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SUMMARY

In view of the current high level of interest
in explosive-metalworking processes, this report
has been prepared to review the status of forming
materials with high explosives. The information
presented has been obtained from the open litera-
ture ard from firms active in explosive-formiung
operations. In most cases the process is applied
to large or unusual shapes which cannot be readily
fabricated by conventional means.

Explosive-metalworking operations can gen-
erally be classified as either confined or uncon-
fined systems. The confined system has distinct
advantages for the forming of thin materials to
close tolerances; however, the nature of the op-
eration imposes a size limitation. Unconfined
systems are less efficient because only a small
portion of the total energy from the explosive is
utilized in the forming operation. This methed is
particularly attractive, especially for very large
pieces, since tocling requirements are greatly
simplified.

A wide variety of explosives and detonators
used in explosive~-forming operations are discussed
with emphasis on the secondary high explosives.
Both commercial and military types of explosives
have been used in forming operations to date. The
military types have been employed to a lesser ex-
tent and it has been noted that their continuity is
not as good as the commercial types. Character-
istics of these materials relating to their handling
and storage are briefly reviewed. The versatility
and wide use of Primacord in explosive operations
is particularly noteworthy.

Positioning of the explosgive in the proper
relation to the weorkpiece can be achieved by a
number of routine methods. In order to prevent
misfires and deflagraticn of the explosive it is
necessary to employ the proper size blasting cap
and method of attachment as recornmended by the
explosive manufacturers. Depending on the ma-
terial to be formed, protection from blasting cap
fragments or corrosive action by the water trans-
fer media may be required.

Materials are generally forme! in the an-
nealed condition with explosives at ambient tem-
peratures. Intermediate anneals may also be
employed between successive forming operations
and are determined by prior experience with the
particular material. In some cases such as those
involving extensive work hardening, stress-
relieving treatments are required immediately
after forming to prevent delayed cracking due to

residual stresses. For titamum and refractory
metals, forming at elevated temperatures is
desirable.

Location of an explosive-forming facility
must be based on considerations of safety, local
regulations, economics, and community relations.
Both the 1nitial use and projected future uses must
be factored into the decision in order that continued
operation may be assured. The laycut of opera-
tions within such a facility should serve to provide
a smooth flow of materials through the work area
and permit close control of the operations for
maximum safety.

The design of dies for explosive-forming
operations is dependent on the peak pressure to be
developed during detonation. Once this value is
established, conventional methods of stress analy-
sis may be applied to the designs. Die materials
in past and current operations have included heat-
treated alloy steels, Kirksite, aluminum alloys,
ductile iron, reiniorced concrete, plastic, ice,
and composite materials.

Explosive forming has been used most widely
for producing parts from sheet metal. The maxi-
mum size of parts which can be formed is limited
only by the size of tooling that can be constructed.
Tolerances as close as #0.001 inch can be achieved
on small parts, but working tolerances are nor-
mally 0.010 inch. The nature of various investi-
gations concerning the formability of sheet mate~
rials has not yielded quantitative information on
formability limits since the efforts have been di-
rected toward specific parts. It has been generally
observed that both austenitic and precipitation-
hardening stainless steels and aluminum alloys
have been formed with very little difficulty. Work-
hardened-stainless steels are also readily formed
with explosives, and through proper schedvling of
prior work and annealing, optimnum mechanical
properties can be obtained after forming. In con-
trast, carbon steels can withstand only limited
deformation.

Increases in strength similar to those .e-
sulting fru i the zame amount of deforination in
conventional forming have been noted in explosively
forrned materials. Limited data indicate a de-
crease in fatigue etrength in such materizls; how-
ever, more detailed studies are required to estab-
lish this effect. Similarly, only limited data are
available on the effscts of explosive forming on
stress-corrosion resistance.
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INTRODUCTION

Explosive forming is best described as a
process in which metal parts are formed by the
high pressures resulting from the detonation of
chemical explosives. During the course of devel-
opment of new forming methods a number of high-
energy~-rate techniques have been categorized as
explosive forming. These methods have included
the use of chemical low and high explosives,
pneumatic systems, electrical discharge systems,
and magnetic devices. In this summary, how-
ever, explosive forming will be defined as that
relating to chemical high explosives since this
approach has been perhaps the most widely inves-
tigated and applied.

Interest in this forming method was ini-
tiated around the turn of the nineteenth century
when it was noted that the energy released from
an explosive charge could be used for deforming
metals into a useful shape. Some of the earliest
English patents on this subject concerned the
explosive expanding of tubing in attachment fit-
tings to fabricate bicycle frames. (1)* Gun-
emplacement shields were explosively formed by
the French prior to World War II. In the United
States, explosive forming of sheet metal was de-
scribed in a patent issued in 1909.(2) After the
initial interest as evidenced by the patent litera-
ture little advance was made in explosive forming
until more recent years. A more recent United
States patent describes the ranges of operating
conditions in more detail in terms of process
parameter and is presently considered one of the
more iinportant patents in this area. (3) 1n parti-
cular, the high-alloy materials and asrospace
metals prompted a reevaluation of nonconventional
forming mecthods. As a result the Air Force ini-
tizted a comprehensive study of explosive-forming
prizciples in 19%7. {4) Furiher studies in this area
have brex sponsored by the Air Force, Army,
Navy, and NASA.

Along with other recent interests in explo-
sive forming, its use as 2 production tool has been
estabiished. The Moorz Company of Marcelens,
Missouri, has produced Monel metal fan hubs by
this technique since ?35G, and currently uses the
precess for small-quantity production lots of
large fan hubs. {5 Similarly other firms have

*References ave given on page 51.

accomplished production forming of wheel covers
and tank ends. These products represent short-
run specialty items. Of particular advantage in
these short-run applications are the short lead
times required and minimum expenditures for
tooling.

Although a considerable amount of zffort
has been expended in the development of explo-
sive forming, the process has not been widely
accepted for commercial manufacturing. Most
companies do not have an area available where
explosives can be handled. To maintain such an
isolated area may increase shipping costs and
offset potentiil economic advantages of the pro-
cess, In many cases, large-guantity production
of parts are involved which can also be fabricated
by existing conventional equipment, and the re-
placement of such equipment is not economically
desirable until it becomes obsolete. Therefore,
current applications have been concerned with
those items which are difficult to fabricate with
conventional equipment.

The purpose of this summary is to present
a review of the status of explosive forming with
chemical high explosives. Available information,
as obtained through the open iiterature aud dis-
cussions with firms active in this area, serves
as a basis for this review. The general aspects
of explosives and their application io explosive
metalworking have been well summarized in the
recent work of Pearson and Rhinehart. (6) Ad-
mittedly further infcrmation exists but is con~
sidered proprietary hy the individuval firms. To
provide a wide scope and maximum usefulnesas of
this summary, informatica ranging from the
characteristics of various chemical explosives to
the properties of explosively formed materials
has been included. )

EXPLOSIVES AND THEIR
CHARACTERISTICS

Therz are many types of explosives avail-
able which might be cransiagered for explarive-
forming operations. Both commexrcial aad
military types have been used. Military tvpes
have been limited tc companies which have
Government contracts and {» companies which
have managed to obtain limited amounts on
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a Government surplus basis, Although both types TABLE 2. gg:m' osl;rtxso({s‘;mn CHARACTERISTICS OF
hzve been shown to answer the requirements of a
wide range of explosive-formin rations, th
i1 b.x;.g ¢ xp iy g.ope a s the Strength. of ite, per cent{s}
availability of the military types isnot as good as ~70 '___lhg‘og_,_gg 69 100
that of the commercial types, On the other hand, seratght )
s s . . ra Dyum tes
it i. high.ly deslrable t(? minimize to the greatest Nﬂro‘lyccrb 20.2 29.0 39.0 49.0 S56.8
possible extent the variety of commercial explo- Sodiwn Nitrate $9.3 53.3 45.5 34.4 22,6
sives employed because the cost per pound of sc:x;::u““' Fuet ’2'; ':'; 1.8 4.5 182
commercial explosives is closely related to vol- Astacid L3 Lo o8 LI 12
ume rchased r order of £ . Moisture 0.9 1.0 0.9 0.9 1.2
pu per o of each type and form Rate of Detonation, ft/sec 12,200 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
1 lecti losi ce s rell . Sodjum Nitrate 57.3 46,2 37.5 25.. 22.5
n 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 88 9.2 1.0 86
ipso s Sulfer 6.7 5.4 36 24 1,6
sxtxv§ty to shock and heat, tem?ency to be h).rg'ro Antacid Lz L1 L1 o8 11
scopic, and effect of storage time and conditions Mofsture 0.8 0.8 07 0.9 07
on homogeneit as well as e more obvious Rate of Detonation, ft/sac 8,900 10,800 12,809 iS5, 200
geneity, asth e obviou TNT Equivalent (Ballistic  81% "91% 9% 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 20,2 25.4 32,0 40.1 49.691,0
. . . Sodium Nitrate 60.3 56.4 518 45.6 189
can be ?mportant um.ier some circurnstances, in Nitrocellulnge 0.4 05 07 08 1.2 7.9
many, if not most, instances the explosive cost Carbonaceous Fuel 8.5 9.4 11,2 100 8.3
3 : Sulfur 8.2 61! 22 L3
is but a small fraction of the total expense of the id 15 12 12 1z L1039
operation. Moisture 0.9 10 09 1O 0.9 02
Bate of Deronation, ftfsec 13,100 15, 100 17,000 18,400 20, 200
In the discussions which follow, low explo- TAT Equivalest (Ballistic  74%  79% 84.5% 90.5%  99%
3 s . Pendulum Test)
sives and primary high explosives are not in-
luded b . Ammonia Gelatin Dynumites
cluded because these materials are of very Nitroglycerin 22.9 26,2 29.9 353
limited interest in explosive-forming operations. Sodium Nitrate 54.9 ‘9-: g-g 3:-?
: " : < . Ammonium Nitrate 4.2 8. . 20.
T.hose mtex.e sted in low explosives and primary Nitrocellalose 6.3 04 04 0.7
high explosives will find comprehensive discus- Carbonaceous Fuel 8.3 60 80 1.9
t 3 i Salfur 7.2 5.6 3.4
sions on these subjects in References 7 and 8. Antacid 0.7 o8 07 0.8
L. Moisture 1.5 i.4 1.6 1.7
Characteristics of Some Secondary Rate of Detcaation, ft/sec 14,500 16,000 17,400 18,700
igh sives TNT Equivalent (Ballistic 33% 3% S2% 97.5%
High Explosives Pendulum Test)
The general characteristics of a number of
. . {a} This used to mean the percentage of nitroglycerin present. It now
commonly used and r epre sentative expl'os“'es are only indicates tha relative strength of the dynamite within specific
given in Tables 1 and 2. Among the properties types.

TABLE 1. CHARACTERISTICS OF EXPLOSIVES(?, 8)

€ - — i e e, S \ o —— v
r— —— Relsua e ~

Relative Sensitiuity
Power From to Impact
1Tauwzl icad~ Methed of De*gnation {Z-Kg Weight), Source Fr-m
Block Test Charge YVelocity, Sterzge PA ‘), Which Explosive
Explosive (% TNT) Frepatralchn 1t/ses Life  Detonator Safety Risk in. ia Available
TNT 100 Caot 22,600 Rfedium Special Fumes toxic 14 U.&. Government
PFTK 170 Praescs™ 27,200 Lxcellent No. 6  Intercai toxic 6 U.S. CGovernment
RDX 176 Press=dlb) 27,400 Verygood No. & Nontoxic 8 U.S. Government
Tetryl 12% Frrssauidl 25,750 Excelizat Special Toxic to skin 8 U.S. Government
Aa-Fuel Dl - Lovge mix i1,05¢ Goud Jpecial Toxic fumes - Du Pent
Comp B 130 Cast 25,600 Good Special Toxic fumes 13 J.S. Government
Comp C-3 115 Rand shaped 25,000 Fair No. 6§  Slightly toxic 14 U.$. Goveruncent
Comp C-4 120(¢>  Han< shaped 26,400 Svod No. 6 Nontoxic 19 U.S. Government
Detasheet Ald) Cat to shape 23,6004 Good Special Internal tox.c g.22(e)
Detasheet () Cut t0 shave 23,000 Very good Special In%ernal toms 53+{¢) Du Pont
MFXK Preased'd) 22,030 No. 6 Hercules
MFXP Hand sazoed 21_740 Ns. B Hercules
AEREX liqu:d Ligquid mezsare 21,000 Ng. 8 Aerojet
AEREX solid Hand shaped N2 8 Aerojel

—

(a) Picatinny Arasrsl test 2pparatus. ({b) Depends on deasity <€ 1oadiag. {(c) Estimat-d, no da‘: available.
{d) Available in a raage of thicknesses, {e} 3-kg drop test.

_—:
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included in Table } are relative power and seunsi-
tivity, Actually there are a number of more ofF
less standard test methods which are used for the
determination of each of these properties, For
the most part, data generated by the various test
methods are in general agreement in terms of
the relative power or relative sersitivity of the
various explosives. The values reported in
Table | for these properties were selected be-
cause it was felt that the test methods utilized in
obtaining them best reflected the conditions of
interest in explosive forming. The details of the
various test methods and the values for the test
methods not reported in Table 1 can be found in
the References 7 and 8,

TNT (Trinitrotoluene {7}

This is 2 military explosive and is used as
a standard (with a rating of 1.00) inmeasuring the
power of other explosives, It has a detosation
rate of 22,600 fps. It is relatively insensitive to
shock although it may sometimes be detonated by
a rifle buliet. It is only very slightly soluble in
water and can be used for underwater work with~
out a moistureproof wrapping. This explosive
should not be used in cloged spaces, because its
detonation produces poisonous gases. TNT can
be initiated with a Number 8 blasting cap, al-
though the presence of moisture reduces the sen-
sitivity of TNT and a cap more powerful than a
Number 8 will greatly increase the reliability of
initiation.

Tetryl {Trinitrophenyl-
methylnitramine { /)

Tetryl is a more sensitive explosive than
TNT and as such is primarily used as a booster
charge for the initiation of less sensitive explo~
sives, ™ is a:pilitary explosive and is not avail-
able conunercially. The explosive iv used in a
pressed pellet form ana its density dspeade on the
pressure at which it was pressed. The pressure
of compaction also determines the detonation
velocity of the explosive; the velocity is gr-ater
for higher compacting pressures. Tke explosive
is very 3lighily soluble in water at room tempera-
ture and is hygroscopic to the =»t=nt of only 0. 04
per cent i a 90 per cent humidity at 30 C. The
sensitivity of tetryl to shock and friction has not
bYeen found sufficient (o necessitate packing in a
wet condition, as is required with pure PETN or
RIDX. The equivalent power of tetryl is about 129
per cent of TNT, depending on the density of the
loading. The storage life of this sxplosive is
excellent. "Tetry: has a strong coloring action
on the human gkin and can cause a dermatitis.
The use of a cold cream containing 10 per cent
sodium perbozate has beer found to minimize
these effects. Inhalatior «~f tetryl dust has recog-
nized toxic effects, and the suggested permissible

maximum concentration of the dust in air is 1,5

Z1V2 e e o '
ailligrams per cubic meter {7}

RDX (Cyclotrimethylene~

trinitramine }(7)

Pure RDX melts at 204, 1 C and has a
crystal density of 1,816, It may be cast or
pressed to obtain higher densities. Although this
is primarily a military explosive it is used in
combination with a number of other explosives or
binders in commercial forms. Some types of
detonating fuses are loaded with this explosive.
RDX is slightly soluble in water and is non-
hygroscopic. Its sensitivity to detonation is
decreased when wet go it is shipped wet in the
pure state. The equivalent explosive power of
RDX is about 170 per cent of TNT but will vary
depending on its density of loading. It has a
detonation velocity of approximately 27,400
ft/sec.

RDX does not appear to be markedly toxic,
and cleanliness is the only precaution
prescribed.

PETN (Pentaerythrite

Tetranitrate \7)

Fure PETN melts at 141.3 C and the crys~
tals have a density of 1. 765 grama/cc. The
explosgive is very slightly soluble in water and is
nonhygroscopic although wetting the explosive
will tend to desensitize it. PETN is primarily a
military explosive used in combination with other
explosives. Special loadings of PETN are found
commercially in skeet explosive and in detonating
fuse. This explosive has an equivalent power of
170 per cent of TNT. It has an excellent storage
life but should be kept dry for mast consistent
results. It has a detonation velocity of 27,200
it/sec.

PETN is not unduly toxic, since it iy aearly
insoluble in water. Small doses of PETN taken
internally cause a decrease in blnod pressure and
larger doses cauvse dyspnea and convulsions.

Nitrostarch, Nitrocellulose,
Guncotton“)

These are all similar explosives and are
used primarily in mixtures with other expiosives.
Some dynamites contain nitrocellulose but its-
primary use is in the preparation of prcpellants
for the inilitary and in the preparation ¢f small-
arms ammunition or smokeless powders. it hac
not been used by itself as an explosive in
explosive-forming operatione. The explosive is
gomewhat hygroscopic and absorbs moisture up to
3 per cent. The absorption of moisture will
change the properties of the explorive and make
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il unpredictable; this is the priinary reason for
its limited use as an explosive. The dry exple-
sive is very sensitive tu impact, friction, heat,
and spark. It is never hanc'led dry in bulk for
this reason. The rate of devtonation is 24,000
ft/sec and it has very poor storage characteris-
tics. The characteristics of this explosive make
it unsuitable for use by itself as an explosive-
forming =nergy source.

NG, Nitroglyce rinl7)

Nitroglycerin is the primary explosive in a
number of dynamites. In its pure state it is a
colorless liquid and extremely sensitive to im=~
pact. It has no application in its pu:e state in an
explosive-forming operation due to the extreme
care required in handling it. This explosive has
a detonation rate of 25,200 ft/sec when properly
initiated. It has an explosive power of 185 per
cent of TNT. The explosive is stable at room
temperatures and has a low solubility in water.
It will not cause corrosion of metals with which it
may come in contact. Any contamination in the
explosive may cause rapid decomposition.

“Nitroglycerin is readily absorbed through
the skin into the circulatory system of the human
body and vapors inhaled are absorbed by the
blood. The effect is a severe and persistent
headache, from which some relief can be obtained
with strong black coffee or caffein citrate.
Workers in constant contact with nitroglycerin
usually develop an immunity that can be main-
tained only by almost daily contact. "{7) The
toxicity of nitroglycerin does not cause organic
deterioration even with long-time exposures. All
explosive compositions which contain nitroglycerin
will cause the headaches mentioned above.

Composition B{7)

This is strictly a military explosive and is
not available commercially. It is composed of
55,2 per cent RDX, 40 per cent TNT, 1.2 per cent
polyisoluctylene, and 0. 6 per ceni wax. It is
normally usced in the cast state as a eutectic mix-
ture which freezes at 79 C  The solid Composi-
tion B is slightly more sensitive than TNT but less
than RDX in impact. The power of this explosgive
is 130 per cent as great as TNT. The detonation
velocity of the cast explosive is 25,600 ft/sec.
Several variations of this explosive are used in
the military which have slightly different impact
sensitivity and equivalent power. The explosive
is practically nonhygroscopic and it is very stable
in long~-time storage it moderate temperatures.
The main advantage in using Composition B is the
ability to cast charges to shape anc size providing
the equipment is available for melting and handling
it. Some of this explosive has been used in
explosive-forming operaticns although its use has

“

been very limited due to special requirements

for charge-preparation equipment and the {ac

that it is not available commerciaily.

-~

Compositions C-3 and c-417)

These are plastic explosives which may be
molded by hand to the desired shzpe. C-4is
only available frowmn the military; however,
limited quantities of surplus C-3 can now be ob-
tained commecrcially. The C~3 explosive is a
mixture of about 77 per cent RDX and 23 per cent
explosive platicizer, containing moponitrotoluene.
It is a yellowish puttylike solid that has a Jdensity
of 1.60 grams/cc. It is much less sensitive to
irapact than RDX and about equal in sensitivity to
impact as TNT. It has a detonation rate of
25,100 ft/sec and it is about 115 per cent as
powerful as TNT. It is slightly hygroscopic to
the extent of 2.4 per cent but its power is unaf-
fected by immersion in water. Composition C-3
is not unduly toxic, but it should be handled in a
similar manner to tetryl.

Composition C-4 is less sensitive to impact
than the C-3 but can still be initiated with a No. 8
blasting cap. It has a detonation rate of 26,400
ft/sec and has a TNT power equivalent of about
120 per cent. It has a better storage life than
C-3 and 1s nonhygroscopic. It is also nontoxic so
that no special pracautions need be used in
handling it. C-3 and C~4 have been used in
explosive-forming operations and are well suited
to this purpose because they can be readily
shaped by hand to any configuration and size of
charge.

Dynamite s(8)

The straight dynamites are mixtures of
nitroglycerin and some inert agent suck as wood
pulp. Some contain sodium nitrate and others
contain ammonium nitrate. Some dynamites have
the nitroglycerin replaced with nitrostarch to re-
move some of the objectionable qualities of the
straight dynamites. Blasting gelatins are ok~
tained by colloiding nitrocellulose with nitrogly-
cerin which makes the inixture waterproof. The
cost of glycerin and the tendency of nitroglycerin
to freeze ar some atmwnspheric temperatures
prompted the partial replacement of nitroglycerin
by nitrated diglycerin, sugars, and glycols.
Antacid materials, such as calcium carbonate or
zinc oxide, have beer: added to most dynamite
compositions to neutralize any acidity developed
during storage.

Most of the commercial dynamites are
described by strength designations on a percentage
basis. This used to mean the percentage of nitro-
glvcerin present., It now only indicates the rela-
tive strength of the dynamite within specific types.
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Characteristics cof the various dynamites have
been given in Tzble 2, Use of this tabie requires
knowledge of the compositions of the dynamites
available commercially from the manufacturers.

