,STD·306 Salt Spray (rog) Test for Use in Development 

of Fuzes. 27 March 1952. 
MI L,STD-307a Je1ti~on (Aircraft Safe Drop) Test for Cse in 

thc !)cvelopment of FUles. 17 Nll~embn 1958 
MIL·STD-.'Ofl Jetti<;on (Simulated Aircraft Safe Firing. from 

Ground Launcher) Test for Usc In the Devel­
opment uf Rllo.:ket-T ype Fuze.,. 4 Augu-t 195"\ 

MII·<;TO·30\1 .Ictti~()n (Simulated Aircraft Safe Drop. frnrn 
ur(lund L<lum:h~rl Te~t fur C,,,, In tlie Und· 
orment of Fuze~. 5 Augu\[ 195:1 

~fIL·STD,310 Jettison (Aircraft Safc Flrin[l.l J~~l for U,~ In 

lhe Dev",lopl1l~nt ()f Ruckel--r ,pc l-uLe, :' 
August 19.~j 

~1IL·STD·311 ACCidental J{cle~sc (Low Alttluue. HIIrl.J 
SlIrf~ce) Safet, Te't for L,,', ill the j)ev~l(}r' 
ment of Fuze,. 4 August 19.<~. 

MIL,STD-~12 Muuk tmpiI,·t S,lfely Te,1 fnl U'e in De\~1 
opment of Projeo.:tile ruze,. 15 January" 195~ 

MIL·S")"I)·.:;13 tmp~~t,Safe DI~tilno,;", T~,t f\>l L:,e ill De-.ei. 
orment of Projectile '·IIIe'. l~ Januar, 19~4. 

MIL·STD,314 W~lcrproofnes, "c,t I\n U,e III De'ciupm",nl 
of Fuze>, 20 Serlemb~1 195~ 

\flL-STD-3i5 Static Detonator Safety Te,t for Use In Devel. 
opment of Fuze,. 29 NOY~lIlhn 19~4 

:>t111.·STD·316 Oeton~tor Oiliput Me~<,urement B" the St~c! 
Dent Te~t. 22 Septemher I \If> 1 

f\.l11.-SrlJ-31? D~tu~utur Output Me<lwr~ll1ellt by lh~ 1 ~dd 
Di,eTe,!.I? Decemher 1454 

1\111,·STD-3tR MI,slle Pull-Ott' From Aircraft o~ Arrcq~u 
Lanuing (Gruund L~ulldl~1 Si,"ul<lteu) S,llel\ 
Test for Cse i~ neve)n[lment of FU7e<;. (, 
February 1959. 

MIL,STD-319 Tilll'" to Air Bll!"st Te<;t tor Use in O,,"v~lu[l' 
men! of Projectile Time Fuzes. 20 ~!ay 19.'9 

M 11.·S·IIJ·32{1 '1 erminulugy. Dimen~iun~. unu I\hlteri,lh "j 

E)([llo<;lve Com[lOnenl'.. for t..:<;e in Fuze, .. i 
August 1959. 

"'1!L-STD·321 Jettison IAircr~ft S~fe Drop) Te~t fnr the in 
the Development 01 FUZing ::'ystem~. I SCI" 
lemb",r 1959. 

MIL·SfD,.\Sl 

M!I.,STD,J52 

1\111.·STO·351 

MIL·STO-354 

MIL·STD·355 

MIL,S I D-JSIl 

MII.,STD,).'!') 

frodllClion Seri(.\" 

Jolt Test for U~e in Production of Fuze ... 6 
July 1951. 
Jumble Te,t for U~e in Production of Fuze'. 
6 July 1951 
Forty (4{1) I-oot [)rop rest for U .. c in Prllllll~' 
lioliofFule~,6July 19)1 
Tran~portation Vibration Test for L"~e In 
ProductiunofFul~>.6July 1951 
Temper~tlIre and Humidity Test for [j<;e in 
Prodl.lctton of ruzes. 26 )','Qvembcr 19~:S. 
VaCUlll1l·Steam·Presslire Test for L:.,e in Pro· 
ductlon 01 Fuzes. 13 Aplil 1953. 
Salt Spray (Fug) Te,l for Uw in Prol1u(liu,' or' 
FU7e<;. D April 195:l 
Ftve I-O(1t [)r(1p rcst f(1r U,~ in PrO<.hll,·llor 
of FUln. 17 NO"enlbel 195x 
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may have to be performed, such as Sand and Dust 
(MIL-E-5272Bl. 

Four tests in the MIL-STD-300 series apply 
specifically to explosive components. The Static 
Detonator Safety test (M IL-STD-315) determines 
whether the rest of the train will be set oIT 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 92. The 
test is successful if no explosive charge beyond the 
arming device functions, chars or deforms. 

