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EXPLOSIVE FORMING OF MET ALS

SUMMARY

In view of the current high level of interest residual stresses. For titanium and refractory

in explosive-metalworking processes, this report metals, forming at elevated temperatures is

has been prepared to review the status of forming desirable.
materials with high explosives. The information
presented has been obtained from the open litera- Location of an explosive-forming facility

ture and from firms active in explosive-formiiig must be based on considerations of safety, local

operations. In most cases the process is applied regulations, economics, and community relations.

to large or unusual shapes which cannot be readily Both the initial use and projected future uses must

fabricated by conventional means. be factored into the decision in order that continued
operation may be assured. The layout of opera-

Explosive-metalworking operations can gen- tions within such a facility should serve to provide

erally be classified as either confined or uncon- a smooth flow of materials through the work area

fined systems. The confined system has distinct and permit close control of the operations for

advantages for the forming of thin materials to maximum safety.
close tolerances; however, the nature of the op-

eration imposes a size limitation. Unconfined The design of dies for explosive-forming

systems are less efficient because only a small operations is dependent on the peak pressure to be
portion of the total energy from the explosive is developed during detonation. Once this value is

utilized in the forming operation. This method is established, conventional methods of stre3s analy-

particularly attractive, especially for very large sis may be applied to the designs. Die materials

pieces, since tooling requirements are greatly in past and current operations have included heat-

simplified, treated alloy steels, Kirksite, aluminum alloys,
ductile iron, reinforced concrete, plastic, ice,

A wide variety of explosives and detonators and composite materials.

used in explosive-forming operations are discussed
with emphasis on the secondary high explosives. Explosive forming has been used most widely

Both commercial and military types of explosives for producing parts from sheet metal. The maxi-

have been used in forming operations to date. The mum size of parts which can be formed is limited
military types have been employed to a lesser ex- only by the size of tooling that can be constructed.

tent and it has been noted that their continuity is Tolerances as close as *0. 001 inch can be achieved

not as good as the commercial types. Character- on small parts, but working tolerances are nor-

istics of these materials relating to their handling mally 0. 010 inch. The nature of various investi-

and storage are briefly reviewed. The versatility gations concerning the formability of sheet mate-

and wide use of Primacord in explosive operations rials has not yielded quantitative information on

is particularly noteworthy. formability limits since the efforts have been di-
rected toward specific parts. It has been generally

Positioning of the explosive in the proper observed that both austenitic and precipitation-

relation to the workpiece can be achieved by a hardening stainless steels and aluminum alloys

number of routine methods. In order to prevent have been formed with very little difficulty. Work-

misfires and deflagration of the explosive it is hadened stainless steels are also readily formed

necessary to employ the proper size blasting cap with explosives, and through proper scheduling of

and method of attachment as recommended by the prior work and annealing, optimum mechanical

explosive manufacturers. Depending on the ma- properties can be obtained after forming. In con-

terial to be formed, protection from blasting cap trast, carbon steels can withstand only limited

fragments or corrosive action by the water trans- deformation.
fer media may be required.

Increases in strength similar to those i-e-

Materials are generally forme di in the an- sulting frý .i the same amount of 'deformnation in
nealed condition with explosives at ar-bient tem- conventional forming have been noted in explosively.

peratures. Intermediate anneals may also be formed materials. Limited data indicate a de-

employed between successive forming operations crease in fatigue etrength in such materials; how-

and are determined by prior experience with the ever, more detailed studies are required to estab-

particular material. In some cases such as those lish this effect. Similarly, only limited data are

involving extensive work hardening, stress- available on the efftcts of explosive forming on

relieving treatments are required immediately stress-corrosion resistance.

after forming to prevent delayed cracking due to

I



INTRODUCTION accomplished production forming of wheel covers
and tank ends. These products represent short-
run specialty items. Of particular advantage in

Explosive forming is best described as a these short-run applications are the short lead
process in which metal parts are formed by the times required and minimum expenditures for
high pressures resulting from the detonation of tooling.
chemical explosives. During the course of devel-
opment of new forming methods a number of high-
energy-rate techniques have been categorized as Although a considerable amount of effort
explosive forming. These methods have included has been expended in the development of explo-
the use of chemical low and high explosives, sive forming, the process hhis not been widely
pneumatic systems, electrical discharge systems, accepted for commercial manufacturing. Most
and magnetic devices. In this summary, how- companies do not have an area available where
ever, explosive forming will be defined as that explosives can oe handled. To maintain such an
relating to chemical high explosives since this isolated area may increase shipping costs and
approach has been perhaps the most widely inves- offset potential economic advantages of the pro-
tigated and applied. cess. In many cases, large-quantity production

of parts are involved which can also be fabricated
by existing conventional equipment, and the re-

Interest in this forming method was ini- placement of such equipment is not economically
tiated around the turn of the nineteenth century desirable until it becorres obsolete. Therefore,
when it was noted that the energy released from current applications have been concerned with
an explosive charge could be used for deforming those items which are difficult to fabricate with
metals into a useful shape. Some of the earliest conventional equipment.
English patents on this subject concerned the
explosive expanding of tubing in attachment fit-
tings to fabricate bicycle frames. (I)* Gun- The purpose of this summary is to present
emplacement shields were explosively formed by a review of the status of explosive forming with
the French prior to World War IL In the United chemical high explosives. Available information,
States, explosive forming of sheet metal was de- as obtained through the open literature and dis-
scribed in a patent issued in 1909. (2) After the cussions with firms active in this area, serves
initial interest as evidenced by the patent litera- as a basis for this review. The general aspeý_ts
ture little advance was made in explosive forming of explosives and their application to explosive
until more recent years. A more recent United metalworking halve been well summarized in the
States patent describes the ranges of operating recent work of Pearson and Rhinehart. (6) Ad-
conditions in more detail in terms of process mittedly further information exists but is con-
parameter and is presently considered one of the sidered proprietary by the individual firms. To
more important patents in this area. (3) In parti- provide a wide scope and maximum usefulness of
cular, the high-alloy materials and aerospace this summary, information ranging from the
metals prompted a reevaluation of nonconventional characteristics of various chemical explosives to
forming method,. As a result the Air Force ini- the properties of explosively formed materials
tiated a comprehenaive study of explosive-forming has been included.
prc•.iples in i957. (4) Further st.adiep in this area
have bn-e.a spoisored by the Air Force, Army,
.tvy, and NASA.

EXPLOSIVES AND THEIR
CHARACTERISTICS

Along with other recent interests in explo-
sive forming, its use as a production tool has been Thera are many types of explosives avail-
established. The Moora ý;ompany of Marcelenx-, able which might be cr-,eidtred for explFwive-
Missouri, has produced Monel metal fan hubs by forming operations. Both commercial and
this technique since Y 950, and currently uses the military types have been used. Military tpes
peocess for small-qunlity production lots of have been limited to companies which have
large fan hubs. (5) Similarly other firms have Government contracts and to companies which
QRsetenacas ax given on page 51. have managed to obtain limited amounts on
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a Government surplus basis. Although both types TABLE Z. COMPSITIONS AND CH7, 8 ARCRISTICS OF

have been shown to answer the requirements nf a

wide range of explosive-forming operations, the Strentt otf Dynate, r cent(&)
availability of the military types is not as good as z0 30 40 50 60 100

that of the commercial types. On the other hand,
it is highly desirable to minimize to the greatest Nitroglycerin 20.2 Z9.0 39.0 19.0 56.8

possible extent the variety of commercial explo- Sodium Nitrate 59.3 53.3 45.5 34.4 22.6
Carbonaceous Fuel 15.4 13.7 13.8 14.6 18.2

sives employed because the cot per pound of 2.9 2.0
commercial explosives is closely related to vo1 - Antacid 1.3 1.0 0.8 1.1 1.2

ume purchased per order of each type and form. Moisture 0.9 1.0 0.9 0.9 1.2
Rate of Detonati•n, ft/sec 14,_00 17,000 19,400

Most types of explosives do not have uniimited TNT Equivalent (Ballistic 94. 5% 102.5% 114%

shelf life and the destruction of deteriorated Pendulum Test)

explosives is expensive. Ammonia Dynamites
Nitroglycerin 12.0 12. 6 16.5 16.7 22.5
Sodium Nitrate 57.3 46.2 37.5 25.x 22.5

In selecting explosives it is well to keep in Ammonium Nitrate 11.8 25. 1 31.4 43.1 50.3

mind handling and storage characteristics. Sen- Carbonaceous Fuel 10.2 8.8 9.2 I .0 8.6

sitivity to shock and heat, tendency to be hygro- Sufur 6.7 5.4 3.6 3.4 1.1
Antacid i. Z 1.1 1 .1 0.9 1 .1

scopic, and effect of storage time and conditions Moisture 0.8 0.8 0.7 0.9 0.7

on homogeneity, as well as the more obvious Rate of Detonation, ft/sac 8,900 10,800 12, 800 15, 200
TNT Equivalent (Ballistic 81%i 91% 99% 109%

characteristics of behavior upon detonation and Pendulum Test)

suitability of physical form should be considered. Gelatin Dynamites

Although consideration of the cost of explosives Nitroglycerin 20.Z 25.4 32.0 40.1 49.6 91.0
So4ium Nitrate 60.3 56.4 S1.8 45.6 38.9

can be important under some circuriiuitances, in Nitrocellulnee 0.4 0.5 0.7 0.8 1.2 7.9

many, if not most, instances the explosive cost Carbonaceous Fuel S.5 9.4 11.2 10.0 0.3

is but a small fraction of the total expense of the Sulfur 8.2 6. 1 2. 2 1.3
Antacid 1.5 1.2 1.2 1.2 1.1 0.9

operation. Moisture 0.9 1.0 0.9 1.0 0.9 0. 2
Riate of Detonation, ftlsee 13, 100 15, 100 17,000 18,400 20,200

In the discussions which follow, low explo- 17T Equivaleni (Ballistic 74% 79% 84.5% 90.5% 99%
Pendulum Test)

sives and primary high explosives are not in-
Ammonia Gelatin Dynamites

cluded because these materials are of very Nitroglycerin 22.9 26.2 29.0 3S. 3

limited interest in explosive-forming operations. Sodium Nitrate 54.9 49.6 32.0 33.5
Ammonium Nitrate 4.2 8.0 13.0 20.1

Those interested in low explosives and primary Nitrocellulose 0.3 0.4 0.4 0.7
high explosives will find comprehensive discus- Carbonaceous Fuel 8.3 6.0 8.0 7.9
sions on these subjects in References 7 and 8. Sulfur 7.2 S.6 3.4

Antacid 0.7 0. 4 0.7 0.8

Moisture 1.5 1.4 1.6 1.7

Characteristics of Some Secondary Rate of Detoation, ft/eec 14,500 16,000 11.400 18,700

High Explosives TNT Equivalent (Ballistic 83% 38% 9Z% 97. 5%
Pendulum Test)

The general characteristics of a number of (a) This used to mean the percentage of nitroglycerin present. It now

commonly used and representative explosives are only indicates tha relative strength of the dynamite within specific

given in Tables I and 2. Among the properties type.

TABLE 1. CHARACTERLSTICS OF EXPLOSIVES(7, 8)

Relative S~ns;*.t-it

Power From to :-"nact

~1:.ýzL ,ad- •h•elbd of Detotnation (Z-Kg Weight), Source Fr-.m

Block Test char~e V%-locity, Storge PA AP{-a), Wbich Explosive

Dxplosive (% TNT) Frepar.tci. It/se" Life Detonator Safety Risk in. i.% Available

T14T 100 Cz.'t 22,600 klediurn Spectal Fumes toxic 14 U. 3. Government

PFTIZ 170 PrevseA(d ) 27,200 Lxcellent No. 6 InterLal toxic 6 U.S. Covernment

RDX 170 Pressed(b) 27,400 Very good No. 6 Nontoxic 8 U.S. Government

Tetryl 129 ir-sskb1 25,750 Excellint Special Toxic to skin 8 U.S. Government

An -Fuel 0i -3 Loose mix 11, 0.0 Good -3pecial Toxic fumes -- Do Pont

Comp B 130 Cast 25, 600 Good Specý=a Toxic fumes 13 U.S. Governr-ent

Comp C-3 115 Wnad ahhped 15,000 Fair No. 6 Slightly toxic 14 U.S. Goveranrent

C•amp C-4 1I:0(W, Han,1 shaped 26,400 ,uod No. 6 Nontoxic 19 U.S. Government

J'etpiaheet AM4 ) Cut to shape 23, 60(4- Good Special Internal tox.,c r. Zz(e)

Detasheet G(d) Cut to shAe Z3,0GO Very 7-tod Special Internal tox%- :54+(e) Du Pont

MFX Preased'b) 22, (J00 No. 6 Hetcules

MTXP Hand shed 21 780 _'Z:. 8 Hercules

AEREX liqwd Lii,4d measare 21,000 Ne. 8 Aerojet
AEREX so~td Aand shaped No. 8 Aeroje-•

(a) Picatinny Arsergl test apparatus. (b) D-.pends on density -if 12itding. (c) Estimat-d, no da!: available.

(d) Available in a raige oi thicknesses, je) N-kg drop test.

L l • l ll l..,m . .



3

included in Table I are relative power and serssi- maximum concentration of the dust in air is 1, 5
tivity. Actually there are a number oa more orj r-illigrarn, pcr cubic m..eter. 471

less standard test methods which are used for the
W determination of each of these properties. For RDX (Cyclotrimethylene-

the most part, data generated by the various test trinitramine)(7)
methods are in general agreement in terms of
the relative power or relative sensitivity of the Pure RDX melts at 204. 1 C and has a
various explosives. The values reported in crystal density of 1. 816. It may be cast or
Table I for these properties were selected be- pressed to obtain higher densities. Although this
cause it was felt that the test methods utilized in is primarily a military explosive it is used in
obtaining them best reflected the conditions of combination with a number of other explosives or
interest in explosive forming. The details of the binders in commercial forms. Some types of
various test methods and the values for the test detonating fuses are loaded with this explosive.
methods not reported in Table I can be found in RDX is slightly soluble in water and is non-
the References 7 and 8. hygroscopic. Its sensitivity to detonation is

decreased when wet so it is shipped wet in the
TNT (Trinitrotoluene)(7) pure state. The equivalent explosive power of

RDX is about 170 per cent of TNT but will vary
This is a military explosive and is used as depending on its density of loading. It has a

a standard (with a rating of 1.00) in measuring the detonation velocity of approximately 27,400
1.0 power of other explosives. It has a detottation ft/sec.

rate of Z2,600 fps. It is relatively insensitive to
shock although it may sometimes be detonated by RDX does not appear to be markedly toxic,
a rifle bullet. It is only very slightly soluble in and cleanliness is the only precaution
water and can be used for underwater work with- prescribed.
out a moistureproof wrapping. This explosive
should not be u.sed in closed spaces, because its PETN (Pentaerythrite
detonation produces poisonous gases. TNT can Tetranitrate$(7)
be initiated with a Number 8 blasting cap, al-
though the presence of moisture reduces the sen- Pure PETN melts at 141.3 C and the crys-
siti-.ity of TNT and a cap more powerful than a tals have a density of 1. 765 grams/cc. The
Number 8 will greatly increase the reliability of explosive is very slightly soluble in water and is
initiation. nonhygroscopic although wetting the explosive

will tend to desensitize it. PETN is primarily a
Tetryl (Trinitrophenyl- military explosive -used in combination with other
methyln~tramine) 1') explosives. Special loadings of ?ETN aze found

commercially in sheet explosive and in detonating

Tetryl is a more sensitive explosive than fuse. This explosive haj, an equivalent power of
C TNT and as such is primarily used as a booster 170 per cent of TNT. It has an excellent storage

charge for the initiation of less sensitive explo- life but should be kept dry for most consistent

it is a :rnilitar.y explosive and is not avail- results. It has a detonation velocity of 27,200
able conun'sc•iallly. TVe e.•p-osive ir used in a a/sec.
pressed pellet form ana it-i density depends on the
pressure at which it was pressed. The pressure PETN is not ui-duiy toxic, since it is aearly

of compaction also determines the detonation insoluble in water. Small doses of PETN taken
velocity of the explosive; the velocity is gr-,ter internally cause a decrease in blood pressure and
for higher compacting pressures. The explosive larger doses cattse dyspnea and convulsions.
is very 3lightly soluble in water at room tempera-
ture aaxd is hygroscopic to the extont of only 0. 04 N'trostarch, Nitrocellulose,
per cent it. a 90 per cent humidity at 30 C. The Guncotton(7)
sensitivity of tetryl to shock and friction has not

!)ee;i found sufficient to necessitate packing in a These are all similar explosives and are
wet condition, a#s is requ.ired with pure PETN or used primarily in mixtures with other explosives.
RIX. The equivalent poxver of tetryl is about 129 Some dynamites contain nitroceflulese but its
per cent of TNT, depending on the density of the primary use is in the preparation of propellants
loading. The storage life of this axplosive is for the military and in the preparation of small-
excellent. "Tetry" has a strong coloring action arms ammunition or smokeless powders. it has
on the human skin and can cause a dermatitis. not been used by itself as an explosive in
The use of a cold cream containing 10 per cent explosive-forming operations. The explosive is
sodium perboxate has been found to minimize conewhat hygroscopic and absorbs moisture up to
these effects. Inhbaltion ,f tetryl dust has recog- 3 per cent. The absorption of moisture will
nized toxic effects, and the suggested permissible change the properties of the explosive and make
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it unpredictabie; this is the primary reason for been very limited due to special requirements
its limited use as an explosive. The dry explo- for charge-preparatinn equipm.ent and the- fact
sive is very sensitive to im;'a-ct, friction, heat, that it is not available commercially.
and spark. It is never han."Ied dry in bulk fqr
this reason. The rate of detonation is 24,000 Compositions C-3 and C-4(7)

ft/sec and it has very poor storage characteris-
tics. The characteristics of this explosive make These are plastic explosives which may be
it unsauitable for use by itself as ant explosive- molded by hand to the desired shape. C-4 is
forming energy source, only available from the military; however,

limited quantities of surplus C-3 can now be ob-
NG, Nitroglycerin() tained commercially. The C-3 explosive is a

mixture of about 77 per cent RDX and 23 per cent
Nitroglycerin is the primary explosive in a explosive platicizer, containing movonitrotoluene.

number of dynamites. In its pure state it is a It is a yellowish puttylike solid that has a density
colorless liquid and extremely sensitive to im- of 1. 60 grams/cc. It is much less sensitive to
pact. It has no application in its pule state in an impact than RDX and about equal in sensitivity to
explosive-forming operation due to the extreme impact as TNT. It has a detonation rate of
care required in handling it. This explosive has 25,1)00 ft/sec and it is about 115 per cent as
a detonation rate of 25,200 ft/sec when properly powerful as TNT. It is slightly hygroscopic to
initiated. It has an explosive power of 185 per the extent of 2. 4 per cent but its power is unaf-
cent of TNT. The explosive is stable at room fected by immersion in water. Composition C-3
temperatures and has a low solubility in water, is not unduly toxic, but it should be handled in a
It will not cause corrosion of metals with which it similar manner to tetryl.
may come in contact. Any contamination in the
explosive may cause rapid decomposition. Composition C-4 is less sensitive to impact

than the C-3 but can still be initiated with a No. 8
"Nitroglycerin is readily absorbed through blasting cap. It has a detonation rate of 26,400

the skin into the circulatory system of the human ft/sec and has a TNT power equivalent of abouc
body and vapors inhaled are absorbed by the i.Z0 per cent. It has a better storage life than
blood. The effect is a severe and persistent C-3 and is nonhygroscopic. It is also nontoxic so
headache, from which some relief can be obtained that no special precautions need be used in
with strong black coffee or caffein citrate. handling it. C-3 and C-4 have been used in
Workers in constant contact with nitroglycerin explosive-forming operations and are well suited
usually develop an immunity that can be main- to this purpose because they can be readily
tained only by almost daily contact. ,,(7) The shaped by hand to any configuration and size of
toxicity of nitroglycerin does not cause organic charge.
deterioration even with long-time exposures. All
explosive compositions which contain nitroglycerin Dynamites( 8 )
will cause the headaches mentioned above.

The straight dynamites are mixtures of
Composition B( 7 ) nitroglycerin and some inert agent such as wood

pulp. Some contain sodium nitrate and others
This is strictly a military explosive and is contain ammonium nitrate. Some dynamites have

not available commercially. It is composed of the nitroglycerin replaced with nitrostarch to re-
5. 2 per cent RDX, 40 per cent TNT, 1. Z per cent move some of the objectionable qualities of the
ptilyisoluctylesne, and 0.6 per cent wax. It is straight dynamites. Blasting gelatins are ob-
normally used in the cast state as a eutectic mix- tained by colloiding nitrocellulose with nitrogly-
ture which freezes at 79 C The solid Composi- cerin which makes the mixture waterproof. The
tion B is slightly more sensitive than TNT but less cost of glycerin and the tendency of nitroglycerin
than RDX in impact. The power of this explosive to freeze at some atrnspheric temperatures
is 130 per cent as great as TNT. The detonation prompted the partial replacement of nitroglycerin
velocity of the cast explosive is 25,600 ft/sec. by nitrated diglycerin, sugars, and glycols.
Several variations of this explosive are used in Antacid materials, such as calcium carbonate or
the military which have slightly different impact zinc oxide, have beer added to most dynamite
sensitivity and equivalent power. The explosive compositior.a to neutralize any acidity developed
is practically nonhygro.copic and it is very stable during storage.
in long-time storage at moderate temperatures.
The main advantage in using Composition B is the Most of the commercial dynamites are
ability to cast charges to shape and size providing described by strength designations on a percentage
the equipment is available for melting and handling basis. This used to mean the percentage of nitro-
it. Some of. this explosive has been used in glycerin present. It now only indicates the rela-
explosive-forming operations although its use has tive strength of the dynamite within specific types.
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Characteristics of the various dynamites have should only be considered for applications in
been given in Table Z. Use of this table requires which it is essential ihai an xplukslve charge be
knowledge of the compositions of the dynamites initiated simultaneously across a long secion.
available commercially from the manufacturers. The explosive is also available in standard cord

and ribbon geometries. Other extruded shapes
The use of dynamites for explosive-forming are available on special order.

operations is not recommended because their
instability in storage tends to preclude reprodudi- MFXP Explosive( 11)
bility. All dynamites tez d to exude nitroglycerin
when stored for 6 months or more and become This is a putty type of explosive which can
soft. Thc nitroglycerin which is exuded makes be hand molded to shape. It is available from
the dynamites very sensitive to impact and toxic Hercules Powder Ccmpany. The explosive re-

ne. to handle. Although some companies have uscd quires a No. 8 cap for consistent detonation and
ty dynamites in explosive-forming operations by re- has a detonation veloc.ty of 21,000 ft/sec.

packing to the size and shape required, this prac-
to tice can not be justified as a general practice. MFX Explosive(il)

Detasheet A and C (EL-506) 9 ) This is the designation applied to pressed
charges made to order by Hercules Powder

Detasheet is essentially (PETN) explosive Company. They are available in various sizes
combined with other ingredients to form a tough (cylindrical in shape with a well to receive a
flexible sheet which is supplied in the convenient blasting cap). The explosives may be letonated
size of 10 by 20-inch sheets. It is available from with a No. 6 blasting cap.
Du Pont. Several different compositions are

.ct available although the C series is preferred due Aerex Liquid Explosive{-I)
8 to its greater flexibility and long shelf life before

drying out and becoming brittle. This explosive Another specialty explosive made specifi-
is waterproof and can be used as direct contact cally for explosive-forming operations is Aerey
charges or can be cut and shaped to the desired liquid explosive made by the Aerojet-Generat

so charge size for standoff operations. Various Corporation. The unique feature of this explosive
thicknesses of sheet are available with loadings is that it is stored as two separate liquids,
up from 1/2 gram/in2 in the C series. Various neither of which is explosive by itself. The
layers of the sheet may be placed together to explosive charge is prepared by mixing the two
build up to the charge size required. This explo- liquids in the proper proportions. Since it is
sive should be initiated only with special high- li.quid, shaping of the explosive charge is no
powered caps since it is rather insensitive. This problem, as it will take the shape of the con-
becomes even more critical as the thickness of tainer. Plastic or glass containers may be used.
the sheet explosive is reduced. The explosive It has a detonation velocity of 20,000 to 22,000
may be glued onto a backup material for charge ft/sec and -.as about 80% oi the power of TNT. It
shaping if desired. A good all-purpose adhesive is sold in -inimum quantities of 5 gallons and it
which may be used is Minnesota Mining and is one of the less expensive explosives. A solid
Manufacturing Company Adhesive CTA-i (thinned Aerex explosive is also now available. It consists

e with naphtha). This explosive is one of the safest mainly of the liquid explosive with the addition of
on the market commercially, but the cost ia still ammonium nitr-ate to obtain a solid. The solid
rather high due to the limited quantity produced. Aerex explosive is slightly less powerful than the
It was developed and mainly used for operations in liquid.
the explosive-forming and -hardening field. It
has a detonation velocity of 23,600 ft/sec for Type Detonating Fuse( 13 )
A and 23,000 fi/sec for Type C. The thicker the
sheet the higher the detonation velocity. Type C Most people in the explosive industry now
has recently been given a military designation and call detonating fuse by the trade name Primacord.
wvith increased production, its price can be ex- It was originally developed for initiation of mul-
pected to become more reasonable. tiple charges of explosivea by using only one cap.

