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Observations of Stress Corrosion 
Crack-Front Bowing in High-Strength 
Aluminum Alloy Double Cantilever 
Beam Specimens 

P E T E R  J.  BLAU 

The bol t - loaded double can t i l eve r  beam spec imen ,  
DCB (Fig. 1) has been  used in the pas t  for  m e a s u r i n g  
the growth r a t e s  of s t r e s s  co r ros ion  c racks  in high 
s t reng th  a luminum al loys  (e.g., Refs.  1 to 4). In a 
number  of p rev ious  s tudies ,  the c rack  p r o g r e s s  was 
opt ical ly  moni to red  on the s ides  of the spec imens .  
These  c rack  lengths  were used to ca lcula te  the de -  
pendence of c rack  growth ra te  on the applied s t r e s s  
in tens i ty  at  the c rack  tip. 

Examina t ion  of broken open high s t reng th  a l u m i n u m  
alloy DCB s t r e s s  co r ro s ion  spec imens  has revea led  
the i r  innate  p ropens i ty  toward c rack  f ront  bow-out,  
or  tunnel ing.  This  phenomenon may be due in pa r t  
to the change in the s ta te  of s t r e s s  with depth in the 
sample  and to the p r e s e n c e  of su r face  res idua l  
s t r e s s e s  in  the wrought product  f rom which the DCB 
was machined,  l 'z Whatever  the cause,  the development  
of c rack  front  bowing dur ing  the s t r e s s  co r ros ion  tes t  
would lead to e r r o r s  in the c rack  growth ra te  (da/dt) 
de te rmina t ion ,  espec ia l ly  if the bow out i nc rea sed  at 
a g r ea t e r  r a t e  than did the ex te rna l  c rack  length. The 
purpose  of this communica t ion ,  then, is to display an 
example of how the c rack  f ront  may develop in t e rna l ly  
dur ing  the tes t ing of a luminum alloy DCB spec imens .  

The spec imen  used he re in  was par t  of a study being 
conducted in -house  at the Air  Fo rce  Mate r i a l s  L a b o r a -  
tory on the re l i ab i l i ty  of high s t reng th  a luminum a l -  
loys.  ~ Its composi t ion  is A1, 5.68 Zn, 2.13 Mg, 1.51 
Cu, 0.04 Fe,  0.02 Si, 0.12 Zr ,  0.005 Ti,  and <0.01 wt 
pcts  of Cr,  Ni, and Mn. It was p roces sed  as 32 m m  
thick pla te  to the s t andard  T651 temper .  The longi -  
tudinal  and l o n g - t r a n s v e r s e  tens i le  yield s t reng ths  
of p la te  f rom the s a m e  ingot were  both 75 ksi  (516 
MPa). ~ The DCB spec imen ,  machined to the spec i f i -  
ca t ions  of Fig.  1, was tes ted in  constant  i m m e r s i o n  in 
3.5 pet  NaC1 solut ion.  The plane of the c rack  lay along 
the ro i l ing  d i rec t ion  n o r m a l  to the pla te  su r faces .  
Fou r  va lues  of c r ack  length were  obtained dur ing  
each m e a s u r e m e n t  p rocedure .  Two values  were  
m e a s u r e d  on a ca l ib ra ted  opt ica l  m ic roscope  on a l -  
t e rna t e  s ides  of the DCB, and the o ther  two were  
m e a s u r e d  on the s ides  p a r a l l e l  to the plane of the 
c rack  us ing  an u l t r a son i c  pu l se -echo  nondes t ruc t ive  
inspec t ion  technique.  The pu l se -echo  technique had 
an empi r i ca l l y  de t e rmined  uncer ta in ty  of about :e0.03 
in. (:t:0.76 ram). 