Detonator output tests by lead disk (MIL­
STD-317) and steel dent (MIL-STD-316) afe dis­
cussedin Paragraph 109. Terminology, Dimensions, 
and Materials of Explosive Components (MIL­
STD-320) applies to the selection of standard pal1s 
during the design phase, The application of this 
stam,lard is discussed in Paragraph 53 and 73. 

As in performance tests, programming is im­
portant in the environmental series. It 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 
assure significant results. As a nile of thumb, no 
fewer than five samples should ever be tested. The 
quantity depends on the criteria for test acceptance, 
the destructive test (criterion: did this item ex­
plode?) requiring fewer samples than the non­
destructive test (criterion: is performance affected?), 

Figure 92. Arrcmgemenl for O.,Ionolor Sofety Test 
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GLOSSARY OF KEY TERMS 

This Glossary is an excerpt from Nomenc/flfure and D(~fini!i{)Il.l' in the A mlnl/nition Area. M I L-STO-
444,6 February 1959. Definitions are often abbreviated and only terms pertaining to explosive charge 
design are included. 

actuatur. An explosive device that produces gas at 
high pressure in short periods of time into a con­
fined volume for the purpose of doing work. 
Dimple molors, bellows moton, ami :-.witchcs arc 
examples of actuators. 

booster. An assembly of metal paris and explosive 
charge provided to augment the explosive com­
ponents of a fuze to cause detonatiun orlhe main 
explosive charge of the ammunition. It may be 
an integral part of the fuze. (This term is often 
used as an abbreviation for booster charge). 

booster charge I. The explosive charge contained 
in a booster. It must be sufficiently ~ensitive to be 
actuated by the small explosive clements in the 
fuze and powert'ul enough to cause detonation of 
the main explosive filHng. 2. The amount or type 
of explosive used to reliably detonate the bursting 
charge of ammunition. 

brisance, The ability of an explosive to shatter the 
medium which confines it; the shallering effect 
shown by an explosive. 

combustion, The continuous rapid combination of a 
substance with variOU5 elements SllCh as oxygen 
or chlorine or with variou~ oxygen bearing COIll­

pounds. accompanied by the generation of ligh: 
and heal. 

cook-off. The deflagration or detonation ofammuni­
tion by the absorption of heat from it~ environ­
ment. Usually it consists of the accidental and 
spontaneous discharge of. or explosion in. a gun 
or firearm caused by an overhenled chamber or 
barrel igniting a fuze, propellant charge, or burst­
ing charge. 

deHagration. A very rapid combustion sometimes 
accompanied by flame. sparks. or spattering of 
burning particles. A deflagration. altl1llugh clas~ed 
us an explo~ion, generally implies the hurning 01':1 
sub~tance with self-contained oxy'gen so that the 
reaction zone advances into thc unreacted m(l-
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terial at less than the velocity of sound in the 
unreacted material. 

delay, An explosive train component that intro­
duces a controlled time deJay in the functioning 
process. 

detonation. An exothermic chemical reaction_Jhut. 
propagates with such rapidity that the rate of 
advance of the reaction zone into the unreacted 
material exceeds the velocity uf sound in the 
unreacted material. The rate of advance of the 
reaction zone is termed detonation velocity. 
When this rate of advance attains such a value 
that it will continue without diminution through 
the un reacted material. it is termed the stable 
detonation velocity. When the detonation velocity 
is equal to 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 a low order detonation. 

detonator. An explosive train component which 
can be activated by either a nonexplosive im­
pulse or the action of a primer and is capable of 
reliably initiating high order detonation in a sub­
~equenl high explosive component of train. 
When activated by a nonexplosive impUlse. a 
detonator includes the function of a primer. In 
general dclonalur~ <Ire classifled in accordance 
with the method of initiation: such as percussion. 
stab, electric, nash. etc. 

explosion. A chemical reaction or change of state 
which is effected in an exceedingly short time 
with the generation of a high temperature and 
generally a large quantity of gas. An explosion 
produces a shock wave in the surrounding 
medium. The term includes both detonation and 
deflagration. 