Its versatility because of ease of hand shaping the
A special shape of this explosive is available desired charge has resulted in its extessive use

as a line-wave generator and consists of a trian- in explosive-forming operations. Primacord con-
gular- shape sheet which has been perforated in sists of a small filament of an explosIve material,
such a manner that "nitiation at any one apex of the normally PETN or RDX, and a protective coating
triangle generates a line wave at the opposite side of plastic or some water-repellent material. The
of the triang)e. (10) The sheets can be obtained in explosive is sensitive to water and the ends should
thicknesses of 0. 050 and 0. 168 inch. Since be protected when underwater operations are con-
the explosive is flexible the line-wave generator templated. A roll of Primacord held in storage
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for some time may become damp near the ends. similar loadings may be available in different
In starting a new operation it is best to cut at loc-lities. It i- therefo&re suggctied that the
least 6 inches off the end of the roll to be assured local explosives distributor be contacted to deter-
of consistent quality in the explosive. Failure to mine the types and prices uf explosives a% ilable.
take this precaution or to seal the ends from Primacord is normally sold in rolls.
water when immersed may result in misfires,
especially if a No. 6 cap is used. Detonators

Mild detonating fuse (MDF) is a line explo- A wide variety of detonators are available
sive available in charge loadings between 20 and which can be utilized in an explosive-forming
1 grain per foot. In order to obtain consistent operation. The selection of a detonator depends
detomntion with an explosive charge this small, it first upon the requirements of the explosive to be
is necessary to encase the explosive in a metallic initiated and then upon secondary characteristics
shield. Lead is normally used for the shielding of the detonator itself such as electric or non-
material. Although MDF was developed specifi- electric activation, sensitivity to stray currents,
cally for aircraft armament work, it has been et.
used extensively in explosive-forming operations
where a very small charge is required. The Selection Based on Explosives
bulging of small-diameter tubing is one example
of this application. Explosives have an initiation sensitivity

which requires not only that a sufficient force be
Most of the Primacords available may be applied but that the application be sufficiently

cut to length with a knife. They should not be cut brisant in character to assure detonation of the
with pliers since a buildup of the explosive may explosive. It is possible to use less powerful
occur in the joints of the pliers and cause an cape on the less sensitive explosives if an inter-
accident at a later time. End priming should be mediate booster is used between the cap and the
used for the smaller Primacords while parallel explosive. Uring a booster, however, is nor-
priming may be satisfactory with the larger load- mally undesirable since it complicates the explo-
ings above 100 grains/ft. Primacord may also be sive setup. The best approach appears to be to
used for connecting separated charges or may be select a cap which has sufficient power for the
used as the charge itself. direct initiation of the explosive. A Number 6

cap, one of the least powerful caps in commercial
Specific information on the various types of use, is primarily utilized for the initiation of

detonating fuse available commercially aro given dynamites and PETN Primacord. A Number 8
in Table 3. Different types of detonating fuse with cap should be used with RDX Primacord and most

of the military explosives. For the detonation of
sheet explosive, special caps which have a aeavy

TAULE 3. DzTONATn4G FUSE•(
3  charge should be considered. For specific cap-

Explosive Deto~nton abilities of the various caps in common use in
Loading. Velocity, Intiation D.ameter, explosive-forming operations see Table 4.

trade Name(a) grains/ft Coating ft/sec Cap Size No. in.

Detacord 40 Cottan 20,800 6 0.175 TABLE 4. DATA ON BLASTING CApS(14, IS)

PETN No. 30 30 20,500 8 a . ISS

PETN No. 40 40 Polyethylene 20,800 6 0.180 ing. No Fire
P.TN No. 50 50 20, 800 6 0. 198 Detonator Exlosive •taiii Current Explosive Used With
PXTN No. 50 50 Reinforced 20, 800 6 0. 202
PETN No. 50 50 Plastic 20, 800 6 0.200 No. 6 PETN 4.9 0.28 Dynamite and PETN Primacord
PZTN No. 60 HV 60 Polyethylene 22,600 6 0.200 No. 8 PZTN 6.9 0.28 Dynamite and RDX Primacord
PiTN No. 60 60 Plastic wire 20,800 6 0. 236
PETN No. 100 100 Polyethylene 20, $00 6 0.24Z E-83 eangineers(o) PETN 13.5 0.21 Sheet explosive TNT, C0-4

PETN No. IS0 150 Polyethylene 20, 800 6 0.28S 5-75(a) PETN 13.5 0.21 Extra-streogth application
PETN No. 175 175 Polyethylene 20,800 6 0. 305
PXTN No. 200 200 Polyethylene 20,600 6 0.325 5 - 4 (&) RDX 7.0 0.30 Crimp ad for Primacord

P.5TN No. 400 400 Polyethylene 20, 900 6 0.426 E-i4 E.(a) PETN 13.5 0. JO Sbaet explosive

RDX No. 70 70 Vinyl 20,800 8 0.197 EBW-XSC-I(b) PXTN 4.23 Ici EI uivalent to No.8 cap
"RDX No. l00 100 Vinyl 20, 800 8 0.234

Mild Detonating• ruge (a) Trade desigastious of Ds Pont.
M i) Trade desigustio-s of Librascop".

MDT Type A- I PETN, I Metal 21,000 8 0. 40 (c) No fire with 500S fron l-iicrofarad capacitor.
grain/ft

MDT Type A-2 PETM, 2 Metal 23,000 8 0.040• ritftf Selection Based on Function

MDF Type A-5 PETN, 5 Metal 22,000 a 0.073
grain/f There are various types of delay caps avail-

MDTFToeA-10 PE•, 10 Metal 24.000 $ 0.1 5 able, some of which have been used to a very
.. .r-/. ZS _ M limited extent in explosive-forming operations.

(a) The trade names given are for Do Post expl&,ives. Similar exp'osive- They might be considered where a delayed initia-
deto0atting fuoe sometimes called Primacord is sold by other explosive
manufacturers. tion at various points is desired. Normally the
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delay times available in such caps are too short ilh sfrated in Figure I consists of a die corn-

for practical applications in explosive forming due pletely enclosing the energy source. This system
to the small distance over which the charges are has been used with propellant charges and for

.e. separated. some small-diameter tube forming and piercing
operations with high explosives. (16) The closed

Another aspect which might be considered system has distinct advantages for the forming of
when selecting blasting caps is the sensitivitv of thin materials to close tolerances because the
the cap to stray current. Most of the commercial sustained pressure tends to set the material to
caps available have a no-fire current of 0. 32 amp. the die. The confined system with explosive
Special caps with higher no-lre currents can be charges has been used for some close-tolerance
obtained but the quantity required is normally not sizing operations on thin-wall tubing. However,
sufficient to obtain a competitive price. One limits on the maximum part size which an be

s technique which appears to be workable is to shield produced, die erosion, and possible hazards of
the lead wires of the cap with a grounded metal operation have been prime factors limiting its
sleeve when the caps must be used in a high-RF- use. As part size is increased with a closed-die
radiation area; however, it is best not to attempt system, the thickness ,f the die wall must be
to use electric caps under these circumstances, increased proportionately and a point of un-

economical die construction is reached very
A number of companies have examined the quickly, usually at around 2 inches for a tubular

use of exploding-bridge wire systems for the section. When forming a part with a shape other
direct initiation of explosive, thereby eliminating than tubular, the critical size will be reached at
the need for the blasting cap. One company has an even smaller size. Deterioration of the die
marketed a high-energy detonation system based cavity is common with closed-die systems as a
"-n the exploding-bridge wire concept but the price result of continued gas erosion. In addition, die
of the individual units far exceeds the price of failure in a closed-die system is much more
conventional caps. (14) If the demand for this type likely to result in a shrapnel hazard from the
of detonator increases, it is possible that the cost fragmented die than in an unconfined system.
of a system completely safe in an RF field would Since the confined system has had limited use
be competitive. A number of companies have not up to now, its future does not look promising.
waited for this reduction in cost and have devel- This report deals largely with the unconfined
oped their own high-energy-rate detonation system, which is in widespread use.

LI systems. The development was not always based
on the need for a safer cap but in mo-t cases de-
veloped through a requirement for line-front
detonations which could not be obtained without the Preor
ise of an explosive line-wave generator. A line der
initiation from an exploding-bridge wire provides vTop Die Half/
a linear detonation front without the use of auxil- L//,

iary explosive components which may be prohibi-
tive in some operations.

Consistent detonation across a wide front of
explosives can also be obtained with waveguide
exrlosive generators. The size of the waveguides
available today limits the application to approxi-
mately a 10-inch front length. Exploding-bridge
wires offer possibilities for extending the length of
front which could be detonated successfully and
consistently with a high-energy-rate source. Most
of the setups which have been used for a high- A-479f7
energy-rate detonation of explosives have been Bottom Die Half avity
limited to homemade devices since none is avail-
able cormmercially at a price within range of the
blasting caps.

FIGURE 1. CONFINED SYSTEM OF
EXPLOSIVE-FORMING TECHNIQUES EXPLOSIVE FORMING(5)

Systems Courtesy of Olin
Mathieson Chemical

Explosive-metalworking operations r.an gen- Corporation.
erally be classified as either coifined or uncou-
fined systems. The confined or closed system as
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The unconfined system, illustrated by Fig- The mee iumn within which the explosive is

ure 2, consists of a single female die with a blank detonated plays an im ,-.t.nt par: in detcrmining
held over it and an explosive charge suspended at the efficiency of the system. As the density of
a predetermined position over the blank. The the medium increases, the efficiency of the
complete assembly may be immersed in a water system increases. This can be readily illus-
tank, or a plastic bag filled with water may be trated by comparing the results of a cup test in
placed over the blank, air and under water using the same explosive

Firing Leads charge and standoff distance. Under these cir-
cumstances the underwater test will, in all
cases, draw a much deeper cup and may even
rupture it.

Under normal operating conditions it is
best to detonate explosive charges as far below

-Detostir the surface of the water as possible. This re-duces the amount of water which is thrown by the
Forming explosion and the amount of energy lost through
Wows venting the gas bubble to the atmosphere.

Adequate efficiency is obtained provided the dis-
tance from the charge to the surface of the water

____ is at least twice the standoff distance. When a
"�"Hold Do charge is fired under water, a shock wave
Ring moves out from the explosive and is followed by

Blank the expansion of a gas bubble from the detonating
.. . -Sling charge. If the gas bubble vents to the surface

Seaing before it impinges on the part being formed, aRing considerable amount of energy will be lost. With

Female charges sufficiently deep in the water, several
Die cycles of expansion and contraction of the gas

bubble can be noted. Each time a bubble ex-
A-47968 pands, an additional pressure pulse is trans-

FIGURE 2. UNCONFINED SYSTEM OF mitted to the part being formed, but these pulses
EXPLOSIVE FORMING(5) are not severe enough to require consideration in

Courtesy of Olin Mathieson the explosive-forming process.

Chemical Corporation. The variations in energy level delivered

The unconfined system is inherently inef- from various shapes of charges are small when

ficient because only a small portion of the tot fired in a water medium, providing the standoff

energy released from the explosive is used in the distance is 1 foot or more. When charges are

forming operation. With explosive forming the placed closer to a part, within 1 or 2 inches,

explosive force acts equally in all directions, energy-transfer mechanisms from the explosive

sending out shock waves radially from the charge. to the workpiece change. An example of these

Although the unconfined system may be inefficient effects is shown in Figure 3.

in the utilization of energy, it has other advan- In standoff operations in water or in air,
tages which make it economically attractive, the amount of energy or peak pressure delivered

Tooling for explosive forming can be made can be readily calculated from standard formulas.
The optimum location of the charges for formingsimple, with a reduction in cost of up to 80 per o otprsi atro ies pnos

cent over that for tooling required to perform the of most parts is a matter of diverse opinions.

same operation by conventional techniques. The However, generally speaking, a cylindrical
charge or point charge is located near the center

ber of a die set is required, with the explosive line of the part and at a distance from the part

shock waves acting as a punch. The tooling is which is related to the span of the workpiece over

loaded in compression to a greater extent than in the die cavity. This can vary according to the

tension. Since most die materials can Sustain a shape of the shock wave desired. In large parts,

much greater load in compression than in tension, it is generally impractical to use a point-type
charge. In forming large hemispheres or end

lighter dies can be utilized. The cost of the closures for rocket motors, Primacord, shaped
explosive is normally very small in comparison ilare lop aocae d lose to theo erwith die costs, so that an economic advantage is in a large loop and located close to the outer

withdiecost, s tha aneconmicadvatag is periphery of the part, is usually used.
generally obtained through the use of the uncon-

fined system. Simplicity of operation also con-
tributes to the economy of the system.
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obtained. The amount of modification which is

ing 11til;7.,l 4 the, t.en,1nivp-fnrmrinv depends on the
specific type of charge required. The use of

.L. Primacord is quite widespread throughout the
-- inch standoff I-inch standoff industry due to the ease of handling and the

n varieties of loading densities available commer-
cially. Sheet explosives have been used to give
plane waves over larger areas, although they
have limited applications in sheet-metal forming.
The flexibility of the sheet explosive also sim-
plifies charge preparation. Some of the other

1l-inch standoff Atypes of explosives, such as Composition C-3 or
A-47961C-4 plastic explosives, can be readily molded by

v hand into a ball or other type of shape. Com-
pacting of charges from powdered explosives on

:he the site has normally been avoided. The castable
h Fmilitary explosives such as Composition B or

FIGURE 3. EFFECT OF STANDOFF ON CUP TNT have not been used to any great extent mainly
SPROFILE( 3 2 ) due to the requirement for special facilities for

er Material 2024-0 aluminum:explo- melting and casting of charges from these explo-
sive disk EL 506A:media water. sives. So-ne of the commercial explosives such

as dynamite have been recompacted, or the sticks
Y Many producers using the process prefer of dynamite cut to give the size of charge desired.
ng to have a smaller number of charges, if possible, Handling of dynamite for recompacting is gen-

and, if at all practical, to use a single charge. erally avoided due to the possibility of assimila-
Others have found that the use of small charges tion of nitroglycerine by processing personnel.

ith and a number of shots for the forming of one part Also, commercial dynamite, in storage, tends to
will permit the use of lighter dies and more segregate and when the individual sticks are
consistent control of the process. broken up, it is very difficult to obtain reproduci-

ble charges.

Reflectors
Connection of Blasting Caps

in In so:ne caseu, the use of reflectors for
explosive charges ha5 proved to be very helpful. Table 4 gives some information on blasting
Howt.-er, predicting the amount of peak pressure caps. The proper blasting cap should be selected
obtainable from a reflected charge is rather diffi- for the explosive which is to be detonated; an
cult at the present state of the process. In some improper-size cap often results in misfires or
cases, the amount of localized work has been deflagration of the explosive and pieces of the
doubled by using reflectors over certain areas of undetonated explosive charge broken up by the cap
parts. Reflectors are only used when a greater will accumulate in the water. This, o' course,
amount of energy is required, as in certain areas should be avoided. The blasting cap should be
of nonconcentric parts. In the forming of non- affixed to the explosive charge in such a manner
concentric parts, it is also possible to locate as to eliminate any possibility of the cap coming
charges off-center to obtain a greater amount of loose during immersion in the water. It is some-
force in the areas where it is desired, times necessary with the less sensitive explosives

to bury the cap in the explosive charge itself to
5. Holding the Charge in Position assure consistent results. Specific information

on methods for placing the cap on the explosive
Normally, wire or masking tape is used to charge should be obtained from the explosive

hold the charge in proper position relationship manufacturers. Electric blasting caps are in use
to the workpiece while it is immersed in the in all explosive-forming operations today.
water. The only requirement on such holding

r devices is that the charge be maintained in its Preparation of Material Prior to
proper location and not displaced by water flow- Explosive Forming
ing in and around the charge as the die is im-
mersed in the water tank. Some materials should be prepared for

metal forming in order to protect their surface
Charge Preparation finish or to insure maximum formability. To

protect the surface, consideration must be given
Many of the explosives %i.sed in explosive- to possible damage from a blasting cap or other

forming operations must be modified slightly material which may be projected against the
from the commercial form in which they are workpiece and to the possibility of corrosion
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during or after forming. rhe type of protection amount of ductility. For titanium and refractory
necessary will vary according to the material metals., elevatd te.m.Perat.s... shuld be con-
under consideration. Titanium alloys and sidered for explosive-forming operations. Most
alurnintm alloys normally require a protective of the other materials, such as aluminum alloys,
covering in order to prevent damage from frag- stainless steels, mild or low-alloy steel, copper,
ments from a blasting cap. Other metals, such nickel-base alloys, and most of the high-strength
as stainless steels, do not appear to be adversely alloys can be explosively formed without the use
affected by such flying fragments. In addition, a of special heating devices in the forming
few materials, such as most of the magnesium operation.
alloys, require protection from corrosion in an
un'jerwater forming operation. This can be It is some'imes desirable, when deep form-
accomplished by waxing or by covering the blanks ing is required, to conduct the forming operation
with thin polyethelene sheets, in a number of steps rather than to attempt to

form the part with one explosive charge. In
Normally the same type of defects which some cases the materials will retain enough

adversely affect the formability of materials "n cauctility so that this can be accomplished without
conventional forming are also deleterious in intermediate anneals. At other times the
explosive forming. Material with a ;round sur- material will work harden to an extent that fur-
face frequently has less ductility than the same ther forming is not possible and it will be neces-
material with an as-rolled surface. Material sary to anneal the material prior to continuing
with directional properties should also be avoided, with the forming operation. Standard annealing
The purchase of cross-rolled material for treatments for the material should be utilized in
explosive-forming operations is desirable. this case. The number of intermediate anneals

which may be required will be dependent on the

Edge Preparation material characteristics and the severity of the
deformation. Some materials, such as the pre--

Edge preparation to smooth out rough edges cipitation-hardening stainless steels, do not dis-
is more critical in some types of explosive- play the same work-hardening characteristics in
forming operation than in others. Edge prepara- explosive forming as they do in conventional
tion is normally not required for blanks which are forming; however, normally. conventional-
to be formed by deep drawing with a hold-down forming operations may be used as guidelines in
ring. When forming parts without a hold-down determining the amount of deformation that can
ring, as in driving a blank into a tapered die, be obtained between intermediate annealing steps
edge preparation may be essential. Similarly, by explosive forming. Sometimes stainless steel
polishing of edges is sometimes necessary for alloys may be detp drawn by explosive form:ng
parts to be formed on a conventional hydropress, in a number of shots without intermediate anneals,
but not for parts which are formed by deep draw- whereas spinning requires intermediate anneals
ing on presses. The edges produced by sawing, for the same part. In most cases the deterrrtina-
blanking, and shearing operations are normally tion of the requirement for intermediate anneals
satisfactory for explosive forming, although some must be determined by experience in the particu-
materials such as titanium are more sensitive to lar forming operation because information is
edge conditions. In general, special polishing on lacking on the response of materials in explosive-
the edges of blanks to be explosively formed is forming operations.
not warranted, but excessively rough edges are
undesirable. Burrs left on the surface of the With some materials, such as the pre-
material can cause erratic effects especially when cipitation-hardening stainless steels, the explo-
the hold-down rings are being utilized. Such sive-forming operation may be considered an
burrs should be removed, possibly by filing, prior integral part of the thermal treatment. The pre-
to explosive forming of the pieces. cipitation-hardening stainless steels are normally

solution annealed, deep-freeze treated, and then

Thermal Treatments aged to develop the full properties. By explosive
forming materials in the solution-annealed condi-

Most materials are explosively formed in tion, the deformation will tcnd to transform most
the annealed condition. In some sizing operations, of the austenite to a martensitic type of structure.
the materials may be formed in the hardened con- Any retained austenite can then be subsequently
dition. The forming of materials in the hardened transformed to martensite by the deep-freeze
condition is generally limited to very small treatment z'nd then aged to develop the full pro-
amounts of stretching, in the neighborhood of 1 or perties of the material. By the use of this tech-
2 per cent. nique the solution-annealed treatment may be

eliminated from the final thermal-processing

Some materials must be formed, at elevated cycle. There are some indications that this tech-
temperatures in order to obtain the desired nique increases the tensile strength and ductility



ry of the precipitation-hardening stainless steels. 17) residual stress in the weld area and this m-- be
At the prebeni time it i1b nut iw. . .whether thz d.t........ tal to tAM f _ . . . To .... av i.

