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ABSTRACT 

The elastic stress field equations for blunt cracks are derived and presented in a form equivalent to the 

usual sharp crack tip stress fieids. These stress field equations are employed in analyzing a dissolution model 
for the arrest of stress corrosiDn cracking by crack tip blunting, which is often observed with the arrest of 

stress corrosion cracks, 

S t r e s s  c o r r o s i o n ,  the g r o w t h  of c r a c k s  due to the c o m b i n e d  and i n t e r -  
r e l a t e d  a c t i o n  of s t r e s s  and e n v i r o n m e n t ,  is a h igh ly  c o m p l e x  p h e n o m e n a  
in al l  i ts  a s p e c t s .  In g e n e r a l ,  it i n v o l v e s  the d i f fu s ion  of an e n v i r o n m e n t  
into a c r a c k  which,  in s o m e  way,  a t t a c k s  the h igh ly  s t r e s s e d  m a t e r i a l  in 
the v i c i n i t y  of the c r a c k  tip c a u s i n g  the c r a c k  to g r o w .  T h e r e  have  b e e n  
r e c e n t  e x p e r i m e n t a l  o b s e r v a t i o n s  in which  the ,  a r r e s t  of a s t r e s s  c o r r o s i o n  
c r a c k  was  a c c o m p a n i e d  by  the a p p a r e n t  b lun t ing  of the c r a c k  tip. See F i -  
g u r e s  I and 2. T h e s e  o b s e r v a t i o n s  s u g g e s t  that  an i n v e s t i g a t i o n  of the 

Z'~ure 1: 12% Ni.-  5% C r -3% Mo - Maraging steel in 3-1/2% NaC1 solution at K i equal to 9500 psi V'ln. 
exposure time in excess of 300 hours. Courtesy of Floyd Brown, U.8. Naval Research Laboratory. 

s t a b i l i t y  of the shape  of the c r a c k  tip s u r f a c e  m a y  be of g r e a t  i n t e r e s t .  
In o r d e r  to a t t e m p t  to r e l a t e  the c o n d i t i o n s  of a t t a c k  to the s t r e s s  c o n -  

d i t ions  fo r  b lunt ing ,  a v e r y  s i m p l i f i e d  m e c h a n i c a l  v iew of the p r o c e s s  s i -  
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Figure 2:2024-T351 aluminum alloy in 3-1/2°7o NaCI solution at K i equal to 5360 psi 6 .  exposure time 
in excess of I000 hours. Courtesy of J. Mulherin. U.S. Army, Frankford Arsenal. 

milar to that of Charles and Hillig [I] will be adopted here. The usual con- 
tinuum model of a crack is a planar void of material, and the coPrespond- 
ing mathematical model is a plane of discontinuity. However, since the 
c h e m i c a l  a t t a c k  of a m a t e r i a l  by  the e n v i r o n m e n t  at the c r a c k  tip is be ing  
c o n s i d e r e d ,  it is  r e l e v a n t  to have  as a p h y s i c a l  m o d e l  of the c r a c k ,  a 
void  that  is not  the usua l  p lane  end ing  with z e r o  r a d i u s  of c u r v a t u r e ,  but  
a n a r r o w  v o l u m e  with a f in i te  c u r v a t u r e  at the tip. Th i s  type of b lunt  c r a c k  
or  no tch  is c o n v e n i e n t l y  r e p r e s e n t e d  m a t h e m a t i c a l l y  by an e l l i p t i c a l  o r  
h y p e r b o l i c  c y l i n d e r ,  void  of m a t e r i a l ,  in which  the r a d i u s  of c u r v a t u r e  at 
the tip is s m a l l  in c o m p a r i s o n  to the m a j o r  d i m e n s i o n s  of the void .  

