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INTRODUCTION 

Advances i n  a e r o n a u t i c a l  r e sea rch  and technology have l e d  t o  t h e  use  of gaseous 
a i r f  low a t  cryogenic  temperatures  t o  explore  h igh  Reynolds number c o n d i t i o n s  i n  t h e  
t r a n s o n i c  f l i g h t  regime. This technique has c r e a t e d  new cha l l enges  f o r  development 
of and design wi th  new wind-tunnel model materials r e q u i r i n g  combinations of 
extremely h i g h  s t r e n g t h  and toughness. I n i t i a l  des ign  cr i ter ia  ( r e f .  1 )  f o r  cryo- 
g e n i c  wind-tunnel models have r e q u i r e d  a combination of p r o p e r t i e s  t h a t  few materials 
can provide.  I d e n t i f i c a t i o n  and r e v i e w  o f  t he  s m a l l  number of materials having t h e  
p o t e n t i a l  t o  approach des ign  p rope r ty  requirements have r evea led  t h e  inadequacy of 
mechanical p r o p e r t y  d a t a  i n  t h e  temperature range of i n t e r e s t .  Ma te r i a l  s e l e c t i o n s  
were made w i t h  t h e  c o n d i t i o n  t h a t  t h e  unava i l ab le  p r o p e r t y  information would be 

material i s  A r m c o  N i t r o n i c  40 stainless s t e e l ,  an  a u s t e n i t i c  s t a i n l e s s  s t ee l  
s t r eng thened  wi th  t h e  a d d i t i o n  of 0.3 percent n i t r o g e n ,  which h a s  been s e l e c t e d  f o r  
f a b r i c a t i o n  of t h e  wing of t he  Pa th f inde r  I model. This model i s  t o  be t e s t e d  i n  t he  
Nat ional  Transonic F a c i l i t y  (NTF), l o c a t e d  a t  t h e  Langley Research Center (LaRC) .  
The s e l e c t i o n  of N i t r o n i c  40 w a s  based on f avorab le  producer-reported material prop- 
ert ies (ref. 21, b u t  f r a c t u r e  r e s i s t a n c e  information on t h i s  a l l o y  w a s  cons ide red  
inadequate.  

il 
obtaliied aiid =sed te define allc-v:able V?in.?r--tunnel cperating envelcpes i @-e scch 

The NTF operates a t  high dynamic p r e s s u r e s  and cryogenic  temperatures  i n  o r d e r  
t o  ach ieve  h i g h  Reynolds number f l i g h t  cond i t ions .  (See r e f .  3.) The s e v e r e  o p e r a t -  
i n g  envelope of t h e  NTF r e s u l t s  i n  complex thermal  and mechanical l oad ing  of models, 
s t i n g s ,  and balances.  A t  very low temperatures, s t r e n g t h  of s t r u c t u r a l  metallics i s  
u s u a l l y  i n c r e a s e d  b u t  f r a c t u r e  toughness i s  t y p i c a l l y  reduced. Very high f r a c t u r e  
toughness h a s  been i d e n t i f i e d  as a des ign  requirement i n  o r d e r  t o  accommodate t h e  
many geometr ic  f e a t u r e s  which ac t  as  stress c o n c e n t r a t o r s  on a t y p i c a l  model. High 
f a t i g u e  s t r e n g t h  and low c rack  growth rates are  a l s o  necessa ry  p r o p e r t i e s  f o r  mate- 
r i a l  a p p l i c a t i o n  i n  t h e  NTF. 

Stress a n a l y s i s  of the P a t h f i n d e r  I wing determined a r equ i r ed  minimum t e n s i l e  
y i e l d  s t r e n g t h  ( r e f .  4)  of 150 k s i  and minimum p l a n e s t r a i n  f r a c t u r e  toughness ICIc 
(ref. 1 ) of 85 k s i - i n 1 I 2  a t  -320OF. 
w a s  i n i t i a l l y  e v a l u a t e d  by c o r r e l a t i o n  with Charpy i n p a c t  s t r e n g t h  by u s i n g  t h e  
Barsom-Rolfe r e l a t i o n s h i p  ( r e f .  5)  : 

The p l a n e - s t r a i n  f r a c t u r e  toughness requirement 

u 

3/2 1/2 KIc = [2E(CVN) ] 

where KIc i s  expres sed  i n  ps i - in1 I2 ;  Young’s modulus E, i n  psi;  and Charpy V-notch 
impact s t r e n g t h  CVN, i n  f t - l b .  However, t h i s  c o r r e l a t i o n  w a s  developed f o r  f e r r i t i c  
s teels  and i t s  v a l i d i t y  f o r  h i g h e r  toughness materials w a s  unknown. 
tests were conducted on specimens machined from a 5.5-in-thick p l a t e  ob ta ined  f o r  
model f a b r i c a t i o n .  
y i e l d e d  Charpy v a l u e s  which w e r e  considered t o o  l o w  t o  proceed wi th  model development 
wi thou t  conduct ing f r a c t u r e  toughness tests. (See r e f .  6.) 

Charpy impact 

The plate  had been given a s t r e s s - r e l i e v i n g  h e a t  t r ea tmen t ,  and 



Fini te-element  a n a l y s i s  (ref. 3 )  of t h e  P a t h f i n d e r  I wing determined t h a t  t h e  
l o c a t i o n  of  peak stress occurred  a t  t h e  break  i n  t h e  wing planform ( f i g .  1 ) .  Aero- 
dynamic measurements r e q u i r e  placement of a row of p r e s s u r e  t r a n s d u c e r s  a t  t h i s  loca-  
t i o n ,  b u t  t h e  e f f e c t  t h i s  i n s t rumen ta t ion  would have on t h e  f a t i g u e  behavior  of t h e  
model wing dur ing  tunne l  ope ra t ion  r e q u i r e d  eva lua t ion .  

This s tudy  w a s  undertaken t o  e x p l o r e  t h e  f r a c t u r e  r e s i s t a n c e  behavior  o f  
N i t r o n i c  40 by us ing  t h e  single-edge-notch bend (SENB) specimen and  t o  e v a l u a t e  t h e  
f a t i g u e  response of a simple wing s i m u l a t i o n  specimen c o n t a i n i n g  brazed  p l u g  o r i f i c e s  
of a des ign  considered f o r  model f a b r i c a t i o n .  

This report p r e s e n t s  t h e  r e s u l t s  of t h e  f r a c t u r e  toughness  and t e n s i l e  p r o p e r t y  
t e s t i n g  of  Ni t ronic  40 a t  room and cryogenic  temperatures and t h e  r e s u l t s  of f a t i g u e  

t ransduce  r a t  tachme n t . ', t e s t i n g  of wing s imula t ion  specimens i n c o r p o r a t i n g  a b r a z i n g  procedure f o r  p r e s s u r e  

I 
SYMBOLS 

area under load -de f l ec t ion  curve  a t  maximum load, i n - l b  ( f i g .  1 4 )  A1 

area under load-def lec t ion  curve  a t  P2, i n - l b  ( f i g .  14)  A2 

a e f f e c t i v e  c rack  l eng th ,  i n .  

B specimen th i ckness ,  in .  

CVN Charpy V-notch impact s t r e n g t h ,  f t - l b  

C one-half specimen th i ckness ,  in .  

E Young's modulus, ps i  

f ,  (a /w),f2(a/w) polynomial expressions t o  account  f o r  specimen geometry e f f e c t s  on 
s o l u t i o n  f o r  K 

4 I '  moment of i n e r t i a ,  i n  

JrE measure of toughness,  ks i - in .  

K stress i n t e n s i t y  f a c t o r ,  k s i - in ' / 2  

KIc p l a n e - s t r a i n  f r a c t u r e  toughness ,  k s i - in ' / 2  

KIcd 

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

equ iva len t  energy f r a c t u r e  toughness ,  k s i - i n 1 l 2  

L' pla te  o r i e n t a t i o n  de f ined  a t  60° a n g l e  t o  p l a t e  l o n g i t u d i n a l  d i r e c t i o n  
( f ig .  2 )  

M specimen bending moment, i n - l b  

N number of cyc le s  

2 



P a p p l i e d  specimen load, l b  

load a t  a r b i t r a r y  po in t  a long  l i n e a r  port ion of load  d e f l e c t i o n  curve,  l b  
( f i g .  14)  

p2  

R r a t io  of  minimum t o  maximum load,  Pmin/Pmax 

S load span,  i n .  

