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A model  for  the ini t ia t ion of hydrogen e m b r i t t l e m e n t  c rack ing  in gaseous  hydrogen en- 
v i r o n m e n t s  is p resen ted .  The  mode l  is  based  on the s t r e s s - i n d u c e d  diffusion of hydrogen 
a toms  to the r eg ions  of high t r i a x i a l  s t r e s s  ahead of a p las t i ca l ly  s t r a ined  notch. The in- 
f luence of y ie ld  s t r e s s  and notch g e o m e t r y  on the apparent  th resho ld  s t r e s s  in tensi ty  
for  e m b r i t t l e m e n t  a r e  cons ide r ed  and de r i ved  ana ly t ica l ly .  The t i m e  dependence for  
c r ack  ini t ia t ion for  apparent  s t r e s s  in tens i t i e s  above the th resho ld  is  de r ived  f rom a 
s imp le  diffusion model .  The r e s u l t s  of the mode l  a re  in a g r e e m e n t  with r e p o r t e d  
hydrogen e m b r i t t l e m e n t  phenomena.  

I. INTRODUCTION 

THE deleterious effect of hydrogen on the mechani- 
cal properties of high strength steels is a well-known 
phenomenon in the area of environment sensitive me- 
chanical behavior of materials. The phenomenon is 
commonly termed 'hydrogen embrittlement' and has 
long been encountered in a range of processes which 
involve the production of hydrogen such as steelmak- 
ing, ~ welding, 2 electroplating 3 and corrosion. 4 More 
recently, however, hydrogen embrittlement has been 
observed to occur in high strength steels in gaseous 
hydrogen atmospheres over a wide range of pressure 
(down to less than I00 Pa) and temperature.~'6 This 
has recently been highlighted by the failure of a rotor 
end-ring in hydrogen cooled alternator at Nanticoke, 
Canada, v and is of interest because of the wide-spread 
use of hydrogen cooling of generators in the electrical 
power supply industry. 

There have been a number of theories proposed to 
explain the observed embrittling effect of hydrogen, 
most of which, however, are really based on the origi- 
nal proposals of Troiano and coworkers. 8'9 These in- 
vestigators put fo rward  the concept  of a long range  dif-  
fus ion of hydrogen to the t r i a x i a l  s t r e s s  f ield deve loped  
ahead of a s t r e s s e d  notch or  c rack .  Since then, this  
concept  has been  extended to include fa i lu re  m e c h a -  
n i sms  based on void fo rmat ion  1~ by hydrogen p r e c i p i -  
tation, r educ t ion  of the cohes ive  s t r eng th  of the me ta l -  
metal bond 9,x~ and surface energy considerations in- 
volving a lowering of the Griffiths fracture energy 12'13 
by adsorption of hydrogen. Whatever the detail of 
these various models they all require the development 
of a critical concentration of hydrogen and, according 
to Troiano, 9 this concentration is developed by the 
stress induced segregation of hydrogen to the regions 
of high t r i a x i a l  s t r e s s .  

Studies c a r r i e d  out on hydrogen- induced  fa i lu re  of 
notched high s t r eng th  s t ee l  s p e c i m e n s  indicate  that 
an incubation t ime  p r e c e d e s  c rack ing .  9,~4 Crack ing  
then takes  p lace  d iscont inuously  at a s low r a t e  until  a 
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c r i t i c a l  s t r e s s  in tens i ty  •IC is  a t ta ined and rap id  
f a i l u re  occu r s .  A lower  c r i t i c a l  s t r e s s  in tensi ty  KTH 
ex i s t s  below which de layed f a i l u re  is not obse rved .  
This  lower  s t r e s s  in tens i ty  i n c r e a s e s  with d e c r e a s i n g  
m a t e r i a l  y ie ld  s t r e s s  unti l  t he  phenomenon of delayed 
f a i l u r e  is e l imina ted .  The e s s e n t i a l  c h a r a c t e r i s t i c s  
of the de layed f a i l u re  a r e  shown s c h e m a t i c a l l y  in F ig .  1. 