The use of dynamites for explosive-forming
operations is not recommended because their
instability in storage tends to preclude reproduci-
bility. All dynamites te: d to exude nitroglycerin
when stored for 6 months or more and become
soft. The nitroglycerin which is exuded makes
the dynamites very sensitive to impact and toxic
to handle. Although some companies have used
dynamites in explosive-forming operations by re-
packing to the size and shape required, this prac-
tice can not be justified as a general practice.

Detasheet A and C (EL-506X9)

Detasheet is essentially (PETN) explosive
combined with other ingredients to form a tough
flexible sheet which is supplied in the cenvenient
size of 10 by 20-inch sheets. It is available from
Du Pont. Several different compositions are
available although the C series is preferred due
to its greater flexibility and long shelf life before
drying out and becoming brittle. This explosive
is waterproof and can be used as direct contact
charges or can be cut and shaped to the desired
charge size for standoff operations. Various
thicknesses of shect are available with loadings
up from 1/2 gram/in® in the C series. Various
layers of the sheet may be placed together to
build up to the charge size required. This explo-
sive should be initiated only with special high-
powered caps since it is rather insensitive. This
becomes even more critical as the thickness of
the sheet explosive is reduced. The explosive
may be glued onto a backup material for charge
shaping if desired. A good all-purpose adhesive
which may be used is Minnesota Mining and
Manufacturing Company Adhesive CTA-11 {(thinned
with naphtha). This explosive is one of the safest
on the market commercially, but the cost iz still
rather high due to the limited quantity produced.
It was developed and mainly used for operations in
the explosive~forming and -hardening field. It
has a detonation velocity of 23,600 {t/sec for Type
A and 23,000 fi/sec for Type C. The thicker the
sheet the higher the detonation velocity. Type C
has recently been given a military designation and
with increased production, its price can be ex-
pectzd to become more reasonable.

A special shape of this explosive is available
as a line-wave generator and consists of a trian-
gular-shape sheet which has been perforated in
such a manner that Initiation at any one apex of the
triangle generates a line wave at the opposite side
of the triangle. {10) The sheets can be obtained in
thicknesses of 0.050 and 0.168 inch. Since
the explosive is flexible the line-wave generator

should only be considered for applications in
which it is essential thai an explosive charge be
initiated sirnultaneously across a long sec.ion.
The explosive is also available in standard cord
and ribbon geometries. Other extruded shapes
are available on special order.

MFXP Explo sive( 2%

This is a putty type of explosive which can
be hand molded to shape. It is available from
Hercules Powder Ccmpany. The explosive re~
quires a No. & cap for consistent detonation and
has a detonation valocity of 21,000 {t/sec.

MFX 2xplosive(1l)

This is the designation applied to pressed
charges made to order by Hercules Powder
Company. They are available in various sizes
{cylindrical in shape with a well to receive a
blasting cap). The explosives may be “etonated
with a No. 6 blasting cap.

Aerex Liquid Explosive“z)

Another specialty expiosive made specifi~-
cally for explosive-forming operations is Aerey
liquid explosive made ty the Aerojet-General
Corporation. The urique feature of this expiosive
is that it is stored as two separate liquids,
neither of which is explosive by itself. The
explosive charge is prepared by mixing the two
liquids in the proper proportions. Since it is
liquid, shaping of the explosive charge is no
problem, as it will take the shape of the con-
tainer. Plastic or glass containers may be used.
It has a detonation velocity of 20,000 to 22,000
ft/sec and ..as about 80% oi the power of TNT. It
is sold in ~inimum quantities of 5 gallons and it
is one of the less expensive explosives. A solid
Aerex explosive is also now available. It consists
mainly of the liquid explosive with the addition of
ammonium nitrate to obtain a solid. The solid
Aerex explosive is slightly less powerful than the
liquid.

DetonatinLFuse( 13)

Most people in the explosive industry now
call detonating fuse by the trade name Primacord.
It was originally developed for initiation of mul~
tiple charges of explusives by using only one cap.
Its versatility because of ease of hand shaping the
desired charge has resulted in its exteasive use
in explosive-forming operations. Primacord con-
sists of a small filament of an explosive material,
normally PETN or RDX, and a protective coating
of plastic or some water-repelient material. The
explosive is sensitive to water and the ends should
be protected when underwater operations are con-
templated. A roll of Primacord held in storage




for some time may become damp near the ends.
In starting a new operation it is best to cut at
least & inches off the end of the roll to be assured
of consistent quality in the explosive. Failure to
take this precaution or to seal the ends from
water when immersed may result in misfires,
especially if a No. 6 cap is used.

Mild detonating fuse (MDF) is a line explo-
sive available in charge loadings between 20 and
1 grain per foot. In order to obtain consistent
detonation with an explosive charge this small, it
is necessary to encase the explosive in a metallic
shield. Lead is normally used for the shielding
material. Although MDF was developed specifi-
cally for aircraft armament work, it has been
used extensively in explosive-forming operations
where a very small charge is required. The
bulging of small-diameter tubing is one example
of this applicaticn.

Most of the Primacords available may be
cut to length with a knife. They should not be cut
with pliers since a buildup of the explosive may
occur in the joints of the pliers and cause an
accident at a later time. End priming should be
used for the smaller Primacords while parallel
priming may be satisfactory with the larger load-
ings above 100 grains/ft, Primacord may also be
used for connecting separated charges or may be
used as the charge itself.

Specific information on the various types of

detonating fuse available commercially are given
in Table 3, Different types of detonating fuse with

TABLE 3. DETONATING FUSE(13)

Explosive Detonation
Loading, VYelocity, Imtiation Diameter,
Tradn Namefd) grains/ft  Coating ft/sec Cap Size No. in.
Detacord 40 Cotton 20,800 [ 0.175
PETN No, 30 3o 20, 800 8 0. 155
PETIN Nc. 40 4C  Polyethylene 20,800 6 0.180
PETN No. 50 50 20, 800 6 0.198
PETN No, S0 50 Reinforced 20, 800 [ 0, 202
PETN No. 50 50 Plastic 20, 800 6 0. 200
PETN No. 60 HV 60  Polyethyleae 22,600 [ C. 200
PETN No. 60 60  Plastic wire 20,800 6 0.238
PETN No., 100 100 Polyethylene 20, 800 6 0. 242
PETN No, 150 150 Polyethylene 20, 800 6 0. 285
PETN No. 175 178 Polyethylene 20, 800 6 G. 305
PETN No. 200 200  Polyethylene 20, 800 6 0,325
PETN No. 400 400 Polyethylene 20, $00 [ 0.426
RDX No. 70 70 Vinyl 20, $00 s 0.197
RDX No. 300 100 Vinyl 20, 800 s 0.236
Mild Detonating Fuse

MDF Type A-1 PETN, 1} Metal 21,000 0. 240

grawn/fit
MDF Type A-2 PETN, 2 Metal 23,000 3 0. 040

grain/ft
MDF Type A-5 PETN, § Metal 22,000 8 €.073

grain/ft
MDF Type A-10 PETN, 10 Metal 24,000 e.15

grain/fe
{a} The trade names given are for Du Pont explceives. Similar explosive-

& ing fuse imes called Primacord ie sold by other explosive
manufacturers.

ﬂ“

similar loadings mayv be available in different
localitiee, It iz therefore suggestied that the
local explosives distributor be contacted to deter-
mine the types and prices of explosives av ilable.
Primacord is normally sold in rolls,

Detonators

A wide variety of detonators are available
which can be utilized in an explosive-forming
operation., The selection of a detonator depends
first upon the requirements of the explosive to be
initiated and then upon secondary characteristics
of the detonator itself such as electric or non-
electric activation, sensitivity to stray currents,

-
e,

Selection Based on Explosives

Explosives have an initiation sensitivity
which requires not only that a sufficient force be
applied but that the application be sufficiently
brisant in character to assure detonation of the
explosive. It is possible to use less powerful
capc on the less sensitive explosives if an inter-
mediate booster is usad between the cap and the
explosive. Ueing a booster, however, is nor-
mally undesirable since it complicates the explo-
sive setup. The best approach appears to be to
select a cap which has sufficient power for the
direct initiation of the explosive. A Number 6
cap, one of the least powerful caps in commercial
use, is primarily utilized for the initiation of
dynamites and PETN Primacord. A Number 8
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
charge should be considered. For specific cap~
abilities of the various caps in common use in
explosive-forming operations see Table 4.

TABLE 4. DATA ON BLASTING CAPS(14,15)

Loading, No Fire

Detonator Explosive grains Curreat Explosive Used With
No. € PETN 4.9 0.28 Dynamite and PETN Primacord
No. 8 PETN 6.9 0.28 Dynamite and RDX Primacord
E-83 engineers(s) PETN 13,5  0.21 Sheet explosive TNT, C-4
E-73la) PETN 13.5 0,21 Extra-strength application §
E-84ia) RDX 7.0 0,30 Crimp end for Primacord
£-9s £33} PETN 13,5  0.30 Shast explosive

ERW-XBC-1{%) PETN .23 {c} Equivaiestto No, 8 cap

{a} Trade desigsstions of Du Pont,
(b) Tzade designations of Librascope.
{c) Mo fire with 500 v from l-microfarsd capscitor.

Selection Based on Function

There are various types of delay caps avail-
able, some of which have been used to a very
limited extent in explosive-forming operations.
They might be considered where a delayed initia-
tion at various points io desired. Normally the
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delay times available in such caps are too short
for practical applications in explosive forming due
to the small distance over which the charges are
separated.

Another aspect which might be considered
when selecting blasting caps is the sensitivity of
the cap to stray current. Most of the commexzcial
caps available have a no-fire current of 0. 32 amp.
Special caps with higher no-i.re currents can be
obtained but the quantity required is normally not
sufficient to obtain a competitive price. One
technique which appears to be workable is to shield
the lead wires of the cap with a grounded metal
sleeve when the caps must be used in a high-RF-
radiation area; however, it is best not to attempt
to use electric caps under these circumstances.

A npumber of companies have examined the
use of exploding-bridge wire systems for the
direct initiation of explosive, thereby eliminating
the need for the blasting cap. One company has
marketed a high-energy detonation system based
an the exploding~bridge wire concept but the price
ot the individual units far exceeds the price of
conventional caps. (14) If the demand for this type
of detonator increases, it is possible that the cost
of a system completely safe in an RF field would
be competitive. A number of companies have not
waited for this reduction in cost and have devel-
oped their own high-energy-rcate detonation
systems. The development was not always based
on the need for a safer cap but in most cases de~
veloped through a requirement for line-front
detonations which could not be obtained without the
ase of an explosive line-wave generator. A line
initiation from an exploding-bridge wire provides
a linear detonation front without the use of auxil-
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-
energy-rate detonation of explosives have been
limited to homemade devices since none is avail-
able commercially at a price within range of the
blasting caps.

EXPLOSIVE-FORMING TECHNIQUES

Systems

Explosive-metalworking operationg nan gen-
erally be classified as either confined or uncon-
fined systems. The confined or closed system as

il rated in Figure | consists of a die com-
pletely enclosing the energy source, This system
has been used with propellant charges and for
some small-diameter tute forming and piercing
operations with high explosives.{16) The ciosed
system has distinct advantages for the forming of
thin materials to close tolerances because the
sustained pressure tends to set the material to
the dic. The confined system with explosive
charges has been used for some close-tolerance
sizing operations on thin-wall tubing. However,
limits on the maximum part size which an be
produced, die erosion, and possible hazards of
operation have been prime factors limiting its
use. As part size is increased with a closed-die
system, the thickness +,f the die wall must be
increased proportionately and a point of un-
economical die construction is reached very
quickly, usually at around 2 inches for a tubular
section. When forming a part with a shape other
than tubular, the critical size will be reached at
an even smaller size. Deterioration of the die
cavity is common with closed-die systems as a
result of continued gas erosion. In addition, die

failure in a closed-die system is much more

likely to result in a shrapnel hazard from the
iragmented die than in an unconfined system.

Since the confined system has had limited use
up to now, its future does not look promising.
This report deals largely with the unconfined
system, which is in widespread use.

Bottom Die Half A-47967
Die Covity
FIGURE 1. CONFINED SYSTEM OF

EXPLOSIVE FORMING(5)

Courtesy of Olin
Mathieson Chemical
Corporation.




The unconiined system, illustrated by Fig-
ure 2, consists of a single female die with a blank
held over it and an explosive charge suspended at
a predetermined position over the blank. The
complete assembly may be immersed in a water
tank, or a plastic bag filled with water may be
placed over the blank.
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A-47968
FIGURE 2. UNCONFINED SYSTEM OF
EXPLOSIVE FORMING(5)

Courtesy of Olin Mathieson
Chemical Corporation.

The unconfined system is inherently inef-
ficient because only a small portion of the total
energy released from the explosive is used in the
forming operation. With explosive forming the
explosive force acts equally in all directions,
sending out shock waves radially from the charge.
Although the unconfined system may be inefficient
in the utilization of energy, it has other advan-
tages which make it economically attractive.

Tooling for explosive forming can be made
simple, with a reduction in cost of up to 80 per
cent over that for tooling required to perform the
same operation by conventional techniques. The
tooling is simplified since only the female mem-
ber of a die set is required, with the explosive
shock waves acting as a punch. The tooling is
loaded in compression to a greater extent than in
tension. Since most die materials can sustain a
much greater load in compression than in tension,
lighter dies can be utilized. The cost of the
explosive is normally very small in comparison
with die costs, so that an economic advantage is
geunerally obtained through the use of the uncon-
fined system. Simplicity of operation also con-
tributes to the economy of the system.

~

The mec ium within which the explosive is
detonated playvs an important part in Qéiermining
the efficiency of the system. As the density of
the medium increases, the efficiency of the
system increases. This can be readily illus-
trated by comparing the results of a cup test in
air and under water using the same explosive
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
the surface of the water as possible. This re-
duces the amount of water which is thrown by the
explosion and the amount of energy lost through
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
charge is fired under water, a shock wave
moves out from the explosive and is followed by
the expansion of a gas bubble from the detonating
charge. If the gas bubble vents to the surface
before it impinges on the part being formed, a
considerable amount of energy will be lost. With
charges sufficiently deep in the water, several
cycles of expansion and contraction of the gas
bubble can be noted. Each time a bubble ex~
pands, an additional pressure pulse is trans-
mitted to the part being formed, but these pulses
are not severe enough to require consideration in
the explosive-forming process.

The variations in energy level delivered
from various shapes of charges are small when
fired in a water medium, providing the standoff
distance is 1 foot or more. When charges are
placed cluser to a part, within 1 or 2 inches,
energy-transfer mechanisms from the explosive
to the workpiece change. An example of these
effects is shown in Figure 3.

In standoff operations in water or in air,
the amount of energy or peak pressure delivered

can be readily calculated from standard formulas.

The optimum location of the charges for forming
of most parts is a matter of diverse opinions.
However, generally speaking, a cylindrical
charge or point charge is located near the center
line of the part and at a distance from the part
which is related to the span of the workpiece over
the die cavity. This can vary according to the
shape of the shock wave desired. In large parts,
it is generally impractical to use a point-type
charge. In forming large hemispheres or end
closures for rocket motors, Primacord, shaped
in a large loop and located close to the outer
periphery of the part, is usually used.

e va eve———
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er : Material 2024-0 aluminum:explo-

' sive disk EL 506A:media water.

y Many producers using the process prefer
ng to have a smaller number of charges, if possible,

and, if at all practical, to use a single charge.
Others have found that the use of small charges

ith and a number of shots for the forming of one part
will permit the use of lighter dies and more
consistent control of the process,

Reflectors

in In sc:ne cases, the use of reflectors for
explosive rharges Lhas proved to be very helpful.
Howewver, predicting the amount of peak pressure
obtainable from a reflected charge is rather diffi-
cult at the present state of the process. In some
cases, the amount of localized work has been
doutled by using reflectors over certain areas of
parts. Reflectors are only used when a greater

' amount of energy is required, as in certain areas
of nonconcentric parts. In the forming of non-
concentric parts, it is also possible to locate
charges off-center to obtain a greater amount of
force in the areas where it is desired.

8. Holding the Charge in Position

Normally, wire or masking tape is used to
hold the charge in proper position relationship
to the workpiece while it is immersed in the
water. The only requirement on such holding

r devices is that the charge be maintained in its
proper location and not displaced by water flow-

) ing in and around the charge as the die is im-
mersed in the water tank.

Charge Preparation

Many of the explosives :sed in explosive~
forming operations must be modified slightly
from the commercial form in which they are

obtained. The amount of modification which is
utilized in tha explosive-forming depends on the
specific type of charge required, The use of
Primacord is quite widespread throughout the
industry due to the ease of handling and the
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
types of explosives, such as Composition C-3 or
C-4 plastic explosives, can be readily molded by
hand into a ball or other type of shape. Com-
pacting of charges from powdered explosives on
the site has normally been avoided. The castable
military explosives such as Composition B or
TNT have not been used to any great extent mainly
due to the requirement for special facilitiee for
melting and casting of charges from these explo-
sives. Sovae of the commercial explosives such
as dynamite have been recompacted, or the sticks
of dynamite cut to give the size of charge desired.
Handling of dynamite for recompacting is gen-
erally avoided due to the possibility of assimila-
tion of nitroglycerine by processing personnel.
Also, commercial dynamite, in storage, tends to
segregate and when the individual sticks are
broken up, it is very difficult to obtain reproduci~
ble charges.

Connection of Blasting Caps

Table 4 gives some information on blasting
caps. The proper blasting cap should be selected
for the explosive which is to be detonated; an
improper-size cap often results in misfires or
deflagration of the explosive and pieces of the
undetonated explosive charge broken up by the cap
will accumulate in the water. This, o” course,
should be avoided. The blasting cap should be
affixed to the explosive charge in such a manner
as to eliminate any possibility of the cap coming
loose during immersion in the water, It is some-~
times necessary with the less sensitive explosives
to bury the cap in the explosive charge itself to
assure consistent results. Specific information
on methods for placing the cap on the explosive
charge should be obtained from the explosive
manufacturers. Electric blasting caps are in use
in all explosive~forming operations today.

Preparation of Material Prior to
Explosive Forming

Some materials should be prepared for
metal forming in order to protect their surface
finish or to insure maximum formability. To
protect the surface, consideration must be given
to possible damage from a blasting cap or other
material which may be projected against the
workpiece and to the possibility of corrosion




I'ne type of protection
necessary will vary according to the material
under consideration. Titanium alloys and
aluminvm alloys normally require a protective
covering in order to prevent damage from frag-
ments from a blasting cap. Other metals, such
as stainless steels, do not appear to be adversely
affected by such flying fragments. In addition, a
few materials, such as most of the magnesium
alloys, require protection from corrosion in an
unrerwater furming operation. This can be
accomplished by waxing or by covering the blanks
with thin polyethelene sheets.

uring or afier {orming.

Normally the same type of defects which
adversely affect the formability of materials in
conventional forming are also deleterious in
explosive forming. Material with a ground sur-
face frequently has less ductility than the same
material with an as-rolled surface. Material
with directional properties should also be avoided.
The purchase of cross~rolled material for
explosive-forming operations is desirable.

Edge Preparation

Edge preparation to smooth out rough edges
is more critical in some types of explosive~
forming operation than in cthers. Edge prepara-
tion is normally not required for blanks which are
to be formed by deep drawing with a hold-down
ring. When forming parts without a hold-down
ring, as in driving a blank into a tapered die,
edge preparation may be essential. Similarly,
polishing of edges is sometimes necessary for
parts to be formed on a conventional hydropress,
but not for parts which are formed by deep draw-
ing on presses. The edges produced by sawing,
blanking, and shearing operations are normally
satisfactory for explosive forming, although some
materials such as titanium are more sensitive to
edge conditions. In general, special polishing on
the edges of blanks to be explosively formed is
not warranted, but excessively rough edges are
undesirable. Burrs left on the surface of the
materijal can cause erratic effects especially when
the hold~-down rings are being utilized. Such
burrs should be removed, possibly by filing, prior
to explosive forming of the pieces.

Thermal Treatments

Most materijals are explosively formed in
the annealed condition. In some sizing operations,
the materials may be formed in the hardened con-
dition. The forming of materials in the hardened
condition is generally limited to very small
amounts of stretching, in the neighborhood of I or
2 per cent.

Some materizls must be formed at elevated
temperatures in order to obtain the desired
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amount of ductility. For titanium and refractory
metals, elevated temperaturcs should be con-
sidered for explosive-forming operations. Most
of the other materials, such as aluminum alloys,
stainless steels, mild or low-alloy steel, copper,
nickel-base alloys, and most of the high-strength
alloys can be explosively formed without the use
of special heating devices in the forming
operation.

It is sometimes desirable, when deep form-
ing is required, to conduct the forming operation
in a number of steps rather than to attempt to
form the part with one explosive charge. In
some cases the materials will retain enough
auctility so that this can be accomplished without
intermediate anneals. At other times the
material will work harden to an extent that fur-
ther forming is not possible and it will be neces-
sary to anneal the material prior to continuing
with the forming operation. Standard annealing
treatments for the material should be utilized in
this case. The number of intermediate anneals
which may be required will be dependent on the
material characteristics and the severity of the
deformation. Some materials, such as the pre-
cipitation-hardening stainless steels, do not dis-
play the same work-hardening characteristics in
explosive forming as they do in conventional
forming; however, normally. conventional-
forming operations may be ased as guidelines in
determining the amount of deformation that can
be obtained between intermediate annealing steps
by explosive forming. Sometimes stainless steel
alloys may be decp drawn by explosive form:ng
in a number of shots without intermediate anneals,
whereas spinning requires intermediate anneals
for the same part. In most cases the determina-
tion of the requirement for intermediate anneals
must be determined by experience in the particu-~
lar forming operation beczuse information is
lacking on the response of materials in explosive-
forming operations.