)st same type of processing would be useful for con- poor ductility at or near the joint it is often desir-

ys, ventional forming of the same materials, or not. able to anneal, or otherwise heat treat, preforms

)e r, between the welding and forming operations.

gth It is necessary to stress relieve some

se materials immediately after explosive-forming When parts with weld beads in critical!

operations to prevent delayed cracking due to high-stress areas must be explosively forme
residual stresses. This is especially true of the it is scmetimes useful to use a buffer m"'*ri .1,

materials which have been work hardened close such as rubber, over the weld area. T se of a
"m- to the upper limit of their mechanical properties. rubber pad will decrease the loading r, id

on Stress-corrosion cracking may also occur in result in less severe impact conditions , the
some of the materials if high residual stresses weld. The buffer material must be placed tightly

are not relieved. The susceptibility of parts that against the surface prior to forming since water

have been explosively formed to stress-corrosion between the buffer and the part will result in

out cracking has been four.Ai to be greater than that of errat:c behavior and possibly in failure of the
parts that have been formed the same amount by blank at that point.
conventional forming techniques. Therefore

techniques must be considered to eliminate the EXPLOSIVE-FORMING FACILITIES

possibility of stress-corrosion cracking in explo-

sively formed parts.( 1 8 ) Since explosive-forming facilities are of a

n highly specialized nature, particular attention
Forming of We~ds must be given to their location, cesign, equip-

ment, and operation. The need for close safety
Any tiyae that parts must be explosively control is emphasized in each of these categories

formed fro'n blanks which have weld beads, and is perhaps the dominant factor in the facilities
special '_onsiderations shiould be given to the weld that exist today. As in other production-oriented

n area. It is desirable that parts requiring welding operations the economic,; of production are ifn-
be designed to place the weld in an area where the portant. Continued operational experience has

least amount of deformation will occur. The resulted in improved process economics while a

welds may be expected to stand approximately 5 high level of safety has been maintained. Con-

to 10 per cent less deformation than the parent sidering that the explosis'e-forming industry is
s material before failure occurs. Once a welded still in a stage of rapid growth and development

part has been explosively formed it is very the information presented is intended to provide
unlikely that any difficulty will be encountered only a general review of the factors influencing
with the welds in later processing, or during the the location and design of explosive-forming

service life of the structures. The quality of the facilities and their equipment and operations.

welds should be good and of uniform characteris-

tics so that maximum weld ductility is obtained Location of a Facility

for the explosive-forming operation. Use of auto-

matic welding equipment can be useful in Lhis There are four primary considerations in
regard. Explosive forming will serve as an the location of an explosive-forming facility;

excellent inspection technique on the welds since safety, local regulations, economics, and com-
any defects usually show up as cracks. Welding, munity relations. Decisions based on these fac-

of course, introduces a cast structure into the tors should include the anticipated initial use of
blank and mcat cast structures are rather sensi- t:.e facility and projected future requirements in
tive to impact-type loading. It is therefore advis- order that continued operation may be maintained.

able to use roll planishing which breaks down the The influence of t~.ese factors is treated in more
y cast structure of the weld beads to a more ductile detail in the subsequent discussions.

wrought condition on welded blanks and preforms

which are to be explosively formed. Very little Safety

difficulty has been found in the explosive forming

of tubular parts made from welded and drawn From the standpoint of safety, the important

tubing, for the welds have been worked suffi- points to be considered when locating a facility
cientlv to eliminate the cast structure, are the case of eliminating outside hazards and of

controlling access to the area. Where large or
If weld beads are not planished, the surface extensive operations are contemplated, all con-

of the bead should be at least ground flish so that siderations except possibly economics suggest
the blank will lie smooth against the die during that an isolated area is the best location for an

the forming operation and the bead itself will not explosive-forming facility. Control of the area
cause bulging. Although weld beads are often should be maintained with a security fence. The

ground, improper grinding practices can introduce hazard zone should be cleared so that a visual



check car, be readily made during any time the field and RF' enf:r~gy, prie r #t! the irstallation. of a

i.acilty is in operation. The operation may also facility to datermine if these hazards exist. After
require roomn for the placement of reraote explo- a facility is in operation, an electronic signalling
s~ve storage magazines, device can be constructed to warn of RF energy in

the area emanating from passing aircraft or
The locatio.,n of a facility in an arid region mobile transmitters; also, small devices can be

has aiefiirite ndvantages on the. basis of an outside obtained fromi explosive marntlacturers which will
operation for 4i.e rediuction of f.dcility cost, but fire when exposed to a low level of RF energy
safety can be % problem with regard tc, the bu-Id- To be effect~ve, these should Le placed at hiter-
Up OA static -ele ctric a-harges on t.*e operatinf, vals around the periphery of the facility.
personnel, Static chargeoz ran inritiate elect *ic
blastirg capiz; the~reiore, op'erations unoer s~ch 

-000-

conditions nivist 5avc some- provision for eliminat- -. OX
ing the static charge f-rom the personnel. The I
use -,f co~tduztlive shoes or spurs to give cor'tact or ~
b~tt~eern the personnel and a metal floor plate; will
prc'-ide the r~equired protection. Even with the
g rou:nding of the personnel, it is be6t to secure
tr.e operation if the wird velocity exceeds 15 '0,
miles per hour.

The location of an, explo~i-ie-forrwing '0
facilitv within close range of %aay ele'-troma.-netic
radiators such as radio, TV, FM, )r ran-ar
installations of any type should be avoideod, since
RF ent-rgy can fire electric blasting :aps. A
graph for o~btaining safe operating distances from
transmittei s of various power output s ib giver
in figure 4. It aixould be e~mphasized that obe E
trausimitters mnunted on vehic~es are e--tim more 1000
dangerouL,, since thfir whereaboute ia thec rea
ir: not always known until it is too laxte. To I_____
elirninata the possibility of dznger ir,.-n RF___
energy, a facility should not be located -v~thin
7000 feet of any transmitter. If it ii% found nxeces-
sary to operata a facility within close range of a
transmitter, i' is best 'lo r.:as~der the erection of
a, metal -shield which would reduce the hazard
involved. A sheet-metal building will serve this 100
purpose jr the use of shielding over the blaeting-. C' 000 2000 3000 4000 5003 6000 70000
cap wires inaf also be used. Explosive -forming S'2f( DistarnC in Feet A-47971

facilities have been operated within close raange
of transmiflers for several years now without FIGURE 4. TRANSMITTZR POWER VERSU.'
incident, although the hazard is still t-here J SAFE EX-2LOSIVE OPERAT'ING,
proper precaulionEs, are not ma.-ntained,. OISTAUCE(Z0 )

A strong induction field should ilso be In~stitiute :)f Makers of Explos~vas,
avoided, since under certdn concnions, it caz 1956
result in the prema~ture firing of tLlasting caps.
When precautions are~ taker. to elimingta the Local Reglta~tons
hazard from X(F znerby, ;% posaibie .nisbap from
an induction field becomes m~ore iikely. The Each -..rea of the cr-untry i. zs differenmt local
shielding of wires oy grounding of onc leizd wire re-txLktiza6 wi-ich must be .ýxannlned belore tlt'
to the cap can ery!Pblion a circuit in the cap leads s'd1ection of a site for an. explosive-fcrm;.aa
which makes it ;deal for ielig uenofn facility. The reg-dations may be in the ?orzrn of
inductive nature, "- duction fields, are obtaiued -mouing _codes,., laws by :.ocal and eiate govern-
only when Lbere is a !larýgv arnount of current mentp-, or even natioual iaiism, althotigh tht; latter
flowing through a conductor in the area. Areas dýýal mainly witr. interstate tranzportation c,1
with underground cables, or even areas in which explosives. The *sttitude of tme comintity wi~-4in
a current is applied to pipeline a to prevent corro- which the facilit1y --s t', b-- nperated m1&rt cani~e
sion, shioull be avoided. A simple circuit can be difficulties el~h;ýr pr--r to establishing the ;Acility
prepared to cheenx the area for both inductive or in the fature wben t! e nced for exwpr'eion



OfL % rieecs. Whiv'e there are no laws rastricting the deleterious effects on the operation of other
After us5e of explobives, some basic steps should be manufacturing equipment. Most electronically

alling taken to ascure that the shipping, storing, and controlled equipment such a3 controflers for
'rgy in handling of explosivt-, will comply with the ittter- heat-treating equipment or automatic welding

state commerce safety regulations. The Blaster's equipment are very sensitive to shock vibration.
n be Handbook,(19 ) safety bulletins published by the A geological survey of the und--rrground rock
h will Institute of Ptxplosive -Manufacturers. (49 1 and atrata can pinpoint possible areas of difficulty

ymil~itary documents(U1 ) may also be useful. prior to the start of an installation and can result
'te r- in a con'3iderable saving of time and money, due

in general, most reguldtions apply tn the to improper location of & facility. In operations
possible noise nuisance of an explottive-forrming where equipment such as drop hammers or heavy
operation and most of the noise can be elimina~ted presses are in use, the amplitude of the restult-
by firing underwater, The safe storage oi explo- ixig sh~ock waves often exceeds the amplitude of a
sives to prevent unauthorized access is normally shock wave from a high explosive charge. If the
a regulatiozi which is necessary and should be water-table level is close to the surface of the-Hstrictly observed. Each year, there are nunmer- ground, a greater amount of shock-wave energy
ous accidents resulting from stray blasting caps will be transmitted than if the ground is dry.
falling into the hands of children. Lawsuits can Good drainage around the explosive-forming
result, if it is proven that the. explosive material water tanks can, therefore, aid in rý-duciag the
was not properly secured. energy of a transmitted shock wave.

When selecting a site for present production Labor cost is one of the major items in the

capabilities, the future applications should be operation of an explo sive- forming facility.
also reviewccn. Although the initial operation may Hazard pay may be requested by employees

futue my b Drhibicd.A god.examle f tis peraion itis estto consider only properly
irdgt te arequremnt o prduc lage q.-rs taind pesouclforworking with the explosive

whic cold ot b- hndld inthepreent aciity chares.Hirngpervonnel. with experience in
due o sze o th neessay carg. rh ex"- xploiveopeatios wll rovide the required

sion needed tý) zeet production requirement; know-how fo,: the txplosive chargzs, but the
----4could very well be prohibited. The selection of a metalworkiing knom-Indge may be lackcing. The

site which does not allow for ex-mnsion should be explosive-foz-maig industry has not grown to the
a roided. point where thiere it an excess of personnel

trained in its operation. Consequently, obtaiin
Clce~ey related to local regulations is the trained personnel appears uulikeiy unless a high

possibility ctf lawn-jits arising iforo the operation premium is paid. The alternative is on-the-spot--1of an exploci-ie-fnrnaing far-ility.. Su~ts can take training of personnel.
Ithe fo~,n of actua! dazmiages or 3mplied c. - mgs

either of whic% can retult In a considerattle loss Th~e mxnagemnent of facilities which are
17C00 of time andi mc.#y A s&uit of this type may be presently undey operation varies. Some cowpan-

971 very diffic-At to prove one wa-y or the *the r. ies ha-oe established separate departments to
Several incidervts i4f thlo nature. ?-%ve been carry out tb,. explosive-forming function, while
reported. othcrsr haye attempted to integrate the operation

into the ragular manufacturing sequence. It is
Economic q 4Interesting to zote- that the leading companies in

this field ha"e maintained the operation under
slrhe eco-nonxi.s involvo.i xi, the location cl a engineering contral, and have stafftd et with high-

facil~ty will probxbý.- b*- of pri-ae cc'nsiderktion to caLiber peritomrscl. The ratio of eagineers to
a ina~iufacturet. If a facilit- it. locat'.d in zn iso- *echsuicians is sometimes am high as i to 1. The
lated arecz, u. it# de~iritble, it mxay be so far re- high perc~rntage of technically traink~d personnel
moved frowi other rieated xr-A.-ufacturiN~ as to bce being utaized in the operaations of explosive-

'Cal impractical. TViis may vell occur unlei a the Lorrming facilities i%. probably due to the trial-and-
iacilit'j can he a corriretely iztegratý,4 ope'!atic:a., error state of the proc.itss. Probal-ly this per-
aveltiding both die and material preparation.. lovei centage will decrease its more iviforwation on the
with an ýintegrat.ad operatign, the cost of sbliappwr pr~ceia. and better training -A personnel is made
mazi-rials t,) auc) xrom tC±e facility may makg the yossit'le thrnugh -ontimnv.n operations.

ter *-pe ration unecc-nomictil.

bin Tht- locatic:ýn oC a facliuy near othe-r manr.-
e £acturi-Ag opt:;'atic'ns mity alsc hav~e ite di-sadvan- IVI~cre are tw'o prizzary factors whxich should be
ility tages. Tl'e -4hoclr v-ave in ihe si~z.round~ng vouuA cunsiderod in tiie layout of a facil~tj. The first

fZom the P o~eirin j~e;'ion r-7"- haVe iý) ai-noth flow of material through the work area
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'or maximum elficiency, and the second it bccon.,a lrge enough to require additional

proper control o. the operations on the basis of personnel, consideration should b- given to

safety. Generally, operations cunduccec with multiple firing azeas with barricade sepa-"ation
limited access cerve to aid in achieving both of between them for better control and a more effi-
these factors. cient operation. Three men in the firing area at

an°, time will supply the required manpower
Flow of Material prov-ided the maxim~un amount of nonw-pblo&ive

ty-pe of ;-reparation has been ci.rried out in rome
In general, the factors affecting the flow of other pa.'t o' the facility.

material in a conventional manufacturing plant
should also be considered in an explosive- The followiig jobs or d3uties should be

forming facility. The quantity of items to be allotted to each man, i. that they can work as a
manufactured and the variety of parts to be made team: or-( mani in charge oi the operation who is
will det•_rnine to a great extent the layout ard qual .fied to assist in any Gf the operations
area required. According to the nature of the required, a man to set the charges, and possibly
operations, the following areas mighr be con- a man to operate the crane. Two men can
sidered -in an integrated facility: inconing- operate !he facility satisfactorily if the desired
material storage, material-preparation rooms, output is not too large. It should be a standard
die-preparation room, charge-preparation area, rule that no explosives are to be handled wi.'hin a

loading area for the die, loading area for the facility unless two men ar4. present in "he
charge, firing area, die-unloading area, inspec- facility, preferably not operating in the same
tion area, finished part 3torage, and shipping area. In case of an accident, one man would be
area. A number of these areas can be combined able to summon help.
according to the number of personnel working and
the v ne of production contemplated. One of Building Construction
the , considerations in such operations should
be the aeparation of the areas where explosives The method of construction -:f an explosive-
are being handled from the other operational forming facility is a matter of local choice.
areas. It is, therefore, advisable to have much Some facilities have been constrn-ted using
of the conventional type of work as possible per- sheet-metal exteriors, while in other climates,

formed on the matertal before the loaded die is no building was required. The firing area ii the
brought into the firing room for attachment of the only area which requires special attention in the
explosive charges. construction of an inside facility for explosive

forming. Since this area should be separated
The flow of explosive materials from the from the rest of the facility, Che use of rcinfarc.d

magazine to a charge-prepavation area and sub- concrete walls as a seperator is ai1visable. Sor.ie
sequently to the firing area must be closely con- explosive-forming facilities have special blow-
trolled. Charges can be prepared in the firing off-type roofs to relieve t'ne pressure incide a
area, provided production schedules permit, but building in the event of an accident without dis-
should never be prepared in the magazine. A turbing the walls of the bui)ding. Most in-dustrial-
minimum type of operation might consist of one type buildings will withstand an overpressur, on
building for firing and a magazine for external the building of 10 psi. A 1-pound charge of TNT

storage of explosive materials. This could then fired in the center o% a ronm 40 feet in diameter
be exp;nrded aceording to the needs of the facility, wou-.:ld apply a 10-psi overpressure to tIe walls of
Crowding of the fi'ing area should 'e avoided7 the building. A reinforced concrete wall will
since this will hamper the proper zontrol of the withatand a considerably E-rater force, depending

area. on its thickness.

Safety Control An excellent barrier for outside facilities
as a ring of railroad ties set into the ground on

The safe control of an explosive-forming end. The arrangement is referred to as a "bull
operation requires that the man in charge of the pen" when the ties are ý;e! in a circle. A 30-foot-
operation be able to Ree and to know the location diameter ring of this kind is adquatc for firing up
of all personnel during the operation. If only to a 10-pound charge of TNT at the center. Addi-
the personnel reqqired to perform the operation tional support could be obtained with such a
are permitted in th- areas where explosives are facility by piling diit against the outside of the
being handled, the amount of time the supervisor railroad ties.
must devote to safety is considerably reduced.
and he can apply his time more efficiently to The use cf a building -has an advantage for
production. The stacking of dies o-" erection of an explosive-lorming facility where close neigh-
other obstacles to his vision within the firing bors might be disturbed, because it reduces the
area should be avoided. When the operation amount of noise reaching the outside. Also ,ome
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type of bui. di . . .. i'. r-........z... "zz... . ,...

prep,•iation or die work. Connecting a covor
over an explotaive-forming firing area to the die-
preparation building should not be too difficult,

Lt providing proper precautions are taken to assure
the -3afety of the operation through the construc-
tion of barricades. I'he fazility layout shown in
Figure 5 is given as a suggestion and should not
be considered as recommendation. The ideal
arrangement depends on the paxpose and require-
ments of eacii individial facility.

/Office

Material Storage

0O [ FIGURE 6. PRODUCTION FACILITY FOR

Explosive EXPLOSIVE FORMIl4GI Loading Courtesy of Astronautics Divi-
0 -[I sion of General Dynamics

Die ";"a:ding Firing Rooms ETi|lv$ Corporation.
Room with Two Storage' ' WoV~ter Tanks I-'

j"Die Pi'eparation and Explosive
Finishing Room Storove

A-47972

FIGURE 5. LAYOUT OF A HIGH-PRODUCTION
EXP-OSIVE-FORMING FACILITY

Explosive-Forming Facility Designs

A number of facilities have been installed

;round the country for the specific purpose of
conducting explosive- forming operations. Most
of these are located in the western part of th--
country, where outside operations are possible.
The facility shown in Figure 6 consists of one
concrete tank 12 feet -n diameter by 10 feet deep
with 1-foot-thick walls. The tank is equipped
with a bubble curtain and I-pound charges have
been fired in it without damage to the tank. A
"lightly different type of facility is shown in Fig-

Sure 7. Here, the water tank is rompletely above
ground and an air curtain is used to reduce
stresses in the steel tank wall. The water tank is
13 feet in diameter and i3 feet deep. The tank is
instrumented and has indicated a stress in the FIGURE 7. ELEVATED WATER TANK FOR
tank wall of 28,000 psi when a 3 20-gram charge EXPLOSIVE FORMING ON A
was fired in the middle of the tank. PRODUCTION BASIS

The two facilities have been shown to pro- Courtesy of Lockheed Aircraft

vide an indication of the various types presently Corporation.

in use. The most desirable type of facility de- Equient Requirements
pends on the 7ocal conditions and needs estimated E mu e
for present and futuze production requirements. The equipment requirements depend to a

great extent on the volume of production to be
carried out in !he facility. The primary equip-
ment consisting of a water tank, crane, vacuum
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pianp, and detonator will be considered first, material which must be used to construct the
uxiliary equipment which is des�irable but no-, iank waii has increased by a factor of ten.

essential to the explosive-forming oper&tion will Obviously, increasing the diameter of a tank to
be considered as a group. Such items as water obtain a reduction in the thickness of the tank
pumps, filtration systems, and other special wall required is not an economically practical
equipment fill i:x this category. solution.

Water Tank Water tanks with sloping sides have h.3en
used for explosive-furnaiag operations. &-he

A water tank is considered essential for a stress analysis of a tank with a sloping wall indi-
production operation of explosive forming, al- cates that the stress in the vertical direction iF
though work could b coa.ducted in ai:" or even by reduced by a function of the angle which the slop-
placing the explosive charges in plastic bags ing wall makes with a veitical wall. The stress
filled with water and placing them t.n the mateA.ial in the vertical direct~on o. a lank, considering a
to be formed. The latter two mnethois have ser- c-D.wtant prv.ssure in the tank. is always one-half
ious disadvantages from both the standpoint of of the hocp stress in the tank at any point. Such
noise and ease of operation, although they work a design requires a- increane of material for
quite well. A water tank must be able to with- construction of the tank walir over a straight-
stand the repeated impacts of the explosive shock wall tnk, similar to th t foand necessary by in-
without rupturing. Tanks are often designed to be creasing the diameter of the tank, c,>nsider5.ng
large enough so that the shock reaching the walls equal design pressures.
of the tank from a centrally located explosive
charge is considerably reduced. As the tank One of the best approaches to the problem
diameter is increased, the load it will withstand is to moderate the pressure shock wave before it
is decreased for an equal wall thickness. The strikes the tank wall. Experiments at Lockheed
stress in the wall of a tank can be determined as have indicated that the stress in the wall of an
a function of the inlernal pressure, the diam.aeter explosive-forming water tank can be reduced con-
of the tank, and the wall thicknecs of the tank. A siderably by several techniques. (4) Figure 9
graph of the stress in a tank wall as a function of depiLts the use of infla.ed rubber tubing for the
the radius of the tank fcr a 1-lb charge of TNT
and constant wall thickness of I inch is given in
Figure 8. As can be seen from the graph, av

l II
I0 a

0

- A-47974

FIGURE 9. CROSS SECTION OF AN INFLATED-
CO IIAIR-TUBE WALL TANK{4 )

S..L.LStress level in tank wall reduced by
I00'- - - 83 per cent.

0 2 4 6 8 10 12 iM6 IS 20 Tubir.g was 1. 5-inch-diameter 0. 25-
Tnk Rdius in Feet 797inch-thick continuous coil rubber.

FIGURE 8. TANK WALL STRESS VERSUS The air presnure was sufficient to

DISTANCE FROM CHARGE maintain inflation under the pressure
of the tank water head.

Based on urit tank-wall thick-
nesx a•d on x unit charge of reduction of the stress in the tank walls. Tht:
TNT. rubber tubing acted as a cushion and provided a

reduction in stress of 83 per cent. To ure this
incre&se in the diameter of the tank from 4 to 40 technique in a large tank, a considerable amount
feet only lowez s the stress level "n the tank wall of tubing wosdd be required and difficulties would
from 1650 psi to 1225 psi, or a decrease of only be exltrierced in maintaining the position of the
26 per cent. A: the same time, the weight of tubing and in preventing damage to the tubing
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use Of_ ste aepae_ he frb-r-vtI

an air-bubble curtain as shown in Figure 10 Shore A hardness of about 60 will provide some
appears to offer one of the best solutions to the stress reduction, pzovided the thickness of the
problem of low-cost water-tank construction. To rubber is properly chosen. The use of a rubber
be effective, a uniform and closely spaced cur- hose coiled between the base plate and the base
tain of bubbles must be obtained along the walls may also be used with good results. The hose
of the water tank. This is controlled by the size should be closely spaced and inflated with only
of holes through the air tubes at the base of the enough air to support the base plate and the water
tank and by the distribution of holes in the air head above it. Overinflation will result in
hose. A maximum charge size of 70 grams of greater stress-wave transmission and possibly

TNT explosive has been fired in an 8-foot- frequen* damage to the tubing due to overpres-
diameter tank of this design with no visible signs surization. The stresses which the base will
of difficulty when the bubble curtain is operating. experience can be reduced by about 80 per cent.

o The problems of sealing the base to the
0 0tank wall must also be overcome. Weldinghas

00
o takwl utas eoecm.'edn a

0 Smnll ot been utilized at some facilities, but has not been
0010

o bubbles altogether satisfactory. Since the joint is at a

o corner, the maximum stress concentration
o -
o 0 occurs at this location. Seals with resiliento0

o 0 plastics have provided satisfactory results and
ooo are easy to repair in case of a leak. A plastic

0 0 nmanufacturer should be consulted for the type of

Ii plastic to be used, since there are several types
0 airfoine available.O° air line

l0 0

_ _ .., In the design of water tanki, a safety factor
A-47975 of four should be used for a production facility.

FIGURE 10. CROSS SECTION OF BUBBLE Mild steel has been one of the most commonly
CURTAIN TANK(4 ) used materials for construction and fabrication

by welding. Corrugated steel drainage pipe
Str'ess level in tank wall could be used for the tank walls. The base
reduced 83 per cent with 2. 18 plates are generally made of 1-inch-thick mild
cubic foot of air per minute steel plate.

per foot of air line. Stress
reduction is dependent on Crane
rate of air flow. Air line was
2-inch diameter with 0. 07- A crane of some type is required to move
inch-diameter holes placed material around the facility and also in and out of
0. 50 inch on centers. the water tank. Idaally, the crane should be air

operated to eliminate electric power lines within
Some tankb cotnstructed from reinforced the firing area. The capacity of the crane

concrete have given poor resu.ts and they are not required will depend on the size and weight of the
recommended for production operations. Con- dies to be handled. One of the largest dies
crete has good properties when loaded in pure reported, which was used in an explosive-
compression, but has very poor properties when forming operation, weighed 21,000 pounds. A
loaded in tersion as would be the case for the picture of this die is shown in Figure 11. It
wall of a water tank. Spaliing of the concrete sur- probably represents one of the largest dies that
face and general cracking and finally disintegra- would ever be considered for movement in and out
tion of the wall has been experienced when of a water tank. Larger stationary dies have
attempting to use this type of construction, been made.

