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ABSTRACT 

A general ·r·~view or· a new ~etal· forming teclihique commorily· c~ll~d-. 
explo~iv~ ·forming has· be~n: carried ·out"' in this paper~·· Tne·.·ma:rnvariablee, 
involved ar~ pr~eflydef3,cri'bed'.,· ·Tne·ma.t~rial!3 'Elhd sba.pe~·-f()rmed to date; 
and- the -~etaJ.llirgic!ll. ~nd diinensio~l a~_pects are diS.cussE!d ;,· The -theories 
as· to' :why ~xplosive·· forming works' are' mentioned-..- other metal working 
operations performed bY 'll).ea-rni -.of .explosive ·energy such as ·hardening, . 
welding~ toe ··pressiru~ of powders, et·c~ are reported~-. Finlillyj, the use of 
explqsiye' forming in--t~e · mi'~j~sil~·- ind'tstry a~d· tlle 'Droad aspects of 
Ca~dian wqrk in· E;lxplos1ve metall~gy· ~r~ revieW'edo 

. ' . . . . . 
·' 
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HIGH-ENERGY RATE FORMilln 

OF ~AIS 

A novel WaY of metal forming called Rhigh-energy-rate forming• or, 
m·ore commonly,_ explosive forming, has already made headlines in many 
technical magazines and newspapers. 

Sti;Il in it~· infancy9 thi~. revplutiotiary.method :has·made great strides 
dl,lring the lAst few ye4rs o It consists 9 aer the .name implies 9 in· applying 
energy to tpe wqr~- pie·~e .. at con;;!iderable input rates, this 'being a,c}lieved 
generally ey the-q,se of higb=9nergy materj,!;tlS such as explosives and 
propellants or . by :meanf:! of gas .actuated. presselh 

H.OW IT . IS D.ONE. . · .. ·; 

.......... , .... 

1 

Although many gas actuated presses·are being develoJ)ed 9 .a tjpical 
.~:xainple .il?.-~the··neyn,apak" .designed b:i "Convair" o It consists of. a :conrpressed 
·gas,aetuato:r·wnich releases'highc.level energy with precision control or· 
the- ac~eleriltion . ':"'· .time relatiorishj,po : The piston attains ·ati acceleration 
of l,ooo·G 1s ~ild ·a: velocity of59 Qoo·rps •. ·to a precision -of !t·rps .. ··-
The .. reS,cti.on·.s·ys:tel!i of 'the macQ.ine ·is based· on the· cOiicept "of dymi,mic' · 
r~straint :ra.ther than static'load carrying capacityo ·rn orie model_9two 
cylinders simultaneously force steel-heads towros each otqer at impact 
energies of 19 000,000 iri~lbe A 'die .and ·a 'bl~nk are motinted on one 
end while a rubber pad is mounted on.the other. for forming'operations •. 
For extruding or forging 9 similar arr~ngements are usedo 

A. second method ·of high~nergy;..rate forming consists··-in .using 
·propellant .gases as ·a· ·:s·qurce -of power o - The gas is generated by ·.a blank type 

. ······cartridge···and .. ean· ·be· ·aJ'P:l:ied"·direct-1-y·· .. to··the. work;piece or through an 
hydr·aulic medium· or on a piston=hydraulic inedia=work piece arrangement. 
Propellants do not detonate but burn rapidly 9 and the work on the blank 
is performed by the pressure of the expanding gases.. Consequentlyp a closed 
die is necessary for this type of forminge 

In the third method of forming 9 the energy source is a high explosiveo 
These materials detonate instantaneously9 producing an intense shock wave 
which probably does the formingo The process is carried out in an open 
die contoured to the shape desiredo This die is generally the female dieo 
In explosive forming 9 the male die is replaced by. the explosive shock wave 
which acts as a flexible die or punch 9 giv~ng an optimum application of 
stress uniformly applied on the whole piece at all stages of the processo 
This 8 flexible0 or 0 variable size0 punch permits the formation of complex 
shapes impossible to obtain with solid die and presseso 

Hybrid processes include high=velocity presses actuated by propellant 
instead of ordinary gaseso Drop hammers with trapped rubber heads are 
also accelerated by explosive methodso 
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The various arrangements by which the explosive energy is transferred 
to the work piece are numerous and depend on the shape and size of the 
end~item and on the operation to be carried out, ieeo drawing, bulging, 
etce Figure 1 shows some of these arrangementso They consist generally 
of an explosive or propellant charge 11 a blank which can be a sheet, a-tube 
or a cone of metal, a constraining die, and an energy transmitting mediume 
The main variables involved in the setup are as follows: 

a) amount and type of charge 11 

b) stand-off distance, 

c) energy transfer medium and confinement, 

d) EVacuation of die cavity9 

e) Shaping of shock wave fronto 

Other considerations include the type 9 strength and thickness of 
metal to be formed 9 the pressure required, duration and rate of apPlication, 
metallurgical changes produced 9 and die design and constructiotr~ 

CHARGE 

Many firms are at present establishing complete lines of metal forming 
cartridges. of specified characteristics$~ such as pressure~time 11 presJ:!ure­
cavity volume 9 pressure-cavity shape and pressure-p6wder charge weight 
curveso With these data available it will be possible to choose the proper 
cartridge for the job. 

