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FOREWORD

This report summarizes the technical work accomplished under
National Aeronautics and Space Administration Contract NAS8-11794.
The program was sponsored by the Manufacturing Engineering Divi-
sion of the Marshall Space Flight Center, Huntsville, Alabama,
with Mr. Manly Tommie serving as the contract monitor.

The contract objectives were the study of processing parame-
ters as they influence metal springback during the explosive form-
ing of 2219 aluminum alloy and the study of the influence of high
energy rate deformation on the metallurgical behavior of 2219
aluminum. The metallurgical aspects of the program consisting
primarily of electron transmission microscopy and x-ray diffrac-
tion studies were accomplished by the Orlando Division of the
Martin Company under the direction of Dr. H. M. Otte.
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SUMMARY

A technical program was completed under the sponsorship of
the National Aeronautics and Space Administration, Huntsville,
Alabama in which the parameters affecting metal springback of
2219 sheet and plate during explosive forming of 1/5-scale gore
segments were studied. 1In addition, x-ray diffraction, optical
microscopy, and electron microscopy techniques were used to study
metallurgical changes occuring as a result of the high energy
deformation. The analytical techniques were augmented by mechan-
ical property evaluation.

Sheet explosive was found to be superior to either bulk
Cyadyn 3 or PEIN in producing more uniform properties with attend-
ant low springback. The optimum explosive standoff from the
viewpoint of uniform properties and lowest springback was found
to be 3.54 inches (L/D ratio of 0.142 where D equals the blank
width and L is the distance from the explosive to the blank sur-
face).

Although a low amount of springback was achieved with 2219-T42,
it was not possible to obtain uniform properties across the part
through the use of explosive deformation. Therefore, 2219-T31 or
2219-T351 was selected as the optimum temper for study since the
material exhibited low springback with attendant uniform mechan-
ical properties.

Springback was found to increase with decreasing thickness of
2219-T31. Lubrication of the draw radius before forming also
caused an increase in metal springback.

There was little influence of die material, draw radius, or
draw depth on the reduction of springback.

An evaluation of an integral blanket concept for the reduction
of springback did not result in conclusive evidence. Limited
preliminary data could not be adequately verified due to insuffi-
cient time and funding.

Multiple forming operations appear to significantly reduce
springback when compared to a single operation.
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The 2219-T37 material did not respond to heat treatment after
explosive forming because of internal energy changes caused by
the high energy deformation. It was found that accelerated aging
by a factor of 0.5 resulted from explosive forming. Similar
behavior was observed for 2219-T42 and 2219-T31 where aging times
of 0.9 and 0.7 of normal heat treating times were indicated to
achieve maximum mechanical properties.

Explosive forming introduces high concentrations of disloca-
tions and an excess concentration of vacancies produced by stress-
induced climb of jogs on screw dislocations. Crystallographic
imperfections such as stacking faults, micro and macroscopic
twins, and microcracks were not observed.

Explosive forming reduces the residual stresses present in
as-received material as shown by x-ray diffraction and causes a
significant reduction in lattice parameters.
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I. INTRODUCTION AND BACKGROUND

A. SPRINGBACK

Metal springback is an ever-present problem in the fabrica-
tion of sheet metal components. Springback is the tendency of

a part to return to its original shape after bending. In general,

it can be reduced by decreasing the yield strength or increasing
the amount of plastic deformation. The following techniques have
been used successfully: elevating the temperature during fabrica-
tion, using thick blanks, or drawing the part deeper. Problems
encountered during the explosive forming of full-scale Saturn SIC
gore segments by a NASA contractor (Ref 1) prompted the NASA to
instigate a research program to study the variables governing
metal springback during explosive deformation and the influence

of high energy forming on metallurgical behavior.

There is not a great deal of data in the literature regarding
control of springback. Several studies have been made relative
to the problem of compensating for springback (Ref 2 thru 4) but
the accurate prediction of springback is very difficult because
of inherent variations in metal behavior and forming conditions
for any given process (Ref 2). In conventional forming, spring-
back has been found to depend on the following (Ref 5 thru 8):

1) Kind of material formed;

2) Temper of material formed;

3) Sheet thickness;

4) Size of the inner bend radius;
5) Tolerances and alignment used;
6) Friction between die and part;
7) Pressure exerted during forming;

8) Contour of the part;

9) Forming parameters used.

R TR s T T T
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It has been shown (Ref 9) that less springback occurs with
materials of lower yield strength than with materials of higher
yield strength. For the same yield strength and amount of
deformation, a material possessing a high modulus of elasticity
will plastically deform a greater extent than a material having
a low modulus of elasticity.

In explosive forming, reduced and sometimes nonexistent
springback has been reported (Ref 10 thru 14). This has been
explained by Beyer (Ref 13) as being a result of proper charge
placement and by Wood (Ref 15) as a result of critical forming
pressures. Depending on the material, these pressures were on
the order of 40 to 50,000 psi. Below this pressure range, in-
creased springback was observed. Henriksen (Ref 16), in contrast
to the above results, found that considerable springback can
occur after explosive forming and learned during his studies that
maximum stresses occur in flanges or in regions of a part where
large variations in curvature exist.

It was the purpose of this study to determine the separate
influences of explosive forming parameters on the resulting spring-
back of 2219 aluminum with the objective of establishing forming
conditions whereby metal springback can be minimized or eliminated.

B. METALLURGICAL CONSIDERATIONS

As a result of explosive deformation and/or hardening, sig-
nificant metallurgical changes can be effected. Published infor-
mation shows that a great deal of effort has been spent on the
study of iron-based alloys. It has been found that H-11 and 25%
Ni steel respond to explosive shocking with increases in tensile
and yield strengths (Ref 17). The explosively shocked 25% Ni
steel was shown to raise the strength after aging approximately
equivalent to the strength produced after cold rolling to 50% cold
reduction. The strengths of both alloys increased with shock
pressure. Microstructural changes were not evident from optical
and electron microscopy observations to magnifications of 20000X.

Some insight into the strengthening mechanisms of iron-based
alloys was gained under an Air Force sponsored program (Ref 18).
It was learned that shocked pearlitic steels showed appreciable
hardening only when free ferrite was present. Martensitic steels
were not strengthened to the degree that the pearlitic steels were
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for the same shock intensity. Austenitic stainless steels such

as 302 shock hardened with the formation of bcc martensite and

hcp martensite. In age hardening stainless steels; i.e., A286,
shocked specimens were found to age in less time and to higher
hardnesses than did unshocked material. In addition to strengthen-
ing effects, phase transformations have also been observed after
explosive shocking of iron-based alloys (Ref 19).

Some metallurgical studies have been conducted on light alloys
such as aluminum and titanium. The results obtained depend
primarily on the particular alloy being formed. For example, it
has been observed that little influence of explosive deformation
results from explosive forming 2014 aluminum (Ref 20) while ex-

P S :
mechanical properties (Ref-21). Ti-13V-11Cr-3A2Z exhibits increased
susceptibility to aging approximately on the same order of magni-
tude as that produced by a 10% reduction by cold rolling (Ref 22).
We have observed during the explosive forming of Ti-6Af-4V that
little change in hardness or strength results from deep drawing
the material using sandwich forming techniques (Ref 23).

It was of interest in the study of the explosive forming of
2219 aluminum to evaluate the resulting changes in the mechanical
and structural behavior of the alloy. Therefore, macroscopic
properties were studied using conventional testing techniques and
optical microscopy. To permit an evaluation of structural varia-
tions occurring from explosive deformation, transmission electron
microscopy, and x-ray diffraction techniques were used to permit
a comparison between material changes and observed springback,
which aided in an understanding of the details. In addition, me-
chanical evaluation was necessary to establish whether enough met-
al stretching was occurring to modify the alloy strength to the
extent that subsequent aging resulted in full design properties.
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II., EXPERIMENTAL PROCEDURE

A, MATERIAL

1, Mechanical Properties

Four different starting tempers of 2219 aluminum alloy were
evaluated in this program., Table 1 shows minimum mechanical prop-
erties as established by Martin Material Specification 1117¥, The
mechanical properties (before forming) of the material received
from the National Aeronautics and Space Administration (NASA) are
given in Table 2 and vary somewhat from the values in Table 1,

The four starting tempers of 2219 aluminum alloy were O or annealed,
T42, T351, and T37, The best starting temper was determined using
0,250-in, thick material, The properties of the 2219 aluminum
alloy in the annealed and T42 tempers before forming show the
greatest deviation from the standard values in Table 1, These
materials had been annealed and the T42 material treated by NASA
after delivery from the mill, The ultimate tensile strength of

the annealed material averaged 3000 psi below specification minima
and the tensile yield strength of the 2219-T42 material showed a
spread of 7500 psi, The annealed material did not respond to solu-
tion heat treating and aging, The properties after heat treating
(before forming) showed an ultimate tensile strength 6500 psi be-
low minimum and a yield strength 8000 psi below minima in Table 1,
The 2219-T42 after aging was 3500 psi below minimum in tensile
strength and 6000 psi low in yield strength as can be seen in

Table 2, The as-received properties exhibited by the 2219-T351

and 2219-T37 materials were much more consistent from sheet to
sheet, Both of these materials responded to the required aging
cycle, However, the 2219-T351 alloy was marginal in response,

2. Chemical Composition

The copper content of this alloy is close to the maxXximum limits
for solid solubility of copper (between 5,7 and 6.,3% depending
on the phase diagram referred to), whereas most other commercial
high strength aluminum alloys contain from 2 to 5% copper. Be-
cause of the saturation limit of copper in aluminum, structural
changes occur during explosive forming, In addition to normal
hardening that occurs by second phase precipitation of CuAEZ,

the 2219 alloy is susceptible to additional hardening by applica-
tion of external stresses, Table 3 lists the composition of
material used in this program,

*Mechanical properties listed equal or exceed those in mili-
tary specifications MIL-A-8920 and MIL-E-6038,.
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Table 2 Mechanical Properties

As-Received Properties Properties After Heat Treating
Ultimate Yield Ultimate Yield
Sheet No, Temper (psi) (psi) % Elongation in 2 in, | Temper (psi) psi % Elongation in 2 in,
1-0-C 0 29,200 13,300 23.5 T62
2-0-C 0 29,400 12,800 24,0 T62
3-0-C 0 28,600 14,400 23,5 T62
4-0-C 0 29,000 14,000 24,0 T62
+»-0-C ] 29,000 14,000 23.5 T62 47,500% | 28,000 12,5
6-0-C 0 29,200 12,800 23.5 T62
1-42-C T42 48,200 22,000 22,5 T62 50,500 29,200 11,5
2-42-C T42 51,800 26,700 21,5 T62
3-42-C T42 49,500 19,200 22,5 T62
4-42-C T42 49,800 25,200 25,0 T62
5-42-C T42 50,200 25,000 24,0 T62
6-42-C T42 48,200 22,600 24,0 T62
1-351-C T351 55,800 41,900 21,0 T851
2-351-C T351 54,400 37,800 23,5 T851
3-351-C T351 55,300 42,800 24,0 T851
4-351-C T351 55,300 40,900 21,0 T851 61,200 43,200 12,5
5-351-C T351 54,100 37,000 26,0 T851
6-351-C T351 55,600 40,600 ] 21.0 T851
1-37-C T37 58,300 42,900 16.5 T87 65,400 52,000 10,5
2.37-C T37 59,400 44,100 16.0 T87
3-37-C T37 58,900 44,300 15,0 T87
4-37-C T37 58,300 43,800 17.0 T87
5-37-C T37 58,600 43,400 15.5 87
6-37-C T37 58,700 43,400 16,0 T87
7-37-C T37 58,900 42,900 17.5 T87
Hote: ;* igiuzig?ehzéil\t'egriz:e:ei}:aa‘izai éggzei:geigsg'as-received and as-received and heat treated material from
NASA before explosive forming.
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Table 3 Typical Chemical Composition

Element Content (%)
Copper 5.8 to 6,8
Silicon 0.20 max,
Manganese 0,20 to 0,40
Magnesium 0.02 max,
Iron 0.30 max,
Zinc 0.10 max,
Titanium 0.02 to 0.10
Vanadium 0.05 to 0,15
Zirconium 0.10 to 0,25
Other Elements
Each 0.05 max,
Total 0.15 max,
Aluminum Remainder

Note: This table represents the typical
chemical composition of 2219
aluminum alloy as established by
military and federal specifica-
tions in Martin Material Specifi-
cation 1117,




Martin-CR-65-41

3. Microstructure

The 2219 AZ sheet received from NASA was sampled for micro-
structural characteristics. Dark field micrographs (Fig. 1) of the
2219-0 material show typical longitudinal and transverse grain
structures, The 2219-T42 material varied considerably in grain
size from sheet to sheet (Fig. 2 and 3). The 2219-0 and 2219-T42
materials were warped in every sheet. The grain structures of the
2219-T37 material in Fig, 4A are typical of all sheets in the as-
received material, The 2219-T351 material was very consistent in
grain size from sheet to sheet., A typical transverse sampling is
shown in Fig., 4B,

B. EXPLOSIVE FORMING DETAILS

1., Upper Gore Die

The upper gore die, from which most of the parametric data were ‘
obtained, is a 1/5-scale model of a section of a Saturn V bulkhead,
The die is constructed of SF60 meehanite, a malleable cast iron,
This die was developed for use on a previous contract (Ref 24),

The design of this die was well suited to evaluating springback
characteristics of 2219 aluminum because of its shallow shape.

