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ABSTRACT 

Several high-strength steels, namely HP 9-4-25, D6AC, 12# 

nickel and 18# nickel maraging steels, and a high-strength alumi¬ 

num alloy 7039f *«re investigated with respect to explosive form¬ 

ing and subsequent effects of forming on mechanical behavior. In 

addition, criteria necessary for full-scale die design were devel¬ 

oped. 

The stress-corrosion behavior of each alloy was evaluated 

using a standard NaCl alternate immersion test. Samples 

stressed to 80$ of the 0.2# offset tensile yield strength were 
exposed for periods up to 200 hours both before and after explo¬ 

sive deformation. Three of the alloys, HP 9-4-25, 12Ni-5Cr-3Mo, 

and vacuum-melted 18# nickel maraging steel, were found to be 

only slightly affected by stress corrosion. Explosive defor¬ 

mation did not alter the resistance of the alloys. The D6AC 
steel and air-melted 18# nickel maraging steel had fair resis¬ 
tance to stress-corrosion, while the 7039-T6 aluminum was un¬ 

suitable for structural use in a corrosive environment. 

Using plane strain, center notch, fracture-toughness speci¬ 

mens, none of the alloys were found to be affected by explosive 

deformation. High toughness was exhibited by all the alloys both 

before and after explosive forming, with the greatest toughness 

shown by HP 9-4-25 and D6AC steels. 

Both HP 9-^-25 and D6AC steels were highly formable in the 

annealed condition. The other alloys were formable, but to a 

lesser degree. Formability limit curves were developed for eaen 

alloy using a blank diameter-to-die opening diameter ratio of 

1.58» Explosive charge requirements to achieve specified draw 

depths were also established with pressed TOT explosive charges. 

The greatest charge requirement was for the air-melted 18# nickel 

maraging steel, although all of the steels took roughly the same 

explosive charge for a given draw depth. None of the steels 

could be formed to a hemispherical shape in one forming operation; 

however, hemispheres could be formed from all the alloys in two 

or more operations. The 7039-0 aluminum was formed to full con¬ 

tour in one operation. 

Verification of scaling was demonstrated by forming the 

steels on both six-inch- and 24-inch-diameter dies. Conditions 

established on the small die were used on the larger die, and 
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empirical resulta agreed with predictions to within 5)# for the 

HP 9-4-25 and D6AC steels. Variations from predictions for the 

other two steels were up to 14.5#. Deriacions could be explained 

by differences in blank thickness and yield strength between the 

two different sized models. The 7039-0 aluminum results were 

predictable to within 3 to 4% at part sizes to 120 inches, thus 

the usefulness of scaling has been demonstrated. 

Computer predictions did not agree well with experiment 

when metal draw depth or blank pull-in were unknown. When blank 

pull-in was known, the computer program could rather accurately 

predict radial strains and draw depth. Program accuracy was 

greater for the shallower draw depths and, in general, overpro- 

diction resulted because accurate data for explosive energy 

transfer and energy release are not available. 

Criteria developed on six-inch- and 24-inch-diameter shell 

dies showed the practicality of the concept. Clamping stiffness 

was found to be the most critical design parameter. 

Explosive charges up to two pounds on the 24-inch-diameter 

die could be used on the initial forming shot without serious 

die damage. This corresponds to 550 pounds on a 156-inch diam¬ 

eter die. Sizing shots up to one-half pound could be used with¬ 

out effect on the die. Greater charges caused plastic defor¬ 

mation of the die shell and shearing of attachment bolts. 

iv 
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SECTION I 

INTBODUCTION 

The fabrication of high-strength alloys used by the Air Force 

in the manufacture of solid rocket motors, pressure vessels, space¬ 

craft, and tactical aircraft has revealed the need for manufictur- 

ing methods capable of producing deep drawn shapes economically and 

reliably. The high-strength steels, maraging steels, and high- 

strength aluminum alloys require high equipment capacity and, be¬ 

cause of their strength and reduced ductility, create the need for 

elevated-temperature forming. The use of explosive energy has long 

been recognized as a means of augmenting large press capacity by 

permitting the formation of deep drawn shapes without the need for 

elevated temperature. The process also precludes the requirement 

for intermediate thermal treatments in many cases. Successful use 

of high-energy methods has been made in the fabrication of Titan II 

domes^l) and Saturn parted,3). Several research and development 
contracts have been sponsored by Air Forced»®}, NASA(9,12;t the 

Navy(13,l^) and the Army(l5tl8) to develop criteria for the fabri¬ 

cation of large parts or difficult shapes using high-energy methods. 

Although these programs produced much useful data, much of the 

work was conducted on a trial and error basis. This was expensive 

and it was found that there were so many variables that influence 

the explosive forming process that it was difficult to study the 

separate and combined effects of the important variables within the 

scope and funds of the programs. Therefore, although procedures 

were developed for the production of specific parts, it was diffi¬ 

ad t to repeat experiments with a high degree of reliability; and 

when one changed materials or conditions of forming, prediction of 

results became difficult. 

In 1958 the Martin Marietta Corporation became interested in 
explosive forming and recognized the need to understand the influ¬ 

ence of important forming parameters on the deformation of metal 

blanks. The first step in the research and development program 

was to develop scaling laws for the explosive forming proce6s(19»20)^ 

This permitted the trial and error process to be done quickly and 

inexpensively on a small scale by providing a reliable b.ethod of 

scaling the results to full size. During the development of scal¬ 

ing laws, the important variables governing the process were iden¬ 

tified. Each of these variables was then systematically investi- 
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gated to reveal some of the basic mechanisms operative during ex¬ 

plosive forming. 

In I965« the Manufacturing Technology Division of the Air 
Force Materials Laboratory at Wright Patterson Air Force Base, 

Ohio became keenly aware of the potential of high-energy methods 

for the fabrication of large components from high-strength alloys. 

The interest centered on the development of necessary data that 

could be applied to specific hardware associated with a portion of 

the Air Force space charter, i.e., solid-rocket motoi’ production. 

The basic understanding of the variables governing the explosive 

forming process by Martin Marietta resulted in the award of con¬ 

tract AF33(6l5)-3l67 to apply previous knowledge to the fabrication 
of high-strength alloys of interest to the Air Force. 

The basic objectives of the contract were to develop form- 

ability limits for five different alloys; establish relationships 

between explosive charge and metal draw depth; conduct computer 

analyses to permit the prediction of charge, draw depth, and part 

strain; develop desij^i criteria for full-scale forming dies; and 

evaluate the effects of explosive deformation on material proper¬ 

ties. Most of the objectives were met. The following sections 

present the procedures used and the results of technical work dur¬ 

ing the past 19 months. 

Four of the five alloys studied under the contract w^re steel: 

D6AC, HP 9-^-25, snd 12# nickel, and 18# nickel maraging steel. 

The fifth material was 7039-0 aluminum. 

It was found that the vacuum-melted HP 9-4-25 alloy exhibited 

the best formability of the alloys studied, while vacuum-melted 

l8# nickel maraging steel (250 grade) was the least fomable. 

Only the 7039-0 aluminum could bw explosively formed in one oper¬ 

ation to a hemispherical shape. 

Explosive forming was not found to have a significant influ¬ 

ence on fracture toughness behavior for any of the alloys. With 

respect to stress corrosion resistance, the HP 9-4-25, 12Ni-5Cr- 

3M0, and vacuum-melted 18# nickel raraging steels were virtually 
unaffected by alternate exposure to 3)# NaCl for up to 200 hours. 

The air-melted 18$ nickel maraging steel showed a significant re¬ 

duction in mechanical properties, while the D6AC and 7039 aluminum 
were moderately affected. 

An IBM I62O computer program was used to permit the predic¬ 
tion of blank draw depth, blank pull-in, explosive requirements, 
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and metal strain distribution. The empirical relations in the 
literature for predicting impulse from given charge weights did 
not provide good agreement between theory and experiment for draw 
depth. However, when the deaired draw depth is known, the pro¬ 
gram calculates the strainr, present in the formed part with good 
accuracy. Empirical resu’ts of metal draw depth as a function of 
explosive charge revealed a generally linear relationship using 
nondimensional parameters. The subsequent use of charges selected 
from the empirical relations gave *ery good results with respect 
to predicted draw depth for a given material. 

Die criteria were developed using both 6-inch and 24-inch 
diameter dies. The critical desiyr parameter was found to be 
clamping stiffness. Significant stiffness is mandatory to pre¬ 
vent flange wrinkling of the high-strength steels. The use of 
conventional-design massive clamping rings, etc., creates serious 
logistics problems for full-scale dies, therefore, lightweight 
construction is preferred. Channel clamping rings produce high 
stiffness but specific design features such as mode of attacbnent 
and frontal area appear to be important. Thin-shell die cavity 
and support structure have been found to be vejy satisfactory for 
steel forming. No dimensional changes nor problems have been en¬ 
countered with either the die shell or support structures when 
initial charges up to two pounds and sizing charges up to one-half 
pound are used on a 24-inch—diameter model die. (These charges 
scale to 548 pounds and l40 pounds for a 156-inch full-scale die, 
respectively.) Dimensional changes in the 4340 normalized die 
shell do occur when sizing shots of one pound are used. This 
problem can be eliminated by using a higher heat-treat level for 
the alloy. 
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SECTION II 

EXPERIMENTAL PROCEDURE 

1. MATERIALS 

The materials selected for study under this program are all 
of high interest to the Air Force for use in booster structures. 
Alloys D6aC and HP 9-4-25 are steels that derive their maximum 
properties from quenching and tempering. The 12# ard 18# nickel 
maraging steels are age-hard enable compositions and can be 
strengthened to high strength levels by a simple thermed treat¬ 
ment at 900 to 950°F. Aluminum alloy 7039 is also an age-hard- 
enable material that is weldable and possesses good strength and 
toughness. Its use is mainly being considered for liquid pro¬ 
pellant tankage rather than solid rocket motors, which involve 
the high-strength steels. The chemical composition and mechani¬ 
cal properties for all the alloys are presented in Tables I 
and II respectively. 

To develop formability limit curves for the alloys it was 
necessary to explosively form sheet thicknesses down to 0.020 
inch. The quality of the thinner sheets, i.e., 0.020- and 
0.032-inch material, was quite roor. However, these sheet gauges 
were the thinnest produced by the industry at the time and were 
respectable considering the stage of production. The quality was 
further complicated by the need to roll the alloys on hand mills 
due to the small quantity. Sheet tolerances and surface waviness 
could not be controlled as precisely as with thicker materials. 
Mechanical properties also varied from data published by the 
manufacturer. In spite of the material variations, forming ex¬ 
periments using the thin stcck were conducted satisfactorily. 

Material produced for Phase II and Phase III was much more 
consistent, and the properties were found to be typical for the 
respective alloys. Thicknesses from 0.150 to 0.750 inch were 
used in forming, stress corrosion, and fracture toughness studies. 

Because all the alloys investigated were explosively deformed 
in their softest condition, i.e., annealed, it was necessary to 
heat treat the materials after forming to produce maximum strength 
properties. In addition, undeformed material required heat treat¬ 
ment to permit the evaluation of forming effects on mechanical 
behavior. rSae heat treatment cycles used for each alloy are listed 
in Table III.. Because the thermal process cycle for 7039 aluminum 
is proprietary, heat tr-at data on the alloy have been omitted 
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TAHt£ III 

Heat Treatment Schedules Used to Obtain 

Pull-Strength Properties for the Fire High-Strength Alloys 

RSM 25O 18ft maraging steel 

Solution anneal: 1650°F (1 hour/inch of thickness) 

Rockwell C 32 

Age: 9OO*F for 3 hours - air cool 

12Ni-3Cr-3Mo maraging steel 

Solution anneal: 1550#F (1 hour/inch of thickness) 

Rockwell C 35 

Age: 900#F for 3 hours - air cool 

HP 9Ni-4Co-Q.25C 

Anneal 1150*F for 36 hours - Rockwell C 30 

Austenitize 1550*F for 1 hour/inch of thickness - oil quench 

Temper: Double temper 1000°F - 2 hours each 

d6ac 

Anneal 1275°F - Rockwell C 28 

Austenitize l625#F/inch of thickness 

Quench in J*00/425*F salt for 15 minutes 
Temper: 400*F for one hour 

Double temper 1040°F - 2 hours each 

7039-T6 Aluminum 

Anneal 775#F for 2 hours 

Heat treating: Proprietary Kaiser heat treat schedule 



from the table. Appropriate data can be obtained from the pro¬ 

ducer, Kaiser Aluminum Company. It should be mentioned that the 

influence of explosive deformation on the response to heat treat¬ 

ment for the age-hardenable alloys in the program, i.e., 12¾ and 

18¾ nickel maraging steel and 7039 aluminum, is to modify the 
kinetics of the reaction. This generally requires the reduction 

of aging time at temperature, or a reduction in aging temperature 

with the same time, to obtain optimum properties. Because a 

study of heat treatment effects caused by explosive forming was 

beyond the scope of the present program, the strength values for 

the three age-hardenable alloys reported in this document do not 

necessarily represent optimum properties. 

2. STRESS-CORROSION AND MECHANICAL TESTING 

a. Stress Corrosion 

After a thorough analysis of available literature and 

previous experience in stress-corrosion testing, a bent- 

beam type specimen configuration with two-point loading vas 
selected for use during the program. Figure 1 is a sche¬ 

matic view of the specimen and presents the analytical method 

for determining fiber stress at a given sample deflection. 

A stress level of 80¾ of the tensile yield stress was used 

for all specimens during exposure of material to the corro¬ 
sive media. 

To facilitate the testing of stressed samples, a test 

fixture was constructed to permit the exposure of 12 samples 

simultaneously. Figure 2 shows the fixture with prestressed 

material in place. To ensure that the correct levels were 

used for given deflections of the specimens, several cedibra- 

tion runs were conducted using an SR-4-type strain indicator 

and paper strain gauges. Figure 3 shows the setup used to- 

calibrate the loading fixture. Figure 4 shows the excellent 

agreement between calculated and measureo values of strain 

as a function of sample end deflection. 

An accurate and discriminatory method for sample ex¬ 

posure was necessary to evaluate the effects of explosive 

deformation. Alternate immersion in a 3>$ NaCl solution 

maintained at 72 + 2 F was used through the program. The 

stressed samples were loaded on the inmersión rack shown in 

Figure 5, and an air actuated cylinder connected to an 

electric timer permitted immersion of the rack when desired. 
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a - Stress 

E ■ Modulus of Elasticity 

C - ½ Specimen Thickness 

I - Fixture Constant (Length of Span) 

a ■ End of Specimen to Point of Support 

AY - Deflection 

Figure 1 Fjrmula for Deflection of Stress-Corrosion Specimens 
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Figure 2 Stress-Corrosion Specimen Fixture Ready for Test
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Figure 3 Calibration Arrangement for Stress-Corrosion Test Specimens
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A cycle of 10 minutes in the bath and 50 minutes of drying 
was selected. A mechanical counter was used to record the 
number of cycles completed. All alloys were exposed for 
periods of 100 and 200 hours. 

