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ABSTRACT 

This report presents the results of a program initiated to study the use 
of explosive forming and electron beam fusion welding techniques in the fabri- 
cation of pressurized cryogenic materials containers. 

Using these techniques, vessels were successfully formed from 304 
stainless steel and X7106 aluminum alloy in the T63 condition. 
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PREFACE 

A study to investigate the feasibility of fabricating pressure vessels by 
the explosive forming technique and electron beam welding process was con- 
ducted by Hayes International Corporation and the Welding Development Branch, 
Manufacturing Research and Technology Division, Manufacturing Engineering 
Laboratory. 

Hayes International Corporation, under Manufacturing Engineering 
Laboratory single support contract NAS8-20083 at  Marshall Space Flight Center, 
conducted the explosive forming study. Principal Hayes International Engineers 
were L. 0. Hamilton and E. R. Coleman, Methods Development Group, Manu- 
f acturing Engineering Laboratory Operations. 

The welding was accomplished in the Welding Development Branch, 
Manufacturing Engineering Laboratory, by K. K. Hanchey. 

This program was conducted under the technical direction of Mr. P. H. 
Schuerer, Section Chief, and Mr. C. N. Irvine, Project Engineer, Metals 
Processing Section, Manufacturing Research and Technology Division, Manu- 
facturing Engineering Laboratory. 



TECHNICAL MEMORANDUM X-53555 

FABRICATION OF PLENUM TANKS B Y  EXPLOSIVE 
FORMING AND ELECTRON BEAM WELDING 

SUMMARY 

The study of the fabrication of one o r  more plenum tanks for cryogenic 
materials by a combination of explosive forming and subsequent electron beam 
fusion welding is presented in this report. Two materials, 304 stainless steel 
and X7106 aluminum, were selected for the forming and welding study because 
of their characteristics at cryogenic temperatures and their weldability. 

The 304 stainless steel was successfully formed from 3/8-inch thick 
material using the metal gathering technique . Work hardening of this material 
is a unique characteristic and can be used advantageously. 

The X7106 aluminum bulkheads were successfully formed from I-inch 
thick material, using the metal gathering technique, then heat treated and aged 
to the T63 condition. This material was desirable because of its strength- 
weight relationship. 

Satisfactory welds resulted using electron beam welding for both the 
X7106-T63 aluminum and the 304 stainless steel explosively formed bulkheads. 
Although the 304 stainless steel bulkheads were readily adaptable to electron 
beam welding, metallurgical analysis indicated the presence of sulfides, con- 
sidered detrimental to the end use of the cylinder a s  a pressure tank. 

The X7106- T63 aluminum cylinders presented some problems attributed 
to the out-gassing of the zinc in the alloy and resulting in the emission of a metal 
vapor, subsequently causing an arc-out. This problem of arc-outs was solved 
by the fabrication of a shield of the same electrical potential a s  the workpiece, 
which was attached to the electron gun. This process is considered to be a 
major advance in the technique of electron beam welding of aluminum alloys. 

INTRODUCTION 

Engineering Project Number 5080 was issued on July 6, 1965, to fabricate 
one o r  more tanks, intended for use at liquid hydrogen temperature (-423" F), by 



a combination of explosive forming and electron beam fusion welding processes. 
The hemispherical bulkheads of the tanks were to be formed by the explosive 
forming technique and welded together by the electron beam welding process. 
The tanks were required to withstand an operating pressure of 3000 psi at  room 
temperature in a vessel 20 inches in diameter, a s  shown in Figure I. 

C O D E :  

A  - 3/4 - 1 6  N. F.  ( 3  - P L A C E S )  

B - 1 1 /16  - 12 N .  C .  ( 2  - P L A C E S )  

FIGURE 1. PLENUM TANK CONFIGURATION 



This report deals with the materials selected, tooling, forming techniques 
and results, and welding techniques and results. 