The  purpose  of the p r e sen t  work is to develop a 
mode l  for  the deve lopment  of hydrogen c r ack ing  at 
notches  in a gaseous  hydrogen env i ronment .  

2. MODEL FOR THE INCUBATION OF 
HYDROGEN INDUCED CRACKING 

2.1 S t r e s s  Cons ide ra t ions  

The in te rac t ion ,  U, cont ro l l ing  solute  s eg rega t i on  in 
a s t r e s s  f ield is  given by: 15 

v = p a v  [1] 
where  p is the p r e s s u r e  t e n s o r  of the s t r e s s  f ie ld  and 
AV is the change in a tomic  vo lume due to the inse r t ion  
of a solute  a tom. This  leads  to a solute  concent ra t ion  
build up, Cx, at any point, x, within the s t r e s s  f ie ld  
given by: .6 

where  Co is the equ i l ib r ium concen t ra t ion  in the ab- 
sence  of s t r e s s , *  k is B o l t z m a n n ' s  constant  and T is 

*Smvert's law states that the value of Co is related to the external gas pressure 
from the dissociation reaction//2 ~ 2H such that Co cx (pressure) 1/2 18 

the absolu te  t e m p e r a t u r e .  This  may be given as:iT 

l-zL -V l [3] C x = Co exp L 3RT j 

where  V H is the pa r t i a l  m o l a r  vo lume,  R is the gas 
constant ,  (= kN where  N is  the Avogadro  number) ,  a i 
is the summat ion  of the p r inc ipa l  s t r e s s e s  such that 
~i/3 is the hydros ta t i c  component  of the appl ied 
s t r e s s e s .  

The hydros ta t i c  s t r e s s  d i s t r ibu t ion  ahead of a notch 
in plane s t r a i n  is shown s c h e m a t i c a l l y  in Fig .  2. F o r  
plane s t r a i n  and a s s u m i n g  a pe r f ec t ly  e l a s t i c - p l a s t i c  
sol id  with no work  hardening,  we may use H i l l ' s  19 
s l i p - l i n e  f ie ld  equat ion for  the hydros ta t i c  s t r e s s  in 
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Fig. 1--Schematic diagram showing time to the initiation of 
hydrogen induced cracking as a function of stress intensity. 
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Fig. 2--Schematic diagram showing the distribution of hydro- 
static stress ahead of a plastically deformed notch. 

the " p l a s t i c  z o n e "  immedia te ly  ahead of a notch of 
r ad ius  p given by: 2~ 

~/=ay[In(l+X) § 
s [4] 

where ~y is the mater ia l ' s  y ie ld strength and • is the 
distance ahead of the notch. 

For  sha rp  notches  where p << a (the notch depth), the 
d i s t r ibu t ion  of hydros ta t ic  s t r e s s  in the " e l a s t i c  r e -  
grime" may be assumed ,  for s impl ic i ty ,  to be given by 
the solut ion for  a sharp  crack,  zl i.e: 

a_a_/ 2/3 (1 + u) �9 KA 3 -- (27r• In  [5] 

where  u is P o i s s o n ' s  ra t io  and ~A is the apparen t  ap- 
plied s t r e s s  in tens i ty .  This  a s sumpt ion  neglec ts  the 
effect of the r ed i s t r i bu t i on  of notch tip s t r e s s e s  due to 
p las t ic i ty  and is therefore  approximate ly  co r r ec t  only 
for  p las t ic  zone s i zes  that a r e  s m a l l  in r e l a t ion  to 
other  phys ica l  d imens ions .  

Fo r  c racks  we may use s i m i l a r  equat ions with the 
rad ius  p rep laced  by an effective p§ equal  to half the 
c rack  opening d i sp lacement :  e2 

o"  -- KV~.~yE. [61 
The posi t ion of max imum hydros ta t ic  s t r e s s  • in 
Fig .  2, is  de r ived  by combining  Eqs. [4] and [5]. 

In rea l i ty ,  s t r e s s  r e d i s t r i b u t i o n  and work harden ing  

wil l  affect these  s t r e s s  prof i les .  Compar i son  with 
ava i lab le  f ini te  e l emen t  ana lyses  for  sharp  notches and 
c racks ,  however,  suggests  that these equat ions will  
give approx imat ions  that a re  nea r  enough to the r e a l  
prof i les  for the p r e s e n t  purpose .  

