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Hydrogen e m b r i t t l e m e n t  is shown to occur v e r y  eas i ly  in no tched- round  b a r s  under  opening 
mode I (tension) but not under  ant ip lane  shear  mode III  (torsion).  The s t r e s s  t enso r  i n v a r i -  
ants  under  mode I, II, and III  loadings and how these affect i n t e r s t i t i a l  diffusion a re  d i s -  
cussed.  It is suggested that long range  diffusion of hydrogen down or thogonal  t r a j e c t o r i e s  
to the v ic in i ty  of the c rack  tip, which can occur  under  mode I but not mode III, is  a key pa r t  
of any hydrogen e m b r i t t l e m e n t  mechan i sm.  This  p r e m i s e  was evaluated  with AISI 4340 
s tee l  heat t r ea ted  to u l t rah igh  s t rength  levels .  It was found that an in i t ia l  mode I s t r e s s  
in tens i ty  level  of 17,000 p s i - i n ,  l/a produced fa i lu re  in s e ve r a l  minu tes .  Mode III s t r e s s  
in tens i ty  levels  th ree  t imes  this  produced no c rack  in i t ia t ion in 300 min.  Fu r the r  ana lys i s  
of the t ime-dependen t  hydrogen concen t ra t ing  effect ut i l ized a s t r e s s  wave e m i s s i o n  tech-  
nique.  This  produced p laus ib le  c r i t i c a l  hydrogen concen t ra t ions  even though the p r e s e n t  
e las t i c  ana lys i s  is a f i r s t  o rde r  approx imat ion  of the s t r e s s  field. 

T H E  p rob lem of hydrogen e m b r i t t l e m e n t  has g e n e r -  
ated cons ide rab le  d i s cus s ion  r ega rd ing  the exact  me c h -  
an i sm(s )  involved, l'a There  does appear  to be some 
ag reemen t  however on the ro le  that the local ized s t r e s s  
f ie lds  in the c rack  tip reg ion  play  in all  th ree  c u r r e n t l y  
held m e c h a n i s m s ;  which is,  to c rea te  hydrogen concen-  
t r a t ions  via  " u p - h i l l "  diffusion that can be cons i de r -  
ably higher  than those away f rom the crack tip. The 
concept  of an e las t ic  in t e rac t ion  between the vo lumet -  
r i c  component  of a c rack  tip s t r e s s  t enso r  and the d i l a -  
t ion assoc ia ted  with an i n t e r s t i t i a l  hydrogen atom has 
been d i scussed  before .  3 More recen t ly ,  4 an ana lys i s  
of the hydros ta t ic  p r e s s u r e  f ield of a c rack  under  mode 
I loading coupled with F i ck ' s  f i r s t  law has yielded 
s teady state  solute concen t ra t ion  g rad ien t s  s i m i l a r  to 
those obtained d i rec t ly  f rom the rmodynamics ,  s 

C = CoeU/kT/(1 -- C O + CoeU/kT) ~- CoeU/kT 

for C o sma l l  [1] 

where u is  the in t e rac t ion  ene rgy  between the c rack  
tip p r e s s u r e  f ield and hydrogen atom dilat ion,  
and C o is the homogeneous  hydrogen solid so-  
lut ion concen t ra t ion  far  f rom the c rack  tip. 

The s t r e s s  t enso r  assoc ia ted  with the tip of a math-  
ema t i ca l l y  sharp  c rack  in an i so t ropic  cont inuum is of 
the following fo rm in polar  coord ina tes :  

ai. i = ~ r  Yi ik(O/2)  [21 

where K k is the s t r e s s  in tens i ty  factor  for a p a r -  
t i t u l a r  loading mode, k. 

The hydros ta t ic  p r e s s u r e  is defined in t e r m s  of the 
s t r e s s  t enso r  invar ian t ,  tYii (where the usual  s u m m a -  
tion convent ion is assumed) ,  

- v  = [3] 

On examin ing  the f i j (O /2 )  for each of the three  inde-  
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pendent  loading modes  it can be eas i ly  shown that,* 

*See Appendix. 

-P = A Cos (0/2) mode I 

- P = - A Sin (0/2) mode II  [4] 

- P = 0 mode l l I  

where A - 2Kk for the plane s t r e s s  condit ion 
3 q 21rr 

2/~ (1 +v) for the plane s t r a i n  condit ion.  