EXPLOSIVE FORMING OF HEMISPHERICAL 
BULKHEADS 

Forming Materials 

Two materials were selected for the explosive forming studies: 304 
stainless steel and X7106 aluminum. Each of the materials chosen has some 
desirable characteris tics, as  evidenced by the following descriptions. The 
mechanical characteristics of these materials are  presented in Table I. 

TABLE I. MECHANICAL PROPERTIES OF FORMING ALLOYS 

Before Forming After Forming 

* - Values supplied by manufacturer 

* * - Material heat treated and aged to a T d 3  condition after forming. 

1. 304 Stainless Steel. A decreasing toughness and a corresponding 
tendency to brittleness at low temperatures a r e  characteristic of most carbon 
and alloy steels. Only the 9 percent nickel alloy steel and the chromiurn- 
nickel stainless steel fail to exhibit this ductile-brittle transition at very low 

Material 
- 

304 Stainless 
Steel 

*X7106-T63 
Aluminum 

U.T.S. (psi) 

avg - 80,918 
max - 82,949 
min - 79,915 

* 61,000 

Y.S. (psi) 

avg - 34,517 
max - 36,866 
min - 33,566 

* 55,000 

Location 

Sldrt 

Dome 

Apex 

- - 

*I* 

Trans- 
verse 

I* 

Longi- 
tudinal 

% Elongation 
(in 2 inches) 

avg -66.3 
max - 66.5 
min -66.1 

- 

* 13 

U.T. S. (psi) 

avg - 95,958 
max - 98,043 
min - 93,873 

avg - 109,103 
rnax - 110,760 
rnin - 107,445 

a v g - i i i , 8 0 5  
rnax - 112,037 
min - 111,572 

- 

avg - 62,550 
max - 64,128 
min - 60,679 

avg - 64,250 
max - 65,538 
min - 62,749 

Y. S. (psi) 
-- 

avg - 69.622 
max - 71,317 
min - 67,927 

avg 87,713 
rnax - 90,038 
min - 85,388 

a v g - 9 2 . 0 9 7  
rnax - 92,982 
rnin - 91,211 

- 

avg - 56,350 
max - 57,769 
min - 54,391 

avg - 57,650 
max - 58,964 

, min - 55,976 

% Elongation 
(in 2 inches) 

avg - 38.4 
max - 44.2 
min - 32.6 

avg - 23.9 
rnax - 25.8 
rnin - 22.0 

avg-29 .35  
rnax - 29.7 
min -29.0 

- 

avg - 15.4 
max - 16.4 
min - 14.2 

avg - 14.95 
rnax - 17.4 
min - 13.8 



temperatures. Therefore, the austenitic (1 8 percent chromium - 8 percent 
nickel) stainless steels a r e  inherently well suited for cryogenic service a t  
temperatures from 300" F to -452" F. 

Type 304 stainless s teel  was selected for this operation because i t  is 
easy to fabricate and weld, does not require heat treatment after fabrication, 
and is shock resistant at very low temperatures [ I] . 

2. X7106 Aluminum Alloy. Aluminum alloy is desirable to use in the 
plenum tank investigation because of i ts  unit weight compared to that of steel. 
X7106 aluminum, an improved heat treatable Al-Zn-Mg alloy containing zir-  
conium, was chosen. This alloy has the highest level of notch toughness and 
t ea r  resistance of all the aluminum alloys. Also, i t  is one of the best  aluminum 
alloys to weld since cracking seldom appears when the proper filler is used. 
The yield properties of X7106 aluminum alloy a.re increased when naturally 
aged, and this alloy exhibits increased s t r e s s  corrosion resistance compared 
with other aluminum alloys. 

3. Theoretical Thickness Calculations. The following calculations 
were used in determining the thickness requirements of the materials selected 
to withstand a tes t  pressure of -3000 psig in a 20-inch diameter vessel. 