In the case of high explosives the amount of charge is again a f'uncti.on 
of confinement 11 stand-off 11 energy transfer media and of the type of . 
explosive •. The trend seems to be towards the use of high explosives waich 
have very sharp and abrupt pulse or pressure .time curve9. ioe.; an energy 
rele.ase taking place in a very short time 11 or 9 in dther words, a h~gh= 
·detonation·velocityo For a given explosi~e 9 this detonation velocity is 
function of its density. · 

. The charge can be iri..the form of a liquidp a powder or solid shapes 
such as cylinders 9 sheets 11 pellets 9 rods -or corn and can be tailored for 
specific applicationso The shape of the charge 'Will affect the .shock 
wave pattern, as will .. be seen later, and this will have a great effect on 
the ·forming process o .~ Primers and booster charges wiii also influence 
the energy 9 impulse and.pressure obtainede 

Some of the high explosives used are PETN, RDX, TNT 9 nitroglycerine, 
30% ammonia gel and cyclonitee . The pressures developed ·are very high, 
varying from about 490 9 000 psi for 30% ammonia gel to 19200 11 000 for nitro­
glycerineo They, are chosen on the basis of.the pressure 'developed 9 

thermal mechanical or shock sensitivt~Yil ease of initiationg"· power and 
heat of explosiono · 
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STAND-OFF DISTANCE 

As the distance between charge and blank increases, the peak pre&.~ure 
decreas.es and the duration of the shock increaseso The distance can be · 
varied in fairly wide limits but the optimum distance should be t~t which 
will produce the forming desired with the smallest charge of exPlosive 
and without damage to the blanko , 

The pressure obtained at a giyen distance varies with the shape of 
the charge.. It is inversely proportional to the distance for sheet explo­
sives, to the square of the distance for cords or cylindrical-charges 
and to the cube for pellet of explosives .. 

ENERGY TRANSFER ME:DIUM AND CONFINEMENl' 

Experiments have shown that liquids and soft or powdery mediums 

3 

such as wax or talc powder are effic.ient mediums for transmitting the shock 
or pressure wave.to the blank .. In most cases water is used instead 
of air and, consequently~ the forming .is carried out under water as shown 
in Figure lc.. For experimental purposes .·.it is not necessary to };lave a · · ·· 
permanent installation such as-- a deep pit.. A cardboard contai~r filled :~;-:'y 
with water and placed on top of the die and blank will fulfill the :same 
purpos.e .. 

Such mediums have the further advantage besides transmitting energy~ 
of dampening the shock and preventing a slight pitting at the .surface 
of the blank, which can be caused by particles from the detonator or :·t;y 
defecisat the surface of _the charge .. The pressure can- also be increased 
by confining the expl-~sion by means of clos'ed or semiclosed dies and of 
confinement tubes .. 

EVACUATION OF Dm CAVITY 

In many cases, it may be sufficient to drill a vent;..hol-e· at the bottom 
·of the die to let the air escape from the die· cavity.. But, when the depth 
of draw is large an4 the tolerances critical, the die cavity should be 
evacuated.. In this cas~, the vent=hole is plugged with a porous material 
ground flush with the die internal surface to prevent markings pn the 
finished piece.. The die cavity is then evacuated through the porous plugo 

·sHAPIID OF SHOCK WAVE FRONl' 
.· \ 

.It is now possible to produce stress. wave fronts in sha.pes best 
suited to-the configuration of the item t·o be formedo This can be accom= 
plished b.Y using charges of various shapes, by initiating the charge at .. 
many points, and by using st~ndard wave shaping-methods which incorpora.~· 
inserts of inert material~ an~· assemblies of.explosives of different 
detonating velocities.. Tqese methods permit accurate contr01 of the 

·shape of--the shock front ~o that 13pherical, linear plane and even concave 
pressure wave fronts of d~fferen~·radii of curvature can be obtained.. . 
In one case, for ··example, a sphe:r~cal charge is used and initiated at the 
center so that explosion will prqgress uniformly from the center outward . 
to produce a spherical wave. 
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Parabolic reflectors above the charge will also reflect and concentrate 
the pressure wave at· desired points on the blanko 

Instead of one large solid charge 9 smaller pellets can be distributed 
at various points when a large or complicated shape is to be formed. In 
this case 9 each pellet or cluster of pellets must be detonated 
simultaneously. 

By changing any of the above variables 9 the shape of the pressure-time 
curve will be affected and the most suitable conditions can be found to 
shape a particular configurations This .may involve countless hours 
of trial and errore However 9 charts should be available soon that will 
show the optimum combination for a particular set of conditions of metal 
shape~ type 9 thickness 9 etco 

DIE DESIGN AND CONSTRUCTION 

As mentionned previously9 only female dies ~re necessary, and a shape 
which requires many operations in a press can be formed directly in one 
die. 

