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Crys ta l lograph ic  and f rac tographic  s tudies  have been ca r r i ed  out on hydrogen charged 
pur i f ied i ron  and on i r o n - s i l i c o n  a l loys  with s i l i con  contents up to 3 pct. The spec imens  
could be cracked by cathodically charging with hydrogen even without the appl ica t ion of 
an ex te rna l  s t r e s s .  An expe r imen ta l  technique was developed which enabled the exposure  
of the f r ac tu re  sur face  formed pure ly  by hydrogen charging,  and to cont ras t  this with an 
adjacent  mechanica l ly  induced f r ac tu re  sur face .  In the case of pur i f ied i ron,  hydrogen 
induced cracks  a re  found to occur  on potent ia l  sl ip planes whereas  in the case of i ron -3  
pct s i l icon,  the crack follows the observed  cleavage plane.  In t e rmed ia t e  s i l icon content al-  
loys showed t r a n s i t i o n a l  behavior .  In a g r e e me n t  with the va r i a t ion  of c rack  plane in the 
al loys,  the f r ac tu re  sur face  appearances  was also d ra s t i ca l ly  different ,  re f lec t ing  the 
change in i n t r i n s i c  toughness  with alloy content. The observed  t r a n s i t i o n  f rom sl ip plane 
c rack ing  to cleavage plane c rack ing  was found to occur  nea r  a s i l i con  content of 0.7 pct. 
The observed behavior  is d i scussed  in t e r m s  of how the i n t r i n s i c  toughness of the i ron -  
based lat t ice affects how hydrogen- induced  cracks  a re  formed.  

ALTHOUGH hydrogen- induced  c rack ing  in f e r r o u s  
al loys has been  studied extens ive ly  f rom both the 
fundamenta l  and p rac t i ca l  points  of view, i ts  f rac to-  
graphic  and c rys ta l lograph ic  na ture  is  s t i l l  a subjec t  
of dispute.  Recently,  f rac tographic  s tudies  have r e -  
vealed that p las t ic  deformat ion  can play an impor tan t  
ro le  in the p rocess  of hydrogen induced c rack  growth 1 
and that it is  not suff icient  to i n t e rp r e t  hydrogen em-  
b r i t t l e m e n t  as a s imple  extens ion of cleavage f rac -  
tu re .  z The c rys ta l lograph ic  na ture  of t r a n s g r a n u l a r  
hydrogen induced c r a c k s ,  f rom the r e su l t s  Te t e lman  
and Rober tson,  3,4 and Gell  and Rober t son  ~ who ex- 
amined  i ron -3  pct s i l i con  s ingle  c rys t a l s ,  is genera l ly  
accepted as {100} cracks ,  the usua l  cleavage planes  
of ~ - i r o n f  '7 The i r  r e su l t s  were obtained by obse rv -  
ing the re la t ive  posi t ions  of etch pit a r r a y s  of d i s loca-  
t ions and one sur face  ana lys i s  of c rack  t r a c e s .  

More recent ly ,  confl ict ing data have quest ioned the 
genera l i ty  of this r e su l t .  Be rns t e in  8,9 f rom a o n e - s u r -  
face t r ace  ana lys i s  in pur i f ied  po lycrys ta l l ine  iron,  
suggested ins tead  that hydrogen induced t r a n s g r a n u -  
l a r  cracks ,  in the absence  of an ex te rna l  s t r e s s ,  oc- 
cur on the potent ia l  s l ip planes ,  {110} or {112}. 8,9 
T e r a s a k i  and Nakasato 2 also demons t r a t ed  the exis t -  
ence of a (101) c rack  in hydrogen charged and ex- 
t e rna l l y  s t r e s s e d  i ron  single c rys ta l .  In conflict  with 
these r e su l t s ,  Ki ta j ima  m has c la imed that the f r ac tu re  
su r faces  a re  macroscop ica l ly  along {100} p lanes  in 
both i ron  s ingle  c rys t a l s  and i ron-3  pct s i l icon  single 
c ry s t a l s  under  condit ions of hydrogen charging and ex- 
t e rna l  s t r e s s i n g .  Fo r  hydrogen charging only in i r o n -  
3 pct s i l i con  po lycrys ta l s ,  Kikuta e t  al u deduced, 
f rom the shape of facet  pi ts  d i rec t ly  on the f r ac tu re  
sur face ,  that there  was a t r ans i t i on  of crack plane 
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f rom {100} to {110} planes with i n c r e a s i n g  charging 
t ime of hydrogen.  