~xplosiv~. i\ suh~tance or mixture of '>uhqances 
which mel! he made 10 undergo a rapid chemical 
change. without an out~ide supply of ox\gcn. 
with the liberation of large quantities of energy 
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generally accompanied by the evolution of hot 
gases. 

explosive train. A train of combustible and explo­
sive elements arranged in an order of decreasing 
sensitivity. Its function is to accomplish the con­
trolled augmentCltion of a small impulse into one 
of suitable energy to cause the main charge of the 
munition to function. It may consist of primer. 
detonator, delay. relay, lead. and booster charge, 
one or more of which may be either omitted or 
combined. 

firing pin. An item in a firing mechanism of a fuze 
which strikes and detonates a sensitive explosive 
to initiate an explosive train. 

high explosive (HE), An explosive which when 
used in its normal manner detonates rather than 
deftagrates or burns: that is, the rate of advance 
of the reaction zone into the un reacted material 
exceeds the velocity of sound in the unreacted 
material. 

igniter. A device containing a 'ipccially arranged 
charge of a ready burning composition. usually 
bl'1.ck powder. used to Hmplify the initiation of a 
primer. 

Initiator. A device used as the first element of an 
explosive train, such as a detonator or S4uib, 
which upon receipt of the proper mech,mical or 
electrical impulse produces a burning or deto­
miting action. it genernlly contains f\ small 
quantity of a sensitive explosive. 

lead. (Rhymes with "feed") An explosive train 
component which consists of a column of high 
explosive, usually small in diameter. used to 
transmit detonation from a detonator to booster 
charge. 

low explosive (LE). An explosive which when llsed 
in its normal manner deflagrates or burns rather 
than detonates: that 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 -pf6jJeThThh, 
certain primer mixtures. black powder and delay 
compositions. 

primary high explosive. An explosive which i~ 
extremely 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 detonation in an ex­
tremely short distance and time; it can also 
propagate a detonation wave in an extremely 
small diameter column. 

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 explo~ivc 
charges. In general, primers are classified 10 

accordHnce with the methods of initiation; such 
as percussion or stab. 

relay. An explosive train component that provides 
the required explosive energy to cause the next 
clement in the train to function reliably. It is 
especially applied to small charges that an~ 
initiated by a delay element and, in turn, cause 
the functioning of a detonator. 

secondary high explosive. A high explosive which is 
relatively insensitive to heat am] shock and i~ 

u~ually initiated by a primary high explo<;ive. It 
requires <l relatively long distance and time to 
build up from a deflagration to detonation and will 
not propagate in extremely small diameter 
columns. Secondary high explosives are u~ed for 
boosters and bursting charges, Sometimes calleu 
'non-initiating high explo~ives.' 

squib, A small explosive device, similar in appear­
ance to a detonator, but loaded with low explo­
sive, so that its output is primarily heat (flash). 
Usually electrically initiated, it is provided III 
initiate action 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 mortar, [32 
Barrier, 40, 92, \34 
Bases for explosive charge selection, 3, 65, 87 
Bellows motor, 105, \36 
Blast, 42 
Boosted surround, 103 
Booster 

charge, 89 
construction, 98 
design, n 
position, 103 
sensitivity test, 36, 130 

Bridge wire, 25. 30, 51,67.78 
Brisance, 131 
Bruceton technique, J 27 
Bullet impact test. 57 
Burning. t 3, 16 

Carbon bridge. 26. 71. 78 
Casting, 109 
Cementing, 118 
Chapman-Jouguet condition, 21 
Characteristics. ! 20 
Chemical decomposition. 49 
Chemical interaction, 55, [20 
Compatibility. 56, 120 
Condenser discharge test. 133 
Conductive explosive mix electric inilialor, 26, 72 
Conductive film electric initiator, 26, 71, n 
Confinement, 38, 75, 87, 92, 103 
Construction. See specific explosive chw'ge 
Cook-off, 48, 5 I, 130 
Cup, 75 

d' Autriche method, 13 t 
DeflClgrCltion, 13, t 6 
Delay composition, 82 
Delay elemenl, 80 
Demolition hlo!.:k, J 07 
Demolition device, 106 
Density. See loading density 
Design considerations, t, 9, 62, 92 
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Destructor, 106 
Detonating cord, 107 
Detonation 

pressure, 74, 120, 131 
transfer to another charge, 33, 135 
transition from deflagration, 17 
veracity, 22, 120. 130 
wave, 20, 41, 95 

Detonator 
construction and fabrication, 75 
design. 66 
function, f)2 
output, 73. 135 

Dimensional interaction, 34 
Dimple motor, 105, J 36 

Economics, 9 
Electric initiation, 25, 80 
Electric initiator, 63, 67, 77,133. See a/so specific 

explosive charge 
Electric spark initiation, 30 
Elecirical aspects, 9, 59, 130 
Environmental response. 48, 55, 136 
El/uation of state, 20 
Evaluation procedure, 35, 57, 123 
Exploding bridge wire, 30, 70 
Explosion temperature, 15, [30 
Explosive 

holt, 108 
Characteristics, 120 
materiaL 71, 73, 90, 128 
sheet and tubc, 107 
train, I 