As Fig, 5 shows, only about 50% of the blank, which is roughly
rectangular in shape (25 x 30 in.) is restrained by the clamping
plates during forming. These factors tend to greatly accentuate
springback making it possible to investigate parameters controlling
spingback more precisely, These parameters will be discussed in
detail in Chap, III of this report, Two types of charges were
evaluated for forming characteristics.,

a. Central Charge Arrangement

Two types of explosvies were evaluated utilizing a cen-
trally located cylindrical shape, A dynamite-type explo-
sive was selected to evaluate the effects of a relatively
slow burning rate, The material used for this testing was
Cyadyn 3, which is a 48% nitroglycerin dynamite with a
burning speed of 7000 fps manufactured by American Cyan-
amid, High explosive (PETN) which has a burning speed

of approximately 26,000 fps was also evaluated in the
cylindrical shape. The use of two different types of
explosives of the same geometrical shape made it possi-
ble to establish a charge equivalency by weight. The
charges were packaged in cylindrical plastic vials con-
structed of clear styrene with a tight fitting polyethy-
lene screw cap. A hole was punched in the lid so that
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a number six electric blasting cap would fit tightly when
inserted. This prevented water leakage when the die was
submerged in the explosive forming pool. A cardboard or
plastic standoff was used to locate the charge. Figure

6 shows the charge arrangement used to free form 1/5-
scale dome caps. Gore part forming utilized the same
setup.

b. Sheet Charge Arrangement

Sheet explosive was also evaluated in this program, Ma-
terial used for performing these tests was ''deta sheet c"
manufactured by DuPont in thicknesses ranging from 0,025

to 0,050 in, Various thicknesses were used to produce the
same blank coverage in square inches when charge require-
ments were varied with blank thickness and blank temper,
The sheet explosive that contains 68% by weight of PETN
was cut in rectangles of sizes dependent upon the alloy
temper being formed to correspond with the rectangular
shape of the blank., Various methods of blasting cap place-
ment were investigated to determine the best method of
sheet initiation, This was found to be center initiation
using caps embedded in sheet explosive glued to the primary
sheet charge. The sheet explosive was mounted on a sheet
of plastic to insure rigidity of the charge during sub-
mersion of the die in the forming pool, A typical charge
arrangement is illustrated in Fig, 7,

2. Lower Gore Die

This die, also constructed of SF60 meehanite, is similar in
shape to the upper gore die, The die cavity, however, has a
smaller radius of curvature and is, therefore, much deeper than
the upper gore die, At the deepest point, that occurs at the vac-
uum hole, the lower gore die depth measures 4,66 in, as compared
with 2,06 in, maximum depth for the upper gore die, The blank re-
quired for this die measures 32" x 32", A typical test setup with
blank in place and die evacuated is depicted in Fig, 8,

3. Upper Gore Die with Inserts

The upper gore die was modified by the addition of shims to
the clamping area of the die, Shims of two different thicknesses
were used to investigate the effects of draw depth and die entrance
radii when forming shallow shapes,
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a., Longitudinal

b. Transverse

Fig. 1 As-Received 2219-0 (200x micro)
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Specimen 3=42

Ae

Specimen 4=42

b.

Fig. 2 As-Received Longitudinal 2219=-T42

(13x macro)
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be Specimen 6=42

Fig. 3 As-Received Longitudinal 2219-T42
(13x macro)
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a, Specimen 4-37, Longitudinal 2219-T37

b. Specimen 1-351, Transverse 2219-T351

Fig. 4 As-Received Longitudinal 2219-T37 and
Transverse 2219-T351 (200x micro)
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Fig. 5 Upper Gore Die for Forming Experiments
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a, One-inch Inserts

A one-inch magnesium insert was placed over the blank
clamping areas on both ends of the die., The inserts were
machined so that their contours blended smoothly with the
die, The die entrance of the inserts was machined to a
0.200 in, radius for one test series and then to a 0,750
in, radius for another series to evaluate the effect of
draw radii on forming results with the increased die depth,
The inserts were attached to the die with braces con-
structed of one-inch thick mild steel, The braces were
necessary to insure the rigidity of the part of the insert
that extends beyond the end of the die, This bracing also
provides a solid base for insertion of the clamping studs
(Fig. 9).

b. Two-inch Inserts

The draw radii of 0,200 and 0.750 in, were also evaluated
with 2-in, inserts, These inserts made use of the bracing
arrangement to which the l-in. inserts were attached.
Figure 10 illustrates the method of joining the inserts

to the die using the aforementioned bracing. It was neces-
sary to insure a vacuum tight seal between the inserts and
the die, This was accomplished by the use of zinc chromate
vacuum bagging compound between the two surfaces,

4, Concrete Die

A die was constructed of Embeco, a high strength concrete con-
taining an iron aggregate, The shape of this die is the same as
that of the upper gore die with 2-in. inserts in place, It was
designed in this manner to furnish the proper comparison with the
cast iron die in the evaluation of die material, hardness, and
surface finish, The concrete die incorporates iron reinforcing
rod in the casting to provide additional strength particularly
in the longitudinal direction., The die face and clamping area
was coated with a tooling epoxy containing an aluminum powder
(Fig., 11). The epoxy die facing was incorporated to provide a
nonporous surface for vacuum sealing before forming.
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Inserts Installed

ie with 2-in,

Fig. 10 Upper Gore D
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5, Integral Blanket

Another method for the investigation of the reduction of spring-
back was an integral blanket concept. This technique involves the
use of a blanket material placed over the blank, which causes an
elevation in the neutral axis of the blank to a position above the
blank surface., This puts both blank surfaces into tension during
forming, if the explosive pressures and coefficient of friction
between the integral blanket and blank surface can provide suf-
ficient resistance to horizontal shear stress. The resulting in-
crease of plastic deformation would reduce springback significantly,
The materials used for integral blanket tests were neoprene rubber
of 40 and 80 durometer hardness, polyurethane rubber, and pure
lead, All testing was done on a 10,5-in, diameter die with a 30-
in. spherical radius. This die has no clamping ring, the vacuum
being the only holddown force. This type of die was intended to
demonstrate the effect of integral blanket on springback because
all forming occurs via the cupping mode. Figure 12 shows a typi-
cal setup for the integral blanket studies.

6. Free Forming

A 24-in, diameter die with a l6-piece segmented clamping ring
was used to form 1/5-scale model end caps for the ellipsoidal
bulkhead domes for Saturn V., Figure-13 shows the die with seg-
mented clamping ring., This die is not an evacuated type of tool,
therefore a water barrel is used to contain the water necessary
to the forming, The die with water barrel in place is shown de-
picting a typical forming operation in (Fig, 14), The blanks used
in this step were 2219-T351 aluminum, 33.6-in. diameter and 0.250-
in. thick. This blank diameter provides a blank diameter to die
diameter (B/D) ratio of 1.4, which is optimum for this type of
forming.

C. METALLURGICAL ANALYSIS

Evaluation of the microstructure of the explosively-formed
2219 aluminum alloy was divided into two tasks: optical metal-
lography, performed at Martin-Denver; and transmission electron
microscopy, performed at Martin-Orlando.




Vacuum Line
L~

Main Explosive Charge

Martin-CR-65-41

Water
Water Barrel——\\\\‘
Electric Blasting Cap
Explosive Standoff
A Blanket Material
o Metal Blank
|~ Die Insert
\
\ mh
Die Holder

Center Die in Barrel——/,

Fig. 12 Forming Arrangement for the Study of Integral Blanket Concepts
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Fig. 14 Typical Free Forming Test in Progress
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1, Optical Metallography

Photographs of grain structure of 2219 aluminum in various
tempers were taken in the metallography laboratory, Low order
magnification photography, up to 20X, was performed on a Bausch
and Lomb Model L macro camera with a polaroid attachment. The
micro photography work, of higher magnification, was divided be-
tween the Balphot and Research metallographs manufactured by
Bausch and Lomb,

2, Transmission Electron Microscopy

The materials research department at Martin-Orlando provided
all electron microscopy studies required on this contract, The
following equipment for specimen preparation and photography was
used:

1) Jet electrolytic polisher for preparing thin foils;

2) Siemens Elmskop electron microscope employing these
features:

Accelerating potentials of 60, 80, and 100 kv,

Five lenses including double condensers, objec-
tive, intermediate, and projector,

Aeon tilting goniometer stage,

Heating stage,

Tensile stage,

Facilities for cinematography

X-ray micro-probe attachment,

Facility for reflection electron diffraction,

3) Evaporator of 10_6 torr for preparation of replicas
of specimen surfaces,

4) Complete photographic darkroom facilities,
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Necessary data reduction, where applicable, was furnished by an
electronic computer, All specimens used in this study were sup-
plied by the Martin-Denver division., As-received control speci-
mens from every panel received from NASA as well as those speci-

mens from the required explosive forming tests were used in this
investigation,

3, X-ray Diffraction

The crystallographic analysis of the 2219 aluminum specimens
was performed with the Siemens Crystalloflex IV x-ray diffraction
unit, This unit was used to obtain data such as residual elastic
strains and variations in lattice parameters, The x-ray unit is
a console model with three principal components:

1) X-ray source with appropriate high voltage and current
generating circuits (up to 50 kv, 50 ma);

2) A highly accurate mechanical goniometer and step scan-
ning attachment for indicating angles and fluorescent
radiation to better than 0,01 deg 2 6 in the Bragg
angle goniometer coordinates;

3) An electronic detecting and counting (including pulse
height analyzer) component for measuring the resultant

radiation with great statistical accuracy,

4, Mechanical Testing

Evaluation of mechanical properties was performed in the j
Materials Engineering Laboratory at Denver, A 50,000 1b Baldwin- |

Lima-Hamilton tensile machine was used for evaluating the tensile
specimens selected from control panels and explosively formed
material, All tensile specimens were machined to dimensions speci-
fied in Fig. 15 by the engineering laboratory shop, Strain meas-
urements, during tensile testing, were made with a PR-5 micro-
former extensometer, These results were recorded on a standard
X-Y chart, All specimens were tested at a strain rate of 0,005
in,/in.,/min. The heat treating and aging cycles necessary for

the evaluation of the 2219 material were performed in a Lindberg
draw furnace, which is accurate to plus or minus 5°F, All heat
treating and aging of as-received material was performed in ac-
cordance with Martin Material Specification 1117, The formed |
material required adjustment in aging cycles to avoid loss of
properties due to overaging.
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5., Springback Measurement

An important part of the program was the use of suitable tech-
niques for the measurement of springback, Initially only measure-
ments of the formed part after removal from the die were taken
using a female template, The template is shown in Fig, 16a. How-
ever, as experimental work proceeded, it became apparent that
measurements of the formed part while still in the die and clamped
down would yield meaningful data, Therefore, both types of meas-
urements were made., A male template as shown in Fig, 16b was used
for the in-die measurements,

The results of springback data using the templates were not
altogether satisfactory since the values recorded were somewhat
misleading. For example, using the template technique the maxi-
mum contour deviation gave the minimum value of springback, and
flange distortion caused some discrepancies in measurement and
difficulty in analysis, Therefore, a different technique was de-
veloped that provided more accurate data and permitted more
meaningful interpretation, It was felt that the die cavity itself
would be a more accurate baseline from which to make comparisons
than a template machined to the cavity contour., Thus accurate
measurements were made of the die cavity contour by dropping
perpendiculars from an accurately positioned steel beam across the
die surface, For in-die measurements the beam was supported by
the holddown ring and adjustments were made for the thickness
of the ring, After the clamping force was removed, a steel beam
was supported at the draw radius, and vertical distances were then
measured using the nonshifting radius points as a reference plane,
Figure 17 illustrates the technique used, Although the method of
springback measurement is quite simple in concept, it was effective
in describing blank deviations from the die cavity contour. No
suitable technique was developed to accurately depict the flange
‘distortion present after forming,

29
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a, Male Template for In-Die Measurements

b. Female Template for Out-of-Die Measurements

Fig. 16 Templates Used to Measure Deviations
from Forming Die Contour




Martin-CR-65-41

5

4

Fig. 17 Springback Measurement of Explosively Deformed 2219-T31 Aluminum
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III, TEST RESULTS AND DISCUSSION

A. SPRINGBACK CONTROL

Springback is most severe when forming shallow shapes of high
yield strength material. The two factors causing springback are
rebound, which results from the impact of the moving part with
the die surface and the proportion of elastic strain present in
the total deformation. The results discussed in this section per-
tain to the reduction of these two factors causing springback,

1. Determination of Forming Conditions

Forming parameters were evaluated by a systematic series of
tests, Using data that were established in previous work as an
initial set of forming conditions, the pertinent parameters were
studied; i.e., only one parameter at a time was adjusted. In
this manner each condition contributing to springback was evalu-
ated,

a. Standoff

Standoff is the distance between the bottom of the ex-
plosive charge and the surface of the blank., This param-
eter can be expressed as the ratio of charge distance from
the blank surface to a characteristic blank dimension
(diameter for symmetrical parts, width, or length for
rectangular part, etc).

