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F .  R .  Schwartzberg,  R .  D.  Keys and T. F. K i e f e r  

ABSTRACT 

Three  m a t e r i a l s ,  2021-T81 and X7007-T6 aluminum a l l o y s  and 
c r y o g e n i c a l l y  s t r e t c h e d  301 s t a i n l e s s  s t e e l ,  were e v a l u a t e d  i n  
o r d e r  t o  de te rmine  t h e i r  mechanical  p r o p e r t i e s ,  s t a t i c  f r a c t u r e  
toughness ,  c y c l i c  flaw-growth behav ior  and s u s t a i n e d  l o a d  t h r e s h -  
o l d  s t r e s s  i n t e n s i t y .  T e s t i n g  was performed f o r  b o t h  p a r e n t  m e t a l  
and welded m a t e r i a l  a t  70,  -320, and -423°F. S u r f a c e  f l a w  and 
compact t e n s i o n  specimens were used f o r  t h e  f r a c t u r e  mechanics 
p o r t i o n  of t h e  e v a l u a t i o n .  

The r e s u l t s  showed t h a t  t h e  two aluminum a l l o y s  were  q u i t e  
tough. The 2021-T61 a l l o y  i s  n o t  g r e a t l y  s u p e r i o r  t o  2014-T6 
from a  s t r e n g t h  s t a n d p o i n t ,  b u t  may b e  d e s i r a b l e  from a weld- 
a b i l i t y  s t a n d p o i n t .  X7007-T6 e x h i b i t s  e x c e l l e n t  s t a t i c  and cy- 
c l i c  s t r e n g t h  p r o p e r t i e s  b u t  appears  t o  have a  low t h r e s h o l d .  
The c r y o g e n i c a l l y  s t r e t c h e d  s t a i n l e s s  s t e e l  e x h i b i t s  a n  e x c e l -  
l e n t  combination of p r o p e r t i e s .  

A d d i t i o n a l  work t o  f u r t h e r  c h a r a c t e r i z e  t h e  aluminum a l l o y s  
was d e f i n e d  and i s  c u r r e n t l y  be ing  performed i n  t h e  c o n t i n u i n g  
e f f o r t .  

i i i  
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SUMMARY 

The o b j e c t i v e  of t h i s  program was t o  c h a r a c t e r i z e  t h e  r o u t i n e  
mechanical  p r o p e r t i e s ,  s t a t i c  f r a c t u r e  toughness ,  c y c l i c  f law- 
growth b e h a v i o r ,  and s u s t a i n e d  l o a d  t h r e s h o l d  s t r e s s  i n t e n s i t y  of 
two newly developed aluminum a l l o y s ,  2021-T81 and X7007-T6 and a  
c r y o g e n i c a l l y  s t r e t c h e d  type  301 s t a i n l e s s  s t e e l .  The t h r e e  
a l l o y s  were e v a l u a t e d  i n  b o t h  t h e  p a r e n t  m e t a l  and welded condi-  
t i o n s  a t  70, -320, and -423°F. 

The mechanical  p r o p e r t y  d a t a  showed t h e  two aluminum a l l o y s  
t o  b e  s l i g h t l y  s t r o n g e r  t h a n  t h e  c u r r e n t l y  used compos i t ions .  The 
s t a i n l e s s  s t e e l  e x h i b i t s  e x c e l l e n t  s t r e n g t h  p r o p e r t i e s ,  compared 
w i t h  t i t a n i u m  composi t ions  on a  s t r e n g t h l d e n s i t y  b a s i s  we f i n d  i t  
comparable t o  6AR-4V t i t a n i u m  a t  70°F b u t  i n f e r i o r  i n  t h e  c r y o g e n i c  
range .  

The s t a t i c  f r a c t u r e  toughness  behav ior  of t h e  two aluminum 
a l l o y s  i s  comparable t o  c u r r e n t l y  used compos i t ions .  The s t a i n -  
l e s s  s t e e l  e x h i b i t s  e x c e l l e n t  toughness  a t  70°F, over  100 k s i  =. , 
b u t  d e s p i t e  a  marked d e c r e a s e  w i t h  d e c r e a s i n g  t empera tu re ,  i t s  
toughness a t  -423°F i s  remarkably h i g h ,  c o n s i d e r i n g  t h a t  i ts  
s t r e n g t h  i s  abou t  350 k s i .  

C y c l i c  growth behav ior  of t h e  t h r e e  a l l o y s  i s  s i m i l a r  t o  t h e  
aluminum and t i t a n i u m  composi t ions  used t o  compare mechanical  
p r o p e r t y  and s t a t i c  toughness  behav ior .  

S u s t a i n e d  l o a d  behav ior  was conducted u s i n g  a  l i m i t e d  number 
of specimens and as a  r e s u l t  was only  approximate .  However, our  
d a t a  i n d i c a t e  t h a t  t h e  p a r e n t  m e t a l  X7007-T6 and welded 2021-T81 
e x h i b i t  low t h r e s h o l d  l e v e l s  a t  70°F. Under o t h e r  c o n d i t i o n s ,  t h e  
t h r e s h o l d  l e v e l s  appeared normal.  The 301 s t a i n l e s s  s t e e l  exhi-  
b i t s  t h r e s h o l d  l e v e l s  c l e a r l y  lower than  r e p o r t e d  f o r  t i t a n i u m  
a l l o y s .  

As a  r e s u l t  of t h e  f i n d i n g s  r e p o r t e d  i n  t h i s  document addi-  
t i o n a l  work d e a l i n g  w i t h  welded aluminum a l l o y s  was i d e n t i f i e d  
and i s  be ing  performed i n  t h e  c o n t i n u i n g  e f f o r t .  



I.  INTRODUCTION 

The o b j e c t i v e  of t h e  work d e s c r i b e d  i n  t h i s  i n t e r i m  r e p o r t  
was t o  e v a l u a t e  t h e  c ryogen ic  mechanical  p r o p e r t i e s ,  f r a c t u r e  
toughness ,  and flaw-growth c h a r a c t e r i s t i c s  of AR 2021-T81, AR 
X7007-T6, and Type 301  s t a i n l e s s  s t e e l  i n  t h e  p a r e n t  m e t a l  and 
welded c o n d i t i o n s .  To do s o ,  conven t iona l  mechanical  p r o p e r t i e s  
were determined f o r  each a l l o y  and c o n d i t i o n  and used t o  e s t a b l i s h  
b a s e l i n e  d a t a  a t  70, -320, and 423OF. The s t a t i c  f r a c t u r e  tough- 
n e s s ,  c y c l i c  crack-growth b e h a v i o r ,  and sus ta ined- load  c rack-  
growth behav ior  f o r  each a l l o y  were determined i n  t h e  same way. 
These d a t a  are p r e s e n t e d  i n  Appendix A and a r e  summarized i n  t h e  
body of t h e  r e p o r t .  

The e n t i r e  program c o n s i s t s  of e i g h t  t a s k s .  Br ie f  d e s c r i p t i o n s  
of each t a s k  a r e  as f o l l o w s :  

Task I - L i t e r a t u r e  Survey 

The l i t e r a t u r e  su rvey  i s  t o  be  conducted t o  o b t a i n  i n f o r -  
mat ion on f a b r i c a t i o n  t e c h n i q u e s ,  mechanical  p r o p e r t i e s ,  
and methods of accep tance  t e s t i n g  of t h e  t h r e e  a l l o y s  t o  
de te rmine  t h e i r  s u i t a b i l i t y  f o r  s t r u c t u r a l  a p p l i c a t i o n s .  

Task I1 - P a r e n t  Meta l  P r o p e r t i e s  

C h a r a c t e r i z a t i o n  of mechanical  p r o p e r t i e s ,  s t a t i c  f r a c t u r e  
toughness ,  c y c l i c  crack-growth b e h a v i o r ,  and s u s t a i n e d -  
l o a d  c r a c k  growth behav ior  of t h e  t h r e e  s u b j e c t  a l l o y s  
i n  t h e  p a r e n t  m e t a l  c o n d i t i o n .  

Task I11 - Weld Meta l  P r o p e r t i e s  

Same a s  Task I1 excep t  f o r  welded j o i n t s .  

Task I V  - I n f l u e n c e  of Welding Procedure  on F r a c t u r e  
Toughness of Aluminum Al loys  

De te rmina t ion  of t h e  e f f e c t  of w.elding p rocedure  and de- 
f e c t  l o c a t i o n  on t h e  s t a t i c  f r a c t u r e  toughness  of 2021- 
T81 and X7007-T6 aluminum a l l o y .  Al loy  2014-T6 inc luded  
f o r  comparison purposes .  



Task V - Static Fracture Toughness Characterization of 
Aluminum Welds 

Determination of behavior of optimized welds and effect 
of weld repair of same alloys evaluated in Task IV. 

Task VI - Environmental Threshold Stress Intensity Evalua- 
tion 

Determination of effect of defect location and a deleterious 
environment on sustained load threshold of the alloys 
evaluated in Tasks IV and V. 

Task VII - Response of Materials to a Corrosion Environ- 
ment 

Determination of general and stress corrosion resistance 
of the three aluminum alloys described above plus several 
additional compositions for control purposes. 

Task VIII - Data Evaluation 

Analysis of test data from all tasks data and comparison 
of behavior with compositions currently being utilized 
for structural service. 

In this interim report, the complete results of Tasks I1 and 
I11 are presented. In addition, the stainless steel literature 
survey portion of Task I is presented. Data analysis (Task VIII) 
is presented for Task I1 and 111. 

Cryogenic metallic materials available on the market have 
invariably been compositions whose properties represent a com- 
promise. There have been few attempts to develop alloys speci- 
fically for low-temperature applications. The two new aluminum 
alloys recently developed by Alcoaik (2021-T81 and X7007-T6) that 
are intended to provide high strength, toughness, and weldability 
represent the first attempt to meet the needs of those designing 
and building structures that must withstand low temperatures. 
Cryogenically stretched type 301 stainless steel, chemically 
modified to provide improved toughness compared with cryogenically- 
stretched, normal-grade type 301, is another new material made 
specifically for cryogenic service. 

Work performed under NASA Contract NAS8-5452. 



Industry's requirements for flightweight structures has led 
to the use of high-strength materials, particularly in solid- 
propellant rocket motor cases. Materials selected for liquid- 
propellant tanks and pressurization spheres that operate at cry- 
ogenic temperatures normally exhibit moderate strength at room 
temperature; however, because their strength increases with de- 
creases in temperature, these materials can also join the high- 
strength category at cryogenic service temperatures. 

At high-strength levels, many materials become brittle and 
fracture, often because of small defects or flaws that are pro- 
duced during the manufacturing process. Such defects can cause 
materials to fracture even though the stress is below the level 
at which yielding and plastic deformation occurs. 

For many years, researchers have studied brittle fracture in 
metallic materials. Although interest has increased through the 
years, catastrophes often spark additional concern. Such was 
the case when welded ship structures frequently failed in World 
War 11, and more recently, when failures were noted in high- 
strength missile tanks. Two active committees have been created 
to study the subject: ASTM's Committee on the Fracture Testing 
of High-Strength Sheet Materials, and ASME's Research Committee 
on the Prevention of Fracture in Metals. 

For many years, the structural design approach has often been 
of the handbook type, based on conservative industry code re- 
quirements. In some cases where high efficiency was required, 
the build-it-and-test-it approach has been used to identify the 
weak links for subsequent "beefing up." Although the latter ap- 
proach has some merit, it is not the best engineering approach; 
for certain spacecraft applications, service testing has been 
difficult to simulate. Not even the more conservative approach 
of using large safety factors has proved completely trustworthy, 
because brittle fractures and other types of failures have still 
occurred -- often at stresses well below the design yield strength 

Subsequent failure analyses often showed that designers had 
not always considered every pertinent factor when establishing 
their design, and that, in many cases, the simulated service tests 
to support the designer were not always valid. In the past, our 
ability to simulate these tests has been poor. This ability, 
however, has improved significantly as a result of greater 
knowledge of the effect of defects on strength and the introduc- 
tion of linear elastic fracture mechanics as a tool to relate 
the permissable stress to the allowable defect size. 



A, STRESS INTENSITY FOR SURFACE-FLAWED SPECIMENS 

I r w i n  (Ref 1 )  has  e s t i m a t e d  t h e  e f f e c t  o f  shape on s t r e s s  
i n t e n s i t y  i n  a  s e m i e l l i p t i c a l  s u r f a c e  f l aw s u b j e c t  t o  a normal 
load by u s i n g  t h e  fo l lowing  e q u a t i o n :  

where : 

M, i s  a  f r e e - s u r f a c e  c o r r e c t i o n  f a c t o r  o r i g i n a l l y  r e p o r t e d  
a s  1 . 2 ,  b u t  now g e n e r a l l y  t a k e n  a s  1 .1 ;  

o i s  t h e  a p p l i e d  t e n s i l e  s t r e s s ;  

a i s  t h e  l e n g t h  of t h e  semiminor a x i s ;  

i s  t h e  a n g l e  between t h e  major a x i s  and any p o i n t  on 
t h e  f l aw f r o n t ;  

c  i s  the  l e n g t h  of t h e  semimajor a x i s ;  

@ i s  t h e  complete  e l l i p t i c a l  i n t e g r a l  of t h e  second k ind  
and may be expressed  by: 

h e  t [ - 2 ( i s  commonly c a l l e d  Q. By l e t t i n g  (p = 

90" t h e  l i m i t i n g  , e q u a t i o n  f o r  s t r e s s  i n t e n s i t y  can be expressed  as: 



Several modifications have been made to the above approxi- 
mate solutions in order to account for the effect of the proxim- 
ity of the back face. These have been reported by Kobayashi 
(Ref 2) and Smith (Ref 3). Recent experiments performed by 
Larson (Ref 4 )  and Smith (Ref 5) using cast epoxy specimens in- 
dicate that the back-surface correction factors are approximately 
20 to 25% lower than those predicted by Smith (Ref 3). 

In this work, attempts were made to avoid making cracks deep 
enough to require back-surface correction of the stress-intensity 
factor. Back-surface correction factors were not used because 
there is still some uncertainty as to the magnitude of the elas- 
tic magnification factors, and in addition, the effects of plas- 
ticity have still not been assessed. 

B. STRESS INTENSITY FOR COMPACT-TENS ION SPECIMENS 

Optimization studies of the Westinghouse WOL (wedge opening 
loading) specimen have resulted in a modification of the T design 
to accommodate dual pin loading. The resulting design has been 
designated the compact-tension (CT) specimen. Increasing the 
crack length-to-width ratio (a/W) to a nominal value of 0.5 has 
effected a reduction in the size and load requirements. The 
principal advantage of the CT specimen is that it has a higher 
toughness measurement capacity than the WOL specimen. For ex- 
ample, the IX-WOL specimen has a tentative capacity (defined by 
the ratio K l o  ) of 0.45; the IT-CT specimen is estimated to LC ys 
have a capacity of 0.63. For the rqther tough aluminum materials 
tested in this program, a high measurement capacity was essential. 

Wessel (Ref 6) shows that the stress intensity equation for 
the CT specimen is of the form: 

where : 

2 a 
Y = 23.12 - 67.67/%) + 97.31(:) for - W - 0.4 to 0.6 

H 
and - = 0.60; 

W 



H = h a l f  beam h e i g h t ;  

P = l o a d ;  

a  = c r a c k  l e n g t h ;  

B = t h i c k n e s s ;  

W = beam width .  

Exper ience  w i t h  t h e  use  of  compact- tens ion specimens h a s  
shown t h a t  t h e  c r a c k  f r o n t  does  n o t  grow un i fo rmly .  Normally,  
t h e  c r a c k  f r o n t  grows i n  a  concave manner - -  t h a t  i s ,  deeper  i n  
t h e  c e n t e r .  T h e r e f o r e ,  i t  i s  n e c e s s a r y  to  a d j u s t  t h e  c rack-  
l e n g t h  measurements t o  p rov ide  a  weighted average .  I n  t h i s  work, 
a  weighted average  of f o u r  t imes  t h e  mid- th ickness  p l u s  t h e  d e p t h  
at each s u r f a c e  h a s  been used t o  r e p r e s e n t  t h e  a v e r a g e  c r a c k  d e p t h .  

C. CYCLIC FLAW GROWTH 

During c y c l i c  l o a d i n g ,  a  smal l  amount of  growth i s  c o n s i d e r e d  
t o  have occur red  d u r i n g  each  load c y c l e .  I f  t h e  increment  o f  
c r a c k  e x t e n s i o n  t h a t  o c c u r s  d u r i n g  a  s p e c i f i c  number of c y c l e s  can 
be de te rmined ,  i t  i s  p o s s i b l e  t o  p r e p a r e  a  c r a c k  e x t e n s i o n  c u r v e  
of c r a c k  l e n g t h  ( a )  v s  number of c y c l e s  ( N ) .  The s l o p e  o f  t h e  
curve  a t  any p o i n t  i s  t h e  c r a c k  growth r a t e  (da/dN). From a n  
e x p e r i m e n t a l  s t a n d p o i n t ,  t h i s  t echn ique  i s  r e l a t i v e l y  s imple  t o  
a p p l y  f o r  through-cracked specimens.  However, f o r  s e m i e l l i p t i c a l  
s u r f a c e  f lawed specimens t h i s  i s  n o t  r e a d i l y  accomplished because  
t h e  c r i t i c a l  c r a c k  pa ramete r ,  t h e  c r a c k  d e p t h ,  i s  n o t  v i s u a l l y  
measurable  from t h e  s u r f a c e .  Because t h e  shape of  t h e  c r a c k  usu- 
a l l y  changes a s  t h e  c r a c k  grows i n  d e p t h ,  de te rmin ing  t h e  c r a c k  
wid th ,  which i s  r e a d i l y  d i s c e r n i b l e  on the  s u r f a c e ,  does not  pro- 
v i d e  q u a n t i t a t i v e  informa t i o n .  

Boeing (Ref 7 and 8 )  has  e v a l u a t e d  flaw-growth behav io r  i n  
s u r f a c e - f l a w e d  specimens u s i n g  t h e  "end p o i n t  a n a l y s i s ' '  method. 
I n  t h i s  method, the  i n i t i a l  s t r e s s  i n t e n s i t y  ( K ~ ~ )  i s  p l o t t e d  

a g a i n s t  t h e  number of  c y c l e s  t o  f a i l u r e ,  and t h e s e  d a t a  a r e  con- 
v e r t e d  t o  a n  i n i t i a l  c r a c k  s i z e  (a/Q) v s  N cu rve  a t  a  g i v e n  s t r e s s .  
From t h i s  cu rve ,  t h e  s l o p e  o r  c r a c k  growth r a t e  [ d ( a / ~ ) / d ~ ]  

can be o b t a i n e d  f o r  a  s p e c i f i c  a/Q. The l a t t e r  can be conver ted  
t o  a  v a l u e  of K a t  a  g iven s t r e s s ,  and a s  a  r e s u l t ,  a  s t r e s s  

I 



i n t e n s i t y  vs growth r a t e  c u r v e  can be o b t a i n e d .  

T h i s  method i s  dependent on s e v e r a l  f a c t o r s :  

1 )  The specimen must be t a k e n  t o  f r a c t u r e ;  

2)  The c r i t i c a l  c r a c k  dep th  must be s u f f i c i e n t l y  l e s s  
t h a n  t h e  t h i c k n e s s  t o  avoid  p l a s t i c i t y  e f f e c t s ;  

3 )  The c r i t i c a l  c r a c k  s i z e  must be  d i s t i n g u i s h a b l e  
from t h e  r a p i d  f r a c t u r e ;  

4) A s e m i e l l i p t i c a l  shape must be m a i n t a i n e d .  

S a t i s f y i n g  t h e s e  c r i t e r i a  g i v e s  a  s imple  method f o r  de te rmin ing  
c r a c k  growth.  

Another method, used i n  t h i s  program, can be c a l l e d  t h e  
" l i n e a r  i n t e r p o l a t i o n "  t e c h n i q u e .  Th i s  approach i s  t o  minimize 
t h e  amount of f l aw growth,  t h e r e b y  making t h e  i n i t i a l  and f i n a l  
s t r e s s  i n t e n s i t i e s  s i m i l a r  enough s o  t h a t  a  r a t e  based on t h e  
i n i t i a l  and f i n a l  c r a c k  s i z e s  i s  a  v a l i d  l i n e a r  i n t e r p o l a t i o n  of 
t h e  s l o p e  of t h e  c r a c k  s i z e  v s  number of c y c l e s  c u r v e .  It i s  
impor tan t  t o  make a  s m a l l  l i n e a r  i n t e r p o l a t i o n  because  t h e  e r r o r  
t h a t  can r e s u l t  i n  a power f u n c t i o n  r e l a t i o n s h i p ,  i n  t h i s  c a s e  
one t h e o r i z e d  t o  be a  f o u r t h  power r e l a t i o n s h i p ,  can  be q u i t e  
s i g n i f i c a n t .  As d e s c r i b e d  e l sewhere  i n  t h i s  r e p o r t ,  u s i n g  t h e  
l i n e a r  interpolation method, m u l t i p l e  d a t a  can be o b t a i n e d  from 
a  s i n g l e  su r face - f l awed  specimen by f l e x u r a l  f a t i g u i n g  between 
inc rements  of a x i a l  c y c l i c  growth.  



111. EXPERIMENTAL PLAN 

The o b j e c t  of t h i s  i n v e s t i g a t i o n  was t o  c h a r a c t e r i z e  t h e  me- 
c h a n i c a l  p r o p e r t i e s  and behav ior  of t h e  t h r e e  s u b j e c t  a l l o y s  and 
compare them t o  t h o s e  of cur ren t ly -used  s t r u c t u r a l  a l l o y s .  

The program c o n s i s t e d  of t h e  f o l l o w i n g  t a s k s :  

Task I - L i t e r a t u r e  Survey; 

Task I1 - Parent-Metal  E v a l u a t i o n ;  

Task I11 - Weld Metal  E v a l u a t i o n ;  

Task I V  - I n f l u e n c e  o f  Welding Procedure  on F r a c t u r e  
Toughness of Aluminum Al loys ;  

Task V - S t a t i c  F r a c t u r e  Toughness C h a r a c t e r i z a t i o n  
of Aluminum Welds; 

Task VT - Environmental  Threshold  S t r e s s  I n t e n s i t y  
Eva lua t ion ;  

Task V I I  - Response of M a t e r i a l s  t o  a  Cor ros ive  
Environment; 

Task V I I I  - Data Eva lua t ion .  

The f o l l o w i n g  s e c t i o n s  d i s c u s s  t h e  n a t u r e  of t h e  work re -  
q u i r e d  under  each t a s k ,  

A,  TASK I - -  LITERATURE SURVEY 

Two l i t e r a t u r e  su rveys  were t o  be conducted,  one f o r  t h e  
aluminum a l l o y s  and one f o r  t h e  s t a i n l e s s  s t e e l ,  t o  c o l l e c t  d a t a  
on t h e  meckianica l p r o p e r t i e s ,  f a b r i c a t i o n  t e c h n i q u e s ,  and a c c e p t -  
ance t e s t s  a s s o c i a t e d  w i t h  each  m a t e r i a l .  

The aluminum survey  i s  be ing  conducted by M a r t i n  M a r i e t t a  
Corpora t ion  and w i l l  be inc luded  i n  t h e  f i n a l  r e p o r t .  The s t a i n -  
l e s s  s t e e l  survey was s u b c o n t r a c t e d  t o  Arde,  I n c ;  a s  t h e  develop-  
e r s  of t h e  c ryogen ic  s t r e t c h - f o r m i n g  p r o c e s s ,  t h e y  were t h e  obv i -  
ous cho ice  f o r  t h e  performance o f  t h i s  s u b t a s k .  The s t a i n l e s s  
s t e e l  survey i s  p resen ted  i n  Appendix B. 



B. TASK I1 - -  PARENT-METAL EVALUATION 

The f o l l o w i n g  nominal  t h i c k n e s s e s  were  p lanned f o r  u s e  i n  t h i s  
e v a l u a t i o n  : 

Cryoformed S t a i n l e s s  S t e e l  = 0.125 i n . ;  

AJ 2021-T81 = 1 . 0 0  i n . ;  

Ak X7007-T6 = 1 .00  i n .  

T e s t s  were conduc ted  a t  t h r e e  t e m p e r a t u r e s :  

70°F (ambient  a i r ) ;  

-320 O F  ( l i q u i d  n i t r o g e n )  ; 

-423 OF ( l i q u i d  hydrogen) .  

Dur ing  t h e  e x p e r i m e n t a l  program, t h e  c o n f i g u r a t i o n  and o r i e n -  
t a t i o n  of  some spec imens  had t o  be changed i n  o r d e r  t o  o b t a i n  t h e  
r e q u i r e d  i n f o r m a t i o n .  These  changes  a r e  d i s c u s s e d  l a t e r  i n  t h e  
r e p o r t .  

1. Mechanica l  P r o p e r t y  T e s t s  

The u n i a x i a l  t e n s i l e  d a t a  g a t h e r e d  f o r  e a c h  a l l o y  i n c l u d e d :  

1 )  U l t i m a t e  s t r e n g t h ;  6 )  S t r a i n - h a r d e n i n g  e x p o n e n t ;  

2)  Y i e l d  s t r e n g t h ;  7 )  P o i s s o n ' s  r a t i o ;  

3 )  E l o n g a t i o n ;  8 )  C o n v e n t i o n a l  s t r e s s - s t r a i n  
b e h a v i o r  ; 

4 )  Reduc t ion  i n  a r e a ;  
9 )  T r u e  s t r e s s - s t r a i n  b e h a v i o r .  

5 )  E l a s t i c  modulus ;  

The t e s t i n g  was conduc ted  i n  b o t h  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  
d i r e c t i o n s .  S i x  r e p l i c a t e  tests were  pe r fo rmed  f o r  e a c h  cond i -  
t i o n  and t e m p e r a t u r e .  

2 .  S t a t i c  F rac tu re -Toughness  T e s t s  

S t a t i c  f r a c t u r e - t o u g h n e s s  t e s t s  were  conduc ted  f o r  e a c h  a l l o y  
i n  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s .  T r i p l i c a t e  t e s t s  
were  performed f o r  e a c h  c o n d i t i o n  and t e m p e r a t u r e .  



3. Cyclic-Load Flaw-Enlargement Tests 

Cyclic-load flaw-enlargement tests were conducted for each 
alloy and temperature in one grain direction. Triplicate speci- 
mens were tested for each condition and temperature. 

4. Sustained-Load Flaw-Enlargement Tests 

Sustained-load flaw-enlargement tests were conducted for 
each alloy and temperature in one grain direction. Triplicate 
specimens were tested for each condition and temperature. 

C. TASK I11 -- WELDED METAL EVALUATION 

The testing conducted in this task was essentially identical 
to that described in the preceding section, except that only one 
grain direction was evaluated. The aluminum alloys were tested 
in the as-welded condition; the stainless steel was tested in 
the aged condition? 

D. TASK IV -- INFLUENCE OF WELDING PROCEDURE ON FRACTURE 
TOUGHNESS OF ALUMINUM ALLOYS 

0 

In this task the effect of overheating will be compared to 
the normal procedure used in Task 111. The effect of defect 
location (heat affected zone, fusion line, and weld centerline) 
will also be evaluated. For comparison purposes, alloy 2014-T6 
will also be studied. A second heat of 2021-T81 and X7007-T6 
will be obtained for this work. 

E. TASK V -- STATIC FRACTURE TOUGHNESS CHARACTERIZATION 
OF ALUMINUM WELDS 

Using an optimized weld procedure from Task IVY toughness 
will be determined for the three alloys (2021-T81, X7007-T6, and 
2014-T6). The effect of weld repairing will also be determined. 



F .  TASK VT -- ENVIRONMENTAL THRESHOLD STRESS INTENSITY 
EVALUATION 

The e f f e c t  of d e f e c t  l o c a t i o n  and environment ( a i r  and a  de- 
l e t e r i o u s  environment) on t h e  s u s t a i n e d  l o a d  t h r e s h o l d  s t r e s s  
i n t e n s i t y  of t h e  t h r e e  a l l o y s  (2021-T81, X7007-T6, and 2014-T6) 
w i l l  be  determined.  

G .  TASK V I I  -- RESPONSE OF MATERIALS TO A CORROSIVE 
ENVIRONMENT 

I n  t h i s  t a s k ,  t h e  g e n e r a l  and s t r e s s  c o r r o s i o n  r e s i s t a n c e  
( i n  a  s i m u l a t e d  l a b o r a t o r y  and a c t u a l  s e a c o a s t  environment) of 
t h e  t h r e e  above a l l o y s  p l u s  s e v e r a l  a d d i t i o n a l  composi t ions  f o r  
c o n t r o l  purposes  w i l l  be e v a l u a t e d .  

H.  TASK V I I I  -- DATA EVALUATION 

The d a t a  o b t a i n e d  from t h e  a l l o y  t e s t s  d e s c r i b e d  i n  t h e  p re -  
ceding s e c t i o n s  w i l l  be  compared t o  t h e  d a t a  f o r  cur ren t ly -used  
a l l o y s  i n  o r d e r  t o  determine whether  t h e  new a l l o y s  were supe- 
r i o r  t o  p r e s e n t  m a t e r i a l s .  
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A . ALUMINUM ALLOYS 

The aluminum a l l o y  p l a t e  pu rchased  from Alcoa  was 84 i n .  l o n g ,  
3 6  i n .  w i d e ,  one i n .  t h i c k ,  and was f u l l y  h e a t - t r e a t e d .  A l l  sam- 
p l e s  o f  each  a l l o y  were  o b t a i n e d  from a  s i n g l e  b a t c h  o f  m a t e r i a l .  
A l c o a ' s  c e r t i f i c a t i o n  r e p o r t  l i s t e d  t h e s e  p r o p e r t i e s  a t  room tem- 
p e r a t u r e  : 

t h e  t ime  t h e  p l a t e s  were  p u r c h a s e d .  The e x p e r i -  
m e n t a l  o r  X d e s i g n a t i o n  f o r  t h e  2021 a l l o y  h a s  s i n c e  

Because t h e  e l o n g a t i o n  l e v e l  o f  t h e  AJ 2021 a p p e a r e d  a b n o r m a l l y  
low, s t a n d a r d  0 . 5 0 5 - i n . - d i a m e t e r  round b a r s  were  machined and 
t e s t e d  i n  b o t h  t h e  l o n g i t u d i n a l  and  t r a n s v e r s e  g r a i n  d i r e c t i o n s .  
The t e s t  d a t a  shown below conf i rmed  t h a t  t h e  t r a n s v e r s e  e l o n g a -  
t i o n  was low. 

T r a n s v e r s e  

Alcoa  was c o n t a c t e d  i n  o r d e r  t o  d e t e r m i n e  w h e t h e r  t h i s  m a t e r i a l  
was r e p r e s e n t a t i v e  of  t h e  s u b j e c t  a l l o y .  Pho tomic rographs  o f  
t h e  s t r u c t u r e  and a  s m a l l  q u a n t i t y  o f  m a t e r i a l  were fo rwarded  t o  
Alcoa f o r  t h e i r  r ev i ew and a n a l y s i s .  Alcoa  r ev iewed  t h e  comple t e  
p r o c e s s i n g  r e c o r d s  f o r  t h i s  m a t e r i a l  and found no b a s i s  f o r  recom- 
mending t h a t  t h e  m a t e r i a l  be r e j e c t e d ,  a l t h o u g h  t h e y  d i d  c o n f i r m  
t h a t  t h e  d u c t i l i t y  was a t  t h e  low end of  t h e  s p e c i f i c a t i o n  l i m i t .  



At t h e  r e q u e s t  o f  t h e  NASA p r o j e c t  e n g i n e e r ,  t h e  AR 2021 was 
f u r t h e r  e v a l u a t e d  t o  d e t e r m i n e  whe the r  t h e  c r y o g e n i c  d u c t i l i t y  
was a d v e r s e l y  a f f e c t e d .  The t e s t  r e s u l t s  showed t h a t  t h e r e  w a s  
no  f u r t h e r  l o s s  of  d u c t i l i t y  w i t h  r e d u c t i o n s  i n  t e m p e r a t u r e ,  r a t h e r  
o n l y  t h e  normal  i n c r e a s e  i n  e l o n g a t i o n  obse rved  f o r  aluminum a l l o y s  
( s e e  T a b l e  IV-1). 

Tab le  I V - 1  S t r e n g t h  and D u c t i l i t y  of  P a r e n t  Me ta l  Specimens 
(2021-T81 Aluminum A l l o y )  

P a n e l s  o f  b o t h  a l l o y s  were  p r e p a r e d  f o r  w e l d i n g  i n  t h e  f o l l o w -  
i n g  manner. F i r s t  t h e  a l l o y s  were d e g r e a s e d  i n  t r i c h l o r e t h y l e n e  
v a p o r ,  soaked i n  a n  a l k a l i n e  s o l u t i o n  f o r  15  m i n u t e s ,  and deox-  
i d i z e d  f o r  10  m i n u t e s .  Then t h e  edges  were  f i l e d ,  and a f t e r  t h e  
c o r n e r s  were  broken s l i g h t l y ,  a  one - in . -wide  s u r f a c e  n e x t  t o  t h e  
edge was c l e a n e d  w i t h  a  w i r e  b r u s h .  The spec imens  were welded 
t r a n s v e r s e  t o  t h e  g r a i n  d i r e c t i o n  u s i n g  a  d i r e c t - c u r r e n t ,  s t r a i g h t -  
p o l a r i t y ,  S00-amp S c i a k y  Zero  E r r o r  s u p p l y  and a n  A i r l i n e  Welding 
f i x t u r e ,  One p a s s  was made on each  s i d e  w i t h o u t  u s i n g  f i l l e r  w i r e .  
T h i s  was f o l l o w e d  by making a  second p a s s  on each  s i d e  u s i n g  f i l l e r  
w l r e  ( t h e  AR 2021 was welded w i t h  Ah 2319 f i l l e r ;  t h e  A 1  X7007 was 
welded w i t h  AR 5356 f i l l e r ) .  The spec imens  were  a i r - c o o l e d  t o  
room EPmperatbre a f t e r  e a c h  p a s s .  



Torch Speed (in./minute) 

Wire Feed (in./minute) 

Helium Gas Coverage (cfh) 
All Passes 

Subsequent radiographic inspection showed no evidence of defects 
or porosity and the welds were declared acceptable. NO post-weld 
aging was used. 

A metallographic examination of each alloy showed structures 
typical for 2000- and 7000-series alloys. Figure IV-1 shows a 
longitudinal section of 2021-T81 parent metal. This alloy ex- 
hibits slightly more second-phase precipitate than lower-strength 
2000-series compositions. A macro section of a 2021 welded joint 
is shown in Fig. IV-2. The heat-affected zone (see Fig. IV-3) 
shows depletion, presumably of copper, along the grain boundary 
and around the intermetallic particles. This depletion-might 
cause reductions in strength and in stress-corrosion resistance. 

An examination of the X7007-T6 alloy showed the highly-oriented 
structure typical for high-strength 7000-series compositions, The 
amount of second-phase precipitate in the X7007 (see Fig. IV-4) 
was slightly less than that observed in 7075 alloy (see Fig. IV-5). 
Figure IV-6 shows a macrosection of a X7007 welded joint; the 
rather significant mushrooming effect noted near the surface in 
the heat-affected zone probably results from deformation at the 
welding temperature, due to the rather low yield strength of 
aluminum-zinc alloys at high temperatures. An examination of 
the heat-affected zone showed grain-boundary coarsening rather 
than the recrystallization that commonly is found in other alu- 
minum alloys. 



Fig.  I V - 1  Micros t ruc ture  of Parent-Metal 
2021-T81; Longitudinal  D i rec t ion  
(Enlarged 100X) 

Fig. IV-2 Macrosection of a 2021-T81 
Welded J o i n t  (Enlarged 3x1 



Fig, I V - 3  Microstructure of 2021-T81 
Heat-Affected Zone Showing 
Depleted Zones (White Areas) 
(Enlarged 400x1 

Fig. IV-4 Microstructure of Parent- 
Metal X7007-T6; Longitudinal 
Direction (Enlarged lOOX) 



Fig. I V - 5  Mic ros t ruc tu re  of Parent -  
Metal 7075-T6; Longitudinal  
D i rec t ion  (Enlarged 100X) 

Fig. I V - 6  Macrosection s f  a n  X7007-T6 
Welded J o i n t  (Enlarged 3x1 



B .  STAINLESS STEEL ALLOY 

Arde,  I n c  s u p p l i e d  t h r e e  120- in . - long by 36- in . -wide by 
0 .140- in .  - t h i c k  s h e e t s  o f  modi f i ed ,  Type 301,  l o w - s i l i c o n  ( l e s s  
t h a n  0.1%) s t a i n l e s s  s t e e l  ( L a t r o b e  Heat No. 50793) t o  M a r t i n  
M a r i e t t a .  

M a r t i n  M a r i e t t a  c u t  t h e  m a t e r i a l  i n t o  p a n e l s  f o r  subsequent  
c ryogen ic  s t r e t c h i n g  i n  l i q u i d  n i t r o g e n  ( -320°F) .  These pane l s  
had a  gage w i d t h  of  13 i n .  and a  reduced s e c t i o n  l e n g t h  of 48 i n .  

Next,  t h e  p a n e l s  were  s e n t  back t o  Arde,  I n c ,  where they  were 
welded,  r e - a n n e a l e d ,  p i c k l e d ,  and p a s s i v a t e d .  Then t h e  p a n e l s  
were shipped back t o  Denver,  where t h e y  were s t r e t c h e d  and ma-- 
chined i n t o  t e s t  coupons.  F i n a l l y ,  t h e  coupons were r e t u r n e d  t o  
Arde f o r  a g i n g ,  c l e a n i n g ,  a n d  p a s s i v a t i n g  . 

The p a n e l s  were s t r e t c h e d  i n  our  500,000- lb  t e s t i n g  machine.  
The machine was p laced  h o r i z o n t a l l y  and a  l a r g e  pan, approx imate ly  
10 f t  long x 3 f e e t  wide x  1% f t  deep,  was p laced  i n  t h e  t h r o a t  
of  t h e  machine t o  p rov ide  t h e  env i ronmenta l  c o n t r o l  f o r  s t r e t c h -  
i n g .  A t y p i c a l  s t r e t c h e d  pane l  i s  shown i n  F ig .  I V - 7 .  