Tne base of the tank is also important, All of the standard crane types have been
since it takss the same amount of impact as the used; the main consideration in the erection of a
tank walls, if not more. Placing the tank in solid crane is that it have adequate capacity for ex-
rock where possible, is often advantageous. A pected requirements of the facility. Enough room

heavy base of reiniorced concrete can be used should be provided between the crane and the top
provided that a heavy steel plate is used to of the tank, so that adequate slings of proper
evenly distribute the stresses striking the con- length may be used to lift the dies and place them
crete to prevent localized high tensile stresses. on the bottom of the water tank.
Another useful method consists of placing a shock-
absorbing material between the concrete and the
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Under ideal conditions, the detonator for
the electric blasting caps is the only electric
"circuit which should be permitted in the area
where explosives are being handled. Several
types of detonating machines available from
explosives manufacturers for regular blasting

S-operations can be used for explosive-forming
operations. Most of these lack positive control,
-a.n important feature for safe operation of an
explosive-forming facility. It is reassuring to
the person responsible for handling and setting of

__ ,- charges to know that he is the only one wio can

arm and fire the circuit. This can only be done
by permitting him to maintain in his possession
at all times an important part of the detonating

FIGURE 11. LARGE KIRKSITE DIE FOR circuit which can, in no way, be replaced by
FORMING ANTENNA some other means.
REFLEC TOR

Possibly, a detonating circuit constructed
Courtesy of North American especially for the purpose of explosive-forming
Aviation, Inc., Columbus work would provide the best results. A detonator
Division. should be constructed on the "fail safe" principle,

so that any malfunction will immediately cause
Vacuum Pump the circuit to be disarmed. The following

characteristics are believed to be desirable in the
A vacuum pump will probably be required design of a detonator for explosive-forming work:

for most explosive-forming operations when parts
are formed under water. It is possible to con- (1) The device should be operable only with
struct dies in a manner which will eliminate the a key which can be carried by the iudivi-
requirement for a vacuum between the part and the dual setting the charges,
die. These are special cases and not commonly
encountered in a production explosive-forming (2) When the device is not armed with the
operation. Several types of vacuum pumps may key, this fact should be visually dis-
be suitable for this application. If the firing area cernable from the work area,
is to be maintained with a minimum of electric
lines, a venturi pump which will operate on water (3) The lead wires to the cap should always
pressure will work satisfactorily. A mechanical be shorted when the circuit is not
electrical pump may be used, and the vacuum armed,
lines brought into the area from a pumping site
remote from the firing area. The electric pump (4) When the circuit is armed with the key,
is preferred, since it has a considerably greater both a visual and an audible warning
capacity than the venturi pump and is probably of its armed condition should be
more economical to jperate. In a high-production activated automatically,
facility where the application of a vacuum may be
time consuming, a storage tank in the vacuum line (5) A method of checking the continuity of
will greatly assist the operation. If it is found the blasting circuit should be an
necessary to operate an electrically driven vacuum integral part of the detonator.
pump in the firing area, it should have shielded
wiring and a sealed motor unit. When using a A schematic diagram for a detonator which
mechanical pump, it is important to eliminate any meets these requirements is shown in Figure 12.
possibility of water entering the pump. This can
occur if the vacuum line becomes disconnected A continuity meter is a meter sensitive
from the dle during firing operations. To prevent enough to read a current flow which is too small
this, a storage tank between the pump and the line to fire a blasting cap. Most caps have a maxi-
should be used to trap any water which may eater mum no-fire level of about 0. Z5 amp. If an
the line. The tank can then be dr-ined period- ohmmeter were used to check a blasting cap, this
ically to eliminate the water, much current could be obtained and the blasting

cap would be fired. A special circuit arrange-
ment is, therefore, required. The use of a 1. 5-
volt battery connected in series with a 10,000-ohm
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resister and a microammeter w"i" scrve thf- pur- weve..r, t any

pose. The resistor will reduce the current flow in the water tank will be pumped through the
below the safe limits for firing a blasting cap. filtration lines and possibly into the pump where

it may collect and cause an accident at some
later date. Pumps may also be required to
drain the tanks from time to time for cleaning or
for painting the tank to prevent corrosion. A
venturi pump is considered safe to ,ise in an

110 V Ioperation. A mechanical pump may be used if a
15 6Line to Cap filter is located between ihe pump and the water

4
7ff2 

fl~itank.

H In locations where water is plentiful, the
( •tanks are emptied by gravity flow and refilled

1.5 V 10 K A-47976 quite frequently, while in other areas, the same
w~'ter must be used over and over again. The

I Key Switch, Single Pole, Single Throw dumping of tank water, especially into sewer
lines, should be avoided, since any explosive in

2 Horn Switch, Single Pole, S;ngle Throw, the water may be trapped and build up to a con-
Momentary Off Operation centration which might cause a serious accident

in the future. The buildup of explosive i•x the
3 Continuity and Firing Switch, Single Pole, water tank should not occur, if everything is

r Double Throw operating properly, but experience has shown
that some misfires do occur and result in unde-

4 Relay, Three Pole, Double Throw tonated explosive in tanks. Normally, a misfire
can be readily detected and then attempts should

e 5 Armed Warning Light be made to recover as much of the undetonat-'..:
explosive as possible for later destruction. A

6 Safe Warning Light log of operations will indicate approximately how
much undetonated explosive might be expected in

C 5-Amp Circuit Breaker the tank and this will simplify any subsequent
precautions which need to be takcn. A filter

H 110-V Horn should be used ahead of the pump to trap any
explosive material in the water. The filter

M Microammeter material should be handled as explosive material
when it is emptied.

FIGURE 12. SCHEMATIC OF A SAFE DETONA-
TOR FOR PRODUCTION IN It may be desirable to add some chemicals
EXPLOSIVE FORMING to the water to prevent the growth ,'f algae. It

has been noted that some constituents of the explo-
The current for firing the blasting caps can sive compound cause algae to thrive in an

be obtained from a 6-volt battery or directly from explosive-forming water tank. The algae are not
a 110-volt line. If a 110-volt line is used, it is objectionable on the basis uf operating efficiency,
best to use some type of circu;t breaker in the but they are objectionable on the basis of
circuit for protection of the lines in case of a appearance.
short during firing.

An air compressor can be a useful tool in
AuxiLiary Equipment the operation of an explosive-forming facility. It

is handy for cleaning surfaces of the dies, insur-
During the operation of an explosive- ing that the vacuum lines in the dies are clear,

forming facility, debris will probably collect on and for )erating pneumatic hand tools. An air
the surface of the water or be distributed through- compressor might also be required for the izpera-
out the water tank, depending on its density. tion of a bubble curtain in the water tank or for
Since this result hampers the operation, some the operation of an air wench on the crane. If an
method for removing the debris is desirable, air compressor is installed, it is best located
Skimming equipment, such as that used for away from the firing area. Location in the firing
swimming pools, will servc, v-ry well for the area would require shielded wiring and shielded
removal of mate rial which is floating on the sur- motors. All hose connections should be of the
face. Material which is distributed throughout quick-change type fot a pressure system.
the water will have to be removed by a filtration
system. Again, standard swimming pool filtration This discussion of equipment has been
equipment can be "sed. It should be remembered, limited to the most general types of equipment
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which might be used in an explosive-formir•Ig .-ay be obtained irom explosive authorities.~i''•U)

facility, strictly for the support of the explosive- The magazine serves two primary functions; it

forming operation. Additions to this list might secures the explosives from unauthorized tamper-
include special equipment for die preparation or ing, and it protects the explosives from the

material preparation. elements.

Safety Considerations Misfires during an operation, which can
result from a number of causes, are extremely

Since explosives are being used within the hazardous and time consuming. It is, therefore,
facility, additional safety requirements for the necessary that established procedures be followed
elimination of auy fire-producing or spark- carefully, so that the possibility of a misfire is
producing equipment are necessary. In addition, held to a minimum. Improper connections to
to prevent accidental detonations, precautions caps can be detected by the use of a continuity
should include the collection of all matches or meter in the firing circuit. Only an approved
lighters from all personnel entering any building meter should be used for this purpose, since a
where explosives are present. An area safe for standard ohmmeter can cause premature detona-
smoking should be designated away from any tion of blasting caps. A continuity meter will

explosive-containing buildings. Electric lighters only supply information as io the completeness of
should be provided at such areas if smoking is to the circuit and will not indicate if the lines are
be permitted. shorted. Precautions should, therefore, be

taken to make sure that a short does not occur
During operations only persons absolutely during the immersion of the setup for firing in

necessary to carry out the operation should be the water tank. Incorrect placement of the blast-
present when any explosives are within the area. ing cap or use of an improper size of blasting

Segregation of areas with blastproof partitions is cap may result in the firing of the cap but not the
an asset in maintaining good production output explosive charge. This will result in the cap
with a minimum number of employees actually breaking up the explosive charge and distributing
handling or exposed to the explosive charges. it throughout the water tank. The hazards of

This separation of areas and use of only an explosives in the water tank were discussed
essential number of employees is required to earlier under equipment.
minimize the effect of an accident.

Precautions to be taken after the firing

Often, an explosive-forming facility be- circuit has been energized and the charge does
comes a major point of interest to management not detonate include a check of the continuity of

and to other perzonnel in the area. Many visitors the circuit, and if the circuit is good, another
can, therefore, be expected, and unless a firm set attempt to fire the charge should be made. If this

of rules has been established with the means for fails, the firing circuit should be disconnected
their enforcement, a considerable amount of from the power source and the power source
responsibility is placed on the man in charge. He checked for proper output. If no difficulty is
will not only be responsible for the routine opera- found with the power source, the lead wires in
tion, but will be concerned with visitors in the the firing circuit can be checked visually from a

area and the;r control. distance to determine if any shorts have occurred.

Under no circumstances should the charge be

The amount of explosive stored within the brought to the surface for examination until
facility should always be kept to a mininium and fifteen (15) minutes have elapsed from the last
preferably should not exceed the supply required time attempts were made to fire the charge. All

for I day's operation. For temporary storage of personnel should leave the area during this wait-
explosives within the facility, a small storage con- ing period. This ?cquirement is necessary due to
tainer can be made from a discarded refrigerator, the possibility of a '"ang fire" in the cap. After

The caps should be stored in one and the explo- the specified time has elapsed, the charge should
sives in another. The main storage of explosives be brought to the surface and a new cap placed on

for the operation should be at some distance from it. The charge can then be fired in the normal
the facility, manner.

Various types of e. olosive magazines can be When defective blasting caps are found,
constructed, depending c a the amount of explosive they should be destroyed with any other scrap
to be stored at any one time. An igloo-type maga-- explosive at the close of operations each working
zine should be used where the quantity of explosive day. The scrap explosive should be accumulated

stored exceeds 500 pounds. Where less than this at some point other than with the new explosive
amount will be stored, a less expensive wood or material. The scrap material, provided the
sheet metal magazine can be constructed. Speci- quantity is not too great, can be destroyed by
fic instructions for the construction of magazines placing it in a plastic bag. The bag can then be
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production water tank for detonation, able to withstand. The high-impact loads

r- Tassociated with the transmission of shock wavesThe exudation from dynamite presents a through the material lead to unusual types of

problem in its use. When the explosive be- stress patterns within the material and as a

comes soft, it should be destroyed, since the resspttcrns shol be mate d we p

nitroglycerin which is coming out of solution and ble. This procedure minimizes the possible

causing the softening is as sensitive to shock as reinforcement of the stress wave resulting at
the raw nitroglycerin. When dynamite is used in corners and the resulting failures. An example
an explosive-forming operation, a maximum stor- of this phenomenon is found when an explosive
age time of 6 months should not be exceeded. If charge is detonated inside a cylindrical cavity of
some of the dynamite does become soft, it should a part with a square outside configuration.
be destroyed by burning in an approved area. The Under static loading conditions, the material
sticks should be opened and spread over a flam- fails at the thinnest cross section of the tube;
mable material such as excelsior in a long line. under explosive loading conditions, the material
Additional flammable material is then spread fails at the corners or the heaviest cross section.
from the line to act as a fuse, so that sufficient Figures 13 and 14 show the modes of failure for
time is available for the personnel to leave the
area before the flame reaches the explosive. Any
such area used for the burning of explosives
should be considered a contaminated area and
should be secured from unauthorized admittance.

In the operation of an explosive-forming
facility, safety is one of the primary considera-
tions and should be practiced .as a full-time job.
One man who has demonstrated that he is safety
conscious should be in complete charge of the
operation. His management should make sure that
he has complete authority over the facility and its
operations. Operations where large quantities of
explosives are used every day have demonstrated
an excellent safety record with an accident fre-
quency rate about one-half that of all industry. A-4797
By following the practices which have been estab-
lished over years of experience with explosives, FIGURE 13. MODE OF FAILURE UNDER STATIC

an explosive-forming operation can achieve an INTERNAL-LOADING CONDITIONS

equally good safety record.

DIE SYSTEMS AND MATERIALS

One of the main economic advantages in
using explosive forming is that only one tool com-
ponent is required. The force or shock wave
generated from the explosive charge acts au the
punch for this system, and through design of the
shape of the explosive and selection of the trans-
mitting medium the characteristics of the force
applied to the workpiece can be modified. The
geometry of explosive charges is related to the
specific shapes to be formed. This relationship
is discussjed in more detail in subsequent discus-
sions of current explosive-forming applications. A-478
Tooling concepts and transmission mediums as
applied to explosive-forming operations are des- FIGURE 14. MODE OF FAILURE UNDER
cribed in this section. DYNAMIC INTERNAL-

LOADING CONDITIONS
Die Considerations

the conditions of static loading and dynamic load-
Basic differences in tooling concepts for ings. Failures of this kind are more likely when

explosive-forming operations arise from the type the safety factor is lowered to conserve the



weight of dies. It is also an important factor in the amount of forming obtained. Some typical
materials. such am c-•ncre,-,which are cha..-•a tooiing used for dieless-formability studies is
terized by high compressive strengths but low shown in Figure 15. The tolerances and repro-
tensile strengths. In such materials, the reflec- ducibility obtainable in a dieless-forming opera-
tion of or reinforcement of stress waves may tion are poor and for this reason the process has
change the stress from compressive to tensile very limited application to production. The pro-
and cause failure. cess is further limited to forming simple con-

centric shapes such as bulging cylinders or form-

The surface of the dies should be as ing dish-shape parts. The dieless-qxplosive-
smooth as the surface desired on the parts to be forming technique is potentially most useful in
made. Due to the high loading, characteristic of the forming of heavy members which must be
the explosive-forming process, excellent surface machined after forming, or for very large con-
reproduction from the die will occur on the part. centric parts which do not require a close
Although this may be desirable in some cases, it tolerance.
generally requires that the die have a good finish.
Where a die must be split to facilitate the
removal of a completed part, it should be

expected that some marking of the part at the l...

parting line will occur. The forces involved will,

in most cases, be sufficient to open the die
slightly under heavy loading conditions and re-
sult in the extrusion of material into the crack
between die sections.

In determining the strength of dies
required, the peak pressure which is to be used
for the forming operation is the primary con-
sideration. Once the peak pressure value has

been established, conventional methods of stress
analysis may be applied to the die design. The
yield strength of the die mat -ial is normally
taken as the working-strengt. level and a safety
factor of four is applied to obtain the design
stress level to be considered in the die design.
If some uncertainty exists as to the peak prt- _
sure which will be used on the final productien FIGURE 15. TOOLING FOR EXPERIMENTAL
run, some estimate should be made of the maxi- F R . LING FORMING
mum peak pressure which might be required, and
this in turn used for calculating the die Upper left corner: ring die
requirement. Lower lefthand corner: loose

hold-down ring for blank
The wall thickness of the die needed for a positioning

drawing operation can be determined by con- Center right: wood and paper
sidering that the die acts as an end closure of a tube Primnacord charge holder
high-pressure tank. The maximum stress occurs Upper and lower right, respec-
near the upper edge of the die, since the bottom tively: parted and complete
of the dies are normally flat and equally sup- formed flange test parts
ported. The formula for stress concentration in Courtesy North American
"a heavy-wall cylinder can, therefore, be used as Aviation, Inc., Columbus,
"a good approximation of the thickness of material Division.
required in the die wall. The thickness in the
base of the die should be equal to that used in the Most explosive-forming operations have
die wall for proper stresE distribution under been performed in dies where a vacuum is applied
shock-loading conditions. between the blank to be formed and the die sur-

face. Where possible, some method of sealing

At one time, "dieless" explosive forming should he made an integral part of the die. In
was expected to offer major advantages; however, many cases the use of rubber with a Shore hard-
the technique has since been relegated to experi- ness of about A-60 projecting 1/16 inch above the
mnents for establishing basic material behavior die surface has provided the necessary sealing
patterns. "?) Dieless forming consists of simply function. Since the explosive-forming process
supporting the outside edge of the parts to be causes the metal to pick up detail from the die,
formed and letting the peak pressure determine the vacuum port in the die should be kept small
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and located in an area of the die where it can be the basis of time required to load and unloada
removed from the part in subsequent trimming die, but is probably the most efficient on the
operations. if this is not possible, then the vent basis of applying holding force. Various clamp-
hole should be located in an area of the part in ing loads can be obtained from standard bolts at
which it would not be detrimental to form a various torqte levels; a 1-inch '%olt with 900 ft-lb
dimple. of torque will apply a clamping load of approxi-

mately 50,000 pounds. To obtain this same
Hold-Down Ring Design amount of loading with a hydraulic activation de-

vice operating on a 3000-psi system would re-
A hold-down ring of some type is generally quire a cylinder diameter of more than 4. 5

required to prevent wrinkling of the part as the inches. Each jack for clamping would then re-
blank is drawn into the die. The size of the hold- quire a spacing minimum of 10 inches to obtain
down ring and the t-lamping pressure required the same loading at each jack clamp as a 1-inch-
depend on the material being formed. With a diameter bolt. The bolts could be placed on a
soft material, such as annealed aluminum, very spacing of 2 inches, however, which means that
little hold-down pressure is required, while on the basis of clamping force, the bolts could
materials like stainless steel require high pres- be five times more efficient than a hydraulic
sures to prevent wrinkling. The hold-down ring clamping jack. For materials such as aluminum,
should be made of a material strong enough to which do not require high clamping forces in the
withstand repeated impacts withoat deforming. hold-down ring, hydraulic clamping jacks can be
The die shown in Figure 16 was used to explo- a very efficient time saver for loading and unload-
sively form 0. 040-inch-thick Type 350 stainless ing the dies. A heavy-duty hydraulic clamp used
steel tank ends. The 1-inch-thick hold-down in explosive-forming operations is shown in
ring on the die warped upwar-i in the ce.ater after Figure 17.
approximately 50 impacts and this prevented
adequate control of the hold-down pressure on
the blank. A new hold-down ring that was Z
inches thick received over 100 impacts without
showing any signs of warping. (17)

S FIGURE 17. HYDRAULIC JACK FOR CLAMPING
HOLD-DOWN RINGS ON
EXPLOS-VE-FORMING DIES

Courtesy of Astronautics Division,
FIGURE 16. HOLD-DOWN RING WHICH WAS General Dynamics Corporation.

UNSATISFACTORY BECAUSE
IT WAS TOO THIN Force is applied to a hold-down ring to pre-

vent wrinkling of the blank as it is drawn into the
Courtesy of North American die. In order to accomplish this, enough force
Aviation, Inc., Columbus must be applied to prevent buckling in the flange,
Division. but not enough to produce tensile failures in the

regions being ironed or stretched. A graphic
As illustrated in the photograph, bolts are analysis of the holding force required and the

often used to clamp the hold-down ring to the range within which it should operate is presented
blank and die. The use of bolts is inefficient on in Figure 18 where( 2 3 )
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A the minimum pressure required to pre- the blank was driven into the die, all of the edges
vent flange buckling remained under a compressive stress so that the

greater amounts cf forming could be obtained.
B - the ideal pressure required to produce The holes at the bottom of the die served as

maximum formability where flange vents, so that a vacutm was not required. The
buckling and ironing is permitted same technique has been used for forming

coeaes,(24) where the blank is situatee', on a taper
C = a low pressure such that the ironing leading into tMe die. This technique can provide

raises the cup wall tersion savings when aboveground operations are utilized.
excessively. If it is necessary to fire in a water tank then seai-

ing and a vacutun would be required, along with

I eomo type of a hold-down ring.

W Materials for Solid Dies

".S Sol.d dies made from heat-treated alloy

SMinimum cup wall tension steel maintain contot.r, surface finish. and
- -dimensional accuracy for a relatively long time.

To avoid brittle fracture when seLght overloads
C B A A-47979 are experienced, ordy steels with good toughness

B3laok Hoijer Pressure * and impact resistance should be used for explo-

sive forming dies, thus a mnaximtu hardness of
FIGURE 18. CUP WALL TENSION VERSUS 50 Rcckwell C is normally desirable. Stee! dies

BLANK HOLDER PRESSURE( 2 3 ) are normally limited to applications where simple

machining operations can be used to sink the die
In sorne special cases where the parts to or where a high strength and long life are rt-

be made are concentric, it is possible to quired. The utilization of steel dies for large
eliminate the requirement for a hold-down ring. parts is sometimes limited by the size of raw
The die shown in Figure 19 was used for forriing material available or the capacity of equipment
titanium ring channels at room temoeratures. which ,an machine or heat treat large dies. Steel
The blank was positioned so that it was sup- inserts can be used to reduce the cost of die
ported both on the plug taper at the center of the preparation. Where lettering or special derails
die and on the taper at the outside of the die. As are reouired, the shapes can be machined in flt

sheet stock which is then formed to fit the contour
of the die. Anchoring of the inserts can be

accomplished by either spot welding or ALush
riveting the inserts to the die surface.

Some of the steels which might be con-
sidered are the AISI 4100 and 4330 grades as weil

- as the tool-steel Grades S-1 through S-5. Where
the need far lc:ng life and good surf.:e finish does

not justify the cost of tool ste,.ls, mild ateels
such as th, AISI 1010 or 1020 steels ma- be good

alternative choices. In practice, a light coat of
lubricating oil over the steel die surface -ter
each forming operatior wil provide sufficient
"protecticn from rusting. In addition, steel dies

should be dried ana coated with oil at the close r<
Qach day's ope-ation.

Kirksite, xhich has been widely used in
- explesive forming, is a castable zinc-base alloy.

"containing about 95 per cent zinc and small

FICZURIE 19. DIE FOR FORMING WITHOUT A amounts of rdumium anck niýigancse. This
HOLD--I*3VN RING material, which melts at 7.? F and has a density

of 6. 7 grams per cubic centimeter, provides for
Courtesy of North American good shock-wave transmiasion through the d!.,.
Aviation. Inc., CAlumbus material. The ultimate strength of Kirksste in
Diviaion. tenociu is 35,000 psi 3nd tha ultimite compres-

sive strength is 75, 000 psi. Tooling mnde fror.i

this material may be cast to a rough configaraticn
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the o rc'uur.~ ihC UG~ Up £1Li14*1kiB.9 Vper-ji.:ons or it of zoncrete dies, since it is quite easy te5 excee')
temay be used 't. composite ioo~lng. Kirksite tool- :b'e tent.-e strength of tire surfac^ by shock-w~ave

ing is generally used wheii the loadirng levels on reflections, even though the die is toitially loaded
the die are too luw to f~au,-e plastic deforinaticu. .n compression.

