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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 quantitative facts 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 Hem, such as projectile or warhead filler, is also covered. Data are given on the physical and explosive characteristics of typical explosives und references are cited in which additional data will be found.

Coverage includes development of the complete explosive train. from elements suitable for initiation of the explosive reaction to the promotion of effective functioning of the final, output element, The nature of the explosive reaction, method of transfer of detonation and measurement of outpul are discussed. Design principles and data pertaining to primers, detonators, delay elements, leads, bousters, main charges and specialized explosive elements are covered. The effects of environmental conditions and steps to he taken to avoid difficulties are discussed.

This handbook has been prepared as an aid to ammunition designers. 1 should also be of benefit to scientists and engincers engaged in research and development programs or who have responsibility for the planning and interpretation of experiments and tests relating to the performance of ammunition or ammunition componenis,

'The handbook was prepared by The Franklin Institute, Phifadetphia, Penns ylvania, based on a manuscript prepared by Armour Research Foundation of the University of Mlinais Institute of Technology. The handbook was prepared for the Engineering Handbook Office of Duke University, prime contractor to the Army Research Office-Durham. The Explosive Series is under the technical geidance and coordination of a special comminee with representation from Picatinny Arsenal and Frankford Arsenal of the Munitions Command, and the Ballistic Research Laboratories, Chairman of this committee was Mr. Donald Seeger of Picatinny Arsenal.

Elements of the WU. 8, Army Materiel Command having need for handbooks may submit requisitions or official requests directly to Publications and Reproduction Agency, Letterkenny Army Deput, Chambersburg, Pennsylvania (7201, Contractors should submit such 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 Carolina 27706.




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 Engineering Design Handbooks dealing with explosives. It covers the principles and factors applicable to the design of the various individual elements which are parts of an explosive train. These elements include primers, detonators. relays, delays, leads, boosters and main bursting charges. In addition, principles and factors involved in the design of explosive items such as actuators. explosive switches and destructors, which ure usually not elements of the main explosive train of a military itern. are mentioned, particularly where the principles differ fram those applicable to the main train.

'The phenomena of initiation, deflagration and detonation aad their interaction with effects pro» duced in surrounding maturiuis are discussed with particular emphasis on those aspects which are important to designers of explosive charges. Also discussed are evaluation procedures, loading methods, and the effects of design upon the probability of accidental initiation, upon reliability. and wpon the useful life of an item



2. The Explosive Train

An explosive train is an assembly of explosive elements arranged in order of decreasing sensitivity, The function of the explosive train is to accomplish the controlled augmentation of a small imptls¢ into one of suitable energy to cause the main charge of the munition to function.

Explosive trains may be divided into two general classes, Aigé explosive trains and fow explosive trains, according to the type of explosive used in the main charge? 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 explosive trains is the fuze explosive train. If the bursting charge is added, it is commonly called a bursting charge explosive irain. A common example of the Jow explosive train is the propelling charge explosive train,

Propeiling charge explosive trains and other low explosive trains are covered in other hand» books of the Series. Uniess otherwise indicated, the term explosive train in this handbook signifies a high explosive train.

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


	{u) they can be activated in the desired manner,

	(b) on functioning. they will produce the desired effect reliably, and

	(c} the probabifity of premature functioning is minimized for all foreseeable conditions of handling, storage. transport and use.



Essential elements of such an assembly are generally (a} A primary or low explosive charge, contained in a suitable housing, that is capable of (1) being activated by a relatively small stimulus (mechanical ar glectrical) and (2) producing a selfpropagating reaction, The output of Usis initial charge consists principally of relatively Jow velocily hot gases and particles.

& quot;Prepared by Gumner Cahn, J sboratories for Research and slopaicer af The Franklin Institute. based on a manuscrips ny R, Srcsar for Armour Research foundation of the Tings Enstitute of Technology

+ For more aettiled definitions of explosive marernt. see the Glossary af tee eu) of this Bandhan


	(b} An intermediate charge of primary high explosive (most commonly lead azide) in which the transition from burning to detonation takes place.

	(c} A secondary high explosive charge (for example, RIX) that intensifies the shock output from the intermediate charge, and

	(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 fo transmit explosive reactions between spatially separated elements,

	(b) Belay 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 secondary high explosive charge and powerful enough to initiate the insensitive secondary high explosive usually used for the main charge.



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


	(a) Actuators

	(b) Explosive bolts.

	(c) Destructors



Note that the foregoing description applies 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 components. 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, propellant systems, parachute packs and leaflet bombs.

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

[image: Figure, page 12]

Figure 1. Typical Explosive Train the scope of this handbook (for an assembly drawing 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.

	ib) The primer charge initiates the intermediate 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 transmitted 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 microseconds, 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 of linear and rotational forces encountered during propelling tbe projectile from the gun. In the unarmed view (Fig. 1) the fuze is in the safe or out-of-line position, The purpose of this safety feature of fuzes is to isolate physically the more sensitive explosives of the explosive train from the main charge. Since the more sensitive explosives are more susceptible to accidental initiation, they will not propagate to the main charge, if iniuated, when they are in the out-of-ling position.



3. Bases for Selecting Explosive Charges

When the designer is ready to build an explosive train, he must make a variety of decisions. Before he can select the explosive charges, he must have 4 clear idea of the input stimulus that will be used to start his system and of the final output the system is 6 have. Between these two extremes, he must assemble a variety of explosive components. This complete system will then make up the explosive 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 (he output which is required of the ammunition. While the output is invariably specified for all design requirements, it is usually given in terms which the explosive charge designer cannot use directly.

Specitications start with the user who has a requirement. For example, the user may want lo defeat a tank, to cause personne! casualties 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 recoilless rifle, a nonmetallic mine to be wiggered by foot pressure, or a marker projectile delivering a ced 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 configuration of the HE burster charge and the composition of the chemicals fo produce the smoke puff.

Where the design calls for high explosives ina projectile, bomb, or the like for which caliber is either specified er the shape of which js fixed by ballistic considerations, the task of designing 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 high explosive filler. Design Principles for blast (Paragraph 31) and for fragmentation (Paragraph 32) are we') established. Explosives for chemical charges must burst the case and disseminate the contents efficiently, The design of main charges is discussed in Paragraphs 76 to 83,

At the other end of the train is the initiator. Selection and design of the proper first element in the explosive train is probably the most difficult step. Por this reason, this subject is treated in depth by itself (Paragraph 46). The design of initiators is covered in Paragraphs 44 tu 56.

lt is a basic safety requirement in almost all arumuttitica that the inftiutar be kept out of line so that the train will not propagate in ihe event of accidental functioning of the sensitive initiator. While the explosive charge designer is definitely concerned with such safety devices, they are not included in this handbook. The design, construc tion, layout, and evaluation of the various safety and arming devices are covered in texts on fuze design.

The next clement to be considered is the booster charge. Mest high explosive ammunition has boosters. The booster is that charge which is sensitive enough to be actuated by the small explosive elements on the one hand and powerful enough to cause detonation of the main explosive on the other hand. Teiryl and ROX are common explosives which have these properties. The booster charge is best placed into a cavily of the main charge (the fuze well). The design of boosters is covered in Paragraphs 64 to 75,

From the standpoint of train propagation, a booster pellet ix 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-ling 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. Additional 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 transform the defiagration 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 tw achieve bore safety, detonator (or relay) and booster are separated 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 controls or to clase switches. Small and reliable. they are ideally suited for remote control. Explosive bolts and destructers are other examples of devices serving auxiliary functions. These designs are cavered in Paragraphs 84 to 89.

Good design practice must be applied to all explosive charges and to their assembly into a (rain Charges must he of the proper geometry and sensilvity and must have the carrect density and can lincment as discussed in Paragraphs 24 10 28. They must be compatible with other explosives and with metal parts. They must be safe to handle and must stand the extremes of temperature in storage and use as discussed in Paragraphs 34 to 42. The design of explosive charges which make vp safe and reliable trains has not yet been reduced to a formula. Rather, it requires considerable experience. The design of unusual trains, in particular, should never be attempted by a novice.

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




8. SYSTEMS APPROACH TO AMMUNITION


4. Vehicular Aspects


	a. 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 of explosive charges.

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

	(b) It is sometimes necessary to adapt 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 introduced a whole new set of explosive-chargedesign problems.

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



In addition to these mote or less general consequences of the functioning of military items as vehicles, iLis necessary for the designer of explosive charges to consider special circumstances which may arise as a result of transport systems. Acceleralions due to the mechanical action of rapid-fire guns and launchers are sometimes quite appreciable and have been known to produce undesirable results when they were not taken jata consideration during design. Chambers of rapid-fire weapons are heated in the course of long bursts to temperatures which can cause functioning of rounds that remair in them when firing stops.

The limitations on explosive charge design imposed by the first two aspects listed whove are those of dimension and spatial configuration. They are usually clearly stated in design specifications or military requirements for explosive charges. Effects of aerodynamic heating and acceleration forces, however, are not usually obvious from a glance at the drawings. Frequently, they can influence the functioning of ammunition.

b, Aeradynamic Heating. Not only must am explosive system withstand high temperatures without premature functioning, it must also function effectively and reliably during or after such exposure. insulation of explosive charges can be quite effective 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 continue to increase, the necessary amount of insulation may increase to apoint where it seriously reduces the effectiveness of awarhead, both by displacing explosive and by wrapping it in a highly effective shock attenuator. The effects of high temperatures upon explosives are discussed in more detail in Paragraphs 35-37. Some of the newer explosives which are more heat resistant are not castable. The use of these materials will necessitate design changes in the carrier to facilitate either (a) consolidation of the explosive charge or {>} assembly of preformed explosive charges.

The determination of temperature profiles within ammunition items affected by 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 madel 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.

'fhe 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 4 system, the undisturbed air is an infinite stream moving at a velocity of magnitude 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 (conservation of momentun) any reduction of the velocity of part of the stream must be accompanied by an increase in pressure. Rapid compression of a gas causes its teniperature to rise. The highest temperature which may be anticipated in any point in sucha system, called the stagnation temperature, is thal of air which has been brought to rest with respect to the object. The formula fer the calculation of difference between the stagnation temperalure T, is

Ts=To(1+0.2M2) T_s = T_o(1 + 0.2M^2) \tag{1} 

where 7, is the temperature of the undisturbed atmosphere and Af is the Mach number. Temperatures are in °K,

If the stagnation temperature is below that at which the explosive charge will suffer any il! effects. as discussed in Paragraphs 36-37, there is no problem of aerodynamic heating.

A stagnation temperature high enough to have deleterious effects upon the explosive is not necessarily 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 points where thers is an appreciable tangential flow component approaches a recovery temperature which is well below the stagnation temperature. Typical relationships of recovery temperatures 7, to stagnation temperatures are

Tr−TsTs−Ts=0.8 to 0.9 \frac{T_r - T_s}{T_s - T_s} = 0.8 \text{ to } 0.9 \tag{2} 

The value of this ratio varies with velocity. position, and shape of the object.

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

As the stagnation temperatures rise relative to those at which explosives are stable and as designs become more intricate, the means of resolving doubts regarding whether explosive charges wil] survive aerodynamic heating become more laborious 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 a simple barrier will not only be effective in protecting the explosive but it will also reduce the héar transfer analysis to simple arithmetic. For example, if a thin layer of insulation is applied to the outside of the metal case of an explosive charge, it may be assumed as a firsi approximation that the metal loses no heat to Ihe explosive. that the surface coefficient of heat transfer is infinite, and that the heat capacity of the insulation is negligible. If these assumptions are made, then the heating rate of the case is

dTc/dt=(Tr−Tc)ki/yiycCcρ dT_c/dt = (T_r - T_c)k_i/y_iy_cC_c\rho  (3)

where 7, is the temperature of the case, T, is the reference temperature, & is the thermal conductivity of the insulation, y, is the thickness of the insulation, y- is the thickness of the case, p is the density of the case material, and C, is the heat capacity of the case material, It will be noted that all of the assumptions are conservative in the sense that they tend to make the calculated temperature rise more rapid than the real one. Thus, if these caiculations lead te the conclusion that the protection against aerodynamic heating is adequate, 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 law melting alloys and the dehydration of hydrated salts have been suggested as thennal buffers. Some salts have the added virtue of ¢xpanding 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,

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

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

	(d) Hf doubt remains at this point, give serious consideration to the use of insulation or hear sinks,

	(¢} Testing of the system may be required.






c. Acceleration, AS vehicles, ammunition 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 ali masses inchiding that of the explosive material. Accelerations associated with changes in the momentum along the line of flight are 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 offen 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 effects, the designer should obtain the best | estimate available of the time-acceleration function to which his device will be subjected. Table 1 lists the magnitudes of some typical accelerations of ammunition,



3, Structural Aspects


	a. Neglecting the Strength of the Explosive. To sustain accelerations and still retain their functional capability as explosive charges and mechanisms, ammunition must be designed with full recognition of its functions as a structure. 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 always result in the best design and, in some cases, it is inapplicable because

	(a) The strengths of afl explosives are far from negligible and those of some materials are quite appreciable. 'he strengths of cast explosives are on the order of 2000 psi (compressive} and 200 psi (tensile), Those of plastic bonded explosives are somewhat higher.



TABLE 1. VALUES OF ACCELERATION IM AMMUNITION









	Armanition and

Condition of Exposure
	
	Direction




	Projectile setback

when fired in gun
	
	Axial



	Projectile piercing armor
	
	Axial or Oblique



	Rocket or missile. normal launch
	
	Axial



	Rocker or missile, gua launched
	
	Axial



	Missile stecring
	
	Transverse



	Missile Sight vibration
	10
	Random



	Mine water entry
	2,500
	Axial





Note: Forward acceleration is conventionally assigned a positive value.


	{b) The resistance of the explosive 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 Hquid.

	(©) In many applications, explosive performance 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 fo have litle value as a structural member.

	{e} The resistance to deformation and 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 sometimes necessary, to design an explosive item as a composite structure or, at least, to consider the effects of its behavior as such.

b. Consequences of Structural Failure of Explosive Charges. Obviously, those charges whose output characteristics are closely associated with their geometrical configurations, such as shaped charges, will aot function properly if the geometry is altered by structural failure. Other consequences of structural 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 movement resulting from a structural failure, provides a mechanism for the development of hot spots which may become reaction nuclei (sve Paragraph (4). Where the failure results in the relative movement of two adjacent metal members with explosive in between, action similar to an impact or friction sensitivity test (where the explosives are pinched, grouml, or impacted} may result in premature initiation,

The initiating trains of ammunition are generally 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.

¢, Structural Components as Sources of Fragments. Ta many types of arnmunition, notably artillery 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 if 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 together in vue gun also absorbs a significant amount of the energy liberated when the explosive detonates. The choice of a structure and configuration conducive to optimum fragmentation may unduly weaken it. The charge-to-case weight ratio which is best for fragmentation may afford too little metal for structural stability. In addition, the aerodynamic considerations of stability and range are 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-praducing ammunition. where structural or aerodynamic considerations are jess stringent, the designer has more freedom to adapt shape. construction, and material to obtain optimum fragmentation.

a. Interaction of Structure with Explosive Materials. In addition to the interaction of explosives and inert parts to form a composite structure and their inter+ action to produce output effects, important interacliens between explosives and inerts are involved in initiation, growth and propagation of detonation. The pinching, grinding and impact resulling from the relative movement of inert components in contact with explosives are, of course, essential phases of the operation of stab and percussion initiators. 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 explosive reactions cannot be overstressed. A change in the confining medium can change the critical value of a dimension by a factor of ten or more. Various 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 matetial ag a component of the structure and of ils interaction with inert structural components from the conceptual stage onward will probably avoid some problems in the testing and evaluation stages.



6. Mechanical Aspects

a. Functioning. In the sense that their useful output is generally in the form of mechanical work, cx 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, safeguarding against operation until if 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 must be either stored in or derived from the afteraunch environment of the ammunition.

Forms of stored energy which have been used include elastic (cocked springs, compressed gases), chemical (batteries, propellants, explosives), magnetic (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 impact: hydrostatic forces due to changes in am bient pressure. magnetic forces related to movement with respect to the earth's field; electrical forces related to environmental potential differences (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 nearly frictionless movement and, at the ather, to protect the dormant mechanism, structure and explosive charges from damage.

&. Location With Respect te Target. The mechanical functions involved in placing the ammunition in the desired location with respect 1 its target might be considered as part of its functioning us a vehicle. However, those functions under consideration here are nat so clearly vehicular functions as propulsion and flight of the item. They include such varied activities as separation of stages in multistaged weapons. jump-up action of certain antix personnel weapons and opening of parachutes, Some of these functions are accomplished by means of explosive actuators (Paragraphs 84. 85), Where such devices are used, it is a concern of the designers of other components to safeguard against their premature initiation or other damage. In other instances, where the source (such as movement of a small bellows under ihe 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 dimensional instability of the explosive material or to differential thermal expansion.

c. Safety and Arming Devices. It is a basic requirement of fuze design that the arming action must result only from some farce or condition uniquely associated with launching or after-launch environment, Where launching forces are used, arming must be delayed until safe distance is attained between ammunition and the paint 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 us (u place very high standards on tolerances. finishes and balance of moving paris, 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 distribution should be considered carefully in the light of its effect upon the functioning of inerual arming systems, including rotors of fuzes for spin stabilized devices. The effect of changes in mass distribution caused by arming operations may sometimes require examination by an exterior ballistician.

The design of a safety and arming mechanism is a three way compromise between reliability. quality control and compactness. Ifthe components 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 inereasing demand for miniaturization, it will be necessary to improve continually the standards of reproducibility of output and sensitivity of explo: sive components and the techniques for their evaluation, The designer of the mechanism must lean heavily on the explosive component designer because the basic dimensions of the mechanism depend upon the characteristics of the explosive components.



7. Electrical Aspects


	a. Eavirunments. The complexity of our clectrical environment is staggering. Practically every insulator has a static charge. Any two dissimilar pieces of metal, wet with slightly impure water, make a battery of sorts. Weld them together and change their temperature and we have a thermal generator. Every spark plug, every switch, every thunderstorm, and all the stars keep broadcasting 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 conductors, semiconductors and dielectrics in the ammunition is exposed to radiation whose frequency corresponds to a resonant point, fairly high currents are possible, Electrostatic discharges and surges duc to nearby strokes of lightning can also develop appreciable currents,

	&. Possible initiation of the Main Bursting Charge Hf, at some point in a circuit, spurious currents are concentrated in a relatively small path in intimate contact with explosive material, it is not inconceivable 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 such 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.

	e. Electric initiators Exposed to Spurious Signals A more frequent hazard is thar of accidental initiation of electric initiators by static electricity. radic frequency pickup or induced surges. The system. where a shorted and 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 established that initiation by radio-frequency energy is a real hazard to electroexplosive devices, Several solutions have been proposed 10 alleviate this problem in the design stage. Those solutions dealing with the initiation of electric initiators are discussed in Paragraph $0. The designer of ammunition can minimize the hazard of initiation caused by the electrical environment by following these general design practices


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

	(b) Taking the uimost advantage of the shiclding 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, out-o% line safety devices and similar devices to protec! the system from premature initiation,

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

	(f) Arranging for tests, under the best sinmulation possible of service electrical environments, to determine the susceptibility of asystem tu electrical hazards.






C. GENERAL DESIGN CONSIDERATIONS


8. Economies

The assessment of a weapons system involves (he 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 and the probability that a given round will inflict this damage. The cost of a round of ammunition includes the cost of delivering it to ity target as well as that of producing it.

Each of these quantities is. in itself, a compiex combination of diverse factors which muy include aspects of statistics, logistics, psychology, aerodynamics, ballistics, military strategy and tactics and all branches of engineering. Most organizations charged with the development of weapons systemn include operations research or weapons systems analysis groups who feed combinations of experimental data, rigorously derived mathematical expressions and careful estimates into electronic computers tg obtain estimates of the military values of various weapon systems. If a system is under: going evaluation at the same me that an explosive charge ig being designed for it, the explosive charge designer may find it comparatively simple to obtain information regarding the relative value of several design variants in exchange for data regarding the influence of these variants upon effectiveness, reliability or safety, More frequently. the phasing of the program leaves the explosive Charge designer in the position of having te make these dey cioms himseif,

The number of details which might affect the reliability of ordnance have praliferated to such an extent that an atlempt to be sure of everything could lead to the employment of the whole population 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 vogarding 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 premature operation, and the costs of insuring against these events,

In attempling to arrive at such compromises, one's judgement is sometimes impaired by the feeling that saving a life or winning a war is more important than any amount of dollars. It must be borne in mind that the cost of one jlem represents a finite fraction of the nation's economic potential, that it limits the number which can be made available, and that lives and wars can be lost for the lack of ammunition as well as by ils shortcomings with respect to safety and reliability, On the other hand, one well-publicized accident can destroy the usefulness of a weapon sysiem or material by causing its rejection either at the command level or by troops on an individual basis.



9. Reliability

Rellability is a measure of the extent to which a device behaves as it was designed 10 behave during the usually short period between launching and completion of its mission. Obviously, reliability of ammunition and of its components is of key importance. Weapons are useless if they don't function as intended,

Reliability is defined in stastical terms. We say that a system has a reliability of say 99 percent and we make this statement with a confidence of say 95 percent. The problem 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 components. the functioning probability of explasives must be high, higher than that of the total system. This requirement cails for high reliability of ex plosives, Secondly explosives are one-shot devices which cannot be tested repeatedly. Special warkor-fail methods of analysis have been developed which are described in Paragraph 106.

The evaluation of materiel, including estimation of its reliability, is usually carried out by an organization, or at least a group, other than the design group. Difficuities 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 assure himself that his designs are reliable, and designs devices and systems in which reliability is as neurly inherent as possible. A few general suggestions can be made for the designer


	(a) Whenever possible, use standard components with established quality level and other reliability criteria at least as high as that required by the application.

	(bo) Wherever possible, particularily in more complex and expensive materiel, use redundant aystems,

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

	(d} As far as pessible, 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 consideration 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 which might occur at any time between the start of its fabrication and its approach to the target.

While safety is also defined statistically. the approach to safety is somewhat different from that applied to reliability. The keystone of this approach is the fail-safe principle. Essentially, this principle states that any sequence of events other than thal to which 4 round is subjected im 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 considered as mechanisms.

In terms of added bulk, weight and complexity, which can be translated into terms of reliabilily, effectiveness and logistics, safety is expensive. Hence, the prablem 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 initialion of main charge or booster by impulses incidental to handling, shipping, storage or launching, and accidents which may occur during these operations, The vulnerability of ammunition to initiation by accident or enemy fire can seriously restrict its tactical useful ness or greatly complicate problems of storage, handling, and transportation, System design can reduce this vulnerability by affording mechanical protection, support, and confinement. Hence, safety is not a separate problem but an integral part of explosive charge design,



V1. Standardization

The decision as to whether to adapt a system design to the use of a standardized 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 because, 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 hand, the hard and fast resolution to use only shelf items has resulted in systems which are appreciably inferior to the best attainable with regard to safety, reliability, effectivehess, or compaciness, and in the perpetuation of obsolete items.

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

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



12. Information Sources

Of the many available publications in both classified and unclassified literature, we selected a basic library for the explosive charge designer These general references are compiled .and annotated at the end of this paragraph,

It is an underlying assumption that the reader has some knowledge of military explosives. For this reason, details of explosive materials are not treated in this handbook, Such data are contained in References &. y, #, and i, References y and A contain the most up-to-date collection of the newer explosives. References d and f contain design data tor specific explosive components. Standard dimensions for explosive components are Hsted in Reference ¢ while Reference ¢ treats the design of fuzes of which explosive components are an important part. Much iafermation in an earlier handbook, Reference a. has been used in this handbook. The handbook is now out of print.

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

Other Engineering Design Handbooks contain information pertinent to explosive trains. For a list of current titles see inside back cover.




GENERAL REFERENCES


	. Report NOLR F111, Ordsance Explosive Train Designers' Handbuek (U), U.S. Nawal Ordnance Laboratory, April 1952 (Confidential),

	A handbook of research results, data. and tests, on explosives and explosive components. Out of print.




	. TM D 1910, Military Explosives, Department of the Army, April 1955.

	'A manual about the common military explosives. covering descriptions, properties, tests, and handling methods.




	. MIL-STE}320, Terminvingy. Dinwensivas, und Materials of Explosive Components for Use in F .

	A standard establishing terminology, external and internal dimensions, und preferred structural materials for explosive components. Originally issued ax MIL-STD-638.




	baad Guother Cabn, dren, Nave, aad Air Force Fuce Catalog (Ub The Franklin Institue, Report F-A223& and Supplement F-A2238-1, November 1954 (AD-305 024 und AD-313 702) (Confidential).

	A compilation of military and technical data on all standard and developmental fuzes and fuze caplosive Components




	* See inside back cover for handbook designation.




	e, Engineering Design Handbook 216, Ammunition Series. Fuzes, General and Mechanical.*

	A handbook for the designer af fuzes and fuze components, with particular emphasis on mechanical types.




	f. Electrical initiator Handbook (UL, Jed El. The Franklin Institute, April 1960 (A1D-319 B80) (Confidential.

	Has performance characteristics af nwenty-Ave electric initiators, with curves of input sensitivity und functioning time,




	g. Engineering Design Handbook 177, Explosive Series, Properties of Explosives af Milltury Intercst, Section 1.7 Listing the properties and characteristics of eighty-three explosive compounds and mixtures.

	h. Engineering Design Handback 178(C}, Explosive Series, Properties of Explosives af Military Interest (U1), Section 2 (Confidential).*

	Listing the properties and characteristics of twenty-seven explosive compounds and aiatures.




	i, Engineering Design Handbook 106, Elements of Armament Engineering, Part i, Sauces af Energy."

	A handbook on fundamental facts about chemical energy inching theory of explosive reactions and properties of explosives.










CHAPTER 2 — EXPLOSIVE REACTIONS AND INITIATION


A. THERMAL DECOMPOSITION AND BURNING


33, Thermal Dacompasition

Explosives are substances or mixtures of substances which may be made to undergo a rapid chemical change. without an outside supply of oxygen, with the liberation of large quantities of energy generally accompanied by the evolution of hot gases. As metastable muterials, they react at all temperatures above absolute zero, The rates of these reactions are direct functions of temperature, For explosives of practical interest, the decomposifion rates at normal temperatures of storage. handling. and transportation. are negligibly small. As the temperature is incrensed a few hundred degrees, the rates of thermal decomposition attain significant levels. The self heating of the explosive by the heat evolved in this reaction tends to further raise the temperature and increase the reaction rate. Where such circumstances result in a runaway reaction. a thermal explosion may result

Most explosive reactions, whether intentional of accidental, result from highly localized heating which initiates a self-propagating reaction \*Ta such a reaction the heat Nberated by the reaction of the explosive at one point in a charge raises the temperature in' adjacent material suMfeiently to cause it to react at a similar rate. The mades and rates of such self-propagating reactions so profoundly affect the usable phenomena cated 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 explosive. rigorously considered in its ultimate detail. is so complex as to defy quuntitive description, Fortunately, however, the typical situation is such that one or another aspect of the behavior of the material is so dominant that other aspects may be dismissed as second order effects, Hence, although gradual thermal decomposition. deflagration and detonation are usually chemically similar processes, their physical cuuses and munifestalions are so different that they may be understaad best by considering them as distinct phenomena.

'The three modes of explosive reaction. thermal decamposition, deflagration and detonation, are similar in that their rates ars directly related to temperature, pressure, or both while the reactions themselves result in the increase of these quantities. It follows that any charge of explosive. if contained 80 aS lO prevent expansion or losses of matter or energy. will eventually explode. If the temperature 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 themselves so. that the self-heating reaction will run awuy at the hottest point from which a deflagration. in turn self-accelerating, will propagate. The selPaccelerating deflagration is characterized by a similarly accelerating rise in pressure, which is propayuiled through the unreacted explosive as a compression wave. Uf the charge is large enough, the wave muy develap into a shock of sufficient amplitude tw propagate as a detonation.



14, Reaction Kinetics

Perhaps the reaction of an explosive material can be understood best by trying to visualize an explosive mofecule, Such a molecule ts a structure containing atoms which have very strong affinities for one another, and which are prevented from responding fo these affinities by their places in the structure. The poskions of atoms within the structure of a molecule and that of molecules within the crystal are fixed, not by rigid links. but by cquilibrium of electrostatic and quantum-mechanicul

* Numerical References are listed in the end of cach chapter while fetered References are listed in Paragraph 12 (end of Chapter 1)

exchange forces. Unless the temperature is absolute 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 fo 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 any one atom attains an agitational energy H is given by the function 4'Te#*T, where R is the universal gas constant and 4' is an inverse function of the restraints to motion of the particular atom. If the agitational energy H exceeds a value W, known as the activation energy, the atom may escape from its position in the molecule and be free tO assume more congenial relationships. This uproar increases the agitation of neighboring molecules, that is to say, the reaction proceeds with the evolution of heat. The reaction rate 4' is the frequency with which the agifational energy H of individual molecules exceeds W, Thus

k′(T)=A′Te−W/RT k'(T) = A'Te^{-W/RT} \tag{4} 

The classical Arrhenius equation sets 4'T = A for small temperature ranges, and

k′(T)=Ae−W/RT k'(T) = Ae^{-W/RT} \tag{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 $ is not distinguishable (Fig, 2),

The qualitative implications of the Arrhenius equation deserve the consideration of ull who deal with explosives. Since W for military explosives has a value between [0,000 and 100,000, while & is approximately two (fer units of °K, calories and gram moles}, a smull percentage change in temperature results in an order of magnitude change in teaction rate. The sharply defined lemperatures which many experimenters have associated with decomposition, ignition or explosion (see Table 2) are quite readily explained in terms of these equations and the relatively limited range of rates which tay be measured by most experimental techniques. (The ignition temperatures shown in the table are computed while the explosion temperatures are experimental.)

The Arrhenius equation expresses a characteristic of explosives which has, perhaps, a greater
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Figure 2, Computed Explosive Rewetion Rates influence upon the initiation process than any of their other attributes. For example. the reaction rate of atypical explosive with an activation energy of 50,000 calories per gram mole, at 800°C is more than ten times its reaction rate at TOUTC.

TABLE 2. IGNITION AND EXPLOSION TEMPERATURES
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	Lead Azide
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	356
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	-
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	Explodes
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	Decomposes
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	-
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	Explodes
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	Tetryt
	~
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	34
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	TNT (Trinitratatuenc)
	-
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'The experimental determination of the constants of Equations 4 or 5 for various explosives is complicated by the effects of reaction products, phase changes and multiple reactions, a8 well as by the heat transfer considerations, The reactions of most of the commonly used explosives are either accelerated (autocatalysis) or retarded (autostabilization) by the presence of their reaction products.' Because of these difficulties, generally accepted reaction kinetics constants for explosives are not available. However, the exponential form of the Arrhenius equation fits most experimental data so well that many investigators have ignored the complicating influences and derived more or less empirical Arrhenius constants from plots of the logarithm of the rate, or of a rate-dependent quantity, as a function of the reciprocal temperature.

For the explosive charge designer, the 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 realistic sulue tion consists of the fallawing two steps


	(a) Obtain, 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 coordinates of inverse temperalure, and logarithms of times, rates or dimensions. These coordinates may also be used for extrapolation. However, extreme care should be exercised when extrapolating because abrupt changes in the decomposition rate (such as those due to melting of a component of an explosive material) may occur outside of the range of experimental data.





15. The "Hot Spot" Theary of Initiation

The view that nonuniformity of heat distribution is essential to the usual initiation process has been cailed the "hot spot" theory of initiation. In explosive initiators. the energy available is concentrated 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 essential to most initiation processes, bul 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 oni the reaction is self-accelerating and quite rapidly becomes explosive.

Although a general equation which includes consideration of all of the complicating factors would be completely intractable. the use of simplifled models makes possible soludens which contribute to the understanding of the initiation process, However, simplifications must be used cautiously. For example, it frequently appears that each explosive has a critical initiation lemperature which is independent of dimensions. Although more extensive experiements or more detailed analyses have usually shown it to be an approximation which applies to only a specific class of initiator, this relationship can be a useful design tool if its timitations are kept in mind. Perhaps the most important implication of the foregoing is that, since in any type of system, the critical temperature varies so Httle with dimensional changes and since the volumetric specific heals of solids vary only sfightty from one fo 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. 1t must be stressed that this is an approximation which should be applied only to comparisons of performance within initiators of the same type initiated in a specific manner.

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

Up to this point, the present discussion has been concerned with the establishment of reaction nuclei. Once reaction is established at anucleus, the useful functioning of an inidator requires that the reaction be propagated to the remainder of the explosive charge of the initiator. and thence, to the hext component of the explosive system. Similarly, the consequences of accidental initiation depend Upon such propagation. The same heat transfer mechanisms whereby heat is dissipated from a Prospective reaction nucleus are necessary for the propagation of the reaction from an established nucleus. However, conditions which promote sensitivity ta one or another stimulus will sometimes cause failure of propagation if carried to extremes. Heat may be transmitted by conduction, convection, radiation and what might be called thermodynamic heat transfer. All of these mechanisms are involved in the reaction of explosives. but their relative importance varies greatly, and changes us 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 reactian products. due 0) abiabatic expansion can, under some circumstances. quench a reaction, Conversely. unreacted explosives cun be heated by compression to reaction-iducing temperatures.

When the compression is of sufficient magnitude and suddenness to cause a significant increase in temperature, it is generally propagated through the material as a shock wave, Detonation, the ultimate goal of most explosive systems, is a type of reaction propagation which depends upon this mechanism to transfer the heat of reaction to the unreacted explosive.