T p l a t e  t r a n s v e r s e  d i r e c t i o n  

T '  p la te  o r i e n t a t i o n  de f ined  a t  60° angle  t o  p l a t e  t r a n s v e r s e  d i r e c t i o n  
( f ig .  2 )  

V crack  mouth opening displacement ,  in. 

w specimen width,  i n .  

6 beam c e n t e r  d e f l e c t i o n ,  i n .  

E s t r a i n ,  i n / i  n. 

E s t r a i n  rate, in/in/min 

V Poisson ' s  r a t io  

d a p p l i e d  stress, ps i  

d u l t i m a t e  t e n s i l e  s t r e n g t h ,  p s i  

(3 y i e l d  s t r e n g t h ,  p s i  

S u b s c r i p t s  : 

t u  

t Y  

ma  x maximum 

m i  n minimum 

Abbreviat ions : 

L a R C  Langley Research Center  

NTF Nat iona l  Transonic  F a c i l i t y  

RT room temperature  

MATERIALS, EQUIPMENT, AND PROCEDURES 

Materials 

A l l  specimens u t i l i z e d  i n  t h i s  s tudy  were machined from a S.S-in-thick, 44- by 
60-in. Armco N i t r o n i c  40 plate  ob ta ined  f o r  f a b r i c a t i o n  of  t h e  Pa th f inde r  I wing. 
The composi t ion of t h i s  p l a t e  i s  g iven  i n  t a b l e  I and compared w i t h  t h e  nominal 
requirement .  A stress-relieving h e a t  t rea tment  w a s  performed on t h e  plate  a t  LaRC 
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accord ing  t o  the fo l lowing  schedule:  1350OF f o r  1 h r ,  1800OF f o r  1 hr ,  2000°F f o r  
2 h r ,  and furnace c o o l  t o  room temperature. The l o c a t i o n s  of specimens on t h e  p l a t e  
are s h a m  i n  f i g u r e  2. Single-edge-notch bend (SENB) specimens ( r e f .  7) w e r e  
machined from the p l a t e  p r i o r  t o  t h e  s t r e s s - r e l i e v i n g  h e a t  t r ea tmen t  t o  measure t h e  
f r a c t u r e  r e s i s t a n c e  of material i n  t h e  as-received condi t ion.  
mens w e r e  machined a f t e r  t h e  stress - r e l i e v i n g  t r ea tmen t .  Specimen o r i e n t a t i o n s  w e r e  
chosen t o  r e f l e c t  toughness i n  t h e  d i r e c t i o n  of wing load ing  (TS) and normal t o  t h i s  
d i r e c t i o n  (TL) .  Specimen o r i e n t a t i o n  d e s i g n a t i o n s  a re  given r e l a t i v e  t o  o r i g i n a l  
p l a t e  d i r e c t i o n s .  

Add i t iona l  SENB s p e c i -  

Wing s imula t ion  specimens w e r e  machined a t  a 60° a n g l e  t o  t h e  p l a t e  r o l l i n g  
d i r e c t i o n ,  with t h e  long a x i s  paral le l  t o  t h e  l e a d i n g  edge of t h e  wing. Tens i l e  
specimens t e s t e d  du r ing  t h i s  s tudy w e r e  c u t  from a wing s i m u l a t i o n  specimen w i t h  axes  
a l o n g  t h e  length and width of t h e  specimen. The r e s u l t a n t  t e n s i l e  p r o p e r t i e s  a re  
t h e r e f o r e  measured a t  a 60° ang le  t o  t h e  p l a t 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 e n s i l e  T e s t i n g  

Tens i l e  specimens were machined from specimen b lanks  acco rd ing  t o  t h e  dimensions 
s h a m  i n  f i g u r e  3. The specimens w e r e  loaded i n  t e n s i o n  t o  determine y i e l d  and u l t i -  
mate s t r e n g t h s  and Young's modulus a t  bo th  room temperature  and -275OF. A l l  t e s t i n g  
w a s  done w i t h  a closed-loop e l e c t r o h y d r a u l i c ,  55 000-lb c a p a c i t y  t es t  machine. For 
cryogenic  t e s t i n g ,  an  environmental  chamber w a s  a t t a c h e d  t o  t h e  t e s t  frame and coo led  
w i t h  l i q u i d  n i t rogen  t o  -275OF. Outputs from t h r e e  s t r a i n  gages,  a t t a c h e d  a t  120° 
i n t e r v a l s  around t h e  specimen circumference ( f i g .  3) , w e r e  monitored t o  determine 
ax ia l  s t r a i n  during loading. Load w a s  monitored through t h e  tes t  frame l o a d  cell. 
Room temperature specimens were loaded a t  a n  i n i t i a l  s t r a i n  ra te  E of 
0.0007 in/in/min. Specimens t e s t e d  a t  -275OF were loaded a t  E = 0.0015 in/ in/min 
i n i t i a l l y .  

A Hewlett-Packard 3052A d a t a  a c q u i s i t i o n  system, s h a m  i n  f i g u r e  4, w a s  used t o  
r e c o r d  t h e  test  da ta .  The system i n c l u d e s  a desktop computer, d i g i t a l  and system 
vol tmeters ,  a scanner,  and a real-time clock. Specimen load, s t r a in -gage  ou tpu t ,  and 
s t r a i n - g a g e  br idge vo l t age  w e r e  monitored and recorded. Tens i l e  t es t  monitor ing and 
d a t a  c o l l e c t i o n  were accomplished by u s i n g  a computer program developed f o r  s t a t i c  
t e n s i l e  t e s t i n g .  A computer program developed f o r  d a t a  r e d u c t i o n  w a s  used t o  provide 
s tress-s t r a i n  curves and modulus determinat ions.  

k a c t u r e  Toughness and Crack Growth Tes t ing  

Single-edge-notch bend specimens were machined t o  dimensions Shawn i n  f i g u r e  5 
and t e s t e d  a t  both room and cryogenic  temperatures  t o  o b t a i n  f a t i g u e  crack growth 
rates and f r a c t u r e  toughness estimates. A l l  t e s t i n g  w a s  conducted wi th  a 100 000-lb- 
c a p a c i t y  closed-loop e l e c t r o h y d r a u l i c  t e s t  machine. For cryogenic  t e s t i n g ,  an  
environmental  chamber w a s  a t t a c h e d  t o  t h e  t e s t  frame and coo led  w i t h  l i q u i d  n i t r o g e n  
t o  -275OF ( f i g .  6) .  The chamber c o n t r o l l e r  t y p i c a l l y  h e l d  t h e  temperature  t o  w i t h i n  
5OF of t h e  d e s i r e d  tes t  temperature. Specimens w e r e  f a t i g u e  precracked a t  both room 
and cryogenic  temperatures t o  a c rack  l e n g t h  of approximately 0.50 i n .  by u s i n g  a 
th ree -po in t  bend appa ra tus  s h m n  i n  f i g u r e  7. P rec rack ing  w a s  conducted a t  room 
temperature  i n  o rde r  t o  o b t a i n  c rack  growth ra tes  a t  ambient temperatures f o r  compar- 
i s o n  w i t h  t h e  r a t e s  ob ta ined  i n  cryogenic  tests. 
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A c l i p - o n  crack mouth opening displacement gage w a s  a t t a c h e d  t o  t h e  i n t e g r a l l y  
machined k n i f e  edges i n  t h e  sample ( f i g .  7 )  t o  monitor crack mouth displacement.  A 
compliance r e l a t i o n s h i p  w a s  used t o  determine crack l eng th  d u r i n g  f a t i g u e  cycl ing.  
The compliance w a s  taken as t h e  ra t io  of crack mouth opening displacement  v t o  
specimen bending moment M. Ihe t o  specimen geometry and load  span, t h e  magnitude of 
t h e  bending moment M i n  i n - l b ,  i s  e q u a l  t o  t h e  magnitude of t h e  specimen load P, 
i n  lb. 'Ihe r e l a t i o n s h i p  of crack l eng th  t o  compliance w a s  determined by r e g r e s s i o n  
a n a l y s i s  of expe r imen ta l ly  generated measurements of compliance and c rack  l e n g t h  f o r  
t h e  notch bend specimen i n  c a n t i l e v e r  bending ( r e f .  8 ) .  'Ihe compliance r e l a t i o n s h i p  
g i v e s  e f f e c t i v e  crack l eng th  a as a func t ion  of specimen geometry, Young's modulus, 
and t h e  ra t io  v/M: 

+ 1.575 

Crack l eng th  i s  uniquely r e l a t e d  t o  t h e  compliance according t o  t h i s  r e g r e s s i o n  equa- 
t i o n .  Thus, i n c r e a s e s  i n  c rack  l e n g t h  during f a t i g u e  c y c l i n g  can be monitored 
through measurements of compliance. 