Rea r r ang ing  the above re l a t ionsh ips ,  the i s o p r e s s u r e  
cu rves  for each c rack  loading mode a re  of the form,  

r = B Cos 2 (0/2) mode I 

r = - B  s ina(0 /2)  mode II  [5] 

No vo lume t r i c  t e r m  for mode III. 

The orthogonal  t r a j e c t o r i e s  or g rad ien t s  to the i so -  
p r e s s u r e  cu rves  can be der ived  d i rec t ly  and r e p r e s e n t  
the hydrogen diffusion paths,  in the absence  of any 
p las t ic i ty ,  towards  reg ions  of i n c r e a s i n g  negative p r e s -  
sure .  In polar  coord ina tes ,  the p r e s s u r e  grad ien t  
cu rves  for each loading mode a re  

r = C Sin a (0/2) mode I 

r = - C Cos 2 (0/2) mode II  [6] 

No vo lumet r i c  t e r m  for mode IIL 

The above two se ts  of r e l a t i ons  show a s y m m e t r y  be -  
tween mode I and mode II  in that the i s o p r e s s u r e  
cu rves  of one mode a re  the gradient  cu rves  of the 
other  mode and vice ve r sa ,  as is shown in Fig.  1. 

The most  impor tan t  point to be der ived  f rom the 
hydros ta t ic  p r e s s u r e  ana lys i s  of the c rack  tip reg ion  
is  the hydrogen concen t ra t ing  effect of the grad ien t  
l ines  in modes I and II  and the absence  of this  effect 
in mode III. One would expect the re fore  that hydrogen 
containing s tee l s  would be much more  suscept ib le  to 
hydrogen e m b r i t t l e m e n t  while loaded in e i ther  modes 
I or / /  than in mode Ill. The object  of the e x p e r i m e n -  
tal  por t ion  of this work was to compare ,  in a c u r s o r y  
fashion,  the effect of loading mode on the suscep t ib i l i ty  
of a high s t rength  s teel  to hydrogen e m b r i t t l e m e n t .  
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Fig. 1--Isopressure contours and gradients for a crack loaded 
in modes I or II, 0 < 0/2 < 90 deg. 

MATERIALS AND PROCEDURE 

A c o m m e r c i a l  high s t reng th  s teel ,  SAE-AISI 4340, 
was employed in th is  study af ter  be ing aus ten i t ized  for 
1 h at 1550~ oil  quenched, and t empe red  for 4 h at 
550~ The hydrogenated  spec imens  were  cathodical ly  
charged in a 4 pct su l fur ic  acid solut ion poisoned with 
yellow phosphorus  which, accord ing  to another  study, 8 
yie lds  a p red ic tab le  re la t ionsh ip  between hydrogen con-  
tent  and applied c u r r e n t  densi ty .  In this  case ,  a c u r -  
ren t  dens i ty  of 0.0003 a m p / s q  in. for 24 h should have 
r e su l t ed  in 3.8 ppm of hydrogen in sol id solut ion.  Im-  
media te ly  af ter  cathodic charging,  the spec imens  were  
t r an spo r t ed  while i m m e r s e d  in alcohol and dry  ice to 
the f r ac tu r e  t e s t ing  equipment  and loaded. All tes t ing  
was at r oom t e m p e r a t u r e .  

The mos t  convenient  mode III  loading a r r a n g e m e n t  
is  the t o r s i on  of notched round b a r s .  For  c o m p a r i s o n  
pu rposes  both mode I and mode III  t e s t s  were  c a r r i e d  
out on 60 deg V-notched round spec imens  with a 0.750 
in. un i form d i ame te r  and a 0.500 in. d iam at the V- 
notch root.  The notch root  r ad i i  were  de t e rmined  to 
be close to 0.003 in. except for one spec imen  which 
had a rad ius  of 0.004 in. The spec imens  were not p r e -  
c racked  v ia  the s tandard  fatigue p rocedure  because  of 
the diff icul ty in obta ining a un i fo rm crack  pene t ra t ion  
in notched round conf igura t ions .  The mode I f r ac tu re  
tes t ing  of hydrogenated spec imens  cons i s ted  of loading 
to p r e se l ec t ed  t ens i l e  s t r e s s e s  and holding for va r ious  
t imes  while s imu l t aneous ly  mon i to r ing  for s t r e s s  wave 
e m i s s i o n s  (SWE). ? The mode III  hydrogenated spec i -  
mens  were tes ted in b a s i c a l l y  the same  manne r  as the 
mode I coun te rpa r t s  except  that the loading was in t o r -  
sion and the s t r e s s  wave e m i s s i o n  moni to r ing  was not 
avai lable .  