With some materials, such as the pre-
cipitation-hardening stainless steels, the explo-
sive-forming operation may be considered an
integral part of the thermal treatment. The pre-
cipitation-hardening stainless steels are normally
solution annealed, deep-freeze treated, and then
aged to develop the full properties. By explosive
forming materials in the solution-annealed condi-
tion, the deformation will tend to transform most
of the austenite to a rnartensitic type of structure.
Any retained austenite can then be subsequently
transformed to martensite by the deep~-freeze
treatment ~nd then aged to develop the full pro-
perties of the material. By the use of this tech-
nique the solution-annealed treatment may be
eliminated from the final thermal-processing
cycle. There are some indications that this tech-
nique increases the tensile strergth and ductility
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of the precipitation-hardening sta:nless steels{!7)
At the preseni ilme 1i is nut known whether the
same type of processing would be useful for con-
ventional forming of the same materials, or not,

It is necessary to stress relieve some
mater.ials immediately after explosive-forming
operations to prevent delayed cracking due to
residual stresses. This is especially true of the
materials which have been work hardened close
to the upper limit of their mechanical properties.
Stress-corrosion cracking mav also occur in
some of the materials if high residual stresses
are not rehieved. The susceptibility of parts that
have been explosively formed to stress-corrosion
cracking has been fourd to be greater than that of
parts that have been formed the same amount by
conventional forming techniques., Therefore
techniques must be considered to eliminate the
possibility of stress-corrosion cracking in explo~
sively formed parts.(is)

Forming of Wejds

Any tirae that parts must be explosively
formed fro'n blanks which have weld beads,
special ~onsiderations should be given to the weld
area. It is desirable that parts requiring welding
be designed to place the weld in an area where the
least amount of deformation will occur. The
welds may be expected to stand approximately 5
to 10 per cent less deformation than the parent
material before failure occurs. Once a welded
part has been explosively formed it is very
unlikely that any difficulty will be encountered
with the welds in later processing, or during the
service life of the structures. The quality of the
welds should be good ard of uniform characteris-
tics so that maximum weld ductility is obtained
for the explosive-forming operation. Use of auto-
matic welding equipment can be useful in ihis
regard. Explosive forming will serve as an
excellent inspection techniquas an the welds since
any defects usually show up as cracks. Welding,
of course, introduces a cast structure into the
blank and mc st cast structures are rather sensi-
tive to impact-type loading. It is therefore advis-
able to use roll planishing which breaks down the
cast structure of the weld beads to a more ductile
wrought condition on welded blanks and preforms
which are to be explosively formed. Very little
difficulty has been found in the explosive forming
of tubular parts made from welded and drawn
tubing, for the welds have been worked suffi-
ciently to eliminate the cast structure.

If weld beads are not planished, the surface
of the bead should be at least ground {lish so that
the blank wi'l lie smooth against the die during
the {orming operation and the bead itself will not
cause bulging. Although weld beads are often
ground, improper grinding practices can introduce
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residual stress in the weld area and this may Le
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poor ductility at or near the joint it is often desir-
able to anneal, or otherwise heat treat, preforms

between the welding and forming operations.

When parts with weld beads in criticall
high-stress areas must be explosively forme
it is sometimes useful to use a buffer m-*rri.l,
such as rubber, over the weld area, T se of a
rubbe pad will decrease the loading ra. 1d
result in less severe impact conditions . the
weld., The buffer material must be placed tightly
against the surface prior to forming since water
between the buifer and the part will result in
errat:c behavior and poss:ibly in failure of the
blank at that point.

EXPLOSIVE-FORMING FACILITIES

Since explosive-forming facilities are of a
highly specialized nature, particular attention
must be given to their location, vesign, equip-
ment, and operation. The need for close safety
control is emphasized in each of these categories
and is perhaps the dominant factor in the facilities
that exist today. As in other production-oriented
operations the economics of production are iin-
portant. Continued operational experience has
resulted in improved process economics while a
high level of safety has been maintained. Con-
sidering that the explosive-forming industry is
still in a stage of rapid growth and development
the information presented is intended to provide
only a general review of the factors influencing
the location and design of explosive-forming
facilities and their equipment and ope¢rations,

Location of a Facility

There are four primary considerations in
the location of an explosive-forming facility,
safety, local regulations, economics, and com-
Tmunity relations. Decisions based on these fac-
tors should include the anticipated initial use of
e facility and projected future requireraents in
order that continued operation may be maintained.
The influence of tl.ese factors is treated in more
detail in the subsequent discussions.

Safetx

From the standpoint of safety, the important
points to be considered when locating a facility
are the case of eliminating outside hazards and of
controlling access to the area. Where large or
extensive operations are contemplated, all con-
siderations except possibly economics suggest
that an isclated area is the best location for an
explosive~forming facility. Control of the area
should be maintained with a security fence. The
hazard zone should be cleared so that a visual
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check car be readily made during any time the
iacility is in operation. The operation may also
reduire room for the placement of reraote explo-
s:ve storage magazines.

The locativn of a facility in an arid region
has Gefirite advantages on the basis of an outside
operation for ine reduction of facility cost, but
safety can be a problem with regard tc the build-
up oi static-electric ~harges on tie vperating,
rersonrel. Static charges can initiate elect ‘ic
blasting caps; thereicre, sperations unaer such
co:nditions mnst have some provision for eliminat-
ing the static charge from the personnel. The
use ~f condultive shoes or spurs to give cortact
Detween the persnnnel and a metal floor plate will
pro~ide the required protection, Even with the
grounding of the personnel, it is best tc secure
tre operation if the wind velocity exceeds 15
miles per hour.

The location of ar explotire-forring
facility within close range of aay ele~tromarnetic
radiators such ae radin, TV, FM, or radar
installations of any type should be avoided, since
RF exrrgy can fire electric blasting <aps. A
graph for cbtaining safe operating distances from
trarsmitters of various power outpuis is giver
in Figure 4. It shculd be emphasized that “nobile
trausritters mounted on vehicles are e sun more
dangerous, since their whereabouts in the crea
is pot always known until it is too late. To
eliminata the possibility of dzrger from RF
energy, a facility should not b= located within
7000 feet of any transmitter. 1If it ir found neces-
sary to operats 3 facility within close range of a
transraitter, i* is best to cuns:der the erection of
2 metal chield which would reduce the hazard
involved. A sheet-metal building will serve this
purpese or the use of shielding over the blastirg-
cap wires may also be used. Expinsive-forming
facilities have been operated within close range
of transmitters for several years now without
incident, although the hazard is still there If
proper precautiong are not maintained,

A strong induction field should &lso be
avoided, since under certsin conciticns, it can
result in the premuature firing of tlastiog caps.
When precautions are takern to eliminate the
hzzard from XF zneryy, a posziblie .nishap from
an induction field becomes more tikely, The
shielding of wices ox grounding of one lezd wire
to the cap <an esl2blisn a circuit in the cap leads
which makes it ideai for veceiving current of ar
inductive nature. induction fields are obtaiued
only when ihere is a Inrge amount of current
flowing through a conductor in the area, Areas
with undergroucsd cables, ovr even areas in whick
a current is applied to pipelineg to prevent corro-
sicn, shoull be avoided. A simple circuit can be
prepared to check the area for both inductive

field and RF energy prior to the installation of a

facility to datermine if these hazards exist, After
a facility is in operation, an electronic signalling
device can be constructed to warn of RF energy in
the area emanating from passing aircraft or
mobile transmitters; also. small devices can be
obtained from explosive manuiacturers which will
fire when exposed to a low level of RF energy

To be effect‘ve, these shculd Le placed at iater-
vals around the periphery of the facility.
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Local Regulasions

Eachurea of the cruntry §.2s different local
regulotisus which must be 2vamined belore the:
s«lection of = site for an explosive-fcrming
facilixy., The reg-idztions may ba in the ‘orm of
rouing =cdes . :2ws by lscal and siate govern~
ments, or even naticaal la-ws, although the latter
deal mainly with interstate transportation o1
explosives. The attitude of the community wirlun
which the facility is to bs npzrated migat cavse
difficuities eithur prics to establisking the Jscility
or in the fature when tl ¢ need for expangion
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...... Where there are no laws restricting the
use of explosives, some basic steps should be
taken to ascure that the shipping, storing, and
kandling of explosive: will comply with the iuter-
state commmerce safety regulations, The Blaster's
}_{__andbook,(m) safety builletins published by the
Institute of Explosive Manufacturers,{<9) and
military documents{2i) may also be useful.

In generzl, most regulations apply to the
possible noise nuisance of an explosrive-forming
cperation and most of the noise can be eliminated
by firing underwater. The safe storage of explo~
sives to prevent unauthorized access is normally
a regulatica which is necessary and stould be
strictly observed. Each year, there are numer-
ous accidents resulting from stray blasting caps
falling into the hands of children. Lawsuits can
result, if it is proven that the explosive material
was not properly secured.

When selecting a site for present production
capabilities, the future applications should be
also revieweca. Although tke initial operation may
be within toe local regulatiuns, expansion ia the
fature may ve prohibited. A good example of this
might be a requirement to produce large paris
which could not bz handled in the present facility
due fo size of the necessary charye. Ihe expan~
sion needed t9 —eet prodaction requirements
could very well be prohibited. The selection of a
sit¢ which does not allow for expansion should be
avsoided.

Clcsely related to lozal regulations is the
possibility «f lawsuits arising frora the opsration
of an explocive~-fnrming facility. Suits can ‘ake
the form of aclual damages or smplied - mages.
either of whick can reeult .n a consideratic loss
of time and meow.ey, A suit of this type may be
very difficult to prove one way cox the ocher.
Several incidents of thio nature have been
reported.

Zconomics

The economivs mnvolved 1 the location ¢S a
faciiity will probatiy, be of prizae consideration to
a maoufacturer. H a facilitv is located in zn iso-
lated arez, uo is desirable, it nay be so far re-
moved from other relaled reaaufacturing as to be
imypractical. This may well occur unless the
iacility can he a completely iazegratud opevaticy,
mcluding both die and material preparatica. Even
with an Integratzd operation, the cost of shigpirg
materials to and 1rom the facility may make the
aperation uneccnomicel,

The lucaticn of a facilicy near othe s »ane-
:acturing opriraticns may alsc have its disadvane
tages. The shock wave in ihe susrounding goound
from the capiceive-forming aperacion rmav Lhave

deleterious effects on the operation of other
manufacturing equipment. Most electronically
controlled equipment such a3 controllers for
heat-treating equipment or automatic welding
equipment are very sensitive to shock vibration.
A geological survey of the und=rg-ound rock
atrata can pinpoint possible areas of difficulty
Ppr:or to the start of an installation and can result
in a considerable saving of time and money, due
te improper location of & facility. In operations
where equipment such as drop hammers or heavy
presses are in use, the amplitude of the result-
ing shock waves often exceeds the amplitude of a
shock wave from a high explosive charge. If the
water~table level is close to the surface of the
ground, a greater amount of shock-wave energy
will be transmitted than if the ground is dry.
Good drainage around the cxplosive-forming
water tanks can, therefore, aid in reducing the
energy of a transmitted shock wave,

Labor cost is one of the major items in the
operation of an explosive~forming facility.
Hazard pay may be requested by employees
working in the arca, and due to the -wsture of the
operation, it is best to consider only properly
trained persouncl for working with the explosive
charges. Hiring personnel with experience in
exploaive operations will grovide the required
know~how for the ¢xplosive charg=s, but the
metalworking knowledge may be lacking. The
explosive~-forming indusiry has not grown to the
point where thure ie ar excess of personnel
trained in its operation. Consequently, obtaining
trained personnel appears ualikeiy unless a high
premium is paid. The alternative is on~the-spot
training of personnel.

The management of facilities which are
presentiy undeyx operation varies, Some compan-
ies tiave established separates departments to
carry out the explosive~forming function, while
others have attempted to integrate the operation !
into the regular manufacturing sequence. It is ‘
interesting to aot> that the leading companizs in
this field bave mainrained the operation under
engineering coatrcl, and have staffed 12 with high-
caliber perronnci. Tle ratic of engineers to
*echuicians is sometimes av high as i to l. The
bigh percsntage of techniczlly trainsd personnel
being utilized in the operations of explasive~
forraing facilities is probably due to the trial-and~
error state of the process. Probahly this per~
centage will decrease us more isformation on the
proces. and hetter training of personnel is made
wossitle thraugh cnntinyvliag operations.

Z.ayout of Operations

Tuere are two primery factors waich should bs
cunsidercd in tae lagyout of a facility. The first
13 ar2ooth fiow of material through the work area




for maximum efficiency, and the second is
proper corntrol of the operations on the basis of
safety. Generally, operations conduccec witn
limited access cerve to aid in achieving both of
these factors,

Flow of Material

In general, the factors affecting the flow of
material in a conventional manufacturing plant
should also be considered in an explosive-
forming facility, The quantity of items to be
manufactured anc the variety of parts to be made
will del¢rinine to a great exteni the layout and
area required. According to the nature of the
operations, the following areas mighr be con-
sidered in an integrated facility: incoming-
material storage, material-preparation rooms,
die-preparation room, charge-preparation area,
loading area for the die, loading area for the
charge, firing area, die-unloading area, in<pec-
tion area, finished part storage, and shipping
arsa. A number of these areas can be combined
according to the number of personnel working and
the v ne of production contemplated. One of
the « - considerations in such cperations should
be the separation of the areas where explosives
are being handled from the other operational
areas. It is, therefore, advisable to have much
of the conventional type of work as possible per-
formed on the material before the loaded die is
brought into the firing room for attachment oi the
explosive charges.

The flow of explozive materials from the
magazine to a charge~prepavation area and sub-
sequently to the firing area must be closely con~

zolled. Charges can be prepared in the firing
arsa, provided production schedules permit, but
saould never be prepared in the magazine. A
minimum type of operation might consist of one
building for firing and a magazine for external
storage of expiosive materials. This could then
be expanded acaording to the needs of the facility.
Crowdaing of the firing area should Se svoided,
since this will hamper the proper control of the
area.

Safety Control

The zafe control of an explosive~forming
operation requires that the man in charge of the
operation be able to xee and to know the location
of all personnel during the cperation. If only
the personnel reguired to perform the operation
are permitted in th: areas where explosives are
being handled, the an:ount of time the supervisor
must devote to safety is consideraoly reduvced.
and he can apply his time more efficiently to
production. The stacking of dies o erection of
other obstacles to his vision within the firing
arca should be avoided. When the operation
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bocomes large €enough to require additional
personnel, consideration should be given to
multiple firing areas with barricade separation
between them for better control and a more effi-
cient operation. Thkree men in the firing area at
any time will supply the required manpower
provided the maximam amount of nons.anlosive
type of preparation has been carried out in rome
other pa.t &” the facility.

The following jobs or duties should be
allotted to each man. 3> that they can wark as a
team: or¢ man in charge o1 *he operaticn who is
qualified to assist in any of the operations
required, a man te set the charges, 2nd possibly
a man to ¢perate the crane. Two men can
operate the facility satisfactorily if the desired
output is not too large. It should be a standard
rule that no explosives are to be handled within a
facility unless two men ary present ip the
facility, preferably not operating in the same
area. In case of an accident, one man would be
able to summon help.

Building Construction

The method of construction of an explosive~

forming facility is a matter of local choice.
Some {acilities have been constri~ted using
sheet-metal exteriors, whiie in ather climates,
ac building was required. The firing area is the
only area which requires special attention in the
construction of an inside facility for explosive
forming. Since this area should be separated
{fromn the rest of the facility, the use of reinforczd
concrete walls as a sepzrator is alvisable. Sorce
explosive-forming facilities have special blow-
off~type roofs to relieve the pressure incide &
building in the event of an accident without dis-
turbing the walls of the building. Most industrial-
type buildings will withstand an overpressure on
the building of 10 psi. A l-pound charge of TNT
fired ie the center o{ a ronm 40 feet in diameter
would apply a3 10-psi overpressure to the walls of
the building. A reinforced concrete wall will

;ithatand a considerably greater force, depending
on its thickness.

An excellent barrier for outside facilities
is a ring of railroad ties set into the ground on
znd. The arrangement is referred to as a 'bull
pen” when the ties are v2? in & circle. A 30-foor~
diameter ring of this kind is adgquatc for firing up
to a 10~pound charge of TNT at the center, Addi-
tional suppori could be obtained with such &
facility by paling dii1t against the outside of the
railroad ties,

The use cf 3 building has an acvantage for
an explosive~iorming facility where close neigh-
bors might he disturbed; because it reduces the
amount of noise reaching the outside. Also some
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type of building is normally reguired for materi
prepa: ation or die work., Counuecting a cover
over an explosive~forming firing area to the die-
preparation bunilding should not be too difficult,
providing proper precauiions are taken to assure
the safety of the operation througl. the construc~
tion of barricades. The {acility layout shown in
Figare 5 is given as a suggestion and should not
be considered as recomniendztion. The ideal
arrangement depends on the purpwse and require-
ments of each individual facality,
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FIGURE 5. LAYOUT OF A HIGH~PRODUCTION
EXPLOSIVE-FORMING FACILITY

Explosive-Forming Facility Designs

A number of facilities have been installed
cround the couniry for the specific purpose of
conducting explosive-forming operations. Most
of these are locatecd 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 l-pound charges have
been fired in it without damage tc the tank. A
~lightly different type of facility is shown in Fig-
ure 7. Here, the water tank is completely 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 tark is
instrumented and has indicated a stress in the
tank wall of 28,000 psi when a 320-gram charge
was fired in the middle of the tank.

The two facililies have been shown to pro-
vide an indication of the various types presertly
in use. The most desirable type of facility de-
pends on the “vcal conditions and needs estimated
for present and futuce production requirements.

FIGURE 6. PRODUCTION FACILITY FOR
EXPLOSIVE FORMILG

Courtesy of Astronautics Divi-
sion of General Dynamics
Corporation.

FIGURE 7. ELEVATED WATER TANK FOR
EXPLOSIVE FORMING ON A
PRODUCTION BASIS

Courtesy of Lockheed Aircraft
Corporation,

Equipment Requirements

The equipment requirements depend tc a
great extent on the volume of production to be
carried out in the facility, The primary equip~-
ment consisting of a water tank, crane, vacuum




pump, and detonator will be considered first,
Auxiliary equipment which is desirable but not
essential tc the explesive~forming operztion will
be considered as a group. Such items as water
pumps, filtration systems, and other special
ejquipment fall in this category.

Water Tank

A water tank is considered essential for a
productior operation of explosive forming, al-
though work cguld be coaducted in aiz or even by
placing the explosive charges in plastic bags
filled with water and placing them un the mateiial
to be formed. The latter two methcds kave ser-
ious disadvautages from both the standpoint of
noise and ease of operation, although they work
juite well, A water tank must be able to with-
stand the repeated impacts of the explosive shock
without rupturing. Tanks are often designed to be
large ercugh so that the shock reaching the walls
of the tank from a centrally located explosive
charge is congiderably reduced. As the tank
diameter is increased, the load it will withstand
is decreased for an equal wall thickuess. The
stress in the wall of a tauk can be determined as
a function of the internal pressure, the diamecter
of the tank, and the wall thicknecs of the tank., A
graph of the stress in a tank wall as a function of
the radius of the tank fcr a 1-1b charge of TNT
and constant wall thickness of 1 inch is given in
Figure 8. As can be seen from the graph, av
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FIGURE 8.
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increase in the diameter of the tark from 4 to 40
feet only lowers the stress level in the tank wall
from 1650 psi to 1225 psi, or a decrease of only
26 per cent. At the same time, the weight of
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material which must be used to ccoustruct the
tank wall has increased by a factor of ten,
Obviously, increasing the diameter of a tank to
obtain a reduction in the thickness of the tank
wall required is not an economically practical
solution.

Water tanks with sloping sides have Lzen
used for explosive~furmiag operations. The
stress analysis of a tank with a sloping wall indi~
cates that the stress in the vertical direction is
reduced by a function of the angle which the slop-
ing wall makes with a vezrtical wall. The stress
in the vertical dirertion ol a tank, coasidering a
consiant prassure in the tank. is always one-half
of the hocp stress in the tank at any point. Such
a design requires ar increase of material for
construction of the tank wallr over a straight-
wall tank, similar to th t found necessary by in-
creasing the diameter of the tank, cansidering
equal design pressures.

One of the best approaches to the problem
is to moderate the pressure shock wave pefore it
strikes the tank wall. Experiments at Lockheed
have indicated that the stress in the wall of an
explosive~forming water tank can be reduced con-
siderably by several techniques. (4) Figure 9
depictr the use of infla.ed rubber tubing for the
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FIGURE 9. CROSS SECTION OF AN INFLATED-

AIR-TUBE WALL TANK{4)

Stress level in tank wall reduced by
83 per cent,

Tubing was 1, 5-inch~-diameter 0. 25~
inch~thick continuous coil rubber.
The air pressure was sufficient to
maintain inflation under the pressure
of the tank water head.

reduction of the stress in the tank walls. The
rubber tubing acted a3 a cushion and provided a
reduction in stress of 83 per cent. To ure this
technique jn a large tank, a considerable amount
of tubing would be required and difficulties woauld
be experierced in maintaining the position of the
tubing and in preventing damage to the tubing
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an aiv-bubble curtain as shown in Figure 10
appears to offer one of the best solutions to the
problem of low-cost water~-tank construction. To
be effective, a uniform and closely spaced cur-
tain of bubbles must be obtained along the walls
of the water tank. This is controlled by the size
of holes through the air tubes at the base of the
tank and by the distribution of holes in the air
hose. A maximum charge size of 70 grams of
TNT explosive has been fired in an 8-ifoot-
diameter tank of this design with no visible signs
of difficulty when the bubble curtain is operating.
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FIGURE 10. CROSS SECTION OF BUBBLE
CURTAIN TANK(4)

Stress level in tank wall
reduced 83 per cent with 2. 18
cubic foot of air per minute
per foot of air line. Stress
reduction is dependent on
rate of air flow. Air line was
2-inch diameter with 0. 07-
inch~diameter holes placed
0.59 inch on centers.