F r o m  Eqs.  [3], [4] and [5] the equ i l i b r ium concen t ra -  
t ion prof i les  for hydrogen in the two r e g i m e s  a re  
given by: 

V ~y Vn r~ ] 
"plastic" C x = Co exp[~Im(1 + X/P) + 1/2} [7] 

[-KA VH 2(1 + p) 7 
" e l a s t i c "  c ~  : Co e x p [  ~ T  " S - ~ - ) r ~ J  " [8} 

The equ i l ib r ium concent ra t ion  of hydrogen at the root  
of the notch when X = 0 is given f rom Eq. [7]: 

r vy VH 7 
C• : 0 : Co e x P L ~ T J .  [9} 

2.2 Diffusion Cons idera t ions  

Upon loading a notched or c racked spec imen ,  with 
an in i t i a l  ze ro  concen t ra t ion  of hydrogen, in an a tmos -  
phere  of H2 gas, hydrogen molecules  d i s soc ia te  at the 
s t r a ined  root  accord ing  to: 

H2 ~ 2H" 

and the resulting hydrogen atoms diffuse into the metal 
towards the region of highest hydrostatic stress. 

We may simplify the diffusion problem and solve 
analytically for the local hydrogen build-up by assum- 
ing a plane infinite source of hydrogen diffusing into a 
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Fig. 3--Schematic diagrams showing the distribution of con- 
centration (a) and activity (b) as a function of position, • 
ahead of a notch and time t I < t 2 < t 3 < too. 
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plane  inf ini te  s p e c i m e n  with a f ixed concen t ra t ion ,  
C x = o, a t  the i n t e r f ace  and by c o n s i d e r i n g  the " a c t i v i t y " ,  
~• t, a t  any point  (• and t ime  (t) where :  

C• 
~x,t-  c• [10] 

The so lu t ion  for  the ac t iv i ty  in t e r m s  of • and t (Ref. 
23) i s :  

otx,t = 1 - e r f [ ~ 2 ]  [11] 

where  D is the d i f fus ion coef f ic ien t  of hydrogen  in 
m e t a l  and: 

e~ f  * = 2/~ "2 f z  exp ( -y2)dy .  [121 
0 

This  a s s u m e s  that  D is  independent  of s t r e s s  and con-  
cen t ra t ion ,  which has  been  v e r i f i e d  for  hydrogen  in 
i r o n  ove r  a r a n g e  of s t r e s s  by Beck  and c o w o r k e r s  24 
us ing  v e r y  high s e n s i t i v i t y  e l e c t r o c h e m i c a l  p e r m e a -  
t ion t echn iques .  The  ac t iv i ty ,  t h e r e f o r e ,  i s  unity at  t 
= 0o when the concen t r a t i on  b e c o m e s  the e q u i l i b r i u m  
concen t r a t i on  C• (= C• as  d e t e r m i n e d  by the s t r e s s  
p r o f i l e .  F o r  t i m e s  tx < t2 < ts < too the concen t r a t i on  o r  
ac t iv i ty  p r o f i l e s  take  the f o r m  as  shown s c h e m a t i c a l l y  
in F i g s .  3(a) and (b). 

3. THE CRITERION FOR HYDROGEN INDUCED 
CRACK INITIATION 

It is  usua l  in notch f r a c t u r e  mechan ic s  s tud ies  to a c -  
cep t  that  for  c r a c k  in i t ia t ion  i t  i s  not only n e c e s s a r y  
to ach ieve  a c r i t i c a l  s t r e s s  o r  s t r a i n  l eve l  for  f r a c t u r e  
but  that  i t  mus t  a l so  be ach ieved  o v e r  a d i s t ance  ap-  
p r o p r i a t e  to the  m i c r o m e c h a n i s m  involved (e.g. in 
t h e i r  hydrogen  induced c r a c k  p ropaga t i on  mode l  G e r -  
b e r i c h  et  al 2s a s s u m e d  the con t ro l l i ng  length p a r a m e -  
t e r  to be the g r a i n  s i ze ) .  In the p r e s e n t  mode l  we a s -  
sume  that  for  c r a c k  in i t ia t ion  a c r i t i c a l  hydrogen  con-  
cen t r a t i on  leve l ,  Cc,  mus t  be  ach ieved  ove r  an unspeci-- 
f ied  d i s t ance ,  dc, d e t e r m i n e d  by the m i c r o s t r u c t u r e .  