D a t a  c o l l e c t i o n  w a s  achieved by u s i n g t h e  d a t a  a c q u i s i t i o n  system p rev ious ly  
desc r ibed ,  b u t  d a t a  w e r e  ob ta ined  i n  t h e s e  tests with a f a t i g u e  test  computer pro- 
gram. The computer program recorded crack mouth opening displacement  and load  s i g -  
n a l s  eve ry  5000 c y c l e s  and c a l c u l a t e d  t h e  compliance. Computer c o n t r o l  w a s  used t o  
s t o p  f a t i g u e  c y c l i n g  by c l o s i n g  mechanical r e l a y s  when t h e  compliance had reached a 
preset maximum value corresponding t o  t h e  d e s i r e d  c rack  l eng th .  The c rack  l e n g t h  
determined by compliance a t  completion of precracking w a s  g e n e r a l l y  w i t h i n  3 p e r c e n t  
of t h e  f a t i g u e  crack l e n g t h  as measured v i s u a l l y  a f t e r  specimen f r a c t u r e .  

A r e g r e s s i o n  a n a l y s i s  so f tware  package w a s  used f o r  basic d a t a  manipulation and 
a n a l y s i s  of c r ack  growth d a t a  ( r e f .  9).  Crack growth rate da/dN w a s  ob ta ined  by 
c u r v e - f i t t i n g  plots of crack l eng th  versus  number of c y c l e s  and by mathematically 
d i f f e r e n t i a t i n g  t h e  r e g r e s s i o n  equat ion.  Stress i n t e n s i t y  K l e v e l s  were c a l c u l a t e d  
based on specimen load and crack l eng th  f o r  each i n t e r v a l  of d a t a  c o l l e c t i o n .  P l o t s  
of da/dN ve r sus  K were used t o  eva lua te  c rack  growth behavior.  

Fracture toughness t e s t i n g  w a s  accomplished by o b t a i n i n g  cu rves  of l oad  ve r sus  
c rack  opening displacement  f o r  t h e  precracked specimens i n  th ree -po in t  bending. 
cu rves  were recorded a u t o g r a p h i c a l l y  by a x-y r eco rde r  and t h e n  analyzed t o  determine 
f r a c t u r e  parameters. 

The 

Wing Simulation T e s t i n g  

Rectangular  specimens w e r e  machined t o  i n v e s t i g a t e  t h e  e f f e c t s  of i n s t rumen ta -  
t i o n  h o l e s  and brazed plugs on t h e  f a t i g u e  behavior of t h e  P a t h f i n d e r  I wing. S i x  
specimens of t h e  type  shown i n  f i g u r e  8 were machined through t h e  t h i c k n e s s  of t h e  
5.5-in-thick p l a t e  a t  t h e  l o c a t i o n  s h a m  i n  f i g u r e  2. 'Ihe h o l e  d r i l l e d  a t  a 60° 
a n g l e  a c r o s s  t h e  specimen width r e p r e s e n t s  a passageway f o r  p r e s s u r e  t r ansduce r  w i  r- 
ing.  me f o u r  c i r c u l a r  plugs r e p r e s e n t  the p r e s s u r e  t r a n s d u c e r s  t h a t  are brazed i n t o  
t h e  upper wing s u r f a c e  a t  t h e  peak stress loca t ion .  'Ihe p lugs  w e r e  brazed i n t o  t h e  
specimens by u s i n g  a proposed method f o r  a t t a c h i n g  
s i d e r e d  as a n  a l t e r n a t i v e  t o  t h e  u s u a l  p r a c t i c e  of 

p r e s s u r e  t r a n s d u c e r s  t o  be con- 
s o f t  s o l d e r i n g .  The b raze  a l l o y  
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i s  8 2  p e r c e n t  Au and 1 8  p e r c e n t  N i  a p p l i e d  acco rd ing  t o  t h e  fo l lowing  schedule:  
135O0F f o r  1 h r ,  1650OF f o r  1 h r ,  1825OF f o r  4 min, and f u r n a c e  c o o l  t o  room 
temperature. 

The c u r r e n t  model design c r i te r ia  document ( r e f .  10) r e q u i r e s  t h a t  a f a c t o r  of 
s a f e t y  of 3 based on y i e l d  be a p p l i e d  t o  t h e  wing des ign ,  l i m i t i n g  t h e  maximum wing 
stress t o  a very low va lue  i f  a f u l l  stress conceq t r a t ion  f a c t o r  of 3 i s  a p p l i e d  t o  
t h e  brazed p l u g  hole. 
shown i n  f i g u r e  9. Five specimens were loaded wi th  a m a x i m u m  bending moment c o r r e -  
sponding t o  an  ou te r  f i b e r  stress d of approximately 1/3 t h e  y i e l d  s t r e n g t h  and 
a minimum bending moment of nea r  z e r o  o u t e r  f i b e r  stress ( R  = 0.05). One of t h e s e  
specimens w a s  t e s t e d  a t  room temperature and f o u r  a t  -275OF. An a d d i t i o n a l  t e s t  
conducted a t  -275OF w a s  used t o  simulate a b u f f e t i n g  l o a d  superimposed on a high 
s t a t i c  load,  a cond i t ion  which might be expected i n  t u n n e l  ope ra t ion .  For t h i s  t e s t  
t h e  minimum bending moment d u r i n g  t e s t i n g  w a s  a d j u s t e d  t o  75 p e r c e n t  of t h e  m a x i m u m  
bending moment ( R  = 0.75). 

A l l  specimens w e r e  f a t i g u e  loaded i n  bending u s i n g  t h e  f i x t u r e  

maX 

Samples were cyc led  a t  a frequency of 10  c y c l e s / s e c  f o r  approximately 1 m i l l i o n  
c y c l e s  and evaluated fo r  c rack  i n i t i a t i o n .  I f  c r ack  i n i t i a t i o n  d i d  n o t  occur ,  t h e  
bending moment was i n c r e a s e d  by 10 percent .  The mil l ion-cycle  blocks of f a t i g u e  
load ing  were continued s t epwise  , i n c r e a s i n g  dmax u n t i l  c r ack  i n i t i a t i o n  occurred.  
The a p p l i e d  bending moment w a s  t hen  h e l d  c o n s t a n t  and c y c l i n g  cont inued u n t i l  n e t  
s e c t i o n  f a i l u r e  i n  o r d e r  t o  o b t a i n  information on l o a d - c a r r y i n g  behavior  as f a t i g u e  
crack growth continued. 