Of the  f i r s t  n i n e  p a n e l s  s t r e t c h e d ,  s i x  were s a t i s f a c t o r y .  
I n  t h e  o t h e r  t h r e e ,  t h e r e  were premature  f a i l u r e s  i n  t h e  j o i n t  
between the  g r i p  and t h e  t e s t  s e c t i o n .  T h i s  weld was t o  have been 
made a u t o m a t i c a l l y ,  b u t  was found t o  be a  manual weld t h a t  exh ib -  
i t e d  v e r y  poor  weld p e n e t r a t i o n .  Three  a d d i t i o n a l  p a n e l s  were 
f a b r i c a t e d  u s i n g  a u t o m a t i c  welding equipment .  A f o u r t h  p a n e l ,  
which showed i n d i c a t i o n s  of  c r a c k s ,  was r e t u r n e d  t o  Arde f o r  a u t o -  
m a t i c  r eweld ing ,  b u t  was o n l y  r e p a i r e d .  Back a t  Denver, t h e  t h r e e  
au tomat ica l ly -we lded  p a n e l s  were s t r e t c h e d  s a t i s f a c t o r i l y ,  b u t  t h e  
r e p a i r e d  p a n e l  f a i l e d  d u r i n g  s t r e t c h i n g .  

Fig .  I V - 7  T y p i c a l  C r y o g e n i c a l l y - S t r e t c h e d  S t a i n l e s s  S t e e l  Pane l  



S i n g l e  t e n s i o n  specimens were machined from each of t h e  f i r s t  
n i n e  s t r e t c h e d  p a n e l s .  No t e n s i l e  specimens were t aken  from t h e  
f o u r  a d d i t i o n a l  p a n e l s .  These specimens were aged a t  790°F f o r  2 
h r ,  a i r - c o o l e d ,  and t h e n  t e n s i l e - t e s t e d  a t  70°F. Except f o r  P a n e l  
4 ,  which obv ious ly  d i d  n o t  r e c e i v e  enough p r e s t r e s s  t o  a c h i e v e  t h e  
d e s i r e d  s t r e n g t h  l e v e l ,  t h e r e  was good agreement between t h e  t e n -  
s i l e  p r o p e r t i e s  of each p a n e l .  P a n e l s  6 and 7,  which f a i l e d  p re -  
mature ly ,  were a s  s t r o n g  a s  t h e  p a n e l s  t h a t  were given t h e  f u l l  
p r e s t r e s s ,  and were d e e m e d - s a t i s f a c t o r y  f o r  u s e .  

Tab le  IV-2 T e n s i l e  P r o p e r t i e s  of Cryogenical ly-  
S t r e t c h e d  P a r e n t  Meta l  Specimens* 

:?Single t e n s i l e  specimen removed from each pane l .  

A m e t a l l o g r a p h i c  examinat ion of t h e  c r y o g e n i c a l l y - s t r e t c h e d  
s t a i n l e s s  s t e e l  showed t h a t  t h e  m a t e r i a l  s t r u c t u r e  was t y p i c a l  
of t h a t  f o r  a  s t r a i n - h a r d e n e d  a u s t e n i t i c  s t a i n l e s s  s t e e l .  Twins 
were no ted  i n  many of t h e  g r a i n s .  The m i c r o s t r u c t u r e  showed a  
ve ry  low l e v e l  of i n c l u s i o n s  o r  f o r e i g n  m a t t e r .  Aging appeared  
t o  on ly  s l i g h t l y  i n c r e a s e  t h e  s i z e  of t h e  c a r b i d e s  d e p o s i t e d  
a l o n g  t h e  g r a i n  boundary. F igures  IV-8 and IV-9 show t h e  unaged 
and aged s t r u c t u r e s .  The welded j o i n t  ( s e e  F ig .  IV-10 appeared  
q u i t e  normal;  t h e r e  was no ev idence  of e x c e s s i v e  c a r b i d e  p re -  
c i p i t a t i o n .  



Fig.  IV-8 M i c r o s t r u c t u r e  of Unaged, 
C r y o g e n i c a l l y - S t r e t c h e d  Type 3 0 1  
S t a i n l e s s  S t e e l ;  P a r e n t  Meta l ;  
L o n g i t u d i n a l  D i r e c t i o n  
(Enlarged 250X) 

Fig .  IV-9 M i c r o s t r u c t u r e  of Aged 
C r y o g e n i c a l l y - S t r e t c h e d  Type 301 
S t a i n l e s s  S t e e l ;  P a r e n t  Meta l ;  
L o n g i t u d i n a l  D i r e c t i o n  
(Enlarged 250X) 



Fig. IV-10 Microstructure of Aged, 
Cryogenically-Stretched Type 301 
Stainless Steel; Welded Metal; 
Longitudinal Direction 
(Enlarged 250X) 



V. EXPERIMENTAL PROCEDURE AND TECHNIOUES 

The mechanical property testing techniques used in this pro- 
gram were relatively routine. Emphasis was placed on obtaining 
multiple strain data, and as a result, many resistance strain 
gages were used. 

1. Specimen Design 

Two types of tensile specimens were used in the aluminum in- 
vestigation. One series of tests was performed using full-thick- 
ness specimens, and though this approach necessitated using loads 
that were higher than those on the round bar specimens, it was 
considered superior because it allowed us to evaluate the entire 
cross-section without disturbing metallurgical inhomogeneities 
that may exist near the surface of the rolled plate. The room- 
temperature specimens were friction-gripped; the cryogenic speci- 
mens were pin-loaded (Fig. V-1). 

A second series of aluminum specimens was machined to the 
standard diameter of 0.505 in. so that their elongation, which 
depends on shape and gage length, could be compared with that of 
other alloys. 

The stainless steel specimens were machined according to our 
standard design for sheet gage materials and were pin-loaded at 
all temperatures. Figure V-2 gives the specifications for these 
specimens. 

On both the aluminum and the stainless-steel specimens, the 
weld beads were machined flush with the surface. 

2. Instrumentation 

Bonded resistance strain gages and strain beam extensometers 
were used to determine the strains. Bonded foil gages were used 
to obtain elastic-modulus and deformation data into the yield- 
strength range. We used series-connected gages, mounted on op- 
posite surfaces, to compensate for small misalignments and bend- 
ing. Our approach in using strain gages is to establish a full 
bridge circuit of strain gages and to compensate for temperature 



Note: All dimensions in inches. 

L- 4.500 + O. 030 
$ Symmetrical 

Figure V-1 Specifications for Cryogenic Aluminum Tensile Specimen 

1.7 15/16: ~l~~~;~ Size) . 
-1 

Figure V-2 Specifications for  Tensile Specimens (Type 301 Stainless Steel) 



e f f e c t s  i n  t h e  b r i d g e  by bonding t h e  s t r a i n  gages t o  dummy boards  
made o f  t h e  same type o f  m a t e r i a l  be ing  eva lua ted .  F o r  c ryogen ic  
t e s t i n g ,  t h e  e n t i r e  b r i d g e  i s  submerged i n  t h e  l i q u i d .  Using t h i s  
t e c h n i q u e ,  no e x t e r n a l  r e s i s t o r s  o r  b a l a n c i n g  systems a r e  r e q u i r e d .  
120-ohm c o n s t a n t a n  gages  CMicromeasurements No. EA-13-500-BH-120L) 
were used f o r  70°F t e s t i n g .  F o r  c ryogen ic  t e s t i n g ,  a s p e c i a l  l o t  
of 350-ohm nichrome gages (Micromeasurements EK-13-500-BH-350LE) 
was ob ta ined .  

S t r a i n  beam ex tensomete rs  were used t o  o b t a i n  p l a s t i c  d e f o r -  
mat ion d a t a  f o r  s t r e s s - s t r a i n  c u r v e s .  S e p a r a t e  independent  s t r a i n  
r e c o r d s  were  made: one of t h e  o u t p u t  of t h e  bonded gage t h a t  was 
u s e d  t o  measure s t r a i n  i n  t h e  e l a s t i c  and t h e  i n i t i a l  p l a s t i c  
range ,  and t h e  o t h e r  of t h e  o u t p u t  of t h e  ex tensomete r .  T h i s  w a s  
ach ieved  u s i n g  d u a l  Baldwin-Lima-Hamilton (B-L-H) SRA-7 s t r a i n  
r e c o r d e r s  mounted i n  tandem on t h e  t e s t i n g  machine o r  by u s i n g  a 
s i n g l e  SRA-7 r e c o r d e r  and a n  X-Y p l o t t e r  ( s e e  F i g .  V-3 and V - 4 ) .  

P o i s s o n ' s  r a t i o  was determined u s i n g  bonded r e s i s t a n c e  s t r a i n  
gages mounted on t e s t  specimens i n  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  
d i r e c t i o n s .  The specimens were loaded  below t h e  e l a s t i c  l i m i t  and 
t h e  d a t a  were a u t o g r a p h i c a l l y  r e c o r d e d .  

3 .  T e s t i n g  Procedure  

T e n s i l e  specimens were t e s t e d  a t  -320°F u s i n g  a l i q u i d  n i t r o -  
gen b a t h  i n  an  open-mouthed, foam- insu la ted  c r y o s t a t .  The t e s t s  
a t  -423°F were  performed u s i n g  l i q u i d  hydrogen i n  s e a l e d ,  double-  
wa l led ,  vacuum-jacketed c r y o s t a t s .  The s t a i n l e s s  s t e e l  specimens 
were t e s t e d  i n  our 50,000- lb  c r y o s t a t  ( s e e  F i g .  V-5), and t h e  
aluminum a l l o y  specimens were t e s t e d  i n  t h e  400 ,000- lb -capac i ty  
c r y o s t a t  sys tem shown i n  F i g .  V-6. 

B .  STATIC FRACTURE TOUGHNESS TESTING 

1. Specimen Design 

The o r i g i n a l  p l a n s  c a l l e d  f o r  a l l  s t a t i c  f r a c t u r e  toughness 
t e s t s  t o  be performed u s i n g  sur face- f l awed  specimens.  During t h e  
c o u r s e  of t h e  exper imenta l  program, however, we found i t  n e c e s s a r y  
t o  a l s o  t e s t  aluminum IT  compact-tension specimens i n  o r d e r  t o  
p rov ide  b a s e l i n e  d a t a  f o r  t h e  c y c l i c  and s u s t a i n e d - l o a d  t e s t s .  



F i g .  V-3 Dual SRA-7 Autographic  S t r a i n  Recorders  Mounted 
on U n i v e r s a l  T e s t i n g  Machine 

Fig, V - 4  SRA-7 Recorder and X-Y P l o t t e r  Used w i t h  
400,000- lb  T e s t i n g  Machine 



Fig. V-5 50,000-lb Liquid-Hydrogen Testing S y s t e m  

Fig. 400,000-lb Liquid-Hydrogen Testin Sys  t e m  



The specimens t h a t  were t e s t e d  a r e  d e p i c t e d  i n  t h e  f o l l o w i n g  
f i g u r e s  : 

F i g u r e  No. D e s c r i p t i o n  

V - 7 Aluminum sur face- f l awed  specimen; 

V-8 Aluminum compact- tension specimen; 

V-9 S t a i n l e s s - s t e e l  su r face - f l awed  specimen. 

2 .  Specimen P r e p a r a t i o n  

I n  a l l  welded specimens,  t h e  weld head was machined f l u s h  w i t h  
t h e  s u r f a c e .  

S u r f a c e  f l aws  were i n t r o d u c e d  i n t o  t h e  aluminum specimens by 
u s i n g  a  v e r y  t h i n  s l i t t i n g  saw t o  machine p r e c r a c k s .  The saw 
b l a d e s  used i n  t h i s  machine a r e  a v a i l a b l e  i n  d iamete r s  from one 
i n .  up and r a n g e  i n  t h i c k n e s s  from 0.010 t o  0 .015 i n .  Next, t h e  
p rec racks  were  s c o r e d  w i t h  a  r a z o r  b l a d e ,  and t h e  specimens were 
f a t i g u e d  i n  f l e x u r e  t o  sharpen  t h e  c r a c k s .  F i g u r e  V-10 shows t h e  
a p p a r a t u s  used  t o  produce t h e s e  s u r f a c e  c r a c k s .  The maximum o u t e r  
f i b e r  s t r e s s  was 30 k s i  f o r  t h e  pa ren t -meta l  specimens and 15 k s i  

f o r  t h e  we lded- jo in t  specimens.  I n  a  few c a s e s ,  h i g h  2 r a t i o s  
2 c 

were d e s i r e d  and e l e c t r o - d i s c h a r g e  machining was u s e d .  

Compact-tension specimen f l aws  were p repared  by n o t c h i n g  t h e  
specimens w i t h  a  r a z o r  and t h e n  f a t i g u i n g  them i n  a x i a l  t e n s i o n  
t o  sharpen  t h e  c r a c k s .  

Flaws i n  s t a i n l e s s  -s  t e e 1  specimens were i n t r o d u c e d  by g r i n d i n g  
a  sha l low s t a r t e r  no tch  and  t h e n  a rc -burn ing  t h i s  no tch  t o  c r e a t e  
l o c a l  e m b r i t t l e m e n t .  The c r a c k  was extended by bending t h e  s p e c i -  
mens a t  a  maximum o u t e r  f i b e r  s t r e s s  of 90 k s i .  

3 .  I n s t r u m e n t a t i o n  

Normally, no i n s t r u m e n t a t i o n  i s  used when t e s t i n g  s u r f a c e -  
f lawed specimens.  However, because  "pop-in" behav ior  was encoun- 
t e r e d  d u r i n g  some of t h e  pa ren t -meta l  aluminum t e s t s ,  s m a l l  (1 /32-  
t o  114- in . )  r e s i s t a n c e  s t r a i n  gages were l o c a t e d  near  t h e  ends of 
t h e  c r a c k  i n  a n  a t t e m p t  t o  d e t e c t  t h e  load at: which "pop-in" 
occur red .  Th is  t echn ique  was s u c c e s s f u l  when t h e  "pop-in" zone 
was s u f f i c i e n t l y  l a r g e .  I n  c o n t r a s t ,  a t t e m p t s  t o  c a l c u l a t e  c r i t -  
i c a l  s t r e s s  i n t e n s i t i e s  from t h e  "pop-in'.' load and t h e  d i r e c t i o n  
of t h e  i n i t i a l  f r a c t u r e  were unsuccess fu l .  





1 (Stock Size) 
2. 50 

Fig, V- 8 Specifications for Compact Tension Specimens 





(a) Overall View 

(b) Close-up View 

Fig. V-10 Apparatus for Machining Precrack in Aluminum 
Fracture-Toughness Specimens 



"Pop-in" i n  compac t - t ens ion  specimens was measured w i t h  a  
s imple  beam ex tensomete r  t h a t  was c l i p p e d  i n t o  s t a n d o f f s  a t t a c h e d  
t o  t h e  edge o f  t h e  specimen w i t h  s e l f - t a p p i n g  screws ( s e e  F i g .  V- 
11) .  T h i s  t e c h n i q u e  i s  s i m p l e r ,  j u s t  a s  a c c u r a t e ,  and l e s s  expen- 
s i v e  t h a n  machining mounting s l i t s  a c r o s s  t h e  d e f e c t .  

Aluminum s u r f a c e - f l a w e d  specimens were  t e s t e d  t o  f a i l u r e  o r  
t o  a  h i g h  p e r c e n t a g e  of t h e  y i e l d  s t r e n g t h  i n  our 500,000- lb-ca-  
p a c i t y  t e s t i n g  machine.  Th i s  t e s t i n g  was performed a t  a  r a t e  i n  
excess  of 40,000 p s i  pe r  minu te .  

Compact- tens ion specimens were t e s t e d  i n  a  v a r i e t y  of  conven- 
t i o n a l  machines whose c a p a c i t i e s  r anged  from 10,000 t o  50,000 l b .  

S t a i n l e s s - s t e e l  s u r f a c e - f l a w e d  specimens were t e s t e d  a t  7 0  
and -320°F i n  a  1 5 0 , 0 0 0 - l b - c a p a c i t y  sys tem and were t e s t e d  
a t  -423OF i n  our  5 0 , 0 0 0 - l b - c a p a c i t y  sys tem.  

F i g .  V - 1 1  Compact-Tension Specimen w i t h  S t r a i n  Beam Extensometer  



C. CYCLIC-LOAD FLAW-ENLARGEMENT TESTS 

Cyclic,- load f law-enlargement  t e s t s  were performed on b o t h  
su r face- f l awed  and compact- tension specimens,  u s i n g  t h e  same 
machines t h a t  had been used f o r  t h e  s t a t i c  f r a c t u r e - t o u g h n e s s  
t e s t s .  

P a r e n t  meta l  t e s t s  were performed u s i n g  o n l y  compact- tension 
specimens because  o f  t h e  unusua l  behav ior  no ted  d u r i n g  t h e  
s t a t i c  f r a c t u r e - t o u g h n e s s  t e s t s .  A l l  c y c l i c - t e s t  specimens were 
i d e n t i c a l  t o  t h o s e  used i n  t h e  s t a t i c  t e s t s  ( r e f  F i g .  V - 7  t h r u  
V - 9 )  and were prepared a c c o r d i n g  t o  t h e  procedures  d e s c r i b e d  i n  
t h e  p reced ing  s e c t i o n .  

No i n s t r u m e n t a t i o n  was used f o r  c y c l i c  t e s t i n g .  I n s t e a d ,  we 
a t t empted  t o  o b t a i n  m u l t i p l e  d a t a  f o r  each welded-aluminum, s u r -  
face-f lawed specimen. For  example, we a p p l i e d  a x i a l  loads  t o  
each specimen t o  ex tend  t h e  c r a c k ,  t r i e d  t o  mark t h e  e x t e n t  o f  
t h e  c r a c k  by f l e x u r a l l y  f a t i g u i n g  t h e  specimen, and r e p e a t e d  t h i s  
p r o c e s s  s e v e r a l  t imes .  Although t h i s  t echn ique  worked r e a s o n a b l y  
w e l l ,  i n  s e v e r a l  c a s e s  i t  was v i r t u a l l y  imposs ib le  t o  d i s t i n g u i s h  
each  c y c l i c  growth band. 

We a t t empted  t o  produce a  minimum amount of c r a c k  growth i n  
t h e  compact- tension specimens so  t h a t  t h e  i n i t i a l  and f i n a l  s t r e s s  
i n t e n s i t i e s  would be s i m i l a r .  I n  t h i s  way, t h e  l i n e a r  i n t e r p o l a -  
t i o n  o f  t h e  s l o p e  of t h e  c rack-growth- ra te  v s  s t r e s s - i n t e n s i t y  
curve  would be reasonab ly  a c c u r a t e .  The s t a i n l e s s - s t e e l  specimens 
were c y c l e d  i n  a  s i m i l a r  manner. No a t t e m p t s  were made t o  o b t a i n  
m u l t i p l e  d a t a  from t h e  compact- tension o r  s t a i n l e s s - s t e e l ,  s u r f a c e -  
f lawed specimens.  

D, SUSTAINED-LOAD FLAW -ENLARGEMENT TESTS 

S u s t a i n e d - l o a d  f law-enlargement  t e s t s  were performed t o  de- 
t e rmine  t h e  s t r e s s  i n t e n s i t y  below which c r a c k  growth does n o t  
occur .  Compact-tension specimens were used t o  determine t h e  be- 
h a v i o r  of t h e  pa ren t  meta l  and t h e  welded aluminum a l l o y s ,  and 
s u r f a c e - f l a w e d  specimens were used t o  determine t h e  behav ior  of 
t h e  Type 301 s t a i n l e s s  s t e e l .  No i n s t r u m e n t a t i o n  was used f o r  
t e s t i n g  t h e  s t a i n l e s s  s t e e l  specimens.  Many of t h e  aluminum spe-  
cimens were compliance-checked b e f o r e  and a f t e r  be ing  exposed t o  
t h e  s u s t a i n e d  load  t o  de te rmine  where s i g n i f i c a n t  growth had oc- 
c u r r e d .  A l l  specimens were fa t igue-marked a f t e r  be ing  exposed t o  
t h e  load  i n  o r d e r  t o  c l e a r l y  show t h e  presence o r  absence of slow 
c r a c k  e x t e n s i o n .  



The aluminum spec imens  were  t e s t e d  i n  7 0 , 0 0 0 - l b  ( d e a d  w e i g h t )  
c r e e p  f r a m e s .  Fo r  t h e  -423°F t e s t s ,  a  c r e e p  r a c k  was moved t o  
our  l i q u i d  hydrogen l a b o r a t o r y  and equ ipped  w i t h  a  l a r g e  c r y o s t a t  
( s e e  F i g .  V-12) .  The c r y o s t a t  had  a  h i g h  t h e r m a l  e f f i c i e n c y  and  
c o u l d  be o p e r a t e d  f o r  p e r i o d s  of  s even  o r  e i g h t  h r  b e f o r e  i t  had  
t o  be  f i l l e d  w i t h  l i q u i d  hydrogen .  As a  r e s u l t ,  c o n t i n u o u s  t e s c -  
i n g  was a c h i e v e d  w i t h o u t  t h e  need  f o r  c o n s t a n t  m o n i t o r i n g .  

Because  t h e  s u s t a i n e d  l o a d  on t h z  s t s i n l e s s - s t e e l  spec imens  
had t o  b e  g r e a t e r  t h a n  20,000 l b ,  t h e s e  spec imens  were  t e s t e d  i n  
t e n s i l e  machines  which  i n c o r p o r a t e d  a  l o a d - h o l d i n g  f e a t u r e .  The 
c r y o s t a t  u s e d  t o  t e s t  t h e s e  spec imens  a t  -423OF a l s o  had  a  h i g h  
the rma l  e f f i c i e n c y ,  and  r e q u i r e d  a  minimum o f  r e f i l l i n g .  

A l l  t h e  t e s t s  a t  -320°F were  per formed u s i n g  c r y o s t a t s  which  
had a u t o m a t i c  f i l l  c o n t r o l l e r s  t o  m a i n t a i n  t h e  l e v e l  o f  t h e  l i q u i d  
n i t r o g e n .  

F i g ,  V-12 Creep  Rack w i t h  Liquid-Hydrogen C r y o s t a t  



V I .  EXPERIMENTAL DATA AND DISCUSSION OF RESULTS 

T h i s  c h a p t e r  summarizes t e s t  d a t a  i n  g r a p h i c a l  and t a b u l a r  
form and d i s c u s s e s  t h e  t e s t  r e s u l t s .  A g u i d e  t o  a i d  t h e  r e a d e r  
i n  l o c a t i n g  t h e  d a t a  t a b u l a t e d  i n  Appendix A  i s  g i v e n  a t  t h e  
b e g i n n i n g  o f  each  s e c t i o n .  

A ,  MECHANICAL PROPERTY TESTS 

AR 2021-T81 P a r e n t - M e t a l  Round Bar Specimens 

A, l  2021-T81 Welded Specimens 

A , t  X7007-T6 P a r e n t - M e t a l  P l a t e  Specimens 

AR X7007-T6 P a r e n t - M e t a l  Round Bar Specimens 

A &  X7007-T6 Welded Specimens 

1. Aluminum A l l o y s  

a .  S t r e n g t h  and D u c t i l i t y  

The t e n s i l e  p r o p e r t i e s  o f  unno tched ,  p a r e n t - m e t a l  AR 
2021-T81 a r e  g i v e n  i n  T a b l e  V I - 1  and F i g .  V I - 1 .  Note t h e  c h a r -  
a c t e r i s t i c  i n c r e a s e  i n  s t r e n g t h  t h a t  i s  t y p i c a l  o f  2 0 0 0 - S e r i e s  
aluminum a l l o y s .  The u l t i m a t e  s t r e n g t h  i s  s l i g h t l y  more temper-  
a t u r e  dependen t  t h a n  t h a t  o f  t h e  y i e l d  s t r e n g t h ;  and t h e  e l o n g a -  
t i o n  and t h e  r e d u c t i o n  i n  a r e a  i n c r e a s e  w i t h  d e c r e a s e s  i n  temper-  
a t u r e ,  The u l t i m a t e  s t r e n g t h ,  y i e l d  s t r e n g t h ,  and s t r a i n - h a r d e n -  
i n g  exponen t  e x h i b i t  l i t t l e  d i r e c t i o n a l i t y ,  b u t  t h e  e l o n g a t i o n  
and r e d u c t i o n  i n  a r e a  do  depend on t h e  g r a i n  d i r e c t i o n .  I n  t h e  
t r a n s v e r s e  d i r e c t i o n ,  t h e  e l o n g a t i o n  and r e d u c t i o n  i n  a r e a  a r e  
q u i t e  low. 

VI-I. 
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L o n g i t u d i n a l  D i r e c t i o n  

(a )  U l t i m a t e  S t r e n g t h ,  Yie ld  S t r e n g t h ,  and 
S t ra in -Harden ing  Exponent 

Reduc t ion  i n  Area 
0  
-460 -400 -300 -200 -100 0 100 

Temperature  ( O F )  

(b) E longa t ion  and Reduc t ion  i n  Area 

F i g .  V I - 1  T e n s i l e  P r o p e r t i e s  o f  P a r e n t  Metal  
(2021-T81 Aluminum A l l o y )  



The u l t i m a t e  s t r e n g t h s  and  y i e l d  s t r e n g t h s  t h a t  were  d e -  
t e rmined  f o r  t h e  f u l l - t h i c k n e s s  p l a t e  spec imens  a g r e e  w i t h  t h e  
v a l u e s  d e t e r m i n e d  u s i n g  s t a n d a r d  0 . 5 0 5 - i n . - d i a m e t e r  round b a r s .  
F i g u r e  V I - 1  was c o n s t r u c t e d  u s i n g  t h e  s t r e n g t h  d a t a  r e c o r d e d  f o r  
t h e  p l a t e s  and t h e  d u c t i l i t y  d a t a  r e c o r d e d  f o r  t h e  round b a r s .  

The t e n s i l e  p r o p e r t i e s  o f  unnotched  Ad X7007-T6 a r e  g i v e n  
i n  T a b l e  VI-2 and F i g .  VI -2 .  A t  room t e m p e r a t u r e ,  t h e  y i e l d  
s t r e n g t h  and s t r a i n - h a r d e n i n g  e x p o n e n t  f o r  AL X7007-T6 a r e  s i m i l a r  
t o  t h o s e  f o r  A 1  2021-T81, b u t  t h e  e l o n g a t i o n  and  r e d u c t i o n  i n  a r e a  
a r e  s i g n i f i c a n t l y  h i g h e r .  The u l t i m a t e  s t r e n g t h  o f  A, X7007-T6, 
however,  i s  more t e m p e r a t u r e - d e p e n d e n t  t h a n  t h a t  of  A 6  2021-T81,  
The u l t i m a t e  s t r e n g t h ,  y i e l d  s t r e n g t h ,  and  s t r a i n - h a r d e n i n g  ex -  
ponen t  o f  A; X7007-T6 a r e  somewhat l ower  i n  t h e  t r a n s v e r s e  d i r e c -  
t i o n .  A s  i s  t y p i c a l  f o r  7 0 0 0 - s e r i e s  a l l o y s ,  t h e  d u c t i l i t y  de -  
c r e a s e s  a s  t h e  t e m p e r a t u r e  d r o p s .  

The most s i g n i f i c a n t  o b s e r v a t i o n  made d u r i n g  t h e  A l  
X7007-T6 t e n s i o n  t e s t s  was t h a t  a  d i f f e r e n t  k i n d  o f  f r a c t u r e  
a p p e a r e d  a t  c r y o g e n i c  t e m p e r a t u r e s .  When t h e  m a t e r i a l  was l o a d e d  
i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  i t  s h e a r e d  f o r  l o n g  d i s t a n c e s  i n  
a n  i n t e r l a m i n a r  f a s h i o n ,  a s  shown v i v i d l y  i n  F i g .  VI-3 .$; (HOW- 
e v e r ,  i t  s h o u l d  be  emphasized t h a t  t h e  f r a c t u r e  s t r a i n  w a s  q u i t e  
h i g h . )  A t  room t e m p e r a t u r e ,  t h e  m a t e r i a l  f a i l e d  i n  a  c h a r a c t e r -  
i s t i c  s l a n t  manner,  b u t  a  t endency  toward  l a m i n a r  f r a c t u r e  was 
n o t e d  ( s ee  F i g .  V I - 4 ) .  When t h e  l o a d s  were  a p p l i e d  i n  t h e  t r a n s -  
v e r s e  d i r e c t i o n ,  i n d i c a t i o n s  o f  l a m i n a r  f r a c t u r e s  were  f o u n d ,  b u t  
were  much l e s s  pronounced .  

The u l t i m a t e  s t r e n g t h s  and y i e l d  s t r e n g t h s  r e c o r d e d  f o r  
t h e  welded  A ,  2021-T81 spec imens  were  t y p i c a l  o f  t h o s e  f o r  2000- 
s e r i e s  a l l o y s .  The y i e l d  s t r e n g t h  (measured  d i r e c t l y  on  t h e  w e l d )  
was r a t h e r  low, and t h e  d u c t i l i t y  (measured  o v e r  a o n e - i n .  gage  
l e n g t h )  was q u i t e  h i g h .  These  p r o p e r t i e s  a r e  summarized i n  
T a b l e  V I - 1  and F i g .  VI -5 .  

A s  shown i n  F i g .  VI-6,  t h e  welded  At X7007-T6 spec imens  
e x h i b i t e d  e x c e l l e n t  s t r e n g t h  a t  70°F ( 5 1  k s i )  and -320°F (69  k s i ) ,  
b u t  d i d  n o t  s t r e n g t h e n  w i t h  f u r t h e r  d e c r e a s e s  i n  t e m p e r a t u r e .  The 
y i e l d  s t r e n g t h  o f  t h e  A ,  X7007-T6 a t  70°F was r e m a r k a b l y  h i g h  f o r  
a  welded  spec imen ;  t h e  d u c t i l i t y  was q u i t e  s a t i s f a c t o r y ,  b u t  d i d  
d e c r e a s e  a s  t h e  t e m p e r a t u r e  was r educed  ( s e e  T a b l e  VI-2 and  F i g .  
VL-6) . 

 from t h e  a v a i l a b l e  e v i d e n c e ,  i t  a p p e a r s  t h a t  no d e l a m i n a t i o n  
o c c u r r e d  b e f o r e  t h e  m a t e r i a l s  f r a c t u r e d ;  r a t h e r ,  t h e  i n t e r l a m i n a r  
f r a c t u r e  was m e r e l y  t h e  mode o f  f a i l u r e .  



Table  V I - 2  T e n s i l e  P r o p e r t i e s  of X7007-T6 Aluminum A l l o y  

T r a n s v e r s e  

T r a n s v e r s e  



( a )  U l t i m a t e  S t r e n g t h  and  Y i e l d  S t r e n g t h  

T e m p e r a t u r e  (OF) 

( b )  E l o n g a t i o n  and  R e d u c t i o n  i n  Area  

F i g .  VI-2 T e n s i l e  P r o p e r t i e s  o f  P a r e n t  M e t a l  (X7007-T6 Aluminum A l l o y )  
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P i g .  VI-3 F r a c t u r e d  AR X7007-T6 F i g .  V I - 4  F r a c t u r e d  A J  X7007-T6 
T e n s i o n  Specimen,  Load A p p l i e d  T e n s i o n  Specimen,  Load A p p l i e d  
i n  L o n g i t u d i n a l  D i r e c t i o n ,  i n  L o n g i t u d i n a l  D i r e c t i o n ,  
Tempera tu re  = -320BF T e m p e r a t u r e  = 70°F 



( a )  U l t i m a t e  S t r e n g t h  and Yie ld  S t r e n g t h  - 
Reduct ion i n  Area -1 

Temperature (OF) 

(b)  E longa t ion  and Reduct ion i n  Area 

F ig .  VI-5 T e n s i l e  P r o p e r t i e s  of Welded 2021-T81 Aluminum Al loy  



( a )  U l t i m a t e  S t r e n g t h  and Y i e l d  S t r e n g t h  

Tempera tu re  (OF) 

(b )  E l o n g a t i o n  and Reduc t ion  i n  Area 

F i g .  VI-6 T e n s i l e  P r o p e r t i e s  of  Welded X7007-T6 Aluminum A l l o y  



The l o c a t i o n s  a t  which t h e  f r a c t u r e s  occur red  and t h e  
appearances  o f  t h e  welded t e n s i o n  specimens a f t e r  f a i l u r e  were 
q u i t e  i n t e r e s t i n g .  The AQ X7007-T6 specimen t h a t  f a i l e d  a t  
70°F e x h i b i t e d  necking i n  t h e  h e a t - a f f e c t e d  zone, approx imate ly  
% i n ,  from t h e  c e n t e r l i n e  of t h e  weld and,  t o  a  l e s s e r  d e g r e e ,  i n  
t h e  c e n t e r  o f  t h e  weld bead; a t  -320°F f a i l u r e s  occur red  a t  t h e  
c e n t e r l i n e  o f  t h e  weld,  and a l t h o u g h  necking o c c u r r e d  i n  t h e  h e a t -  
a f f e c t e d  zone,  i t  was l e s s  pronounced than  a t  70°F. The AR 
2021-T81 e x h i b i t e d  a  f r a c t u r e  a t  70°F t h a t  comple te ly  fol lowed 
t h e  f u s i o n  l i n e  ( s e e  F ig .  V I - 7 ) ;  a t  -320°F, however, t h e  f a i l -  
u r e  occur red  through t h e  c e n t e r  o f  t h e  weld bead.  

F i g .  VI-7 Macrosect ion through t h e  Cen te r  of an  
AQ 2021-T81 Welded Tension Specimen 



b .  E l a s t i c  P r o p e r t i e s  

VE-  11 

The modulus o f  e l a s t i c i t y  f o r  each  a l l o y  was d e t e r m i n e d  
by u s i n g  t h e  s t a t i c - l o a d i n g  and t h e  d y n a m i c - e x c i t a t i o n  me thods .  
The l a t t e r  work was performed by D r .  D .  Eash  o f  t h e  Los Alamos 
S c i e n t i f i c  L a b o r a t o r y ,  who used spec imens  from t h e  two s u b j e c t  
h e a t s  o f  m a t e r i a l  so  t h a t  t h e  d a t a  o b t a i n e d  u s i n g  each  method 
cou ld  be compared.  The d e t a i l e d  d a t a  o b t a i n e d  u s i n g  t h e  dynamic 
method a r e  p r e s e n t e d  i n  Appendix C .  

F i g u r e  VI-8 shows t h a t  t h e r e  i s  g e n e r a l  ag reemen t  be-  
tween t h e  d a t a  o b t a i n e d  u s i n g  t h e  d i f f e r e n t  me thods .  These  d a t a  
a r e  g i v e n  i n  T a b l e  VI-3 .  The d a t a  a l s o  a g r e e  w i t h  t h e  70°F d a t a  
o b t a i n e d  f rom A l c o a .  Fo r  AC X7007-T6, t h e  modulus o f  e l a s t i c i t y  
o b t a i n e d  from t h e  dynamic t e s t s  was s i g n i f i c a n t l y  h i g h e r  t h a n  t h a t  
from the  s t a t i c  t e s t s .  The 70°F Alcoa  d a t a  a r e  i n  good ag reemen t  
w i t h  t h e  s t a t i c  d a t a .  

V a l u e s  o f  P o i s s o n ' s  r a t i o  a r e  p l o t t e d  i n  F i g .  VI-9 and 
a r e  t a b u l a t e d  i n  Tab le  VI-4 .  These  d a t a  were  o b t a i n e d  i n  b o t h  
t h e  long  and s h o r t  t r a n s v e r s e  d i r e c t i o n s  and were  s i m i l a r  f o r  
bo th  a l l o y s .  The s h a r p  i n c r e a s e  i n  P o i s s o n ' s  r a t i o  t h a t  was 
n o t e d  between -320 and -423OF was conf i rmed  i n  a d d i t i o n a l  t e s t s .  

c  . P l a s t i c  P r o p e r t i e s  

C o n v e n t i o n a l  s t r e s s - s t r a i n  c u r v e s  f o r  b o t h  a l l o y s  a r e  
g i v e n  i n  t h e  f o l l o w i n g  f i g u r e s :  



( a )  2021-T81 Aluminum A l l o y  

Tempera tu re  ( O F )  

( b )  X7007-T6 Aluminum A l l o y  

F i g .  VI-8 Modulus o f  E l a s t i c i t y  f o r  Two Aluminum A l l o y s  



Table  V I - 3  Modulus o f  E l a s t i c i t y  f o r  Two Aluminum Al loys  

Determined by Los Alamos 

Using t h e  Dynamic- 

T r a n s v e r s e  

T r a n s v e r s e  

r a n s v e r s e  

r a n s v e r s e  



(a) 2021-T81 Aluminum Alloy 

Temperature (OF) 

(b) X7007-T6 Aluminum Alloy 

Fig, VI-9  Poisson's Ratio for TWO Aluminum Alloys 



Table  V I - 4  P o i s s o n ' s  R a t i o  f o r  Two Aluminum A l l o y s  

r a n s v e r s e  



Strain (%) 

Fig. VI-10 Conventional Stress vs Strain Curve for Parent Metal Specimens 
(2021-T81 Aluminum Alloy; Longitudinal Direction) 



Strain  (%) 

Fig, VI-11 Conventional S t r e s s  vs  Strain Curve fo r  Parent  Metal Specimens 
(2021-T81 Aluminum Alloy; Transve r se  Direction) 



Stra in  (%) 

Fig. VI-12 Conventional S t r e s s  vs  Stra in  Curve for  Pa ren t  Metal Specimens 
(X7007-T6 Aluminum Alloy; Longitudinal Direction) 



VI- 19 

S t r a i n  (%) 

Fig. VI-13 Convcnt io~ia l  S t r e s s  v s  S t ra in  C u r v e  f o r  P a r e n t  Meta l  S1)ccimens 
(X7007-'r6 Aluminum Alloy; T r a ~ ~ s v e r s e  I l i rec t ion)  



Strain (96) 

Fig. VI-14 Co~~ventional Stress  vs Strain Curve for Welded Specimens 
(2021 -T81 Aluminum Alloy; Longitudinal Direction) 



Strain (%) 

Fig. VI-15 Conventional Stress  vs  Strain Curve for  Welded Specimens 
(X7007-T6 Aluminum Alloy; Longitudinal Direction) 
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T r u e  s t r e s s  v s  t r u e  s t r a i n  c u r v e s  were  p r e p a r e d  o n l y  f o r  
p a r e n t - m e t a l  s p e c i m e n s .  These  c u r v e s ,  which  a r e  t y p i c a l  o f  t h o s e  
f o r  h e a t - t r e a t e d  aluminum a l l o y s ,  a r e  g i v e n  i n  t h e  f o l l o w i n g  f i g -  
u r e s :  

From t h e s e  c u r v e s ,  t h e  s t r a i n - h a r d e n i n g  e x p o n e n t ,  m ,  was d e t e r -  
mined .  The s t r a i n - h a r d e n i n g  d a t a ,  wh ich  a r e  p r e s e n t e d  i n  F i g .  
V I - 1  and  V I - 2 ,  show t h a t  t h e  exponen t  f o r  AR 2021-T81 i n c r e a s e s  
a l m o s t  l i n e a r l y ,  and  t h a t  t h e  exponen t  f o r  AR X7007-T6 i n c r e a s e s  
a s  t h e  t e m p e r a t u r e  g o e s  f rom 70 t o  -320°F,  b u t  t h e n  d e c r e a s e s  
a s  t h e  t e m p e r a t u r e  d r o p s  below -320°F. 