Explosively deformed material for stress-corrosion 
testing was prepared by forming the separate alloys in a 
shallow flat-bottomed die. Strains on the order of 4 to 6¾ 
were produced in the samples. A disc-shaped charge of TOT 
pressed under 7000 psi and centrally positioned over the 
blank was used to effect forming. 

b. Tensile Testing 

The tensile testing during the program was conducted 
on standard Baldwin-Lima-Hamilton test machines using "dog- 
bone" type specimens. Specimens eight inches long with a 
reduced section 2.250 inches long by 0.500 inch wide were 
used for all sheet material evaluations. Standard 0.505- 
inch round test bars were used for plate material. All 
data were autographically recorded. Specimen strain rates 
of 0.005 incVinch/minute were produced during load application. 

c. Fracture Toughness 

Considerable effort was expended developing fracture 
toughness methods and specimen preparation. Evaluation of 
both arc-burn and machined precrack starter defects was 
conducted. Arc-burn starter defects required excessive fatigue 
cycling to promote crack growth, and multiple crack fronts 
sometimes resulted. However, the elliptical crack shape re¬ 
sulting from this method was usually excellent. The machined 
precrack yielded crack growth with fewer fatigue cycles, but 
crack shape was generally less desirable. A combination of 
the two methods was used for the program surface-crack 
specimens. 

Width and thickness studies were conducted to establish 
dimensions sufficient to ensure plane-strain conditions for 
the comparative tests with each material and remain within 
the available test machine load capability of 150,(300 pounds. 

Plane-strain fracture toughness, Kjc, values were estab¬ 

lished using the Irwin expression for plane-strain crack 
toughness, where: _ _ 

■4c = "■ 6 ‘T> 
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where: 

I = normalized or "resolved" crack depth, 

gross applied stress, 

a = flaw depth (fatigue advanced crack), 

limitations accepted in the equation are: 

. B / 
a = - (B = specimen thickness) 

6groae é 6js “d 6gross i °-09 6n.t 

Area of crack should be ¿ 10¾ of specimen area 

(for a semielliptic crack, the crack area should 

be £ 0.064 BW, where W = sample width) 

Fracture toughness specimens for evaluation of ex¬ 

plosive deformation effects were produced by deformirig 

.large blanks into a flat-bottomed steel die. The die is 

shown in Figure 6. A typical formed piece before removal 

of the part from the die is shown in Figure 7. To effec- 

tively evaluate the influence of variations in strain of 

samples taken from the deformed panels, a photo-grid was 

placed on the bottom of the blank. Samples extracted from 

the gridded panel could then be accurately categorized 

with respect to specific strain across the piece. Figure 8 

shows a gridded and deformed panel of 7039-0 aluminum before 
cutting for sample preparation. 

The detailed fracture-toughness program description 
begins on page 44. 

3. THEORETICAL ANALYSES 

An IBM 1620 digital computer program was used to predict the 

dynamic response of flat blanks to an explosive change. Ifce pro¬ 

gram was de reloped as part of the analytical work under our ARPA 

contract to establish a Center for High-Energy Forming Processes. 

When total impulse from a given charge calculated from em¬ 

pirical relations is used as input to the program, the predicted 

draw depth is higher than that resulting from experiment. How¬ 

ever, when the impulse is lowered until the draw depth 
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8 Formed Fracture Totighness Material from 7039-0 Aluminum Plate 
Showing Flat Portion with Photo Grldded Strain Markings



with the measured value, good agreement is found between theory 

and experiment for deflected shape and for radial and circum¬ 

ferential titrains. 

*■ ' 4. CHARGE PREPARATION AND FORMING 

' a. Explosive Charge Preparation 

Trinitrotoluene (1WT) was used as the explosive through¬ 

out the program. Uniform and reproducible charges were pro¬ 

duced by pressing granulated TNT using a 12- or 50-ton hy¬ 

draulic press. Figure 9 is a view of th' 50-ton press in our 

new Ordnance Laboratory. Note the television monitor for 

remote operation. The pressing dies used for subscale and 

full-scale ci ¿arge preparation are shown in Figures 10 and 11, 

respectively. 

The generad procedure was as follows: 

1) The pressing dies were cleaned with acetone to 

remove all foreign matter; 

2) The desired granulated TNT was weighed on a 

powder balance; 

3) The weighed TNT was poured into the cylindrical 

container above the die and the load plunger 

placed in the cylinder over the powder; 

4) The die cavity was evacuated using a standard 

mechanical vacuum pump; 

5) Pressure was applied to the die plunger to pro¬ 

duce 7000 psi on the explosive; 

6) Pressure was released and the die removed from 

the charge. At this stage the pressed charge was 

snugly wedged in the cylinder; 

7) A press-out collar was placed in the cylinder and 

the cylinder placed on a heavy walled container 

that contained foam or soft paper; 

8) Pressure was applied to the charge to force it 

out of the cylinder and into the container, and; 

9) The charge was removed and taken to a storage maga¬ 

zine to await installation in the standoff device. 
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In all cases an RDX booster was simultaneously pressed into 

the center of the charge. The booster weight was in general 

about 3 to 107o of the charge weight depending on the size of the 

charge being used. Because TNT is a very insensitive explosive, 

the RDX booster ensures complete first-order detonations and 

maximum energy release. The booster weight was converted to 

equivalent weight of TNT to yield the total charge weight. A 

number 8 electric blasting cap (6.9 grains of contained pentaery- 

thritol tetranitrate (PETN) was used to detonate the charge. 

Compensation for the c*p explosive was made for all charges. 

Figure 12 shows a typical pressed charge and electric blasting- 

cap arrangement for subscale forming shots on the six-inch diam¬ 

eter dies. Figure 13 shows a pressed charge of TNT for 24-inch- 

diameter experiments and the cast pentolite charge used for full- 

scale tests, 

5b. Explosive Forming 

The forming work conducted throughcut the program involved 

several different dies. The formability limit curves, charge- 

versus-draw-depth curves, stiffness experiments, and die criteria 

tests were all conducted on six-inch-diameter dies. The first 

two studies were completed on a series of dies ranging in draw 

depth from 0.6 inch to 3.5 inches. The dies were fabricated from 

4340 alloy steel head-treated to a Rockwell C ha?:dness of 38 to * 

42. Figure 14 shows the dies as delivered from the manufacturer. 

The deepest die of the series was also uc.d to study the influence 

of die stiffness on metal formability. Figure 15 shows one of the 

arrangements used in the stiffness evaluations. One further use 

of six-inch subscale dies was for the development of die criteria. 

A shell die with cylindrical support section and gusset-strength¬ 

ened draw ring was fabricated by useing a previously formed 12% 

nickel maraging steel dome. Figure 16 illustrates the die and 

an aluminum hemisphere formed in the die. 

To verify scaling from the six-inch dies to larger sizes, 

both 24-inch hemispherical die and a 120-inch free-forming tool 

were used. Figure 17 shows a Meehanite cast die used to form 

aluminum, A much stiffer die necessary for the wrinkle-free 

forming of steel parts was also used. Figure 18 indicates the 

method for adding significant stiffness to the clamping arrange¬ 

ment. Channel-type reinforcements were welded directly to the 

clamping ring for greater rigidity with minimum weight. One 

final tool used to verify scaling data on a full-scale die is 

shown in Figure 19. The die was a free-forming tool and 
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Figure 16 Lightweight 12% Nickel Meraging Steel Shell Die Fabricated 
froa Six-Inch Foraed Hemispherical Dome 
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Figure 1?. 24-Inch Hemispherical Die Used in Forming 







_ 

I 

consisted mainly of a stiffened, cylindrical, steel container 

with a heavy draw ring welded to the upper periphery of the 

cylinder. A three-inch-thick clamping ring was used. Cast 

Meehanite C clamps with a capacity of 60,000 pounds each were 

used to clamp the hold-down ring and provide necessary re¬ 

straint for the blank. 
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SECTION III 

RESULTS AND DISCUSSION 

1. MECHANICAL TESTING 

Mechanical test results were obtained for three different 

properties: basic mechanical strength, stress-corrosion effects, 

and fracture toughness. The following sections present the re¬ 
sults of mechanical evaluation. 

a. Basic Mechanical Strength 

All of the alloys were tested on receipt to determine 

whether typical properties existed for each of the different 
sheet and plate thicknesses. Table II, presented in the last 

section, summarizes the results. It should be noted that for 

7039 aluminum, HP 9-4-25, and D6AC the properties are not sig¬ 

nificantly influenced by reductions in thickness. On the 

other hand, both of the managing materials showed rather dras¬ 

tic changes in mechanical properties as the thickness decreas¬ 

ed below about O.O63 inch. For the 18¾ nickel managing steel, 

the tensile yield and ultimate strengths were typical for the 

alloy. The attendant percent elongation was very low, however, 

which created subsequent problems in deep drawing. Although 

the elongation for the 12¾ nickel alloy remained relatively 

constant with reduction in sheet thickness, the tensile yield 

strength was significantly higher than normal for all thick¬ 
nesses below 0.l40-inch. 

Discussion of the discrepancies with Republic Steel Cor¬ 

poration resulted in the reprocessing of both the 12 and 18¾ 

nickel managing steels. It was decided that a higher auste¬ 

nitizing temperature for the 18¾ nickel alloy might enhance 

the ductility. Material austenitized at 1650*F for one hour 

and water quenched yielded a material with greater elongation 

and lower yield strength. Upon subsequent managing of the 

reheat-treated material at 900*F for three hours, an appreci¬ 
able loss of ductility occurred. The alloy did not respond 

to managing after the 1650#F austenitizing treatment. Table 

IV shows some typical results of the heat-treat study. 

A study of the 12¾ nickel maraging steel revealed that 
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an improper heat treatment had been given the alloy at the 

source of manufacture. Material heat treated according to 

recommended procedures responded well and produced suitable 

stock for experimentation. Only in t*. thinnest gages was 

the elongation low. However, satisfacU^-y results were pro¬ 

duced with the reheat-treated material. Table V presents 

the results of tests conducted on reprocessed sheet. 

To establish the influence of explosive deformation on 

the mechanical behavior of the several alloys in the pro¬ 

gram, standard tensile specimens were machined from flat 

sections of deformed material. Material for evaluation was 

deformed in the flat-bottomed die described earlier. Sam¬ 

ple thicknesses studied were 0.063-inch and 0.125-inch. 

All 01' the tensile specimens were heat treated to recom¬ 

mended strength levels after forming and machining. Table 

VI presents average data from four specimens of each thick¬ 

ness taken from each of the five materials used in the pro¬ 

gram. In general, explosive deformation causes a reduction 

tensile elongation of from 1 to 3.5#. The D6AC and 7039- 

T62 alloys were affected the most, while the 18# nickel mar- 

aging steel showed virtually no effect on elongation from 

explosive forming. In all but one case the tensile yield 

strength was reduced as a result of explosive forming. The 

same effect was observed for the ultimate strengths of 18# 

nickel maraging steel, HP 9-^-25, and 7039-T62 aluminum. 

The other two alloys improved in ultimate strength when ex¬ 

plosively deformed. 

With respect to explosive deformation effects one must 

realize that the enormous energy imposed on the alloys be¬ 

fore thermal treatment can cause a significant modification 

in the heat-treat response. This effect has been observed 

in previous work conducted for the National Aeronautics and 

Space Administration^^-'. Because it was beyond the scope 

of the present contract to optimize the heat-treating 

schedule for each alloy, it is quite likely that adjustment 

in the recommended heat-treat temperatures and/or times will 

produce properties equal to or greater than those produced 

through standard heat-treating practice. The thermal re¬ 

sponse of each alloy after explosive forming should be eval¬ 

uated before the incorporation of high-energy techniques in 

routine manufacturing methods. The indications from the 

cited previous work were that properties higher than those 

normally obtained could be expected from a modified thermal 

process. 
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TABLE IV 

Effect of Heat Treatment on the Response of 

Thin Gauge 18% Nickel Maraging Steel 

Heat treatment schedule 

Ultimate 

strength 

ksi 

0.2$ Offset 

yield strength 

ksi 

% Elongation 

in 2 inches 

As-received material 122.0 104.0 2.5 
As-received material 

plus 3-Hour Marage , 

at 950°r 

244.0 235.0 2.0 

1550°F Reaustenitize 

treatment plus 3 Hours 

at 950°F 

263.0 255.0 1.5 

1650*F Reaustenitize 

treatment 126.0 82.9 4,0 

1650*F Reaustenitize 

treatment plus 3 Hours 

at 900*F 
196.9 176.9 1.5 

b. Stress-Corrosion Behavior 

In the application of high-atrength alloys to load 

bearing structures, the influence of exposure to corrosive 

environment on mechanical properties must be evaluated. 

Verbraak(21) observed a decided detrimental effect of ex¬ 

plosive deformation on the stress-corrosion resistance of 

austenitic stainless steel. There have been other reports 

of effects of high-energy forming on alloy performance un¬ 

der stress. Because the alloys in this program are very 

high strength and will be used in structures sustaining 

high tensile stresses, the resistance of each material to 

corrosive environment had to be established. Evaluation of 

material in a 3)# NaCl solution ’jider conditions of alter¬ 

nate immersion for periods up to 200 hours was completed on 

heat-treated and explosively formed plus heat-treated sheet. 

A stress level of 8o£ of the tensile yield strength was used. 

A study of stress-corrosion resistance of annealed plus ex¬ 

plosively formed material was not felt to be important be¬ 

cause the materials are used at maximum strength levels. 
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TABU! V 

Mechanical Properties of Re-heat Treated 
12$ Nickel Maraging Steel Sheet 

Sheet 
Thickness 

Inch 

Ultimate 
strength 

ksi 

0.2$ Offset 
Yield strength 

ksi 

Per cent elongation 
in two inches 

.022 A 

.022 MA 

.032 A 

.032 MA 

.040 A 

.040 MA 

.050 A 

.050 MA 

.063 A 

.063 ma 

128.0 

178.0 

133.5 

187.0 

134.0 

182.0 

136.5 

185.0 

137.0 

190.6 

110.0 

170.0 

10).4 

179.0 

102.0 

175.5 

100.0 

178.3 

104.0 

183.5 

2.5 

3.5 

4.0 

5.0 

4.0 

4.0 

6.0 

5.0 

6.0 

5.0 

Typical 
properties 

.040 - .125 A 130 - 140 IX - 115 7-9 

.040 - .125 KA 180 - 200 170 - 190 5 -7 

A - Solution annealed at 1550*F for 1 hour and air cooled. 

MA - Maraged at 900*F ± 10#F for 3 hours. 
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An investigation of sheet thicknesses of each alloy 

prior to explosive deformation revealed that the resistance 

of undeforaed aaterial to corrosion under stress is good. 

Stress corrosion in the classical sense, i.e., intergranu¬ 

lar attack with attendant crack propagation under stress 

was not observed fcr any of the alloys either before or af¬ 

ter explosive deforaation. General pitting type corrosion 

was present, however, in all stressed and exposed materials. 

The 12Ni-5Cr-3Mo alloy is unaffected by solution exposure 

under stress. The l8j6 nickel aaraging steel and 7039-T62 

aluminum alloys are significantly affected by the corrosive 

environment. Only a moderate reduction in properties was 

observed for the other alloys. The tensile elongation was 

adversely affected for all but the 12Ni-5Cr-3Mo alloy. 