Formula: 

G = Thickness required 

P = Test  pressure (psi) 

r = Radius, inside tank 

T = Yield Strength (psi) 

Examples: (No safety factor included) 

304 Stainless Steel 

G = 
3000 x 10 - - 

2 x 118,000 
309 OoO = 0. 185-inch thick 

162,000 



X7106 Aluminum 

G = 3000 x 10 - - 30y OoO = 0.27-inch thick. 
2 x 55,000 162,000 

Metals normally increase in strength a s  they cool from 70" F to -423" F,  
so  the calculated thickness required at  70° F may be considered adequate at  
-423' F. 

Tooling 

An elliptical die of a 20-inch diameter and an x-y axis relationship of 

xz + = 1 was used throughout the forming. A 45-degree draw ring having 
2 1 
a 3-inch radius was used on all  successful forming tests.  

Explosive forming with a draw ring having a 45-degree lead-in angle, 
without any clamping of the blank, is defined as  the "metal gathering" technique. 
The basic principle of the metal gathering technique is to gather o r  "bunch" the 
metal, thereby thickening the metal a t  the edges and allowing it to flow instead 
of stretching, thus decreasing the thinout a t  the apex of the formed part. Figure 
2, "Die Draw Ring Configuration, " is included in this report for a better under- 
standing of this definition. 

Forming 

All forming tests  were conducted by Hayes International Corporation 
under Manufacturing Engineering Laboratory single support contract NAS8- 
20083. The tests were conducted in  the MSFC facilities. Appendix A contains 
the  explosive Forming Charts" of the successfully formed parts ,  presenting 
the test  conducted and the techniques used. 

I. 304 Stainless Steel. The 304 stainless steel was found to be very 
receptive to the metal gathering technique of forming. Four bulkheads were 
formed of this material; one is depicted in  Figure 3. Mechanical properties 
were taken of one bulkhead before and after forming, indicating yield strength 



DRAW R . A D I U S  

X 
2 2 E L L I P S O I D A L  D I E  

2 + - = 1) 
1 W I T H  45'  DRAW R I N G  

X 
2 2 E L L I P S O I D A L  D I E  W I T H  

(- + Y = 1) 
2 1 F L A T  DRAW R I N G  

FIGURE 2. DIE DRAW RING CONFIGURATION 



increases of approximately 46,000 psi. Tables II and I11 present tensile test 
data of 304 stainless steel before and after forming. 

TABLE 11. TENSILE TEST DATA OF PARENT 
304 STAINLESS STEEL 

TABLE 111. TENSILE TEST DATA OF EXPLOSIVELY 
FORMED 304 STAINLESS STEEL 

The characteristic of 304 stainless steel to work harden while explosive 
forming indicated it would be a very good material for pressure tanks since 
thickness and thus weight could be reduced. A metallurgical examination of 
304 stainless steel is contained in  Appendix B. 



FIGURE 3. 304 STAINLESS STEEL (BEFORE TRIMMING) 

2. X7106-Aluminum Alloy. An X7106 aluminum blank I-inch thick 
was necessary to fulfill the pressure test requirements. This presented a 
challenge because of the draw-diameter ratio (approximately 1:2) of the 
bulkhead. The metal gathering technique coupled with a ring configuration 
of sheet explosive and primacord were used to overcome this problem. This 
technique caused the material to flow toward the apex of the part by exerting 
the greatest force on the periphery and not on the center. Thus, splitting at 
the thin section (apex) of the bulkhead was reduced. 

A number of bulkheads were formed using the 45-degree draw ring with 
a 3-inch draw radius as shown in Figure 4, and the draw exceeded the stretch 



FIGURE 4. X7 106 ALUMINUM (3-INCH RADIUS) 

by a factor of approximately 3 to 2. Photomicrographs of an explosively formed 
dome of X7106 aluminum a r e  contained in Appendix C. Vidigage measurements 
of the two bulkheads used in fabricating the pressure vessel a re  presented in 
Figure 5 and indicate a thinout a t  the apex of approximately 44 percent. 

Product evaluation by Quality Assurance indicated the X7106 aluminum 
bulkheads were acceptable for pressure tank fabrication. The quality assurance 
results a r e  presented in Figure 6, and Tables IV and V. 