Four different tempers (0, T42, T351, and T37) of the 2219
alloy were used for the evaluation of springback as a
function of charge standoff. All blanks in this series

of tests were 0,250-in. thick. Charge standoffs of 3.54,
6.36, and 10.60 in. were evaluated for percentage of spring-
back in each temper. A charge standoff of 3.54 in. pro-
duced minimum springback in all tempers. However, the
2219-T351 and 2219-T37 blanks exhibited some springback
around the edges of the blanks. The results from the
tests at a 6.36-in. standoff showed a considerable in-
crease in springback over the entire blank surface in all
tempers. Using a standoff of 10.60 in. produced some in-
teresting results. The 2219-0 and 2219-T42 blanks ex-
hibited a high percentage of springback over the entire
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blank surfaces particularly in the central portion. The
2219-T351 and 2219-T37 blanks produced the same excessive
springback in the central portion of the blank but the
springback was markedly decreased near the edges of the
blanks. Apparently for low yield materials, where plastic
flow occurs easily, edge pinning due to the explosive
force is not effective., However, for the high yield
strength tempers pinning of the edges was evident. The
3.54-in, standoff was determined as optimum after anal-
ysis of all the data. Standoffs of less than 3.54 in.
produced erratic results and excessive blank damage under
the charge. Figure 18 illustrates the effects of charge
standoff on metal springback.

Explosive Charge

The results from this series of tests were used to estab-
lish charge type and shape.

Three types of explosives were evaluated to determine the
one that produced the minimum springback and to establish’
a charge equivalency ratio for explosives of different
burning speeds., Cyadyn 3 (a 48% nitroglycerine dynamite
manufactured by American Cyanamid) was used in the initial
testing because it was economical and readily available.
It has a burning speed of 7000 fps. It was also evaluated
for comparison purposes with explosives of higher burning
speeds. Penta erythritol tetranitrate (PETN) powder, with
its burning speed of about 26,000 fps, was used to evalu-
ate the merits of a high explosive. The PEIN used in this
series of tests was in two different forms:

1) PETIN powder that is the type contained in PETN prima-
cord;

2) DuPont Deta-sheet containing 687% by weight of PETN.
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Two shapes of charges were evaluated, the cylindrical
charge was used because a direct comparison between PETN
powder and Cyadyn 3 could be made (with the proper adjust-
ment for differences in energy release). The charge
equivalency, by weight, of Cyadyn 3 to PETN was estab-
lished to be 2,02 to 1. The PEIN was determined to be
more satisfactory. A typical comparison shown in Fig,

19 shows a more desirable springback curve when PETN was
used. The edge pinning coupled with the more uniform
general springback was the first sign of suitable forming
conditions. The uniform springback was also indicative

of more uniform blank properties., The sheet explosive

was then evaluated to provide a comparison between a cen-
trally located point source of energy (cylindrical shape)
and a sheet charge of the same contained energy that covers
a much larger area of the blank surface. The sheet ex-
plosive was determined to be the most desirable type of
charge because it consistently produced uniform and evenly
distributed strain throughout the blank surface, Initially
the cylindrical-shaped charge produced the lowest percent-
age of springback but the strain was very unevenly dis-
tributed. When the other conditions affecting springback
had been optimized, the sheet explosive then produced a
low springback with its accompanying uniform strain dis-
tribution., Blanks formed with sheet explosive showed a
greater percentage of contact with the die surface in
every case than those formed with an equivalent cylindrical
charge. Figure 20 compares springback using central PETN
charges and sheet explosive, Use of sheet explosive is
particularly advantageous because the area of blank cover-
age by the charge may be kept constant as charge require-
ments are varied due to blank temper and thickness. This
is accomplished of course, merely by selecting a thick-
ness of sheet that will contain the proper weight of ex-
plosive., This type of sheet is available in a variety

of useful thicknesses.
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Clamping Effects

The upper gore die has four 1 in. 8 NC studs on each end.
The clamping plates are placed over the blank and tightened
by a predetermined torque applied to the nuts. A curve
relating torque and holddown pressure for 1 in 8 NC bolts
with lubricated nuts and studs is presented in Fig. 21.
The tension on the studs was adjusted to produce 100 psi
of clamping pressure on the blank ends. This pressure
was selected because it represented a reasonable torque
level that could be applied to the studs without thread
damage and clamping plate bending. During the initial
testing, it was noted that the 100 psi pressure was still
not sufficient to prevent the blank ends from slipping
under the clamping plates when the die was evacuated.

The slippage that occurred reduced the amount of plastic
strain. Because springback is a function of the amount
of plastic deformation of the blank, it was decided to
increase the coefficient of friction by knurling the
clamping plate faces rather than increasing the torque
level on the studs.

The increased friction on the blank ends produced a marked
decrease in springback. It was decided to check the ef-
fects of knurling during the testing that was performed

on the lower gore die. Two blanks were formed before
knurling and three after knurling. The three blanks
formed after the clamping plate faces were knurled showed
a higher percentage of induced strain with accompanying
reduced springback. Figure 22 compares blanks formed with
and without the knurling. The effect is typical for both
upper and lower gore tests,

The clamping pressure on the lower gore die was raised to
150 psi to provide increased blank restraint. This was
possible because the lower gore has five l-in. 8 NC studs
on each end,
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2. Effect of Blank Thickness

A study was made to determine the influence of blank thickness
on the springback characteristics of 2219-T31. Thus, a minimum
thickness could be established below which one might encounter
problems with elastic strain resulting in increased springback,
Charges were placed centrally over the blank to effect necessary
forming. Both PETN and 0.025-in. sheet explosive were used.
Material thicknesses formed were 0.032, 0.090, 0.132, and 0.250
inch. Thus different radius of curvature to thickness ratios
could be studied (i.e., r/t = 470, 167, 114, and 60 respectively).
It has been found from conventional forming experiments that
springback varies as an inverse function of thickness; i.e., as
the thickness decreases the amount of springback increases. This
was also found to be the case for explosive forming. Either the
bulk PETN charges or the central sheet charges gave similar re-
sults. Figures 23 and 24 show typical curves for 2219-T31. Be-
cause of the particular die design used, the unrestrained edges
of the blank were allowed to pull-in freely as the blank was
plastically deformed. For the 0.032- and 0.090-in. thick materi-
al this resulted in rather severe springback. In fact for the
0.032-in. thick blanks the springback was so severe after the
holddown ring was removed that measurements were not attempted.
Both the 0.090- and 0.132-in. thick blanks warped quite badly in
every test. The warpage occurred in a diagonal direction along
the restrained axis and was more readily apparent when the formed
parts were removed from the die. Based on the test results using
a die not permitting complete edge restraint the minimum thickness
of 2219-T31 that can be formed without warpage or excessive spring-
back is 0.250-in. for a 1/5-scale model. This corresponds to a
thickness of 1.25-in. for the full-scale part.

3. Effect of Lubrication

Generally lubricants are used during sheet metal forming to
encourage metal flow into the die without attendant high plastic
strains. This permits the attainment of greater draw depths with-
out excessive thin-out. In the forming of shallow contoured parts,
however, the plastic strain has to be maximized in order to mini’ .
mize the springback. Thus it is generally necessary to avoid
lubricants when explosively forming shallow parts. There are
other reasons why lubricants are detrimental to successful form-
ing of close tolerance parts: (1) lubricant drawn into the die
cavity before forming due to the reduced pressure under the blank
can detonate causing dents in the part; (2) the compressed lubri-
cant can detrimentally affect the part surface finish.
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In spite of the known influences of lubricant on metal behavior
during fabrication, it was considered desirable to establish a more
quantitative effect of lubrication on the behavior of explosively
formed blanks by conducting a limited number of experiments. Alu-
minum alloy 2219-T31 blanks in thicknesses of 0.032, 0.132, and
0.250 in. were formed with and without the use of celvacine high
vacuum grease as the lubricant. In all cases the amount of spring-
back increased when lubricant was used on the die draw radius.
Typical results are shown in Fig. 25.

For the explosive forming of shallow gore shaped parts, lubri-
cant is not recommended, and is, in fact, definitely detrimental

to the forming operation.

4, Effect of Draw Depth and Draw Radius

In conventional forming it has been determined by experience
that the amount of metal springback is reduced by using sharper
die entrant radii and deeper draws. Thus, it was of interest to
determine whether similar behavior occurred during explosive form-
ing. A series of experiments were conducted using 0.250-in. thick
2219-T31 aluminum, Draw radii of 0.2 and 0.75 in. and draw depths
of 3 and 4 in. were evaluated,

In general, less springback resulted when sheet explosive was
used rather than an equivalent charge of PEIN bulk explosive,
Since the sheet explosive gave the most uniform springback, the
comparisons of draw depth and draw radius shown in this section
are between experiments conducted with central charges of sheet
explosive,

Figure 26 shows the influence of draw depth on the springback
of 0.250-in. thick 2219-T31 using a 0.2-in. draw radius. The same
comparison for a 0.75-in. draw radius can be seen in Fig. 27.
Similar springback curves result in both cases, illustrating that
at a given draw radius draw-depth does not affect springback to
any appreciable degree. These are not expected results since for
completely restrained blanks one achieves lower springback with
an increase in draw-depth using a given draw-radius. However,
the lack of restraint on the gore die used allowed excessive
metal flow into the die cavity causing a modified stress pattern
in the panel that influenced springback. This was confirmed by
taking strain measurements to permit an evaluation of lateral
blank stretching, It was found that a region exists along the
centerline of the blank perpendicular to the long axis where fore-
shortening occurs. This shortening of the blank in the long trans-
verse direction allows metal to gather with the result that edge
buckles are produced causing a modification in the springback
behavior of the metal.
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Figures 28 and 29 show the influence of draw radius on the
springback at a constant draw depth. Based on results reported
in the literature one expects a reduction in springback with the
use of smaller radii. However, little influence was observed of
draw radius on resulting springback after explosive deformation.

One aspect of the explosive forming of blanks in the modified
upper gore die was the severe springback experienced at the flange
area when the holddown bolts were released. The amount of move-
ment was on the order of 3/4 to 1 1/2 in., using the one-inch in-
serts and 2 to 4 in, using the 2-inch inserts. Because of the
severe flange distortion no contour measurements were taken with
the blank out of the die since the draw radius reference plane
used to measure contour deviations had changed. Thus the con-
clusions drawn from the forming experiments were based on "in-
die'" measurements. The effect can be seen in Fig. 30 where an
unoptimized charge was used that did not force the blank into
intimate contact with the die., Notice that after the holddown
clamping force is removed the blank is deflected downward as a
result of the upward movement of the flanges. The effect is much
more pronounced when optimum charges are used.

In summary, there is little effect of draw-depth or draw-
radius on springback. These unexpected results appear to be
caused by unrestricted metal flow from the transverse edges of
the die,

5. Effect of Die Material and Surface Finish

One primary aspect of metal springback that one must consider
in sheet metal forming is rebound from the die. This rebound can
contribute significantly to total measured springback and there-
fore must be evaluated. To permit an evaluation of the influence
of die material on springback, a high-strength concrete die was
constructed as described in Chap. II.B.4, to the same configura-
tion as the meehanite upper gore die. Unfortunately the design
was unsatisfactory and a break occurred through the die across
the narrower dimension. The crack appeared to start from the
vacuum connection at the side of the die., One repair was made
on the die to permit the forming of two blanks. Some difficulty
was experienced in evacuation of the die cavity due to porosity
from casting. However, the problem was solved by applying a
layer of tooling epoxy over the die forming surface thus effect-
ing a suitable seal to air leakage.
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One blank each of 2219-T31 in thicknesses of 0,090 and 0.250
in. were formed in the concrete die, The data did not permit a
valid comparison between meehanite and concrete die materials
due to the failure of the die during experimentation. Figure 31
shows the measured springback resulting from the two sets of
forming experiments., Note that the measurements taken on the
concrete die involved several negative values., This could have
been due to die movement caused by the formation of a crack.