The n e c k i n g  s t r a i n  a l s o  shows a  s i m i l a r  t r e n d .  T h e o r e t -  
i c a l l y ,  n e c k i n g  o c c u r s  when t h e  t r u e  p l a s t i c  s t r a i n  e q u a l s  t h e  
s t r a i n - h a r d e n i n g  exponent , ; \  These  v a l u e s  a r e  compared i n  T a b l e  
VI-5.  

*If t h e  t r u e  s t r e s s l t r u e  s t r a i n  c u r v e  is  a s t r a i g h t  l i ne  o n  
l o g - l o g  p a p e r ,  i t  can  be r e p r e s e n t e d  by t h e  f o r m u l a  

where  i s  t h e  t r u e  s t r e s s ,  m i s  t h e  s t r a i n - h a r d e n i n g  exponen t ,  
and E i s  t h e  l o g a r i t h m i c  p l a s t i c  s t r a i n .  

The s t r a i n - h a r d e n i n g  exponen t  c a n  t h e n  be  a n a l y t i c a l l y  d e t e r -  
mined f rom t and o, 

d  l o g  o - g do 
m =  - 

d  l o g  € o d € '  

A t  i n s t a b i l i t y ,  

and 

S u b s t i t u t i n g  Eq [2] i n t o  Eq [ l ] ,  we o b t a i n :  





ij, 
ffl d 

.2 







T a b l e  VI-5 S t r a i n - H a r d e n i n g  Exponent  and  Necking  S t r a i n  f o r  
Two Aluminum A l l o y s  

T r a n s v e r s e  

T r a n s v e r s e  

T r u e  s t r a i n .  

2 .  C r y o g e n i c a l l y - S t r e t c h e d  Type 301 S t a i n l e s s  S t e e l  

a .  S t r e n g t h  and  D u c t i l i t y  

The t e n s i l e  p r o p e r t i e s  o f  unno tched ,  p a r e n t - m e t a l ,  c r y o -  
g e n i c a l l y - s t r e t c h e d  Type 3 0 1  s t a i n l e s s  s t e e l  a r e  g i v e n  i n  F i g .  
VI-20 and  T a b l e  VI-6 ,  As t h e  t e m p e r a t u r e  d e c r e a s e s  f rom 70 t o  
-423OF, t h e  u l t i m a t e  s t r e n g t h  and  t h e  y i e l d  s t r e n g t h  i n c r e a s e  
more t h a n  1 0 0  k s i .  The d u c t i l i t y  i n c r e a s e s  a s  t h e  t e m p e r a t u r e  
goes  f rom 70 t o  -320°F,  b u t  t h e n  d e c r e a s e s  a s  t h e  t e m p e r a t u r e  
d r o p s  below -320°F.  The e l o n g a t i o n  a t  -423OF (3.5%) i s  q u i t e  
s a t i s f a c t o r y ,  c o n s i d e r i n g  t h a t  t h e  u l t i m a t e  s t r e n g t h  i s  o v e r  350  
k s i  . 



200 - 
( a )  U l t i m a t e  S t r e n g t h  and Y i e l d  S t r e n g t h  

L o n g i t u d i n a l  D i r e c t i o n  

(b)  E longa t ion  and Reduc t ion  i n  Area 

-460 -400 -300 -200 - 100 0  100 

Temperature ('F) 

( c )  P o i s s o n ' s  R a t i o ,  Modulus of  E l a s t i c i t y ,  and S t ra in -Harden ing  Exponent 

F ig .  VI-20 T e n s i l e  P r o p e r t i e s  o f  C r y o g e n i c a l l y - S t r e t c h e d  P a r e n t  Metal  (Type 301  S t a i n l e s s  S t e e l )  



T a b l e  VI-6 T e n s i l e  P r o p e r t i e s  o f  C r y o g e n i c a l l y - S t r e t c h e d  
Type 301 S t a i n l e s s  Steel:? 

T r a n s v e r s e  

T r a n s v e r s e  

F i g u r e  VI-21 and T a b l e  VI-6 show t h a t  we lded ,  c ryogen-  
i c a l l y - s t r e t c h e d  spec imens  e x h i b i t e d  e x c e l l e n t  s t r e n g t h  p r o p e r t i e s ,  
and  t h e  e f f i c i e n c y  o f  t h e  welded  j o i n t  a v e r a g e d  a p p r o x i m a t e l y  95%. 
The d u c t i l i t y  was s i m i i a r  t o  t h a t  o b s e r v e d  f o r  t h e  p a r e n t  m e t a l .  

b  . E l a s t i c  P r o p e r t i e s  

The modulus o f  e l a s t i c i t y  o f  p a r e n t  m e t a l  ( s e e  T a b l e  VI-7 
and F i g .  VI-20)  i n c r e a s e d  a l m o s t  10% when t h e  specimen was c o o l e d  
from 70 t o  320°F,  b u t  d i d  n o t  i n c r e a s e  a s  t h e  t e m p e r a t u r e  was r e -  
duced f u r t h e r .  T h i s  modulus was i n d e p e n d e n t  of  t h e  g r a i n  o r i e n t a -  
t i o n .  

I n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  P o i s s o n ' s  r a t i o  e x h i b i t e d  
t h e  same l o w - t e m p e r a t u r e  b e h a v i o r  t h a t  was o b s e r v e d  f o r  t h e  a l u -  
minum a l l o y s ;  i n  t h e  t r a n s v e r s e  d i r e c t i o n ,  however ,  P o i s s o n ' s  
r a t i o  was a l m o s t  i n d e p e n d e n t  o f  t e m p e r a t u r e .  These d a t a  a r e  g i v e n  
i n  T a b l e  VI-7 and F i g .  VI-20. 



( a )  U l t i m a t e  S t r e n g t h  and Y i e l d  S t r e n g t h  

( b )  E longa t ion  and Reduct ion i n  Area 

F i g .  VL-21 T e n s i l e  P r o p e r t i e s  of Welded, C r y o g e n i c a l l y - S t r e t c h e d  Type 301 S t a i n l e s s  S t e e l  



T a b l e  VI-7 E l a s t i c  P r o p e r t i e s  o f  Cryogenica l1 .y-  
S t r e t c h e d  Type 301 S t a i n l e s s  S t e e l  

Tempera tu re  G r a i n  

L o n g i t u d i n a l  

T r a n s v e r s e  

L o n g i t u d i n a l  

T r a n s v e r s e  

L o n g i t u d i n a l  

1 -423 I T r a n s v e r s e  

c  , P l a s t i c  P r o p e r t i e s  

C o n v e n t i o n a l  s t r e s s - s t r a i n  c u r v e s  f o r  e a c h  g r a i n  d i r e c -  
t i o n  and t y p e  o f  specimen a r e  g i v e n  i n  t h e  f o l l o w i n g  f i g u r e s :  

T r a n s v e r s e  
L o n g i t u d i n a l  

I n t e r e s t i n g l y ,  t h e  u n i f o r m  e l o n g a t i o n  o r  n e c k i n g  s t r a i n  
was v e r y  low: a t  70 and -320°F,  f o r  example ,  t h e  maximum s t r e s s  
was a t t a i n e d  a t  a  t o t a l  s t r a i n  o f  app rox ima te l ' y  1%. Al though  t h e  
un i fo rm e l o n g a t i o n  o c c u r r e d  a t  a  low s t r a i n  l e v e l ,  t h e  s u b s e q u e n t  
d e c r e a s e  i n  s t r e s s  was v e r y  g r a d u a l .  I n  c o n t r a s t  t o  t h i s  low v a l u e  
o f  un i fo rm s t r a i n ,  t h e  t o t a l  e l o n g a t i o n  was marked ly  h i g h e r .  A t  
-423"F, i t  a p p e a r e d  t h a t  t h e  spec imen f r a c t u r e d  b e f o r e  n e c k i n g ,  
b u t  t h e  f r a c t u r e  s t r a i n  ( a p p r o x i m a t e l y  3 .5%)  was r a t h e r  low.  

True  s t r e s s  v s  t r u e  s t r a i n  c u r v e s  f o r  p a r e n t - m e t a l  s p e c i -  
mens i n  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s  a r e  g i v e n  i n  
F i g .  VI-25 and VI-26,  r e s p e c t i v e l y .  The s t r a i n - h a r d e n i n g  expo- 
n e n t  and t h e  n e c k i n g  s t r a i n  a r e  g i v e n  be low.  

Tempera tu re  
(OF) 

S t r a i n - H a r d e n i n g  
G r a i n  D i r e c t i o n  

L o n g i t u d i n a l  
T r a n s v e r s e  
L o n g i t u d i n a l  
T r a n s v e r s e  
L o n g i t u d i n a l  
T r a n s v e r s e  

1 -i; 
I T r u e  s t r a i n .  



S t r a i n  (%) 

F i g .  V I - 2 2  C o n v e n t i o n a l  S t r e s s  v s  S t r a i n  Curve f o r  C r y o g e n i c a l l y - S t r e t c h e d  
ParenL Metal  Specimens (Type 301 S t a i n l e s s  S t e e l ;  L o n g i t u d i n a l  
D i r e c  c i o n )  



S t r a i n  (%) 

F i g .  V I - 2 3  Conventional S t r e s s  vs  S t r a i n  Curve f o r  Cryogenica l ly -S t re tched  
Paren t  Metal Specimens (Type 301 S t a i n l e s s  S t e e l ;  Transverse 
D i r e c t  ion)  



S t r a i n  (%) 

F i g .  V I - 2 4  Conven t iona l  S t r e s s  vs  S t r a i n  Curve f o r  Welded C r y o g e n i c a l l y -  
S t r e t c h e d  Specimens (Type 301 S t a i n l e s s  S t e e l ;  L o n g i t u d i n a l  
D i r e c t  i o n )  
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Fig. VI-26 True Stress vs  True  Strain Curve for Cryogenieally-Stretched Parent  Metal 
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B ,  STATIC FRACTURE-TOUGHNESS TESTS 

AR 2021-T81 Compact-Tension P a r e n t  M e t a l  Specimens 

AR 2021-T81 Sur face -F lawed  Welded Spec imens  

AR 2021-T81 Compact-Tension Welded Specimens 

AR X7007-T6 Sur face -F lawed  P a r e n t  M e t a l  Specimens 

AR X7007-T6 Surface-Flawed Welded Spec imens  

A &  X7007-T6 Compact-Tension Welded Specimens 

1. Aluminum A l l o y s  

a .  P a r e n t - M e t a l  T e s t s  

S u r f a c e - c r a c k e d  spec imens  o f  A.t 2021-T81 were  t e s t e d  f o r  
f r a c t u r e  t o u g h n e s s  i n  t h e  t r a n s v e r s e  o r i e n t a t i o n .  A t  70°F,  t h e i r  
f r a c t u r e  s t r e n g t h  was a p p r o x i m a t e l y  50% o f  t h e  y i e l d  s t r e n g t h  and  
t h e i r  p l a n e - s t r a i n  f r a c t u r e  t o u g h n e s s  a v e r a g e d  3 4  k s i  6, We 
n o t e d  t h a t  t h e  f a t i g u e d  p r e c r a c k  d i d  n o t  have  t h e  smooth a p p e a r -  
a n c e  t h a t  i s  t y p i c a l  o f  aluminum a l l o y s ;  i n s t e a d ,  i t  a p p e a r e d  
v e r y  c o a r s e ;  and  t h e  r a p i d - f r a c t u r e  a r e a ,  a l t h o u g h  r e l a t i v e l y  
f l a t ,  had l a m i n a r  c r a c k s  i n  t h e  r e g i o n  ahead  o f  t h e  semiminor 
a x i s ,  b u t  n o t  i n  t h e  r e g i o n s  away from t h i s  a r e a .  I n  t e s t s  a t  
-320°F,  c r a c k s  o f  a  s i z e  e q u i v a l e n t  t o  t h o s e  t e s t e d  a t  70°F 
c a u s e d  f a i l u r e  a t  s t r e s s e s  a p p r o a c h i n g  80% o f  t h e  y i e l d  s t r e s s .  
The a v e r a g e  p l a n e - s t r a i n  f r a c t u r e  t o u g h k e s s  was 54  k s i  6. A t  
-423OF, t h e  f r a c t u r e  f a c e s  a p p e a r e d  much smoother  t h a n  t h o s e  ob-  
s e r v e d  i n  t h e  70°F t e s t s ,  t h e r e  w a s  v i r t u a l l y  no e v i d e n c e  o f  
l a m i n a r  c r a c k i n g ,  and  t h e  p l a n e - s t r a i n  f r a c t u r e  t o u g h n e s s  i n -  
c r e a s e d  t o  59  k s i  6. 

The t o u g h n e s s  o f  t r a n s v e r s e  c o m p a c t - t e n s i o n  spec imens  i n -  
c r e a s e d  a s  t h e  t e m p e r a t u r e  d e c r e a s e d .  The t o u g h n e s s  v a l u e s  f o r  
t h e s e  spec imens  d i d  n o t  a g r e e  w i t h  t h o s e  f o r  t h e  s u r f a c e - f l a w e d  
spec imens ,  b u t  t h i s  i s  n o t  s u r p r i s i n g  s i n c e  t h e  c r a c k s  grow i n  



d i f f e r e n t  d i r e c t i o n s .  I n  edge -no tched ,  c o m p a c t - t e n s i o n  spec imens ,  
c r a c k s  grow i n t o  t h e  w i d t h  d i r e c t i o n ,  b u t  i n  s u r f a c e - c r a c k e d  
spec imens  t h e y  grow i n t o  t h e  t h i c k n e s s  d i r e c t i o n .  P l a n e - s t r a i n  
f r a c t u r e  toughness  l e v e l s  f o r  t h e  two t y p e s  o f  spec imens  a r e  com- 
pa red  be low.  

T e s t  d a t a  f o r  p a r e n t - m e t a l  and welded spec imens  o f  AR 
2021-T81 a r e  p r e s e n t e d  i n  F ig .  VI -27 .  Note  t h a t  i n  t h e  l o n g i t u d i -  
n a l  d i r e c t i o n ,  s u r f a c e - c r a c k e d  spec imens  c o u l d  n o t  b e  f r a c t u r e d  a t  
stresses below t h e  y i e l d  s t r e n g t h .  A f t e r  open ing  t h e  f i r s t  few 
s p e c i m e n s ,  we n o t e d  t h a t  a  small a r e a  o f  "pop-in" e x i s t e d  n e a r  
t h e  f r o n t  f a c e ,  s o  we p l a c e d  s m a l l  (1132 t o  114  i n . )  r e s i s t a n c e  
s t r a i n  gages  a t  t h e  ends  o f  t h e  c r a c k  i n  a n  a t t e m p t  t o  d e t e r m i n e  
t h e  "pap-in" l o a d .  The d a t a  w e  o b t a i n e d  were  g e n e r a l l y  i ncon-  
c l u s i v e ,  b e c a u s e  t h e  "pop-in" area was v e r y  s m a l l .  

The f r a c t u r e - t o u g h n e s s  t e s t s  on t h e  s u r f a c e - c r a c k e d ,  
p a r e n t - m e t a l  A J  X7007-T6 spec imens  produced some e q u a l l y  s u r p r i s -  
i n g  r e s u l t s .  I n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  t h e  "pop-in" behav-  
i o r  was s i m i l a r  t o  t h a t  noted  i n  t h e  AR 2021-T81 spec imens ,  b u t  
was o f  much g r e a t e r  m a g n i t u d e .  

De lamina t ion  a round  t h e  c r a c k  f r o n t  p r e v e n t e d  t h e  AR 
X7007-T6 spec imens  from f r a c t u r i n g  below t h e i r  y i e l d  s t r e n g t h .  
F i g u r e  VI-28 shows a  t y p i c a l  spec imen t h a t  was opened a f t e r  b e i n g  
l o a d e d  t o  a  h i g h  p e r c e n t a g e  o f  i t s  y i e l d  s t r e n g t h  a t  -320°F.  From 
t h e  a p p e a r a n c e  of  t h i s  specimen we concluded t h a t  i t  f a i l e d  when 

d e l a m i n a t i o n  o c c u r r e d  a t  t h e  h i g h - s t r e s s - i n t e n s i t y  a r e a  a t  t h e  
f r o n t  of  t h e  c r a c k .  Note t h a t  where t h i s  d e l a m i n a t i o n  o c c u r r e d ,  
t h e  craclc f r o n t  i s  g e n e r a l l y  o r i e n t e d  i n  t h e  w i d t h  d i r e c t i o n .  
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F i g .  VI-28 F r a c t u r e  F a c e  o f  AR X7007-T6 Surface-Flawed 

Specimen,  Load A p p l i e d  i n  t h e  L o n g i t u d i n a l  
D i r e c t i o n ,  T e m p e r a t u r e  = -320°F 

It a p p e a r s  t h a t ,  when t h e  spec imen i s  loaded  t o  a  l e v e l  
t h a t  shou ld  be t h e  c r i t i c a l  s t r e s s  i n t e n s i t y  a t  t h e  nose  o f  t h e  
c r a c k  ( t h e  end o f  t h e  semiminor a x i s ) ,  f r a c t u r i n g  c a n n o t  o c c u r  
b e c a u s e  t h e  c r a c k  f r o n t  becomes b l u n t e d ;  and because  t h e  s t r e s s  
i n t e n s i t y  d e c r e a s e s  from a  maximum a t  t h e  nose  o f  t h e  c r a c k  t o  a  
minimum a t  t h e  f r e e  f a c e ,  f r a c t u r i n g  c a n n o t  o c c u r  e l s e w h e r e  a l o n g  
t h e  c r a c k  f r o n t .  Then,  a s  t h e  a p p l i e d  l o a d  i s  i n c r e a s e d ,  t h e  
s t r e s s  i n t e n s i t y  i n c r e a s e s  u n t i l  i t  r e a c h e s  a  c r i t i c a l  v a l u e  a t  
some p o i n t  on t h e  c r a c k  f r o n t  t h a t  i s  n o t  b l u n t e d ,  and t h e  f r a c -  
t u r e  b e g i n s .  However, a s  t h e  c r a c k  b e g i n s  t o  s p r e a d ,  l a m i n a r  c r a c k -  
i n g  o c c u r s  i n  t h e  w i d t h  d i r e c t i o n  and a r r e s t s  t h e  growth  o f  t h e  
c r a c k ,  and  a r e g i o n  o f  h i g h e r  f r a c t u r e  t o u g h n e s s  n e a r  t h e  s u r f a c e  
p r e v e n t s  t h e  c r a c k  from e x t e n d i n g .  When t h i s  o c c u r s ,  a  s m a l l  
f r a c t u r e  r e g i o n  a p p e a r s  n e a r  t h e  f a c e  o f  t h e  c r a c k .  

T h i s  t y p e  o f  "pop-in" b e h a v i o r  h a s  been  conf i rmed  by 
s t a i n i n g  t h e  t e s t  spec imens  b e f o r e  o p e n i n g  them and by s t r a i n  
g a g e  d a t a  ( s e e  F i g .  V I - 2 9 )  o b t a i n e d  d u r i n g  t h e  t e s t s .  F i g u r e  
V I - 2 9  shows t h a t  t h e r e  i s  l o c a l  y i e l d i n g  a t  t h e  end o f  t h e  c r a c k ,  
a l t h o u g h  t h e  nominal  s t r a i n  away from t h e  c r a c k  i s  s t i l l  e l a s t i c .  
A t  t h e  "pop-in" l o a d ,  t h e  s l o p e  o f  t h e  c u r v e  d e c r e a s e s  a b r u p t l y .  

Our a t t e m p t s  t o  c a l c u l a t e  t h e  c r i t i c a l  s t r e s s  i n t e n s i t i e s  
from t h e  "pop- in"  l o a d  and t h e  d i r e c t i o n  i n  which t h e  f r a c t u r e s  
began d i d  n o t  produce  s a t i s f a c t o r y  d a t a .  



Displacement  

F i g .  VI-29 Load v s  Displacement f o r  t h e  Specimen Shown i n  
F i g .  VI-28 

Toughness t e s t s  conducted a t  -423OF produced complete 
f r a c t u r e s  t h a t  were n o t  a r r e s t e d .  An examinat ion of  t h e  f r a c t u r e  
f a c e  ( s e e  F i g .  VI-30) r e v e a l e d  t h e  same type  o f  c r a c k  b l u n t i n g  
a t  t h e  end o f  t h e  semiminor a x i s  and i n d i c a t e d  t h a t  t h e  f r a c t u r e s  
began n e a r  t h e  f r o n t  f a c e .  However, u n l i k e  t h e  f r a c t u r e s  produced 
a t  70 and -320°F, t h e  c r a c k s  proceeded f o r  a  s i g n i f i c a n t  d i s t a n c e  
on each s i d e  of  t h e  d e f e c t ,  The r e s u l t i n g  f r a c t u r e s  a p p a r e n t l y  
p r o g r e s s e d  v i a  s h e a r i n g  i n  t h e  t h i c k n e s s  d i r e c t i o n .  

I n  t h e  t r a n s v e r s e  d i r e c t i o n ,  t h e  AR X7007-T6 s u r f a c e -  
cracked p a r e n t  m e t a l  specimens f r a c t u r e d  a t  s t r e s s e s  below t h e  
y i e l d  s t r e n g t h .  I n  t h e s e  c a s e s ,  t h e  f r a c t u r e s  d i d  no t  a p p e a r  t o  
b e g i n  a t  t h e  nose of the  p r e c r a c k .  Examinat ions  d i s c l o s e d  t h a t  
t h e s e  f r a c t u r e s  a l s o  began nea r  t h e  s u r f a c e ,  l i k e  those  t h a t  oc -  
c u r r e d  i n  l o n g i t u d i n a l l y - l o a d e d  specimens of t h e  p a r e n t  m e t a l  
( s e e  F i g .  VI-31) .  I n  t h e s e  c a s e s ,  however, t h e  laminar  c r a c k i n g  
was no t  e x t e n s i v e  enough t o  a r r e s t  t h e  growth of t h e  c r a c k .  Al -  
though complete f r a c t u r e s  o c c u r r e d ,  toughness  d a t a  c a l c u l a t e d  f o r  
t h i s  s e r i e s  of t e s t s  a r e  n o t  r e l i a b l e ,  and have no t  been i n c l u d e d  
i n  t h i s  r e p o r t .  



F i g .  VI-30 F r a c t u r e  Face  of  a n  AR X7007-T6 Surface-Flawed Specimen, 
Load Appl ied  i n  t h e  L o n g i t u d i n a l  D i r e c t i o n ,  Temperature  
= -423OF 

F i g ,  VI-31 F r a c t u r e  Face  o f  a n  AR X7007-T6 Surface-Flawed Specimen, 
Load Appl ied  i n  t h e  T r a n s v e r s e  D i r e c t i o n ,  Temperature 
= 70'F 



F r a c t u r e - t o u g h n e s s  v a l u e s  were c a l c u l a t e d  f o r  compact- 
t e n s i o n  specimens t h a t  had been t e s t e d  i n  t h e  t r a n s v e r s e  d i r e c -  
t i o n .  These v a l u e s  a r e  shown below. 

C r i t i c a l  S t r e s s  I n t e n s i t  

I n  t h e s e  c a s e s ,  t h e  d i r e c t i o n  i n  which t h e  c r a c k s  extended was 
rmal t o  t h e  d i r e c t i o n  of t h e  l a m i n a t i o n s ,  and b l u n t i n g  d i d  n o t  

ppear t o  o c c u r .  F i g u r e  VI-32 shows t h e  f r a c t u r e  f a c e  of a  typ-  
a l  compact- tension specimen. 

Frac tu re - toughness  t e s t  d a t a  f o r  pa ren t -meta l  and welded 
specimens of AR X7007-T6 a r e  shown i n  Fig .  VI-33. 

b .  Welded-Metal T e s t s  

F r a c t u r e - t o u g h n e s s  t e s t s  ( i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  
o n l y )  were performed on welded sur face-c racked  and compact- tension 
specimens o f  t h e  two a l l o y s .  

As shown below, t h e  toughness of t h e  AR 2021-T81 s u r f a c e -  
f lawed specimens i n c r e a s e d  a s  t h e  t empera tu re  d e c r e a s e d .  The one- 
i n .  t h i c k n e s s  of t h e  welded p l a t e s  proved inadequa te  f o r  o b t a i n -  
i n g  f r a c t u r e  d a t a  f o r  t h e  through-cracked compact t e n s i o n  specimen, 
excep t  a t  -423 OF. 

I 1 C r i t i c a l  S t r e s s  I n t e n s i t y  ( k s i a , )  1 

Specimens Specimens 

-423 

The d a t a  f o r  -423OF show r e l a t i v e l y  good agreement .  (Although 
t h i s  type of comparison could  n o t  be made f o r  wrought m a t e r i a l ,  
t h e  d i r e c t i o n a l i t y  e f f e c t s  i n  a  c a s t  s t r u c t u r e  a r e  l i m i t e d  enough 
so t h a t  t h e  d a t a  f o r  t h e  two types  of specimens can be compared.) 



Pig. VI-32 Fracture Face of Parent-Metal X7007-T6 
Compact-Tension Specimen 
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F i g .  VI-33 S t a t i c  F r a c t u r e  Toughness of X7007-T6 Aluminum Al loy  
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The f r a c t u r e  s t r e ~ s / ~ i e l d  s t r e s s  r a t i o  was w e l l  above  1 . 0  
f o r  a l l  s u r f a c e - c r a c k e d  spec imens ,  and was t y p i c a l l y  be tween 1 . 2  
and 1 . 4 .  Normal ly ,  such  a  h i g h  f r a c t u r e  s t r e s s / y i e l d  s t r e s s  r a t i o  
would tend  t o  i n v a l i d a t e  t h e  t e s t  r e s u l t s .  However, i n  t h i s  c a s e  
t h e  welded m a t e r i a l  had n o t  been  s t r e s s - r e l i e v e d ,  and t h e  b e h a v i o r  
can  be r e a d i l y  e x p l a i n e d .  

When making a  m u l t i p a s s  weld on wide  p l a t e s  ( o u r  p l a t e s  
were  two f t  w i d e ) ,  t h e  r e s i d u a l  s t r e s s e s  a t  r i g h t  a n g l e s  t o  t h e  
weld can become s i g n i f i c a n t .  Al though t h e s e  r e s i d u a l  s t r e s s e s  
e x i s t  a s  t e n s i o n  s t r e s s e s  a t  t h e  s u r f a c e  o f  t h e  m a t e r i a l ,  e q u i -  
l i b r i u m  r e q u i r e m e n t s  t e l l  u s  t h a t  t h e r e  shou ld  be t r a n s v e r s e  com- 
p r e s s i v e  s t r e s s e s  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  we ld  zone .  Now, 
i f  t h e r e  i s  a  c r a c k  a p p r o x i m a t e l y  ha l fway  th rough  t h e  p l a t e ,  t h e r e  
may be r a t h e r  h i g h  r e s i d u a l  compress ion  f o r c e s  on t h e  nose  o f  t h e  
c r a c k .  Because t h e s e  must  be overcome d u r i n g  l o a d i n g ,  t h e  nomi- 
n a l  s t r e s s  c a n  be g r e a t e r  t h a n  t h e  l o c a l  s t r e s s  i n  t h e  c e n t e r  o f  
t h e  w e l d ,  and t h e  f r a c t u r e  s t r e s s l y i e l d  s t r e s s  r a t i o  may s u g g e s t  
t h a t  y i e l d i n g  h a s  o c c u r r e d  even though t h e  c e n t e r  o f  t h e  weld i s  
s t i l l  e l a s t i c .  

T e s t  d a t a  f o r  t h e  AR 2021-T81 spec imens  are p r e s e n t e d  
i n  F i g .  VI-27. 

Because o f  t h e  l o c a t i o n  of  t h e  f a i l u r e s  i n  t h e  70°F, un- 
no tched  A 1  2021-T81 welded  t e n s i o n  spec imens  and o f  r e p o r t s  c f  
p o s s i b l e  low t o u g h n e s s  i n  t h e  h e a t - a f f e c t e d  zone ,  s e v e r a l  s p e c i -  
mens t h a t  had d e f e c t s  a s  c l o s e  a s  p o s s i b l e  t o  t h e  f u s i o n  l i n e  
were  p r e p a r e d  and t e s t e d .  I n  two samples ,  t h e  t i p  o f  t h e  d e f e c t  
was a c t u a l l y  i n  t h e  h e a t - a f f e c t e d  zone ,  v e r y  c l o s e  t o  t h e  f u s i o n  
l i n e .  C r o s s - s e c t i o n a l  e x a m i n a t i o n s  of  t h e  f a i l e d  spec imens  showed 
t h a t  t h e  p a t h  of  t h e  f r a c t u r e  was n o t  i n  t h e  p l a n e  o f  t h e  d e f e c t ,  
b u t  jumped t o  t h e  f u s i o n  l i n e  and fo l lowed  i t  f o r  some d i s t a n c e .  
The toughness  v a l u e s  f o r  two r e p l i c a t e  spec imens  were  27 and 28 
lcsi G. A t h i r d  specimen f a i l e d  a t  a  s l i g h t l y  lower  l e v e l  (22 
l c s i 2 / ; ; ; . ) ;  s u b s e q u e n t  e x a m i n a t i o n  showed t h a t  t h e  d e f e c t  was i n  
t h e  c a s t  m a t e r i a l  v e r y  c l o s e  t o  t h e  f u s i o n  l i n e  and f o l l o w e d  t h e  
f u s i o n  l i n e  d u r i n g  f r a c t u r e .  

The AR X7007-T6 e x h i b i t e d  t h e  d e c r e a s e  i n  toughness  w i t h  
r e d u c t i o n s  i n  t e m p e r a t u r e  t h a t  i s  c h a r a c t e r i s t i c  o f  7000-Ser ies  
a l l o y s .  However, a t  room t e m p e r a t u r e ,  t h e  t o u g h n e s s  (41 k s i  dn,) 
was q u i t e  h i g h .  The s t r e s s - i n t e n s i t y  d a t a  f o r  t h e  two t y p e s  o f  
spec imens  f o l l o w  and a r e  a l s o  shown i n  F i g .  VI-33. 



A t  70°F, t h e r e  was no t  enough lrpop-in" i n  t h e  compact- 
t e n s i o n  welded specimens f o r  u s  t o  de te rmine  t h e  f r a c t u r e  tough- 
n e s s ,  b u t  t h e  c ryogen ic  toughness  l e v e l s  o b t a i n e d  from t h e  two 
t y p e s  of specimens were i n  reasonab ly  good agreement .  

The f r a c t u r e  f a c e s  of t h e  welded AQ X7007-T6 specimens 
had s e v e r a l  i n t e r e s t i n g  f e a t u r e s .  The f a t i g u e d  p r e c r a c k  d i d  n o t  
e x h i b i t  t h e  smooth, f i n e - g r a i n e d  appearance t h a t  i s  c h a r a c t e r i s t i c  
o f  aluminum a l l o y s ;  i n s t e a d ,  t h e  s u r f a c e  p a t t e r n s  ( s e e  F i g .  VI-34) 
matched t h e  d i s t r i b u t i o n  of second-phase p a r t i c l e s  found i n  t h e  
macro- and m i c r o - s e c t i o n s  t h a t  were t aken  through t h e  weld.  These 
same p a t t e r n s  were a p p a r e n t  i n  t h e  a r e a  of r a p i d  f r a c t u r e .  

2 .  Cryonen ica l lv -S t re tched  Type 301 S t a i n l e s s  S t e e l  

a .  Parent-Metal  T e s t s  

Room-temperature t e s t s  performed u s i n g  sur face- f l awed  
specimens showed t h a t  t h e  f r a c t u r e  toughness  was s l i g h t l y  h i g h e r  
t h a n  100 k s i  l/;f;. I n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  one specimen 
a s  loaded t o  108 lcsi C n ,  

( O / O Y S  
w i t h o u t  f a i l i n g .  The 

remaining specimens were cracked t o  c r e a t e  deeper  f l a w s  and f a i l e d  
a t  102 k s i a .  The t r a n s v e r s e  specimens f a i l e d  a t  a n  a v e r a g e  
s t r e s s  i n t e n s i t y  of 103 k s i  K n . ,  showing no d i r e c t i o n a l i t y  
e f f e c t s  . 

At c ryogen ic  t empera tu res ,  t h e  f r a c t u r e  toughness  de- 
c reased  s i g n i f i c a n t l y  and was lower i n  t h e  t r a n s v e r s e  d i r e c t i o n .  
The f r a c t u r e - t o u g h n e s s  d a t a  a r e  shown below and i n  F i g .  VI-35. 

r a n s v e r s e  
D i r e c t i o n  D i r e c t i o n  

Even though t h e  toughness  of t h e  s t a i n l e s s  s t e e l  dec reased  a b o u t  
50% a s  t h e  t empera tu re  went from 70 t o  -423OF, t h i s  was s t i l l  a  
h i g h  l e v e l  of toughness ,  c o n s i d e r i n g  t h a t  t h e  t e n s i l e  s t r e n g t h  
was so h i g h  (350 k s i ) .  



Fig. VJ-34 F r a c t u r e  F a c e  of  Welded X7007-T6 Surface-Flawed Specimen 



Temperature (OF) 

F i g .  VI-35 S t a t i c  F r a c t u r e  Toughness o f  C r y o g e n i c a l l y - S t r e t c h e d  
Type 301 S t a i n l e s s  S t e e l  



b .  Welded-Metal  T e s t s  

A t  room t e m p e r a t u r e ,  t h e  f r a c t u r e  t o u g h n e s s  o f  s u r f a c e -  
c r a c k e d  welded  spec imens  (80 k s i  s.) was a p p r o x i m a t e l y  78% o f  
t h a t  f o r  t h e  p a r e n t  m e t a l .  A t  c r y o g e n i c  t e m p e r a t u r e s ,  t h e  f r a c -  
t u r e  t o u g h n e s s  d e c r e a s e s  f u r t h e r :  a t  -320 and -423'F, t h e  t ough-  
n e s s  was 42 and 37 k s i  =., r e s p e c t i v e l y ,  o r  o n l y  a b o u t  65% a s  
tough a s  t h e  p a r e n t  m e t a l .  These  t e s t  d a t a  a r e  p r e s e n t e d  i n  F i g .  
VI-35. 



C .  CYCLIC-LOAD FLAW-ENLARGEMENT TESTS 

APPENDIX GUIDE - CYCLIC LOAD TESTS 

A1 2021-T81 u r  face-Flawed Welded Specimens 

A j  X7007-T6 ompact-Tension P a r e n t  M e t a l  Specimens 

A,!, X7007-T6 u r face -F lawed  Welded Specimens 

I n  most c a s e s ,  o n l y  t h r e e  t e s t s  were  per formed t o  c h a r a c t e r -  
i z e  c rack -g rowth  b e h a v i o r .  From t h i s  l i m i t e d  amount o f  t e s t i n g ,  
w e  c a n  o b t a i n  o n l y  a  c r u d e  i d e a  o f  t h i s  p r o c e s s  ( t h e  e x p o n e n t i a l  
c r ack -g rowth  f u n c t i o n ,  f o r  example,  c a n n o t  be c a l c u l a t e d  w i t h  s u c h  
l i m i t e d  i n f o r m a t i o n ) .  T h e r e f o r e ,  t h e  prime pu rpose  f o r  c o n d u c t -  
i n g  t h e s e  t e s t s  was t o  compare o u r  r e s u l t s  w i t h  a v a i l a b l e  d a t a .  

I n  a l l  c y c l i c  t e s t s ,  t h e  s t r e s s  r a t i o ,  R, was l e s s  t h a n  0 . 0 5 ;  
i n  most c a s e s ,  i t  was a b o u t  0 .02 .  A s  a  r e s u l t ,  t h e  d a t a  a r e  

t r e a t e d  a s  though R  = 0.  I n s t e a d  o f  u s i n g  OK = K  - Kinin' we 
max 

have  p r e s e n t e d  t h e  t e s t  d a t a  a s  Qax; b u t  f o r  conven ience ,  we 

have  c a l l e d  t h e  s t r r c q  i n t e n s i t y  K r a t h e r  t h a n  K i n  o r d e r  t o  
max 

i n d i c a t e  t h a t  we a r e  u s i n g  t11e a v e r a g e  maximum s t r e s s  i n t e n s i t y ,  
n o t  t h e  i n i t i a l  s t r e s s  i n t e n s i t y .  

In t h e s e  t e s t s ,  we t r i e d  t o  keep  t h e  d i f f e r e n c e  between t h e  
i n i t i a l  s t r e s s  i n t e n s i t y  and t h e  f i n a l  s t r e s s  i n t e n s i t y  s m a l l .  
By d o i n g  s o ,  we were a b l e  t o  o b t a i n  a  more a c c u r a t e  l i n e a r  i n t e r -  
p o l a t i o n  o f  t h e  c rack -g rowth  r a t e .  