I t  is  then  of i n t e r e s t  to e x p l o r e  the n a t u r e  of the s t r e s s  d i s t r i b u t i o n  about  
th is  b lunt  c r a c k  or  no tch .  As  is u sua l  in F r a c t u r e  M e c h a n i c s ,  an e l a s t i c  
a n a l y s i s  wil l  be a t t e m p t e d  which  m a y  l a t e r  be d i s c u s s e d  in the l ight  of the 
e f f e c t s  of n o n l i n e a r  m a t e r i a l  b e h a v i o r  n e a r  the c r a c k  tip. C o n s e q u e n t l y ,  
the e l a s t i c  s t r e s s  d i s t r i b u t i o n  in the n e i g h b o r h o o d  of e l l i p t i c a l  h o l e s  and 
h y p e r b o l i c  n o t c h e s  wil l  be p r e s e n t e d .  Since r e g i o n s  n e a r  the c r a c k  tip a r e  
of s p e c i a l  i n t e r e s t ,  it is  a d v a n t a g e o u s  to expand  the e x p r e s s i o n s  fo r  the 
s t r e s s e s  as  a p o w e r  s e r i e s  in t e r m s  of r a d i a l  d i s t a n c e  f r o m  s o m e  point  
n e a r  the tip and to d i s c a r d  all  the s e c o n d  o r d e r  t e r m s .  Th i s  is m o s t  ap-  
p r o p r i a t e l y  done by  e x p a n d i n g  the e x p r e s s i o n s  fo r  the s t r e s s e s  us ing  the 
o r i g i n  c h o s e n  in F i g u r e  3, s i n c e  c e r t a i n  s i m p l i f i c a t i o n s  r e s u l t .  Note that 
the o r i g i n  is a d i s t a n c e  of p / 2  away  f r o m  the c r a c k  tip, w h e r e  p is the 
r a d i u s  of c u r v a t u r e  at the c r a c k  tip. When  p / a  (a is  ha l f  the c r a c k  length)  
is s m a l l  c o m p a r e d  to one ,  the o r i g i n  is to a v e r y  c l o s e  a p p r o x i m a t i o n  the 
foca l  point  of the e l l i p s e  o r  h y p e r b o l a  that  r e p r e s e n t s  the s u r f a c e  of the 
c r a c k .  The r e s u l t s  of th is  e x p a n s i o n  fo r  bo th  the e l l ip t i c  hole  and the hy-  
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Figure 3: Coordinate system for stress field. 

p e r b o l i c  n o t c h  a r e  i d e n t i c a l  a n d  a s  f o l l o w s  [23. 

M O D E  I - O P E N I N G  M O D E  ( P L A N E - E X T E N S I O N  S Y M M E T R I C A L  M O D E )  

O- X - 

K I 0 [- 0 3 ] KI p 3 
cos ~i sin -- sin -- OJ - cos -- O 

(2~ r )  1/2 2 2 2 (2~r )  1/2 2 r  2 

Jy 
K I 0 F o 3 ] K I p 3 

os - L1 + sin -- sin -- OJ + cos -- 0 
(2~r )  i /2 2 2 2 (2~r )  i/2 2 r  2 

( i )  

'w xy - 
K I 0 0 3 K I p 3 

s i n  - -  c o s  - -  c o s  - - 0  - s i n  - -  0 
(2~r )  i /2 2 2 2 (27rr) 1/2 2 r  2 

(I X 

0 - y  = 

Txy = 

M O D E  II - E D G E  S L I D I N G  M O D E  ( P L A N E - E X T E N S I O N  
S K E W  S Y M M E T R I C A L  M O D E )  

0 [ 0 3 ] KII p 3 
KII sin -- 2 + cos -- cos -- 0 + sin -- 0 

(2~r) I/2 2 L 2 2 j (2=r) I/2 2r 2 

KIt 0 0 3 KII p 3 
s i n  - -  c o s  - -  c o s  - -  0 - s i n - - 0  

(27m) i/2 2 2 2 (2=r)  i /2 2 r  2 

(2wr) i /2  c o s  --2 1 s i n - - 2  s i n  - ( 2 ~ r ) i / 2  --2r c o s  --2 0 

(2) 

M O D E  III  - T E A R I N G  M O D E  ( A N T I - P L A N E  M O D E )  

