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An e f f o r t  is  c u r r e n t l y  under way by NASA Marshal l  Space F l i g h t  Center t o  upgrade t h e  
Space S h u t t l e  main engine through t h e  u s e  of improved m a t e r i a l s  and processes .  Under 
cons ide ra t ion  is  t h e  u s e  of t h e  Langley Research Center explos ive  seam welding 
process ,  as s t a t e d  i n  t h e  ob jec t ive .  

OBJECTIVE - DEMONSTRATE THE FEASIBILITY OF JOINING SPACE 

SHUTTLE MAIN ENGINE TUBE-TO-FITTING 
COCIPONEi\JTS I N  AN OXYGEN HEAT EXCHANGER, USING 

THE NASA LARC EXPLOSIVE SEAM WELDING PROCESS 



The Space S h u t t l e  Main Engine l i q u i d  oxygen tank  p r e s s u r i z a t i o n  hea t  exchanger 
assembly is  shown i n  t h i s  f i g u r e .  Located a t  t h e  output  of t h e  oxygen turbopumps, 
j u s t  p r i o r  t o  t h e  engine ' s  main combustion chamber, t h i s  assembly's func t ion  i s  t o  
convert  a l i q u i d  oxygen supply t o  gaseous oxygen t o  p re s su re  t h e  oxygen v e s s e l  of 
t h e  e x t e r n a l  tank.  Liquid oxygen e n t e r s  a 0.260-inch O.D. s t a i n l e s s - s t e e l  tube  
( inboard-directed arrow, lower l e f t ) .  The tube  i s  wrapped around t h e  i n s i d e  of t h e  
hea t  exchanger, expands t o  a 0.5-inch O.D. i n  a s p l i t  i n t e r n a l  f i t t i n g ,  and pene t r a t e s  
t he  wa l l  of t h e  assembly a t  t h e  outboard-directed arrow, lower l e f t .  The explos ive  
jo in ing  e f f o r t  descr ibed  i n  t h i s  p re sen ta t ion  was d i r e c t e d  a t  jo in ing  t h e  0.260 and 
0.500-inch diameter  tubes  t o  t h e i r  r e s p e c t i v e  f i t t i n g s .  

.OX TANK PRESS 
T EXCHANGER A SSY 



This figure details the materials,sizes, and temperature extremes at the input and 
output of the heat exchanger. All materials are refractory; each material has 
individual advantages and disadvantages in terms of strength, fracture toughness 
and the ability to be fusion welded. 

Should the tube fail, the high-pressure oxygen pumped through the turbine would 
overpressurize the external tank with catastrophic results. 

SHUTTLE HEAT EXCHANGER CONDI T I  ONYHARDWARE 

@ 316 L CORROS I ON-RES I STANT STEEL SEAMLESS TUB I NG 

e AT I N L E T :  
-260'~ 

a260 OnDaJ ,026- INCH WALL 

e HEATED BY +800°~ TURBINE GASES 

e A T  OUTLET: 
+390O~ 

1500 O n D t j  ,035- INCH WALL 

e THREE CANDIDATE MATERIALS FOR SHROUD F I T T I N G S  : 
HAYNES 188, INCONEL 625, IMCOLOY 903 

e MOST CATASTROPHIC FA ILURE MODE I N  ENGINE I S  FA ILURE OF TUBING 



The explos ive  jo in ing  goa l s  of t h i s  program a r e  l i s t e d  here .  

1. Make t h e  tube - to - f i t t i ng  j o i n t  on ly  through t h e  mouth of t h e  tube 
i n s e r t e d  i n  each f i t t i n g .  No o t h e r  e x t e r n a l  t o o l i n g  o r  acces s  would 
be requi red .  

2. A l l  o t h e r  j o in ing  processes  would be complete p r i o r  t o  t h e  explos ive  
jo in ing  of t h e  tubes  t o  t h e  f i t t i n g s .  

3 .  Simpl i c i ty  i n  t oo l ing  and process  wi th  e a s i l y  i n spec t ab le  assembly 
of a l l  components of t h e  t o o l  and explos ive  m a t e r i a l s  would be requi red .  

4 .  T h e , o u t p u t  of t h e  explos ive ,  y i e l d i n g  t h e  explos ive  j o i n t ,  would have 
t o . b e  h igh ly  p r e d i c t a b l e  and c o n t r o l l a b l e .  

5. The explos ive  jo in ing  process ,  which gene ra t e s  very  high p re s su re ,  
shor t -dura t ion  impulses,  must no t  damage surrounding s t r u c t u r e  o r  
f u s i o n  welds. 

