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The kinetics of hydrogen embrittlement of an N 80 steel have been studied in a Na2S-CHsCOOH 
solution. Determination of hydrogen content, metal density and embrittlement degree, to- 
gether with acoustic-emission measurements have shown that the hydrogen distribution with- 
in the metal lattice is time-dependent and strongly influenced by non-metallic inclusions. The 
inclusions cause local stress intensification, favoring hydrogen collection in the lattice around 
them. Fracturing of charged specimens at different times evidences a mechanism of crack 
inactivation. An explanation of crack inactivation in terms of plastic deformation around in- 
clusions due to hydrogen-dislocation interaction is suggested. 

THE entry of hydrogen into a steel structure from a 
sulfide environment leads to mechanical failures at 
stress levels well below the UTS, even in medium 
strength steels (400 to 900 MN/m 2 Yield Strength). I 
The phenomena causing crack initiation and propaga- 
tion to failure are known to be dependent on applied 
stress, z metallurgical structure 3 and time. a The in- 
fluence of time is generally related to hydrogen diffu- 
sion or to crack nucleation via dislocation movement 
and coalescence, s 

Assuming that the main process is the transport of 
hydrogen to critical zones of the metal structure (dis- 
location pile-ups, regions of high triaxial stress, sub- 
critical cracks or, generally, "traps"), much attention 
has been paid to hydrogen mobility within the metal, 
i.e., to the hydrogen-diffusion coefficient. 

The evaluation of steels as to their embrittlement 
sensitivity has often been made through measurements 
of hydrogen uptake or effusion, ~ while mechanistic stud- 
ies generally relate crack propagation to hydrogen dif- 
fusion to the crack tip.7 

The experimentally observed times to failure, how- 
ever, are hardly deducible from a diffusion-based 
mechanism. Actually, the surface conditions, control- 
ling the rate of hydrogen entry, and the internal mor- 
phology of the alloy, providing sites for hydrogen ac- 
commodation, seem to be more important than the 
transport process itself. ~ 

The discrepancy between diffusion-based mechanisms 
and actual behavior is clearly evident in medium 
strength steels which do not exhibit intergranular frac- 
tures. 

In this work, some evidences of a time-dependent 
distribution of hydrogen inside a medium-strength steel 
are presented. 

Fractographic observations, metal density, total hy- 
drogen content determinations, together with acoustic 
stress-wave-emission (SWE) analysis, have been car- 
ried out to follow the phenomena conducive to steel 
embrittlement. 
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EXPERIMENTAL 

Material 

As representative material for medium-strength 
steel, an N80 tube steel was chosen (C = 0.41, Mn 
= 1.55, Si = 0.31, P = 0.010, S = 0.010, Cu = 0.12, 
Ni = 0.08, Cr  = 0.07, Me = 0.27). 

In o r de r  to e l imina te  the banded s t r u c t u r e  (due to 
Mn segregat ion)  which is often found in c o m m e r c i a l  
m a t e r i a l s ,  the following heat  t r e a t m e n t  was applied:  
a) Anneal ing 3 h. at  1250~ b) Austeni t iz ing  at 910~ 
and a i r  quenching;  c) Austeni t iz ing  at 910~ and f u r -  
nace cooling; d) T e m p e r i n g  at 600~ for 60 min.  

Step a) ts mean t  to level  Mn and Me concen t ra t ions  
in the bands  and in the in t e rmed ia t e  zones:  this  t r e a t -  
ment  reduces  the al loying e lement  segrega t ion  to a 
sma l l  percentage .  9 Because  g ra in  growth occurs  in 
step a), s tep b) is tneluded to ref ine  the g ra in  s ize .  
The las t  two t r e a t m e n t s  r e s t o r e  the in i t ia l  s t ruc tu re ,  
i .e . ,  upper ba in t te  and ac i eu la r  f e r r i t e  (UTS = 800 
MN/m z, YS =-550 MN/m2). 