Compliance was monitored d u r i n g  t e s t i n g  t o  d e t e c t  changes i n  specimen s t i f f n e s s  
caused by cracking. lhe r a t i o  of d e f l e c t i o n  of t h e  specimen c e n t e r  t o  t h e  a p p l i e d  
moment w a s  taken as t h e  compliance. Outer f i b e r  stress w a s  c a l c u l a t e d  from beam 
theory  by u s i n g  the value of a p p l i e d  bending moment and specimen geometry. A s i n g l e  
s t r a i n  gage w a s  a f f i x e d  t o  t h e  c e n t e r  of f o u r  specimens on t h e  t e n s i l e  s i d e  of t h e  
beam t o  d i r e c t l y  measure o u t e r  f i b e r  s t r a i n .  a t e r  f i b e r  stress c a l c u l a t e d  from t h e  
s train-gage output  was compared w i t h  t h a t  c a l c u l a t e d  from beam theory.  

Four small crack propagat ion gages ( r e f .  1 1  w e r e  a t t a c h e d  t o  each of t h e  
remaining two specimens, one ove r  each brazed p lug  ( f i g .  l o ) ,  t o  provide a p r e c i s e  
account  of crack i n i t i a t i o n  and growth. lhe c rack  propagat ion gage g r i d  c o n t a i n s  
2 0  e lements  over  t h e  0.20-in. width. The gage behavior  w a s  monitored w i t h  appropr i -  
a te  s i g n a l  cond i t ion ing  such t h a t  i n i t i a l  o u t p u t  w a s  a d j u s t e d  t o  10 mV and i n c r e a s e d  
s t epwise  wi th  each element f a i l u r e  t o  100 mV when a l l  e lements  had f a i l e d .  Each gage 
element break and corresponding s t epwise  o u t p u t  v o l t a g e  i n c r e a s e  corresponds t o  a 
crack ex tens ion  of 0.01 in .  

The d a t a  a c q u i s i t i o n  system w a s  used t o  monitor a p p l i e d  load, specimen d e f l e c -  
t i o n ,  and e i t h e r  s t r a in -age  or c rack  propagat ion gage s i g n a l s .  
acconpl ished by using t h e  f a t i g u e  c o n t r o l  program as u t i l i z e d  i n  t h e  crack growth 
tests b u t  modified for t h e  a p p r o p r i a t e  i n s t r u m e n t a t i o n  u t i l i z e d  i n  each  s p e c i f i c  
test. The r eg res s ion  a n a l y s i s  package ( r e f .  9) w a s  used t o  provide basic d a t a  manip- 
u l a t i o n  and a n a l y s i s  of compliance behavior ,  s t r a i n ,  or c rack  propagat ion behavior .  

Data c o l l e c t i o n  w a s  
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RESULTS AND DISCUSSION 

Tensi le  * s t i n g  

T y p i c a l  t e n s i l e  s t r e s s - s t r a i n  cu rves  a r e  s h m n  i n  f i g u r e  11 f o r  N i t r o n i c  40 
The y i e l d  s t r e n g t h  a t  specimens t e s t e d  a t  both room and cryogenic temperatures.  

-275OF i s  more than  a factor of 2 g r e a t e r  t han  t h e  room temperature  y i e l d  s t r e n g t h .  
The g r e a t e r  s l o p e  of the e l a s t i c  r eg ion  of t h e  curve gene ra t ed  a t  -275OF i n d i c a t e s  a 
s l i g h t  i n c r e a s e  i n  Young's modulus a t  t h e  low temperature  as compared wi th  t h a t  a t  
room temperature.  This d i f f e r e n c e  i s  b e t t e r  r ep resen ted  i n  f i g u r e  1 2 ,  which i s  a 
conputer-generated p l o t  of t h e  s e c a n t  modulus ve r sus  s t r a i n  f o r  each s t r e s s - s t r a i n  
curve. me i n i t i a l  h o r i z o n t a l  p o r t i o n  of t h e  cu rves  r e p r e s e n t s  t h e  s l o p e  i n  t h e  
elastic reg ion  of each s t r e s s - s t r a i n  curve and, t hus ,  a measure of Young's modulus 
f o r  t h e  material. The modulus observed a t  t h e  cryogenic  tes t  temperature  i s  a b o u t  
4 p e r c e n t  h i g h e r  t han  t h a t  a t  room temperature based on average values.  

T~~ tensile of iqitroi-,ie 40 s-app:izd bL- LL- . . .-- . .F-.-c..~-~ nvmm,. cten i 

Corporation, and from p re l imina ry  p rope r ty  t e s t i n g  conducted a t  LaRC, a l o n g  w i t h  
p r o p e r t i e s  determined i n  t h e  c u r r e n t  s tudy are  p resen ted  i n  table 11. The d a t a  sup-  
p l ied  by A r m c o  reflects p r o p e r t i e s  of annealed plate. The p re l imina ry  tests a t  LaRC 
w e r e  conducted wi th  0.2- by 0.25-in. r ec t angu la r  t e n s i l e  specimens machined from t h e  
5.5-in-thick p l a t e  a f t e r  t h e  s t r e s s - r e l i e v i n g  h e a t  t reatment .  The c u r r e n t  d a t a ,  
generated by t e s t i n g  0.5-in-diameter round t e n s i l e  specimens c u t  from the wing simu- 
l a t i o n  specimen, r e p r e s e n t  600 of f - a x i s  p r o p e r t i e s  of s t r e s s - r e l i e v e d  p l a t e  which has  
a lso undergone t h e  b r a z i n g  cyc le  desc r ibed  i n  t h e  procedure i n  the s e c t i o n  "Wing 
Simulat ion Testing. 'I 

CIIF: I l l a l l u l a L  C U L G L  , C X L I ~ L " "  UbUU A. 

D a t a  from a l l  t e s t i n g  are rep resen ted  g r a p h i c a l l y  i n  f i g u r e  13. The stress- 
r e l i e v i n g  and b r a z i n g  c y c l e s  r e s u l t  i n  lowered t e n s i l e  mechanical properties. A t  
room temperature ,  dec reases  i n  y i e l d  s t r e n g t h  of approximately 1 3  p e r c e n t  and 
17 p e r c e n t  w e r e  observed f o r  material i n  t h e  s t r e s s - r e l i e v e d  and s t r e s s - r e l i e v e d  and  
brazed c o n d i t i o n s  , r e s p e c t i v e l y  , as compared w i t h  t h e  t r e n d  of d a t a  f o r  annealed 
plate. A t  -275OF, t h e  dec reases  observed i n  y i e l d  s t r e n g t h  were approximately 1 0  
p e r c e n t  and 12 p e r c e n t  as compared w i t h  the t r e n d  f o r  annealed p l a t e .  
v a r i a t i o n  i n  s t r e n g t h  w a s  observed r e l a t i v e  t o  specimen o r i e n t a t i o n  ( t a b l e  11). The 
N i t r o n i c  40 p l a t e  s u p p l i e d  t o  LaRC w a s  r epor t ed  t o  be c r o s s - r o l l e d  d u r i n g  p r o c e s s i n g  
( r e f .  6) , which would account  f o r  t h e  r e l a t i v e l y  i s o t r o p i c  p r o p e r t i e s  observed. 

No s i g n i f i c a n t  

The p e r c e n t  r e d u c t i o n  i n  t e n s i l e  y i e l d  s t r e n g t h  observed due t o  t h e  stress- 
r e l i e v i n g  and  b r a z i n g  c y c l e s  appeared c o n s i s t e n t  a t  room temperature  and -275OF. 
Although t e s t i n g  w a s  n o t  conducted below -275OF f o r  material i n  t h e  s t r e s s - r e l i e v e d  
and brazed c o n d i t i o n ,  a similar p e r c e n t  reduct ion might be expected. Thus, t h e  t e n -  
s i l e  y i e l d  s t r e n g t h  observed a t  -320OF f o r  material i n  t he  s t r e s s - r e l i e v e d  and b razed  
c o n d i t i o n  would be i n  t h e  140 000-psi range. 