Le and dirnen*si-onJ changes, bting usually reserved
for PTC~iction quaat:tlcs mn'ýt exceeding 100 P,*rts. The use of solid plastic dlliA hv.3 not been

er One. uf the largest skngle-piece diks kuown to very successful. The low st~rength of the
ie have been made of '&his rn;ýterja~i is shown in material coupleol with its low density make P
ted. Figure 11. The main reaso~n for the popular it unsaiitacile for mnore than several impacts befoxe
eal- of Kirksite as a Wue mate.'ial *,,n explý-sive- cr;Lcking. Porosity Anl the pl,;%stic mray also con-

h forming operations -s Chat mott aircraft compan- tribute to "to instability under impacl-loading
ies have facilities for capting it.. Kirksite has conditions. Another drawback is the disparity
been a stan-lard material lar drop-hammer dies bctween the niodulus of elasticity of the plastic
in the ;;,rcraft industry and it may be re~adily and the metals being formed; a large inismatch
recl~aimed by melting whea a joh is comploeted, will permit overforming to occur. Sti-rounding

the plastic in a strong steel case has helped to
Aluminum has been used for dies to. a very overcome some of these diffictities, but the c.oait

limited extent in explosive-forming operations. of the case is no~rmally so high that a cheaper
It does not appear to have any particular advan- 4c-c could have been made at less cosi frorr- coi-id

so tzgc- over other die materials which would war- metal.
rant its use~ other than ease of machining. Tool-

f ~in-S life is low due to the low yield strength of the Plaster has been used for one-z~ot dipts
Is material, and it appears to have very linited when oaly one piece i:, rc-4 -"red. The z ear -ý that

,oleapplicatLionsc for the future, a bcittle mate riai such as plaster can be uso'd for
e Z& d.e in explosivc' iorml~ig operations io related

The use (f ductile ir!:,n dies appears to to the speece of irrict. S'nce thc rztc oDf loakling
have stemined from the desire for a stronger is very fast, the imprint _)f a brit.it- material can
inaterial which was relat ively easy Vt cost and be t;.L isfe-.:'eJi to z. metal surface before the die

-lmarhine. it izas a terssile yield strength of crwr:.71e... Aj.plicirtionai for r'-i~ea; plasieir i'
el45, 000 pE i and a cornpre 9s3ve yield streno-th of appear tc be yen', 1im.'L-d, )~Lhouph they miijht 6e

abokit 55, 000 psi. it can be cc naldere i for low - considered where. oaly a few tarts are feqnir*Z..
cost, ele vatea-' es-r-erazture tcolivg, aice it As with pL-. A -:a, hette~- rc sults are obtained if
maintains a yield ctrength ot about 35, 000 psi zxt time plaster die is conntamtd by a me.tal ý-,ntax-ýmer

ur 800' F. Ductile iron holds a zood surface finish so that the plaster is loaded le comvrts~ior, to tre
under repeated --mpacts and retains itb; shape grpeaterttextsfnrityossible. Cae~s shoulebe
without the growth often associated wflh Kirksite cylindricil. in sli*p,ý W n~iziimizit stress
die s. Dies made of nodular iron have worked conrcentrations.
quite well in production aind as a result it I's
believed to be one of the b-etter tooling materials One corrvpadmy hns -ýcently r~porttd the use~
!or explosive forming. This material is more of ice au. a die for exploz~ve formiog,( 2 5ý The

e expensive to dse as a die material than Kirksite advantages listed for the ust of ice includ- its
!sdue to its high melting t4emperat.ure and poor-tr low comprescibility, ease v! cuttng and sh.-ping,

macbinability. It does, however, have very and simplicity of repair. Ulthough the di-es are
excellent qmabi~ics for lnng life in an explosive- rather inexpensive to prepare, the auxiliary
forming zpcmation. which wikl often offset the equipment for frec¶~zinj the watar and nsaiataininq
initial additional coat of using this material, the dies in a frozen 4tate catt be rathzr erjpensive.

Since ice has a low tensile sirength but a high
Reinkorced concret-t has been considered compressive strength, the cconceept's of tooling

for the construction :)f largc dies ýxceeding the design for- mat,-rials zuch as concrete should kiso
machining capaodit;M4 of all-metal dies. Tbme. be applied tc. tLe use of ice.
ease of prodiAcing large concrete dies ir one of
itai primary advantages, although -.'s disad!van- Materials -for Copo e -tes
tages include a low tensile strength. About 30C-t)
psi ultimate strength in tension I~s tILe maxinmumr Epoxy facin~is hae been used successfully
design strength for concrete. The use oi rein- on conzr-te diies.tIV,Z( T!.e epoxy may coataizr
forcement will increase this strength level reinrorcizzg glass --loth. or c~ay simply be a
according to the axnotuxt of rein~forcemuent used. smoothing agent. The use of this material with
The comprensive strength of concrete is about con-crete is of particular ir.1crest since it is ealy
3(-, 000 psi mzid 'a.. long as a he die cw " 'ie &-, egned Zo apply,, providett a smooth wurface, cnd by mxini-
to accept its maximurn stress in comxpression1 , it mizixmg shack-wave. irregularities Ith'elps to
c,-.L be used quite satiAtsfartorily. Caution should maintain a compressive-stress tat,02 in 'the con-
bie used., however, in judging the groc~s stimcngth crete. The epoxy may bt: applied directly to the



sui face of the concrete and then swept to the aluminum~ -r in sri-in' -- t nz"
desired contour, a procedure which sl-ould be explosive-shock pressurest.
corshiered for very large dies. Alternatively,
a glass-reinforced plaeitc laminate may be made Sonme of the standard con;'entional deep-
from a master and then backfilled with plastic in draw lubricants such as Hevi-Draw Liquid
the concrete dies. Experience has indicated that bubricart., Shell Deep-Draw Lubricant, Shell SIT,
where~ heavy loading is encountered, the life of a Dow Corning Silicon Lubricant, Dow Corning
plasiic laminate is about Z5 parts before it starts No. 4, Vaseline, atnd wax have be'in used in
to crack and zequires replacement. Due to the explosive-forming operations. In generzl the
low cost of replacement this is not considered a lubricants appear t., be dehirable when heavy
serious clisadvantage, plates are involved. The benefits derived from

lubricants used by various inviestigators are not
The use of plastic laminates in Kirksite known.

dies of cvmplex shapes wili provide a consider-
able savings in die-sinking time. The Kirksite Since refractory metals must be formed at
die body is cast roughly to shape and then a elevated temperatures, lubricants used in
plastfc laminate which has been made from a explosive-forming operations of these materials
plaster master is seated into the die by backfill'. must be able to withstandl the elevated terr-pera-
"ing with a resilient p~lastic. The amount of ture involved. The work which ha -; been con-
resilient plastic should be maintained at a mini- ducted on the explosive forminig of refracto-'j
mumn, since reflected tensile waves set up by the~ metals has not defined the requirements for a
difference in density between the laminate and the lubricant in this operation. (28) Gles!ses which
metal die body can cause separation at the have been used as lubricants for refractoi~v ritetala;
interface, in conventional metalworking operations may be

satisfactor-:. (29)
Since most concrete dies will withstand at

least one impact without disintegrating, it is Tranr.-nission Mediums
quite 'ýasible to Aweep a concrete die slightly
oversize by the thickness of the metal liner which The transmnission medium se-ves as the
ib to be installed-. The metal liner is installed by connecting link betwveen the explosive charge and
explosive ýorzning it into the die and then the the part which is to te formned. The energy from
liner serves as the die surface for all. subsequent the explosive is transmitted in the form of a shock
operittiors. The tolerancea of a die prepared byt wave and is attenuated as a function of the
thi a tetimiqtze depend on the tolerances obtained characteristics of the meedum and explosive.
in the sweening operation as weli as on the toler- Most of the early work in c-xplosive forming was
utces on the thick'ness of the metal finer which is performed in air, which provided very high peak
placed Lnto the dize. The main advantages of this pressures for v'ery short time periods, uzu.dltr
type of die construction are the ability to obtain a few microseconds. Consequently, the total
a smu~oth die surface by polishing the liner in the jimpulse available for forming was lesi; than that
flat before placing it into the die and the die will for a liquid mediuzn which provides sli.Rhtly
possess a longer life than that ef pla tic liners. greater confinement of the charpe and higher
Difficulty has been experienced with pulverization efficienciek in terms o~f total impulse. (4) The
of the concrete behind th.2 metal liner which will size of -harge required for fcrniing a given part
result in progressively deteriorating tolerances in w'ter is reduced approximnately 80 per cent as
if many parts are required. compared to a charge which would be required if

the forming was accomplished in air. Further
Lubricants reductions in noise car. bL- achieved throngh the

use of transmis*rion media deiiscr than water,
Lub~icants are seldum employed in

explosive-forming operations be.:ause the contact ir-guid Mediv~or*
area between tooling =nd workpiece is small.
The total contact arca in exploriv-e forming may An explosive generates t'wo types of energy
be oraly a tenth of that for conventional forming which caL bc harnes-ie-Iiz)- perform a forming
operations with punches. Under certain conidi- operation. The shock wa.ý which travels above
tions, however, welding mnay occur between the the speer. of cound in the mec&unx, reaches the
par( and the die, requiring reworkizZ of the siies, workpiece first. It is fol!owed by the pressure
Suitable lubricants would be exp~cted to prevent wave ý&ererated by th- gas but-ble expanding from

seizing., galli,g4, anid welding ini these operationt, the site of tim explosion. By equalizinf, the pires-
and are only used when initia formin~g tests !ndi- sure and inc:-easing th.% dweil time, Dais9 wave
r~ate their need. Although rare, such difficulties assists in forming thin rriateria~t and thoce which
are most likely to be enc~untered in forming are scoisgitive to svringback.j 3 0 ,3 1 ) The 3hapes
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of shock waves and gas bubbles geacrated by to even out the pulse dixtribution and to -naintain
detonating chargt a wjuth diff rent sh~apEsi a :bt~ p e~'ried of time~ xnasured
water, are shown in Figure 20. in the millisecond range. The graph shown -.n

Figure 21 depicts the differenc;ý in the pressure-
time profile and tJ~e resultant integrated increase
in total energy deliverce between water and air

Shoc.k Wave mediums.
Gas Cloud
Fire Bo' I

Spherical Cherge Denoted in Witer I t--

Initiating Cap L I
_-_2s Cloud 1 /v

Gas Cloud ~

Shock Wave

~Shock Wave
Disk Shaped Charge Denoated

in Water rmor0 24 5
kLine Charge Denoted stnefetA4N

in Water Litne etA4~
A-479W0

FIGURE 21. PEAK PRESS"URE VERSUS
DISTAINCE( 3 3 )

FIGURE 20. SHAPES OF SHOCK '%v AVES
PR~ODUCED BY EXPLOS;VES Four-pound TNT charge.
OF DIFFE;RENT SHA~PES( 3 2 )

Other liquids, such as oil, have been usef4
Water %^~s proved to be one of the bert for transmission mediums with good success.

'nudiums for explosive-farn11ng operations be- They act in the same general manner a~a watez.
cause At is readily zvail.-ble iin most lacations, depending on their denasity, but water is Sen-
inexp-ns-ive to use and produces oxcellent re.- erally preferred because of easier handling.
suits. Since the energ-i absorbed by a me-diur Higher dertsity liquids, such as mercury, are
is related to its dlensity, it w~ould be excpectcd that coneidered ton eApensive for general use. Some
considerabl~y more energy would be lost by waves additional material. which nave been used include,
transmitted through a liquiid thair through air. talc, clay, fuller's cartJh, and c*pnbinationa of
This apparent loss of energy is. however, more solids saispended in water. These materialia did
than compensated for by the additionaal confine- not exhibit az.y particialar advan~taes.
mnent of the explosi-.e charge and the lengthening
of the pulse duration due tsz the t~rapped energy. The C-fferences in the shack-wave pro!lies
The net result is an increase in. total impulse w~ith different mediums are illus,.rated in Fig-
available in a liquid ovz:-, that obtained in a gas are 7-2 by the cup shapes whi:-h were obtaineA in
for the satne charge size and gtanw~ff distaiice. r~ir and in -various liquids with a constant explosive
When a charge 'As confiaed in a Liquid rnediu.m and charge and a standoff distance osý I I~ Z nch.~ 32)
the charge is rufficiently far from the surface of The woit-ted ch.,sact~iristics of the cup formeid us-
the water, several pulses may be obtained due tW ing air as the medium indieates the sharp, short-
the ovezexpaitsion ard over4compression of Mhe gas duration shock wav#ý 'uichi is~ g-merally obtczined
bubble from the explosive chargr.. The grjate-r in Air.
coafinement of the exploalve by the water tends



v), be fornied, resulting in better formability
beccause uncqua.l stress distributions are held to

.1 a minimum.

Air Water Elevated-temperature operations require

the use of some in-expensive medium which will
maintain its characteristics at elevated tempcra-
ture and will not transmit heet to the explosive
charge. Several materials including sand an'l
arrna~l glass heads have been used for this M%2r-
posc. (35) If sand is ueed, som,3 baffer material

Kerosene Glycerine should be placed over the part to prevent im-
A-4,'992 bedding the sand into the part or marking the sur-

faee. It is believed that the shock waves are
FIGURE 22. EFFECT O~F MEDIA ON CLUPPING transmitted through fine-particle solids in a

T--!lOFILE( 3 Z) manner similar to the transmission in liquids,
although a suitable method of determining this

Explosive EL 506A constanf has not yet been described.
charge size

Standoff '/2 inch Shock-Wave Transmizasion
MaterziAl 1015 steo-l

It has been found that 'qh:>ck waves travel
5oii Medumsthrough a medium at a velocity that is related to

the speed of soutwd in the mediu~m, indicating that
Th2e use oi a solid rnediurr will protect the good acoustical properties are associated with

squrfacc of the oart being fan-ned. Soumetimes higýh efficiencies in shock-wave transmission. (36)
small. slivers of metal projected from the blast- When a minimum of energy loss is desired at an.
ing cap or any other material such &s wire which in*,,'rfa(..e between two different mediums,, a close
is Ased to attacii the cbar;;c mnay strike the sur- acoustical impedance match should be obtain.;d
face of zhe part. and result in scrap. Difficulty between them. Since the acoustical impedance
wsay also be e~xpc-;"ciced trom sýigh, irregulari- is a function of the density of the medium, as a
tkes in the cxpkcsfte c.%4arge w'-ich Lause tile first approximation, matching the densities of the
;ýrn.xtion of jeta. The jet eifect is smaller uz--der mediums helvs to increase the efficiency cf the
watcy and will norm~illv only cause diff'iculty at system. The effect of placing an intermediate
ve.-y small st-and. Hf distotnces. Pra!bably one of medium, such as a sheet of rubber, over a part
the most, bereficlia cha-acteristics of a olid on the depth of draw obtained is shown in Fig-
madium-n is the uwnforaxn distribction of pressure ure 23. The increase in rubber thickness lowers
aver the surfoce of the part being formed, the maximum depths of draw but may assist in

obtaining a greater amount -)f draw due to the
Soi-ds in the form of rubber 31he.ets, .:ast shape of the cup profile obtained. The use of a

-cor even metals~ are sometimes used ir' solid Aintermedliate medium permits more
eYnolo#ive-fo-.-rminr5 operatiorss. Plastics and rub- miaterial to draw fior under the hold-down ring
b-ez ma..erii.1s with Shore zrardnesse~s below 6D on without wrinkling and without rupture of the cup
the A sitale have been found to improve form- at the apex.
ability; -f some rpýtals. The use o; plastic
transmission med!iumn has proven c-tpecially use- 1lic same reasoning applies for the imped-
ful iai the close-toterancc si~in,- of tubing details. ance between the exploeive charge and the medium
The pia-5tic ten~ds to rnainiain the pressure for a in which. it is detonated. Byr obtaining a reason-
sufficient time at the high-pressure level to able impedance match between the explosive and
zminimnize springback an.d at the same time does the medium,, only weak reflections occur between
not hfold thj. pressu.e level for a time sufficient the explosive and the transmission medium while
to exceed the dclayed yield strcrigth of steael dies, the stronger reflections occur at the suriace of

the medium container. If the container walls are
..Ihe -Ase ->f sa~d metal plugs in the forming shaped properly, the reflections can be used to

of sbull comfigurations has also resulted in better reinforce the shock wave which strikes the work-
formabil~ity. (34) itis post'ilated that energy piece. They may also be directed to areas' of the
trapjý.ed with-in -, medium imparts a momentum to workpiece which require greater amounts of
*he medium which -will in turn do work onk the part energy for forming. Although most shock-wave
to be fc.-med. A similar etfect occurs in tzapped reflections are undesirable, they can be made to
rubber-forming operations on a drop hamnmer, perform a useful function in forming of noncon-
A soliv; medium wil also tend to even out the centric parts. Any reflectors whicb are used
stress-wave distribution before it enters the part
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shoulci be made oi steel and be rividly _unnnrtetl Shc-t For---'-

to since they will receive a high load.
Explosive forming has been used most

widely for producing parts from sheet metal.
e -3~* r r Most of the early work was done with concentric

I1 1 I shapes, which are characterized by symmetry,
ra-4 %, -I but more emphasis is currently being devoted to

nonconcentric shapes. With concentric parts the
1.3 . . tooling and charge placement are relatively

I simple, thus requiring a minimum of experience
al - to produce successful shapes. Nonconcentric

'.. forms such as beaded panels, electrode forms,

and other nonsymmetrical configurations, involve
.• l - techniques using uneven force distributions,

E Ireflectors, and shaped charges. Through experi-
a.C1

-- ence, a better understanding of control in such
ao 0.9systems has been developr:e• and as a result the

.use of explosive forming for fabricating such

0.- 
shapes has increased.

Tooling Considerations

Tooling requirements for the two types of

0.6 . ! -configurations vary considerably due to the
I i _geometries involved. For concentric parts,

06) .5 i fairly simple techniques such as casting or lathe
0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 machining can be used. The more complex dies

Thickness of Rubber, inches A-47982 required for nonconcentric parts necessitate hand
finishing or the use of profile milling. In both
cases, however, only a female die is required

FIGURE 23. EFFECT OF INTERMEDIATE since a properly designed explosive charge

Ml, EDIA provides the appropriate forming force. Special
features can be incorporated into both types of

Test was conducted on a 4-inch- tooling to control metal deformation and minimize
diameter cup die without hold- buckling effects.
down pressure on 0. 064-inch-
thick PH- 15- 7Mo SS in the In simple drawing operations buckling is
annealed condition. Standoff prevented by the pressure applied to a draw ring.
distance was 3 inches. Sixty With concentric parts an equal draw-ring pres-
inches of 100-grain Primacord sure is required around the circumference,
was wrapped around a 2-inch- whereas variations in draw-ring pressures are
diameter tube to make a needed with nonconcentric parts to accommodate
cylindrical charge. Rubber variations in depth of draw. Pressures can be
hardness was Shore A 60. estimated for concentric configurations, but a

trial-and-error system must be used to establish
the required pressure patterns for nonconcentric

n CURRENT APPLICATIONS OF forms. In such systems it has been generally
EXPLOSIVE FORMING observed that the pressure level for the minimum

depth of draw should be decreased 2 to 4 per cent
The potential of explosive forming in for areas of maximum draw(17 ). Control of metal

fabricating shapes to close tolerances has been movement during forming can also be accom-
the basis of current applications work in this plished by using a bead around the die to induce
area. In this respect forming operations invo3v-- more friction between the blank and die. This
ing sheet, plate, and tube have received major approach is much less flexible, particularly when
emphasis. In many instances large parts which a trial-and-error approach is required in the
would otherwise require extreme conventional- initial forming work.
press capacities or pa-rts which have complex
geometries are the obj-cts of interest. Forming of thin sheet materials can be

assisted by slowly drawing a vacuum between the

blank and the die and working out wrinkles with a
plastic mallet as they form. This procedure
represents a partial forming, and often sufficient
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deformation is achieved so that only a light that it may be undesirable to fire heavy emplai%"
pl....~ c- ai is necessary to compiete the charges in some areas.

forming.
Recently, work has been initiated on the

A "plug cushion" technique has been forming of 33-foot-diameter tank ends for the
developed to provide additional mass in regions Saturn missle. (37) These will be the largest
where greater stretching is desired in order to parts on which explosive forming has been used
yield a more uniform distribution of stresses to date. The successful application of explosive
during explosive forming. (34) This method which forming to parts of this size will provide the
permits greater depths of draw, results in better information needed to perform even larger form-
control of part shape and more uniform thick- ing operations.
ness than the direct explosive-forming approach.
A comparison of the two techniques is depicted Tolerances
in Figure 24. Specific information has not been
published on this technique but critical Tolerances as close as *0. 001 inch have
parameters have been identified as chamber been obtained on small parts by explosive form-
angle, density, and thickness of plug. ing, but working tolerances are normally 0. 010

inch. The tolerances are directly related to the
Metallic form behavior Metallic form behavior amount •f pressure utilized in the forming opera-
under explosive loads under standard explosive tion, up to a point where die failure will occur.
using the plug-cushion deformation loads The use of plastic or rubber fillers over partseffectThusofpstcorubrilesoepas

f Explosive also has a considerable bearing on the tolerance
" • o Loading obtained. Since filler materials decrease the

Metal Form total pressure imposed on the part but maintain

6-in-DiamDDie- - [ the pressure for a longer period of time, the in-
--- Pklg Cushion crease in total impulse tends to improve confor-

mation to the die and minimize springback. In
general there are very few instances where explo-
sive forming cannot equal or better tolerances

S•& obtained by conventional forming.

Schematic Measurements on large parts by standard
Ssequence of methods are difficult where contoured surfaces

t fchoracteristic! are involved. The method of holding the part

flnal shape while the measurements are being taken can
affect the measurement readings. These values
are particularly sensitive to variations in room
temperature and slow creep of the material due
to its own weight. Another factor which is often
overlooked on large parts is that the dimensions

A-47964 measured at the forming site may be correct and
within specification; however, these values may

FIGURE 24. COMPARISON OF FORMING USING be changed slightly after handling and shipping.
THE PLUG-CUSHION EFFECT
AND STANDARD EXPLOSIVE- The type of tooling used in the explosive-
FORMING TECHNIQUES( 3 4 ) forming process also influences the tolerances

obtainable. Probably steel tooling is the most
Size Limitations satisfactory for holding close tolerances for long

production runs. Tooling materials such as

The maximum size of parts which can be Kirksite or plastics will flow under repeated im-
formed explosively is limited only by the size of pacts at high loads and cause a gradual increase
tooling which can be constructed. Probably a in part dimensions during the production run.
more significant limitation on part size will be
the method of shipping large parts after they are A new area for explosive forming is in the
formed. It is quite possible in the future that the forming of plastics. Most plastics have a very
very large parts will be formed on the site where excellent memory for their original shape and
they will be used so that shipping is held to a tend to return to this shape after being formed by
minimum. The process would be ideal for this conventional equipment. A plastic seal made of
type of operation because of the comparatively Kel-F plastic by propellant forming in boiling
low capital cost involved in setting up a facility water has demonstrated the usefulness of explo-
for producing large parts. The only drawback is sive forming methods. (38) This part was formed
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to a tolerance of *0. 001 inch and maintained that the part can also be varied through the use of a
tolerance after storage for a year. rubber blanket covering those areas which re-

quire the least forming. In this case relatively
Placement of Explosive Charges simple charge configurations can be used. The

most widely used technique involves the use of
In general, explosive-forming cperations multiple charges to work the metal into the die in

require that the explosive charges be at some steps.

e standoff distaic• from the parts to be formed.
In contrast, a contact charge supplies too high a Shock-wave reflectors are suitable for
peak pressure (above 1,000,000 :.si) and can. re- producing parts which require a deeper draw in
sult in rupturing of the blank although more one particular region. They become very com-
recent work with explosives of controllable plicated, however, if there is more than one
detonation velocities ,ad peak pressures have such region in a part. Generally trial-and-error
been successful. (39) Positioning of the explosive testing must be employed since little information
charges can be performed by a number of tech- on the use of shock reflectors in sheet forming is
niques provided severai conditions are met: available.
(1) the method of positioning should be substantial
enough that immersion of a part in a water tank Formability Limits of Sheet Materials

a- for firing will not displace the charge out of
position, (2) the rigging for the charge should not The nature of various investigations con-
result in flying projectiles which might dar. - ,e cerning the formability of sheet materials by
the workpiece, and (3) any debris from the explosive techniques has not yielded quantitative
rigging should be easily recoverable from the information on formability limits. Generally,
w-ater tank so that the operation can proceed in the data obtained have been related to the types
an orderny manner. of configurations that can be formed and the rela-

tive behavicr of the specific materials studied
To meet these requirements, various types during forming. In contrast to these studies,

of rigging materials have been used. For large applications of expiosive forming have involved
parts small-gage wire is used which generally is specific materials and configurations with the
retrieved with the die. With smaller parts, development effort devoted to process param-
masking tape is normally preferred for locating eters. As a result, the wide range of shapes,
the explosive charge because it is easy to handle, tooling, and process variations represented in
Permanent steel rigging can also be used pro- past work do not permit definite conclusions as
vided that the charge is separated from the to formability limits of the materials investi-
rigging by at least 2 inches. Cardboard tubes gated. Observations of forming behavior do,
work well for separating the charge from the however, provide a comparison of the relative
rigging provided that the tube is not immersted ease of forming.
in the water longer than 5 minutes before the
charge is fired. For longer immersion times the It has been generally observed that both
tubes should be sprayed with a plastic coating. austenitic and precipitation-hardening stainless

steels can be readily formed into shapes of intri-
Often it is possible to obtain the same re- cate geometry and those requiring extensive

sults with different types of charges. For elongations. (40) Properly finished welds of these
instance, tank ends can be formed with cylindri- matcrials will also withstand similar deforma-
cal charge or with an equal weight of Primacord ticns. Work-hardened stainless steels are
wrapped on a cardboard tube. (I f) Similar re- readily formed with explosives and through pro-
suits are obtained if the diameter of the per scheduling of prior work and annealing,
Primacord charge does not exceed twice the optimum mechanical properties can be obtained
diameter of the solid cylindrical charge. Conse- after forming. In contrast, carbon steels can
quently when the supply of one type of explosive withstand only limited deformation without
has been depleted, it is often possible to utilize splitting and cracking.
another type which may be on hand.