Die materials are chosen on t~e basis of tolerances, shape and number 
. of formed pieces requiredo When limited quantities are requiredp it appears 
that relatively inexpensive dies can often be used. A wide.variety of 
materials have been tested for die construction including-tool steel, 
mild steel 9 ·kirksite, concrete, wood 9 epoxy plastics reinforced with glass 
cloth and fibers, plaster, pa.per 9 clay9 aluminum 9 lead=zinc alloys 9 etc. 
Plaster will only last one shot 9 concrete several and reinforced plastics 
almost indefinitelyo In certain cases though alloys have been shaped 
over dies of much softer materialso 

A typical forming die for U.s. Navy tank sections is made as follows: 
Two mild steel shells one inch thick form a cylinder 3ft. in diameter by 
4ft. high. Inside the cylinder is a cast liner made·up of an epoxy resin­
pea gravel mixture shaped to the required contour~ A fiberglass coating 
1/S in. thick is applied over the die contour and pealed with an epoxy 
surface coat to prevent water absorption. Dies such as these are claimed 
to last indefinitely if properly used. 

The tendency in certain cases is to partly or completely close the 
die even with high explosives so that large and heavy dies have to be used. 
In this manner 9 the noise is dampened and very little water is spilled so 
that explosive forming can practically be carried out·· indoorso 

. §!!APES PRODUCED AND OPERATIONS PBRFORMED 

When the explosively formed shapes ·are driven with sufficient force 
against the die 9 they show no spring back. This characteristic of explo­
sive forming is used extensively to form shapes with accuracy 9 and _te'· size_ 
mechanically-preformed pieces. One of the first application ~ppears to 
have been the explosive restrike of titanium-jet engine inlet~guide vanes. 
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The vanes are pr~formed from .flat blanks by. foiding and w~l~ing. -The 
blanks are placed into split dies having the required airfoil configuration 
and a cartrid.ge _is inserted .in a sliding block firing chamber adapted on 
the d;Les. After .firing, .the gas P:ressure Jmlg4:1s.· the titanium vane·_.to . ~ · 
the required shape g1ve·n by the die. This is the only method found th~t. 
w~ld form titanium without spring backo Toierances as close as !. ·o.005 in. 
can be held • 

. ·. ·· . The siz_ing of .-large roc'J,cet motor ca~es .is .. also carrie.d out by this . 
method. with. improved axial concentricity •.. Figure 2 shows one. of tl;lese 
rocket mO,tor..tubes in the siz~ng die~ 

The fOrming o(.th~ .simpler sb~pes .such as jet engine sound suppress~ 
tubes, Figure 3,-streamliried fuel tanks .for the IM-99 Bomarc Missile, 
propellant tank domes or ends and rocket tubesp has already reached 
production, and similar applications are rapidly growing. Progress is 
enc:ou:raging,. on more -intricate shapes such as c_ones and nozzles • 

. . - Expio~ives had been._used previo~sly: for· si~ple 'operat:f.pns, such as. 
d-impling, piercing, riveting, flaring, shearing and punching.. Processes 
l;lave·now been developed for bulging, upsetting 11 expanding,: cupping, deep~ 
d'rawiilg,_ extrudfng, .forging, fnlayingp embo.ssing and swaging operations •.. 

other interest~ng metal forming or shaping operations under. 
consideration by explosives experts inc],ude castirigp _compacting of po'Wder 11 

welding, maqhining and .. hardening. .In ..fact 9 hardening of metals by .. 
explosives has just been perfected to the point where _it is a commercial 
operation.used byma~y firms .. Parts like railway·rrogs, tractor groll;ser 
plates and dipper teeth of cast austenitic manganese steels are now 
hardene_d by detonating a sheet of explosive place~ in contact with the 
surface to be hardened.. The hardness of such parts increases by 300 points 
Brinell, the tensile. strength .doubles and the. yield ctuadruples. The shock 
wave tranaforms the soft _austenite into strong and wear resistant 
martensite.. ·· 

Casti.tlg, welding .and machining .are in the develo~ent :~stage. Higb..,; 
velocity flow of molten metal woU.ld permit tl:l.e filling. of thinner. sections 
!lnd complex sQs.pes before freezing of the metal.. Experiments on high­
speed maohining.have. been carr~ed out at velocities of up to 162 9000 sfpm 
on heat-treated 4340· steel. of 45 to 52 Rockwell C hardness using 
explosively. accelerated s.pecimens.. The hardness of the ~ork pie_ce has 
little effe.ct on the cutting action. As·.the velocity goes up, the. cut 
.becomes smoother wi.th less deformation. More_practical:machines are being 
developed to test-mac~ine mate.rials at super high velocities .. 

Welding of dissimilar metals, cladding pipes, tube linings, tubes 
in header sheets, are all operations performed on an experiment!ll ~caleo 
In one .laboratory, 1100-0 aluminum 0 .. 051 in .. thick has been. welded to 
itself and to Inconel .. 
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Finally,_ .th~ ppwer of explosive!3 is also. appl.ied to powder metallurgy 
methods and it is expected tha~ pressing of powder~ wil~ soon be carried 
out in this manner. · 

It is thus evident that not only sheet products can be formed but 
that, on the con tracy_,. _practically·· any metal working operation can be 
duplicated using explosive energy. · · · 

.MATERIALS FORMED 

In these processes, practically all types ~of constructional materials 
have been tried, such as carbon and·allo7 steels, stainless steels, 
aluminum, .copper and their alloye~, t,j,tanium all,.oys, hastelloy X, tricent 
vascojet' 1000, multimet, molybdenum, magnesium, thorium nickel lind cobalt 
base· super a+-loys, both in their annealed and beat-treated states o 