Cylindrical specimens were machined from the as- 
received tube with a 4 mm diam, heat treated and 
thinned to 3.8 mm diam to eliminate any surface mod- 
ification. Each specimen was wrapped in a Teflon tape 
except for an area of 3.2 cmz to be exposed to the test 
medium. 

Tes t  P rocedu re s  

The spec imens  were s t r e s s e d  at a constant  load, 
with or  without applied cathodic c u r r e n t  in a 0.5 M 
CH3COOH + 0.01 M Na2S solut ion at room t e m p e r a t u r e .  
The solut ion pH was buffered at the value of 4, so that 
the chemica l  equ i l ib r i a  between HzS-  H S - -  S = were  
comple te ly  shif ted towards the assoc ia ted  acid.  T imes  
to fa i lu re  were recorded  v e r s u s  c u r r e n t  in tens i ty  for  
spec imens  s t r e s s e d  to 90 and 100 pet of the yield 
s t rength .  

To follow the embr i t t l ement  kine t ics ,  a n u m b e r  of 
spec imens  were  main ta ined  at 90 pet of yield s t rength  
under  - 1 mA applied c u r r e n t  and removed  at su i table  
t ime  i n t e rva l s ;  the hydrogen content,  meta l  dens i ty  and 
degree of e m b r i t t l e m e n t  were  de te rmined .  Hydrogen 
ana lyses  were  pe r fo rmed  accord ing  to a modified v a c -  
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uum e x t r a c t i o n  method at  650~ ~~ m e t a l  d e n s i t i e s  were  
m e a s u r e d  by  the M o h r - W e s t p h a l  method.  

The d e g r e e  of e m b r i t t l e m e n t  was eva lua ted  in t e r m s  
of the a r e a  pc t  of e m b r i t t l e d  zones  o b s e r v e d  on the 
f r a c t u r e  s u r f a c e  of s p e c i m e n s  m e c h a n i c a l l y  r u p t u r e d  
a f t e r  t e s t .  M e a s u r e m e n t s  of the number  of inc lus ions  
p e r  unit  a r e a  and the inc lus ion  s i ze  d i s t r i b u t i o n  were  
p e r f o r m e d  with au toma t i c  image  ana lyz ing  i n s t r u m e n -  
ta t ion .  The SWE t e s t s  were  p e r f o r m e d  with a c o m m e r -  
c i a l l y  ava i l ab l e  acous t i c  e m i s s i o n  a p p a r a t u s .  The b a s i c  
in fo rma t ion  r e c o r d e d  was the to ta l  number  of acous t i c  
s i gna l s  e m i t t e d  by  the loaded  s p e c i m e n  (80, 90 and 100 
pc t  of the y ie ld  s t r eng th )  while sub jec t ed  to ca thodic  
charg ing .  The s igna l s  we re  p icked  up with a P Z T - 5 A  
t r a n s d u c e r  (155 KHz r e s o n a n c e  f requency) ,  amp l i f i ed  
b y  a f ac to r  of 104 (80 dB) and f i l t e r e d  (HP f i l t e r  0.1 to 
2 MHz). 

RESULTS 

The e l e c t r o c h e m i c a l  condi t ions  under  which hydrogen  
e n t e r s  the m e t a l  have been  changed through the change 
of the app l i ed  ca thodic  c u r r e n t  at  two s t r e s s  l eve l s ,  
n a m e l y  100 and 90 pc t  of the y ie ld  s t r eng th .  The c u r v e s  
of F ig .  1 show a cons tan t  t ime  to f a i l u r e  up to a va lue  
of ca thodic  c u r r e n t  which depends  on the app l ied  s t r e s s .  
Then the t ime  to f a i l u r e  f a l l s  r a p i d l y  by  two dec a de s  to 
a min imum,  fol lowed by  a s t eep  r i s e  at  a ca thodic  c u r -  
r en t  of 30 mA independent  of the s t r e s s .  