Although springback may be reduced by the use of concrete
dies, there are several inherent disadvantages in the use of con-
crete:

1) Evacuation of the die cavity is more difficult than
for metal dies:

2) Design is more critical since shock loading produces
high loads that are difficult to accommodate;

3) For forming more than 25 parts, concrete cannot with-
stand the additional repeated loading necessary.

It is well known that concrete withstands rather high loads
in compression but cannot tolerate tensile stresses of very high
magnitude. Therefore, it is essential in the design of a concrete
die to construct the tool so the primary forces acting on the con-
crete are compressive in nature. This can be accomplished by en-
casing the concrete in a steel shell, The acoustic impedence of
the concrete relative to the steel shell is such that the shock
waves are reflected from the die surfaces as compression waves.
Thus, with proper design, concrete can be used effectively in ex-
plosive forming operations for limited production runs. More
experiments are necessary to establish the necessary criteria
for optimum die design. For the purpose of this contract the
concrete die used was not satisfactory since conclusive data on
reduction in metal springback could not be obtained.

*Acoustic impedance is the product of the density of the mate-
rial and the velocity of sound in the material. Compressive
stresses can be produced by putting a material of low acoustic
impedance within a material of higher acoustic impedance; 1i.e.,
concrete in steel,.
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6. Effect of an Integral Blanket

A concept for the possible reduction of metal springback was
studied during the experimental program. Basically, the idea
involves the application of a layer of material over the metal
blank to be formed in such a way as to raise the neutral axis of
the composite section above the metal interface. By shifting the
neutral axis to a position above the metal blank, one can effect
complete plastic deformation with the subsequent reduction in
springback, This concept has been called an integral blanket,

There are several aspects of the blanket material that must
be considered to effect the necessary shift in the blank neutral
axis. 1In general, the thickness of the blanket material is an
inverse function of its modulus of elasticity; i.e., a lower
modulus material requires a greater thickness, while raising the
modulus permits the use of a thinner layer of material. The thick-
ness relationships are influenced by the yield strength of the
blank material as well as its physical characteristics. A factor
which strongly influences the integral blanket thickness is the
ratio of blank radius of curvature to blank thickness. The re-
lationship for aluminum of two different strength levels is shown
in Fig. 32 and 33.

In order to establish the merit of the integral blanket concept
in the explosive forming of 2219-T31 aluminum, experiments were
conducted using 10.5-in. diameter blanks on a die having a 30-in.
spherical radius. Blanket materials of neoprene rubber (both 40
and 80 Durometer hardness), lead, and polyurethane rubber were
used to evaluate the influence of modulus of elasticity on the
efficiency of the blanket. No holddown was used on the die since
maximum springback was desired to permit a determination of any
springback reduction resulting from the use of the integral blan-
ket. The thicknesses of integral blankets required for different
materials are given in Fig. 32 and 33. The results are summarized
in Table 4 and are shown in Fig. 34. No valid conclusion can be
drawn from such limited data. Limitations of time and money did
not permit the additional experimental work needed to clarify the
results,
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Table 4 Springback as a Function of Blanket Material for

Martin-CR-65-41

2219-T31 Aluminum, 0.132-in. Thick

57

Deviation from Die Contour

Measured at the following

Distances from the Center,

Modulus of Blanket

6 Charge

Specimen 1 in, 2 in. 3 in. 4 in, Material x 10 psi (grains)
No Blanket 0.004 | 0.004 | 0.012 | 0.043 .- 50
No Blanket 0.003 | 0.005 | 0.004 | 0.001 --- 150
No Blanket 0.015 §{ 0.031 | 0.020 | 0.022 -— 100
Lead 0.017 | 0.046 | 0.084 | 0.123 2.5 100
Lead 0.019 | 0.023 | 0.059 | 0.100 2.5 50
40 D Rubber 0.009 | 0.012 | 0.019 | 0.034 0.5 50
40 D Rubber 0.018 | 0.019 | 0.014 | 0.019 0.5 100
40 D Rubber 0.020 | 0.019 | 0.020 | 0.020 0.5 50
40 D Rubber 0.019 | 0.018 | 0.022 } 0.020 0.5 150
40 D Rubber 0.022 | 0.025 | 0.018 | 0.020 0.5 50
80 D Rubber 0.021 | 0.016 | 0.016 | 0.028 0.5 50
80 D Rubber 0.021 | 0.018 | 0.020 | 0.020 0.5 100
Polyurethane | 0.019 | 0.014 | 0.019 | 0.037 0.5 100
Polyurethane { 0.013 | 0.016 | 0.014 | 0.019 0.5 150
Polyurethane | 0.013 | 0.017 | 0.020 | 0.019 0.5 50
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It is possible that the frictional forces at the interface
between the integral blanket and the metal blank were not high
enough to resist the horizontal shear that would result from
composite action of blanket and blank, This would reduce the
effectiveness of the blanket in raising the neutral axis above
the metal interface and increasing the plastic deformation in
the metal. A possible technique for providing resistance to
horizontal shear at the blanket-metal interface is shown in
Fig. 35. It may be worth investigating this concept in a future
program

7. Alloy Temper

Four 2219 tempers (2219-0; 2219-T42, 2219-T351, and 2219-T37)
were investigated for effects of springback.

It was anticipated that the annealed 2219 would be relatively
simple to form and would therefore exhibit the least springback
of any of the tempers. This was not true however since most of
the series of tests produced parts from harder tempers that had
more desirable contours and less springback. The annealed 2219
was evaluated primarily for comparison purposes because it was
apparent that the strain induced by forming would be lost during
the solution heat treating process. Initially, the contour meas-
urements from the 2219-T42 material indicated that it would be
the optimum temper to complete the remaining steps in the contract.
It was determined, however, after tensile specimens had been taken
from panels with low percentages of springback, that the minimum
2219-T87 properties could not be achieved after aging. Apparently
the strain plus hardening induced by explosive forming was insuf-
ficient to provide the necessary 7 to 10% cold work. A charge of
4320 grains of Cyadyn 3 was used for a test in the attempt to in-
crease the cold work produced by explosive forming. The proper-
ties were increased in the 2219-T42 panel, however the yield
strength remained 3000 psi below minimum. An additional dis-
advantage of using such an excessively large charge was the ac-
companying surface damage to the blank., The springback, presum-
ably from rebound, was also greater than that produced with charges
a fraction of the size of the 4320 grains charge.
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Anchor Piece Integral Blanket

1 ||

1 T A Y,

Blank «- '@\
Forming Die —/ \_ Vacuum Port

Fig. 35 Technique for Release of the Integral Blanket after Blank Deformation
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It then became necessary to select a temper containing cold
work before forming for optimization of springback. The 2219-T351
blanks formed after charge and standoff parameters had been es-
tablished showed smaller percentages of springback than any other
temper. The 2219-T351 produced the best part contours and least
springback of the four tempers when the best series utilizing
sheet explosive was developed. The sheet explosive also induced
the necessary cold work into the 2219-T351 blanks for response to
full 2219-T87 properties subsequent to aging. Figure 36 shows a
comparison of springback for the various tempers, The 2219-T37
material was the most difficult to form as was anticipated. The
high yield strength possessed before forming made this material
extremely resistant to plastic deformation, which subsequent
strain measurements confirmed, This material consistently pro-
duced the highest springback percentages in the majority of tests.
Adjustments were made in the related parameters in an attempt to
reduce the percentage of springback of this temper, however the
resulting springback realized remained excessive.

In conclusion, the 2219-T351 was selected as the temper to
complete the remaining steps in the contract not only because of.
its low springback characteristics but also because it responded
well to aging after forming.
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B. METALLURGICAL EFFECTS

1, Metallographic Studies

a,

Optical Microscope

Standard metallographic techniques using the optical mi-
croscope permitted the observation of microstructural
changes resulting from explosive deformation. As out-
lined in Chap. I1, some of the material obtained from
NASA was quite variable with respect to grain size and
these variations were reflected in the attendant mechan-
ical properties, Thus a variable was introduced into
the program over which very little control could be ex-
ercised, Subsequent heat treatment of the as-received
material did not result in the full response of all al-
loy tempers indicating the significant influence of
variation in properties and microstructure on alloy be-
havior,

Using the light microscope it was difficult to observe
any significant changes in microstructure resulting from
explosive forming. Some grain elongation caused by cold
reduction was about the only observable change found.
Figure 37 thru 39 illustrate the grain changes caused by
plastic deformation of the 2219 alloy plate., Note that
for both the 2219-T42 and 2219-T37 materials the effects
of forming are quite apparent. Little change can be seen
between the as-received and the explosively-formed 2219-
T351 samples. Since the use of the light microscope ap-
peared to be of little value in evaluating microstruc-
tural changes occurring from high velocity metal defor-
mation, structural changes were subsequently studied
using transmission electron microscopy and x-ray dif-
fraction techniques, which are described in the follow-
ing paragraphs,
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a. As Received

b. Explosively Formed

Fig. 37 Microstructure of 2219-T42 Aluminum Plate,
Longitudinal Grain Direction, 200x
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a. As Received

b. Explosively Formed

Fig. 38 Microstructure of 2219-T351 Aluminum Plate, Transverse
Grain Direction, 200x
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a. As Received

b. Explosively Formed

Fig. 39 Microstructure of 2219-T37 Aluminum Plate, Longitudinal
Grain Direction, 200x
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Crystallographic Imperfections in 2219 Aluminum Produced
by Explosive Forming

The anticipated types of crystallographic imperfections
induced by explosive forming 2219 AZ are specifically:

1) Dislocations;

2) Stacking faults (planar atomic stacking mistakes);
3) Twins, both microscopic and macroscopic;

4) Microcracks;

5) Point defects, such as, vacant atomic sites or simply
vacancies.

The types of imperfections induced in 2219 Af by explo-
sive forming are illustrated in Fig. 40, The metallur-
gical treatment of the specimen shown in Fig. 40 is an-
nealed, slow-cooled, and explosively-formed, in that
order, The fine black lines; e.g., at "A" are disloca-
tions generated by the forming operation, The stable
precipitate 6 results from the approach of the alloy to
equilibrium by slow cooling. The metastable @' phase is
only in evidence at isolated regions. The presence of
an excess concentration of vacancies is inferred by dis-
location loops that can be formed by vacancy segregation
followed by a dislocation reaction involving partial dis-
locations. Dislocation loops that are thought to have
formed by vacancy migration are seen at "B" in Fig. 40,
The probable source of excess vacancy concentration is
the mechanism of stress-induced climb of jogs on screw
dislocations. Such a mechanism is favored by the appli-
cation of impulsive loading inherent in explosive form-
ing. Although jogs on dislocations cannot be resolved,
due to their small size (<10 angstroms), their presence
is strongly implied by the cusps seen at ''C" on most of
the dislocations. The influence of excess concentrations
of vacancies in explosively formed 2219 Af on the desired
mechanical properties achieved through aging is discussed
later,
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Fig. 40 Transmission Electron Micrograph of 2219 Aluminum, Annealed, Slow
Cooled, and Explosively Formed Showing Metastable 6', Stable 09,
and Dislocations Induced by Explosive Forming
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The effectiveness of 6' as a barrier to dislocation move-
ment is {illustrated in Fig, 41 at "A," The orientation
of the crystal in Fig. 41 affords a view of 8' platelets
edge on, Since O' precipitates on the {100} planes of
the aluminum matrix, one 6' set is seen edge-on and the
other two make angles of less than 90 deg to the foil
surface, The banded appearance of the 6' is due to the
presence of dislocations at the interface. The origin

of these dislocations is uncertain, since they could re-
sult from incoherency strains between 6' and the matrix
or could result from intersections of moving dislocations
with 6',

The anticipated types of crystallographic imperfections
listed previously were never observed in any of the more
than 300 transmission micrographs taken of explosively-
formed 2219 Af4. The most obvious imperfections intro-
duced by explosive forming 2219 A/ are dislocations., In

some regions of the deformed specimens dislocation den-

1
sities in the range of 10 1 to 1012 lines//cm2 have been

observed. The presence of excess vacancies produced by
explosive forming is apparent by their influence on dis-
locations (loop formation) and on the acceleration of
diffusion in the aging process, The detailed descrip-
tion of observations made during electron microscopy
studies are presented in the following paragraphs.