16. Deflagration

The very 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 deflagration, Deflagration is distinguished trom detonation by its subsonic propagation rate, from which it may be implied that shock waves are nat important factors in the propagation, Deflagration of a gas may be described quantita. tively in terms af thermodynamics and bydro-.. dynamics. That of salid explosives is more complex and, for real situations, is subject 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,

The reaction products of most solid explosives are largely gaseous. Most of the important aspects of the behavior of these materials are related to this phase change at the time of reaction, The surface burning cate is determined by the rate at which heat is transferred 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 lemperature gradient is reflected in a much sleeper reaction-rate gradient, so that the reaction zone is almost vanishingly thin) The rale at which heat (s transferred between a gas and a solid is the product of the difference between their temperatures and a surface coefficient, The surface coefficient is « function of the How conditions in the gas and its thermodynamic properties, and is directly proportional to pressure. When a solid explosive burns. temperature increase, flow conditions, and thermodynamic properties of its reaction products are nearly constant. Thus. the rate at which heat is transferred fram the products to the explosive and, consequently. the surface burning rate should be directly proportional to the pressure. For some materials it is, but for most the situation is somewhat more complex,

"The reaction of many, perhaps most, explosive compounds takes place in the gaseous phase. The rate of surface burning in such cases is essentially the rate at which the surface erodes duc lo sublimation. This in turn is proportional to the rate of heat transfer divided by the heat of sublimation. Since the heat of sublimation of the solid usually increases with increasing ambient pressure, the increase of the surface burning rate with increasing pressure is somewhat fess than linear. A relationship between burning rete R and pressure P which has been found to apply to the surface burning of a number of solid explosives and propellants is

R=GPn R = GP^{n} \tag{6} 

where G is a constant and the exponent a is less than one. Surface irregularities may increase the burning rate by increasing the surface area and by intreducing a component of flow parallel to the surface. thus increasing the surface coefficient of heat transfer, Table 3 lists constants of Equation 6 for various common mililary explosives.

TABLE 3, VALUES OF THE CONSTANT G IN EQUATION &




	Explosive
	GX 10




	Ammonium Picrate
	6.25



	Fetryi
	BT



	TNT
	12.8



	PETN
	u



	RDX
	36





The pressure depeadence of the rate of surface burning, and the fact that gas is evolved at a rate proportional to the surface burning rate, result ina situation where the confinement afforded by the case of an explosive charge is the most important factor In determining the course of the reaction. In a completely enclosed case, pressure continues i build up and burning rate continues to increase until the case bursts or the explosive is expended, 'Yhe explosion which results is entirely due to the sudden release of gases when the case bursts. If the case has a leak, orifice or nozwe, conditions 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 a of Equation 6 is as low as possible. In initiating elements, the instability which results from the high values of 17 associated with porous explosives is an important factor in the rapid acceleration of reaction propagation, & part of the function of such elements.




8. DETONATION


17. Transition from Deflagration to Detonation

a, Transition Preeess, The transition from deflagration to detonation is generally divided into three stages (a) deflagration, (b) low order detonation. and (c} high order detonation. The transidion from one to the other of these stages is usually quite sudden and is grestly influenced by three factors, particle size of the material. porosity, and confinement provided by the enviranment.

The process of transition from the first stage can be described on the basis of the following concepts: 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 shock wave in the unreacted explosive. As the shock wave becames of increasing strength. shock heuting will cause a fast enough reaction fo sustain the shack, which then propagates as a dow order detonation, This low order detonation then propar gates as a shock wave which, if reinforced by sufficient 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 exposed to the hot gaseous reaction, Experimentation has shown that for each particle size there is a critical pressure at which the increase in burning rare with increasing pressure is faster than linear" This critical pressure is inversely related to particle size.

A, Grawth of Deranation in Primary High Explodives, In a series of experiments using the arrangement shown in Figure 3° containers were sectioned after firing and the expansion of the bore wus taken aS a measure of the vigor of detonation. The

[image: Figure, page 27]

Figure 3. Arrangement Used in Qbsorvations of Detonation Growth arrangement was also used to measure propagation velocities.

()} Lead Styphaate. The growth of reaction in lead styphnate was very gradual in all cases. If grew fastest {as indicated by the taper of the bore) in material pressed at 4000 10 5660 psi. Under these conditions, the maximum measured propagation vate for the second inch of column was about 2000 meters per second, which may be compared with the stable rate of over 4000 meters per second for these loading conditions. The growth is apparently continuous, though slaw and, in a few experiments, approached its maximum rate in several inches. Because of its Jow rate of growth to detonation, lead styphnate is not used as a detonaling charge, but mainly as a flash charge. where its reproducible ignitibility is an advantage.

(2) Lead Azide. Wt 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 much more rapid, even when loaded al very high pressures, 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 miniaturization, have resulted in the evolution of designs for which these assertions must be reexamined, in experiments of the kind discussed in the foregoing paragraphs, 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 98% of maximum theoretical (requiring upwards of 160,000 psi Joading pressure) and mildly initiated, it would detonate at rates of 1400-4700 meters per second compared with an approximate rate of 3000 meters per second obtained at lower densities.

«, Growth af Detonation in Secondary High Explosives. One of the principal features which distinguishes a secondary explosive from a primary explosive is its much smaller propensity for completing 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 combination, the transition is much slower and many charges, even main bursting charges, are so small as to be consumed by low order detonation before the transition can take place. Such main charges are, of course, much safer to handle and use than those in which the transition will take place. In addition to the assessment of. hazards of main charge detonation after accidental ignition, the growth of detonation in secondary high explosives has been investigated by those who are interested in the development of safer detonators. The latter have made significant contributions in the determination 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* 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 ustablished the correlation between bore deformation and propagation velocity. The lengths of columns required to grow to detonation. referred to as burning lengths were determined for a number of combinations of particle size and loading density, Hardly design data, these lengths may be taken as 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 49.

In other experiments it has been established that the growth of detonation in a column of secondary explosive is accelerated by the insertion of 4 barrier followed by an air gap? (see Paragraph

TABLE 4. GPTIMUM LOADING DENSITIES AND PARTICLE SIZES FOR GROWTH OF DETONATION IN ROX, HMX AND PETN:
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27} Itmight be expected that the explosive material, particle size, loading density, dimensions and confinement on bath sides of the barrier-gap combinadon interact with the material and thickness of the barrier and the dimensions of the gap to determine the burning distance. A factorial experiment to determine the optimum combination would be a formidable program.

Growth of detonation has been observed in a number of cast explosives. In Pentolite and DINA, high order detonation was established in ten to fifteen centimeters. In Composition B, the propagation rate grew to about 3000 meters per second, at which point the container apparently shattered, relieving the pressure and allowing the reaction to decay. In TNT, the reaction grew so little in twelveinch columns that the containers were practically undamaged, and the propagation rates so low, 600 to 1000 meters per second, that it was difficult to obtain satisfactary records. By increasing the length to 34.5 inches and finally to $8.5 inches, it was possible to observe 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 guestion 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.



1&, Shock Waves

Detonation is a mode of propagation of reaction in which the energy that initiates the reaction is transmitted to the unreacted material in the form of a shock wave, Ithas been referred to as a reactive shock. The following discussion of nanreactive shocks serves as a preface to that of detonation,

Shock waves, like acoustic waves, are a special class of compression-displacement waves. Although the behavior of such waves varies with their amptitude, their wave form. and the properties of the media in which they propagate, many relationships which derive from fundamental physical Jaws are the same for practically all cases, Although the typical wave allenuates as it propagates, this attenuation is so slow compared with the associated transitions that the wave may be assumed to be stable when examining {ts 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 stuionary medium. In a syslem moving with the wave, the conservation of matter demands that the Mass of material passing through each plane perpendicular to the axis be equal to that passing through each other such plane. fn 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 2 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 matetial at any point relative to the undisturbed medium. Thus, the equation of continuity has the form

ρaD=ρv=ρ(D−u) \rho_a D = \rho v = \rho (D - u) \tag{7} 

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

The impulse applied to the incremental mass dm which passes through the wave front in the differential time dt in each unit area is equal to {P~ P,)di where P is pressure. By conservation of momentum, the momentum change udm is equal to this impulse, The incremental mass, of course. is equal ta p.d, where dx is the distance traversed by the shock wave in time dr. Thus

(P−Po)dt=udm=ρoudx (P - P_o)dt = udm = \rho_o udx  (8)*

P−Po=ρoudx/dt=ρoDu P - P_o = \rho_o u dx/dt = \rho_o Du \tag{9} 

Equations 7 and 9 may be combined and rearranged to obtain

D=(ρΔP/ρoΔρ)1/2 D = (\rho \Delta P / \rho_o \Delta \rho)^{1/2} \tag{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 i jn the estimation of shock conditions, lwo convenient systems of unis muy be derived from the CGS system. The use of grams as units of mass sad cantimeters a8 u of langth results in densivies in grums per cubic cemimeter. These densities are numerically equal to the specific gravities of the materials which are given in most handbooks. The use of the second as the unit of ume und the dyne ax the unit of force results, for the usual shock or detonation calculations. in velocities (centimeters per second? and pressures (dynes per square centimeter) expressed in nurubers 90 large as to elude intuitive grasp. Pressures expressed in bats {roillians of dynes per square centimeters and times in milliseconds can be combined with arsses ia gract distances in centimeters to form a system in which these equations and other expressions of physical Jaws may be used without numerical cvefficients. The system of grams. centimeters, microseconds. and megabars is also compatible and may be even more convenient.

Acoustic waves are those of such small amplitude that the volume change is negligible and AP/Sp is more accurately expressed as dP/dp. Thus, the sound velocity c, is expressed as

$$ c_{\rm e} = \sqrt{dP/d\rho} \tag{11} $$

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

cs=γRT c_s = \sqrt{\gamma R T} \tag{12} 

where y is the ratio of the specific heat at constant pressure to that at constant volume, and 2 is the gas constant. For elastic solids and liquids the expression becomes

c=E/ρ c = \sqrt{E/\rho} \tag{13} 

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

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, dPidp changes significantly) may, if the pressure rise is continuous in time and space, be considered a suctession of sound waves each moving in the medium compressed by its predecessor. The sound velocity may change as the medium is compressed, causing a distortion of the wave as it progresses. For example, in a gas, the temperature rise with compression causes the higher amplitude portion of the wave to propagate faster, outrunning the ather portions unl it reaches the front (see Fig. 4), The discontinuity of pressure density, particle velocity, and temperature which results is known as a shock. Che 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 te another. Shock waves of certain amplitudes degenerate in some solids." When compressed sufficiently, however, all manter becomes less compressible so that compression waves, if they are of sufficient amplitude, will develop into shock waves in any medium,

A curve, commonly known us the Hugoniot curve, may be used with Equations 7 through 10 to define the conditions behind the shock wave! Vhe Hugoniot curve is the focus of end points of shock compressions, The propagation velocity should never be computed from the slope of the Hugoniot curve but always from that of a chord connecting the inital pomt with the final point using Equation 16. For ideal gases, the equation of the Hugoniot curve is

PPo=ρ−μ2ρoρo−μ2ρ \frac{P}{P_o} = \frac{\rho - \mu^2 \rho_o}{\rho_o - \mu^2 \rho} \tag{14} 

where w? =(y — Hty+ D.

Since the Hugoniot compression results in a larger temperature rise than does adiabatic compression, the gas becomes 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 clase to the limiting value {p./4) that variations with pressure may be neglected, Equation 9 may be rearranged to give

P=ρnD2(1−A) P = \rho_n D^2 (1 - A) \tag{15} 

Using Equation {4 and the gas laws, the relationship may be expressed in terms of the Mach number M which is the ratio (D/c,) of the shock propagation velocity to sound velocity in the undisturbed medium

P/Po=M2(1+μ2)−μ2 P/P_o = M^2(1 + \mu^2) - \mu^2 \tag{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

a, Equations ef State. Those concerned with ordnance have particular interest in the behavior of gases under two special sets of circumstances, (a) almospheric air subjected to explosive shock. and (b) the reaction products of the detonation of military high explosives under conditions in the detonation head,

The rate of propagation of pressure displacement 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 various types of wave in various media, is expressed in Equations (@ through 13. Equations 12 and 13 for elastic waves are essentially ready to use. The constants for various materials are readily available in general scientific and engineering handbooks.

As the amplitudes of the waves increase and their farms change. the reladenship becomes more complex, For shock conditions, the irreversible heating of the Hugoniot campression, Equation [4. describes relationship between pressure and density.

With the further increase in amplitude usually associated with the detonation of solid explosives, other factors add their influence to that of the Hugoniot heating to modify the pressure-density relationship further, fhese factors imvoive inter-
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Figure 4. Formation and Incipient Orsay af Shock Wave from Wave of Finite 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 shacks 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 shack conditions have been made and presented in tabular form.

For higher densities, the volume occupied by the molecules for, more accurately, that in which the electrostatic repulsive forces ure significant) is an appreciable fraction of the total volume available. If the molecules are assumed to be incompressible solids, the ideal gas equation of state

PV=RT PV = RT \tag{17} 

becomes

P(V−α)=RT P(V - \alpha) = RT \tag{18} 

where @ is the cavelume of the gas, the volume occupied by the molecules.

The equations af state which have been applied to the computation of detonation canditions in sulid explosives are variants of Equation 18 in which account is taken of the compressibility of molecules and, in some cases, of their thermal expansion? However, none of the equations proposed are adapted to simple, direct calculation.

For the early stages of expansion. which are of Interest in connection with most military applica. tions, the pressure-volume relationship

PVn=K PV^n = K \tag{19} 

where « and & are constants, is as accurate an approximation as any. The exact value of m depends pan composition and loading density of the explosive. Por high performance military explosives. the average value is close to three, b, Chapman-Jauguer Conditions for Ideal Detonu tion. The thermohydrodynamic theory of Chapman and Jouguet is concerned with the transition, insofar as it affects the propagation of detonation (the Chapman-Jouguet poingd. between conditions in the unreacted explosive and those at the completion of the reaction.

Of the various conditions associated with the detonation of an explosive, the rate of propagation D is the most easily measured. Many precise experimental data are available relating detonation velocity to density, In general, for military explo sives, the relationship is quite accurately represented by the equation

D=F+Gρn D = F + G\rho_n \tag{20} 

where F and G are constants characteristic of the explosive. Table 5? 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 equationof-stale constants 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 conditions for many explosives, More recently, techniques have been developed whereby the movements of metal plates in cantact with explosive charges can be measured precisely and reduced ta pressure-time data for detonation, In Table 6!, calculated values of parameters of the Chapman-Jouguet condition are given for various exptosives, Experimental data, where available, are included for comparison. For organic high explosive compounds, the particle velocity is nearly one-fourth of the detonation velocity. Thus Equation 9 becomes approximately

P=ρ0D2/4 P = \rho_0 D^2 / 4 \tag{21} 

Note that in Table 6 the pressures computed empiricaity using Equation 21 agree with measured vilues nearly as well as those using the more rigorous theery, certainly well enough for most design purposes.

¢. Actual Detonation. The previous discussion of detonation has been concerned with a onedimensional model, In such a model, the conserva. tion laws assume the simple forms of Equations 7,9 and 10. Combined with data regarding the energy of reaction and equation of state, these laws completely define the conditions of detonation in
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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 dimensions. 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 inasmuch 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 ordnance performance,

Detonation may be termed nonideal when the radial flow of energy and muterial is sufficient to affect significantly the conditions at the Chapman-Jouguet point. As a result of the interdependence of these conditions with the veloc. ily of propagation. such effects are manifest in velocity variations. Either convergent or divergent flow results in nonideal detonation. Convergent delonation is rare except in cases where it is induced by specialized designs. Divergence, however, occurs at most interfaces with inert materials, The most common shape of charges used for experimental observations of detonation is a long cylinder, In such charges, the effects of radial lasses of energy and material become apparent as the diameter is reduced. For this reason such effects
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* From Equation 21 have come to be known as diameter effects. Observable diameter effects include reduction of the detonation velocity and failure of detonation.

A rigorous quantitative theory which takes into account all of the complicating factors would be quite useless. 1t would be too cumbersome for a reasonable computer program even if sufficient experimental data were available to establish values for the many physical constants and properties invaived.

Many theories and models have been based on a group of assumptions regarding the controlling mechanisms and pracesses.!?'4 Hach of the theories is an attempt to derive a quantitative description ef actual detonation from a consideration of a manageable number of the aspects of the process. Sull, the solutions remain complex.

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


	{a} Other factors remaining constant, charges of small cross section detonate at lower velocities than those of larger cross section.

	{b) The formula






D/Di=1−K/r D/D_i = 1 - K/r \tag{22} 

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


	{co} 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 surrounding media can substantially alter diameter effects, For example. failure of detonation in TNT has been observed al diameters of the order of one inch for bar charges" while detonation at nearly ideal velocity has been observed for charges one-tenth this size when confined in steel or brass. As might be expected from Equation 9. the shock impedance p,Du is a good criterion for the effectiveness of the confining medium.

	{e) Velocities of nonideal detonations are affected by particle size of Ihe explosive. Critical diameters and detonation velocity losses are reduced for fine particle sizes. For some materials in certain ranges, it appears Lhat the ratio of charge dimension to average particle dimension is more significant than elther absolute dimension. In cast



explosives, techniques conducive to fine crystallization reduce diameter effects.


	(f} Particle size distribution is diameter effects. Detonation veloci are higher and failure diameters smaller for uniform particle sizes than for mixtures of particle sizes.

	(g) The velocity of propagation of actual detonation is determined by Chapman-Jouguet conditions at the center of the charge. Thus, il is possible, under some circumstances, for a material 10 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.

	Gi) The relationship between density and nonideal detonation is complex. Observable phenomena can be exptained and predicted on the basis that, with increasing porosity, the decreasing homogeneity of density is reflected in decreasing homogenvity 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 sometimes in smatier failure diameters. particularly under intermediate conditions of confinement.






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 beat in the explosive are as important in determining the magnitude of the stimulus necessary to initiate a reaction as are the chemical and thermal properties of the explosive. These laner factors are determined by the interaction af vatious physical properties of the explosive with quantities asseclated with the system or medium whereby the stimulus is transmitted 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 well as its magnitude.

Two limiting threshold conditions for initiating apply to almost every system: that in which the energy is delivered in a time so short that the losses are neghgible during this time, and that in which the power is just sufficient to eventually cause initiation. In the first condition, the energy required is at its minimum while in the second, the power is at its minimum. These two conditions are represented by the dashed asymptotes in Figure 5. The relation between the energy required for initiation and the rate at which it is applied may be represented by the hyperbolas. In its general terms, the relationship iNustrated applies to almost all iniliators.

initiation avcurs when the rate at which heat is evolved in a reactive nucleus exceeds that at which it is dissipated, The impedance afforded by the surroundings to this dissipation is commonly referred to as confinement. Both experiment and theory demonstrate the dominant role played by confinement in the inillation. growth, and propagation of explasive reactions, particularly when the dimensions are as small as those of explosive train components.

The properties of a container which contribute most to confinement 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 heal transfer mechanism. In general. the containers of explosive charges ate much better conductors than the explosives (hemselves se that a thin auter layer of explosive is a better insulation than the container. At this stage, except in rare instances, the properties of the container have negligible effect upon the initiation process.

The pressure of detonation of solid explosives is sufficient to burst ar permanently deform any container which can be made. However. the time involved in detonation processes is of the same order of magnitude as the expansion times of the containers, The rate at which the container expands
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Figure 5. Energy-Power Relotionship for Various initiators is determined by momentum considerations and is inversely related to the mass of container material which is moved. For « thin wailed container this mass is essentially that of the wall; for a thick walled container. since only the material which hus been reached by the shock wave induced by the detonation is affected, the affected mass is proportional to the density of the material times the shock velovity in the material, This product, known as the shack acoustic impedance, is a good measure of the effectiveness of a material as a confining medium for stable dctunation.?

Initiation is complicated by such a variety of factors that the most carefully designed experiments yield data which are difficult Lo interpret in general terms. Practical situations 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 of experiments with madels and conditions which simulate service items and situa: tions as closely as possible. For specific applications to initlator design, see Paragraphs 47-30 and for testing, Paragraph 108.



21. Initiation by Heat

«a Hot Wire Electri¢ initiators. Wot bridgewire electric initialors are the simplest and most direct iHustrations of initiation by heal. Since a bridgewire can be measured, its volume. heat capacity and istance can be calculated. Since it is further ssible to generate electrical pulses and currents of accurately knowa characteristics, these can be combined with the bridgewire characteristics 10 obtain accurate estimates of power, energy, and temperature.

A large number of experiments have been care rled out in which the interrelationships of the variables which affect the operation of bridgewire inidiators have been investigated! These investigations have verified the following principles


	ta) The energy required to fire a hor wire vieetric Inidater is roughly proportional to. the valume of the bridgewire, if the energy is delivered in a short enough time (see Fig. 6°),

	ib) Closer analysis shows that the threshold temperature increases with reduced wire diameter. This trend is less marked when the explosive has a high activation energy Uike lead styphnate).

	{c) The energy required per unit volume also increases somewhat with decreasing bridgewire length. End losses probably account for this.
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Figuee 6. Typical Effect af Bridgewire Volume on input Cheracteristics


	(d) For a specific inidator design the energy requirement approaches a minimum as voltage. current or power ix increased and increases indefinitely as power is reduced to a minimum,

	{e) The relationship stated in (d) above refers to the average power of a firing pulse. Pulse shape has 4 secondary effect which is not easily measured.

	(f} The current requirement varies upproximately as the 3/2 power of the wire diameter and inversely as the resistivity of the bridgewire metal,



'The behavior of har wire electric initiators has been described by an equation which agrees well with experimental data

CνdT/dt+γT=I2R C_{\nu}dT/dt + \gamma T = I^{2}R \tag{23} 

where T is the temperature of a thermal mass C,, including the bridgewire and a surrounding layer of explosive, / is the current through the wire, R is its resistance, and is a cooling rate coefficient.

Although the assumption of aconstant ignition temperature yields remarkably accurate predictions of the behavior of specific hot wire initiators, it is an approximation. The generality mentioned as (b) above is evidence of the limitations of this approximation. The above equation and others are based on the assumption of a homogeneous solid charge of explosive. As applied to hot wire initiators, the equations also imply essentially perfect thermal contact 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 procedure, and aging, can bé 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 conditions for initiating secondary explosives, such as PETW or RDX, have been computed but attempts to achieve reliable high order detonation in these materials with hot wires have been negative?

The initiation of explosives by means of electrically heated wires is at present more subject to precise quantitative contro] and theoretica) predicuon than any other initiation mechanism utilized in ordnance. The broad range of available 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 variables including electrical circuit parameters, state of aggregation of the explosive. and mechanical design of the initiator. For these reasons, 4 reasonably complete characterization of the hot wire sensitivity of an explosive would have to be in terms of a series of performance curves, Such data are available for only a few materials, Table 7 lists 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 Filet Electric faitiators, Both metallic and semiconductor films have been used as bridges in electric initiuters. The general principles discussed above for wire bridges also apply to metallic fitm bridges. In one system, the Jarge ratio of surface to cross-section area of a film is used to greatly increase the steady state power requirement while retaining a desired resistance and energy sensitivity."

TABLE 7, SENSITIVITY OF VARIOUS EXPLOSIVES IN WIRE BRIDGE INITIATORS
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In semiconductive films, the negative resistance coefficients typical of such materials Gari 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 such items are desired.

Semiconductive bridges used in ordnance are made of graphite. These bridges normally break down forming a very hot. localized are 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 essentally 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.

oe, Conductive Explosive Mix Electric Lnitiators, The usual conductive mix consists of an explosive to which is added a relatively small percentage of conductive powder. Such mixes are loaded so as Lo contact a pair of electrodes, Current flowing between the electrodes flows from one conductive particle to another through a series of contact points. Jn general, many such paths form a complex parallel-series network but one such path usually has a lower resistance than others so that the current 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 js a metal, lhe tendency 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 determined by a statistical interaction of particle size, uniformity of mixture, particle shape, composition, loading density and electrode configuration and spacing.

The formulation of a fogical process for the design of a conductive mix system of specified electrical and firing characteristics is a task of such formidable proportions that it has not been undertaken. However, remarkable results have been attained by enlightened cut-and-try procedures.' The design and fabrication of conductive mix initiators is discussed in Paragraph $0.

d. Transmission of Hot Gas. 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 proportional to pressure and temperature of the gas but is also affected greatly by the movement of the gas relative to the surface and by surface porosity, roughness and configuration. Since the heat conductivity 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 body of the gas unless the duration of exposure is. sufbcient for the solid te 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 equilibrium temperature approached by the gas-solid system is practically the initial temperature of the solids.

Initiation by hot gases has not been computed but has been measured in a number of experimental apparatus.'® A shock tube is an interesting tool for the exposure of explosives to high temperature gases. It has the advantage over other devices in that pressure and temperature of the gas in con tact with the explosive change virtually instantaneously fram initial conditions to those of the reflected shock wave. The shock pressures used in such experiments are tog low for the shock waves transmitted into the explosive to be significant factors in
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Figure 7. Threshold Conditions for initiation of Various Explosives in o Shock Tube 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 7.7 The effects of variations in the gas composition are apparently quite significant but require further interpretation.

e. Transmission af Hot Particles. There is reason to believe that the most effective part of the output of some primers is the spray of hat, high velocity, solid particles or of droplets of liquid which they emit, Quantitative measurements of factors affecting initiation by such means are difficult to make. The process, however, is essentially the same as that of initiation of suddenly heated bridgewires, discussed in the beginning of this paragraph.



22, Initiation by Impact

a. dmpact Sensitivity Measured with Luboratory Machines. impact initiation of explosives is of interest to designers of ordnance for the assessment and elimination of hazards and for the design of stab and percussion initiators, For the assessment of the relative hazards during handling and use of explosives, several standard impact machines have been devised. Machines and test methods are described i Paragraphs 107 and 108, Essentially, an impact machine consists of an apparatus by means of which a weight can be dropped trom various predetermined heights so as lo strike an explosive sample. The height from which the explosive is initiated is a measure of impact sensitivity, bmpact sensitivity values of common mililary explosives aré shown in Table 20.

ft has long been agreed that impact initiation is usuatly thermal! The explosive is heated locally by compression of interstitial gases, intercrystalline friction, and viscous flow. On this basis it is possible Ww campute the reaction rates which may be expected in an impact machine. The data of one experiment are shown in Figure 8!" Here the temperature caiculated for explosion in 250 mieroseconds is compared with impact sensitivity.

While impact sensitivity data are used as the basis for establishing safe practices and for select ing explosives which may be used in one or another application, there are two problems. First, it is admitted by most Investigators thal these tests really do not simulate any situation likely to occur in manufacture or use of ordnance. Secondly, different machines rank the same explosives in different orders. Perhaps part of the problem is that
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Figure 8. Input Sensitivity ve. Explosion Temperature the explosive samples are not prepared in the same manner as cast or pressed explosive components. As a result, many have come to doubt the validity of impact test results as a basis for any binding decisions, Doubtlessly, sound and valid explanations can be found for the inversions in Table 20. 7 However, such explanations are not particularly helpful in efforts to empioy the impact machines in the selection of explosives.

Still, impact test sensitivities are in widespread use. [f a newcomer to the field of explosives wonders what to make of this, he is in the compuny of experts of long experience, One basis which hus been suggested for the assessment of the relative hazards connected with the use of an explosive is comparison by means of a variety of machines. Another is the design of tests more subject to analysis in physical terms. A third approach is the use of tests, such as those described in Paragraphs 107 to 110, which are designed to simulate specific conditions of service and use,

&. Stab tritiation, For detonators initiated by stab action, one of the most important functions is that of converting another form of energy into highly concentrated heat. As in electrical devices, the energy necessary is nearly proportional to the amount of material which is heated.

The standard firing pin for stab initiators is a truncated cone (Fig. 9). A rather interesting relationship has been found to exist between the sensitivity of the explosive used and the optimum size of the Hat 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 il over a large enough area to limit the effective length to nearly the diameter, The flat diameter given serves the priming mixes commonly used. Both steel and aluminum alloys are in common use, Aluminum results in a significant but not serious decrease in sensitivity. Alignment is critical because misalignment will decrease sensitivity,

In general, the higher the density of the explosive, the more sensitive the stab initiator (see Table 84). Because the denser explosive offers more resistance to the penetration of the firing pin, the kinetic energy of the moving mage is dissipated over a shorter distance, so that a smaller quantily of explosive is heated to a higher temperature.

TABLE @. EFFECT OF LOADING PRESSURE ON SNITATOR SENSITIVITY




	Loading
	Drop Fest




	Pressure
	Height



	is
	31



	a
	0.91



	40
	0.97



	66
	0.68



	86
	0.57





NOL, Priming Micin MARK 102 Cups: 2 oz ball,

Since the resistance of solids to deformation does not change very much with moderate changes of deformation ratc, the power ipation 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. is proportional to the product of the height and the weight. This energy-power relationship is shown in Figure 5, c, Percussion Initiation. As in stab initiation, the function of the percussion firing pin is to transform energy into highly concentrated heat. However, contrary to initiation by stab. the firing pin dogs not puncture the case in percussion initiation. Rather,
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Figura %. Standard Firing Pin for Stab Initiotors the pin dents the case and pinches the explosive between anvil and case. Energy must be supplied at a rate sufficient to fracture the granular structure of the explosive. Criteria for percussion firing pins have not deen refined to the same degree as those for stab pins. HU has been established that a hemispherical tip gives greater sensitivity (han a (runsated cone and that tip radius has litle effect on sensitivity. Typical radius is 0,050 inch.

A study on the effect of firing pin alignment showed that there is litle effect if the eccentricity is less than 0.02 inch. Above 6.04 inch eccentricity, sensitivity decreases rapidly because of primer construction. Sensitivity also decreases us the rigidity of primer mounting is decreased. In general, a study of the relationship of cup, anvil, explosive charge, and firing pin has shown thal sensitivity variations appear to depend on the nature of primer cup collapse rather than on explosion phenomens themselves.®

The effect of firing pin velocity results in the same general hyperbolic energy-velocity relationship as Unt of other initiators (see Fig. 10*).

From experimental data if can be inferred that stab and percussion initiations occur by different mechanisms. Kinetic energy appears to be the determining magnitude for stab initiation, momentum for percussion.



23, Initiation by Other Means

a, Friction. The importance of frictonal heating in the initiation of explosives bas been demonstrated by several investigators.' The importance of this type of initiation with respect to handling hazards
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Figues 10. Enecgy-Velocity Relationship fer Percussion Primars 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 actual pressing phase, However, no quantitative means of measuring this property is in current use. Perhaps the most pertinent dala 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. of use. An individual may carry a charge of afew hundredths of a joule on his body, which if discharged could initiate explosives!* 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 (sec Table 10),¢

The military application consists of "high tension" initiators which are ignited by electric sparks (see Paragraph 50) A number of experimental detonators are also being studied'#° The sensitivity of common military explesives to static electricity is shown in Table 20, c. Exploding Wires, Exploding bridgewire (EBW) devices are a recen! development in explosive materiel, Of course, almost any bridgewire 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 ondy if subjected to such an impulse, Lesser energies or lower rates will bura out the bridge without initiating the explosive. The key feature of exploding bridgewires is that they can initiate secondary explosives directly and hence cesult in insensitive initiators.

The exploding wire phenomenon as well as that of the initiation of explosives thereby is complex. The rate at which the energy can be delivered is limited by circuit inductance, impedance mis-

TABLE 9. INITIATION OF EXPLOSION BY FRICTION QF PETN IN THE PRESENCE OF GRIT











	Grit added
	Hardness

(Mohs

scale)
	Melting

point

CC)
	Friction

explosion

Biciency

{percent}
	impoer

explosion

efficiency

(percent)




	Nil (pure PETN}
	18
	(41
	°
	2



	Ammonium nitrate
	2B
	169
	e
	3



	Potassium bieulphate
	3
	210
	a
	3



	Silver nitrate
	23
	22
	o
	2



	Sodium dichromate
	ag
	#20
	o
	&



	Potassium nitrate
	23
	338
	a
	9



	Potassium dighromatc
	23
	398
	o
	0



	Silver bromide
	263
	434
	50
	§



	Lead chloride
	23
	S04
	80
	al



	Silver iodide
	28
	550
	100
	-



	Rorax
	4
	560
	190
	cau



	Bismuthinite
	2:25
	RS
	400
	42



	flags
	7
	800
	160
	105



	Rock salt
	225
	804
	$6
	6



	Chaleocite
	3-3.5
	1100
	100
	38



	Galena
	2.5.2.7
	HN
	100
	60



	Calcite
	3
	1339
	10
	a








TABLE 10, THRESHOLD JGNITION ENERGIES












	
	Metallmetal electrodes

(no added circuit resistance)
	
	Rubberimetal electrodes

(10" ofun series resistance}



	Material
	Contact sparks

600 pus)
	Gaseous

sparks

(1000 put)
	Minimum

energy
	Méimun

capacity

lawl)
	




	Lead azide

Lead styphnate

Lead dintraresorcinate
	20

60

-
	10,000

=

-
	2258

20

1250
	409

5

25
	





Notes: (1) The energy value quoted is the energy (crg) slored on the capacitor: the cnergy dissipated in the gap is about one-tenth of this.

(2) The gaseous and contucl spark regions of sensitiveness are continuous with lead styphaate.

match between cable and bridgewire and skin effect in the bridge, which raise the effective resistance to several ohmis during the initial stage of the discharge, As the discharge continues, the temperaiure increase in whe 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 may be so low that it is surprising that explosion is initiated.

Gleaned from many research studies?' the following practical generalities may serve as a guide to applications of EBW devices


	{a} Firing units should consist of special highrate discharge condensers and of switches with minimum inductance and transient resistance so that the rate of current rise is an the order of 10° amperes per second. Triggered spark gap switches are most frequently used.