1. Aluminum A l l o y s  

a .  P a r e n t - M e t a l  T e s t s  

T e s t  d a t a  f o r  compac t - t ens ion  spec imens  a r e  p r e s e n t e d  i n  
F i g .  VI-36 and VI-37. 
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b. Welded-Metal T e s t s  

S u r f a c e - c r a c k e d  spec imens  were  used  t o  o b t a i n  t h e  d a t a  
p r e s e n t e d  i n  F i g .  VI-38 and VI-39. I n  some c a s e s ,  m u l t i p l e  d a t a  
were o b t a i n e d  by p e r i o d i c a l l y  f a t i g u e - m a r k i n g  t h e  spec imens .  
F i g u r e  VI-40 shows t h e  f r a c t u r e  f a c e  o f  a  t y p i c a l ,  f a t i g u e - m a r k e d ,  
A 4  2021-T81 welded specimen.  

S u r f a c e - f l a w e d  spec imens  were  n o t  i n t e n t i o n a l l y  c y c l e d  t o  
f a i l u r e .  Had we a t t e m p t e d  t o  i n d u c e  f r a c t u r e s  a t  s t r e s s e s  be low 
t h e  y i e l d  s t r e n g t h ,  t h e  end o f  t h e  semiminor c r a c k  a x i s  wou1.d have  
been  s o  c l o s e  t o  t h e  back  f a c e  t h a t  t h e  s t r e s s  i n t e n s i t y  would b e  
m e a n i n g l e s s .  

2 .  C y r o g e n i c a l l y - S  t r e t c h e d  Type 3 0 1  S t a i n l e s s  S  t e e 1  

S u r f a c e - c r a c k e d  spec imens  were  t e s t e d  t o  d e t e r m i n e  t h e  c r a c k -  
growth  r a t e s  f o r  p a r e n t - m e t a l  and welded spec imens .  The d a t a  f rom 
t h e s e  t e s t s  ( s e e  F i g .  VI-41) show t h a t ,  a t  70  and -320°F,  c r a c k s  
grew f a s t e r  ( a t  a  s p e c i f i c  s t r e s s  i n t e n s i t y )  i n  t h e  welded mate-  
r i a l ,  and t h a t ,  a t  -423OF, b o t h  t y p e s  o f  spec imens  had i d e n t i c a l  
c r ack -g rowth  r a t e s .  







Pig. VI-49 Fracture Face of Fatigue-Marked 2021-T81 
Cyclic Fra-cture-Toughness Specimen 
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D.  SUSTAINED-LOAD FLAW-ENLARGEMENT TESTS 

Af? 2021-T81 Compact-Tension Welded 

Af? X7007-T6 Compact -Tension Paren t  
Metal  Specimens 

A.l X7007-T6 

Metal  Specimens 

These t e s t s  were performed t o  de te rmine  t h e  minimum s t r e s s  i n -  
t e n s i t y  t h a t  would produce s u b c r i t i c a l  f l aw growth i n  t h e  v a r i o u s  
a l l o y  specimens a t  each t e s t  t e m p e r a t u r e .  In  g e n e r a l ,  t h r e e  s p e -  
c imers  were  used t o  b r a c k e t  t h e  t h r e s h o l d  l e v e l ,  bu t  i n  some c a s e s ,  
i t  was n e c e s s a r y  t o  use  e x t r a  specimens.  Because t ime  and funds  
d i d  no t  permit  u s  t o  conf i rm t h e  e x a c t  l e v e l s ,  t h e s e  d a t a  a r e  o n l y  
approximate .  

1. Aluminum Al loys  

a .  Parent-Metal  T e s t s  

The t h r e s h o l d  d a t a  f o r  M 2021-T81 and M X7007-T6 a r e  
summarized i n  t h e  fo l lowing  t a b l e .  



"Very s l i g h t .  

On t h e  b a s i s  of  t h e s e  r e s u l t s ,  t h e  f o l l o w i n g  t h r e s h o l d  l e v e l s  have 
been t e n t a t i v e l y  s e l e c t e d  f o r  t h e  p a r e n t  m e t a l s .  



The d a t a  f o r  M 2021-T81 a r e  t y p i c a l  o f  aluminum a l l o y s  
i n  an i n e r t  e n v i r o n m e n t .  X7007-T6 h a s  a  v e r y  low t h r e s h o l d  a t  
room t e m p e r a t u r e ,  b u t  a t  c r y o g e n i c  t e m p e r a t u r e s ,  t h e  t h r e s h o l d  
l e v e l  i s  more t y p i c a l .  

b.- Welded M e t a l  T e s t s  

The t h r e s h o l d  d a t a  f o r  welded spec imens  of  b o t h  aluminum 
a l l o y s  a r e  summarized below. 

On t h e  b a s i s  o f  t h e  above  d a t a ,  t h e  f o l l o w i n g  t h r e s h o l d  
l e v e l s  have  been  d e t e r m i n e d  f o r  welded j o i n t s .  



The 
t h r e s h 0  
tempera 

d a t a  
I d  a t  
t u r e s  

s u g g e s t  t h a t  welded AR 2021-T81 h a s  a  r a t h e r  low 
room tempera tu re  w i t h  a  s l i g h t  i n c r e a s e  a t  c r y o g e n i c  

. The t e s t i n g  t o  b e  performed i n  t h e  for thcoming work 
under t h i s  c o n t r a c t  shou ld  p r o v i d e  enough a d d i t i o n a l  d a t a  t o  de- 
t e rmine  whether t h e  t h r e s h o l d  r e a l l y  i s  t h i s  low a t  room tempera- 
t u r e .  

The d a t a  f o r  welded tLe X7007-T6 specimens a r e  more d i f f i c u l t  
t o  i n t e r p r e t .  Examinations of t h e  s u r f a c e s  showed t h a t  t h e  f a -  
t i g u e  p r e c r a c k  was not  smooth and t h a t  t h e  s u r f a c e  was f a c e t e d  
w i t h  numerous c r a c k s  ( see  F i g .  VI -42 ) .  I n  a d d i t i o n ,  t h e  c r a c k  
f r o n t  was u s u a l l y  q u i t e  i r r e g u l a r ,  which made i t  ex t remely  d i f f -  
c u l t  t o  t e l l  whether  c r a c k  growth had o c c u r r e d .  As a  r e s u l t ,  we 
f e e l  t h a t  t h e  s t r e s s  i n t e n s i t y  could  no t  be c a l c u l a t e d  a c c u r a t e l y .  
I n  f u t u r e  t e s t s ,  we w i l l  c o n t r o l  t h e  amount of  f a t i g u e  growth from 
t h e  razor - sha rpened  p r e c r a c k  i n  o r d e r  t o  minimize t h e  type o f  f r a c -  
t u r i n g  d e s c r i b e d  above and t o  improve t h e  v a l i d i t y  of  t h e  d a t a .  

2 .  Type 301 S t a i n l e s s  S t e e l  

a .  P a r e n t  Meta l  T e s t s  

The t h r e s h o l d  d a t a  f o r  c r y o g e n i c a l l y - s t r e t c h e d  Type 301  
s t a i n l e s s  s t e e l  specimens a r e  summarized i n  t h e  f o l l o w i n g  t a b l e .  

On t h e  b a s i s  o f  t h e s e  r e s u l t s ,  t h e  fo l lowing  t h r e s h o l d  
l e v e l s  have been t e n t a t i v e l y  s e l e c t e d  f o r  the  p a r e n t  me ta l  s t a i n -  
l e s s  s t e e l .  



F i g .  VP-42 F r a c t u r e  Su r f ace  of Sustained-Load, Welded X7007-T6 Specimen 



VI- 64 

The t h r e s h o l d  l e v e l  a t  70°F i s  probably  c l o s e  t o  t h e  up- 
p e r - l i m i t  v a l u e  s i n c e  t h e  amount o f  c r a c k  growth a t  v a l u e s  of 0 .79  
and 0 .80  was s l i g h t .  The c ryogen ic  t h r e s h o l d  l e v e l s  a r e  approx i -  
mate ly  60% of t h e  c r i t i c a l  s t r e s s  i n t e n s i t y .  

b. Welded Metal  T e s t s  

The t h r e s h o l d  d a t a  f o r  welded Type 301  s t a i n l e s s  s t e e l  
specimens a r e  summarized below. 

The f o l l o w i n g  t h r e s h o l d  l e v e l s  have been t e n a t i v e l y  s e l e c -  
t e d  f o r  t h e  welded m a t e r i a l .  

A t  room tempera tu re ,  t h e  t h r e s h o l d  l e v e l  f o r  t h e  welded s p e c i -  
mens appears  t o  be s l i g h t l y  lower t h a n  t h a t  f o r  t h e  p a r e n t  m e t a l ,  
which i s  n o t  s u r p r i s i n g .  The c ryogen ic  behav ior  i s  somewhat con- 
f u s i n g  a s  a  r e s u l t  of t h e  r a t h e r  h igh l e v e l  i n d i c a t e d  a t  -320°F. 



V I I  -1 

FUTURE. WORK 

This  c h a p t e r  compares the  e x p e r i m e n t a l  d a t a  f o r  AR X7007 -T6, 
AR 2021-T81, and Type 301 s t a i n l e s s  s t e e l  o b t a i n e d  d u r i n g  t h i s  
program w i t h  d a t a  f o r  m a t e r i a l s  c u r r e n t l y  used i n  l i q u i d  p r o p e l -  
l a n t  sys tems ,  d i s c u s s e s  the  o v e r a l l  s u i t a b i l i t y  of t h e s e  new 
compos i t ions  f o r  p o t e n t i a l  a p p l i c a t i o n s ,  and p r e s e n t s  recommenda- 
t i o n s  f o r  a d d i t i o n a l  work, based on the  p r e s e n t  s t a t e  o f  behav- 
i o r a l  knowledge. 

A .  MECHANICAL PROPERTIES 

The A R  2021-T81 and AR X7007-T6 a l l o y s  were developed a s  
h i g h - s t r e n g t h ,  w e l d a b l e ,  c ryogen ic  a l l o y s .  A comparison o f  t h e  
pa ren t -meta l  s t r e n g t h  p r o p e r t i e s  of t h e i e  two a l l o y s  w i t h  t h o s e  
of t h e  c u r r e n t l y  -used h i g h - s t r e n g t h  com$osi t ions  ( s e e  F i g .  V I I - 1 )  
i l l u s t r a t e s  t h a t  AR 2021-T81 and A Q  ~ 7 0 0 7 - ~ 6  a r e  s l i g h t l y  s t r o n g e r .  
The d a t a  f o r  the  h i g h - s t r e n g t h  compos i t ions  now i n  use  a r e  t a k e n  
from the  Cryogenic  M a t e r i a l s  Data Handbook (Ref 9 )  and r e p r e s e n t  
t y p i c a l  p r o p e r t i e s  f o r  a v a r i e t y  of g a g e s ,  and t h e r e f o r e  may n o t  
c l e a r l y  show the  s u p e r i o r i t y  of  t h e  two new a l l o y s ,  s i n c e  t h e  i n -  
c l u s i o n  of shee t -gage  p r o p e r t y  d a t a  i n  t h e  t y p i c a l  p r o p e r t i e s  
presumably r a i s e s  t h e  a v e r a g e  v a l u e .  

Another p o i n t  t o  be c o n s i d e r e d  i s  t h e  r e p o r t  by Alcoa t o  
Mart in  M a r i e t t a  t h a t  the  h e a t s  of  m a t e r i a l  o b t a i n e d  f o r  t h i s  
work have p r o p e r t i e s  a t  the  lower end of  t h e  s t r e n g t h  band.  New 
h e a t s  of m a t e r i a l  of  each  composi t ion have been procured from 
Alcoa and s t u d i e d .  The new sample of AR X7007-T6 h a s  s i g n i f i -  
c a n t l y  h i g h e r  s t r e n g t h  a t  room t e m p e r a t u r e ,  whereas t h e  s t r e n g t h  
of  t h e  new sample of A 1  2021-T81 is  s i m i l a r  t o  t h a t  shown by t h e  
o r i g i n a l  sample .  

The weld  s t r e n g t h s  of AR 2021 -T81 and AR X7007-T6 appear  t o  
be a t  l e a s t  a s  h i g h  a s  those  of  t h e  c u r r e n t l y - u s e d  h i g h - s t r e n g t h  
a l l o y s .  



(a)  U l t i m a t e  S t r e n g t h  
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(b)  Y i e l d  S t r e n g t h  

F i g .  VII-1 U l t i m a t e  S t r e n g t h  and Y i e l d  S t r e n g t h  of V a r i o u s  Aluminum A l l o y s  



As a  c a n d i d a t e  f o r  h i g h - s t r e n g t h  a p p l i c a t i o n s ,  c r y o g e n i c a l l y -  
s t r e t c h e d  Type 301 s t a i n l e s s  s t e e l  can b e s t  be compared t o  t i t a n i u m  
a l l o y s .  For c ryogen ic  s e r v i c e ,  the  on ly  t i t a n i u m  a l l o y s  t h a t  can 
be cons idered  a r e  5AR-2.5Sn (ELI) and 6A.l-4V (ELI, annea led)  t i -  
tanium. A s  shown i n  F i g .  VI I -2 ,  the  s t a i n l e s s  s t e e l  i s  s i g n i f i c a n t l y  
s t r o n g e r  than  t h e  t i t a n i u m  a l l o y s .  However, on a s t r e n g t h - d e n s i t y  
b a s i s ,  t h e  s t a i n l e s s  s t e e l  i s  comparable o n l y  w i t h  t h e  6AR-4V t i -  
tanium and on ly  a t  70°F; below room tempera tu re ,  t h e  t i t a n i u m  i s  
c l e a r l y  s u p e r i o r  . The s t r e n g t h - d e n s i t y  v a l u e  f o r  t h e  s t a i n l e s s  
s t e e l  i n  t h e  c ryogen ic  range i s  s l i g h t l y  lower than  t h a t  of t h e  
5AR-2.5Sn composi t ion.  

The w e l d - j o i n t  e f f i c i e n c y  f o r  t h e  s t a i n l e s s  s t e e l ,  95%, i s  
approximately  t h a t  o b t a i n e d  u s i n g  t i t a n i u m  a l l o y s .  T h e r e f o r e ,  t h e  
s t r e n g t h  of t h e  v a r i o u s  welded specimens w i l l  e x h i b t  t h e  same r e -  
l a t i o n s h i p  a s  t h a t  shown f o r  the  v a r i o u s  pa ren t -meta l  specimens.  

The r a t h e r  p e c u l i a r  behav ior  of P o i s s o n ' s  r a t i o  of aluminum 
and s t a i n l e s s  s t e e l  a s  a  f u n c t i o n  of t empera tu re  ( i . e . ,  t h e  s h a r p  
i n c r e a s e  between -320 and -423OF) was a l s o  no ted  by Boeing d u r i n g  
an  i n v e s t i g a t i o n  of deep f l aws  i n  th in-wal led 2219-T87 aluminum 
a l l o y  and 5AR-2.5Sn t i t a n i u m  tanks  ( ~ e f  1 0 ) .  Although no l o g i c a l  
e x p l a n a t i o n  f o r  t h i s  b e h a v i o r  i s  apparen t ,  two independen t  in-  
v e s t i g a t i o n s  have shown similar b e h a v i o r a l  t r e n d s .  

B .  STATIC FRACTURE TOUGHNESS 

The comparison of t h e  s t a t i c  f r a c t u r e - t o u g h n e s s  of the  two 
cand ida te  aluminum a l l o y s  w i t h  t h a t  of those  a l l o y s  now i n  use  
must be a  q u a l i t a t i v e  one because t h e  b u l k  of our pa ren t -meta l  
t e s t s  and those  r e p o r t e d  i n  t h e  l i t e r a t u r e  were made u s i n g  d i f -  
f e r e n t  types  of specimens.  

The s t a t i c  f r a c t u r e - t o u g h n e s s  of pa ren t -meta l  2021-T81 i s  
s i m i l a r  t o  t h a t  of o t h e r  2000-ser ies  composi t ions ,  such  a s  2014- 
T6 and 2219-T87. The s i g n i f i c a n t  i n c r e a s e  i n  toughness  w i t h  de- 
c r e a s i n g  t empera tu re  found f o r  t h e  2021-T81 a l l o y  i s  s i m i l a r  t o  
t h a t  no ted  by H a l l  (Ref 8) f o r  2014-T6, and somewhat g r e a t e r  
t h a n  observed f o r  2219-T87 (Ref 7  and 1 1 ) .  I n  t h e  as-welded con- 
d i t i o n ,  we no ted  a  toughness  l e v e l  g r e a t e r  t h a n  t h a t  r e p o r t e d  by 
Lockheed (Ref 12)  f o r  welded and aged m a t e r i a l .  A comparison of 
t h e  average room-temperature toughness welded of 2021-T81 w i t h  
p r e l i m i n a r y  d a t a  f o r  1 - i n . - t h i c k  2014-T6 welded a t  Mar t in  M a r i e t t a  
us ing e s s e n t i a l l y  t h e  same techn iques  and p rocedures  i n d i c a t e s  
t h a t  t h e  2021-T81 i s  s i g n i f i c a n t l y  tougher .  



Tempera tu re  ( O F )  

F i g .  VII-2 U l t i m a t e  S t r e n g t h  and Y i e l d  S t r e n g t h  o f  V a r i o u s  T i t a n i u m  
A l l o y s  and C r y o g e n i c a l l y - S t r e t c h e d  Type 301 S t a i n l e s s  S t e e l  



However, Boeing d a t a  (Ref 8 )  i n d i c a t e  t h a t  t h i n n e r  gages of 2014- 
T6 (1/2-  and 5 / 8 - i n .  t h i c k n e s s e s )  have a  f r a c t u r e  toughness com- 
p a r a b l e  t o  the  v a l u e  we measured f o r  2021-T81. A v a i l a b l e  d a t a  on 
2219 a l l o y  (Ref 7  and 11)  i n d i c a t e  t h a t  it may be s l i g h t l y  tougher  
than  2021 -T81 a t  70°F. 

It i s  d i f f i c u l t  t o  compare t h e  s t a t i c  f r a c t u r e  toughness  o f  
p a r e n t  -metal specimens of X7007-T6 w i t h  t h a t  o f  o t h e r  aluminum 
a l l o y s  because on ly  compact-tension-specimen d a t a  were o b t a i n e d .  
However, i t  appears  t h a t  t h e  room-temperature toughness i s  a t  
l e a s t  comparable wi th  t h a t  of t h e  2000-se r ies  a l l o y s .  Unl ike  
t h e  2000-se r ies  a l l o y s ,  however, t h e  toughness of the  X7007-T6 
composi t ion d e c r e a s e s  w i t h  d e c r e a s i n g  t empera tu re .  The s t a t i c  
f r a c t u r e - t o u g h n e s s  of t h e  welded X7007-T6 i s  extremely h i g h  (more 
t h a t  40 k s i G )  a t  70°F, b u t  d e c r e a s e s  s h a r p l y  a s  t h e  tempera- 
t u r e  d e c r e a s e s .  However, even a t  - 4 2 3 O F ,  t h e  X7007 i s  s t i l l  tough 
enough t o  b e  cons idered  a  c a n d i d a t e  composi t ion.  

The paren t -meta l  s t a i n l e s s  s t e e l  e x h i b i t s  tough behav ior  a t  
70°F. According t o  t h e  ASTM recommendations f o r  t h e  t h i c k n e s s  
r e q u i r e d  t o  o b t a i n  v a l i d  p l a n e - s t r a i n  f r a c t u r e - t o u g h n e s s  d a t a ,  
our  room-temperature specimens were n o t  s u f f i c i e n t l y  t h i c k .  How- 
e v e r ,  t h e r e  i s  no doubt t h a t  t h e  a p p a r e n t  toughness ,  more t h a n  
100 k s i  , i s  o u t s t a n d i n g  f o r  such h i g h - s t r e n g t h  m a t e r i a l .  By 
comparison w i t h  t i t a n i u m ,  we found t h a t  t h e  toughness of t h e  
pa ren t -meta l  301 s t a i n l e s s  s t e e l  i s  below t h a t  of 5AR-2.5Sn (ELI) 
t i t a n i u m ,  b u t  above t h a t  of 6AR-4V (ELI) t i t a n i u m .  As n o t e d  e a r -  
l i e r ,  a l though  t h e  toughness o f  301 s t a i n l e s s  s t e e l  d e c r e a s e s  
markedly w i t h  t empera tu re  r e d u c t i o n s ,  i t s  toughness a t  -423OF i s  
remarkably h i g h ,  c o n s i d e r i n g  t h a t  i t s  s t r e n g t h  i s  abou t  350 k s i .  
Th i s  toughness a t  -423OF i s  comparable t o  t h a t  of 6Al-4V ( s o l u t i o n -  
t r e a t e d  and aged)  t i t a n i u m  a t  ambient t empera tu re .  The welded 
specimens of 301 s t a i n l e s s  showed l e s s  f r a c t u r e  toughness t h a n  
we had expected . Although a s  -welded 6AR-4V (ELI) t i t a n i u m  e x h i b i t s  
a  lower f r a c t u r e  toughness e f f i c i e n c y  ( r a t i o  of pa ren t -meta l /we lded  
f r a c t u r e  toughness)  than the  301 s t a i n l e s s  s t e e l  (Ref 8 ) ,  t h e  t i-  
tanium can be s t r e s s - r e l i e v e d  t o  i n c r e a s e  t h e  e f f i c i e n c y  t o  a  l e v e l  
h i g h e r  than  t h a t  of the  s t a i n l e s s  s t e e l .  The l i m i t e d  d a t a  a v a i l -  
a b l e  on t h e  f r a c t u r e  toughness o f  welded 5AR-2.5Sn (ELI) t i t a n i u m  
(Ref 7 )  i n d i c a t e  t h a t  i t s  e f f i c i e n c y  r a t i o  exceeds  u n i t y  even 
down t o  c ryogen ic  t empera tu res .  



C .  CYCLIC-LOAD FLAW ENLARGEMENT 

I n  any a n a l y s i s  of c y c l i c  crack-growth d a t a ,  one of  t h e  f i r s t  
c o n s i d e r a t i o n s  t o  be made i s  whether  the  d a t a  t r u l y  f o l l o w  a  
power -func t i o n  r e l a t i o n s h i p .  For the  p lane  -s t r e s s  c o n d i t i o n ,  . 
u s i n g  through-cracked specimens ,  P a r i s  (Ref 13)  h a s  shown t h a t  
the  behav io r  can be c h a r a c t e r i z e d  by t h e  e q u a t i o n  

where : 

da - -  
dN 

- the  c y c l i c  crack-growth r a t e ;  

C = a  c o e f f i c i e n t  t h a t  t a k e s  i n t o  e f f e c t  m a t e r i a l  and con- 
d i t i o n ,  s t r e s s  r a t i o ,  l o a d i n g  c o n d i t i o n s ,  e t c ;  

nK = the  d i f f e r e n c e  between t h e  maximum and minimum s t r e s s  
i n t e n s i t i e s  

iKmax - Kmin) 
t h a t  occur  d u r i n g  a  l o a d i n g  

c y c l e .  

The exponent  n  w a s  found t o  b e  approximate ly  e q u a l  t o  f o u r  
f o r  a  v a r i e t y  of m a t e r i a l s .  However, r e c e n t  work seems t o  ques - 
t i o n  the  v a l i d i t y  of  the  f u n c t i o n a l  r e l a t i o n s h i p ,  and p a r t i c u -  
l a r l y  the  v a l u e  commonly a c c e p t e d .  

An e v a l u a t i o n  of o u r  l i m i t ~ l d  d a t a  showed a  wide v a r i a t i o n  of 
t h e  exponent n .  Our v a l u e s  v a r i e d  from approx imate ly  t h r e e  t o  
10.  Other  d a t a  f o r  s u r f a c e - f  lawed specimens ,  such  a s  t h o s e  re -  
p o r t e d  by H a l l  (Ref 8) showed a  s i m i l a r  v a r i a t i o n  i n  t h e  v a l u e  
of n .  However, h i s  p r e d i c t i o n s  of c y c l i c - l o a d  f l a w  enlargement  
b e h a v i o r  were based on t h e  assumpt ion t h a t  n  2 4 d i d  t y p i f y  t h e  
e x p e r i m e n t a l  d a t a .  

Since  the  amount of  d a t a  g e n e r a t e d  i n  t h i s  program and t h a t  
a v a i l a b l e  from prev ious  work were too l i m i t e d  t o  c o n f i d e n t l y  e s -  
t ab1  i s h  the  power - f u n c t i o n  r e l a t i o n s h i p ,  we dec ided  t o  compare 
the c y c l i c  - load f  law-enlargement behav io r  o f  the  t h r e e  m a t e r i a l s  
s t u d i e d  i n  t h i s  program w i t h  t h a t  of o t h e r  m a t e r i a l s  on a  g r a p h i c a l  
b a s i s .  The behav io r  of  2021-T81 and X7007-T6 was compared w i t h  
t h a t  o f  2219 and 2014, and t h e  behav io r  of h i g h - s t r e n g t h ,  c r y o -  
s t r e t c h e d  301 s t a i n l e s s  s t e e l  was compared w i t h  t h a t  of 6Al-4V 
and 5AR-2,5Sn t i t a n i u m  a l l o y s ,  



A compar is ion of  t h e  d a t a  a v a i l a b l e  f o r  pa ren t -meta l  aluminum 
w i t h  our d a t a  was made d i f f i c u l t  by the  f a c t  t h a t  s u r f a c e - f l a w e d  
specimens were used by o t h e r  r e s e a r c h e r s ,  whereas  o u r  t e s t s  were 
performed u s i n g  compac t - t ens ion  specimens .  F i g u r e  VII-3  shows 
t h a t  t h e r e  i s  a  s i m i l a r  crack-growth tendency f o r  s u r f a c e  -f lawed 
specimens ,  b u t  a  s i g n i f i c a n t l y  lower tendency toward c r a c k  growth 
f o r  compact - t e n s i o n  specimens ,  a s  evidenced by the  g r e a t e r  s l o p e .  
However, s i n c e  t h e  d i r e c t i o n  o f  c r a c k  growth i s  d i f f e r e n t  f o r  t h e  
two types  of  specimens we f e e l  t h a t  t h e r e  i s  no r e a l  b a s i s  f o r  
compar i s  i o n .  

On the  o t h e r  hand,  a  comparison can  be made f o r  t h e  welded 
m a t e r i a l .  I n  t h i s  c a s e ,  a l l  t h e  d a t a  were o b t a i n e d  u s i n g  s i m i l a r  
s u r f a c e - f l a w e d  specimens .  The d a t a ,  p l o t t e d  i n  F i g .  VII-4 ,  show 
s u r p r i s i n g l y  s i m i l a r  b e h a v i o r .  The 70°F d a t a  a r e  i n t e r e s t i n g  t o  
n o t e :  the  s i x  s e t s  of d a t a  t h a t  a r e  p l o t t e d  f a l l  i n t o  a  r a t h e r  
narrow band.  A t  -320°F, s i m i l a r  behav io r  i s  n o t e d .  

The d a t a  f o r  301 s t a i n l e s s  s t e e l  a r e  compared w i t h  a v a i l a b l e  
d a t a  f o r  t i t a n i u m  i n  F i g .  VII-5 .  A t  70°F, t h e  p a r e n t - m e t a l  301 
e x h i b i t s  the  g r e a t e s t  r e s i s t a n c e  t o  c r a c k  growth,  i . e . ,  shows the  
Lowest crack-growth r a t e  f o r  a  g iven  s t r e s s  i n t e n s i t y .  The b e -  
h a v i o r  of welded s t a i n l e s s  s t e e l  i s  s i m i l a r  t o  t h a t  f o r  6AR-4V 
E L I  ( p a r e n t - m e t a l  and welded) t i t a n i u m  a t  t h e  h i g h e r  s t r e s s  i n -  
t e n s i t i e s .  The 5Ae-2.5Sn ( E L I )  p a r e n t  me ta l  e x h i b i t e d  t h e  l e a s t  
r e s i s t a n c e  t o  c r a c k  growth.  The d a t a  compared a t  -320°F were n o t  
f o r  o v e r l a p p i n g  s t r e s s  i n t e n s i t i e s  and a r e  n o t  e x a c t l y  comparable 
The t l t a n i u m  curves  appear  f l a t t e r  than  those  f o r  301 s t a i n l e s s  
s t e e l .  The -423°F d a t a  a r e  l i m i t e d  b u t  s u g g e s t  t h a t  t h e r e  i s  
s l i g h t l y  l e s s  c r a c k  growth f o r  the  6AR-4V t i t a n i u m  than  f o r  the  
301 s t a i n l e s s  s t e e l .  

It a p p e a r s  from the  a v a i l a b l e  d a t a  t h a t  the  c y c l i c  growth b e -  
h a v i o r  of the  2021-T81 and X7007-T6 i s  s i m i l a r  t o  t h a t  obse rved  
f o r  c u r r e n t l y - u s e d  aluminum a l l o y s .  The amount of c y c l i c  growth 
observed i n  the  c r y o g e n i c a l l y  -s  t r e t c h e d  s t a i n l e s s  s t e e l  i s  s i m i l a r  
i n  magnitude to  t h a t  r e p o r t e d  f o r  t i t a n i u m  a l l o y s .  
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VII- 10 
MCR-69-386 

Fig. VII-5 Cyclic Cracic-Extension Rates for  Various Titanium Alloys and 
Cryogenically- Stretched Type 301 Stainless Steel 



D .  SUSTAINED-LOAD FLAW ENLARGEMENT 

The s u s t a i n e d  - load f l aw growth behav io r  of the  two aluminum 
a l l o y s  s c r e e n e d  i n  t h i s  program must be compared w i t h  t h a t  of 
2219-T81, t h e  o n l y  aluminum a l l o y  f o r  which adequa te  d a t a  have 
been g e n e r a t e d .  T i f f a n y  (Ref 15) h a s  r e p o r t e d  t h a t  two d i s t i n c t  
t h r e s h o l d  v a l u e s  c a n  be e s t a b l i s h e d  f o r  s u r f a c e - f l a w e d  aluminum 
a l l o y s :  a  no-growth t h r e s h o l d ,  and a  growth-no f a i l u r e  t h r e s h o l d  
The fo l lowing  t a b l e  summarizes h i s  r e s u l t s  f o r  2219-T81 p a r e n t  
me ta l  . 

Prev ious  d a t a  o b t a i n e d  by T i f f a n y  (Ref 1 1 )  r e p o r t e d  a  p a r e n t - m e t a l  
n o - f a i l u r e  t h r e s h o l d  a t  70°F of  approx imate ly  95%. The t h r e s h o l d  
a t  -320°F dec reased  t o  l e s s  t h a n  90%. These n o - f a i l u r e  d a t a  a r e  
i n  s u b s t a n t i a l  agreement w i t h  t h e  l a t e r  work i n  which t h e  two 
t h r e s h o l d s  were r e p o r t e d .  The n o - f a i l u r e  t h r e s h o l d s  f o r  welded 
m a t e r i a l  a t  70 and -320°F appear  t o  be s l i g h t l y  o v e r  80% i n  24 
h r .  No d a t a  f o r  t h e  no-growth t h r e s h o l d  a r e  a v a i l a b l e .  

I n  our  t e s t s  u s i n g  compact - t ens  i o n  specimens ,  o n l y  a  no -growth 
t h r e s h o l d  was e s t a b l i s h e d .  T h e r e f o r e ,  we can  o n l y  compare the  
p a r e n t  me ta l  on t h e  no-growth c r i t e r i o n .  Our comparisons of t h e  
welded meta l  must be more q u a l i t a t i v e .  However, s i n c e  the  e n t i r e  
comparison i s  b e i n g  made u s i n g  d i f f e r e n t  types  of specimens ,  i t  
should  be obvious  t h a t  a l l  of the  remarks w i t h  r e s p e c t  t o  t h r e s h o l d  
a r e ,  a t  b e s t ,  q u a l i t a t i v e .  

The p a r e n t  -metal  2021 -T81 a p p e a r s  t o  e x h i b i t  t h r e s h o l d  d a t a  
s i m i l a r  t o  those  of t h e  2219-T81 a t  a l l  t e m p e r a t u r e s .  The X7007- 
T6 a l l o y  e x h i b i t s  a  s i g n i f i c a n t l y ,  and q u i t e  d i s t u r b i n g ,  low l e v e l  
f o r  the  room-temperature t h r e s h o l d .  However, a t  c ryogen ic  temper- 
a t u r e s ,  the  l e v e l  is  r e s t o r e d  t o  t h a t  of  2021 and 2219. Since  t h e  
same low t h r e s h o l d  i n  a i r  a t  room tempera tu re  does n o t  occur  a t  
c ryogen ic  t e m p e r a t u r e s ,  i t  i s  q u i t e  p o s s i b l e  t h a t  a  s t r e s s  -cor - 
r o s i o n  mechanism i n  a i r  may be o p e r a t i v e .  



Welded m a t e r i a l  showed g e n e r a l l y  lower th re sho ld  va lues  than  
the  p a r e n t  m a t e r i a l .  With 2219 aluminum, welding i s  performed 
us ing  pa ren t  -metal composi t ion  f i l l e r  , 2319, and hence the  ob - 
servance  of a  s l i g h t l y - d e c r e a s e d  th re sho ld  i s  a t t r i b u t a b l e  p r i -  
mar i ly  t o  m a t e r i a l  s t r u c t u r e  and c o n d i t i o n .  However, w i t h  the  
2021 and X7007, welding i s  performed us ing  d i s s i m i l a r  f i l l e r  
m a t e r i a l ,  and t h e r e f o r e  t h r e s h o l d  behavior  i s  a l s o  a  f u n c t i o n  o f  
compo s  i t  i o n .  

The welded 2021-T81 e x h i b i t e d  a  r a t h e r  low th re sho ld  a t  70°F. 
Cons ider ing  r e p o r t s  of  the low s t r e s s - c o r r o s i o n  r e s i s t a n c e  of 
welded j o i n t s  and the  recommendations f o r  ag ing  welds t o  improve 
s t r e s s - c o r r o s i o n  behav io r ,  i t  i s  q u i t e  p o s s i b l e  t h a t  a g a i n  a  
s t r e s s  c o r r o s i o n  e f f e c t  i n  a i r  may be o p e r a t i v e .  At t he  c ryo -  
genic  tempera tures  , the th re sho ld  l e v e l  i s  s l i g h t l y  h i g h e r .  In 
c o n t r a s t  t o  i t s  poor parent -meta l  behav io r ,  X7007 -T6 e x h i b i t s  an 
e x c e l l e n t  weld th re sho ld  l e v e l  a t  70°F. Th i s  may be a t t r i b u t a b l e  
t o  t he  f i l l e r  a l l o y ,  5356, which should  improve the  s t r e s s - c o r r o -  , 

s i o n  r e s i s t a n c e .  The l e v e l  f o r  the o n s e t  of  c r a c k  growth de -  
c r e a s e s  a t  -320 and -423°F. Although the h i g h e r - s t r e n g t h  5000- 
s e r i e s  a l l o y s  have a  tendency toward reduced toughness i n  the  
cryogenic  r e g i o n ,  i t  i s  d i f f i c u l t  t o  a s c r i b e  the  reduced t h r e s -  
ho ld  comple te ly  t o  t h i s  e f f e c t .  

The 301 s t a i n l e s s  s t e e l  e x h i b i t s  a  t h r e s h o l d  l e v e l  t h a t  i s  
c l e a r l y  lower than  t h a t  r e p o r t e d  f o r  t i t a n i u m  a l l o y s .  

E . GENERAL CONCLUSIONS 

Consider ing  a l l  of the  a v a i l a b l e  d a t a ,  i t  appears  t h a t  a l l  
t h r e e  composit ions a r e  worthy of f u r t h e r  c o n s i d e r a t i o n  a s  c a n d i -  
d a t e s  f o r  s t r u c t u r a l  s e r v i c e .  The fo l lowing  paragraphs p r e s e n t  
a  summary of t he  behavior  f o r  each a l l o y .  

This  composit ion e x h i b i t s  good s t r e n g t h .  Although somewhat 
s u p e r i o r  t o  2014-T6, the  parent-me t a l  t e n s i l e  and y i e l d  s t r e n g t h s  
f o r  t he  two h e a t s  eva lua t ed  i n  t h i s  s tudy  a r e  n o t  s u f f i c i e n t l y  
g r e a t e r  t o  j u s t i f y  s e l e c t i o n  of  t h i s  a l l o y  on the  b a s i s  of  
s t r e n g t h  a l o n e .  However, i t s  s t r e n g t h  i s  s u p e r i o r  t o  t h a t  of 
2219-T87. The s t r e n g t h  of  the  welded specimens a r e  t y p i c a l  of  
those  f o r  2000-ser ies  a l l o y s .  The s t a t i c  f r a c t u r e  toughness o f  



t h e  p a r e n t  meta l  i s  comparable t o  t h a t  of o t h e r  2 0 0 0 - s e r i e s  a l l o y s .  
The tendency toward d e l a m i n a t i o n  i n  t h i s  a l l o y  does n o t  have t o  
be c o n s i d e r e d  a  d e t r i m e n t ,  b u t  i n  f a c t  may be v a l u a b l e  i n  r e d u c i n g  
the  tendency toward premature f r a c t u r e  . The f r a c t u r e  toughness  
i n  the  as-welded c o n d i t i o n  is  between t h a t  of  2014-T6 and 2219- 
T87, and s i n c e  bo th  of t h e s e  a l l o y s  a r e  deemed adequa te  f o r  
s t r u c t u r a l  s e r v i c e ,  2021-T81 s h o u l d  a l s o  be s a t i s f a c t o r y .  I n  
t h e  welded-plus  -aged c o n d i t i o n ,  2021 -T81 i s  r e p o r t e d  t o  e x h i b i t  
lower toughness  than i n  t h e  a s  -welded c o n d i t i o n .  I f  i t  i s  n e c -  
e s s a r y  t o  u s e  t h i s  a l l o y  i n  t h e  welded-plus-aged c o n d i t i o n ,  t h e  
low weld toughness must be c o n s i d e r e d  a  d e t r i m e n t  . 