Thus the order of resistance of the high-strength alloys to 

corrosion under stress prior to explosive deforaation is as 

follows, in order of decreasing resistance: 12Ni-5Cr-3Mo, 

HP 9-^-25, D6AC, 7039-T62 aluminua, and 10¾ nickel aaraging 
steel. 

After explosive forming only the properties of the 

7039-T62 aluminum alloy were significantly affected. Some 

increase in corrosion susceptibility was noted for the D6AC 

steel but the reduction in properties when compared to un¬ 

deformed and exposed material was not severe. It should be 

noted that heavier gage aaterial was, in general, more re¬ 

sistent to corrosion under stress than thin material. An 

important fact should be related regarding the apparent ef¬ 

fects of explosive deformation on stress-corrosion resis¬ 

tance. Previous experience has shown a decided effect cf 

explosive deformation on the response to heat treatment. 

Because shock deformation appreciably increases the number 

of dislocations in the structure and induces high energy in 

the crystal lattice, it is reasonable to expect a modifi¬ 

cation in the aging kinetics or tempering response of the 

alloy. Although the quench and temper materials showed a 

reduction in properties, the influence of explosive defor¬ 

mation was not great. However, for two of the alloys de¬ 

pending on precipitate strengthening from artificial aging 

(i.e., 7039-T62 and air-melted 10% nickel maraging steel) 

the effects of explosive forming were significant. Because 

the 12Ni-5Cr-3Mo alloy also depends on precipitate strength¬ 

ening but exhibits virtually no change in strength, the data 

suggest that the aging mechanism for the alloy is different 

from that of the 10¾ nickel steel and 7039-T62 aluminua. 

Apparently the induced energy produced by explosive forming 
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did not affect the alloy's response to thermal treatment. 

In summary, the resistance to stress corrosion for the al¬ 

loys after explosive deformation is as follows, in order of 

decreasing resistance: 12Ni-5Cr-3Mo, HP 9-^25, D6AC, air- 

melted 18¾ nickel steel, and 7039-T62 aluminum. Thus explo¬ 

sive forming has a significant effect on the reduction in 

properties of 7039-T62 and air-melted 18% nickel steel. It 

was interesting to note that vacuum-melted 18% nickel mar- 

aging steel was almost completely resistant to stress-cor¬ 

rosion. The data clearly show the superiority of vacuum- 

melted versus a.’ r-melted material for resistan to stress 

corrosion. More study is necessary of heat-treatment re¬ 

sponse to ascertain whether the effect of high-energy defor¬ 

mation on stress-corrosion resistance is real or is caused 

by a radical change in aging kinetics. Summary data in bar 

graph form are presented in Figures 20-22. 

Some difficulties were encountered in the evaluation of 

plate thicknesses of each alloy. Originally, consideration 

was given to the use of standard 0.505-inch round bar for a 
study of corrosion effects. The specimens would not have 

been satisfactory, however, because all of the corroded ma¬ 

terial would be removed during machining. Flat, "dog-bone" 

type specimens were machined. It was found that, because 

the ratio of exposed to unexposed material after machining 

was low, the effects of corrosion under stress were not no¬ 

ticeable. To get a better understanding of the influence 

of stress-corrosion exposures on the behavior of plate ma¬ 

terial, specimens were prepared from the exposed plate cou¬ 

pons to produce three tensile specimens: one from the com¬ 

pression surface of the coupon, one from the center of the 

coupon (unexposed), and one from the tension surface. The 

specimens so produced were approximately one-eighth-inch 

thick and of standard length and width. Results from "sheet" 

strips from plate showed the compression surface results 

agreed with those of the centrally located specimen; thus, 

all specimens from plate were prepared only from the tension 

and compression surfaces. Data obtained from plate after 

the 5#% NaCl alternate immersion for 200 hours are listed 

in Table VII. In general, the results for plate material 

are similar to those obtained for sheet stock. Thus, plate 

does not appear to be any more susceptible to stress cor¬ 

rosion than sheet. In fact, for the 18% nickel steel and 

the HP 9-4-25 »llrty» th® <**ta suggest greater resistance to 

stress corrosioT 
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ALLOY CONDITION 

Specimen 
As 

Received 
Explosively 

Formed 
Heat 

Treated 
200 Hour 
Exposure 

A X X 
B X X X 
C X X X 

_2_ X X X X 

260 

ALLOY 
(0.063 inch sheet) 

Figure 21. Effect of Explosive Deformation on the Corrosion 

Susceptibility under stress for Several High 

Strength Steel Alloys (200 hours exposure) 



ALLOY CONDITION 

Specimen 
—55— 

Received 
Explosively 

Formed 
Heat 

Treated 
200 Hour 
Exoosure 

A X X 

B X X X 

C X X X 

D X X X X 

65 

STRESS, ksi 

55 

45 

B 

H4yi 
Ultimate Strength 

(0.063 inch sheet) 

B 

Yield Strength 

Figur« 22. of ExplosiTt Deformation on th« 

Corrosion Susceptibility under stress 

of 7039-T62 Aluminus Sheet 
(200 hours exposure) 
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TABLE VII 

Stress Corrosion Results of Unde forne dt 
Steel Plate Materials 

(0.750-inch thick starting material) 

1 Exposure 
Alloy hours 
-\- 

Ultimate 
ki 

strength 
i—- 

Yield strength 
ksi 

% Elongation 
in two 

Before After Before After Before After 

12Ni-5Cr-5Mo 100 

200 

209.5 

201.6 

204.9 

200.0 

208.7 

200.8 

204.9 

198.3 

5.5 

8.0 

4.5 

7.5 

HP 9-4-25 

t—- 

100 

200 

195.0 

190.2 

190.2 

188.9 

177.5 

167.2 

180.3 

161.1 

10.0 

9.0 

10.0 

12.5 
d6ac 100 

200 
• 

a4.o 

211,0 

214.0 

213.0 

210.0 

2C6.0 

192.0 

206.0 

11.0 

9.5 

11.0 

9.5 
18* Ni 100 

200 

240.0 

249.0 

239.0 

248.0 

224.0 

222.0 

207.0 

229.0 

5.5 

7.0 

5.5 

5.0 



In the deformation of 0.750-inch plate to produce suit¬ 

able material for evaluation, die damage was evident as a 

result of the high explosive charges required. Therefore, 

it vas decided to use the -sheet materials as criteria for 

resistance of plate because the plate results were equal to 

or bettor them those found for sheet in undeformed material. 

In addition, the deformed material produced from plate was 

needed for fracture-toughness evaluation, which was felt to 

be of greater importance to the Air Force. 

In summery, the results suggest that for high- stress 

applications under corrosive environment the 12Ni 5Cr-3Mo 

and HP 9-4-25 alloys would be used. Data for lr4 nickel 

managing steel show conclusively that air-melted material 

is effected by corrosive environment under stress, while 

vacuum-melted material nows almost <&mplete resistance and 

can be added to the 1' t of recommended alloys. Explosive 

deformation does not appear to significantly affect the 

stress-corrosion re istance of the alloys listed above, and 

the process can be used for fabrication without concern for 

detrimental effects. 

c. Fracture-Toughness Behavior 

The objective of the fracture-toughness test was to de¬ 

termine the effects, if any, of explosive forming on the 

plane-strain fracture toughness characteristics of the 

program materials. 

All materials were tested in the heat-treated condition 

in accordance with the general program thermal treatment 

schedule (See Table III). 

The fracture-toughness properties of greatest interest 

were for materials with thicknesses corresponding closely 

to those of the formed domes of the program in order to re¬ 

late the fracture toughness values directly to hardware. 

However, this was not possible for some of the materials in 

the 1/8-inch nominal-thickness range, due to their high 

toughness and relatively low yield strengths. Therefore, 

1/4-inch nominal-thickness was selected as a minimum for the 

steel evaluation and 1/2-inch plate as minimum for the alumi¬ 

num alloy. 

Initial consideration was given to cutting sections from 

the formed program domes, then flattening them for fracture- 
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toughness test specimens. This method was discarded for the 
lA-inch materials because oí the complex flattening diffi¬ 
culties and the obvious question of whether the flattening 
effects were greater taan the forming effects to be evalu¬ 
ated. Moreover, :10 practical method could be applied to de¬ 
termine 'he residual stress distribution after flattening 
and the complex effects on fracture-toughness values. 

The flat-bottomed die described earlier was used to ob¬ 
tain explosively formed material. Through use of che flat- 
formed panels, machining problems ana strexghtening effects 
were minimized, and photo-grid patterns on the panels could 
ue used to indicate strains imposed by the explosive forming 
process. These strains were recorded to establish the par¬ 
ticular strain history in the region of the induced flsw on 
each fracture-toughness specimen to permit a more accurate 
analysis cf test data. 

In the test portion of the program, the explosively de¬ 
formed panels were cut into fracture-toughness specimens and 
compared with specimens of similar thicknesses from unde¬ 
formed parent material for evaluation of effects of explosive 
forming on the fracture-toughness characteristics of each 
material. Most of the undesirable variables that could af¬ 
fect the base-line parity of this comparative program were 
minimized by using one heat of material for all tests in a 
given thickness; duplicate heat-treatment sequences for both 
conditions; identical specimen design and processing; and 
standardized rates of specimen loaning (100,000 psi/min) 
during test. No attempt was nwide to duplicate the percent¬ 
age of biaxial stretch of the explosively deformed material 
with the parent control material because this value varied 
across the face of the formed panels and should be reflected 
in any significant shift in fracture toughness between it 
and the parent material. 

The specific type of fracture-toughness specimen se¬ 
lected was the surface-crack (part-through crack) specimen 
berause this type of flaw provided higher conditions of re- 
stjiint for thinner materials than other types of specimen 
flaw design. 

Specimen design limitations were developed from the 
Irwin expression for plane-strain fracture toughness. (See 
faction II 2.C.). 



All of the program specimens peirltted sufficient flaw 

depth with appropriate temperature selection for three of 

the l/n-inch steel materials. KThe lowering of test temper¬ 

ature to -HOT decreased the ^ value and consequently 

increased the effective plane-strain region in the midzone 
oí the specimens with smaller a required. 

cr 

Specimen gage widths permitted sufficient latitude in 

flaw shape while remaining within the limitations of - 

maximum for 2c, and ^ maximum for (a). 

For aluminum alloy specimens, surface cracks were in¬ 

duced in the test specimens by first grinding a small slot. 

This slot was notched further with a sharp razor cut and 

then fatigue propagated by flexural cycling (Figure 23). 

The average surface tensile stress during flexure was con¬ 

trolled below 30,000 psi to prevent plastic flow at the 
front of the advancing crack. 

For the steel alloy specimens, the surface cracks were 

induced by a combination of small arc burn (35 watt-second 

input, using a 1/16-inch-diameter ctrbon-steel electrode) 

*nd * ®^low «tarter notch approxíreitely O.OI5 inch deep 
by O.I50 inch wide. Tt* notch was a safety measure against 

propagation of multiple cracks from the arc-burn spot. 

A flexural-fatigue cycling fixture was constructed to 

be adaptable for all program specimens. The three-point 

oiMAÍn8*fÍXtUre* 8hown in riFure 231 was mounted on a BLH* 
SF10-U fatigue machine, which provided 30 cps loadinc fre¬ 
quency. 6 

To save time during the fatigue cycling, crack initi¬ 

ation was induced in some steel test specimens at an ele¬ 

vated flexural stress level slightly below 0.8 TYS. Be¬ 

cause some plastic flow could occur at the nose of the fa¬ 

tigue crack at high stress levels due to residual stresses 

in the explosively formed material, the initial flaws were 

further fatigue advanced at a stress level below 0.4 TYS 
until full flaw size was attained. 

The 7039-T62 aluminum alloy specimens needed no re- 

íení!f f*8* 8ectlon because they were designed with a 
idth-to-thickness ratio high enough to permit easy gripping 

•Baldwin-Lima-Harailtoa Corporation 
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with flat wedga grips in a 150,000-pound BLH ♦.«ting ma¬ 
chine. However, the 1/4-inch steel specxmens required re¬ 

duced gage areas for adequate gripping. The typical speci¬ 

men design for the 18# Ni maraging steel (1/4-inch) is 

shown in Figure 24, The specimen design for the 1/4-inch 

HP 9-4-25 steel, 125« Ni maraging steel, ui* the D6AC steel 
is shown in Figure 25. The 1/4-inch 18¾ Ni maraging steel 

material was difficult to grip with flat wedge grips alone; 

therefore, a combination pin and grip loading was used to 

conserve material from the limited sized flat-formed panels. 

Pin loading was used for the 3/4-inch 18# Ni maraging steel 

specimens. The aluminum alloy and 18$ Ni maraging steel 

specimens were tested at room temperature, while the remain¬ 

ing steel alloys were tested at -110*F. 

Instrumentation of the aluminum and 1/4-inch 18# Ni 

maraging steel specimens was accomplished by strain gages 

(1/4-inch length) bonded to the back surface of the fracture- 

toughness specimens directly in line with the induced flaw. 

At the onset of slow crack growth (pop-in) the gage showed 

a deviation from linearity on the street-strain plot of the 

test machine's autographic recorder. This deviation was 

usually a distinct jog in the strain axis. 

Another instrumentation technique was developed spe¬ 

cifically for detecting pop-in of 1/4-inch steel materials. 

A BLH TSM dual extensometer (with long arms) was fitted with 

offset arm ends to reduce the T-inch minimum gage length to 

1/4-inch. These arm e'ids used phonograph needles for point 

contact against the test specimens. Two email center-punch 

indentations were placed 1/4-inch apart, centered across the 

surface crack of the test specimens. These indentations 

formed receptacles for the needle tips of the extensometer 

anca. At 1000X strain magnification, the system described 

aerved the same function as the strain gage for detecting 

pop-in. However, the system was less costly than the strain 

gage system — only the needle tips were broken at specimen 

fracture. Replacement cost for the needles was approximately 
1¾ of the strain-gage cost. 

While testing the l/4_inch 1856 Ni maraging steel speci¬ 

mens, it became evident that visual observation of surface 

dimpling adjacent to the ^nds of the specimen flaw at pop- 

in correlated equally well with the instrumented strain¬ 

tracing techniques. This observation proved true for the 

12J6 Ni maraging steel specimens tested at -110#F. Because 
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no time was lost in hooking up instrumentation, the visual 

method was also better for the cold tests. An electrical- 

impulse signal switch actuated by the observer marked the 

pop-in point along the test machine load trace on an auto¬ 
graphic recorder. 

No instrumentation was necessary for the 1/4-inch 

D6AC steel specimens tested at -1100F nor for the 3/4-inch 

i.8% Ni managing steel specimens at room temperature, be¬ 
cause these fractures were complete plane-strain type fail¬ 

ures and no significant percentage of mixed-mode behavior 

was evident. Figure 26 shows a typical fracture surface 

for the 1/4-inch D6AC steel material. Specimen flaw dimen¬ 

sions were measured visually after fracture and KT values 

computed from the Irwin equation previously described. 

