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ABSTRACT -- 

Ti tan ium a l l o y  6AR-4V STA was e v a l u a t e d  i n  o r d e r  t o  d e t e r m i n e  
whether  f l a w  growth o c c u r r i n g  d u r i n g  proof  t e s t i n g  of hardware  
r e s u l t s  from pop-in o r  s low growth.  The f a c t o r s  t h a t  a f f e c t  such  
growth and t h e  e f f e c t  of subsequen t  s e r v i c e  l i f e  were  a l s o  d e t e r -  
mined. 

The r e s u l t s  showed t h a t  c r a c k  e x t e n s i o n  was of t h e  s low growth 
t y p e ,  i n i t i a t i n g  a t  s t r e s s  i n t e n s i t i e s  above 85%K 

I c  
Growth was found t o  b e  minor a t  c r y o g e n i c  t e m p e r a t u r e s  and modest 
a t  room t e m p e r a t u r e .  It was concluded t h a t  t h e  s u s c e p t i b i l i t y  t o  
slow growth i s  s t r o n g l y  i n f l u e n c e d  by c r a c k  s i z e .  

The g r e a t  v a l u e  of t h e  c r y o g e n i c  proof t e s t  was conf i rmed.  
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'I'lie o b j e c t i v e  of t h i s  progr-arn w2c LI) ~ ' r i a ~  a c t - e r ~ i e  t h e  behav- 
i o ~  o f  6AR-4V STA t i t a n i u m  a l l o y  I n  c:-iier t v  s a r i s f y   he f o l l o w -  
i n g  r e q u i r e m e n t s :  

1 )  To d e t e r m i n e  wiaarhe; f L a b r  ; ,os~:i  iicc...~~;-renee d u r i n g  
p roo f  t e s t i n g  r e s u l t 5  f  rcrlrl e n v i c b n ~ n e n t a l  e f f e c t s  
( e . g , ,  s l o w  growrh caused  b y  s t tess  c o r r o s i o n )  o i  
f rom pop-in where  t h e  crack e x l e n d s  i n i t i a l l y  ill 

a  s t a t e  of  p l a n e  s t r a i n  aud i s  a r r e s t e d  when t h e  
s t a t e  changes  t o  p l a n e  s tress;  

2 )  To d e t e r m i n e  t h e  e f f e c t  o f  s t r e s s - - i n t e n s i t y - f a c t o r  
l e v e l ,  p l a t e  t h i c k n e s s ,  f l a w  s h a p e ,  f l a w  l o c a t i o n ,  
and env i ronmen t  on t h e  o c c u r r e n c e  o f  f l a w  growth  
d u r i n g  p roo f  t e s t i n g ;  

3 )  To d e t e r m i n e  t h e  e f f e c t  o f  f l a w  growth d u r i n g  p r o o f  
t e s t i n g  on t h e  r e m a i n i n g  c y c l i c  l i f e  a t  no rma l  op- 
e r a t i n g  s t r e s s  l e v e l s ,  

Flaw growth  d u r i n g  p r o o f  t e s t i n g  rras of  t h e  s low g rowth  t y p e .  
A l though  t h e  o c c u r r e n c e  o f  s low f l a w  growth  i m p l i e s  a stress 
c o r r o s i o n  mechanism, o u r  d a t a  d o e s  n o t  i n d i c a t e  a s u f f i c i e n t  d i f -  
f e r e n c e  i n  t h e  s u s c e p t i b i l i t y  t o  s l o w  growth  t o  f i r m l y  show a n  
e n v i r o n m e n t a l  e f f e c t  i n  compar ing  t h e  various media .  

T u n n e l i n g  b e h a v i o r ,  a s  d e s c r i b e d  i n  p r i o r  work by o t h e r s ,  was 
n e i t h e r  p r e v a l e n t  no1 s i g n i f i c a n t ,  T h e  magn i tude  o f  t u n n e l i n g  
was n o t  g r e a t ;  i n  most  c a s e s  i t  was m a n i f e s t  by  l i t t l e  more t h a n  
a  t endency  t o  s q u a r e  o f f  t h e  s e l a i e ! i i p t i c a l - s h a p e d  p r e c s a c k .  
T u n n e l i n g  b e h a v i o r ,  unde r  slow growth c o n d i t i o n s ,  a p p e a r s  t o  b e  
more p r e v a l e n t  w i t h  a  h i g h  a / 2 c  ~ a n i o  i n  t h e  gages  t e s t e d ,  

It was d e t e r m i n e d  t h a t  c h e  l e v e l  a t  which f l a w  growth  i - n i t i -  
a t e d  was 85 t o  90% o f  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  

("1.) . 

A t  70°F,  s l o w  growth was s i g n i f i c a n t  a t  h i g h  p e r c e n t a g e s  o f  

lZ1 c  
and u n d e r  l o n g t i m e  h o l d i n g ,  Cryogen ic  t e s t s  showed t h a t  

grorxth was q u i t e  minor  a t  s i n i i l a r  L e v e l s  of s t r e s s  i n t e n s i t y .  
T h i s  o b s e r v a t i o n  h a s  caused  us  t o  c o n c l u d e  t h a t  t h e  s u s c e p t i b i l -  
i t y  t o  s l o w  growth  i s  s t r o n g l y  in fLuenced  by  craclc s i z e ,  s i n c e  
t h e  LN2 spec imens  c o n t a i n e d  s m a l l  f l a w s  aiid d i d  n o t  e x h l i i j t  g r e a t  
growth . 



Based on t h e  s low growch observations, i t  is  i i n p o ~ t a n t  t h a r  
s t a t i c  f r a c t u r e  toughness  d a t a  b e  o b t a i n e d  s o  t h a t  f a i l l i r e s  oc- 
c u r  i n  t h e  stress range  co r respond ing  t o  t h e  a n t i c i p a l e d  proof 
s tress.  For t h e  Apol lo  hardware ,  t h i s  i m p l i e s  70°F  s e d t i c   tough^- 
n e s s  t e s t s  i n  t h e  140 k s i  r ange  and -320°E t e s t s  in the 187 k s i  
r ange .  For t h e  f l a w  s i z e s  t h a t  w i l l  c ause  f a i l u r e s  a t  t h e s e  
s t r e s s e s ,  s low f l aw growth i s  n o t  s i g n i f i c a n t .  

The d a t a  g e n e r a t e d  i n  t h i s  program conf i rms t h e  g r e a t  v a l u e  
of  t h e  c r y o g e n i c  proof  tests  f o r  e s t a b l i s h i n g  t h e  h i g h e s t  p o s s i -  
b l e  r e l i a b i l i t y  i n  hardware .  It i s  a l s o  a p p a r e n t  t h a t  a  room 
t e m p e r a t u r e  proof  test  p r i o r  t o  c r y o g e n i c  proof  t e s t i n g  i s  s t i l l  
a  s a t i s f a c t o r y  t e c h n i q u e  t o  s c r e e n  o u t  t h e  l a r g e r  f l a w s .  There  
is  t h e  p o s s i b i l i t y ,  a l t h o u g h  n o t  g r e a t ,  t h a t  t h e  room t e m p e r a t u r e  
proof  test  may r e s u l t  i n  l e a k a g e  r a t h e r  t h a n  c a t a s t r o p h i c  f a i l -  
u r e ;  t h e r e  is  no p r o b a b i l i t y  of  t h e  l a r g e  f l aws  p a s s i n g  t h e  cryo-  
g e n i c  p roof  t e s t .  



I .  INTRODUCTION 

The a p p l i c a t i o n  of  f r a c t u r e  nlec!zal;ics teckancjlogy t o  t h e  q u a l i -  
f i c a t i o n  o f  p r e s s u r e  v e s s e l  hardware  i s  commonly ach ieved  by 
u t i l i z a t i o n  of t h e  p roof  t e s t  method, B a s i c a l l y ,  t h i s  approach 
u s e s  t h e  l o g i c  t h a t  a  p roof  t e s t  can p rov ide  i n f o r m a t i o n  on t h e  
maximum f l a w  s i z e  t h a t  cou ld  b e  p r e s e n t  i n  t h e  s t r u c t u r e .  A com- 
p a r i s o n  of  t h i s  f l a w  s i z e  w i t h  t h a t  r e q u i r e d  t o  cause  f a i l u r e  a t  
t h e  s e r v i c e  s t r e s s ,  and e v a l u a t i o n  of t h e  tendency toward s low 
craclc growth under  s u s t a i n e d  o r  c y c l i c  l o a d i n g ,  presumably g i v e s  
a  v a l i d  measure of  t h e  r e l i a b i l i t y  of  t h e  hardware .  

I n  c e r t a i n  s i t u a t i o n s ,  p a r t i c u l a r l y  w i t h  deep f l a w s  i n  t h i n -  
gage  high- toughness  m a t e r i a l s ,  t h e r e  i s  t h e  p r o b a b i l i t y  t h a t  t h e  
proof  t e s t  method does n o t  f u l l y  characterize b e h a v i o r  because  of  
"pop-in"* o r  s low c r a c k  growth.  The p o s s i b i l i t y  e x i s t s  t h a t  
c r a c k s  o f  l a r g e r  magnitude t h a n  t h o s e  p r e d i c t e d  can b e  p r e s e n t  
a f t e r  p roof  t e s t i n g .  It  i s  t h e r e f o r e  e s s e n t i a l  t h a t  t h e  growth 
c h a r a c t e r i s t i c s  of  such  d e f e c t s  be  f u l l y  e v a l u a t e d  i n  o r d e r  t o  
p r e d i c t  s t r u c t u r a l  r e l i a b i l i t y ,  

The o b j e c t i v e  of t h i s  program i s  t o  s t u d y  t h e  f l a w  growth 
b e h a v i o r  i n  6AR-4V t i t a n i u m  a l l o y  r e s u l t i n g  from s t r e s s  p r o f i l e s  
s i m i l a r  t o  t h o s e  which o c c u r  d u r i n g  proof  t e s t i n g  of  t h e  Apol lo  
s p a c e c r a f t  p r e s s u r e  v e s s e l ,  

" a r r e s t e d  c r a c k  gruwth 



I I .  BACKGROUND 

Unexpected f a i l u r e s  of Apollo p r e s s u r e  v e s s e l  hardware t h a t  
occur red  i n  l a t e  1966 focused a t t e n t i o n  on t h e  r e l i a b i l i t y  of such 
hardware.  A s  a  r e s u l t ,  r e s e a r c h  was i n i t i a t e d  t o  de te rmine  t h e  
s u i t a b i l i t y  of f r a c t u r e  mechanics t echn iques  t o  p r e d i c t  perform- 
ance.  

Three programs, conducted by Boeing t o  i n v e s t i g a t e  f l a w  growth 
behav ior  (Ref 1, 2 ,  and 3 ) ,  d e a l t  w i t h  t h e  e f f e c t  of v a r i o u s  en- 
v i ronments  on t h e  s u s t a i n e d  l o a d  f l a w  growth and w i t h  c y c l i c  l o a d  
growth behav ior .  

A f o u r t h  program, performed by B a t t e l l e  Memorial I n s t i t u t e  
(Ref 4 ) ,  d e a l t  w i t h  an e x p e r i m e n t a l  program t o :  (1) de te rmine  t h e  
f e a s i b i l i t y  of us ing  t h e  c ryogen ic  proof t e s t  t o  s c r e e n  o u t  s m a l l  
d e f e c t s ;  (2)  e s t a b l i s h  maximum a n t i c i p a t e d  d e f e c t  s i z e  a f t e r  proof  
t e s t i n g ;  (3 )  s t u d y  f l a w  growth b e h a v i o r ;  ( 4 )  s t u d y  environmental  
e f f e c t s ;  and (5) s t u d y  t h e  r e l a t i o n s h i p  between t h i c k n e s s  and f l a w  
t o l e r a n c e .  The B a t t e l l e  f i n d i n g s  l e d  t o  t h e  conc lus ion  t h a t  t h e  
c ryogen ic  proof  t e s t  would indeed  p o i n t  t o  t h e  d e t e c t i o n  o f  s m a l l e r  
f l aws  t h a n  could  be  found by a  room-temperature proof  t e s t .  It 
was a l s o  found t h a t  s u b c r i t i c a l  c r a c k s  t h a t  d i d  n o t  cause  f a i l u r e  
i n  proof  would grow d u r i n g  lower s t r e s s  c y c l i c  l o a d i n g  (105 k s i ) ,  
b u t  t h a t  t h e  c r i t i c a l  c r a c k  s i z e  was g r e a t e r  than  t h e  w a l l  t h i c k -  
n e s s  so  t h a t  l eakage  would p recede  c a t a s t r o p h i c  f a i l u r e .  The 
p r i n c i p a l  o b s e r v a t i o n  made i n  t h i s  program was t h e  pop-in b e h a v i o r  
o r  t u n n e l i n g  growth t h a t  o c c u r r e d  i n  t h e  wid th  d i r e c t i o n  d u r i n g  
proof  t e s t i n g .  As a  r e s u l t  o f  t h e  f i n d i n g s  of t h i s  program, i t  
was recommended t h a t  a  f u r t h e r  s tudy  o f  t h e  e f f e c t  of f l aw growth 
d u r i n g  proof  t e s t i n g  be performed.  Th is  recommendation was t h e  
b a s i s  f o r  t h e  c u r r e n t  i n v e s t i g a t i o n .  