In the c u r r e n t  r ange  where  the t i m e s  to f a i l u r e  we re  
independent  of the app l i ed  c u r r e n t ,  the  e m b r i t t l e m e n t  
k ine t i c s  of the s t e e l  were  fol lowed on s p e c i m e n s  s t r e s s e d  
for  3, 30, 50, 120 and 284 h at  90 pc t  of the y ie ld  s t r eng th  
under  a 1 mA ca thodic  c u r r e n t .  The r e s u l t s ,  which a r e  
s u m m a r i z e d  in F ig .  2, r e v e a l  an e m b r i t t l i n g  p r o c e s s  
which is  not  a s i m p l e  funct ion of the hydrogena t ion  t ime .  
C o n t r a r y  to what would be  expec ted ,  m e t a l  dens i ty  and 
p e r c e n t a g e  of e m b r i t t l e d  a r e a  do not i n c r e a s e  s t e a d i l y  
with t i m e  but,  r a t h e r ,  show the a t t a inmen t  of m a x i m a  
at  r e l a t i v e l y  s h o r t  t i m e s  and then d e c r e a s e  with longer  
c h a r g i n g  t i m e s ,  while  hydrogen  content  r e m a i n s  con-  
s tan t  a f t e r  some  50 h. 

The f r a c t u r e  s u r f a c e  of a s p e c i m e n  m e c h a n i c a l l y  
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Fig .  1 - - T i m e  to f a i l u r e  Vs a pp l i e d  ca thod ic  c u r r e n t  a t  two 
l e v e l s  (90 and 100 pc t  of the y i e l d  s t r eng th ) .  

100 

r u p t u r e d  a f t e r  hydrogen  cha rg ing  shows a d i s t r i bu t ion  
of b r i t t l e  f r a c t u r e  zones  (Fig .  3). These  zones  g e n e r -  
a l ly  s u r r o u n d  an i nc lu s ion -con ta in ing  cav i t y  (Fig.  4): 
M ic rop robe  a n a l y s e s  a lways  ind ica t ed  the p r e s e n c e  of 
a l umina t e s  at  the cen t e r  of c a v i t i e s .  When e m b r i t t l e d  
s p e c i m e n s  were  r u p t u r e d  at  l iquid n i t rogen  t e m p e r a -  
t u r e  (i.e., under  b r i t t l e  condi t ions) ,  the cav i t i e s  were  
aga in  o b s e r v e d ,  ind ica t ing  that  the cav i t i e s  did  not de -  
r i ve  f rom the p l a s t i c  p r o c e s s e s  o c c u r r i n g  dur ing  t en -  
s i l e  r u p t u r e  but  they  o r i g i n a t e d  d i r e c t l y  f rom the e m -  
b r i t t l e m e n t  p r o c e s s .  However ,  the ac tua l l y  e m b r i t t l e d  
a r e a s  were  not p r e - e x i s t e n t  to the t e n s i l e  t e s t  but  a p -  
p e a r e d  as  such only when the s p e c i m e n  was f r a c t u r e d .  
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Fig .  2 - - P c t  e m b r i t t l e d  a r e a ,  H t o t a l  con ten t  and m e t a l  d e n s i -  

t i e s  d u r i n g  e m b r i t t l i n g  t e s t  ( app l ied  ca thod ic  c u r r e n t  1 mA, 

load  l e v e l  90 pc t  y i e l d  s t r eng th ) .  

F ig .  3 - - D i s t r i b u t i o n  of the b r i t t l e  f r a c t u r e  z o n e s  of an e m -  

b r i t t l e d  s p e c i m e n .  M a g n i f i c a t i o n  38.25 t i m e s .  
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Thus, it was poss ib le  to follow the actual  hydrogen d i s -  
t r ibu t ion  by mechan ica l ly  rup tu r ing  the m a t e r i a l  af ter  
d i f ferent  charg ing  t imes  s ince  the b r i t t l e  f r ac tu r e  
zones r e p r e s e n t  the reg ions  r ich  in hydrogen at the 
t ime of t ens i l e  rup ture .  