C02 (dry ice) powder was used as a dry cooling medium 

for the low-temperature tests to avoid the problem of wet¬ 

ting effects on crack advance behavior arising from the use 

liquid baths at -110°F for fracture-toughness teste. 

Parent metal tensile-test specimens were instrumented 

with extensometers at room temperature and strain gages at 

These baseline data from undeformed material for 

each alloy are presented in Tables VIII through XII. 

Two panels of ?039-T62 aluminum alloy were explosively 

formed in the 3/4-inch thickness, and one in the 1/2-inch 

thickness. Because of geometry limitations, all 3/4-inch 

longitudinal specimens were cut from one panel and all trans¬ 

verse from the other. Only transverse specimens were cut 

from the 1/2-inch panel for thickness comparison. Five 

specimens were machined in the longitudinal and six in the 

transverse grain orientation from parent 3/4-inch stock t* 

obtain a 0.62-inch nominal thicknsss. This allowed com¬ 

parison in similar widths to the specimens from the explo¬ 

sively formed panels. Two specimens were machined in the 

0.570-inch thickness range to match the longitudinal speci¬ 

mens from the 3/4-inch formed panel. Two longitudinal par¬ 

ent-metal specimens were left in the original panel thickl 

ness (0,744-inch) for effect-of-thickness study. Five 

longitudinal and six transverse specimens were machined 

from the 1/2-inch parent material to the 0.4l0-inch nominal 

thickness range to match the explosively formed panel. 
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TABU, VIII 

Undeformed 7039-T62 Aluminum Alloy Tensile Px-operties 

3/4-inch Nominal Thickness (Room Temperature) 

Grain 

orientation 

Specimen 

No. 

Thickness 
inch 

Width 
dnch' 

0„2* Offset 

yield strength 

ksi 

Ultimate 

tensile 

strength 
ksi 

% Elongation 

in two inches 

Longitudinal 

Transverse 

1 

2 

3 

Average 

1 

2 

3 

Average 

0.740 

0.740 

0.742 

0.720 

0.723 
0.721 

0.749 

0.751 

0.751 

0.740 

0.738 

0.736 

54.30 

53.99 

54.83 

54.37 

54.43 

53.75 

53.89 

54.02 

63.14 

63.16 

62.90 

63.07 

63.81 

62.69 
62.28 

62.93 

18.0 

18.0 

18.0 

x8.0 

16 0 

15.5 

15.5 

15.7 

TABLE IX 

Parent Tensile Properties for Undeformed 1/4»Inch 

Nominal Thickness 18$ Ni Managing Steel* (Room Temperature) 

Grain 

orientation 

Specimen 

No. Thickness 

inch 

Width 

inch 

0.2¾ Offset 

yield strength 

ksi 

Ultimate 

tensile 

strength 

ksi 

$ Elongation 

in two inches 

Longitudinal 

Transverse 

1 
2 

Average 

1 
2 

Average 

0.2640 

0.2641 

O.2628 
0.2631 

O.496 
O.498 

O.496 
O.496 

237.4 

239.6 

238.5 

237.4 

240.8 

239.1 

256.4 

257.0 

256.7 

255.8 

258.3 

257.1 

9.5 

9.5 

9.5 

9.5 

8.5 

9.0 

•Aged 3 hours @ 900°F 
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TABLE X 

Parent Tensile Properties for Undefonned l/4-Inch 
Nominal Thickness 12# Ni Managing Steel* (-UO°F) 

Grain 
orientation 

Specimen 
No. Thickness 

inch 
Width 
inch 

0.2# Offset 
yield strength 

ksi 

Ultimate 
tensile 
strength 

ksi 

% Elongation 
in two inches 

Longitudinal 

Transverse 

1 
2 
y 

Average 

1 
2 
3 

Average 

a 2740 
a 2750 
0.2723 

a 2758 
a 2728 
0.2761 

a 980 
a 4993 
0.5000 

a 4946 
0.4990 
0.4960 

205.86 
202.11 
207.04 

205.00 

203.45 
206.10 
210.01 

206.52 

209.52 
207.57 
211.09 

209.39 

206.38 
208.67 
214.02 

209.69 

10.0 
10.0 
10.0 

10.0 

9.5 
9.5 
9.5 

9.5 

•Aged 3 hours £ 900°? 

TABLE XI 

Parent Tensile Properties for Undeformed l/4-Inch 

Nominal Thickness HP 9-4 Steel* (-110oE) 

Grain 
orientation 

Specimen 
No. Thickness 

inch 
Width 
inch 

0.2# Offset 
yield strength 

ksi 

Ultimate 
tensile 
strength 

ksi 

# Elongation 
in two inches 

Long!tudinal 

Transverse 

1 
2 
3 

Average 

1 
2 
3 

Average 

0.2646 
0.2640 
0.2637 

0.2550 
0.2555 
0.2555 

0.5006 
0.5015 
0.5010 

0.4963 
0.4970 
0.4935 

I9O.I9 
191.84 
190.01 

190.68 

187.60 
186.61 
186.36 

186.86 

203.77 
200.76 
204.39 

202.97 

205.37 
204.72 
202.62 

204.24 

16.0 
14.0 
14.0 

14.8 

14.0 
13.0 
I3.O 

13.3 
* 

Heat treated with double temper according to program schedule 



TABLE HI 

Parent Tensile Properties for Undeforœd l/4-Inch 

Nominal Thickness d6AC Steel (-11C°F) 

Grain 
orientation 

Specimen 
No. Thickness 

inch 
Width 
inch 

0.2$ Offset 
yield strength 

ksi 

Ultimate 
tensile 
strength 

ksi 

$ Elongation 
in two inches 

Longitudinal 

Trar. averse 

1 
2 
3 

Average 

1 
2 
3 

Average 

&2570 
0.2559 
0.25^3 

0.2573 
0.2571 
0.2551 

0.4992 
0.5000 
0.4995 

0.5012 
0.^996 
0.5014 

206.94 
206.25 
209.45 

207.55 

207.75 
205.61 
204.85 

206.07 

222.14 
219.53 
221.85 

221.17 

222.48 
218.07 
222.05 

220.87 

13.0 
13.0 
14.0 

13.3 

11.0 
11.5 
14.0 

12.2 
* 
Heat treated according to program schedule 
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Analysis of the 7039-T62 data from Tables XIII through 

XVI shows a comparatively wide variation in K_ values. 
ic 

From these data the conclusions are: no distinct trend in 

behavior due to explosive forming is evident; no interaction 

effects between flaw orientation and percentage of forming 

strain in the explosively formed material exist to a sig¬ 

nificant degree; and the effects of thickness on the K_ 
Ic 

values of the parent material are greater than the corres¬ 

ponding effects in the explosively formed material. 

The general lowering of Kjc values with decreasing ma¬ 

terial thickness is characteristic of geometry dependence 

below the minimum thickness for which K_ is a true mate- 
Ic 

rials property. 

The 1/4-inch 18% Ni data were examined for a statis¬ 

tical comparison of explosive forming effects on K_ values 
Ic 

(Tables XVII through XVIII). A two-way analysis of vari¬ 

ance was performed on a selected portion of the program 

data. This analysis is based on a null-hypothesis approach, 
using a fixed-effects model.(22) 

Selection of samples for the analysis was made from 
the following considerations: 

1) The transverse orientation is of the greatest 

concern for the program, and; 

2) Data from specimens with the most valid flaw 

geometry should yield the best comparisons. 

Follrwing this guide, three specimens from each explo¬ 

sively formed panel and six parent-metal specimens were 

compared. The model is shown in Table XIX with K_ values 
Ic 

coded to an arbitrary origin of 100. 

Conclusions cf the analysis of variance are: 

1) At the 0.05 level of significance, the dif¬ 

ference in data between explosively formed 

and parent material is marginal; no signifi¬ 

cant difference between samples and their 

interactions is indicated; 
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TABLE XIX 

Two-Way Analysis of Variance for l8$ Ni 
Managing Steel Fracture-Toughness Values 

Panel Al 

Panel A2 

Explosively 
formed 

Parent 
Material 

1 

IT 10.7 

2T 4.0 

4T 6.8 

21.5 

Tl 5.6 

T2 1.1 

T4 0.1 

-4.4 

1 
j 
1 

17.: 

X 

2.85 

IT 5.5 

2T 9.5 

3T 3.6 

18.6 

T5 5.1 

T6 9.6 

T7 0.3 

15.0 33.6 5.6 

40.1 10.6 50.7 

X 6.7 1.77 

Hypothesis: No sig¬ 
nificant difference Squares 

Degrees 
of 

freedom 
Mean 
square 

F 
Patio 

F 
0.05 

F 
0.01 

(A) Between samples 22 1 22 1.6 5.32 
Accept Accept 

(B) Between parent & 
Explosively formed 

72 1 72 5.24 5.32 
Marginal Reject 

(C) A X B 41.8 1 41.8^ 3.2 Accept Accept 
Error IO9.91 _JLJ 13.73 
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2) At th» 0.1 lerei of eignficanee, a difference 

in data between explosively formed and parent 

material is indicated, but none is indicated 

between samples and their interactions. 

The particular level of tignificance used to evaluate 
the analysis of data is left to the choice of the examiner 

for a specific application. As a matter of laboratory engi¬ 

neering practice, the level chosen for this comparison was 

with F « 0.05 as maximum. With this criterion, no conclu¬ 

sive difference is seen to exist between explosively formed 
and parent-metal KT values. 

1C 

As in the previous case, no interaction effects be¬ 

tween specimen flaw orientation and the biaxial strain var¬ 

iations from the explosively formed photo-gridded panels 

exist to a significant degree. 

Analysis of data for the 1/4-inch D6AC steel. Tables 

XX and XXI, leads to conclusions similar to those for the 

18# Ni maraging steel-that is, no effects of explosive 

forming are evident in the fracture-toughness properties 

for the material. Although the fracture-toughness values 

for the 12# Ni managing steel and HP 9-4 steel at -110*F 

were consistent, dry-ice temperature proved to be an unfor¬ 

tunate choice for the D6AC steel. The K_ values obtained 
16 

were from a temperature region where rapid changes in frac¬ 

ture behavior occur for relatively small temperature changes. 

Consequently, the D6AC data show more variation than would 

have been evident at a higher temperature such as -60°F. 

Analysis of the HP 9-4 steel fracture-toughness data. 

Tables XXII and XXIII, shows no effects of explosive form¬ 

ing on the Kic values of the material. Effects of specimen- 

flav orientation in relation to biaxial-forming strain var¬ 

iations are not shown to exist to a level of engineering 
significance. 

The data for the 1/4-inch 12# Ni maraging steel are 

shown in Tables XXIV and XXV. The analysis for this .mate¬ 

rial produced no obvious explosively formed property effects 

on the Klc /alues or biaxial strain/flaw orientation effects. 

This material retained an unusually high degree of fracture- 

toughness behavior at -110#F and caused extreme difficulty 

in fatigue cracking the induced flaws. 
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The 3A-inch 18# Ni oaraging steel data are shown in 
Tables XXVI and XXVII. No significant effects of explosive 
forming on Kjc properties are shown by analysis of the data. 

Cooplete comparison of flaw orientation with respect to bi¬ 
axial strain was not possible for this material because the 
grid markinge in one direction were impossible to record af¬ 
ter the forming process. As expected, the 3/4-inch material 
exhibited the most consistent fracture toughness behavior of 
all the program materials. 

The general summation that must be made from review of 
all the program data is that the effects of thermal treat¬ 
ment after forming, specimen geometry, and normal testing 
variation have combined effects equal to or greater than 
possible shifts in plane-strain fracture-toughness behavior 
due to explosive forming of the program materials. 

2. THEORETICAL ANALYSIS 

Typical measured strains and contour shapes for five blanks 
are discussed as the basis for process predictability. Theoreti¬ 
cal results have been computed from a numerical analysis of the 
response of a flat, circular blank to an impulsive load. This 
analysis is outlined in Part IV of the First Annual Report of the 
Center for High Energy Forming.* 

There are empirical relations available in the literature 
that predict the specific impulse of explosive charges as a func¬ 
tion of charge weight and distance from the charge. When the im- 
P**!®* derived from these formulae is used as input data in the 
computer program, the draw depth predicted by theory is always 
higher than the measured value by a few percent up to 35 percent. 
Although there are possible explanations for this discrepancy, 
this question will not be considered here. 

The procedure adopted to compute the results in this report 
was to adjust the impulse used as input for the computer program 
u^til the computed draw depth at the apex was in close agreement 
with the measured value on the deformed part. Once the computed 
and measured draw depths agree, it is found that theory and ex¬ 
periment are in relatively good agreement for the deflected shape 
and for radial and circumferential strains. 

Results are plotted in Figures 27 through 31 for five speci¬ 
mens. Physical parameters associated with each shot are listed 

•Contract DA-19-066-AMC(266)X under the sponsorship of the Advanced 
Research Projects Agency, Washington, D.C. 
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Figure 28 Experimental vs Theo -etical Strain and Contour Data, Specimen 2 
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Figure 30 Experimental vs Theoretical Strain and Contour Data, Specimen 4 
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Figure 31 Experimental vs Tneoretical Strain and Contour Data, Specimen 5 
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in Table XXVIII. The lower curves in each figure show the de¬ 

flected shape of the blank drawn to scale. The upper curves rep¬ 

resent the strain distribution. The computed circumferential 

strains £ agree better with experiment than the radial strain 
c 

Part of this is because the circumferential strain is directly re¬ 

lated to the radial displacement, u, and the measured value of u 

at r * a is used as a boundary condition in the program. The 

boundary condition brings the circumferential strains into good 

agreement near the edge. The measured strains increase notice¬ 

ably near the apex of the shell, r = 0, while the computed values 

do not reflect this. It has been observed before that this ef¬ 

fect is noticeable when the stand-off distance, L, from the charge 

to the blank is comparatively short. Possibly the theory would 

show this trend also if the membrane theory used in the analysis 

were replaced with a bending theory. The poorest agreement on 

any specimen for the deflected shape is for No. 5» which also has 

the largest draw depth. This suggests using large finite-deflec¬ 

tion theory, rather than the simpler finite-deflection theory. 

In summary, the computer program at this time cannot predict 

on a rational basis the charge requirements to produce a given 

draw depth. However, when the desired draw depth is know.i, the 

program can calculate the strains that will be in the formed part. 

If the computed strains fall belcw the maximum strains measured 

in static tests of the material, it can be concluded that the 

part can be made without a tearing failure in the material. 

3. EXPLOSIVE FORMING 

A major share of the technical effort was spent in develop¬ 

ing formability limits for the five alloys and establishing re¬ 

lationships between explosive charge and metal draw depth. These 

relationships were derived from shots in six-inch-diameter dies 

using material thicknesses ranging from 0.020-inch to 0.125-inch. 