Scme tanks constructed from reinforced
concrete have given poor resu.ts and they are not
recormmended for production operations. Con-
creie has good properties when lozded in pure
compression, but kas very pocor properties when
loaded in tersion as would be the case for the
wall of a water tank. Spaliing of the concrete sur-
face and general cracking and finally disintegra-
tion of the wall has been experienced when
attempting to use this type of construction,

Tne base of the tank is also important,
since it takss the same amount of impact as the
tank walls, if not more. Placing the tank in solid
rock where possible, is ofter advantageous. A
teavy base of reinforced concrete can be used
provided that a heavy steel plate is used to
evenly distributs the stresses striking the con-
crete to prevent localized high tensile stresses.
Another useful method consists of placing a shock~
absorbing material between the concrete and the
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Shore A hardness of about 60 will provide some
stress reduction, provided the thickness of the
rubber is properly chosen. The use of a rubber
hose coiled between the base plate and the base
may also be used with good results. The hose
should be closely spaced ard inflated with only
enough air to support the base plate and the water
head above it. Overinflation will result in
greater stress-wave transmission and possibly
frequent damage to the tubing due to overpres~
surization. The stresses which the base will
experience can be reduced by about 80 per cent,
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The problems of sealing the base to the
tank wall must also be overcome. Welding has
been utilized at some facilities, but has not been
altogether satisfactory. Since the joint is at a
corner, the maximum stress concentration
occurs at this location. Seals with resilient
plastics have provided satisfactory results and
are easy tc repair in case of a leak. A plastic
manufacturer should be consulted for the type of
plastic to be used, since there ars several types
available.

In the design of water tanks, a safety factor
of four should be used for a production facility.
Mild steel has been one of the most commonly
used materials for construction and fabrication
by welding. Corrugated steel drainage pipe
could be used for the tank walls. The base
plates are generally made of l-inch-thick mild
steel plate.

Crane

A cranz of some type is required to move
material around the facility and also in and out of
the water tank. Ideaally, the crane should be air
operated to eliminate electric power lines within
the firing area. The capacity of the crane
required will depend on the size and weight of the
dies to be handled. One of the largest dies
reported, which was used in an explosive~
forming operation, weighed 21,000 pounds, A
picture of this die is shown in Figure 11, It
probably represents one of the largest dies that
would ever be considered for movement in and out
of a water tank, Larger stationary dies have
been made.

All of the standard crane types have been
used; the main consideration in the erection of a
crane is that 1t have adequate capacity for ex-
pected requirements of the facility, Enough room
should be provided between the crare and the top
of the tank, so that adequate slings of proper
length may be used to lift the dies and place them
on the bottom of the water tank.




FIGURE 11,

LARGE KIRKSITE DIE FOR
FORMING ANTENNA
REFLECTOR

Courtesy of North American
Aviation, Inc,, Columbus
Division,

Vacuum Pump

A vacuum pumip will probably be required
for most explosive-forming operations when parts
are formed under water, It is possible to con-
struct dies in a manner which will eliminate the
requirement for a vacuum between the part and the
die. These are special cases and not commonly
encountered in a production explosive-forming
operation. Several types of vacuum pumps may
be suitable for this application. If the firing area
is to be maintained with a minimum of electric
lines, a venturi pump which will operate on water
pressure will work satisfactorily, A mechanical
electrical pump may be used, and the vacuum
lines brought into the area from a pumping site
remote from the firing area. The electric pump
is preferred, since it has a considerably greater
capacity than the venturi purnp and is probably
more econormical to uperate, In a high-production
facility where the application of a vacuum may be
time consuming, a storage tank in the vacuum line
will greatly assist the operation, If it is found
necessary to operate an electrically driven vacuum
pump in the firing area, it should have shielded
wiring and a sealed motor unit. When using a
mechanical pump, it is important to eliminate any
possibility of water entering the pump. This can
occur if the vacuum line becomes disconnected
from the die during firing operations. To prevent
this, a storage tank between the pump and the line
should be used to trap any water which may eater
the line., The tank can then be drained period-
ically to eliminate the water.

Under ideal conditions, the detnnator for
the electric blasting caps is the only electric
circuit which sho'ld be permitted in the area
where explosives are being handled. Several
types of detonating machines available from
explosives manufacturers for regular blasting
operations can be used for explosive~-forming
operations. Most of these lack positive control,
an 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 wlo 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
circuit which can, in no way, be replaced by
some other means.

Possibly, a detonating circuit constructed
a2specially for the purpose of explosive-forming
work would provide the best results, A detonator
should be constructed on the 'fail safe' principle,
so that any malfuncticn will immediately cause
the circuit to be disarmed. The following
characteristics are believed to be desirable in the
design of a detonator for explosive-forming work:

(1) The device should be operable only with
a key which can be carried by the indivi~
dual setting the charges,

{(2) When the device is not armed with the
key, this fact should be visually dis~
cernable from the work area,

(3) The lead wires to the cap should always
be shorted when the circuit is not
armed,

(4) When the circuit is armed with the key,
both a visual and an audible warning
of its armed condition should be
activated automatically,

(5) A method of checking the continuity of
the blasting circuit should be an
integral part of the detonator.

A schematic diagram for a detonator which
meets thege requirements is shown in Figure 12,

A continuity meter is a meter sensitive
enough to read a current flow which is too small
to fire a blasting cap. Most caps have a maxi-
mum no~fire level of about 0.25 amp. If an
ohmmeter were used to check a blasting cap, this
much current could be obtaired and the blasting
cap would be fired. A special circuit arrange-~
ment is, therefore, required. The use ofa 1,5~
volt battery connected in series with a 10,000-0hm
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resister and a microammeier will serve the pur-
pose. The resistor will reduce the current flow
below the safe limits for firing a blasting cap,
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1 Key Switch, Single Pole, Single Throw

2 Horn Switch, Single Pole, 3ingle Throw,
Momentary Off Gperation

3 Continuity and Firing Switch, Single Pole,
Double Throw

4 Relay, Three Pole, Double Throw
5 Armed Warning Light

6 Safe Warning Light

C 5-Amp Circuit Breaker

H 110-V Horn

M Microammeter

FIGURE 12. SCHEMATIC OF A SAFE DETONA-

TOR FOR PRODUCTION IN
EXPLOSIVE FORMING

The current for firing the blasting caps can
be obtained from a 6-volt battery or directly from
a 110-volt line. If a 110-volt line is used, it is
best to use some type of circu’t breaker in the
circuit for protection of the lines in case of a
short during firing.

Auxiliary Equipment

Durirg the operation of an explosive-
forming facility, debris will probably collect on
the surface of the water or be distributed through-
out the water tank, depending on its density.

Since this result hampers the operation, some
method for removing the debris is desirable,
Skimming equipment, such as that used for
swimming pools, will servc very well for the
removal of matesial which is floating on the sur-
face. Material which is distributed throughout
the water will have to be removed by a filtration
system. Agaia, standard swimming pool {filtration
equipment can be ~sed, It should be remembered,

however, that any sxplosive matarial callactad

in ths water tank will be pumped through the
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
operation. A mechanical pump may be used if a
filter is located between the pump and the water
tank,

In locations where water is plentiful, the
tanks are emptied by gravity {low and refilled
quite frequently. while in other areas, the same
water must be used over and over again, The
dumping of tank water, especially into sewer
lines, should be avoided, since any explosive in
the water may be trapped and build up to a con-
centration which might cause a serious accident
in the future. The buildup of explosive ia the
water tank should not occur, if everything 1s
operating properly, but experience has shown
that some misfires do occur and result in unde-~
tonated explosive in tarks. Normally, a misfire
can be readily detected and then attempts should
be made to recover as much of the undetonats.:
explosive as possible for later destruction. A
log of operations will indicate approximately how
much undetonated explosive might be expected in
the tank and this will simplify any subsequent
precautions which need to be takcn., A filter
should be used ahead of the pump to trap any
explosive material in the water. The filter
material should be handled as explosive material
when it is emptied.

it may be desirable to add some chemicals
to the water to prevent the growth ~f algae. It
has been noted that some constituents of the explo-
sive compound cause algae to thrive in an
explosive-forming water tank, The algaue are not
objectionable on the basis uf operating efficiency,
but they are objectionable on the basis of
appearance,

An air compressor can be a useful tool in
the operation of an explosive-forming facility, It
is handy for cleaning surfaces of the dies, insur-
ing that the vacuum lines in the dies are clear,
and for iperating pneumatic hand tools., An air
compressor might also be required for the spera-
tion of a bubble curtain in the water tank or for
the operation of an air wench on the crane. If an
air compressor is installed, it is best located
away from the firing area. Location in the firing
area would require shielded wiring and shielded
motors, All hose conaections should be of the
quick-change type fos a pressure system.,

This discussion of equipment has been
limited to the most general types oi equipment




which might be used in an explosive-forming
facility, strictly for the support of the explosive-
forming operation. Additions to this list might
include special equipment for die preparation or

material preparation.

Safety Considerations

Since explosives are being used within the
facility, additional safety requirements for the
elimination of auy fire-producing or spark-
producing equipment are necessary. In addition,
to prevent accidental detonations, precautions
should include the collection of all matches or
lighters from all personnel entering any buildirg
where explosives are present, An area safe for
smoking should be designated away from any
explosive-containing buildings. Electric lighters
should be provided at such areas if smoking is to
be permitted.

During operations only persons absolutely
necessary to carry out the operation should be
present when any explosives are within the area.
Segregation of areas with blastprocf partitions is
an asset in maintaining good production output
with a minimum number of employees actually
handling or exposed to the explosive charges.
This separation of areas and use of only an
essential number of employees is required to
minimize the effect of an accident,

Often, an exrplosive~forming facility be-
comes a major point of interest to management
and to other personnel in the area. Many visitors
can, therefore, be expected, and unless a firm set
of rules has been estahblished with the means for
their enforcement, a considerable amount of
responsibility is placed on the man in charge. He
will not only be responsible for the routine opera-
tion, but will be concerned with visitors in the
area and the.r control,

The amount of explosive stored within the
facility should always be kept to a minirium and
preferably should not exceed the supply required
for 1 day's operation. For temporary storage of
explosives within the facility, a small storage con-~
tainer can be made from a discarded refrigerator.
The caps should be stored in one and the explo-
sives in another. The main storage of explosives
for the operation should be at some distance from
the facility.

Various types of e. olosive magazines can be
constructed, depending ¢ . the amount of explosive
to be stored at any one time. An igloo-type maga-~
zine should be used where the quantity of explosive
stored exceeds 500 pounds, Where less than this
amount will be stored, a less expensive wood or
sheet metal magazine can be constructed. Speci-
fic instructions for the construction of magazines

o san
mmay be obtained irom explosive authorities, W' 7,4V}
The magazine serves two primary functions; it
secures the explosives from unauthorized tamper-
ing, and it protects the explosives from the

elements,

Misfires during an operatior, which can
result from a number of causes, are extremely
bazardous and time consuming. It is, therefore,
necessary that established procedures ke followed
carefully, so that the possibility of a misfire is
held to a minimum, Improper connections to
caps can be detected by the use of a continuity
meter in the firing circuit, Only au approved
meter should be used for this purpose, since a
standard chmmeter can cause premature detona-
tion of blasting caps. A continuity meter will
only supply information as io the completeness of
the circuit and will not indicate if the lines are
shorted, Precautions should, therefore, be
taken to make sure that a short does not occur
during the immersion of the setup for firing in
the water tank. Incorrect placement of the blast-
ing cap or use of 2n improper size of blasting
cap may result in the firing of the cap but not the
explosive charge. This will result in the cap
breaking up the explosive charge and distributing
it throughout the water tank. The hazards of
explosives in the water tank were discussed
earlier under equipment.

Precautions to be taken after the firing
circuit has been energized and the charge does
not detonate include a check of the continuity of
tlie circuit, and if the circuit is good, another
attempt to fire the charge should be made. If this
fails, the firing circuit should be disconnected
from the power source and the power source
checked for proper output, If no difficulty is
found with the power source, the lead wires in
the firing circuit can be checked visually from a
distance to determine if any shorts have occurred.
Under no circumstances should the charge be
brought to the surface for examinaticn until
fifteen (15) minutes have elapsed from the last
time attempts were made to fire the charge. All
personnel should leave the area during this wait-
ing period. This requirement is necessary due to
the possibility of a 'hang fire' in the cap. After
the specified time has elapsed, the charge should
be brought to the surface and a new cap placed on
it. The charge can then be fired in the normal
manner,

When defective blasting caps are found,
they should be destroyed with any other scrap
explosive at the close cf operations each working
day. The scrap explosive should be accumulated
at some point other than with the new explosive
material, The scrap material, provided the
quantity is not too great, can be destroyed by
placing it in a plastic bag. The bag can then be
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wound with Primacord and immersed in the

production water tank for detonation.

The exudation from dynamite presents a
problem in its use. When the explosive be-
comes soft, it should be destroyed, since the
nitroglycerin which is coming out of solution and
causing the softening is as sensitive to shock as
the raw nitroglycerin. When dynamite is used in
an explosive-forming operation, a maximum stor-
age time of 6 months should not be exceeded. If
some of the dynamite does become soft, it should
be destroyed by burning in an approved area. The
sticks should be opened and spread over a flam-
mable material such as excelsior in a long line.
Additional flammable material is then spread
from the line to act as a fuse, so that sufficient
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 onc~half that of all industry.

By following the practices which have been estab-
lished over years of experience with explosives,
an explosive~forming operation can achieve an
equally good safety record.

DIE SYSTEMS AND MATERIALS

One of the main economic advantages in
using explosive forming is that only one tool com-
ronent is required. The force or shock wave
generated from the explosive charge acts as 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 discus'ed in more detail in subsequent discus-
sions of current explosive-forming applications.
Tooling concepts and transmission mediums as
applied to explozive-forming operations are des-
cribed in this section,

Die Considerations

Basic differences in tooling concepts for
explosive-forming operations arise from the type

of loading which the material in the dic must be
able to withstand. The high-impact loads
associated with the transmission of shock waves
through the material lead to unusual types of
stress patterns within the material and as a
result corners should be eliminated where possi-
ble., This procedure minimizes the possible
reinforcement of the stress wave resulting at
corners and the resulting failures, An example
of this phenomenon is found when an explosive
charge is detonated inside a cylindrical cavity of
a part with a square outside configuration.

Under static loading conditions, the material
fails at the thinnest cross section of the tube;
under explosive loading conditions, the material
fails at the corners or the heaviest cross section.
Figures 13 and 14 show the modes of failure for
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FIGURE 13. MODE OF FAILURXRE UNDER STATIC
INTERNAL~LOADING CONDITIONS
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FIGURE 14, MODE OF FAILURE UNDER
DYNAMIC INTERNAL~
LOADING CONDITIONS

the conditions of static loading and dynamic load-
ings, Failures of this kind are more likely when
the safety factor is lowered to couserve the




weight of dies. It is also an important factor in
materials. such as concretse, which arc charac~
terized by high compressive strengths but low
tensile strengths, In such materials, the reflec-
tion of or reinforcement of stress waves may
change the stress from compressive to tensile
and cause failure.

The surface of the dies should be as
smooth as the surface desired oa the parts to be
made. Due to the high loading, characteristic of
the explosive-forming process, excellent surface
reproduction from the die will occur on the part,
Although this may be desirable in some cases, it
generally requires that the die have a good finish.
Where a die waust be split to facilitate the
removal of a completed part, it should be
expected that some marking of the part at the
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
heen 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~strengtu 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 pras-
sure which will be used on the final production
run, some estimate should be made of the maxi-
mum peak pressure which might be required, and
this in turn used for calculating the die
requirement.

The wall thickness of the die needed for a
drawing operation can be determined by con-
sidering that the die acts as an end closure of a
high-pressure tank, The maximum stress occurs
near the upper edge of the die, since the bottom
of the dies are normally flat and equally sup-
ported. The formulz for stress concentration in
a heavy-wall cylinder can, therefore, be used as
a good approximation of the thickness of material
required in the die wall. The thickness in the
base of the die shouid be equal to that used in the
die wall for proper stresc distribution under
shock-loading conditions.

At one time, ''dieless" explosive forming
was expected to offer major advantages: however,
the technique has since been relegated to experi-
ments for establishing basic material behavior
patterns, Dieless forming consists of simply
supporting the outside edge of the parts to be
formed and letting the peak pressure determine
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the amount of forming obtained. Some typical
tooling used for dieless-formability studies is
shown in Figure 15. The tolerances and repro-
ducibility obtainable in a dieless-forming opera-
tion are poor and for this reason the process has
very limited application to production. The pro-~
cess is further limited to forming simple con~
centric shapes such as bulging cylinders or form-
ing dish-shape parts, The dieless-explosive~-
forming technique is potentially most useful in
the forming of heavy members which must be
machined after forming, or for very large con~
centric parts which do not require a close
tolerance,

FIGURE 15. TOOLING FOR EXPERIMENTAL
DIELESS FORMING

Upper left corner: ring die

Lower lefthand corner: lcose
hold-dowr: ring for blank
positioning

Center right: wood and paper
tube Primacord charge holder

Upper and lower right, respec-
tively: parted and completie
formed flange test parts

Courtesy North American
Aviation, Inc., Columbus,
Division,

Most explosive-forming operations have
been performed in dies where a vacuum is applied
between the blank to be formed and the die sur-
face., Where possible, some method of sealing
should he made an integral part of the die. In
many cases the use of rubber with a Shore hard-
ness of about A-60 projecting 1/16 inch above the
die surface has provided the necessary sealing
function., Since the explosive-forming process
causes the metal to pick up detail from the die,
the vacaum port in the die should be kept small
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and located in an area of the die where it can be
removed from the part in subsequent trimnming
operations, If this is not possible, then the vent
hole should be located in an area of the part in
which it would not be detrimental to form a
dimple.

Hold-Down Ring Design

A hold-down rinrg of some type is generally
required to prevent wrinkling of the part as the
blank is drawn into the die, The size of the hold-
down ring and the clamping pressure required
depend on the material being formed. With a
soft material, such as annealed aluminum, very
little hold-down pressure is required, while
materials like stainless steel require high pres-
sures to prevent wrinkling, The hold-down ring
should be made of a material strong enough to
withstand repeated impacts withoat deforming.
The die shown in Figure 16 was used to explo-~-
sively form 0. 040-inch-thick Type 350 stainless
steel tank ends. The l-inch-thick hold-down
ring on the die warped upwar4 in the ceater after
approximately 50 irnpacts and this prevented
adequate control of the hold-down pressure on
the blank, A new hold-down rirg that was 2
inches thick received over 100 impacts without
showing any signs of warping. (17
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FIGURE 16. HOLD~DOWN RING WHICH WAS
UNSATISFACTORY BECAUSE
IT WAS TOO THIN

Courtesy of Noxth American
Aviation, Inc., Columbus
Division.

As illustrated in the photograph, bolts are
often used to clamp the hold-down ring to the
blank and die. The use of bolts is inefficient on

the basis of time required to load and unload o
die, but is probably the most efficient on the
basis of applying holding force. Various clamp~
ing loads can be obtained from standard bolts at
various torqie levels; a l-inch “olt with 900 ft-1b
of torque will apply a clamping load of approxi-
mately 50,000 pounds. To obtain this saine
amount of loading with a hydraulic activation de-
vice operating on a 3000-psi system would re-
quire a cylinder diameter of more than 4.5
inches. Each jack for clamping would then re-
quire a spacing minimum of 10 inches to obtain
the same lpading at each jack clamp as a l-inch-
diameter bolt, The bolts could be placed on a
spacing of 2 inches, however, whick means that
on the basis of clamping force, the bolts could

be five times more efficient than a hydraulic
clamping jack. For materials such as aluminum,
which do not require high clamping forces in the
hold-down ring, hydraulic clamping jacks can be
a very efficient time saver for loading and unload-
ing the dies. A heavy-duty hydraulic clamp used
in explosive-forming operations is shown in
Figure 17,

FIGURE 17. HYDRAULIC JAaCK FOR CLAMPING
HOLD~-DOWN RINGS ON
EXPLCSIVE-FORMING DIES

Courtesy of Astrorautics Division,
General Dynamics Corporation.

Force is applied to a hold-down ring to pre-
vent wrinkling of the blank as it is drawn into the
die. In order to accomplish this, enough force
must be applied to prevent buckling in the flange,
but not enough to produce tensile failures in the
regions being ironed or stretched. A graphic
analysis of the holding force required and the
range within which it should operate is presented
in Figure 18 where 23)




A = the minimum prelZsure required to pre-
vent flange buckling

B = the ideal pressure required te produce
maximum formability where flange
buckling and ironing is permitted

C = a low pressure such that the ironing
raises the cup wall tersion
excessively,

Wall ~=

Tension in the Cup
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FIGURE 18 CUP WALL TENSION VERSUS

BLANK HOLDER PRESSURE(Z3}

In some special cases where the parts to
be made are concentric, it is possible to
eliminate the requirenient for a hold-down rting.
The die shown in Figure 19 was used for forraing
titanium ring channeis at room temneratures.
The blank was positioned so that it was sup-
ported both on the plug taper at the center of the
die and on the taper at the outside of the die. As

FICURE 19,

DIE FOR FORMING WITHOUT A
HOLD-DOWN RING

Courtesy of North American
Aviation. Inc, , Cclumbus
Division.
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the blank was driven into the die, all of the edges
remained under a compresesive stress so that the
greater amounts cf forraing could be obtained.
The holes at the bottom of the die szrved as
venty, 50 that a vacuim was not required. The
same technique has been used for forming
cones,{24) where the blank is situatec on a taper
leading into the die. This techanique can provide
savings when aboveground operations are utilized.
If it is necessary to fire in a water tank then seai-
ing and a vacunm would be required. along with
zoma type of & hold-down ring.