F r a c t u r e  Toughness T e s t i n g  

F r a c t u r e  toughness tests were conducted wi th  s ing le-dge-notch  bend specimens 
and t h e  t e s t  procedure o u t l i n e d  i n  t h e  ASTM s t a n d a r d  for  p l a n e - s t r a i n  f r a c t u r e  tough- 
nes s  KIc t e s t i n g  (ref. 7). Fstimates of toughness from Qlarpy t e s t i n g  i n d i c a t e d  
t h a t  N i t r o n i c  40 r e t a i n s  such d u c t i l i t y  a t  cryogenic  temperatures  t h a t  i t  would be 
impractical i f  n o t  impossible t o  tes t  a specimen l a r g e  enough t o  o b t a i n  a v a l i d  
KIc value. For t h i s  reason, specimen s i z e  w a s  s e l e c t e d  t o  be r e p r e s e n t a t i v e  of t h e  
a c t u a l  model s i z e ,  and t h e  t es t  r e s u l t s  were t h e n  analyzed acco rd ing  t o  t h e  equiva-  
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l e n t  energy method developed by W i t t  ( r e f .  1 2 )  i n  o r d e r  t o  o b t a i n  a n  estimate of t h e  
toughness from d a t a  c o l l e c t e d .  

A t y p i c a l  load-deflect ion curve f o r  t h e  f r a c t u r e  toughness t es t  i s  s h w n  i n  
f i g u r e  14, w i th  t h e  parameters f o r  W i t t ’ s  method i n d i c a t e d .  The e q u i v a l e n t  energy 
f r a c t u r e  toughness KIcp i s  given by t h e  fo l lowing  equa t ion  f o r  t h e  single-edge- 
notch bend specimen (re . 13):  

where 

f l  (a/W) = 2.9(a/W) - 4.6(a/WI3l2 + 21.8(a/W) 5/ 2 

- 37.6(a/WI7l2 + 38.7(a/W) 9/ 2 

In r e f e r e n c e  13, t h i s  re la t ion h a s  s h w n  t h a t  KIcd i s  a good estimate f o r  KIc f o r  
materials with f r a c t u r e  toughness va lues  g r e a t e r  t han  200 k s i - i n  1 /2. 

The values  of KIcd f o r  a l l  t es t  c o n d i t i o n s ,  t a b u l a t e d  by h e a t  t r ea tmen t ,  o r i -  
e n t a t i o n ,  and precrack temperature, are  p r e s e n t e d  i n  t a b l e  111. The toughness of 
N i t r o n i c  40 as e s t ima ted  by t h e  e q u i v a l e n t  energy method i s  extremely high (approxi-  
mately 350 k s i - i n 1 I 2 ) ;  t h i s  i n d i c a t e s  t h a t  f a i l u r e  of t h e  material would occur  by 
g r o s s  y i e l d i n g  of t h e  n e t  s e c t i o n  and n o t  by u n s t a b l e  crack growth based on Path- 
f i n d e r  I dimensions. A l l  notch bend specimens t e s t e d  f a i l e d  by plast ic  h i n g e  of t h e  
rema i n i  n g 1 i game n t . 

determined are s l i g h t l y  g r e a t e r  f o r  a l l  cases i n  t h e  
I C  d 

The values  of K 
s t r e s s - r e l i e v e d  cond i t ion  than  i n  t h e  as-received cond i t ion .  There i s  no s i g n i f i c a n t  
d i f f e r e n c e  i n  toughness due t o  specimen o r i e n t a t i o n ;  again,  t h i s  s u g g e s t s  i s o t r o p i c  
p r o p e r t i e s .  A s  might be expected,  t h e  temperature a t  which specimens w e r e  f a t i g u e  
precracked d i d  not a f f e c t  toughness a t  -275OF. 

Tobler and Reed ( r e f .  14)  have e v a l u a t e d  t h e  toughness of 21-6-9 (previous des -  
i g n a t i o n  f o r  N i t ron ic  40) i n  t h e  annealed c o n d i t i o n  by u s i n g  t h e  J - i n t e g r a l  t ech -  
nique. An es t ima te  of t h e  p l a n e s t r a i n  f r a c t u r e  toughness KIc w a s  made from t h e  
value of obtained by t h e  fo l lowing  equa t ion  from r e f e r e n c e  1 5: JIc 

2 -  - EJIc 
2 

K 
IC 1 - v  

Measurements of JIc w e r e  ob ta ined  a t  -320OF and r e s u l t e d  i n  a n  estimate of K of 
250 k s i - i n 1 I 2 .  The estimates of KIc o b t a i n e d  du r ing  t h e  c u r r e n t  t e s t i n g  are i n  
reasonable  agreement wi th  t h e  r e s u l t s  of Tobler  and Reed, and t h e  d i f f e r e n c e s  may be 
re la  t e d  t o  temperature , o r i e n t a t i o n  , o r  m e  t a l l u r g i c a  1 cond i t ion .  

I C  
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Fatigue Crack Grwth T e s t i n g  

Fat igue crack growth behavior  w a s  examined ove r  a small r eg ion  of stress i n t e n s -  
i t y  f a c t o r  range AK by monitoring t h e  crack g r w t h  observed du r ing  p r e c r a c k i n g  
p r i o r  t o  t h e  f r a c t u r e  toughness test. A r e p r e s e n t a t i v e  p l o t  of crack l e n g t h  ve r sus  
number of c y c l e s  i s  shown i n  f i g u r e  15. Regression a n a l y s i s  w a s  used t o  c a l c u l a t e  
t h e  crack grawth rate da/dN by u s i n g  t h e  method d i s c u s s e d  i n  t h e  s e c t i o n  " F r a c t u r e  
Toughness and Crack Growth Testing." Since a log-log p l o t  of da/dN ve r sus  AK i s  
o f t e n  a s t r a i g h t  l i n e ,  t h e  rate of crack grawth d u r i n g  f a t i g u e  can be r e l a t e d  t o  t h e  
stress i n t e n s i t y  f a c t o r  range AK by the power f u n c t i o n  ( r e f .  16) :  

da n 
- =  c ( A K )  dN 

APS 
AK = - 3/2 f 2 ( a / w )  BW 

where AP i s  t h e  range of specimen load i n  pounds, and 

2 
3(a/W)'/2{1.99 - (a /w)( l  - a/W)[2.15 - 3.93a/W + 2.7(a/w) I} 

3/2 
f2(a/W) = 

2 ( 1  + 2a /W)( l  - a/w) 

Figure 1 6  is  a composite p l o t  of da/dN ve r sus  AK on log-log scales f o r  a l l  
t e s t  data .  A t  AK va lues  less than  about  25 k s i - i n 1 l 2 ,  crack g r w t h  occur s  more 
r a p i d l y  a t  -275OF than  a t  room temperature.  Above a value of AK of 25 ks i - in1 /2 ,  
t h e  crack growth rates are comparable for both temperatures.  Figures  17 and 18 
i l l u s t r a t e  t h e  e f f e c t s  of h e a t  t r e a t m e n t  and specimen o r i e n t a t i o n  on c rack  growth 
rates. f i g u r e  17  i s  a p l o t  of two TS ( f i g .  2) specimens t e s t e d  a t  -275OF; one i s  i n  
t h e  as-received (annealed)  c o n d i t i o n  and the o t h e r  w a s  stress r e l i e v e d .  N o  s i g n i f i -  
c a n t  d i f f e r e n c e  i n  crack g r w t h  behavior was noted f o r  t h e s e  cases. Figure 18 s h w s  
the c rack  growth curves of two specimens t e s t e d  a t  room temperature  and d i f f e r i n g  
only i n  specimen o r i e n t a t i o n .  There i s  no s i g n i f i c a n t  e f f e c t  of o r i e n t a t i o n  i n  t h e  
ove r l app ing  r eg ion  o f  AK. 