A 24-inch-diameter die was used for all of the alloys to verify 

subscale results. For the 7039 aluminum, a full-scale verifi¬ 

cation test of subscale results used an existing 120-inch-diameter 

free-forming tool. The following sections describe the experi¬ 

ments conducted and the results obtained in each case. Each alloy 

is discussed separately and the results are summarized at the end 

of the section. 

a. 7039 Aluminum 
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TABLE XXVm 

Summary of Data Used in 
Theoretical Prediction of Response 

Specimen 

1 2 3 4 5 

Charge, grains 46.6 53.0 169 148 148 

Type explosive TNT TNT TNT pm PEN 

1 Stand-off (L), inches 1.16 1.16 2.16 2.16 2.16 

Die diameter ,_ a * --- , inches 3.0 3.0 6.5 6.5 6.5 

Impulse (lb-sec) 1.5 2.71 12.11 11.66 11.66 

Initial velocity at 
center of blank 

(ft/sec) 
1232 1340 829 732 732 

Original blank diameter, inches 9.55 9.55 18.94 18.90 17.95 

Final blank diameter, inches 8.93 9.14 16.80 16.80 15.38 

Nominal thickness, inches 0.050 0.050 0.09 0.098 0.098 

Material 2014-0 2014-0 7039-0 2014-0 2014-0 

Total draw depth, inches 1.82 2.10 4.08 4.48 4.8O 

Tvn T horizontal, inches 
Pull-In tAA') TCrtloal) ;„ches 

0.375 
0.120 

0.335 
0.160 

0.600 
1.04 

0.610 
1.470 

O.75O 
1.730 
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(1) Foraability Linits 

The 7039 aluminum alloy is reported to be a highly 
formable material by the manufacturer. This claim was 
yerified during the development of formability limit 
curves. Using unlubricated blanks, it was not possible 
to deep draw the 7039-0 aluminum into a hemisphere in 
one forming operation. However, draw-depth ratios up to 
0.375 can be obtained in one operation from metal 
thicknesses ranging from 0.032 to 0.125-inch. Figure 32 
shows the formability limit curve for 7039 aluminum using 
a ratio of blank diameter to die opening diameter of I.58 
(B/D = I.58). A similar curve for a B/D * 1.4 is pre¬ 
sented in Figure 35. Because existing tooling was being 
used to verify subscale forming data, it was necessary to 
develop formability limit curves for two sizes of blanks: 
one to be used for draw-depth ratios (W/D) to 0.400 and 
the second for use in forming parts to draw-depth ratios 
up to 0.600. 

Phere was little tendency for the alloy to buckle 
at any thickness. This resistance to buckling was attri¬ 
buted primarily to the very high stiffness of the forming 
die used. Even with very little clamping force around 
the blank periphery, flange buckling was nonexistent. In 
fact, reduction in hold-down ring thickness from 1½ inches 
to 1/4 inch was possible before blank wrinkling became a 
significant problem. Blank failures were usually tensile 
tearing at the apex of the formed piece or shearing at 
the die draw radius. Figure 34 shows the former type of 
failure. Notice the lack of pull-in. When excessive 
charges were used, there was little or no movement of the 
metal under the clamping ring. Another type of failure 
that results mainly from a blank of insufficient diameter 
for the draw depth desired is shown in Figure 35. There 
is obviously a lower limit for the size of blank used to 
fora a given deep drawn part. For parts no deeper than 
a W/D ■ 0.400, a B/D * I.36 to 1.4 is the minimum size to 
consider. Smaller blanks either pull unevenly because of 
inherent instability or become swallowed by the die to 
produce a part of insufficient size to be trimmed. On 
the other hand, parts of hemispherical depth or greater 
(W/D = 0.5 to 0.6) can be successfully formed using B/D = 
1.5 to 1.6. The particular blank size chosen depends on 
the amount of cupping or stretching achieved during ex¬ 
plosive forming. If the blank becomes too large, i.e., 
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B/D > 1.6, tût stretching mod*, of deforaation becomes 
predominant and tensile tearing or peripheral shearing 

occurs. Apex and radial strains can be effectively con¬ 

trolled by reducing the explosive charge and increasing 

the number of forming steps, lubricating the die draw 

radius, reducing the clamping pressure, or combinations 

of these techniques. All data for formability limits 

for this alloy and the steel compositions were developed 

using unlubricated blanks. 

(2) Explosive Charge Estimation 

The charge required to reach a given draw depth and 

the charge necessary to reach a given draw depth to a 

specified contour are not necessarily the same. Thus, 

it is important to establish the maximum charge required 

to produce full-contour parts for use in a standard manu¬ 

facturing operation. Three different thicknesses of the 

alloy were formed using dies of different depths. The 

mmHmu« charge necessary to form each material in the four 

different dies was established by experiment. Typical 

samples formed are shown in Figure 36. It should be noted 

that blanks formed in the hemispherical die cavity are not 

shown. However, draw depths achieved were greater than 

V/D = 0.3. The points circled in Figure 37 indicate the 

draw depths obtained by essentially free-forming parts in 

the hemispherical die cavity. It was not possible to form 

full hemispheres in one forming operationjrfithout lubri¬ 

cation of the blank. When lubricated, the 7039-0 alumi¬ 

num could be fully formed in one operation. However, the 

large charge needed could not be scaled to full-scale re¬ 

quirements (136-inch diameter) within the abilities of 

existing facilities in the country. Optimum forming se¬ 

quences must be developed to arrive at charge sizes more 

appropriate for available facilities. Optimization of 

the forming sequence was beyend the scope of the present 

contract. 

(3) Verification of Subscale Forming Data 

The 7C39-Ö aluminum was the only alloy that was 

formed in dies to 120 inches in diameter. Because of 

the need to use existing tooling for the full-scale veri- 

ficaticnv exact scaling conditions could not be repro¬ 

duced for all die sizes. However, the variations in 

parameters that were present were subsequently found to 
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be of little significance for the deep drawing of alumi¬ 

num. ámale XXIX presents data used in the scaling veri¬ 

fication experiments. It should be noted that the die 

details for the six-inch-diameter tool were not directly 

scalable to the larger sizes. Because both the high- 

utrength steels and aluminum alloys were being studied 

on the same tooling, it was necessary to construct the 

six-inch die of sufficient stiffness to prevent flange 

wrinkling of the steels during explosive forming. This 

provided significantly more stiffness tnan required to 

prevent wrinkling of the aluminum alloy. The die stiff¬ 

ness has little influence on the depth of draw, part 

contour or pull-in achieved during forming. Lack of 

similitude with respect to hold-down ring thickness and 

clamp mass, therefore, was not instrumental in signifi¬ 

cantly modifying blank response to deformation. 

Even though the six-inch and 24-inch die experiments 

involved different die conditions, the excellent seal- 

ability of data can be seen by comparing blanks B and C. 

Predicted draw depth and pull-in were 7.72 inches ard 

29.60 inches, respectively. Actual values obtained were 

7.75 inches and 29.32 inches, or less than a 1JÉ error. 

The good agreement resulted even though a calculated ad¬ 

justment in charge weight was required because of thick¬ 

ness differences. To permit scaling to the 120-inch di¬ 

ameter die, a minimum blank thickness of 0.130-inch 

could be used for the 24-inch-diameter die. Thus, the 

use of 0.0375-inch material was required for the six- 
inch die but was unavailable from the producer. 

It should be noted that a number of experiments were 

conducted in the 24-inch scale die that were not in di¬ 

rect scale to either the six-inch-diameter die or the 

120-inch-diameter die. This was a result of the require¬ 

ment for a change in explosive for the full-scale experi¬ 

ments. All of the subscale work on the six-inch die wus 

accomplished by pressed !BIT charges. When Picatinny 

Arsenal was requested to produce full-scale charges 

(25 pounds) it was discovered that recrystallized TNT 

necessary for pressing the charges was unavailable. Sub¬ 

sequent inquiries of Nav/, Air Force, and Army sources 

substantiated the unavailability on a national basis. 

Bocause of the problems with explosive, it was de¬ 

cided to use a TNT derivative, 50/50 Pentolite. Thus, 
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caat chargea were nade at Martin Marietta for adjustment 

ahota on the 24-inch die to permit the fabrication of 

properly aized full-acale charlea. Experimenta D, E, Q, 

and H were uaed to properly adjuat charge weight. Baaed 

on the results of the one-fifth-acale testa, the 25- 

pound chargea were made by Picatinny Arsenal. Compari¬ 

son of experimenta H and J shows the results. Actual 

draw depth and prec'icted draw depth agreed to within 3XJÉ. 

However, blank pull-in values were quite diverse. Due 

to problems with the clamping and sealing arrangement on 

experiment J, the blank pulled completely into the die 

cavity. An analysis of results clearly showed the prob¬ 

lem areas, and experiments verified the analysis. Test I 

was then conducted to produce, as accurately as possible, 

direct scalability to the full-scale die using conditions 

adjusted from an analysis of the first full-scale-part 

results. The full-scale charge was ground under water 

to reduce its weight to 24 pounds as suggested by Test I. 

Subsequent forming produced very acceptable results, al¬ 

though blank instability caused by uneven draw on one 

segment of the part was still evident. Blank pull-in 

agreed with predicted values within 2}&, while draw- 

depth agreement was within J/&. Figure 38 shows a one- 

fifth scale and full-scale part after forming. The 

slight waves in the large part are due to the blank mak¬ 

ing contact with rib stiffeners in the free-forming tool. 

This did not detract from the demonstration of scading. 

One serious discrepancy between the 24-inch and 120- 

inch dies was the use of an O-ring groove and rubber 0- 

ring on tbs 24-inch die, and the use of a rubber gasket 

on the full-scale die. This method of sealing the large 

die was found to contribute significantly to blank move¬ 

ment. Because the gasket was bonded to the draw ring, 

the blank sat on the gasket and, even with very high 

clamping pressure, did not contact the draw ring except 

in an area near the entrant radius to the die. Thus, 

when the explosive force was applied, the blank slid 

freely into the die cavity because of the lack of fric¬ 

tional restraint around the blank periphery. 

In the free forming of full-scale parts under this 

contract, blank instability ms a serious problem. The 

situation was coaplicated by the use of as-rolled blanks 

with insufficient control of waviness. With saall diam¬ 

eter blanks, i.e., B/D 4 1.40, the tendency toward un¬ 

even pull-in is high. When a saall blank is formed in a 
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die with a aachined cavity, some stability is gained as 

the blank contacts the die wall during deformation. In 

addition, the contact of the blank apex before die fill¬ 

ing also acts to stabilize the blank. In free forming, 

these methods of stabilizing the blank are not possible. 

Therefore, stability can only be gained by frictional 

restraint created by contact of the blank with the draw 

ring and hold-down ring. On the first full-scale shot, 

the sealing gasket prev<"”ted intimate contact of blank 

and die surfaces. Maximum frictional restraint was pro¬ 

vided on the second shot by sealing the die at the blank 

periphery and increasing the clamping force. Even with 

these optimized conditions for free forming, the waviness 

of the blank prevented uniform blank restraint over a 

small section of the die periphery and the blast wave 

from the explosion caused one of the clamping rir;* seg¬ 

ments to move outward, thus relieving the restraining 

force on the blank. The blank thus pulled in tr> the die 
entrant radius over a four-foot section, causing uneven 

pull-in. This partial release of pressure on th¿ blank 

accounts for the deviation in final blank diameter from 

predicted values. Figures 39 through 41 show the se¬ 

quence of operations leading to the formed p:<.ece. 

In spite of the experimental problems encountered 

as a resu.' t of tooling variations, it is felt that scal¬ 

ing of forming results has been sufficiently demonstrated. 

t. HP 9-4-25 Steel 

(1) Formability Limits 

The high-strength HP 9-4-25 alloy showed excellent 

formability, and draw-depth ratios over 0.450 were a- 

chieved with one forming operation. For 0.022-inch- 

thick material, draw-depth ratios of 0.425 could be 

reached without tensile fracture. However, when draw- 

depth ratios of 0.325 and greater were reached, severe 

buckling became evident. These buckles would render the 

part useless, but the impressive drawability of the al¬ 

loy in such thin section was noteworthy. After forming, 

elongations were measured along the curved surface of 

the part usinj pregridded material. In two inches of 

measured length over the part, apex elongations up to 

were recorded. This compares with 12.9£ elon¬ 

gation in two inches obtained from uniaxial test speci¬ 
mens. 
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Material 0.0j4 inch thick buckled when a draw- 
depth ratio of 0.400 was reached. As the part was 
drawn deeper, the buckles disappeared and usable parts 
were obtained. The elimination of buckling was undoubt¬ 
edly due to high tensile stretching of the blank as fail¬ 
ures occurred above a draw-depth ratio of 0.425, not 
appreciably above the point at which buckling was first 
observed. 

Stock 0.043 inch thick could be formed without con¬ 
cern for buckling at any draw depth. However, problems 
with uneven blank pull-in were encountered when draw- 
depth ratios greater than 0.430 were reached. The un¬ 
even pull-in may account for the deep draws obtained with 
this thickness metal. It was interesting to note that 
for blanks chemically cleaned before forming, as part of 
preparation for photogridding, fracture occurred at draw- 
depth ratios greater than 0.400. The data suggest that 
care must be taken in cleaning because embrittlement may 
result from hydrogen pickup from solutions used for sur¬ 
face treatment. 

Figure 4.? shows the formability limit curve devel¬ 
oped for the BP 9-4-25 alloy using unlubricated blanks. 

(2) Explosive Charge Estimation 

Controlled forming experiments were conducted on 
three separate dies of different draw depth to establish 
the minimum charge required to deform blanks to full die 
contour. Figure 43 shows deformed material after charge 
evaluation. The wrinkling tendency of the 0.022-inch- 
thick material for the deeper draws is shown on the right 
side of the photograph. The photo-grid used to record 
specimen strain after deformation can be clearly seen on 
each specimen. The results of the charge estimation ex¬ 
periments are shown in Figure 44. Rather good agreement 
exists for data obtained from different thicknesses of 
material. The data adhere well to a straight line for a 
variety of charge sizes and metal draw depths. The 
greatest scatter occurs for shallow draw depths, i.e., 
V/D 0.2. The variation in data, which was noticed for 
all of the materials in the program, is undoubtedly a 
result of metal springback. The high elastic properties 
of high-strength materials prevent large blank defor¬ 
mation at shallow draw depths, and thus, large variations 

97 



98 

F
i
g
u
r
«
 
4
2
 

H
P
9
-
4
-
2
5
 
S
t
e
e
l
 
F
o
n
n
a
b
i
l
i
t
y
 
L
i
m
i
t
 
C
u
r
v
e
 

(
B
/
D
 
-
 
1
.
5
8
)
 



\ 4
*

/ . I,. , -1
V ■ V ■■■ n '

,r‘





in explosive charge can result in identical draw depth. 

Even though one might expect greater elastic rebound of 

the blank from the die surface with higher explosive 

charges, deflection of the die can negate the effect of 

rebound and produce the same final part contour. 

(3) Verification of Subscale Forming Experiments 

To demonstrate the validity of data produced on the 

six-inch forming dies, experiments were conducted ol *. 
24-inch-diamete.* die using material of appropriate thick¬ 

ness and yield strength. The Martin Marietta 24-inch- 

diameter Meehanite die was net adequate for the neces¬ 

sary forming studies. Therefore, the Phase III die was 

used. This die was designed with sufficient stiffness 

to prevent flange buckling of the high-strength steel 

sheet. The buckling of blanks during deformation must 

be prevented because either the buckles will progress 

into the die cavity as the blank is formed deeper or 

predicted draw depth will :iot be achieved. 