Facilities now exist for fo~ing pieces as large ~s 20 ft. in diameter. 
Thirty-two-foot-diameter dies are under construction • 

. The Pynapak produces parts that·cannot be formed in any other conven­
tion~ way, because the large pressures involv,~~ force the metal into 
every crevice of the die •. It can extrude web thicknesses·to:one-hundredth 
of an inch and extrUde nQn symmetrical shapes with high ratios of thick 
to thin· sections,· operation·s which ar·e impossible to perform in conventional 
extrusion. .It can also forge to zero draft ~gle. .~he surface finish 
is claimed to be vecy.~_gppdo __ , 

.Dynapak has produced extrusions of arc cast and sinter49d tungsten, of 
columbium, zirconium, titanium and nickel base powdered met~, .some of 
them in 10 to 1 ratio and mote. 

In explosive forming. some unusual behavior has been observed. The 
ductility of Typ~_347 stainless steel,_normally_30- 40 per' cent in 
standard tensile test, was increased to 75 per cent in explpsive loading. 
That of 1020 carbon steel was increased from 42 per cent n~rmal elongation 
to 70 per ·cent during the forming of rocket nozzles. · 

METALLURGICAL AND DDmNSIONAL ASPECTS 

The microstructural changes taking. place in metal~ su~itted to the 
detonation of contact explosive charges are complex and var~ed~ .At very 
hig~ p~essures near the explosive metal interface, evidence 1 ha~·been 
.o~tained that certain metals can even show phase transforma~iono .For 
e:Xample, the alpha iron phase of mild steel would transfonn'·to· gamma 
iron und~r high pree~sures and back to alpha iron after pres~~e .release. 
The hardness can also reach values equivalent to those obta~ed after . 
95 per ·cent reductio~ 9f thickness by rolling, although p~a~tically no 
.macroscopic change. iii dimensions ·=is observed. 

·, . . ;~ 
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In the ca~e of explosive forming the charge is not general~y plac~d 
in contact witp the work piece so that the changes are not so drastic-o 

7 

!he metal is hardened first by the passage of tpe shock wave through.it, 
and secondly by the plastic deformation due to the change in shape as the 
metal takes the shape of the dieo Moreover, work=hardening of metals is 
affected by th~ rate of deformation.·For these reasons, it is evident that 
there is no di~ect relationship between macroscopic changes in dimensions 
and changes in hardness (See Fi~e 10). 

The metal;j.urgical changes taking place are functions of the amount 
of deformation~ and in processes involving seve~e plastic flow, such as 
forging and extrusion, these changes should be extensive both during and 
after the process. .They would involve recrysta+lization and gr~in gi•owth, 
formation of flow lines textures, preferred orientations, etc. ·.rn simple 
operations, such as stretching, bulging, embossing, etc.~ there is little 
change in grain.size up to about 20 per cent change in thickness but·the 
usual deformation markings, such as mechanical twins, slip lines, deformation 
bands, etco, will be present. · 

The metal will flow in the die and take the exact shape- r~red, 
provided ·tn:e pr~pet conditions are ·usea~---~·SmaJ.l···d·ef'e·ct"Er-m-:-thEF:7dfe .. will 
be faithfully reprOduced at the .surface .of the piece which will be goOd-~nas­
mucbthesurfaces.of.the die· and blank are good. 

The tolerances in finished products can be held very close •. Figure 4 
shows the results obtained on the sound suppressor tube of Figure 3 •. . The 
parts are extremely uniform and the scrap rate is l~o 

It would appear that in ~6st cases no heat~treatment or machining 
operation is .pecessary-except possibly for trimming or cutting, .for 
examplep when two parts are made in the same dieo .This would naturally 
depend on the strength requirements of the finished product. In cert~~ 
cases, parts pave b~en explosively fonned from full hard Type 302 stailil~ss 
steel. These parts would have the maximum stfength they· can ever get •. · 
In other cases it m~y be necessary to form in the annealed condition anq 
heat-treat afterwards for maximum strength, although explosive forming 
can be carried otit qn·steel heat=treated to quite reasonable strength 
levels. 

It is claimed tpat residual stresses are considerably reduced so 
t.hat stress r~lievirig- treatments are probably unnecessacy-·in.most cases.· 

'· 

. WEN TO .USE HIGH=ENERGY=RATE FORMING 

~losiv~ foriniflg can be- used with best advantage in. the following 
casesg · 

a) 

b) 

r~ very 1arge parts of size beyond the capacities of available 
pres~es. 

for intricate parts difficult to make by conventional processes. 
,, tj 
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c) with metals showing an appreciable increase in ductility at high 
rates of strain» permitting a greater deformation of the metal. 

d) for reducing spring back in order to achieve close toleranceso 

The advantages are both technical and economical., When pieces too 
large to be taken D.y existing· presses are to be formed 9 it is obvious 
that considerable reduction. 1n die and equipment cost will be obtainedo 
In general 9 it can be said that explosive forming is most economical wheri 
the complexity» quantityp size 9 and nature of materials make convehtional·­
press forming ~oo expensive or unfeasibleo It also gives better definition9 
good surface finish» and requires the least investment in tools and dies 
besides producing often in one step pieces normally fab~icated in many 
operations. 