Materials for Solid Dies

Sol.d dies made from heat~treatzd alloy
steel maintain contovr, surface finish, and
dimensional accuracy for a relatively long time.
To avoid brittle fracture when slight overloads
are experienced, only steels with good toughness
and impact resistance should be used for explo-
sive forming dies, thus a maximu hardness of
50 Rcckwell C is normally desirable. Steel dies
are normally limited to applicatiune where simole
machining operations can be used to sink the die
or where a high strength and long life are rz~
quired. The utilization of steel dies for large
parts is sornetimes limited by the size of raw
materijal available or the capacity of equipment
which can machine or heat treat large dies, Steel
inserts can be used to reduce the cost of die
preparation. Where lettering or special derails
are reauired, the shapes can be machined in flat
sheet stock which is then formed to fit the contour
of the die, Anchoring of the inserts can be
accomplished by either sgot weiding or flush
riveting the inserts to the die surface.

Some of the steels which might be con-
sidered are the AISI 4100 and 4300 gracdes as weil
as the tool-steel Grades S-1 through S-5. Where
the need for leng life and good surfuce finish does
not justify the cost of tool ste<ls, mild steels
such as the AISI 1010 or 1020 steels may be good
alternative choices. In practice, a hight coat of
lubricating oil over the steel die surface zfter
each forming operatior will previde sufficient
protection frorm rusting. In addition, steal dies
should be dried and coated with oil at the close ol
cach day's operation.

Kirksite, ~hich hus beon widely used in
explesive forming, is a castable ziac~base alloy.
containing about 95 per cent zinc and small
amcunts of <lumisum and mauganese. This
material, which mclts at 717 F and has a density
of 6.7 grams per cubic centimetssr, provides for
gocd shock-wave transmission through the dl.
materizl. The ultimale strength of Kirksste in
tensicr. is 35,000 psi and the ultimate compres-
sive strength is 75,000 pei. Tooling made fror:
this material may be cast to a rough configuraticn
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to reduce the cosi of ficis*ang operations or i
may be used ‘n tomposite ivoting. Kirksite tuol-
ing is generally used wheu the Ioadirg levels on
the die are ton luw o nause plastic deformaticu
and dimensiosnel changes, being usually reserved
for pre daction quaat.tics not exceeding 100 parts.,
One of the largest single-picce dizs kuown to
have been mad= of {his razterizl is shown in
figure 11, The main reason for the popularity
of Kirksite as a die matelial in expl-sive~
forming operations “s that moat aircraft compan-
ies have facilities for casting it. Kirksitle has
been a standard material for drop~-hammer dies
n the zircrait industry and it may be readily
reclaimed by melting whea a jok is completed.

Aluminum has deen used for dies tc a very
limited extent in explosive-forming operations.
It does not appear to have any particular advan~
tagc over other die materials which would war~
rant itg use other than ease of machining. Tool=
ing life is low due to the low yield streangth of the
niaterial, and it appears to have very limited
applicationc for the future,

The use of ductile irzn dies apvears to
have stemmed {rom the desire for a stronger
imnaterial which was relatively easy t» cast and
mathine. it has a tensile yield strength of
45,000 pzi and a compress.ive yield strength of
about 55,000 psi. It can be cchzidered for low-
cost, elevated-temnecature teoling, gince it
maintains a yield ctrength o1 abou? 35,000 psi at
800 ¥, Ductile iron helds a good surface finish
under repeated :mpacts and retains its shape
without the growth often assouciated with Kirksaite
dies. Dies made of nodular iron have worked
quite well in production and as a result it {s
believed to be one of the batter tooling materials
for expiosive forming. This material is more
expensive to use as a die material than Kirksite
due to its high melting temperawre and poor=r
machainability. It does, however, have very
excellent gualicie s for long life in an explosive-
{forming opelation which will often offset the
initial additional coat of using this material,

Reinforced concretz has boen considered
fox the constructicn »f largc dies <xceeding the
machiring capaoilities of all~metal dies, The
ease of producing large concrete dies ir one of
its primary advantages, although i*s disadvan~
tages include a low tensile strength., About 30CV-
psi ultimate strength in tensisn is tle maximum
design strenpth for concrete, The use of rein-
forcemext will increase this strength level
according to the amount of reinforrement used.
The comprensive strength of concrete is about
3¢, 000 psi and 25 long as the die cun he dotigned
to accept its muximum stress in compression, it
cai be used quite satisfactorilv. Taution should
e used, however, in judging the grocs s¢:ongth
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oi concrete dies, since it is quite easy t9 exceed

ibe teusle strength of e surface by shock-wave
reflections, even though the die is witially loaded

.n compression, - -

The use of solid plastic diea has not beea
verv successful, The low strength of tae
material couple? with its low density make §*
unsuitadle for more than scveral impacts before
cricking., Porosity in the plastic may also con-
tribute to its instability under impacl~loading
conditions. Another drawback is the disparity
bctween the racduius of elasticity of the plastic
and the metals being formed,; a large 1nismatch
will permit overforming (o occur., Susrcunding
the plastic in a strong steel case has helped to
overcome some of these difficulties, but the wost
of the case is narmaily so high that a cheaper
Gie could kave been made at less cast from coiid
metali,

Plaster has been used for one~3khot dirs
when caly one pisce is reyvired, The 1eas2w that
a brittle material such as plaster can be usud fos
a die in explosive<-iorming operations io related
tno the speecd of impact, S‘nce the rzte of loading
is very fast, the imprinrt >f a britlie materizl Can
be tuiasfevred to £ meta! surface bafore the die
cruathles., Applications for apea) plzzier 3ivs
appear tc be very limitzd, aldicugh they might be
considered whetre ouly a few -arts are requirec.
As with ple+ =3, befte¥ results arc obtained if
the plaster die is contained by a metal Lontaxzer
so that the plaster 18 loaded is comoressior fo tae
greategr cxtear possible, Casys should be
cylindrical in shape tv ndiinimiza stress
¢oncentrations,

One corppaay has ricently roported the use
of ice 25 a die for explozive forming. (25! The
advaatagec listed for the use of ice include its
low compressibility, ease ot culting and shaping,
and simplicity of repair. Although the dies are
rather inexpensive to prepare, the auxiliary
equipment for freszing the wator and maiataining
the dies in a frozesn state cai. be rathzr erpensive.
Since ice has a iow tensile sirength but a high
compressive strength, the concepts of tooling
design for materials such as concrete should zlso
be applie3 to the use of ice.

Materials for Compesite Dies

Epoxy facings have been used successfully
on con:rate dies.(2U;27) Tie epoxy may contain
reinforzing glass ~loth or may simpiy be 2
smooching agert. The use of this material with
concrete is of particylar icterest since it is easy
o apply, provides a smooth wurface, gnd by mini-
mizing shock-wave irregularities it helps to
maintain a compressive-siress stat> in the con-
crete. The epoxy inay be applied directly to the




suirface of the concrete and then swept to the
desired coatour, 2 procedure which should be
corsiaerced for very large dies. Alternatively,

& glass~-reinforced piartic laminate may be made
from a master and then backfilled with plastic in
the concrete dies, Experience has indicated that
where heavy loading is encountered, the life of a
plastic laminate is about 25 parts before it staris
to crack and zequires replacement. Due to the
low cost of replacement this is not considered a
serious disadvantage.

The use of plastic laminates in Kirksite
dies of cumplex shapes wili provide a consider-
able savings in die-sinking time. The Kirksite
die bady is cast roughly to shape and then a
plastic laminate which has been made from a
plaster master is seated intc the die by backfill-
ing with a resilient plastic. The amount of
resilient plastic should be maintained at a mini-
mumn, since reflected tensile waves set up by th2
difference in density between the laminate and the
metal die body can cause separation at the
interface,

Since most concrete dies will withstand at
least one impact without disintegrating, it is
quite “rasible to aweep a concrete die slightly
oversize by the thickness of the metal liner which
i# to be installed. The metal liner is installed by
explosive ‘orming it into the die and then the
liner serves as the die surface for all subsequent
operztiors. The tolerances of a die prepared by
this technique depenc on the tolerances obtained
in the sweeping operation as well as on the toler-
ances on the thickness of the metal lines which is
placed info the die. The main advantages of this
type of die construction are the ability to obtain
a smooth die surface by polishing the liner in the
flat before placing it into the die and the die will
possess a2 longer life than that of pla tic liners.
Difficulty has been experienced with pulverization
of the concrete behind th> metal liner which will
result in progressively deteriorating tolerances
if many parts are required.

Lubricants

Lubsicants are seldum employed in
explosive-forming operations be-ause the contact
area betwsoen tooling and workpiece is small,

The tolal contact arca in explozive forming may
be only a tenth of that for conventional forming
operations with pusches. Under certain condi-
tions, however; welding may occu- between the
part and the die, requiring reworking of the dies.
Suitable lubricants would be exp>cted to prevent
seizing, galling, and welding in these overations
and are only used whern initial forming tests indi-
rate their need. Although rare, such difficalties
are most likely to be enccuntered in forming
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aluminum or in sizing operations with high
<

explosive-shock pressurec,

Some of the standard conventional deep-
draw lubricants such as Hevi-Draw Liquid
Liubricar:, Shell DeeprDraw Lubricant, Shell STF,
Dow Corning Silicon Lubricant, Dow Corning
No. 4, Vaseline, and wax have be=n used in
explosive-forming operations., In generzl the
lubricants appear t. be desirable when heavv
plates are involved, The benefits derived from
lubricants used by various investigators are not
known,

Since refractory metals must be formed at
elevated temperatures, lubricants used in
explosive-forming operations of these materials
must be able to withstand the elevated tempera-
ture involved, The work which he 3 been con-
ducted on the explosive forming cf refractory
metals has not defined the requirements for a
lubricant in this cperatior. (28} Glasses which
have been used as ludricants for refractory retals
in conventional metalworking operations may be
satisfactor-.{29)

Trancmission Mediums

The transmission medium serves as the
connecting link bet'veen the explosive ctharge and
the part which is to be formed. The energy from
the explosive is transmitted in the form of a shock
wave and is aftenuated as a function of the
characteristics of the medium and explosive.
Most of the early work in explosive forrning was
performed in air, which provided very high peak
pressures for very skort time periods, uzually
a few microsecoads. Consequentiy, the total
irr pulse availabie for forming was less than that
for a liquid mediur which provides sligntly
greater confinement of the charge 2nd higher
efficiencies in terms of total impulse.{4) The
size of ~harge required for fcrming a given part
in witer is reduced approximately 86 per cent as
compared to a charge which would be required if
the forming was accomplished in air. Further
reductions in noise can be achieve? through the
use of transmiscion media denscr than water.

:quid Medium. e

An explosive generates two types of energy
which ca» bC harnessed io perform a forming
operation., The shock wavae, which travels above
the spees: of cound in the medium, reaches the
workpiece first, it is followed by the vressure
wave gercrated by th> gas bubble expanding from
the site of the explosion, By equalizing the pres-
sure and increasing thy dweil time, this wave
assists in forming thin materiale and thoge which
are seasitive to springback.i30»31) The shapes
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of shock waves and gas bubbles geacrated by
deronating charges wiih different shapes, in
water, are shown in Figure 20,
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FIGURE 20, SHAPES OF SHOCK WAVES
PRGDUCED BY EXPLOS:VES
OF DIFFERENT SHAPES!32)

Water has proved to be one i the best
mudiums for explasive~forming operations be-
cause it is readily cvailrble in most locavions,
inexpsansive to use and produces cxceilent re~
sults. Since the energy absorded by a medium
is related to its density, it would be expectced that
considerably more energy would be lost by waves

ranemicted through a licaid thats through air.
Thie apparent loss of energy is, however, more
than compensated for by the additional confine~
ment of the explosive charge and the lengthcning
of the pulse duration due tc the trapped energy.
The net result is an increase in total impulse
available 1n a liqQuid over that obtained in a gas
for the sawme charge size and stancoff distauce.
When a charge is counfined in & liguid medium and
the charge is vufficiently far from the surface of
the water, several pulses may be obtained duc te
the overexpaision avd overcompression of the gas
bubble from the explosive charge. The grsater
confinement of the explotive by the water tends

10 even out the pulse distribution and to maintain
2 pozitive pressure fo) a period of time measured
in the millisecond range. The graph shown in
Figure 21 depicts the differenco in the prassure-
time profile and tl.e resultant integrated increase
in total energy delivercd between water ard als
mediums.
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FIGURE 21. PEAK PRESSURE VERSUS
DISTANCE(33)

Four~pound TNT charge.

Other linuide, such as oil, have been used
for transmission mediums withk good success.
They act in the same general manner as watex
depending on their dansity, but water is gen-
erally preferred because of easier handling.
Higher dersity liquids, such as mercury, are
coneidered too expensive for general use. Some
additionz} material> which nave been used include
talc, clay, fuller's earth, and <embinationa of
solids suspended in water. These materials did
not exhivit ary particalar zdvaniages.

The differences in the ghock-wave profiies
witn different mediams are illustrated :n Fig-
are 22 by the cup shapes whizh were cbtained in
#ir and in various liquids with a coustant exflosive
charge and a standoff distance of 172 inch.!32)
The noirted chatactsristics of the cup formed us-
ing air as the medium indicates the sharp, short-
duration shock wave wkich isx generally obtoined
in air.
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FIGURE 22. EFFECT GF MEDIA ON CUPPING
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The use 01 a solid medium will orotect the
surface of the vart being formed, Sovmatimes
small slivers of metal projected from the blzst-
ing cap or ary other material suck 48 wire which
is uscd to attacu the chargc may strike the sur-
face of the part and resuill in scrap. Difficuity
may alsc be exge™izuced trom sligh!{ irregulari-
ties in the explcsive charge which cause the
“armastion of jets, The jet effzct is smaller usder
watcr and will normeally only cause difficulty at
ve.'y small stand.if distunces, Probably one of
the most beneficial chavacteristics of z ~olid
mediwn is the uniforax distribution of pressure
dver she surface of the part being formed,

Sciids in the form of rulber sheets, cast
plasiico, or even metals are sometimes used ir
explosive~-frrming operatiops, Plastics and rub-
ber ma.erials with Shore rardnesses below 63 on
the A scale have buren found to improve form-
ability of some wrztals, The use oy 2 plastic
transmission medium has proven ¢apecial'y use~
ful i> the close~tolerance si«ing of tubing details.
Tae piastic terds to mainiain the pressure for a
afficient time at the high-pressure level to
minirnize springback ard at the same time does
aot held the pressuse jevel for 4 time sufficient
to exceed the dclayed yisld strength of steel dies,

The use »f scl’d metal plugs in the forming
of shell conligurations has algo resulted in better
formabitity. (34} 1 is postulated that energy
trapped within 7 nsedium imparts 2 momentum to
“he medium which will in turn do work on the part
to be fcrmed. A similar etfect occurr in trapped
rubber-forming operations on a drop hammer.

A solic: medium will also tend to even out the
stress-wave distribution before it enters the part

8

M

t> be formied, resulting in better formability

Yeczuse unequal stress distributions are held to
a minimum,

Elevated-temperature operations require
the use of some insxpensive medium which will
maintain its characteristics at elevated tempcra-
ture and -»ill not transmit heat to the explosive
charge. Several materials including sand and
sm.all glass heads have been used for this ymr-
posr:.(35) If sand is ufed, soma buffcr material
should be placed over the part to prevent im-
bedding the sand into the part or marking ithe sur-
face. It is believed that the shock waves are
transmitted through fine-particle solids in a
nanner similar to the transmission in liquids,
although a suitable method of determining this
has not yet been described.

Shock-Wave Transmiasion

It has been found that shock waves travel
through a medium at 2 velocity that is related to
the speed of sound in tke medium, indicating that
good acoustical properties are associated with
high efficiencies in shock~-wave transmission. (36)
When a minimum of energy loss is desired at an
interface between two diiferent mediums, a close
acoustical impedance match should be obtain.d
between them, Since the acoustical impedance
is a function of the density of the medium, as a
first approximation, matching the densities of the
mediums helps to increase the efficiency cf the
system., The effect of placing an intermediate
mediutn, such as a sheet of rubber, over a part
on the depth of draw obtained is shown in Fig-
ure 23. The increase in rubber thickness lowers
the maximum depths of draw but may assist in
obtaining a greater amount i draw due to the
shape of the cup profile obtained. The use of a
solid intermediate medium permits more
material to draw from under the hold~down ring
without wrinkling and without rupture of the cup
at the apex.

1he 3same reasoning applies for the imped-
ance between the explogive charge and the medium
in which it is detonated. By obtaining 2 reason-
able impedance match between the explosive and
the madium, only weak reflections occur between
the explosive and the transmission medium while
the strorger veflections occur at the suriace of
the medium container. If the container wails are
shaped properly, the reflections can be used to
reinforce the shock wave which strikes the work-
piece. They may also be directed to areas of the
workpiece which require greater amounts of
energy for forming. Although most shock-wave
reflections are undesirable, they can be made to
perform a useful function in forming of noncon-
centric parts, Any reflectors which are used
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shoula be made oi steel and be rigidly supported
since they will receive a high load.
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FIGURE 23. EFFECT OF INTERMEDIATE
MEDIA

Test was conducted on a 4~inch-
diameter cup die without hold-
down pressure on 0, 064~inch-
thick PH~15-7Mo SS in the
annealed conditicn, Standoff
distance was 3 inches, Sixty
inches of 100-grain Primacord
was wrapped around a 2-inch~
diameter tube to make a
cylindrical charge. Rubber
hardness was Shore A 60,

CURRENT APPLICATICNS OF
EXPLOSIVE FORMING

The potential of explosive forming in
fabricating shapes to close tolzrances has been
the basis of current applications work in this
area. In this respect forming operations involv-
ing sheet, plate, and tube have received major
emphasis. In many instances large parts which
would otherwise require extreme coaventional-
press capacities or parts which have complex
geometries are the objects of interest,
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Explozive forming has been used most
widely for producing parts from shezt metal,
Mozt of the early work was done with concentric
shapes, which are characterized by symmetry,
but more emphasis is currently being devoted to
nonconcentric shapes. With concentric parts the
tooling and charge placement are relatively
simple, thus reguiring a minimum of experience
to produce successful shapes, Nonconcentric
forms such as beaded pancls, zlectrode forms,
and other ponsymmetrical configurations, involve
techniques using uneven force distributions,
reflectors, and shaped chargea. Through experi-
ence, a better understanding of control in such
sysiems has been develoned and as a result the
uge of explosive forrning for fabricating such
shapes has increased.

Tooling Considerations

Tooling requirements for the two types of
configurations vary considerably due to the
geometries involved. For concentric parts,
fairly sirnple techniques such as casting or lathe
machining can be used. The more complex dies
required for nonconcentric parts necessitate hand
finishing or the use of profile milling, In both
cases, however, only a female die is required
since a properly designed explosive charge
provides the appropriate forming force. Special
features can be incerporated into both types of
tooling tc control metal deformation and minimize
buckling effects,

In simple drawing operations buckling is
prevented by the pressure applied to a draw ring,
With concentric parts an equal draw-ring pres-
sure is required arcund the circumference,
whereas variations in draw-ring pressures are
needed with nonconcentric parts to accommodate
variations in depth of draw, Pressures can be
estimated for concentric configurations, but a
trial-and-error system must be used to estabiish
the required pressure patterns for nonconcentric
forms. In such systems it has been generally
observed that the pressure level for the minimum
depth of draw should be decreased 2 to 4 per cent
for areas of maximum draw{17), Control of metal
movement during forming can aiso be accom-
plished by using a bead around the die to induce
more friction between the blank and die., This
approach is much less flexible, particularly when
a trial-and~error approach is required in the
initial forming work,

Forming of thin sheet materials can be
assisted by slowly drawing a vacuumn 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




deformation is achieved so that only a light
explosive charge is necessary to complete the
forming,

A ''plug cushion' technique has been
developed to provide additional mass in regions
where greater stretching is desired in order to
yield a more uniform distribution of stresses
during explosive forming. (34) This method which
permits greater depths of draw, results in better
control of part shape and more uniform thick-
ness than the direct explosive-forming apprnach.
A comparison of the two techniques is depicted
in Figure 24, Specific information has not been
published on this technique but critical
parameters have been identified as chamber
angle, density, and thickness of plug.

Metallic form behavior Meiallic form behavior
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FIGURE 24. COMPARISON OF FORMING USING
THE PLUG-CUSHION EFFECT
AND STANDARD EXPLOSIVE-
FORMING TECHNIQUES(34)

Size Limitations

The maximum size of parts which can be
formed explosively is limited only by the size of
tooling which can be constructed. Probably a
more significant limitation on part size will be
the method of shipping large parts after they are
formed. It is quite possible in the future that the
very large parts will be formed on the site where
they will be used so that shipping is held to a
minimum, The process would be ideal for this
type of operation because of the comparatively
low capital cost involved in setting up a facility
for producing large parts. The only drawback is

[F2)
(=

that it may be undesirable to fire heavy explosgive
charges in some areas.

Recently, work has been initiated on the
forming of 33-foot-diameter tank ends for the
Saturn missle.{37) These will be the largest
parts on which explosive forming has been used
to date. The successful application of explosive
forming to parts of this size will provide the
information needed to perform even larger form-
ing operations,

Tolerances

Tolerarces as close as 0,00} inch have
been obtained on small parts by explosive form-
ing, but working tolerances arc normally 0.010
inch. The tolerances are directly related to the
amount of pressure utilized in the forming opera-
tion, up to a point where die failure will occur.
The use of plastic or rubber fillers over parts
also has a considerable bearing on the tolerance
obtained, Since filler materials decrease the
total pressure imposad on the part but maintain
the pressure for a longer period of time, the in-
crease in totzl 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
obtained by conventional forming.

Measurements on large parts by standard
methods are difficult where contoured surfaces
are involved. The method of holding the part
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
measured at the forming site may be correct and
within specification; however, these values may
be changed slightly after handling and shipping.

The type of tooling used in the explosive-
forming process also influences the tolerances
obtainable., Probably steel tooling isthe most
satisfactory for holding close tolerances for long
production runs., Tooling materials such as
Kirksite or plastics will flow under repeated im-
pacts at high loads and cause a gradual increase
in part dimensions during the production run,

A new area for explosive forming is in the
forming of plastics, Most plastics have a very
excellent memory for their criginal shape and
tend to return to this shape after being formed by
conventional equipment. A plastic seal made of
Kel-F plastic by propellant forming in boiling
water has demonstrated the usefulness of explo-
sive forming methods. (38) This part was formed
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to a tolerance of 0. 001 inch and maintained that
tolerance after storage for a year.