The results of scaling verification tests are pre¬ 
sented in Table XXX. 

The excellent scaling results can be seen by com¬ 

paring the first two experiments. The average variation 

in blank pull-in and draw depth from predicted values 

was about 0.4# and 1.5#, respectively. The last two ex¬ 

periments were essentially unsealed with respect to 

blank thickness because the charges used were based on 

subscale thicknesses of 0.0^0 inch. Tolerance variation 

was as much as 0.006 inch, which resulted in a variation 
of 0.024 inch on the full scale. Thus, the much deeper 

draw evident for the 24-inch-diameter experiments was a 

result of overshooting based on a blank thickness less 

than subscale tests showed necessary. Because there was 

a 12-to-l6-week schedule for material delivery from the 

producer, it was necessary to order material early to 

meet program schedules. The requested thicknesses for 

the 24-inch die tests were not jompletely as specified, 

thus giving a deviation from required thicknesses that 

could not be controlled. Previous experience with ad¬ 

justment of charges based on variations in thickness 

was used with highly satisfactory results as shown in 
Table XXX. 
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c. D6AC Steel 

(1) Foraability Limits 

Figure 45 is the fomability limit curve for the 

D6AC a^loy steel she(»t. 41 is possible to obtain draw- 

depth ratios of more than 0.450 with the alloy in one 

forming operati «1 using unlubricated blanks. This is 

comparable to tie excellent formability achieved with 

the HP 9-4-25 alloy. The buckling resistance of the ma¬ 

terial is good at any thickness above 0.020 inch. For 

a given draw depth the charge requirements are somewhat 

lower than for the 18# nickel managing steel but com¬ 

parable to those needed to deep draw HP 9-4-25 and l2Ni- 

5Cr-3Mo. Figure 46 shows typical D6AC parts formed from 

O.O32- and 0.040-inch-thick stock. The absence of flange 

wrinkles and excellent part surface is noteworthy. 

(2) Estimation of Explosive Charge 

Figure 47 is ‘rhe charge estimation curve for the 

D6AC alloy. There was considerable scatter at boti the 

low and high ends of the curve. The variations in data 

points at the low end of the curve have been explained 

previously. No logical explanation can be presented for 

the scatter in values for large draw-depth ratios. 

Charges selected from the estimation curves for scaling 

verification experiments were found to be very accurate 

as described in the next section. The general relation- 

ship, which reveals that explosive charge scales as the 

cube of the scale factor, is accurate. The scatter in 

charge-estimation curve data for different D/t ratios is 

a measure of the accuracy of interpolating charge weights 
based on blank volume. 

(3) Verification of Subscsle Forming Data 

The results of verification experiments were satis¬ 

factory. Table XXXI summarizes the data for the six- 

and 24-inch-diameter forming tests. The data showed 

more variation from predicted values than HP 9-4-25 

steel. Comparing the first and third experiments, one 

can see that the percent variation for blank pull-in 

and draw depth is 4¾ and 14.5#, respectively. In gen¬ 

eral, the material for the 24-inch die tests was thicker 

than required and therefore predicted charges caused un¬ 

derforming of the parts. The second and fourth tests 
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wer« used to establish charge sise based on thickness 

differences and yield-strength variations. Buckling and 

uneven draw resulted in aeaningless values for final 

blank dianeter and draw depth for the fourth experiment. 

It started to become evident at this stage of the scal¬ 

ing verification program that the Phase III die was not 

retaining the clamping stiffness available during the 

early experiments. Weld cracks around the shim pads 

and channel stiffener members permitted flange wrinkling 

to become unsatisfactory. The die was reworked to per¬ 

mit subsequent forming. 

d. l2Ni-5Cr-3Mo Managing Steel 

(1) Formability Limits 

The 12Ni-5Cr-3Mo managing steel had to be repro¬ 

cessed to permit satisfactory deep drawing (See Section 

la). Even with correct thermal treatment, the alloy 

is not as forraable as the 7039, HP 9-4-25, or D6AC ma¬ 

terials. The lower formability is particularly notice¬ 

able in the thinner gages, as shown in Figure 48. How¬ 

ever, the restricted drawing possible with these blanks 

can be attributed to the poorer quality of material. 

Because the 12Ni-5Cr-3Mo alloy is not generally produced 

in thicknesses less than about 0.063 inch, and because 

hand mills were used to roll the original billets, sur¬ 

face and property values were not as closely controlled 

as production mill output. Some difficulties were ex¬ 

perienced with sheet warpage because sealing of the 

blank to permit evacuation of the die cavity requires a 

relatively flat blank. Adequate clamping force could be 

applied to the blank before final torque selection to 

permit die-cavity sealing, therefore, no further prob¬ 

lems were encountered. As indicated in Figure 48, the 

12Ni-5Cr-3Mo alloy could not be formed in one operation 

to full hemispherical depth. However, full hemispheres 

were produced using a two-shot forming sequence. Fig¬ 

ure 49 shows a hemisphere of 12Ni-5Cr-3Mo together with 

hemispheres from the other steel alloys in the program. 

It should be explained that, although all of the steels 

under study could be formed into full hemispheres using 

a two-shot forming sequence, the large explosive charges 

required would result in extremely large charges on the 

full scale, which would exceed the capacity of the largest 

existing facilities in the United States. For example, 
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the first forming shot for the 12Ni-5Cr-3Mo 0.063-inch- 

thick alloy on the six-inch die required 400 grains. 

This would scale to 1003 pounds to permit the forming 

of 0.975-inch-thick plate on a 156-inch diameter. Eren 

though there is a large charge requirement one can still 

accomplish the forming by using barges or shipyard fa¬ 

cilities and conduct the forming in the ocean. However, 

another more practical approach is to break up the charge 

into several smaller charges to permit the forming of 

hemispherical parts in 5 to 10 operations or less. Ibis 

method was tried on the HP 9-4-25 alloy using charges 

that would be more reasonable for existing facilities. 

A three-shot sequence using 100-grain charges (scalable 

to 250 pounds) produced a full hemisphere. More work is 

necessary to optimise the forming sequence to permit the 

use of charges of less than 100 pounds for full-scale 

part fabrication. It is our opinion that a 6- to 8-shot 

forming sequence can be developed for any of the steels 

being studied, which will permit the full-scale forming 

of parts using charges of 50 to 75 pounds. 

(2) Estimation of Explosive Charge 

Tht relation of metal draw depth to explosive charge 

for tne 12Ni-5Cr-5Mo maraging steel is shown in Figure 50. 

However, the data scatter is less than for the materials 

previously discussed. In general, the charges required 

to produce a given draw depth are similar to those re¬ 

quired for the HP 9-4-25 and D6AC. 

The accuracy of charges usevl for scaling verifi¬ 

cation tests selected from the charge-estimation curves 

can be seen by studying the results outlined in the 

next section. 

(3) Scaling Verification Experiments 

Table XXXII presents the results of scaling veri¬ 

fication experiments for the 12Ni-5Cr-3Mo alloy. The 

predictions for blank pull-in and draw depth were quite 

good. Variations of experimental from predicted values 

of 4 to 6# and 4 to 7#, respectively, were found. The 

material was quite formable in the 0.160-inch thickness. 

In fact, the ductility was noticeably improved for the 

thicker blanks over those used in subscale experiments. 
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e. 18¾ Nlclcel Maraging Steel 

(1) Formability Limits 

The formability of the air-oelted 18¾ nickel mar- 
eging steel was less than any of the other steels. In 
addition, the charge requirement was greatest for the 
alloy to produce specific draw depths when compared with 
the other materials. Because research under a previous¬ 
ly funded Martin Marietta program had shown good forming 
characteristics for air-melted stock, th<* bulk of sub- 
scale testing used that material. Howe'er, to permit a 
comparison between air-melted and vac urn-melted sheet, 
0.063-inch material that had been v'.cuum melted was ob¬ 
tained from Republic Steel. Unfortunately the quality 
of surface on ' .ie vacuum-melted material was very poor, 
which resulte in premature failures during forming. 
Figure 51 shows a cold-formed part that has a crack ex¬ 
tending fre .1 the flange area ir tc the drawn area of the 
part. These cracks were a result of severe surface stri¬ 
ations in the rolled material caused by improper proces¬ 
sing at the mill. The striations were built-in stress 
risers that contributed to part failure before appreci¬ 
able deep drawing had occurred. Figure 52 is the form- 
ability limit curve for the 18¾ nickel maraging steel. 
Notice that the vacuum-melted material had much less 
formability than the air-melted stock. It was later 
found that the vacuum-melted sheet we had obtained from 
Republic Steel was a rejected lot shipped to Martin 

- Marietta by mistake. 

Even though most of the formability data were gen¬ 
erated using air-melted material, the large charge re¬ 
quirements and more restricted formability suggested 
that much could be gained if material used in subsequent 
forming was produced from properly processed vacuum- 
melted material. In addition, the striking resistsnee 
of vacuum-melted material to stress corrosion compared 
to the air-melted sheet substantiated the need for the 
vacuum processed metal. It should be noted that blank 
material used on the 24-inch-diameter die was vacuum 
melted and had excellent surface condition and proper¬ 
ties. Formability achieved was much superior to the 
previous material used on the small dies. 
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(2) Eatimation of Explosiv« Charges 

Charge-estimation data obtained from a measure of 
■etal draw depth were quite accurate and plotted points 
adhered well to the curve shown in Figure 53. As men¬ 
tioned previously, the charge requirements for defor¬ 
mation of the 10¾ nickel managing steel were higher than 
for eny of the other steels. It has been found from 
previous work with this alloy that the use of slower ex¬ 
plosives enhances the formability. For example, if 
loose pentaerythrital tetranitrate (PETN) is used for 
forming, it is very difficult to restrict the metal 
strain to values below those required for fracture. 
However, the use of dynamite allows much deeper draws 
with lower total strainin this program TNT, which 
has a detonation velocity intermediate to the other two 
explosives, was used. It is possible that TNT is still 
faster than the threshold velocity below which better 
metal formability exists, because restricted drawing was 
observed. Insufficient time and money in the program 
precluded establishment of tha optimum explosive for use 
with the 18£ nickel managing steel. 

(3) Scaling Verification Experiments 

Espirical results were obtained on a 24-inch-diam- 
eter hemispherical die based on conditions established 
using a six-inch-diameter model die. The data were quite 
consistent anu results from the subscale tests could be 
reproduced on the 24-inch size with very good accuracy. 
Table XXXIII summarizes the results. It can be seen that 
blank pull-in was reproduced within Jf&% while the pre¬ 
dicted d.vaw depth varied by « like amount. The first 
two experiments listed in the table were directly scaled 
based on the use of an explosive charge of 124.5 grains 
on the six-inch-dlameter scale. Repeatability was ex¬ 
cellent. When larger charges are used, as shown by the 
third test, the variations from predicted results were 
somewhat greater. Blank pull-in was about 9.8^ more 
than expected, while the draw depth obtained exceeded 
predicted values by 7JÉ. The deeper draws achieved on 
the 24-inch die were unexpected because the thickness 
of material needed on the six-inch die required thinner 
blanks for the larger size. However, there were vari¬ 
ations in mechanical properties between thin-gage end 
thicker parts, as smtioned previously. The material 
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used on the largar dia had a lower yield strength and 

higher elongation than the thin blanks; therefore, ex¬ 

plosive forming would tend to give larger draw depths 

and greater blank pull-in. The yield-strength effect 

appears to affect the charge requirement to a greater 

extent than the change in thickness. Accurate control 

of both thickneso and blank yield strength for both the 

*iX“inch ^d ¿4-inch sizes would permit exact dupJica- 
tion of results, everything else being equal. 

In summary, HP 9-4-25 was the most formable of any of the 

alloys studied, while the air-melted 18# nickel maraging steel 
had the least formability. Ihe D6aC steel had by far the best 
formability at high diameter-to-thickness ratios with attendant 

high resistance to buckling. Thus, at D/t > I30, D6AC is recom¬ 
mended for deep drawing, while below this value HP 9-4-25 is su¬ 

perior. Strength advantage is gained using the D6AC alloy. 
Both alloys exhibit high fracture toughness and therefore the 

choice of either alloy for structural use depends largely on the 

conditions encountered. Figure 54 summarizes the form- 
ability limits for the several alloys investigated. 

With respect to the'estimation of explosive charge require¬ 

ments, Figure 55 piesents empirical relationships of charge as 

a function of metal draw depth using pressed TNT. Three of the 

alloys (i.e., 12Ni-5Cr-3Mo, 18&'> nickel maraging steel, and D6AC 
steel ; can be basically represented by a single curve, while the 

charge requirements for alloys HP 9-4-25 and 7039 aluminum are 
somewhat different and can be defined by a second curve. 

If one wishes to form one of the alloys to a given draw 

depth, selection of a charge from the empirical curves yields 

predictable and accurate results. The data are excellent input 

to the computer program being developed at Martin Marietta, and 

should permit the accurate prediction of radial blank strains 
and setal thin-out from forming. 
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SECTION IV 

CRITERIA FOR DIE DESIGN 

Since the inception of high-energy-rate forming techniques, 

the bulk of the technical die design efforts have been directed 

toward massive female forming tools constructed from castings or 

forgings. Standard design methods were used to produce suitable 

dies for forming, i.e., calculated loads were determined and 

large safety factors were used to arrive at the final die shape 

and size. For part sizes up to about 72 inches, the use of mass¬ 

ive tooling does not pose many serious problems. However, when 

one is faced with the requirement for parts larger than 72 inches 
in diameter, conventional forming tools become unwieldy. Crane 

capacity becomes severely challenged, transportation of the tools 

from the point of manufacture to the place of use poses serious 

problems, and handling of the tools presents many difficult 

problems. With the inherent disadvantage of massive tooling 

relating to economics and handling capacity, different concepts 

must be considered for the fabrication of tools needed to form 

parts up to 50 feet in diameter. 

During the past ten years, several unique concepts have been 

studied to permit the fabrication of metal components using light 

weight die construction. Aerojet General (24) developed a design 

in which ice was used as the forming surface. The concept made 

use of a steel shell in which a refrigeration system was installed. 

Water was poured into the steel shell and frozen by the cooling 

system. After the ice was formed, the specific die contour de¬ 

sired was either machined directly from the ice or a contoured 

plug was used that was removed after the water was frozen around 

it. Standard hold-down rings and clamping methods were used. 

Although the concept was unique, many of the problems encountered 

were difficult to solve, e.g., close contour control could not be 

maintained, if blank wrinkling occurred the ice could not with¬ 

stand the high localized forces produced, sizing could not be con¬ 

ducted without causing severe damage to the ice surface, and 

materials of construction used in the ice container had to be 

carefully selected to prevent fracture as a result of ductile- 

brittle transition effects. Some offsetting advantages of ice 

dies are: die surface contours can be rapidly changed, repairs 

of forming surface damage can be made quickly, and the total die 

cost is relatively low. Because many problems remain to be solved 

with the use of ice dies, and fabrication of tough high-strength 

metals such as HP 9^4-25» 12 and l8# nickel managing steels, D6aC 

steel could create serious problems with respect to tolerance 



I 

control and wrinkle prevention, further consideration of ice die 

techniques was dropped. 