111. EXPERIMENTAL PLAN 

The o b j e c t i v e  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  
e f f e c t  o f  f l aw geometry,  l o c a t i o n ,  m a t e r i a l  t h i c k n e s s ,  env i ron-  
ment, and proof  stress h o l d  t ime on f l a w  growth b e h a v i o r  of 
6AQ-4V STA t i t a n i u m  a l l o y .  S p e c i f i c a l l y ,  t h e  program g o a l s  were 
t o  de te rmine :  

1 )  Whether f l a w  growth occur rence  d u r i n g  proof  t e s t i n g  
r e s u l t s  from env i ronmenta l  e f f e c t s  ( e . g . ,  s low g r o b ~ t h  
caused by s t r e s s  c o r r o s i o n )  o r  from pop-in where t h e  
c rack  i n i t i a l l y  e x t e n d s  i n  a  s t a t e  o f  p l a n e  s t r a i n  
and i s  a r r e s t e d  when t h e  s t a t e  changes t o  p l a n e  s t r e s s ;  

2) The e f f e c t  of s t r e s s - i n t e n s i t y  f a c t o r  l e v e l ,  t h i c k n e s s ,  
f l aw s h a p e ,  f l a w  l o c a t i o n  on t h e  o c c u r r e n c e  o f  f l aw 
growth d u r i n g  p roof  t e s t i n g ;  

3)  The e f f e c t  of f l a w  growth d u r i n g  proof  t e s t i n g  on t h e  
remaining c y c l i c  l i f e  a t  normal o p e r a t i n g  s t r e s s  l e v e l s .  

The p rocedure  used i n  t h i s  program was t o  app ly  t h e  proof  s t r e s s  
p r o f i l e  d e p i c t e d  i n  F igure  111-1 t o  v a r i o u s  t i t a n i u m  specimens,  and 
t h e n  f a t i g u e - c y c l e  t h e  specimens t o  de te rmine  t h e  e f f e c t  of growth 
d u r i n g  proof  t e s t i n g .  

Specimens were t o  be p r e p a r e d  and e v a l u a t e d  accord ing  t o  t h e  
f o l l o w i n g  c o n d i t i o n s  i n  o r d e r  t o  c h a r a c t e r i z e  t h e  d e s i r e d  b e h a v i o r :  

1 )  T e s t  m a t e r i a l  and c o n d i t i o n  

Alloy - 6AQ-4V t i t a n i u m  a l l o y ,  

Condi t ion  - STA ( s o l u t i o n  t r e a t e d  and aged) p l u s  s t r e s s  
r e l i e f  (1000°F/4 h r ,  AC) a f t e r  specimen machining,  

Thickness  - nominal t h i c k n e s s e s  of 0 .032,  0 .063,  and 
0.090 i n c h ;  

2 )  Flaw geometry 

Normal f l a w  - a / 2 c  - % 0 . 4 ,  

Elongated f l aw - a / 2 c  = 0 . 1  t o  0 . 2 ;  

3) Flaw l o c a t i o n  

P a r e n t  m e t a l ,  

Weld c e n t e r l i n e ,  

Heat a f f e c t e d  zone; 





4 )  Environments --- 

50% r e l a t i v e  humidi ty  a i r ,  

D i s t i l l e d  w a t e r ,  

L iqu id  n i t r o g e n ;  

5 )  Flaw growth 111easuring t g c h n i q ~ s  

S t r a i n  g a g e s ,  

Compliance gage ,  

O p t i c a l  microscope,  

Accelerometer  ; 

6 )  Proof s t r e s s  and s t r e s s  i n t e n s i t y  

Nominal proof  s t r e s s  

70°F = 140 k s i  
-32Q°F = 1.86 k s i ,  

I n i t i a l  s t r e s s  i n t e n s i t y  

K~ i 
= Q.85 t o  1 .00 K I c a  



P V .  MATERIALS PROCESSING 

A. MATERIAL 

The t i t a n i u m  a l l o y  s h e e t  (6AR-4V) m a t e r i a l  was s u p p l i e d  a s  
government f u r n i s h e d  p r o p e r t y  by NASA-MSC. A l l  m a t e r i a l  w a s  pro-  
duced by Titanium Metals Corpora t ion  o f  America (TMCA) and was 
f u r n i s h e d  i n  t h e  s o l u t i o n - t r e a t e d  and aged c o n d i t i o n .  Although 
i t  was o r i g i n a l l y  i n t e n d e d  f o r  a l l  m a t e r i a l  of a  s i n g l e  gage t o  
be  f u r n i s h e d  from a  s i n g l e  h e a t ,  t h i s  was n o t  p o s s i b l e .  A s  a  re- 
s u l t ,  two h e a t s  were used f o r  t h e  0.063-inch gage t e s t i n g ;  h e a t  
G-8202 was used f o r  welded specimens,  h e a t  K-2312 was used f o r  
p a r e n t  m e t a l  t e s t i n g .  

TMCA'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  composi t ion and prop- 
e r t i e s  g i v e n  i n  Table  I V - 1 .  

T a b l e  IV-1 Vendor ' s  C e r t i f i c a t i o n  Da ta  

B .  WELDING 

Pane l s  were p repared  f o r  welding i n  t h e  fo l lowing  manner. 
F i r s t ,  t h e  a l l o y s  were degreased i n  t r i c h l o r o e t h y l e n e  vapor ,  soaked 
i n  an a l k a l i n e  s o l u t i o n  f o r  15 minu tes ,  deox id ized  i n  HN03-HF 
p i c k l i n g  s o l u t i o n  f o r  5  minu tes ,  and r i n s e d  i n  deminera l i zed  w a t e r .  
Then t h e  edges  were f i l e d ,  t h e  c o r n e r s  were broken s l i g h t l y ,  and 



f i n a l l y  t h e  s u r f a c e  n e x t  t o  t h e  edge was sanded L i g h t l y  w i t h  180- 
g r i t  paper .  The specimens 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 ,  600-amp Sciaky 
Zero E r r o r  supp ly  and an A i r l i n e  welding f i x t u r e .  Welding was 
achieved w i t h  a  s i n g l e  pass  u s i n g  0.045-inch d iamete r  commercial- 
p u r i t y  t i t a n i u m  f i l l e r  w i r e .  Welding paramete rs  a r e  t a b u l a t e d .  

C u r r e n t ,  amp 

Torch speed ,  ipm 

Wire f e e d ,  ipm 

Backup g a s ,  a rgon ,  c f h  

Hold-down p l a t e s ,  
d i s t a n c e  from &, i n .  

E l e c t r o d e  d iamete r  

Subsequent r a d i o g r a p h i c  i n s p e c t i o n  showed no ev idence  of d e f e c t s  
o r  p o r o s i t y  and t h e  welds  were d e c l a r e d  a c c e p t a b l e .  

C .  F I N A L  P R O C E S S I N G  

Specimens were s t r e s s  r e l i e v e d  a f t e r  f i n a l  machining,  b u t  p r i o r  
t o  e l e c t r o - d i s c h a r g e  machining (EDM). The e n t i r e  sequence i s  a s  
fo l lows .  F i r s t ,  t h e  as - rece ived  specimens were deburred w i t h  600- 
g r i t  m e t a l l o g r a p h i c  p o l i s h i n g  paper .  Then they were c leaned  accord- 
i n g  t o  t h e  same procedure  used p r i o r  t o  welding.  Specimens were 
coa ted  w i t h  Turco p r e t r e a t  t o  p r e v e n t  o x i d a t i o n  d u r i n g  t h e  s t r e s s  
r e l i e v i n g  o p e r a t i o n .  S t r e s s  r e l i e v i n g  was accomplished a t  1000°F 
f o r  4 h o u r s  i n  a  c i r c u l a t i n g  a i r  f u r n a c e ;  and specimens were a i r -  
cooled.  The s u r f a c e  was then c leaned  by vapor  honing and HN03-HF 
p i c k l i n g  t r e a t m e n t .  

The f l aw s t a r t e r  was then  p laced  i n  t h e  specimens us ing  t h e  EDM 
t echn ique .  A f t e r  t h e  EDM p r o c e s s ,  specimens were given a  f i n a l  
c l e a n i n g  i n  ace tone  p r i o r  t o  f a t i g u e  e x t e n s i o n  o f  t h e  p r e c r a c k s ,  



V .  EXPERIMENTAL PROCEDURE A N D  TECHNIObtS 

A .  MECHANICAL PROPERTY TESTING 

1. Specimen Design 

Two t y p e s  of specimen d e s i g n s  were used i n  t h i s  i n v e s t i g a t i o n .  
Room tempera tu re  specimens were o f  t h e  s t a n d a r d  f r i c t i o n - g r i p p e d  
d e s i g n  s p e c i f i e d  i n  ASTM-E-8; t h e  c ryogen ic  specimens used t h e  
same t e s t  gage b u t  con ta ined  p in - load ing  g r i p  ends  (F ig .  V-1). 

Weld beads  were machined f l u s h .  

2 .  Instrumentation 

Bonded r e s i s t a n c e  s t r a i n  gages were used t o  o b t a i n  l o a d  v s  
s t r a i n  d a t a .  Se r ies -connec ted  gages ,  mounted on o p p o s i t e  s u r f a c e s ,  
were used t o  compensate f o r  s m a l l  misal ignments  and bending on 
p a r e n t  m e t a l  specimens.  Weld specimens were t e s t e d  w i t h  s i n g l e  
m i n i a t u r e  (1/32- in . )  gages ;  t h e  gage was l o c a t e d  a t  t h e  d e s i r e d  
p o s i t i o n  on t h e  weld zone (weld bead c e n t e r l i n e  o r  h e a t  a f f e c t e d  
zone) .  

S t r a i n  gages  were used t o  e s t a b l i s h  a  f u l l  b r i d g e  c i r c u i t  o f  
s t r a i n  gages  and t o  compensate f o r  t empera tu re  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 of t h e  
same type  of m a t e r i a l  b e i n g  e v a l u a t e d .  For 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  tech-  
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 .  
Constantan gages  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 ,  nichrome gages  were used.  

3 .  Testing Procedure 

T e n s i l e  specimens were t e s t e d  i n  l a b o r a t o r y  a i r  a t  70°F and 
a t  -320°F u s i n g  a  l i q u i d  n i t r o g e n  b a t h  i n  an  open-mouthed, foam 
i n s u l a t e d  c r y o s t a t .  Because o f  t h e  tendency f o r  c ryogen ic  t e s t  
specimens t o  f a i l  p remature ly  through punched gage marks and t h e  
pr imary need f o r  y i e l d  s t r e n g t h  d a t a  t o  be  used i n  f r a c t u r e  tough- 
n e s s  c a l c u l a t i o n s ,  no e l o n g a t i o n  d a t a  were o b t a i n e d  i n  t h e  -320°F 
t e s t s .  





B, FRACTURE 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  e v a l u a t i o n  o f  a  3-inch wide t e s t  
specimen. However, f a i l u r e  t o  o b t a i n  s u f f i c i e n t  t i t a n i u m  a l l o y  
n e c e s s i t a t e d  a  change t o  a  s l i g h t l y  s m a l l e r  specimen. The d e s i g n  
s e l e c t e d ,  shown i n  F i g u r e  V-2, u t i l i z e d  a  2 ,3- inch gage wid th .  
T r i p l e  p i n  l o a d i n g  was used.  

2 .  Specimen Preparat ion 

I n  a l l  welded specimens,  t h e  weld bead 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 a w s  were i n t r o d u c e d  i n t o  t h e  specimens by e l e c t r o -  
d i s c h a r g e  machining t h e  s t a r t e r  f l a w  and e x t e n d i n g  by f a t i g u e  load-  
i n g .  Two t y p e s  of s t a r t e r  f l a w s  were i n t r o d u c e d  by t h e  EDM p r o c e s s  
f o r  t h e  normal f l a w  ( a / 2 c  2 0 . 4 ) ,  t h e  s t a r t e r  was i n t r o d u c e d  by 
u s i n g  a  0.003-inch d iamete r  t u n g s t e n  w i r e  and machining t o  t h e  
r e q u i r e d  dep th .  The e l o n g a t e d  f l a w s  ( a / 2 c  = 0.1 t o  0 . 2  were i n -  
t roduced w i t h  a  shaped t o o l  f a b r i c a t e d  from 0.010-inch t h i c k  tung- 
s t en-copper ;  t h e  c u t t i n g  edge of t h i s  t o o l  was shaped ( t o  t h e  r e -  
q u i r e d  a / 2 c  r a t i o )  and sharpened by hand.  