	(6) Transmission fines should be as short as possible. For more than a few feet of transmission line, special "flac" low impedance cable is desirable. All connections must be firm and of nagligible resistance,

	{c) Bridgewires of pure metals rather than






higher resistance alloys are more efficient for EBW purposes. Although silver and copper are salisfactory in the laboratory, 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,


	(dl) The state of aggregation of the explosive around the dridgewire is quite critical. Loading densities much higher than one gram per cubic centimeter greatly increase the energy requirement for initiation. This increase is su greal as to make devices loaded at higher densities inoperable for practical purposes. Fine particle size is alsa essential,

	te} The reaction initiated by an EBW in secondary explosives appears to be a low order detonation. Time measurements indicate initial velocities which are definitely supersonic yet well below the stable rates for the explosives and loading densities used. The densities and particle sizex used in EBW detonators are such that detonation of PETN grows to its stable rate in a few millimeters, For other material, such ag RDX, confinement and other measures to augment this transmission are desirable,
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CHAPTER 3 — DETONATION TRANSFER AND OUTPUT


AL EFFECTIVENESS OF ONE CHARGE IN INITIATING ANOTHER


24, Detonation Propagation

In some cases, two charges are in such close contact that the transfer of detonation from one to another is indistinguishable from the propagation within a single continuous charge. More often, however, packaging, structural and fabrication considerations result in the interposition of gaps and barriers of such magnitude thal the agency of transmission is nonreactive shock, blast, flying fragments or some combination of these, The conditions induced by such agencies differ in important respects from those of stable detonation. In general, it takes time and space to re-establish these conditions in the receptor charge.

Figure tt ifustrates a detonation front as recorded by a4 streak camera. Investigators agree that detonation of the receptor first occurs at a point within the receptor charge rather than at surface exposed i the initiating impulse,' Although this phenomenon must be taken into account in the design of initiation systems for main charges whose 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 is considered in terms of the probability that high order detonation will be induced in the receptor,

High order detonation is defined as thal in which the detonation rate is equal to or greater than the stable detonation velocity of the explosive It is rarely practical, however, to instrument real charges for detonation rate measurements. Hence,
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Figure 11, Streak Camara Record af Detonation

Soertesy BALUSTIC RESFARCH (AAS ABERDEEN PROVING GROUND 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 transmission 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 rather than solids, a trend was noticed toward a relationship of the 2/3 power of the charge weight?



25, Dimensional Interactions

The effectiveness of one charge in initiating another is determined by the interaction of the propertics of the explosive, its loading density, and the dimensions and confinement of the charge. 'The interaction is such that it would be impractical . ility + generalities, broad applicability.

Although, as might be expected, the effective output of a donor charge increases systematically with its diameter, 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 more effective in increasing output if it is due to a diameter increase than to a Jength increase (see Fig. 134).

Most experimental determination of the relative effectiveness of explosive charges in initiating other charges has been done as part of astudy 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 propurtional to its effectiveness as at initiator, combined with relatively broad and interpretable plate-dent data, makes it possible to derive relationships which appear to have relatively to discuss these factors separately, except in broad . .
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Figure 12. Critleal Gop as @ Function of Colvron Diameter
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Figure 19. Critteal Axial Air Gups Across Which Qetanation Is Transmitted Setwean Lead Azide and Tetey!

Confinement has a significant effect, In relalively thin-walled containers, confinement is related to the weight ratio of case to charge. For heavily confined charges (where the wall thickness 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 listed in Table 11 (see also Paragraph 52).

TABLE 13, DENSITIES AND SHOCK VELOCITIES IN VARIOUS METALS




&. SENSITIVITY TO INITIATION


26, Sensitivity Tests

*Ref. $ a. Standard Tests. The sensitivity of an explosive charge to inidation by another is the result of the interaction of a mamber of variables. This interaction has not been reduced to a formula. However, a review of available tests shauld help the designer to develop an intuitive grasp of the effects and interactions of the varivus factors involved. The fact that results obtained by various procedures differ does not necessarily imply that one is right and another wrong or that one is necessarily bever. Each may be completely valid as a measurement of the sensitivity of an explosive under the conditions of the test.

One test employed to measure sensitivity Ww initiation is the booster sensitivity test in which a 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° The 500% gaps were determined by means of Bruceton lests {see Paragraph 106), Results of severa} other tests are compared in Table 13.

&. Gap Tests. The small scale air-gap test has beer employed by a sumber of investigniors. In this test, donor and aceeptor explosives are separated by 4 vaciable gir gap (see Figure 34)" Gap distance is the measure of sensitivity.
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Figure 14. Small Seole Air Gop Test

TABLE 12. TYPICAL RESULTS OF BOOSTER SENSITIVITY TEST










	Explosive
	Prepurotion
	50% Gap — Density

"(in
	(gmice)




	Amato! 80/20
	Pressed
	0.83
	1.65



	Amatol 50/50
	Cast
	0.60
	155



	Composition A-3
	Pressed
	4.70
	1.62



	Composition B
	Cast
	140
	1.69



	Composition C
	Pressed
	1:36
	1.56



	Composition C-3
	Pressed
	1.36
	1.62



	Eyclonite (RDX}
	Pressed
	2.33
	1.54



	Dex
	Cast
	35
	176



	Ednatot 55/45
	Cast
	1.38
	1.62



	Explosive D
	Pressed
	127
	1.54



	(Ammonivm Pigrite)
	
	
	



	Haleite EDNA)
	
	2.09
	1.42



	Minol-2
	
	1.46
	1.74



	Nitroguanidine
	Pressed
	0.67
	141



	Pentolite 550
	Pressed
	2.36
	161



	Pentolite 30/50
	Cust
	2.08
	165



	Picratol $248
	East
	1.60
	1.63



	Tetryl
	Pressed
	2.01
	158



	'Tetrytal 75/28
	Cast
	1.66
	1.66



	TNT
	Prossed
	1.68
	155



	TNT
	Cast
	0.82
	1,60



	Tritonat SOG
	Cat
	O58
	78





In Figure 15,7 results of this test are compare d with average impact sensitivity results. Impact data fur the various explosives were compared with results obtained with the small scale gap test, This test consists of determining the minimum priming charge by loading the explosive into a cup of a blasting cap with a priming charge of DONP. Both denor and acceptor were londed at 10.000 psi, Bruceton tesis of from fifteen to fifty trials formed the basis of the estimates of the gap. For these tests, the logarithm of the gap length was assumed to be a normalizing function.

A refinement of the smail scale gap test is illustrated in Figure 16.0 Here, a steel dent block is added and the gap filed with Lucite. Further, data are analyzed by the gap decibang mcthad. The gap decibang DB, is analogous to the decibel in that it expresses not an absolute energy or stimulus but rather a comparison with some arbitrarily established reference level.

This method of expressing explosive sensitivity is based on a function which transforms sensitivily data into a normal distribution in which the explo-Sive response increases with increased initiation intensity. Because the initation intensity is_in-
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Figure 18. Minimum Priming Choege and Gap for Critical Propagation

TABLE 23, INITIATION SENSITIVITY MEASURED BY SEVERAL TESTS














	
	Min
	Impact Tests
	evan aie
	
	



	
	Prim?

Che.

(gm)
	Pan

Und
	Bu

Minos!

tem
	
	GaptO2 Crit tar

Gn)

ERLS in, Dian,
	7

dn

WDB




	Composition B (Desens.)

Cyelonite (ROXE

Cyckonite/ Wax
	ye

~~
	1407)

BURY
	98

32
	~
	~

O38
	O266

470
	$8.78

3.26



	99/1

98I2
	
	"

~-
	~

~
	35
	~

~
	~

~
	~

~



	otf

9515

919 (Camp. A3)
	~

~

O21
	-

~

167)
	~

~

100
	3

47
	-

~

~
	~

-
	-

~



	Cystonite/Catel dum Steorate

310.7
	-
	~
	~
	aw

col
	~
	9.392
	os

407



	eid

oe.

8.0/2.0
	~

~
	~~

~
	~
	23

a7
	-

0 fas
	Q

432

8.313
	are

3.04



	BTUIS

Pemalke, "nie
	~-

Wd
	~

TRS)
	al

34
	32

38
	~

~
	0.299

~~
	5.28

~



	PETN

feeryt
	~

0.00

OAT
	Vad)

66)

818)
	65

1P

26
	~

~
	mA?

om

0.184
	od

~

434
	~

~

3.6.



	Feu toh, FIG

. Pressed
	O19

O28
	118)

1407)
	28

OS
	~
	~

-
	-

0.281
	~

552



	Cast
	~
	-
	~
	~
	~
	8.021
	16.7





& quot;Rei, 7. Table shows churge in grams of DDN P to initiate material pressed to density of 14 grams per ce

Ref, 8, "Denar RDX | neh long, 0.2 inch diameter, Pressed in steel at 10 kpsi.

& quot;Ref & pene in parentheses are sample weights in milligrams.

Ref. 2.
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Figure 16. Small Scale Lucite Gop Test eteased by reducing the attenuation of the output of a standard donor. the transformation function will show the stimulus to be an inverse function of barrier thickness. The transformation function is

X=A+10BlogGr/Gt(24) X = A + 10 B \log G_r/G_t \qquad (24) 

where X is the stimulus expressed |in OB, A and B are arbitrary constants, G, is the reference gap, and G, is the observed (les!) gap. The reference gap GU, has been selected to be LO inch using a high-intensity RDX-loaded donor,

Corresponding values of decibang intensity and gap thickness are shown in 'Table {4. Table 15! lists sensitivities of some explosives in gap decibangs as determined by the small scale Lucite gap test. It is possible thal the method of gap decibang analysis may have a broader application than that of an arbitrary intensity measure. It may setve, for example, as a unit of effective initiating output of detonator. lead, or booster, The relationship between the 'dent produced by a donor acting through a barrier or gap and the gap decibang level of the combination appears to be linear.

TABLE 14, RELATION OF DECIRANGS TO GAP TRICKNESS



27. Variables Affecting Sensitivity

a. Louding Density, The voids which are present in most explosive charges affect the initiation sensitivity by providing reaction nuclei and by reducing the pressure in the reaction zone. These effects, of course, interact with those of charge size, confinement, and the nature of the transmitting medium. Results obtained with pressed, granular explosives in the wax gap sensitivity test are plotted in Figure 17.) For material with less than one percent voids, failures were observed with no barrier at all. Results with small scale gup tests were similar, Some data are included in Table 15.° Figure 18 shows the results of atest with RDX, tetryl, and PNT.

&. Lot-to-lot Variations, 'The variable with the largest effect on lot-to-lot uniformity is loading density. While there are other differences in explosives which cannot be explained in terms of density effects alone. these are difficult to pinpoint and even more difficult to control? Particle size and its distribution are variables which have been shown to have an appreciable effect on the sensitivity of explosives in most cases,

TABLE 35. SENSITIVITIES OF SOME EXPLOSIVES ACCORDING TQ THE SMALL SCALE LUCITE GAP TEST

¢, Addizives. The addition of a few percent of a waxy substance, such as calcium stearate, reduces, the sensitivity of RDX by a factor of two or three. as indicated by the air gap test. This effect may be aoted in' Fable 13. although on closer consideration, itis apparent that a large measure of this desensitization is attributable to the higher density allainable at the same loading pressure when a lubricant is added.

in Fable 16, the effects of added wax on the sensitivity of a number of cast explosives are given as measured by the wax gap booster sensilivily test.
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Figuee 17. Effect of Voids on Booster Sengiti
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Figure 18. Effect of Voids an Booster Sensitivity (lucite Gap Test}

TABLE 16, EFFECT OF 5 PERCENT D-2 WAX ON THE BOOSTER SENSITIVITY OF VARIOUS CAST EXPLOSIVES {fox Gap Test)

ad. Confinement, Critical air gaps as determined by the test illustrated in Fig. 14 are related to confining media of the acceptors used as shown in Figure 19, However, as may be seen in Table 17,"" 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 sensitivity. This relation is showe in Figure 20.1 Almost the identical plot results if Brinell hardness ts replaced with a dimensionicss strength. All of the above data were obtained with tetryl acceptor charges. The effect of confinement upon sensitivity varies considerably from one explosive to another" For small columns the differences become more marked.

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

* Lead agide to wird, 0.150 ich diameter columms
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Figure 19, Effect of Acceptor Confining Material upon Sensitivity in on Air Gap Text
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Figure 20. Gap Sensitivity Related te Density and Mardaess of Acceptor Confining Medium

¢. Gaps and Barriers. in one way or another, gaps, barriers or spacer materials are components of explosive systems. In some instances, these fea tures are designed into a train to achieve a desired effect, In other cases, they are inherent to construction just as is confinement, Bottoms of cups are barriers and manufacturing tolerances introduce gaps. In some instances, the combination of gaps and barriers are beneficial, For example, barrier fragments have transmitted detonation over a gap which was sometimes forty times that across which the air blast wave alone could carry it

Available experimental data relating the variables are not complete. Figure $2 compares performance under service conditions for several gap and barrier combinations both unconfined and contined. In Table 18" the effect of changing the Spacer material in the wax-gap booster test is given for four explosives and a number of spacer materials. Attention is directed to the air gap data. {t has been suggested that the mechanism of transmission across an air gap to the more sensitive materials must invalve factors other than shock pressure.

TABLE 18. SENSITIVITY FOR VARIOUS SPACER MATERIALS {Wax Gup Test



28, Misoligned Charges

Out-of-line safety is a general requirement of fuzes. The usual situation is that of two well confined columns of explosives, one of which Is dis placed laterally with respect to the other a Figure 21. Propagation occurs near the point where the expanded hole of the donor becomes langent to the original acceptor charge. In an experiment with PETN and RDX, twansmission occurred when the charges were displaced some what beyond the point of tangency. TL was atso observed that these explosives sometimes detonated from an apparent central initiation point. Qut-of-
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Figure 21, Arrangement fer Propagation of Misaligned Charges line safety should always be tesicd lo make certain that the train does nof propagate in the safe positon (see Paragraph 110).




C. QUTPUT


29. Nature of Explosive Output

The mechanism whereby useful output is derived from an explosion is essentially that of a heat engine. Heat is transformed into mechanical energy by the adiabatic expansion of hot, cam: pressed gas. As a heat engine, the detonation of a military high explosive is remarkably efficient. Over seventy percent of the theoretical heat of explosion usually appears as measurable mechanical output. However, the effectiveness of an explosive 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 ather materials which are inert components of explosive ordnance items. All of these phenomena accompany most explosions, but the partiden of energy between them varies greatly with variation of design and composition, as do other quantilies associuled with each phenomenon which may be more important than energy in determining relative effectiveness.

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 theary of detonation waves is described in Paragraph 19. The calculations discussed are based on a number of assumptians which include ideal detonation {Chapman-Jouguet conditions) and a certain reaction chemistry. Although in many investigations agreement has been attained between experiment and theory, many of the most interesting and important aspects of the outpul behavior of real charges stems from their nonideality > from deviations in their chemical or thermodynamic behavior from those commonly assumed. For these reasons, more quantitative predictions of performance are made by use of the empirical relationships based on measurements of output phenomena.

An introduction to actual detonations, those which are theoretically nonideal, is alts Contained in Paragraph 19.



30. Effect of Charge Configuration.

a. The Detonation Front. As a Rest approximation, detonation may be considered to propagate in all directions within a homogeneous charge at the sume velocity. Thus, if a charge is initiated by a relatively concentrated source, the detonation front assumes a divergent spherical form, This curvature (convex in the direction of propagation) is accentuated at the boundaries of the charge (see Paragraph 9).

Such curvature, if its radius is small enough to be comparable with the reaction zone Jength, resulls in a reduction of detonation velocity and pressure from that associated with ideal detonation. The explosives used in applications where detanation pressure is a prime consideration (pentolite, Compositions A-3 and B and cyclotols) bave reaction zone lengths of the order of a millimeter or less so that this effect is not usually important. However, with small charges of such materials as TNT, Explosive D or tetonal, they can assume importance. In addition, the pressure and its gradient vary radially. For same applications, most notably the controlled propulsion of solids. wave frant prafites and pressure distributions other than those resulting from the action of hydrodynamic laws in simple charge configurations are desirable, For such purposes. special configurations have evolved,

One of the results of pressure variation behind the detonation front is the variation in momentum which the detonation wave imparts to solid objects. Where it is desired to propel an object of unitorm thickness which has a relatively large area in con tact with a charge, these variations in momentum 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 combined


	{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 determine momentum distribution in finite explosive charges are toa complex to be solved analytically. However, they have been programmed for solution by computer."® Intuitive reasoning and cut-and-try development have yielded satisfactory designs in the past.

b, Wave Shaping. The control of the profile of detonation fronts has been the subject of much research.' All techniques are essentially applications of Huygens' principle which forms the basis af geometric optics. For ultimate refinement, account must be taken of the fact that detonation velocities are not precisely constant, but satis factory control for many purposes is possible by designs which ignore the relatively small variations. The following four means of controlling the sequence of arrival of detonation waves al various points in @ charge have been used'*#


	{a} Wave interrupters which require the wave to go around the interrupter,

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

	(s} Density and composition variations in the axplosive, and

	(d} Air, inert fllers, ur both of such thickness as to delay the wave but not destroy it.



Perhaps the simplest devices for the control of wave front profiles are line wave generators, Thase of die manifold type (Pig, 22) have been made by loading explosives into channels machined, molded, or cast inte metal or other inert components
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Figure ZZ. Une Weve Generator of the Manifold Type and by constructing arrays of detonating cord. The detonating cord arrays were, of course, limited to relatively large systems by the spacing needed' foTM ~ prevent initiation or damage due to radial blast effects of adjacent cords.

The advent of mild detenating fuse (MDF) opens new possibilities in manifold type wave shaping devices (see Paragraph 87). In such applications, particular attention shuald be given the problem of transmission of detenation from the very small column diameter of MDF to the Jarger charges in which it is hoped to control the wave front profile. Even though reliable transmission is assured, the build-up may introduce enough time scatter lo nullify the wave shaping effects. Slep construction or a tapered lead should result in a satisfactory system.

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

In addition te such generators, warped surfaces 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 ulso be modified by warping the plane and by transmission to other explosive surfaces. One example, illustrated in Figure 24, is the generation of a straight line wave by means of warped sheet explosive,



31, Blast

Blast is the brief and rapid movement of air or other fluid away from a center of outward pressure, as in an explosion, or it is the pressure accompany ing this movement, Physical manifestations of blast include (a) a shock front which is created by the rapidly expanding gases being opposed by the mestivn acoudd the explosive, (@) a me period in which the pressure drops to ambient. (¢) a continued pressure drop below ambient and finally (du
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Figure 24. Line Wove Ganersitor of Sheet Explosive
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Figure 24. Line Wove Generatar of Warped Sheet of Explosive 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 afterburning or reacting of the explosive products with themselves and with the oxygen in the air. ft may also be enhanced by shock reflection from surfaces such as ground, water, or wails.

Blast decreases in magnitude at a ratio equivajent to the cube root of the distance from the charge. Blast pressures are plotted on graphs as P vs r[/W*3 where r is the distance from the charge and W*8 jis 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 estimating the blast pressures of cylindrical charges is available in classified Hterature."

Tt was found that steel confined charges generally produced decreasing amounts of blas1 output with increasing thickness of confinement." The anly exception is a very thin steel confinement which appears to produce a Blast output equal to or slightly better than bare charges. This is probably due to the fact that some unconfined charges break up partially during explosion. Certain materials when used as confining media for explosives appear W react in an explosive manner"? That is. they increase the blast output when they confine explosives. Some rubbers and plastics exhibit this behavior.

Studies of the effects af altitude on blast showed that there is a constant decrease in blast output with altitude?? For practical purposes. there is a 1% decrease in excess pressure for every 1000 ft altitude.

The foreguing studies were concerned with exterior blasts far from ground or reflective surfaces. Hf the chtrge is expladed close tou surface. the shock wave which reaches this surface will be partially reflected. 'fhe reflected wave may subsequently catch up with the original shock wave and reinforce it. The reason for its calching up is that the reflected wave travels through the hor gases of the explosive where its velocity is greater,
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Figure 25. Pressure-Time Relationship of Explosive Blast

If many reflective surfaces are available, the resulting 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, Les: than 20% of an explosive may be required for an interior blast kif! compared with an exterior one.

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



42. Fragmentation

a. Fragmentation Characteristics, Ax a manifestas tion of explosive output, fragmentation is characterized by velocity and size distribution of fragments. For some purposes, the size and shape of fragments are predetermined either by preforming or by modifications of the case or charge design which predisposes it to break as desired. Many studies have Geen carried out both for fragmentation projectiles and for specialized fragmentation warheads *

The initial velocity of fragments is quite accurately predicted by the Gurney formulas for cylinders vo=2EWc/Wp11+0.5Wc/Wp2 v_o = \sqrt{2E} \sqrt{\frac{W_c/W_{p_1}}{1 + 0.5 W_c/W_{p_2}}}  (25)

for spheres vo=2EWc/Wm1+0.6Wc/Wm v_o = \sqrt{2E} \sqrt{\frac{W_c/W_m}{1 + 0.6 W_c/W_m}}  (26)

where +, is the initial fragment velocity VE is the Gurney constant W, is the charge weight W,, is the weight of the fragmenting metal

The empirical constant £ 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 fragments. In general. this is somewhat more than half of the energy of detonation. Rather than caducing the quantities to theoretical terms, Gurney constants are usually given as velocilies. Table 19 includes Gurney constants for some explosives of military interest. Initial fragment velocitics have been computed and are available in tabular form.*

TABLE 19. GURNEY CONSTANTS FOR COMMON EXPLOSIVES








	Explosive
	VIE

Ylisect



	Composition B
	ROO




	Pentotile
	R00



	TNT
	7600





The lethality of a fragment is a function of its velocity, weight and presented area. The problems of assessing lethality and vulnerability are quite difficult because the seriousness of the damage inflicted depends first on the nature of the target and then on the point of impact and direction of the flight of the fragments with respect to the target as well as its size, velocity, shane, altitude and materials.

The determination of the optimum fragment size, in addition to the lethality considerations, requires an estimate of the probable focation 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 impartant factor. The position of the charge with respect to the target is sometimes a design variable which is combined with other factors to maximize offectiveness. For exampie, in an air-burst anti personnel weapun, 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 staustical 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 aspects of the design of afragmentation round or head may be varicd 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 ta be capable of producing the Jargest number of lethal fragments.

Where a case originally designed for anlipersonnel use is wo be adapted for use against more resistant targets, high performance explosives may break it into fragments too small for effectiveness. In such situations @ less brisant explosive may improve effectiveness. Generally, in gan projected missiles such considerations as structural strength lo re setback and spin accelerations dictate the use of a case which forms coarser fragments than is desirable even with the most brisant explosive.


	& Controlled Fragmentation. 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 mulliple walled cases. A wide variety of other methods have been used to produce fragments which are almost all of the optimum size and shape. Methods which have been used include"

	{a) preformed fragments (with or without matrix}

	<b) notched or grooved rings




	fe) 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 ta be more effective against aircraft than the same weight of metal broken into smaller pieces. Ht can sever important structural members rather than merely perforate them.

A discrete rod warhead consists of a number of rods (usually of steel} arranged like the staves of a barrel to form « cylindrical container, They are joined together with sufficient strength to provide the needed structural strength for handling, launching, and flight but in such a manner thal their movement under the action of the explosive will not be impeded significantly. This container, completed with suitable end plates and usually with auxiliary thin Hners, is loaded with the explosive,

A continuous rod warhead differs from a discrete rod warhead in that the rods are strongly joined to one another at alternate ends ina pattern similar to that of a folded carpenters' rule, This hoop breaks when its circumference equals the sum of the rod lengths, if excess energy is imparted by the explosive,

The value of a discrete rod fragment depends upon maintenance of its shape (as a relatively straight rod} and its auitude such that its long axis is at right angles te its path, The value of a continuous red depends upon its retaining its integrity as such, Each of these requirements, in turn, rests on a basic requirement that the velocity imparted to cach clement of the length of the rad is the same as that for each other element. This is the most important application of the momentum distributien control discussed in Paragraph 30. The losses of pressure at the ends cause the parts of the rods near the ends of the warhead to lag behind those near the midsection. Discrete rods are bent and twisted, and continuous rods are broken as a result of the differences in velocity.



33. Other Output Effects

a. Underwater, The effects of an underwater explosion are separable into two distinct phenomena, the shock wave and the pulsation of the bubble. Ht is of interest to note thar seventy to eighty percent of the heat of detonation can be accounted for in the sum of the energy of the shock wave and that of the movement of the bubble, The shock wave is characterized in terms of its peak pressure, energy, impulse and time constant. These quantities may be computed as functions of distance and charge weigh! from existing nomographs

The pulsation and ather movements of the bubble impart large quantities of momentum to surrounding water. Under some circumstances, the migration of the bubble due ta hydradynamic and gravitational effects can result in highly con centrated transfer of this momcatan to ships or other structures so that the bubble action can outweigh that of the shock wave in j1s damaging effects. Bubble parameters may also be calculated conveniently with a nomogram. The bebavior and actions of bubbles resulting from underwater explosions has been the subject of several studies,"

b, Underground. The effects of underground oxplosion are more difficult to characterlze quantitatively than are those in air or water because soils and rocks are so much more variable in characler and because disturbances are transmitted through them as stress waves with components of shear and sometimes tension in addition io the pressure which characterizes waves produced vy explosions in fluids. The initial wave transmitted from an explosive charge to almost any solid medium is a true shock wave and the pressures are far beyond the elastic mit. However, such shocks attenuate much faster than those in water because a large fraction of the energy is expended in shattering the medium. As the pressure approaches the compressive strength of the material the shock is modified to a stress wave. Ht loses the sharp rise characteristic of a shock and may separate into several waves, elastic compression wave, plustic wave, surface wave and a shear wave. which propagate at diferent velucites.

Meanwhile, since soil and rock arc usually variable in structure and density, waves are refracted and reflected in paths of various lengths In addition, where the explosien occurs close enough to the surface to produce an air blast wave this induces another surface wave. Ay a result of this wave, at a distance of a mile. the ground dis turbance from a single explesion might continue for thirty seconds, At large distances, the disturbances induced by underground explosions have essentially the same characteristics us 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 size2®

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

c. Shaped 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"""* Action of the shaped charge is sometines referred to as the Munroe effect. Operation is as follows. The mesial of the Hiner and the explosive moves at the detonauon velocity. At the detonation front, the metal liner is deflected inward. Converging symmetrically toward the centerline, the metal is deflected along this line. The siug of metal which accumulates at the center is squeezed by the continuing convergence to such high pressures that part of il emerges in a jet, like toothpaste from a cube.

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


	(a} The optimum cone (included) angle, for most purposes, is about 42°.

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

	(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. me

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

	(¢) Detonation pressure seems to be the most important property of an explosive affecting shaped charge performance.

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

	(g) As the cone angle becomes jarger, the velocity of the jet decreases and that of the slug increases, Shallow shaped charges in which the slug is the effective output are referred to as Misznay-Schardin charges. They are used extensively in land mines.

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

	(i) Although penetrations by shaped charges in armor plate ag high as 1] calibers have been observed in the laboratory, the limit for practical ammunition is closer to four or five cone dlamelers.
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CHAPTER 4 — ENVIRONMENTAL RESPONSE


94, Military Requirements

A military item must perform as intended after years of storage under conditions which may vary from tropical te arctic and from jungic to desert. In the case of explosive materiel, the situation is aggravated first by the fact that explosives are of necessity metastable materials, and second by the irreversibility of their operation.

The range of 65°F (~S54°C) to L60°F (71°C) has been prescribed as that which explosive material must endure in storage and remain operative. The Temperature and Humidity Test, MIL.-STD-304, tests over these temperatures (see Paragraph 110) and the most common hol surveillance or hot storage tests are conducted 160°F. "Accelerated aging" tests are conducted at higher temperatures although interpretation of results is subject to question. Both bulk explosives and loaded items are subjected to hot storage, surveiflance or accelerated aging tests. After aging. materials may be weighed and analyzed to detect chemical decomposition or tested to determing changes in performance characteristics. Loaded items are sometimes dissected and their various components examined and analyzed. Mure often, they are tested functionally. Changes in functional characteristics may result from chemical deterioration of explosive or inert components, changes in state of aggregation (such as fusion and reconsolidation, sintering or redistribution of components of mixtures) or dimensional distortion.

In the course of their use, some explosive materiel is exposed to temperatures substantially higher than 160°F. 'Three common sources of such high lemperatures are hot guns, heat transferred through metal parts from recket motors and aerodynamic heating. The hot gun problem, for the present, is somewhat simplified for the explusive charge designer because it is not difficult to find high explosives which are more temperature resistant than the prepellanis used in guns. Rocket propellants have flame temperaturcs far beyond that which any explosive can sustain so thal the designer of rocket warheads must consider the heat transfer situation. As missiles are projected 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 and the thermal decomposition of the explosive may become sell sustaining and run away to a thermal explosion. Such explosions are referred to as covk-off In addition, the higher temperatures may cause damage of types which would never occur at lower temperatures,

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

In the course of military transportation, handling and use, exptosives and explosive charges are necessarily subjected to rather violent mechaniad disturbances. From the viewpoint of analytical mechanics, the manifestations of these disturbances are compression. tension and shear of the explosive which must be specified in time-dependent terms. However, problems associated with such disturbances are not usually considered in such terms. The usual approach is thal of alempting to simulate conditions which may be experienced by explosive charges in service under quantitatively controlled conditions and in circumstances where behavior can be observed. Considered in these terms, the disturbances to which explosives muy be subjected can be categorized as impact, acceleration, vibration and friction.

The relative sensitivitics of common military explosives according to standard laboratory tests are given in Table 20 while sensitivities to hazards * of use are tabulated in Table 21. For details of test procedures, sce Paragraph 107.

TABLE 20. RELATIVE SENSITIVITIES OF EXPLOSIVES ACCORDING TC STANDARD LABORATORY TESTS OF GROUND SAMPLES

* Figures im parenthoves are sumple weighs in miliary



A. TEMPERATURE


35. High Temperature Storage

a. Chemical Decomposition. As indicated by the Arrhenius equation (Eq. 5}, explosives are decomposing all the me. An important basis for the selection of military high explosives is the slow rate of this decomposition at slorage temperatures, The vacuum stability test. described in Paragraph 107, is the criterion of thermal stability which is used most frequently to predict storage life of an explosive,

Samples of TNT and tetryl. analyzed after storage for twenty ycurs, showed no detectable chemical deterioration.' Assuming an activation energy of 33,000 calories per mol, and 1.0 ce gus evolved in 40 hrs at 120°C ag the vacuum stability of tetryl. Equation § extrapolates ta predict less than one percent decomposition in twenty years ul 1606°F. Most military explosives have vacuum stabilities at least as good as retry, The storage characteristics of PETN, although worse than those of most military bigh explosives, are not so bad as to auiweigh its desirable properties for certain applications.

b. Dimensional Change. Explosives. in general, have larger thermal coefficients of expansion than the metals in which they arc usually Jouded. This results it some tendency ta extrude through any available openings when stored for long periods

Ref 2 SAL HNC, valne at 120°C is SLL

& quot;Ref. 3 Ret, § © teh é =Ref. 6 "Decomposes = Rel, 7

&# x27;ignites: *E Explodes: € erackies: 3 Snaps: U Unatfected at high temperatures. Under some circumstances, the pressure developed by this expansion is enough to 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 cffects are lost.

Materials, like Composition B and cyclotol, 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 such materials to "grow," The growing is 4 permanent expansion which is caused by the opening of microscopic cracks due to thermal gradient stresses and the brkiging ef these cracks by fusion and refreezing of multiple component eulectics.

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

«. Explosive Property Change. Some explosive properties, especially those associated with initiation and growth of detonation (see Paragraph 17-23), are determined by the state of aggregation of an explosive as much as by its composition.

Proionged storage of an explosive at temperatures hear its melting point can result in changes of structure 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 [60°F results in substantial decrease in sensitivity, and hi sed failures.

milarly, a bare tetry] booster in as unined cavity in Composition BR, or other TNT base material, may be converted to tetrytol by exudation of the TNT.° The fuzing system may not be adequate for the initiation of tetrytol. A similar problem would exist if bare RDX and HMX boosters had been used.

d. Exadation. Usually TNT contains a group of impurities which can form very low melting multiple component eutectivs. Much of the TNT used during World War } contained large enough fractions of such components that they exuded from the surfaces of charges, The exudate, which was an explosive and which could turn up in unintended places, presented a hazard. TNT made in accordance with present specifications does exudé af~ 16°F" Pentolite. which has an eutectic of 170°F and tetrytal, eutectic 153°F, have greater tendencies tw exude. Tetrytol exudes at (49°F. Composition B, which has an eutectic at 174°F exudes slightly at 160°F,

TABLE 21, SEMSITIVITY QF EXPLOSIVES TO MAZAROS OF USE
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During a study designed to prevent exudation, it was found that the addition of a small amount of valcium silicate to charges containing TNT will keep exudation under satisfactory control. While the exudation is controlled, the addition of the calcium 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 initiators is determined as much by spatial configuration and the properties of inert components as by those of the explesive materials.

Bridgewires of electric iniliators may be broken by the tension resulting from the thermal expansion of the plastic plugs which are offen used in such items. Such failures have been observed.'"? In a test of a wirebridge initiator, substantially increased firing times after hot storage and temperaturehumidity cycling were noted. Since the basic lead styphnate charge used is one of the most stable explosives known and is certainly well below any softening or phase transition point at 160°F, these changes in functioning time must be attributed to mechanical distortions, One such distortion, which may be visualized, is the compression of the explosive as a result of the difference in expansion coefficients of metal case and ity plustic 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 the prediction or prevention of such deterioration of initiators. Hence, thorough testing in high temperature surveillance and cycling tests ix indicated.