The c rack  f ront  h i s t o r i ca l  prof i le  for the se lec ted  
DCB spec imen  was plotted in Fig.  2 a s suming  that the 
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longest  i n t e rna l  c r ack  length o c c u r r e d  at  the cen te r  
of the spec imen .  Table  I l i s t s  the data  used in  p lo t -  
ting Fig.  2. Optical  "S ide  1"  da ta  was plotted on the 
left of the f igure ,  "Side  2"  data  was piotted on the 
r ight ,  and the ave rage  of the two u l t r a son ic  va lues  was 
plotted in the center .  A bes t  naked-eye  fit was drawn 
in each case,  It should be noted that the c rack  pos i t ion  
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Fig, 1--The double-bolt-loaded double cantilever beam stress 
corrosion specimen. 

Table 1. Crack Growth Measurements of a High-Strength 
Aluminum Alloy DCB Specimen 

Sides Center 
Optical Measurements, Ultrasonic 

mm Measurements, ram 
Time, 

h Side ! Side 2 Top Bottom 

0* 15.0 12,7 t "~ 
50 20.3 2tA 233 23.4 
96 22~ t 24. I 26.3 27.8 

I68 24.6 26.6 28.2 27.8 
24 t 25.2 26.7 31.1 28.4 
361 26.3 27~3 33.2 32.8 
432 28.1 28.7 35.6 35.3 
528 30.4 30.8 36.7 36.7 
743 31.0 31.5 37.4 37.1 
9t0 31.4 32.4 37,7 37,3 

1102 31.9 32.4 38.1 37.8 
1506 35.0 32.7 38.3 39.6 

Broken Specimen Optical Data 

1506 36.5 32.3 38.8 

*"Pop-in" crack length- 
t Too ~hort to measure with available test stand. 
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along the teft  and r igh t  s i d e s  of the s p e c i m e n  d i s -  
p l ayed  s e v e r a l  i n s t ances  of a r r e s t  and a c c e l e r a t i o n  
whi le  the c e n t e r  pos i t i on  advanced r e l a t i v e l y  un i -  
f o rmly .  A f t e r  50 h of i m m e r s i o n  the d i f f e r ence  b e -  
tween the m i n i m u m  e x t e r n a l  c r a c k  length and the 
c e n t e r  bow-out  point  was 0.113 in. (2.87 ram),  whi le  
the 1102 h d i f f e r ence  was  0.203 in. (5.16 mm).  The in-  
t e r n a l  c r a c k  shape  a f t e r  1506 h is  shown in F ig .  3 
whe re  the s p e c i m e n  was  b roken  open by turn ing  the 
loading bol ts .  Studying the s t r e s s  in tens i ty  f a c t o r  
s c a l e s  at  the lef t  of F ig .  2 wi l l  show the magni tude  
of the  po ten t i a l  e r r o r s  in us ing  e x t e r n a l  c r a c k  
l eng ths  in r e p o r t i n g  (da/dt) data ,  The  v a l u e s  on the 
s c a l e  w e r e  c a l c u l a t e d  us ing the c r a c k  opening d i s -  
p l a c e m e n t  c o m p l i a n c e  c u r v e  for  the DCB s p e c i m e n  1 
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Fig. 4--Typical behavior of a growing crack in an high 
strength aluminum DCB specimen. 
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Fig. 2--Crack front profiles as  a function of t ime i~ a DCB 
specimen. The last  set  of side and center readings before 
breaking the specimen are  represented by diamond symbols, 
Solid circles represent  optical measurements on the broken 
specimen. 
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Fig, 3--Post- tes t  appearance of the DCB specimen of Fig. 2 
and Table I showing the bowed crack front (darker shaded). 

ba sed  upon the c r a c k  lengths  at  the r ight  hand s c a l e  
of F ig .  2. 