The EDM s t a r t e r  c r a c k s  were then  fa t igue-ex tended .  A l l  s p e c i -  
mens were i n i t i a l l y  f a t i g u e d  i n  3-point  bending u s i n g  a  Wiedeman- 
Sonntag SF-IU machine,  and a  2-inch beam span was u t i l i z e d  a t  an 
o u t e r  f i b e r  s t r e s s  n o t  exceeding 90 k s i .  F i n a l  f a t i g u e  e x t e n s i o n  
o f  a l l  room tempera tu re  specimens r e q u i r i n g  t h e  0 . 4  a / 2 c  r a t i o  
was conducted i n  a x i a l  t e n s i o n  i n  a  Marquardt TM-1 machine a t  a  
nominal s t r e s s  o f  50 k s i .  The f l aws  r e q u i r e d  f o r  t h e  l i q u i d  n i -  
t r o g e n  specimens d i d  n o t  r e q u i r e  a x i a l  l o a d i n g  t o  ach ieve  t h e  de- 
s i r e d  shape .  

3. Control of Crack Geometry 

An e x t e n s i v e  program was performed t o  e n s u r e  a c c u r a t e  c o n t r o l  
o f  c r a c k  geometry.  Th is  was r e q u i r e d  because  t h e  proof t e s t  ex- 
posure  r e q u i r e d  b o t h  s t r e s s  and s t r e s s  i n t e n s i t y  t o  be f i x e d  param- 
e t e r s .  Th i s  can o n l y  be ach ieved  by a c c u r a t e l y  c o n t r o l l i n g  c r a c k  
dep th  and shape .  





l n  o r d e r  t o  ach ieve  t h i s  l e v e l  of  cunt , ro l ,  seve1.l hundred 
t e s t  s t r i p s  of  t h e  2 ,3- inch specimen gage wi dt11 were prepzred. 
EDM s t a r t e r s  were i n t r o d u c e d  and specimens were f a t i g u e d  a n d  t h e n  
opened t o  de te rmine  c rack  dep th  and s h a p e ,  The fo l lowing  c r i t i c a l  
v a r i a b l e s  v e r e  c o n t r o l l e d  : s t a r t e r  f l a i ~  d i ~ ~ l e r i s i o n s  , c y c l i c  s c r e s s ,  
and gage t h i c k n e s s .  A s  a  r e s u l t  of t h i s  e f f o r t ,  we coi1ld then  
s e l e c t  t h e  s t a r t e r  f l a w  dimensions n e c e s s a r y  t o  ach ieve  t h e  de- 
s i r e d  f l a w  c r a c k  dep th  and shape .  

4. Instrumentation 

Normally,  no i n s t r u m e n t a t i o n  is  used when t e s t i n g  s u r f a c e -  
flawed specimens .  However, because  of o u r  d e s i r e  t o  d e t e c t  pop-in 
behav io r  i t  was n e c e s s a r y  t o  p r o v i d e  e x t e n s i v e  i n s t r u m e n t a t i o n  i n  
o r d e r  t o  e n s u r e  d e t e c t i o n  o f  any p r e c r i t i c a l  f l a w  growth.  

I n  p r i o r  work (Ref 5 ) ,  we developed t h e  t echn ique  f o r  u s i n g  
s m a l l  r e s i s t a n c e  s t r a i n  gages  p l a c e d  n e a r  t h e  edge of  t h e  c r a c k  
t o  d e t e c t  pop-in b e h a v i o r .  For t h i s  work, 1 /32- inch g r i d  l e n g t h  
gages were u t i l i z e d ;  Micro-Measurements EA-06-031DE-120 gages  were 
used a t  70°F and EK-06-03lDE-350 gages  a t  -320°F. Gages were 
l o c a t e d  approximate ly  0 .5-crack l e n g t h s  (2c)  from t h e  edge of  t h e  
f a t i g u e d  c r a c k .  S t r a i n  v e r s u s  l o a d  readou t  was accorilplished u s i n g  
a  Mosley 2D-2A X-Y p l o t t e r ,  

A second method used t o  d e t e c t  pop-in o r  c rack  growth was a  
compliance gage.  We used a  modif ied  Lnst ron s t r a i n  gage beam ex- 
tensometer  f o r  t h e  room tempera tu re  t e s t s  and a  s p e c i a l l y  des igned  
and c o n s t r u c t e d  s e n s i n g  u n i t  w i t h  nichrome gages f o r  -320°F t e s t -  

" i n g .  The room tempera tu re  u n i t  was a t t a c h e d  t o  t h e  specimen by 
s e a t i n g  t h e  gage p o i n t s  i n t o  smal l  c o n i c a l  i n d e n t a t i o n s  punched 
i n t o  t h e  specimen;  a  0 .1- inch gage l e n g t h  was used (F ig .  V-3). 
The c ryogen ic  gage was c l i p p e d  t o  t h e  specimen by u s i n g  s m a l l  t a b s  
t h a t  were a d h e s i v e l y  bonded t o  t h e  specimen a c r o s s  t h e  f l a w ;  
F igure  V - 4  shows t h i s  ar rangement .  The o u t p u t  of  t h e  compliance 
gage was a m p l i f i e d  by a  low-noise l i m i t e d  bandwidth p r e a m p l i f i e r  
and f e d  i n t o  an X-Y p l o t t e r .  I t  was d i f f i c u l t  t o  a t t a i n  t h e  de- 
s i r e d  performance of  t h e  compliance gage sys tem because  o f  n o i s e  
g e n e r a t e d  i n  t h e  a m p l i f i e r  sys tem and some degree  of  mechanical  
i n s t a b i l i t y .  



Figure V-3 Closeup View o f  Room Temperature 
Compl iance Gage 

Figure V-4 Closeup View of Cryogenic 
Compliance Gage 



The t h i r d  i n s t r u m e n t a t i o n  method was t h e  acce le romete r  s y s  tern 
used t o  a c o u s t i c a l l y  moni tor  f l aw growth.  An Endevco model 2213C 
a c c e l e r o m e t e r  w i t h  a s e n s i t i v i t y  o f  43 peak mv/peak g  was used.  
The readout  of t h e  acce le romete r  was accomplished on a  Tek t ron ix  
type  544B s t o r a g e  o s c i l l o s c o p e .  I n i t i a l l y ,  a  charge a m p l i f i e r  w a s  
used i n  c o n j u n c t i o n  w i t h  an  Ampex t a p e  r e c o r d e r ;  however, i t  w a s  
found t h a t  t h e  charge a m p l i f i e r  e x h i b i t e d  an e l e c t r o n i c  f a i l u r e  
due t o  o v e r l o a d i n g  each t ime t h e  specimen f a i l e d .  A s  a  r e s u l t  i t  
was n e c e s s a r y  t o  develop an a l t e r n a t i v e  i n s t r u m e n t a t i o n  system. 
I t  was found t h a t  adequate  s e n s i t i v i t y  could  be achieved w i t h  t h e  
Tek t ron ix  p r e a m p l i f i e r  and s t o r a g e  scope .  Visua l  o b s e r v a t i o n s  
made on t h e  o s c i l l o s c o p e  were recorded  by e v e n t  marking a  t ime 
v e r s u s  load  p l o t  on a  t h i r d  X-Y 

The f o u r t h  sys tem f o r  d e t e c t i n g  f l aw growth was v i s u a l  observa-  
t i o n .  Th is  was achieved by viewing t h e  backface  of t h e  specimen 
u s i n g  a  s t e r e o  microscope a t  a m a g n i f i c a t i o n  of 20X. 

5.  T e s t i n g  Apparatus 

A Marquardt model TM-1 50,000-pound s e r v o - c o n t r o l l e d ,  e l e c t r o -  
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 w a s  used f o r  s t a t i c  K proof  

I c  ' 
and c y c l i c  growth t e s t i n g  a t  b o t h  70 and -320°F. F igure  V-5 shows 
an o v e r a l l  view of  t h i s  machine. The au tomat ic  programer con ta ined  
i n  t h i s  machine was used t o  c o n t r o l  t h e  proof  load ing  c y c l e .  F i g u r e  
V-6 g i v e s  a  c loseup  view of t h e  programer and shows t h e  l o a d  v e r s u s  
t ime p r o f i l e  used f o r  t h i s  work. 

C y c l i c  growth t e s t i n g  was achieved u s i n g  t h e  same machine ex- 
c e p t  t h a t  a  Research,  I n c .  Data-Trak programer was used t o  p r o v i d e  
t h e  t r a p e z o i d  p a t t e r n  l o a d  impulse  t o  t h e  TM-1. A c y c l i n g  r a t e  o f  
1 4  cyc les /minu te  w i t h  a  peak h o l d  t ime of  1 . 3  seconds was used f o r  
t h i s  t e s t i n g .  F igure  V-7 shows t h e  Data-Trak u n i t .  





Figure V-6 Closeup View of Automatic Programer 



F i g u r e  V - 7  Data Trak Programer 



Two environmental  chambers were des igned and c o n s t r u c t e d  f o r  
t h i s  work: One chamber was used a t  78°F f o r  t h e  d i s t i l l e d  w a t e r  
and 50% r e l a t i v e  humidi ty  a i r  t e s t s ;  a  second u n i t  was used f o r  
l i q u i d  n i t r o g e n  t e s t i n g  a t  -320°F. The room tempera tu re  chamber, 
shown i n  F igure  V-8, was an a i r - t i g h t  aluminum box w i t h  p l e x i g l a s s  
o b s e r v a t i o n  p a n e l s .  The 50% r e l a t i v e  humidi ty  a i r  environment 
was a t t a i n e d  us ing  a  s a t u r a t e d  aqueous s o l u t i o n  o f  ca lc ium n i t r a t e ,  
Ca(N03) * 4 H20, i n  t h e  chamber. Th i s  s o l u t i o n ,  commonly used f o r  
humidity c o n t r o l ,  p r o v i d e s  a  51% r e l a t i v e  humidi ty  a t  24.5OC. Our 
exper iments  show t h a t  t h e  chamber s t a b i l i z e d  a t  a  r e l a t i v e  humidi ty  
of approximately  50% i n  1 5  minu tes .  A l l  a i r  specimens were per-  
m i t t e d  t o  s t a b i l i z e  f o r  30 minu tes  p r i o r  t o  i n i t i a t i o n  of proof  
l o a d i n g .  

The c ryogen ic  environmental  chamber was a  double w a l l e d  s t a i n -  
less s t e e l  box approximately  2-inches t h i c k  c o n t a i n i n g  poured 
po lyure thane  foam i n s u l a t i o n .  A s i n g l e  viewing p o r t  c o n s t r u c t e d  
from 1.5- inch t h i c k  a c r y l i c  p l a s t i c  was i n s t a l l e d  t o  pe rmi t  ob- 
s e r v a t i o n  o f  t h e  specimen d u r i n g  t e s t .  The l i d  was f a b r i c a t e d  
from 2-inch t h i c k  c l o s e d  c e l l  foam. F igure  V-9 shows t h e  cryo- 
g e n i c  chamber. 



Figure V-8 Room Temperature Environmental Chamber 

Figure V-9 L i q u i d  Nitrogen Environmental Chamber 



C. V I S U A L  EXAMINATION OF FRACTURE FACE\ 

The f r a c t u r e  f a c e  of every  specimen was v i s u a l l y  ex;in;.nzd ful- 
d i s t i n c t i v e  c h a r a c t e r i s t i c s ,  i. e .  , i n i t i a l  f l aw devc-liipineat , f l aw 
growth d u r i n g  proof and c y c l i c  growth l i m i t .  To h e l p  d e f i ~ x e  each 
r e g i o n  of t h e  f l a w ,  specimens were exposed t o  a  fu rnace  o x i d a t j o n  
c y c l e ,  one hour a t  800°F a f t e r  t e s t i n g ,  t o  p r e f e r e n t i a l l y  s t a i n  
t h e  d e f e c t  s u r f a c e .  A s  a  r e s u l t  of t h i s  o x i d a t i o n  c y c l e ,  t h e  o r i g -  
i n a l  f a t i g u e d  f l a w  r e g i o n  t u r n s  t o  a  gold  c o l o r .  The r e g i o n  of 
proof growth i s  a l s o  go ld  i n  c o l o r  b u t  h a s  a  d i s t i n c t  boundary 
between i t  and t h e  o r i g i n a l  f l aw.  

C y c l i c  growth i s  v e r y  l i g h t l y  s t a i n e d  and u s u a l l y  symmetr ical  
abou t  t h e  proof  boundary. The l i g h t e r  o x i d a t i o n  of t h e  c y c l i c  
growth a r e a  i s  t o  be expected s i n c e  t h e  c r a c k  f r o n t  i s  p ropaga t ing  
under s m a l l e r  l o a d s  and t h e  r e s u l t i n g  c r a c k  i s  t i g h t e r .  The proof 
c y c l e ,  i n  c o n t r a s t ,  i s  a  h i g h  s t r e s s  c o n d i t i o n  caus ing  a  l a r g e  
c r a c k  opening displacement  and r e l a t i v e l y  unhindered g a s  f low t o  
t h i s  r e g i o n .  Keeping t h e s e  f l a w  o x i d a t i o n  c h a r a c t e r i s t i c s  i t i  mind, 
each specimen was examined u s i n g  low m a g n i f i c a t i o n  (about  30X) and 
t h e  a p p r o p r i a t e  f l a w  measurements were o b t a i n e d .  