[image: Figure, page 61]

Figure 26. Postulated Cendition for tnitiotor Failure Caused by Wire-Explosive Seporation



36. Cook-Off

a. Threshold Conditions, Of ali explosion processes of practical interest, cook-off is the most nearly ideal manifestation of the thermal explosion described in Paragraph 13. Considered in more general terms, it is like other imitiation processes in that it is the result of a situation where energy fosses cannot keep pace with the rate at which energy is released by the reaction of the explosive. When an explosive charge is exposed to a high temperature environment, its temperature rises eventually above that of the surroundings. The temperature attained in the interior of the charge is enough higher than that of the surroundings so that the heat Hberuted by the reaction is carried off. Since the reaction rate is an exponential function of temperature, Equation 5, a given increase in the temperature of the surroundings causes a larger than proportional 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 nor a constant property of an explosive but a property of a system which varies with charge size, thermal properties of surraundings and time of exposure,

For any given environmental temperature, the interiac equilibelum teaiperature increases with the size of the charge because heat flow depends upon a temperature gradient. and even the same gradient over a longer distance should give a higher temperature (but more heat is liberated per unit area in a large charge so that the gradient is steeper). Thus, the surface temperature which will result in a thermal explosion, the cock-off temperature. decreases as the size of a charge is increased. Ag a general rule of thumb, cook-off temperature is decreased about 100°F for each ten-fold increase in charge diameter.

The use of thermal insulation. of course. retards the penetration of heat info an explosive charge and thus may forestall cook-off where the lime of exposure is limited. However, since it also 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 probability of couk-off is reduced by insulation of charges which are Lo be exposed for relatively short Umes to temperatures well above cook-off temperatures. Charges to be exposed to marginal temperatures for Umes long enough (o approach thermal equilibrium are more subject to cook-off if insulated than if not.

Under usual conditions, exposure to elevated temperature is for relatively shart periods, Frequently 2 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 before il reaches # dangerous temperature. Figure 27", a plot of experimental data, Hlustrates a case where the explosive reaches the cook-off temperature after the end of expected life. Such situations may be predicted using conventional heat transfer analysis techniques, although experimental verification is necessary. Cook-off temperatures of common miltary explosives are listed in Reference 14.

&. Cook-Off Experiments. The complications of haut' flow, phase changes and reaction kinetics as applied to military explosive charges in service situations has driven many to the conclusion that the probability of cook-olf can be assessed only by direct experiment. Tests using complete ammuni+ tion under service conditions is usually too expensive. Unless a charge is instrumented. such experiments can yield no more than a yes or no answer as to whether and when cook-off occurred under the particular conditions. Instrumentation of a missile or projectile involves telemetering, adding to the expense. The compromise which bas 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 thermocouples (see Paragraph 107),

Typical of the many cook-off experiments is one which was conducted to measure the cook-off temperature of the M47 stab detonator and to determine if this temperature could be raised by modifying its constituents, The M47, containing NOL 130 primer mix, an intermediate charge of lead azide and a base charge of ROX, when heated in an oven, cooked off at 369°F (see Table 22'*), Seven additional charge combinations were tested, The highest cook-off temperature for a complete detonator (all three charges) was 415°F.

The caok-off characteristics of TNT, RDX and tetryl are plotted in Figure 28, The curves are the composites of three separate experiments which show remarkably close agreement. Data were ablained in an oven, a Wood's metal bath und in electrically heated tubing. Other experiments show that the cook-alf threshold of military explosives is in the range of 356 to 450°R 1924

[image: Figure, page 62]

Figure 27, Test of a Booster in Simulated Missile Flight

TABLE 22. COOK-OFF TESTS OF STANDARD AND MODIFIED Ma? DETONATORS
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& quot;Inert charges consisted of CP grade sodium chloride.

e, Simulation of Aerodynamic Heating. Temperature 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 situation is closely simulated by the use of a heating element of constant power in close thermal contagt with the container of a charge. Data obtained in such an experiment with the apparalus shown in Figure 29% are given in Figure 30.



37. Other Effects of High Temperature Use

a. Melting of Explosives, 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 accelerated at the higher temperatures which sometimes result from aerodynamic heating, ete, In addition, some effects which are negligible or nonexistent at 160°F may become important at higher temperatures.

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 mek 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 completely melted. This effect may keep a tetry] booster, surrounded by TNT or a TNT omixture well below its cook-off temperature until a weapon reaches its target.

Most effects of melting are somewhat less beneficial, Wave shaping systems, which depend upon accurate retention of charge configuration, muy lose all of their effectiveness with relatively slight distortion. The segregation of the components of mixtures such as HBX can result in serious changes in explosive properties. A region in which the ROX concentration is much higher may be appreciably more sensitive than the original mixture. A hazard associated with the melting of explosives is the possibility that the material will work ils way into unintended locations.

In considering the effects of charge meiting in use, a certain amount of common sense is necessary. A warhead full of molten explosive may be intolerable but a Htthe 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 in terms of their consequences,

[image: Figure, page 63]

Figure 28, Cook-Off Characteristics of Three Explosives

* HMX, recrystallized, Lat PAE-E-23224, 2.5% RDX, mas.

* HMX, recrystallized, Lot unknown, 2.596 RDX, max.

& quot;HMX, laboratory recrystallized. Lot unknown, 2.5% RDX. max.

[image: Figure, page 64]

Figuee 29, Apparatus far Simulating Aerodynamic Heating b. Sensitization, 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 they are heated. However. the effect is rather small until the cook-off temperature is approached.

Another effect is that of solid-solid phase transitions, An example of one explosive in common use is HMX which exhibits a marked change in sensitivity attributable to this cause.' However, because most missiles are on their way to their targets before they are subjected 10 aerodynamic. heating, this type of sensitization may be of more importance in reducing effectiveness due to deflagration on impact and similar defective operation than ia contributing to the hazards of vse. It might contribute to the hazards associated with the hangfires in hot guns and externally mounted weapons on fast aircraft.



38. law Temperature Storage and Use

Most deteriorative processes ure slowed at low temperatures. Hence, low temperature storage is usually less harmful than storage at nermal) atmospheric or elevated temperature. Rapid heating after low temperature storage can induce thermal stresses which may have more than usual rendencigs to crack same scaling materials which become brittle at low temperatures. Ammunition which depends upon organic seals to protect moisture sensitive materials should be subjected to the" lemperature-humidity test (see Paragraph 110),

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

The effect of low temperatures upon the sensitivities of initiators is usually quite small because the change from room temperature is only a fractian of the rise asseciated with initiation. However, systems which are marginal with respect to growth or propagation of explosive reaction will usually fail in the low temperature test.

Interestingly cnough, the most noticcable effect of low temperature upon stable detonation results from the shrinkage in volume. Because of the higher density at low temperatures, detonation velocities and consequently detonation pressures are higher. The increases, of course, are too small to have practical signficance. Where propugation

[image: Figure, page 65]

Figure 30. Sirnulated Awradynaniie Heat Test 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




8. ENVIRONMENT


39. Chemical interactions

Table 23° gives the compualibilities of explosives with common metals used in military construction and with a few other materials. More complete data regarding reactions of explosives with metals have been compiled in several studies2*+*

Of the reactions of explosives with metals, that of lead azide with copper deserves special comment. Although this reaction is relatively slow, even in the presence of moisture, some farms 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 It was shown that the following types of plastic have negligible effect on explosives and are themselves unaffected: acrylates, cellulosies, — ethylenes. flucrocarbons, nylon, properly cured unmodified phenolics and silicones.

An important classy of explosive materials is that of mixtures of fuels and oxidants. Oxidants are added to explosive compounds Hike (NT which are deficient in oxygen. Although the compounding of explosive mixtures is beyond the scope of this

TABLE 23. COMPATIBILITY OF HIGH EXPLOSIVES WITH METALS AND MISCELLANEOUS MATERIALS.

* 2 months: t 19 months 112 months ¥16 months
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Many of the oxidants used are nitrates, chlorates and perchlorates. Water solutions containing these ions are 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 is part of the effert to reduce corrosion. Where explosives are used which contain metallic nitrates, chiorates or perchlorates in contact with metals. particular attention should be given the exclusion of moisture.

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

Mixture containing chlorates and perchlorates in combination with organic materials tend to be quite sensitive. There has been a general reluctance to use such mixtures except as primary explosives. An exception has been ammonium perchlorate.



40. Simulation of Impact

a. Laboratory Impact 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 and cast military explosives by the use of modified tools in which one inch by one inch cylindrical pellets are east or pressed directly.® The data are given in Fable 21. Other impact tests arg desuribed in Paragraph 107.

b. Ballet Impact. The standard buliet impact test consists of shooting at a capped pipe nipple, loaded with the oxplosive to be tested, with a caliber 30 rifle bullet fired from 90 feel. The test is deseribed in Paragraph 107 and data obtained are given in

Table 21. Some of the uncontrolled variables have been eliminated by the use of a fest bomb with flat target surfaces in which both thickness of the larget plates and explosive column length may be varied conveniently. Some of the effects of such variations are shown in Table 24.2? Note that the sensitivity increases both with plate thickness and charge length.

In the bullet impact tests of other explosives. both aluminum and steel target plates were used in thicknesses ranging from Ysz to Ye inch. Most of the explosive specimens were three inches long, but four, five, and six-inch columns were also tested. To the extent that it was significant, the effect of charge length waricd 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 scemed to apply to most explosives tested. Initiation was also more frequent with slecl plates than aluminum. These effects of plate material and thickness were referred to as confinement effects.

Another interpretation is that the heavier plates serve as more effective anvils for the initialion of the explosives by squeezing or pinching as the explosive approaches the back plate. One aspect of this interpretation, that initiation sometimes occurs as the projectile approaches the rear plate, was the subject of another investigation:

« Masy impact. in the course of use, military explosive charges are often brought to rest from high velocities by impact. Whether the impact ix intentional or accidental, it is usually undesirable for an explosion to result. Explosion due to target impact is usually deflagration, low order detonation or, if high order, it starts from the wrong place or ul the wrong time. The undesirability of explosion of accidentally dropped or jettisoned charges is abvious.

TABLE 24. BULLET SENSITIVITY OF 50/50 PENTOUTE
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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 this work has been specifically concerned with setback, most of the principles and basic data are equally applicable to the assessment of effects of acceleration of similar magnitude from other causes such as water entry and target or earth impact,

Tabky { Hsts some typical magnitudes of acceleration 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 accelerations On inert components may be computed by conventional applied mechanics Failure of me+ chanical components as a result of accelerationinduced 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, are strongly dependent 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 gravity" The acceleration increases from zero to its maximum value (see Figure 31) in a few milli seconds. The duration of the acceleration period 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 resuks may be considered essentially adiabatic. If the explosive is considered to behave as a fluid, the pressure PF 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.

P(ym)=0.036ρ(ym)(r)a(y)L(in.) P_{(ym)} = 0.036 \ \rho_{(ym)(r)} a_{(y)} L_{(in.)} \tag{27} 
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Figure 31. Typical Fime-dcseleration Curve far Projectile While in Gua

In a typical projectile with an explosive charge of Composition B (a. = 1.7), ten Inches jong, the pressure at 30,000 g's would come to abour 18.300 psi. Since this pressure is several fimes the 2,200 ta 3,000 psi compressive strength for Composition B, the assumption of fd behavier ix quite valid

The apparatus for the measurement of the sensitivity of explosives to initiation by rapidly rising pressure, such as that due to setback. is described in Paragraph 107, Setback sensitivity data so obtained for various explosives are listed in Tabie 21.

The setback faitiation 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 prematures where projectiles are eft in hot gun chambers for appreciable periads before firing.

it was found that. when separation of charge base fram projectile was simulated by separation of plunger from specimen in the test apparatus. the critical setback pressures were substantially reduced (xe Table 25}. This increase in sensitivity id to be related to inidation of the explosive by the adiabatic compression of the air.

Findings that cavities such as bubbles. iacidental to the casting process, and grit inclusions

TABLE 25. CRITICAL SETBACK PRESSURES OF EXPLOSIVES OF VARIOUS BASE SEPARATIONS
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& quot;Maximum setback pressure at which eaplosive cannot be initiated at 125°F/in, 25 oF more shets. +Extrapalated 0% point can cause substantial reduction in critical setback pressures have resulted in the following suggested provisions in projectile loading standards!52%%0


	{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 explosive charge close to ils base.

	{c} No grit should be permitted in the projectile.




	id) No prajectiie with deep gouges on the interior surface at the base area should be accepted.





42, Other Effects

a. Vibration. No evidence is available which indicates that explosives as such are affected by vibration of the types to which ordnance items may be subjected, As structural materials. of course, explosives may be severely damaged by vibrations. Included In such structural damage is crumbling, after which small particles of explosive, under the influence of strong vibration. may move considerable distances 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 be given the resonant properties of explosive and inert structures.

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


	&. Friction, The sensitivity of explosives to friction is well known from a qualitative point of view, but meaningful quantitative techniques for its measurement are not included in the standard explosive laboratory procedures. Some data are given in Table 20 and the test is described in Paragraph 107. 'Their quantitative applicability to practical probtems 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,3!

	ce. Klectricity. The electrical influences ta which materiel is exposed are discussed in Paragraph 7. The most serious ¢lectrical problems stem from the possibility of initiation of electric initiators by spurious signals. Paragraph 50 contains informa-



tion regarding the input characteristics of such items. Normally an electric initiator cannot discriminate 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 # hazard in the loading of explosives. Sensitivities to static electricity of powdered explosives are given in Table 20 and tests are described in Paragraph 307. Except for primary explosives, 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 gurfaces is not prevented by appropriate coating or ather 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, 45 d. Irradiation. Most materiel is packaged to exclude infrared, ultraviolet and visible radiation and the likelihood of any appreciable dosage of X-rays or nuclear radiation seems remote.

Primary explosives, including lead. and silver azide, decempose when exposed to visible and ultraviolet light. At intensities many chnes-higher than that of direct sunlight, a number of investigators tave been able to initiate some of these substances by such radiation. The initiation is found to be basically thermat although there is some evidence of photochemical action in some cases. Decompasition under usual daylight or artiticial itumination is too slow to affect these materials in the exposure times associated with ordinary loading. However in the loading plam, exposure of fead 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 radiation al an average rate of 10° r/hr are summarized in Vable 26.4 Note that the effects on most materials are guite small and that the greatest effects are those on lead azide.

TABLE 26. GATA OBTAINED FROM EXPLOSIVES AFTER EXPOSURE TO GAMMA RADIATION

« Minimum height of fail of 2,0 kg weigh! to produce at least one explosion in ten trials,
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PART TWO DESIGN CONSIDERATIONS


43. Introduction

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

The first explosive component or initiator is that explosive charge which starts the explosive reaction in response to the initiating stimulus. At the other end of the train is the main bursting charge which produces the desired effect at the target, The intervening components establish a detonation wave, introduce the desired delay, guide the detonation through the required path and augment the detonation.

This part is concerned with each of the explosive 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 dematition devices, such as destructors and explosive bolts. Finally, methods of loading and fabrication and techniques for evaluation procedures are discussed.





CHAPTER 5 — PRIMERS AND DETONATORS


A. DESCRIPTION AND SELECTION


44, Function and Construction

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, Initiatocs are classified according (o 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 expiosive component used as a first element in an explosive train. As such it serves as an energy transducer converting mechanical or electrical energy info explosive energy, In this respect, the primer is unique among the other explosive components in a train. A primer, which is loaded with serisitive material, has a relatively small explosive output and will not reliably initiate secondary high explosive charges. Sometimes, however, the purpose of the primer is performed for convenience by a detonator. A squib is atype of electrically initiated primer.

A detonator is a small sensitive explosive 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 secondary high explosive charges. If can be initiated by nonexplosive energy. in which case it includes the action ofa 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 detanaters are housed in cylindrical cups of aluminum, stainless steel, copper or gilding metal. The open end is sealed with a closing disk of metal or of paper over which the end of the cup is crimped. fy case of clectric inidaters, the cup is crimped over the plug which contains lead wires or contact pin. Primers contain an explosive priming mix while detonators contain three charges. primary, intermediate and base, although sometimes two of these are combined, The primary charge is near the input or acceptor end and the base charge is near the output end.



45, initiotor Types

a. Stab Initiaters. The stab initiator is a rather simple item consisting of a cup loaded with explosives and covered with a closing disk. It is sensitive to mechanical energy. A typical stab detonator 'is shown in Figure 32.

b. Percussion Primers. Percussion primers differ from stab initiators in that they are initiated and fired without puncturing or rupturing their containers, They are therefore used 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 pin which squeezes the priming mix between cup and anvil. Typical percussion primers are shown in Figure 32, In general, they are less sensitive than stab initiators (12 in-oz is a typical "allfire" point), Percussion primer cups are constructed of ductile metals. commonty brass, in order to avoid rupture by the firing pin.


	c. Flash Detonators. Flash detonators are essen-Wally identical in construction to stab initiators, They are sensitive to heat, A typical flash detonator is shown in Figure 32. Flash detonators are considered 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 class of explosive initiators.



Several types of iniuiation mechanism are commonly employed in electric initiators: hot wire bridge, exploding bridgewire, fitm bridge, conductive mixture and spark gap, While these types, depending on specific design, may or may not provide 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 lwo wires. by center pin and case, or occasionally by iwo pits.

To indicate construction, let us examine a wire jead initiator. Two lead wirey are molded into a cylindrical plug, usually of bakelite, so thal the ends of the wire are separated by a controlled distance on the flat end of the plug. This gap can then be bridged with a graphite film or a bridge wire.
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STAB DETONATOR (M55)
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PERCUSSION PRIMER (M3941)
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Figuee 8%. Typienl Primers ond Detonaters (Mechanicu)

e. Squibs. Metal parts of squibs are identical tu those of electric initiators. A typical squib is shown in Figure 34. A low explosive, flash charge is provided to initiate the action of pyrotechnic devices.
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Figure 23. Typical Primers ond Detonators (Electrical)
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Figure 34. Electric Squib (M2)

f. Grouping of Initiator Types. Primers and detonalors are commonly placed into two groups, namely mechanical and electrical. Electrical includes those which are initiated by an electric stimulus while all others are mechanical, Therefore, the mechanical group includes not only percussion and stab elements which are initiated oy the mechanical motion of a firing pin but also flash detonators which are included because of their similarity ia 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 detunator cuts across the Iwo groups. the stab-electric detonator. [1 is an ingenious adaptation of the button type electric initiator in which the pin is replaced by a small-_ diameter stab detonator (see Fig. 33). fr is intended for use where a detonator is initiated either by means of a stab firing pin (which is centered) or by means of an electric pulse (applied to outside case and stab case as contacts). The two components are designed as conventional separate detonators except that the stab element is small.

Delay detonators are those initiators which contain a delay charge after the priming charge so as lo introduce 4 time delay in the output detonation, These are discussed in Paragraph $7.
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Figure 35. Stob-flectrie Detonator (129)



48. Bases for Selecting an Initiator Type

in selecting an initiator for a specific task, one must consider two main criteria, input and output. For the latter, both type of output and time in which this output is to be delivered are important. In addition to these main criteria, size, weight. cost and reliability should also be considered.

With regard to initiator input conditions, it is probable that the design of the rest of the system bas already established whether an electric or mechanical initiator is to be used. If not, the designer is free to choose any system which solves his problem most easily. Mechanical initiators are usually simpler to use than electric ones, If the item is to be completely sealed, a percussion primer is indicated over a stab primer. The need for fast functioning times, less than a few hundred microseconds, or far functioning an initiator which must be remotely located from the source of power can be satisfied most easily by the electric type.

Once having selected the general method of initiation, the next consideration is that of sensitivity. As a general rule. the designer should use the least sensitive item available that meets his other requirements, Stab detonalory are more sensitive than percussion detonators, Electric initiators can be made fo fall anywhere in a wide range of sensitivities, Iniliation by friction or spark cannot 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 initiators, the designer will select the firing pin so that he has complete control of the initiation mechanism. For electric initiators. on the other hand. the power source may be located elsewhere in the system and may have other functions to perform. In such ine stances, close coordination with the other systems people invelved is mandatory so thal the. initiator will be certain to receive the correct stimulus.

For each initiator, definite firing input conditions are specified. 1 is wise to hold very closely 10 these conditions. For example, if the specitied input should be designated as 300 volts from a 8.001 microfurad capacitor, then the designer should make certain that intervening circuitry between capacitor and initiator does not reduce the amplitude or modify the wave shape delivered to the inddator, The assumption that a similar amount of energy delivered [rom a different size capacitor will fire the initiator is risky indced.

Al ibe same fime the designer selects a type of initiation and aninpul 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 relalively simple. The application of the system should indicate whether the output is to be 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 data are more sketchy than input data so that firm. quantitative choices of output are difficult to make. Adequate testing is usually required.

In addition to the type of output, one is usually concerned with the functioning time of the iniliator. which is the interval from delivery of the input to the initiator untll the output of the 'iniflator is realized. tf very fast initiation is required, an initiator using lead azide as its initial charge will probably be necessary, Somewhat lower acceptable times may permit the use of lead styphnate as the initial charge. Funetioning times are usually published as a function of the input stimuli."

In addition to these criteria, one must consider size, weight and cost. The smallest and simplest device is the least expensive, and incidentally the most reliable, out it is limited In versatility. sensitivity and functioning time. Size and weight are always of some importance but are relative. They can become critical in the case of a 20mm fuze while they may be less important in a Jarge missile In the same manner, the unit cost of an item can be critical if the application calls for millions of devices while it may be of little concern if a relatively few items are to be made. High reliability is expensive but che designer has no choice but to meat this specification when it is required.

Hence. the bases for selecting initiators are not clear cut and require considerable engineering judgemem. Two hints may be offered to simplify this task. i. inidators have been developed by the military agencies along certain family lines so that a specific input may be ted tw a series of exphisive components with different mounting systems, outputs, and functioning imes. Conversely. a specific type of output can be traced buck to an assortment of initiators requiring differing inputs. These family groups greatly facilitate final sclection. Second. many explosive trains of diferent types exist which have a record of proven performance. Compilations of such past practice make for a good starting place?




B. INPUT CHARACTERISTICS


47. Stab initiators

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

Table 27° Hsts the compositions of common stab and percussion 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 be the energy necessary to plerce the metal, Although data are not on hand, it might be expected that use of stainiess steel rather than aluminum in this application would result in a less sensitive initiator. There is every reason to expect that this relationship interacts with other variables such as firing-pin dimensions and tolerances and the composition and density of the priming mix.

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



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

Care must also be taken 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 radivs is about 0.050 inch, but variations between 0.023-inch radius and flat had Httle effect on sensitivity in one investigation Other firing pin characteristics and the relationship of firing pin velocity to sensitivity are discussed in Paragraph 22. Priming compositions are listed in Table 27.

b. Sealing Disks and Cups. The material and thickness of sealing cups affect the sensitivity of percussion primers. As an example, data for the MARK 101 Primer are given in Table 28°

TABLE 28. EFFECTS OF SEALING CUP OR DISK ON SENSITIVITY










	Seat
	ditch}
	Thicknevs 50% Firing Height Std. Dev.

By
	Lined)




	Paper disk
	9.003
	194
	0.44



	Tia disk
	005
	31a
	O04



	Copper disk
	0.90%
	468
	0.56



	Tin cup.
	G.005
	4,00
	0.63



	Copper cup
	0.002
	BS
	9.69



	Copper cup
	0.003
	4g
	0.64



	Copper cup
	0.004
	4.83
	OYT



	Copper cup
	C008
	£.O8
	O98





Primer MARK 101, 4-Gunce Salt

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

«. Other Variables. Loading pressure has a negligible effect upon sensitivity of percussion primers in the range (rom 10,000 to 60.000 psi. Mixtures which do not contain highly soluble components are sometimes loaded wet without significant effect on input properties.

TABLE 27, COMMON PRIMING COMPOSITIONS
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Although quantitative data 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 Detonaters


	a. Initiation, The input characteristics of flash initiators are difficult to characterize in terms which are significant indications of performance under usual conditions. Flash initiators are usually initiated 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, the 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 of Explosive at Input End. Although U.S, flash detonators have lead azide at the input (also called sensitive) end, lead styphnate has been used in a aumber of foreign items, Tests indicate that such items should be appreciably more sensitive than jead azide items. Although no data are at hand to support this view, possibly finer particle sizes and lower loading densities should result in more sensitive items. The fact thar fash detonators are ignited by rather diffusely distributed heat might encourage the idea that materials like tetryl and PETN, which have rather low ignition temperatures, might be effective at the input end of a flash detonator. However, these materials are much less sensitive to heat pulses of short duration than lead azide or lead styphnate.

	ce. Effect of Consiruction at Input End. According {to a gas blast tester, a flash detonator, in which the sensitive end was the unpierced bottum of an aluminum cup coined to 0.003-inch thickness, required gas pressure about three limes as high for initiation as one with a closure consisting of a paper disk 0.001 Sinch thick held in place by an aluminum washer crimped inte the cup. The sensitivity of flash detonators to initiation by hot gases is determined largely by the heat flow patterns and resulting thermal gradients. A factor which undoubtedly



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



50. Electric initiators

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

Determination of input sensitivity of electroexplosive devices requires sophisticated testing equipment and is Considerably more involved than that of stab and percussion detonators. For a discussion of initiation theory, see Paragraph 21 and for details on testing of the item, see Paragraph 108, Input characteristics of specific electroexplosive devices are recorded in the Electric Initiator Handbook!

Input sensitivity varies sharply with the type of transducer. Each type. hot bridgewire, exploding bridgewire, film bridge. conductive mix und spark gap, must therefore be considered sepurutely,


	b. Heat Bridgewire Tlaitiaters. OF all Iniviators. those in which explosives are initiated by electrically heated wires behave most precisely in the manner which can be fogically anticipated, For this reason. detonators of this type can be designed quite readily and precisely to any desired input characteristics, within the relatively broad limits imposed by properties of available materials, and the rather simple laws which govern their behavior.

	C) Flash Charge Explosives. The explosive in direct contact with the bridgewire is known as the flash charge and sometimes as the spotting charge Relative sensitivities of a number of explosives are given in Pable 7. Normal lead styphnate has the broadest general use at present. For applications where extremely rapid response is needud, lend azide has been used, Lead azide is also finding application in initiators which are required to withstand extremes of temperatures over the extended ranges of modern missile applications (see Paragraphs 36 and 37). _



Since the segsitivity of hot bridgewire initiators is determined largely by heat-flow patterns, both Particle size and loading density have important effects on sensitivity. Three aspects of heat-flaw 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 increased by the first and decreased by the other two. The use of explosives of very fine particle size results in improved contact between explosive and wire and, at the same time, reduces the bulk conductivity of the explosive. Explosives have been ground in ballmills to take advantage of this tendency, It was found that milling for 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 MIL-L-17186 for normal fead styphnate and MIL-L-3055A for lead azide. Basic lead styphnate, as procured under specification MIL-L-16358, fas particle sizes in the range between $ and 95 microns, which is highly satisfactory for flash charge use.

Loading density or pressure, as it is increased, may increase sensitivity by improving contact between wire and explosive or decrease it by ine creasing the rate of dissipation of heat through the explosive. In lead styphnate, loaded at pressures between 1000 and 4000 psi, the latter trend apparently 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 a bridgewire is given by

R=0.0005Lrw/d2(28) R = 0.0005 L r_w / d^2       (28) 

where the resistance R is in ohms, the length £ and diameter d are in mils, and resistivity ry is in microhm-centimeters. Resistivities of common bridgewire materials are given in Table 297

TABLE 29, RESISTIVITIES OF BRIDGEWIRE MATERIALS




	
	
	Resistiviry (microhmaentioneters)



	Metal
	a HPC
	at S00°C




	"Tungster
	5S
	20



	Platinust
	Ww
	30



	Platinum iridium
	
	



	i! 1A
	24
	#8



	80/20
	BL
	3



	Nichrome*
	106
	120



	Tophet C+
	Ho
	133





* Proprigtury alloy of Driver-Llurris Co.. Newark, N. J + Proprietary alloy of Wilbur Driver Co., Newark, N, J.

(3) Firing Energy and Power. As pointed out in Paragraph 20, the assumption of a fixed initiation temperature is a valid approximation. In combination with the relatively small variation of volumetric specific heats of solids (iHustrated in Fig. 5). this approximation can be extended to the general rule that the firing energy requirement ix proportional to the volume of the reaction nucleus, and further. the volume of the reaction nucleus is proportional to that of the bridgewire. Both the variation in critical temperature with size, and the effects of end losses are accounted for in the empirical equation

W1=25+450d2L W_1 = 25 + 450d^2L \tag{29} 

where W, is the threshold firing energy (50% point) in ergs


dis the diameter of the bridgewire in mils Lis the length of the wire in mils



This equation fits available data within ten percent for lead styphaate loaded either at 3000 to $000 psi, or "buttered" or "spotted 84

On the basis of a fixed initiation temperature. the threshold power for initiation should be that required to attain equilibrium with the josses at that termperatuce. Experimental data indicate thal, for short bridgewires where end losses dominate. the firing current requirement of lead styphnate joaded initiators is estimated from the equation!"

Is=0.4/Rf I_s = 0.4/R_f  (short bridgewire) (30)

where 7, is the current in amperes required for fifty percent functioning, and R, is the resistance of the bridgewire at (he firing temperature, which has been assumed to be about SOUC. Note that the current is independent of wire dimensions and material,

For long bridgewires a semi-empirical equation has been derived which relates the current required to avercome the radial losses and which accounts for the tendency for larger wires to inidate "Any" given explosive at a lower temperature'

Ii=2.3d/rw I_i = 2.3d/\sqrt{r_w}  (long bridgewire) (31)

where f, is the threshold fring current for a lead styphnate loaded initiator with a bridgewire so long that end effects are negligible and r, is the resistivity of the bridgewire at the initiation temperature. Assumed values for Vr are 4.6 for tungsten and 11.5 for Tophet C.

The total threshold firing current, /;, is given by

Ii=Is2+Ii2 I_{i} = \sqrt{I_{s}^{2} + I_{i}^{2}}  (32)

However, either {, or f, is usually so dominant that the other may be neglected. Hence, bridgewires are grouped into shart 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

CνdT/dt+γT=I2R C_{\nu}dT/dt + \gamma T = I^2R \tag{23} 

The constants for Equation 23 are determined from the limiting threshold energy and current (which can be calculated by means of Equation 32 for W, and 35 for /)) using the relations

CνTi=Wi C_{\nu}T_{i} = W_{i} \tag{33} 

γTt=It2R \gamma T_t = I_t^2 R \tag{34} 

For purposes of prediction of an absolute value of 7, the temperature of initiators is not important if C, and y are computed by means of the above relations. The quantity 7; may be taken as SO00°C, which in practice has given reasonably accurate results,

{4} Response Times. Condenser discharge firing times vary with flash charge material as well as with bridgewire characteristics and firing canditions. Table 30* gives functioning mes obtained in one experiment, Figure 36! shows functioning times of some typical military items, Azide loaded items, in general, have much shorter functioning times than those loaded with other primary explosives. Since the functioning ume of a hotwire initiator is related to the ratio of the firing energy to the threshold firing energy, the variation of individual 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 of functioniag 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-Honing times equal to calculated detonation transit times within a few hundredths of a microsecond {for firing conditions of 600 volts discharged from a 0.01 microfarad condenser— 18,000 ergs compared with a threshold of about 1300 ergs).

Functioning times at relatively low steady currents approach these predicted by Equation 45 which is a solution of Equation 23*

t=CPγlnI2RfI2R−γTf t = \frac{C_P}{\gamma} \ln \frac{I^2 R_f}{I^2 R - \gamma T_f} \tag{35} 

(5) Typical Desiga Problem. Design a hot wire initiator with @ 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

Wt2=15,000×42,000 W_t^2 = 15,000 \times 42,000 

Wt=25,000W_t = 25,000

From Equation 29

Wt=25+450d2L=25,000d2L=55 W_t = 25 + 450 d^2L = 25,000 d^2L = 55 

Assuming a Tophet C bridgewire and using Equation 28

R=0.0005reL/d2=2=0.0005×110×L/d2 R = 0.0005r_{e}L/d^{2} = 2 = 0.0005 \times 110 \times L/d^{2} 

L/d2=36L/d^{2} = 36

Solving for L and d, we get

(L/d2)(d2L)=L2=55×36 (L/d^2)(d^2L) = L^2 = 55 \times 36 

L=45 milsL = 45 \text{ mils}

and

d2=55/45=1.22 d^2 = 55/45 = 1.22 

d=1.1 milsd = 1.1 \text{ mils}

'Thus, the requirements are met by an initiator with a lead styphnate flash charge ad a Tophet © bridgewire 1.1 mil in diameter and 45 mils Jong. If the mechanical design of the tem makes a longer bridgewire desirable. the requirements can be met with wires of jower resistivity. Where the length is fixed by other considerations, Equation 29 may be solved for the diameter corresponding with the given length. 'The bridgewire dimensions so obtained may then be substituted in Equation 23 to determine the resistivity corresponding with the desired resistance. 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 used which are essentially blind terminals to which the wire is soldered at one or More points along its length. The equations ate applied to the design of such a system by considering each segment separately as a series clement.

TABLE 30. FIRING TIMES OF HOT BRIDGEWIRE INITIATORS
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SQ mg louds of explosives, voltage of 450 volts. imes are in microseconds.