It would have been  bes t  to evaluate  al l  three  loading 
modes.  However, it was de s i r ab l e  to use the same 
spec imen  conf igura t ion  so that charg ing  condi t ions  and 
the co r respond ing  hydrogen d i s t r i bu t ions  were  iden t i -  
cal .  Since it is  difficult  if not imposs ib le  to achieve a 
mode H tes t  with a c i r c u m f e r e n t i a l  notched round,  we 
confined the p r e s e n t  study to mode I and III  tes t s .  

RESULTS AND DISCUSSION 

The c r i t i c a l  loads and s t r e s s  i n t ens i t i e s  for fa i lure  
along with loading h i s t o r i e s  a re  s u m m a r i z e d  in Table I. 
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Table I. Critical Loads, Stress Intensities, and Hold Times for 
Mode / and Mode I I I  Testing 

Mode Ill 
Mode I TlllC, ...K~ttC, 

in.-lb, psi-in. �89 
Hydrogen 
Content Loading History PIC, lb. K[C, psi-in. ~A 

without 
hydrogen 
chafing 

with 
hydrogen 
char~ng 

All uncharged specimens 57,000 
loaded directly to failure (two tests) 

(a) 20 min at 8,240 lb. 
with no SWE*; failure 
after 2 min at 9250 lb. 
with many ~3100 
SWE 
(b) 20 min at 2000 in.- 
lb., rising torque to 
failure 
(c) 330 min at 3600 in.- 
lb., rising torque to 
failure 

9250 26,200 

115,000 5075 63,500 

4200 52,500 

4380 54,700 

+Except for specimen (a) which failed from a sharp crack, the KIc and KIIIC 
values are apparent ones in the sense that failure was initiated from a relatively 
blunt notch. Nevertheless, the qualitative comparisons of cracking under these 
widely varying degrees of stress intensification is illustrative. 

*Stress wave emission. 

The r e s u l t s  a re  a r r a n g e d  accord ing  to hydrogen con-  
tent  and loading mode. 

Specimen (a), hydrogen-charged  and loaded in mode 
I, exhibited slow crack  propagat ion  to eventual  ca ta -  
s t rophic fa i lu re  at a c r i t i ca l  s t r e s s  in tens i ty  that is  
typical  of u l t rahigh s t rength  s teel .  8 The slow c rack  
growth was followed dur ing  the tes t  by moni to r ing  the 
s t r e s s  wave e m i s s i o n s  (SWE). In Fig.  2(a), the f r a c -  
tu re  sur face  shows the in i t ia l  slow crack  growth r e -  
gion and the subsequent  rap id  growth a c r o s s  the r e -  
main ing  segment  af ter  KIC had been at tained.  The KIC 
was es t ima ted  f rom the following re la t ionsh ip ,  ~ 

.72 - 1 . 2  [7] 

where P is the applied load, 
D is  the d i ame te r  of un i form c r o s s - s e c t i o n ,  
d is the d i ame te r  of reduced c r o s s - s e c t i o n ,  

which is  this  case  was e s t ima ted  by the 
average  d i ame te r  of the uncracked  seg-  
ment  at the onset  of rapid  c rack  growth. 

Two stat ic  torque loads were examined  in the mode 
III, hydrogenated spec imens .  The f i r s t  t r i a l ,  spec imen  
(b), ut i l ized an equivalent  s t r e s s  in tens i ty  that proved 
to be fatal  for spec imen  (a). The mode III  s t r e s s  in -  
t ens i ty  fo rmula  employed was obtained f rom a f ini te  
e l emen t  ana lys i s ;  t~ 

Y T  
g i i  I - (d/2)2.~ [8] 

where Y is  a cons tant  for any p a r t i c u l a r  (d/D) and 
T is the applied torque.  