Comments r e g a r d i n g  t h e  e x t e n t  of proof growth or  tiit. dbseuct: 
of i t  a r e  no ted  i n  t h e  proof t e s t  d a t a  t a b l e s  i n  t h e  Appendix, 
The n a g n i t u d e  of growth i n  t h e  c r a c k  dep th  (a )  and cxack widtll 
(2c)  d i r e c t i o n s  a r e  g i v e n .  When t h e  growth was great-er a t  some 
o t h e r  p o i n t  on t h e  p e r i p h e r y  of t h e  f l a w ,  t h e  magnitude of growtll 
and t h e  d i r e c t i o n  (+ measured from semi-minor a x i s )  a r e  shown, 
I n  comparing t h e  growth i n  t h e  Oo(Aa), 90°(A2c),  and + d i r e c t i o n s ,  
i t  should be  no ted  t h a t  i n  some c a s e s  t h e  90°(A2c) d a t a  a p p e a r s  
t o  e x h i b i t  t h e  g r e a t e s t  growth.  I t  should be remembered t h a t  t h i s  
v a l u e  c o n s i s t s  of growth a t  each end of t h e  c r a c k ,  and t h e r e f o r e  
one-half  of t h i s  v a l u e  shou ld  be compared w i t h  t h e  growth i n  the 
o t h e r  d i r e c t i o n s .  



V I .  EXPERIMENTAL DATA AND DISCUSSION OF RESULTS 

T e s t  d a t a  i n  e i t h e r  t a b u l a r  o r  g r a p h i c a l  form a r e  summarized 
and t h e  t e s t  r e s u l t s  a r e  d i s c u s s e d  i n  t h i s  c h a p t e r .  A guide  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  t h e  Appendix i s  
g iven  a t  t h e  beg inn ing  of each s e c t i o n .  

A. MECHANICAL PROPERTY TESTS 

APPENDIX GUIDE - TENSILE PROPERTY TESTS 

-320°F Tensi l e  P rope r t i es  

The t e n s i l e  p r o p e r t i e s  of t h e  stress r e l i e v e d  6AR-4V STA 
t i t a n i u m  s h e e t  m a t e r i a l  are summarized i n  Table  V I - I .  The p a r e n t  
metal u l t i m a t e  s t r e n g t h  l e v e l  i s  approximately  1 t o  3 p e r c e n t  lower 
than  t h e  a s - h e a t - t r e a t e d  r e s u l t s  r e p o r t e d  i n  t h e  vendor c e r t i f  i c a -  
t i o n  (Table  IV-1). Th i s  s l i g h t  r e d u c t i o n  i s  a  normal r e s u l t  of 
t h e  s t r e s s  r e l i e v i n g  o p e r a t i o n .  Weld j o i n t  e f f i c i e n c y ,  approxi-  
mately  90 p e r c e n t ,  i s  t y p i c a l  f o r  t h i s  a l l o y .  D u c t i l i t y  a t  70°F, 
a lmos t  10 p e r c e n t ,  was normal f o r  t h e  p a r e n t  m e t a l  c o n d i t i o n .  No 
d u c t i l i t y  measurements were  t a k e n  a t  -320°F. 

Table V I - 1  T e n s i l e  P r o p e r t i e s  o f  6Aa-4V STA T i t an ium 

CONDITION 

0.090-in. 

Pa ren t  Metal 

l l e l d  C e n t e r l i n e  

Heat A f f e c t e d  Zone 

0.060- inch 

Paren t  Metal 

Weld Cen te r l i ne  

Heat A f f e c t e d  Zone 

0.030-inch 

Parent  Metal 

Meld Cen te r l i ne  

Heat A f f e c t e d  Zone 

ULTIMATE TENSILE 
STRENGTH ( k s i )  

166 .O 

148.0 

149.3 

168.0 

154.9 

154.3 

161.6 

151.9 

151.0 

-320°F 

ULTIMATE TENSILE 
STRENGTH ( k s i )  

255.4 

229.8 

231.4 

255.7 

246.0 

243.6 

248.8 

252.8 

254.1 

70°F 

YIELD STRENGTH 
0.2% OFFSET ( k s i )  

158.0 

131.3 

139.5 

159.5 

130.1 

147.3 

150.4 

127.7 

143.1 

YIELD STRENGTH 
0.2OFFSET ( k s i )  

245.4 

214.2 

223.0 

245.7 

217.5 

229.1 

237.1 

245.5 

234.6 

ELONGATION 
( % i n  2 i n . )  

10.0 

2.5 

2.3 

8.5 

2.7 

2.5 

8.5 

1 .5  

1.8 



B . STATIC FRACTURE TOUGHNESS 

.060-i nch ; 70" F 

.030-inch; 70°F 

.090- inch;  -320°F 

.060-inch ; -320°F 

S t a t i c  f r a c t u r e  toughness p r o p e r t i e s  a r e  summarized i n  Table  
VI-2. I n  o r d e r  t o  o b t a i n  s a t i s f a c t o r y  average  p r o p e r t i e s ,  a  s i g -  
n i f i c a n t  number o f  s t a t i c  t e s t s  had t o  b e  performed. The r e s u l t s  
of a lmost  60 t e s t s  a r e  r e p o r t e d .  At 70°F, t h e  range of f r a c t u r e  
toughness v a l u e s  was s u f f i c i e n t l y  s m a l l  s o  t h a t  a  s a t i s f a c t o r y  
average could  b e  ob ta ined .  However, a t  -320°F a  moderate s p r e a d  
was o b t a i n e d ;  a l though  t h e  range of toughness was moderate,  aver-  
age p r o p e r t i e s  were c a l c u l a t e d  f o r  u s e  i n  proof  test c a l c u l a t i o n s .  
A t  70°F, i t  appears  t h a t  t h e  f r a c t u r e  toughness l e v e l  i s  a func- 
t i o n  of f r a c t u r e l y i e l d  s t r e n g t h  r a t i o .  Although some slow f law 
growth occur red  d u r i n g  t h e  s t a t i c  toughness t e s t s  , no  i n s  trumenta- 
t i o n  was used t h a t  would have d e t e c t e d  t h e  s t r e s s  a t  which growth 
i n i t i a t e d .  The range  of toughness v a l u e s  f o r  t h e  0.090-inch mate- 
r i a l  was f a i r l y  l i m i t e d  and d a t a  f o r  t h i s  t h i c k n e s s  d i d  n o t  r e q u i r e  
m a g n i f i c a t i o n  c o r r e c t i o n .  The 0.060-inch r e s u l t s  a l s o  exhib- 

i t e d  s m a l l  d a t a  s c a t t e r .  Although t h e  c r a c k  dep th  t h i c k n e s s  
( a l t )  r a t i o  was g r e a t ,  t h e  c rack  shape  ( a l 2 c )  r a t i o  was s u f f i -  
c i e n t l y  h i g h  t h a t  t h e  need f o r  m a g n i f i c a t i o n  r a t i o  appeared unnec- 
e s s a r y .  The 0.030-inch s tock a l s o  showed l i m i t e d  d a t a  s c a t t e r .  
For t h e s e  specimens,  an  M .  c o r r e c t i o n  could  b e  u t i l i z e d .  However, 

because  t h e r e  is  s t i l l  some u n c e r t a i n t y  a s  t o  t h e  magnitude of t h e  
e l a s  t i c  m a g n i f i c a t i o n  f a c t o r s ,  and,  i n  a d d i t i o n ,  t h e  e f f e c t s  of 
p l a s t i c i t y  have s t i l l  n o t  been a s s e s s e d ,  i t  was decided n o t  t o  i n -  
c o r p o r a t e  % c o r r e c t i o n .  
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The l i q u i d  n i t r o g e n  (-320°F) t e s t s  showed a moderate d a t a  
s p r e a d .  A s  f o r  t h e  70°F, t h e  0.090 and 0.060-inch m a t e r i a l  d i d  
n o t  appear  t o  r e q u i r e  MK c o r r e c t i o n .  An e v a l u a t i o n  of s t r e s s  ver-  

s u s  c r a c k  s i z e  (a v s  a/Q) showed an i n t e r e s t i n g  e f f e c t .  By p l o t -  
t i n g  t h e  d a t a ,  we s e e  a tendency f o r  t h e  l a r g e r  c r a c k  s i z e s  t o  ex- 
h i b i t  t h e  lower toughness  v a l u e s .  These lower bound v a l u e s  a r e  
r e p r e s e n t a t i v e  of t h e  toughness  based on t h e  i n i t i a l  f l aw s i z e  
and t h e  f i n a l  f r a c t u r e  s t r e s s .  S i n c e  no i n s t r u m e n t a t i o n  was u t i l -  
i z e d  on t h e  s t a t i c  t e s t s ,  t h e  s t r e s s  a t  which s low f law growth i n i -  
t i a t e d  could  n o t  be d e t e c t e d .  I t  i s  assumed t h a t  t h e  l a r g e r  f l a w s  
may have an i n c r e a s e d  tendency t o  s low growth and,  as a  r e s u l t ,  
g i v e  t h e  lower bound v a l u e s .  F i g u r e  V I - 1  g i v e s  t h e  s t r e s s  v e r s u s  
c rack  s i z e  p l o t s  f o r  t h e  0.090-inch t i t a n i u m .  The 0.090-inch weld 
c e n t e r l i n e  d a t a  show toughness s i g n i f i c a n t l y  g r e a t e r  than  t h e  par-  
e n t  m e t a l  and h e a t  a f f e c t e d  zone. No reason  i s  a p p a r e n t  f o r  t h e  
h i g h  toughness o b t a i n e d  i n  some t e s t s  performed on weld c e n t e r l i n e  
specimens.  

The 0.060-inch t i t a n i u m  t e s t e d  a t  -320°F showed behav ior  q u i t e  
s i m i l a r  t o  t h e  0 .090- inch m a t e r i a l .  Examination of t h e  d a t a  in -  
d i c a t e  t h a t  t h e  i s o l a t e d  low toughness v a l u e s  a r e  a s s o c i a t e d  w i t h  
t h e  lowes t  a / 2 c  r a t i o s  and l a r g e s t  c r a c k  d e p t h s ;  t h i s  combinat ion 
t i v e s  t h e  l a r g e s t  c r a c k  a r e a  and t e n d s  t o  s u b s t a n t i a t e  t h e  con- 
c e p t  t h a t  t h e  tendency toward s low f law growth is g r e a t e s t  f o r  
t h e  l a r g e s t  c r a c k  s i z e s .  I n  one c a s e ,  specimen 6W4-7, t h e  low 
toughness  was a s s o c i a t e d  w i t h  a  ve ry  c o a r s e  g r a i n e d  p o r t i o n  of 
t h e  weld zone. 

The 0 ,030- inch specimens g e n e r a l l y  had a  low a / 2 c  r a t i o  and 
c r a c k  dep ths  exceeding 50 p e r c e n t .  This  combinat ion shou ld  re -  
q u i r e  m a g n i f i c a t i o n  c o r r e c t i o n ,  b u t  f o r  t h e  reasons  p r e v i o u s l y  
d e s c r i b e d  no c o r r e c t i o n  was a t t e m p t e d .  

C .  PROOF TESTS 

Description of Tab1 e 

I 0.090-inch; a i r  
0 .090- inch;  w a t e r  
0.090-inch; LN2 
0.060-inch; a i r  
0 .060- inch;  w a t e r  
0.060-inch; LN2 
0 .030- inch;  a i r  
0 .030- inch;  w a t e r  
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Proof t e s t  exposure  d a t a  a r e  summarized i n  Table  VI-3. Exam- 
i n a t i o n  of t h i s  t a b l e  shows t h a t  s low f law growth does occur  dur- 
i n g  proof t e s t i n g .  I t  i s  f u r t h e r  n o t e d  t h a t  pop-in behav ior  oc- 
c u r r e d  i n f r e q u e n t l y .  Tunneling behav ior  occur red  i n  some c a s e s .  
I n  most c a s e s ,  t h e  l e v e l  a t  which s low growth was d e t e c t e d  ex- 
ceeded 85% 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  l e v e l .  

I n  t h e  fo l lowing  paragraphs  more d e t a i l e d  o b s e r v a t i o n s  on 
proof  t e s t  exposures  a r e  d i s c u s s e d .  

