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A deta i led  s tudy of rap id  s t r e s s - c o r r o s i o n - c r a c k i n g  (SCC) in a 7075 a l u m i n u m  al loy has 
allowed sepa ra t ion  of the mechan ica l  and chemica l  cont r ibut ions .  This  was accompl i shed  
by  combin ing  scann ing  e lec t ron  microscopy ,  s t r e s s - w a v e  e m i s s i o n  and c rack  growth ra te  
obse rva t ions  as a funct ion of tes t  t e m p e r a t u r e .  These es tab l i shed  an ac t iva t ion  ene rgy  of 
11.2 k c a l / m o l ,  a s t r e s s - i n t e n s i t y  squared  dependence of c rack  growth, and a range  of 20 
to 80 pct d impled rup tu re  on the f r ac tu r e  sur faces .  Thus a two-s tep  c rack  growth mecha-  
n i s m  is proposed combin ing  a t h e r m a l l y  ac t ivated  e l ec t rochemica l  p r oc e s s  and a d i scon-  
t inuous  mechan ica l  jumping  p rocess .  

J .HE  case  for the type of s t r e s s - c o r r o s i o n - c r a c k i n g  
(SCC) m e c h a n i s m  in a l u m i n u m  al loys has osc i l l a ted  
be tween those who advocate a pu re ly  e l ec t rochemica l  
d i s so lu t ion  p roce s s  1-5 and those who advocate a com-  
b ined e l e c t r o c h e m i c a l - m e c h a n i c a l  p r o c e s s f i  -9 F r o m  
an e l ec t rochemica l  viewpoint ,  most  explanat ions  in -  
volve loca l ized  d i sso lu t ion  at anodic s i tes  such as p r e -  
c ipi ta te  pa r t i c l e s ,  e .g . ,  MgZnz, or emerg ing  s l ip  bands 
within the p rec ip i ta te  f r ee  zone (PFZ).  A combined 
m e c h a n i s m  adds in some discont inuous  b r i t t l e  or duc-  
t i le  rup tu re  p roce s s  so that the ove ra l l  mechan i sm  is 
an a l t e rna t ing  two-s tep  p roces s .  A subse t  p rob lem 
a r e a  has been  whether  or  not the P F Z  width of high-  
s t rength  a l u m i n u m  al loys  plays a ma jo r  ro le  in the 
p roces s .  ~0-12 Although cons ide rab le  work has been  
done on e l ec t rochemica l  and P F Z  aspec ts ,  there  have 
been  r e l a t i ve ly  few quant i ta t ive  a t tempts  to de t e rmine  
the extent  of m i c r o m e c h a n i c a l  con t r ibu t ions  to SCC ex-  
cept for the theore t i ca l  model  proposed by Krafft  and 
Mulher in .  8 

The following study of 7075 a luminum was designed 
to a t tempt  a deta i led defini t ion of the mechan ica l  a s -  
pect  of the SCC mechan i sm.  F i r s t ,  a r e c r y s t a l l i z a t i o n  
t r e a t m e n t  to aid in provid ing  a r ea sonab l e  g r a i n -  
boundary  path and a low pH solut ion were  ut i l ized to 
promote  rap id  SCC. Second, the in i t ia t ion  stage was 
e l imina ted  by s t a r t i ng  with a p re - fa t igue  cracked,  
edge-notched spec imen .  Third ,  c rack  propagat ion 
r a t e s  were  de t e rmined  as  a funct ion of s t r e s s  in ten-  
s i ty  factor  to obtain a be t t e r  mechan ica l  desc r ip t ion  
of the growth p roces s .  Fourth ,  t e s t s  were  run  at a 
r e l a t i ve ly  cons tant  s t r e s s  in tens i ty  level  as a function 
of t es t  t e m p e r a t u r e  to define the act ivat ion ene rgy  of 
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the t h e r m a l l y  act ivated mechan i sm.  Final ly ,  a s t r e s s -  
wave e m i s s i o n  (SWE) technique to moni to r  any d i scon-  
t inuous c rack  jumps  and scann ing  e l ec t ron  mic roscopy  
were ut i l ized to separa te  out mechan ica l  and chemica l  
cont r ibu t ions  to the growth p rocess .  

EXPERIMENTAL PROCEDURE 

C o m m e r c i a l l y  obtained 7075 a luminum al loy was 
f i r s t  cold ro l led  f rom 0.080 to 0.060 in. in th ickness  
and then solut ion heat  t r ea ted  at 500~ for 3 days and 
quenched in water  at 82~ r e su l t i ng  in a cooling ra te  
of about 65~ 13 The m a t e r i a l  was then aged for 5 
days at 88~ to a -T6  t e m p e r  which has been  r e -  
por ted 14 as leading to an i nc r e a se d  suscep t ib i l i ty  to 
s t r e s s  c o r r o s i on  cracking .  