A second but .nore promising concept was suggested hy Beyer (25) 

in which a metal she31 was susperded in a pool so that it used water 

as the supporting medium for the die shell and at the same time 

the dynamic force was applied normal to the axis of the crane cable. 

Figure 56 illustrates the technique. The concept uses the incom¬ 

pressibility of water for necessary support and permits the use of 

a lightweight tool. The shell die approach has considerable 

merit and will be discussed more fully. 

Beyer and his colleagues conducted numerous experiments using 

the shell die or "pendulum die" end extended the idea to evaluate 

die materials by using a massive support tool and a water annulus 

between the die base and the "replaceable" shell. Figure 57 shows 

the modified-shell die concept. The disadvantages of this latter 

die design became obvious for large parts. In the fabrication of 

the SeaLab end closures, the Navy successfully used the pendulum 

die concept, but a steel/concrete die form was used in place of a 

shell die. Only two shots were made in the die because it frac¬ 

tured on the second forming operation. However, the method pro¬ 

duced the necessary parts and prevented a serious schedule slip 

in the SeaLab program. 

In conventional forming pools available within the United 

States, a die suspended from a crane cable c uinot be used effec¬ 

tively to form large parts due to the lack of water head over 

the die, which permits movement of water behind the die shell 

during the explosion with subsequent lack of support and possible 

severe die distortion. Thus, the concept appears to be limited 

to bodies of water in which significant water head can be pro¬ 

vided over the die, i.e., the ocean. However, further extension 

of the shell die concept has been made at Hartin Marietta with 

gratifying results. 

In an effort to explosively form 10-foot-diameter ellip¬ 

soidal domes for the Titan II Improvement Program, a lightweight 
inexpensive die design was needed. After careful analysis of 

stresses, deflections, and supporting methods, it was decided to 

use a fiberglas shell bolted to a rigid steel understructure that 

•»ould contain stiff metal springs to react to forming loads. A 

steel draw ring and hold-down ring were designed and "shoe clamp" 

holding devices designed. The die produced tvo domes from 0.750- 

inch-thick 2014-0 aluminum plate in one forming operation for each 

dome. The domes were used for engineering evaluation and testing. 

The results showed that the domes were superior to domes of 
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TO VACUUM 

■METAL BLANK 

Tigurt 56. Swing Din Concept (Sheet Metal Parta) 

o 

Figure 97* Interchangeable Die Cavity Concept Doing 
Mater for Die Support 
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similar shape fabricated by welding gore segments together. 

Although the fiberglas die shell was found to have limited life, 

the use of such shells to produce full-scale hardware to accurate 

tolerances was demonstrated. The results of the forming program 

on Titan II components are presented in a Martin Marietta report.1^ 

Using the results of previous work cited above, further 

development of shell die concepts was accomplished under this 

program. Because the pendulum die concept had some inherent draw¬ 

backs for use in forming pools and because the fiberglas shell 

die was found to have limited applicability to metals of higher 

strength and toughness than aluminum, a modification of the die 

configuration resulted in the fabrication of a metal shell die 

supported by a steel cylindrical shell. Figure 58 is a schematic 

view of a six-inch-diameter die fabricated from 12¾ nickel mar- 

aging steel. To design dies to withstand the forces causing 

failure of the die, the modes of blank failure must be under¬ 

stood. Generally, there are three important considerations in 

the design of a suitable forming die: clamping stiffness to 

prevent flange wrinkling of high-strength alloys, blank failure 

that imposes severe loads on the die shell and sizing shots in 

which the explosive charge is within the cavity of the die with 

the part partially contacting the die shell. Each of the impor¬ 

tant design factors will be discussed in some detail to show the 

criteria developed for the design of a 156-inch shell die. 

1. CLAMPING STIFFNESS 

Considerable effort was spent in a study of clamping stiff¬ 

ness because, for the high-strength steels, flange wrinkling was 

a serious problem. Successful deep-drawn parts depend on the 

elimination of wrinkling during the deformation process. It was 

mi an existing 24-inch-diameter Meehanite die that the importance 
of die stiffness became apparent. The die originally was designed 

for explosive forming aluminum, and few flange-wrinkling problema 
hfrd ever existed. Figure 59 shows a typical deep-drawn part 
of aluminum. Notice the symmetrical draw and flat, unwrinkled 

flanges. Attempts to form high-strength steel in the same die 

yielded results typified by the part in Figure 60. One can 

observe the severe flange wrinkles caused by lack of die-clamping 

stiffness. Efforts to maximize clamping force, location of clamps 

around the blank periphery and ring mass resulted in improvement, 

but still unsatisfactory parts were produced. A systemmatic study 

was then conducted to develop experimental numbers useful in the 
design of a suitably stiff clamping system. 
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Flgttre 60 Flange Wrinkling of Explosively Formed D6AC Steel Sheet 
Caused by Inadequate Clamping Force and Force Location



The flange wrinkling problem can be considered analogous to 
a beam column supported by an elastic foundation. This assumption 
can be made because the wavelength between buckles is relatively 
short, thus precluding any consideration of the fact that one 
edge is free and the other simply supported. 

Short Wave 
Length 

P 

(a) (b) 

Figure 6l. Schematic of Flange Wrinkling Problem 

It can be shown that the critical buckling load in the case 
of Figure 6l is 

pcr . aV® (i) 

where K is the elastic foundation modulus provided by the hold¬ 
down clamping system. We must observe the fact that as the load 
progresses up to the value Pcr, the sheet remains flat and clamp¬ 

ing action between the hold-down plate and the draw ring reacts 
to the flange as an elastic foundation. If we consider a one- 
inch wide element of the flange we may say that 

Making this substitution into equation (1) we have: 

t 

The units of K are lb/in./in.2 or (iVin.3). 
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This relationship indicates that the stiffness required 

approaches infinity because E diminishes as Ç increases. 
V cr 

Experiments to determine required stiffness on the six- 

inch die and on the Titan II Improvement Program indicate that 

the stress level should be an average between the yield 

and the proportional limit of the blank material. 

-6* + 6 P 
2 

With respect to flange wrinkling, the position of the clamps 

or prints of application of the clamping force was found to be 

very important. When the blank was clamped with hold-down force 

applied s^ound the periphery of the blank, severe wrinkling of 

the flange resulted. The nature of the wrinkles is such that 

further drawing of the part (if sealing could be effected to per¬ 

mit cavity evacuation) would result in wrinkle progression into 

the die cavity. Subsequent "ironing" of the wrinkles is very 

difficult and challenges the integrity of the die. Peripheral 

clamping torque variations from 5 to 125 foot-pounds had little 

influence on wrinkle reduction. Using C clamps at any position 

from the centerline of the clamping ring to the die draw radius 

increases the clamping force significantly for a given applied 

load. This increase in clamping efficiency results in reduced 

tendency for blank wrinkling. Calculations show that when 

peripheral clamping is used, only 35# of the applied load is 

used for blank restraint, while clamps between the die draw 

radius and the clamping ring centerline result in clamping forces 
that are 83# of the applied load. 

In an effort to establish the stiffness requirements to 

prevent flange wrinkling of the high-strength steel alloys, a 

number of experiments were conducted on a modified six-inch- 

diameter forming die. Figure 15 (shown in Section II 1. b) 

presents one of the arrangements used to study clamping stiff¬ 

ness. Several different combinations were evaluated in which 

clamping force, clamp location, hold-down ring thickness, number 

of clamps, and mass of clamps were varied. TableXXXIVlists the 

experimental results. In addition to stiffness experiments on 

the forged six-inch-diumeter die, numerous tests were conducted 

on the six-inch shell die and the 24-inch Meehanite die shown 

earlier. The results of experiments with a multitude of arrange¬ 

ments using the three dies revealed the following die criteria 
for clamping: 
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1) Clamp location is important in the prevention of 

wrinkling. The optimum location appears to be near 

the draw radius, although satisfactory results can 

be obtained when clamps are between the draw radius 

and the centerline of the clariping ring. Bolts can 

be used at the periphery of the blank if a suitable 

method for "beaming" the load forward ccz be devised; 

2) Clamping stiffness (K) of at least l,000,0001b/in. is 

required to prevent wrinkling of high-strength steels; 

3) Clamping rings become prohibitively thick if conven¬ 

tional design is used; therefore, an Integrally stiff¬ 

ened ring using channels radial to the ring circum¬ 

ference is a lightweight alternative that is signifi¬ 
cantly stiff; 

4) Metal shims should be used around the periphery of the 

blank to prevent clamping-ring tipping during deforma¬ 

tion, which will release clamping pressure on the blank 

and cause severe wrinkling* 

2. EVALUATION 07 DIE LOADS 

To permit a more accurate design for a scaled die, the six- 

inch aodified-shell die shown earlier was instrumented to estab¬ 

lish strains developed in the die shell Itself and the cylindrical 

support structure. Standard SB-4 strain gages were mounted on the 

under side of the cavity shell near the deepest section of the 

shell. Gages were also mounted on the cylindrical support, l80° 

apart, to measure both compressive and hoop strains resulting 

during explosive deformation. Table XXXVI presents some typical 

strain values recorded with calculated stress listed for reference. 

TABLE mV 

Evaluation of Die Loads 

Shot Charge 

grains 

Strain 
Draw 

depth 1 2 3 4 5 € 

1 

2 

60 + RDX 

50 ♦ RDX 

- 0.0007 

0.0015 

0.0012 

0.0015 

0.008 

0.0012 

0.004 2.49 

Blank 

fracture 
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It should be noted that significant support is provided by the 
water under the die shell as evidenced by the rather large values 

of hoop stress calculated. The cylindrical support beh ves as a 

pressure vessel where the hoop stresses are twice the stresses in 

the longitudinal direction. The pressure-relief ports at uniform 

intervals around the cylinder periphery allow water to fill the 

' cylinder during die immersion and create the necessary water en¬ 

trapment during explosive forming. If the holes are too large, 

less support is given the die shell as indicated by greater 

strains in the shell; however, if very small holes are used, the 

hoop stresses rise significantly in the support cylinder and 

create the need for thicker walls and thus add weight to the tool. 

On the six-inch die one-half-incb-diameter holes were found to 

give the proper balance between hoop stress in the support cylin¬ 

der and support of the die shell. 

Performance was good during repeated use of the die with ex¬ 

plosive charges of increasing sise. When blanks were formed in 

one operation to a given draw depth without filling the die, the 

hoop stresses and shell strains were quite low, on the order 

of 10 to 15*000 psi. However, if during the forming process 

multiple shots were used wherein the explosive charge was placed 

in the cavity of the die or if the blank fractured during defor¬ 

mation, the stresses in the die shell rose to 50,000 psi or about 

50# of the static tensile yield strength for the shell material. 
Charges required to produce the higher strains were on the order 

of 200 grains, which when scaled would correspond to 502.2 pounds 

for a 156-inch-diameter tool. Thus, the design of the six-inch 

shell die appears adequate for fabrication of high-strength alloys. 

One problem was uncovered during the small-scale die evalua¬ 

tion, i.e., weld cracks developed at the junction of the draw ring 

with the steel shell« The design of the 24-inch die for use in 

Phase III took this problem into account. Measurements of the 

small die to determine draw-ring distortion, shell growth, cylinder 

compression, or cylinder growth did not reveal any change in 

dimensions that would indicate plastic deformation« 

Using the information obtained with the six-inch-diameter 

shell die and the 24-inch-diameter Meehanite tool, a 24-inch- 

diameter shell die was designed and fabricated. Figure 62, which 

is a repeat of Figure l8, illustrates the die. As previously 

stated, clamping stiffness is an extremely important variable when 

deep drawing of high-strength materials is required. The figure 

shows the method used to produce high clamping stiffness while die 

weight is kept minimal. Channel-type stiffener members were fusion 
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welded radially around the clanping ring. Bolt holes between the 

stiffeners permitted application of force to the blank. Because 

it was discovered in earlier work that peripheral clamping does 

not eliminate flange wrinkling, some method had to be devised for 

the application of load at some point between the centerline of 

the clamping ring and the die draw radius. Shim pads outside the 

die proper were used on which metal shims between the pads and 

extensions of the radial stiffeners forced forward clamping of the 

blanks near the die draw radius. To aid cylindrical support 

stiffness of the die, gussets that extended to the shim pad areas 

wert welded to the base. The die shell was fabricated from 43^0 

alloy steel. Because the shell, as d<. ivered, was somewhat thicker 

than necessary, it was decided to use the alloy in the normalized 

condition. It was felt that design loads could be withstood by 

such a die. Additionally, elimination of heat treatment for the 

shell would make construction of the full-scale tool much simpler. 

The shell was designed with a girth ring welded around its peri¬ 

phery midway between the flange area and the shell apex. A 

stepped channel configuration permitted support of the die by a 

matching ring attached to the support base. This added support 

for the die was felt to be necessary to prevent weld tearing or 

bolt shearing in the region where the die shell was attached to 

the support base. More rigid support for the cylindrical base 

was provided by a circular plate welded to the bottom of the 

assembly. Figure 60 presents details of the die design. 

The 24-inch die, desired and fabricated as described above, 

was used for forming all the alloys in the program. Charges of 

increasing size were used to compare the performance of the tool 

to initial forming shots. For charges up to 14,000 grains (two 

pounds) of pressed TNT no measured changes were observed in die 

shell dimensions, ¿lamping ring flatness, or support structure 

dimensions. Repeated forming with charges in the 7COO- to 14,000- 

grain region caused problems with the clamping system. The channel 

stiffener members used for increasing the stiffness of the system 

were initially designed with rear closures welded in place but 

open frontal area. The blast from the explosion during forming 

causer1; a large increase in internal pressure of the channels, 

causing bulging of the rear plates and weld tearing around the 

plates. Addition of frontal plates to the channels and drilled 

holes in the rear panels eliminated the problem to some extent, 

but severe deformation of the frontal plate occurred with re¬ 

peated forming. In addition, weld cracks along the channel mem¬ 

bers, caused when open frontal ur¿a existed, were extended during 

subsequent forming after repair . Weld cracking also occurred 

around the shim-pad attachments. The effect of the weld cracks 
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Figur« 63 Die Design Details for 2^-Inch Phase III Forming Tool 



was to seriously impair the stiffness of the clamping system. 

This was eridenced by the flange wrinkling, which was virtually 

nonexistent during early forming experiments but became more 

severe in later tests. Die modifications are necessary to re¬ 

duce the frontal area of the channel members and to effect more 

positive attacbment of necessary stiffening componénts. The 

relocation of bolt holes also appears wise to aid in the proper 

application of clamping force. 

To evaluate more stringent conditions created by blank break¬ 

age or sizing operations, numerous shots were made in which the 

blank was caused to fail or severe stresses were placed on the 

die shell as a result of siiing charges. In cases where blank 

breakage occurred, no apparent effects cm the die shell or 

associated members resulted. Forming operations that combined 

blank breakage with sizing (i.e., the charge was within the ¿hell 

cavity when the blank failed) did not cause any effects on the 

die at charges to 2j£0 grains (one-half pound). Even when sizing 

was accomplished and no breakage resulted, no die effects were 

noted for similar charges. However, when sizing charges up to 7000 
grains (one pound) were used, plastic die-shell growth occurred. 