Placement of Explosive Charges

In general, explosive-forming cperations
require that the explosive charges be at some
standoff distance from the parts to be formed.

In contrast, a contact charge supplies too high a
peak pressure (above 1,000,009 v.8i) and can rz-
sult in rupturing of the blank although more
recent work with explosives of controllable
detonation velocities 2nd peak pressures have
been successful, {3 Positioning of the explosive
charges can be performed by a number of tech-
niques provided severai conditions are met:

(1) the method of positioning should be substantial
enough that immersion of a part in a water tank
for firing will not displace the charge out of
position, (2) the rigging for the charge should not
result in flying projectiles which might dar. _ ,e
the workpiece, and (3) any debris from the
rigging should be easily recoverable from the
water tank so that the operation can proceed in
an orderiy manner.

Toc nmeet these requirements, various types
of rigging materiais have been used. For large
parts small-gage wire is used which generally is
retrieved with the die. With smaller parts,
masking tape is normally preferred for locating
the explosive charge because it is easy to handle.
Permanent steel rigging can also be used pro-
vided that the charge is separated from the
rigging by at least 2 inches. Cardboard tubes
work well for separating the charge from the
rigging provided that the tube is not immersed
in the water longer than 5 minutes before the
charge is fired. For longer immersion times the
tubes should be sprayed with a plastic coating.

Often it is possible to obtain the same re-
sults with different types of charges. For
instance, tank ends can be formed with cylindri-
cal charge or with an equal weight of Primacord
wrapped on a cardboard tube. (17) similar re-
sults are gbtained if the diameter of the
Primacord charge does not exceed twice the
diameter of the solid cylindrical charge. Conse-
quently when the supply of one type of explosive
has been depleted, it is often possible to utilize
another type which may be on hand.

Special types of explosive charges are
generally required for the forming of nonconcen-
tric shapes. These charges may be shaped in a
manner which will provide a variation of shock-
wave intensity so that the areas of the part which
require a greater amount of energy will be prop-
erly loaded. The development of such charge
shapes are especially difficult requiring extensive
trial-and-error tests. Energy transmission to

the part can also be varied through the use of a
rubber blanket covering those areas which re-
quire the least forming. In this case relatively
simple charge configurations can be used. The
most widely used technique involves the use of
multiple charges to work the metal into the die in
steps.

Shock-wave reflectors are suitable for
producing parts which require a deeper draw in
one particular region. They become very com-
plicated, however, if there is more than one
such region in a part. Generally trial-and-error
testing must be employed since little information
on the use of shock reflectors in sheet forming is
available,

Formability Limits of Sheet Materials

The nature of variocus investigations con-
cerning the formability of sheet materials by
explosive techniques has not yielded quantitative
information on formability limits, Generally,
the data obtained have been related to the types
of configurations that can be formed and the rela-
tive behavicr of the specific materials studied
during forming. In contrast to these studies,
applications of explosive forming have involved
specific materials and configurations with the
development effort devoted to process param-
eters., As a result, the wide range of shapes,
tooling, and process variations represented in
past work do not permit definite conclusions as
to formability limits of the materials investi-
gated. Observations of forming behavior do.
however, provide a comparison of the relative
ease of forming.

It has been generally observed that both
austenitic and precipitation-hardening stainless
steels can be readily formed into shapes of intri-
cate geometry and those requiring extensive
elongations. (40) Properly finished welds of these
mate.rials will also withstand similar deforma-
ticas. Work-hardened stainless steels are
readily formed with explosives and through pro-
per scheduling of prior work and annealing,
optimum mechanical properties can be obtained
after forming. In contrast, carbon steels can
withstand only limited deformation without
splitting and cracking.

Aluminum alloys including both heat-
treatable and work~hardening types have been
formed with very little difficulty, (40) 1t has been
found desirable to conduct initial forming opera-
tions in the annealed condition to minimize
springback, Final forming can then be accom-
plished in the required condition as in more con-
ventional forming.




The metals molybdenum, titanium, zir-
c¢onium and their alloys are difficult ¢ form at
ambient temperatures, (40) Preheating to
temperatures on the order of 800 to 1200 F has
been found to minimize the cracking and splitting
behavier normally experienced. Very little data
has been reported on explosive forming the
remaining refractory metals; however, it is ex~
pected that their relative behavior will parallel
that in conventional forming.

Economics ot Explosive Sheet

Forming

Only limited information has been published
on cost comparison of conventional forming and
explosive forming, It has been generally found
that simple shapes readily formed by conven-
tiornal methods should not be considered for ex~
plosive forming since an economic advantage will
not be realized., More complex shapes and
materials with special properties such as the
work-hardening characteristics of stainless
steels and the new classes of high-temperature
alloys lend themselves to explosive fabrication.
Size considerations must also be taken into ac-
count since extremely large sizes may be formed
explosively that would be impractical by conven-
tional techniques.

A cost analysis conducted by Lockheed
demonstrates the variability of both conventional-

and explosive~-forming costs with specific parts. 4

This study involved the fabrication of five parts
by both methods in sufficient quantity to establish
the desired cost information. These parts which
are shown in Figure 25 include a side-panel jet
pod, collar-outlet housing, tailpipe ring, pan-
fire shield, and an engine bellmouth tailpipe.

The results of the cost analysis are surnmarized
in Table 5 where it is evident that three of the
parts examined were fabricated less expensively
by explosive forming.

Further considerations in the economics of
explosive forming sheet materials must include
the availability of equipment and personuel, In
many cases conventional equipment and trained
personnel are already available and a change in
production method must yield sufficient savings
to offset the unused life o present equipment and
the cost of retraining personnel. The quantity of
parts to be produced will affect these economic
factors. Although explosive forming has gener-
ally been reg rded as applicable to short produc-
tion runs, competitive production of 20, 000 parts
has been observed. (41)

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 89.9} +11.5 35.44 55.03 +55.3
81. 29{a) +0.8 49. 23(a) +38.9
Collar~Outlet 6.77 12.99 +91.9 2.18 6.12 +180.7
Housing 10. 79(a) +59.4 4. 65(a) $111.0
Tailpipe Ring 80. 63 53,22 -34.0 38.40 21.68 -43.5
50. 72(2) -37.1 20. 0o(a) -47.9
Pan-Fire Shield 66.91 40,08 -40.1 22.80 19.19 -i5.8
36. 19(a) -45.9 16.58(a) -27.3
Bellmouth~Engine 161. 47 133.54 -17.3 57.82 52.75 -8.8
Tailpipe i2e. 4gla) -206.4 49_34(a) -14.7

(a) Denotes predicted cost of explosive forming as a
actual cost for experimental forming of parts.

production operation. First figure based on
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FIGURE 25, , EXPLOSIVE-FORMED PARTS USED
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
optimized for the particular part in question;
consequently only the basic features of explosive
forming are common to all of these applications.
In reviewing the parts currently being formed it
is evident that variations in die materials, types
of explosives, and methods of charge placement
are preferred as related to the particular part
being formed. It is intended that the examples
presented in the subsequent discussion will dem-
onstrate these variations and the types of appli-
cations in current practice.

Forming of hemispherical shapes with a
centrally located explosive charge has been the
most widely investigated application of explosive
forming. In forming large hemispheres cf the
type shown in Figure 26 a number of explosive
operations are generally required. (42) In this
case the 44-inch diameter shape of the 0,071~
inch~-thick 6061 aluminum zalloy was formed i
six operations with one intermediate anneal. The
shell-die concept consisted of a fiber-glass-
reinforced plastic shell of the desired contour
which was sealed to a heavy-wall steel container.
Additional reinforcement was supplied to the shell
by filling the container with water bu.fore sealing
the shell to it. This tooling was used to form the
subject parts. This type of die assembly is
considered unusual when compared to other
single-component hemispherical forming dies.
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The explosive consisted of a 30-inch-diameter
ring of Primacord (25 g) in the first operation
and similar charges located 11 inches above the
center in subsequent detonations, This procedure
produced a finished part of 57 per cent total
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)

FIGURE 26, HEMISPHERICAL PART IN THE DIE
AFTER THE FIRST FORMING STEP

Courtesy of General Dynamics/
Astronautics.

A Z-ring blank explosively formed from
0. 020-inch-thick Type 321 stainless steel is
illustrated in Figure 27, (44) For this part a
single forming operation involving a 4130 steel
die with hold-down rings and a 9-inch-diameter
winding of two strands of Primacord (approxi-
mately 25 g) was required. Subsequent detona-
tions and annealing ‘reatments were not needed
because of the relatively shallow draw in form-
ing, The part as shown requires trimming to
complete the fabrication of the desired ring
configuration.

Techniques for explosive forming at
elevated temperatures were required in forming
domes from tungsten sheet.(12) Prior to detona-
tion the tungsten blank was heated to approxi-
mately 1250 F in a bath of molten aluminum by the
device shown in Figure 28. The explosive wase
contained in an insulated tube in order that pre-~
mature detonation would not occur. To form
tungsten domes of 4, 5-inch diameter by 0, 125~
inch thickness, a 12~g charge of Composition C-4
explosive 2nd an AISI 4130 steel die was used in
the assembly described. A dome height of




appioximaiely I inch with a tolerance of £0, 003
inch resulted from a single operation of this
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FIGURE 27. CLOSEUP OF PART READY FOR
TRIMMING TO FORM THE

Z-RING
Courtesy of McDonnell Aircraft
Corporation,
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FIGURE 28. ARRANGEMENT FOR FXPLOSIVE
FORMING AT ELEVATED
TEMPERATURE

Courtesy of Aerojet~General
Corporation.

Since nonconcentric parts are consid :rably
more difficult to produce; forming of such items
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 of
a columbium-1 per cent zircomum 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 £0.9 0 inch.
Similar panels of Type 321 stainl_ss steel have
also been formed by this method.
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FIGURE 29. BEADED PANEL MADE FROM
Cb-1Zr ALLOY SHEET

Courtesy of McDonnel Aircrait
Corporation.

The forming of a 1~605 stainless steel
shingle for the Mercury capsule illustrates a
deep-drawing operation on a nonconcent:ic
part.(44) The shingle which is shown in Fig-
ure 30 was formed in two explosive-forming steps
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 configuraticn,

A larger nonconcentric part with a shallow
contour which was formed with explosives is a
honeycomb facing sheet. (45) This part formed
from a PH-15-7 stainless steel blank ineasuring
24 by 120 inches in a single operation is shown in
Figure 31. In this application a 4-1b charge of
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60 per cent nitroglycerin dynamite at a 24-inch
standoff distance and a Kirksite die was
employed. The die was assembled on a heavy
wood support and an inclined track was used to
lower the assembly into the water tank., in the
final configuration tolerances of 0. 010 inch were
achieved. This application represents a case
where only a few parts with close tolerances
were required and explosive forming served as

the most economic means of fabrication,
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FIGURE 30. SHINGLE A
BEFORE TRIMMING

Courtesy of McDonnell Aircraft
Corporation.

FIGURE 3). FINISHED DOUBLE-CONTOURED
PART AFTER FORMING

Courtesy of Georgia Civigion,
Lockheed Aircraft Corporation.

Flate Forming

Concentric shapes similar to those des-
.ribed for sheet-metal parts can be explosively
formed from plate, The limiting bend radii, of
course, are larger since they depend on both the
thickness and the mechanical properties of the
workpiece. Explosive forming of plate materialo
has been employed because presses large enough
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, XExplosives
have alio been used to blank or pierce holes in
heavy shapee, This operation requires a wave
guide wiih 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 Considerations

In order to support the higher lcads
characteristic of explosive forming plate
materials, the tooling must be of keavier 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.
Usually plates are not formed to close tolerances,
particularly since they are often machined in a
later operation, A vacuum system is not neces-
sary in these operations because the plates are
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.
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Final Form
Die
Free Air Vent
A-47906
FIGURE 32. TAPERED-ENTRANCE DIE

Formability of Plate Materials

As in other explosive-forming operations,
limitations on the size of parts that can be




fabricatcd from plate materials are linposed by
factors related to the process rathe< than te the
basic featares of ths muthod. Ar paris becormne
larger, >r heaviar plates are used, the required
explosive charge becomes larger and may
approach the maximum charge which can be used
in a particular facility, These same factors
would necessitate larger and more heavily con-
structed tooling which would be more difficult
and exrensive to faoricate. Without thess re-
strictions there is no theoreiical limit to the
size (1 parts that can be formed from plate
materials with 2xplosives.

Toicrances obtainable in 2xplorively
formed plate materials are the same as those
nomed for sheet matorials, namely £0, 010 inch,
No:xally, considerably greater tolercnces than
*hese are ac<=ited on psris made irormn plate
einte =ubsequent machining operaticns are
customicry. Witk free-formed plate materiale,
toterances «¢ grear cx 22, 250 inch have been
considered acceptable. Iz ~rder tn realize the
groavest econonic potential of prefuvrining plates
witn explorives, relar2?i0n of rzlerances is
generally experienced,

There are nos specific da’a on the form-
ability limits of plate mnarevials in explosive~
forming operations. In most carcs to date culy
limited deformation, on the order of 1( gar cent,
has been required in forming these plate con-
figurations, It is likely that grcater deforma-
tions could be obtained if desired, but these have
not been required in current applications, Alao,
efforts in this area of explosive forming have
teen limited to a relatively small number of
materials and applications with the result that the
relative forminy behavior of the plate materials
examined cannot te well established.

Expiosive-Charge Placement

The explosive arrangement for plate form~
ing is similar to that for sheet forming except
for the scaled-up size of tooling, workpiece,
and exploszive charges, Since water is the pre-
ferred transmission medium in these operations,
containment in large water tanks or firing above
Z-ound using a ‘water-~tilled bag is required. In
each approach the explosive encrgy is trans-
mitted to the workpiece through water; however,
aboveground firings crcate a corsideradle noise
problem which may have to be reconciled with
public-relatiocn pelicies,

Because of the relatively simple configura~
tions invelved in plate forming, charge shapes
and place:ent are less complex. Normally,
centrally located charges and ring charges posi~
tioned at the desired standolf distance are em-
ployed, Counsideration of charge contaiament in

water and ‘he rigaing required for positicning are
ssagntially the same as ‘boua 11 2hast forming,
However, since €inal machining is often rewqiireu
some marking cf the formed piece can %e
tolerated,

Economics of Explosive
Piate Forming

7T he economics of plate~forming operations
using explosives pa» not been estabiished through
specific cott comparisons with more conventional
fabrication methods. It is generally considered
that the greatest saviuigs would be expected in
prelcrming heavy parts prior to finish machiniag.
This operation compared io machining tie same
component from sclid stock would provide a
s2vings in voth the required meachining time and
the total stock remmoved as waste. Particular
advantzges worldd be reciized with materials that
ire expensive and inhe: ently diificult to machine.
Such savings, of course, would be require: to
offset the costs of the explogive~preforming
operation,

Economic advantages nizy aleo he gained in
explosive forming plate materials in short produc~
tion rurs where ccnventional equizuient !s not
avzilable. In su~h cases the cost of procuring a
heavy presr for the lin.ited forrping reqaired
v->uld be prohibitive and the capital costs ~zquirec
tor estzviishing an explosive-forming facility and
the related tooling would appear pariicilatly
attractive.

Examples oi rxplosively Formed
Plate Materials

In torming plates with explosives concentric
configurations have received the most interest
particularly where forming to final shapes has
been involved. Present applications have been
limited to plare thicknesses of 1/2 inch or less
b: cause of the component sizes of irterest and
not because of process limitations. In addition to
the free~forming approach which Las bean widely
used with plate materials, step~forming opera-~
tions, and stretch forming have zlso been em-
ployed. These variations and typical applications
are demonstrated in the subsequent discussion.

Free forming dome gzhapes {rom plate stock
with explosives has provea to be highly successful,
A dome resulting from explosive forming a 0. 19~
inch~thick hy 25, 6-inclh~-diameter Type 32 stain-
less steel blenk is shown in Figure 33.(46) In this
case three charges of Powertol 7A {200, €00, and
600 grains) with ao intermediate anneals were
required, Forraing was accomplished over a
mild steei ring die with centrally ocated, spheri-
cal, explosive chizrges at a staudoff distance of
2 inches. Similar techaigues were used in
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forming a 2014 aluminwm alloy dome shich is
shown in Figure 34 after attachinent of a sk:.:
by welding,V?%/ Six explusive~forming opera~
tions were used in producing this }/5~-scale
Titan dome from a blank &, 10C~iach thick z &
33, 6 inches in diamele>, The mild steel die
componcnts employed in this case included a dic
ving and hold~down ring.
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FIGURE 33, TPRANSLATION ROCKET DART
FORMED BY D\L-~LESS

TECHNIQUES

Diameter 14, 4 inchet
Initial Thickaess G, 190 inch
Final Thicknens C. 980 icch

Thickr:ss Variation 20 per cont

Courtesy of Martin Company,
Denver Division,

Tke production of a hyperbolic reflector by
multiple explosive~-forming operations has been
demonstrated with a 6061~-0 aluminum alloy.

Ten steps were required to form this shape from
anneaied plate measuring 3/8-inch thick and 135
inches in diameter.{47) Explosive charges for
each operation consisted of loops of Primacord
arranged in a decreasing diameter. This proce-
dure resuited in progressive stretching to form
the shape, starting from the periphery of the
part and finishing at the central portion. The
final shape which is shown in Figure 35 was
formed in a Kicksite die in a water transfer me-
dium and represented a fotal stretch of approxi-
mately 15 per cent ard tolerances of £0. 632 inch.
This approach to forming plate materials has the
aavantages that the small charges are less likely
to damage the die and forming of large shapes
can be conducted in 2 limi:ed facility.

FIGURE 34. FRONT VIEW OF 1/5-SCALE MODEL
TITAN DUME WI1TH ATTACHED
SKIRT

Formed by free-forming techniques
using the “plug cushion'’ concept;
final thickzess at apex = J. 097 in.;
thickness variation 4. 2%;

Courtesy of Maxtin Company.
Deaver Division.

Explosive plate forming has been uc:zd to a
cursiderable extent for commercial prodé-wcction of
heavy Cished heads for steel tanks\!4), The tank
ends which arc shown in Figure 36 aftex forming
ang trimmiag were fabricated from 77~inch~
diameter LISI 4340 blanks of variable thickness,
The procedure uscd involved two underwater
explesive-furming steps in a 4340 steel die with
a ligquid Aerex explosive. The explosive charges
consisting of 3210 g were in a spherical shape
ang located at a 7-inch standoff. In the final
parts deflections of 20 inches were attained with
tolerances oi 0, 006 inch on the thickness and
0. 025 inch on the contour. The high degree of
uniformity in wall thicknesses was in part due to
prcmachining the thick plates to the appropriate
shape.

‘The general procedures for drawing large
parts in explosive operations differ from stretch-
ing in that a greater pumber of steps are
required. This procedure permits a greater con-
trol of metal flow to avoid excessive thickening ot
thinning. Often rubber inserts are placed in the
die for deformatjon control in the early forming
operations, A 70-inck-diameter hemisphere
formed in thiz manner is shown in Figure 37.(48)
In this case a 1(0~-inch-diameter blank of Type
4086 aluminum alloy was formed in 10 explosive
oparations using PETN Primacord charges vary-
ing from 59 to 150 g. A cast mild steel die was
employed, Standoff distances were varied from
6 to 10 inches the blank was held hydraulically
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HYPERBOLIC
REFLECTOR

Note siight elongation of holes in part
rim due to pull in against the bolts.
The circular mark on the contour was
picked up from a scribe line on the
die surface which indicates the detail
possible with the process even on
plate material,

Courtesy of North American Aviatioa,
Inc., Columbus Division.

FIGURE 36. COMPLETED STEEL TANK ENDS
AFTER FORMING AND TRIMMING

Courtesy of Aerojet-General Corporation,
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FIGURE 37. COMPLETED 70-IN. EXPLCSIVELY

FORMED ALUMINUM TANK END

Courtesy of Ryan Aeronautical
Company.

FIGURE 38. BLANKS AFTER EXPLOSIVE
FORMING

Courtesy of General
Dynamics/Fort Worth,
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with a force of 200 ions. The rinai configuration
resulted in 2 35 per (ent stretch at the center and
10 per cent ghrink at the periphery with a toler-
ance of £C. 30 inch.

Preforming oi heavy plate prior tc machin-
ing, which has been noted as a potential economic
advantage, is demonstrated in Figure 38(49),
‘This fcrming was accomplished on an aluminum
7075 alioy plate in the T-6 condition measuring
40 inches ia diaraeter by 2 inches thick. ‘fwo
explosive operations using 38 and 24 ounces of
commercial dynamite and a Xirksite 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 inch, This
preforming resulted in a saving of 760 pounds cf
material per par: when compared to direct
machining froxm an 1ll-inch slab, In addition the
machining time required was greatly reduced
although no direct compariscns were made.

Forming noncmcentric parts from plate
materials is more difficult and 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. Wrirkling 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

Explosive forces have also been utilized
successfully in tube-forming operations. This
process has permitted the formation of many
unique tubula: sh~pes by beading and bulging the
initial workpierc . selected areas. In addition,
the extremely ci .. > tolerances that can be
achieved have been found particularly advantage-
ous. Since the basic geometry employed in these
operations is a tube, it is genera:lly necessary
to use split dies and line explosive charges to
achieve the desired formiag. These features of
explosrive tube forming represent 2 major differ~
ence between this forming method and sheet and
plate forming.

Tooling Conxiderations

In order to facilitate -emoval of the com-
pieted tudular configurations it is necessaxy to
use either split dies or split tapered die inserts
depending on th= particular part to be formed,
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The use of split dies makes evacuation more dif-
ficult irt that rubber seals are required betweern
the die halves. The parting lines betweeu the
die segments will often leave undesirable marks
on th2 formed part. This marking effect can be
reduced by either reducing the explosive charge
and employing mulliple operations or increasing
the strength of the die. Where heavy loads are

involved, modifying the strength of the die has
litile effect.