Under c y c l i c - l o a d i n g  c o n d i t i o n s ,  t h e  behav io r  of 2021 i s  
t y p i c a l  of aluminum a l l o y s .  However under  s u s t a i n e d  l o a d i n g ,  the  
t h r e s h o l d  f o r  the  o n s e t  of  s u b c r i t i c a l  c r a c k  growth i s  s u f f i -  
c i e n t l y  low i n  the  welded c o n d i t i o n  a t  70°F t o  r e s u l t  i n  a  low 
o p e r a t i n g  s t r e s s  i n  s t r u c t u r e s  d e s i g n e d  on t h e  b a s i s  of t h r e s h o l d -  
proof  t e s t  approach.  Postweld  a g i n g  may improve t h e  t h r e s h o l d  
r a t i o ,  b u t  s i n c e  t h e  s t a t i c  toughness  a p p a r e n t l y  d e c r e a s e s ,  t h i s  
approach may n o t  m a t e r i a l l y  i n c r e a s e  t h e  o p e r a t i o n a l  s t r e s s .  * 

One of the  key r e a s o n s  f o r  t h e  p o s s i b l e  a p p l i c a t i o n  of  t h i s  
composi t ion r e v o l v e s  around the  q u e s t i o n  of  i t s  w e l d a b i l i t y .  Our 
e x p e r i e n c e  h a s  shown t h a t  2014-T6 i s  moderate ly  d i f f i c u l t  t o  w e l d ,  
and t h a t  2219-T87 i s  e a s i e r  t o  weld because  i t  h a s  a  r educed  t e n -  
dcncy toward h o t  s h o r t n e s s  c r a c k i n g .  Although t h e  amount of we ld -  
ing  performed i n  t h i s  program was i n s u f f i c i e n t  t o  e v a l u a t e  t h e  
w e l d a b i l i t y  r a t i n g  of 2021 -T81, t h e r e  i s  g e n e r a l  agreement t h a t  
i t  i s  r e a d i l y  we ldab le .  T h e r e f o r e ,  t h e  r e a s o n  f o r  t h e  cand idacy  
o f  2021-T81ris t h a t  i t  i s  e a s i e r  t o  weld than  2014-T6 and much 
s t r o n g e r  than  2219-T87. Postweld a g i n g  h a s  been recommended i n  
o r d e r  t o  improve i t s  s t r e s s - c o r r o s i o n  r e s i s t a n c e ,  b u t  t h e  e f f e c t  
of t h i s  f a c t o r  w i t h  r e s p e c t  t o  o p e r a t i n g  s t r e s s  i s  b e i n g  s t u d i e d  
i n  c u r r e n t  work. However, pos tweld  ag ing  i n c r e a s e s  t h e  d i f f i c u l t y  
of f a b r i c a t i o n ,  p a r t i c u l a r l y  f o r  l a r g e  s t r u c t u r e s .  

' ;Operat ional  s t r e s s  based on f o l l o w i n g  formula  : 
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The t e n s i l e  s t r e n g t h  of X7007-T6 i s  c l e a r l y  s o  s u p e r i o r  t o  
t h a t  o f  o t h e r  weldable aluminum a l l o y s  t h a t  it must be cons ide red  
a  cand ida te  f o r  s t r u c t u r a l  s e r v i c e .  The h igh  y i e l d  s t r e n g t h  of 
welded j o i n t s  i s  p a r t i c u l a r l y  s i g n i f i c a n t .  The s t a t i c  f r a c t u r e  
toughness of bo th  parent -meta l  and welded m a t e r i a l  i s  e x c e l l e n t  
a t  70°F; and d e s p i t e  the  normal dec rease  i n  toughness wi th  de -  
c r e a s i n g  tempera ture ,  t he  l e v e l  a t  -423OF i s  deemed adequate  f o r  
s t r u c t u r a l  c o n s i d e r a t i o n .  The seve re  de l amina t ion  problem should 
n o t  be t roublesome i n  most a p p l i c a t i o n s ;  however, c a r e  should  be 
taken  t o  avoid  s t r e s s e s  i n  t he  s h o r t  t r a n s v e r s e  d i r e c t i o n  s i n c e  
we have n o t  y e t  c h a r a c t e r i z e d  t h e  p r o p e r t i e s  i n  t h a t  d i r e c t i o n .  

C y c l i c  crack-growth r a t e s  appear  t o  be s i m i l a r  t o  t hose  found 
f o r  o t h e r  aluminum a l l o y s .  The most s i g n i f i c a n t  handicap  f o r  
X7007 i s  i t s  v e r y  low parent -meta l  room-temperature th re sho ld  
under s u s t a i n e d  load ing .  This  s i n g l e  f a c t o r  i s  s u f f i c i e n t  t o  
cause a  des ign  a n a l y s t  t o  p r e d i c t  a  lower o p e r a t i n g  s t r e s s  a t  
room tempera ture  than  f o r  most h i g h - s t r e n g t h  weldable aluminum 
a l l o y s .  

3. Cryogenica l ly-St re tched  Type 301 S t a i n l e s s  S t e e l  

This  m a t e r i a l  appears  t o  b e  an e x c e l l e n t  h igh  s t r e n g t h  can- 
d i d a t e  f o r  c ryogenic  s e r v i c e .  The e a s e  of f a b r i c a t i o n  and t h e  
r e s u l t a n t  i n t e g r i t y  of t h e  f i n i s h e d  p roduc t  makes t h i s  a l l o y  
ve ry  a t t r a c t i v e  f o r  ae rospace  a p p l i c a t i o n s .  This  composit ion can 
be  cons ide red  compe t i t i ve  w i t h  t i t a n i u m  a l l o y s  on t h e  b a s i s  of 
s t r e n g t h .  S i n c e  i t s  t e n s i l e  s t r e n g t h  can b e  v a r i e d  over  a  s i g -  
n i f i c a n t  range  a s  a r e s u l t  of c ryogen ic  p r e s t r e s s ,  some v e r s a t i l i t y  
i n  d e s i g n  can  b e  achieved w i t h  t h e  c r y o g e n i c a l l y  s t r e t c h e d  s t e e l .  
The s t a t i c  f r a c t u r e  toughness of t h i s  a l l o y  i s  q u i t e  o u t s t a n d i n g  
a t  a l l  t empera tu re s ,  bo th  f o r  t h e  p a r e n t  me ta l  and f o r  welded 
spec iments .  

Its s u b c r i t i c a l  crack-growth behav io r  under c y c l i c  l o a d i n g  i s  
s i m i l a r  t o  t h a t  observed f o r  t i t a n i u m  a l l o y s .  Under s u s t a i n e d -  
load  c o n d i t i o n s ,  c r ack  growth beg ins  a t  a  lower t h r e s h o l d  r a t i o  
t han  t h a t  i n  t i t an ium.  S ince  i t s  s t a t i c  toughness i s  between 
t h a t  of t h e  two t i t a n i u m  cand ida te  a l l o y s ,  an o p e r a t i o n a l  s t r e s s  
based on t h e  threshold-proof t e s t  approach could b e  h ighe r  o r  
lower than  t h a t  ob ta ined  us ing  t i t a n i u m .  



The p r i n c i p a l  q u e s t i a n  w i t h  r e s p e c t  t o  a p p l i c a t i o n  of  t h e  301  
s t a i n l e s s  s t ee l  i s  t h a t  of a d e q u a t e  c h a r a c t e r i z a t i o n  o f  i t s  t h r e s -  
h o l d  b e h a v i o r  i n  a  v a r i e t y  of  env i ronmen t s .  T i t a n i u m  was cons id -  
e r e d  t o  b e  an  o u t s t a n d i n g  m a t e r i a l  u n t i l  p r e m a t u r e  f a i l u r e s  oc- 
c u r r e d  i n  many env i ronmen t s  deemed t o  b e  n o n - d e l e t e r i o u s .  A s  a  
r e s u l t ,  t i t a n i u m  a l l o y s  a r e  now b e i n g  t h o r o u g h l y  c h a r a c t e r i z e d  f o r  
new env i ronmen t s  a s  new a p p l i c a t i o n s  ar ise .  Al though w e  e x p e c t  
a u s t e n i t i c  s t a i n l e s s  s tee l  t o  e x h a b i t  e x c e l l e n t  s u s t a i n e d - l o a d  
b e h a v i o r  i n  many env i ronmen t s ,  t h e  t r a n s f o r m a t i o n  p r o c e s s i n g  t a k e s  
t h i s  m a t e r i a l  o u t  of  t h e  a u s t e n i t i c  c a t e g o r y .  It  i s  t h e r e f o r e  
n e c e s s a r y  t o  s c r u t i n i z e  t h i s  c o m p o s i t i o n  a s  we do  f o r  m a r t e n s i t i c ,  
h i g h - s t r e n g t h ,  p r e c i p i t a t i o n - h a r d e n e d  s t a i n l e s s  s t e e l s  and t o  
c a r e f u l l y  e v a l u a t e  e n v i r o n m e n t a l  e f f e c t s .  

F. CURRENT WORK 

Taslcs I V  t h rough  V I I  we re  added t o  t h e  program i n  a n  a t t e m p t  
t o  answer  q u e s t i o n s  a r i s i n g  o u t  o f  t h e  i n f o r m a t i o n  g e n e r a t e d  i n  
Tasks  I1 and 111. The f o l l o w i n g  p a r a g r a p h s  p r e s e n t  o u r  r a t i o n a l e  
i n  g u i d i n g  t h e  c o u r s e  o f  t h e  c u r r e n t  work.  

The p r i n c i p a l  problem a s s o c i a t e d  w i t h  t h e  a p p l i c a t i o n  of  2021 
aluminum a l l o y  t o  s t r u c t u r a l  s e r v i c e  i s  a l a c k  o f  s u f f i c i e n t  i n -  
f o r m a t i o n  d e a l i n g  w i t h  t h e  b e h a v i o r  of  t h e  we ld  a r e a  w i t h  r e s p e c t  
t o  c o r r o s i o n  r e s i s t a n c e ,  f r a c t u r e  t o u g h n e s s ,  and r e s i s t a n c e  t o  
s u s t a i n e d - l o a d  f l a w  growth  i n  t h e  as-welded v s  aged-a f t e r -we ld ing  
c o n d i t i o n  and d e s p i t e  t h e  t endency  t o  e x h i b i t  d e l a m i n a t i o n  a t  t h e  
c r a c k  t i p ,  b o t h  2021 and X7007 a l l o y s  e x h i b i t  r a t h e r  good mechani-  
c a l  p r o p e r t i e s .  To d e t e r m i n e  t h e  s u i t a b i l i t y  o f  t h e  X7007 a l l o y  
f o r  s e r v i c e  a p p l i c a t i o n ,  a d d i t i o n a l  work i s  b e i n g  t o  show t h e  e f -  
f e c t  o f  d e l e t e r i o u s  env i ronmen t s  on  m e c h a n i c a l  b e h a v i o r  and t o  
f u r t h e r  c o n f i r m  t h e  b e h a v i o r  o f  t h e  p a r e n t  m e t a l  i n  a i r .  

E x p e r i e n c e  w i t h  w e l d i n g  2014-T6 h a s  shown t h a t  g e n e r a l  c o r r o -  
s i o n  i s  s l i g h t l y  more p r e v a l e n t  i n  t h e  h e a t - a f f e c t e d  zone t h a n  i n  
t h e  p a r e n t  m a t e r i a l .  Aging a f t e r  w e l d i n g ,  d e c r e a s e s  toughness  and 
g e n e r a l  c o r r o s i o n  r e s i s t a n c e  i n  t h e  HAZ. U n l i k e  t h e  2014, t h e  2021,  
a l l o y  i s  r e p o r t e d  by  Alcoa  t o  show t h e  o p p o s i t e  e f f e c t ,  i . e . ,  more 
c o r r o s i o n  i n  t h e  as-welded c o n d i t i o n .  T h i s  r e p o r t  i s  somewhat con- 
f u s i n g  b e c a u s e  t h e  s i m i l a r i t y  o f  t h e  c h e m i c a l  c o m p o s i t i o n s  be tween 
t h e  two a l l o y s  does  n o t  s u g g e s t  t h a t  s u c h  a  d i f f e r e n c e  s h o u l d  e x i s t .  



Our e x p e r i e n c e  w i t h  g e n e r a l  c o r r o s i o n  i n  weld zones h a s  shown 
i t  t o  b e  r e l a t i v e l y  minor. I n  a d d i t i o n ,  p r o t e c t i v e  c o a t i n g s  can 
e l i m i n a t e  g e n e r a l  c o r r o s i o n .  

S i n c e  i t  i s  r e l a t i v e l y  s imple  t o  a s s e s s  t h e  e f f e c t s  of expo- 
s u r e  t o  c o r r o s i v e  environments,  we a r e  performing g e n e r a l  c o r r o s i o n  
t e s t s  of t h e  two s u b j e c t  a l l o y s ,  a s  w e l l  a s  of s e v e r a l  common a l -  
l o y s  i n  o r d e r  t o  p r o v i d e  d a t a  f o r  b a s e l i n e  comparison. 

The s  t r e s s - c o r r o s i o n  r e s i s t a n c e  o f  t h e  2021 a l l o y  i s  r e p o r t e d  
t o  b e  r a t h e r  low, b u t  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  t h e  
X7007 composi t ion.  We a r e  t h e r e f o r e  c h a r a c t e r i z i n g  t h i s  f a c e t  of 
behav ior .  

Much of t h e  p rev ious  f rac tu re -mechan ics  work a s s o c i a t e d  w i t h  
weldments h a s  ignored  f u l l  c o n s i d e r a t i o n  of v a r i b l e s  such a s  de- 
f e c t  l o c a t i o n  and weldment c o n d i t i o n .  I t  h a s  been common t o  lo -  
c a t e  t h e  d e f e c t  i n  t h e  c e n t e r  of t h e  weld zone and i g n o r e  t h e  
h e a t - a f f e c t e d  zone and f u s i o n  a r e a .  Weldments have u s u a l l y  been 
e v a l u a t e d  i n  t h e  as-welded c o n d i t i o n ;  t h e  e f f e c t s  of ag ing ,  weld 
r e p a i r i n g ,  weld r e p a i r i n g  p lug  a g i n g ,  o v e r h e a t i n g ,  e t c ,  have n o t  
been s t u d i e d .  S t u d i e s  of t h e  e f f e c t s  of t h e s e  v a r i a b l e s  have  
been ignored  f o r  s t a t i c - f r a c t u r e  work a s  w e l l  a s  s u s t a i n e d - l o a d  
f law-extension b e h a v i o r .  To c h a r a c t e r i z e  weldments of t h e s e  two 
a l l o y s ,  i t  i s  e s s e n t i a l  t o  o b t a i n  t h e  r e s u l t s  of t h e  a d d i t i o n a l  
work we a r e  c u r r e n t l y  preforming.  
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T a b l e  A-7 T e n s i l e  P r o p e r t i e s  of  C r y o g e n i c a l l y - S t r e t c h e d  P a r e n t  Metal* (Type 301  S t a i n l e s s  S t e e l )  

L o n g i t u d i n a l  

T3 PTR 1 
T3 FTR2 
T3PTR3 
T3 PTR4 
T3PTR5 
T3FTR6 

T3PLN1 
T3PLN2 
T3PLN3 
T3PLN4 
T3PLN5 
T3 PLN6 

T3PTN1 
T3 PTN2 
T3 FTNj 
T3PTN4 
T3PTN5 
T3PTN6 

T3 PLH1 
T3 PLH2 
T3PLH3 
TjPLH4 
T3PLH5 
T3PLH6 

T3 PTH1 
T3 PTH2 
T3PTH3 
T3PTH4 
T3PTH5 
T3 PTH6 

"0.135 i n .  

t ~ t r a i n  gage  f a i l e d .  

* ~ o a d i n ~  p i n  f a i l e d ;  specimen d i d  n o t  f r a c t u r e .  

70 
7  0  
70 
7  0  
70 
70 

-320 
-320 
-320 
-320 
-320 
-320 

-320 
-320 
-320 
-320 
-320 
-320 

-423 
-423 
-423 
-423 
-423 
-423 

-423 
-423 
-423 
-423 
-423 
-423 

t h i c k  x 0 . 5  

T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  

L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  

T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  

L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  
L o n g i t u d i n a l  

T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  
T r a n s v e r s e  

i n .  wide  

243.7 
243 .7 
242 .3 
239.6  
241 .5  
235.6 
241.1  

307.9 
315.1  
308.4  
311.7  
309.6  
308.3 
3 1 0 . 1  

314.9  
316.6  
315 .8  
318.0  
313 .6 
313 .O 

315.3  

346.9  
361.3  
346.9  
363 .1 
3 5 7 . 8  
358.7 
355 .8  

349 .9  
349.3  
3 5 7 . 8  * 
353 .6 
355.5 
353.2  
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1 7 8 . 5  
185.7  
184  .O 
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179.6  
215.7 
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187.2  

213 . I  

224 .9  
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226.6  
216.2  
235.6 
226 .O 

260 .4  
280 .O 
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228 .8  
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8 . 5  
8 . 0  
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7 .1  

1 2 . 5  
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12 .O 
9 .0 
- 1 5 . 5  

12 .3  

11 .5  
11 .5  
11 .5  
13  .5 
11  .O 

11.0 
11 .6  

3  .8 
2 . 8  
3 . 5  
3 . 5  
4  .o 
- 3 . 5  

3 . 5  

3 . 0  
4 . 0  
3 .0  
f 
2 . 8  
3.5 

3  .3 

3 1 . 6  
2 9 . 9  
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2 2 . 8  
28 .3  
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2 8 . 1  

4 5 . 5  
4 7 . 3  
3 6 . 2  
3 5 . 9  
4 5 . 6  
3 6 . 3  - 
4 1 . 1  

28 .6  
2 8 . 4  
3 0 . 2  
3 5 . 8  
3 2 . 1  
31.7 
3 1 . 1  

3 5 . 3  
3 3 . 4  
2 5 . 4  
3 0 . 5  
2 8 . 3  
- 2 7 . 4  

3 0  .O 

1 2 . 9  
1 7 . 8  
1 0  . O  * 

7 .5  
6 . 7  - 

11 .O 
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SUMMARY 

T h i s  append ix  p r e s e n t s  i n f o r m a t i o n  on c r y o g e n i c a l l y - s t r e t c h -  
formed,  l o w - s i l i c o n ,  c h r o m e - n i c k e l  s t a i n l e s s  s t e e l .  T h i s  i n f o r -  
ma t ion  was g a t h e r e d  from t h e  l i t e r a t u r e ,  from u n p u b l i s h e d  t e s t  
d a t a ,  and from i n v e s t i g a t i o n s  per formed a t  Arde ,  and i s  o f  t h e  
f o l l o w i n g  n a t u r e  : 

1. Mechanica l  P r o p e r t y  Data A v a i l a b l e  from T e s t s  Made by Arde 
and from t h e  L i t e r a t u r e  

These  d a t a  c o n s i s t  o f  b o t h  u n i a x i a l  and b i a x i a l  t e s t  d a t a  wh ich  
i n d i c a t e  y i e l d  s t r e n g t h s ,  u l t i m a t e  s t r e n g t h s ,  and p r o p e r t i e s  i n  t h e  
p r e s e n c e  o f  n o t c h e s  o r  c r a c k s  ( a s  a v a i l a b l e ) .  Data  o b t a i n e d  a t  
t e s t  t e m p e r a t u r e s  from room t e m p e r a t u r e  t o  -423°F a r e  r e p o r t e d .  
S p e c i f i c a l l y ,  a l l  mechan ica l  p r o p e r t y  d a t a  o b t a i n e d  d u r i n g  A r d e ' s  
s t a n d a r d  h e a t  e v a l u a t i o n  p r o c e d u r e  f o r  t h e  p a r t i c u l a r  h e a t  b e i n g  
s u p p l i e d  t o  M a r t i n  M a r i e t t a  a r e  r e p o r t e d  i n  d e t a i l .  These  h e a t  
e v a l u a t i o n  d a t a  c o n s i s t  o f  -320°F u n i a x i a l  s t r e s s l s t r a i n  c u r v e s  
o f  t h e  a n n e a l e d  m a t e r i a l  a t  -320°F,  and room- tempera tu re  and -320°F 
t e n s i l e  p r o p e r t i e s  a f t e r  c r y o s t r a i n i n g  and a g i n g .  I n  a d d i t i o n ,  
-320°F s t r e t c h  and b u r s t  t e s t  d a t a  f o r  6 - i n . - d i a m e t e r  s p h e r e s  and 
c y l i n d e r s  a r e  r e p o r t e d .  

2 .  F a b r i c a t i o n  T e c h n i q u e s  

The v a r i o u s  c r y o g e n i c - s t r e t c h - f o r m i n g  a p p r o a c h e s  used  i n  f a b -  
r i c a t i n g  b o t h  s i m p l e  and complex s h a p e s  w i t h  a t t a c h m e n t s  i s  p r e -  
s e n t e d .  S p e c i f i c  p r o c e s s i n g  i n f o r m a t i o n ,  s u c h  a s  w e l d i n g  t e c h -  
n i q u e s ,  c r y o g e n i c - s t r e t c h - f o r m i n g  p r o c e d u r e ,  e t c ,  i s  a l s o  p r o v i d e d .  
T h i s  append ix  a l s o  c o n t a i n s  d a t a  on r e p r o d u c i b i l i t y  o f  d i m e n s i o n s  
o f  f i n i s h e d  p r e s s u r e  v e s s e l s ,  and methods f o r  c o n t r o l l i n g  dimen- 
s i o n a l  t o l e r a n c e s .  

3 .  Accep tance  P r o c e d u r e  and Q u a l i t y  Assu rance  

I n - p r o c e s s  q u a l i t y  c o n t r o l  and p r o c e s s  s p e c i f i c a t i o n s  f o r  we ld -  
i n g ,  f o r m i n g ,  m a c h i n i n g ,  h e a t - t r e a t i n g ,  e t c ,  a r e  d e s c r i b e d .  I n  a d -  
d i t i o n ,  a c c e p t a n c e  c r i t e r i a  and n o n d e s t r u c t i v e  t e s t  methods a r e  d e -  
s c r i b e d  i n  d e t a i l .  A r d e ' s  raw m a t e r i a l  e v a l u a t i o n  t e s t i n g  and 
a c c e p t a n c e  p r o c e d u r e s  a r e  a l s o  c o n t a i n e d  i n  t h i s  a p p e n d i x .  

Assu rance  o f  t h e  b u r s t  s t r e n g t h  o f  p r e s s u r e  v e s s e l s  t h a t  a r e  
f a b r i c a t e d  by t h e  c r y o g e n i c - s t r e t c h - f o r m i n g  p r o c e s s  i s  d i s c u s s e d ,  
and a c t u a l  b u r s t  t e s t  d a t a ,  i n d i c a t i n g  r e p r o d u c i b i l i t y  o f  r e s u l t s ,  
a r e  i n c l u d e d .  



I .  INTRODUCTION 

A v i t a l  r e q u i r e m e n t  f o r  l i g h t w e i g h t  s t r u c t u r e s  o p e r a t i n g  a t  
t e m p e r a t u r e s  down t o  -423OF i s  a  h i g h - s t r e n g t h  m a t e r i a l  t h a t  e x h i -  
b i t s  h i g h  f r a c t u r e  t o u g h n e s s .  The t o u g h n e s s  must b e  s u f f i c i e n t l y  
h i g h  t o  s u s t a i n  p r o o f ,  o p e r a t i n g ,  and c y c l i c  s t r e s s  c o n d i t i o n s  i n  
t h e  p r e s e n c e  o f  d e f e c t s  t o o  s m a l l  t o  d e t e c t  by n o n d e s t r u c t i v e  t e s t  
methods .  Al though many a l l o y s  w i t h  h i g h  s t r e n g t h  a t  c r y o g e n i c  
t e m p e r a t u r e s  e x i s t ,  t h e  number o f  t h o s e  w i t h  s u f f i c i e n t l y  h i g h  
f r a c t u r e  t o u g h n e s s  f o r  c r y o g e n i c  s e r v i c e  i s  l i m i t e d .  

An a d d i t i o n a l  c o n s i d e r a t i o n  i s  t h a t  t h e  s t r e n g t h  and t o u g h n e s s  
o f  we lds  i n  a  s t r u c t u r e  a r e  o f t e n  l e s s  t h a n  t h o s e  o f  t h e  p a r e n t  ma- 
t e r i a l .  F i n a l l y ,  i n  many a p p l i c a t i o n s ,  m i s s i o n  c o n d i t i o n s  c a l l  f o r  
o p e r a t i o n  o v e r  t h e  e n t i r e  r a n g e  of  t e m p e r a t u r e s  from -423OF t o  room 
t e m p e r a t u r e .  Some a l l o y s  e x h i b i t  good t o u g h n e s s  o v e r  t h e  e n t i r e  
t e m p e r a t u r e  r a n g e ,  b u t  u n f o r t u n a t e l y  weaken a t  t e m p e r a t u r e s  a p p r o a c h -  
i n g  room t e m p e r a t u r e ,  T h e r e f o r e ,  i n  o r d e r  t o  e n j o y  w i d e s t  a p p l i c a -  
b i l i t y  i n  s t r u c t u r e s  f o r  c r y o g e n i c  s e r v i c e ,  a  m a t e r i a l  s h o u l d  h a v e  
t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

1 )  High  s t r e n g t h  and f r a c t u r e  t o u g h n e s s  o v e r  t h e  e n t i r e  
r a n g e  o f  t e m p e r a t u r e s  from -423OF t o  room t e m p e r a t u r e ;  

2 )  R e s u l t  i n  welded  f a b r i c a t e d  s t r u c t u r e s  whose w e l d s  show 
h i g h  e f f i c i e n c y  and r e l i a b i l i t y .  

Arde ,  I n c  has  p r o v i d e d  M a r t i n  M a r i e t t a  w i t h  a  q u a n t i t y  o f  low-  
s i l i c o n ,  c h r o m e - n i c k e l ,  s t a i n l e s s - s t e e l  a l l o y .  T h i s  a l l o y  w i l l  be  
e v a l u a t e d  by M a r t i n  M a r i e t t a  w i t h  r e s p e c t  t o  t h e  a f o r e m e n t i o n e d  
c h a r a c t e r i s t i c s  f o r  u s e  i n  c r y o g e n i c  a p p l i c a t i o n s  down t o  -423OF. 
T h i s  l o w - s i l i c o n  s t a i n l e s s  s t e e l  must be  c r y o g e n i c a l l y  deformed a t  

, -320°F and t h e n  aged  f o r  20 h r  a t  790°F i n  o r d e r  t o  a t t a i n  i t s  u s e -  
f u l  mechan ica l  p r o p e r t i e s .  

Inasmuch a s  w e l d i n g  s u c h  work-hardened  m a t e r i a l  a n n e a l s  and 
l o c a l l y  r e d u c e s  i t s  s t r e n g t h ,  t h i s  a l l o y  i s  p a r t i c u l a r l y  u s e f u l  i n  
f a b r i c a t i n g  p r e s s u r e  v e s s e l s  by a  c r y o g e n i c - s t r e t c h - f o r m i n g  p r o c e s s .  
I n  t h i s  p r o c e s s ,  w e l d e d ,  u n d e r s i z e d  p r e s s u r e  v e s s e l s ,  made from a n -  
n e a l e d ,  a u s t e n i t i c  s t a i n l e s s  s t e e l ,  a r e  immersed i n  b o i l i n g  l i q u i d  
n i t r o g e n  and expanded t o  t h e  r e q u i r e d  s i z e  by i n t e r n a l  p r e s s u r i z a -  
t i o n .  The a g i n g  t r e a t m e n t  - -  h o l d i n g  t h e  m a t e r i a l  a t  790°F f o r  u p  
t o  20 h r  - -  f u r t h e r  i n c r e a s e s  t h e  y i e l d  s t r e n g t h  and t h e  u l t i m a t e  
s t r e n g t h  o f  t h e  m a t e r i a l ,  wh ich  h a s  a l r e a d y  been  co ld-worked  by 
c r y o g e n i c  s t r e t c h - f o r m i n g .  



T h i s  append ix  r e v i e w s  t h e  e x i s t i n g  mechan ica l  p r o p e r t y  d a t a  
f o r  t h i s  a l l o y .  Data from A r d e ' s  f i l e s  and from t h e  l i t e r a t u r e  
a r e  p r e s e n t e d .  I n  a d d i t i o n ,  s i n c e  t h e  a l l o y  r e q u i r e s  p r o c e s s i n g  
by c r y o g e n i c  s t r e t c h - f o r m i n g ,  d e s i g n  o f  p r e f o r m s  and f a b r i c a t i o n  
t e c h n i q u e s  w i l l  be  d i s c u s s e d .  M a t e r i a l  and component a c c e p t a n c e  
p r o c e d u r e s  and q u a l i t y  c o n t r o l  d u r i n g  p r o c e s s i n g  w i l l  a l s o  b e  d i s -  
c u s s e d .  



1 1 ,  LOW-SILICON STAINLESS STEEL 

A . DEVELOPMENT OF ALLOY COMPOSITION 

The c r y o g e n i c a l l y - s t r e t c h e d ,  l o w - s i l i c o n ,  s t a i n l e s s - s t e e l  
a l l o y  t h a t  i s  t h e  s u b j e c t  o f  t h i s  e v a l u a t i o n  by M a r t i n  M a r i e t t a  
was deve loped  s p e c i f i c a l l y  f o r  improved f r a c t u r e  t o u g h n e s s .  Be- 
f o r e  i t s  deve lopmen t ,  a  good d e a l  o f  d a t a  was a v a i l a b l e  on  t h e  
mechan ica l  p r o p e r t i e s  o f  room- tempera tu re ,  co ld -worked ,  a u s t e n -  
i t i c  s t a i n l e s s  s t e e l  o v e r  t h e  t e m p e r a t u r e  r a n g e  from -423'F t o  
room t e m p e r a t u r e .  An e x c e l l e n t  c o m p i l a t i o n  o f  t h i s  d a t a  i s  con- .*. 
t a i n e d  i n  R e f .  1." The room- tempera tu re  p r o p e r t i e s  o f  c r y o g e n -  
i c a l l y - c o l d - w o r k e d ,  a u s t e n i t i c  s t a i n l e s s  s t e e l  a r e  a v a i l a b l e  from 
R e f .  2 .  

I n  a d d i t i o n ,  t h e  p r o p e r t i e s  o f  c r y o g e n i c a l l y - w o r k e d  Type 301 
s t a i n l e s s  s t e e l  a t  -320°F and below a r e  p r e s e n t e d  i n  R e f .  3 .  
The -320°F p r o p e r t i e s  o f  c r y o g e n i c a l l y - s t r e t c h e d  Type 301,  i n -  
c l u d i n g  t h e  r e s u l t s  o f  t e s t s  on a c t u a l  s t r e t c h - f o r m e d  p r e s s u r e  
v e s s e l s ,  a r e  p r e s e n t e d  i n  Ref 4 .  Most o f  t h e s e  i n v e s t i g a t i o n s  
were  l i m i t e d  t o  c o m m e r c i a l l y - a v a i l a b l e  m a t e r i a l s ,  such  a s  Type 
301 s t a i n l e s s  s t e e l .  

I n  c o n s i d e r i n g  t h e  r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s ,  t h e  f o l -  
lowing  o b s e r v a t i o n s  c a n  b e  made: 

1 )  A s  t h e  a u s t e n i t i c  s t a b i l i t y  i n c r e a s e s ,  t h e  s t r e n g t h -  
e n i n g  due t o  d e f o r m a t i o n  a t  a n y  t e m p e r a t u r e  d e c r e a s e s .  
F o r  example ,  Type 3 0 1  s t a i n l e s s  s t e e l  c a n  be  work-  
ha rdened  t o  h i g h e r  s t r e n g t h  l e v e l s  t h a t  c a n  Type 304 .  

2 )  Deformat ion  a t  c r y o g e n i c  t e m p e r a t u r e s  r e s u l t s  i n  
h i g h e r  s t r e n g t h  t h a n  t h e  same d e g r e e  o f  d e f o r m a t '  10 n  
a t  room t e m p e r a t u r e ,  

3 )  The u s e f u l n e s s  o f  work-hardened  s h e e t  i s  l i m i t e d  by 
t h e  l o s s  o f  s t r e n g t h  and t o u g h n e s s  i n  w e l d s  made 
a f t e r  t h e  s h e e t  i s  r o l l e d .  

By means o f  t h e  c r y o g e n i c - s t r e t c h - f o r m i n g  p r o c e s s ,  i n  which 
t h e  work -ha rden ing  i s  accompl i shed  w i t h  welded  s t r u c t u r e s ,  f u l l  
u t i l i z a t i o n  o f  t h e  work-hardened  p r o p e r t i e s  can  be o b t a i n e d .  
A I S I  Type 301  s t a i n l e s s  s t e e l  h a s  t h e  l o w e s t  a u s t e n i t i c  s t a b -  
b i l i t y  o f  a l l  t h e  3 0 0 - s e r i e s  s t a i n l e s s  s t e e l ,  and may, t h e r e f o r e ,  

* R e f e r e n c e s  f o r  t h i s  append ix  a r e  l i s t e d  on pp B-61 and B-62.  
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be work-hardened t o  t h e  h i g h e s t  s t r e n g t h  l e v e l s .  Although t h e  
s t r e n g t h  of  commerc ia l ly -ava i l ab le  Type 301 was a t t r a c t i v e  i n  
bo th  i t s  room-temperature work-hardened c o n d i t i o n  and i t s  c ryo-  
genical ly-work-hardened c o n d i t i o n ,  t h e  l o s s  o f  toughness  of  t h e  
m a t e r i a l  a t  lower t empera tu res  l i m i t e d  i t s  u s e  t o  t empera tu res  
above -320°F. Fur thermore ,  i t  was noted ( R e f .  4)  t h a t  a g i n g  t h e  
c r y o g e n i c a l l y - s t r e t c h e d ,  commerc ia l ly -ava i l ab le  Type 301 s t r e n g t h -  
ened i t  s t i l l  f u r t h e r ,  b u t  d r a s t i c a l l y  reduced i t s  toughness  a t  
t empera tu res  of -320°F and lower .  

I n  1963 and 1964, t h e  e f f e c t s  of a l l o y  composi t ion of  a u s t e n -  
i t i c  s t a i n l e s s  s t e e l  on p r o p e r t i e s  which r e s u l t e d  from c ryogen ic  
de fo rmat ion  were  s t u d i e d  by s e v e r a l  r e s e a r c h e r s  (Ref .  5 t h r u  7 ) .  
Reference  5 showed t h a t  t h e  l e v e l  of  s i l i c o n ,  and t o  some e x t e n t ,  
manganese, i n  t h e s e  a l l o y s  a f f e c t e d  t h e  f r a c t u r e  toughness  a t  a l l  
o p e r a t i n g  t e m p e r a t u r e s .  

According t o  t h e s e  i n v e s t i g a t o r s ,  r e d u c i n g  t h e  s i l i c o n  l e d  t o  
marked improvement i n  f r a c t u r e  toughness .  However, work a t  Arde 
(Ref .  7 )  had i n d i c a t e d  t h a t  t h e  h i g h  s t r e n g t h  of such a l l o y s  was 
v e r y  dependent upon h i g h  s i l i c o n  l e v e l s .  

An e v a l u a t i o n  was made of the  l o w - s i l i c o n ,  s t a i n l e s s - s t e e l  
a l l o y  a t  -320°F and 70°F us ing  t e n s i l e  specimens f a b r i c a t e d  from 
s h e e t  m a t e r i a l  provided by t h e  I n t e r n a t i o n a l  Nicke l  Company. A l -  
though, a s  a n t i c i p a t e d ,  the  s t r e n g t h  of  t h e  a l l o y  was somewhat 
lower than  t h a t  o b t a i n a b l e  w i t h  commercial Type 301,  t h e  decided 
improvement i n  toughness  more than o f f s e t  t h e  s l i g h t  s t r e n g t h  
l o s s .  Most s t r i k i n g  i s  a  comparison of  t h e  e f f e c t  of 800°F a g i n g  
upon t h e  toughness  o f  t h e  l o w - s i l i c o n  a l l o y  and a  commerical ,  
Type 301 s t a i n l e s s - s t e e l  a l l o y .  Tab le  B - 1  compares t h e  no tch  
s t r e n g t h s  of aged and unaged l o w - s i l i c o n  m a t e r i a l  w i t h  t h a t  of  
commercial 301.  Whereas ag ing  does  not  a f f e c t  t h e  toughness  of 
t h e  Type 301 a l l o y  a t  room tempera tu re ,  a  d r a s t i c  r e d u c t i o n  i n  
toughness  o c c u r s  a t  -320°F. On t h e  o t h e r  hand,  aged ,  l o w - s i l i c o n  
m a t e r i a l  does  no t  drop i n  toughness  a t  - 3 2 0 ' ~ .  

Some specimens were thereupon submi t t ed  t o  NASA-Lewis Re- 
s e a r c h  Cen te r  f o r  e v a l u a t i o n  a t  -423OF. The r e s u l t s  o f  a  few 
t e s t s  a t  -423OF (Ref 3) were s u f f i c i e n t l y  encourag ing  t o  proceed 
f u r t h e r  w i t h  the  a l l o y .  



T a b l e  B - 1  Comparison o f  Notch P r o p e r t i e s  o f  LOW- 
and  S tanda rd  S i l i c o n  C o n t e n t  301  S t a i n -  
l e s s  S t e e l  a t  -320°F 

P a r t - t h o u g h  c r a c k e d  spec imen ;  0.060 i n .  t h i c k ;  1 i n c h  w i d e ;  c r a c k  
l e n g t h s  = 0 . 1 0 - 0 . 1 5 - i n . ;  p r e s t r a i n e d  and a g e d  c o n d i t i o n .  