Specimen (b) showed no evidence of slow c rack  growth 
af ter  20 min  at an equivalent  s t r e s s  in tens i ty  that p r o -  
vided fa i lu re  in 2 min under mode I loading. The 
torque was then slowly i nc r e a se d  unt i l  a slow duct i le  
fa i lu re  ensued,  the r e su l t i ng  ducti le  f r a c t u r e  sur face  
is  shown in Fig. 2(c). Specimen (c) was loaded at 80pct 
of the torque that induced p las t ic  shear  fa i lu re  in spe-  
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(a) (b) 

(c) 

Fig. 2--Mode I fracture surfaces: 
(d) control. 

(a) 

(a) hydrogen charged, (b) control; Mode I l i  fracture surfaces: (c) hydrogen charged, 

c i m e n  (b). This  was held for  330 min  with no ev idence  
of c r a c k  growth.  The to rque  was then s lowly  r a i s e d  to 
s p e c i m e n  f a i l u r e  that  o c c u r r e d  in the s a m e  manne r  and 
at  a p p r o x i m a t e l y  the s a m e  load as  for  s p e c i m e n  (b). 
The f r a c t u r e  s u r f a c e  for  s p e c i m e n  (c) was i nd i s t i n -  
gu i shab le  f r o m  s p e c i m e n  (b). 

Three  uncharged  s p e c i m e n s  were  loaded d i r e c t l y  to 
f a i l u r e ,  two in mode I and one in mode l l I .  No evidence  
of s low c r a c k  growth at  low s t r e s s  i n t e n s i t i e s  was ob-  

s e r v e d  on the f r a c t u r e  s u r f a c e s  of any of t he se  con t ro l  
s p e c i m e n s  as  i s  shown in F igs .  2(b) and 2(d). The load 
n e c e s s a r y  to induce c r a c k  in i t ia t ion  on mode I was a p -  
p r o x i m a t e l y  450 pc t  g r e a t e r  than that  for  the h y d r o g e -  
na ted  m a t e r i a l .  In mode III, however ,  the c r i t i c a l  
to rque  was only 17 pc t  g r e a t e r  than that  obta ined  f rom 
the c h a r g e d  s p e c i m e n s .  This  d i f f e rence  be tween the 
c h a r g e d  and uncharged  s p e c i m e n s  loaded in mode I I I  
may  be exp la ined  by the a n o m a l o u s l y  l a r g e  notch roo t  
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(a) 

(b) 

Fig. 3--Fractography of mode I: (a) replica of hydrogen 
charged sample; (b) scanning electron microscopy of hydrogen 
charged sample: Fractography of mode III: (c) scanning elec- 
tron microscopy typical of hydrogen charged and control sam- 
ples. 

r ad ius  of the cont ro l  spec imen  which would dec rea se  
the s t r e s s  concent ra t ion .  The f r ac tu r e  su r f aces  for 
charged and uncharged mode I I I  spec imens  were  iden-  
t ica l .  The di f ference between mode I and I I I  f r ac tu r e  
sur faces ,  for the spec imen  with p r i o r  hydrogenat ion,  
a re  more  c l ea r ly  i l l u s t r a t ed  by scanning  and r ep l i ca  
e lec t ron  f rac tography of the f r ac tu re  su r faces  in Fig. 3. 
Here it is  seen that the slow crack  growth p r oce s s  in 
mode I is  def ini te ly  an i n t e r g r a n u l a r  f r ac tu re  p r o c e s s  
as  may be assoc ia ted  with hydrogen embr i t t l emen t .  On 
the other  hand, scanning of the outer  pe r iphe ry  of the crack 
su r faces  f rom the mode I I I  spec imen  only revea led  the 
morphology shown in Fig. 3(c) for both charged and un-  
charged spec imens .  This would be c h a r a c t e r i s t i c  of a 
ducti le f rac tu re  where  the su r f aces  had rubbed together .  