6 .  The bond between t h e  tube  and t h e  f i t t i n g  must have a t  l e a s t  twice t h e  
s t r e n g t h  of t h e  tube. 

7 .  The j o i n t  must be  completely in spec t ab le  once made. 

8. The j o i n t  s h a l l  e x h i b i t  abso lu t e  s e a l i n g  c a p a b i l i t y  wi th  no i n d i c a t i o n  
of helium l e a k s  a t  any r equ i r ed  d i f f e r e n t i a l  p re s su re  ac ros s  t h e  j o i n t .  

9. No l o s s  i n  s t r e n g t h  o r  s e a l i n g  c a p a b i l i t y  w i l l  be  allowed due t o  exposure 
t o  system temperature extremes i n  any cyc le .  

10. R e l i a b i l i t y  i s  paramount i n  a l l  a s p e c t s  of m a t e r i a l  p repara t ion ,  t o o l  
assembly, t h e  jo in ing  process ,  and t h e  f i n a l  j o i n t .  

SHUTTLE ENGINE TUBE-TO-FITTING EXPLOSIVE JOIKING 
JOINING GCALS 

- 1 rn EXTEKNAL ACCESS (MOUTH OF TUBE) 
2 ,  . LAST STEP I N  ASSEMBLY 
3, SIMPLE 
I ,  H I G HLY PEEC I CTABLE/COFiTROLLABLE 
5,  NO DAMAGE TO SURROUNDING STRUCTURE/\IEUjS 
6 JOINT HAVE LARGE STRlrCTURf\L MPRGINS 
- 
i , INSPECTABLE 
8, ABSOLUTE SEALS 
9,  UNAFFECTED EY THERMAL EXTREMES 

10, RELIABLE 



Thi s  f i g u r e  desc r ibes  t h e  explos ive  jo in ing  process ,  which produces m e t a l l u r g i c a l  
bonds t h a t  a r e  impossible  t o  achieve  by any o t h e r  j o in ing  process .  A s e v e r a l  
m i l l i o n  p s i  explos ive  p re s su re  wave a c c e l e r a t e s  t h e  f l y e r  p l a t e  i n t o  a h igh-ve loc i ty ,  
angular  c o l l i s i o n  wi th  t h e  base  p l a t e .  On impact,  t h e  k i n e t i c  energy i s  converted 
t o  skin-deep m e l t s ,  which a r e  s t r i p p e d  from t h e  s u r f a c e  and squeezed out  ( e j ec t ed )  
by t h e  c los ing  angle.  The pure su r f ace  al lows in t e ra tomic  l inkup through e l e c t r o n  
shar ing .  Bulk powder explos ive  is  spread over t h e  f l y e r  p l a t e  and detonated along 
t h e  l i n e  en t e r ing  t h e  p lane  of t h e  paper t o  sweep from l e f t  t o  r i g h t  (See " P r a c t i c a l  
Small-Scale Explosive Seam Welding" by L ,  J .  Bement, NASA TM 84649, A p r i l  1983). 
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High-velocity angular col l is ion of.metal plates in  an explosive 

welding operation. 



This figure describes the Langley explosive joining process. A "ribbon" explosive 
is placed on separated plates and detonated at one end. The explosive pressure wave 
drives the plate downward, contacting in the center, producing two high-velocity, 
angular impacts outward at 60° angles from the centerline of the indentation. This 
process is ten times more efficient in terms of bond area produced by equivalent 
explosive quantities. Very small quantities of explosive are used. 
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'et directions 

Jets 

Mechanisms involved in'small-scale explosive seam welding process. 



The "ribbon" explosive, a lead-sheathed, flattened tube f i l l e d  with RDX (cyclo- 
trimethylene trinitramine) explosive, i s  shown here for s i x  different loads. A 
grain unit is  small: there are 7,000 grains in  a pound, 15.4 grains i n  a gram. 

Cross-sectional Dimensions of Linear Ribbon RDX Explosive 

Explosive Load, Thickness, Width, 
graihs/foot inch inch 

Thickness I 

Explosive 



This t a b l e  l ists t h e  metals  and range of thicknesses i n  which 100% s t reng th  j o i n t s  
can be obtained. The p l a t e s  t o  be joined were placed i n  p a r a l l e l  (except a s  noted),  
separated by 0.015 inch. The ribbon explosive was placed on t h e  outer  sideq of the  
p la tes ,  d i r e c t l y  opposing and simultaneously i n i t i a t e d .  