1. 0 .0904 nch  T i  t a n i  um/Ai r 

T e s t s  performed i n  a i r  showed s low growth i n  a l l  c a s e s .  The 
s t r a i n  gage and compliance gages were  q u i t e  s u c c e s s f u l  i n  d e t e c t -  
i n g  t h e  i n i t i a t i o n  of slow growth.  Th is  was no ted  a s  an  a b r u p t  
s t e p  i n  t h e  l o a d  v e r s u s  s t r a i n  o r  d i sp lacement  curve .  S i n c e  t h e  
p l o t t e r s  were b e i n g  c o n t i n u a l l y  observed d u r i n g  t h e  t e s t  , we were  
a b l e  t o  a s c e r t a i n  t h a t  t h e  c r a c k  growth t h a t  caused t h e  s t e p  oc- 
c u r r e d  i n  a  slow f a s h i o n .  I f  pop-in had o c c u r r e d ,  t h e  s t e p  would 
have been p l o t t e d  i n s t a n t l y .  I n  a d d i t i o n ,  an  a u d i b l e  pop and ac- 
c e l e r o m e t e r  i n d i c a t i o n  would have been o b t a i n e d .  

The p a r e n t  m e t a l - a i r  t e s t s  showed t u n n e l i n g  i n  one c a s e .  Th is  
specimen e x h i b i t e d  a  h igh  a / 2 c  r a t i o .  Two f a i l u r e s  d u r i n g  proof  
occur red  a t  a  s t r e s s  i n t e n s i t y  i n  excess  of 100% of t h e  average  
c r i t i c a l  s t r e s s  i n t e n s i t y .  The magnitude of c r a c k  growth was 
q u i t e  s m a l l  ( l e s s  than  0 .003 i n . ) .  

I n  t h e  weld c e n t e r l i n e  t e s t s ,  one specimen cracked through t o  
t h e  backface  d u r i n g  proof b u t  d i d  n o t  f a i l ;  no proof  f a i l u r e s  oc- 
c u r r e d  f o r  t h e  weld c e n t e r l i n e .  The magnitude of growth was gen- 
e r a l l y  s m a l l  ( s e v e r a l  thousands of an  i n c h ) .  

T e s t s  o f  t h e  h e a t  a f f e c t e d  zone showed t h e  g r e a t e s t  amount of 
f l a w  growth.  One specimen e x h i b i t e d  0.006-inch growth i n  t h e  semi- 
minor a x i s  d i r e c t i o n .  Three t e s t s  r e s u l t e d  i n  f a i l u r e  d u r i n g  
p r o o f ;  i n  a l l  c a s e s ,  t h e  a p p l i e d  s t r e s s  i n t e n s i t y  exceeded 100% 
of t h e  average K 

I c  ' 

2. 0.090-i nch T i  t a n i  um/Water 

The p a r e n t  m e t a l  t e s t s  conducted i n  d i s t i l l e d  w a t e r  showed 
s low growth i n  a l l  c a s e s .  Tunnel ing was found i n  a 0 .4  a / 2 c  
r a t i o  shaped c r a c k .  F i g u r e  VI-2 shows t h e  f r a c t u r e  f a c e  o f  t h i s  
specimen; arrows show t h e  e x t e n t  of t u n n e l i n g .  



Tab le  V I -3  Summary o f  P r o o f  T e s t  R e s u l t s  

Code: PM - p a r e n t  meta l  T - t u n n e l i n g  UV - no v i s i b l e  g rowth  i n d i c a t i o n  
WC - w e l d  c e n t e r l i n e  U - u n i f o r m  f l o w  g rowth  N I  - no i n d i c a t i o n  

HAZ - h e a t  a f f e c t e d  zone NU - nonun i fo rm 



The remainder  of t h e  specimens showed uniform slow growth of ap- 
p rox imate ly  0.003-inch. Weld c e n t e r l i n e  specimens showed s low 
nonuniform growth; however, t h e  magnitude of growth was q u i t e  
small, a s  i n  t h e  c a s e  of t h e  p a r e n t  meta l .  A t y p i c a l  f r a c t u r e  
f a c e  is  shown i n  F i g u r e  VI-3; arrows show t h e  e x t e n t  o f  t h e  slow 
nonuniform growth. 

The h e a t  a f f e c t e d  zone specimens showed a  s l i g h t  amount of 
growth.  A t y p i c a l  example i s  shown i n  F i g .  VI-4. 

3 .  0.090-i nch T i  t a n i  um/Liqui  d N i t r o g e n  

P a r e n t  meta l  specimens t e s t e d  i n  l i q u i d  n i t r o g e n  showed very  
small amounts of slow growth (F ig .  VI-5). Three  specimens f a i l e d  
d u r i n g  p r o o f ;  however, no c o r r e l a t i o n  t o  pe rcen tage  o f  K could  

I c  
b e  e s t a b l i s h e d  t o  e x p l a i n  t h e  proof  f a i l u r e s .  Because of t h e  
s m a l l  c r a c k s  used a t  LN2 t empera tu re  (Cracks were s m a l l  because  
of t h e  h i g h e r  nominal proof  s t r e s s . ) ,  i t  i s  a lmost  i m p o s s i b l e  t o  
d e t e c t  t h e  l e v e l  a t  which s low c r a c k  growth i n i t i a t e d .  The l i t t l e  
growth t h a t  occur red  was g e n e r a l l y  nonuniform. 

Weld c e n t e r l i n e  t e s t s  a l s o  showed very  l i t t l e  growth. Analy- 
sis of t h e  a c t u a l  KIi/KIc r a t i o  showed t h a t  we were on t h e  low 

s i d e  of t h e  d e s i r e d  range;  most t e s t s  were  approximately  90% K . I c  
An i n d i c a t i o n  of t h e  i n i t i a t i o n  l e v e l  was found f o r  one specimen 
a t  82% KIc. However, i n  view of t h e  s m a l l  f l aw s i z e  and s i n g l e  

t e s t  r e s u l t ,  i t  i s  d i f f i c u l t  t o  p l a c e  g r e a t  conf idence  on t h i s  
t e s t  r e s u l t .  V i s u a l  o b s e r v a t i o n  of t h e  f r a c t u r e  f a c e s  showed 
t h e  growth t o  b e  g e n e r a l l y  nonuniform. 

Eva lua t ion  o f  t h e  h e a t  a f f e c t e d  zone t e s t s  showed t h a t  no 
proof  f a i l u r e s  o c c u r r e d  even though t h e  a p p l i e d  s t r e s s  i n t e n s i t y  
was a s  h i g h  a t  106% KIc. Two specimens (96  and 106% K ) showed 

I c  
v i s i b l e  growth (a l though  s m a l l ) ;  no i n d i c a t i o n s  from our  i n s t r u -  
menta t ion  were  o b t a i n e d  f o r  t h e s e  t e s t s .  The remainder of t h e  
specimens showed no v i s i b l e  f l aw growth. I t  shou ld  b e  no ted  t h a t  
v i s u a l  e v a l u a t i o n  t o  d e t e c t  f l aw growth i s  q u i t e  d i f f i c u l t  f o r  
t h e  weld and h e a t  a f f e c t e d  zone r e g i o n s ,  p a r t i c u l a r l y  f o r  t h e  
s m a l l  s i z e  l i q u i d  n i t r o g e n  d e f e c t s .  



Figure VI-2 Fracture Face of Specimen Showing 
Tunnel i ng Behavior (specimen 9CP-7 ; 
0.090-inch; water; arrows show 
extent  o f  tunnel i n g )  

Figure VI-3 Fracture Face o f  Specimen Showing 
Nonuniform F l a w  Growth in Weld 
Center1 s'ne (speciinen 9W3-3; 0.098-inch; 
water) 



F i g u r e  11-4 Fracture Face o f  Specimen Showing 
Sl i y h t  Uni fo rm F law  Growth (specimen 
3W9-1; 0 ,040- inch ; w a t e r )  

Figure VE-5 F r a c t u r e  Face o f  Specinlen Showing Small 
Uniforrii Growth (spec-irnen 9CP-45; 0.090- 
irlch; LN.) 



A l l  growth i n  t h e  0.090-inch specimens was of t h e  slow t y p e .  
Growth appeared t o  be  g r e a t e r  i n  t h e  h e a t  a f f e c t e d  zone a t  70°F. 
No g r e a t  d i f f e r e n c e  between a i r  and w a t e r  t e s t i n g  was found. 
Tunneling behav ior  appears  t o  occur  w i t h  g r e a t e r  e a s e  f o r  t h e  
h i g h e r  a / 2 c  r a t i o s .  Flaw growth a t  -320°F was q u i t e  minor. 

5 .  0.060-i nch T i  t a n i  um1Ai  r 

A l l  c r a c k  growth was of t h e  s low t y p e .  F i g u r e  VI-6 shows a 
t y p i c a l  example o f  slow growth around t h e  c r a c k  f r o n t  w i t h  a s m a l l  
tendency t o  s q u a r e  o f f .  No pop-in was d e t e c t e d .  Some t u n n e l i n g  
growth was observed i n  t h e  p a r e n t  m e t a l .  Although some p a r e n t  
specimens were loaded t o  a h i g h  stress i n t e n s i t y  (108%),  no proof  
f a i l u r e s  o c c u r r e d .  During t h e  30 minute  ho ld  p e r i o d ,  growth up 
t o  0.006 i n c h  was found.  

Weld c e n t e r l i n e  t e s t s  showed f a i l u r e  of two t e s t s  t h a t  had 
been s u b j e c t  t o  t h e  h i g h e s t  s t r e s s  i n t e n s i t i e s .  Crack growth f o r  
t h e s e  specimens was up t o  0.003 i n c h .  The remainder of t h e  spec-  
imens e x h i b i t e d  nonuniform growth.  Heat a f f e c t e d  zone specimens 
e x h i b i t e d  up t o  0.003-inch f l a w  growth.  

Two p a r e n t  m e t a l  specimens e x h i b i t e d  f a i l u r e  d u r i n g  t h e  proof  
t e s t .  Both of t h e s e  t e s t s  were performed a t  h i g h  s t r e s s  i n t e n s i -  
t i e s .  Another specimen e x h i b i t e d  t u n n e l i n g  behav ior  b u t  d i d  n o t  
f a i l ;  no ev idence  of pop-in was found. S h o r t  t ime ho ld  specimens 
showed l e s s  t h a n  0.004-inch f l a w  growth.  

One 30-minute ho ld  specimen e x h i b i t e d  t u n n e l i n g  behav ior  
(Fig .  VI-7). Crack growth f o r  t h e  long t ime ho ld  specimens was 
0.002 t o  0.005 i n c h e s .  

Weld c e n t e r l i n e  tests showed growth d u r i n g  s h o r t  t ime h o l d .  
Two specimens f a i l e d  d u r i n g  p r o o f ;  t h e s e  were loaded t o  h i g h  s t r e s s  
i n t e n s i t y  l e v e l s .  



Figure V I - 6  Frac ture  Face of  Spccinlen Showing 
Tendency t o  Square O f f  (specimen 6CP-3; 
0.060-inch; a i r )  

Figure V1-7 Frac ture  Face of  Specimen Showing 
Tunnel i ng Behavior (specinien 6DP-4; 
0,060- inch; water )  



The h e a t  a f f e c t e d  zone t e s t s  were c h a r a c t e r i z e d  by an a p p a r e n t  
lower l e v e l  f o r  t h e  i n i t i a t i o n  of f l a w  growth.  However, s i n c e  t h i s  
was found o n l y  by a s i n g l e  t e s t ,  t h e  v a l i d i t y  of t h e  r e s u l t  shou ld  
be confirmed by a d d i t i o n a l  work. Proof f a i l u r e s  occur red  i n  t h r e e  
o u t  of f i v e  t e s t s .  Growth w a s  p r i n c i p a l l y  nonuniform. 

P a r e n t  m e t a l  specimens e x h i b i t e d  slow f l a w  growth.  Although 
an  a u d i b l e  i n d i c a t i o n  was found i n  one t e s t ,  no c o n f i r m a t i o n  of 
pop-in cou ld  be  e s t a b l i s h e d .  No a c c e l e r o m e t e r  i n d i c a t i o n  was ob- 
t a i n e d  because  of e x c e s s i v e  background n o i s e  i n  t h e  l i q u i d  n i t r o g e n  
env i ronmenta l  chamber. 

Many of t h e  specimens f a i l e d  d u r i n g  proof t e s t i n g .  Growth was 
l i m i t e d ;  uniform growth g e n e r a l l y  d i d  n o t  exceed 0.002 i n c h .  

Weld c e n t e r l i n e  specimens showed slow growth; no pop-in was 
observed .  Most specimens f a i l e d  d u r i n g  p r o o f .  A moderate amount 
of growth (up t o  0.005 i n c h )  was observed f o r  t h e s e  specimens.  

Heat a f f e c t e d  zone t e s t s  a l l  showed slow growth of a v e r y  
l i m i t e d  n a t u r e .  

Tunnel ing was found i n  some p a r e n t  m e t a l  specimens.  On t h e  
b a s i s  of t h e  a v a i l a b l e  d a t a ,  i t  was n o t  p o s s i b l e  t o  c o r r e l a t e  t h e  
tendency f o r  t u n n e l i n g  t o  c r a c k  s i z e  o r  shape.  A c t u a l l y  v e r y  few 
specimens e x h i b i t e d  pop--in b e h a v i o r ,  Tunneling was found f o r  a l l  
t h r e e  environments .  The magnitude of p a r e n t  m e t a l  growth was mod- 
e s t  a t  70 and -320°F. 