V I D I G A G E  MEASUREMENTS 

FIGURE 5.  QUALITY ASSURANCE MEASUREMENTS AFTER TRIM 

A P , P R O X I M A T E  L O C A T I O N  O F  TEST P O I N T S  

FIGURE 6 .  PRODUCT EVALUATION OF FORMED X7106 
ALUMINUM (HARDNESS - THICKNESS) 



TABLE IV. PRODUCT EVALUATION O F  EXPLOSIVELY 
FORMED AND TRIMMED X7106 ALUMINUM 

TABLEV. PRODUCT EVALUATION 
(HARDNESS - THICKNESS) FORMED X7106 ALUMINUM 

b 

Measurement 

Outside diameter  

Length (Sum of two) 

Thickness: Apex - Min. 
0.500 inch 

Cylinder 
Section - Min 

Threads: Each End 

Quarter ,  half 
and three  quarter  
points 

Required 

21 & 1 . 0  Inch 

24 & 2 Inches 

0.625 Inch 

0.770 Inch 

AN I 1/16 - 
12-2 B 

AN 3/4 - 16-2 B 

- 

r 

Location 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
1 I 
12 

Actual 
2A L 

19.94/20.01 

0.570 Inch 

0.770 Inch 

OK 

OK 

T h i c h e s s  
Inches 

I. 232 
1 .151  
1. 116 
I.  040 
0. 942 
0.840 
0. 835 
0.906 
0.895 
0.850 
0.815 
0.804 

Hardness 

4A L 
- 

19.96/19.94 

22.64 Inches 

OK 

OK 

Rockwell - B 
0. D. 

62. 8 
73. 6 
75.6 
74. 9 
72. 0 
70. 2 
70. 0 
75. 1 
73 .4  
73. 5 
76.6 
76. 8 

Rockwell - B 
I. D. 

67. 2 
54. 8 
74. 3 
69. 5 
71. 0 
82. 8 
62. 8 
77. 8 
70. I 
73.7 
75.9 
78. 0 



TABLE V. (Concluded) 

ELECTRON BEAM WELD I NG 

Welding X7106-T63 A luminum Alloy 

I 

Location 

13 
14 
15 
16 
17 
18 
19 
2 0 
21 
2 2 
23 
24 
25 
26 
2 7 
2 8 
29 
3 0 
3 1 
32 
33 
34 
3 5 
3 6 
3 7 

I. Problems and Solutions. The metallurgical composition of X7106-T63 
aluminum presented problems in making electron beam weldments. The 

Thickness 
Inches 

0.786 
0.771 
0.741 
0.625 
0.526 
0. 544 
0.589 
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relatively high percentage of volatile zinc in this alloy produces a very detri- 
mental metal vapor which may cause a direct contact o r  short between the 
cathode and anode, thus resulting in an arc-out. 

One of the most  successful techniques fo r  reducing this arcing con- 
dition has been the placing of a vapor shield between the electrode gun and the 
workpiece, thus trapping o r  collecting the metal vapors. This technique, 
employing a shield of the same electrical potential a s  the workpiece, was used 
successfully to weld 1-inch thick flat plates of X7106-T63 aluminum but was not 
deemed feasible for welding cylinders because of the contour of the part. There- 
fore, MSFC personnel .developed an adaptor o r  supressor attached to the electron 
gun between the focus coil and the workpiece (Fig. 7) to weld aluminum cylinders 
successfully. 

FIGURE 7. SECONDARY 
EMISSION SUPPRESSOR 

2. Establishing Weld Param- 
eters. Aluminum Alloy X7106-T63plates 
of 3/4-inch thickness were electron beam 
welded to establish operational parameters 
prior  to welding the pressure vessel of the 
same material and thickness. The depth- 
to-width ratio was approximately 11 to 1. 