To ve r i fy  the p r o p e r t i e s  of the a s - r e c e i v e d  al loy 
as well  as the cold worked and heat t r ea ted  alloy, s t an -  
dard t ens i l e  t e s t s  were  done. For  the SCC tes t s ,  s ingle  
edge notched spe c i me ns  were machined with the i r  t en -  
s i le  axis  pe rpend icu la r  to the g ra in  o r i en ta t ion  of the 
sheet .  The spec imen  geomet ry  se lec ted  is that given 
by Brown and Srawley,  1~ for which the s t r e s s  in tens i ty  
factor  may be given in t e r m s  of load, P,  c rack  length, 
a, th ickness ,  B, and width, W, by 

Pa V2 
K = Y B---W [1] 

with Y be ing  the f ini te  width co r r ec t i on  factor ,  

Y = 1.99 - 0.41 (a/W) + 18.70 (a/W) ~ -  38.48 (a/W) s 

+ 53 .85  (a/W) 4 [ l a ]  

The SEN spec imens  were  p re - fa t igue  c racked  in a 
t e n s i o n - t e n s i o n  fatigue machine  at a ~k of 13 k s i - i n .  1/2 
to in t roduce a c rack  in approx imate ly  15,000 cycles .  

The SCC tes t s  were  done in a 3.5 pct NaC1 solut ion 
with Ale13 added to lower  the pH of the solut ion to less  
than two. In o rde r  to de t e r mi ne  the c rack  growth ra te  
as  a function of t e m p e r a t u r e ,  the NaC1 + AIC13 solut ion 
was heated to a cont ro l led  t e m p e r a t u r e ,  and then a l -  
lowed to flow slowly through a p las t ic  tubing and past  
the notched a r e a  of the SEN spec imen.  A t h e r m o m e t e r  
was i n se r t ed  into the tubing close  to the spec imen  in 
o r de r  to ac tua l ly  m e a s u r e  the t e m p e r a t u r e  of the so lu-  
t ion as it pas sed  the spec imen.  
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E l a s t i c  s t r e s s  waves  a r e  caused  by  the d i scon t inu -  
ous growth of a c r a c k  b e f o r e  c a t a s t r o p h i c  f a i l u r e .  By 
us ing  a su i t ab l e  p i e z o e l e c t r i c  t r a n s d u c e r  a t t ached  to 
the  s p e c i m e n  g r i p s ,  t he se  e m i s s i o n s  can be de tec ted ,  
if they  a r e  within the s e n s i t i y i t y  r ange  of the i n s t r u -  
ment .  The s t r e s s  wave e m i s s i o n  technique deve loped  
by  Ha r tbower  et  a l  1s-!8 has  been  used  to s tudy the b e -  
hav io r  of s low c r a c k  growth p ropaga t ion  in SEN s p e c i -  
m e n s ,  and p r o v i d e s  an e x t r e m e l y  s e n s i t i v e  method for  
m o n i t o r i n g  s t r e s s - w a v e  e m i s s i o n  p roduced  by  d i s c o n -  
t inuous  c r a c k  growth.  The comple t e  i n s t rumen ta t i on  
and t e s t  a p p a r a t u s  is  shown s c h e m a t i c a l l y  in Fig .  1. 
As the  s igna l  i s  the r e s u l t  of a v e r y  s m a l l  amount  of 
e n e r g y  be ing  r e l e a s e d  by  a d i scont inuous  c r a c k  m o v e -  
ment ,  i t  i s  n e c e s s a r y  to ampl i fy  i t  and to f i l t e r  out e x -  
t r a n e o u s  no i se .  Af te r  the t e s t  was ove r ,  the t aped  s i g -  
na l  was p l ayed  back  at  7�89 ips  (at one -ha l f  speed  and 
thus  one -ha l f  of the h ighes t  r e c o r d e d  f requency) ,  so 
a s  to be  wel l  within the  f r equency  r e s p o n s e  of the g a l -  
v a n o m e t e r  (5 kHz) u t i l i zed  in the r e c o r d i n g  o s c i l l o -  
g raph .  The r e s u l t i n g  gain of the s y s t e m  c o m p r i s i n g  
the c h a r g e  a m p l i f i e r ,  vo l t age  a m p l i f i e r ,  and the r e -  
c o r d e r  a m p l i f i e r  of 1 to 3, was a p p r o x i m a t e l y  112,500. 