Thus, one may conclude that both mechan ica l  t es t  
data and f r ac tu re  sur face  obse rva t ions  ver i fy  the hy-  
drogen e m b r i t t l e m e n t  mechan i sm under mode I load-  
ing but not under mode III.  The main  r e a s o n  would ap-  
pea r  to be the di f ference in the s t r e s s  f ield in te rac t ion  
with hydrogen. The fact that mode I I I  did not produce 
hydrogen e m b r i t t l e m e n t  should be put in pe r spec t ive  
s ince some in te rac t ion  of the hydrogen with the s t r e s s  
f ield is  poss ib le .  For  example,  if hydrogen in solut ion 
produces  a te t ragonal  d is tor t ion ,  the noniso t ropic  
s t r e s s  field can in te rac t  with the e las t ic  shear  s t r e s s  
as pointed out by Li, Oriani ,  and Darken,  11 for carbon  
in a - F e .  However, this  would p robab ly  be a second-  
o rder  effect as compared  to the in t e rac t ion  with the 
d i l i tant  field of mode I. 

Cons ider ing  the SWE data f rom spec imen  (a) tes ted  
in mode I, 3100 SWE were detected dur ing  the slow 
c rack  growth per iod.  A smal l  por t ion  of osc i l lograph  
playback in Fig. 4 indica tes  the d iscont inuous  na tu re  
of the e m b r i t t l e m e n t  p roces s .  These were  assoc ia ted  
with a total  c rack  growth a r ea  of 0.061 in. 2 so that on 
the average ,  each SWE is assoc ia ted  with an a r ea  of 
2 • 10 -5 infl  or a l inear  d imens ion  of about 0.0045 in. 
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I TIMING LINE = 0'5 SECONDS 

Fig. 4--A few of the SWE recorded during the slow crack 
growth stage of specimen (a) under mode I loading. 

If the d i s t ance  ove r  which the hydrogen  c o n c e n t r a t e s  
and n u c l e a t e s  f r a c t u r e  i s  on the s a m e  o r d e r  of m a g n i -  
tude as  th is  f r a c t u r e  r eg ion ,  then the p r e c e d i n g  equa-  
t ions may  be u t i l i zed  to e s t i m a t e  the amount  of h y d r o -  
gen concen t ra t ing  in th i s  r eg ion .  Using the t h e r m o d y -  
namic  equiva len t  to Eq. [19] in Ref.  4, the equ i l i b r i um 
concen t ra t ion  i s  given by 

C = Co exp { 2 ( 1 +  V)VHK } ~-#_~__~ :~-~- [9] 

Using the a v e r a g e  s t r e s s  i n t e n s i t y  dur ing  slow c r a c k  
growth of 21,400 p s i - i n .  / (2.38 • 109 dyne-cm-3/2),  the 
l i nea r  d imens ion  of 0.0045 in. (0.0115 cm),  and the 
va lue  of 2.0 c m 3 / g - a t o m  for  the p a r t i a l  mola l  vo lume 
of hydrogen  in i r on  for  VH,3 one c a l c u l a t e s  at r o o m  
t e m p e r a t u r e  tha t  C = 1.9C o. If the p r e v i o u s l y  e s t i m a t e d  
va lue  of 3.8 ppm H i s  a s s u m e d ,  then C -~ 7.2 ppm H 
which i s  v e r y  c l o s e  to o the r  e s t i m a t e s  1~ for  the c r i t i -  
ca l  hydrogen  concen t r a t ion .  Of c o u r s e ,  one mus t  take  
into c o n s i d e r a t i o n  that  a) with the s h o r t  t ime  involved 
equ i l i b r ium p r o b a b l y  was not ach ieved  and b) th is  is  
a p u r e l y  e l a s t i c  so lu t ion  and the g r a d i e n t  due to the 
p l a s t i c  zone was  not c o n s i d e r e d .  N e v e r t h e l e s s ,  s ince  
the va lue  p r e d i c t e d  i s  su f f i c ien t ly  c l o s e  to what one 
might  expect ,  th is  app roach  m e r i t s  f u r t he r  c o n s i d e r a -  
t ion.  