Like Metals Joinable by Explosive Seam Welding 
(100% Strength Jo in t s )  

Metal - Range of Thickness (inch) 

a. Iron/steel  0.001 t o  0.050 
Low-carbon t o  300 and 400 s t a in l e s s  

b. Aluminum - any f u l l y  annealed a l l oy  
and a l l  age and work-hardened al loys  
except 2024 and 7075 

c . Copper/brass 

* 
d. Titanium (Ti-6AR-4V) 

* Each p l a t e  prebent 5' - - 



This process can metallurgically join a wide variety of metal combinations, as well 
as different tempers and conditions. 

Metal Combinations Joinable by Explosive Seam Welding 

a. Low-carbon to series 300 and 400 stainless steel are 
joinable in any combination 

b. All aluminum alioys and conditions are joinable to 
any other alloy and condition, except a combination 
of 2024-T3, T4, etc. and 7075-T3, T6, etc. 

c. Any combination of copper, aluminum, and brass can be 
joined 



The explos ive  jo in ing  compa t ib i l i t y  of t h e  316L s t a i n l e s s  s t e e l  was f i r s t  evaluated 
us ing  f l a t  s tock .  A 0.035-inch shee t  of 316L s t a i n l e s s  s t e e l  ( top  of f i gu re )  was 
joined t o  t h e  t h r e e  a l l o y s  of i n t e r e s t :  Inconel  625, Incoloy 903, and Baynes 188. 
The base p l a t e s  were machined wi th  a  V notch t o  a l low t h e  f l y e r  p l a t e  (316L) t o  be  
i n  f u l l  con tac t  and maximize t h e  explos ive  jo in ing  e f f i c i e n c y .  The lower p l a t e s  
show t h e  machined notch,  which is dimensional ly descr ibed  on the  next  f i gu re .  The 
upper f i g u r e  shows t h e  indent  i n  t he  316L, which was d r iven  i n t o  the  notch by t h e  
r ibbon explos ive .  The v e r t i c a l  i nden t s  a r e  where t h e  316L was d r iven  i n t o  t h e  s m a l l  
spaces between t h e  base p l a t e s .  The t o p  j o i n t s  were c r o s s  sec t ioned ,  pu l l - t e s t ed ,  
and examined microscopica l ly .  The bond a r e a  f o r  a l l  t h r e e  p l a t e s  was seve ra l  t i m e s  
t h a t  needed t o  support  t h e  f u l l  s t r e n g t h  of t h e  316L. 



This figure shows the dimensions of the "V"-notch, which was cut into the 
flat plates and the internal circumference of the fittings for the tube joining 
operation. The "V" immediately establishes the necessary collision angle for 
explosive joining. The tube outside diameter matched the fitting inside 
diameter to less than 0.002-inch tolerance. Past tests with 8-inch diameter 
tubes indicated this match was not critical. A joint was successfully made with 
a 0.060-inch diameter undersized tube. See "Explosive Seam Welding Application 
to Reactor Repair" by A. E. Aikens and L. J. Bement, presented at the 3rd Annual 
Conference of the Canadian Nuclear Society, Toronto, Canada, June 9, 1982. 

SHUTTLE ENGINE TUBE-TO-FITTING EXPLOSIVE JOINING 

CROSS SECTION OF EXPLOSIVE WELD1I"JG INTERFACE WITHIN FITTINGS 



Thi s  photograph d e p i c t s  t h e  explos ive  m a t e r i a l s  and t h e  explos ive  jo in ing  t o o l  
i n  va r ious  s t a g e s  of assembly. The explos ive  jo in ing  p r i n c i p l e  is  t o  i n s e r t  t h e  
loaded t o o l  i n s i d e  t h e  tube,  and on i n i t i a t i o n  of t h e  explos ive ,  t h e  tube  i s  
dr iven  i n t o  t h e  V notch i n  t h e  f i t t i n g .  The top  o b j e c t  i s  t h e  i n i t i a t o r ,  which 
c o n s i s t s  of a 0.090-inch diameter ,  0.005-inch w a l l ,  1-inch long 304 s t a i n l e s s - s t e e l  
tube  conta in ing  a 0.40-inch l eng th  of packed RDX. Bonded i n t o  t h i s  tube  is a n  
8 g ra ins / foo t  RDX, l ead  sheathed mild de tona t ing  f u s e  (MDF). The whi te  o b j e c t  i s  
a nylon rod machined t o  accommodate t h e  r ibbon explos ive  and u l t i m a t e l y  match t h e  
i n s i d e  diameter of t h e  tube  t o  be joined.  The 30 g r a i n s / f o o t  r ibbon explos ive  
( t h i r d  ob jec t )  i s  wrapped around t h e  t o o l  (held i n  p l ace  wi th  sticky-back t ape )  
and.trimmed t o  t h e  dimensions of t h e  i n i t i a t o r .  The i n i t i a t o r  i s  then  i n s e r t e d  
i n t o  an a x i a l  ho le  i n  t h e  too l .  This  photograph shows a t e f l o n  t ape  overwrap t o  
match t h e  i n s i d e  diameter of t h e  tube  t o  be  joined.  A d i f f e r e n t  approach was 
more e f f e c t i v e ,  u s ing  modeling c l a y  around t h e  explos ive ,  f u l l y  contained by 
heat-shrinkable p l a s t i c  tubing.  