S tandard  m e t a l l o g r a p h i c  techniques  we re  used to ex -  
amine  the m i c r o s t r u c t u r e  of the a s - r e c e i v e d  m a t e r i a l  
in c o m p a r i s o n  to the  cold  worked  and hea t  t r e a t e d  m a -  
t e r i a l .  The scanning  m i c r o s c o p e  (SEM) employ ing  
s e c o n d a r y  e l e c t r o n  e m i s s i o n  at  25 kV was used  to s tudy 
the f r a c t u r e  s u r f a c e  of the s p e c i m e n s  ove r  a r ange  of 
magn i f i ca t ion  f r o m  200 to 20,000 t i m e s .  

EXPERIMENTAL RESULTS AND 
OBSERVATIONS 

Typ ica l  m i c r o s t r u c t u r e s ,  a s  shown in Fig.  2, ind i -  
ca t e  the  a s - r e c e i v e d  m a t e r i a l  conta ined about 250 
g r a i n s  a c r o s s  the t h i cknes s ,  or  a g r a i n  width of about 

12.5 m i c r o n s .  Af te r  co ld  ro l l i ng  and hea t  t r ea t ing ,  
t h e r e  we re  about 70 g r a i n s  a c r o s s  the t h i c k n e s s  o r  a 
g r a i n  width of about 22 m i c r o n s .  The g ra in  length did  
not change be tween  the two condi t ions  and a v e r a g e d  
about  100 m i c r o n s .  F ive  t e n s i l e  t e s t s  each  of both 
condi t ions  gave the a v e r a g e  r e s u l t s  in Table  I. 

SCC t e s t s  we re  done at  d i f fe ren t  load  l e v e l s  fo r  
sho r t  i n t e r v a l s  of c r a c k  growth so that  both K and 
da/dt could be  d e t e r m i n e d .  Due to the g e o m e t r y  of the  
SEN spec imen ,  the s t r e s s  in t ens i ty  l eve l  i n c r e a s e s  and 
the c r a c k  g rows .  Thus,  fo r  t h e s e  t e s t s ,  the in i t i a l  va lue ,  
Ko, and the f inal  va lue ,  Kf ,  were  c a l c u l a t e d  and an a v -  
e r a g e  va lue  a s s u m e d .  In o r d e r  that  t h e r e  be  only a 
s m a l l  change in the s t r e s s  in tens i ty  dur ing  the t e s t ,  the 
t e s t s  we re  run  long enough so that  t h e r e  would be  a r e l -  
a t i ve ly  s m a l l  amount  of c r a c k  growth.  This  a l so  had 
the advantage  of a l lowing l i t t l e  t ime  fo r  add i t iona l  c o r -  
r o s i o n  of the exposed  f r a c t u r e  s u r f a c e s .  The s p e c i -  
mens  were  then b roken  by  load ing  at  0.13 i n . / m i n  so 
that  the amount  of s low c r a c k  growth could be  d e t e r -  
mined.  Fig .  3 shows a l o g - l o g  plot  of the s t r e s s  in ten-  
s i ty  v e r s u s  the s low c r a c k  growth r a t e .  The s lope  of 
the curve ,  d e t e r m i n e d  by  a l e a s t  s q u a r e  a n a l y s i s  on 
an IBM compu te r ,  was found to be  equal  to 2. No c r a c k  
growth was o b s e r v e d  (af te r  328 min) at  a s t r e s s  in ten-  
s i ty  of 9250 p s i - i n .  1/2. 

T e s t s  were  p e r f o r m e d  to d e t e r m i n e  the dependence  
of the s low c r a c k  growth r a t e  on the t e m p e r a t u r e  of 
the env i ronmen t .  The r e s u l t s  a r e  g iven in Table  II 
and shown in Fig .  4 for  t h r e e  d i f fe ren t  s t r e s s  i n t ens i ty  
l e v e l s .  Again,  a l e a s t  s q u a r e s  a n a l y s i s  was done to 
d e t e r m i n e  the b e s t  c u r v e s  that  could be  d rawn through 
the da ta  poin ts .  F r o m  the equat ion 

da _ Ae-Q/RT [2] 
dt 

the ac t iva t ion  ene rgy ,  Q, can be  computed  f r o m  the 
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s lope  of the  c u r v e s .  The a v e r a g e  va lue  of the a p p a r e n t  
ac t iva t ion  e n e r g y  was found to be  11.2 k c a l / m o l .  