In light of these confl ict ing r e su l t s  obtained for 
s i m i l a r  m a t e r i a l s ,  it  was deemed appropr ia te  to r e -  
examine  the c rys ta l lograph ic  and f rac tographic  na ture  
of hydrogen induced cracking.  A compara t ive  study 
was a lso  made of the f r ac tu re  su r faces  formed solely 
by hydrogen charging with those only of mechan ica l  
o r ig in  in both pur i f ied i ron  and a s e r i e s  of i r o n - s i l i -  
con al loys,  with s i l i con  content up to 3 pct, in o rder  to 
de t e rmine  if the deta i ls  of env i ronmen ta l ly  and me-  
chanical ly induced f r ac tu re  a re  s i m i l a r .  

EXPERIMENTAL PROCEDURE 

The concen t ra t ions  of i n t e r s t i t i a l  solutes  and s i l i con  
in the al loys of this study a re  given in Table  I.* A b i -  

*The base iron was vacuum remelted, low interstitial [errovac-E iron. 

c rys t a l  sheet  of pur i f ied i ron  produced by the usual  
s t r a i n - a n n e a l  method was used for some of the 
c rys ta l lograph ic  aspec ts  of the study. Specimens  
1.3 x 2.5 • 22 mm in size were cut f rom sheets  cold- 
ro l led  to a f inal  th ickness  1.3 mm.  The heat t r ea t -  
ments  applied in the p re sen t  inves t iga t ion  a re  sche-  
mat ica l ly  i l l u s t r a t ed  in Fig .  1, supe r imposed  on the 
re l evan t  por t ion of the i r o n - s i l i c o n  phase d iagram.  
Most spec imens  were hea t - t r ea t ed  in evacuated quar tz  
capsules  at 850~ for 60 min  followed by furnace  cool- 
ing. The g ra in  s ize  obtained by the above heat t r e a t -  
ment  was about 200 ~ n .  For  s e v e r a l  spec imens  of 
i r on -3  pct s i l icon,  a higher  annea l ing  t e m p e r a t u r e  of 
1300~ was also adopted to obtain l a r g e r  g ra in  
s izes .  After being held at 1300~ for 20 rain, 
the spec imens  were  furnace  cooled to 850~ and 
held there for 60 min  to in su re  a solute d i s t r ibu t ion  
s i m i l a r  to the other samples ,  followed by furnace  
cooling to room t e m p e r a t u r e .  This  heat t r e a tmen t  
gave an average  g ra in  d i ame te r  of 1.5 mm.  Fu rnace  
cooling was chosen, s ince previous  s tudies  showed 
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Table I. Chemi~  Composition, Wt Pct 

Material C N O Si 

Bicrystalline Iron 0.005 0.001 0.002 0.03 
Ferrovac-E 0.006 0.001 0.003 0.02 
Fe-0.7 Pct Si 0.005 0.005 0.002 0.70 
Fe-1.4 Pct Si 0.004 0.006 0.008 1.43 
Fe-3 Pct Si 0.005 0.005 0.010 2.96 
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v 
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~ - 5 i  

0 0,70 1./,3 Z15 2.96 
Silicon Content (wt.%) 

Fig. 1--Schematic diagram of heat treatments employed. 

that the s lower  cooling ra te  promoted the p r e f e r r e d  
t r a n s g r a n u l a r  c rackings  dur ing  subsequent  cathodic 
charging of hydrogen.  8'1%13 Cathodic charging was pe r -  
formed at room t e m p e r a t u r e  in a 1 N su l fu r ic  acid 
solut ion to which a r ecombina t ion  poison of 10 mg 
As205/1, plus 3 ml CSJ1 was added. The applied cur-  
r en t  densi ty  was 30 m A / c m  2, and the charging t ime 
was 12 h to e n s u r e  that a un i form d i s t r ibu t ion  of hy- 
drogen  was p re sen t  through the c ross  sec t ion  of a l l  
spec imens .  No ex te rna l  s t r e s s  was applied dur ing  
hydrogen charging so that any s t r e s s  a s s i s t ance  to 
c rack ing  a rose  f rom r e s idua l  s t r e s s e s  f rom molecu la r  
gas r ecombina t ion  at i n t e r n a l  hydrogen s inks .  8 Any 
d i f fe rences  in behavior  by us ing an ex te rna l ly  applied 
s t r e s s  wil l  be subsequent ly  cons idered .  After  hydro-  
gen charging,  the spec imens  were sect ioned and any 
in te rna l  c racks  were observed  optical ly.  For  the bi-  
c rys ta l  and the i ron -3  pct s i l i con  annealed at 1300~ 
the c rys ta l lograph ic  planes  of hydrogen induced c rack-  
ings were de t e rmined  us ing the s tandard  two-sur face  
t r ace  ana lys i s .  The c rys ta l lograph ic  o r ien ta t ion  of 
the spec imens  was de t e rmined  by X - r a y  b a c k - r e f l e c -  
t ion Laue ana lys i s .  