Aluminum alloys including both heat-
Special types of explosive charges are treatable and work-hardening types have been

generally required for the forming of nonconcen- formed with very little difficulty. (40) It has been
tric shapes. These charges may be shaped in a found desirable to conduct initial forming opera-
manner which will provide a variation of shock- tions in the annealed condition to minimize
wave intensity so that the areas of the part which springback. Final forming can then be accom-
require a greater amount of energy will be prop- plished in the required condition as in more con-
erly loaded. The development of such charge ventional forming.
shapes are especially difficult requiring extensive
trial-and-error tests. Energy transmission to
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The metals molybdenum, titanium, zir- A cost analysis conducted by Lockheed
c-nium and their alloiys are dffc,.t to form at demonstrates the variability of both conventional-
ambient temperatures. (40) Preheating to and explosive-forming costs with specific parts.( 4 )

temperatures on the order of 800 to 1200 F has This study involved the fabrication of five parts
been found to minimize the cracking and splitting by both methods in sufficient quantity to establish
behavior normally experienced. Very little data the desired cost information. These paits which
has been reported on explosive forming the are shown in Figure 25 include a side-panel jet
remaining refractory metals; however, it is ex- pod, coUar-outlet housing, tailpipe ring, pan-
pected that their rolative behavior will parallel fire shield, and an engine bellmouth tailpipe.
that in conventional forming. The results of the cost analysis are summarized

in Table 5 where it is evident that three of the
Economics oi Explosive Sheet parts examined were fabricated less expensively
Forming by explosive forming.

Only limited information has been published Further considerations in the economics of
on cost comparison of conventional forming and explosive forming sheet materials must include
explosive forming. It has been generally found the availability of equipment and personnel. In
that simple shapes readily formed by conven- many cases conventional equipment and trained
tional methods should not be considered for ex- personnel are already available and a change in
plosive forming since an economic advantage will production method must yield sufficient savings
not be realized. More complex shapes and to offset the unused life ol present equipment and
materials with special properties such as the the cost of retraining personnel. The quantity of
work-hardening characteristics of stainless parts to be produced will affect these economic
steels and the new classes of high-temperature factors. Although explosive forming has gener-
alloys lend themselves to explosive fabrication, ally been reg rded as applicable to short produc-
Size considerations must also be taken into ac- tion runs, competitive production of 20, 000 parts
count since extremely large sizes may be formed has been observed. (41)
explosively that would be impractical by conven-
tional techniques.

TABLE 5. COMPARISON OF MANUFACTURING COSTS: CONVENTIONAL
VERSUS EXPLOSIVE FORMING( 4 )

Increase (+) Increase (+)
or or

Decrease (-) Decrease {-)
Total Cost, dollars Over Total Cost, dollars Over

100 Qty. Basis Conventional 500 Qty. Basis Conventional
Conventional Explosive Form, % Conventional Explosive Form, %

Side-Panel-Jet Pot 80,64 89.9J +11.5 35.44 55.03 +55.3
81.29(a) +0.8 4 9 . 2 3 (a) +38.9

Collar-Outlet 6.77 12.99 +91.9 2.18 6.12 +180.7
Housing 1 0 . 7 9 (a) +.59.4 4 . 6 0 (a) +111.0

Tailpipe Ring 80.63 53.22 -34.0 38.40 21.68 -43.5
50. 7 2 (a) -37.1 20. 0 0 (a) -47.9

Pan-Fire Shield 66.91 40.08 -40.1 22.80 19.19 -15.8
36. 19(a) -45.9 16.5 8 (a) -27.3

Bellmouth-Engine 161,47 133.54 -17.3 57.82 52.75 -8.8
Tailpipe 1 ZS. 4 8 (a) -20.4 4 9 . 3 4 (a) -14.7

(a) Denotes predicted cost of explosive forming as a production operation. First figure based on
actual cost for experimental forming of parts.
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The explosive consisted of a 30-inch-diameter

al- ring of Primacord (25 g) in the first operation
.(4) and similar charges located 11 inches above the

center in subsequent detonations. This procedure
s . produced a finished part of 57 per cent total
h •stretch with tolerances of *0. 008 inch on the

contour and 0 to 0. 005 inch in thickness. A
similar technique involving three annular charges
of Primacord and using a Kirksite die has been
employed in forming 5086 aluminum alloy domes
of 94-inch diameter and 0. 281-inch thickness. (43)

y C -

FIGURE 25., EXPLOSIVE-FORMED PARTS USED

d IN COST COMPARISON STUDY

Courtesy of California Division of
Lockheed Aircraft Company.

Examples of Explosively Formed
Sheet Materials

A variety of sheet materials and shapes
representing both concentric and nonconcentric
configurations have been formed with explosives.
In each case the process parameters have been FIGURE 26. HEMISPHERICAL PART IN THE DIE
optimized for the particular part in question; AFTER THE FIRST FORMING STEP
consequently only the basic features of explosive
forming are common to all of these applications. Courtesy of General Dynamics/
In reviewing the parts currently being formed it Astronautics.
is evident that variations in die materials, types
of explosives, and methods of charge placement A Z-ring blank explosively formed from
are preferred as related to the particular part 0. 020-inch-thick Type 321 stainless steel is
being formed. It is intended that the examples illustrated in Figure 27. (44) For this part a
presented in the subsequent discussion will dem- single forming operation involving a 4130 steel
onstrate these variations and the types of appli- die with hold-down rings and a 9-inch-diameter
cations in current practice. winding of two strands of Primacord (approxi-

mately 25 g) was required. Subsequent detona-
Forming of hemispherical shapes with a tions and annealing treatments were not needed

centrally located explosive charge has been the because of the relatively shallow draw in form-
mnost widely investigated application of explosive ing. The part as shown requires trimn~ing to
forming. In forming large hemispheres of the complete the fabrication of the desired ring
type shown in Figure 26 a number of explosive configuration.
operations are generally required.( 4 2 ) In this
case the 44-inch diameter shape of the 0. 071- Techniques for explosive forming at
inch-thick 6061 aluminum alloy was formed i-i elevated temperatures were required in forming
six operations with one intermediate anneal. The domes from tungsten sheet.( 12 ) Prior to detona-
shell-die concept consisted of a fiber-glass- tion the tungsten blank was heated to approxi-
reinforced plastic shell of the desired contour mately 1250 F in a bath of molten aluminum by the
which was sealed to a heavy-wall steel container. device shown in Figure 28. The explosive was
Additional reinforcement was supplied to the shell contained in an insulated tube in order that pre-
by filling the container with water bufore sealing mature detonation would not occur. To form
the shell to it. This tooling was used to form the tungsten domes of 4. 5-inch diameter by 0. 125-
subject parts. This type of die assembly is inch thickness, a 12-g charge of Composition C-4
considered unusual when compared to other explosive td an AISI 4130 steel die was used in
single-component hem:spherical forming dies. the assembly described. A dome height of
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approximaLely i inch with a tolerance of *0. 003 Since nonconcentric parts are consid;rably
inch resulted from a single operation of this more difficult to nrdcitPr forming of such " .....

type. has been restricted to those that are small or
require only limited deformation. Beaded panels
represent examples of these parts which have
been formed both by drop hammers and explo-
sives. The panel shown in Figure 29 was explo-
sively formed from a 0. 020-inch-thick sheet (if
a columbium- 1 per cent zirconium alloy. (44)

Sheet explosive at a 5-inch standoff distance and
a 4130 steel die were used to form the part in a
single operation. The final tolerances realized
in this part were approximately *0. 0 0 inch.
Similar panels of Type 321 stainl-ss steel have
also been formed by this method.

FIGURE 27. CLOSEUP OF PART READY FOR
TRIMMING TO FORM THE
Z-RLNG

Courtesy of McDonnell Aircraft
Co rpo ration.

Molten Aluminun FIGURE 29. BEADED PANEL MADE FROM

Aluminum Cb- 1Zr ALLOY SHEET

,Explosive Courtesy of McDonnel Aircraft

Chorge Co rpo ration.

The forming of a L-605 stainless steel
shingle for the Mercury capsule illustrates a

Workpiece", deep-drawing operation on a nonconcent, ic
part. (44) The shingle which ;s shown in Fig-
ure 30 was formed in two explosive-forming steps

Die-,. /using flat helical coiled charges of PETN
Primacord at a 10-inch standoff distance and
Kirksite dies. This part which was formed from
a 0. 010-inch-thick starting blank 10 by 12 inches
yielded minimum tolerances of 0. 0075 inch of
the final configuration.

FIGURE 28. ARRANGEMENT FOR EXPLOSIVE A larger nonconcentric part with a shallow

FORMING AT ELEVATED contour which was formed with explosives is a
TEMPERATURE honeycomb facing sheet. (45) This part formed

Courtesy of Aerojet-General from a PH-15-7 stainless steel blank measuring
Couporate ofn e 24 by 120 inches in a single operation is shown in
Co rporation. Figure 31. In this application a 4-lb charge of
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__ 60 Der cent nitroglycerin dynamite at a Z4-inch Flate Forming

standoff distance and a Kirksite die was

!Is employed. The die was assembled on a heavy Concentric shapes similar to those des-
wood support and an inclined track was used to -.ribed for sheet-metal parts can be explosively
lower the assembly into the water tank. in the formed from plate. The limiting bend radii, of
final configu'ation tolerances of *0. 010 inch were course, are larger since they depend on both the
achieved. This application represents a case thickness and the mechanical properties of the
where only a few parts with close tolerances workpiece. Explosive forming of plate materialo

d were required and explosive forming served as has been employed because presses large enough
the most economic means of fabrication, to form heavy plates are generally not available.

Economic advantages are realized when a form-
ing operation, prior to machining of thick parts,
can reduce the subsequent machining time and
the weight of raw material required. Explosives
have also been used to blank or pierce holes in
heavy shapes. This operation requires a wave
guide .viih the appropriately positioned and sized
holes for placing over the workpiece. It has been
generally noted that placement of the wave guide
is critical and extreme care is needed to prevent
irregular blanking.

Tooling Conside rations

In order to support the higher loads
characteristic of explosive forming plate
materials, the tooling must be of heavier con-
struction than that used for sheet forming.

Although the same basic methods for determining
die designs are employed in both cases, plate-

forming tooling is generally less complex.

FIGURE 30. SHINGLE AFTER FORMING AND Usualy plates are not formed to close tolerances,

BEFORE TRIMMING particularly since they are often machined in a
later operation. A vacuum system is not neces-

Courtesy of McDonnell Aircraft sary in these operations because the plates are
Corporation. heavy enough to withstand bulging irom the gas

pressure created in unvented dies; where the dies

are vented, marking of the workpiece is removed
in the final machining. The mass of hold-down
rings required for plate forming is too large to
be practical; consequently forming is generally-

accomplished in free-forming dies such as shown
in Figure 32.

Blank

s ,Final Form

7Die

Free Air Vera
A-4?9U

FIGURE 3Z. TAPERED-ENTRANCE DIE

FIGURE 31. FINISHED DOUBLE-CONTOURED Formability of Plate Materials
PART AFTER FORMING

Courtesy of Georgia Division, As in other explosive-forming operations,
Lockheed Aircraft Corporation. limitations on the size of parts that can be
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fabricatid from pla~-I mati-rial6 are imnposed by water and %te rigging required for pasitit-rning are
factors. rtlated to the proceas rathec than to the ressvntially the same as tho.; -% s''hoof nne
basic fo'at-iires oif 7i:~ hd At pari.s bet-orne However,. bince final machining is often reqiireu
larger, z'r hezvi.-r plates are used, the require'l some marking cf '.he form~ed piece can i~e

explovive charge becomes larger acid may tolerated.

approach the maximum charge which can be used

woulJ necessitate 1Arger and more heavily con- Plate Forming
structed tooling which would be mor-e difficuta
and extensive to faoricate. Without thete- re- 1he economics of plate-forming operations
strictions there is no tlieore.ical limit to the using explosives !'-?. not been estabiished through
site i1 parts that can be formed from plate zpecific cott comrparisons with more conventional
materials with 2-xplosivei, fabrication methods. It is generally considered

that the greatest savi-,,gs would be expected in
Talcrances obtairi~ble in axplosively preferming heavy parts prior to finish machining.

formed plate materials are the same as those This operation compitred io machining thae barne
j noledi for sheet mnatcrials, namely *0. 010 inch. component from seli-J stock woald provide a

Notmally, -onsiderably greater tolerances thnn ti,:vings ii. zUoth thl i-equired xnechining timne end
theee are acc-i:ted cr pqrls made irorn plate the total stock remnoved as waste. Particular
einre ý4ubseciuent macitining operaticon3 are advant.-ges woAd be reziized with rnat~rials Zh~at
custoniz iy, With f ree-formed onate mate aile re expensive and inhe: ently difficult co matchine.
Ltolerances -e grtAt ss *ký. a50 inch havc been Such saving~s, of course, would be -reqtL-re0 to
considertrd accept.-ble. hxa '.rdeý tto realize~ the offset the costs of the exp4-e'ive-preforming
grea;ýest econcitiic potential of preformning pratee oper-ation.
witf explo~ives, c,--- A r) tlerances is
generally cxper,.i±xucv. Economic advantages may gLeo lk.e gained in

explosive foizninc plaCe materia~s in shozt produc-

There are n-j spcdfic da'. or. ,he form- tion rurs where ccniventinxlal equi~meif ;s not
ability limits of plate materials in ez.zpLjs~ve- avzailable. in ssu-h cases the cost of procuring a
forming operations. In, most. ca'c s to diate crly heal? prest, for thr. lin.ilted foxri~ing reeqdired
limited deformatiorv, on the order of iCI p-e.r cent, vr..uld be prohib 'itive ani3 the capital c~osts -ýauirea
has been required in forming these plate con- for t~stz.'Ž.isti-'g an exploaiv.ý-fortning facility and
figuratjons. It is likely that greater -3eforma- the related tooling wovli appear par-ilc4l4 1'v2y
tions could be obtained if desgired, but these have attractive.
not been required in current applicatio-s. Aloo,
efforts in this area of explosive forming have E~xamples o:nxlsvl Formed
b~een limited to a relatively small number of Plate Materials
materials and applications with the result that the
relative forming behavior of the plate materias In forming plates with explosive3 concentric
examnined cannot be well established. configur~t~ons have received the inost interest

particularly where forming to final shapes has
l~osive-Charge Placement been involved. Present applicationa have been

limited to plate thicknesses of 1/2 inch or lees

The explosive arrangement for plate form- bt cause of the component sizes of interest and
ing is sirnilaar to that for sheet forming except not because of process limitations. In addition to
for the scaled-up size of tooling, workpiece, the free-forming approach which has beeki widely
an d exploLsive charges. Since water is the pre- used with plate materials, step-forming opera-
fe rred transmission medium in these operations, tions, and stretch forming have also been emn-
coirIainrnent in large water tanks or fim ing above ployed. These variations and typical applications
Z.-ound using a water-filled bag is required. In are demonstrated in the subsequent discuscion.
each approach the explosive energy is trans-
mitted to the wozkpiece through water; however, Free forming dome ehapes fromr plate stock
aboveground fizings create a considerable noise with explosives has proven to be highly Aticcessful.
problem which mnay have to 1ke reconciled with A dome restlting from explosive forming a 0. 10-
public-relation policies. inch-thick by 25. 6-inch-diameter Type 32: stai-

less steel bla-nk is shown in Figure 33. 46) In this
Because of the relalively simrple configura- case three charges of Powertol 7A (200, 600, and

t1Coris involved in plate forminig, charge shapes 600 grains) -w'ith .io intermedizte anneals were
and placeraent are less complex. Normally, required. Forming wais accomplished ovor a
centrally located zha-.gf#s and ring charge-, posi- mild steei ring die with centrally located, spheri-
tioned at the desired standoff distance are em- cal, explosive chzarges at a staridoff distance of
ployed. Con jide ration of charge containment in 2 inches. Similar xechaiqucs were usci in
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are forming a 2014 aluminum calloy dome ahich is
shown in Fi~iire 34 after att~c~hinent of a sk;. *,

re,; by welding.%"'/ Six explzzsive-forming oper~--
re ~ ti-,ns were useC in producing thts 1/5-sc-ale

Titan dome from a blan' 0, 100-inch thick it d
;3, 6 inches ii, dfame'&eý. The -zrild steel dif.
comnpone.nts employed in this case included a die
ring and hoid-dowu ring.

ugh
)nal

ing

Ld

- FIGURE 34. FRONT VIENW OF I/ 5-SCALE MOD)EL
at -. TITAN DOIME WITH ATTACHE~D
mie. 7KR

3>..Formed by free-forming techniques
using the "plug cushiono' concept;
final thickniess at apex 3.097 im.;

in ~thickness variation 4. !L5;
fuc-Courtesy of Martin Compaziy,

reaver Division.

Mxplosive p~late forming has bveen u6.-.d to a
reo FIGURE 33. TRANSiLATION ROCKET PART coc,'siderabole extent for conimercialpjrne.iction of

ad O RMED BY Dr-LýS heavy e-ished heacis for~ steel tanks(1 'Z). The tank
TECHNIQUES ends w~hich are shown in Figure 36 after forming

anu trizrxxiag wecre fabricated hior 77-inch-
Dia~meter 14.4 inchet diamete r AJSI 4340 bLinks of variable thickne ss.
Initial. Tl-ciiesa 6. 100 inzii T' procedure u~sed involved two underwater
Final Thickneots C. t)60 ir-ch explosive-furiing steps in a 4340 steel die with
Thickness Variation 20 per ct-nit a liquid Aerex explosive~. The explosive charges

-ic consisting of 3Z10 g were in a spherical shape
Courtesy of Martin Company, and. located at a 7-inch standoff. In the final
Denver Divi sion. parts deflections of 20 inches were attained with

tolerances oi 0. 006 inch on the thickness and
The production of a hyperbolic reflector by 0. 0Z5 inch on the contour. The high degree of

multiple explosive-forming operations has been uniformity in wail thicknesses was in part due to
todemonstrated with a 6061-0 aluminum alloy. prcmachining the thick iilates to the appropriate

yTen steps were required to form this shape from shape.
annealed plate measuring 3/8-inch thick and 135
inches in diazreter. (47) Explosive charges for The general procedures for drawing large

iseach operation consisted of loops of Priznacord parts in explosive operations differ from stretch-
arranged in a decreasing diameter. This proce- ing in that a greater rumber of steps are
dure resulted in progressive stretching to form requiired. This procedure permits a greater con-

k the shape, starting from the periphery of thep trol of metal flow to avoid excessive thickening or
.11.part and finishing at the central portion. The thinning. Often rubber inserts are placed in the

final shape which is shown in Figure j5 was die for deformation control in the early formi'.g
formed in a Kirksite die in a water transfer me- operationis. A 70-inch-diameter hemisphiere (8

is dium and represented a total stretch of approxi- formed in this manner is shown in Figure 37. (8
d miately 15 per cent and toleran;,es of *0. 032 inch. In this case a 1(iO-inch-diamneter blank of Type

This approach to forming plate materials has the 4086 alumrninum alloy was formed in 10 explosive
advantages that the small charges are less likely operations using PETN Primacord charges vary-

-to damage the die and forming of large shapes ing from 50 to 150 g. A cast mild steel die was
can e cnduced n a imied fcilty.employed. Standoff distances were varied from
canbe ondctd i a imi~e failiy.6 to 10 inchps the blank was held hydraulically
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FIGUR~E 37. COMPLETED 70-IN. EXPLOSIVELY
FORMED ALUMINUM TANK END

Courtesy of Ryan Aeronautical
Company.

4__ 74

FIGURE 35. COMPLETEP 'HYPERBOLIC;
R.LFLECTORf

Note silght elongation of bole-s in part
rim due t'. pull in against 2he bolts.
The circular mark on t!6e contour was
picked up from a scribe line on the
die surface w'hich indicates the detail
possible with the p.ocess even or.
plate material.
Courtesy of North #american Aviation,
Inlc,, Columbus Div'ision.

FIGURE 38. BLANKS AFTZR EXPLOSIVE

FORMING

Courtesy of Gene ral,
Dynam~ics/Fort Worth.

FIGURE 36. COMPLETED STEEL TANK ENDS
AFTER FORMING AND TRIJMMIG

Courtesy of Aerojet-Gene ral Corporation.
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with a ,orce of 2UO ions. The iinal configuration The use of split dies makes evacuation more di;-
r-sulted in a 35 _er cent stretch at the center and ficult in that rubber seals are required between
10 per ce.nt thrink at d,.e periphery with a tolei- the die halves. The parting lines betwete, the
ance of *0. 030 inch. die segments will often leave undesirable marks

on tGv formed part. This marking effect can be
Prmsforming oi heavy plate prior tc machin- reduced by either reducing the explosive charge

isig, which haj been -noted as a potential economic and employing mulziple oe-at~ans or increasing
advantage, is demonstrated in Figure 38(49). the strength of tMe die. Where heavy loads are
.:.his forming was accompl;shcd on an -alu.ninurn involved, modifying the strength of the die has
7075 ahoy platz in the T-6 condition measuring little effect.
40 inches in diameter by 2 inches thick. Two
explosive operations using 38 and 24 ounces of
commercial dynamite and a Kirksite die in a
water system were required. The final com-
ponent exhibited a stietch of approximately 18
per cent with a tolerance of *0. 06 iuch. This
preforming resulted in a saving of 760 pounds c-f
material per part. when compared to direct
machining from an I I-inch slab. In addition the
machining time required was greatly reduced
although no direct comparisons weire made.

Forming nonc-icentric parts from plate
mater-ials is more difficult •nd as a result has
not been widely investigated. The greater com-
plexity of such forming was demonstrated in the
fabrication of a torus ring from Rene 41(38).
This nonconcentric part which is shown in Fig-
ure 39 required three forming steps using 700-g
charges of Composition C-3 at a 4-inch standoff
distance and a Kirksite die. The initial annealed
blank which measured 54 inches in diameter by
0. 25-inch thick yielded 30 per cent stretch and
tolerances of *0. 010 inch in the final configura-
tion. Wrinkling near the nonconcentric bulge
was the major difficulty in this forming; however,
the use of point charges located at the difficult - --
areas eliminated the forming problems.