S t r e s s  wave a c t i v i t y  was o b s e r v e d  in a l l  the  t e s t s  
whe re  s low c r a c k  growth o c c u r r e d .  F ig .  5 shows some  
r e p r e s e n t a t i v e  o s c i l l o g r a m  r e c o r d i n g s  of the  m o n i -  

t o r e d  waves  and Table  III  i nd i ca t e s  the dependence  of 
the ampl i tude  and f r equency  of the s t r e s s  waves  on 
the s t r e s s  in tens i ty .  Due to the s e n s i t i v i t y  of the s y s -  
t em,  the  bubb les  f o r m e d  b y  the r e a c t i o n  of the  e n v i r o n -  
ment  with the  m a t e r i a l ,  p r o d u c e d  a no ise ,  which at  e l e -  

Fig. 2--Typical mic ros t rue tu re s  of 7075 aluminum sheet. (a) and (b) as rece ived mater ia l ,  (c) and (d) after cold rol l ing f rom 
0.060 to 0.060 in. thickness ,  solution heat t reat ing and quenching, a, b viewed f rom the top; b, d edge view perpendicular  to 
the rol l ing direction.  
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r a t e d  t e m p e r a t u r e s  made  i t  i m p o s s i b l e  to d i s t ingu i sh  
be tween  r e a l  s t r e s s  waves  and the wave p roduced  b y  
the bubb le s .  Even at  48~ the no i se  of the bubbles  
made  i t  i m p o s s i b l e  to ident i fy  the s t r e s s  waves .  How- 
e v e r ,  at  33~ and below,  bubb les  did  not s ign i f i can t ly  
r a i s e  the backg round  no i se ,  and a l lowed s t r e s s  waves  
to be  o b s e r v e d  as  a function of s t r e s s  in tens i ty .  F o r  
e x a m p l e ,  F ig .  5 shows that  the  background  no ise  l eve l  
i s  neg l ig ib le  c o m p a r e d  to the s t r e s s  waves  o b s e r v e d  
du r ing  SCC t e s t s .  The number  of s t r e s s  w a v e s / s  t aken  
f r o m  da ta  s t o r e d  on the t apes ,  is  only  of the  m a j o r  
waves .  The r e a l  SWE ac t iv i t y  might  p o s s i b l y  be s o m e -  
what h ighe r ,  involving m o r e  low e n e r g y  waves .  The 
a v e r a g e  amp l i t ude  of the s t r e s s  waves  for  each t e s t  
was  ob ta ined  f r o m  the ampl i tude  of the s ix  b i g g e s t  
waves  in a given t ime  in t e rva l .  

Qua l i t a t ive ly  then,  the SWE o b s e r v a t i o n s  show tha t  
a s  the s t r e s s  i n t ens i ty  i n c r e a s e s ,  the f r equency  and 
a m p l i t u d e  of the  s t r e s s  waves  i n c r e a s e s .  E s t i m a t e s  
of the  i n c r e m e n t a l  a r e a  swept  out by  the c r a c k  have 
been  made  by  G e r b e r i c h  and Har tbower .  18 Quant i ta -  
t i ve ly ,  a r e l a t i o n s h i p  be tween  the i n c r e m e n t a l  c r a c k  
growth  and s t r e s s  wave a c t i v i t y  has  been  sugges t ed  

Table I. Mechanical Properties of 7075-T6 Aluminum 

Yield 
Strength (0.2 Ultimate 

pct offset) Strength pct Elong. pct Reduction 
(psi) (psi) (1.0 in. gage) of area 

As received 
material 

Rolled, solution 
H.T., and aged 

71,500- +1100 80,700+400 11.6+ 1.6 28+8 

56,800- + 1200 79,00-+ 1200 15.2+ 1.8 26+3 

F- 
E 
.c_ 

0.015 

0,010 

N O  
- C R A C K  
G R O W T H  

I I I 01 I 

O 

0 0 

0 ~ 

8 IO 2 0  30  4 0  50 60 70 
KAV E , psi-in, v2 x IO -~ 

Fig .  3 - - S t r e s s  c o r r o s i o n  c r a c k  g r o w t h  r a t e  v s  appl ied  s t r e s s  
i n t e n s i t y  for  r o o m  t e m p e r a t u r e  t e s t s  of 7075 -T 6  a l u m i n u m .  

by  G e r b e r i c h  and Desa i .  19 B a s e d  on e x p e r i m e n t a l  
work  on an A l - Z n - M g  a l loy  and a t h e o r e t i c a l  c o m p l i -  
ance  a n a l y s i s ,  they  d e r i v e d  a s e m i - e m p i r i c a l  r e l a -  
t ionsh ip  of the  fo rm 