Thi s  photograph shows t h e  loaded t o o l ,  a 0.5-inch tube  and a n  experimental  
f i t t i n g  i n  which has been machined t h e  V notch. The f i t t i n g  on t h e  r i g h t  
conta ins  an exp los ive ly  joined tube. 



This  photograph shows t h e  f i t t i n g  i n  t h e  previous  photograph, c r o s s  sec t ioned  
on i t s  a x i s .  The 0.5-inch tube  was d r iven  i n t o  t h e  notch  a t  t h e  indented a rea .  
However, u l t r a s o n i c  i n spec t ions  and pee l  tests showed only p a r t i a l  bonds. 
Furthermore, l e a d  from t h e  r ibbon explos ive  had been imbedded i n t o  t h e  i n t e r i o r  
su r f ace  of t h e  tube. The t e f l o n  t ape  had n o t  exac t ly  matched t h e  t u b e ' s  i n t e r i o r ,  
l eav ing  a i r  gaps. S ince  t h e  a i r  i s  compressible ,  t h e  explos ive ly  d r iven  l ead  
penet ra ted  t h e  t e f l o n  and impinged i n t o  t h e  tube.  The modeling c l a y  wi th  sh r ink  
tube  descr ibed  on t h e  previous  f i g u r e  completely f i l l e d  t h e  i n t e r n a l  volume, 
prevent ing l e a d  t r a n s f e r  t o  t h e  tube  wall .  



The 0.260 diameter, 0.026-inch wall fitting proved to be much more effective 
in terms of bond. A 15 grains/foot ribbon explosive was used in this test. 
The upper section was used for a peel test, shown in the next photograph. 



A cold c h i s e l  was d r iven  i n t o  t h e  bond i n t e r f a c e  a s  f a r  a s  poss ib l e .  I n  
t h i s  case,  approximately 0.25 inch  of t h e  tube  l eng th  was bonded, n ine  
times t h e  0.026-inch w a l l  th ickness .  Only a  bond l eng th  of 0.052 inch  
would f u l l y  support  l oads  t h a t  would f a i l  t h e  tube.  



This photograph shows a por t ion  of t h e  bond i n  the  0.260 diameter tube, 
which has t h e  t y p i c a l  "wave" p a t t e r n  of explosive joining.  The l a r g e s t  "wave" 
pa t t e rn  t o  the  r i g h t  has peak-to-peak dimensions of less than 0.001 inch. 

To evaluate t h e  e f f e c t  of reduced explosive loads,  a second test was conducted 
with a 10 g ra in / foo t  ribbon explosive. The bond length  was reduced t o  approximately 
0.150 inch. 



The c u r r e n t  r e s u l t s  of t h e  tube- to- f i t t ing  explos ive  jo in ing  eva lua t ion  a r e  
shown here .  

1. The 316L is  completely compatible w i th  t h e  t h r e e  candida te  
r e f r a c t o r y  m a t e r i a l s  f o r  explos ive  jo in ing .  

2. The 0.260 diameter  tube  has  succes s fu l ly  met a l l  j o in ing  
requirements  w i th  e x c e l l e n t  margins. 

3. Planned a r e  thermal shock t e s t s  i n  whigh t h e  j o i n t s o w i l l  be 
t r a n s f e r r e d  from l i q u i d  n i t rogen  (-320 F) t o  a +400 F s t a b i l i z e d  
oven. 