Note that 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 fead azide or lead styphnate, Since it is impractical to specify in complete 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. Hf desired characteristics have been 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. Exploding Bridgewire fnitiaters. As pointed out in Paragraph 23, exploding bridgewire (EBWY)- 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 mechanical influences (impact or vibration) or from electrical input of most any kind except the highly specialized pulses for which they are designed,
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Figure 36. Functioning Times of Hot Wire Bridge Initiators:

if an EBW initiator is subjected to a gradually increasing current, the bridgewire can burn. out at some point without exploding and initiating the explosive. The rate at which the current must rise (dif/ds) to result in firing is an important characteristic of an EBW device. For typical EBW initiators, this rate must equal or exceed 10" amperes per second. Remembering that this rate is equal to the quotient of valtage 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 ouler Jayers of the bridgewire, and an increase in the effective resistance from the static value of a few hundredths of an ohm to a dynamic vaiue of a few ohms. In addi-Uon to these electrical phenomena, the initiation of explosives by exploding bridgewires involves interactions of firing voltage and capacitance, bridgewire dimensions, melting point, boiling point, heats of fusion and evaporation, resistivity, cvellicient of resistivity. heat capacity, surface tension in the liquid state, explosive composition, particle size and shape and the distributions thereof, charge dimensions and confinement and some other factors, Hence, EBW initiators do not lend themselves to precise calculation.

(1) Bridgewire Dimensions and Materiuls, Clearly. the smaller the volume of a bridgewirc, 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 viguraus explo sions as the size of the wire is reduced, A smaller wire, for example, will generally vaporize sooner. Hf 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 fess intense than that from a larger wire. This effect, combined with the characteristics of practical firing circuits and 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 bridgewire 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 for which data are available, require more energy than the first named materials. Gold and platinum have been preferred because of their corrosion resistance.

(2) Explosive Materials. PETN is, for the present. the most widely used initial charge material for EBW detonators. RDX and HMX_ WHicr are desirable because of their better thermal stability. are somewhat harder to initiate.

EBW devices are most sensitive when loaded with explosives of very fine particle size at densities 'close to their bulk densities. The energy and voltage requirements rise sharply with increasing loading density.

d. Film Bridge initiators. Conductive films may be applied to the surfaces of insulaters by a variety of techniques, including chemical precipitation: painting; drying of suspensions and solutions: 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 ta produce bridges which can be heated or exploded to initiute explosive reactions.

(1) Initiation Mechanism. The initiation mechanism of film bridge initiators is complex (see Paragraph 21. Hence film bridges cannot be designed by computation as can hot wire bridge initiators. Typical complications result fram the fact that 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 coefficient, like carbon. variations in film thickness and path length combine with the negative resistance coefficient ta channel most of the current into one or @ few preferred paths. Since the volume of material through which most of the current flows is only a small fraction of the film, initiators with carbon film bridges are among the most sensitive in use.

obtained with a variety of experimental film bridge initiators." the only type applied in standard fuzes has been the low-energy graphite bridge type. (2) Graphite Bridge Files, Bridges of graphite bridge initiators are all made by essentially the same process. A droplet of a colloidal suspension of graphite in water is deposited on a surface which

Although some experimental results have been consists af two or more metal electrodes separated by, and often imbedded in, an insulator, The electrical and electrothermal characteristics of a bridge made in this manner are determined not only by such aspects of the design as spacing and configuration of the electrodes and specified dilution of the droplet but also by the manner of droplet application.

The input characteristics of graphite bridge initiators (both resistance and sensitivity) are determined, at least in part, by the chance distribution of the particles of graphite as they are deposited. Consequently, the item to item variation is quite large. The acceptable resistance range for Army items is 1060 to 10,000 ohms, while that for Navy items is 70 to 14,000 ohms. Generally, several hundred ergs of input energy are required for reliable initiation.

e. Conductive Mix Lnitiatars. 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 component 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 explosive component.

Conductive mix initiators are rarely used, The permutations of the variables are so numerous that a systematic study of their results has 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,

Ji Spark Gap tnitiaters. Electric sparks of rather low energy content will inflate some explosives (see Paragraph 23). The earliest electric blasting caps were spark gap or "high tension" caps. The high vottage necessary to fire spark gap initiators is still a imitation 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 iInpul 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 ceproducible characteristics. Spark gap initiators are even more rare than conductive mix detonators.

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

Squibs are used in pyrotechnic trains.* Initiators for propellants are also called squibs at times. However, these are larger components and should be called ignitors.




C. QUTPUT CHARACTERISTICS


51. Output of Primers

The qutput of a primer includes hot gases, hot particles, a pressure pulse which, in some cases, may be a strong shock and thermal radiation, 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 hy 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 pressure pulses of sufficient magnitude to give measurable results in the sand test and lead disk lest (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 relationship of value to a designer has been developed. The design of a primer for appropriate autput must be based an precedent and the following generalities


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

	(b) The effectiveness of the gaseous producis in ignition increases directly with temperature and pressure. Since the pressure is related inversely to the enclosed volume, an increase in this volume or a venting of the system may call for primers of greater output,

	(s) It has been shown experimentaily that the heat of an enclosed body of gas is distributed quite uniformly over the surface to which it is exposed." Thus, the insertion of baffles or the introduction of irregularities which increase the total surface, both



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 (such as those containing appreciable proportions of metal) or of those whose melting points are well below their ignition temperatues.

	{e) Hot particles and globules establish a number 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 (he particles or globules are large. or have high enough velocities to penetrate beneath the surface, serious problems may result.

	af) The blast effects of pressure pulse and accompanying gas movement are both favorable and adverse in igniting by means of a primer. Although they result in more rapid heat transfer between gases and solid materials which are to be ignited. they may also "blow out the flame" by moving the hot gaseous products from contact with the combustible material.

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

	{h) The reproducibility of the time of a delay element is related to the reproducibility of the output of the primer which initiates it. The times of short obturated delay elements are particularly sensitive to variations in primer output.

	G) When a primer is used to drive a firing pin (this combination is used where the sensitivity of 4 stab primer is needed in combination with a delay of the obturated type. which requires a percussion primer), the important aspect of primer output is the momentum it is capable of imparting to the firing pin. Where the output gases are reasonably well contained, the imyuise 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 test, are more significant.





§2. Guiput of Detenators

a. Parameters of Detonator Oidput. As its name implies. a detonator is intended to induce detonation in a subsequent charge. The two features of its output which are useful for this purpose are the shock wave it emits and the high velocity of the fragments of its case.

Although it is possible to envision detonator designs which are cffective in inducing detonation without detonating themselves, the output effectiveness of detonators of current designs is direct! related to the quantity of the explosive whut detonates, and ta the vigor of this detonation. These quantities are somewhat less predictable than in most other components becatse the transitions from burning to detonation and from low order to high order detonation take place in the delonator

These transitions, as pointed out in Paragraph 19, can require anything from « hundredth of an inch to the whole length of a detonator. depending upon such factors as loading density, composition. particle size, confinement and column diameter Hawever, recant developments in lead azide production have resulted in materials in which these transitions require so litte explosive that the output of a detonator can be predicted with a fair degree of contidence.

The effective output of a detonator includes factors of pressure, duration and area over which the pressure acts. Clearly a simple product of these quantities is inadequate as 4 characterization because a low pressure of either long duration or large extent would obviously be ineffective.

A. Measurement of Detonator Outma. Detonator output is difficult to characterize except in terms of the characteristics of a subsequent charge, This is to be expected because the transmission of detonation involves the interaction of quantities associated with the acceptor as well as with the donor,

Detonator output is measured by means of gap or barrier tests. sand test, copper block lest, Jeail disk test, steel plate dent test, Hopkinson bar test ani in terms of the velocity of the air shock produced. These tests are described in Paragraph 109.

No known measurement technigue yields a quantitative measure of the output of an individual detonator which is usable, without reservation, as a criterion of the effectiveness of the detonator, c. Explosives Used in Detonators. In the past. a detonator was considered to be incomplete unles» it contained three charges of different explosives: a priming or flash charge for initiation, an intermediate charge in which the transition fram burning to detonation takes place and a base charge to maxi mize output. Recent trends have been toward the combination of these functions, but separate dis cussion is still appropriate. Priming and flash charges are discussed in Paragraphs 47-50 under input.

(1) intermediate Charges. The properties of a primary explosive 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 ina current detonator for fuze use {except in exploding bridgewire applications).

Most detonators in current production have intermediate charges of dextrinated lead azide. However, the lot-to-lot variation in the growth of detonation in dextrinated lead azide, particularly at loading densities necessary for the output potentialities of this compound, has been a factor in the trend toward the use of such other forms as RD1333. Although silver azide appears to be superior to the best lead azide in this respect, it may never be available in sufficient quantities to be considered for production. In exploding bridgewire detonators, the function of the intermediate charge (as well as initial charge) is served by an exploding wire, (2) Base Charges. it has been the practice to include base charges of booster type explosives at the output ends of detonators. The base charges of most electric detonators in current production are PETN. Those of flash and stab 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 clectric blasting caps, in which PETN is widely used. while the latter have a much longer history of development within military agencies. A number of experimental electric detonators have been made with ROX and HMX base charges to obtain better stability at high temperatures. However, the improvement in this respect was not as great as anticipated." Meanwhile, the superiority of lead azide t 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 available. Thus, one criterion of the relative effectiveness of a base charge explosive is its volumetric heat of detonation, Another criterion is the detonation pressure. (Detonation velocity has often been used as a ctiterion but is probably invelved mainly as a factor in the detonation pressure.) in Table 31,° volu 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
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In general, the comnarisons made for the various explosives pressed at 10,000 psi are of more practical significance than those made for voidless materials. Most detonators are loaded at pressures in this range which is a good compromise value for several practical reasons. The newer forms of lead azide, in contrast, are apparently immune to dead pressing (see Paragraph 17) except at pressures near or above 100.000 psi. so that realizable output approaches that for voidiess lead azide, which is comparable wy that of a base charge explosive. Colloidal, PVA, or RD1333 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 output to detonators of similar design with base charges of booster explosives to be indistinguishable from them. Some investigators report that ROU333 fead azide and PETN base charges, leaded in the same volumes, have equal output, Others show an increase in output as a PETN base charge displaced lead azide!' The lot-to-lot variations in loading characteristics of both PETN and tead azide probably account for part of this disagreement. Variations between test procedures and output criteria used by various investigators might also affect relative as well as absalute oulput of variously loaded detonators.

tn substitution of base charge explosives, bear in mind that ROX and HMX are less sensitive than PETN. An intermediate charge which is adequate for reliable high order initiation of PETN may not be sufficignt for maximum or reproducible results with these materials. Experimental investigations of such substitutions should be made in full cognizance of the effects of confinement on the growth and transfer of detonation, as outlined in Paragraphs 20 and 25. Tests which are carried on with better continement and consolidating pressures than occur in service may be misleading.

ad. Explosive Quantities and Dimensions. The total energy released by a detonator is the sum of the producis of the heats of detonation and the quantites of the various explosives used. Of 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 detonates may vary appreciably with loading density. confinement, and loL-to-lot variations in the lead azide. The azide which actually detenates must be sufficient to initiate 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 colume height, The necessary quantities of such materials as PVA, colloidal, and RD1333 are consilerably smaller than this. At this time. design practices have not developed to a point where « conservatively reliable minimum quantity of such materials can be specified.

Most detonators are considerably longer than their diameters. This configuration is dictated by both fuze and detonator design considerations.

¢. Leading Density of Explos The growth of detonation is most rapid in explosives loaded at densities well below those usually used in military iterns. 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 al 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. Por the conditions in the usual fuze application, the optiv mum density for dextrinated lead azide and normally used base charge materials is obtained by loading at between 10,000 and 20.000 psi. As indicated in the foregoing, the optima for PVA, colloidal and RY(333 lead azide are much higher. For mast lots of these materials, in fact. the optimum Joading pressure is beyond practical limits of production tools.

The optimum density for the initial charge of an exploding bridgewire detonator is less than one gm/cc. For some such devices. it has been found advantagcous to load by increments at varying densities, increasing in stages, as for example, 1.0. 1.2. 1.4 and 1.6 gmi/ce. Such gradual increases are less necessary in PETN than in RDX and ather less sensitive explosives.

f. Confinemeat of Explosives. Confinement is an important facter in both the growth of detonation (see Paragraph 20) and the effective output of stable detonation (see Paragraph 25}. The continement of a detonator is somewhat difficult to describe in quantitative terms, because different properties of the confining structure are involved in the promotion of detonation growth and in augmentation of the output of stable detonation. and because of the relative complexity of the structure and configuration of detonators, The confinement afforded by surrounding fuze structures as well as that of the detonator itself can contribute significantly to the effective output of a detonator.

In the early stages of the growth of delonalion, the detonater case, closure, and the surrounding structure should be considered as a Container' of high pressure gases. At the earliest stages, ighiness (the absenoe of leaks) is the most important factor. As the growth progresses, the strength of the container becomes more important, while the importance of leaks diminishes.

As the detonation approaches its stable rate. the pressure exceeds the bursting strength of any feasible container and confinement is mainly a matter of inertia. In relatively thin-walled containers, the confinement afforded by the inertia of the case is related to the weight ratio of case to charge. For heavy walls (where the thickness equals or exceeds the charge radius), the shock impedance 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 hoider contributes fitdle to the confinement of the explosive inside the charge bolder,

The rearward confinement afforded by the plug of an electric detonator can contribute sig nificantly te its output. Some of the smaller glectrie detonators fave appreciably greater output thin have stab or flash detonators of nearly identical loading.




©. CONSTRUCTION AND FABRICATION


53, Initiator Cups

Initiators usually consist of simple cylindrical metal cups inte which explosives are pressed and various inert parts inserted. MIL-STD-320' describes design practices and specifies the standard dimensions, tolerances, tinishes and materials for initiator cups. In general. aff initiator designs should conform ta this standard. However. it is not the intent of the standard to inhibit the development 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 are covered from the inside with thin metal disks. However, this construction results in a sealing problem at bath ends. An alternative method, which has been used extensively in recent years, is use of a cup in which the central portion of the bottom is coined to an appropriate thickness (see Figure 37).

After drawing, cups are punch trimmed. tn this process. the cup is expanded by means of a punch. the diameter of which is slightly larger than the outside of the cup, to the paint at which it is to be trimmed. The cup is then forced through a die~ which fits the punch, trimming off the expanded part (Fig. 38).

Initiators are usually closed by crimping with a succession of conical crimping tnols (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, it is important to consider compatibility of metals with one another and with the explosives used (see Paragraph 39).
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Figure 97. Coined Battom Cup
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Figure 38, Punch Trimming af Initiator Cups

[image: Figure, page 86]

[image: Figure, page 86]

[image: Figure, page 86]

Figure 39. initiator Cup Crimping



54, Explosive Loading

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

Most fuze initiators are loaded at between 10,000 and 20,000 psi. Exceptions include percussion and stab priming mixtures which may be Joaded at 30,000 to 80,000 psi and the fiash charges of electric initiators which are loaded at 3000 to 5000 psi, or sometimes are "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 PVA, colloidal, and RD1333 lead azide. However, the practicality of using such pressures in production hag 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 contral of density.

'The base charge of electric detonators is loaded first, the initiator plug forming the closure. The usual practice for stab and flash detonators is to load the scasitive end first. Some reasons for this practice are


	{a) "Press blows" are most probable when pressing the priming mix. Both hazards and resulting damage are minimized if this is the only material presen.

	{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 Joading this material first, the charge tay be loaded at any appropriate pressure without overpressing the other charges.

	<c) The priming mix, which is mast vulnerable to rnoisture and other almospheric 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 inidation, to the high density end, which has the most effective output.





$5. Mechanical initiators

4G, Stab and Flash lnitiators. 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 standpaint of compatibility. the best disk material is the same as that of the cup. However, thickness and material of the disk may be 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 boltom, a flat surface for the support of the disk. Disks for the closure of the outpul end are, in general, somewhat heavier to make crimping more satisfactory. A commonly used thickness $8 0.005 inch,

Tt 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. mvisture proofing according to the Temperature and Humidity Cycling Test (see Paragraph 110) is seldom achieved,

AL Percussiag Primers, A percussion primer con~ sists of a cup, a small charge of priming mix and an anvil. Sealing disks or cups are sometimes used. Some anvils are held in place only by a force fitand protrude beyond the edges of the cups. The final sealing of the anvils takes place as they ure crimped in place. Adequate square shoulders should be provided for the anvil support.

The relatively thin layer of priming mix used in percussion primers makes it possible to loud these items wet with the expectation that they can be dried in a reasonable amount of time. Many of the primers used for small arms are loaded wet,



56. Electric initiators

a Initiator Plugs. Electric initiators differ in construction from mechanical initiators mainly in that they include plug assemblies. which are essentially means of supporting and insulating a pair of electrodes. The electric firing stimulus is carried through these electrodes to bridges or other means of converting clectric energy into a form to which che explosive will respond.

Most plugs are molded of phenolic material. Powdered iron plugs are now being evaluated. They are designed to attenuate radio-frequency or other spurious electrical signals. The plug may have a front region of reduced diameter onto which a ferrule or charge holder is forced to serve as a receptacle into which the flash charge is pressed or "buttered" {see Figure 33}. For wire lead assemblies, 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 addition to their ruggedness and adaptability to certain fuze designs, the plugs provide rearward confinement which significantly augments the output of the initiators. Glass-kovar plug assemblies and other metal ceramic seals provide a basis for the development of hermetically sealed units. Such assemblies have found widespread application in explosive actuated devices, discussed in Paragraphs 84 and 85.


	b. Bridging Techniques. Most electric initiators are wire' bridge Hems and most of the remainder are film bridge initiators, Several techniques have been developed te apply wires te the electrodes of the wire bridge type,

	(/) Suldered Bridges on Raised Terminals, Soldering a bridgewire to a raised terminal is, of course, the obvious way to connect one wire to another. (See M36At 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 property tinned soldering iron. Subsequent operations include removal of all flux, trimming the ends of each bridge at the outside edges of the terminals, and pinching the terminals together to put a little slack in the wire. Although a hand process, 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 Bush with the face of the plug. Explosives may be pressed aguinst such a bridge, However, buttered or spotted charges may not contact a flush bridge over as large a fraction of its surface as they would cover a bridge on caised terminals.

	(3) Welded Bridges, Where soldering is impractical, bridgewires may be resistance welded. In addition to eliminating the soldering flux, this technique reduces the number of metals involved to a minimum. The welding of bridgewires, in its ultimate development, is ideal for high rate aulomatic pro-



duction. However, in its present state, it is somewhat slower than soldering. Button type plugs when used with wire bridges are usually bridged by welding.


	(4) Graphite Film Bridges. Plugs for graphite bridge initiators are made by melding 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 dilated colloidal suspension of graphite in water is applied over the point of ciosest approach of these islands and allowed to dry. While hand daubing of graphite film Temains something of an art, a recently developed automatic bridging machine has permitted the application of fairly uniform fiims.'s

	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 be considered. The very small size of the usual bridgewire 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 platisum-iridium are nearly impervious to chemical attack, and are relatively eaay to solder, Mawever, the low tensile strengths of these materials makes 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> bined with favorable electrical proper has resulted in their use in most heated wire initiators, in diameters dawn to about 0.4 mils. its extremely high tensile strength makes tungsten the preferred material for extremely small bridgewires. I is available in sizes down to 0.) mil and is not too difficult 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 terminals is about 0.001 inch or fess.

	¢. Flash and Spotting Charges. The explosive in intimate contact with the electric bridge is called a spotting charge. Only a small quantity (on the order of 5 mg) is used. A ferrule or charge holder may serve as a receptacle into which the flash charge is



"buttered" or pressed. Milled lead styphnate mixed with nitrocellulose lacquer is the currently used spotting charge. For flush bridging, dry pressed flash charges have been used in a number of in tors. The pure explosive and uniform density of pressed flash charges makes them more reproducibie, 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 styphnate-lacquer mixture which is applied as a meniscus to the plug surface. 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 faster functioning can be obtained by the use of lead azide, either milled or colloidal.
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CHAPTER 6 — DELAY ELEMENTS


57. Function and Construction

Many tactical situations call for the introduction of a tine 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 profyngation of the burning phase to provide this delay. As pointed out 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 rates are affected by such conditions as pressure and temperature and their gradients, it is necessary to take these effects into consideration when designing initiaters for delay columns and selecting inert components in which they are housed.

In its barest essentials, a delay clement is a metal tube 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 lhe other end. In addition, depending upon the application and the delay material used, the element may inchale batiles, 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 info the two main divisions of obturated and vented.



58. Delay Types

a. Obturated Delays, Obturated delay elements are $0 constructed as to retain all gases emitted by the initiator and the delay element until the relay or other base charge explodes. This class includes also the so called "internally vented" delays.)

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. Obluration also helps in the design of short delays because the resulting increase. in pressure increases the burning rate.

(2) Pereussion Initiated. The principal use of percussion primers in explosive trains is for the initiation of delay elements. fn this application, their main advantage over stab primers is their adaptability to obturated systems. A typical percussion initiated obturated delay system is shown in Figure 40," Note the heavy construction, to contain the pressure, and the expansion chamber, Some delays contain baffles beyond the primer tw 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 shack wave.

(2) Electrically Initiated. Some electrically initiated obturated delay elements are essentially the same as percussion initiated items with electric initiators in place of the percussion primers. Others are military adaptations of commercial delay blasting caps, The MARK 35 detonator (Fig. 41°) is an example of such an adaptation. The delay powder is loaded, at bulk density, into a lead tube of larger than the intended finished diameter. The tube is then drawn 10 size, consolidating the explosive, (n the electric delay detenater T6S (Fig. 42°) advantage is taken of the small size of spotting charges of recently developed electric initiators and of the modern gastess delay compasitions to eliminate baffle and air space. There may be some question as t whether the T65 remuins obtaraicd throughout its delay period because the gas pro duced isenough to cause high pressures. Occasional fast limes observed during development of 165 detonators indicate that those which have satisfactory delay times do so only because they leak. However, the advantage of a sealed unit in storage is realized.

b. Vented Delays. Vented delays have openings through which gases may escape. As delays become longer, the amount of gas they produce and consequently the internal volume needed in an obturated delay clement increases to a point where the units become too oulky. In practice, before this Point is reached, vented delays are used. These designs are usually more reproducible in functioning Ume than obturated delays because (he tolerances in internal volume, size of priming charge and gaseous impurities in the dclay clement have a cumulative offect of varying pressure and, hence, burning rate of the delay columns of obturated iterns.

Vents must be kept closed until the devices are fired to protect primer and delay column from moisture and other atmospheric deterioration. Figure 434 shows two means for sealing vents, (a) covering them with disks, and (b) providing a soft plug to blow out under the action of the primer.

c. Ring Type Delay. The cing type delay is a special type of vented delay and is therefore discussed separately. The delay consists of a column of black powder which ix wound through the fuze cavity (Fig. 44%). The ring type delay is generally so large as to comprise a large part of a fuze, The delay time of the M54 fuze can be set at any desired value fram 0,4 to 25 seconds by rotating the calibrated ring, thus varying the length of the delay train which must be traversed by the flame between the primer and the output charge.
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Figure 40. Qbturoted Delay Element of Bomb Fure ANMIGOAZ

[image: Figure, page 91]

Figure 41. Electric Deloy Detonatar (MARK 35 MOD 3}
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Figure 82, Hlestric Delay Batenator (165)
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Figure 43. Seating Methods for Vented Delays d. Delays Achieved by Methods Other than Cony tolled Rate Burning, Ignition of one charge by another may be delayed by contro) of the heut transfer process. An experimental design in which primer and output relay were separated by a baffle with relatively small ports. 10 delay initiation of the relay untif sufficient gas has passed through the Ports, was not successful

The pressure evolved by burning black powder can be utilized to give delays in the order of ane to six milliseconds, The principle involves 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 45* shows a delay based on this principle, using a vented type with baffte.



59, Relays

The output charge of a delay element is usually a relay. The relay can consist simply of the last charge increment in the delay element, or it can be 4 Separate component inserted into the delay assembly. As separate components, relays are also used in other parts of the explosive tain. 'lypical relays are shown in Figure 46.

[image: Figure, page 92]

Figure 44. Fure M4

The input characteristics are essentially those of a flash detonator (see Paragraph 49} while the output characteristics can be those of 4 primer or a detonator as desired (see Paragraphs 31 and 32).

The usual relay consists of a cup into which lead axide is pressed at 10,000 psi. In some relays, a sealing disk is crimped over the open end while in others, the end (s feft 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 sufficientiy to result ina firm and snug fit.



B. DELAY COMPOSITIONS


60. Gas Producing Delay Charges

a. Louding Pressure, Since the burning of gas producing materials depends upon the transfer of heat between the gaseous reaction products and the solid, the burning rate is a direct function of pressure, Thus, the delay' times of such delays are
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Figure 45. Pressure Type Deloy
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Figure 46. Typicat Explosive Relays greatly influenced by all factors which affect the gas pressure at the burning surface. The burning surface. of course, is all surface exposed to the gas. including that of pores and cracks which the gas tay penetrate. The largest class of gas producing delays are black powder elements"

Reproducible behavior of any delay requires that it burn as a continuous homogeneous substance. Porosity can result in a discontinuous relationship between interface pressure and burning rate. Black powder delays are therefore loaded af 60,000 psi or more. When a long column is required, it is pressed in increments, each pellet being no longer than its diameler (see Paragraph 95).

b, Pellet Support. As 4 gas producing delay burns, the surface in frictional contact with the walls diminishes while (im the case of an obturated delay) the pressure increases. The point at which a cylindrical pellet would break free and initiale the relay would be determined by such random considerations 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 supported by a washer or the-relay detonator cup (Fig. 47").

c. Effects af Moisture and Temperature. Vhe effect of moisture on the burning rate of black powder js quite complex. For this reason. black powder delay elements must be kept dry. Effects of temperature extremes on performance of black powder delay clements vary appreciably from one delay to another. The spread of data almost invariably increases at extreme temperatures. Jt may be suspected that these variations are related to subrle design details, ad, Obturated Deluys. In an obturated system, the pressure in the enclosed free volume is increased. quickly at first, 6y the primer or flash charge and then progressively by the gas liberated by the burning of the delay column. The result is that the burning rate (which is usually 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 jess proportional lo the delay time limits obturated gas producing delays to about 0.4 seconds with the common diameter columns of 0.1 to 0,125 inch. The delay time of an obturated delay clement, in addition to its direct relationship to the free volume. is inversely related to the gas volume and heat of explosion of the primer (Fig. 484).

If the pressure rise in an obturated syslem is sufficicnt to cause bursting or significant leakage. the time will be greatly increased or the item may aot burn through. The pressure may be calculated from thermodynamic consideration of heal And pas volume liberated by the primer and delay column and the enclosed free volume in which the yuases are confined. For design test purposes. the follow: ing cquation gives a reasonable estimate

P=30(Wp+Wd)/V P = 30(W_p + W_d)/V \tag{36} 

Where the pressure F is in pounds per square inch, the weights of the priming composition 4, and the delay composition HW', are in milligrams and the enclosed free volume V is in cubic inches.
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Figure 47. Support of Delay Pellet e. Vented Delays. The burning rate of a gas producing 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 lively 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 components. 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, Gasless Delay Charges


	a, Deluy Compositions, The timitations of gas producing delay compositions and the inherent problems associated with their design have led to the development of gasless delay mixes. I is posaible ta write stoichiometric equations for many highly exothermal reactions which produce no gaseous products. A large number of these have been considered and many subjected lo experimental investigations$* 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,

	{c) Large temperature coefficient of burning rate,

	(d} Failure at low temperatures,




	(e} Hygroscopicity,




	(} Rapid deterioration,




	(g) Unavailability of reproducible supply of raw materials,

	(h) Large pressure coefficient of burning rate,




	(i}. Failure at low pressure, or






TABLE 22. GASLESS DELAY COMPOSITIONS IN CURRENT USE (i) Reaction products liquid or otherwise snb=~ ject lo movement from acceleration during burning.

Table 32 lists the gasless delay combinations in current use. The range of compositions given for some of the combinations allows for adjustment of the burning rates over wide ranges.

A, lenition Powders. A column of gasless delay composition is usually preceded by a charge of igniter mix, Igniters are necessary when the delay compositions are too insensitive to be initiated directly by the agent used in the particular application. Table 33 gives the compositions of igniter mixes Used in gasless delay elements.

TABLE 33. IGNITION POWDERS FOR GASLESS DELAY ELEMENTS

[image: Figure, page 95]

Figure 48. Characteristics of an Obturated Black Powder Delay Flement

Note that these are all gasless mixtures which also have application as gasless delay mixtures, They differ from the mixtures of Table 32 in that they burn faster and are readily ignitible, c. Properties of Delay and Lenitian Powders. In addition 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 uniformity of mixture. relative distribution of components of a mixture, and impurities which are not readily detectable. To control these variables. relatively elaborate procedures have been established 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 description of the compounding of delay compositions is beyond the scope of this handbook.

(1) Burning Rates. Table 34° gives the ranges of burning rates of current gasless delay compositions. The variation of burning time within a lot of delay elements is expressed as a coefficient of variation, the standard deviation of the burning time expressed as a percentage of the total burning time. Under cantrollod laboratery conditions, the coefficients of vatiation of most of the materials listed are three percent of fess.

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 appropriate ingredients and remixing to speed up or slow down the mixture. Variation may be greatly reduced by careful contro! of raw materials and preparation procedures.

Coefficients of variation as small as three percent cannot be expected in practical delay elemerits, 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 of Temperature and Storage, Since the burning of a pyrotechnic delay composition is essentially a heat transfer process and since the peuk temperatures are lower than those of most explosive reactions, it is to be expected that temperatures of ~65°F to +125°F, the usually

TABLE 34, BURNING RATES OF GASLESS BELAY COMPOSITIONS

* Numbers given are percentages:

specified operating range of military materiel, should have « significant effect. In general. the effect is more than is desirable, experimental results ranging up to 25% variation.

A number of delay compositions have been stored at both high and low humidity.' All those tested survived the low humidity storage without failure whereas a aumber of mixes failed after high humidity storage. I: was concluded that the mixes will survive storage in well sealed packages, Effect of surveillance on burning rates was inconsistent, some mixes slowing down 6% while others accelerated up to 309%. It is not clear whether the tests demonstrated the effectiveness of the seal or the moisture resistance of the delay composition, (3) Effects of Reduced Pressure, In some applications, vented delay systems are required to operate at high altitudes, Many compositions are affected appreciably at fow pressures. Some of the slower mixes with crystalline boron, for example. couldn't be initiated at pressures less than 50 10 200 mm. One molybdenum mix at 40 mm, the lowest pressure at which it would ignite, doubled its burning time as compared with normal atmospheric conditions.

(4) Effects of Acceleration. Delay elements are often subjected to very high accelerations while the delay composition ts burning. Hf the structure of the material at or behind the reaction front is too weak, the accelerations may cause the hot products to tose 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 remaining in an open ended delay column after functioning, has been used as a qualitative indication of this property and the relative gaslessness of the composition. Slag retentions are in the following descending order: D-}6, > 9596; 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 burming), reduction of the particle size tends to reduce the effects of temperature and pressure,

	ad, Design, Fabrication, and Leading. 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 not been attained. Reasonable performance of a delay element demands that the design take into account the effects of various conditions upon the behavior of the composition.

	(1) Loading Pressure. Data relating burning rate to density for barium chromate/boron compositions are given in Table 35. Similar results will not necessarily be found with other compositions, The rather smail and systematic change of burning rate with loading pressure suggests that considerable latitude is available to the designer and that adjustment of pressure might be a convenient way lo compensate for lot-to-lot variations in burning rate. However, considerations of ruggedness have resulted in the practice of louding gasless delays al pressures between 30.000 and 40,000 psi, In this respect, it should be borne in mind that a crack ina delay column can result in a "blow through" and instantaneous functioning. For best results, delay columns and igniter charues should be loaded in increments not over one-half diameter long.

	(2) Colma Diameter, Radial losses of heat can retard or extinguish the burning of adelay column. Such losses, of course, become more serious as the



TABLE 38, EFFECT OF LOADING PRESSURE ON BaCrO4-B COMPOSITIONS

















	
	Loading Pressure (10% psi}
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	Mean burning rate (sec/inch)
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	Mean burning rate (sec/inch)

Mean burning rate {sec/gram)

% Coefficient of Variation
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column diameter, burning rate and ambient temperature are reduced, and these effects combine to result in a failure diameter associated with delay mix and temperature. For the manganese compositions at —65°F, the failure diameter for a three second/inch composition is fess than 0.109 inch; that of a ten second/inch mix is between 0,125 and 0.156 inch, while for a 12.5 second/inch composition, the failure diameter is between 0,156 and €.203 inch. It is believed that for practical delay mixtures and at ~ 65°F, the quarter-inch diameter usually used is well above the failure diameter, (3) Wall Thickness, The body into which a delay is 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 thickness is increased, For materials well above their failure diameters, the effect of wall thickness becomes less important. It has been suggested that & body with very thin walls of a good thermal conductor might accelerate burning by preheating the column ahead of the burning front."

The strength of the delay body can be important. Yielding under the loading pressure has been found to result in erratic delay times,"! Stress analysis of the body as a tube stressed hydraulically is a conservative means of assuring sdequate strength. However, experience indicates that delay bodies will usually give satisfactory results under condifions such that calculated stress is well beyond the yield point.




€. DESIGN PRINCIPLES


62. Obturated vs. Vented Design

The harmful effects of moisture and other atmospheric gases make sealed delay elements desirable in all cases and mandatory for situations where an clement which must be exposed to normal storage and handling conditions contains materials which fail after humid surveillance. Obturated delays are inberently sealed.