2.5 C K w  l/a ~ A  
g = Y B e  [3] 

whe re  g is  the ampl i tude  of a s t r e s s  wave,  ~A is  the 

Table II. SCC Data from Crack Propagation Tests 

Test Time Crack Crack Growth 
Temp. Stress Intensities Incre- Incre- Rate 

T Ko Kf KA VE, ment At ment Aa da/dt 
(~ (psi-in. 1/2) (psi.in. 1/2) (psi-in. 112) (min) (in.) (in./min) 

10 36,100 39,500 37,800 47.0 .048 .0010 
23 45,400 50,700 48,050 14.8 .070 .0047 
23 44,700 50,000 47,400 5.2 .070 .0135 
23 34,700 38,500 36,600 19.3 .070 .0036 
23 36,500 38,500 37,500 21.4 .043 .0020 
23 32,200 36,800 35,500 14.7 .055 .0037 
23 27,600 40,000 33,800 73.0 .270 .0037 
23 31,700 34,700 33,200 25.5 .065 .0026 
23 24,000 27,500 25,800 26.0 .090 .0035 
23 23,800 26,300 25,000 47.0 .077 .0016 
23 21,800 25,700 23,800 60.0 .110 .0018 
23 30,600 52,800 41,700 67.8 .405 .0060 
22 29,000 32,400 30,700 26.7 .080 .0030 
23 14,900 20,500 17,700 230.0 .195 .00085 
23 9,250 9,250 9,250 328.0 .000 .0000 
23 38,900 39,900 39,400 13.0 .065 .0050 
23 15,600 18,800 17,200 204.0 .070 .00034 
32 46,900 49,900 48,400 5.2 .045 .0086 
33 35,100 35,500 35,300 6.7 .025 .0037 
33 23,800 25,000 24,400 7.6 .040 .0052 
43 34,400 37,600 36,000 4.2 .063 .0150 
43 25,600 27,500 26,500 9.4 .050 .0053 
43 25,300 26,500 25,900 5.3 .045 .0085 
48 47,700 51,500 49,600 1.4 .055 .0402 
53 34,800 38,800 36,800 2.8 .070 .0250 
53 24,900 28,500 26,700 7.5 .090 .0120 
53 24,600 27,400 26,000 11.4 .080 .0070 
62 26,200 25,200 25,700 0.8 .010 .0122 
62 25,300 25,300 25,300 1.2 .025 .0220 
68 47,300 48,700 48,000 1.1 .076 .0724 
73 36,100 37,300 36,700 0.9 .045 .0500 
33 25,500 25,600 25,550 1.0 .020 .0200 
73 24,600 24,400 24,500 0.75 .020 .0267 

I 0 "  I I I I i i I J 

Q A V E  " I I .Z x IO 3 col/mole 

% 

,6' ~x__x x } 

-3 I I I I I I ~ ~  I ~ 
10 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3,5 3.6 3.7 

I/T x I0 3, "K "l 
Fig .  4 - - S t r e s s  c o r r o s i o n  c r a c k  g r o w t h  r a t e s  v s  t e m p e r a t u r e  
for  t h r e e  l e v e l s  of app l ied  s t r e s s  i n t e n s i t y  for  7 0 7 5 - T 6  a l u -  
m i n u m ,  
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Fig .  5 - - O s c i l l o g r a m  r e c o r d i n g s  of s t r e s s  w a v e s  d u r i n g  r o o m  t e m p e r a t u r e  SCC t e s t s  of  7075 a l u m i n u m .  E a c h  f r a m e  r e p r e s e n t s  
1 /2  s .  The  s t r e s s  wave  a m p l i t u d e  r e p r e s e n t s  g,  f t / s  2. (a) b a c k g r o u n d  n o i s e  due to the  t e s t i n g  m a c h i n e  and  e n v i r o n m e n t ,  no l load  
app l ied ,  (b) SCC t e s t  wi th  K = 25,400 p s i - i n .  1/2, (c) SCC t e s t s  wi th  K = 36,200 p s i - i n .  1/2, (d) SCC t e s t  wi th  K = 48~300 p s i - i n .  /2. 