In difficult problems 9 formability 9 rather than costp should be the 
prime factor for choosing the process o But in many cases P manufacturers 
report huge savingso One firm claims that the cost of forming fan hubs 
by explosive forming is only 15 per cent of that of spinning the same piece.­
Another firm reports a case where a jet engine piece required 8 hour~ to 
form on a drop hammer because of repeated hammering and interim-annealing 
treatmento This piece can be formed in 15 minutes by explosive formingo 

High=velocity impact machines such as D.ynapak also represent low 
initial investmento This machine built b.Y Convair. is available to 
industry· ixi three sizes.. The equipment is easy to operate 9 is controlled 
by only 3 simple dials and does not require any highly skilled operatorso 
The company sends an engineer to customers plant for a period of 5 days to 
instruct and train their personnel in the uses and applications of·this 
machine-.. The cost of Dynapak is approximately 75 per cent less than that 
of conventional forging equipment.. The machi.ri.e does_ .not need any. extra 
equi}:lment » such as steam generating plants 9 heavy f'l©©Jr:ing. structure 9 - etc o.9 
as is required for conventional forging steam hammerso ~eover9 D.rnapak_ 
is more versatile and can forge to better tolerances and limits than. 
convention.al forging presses o 

Although explosive forming will not replace repetitive press forging 
for large volume production of easily formed shapes 9 it will find its uses 
for applications beyond presses capabilities and is intended to supplement 
conventional methodso As a general rule of thumb 9 .it is claimed that a 
sheet metal part formed conventionally_withtooling acquired at a cost_of 
$100p000e00 can be formed by explosive forming w~th tooling costing less 

· than $10 9000.00o This small capital investment is a very attractive 
proposition. 

In general 9 propellants can be stored and used in plants while high 
explosives are prohibitedQ Propellants are in fact used indoors for 
forming in closed systems while high_explos1ves are used outdoors in open 
or semi=open ~stems o . Outdoors high=ei!eplosive forming may be preferable 
for very large·! pieceso One firm is n~~ making .dies suitable for forming 
pieces 32 fto !n diametero t f . 
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Explosive forming permits the use 9f he~t-treated stock. The problems 
of warp~ge, expansion or shrinkage_which normB.lly follow heat-treatment are 
thus.removed. 

WHY EXPLOSIVE FORMING WORKS 

_ The-reasons why an increase in ductility is obtain~d with certain 
materi~s~ that crack~g is prevented in many cases and that spring. back 
is removed are not yet fully under.stood. However, these phenomena are . 
certainly related to the fact that explosive forming·takes place' in micro;,.. 
seconds i~e. under extremely high rates of deformation. During the course 
of some work on·the properties of materi~s after static and dynamic 
deformation' the writer observed a much finer and more.diffuse slip when 
the metal was·defonned by impact than when·deformed'statically:in a press. 
This more uniform initiation and· propagation of slip inay be an explanation 
for the increased ductility of many metals ·under explosive ·loading. .It 
is know that metals move in the die at 200 to 500 ft/sec compare to 1 to 
5 ft/e~.ec with conventional' methods. Formulas have been obtained giving 
the ·relationship between static and dynamic ductilities of<metals. Ratios 
of dynamic to static percentages ·of elongation for a few me'tals are as 
follows: · ·· · · 

Nickel 
Titantum 
Carbon Ste,els 
Aluminum 
Magnesium · 
Tool Steels 

1 
1.5 
2 • .3 
2.5 
2•0 
2'~'0· ... 

·-

However, no improvement in ductility has been obtained yet with the 
very brittle metals or alloys possessing elongations of 1 to 2 per cent. 

. Th~ niech~isms ·by which the ,.processes work also de:pend on the 
arrangem~nt used. ln the case of underwater forming there has been:much 
talk as to whether the work was done by the gas bubble formed in- the 
liquid medium, by the shock wave itself, or by the liquid medium pushed 
ahe_ad of the shock wave-. It. is felt that the work on the blank is done 
mainly by the shock wave or stress pulse from the e?CPiosion •. The fact 
that explosive fanning ·under 1trater is more efficient than in air _is due 
to the better acoustic _:impedance match between water and ,the metal blank 
than between· air and metal so that a greater amount of energy is transmitted;, 
There should alS:O be .. enough water to confine the . charge properly. Pifferent 
mechanisms may .also act depending upon ·the distance if any, 9etween the 
charge .. and the· l?lank. 

For a l~ng-time there had been evide~ce that metal deformed at high 
velocities '\Jith high. rates of energy application· (such as during the 
formation of a j~t from a sh~ped charge liner) exhibited hydrodynamic­
behavior, i.e. ·deformed as a fluid or plastic. ID such cases it is only 
when·the velocity gradient between different parts of the piece is too 
great· that ~racture can take .place. High pressures on· the workpiece during 
def.ormation can prevent the for.mation of internal defects which would act 
as nucleus of fracture. . 

' ~ .. 
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EXPLOSIVE FORMING IN THE MISSILE INDUSTRY (. 