FIGURE 39. NOMNCONCZENTRIC TORUS PING
Explosively~formed from Rene 41.
Courtesy of Rocketdyne, a Divisioa of
North American Aviation; Inc,

Some control of the amount of culging can
be obtained through the use of end plugs to
supply some restraining force io preveni drawing~
in from the ends of the tube. This detail cau b
critical in thin-gage tubing where wrinkling will
occur if the ends of the tube are not restrained,

Shock-wave reflectors can be incorporated
ix the tooling for explosive~forming operations
on tubing. They find the best apoplications in
tosling for noaconceniric shapes or where
reeuntrant angles are desired, With the use of
spvecial reflectors the charge can be placed at
oaxe end of the tube and a refiector inside the tube
to concentrate the shock wave in certain areas,
Very large bulges {350 per cent of tube




diameter) have Leen produced with the use of
reflectors, intermediate anneals, and step-~
forming operations, The reflectors can vary
considerably in design, ranging from a solid
filler with an angled cut {tc concentrate the
energy on cne side of the tube) to exponential
shap=s for reentrant angles, To date, most of
the work with reflectors h«s been performed with
rropellants in closed systems rather than with
explosives.

Formability of Tube Materials

As with sheet and plate forming any limita-
tione on the size of tybes that can be formed
exniosively are dependent on factors such as
facility capabilities, difficulties in die construc-
tion, and haadling. Forming operations have
been conducted on tubes ranging from 1/4-inch
diameter with a 0, 010-inch wall to 40-inch
diameter with a 5-inch v-all, As the size of the
workpiece is increased, greater quantiiies of
explosives are required which may approach the
limits that can be handled safely in an existing
facility,

Tolerances on small-diameter tubes have
Leen maintained as low as 9. 001 inch, but toler~
axi+s on the order of £5, 01C inch are generally
accepted. This consideration is based ~n
cconomics since fiie extremely close tolesancee
requare the construction of heavy, accurate dies
which will withstand the repeated heavy loading
in the production of the desired parts, With the
relaxed tolerance, less expense is invonlved in the
die fabrication and slight deformations through
ure can be accommedated.

From existing data it ie difticuli to eaab-
lish formsnility limits and relative behavior for
the various tube materalz formed explosively,
Ir moat operations material is drawn into the
forming area in addition to the diametral cxpan-
sion at that poiat; tki:s a .neasurement of the
diametral expansion ilone dues not give a true
evaluation of the formability of the :aaterial. An
illustration of this effec? is demonstirated ixn
formiang a tubular compound component whare
a 350 mer cent increasz in diarzeter wags e~
corded at 3 poist where the wall thicknes» war
reduczd only 20 per cent. (41} Usually only infor-
:naticn o toe diawneier increase as a result of
forming or the diamazter at fracture has beza
recorded. It is gonerally regarded, however,
that explosive~-forming limii = for simple bulging
are probably similzar to conventional buige forin-
ing on the same material.

Explosive-Charge Placement

The setup for tube forming requires the use
of lice charges placed on center line of the tuce,
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This requirement holds for parts whkich have
lengths greater than their diamecicrs, Alignm

of the charge is critical since the tube provides
some reflective characteristics to the shock
wave; and misalignment can result in extreme
pressures in areas of the tube closest to the
charge. Proper location of the charge can be
insured by thin spacers placed in the tube or by
an exterior fixture which applies some tension to
the explosive charge. A rigid plastic tube can
alsu be used tc cover the explosive charge aad to
keep the flexible charge straight,

Normally a die is required when a specific
configuration is required. As with plate forming,
however, the process can be used for preforming
a tube which is to be machined. Simple bulges
can be formed in heavy-wall tubes without a die
but tolerances can not be held very closely on
either the diameter or on the contour of the hulge.
This technique sometimes offers advantages for
parts which are to be finish machined.

Economics of Explosive
Tube Forming

Although no specific data are available on
the economics of tube-forming operations, it
appears that considerable savings are possible,
This opinion is based on the large production
quantities of explosively formed tubular parts
which have been madc in isolated cases. One
example is the spund-suppressor tubes uzed on
all commercial jet 2ircraft, an application which
has involved the productioa of more than 10,000
parts. The main economic advantage in this
application is derived frcm the close tolerances
obtainadle. Such ccmponents are often assembled
in other operations requiring close tolerances
(brazing, etc, } which praviously invclved con-
tiderable hand work on cenventionally formed
tubes,

Exampiles of Explosively
Formed Tubes

Both conunercially available seamless and
welded tubing have been employed in explosive~
forming operations with no appzrent difference in
forming bebavior. Applications to date have in-
volved forining varisus materiais fo configura~
tions with both longitudinal and diametral ribs,
The general procedures used have becn similar
with only minor modifications appropriate to the
part being formed. The following exampics de-
monstrate the variations in forming that have
been achieved.

Some of the less complex tube~forming
operations have involved the furining of square,
fluted, and hexagonal tubes, (38,49} A typical
item which - ‘- .med from a 5-izch-diamezter
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Type 321 stainless steel tube measuring 38

inches long with a G, $20-inch wall is shown in
Figure 40, This part was fabricated in a single
operation using 6 ounces of Primacord in a
water medium and an AlSI-4340 die. The final
configuration represented a stretch of approxi-
mately 20 per cent with finished tolerances of
+0. 000 and -0. 010 inch,

oo ~

FIGURE 40. EXPLOSIVE-FORMED HEXAGONAL
TUBE BEFORE AND AFTER
TRIMMING

Courtesy of General Dynamics/
Fort Worth

Explosive forming .as alsc been applied to
the formation of inner and o'iter thrust-chamber
liners. The spiral grooves such as shown on
the outer thrust-chamber sheel in Figure 41
demonstrate the variations in explosive tube-
forming operations that may be considered prac~
tical, This part was formed in a single opera~
tion with 150 grains of PETN Primacord and a
Solar tool~steel die in « water medium. The
initial 4-inch-diameter Type 321 stainless steel
tube with a @, 063~irch wali yielded an approxi-
mate 7 per cent stretch with {inish tolerances of
£0, 0005 inch on the inside diameter,

Pressure-vessel segments of 6061 alurmi-
num have bzen fauricated in single explceive~
forming operitions by similar technigucs. (43}

The sectioned segment shown in Figure 42 was
formed irom an }8-inch iengih of a €-inch-
diameter tube with a 0, 078-inch wall using a
15«inch length of PETN Primacord (75 grams)
and a mild steel die. The resulting part achieved
a stretch of 15 per cent and a tolerance of within
1. 003 inch of the die dimensious. As can be
noted in the photograph a small amount of thinning
was experienced in the bulged areas of the formed
part,

FIGURE 41, END VIEW OF OUTER THRUST
CHAMBER SHE1L.L

Courtesy of Rocketéyne, a
Division 9f North American
Aviation, Inc,

The bulging of a curved fuel~line tube by
explosive methode is illustrated in Figure 43, (43)
Th.s part was initially curved by conventional
methods from a l-inch-diameter 30-inch-long
321 cold-rolled steel tube with a 0. 065-.:ch wall,
Three explosive-forming operations, as indicated
1n the figure, using a 4340 forgsd steel die were
required. Formation of this part represented a
maximum stretch of 50 per cent and tclerances of
+0, 005 tc 0. 003 irch on the diameter,

Forming Welded Sheet-Metal Preforms

Explosive-forming methods bave been used
in forming components from welded preforms,
Such preforms are required when the initial tube
size is larger than that obtainable commercially
or when a specialized starting shape is needed,
Since subsequent forming operations will be con-
ducted, it ‘s necessary that good quality ductile
welds be employed in preform fabrication. Gen-
erally the welds are planished and the blanks an~-
nealed prior to forming, Also, where pogsible,
the welds are loczted in areas where a minimum
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relching i5s expecied ic reduce the possibility
weld failures during the forming operation.

FIGURE 42. COMPLETED SEGMENTED
PRESSURE VESSEL AND
CROSS SECTION

Courtesy of Chance Vought
Corporation, a Division of
Ling~Temco~Vought.
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FIGURE 43, F8U FUEL-LINE TUBE

Courtesy oi Chance
VYought Corporation, a
Division of Ling~
Temco-Vought.

Tooling Considerations

The size of parts may in some cases limit
the use of split dies and in turn limit the prucess
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 paris are to be formed which
may result in wrinkiing when a vacuum is applied
betwean 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 blanis is limited onjy by external factors,
The maximum die size is smallex thar for sheet
or plate forming because the shape 2f the parts
usually results in higher tensile stvess com-
ponents. In addition, the charge size ia limited
in the same manner as rhat noted {2 .hest and
plate, namely the capability of the facility to be
used.

Tolerances for parts explosively fcrmed
from welded sheet can be held to £0. 010 inch
although 2 more practical tolerance of #0. 032
inch is » -mally specified. The higher forces
that would be necessary to obtain closer toler-
ances would shorten die life and result in higher
die costs for a given production run. Close
tolerances would also require a higher degree of
weld finishing prior to forming. Because of
these factors the tolerances for forming welded
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~
fornis in explosive forming would be the same as
that for the individual sheet metai. This direct
comparison, of course, assumes that the welds
have been properly finished and annealed to in-
sure adequate ductility, Otherwise, the weld
joints or heat-affected areas would impose limita~
tions on the forming operation, Often it is neces-
sary to test the welds in tension to provide a
comparison of their ductility with that of the
parent metal.

Explosive-Charge Placement

Thz type and placement of explosive charges
in forming welded sheet assemblies depends on
the final configuration of the part desired. Line
charges positioned at the axis of the assembly are
used for long right cylindrical shapzs, With a
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
reflectors can also be utilized as noted in the
previous discussion on tube forming. As with
other explosive-forming operations, set-up de-
tails are still based to a great extent on indivi-
dual experience with similar starting shapes and
explosive-forming assembly designs,

Economics of Forming Welded
Sheet Assemblies

Economic advantages that may be realized
in explosive forming welded sheet-metal agssem-
blies are dependent on the complevity of the part
designs and the number and type:s of operations
required in conventionial fabrication. In addition,
material factors such as ease of forming, weld-
ing, and machining will influence the comparison.,
As with other types of explosive forming econo-
mic analyses are quite limited. One economic
comparison ¢oncerning the forming of welded
sheet praforms is summarized in Table 6,(50)
This analysis involving bulging, floturning, and
explosive forming considers the forming of a
cocmplete skin sectinn 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

Buiging Floturn Explosive Forming

Part Cost 0,89 1.00 0.77
Tooling 3.60 1. 00 2.40
Facilities 2,30 4,00 1.00

The analysis shows an ecunomic advantage in
favor of exploiive forming for this particular
part.

Examples of Explosively Formed
Welded Blanks

A wide variety of tubular and conical shapes
has been fabricated by explosive-forming welded-
sheet assemblies. In most cases relatively thin
sheet has Ucen used, but the effectiveness of this
forming method on thicker assemblies has also
been demonstrated. Dependiug on the geometry
in question, line charges, poirt charges. and
split charges have been employed. Also varia-
tions in die de3igns have been used with particu~
lar emphasis on minimizing die costs. The fol~
lowing examples present some of the shapes and
explosive-forming practices that are characteris~
tic of current applications.

Compler. conical shapes generally require
multiple forming operations with possible inter-
mediate anneals, The truncated cone shown in
Figure 44 was formed in this manner from a 22-
inch-long Type 321 stainless steel preform mea-
suring 4-1/2 inches in diameter at the small end

FIGURE 44. COMPLETED TRUNCATED CONE

Courtesy of Ryan Aeronautical
Company.

and 11-1/2 inches in diameter at the large end.(48)
Five forming stages were required using ball
shaped 60 per cent Nitro Dynamite cha.ges of 5

to 16 g positioned at the center of the cone. A
Kirksite cie with steel inserts for forming the
bosses and a clamp ring represented the tooling
in this operation. During the course of forming
this part, one intermediate anneal was necessary.
Tolerances of -0, 010 inch from the die dimen-
sions were achieved with the material undergoing
20 per cent stretch, Similar technigues have also
been used to fabricate the rocket shroud shown

ip Figure 45, (38)

The usefulness of the separation of explo-
sive charges to achieve a bell-shape component
of K-Monel is demonstrated in Figure 16. (42)

The initial rolled and welded 0. 040~inch~thick
cone preform measuring 24 inches long with a
diameter tapering from 4 to 20 inches was formed
in three operations. Spherical ~harges of 4 g and
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at the top and bottom of the

assembly, respectively, were used in each step
with one intermadiate
with bolts to provide a hold-down force was used
in a water medium in this forming operation, A
total stretch of 19 per cent with a finished toler~-
ance of 20. 010 inch was achieved. It was noted

15 g located
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that a considerable amount of drawing occurred
during the operation requiring the accommoda-
tion of the change of length in the part,

FIGURE 45. EXPLOSIVELY FORMED ROCKET

SHROUD

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

Explosive forming of large~diameater
welded-sheet tube preforms has been accom-
plished in dies consisting of stacked and bolted
plates of steel. (5) The fan hub shape formed i
this manner is shown in Figure 47. These zon-
figurations have beer fabricated from Monel,
carbo. steel, Types 304 and 316 stainless steel,
and sgilicon bronze from 10 to l4-gage preforms
ranging {rom 16 to 36 irches in diameter. In ali
cases, charges of dvnamite were centrally
located in the assembly to achieve the desired
forming.

Explosive forming heavy~wall tube pre-
forms has been successful in {abricating 6061
aluminum ccmponents. (51) The part shown in
Figure 48 was formed in a single operation from

a 1-1/4-inch-thick preform 32 inches in diameter
and 16 inches long. A 260~g Composition C-3
explosive charge located at the center of a
ductile~iron split-die assembly was utilized for
this forming. The approximate stretch achieved

in this case was 5 per cent.

FIGURE 46, STARTING BIL.ANK CCNE AND
FINISHED EXPLOSIVE

FORMED PART

Ccurtesy of General Dynamics
Astronautics.

FIGURE 47.

FINISHED MONEL FAN HUB

Courtesy of the Moore
Company.

Final sizing of a closed end shape is dem-
onstrated by the pylon door for a large missile
system shown in Figure 49.(38) Blanks for this
configuration were initially formed by drop-
hammer forging 6061-aluminumn alloy segments,
Subsequent welding and heat treating resulted in

p



FIGURE 48. HEAVY-WALL TUBE AFTER
FGRMING

Courtesy of California
Division of Lockheed Aircraft
Corporation,

FIGURE 49. COMPLETED PYLON

Courtesy of

Rocketdyne, a

Division of North

, American Aviation,
hie,

considerable distortion of the preform for the
final sizing operation. This sizing was ac-
complished by three explosive-iorming steps
using 400 grain/ft PETN Primacord centrally
located in a ductile-iron split die. The die
assembly i this case was orened and closed
hydraulically. The final part which measured 4
feet by an 18-inch-diameter base with a 0. 063-
inch wall yielded final tclerances of £0. 010 inch
with a maximum of 20 per cent stretch. Over
100 parts were inade in this manner with the
same die setup.

RESPONSE OF MATERIALS TO
HIGH-VELOCITY FORMING

Among the 1actors of interest in an
explosive-forming system are critical impact
velocity, particle velocity, rate of propagation of
elastic and plastic waves, longitudinal and
transverse wave propagation, transmitted and
reflected waves, and compression and tension
waves, Maay of these considerations, however,
apply only to contact operations where very high
pressures are obtained from the detonation of the
explosive charge. Since explc ‘ve forming is
rormally 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 Irnpact Velocity

The critical impact velocity is a function of
the material which is represented by tc limiting
condition for differences in relative velocity
between two adjacent elements under dynamic
conditions. If all parts of 2 material were mov-
ing at the same velocity there would be no :ritical
impact velocity until some reaction tended to stop
the motion of a part cf the material while other
parts attempted to continue at the initial 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,
ic effect, imposes a limit on formability,

Table 7 lists the critical impact velocities
reported for vzrious materials and includer ooth '
experimental and theoretical values. (52) st is
important to note that these velociiier zre iower
for cold-worked materials thar th< cor~esponding
material in the annealed condition. Therefore, in i
step-forming operations without iutermediate |
anneals, the permissible velocity imparted to the 1‘
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and subscqueni siages is
less than that which can be used in the initial
operation,

»

TABLE 7. CRITICAL IMPACT VELOCITIES OF SOME
MATERIALS
Critical Impact Velocity, ft/ sec
Mater:al Ccendition Experimental Theoreticalla)

Aluminum alloys

2002 Annealed 200+« 176

2002 1/2 H 110 36

2024 Annealed 200+ 174

2024 ST 200+ 290
Magnesium atloys

Dow F As received 200+ 232

Dow J As received 200+ 303
Copper Annealed 200+ 232
Copper Cold rolled 50 42
Ingot iron Annealed 100 {b)
Steels

SAE 1022 Anncaled 160 (b)

SAE 1022 Cold rolled 100 95

SAE 4130 HT 235 (b}

SAE 1095 Normalized 200+ 222

SAF: 1095 Annealed 160 231

Stainlass 302 A> raceived 200+ 490

Hadf{ield steel Asx rerecivad 200+ 750

{a) Computed from enginsering stress-strain curves,
{b) Existence of yield point prevents computation of critical
velocity.

Effects on Microstructures

In materials which undergo a phase trans-
formation due to changes in temperature, a
phas« transformation may also occur when the
presasure applied to the mater:al reaches a high
ievel., Steel is an alley which behaves in this
manner. A phase transformation is oelieved to
occur at a pressure l2vel of about 130 kilobars,
which is equivalent to approximarely 2,003,000
psi.(53) This opinicn is supported by the devia-
ion in the equation-of-s*tate curve for iren
shown in Figure 50. Even without an initial pres-
sure impulse of this magnitude, interaction of
the stress waves within a material may cause
transformatios to occur. A material called
“white martensite”, because of its metallographic
appearance, is often fcund in steel at areas where
maximum shear has occurred. The hardness of
the material has been found to be greater than
the normal untempered martensite found in the
specimens, although it reacts to tempering in a
fashion similar to the normal martensite. The
appearance metallographically of this material
is that of massive carbide formations but the
hardness is lower than expected for carbides.

There are several theories concerning the
formation of the white martensite but they have
not been substantiated. Probably the most widely
accepted theory is that the material has been
heated, by internal friction, above the austenite
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transiormation temperature and then very
rapidly quenched by the surrounding material to
form the white martensite. It should be notad,
however, that this svstem does not represent
equilibrium, and pnase diagrams based ou
equilibrium conditions cznnot be applied. Exam=~
ination of steel specimens containing white
martensite has indicated a preference for cracks
to propagate through or along the streaks of white
martensite. This indicates that the material
must have been formed prior to the initiation of
the crack, for the free energy of a crack after it
has been formed is much :00 low to account for
the formation of the white martensite.
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FIGURE 50. HUGONIOT CURVE FOR IRON(53)

White martensite has been formed by
deformation processes other than explosive im-
pacting. Hammer heads and other tcoling sub-
jected to impact loads have shocwn traces of this
material. It may, therefore, be concluded that
the two essential factors are impact loading and
localized high deformation. There has not been
any correlation to date of the impact speed re-
quired to obtain this material although one of the
newer studies may provide the needed information
on its mechanism of formation. {4}

Fo rmabilitz

Ir. nermal cxplosive-forming operations the
major material factors are ductility and tough~
ness. It is general practice not to exceed the
elongation as determined by tensile testing in
ferming a part from the same material. Tough-
ness criteria cannot be as readily applied since
the forming operation represents biaxial and tri-
axial stressing as compared to uniaxial stressing
in the tensile test. Therefore, the area under
the engineering stress-strain curve, which is
usually taken as a measure of toughness, must be
considered a relative value to be used in
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conjunciion with formability tcats and past
experience. In addition it should be noted that
tooling design can influence the apparent forms=-

ability of a material,

Compariscns of formability of various
raaterials on explosive forming are subject to the
particular experimental design under which they
are wested. As a vesult; absolute values of
formabhility are not obtained, but relative
behavio: for use in other explosive-forming
operations can be established. A comparison of
materials using annealed 1100 aluminum as the
basis is shown in Figure 51,(55) It should be
noted that the apparent formabilities shown may
be increased through modified tooling design in
other operations. Also, increasing the forming
temperature will provide obvious forming advan-
tages.

Auminum
{1I00-0  Ei
condition

Tontclum

Copper

1010 corbmf
steel

Aluminum
606! T6

20CB SS X
Vascojet
1000

AL oy
i SN TANIE T Dt B AT AR Nt RN

321 SS
347 SS

Inconel X

René 4i

Hastal k)y b 4 SN RSN
i5-7 Mo
skinless
4130 steel
{normalized

6Al 4V b
titonigm e

Note: |
Comparison is made for
0.032-in-thick material
tested at I5-inch standoff

i Metal annealed unless
3f?m f.csm == otherwise indicated

0 20 40 €0

A 47939

RELATIVE FORMABILITY OF
METAL WITH EXPLOSIVE(55)

FIGURE 51.

Many cases of reduced springback in
explosive-forming operations have been
reported., This unusual effect is generally attri-
buted to the extrern:e pressures involved in this
fabrication method, being szeveral ordevs of
magnitude higher than these in conventional
methods, Of particular interest is the elastic
strain that may be induced in the die during
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forming and the degree to which this may match
normal springback of the formed part, Where
these two values match closely little apparent
springback would be observed. As more forming
experience is accumulated it is apparent that
minimal springback and die wear are related,
indicating that the 'overdriving' effect noted
above is the likely mechanism. The degree of
sprirgback is also related to the explosive param
eters and die design as evidenced by the contrast-
ing occurerce of normal springback in operations
involving small charges and heavily constructed
dies.