Weld parameters for single pass, 
fully penetrated weld i n  the aluminum 
alloy plate were a s  follows: 

High Voltage 29 kilovolts 

Beam Current 250 Milliamperes 

Focus Current 6.31 amperes 

Filament Cur- 57 amperes 
rent  

Travel Speed 40 inches per 
minute 

Gun to Work 2 inches 
Distance 

One weld was butt joined with an intentional mismatch. Other aluminum 
.welds were of the bead-on-plate type. The above weld parameters were used in 
both cases. 



Sample specimens for metallographic examination were obtained from 
the welds made with the derived parameters; micrographs of the weld cross- 
sections with associated microhardness values are shown in Figure 8. The 
Knoop hardness values are converted to Rockwell B values in Table VI. 

N O T E :  ICNOOP H A R D N E S S  V A L U E S  A R E  G I V E N  
F O R  P O S I T I O N S  I N D I C A T E D  

FIGURE 8. ELECTRON BEAM WELD IN  INC INCH THICK 
X7106-T63 ALUMINUM PLATE 
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TABLE VI. WELD PROPERTIES OF X7106-T63 ALUMINUM 

-3 1 0.999 1 1.009 1 1.0079 1 60,000 

Average 

59,530 

59,043 

46,400 46,036 

46,000 

8.4 

8.2 

1 



TABLE VI. WELD PROPERTIES OF X7106-T63 ALUMINUM (Concluded) 
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10.5 

11.4 

11.4 

10.3 



3. Welding a 20-Inch Diameter  P r e s s u r e  Vessel. The s a m e  control 
pa rame te r s  were used to obtain a radiographically acceptable welded cylinder,  
as were  used to weld the f la t  aluminum plates. F igures  9,  10, and 11 show a 
bulkhead t r immed f o r  welding, two bulkheads before welding, and the plenum 

FIGURE 9. X7106-T63 ALUMINUM BULKHEAD TRIMMED FOR WELDING 

tank welding f ixture,  respectively. Figures  12,  13, and 14 show the bulkheads 
in  the fixture ready fo r  E. B. spot welds, the welding of the cylinder,  and the 
welded cylinder, respectively. 



FIGURE 10. X7106- T63 A LUMINUM BULKHEAD 
BEFORE WELDING 



FIGURE 11. PLENUM TANK WELDING FIXTURE 

FIGURE 12. PLENUM TANK I N  FIXTURE READY FOR E. B. S P O T  WELDS 
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FIGURE 13. WELDING O F  PLENUM TANK 

FIGURE 14. X7106-T63 ALUMINUM WELDED PLENUM TANK 
20 



Welding 304 Stainless Steel 

I. Establishing Weld Parameters.  Weld parameters  for single pass,  
fully penetrated, bead-on-plate weld in 3/8-inch thick 304 stainless steel were 
a s  follows: 

High Voltage 30 amperes 

Beam Current 230 milliamperes 

Focus Current 6 amperes 

Filament Current 57 amperes 

Travel Speed 40 inches per minute 

Gun to Work Distance 2 inches. 

Gradual decrease in penetration a t  the terminal end of the weld (tailout) 
was accomplished by slowly decreasing the gun filament current from the re- 
quired for full penetration to zero  penetration. A cross-section of the tailout 
in the stainless steel plates is shown in Figure 15. A photomacrograph of the 
weld c ros  s-section containing the tailout with associated microhardness values 
is shown in Figure 16. Sample specimens for  metallographic examination were 
obtained from welds made with the derived parameters.  

2. Welding a 20-Inch Diameter Pressure  Vessel. The same control 
parameters  were used to obtain a radiographically-acceptable welded cylinder 
a s  were used to weld the flat stainless steel plates. Figures 17 and 18 show 
the welded 304 stainless steel cylinder. 

PLENUM TANK PRESSURE TEST DATA 

The two plenum tanks, X7106-T63 aluminum and 304 stainless steel,  
were pressure tested by the test  section of P&VE. 