Table Ill. Stress-wave and fractographie observations 

KA VE, P si'in'l/2 T, ~ SWE/s Ate, s Dimple Rupture, pct 

25~00 23 2.0 0.5 20 
36,200 33 6.6 0.151 33 
48,300 23 11.0 0.091 80 

SWE Amplitude, 

KA VE, P si'in'H2 da/dt, in./s X 10 s g, ft/s 2 X 104 AA, in) X 106 

25,400 2.7 2.3 0.078 
36,200 10 3.6 0.085 
48,300 12 5.7 0.113 

incrementa l  a r e a  swept out by a c rack  as assoc ia ted  
with one s t r e s s  wave, e is the distance between load-  
ing pins, C is a constant of about 0.05, B is the spec i -  
men thickness,  and Y is the f(a/w) appropr ia te  to the 
specimen configuration. By carefu l ly  ca l ibra t ing  the 
ins t ruments  shown schemat ica l ly  in Fig. 1, the ampl i -  
tude of the s t r e s s  waves can be expressed  in t e r m s  of 
g.  For  the set t ings used in these tes t s  a s t r e s s  wave 
amplitude of 1.9 in. is equal to 0.0008 g.  Table III 
shows the calculated values  of g and AA for different  
s t r e s s  intensi ty levels  based on Eq. [3]. 

Next, consider  the meta l lographic  observat ions .  Fig. 
6 shows represen ta t ive  macroscopic  f r ac tu re  fea tures  
for  al l  the t e s t s .  Indicated on the f igure is the p r e -  

fatigue cracked region (a-b), the slow crack  growth r e -  
gion (b-c),  and the unstable c rack  growth region (c-d). 
Figs .  7 through 10 show the microscopic  deta i l s  of the 
f r ac tu re  sur faces .  At low t empera tu re s ,  the t ime of 
the tes t s  was longer,  and therefore  the solution was in 
contact with the f rac tu re  surface for longer per iods  of 
t ime,  thus des t roying many of the fine deta i ls .  This 
made it difficult to find any a r e a s  of dimpled rupture  
that might have been p resen t  ini t ial ly.  However, at 
high t e m pe r a t u r e s  with shor t e r  exposure t imes  to the 
environment,  fine detai l  can be observed.  Fig. 7 shows 
the two general  types of morphology observed:  (a) a 
r e la t ive ly  flat  smooth surface  and (b) a dimpled rup-  
ture  type surface.  A compar ison  of Figs .  8 and 9 
shows that as the s t r e s s  intensi ty level  inc reases ,  
the amount of dimpled rupture  a lso  inc reases .  The 
dimpled regions r ep re sen t  discontinuous jumping or 
t ea r ing  of the mate r i a l ,  as compared with the re la t ive ly  
flat  sur faces  which might be indicative of e l ec t rochem-  
ical  dissolution.  Besides  the two general  c h a r a c t e r i s -  
t ics  of the f rac tu re  p rocess ,  there  were also some a r -  
t i fac ts  on the f r ac tu re  surface  due to f r ac tu re  of p r e -  
cipi tated sa l ts .  For  example,  Fig. 10(a-b) c l e a r l y  
shows one region of a tes t  specimen containing what 
seemed to be deposi ts  of the solution. This was v e r i -  
fied by taking the solution, drying it on a nickel plate, 
and examining it under the scanning e lect ron mic ro -  
scope. As seen in Fig. 10(c-d), the fea tures  of the 
res idue  a re  per fec t ly  smooth with no texture present ;  
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the  c r a c k s  in the  r e s i d u e  a r e  f o r m e d  as  the  so lu t ion  
d r i e s .  C o m p a r i n g  Fig .  10(c) to Fig .  10(b) at  the s a m e  
magn i f i ca t ion  s t r o n g l y  ind ica t e s  that  th is  f e a tu r e  i s  
not c h a r a c t e r i s t i c  of the  f r a c t u r e  s u r f a c e  and i s  m e r e l y  
a r e s u l t  of f r a c t u r e d  s a l t  c r y s t a l s .  

DISCUSSION 

Those  i n v e s t i g a t o r s  z-5 f a v o r i n g  a p u r e l y  e l e c t r o -  
c h e m i c a l  p r o c e s s  have c o n s i d e r e d  how e i t he r  m a t r i x  
s l ip  bands  o r  a p r e f e r r e d  s l ip  in the P F Z  might  a s s i s t  
anodic  d i s so lu t ion .  On the o the r  hand, t h e r e  a r e  those  2~ 
who have sugges t ed  that  a g r a i n - b o u n d a r y  c r a c k  is nu-  
c l e a t e d  m e c h a n i c a l l y ,  and then p r o p a g a t e s  by  an e l e c -  
t r o c h e m i c a l  m e c h a n i s m  o r ,  a l t e r n a t i v e l y ,  21 i s  n u c l e -  
a t ed  by  an e l e c t r o c h e m i c a l  m e c h a n i s m  and then p r o p -  

aga t e s  m e c h a n i c a l l y .  V a r i o u s  mod i f i ca t ions  of these  
with the inf luence of p r e c i p i t a t e  p a r t i c l e s  a s  the  d i s -  
so lu t ion  s i t e  have a l so  been  p roposed .  14 A r e c e n t  r e -  
v iew of mos t  of t he se  m e c h a n i s m s  has  been  p r e s e n t e d ,  2 
and thus a r e i t e r a t i o n  wil l  not be  a t t e m p t e d  h e r e .  How- 
e v e r ,  i t  i s  useful  to r e c o n s i d e r  those  m e c h a n i s m s  with 
r e s p e c t  to the p r e s e n t  f indings .  