Many new techniques have been applied to the manufacturing of missile 
components, one of them being explosive forming (36, 44, 46, 47, ~1,_67). 

The Moore Co. of Marceline 1 Mo., has been _explosively .forming bulkheads 
for the Redstone.Missile as subcontract from Chrysler Corporation._ To form 
this hemispherically shaped part a 27-in• diameter by 0.270 in. thick, 
aluminum blank is placed on top of an open":'end draw ring. ·Another thick 
steel sleeve is placed directly on top of· the blank. The explosive forming 
is done under water using a 4 to 6. oz. chE.U"ge of dynamite. (46, 67). · 

Navy roc~et nozzles have also. been fonned explo~ively by National 
Northern Oorp. The nozzle is formed in two steps using 1020 steel. It is 
claimed that this steel, which bas a·normal elongation of 42 per eent, 
stretched·?O-per-cent·-urrder explosiye loading (%). 

The forming, sizing· and straightening, of rocket motor cases has been 
carried out by Propellex Chemical Corporation (44, 47, 51)• The Terrier. 
motor case is illustrated in figure 2 after explosive sizing. This 11-ft 
long, 18 inches in diameter motor case is made up of heat~treated 4130 
-steel. An increase in yield stren~h of about 20 to 25 per cent was 
observed after explosive sizing. Very good .. tolerances with little spring 
back have been obtained. The Bomarc motor case 13 ·feet long by -3 feet iri 
diameter has also been sized at Propellex, while a magnesium missile 
body for another missile bas been explosively sized by the Nitroform Co. 

Various oiher parts formed by Winchester Western Division of Olin 
Mathieson iriclude: · · · · · 

Lox manifolded for Saturn missiles: .188 in. thick 5052 Al T-32 
condition ·. 

EXPLOSIVE FORMING IN CANADA 

The considerable amount of effort devoted to high~energyarate metal 
forming in the United States during the last few years has created great 
interest ·in Canada, and work along this line has been initiated both in 
research and development. Although the. effort spent in Canada ·to date 
is only a small fraction _of that spent in the u.s·. same progress is being 
made in this f-ield and the highlights are reported in this .sec~iori. 

FORMING 

The ~osives Laboratories of Canad~an Industries Ltd. h~ve recently 
installed facilities for underwater explosive forming of metals. 

721 14 
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Two setups have been used so far. A. tank 18 in. in diameter and 
containing 2 ft. of water is 'used to form small test specimens about 
6 in. x 6 ~. A, larger _tank of 8 fto by 12 ft. with a maxiinum depth·-of 
about 5 ft. of water is also available to form larger pieces. It is hoped 
to fire about on-e ,·half povnd of ·,hi-~ explosives in it.: 

F.igure 5 shows one of t:Qe sp;~cimens •Dbtained in the small ·tank. 
The material is Type 3ZL staj,nless steel. It is embossed- or corrugated 
by means of explosives as this method produces deeper corrugations than 
those obtained with a conventional pre,ss. Corrugating increases the 
rigidity of sheets for aircraft panels. One interesting aspect of explo­
sive. fanning or of the bulgj,ng_J:,~st at C.I.L. has been the direct ·corre­
lation=-of-·=tne·~~t __ of-:bulgip-g_:·.¢:· ~ . st~Eij:"'-pl:at-e subiili tted to explosive 
shock with the comminution of rock:s suanitted •to the same charge.· ~p 
instead of countingtbe.mumoor.of rock frakm~nt.e ... and determining the increase 
'in surface. area of the rock af't.er fr~w_entation with a new -expl._osive~, a 
test is carried out on a steel plat-e and the bulging or the pl~te is 
proportional to the amount of fragmentation ot the rocko 

Another research project has been.~itiated in Ottawa at the Physical. 
Metallurgy Division of. the _Dept., of Mines and Technical Surveys. The main 
interest there lies in fundamental studies of the ductility or drawability 

.and formability of metal-s under ·impulsive loading. A!. small closed vessel 
is used to deep-draw small sheets of metals in a.free forming_ operation. 
Variables such as amount of charge, pressure, t~ of metal, thickness 
of blank, .etc., are being studied. · · 

. ~ 

A. characteristic of the pressure vessel used is that it is completely 
leakproof and consequently.noiseless. This is an advantage when explosive· 
forming is to be carried out indoors, in a. plant or a laboratory. other 
aspe.cts of this project in ottawa also include the forming of shapes in 
closed dies. · 

C.I.L. maintain a staff of experts to advise industry on the use of 
eXplosives. for high .. energy~rate fonning_processes. Information may also 
be obtained on these processes from the Mines Branch~ Ottawa. 