The t h r e s h o l d  a p p a r e n t  s t r e s s  in tens i ty ,  KATH,  for  
any p a r t i c u l a r  notch g e o m e t r y  ( including c r a c k s )  a s  
dep ic t ed  in F ig .  1 is  i n t e r p r e t e d  as  be ing  that  ap-  
p a r e n t  s t r e s s  in tens i ty  that  j u s t  a l lows  the C c to be 
ach ieved  ove r  the d i s t a n c e  d c at  t = oo, i . e . ,  when ~x , t  
= 1. If crc i s  the c r i t i c a l  h y d r o s t a t i c  s t r e s s  a s s o c i a t e d  
with C c then the c r i t i c a l  d i s t a n c e  d c i s  given by: 

= I _ _ r 2 ( I + v ) K A T H ~  2 - p  [ ~_~r ~1 11 [13] dc 

a n d  in t heo ry  two e x p e r i m e n t a l  va lues  for  KAT H fo r  
d i f f e r en t  va lue s  of p a r e  suf f ic ien t  to d e t e r m i n e  d c 
and crc. 

F o r  " m i l d "  notches  (d c << p) the r a t e  of' change of 
s t r e s s  in the peak  s t r e s s  r eg ion  wi l l  in r e a l i t y  be  low 
c o m p a r e d  with the r a t e  of change for  c r a c k s  and v e r y  
s h a r p  no tches .  F o r  " m i l d "  notches  t h e r e f o r e ,  the 
peak  s t r e s s e s  a r e  l ike ly  to p r e d o m i n a t e  ove r  d i s t a n c e s  
that  a r e  l a r g e  c o m p a r e d  with d c and the con t ro l l i ng  
p a r a m e t e r  b e c o m e s  s i m p l y  the c r i t i c a l  s t r e s s  crc, i .e . :  

,t] KA TH [14] 2(1 + v) Gy 2 
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Fig. 4--Schematic diagram showing the influence of ~y and 
K A on the hydrostatic s t ress  ahead of a notch. 
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Fig. 5--Schematic diagram showing the influence of notch 
root radius, p, on the hydrostatic s t ress  ahead of a notch. 

3.1 The  Inf luence of Yie ld  S t r e s s  and Notch 
Root  Radius  on K A TH 

Equat ion [14] s u g g e s t s  that  if a c r e m a i n s  cons tant ,  
KATH,  fo r  a g iven notch roo t  r a d iu s ,  d e c r e a s e s  with 
i n c r e a s i n g  ay,  as  shown s c h e m a t i c a l l y  in F ig .  4 

�9 2 
(dKATH/dcry IS a l w a y s - - v e  and d KATHld~r. 2 is  +re) .  
This  mode l  a l so  sugges t s  that  t h e r e  may bye a lower  
l i m i t  to K A TH that  would make  i t  cons tant  a t  h ighe r  
cry va lue s .  Th i s  l i m i t  (again, a s s u m i n g  that  crc is  inde-  
pendent  of cry) is  ach ieved  when ay = 2cr c.  

The  inf luence of notch roo t  r a d i u s  on 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  is  shown s c h e m a t i c a l l y  in F ig .  5. 
F o r  constant  ay and a c Eq. [14) s u g g e s t s  that  fo r  mi ld  
notches  KAT H wil l  be  p r o p o r t i o n a l  to pi/2, and for  
s h a r p  no tches  wher6 the combined  ef fec ts  of the open-  
ing d i s p l a c e m e n t  and the c r i t i c a l  d i s t ance ,  dc,  l i m i t a -  
t ion p r e d o m i n a t e ,  KAT H wil l  a p p r o a c h  a min imum.  