Transmission electron microscopy specimens prepared from
thin-foil sections were studied to determine the nature
and distribution of precipitate, dislocation densities,
and orientation effects caused by explosive deformation.
Alloy tempers studied were 2219-0, 2219-T42, 2219-T351,
2219-T37, and 2219-T81. Direct observations of the pre-
cipitation process during aging were made by using the
heating stage of the electron microscope.

2219-0 Aluminum - Figure 42 shows a typical transmission

micrograph of undeformed 2219-0 aluminum. The large pre-

cipitate visible is the 6 phase of this alloy system., Ac

areas typical of "A" in the micrograph, one can see a much
[+]

smaller precipitate (500 to 50 A in size), These parti-
cles of 6' phase are the most effective in pinning dislo-
cations and increasing the alloys resistance to plastic
deformation, The effectiveness of the §' particles in
pinning dislocations is illustrated in Fig. 43 where sev-
eral examples of precipitate-dislocation interaction can
be seen in the upper left and right center of the micro-
graph. An energetically-stable distribution of disloca-
tions in the form of quasi-hexagonal networks is shown in
Fig. 44. These networks are indicative of an annealed ma-
terial.
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Fig. 41 Transmission Electron Micrograph of 2219 Aluminum, Annealed, Slow
Cooled, and Explosively Formed, Showing the Effectiveness of 6'
Precipitates as Barriers to Dislocation Motion
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Note:

1.
2.

Diffraction index shown at the right.
Foil normal is given by the Miller
indices in brackets.

Fig. 42 Transmission Photomicrograph of Undeformed 2219-0 Aluminum
Showing 6 and 6' Phases

71
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Note: 1. Diffraction index shown at the right.
2. Foil normal is given by the Miller
indices in brackets.

Fig. 43 Examples of Dislocation Pinning by 6' Precipitate
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Note: 1. Diffraction index shown at the right.
2. Foil normal is given by the Miller
indices in brackets.

Fig, 44 Dislocations in the Form of Quasi-Hexagonal
Networks Illustrating an Energetically Stable
Distribution
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In the preparation of thin foils, one sometimes encounters
problems with foil deformation caused by local bending ef-
fects. Figure 45 illustrates bend contours shown by the
dark bands (extinction contours). The influence of the
local bending of dislocation formation is clearly evident
by the dislocation array along the bend contours. It is
important to prevent local bending of the thin foil samp-
les during preparation since influences of high energy
deformation cannot be accurately established if the start-
ing material structure is disturbed,

Specimens were taken from explosively-formed 2219-0 alumi-
num blanks at positions near the blank apex. Areas were
selected based on the amount of plastic deformation im-
posed on the blank to permit the evaluation of maximum ef-
fects resulting from explosive forming. Figure 46 is a
typical transmission photomicrograph of a sample taken
from such an area. 1If one compares this micrograph with
Fig. 42, it is quite evident that a significant increase
in the number and complexity of dislocations occurs from
explosive deformation. The 6' precipitates encourage disr
location tangling that impedes the plastic deformation of
the alloy. Dislocation loops are also formed during high
energy deformation, A correlation of the transmission
microscopy results with tensile results confirms the ex-
pected greater resistance of the 2219-0 aluminum to plas-
tic deformation. 1In the undeformed condition, the alloy
exhibits properties as follows:

Ultimate tensile strength (KSI) 28,6 to 29.4
Tensile yield strength, 0.2% offset (KSI) 12,8 to 14.4
Percent elongation in 2 inches 23,5 to 24.0,
After explosive forming, there is only a small increase
in ultimate tensile strength but the yield strength has
increased about 6000 psi with a corresponding reduction
in ductility, Results of specimens taken from explosively
formed 2219-0 aluminum blanks were found to be:
Ultimate tensile strength (KSI) 29.1 to 29.6
Tensile yield strength, 0,2% offset (KSI) 18.3 to 20.9

Percent elongation in 2 inches 19.0 to 23.,5.
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Note: 1. Diffraction index shown at the right.
2. Foil normal is given by the Miller
indices in brackets.

Fig. 45 Bend Contours (Extinction Contours) Resulting from
Slight Local Bending of the Foil (Note Dislocations

Along Extinction Contours)
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Note: 1. Diffraction index shown at the right.
2. Foil normal is given by the Miller
indices in brackets.

Fig, 46 Explosively Formed 2219-0 Aluminum Showing
Complex Dislocation Networks and Disloca-
tion Tangling Around ¢' Precipitate




Martin-CR-65-41 77

Thus, increases in tensile strength with attendant duc-
tility reduction can be suitably explained by the pres-
ence of dislocation tangles and loops which, upon inter-
action, discourage plastic deformation.

c¢. Influence of Explosive Forming on Aging Behavior

Aging experiments were performed on 2219 A4 thin foil
specimens of tempers T37, T42, and T351 in the undeformed
and explosively-formed condition. These experiments were
undertaken to determine possible changes in the aging be-
havior resulting from explosive forming. The specimens
were aged in the heating stage of the microscope to allow
direct observation of the precipitation process as it oc-
curs,

The specimens were prepared from undeformed and explo-
sively-formed panels by spark machining, spark planing,
and electropolishing., The explosively-formed specimens
were taken from the region of the formed dome apex.

Undeformed 2219 AfZ of temper T37, T42, and T351 exhibit
the following macroscopic mechanical properties:

37 42 I351
Yield strength (0.2% offset) 38,000 psi 17,000 psi 28,000 psi
Ultimate tensile strength 49,000 psi 45,000 psi 46,000 psi
Elongation in 2 inches 207 6% 6%
When fully aged, 2219 Af of tempers T37, T42, and T351
in the nonexplosively-formed condition will exhibit the

mechanical properties given below:

T87 (Aged T37) T62 (Aged T42) T851 (Aged T351)

Yield strength (0.2% offset) 50,000 psi 36,000 psi 44,000 psi
Ultimate tensile strength 63,000 psi 54,000 psi 61,000 psi

Elongation in 2 inches 5% 6% 6%
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The reason the mechanical properties increase upon aging
is that the metastable 6' and the stable 6 phases precipi-
tate in the quenched Af-Cu alloy to give a dispersed dis-
tribution of barriers to dislocation motion, Overaging
occurs when the fraction of 9 precipitates increases,
since 6 grows at the expense of 68' and the 6' is more
finely distributed in addition to being a more effective
barrier to dislocations than 4.

This precipitation process is a diffusion-controlled mech-
anism. Because diffusion rates are markedly increased by
the presence of excess vacancies in the alloy, the aging
time required in the explosively-formed alloy, to obtain

a distribution of 6' corresponding to the aged mechanical
properties, should be less than that for 2219 AfZ in the
undeformed condition,

As was mentioned previously, the source of the excess
vacancies is the explosive forming, since explosive form-
ing requires high dislocation velocities in the alloy, a
high concentration of vacancies is expected in the alloy
as a result of the stress-induced climb of jogs on screw
dislocations, Thus, the aging process should be acceler-
ated in the explosively-formed alloys. The determination
of the magnitude of the acceleration forms the purpose of
this series of aging experiments,

A point of criticism exists concerning conclusions based
on precipitation observations in thin foils., The point
is that precipitation processes occur more rapidly in
thin foil specimens than in bulk form. The reasons for
such behavior are:

1) The precipitation is occurring close to the surface
that is a source of vacancies;

2) A thin foil is essentially a two-dimensional body;
i.e,, there is a lack of restraint in one dimension
that aids precipitation of phases that introduce
strains in the matrix crystal,

However, a comparison between the kinetics of precipita-
tion processes between two thin foils of different metal-
lurgical condition can be made. Hence, the results from
a comparison measurement can be projected to give a reas-
onable prediction of the precipitation behavior in the
bulk form of the alloy.
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2219-T42 - Specimens were prepared from undeformed and
explosively-deformed panels by spark machining, spark
planning, and electropolishing. The explosively-formed
samples were taken from the region of the formed gore
apex,

The aging behavior of 2219-T42 in the undeformed condi-
tion at 325°F is shown as a function of time in Fig. 47a
thru 47f, The plane of the foil, Fig. 47a thru 47c, is
(001). Figures 47d thru 47f are from an adjacent crys-
tallite in (110) orientation., Thus, the projected image
of precipitates in this sequence appear different because
of the difference in crystal orientation, The small angle
boundaries at "A" in Fig. 47a and the isolated disloca-
tions at "B" are typical features of this alloy in the
solution heat-treated and quenched condition. The exis-
tence of some residual precipitates at '"C" is an indica-
tion of incomplete solution heat treatment, However,
since the volume fraction of residual precipitates is
small, deleterious effects due to these, in subsequent
metallurgical treatments, are unlikely. The rate at
which residual dislocations are annealed out in these
thin foils is shown in Fig. 47b where only a few dislo-
cations remain after 4 minutes at 325°F, The precipi-
tation and growth of 8' is seen to have occurred in 10
minutes in Fig., 47c, The traces of the @' precipitates
in Fig. 47c are consistent with the known habit planes
of 8'; i.e., the (001) of the aluminum matrix. Figure
47d shows the extent of precipitation in 11 minutes in
a crystallite in (110) orientation adjacent to the crys-
tallite of precipitation in Fig. 47a thru 47c¢., There
are two reasons why the extent of precipitation in Fig.
47d is greater than in Fig, 47c although the difference
in elapsed time is only one minute. These are the foil
thickness is greater in Fig., 47c and the orientation at
Fig, 47d is such as to produce better precipitate con-
trast than in Fig, 47c. The thickness and length of @'
that lies normal to the foil; i.e,, 6' precipitating on
(001), has increased by a factor of about three in four
minutes as seen by comparison of Fig. &47e with Fig. 47d.
In the (110) orientation, 6' precipitating is projected
in true thickness of ' in Fig. 47e to give values rang-
o -] .

ing from 16A up to 200A. The distribution of 6' shown
in Fig. 47f is representative of the fully-aged alloy
that corresponds to the mechanical properties for 2219-
T62,
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(d) (e) (f)
t= |1 min. t= 15 min. t=25min.
L | p |

Fig. 47 Transmission Electron Micrographs of the Aging Behavior at 325°F
of Undeformed 2219-T42 as a Function of Time
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The aging behavior of 2219-T42 in the explosively-formed
condition at 325°F is shown as a function of time in Fig.
48a thru 48f., After explosive forming, small angle crys-
tallite boundaries (boundaries composed of simple geomet-
ric gridworks of dislocations) are unobserved because the
dislocations in these boundaries have been dispersed by
the forming operation, Figure 48a shows the dislocation
distribution before aging. The plane of the foil in this
sequence is (013). In this orientation, one of the three
habit planes of 8' is normal to the foil surface. There-
fore, one set of @' platelets appear as dark streaks, as
at "A" in Fig., 48d. The distribution of &' as shown in
Fig., 48c is representative of the fully-aged condition
that exhibits the mechanical properties given for 2219-
T62. The over-aged condition is suggested by the appear-
ance of O precipitates as seen in Fig. 48f. A comparison
of Fig. 47 and 48 indicates that the aging process occurs
by a factor of about 0.1 faster in the explosively~formed
specimen, This difference in aging behavior is unlikely
to produce any marked changed in the macroscopic mechani-
cal properties when the aging treatment specified for
2219-T42 in the undeformed condition is applied to 2219-
T42 in the explosively-formed condition.

2219-T351 - Some interesting observations were made dur-
ing transmission electron microscopy studies of 2219-1351,
which further justify the selection of the alloy temper
for use in Saturn gore segment fabrication. These obser-
vations are summarized in the following paragraphs,

The aging behavior of 2219-T351 in the undeformed condi-
tion at 325°F is shown as a function of time in Fig. 49a
thru 49f. The high density and rather even distribution
of dislocations introduced in the solution heat-treated
material by tensile stretching is shown in Fig. 49a be-
fore aging., Most of these dislocations have been annealed
out at 325°F after 3 minutes, and the 6' is seen to start
precipitating at "A" in Fig. 49b., The third set of @'
platelets are parallel to the foil surface and are re-
sponsible for the mottled appearance of the micrograph,
The distribution of 6' as shown in Fig, 49f corresponds
to the fully-aged condition that produces the mechanical
properties of 2219-T851,
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it

(a) (b) (c)
o .