Explosive charge. See a/so specific explosive 
ch<lrge (actlwtor, boosler, delay, dctonCllor, 
lead, main bursting charge, primer. relay, 
squib) 

bases for selection, 3, 65, 87 
design considerations, 1,9,62, 92 
fl.lbric;.\tion, 109 
general description, 1,62,80,89,100,105 
loading, 109 
purpose, 1 
sy~tcm approach aspect~, 4 

Exudation, 50 

F abricClI ion, 109. S l!l' also specific explosive charge 
failure diameter, 93,120 
Film bridge electric initiator, 26, 71. 78 
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Finishing operation, J \7 
Firing pin, 29, 66 
Flame output, 136 
Flash charge, 78 
Flash detonator, 63, 67, 77 
Fragmentation, 7, 44 
Frankford run-down method, 128 
Frequency distribution, [24 
Friction. 29, 59, 129 
Functioning, 7 
Fundamental principles, 

Gap test, 35 
Gap and barrier, 40, 92, 134 
Gasless delay compositions, 84 
Glossary, 140 
Graphite film bridge, 26. 71, 7~ 
Gurney constant, 44 

Heat initiation, 25 
Heat of explosion, 74, 120 
High temperature effect, 53 
Hopkinson bar test, [35 
Hot spot theory of initiation, 15 
Hot wire electric initiator, 25, 67 
Hugoniot curve, 20 

Ignition powder, 84 
Ignition temperature. 15 
Illustrations, list, vii 
Impact initiation, 28 
Impact simulation, 57,129 
Information sources, 11 
Initiation 

by heat, 25, 67 
by impact, 28 
by other means, 29 
effectiveness, 33 
general, 23, 33 
sensitivity, 35, 49, 102 

Initiator. See specific explosive charge 
Input characteristics. 66. 133 
Irradiation. 59 

Lead 
construction, 96 
design. 92 
function, 89 

Lcauazide, 18. 121 
Lead disk test, 135. 138 
Lead styphnate, 18 
Lethality, fragment, 44 
Loading, 109. Sec a/so specific explosive charge 

Loadingdensity,27,66, 75,82,86,94,113,120,121 
Low temperature effect, 54 

Machining, 117 
Main bursting charge. [00 
Mechanical aspects, 7 
Mechanical initi<ltor. See specific explosive charge 
Melting, 53, 120 
Mild detonating Fuse, 107 
Military environment, 48 
Military standard, 137 
Misaligned charge, 40 

Obturated delay. 80, 83 
Out-oF-line safety, 3, 8 
Output, 41, 72, 95,106, 119,130.135 

Pelletizing, 1 15 
Percussion initiation, 29, 66, 80 
Percussion primer, 63, 66, 77, 133 
Piston motor, 105, 136 
Plug for electric initi<ltor, 77 
Pressing, 111, 121 
Primer 

construction and fabric<ltion, 75 
design. 66 
function, 62 
output. 72. 136 

Priming composition, 66 
Projectile preparation. 109 

Quality control, 121 

Reaction kinetics, 13 
References, 12,32.47.61, 79, 88, 99, 104, 108, 

122. 139 
Relay, 82 
Reliability, 10, 123 
Resistivity of wire briuge. 68 
Ring delay, 81 

Safety, 3, 8,10,123 
Sand test, 135 
Sensitivity test, 26, 35,119,128 
Sensitivity to initiation, 26. 35, 49, 66, !02 
Sensitization, 54 
Setback acceleration, 6, 58, 130 
Shaped charge, 46 
Shock ve!ocity. 35 
Shock wave, 19 
Simulation of impact. 57 
Spark gap electric initiator, 72, 78 
Spotting charge. 78 
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Spurious electrical signal, 9 
Squih, 63, 72 
Stab initiation, 29. 66 
Stab initiatur, 63, 66, 77,133 
Stagnation temperature, 5 
SI<lnuanlizaliun, [ 1 
Statistical test method, 123 
Steel dent lest, 135, 138 
Structural aspects, 6 
Suitability, 118 
Switch, 105 
Symbols. list. x 
Systems approach to ammunition, 4 
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Temperature effect. 49. 85 
Testing technique, 35, 57, 123, J2~, 135 
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Thermal decomposition, 13 
Transfer of detonation from one t:harge to another, 

33, 135 
Tmnsition from deflagration to detonation. 17 
TnlUzl test, 132 

Underground output effect. 45 
Underwater output effect, 45 

Vacuum stability. 132 
Vehicular aspects, 4 
Vented delay. 81, 84 
Vibration, 5<,1 

Warhead,45 
Wave shaping, 42 
Wire bridge, 25. 30, 51, 67, 78 