Delay powders are divided into two categories, those whose reaction products are largely gaseous, and those known as gasiess, Afl 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 produce some gas, chiefly as a result of impurities. Gas quantity is touch less predictable than that of gaseous delays. For this reason, it is the best practice to use an interna] volume Jarge enough so that the effect of pressure build-up on the delay Ume is negligible This is quite practical in relatively short delays, However, as the length, and consequently the amount of delay powder increases. the required free volume also increases. so a delay element can get quite bulky. Such considerations often drive the designer to the use of 4 vented system.



63, Design Rules of Thumb

Recause delay compositions are metustuble materials containing all ingredients necessary for self propagating reaction, their burning is metastable. The effect of any factor which tends to cause an increase or decrease in burning rate is exapge gerated, For this reason, satisfactory performance requites accurate control of all such factors. Control must be maintained from the procurement of raw materials until the weapon, of which the delay is a 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 and controlted characteristics,

	{b) Use obturated or internally vented construction where practical.

	(c) Where obturated construction is impractical, use a seal which opens at ignition.




	(d) If a sealed unit is not practical, use delay compositions of demonstrated resistance to conditions of high humidity.

	(e} Calculate the effect of cumulative tolerances upon such pertinent factors as internal free volume.

	(f) Provide for adequate free volume in obturated units.

	(a) Analyze stresses induced by both internal and external forces which may be anticipated during loading, shipping. launching and operation.

	(b} Make sure that all components will survive






these stresses taking into account the elevated temperatures which result from burning of the delay column,


	(i) Specify adequate loading pressur least 60,000 psi for gas producing compo: and at feast 30,000 psi for gasless delay powders), and short enough increments (one-half diameter).

	Gj) Provide for preper 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 0.125 inch for bhick powder.)
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CHAPTER 7 — LEADS AND BOOSTERS


64, General

Leads and boosters are those components of the explosive train whose function is the transmission of the detonation established by the detonator and its augmentation to a level such that the main charge is initiated reliably, hey are the most flexible tools of the explosive train designer and they are the components most influenced in operation by his decision regarding the design of inert parts. They are relatively simple in function and fabrication.

The explosive contained in a booster is called a booster charge. I common usage, the term bouster charge is abbreviated to hausrer, Actually, a booster consists of a housing and other metal parts, the booster charge and, us a special [ealure, an auxillary arming device, We are concemed here only with booster charges.

Figures 49 to 5] are sectional views of typical military items which Hiustrate the use of leads and boosters. Figure 49' shows a complete booster, the M21A4, which is employed with point detonating fuzes to effect the functioning of projgetiles. I ix typical of boosters used in ariillery projectiles. The external threads screw into the projectile so that the booster rests in the fuze well, The internal threads hold the nose fuze. one of the M48 family.

The booster consists of two parts which thread together, (a) the booster charge Nia tetryl pellet) held in the aluminum booster cup 44 and (b) the brass housing 4 which contains detonator £, lead L, and a rotor as well as a variety of pins and springs which make up the auxiliary arming device. i is the purpose of the auxiliary arming device to 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 fuze detonator. The explosive train is then complete so that the detonator in the fuze inifiates the booster detonator which in turn sets off lead and booster charge.

Figure 50° illustrates the use of boosters in spitsback systems. Two booster charges are re quired for this application, the donor (auxiliary booster) at the end of the fuze explosive train and the receiver (booster) at the bottom of the projectile cavity, Operation of this fuze is discussed in Paragraph 71.

Finally. Figure 31° shows a typical small caliber fuze with booster charge. Because of the compactness of the 2Orm fuze no lead is required When the fuze is armed, the firing pin initiates the detonator which sets off the booster directly. This figure illustrates that booster design is not hard and fast, Here the booster acts as a lead while-the lopalt charge loaded into the projectile acts as a booster (see also Figure 1),



65, Functions

a, Leads, fn seme constructions, the separation between detonator and the next charge muy be short, while in others, the detonator is mounted remotely from the booster. A lead is used to trans mit the detonation from detonator to booster when the gap is too large for direct trarsmission. Leads are also used when complexity or safety of the train demands them. These various circumstances have resuhed in the evolution of a wide variety of leads, Some are simple cylindrical charges of colalively small length-to-diameter ratios and others are quite long. Some tansmit detonation around corners of angles and others are flexible.

While the function of a lead is merely the transmission of a detonation, in practice leads ure often used to augment the output of detonators. This is done because, for reasons discussed in Paragraphs 24 and 25. boosters ure generally
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Figure 49. Booster (M21A4)

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 adequate for the direct initiation of boosters, even where gaps are appreciable. In fuzes for small arms, teads are usually not necessary (see Fig. §).

&, Boosters. The main charges of high explosive materiel are as insensitive as it is practical to make them, Detonators and leads are as small as is consistent with reliability. In general, neither detonators nor leads are in themselves sufficient to initiate main charge explosives relably, Boosters are elements of sufficient output to detonate main charges reliably when initiated by detonators or leads. Hence, the main function of the booster is W augment the detonation wave.

Generally, boosters are loaded with the same or similar explosives te those used in the base charges of detonators and in leads. Therefore. their intensity as characterized by velocity of propagation, pressure, temperature and particle velocity is not distinguished from that of detonators and leads. However, since the booster charge is larger, its output is correspondingly greater. The function of a booster is to establish in the main charge a detonation wave whose dimensions are large compared with the reaction zane length of the main charge explosive material.



66, Explosives

For many yeurs tetry] was the standard lead and booster explosive. Ht is sul in more common use in leads and boosters than any other explosiv: In recent years, the use of other explosives (partivyTM larly RDX and some of its mixtures) has been found advantageous for some applications. Many of the principal rules of thumb, practices and procedures which serve as guides in the design and loading of explosive components and systems derive in part from the properties of tetry!. For this reason, tetryl has served as a standard of comparisan for booster explosives and the development of some materials has been a deliberate effort to match its properties.

An essential feature of any military explosive item is the safety provision of the fuze. This feature would lose its purpase if the sensitivity of the leads and booster were not limited. On the other hand. the bouster must be sensitive enough to detonate reliably when initiated by means of a detonator or explosive lead. Thus, maximum and minimum allowable limits of sensitivity must be closer to-
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Figure 50. 2.75-in, HEAT Racket with Spit-Back Explosive System
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Figure 51. 20mm Fuze (M505)

gether for lead or booster explosive than for other explosives. Considerations of design economy and of safety and reliability determinations lend 10 compress these limits stil 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 components. It shoukl be remembered that initiation sensitivity is a function of a number of variables of the experimental system including the agency of energy transfer, the confinement of the explosive elements, the state of aggregation of the explosive and the dimensions of the explosive elements. The effects of these variables interact to make quaniitalive prediction difficult unless the experiment is a reasonably accurate simulation of the conditions of use, Fortunately. the design and loading practices for leads and boosters are well enough standardized that a relatively modest test schedule can be devised to include conditions representative of all but highly specialized applications.

Table 13 is a list of the sensitivities of various booster explosives as measured by several techniques. 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 effect upon the sensitivity of

RDX to initiation. Some designers have considered these materials only as binder-lubricants for the improvement of leading properties, overlooking their effects upon sensitivity. For this reason, notations appear in drawings or specifications indicating that "up to 1 percent' of these 'materials may be added. The variation allowed by such notations can result in a change in gap sensitivity by a factor 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 abooster. both the design of inert parts and special environmental 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 levels if the designer is free to 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 mechanical failure.

The need to consider cook-off and thermal decomposition at high temperatures is obvious. In the case of teads and hoosters, the effects of tern perature extremes upon explosive properties, in particular upen sensitivity, may be more serious than in other explosive charges. As is shown in Paragraphs 36-38, these effects can be quite large. (In these respects, RDX and many of its mixtures, particularly when plastic bonded" are markedly superior to teeryh.

Most boosters are pressed as pellets. Tetryl has highly desirable properties for these purposes. It flows freely through the happers of automatic pelleting machines (in particular if one or two percent of graphite or a stearate are added) and. when loaded at the usual 16,000 psi, forms a pellet sufficiently firm and strong to withstand the handling necessary between pelleting and insertion in the booster cup. Pure ROX. on the other hand. forms low density. crumbly. pellets when pressud at this pressure. and, at high pressures, the pellets are so bsittle that they often break as they are pushed from the die. RDX Class C was developed to alleviate this difficully, which may be further reduced by the addition of ane or two percenl of a binder-lubricant,

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 sensitivity of PB-RDX. when pressed at similar pressures, is almost identical with thai of other booster explosives, while its output closely resembles that of tetryi, Impraved 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 Design

As fuze components, dimensions of leads and boosters are largely determined by the necessities of fuze design. Similarly, the mechanical 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 {o such an extent that the most practical arrangement is usually that in which these items are designed by the fuze designer.

The design of leads and boosters is not as complex as that of initiators. For this reason, many past designs have been evolved by copying a previous design which served its purpose satisfactorily. There is nothing wrong with such an approwch provided improvements are added when possible, care is taken not to perpetuate errors and due consideration is given to safety and reliability. Since lead and booster layout and materials affect other fuze design features to a large extent. it is beat to give them careful consideration in early design sluges before major dimensions are frozen. In the case of leads, standards have been established for dimensions and cups.



68. leads

a, Length. When a lead is initiated by a detonator or another lead with a metal covered curput end, some increase in the reliability with which it will be initiated may be attained by reducing its length to allow for a gap al ils receiving end. Where it has a closure at the output end, a small gap at this end may also increase the reliability with which it will initiate (he succeeding element. 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 discouraged a quantitative study of their interactions to affect reliability. Optimum gaps between detonators and leads ranging from 0,03 inch to 0.125 inch have been observed,

Where a lead is used to augment the outpul of a relatively mild detonator or where it is initiated for use under adverse conditions such as across a large gap or through a heavy barrier, it may be necessary 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 mast of its length reaches a point of diminishing returns when the length is about four or five diameters or more. The growth of detonation in marginally initiated leads has been observed to lake place over as many as fifteen diameters but the reproducibilily of this process is not well enough established to be relied upon. even if systems invelving such gradual growth in leads had attrac. tive design pussibilies. At the present state of the art, the only valid reason for use of a lead more than four diameters Jong is the necessity arising from the mechanical separation ef the components whigh it connects.

6, Diuneter and Confinement. The most usual combination of lead diumeter and confinement in mililary usage 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 design, Failure diameters are listed in Table 36,

As is indicated in Paragraph 25, the most reliable transmission of detonation between a detonator and a confined lead occurs when the lead is close to the same diameter or slightly smaller in diameter than the detonator. Since a common diameter of detonators in military use is 0.192 inch O.D. and about 0.172 inch 1.0., the prevalent lead diameter is well chosen from this point of view.

The effect of lead diameter upon lead sensitivity is nat usually of practical significance in the design of military materiel. Where it is, present practices are close to ideal.

'The importance of diameter and gap ta sensitivity is illustrated for idealized acceptors similar to leads in Figure 12. Effect of gap and confine-

TABLE 36. FAILURE DIAMETERS OF LEAD AND BOOSTER EXPLOSIVES {INCH}
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Figure 52. Critical Conditions for Detonation of tead

MINIKEIM DENT FOR HGH ORDER OFTONATION 18 GOS INGHES:

ment for actual service leads on initiation by detonators is shown in Figure $2.

The effect of the wall thickness of a confining tube upon the initiation sensitivity of leads 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 12.28 inch O.D,

An important aspect of lead confinement is the effect of clearance between the lead cup and the hole in which it is inserted. By resisting radial expansion, the confining medium directs alarger fraction of the energy along the axis toward the booster. In an experiment with a standard lead of co ania high order; of those with 0.004-inch diametral STORIES AO 26 AS ME AO ae 89 $s clearance, only four fired high order while all ten AIR GAR LENGTH tin) with. 0.008 inch clearance failed. In view of these * | results, the designer has the following alternatives


	

	aRAgs ! (b} Load the cup in place. (This procedure js of STEEL ; value only when the loading pressure is sub-NONE stantially beyond the yield pressure of the cup), or

	STEEL ; the lead cup provides confinement, and safety on



358s | confinement of leads is intended to apply to com-Hl man arrangements where lead and booster are in NONE : Lote, contact or separated only by short gaps and thin within a single unit. If heavy barriers are necessitated 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 (hal the initiation may be considered as a local action which is affected by neither dimensions nor conflnement* Their dimensions are so much larger than the failure diameters of the explosives with which they are loaded that neither dimensions nor confinement are factors in propagation within a booster. All of the important effects of bouster dimensions and confinement are those upon output

The function of a booster is, of course. to provide adequate Gutpul for the reliable initiation of the main charge. The size of booster needed to initiate a main charge, ay pointed out in Paragraphs

24 and 25, depends not only upon the explosive material of the main charge, but upon its confinement, its state of ageregation as determined by manufacturing and loading procedures and conditions 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 effeclive as possible to allow for maximum interchangeability and for future changes in main charge design, loading procedures and explosive materials which may require more effective booster action.

If the precess 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 essentially the way some small caliber rounds are ioaded. The so-called boosters of most 20mm fuzes (see Fig. 54} are closer to leads than to boosters in their size and function. For most high explosive materiel, however, the following motives apply for the reduction 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 buaster 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 acharge as well as with the sensitivity of the explosive of which they are Composed.

	{ce} The larger the booster, the more it displaces of the main charge explosive, which was chosce for Rs 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 fills this with as large a cylindrical pellet as practical, allowing for pack~ aging the pellet and stand-off. he will be doing as well as possible. In this case, booster geometry is usually net critical,

While it might be possible to derive some notions from the data in Paragraph 19 regarding an ideal tength-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 accelerated by the action of the booster may be more effective in the initiation of a subsequent charge than the direct action of the explosive. However, quantitative data on this effect has not been evolved.



70. Charge Density Effects

The sensitivities of most explosives reach maxima at a specific density range. The optimum density varies with the explosive material as well as with the modc 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 ioaded. 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 cubic depending upon the. aspect of the output under consideration.

Booster and jead explosives for most military materiel are loaded at densities between 85 percent and 95 percent of voidiess (corresponding with loading pressures between 5,000 and 20,000 psi). Within this range, the designer may adjust densities to attain needed compromises between sensitivity and output. If there is the need to employ explosives loaded at densities appreciably outside this range, loading, handling and quality control problems discussed in Paragraphs 96 and 104 should bo considered, oe a

In addition to 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 inta 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 probability 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 Jow loading densities should be used only with larger than average charge dimensions.

The decrease in sensitivity with increasing density becomes more abrupt as the voidless density of an explosive is approached. Thus, small variations in density cause increasingly larger variations of sensitivity at very high densities. Before specifying densities in excess of 95 percent of voidless, a careful investigation should be made of factors in fabrication and loading which can affect loading density io determine the maximum density which can be anticipated in production. It should be determined that the preceding element is adequate for the initiation of lead or booster at this maximum density.



7}, 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 curvature is determined by radial flow and shock prapagation as described in Paragraph 18. When the purpose of the jead or booster is only that of reliability initiating a subsequent charge, the gain in effectiveness which might resull from a modification of this profile will usually be more than offset by the displacement of high performance explosive with lower performance explosive and inert materials used in such modification. However, main charges for many applications depend for their effectiveness upon the profiles of the wave fronts, which in tura are determined, at least in part, by the boosters which initiate them.

The techniques for the design of charges for the comrol 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 wave profiles are present in all boosters, However, in mast shaping applications in military materiel, the wave shaping features are included in the design of the main Charge rather than the booster. In such cases, the important requirement, so far as the booster is concerned, is that it initiates a wave with reproducible and symmetrical profile in the main charge. Variable or assymmetrical initiation will, of course, defeat the best efforts at wave shaping?

Twe alternate means are available to the designer for the reduction of variability and distortion of the wave front induced in the main charge; (a) specification of precise controls of all variables, or (6) design of a system 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 satisfactory, The following practices will help in this respec t


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

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

	(c) Use of the most sensitive explosives compatible 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. sn am

	(f) Use of explosives in a density range high enough for relatively rapid growth of detonation and low enough to avoid desensitization (90 to 9S percent of maximum theoretical densily is a good range).



'The shaped charge effect, as used in a HEAT round (see Paragraph 33} results in the concenwation of a substantial fraction of the 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 spiteback fuze systems (Fig, 50). In a spit-back, system, the target is sensed by a aose fure which initiates 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 finer 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 systems, the interest in spit-back systems has waned."




C, CONSTRUCTION AND FABRICATION


72. loading Techniques

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


	{a) Insertion of preformed pellets into containers,

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

	(c} Direct pressing of powdered explosive into containers.



Of the three common techniques, the first is the simplest and most economical. Automatic machines are available which will produce pellets of any size suitable for use in leads or boosters. Most pellets are pressed at pressures between 3000 and 20,000 psi or to corresponding densities. Tt is the usual practice to Himit pellet lengths to about one diameter because large density differences from one end to another are probable in fonger pellets. Of course, when this technique is used, provision must be made for the retention of the pellets in their cavities. Clearances resulting from the accumulated tolerances of the cups and containers. requiring the use of inert padding. such as cardboard and felt disks to fill these clearances, may reduce the effectiveness of items loaded in this manner.

The third method, that of loading the powder directly, has the advantage that it can be used to fill a cavity to an exactly predetermined point, with a specified loading pressure Gf the last increment is adjusted to compensate for tolerances of the container}, This procedure may be expected to result in the most effective as well ag the most reproducible performance. It js also the most expensive procedure. When inert components are designed for this type of loading, il is well for the designer to at least lay out a concept of a foading tool, Ia dimensioning the item. it should be remembered that the consolidating punches should fit the die with only a few thousandths of an inch clear. ance. Misalignment can initiate the explosive on the one hand or result in excessive binding un the other hand. Columns much over one diameter long are usually loaded in increments one diameter long or fess.

The second method. although somewhat simpler and easier to tool for than the third and dispensing with some of the disadvantages of the first, can give trouble unless a means is provided of dealing with tolerances. Hf a pellet is reconsolidated 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 explosive will combine te vary the length of reconsolidated petlet. Similarly. if the pellet is pressed to a specified length, all of these talerances and variations will be reflected in the density of the veconsolidated 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 $3, by features incidental to the fuze design as in Figure 54. or by acup asin Figure 53.

Where there is insufficient space for closure disks or cups, leads are loaded either by pressing powdered explosive or reconsolidating pellets directly into the cavity. An optional method which has proven useful ia filing small lead holes nearly flush without adjusting weights for each individual
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Figure 53, Lead Pellets Hold in Place by Stakad-in Closure Disk
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Figure 54, leod Retained by o Feature of Fuze Design item is that of loading somewhat more than enough to fi, and breaking off the excess as in Figure 56. Where, as in Figure 57*, 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 Jeads are loaded into cups. Both flanged and straight cups of standardized dimensions are used." Where leads completely packaged in metal are desired, closure disks ure crimped in place. Moisture resistance ig sometimes augmented by painting the crimped end with a lacquer, but the seals so obtained are not reliable,

Leads may be installed by crimping in place (Fig. 48) securing with adhesive. force fitting, or by pressing the explosive into the cup after the cup has been inserted into the hole. The first method is the best adapted to economical production but should be specified only if the desigeer has taken into account the effects of clearances upon confinement as discussed in Paragraph 72.

in designing for a force fit, the controlling dimension is the maximum cup dimension afler foading. The diameter js slightly larger than the manufactured cup to allow for clearance between cup and loading tool. Since the hoop stress induced by the loading pressure is usually larger than the yield stress of the cup material. the cup expands to fit the tool, The cup may also expand slightly when removed from the loading tool because of residual stresses from loading. Therefore, when the lead cup is to be assembled as a force fit. diametral dimension and tolerance should be specified on the loading drawing of the lead.



74, Long leads

Four types of construction have been used for explosive transmission between widely separated arming devices and boosters: (a) elongated leads or stacks of lead pellets of the types described in Paragraph 73, (b) spit-back systems, (c) detonating cord, and (d) MDF (see Paragraph 87).

Of the various adaptations of short lead fabricalion practices to lang leads. the recorsolidation of pellets is preferable. In loading loose pellets in a long hole. there is always a chance thal one will jam, leaving a gap which can be detected only by
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Figure 85. lead Retained by a Cup
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Figure 56. Explorive Loaded by Breaking off Excess toad End Conted with Seatont Figure 57.
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Figure $8. lvad Cop Crimpod in Place

X-ray. Use of pellets without reconsolidution may lead to failures because of acceleration Torces (setback) producing reconsolidation with resulting gap. The small ram clearances necessary for direct loading of pawder. combined with a smatl 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 fo attain rear initiation of shaped charges fram 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. Boosters

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, if used at the top. An arrangement 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 battom of booster cups is Hustrated in Fig, 59.

{r is important that loading density of boosters be uniform. [f 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 deasity from point to point with a resulting variation in detonation velocity, The small and reproducible gradient occurring between the ends of a pellet is not usually serious. However, with careless charging, it is possible for the explosive to stuck obliquely against one side of mold or contaiter as shown in Figure 60. Explosives so stacked will not completely redistribute themselves under pressure so that the resulting pellet may be appreciably denser at one side than at the other causing asymmetry of the ouiput wave.

Housings for boosters take many forms, They may be cavities machined into fuze bodies or they may be separate packages. Some booster charges have no housings at all and some are housed in thin drawn metal cups or thin walled tubing with closure disks crimped in place. By far the most common housings are of the type shown in Figure 49 which
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Figure 39. Chamferad Booster Peffet
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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. Fer the usual thread pitch, WS-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 detenation 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 onte the fuze. Others are closed by crimping a disk in place, cementing or even soldering the cover on with low melting solder, Where covers or cups are screwed against surfaces close to a pellet, itis the usual practice 10 use a paper gasket to prevent explosive dust from being pinched directly between metal surfaces. Where high spin accelerations are anticipated, il is a frequent practice fo stake 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 train is achieved by initiating effective detonation on the main bursting charge of high explosive ammunition. The resulting detonation is the source of energy for the output effect of the item, designed lo reduce or preferably destroy millary targets.

For other types of military materiel. such as vhemical ammunition, the main bursting charge (called furster) is designed to open the case and disseminate the contents of the round.

Each ammunition item is color-coded to indicate the type of loading according to MIL-STLD-709,)



77. typical Main Bursting Charges

a. High Explosive CHE} Ammunition, Typical blast or fragmentation ammunition is primarily a container filed with explosive. Its size, shape and construction are determined by ballistic and struce tural considerations which vary depending on the vehicle.

A typical high explosive projectile is shown in Figure 634 Yo withstand setback and spin forces. such rounds usuully have wall thicknesses and metal to charge ratios greater than optimum for blast or fragmentation characteristics (see Paragraphs 3! and 32), Fuze seat Hners are desirable to prevent the occurrence af loase explosive in the fuze well (which could constitute a hazard during the fuzing operation).

The armor-giercing projectile shown in Fig. 624 is presented for historical interest. Now, projectiles of this type contain no explosive filler.

Because the forces to which mortar projectiles are subjected are much lower, they may be designed for mare nearly optimum charge to wetybl ratio in accordance wi ciples oudined in Paragraphs (9 and Au, Phe same holds true for rocket and missile warheads and, for that matter, grenades, 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 sufficient 4 withstand nermal rough handling. As much as 70% of the total weight.of. .. such a bomb may be that of the main bursting charge. Por fragmentation and target penetration. heavier cases are sometimes used. Land mines are merely packaged explosive charges with fucing systems (Fig. 649)

Underwater mines, depth charges, and torpedo. warhedds are generally relatively thin-walled con+ tainers with shapes dictated by structural and pre-explosion functional considerations. These items are usually loaded with aluminized explosives io produce high intensity shock waves.

b. High Explosive Antitank (HEAT) and High Explosive Plastic (HEP) Ammunition. As is pointed out in Paragraph 33. the shaped charge effect of HEAT rounds resuits from the progressive collipse of the Iiner as it is engulfed, from the rear, by the detonation wave (Fig. 687). Thus, in addition to requiring a special configuration. a shaped charge must be initiated from the rear in order ta form an axially symmetrical detonation wave, Initiation can be from a piezoelectric nose element to a base fuze or by means of a spit-back system as shown in Figure $0, Homogeneity of the explosive charge is particularly important in LEAT rounds.

The HEP round is one which deforms, to attain intimate contact with a large area of the armor which ix attacked. before detonating. The detunation is transmitted to the armor ay a shock wave which. upon being reflected. causes the inner surface to spall, Ruth case and filling of such rounds must deform.

©. Chemical Anuneniting, The main bursting charges af chemical ammunition are ne larger that necessary ta burst ihe case arki disseminate the
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22nBig contents.t They are usually small diameter cylindrical charges which often extend the full length of the projectile {see Fig. 66%).



78. Size ond Weight

The total weight and bulk of weapon plus ammunition is Hmiled 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 explosive charge designer will usually be given an upper limit of dimensions and weight of a round. Under such circumstances, it is usually best to utilize as much of this weight and space as possible in the main charge. Where a definite tactical purpose is specified, the designer may make a worthwhile contribution if he can show how lo accomplish this purpose with a significantly smaller or lighter round, 'This weight-saving may be used to increase the tactical effectiveness of the system by providing a larger complement of ammunition or by increasing its mobility. In these terms, the smallest and lightest round which will serve the specified purpose is the best design.

Size and weight is often limited by ballistic factors. In gun-launched projectiles. the outside diameter (caliber) is fixed. The length of the round is limited in spin-stabilized weapons by considerations of stability. Setback forces and still higher impact forces place such stringent demands on the structural properties of many rounds that only a smalt fraction of the total weight and space remain for the main charge.

{fn chemical, flechette, leaflet. signal and bacteriologicai 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 30 specifically applicable to particular devices that formulas of general applicability are not feasible.

Let us consider for example, a marker projectile. Rt is intended to produce a conspicuous colored cloud, visible for a few minutes, to serve as a signal or marker for ground targets. Red, green and yellow markers are standard. Standard projectiles are used with a smoke-producing matetial. They are loaded by drilling a cavity in the pressed charge and inserting an axial bursting charge.

The smoke materia! consists of a fine powder, usually dye diluted with a nonreactive agent, such as sodium chloride pulverized to an average J0 micron particle, treated with an appropriate diluent. Typical smoke mixtures used in the 90mm M71 projectile are (Red) 80/20 |-methylamino-anthroquinone/sodium chloride (Yellow) 50/50 dimethylaming-azobenzene/sodium chloride (Green) 40/40/20 auramine hydrochlaride/ 1 .4 dimethylamino-anthraquinone/sodium chloride? The bursting charge for this projectile is a cast cylinder of 67/33 baratel. A coating of acid-proof black paint is used on the inner surface of the smoke charge to prevent chemical interaction between it and the baratol bursting charge.




6. INITIATION


79. Sensitivity

An essential factor inthe 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 usually necessary for the reliable initiation of main bursting charges.

The initiation of a main charge explosive is not always a mutter of simple fire-misfire retiability. All main charge explosives Gincluding TNT) are capable of law order detonation under conditions where the probability of complete failure is low. Thus, the problem of main charge initiation is that of reliably initiating high order detonation. Experimental investigations of this aspect should include output determinations, such as a fragmentation test?

The design of boosters for the reliable initiation of main charges is discussed in Paragraph 71. The relative booster sensitivity of various explosives is given in Table 20. Other comparisons appear in Tables 12 and 13. When a fess sensitive explosive is to be substituted in a main charge, the adequacy of the booster must be verified,



80. Explosive Loading

Voids, imperfections 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 fo initiation than pressed charges of the same composition and density (Table 12). Casting procedures, such as "cream casting" which are conducive to the formation of fine, uniform crystal structure will sometimes increase booster sensitivity while improving charge quality at the same time. Other loading techniques are discussed in Paragraphs 93-96.

In general, particle size and particle size diswibutions which are conducive to the best loading characteristics are aiso 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 sensitive with increasing densily, wilhin the range used in miltary items. In taking advantage of modern techniques to approach maximum theoretically attainable densities, the designer may lose mare in reliability than he gains in performance or safety.



81, Booster Position

Since detonation is transmitted between charges through their adjacent surfaces, the reliability and effectiveness of transmission is directly 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, other conditions being equal, than one which can communicate only through its end.

intuitive reasoning leads to the expectation that gaps and barriers wil] 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 of increasing reliability and effectiveness, It may be suspected that the booster cups (provided primarily as containers) 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 consciausly optimized from this point of view. Where improvements in manufacturing techniques or design changes make it possible to reduce clearances between boosters and fuze wells, such reductions should be made only after determining that they will pot adversely affect reliability. Similarly, changes in bouster cup and fuze seat liner materiais should be considered in this respect.



82. Auxiliary Boosters and Boosted Surrounds

When fuzes of several intrusion lengths are be used in a main charge, the fuze well must. of course, be deep enough to receive the longest fuze. In such cases, auxiliary boosters, usually pellets contained in thin drawn sheet metal containers, are used to fill the space left when shorter fuzes are used. Where the boosters of existing fuzes are inadequate, auxiliary bousterx may be used. or a relatively small fraction of the main charge, immediately surrounding the booster, may be loaded with a more sensitive explosive than the rest of the charge. These supplementary charges are sometimes referred to as boosted surrounds. TNT sure rounds have been used with amatol main charges in 105mm howitver projcetiles,? and Composition A-4 boosted surrounds are used in 46mm projectiles loaded with MOX type explosives,' In these exam ples. the insensitive main charge explosives are employed for reasons other than safety (which would be adequate for the Hers aamed if they had been loaded entirely with the explosive used in the boosted surround). Relative advantages of various designs, from this point of view, must be considered in terms of desired terminal effects.*



83. Confinement

Confinement has a great effect on the sensitivity of an explosive charge (see Paragraph 27). Because of the relatively high cost of statistical experiments with loaded full-scale ammunition, data are scarce. However, there is every reason to expect that the trends indicated in initiators also apply to larger charges. 1: is reasonable to expect that the same explosive similarly loaded will be more sensitive in projectiles than in bombs, and in armorepiercing projectiles tran high capacity projectiles. For items as heavily confined as prajectiles. smaller projectiles are probably more easily initiated than larger ones, if the booster diameter remains constant. On the other hand, for nonmetallic mines. which are rather poorly confined, the self-confinement provided by the surrounding explosive probably makes larger items more sensitive.
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CHAPTER 9 — OTHER EX OSIVE CHARGES


A, ACTUATORS


84. Description

Actuators are explosive devices that produce vas 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 remate control af small movements such as switch closures. Most actuators are electrically initiated, Hence, their initiation mechanism and their input characteristics are those of electric initiators described in Paragraph $2.

A dimple motor is similar in construction to an electric detonator except that the bottom is outwardly concave and the explosive 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 6.10-inch movement against an eight-pound load. The relatively complex curvature of the dimple, as well as accurate control of metal condition, is necessary for reliable and satisfactory functioning.!

The lower cups of bellows motors are metallic. bellows? A typical bellows motor (Fig. 68) moves one inch against a ten-pound load. In addition to linear movement, beHows 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 ie inch against a 20-pound load.

Each of these motors has been used to open or close switch contacts or te 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 available either normally open or normally closed.
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Figure 47, Dimple Motor (T3ET)
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Figure 68, Bellows Motor (TSE))
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Figure 69. Piston Motor iMousT Ries. in
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An interesting variation in a switch is the pyroswitch which has no moving parts, and hence, is not strictly an actuator. Fhe pyroswitch (Fig. 71} is based on the fact that 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 perform delayed mechanical functions, as in parachutes.



85, Output Characteristics

The usable output from the explosive charge of an actuator is the work accomplished by the expansion of the gases liberated as it burns. The magnitude of this output has been computed for propellant actuated devices based on assumptions of adiabatic conditions and no mation before powder burn-out? It is not likely that these equations can be applied ta 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 constant volume, to the volume for a constant pressure, or to the energy requirement. In dimple motors, the quantity of explosive used is sO small that it presents measuring difficulties in production. One means of alleviating these difficulties is that of using a mixture containing a small percentage of a gas producing material (3 percent nitrastarch) with an essentially gasless mixture {lead selenium), Recent developments in the design and production of initiating elements have made it possible tw use lead styphnate for dimple mater charges. Lead mononitroresorcinate. which produces only about one-third as much gas as lead xtyphnate, has been used for bellows motors.

In dimple and bellows moters, which have appreciable internal free volumes before movement, the rapid burning of materials Hike lead atyphnate and lead mononitroresorcinate is tolerable. 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 yporting arm (ype has been effectives Detonation, of course. would be disastrous in any actuators, so azides and other detonation-prone materials are avoided.

Often squibs can be used as actuators. Actualors can also incorporate one of the various delays discussed in Paragraph 58
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Figure 70. Multiple Contoct Switch

[image: Figure, page 116]

Figure 73. Pyroswiteh




B. DEMOLITION DEVICES AND ACCESSORIES


86. Destructors

The destruction of equipment, either to prevent it from falling inte enemy bands or to halt further functioning of a missile which has gone out of control, is accomplished by explosive devices called destructors, Destructors are ulso used as complete initiating systems for improvised mines. demotion devices and the Uke. A wide variety of explosive destructors has been devised to accom. plish such destruction, Destraciors vary in size and shape depending upon their specific applications

A typical destructar. the Universal Destructor M10. ix shown in Figure 725, The principal portion is the pair of booster cups. The one nearer the activator bushing contains tetry] pellets with a center hole for the insertion of the activator while the other one contains solid Letryl pellets. A bushing with owe different external threads permits the device to fit most fuze cavities. The input end of
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Figure 72. Universal Destructor (Mi0} the destructor can accommodate a firing device and blasting cap combination, a firing device and activator combination ar a blasting cap, electric or nonelectric.

Construction of such a manual destructor as the M10 differs greatly from that of destructors which are built into missiles or classified components. The large explosive charges required 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 ay that of the main charges. For these reasons, large destructors are essentially special fuzing systems which have their own explosive trains and safety devices. Hence, destructors which form a part of a weapon system are designed in the same manner as the functioning components of the system. The destructor is usually tucked away into whatever free space is available.