The growth of the embrittled areas is sketched in 
Fig. 5 and their total number is plotted as a function 
of the hydrogenating time in Fig. 6. It is interesting 
to observe that, while the number of embrittled areas 
increased steadily with time, their mean dimensions 
first increased and then decreased at longer times. 
The presence of inclusions at the center of the em- 
brittled areas evidenced the importance of these par- 
ticles on the hydrogen distribution inside the metal 
structure. To relate the inclusion dimensions and the 
embrittled areas a dimensional distribution has been 
performed with the Quantimet and the results are re- 
ported in Table I. 

In Fig. 7 typical plots of the total number of acoustic 
signals emitted during the embrittling tests are shown. 
It is apparent that the phenomena leading to brittle frac- 
ture were discontinuous in nature, as has been shown 
previously by other techniques. 11 

DISCUSSION 

The conditions controlling the entry of hydrogen into 
steel in a sulfide environment are essentially electro- 
chemical, as evidenced by the peculiar dependence of 
the times to failure on the applied cathodic current. 
The decrease of the time to failure is caused by an in- 
crease of hydrogen discharge in the presence or under 
the cont ro l  of absorbed  HS- anions.aZ, 13 When the e l ec -  
t rode becomes  suff ic ient ly  negat ive to desorb  the su l -  
fu r ized  anions ,  b r i t t l e  f r ac tu r e  is no longer  observed  
in a m e d i u m - s t r e u g t h  s teel .  This  behav ior  is at  v a r i -  

ance with what is gene ra l ly  observed  on h igh-s t reng th  
s tee ls ,  which suffer  b r i t t l e  f r ac tu r e  also at  high c u r -  
r en t  dens i t i e s ,  In the range  of c u r r e n t s  f rom the i n -  
f lect ion point to the m i n i m u m  of the curve  plotted in 
Fig.  1, it ts c l ea r  that the t imes  to fa i lu re  a re  e s s e n -  
t ia l ly  de t e rmined  by the ra t e  of a tomic -hydrogen  up- 
take as a funct ion of the e l ec t rochemica l  condit ions 
es tab l i shed  at the me ta l - so lu t i on  in ter face .  

Diffusion coeff icients  apparen t ly  do not play any ro le  
in the e m b r i t t l e m e n t  m e c h a n i s m s .  Indeed, the depth of 
penet ra t ion ,  as de r ived  f rom F i c k ' s  diffusion equat ions  
for r o o m - t e m p e r a t u r e  condit ions at the observed  fa i l -  
u re  t imes ,  a s s u m i n g  complete  sur face  sa tura t ion ,  can 
be v e r y  sma l l  in compar i son  with the spec imen  d i a m -  
e te r .  Also in the lower c u r r e n t  range,  the e m b r i t t l e -  
ment  k ine t ics  do not seem to be l imi ted  in any way by 
t r a n s p o r t  p r o c e s s e s  d r iven  by hydrogen-concen t ra t ion  
grad ien ts :  t imes  to fa i lu re ,  indeed, a re  independent  of 
the cathodic c u r r e n t ,  i .e.,  the hydrogen flux. Under 
such condi t ions ,  the b r i t t l e  f r ac tu r e  should be re la ted  
to local  ove r sa tu r a t i on  of hydrogen.  At leas t  for the 
spec imens  charged at a cathodic c u r r e n t  of i mA, the 
total  hydrogen content  reached  a constant  value af ter  
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Fig. 5--Variation of embrittled areas as a function of hydrog- 
enating time (specimen mechanically fractured after charging). 