3.2 The Inf luence of KA > KATH on T i m e  to 
In i t i a te  Crack ing ,  t i 

The t ime  to in i t i a te  c r a c k i n g  is  a s s u m e d  to be the 
t ime  r e q u i r e d  to bui ld  up a c r i t i c a l  hydrogen  concen-  
t r a t ion ,  Cc,  o r  a c r i t i c a l  ac t iv i ty ,  ~c ,  ove r  the c r i t i c a l  
d i s t ance ,  d c.  F o r  mi ld  notches  we may  aga in  neg lec t  
d c and a s s u m e  that  in i t ia t ion  wi l l  o c c u r  if C c o r  c~ c 
is  r e a c h e d  anywhere  in the notch tip r eg ion .  F r o m  the 
f o r e g o i n g  a n a l y s i s  however  the m i n i m u m  c r i t i c a l  
a c t i v i t y  is  a lways  at  • and i t  fo l lows f r o m  the f o r m  of 
the d i f fus ion equat ion that  the c r i t i c a l  ac t iv i ty  i s  f i r s t  
r e a c h e d  at  • The  t ime  to in i t ia t ion ,  ti,  is  t h e r e f o r e  
ob ta ined  f r o m :  

1 - e r r  I Xc = ex~176 -T I I  I, l 
V O L U M E  8 A , D E C E M B E R  1 9 7 7 - 1 9 9 5  
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Fig. 6--Schematic diagrams showing: (a) the time required 
for the critical activity to be obtained as a function of peak 
stress position (• to KA; (b) resulting time to initi- 
ate cracking as a function of K A, for ti< t 2 < t 3 < t~.  

where  a c is obtained f r o m  ~ATH and Eq. [14], and 
ai/3 (at • f r o m  Eq. [4]. Th is  may a lso  be wr i t t en  as:  

• 
1 - e r f t ~ f  = expt~-~-~RT [ ln l  p+• 

where  XcTH is the c r i t i c a l  d i s tance  at t h re sho ld  given 
by: 

ay In 1 + • g + =-~(1 + u) ' [17] 
(27r• �9 

The impl ica t ions  of these  equat ions  a r e  shown sche -  
ma t i ca l ly  in F ig s .  6(a) and (5). The c r i t i c a l  ac t iv i ty ,  
C~c, i s  shown in F ig ,  6(a) as  a function of • Equat ion 
[11] has been used  to s u p e r i m p o s e  the ac t iv i ty  l eve l s  
as a function of t ime  (t, < t2 < ts) and d i s tance  • As • 
i n c r e a s e s  (• > • > • ) for  i n c r e a s i n g  K A so the 
t ime  to ini t ia te  c rack ing ,  ti, d e c r e a s e s  as shown in 
Fig .  6(5). 

4. COMPARISON WITH E X P E R I M E N T A L  DATA 

Li t t l e  e x p e r i m e n t a l  data on c r a c k  ini t ia t ion f r o m  
notches  in gaseous  hydrogen is ava i l ab le  at p re sen t .  
However ,  r e c e n t l y  obtained data  points  fo r  an aus -  
teni t ic  s t e e l  t e s t ed  in hydrogen at 400 kPa  p r e s s u r e  
and 298 K us ing notched Cg s p e c i m e n s  with a notch 
root  rad ius  of 0.8 • 10 -~ m, sugges t  that the model  is 
capable of p r ed i c t i ng  r e a l i s t i c  t i m e s  for  c r a c k  in i t ia -  
tion. F i g u r e  7 shows the data  points  obtained and the 
r e s u l t s  that  would be expected  us ing Eqs .  [16] and I17] 
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Fig. 7--Experimental data points for an austenitie steel shown 
in comparison with the failure times predicted by the model 
for two KAT H values using Eqs. [16] and [17]. 

for  tr H values  of 50 and 60 MNm "~n and the fol low- 
ing p r o p e r t i e s :  

ay = 1000 MNm -2 
V H = 3 • 10 "~ moles  -1 m 3 (Ref. 26) 
RT = 2500 NM mole  -~ 

D = 10 -11 m 2 s -1 (Ref. 13). 