(d) (e) (f)
t= 13 min. t= 23 min. t= 35min.
L | K |

Fig. 48 Transmission Electron Micrographs of the Aging Behavior at 325°F
of Explosively Deformed 2219-T42 as a Function of Time
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-,

(d) (e) (f)
t= 1O min. t= 2.0 min. t= 30 min.
| | K |

Fig. 49 Transmission Electron Micrographs of the Aging Behavior at 325°F
of Undeformed 2219-T351 as a Function of Time
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The aging behavior of 2219-T351 in the explosively-formed
condition at 325°F is shown in Fig. 50a thru 50f. The
foil surface of this sequence is parallel to the (110)
plane, The banded appearance at "A" (Fig. 50a), in the
immediate region of the dislocations, results from ex-
tensive strain fields around the dislocations., This is
suggestive of segregation of copper solute atoms to the
dislocations. Such segregation of copper atoms could be
considered the initial step in the precipitation of 8'
and, therefore, it is indicative of the occurance of aging
before heat treating. The internal strain energy intro-
duced into the alloy by explosive forming is the likely
"driving force" for this phenomenon. After 6 minutes at
325°F, the growth of 6' precipitates is well developed

as seen in Fig, 40b, ‘However, the 6' habit plane that

is normal to the foil surface is as yet unobserved. In
the (110) foil orientation, two sets of 6' platelets

make an angle of 45 deg to the foil surface and the third
set lies normal to it as shown at "A" in Fig. 50c.

The distribution of @' shown in Fig. 50d corresponds to
the fully-aged condition having the mechanical properties
of 2219-T851. The over-aged condition is indicated in
Fig. 50e and 50f by the disappearance of &' normal to
the foil surface and the appearance of 9, A comparison
of Fig. 49 and 50 indicates that the fully-aged condition
is achieved by a factor of about 0.3 faster in the ex-
plosively-formed condition. In addition, the appearance
of the images of the 8' in the explosively-formed and
aged alloy suggests that higher coherency strains are
associated with the precipitates than those in the un-
deformed-aged specimens, Extensive coherency strains
near the precipitate interface increases the impedance,
offered by the precipitate, to the movement of disloca-
tions. This phenomenon would indicate that a higher
yield and ultimate tensile strength is possible in ex-
plosively-formed and fully-aged specimens than in unde-
formed and aged material,  Hence, it is recommended that
the aging time for explosively-formed 2219-T351 be re-
duced to 70% of the aging time presently used. The lat-
ter aging time should produce higher yield and ultimate
tensile strengths than those corresponding to 2219-T851,
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(d) (e) (f)
t= 21min. t= 3imin. t= 41min.
L | # |

Fig. 50 Transmission Electron Micrographs of the Aging Behavior at 325°F of
Explosively Formed 2219-T351, as a Function of Time




86

Martin-CR-65-41

2219-T37 - Since the properties obtained from the con-
ventional heat treatment of 2219-T37 after explosive
forming were below the minimum values stipulated by ap-
plicable company and military specifications, it was sus-
pected that over-aging was occurring as a result of the
high-induced energy present from forming. Thus, a study
was made to establish the extent of over-aging and to
determine a heat treatment schedule that would produce
optimum alloy properties. Since explosive forming re-
quires high dislocation velocities in the alloy, a high
concentration of vacancies is expected in the alloy as

a result of the motion of jogs on screw dislocations,
Upon aging (24 hr at 325°F) the precipitation of the
second phases 6' in 2219-T37 (not shock loaded) produces
optimum mechanical properties,

The precipitation process is a diffusion controlled mech-
anism. Because diffusion rates are markedly increased
by the presence of excess vacancies in the alloy, the
aging time required at 325°F in the explosively-formed
alloy (to obtain a distribution of 6' corresponding to
the 2219-T87 mechanical properties) should be less than
that for 2219-T37 in the undeformed condition. This
means that aging 2219-T37 after explosive forming at
325°F for 24 hours as specified in Martin Material Spec-
ification 1117, is likely to produce an over-aged condi-
tion with a corresponding decrease in the ultimate ten-
sile and yield strengths,

Thin foil specimens of 2219-T37 in the deformed and unde-
formed conditions were aged in the heating stage of the
electron microscope at 325 + 10°F and continuously ob-
served for periods up to 3 hours, The specimens repre-
senting the explosively-formed condition were taken from
the region of the dome apex. Precipitation processes oc-
cur more rapidly in thin foil specimens than in the bulk
form. Reasons for this behavior are speculative and
should be dealt with at a later time. However, a compari-
son between the kinetics of precipitation processes be-
tween two thin foils of different metallurgical condition
can be made, Hence, the results from a comparison meas-
urement can be projected to give a reasonable prediction
of the precipitation behavior in the bulk form of the
alloy.
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The 2219 alloy after solution heat treatment and cold
work reduction of about 8%; i.e., temper T37, exhibits
a dislocation distribution as shown in Fig. 51. The
cold working after solution heat treatment introduces a
copious amount of uniformly distributed dislocations,
The diffuseness near the dislocation images is believed
to be the result of segregation of solute copper atoms
to the strain fields of the dislocations, Changes in
the number and distribution of dislocations after ex-
plosive forming the alloy were unobserved; i.e., Fig.
51 is representative of 2219-T37 in the as-received and
explosive-formed condition, Furthermore, a high degree
of springback occurs when using 2219-T37 as a starting

temper because of the high density (~1011 cmz) and uni-

form distribution of dislocations that is characteristic
of this temper.

The sequence of electron transmission micrographs shown
in Fig. 52 and 53 illustrate the relative rates of pre-
cipitation of the second phase 6' in the undeformed and
explosive-formed condition. The micrographs are of rather
low quality due to slight motion of the specimen during

exposure of the photographic plate. This motion results
[+]

from electrostatic charging of a thin (~15A) oxide film
on the surface of the foil. Appropriate changes were
made to eliminate this problem and, thereby improve the
quality of the plates. Figures 52a and 52b show the
extent of precipitation of @' in the undeformed condi-
tion after elapsed times at 325°F for 9 and 25 minutes,
respectively, In Fig, 52a, the 8' has just nucleated

and is starting to grow after 9 minutes, In Fig, 52b,
the 6' is evenly dispersed (about 100A between 6' plates)
and well developed on the (001) habit planes. Figure 52b
is representative of the fully-aged condition; i.e., the
alloy in this condition will exhibit the maximum ultimate
tensile and yield strength. The over-aged condition of
the undeformed specimen is shown in Fig. 53 where the
phase 0 is seen to be forming at the expense of the @'
and, thus, increasing the separation distance between
precipitate plates.

87
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The diffuseness of the dislocation image is believed to re-
sult from segregation of Cu atoms to the strain fields of
the dislocations. Of particular note is the rather high

dislocation density ("'1011 cm2 but rather uniform distribu=

tion. The density and distribution of dislocations before
explosive forming is similar since this temper condition is
a result of solution heat treatment and cold working of
about 8% reduction.

Fig. 51 Transmission Electron Micrograph of 2219-T37 Aluminum After

Explosive Forming
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¢ a. Undeformed, Heated at 325°F+10°F b. Undeformed, Heated at 325°F+L0°F
for 9 min for 25 min

£ ;Mi

. c. Explosively Formed, Heated at 325°F d. Explosively Formed, Heated at 325°F
ilOOF for 5 min ilOOF for 15 min

Fig. 52 Micrographs of the Precipitation Process of 2219-T37 Aluminum as Observed
Using the Heating Stage of the Electron Microscope
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a. Undeformed, Heated at 325°F +10°F for 38 min

b. Explosively Formed, Heated at 325°F #10°F
for 22 min

Fig. 53 Micrographs of the Precipitation Process of 2219-T37 Aluminum as .
Observed Using the Heating Stage of the Electron Microscope
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Figures 52c¢ and 52d show the extent of precipitation of
@' in the explosive-formed condition after elapsed times
of 5 and 15 minutes, respectively. The orientation of
the foil in the explosive-formed specimen is different
from that of the undeformed specimen. Therefore, the
projected image of §' appears differently in Fig. 52c,
52d, and 53b with regard to Fig. 52a, 52b, and 53a.
This causes no difficulty, however, in comparing the
two foils since the boundaries of the 6' in the explo-
sively-formed specimen are still resolvable; e.g., at
"A" in Fig. 52d.

In Fig. 52c, the nucleation and growth of 8' has occurred
in the explosive-formed specimen in 5 minutes at 325°F.
Further, the extent of growth of 6' after 5 minutes is
greater than that in the undeformed condition (Fig. 52a)
after 9 minutes. After 15 minutes the explosively-formed
specimen is near the fully-aged condition as shown in
Fig. 52d. The over-aged condition is being approached

in Fig. 53b as indicated by a less uniform distribution
of 6' and the disappearance of the 6' steeply inclined

to the foil surface shown at "B'" in Fig. 52d.

The results show that the rate of precipitation of 8'
is increased by explosive forming by a factor of two.
Therefore, it is recommended that the aging time for

temper T37, which has been explosively formed, should
be reduced to about 12 hours instead of the 24 hours

given in the heat treatment specification.

2219-T81 - Specially handled specimens of undeformed
2219-T81 were examined after preparation from thin films.
All of the areas examined contained 6' precipitate, a
metastable form of A£2Cu. The precipitate has a tetra-

o
gonal unit cell with lattice constants of a = 4.04 A and

o
c =5.80 A.* Uniform distribution of precipitate is evi-
dent in Fig. 54 thru 58. The streaks in the selected
area diffraction pattern indicate clearly that the plate-
lets are too thin to diffract coherently. The large face
of the platelets is not circular (Fig. 57). Platelets
lying at right angles to each other have different orien-
tations as shown in Fig. 58. However, crystallographic
equivalency still exists.

*Pearson, W. B.: Handbook of Lattice Spacings and
Structures of Metals and Alloys.
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Note:

The boundary between the two differently oriented grains
gives rise to the interference fringes visible on the
photograph. The difference in contrast between the two
grains is due to difference in orientation, as is also
apparent from the appearance of the ' platelet precipi-
tate, Although the magnification is considerably larger
than in Fig. 54a, essentially no dislocations appear to
be present. The mottling effect is due to the strain
fields around the platelets (x143,000).

Fig. 55 Boundary between Two Differently Oriented Grains

93
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Note: The platelets of ' precipitate appear uniformly dis-

tributed in all three grains and extend essentially up
to the grain boundaries. The four white patches are
thought to have arisen during sample preparation, per-
haps due to localized regions (probably 6' platelets on
the third set of {100} planes) where electrolytic polish-
ing may have occurred more rapidly (x39,000).

Fig. 56 Comparison of Three Differently Oriented Grains
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Foil fairly close to {100} b.

orientation showing two
orthogonal sets of &'
platelets, That parallel
platelets are also simi-
larly oriented can be
shown by obtaining the
dark field images, as in
Fig. c and d. The circle
indicates the size and
location of the 50u se-
lected area from which the
diffraction pattern was
taken (x39,000).

Dark field image from spot

A, Fig., b, All platelets
similarly oriented show up
in the same constant
(white); it can be seen
that all such platelets
are essentially parallel
(x39,000) .

Selected area (50u) dif-
fraction pattern from cen-
tral region of Fig. a.

The symmetry of the spots
is the same as of those

shown in Fig. 54b; their

non-uniform distribution

shows that the orienta-

tion is not exactly on

{100}. The circled spots

are those from which the

dark field images, Fig. c .
and d, were obtained.

Dark field image from spot
B, Fig. b. The other set
of parallel platelets are
now visible as white a-
gainst a dark background
and prove that they are
similarly oriented and
that this orientation is
different from that of the ‘
set of platelets in Fig c.

The photographs have not

been rotated relative to

each other (x39,000).

Fig. 58 Micrographs of Differently Oriented 0' Platelets




Martin-CR-65-41 97

There was no evidence obtained to support the presence
of dislocations even though the specimen was tilted
through several degrees in order to be certain that they
were not being overlooked for lack of contrast.

In summation there is clear evidence that explosive defor-
mation modifies the rate at which precipitation from solid
solution progresses. The rate is modified only slightly
from 2219-0 and 2219-T42 but rather significant changes in
precipitation rates were noted for 2219-T351 and 2219-T37.
In fact, it was necessary to reduce the aging time at 325°F
by 50% in order to effect full alloy response to the ther-
mal treatment. It appears possible that by sufficient
energy input into the alloy during the forming process

one could develop a procedure whereby full properties
might be achieved by natural aging or aging at a reduced
temperature than that normally used.

It is not within the scope of the contract to determine
optimum heat treating schedules but the development of
such optimized thermal treatments would be a worthwhile
endeavor.