Ano the r  m e a n s  of d i sp l ay ing  the i n fo rma t ion  f rom 
Fig .  2 i s  the m o r e  convent iona l  p lo t  An F ig .  4 where  
c r a c k l e n g t h  i s  shown a s  a funct ion of t i m e  in the sa l t  
bath.  The lower  cu rve  d e p i c t s  op t i ca l  s u r f a c e  
c r a c k  m e a s u r e m e n t s  and the upper  cu rve  dep i c t s  
the i n t e r n a l  c r a c k  m e a s u r e m e n t s  obta ined  by nonde-  
s t r u c t i v e  techniques .  F ig .  4 shows how op t i ca l  da t a  
a lone  may  not c h a r a c t e r i z e  the s t r e s s  c o r r o s i o n  c r a c k  
advance .  Not only does  the d i f f e r ence  be tween  the 
c u r v e s  i n c r e a s e  with t ime ,  but the va lue  of the growth  
r a t e  (da/dt) at  any g iven  va lue  of app l i ed  s t r e s s  in-  
t ens i ty  ( ca lcu la ted  f rom the in s t an taneous  c r a c k -  
length)  i s  g r e a t e r  i n t e r n a l l y  than at  the s u r f a c e .  F o r  
example ,  c o n s i d e r  the s l o p e s  of the two c u r v e s  at  
poin ts  A and B in F ig .  4. t t  i s  not known why the bow-  
out i n c r e a s e s  a s  the s t r e s s  c o r r o s i o n  c r a c k  g r o w s  
(i.e., the  s t r e s s  in tens i ty  d e c r e a s e s ) ;  however ,  the 
p o s s i b i l i t y  of c o r r o d a n t  concen t ra t ion  with t ime  at  the  
cen t e r  of the c r a c k  f ront  should be  cons ide red .  F u r -  
ther  work  in th is  a r e a  is  indica ted .  

The p r o p e r  choice  of a c r a c k  length to ca l cu l a t e  the 
ef fec t ive  s t r e s s  in tens i ty  f a c t o r  in the p r e s e n c e  of a 
cu rved  t h r o u g h - c r a c k  r e m a i n s  a s u b j e c t  of c o n s i d e r -  
ab l e  c o n t r o v e r s y .  It was not the p u r p o s e  of th is  
s h o r t  communica t ion  to a d d r e s s  that  sub jec t ,  but  only 
to p rov ide  da t a  suppor t ing  the content ion that  e x t e r n a l  
m e a s u r e m e n t  of DCB c r a c k  lengths  could l ead  to c e r -  
ta in  types  of e r r o r s  in eva lua t ing  s t r e s s  c o r r o s i o n  
c r a c k  growth r a t e .  

Ca re fu l  a n a l y s i s  of c r a c k  f ront  bow-out  d e v e l o p -  
ment  would a l s o  p rov ide  ins ight  f rom the s tandpoin t  
of s u r f a c e  c r e a t i o n  dur ing  s t r e s s  c o r r o s i o n  c rack ing .  
Of c o u r s e  the amount  of s u r f a c e  c r e a t e d  would depend 
not only on the  g e o m e t r i c a l  p r o p e r t i e s  of the c r a c k  
front ,  but  a l so  on the topography  of the new s u r f a c e .  
N e v e r t h e l e s s ,  i t  i s  fe l t  that  i n fo rma t ion  ga ined  by c o m -  
bined op t i ca l  and u l t r a s o n i c  t echniques  could c o n t r i -  
bute  to the unde r s t and ing  of 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  in t h e s e  and o the r  a l loys ,  
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s t r u c t u r e - p r o p e r t y  r e l a t i o n s h i p s  in high s t r eng th  
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increasing the Fracture Toughness of 
a Maraging Steel Type Alloy 
Bo FRANCIS 

Recen t  unpublished s tud ies  ~ have  shown that the 
f r a c t u r e  toughness  of a F e - 1 6 N i - I . 5 T i  marag ing  s t ee l  
type al loy may be g rea t ly  improved  by age hardening 
at h igher  t e m p e r a t u r e s  (550~ to 600~ than those 
convent ional ly  used (~450~ for  marag ing  s t ee l s .  
The purpose  of this note is  to d e s c r i b e  the m e c h -  
a n i s m s  be l ieved  to be r e s p o n s i b l e  for  the improved  
f r a c t u r e  toughness  in s p e c i m e n s  aged at  the h igher  
t e m p e r a t u r e .  