4. The 0.500-inch diameter  tube  is no t  bonded due t o  a i r  entrapment 
i n  t h e  V notch. The 30 g r a i n s / f o o t  r ibbon exp los ive ' s  0.510-inch width 
c r e a t e s  a p re s su re  wave t h a t  f o r c e s  t h e  tube  i n t o  t h e  f i t t i n g  
wa l l  and prevents  t h e  a i r  i n  t h e  V notch from escaping a s  t h e  
tube c o l l a p s e s  i n t o  t h e  notch. Narrower r ibbon explos ives  have 
been at tempted,  bu t  t h e  more promising improvement would be t o  
widen t h e  notch and vent  t h e  a i r  ou t  of t h e  f i t t i n g .  

5 .  Helium l e a k  checks a r e  no t  a good i n d i c a t i o n  of a good j o i n t .  
P e r f e c t  s e a l s  were achieved without  explos ive  bonding. The tube 
had only  been swaged i n t o  the  V notch. 

6. Ul t r a son ic  i n spec t ion  u t i l i z i n g  pu l se s  of sound, which r e f l e c t  
from oppos i te  su r f aces ,  provides a n  e x c e l l e n t  eva lua t ion  method 
f o r  explos ive  jo in ing .  An u l t r a s o n i c  probe placed on t h e  ou t s ide  
of t h e  f i t t i n g  provides a h ighly  accu ra t e  measurement of t h e  
i n t e r i o r  V-notch su r f  ace.  Once "mapped ," t h e  process  is  repeated 
f o r  t h e  explos ive  j o i n t .  A bonded j o i n t  w i l l  appear a s  simply a 
g r e a t e r  th ickness .  Areas wi th  no bond d i s p l a y  a complex r e f l e c t e d  
s i g n a l  from two s u r f a c e s  i n s t ead  of one. 

SHUTTLE ENGINE TUBE-TO-FITTIIJG EXPLOSIVE JOINING 

CURRENT RESULTS 

r 316 L COMPATIBLE WITH ALL THREE FITTING MATERIALS 
a THE ,260 O,D, TUBE JOINT MET ALL TESTS TO DATE WITH 

EXCELLENT MARG I fiS 
a NOT YET CONDUCTED THERMAL SHOCK TESTS 
a THE ,500 O,D, TUBE JOINT NOT BONDING 

- A1 R ENTRAPMENT DURING JOINING OPERATION 
- USE NARROWER RIBBON EXPLOSIVE OR WIDER NOTCH 

a HELIUM LEAK CHECKS HOT INDICATION OF GOOD JOINT; 
EXPLOSIVE SWAGE PRODUCED ABSOLllTE SEAL 

a ULTRASON I C INSPECT I ON I S  EXCELLENT 
- EXTERNAL TO FITTING APPROACH 
- YAP INTERNAL SURFACE OF FITTING 
- CCNPARE MAP \IITH PROFILE OBTAIPiED WITH TUBE INSTALLED 



The cu r ren t  conclus ions  a r e :  

1. The Langley explos ive  jo in ing  process  i s  indeed v i a b l e  f o r  t h i s  
t ube - to - f i t t i ng  app l i ca t ion .  

2. No incompa t ib i l i t y  of m a t e r i a l s  has  been de t ec t ed .  
3.  Ul t r a son ic  i n spec t ion  provides  t h e  b e s t  eva lua t ion  of t h e  j o i n t  

and w i l l  provide t h e  needed confidence of t h e  j o i n t  i n  t h e  f i n a l  
app l i ca t ion .  

4 .  The 0.500-inch diameter  tube  has  n o t  y e t  been adequately joined.  
Success is  a n t i c i p a t e d  wi th  a wider V-notch t h a t  a l lows  t h e  t rapped 
a i r  t o  v e n t  dur ing  explos ive  jo in ing .  

5. Thermal shock t e s t i n g  (-320 t o  +400°F) w i l l  be  conducted. P a s t  
exper ience  wi th  explos ive ly  bonded j o i n t s  i n  s t e e l  has  i nd ica t ed  
no problems. 

SHUTTLE EIGINE TUBE-TO-FITTI FIG EXPLOSIVE JOINING 

CURRENT CONCLUS IONS 

a LARC EXPLOSIVE JOINIIlG I S  VIABLE FOR THIS APPLICATION 

a NO INCOMPATABILITY OF MATERIALS HAS BEEJl DETECTED 

a ULTRASONIC INSPECTION I S  THE BEST NON-DESTRUCTIVE TESTING 

o THE ,500 DIA JOINT EXPERIENCES INTERFACE PROBLEMS 

0 THERMAL TESTING HAS YET TO BE ACCOMPLISHED 