X-ray Diffraction

X-ray measurements have been taken for three typical

2219 samples to compare the effects of thermal and me-
chanical treatments. Both outer surfaces have been
examined while surface removal techniques enabled the
simultaneous measurement at various selected depths be-
low the original specimen surface. X-ray scans from 35
to 160 deg 2 6 produced a set of Debeye-Scherrer diffrac-
tion peaks that were analyzed for peak position and peak
broadening. These raw data were then analyzed for var-
ious macroscopic and microscopic parameters that included
extrapolated lattice parameters, residual stresses, X-ray
particle sizes, and x-ray root mean squared strains.

The determination of residual surface stress in the pre-
shocked and shocked material was made by comparing the
extrapolated lattice parameters of the prestretched
specimens with the specimens of material in the an-
nealed state.
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The surface strains as seen by the x-rays are computed
from the relation

a -a*
- cw _ la
E=—"_% =,%

2.y and a* being the shocked (cold-worked) and annealed

lattice parameters respectively; then the residual sur-
face stress is

o =

where K is a constant average stress-strain factor de-
rivable from the elastic constants for the material.
Since the elastic constants for 2219 were not available,
those for pure aluminum were used. Although this would
affect the absolute stress values somewhat, the relative
values and trends will be unaffected. The value of K

used was 1.87 x 10 8 in.2 1b. Particle sizes and micro-
scopic root mean squared strains were determined by an
integral breadth analysis of broadened multiple order
diffraction peaks. Specimens used in the analyses were
extracted from explosively-formed panels near the part
apex.

Extrapolated lattice parameters were determined by ex-
trapolation procedures shown in Fig. 59. The intercept
method is independent of random and systematic measure-
ment errors but it does account for elastic effects (re-
sponsible for the apparent scatter of lattice parameters
determined from each Debeye-Scherrer peak in a diffrac-
tion scan). The results are indicated in Table 5.

The annealed material (1-0-0) has the largest lattice
L]
parameter (ao = 4.0579A) approaching that of pure alumi-

num due to the precipitation reaction that occurs during
the annealing process. The 2219-T37 material (1-37-0)
[+

has a lower lattice parameter (a, = 4.0358A) due to the

solution heat treatment and quenching procedure that re-
tains the alloying elements in the lattice. Note that
both surfaces as well as some interior depths of these
specimens have the same lattice parameters. On the other
hand, the shock-loaded specimen (C1-3-37-1-1) had a grad-
ual change in lattice parameter from one surface to the
other; the extremum value at each surface bracketed the
lattice parameter for the 2219-T37 samples. This effect
was produced by macroscopic residual lattice stresses
created by the explosive forming operation and will be
discussed subsequently.
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Table 5 Lattice Parameters for Formed and Unformed 2219
Aluminum Plate

Depth from Shock Extrapolated Lattice

Treatment Interface (in.) Parameter, Angstroms
Annealed 0.0 4.0478
(2219-0) 0.0025 4.0479

0.272 4.0479
Solution-treated 0.0 4.0358
and cold-worked 0.052 4.0356
(2219-737) 0.272 4.0358
Solution-treated, 0.0 4.0396
cold-worked, and 0.0614 4.,0370
explosively-formed 0.069 4.0362
(2219-T37, formed) 0.0813 4.0360

0.266 4.0352

0.272 4.0352

Microscopic x-ray measurements were obtained by compar-
ing the broadening of multiple order peaks. The an-
nealed material exhibited little peak broadening indi-
cating an annealed structure where the x-ray particle
sizes were too large and the x-ray root mean squared
strains (rmss) were too small to be measured reliably.
The 2219-T37 material, however, had reduced isotropic
]

x-ray particle sizes of approximately 1000A and an iso-

-2
tropic rmss of (0.23 + 0.02) x 10 . Of some signifi-
cance is the fact that explosively-formed samples had
virtually the same amount of peak broadening as a result

(<]
of particle sizes of 1000A and rmss of (0.23 + 0.02) x

10 2 indicating that no substantial microscopic changes
were produced during explosive forming. Furthermore,
the microscopic parameters (rmss and particle sizes)
remained consistently within experimental accuracy for
several depths below the surface at the dome apex in-
dicating a uniform deformation mode normal to the cross
sectional area of this element. These x-ray results
are in agreement with electron microscopic observations
that also indicate a substantial change between the
specimen microstructure in the 2219-T37 and 2219-0 con-
ditions but no significant change between the 2219-T37
and the shock-loaded condition.
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Finally x-ray results have shown that a macroscopic re-
sidual stress system is produced by shock loading. This
is shown in Fig. 60. After shock loading, the surface
on the concave side of the part is in a compressive mode
whose maximum value is 50,000 psi, a value very close to
the tensile yield strength of 2219-T37. The opposite
side is subjected to a surface tensile stress of 8,000
psi while the interior assumes intermediate values.
Thus, the relative constancy of x-ray microscopic param-
eters with depth in conjunction with the variation in
macroscopic residual stresses indicate that the princi-
ple effect of explosive forming is to produce macro-
scopic bending and flow of 2219-T37.

Mechanical Properties

Upper Gore Die - One of the objectives of the research
program was to establish whether uniform mechanical prop-
erties could be obtained in explosively-formed gore seg-
ments of 2219 aluminum alloy and whether the subsequent
thermal treatment of the alloy would result in full de-
sign properties. This would make it possible to explo-
sively strain a low strength temper, uniformly, to a
higher yield strength, and age the formed component to
full strength using a conventional or modified heat
treatment schedule.

The properties of the starting material used to form the
1/5-scale gore segment parts (Chap. II) varied somewhat
from specification values. The annealed material that
was supplied failed to meet either the ultimate or ten-
sile yield strengths stipulated by applicable specifica-
tions, and measured elongation was significantly higher
than required. All the other tempers that were supplied;
that is, 2219-T42, 2219-T351, and 2219-T37, met or ex-
ceeded minimum specification values except for one mar-
ginal specimen of 2219-T42. Upon subsequent heat treat-
ment, only the 2219-T37 responded fully. The 2219-T351
material was marginal while neither the 2219-0 or 2219-
T42 stock responded.
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A number of different forming sequences and forming pa-
rameters were used in early experiments to establish the
conditions necessary to produce uniform mechanical prop-
erties across the blank contour. Central charges of either
Cyadyn 3 or PETN bulk explosives did not produce this de-
sired effect. However, the use of sheet explosive did per-
mit the attainment of uniform properties for the 2219-T351
material. Figure 61 shows the properties obtained using
the three explosive charge types. The variations of ma-
terial properties across the blank using the different
explosives can be seen in Fig. 62. It should be noted
that for central bulk charges center properties come the
closest to meeting specification values after heat treat-
ment while the blank edges show lower tensile strengths.
One anticipated result was the failure of explosively-
formed 2219-T37 material to respond fully to heat treat-
ment after forming. Premature precipitation occurred
during the aging treatment resulting in a reduction of
mechanical properties. Electron microscopy results re-
vealed that the aging time at 325 + 10°F should be re-
duced by about 50% to achieve maximum properties. Sub-
sequent heat treatment of explosively-formed 2219-T37
using a modified time schedule yielded material with
maximum properties. Figure 63 presents the results of
heat treat studies on the 2219-T37 deformed blanks. The
response of all the alloy tempers to heat treatment after
explosive forming is shown in Fig. 64, and a summary of
mechanical property evaluation is shown in Table 6.

The effect of material thickness on the mechanical prop-
erties of 2219-T31 was evaluated by forming specimens
0.032-, 0.132-, and 0.250-in. thick in the upper gore

die. The results of mechanical tests performed on ex-
plosively-formed material are shown in Table 7. As evi-
denced from the table, generally higher ultimate strengths
were achieved by forming 0.032-in. thick blanks; however,
the yield strengths were not improved enough to exceed
minimum properties specified in applicable specifications.
More uniform properties were obtained by forming material
0.132-in. thick or greater.
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Legend:

Bulk Cyadyn 3
725222 Sheet Explosive
T -

Minimum

Specification
Value

N\

Left Edge

Center Right Edge

Fige 62 Variation in Tensile Yield Strength of 2219=T351 Explosively
Formed Blanks Using Different Explosive Types (After Heat

Treatment)
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Table 7 The Effect of Material Thickness on the Mechanical Properties
of Explosively-Formed 2219-T31 Aluminum

Material

Mechanical Properties

Thickness As-Formed As-Formed and Aged
Specimen | Location (in.) UTS TYS %E UTS TYS %E
1 Left Edge 0.032 | 57,800 36,300 17.5 - -- --
2 Left Edge ~- -- -- 68,200 | 45,500 | 13.0
3 Center 59,600} 40,3001} 15.5 -- -- --
4 Center -- -- -- 68,800 | 50,500 | 12.0
5 Right Edge 57,500} 37,400 | 17.5 -- -- --
6 Right Edge * -- -- -- | 68,200 | 48,200 12.5
7 Left Edge 0.132 54,600} 35,000 | 19.0 -- -- --
8 Left Edge -- -- -- 65,300 { 51,500 | 13.0
9 Center 54,600] 40,400 | 16.5 -- -- --
10 Center -- ~- -- 64,700 | 53,800 8.5
11 Right Edge 54,300{ 35,000 | 19.0 -- -- --
12 Right Edge Y - - -- 165,600 51,900] 12.5
13 Left Edge 0.250 55,700| 37,000 | 17.0 -- -- --
14 Left Edge -- -- -- 65,200 | 51,200 | 11.0
15 Center 54,1001 42,200 | 15.0 -- -- --
16 Center -- -- -- 65,200 | 52,100 ] 10.5
17 Right Edge 55,800| 38,600} 15.5 -- -- --
18 Right Edge Y -- -- -- 166,300 | 51,600 10.0

This is probably due to the greater plastic strains in
the thicker materials, which is evident by use of the
relation:

E =

_h
2R
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where
E = metal strain at the blank surfaces due to
bending,
h = material thickness,
R = radius of curvature.

Thus, in the explosive forming of shallow gore segments
it is necessary to use material at least 0.132-in. thick
on a 1/5-scale to permit the development of uniform me-
chanical properties over the blank surface. This cor-
responds to a thickness of 0.660-in. for a full-scale
part.

Lower Gore Die - Blanks formed explosively into the lower

gore segment die (draw depth of 4.66 in.) were evaluated
to establish the uniformity of properties as a result of
explosive forming. Sheet explosive of 10 in. by 20 in.
dimension (1196 grains of contained PETN) was used to
form the parts. The consistency of results was excel-
lent as shown in Table 8. Two separate blanks were sec-
tioned to establish repeatability. Note that in both
cases very uniform properties were produced over the
blank surface, which exceeded minimum specification
values after heat treatment. The more consistent prop-
erties of material formed in the deeper die as compared
to the shallower upper gore die are undoubtedly a result
of larger plastic strains produced by greater blank de-
formation.