T 
x z  

KII I O 
- sin -- 

( 2 r r )  1/2 2 

KII I @ 
9" = COS -- 
yz (2 ~r) i/2 2 

(3) 

These field equations are similar to those for the "mathematically sharp" 
plane crack. In fact, the relationship describing the third mode stress 
s t a t e  i s  e x a c t l y  the s a m e  a s  t ha t  f o r  the  t h i r d  m o d e  s t r e s s  s t a t e  of a p l a n e  
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c r a c k .  M o r e o v e r ,  the f i r s t  and s e c o n d  m o d e  s t r e s s  s t a t e  r e l a t i o n s  d i f f e r  
f r o m  t h e i r  p lane  c r a c k  c o u n t e r p a r t s  by  a s ing le  add i t i ona l  t e r m  d e p e n d e n t  
upon the r a d i u s  of c u r v a t u r e  at the tip. In these  b lunt  c r a c k  s t r e s s  f ie ld  
e q u a t i o n s ,  the a d d i t i o n a l  t e r m  in e a c h  m a y  be n e g l e c t e d  when 0 / r  is 
neg l i g ib l e  c o m p a r e d  to one.  The r e m a i n i n g  t e r m s  a r e  the usua l  s h a r p  c r a c k  
tip s t r e s s  f ie ld  e q u a t i o n s  which  a r e  c o n s e q u e n t l y  s e e n  to be a p p l i c a b l e  to 
the r e g i o n  p<<r<<a. It is  t h e r e f o r e  imp l i ed  that the t ips  of b lunt  c r a c k s  
a r e  i m b e d d e d  wi th in  the usua l  c r a c k  tip s t r e s s  f ie ld  and that  these  usua l  
f ie ld  e q u a t i o n s  a r e  d i s t u r b e d  only  fo r  m o d e  I and m o d e  II s t r e s s  s t a t e s  
and only  in the i m m e d i a t e  v i c i n i t y  of the c r a c k  tip. In addi t ion ,  it is  in-  
t e r e s t i n g  to note  that  the h y d r o s t a t i c  s t r e s s  d i s t r i b u t i o n ,  ~x + C~y, is the 
s a m e  fo r  a c r a c k  with a f in i te  c u r v a t u r e  at the tip and a s h a r p  c r a c k .  

F o r  the s t r e s s  c o r r o s i o n  m e c h a n i s m  unde r  d i s c u s s i o n ,  the c r a c k  shape  
wil l  be c o n s i d e r e d  to be an e l l i p s e  and the s t r e s s  c o n d i t i o n s  will  i n i t i a l l y  
be t aken  to be e n t i r e l y  e l a s t i c .  F u r t h e r m o r e ,  it wil l  be e n v i s i o n e d  that  
the r e a c t i o n  b e t w e e n  the so l id  m a t e r i a l  and the e n v i r o n m e n t  is s i m p l y  
one in wh ich  the so l id  is  m a d e  to d i s s o l v e .  D i s s o l u t i o n  in this  con t ex t  c an  
be g e n e r a l l y  v i e w e d  as  any  l o c a l  d e g r a d a t i o n  in the m a t e r i a l ' s  ab i l i t y  to 
t r a n s m i t  s t r e s s .  As  a c o n s e q u e n c e ,  the v e l o c i t y  of d i s s o l u t i o n  wil l  be c o n -  
s i d e r e d  to be a f u n c t i o n  of the s t r e s s  at the m a t e r i a l - e n v i r o n m e n t  i n t e r f a c e .  

It is of  i n t e r e s t  to e x a m i n e  the c o n d i t i o n s  unde r  which  the c r a c k  c o n t o u r  
cou ld  be c o n s i d e r e d  s t ab l e .  Tha t  is, when  the shape  of the c r a c k  at the 
tip is m a i n t a i n e d  r a t h e r  than b lun t ing  o r  s h a r p e n i n g ,  c a u s i n g  a t e n d e n c y  
to a r r e s t  o r  a c c e l e r a t e .  