·. 
In_ the industrial fiel4, many firms have been active in experimenting 

~ith ibB.se new processes especially in·the aircraft industry. At Avro 
Aircraft Ltd., Toronto, a cartridge __ actuated free floating piston has been 
used for piercing and '~impling sheets of titanium and other alloys for 
aircraft skins. Ii1 another firm, Bristol Aero~Inqustries Ltd., Winnipeg 9 

components have been made of 3003-Iil.4 ~uminum, tq the shape 9 and using 
the arrangement shown in Figure 6. The forming .i~ carried out under water 
bi placing the assembly in a 50-gallon tank. The water head· ~bove the 
blank is about 2 ft. Concrete and kirksite dies ~ave been us~d. _$.ame 
crumbling was observed on the sharp corners of the concret·e d:i:e ·where·· the 
metal was drawn over during forming. ·It is felt that ·a concrete· die· ·with 
steel inserts at these poirits .. should be satisfactqi-y for production rims • 
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Kirksite dies were entirely satisfa~tory •. It was also observed in this 
case that, probably due to the configuration of the. die, a very high va~uum 
had ~o be used in order to prevent the piece frpm blowing backwards after 
the explosion. · 

The most active aircraft firm in this field has probably been Orenda 
Engines Ltdo of Toronto. Various shapes have been formed includi~g air 
duct panels, cone frustums~ fan blades, annular rings and turbine blades. 
The a~r duct panels were-formed during the development of the Iroquois 
engine. · · 

Ip forming air duct panels, the dle 9 sheet metal blank and explosives 
are again immersed in water in a cylindrical steel tank 6_feet in diameter 
and 6 teet deep. The depth of water in the tank is about·4 feet. The 
materials formed were Types 321 and AM 350 stainless ~teels although 
titanium and aluminum alloys were also experimented. The dies use~ for · 
vari~s types of corrugations on air ducts were made of aluminum alloys .. 
The largest die 9 which had an area of 5 sq~are fee~ and a straightforward 
arrangement of 0.120 inch deep grooves 9 is the one shown in. the· arrangement 
of' Figure 7 used to produce the shape illustrated in Figure 8 o Dies for 
the other shapes are made of epoxy resin or of steel. 

It was stated that the main difficulty in. this work was in sealing . 
off the water frqm the die 9 and varioUs techniques were. used to prevent 
the' water from penetrating in the die cavi:ty 9 between die and blank •.. 
Applications of silicone rubber or glyptol and linelll tape 9 or simply of 
vinyl tape around the edge of contact between sheet metal and die \rere 
found successful. Another method which consisted in evacuating .a poly~ 
thene mylar bag placed around the die and blank-produced ~xcellent results. 

The explosive was- Primacord containing 50 grains of explosive per 
toot. Tests have indicated that under the conditions used about 6 to 
10 feet of Primacord were necessary per square foot of 0.030 inch thick 
~ype-321 .stainless steel. 

Explosive forming was found particularly use~ when relatively deep 
and narrow grooves were required. There is some workohardening produced~ 
the Vickers hardness increasing from about 165 to 250. 

Besides the aircraft companies» other firms have also bee~ interested 
in explosive forming for parts such as pressure vessels heads, etc. 

In this Establishment 9 work was continued _on the forming 9r conical 
or hemispherical shapes by meta;L gathering (77) _., ';In this meth9d 9 the free 
blank is accelerated t-owards the: bottam of the die without 'beipg retained 
by a blank holder as in conventiopal method. This process, wh~ch results 
in a thickening rather than in a thinning out of the blank during forming, 
has been applied to larger and more complicate(!. conical shape~ ·such as -
shown in Figure 9o ~he forming is now carried out under water. and variables 
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such as amount of charge, stand-off distance, etc., can be varied to 
produce diftere~t shapes. Canes with cylindrical stems of various lengths 
have already been J'onned, aitd it is expe_cted that step-like and bell~shaped 
cones_could also be obtained. T~e materials used have been copper, 
stainless steels and aluminum alloys. 

The mechanics of the deformation processes during forming have been 
studied b,ymeans of a grid scribed at the surface of the blank and b,y 
means of hardness and thickness measurements. Typical results obtained 
on the·shape·illustrated at the right-hand side of Figure 9 are shown in 
Figure 10. 

()n fully. formed cones having a stem, the wall thickness of the cone 
is greater than· that of the original blank all the way from the base tc:> 
the stem. The process is thus entirely one of metal gathering. However, 
the deformation of the grid indicates that there is. also a stretching· 
of the material along the side of the cone. The metal gathering effect 
is thus great enough to comp~nsate the stret:cning and to· provide an 
overall increaae·ih w~l thickness. 

EXPLOSIVE WELDING 
.. 

Same experiments have been carried out on the welding of dissimilar 
rnaterials by means of explosive pressures. Thin plates of 1100-0 aluminum, 
mild steel, stainless steel and galvanized iron were placed in cantact·with 
bJ:ass or copper plates 0.125 in. thick and 3.5. in. in di8$eter. A small · 
pellet of explosive was placed at 3 in. above· the assembly and detonated. 
The bonding was not very uniform in that it took place in patches. In the 
case of steels to copper, the sheets could be pulled apart Blthough there 
was evidence of bonding and formation of a new compound at the interface.· 
In the cf).se of Bluminum on copper, it was impossible to pull the aluminum 

' oft the ·copper as the aluminum sheet would tear around the bonded· areas,· 
indicat~g that the shear stress of the bond in this case was very high. 
~tainless steel-brass co~Ples gave a shear stress of 171000 psi. 

The hardness of both components of each couple was also increased 
appreciably during the expl<;>sive·bonding,_ the stainless steel for example 
increasing in hardness by 4D points Vickers. 