Wing Simulation T e s t i n g  

Specimen compliance curves f o r  t h e  room t e n p e r a t u r e  tes t ,  a cryogenic  t e s t  wi th  
n e a r  z e r o  minimum stress, and t h e  cryogenic t e s t  wi th  load ing  t o  s i m u l a t e  b u f f e t i n g  
are shown i n  f i g u r e s  1 9 ( a ) ,  ( b ) ,  and ( c ) ,  r e s p e c t i v e l y .  The load ing  h i s t o r y  f o r  each 
test ,  expres sed  as maximum o u t e r  fiber s t r e s s ,  i s  also s h w n  i n  each f i g u r e .  The 
maximum o u t e r  f i b e r  stress cr i s  c a l c u l a t e d  from t h e  maximum specimen l o a d  by 
u s i n g  t h e  r e l a t i o n s h i p  from beam theory: 
w a s  done f o r  t h i s  specimen c o n f i g u r a t i o n  t o  account  f o r  t h e  ob l ique  h o l e  across t h e  

m a X  
d = M c / I .  Ca lcu la t ion  of moment of i n e r t i a  
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specimen width. 
moment is  numerically equa l  t o  t w i c e  t h e  specimen load,  M = 2P. Output from a s i n -  
g l e  s t r a i n  gage on t h e  specimen s u r f a c e  w a s  p e r i o d i c a l l y  recorded and used t o  ca l cu -  
la te  specimen ou te r  f i b e r  stress. These stress va lues  are  p l o t t e d  i n  f i g u r e  1 9 ( a )  on 
t h e  load  h i s t o r y  curve as  s o l i d  t r i a n g u l a r  symbols and are i n  close agreement w i t h  
values  c a l c u l a t e d  by u s i n g  t h e  beam theory  r e l a t i o n s h i p  (open square symbols). 
Material y i e l d  s t r e n g t h  Q a t  t e s t  temperature  i s  i n d i c a t e d  f o r  each test. 

For t h i s  specimen c o n f i g u r a t i o n  and l o a d  span, specimen bending 

t Y  

Crack i n i t i a t i o n  w a s  v i s u a l l y  d e t e c t e d  on t h e  s u r f a c e  of t h e  specimen t e s t e d  a t  
room temperature ( f i g .  1 9 ( a ) )  a f t e r  abou t  7 m i l l i o n  f a t i g u e  c y c l e s  and a stepwise 
i n c r e a s e  i n  m a x i m u m  o u t e r  f i b e r  stress of s i x  s t e p s  from 30 p e r c e n t  t o  60 p e r c e n t  of 
t h e  y i e l d  s t r e n g t h  a t  room temperature.  S i g n i f i c a n t  c r ack  growth i s  i n d i c a t e d  by a 
sudden i n c r e a s e  i n  compliance value. As can be s e e n  i n  f i g u r e  1 9 ( a ) ,  t h e r e  w a s  no 
s i g n i f i c a n t  d e t e c t a b l e  change i n  compliance upon c rack  i n i t i a t i o n .  ( A  change i n  
conpl iance w a s  n o t  observed u n t i l  abou t  7.5 m i l l i o n  cyc le s .  This lack of d e t e c t i o n  
i s  r e l a t e d  t o  d i f f i c u l t i e s  i n  measuring t h e  small changes i n  specimen d e f l e c t i o n  
d u r i n g  f a t i g u e  loading. Fat igue load ing  w a s  i n t e r r u p t e d  a t  crack i n i t i a t i o n  t o  
observe any permanent d e f l e c t i o n  i n  t h e  specimen p r i o r  t o  f a i l u r e .  After 7 m i l l i o n  
c y c l e s  of loading, a permanent d e f l e c t i o n  of 0.030 in .  w a s  observed from specimen end 
t o  c e n t e r l i n e .  
crack l eng th  was measured. In t h i s  specimen, c r acks  i n i t i a t e d  a t  t h e  brazed plug- 
base metal i n t e r f a c e  of plug I and p l u g  I11 ( f i g .  8). Fat igue c r a c k s  extended across 
t h e  specimen width from t h e  plugs as s h w n  i n  f i g u r e s  20 and 21, and t o t a l  crack 
l eng ths  were measured t o  be 0.472 i n .  a t  p lug  I and 1.078 i n .  a t  p l u g  111. Fa t igue  
c y c l i n g  w a s  resumed and t h e  m a x i m u m  o u t e r  f i b e r  stress w a s  i n c r e a s e d  by 10 p e r c e n t  t o  
38 600 p s i  (nea r ly  80 p e r c e n t  of oty). The r a p i d  i n c r e a s e  i n  compliance shown a t  
abou t  7.8 mi l l i on  c y c l e s  i n  f i g u r e  1 9 ( a )  i s  a s s o c i a t e d  w i t h  t h e  r a p i d  crack growth 
which occur red  when f a t i g u e  c y c l i n g  a t  t h e  i n c r e a s e d  stress l e v e l  w a s  begun. Cycl ing 
w a s  s topped a f t e r  112 000 a d d i t i o n a l  cyc le s .  Crack l eng ths  w e r e  measured t o  be 
0.75 i n .  a t  plug I and 1.625 i n .  a t  p l u g  111. Specimen d e f l e c t i o n  w a s  i n c r e a s e d  t o  
0.412 in .  b u t  the specimen could s t i l l  s u s t a i n  t h e  m a x i m u m  a p p l i e d  bending moment. 
Permanent d e f l e c t i o n  p r i o r  t o  f a i l u r e  cou ld  be a n  important  f a c t o r  i n  de t e rmin ing  
wing c r a c k i n g  during a n  a c t u a l  wind-tunnel t es t  or i n  a f f e c t i n g  aerodynamic f a c t o r s  
(such as d r a g  and ang le  of a t t a c k )  du r ing  t u n n e l  ope ra t ion .  

Cycling w a s  a g a i n  i n t e r r u p t e d  a f t e r  a n  a d d i t i o n a l  300 000 c y c l e s  and 

The compliance and l o a d  h i s t o r y  cu rves  s h a m  i n  f i g u r e  1 9 ( b )  are r e p r e s e n t a t i v e  
of t h o s e  specimens t e s t e d  a t  -275OF wi th  h i g h  stress ranges (R = 0.05). I n  each  of 
t h e s e  tests, cracking i n i t i a t e d  a t  maximum o u t e r  f i b e r  stress l e v e l s  between 40 per-  
c e n t  and 45 pe rcen t  of t h e  y i e l d  s t r e n g t h  a t  -275OF. For t h e  specimen shown i n  f i g -  
u r e  1 9 ( b ) ,  crack i n i t i a t i o n  as i n d i c a t e d  by change i n  compliance w a s  determined t o  
occur  a t  abou t  1.4 m i l l i o n  c y c l e s  and a stress l e v e l  of 45 p e r c e n t  of t h e  y i e l d  
s t r e n g t h .  Visual examination f o r  crack i n i t i a t i o n  w a s  n o t  performed i n  t h e s e  cryo- 
gen ic  tests. 
i n i t i a t i o n  occurred a t  1.21 m i l l i o n  cyc le s .  Crack propagat ion occur red  r a p i d l y  i n  
a l l  t h e s e  tests. For t h e  specimen shown i n  f i g u r e  1 9 ( b ) ,  f a i l u r e  by n e t  s e c t i o n  
overload occurred a f t e r  a n  a d d i t i o n a l  350 000 cycles .  

Crack propagat ion gages were used on t h i s  specimen and i n d i c a t e d  c r a c k  