The c a s e  w h e r e  the l o a d i n g  c r e a t e s  a m o d e  I type d e f o r m a t i o n  is of 
g r e a t e s t  p r a c t i c a l  i n t e r e s t  and t h e r e f o r e  wil l  be c o n s i d e r e d .  R e f e r r i n g  to 
F i g u r e  4, V(cr) is the d i s s o l u t i o n  v e l o c i t y  n o r m a l  to the s u r f a c e .  Note that  

, . V H ( ° )  

Figure 4: Crack extension due to stress corrosion. 

for a constant shape of the whole contour near the tip, it is required that 
the apparent horizontal velocity, V H, be constant for all points on the 
contour. This leads to 

v(~) 
V H = -  = const = C 1 (4) 

COS 

From simple geometry, it follows that 

V ( ~ )  . . ,  .... 

VH = 0 = C ,  (5)  
COS -~ 

The normal stress at the surface is zero so that the stress sum, cT x + Cry, 
equation (i), gives the tangential stress c~t: 

2K I 0 
g t  = c o s  -- . • ( 6 )  

(2 ~r) 1/2 2 
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T h e r e f o r e ,  f o r  the c o n d i t i o n  of c o n s t a n t  s h a p e  of the c o n t o u r ,  c o m b i n i n g  
e q u a t i o n s  (5) and  (611 g i v e s  

(~ 0)1/4 1/2 
V(~t)  = C 1 % 

K11/2 
(7) 

C o n s e q u e n t l y ,  i f  V( (z ) i s  m o r e  h i g h l y  d e p e n d e n t  on s t r e s s  than  ~ 1 / 2  the 
c r a c k  wi l l  t end  to s h a r p e n .  A l t e r n a t e l y ,  a c o n s i d e r a t i o n  of the s i g n  of the 
d e r i v a t i v e  of  V(c0/c~ 1/2 wi l l  i n d i c a t e  the t e n d e n c y  f o r  a c c e l e r a t e d  c r a c k  
g r o w t h  o r  c r a c k  a r r e s t .  C l e a r l y  the s t r e s s  a n a l y s i s  f o r  th i s  m o d e l  h a s  
not  b e e n  v e r y  e x a c t i n g  p h y s i c a l l y  in tha t  e f f e c t s  of p l a s t i c i t y  h a v e  b e e n  
i g n o r e d .  H o w e v e r ,  s i n c e  p l a s t i c i t y  e f f e c t s  wi l l  s e r v e  to r e d u c e  the g r a d i e n t  
of s t r e s s  a l o n g  the c r a c k  s u r f a c e ,  the a b o v e  a n a l y s i s  r e p r e s e n t s  a l i m i t i n g  
c a s e  and  i n d i c a t e s  the m i n i m u m  s t r e s s  d e p e n d e n c y  of the f u n c t i o n a l  r e l a -  
t i o n s h i p  f o r  d i s s o l u t i o n  v e l o c i t y  wi th  c o n t o u r  s t a b i l i t y .  

As  i n d i c a t e d  prev~ .ous ly  b y  F i g u r e s  1 and 2, t h e r e  h a v e  b e e n  a n u m b e r  
of r e p o r t e d  c a s e s  w h e r e  b lun t ing ,  a s  m i g h t  be  e x p e c t e d  f r o m  the a b o v e  
m o d e l ,  h a s  b e e n  o b s e r v e d  in s p e c i m e n s  w h e r e  c r a c k  g r o w t h  due  to s t r e s s  
c o r r o s i o n  c r a c k i n g  h a s  b e e n  a r r e s t e d .  At th i s  t i m e ,  w h e t h e r  th i s  b h n t i n g  
h a s  o c c u r r e d  b e f o r e  o r  a f t e r  a r r e s t  h a s  not  b e e n  p r o p e r l y  a s c e r t a i n e d ,  
but  the r e l a t i o n s h i p  of th i s  p h e n o m e n o n  and the a b o v e  m o d e l  s u r e l y  w a r -  
r a n t s  f u r t h e r  i n v e s t i g a t i o n .  