A c r y o g e n i c a l l y - s t r e t c h e d  c y l i n d e r  was f a b r i c a t e d  from 0.060- 
i n , - t h i c k ,  l o w - s i l i c o n  a l l o y  f o r  e v a l u a t i o n  by NASA-Lewis R e s e a r c h  
C e n t e r ,  The r e s u l t s  o f  t h e s e  t e s t s  we re  v e r y  good and  a r e  r e p o r t e d  
i n  R e f .  8 .  S e v e r a l  i m p o r t a n t  r e s u l t s  a r e  l i s t e d  be low:  

1) The e f f i c i e n c y  o f  w e l d s  made i n  a n  a c t u a l  p r e s s u r e -  
v e s s e l  was  found t o  be  e s s e n t i a l l y  100% o v e r  t h e  en -  
t i r e  r a n g e  o f  t e m p e r a t u r e s  f rom room t e m p e r a t u r e  t o  
-423 OF. 

2 )  I n  a d d i t i o n ,  t h e  -423°F t o u g h n e s s  o f  t h e  m a t e r i a l  was  
found t o  be  s a t i s f a c t o r y ,  and  t h e  a l l o y  e x h i b i t e d  h i g h  
s t r e n g t h  even  a t  room t e m p e r a t u r e .  



Data  from R e f .  8 a r e  e x c e r p t e d  and  p r e s e n t e d  i n  C h a p t e r  111 
o f  t h i s  a p p e n d i x .  

B . COMPOSITION SPECIFICATION 

Arde ,  I n c  h a s  s i n c e  p r o c u r e d  a  t o t a l  o f  e i g h t  a d d i t i o n a l  h e a t s  
o f  t h e  a l l o y  i n  a c c o r d a n c e  w i t h  t h e  c o m p o s i t i o n a l  s p e c i f i c a t i o n  
i n d i c a t e d  i n  T a b l e  B - 2 .  The  l o w - s i l i c o n - a l l o y  c o m p o s i t i o n  i s  
compared w i t h  a  commerc ia l ,  Type 301  s t a i n l e s s  s t e e l  i n  T a b l e  B - 2 .  

T a b l e  B-2 Arde S p e c i f i c a t i o n  Compos i t i ons  

Chromium (%) 17.00  t o  1 7 . 7 0  
7 .30  t o  7 .70  

Molybdenum (%) 0 .15  t o  0 .35  
0 .02  t o  0 . 0 4  

Chromium (%) 18 .30  t o  1 8 . 7 0  
7 .10  t o  7 .50  
0 . 1 5  t o  0 .35  
0 .02  t o  0 . 0 4  

On t h e  b a s i s  o f  t h e  r e s u l t s  shown i n  R e f .  5 ,  t h e  s i l i c o n  l e v e l  
i s  m a i n t a i n e d  a t  l e s s  t h a n  0 . 1 % ,  a s  i s  t h e  manganese .  Of impor-  
t a n c e  i n  t h e  a l l o y  c h e m i s t r y  a r e  t h e  low oxygen and  hydrogen  l e v e l s  
s p e c i f i e d .  It h a s  been  d e t e r m i n e d  t h a t  low oxygen l e v e l s  t e n d  t o  



r e d u c e  o r  e l i m i n a t e  weld c r a c k i n g  and improve t h e  f r a c t u r e  t ough-  
n e s s  of t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  The hydrogen  l e v e l s  a r e  
m a i n t a i n e d  low f o r  s i m i l a r  r e a s o n s ,  The ca rbon  l e v e l  i s  a l s o  main-  
t a i n e d  below 0 .05% i n  t h i s  a l l o y .  A l though  c a r b o n  p r e s e n t s  no 
w e l d i n g  problems u n l e s s  p r e s e n t  a t  c o n c e n t r a t i o n s  h i g h e r  t h a n  0 .08% 
i n  t h i s  a l l o y ,  t h e  t o u g h n e s s  d o e s  a p p e a r  t o  s u f f e r  a t  h i g h e r  c a r b o n  
l e v e l s .  T h e r e f o r e ,  t h e  ca rbon  l e v e l  h a s  b e e n  m a i n t a i n e d  a t  t h e  
l e v e l  o f  t h e  o r i g i n a l  h e a t  t e s t s  a t  Arde .  

Because o f  t h e  r e q u i r e m e n t  f o r  low s i l i c o n  i n  t h e  a l l o y ,  a  
vacuum-mel t ing  t e c h n i q u e  i s  r e q u i r e d  t o  p r e p a r e  t h e  a l l o y  w i t h  
s a t i s f a c t o r y  low l e v e l s  of  oxygen c o m p o s i t i o n .  Compos i t i on  t o l e r -  
a n c e s  were  s e t  a t  l e v e l s  t h a t  a r e  a c h i e v a b l e  a t  s e v e r a l  s t e e l  
m i l l s ,  and y e t ,  n o t  s o  wide t h a t  l a r g e  d i f f e r e n c e s  i n  m e c h a n i c a l  
p r o p e r t i e s  would o c c u r .  To d a t e ,  t h r e e  d i f f e r e n t  m i l l s  h ave  s u c -  
c e s s f u l l y  poured  f u l l - s c a l e  h e a t s  of  t h e  l o w - s i l i c o n  a l l o y .  These  
a r e  E a s t e r n  S t a i n l e s s  S t e e l ,  L a t r o b e  S t e e l ,  and Cameron I r o n ,  The 
l a t t e r  two m i l l s  h a v e  poured  double-vacuum-melted i n g o t s ;  t h e  
f i r s t  m i l l  poured  induc t ion -vacuum-mel t ed  i n g o t s .  

C ,  EFFECT OF COMPOSITION ON MATERIAL PROPERTIES 

Al though  m i l l  p r o c e s s i n g  o f  t h e  m a t e r i a l  i s  i m p o r t a n t  i n  d e -  
t e r m i n i n g  some c h a r a c t e r i s t i c s  o f  t h e  f i n i s h e d  p r o d u c t ,  e v a l u a -  
t i o n  h a s  i n d i c a t e d  t h a t  h e a t  c o m p o s i t i o n  a l o n e  i s  of  p r i m a r y  i m -  
p o r t a n c e  i n  d e t e r m i n i n g  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  m a t e r i a l .  
F o r  example ,  i n  R e f .  7 ,  e x c e l l e n t  c o r r e l a t i o n  was o b t a i n e d  be tween 
h e a t  c o m p o s i t i o n  and  t e n s i l e  p r o p e r t i e s  o f  34 commer i ca l ,  Type 3 0 1  
s t a i n l e s s - s t e e l  h e a t s .  F i g u r e  B - 1  shows a  p l o t  o f  t h e  a c t u a l  
s t r e n g t h  v s  t h e  s t r e n g t h  p r e d i c t e d  by a  m u l t i p l e  l i n e a r  r e g r e s s i o n  
a n a l y s i s  of  t h e  d a t a .  S i n c e  Re f .  7 was  p u b l i s h e d ,  t h e  m e c h a n i c a l  
p r o p e r t i e s  o f  numerous a d d i t i o n a l  h e a t s  have  been  shown t o  b e  
c l o s e l y  p r e d i c t a b l e  by  means o f  t h e  r e g r e s s i o n  e q u a t i o n s  d e v e l o p e d  
a t  t h a t  t i m e .  An i n s u f f i c i e n t  number o f  h e a t s  o f  l o w - s i l i c o n ,  
s t a i n l e s s - s t e e l  a l l o y  have  been  poured  t o  pe r fo rm a n  a n a l y s i s  t h a t  
w i l l  p roduce  a  r e g r e s s i o n  e q u a t i o n  o f  s a t i s f a c t o r y  c e r t a i n t y .  
N e v e r t h e l e s s ,  t h e  h e a t s  wh ich  have  been  p r o c u r e d  t o  t h e  s p e c i f i -  
c a t i o n  i n d i c a t e d  p r e v i o u s l y  have  a l l  d e m o n s t r a t e d  s i m i l a r  mechan- 
i c a l  p r o p e r t i e s .  Fo r  t h e  l o w - s i l i c o n  h e a t s ,  t h e r e f o r e ,  t h i s  same 
s t r o n g  dependence  on  h e a t  c o m p o s i t i o n ,  r a t h e r  t h a n  on o t h e r  f a c t o r s  
s a c h  a s  m i l l  p r o c e s s i n g ,  h o l d s .  I n  t h e  m e c h a n i c a l  p r o p e r t i e s  
c h a p t e r  of  t h i s  a p p e n d i x ,  t h e  m e c h a n i c a l  p r o p e r t i e s  a t  s e v e r a l  
h e a t s  a r e  compared ,  The c l o s e  r a n g e  shou ld  be n o t e d .  
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A c t u a l  S t r e n g t h  ( k s i )  

F i g .  B - 1  P r e d i c t e d  v s  A c t u a l  S t r e n g t h  o f  Var ious  Heats  of 
301 S t a i n l e s s  S t e e l  a f t e r  Cryogenic Stre tch-Forming 



I L L .  MECHANICAL PROPERTIES 

Mechan ica l  p r o p e r t y  d a t a  on t h e  l o w - s i l i c o n ,  s t a i n l e s s - s t e e l  
a l l o y  were  o b t a i n e d  f rom A r d e ' s  f i l e s  and  f rom Ref .  8 and 9 .  
Data  f o r  Heat  50793,  t h e  m a t e r i a l  s u p p l i e d  t o  M a r t i n  M a r i e t t a  f o r  
e v a l u a t i o n ,  a r e  p r e s e n t e d  i n  t h i s  c h a p t e r .  I n  a d d i t i o n ,  d a t a  
accumula t ed  on  o t h e r  h e a t s  o f  t h e  l o w - s i l i c o n  m a t e r i a l  a r e  s u p -  
p l i e d .  Most of t h e  d a t a  was o b t a i n e d  a t  room t e m p e r a t u r e ,  -320°F ,  
and  -423OF w i t h  p r e s t r a i n e d  t e n s i l e  spec imens .  Some d a t a  t a k e n  
w i t h  t e n s i l e  spec imens  c u t  f rom a c t u a l  p r e s s u r e  v e s s e l s  a r e  e x -  
c e r p t e d  f rom Ref 8 and p r e s e n t e d  i n  t h i s  c h a p t e r .  

A .  EXPERIMENTAL DATA 

Inasmuch a s  t h e  m a t e r i a l  a c h i e v e s  i t s  s t r e n g t h  t h r o u g h  d e -  
f o r m a t i o n  a t  -320°F,  spec imens  must f i r s t  be p r e s t r a i n e d  a t  t h i s  
t e m p e r a t u r e .  The u s u a l  p r o c e d u r e  i s  t o  f i r s t  o b t a i n  a  t r u e  s t r e s s /  
s t r a i n  c u r v e  a t  -320°F f o r  t h e  m a t e r i a l  i n  t h e  a n n e a l e d  c o n d i t i o n .  
T h i s  e s t a b l i s h e s  t h e  maximum amount of  c o l d  work t h a t  c a n  be a p -  
p l i e d  t o  t h e  specimen i n  u n i a x i a l  t e n s i o n .  Such a  c u r v e ,  marked 
a i s  shown f o r  Heat 50793 i n  F i g .  B-2, The nominal  s t r e s s  v s  

T  ' 
~ n g i n e e r i n g  s t r a i n  c u r v e  f o r  t h i s  same h e a t  a t  -320°F i s  p l o t t e d  
i n  F i g .  B-3. The m a t e r i a l  may be p r e s t r a i n e d  a n y  amount up t o  
t h e  maximum shown i n  F i g .  B-3; t h e  t e n s i l e  p r o p e r t i e s  t h a t  r e s u l t  
w i l l ,  o f  c o u r s e ,  depend on t h e  p r e s t r a i n .  The e f f e c t s  of c r y o -  
g e n i c  p r e s t r e s s e s  ( a t  -320°F) on t h e  t e n s i l e  s t r e n g t h s  a t  70 ,  
-320,  and  -423OF a r e  summarized i n  F i g .  B-4. 

The i n c r e a s e  i n  s t r e n g t h  due  t o  a g i n g  a t  800°F f o r  20 h r  may 
be s e e n  by comparing t h e  d a t a  f o r  aged  m a t e r i a l  shown i n  F i g .  
B-4 w i t h  s i m i l a r  c u r v e s  f o r  unaged spec imens  shown i n  F i g .  B-5, 

A d d i t i o n a l  p r o p e r t i e s  o f  o t h e r  h e a t s  of l o w - s i l i c o n  s t a i n l e s s  
s t e e l  a r e  shown i n  F i g .  B-6 ( y i e l d  s t r e n g t h )  and  F i g .  B - 7  ( t e n s i l e  
s t r e n g t h ) .  



F i g .  
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F i g .  B - 3  Convent ional  S t r e s s l s t r a i n  Curve f o r  Low-Si1icon 

S t a i n l e s s  S t e e l  a t  - 3 2 0 ' ~  



Fig .  B-4 E f f e c t  of Cryogenic  P r e s t r e s s  on S t r e n g t h  of  Aged S t a i n i e s s  S t e e l  



F i g .  B - 5  E f f e c t  of Cryogenic P r e s t r e s s  on S t r e n g t h  of Unaged S t a i n l e s s  S t e e l  



Temperature (OF) 

F ig .  B - 6  Yie ld  S t r e n g t h  of  Var ious  Heats of Low-Sil icon S t a i n l e s s  S t e e l  



Tempera tu re  ( O F )  

F i g .  B-7  T e n s i l e  S t r e n g t h  o f  Var ious  H e a t s  of Low-S i l i con  S t a i n l e s s  S t e e l  



The t e s t i n g  of f o u r  of t h e s e  h e a t s  was performed d u r i n g  t h e  
c o u r s e  of a  program f o r  NASA-Marshall Space F l i g h t  C e n t e r ,  and 
t h e  d a t a  a r e  e x c e r p t e d  from Ref .  9 .  A d d i t i o n a l  d a t a  on t h e  prop- 
e r t i e s  of s t i l l  a n o t h e r ,  l o w - s i l i c o n ,  s t a i n l e s s - s t e e l  h e a t  were  
o b t a i n e d  from t e s t s  on t e n s i l e  specimens c u t  from cryoformed 
c y l i n d e r s  (Ref.  8 ) .  These d a t a  a r e  shown i n  F i g .  R - 8  and B-9.  
F i g u r e  B-8 shows t h e  y i e l d  s t r e n g t h  of t h e  m a t e r i a l  t e s t e d  a t  
room t e m p e r a t u r e ,  -320°F, and -423OF. F i g u r e  B - 9  shows t h e  d a t a  
o b t a i n e d  w i t h  machined-double-edge n o t c h  specimens having a  

of 21. Both aged and unaged d a t a  a r e  shown. 
K~ 

Notch t e s t s  u s i n g  machined-double-edge n o t c h  specimens w i t h  
a  KT of 2 1  a s  w e l l  a s  a  KT of 10 produced t h e  d a t a  p r e s e n t e d  i n  

Tab le  B - 3 .  These t e s t s  were r u n  a t  room tempera tu re  and -423OF 
w i t h  aged specimens .  

B .  TEST PROCEDURES 

As p r e v i o u s l y  e x p l a i n e d ,  t h e  l o w - s i l i c o n  m a t e r i a l  a t t a i n e d  
i t s  p r o p e r t i e s  a f t e r  c ryogen ic  p r e s t r a i n i n g  a t  -320°F. Specimens 
were p r e s t r a i n e d  i n  a  c r y o s t a t  a t  -320°F u n t i l  t h e y  reached  t h e  
d e s i r e d  t r u e  s t r e s s  l e v e l .  Continuous l o a d l s t r a i n  c u r v e s  were  
p l o t t e d  a u t o m a t i c a l l y  u s i n g  a n  x-y r e c o r d e r .  P r e s t r a i n i n g  of 
a l l  t e n s i l e  specimens was performed i n  a c r y o s t a t  mounted on a  
60 ,000- lb  h y d r a u l i c  u n i v e r s a l  t e s t i n g  machine.  The c r y o s t a t  
c o n s i s t e d  s imply of a  doub le -wa l led ,  s t a i n l e s s - s t e e l  c y l i n d e r  
open a t  t h e  t o p  and mounted on t h e  lower c ross -head  of t h e  ma- 
c h i n e .  The -320°F t empera tu re  was main ta ined  by f i l l i n g  t h e  
c r y o s t a t  w i t h  l i q u i d  n i t r o g e n .  A l l  specimens were f a b r i c a t e d ,  
machined,  a n n e a l e d ,  and p i c k l e d  b e f o r e  be ing  p r e s t r a i n e d  a t  
-320°F. Thus,  smooth t e n s i o n  t e s t s  cou ld  be  c a r r i e d  o u t  on t h e  
p r e s t r a i n e d  specimens wi thou t  t h e  need f o r  a d d i t i o n a l  machining.  
The s p e c i m e n ' s  dimensions were remeasured a f t e r  p r e s t r a i n i n g .  
A f t e r  p r e s t r a i n i n g ,  specimens were  e i t h e r  aged a t  800°F f o r  20 
h r  o r  l e f t  i n  t h e  unaged c o n d i t i o n  b e f o r e  t e s t i n g  a t  t h e  d e s i r e d  
t e m p e r a t u r e .  
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Notch specimens of two t y p e s  were t e s t e d .  These c o n s i s t e d  
of machined-double-edge n o t c h  specimens a s  w e l l  a s  s u r f a c e -  
f a t i g u e - c r a c k e d  specimens of 0 . 0 6 0 - i n .  - t h i c k  s h e e t  w i t h  a  cen-  
t r a l l y - l o c a t e d  n o t c h .  U n f o r t u n a t e l y ,  a  v a l i d  K v a l u e  could  n o t  I c  
be determined f o r  e i t h e r  specimen. Although c r a c k s  i n  t h e  s u r -  
f a c e - c r a c k e d  specimens were main ta ined  a t  a  d e p t h  of a p p r o x i -  
ma te ly  one-hal f  t h e  m a t e r i a l  t h i c k n e s s ,  a t  room t e m p e r a t u r e  and 
a t  -320°F, g e n e r a l  y i e l d i n g  of t h e  specimen occur red  b e f o r e  t h e  
o n s e t  of r a p i d  c r a c k  p ropaga t ion .  Some of t h e  d a t a  o b t a i n e d  a t  
-423OF, however, may be v a l i d ,  inasmuch a s  t h e  r a t i o  of t h e  g r o s s  
s t r e s s  a t  f a i l u r e  t o  t h e  y i e l d  s t r e n g t h  of t h e  m a t e r i a l  was under 
0 . 8 .  For t r u l y  v a l i d  K d a t a ,  m a t e r i a l  of h e a v i e r  c r o s s - s e c t i o n  I c  
must be t e s t e d .  T h i s ,  of c o u r s e ,  i s  t h e  purpose  of t h e  p r s s e n t  
M a r t i n  M a r i e t t a  i n v e s t i g a t i o n .  

Machined-edge,  notch-specimen d a t a  a r e  of  some i n t e r e s t  i n  
t h a t  they  may be compared w i t h  o t h e r  m a t e r i a l s  t e s t e d  w i t h  t h e  
same specimen c o n f i g u r a t i o n .  Data f o r  s t r e s s  c o n c e n t r a t i o n  f a c -  
t o r s  (KT) of 21 and 10 were o b t a i n e d  w i t h  machined-edge n o t c h  

specimens .  

A l l  edge-notch specimens were p repared  by f i r s t  p r e s t r a i n i n g  
a  smooth specimen of a p p r o p r i a t e  w i d t h  and t h e n  remachining t o  
t h e  gage w i d t h  r e q u i r e d .  The n o t c h e s  were t h e n  machined i n  t h e  
speci;nens, and t h e  specimens were aged ( i f  d e s i r e d )  and t h e n  t e s t e d .  
The p a r t i a l - t h i c k n e s s - c r a c k  specimen was prepared by p r e s t r a i n i n g  
a  specimen and t h e n  s t a r t i n g  a  f a t i g u e  c r a c k  by means of  a  smal l  
punch mark i n  t h e  c e n t e r  of t h e  specimen. The specimens were  
f a t i g u e - c r a c k e d  i n  bending on a  Wiedemann-Baldwin F a t i g u e  T e s t e r .  
Measurement of t h e  n o t c h  was moni tored d u r i n g  t h e  f a t i g u e  c r a c k -  
i n g  by means of a  30X microscope.  C a l c u l a t i o n s  of t h e  nominal  
KIc v a l u e  w i t h  t h i s  specimen were  made, however, on t h e  b a s i s  of 

i n i t i a l  c r a c k  dimensions  measured a f t e r  t h e  specimen had been 
broken . 



IV, FABRICATION TECHNIQUES 

A .  PROCESSING SEQUENCE 

The f a b r i c a t i o n  o f  p r e s s u r e  v e s s e l s  by c r y o g e n i c  s t r e t c h - f o r m -  
i n g  r e q u i r e s  t h a t  a  welded p r e f o r m  be  b u i l t .  The  p r e f o r m  i s  t h e n  
s t r e t c h e d  a t  -320°F,  f i n a l - m a c h i n e d ,  and a g e d .  

The p r e f o r m  components  v a r y  w i t h  t h e  c o n f i g u r a t i o n  of  t h e  
f i n a l  v e s s e l .  S p h e r i c a l  s h e l l s  o r  o t h e r  s u r f a c e s  o f  d o u b l e  c u r v a -  
t u r e  may be  c o n s t r u c t e d  by hydro fo rming  o r  deep -d rawing ,  and t h e n  
machin ing  t o  improve  t h i c k n e s s  t o l e r a n c e s .  C y l i n d r i c a l  s e c t i o n s  
may be e i t h e r  s h e a r - s p u n  o r  made by r o l l - a n d - w e l d  t e c h n i q u e s .  
B o s s e s  and p o r t s  a r e  machined f rom f o r g i n g s  o r  s h e e t  b a r  and a l l  
d e t a i l s  a r e  assembled  by w e l d i n g  t o  p roduce  t h e  p r e f o r m .  No e s -  
s e n t i a l  d i f f e r e n c e s  i n  f a b r i c a t i o n  t e c h n i q u e s  a r e  n e c e s s a r y  when 
u t i l i z i n g  e i t h e r  Type 3 0 1  s t a i n l e s s  s t e e l  o r  l o w - s i l i c o n  s t a i n -  
l e s s  s t e e l .  

A f l ow  c h a r t ,  shown i n  F i g .  B-10, l i s t s  t h e  d e t a i l e d  p r o c e s s -  
i n g  and i n s p e c t i o n  s t e p s  i n  t h e  f a b r i c a t i o n  o f  a  t y p i c a l  s p h e r i c a l  
p r e s s u r e  v e s s e l .  T h i s  c h a r t  d e s c r i b e s  t h e  f a b r i c a t i o n  o f  a  2 2 - i n . -  
d i a x e t e r  s p h e r e  made f rom t h e  l o w - s i l i c o n  a l l o y  d e s c r i b e d  i n  R e f .  
3 .  Some o f  t h e  more i m p o r t a n t  f a b r i c a t i o n  s t e p s  a r e  d i s c u s s e d  i n  
g r e a t e r  d e t a i l  be low.  

B . FORMING 

1 . Forming S u r f a c e s  o f  Double C u r v a t u r e  

The hydro fo rming  p r o c e s s  h a s  been  most  o f t e n  s e l e c t e d  t o  p r o -  
d u c e  d e t a i l s  s u c h  a s  h e m i s p h e r i c a l  heads  f o r  s p h e r e s  and c y l i n d e r s  
made by t h e  c r y o g e n i c - s t r e t c h - f o r m i n g  p r o c e s s .  Hydroforming r e -  
q u i r e s  r e l a t i v e l y - i n e x p e n s i v e  i n i t i a l  t o o l i n g  and i s  a  r e l i a b l e  
means of  p r o d u c i n g  h e m i s p h e r e s  from s h e e t  s t o c k .  Good u n i f o r m i t y  
o f  t h i c k n e s s  r e s u l t s ,  and p a r t s  a r e  g e n e r a l l y  f r e e  from b u c k l e s .  
The  s i z e  o f  s u c h  p a r t s  i s  p r e s e n t l y  l i m i t e d  t o  d i a m e t e r s  o f  a b o u t  
22 i n .  a f t e r  s t r e t c h i n g .  



For  l a r g e r  s i z e s ,  drawn heads o r  s p i n n i n g s  may be used .  Be t -  
t e r  r e s u l t s  a r e  ob ta ined  when s h e e t  o r  p l a t e  a r e  formed i n t o  such  
s u r f a c e s  t h a n  when f o r g i n g s  a r e  made and t h e n  machined. Rol led  
p l a t e s  o r  s h e e t s  a r e  g e n e r a l l y  more homogeneous t h a n  f o r g i n g s ,  and 
c o n t r o l l i n g  t h e  o r i e n t a t i o n  of t h e  i n c l u s i o n  i s  more r e a d i l y  ac -  
complished.  

Hydroforming o f  d e t a i l s  i s  g e n e r a l l y  done i n  two s t r i k e s .  
During t h e  f i r s t  s t r i k e ,  a head i s  drawn t o  abou t  95% of  i t s  f u l l  
d e p t h .  The head i s  t h e n  c l e a n e d ,  s o l u t i o n - a n n e a l e d ,  and r e s t r u c k .  
The second s t r i k e  i s  used t o  shape up t h e  head and ach ieve  c l o s e r  
d imensional  c o n t r o l .  M a t e r i a l s  h a n d l i n g ,  c l e a n i n g ,  and a n n e a l i n g  
a r e  performed i n  accordance w i t h  a p p l i c a b l e  s p e c i f i c a t i o n s .  

2 .  S t a r t i n g  M a t e r i a l  Thickness  

S ince  t h e  t h i c k n e s s  o f  t h e  preform m a t e r i a l  t h i n s  down d u r i n g  
s t r e t c h - f o r m i n g ,  i t  i s  n e c e s s a r y  t o  f o l l o w  c e r t a i n  procedures  t o  
e n s u r e  t h a t  t h e  f i n a l  t h i c k n e s s  o f  t h e  v e s s e l  w i l l  be adequate  t o  
produce f a i l u r e  a t  t h e  d e s i r e d  p r e s s u r e .  T o l e r a n c e s  a r e  a p p l i e d  
i n  such  a  f a s h i o n  a s  t o  minimize t h e  we igh t  o f  t h e  f i n a l  a r t i -  
c l e  w i t h o u t  r e d u c i n g  t h e  b u r s t  p r e s s u r e .  As a n  example, t h e  
procedure  - used w i t h  hydroformed hemispheres i s  d i s c u s s e d  below. 

The minimum w a l l  t h i c k n e s s  o f  t h e  preform i s  based on t h e  an-  
t i c i p a t e d  t h i n o u t  r e s u l t i n g  from s t r e t c h  forming.  Th is  t h i n o u t  
i s  c a l c u l a t e d  from u n i a x i a l  and b i a x i a l  t e s t  d a t a ,  and i s  d e s c r i b e d  
i n  Chapter  V I  o f  t h i s  appendix.  Exper ience h a s  shown t h a t  hydro- 
forming o r  o t h e r  methods o f  forming hemispheres g e n e r a l l y  r e s u l t s  
i n  abou t  a  15% t o t a l  v a r i a t i o n  iii t h e  w a l l  t h i c k n e s s .  

The minimum f l a t  s h e e t  s t o c k  t h i c k n e s s  o rdered  i s ,  t h e r e f o r e ,  
15% g r e a t e r  t h a n  t h e  minimum as-formed head t h i c k n e s s  due t o  hydro- 
form v a r i a t i o n s .  The s p e c i f i c a t i o n  t o  which s h e e t  s t o c k  i s  ordered 
a l lows  a  t h i c k n e s s  v a r i a t i o n  which i s  one-ha l f  normal m i l l  t o l e r -  
ances  ( s e e  T a b l e  B-4) .  These s h e e t  t h i c k n e s s  t o l e r a n c e s  a r e ,  
t h e r e f o r e ,  a l s o  allowed f o r  i n  s p e c i f y i n g  t h e  s t a r t i n g  s h e e t  t h i c k -  
n e s s  . 



R e c e i v e  S h e e t  S t o c k  R e c e i v e  Boss  S t o c k  
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Hemispher ica l  
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Shear  S h e e t  S t o c k  Shear  S h e e t  S t o c k  
t o  Head-Blank S i z e  t o  Head-Blank S i z e  
and S e r i a l i z e  Blanks  and S e r i a l i z e  Blank  

Hydroform Head a t  Hydroform Head a t  Boss-Machine Boss-Machine 
Vendor ( F i r s t  S t r i k e )  Vendor ( F i r s t  S t r i k e )  a t  Vendor a t  Vendor 

Hydroform Head a t  Hydroform Head a t  
Vendor (Second S t r i k e )  Vendor (Second S t r i k e )  

Machine-Of f F l a n g e ,  Machine E n t i r e  O u t s i d e  

Machine E n t i r e  O u t s i d e .  S u r f a c e  t o  C o n s t a n t  
S u r f a c e  t o  C o n s t a n t  T h i c k n e s s ,  P o l i s h  
T h i c k n e s s ,  and P o l i s h  I n s i d e  S u r f a c e ,  and 
I n s i d e  S u r f a c e  Machine Holes  f o r  

I n s p e c t  Head t o  B /P ,  I n s p e c t  Head t o  B/P, 
U l t r a s o n i c a l l y  I n s p e c t ,  U l t r a s o n i c a l l y  I n s p e c t ,  
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F l a p  Wheel 

I Grind Weld Beads on  
I n s i d e  o f  Head . F l u s h  I t o  W . 0 0 5  i n .  I 

Dye-Check Welds,  
X-Ray Welds,  and 
D i m e n s i o n a l l y  
I n s p e c t  Head 
Weldment Assemblv 
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Table B-4 Permissible  Var ia t ions  i n  Thickness of 
Sheet and P l a t e  

To reduce the  weight of v e s s e l s  made from such components, 
t he  s u r f a c e  of each hemisphere may be machined to  a  reasonably 
cons tan t  t h i ckness .  To provide enough ma te r i a l  f o r  machining, 
t he  as-formed head thickness  i s  s e t  a  minimum of 0.009 i n .  t h i c k e r  
than t h e  minimum preform wal l  t h i ckness .  Of course,  i f  machining 
i s  no t  necessary ( i . e . ,  i f  the  small  weight pena l ty  i s  accep tab le ) ,  
then  the  machining allowance i s  omi t t ed .  Since machining t o l e r -  
ances r ep re sen t  a  l a r g e r  percentage of  t h i n  wa l l s  than heavy w a l l s ,  
i t  i s  c l e a r  t h a t  machining y i e l d s  g r e a t e r  r e l a t i v e  weight savings 
i n  heavier-walled v e s s e l s .  For example, machining t o  a  f0 .007- in .  
t o l e r ance  on the  th ickness  i n  a  0.140-in.  walled ves se l  r e p r e s e n t s  
a  4% weight saving over t h a t  ob ta inab le  by hydroforming a lone .  
I n  a  0 .030-in.- thick walled v e s s e l ,  i t  i s  obvious t h a t  machining 
would be use l e s s ,  s i n c e  the  as-formed t o t a l  v a r i a t i o n  of 15% due 
t o  hydroforming r ep resen t s  a  t o l e rance  of only about a . 0 0 2  i n .  
Such a  small  v a r i a t i o n  would be d i f f i c u l t  t o  improve by machining. 

Specif ied 
Thickness 

( i n  .) 

0.016 t o  0.026 
0.027 t o  0.040 
0.041 t o  0.058 
0.059 t o  0.072 
0.073 t o  0.083 
0.084 t o  0.098 
0.099 t o  0.114 
0.115 t o  0.130 
0.131 t o  0.145 
0.146 t o  0.176 
0.177 t o  0.250 

I f  a l l  these  allowances a r e  made i n  the s t a r t i n g  shee t  t h i ck -  
ness ,  experience i n d i c a t e s  t h a t  design b u r s t  p ressures ,  weights ,  
and volumes w i l l  be met i n  t he  f i n a l  product .  A d i scuss ion  of 
t he  assurance  of bu r s t  p ressure  c a p a b i l i t y  of  stretch-formed pres-  
s u r e  v e s s e l s  i s  given i n  Chapter V I  o f  t h i s  appendix. 

Permiss ib le  
Var i a t ions  i n  Thickness,  

P lus  o r  Minus ( i n  .) 

0.002 
0.002 
0.003 
0 -003 
0.004 
0.004 

- 0 -005 
0.005 
0.006 
0.007 
0.010 

3 .  Cylinders  and Cones 

Cylinders  and cones a r e  o f t e n  u t i l i z e d  a s  components of pres -  
s u r e  v e s s e l s .  These may be made from shee t  o r  p l a t e  by r o l l i n g  
and welding.  Experience has i nd ica t ed  t h a t  t he  o r i g i n a l  shee t  



r o l l i n g  shou ld  be  done normal t o  t h e  l o n g i t u d i n a l  w e l d .  A l though  
hundreds  o f  p r e s s u r e  v e s s e l s  have  been  s u c c e s s f u l l y  f a b r i c a t e d  i n  
t h i s  way, c y l i n d r i c a l  components made by s h e a r - s p i n n i n g  fo rged  
r i n g s  have  a l s o  been  s u c c e s s f u l l y  i n c o r p o r a t e d  i n t o  v e s s e l s .  Cryo- 
g e n i c a l l y - s t r e t c h e d ,  s h e a r - s p u n  c y l i n d e r s  a r e  d i s c u s s e d  i n  R e f .  
1 0 .  Such v e s s e l s  were  d e s i g n e d  f o r  c r y o g e n i c  s e r v i c e  a t  -320°F.  
T h e i r  d e s i g n  b u r s t  s t r e s s  a t  -320°F was 300,000 p s i .  I n  s e t t i n g  
t h i c k n e s s e s  o f  s t a r t i n g  s h e e t  m a t e r i a l  f o r  r o l l e d  and welded c y l -  
i n d e r s ,  no a l l o w a n c e s  f o r  machin ing  o r  fo rming  a r e  r e q u i r e d  and 
o n l y  t h e  s h e e t  m i l l  t o l e r a n c e s  i n  T a b l e  B-4  a p p l y .  

C.  FORGING AND M A C H I N I N G  OF BOSSES AND PORTS 

Bosses  and a t t a c h m e n t s  welded i n t o  t h e  s h e l l  must be  machined 
from heavy s e c t i o n s  o f  m a t e r i a l .  These  h e a v i e r  s e c t i o n s  o r i g i n a t e  
from t h e  same i n g o t  a s  t h e  s h e e t  m a t e r i a l .  The m a t e r i a l  from 
which  t h e  b o s s e s  a r e  f a b r i c a t e d ,  t h e r e f o r e ,  h a s  undergone  c o n s i d -  
e r a b l y  l e s s  r e d u c t i o n  t h a n  t h e  s h e e t  m a t e r i a l .  F o r  t h i s  r e a s o n ,  
some a t t e n t i o n  must be p a i d  t o  t h e  o r i e n t a t i o n  o f  i n c l u s i o n s  i n  
t h e  m a t e r i a l .  The u s u a l  s t a r t i n g  m a t e r i a l  i s  r o l l e d  p l a t e .  When 
w e l d i n g  b o s s e s  t o  t h e  s h e e t  t h a t  forms t h e  v e s s e l  s h e l l ,  t h e  most 
f a v o r a b l e  c o n d i t i o n  o c c u r s  i f  t h e  r o l l i n g  p l a n e  o f  t h e  o r i g i n a l  
p l a t e  l i e s  more o r  l e s s  p a r a l l e l  t o  t h e  s h e l l  s u r f a c e  a t  which  
t h e  weld i s  b e i n g  made. Forged b a r s  and pancakes  a r e  a l s o  u s e d .  
These  m a t e r i a l s  a r e  machined i n  s u c h  a  f a s h i o n  t h a t  a weld o r i e n -  
t a t i o n  e q u i v a l e n t  t o  t h a t  o f  t h e  p l a t e ,  p r e v i o u s l y  d e s c r i b e d ,  i s  
ma in ta ined  when i n c o r p o r a t i n g  s u c h  d e t a i l s  i n t o  t h e  s t r u c t u r e .  

F i n i s h e d  b o s s e s  a r e  d i m e n s i o n a l l y  i n s p e c t e d ,  d y e - p e n e t r a n t -  
checked ,  X-rayed,  c l e a n e d ,  and c o l d - p i c k l e d  b e f o r e  f i n a l  a c c e p t -  
a n c e .  

D . WELDING 

The c r y o g e n i c - s t r e t c h i n g  p r o c e s s  r e q u i r e s  a  weld t h a t  w i l l  
undergo p l a s t i c  d e f o r m a t i o n  a t  -320°F and e x h i b i t  a s t r e n g t h  e q u i v -  
a l e n t  t o  t h a t  o f  t h e  p a r e n t  m a t e r i a l .  I n v e s t i g a t i o n s  have  been  
made t o  d e t e r m i n e  weld p a r a m e t e r s  t h a t  a r e  r e a s o n a b l y  i n d e p e n d e n t  
o f  s m a l l  changes  i n  p a r e n t  m a t e r i a l  c o m p o s i t i o n ,  and t h a t  r e s u l t  
i n  un i fo rm,  r e l i a b l e  w e l d s .  Welds produced i n  a s i n g l e  p a s s ,  



r a t h e r  t h a n  m u l t i p l e  p a s s e s ,  have  been  found a d v a n t a g e o u s  f o r  s e v -  
e r a l  r e a s o n s .  M u l t i p l e - p a s s  w e l d i n g  u s u a l l y  c a u s e s  c a r b i d e  p r e -  
c i p i t a t i o n  i m m e d i a t e l y  a d j a c e n t  t o  a  weld b e a d .  I n s t e a d ,  when a 
s i n g l e - p a s s  weld i s  made, c a r b i d e s  p r e c i p i t a t e  some d i s t a n c e  from 
t h e  f u s i o n  zone and c a n  b e  r e a d i l y  d i s s o l v e d  upon s u b s e q u e n t  a n -  
n e a l i n g .  Bu t  when m u l t i p l e  p a s s e s  a r e  made, t h e  s econd  p a s s  c a n  
c a u s e  p r e c i p i t a t i o n  o f  c a r b i d e s  c l o s e  t o ,  and e v e n  w i t h i n ,  t h e  
weld p a s s  below i t .  The g r a i n  b o u n d a r i e s  i n  w h i c h  t h e s e  c a r b i d e s  
p r e c i p i t a t e  have  been  a f f e c t e d  by t h e  f i r s t  p a s s .  C a r b i d e s  i n  
g r a i n  b o u n d a r i e s  t h u s  a f f e c t e d  have been  found v e r y  d i f f i c u l t  t o  
d i s s o l v e .  Such g r a i n - b o u n d a r y  c a r b i d e s  r e d u c e  t h e  t o u g h n e s s  o f  
t h e  m a t e r i a l  a t  c r y o g e n i c  t e m p e r a t u r e s .  