F o r  this m a t e r i a l  and s p e c i m e n  geomet ry ,  the m e a s -  
ured  apparen t  f r a c t u r e  toughness,  KA1C , in a i r  at 298 K 
was 120 MNm -~/2. The ca lcu la ted  c u r v e s  a r e  qua l i ta -  
t ive ly  s i m i l a r  to those shown in Fig .  1. The cu rve  is 
ve ry  sens i t i ve  to va lues  of KATH, VII and p and is 
d i sp laced  to longer  tirm s with i n c r e a s i n g  va lues  of 
KAT H and p and d e c r e a s i n g  va lues  of VH. 

5. DISCUSSION 

The above model for the time dependent initiation of 
hydrogen embrittlement is based on the assumption 
that the rate controlling step is the bulk diffusion of 
hydrogen within the metal lattice. Other possible rate 
controlling processes include a) the dissociation of hy- 
drogen gas molecules into hydrogen atoms at the 
strained notch surface, b) the inhibiting effect of sur- 
face oxide films on the transport of hydrogen atoms 
to the me ta l  su r f ace  and c) the ac tua l  nuc lea t ion  of the 
hydrogen e m b r i t t l e m e n t  c r a c k  by wha teve r  m e c h a n i s m  
may be ope ra t ing  (see Sect ion 1). 

a) Resu l t s  obtained f r o m  deu te r ium gas p e r m e a t i o n  
e x p e r i m e n t s  in aus ten i t i c  s t ee l s  have shown the ac t iva -  
t ion ene rgy  cont ro l l ing  the p e r m e a t i o n  r a t e  is given by 
the sum of the e n e r g i e s  d e s c r i b i n g  the diffusion and 
solubi l i ty  only. 27 Consequent ly ,  the flux of d e u t e r i u m  
into the meta l  is con t ro l l ed  by the solubi l i ty  and dif-  
fusion of the deu t e r ium within the me ta l  and the d i s -  
soc ia t ion  into a toms does  not contr ibute  to the o v e r a l l  
r a t e .  T h e r e f o r e ,  it is r e a sonab l e  to conclude that the 
d i s soc ia t ion  kinet ics  of hydrogen will  not be r a t e  de-  
t e r m i n i n g  in the o v e r a l l  hydrogen  e m b r i f t l e m e n t  p r o -  
ces s .  

b) Several workers 27-31 have demonstrated the in- 
hibiting effect of oxide films on the permeation of hy- 
drogen into a variety of steels. Reductions in perme- 

METALLURGICAL TRANSACTIONS A 



ab i l i t y  of up to one thousandfold  have been  r e p o r t e d .  2s 
However ,  for  s p e c i m e n s  which a r e  p l a s t i c a l l y  s t r a i n e d  
in pu re  hydrogen,  the oxide f i l m s  wi l l  be r u p t u r e d  
a f t e r  v e r y  s m a l l  p l a s t i c  s t r a i n s .  Consequent ly ,  b a r e  
m e t a l  s u r f a c e s  a r e  exposed  and the above  d i f fus ion  
mode l  fo r  the k ine t ics  of hydrogen  e m b r i t t l e m e n t  wi l l  
apply .  Where  su r f ace  oxide f i l m s  can r e f o r m ,  for  ex-  
ample ,  with oxygen contaminent  in the hydrogen ,  the 
p e r m e a t i o n  k ine t i c s  of the hydrogen  through the oxide 
f i l m s  may  cont r ibu te  to the o v e r a l l  r a t e  con t ro l l ing  
p r o c e s s .  