The s t a r t i n g  amax f o r  each of t h e s e  tests a t  -275OF and f o r  t h e  room t e q e r a -  
t u r e  t es t  w a s  chosen e q u a l  t o  one - th i rd  t h e  material y i e l d  s t r e n g t h  i n  o r d e r  t o  e v a l -  
u a t e  t h e  stress concen t r a t ion  e f f e c t  of t h e  b razed  plugs.  I n  t h e s e  tests, c r a c k  
i n i t i a t i o n  occurred only a f t e r  o u t e r  f i b e r  stress w a s  i n c r e a s e d  t o  60 p e r c e n t  of t h e  
y i e l d  stress a t  room temperature and 40 t o  45 p e r c e n t  a t  -275OF; t h i s  i n d i c a t e d  t h a t  
t h e  brazed plugs d i d  n o t  a f f e c t  t h e  stress l e v e l  i n  t h e  manner of a f i n i t e  hole.  
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Actua l  wind-tunnel models would n o t  e q e r i e n c e  a load ing  h i s t o r y  as s e v e r e  as 
t h a t  imposed i n  t h e  p reced ing  tests. The model w i l l  l i k e l y  expe r i ence  a small c y c l i c  
l o a d  due t o  b u f f e t i n g  superimposed on a high s t a t i c  load. Compliance and l o a d  h i s -  
t o r y  curves f o r  t h e  specimen tested t o  s imulate  t h i s  b u f f e t i n g  c o n d i t i o n  are  shown i n  
f i g u r e  1 9 ( c ) .  This t es t  w a s  conducted a t  -275OF and t h e  specimen w a s  s u b j e c t e d  t o  a 
range of bending moment such t h a t  t h e  minimum o u t e r  f i b e r  stress w a s  e q u a l  t o  75 per- 
c e n t  of t h e  m a x i m u m  o u t e r  f i b e r  stress (R = 0.75). The s t a r t i n q  m a x i m u m  stress w a s  
chosen t o  be 50 p e r c e n t  of t h e  y i e l d  s t r eng th .  Four c rack  propagat ion gages w e r e  
a f f i x e d  t o  t h i s  specimen, one c e n t e r e d  over  each brazed plug. V i sua l  examination f o r  
c r ack  i n i t i a t i o n  w a s  performed a t  i n t e r v a l s  of abou t  1 m i l l i o n  cycles .  Examination 
a f t e r  2 m i l l i o n  f a t i g u e  c y c l e s  r evea led  n o  specimen cracking. However, a f t e r  3 m i l -  
l i o n  c y c l e s  and an  i n c r e a s e  i n  maximum o u t e r  f i b e r  stress t o  60 p e r c e n t  of t h e  y i e l d  
s t r e n g t h ,  a crack approximately 0.68 i n .  i n  t o t a l  l e n g t h  ( f i g .  22) w a s  observed 
ex tend ing  i n  bo th  d i r e c t i o n s  from p lug  I1 ( f ig .  8). There w a s  no measurable perma- 
n e n t  specimen d e f l e c t i o n  a t  t h i s  t i m e .  The d a t a  i n  f i g u r e  1 9 ( c )  i n d i c a t e  no measur- 
able change i n  specimen compliance u n t i l  approximately 3.3 m i l l i o n  cycles .  

r ead ing  ( r ead ings  are taken a t  5000-cycle increments 1; t h i s  i n c r e a s e  i n d i c a t e s  a 
change i n  s t i f f n e s s  due t o  crack growth and g ross  y i e ld ing .  Loading w a s  t e rmina ted  
a f t e r  abou t  3.8 m i l l i o n  c y c l e s  and a permanent d e f l e c t i o n  o f  0.18 i n .  w a s  measured. 
The crack l eng th  w a s  measured t o  be approximately 1.7 in .  long. 

A t  
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Visua l  examination of both t h e  specimen t e s t e d  a t  room temperature  and t h e  spec- 
imen t e s t e d  t o  s imula t e  t h e  b u f f e t i n g  cond i t ion  i n d i c a t e  t h a t  t h e  specimen s t i f f n e s s  
and, hence,  t h e  compliance measurement i s  i n s e n s i t i v e  t o  c rack ing  u n t i l  a r e l a t i v e l y  
l a r g e  crack exists. Crack propagat ion gages w e r e  used t o  i n d i c a t e  crack i n i t i a t i o n  
i n  t w o  cryogenic  tests. This c rack  i n i t i a t i o n  and e a r l y  growth are rep resen ted  by a 
p l o t  of crack propagat ion gage o u t p u t  versus c y c l e s  as shown i n  f i g u r e  23. The o u t -  
p u t  from one gage on each specimen a t  t h e  plug where c rack  i n i t i a t i o n  and growth 
occur red  i s  p resen ted  f o r  conparison. The load-cycle h i s t o r y  f o r  one of t h e  speci- 
mens i s  a s s o c i a t e d  wi th  t h e  specimen represented i n  f i g u r e  1 9 ( b )  ( R  = 0.051, and t h e  
o t h e r  w i t h  t h e  specimen r ep resen ted  i n  f i g u r e  1 9 ( c )  ( R  = 0.75). During t h e  test  a t  
R = 0.05, c r ack  i n i t i a t i o n  occur s  a t  abou t  1.2 m i l l i o n  cyc le s .  The gage r e p r e s e n t e d  
i s  completely f a i l e d  a t  1.35 m i l l i o n  cyc le s .  The gage o u t p u t  r e p r e s e n t s  crack growth 
of 0.20 i n .  i n  approximately 150 000 cycles .  Visual  examination of t h e  specimen 
t e s t e d  a t  R = 0.75 a t  2 m i l l i o n  c y c l e s  revealed no specimen c r a c k i n g  b u t  d i d  r e v e a l  
damage t o  t h e  c rack  propagat ion gage on plug 11, as shown i n  f i g u r e  24. The b r a z e  
j o i n t  f o r  t h i s  p lug  w a s  n o t  complete, causing s e v e r a l  e lements  of t h e  gage t o  break 
on t h e  f i r s t  load cycle .  V i sua l  examination a t  3 m i l l i o n  c y c l e s  d i d  r e v e a l  a f a t i g u e  
crack;  t h e r e f o r e ,  t h e  vo l t age  s t e p  shown f o r  t h i s  gage a t  j u s t  above 2 m i l l i o n  c y c l e s  
( f i g .  23) r e p r e s e n t s  t h e  f i r s t  gage element break due t o  f a t i g u e  and t h u s  c r a c k  i n i -  
t i a t i o n  of t h e  specimen t e s t e d  a t  R = 0.75. Crack propagat ion a c r o s s  t h i s  gage i s  
complete a t  3.07 m i l l i o n  c y c l e s ,  r ep resen t ing  c rack  growth of 0.03 i n c h  i n  n e a r l y  
1 m i l l i o n  cyc le s .  

The data exemplify t h e  importance of stress range on crack growth. Even though 
t h e  magnitude of t h e  maximum stress w a s  much g r e a t e r  du r ing  t h e  t es t  a t  R = 0.75, 
t h e  t i m e  t o  c rack  i n i t i a t i o n  w a s  s i g n i f i c a n t l y  longer  and crack growth w a s  much 
slower compared wi th  t h e  t es t  a t  R = 0.05. This d i f f e r e n c e  i s  r e l a t e d  t o  t h e  l o w e r  
stress excur s ion  per c y c l e  i n  t h e  t es t  a t  C r a c k  propagat ion gages w e r e  
u s e f u l  i n  p r o v i d i n g  a c c u r a t e  i n d i c a t i o n s  of c r ack  i n i t i a t i o n  and e a r l y  c rack  growth. 
Crack p ropaga t ion  gages cou ld  be u s e f u l  i n  e s t a b l i s h i n g  b raze  j o i n t  i n t e g r i t y  when 
used i n  con junc t ion  wi th  proof load ing  and could be u s e f u l  i n  a s s e s s i n g  s t r u c t u r a l  
deg rada t ion  i n  a c t u a l  hardware. !the compliance measurement recorded i s  a u s e f u l  

R = 0.75. 
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method of providing an  i n d i c a t i o n  of l a te r  s t a g e s  of crack growth b u t  is n o t  s e n s i -  
t i v e  t o  very e a r l y  crack growth. 
a r e l i a b l e  means of i n d i c a t i n g  specimen f a t i g u e  crack behavior. 

Combining t h e s e  methods of measurement w i l l  p rov ide  

'Ihe load  h i s t o r y  and performance of t h e  specimen t e s t e d  a t  R = 0.75 i n d i c a t e d  
t h a t  much f a t i g u e  damage could be endured and would l i k e l y  be i d e n t i f i e d  b e f o r e  major 
s t r u c t u r a l  degradation o r  f a i l u r e  would occur  i f  l oads  w e r e  n o t  s u b s t a n t i a l l y  
i n c r e a s e d  by aerodynamic changes o r  t u n n e l  o p e r a t i o n a l  parameters.  The t e s t  a t  
R = 0.75 and -275OF s imula t e s  l i k e l y  wind-tunnel o p e r a t i n g  cond i t ions .  Specimen 
crack i n i t i a t i o n  d u r i n g  t h i s  t e s t  d i d  n o t  occur  u n t i l  a stress l e v e l  of 60 p e r c e n t  of 
t h e  y i e l d  s t r e n g t h  w a s  reached, and then  c rack  growth w a s  observed t o  proceed ve ry  
slowly. 