A s i n g l e - p a s s  weld a l s o  e l i m i n a t e s  t h e  o c c u r r e n c e  o f  l a c k  o f  
f u s i o n  be tween p a s s e s  t h a t  i s  f r e q u e n t l y  e x p e r i e n c e d  i n  m u l t i - p a s s  
w e l d s .  F i n a l l y ,  a  s i n g l e - p a s s  weld r e d u c e s  t h e  amount o f  f i l l e r  
m a t e r i a l  i n t r o d u c e d  i n t o  t h e  j o i n t .  

An a d d i t i o n a l  f a c t o r  i n  w e l d i n g  m a t e r i a l  i s  t h e  a v o i d a n c e  o f  
s m a l l  m i c r o c r a c k s  t h a t  may open  d u r i n g  s t r e t c h i n g .  By removing 
a l l  r e s t r a i n t s  d u r i n g  w e l d i n g ,  s u c h  a s  backup f i x t u r e s ,  a  c r a c k -  
f r e e  weld can  be  made. Thus ,  f o r  t h e  p r o c e s s ,  a  s i n g l e - p a s s ,  g a s -  
backed weld i s  u s e d .  The p a r t s  t o  be  j o i n e d  a r e  p o s i t i o n e d  by 
means o f  a  s e r i e s  o f  s m a l l  t a c k  w e l d s ,  wh ich  a r e  s u b s e q u e n t l y  com- 
p l e t e l y  consumed by t h e  weld p a s s .  No c h i l l s  o r  r e s t r a i n i n g  f i x -  
t u r e s  a r e  u s e d .  A l t h o u g h  t h e  m a j o r i t y  o f  v e s s e l s  t h a t  have  b e e n  
f a b r i c a t e d  by t h i s  p r o c e s s  were  made f rom Type 3 0 1  s t a i n l e s s  s t e e l ,  
t h e  same t e c h n i q u e s  c a n  b e  r e a d i l y  a p p l i e d  t o  t h e  l o w - s i l i c o n ,  
s t a i n l e s s - s t e e l  a l l o y .  I n  f a c t ,  i n  w e l d - r e s t r a i n t  t e s t s ,  d e s i g n e d  
t o  produce  weld c r a c k s  i n  Type 301  s t a i n l e s s  s t e e l ,  t h e  l o w - s i l i c o n  
a l l o y  d e m o n s t r a t e d  f a r  l e s s  s u s c e p t i b i l i t y  t o  t h i s  t y p e  o f  c r a c k -  
i n g .  E x p e r i m e n t a l  d a t a  upon wh ich  t h e s e  l o w - r e s t r a i n t  w e l d i n g  
t e c h n i q u e s  a r e  based  a r e  d e s c r i b e d  i n  R e f .  11. 

U n l e s s  s p e c i a l  t e c h n i q u e s  a r e  used f o r  t h i c k n e s s e s  o v e r  0 . 1 2 5  
i n . ,  a  s i n g l e - p a s s  weld becomes d i f f i c u l t ,  s i n c e  t h e  weld bead 
may d r o p  t h r o u g h  i f  i t  i s  n c t  s u p p o r t e d .  An a p p r o a c h  h a s  been  
deve loped  t h a t  p r o d u c e s  a  h o r i z o n t a l ,  s i n g l e - p a s s  weld i n  t h i c k e r  
m a t e r i a l ,  made w i t h  a  v e r t i c a l  t o r c h .  T h i s  i s  accompl i shed  by 
means o f  a  c l o s e l y - c o n t r o l l e d ,  p r e s s u r i z e d - g a s  backup t o  s u p p o r t  
t h e  w e l d .  T h i c k n e s s e s  up t o  0 . 3 7 5  i n .  have  been  welded  i n  t h i s  
manner,  u s i n g  t h e  t u n g s t e n  i n e r t  ga s  (TIG) w e l d i n g  p r o c e s s .  The  
f i l l e r  w i r e  used i s  Type 308L s t a i n l e s s  s t e e l .  No s p e c i a l  weld 
p r e p a r a t i o n  o r  "V" j o i n t s  a r e  machined i n t o  t h e  components  b e f o r e  
w e l d i n g .  A s i m p l e  b u t t  j o i n t  r e s u l t s  i n  100% f u s i o n  and r e q u i r e s  
a  minimum o f  w e l d - w i r e  f i l l e r .  However, g r e a t  c a r e  i s  r e q u i r e d  



i n  t h e  preweld f i t t i n g  and a l ignment  o f  p a r t s .  C lose ly - spaced  
t a c k  welds a r e  r e q u i r e d  t o  p r e v e n t  t h e  misal ignment  o f  p a r t s  d u r -  
i n g  we ld ing ,  A l l  weld s u r f a c e s  a r e  c a r e f u l l y  c leaned t o  p r e v e n t  
con tamina t ion  o f  t h e  we lds .  

E .  ANNEALING 

To e l i m i n a t e  c a r b i d e s  i n  t h e  weld zone,  and t o  remove any 
thermal  s t r e s s e s  t h a t  may have been c r e a t e d  i n  t h e  v e s s e l  d u r i n g  
w e l d i n g ,  each v e s s e l  i s  s o l u t i o n - a n n e a l e d  a t  1950°F a f t e r  we ld ing .  
C o n t r o l  of  t h e  o x i d a t i o n  o f  t h e  v e s s e l  s u r f a c e s  i s  t h e r e f o r e  r e -  
q u i r e d .  Inasmuch a s  a  r a p i d  quench i n  co ld  w a t e r  i s  r e q u i r e d  t o  
m a i n t a i n  c a r b i d e s  i n  s o l u t i o n  w i t h  t h i s  m a t e r i a l ,  i n e r t  gas  o r  
o t h e r  p r o t e c t i v e  atmospheres a r e  n o t  ve ry  f e a s i b l e  f o r  t h e  p r o t e c -  
t i o n  o f  e x t e r i o r  v e s s e l  s u r f a c e s .  T h i s  i s  because  t h e  v e s s e l  has  
t o  be removed from any p r o t e c t i v e  atmosphere anyway f o r  r a p i d  a c -  
c e s s  t o  t h e  quenching t a n k s .  By s c r u p u l o u s l y  c l e a n i n g  t h e  v e s s e l  
s u r f a c e s  b e f o r e  i t  i s  annea led ,  i t  i s  p o s s i b l e  t o  o b t a i n  a  uniform 
s c a l e  t h a t  i s  r e a d i l y  removable by p i c k l i n g  f o r  s h o r t  t i m e s .  Ves- 
s e l  i n t e r i o r s ,  however, a r e  p r o t e c t e d  from o x i d a t i o n  by means o f  
a n  argon purge .  F l e x i b l e  tubes  a r e  connected t o  t h e  v e s s e l ' s  i n -  
t e r i o r  i n  such a  way a s  t o  pe rmi t  t h e  f low o f  argon i n t o  and o u t  
o f  t h e  v e s s e l .  The f l e x i b l e  l i n e s  a l l o w  t h e  v e s s e l  t o  be maneu- 
vered i n t o  and o u t  o f  t h e  f u r n a c e  w h i l e  t h e  argon f low i s  main- 
t a i n e d .  A f t e r  complet ion o f  t h e  a n n e a l i n g  c y c l e ,  t h e  v e s s e l  i s  
removed from t h e  f u r n a c e  immediate ly  plunged i n t o  a  w a t e r  b a t h ,  
and covered w i t h  a  w a t e r  s p r a y .  T h i s  r a p i d  quenching p r e v e n t s  
t h e  fo rmat ion  o f  c a r b i d e s  because  t h e  v e s s e l  i s  q u i c k l y  cooled 
th rough  t h e  c a r b i d e - p r e c i p i t a t i o n  t empera tu re  r a n g e .  The argon 
gas  purge i s  mainta ined throughout  t h e  quench c y c l e  a t  a  r a t e  
s u f f i c i e n t  t o  m a i n t a i n  a  p o s i t i v e  p r e s s u r e .  T h i s  p r e v e n t s  buck- 
l i n g  o f  t h e  v e s s e l s  d u r i n g  quenching.  The e x t e r i o r  o f  t h e  v e s s e l  
i s  c o l d - p i c k l e d  t o  remove a n n e a l i n g  o x i d e s .  A s  a  f i n a l  s t e p ,  each  
v e s s e l  i s  d y e - p e n e t r a n t - i n s p e c t e d  over  i t s  e n t i r e  s u r f a c e  and 
d i m e n s i o n a l l y  i n s p e c t e d .  



F .  CRYOGENIC STRETCH FORMING 

The s t r e t c h - f o r m i n g  f a c i l i t y  c o n s i s t s  o f  t h e  s t r e t c h  p i t ,  a  
c o n t r o l  room and a  l i q u i d  n i t r o g e n  s t o r a g e  and pumping s y s t e m .  
The p i t  i s  a p p r o x i m a t e l y  1 8  f t  deep  by 8 f t  i n  d i a m e t e r  and a c c e p t s  
fo rming  t a n k s  o f  v a r i o u s  s i z e s .  These  t a n k s  a r e  f i l l e d  w i t h  l i q -  
u i d  n i t r o g e n  f o r  t h e  s t r e t c h - f o r m i n g  o p e r a t i o n .  The  s i z e  o f  t h e  
fo rming  t a n k  i s  d i c t a t e d  by t h e  s i z e  o f  t h e  v e s s e l .  

I n  t h e  c a s e  o f  a  v e s s e l  wh ich  i s  s t r e t c h e d  i n t o  a  fo rming  d i e ,  
t h e  p r e f o r m  i s  f i r s t  p l a c e d  i n  t h e  d i e  and t h e n  lowered  i n t o  t h e  
fo rming  t a n k .  The d i e  i s  used  t o  c o n t r o l  t h e  f i n a l  s i z e  o f  t h e  
p r e s s u r e  v e s s e l  v e r y  a c c u r a t e l y .  The d i e  i s  s i z e d  t o  compensa t e  
f o r  t h e  e l a s t i c  rebound t h a t  o c c u r s  when t h e  p r e s s u r e  i s  removed.  
T h i s  rebound i s  a p p r o x i m a t e l y  1% o f  t h e  v e s s e l  d i a m e t e r .  

The fo rming  t a n k  i s  f i l l e d  w i t h  l i q u i d  n i t r o g e n  t o  a  l e v e l  a t  
wh ich  t h e  p re fo rm and d i e  a s sembly  w i l l  be c o v e r e d .  The  p r e f o r m  
i s  f i l l e d  w i t h  l i q u i d  n i t r o g e n .  When t h e  p r e f o r m  i s  f u l l ,  i t  i s  
lowered  t o  t h e  bo t tom o f  t h e  fo rming  t a n k .  A t  t h i s  t i m e ,  t h e  form- 
i n g  t a n k  i s  topped  o f f  w i t h  l i q u i d  n i t r o g e n  s o  t h a t  t h e  l i q u i d  
l e v e l  i s  m a i n t a i n e d  above  t h e  v e s s e l .  T h i s  i s  done  t o  e n s u r e  t h a t  
b o i l i n g  o f f  l i q u i d  n i t r o g e n  i n  t h e  forming  t a n k  w i l l  n o t  r e d u c e  
t h e  l i q u i d  l e v e l  d u r i n g  s t r e t c h i n g  and c a u s e  a  f a i l u r e  due  t o  i n -  
a d e q u a t e  r e f r i g e r a t i o n .  The  p r e f o r m  i s  t h e n  connec t ed  t o  t h e  
p r e s s u r i z a t i o n  s o u r c e  from t h e  c o n t r o l  room. A b l a s t  mat i s  
p l a c e d  o v e r  t h e  e n t i r e  p i t  a s  a  p r e c a u t i o n a r y  measu re .  

The f i n a l  phase  o f  t h e  o p e r a t i o n  i s  t h e  a c t u a l  p r e s s u r i z a t i o n  
o f  t h e  p r e f o r m .  L i q u i d  n i t r o g e n  i s  pumped i n t o  t h e  r e f r i g e r a t e d  
p r e f o r m  u n t i l  t h e  p r e d e t e r m i n e d  p r e s s u r e  i s  a c h i e v e d .  When t h i s  
o c c u r s ,  a  v e n t  v a l v e  i s  opened and t h e  s y s t e m  i s  r a p i d l y  b l e d  down 
t o  a t m o s p h e r i c  p r e s s u r e ,  e n d i n g  t h e  s t r e t c h .  The p r e s s u r i z a t i o n  
p r o c e s s  i s  c o n t r o l l e d  from t h e  c o n t r o l  room. 

G .  A G I N G  

A f t e r  a  v e s s e l  h a s  been  s t r e t c h e d ,  i n s p e c t e d ,  and c l e a n e d ,  i t  
may b e  aged i n  a i r  a t  790°F f o r  20 h r .  I n  t h e  f u r n a c e ,  t h e  s t a i n -  
l e s s  s t e e l  o x i d i z e s  and becomes cove red  w i t h  a  l i g h t ,  go lden-brown 
£ 1 1  A f i e r  a g i n g  i s  c o m p l e t e ,  a g i n g  o x i d e s  a r e  removed f rom t h e  
o u t s i d e  s u r f a c e  o f  t h e  v e s s e l  by v a c u - b l a s t i n g .  I n  o r d e r  t o  remove 



any o x i d e s  t h a t  may have accumulated on t h e  i n s i d e  o f  t h e  v e s s e l  
d u r i n g  a g i n g ,  t h e  v e s s e l  i s  p a r t i a l l y  f i l l e d  w i t h  a  s i l i c o n - c a r -  
b i d e  g r i t ,  s e t  up on a  r o t a t i n g  s p i n d l e ,  and s l o w l y  r o t a t e d .  A 
f i x t u r e ,  used t o  hold  t h e  v e s s e l  f o r  t h i s  purpose ,  a l lows  t h e  v e s -  
s e l  t o  be  r o t a t e d  a t  v a r i o u s  a n g l e s  s o  t h a t  t h e  e n t i r e  i n t e r i o r  
s u r f a c e  can be p o l i s h e d  w i t h  t h e  s i l i c o n - c a r b i d e  g r i t .  A f t e r  ag -  
i n g  o x i d e s  a r e  removed, t h e  v e s s e l  i s  thorough ly  c leaned w i t h  an  
a l k a l i n e  d e t e r g e n t  s o l u t i o n  and t h e n  p a s s i v a t e d  w i t h  a  n i t r i c  
ac id-sodium d ichromate  p a s s i v a t i n g  s o l u t i o n .  



V. QUALITY CONTROL - 

A. MATERIAL ACCEPTANCE AND EVALUATION 

The material used for applications at cryogenic temperatures 
is an austenitic stainless steel with very low silicon, manganese, 
and carbon levels. The Arde specification for this material calls 
for vacuum-induction melting, followed by consumable-electrode re- 
melting, using high-purity charging materials, Of special signi- 
ficance are the high standards of material cleanliness included in 
the specificat ion. 

The tests performed to determine conformance to the specifi- 
cation consist of independent check analyses of heat chemistry, 
metallographic examinations for inclusion distribution and size, 
and metallographic examinations for grain size and intergranular 
carbides. In addition, a visual examination of the sheet-surface 
condition and a dimensional inspection of the mill product are 
made. Finally, in accordance with the specification, samples from 
each lot of material are ultrasonically inspected to establish 
that the material is free from sub-surface gross defects. All 
these requirements were established at Arde as a result of expe- 
rience with materials used in cryogenic stretch-forming, In ad- 
dition to the aforementioned specification requirements, which 
are imposed on the steel vendor, evaluations are performed on each 
heat to establish its conformance to the process requirements and 
minimum-mechanical-property standards. The evaluation consists of 
weldability tests, tensile specimen tests, and fabrication and 
testing of small spheres and cylinders to evaluate biaxial stretch- 
ing characteristics and biaxial mechanical properties, The steps 
involved in material acceptance are listed in Table B-5, 

Material cleanliness has been definitely established as a re- 
quirement for the production of reliable welds in preforms, The 
maximum size of globular oxides is limited to 25 y .  The purpose 
of this limitation is to eliminate weld porosity, which has been 
traced to this type of inclusion, The ultrasonic-inspection pro- 
cedure serves as a further check on the occurrence of non-metallic 
inclusions in the material. In the past, exogenous inclusions of 
rather large size were detected by Che ultrasonic inspection of 
sheet. When encountered during welding, this type of inclusion, 
which is generally highly refractory in nature, can cause high 
scrap rates during the cryogenic-stretching operation. 
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Table B-5 Raw Material Acceptance Testing 

2. Reject or accept heat for consideration. 

3. Steel mill provides slab sample for pre- 
liminary cleanliness rating and chemical 
and gas analyses. 

4. Steel mill rolls two sample sheets. 

5. Arde testing: 

" Ultrasonic examination - gross defects 
O Micro and macro examination 

" Cleanliness rating 

" Weldability 

" Uniaxial tensile specimens 

" Notch sensitivity 

" Biaxial testing - sample spheres and 



M a t e r i a l  c h e m i s t r y  h a s  been  shown t o  b e  t h e  p r imary  f a c t o r  i n  
e s t a b l i s h i n g  t h e  m e c h a n i c a l  p r o p e r t i e s  t h a t  c a n  be  o b t a i n e d  f rom 
a  g i v e n  h e a t  o f  m a t e r i a l  ( s e e  Chap te r  I V  o f  t h i s  append ix ) .  As a  
r e s u l t ,  c l o s e  t o l e r a n c e s  have  been  e s t a b l i s h e d  f o r  t h e  c o n s t i t u e n t s  
o f  t h i s  m a t e r i a l .  

A c h e c k  a n a l y s i s  i s  made on e i t h e r  a  l a d l e  sample f rom e a c h  
h e a t  o r  from a  s l a b  o f  t h e  m a t e r i a l .  The a n a l y s i s  i s  per formed 
by  a n  i n d e p e n d e n t  l a b o r a t o r y .  Wet-chemical  a n a l y t i c  methods a r e  
used  f o r  a l l  e l e m e n t s  e x c e p t  hydrogen and oxygen. Oxygen i s  d e -  
t e rmined  u s i n g  vacuum-fus ion  g a s  a n a l y s i s  o f  t h e  sample. N i t r o g e n  
i s  de t e rmined  by  t h e  K j e l d a h l  method. Hydrogen, which i s  a l s o  de -  
t e rmined  by  vacuum-fus ion  g a s  a n a l y s i s ,  i s  v a r i a b l e  t h r o u g h o u t  t h e  
p r o c e s s i n g  o f  t h e  i n g o t  and r e a c h e s  i t s  f i n a l  l e v e l  o n l y  a f t e r  con- 
v e r s i o n  o f  t h e  i n g o t  t o  s l a b  o r  s h e e t  b a r .  Samples f o r  t h e  hydro-  
gen check a n a l y s i s ,  t h e r e f o r e ,  must c o n s i s t  o f  p i e c e s  c u t  from 
s h e e t  b a r  made from each .  The s p e c i f i e d  c o m p o s i t i o n  i s  shown i n  
T a b l e  B-6, t o g e t h e r  w i t h  t h e  h e a t  s u b m i t t e d  f o r  e v a l u a t i o n  t o  
M a r t i n  M a r i e t t a .  

2. M e t a l l o g r a p h i c  Examina t ion  o f  t h e  M a t e r i a l  

A l l  m e t a l l o g r a p h i c  e x a m i n a t i o n s  a r e  conduc ted  u s i n g  samples  o f  
s h e e t  r o l l e d  f rom t h e  h e a t .  I n t e r g r a n u l a r  c a r b i d e s  a r e  sometimes 
found t o  be  v e r y  l i g h t l y  s c a t t e r e d  t h r o u g h o u t  a l l  of  t h e  s h e e t  sam- 
p l e s  t e s t e d .  T h i s  i s  n o t  f e l t  t o  be s e r i o u s ,  inasmuch a s  t h e  rnanu- 
f a c t u r i n g  p r o c e s s  c a l l e d  f o r  a  s o l u t i o n - a n n e a l  a f t e r  w e l d i n g ,  b u t  
b e f o r e  s t r e t c h - f o r m i n g .  The s p e c i f i e d  r e s t r i c t i o n  on i n t e r g r a n u l a r  
c a r b i d e s  on incoming s h e e t  n l a t e r i a l  was based  on f i n d i n g s  which  
showed t h a t  e m b r i t t l e m e n t  a t  c r y o g e n i c  t e m p e r a t u r e s  o c c u r s  i f  heavy  
i n t e r g r a n u l a r  c a r b i d e  p r e c i p i t a t i o n  i s  p r e s e n t .  Inasmuch a s  a  com- 
p l e t e  s o l u t i o n - a n n e a l  i s  p a r t  o f  t h e  p r o c e s s i n g  sequence ,  r e - s o l u -  
t i o n  o f  l i g h t  c a r b i d e s  t a k e s  p l a c e  a t  t h e  t ime t h e  p a r t s  a r e  an-  
n e a l e d .  

The c l e a n l i n e s s  o f  t h e  h e a t s  a r e  e v a l u a t e d  m i c r o s c o p i c a l l y  i n  
a c c o r d a n c e  w i t h  ASTM E45. The c l e a n l i n e s s  r a t i n g  o b t a i n e d  w i t h  
Heat  57093 f e l l  w i t h i n  t h e  s p e c i f i c a t i o n  r equ i r emen t .  A  compar i son  
o f  t h e  s p e c i f i c a t i o n  w i t h  t h e  r a t i n g s  o b t a i n e d  f o r  t h e  p a r t i c u l a r  
h e a t  s u b m i t t e d  t o  M a r t i n  M a r i e t t a  i s  shown i n  T a b l e  B - 7 ,  

G r a i n  s i z e  i s  a l s o  d e t e r m i n e d  from t h e  s h e e t  samples  and i s  
r a r e l y  l a r g e r  t h a n  t h e  maximum a l l o w e d  by t h e  s p e c i f i c a t i o n .  



Table B-6 Certification and Check Chemical Analysis of Low-Silicon Stainless Steel 

Table  B-7 I n c l u s i o n  Content  o f  Low-Silicon S t a i n l e s s  S  t e e 1  



As a n  i n i t i a l  check  on t h e  w e l d a b i l i t y  o f  t h e  m a t e r i a l ,  two 
c y l i n d r i c a l  p i e c e s  5 , 5 0  i n .  i n  d i a m e t e r  a r e  f a b r i c a t e d ,  and t h e s e  
a r e  welded t o g e t h e r  u s i n g  a  s i n g l e - p a s s  g i r t h  weld,  The c y l i n d e r s  
a r e  t h e n  c u t  i n  h a l f  a l o n g  t h e  l o n g i t u d i n a l  a x i s ,  and t h e  e x t e r i o r  
and i n t e r i o r  o f  t h e  weld  and t h e  h e a t - a f f e c t e d  zone a r e  dye-checked,  
The dye-check e x a m i n a t i o n  i s  per formed w i t h  30X m a g n i f i c a t i o n .  A  
s i n g l e  c r a c k  t h u s  d e t e c t e d  i s  c a u s e  f o r  r e j e c t i o n  o f  t h e  h e a t .  No 
c r a c k s  were  found w i t h  H e a t  57093. A f u r t h e r  check  of  t h e  welda-  
b i l i t y  o c c u r s  s u b s e q u e n t l y ,  when t h e  e v a l u a t i o n  p r e s s u r e  v e s s e l s  
a r e  f a b r i c a t e d  and t e s t e d .  

A f t e r  a c c e p t a n c e  o f  h e a t  c h e m i s t r y  from a  l a d l e  sample  o r  s l a b ,  
Arde r e q u i r e s  s u b m i s s i o n  o f  two s h e e t s  from e a c h  h e a t .  Each s h e e t  
i s  0 .060- in .  t h i c k  and 36  i n .  wide x  120 i n .  l ong .  One o f  t h e s e  
s h e e t s  r e c e i v e s  100% u l t r a s o n i c  i n s p e c t i o n .  M i c r o s e c t i o n s  a r e  p r e -  
pa red  and a l l  t h e  m e t a l l o g r a p h i c  e x a m i n a t i o n s  i n d i c a t e d  above  
a r e  performed.  The h e a t  c h e m i s t r y  i s  t h e n  checked a g a i n  u s i n g  a  
sample from t h e  sample s h e e t s .  The w e l d a b i l i t y  sample i s  p r e p a r e d  
and e v a l u a t e d .  I f  t h e  sample s h e e t s  conform t o  a l l  s p e c i f i c a t i o n  
r e q u i r e m e n t s ,  u n i a x i a l  and b i a x i a l  m e c h a n i c a l  p r o p e r t i e s  a r e  checked  
i n  acco rdance  w i t h  t h e  p r o c e d u r e s  d e s c r i b e d  below. When conform- 
ance  t o  m e c h a n i c a l - p r o p e r t i e s  r e q u i r e m e n t s  i s  e s t a b l i s h e d ,  t h e  h e a t  
1 s  r e l e a s e d  by t h e  q u a l i t y  c o n t r o l  d e p a r t m e n t  f o r  p r o d u c t i o n .  

S e v e r a l  o f  t h e  f o r e g o i n g  i n s p e c t i o n  p r o c e d u r e s  a r e  pe r fo rmed ,  
i n  a d d i t i o n ,  upon r e c e i p t  o f  e a c h  l o t  o f  f i n i s h e d  m a t e r i a l  from 
t h e  h e a t .  M e t a l l o g r a p h i c  e x a m i n a t i o n ,  s h e e t  s u r f a c e  and dimen- 
s i o n a l  i n s p e c t i o n s ,  and u l t r a s o n i c  i n s p e c t i o n  a r e  s p e c i f i e d  a s  a  
r e q u i r e m e n t  f o r  each  subsequen t  sh ipmen t  of  s h e e t  o r  p l a t e  o f  a  
g i v e n  t h i c k n e s s .  

Mechan ica l  P r o p e r t i e s  E v a l u a t i o n  - As d e s c r i b e d  i n  t h e  p r e v i o u s  
s e c t i o n ,  m a t e r i a l  p r o p e r t i e s  a r e  e v a l u a t e d  from specimens  p r e p a r e d  
from 0 , 0 6 0 - i n .  - t h i c k  s h e e t  samples  f rom e a c h  h e a t .  

Two t y p e s  o f  unnotched spec imens  a r e  f i r s t  f a b r i c a t e d .  T h e s e  
c o n s i s t  o f  an un locked ,  smooth t e n s i l e  spec imen and a  p a r t i a l -  
t h r o u g h - c r a c k  t y p e  specimen.  The n o t c h  spec imens  a r e  u sed  p r i -  
m a r i l y  f o r  s c r e e n i n g  pu rposes  ( i . e . ,  a  t r u e  K v a l u e  i s  n o t  meas- 

I c  
u r a b l e  w i t h  spec imens  o f  t h i s  t h i c k n e s s ,  s o  compar i sons  a r e  made 
w i t h  p r e v i o u s  h e a t s  on t h e  b a s i s  o f  a  nominal  K 
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The unnotched spec imens  a r e  used  t o  e s t a b l i s h  aged  and unaged 
s t r e n g t h  a f t e r  c r y o g e n i c  p r e s t r a i n i n g  a s  a  f u n c t i o n  o f  t h e  p r e -  
s t r e s s  a t  room t e m p e r a t u r e  and a t  -320°F. 

I n  a d d i t i o n ,  t h e  -320°F s t r e s s / s t r a i n  c u r v e  f o r  t h e  h e a t  i s  
e s t a b l i s h e d  by t e s t i n g  a n n e a l e d  spec imens  t o  f a i l u r e  a t  -32OoF. 
T h i s  s t r e s s / s t r a i n  c u r v e  s e r v e s  a s  t h e  b a s i s  f o r  p r e d i c t i n g  b i -  
a x i a l  s t r a i n i n g  o f  p r e s s u r e  v e s s e l s  d u r i n g  t h e  s t r e t c h - f o r m i n g  
p r o c e s s .  

On t h e  b a s i s  o f  t h e  u n i a x i a l  t e s t  d a t a ,  b i a x i a l  d e s i g n  c h a r t s  
a r e  p r e p a r e d ,  a s  d i s c u s s e d  i n  C h a p t e r  V I  o f  t h i s  appendix .  These  
b i a x i a l  d e s i g n  c h a r t s ,  a s  w e l l  a s  t h e  f a b r i c a b i l i t y  o f  e a c h  h e a t ,  
a r e  checked by b u i l d i n g  s e v e r a l  s m a l l  p r e s s u r e  v e s s e l s .  The de -  
s i g n  c h a r t s  a r e  t h e n  m o d i f i e d  t o  conform t o  t h e  a c t u a l  p r e s s u r e  
v e s s e l  d a t a .  The p r e s s u r e  v e s s e l s  c o n s i s t  o f  f i v e  c y l i n d e r s  and 
f i v e  s p h e r e s  a p p r o x i m a t e l y  6 i n ,  i n  d i a m e t e r .  The v e s s e l s  a r e  
p r e s s u r i z e d  t o  v a r i o u s  c r y o g e n i c  p r e s t r e s s e s  and t h e  s t r a i n s  a r e  
measured t o  d e t e r m i n e  c o n f o r m i t y  w i t h  t h e  p r e d i c t e d  d a t a  from u n i -  
a x i a l  spec imens .  These  v e s s l e s  a r e  t h e n  t r e a t e d  by a g i n g ,  o r  l e f t  
i n  t h e  unaged c o n d i t i o n ,  and t e s t e d  a t  room t e m p e r a t u r e  t o  d e t e r -  
mine t h e i r  s t r e n g t h  a t  room t e m p e r a t u r e .  The v a l u e s  t h u s  a c h i e v e d  
a r e  compared w i t h  t e n s i l e  spec imen d a t a .  Gross  d e v i a t i o n s  i n  
s t r e n g t h  from t e n s i l e  spec imen d a t a  i n d i c a t e ,  o r d i n a r i l y ,  some de- 
f e c t  o r  d e f i c i e n c y  i n  t h e  m a t e r i a l .  

A t  l e a s t  one  a n n e a l e d  s p h e r e  and one  a n n e a l e d  c y l i n d e r  a r e  c r y -  
o g e n i c a l l y - s t r e t c h e d  t o  b u r s t  a t  -320°F i n  o r d e r  t o  e s t a b l i s h  t h e  
uppe r  l i m i t  o f  t h e  p r e s t r e s s  t o  which such  v e s s e l s  c a n  b e  s u b j e c t e d  
d u r i n g  t h e  s t r e t c h - f o r m i n g  p r o c e s s .  Aga in ,  t h i s  v a l u e  i s  checked 
a g a i n s t  t h a t  p r e d i c t e d  from u n i a x i a l  t e s t  d a t a .  By e s t a b l i s h i n g  
t h i s  maximum c r y o g e n i c  p r e s t r e s s ,  i t  i s  p o s s i b l e ,  d u r i n g  produc- 
t i o n ,  t o  a c h i e v e  low s c r a p  r a t e s  i f  s t r e t c h i n g  p r e s s u r e s  a r e  main- 
t a i n e d  a b o u t  5% below t h e  maximum a l l o w a b l e .  

F i g u r e  B-11 and T a b l e  B - 8  show t h e  u n i a x i a l  d a t a ,  and F i g .  B- 
1 2 ,  t h e  b i a x i a l  d a t a ,  o b t a i n e d  w i t h  t h e  s u b j e c t  l o w - s i l i c o n  h e a t ,  
50793,  which h a s  undergone  t h e  a f o r e m e n t i o n e d  mechan ica l  t e s t i n g .  
The d a t a  s h e e t s  i n d i c a t e  A r d e ' s  l i m i t s  on t h e  a l l o w a b l e  mechan ica l  
p r o p e r t i e s .  The compar ison  w i t h  a c t u a l  r e s u l t s  may be  made on t h e  
s h e e t .  A compar ison  o f  p r e s s u r e  v e s s e l  t e s t  r e s u l t s  w i t h  t h e  p r e -  
d i c t e d  b i a x i a l  p r o p e r t i e s  i s  a l s o  shown i n  F i g .  B-12. 



Note: 1, Vendor = Latrobe. 
2, Material specification r AES 258. 
3. Heat 50793. 
4 .  Tensile specimens = S/N 184 thru 195. 
5. Notch specimens = S/N 206 thru 215, 

True Strain (in. /in. ) 

(a) -320°F S tress/S train Curve - Uniaxial 

True Prestress (ksi) 

(b) Room Temperature, Aged Nominal 
Ultimate Response - Uniaxial 

True Prestress (ksi) 

(c) Room Temperature, Unaged Nominal Ultimate 
Response - Uniaxial 

Fig. E-11 Arde Low-Silicon Material Evaluation Report 



True Prestress (ksi) True Prestress (ksi) 

(d) -320°F Aged Nominal Ultimate (e) -320°F Unaged Nominal Ultimate 
Response - Uniaxial Response - Uniaxial 

120 140 - 110 - 130 
I$ 100 120 

.,-I 90 . 110 
2 V) 

v 80 5 100 
2 70 90 

%-' 
60 8 0 
5 0 70 
220 240 260 280 300 320 220 240 260 280 300 320 

True Prestress (ksi) True Prestress (ksi) 

(f) Aged KI. at Room Temperature (g) Aged KIc at -320°F 

Fig. B - 1 1  (Concl) 



T a b l e  B - 8  R e s u l t s  o f  Arde  Low-S i l i con  M a t e r i a l  E v a l u a t i o n ,  Hea t  50793 

S e r i a l  No. 
S t r e t c h e d  Diameter  ( i n . )  
P o s t - B u r s t  T h e o r e t i c a l  T h i c k n e s s  
S t r e t c h  P r e s s u r e  ( p s i )  
B u r s t  P r e s s u r e  ( p s i )  
A c t u a l  P r e s t r e s s  ( p s i )  
B u r s t  S t r e s s  ( p s i )  
T e s t  Tempera ture  
A c t u a l  Y i e l d  S t r e s s  ( p s i )  

S e r i a l  No. 
S t r e t c h e d  Diameter  ( i n .  ) 
P o s t - B u r s t  T h i c k n e s s  ( i n . )  
S t r e t c h  P r e s s u r e  ( p s i )  
B u r s t  P r e s s u r e  ( p s i )  
A c t u a l  P r e s t r e s s  ( p s i )  
B u r s t  S t r e s s  ( p s i )  
T e s t  Tempera tu re  
A c t u a l  Y i e l d  S t r e s s  ( p s i )  
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B. COMPONENT ACCEPTANCE AND QUALITY CONTROL 

1. Q u a l i t y  C o n t r o l  I t e m s  

The r e l a t i o n s h i p  o f  q u a l i t y  a s s u r a n c e  t o  t h e  m a n u f a c t u r i n g  
p r o c e s s  i s  shown i n  F i g ,  B-10. As c a n  be  s e e n  from t h e  f l o w  d i a -  
gram, a s s u r a n c e  o f  t h e  q u a l i t y  i s  m a i n t a i n e d  by i n s p e c t i o n  and t e s t  
t h roughou t  a l l  t h e  f a b r i c a t i o n  s t e p s  r e q u i r e d  t o  produce  a  g i v e n  
p r e s s u r e  v e s s e l .  

A s  h a s  been  n o t e d  i n  t h e  p r e v i o u s  c h a p t e r ,  s t r i c t  a d h e r e n c e  t o  
m a t e r i a l  s p e c i f i c a t i o n s  i s  a  p r e r e q u i s i t e  f o r  f a b r i c a t i o n .  The 
most i m p o r t a n t  i t e m s ,  i n  a d d i t i o n  t o  v e r i f i c a t i o n  o f  m a t e r i a l ,  a r e :  

1 )  V e r i f i c a t i o n  o f  weld q u a l i t y ;  

2) V e r i f i c a t i o n  of  v e s s e l  s t r e n g t h ;  

3) G e n e r a l  a s s u r a n c e  o f  compl i ance  w i t h  w r i t t e n  p r o c e s s i n g  
s p e c i f i c a t i o n s  d u r i n g  f a b r i c a t i o n .  

2. V e r i f i c a t i o n  o f  Welds 

Welds a r e  v e r i f i e d  by means o f  s t a n d a r d  t e c h n i q u e s  such  a s  
r a d i o g r a p h i c  i n s p e c t i o n ,  o r  d y e - p e n e t r a n t  t e s t i n g .  Weld q u a l i t y  
s t a n d a r d s  a r e  d e f i n e d  i n  an  Arde s p e c i f i c a t i o n  and l i m i t  t h e  s i z e  
and d i s t r i b u t i o n  o f  p o r o s i t y  and c a l l  f o r  t h e  r e p a i r  o r  r e j e c t i o n  
o f  c r a c k s  d e t e c t e d  by t h i s  method. I n  a d d i t i o n  t o  r a d i o g r a p h i c  
i n s p e c t i o n  o f  w e l d s ,  d y e - p e n e t r a n t  t e s t i n g  must r e s u l t  i n  z e r o  dye- 
check  i n d i c a t i o n s  i n  i h e  weld o r  h e a t - a f f e c t e d  zone i n  o r d e r  t o  
p a s s  t h e  w e l d - q u a l i t y  r e q u i r c m e n t s .  Weld X-rays  a r e  t a k e n  b e f o r e  
and a f t e r  s t r e t c h - f o r m i n g .  The p re fo rm r a d i o g r a p h i c  i n s p e c t i o n  i s  
a  r e q u i r e m e n t  d e s i g n e d  t o  r e d u c e  s c r a p  r a t e s  d u r i n g  t h e  c r y o g e n i c -  
s t r e t c h - f o r m i n g  o p e r a t i o n .  The r e q u i r e m e n t  f o r  r a d i o g r a p h i c  i n -  
s p e c t i o n  a f t e r  s t r e t c h i n g  h a s  been  e s t a b l i s h e d  t o  a s s u r e  t h e  q u a l -  
i t y  o f  t h e  f i n a l  a r t i c l e .  I t  s h o u l d  be n o t e d  t h a t  t h e  c r y o g e n i c -  
s t r e t c h - f o r m i n g  p r o c e s s  i s ,  t o  a  g r e a t  e x t e n t ,  s e l f - i n s p e c t i n g .  
Weld d e f e c t s  t h a t  p a s s  t h rough  t h e  c r y o g e n i c - s t r e t c h - f o r m i n g  p ro -  
c e s s  must be  s o  s m a l l  a s  t o  c a u s e  l i t t l e  t r o u b l e  i n  s e r v i c e .  On 
o c c a s i o n ,  u n d e t e c t e d  weld d e f e c t s  o r  o t h e r  d e f e c t s  m a n i f e s t  them- 
s e l v e s  by  t h e  b u r s t i n g  o f  a  v e s s e l  d u r i n g  t h e  c r y o g e n i c - s t r e t c h -  
fo rming  o p e r a t i o n .  I n  a d d i t i o n ,  c o n s i d e r  t h a t  t i g h t  h a i r - l i n e  
c r a c k s  o f  a p p r e c i a b l e  l e n g t h  a r e  o f t e n  u n d e t e c t a b l e  by r a d i o g r a p h i c  
i n s p e c t i o n ,  These  would c a u s e  t h e  v e s s e l  t o  b u r s t  i n  s t r e t c h i n g  o r  
t h e y  w i l l  open d u r i n g  t h e  s t r e t c h i n g  o p e r a t i o n  t o  t h e  e x t e n t  t h a t  
t h e y  a r e  d e t e c t a b l e ,  e i t h e r  i n  t h e  f i n a l  r a d i o g r a p h i c  i n s p e c t i o n  
o r  t h e  d y e - p e n e t r a n t  i n s p e c t i o n .  