The equat ion d e s c r i b i n g  the d i f fus ion of hydrogen  
into an oxide covered  m e t a l  has  been  given by Crank  23 
a S :  

] + kn=o erJL "~iD~ T~ 

where  /e = [ f f 2 j  and.=[~],D1andD2arethe 
dif fus ion coef f ic ien ts  of hydrogen  in the oxide f i lm  and 
m e t a l  r e s p e c t i v e l y ,  a2 is  the ac t iv i ty  of hydrogen  and 
L is  the oxide f i lm  th i cknes s .  The  r e s u l t i n g  a c t i v i t y  
p r o f i l e s  for  hydrogen  in the oxide f i l m / m e t a l  couple  
a r e  shown s c h e m a t i c a l l y  for  d i f fe ren t  t i m e s ,  (F ig .  8), 
tl < t2 and D1 << D2 and c~2 << ~ x , t  ( f rom Eq. [11]) for  
f ixed  va lue s  of x and t.) Consequent ly ,  the t ime  to 
ach ieve  the c r i t i c a l  ac t iv i ty  for  c r a c k  in i t ia t ion ,  e c, 
wi l l  i n c r e a s e  depending on D1 and L.  T h e r e  a r e  at  
p r e s e n t ,  no a c c u r a t e  da ta  ava i l ab l e  fo r  D1 va lues  in 
s u r f a c e  oxides  but only e m p i r i c a l  o b s e r v a t i o n s  that  
in gene ra l  D1 << D2. T h e r e f o r e ,  even v e r y  thin con-  
t inuous oxide f i l m s  wi l l  have a l a r g e  effect  on the 
t ime  to in i t i a te  an hydrogen  e m b r i t t l e m e n t  c r a c k .  

c) The o b s e r v a t i o n  that  the incubat ion of hydrogen  
e m b r i t t l e m e n t  c r a c k i n g  in p r e c h a r g e d  s t e e l  s p e c i m e n s  
o c c u r s  v e r y  r ap id ly  (<--10Ss) 9,~4 and that  the k ine t i c s  of 
incubat ion r a t e  follow an ac t iva t ion  e n e r g y  equal  to 
that  d e s c r i b i n g  the d i f fus ion  of hydrogen  in the s t ee l ,  14 
sugges t  that  any r a t e  e f fec ts  a s s o c i a t e d  with the c r a c k  
in i t ia t ion  m e c h a n i s m  a r e  not con t ro l l ing  the o v e r a l l  
c r a c k i n g  p r o c e s s  and that  the r a t e  con t ro l l ing  s t ep  
i s  the bulk di f fus ion of hydrogen  in the s t ee l .  

The  s t r e s s  d i s t r i bu t i ons  d e s c r i b e d  in the above 
mode l  fo r  hydrogen  e m b r i t t l e m e n t  a r e  d e r i v e d  for  a 
p e r f e c t l y  e l a s t i c - p l a s t i c  so l id  with z e r o  w o r k - h a r d e n -  
ing, and the d i f fus ion so lu t ions  employed  in th is  ana ly -  
s i s  do not take  into account  the ac tua l  shape of the 
s t r e s s  f ie ld  ahead  of the notch.  A m o r e  a c c u r a t e  so lu-  

} 
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Fig. 8--Schematic diagram of the activity profiles of hydrogen 
in an oxide covered metal for times tt < t 2 < t~ where dif- 
fusion coefficient D 1 <:< D 2. 
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l ion of the  s t r e s s  d i s t r i bu t i on  r e q u i r e s  the use  o4 f in i te  
e l e me n t  compute r  methods .  

I t  has  been  p r o p o s e d  32-~5 that  l a rge  amounts  of cold 
work  can inf luence both the d i f fus ion and so lub i l i ty  b e -  
hav io r  of hydrogen  in i ron.  Such p r o p o s a l s  a r e  based  
on the inf luence of d i s l oc a t i ons  p rov id ing  both e a s y  
d i f fus ion  pa ths ,  i . e .  lower  ac t iva t ion  ene rgy ,  and p r e -  
f e r e n t i a l  l a t t i ce  s i t e s  for  hydrogen  a toms  in so lu t ion .  
Most  data ,  however ,  used  p e r m e a b i l i t y  as  the v a r i a b l e  
and the s e p a r a t e  in f luences  d i f fus iv i ty  and so lub i l i ty  
a r e  not appa ren t .  T h e r m o d y n a m i c  ca l cu l a t i ons ,  how- 
eve r ,  b a s e d  on the s t r a i n  ene rgy  a s s o c i a t e d  with the 
d i s l oca t i on  1%26 have shown that  the a v e r a g e  so lub i l i ty  
of hydrogen  in a heav i ly  cold worked  l a t t i ce  can be  
~100 t i m e s  that in an annea led  s t r u c t u r e .  Such an ef-  
fec t  wi l l  change the a v e r a g e  e q u i l i b r i u m  hydrogen  
concen t ra t ion  ahead  of the p l a s t i c a l l y  d e f o r m e d  notch 
but wil l  not af fec t  the s t r e s s  induced m a t r i x  concen-  
t r a t i on  which is  con t ro l l ing .  