Fig. 4--Inclusion-containing cavity in the middle of an em- 
brittled area. Magnification 1060 times. 
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Fig. 6--Increase in the number of cavities during embrittling 
test (applied cathodic current 1 mA; load level 90 pct yield 
strength). 
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1/6 of the s p e c i m e n  l i fe ,  a s  is  shown in Fig .  2. R has  
been  found tha t  the hydrogen  content  of s i m i l a r  m e d i u m -  
s t r e n g t h  s t e e l s  shows a we l l - de f i ned  m a x i m u m  under  
cont inuous ca thodic  charg ing .  14 The v a r i a t i o n  with t ime  
of m e t a l  d e n s i t y  and the n u m b e r  of e m b r i t t l e d  a r e a s  
sugges t s  an  e m b r i t t l e m e n t  m e c h a n i s m  which involves  
a t i m e - d e p e n d e n t  d i s t r i bu t ion  of hydrogen  a round  the 
en t r app ing  c a v i t i e s .  F r o m  the o b s e r v a t i o n  of f r a c t u r e d  
s u r f a c e s  i t  can be deduced  that ,  for  s h o r t  cha rg ing  

Table I. Dimensional Distribution of the Inclusion Contained in N 80 Steel 

Number of Inclusions Dimensions 

10 >6.5# 
80 >3.2~ 

200 >1.6# 
500 - ~>0.4,u 
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Fig .  7--SWE and h y d r o g e n  e m b r i t t l e m e n t  u n d e r  c a t h o d i c  
c u r r e n t  (5 mA).  

times, hydrogen is mainly collected in the lattice 
around the largest inclusions and produces few, but 
relatively large, embrittled areas. With increased 
charging time, however, more inclusions with smaller 
diameters become active, apparently sucking hydrogen 
from the previously high concentration regions. As is 
shown in Fig. 5, the embrittled areas grow in number 
but decrease in size with increased charging time: as 
a result, the percentage of embrittled area first in- 
creases and then decreases. 

In order to explain such results, the assumption is 
made that the lattice-dissolved hydrogen is distributed 
according to the local intensity of the externally applied 
stress. If the transport processes are not limiting, i.e., 
if diffusion occurs swiftly, then the local hydrogen con- 
centration (C) can be derived thermodynamically by 
equating in every point of the stressed structure the 
partial molar free energy of hydrogen: 

R T  d In C = V d a  [1] 

f r o m  which 

1 dC 
C d(~ - R T  [2] 

whe re  V is  the p a r t i a l  m o l a r  vo lume of hydrogen  in the  
m e t a l  l a t t i c e ,  a is  the loca l  h y d r o s t a t i c  s t r e s s ,  R is  the 
gas  cons tan t  and T is the abso lu t e  t e m p e r a t u r e .  The 
r e s u l t i n g  hydrogen  concen t r a t i on  is  an exponent ia l  func-  
t ion of the loca l  h y d r o s t a t i c  s t r e s s  l eve l .  As the inc lu -  
s ions  a r e  of d i f f e ren t  d ime ns ions  and shapes ,  they  wil l  
induce a d i f fe ren t  loca l  in t ens i f i ca t ion  of the e x t e r n a l  
s t r e s s .  The loca l  v a r i a t i o n  of the h y d r o s t a t i c  s t r e s s  
(a) p r o d u c e s  a consequent  v a r i a t i o n  of the hydrogen  
concen t ra t ion .  