In summary, then, weld reliability is established by: 

1) The material quality; 

2) The welding techniques developed for the process; 

3) Radiographic and dye-penetrant inspection before and 
after stretch-forming; 

4 )  The cryogenic-stretch-forming operation itself. 

As a final requirement, the entire production vessel is or- 
dinarily proof-tested as a final check on the weld integrity. In 
addition, helium-leak testing is performed for those applications 
in which the leak rate is critical. 

3.  Verification of Vessel Strength 

In verifying the strength of a fabricated pressure vessel, it 
has been demonstrated that the primary requirement for achieving 
a particular burst pressure is that a cryogenic stretching pres- 
sure must be achieved. The basis for this is understood if it is 
considered that the response to stretching in terms of strength 
of the material at any temperature is a function of the true cry- 
ogenic prestress. For example, if we consider a sphere of radius 
R and thickness t after stretching to the final size and shape up- 
on pressurization to some pressure P, then o ,  the true hoop stress 

PR 
achieved is equal to -. Now consider this same vessel under burst 

2t 
test at some operating temperature. The final dimensions of the 
pressure vessel after stretching are now the initial dimensions 
for this burst test, and the nominal stress at burst, S, is equal 

P R 
b 

to - , where P is the burst pressure. It can thus be seen that 
2t b 

the ratio of the two stresses, - P S 
a is - and that P is - P. S ' Pb b a 

It is true that, when the stretch pressure i.s achieved, the 
true stress may vary somewhat over the vessel's surface, depend- 
ing upon thickness variations in the preform. However, the stretch 
pressure is based upon the minimum preform thickness and the design 
burst for this region. Any heavier region, although not strength- 

s ened as much, will have a more favorable - ratio, and thus, even 
a 

better load-carrying capabilities. Thus, the burst pressure is 
controlled by the thinnest region and the stretch pressure. The 



t h i n n e s t  r e g i o n  i s  determined from d imens iona l  i n s p e c t i o n  of  
d e t a i l s  and a l l  p a r t s  w i t h  l e s s  than  minimum w a l l  r e j e c t e d .  Thus, 
t h e  b u r s t  p r e s s u r e  i s  s t r i c t l y  dependent  on t h e  s t r e t c h  p r e s s u r e .  
Th i s  r e l a t i o n s h i p  between P and P may be s e e n  from Fig .  B - 1 3 ,  

b  
which shows t h e  b u r s t  p r e s s u r e s  f o r  a  s e r i e s  of  s p h e r e s  t h a t  have 
been s t r e t c h e d  t o  v a r i o u s  c ryogen ic  p r e s s u r e s .  Note t h a t  i n  t h e  
s e r i e s  of  a c t u a l  sphere  t e s t s ,  t h e  d e v i a t i o n s  from a  p e r f e c t  c o r -  
r e l a t i o n  a r e  ve ry  smal l .  

The second a s s u r a n c e  t h a t  i s  r e q u i r e d  i n  o r d e r  t o  v e r i f y  t h e  
v e s s e l  s t r e n g t h  i s  t h e  u n i f o r m i t y  of  t h e  r e s p o n s e  of  t h e  m a t e r i a l  
t o  t h e  c ryogen ic  s t r e t c h i n g .  Exper ience  h a s  demonstra ted  t h a t  no 

P 
l a r g e  v a r i a t i o n s  have been no ted  i n  t h e  r a t i o  of  - w i t h i n  v e s s e l s  

Pb 
made from a  g iven  h e a t  and s t r e t c h e d  t o  approx imate ly  t h e  same c r y -  
ogen ic  s t r e s s .  N e v e r t h e l e s s ,  a d d i t i o n a l  c o n t r o l  i s  a v a i l a b l e  
through t h e  f a b r i c a t i o n  of  t e n s i l e  specimens o r  even th rough  t h e  
f a b r i c a t i o n  of a  s imple  smal l  sample v e s s e l  from each l o t  of mate- 
r i a l  of  a  g i v e n  t h i c k n e s s .  It should  be emphasized t h a t  t h i s  con- 
t r o l  i s  no t  p r e s e n t l y  i n  u s e  a t  Arde, s i n c e  i t  h a s  n o t  been found 
n e c e s s a r y .  Of c o u r s e ,  a d d i t i o n a l  v e r i f i c a t i o n  o f  v e s s e l  s t r e n g t h  
i s  o b t a i n e d  through p r o o f - p r e s s u r e  t e s t i n g  and lo t - sample  b u r s t  
t e s t i n g  a s  r e q u i r e d  f o r  s p e c i f i c  a p p l i c a t i o n s .  



B u r s t  P r e s s u r e ,  Pb' ( p s i >  

F i g .  B - 1 3  B u r s t  P r e s s u r e  Da ta  f o r  Cryoformed S p h e r e s  



V I .  PREFORM DESIGN 

A. DESIGN PHILOSOPHY 

The h i g h  s t r e n g t h  o f  c ryogen ica l ly - fo rmed  s t a i n l e s s  s t e e l  i s  
o b t a i n e d  t h r o u g h  de format ion  a t  -320°F. As has  p r e v i o u s l y  been 
d e s c r i b e d ,  t h e  d e f o r m a t i o n  i s  accomplished by p r e s s u r i z i n g  a  p r e -  
form f a b r i c a t e d  from annea led  m a t e r i a l .  The preform i s  made s m a l l e r  
i n  s i z e  t h a n  t h e  r e q u i r e d  f i n a l  v e s s e l  i n  o r d e r  t o  a l low f o r  s u f f i -  
c i e n t  expansion t o  a c h i e v e  t h e  s t r e n g t h  r e q u i r e d .  The d e s i g n  of  
t h e  preform,  t h e n ,  must t a k e  i n t o  c o n s i d e r a t i o n  t h e  amount o f  
s t r e t c h i n g  t h a t  w i l l  t a k e  p l a c e ,  f o r  two r e a s o n s :  

1 )  A f t e r  s t r e t c h i n g ,  t h e  v e s s e l  must m e e t - t h e  d imensional  
r equ i rements  of  t h e  f i n i s h e d  p r o d u c t ;  

2 )  A f t e r  s t r e t c h i n g ,  t h e  v e s s e l  must have been coldworked 
s u f f i c i e n t l y  t o  produce t h e  d e s i r e d  s t r e n g t h  l e v e l .  

Obviously ,  i f  t h e  preform i s  t o o  s m a l l ,  t h e n  it may b u r s t  d u r i n g  
s t r e t c h i n g  b e f o r e  i t  i s  t h e  d e s i r e d  s i z e .  I f  t h e  preform i s  t o o  
l a r g e ,  t h e n  it w i l l  r e a c h  t h e  d e s i r e d  s i z e  r e a d i l y ,  bu t  w i l l  no t  
a c h i e v e  a  s a t i s f a c t o r y  s t r e n g t h  l e v e l .  I n  a d d i t i o n ,  t h e  w a l l  t h i c k -  
n e s s  must be s i z e d  s o  t h a t  t h e  weight and b u r s t  p r e s s u r e  o f  t h e  
f i n i s h e d  v e s s e l  w i l l  be a s  r e q u i r e d ,  and make f u l l  u s e  of  t h e  r e -  
s u l t i n g  m a t e r i a l  s t r e n g t h  l e v e l .  I n  t h e  preform d e s i g n ,  t h e r e f o r e ,  
m i l l -  and m a n u f a c t u r i n g - t h i c k n e s s  t o l e r a n c e s  of t h e  m a t e r i a l  must 
a l s o  be c a r e f u l l y  c o n s i d e r e d .  

A p rocedure  h a s  been e s t a b l i s h e d  f o r  t h e  d e s i g n  of  any preform 
whose shape can  be  d e s c r i b e d  a s  a  s u r f a c e  of  r e v o l u t i o n .  The d e s i g n  
p rocedure  h a s  been programed and computer s o l u t i o n s  can be found f o r  
t h e  complex shapes  t h a t  must be d e a l t  w i t h .  The complex s h a p e s  c a n  
c o n s i s t  o f  combina t ions  of  c o n e s ,  c y l i n d e r s ,  f l a t  p l a t e s ,  hemi- 
s p h e r e s ,  o r  o t h e r  s u r f a c e s  of  double  c u r v a t u r e .  For  example, con- 
s i d e r  a  preform t h a t  c o n s i s t s  of  a  c y l i n d e r ,  two c o n e s ,  and two f l a t  
p l a t e s .  With s u f f i c i e n t  de fo rmat ion ,  such a  preform w i l l  become a  
s p h e r e .  The r e s u l t i n g  shape a f t e r  a  s e r i e s  of s t r e t c h e s  i s  shown 
i n  F i g .  B-14. The impor tan t  p o i n t  i n  c o n s i d e r i n g  such complex p r e -  
form shapes  i s  t h a t ,  n o t  o n l y  does  an i n c r e a s e  i n  s i z e  t a k e  p l a c e  
d u r i n g  d e f o r m a t i o n ,  bu t  a  d r a s t i c  change i n  shape t a k e s  p l a c e  a s  
w e l l .  





Simple  s p h e r e s  and l o n g  c y l i n d e r s ,  on t h e  o t h e r  hand ,  unde rgo  
m o r e - r e a d i l y - p r e d i c t a b l e  d e f o r m a t i o n .  T h i s  i s  b e c a u s e  t h e r e  i s  no  
shape  c h a n g e ,  o n l y  a  change  i n  s i z e  and w a l l  t h i c k n e s s .  S p h e r e s  
remain  s p h e r e s  and c y l i n d e r s  r ema in  c y l i n d e r s  d u r i n g  s t r e t c h .  
T h e r e f o r e ,  s i m p l e  d e s i g n  c u r v e s  a r e  p r e p a r e d  f o r  s p h e r e s  and c y l -  
i n d e r s  f o r  e a c h  h e a t  o f  m a t e r i a l  p r o c u r e d .  

The p r o c e d u r e s  used  f o r  d e s i g n i n g  s i m p l e  s h a p e s  s u c h  a s  s p h e r e s  
and c y l i n d e r s  w i l l  f i r s t  be  d i s c u s s e d .  Then a d e s c r i p t i o n  o f  t h e  
d e s i g n  p r o c e d u r e  used  w i t h  more complex s h a p e s  w i l l  b e  g i v e n .  
F i n a l l y ,  t h e  v a r i o u s  s h a p e s  t h a t  have  been  formed,  and t h e  t e c h -  
n i q u e s  u sed  i n  t h e  d e s i g n  o f  s p e c i a l  a t t a c h m e n t s  and o t h e r  c o n f i g -  
u r a t i o n a l  f e a t u r e s  w i l l  be p r e s e n t e d  i n  t h i s  s e c t i o n .  A l l  t h e s e  
t e c h n i q u e s  a r e  a p p l i c a b l e  t o  b o t h  commerc i a l ,  Type 301 s t a i n l e s s  
s t e e l  a s  w e l l  a s  t h e  l o w - s i l i c o n ,  s t a i n l e s s - s t e e l  a l l o y .  

The d e s i g n  o f  p r e f o r m s  f o r  c r y o g e n i c  s t r e t c h - f o r m i n g  i s  based  
on t h e  b e h a v i o r  o f  a c t u a l  s u b s c a l e  p r e s s u r e  v e s s e l s  and on u n i a x i a l  
t e n s i l e  spec imen d a t a .  From s i m p l i f i e d  t o t a l  d e f o r m a t i o n  t h e o r y ,  
t h e  f o l l o w i n g  r e l a t i o n s h i p s  be tween p l a s t i c  d e f o r m a t i o n  o f  s p h e r e s  
and u n i a x i a l  spec imens  may b e  d e r i v e d :  

1 - 
E l = ? €  (1 )  

and 

where  i s  t h e  t r u e  hoop s t r a i n  o f  a  s p h e r e  a t  t h e  t r u e  hoop s t r e s s  
(ol) and 7 i s  t h e  t r u e  s t r a i n  o f  a  u n i a x i a l  spec imen a t  a  t r u e  
s t r e s s  o f  T. 

An e m p i r i c a l  f a c t o r  based  on e x p e r i e n c e ,  however,  i n d i c a t e s  
t h a t  t h e  p l a s t i c  s t r a i n  component from Eq. (1) i s  more n e a r l y :  

Us ing  Eq. ( 2 )  and ( 3 ) ,  a  c r y o g e n i c  b i a x i a l  s t r e s s / s t r a i n  c u r v e  f o r  
s p h e r e s  may be  c o n s t r u c t e d  from a  -320°F u n i a x i a l  s t r e s s l s t r a i n  
c u r v e  o f  t h e  a n n e a l e d  m a t e r i a l .  Such b i a x i a l  c u r v e s  a r e  p r e p a r e d  
d u r i n g  t h e  e v a l u a t i o n  o f  e a c h  h e a t  o f  m a t e r i a l  and a r e  used  t o  p r e -  
d i c t  t h e  amount o f  s t r e t c h i n g  t h a t  s p h e r e s  w i l l  unde rgo  when t h e y  
a r e  p r e s s u r i z e d  d u r i n g  s t r e t c h - f o r m i n g .  



S i m i l a r l y ,  f o r  c y l i n d e r s ,  by i n c l u d i n g  a n  e m p i r i c a l  s t r a i n  
c o r r e c t i o n  f a c t o r  

where clC i s  t h e  t r u e  hoop s t r a i n  of  an  i n f i n i t e l y  long c y l i n d e r  

a t  a  t r u e  hoop s t r e s s  of  u and 1 C  ' 

M o d i f i c a t i o n s  t o  t h e s e  b i a x i a l  d e s i g n  c u r v e s  can t h e n  be made on 
t h e  b a s i s  of a c t u a l  b i a x i a l  t e s t  d a t a  ob ta ined  w i t h  a  s e r i e s  o f  
s p h e r e s  and c y l i n d e r s .  

An a d d i t i o n a l  d e s i g n  requirement  i s  t o  p r e d i c t  t h e  s t r e n g t h  
t h a t  r e s u l t s  when v e s s e l s  a r e  s t r e t c h e d  a  s p e c i f i e d  amount. It 
h a s  been shown t h a t  t h e  y i e l d  s t r e n g t h  of  c r y o g e n i c a l l y - s t r e t c h e d  
s p h e r e s  i s  c l o s e  t o  t h e  s t r e n g t h  of  u n i a x i a l  specimens t h a t  have 
been c r y o g e n i c a l l y  p r e s t r e s s e d  t o  t h e  same t r u e  s t r e s s  l e v e l s .  
The d i f f e r e n c e s  between u n i a x i a l  and s p h e r e  s t r e n g t h  d i m i n i s h e s  
a t  t h e  h i g h e s t  s t r e n g t h  l e v e l s .  

2 
For  c y l j n d e r s ,  i t  has  been observed t h a t  t h e i r  s t r e n g t h  i s  - 

3  
t h e  s t r e n g t h  of  t e n s i l e  specimens t h a t  have been p r e s t r e s s e d  t o  a  

3  t r u e  s t r e s s  l e v e l  - t i m e s  t h e  t r u e  s t r e s s  of t h e  c y l i n d e r  hoop. 
2 

B i a x i a l  d e s i g n  c h a r t s  f o r  Heat 57093 a r e  p r e s e n t e d  i n  F i g .  B-15 
and B-16. The t r u e  s t r a i n s ,  c1, has  been conver ted  t o  more f a m i l i a r  
e n g i n e e r i n g  s t r a i n s  [exp (c l ) -11 i n  t h e  c h a r t .  T h e r e f o r e ,  s t r a i n s  

R 
a r e  p resen ted  a s  ( i . e . ,  a s  1 + t h e  e n g i n e e r i n g  s t r a i n ) ,  where R 

0 

R i s  t h e  f i n a l  r a d i u s  of t h e  s t r e t c h e d  v e s s e l  a f t e r  e l a s t i c  r e -  
P  

bound and R i s  t h e  i n i t i a l  r a d i u s  of  t h e  preform f o r  t h e  v e s s e l .  
0 

The d e s i g n  c h a r t s  show s e v e r a l  c u r v e s  of i n t e r e s t  t o  t h e  de -  
s i g n e r .  The c u r v e  l a b e l e d  u i n d i c a t e s  t h e  t r u e  hoop s t r e s s  ach ieved  

T  
a t  -320 OF d u r i n g  t h e  c r y o g e n i c - s t r e t c h i n g  p r o c e s s ,  and i s  d e r i v e d  
from t h e  u n i a x i a l  d a t a  u s i n g  E q .  ( 2 )  and (3) ( f o r  s p h e r e s ) ,  o r  Eq. 
(4) and (5) ( f o r  c y l i n d e r s ) .  The c u r v e s  i n c l u d e  c o r r e c t i o n s  f o r  
e l a s t i c  s t r a i n .  The c u r v e  l a b e l e d  S2 i s  more u s e f u l  f o r  t h e  de -  
s i g n e r ,  s i n c e  i t  p r e d i c t s  t h e  nominal c r y o g e n i c - s t r e t c h i n g  s t r e s s  
r e q u i r e d  t o  s t r e t c h  a  preform a  g iven  amount. 
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F i g ,  B - 1 5  C y l i n d e r  Design C h a r t  from T e n s i l e  Coupon Data  (Heat 50793) 
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F ig .  B - 1 6  Sphere Design Char t  from T e n s i l e  Coupon Data (Heat 50793) 



Note t h a t  t h e  S2 c u r v e  e x h i b i t s  a  t h e o r e t i c a l  maximum. T h i s  maximum 
r e p r e s e n t s  t h e  l i m i t i n g  nominal s t r e s s  and s t r a i n  of  v e s s e l s  made 
from t h i s  m a t e r i a l  d u r i n g  t h e  c r y o g e n i c - s t r e t c h i n g  p r o c e s s .  The 
maximum nominal s t r e t c h i n g  s t r e s s  (S2) i s  v e r i f i e d  e x p e r i -  maximum 
m e n t a l l y  w i t h  a c t u a l  p r e s s u r e  v e s s e l s  b u r s t i n g  annea led  v e s s e l s  a t  
-320°F. The maximum s t r a i n  a l l o w a b l e  i s  e s t i m a t e d  from u n i a x i a l  
d a t a .  Exceeding t h e  s t r e s s  o r  s t r a i n  a t  t h e  maximum w i l l  c a u s e  a  
v e s s e l  t o  b u r s t  d u r i n g  t h e  s t r e t c h .  The SIA c u r v e s  show t h e  b u r s t  

s t r e n g t h s  a t  d i f f e r e n t  o p e r a t i n g  t e m p e r a t u r e s  f o r  v e s s e l s  t h a t  have 
D 

been s t r e t c h e d  t o  a  d iamete r  r a t i o  o f  $ and have then  been aged .  
0 

B. SHELL DESIGN 

A d e s i g n  y i e l d  s t r e n g t h  t h a t  a p p e a r s  r e l i a b l e  from t h e  u n i a x i a l  
and b i a x i a l  d a t a  a v a i l a b l e  a t  t h e  a p p r o p r i a t e  o p e r a t i n g  t e m p e r a t u r e  
i s  s e l e c t e d .  For example, i f  a  c y l i n d e r  i s  b e i n g  d e s i g n e d ,  a  d e s i g n  
y i e l d  s t r e s s  of 294 lcsi a t  room t e m p e r a t u r e  ( s e e  F i g .  B-15) i s  w i t h i n  
t h e  c a p a b i l i t y  of  t h e  m a t e r i a l .  

From t h e  S c u r v e  i n  F i g .  B - 1 5 ,  a  room t e m p e r a t u r e  s t r e n g t h  of  
1 A 

294 k s i  i s  seen t o  correspond t o  an  R R v a l u e  o f  1 .105  ( i . e . ,  1 0 . 5 %  
P  / 0 

s t r a i n ) .  A t  t h i s  s t r a i n ,  t h e  nominal'cryogenic-forming s t r e s s  r e -  
q u i r e d  (ob ta ined  from t h e  c u r v e  marked S2) i s  250 k s i .  Before  p r o -  
c e e d i n g ,  t h e  d e s i g n  cryogeni-c forming s t r e s s  of  250 k s i  must b e  com- 
pa red  w i t h  t h e  maximum forming s t r e s s  f o r  a  c y l i n d e r  [(S2) 

maximum = 
271 k s i ]  o b t a i n a b l e  w i t h  t h i s  h e a t  of  m a t e r i a l .  S ince  a  margin  of  
about  7 . 7 %  e x i s t s ,  t h i s  i n d i c a t e s  t h a t  t h e  r e q u i r e d  s t r e t c h i n g  
s t r e s s  may be achieved w i t h  reasonab ly  low s c r a p  r a t e s .  A margin  
a s  low a s  5% may be used w i t h  good s u c c e s s ,  b u t  10% i s  t h e  margin  
most u s u a l l y  used .  

From t h e  d e s i g n  c h a r t  t h e n ,  t h e  nominal c ryogen ic  s t r e t c h  form- 
i n g  s t r e s s  of 250 k s i ,  and a  s t r a i n  of  10.5% have been d e t e r m i n e d .  
I n  a d d i t i o n ,  t h e  d e s i r e d  s t r e n g t h  a t  room t e m p e r a t u r e ,  294 k s i ,  h a s  
been shown t o  be a c h i e v a b l e  under t h e s e  s t r e t c h  c o n d i t i o n s .  



The minimum f i n a l  w a l l  t h i c k n e s s  of  t h e  v e s s e l  i s  n e x t  d e t e r -  
mined from t h e  d e s i g n  b u r s t  s t r e s s  ( b u r s t  i s  assumed t o  occur  a t  
y i e l d  a s  a  s l i g h t  d e s i g n  s a f e t y  f a c t o r )  a t  t h e  o p e r a t i n g  tempera-  
t u r e  a s  f o l l o w s :  

where P i s  t h e  d e s i g n  b u r s t  p r e s s u r e ,  D i s  t h e  d e s i g n  maximum 
B P  

o u t s i d e  r a d i u s ,  and S  ' i s  t h e  d e s i g n  s t r e s s  (294,000 p s i )  a t  b u r s t .  
1 A 

The f i n a l  minimum w a l l  t h i c k n e s s  can  t h e n  be ob ta ined  from E q .  ( 6 ) .  

A t  t h i s  p o i n t ,  t h e  d imension o f  t h e  preform may be de te rmined .  
The maximum o u t e r  d i a m e t e r  of  t h e  preform i s  determined from t h e  
s t r a i n  ob ta ined  from t h e  d e s i g n  c h a r t  and t h e  d e s i r e d  f i n a l  o u t e r  
d i a m e t e r .  

I n  o r d e r  t o  de te rmine  t h e  w a l l  t h i c k n e s s  of  t h e  preform i t  i s  
n e c e s s a r y  t o  know t h e  r e l a t i o n s h i p  between t h e  w a l l  t h i c k n e s s  o f  
t h e  preform and t h e  f i n a l  w a l l  t h i c k n e s s  o f  t h e  v e s s e l  f o r  a  known 
s t r e t c h  pe rcen tage .  T h i s  r e l a t i o n s h i p  may be shown t o  b e :  

where t i s  t h e  minimum t h i c k n e s s  of  t h e  preform. 
0 

The preform d e s i g n  o f  t h e  c y l i n d r i c a l  s h e l l  i s  now accomplished 
excep t  f o r  manufac tu r ing  t o l e r a n c e s .  

The d e s i g n  of  s p h e r e s  p roceeds  a long  s i m i l a r  l i n e s  excep t  t h a t  
E q .  (6)  becomes: 

t =  'B (D,) 
( S 1 ~ )  

(9) 

and E q .  (8) becomes 
\ 



For g r e a t e r  u n i f o r m i t y  of s t r e t c h i n g  and reduced w e i g h t ,  s p h e r e -  
preform components may be machined a l l  o v e r ,  r a t h e r  t h a n  used w i t h  
as-hydroformed d imens ions .  Arde ' s  e x p e r i e n c e  w i t h  hydroformed and 
deep-drawn hemispheres  has  shown t h a t  t h e  t o t a l  v a r i a t i o n  i n  t h i c k -  
n e s s  can be a s  much a s  15%. On t h e  o t h e r  hand,  by machining t h e  
hemispher ica l  components t h a t  c o n s t i t u t e  t h e  preform,  a  t o t a l  v a r -  
i a t i o n  o f  0 .005  i n .  may be o b t a i n e d .  Based on t h e s e  t o l e r a n c e s ,  
t h e  preform t h i c k n e s s  may be s p e c i f i e d  a s  t + t o l e r a n c e s .  

0 

A f i n a l  c o n s i d e r a t i o n  i s  t h e  a n t i c i p a t e d  minimum c o n t a i n e d  v o l -  
ume of t h e  v e s s e l  a f t e r  s t r e t c h i n g  t h e  preform. I f  t h e  v e s s e l  has 
a  maximum-diameter r e s t r i c t i o n  due t o  envelope r e q u i r e m e n t s ,  f o r  a  
v e s s e l  s t r e t c h e d  w i t h o u t  a  d i e ,  t h e  minimum volume g u a r a n t e e  would 
have t o  be based on a  d iamete r  about  0.5T l e s s  t h a n  t h e  maximum a l -  
lowable d i a m e t e r .  T h i s  r e p r e s e n t s  t h e  maximum t o l e r a n c e  between 
t h e  p r e d i c t e d  and a c t u a l  s t r a i n s  achieved when s t r e t c h i n g  a  new de-  
s i g n .  The r e p e a t a b i l i t y  from v e s s e l  t o  v e s s e l ,  however, i s  w i t h i n  
0 .25% of  t h e  d i a m e t e r .  For c l o s e r  c o n t r o l  of  f i n a l  s i z e ,  v e s s e l s  
can be s t r e t c h e d  i n  a  forming d i e  t o  r educe  t h e  d i a m e t r i c  t o l e r a n c e .  

C . DESIGN OF COMPLEX PREFORMS 

The d e s i g n  of  a  preform t h a t  can be d e s c r i b e d  a s  a  g e n e r a l  s u r -  
f a c e  of r e v o l u t i o n  has  been t r e a t e d  i n  Ref.  1 2 .  The d e s i g n  p r o -  
cedure  i s  conducted by i n i t i a t i n g  t h e  problem a t  an  apex of t h e  
preform on t h e  c e n t e r l i n e  of t h e  s u r f a c e  of  r e v o l u t i o n .  I n  such  
a  c a s e ,  t h e  two p r i n c i p a l  s t r a i n s  (mer id iana l  and hoop) a r e  e q u a l .  
A v a l u e  i s  assumed f o r  one o i  t h e  s t r a i n s .  From t h e s e  c o n d i t i o n s ,  
t h e  s t r a i n s  and t h e  s t r e s s e s  may now he determined a t  a  p o s i t i o n  
t h a t  i s  an  a r b i t r a r y  m e r i d i a n a l  increment  of l e n g t h  a l o n g  t h e  p r e -  
form s u r f a c e  away from t h e  apex .  The c o n d i t i o n s  a t  t h e  end of  t h i s  
a r b i t r a r y  i n c r e m e n t a l  d i s t a n c e  now s e r v e  t o  e s t a b l i s h  t h e s e  q u a n t i -  
t i e s  a t  a  l o c a t i o n  a  smal l  d i s t a n c e  f u r t h e r  away from t h e  apex .  
T h i s  procedure  i s  con t inued  t o  subsequent  s t a t i o n s  around t h e  p r e -  
form. The r e s u l t i n g  s t r e t c h e d  shape ,  d e f i n e d  on t h e  b a s i s  of t h e  
s t r a i n  assumed by t h e  apex ,  i s  t h e n  compared w i t h  c e r t a i n  r e q u i r e d  
boundary c o n d i t i o n s  t h a t  depend on t h e  preform be ing  c o n s i d e r e d .  
For example, t h e  boundary c o n d i t i o n s  imposed on a  preform c o n t a i n -  
i n g  a  s e m i - i n f i n i t e  c y l i n d r i c a l  p o r t i o n  a r e  t h a t  t h e  s l o p e  of t h e  
preform s u r f a c e  must be i n  t h e  m e r i d i a n a l  d i r e c t i o n  p a r a l l e l  t o  t h e  
c e n t e r l i n e  of  t h e  s u r f a c e  of r e v o l u t i o n ,  and t h a t  t h e  f i n a l  d iamete r  
a t  s t a t i o n s  nea r  t h e  middle of  t h e  c y l i n d r i c a l  s e c t i o n  must n o t  ex- 
ceed t h a t  of  an i n f i n i t e l y - l o n g  c y l i n d e r .  I f  t h e  s t r e t c h e d  shape 



does not  conform t o  t h e s e  boundary c o n d i t i o n s ,  t h e  e n t i r e  c a l c u l a -  
t i o n  i s  r e p e a t e d  u s i n g  a  new assumed s t r a i n  a t  t h e  apex.  Repeated 
t r i a l s  a r e  made w i t h  new apex s t r a i n s  u n t i l  t h e  boundary c o n d i t i o n s  
a r e  s a t i s f i e d  w i t h i n  s p e c i f i e d  t o l e r a n c e s .  The shape t h a t  r e s u l t s  
when t h e  assumed i n i t i a l  s t r a i n  r e s u l t s  i n  conformance t o  t h e  
boundary c o n d i t i o n s  i s  t h e  f i n a l  p r e d i c t e d  s t r e t c h  shape.  T h i s  
procedure  has  been programed f o r  o b t a i n i n g  computer s o l u t i o n s ,  a s  
i t  i s  obvious  t h a t  t h e  accuracy  of t h e  r e s u l t s  depends on u s i n g  a  
l a r g e  number of  inc rementa l  s t e p s  a l o n g  t h e  s u r f a c e  of  t h e  preform.  
An example of a  shape s t r e t c h e d  on t h e  b a s i s  of  such a  d e s i g n  p r o -  
cedure  i s  shown i n  F i g .  B-14. 

D . CONFIGURATIONAL FEATURES 

A wide v a r i e t y  of  shapes  can be i n c o r p o r a t e d  i n t o  c r y o g e n i c a l l y -  
s t r e t ch- fo rmed  v e s s e l s  by p roper  d e s i g n .  S e v e r a l  r e p o r t s  d e s c r i b i n g  
t h e  t y p e s  of  shapes  and a t t achments  t h a t  have been f a b r i c a t e d  by t h e  
s t r e t c h - f o r m i n g  p r o c e s s  have been p u b l i s h e d .  Development programs 
performed t o  demons t ra te  t h e  f a b r i c a t i o n  o f  a  v a r i e t y  of  c o n f i g u r a -  
t i o n a l  f e a t u r e s  a r e  d e s c r i b e d  i n  Ref.  12 .  E l l i p t i c a l  heads ,  s k i r t s ,  
and heavy r i n g  s e c t i o n s  were formed i n  v e s s e l s  u t i l i z i n g  t h e  c r y o -  
g e n i c - s t r e t c h - f o r m i n g  p r o c e s s .  By one t e c h n i q u e ,  t h e  heavy r i n g s  
were a t t s c h e d  t o  t h e  preform by we ld ing  s e p a r a t e l y - s t r e t c h e d  r i n g s  
t o  c ~ y o g e n i c a l l y - s t r e t c h e d  v e s s e l s .  A j o i n t  between t h e  r i n g s  and 
t h e  r e s t  of t h e  v e s s e l s  was t h e n  s t r e n g t h e n e d  by a  c ryogen ic  r e -  
s t r e t c h .  

Reference  1 3  d e s c r i b e s  how a  t w i c e - t h i c k n e s s  r i n g  s e c t i o n  was 
i n c o r p o r a t e d  a s  p a r t  of t h e  preform i n  t h e  c y l i n d r i c a l  p o r t i o n  of  
t h e  v e s s e l  and s t r e t c h e d  i n t e g r a l l y  w i t h  t h e  e n t i r e  preform by 
p r e s s u r i z i n g  i n  a  c y l i n d r i c a l  d i e .  I n  such a  c a s e ,  t h e  t h i n - w a l l e d  
s e c t i o n s  f i r s t  move o u t  t o  t h e  d i e  and a r e  t h e n  suppor ted  by t h e  
d i e  w a l l .  S u f f i c i e n t  h igh  p r e s s u r e  i s  t h e n  a p p l i e d  t o  move t h e  
heavy-walled r e g i o n  o u t  t o  t h e  d e s i r e d  d i a m e t e r .  

A wide v a r i e t y  of shapes  may be f a b r i c a t e d  by means of  t h e  c r y -  
o g e n i c - s t r e t c h - f o r m i n g  p r o c e s s .  V e s s e l s  w i t h  w a l l  t h i c k n e s s e s  r ang-  
i n g  from 0.020 t o  0.375 i n .  have been f a b r i c a t e d  and c y l i n d r i c a l  
v e s s e l s  w i t h  d i a m e t e r s  up t o  40 i n .  have been s u c c e s s f u l l y  s t r e t c h -  
formed. The o n l y  t h e o r e t i c a l  l i m i t - t o  v e s s e l  s i z e  i s  t h e  s i z e  of 
t h e  s t r e t c h  f a c i l i t y .  As may be s e e n  from t h e  examples above,  com- 
p l e x  shapes  a r e  f a b r i c a t e d  by two b a s i c  methods.  



I n  t h e  f i r s t  method, a  preform c o n t a i n i n g  a l l  t h e  d e s i r e d  con-  
f i g u r a t i o n a l  f e a t u r e s  i s  s t r e t c h e d  t o  t h e  r e q u i r e d  s i z e  and shape .  
The v e s s e l s  d e s c r i b e d  i n  Ref .  11 u t i l i z e d  t h i s  t e c h n i q u e  i n  s t r e t c h -  
i n g  t h e  t w i c e - t h i c k n e s s  r i n g ,  Most p o r t s  o r  b o s s e s  i n  s p h e r e s  and 
i n  t h e  heads  of  c y l i n d r i c a l  v e s s e l s  can  u s u a l l y  be s t r e t c h e d  i n  
t h i s  manner. 

I n  t h e  second method, a  preform i n c o r p o r a t i n g  some o f  t h e  f e a t -  
u r e s  i s  f i r s t  s t r e t c h e d ;  t h e n  a d d i t i o n a l  f e a t u r e s  a r e  welded t o  t h e  
s t r e t c h e d  v e s s e l s .  The s u b s c a l e  Sparrow motor c a s e  v e s s e l s  i n  
F i g .  B-17 u t i l i z e d  t h i s  t e c h n i q u e  t o  a  g r e a t  e x t e n t .  F e a t u r e s  o f  
a  c r o s s - s e c t i o n  much h e a v i e r  t h a n  t h e  b a s i c  membrane t h i c k n e s s  a r e  
g e n e r a l l y  r e q u i r e d  t o  be a t t a c h e d  i n  t h i s  f a s h i o n .  A f t e r  w e l d i n g ,  
t h e  l o c a l l y - a n n e a l e d  r e g i o n s  of  t h e  s t r e t c h e d  v e s s e l  a r e  s t r e n g t h -  
ened by a  c r y o g e n i c  r e s t r e t c h .  The l o c a l  de fo rmat ion  t h a t  r e s u l t s  
from t h e  second s t r e t c h  does  not  change t h e  v e s s e l  shape ,  bu t  r a i s e s  
t h e  l o a d - c a r r y i n g  c a p a b i l i t y  of  t h e  r e s t r e t c h  a r e a  t o  w i t h i n  abou t  
5% o f  t h e  r e s t  of  t h e  v e s s e l .  

I n t e g r a l l y - s t r e t c h e d  preforms a r e  p r e f e r a b l e  t o  t h o s e  t h a t  r e -  
q u i r e  p o s t - s t r e t c h  we ld ing  and r e s t r e t c h i n g .  Although t h e  r e s t r e t c h  
p rocedure  does  p rov ide  s u f f i c i e n t  s t r e n g t h ,  it should  be recogn ized  
t h a t  i n t e r g r a n u l a r  c a r b i d e s  a r e  n o t  removed by t h i s  p rocedure .  I n  
a p p l i c a t i o n s  r e q u i r i n g  exposure  t o  c o r r o s i v e  environments ,  t h e  e f -  
f e c t  of t h e  i n t e r g r a n u l a r  c a r b i d e s  should be e v a l u a t e d  b e f o r e  ap-  
p l i c a t i o n  of  such d e s i g n s  i s  c o n s i d e r e d .  The i n t e g r a l l y - s t r e t c h e d  
p re fo rm,  on t h e  o t h e r  hand,  i s  f u l l y  annealed and quenched b e f o r e  
b e i n g  s t r e t c h e d ,  and i s  f r e e  from i n t e g r a n u l a r  c a r b i d e  p r e c i p i t a -  
t i o n .  
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F i g .  C-1 Dynamic Ffoduli of  2021-T81 Aluminum A l l o y ,  L o n g i t u d i n a l  D i r e c t i o n  





Fig. C-3 Dynamic Moduli of X7007-T6 Aluminum Alloy, Longitudinal Direction 







Fig. C-6 Thermal Expansion of X7007-T6 Aluminum Alloy 
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