The tanks were filled with water and pressurized by a hand pump to a 
pressure  of 2500 psi and held for 30 minutes (monitored by a pressure gage). 
It  was determined that the original test pressure of 3000 psi was excessive; 
therefore, the cylinders were tested a t  2500 psi. No leak developed and there 
was no visual damage to the tanks. 



FIGURE 15. CROSS-SECTION OF TAILOUT AS WELDED IN 
304 STAINLESS STEEL PLATE 



N O T E :  I<NOOP H A R D N E S S  V A L U E S  A R E  G I V E N  
F O R  P O S I T I O N S  I N D I C A T E D  F R O M  C E N T E R  
O F  W E L D  I N T O  P A R E N T  M E T A L  

FIGURE 16. ELECTRON BEAM WELD IN 3/8-1~CH THICK 
304 STAINLESS STEEL PLATE 

CONCLUS IONS AND RECOMMENDATIONS 

Explosive Forming 

I .  Explosive forming i s  an acceptable technique for the production of 
acceptable quality plenum tank bulkheads from stainless steels, such a s  304, 
and high strength aluminum alloys, such as  X7106 in relatively thick sections. 



FIGURE 17. WELDED 304 STAINLESS STEEL 
PLENUM TANK (END VIEW) 

2. The use of explosives in forming 304 stainless steel increases the 
yield strength by approximately 30 percent, by work hardening the material. 

3. The metal gathering technique of explosive forming is recommended 
for forming thick materials into configurations such as: 



FIGURE 18. WELDED 304 STAINLESS S T E E L  PLENUM TANK 
(SIDE VIEW) 



Electron Beam Welding 

I. The use of a vapor shield o r  suppressor is necessary for successful 
welding of X7106-T63 aluminum using the electron beam. 

2. By the electron beam technique, 304 stainless steel is readily welded. 
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EXPLOSIVE FORMING CHARTS ( Contqd) 
SHEET 7 of SHEETS 12 

TD -47 E. P. - 5080 

MATERIAL X7106-0 ALUMINUM (32 IN. DM. x 1 INCH THICK) DIE - 20 IN. DIA. CONFIGURATION + = I 
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REMARKS: 1. A 45' ring with a 3-inch draw radius was used on this and all  subsequent tests. 
2. Par t  t o  template contour, heat treated and aged to T-63 condition. 
3. Metallurgical properties a r e  reported in  Appendix C. 
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SHEET & of SHEETS 12 

TD-47 E. P. - 5080 

70 DRAW - 37.1 

% STRETCH - 18.8 

REMARKS: 1. Pa r t  is to template contour. 

2. Machined and treated to T-63 condition for weld study. 
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EXPLOSIVE FORMING CHARTS ( Conttd) 

SHEET 9 of SHEETS 12 

TD-47 E. P. - 5080 
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EXPLOSIVE FORMING CHARTS ( Cont'd) 

SHEET 2 of SHEETS 12 

TD -47 E. P. -5080 
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% STRETCH - 26.9 

REMARKS: 1. Shots 4 and 5 were  sizing shots,  to  expand part  to  the die maximum diameter.  

2. P a r t  tr immed and treated t o  T 4 3  condition. 

3. P a r t  held for study, a s  required. 
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EXPLOSIVE FORMING CHARTS ( Concluded) 
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APPENDIX B. 
METALLURG 1 CAL EXAM I NAT I ON OF 304 SYA I NLESS STEE h 
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FIGURE B-1. HARDNESS MEASUREMENTS O F  304 STAINLESS S T E E L  EXPLOSIVELY FORMED BULKHEAD 