The hydrogen  d i s t r i bu t ion ,  however ,  is  not s t e a d y  
b e c a u s e ,  a t  longer  cha rg ing  t i m e s ,  not only a r e  s m a l l e r  
inc lus ions  capab le  of co l l ec t i ng  hydrogen  (which could 
depend on the i n c r e a s e  of hydrogen  concen t ra t ion  ins ide  
the  l a t t i c e  o r  on the s a t u r a t i o n  of the s t r e s s  f i e lds  a s -  
s o c i a t e d  with the l a r g e s t  inc lus ions) ,  but  the m a x i m u m  
s i z e  of the  o b s e r v e d  e m b r i t t l e d  a r e a s  d e c r e a s e s  (Fig .  
5), thus  sugges t ing  that  hydrogen  d i f fuses  away  f rom 
the ne ighborhood  of the l a r g e s t  inc lus ions .  These  l a t -  
t e r  t r a p s  then have to b e c o m e  o v e r s a t u r a t e d ,  in o r d e r  
to le t  hydrogen  diffuse  away,  and th is  is  p o s s i b l e  only 
if the loca l  s t r e s s  in t ens i f i ca t ion  is d e c r e a s e d  by a 
m o r p h o l o g i c a l  modi f i ca t ion  of the i n c l u s i o n - m a t r i x  
i n t e r f ace .  

A d e c r e a s e  of s t r e s s  in t ens i f i ca t ion  is ev idenced  by  
the SWE a n a l y s i s .  F r o m  Fig.  7, a d e c r e a s e  of the count 
r a t e  N ( coun t s / s )  with t ime  is o b s e r v e d .  If i t  i s  a s -  
s u m e d  zs that  N is  p r o p o r t i o n a l  to some  power  (> 1) of 
the  s t r e s s - i n t e n s i t y  f ac to r  K,  the d e c r e a s e  o f /~  mus t  
be  unde r s tood  as  a d e c r e a s e  of the K va lues  a s s o c i -  
a ted  with the l a r g e s t  inc lus ions .  It has  a l r e a d y  been  
ev idenced  16 that  the count r a t e  (N) of the acous t i c  a c -  
t i v i t y  of a s p e c i m e n  conta in ing de fec t s  of d i f fe ren t  
s i z e s  and of d i f f e ren t  K under  an app l i ed  s t r e s s ,  is  a s -  
s o c i a t e d  with the K va lue  of the l a r g e s t  defec t .  The 
m e c h a n i s m  which p e r m i t s  the s t r e s s  in t ens i f i ca t ion  to 
d e c r e a s e  m u s t  i m p l y  a p l a s t i c  de fo rma t ion  of the m a -  
t r i x  so that  the i nc lu s ion -con t a in ing  cav i ty  can b e c o m e  
m o r e  n e a r l y  round.  It is  often a s s u m e d  that  high p r e s -  
s u r e s  e x i s t  ins ide  me ta l  c a v i t i e s  b e c a u s e  of the p r e -  
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cipitation there of atomic hydrogen and its recombina- 
tion to molecules. The results of Fig. 2, however, can- 
not support such a pressure theory in the case under 
discussion. When all the hydrogen present in the metal 
is supposed to be precipitated within the void volumes 
(which can be calculated from the density variation) 
and any absorption at inclusion and matrix interfaces 
is disregarded, the maximum resulting pressure, cal- 
culated from the ideal gas equation, is lower than 100 
atmospheres, i.e., less than 10 MN/m z. Thus, the 
rounding out of the cavity cannot occur as a conse- 
quence of pressure buildup at the metal-inclusion in- 
terface; this fact leaves out the influence of molecular 
hydrogen collected on the inclusion surface. 

The experimental picture presented in this work is 
more consistent with mechanisms which take into ac- 
count the interaction of dissolved hydrogen with lattice 
defects. It must be emphasized, however, that the as- 
sumption oRen made that only one crack propagates 
inside the hydrogenated metal is not generally correct, 
at least insofar as subcritical propagation in medium- 
strength steels is concerned. Actually, the largest 
cracks, or traps, which initially collect most of the 
dissolved hydrogen, can be inactivated at longer times. 
R must be stressed, therefore, that the embrittlement 
mechanism proceeds via activation and inactivation of 
hydrogen traps with ever smaller dimensions as the 
time increases. The mechanism of inactivation can be 
hypothesized to be due to hydrogen-dislocation inter- 
actions which increase the dislocation energy or induce 
dislocation multiplication in the plastically deformed 
zones around inclusions. If an increase of dislocation 
density is produced, then the probability of interaction 
among dislocations of opposite sign increases. The re- 
sulting annihilations reduce the highest local stresses 
at the inclusion tip. This allows migration of disloca- 
tions from surrounding edges and thus the rounding 
out of the void tip. n This mechanism can explain the 
trap inactivation as a consequence of a lowering of the 
local stress intensification. The conditions for failure 
should result from a trap distribution such as to hinder 
the inactivation mechanism. The critical parameter 
could be the mean distance among the embrittled areas 