Tube Forming
FIGURE 39. NONCONCENTRIC TORUS P.NLG

Explosive forces have also been utilized
successfully in tube-forming operations. This Explosively-formed from Rene 41.
process has permitted the formation of many Courtesy of Rocketdyne, a Division of
unique tubulat s.,'pes by beading and bulging the North American Aviation; Irc.
initial workpie~c selected areas. In addition,
the extremely ci. tolerances that can be Some control of the amount of bulging can
achieved have been found particularly advantage- be obtained through the use of end plugs to
ous. Since the basic geometry employed in these supply some restraining force to prev•nl drawing'-
operations is a tube, it is generally necessary in from the ends of the tube. This detail cat, 4
to use split dies and line explosive charges to critical in thin-gage tubing where wrinkling win
achieve the desired forming. These features of occur ii the ends of the tu!oe are not restrained.
explosive tube formig represent a major differ-
ence- between this forming method and sheet and Shock-wave reflectors can be incorporated
plate forming. iz the tooling for explosive-forming operations

on tubing. They find the best applications in
Tooling Connide rations tooling for rocconcentric shap-ts or where

reentrant angles are desired. With the use of
In or&er to facilitate removal of the com- "pecial reflectors the charge can be placed at

pleted tubular configurations it is necessary to oae end of the tube and a refiector inside the tube
use either split dies or split tapered die insexts to concentrate the shock wavu in certain areas.
depending on the particular part to be formed, Very large bulges (350 per cent of tube



40

diameter) have been produced with the use of This requirement holds for parts which have
reflectors, intermediate anneals, and step- lenoths greater than the.;- dia.mcirs. A Igai-ncni
iorming operations. The reflectors can vary of the charge is critical since the tube provides

considerably in design, ranging from a solid some reflective characteristics to the shock
filler with an angled cut (to concentrate the wave, and misalignment can result in extreme
energy on one side of the tube) to exponential pressures in areas of the tube closest to the
shapes for reentrant angles. To date, most of charge. Proper location of the charge can be
the work wpith reflectors hls been performed with insured by thin spacers placed in the tube or by
propellants in closed systems rather than with an exterior fixture which applies some tension to
explosives, the explosive charge. A rigid plastic tube can

also be used to cover the explosive charge and to
Formability of Tube Materials keep the flexible charge straight.

As with sheet and plate forming any limita- Normally a die is required when a specific
tions on the size of tubes that can be formed configuration is required. As with plate forming,
explosively Are dependent on factors such as however, the process can be used for preforming
facility capabilities, difficulties in die construc- a tube which is to be machined. Simple bulges
+-on, and handling. Forming operations have can be formed in heavy-wall tubes without a die
been conducted on tubes ranging from 1/4-inch but tolerances can not be held very closely on
diameter with a 0. 010-inch wall to 40-inch either the diameter or vn the contour of the bulge.
diameter with a 5-inch v"•lL As the size of the This technique sometimes offers advantages !or
workpiece is increased, greater quant'.1es of parts which are to be finish machined.
explosives are required which may approach the
limits that cau be handled safely in an existing Economics of Explosive

facility. Tube Forming

Tolerances on small-diameter tubes havc, Although no specific data are available on
been maintained as low as +0. 001 inch, but toler- the economics of tube-forming operations, it
"ai.es on the order of *9. 010 inch are generally appears that considerable savings are possible.
accepted. This consideration is based -n This opinion is based on the large production
economics since •ze extremely close tolkzancez quantities of explosively formed tubular parts
require the construction of heavy, accurate dies which have been u-adc in isolatted cases. One
which will withstand the repeated heavy loading example is the sound-suppressor tubes used on
in the production of the desired parts. With the all commercial Jet aircraft, an application which
relaxed trolerance, less expense is involved in the has involved the production of more than m0, 000
4;e fabrication and slight deformations through parts. The main economic advantage in this
uve can be accommodated. application is derivei fr-m the close tolerances

obtainable. Such cemponents are often assembled
From existing data it is diflicult to estab- in other operations requiring close toleran.zes

lish form.kbility limits and relative behavior for (brazing, etc, ) which pr-viously involved =on-
the various tube materWals formed explosively. Eiderable hand work on conventionally formed
Ip- most operations material is drawti into the tubes.
forming areaL in addition to the diamnetral expan-
sion at that point; tlzs a ineasurement of the Examples of Explosively
diametral expansion Mlone does not give a true Formed Tube:5
evaluation of the formability of the -a-terial. A•n
illustration of this effec-. is demonstra'.td in Both conmnercially available seamnless and
formniag a tubular compound component where welded tubing have been employed in explosive-
a 350 ner cent increase in diameter waa ;-e- forming operations with no appzrent difference in
corded at a poin, where the wall tkiicknesi war forming bel-, vior. Applications to date have in-
reý:-ý-r only 20 per cent.(4 1 ) Usually only infor- volved forning va, rious materials to configura-

.. i the Oia•eter increase as a result of tions with both longitudinal and diiametrtl ribs.
forming or the diameter at fracture has beta The general procedures used have beon similar
recorded. It is generally regai-Jed, however, with only minor modifications appropriate to the
that explosive-forming limbl % for simple bulging part being formed. The following examplecs de-
are probably similar to conventional buige form- monstrate the variations in forming that have
ing on the same material. been achieved.

&•losive-Charge Placemnent Some of the less complex tube-forming
operations have involved the for'ning of square,

The setup for tube fornming requires the use fluted, and hexagonal tubes. (38,49) A typ, cal

of Em charges placed on center line of the tube, item which- -med from a 5-i.,ýh-dlamzter
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Type 321 stainless steel tube mveasuring 38 The sectioned segment shown in Figure 42 was
ni inches long with a 0. 020-inch vfall is shown in loramcu from An is-inch icngihm of a 4-inch-

Figure 40. This part was fabricated in a single diameter tube with a 0. 078-inch wall using a
operation using 6 ounces of Primacord in a 15--inch length of PETN Primacord (75 grams)
water medium and an AISI-4340 die. The final and a mild steel die. The resulting part achieved
configuration represented a stretch of approxi- a stretch of 15 per cent and a tolerance of within
mately 20 per cent with finished tolerances of 1. 003 inch of the die dimensions. As can be
+0. 000 and -0. 010 inch. noted in the photograph a small amount of thinning

to - was experienced in the bulged areas of the formed
to part.

X&

ng -. e-

ge.

FIGURE 4 1. END VIEW OF OUTER THRUST
CHAMBER SHELL

Courtesy of Rocketdyne, a
Division of North American

" -"Aviation, Inc.

ed
FIGURE 40. EXPLOSIVE- FORMED HEXAGONAL The bulging of a curved fuel-line tube1 by

TUBE BEFORE AND AFTER cx-nlosivc methods is illustrated in Figure 43. (43)

TRIMMING Th-s part wa3 initially curved by conventional
methods from a 2-inch-diameter 30-inch-long

Courtcsy of General Dynamics/ 321 cold-rolled steel tube with a 0. 065--;.ich wall.
Fort Worth Three explosive-forming operations, as indicated

in the fEgure, using a 4340 forged steel die were
Explosive forming h.as also been applied to required. Formation of this part represented a

the formation of inner and o-iter thrust-chamber maximum stretch of 50 per cent and tolerances of
liners. The spiral grooves such as shown on +0. 006 to 0. 003 irch on the diameter.
the outer thzust-chamber sheel in Figure 41
demonstrate the variationa in explosive tube- Form.ing Welded Sheet-Metal Preforms
frrming operations that may be considered prac-
tical. This part was formed in a single opera- Explosive-forming methods have been used
tion with 150 graini of PETN Priinacord and a in forming components from welded preforms.
Solar tool-steel die in a water medium. The Such preforms are required when the initial tube
initial 4-inch-diameteer Type 321 stainless steel size is larger than that obtainable commercially
tube with a 0. 063-irch wal; yielded an approxi- or when a specialized starting shape is needed.
mate 7 per cent stretch with finish tolerances of Since subsequent forming operations will be con-
*0. 0005 inch on the inside diameter. ducted, it .s necessary that good quality ductile

welds be employed in preform fabrication. Gen-
Pressure-vessel segments of 6061 aluz:1- erally the welds are planished and the blanks an-

nurn have been fauricated in sirgle explooive- nealed prior to forming. Also, where poesible,
forming operations by similar techniques. (43) the welds are loc.ted in areas where a miniaum
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z;tratcal=,n 1r expecied to reduce the possibility Tooling Considerations
of weld failures during the forming operation.

The size of parts may in some cases limit

the use of split dies and in turn limit the process
to applications where natural draft will permit
the removal of the part from the die. No other
special considerations are necessary for tools
unless very thin pars are to be formed which
may result in wrinkling when a vacuum is applied
between the part and the die. Wrinkles can be
avoided by the use of sandwich blanks or removed
by hammering with a mallet if they form during

the time the vacuum is applied.

Formability of Welded Assemblies

As with other explosive-forming operations,
the size of parts which can be produced from
welded blaniks is limited onJy by ex-teral factors.
The maximum die size is smaller than for sheet
or plate forming because the ahape -Y! the parts
usually results in higher tensile stress com-
ponents. In addition, the charge size is limited
in the same manner as that noted f',.) 'he,'* and
plate, namely the capability of the faci lity to be
used.

Tolerances for parts explosively formed
from welded sheet can be held to *0. 010 inch
although a more practical tolerance of *0. 032
inch is n - mally specified. The higher forces
that would be necessary to obtain closer toler-

FIGURE 42. COMPLETED SEGMENTED ances would shorten die life and result in higher
PRESSURE VESSEL AND die costs for a given production run. Close
CROSS SECTION tolerances would also require a higher degree of

Courtesy of Chance Vought weld finishing prior to forming. Because of
Corporatiyon, han Divisonghthese factors the tolerances for forming weldedLing-CTemcon Vought. sheet-metal preforms are generally considered

somewhat larger than those for forming sheet

metal of the same thickness.

The formability of welded sheet-metal pre-
forrus in explosive forming would be the same as
that for the individual sheet metal. This direct1ý3- comparison, of course, assumes that the welds

L2.45 diam, I st S 2diaim have been properly finished and annealed to in-
7.06R 2.88 d !am, 2nd shot' sure adequate ductility. Otherwise, the weld

3.00 diam,3rd shot joints or heat-affected areas would impose limita-
\1 tions on the forming operation. Often it is neces-

-2 dkxn 17.8 sary to test the welds in tension to provide a
A-47987 comparison of their ductility with that of the

parent metal.

Explosive-Ck.arge Placement

FIGURE 43. F8U FUEL-LINE TUBE TThz type and placement of explosive charges

Courtesy oi Chance in forming welded sheet assemblies depends on
ourtesy Corratone athe final configuration of the part desired. LineVought Corporation, a charges positioned at the axis of the assembly are

Division of Ling- used for long right cylindrical shapts. With a
Temco-Vought. cone-shape part a point charge positioned toward

the base of the assembly may be desired.
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Combinations of the two types of charges and Complex conical shapes generally require
relectcre ca._n a•_!e be u-tilized 2a noted in the multinle forminu onerations with nossible inter-

lit previous discussion on tube forming. As with mediate anneals. The truncated cone shown in
other explosive-forming operations, set-up de- Figure 44 was formed in this manner from a 22-

tails are still based to a great extent on indivi- inch-long Type 321 stainless steel preform mea-
r dual experience with similar starting shapes and suring 4-1/2 inches in diameter at the small end

explosive-forming assembly designs.

ied Economics of Forming Welded
Sheet Assemblies

ved
g Economic advantages that may be realized

in explosive forming welded sheet-metal assem-
blies are dependent on the comple-ity of the part
designs and the number and typts of operations
required in conventional fabrication. In addition,

ons, material factors such as ease of forming, weld-
ing, and machining will influence the comparison.

rs. As with other types of explosive forming econo-
!t mic analyses are quite limited. One economic

comparison concerning the forming of welded
sheet preforms is summarized in Table 6. (50)

d This analysis involving bulging, floturning, and
explosive forming considers the forming of a
complete skin secti,)n made of 6061 and 5086
aluminum alloy. The final formed part was to be
31 inches long with a 12-inch diameter at one end
and a 5-inch diameter at the other end.

TABLE 6. RELATIVE MANUFACTURING
COSTS OF A CONICAL
ALUMINUM SKIN

r

Bulging Floturn Explosive Forming

Part Cost 0.89 1.00 0.77
FIGURE 44. COMPLETED TRUNCATED CONE

I'ooling 3.60 1.00 2.40

Facilities 2.30 4.00 1. 00 Courtesy of Ryan Aeronautical
Company.

and 11-1/2 inches in diameter at the large end.( 4 8 )
The analysis shows an economic advantage in Five forming stages were required using ball
favor of explojive forming for this particular shaped 60 per cent Nitro Dynamite cha.oges of 5
part. to 16 g positioned at the center of the cone. A

Examples of Explosively Formed Kirksite die with steel inserts for forming the
Wexmlded o psiv bosses and a clamp ring represented the tooling

in this operation. During the course of forming
A- w ithis part, one intermediate anneal was necessary.
A wide variety of tubular and conical shapes Tolerances of -0. 010 inch from the die dimen-

has been fabricated by explosive-forming welded- sions were achieved with the material undergoing
sheet assemblies. In most cases relatively thin 20 per cent stretch. Similar techniques have also
sheet has •'en used, but the effectiveness of this been used to fabricate the rocket shroud shown
forming method on thicker assemblies has also iW Figure 45. (38)
been demonstrated. Depending on the geometry

es in question, line charges, point charges, and The usefulness of the separation of explo-
split charges have been employed. Also varia- Sive charges to achieve a bell-shape component
tions in die de3igns have been used with particu- of K-Monel is demonstrated in Figure 10.(42)
lar emphasis on minimizing die costs. The fol- The initial rolled and welded 0. 040-inch-thick
lowing examples present some of the shapes and
explosive-forming practik'es that are characteris- cdi preform measuring 24 inches long with a
tic of current applications. in ter taperaion frm 4 to 20 inches was formed

tic f curen a~lcatins.in three operazions. Spherical -harges of 4 g and
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1 5 g a ated at the top and ..... tton ... I... a 1-1/4-inch-thick preform 32 inches in diameter
assembly, respectively, were used in each step and 16 inches long. A Z60-R Composition C-3with nn• _____, -- --,•,•• . . . •. A z,,rT1L u".... .. e al

................. .-. A explosive charge located at the center of a
with bolts to provide a hold-down force was used ductile-iron split-die assembly was utilized for
in a water medium in this forming operation. A this forming. The approximate stretch achieved
total stretch of 19 per cent with a finished toler- in this case was 5 per cent.
ance of *0. 010 inch was achieved. It was noted
that a considerable amount of drawing occurred
during the operation requiring the accommnoda-
tion of the change of length in the part.

FIGURE 46. STARTING BLANK CONE AND
FINISHED EXPLOSIVE
FORMED PART

Ccurtesy of General Dynamics
Astronautics.

FIGURE 45. EXPLOSIVELY FOAThMED ROCKET
SHROUD

Courtesy of Rocketdyne, a Division
of North American Aviation, inc.

Explosive forming of large-diameter
welded-sheet tube preforms has been accom-
plished in dies consisting of stacked and bolted
plates of steel. (5) The fan hub shape formed in
this manner is shown in Figure 47. These --on-
figurations have beer- fabricated from Minel,
carboi steel, Types 304 and 316 stainless steel, FIGURE 47. FINISHED MONEL FAN HUB
and silicon bronze from 10 to 14-gage preforms
ranging from 16 to 36 ir.ches in diameter. In all Courtesy of the Moore
cases, cktarges of dynamite were centrally Company.
located in the assembly to achieve the desired
forming. Final sizing of a closed end shape is dem-

onstrated by the pylon door for a large missile

Explosive forming heavy-wall tube pre- system shown in Figure 49. (38) Blanks for this
forms has been successful in labricating 6061 configuration were initially formed 1y drop-
aluminum components. (51) The part shown in hammer forging 6061-aluminum alloy segments.
Figure 48 was formed in a single operation from Subsequent welding and heat treating resulted in
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reter considerable distortion of the preform for the
3 final sizing operation. This sizing was ac-

complished by three explosive-iorming steps

for using 400 grain/ft PETN Prirracord centrally

wed located in a ductile-iron split die. The die
assembly i, this case was opened and closed
hydraulically. The final part which measured 4
feet by an 18-inch-diameter base with a 0. 063-
inch wall yielded final tolerances of *0. 010 inch
with a maximum of 20 per cent stretch. Over
100 parts were made in this manner with the
same die setup.

RESPONSE OF MATERIALS TO
HIGH-VELOCITY FORMING

FIGURE 48. HEAVY-WALL TUBE AFTER Among the xactors of interest in an
FORMING explosive-forming system are critical impact

velocity, particle velocity, rate of propagation of
Courtesy of California elastic and plastic waves, longitudinal and
Division of Lockheed Aircraft transverse wave propagation, transmitted and
Corporation. reflected waves, and compression and tension

waves. Many of these considerations, however,
apply only to contact operations where very high
pressures are obtained from the detonation of the

) explosive charge. Since explo :ve forming is
" k • • normally conducted with standoff charges which

produce considerably lower pressures, most of
the aforementioned factors can be disregarded.
Thus, for practical applications of explosive
forming it is most important that the critical
impact velocity of the material is not exceeded.

Critical Impact Velocity

The critical impact velocity is a function of
the material which is represented by tV limiting
condition for differences in relative velocity

between two adjacent elements under dynamic
condit'ons. If all parts of a material were mov-
ing at the same velocity there would be no -ritical
impact velocity --ntui. some reaction tended to stop
the motion of a part cf the material while other
parts attempted to continue at the i•iitial velocity.
The reverse condition is obtained ia explosive
forming where the material is initially at rest
and on detonation some part of it is accelerated
while other parts of it are restricted and remain
at rest. The critical impact velocity is important
because it limits the maximum strain rate at
which a material still exhibits some ductility and,
in effect, imposes a limit on formability.

FIGURE 49. COMPLETED PYLON
Table 7 lists the critical impact velocitie,

Courtesy of reported for various materials and includet 'both

Rocketdyne, a experimental and theoretical values.( 5 2 ) It is

Div".vion of North important to note that these veloultle# ire lower

American Aviation, for cold-worked materials than tb! cor-.esponding
Lkc. material in the annealed condition. Threfore, in

st#p-forminj operations without iutermediate
anneals, the permisible velocity imparted to the
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ratey-la, -An ".h oad arii zu'uqucti bt.dgen ib transformation temperature and then very
le ss than that which can be used in the initial rapidly quenched by the surrounding material to
operation. form the white martensite. it should be noted,

however, that this system does not represent
TAB LE 7. CRITICAL IMPACT VELOCITIES OF SOME equilibrium, and phase diagrams based ou

MATERIALS equilibrium conditions cannot be applied. Exam-

ination of steel specimens containing white
Critical Impact Velocity, ft/ ser martensite has indicated a preference for cracks

Material Condition Experimental Theoreticalia- to propagate through or along the streaks of white
Aluminum alloys martensite. rhis indicates that the material

2002 Annealed 200, 176 must have been formed prior to the initiation of2002 1I2 H 110 36
2024 Annealed 200- 174 the crack, for the free energy of a crack after it
2024 ST 200+ 290 has been formed is much :oo low to account for

Magnesium ailoys the formation of the white martensite.
Dow F As received 200+ 232
Dow J As received 200+ 303 ___ __

Copper Annealed 200+ 232 0
Copper Cold rolled 50 42 Iron

Ingot iron Annealed 100 (b) 400A
Steele

SAE 1022 An-nealed 160 (b) Hg o

SAE i02o Cold rolled 100 95
SAE 4130 HT 235 (b) 1

~SAE 1022 Col 3Wle 009
SAE 1095 Normalized 200+ 232
SAE 1095 Atinealed 160 231 0
Stainless 302 A, r.ceived 230+ 490 _ _

Hadfield steel A- -.r.iv-d 200t 750

a.
(a) Computed from engineering stress-strain curves.
(b) Existence of yield point, prevents computation of critical 100o

veloc Aty.

Effects on Microstructures

0.7 0.8 09 10
in materials which undergo a phase trans- V/V 0  A-47988

formation due to changes in temperature, a
phase_ transformation may also occur when the FIGURE 50. HUGONIOT CURVE FOR IRON( 5 3 )
pressure applied to the materi'al reaches a high
level. Steel is an allcy which behaves in this White martensite has been formed by
manner. A phase transformation is oelieved to deformation processes other than explosive im-
occur at a pressure lavel of about 130 kilobars, pacting. Hammer heads and other tooling sub-
which is equivalent to approximately 2, 000, 000 jected to impact loads have shown traces of this
psi.(53) This opinion is supported by the devia- material. It may, therefore, be concluded that
tion in the equation-of-s'ate curve for iron the two essential factors are impact loading and
shown in Figure 50. Even without an initial pres- localized high deformation. There has not been
sure impulse of this magnitude, interaction of any correlation to date of the impact speed re-
the stress waves within a material may cause quired to obtain this material although one of the
transformatioz, to occur. A material called newer studies may provide the needed information
"white martensite". because of its metallographic on its mechanism of formation. (541
appearance, is often found in steel at areas where
maximum shear has occurred. The hardness of Fofmability
the matcrial has been found to be greater than
the normal untempered martensite found in the Ix. nt.rmal 9xplosive-forming operations the
specimens, although it reacts to tempering in a major material factors are ductility and tough-
fashion similar to the normal martensite. The ness. It is general practice not to exceed the
appearance metallographically of this material elongation as determined by tensile testing in
is that of massive carbide formations but the forming a part from the same material. Tough-
hardness is lower than expected for carbides. ness criteria cannot be as readily applied since

the forming operation represents biaxial and tri-
There are several theories concerning the axial stressing as compared to uniaxial stressing

formation of the white martensite but they have in the tensile test. Therefore, the area under
not been substantiated. Probably the most widely the engineering stress-strain curve, which is
accepted theory is that the material has been usually taken as a measure of toughness, must be
heated, by ipternal friction, above the austenite considered a relative value to be used in
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t'ofju.ZLLL1vil W.t. Irrnbilt *.st and p.~ast .10--n .a.A the degree , to hih0in may match

:o experienc(.. In addition it should be noted that normal springback of the formed part. Where
tooling design can influence the apparent form- these two values match closely little apparent
ability of a material, springback would be observed. As more forming

experience is accumulated it is apparent that
Comparisons of iormability of various mirimal springback and die wear are related,

materials on explosive forming are subject to the indicating that the "overdriving" effect noted

ks particular experimental design under which they above is the likely mechanism. The degree of
-ite are tested. As a result, absolute values of spr-r.gback is also related to the explosive paranr

formability are not obtained, but relative eters and die design as evidenced by the contrast-
behavioi for use in other explosive-forming ing occurence of normal springback in operations

it operations can be established. A comparison of involving small charges and heavily constructed
materials using annealed 1100 aluminum as the dies.
basis is shown in Figure 50.(55) It should be
noted that the apparent formabilities shown may Mechanical Properties During
be increased through modified tooling design in Forming
other operations. Also, increasing the forming
temperature will provide obvious forming advan- An indication of the properties ant. be.avior
tages. of materials during high-velocity loading was

obtained in early mechanical testing programs.(5 2 )

A~iuinumn T he most striking effect was found in materials
1100-0 ~**-

1itn . with a delayed yield point such as iron. It was
found that the materials could be loaded beyond

Ttheir yield point and held for a sm.ll time without

p the initiation of deformation. Only materials
0 carbexhibiting an upper and lower yield point in con-

ste.. l ventional tensile tests were found to show this

Aluminum type of behavior. In explosive forming, a
606 6.... •• .. material of this type would sustain more of the

2 :-CB -- total impulse before actual movement of the
material started. The consequences of this type

Vascojet • of loading are not completely understood although
1000 experiments have indicated that except for slightly

321 SS •higher loading such materials deform like those347 SS which do not display this behavior.

347 SS
In all materials, the dynamic ultimatelrwconel X "-' •strength is considerably above the static ultimate

strength as indicated in Figure 52.(52) This
Rene 41 .- means that the pressure required to deform a

t HastaIk~ ~.** . \'.::. -metal will be greater under explos-ve-formingd H conditions than that required if the pressure were
d5-7 Mo • supplied at a lower rate. The exact dynamicn stainless= I

4;l0 steel . e j yield strength of a material is a function of the
e (normalize d)nso j ade for strain rate and the work-hardening characteris-

0.032-ia-thick material tics of the material. All values for the dynamic
ion 6Ai 4V te•Sted at 15 -nch standoff yield of materials have been derived empirically

301 SS Metal annealed unless and they are usually reported as multiples of the

full hard otherwise indicated static yield strength. The speed effect is nor-

0 20 40 60 80 IDO mally taken into account with a number of other

he A-47959 controlling factors so that one factor is obtained

FIGURE 51. RELATIVE FORMABILITY OF for all of the variables. This simplifies the pro-

METAL WITH EXPLOSIVE(5 5 ) cedure of establishing pressure requirements
for any new material or configuiatiou.