F i r s t ,  one can s t a t e  unequivoca l ly  f r o m  th is  s tudy,  
that :  1) The s i t e  for  the SCC p r o c e s s  is  in o r  a t  the 
i n t e r f ace  of the  P F Z .  2) A t h e r m a l l y - a c t i v a t e d  m e c h -  
a n i s m  con t ro l s  the r a t e  of c r a c k  growth.  3) The c r a c k  
growth r a t e  i n c r e a s e s  with i n c r e a s i n g  s t r e s s  in tens i ty .  
4) F r a c t o g r a p h i c  and s t r e s s - w a v e  e m i s s i o n  s tud ied  
show that  the c r a c k  growth p r o c e s s  is  d i scon t inuous ,  
with m e c h a n i c a l  r up tu r e  be ing  a s ign i f i can t  p a r t  of the 
growth  m e c h a n i s m .  

All  m e c h a n i s m s  a r e  c o m p a t i b l e  with the f i r s t  point .  

Fig. 6 - -Macroscopic  f r ac tu re  fea tu res  of SCC tes t  specimen.  (a-b) pre- fa t igued  region,  (b-c) slow c r a c k  growth region,  (c-d) 
unstable crack growth. 

Fig. 7--Scanning e l ec t ron  mic rographs  i l lus t ra t ing  the two different  types of f r a c t u r e  su r faces  observed  in the slow c r a c k  
growth reg ions  of a SCC spec imen tes ted  at K = 37,000 ps i - in .  1/2. (a) re la t ive ly  f lat  f r ac tu re  sur face  indicat ive of anodic d i s -  
solution,  and (b) dimpled rup tu re  f r ac tu re  surface  indicat ive of discontinuous jumping, or tear ing.  
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The second  point  s u g g e s t s  a t h e r m a l l y - c o n t r o l l e d  c o r -  
r o s i o n  a n d / o r  d i f fus ion  p r o c e s s ,  which i s  a l so  c o m p a t -  
ib le  with a l l  m e c h a n i s m s .  The t h i r d  point  would be  a 
l i t t l e  d i f f icul t  to u n d e r s t a n d  if only  an e l e c t r o c h e m i c a l  
d i s so lu t i on  p r o c e s s  we re  involved.  One could a r g u e  
tha t  with h ighe r  s t r e s s  i n t ens i ty  f a c t o r s ,  t h e r e  a r e  
m o r e  s i t e s ,  e . g . ,  g r e a t e r  f r e q u e n c y  of s l iP  bands ,  and 

hence  m o r e  r a p i d  anodic  d i s so lu t ion .  However ,  in l ieu  
of add i t iona l  ev idence ,  i t  i s  m o r e  s a t i s f y i n g  to c o n s i d e r  
tha t  the e x c e s s  m e c h a n i c a l  e n e r g y  r e s u l t s  in l a r g e r  
amoun t s  of m e c h a n i c a l  r u p t u r e .  At l e a s t  for  the  p r e s -  
ent  inves t iga t ion ,  the  p r e v i o u s  point  is  c l a r i f i e d  by  the 
four th  point  which de f in i t e ly  c o n f i r m s  the d i scon t inu -  
ous,  m e c h a n i c a l  f e a t u r e  of the  SCC p r o c e s s .  

Fig. 8--Scanning electron micrographs of a SCC specimen tested at an applied s t ress  intensity of 26,740 psi-infl/2. 
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Mechanica l  Nature  of the P r o c e s s  

In l ight of the p r e sen t  f indings,  it is useful  to con-  
s ide r  why the mechan ica l  aspec t  of the SCC me c ha n i sm  
has p rev ious ly  been  re jec ted .  P robab ly  the most  f o r -  
midable  a r g u m e n t  is that the re  has been  l i t t le  evidence 
on the f r a c t u r e  su r f aces  to suggest  a mechan ica l  f r a c -  
t u r e  p roces s .  Jacobs 7 did r epor t  having evidence of 

mechanica l  rup tu re ,  but the c o r r o s i ve  na tu re  of the 
" d i m p l e s "  seemed  to s e v e r a l  o thers  22 to make this  
evidence inconclus ive .  In a s i m i l a r  set  of expe r imen t s  
on a A1-Zn-Mg alloy,  Sedriks,  et al  1~ r epor t ed  no ev i -  
dence of microvoid  coa lescence  in the s t r e s s - c o r r o -  
s ion a r e a s .  However, they did find d impled  rup tu re  
on the pa r t  of the spec imen  that fa i led by the rap id  
mechan ica l  f r a c t u r e  that t e r m i n a t e d  the tes t .  Even 