SUMMARY 

The c o m p a r a t i v e  t e s t s  p e r f o r m e d  on hydrogen  
cha rged  and con t ro l  s p e c i m e n s  give s t rong  ev idence  
that  high s t r eng th  s t ee l  loaded in the mode III conf ig-  
u ra t ion  is  i n sens i t i ve  to hydrogen  e m b r i t t l e m e n t  when 
c o m p a r e d  to mode I loading.  An i n t e r p r e t a t i o n  of these  
r e s u l t s  is  that  the h y d r o s t a t i c  p r e s s u r e  f i e lds  a s s o c i -  
a ted  with mode I s t r e s s  c o n c e n t r a t i o n s  r a i s e  the hy-  
d rogen  so l id  so lu t ion  concen t r a t i ons  to c r i t i c a l  va lues  
that  a r e  n e c e s s a r y  to in i t i a te  s low c r a c k  growth by  any 
one of the c u r r e n t l y  held  m e c h a n i s m s .  
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APPENDIX 

The s t r e s s  f i e lds  about c r a c k s  under  v a r i o u s  types  
of loading have been  d i s c u s s e d  at  g r e a t  length,* but 

*For example, see Paris and Sih ~3 for a discussion of both stress analysis and a 
description of the various types of loading modes. 

wil l  be r e i t e r a t e d  he re  to a s s i s t  those  un fami l i a r  with 
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f r a c t u r e  m e c h a n i c s  a n a l y s e s .  In p a r t i c u l a r ,  the s t r e s s  
t e n s o r  i nva r i an t  a s s o c i a t e d  with the d r i v ing  fo rce  for 
long range  hydrogen  di f fus ion at  the t ip of a c r a c k  is  
d e t e r m i n e d .  Two m a t h e m a t i c a l  e x t r e m e s  a r e  cons id -  
e r ed ,  p lane  s t r e s s  where  a z = 0 and p lane  s t r a i n  where  
e z = 0 and hence 0-z = v(0-x + cry). 

F o r  the opening Mode I :  
In t e r m s  of p o l a r  c o o r d i n a t e s ,  r ,  0, the s t r e s s e s  a r e  

a function of pos i t i on  and the magni tude  of the s t r e s s  
in tens i ty  f ac to r ,  K I. 

a x - (2rrr)X-/~ cos  -~- - s in  -~- sin - -  

0-y - (27rr)i-]y cos  ~- + sin ~- s in  - -  

g 9 0 38 [ A - l ]  
~'xy - (2~r)I/z s i n - ~  cos  ~-  cos  2 

a z = 0 for  p lane  s t r e s s  

a z = v(a x + ay) for  p lane  s t r a i n  

T): z = T y  z = 0 

D e te rmina t i on  of the p r e s s u r e  is  s i m p l i f i e d  by  r e c o g -  
n iz ing  that  

a x -  a x ~ v ~  + T max 

% + 0-Y - Tm~x [A-2] 0-a = 2 

0-3 = "(0-x + %). 
Thus, for  p lane  s t r e s s ,  whe re  0-3 = 0, 

0-, + 0"2 + 0-a 0-x + fly - p =  
3 3 

and for  p lane  s t r a i n ,  

(1 + v)(0- x + ay) [A-3] - p _ -  
3 

Combining Eqs.  [A- I ]  and [A-3] give 

- P  = 3(27rr)l/z cos  for  p lane  s t r e s s  

2(1 + v ) K  I / 0 \  [A-4] 
- P  = 3(27rr)1/2 cos  ~-~-) for  p lane  s t r a i n  

a s  given in Eq. [4]. 
F o r  the i n -p l ane  s h e a r  Mode H: 

g i t  
sin02 2 + c o s  ~ cos  - -  

K H 0 0 30 
ay = ~ sin ~- cos  ~- cos  

K H  0 [ 1  0 _~__] [A-5] 
~'xy - (2n~r)lZ cos  ~-  - s in ~- s in  

0-z = 0 for  p lane  s t r e s s  

0-z = v(0-x + ay) for  p lane  s t r a i n  

rxz  = "ry z = 0 

Combining Eqs.  [ A - l ]  and [A-5] give 

2K H / 0 \  
- P  = -  3(27rr)l/z s in  [-4--) for  p lane  s t r e s s  

[A-6] 
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2(1 + u)K H sin(O) for plane strain 
-p =- 3(21rr)1/2 

also given in Eq. [4]. 
For the antiplane shear Mode III" 

a x = a ~ = a  z = z x y  = 0  

-KtII s i n  0 KII I 0 
rxy - ( 2 ~ r ) ~ - ~  T; ry~ - (2~r)t-  ~ -  c o s  T 

- P = O  
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