In this  al loy,  aus ten i te  can f o r m  at  a l l  the aging 
t e m p e r a t u r e s  inves t iga ted  (450~ to 600~ whether  
or  not it does  f o r m  is s t rong ly  dependent on the t ime  
at t e m p e r a t u r e ,  as shown in Fig .  1, which shows the 
vo lume  pe r cen t  ol aus ten i te  f o r m e d  as  a function of 
t ime  of aging at 450, 500, 550 and 600~ The data  in 
F ig .  1 is  for the i s o t h e r m a l  r a t e  of fo rmat ion  of 
aus ten i te  at the aging t e m p e r a t u r e .  This  i s  not n e c e s -  
s a r i l y  the s a m e  as the r a t e  of fo rma t ion  of r e t a ined  
aus ten i te  m e a s u r e d  at r o o m  t e m p e r a t u r e  subsequent  
to aging. Thus the re  is no  m e a s u r a b l e  r e t a i n e d  

a u s t e n i t e  in the F e - 1 6 N i - l . 5 T i  a l loy for  any of the 
aging t e m p e r a t u r e s  and t i m e s  r epo r t ed  in Table  I 
(450~ 1 h, 550~ 4 rain and 600~ 10 min), desp i te  
the l a rge  amount  of aus ten i t e  f o r m e d  at t e m p e r a t u r e  
dur ing aging fo r  the h igher  aging t e m p e r a t u r e s .  This  
r e s u l t  is  based  on a combina t ion  of X - r a y  and t r a n s -  
m i s s i o n  e l e c t r o n  m i c r o s c o p y  techniques  for  m e a s u r -  
ing r e t a ined  aus teni te .  The fo rma t ion  of aus ten i te  in 
F e - N i - T i  a l loys  has been d i s cus sed  by J i n  2 and 
P e t e r s .  a The data  in Fig.  1 was obtained by a m a g -  
net ic  technique r epo r t ed  in deta i l  by Yuen. 4 It  was 
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obse rved  that the aus teni te  f o r m s  in i t ia l ly  at the p r i o r  
aus ten i te  and m a r t e n s i t e  tath boundar ies ,  I-3 as  it  has  
s i m i l a r l y  been o b s e r v e d  to do in m o r e  convent ional  
marag ing  s t ee l s ,  s 

The  p r e c i p i t a t e  in this al loy,  hexagonal  NisTi (DO~4), 
does  not appear  to p r e c i p i t a t e  in aus teni te ,  F o r  ex -  
ample ,  in s p e c i m e n s  aged at 650~ (a t e m p e r a t u r e  at 
which a cons ide r ab l e  amount  of aus ten i te  is f o r m e d  
v e r y  rapid ly)  no p rec ip i t a t ion  is  o b s e r v e d  in the a u s -  
teni te;  p r ec ip i t a t i on  o c c u r s  onty in the m a r t e n s i t i c  
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Fig. 1--The voi pct austenite and the Rockwell C hardness 
of the 16-Ni-l.5Ti alloy as a function of aging time. 

Table I. Fracture Toughness for Various Aging Temperatures 

Re KIC CVN 
Aging Hardness MPa-m I;~ N.M 

Alloy, Wt Pct Temperature (oy ~ 1,379 MPa) (23~ (23~ 

Fe- 16Ni-l.5Ti 600~ 43 ~125 37 
(Vacuum induction 
melted) 

550~C 43 ~55 t9 
450~ 43 - 4 

200 ksi = 1,379 MPa. 
1 ksiv'Tn~. = 1.1 MPam tt~. 
1 ft-lb = 1,36 J. 
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