Weld c e n t e r l i n e  and h e a t  a f f e c t e d  zone specimens e x h i b i t e d  
minimal growth a t  b o t h  70 and -320°F. Growth was slow w i t h  no 
e v i d e n c e  of t u n n e l i n g .  No s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  magni tude 
of growth f o r  t h e  t h r e e  d e f e c t  l o c a t i o n s ,  o t h e r  than  t u n n e l i n g  i n  
t h e  p a r e n t  m e t a l ,  were n o t e d .  

One p a r e n t  m e t a l  t e s t  f a i l e d  a t  100% KIc; a second cracked 

through a t  103% KIc b u t  d i d  n o t  f a i l .  These t e s t s  s e r v e  t o  i l l u s -  

t r a t e  t h a t  f r a c t u r e  i s  q u i t e  m a r g i n a l  under  t h e  c o n d i t i o n s  eva lu -  
a t e d .  The amount of f l a w  growth was r a t h e r  s m a l l ;  a t  90%KIc, no 

v i s i b l e  growth was found.  



Weld c e n t e r l i n e  t e s t s  showed f a i l u r e s  above 100% of average 
The a c t u a l  amount of f law growth was d i f f i c u l t  t o  a s c e r t a i n  

because  most t e s t s  r e s u l t e d  i n  proof f a i l u r e .  

Examination of t h e  h e a t  a f f e c t e d  zone t e s t s  showed t h a t  two 
specimens f a i l e d ;  a t h i r d  d i d  n o t  show v i s i b l e  growth. I t  was 
d i f f i c u l t  t o  de te rmine  t h e  magnitude o f  slow growth. 

No pop-in was found f o r  any of t h e  t h r e e  d e f e c t  l o c a t i o n s .  

10. 0.030- i  nch T i  t a n i  urn/Water 

P a r e n t  meta l  t e s t s  e x h i b i t e d  s l i g h t  growth. A t  104% KIc a 

s m a l l  amount of nonuniform growth was observed.  A t  94% KIc,  no 

v i s i b l e  i n d i c a t i o n s  of growth were  found. 

Weld c e n t e r l i n e  t e s t s  showed s l i g h t  growth; one specimen 
f a i l e d  a t  99% KIc. 

The h e a t  a f f e c t e d  zone group showed t u n n e l i n g  i n  a s i n g l e  
specimen a t  104% KIc. Another specimen t e s t e d  a t  106% KIc 

showed no v i s i b l e  i n d i c a t i o n s  of c r a c k  growth. 

11. 0.030- inch T i t a n i u m / L i q u i d  N i t r o g e n  

P a r e n t  m e t a l  specimens showed slow f law growth of a l i m i t e d  
n a g n i t u d e .  One specimen e x h i b i t e d  0.006 i n c h  of s low growth.  

Weld c e n t e r l i n e  specimens showed o n l y  s low growth.  The mag- 
n i t u d e  of growth was v e r y  modest .  

Specimens c o n t a i n i n g  d e f e c t s  i n  t h e  h e a t  a f f e c t e d  zone showed 
v e r y  l i m i t e d  growth of t h e  s low type .  

A l l  specimens t h a t  e x h i b i t e d  growth,  grew i n  a slow manner. 
Tunnel ing d i d  n o t  appear  t o  be  a f a c t o r  i n  t h e  0.030-inch s t o c k ,  
It was d i f f i c u l t  t o  de te rmine  t h e  magnitude of t h e  slow growth be- 
cause  some of t h e  specimens f a i l e d  d u r i n g  p r o o f ;  however, i t  ap- 
peared  t h a t  t h e  amount of growth was very  l i m i t e d  and normal ly  
nonuniform around t h e  c r a c k  f r o n t .  



C Y C L I C  TES-13 

----- 
Description of  Table 

0.060-inch 
0. 030-i  nch -- 

C y c l i c  t e s t s  were  performed f o r  a l l  speci i~icns  t h a t  passed  
t h e  p roof  t e s t  w i t h o u t  f a i l u r e ,  The o b j e c t i v e  o f  t h e  c y c l i c  
t e s t i n g  w a s  t o  determint? (1) c r a c k  growth rate d a t a ,  ( 2 )  sdszep-  
t i b i l i t y  toward f a i l u r e  a t  a r e d x e d  s t r e s s  a f t e r  p a s s i n g  t h e  
proof  t e s t ,  and (3)  whether  d e f e c t s  tila6 e x h i b i t e d  t u n n e l i n g  
showed more growth than  would b e  p r e d i c t e d  f o r  more normal shaped 
s e m i e l l i p t i c a l  c r a c k s .  

G r a p h i c a l  p r e s e n t a t i o n s  of  t h e  d a t a  a r e  g iven  i n  F i g u r e s  VI- 
8 through 1 0 .  For  t h e  0.090-inch m a t e r i a l ,  p a r e n t  m e t a l  a p p e a r s  
t o  b e  somewhat more r e s i s t a n t  t o  growth than  weld c e n t e r l i n e  o r  
h e a t  a f f e c t e d  zone s t o c k .  F o r  t h e  t h i n n e r  gages ,  t h i s  e f f e c t  i s  
l e s s  pronounced,  The 0.030.-inch t i t a n i u m  shows  a lmos t  i d e n t i c a l  
r a t e  d a t a  f o r  t h e  h e a t  a f f e c t e d  zone and i5?eld c e n t e r l i n e ;  p a r e n t  
m e t a l  d a t a  can b e  p l o t t e d  a s  a  p a r a l l e l  J i n e  w i t h o u t  s l i g h t l y  
l e s s  s e n s i t i v i t y  toward growth.  

The g r a p h i c a l  p r e s e n t a t i o n  of c y c l i c  growth d a t a  show p o i n t s  
w i t h  ar rows l e a d i n g  t o  t h e  r i g h t  i n  many c a s e s .  These p o i n t s  
r e p r e s e n t  t h o s e  c o n d i t i o n s  where t h e  a v e r a g e  c r a c k  growth r a t e  
was reduced by t h e  p rox imi ty  of  t h e  b a c k f a c e .  These p o i n t s  nor-  
ma l ly  f a l l  above t h e  a v e r a g e  c u r v e ,  

L n  o r d e r  t o  a s c e r t a i n  t h e  s u s c e p t i t j l i t y  ~ o w a r d  b r i - c t l e  f r a c -  
t u r e  a t  reduced s t r e s s  f o l l o w i n g  t h e  proof  t e s r ,  and approx imate  
a n a l y s i s  must b e  performed,  F i r s t ,  i t  shou ld  b e  no ted  t h a t  i n  
pe r fo rming  t h e  c y c l i c  t e s t s  we a t t e m p t e d  t o  s a t i s f y  two compet ing 
g o a l s .  The f i r s t  was t o  obca in  c-ycl ic  growth r a t e  d a t a  u s i n g  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 ;  i n  o r d e r  t o  do t h i s ,  t h e  amount 
o f  c r a c k  e x t e n s i o n  must b e  minimized s o  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  a r e  a s  s i m i l a r  a s  p o s s i b l e ,  I n  o r d e r  t o  e v a l -  
u a t e  t h e  s u s c e p t i b i l i t y  t o  f r a c t u r i n g ,  ehtl mzlxi~~~um amourit of  c r a c k  
e x t e n s i o n  must b e  o b t a i n e d .  I n  o u r  work, we eonlpromised by p e r -  
forming Limited e x t e n s i o n  and Large e x t e n s i o n  t e s t s .  A s  a r e s u l t  
of  a n a l y z i n g  t h e  d a t a  f o r  t h o s e  t e s t s  t h a t  f a i l e d  o r  rrere d i scon-  
t i n u e d  a t  l e s s  t h a n  t h e  50Q-cycle maximum b e c a u s e  f a i l u r e  was i rn -  
minen t ,  we can r e a s o n a b l y  w e l l  c a t e g o r l ~ e  t i l e  s t ress  i r r ~ e r ~ s i c j r  
l e v e l  above which f a i l u r e  i s  l i k e l y  in 500 cyc i e s  a t  a rnaxl"niurri 
c y c l i c  s t r e s s  of 105 k s i ,  These  a p p r i ~ > ~ j  U L ~ L C  I Y V Y J S  a r e  t i i t i ~ i l a t e d :  









The e f f e c t  of t u n n e l i n g  on c r a c k  growth i s  somewhat d i f f i c u l t  
t o  h a n d l e  u n l e s s  we make some s i m p l i f y i n g  assumptions .  Although 
t h e  t u n n e l  shaped c r a c k  i s  n o t  s e m i e l l i p t i c a l ,  i f  we h a n d l e  i t  a s  
though i t  were  s e m i e l l i p t i c a l  i n  o r d e r  t o  c a l c u l a t e  s t r e s s  i n t e n -  
s i t y ,  we t h e n  have a  s i t u a t i o n  where t h e  c a l c u l a t e d  s t r e s s  i n t e n -  
s i t h  is  probab ly  on t h e  low s i d e .  I f  t h i s  i s  t r u e ,  t h e  c r a c k  
e x t e n s i o n  d a t a  shou ld  t h e n  b e  abnormal ly  h i g h  when compared w i t h  
s e m i e l l i p t i c a l  d a t a .  T h e r e f o r e ,  we can h a n d l e  t h e  a n a l y s i s  b e s t  
i n  a  g r a p h i c a l  f a s h i o n  by i d e n t i f y i n g  t h e  t u n n e l  shaped c r a c k s  
and o b s e r v i n g  whether  t h e s e  f e l l  below t h e  average  curve .  I t  was 
a n t i c i p a t e d  t h a t  no s i g n i f i c a n t  e f f e c t  would b e  no ted  because  
t h o s e  c r a c k s  where t u n n e l i n g  was no ted  d i d  n o t  show deep tunne l -  
i n g ;  a c t u a l l y  t h e  e f f e c t  of t u n n e l i n g  on t h e  c r a c k  w i d t h  (2c)  
dimension was n o t  g r e a t .  I n  some c a s e s ,  t h e  t u n n e l i n g  e f f e c t  was 
merely t o  s q u a r e  o f f  t h e  c r a c k ,  Recognizing modest changes i n  
c r a c k  w i d t h  a s  s m a l l  c o n t r i b u t i o n s  t o  t h e  f law s h a p e  paramete r  
( Q ) ,  i t  would n o t  b e  s u r p r i s i n g  i f  no e f f e c t  were  n o t e d .  Exami- 
n a t i o n  of t h e  g r a p h i c a l  p r e s e n t a t i o n s  shows no s i g n i f i c a n t  e f f e c t .  

F r a c t u r e  toughness p r o p e r t i e s  were  determined on specimens 
a f t e r  c y c l i c  load ing .  I n  g e n e r a l ,  t h e s e  d a t a  were n o t  s u f f i c i e n t -  
l y  v a l i d  t o  pe rmi t  r e p o r t i n g .  The p r i n c i p a l  r easons  were  exces-  
s i v e l y  deep f i n a l  c r a c k  s i z e ,  p o s s i b l e  damage due t o  h e a t - t i n t i n g ,  
and,  f o r  some l i q u i d  n i t r o g e n  sepcimens,  t h e  c r a c k  s i z e  was t o o  
s m a l l  t o  o b t a i n  f r a c t u r i n g  below t h e  y i e l d  s t r e n g t h .  



V I I .  A N A L Y T I C A L  TECHNIQUES 

A. STRESS I N T E N S I T Y  FOR SURFACE-FLAWED SPECIMENS 

I rwin  (Ref 6 )  has  e s t i m a t e d  t h e  e f f e c t  of 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 l o a d  
by u s i n g  r h e  fo l lowing  e q u a t i o n :  

a2  ? $ ) +  
( s in2  4 + 7 cos - C 

K~ - 
[@2 - 0.212 

where: 

M~ is  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  g e n e r a l l y  t aken  
a s  1.1; 

a 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 ;  

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

@ is  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 i n d  
and may b e  e x p r e s s e d  by :  

90 deg 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 b e  expressed  
a s  : 



S e v e r a l  m o d i f i c a t i o n s  have been made t o  t h e  above approximate  
s o l u t i o n s  i n  o r d e r  t o  account  f o r  t h e  e f f e c t  of t h e  p rox imi ty  of 
t h e  back f a c e .  These have been r e p o r t e d  by Kobayashi (Ref 7 )  and 
Smith (Ref 8 ) .  Recent exper iments  performed by Larson (Ref 9 )  
and Smith (Ref 1 0 )  u s i n g  c a s t  epoxy specimens i n d i c a t e  t h a t  t h e  
back-sur face  c o r r e c t i o n  f a c t o r s  a r e  approx imate ly  20 t o  25% lower 
t h a n  t h o s e  p r e d i c t e d  by Smith (Ref 8 ) .  