1 O O X  F E R R I C  C H L O R I D E  E T C H  

L O N D I  T U D I N A L  

FIGURE B-2. TYPICAL MICRO STRUCTURES OF 304 
STAINLESS STEEL AS RECEIVED 

1 0 0 ~  E T C H E D  E L E C T R O L Y T I C A L L Y  
I N  5 P E R C E N T  O X A L I C A C I D  

T R A N S V E R S E  

FIGURE B-3. TYPICAL MICRO STRUCTURE OF 304 
STAINLESS STEEL AS RECEIVED 



APPENDIX C. 
PHOTOM I CROGRAPHS OF EXPLOS IVELY FORMED 

DOME OF X7106 ALUM I NUM 



FIGURE C-I.  OUTSIDE VIEW O F  THE DOME SHOWING THE 
LOCATION O F  SPECIMENS I ,  5, 6 ,  AND 7 

FIGURE C-2. OUTSIDE VIEW O F  THE DOME SHOWING THE 
LOCATION O F  SPECIMENS 2,  3 ,  AND 4 



FIGURE C-3. INSIDE VIEW O F  THE DOME T O P  SHOWING 
THE LOCATION O F  SPECIMENS 8 AND 9 



FIGURE C-4. PHOTOMICROGRAPH O F  THE OUTSIDE SURFACE 
O F  THE EXPLOSIVELY FORMED DOME O F  X7106-T63 ALUMINUM 

ALLOY. SPECIMEN NUMBER 5 

FIGURE C-5. PHOTOMICROGRAPH O F  THE OUTSIDE SURFACE 
O F  THE EXPLOSIVELY FORMED DOME O F  X7106-T63 ALUMINUM 

ALLOY. SPECIMEN NUMBER 6 



FIGURE C-6. PHOTOMICROGRAPH O F  THE OUTSIDE SURFACE 
O F  THE EXPLOSIVELY FORMED DOME O F  X7106-T63 ALUMINUM 

ALLOY. SPECIMEN NUMl3ER 7 

FIGURE C-7. PHOTOMICROGRAPH O F  THE OUTSIDE SURFACE 
O F  THE EXPLOSIVELY FORMED DOME O F  X7106-T63 ALUMINUM 

ALLOY. SPECIMEN NUMBER 9 



10 0 x I < E L L E R I S  E T C H  

FIGURE C-8. PHOTOMICROGRAPH O F  THE EXPLOSIVELY FORMED DOME O F  X7106-T63 
ALUMINUM ALLOY. THF: CRACK MEASURES APPROXIMATELY 0.037 INCH D E E P  FROM THE SURFACE. 

TOTAL LENGTH IS APPROXIMATELY 0.060 INCH LONG. TOTAL WIDTH O F  SPECIMEN IS 0.500 INCH. 
SPECIMEN N U m E R  I 



l00X I<ELLERtS  ETCH 

F'IGTJRE C-9. PHOTOMICROGRAPH OF THE EXPLOSIVELY FORMED 
DOME OF X7106-T63 ALUMINUM ALLOY. SPECIMEN NUMBER 2 

l O O X  IKJ3LLERIS ETCH 

FIGURE C-10. PHOTOMICROGRAPH OF THE EXPLOSIVELY FORMED 
DOME OF X7106-T63 ALUMINUM ALLOY. SPECIMEN NUMBER 3 





l O O X  ICELLE RtS E T C H  

FIGURE C-13. PHOTOMICROGRAPH O F  THE EXPLOSIVELY FORMED 
DOME O F  X7106-T63 ALUMINUM ALLOY. SPECIMEN NUME%ER 6 

l O O X  I<ELLERfS E T C H  

FIGURE C-14. PHOTOMICROGRAPH O F  THE EXPLOSIVELY FORMED 
DOME O F  X7106-T63 ALUMINUM ALLOY. SPECIMEN NUMBER 7 



i0 0 X ICELLERIS ETCH 

FIGURE C-15. PHOTOMICROGRAPH OF THE EXPLOSIVELY FORMED 
DOME OF X7106-T63 ALUMINUM ALLOY. SPECIMEN NUMBER 8 

lo OX I<ELLERfS ETCH 

FIGURE C-16. PHOTOMICROGRAPH OF THE EXPLOSIVELY FORMED 
DOME OF X7106-T63 ALUMINUM ALLOY. SPECIMEN NUMBER 9 
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