87. Explosive Tubes and Sheets


	a. Detonating Cord. 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 foot, Primacord is made in a aumber of loadings: PETN in 30. 40, 50, 60, 100, 150, 175, 200, and 400 grains per foot, and RDX in 70 and 100 grains per foot, Propagation rate of standard Primacord is quoted as 6300- 6400 m/s for either explosive. Samewhat higher velocities are attainable. Coatings (over the texdle) include asphalt, wax, polyethylene, vinyl, Hycar ctubber and palyviny! chloride,

	b. Mild Detonating Fuse (MBE). This material consists of a column of explosive in a lead sheath. MDF loaded with PETN is made in loadings of 1, 2.5, 10, and 20 grains per foot in several diameters,



It has been established that the detonation velocity of MDF may be raised to over 8100 m/sec by subjecting it to hydrostatic pressure of 55,000 psi' This material has attracted wide interest for milifary applications. Several special varianis have been made, including special sizes, other explosives and metal coverings. A completely contained type has been produced with textile and plastic covering. thick enough to be unbroken at the surface after detonation of the core.

Where MDF is to be used to transmit detonation between a detonator and a charge of booster explosive, the limitations of transmission of detonation between small and large columns of explosive, discussed in Paragraphs 25 and 71, must be considered. A series of mild end primers is available for use with MDF.

Pyrovore* is similar to MDF, loaded with a détonating-ignition composition containing hot particle-producing components as well as organic high explosives. Compositions are varied to meet various propellant and pyrotechnic ignition requirements.


	c Flexible Linear Shaped Charge. A flexitle Nnear-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 cutting applications.

	da. Sheet Explosive. 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. Sheels are 10 by 20 inches and of various thicknesses. Extrusion in other shapes ure also available. Blast~ img caps are recommended for initiation.





88, Demolition Blocks

Composition C-4 and ils variants are moldable mixtures of RDX with various other solids which forms a putty-like moldable plastic explosive. Properties of these materials are given in Tables 12 and 20. They are available in bulk form and in the form of demolition blocks? With reasonable care, ihy material from the demolition blocks may be remolded Into almost any desired shape without appreciable reduction of density from the 1.40 gm/ec of the blocks. For mock-up experiments, Composition C-4 at this density resembles many of

& quot;Trademark product of E. J, duPont de Nemours und Cu. Wilmington, Del 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 performance than that of Composition C-4 at a density of 1.5 is desired, it can be consolidated to a density of 1.6 or higher, with relatively tow ram pressures, if vacuum techniques are used. Where less brisant materials are desired, military dyaamites LVD* and MVD* may be used.



89. Explosive Salts

Explosive bolts are a convenient means for separating subassemblies which, up to the instant of desired separation, must be firmly attached. Stage separation of multistage missiles is a typical application. In its most rudimentary form, an explosive bolt is merely a bolt loaded with sufficient explosive to shatter it upon fimetioning. A bolt of this description might serve seme purposes, but in many applications, its use would subject nearby components of the system to dainage by fragments.

A more suitable type of explosive bolt for mast applications remains one whieh parts at a predelermined surface and is otherwise essentially 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 too weak 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 detunation 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 ina condensed medium is reflected from a free surface aS @ tension wave, The shock produced by a detonation 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¢' Such interactions are utilized in the explosive bolt illustrated in Figure 73.
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Figure 72. faplosive Beit in Which Reflected Tension Waves Are Untixad
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CHAPTER 16 — LOADING AND FABRICATION


90. Process Selection

Most solid high explosives are manufactured by processes which yield granular material, Their bulk densities are generally somewhat less than 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 invalves only melting it and pouring it into a charge case or mold. In practice, like most fundamentally simple processes, the procedures necessary to cast charges of the quality needed for acceptable performance and safety can become quite elaborate.

The most camimon procedure for pressing powdered explasives is that of pouring the powder into a mold and pressing it with a ram which fits snugly. The pressure most frequently specified for charges used in military items is 10,000 psi. Charges may be pressed directly into their containers or pressed into molds and ejected as pellets. Where they are pressed into containers of lengths greater than the diameter, the explosive is usually loaded in increments.

After pressing or casting, if is sometimes necessary to machine explosives. either to provide a smooth surface ora fuze cavity at the filing hole, or to produce complex contours required for same specialized purposes. fn some cases, mating contours of twa charges are cemented together.

Of increasing importance are the plastic bonded explosives (PBX). These are caxctly what the name implies, and like plastics can be obtained in many different forms. Hence, PBX's are available for molding, casting or machining. They vary from rigid to rubbery consistencies. High mechanical strength and high thermal stability are possible.'

Other considerations for process selection include fabrication facilities and suitability of the explosive for its intended application,



A. CASTING


91. Projectile 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 requirements of the coating are that it be compatible with the explosive, adhere well to the projectile wall and offer'a goud bonding surface for the explosive. The latter requirement is necessary to prevent rotation of the charge relative to the spinning projectile. The finished coating at the base of the projectile should be thin enough to assure thorough drying and be sufficiently smooth to eliminate irregularities that could otherwise form air pockets,

The molten explosive is usually poured through a funnel-former. This tool is specially designed tw furnish the desired surface contour upen removal and to hold a sufficient reservoir of molten explosive to replenish the shrinking, cooling mass beneath it. A thin film of silicone grease is applied to the former to aid in its release when the explosive has solidified.



92. Effect of Casting Procedure on Charge Characteristics

a. Porusity and Cavitation. The porosity of an explosive charge is usually introduced by two principal causes, entrained air bubbles and dis solved gases, and shrinkage which occurs as the charge solidifies and cools. The higher the temperature of casting and the more fluid the melt, the larger is the fraction of the entrained air which forms into bubbles and floats out of the charge. On the other hand, these conditions maximize cavitation due to shrinkage, The most serious effect of shrinkage is that known to metal founders as "piping." The casting solidifies from the outside and consequent shrinkage is that of an isolated mass at the center where no additional material is available to fl the volume feft by the shrinkage. The result is a single large void at the center of the casting.

In a cast charge (unlike in apressed charge). both density and pore or cavity size are determined by the casting procedure, Both of these factors must be considered by the designer in terms of their effects upon safety, reliability, and performance.

6. Crystal Size. The crystals of TNT in cast explosives may vary from microscopic size to a substantial fraction of the size of the charge. depending upun casting conditions and procedure. The approach known as cream casting (Paragraph 80) results in very fine 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 diameter and performance characteristics (see Paragraph 27), have also been observed to apply to orystal size in cast TNT.

c. Uniformity af Cotpesition, Most castable explosives are poured as slurries of RDX, aluminum, etc., in molten TNT. The instant a charge is poured, the particles of higher density than TNE start to settle, and those (hat are lighter start to rise. As a result, by the time the material solidifies, its composition varies from point to point withia the charge. Another cause of nonuniformity of composition ig the tendency of TNT to form essentially pure crystals, leaving other components of the mixture at grain boundaries and in the center of the charge which usually solidifies fast. The most serious praduction problem of this kind is the settling of aluminum in larger charges of aluminized explosives. The use of aluminum and other additives in very fine particle sizes can help to alleviate this problem but also tends to increase pouring difficulties because of the higher visconities of the melts.



93. Standard Casting Procedure

The most common procedure for filling a projectile or bomb case is to do so in a single pouring? A funnel or sprue provides a reservoir of moltcn 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 other cases. however, such conditions can be maintained only by means of steam heated funnels, steam finger or hot probes

Where the maintenance of a clear channel between sprue and the slowest freezing part of a charge is impractical, cavitation is avoided by casting charges in layers, each of which is allowed to solidify before pouring the next.

TNT melts at 81°C. It forms eutectics with * RDX, tetryl (68°C), and PETN (76°C) and dissolves these materials at higher temperatures. Thus, there is a general tendency for the solids content and, hence, the apparent viscosity of most eastable mixtures (o 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 composition of the liquid portion and its viscosity vary as heat iy 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 il has cooled to a point where a fairly large fraction of it has solidified to form a slurry of very small crystals, Such a slurry is obtained by stirring it as it cools, as in the making of chocolate fudge. TNT cast in this manner is labeled by some as creamed TNT. Some have applied the term creamed to all explosives which are cast after stirring unul the last possible instant, Extreme caution must be taken to avoid air en trapment during stirring.



94. Some Speciat Casting Techniques

a. Pellet Casting. For very large charges. coaling ime is reduced and shrinkage minimized by use of precast pellets. The best pellet casting technique is that of pouring a quantity of molten explosive info the case, and then pouring in pellets, slowly enough so that they are not in contact with one another to avoid entrapping interstitial air? Although pellet casting reduces the total amount of shrinkage voids, it makes it nearly impossible to maintain channels to the pockets of molten material. The most important advantage of pellet casting is the reduction of cooling time in large charges.

b, Vacuum Melting and Casting. Entrainment of air may be avoided by melting and casting under a vacuum. Vacuum metting is afairly straightforward 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 mald. A divergence of opinion exists regarding the value of vacuum melting followed by pouring in air. Some investigators report results nearly as good as those obtained with complete vacuum melting and casting. Others maintain that
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Figure 74. Vacuum Casting Kettle so much air is entrained in the casting process that the value of vacuum melting is negligible. A possible explanation for this difference of opinion is the difference in techniques which can be applied in various types of operation.


	ce. Vibration, Jolting and Centrifugal Custing. Accelerating of a cast charge after pouring but before solidification will often expedite the movement of air bubbles to the surface} Vibration and jolting often break the surface tension which causes bubbles to cling to surfaces? Centrifugal acceleration, of course, also accelerates the settling of denser components of mixtures?

	d. Coatroiled Coating. If an explosive charge can be induced to cool from the bottom up, maintaining a nearly plane interface between liquid and solid, densities weil in excess of 99 percent of maximum theoretical are attainable. In a complicated programmed cooling, the thermal cycle of preheating the mold, pouring, and cooling takes over forty hours.' At the other extreme is the use of strategically placed imsdution to cause a charge to cot in the approximate desired pattern,






8. PRESSING


95. Stondard Procedures

2. Measurement of Explosive Charges. Pay small test quantities or for some premium quality pre duction, direct reading one-pan balances are Used They aro faster than analytical balances ing pra vide am aceuragy within ony percent. Aulomatiy weighing machines are ulse available.

The desire is always to dodd a specitiv weigh! af explosive. This objective can he achieved to. sufficient degree of accuracy for manly purpescs bs vohumetrieg contel, as in COnTMeTo tlBEIT «ups and squib. The measuring devieds are semops and harem Sy Seoupe ig two nest somimen solumetris blet PSiare filled anal leveled agains) subber bund. Careful scooping is awecurate witte 4%. Charging plates cbig. TAD lend Themsedyes lo production rates. After filling holes an the Cop: pity and satapang off The excess. plates are aligned with sup fafes. Since eaplosive quantities are usualy spesiicdd By weight. itis left to the lnaudstig plist tr adivst the vofurne measured so as to tuke inte account bulk density, hb. Direct Pressing in Case. A large proportion of explosive charges are loaded by direct pressing of
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Figure 75. Scoop Loading
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Figure 76, Charging Plate touting explosive charges in cascs (Fig. 777. Fits and tolerances of explosive charge cases and loading tools are determined by reconciliation of three opposing factors


	(a) Production costs of components rise sharply as tolerances are reduced.

	(b) Powdered explosives tend to flow into the clearance between ram and case. In addition to creating a hazard, the explosives wedged in this space can increase the frictional resistance to ram movement, and substantially decrease real loading pressure,

	(cs) Interference between ram and case results in binding (which may be $0 severe as to prevent any pressing of the explosive), damage to the case. inclusion of chips of case material in the explosive. or all of these.



The cost of a set of loading tools may be diswibuted over a large number of items. For this reason. they are often made to fits and tolerances similar to those used fur gages.5 Where cases are
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Figure 77. Betonator Loading Tool made by processes such as forging, drawing and extrusion, which use most of the tolerance in Jotto-lot variation, some loading activities have found it worthwile to maintain a series of loading taals 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 should be ground, honed and lapped or polished to an 4 or 16 rms micro-inch finish. Some claim better results if the final operation involves longitudinal rather than rotary motion.

The friction between the explosive and the walls causes a gradient of pressure, and hence density, decreusing from the face of the ram. The slope of this pressure gradient, of course, is proportional to the coefficient of friction between the explosive and the walls, which varies with both explosive and case material and also with the interior finish of the cases As a general rule, the density variations due to these gradients are kept within reasonable bounds by adherence to ihe general rule-of-thumb that the Jength of an increment after consolidation should not exceed the diameter of the cavity.

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 pressed. Most of the difference between the cup diameter before and after loading is accounted for by the expansion of the explosive component, relieving residual 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. Standard dimensions and tolerances of cups are sted In MIL-STD-320¢ Bore finish and hardness of the bushing are importani factors in trouble-free ejection of Rnished cups. Lapped or honed bores are often specified, Where cases are heavier or where explosives are to be loaded directly into fuze cavities, the interactions of case and lool tolerances, which may be sufficient to cause interference between the ram and any of the bores through which it passes. should be considered carefully. In some situations, where explosives 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 784 shows a set-up for hand loading of leads making use of an alignment ram and a mandrel, ce. Stop vs. Pressure Loading. in production, it is possible either to press a controlled quantity of explosive to a controtied height (called step loading) or to apply a given oad to a loading ram of agiven diameter {called pressure foading}. The inherent variations in production material introduce a certain
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Figure 78, Tool fur Direct Loading of Component amount of error in the density obtained by either method.

The relationship between loading pressure and charge density for commonly pressed explosives is given in Table 37.* An approximation of the loading densities of six commonly used explosives is shown in the nomograph. Fig. 79% The pressure-cdensily relationship varies somewhat from lot to lot. In addition, loading density is affected by such factors as cam clearance and increment length.

From the usual cup tolerances, it has been calculated that the cross-section area of the explosive column of a detonator may vary by two or three percent. In normal production, a reasonable weighing tolerance for initiator charges is three or four percent. Thus, in stop loading, assuming that the height of an increment is exactly reproduced, the density may vary as much as seven percent.

The implication of the foregoing, that densities are more readily controlled by the contro! of loading pressure than by stop loading, has been borne

TABLE 37. LOADING DENSITY OF VARIOUS EXPLOSIVES
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Figure 79, Nomagraph of toading Prassure-Density out by experience. However, the production advantages 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 toot strength. When items so loaded are used, safety and retiability determinations should take the effects of variable charge density into account, In either type of loading. a check of the loading density for each production lot is highly desirable.

When densily is determined by pressure loading. variation in pressure, cross section area and charge weight each bave an effect upon the column height. Usually. the length tolerances specified cannot be held merely by holding the various quantilies mentioned within their Lolerances. The weight of explosive must be adjusted to compensate for the other variables. Commonly. the Jast charge loaded is adjusted to fil the space remaining for ic and the weight is specified as "approximate."

in addition to the pressing properties of the explosive as such, the relationship between loading pressure and density is affected by such factors as ram movement, clearances, increment size and the coefficient of friction between explosive and case. 'The movement of the ram affects the relationship 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 ina force due to acceleration of the masses moved which may vary from a substantial fraction to several times the force due to gravity. Analyses of some loading Operations have revealed that the true loading pressure was three or four times thal intended.

The second effect of ram movement usually works in the opposite direction islawer ram 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 and 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. Mast powdered explosives which are to he pressed, are prepressed into pellets, The die of the loading toot 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 are pressed either by stop loading or by controlled pressure techniques, quantity praductian of pellets is accomplished in automatic pelleting machinery, in which the explesive is metered volumetrically by the controlled movements of punches (Fig. 86). Singie stroke presses of the (ypes used for explosives produce about 90 pellets per minute while rotary presses have rates of about 700 pellets per minute.

The density gradient resulting from wall friction, in addition to its effects on explosive performance, may adversely affect the handling propertics of pellets, Petlets 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 corners and chalk off at surfaces. On the other hand, some materials become brite and develop residual strains at high densities.

The ettect of density variation on mechanical properties af pellets may cause difficulties even though the variation in explosive properties is tolerable, On the other hand, the general superiority of the finishes of pelleting molds over those of charge cases, and the use of double acting loading equipment, result in somewhat smaller densi gradicats in pellets than in direct loaded explosives, The result of these counterbalancing trends is that the one-to-one Jimiting ratio of length to diameter
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Figure 80. Pelleting Prosses which applies to increment loading also applies to pellets, For some materials, somewhat shorter pellets are desirable, particularly in larger sizes.

The diameter of a pelleting dig may be maintained to almost any tolerance specified, Similarly, the distance between the top and bottom punches of an automatic pelleting machine, or the punch-toheel distance in a stop pressing tool. can be held to any desired tolerance. Thus, the dimensional variations are essentially the variations in expansion of the material, during and after ejection from the die. The immediate expansion upon ejection for a typical explosive used for pressed pellets ix about 9.3 percent. Peliet-to-pellet variations are usually less than 0.1 percent but the expansion continues whh storage at a rale which varies appreciably with conditions as well as with the composition of 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 tolerances of the order of a.) percent or tess, However. tolerances of 0.3 percent to O.3 percent are more practical,

Variations in density reflect variations in dimensions with those of the bulk density and flaw char acteristics of the explosive, and those of the measured volume, With frequent peliel density determinations and occasional adjustment of the pelleting press. explosives with good flow properties can be pressed into pellets reproducible in densily ta ont percent in an automatic pelleting press.

e. Reconsolidution. Frequently, when it is desirable to attain the close confinement and continuity characteristic of explosives loaded directly into their cases, it is difficult or inconvenient to de se. In such instances, pellets are inserted into the cavities and reconsolidated by pressing. In designing for reconsolidation, cansideration must be given to the tolerances and variations of hole dimensions, peilet weight and pressure-density relationship that enter into the determination of the relative location of the surface through which the reconsolidation pressure is applied. Where this dimension is critical, the reconsolidation is done to a stop so that the tolerances appear in the density of the reconsolidated pellet. When reconsolidation is specified, the effects of these variations upon performance should be considered,



96. Special Procedyres

a, Vacuum 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 tise in the interstitial gases (assuming isothermal compression and no leakage} may be in the neigh« borhood of 200 paunds per square inch. The air may be presumed to diffuse out of the pellet. through the continuous pores, quite rapidly after the pellet is ejected or the ram is removed. if it has not already leaked through the clearance between ram and cavity during pressing.

When densities reach 99 percent of crystal density, the calculated pressure of the interstitial gases rises rapidly, limiting attainable densities. When under conditions of pressing the explosive or some camponenlofitis caused ta flow plastically, the pares may be closed into individual bubbles in which the compressed ganes are retained to cause excessive growth after pressure removal. In an open pore material, the relatively mobile gases tend to increase density gradients by distributing pressure without a correspandingly even distribu. tion of the solid explosive. For those three reasons, vacuum pressing is used where very high or uniform densities are required, or where significant plastic flow is anticipated during pressing.

Figure 81 is a diagram of a vacuum loading tool, First. lower and top punches are advanced to a prepress position to compact the powder slightly. After evacuating to | mm Hy, full pressure is applied. Production of extremely high quality charges of TNT (pressed at clevated temperature} and Composition A-3 (both at elevated and room temperature) have been reparted Density spreads within six-inch diameter charges are 0.005 gm/cc.

b, Hat Pressing. The uniguc properties of plastic bonded explosives are realized most fully if they are pressed at elevated temperalures. Appropriate temperatures are. of course, determined by the properties of the plastic bonding agents used and limued by the thermal instability of the explosives,
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Figure 81, Vacuum Pressing Apporotus

Temperatures as high as #30°C have been used? When heated to temperatures approaching their melting points, explosives and additives used in explosives, like most solids, are more prone to plastic flow. Equipment required for hot pressing of PBX has been found useful in the production of high density charges of conventional explosives. TNT is pressed routinely to a density of 1,62 in the vacuum pressing pracess described above at 70°C, whereas cast densities this high are unusual" 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, ce. Hydrostatic und dsostatic Pressing. When an explosive is pressed in a die by means of aram, the friction of the walls tends to cause pressure and density gradients. fn 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 used. In both of these processes, the explosive is compressed by the action of 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 eliminates the gradients which result from wall fricti some directionality of compression remains w gan result in anisotropic structure and residual strains. In isostatic pressing, theexplosive is placed in a rubber bag (Fig. 83} which is surrounded by the pressurizing fluid so that the compression is essendally three dimensianal.

In addition to the production of high quality charges, hydrostatic and isostatic pressing can be used to consolidate explosives which are so sensitive that frictional contact with the walls of a conventional mold creates 4 hazard. Materials like pure ROX, of which it is difficult to muke firm pellets except in small sizey. can often be pressed hydrostatically or isostatically?

Hydrostatic and isostatic pressing is usually applied to explosives which have beea evacuated, frequently at clevated temperatures. Temperatures up to (30°C and pressures up to 30.000 psi have been used, The surfaces where pressure is applied through élastic membranes are. of course, of refalively poorly defined form and dimensions, Hence, these pressing processes must almost invariably be followed by machining.
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Figure 82. Hydrostatic Press Principle
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Figure 89. Jsostaric Press Principle ad. Puisuting Pressures, Experiments have shaver that pressures which pulsate with an amplitude of u few percent of the static pressure and at a frequency of about sixty cycles per second, when used with convential molding tools. make it possible to produce pellets four or five diameters Jong with negligible density gradients, The interesting possibilities of this technique in production of explo« sive charges have not yet been caploited,




€. FINISHING OPERATIONS


97, Machining

it has been found that the most uniform densities and compositions are attained by pressing or casting relatively large charges, and machining the charges needed from selected segments. Simlarly, high quality charges can be made by isostatic or hydrostatic pressing, which also must be followed by machining operations. AH 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 funnet extraction limits this practice to some extent. At best, then, the bottom of the fire 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 depth and surface finish is a routine operation of production,

Profile lathes and forming tools mmy be used to form almost any desired surface of revelution. The special forms required for detenation wave shaping and other specialized output are often generated by such means. Explosives may be machined to the same tolerances as metals. Turning and milling to a thousandth of an inch is not difficult with a good machine. However, the practical applicability of such precision is limited by the dimensional instability of mast explosive materials.

Safety is an important aspect in machining explosives. 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 desirable? On the basis of this test, it is considered safe to machine Compositiun A-3, Composition B. and TNT at 200 ft/min surface speed,

Cutoff tools and small drills are more hazardous because of the poor cooling conditions. These operations, if necessary, should be performed at low speeds with intermittent cutting and frequent flushing. Water should be used wherever practical as a coolant, although tests at high speed under dry conditions are considered justification for dry machining where needed. The water keeps caplosive dust out of the air and cools the cutting operation,



98, Cementing of Compound Charges

Explosives charges made of more than one explosive, in which the contour of the boundary is an important design parameter, are often fabricated 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 sefting cements. like epoxy resins, and contact cements. Compatibility of the materials to be used should be checked. Compatibility of epoxy resins with most explosives depends upon the catalyst or hardener used." Data regarding bond strengths and other pertinent properties have also been compiled.#5°

Both surfaces to be cemented should be clean and fit accurately to one another, A minimum conlinuous layer of cement should be applied to each surface to be joined. Where catalytic resins are used, provision should be made to hold the mem hers in frm contact for the curing period, When contact 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 suitabilky for use in ordnance, availability, and suitability for a particular application,

Some materials and techniques are inherently more expensive than otners and should be applied only where the advantages to be gained are clearly worth the added cost. In this respect, itis well to remember that such costs are reflections of demands on specialized manpower and strategic materials so that, in a total war, they represent proportional fractions of the total available military potential, | Ln other cases, the most suitable materials and techniques are so new as 10 be available anly for laboratory quantities of items.

Availability of an explosive involves more than the existence of plant capacity and raw materials suitable for economical production. The material must have been approved for military use and quality cantrol criteria must exist. Government policy discourages the use of proprietary materials. especially those protected by trade secrets.

Most explosives of military interest with their properties and other details, arelisted in References g and h given in Paragraph 12 (end of Chapter 1). The existence of a Purchase Description or Specification 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 necessary plants exist or will exist at the time the item he is designing reaches the production stage.

Mixtures are more easily made and generally require only the simplest appuratus. In a sense, the availability of a mixture may be considered that of its ingredients, The prevalence of this viewpoint is the reason many mixtures have been specified only by notes on drawings giving their compositions. Mixtures sa specified usually perform satisfactorily. However, the properties of mixtures, particularly their sensitivities, may be affected by the mixing procedures. Also, in the absence of speciticd 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** 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 fabrication.



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 Wherated are less subject w 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, although of importance in evaluating explosives, is not necessarily a final criterion of relative effectiveness in any particular application. Other properties, such as the detonation velocity or detonation pressure, combine with energy to define the effectiveness 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 quantities are 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 considers 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, reproducitilily, and correlation with experience, whereby the sensitivity of various explosives to such stimuli as impact, friction, and static electricity, may be evaluated, 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 Paragraph 107.

Some of the tubular 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 tu which ammunition may be subject under extreme conditions of stress is a difficult task,

Even the more obvious data in the tables should be applied with caution. For example, given the maximum setback acceleration, it is possible to compute the maximum setback pressure by assuming the explosive tu behave as a liquid and applying Pascal's Law. Comparison of this pressure with the setback sensifivity figures of Table 21

TABLE 38, FUNDAMENTAL CHARACTERISTICS OF EXPLOSIVE COMPOUNDS

® Decomposes

TABLE 39. FUNDAMENTAL CHARACTERISTICS OF HIGH EXPLOSIVE MIXTURES:

& quot;Essentially the melting point uf the TNT companent (RIC)

might be expected to give some measure of the safety of the weapon against bere prematures. However as pointed out in Paragraphs 35-42, the probability of such prematures is 4 function 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.



102. Chemical ond Physical Properties

'The fundamental chemical and physical properes of explosives are, of course, important in determining explosive characteristics, These properties are listed in References g and # given in Paragraph 12 (end of Chapter 1), 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 v Explodes

* From Ref. 11 by interpolation

4 From Ref. 12

* Density of liquid at 25°C oer Ref, UL by interpolation

Ret. (2 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 hydrolysis 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 preferred 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,




BE. QUALITY CONTROL


103, Bases for Tolerances

Safety, reliability and performance of an explosive charge are determined by such design quantities as dimensions, composition and loading density, Limits or tolerances must be stated for cach quantity specified. The designer's responsibility with respect to tolerances does not stop with the assurance that the specified tolerance will be satisfactory, It includes determinations of the maximum limits or tolerances compatible with requirements for safety, reliability, and performance. The tolerance specified shoukd be determined in the light of the following considerations


	{a) Production casts are inversely related to tolerance limits. The form of this relationship varies with quantity specified, complexity of the Rem, process used, and equipment available. Small tolerances should be specified only on the basis that the benefits which accrue are worth the cost,

	(b) Where compliance with tolerances required for satisfactary performance is toe expensive in terms of the cost and value of the item, an investigation should be made of possible design madifications to permit greater variations in the quantily considered.

	(c) The measurement of quantities which may be specitied in a design is limited m precision.



The designer will often be called upon to classify defects as critical, major, or minor, and to specify AQL levels for various defects. The basis and procedure for such classification and specification, as well as the sampling procedures which are used in inspection, are given in MIL-STD-4 458 in essence, as applied to most explosive charges, critical defects are those which result in hazards 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

a, Density. The density of a pellet may be determined by measuring its dimensions with a micrometer and its weight with an analytical balance and galoulating 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 Himit 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 gm/ce is then the ratio of the net explosive weight to the net water weight. This method becomes impractical for smal] cased charges like those of leads and detonators. Here, the density may be determined from the weight as determined by weighing the case before and after loading, and from the volume as calculated from the dimensions.

A scheme for contipuous quality control is that of pressing at some Constant pressure or dead load and measuring the Intrusion of the ram in gach 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 variadans, and errors of one kind can compensate for errors of another. However, in a well controlled process, the probability of each lype of error is low unough that the probability of simultaneous accurrence, either compensating or not, is negligible. The type of data to be collected in each case, to avoid erroneous conclusions, can usually be determined by study of the problem.


	b. Crack and Cavities. In cast charges, the possible presence of cracks and cavities cannot be ruled out. Such defects can be detected by means of X-ray photographs. When such 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,

	©. Compasition 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." 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 defect cracks and cavities.
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CHAPTER 11 — EVALUATION PROCEDURES


A. CONSIDERATIONS IN EVALUATIONS


105. Safety and Reliability Procedures

a. Statistical luferences, Hf each type of matericl could be perfectly made, its properties could be accurately described by measuring ene of each type. Since this ideal can never be realized in practice, one can measure the properties of either every item ora 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 y, the number of trials a without a failure to establish (with 95% confidence) any specified reliability or safety level is

n=2.3/γ n = 2.3/\gamma \tag{37} 

Thus, to establish 99.9% reliability at 959% confidence, 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 samples. 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 fotlowed slavishly at the expense of sound engineering practice. it is strongly recommended that the reader supplement his background by studying the referenced texts!" 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 experiment 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. ft is part of the function of a designer to determine, as completely as possible, the range of conditions which may be expected to prevail in service and to assure himself of safety and reliability over the whole range.

	{ce} 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 ia the design and development phase,

	(d) Ad fire points are not what their name implies. The only way to be sure that all charges of a kind will Gre under any given set of conditions is to fire them all under these conditions, When this is done, none will be left to use in ammunition. If all fire data are accompanied by a $0 percent point or a no fire point and the numbers of tials involved in all fre and nu fire determination are specified, they may be ased with a statistical lever technique fo compute safety and reliability levels.

	fe) All extrapolations are based on assumptions, depending on the nature of the underlying distribution, Hence, predicted values should be accompanied by a clear statement of the assumptions made and, whenever possible, a justification far their use.




	(f) The sensitivity of a charge is determined by its design and that of its surroundings, as well as by the explosive materials of which it is 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 nonhomogeneity of explosives, so that sensitivity is perhaps more inherently statistical in nature than most quantitative properties, R has been found that the variability of the sensitivity of most explo~ sive charges is mainly due to variations in such quantities as dimensions, density, and confinement. Thus, the standard deviation of the sensitivity can usually be substantially reduced by improved control of such quantities.

	&. Frequency Distributions. Observations will usually take the form of variables or attributes. Data consisting of measured characteristics are said to be expressed by variables. 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-lred, are often referred to as quantal response data; the event either accurs or does not occur upon the application of astimulus. It is often advantageous to express the latter as a percentage of occurrence for a given stimufus which in effect 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 of functioning of an electric initiator. is shown in Figure 844. So many types of experimental data fit a pattern of this type (also known as a aormal distribution} that a special graph paper iprobability paper} is made on which this function will plot as a straight Jine (Figure 84b). When a distribution of observations fits such a pattern it can be deseribed hy its mean (the average or 50% value) and a standard deviation (the rool mean square of the deviation from the siean).

There are cases when the data will yield a curve on probability paper as shown in Figure 85a. lt is wise in cases of this type to find @ suitable mathematical transform for the independent variable which will give astraight 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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Figure 84. Cumulative Frequency Distribution for o Normally Distributed Population input sensitivity is the logarithm of fring 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 required for functioning. The analogy also applies to initiation by another explesive charge, the probability of which is related to the logarithm of gap length. The logarithmic relationship has also been found to be useful for wirebridge 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 narmatizing function of the physical variable, has formed the basis for most statistical methods and treatments, Most quantitative statements of the variability of experimentally determined quantities are in these terms, For this reason. we discuss the variables in terms of this assumption even though recent experiments have cast some doubt on its applicability to safety and reliability problems.

Probability paper may be used to extrapolate from experimental data te predictions of safety and reliability, Consider, for example, that 23 of 25 electric detonators of a given design fire when subjected ta the discharge of a one-microfarad condenser charged to 50 volts and only one in 25 fires when the potential is reduced to 25 volts. Suppose that the firing circuit to be used in service uses a oneemicrofarad condenser which will be charged to at least 65 volts. Assuming that the firing probability of the initiater is normally distributed with respect to the logarithm of the firing voltage, the noted frequencies (92 percent and 4 percent) are plotted on log-probability paper versus the voltages at which they occurred (50 and 25 volts). A straight line plotted through these points gives the most probable relationship between firing voltage and retiability. When extrapolating this line to 65 valts, 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 performance which may be anticipated. the true reliability has as much chance of being lower as it has of being higher. For purposes of system cvaluution or operations analysis, it is necessary to quote reliabilities with confidence levels. Confidence levels are quantita five statements of the reliance which may be placed upon the statement of a statistical quantity. In the foregaing example, it is certainly true that the 23 out of 25 which fired at $0 volts is exactly 92 percent of that group of 25. It is also obvious that, if this group is drawn from a lot of 1000, the fact that 92 percent of the sample fired does not establish 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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Figure 85. Skewed Frequency Distribution Typicol of Impact Sensitivity Dota 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 tess} will fire and the 100 percent level, which gives limits so broad as to be useless. Statisticians generally settle for 95 percent confidence level (19/t odds that the statement is correct).

d. Reliability Determination from Mean and Deviation. 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 30 percent explosions are observed or anticipated. The deviation(s) of the sensitivity of an individyal charge is the difference between the magnitude of 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 84 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 interpolate on a table (see Table 40°) to find the reliability. 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 impulse is at least seven inches (fourteen inchounces}, the deviation of the expected firing impulse from the mean sensitivity is six inch-ounces. This is three standard deviations above the mean and the predicted reliability is 99.87 percent.

(t is welt to note that the statement of this example starts with the qualifying phrase if iz is known, Many reported sensitivity data are obtained by the use of experimental and analytical tech niques whose validity rests upon that of a series of assumptions which may or may not apply to the situation under consideration. In some cases, careful 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 sensitivity 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 Jognormal 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 js equive alent to the above example.
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* Positive and negative are meant to imply deviations (award and away from more probable vecurrence.