Microscop~c examination revealed new phases at the cou~e int~rtaces. 
In tQ.e· ca·se of the steel-brass couple 1 this phase could only be revealed 
when the·specimen was etched with a copper etching reagent, indicating 
that the new phase was forming at the expense of the copper. In the case 
of the aluminum-brass couple the reverse was true, the new phase forming 
at the expense of the aluminum {see F.igure 11) • 
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The interesting feature of these tests is the presence of a layer 
of allqwed material at the weld interface. which indic~tes the existence 
of a real metallurgical bond between the dissimilar materials ••.. There 
is some evidence that this layer forms at the expense- of .the'· material 
having the lowest melting point of the . two materials· in the couple·. 

When the joint could be pulled apart 9 tm bonded patches showed fine 
ripple marks as illustrated in Figure ·12 .which- .indicate that the two 
surfaces to be bonded may not have been .'f'lat and parallelo It·· is felt 
that better surface preparation· and the. use. of plane shock waves and 
underwater welding would .result in-better bonds~· The.rippling,effect·will 
be investfgated to determine its effects con .. bond strength. 

CONCLUSIONS 
. . .· ·'. 

~losives. ~Jl.Lbe.: u::Jed increasingly as. a source of energy for .the 
forming, hardening, .w~lding '8Jl<i processing of. metals in general. . It is· . 
difficult to predict:t~he ... f)l.ture o~ expJ,osive .forming in Canada although 
1 t is felt that :the aircraft. ~d miss.lle ·· ~dustries. w~ll. soon· have to 
resort to it more extensively because of_th~:new requireznents.in·shape .and 
materials to be formedo It is feared that underwater· explosive forming 
may have its drawbacks during the severe Canadian winters: dUe .to- below.. ;- · · 
freezing temperatures lasting for an appreciable part of the year o The· ·· 
cost of heating ~h~ wa~er pit 9 howey~r 9 .m.~Y not add .very much , to. the• 
overall cost of the operational although it m~ght well- be ·advisable to .... ·· 
devise suitable methods--of forming in._airo · 

. Forming by means of propell~t c~rtridges » -~~ the other hand~>· can be 
carried out indoor"s anc;l. it is. claimed ·•that .the noise is not unbearable D .. 

Undercertain conditions_ the operation can.be made practically-noiseless. 
. . 

Higp=energy~rate forming can be appli_ed to the ·production of a wide 
range of parts in terms. of size 9 configuration.~~ and material;,· .It .is hoped 
that the method will be _'Used _increasingly in_ Canada and tbat it' niay be · 
applied with profit to the solving of problems,·pe,culiar .to Canadian-
industriesc; · 

· .. ~ .... 
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COLUMN 

NCLOSING RETAINER 

( b I (c' (d) 

FIG. 1 -a) Explosive forming in an open die 

b) Forming in a closed'die by means of propellant gases 

c) Explosive forming under water 

d) Schematic diagram of ci high-velocity press. 

FIG, 2- A 41:JJ steel rocket motor tube 11 feet long by 

18 in. diameter shown partially inside the sizing die. 

This work is carried out by P..ropellex Corporation. 
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FIG. 3- Explosively formed sound suppressor tubes for 

the Boeing 707 jet plane. These are formed by 

Olin Mathieson Chemical Corporation using the 

process shown in Figure 1 b. 

Formed Part 

Dimension Specification• 

A 5.62 ± .o!Ow I.D. 

B 5.41 ± .010" I.D. 
C 6.25 ± .030" O .D . 

Dimensions After Forming (From 25 Parts) 

Location A vtragr Afaximum .\finimum 

A (1. D .) 5.613" 5:622" 5.606" 

B (1. D.) 5.407 5.422 5.399 

C (0. D .) 6.227 6.260 6.200 

FIG. 4 - Tolerances obtained on the sound suppre.ssor 

tube shown on the right of Figure · 3, after 

explosive forming. 
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FIG. 5- Explosively embossed sheet 0,35 in, thick of 

Type .321 Stainless Steel. Corrugations .• 000 ft. 

deep have been obtained by this method as compared 

with ,03) in. deep on a press (Courtesy Canadian 

Industries Ltd,) 

5 1 OF 40 GRAIN 

RUBBER "O"RING 

FIG. 6 -Arrangement for explosive forming of part at 

Brjstoi-Aero-lndustries Ltd. 
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FIG. 7 -Arrangement for explosive forming un?,er water,_of 

air ?uct panels for the Iroquois Engine• Shown are 

the die, blank and primacord charge (Courtesy 

Orenda Engines Ltd.) 

FIG •. 8 - Explosh:ely corrugated. ai.r d_uct pan~ I 

{Courtesy Orendn Er,~gines . l,.:,td.) 

l 
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FIG. 9 - Various conical shapes produced by varying the 

amount of explosive and the stand-off distance. 

2 3 
1- Vlcllln hard- number. 

2--- .. Deforlllatlon of grid. 

3- .. IIICfMM In tlllcllnila. 

FIG. 10 -Hardness and deformation measurements along 

fully formed cone. 
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X1500 

FIG. 11- Illustrating the interface between the brass (top) 

aluminum (bottom) couple. 

30X 

FIG. 12- Showing fine ripple marks at ~e .brass-galvanized 

iron interface. 
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