Fig. 9--Scanning electron micrographs of a SCC specimen tested at an applied stress intensity of 49,600 psi-in, i/2. 
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though this rap id  f r ac tu re  par t  of the sur face  was ex-  
posed to the environment for some t ime,  the dimples  
observed in that a r e a  were  not at tacked by corros ion .  
They then argued that i f  dimples  exis ted  in the SCC 
par t  of the f r ac tu re  surface,  these a lso  should not have 
been cor roded  and hence should have been detected by 
e i ther  scanning e lec t ron  microscopy  or  f rac tography.  
They there fore  concluded that since no microvoids  

were in evidence, then the p r oc e s s  must be pure ly  
anodic dissolution.  The sa l ient  point of thei r  argument  
is that the dimples  forming under rapid  c rack  growth 
would be as  l ike ly  to cor rode  as  d imples  forming under 
$CC conditions, given equal t ime of exposure to the en-  
vironment.  However, there  is  no evidence to this  effect 
and in fact, it is  more  l ikely  that the conditions jus t  
behind a slowly growing c rack  would be more  conducive 

Fig. 10--Scanning e l ec t ron  mic rog raph  showing a r e s idua l  deposi t  of the t e s t  solution. (a) and (b) deposi ts  on the actual f r ac tu re  
sur face ,  and (c) and (d) deposi ts  evapora ted  on a nickel  plate  for compar ison .  
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to corrosion attack. Both the potential and the pH con- 
ditions would be considerably different from an un- 
stressed, completely exposed fracture surface. More- 
over, the present study has definitely established the 
fact that mlcrovoid coalescence may be an integral 
part of the SCC mechanism in 7075-T6 aluminum. 
Thus, it is probable that Jacobs 7 did observe micro- 
void coalescence associated with SCC. The fact that 
the microvoids were heavily corroded suggests that 
in many previous cases, obliteration of the true frac- 
ture surface details may have led some investigators 
to conclude, erroneously, that the mechanism was en- 
tirely void of any mechanical process. 

Of course, it might be argued that the present data 
represent a relatively unique case and that this situa- 
tion is not characteristic of other aluminum alloys. 
However, it is significant that the crack growth rate 
dependence on stress intensity is nearly identical to 
the K z dependence observed by Tetelman and McEvily 2s 
for AI-5.5 Zn-2.5 Mg in a neutral NaCl solution. The 
only difference was that the present growth rates were 
faster by a factor of four. Nevertheless, this is con- 
sistent with the fact that McHardy et a124 reports a 
factor of four decrease in time to failure for 7075-T6 
stressed in an NaCI + AIC1 s solution where the pH is 
less than two as compared to a neutral NaC1 solution. 

One final comment about the mechanical contribution 
concerns the absolute magnitude of the mechanical rup- 
ture process. Consider the size of the area swept out 
in a single jump, as indicated by the SWE amplitude. 
This 0.09 x 106 in. 2 area would only be about 3 pct of 
the total cross-sectional area of a single grain. Thus, 
it would appear that the mechanical nature of the pro- 
cess, even at relatively high stress intensity levels, 
is a relatively localized process. This may not be so 
for finer grained materials or more susceptible higher 
strength alloys. 

C ONC LUSIONS 

1) The crack growth rate for the SCC process was 
strongly dependent on the temperature with an apparent 
activation energy of 11.2 kcal/mol. The crack growth 
rate was proportional to K 2. 

2) Stress wave emission results showed that crack- 
ing was discontinuous and that the frequency of stress 
wave emissions increased with increasing stress in- 
tensity. 

3) Both mechanical and electrochemical fracture in 
the SCC region was intergranular, and the amount of 
dimpled rupture was proportional to K 2. 

4) Crack growth drying SCC is concluded to be a 
two-step process combining an electrochemical and 
mechanical process. 

CONVERSION FACTORS FOR SI UNITS 

1 in. = 2.54 cm 
1 micron = 10 -6 m 
1 kcal/mole = 4186 J/mole 
1 ft/s 2 = 0.3048 m/s 2 
1 in./s = 0.0254 m/s 
1 psi = 0.01394 N/mm 2 
I psi-in. */2 = 0.001107 MPa.m I/~ 
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