The determination of the statistical distribution function of the sensitivity of agiven type of charge to a given type of initiating impulse obviously requires the test firing of large numbers of charges, each under closely controlled conditions. For somes 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 sensitivity of all types of charge will ever be characterized 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 Jog-normal distribution).



108. 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. Heace, subjecting each charge to gradually increasing stimuli until i fires is nota 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 characterize the entire distribution, others to characterize 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, santpling procedure and criteria of acceptance must be established.

tis 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 vary progressively or periodically as production proceeds, Selection of a sample for test by any systematic means might conceivably produce a biased sample. one in which all items are more similur in some respect than is the whole batch or lot. A positive plan of randomization should be adopted, such as use of atable of random numbers,

While most explosive charges used in ordnance 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 (o prescribe in advance the criterion of fire. Both the quantity associated with outpul and its magnitude should be specified. A shift of criterion part way through a test reduces the data 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 4 reliability test, the charge should be considered to have fired only if it detonated high order in the sense that its output cannot be distinguished from the maximum of which a charge of its type is capable (due allowance having been made for statistical fluctuations in this 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.

b, Staircase Method, The Brucewm Test, A stair case testing technique is one in which a predetermined set of steps in the magnitude of the initiating stimulus is established before starting and in which the magnitude used for each trial is determined by results of previous trials. 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 trial is one step higher than that in the previous trial. H' it fired, the stimulus of the present trial should be of a magnitude one step lower, The test is continued in this manner for a predetermined number of trials.

The validity of the results of this procedure depends on whether the assumption is valid that the steps are of uniform size in a system in which the frequency of explosions is normally distributed. The Bruceton test is most applicable ta 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 economically feasible to carry on such a program, The logarithm of the initiating stimulus has frequently been assumed us a normalizing function (giving a geometric progression of step sizes) on the logical basis that this distribution predicts zera probability of functioning at zero input and thai a positive stimulus is required for any finite probability of firing. This choice has been supported by such observations as the relative constancy of standard deviations of similar systems over large ranges of sensitivity. In some cases, rundown tesis have also supported this choice.

It should be noted that the analytical technique for Bruceton data was originally devised with much larger tests in mind (t0Q shots or mare} than those which have been used in most safety and reliability investigations. It seems to 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 that thase who have so little appreciation of the impossibility as to assign such a problem will accept soluions which depend on so many untenable assumptions.

The Bruceton experimental technique is often used as a convenient moans for the collection of data in situations where the assumption of normality is known to be 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. Ia answer. it may Se pointed aut that the sample sizes available when this technique is used are usually so small that a reasonable estimate of the mean and a rough guess of the deviation is the most which can be expected,

«. The Frankford Run-Down Method. A ran-down method has been developed at Frankford Arsenal, which, at the expenditure of a much larger sample, makes possible a much better assessment of the distcibution of the underlying population." Beginning at any convenient level of the independent variable (drop height. voltage, barrier thickness. or the like) between 0% and 100% of the expected functioning level. a minimum of 25 trials is made at each of several levels above and below the starting 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 are reached ax indicated by 0% and 106% functioning in 25 consecutive irtals. A cumulative probability plot is then drawn from the results of the test which is considered to be the frequency distribution of the parent population.

ad. Probit, Normit, and Logit Procedures. These procedures are not data collecting schemes but rather analytical 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 technique using nonuniform steps or with incomplete or abbreviated versions of the run-down method.

Each of these procedures is based upon the transformation of the observed frequency of fire or misfire into a number refated to the deviation in terms of an assumed distribution function, In the probit, for example, the mean is assigned a probit value of five, the 15.87 percent level (the mean 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 probit 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 fogit system is similar buf assumes the logit distribution function." 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.




8. TESTING TECHNIQUES


107. Explosive Materials

a. General. 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 have been developed th " take care of unusual conditions or to simulate a particular use,

This paragraph describes the purpose. nature, and key features of the tests on explosive materials. For a detailed discussion of the tests, the explosive charge designer should consult one of the handbooks on explosives."* The tests covered here arc included partly for general information and partly because some of the tests have been applied to explosive charges. it is important to realize. however. that the performance of a loose explosive sample may differ greatly from that of the same explosive when pressed into a cup so as to form an explosive component.

Tests of explosive materials are conveniently placed into four groups. Peseriptions 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 such, these tests are not included in this volume but can be found in handbooks on explosives,"* Included in this group are lests on flammability, hygroscopicity, volatility. molecular weight and oxygen balance.

b. Sensitivity. The tests grouped under sensitivity measure how easily explosive materials are iniiated. 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 ta the following tests, the sand bonib test. listed under brisance output, is also a measure of sensitivity to initiation, (A) bmpact Test. The impact test consists of dropping a weight on a sample of explosive. 'The two most prevalent impact texts are those by Picatinny Arsenal (PA) and by the Bureau of Mines (BM). The PA apparatus is shown in Figure $6.

In the test, a sample of explosive ix subjected to the action of a falling weight. usually 2 kilograms. A 20-milligram sample is always used in the BM apparatus while the PA sample weight is stated for each case, The minimum height at which at least one of 10 trials results in explosion is the impact test value. For the PA apparatus. the unit of height isthe inch; tor the BM apparatu the centimeter.

In the PA apparatus, the sample is placed in the depression of a small steel die cup. cupped by a thin brass cover in the center of which is placed a slot-vented cylindrical steel plug. slotted side down. In the BM apparates, the explosive is held between two flat and parallel hardened stee? surfaces, In the former the impact is transmitied fo the sample 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 confinement (b). distributes the translational impulse over a smaller area, and (¢} invelves a frictional component. Hence, PA test values are greatly affected by sample density.

Some additional impact tests differ primarily in the constructian of the sample holder. The tests have alsa been modified to accommodate east and liquid explosives.
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Figure 86, Picatinny Arsenal Impact Test Apparatus (2) Friction Peadulion Test. To measure the sensitivity to fricdon, a 7 gm sample, $0-100 mesh. is exposed tu the acuon of a steel or fiber shoe swing. ing as a pendulum at the end of along steel] rod. The behavior of the sample is described qualitatively ty indicate fis reaction to (his experience, that is, the most energetic reaction is explosion and, in decreasing order of severity, snaps, cracks, and unaffected (3) Rifle Bullet Impact Test, The traditional bullet sensitivity test consists of firing a caliber 30 rifle into the side of a 3-inch pipe nipple. loaded with approximately 6.5-pound of the explosive being tested, and capped a1 beth ends. Because of the curved surface presented as a target. the angle of incidence, and consequently the test results, can be greatly affected by the condition of the weapon and characteristics of the ammunition. An improved test with a flat target plate was devised at Picatinny Arsenal!


	(4) Explosion Temperature Test, A 20-milligram sample of secondary explosive or a 1O-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 thal which produces explosion, ignition, or decomposition of the sample in 5 seconds.

	($) 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, 1¥s inches by 2 inches, and the explosive being tested. will result in high order detonation of 530 percent of specimens. The set-up is shown schematically in Figure 87.

	(6) Sethack Pressure Test. To simulate the conditions experienced by the filler of a projectile during acceleration ina gun, the apparatus shown in Figure 88 was developed. By the action of the propellant. a pressure pulse is transmitted to an explosive specimen through the piston system which closely tesembles 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 (25°F in 25 ar more trials.

	(7) Armor Plate Test. A modified 60mm M4942 mortar projectile is loaded with the explosive to be tested. The loaded projectile, with fins attached, is 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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Figure 87, Booster Sensitivity Test (Wox Gap}


	velocity. The velocities are measured electronically, and the reaction is determined by observation (for example, whether or not flash occurs on impact). The minimum velocity required to produce an explosion is recorded.

	(8) Bomb Drap 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 Temperature Test. 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 composition and loading density of the explosive. Cook-off is usually measured by inserting a projectile containing the test explosive into a carefully controlled oven. Temperature is measured by thermocouples inserted into the projectile, Rate of heating, location of thermocouple, and simulation of heat transfer t© other charges and weapon parts all affect the cook-off temperature se thal resulis vary with different apparatus. For high-rate-of-fire weapons in the small arms group, cook-off is best determined by heating the weapon in actual burst firing and then inserting an instrumented round into the chamber.'* The cook-off temperatures quoted are threshold temperatures, those below which cook-off will not occur in an infinite dme (practically, an hour),

	U0) Electrostatic Discharge Test. To determine the sensitivity to electrosiatic 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 $000 volts, is brought gradually closer to the flat electrode until the condenser discharges. By varying the electrical capacity. the energy of the discharge may be varied. Values quoted are maximum energies in joules for zero probability of iniuation, These daia may be related to hazards by keeping In mind that the human body, on a dry winter day, may store as much as 0,05 joules of static electrical energy.

	c. Cutout. The tests grouped under output measure the effect that an explosive produces, As do the sensitivity tests. output tests measure a particular result which is judged to simulate performance.

	(1) Detonation Velocity. Of the fundamental quantiues associated with detonation, the propagation is the most readily and directly measurable. While it is not a complete characterization of the auiput properties of an explosive, it is a good efiterion of performance in many applications.
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Figure 88. Apparatus Which Simulates Sethack Pressure

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 af 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-speed roll film cameras, and electronic image converter tube cameras. Figure [1 is a record obtained by « streak camera. A high speed framing camera has also been developed which will take full image pictures at rates higher than four million frames per second,

The material within a detonation zonc is highly ionized and, hence, an excellent electrical conductor. 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 Mus

The d'Autriche method (ig. 89), depends upon the augmentation of radial output at the point where twa waves in a cylindrical charge converge. Although it is attractive in that it requires ne high cost instrumentation and has the reliability inherent in its extreme simplicity, this technique has fallen into disuse in recent years because of the higher precision obtainable with optical and electronic methods. With advent of mild detonating fuse.

whose stall size makes precision location of the critical points of Figure 89 possible, and the development of precise means of detonation velocity control, new appieations of the d'Autriche method may be anticipated.


	(2) Detonation Pressure, Detonation pressures are wo 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 shack interaction, it is possible to deduce detonation pressure. Detonation pressure may also be determined from detonation velocity and the density within the detonation zone, which may be measured by means of flash X-rays,

	(33 Brisance, The shantering power of an explosive, as distinguished from its total work capacity. is termed brisance. Brisance is measured in sand. plate dent or fragmentation tests.



In the sand test, 4 0.4-gm sample of the explo« sive under test pressed at 3000 psi into a No, 6 cap. ig inilated by lead azide in a sand test bomb containing 260 gm of "on 30 mesh" Orrawa sand. The sand is resieved and is considered to have been crushed if it passes a No. 30 sieve. The significance uf the sand test is difficult to state in physical terms. However, jt does correlate. generally. with overall performance characteristics.

Plate dent tests. as used in brisance measurements, are made with charges Jong enough compared with their diameters that the detonation head ean reach a stable configuration. Vhe standard specimen is 1s inches diameter by 5 inches long. The depth of dent produced in the steel plate is
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Figure 89. Method of d'Autriche for the Measurement of Detonation Velocity compared with that produced by TNT. Plate dent brisance for bare charges correlated rather well with detonation pressure.

The fragmentation test is the most direct measure of the brisance of explosives. ft consists of loading a projectile with the sample explosive. detonating the charge and recovering the fragments. The projectile is placed in a wooden box that ix buried in sand and fired electrically. Recovery of fragments and their classification into weight groups permits evaluation of the charge.

(4) Blast. Blast pressures and impulses are deter mined almost exclusively with piezociectric gages and the necessary specialized electrical circuit Results are obtained by an analysis of oscillograms, (5) Ballistic Mortar. A number of tests compare the effectiveness of explosives as propeliants)* In gencral, to preserve the mortars used. the charges are relatively quite small (for example, ten grams in aten-inch bore mortar). The quantity of the expiosive being tested which gives the same recoil as ten grams of TNT is used as the basis for expressing the rélative output of the explosive. Although ballistic mortar test data tend to correlate with usable output for many explosives, there are enough inversions to inspire serious questioning of the meaning and validity of this type of data. Ballistic mortars have not been used extensively in recent auci Test, Ina Traual block test. a sample of explosive (on the order of 10 gm) is exploded in a cavity in alead block. The increase in volume of the hole is the criterion of output. It is usually related to TNT. The Trauzi tesi is a direct measure of the mechanical work performed by the explosive. 1t lends to correlate with the heut of explosion. although the small sample size is rather small for complete reaction of TNT. More sensitive materials, which react more completely, tend to have larger 'Trauzl block values than might be expected, ad. Stability. The vacuum stability lest {x the mast ely used stability test for explosives. A 5-gm sample (1 gmin the case of primary high explosives). after having been thoroughly dried, is heated for 40 hours in vacuum at the desired temperature (100° or 120°C). Temperatures and the volume of gas evolved (in cc} are quoted,

Other tests are the heat tests in which samples are heated for 48 hours and the effects noted. Actually, stability of explusives under conditions of service is too complea to be characterized com pletely on the basis of standardized laboratory teats. Tests like that for cook-off, which are tailored to simulate conditions of use, are often necessary.



108, Input

a. Mechanical initiatars. Most mechanical sensitivity tests, whether for stab or percussion 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 balls which are dropped free from the points of conical magnets. Impact machines include coenvenient means of adjusting the height of the magnet between drops and means for rapid and precise determination of the tree fall distance (Fig. 86). In some machines, the height adjustment includes indexing stops for even intervals of height (usually fractions of aninch or centimeter}. In others a dial, counter or scale is provided for rapid reading of the drop height. The fatter have the advantage, in Bruceton type testing, that the step intervals may be varied to suil the appropriate normalizing function.

The drop test is performed in a manner similar to that used for explosive materials (Paragraph 107). A given weight (perhaps 2 ounces) is dropped from various heights on the firing pin and the results noted. Height steps are varied by the Bruceton technique (Paragraph 106}.

6. Electric Initiuter. Depending upon the application, the sensitivity of electric initiators should be characterized in cerms of the threshold current, voltage, power. energy or seme combination of these. A specification in terms of only one of them may be misleading. However, in many applications, one or another of these quantities is so much more significant than the others that it is appropriate to characterize the sensitivity of the initiator in its terms. The sensitivity response can be defined more rigarously in most cases by controlling the time as well as the magnitude of the applied stimulus.

(1) Condenser Discharge Test. The sources used to fire electric initiators in many military applications emit pulses in which both current and voltage exceed, by many times, the threshold conditions for firing the initiator but for a very short duration. In many cases, the quantity which expresses limitation of autput is the available energy. For this reason, it is a common practice to express the sensitivity of an electric initiator in terms of its energy requirement, The energy which is stored in acharged condenser is

W=5CE2 W = 5 CE^2 \tag{38} 

where W is the energy in ergs. C is the capacitance in microfarads, and E is the voltage, Theoretically, when a condenser is discharged through a resistance. all of the energy is dissipated as heat jn the resistance. Thus a condenser discharge circuit is a means of dissipating an accurately known quantity of energy in an initiator, independent of variations in its resistance. The energy sensitivities of most of the electric inidators now in military use were determined by using circuits similar to that shown in Figure 90. Either voltuge or capacitance may be varied t vary the energy. In many cases, convenience has been the basis for the choice. Hawever, where a particular application is under consideration, the choice might be made on the basis ef the limitations of the firing circuit in the fuze.

The threshold firing energy tends to vary inversely with the rate at which the energy is applied down to 4 point, characteristic of the initiator,
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Figure 90, Typical Condensor Gischarge Firing Circutt for Testing Electric Initiotors beyond which further increase in the rate of application 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 enough and a correspondingly small enough condenser that further change in the vollage will not affect the energy requirement of the detonator, An initiator test set has been developed which furnishes the proper signal and minimizes condenser and switch iosses.!

(2) Voltage Sensitivity. Where the firing clreuit is a very low voltage source, the impedance of which is low compared with that of the initiator, as for example, some types of battery, the threshold voltage for firing may be the mast important criterion of sensitivity. Test firing circuits for the determination 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 low resistance potentiometer, The resistance of the potentiometer should be low compared with that of the initiator but nat so low as to avartax the battery. Aside from this, the circuit should provide for switching and connecting with a minimum of resistance. Contact potentials and inductive surges have been misleading in such circuits. As for condenser discharge, a test set is alsa available for both constant voltage and constant current tests? (3) Steady Current Functioning. Where the firing source is of high impedance and Emited current capacity, such as the high vohage 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 compared with the maximum resistance of the initiator during firing. A high voltage supply with a dropping resistor (a ratio of 10 ta | is desirable} meets these requirements, The current may be varied from trial to trlal by varying either the voltage or the resistance. in such circuits, if the switch is in series with the dropping resistance and the initiator in the wrong order, the distributed capacitance of the circuit can get charged to the supply voltage and discharged with an initial surge sufficient to 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 elrcuits of the kind described. However, the current requirements of mast electric initiators exceed the capacity of receiving pentodes.

c«. Gaps and Barriers. The relative sensitivity of various explosives to initiation by detonation of nearby charges can be determined from the results af trials 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 106. The resull ix a threshold value of gap or barrier which will result in detonation.

It must be remenibered, however, thal 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 al best. As pointed out in Paragraphs 27 and 68, gaps and barriers, particularly when combined, may actually 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 normality of the distribution of transmission probability with respect to the gap length, barrier thick~ ness, or some function of these quantities, In one instance. a nonnormalizable distribution has been found.' Further, in complex systems, where gaps and barriers are combined with angular and axial displacements of consecutive charges, it is difficult to design gap, barrier, or transverse. displacement tesis from which predictions may be made, with reasonable confidence. of the reliability of trans. mission of detonation.

For these reasons, the Varicomp technique has been devised ?° In this technique, construction, materials, and spatial configuration of a system under investigation are as nearly identical with those of the intended design as it is practical to make them. The probability of transmission between two consecutive components is reduced by the substitution of a less sensitive material 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 compositian as the independent variable in a data gathering system like the Bruceton technique, data may be obtained from which it is possible to determine the sensitivity or composition for 50 percent functioning and its standard deviation. These quantities may be used in extrapolating to the material to be used (see Paragraph 106).

Explosives of varying sensitivity have also becn used to estimate the reliability with which main charges may be expected to be initiated by means of boosters. For such purposes, the wax gap booster test has been used (see 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 outpul tests 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. Tn addition ta the tests Hsted, gaps and barrier tests {Paragraph 108) may be used for this purpose.

(/)) 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 investigators®! found good correlation between sand test results for blasting caps and their effectiveness in initiating dynamite, More recently, it has been found that detonators which give good sand test results may fail to initiate booster charges. The trend is away from sand tests for evaluation of explosive components. (2) Lead Disk Test. This test consists of firing 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 measurement of the amount of light from a standard source which passes through. In general, the lead disk twat is a reasonably useful quality control rest which correlates with the effectiveness of detonators, Significance in terms of physical quantities is dificult ty assess. At least one situation has been experienced in which modifications in loading procedure which increased output according to the lead disk test decreased effectiveness in initiating subsequent charges, (3) Steel Dent Test. The sive] dent test consists of firing a detonator in direct end-on contact with a steel block in accordance with MIL-STD-316 (see Paragraph 110). The depth of the dent preduced is a rneasure of output. The depth. or bener the volume, of the dent correlates well with initiating effectiveness, The fow rate detonation, which crushes nearly as much sand as high order detonation, makes no dent whatever in a steel plate, It has been 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 the volume of the detonation head.

41 bas been found that adetonator of 0.190-inch diameter or larger, which produces a dent 0.010 inch deep in a mild steel block will initiate a lead ot tetryl or RDX under favorable conditions.'' Specitication requirements for detonators to be used in fiszes 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 ou(put of leads and boosters and to determine whether token main charges have been caused to detonate high order. Plates used for this purpose are sometimes referred to as witness plates.

(4) Hopkinson Bar Test. In this test, the-eatput of a detonator is characterized in terms of the velocity imparted to a steel time piece which is in intimate contact with one end of a stee] bar when the detonator is fired at the other end (see Fig, 91), The velocity of the time piece is a measure of the average pressure over the time it take for the shock to traverse its length and the tension wave to return. For steel, this time in microseconds is almost exactly equal, numerically, to the length of the fime piece in centimeters (since both shock and tension waves propagate at 0,5 em/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 guite poor. Direct exposure of wneee me 18 VELOCITY OF THE TIME PIECE fs AVERAGE PRESGURE OVER TIME + 247 fu € & VELOCITY OF SOUND IN STEEL pS OENSITY OF THE STEEL
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Printipie of Hopkinsen Bar Measurement of Deto- Figure 91. notor Output the bar to the action of the detonator results in damage with each shot and progressively changing characteristics. The effect of attenuators {to protect the bar) on output has not been established. Hence, the test is only in experimental use.


	(5) 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 nonideatity of the reaction product gases. Hence, velocity of the air shock is nota suitable output measure,

	(6) Detonation Pressure Measured by Means of Shock Transducers. The output of detonators may be determined by measuring detonation pressure waves." Two types of solid state transducers are used to record the intense stress waves involved. One, based epon 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 af pressure variation with time. The second transducer utifizes the polarization of molecular solids 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 placed with its output end on the transducer and initiated in the normal manner, When the detonation wave passes through the transducer, a signal proportional to the magnitude of the pressure is produced which is recorded on an oscilloscope or other electronic device thus indicating the output of the explosive.


	6. Noadetonating ems. The output of nondetonating 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 dane with detonators and more tests have been standardized. Nondetonating output includes flames of deffagrating charges (primers, squibs. delay columns) and mechanical output (explosive actuators),

	CU) Flame Output, The most prevalently used instrument for the testing of primer output is a manometer connected to a closed chamber into which the primer fires. The output pulse of the primer imparts momentum to the liquid in the



manometer, causing it to displace to a maximum and recede. The maximum displacement is proportional (© 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 equilibriura.

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 proportional 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 uyed as a measure of primer output. If the light is mainly black body radiation, it may be quite significant, However, the presence of some elements, 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 alsu been used experimentally for this purpose lo achieve a larger volume.

A test set has been developed to measure the output of flame producing charges by measuring flame temperature and length"

(2) Mechanical Outma. The series of mechanical actuators includes dimple motors, bellows motors, piston motors and switches, The output of these devices is usually specified in terms of pushing « given weight through a given distance, Use of a test fixture employing dead weights is therefore best.

Output tests have often been performed by having the actuator push against a spring. Since the spring force is not constant, itis important Lo specify in this case whether the given force is measured at the start or end of the stroke, In the case of switches. it has been suggested that the initial hump in the lead curve of a switch can be simulated by having a pin rupture a metal foil,



110. Environment

Explosive charges must nol only perform as intended, they must also be safe and operable in ihe environment in which they are expected to perform. Encompassing deep water lo outer space, the range of military environments is indeed formidable. A series of tests has been developed to simulate the various conditions to which ammunition may be subjected.

Many of the tests have been standardized to assure uniform conditions, The bulk of the tesis of interest to the explosive charge designer are grouped in the 300 series of the Miltary Standards pertaining to fuzes. These Standards are Hsted in Table 41 in two groups, those which apply during item develupment and those which determine quality in production. All of the standards are compiled in Depurtment af Defense index of Specifications and Standards, 30 July 1961, a consolidation of previous volumes issued by the three services. A convenient summary of descriplions and use of these tests has been compiled for fuze components.*

The explosive charge designer faces more severe testing probiems thun the fuze designer because of the relative smallness of his components in the system. For same 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 lo introduce an untested component. particularly a new concept, into the military environment, In some instances. other sysiem com= ponents may help (confinement, structural strength, sealing, cushioning), in other instances, they may hinder (incompatible materials, unplanned electric paths, stress concentrations). This problem must be resolved by sound engineering judgement. If, for example, detonators are to be subjected to a drop test, they can be placed within ajig which permits positioning and introduces confinement.

The chief purpose of environmental tests is 10 insure safety during rough handling and surveillance, The safety tests are af two types, destructive and non-destructive. Operability is vot required after destructive tests, such as Jol (MIL-STD-360. MIL-STD-350) white operability is required after non-destructive tests such as Transportation Vibration (MIL-STD-303, MEL-STD.353), All surveillance tests are non-destructive. such as Tempera. ture and Humidity (MIL-STD-304, MILSTD-354).

{t (8 important to understand that MIL-STD tests are never specified unless they serve a definite purpose, The selection of tests for application in a particular case requires engineering judgement. Tests must aot be applied indiscriminately. On the other hand, once a standard test is prescribed, it is mandatory that it be pecformed precisely as speci+ fied without deviation. The 300 series of MIL-STD's includes a number of tests which apply to special conditions only, such as Jettison Tests (MIL-ST D's 3474 to 310). For other conditions, additional tests




FABLE 41, MIL-STD TESTS FOR FUZES.


Development Series


	MIL-STD-360 Jol Test for Use in Development of Fuzes 6 July 1951,

	MIL-STD.361 Jumbic Tesi for Use in Development of Fuzes 6 July 1951,

	MUL-STD-102 Forty (40) Foot Drop Test for Use in Developsent of Fuzes, 6 July 1951.

	MIL-STD-303 Transportation Vibration Test for Use in Development of Fuzes, 6 July 1951.

	MIL-STO-204 Tempertivre und Humidily Test for Use in Development of Tuzes. 6 July 1951

	MIL-STD.305 Vacuum-Steum-Pressure Test for Use in Development of Fuzes, 26 March t952

	MIL-STD-306 Salt Spray (Fog) Test for Lise in Development of Fuzes. 27 March 1952.

	MIL-STD-207¢ Jettisan (Aircrafi Safe Drop) Test for Use in the Development of Fuzes. 17 November 1958.

	MEL-STOD-308 Jettison (Simulated Aircraft Safe Firing. from Ground Launcher} Test for Use in the Dever opment of Rocket-Type Fuzes, 4 August 1983

	MUL-STD.309 denison (Simulated Aircraft Safe Drop. trom Ground Launcher) Test for Loe in the Dever. opment of Fuzes, § August 1983

	MIUL-STD-310 Jettison (Aircraft Safe Fuing) Test for Use in the Development of Rooket-Type Fuces. 4 August 1954

	Accidental Release (low Altitude, Ward Surface) Safety Test for Use in the Develop. ment of Fuzes. 4 August 1983 MEL-STDA

	MEL-STDA12 Mucale Impact Safely Test for Use in Devel iectile Fuzes, 13 January 1958

	MHGSTD-313 impuct-Sale Distance Test for Wise in Devel opment of Projectile Fuzes, 16 January 1954.

	MEL-STD-314 Warerprooiness Test for Use in Development of Fazes, 20 September 1954

	MEL-STD-318 Static Detonator Safery Test for Use in Devel. opment of Fuzes. 19 November 1984.

	MH-STD-316 Detonator Output Measurement By the Sree? Dent Test, 22 September ]961

	MHLSTD-317 Detonator Outpul Measurement by the Leud Disc Test. 17 December [959

	MHLSTD-JIR Missile Pull-Of From Aircraft on Arrested Landing (Oround Launcher Simulated) Safety Test for Use in Development of Fuzes. &

	February 1959, MELSTO-319 Time to Air Burst Test for Use in Develop. ment of Projectile Time Fuzes. 20 May 1989. MEL-S D320 erminology. Dimensions, and Materials of

	August 1959. MIL-STD-324 Jettison (Aircraft Safe Drop) Test for Use in the Development of Fuzing Systems, 1 Sep»



Expicsive Components, far Use in Fuzes, 3



eduction Series

tember 195%.


	MHL-STD-350 Jolt Test for Use in Production of Puzes. & July 198),

	MULSYD-35} Jumble Test for Use in Production of Fuxes, 6 duly 1981

	MUL-STD-352 Forty 140) Foor Drop West for Use in Produ. tion of Fazes, 6 July 1941

	MHELSTEA353 Transportation Vibration Test for Use in Production of Fuces, 6 duly1981.

	MIL-STD-344 Temperature and Humidity Test for Use in Production of Fuacs. 26 Movember 1958. MIL-STD.358 Vactsum-Steam-Pressure Test for Use in Pro-

	dusuon of Fuzes. 13 April 1953.

	MIL-STD-356 Salt Spray (Pug) Test for Use in Production of Fures. 13 April 1983

	MIL-STD.358 Five Foot Drop Test for Use in Producnor, af Fuaes, 17 November 1958.



may have to be performed, such as Sand and Dust (MIL-E-5272B).

Four tests in the MIL-STD-306 series apply specifically to explosive components, The Static Detonator Safety test (MIL-STD-315} determines whether the rest of the train will be set off when the detonator is initiated in the unarmed position. The fuze or test fixture must be modified so that the detonator may be initiated in the safe position. A typical modification is shown in Figure 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-3 16)are discussed in Paragraph 109. Terminology, Dimensions, and Materials of Explosive Components (MIL-STD-320) applies to the selection of standard parts during the design phase. The application of this standard is discussed in Paragraph $3 and 73.

As in performance tests, programming is important in the environmental series, Ho may be desirable to cambine several tests sequentially or to add tests to introduce such special conditions as acceleration which can be performed in air gun or centrifuge. Sufficient samples must be tested to unsure significant results. As a rule of thumb, no fewer than five samples should ever be tested. The quantity depends on the criteria for test acceptance, the destructive test (criteriom: did this item explode?) requiring fewer samples than the nondestructive test (criterion: is performance affected?).
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Figure 92. Arrangement for Detonator Safety Test
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GLOSSARY OF KEY TERMS

This Glossary is an excerpt from Nomenclature and Definifiens in the Ammunition Area, MIL-STD-444, 6 February 1959, Definitions are often abbreviated and only terms pertaining to explosive charge design are included.


	actuator. An explosive device that produces gas at high pressure in short periods of time into a canfined volume for the purpose of doing work. Dimple motors, bellows motors and switches are examples of actuators.

	booster. An assembly of metal parts and explosive charge provided to augment the explosive components of a fuze to cause detonation of the main explosive charge of the ammunition. }} may be an integral part of the fuze, (This term is often used as an abbreviation for booster charge).

	booster charge /. The explosive charge contained in a booster. It must be sufficiently sensitive to be actuated by the small explosive elements in the fuze and powerful enough to cause detonation of the main explosive filling. 2. The amount or type of explosive used to reliably detonate the bursting charge of ammunition.

	brisance, The ability of an exptosive to shatter the medium which confines it; the shattering effect shown by an explosive.

	combustion. The continuous rapid combination of « substance with various elements such as oxygen or chlorine or with various oxygen bearing compounds, accompanied by the generation of light and heat,

	cook-off, The deflagration or detonation of ammunition by the absorption of heat from its environment. Usually it consists of the accidental and spontaneous discharge of, ar explosion in. a gun or firearm caused by an overheated chamber or barrel igniting a fuze, propellant charge. or bursting charge.

	deflagration. A very rapid combustion somelimes accompanied by flame. sparks, or spattering of burning particles. A deflagration. although classed as an explosion, generally implies the burning of 5 substance with self-contained oxygen so that the reaction zone advances ints the unreacted ma-




	terial at less than the velocity of sound in the unreacted material.

	delay. An explosive train component that introduces 4 controlled time delay in the functioning process,

	detonation, An exothermic chemical reaction that , propagates with such rapidity thal the rate of advance of the reaction zone into the unreacted material exceeds the velocity of 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 Ho will continue without diminution through the unreacted 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 reaction is termed a low order detonation.

	detonator. An explosive train component which ean be activated by either a nonexplosive int pulse or the action of a primer and is capable of rellably initiating high order detonation in a subsequent high explosive component of train. When activated by a nonexplosive impulse, a detonator includes the function of a primer, In general detonators are classified in accordance with tbe method of initiation: such as percussion. stab, electric, flash, etc,

	A chemical reaction or change of state 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.

	explosive. A substance or mixture of substances which may be made io undergo a rapid chemical change. without an outside supply of oxygen, with the frberation of large quantities of energy



generally accompanied by the evalution of hot gases.

explosive train. A train of combustible and eaplosive elements arranged in an order of decreasing sensitivity. Its function is to accomplish the controlled augmentation of a small impulse into one of suitable energy to cause the main charge of the munition to function. Tt may consist of primer, detonator, delay, relay, lead, and booster charge, one or more of which may be either omitted or combined, tiring pin. An item ina fring 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 deflagrates or burns: that is, the rate of advance of the reaction zone inte the unreacted material exceeds the velocity of sound in the unreacted material, igniter, A device containing « specially arranged charge of a ready burning composition, usually black powder, used fo amplify the initiation of a primer.

initiator, A device used as the first element of an explosive train, such as a detonator or squib, which upon receipt of the proper mechanical or electrical impulse produces a burning or detonating action, it generaify contains a small quantity of 4 sensitive explosive.

lead. (Rhymes with "feed"} An explosive train component which consists of @ 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 used in its normal manner deflagrates or burns rather than detonates: that is, the rate of advance of the yeaction zone into the unreacted material is less than the velocity of sound in the unreacted material. Low explosives include propellants, certain primer mixtures, black powder and delay compositions, primary high explosive. An explosive which is extremely scnsitive to heat and shock and is normally used to initiate a secondary high explosive. A primary explosive is capable of building up from a deflagration to detonation in an extremely 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 actuated initiates functioning of the explosive train and will not reliably initiate high explosive charges. In general, primers are classified in accordance 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 element in the train to function reliably, It is especially applied to small charges that are inidated by 4 delay element and, in turn, cause the functioning of a detonator.

secoudary high explosive. A high explosive which is relatively insensitive to heat and shock and is usually initlated by a primary high explosive, H requires a 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 used for boosters and bursting charges. Sometimes called 'non-inidating high explosives."

squib. A small explosive device, similar in appearance to a detonator. but loaded with low explosive, so that its output is primarily heat (flash), Usually electrically initiated. it is provided tw initiate action of pyrotechnic devices,
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