1 
In  every t e s t  case,  c r acks  i n i t i a t e d  a t  t h e  brazed plug-base metal i n t e r f a c e .  

Sepa ra t ion  of the p l u g  from t h e  base metal through t h e  b raze  j o i n t  t y p i c a l l y  occur red  
f o r  abou t  180° around t h e  p l u g  b e f o r e  c rack ing  i n  t h e  base  m e t a l  began. None of t h e  
plugs w e r e  completely e x p e l l e d  from t h e  specimen nor  d i d  they  appear  t o  move r e l a t i v e  
t o  t h e  s u r f a c e  t o  which they  remained brazed. The plugs remained c i r c u l a r  and i n t a c t  
w i th  c rack  propagation p r o g r e s s i n g  i n t o  t h e  base metal. These r e s u l t s  i n d i c a t e  t h e  
braze attachment technique t o  be a n  e f f e c t i v e  means of a f f i x i n g  t h e  p re s su re -  
t r ansduce r  instrumentat ion system and sugges t  t h a t  t h e  system should be a b l e  t o  with-  
s t a n d  cond i t ions  expected i n  wind-tunnel t e s t i n g  wi thou t  degradat ion.  

CONCLUSIONS 

A t es t  program w a s  conducted t o  e v a l u a t e  t h e  f r a c t u r e  r e s i s t a n c e  and f a t i g u e  
response of Armco N i t r o n i c  40 a u s t e n i t i c  s t a i n l e s s  s tee l  under cryogenic  t e s t  condi-  
t i o n s .  Tensi le ,  f a t i g u e  crack growth, and f r a c t u r e  toughness p r o p e r t y  measurements 
w e r e  made a t  -275OF. A s t u d y  w a s  conducted t o  e v a l u a t e  t h e  behavior  of a s imula t ed  
wing-section and p res su re - t r ansduce r  a t tachment  under s imula t ed  NTF load ing  and t e m -  
p e r a t u r e s .  Analysis of t h e  r e s u l t s  of t h e s e  experiments l e d  t o  t h e  fo l lowing  conclu- 
s i o n s  r ega rd ing  both material c a p a b i l i t i e s  of N i t r o n i c  40 f o r  a p p l i c a t i o n  i n  
cryogenic-wind-tunnel models and t es t  methodology employed i n  a s s e s s i n g  material 
behavior  exposed t o  t h e  NTF o p e r a t i n g  condi t ions.  

1.  Nitronic  4 0  d i s p l a y s  a combination of s t r e n g t h  and toughness a t  -275OF which 
may be adequate  f o r  a p p l i c a t i o n  as a wind-tunnel model material a t  t h i s  temperature.  
An estimate of f r a c t u r e  toughness (KIc )  by t h e  e q u i v a l e n t  energy technique of 
350 ks i - in ' / 2  a t  -235OF g r e a t l y  exceeds t h e  va lue  determined by t h e  Barsom-Rolfe 
equa t ion  f o r  the impact s t r e n g t h  measured f o r  t h i s  material. 

2. Measurements of N i t r o n i c  40 toughness by u s i n g  t h e  e q u i v a l e n t  energy tech-  
nique i n d i c a t e  a f r a c t u r e  toughness value s o  h i g h  t h a t  f a i l u r e  would occur  by g r o s s  
y i e l d i n g  r a t h e r  t han  u n s t a b l e  crack growth. Fa t igue  crack i n i t i a t i o n  and growth 
would be more c r i t i c a l  t o  s t r u c t u r a l  i n t e g r i t y  t h a n  f r a c t u r e  toughness. 

3. Wing simulat ion specimen t e s t  r e s u l t s  s u g g e s t  t h a t  N i t r o n i c  40 could be used 
a t  stress l e v e l s  approaching 60 p e r c e n t  of t h e  y i e l d  s t r e n g t h  a t  room temperature  
( f o r  R = 0.05) and a t  -275OF ( f o r  R = 0.75). (The symbol R 
mum t o  maximum load.)  

4. A brazing technique f o r  p re s su re - t r ansduce r  a t tachment  
f o r  t r ansduce r  plug i n s e r t i o n  when both h igh  stress l e v e l s  and 
excur s ions  may be experienced. 

i s  t h e  r a t i o  of mini- 

i s  a n  e f f e c t i v e  method 
l a r g e  temperature  
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5. Compliance measurement techniques a r e  v a l i d  methods f o r  i n d i c a t i o n  of crack 
growth i n  f a t i g u e  t e s t  specimens b u t  are no t  s e n s i t i v e  i n d i c a t i o n s  of crack 
i n i t i a t i o n .  

6. Crack propagat ion gages w e r e  highly e f f e c t i v e  i n  p r o v i d i n g  for  a c c u r a t e  
de t e rmina t ion  of c rack  i n i t i a t i o n  and ear ly  c rack  growth i n  t e s t  specimens. 

Langley Research Center  
N a t i o n a l  Aeronautics and Space Administration 
Hampton, VA 23665 
A p r i l  17, 1984 
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TABLE I.- COMPOSITION OF NITRONIC 40 STAINLESS STEEL PLATE 

t e n p e r a t u r e ,  
OF 

Element 

KIcdp KIc d 
O r i e n t a t i o n  ks i - in l /2  O r i e n t a t i o n  ksi-inl/2 

Carbon 
Manganese 
Phosphorus 
Sulphur 
S i l i c o n  
Cnromium 
Nicke l  
Ni t rogen  
Aluminum 

-275 

Nomina 1 

percent  by weight  
conpos i t i on ,  

TS d336.0 TS c369.0 
TL =301.0 TL b394.0 

~- 

0.08 max 
8.00 t o  1.00 

.06 max 

.03 m x  
1.00 max 

19.00 t o  21.50 
5.50 t o  7.50 

.15 t o  .40 
Balance 

composi t ion ,  
p e r c e n t  by we igh t  

0.026 
9.30 

.021 

.003 

.67 
20.32 

6.68 
.29 

Balance 

TABLE 11.- TENSILE PROPERTIES O F  NITRONIC 40 AUSTENITIC STAINLESS STEEL PLATE 

I S t r e s s  r e l i e v e d b  I S t r e s s  r e l i eved '  

aData f rom r e f e r e n c e  2. 
bData f rom p r e l i m i n a r y  tests a t  LaRC. 
'Data f rom c u r r e n t  s t u d y ,  ave rage  of  t w o  spec imens .  

TABLE 111.- KIcd FRACTURE TOUGHNESS VALUES ( k s i f i )  
O F  NITRONIC 40 AT -275'F 

Annealed S t r e s s  r e l i e v e d  
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Figure 1.- Pathf inder  I wing planform. 
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L-83-5152.1 

Figure 7.- Three-point bend apparatus f o r  fatigue crack  growth and f r a c t u r e  
tough ne s s t e s ti n g. 
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F i g u r e  9.- Three-point bend apparatus for  fa t igue  loading wing s imulation specimens. 
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k i n i t i a t i o n  s i t e  

L- 84-39 

Figure 20.- Fat igue c rack  i n i t i a t i o n  si tes a t  brazed  plug-base 
metal in t e r f ace .  (X25)  
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L-84-4 0 

Figure 21.- Typical fatigue crack extension in to  base metal from 
i n i t i a t i o n  s i tes .  ( ~ 4 5 )  
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6 8 4 - 4  1 

Figure 22.- Fat igue c rack ing  i n  wing s imula t ion  
specimen a f t e r  3 m i l l i o n  c y c l e s  a t  -275OF 
and R = 0.75. ( x 3 )  
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6 8 4 - 4 2  

Figure 24.- Crack propagat ion gage appearance 
s h a r i n g  gage element f a i l u r e  upon i n i t i a l  
loading. ( x8)  
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