Free-Formed Components - Several blanks were formed in a

24-in. diameter free-forming tool to determine the prop-
erties produced in an explosively-formed 1/5-scale dome
cap and to evaluate the influence of draw depth on re-
sulting mechanical properties. It can be seen from Table
9 that metal deformation during the forming of a 1/5-
scale dome cap (1.35 in. draw depth) is not sufficient
to produce uniform properties over the blank. In fact,
the strengths acieved after explosive forming and heat
treating do not meet specification minima. As the part
is formed deeper the property uniformity improves and

it is indicated from the data that a draw depth ratio

of at least 0.21 is necessary to obtain strength and
ductility greater than the required minimum design
values.
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Table 8 Mechanical Properties of 2219-T31 Aluminum Formed in the
Lower Gore Die (4.66 in. of Draw)

Mechanical Properties
As -Formed Formed and Heat Treated
Specimen | Location UTs TYS %E UuTs TYS %E
1 Left Edge | 57,600( 46,700 | 14.5 -- -- --
2 57,100 45,500 | 15.5 -- -- --
3 -- -- -- 67,600 | 52,700 | 10.5
4 -- -~ - 67,600 | 52,900 | 10.0
5 Center 59,100 48,300 14.5 -- -- --
6 58,600 47,500} 16.0 -~ - --
7 -- - -~ 68,700 | 53,800 [ 10.0
8 -- -- -- 69,200 | 51,300 | 11.5
9 Right Edge | 58,500 47,000 | 17.0 -~ -~ -~
‘ 10 58,600 48,300 15.5 -- -- --
11 -- -- -- 69,300 | 52,500 | 10.0
12 -- -- -- 68,700 | 50,800 | Failed
on gage
mark
13 Left Edge | 58,000| 45,300 14.5 -- -- --
14 58,000| 42,100 | Failed -- -- --
on gage
mark
15 -- -- -- 68,800 | 53,600 | 10.0
16 -- -- -- 68,800 | 51,300 | 11.0
17 Center 58,100} 43,500 | 17.0 -- -- --
18 57,800 43,600 14.5 -~ -- --
19 -- -- -- 68,800 | 51,900 { 10.5
20 -- -- -- 68,400 | 51,900 | 10.5
21 Right Edge | 57,400 43,800 19.5 -- -- -~
22 57,100| 42,600 | 16.0 -- - --
23 -- -- -- 68,000 | 56,400 | 11.0
. 24 -- -- -- 68,000 | 50,300 | 10.0
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Table 9 Mechanical Properties of 2219-T31 Aluminum Free-Formed in a 24-in.-
Diameter Tool

Mechanical Properties
As-Formed Formed and Heat Treated Draw
Depth
Specimen Location UTS TYS *E UTS TYS %E (in.)
1 Left Edge 55,600 34,600 20.0 -- -- -- 1.35
2 56,000 39,700 21.0 -- -- -- 1.35
3 -- -- -- 68,600 48,000 13.5 1.35
4 ' -- -- -- 68,500 48,200 14.90 1.35
5 Center 55,600 39,400 22.5 - -- -- 1.35
6 55,500 40,000 21.5 -- -- -- 1.35
7 -- -- -- 68,300 53,400 14.0 1.35
8 -- -- -- 68,400 54,300 13.5 1.35
9 Right Edge | 54,900 | 36,700 22.0 -- -- -- 1.35
10 55,200 39,700 23.0 -- -- -- 1.35
11 -- -- -- 67,900 49,200 13.5 1.35
12 -- -- -- 67,600 | 45,400 | 4.5 | 1.35
13 Left Edge 56,100 41,200 19.5 -- -- -- 3.08
14 55,800 39,100 20.5 -- -- -- 3.08
15 -- -- -- 68,200 49,700 11.5
16 -- -- -- 68,200 52,300 11.0
17 Center 56,000 42,000 21.0 -- -~ --
18 56,300 | 42,200 20.5 -- -- --
19 -- -- -- 67,600 51,500 12.5
20 ' -- -- -- 67,900 50,200 14.0
21 Right Edge 58,000 | 41,300 20.0 -- -- --
22 56,300 41,900 20.0 -- -- --
23 -- -- -- 68,000 43,400 12.0 '
24 ' -- -- -- 67,700 | 49,400 12.0 3.08
25 Left Edge 58,100 46,300 16.5 -- -~ -- 5.22
26 58,100 45,700 16.5 -- -- --
27 -- -- -- 68,700 52,400 10.0
28 ' == -- -- 68,600 50,000 10.0
29 Center 58,600 47,400 16.0 -- -- -
30 58,500 44,300 17.0 -- -- ==
31 -- -- -- 66,400 51,300 12.0
32 ' -- -- - 72,500 57,600 10.5
33 Right Edge 57,800 46,800 17.5 -- -- --
34 57,800 46,500 14.5 -- -- --
35 -- -- -- 69,000 51,800 10.0 +
36 v -- -- -- 68,700 | 48,900 | 10.5 | 5.22
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C. SPECIAL EFFECTS

1. Surface Pitting

A phenomenon was observed during the experimental effort that
might cause problems in subsequent processing of full-scale ex-
plosively-formed components. Surface pits in a concentric ring
between the edge of the blank and the blank apex were present
regardless of the shape and type of explosive used. The nature
of the pits is shown in Fig. 65. Ti appeared to make little
change in the diameter of the ring whether central charges of
either Cyadyn 3 or PETN were used or sheet explosive of various
sizes. There was evidence of the surface pits even at charges
down to 100 grains of PEIN. Below 100 grain charges, it was
difficult to see any evidence of pitting although an occasional
pit was observed at random points on the surface. Raising the
explosive standoff had the effect of decreasing the diameter of
the pit ring. It was not possible to eliminate the pits by lower-
ing the standoff since one would have to be very close to the
blank to remove the pits.

The two possible causes of the surface pitting are shock wave
intersection and surface bubble collapse. Shock wave intersec-
tion caused by reflected waves from the die surface can cause
surface pitting due to locally high pressures. We did not ob-
serve any change in the position of the pits using centrally
located charges even though explosives of different shapes and
detonation velocities were used. It seems unlikely that a change
in shape and type of charge would produce no change in the pat-
tern of intersecting shock waves.

It was observed during a NASA contract (Ref 1) that air bub-
bles adhering to the blank surface could collapse under the force
of local, high pressures similar to the cavitation experienced on
ship propellers. The intense pressure caused by the collapsing
bubbles produced surface pits in the blank being formed. It was
found that by using certain wetting agents on the blank surface
before immersion of the die into the forming pool that pitting
could be eliminated. This was not confirmed during this study
due to limitations in time and funding; however, the presence
of bubbles on the blank before forming is a plausible explana-
tion for the observed effect.
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2. Multiple Forming Sequences

The scope of the present contract precluded extensive research
into the value of multiple forming operations in the reduction of
springback and the effect of such operations on the residual me-
chanical properties. Economically it is desirable to form a par-
ticular component in as few operations as possible. Often it is
necessary to compromise with respect to economics in order to
achieve certain tolerances or properties in the formed part that
might facilitate fabrication or processing downstream.

A trial experiment was conducted during the latter stages of
the contract to ascertain the influence of subsequent sizing shots
on resulting metal springback. Using optimum conditions of explo-
sive standoff, holddown pressure, and explosive size, a 2219-T351
blank was formed into the upper gore die cavity using a previously
established sequence. Subsequent measurements revealed high spring-
back. The formed blank was replaced in the die and a sizing shot
made using conditions identical to the first operation. Upon sub-
sequent measurement it was found that the springback was reduced
by over 50%. The results are shown in Fig. 66. The preliminary
tests indicate the value of using multiple forming sequences in
reducing metal springback. More research is needed to optimize
the forming sequences to produce minimum springback, shorter heat
treatment cycles, and improved mechanical properties.

3. Effect of Edge Restraint on Springback

Using a die without complete edge restraint on the blank al-
lows the metal to flow freely into the die cavity. This "free
flow'" of metal causes a modification in the springback charac-
teristics of the blank. This effect was not apparent during the
fabrication of parts in the 1/5-scale upper gore die. However,
modification of the die to permit the evaluation of the effect
of deeper draws on springback resulted in more springback, con-
trary to expectation. Due to the use of magnesium inserts, the
coefficient of friction between blank and insert was lowered.
This provided less restraint against pull-in, hence decreasing
the strain even though the draw depth was greater. This prob-
ably caused the increased springback. Experience has shown that
complete edge restraint causes more plastic strain and hence less
springback. It is indicated, therefore, that in the forming of
shallow parts one must provide complete blank restraint to effect
maximum plastic deformation and thus minimize springback. Some
answers will undoubtedly be provided with respect to edge re-
straint during a present NASA contract now underway (Ref 25).
However, additional research is required to effect a complete
understanding of blank restraint on metal springback.
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4. Flange Distortion After Forming

One aspect of metal springback that is difficult to control
is the flange distortion observed when holddown pressure is re-
leased after forming. Techniques were developed whereby contour
variations were measured using the draw radius position of the
die as a reference plane. Thus, any flange distortion occurring
as a result of explosive forming did not influence measurements
of the formed part. However, distortion in flange areas can be
of real significance when subsequent processing of the part is
attempted. Although specific measurements of flange movement
were not made during the program, visual observations showed that
the flange distortion was, in general, a function of alloy temper;
i.e., distortion was least for 2219-0 and greatest for 2219-T37.
In addition, with unrestrained edges the blanks formed using die
inserts for greater depth showed severe flange distortion, the
distortion increasing with draw depth. Thus another justification
appears evident for the use of complete blank restraint in the
explosive forming of shallow gore-shaped parts.,

D. SCALING CRITERIA

During the course of the program the requirements for the
explosive forming of full-scale components was kept in mind so
at the conclusion of the program recommendations could be made
relative to forming conditions necessary for the fabrication of
full-scale hardware. Based on the criteria established during
this contract the following scaling criteria are presented.

These results show that a lower springback can only be ob-
tained by the provision for complete edge restraint of the blanks.




118

Martin-CR-65-41

Item

1/5-Scale

Full-Scale

Blank Thickness
Initial Blank Temper
Blank Dimension
Upper Gore
Lower Gore
Dome Cap
Explosive
Type

Upper Gore
Lower Gore
Dome Cap
(Central Charge PETN)

Standoff

Clamping Pressure
(Knurled Holddown Rings)

Predicted Springback
Upper Gore
Minimum¥*

Lower Gore

Dome Cap

0.250 in.

2219-T31 (-T351)

25 in. x 30 in.
32 in. x 32 in.

33.6 in. dia

Deta Sheet C

10 in. x 13 in. x 0.025 in,
thick (778 grains)

10 in. x 20 in. x 0.025 in.
thick (1196 grains)

100 grains

3.54 in.

100 psi

0.10 in.

0.04 in,

0.20 in.

1.250 in,

2219-T31 (-T351)

125 in, x 150 in,
160 in, x 160 in.

168 in. dia

Deta Sheet C

50 in. x 65 in., x 0.125 in.
(97,250 grains)

50 in., x 100 in. x 0.125 in.
thick (149,500 grains)

12,500 grains

17.70 in.

100 psi

0.50 in.

0.20 in.

1.00 in.

*Springback with nonuniform properties,
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IV. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

Based on the technical information developed under NASA con-
tract NAS8-11794 the following conclusions have been reached:

1y

2)

3)

4)

5)

6)

7)

8)

9)

10)

The minimum springback from explosive forming with
attendant uniform mechanical properties results from
deformation of 2219-T31 (or 2219-T351);

Lubrication of the die draw radius during forming
causes an increase in springback;

Springback decreases as the metal thickness being
formed is increased;

Very little influence was observed in changes in die
material, draw radius, or draw depth on metal spring-
back under the conditions used for experimentation;

Contrary to expectations, elevation of the charge
standoff causes more severe springback. Optimum
standoff was found to be 3.54 in. for the size of
part formed;

Sheet explosive was more comnsistent than central
bulk charges in producing lowered springback;

Knurling the holddown rings caused reduced spring-
back after forming;

Reduction of edge restraint causes an increased
springback;

Complete edge restraint is required to minimize
springback and to produce more consistent properties;

Multiple forming operations appear to significantly
reduce springback when compared to a single opera-
tion;
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11) Explosive forming reduces the residual stresses
present in the as-received material as shown by
x-ray diffraction;

12) Lattice parameters for 2219 aluminum are signifi-
cantly reduced as a result of explosive deformation;

13) Sheet explosive was found to produce uniform
properties across the blank surface;

14) Explosive forming modifies the heat treat response
of 2219-T37, 2219-T31 (-T351), and 2219-T42.
Electron microscopy observations indicate accelera-
tion of aging time by factors of 0.5, 0.7, and 0.9
times as fast as normal aging times, respectively;

15) Copious amounts of dislocations (dislocation

densities in the range 1011 to 1012 lines /cm2)

are introduced by explosive forming;

16) Excess concentrations of vacancies are produced by
stress induced climb of jogs on screw dislocations;

17) Crystallographic imperfections such as stacking
faults, micro and macroscopic twins, and microcracks
were not observed in any of the more than 300 trans-
mission electron micrographs prepared from explosively
formed material.

B. RECOMMENDATIONS

Several areas of endeavor were uncovered during the course of
the contract, which could form the basis for another research
program of importance in the understanding of metal springback
and the factors affecting metal behavior during explosive forming.
Therefore, the following recommendations are presented for future
work:

1) Optimization of multiple forming sequences should be
accomplished with attendant studies of high energy
effects on metal behavior. These studies should be
conducted using both the upper and lower gore dies;




2)

3)

4)

5)

6)

7)
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The influence of complete blank restraint on metal
springback and subsequent metal properties should be
established;

The stress-corrosion behavior of explosively formed
2219 aluminum should be evaluated and compared with
results from conventionally formed material to
establish any detrimental effects resulting from
high energy deformation;

Bulk aging studies are necessary, using the electron
microscope, to determine whether the behavior of
bulk material during heat treatment is similar to
that observed using thin films;

More complete residual stress measurements are re-
quired to exploit the observations made in this
program that explosive forming reduces the residual
stress initially present in the blank;

The causes for observed surface pitting during
explosive forming should be determined;

A more thorough study of the integral blanket con-
cept should be made to establish conditions under
which a reduction in springback is produced.
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