I n  t h i s  work, a t t e m p t s  were made t o  a v o i d  making c r a c k s  deep 
enough t o  r e q u i r e  back-sur face  c o r r e c t i o n  of t h e  s t r e s s - i n t e n s i t y  
f a c t o r ,  However, because  of t h e  t h i n  gages and t h e  n e c e s s i t y  t o  
u t i l i z e  s p e c T f i c  proof  s t r e s s e s  t h i s  was n o t  always p o s s i b l e .  
Back-surface  c o r r e c t i o n  f a c t o r s  were n o t  used because  t h e r e  i s  
s t i l l  some u n c e r t a i n t y  a s  t o  t h e  magnitude of t h e  e l a s t i c  magni- 
f i c a t i o n  f a c t o r s ,  and i n  a d d i t i o n ,  t h e  e f f e c t s  of  p l a s t i c i t y  have 
s t i l l  n o t  been a s s e s s e d .  

B. C Y C L I C  F L A W  GROWTH 

During c y c l i c  l o a d i n g ,  a  s m a l l  amount of growth i s  c o n s i d e r e d  
t o  have o c c u r r e d  d u r i n g  each l o a d  c y c l e .  I f  t h e  inc rement  of 
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 b e  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  
curve  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  of 
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  ( d a / d ~ ) .  From 
an 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 e c h n i q u e  is  r e l a t i v e l y  s i m p l e  
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 l a w e d  specimens t h i s  i s  n o t  r e a d i l y  accomplished be- 
cause  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  measurab le  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  u s u 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  w i d t h ,  which i s  r e a d i l y  d i s c e r n i b l e  on t h e  s u r f a c e ,  
does  n o t  p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n .  

Boeing (Ref 11 and 12)  h a s  e v a l u a t e d  flaw-growth b e h a v i o r  i n  
su r face - f l awed  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, 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  (KIi) 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  an i n i t i a l  c r a c k  s i z e  (a/Q) v s  N c u r v e  a t  a  g iven s t r e s s .  
From t h i s  c u r v e ,  t h e  s l o p e  o r  c r a c k  growth r a t e  [d(a /Q)/dN] 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 b e  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 n t e n -  

I 
s i t y  v s  growth r a t e  cu rve  can b e  o b t a i n e d .  



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

1 )  The specimen must b e  taken 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  depth  must b e  s u f f i c i e n t l y  l e s s  
than  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 b e  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 b e  main ta ined .  

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. However, i t  i s  n e c e s s a r y  f o r  t h e  t e s t  t o  b e  con- 
ducted u n t i l  f a i l u r e  occurs .  

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 1 '  t echn ique .  Th is  approach is  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  curve .  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  b e  a  
f o u r t h  power r e l a t i o n s h i p ,  can b e  q u i t e  s i g n i f i c a n t .  



V 1 I I .  CONCLUSIONS 

Based on t h e  d a t a  g e n e r a t e d  i n  t h e  performance of t h i s  pro- 
gram, t h e  t h r e e  o b j e c t i v e s  of t h i s  r e s e a r c h  have been s a t i s f i e d .  
These o b j e c t i v e s  were:  

1 )  To de te rmine  whether f l aw growth occur rence  d u r i n g  
proof  t e s t i n g  r e s u l t s  from env i ronmenta l  e f f e c t s  
( e . g . ,  s low growth caused by s t r e s s  c o r r o s i o n )  o r  
r e s u l t s  from pop-in where t h e  c r a c k  e x t e n d s  i n i -  
t i a l l y  i n  a  s t a t e  of p l a n e  s t r a i n  and i s  a r r e s t e d  
when t h e  s t a t e  changes t o  p lane  s t r e s s ;  

2) To de te rmine  t h e  e f f e c t  of s t r e s s - i n t e n s i t y - f a c t o r  
l e v e l ,  p l a t e  t h i c k n e s s ,  f l aw s h a p e ,  f l a w  l o c a t i o n ,  
and environment on t h e  occur rence  of f l aw growth 
d u r i n g  proof  t e s t i n g ;  

3 )  To de te rmine  t h e  e f f e c t  of f l aw growth d u r i n g  
proof  t e s t i n g  on t h e  remaining c y c l i c  l i f e  a t  
normal o p e r a t i n g  stress l e v e l s ,  

Flaw growth d u r i n g  proof t e s t i n g  i s  of t h e  slow growth t y p e .  
Although t h e  o c c u r r e n c e  of s low f l a w  growth i m p l i e s  a  s t r e s s  cor -  
r o s i o n  mechanism, o u r  d a t a  does n o t  i n d i c a t e  a  s u f f i c i e n t  d i f f e r -  
ence i n  t h e  s u s c e p t i b i l i t y  t o  slow growth t o  f i r m l y  show an  en- 
v i ronmenta l  e f f e c t  i n  comparing t h e  v a r i o u s  media.  An a n a l y s i s  
of s t r e s s  i n t e n s i t y  v e r s u s  growth d u r i n g  proof  showed t h e  e f f e c t  
of hold  t ime (30 minu tes  ho ld  t ime r e s u l t e d  i n  more growth t h a n  
1 5  second ho ld  t ime)  b u t  d i d  n o t  c l e a r l y  d i f f e r e n t i a t e  between a i r  
and w a t e r  exposures .  

Tunneling b e h a v i o r ,  a s  d e s c r i b e d  i n  p r i o r  work by o t h e r s ,  was 
n e i t h e r  p r e v a l e n t  n o r  s i g n i f i c a n t .  The magnitude of t u n n e l i n g  
was n o t  g r e a t ;  i n  most c a s e s  i t  was m a n i f e s t  by l i t t l e  more t h a n  
a  tendency t o  s q u a r e  o f f  t h e  s e m i e l l i p t i c a l - s h a p e d  p r e c r a c k .  
Tunnel ing b e h a v i o r ,  under  slow growth c o n d i t i o n s ,  appears  t o  b e  
more p r e v a l e n t  w i t h  a  h igh  a / 2 c  r a t i o  i n  t h e  gages t e s t e d .  Th is  
i s  u n d e r s t a n d a b l e  because  t h e  c racks  w i t h  a  h i g h  a / 2 c  r a t i o  were 
r a t h e r  deep i n  o r d e r  t o  a c h i e v e  t h e  r e q u i r e d  s t r e s s  and s t r e s s  
i n t e n s i t y  combinat ion.  A s  a  r e s u l t ,  i t  i s  l i k e l y  t h a t  t h e  nose  
of t h e  c r a c k  (end of semiminor a x i s )  was s u b j e c t  t o  p l a s t i c i t y  
e f f e c t s .  Under t h e s e  c o n d i t i o n s ,  i t  i s  r e a s o n a b l e  f o r  growth t o  
occur  p r e f e r e n t i a l l y  a t  some a n g l e  from t h e  semiminor a x i s ,  t h e r e -  
by r e s u l t i n g  i n  t u n n e l i n g  o r  s q u a r i n g  o f f  b e h a v i o r .  



I t  was determined t h a t  t h e  l e v e l  a t  which f l a w  growth i n i t i -  
a t e d  was 85 t o  90% 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  

iK1c) .  In a 
few c a s e s ,  i s o l a t e d  t e s t  r e s u l t s  i n d i c a t e d  a  somewhat lower i n i -  
t i a t i o n  l e v e l ;  however, t h e s e  lower l e v e l s  occur red  i n  welded 
m a t e r i a l  where c r a c k  p ropaga t ion  a long  c e r t a i n  p r e f e r r e d  g r a i n  
o r i e n t a t i o n s  h a s  been observed.  

A t  7OQF, slow growth was s i g n i f i c a n t  a t  h igh percen tages  of 

K~ c 
and under longt ime h o l d i n g .  Cryogenic t e s t s  showed t h a t  

growth was q u i t e  minor a t  s i m i l a r  l e v e l s  of s t r e s s  i n t e n s i t y .  
Th i s  o b s e r v a t i o n  h a s  caused us  t o  conclude t h a t  t h e  s u s c e p t i b i l -  
i t y  t o  s low growth i s  s t r o n g l y  i n f l u e n c e d  by c r a c k  s i z e ,  s i n c e  
t h e  LN2 specimens con ta ined  s m a l l  f l aws  and d i d  n o t  e x h i b i t  g r e a t  
growth. 

T h i s  conc lus ion  i s  f u r t h e r  s u b s t a n t i a t e d  by t h e  r e s u l t s  of 
our  s t a t i c  f r a c t u r e  toughness t e s t s  where t h e  specimens w i t h  t h e  
l a r g e s t  f l aws  e x h i b i t e d  below-average toughness ,  s u g g e s t i n g  t h a t  
a  lower bound v a l u e  based on t h e  p roduc t  of i n i t i a l  f l aw s i z e  
and f r a c t u r e  s t r e s s  was a c t u a l l y  determined.  

P a r e n t  m e t a l  m a t e r i a l  e x h i b i t e d  t h e  g r e a t e s t  r e s i s t a n c e  t o  
f l aw growth f o r  a l l  gages and environments .  The l e a s t  r e s i s t a n c e  
t o  f low growth was found f o r  t h e  0.090-inch m a t e r i a l  i n  t h e  h e a t  
a f f e c t  zone a t  70°F. The 0.060-inch m a t e r i a l  e x h i b i t e d  t h e  g r e a t -  
e s t  growth i n  t h e  weld c e n t e r l i n e .  It was d i f f i c u l t  t o  e s t a b l i s h  
which r e g i o n  of t h e  0.030-inch s t o c k  e x h i b i t e d  t h e  g r e a t e s t  
growth,  a l though  i t  appeared t o  b e  t h e  weld c e n t e r l i n e .  

Based on t h e  s low growth o b s e r v a t i o n s ,  i t  i s  impor tan t  t h a t  
s t a t i c  f r a c t u r e  toughness d a t a  b e  o b t a i n e d  s o  t h a t  f a i l u r e s  oc- 
c u r  i n  t h e  s t r e s s  range cor responding  t o  t h e  a n t i c i p a t e d  proof  
s t r e s s .  For t h e  Apollo hardware,  t h i s  i m p l i e s  70°F s t a t i c  tough- 
n e s s  t e s t s  i n  t h e  140 k s i  range and -320°F t e s t s  i n  t h e  187 k s i  
r ange .  For t h e  f l aw s i z e s  t h a t  w i l l  cause  f a i l u r e s  a t  t h e s e  
s t r e s s e s ,  s low f law growth i s  n o t  s i g n i f i c a n t .  

The d a t a  g e n e r a t e d  i n  t h i s  program conf i rms t h e  g r e a t  v a l u e  
of t h e  c ryogen ic  proof t e s t s  f o r  e s t a b l i s h i n g  t h e  h i g h e s t  p o s s i -  
b l e  r e l i a b i l i t y  i n  hardware.  It i s  a l s o  a p p a r e n t  t h a t  a  room 
tempera tu re  proof t e s t  p r i o r  t o  c ryogen ic  proof  t e s t i n g  is  s t i l l  
a  s a t i s f a c t o r y  t echn ique  t o  s c r e e n  o u t  t h e  l a r g e r  f l a w s .  Perform- 
ance of a  room tempera tu re  proof t e s t  i s  l e s s  expensive  t h a n  a  
c ryogen ic  proof and i f  f l a w s  a r e  s u f f i c i e n t l y  l a r g e  t o  cause  f a i l -  
u r e  i n  a  room tempera tu re  p r o o f ,  t h e  s c r e e n i n g  o p e r a t i o n  i s  g r e a t l y  
s i m p l i f i e d .  There i s  a l s o  t h e  p o s s i b i l i t y ,  a l though  n o t  g r e a t ,  
t h a t  t h e  room tempera tu re  proof t e s t  may r e s u l t  i n  l eakage  r a t h e r  
than  c a t a s t r o p h i c  f a i l u r e .  I f  l eakage  o c c u r s ,  t h e  v e s s e l s  could  
p o s s i b l y  be  sa lvaged  by s u i t a b l e  r e p a i r  p r o c e s s e s .  The c ryogcn ic  
proof t e s t  w i l l  s c r e e n  o u t  s m a l l e r  f l a w s  and w i l l  pe rmi t  on ly  
v e s s e l s  of h igh  r e l i a b i l i t y  t o  e n t e r  s e r v i c e .  
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Tab le  A - 1  T e n s i l e  P r o p e r t i e s  o f  S t r e s s  R e l i e v e d  6Aa-4V STA 
T i  taniuri i  a t  Roorri Tei i iperature ( 7 0 ° F )  

Hea t  A f f e c t e d  

Heat  A f f e c t e d  

Weld C e n t e r l i n e  

*For welded specimens, l o c a t i o n  denotes r e g i o n  where s t r a i n  gage was 
p l a c e d  f o r  y i e l d  s t r e n g t h  d e t e r m i n a t i o n .  

i - F a i l e d  o u t s i d e  gage l e n g t h .  