Many cases of reduced springback in
explosive-forming operations have been Static Mechanical Properties of
reported. This unusual effect is generally attri- Materials After Explosive

Lng buted to the extrene pressures involved in this Forming

fabrication method, being several orders )f
magnitude higher than those in convention•.l Increases in stregth similar to those er-

be methods. Of particular interest is the elastic pected from the same amount of deformation by

strain that may be induced in thc die during conventional forming methods have been found in
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1he ha.......ve al AS9CIATED THERAL, TREATMFVTZ) ON THE

been some indications of abnormally high in- AVErAM: PR-)PE8TLfrS OF 350 STAPILE ST"EL0l)

creases in asrength leveli 17)as given in Table 8, U

although they have been limited to specific alloys. UStirate Twist!. Tea11.A Yield ZIlnchate, iie&rengt.h, 30(0 t•s Sire . 300ps 2 Inces~,. pa' cent

Some indications of increased ductility at a given Treatment LoE0.- Trans. Long. . Lg. Trans.

strength level have also been reported for £vei. deformd 2Z5 225 202 199 17.5 18.0

multiple-step forming operations where no inter- aG aged

mediate anneals have been used. (J7) In these iroevo.y d.ovr•, 2Z9 21 201 203 18.0 17.0
reifrxj ratod, and

cases the strength of the material after the first aged

intermediate forming operation would indicate posively deformed. 2O05 204 162 161 23.0 29.5

that the ductility is insufficient for completing prcr,,satean.d
ref rigerated, and

forming operations although the parts were made 4'sed

successfully by forming without intermediate AW Specifcatio 5546 185 mirr.m ISO mimum 1e.0 imnur

anneals. This indicates that the explosively mqeu.-amnt. for CRT

formed parts exhibited unexpected good ductility cotion

at a higher strength level. Certainly more work Allegheny L•ILm typical
prop.rt~s

is required to determine the conditions affecting 50HT Cotdti 201 IS$ 12,.0
CRT Coedizion

this behavior. C0 cTd reductio.'9 160 Mc.0
30% cold reduction Z2% 195 13.0

(a) Reference North Amermca Aviation Report NA61H-76, dated hM3 4, 1941.

(Data are for otautard tensile specimens ramoýed from the rim area of a 0.040-
Inch-thick explosively formed dome end whech had buta impacted twice during

k~t Ir'on "!l • ormbg Sa r,,. •s•lnaltar~l prior tolot , or l I .w° a nne rasled conditlon A

1022 Steel
Annealed SAE W322Si"I5 ---

Stainless Steel 302 4'0..'- T-6 Ccnitimcn +- 4p 0 Condition o 0 _

Arnealed Copper•" Ill --• 3- Ultimate - -_

20-Yie.i -
Cold Rolled Cople -
Magnesiumn Allay 0

Dow Uso~W~al F + O t
Aneal0d 2S

Akvninu Alloy 7 r.
+.+,.,,~7 +,+., .+

2S Alum. Alloy (j H).
Annealed 24 S "-- ____

Aluminum Alby
24 ST Alumirvnum_

Al loy__ _ _ _ _ _ _

Ultrimate Strength, psi .-- 7--o ~ ~~~~~ 1so so L-n •=•to!• •

Static -47•-•o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 L6
Dynamic Center of Cup Deflection, inches A-4799.

FIGURE 52. STATIC AND DYNAMIC VALUES FIGURE 53. MECHANICAL PROPERTIES OF
OF THE ULTIMATE STRENGTH 2014 ALUMINUM ALLOY AFTER
OF SEVERAL METALS( 5 2 ) EXPLOSIVE FORMING ON A

.6-INCH-DIAMETER DIE( 5 6 )

Impact velocity 200-250 ft/sec.
Some types of materials, slch as the

Aluminum alloys show very little strength- precipitation-hardening stainless steels, are
ening from explosive forming. The ultimate austenitic at room temperature but transform to
strength of the material remains almost constant martensite upon deformation. Since the explosive-
and there is only a slight increase in the yield forming operation applies uniform loading to the
strength of the material. (56) Figure 53 compares pari.s being formed, the martensite which is
the ultimate and yield strengths, as well as the formed is fairly evenly distributed and some
per cent elongation values, of 2014 aluminum ductility is still retained in the tnaterial. The
alloy in both the 0 and the T-6 conditions after procedure can be considered similar to ausform-
the materials had been explosively formed on a ing since the material is worked in the austenitic
6-inch-diameter cupping die to varying depths. condition prior to transformation to martensite.
The tests were conducted on 0. 063-inch-thick To obtain the full benefits of the process it is
sheet: necessary to chill the material to eliminate the
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retained austenite and then io reheaL :u tei-iper 100
the martensite and to precipitate additional
strengthening carbides. This procvdure has

been found to produce increases up to Z0 per cent

in ultimate auid yield strengths azd ductility over 880
properties obtained by the typical heat treatment C
of solution treating, deep freezing, and aging.( 1 7 ) Z

17.0

Other materials do not appear to gain any - 60

significant increase in strength by explosive xposively

forming over that obtained from the same amount

of deformation by conventional processes. This 40 i0

opinion is supported by data in Table 9. The 103 105 106

amount of strengthening is strictly a function of Cycles to Failure A-47992
the work-hardening characteristics of th.2

material. Materials which work harden much FIGURE 54. S-N-CURVE-. 025 HT

more rapidly than. others require intermediate VASCOJET 1000

anneals just as they do in a conventional forming
prcs.Range Ratio - 0.1I

-process. 
Test Temperature - Room

Grain Direction - Long.

TABLE 9. COMPARISON OF MECHANICAL-PROPERTIES 
FOR

EXPLOSIVELY FORMED AND SHEET META1,S(
4 ) -00

Spec.
Obtained Gra:n Hardness, Ftu, Fty, rX

Material Frornia) Direction Rc ksi ks. Elongation, %
VJ- 1000 Formed Long. 39 232 187 5.0• so•

part
Formed Trans. 45 Z33 18q 5. 1

part
Sheet Long. 45 242 198 6.3 -J

Sheet Trans. 45 249 207 6. n 60 Control

Ti-6AI-4V Formed Long. 11S Rb 151 143 8.7 Lu

part El) E•sIely formed
Formed Trans. 10 Rb 158 134 7.5

part 40'
Sheet Long. 110 k~b 147 140 14.5 to4  to 5  t06  i07
Sheet Trans. 105 Rb 146 137 14.5 

10-

350SS Formed Long. 41 195 165 12.0 Cycles to Failure A-47993

t.art

Formed Trans. 37 195 16S 12.0 FIGURE 55. S-N-CURVE-. 025 HT AM 350
part

Sheet Long. 40 207 175 11.3

Sheet Trans. 41 205 177 10.0 Range Ratio - 0. 1

- Test Temperature - Room
(a) Formed part means tensile specimens were obtained from parts

which had been explosively formed, heat treated, and explosively Grain Direction - Long.

sized before the specimens were removed. Sheet material
means that the speirens were prepared from sheet material

without any forming after the sheet had been heat treated.

Data indicating that explosive working
lowers the fatigue strength of materials have been -- _______

reported as shown in Figures 54, 55, and 56.(4)

The fatigue specimens for these tests were taken _ <xlieyom

from an explosively formed part which had been

stretched about 7 per cent. The formed parts
were heat treated after forming and then explo-

ye- sively sized before the fatigue specimens were 20

removed for testing. About I per cent stretch 103 105 1& 107

was produced in the final sizing operation. All Cycles to Failure A-47•94

fatigue specimens were obtained from the same

parts as the specimens which were used to FIGURE 56. S-N-CURVE- 025 ANNEALED 8Mn

generate the data for the mechanical-property TITANIUM
c values listed in Table 9 and the stress-corrosion Range Ratio - 0. 1

data listcd in Table 10. Test Temperature - Room

Grain Direction - Long.
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TABLE 10 STRESS-CORROSION DATA FOR SPECIMENS REMOVED FROM EXPLOSIVELY
FORMED PARTS AND FROM SHEET MATERIALS( 4 )

Spec. Hours to
Obtained Grain Hardness, Fty (Avg) Deflection, Thickness. Failure,

Material From(a) Direction Rc (ksi) 1. 75) inch inch Range

UJ- 1000 Formed part Long. 45 139.8 0.273 .0247 48-170
Formed part Trans. 44 141.5 0.279 .0237 56-144

Sheet Long. 42 148.3 0.293 .0246 80-170
Sheet Trans. 41 155.3 0. 307 .0246 80-144

6A1-4V Formed part Long. 105 Rb 107.0 0. 143 .0655 No failure

Formed part Trans. 110 Rb 100.2 0. 134 .0655 No failure
Sheet Long. 115 Rb 104.9 0. 141 .0710 No failure
Sheet Trans. 94 Rb 102.5 0. 137 .0701 No failire

350 SS Formed oart Long. 40 124.4 0.241 .0275 8-32

Formed part Trans. 37 124.0 0. 240 .0274 No failure
Sheet Long. 38 132.0 0.254 .0245 No failure

Sheet Trans. 34 132.5 0.257 .0245 No failure

(a) Specimens obtained from formed parts which had been explosively formed, heat treated, and
explosively sized. Specimens obtained from sheet material which had been heat treated but not
deformed. Bend specimens were exposed to Salt Spray Test per Federal Standard Method 151,
Method 811 (170 hours' exposure t..ne).

Comparison with fatigue data for control Stress-Corrosion Properties of
specimens cut from sheet material which had not Explosively Formed Materials
been formed indicates a reduction in the proper-
ties for the explosively formed specimens. (4) it Information available on the effects of
is quite possible that a comparison with material explosive forming on the stress-corrosion resis-
which had been deformed to the same configura- tance of materials is very limited. Table 10
tion by conventional forming methods would have compares the stress-corrosion characteristics
not shown any significant differerce in proper- of several materials in salt-spray tests on bend
ties. Fatigue properties of explosively formed specimens. A decrease in stress-corrosion
materials still require additional investigation resistance was found for explosively formed
and could be considered an urgent matter since material compared to material which had not been
hardware made by explosive forming is now being deformed.(4) The stress-corrosion characteris-
used in areas of critical stress on aircraft and tics of explosively formed materials have also
missiles, been showa to be poorer in magnesium chloride

tests than those of materials formed by conven-

Some studies now in p ogress have indi- tional equipmnent.(18) Therefore, the use of
cated a change in the formation of dislocations as explosively formed materials must involve
the velocity of forming change-. (57) This effect considerations of these effects and of techmiques
would be expected to influence the mechanical for their impro-ement. More detailed study is
properties and the characteristics of a material's required in this area of research.
reaction to fatigue. More definitive atudy in thi.s
area may establish the effects of explosive form- THE FUTURE FOR EXPLOSIVE FORMING
ing on fatigue properties.

Over the past fow years, explosive fabrica-
tion has gained the respect of materials
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fabricators as another useful - ,iique which7 If Department of theuArmy.
complements older and more conventio. l form- Technical Manual, TM 9-1910 (April, 1955).
ing methods. There is little question now that
the:e are useful applications of the explosive- (8) "Explosives and Demolitions", FM 5-25,
forming approach. At the same time, explosive Department of the Army (September, 1954).
furming is no longer"selected because of its

i novelty alone. (9) Du Pont EL-506 Flexible Sheet Explosive,
E. I. du Pont de Nemours and Company,

While there is no single set of circum- Incorporated, Wilmington, Delaware.
stances that can be stated as being controlling
criteria in the decision to apply explosive or (10) Du Pont Line-Wave Generators, Bulletin
more conventional techniques, there are certain No. ES-58-Z, E. I. du Pont de Nemours,
generalizations which, although somewhat con- Incorporated, Wilmington, Delaware.
troversial, can be made. Simply stated, these
are (1) as the size and or complexity of con- (11) Brochure from Hercules Powder Company,
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sive techniques increases and (2) as the required Delaware.
production rate increases, the attractiveness of
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seems to be apparent that the application of Aerojet-General Corporation, Downey,
explosive forming will continue to grow as a California.
function of the increasing size and complexity of
aerospace hardware .*quirements and that explo- (13) "Data Sheet - Primacord Detonating Fuze",
sive forming will gradually, as the technology E. I. du Pont de Nemours and Company,
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APPENDIX A

METHODS OF DETERMINING PEAK PRESSURES
AND ENERGY REQUIREMENTS

The forces from an explosive charge can be meters, second for TNT in the above formula
estimated from the basic laws of physics. The yields tle following equation:
difficulty in the application of these laws is that (Wl/3hl. 13
the forming takes place in such a short time P = 2. 16 x 1 0 4 (wINR 1 (A-2)
interval that it is diffic A1t to measure parameters R)

to determine which lawi are to be applied. Al- Values obtained from that equation were. used to
though direct measurerrent is impossible in most construct the nomnogram in Figure A-I after con-
cases, methods for indirect measurement have verting the units to inches of distance and grams
been established. Since the basic laws of con- of-charg... Those units dre more commonly
servation of energy are cbeyed, scaling laws employed in explosive-forming operations.
are applicable. Measurements taken at a dis- Similar nomographs can be constructed for point
tance, with low-pressure measuring devices, charge of other explosives from known detona-
can then be used to deterrr ine the energy impulse tion velocities.
in close proximity to an explosive charge. This
information may be used for small charges and Figure A-I can be used to predict peak
standoff distances, provided the distance in the pressures and energies developed by point
explosive operation is not less than 2 inches. charges of this particular explosive, TNT, at

different standoff distances. The information is
Calculation of Peak Pressures for detonations produced in water.

Experiments have shown that the peak pres- The nomogram in Figure A-2 can be used
sures developed by detonating an. explosive under similarly for line charges o! PETN explosive.
water decrease in a regular manner with detona- Two scales for standoff distance are given on the
tion velocity and with distance. The relation- chart. One is for use when the line charge is
ship, for point charges, can be expressed by the located along the axis of a cylinder. In this case
following equation, modification of one suggested the diameter of the cylinder is the governing
by Roth(A- )*. parameter. The other scale is used when line

1/3 1. 13 charges are used to deform flat blanks.
P = 6.9V x(V x A-) x 102, (A-I)

Use of Nomograms

whe re

A line on the nomograph connecting the
P = peak pressure. psi desired peak pressure with the point for a certain

standoff distance intersects the "charge weight"
V = detonation velocity, meters/second scale at a value indicating the required weight of

explosive.
W = weight of explosive, pounds

To use the nomograms, the peak pressures
R = standoff distance, feet required to fo-rm the particular part must first be

determined. The estimates can be made by the
The value of 6. 9 is an average of the factors methods described in the section "Peak Pressure
determined for a variety of explosives with deton- and Energy R•equirements". Then the standoff
ation velocities ranging from 2000 to 7400 distance is selected on the basis of the size and
meters/second. Data reported by several shape of the part and the type of loading desired.
investigators for different explosives and stand- Increasing the standoff distance lowers the ampli-
off distances indicate that the conversion factor tude of the initial impact but increases the time
is constant within 6 per cent. duration of pressure application. Consequently,

greater standoff distances are used for forming
If a particular type of explosive and shape than for sizing operations. The amount of energy

of charge is to be used frequently, an appropriate available for transfer to the workpiece varies
nomogram simplifies calculations of peak pres- inversely with the distance between the explosive
sures for different charge sizes and standoil charge and the work.
distances. For example, substituting the
appropriate detonation velocity of 6750 It should be noted that the nomographs in

oReferences are given on page A-5. Figures A- I and A-Z are for specific explosives
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standoff distance is essentially directlý related Due to the many variables which must bes
to the peak pressure. The accuracy obtained by evaluated in order to estimate the dynamic yield

using the nomograms has been found to be strength of a material, most of the information
adequate for most explosive-forming operations. available on this characteristic of materials has

More sophisticated calculations can be made but been derived empirically. The variations in types
normally they do not significantly reduce the of devices used to obtain empirical data make it
error. Therefore, it is reasonable to expect difficult, if not impossible, to interpret this
that this information will provide an excellent information for other types of equipment or
starting point for any particular explosive- operations.

forming operation.
The equations which determine the opera-

The two nomographs ao not hold for form- tion of explosive forming can be established on
ing operations on "sandwiches" or for mediums the basis of energy requirements or peak pres-

other than water. It is unfortunate that very sure requirements.
little quantitative information is available on the
effects of various plastic or rubber mediums on Considering the pressure requirements for
peak pressure delivered through them. It is the initiation of deformation for various geome-
known, of course, that the larger explosive tries of parts the following equations are

charges are required to produce the same obtained(A- 4 ):
amount of forming when rubber is used over a
part and that the amount of charge cr peak pres- For elliptical flat plites with simple supported

sure must be increased as the rubber thickness edges
is increased. The use of plastic or rubber P = St 2 a/(3a-Zb) b2 , (A-3)
mediums in forming operations will certainly where
receive more research attention in the future and
is an area which promises to have significant P = static pressure in lb/in. 2

advancements in the state of the art in explosive-
forming technology. 3 = maximum stress in lb/in. 2, equal to

dynamic yield stzength

Peak Pressure and
Energy Requirements t = thickness of blank in inches

A considerable amount of information is 2a = major axis of blank in inches

available on energy requirements for conven-
tiona! metalworking operations. This informa- 2b = minor axis of blank in inches.

tion can be used where it applies and modified by For square flat plate simply supported

simple coefficients when empirical data indicate
that it is necessary. The differences are con- P = S4tZ/b 2  (A-4)
cerned mainly with the response of materials to
dynamic loading. Some of the work performed where

by Wood and Clark(A-3) has shown that materials b = o
are stronger or exhibit higher yield and ultimate b = one side of the square in inches.

strengths under dynamic loading than under slow For circular plates with edges simply supported
loading. The increase depends or. tLe material
and the rate of stress application. Since very P = 8StZI3R2 (3 + m) (A.-5)
high loading rates occur in explosive-forming
operations, it is reazonable to expect that a d-!- where
namic yield stress should be used in the deter-
mination of pressure or ersergy requirements for R = radius of blank in inches
deforming materials. This is a difficult prop-
crty to measure since it requires a large amount f so;atl
of testing at varilus rates of load application, and for steel.

es. special equipment is rziecessary to obtain the high For circular plates with fixed edges, the formula
rates of stress application. Some materials tuch for maximum stress at center should be used
as steel complicate the determination of dynamic since rupture normally occurs at the center of a
yield strength evoen further by having a delayed blank. The formula is
yield point. The effed.1 of this dharacteristic in
explosive-forminig ->perations is not known P = 8stz/2R2 (I + m) (A-6)
although it is expected that At will result in a

different typF of d-ri~ation of dynamic yield for maximum stress at center of blank
strength from material'#; which do rot have an
upper and lower yv24df -o~nt•
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For bulging thin-walled tubing: in a satisfactory part without some changes of
the setup during the initial trials.

-IdA

where

P = static pressure in pounds/square inch .

t = wall thickness in inches 9 ,

a = diameter of tube OD in inches. 8 ' -

7-1
For bulging thick-walled cylinders: . /_

2 )/R 2 2 (AI I

where P-A 5 i

T = shear stress
3 , I - -'--H ,--

RI = internal radius of cylinder in inches 2

R 2 = external radius of cylinder in inches.

To apply these equations, it is necessary 0 5 10 1Z 20 25 30 55 40 45 50
to know the dynamic yield strength of the
material. Cold work increases the yield A-4o9 Diaetet Stretch, per cent A - 47970
strength of metals and must be taken into account
when determining the dynamic yield strength of FIGURE A-3. EFFIECT OF STRAIN ON T11E
the material. Because of the variables involved, RATIO OF PRESSURES
it is best to utilize a first approximation to the REQU;RED FOR FAST AND
solution of the problem and then adjust conditions SLOW FORMING OF
based on experience for the first several parts. TYPE 3CI STAINLESS
This approach to the problem, which is better STFEEL(A-Z)
than trial and error, is based on the empirical
relationship found between static and dynamic Another method which may be used in
pressures causing equal amottnts of deformation, establishing ixitia: conditions is ba.sed on the
The relationships has the form energy requirements(A-l). This approach may

K - (A-91 be used for free-forming operations where the
size oi the charge controls the &-pth of draw.

where The following equation has been found to provide
fair correlation with experience in iree-drawing

K = a factor indicating the ratio between operations:
the conventional and dynamic yield

strengths and the pressurea required d = D(Eu/ZSt) (A

for fast and slow forming. where

e = mean diametral stretch required to d = depth of draw in inches
form the part, per cent

D = cup diameter in inches
a = a factor depende~nt on the w.>rk hard-

ening characteristic of the material Eu = energy -equired per unit area in
a = 1. 58 for stainless steels ani
about 1. 25 for mild steel and
aluminum. S = dynamic pield strength of material

in? lb/in.
A graph of "K" as a function of percentage

of stretch is givcn in Figure A-3, for Type 301 t = thickness of material in inches.
stainless steel. The curve 'ujuid bv shifted to
the left foi materi-Is like aluninum or mild The energy available from a TNT charge at
steel which are less scnsitive to strain hardening t given standoff distance car. be determined from
than stainiess steel, the following iorimiula:

It should be emphasized that these equztions Eu = 2.41 x I03 x W/R 1 / , (A-Il)
provide only a starting point and ,iay not result
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eA-21 .trnhckn•r. n-. R_. "D1ee Drawing With-

whe re__ -- -

out Presses", Report No. NA61H-76,

Eu= energy required per unit area in North American Aviation Inc., Columbus

in-lb/in. 2 Division (May 4, 1961).

W explosive weight in pounds (A-3) Clark, D. S. , and Wood, D. S. , "The
Impact Properties of Some Metals and

R = explosive standoff in feet. Alloys", Transactions of the American
Society for Metals, 42, pp. 45 (1950).

The energy available from TNT and other
explosiive charges follows the relationship(A- 5 ) A-4) Eshbach, 0. W. , Handbook of Engineering

•W13 ) BFundamentals, 2nd Edition, Johri Wiley and
F• = A WI V/3 B, (A-12) Sons Inc., New York; pp. 5-55 (1952).

where (A-5) Cook, M. A., The Science of High Explo-

sives, Reinhold Publishing Company, New

E = energy per unit area in York 1958).
ft-lb/ft2

W = weight of explosive charge in
pounds

R = standoff distance in feet

A and B = constant3 determined
empirically.

The-e are a n-rkber of additional factors
which enter into any calculations for the energy
or peak pressure requirements for the forming
of parts explosively. (1) The ratio of the blank
diameter to the finished part diameter is
import,'nt because ironing restrains the flow of
materi&l int(' the die and increases the energy
required for drawing. (2) The. hold-down clamp-
ing force will have a -very significant effec. on
the amount of energy required for fcrrning.
(3) The pressure between the blank and :hi dic
during forming which may result fram entrappld

Lg gases should also be considered. The initial
pressure as well as the final fit of th• foraned
blank to the die will determine tbe pressu..e
between the part and the die during forming, In
addition to creating a back pressure, hurning or
discoloration of die and part surface can resIlt
trom high temperatures developed during Lapid
compression of the trapped gas. In a free-
forming system, or where the part is not com-
pletely formed to the die, these difficulties
should not occur provided the volume occupied
by the formed part is not more than half of the
total die volume available.
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