(referred to the mean area diameter) which decreases 
with time as the number of active traps increases.  

C ONC LUS IONS 

Medium-strength steels corroding in sulfide-contain- 
ing environments exhibit an embritt lement mechanism 
which is hypothesized to be related to hydrogen-dislo- 
cation interaction around non-metallic inclusions. When 
the rate of hydrogen entry is low, as in the case of 
freely corroding steel, the hydrogen distribution inside 
the metal is controlled by hydrostatic s t resses  around 
inclusions. The process  leading to britt le fracture is 
described, not as a subcritical growth of only one 
crack, but as activation and inactivation of hydrogen- 
collecting traps, where the trap is to be understood as 
the zone of high triaxial s t resses  at the tip of an in- 
clusion-containing cavity. The mechanism of traps in- 
activation is thought to be the lowering of the s t ress  
intensification at the cavity tip caused by the rounding 
out of the cavity tip as a result  of hydrogen-dislocation 
interactions, rather  than by pressure-induced defor- 
mation. 

RE FERENCES 
1. W. Dahl, H. Stoffels, H. Henhstenberg, and C. Diiren: StahlEisen, 1967, vol. 3, 

p. 125. 
2. C. St. John and W. W. Gerberich: Met. Trwns., 1973, vol. 4, p. 589. 
3. E. Shape: Proc. 24th Conf. NACE, 1968, p. 372. 
4. 1. M. Bernstein: Mater. Sci. Eng., 1970, vol. 6, p. 1. 
5. R. A. Oriani: Proc. of the Conf. on Fundamental Aspects of Stress Corrosion 

Cracking, NACE, Houston, 1969, p. 32. 
6. H. E. Townsend, Jr.: Corrosion, NACE, 1972, vol. 28, no. 2, p. 39. 
7. C. D. Beachem: Met. Tran&, 1972, vol. 3, p. 437. 
8. A. S. Tetelman: Proceedings of the Conference on Fundamental Aspects of 

Stress Corrosion Cracking, NACE, Houston, 1969, p. 446. 
9. V. Faccenda, M. Falco, and C. Modena: Met. Ital., 1973, vol. 3, p. 133-40. 

10. G. Amati, S. Maneschi, and N. Vantini: Chim. Ind., 1970,vol. 52, p. 541-44. 
1 l. A. R. Troiano: Trans. ASM, I960, voL 52, p. 54. 
12. R. Bartonicek: Proc. 3rd Int. Congr. Met. Corr., Moscow, 1969, p. 119-29. 
13. F. R. Naumann and W. Carius: Arch. Eisenhuettenw., 1959, vol. 30, p. 283-92. 
14. L. Ayspecka and K. Mazanec: Proc. Int. Congr., "Hydrogen in Metals," Paris, 

1972, p. 330. 
15. H. L. Dunegan and A. S. Tetelman: Eng. Frac. Mech., 1971, vol. 2, p. 387. 
16. H. L. Dunegan and D. O. Harris: Ultrasonics, July 1969, p. 160-66. 
17. I. Daddi: Mater. Metal., Tamburrini, 1972, p. 213. 

M E T A L L U R G I C A L  TRANSACTIONS VOLUME 5, SEPTEMBER 1 9 7 4 - 2 0 7 3  