Table A-2 T e n s i l e  P r o p e r t i e s  o f  S t ress  Re l ieved  6Ar-4V STA 
T i  t a n i  um a t  L i q u i d  N i t rogen  Temperature (-320°F) 

ULTIMATE TENSILE YIELD STRENGTH, 
LOCATION* 1 0.2% OFFSET (ksi;  

I 

0.090 INCH THICKNESS 

Weld C e n t e r l i n e  

0.060-INCH THICKNESS 

Paren t  Metal 

Heat A f f e c t e d  
Zone 

We1 d C e n t e r l i n e  

255.7 

256.8 

254.8 

(255.7 avg) 

243.9 

245.2 

241.7 

(243.6 avg) 

244.6 

253.7 

239.6 

(246.0 avg) 

245.8 

244.2 

247.4 

(245.7 avg) 

224.6 

233.5 

- i- 

(229.1 avg) 

218.1 

235.8 

216.8 

(217.5 avg) 

0.030-INCH THICKNESS 

Heat A f f e c t e d  
Zone 

Weld C e n t e r l i n e  

254.3 

253.9 

(254 .1  avg) 

252.4 

253.2 

231.6 

237.5 

(234.6 avg) 

243.1 

247.9 

(252.8 avg) 1 (245.5 avg) 

*For we1 ded specimens, 1 o c a t i o n  denotes r e g i o n  where s t r a i n  
gage was p laced  f o r  y i e l d  s t r e n g t h  de te rmina t ion .  

:St ra in  gage s l i p p e d  o r  f a i l e d .  



1 cil)lc I\. 3 S i ; a t i c  ri-actui-e To~rgt~ness i ) f  0.096- i!!ch 6/\!~-4W STA T i  tartiulll 
a t  ii,oorii I e i i iperdture (70"l-) 

I H E A T  A F F E C T E D  Z O N E  I 



Table A-4 S t a t i c  Frac ture  Toughness of 0.060-inch 6Aa-4V STA 
Titaniuiii a t  Rooni Temperature (70°F) 



Table A-5 S t a t i c  F r a c t u r e  Toughness o f  0 .030- inch 64a-4V STA T i tan ium 
a t  rioom Teninerature (7fl°F) 



T a b l e  A-6 S t a t i c  Frac ture  Toughness o f  0 .090- inc l7  6Ac -4V STA T i  t a r l i u ~ i i  a t  -320°F 



PARENT METAL I 

Table A-7 S t a t i c  Fracture Toughness o f  0.060-inch 6Ab4V STA Ti tanium a t  -320°F 

WELD CENTERLINE 

SPECIMEN 
NO. 

Proof t e s t  
f a i l u r e  

0.84 

0.75 

0.76 

0.41 

0.55 

0.74 

0.62 

0.52 

0.81 

>o. 93 

0.54 

. 0.97 

0.94 

HEAT AFFECTED ZONE I 

FLAW SIZE FRACTURE 
LOAD 
( I b )  

DEPTH, a 
( i n . )  

50.2 

47.3 

50.7 

31.7 

42.9 

44.5 

43.2 

43.0 

48.0 

>49.3 

>54.4 

(t:,") 

Proof t e s t  

Broke i n  
g r i p ;  
p roo f  t e s t  

I n s u f f i -  
c i e n t  f l aw  
growth o f  
precrack 

Broke i n  
g r i  P 

FRACTURE 
STRESS 
( k s i )  

LENGTH, 2c 
( i n . )  

SHAPE 
a/Q 

FRACTURE/ 
YIELD STRESS 

RAT I 0  

FRACTURE 
TOUGHNESS 

( S  ) REMARKS 



Table A-8 S t a t i c  Frac ture  Toughness of 0.030-inch 6AQ-4V STA Titanium a t  -320°F 



Table A-9 P roo f  Tes t  Data f o r  0.090-inch 6Ae-4V T i tan ium Tested I n  A i r  

F a i l e d  
d u r l  ng 
proof  

F a i l e d  
d u r i n g  
proof  

Cracked 
th rough  to  
backface 
d u r i n g  
w o o f  

SG - s t r a i n  gage; T - t u n n e l i n g ;  

CG - co~np l i ance  gage; NV - no v i s i b l e  growth i n d i c a t i o n  

U - uni form f l a w  growth;  

* A l l  h o l d  t imes 15 seconds 



Tab le  A-10 P r o o f  T e s t  Data f o r  0 .090- inch ~ A L - 4 V  T i t a n i u m  Tested i n  Water 

CODE : 
N I  - no i n d i c a t i o n ;  NU - nonuni form;  

SG - s t r a i n  gage; T  - t u n n e l i n g ;  

CG - compl iance gage; NV - no v i s i b l e  g row th  i n d i c a t i o n  

U - u n i f o r m  f l a w  growth;  

"Al l  h o l d  t imes  15  seconds. 



Table A-11 Proo f  Tes t  Data f o r  0.090-inch 6Ae-4V T i tan ium Tested i n  L i a u i d  N i t roaen  

1 I I 1 STRESS INTENSITY, I STRESS INTENSITY I FLAW GROWTH I PROOF GROWTH I I I .- . 
PROOF KIi ( k s i f i )  RATIO (KIi/KIc) INITIATION 
STRESS GROWTH ( i n . )  AT INDICATED ANGLE FRii:!i: FACE 
( k i l l  DESIRED I ACTUAL / DESIRED 1 ACTUAL lKli IMETHoo TYPE 0"  (ha)  1 90' ( 2 ~ )  I Y' OBSERVATIONS COMMENTS* 

1 Parent  Metal  I 
1 0.001 @ 75" NU F a i l e d  d u r i n g  

p roo f  

0.002 0.003 U 

0.002 0.002 0.002 @ 63" NU 

0.006 @ 68" NU F a i l e d  du r ing  
proof  

0.001 @ 28" NU F a i l e d  d u r i n g  
proof 

L NV 

CODE: 

YI - no i n d i c a t i o n ;  NU - nonuniform; 
jG - s t r a i n  gage; T - t u n n e l i n g ;  

CG - coinpliance gage; NV - no v i s i b l e  growth i n d i c a t i o n .  

U - u i i i f o rm f l a w  growth; 

" A l l  h o l d  t imes 15 seconds. 



Table A-12 Proof Tes t  Oata f o r  0.060-inch 6A?-4V T i t a n i u ~ n  Tested i n  Air 

Parent  Metal  

SPECIMEN 
10. 

30 niinute ho ld  

30 in inute ho ld  

30 in inute h o l d  

30 m inu te  ho ld  

I Weld C e n t e r l i n e  1 

FLAW SI7E 

DEPTH, a LENGTH, 2c SHAPE 
I .  1 ( l n . )  / a/Zc I a/Q 

I Heat A f f e c t e d  Zone 1 

CODE: 

N I  - no i n d i c a t i o n ;  . NU - nonuniform 

SG - s t r a i n  gage; T - tunne l ing ;  

CG - compliance gage; NV - no v i s i b l e  growth i n d i c a t i o n  

U - un i fo rm f l a w  growth; 

PROOF 
STRESS 
( k s l )  

* A l l  h o l d  t imes 15 seconds, except  where noted. 

STRESS INTENSITY, 
KIl ( k s i f i . )  

DESIRED 1 ACTUAL 

STRESS INTENSITY 

RATIO (KI1/KIc) 

DESIRED / A C T U A L  

FLAW GROWTH 
INITIATION 

"Ic 1 METHOD COMMENTSY 

PROOF GROWTH 

TYPE 

GROWTH ( i n . )  AT INDICATED AYGLE 

0' ( h a )  1 90' (2c)  1 



Table A-13 Proo f  Tes t  Data f o r  0.060-Inch'6Ae-4V T i tan ium Tested i n  Water 

SPECIMEN * 
NO. COMMENTS 

CODE: 

NI - no i n d i c a t i o n ;  NU - nonuni form 

SG - s t r a i n  gage; T - tunne l i ng ;  

CG - compliance gage; NV - no v i s i b l e  growth i n d i c a t i o n .  

U - u n i f o r m  f l a w  growth; 



Table A-14 Proof Test Data f o r  0.060- inch 6Ar.-4V T i tan iu in  Tested i n  L i q u i d  i i i t r o g e n  

141 - no i n d i c a t i o n ;  iiU - nonunifontr; 

S G  - s t r a i n  gage; T - tunne l ing ;  

CG - compliance gage; iiV - no v i s i b l e  growth i n d i c a t i o n .  

li - i i n i f o r ~ l  f l a k  growth;  

* A l l  h o l d  t imes 15 seconds except ivhere noted. 





Table A-16 Proof Test Data for 0.030-inch 6Ae-4V Titanium Tested in Water 

CODE: 

NI - no indication; NU - nonuniform; 

SG - strain gage; T - tunneling; 
CG - compliance gage; NV - no visible growth indication. 
U - uniform flaw growth; 

*All hold times 15 seconds. 



T a b l e  A-17 P r o o f  T e s t  Data  f o r  0 . 0 3 0 - i n c h  6Ae-4V T i t a n i u m  T e s t e d  i n  L i q u i d  N i t r o g e n  

*All h o l d  t i m e s  15 s e c o n d s  

CODE: 

NI - no i n d i c a t i o n ;  NU - nonuniform;  

SG - s t r a i n  g a g e ;  T - t u n n e l i n g ;  

CG - c o m p l i a n c e  g a g e ;  N V  - no v i s i b l e  growth i n d i c a t i o n .  

U - u n i f o r m  f l a w  g r o w t h ;  



Table A-18 Cyclic Crack-Extension Properties for 0.090-inch 6Ae-4V Titanium 

Note: S t ress  r a t i o  ( R )  = 0.01; 0 = 105ks i .  
niax 



Table A-19 C y c l i c  Crack-Extension P r o p e r t i e s  f o r  0.060- inch 6A;-4V T i tan iu i i l  

6W3-8 

6W5-4 

61.15-2 

61.13-9 

6W7-2 

61.16-4 

6W9-9 

6W3-4 

6W5-8 

6W5-5 

6W3-5 

6W5-9 

6W9-6 

6W6-7 

6W8-6 

61.17-3 

6W7-1 

Note: 
1 -  

0.0525 

0.0340 

0.0401 

0.0613 

0.0241 

0.0293 

0.0282 

0.0540 

0.0323 

0.0352 

0.0485 

0.0376 

0.0293 

0.0263 

0.0255 

0.0176 

0.0201 

S t ress  

0.1392 

0.2159 

0.2196 

0.1639 

0.0919 

0.0850 

0.0825 

0.1319 

0.2147 

0.2036 

0.1372 

0.2182 

0.0916 

0.0868 

0.0890 

0.0815 

0.0768 

r a t i o  ( R )  = 

0.0293 

0.0315 

0.0352 

0.0344 

0.0177 

0.0178 

0.0172 

0.0277 

0.0294 

0.0306 

0.0282 

0.0324 

0.0183 

0.0171 

0.0172 

0.0140 

0.0144 

0.01; omax 

0.0540 

0.0241 

0.0305 

0.0294 

0.0556 

0.0478 

0.0424 

0.0561 

0.0435 

0.0338 

0.0303 

0.0265 

0.0207 

0.0244 

= 105 

0.1535 

0.0919 

0.0897 

0.0840 

0.1354 

0.2349 

0.2127 

0.1683 

0.2281 

0.1010 

0.0955 

0.0927 

0.0844 

0.0812 

k s i .  

Weld 

0.0323 

0.0177 

0.0186 

0.0175 

Heat  

0.02585 

0.0389 

0.0350 

0.0344 

0.0365 

0.0205 

0.0192 

0.0179 

0.0153 

0.0161 

C e n t e r l i n e  

35.0 

36.2 

38.5 

37.9 

27.2 

27.2 

26.8 

Af fected 

34.0 

35.0 

35.8 

34.4 

36.8 

27.6 

26.8 

26.8 

24.2 

24.6 

36.8 

27.2 

27.8 

27.0 

Zone 

34.6 

40.3 

38.3 

37.9 

39.1 

29.3 

28.5 

27.4 

25.4 

26.0 

100 

104 

6 5 

220 

500 

300 

175 

100 

500 

157 

380 

167 

260 

160 

500 

500 

500 

35.9 

27.2 

27.5 

26.9 

34.3 

37.7 

37.0 

36.2 

38.0 

28.4 

27.6 

27.1 

24.8 

25.3 

867 

0 

727 

723 

820 

13,300 

6101 

4537 

5021 

2760 

2564 

632 

2366 

2945 

8.7 

0 

2.4 

4 .1  

8.2 

26.6 

38.9 

11.9 

30.0 

10.6 

16.0 

1.3 

4.7 

5.9 

Cracked 
through 
d u r i n g  
c y c l i n g  

Cracked 
through 
d u r i n g  
c y c l i n g  

Cracked 
through 
d u r i n g  
c y c l i n g  

No f l a w  
growth 



Table A-20 Cyclic Crack-Extension Properties for 0.030-inch 6Ak-4V Titanium 

1 Parent Metal 