Figure 64 shows the extent of plastic die deformation after sizing. 

Because it is not possible to cold form the high-strength alloys 

in one operation to hemispherical shape, the use of one-half to 

three-quarters of a pound for sizing should result in a forming 

sequence of five operations or less. The use of several multiple 

shots instead of two or three has an advantage in that less total 

apex strain in the part results with lower attendant thinout. If 

requirements existed for larger charges, then the die shell could 

be fully heat treated to prevent plastic flow at the loads desired. 

The method of attachment of the shell to the support struc¬ 

ture was another weak point of the shell die system uncovered when 

one-pound sizing shots were used. Several high-strength bolts 

were sheared as a result of the outward growth of the die shell, 

and most of the remaining bolts were loosened. This problem can 

be eliminated by increasing the shear area of the bolts and by 

allowing space around the bolts for growth to occur (elastically) 

during the forming operations. 

As a result of the six-inch- and 24-inch-diameter die ex¬ 

periments several important conclusions were reached regarding 

die design: 
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1) Lightweight clamping systems of great stiffness can 
be made that perform well if attachment points re¬ 
main intact; 

2) Lightweight support structure using gusset-stiff¬ 
ened steel cylinders perform well under the most 
stringent conditions; 

3) Unheat-treatcd 43^0 steel can te used effectively 
for the die shell provided sizing shots of one-half 
pound are not exceeded; 

4) Close-tolerance holes for bolting the die shell to 
the base structure are unacceptable because of high 
shear loads imposed by elastic/plastic growth of the 
shell; 

3) nie use of shim pads for prevention of clamping¬ 
ring tipping during explosive forming is not recom¬ 
mended, but metal inserts around the periphery 
of the blank between the clamping ring and the die 
flange surface are recommended. 

Based on the criteria established on subscale dies, the 
recommended details for construction of a full-scale die (136 
inches diameter) are presented in Table XXXVI. The most serious 
considerations for fabrication of full-scale dies are the die 
shell and support structure. Techniques for roll forming and 
welding cylindrical structures up to I36 inches in diameter from 
alloy steel or high-strength steels are rather well established 
as a result of solid-rocket-motor fabrication and tank construc¬ 
tion for ground storage, etc. However, the fabrication of the 
136-inch-diameter die shell with attaching flange is not as 
straightforward. Due to the rolling-mill limitations for the 
production of sheet much larger than 200 inches in diameter, it 
is necessary to produce the die shell in segments. At least two 
possibilities exist, i.e., forming and welding of gore segments 
or forming a large dome cap to which shallower segments can be 
attached. The latter approach appears th'j most sound from a 
structural standpoint although the gore segment technique would 
probably be cheaper because only one set of dies would be required. 
If annealed or normalized material could be used (based on the 
guidelines stated previously), then welding of uniform section 
pieces could be accomplished without undue difficulty. If heat- 
treated properties are required, then heavier area at the weld¬ 
ments would be required to permit the joining of fully heat- 
treated segments without loss in strength. 
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TABLE XXXVI 

D«sign Criteria For Full-Seal® Explosive Koraing Dias 
(156 inches diaseter) 

Details 24-inch 

die 

156-inch 
die 

Die Shell 
Thickness, inches 

Depth (fron draw ring surface), 

inches 

Material 

Support structure 

Diaseter, inches 

Height, inches ' 

Thickness, inches 

Relief ports 

Clanping Ring 

Dianeter, O.D. 

Dianeter, I.D. 

Thickness, inches 

Channel Stiffeners 

Foot length, inches 

height, inches 

width, inches 

thickness, inch 

Gusset supports 

Vertical length, inches 

Width at draw ring, inches 

Rear height, inches 

Thickness, inches 

Draw radius, inches 

0.7 

13.0 
4340 

26.5 
16.0 

0.42 

1.0 

40.0 

26.5 

1.3 

9.25 
2.00 

3.00 

0.375 

15.00 

2.50 
2.50 
0.25 

1.0 

4.55 

84.50 

43^ 

172.25 
104.0 

2.75 

6.5. 

260.0 
172.25 

8.45 

60.00 

I3.CO 
19.5 
2.44 

97.5 

16.25 

16.25 

1.65 

6.5 
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In the ease where a deem cap and shallow gore segments are 

used, it is possible to use a heat-treated cap and heat-treated 

segments, which can be welded in unifora section without impair¬ 

ment of die performance. The highest die loads are sustained 

by the done cap-section as eridenced by die-growth measurements. 

Therefore, lower properties in the region just below the die draw 

radius can be tolerated. The cap could be free-foraed to rough 

tolerance and subsequently machined to final contour to reduce 

costs. The shallow gores can be mechanically or explosively 

formed to contour without serious probleas. 

In conclusion, the data and analyses suggest that a light¬ 

weight die of sufficient stiffness can be fabricated for the 

explosive forming of high-strength steels. Economics are not 

clear at this point. However, even at the same cost, a shell die 

arrangement would alleviate many logistics probleas. In addition, 

shells of different types can be used interchangeably for different 
jobs with a minimum turn-around tiae. 



SECTION V 

CONCLUSIONS AND RECOMMENDATIONS 

The technical resalta of this program have revealed several 
important conclusions regarding the effects of explosive defor¬ 
mation on mechanical behavior of high-strength alloys, formabil- 
ity limits, charge prediction, and die criteria: 

1) Explosive deformation does not affect the fraotui'S- 
toughness behavior of any of the alloys: 

2) The high-strength steels HP 9-^-25, 12Ni-5Cr-3Mo, 
and vacuum-melted 18¾ nickel maraging steel are 
resistent to stress corrosion after explosive 
forming; 

3) The air-melted 18¾ nickel maraging steel is un¬ 
satisfactory for use under stress in a corrosive 
environment; 

4) Explosive deformation influences the response of 
high-strength alloys to heat treatment* Alloys 
gaining their strength from precipitation harden¬ 
ing appear to be more affected by explosive forming 
than are quench- and temper-conditioned alloys; 

3) The greatest formability was exhibited by the 
HP 9-4-23 alloy, followed rather closely by the 
d6aC alloy steel; 

6) Only the 7039-0 aluminum alloy could be explo¬ 
sively formed into hemispherical shape in one 
forming operation; 

7) The data show that the relationship between ex¬ 
plosive charge and draw depth scales with the 
volume of the blank. It also depends on material 
properties; It is plotted in nondimensional form 
against yield stress; however, this does not scale 
between different materials. Other parameters, 
such as strain-hardening exponents and elastic 
moduli that give a measure of toughness, should 
be included before scaling for charge requirements 
will be accurate between materials; 
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8) The use of computer predictions for «étal draw 
depth and radial strain are quite accurate as 
long as blank pull-in is known. Predictions 
based on empirical relations predicting initial 
blank momentum for specific impulse /or the 
explosive tend to overestimate draw depth; 

9) Lightweight dies of great stiffness can be 
effectively used if rigid stiffener attachment 
is maintained and die shell attachments are 
suitably desired; 

10) Initial forming shots up to two pounds on the 
24-inch scale die can be used with no detri¬ 
mental effects on the die (assuming proper 
stiff «er desigh «d attachment); 

11) Sizing shots that cause blank failure or 
part seating, using charges up to 3500 grains, 
have no detrimental effects on the die; 

12) Sizing shots of one pound, »Aether the blank 
breaks or not, cause the die shell to grow 
plastically. 

The scope of work of the present contract was broad. Work 
progressed in several areas simultaneously. Some problems were 
solved, some were not, and new problems were identified. It 
seems worthwhile to review the present status of explosive 
forming of large domes. Hesults from the present contract, the 
Titan H Improvement Program, and the AHPA contract to establish 
a Center for High Energy Forming Processes (CHEBF), have all 
contributed to this technology. 

The manufacturing process for domes, as well as other ap¬ 
plications, can be broken down into four major engineering re¬ 
quirements: adequate energy transfer from source to blank, 
suitable material properties during forming and in service, 
determining the mechanics of blank deformation, and design of 
dies that can produce the required blank deformations. 

It is not necessary that all phases of the manufacturing 
be completely understood, but they must all be controlled within 
certain limits for successful production. The energy transfer 
mechanism for explosive forming is an example. The energy from 
charges is reproducible. Although the interaction between the 
shock-wave pressure and gas-bubble pressure and the blank defor¬ 
mation is not well known, it is predictable from subscale tests. 

144 



nie material properties of stress-corrosion resistance and 
fracture toughness of explosively formed parts were studied as 
part of this contract. None of the materials tested would be ex¬ 
cluded as unsuitable for explosive forming because of degradation 
of these properties except air-melted 18# nickel steel, as noted 
in the conclusions. A related question that arose during this 
and earlier contracts is what is the optimum heat treatment re¬ 
sponse of explosively formed metals. Denver University will ex¬ 
amine this question during the next year as part of the ARPA 
contract. Metals of interest will include the 2014, 2219, and 
7059 aluminum alloys; the 6A1-4V and 8AI-IM0-IV titanium alloys; 
501 stainless steel; and the maraging steels of l8£, 12# and 9% 
nickel content. 

The properties of weld joints after explosive forming have 
not been studied extensively. Welded blanks are required when 
the blank dimensions exceed the capacity of the largest rolling 
mills. A subscale testing program should be carried out before 
using welded blanks in a full-scale program. 

Fomability limits have been established for the five alloys 
used in the present program. The draw depths achieved sure ade¬ 
quate for moat fame shapes without resorting to intermediate 
annealing. The fomability limits for failure by tearing or 
shearing are a property of the materials. The limits for failure 
due to wrinkling or to uneven draw are also a function of die 
stiffness mid can change under different applications. 

Uneven draw of blanks with low V& ratios was a recurring 
mechanics problem during the contract, and appeared during the 
Titan 11 Improvement Program. After encountering this basic 
problea in the Titan program, we made its solution ono of the 
aims of the CHEEF program. 

Rather than rely on friction, which is inherently difficult 
to scale from model to prototype, a search was made for a positive 
means of supplementing the stiffness against radial pull-in of 
the material in the flange of the blank. An effective method 
ha« been to provide a rim on the blank and a ring to engage the 
rim, preventing further radial pull-in. The ring is cut in a 
chevron pattern and extended over the blank surface to prevent 
flange wrinkling due to pull-in during forming. This device 
for aufcing edge pull-in an independent variable in tue forming 
process rather than a dependent one is described in the Sixth 
Quarterly Technical Progress Report of the ARPA contract. 
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Theoretical work to provide better cotisâtes of straia dis¬ 
tribution in deforaed blanks is also proceeding steadily, fkis 
information will allow better control of thin out, springback, 
and charge requirements. 

Progress in the other major problem area, die design, has 
been made during the present contract and during the Titan II 
Improvement Program. Die contours have been supplied success¬ 
fully with thin shell dies. Supporting the die on s cylinder 
filled with water has proved feasible. Designing the hold-down 
system to prevent flange wrinkling of the high-strength alloys 
has not been entirely successful, even with the increased stiff¬ 
ness of the Phase HI die. 

Figure 65 shows a possible die design that could be assem¬ 
bled for forming large domes. The shell contour lies on the in¬ 
side of a fibcrglas shell similar to the 120-inch-diameter die 
used cm the Titan program. Fibergla- is inexpensive mid easy to 
lay up. Its only bad feature is that it will not hold a vacuum 
after several shots because of fine cracks in the epoxy matrix 
surrounding the glass fibers. This feature cmi be circumvented 
by first free forming a setal shell to use as part of the vacuus 
system. The fiberglaa shell would be laid up in this shell. 

Supporting the die shell with sand instead of water would 
reduce the lateral loada on the support cylinder. Martin 
Marietta has not used sand in past work; but it has been used by 
other companies in other configuration to support dies. The 
Buaslsns support platforms for crushing scrap iron with smd, and 
its use to protect buried structures from blast is well 
known. 

Flange wrinkling nust be controlled by a stiff bold-down 
system. The integral ring shewn in Figure 65 would be built up 
of plates and gussets to combine a large section ao&ilus with 
light weight. To clamp around the edge of the blm*, the ring 
must be hinged like a Maman clamp. 

The complete die would be too heavy to swing in the air. 
It could be aaseafeled at the explosive forming site. The cylinder 
would be placed on n carriage, then partially filled with sand. 
The fiberglas shell, metal shell, blade, and LOlr.-dotm ring could 
be- assembled separately and placed on the cylinder. The complete 
assembly would then be lowered into the pool on the carriage. 
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11«. AUTRACT 

i. . Several highatrength ateela, nanely HP 9-4-25, D6AC, 12% nickel and 18% 
I 8 Í1* “d/ bfsb ■trMl«th «l»i«» »Hoy 7039 were inveatigated 
bîhïvÎ^Î.^SS 1Î0Ü 8 “d ,n,ba*qu,nt •"•«ta of forning on nechanical 

I behavior. In addition criteria neceaaary for fail acale die deeign una developed. 

I «tor •trwcorroaion behavior of each alloy wan evaluated uaing a atandard 
Îr/S1 *1î*rn*t# ***•• ot t*1« «Hoy», i.e., HP 9-4-25, 12Ni- 
iZ a a w I*®““ l9i Blck#1 ■»'»«ias »tael were found to be only alightlj 
ÎÎ SÎ n7 "treaa-corroaion. ïxploaive defornation did not alter the reaiatance , 
of the alloys. Tbe D6AC steel and 18% nickel aaraglng ateel had fair resistance tol 

¡ atresa-corroaion idiile 7039 aluninun waa unsuitable for atructural uae in corrosivi 
environnent. 

Using plane strain, center notch fracture toughness apeclnens, none of the al- 
J loys were found to be affected by explosive defornation. 

_ ®?th Sf 9-4-25 «d D6AC ateela were highly fornable in the annealed condition. 
The other alloys were fornable but to a leaser degree. Fomability liait curven 
were developed for each alloy uaing a blank dianeter to die opening diaaeter ratio 

40 *chl,T* •P*cd"*d draw depths were also 
established with pressed TNT explosive- charges. None of the steels could be foi 
Io »«■•pLerical shape in one forning operation; however, henispheres could be 
roraed fron all of the alloye in two or nore operations. The 7039-0 alunima uns 
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Abstract - continued 

foraed to full contour in one operation. 

Verification of scaling was d*aonstratad by foraing the steels on 
both six-inch and twenty-four inch diaaeter dies. 

Coaputer predictions used in conjunction with experiaents did not 

agree well with eaperiaent when aetal draw depth or blank pull-in were 

unKüown. When blank pull-in was known the coaputer progrès could rather 

accurately predict radial strains and draw depth. Prograa accuracy was 

greater for the shallower draw depths and in general orerprediction resulted 

since accurate data on explosive energy transfer snd energy release arc 
not available. 

Criteria developed on six-inch and twenty-four inch diaaeter shell 

dies showed the practicality of the concept. Clasping stiffness was 
found to be the aost critical design paraaeter. 