Mechanical Properties During
Forming

An indication nf the properties anc belavior
of materials during high-velocity loading was
obtained in early mechanical testing programs.‘sz)
The mest striking effect was found in materials
with a delayed yield point such as iron. It was
found that the mzterials could be loaded beyond
their yield point and held for a small time without
the initiation of deformatioa. Only materials
exhibiting an upper and lower yield point in con-
ventional tensile tests were found to show this
type of behavior. In explosive forming, a
material of this tvpe would sustain more of the
total impulse before actual movement of the
material started, The consequences of this type
of ioading are not completely understood although
experiments have indicated that except for slightly
higher loading such materials deform like those
which do not display this bekavicr,

In all materials, the dynamic ultimate
strength is considerably above the static ultimate
strength as indicated in Figure 5Z. (52) This
means that the pressure required to deform a
metal will be greater under explosive-forming
conditions than that required if the pressure were
supplied at a lower rate. The exact dynamic
yield strength of a material is a function of the
strain rate and the work-hardening characteris-
tics of the material. All values for the dynamic
yield of materials have been derived empirically
and they are usually reported as multiples of the
static yield strength. The speed eifect is nor-
mally taken into account with a number of other
controlling factors so that one factor is obtained
for all of the variatles. This simplifies the pro-
cedure of establishing pressure requirements
for any new material or configu:ation.

Static Mechanical Properties of
Materials After Explosive

Forming

Increases in strengrh similar to thoss ex-
pected from the same amount of deformation by
conventional forming methods have been found in
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explaaively formed matarials, There have also
been some indications of abnormally high in~
creases in atrength leveld!7) s given in Table 8,
although they have been limited to specific alloys.
Some indications of increased ductility at a given
strength level have also been reported for
maultiple-step forming operations where no inter-
mediate anneals have been used.{(}7} In these
cases the strength of the material aiter the first
intermediate forming operation would indicate
that the ductility is insufficient for completing
forming operations although the parts were made
successfully by forming without intermediate
anneals. This indicates that the explosively
formed parts exhibited unexpected good ductility
at a higher strength level. Certainly more work
is required to determine the conditions affecting
this behavior.
W' iron IIII(III.
Cold Rolled SAE CIIIIITIITIRTOIITS
1022 Steel ' :
Annedled SAE 022 W72
Swel
Stoiniess Stee! 302 VSOOI IOTIT IS
Annealed Coppes
Cold Roiled Copper  \abitddefeld
Mognesium Ailloy
Dow Metai M
Mognezium Alloy
Dow Me'al F
Amealed 2S
Abrninum Ailoy
2S Alum Alloy (3 H)
Annecled 24 S
Aluminum Atloy
24 ST Aluminam
Atloy ; i s
o 100,000
Ultimate Strength, psi
Stotic EZZJ A- 47930
Dynamic TS

FIGURE 52. STATIC AND DYNAMIC VALUES
OF THE ULTIMATE STRENGTH

OF SEVERAL METALS(52
Impact velocity 200-250 ft/sec.

Aluminum alloys show very littla strength-
ening from explosive forming. The ultimate
strength of the material remains almost constant
and there is only a slight increase in the yield
strength of the material. (56) Figure 53 compares
the vltimate and yield strengths, as well as the
per cent elongation values, of 2014 aluminum
alloy in both the 0 and the T-6 conditions after
the materials had been explosively formed on a
6-inch-diameter cupping die to varying depths.
The tests were conducted on 0. 063~inch-thick
sheet.
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. THE YEFECT OF HICHR VEIACIT: DEFORL TION (AND
ASSQCIATED THERMAL TREATMENTS) OX THE
AVEPAGE PROPERTIES OF 350 STAINLESS STREL(T)

Ultiznate Teailo Tensily Yield Elongatioa i1,
Strength, 1000 psi g_:g.;‘@,_looo pel 2 Inches, pe~ cent

Treatment Long. Trans. Loag. Trans. Long. Tranas.
L. ol oatvely deformed 225 225 202 199 17.% 18.0
auc aged
Explosively deformud, 225 228 201 203 18,0 17.0
refrigerated, and
sged
Explosively deformed, 205 204 162 161 23.0 29,5

procees ansealed,
reirigerated, and
sged

AMS Spocification 9548 1¢.0 minimum

requ:remaents for CRT

condition

185 munimam 150 masimum

Allegheny Ludium typical
propertias

920 KT Condiiion 201 158 12,0
CRT Condition
20% cold reduction 190 160 1t.¢
30% cold reduction 225 19% 13.0

{a} Reference North American Aviation Report NAGIH-76, dated May 4, 1951,

{Data are for staniard tensile specimans removed from the rim area of a 0.040-
inch-thick explosively formed dome znd whech had buan impacted twice during
forming. Starting material prior tc forming was in the annealed condition.)
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FIGURE 53, MECHANICAL PROPERTIES OF

2014 ALUMINUM ALLOY AFTER
EXPLOSIVE FORMING ON A
6-INCH-BDIAMETER DIE(56)

Some types of materials, such as the
precipitation-hardening stainless steels, are
austenitic at room temperature but transform to
martensite upon deformation. Since the explosive-
forming operation applies uniform loading to the
paris being formed, the martensite which is
formed is fairly evenly distributed and some
ductility is still retained in the rnaterial. The
procedure can be considered simular to ausform-
ing since the material is worked in the austenitic
condition prior to transformation to martensite.
Tc obtain the full benefits of the process it is
necessary to chill the material to eliminate the
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retained austenite and ihen io reheai lo temper
the martensite and to precipitate additional
strengthening carbides, This procudure has
been found to produce increases up to 20 pev cent
in uitimate and yield strengths and ductility over
properties obtained by the typical heat treatment
of solution treating, deep freezirg, and aging.(17)

Other materials do not appear to gain any
significant increase in strength by explosive
forming over that obtained from the same amount
of deformation by conventional processes. This
opinion is supported by data in Table 9. The
amount of strengtheming is strictly a function of
the work-hardening characteristics of the
marerial. Materials which work harden much
more rapidly than others require intermediate
anncals just as they do in a conventional forming
process.

TABLE $. COMPARISON OF MECHANICAL-PROPERTIES FOR
EXPLOSI{VELY FORMED AND SHEET METALS(#)

Spec.
Obtained Gra:zn Hardness, Ftu, Fty,
Materiat From{?) Direction R¢ ks: ks: Elongation, %
VJ-109¢ Formed Long. 39 23z 187 5.0
part
Formed Trans, 45 233 189 5.3
part
Sheet Long. 45 242 198 6.3
Sheet Trans. 45 249 207 6.0
Ti-6Al-4V Formed Long. 115 Ry, 151 143 8.7
part
Formed Trans. 110R, 158 134 1.5
part
Sheet Long. 110 £y 147 140 14.5
Sheet Trans. 105 Ry, 146 137 14.5
350 S8S Formed  Long. 41 195 165 12.¢
cart
Formed Trana. 37 195 165 12.0
pari
Sheet Long. 40 207 175 11.3
Sheet Trans., 41 205 177 10.0

{a) Formed part means tensile specimens were obtained from parts
which had been explosively formed, heat treated, and explosively
sized before the specimens were removed. Sheet material
means that the speimens 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 materialshave been
reported as shown in Figures 54, 55, and 56.(4)
The fatigue specimens for these tests were taken
from an explosively formed part which had been
stretched about 7 per cent. The formed parts
were heat treated after forming and then explo-
sively sized before the fatigue specimens were
removed for testing. About 1 per cent stretch
was produced in the final sizing operation. All
fatigue specimens were obtained from the same
parts as the specimens which were used to
generate the data for the mechanical-property
values listed in Table 9 and the stress-corsosion
data listed in Table 10.
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TABLE 10 STRESS-CORROSION DATA FOR SPECIMENS REMOVED FROM EXPLOSIVELY
FORMED PARTS AND FROM SHEET MATERIALS(#)
Spec. Hours to
Obtained Grain Hardness, Fty (Avg) Deflection, Thickness, Failure,
Material From(2) Direction R, (ksi) (.75) inch inch Ranye
UJ-1000 Formed part Long. 45 139.8 0.275 .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. 4] 155.3 0.307 0246 80-144
6Al-4V  Formed part  Long. 5 Ry, 107.0 0.143 . 0655 No failure
Formed part Trans. 110 Ry, 100. 2 0.134 . 0655 No fa:lure
Sheet Long. 115 Ry 104.9 0.141 .0710 No failure
Sheet Trans. 94 Ry, 102.5 0.137 . 0701 No failire
350 §S Formed part 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. 34 122.5 0.257 0245 No failure

{a) Specimens obtained from formed parts which had been explosively formed, heat treated, and

explosively sized.
deformed.
Method 811 (170 hours' exposure t..nej.

Comparison with fatigue data for contrcl
specimens cut irom sheet material which had not
been formed indicates a reduction in the proper-
ties for the explosively formed specimens.{4) it
is quite possible that a comparison with material
which had been deformed to the same configura-
tion by conventional forming methods would have
not shown any significant differerce in proper-
ties. Fatigue properties of explosively formed
materials still require additional investigation
and could be considered an urgent matter since
hardware made by explosive forming is now being
used in areas of critical stress on aircraft and
missiles,

Some studies now in g ogress have indi-
cated a change in the formation of dislocaticns as
the velocity of forming changes. (57) This effect
would be expected to influence the mechanical
properties and the characteristics of a material's
reaction to fatigue. More definitive study in this
area may establish the effects of explosive form-
ing on fatigue properties.

Specimens obtained from sheet material which had been heat treated but not
Bend specimens were exposed to Salt Spray Test per Federal Starndard Method 151,

Stress-Corrosion Properties of
Explosively Formed Materials

Information available on the effects of
explosive forming on the stress-corrosion resis-
tance of materials is very limited. Table 10
compares the stress-corrosion characteristics
of several materials in salt-sprzy tests on bend
specimens. A decrease in stress-corrosion
resistance was found for explosively formed
material compared to material which had not been
deformed.{4) The stress-corresion characteris-
tics of explosively formed materials have also
been shown to be poorer in magnesium chloride
tests than those of materials formed by conven-
tional equipment,{18) Therefore, the use of
explosively formed materials must involve
considerations of these effects and of techniques
for their imprcrement. More detailed study is
required in this area of research.

THE FUTURE FOR EXPLOSIVE FORMING

Over the past fow years, explosive fabrica-
tion has gained the respect of materials
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fabricators as another usefu: .. haigue which
complements older and more conventio. 21 form-
ing methods., There is little question now that
the ;e are useflul applications of the explosive-
forming approach. At the same time, explosive
forming is no longer selected because of its
novelty alone.

While there is no single set of circum-
stances that can be stated as being controlling
criteria in the decision to apply explosive or
more conventional techniques, there are certain
generalizations which, although somewhat con-
troversial, can be made. Simply stated, these
are (1) as the size and or complexity of con-
figuration increases, the attractiveness of explo-
sive techniques increases and (2) as the required
production rate increases, the attractiveness of
explosive techniques decreases, Therefore, it
seems to be apparent that the application of
explosive forming will continue to grow as a
function of the increasing size and complexity of
aerospace hardware i¢quirements and that explo-
sive forming will gradually, as the technology
matures, move into fields and applications now
dominated by other techniques where hardware
weight is an important consideration.
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APPENDIX A

METHODS Of DETERMINING PEAK PRESSURES

AND ENERGY REQUIREMENTS

The forces from an explusive charge can be
estimated from the basic laws of physics. The
difficulty in the application of these laws is that
the forming takes place in such a short time
interval that it is difficilt to measure parameters
to determine which laws are to be applied. Al-
though direct measurem.ent is impossible in mest
cases, methods for indirect measurement have
been established. Since the basic laws of con-
servation of energy are cbeyed, scaling laws
are applicable. Measurements taken at a dis-
tance, with low~pressure measuring devices,
can then be used to determ ine the energy impulse
in close proximity to an explosive charge. This
information may be used for small charges and
standoff distances, provided the distance in the
explosive operation 1s not less than 2 inches.

Calculation of Peak Pressures

Experiments have shown that the peak pres-
sures developed by detorating ar. explosive under
water decrease in a regular manner with detona-
tion velocity and with distance, The relation-
ship, for point charges, can be expressed by the
following equation, modification of one suggested
by Roth{A-1)¥,

wll3

U ( 1.13 2
P=~/6.9xVx\ ) x 10, (A-1)

where
P = peak pressure, psi
V = detonation velocity, meters/second
W = weight of explosive, pounds

R

standoff distance, feet

The value of 6.9 is an average of the factors
determined for a variety of explosives with deton-
ation veloc<ities ranging frorn 2000 to 7400
meters/second. Data reported by several
investigaters for different explosives and stand-
off distances indicate that the conversion factor
is constant within 6 per cent.

If a particular type of explosive and shape
of charge is to be used frequently, an appropriate
nomogram simplifies calculations of peak pres-
sures for different charge sizes and standoii
distances. For example, substituting the
appropriate detonation velocity of 6750

*References are given on page A-~5.

meters; second for TNT in the above forrnula
yields tte following equation:

/wl/3\1.13

R / )

Values obtained from that equation were used to
construct the noinogram in Figure A-1 after con-
verting the units to inches of distance and grams
of-charg:., Those units are more commonly
employed in explosive-forming operations,
Similar nomographs can be constructed for point
charge of other explosives from known detona-
tion velocities,

P=2,16 x 104 (A-2)

Figure A-1 can be used to predict peak
pressures and energies developed by point
charges of this particular explosive, TNT, at
different standoff distances. The information is
for detonations produced in water.

The nomogram in Figure A~2 can be used
similarly for line charges of PETN explosive.
Two scales for standoff disiance are given on the
chart, One is for use when the line charge is
located along the axis of 2 cylinder. In this case
the diameter of the cylinder is the governing
parameter. The other scale is used whenr line
charges are used to deform flat blanks.

Use of Nomograms

A line on the nomograph connecting the
desired peak pressure with the point for a certain
standoff distance intersects the ‘'charge weizht"
scale at a value indicating the required weight of
explosive.

To use the nomograms, the peak pressures
required to form the particular part must first be
determined. The estimates can be made by the
methods described in the section '"Peak Pressurc
and Energy Requirements'. Then the standoff
distance is selected on the basis of the size and
shape of the part and the type of loading desired.
Increasing the standoff distance lowers the ampli-
tude of the initial impact but increases the time
duration cf pressure applicaticn. Consequently,
greater standoff distances are used for forming
than for sizing operations. The amount of energy
available for transfer to the workpiece varies
inversely with the distance between the explosive
charge and the work,

1t should be noted that the nomographs in
Figures A-1 and A-2 are for specific explosives
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and charge shapes detonated in water and do not

apply to vther conditions,

in calculating the amount of explosive

required for a particular job, the amount of
explosive in the blasting cap should be included
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if the total charge cize is less than 50 grams.
Mbost biasting caps contain less than 1 gram of
explosive so the error, which would result from
not taking the cap into consideration, will be
small when large weighis of explosives are
utilized but could be significa:t for small charges.
The empirical data presentecd in the nomograms
are accurate within approximately 10 per cent.

Errors resulting from slight variations in
explosive weight are not as significant as thosz
caused by variations in standoff distances. This
effect can be seen readily irom the formula which
indicates that the explosive-charge weight affects
the peak pressure by the cvbe root whereas the




es,

standoff distance is essentially directly related
to the peak pressure. The accuracy obtaired by
using the nomograms has been found to be
adequate for most explosive-forming operations.
More sophisticated calculations can be made but
normally they do not significantly reduce the
error, Therefore, it is reasonable to expect
that this information will provide an excellent
starting point for any particular explosive-
forming operation.

The two nomographs co not hold for form-
ing operations on "sandwickes' or for mediums
other than water, It is unfortunate that very
little yuantitative information is available on the
effects of various plastic or rubber mediums on
peak pressure delivered through them. It is
known, of course, that the larger explosive
charges are required to produce the same
amount of forming when rubber is used over a
part and that the amount of charge c¢r peak pres-
sure must be increased as the rubber thickness
is increased. The use of plastic or rubber
mediums in forming operations will certainly
receive more research attention in the future and
is an area which promises to have significant
advancements in the state of the art in explosive~
forming technology.

Peak Pressure and
Energy Requirements

A considerable amount of infcrmation is
available on energy requirements for conven-
tional! metalworking operations. This informa-
tion can be uscd where it applies and modified by
simple coefficients when empirical data indicate
that it is necessary. The differences are con-
cerned mainly with the response of materials to
dynamic loading. Some of the werk performaead
by Wood and Clark{A-3) has shown that materials
are stronget or exhibit higher yieid and ultimate
strengths under dynamic loading than under slow
loading. The increase depends on the material
and the rate of stress application. Since very
high loading rates occur in explosive-forming
operations, it is reazonable to expzct that a dv-
namic yield stress thould be used in the detey-
mination of pressure or energy requirements for
deforming materiaiz. This is a difficult prop-
crty tc measure sis<e il requires 4 iarge amount
of testing at varisus rates of joad application, and
special equipment is necessary 2o obtain the high
rates of stress appiication. Some materizis zuch
as steel complicate the determination of dynamic
yield strength even further by having a delayed
yield point. The effect of this characteristic n
explosive-forming spurstions is not known
although it 1s expected that it will result in a
diffcrent type of derivation of dynamic yield
strength from materials which do not have an
upper anc lower yizld going,

Due to the many variables which must be
evaluated in order to estimate the dynamic yield
strength of a material, most of the information
available on this characteristic of materials has
been derived empirically. The variations in types
of devices used to obtain erapirical data make it
difficult, if not impossible, to interpret this
information for other types of equipment or
operations.

The equations which determine the opera-
tion of explosive forming can be cstablished on
the basis of energy requirements or peak pres-
sure requirements,

Considering the pressure requirements for
the initiation of deformation for various geome-
tries of Farts the following equations are
obtained(A-4);

For elliptical flat plates with simple supported

edges
P = St2a/(3a-2b) b2 (A-3)

where

P = static pressure in Ib/in. 2

3 = maximum stress in 1b/in. 2, equal to

dynamic yield strength
t = thickness of blank in inches
2a = major axis of blank in inches

2b = minor axis of blank in inches.
Fer square fiat plate simply supported
P = S4t2/bl {A-4)
whersa
b = one side of the square in inches,

For circular plates with edges simply supported

P = &5t2/3RZ (3 + m) (A-5) ,
where
R = radius of biank in inches .
m = Poisson's ratio; approximately 0. 3

for steel,

For circular plates with fixed edges, the formula

for maximum stress at center should be used

since rupture normally occurs at the center of a

blank. The formula is -

P = 85t2/2R% {1 + m) (A-6)

for maximum stress at center of blank




For bulging thin-walled tubing:

P=2:tS,d , (A-7)
where
P = static pressure i1n pounds/square inch
t = wall thickness in inches
a = diameter of tube OD in inches.

For bulging thick-walled cylinders:

P = T(R,% - R ?)/R,? , (A-8)
where
T = shear stress
R] = internal radius of cylinder in inches
R, = external radius of cylinder in inches.

To apply these equations, it is necessary
to know the dynamic yield strength of the
material. Cold work increases the yield
strength of metals and must be taken into account
when determining the dyramic yield strength of
the material. Because of tiie variables involved,
it is best to utilize a first approximation to the
solution of the problem and then adjust conditions
based on experience for the first several parts.
This approach to the problem, which is better
than trial and error, is based on the empirical
relationship found between static and dynamic
pressures causing equal amounts of deformation.
The relationships has the form

K = ave , (A-9!}

where

K = a factor indicating the ratic between
the conventional and dynamic vield
strengths and the pressures reyuired
for fast and slow forming.

e = mean diametral stretch required to
form the part, per cent

a = a factor dependent on tke work hard-
ening characteristic of the material
a = 1.58 for stainless steels and
about 1.25 for mild steel and
aluminum.

A graph of "K' as a function of percentage
of stretch is given ic Figure A-3, for Tyne 301
stairless steel. The curve wouid be shifted to
the left fo: materials like al'uminum or mild
steel which are Jess sensitive 1o strain hardening
than stainiess steel.

it should be emphasized that these equaitions
provide only a3 starting ooint and miay not result

in a satisfactory part without some changes of
the setup during the initial trials.
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Anctier method which may be used in
establishing initial conditions is based on the
energy requirements{A-1), This approach may
be used for free-forming operations where the
size o1 the charge controls the dpth of draw.
The following equation has been found to provide
fair correlation with experience in iree-drawing
operations:

d = D{E,/2st)!/2 (A-19)
where

4 = depth of draw in inches

D = cup diameter in inches
E, = energy vequired prr unit area in
~
in=Ib/lir, ~
g =

dynamic {ie)d strength of material
iz 1b/in,

t = thickness of material in inches.

The energy available from a TNT charge at
4« given standoff distance carn be Getermizned from
the following jormula:

Ey = 2. 41 x 103 x w/r1/? (A-11)




11)

vihere

Ey = energy required per unit area in
in-1b/in.

W = explosive weight in pounds

R

explosive standeoff in feet,

The energy available from TNT and other
explonive charges follows the relationship(A's)

Ey=A wl/3(3.’;_/3>3 , (A-12)

where

E = erergy per unit area in
ft-1b/4t2

W = weight of explosive charge in
pounds

R = standoff distance in feet
A and P = constant3s determined
empirically.

The.2 are a nimber of additional factors
which enter into any calculations for the erergy
or peak pressure requirements for the forminy
of parts explosively. (1) The ratic of the blank
diaineter to the finished part diameter is
important because ironing restrains the flow oi
malerigl inte the die and increases the energy
required for drawirg. (2} The hold~down clamp-
ing force will have a very significant eifeci on
the amount of energy required for fcrming.

{3) The pressure between the blank and the dic
during forming which may result {rom entrapp:zd
gases should also be considered, The initial
pressure as well as the firal fit of the forined
blank to the die will determine thiz pressu.e
between the part and the die during forming. In
addition to creating a back pressure, turning or
discoloration of die and part surface can resalt
trom high temperatures developed during iapid
compression of the trapped gas. In a free-
forming system, or wher= 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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