Th i s  work  p r e s e n t s  a m o d e l  for  the ~nit iat ion of hy-  
d rogen  e m b r i t t l e m e n t  c r a c k i n g  which inc ludes  a bulk 
d i f fus ion con t ro l l ed  hydrogen  bu i ld -up  as  the r a t e  con- 
t r o l l i n g  s tep,  toge the r  with the concept  of a c r i t i c a l  
h y d r o s t a t i c  s t r e s s ,  (rc, a r e l a t e d  c r i t i c a l  hydrogen  
concen t ra t ion ,  Cc,  a c r i t i c a l  m in imum d i s t ance ,  dc,  
and the t h e r m o d y n a m i c  v a r i a b l e ,  V H, the p a r t i a l  m o l a r  
vo lume .  It i s  r e a d i l y  a p p a r e n t  f r o m  th is  mode l  that  the 
c r i t i c a l  h y d r o s t a t i c  s t r e s s  is  r e a c h e d  much soone r  
under  condi t ions  of p lane s t r a i n  r a t h e r  than p lane  
s t r e s s .  Consequent ly ,  the hydrogen  e m b r i t t l e m e n t  b e -  
hav io r  wi l l  be  s t rong ly  dependent  on the s t r e s s  d i s t r i -  
but ion and wil l  occu r  m o r e  r e a d i l y  in t h i cke r  s e c t i o n s  
where  the h y d r o s t a t i c  s t r e s s  component  i s  g r e a t e r .  
The  c r i t i c a l  d i s t ance ,  dc, is  r e l a t e d  to the m i c r o s t r u c -  
t u r a l  f e a tu r e  a s s o c i a t e d  with the in i t i a t ion  of c r ack ing .  
We may,  t h e r e f o r e ,  conclude that s u s c e p t i b i l i t y  to e m -  
b r i t t l e m e n t  wil l  be s t r o n g l y  inf luenced by  m i c r o s t r u c -  
t u r e .  

6. CONCLUSIONS 
A quant i ta t ive  model  for  hydrogen  e m b r i t t l e m e n t  at  

notches  in s t e e l s  in gaseous  hydrogen  e nv i ronme n t s  i s  
p r o p o s e d  which p r e d i c t s :  

1) A d e c r e a s e  in the t h r e sho ld  appa ren t  s t r e s s  in-  
t ens i ty  for  e m b r i t t l e m e n t ,  g A T H ,  with i n c r e a s i n g  y ie ld  
s t r e s s  cry. 

2) A lower  l imi t  to KATH with i n c r e a s i n g  cry, which 
is  d e t e r m i n e d  by a m i c r o s t r u c t u r a l l y  con t ro l l ed  length 
p a r a m e t e r .  

3) An i n c r e a s e  in KAT H with i n c r e a s i n g  notch  roo t  
r a d i u s .  

4) A lower  l i m i t  to KAT H with d e c r e a s i n g  p d e t e r -  
mined  by the length p a r a m e t e r ,  de.  

5) An inf ini te  t ime  for  e m b r i t t l e m e n t  for  app l ied  
appa ren t  s t r e s s  in t ens i ty  K A = KATH.  

6) A d e c r e a s i n g  t ime  for  f a i l u r e  for  KA > KATH.  
In i t i a l  ind ica t ions  a r e  that  the mode l  is  capab le  of 
p r e d i c t i n g  f a i l u r e  t i m e s  that  a r e  cons i s t en t  with ex -  
p e r i m e n t a l  da ta .  
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