It s h o u l d  be  p o i n t e d  out tha t  in a d d i t i o n  to t h e i r  use  in the a n a l y s i s  of 
th i s  p a r t i c u l a r  s t r e s s  c o r r o s i o n  m o d e ,  the s t r e s s  field" e q u a t i o n s  g i v e n  by  
e q u a t i o n s  (1), (2) and  (3) m a y  be  u s e d  in a n u m b e r  of o t h e r  a p p l i c a t i o n s .  
F o r  e x a m p l e ,  they  p r o v i d e  a c o n v e n i e n t  m e t h o d  f o r  d e t e r m i n i n g  s t r e s s  in-  
t e n s i t y  f a c t o r s  u s i n g  p h o t o e l a s t i c  m e t h o d s  w h e r e  the d i f f i c u l t y  of  w o r k i n g  
wi th  a p l a n e  c r a c k  in a b r i t t l e  p h o t o e l a s t i c  m a t e r i a l  c a n  be  e a s i l y  a v o i d e d  
by  u s i n g  a b lun t  c r a c k .  

C O N C L U S I O N S  

1. The  e l a s t i c  s t r e s s  f i e ld  e q u a t i o n s  f o r  b lun t  c r a c k s  a r e  p r e s e n t e d  in a 
f o r m  e q u i v a l e n t  to the u s u a l  s h a r p  c r a c k  t ip s t r e s s  f i e l d s  f o r  e a c h  of 
the t h r e e  m o d e s .  

2. T h e s e  e l a s t i c  s t r e s s  f i e l d  e q u a t i o n s  a r e  i n c o r p o r a t e d  in s h o w i n g  tha t  
a s t r e s s  c o r r o s i o n  c r a c k i n g  m o d e l ,  b a s e d  upon m a t e r i a l  d i s s o l u t i o n  (or  
d e g r a d a t i o n ) ,  s u g g e s t s  tha t  the d i s s o l u t i o n  v e l o c i t y  shou ld  be  m o r e  
s t r o n g l y  d e p e n d e n t  upon s t r e s s  than  a o n e - h a l f  p o w e r  l aw f o r  a c c e l e -  
r a t e d  s t r e s s  c o r r o s i o n  c r a c k i n g  to o c c u r .  

3. The  p r e v i o u s  s t a t e m e n t  i s  e q u a l l y  c o r r e c t  if  t h e r e  is  a p l a s t i c  zone  in 
the v i c i n i t y  of the c r a c k  t ip and t h e r e f o r e  m a y  r e p r e s e n t  a " m i n i m u m  
c r i t e r i a "  f o r  s t r e s s  c o r r o s i o n  c r a c k i n g  wi th  m a t e r i a l  d i s s o l u t i o n .  

4. The s t r e s s  f i e l d  e q u a t i o n s  p r e s e n t e d  h a v e  o t h e r  a p p l i c a t i o n s  a s  we l l .  
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RESUME - Les ~quations de champ de tension ~lastique pour des fissures ~point~es sont d~riv~es et pr~sent~es 
de la m ~ m e  faGou que celles qui d~crivent le champ de tension des pointes de fissures aigues. Ces ~qua- 
tions de champ de tension sont employdes dans l ' ana lyse  d ' u n  mod~le de dissolution d~crivant i '  arr~t du 
craquement  corrosif sous tension obtenu par l '~mOuSsement des pointes de fissures, qu 'on  observe souvent 
dans l 'arrEt du craquement  eorrosif sous tension. 

ZUSAMMENFASSUNG - Es wird die Spannungsverteilung vor e inem Riss mit  e inem Kruemmungsradius groesser 
Null fuer den elastischen Fall abgelei tet  und in einer den ueblichen Gleichungen fuer den seharfen Riss 
aehnlichen Form dargestell t .  Diese Spannungsgleichungen werden angewandt,  um ein Modell fuer das An-  
hal ten eines Bruchs dutch die Abstumpfung der Riss-spitze zu untersuchen. Bei tier 8pannungskorrosion ist 
dieses Anhalten eines Bruehes haeufig yon einer Abstumpfung beglei te t .  