Scanning e lec t ron  mic roscopy  was employed to 
cha rac te r i ze  the f r ac tu re  morphology. An exper i -  
menta l  technique was es tab l i shed  which enabled the 
exposure  of the hydrogen induced c rack  sur faces  
formed in  the absence  of an ex te rna l  s t r e s s .  F igu re  
2 is a schemat ic  r e p r e s e n t a t i o n  of the technique 
employed.  A mechanica l  notch was very  careful ly  in-  
t roduced us ing a low speed diamond saw. The length 
of the mechan ica l  notch was adjusted so that its tip 
was located close to a hydrogen induced crack r e -  
vealed on the pol ished sur face .  After  the in t roduct ion  
of the mechan ica l  notch, the spec imen  was broken  
open by impact  in liquid ni t rogen,  thereby  l inking the 
mechan ica l  f r ac tu re  sur face  to a hydrogen induced 
crack .  When this technique was p roper ly  employed, 
a hydrogen induced c rack  surface  could be observed 
on the b roken  surface  of the spec imen,  together  with 
a mechan ica l ly  induced f r ac tu r e  sur face .  Thus,  f r ac -  

MN: Mechanical Notch 
MIC : Mechanically InducedCrack 
HIC : Hydrogen- lnduced Crack 
GB : Gram Boundary 

Fig. 2--Experimental technique used for the exposure of hy- 
drogen induced crack surfaces. 

tographic  fea tu res  of both types of crack sur faces  
could be studied.  

Te ns i l e  tes ts  on the s i l i con -con ta in ing  al loys were 
pe r fo rmed  at room t e mpe r a t u r e  at an in i t i a l  s t r a i n  
ra te  of 8.5 • 10 "~ s -1. 

EXPERIMENTAL RESULTS 

A. Two-Surface  T r a c e  Ana lys i s  of 
Hydrogen-Induced T r a n s g r a n u l a r  Cracks  

Since no ex te rna l  s t r e s s  was applied in the course  
of hydrogen charging,  any aniso t ropy in s t r e s s  should 
be min imized  and it was expected and found that c racks  
which formed had more  than one va r i an t  of any speci -  
fic plane.  

Examples  of the hydrogen induced t r a n s -  and i n t e r -  
g r anu l a r  c racks  in b i c rys t a l l i ne  i ron  a re  i l lus t ra ted  
in Fig.  3; the i n t e r g r a n u l a r  c racks  a re  shown in the 
upper par t  of Fig.  3(a) but a re  not of i n t e r e s t  to this 
study. Four  t r a n s g r a n u l a r  c racks  which fo rm two 
se ts  of two mutual ly  pa r a l l e l  c racks  are  a lso  ob- 
served,  des ignated  on the F igure  as c racks  A, B, C, 
D. Cracks  A and B are  pa ra l l e l  to each other  on the 
plane of observa t ion ,  (h, k, 1), shown to be nea r  (110). 
Cracks  C and D form another  set  of two pa ra l l e l  
c racks .  F igure  3(b) i l l u s t r a t e s  the two-sur face  t race  
ana lys i s  of c rack  A, where t r ace s  of c rack  A were 
observed  on two orthogonal  sur faces ,  des ignated  by 
(h, k, 1) and (~, q, Y), with the la t te r  be ing nea r  
(1, ~i, ~I). The common d i rec t ion  shared  by these two 
planes  is nea r  [1, -I, 2], des ignated  as [u, v, w]. Meas-  
u r e me n t  of angles  between the crack t r aces  and the 
d i rec t ion  [u, v, w] on the two planes,  (h, k, 1) and 
(P, q, r ) ,  e s t ab l i shes  the indices  of the c rack  plane.  In 
this,  crack A is  found to be pa ra l l e l  to (1, 1, 0). A 
higher  magnif ica t ion p ic ture  of crack A is shown in  
Fig .  4, which shows that although cons iderab le  yawn- 
ing has taken place,  the fine crack nea r  point A pe r -  
mi t s  an accu ra t e  de t e rmina t ion  of the c rack  plane to be 
made.  The a r row points  to a step formed on the c rack  
surface ,  which suggests  that shear  deformat ion  leading 
to crack b ranch ing  occur red  dur ing  the expansion of 
the ma in  crack.  Crack B was also found to be pa ra l l e l  
to (I, 1, 0) as expected.  S imi la r ly ,  c racks  C and D 
were shown to be pa ra l l e l  to (0, 1, 1), another  va r i an t  
of {110}. T r a c e s  of c racks  C and D on (h, k, 1) make an 
angle of approximate ly  90 deg with [u, v ,  w]; this ob- 
s e rva t ion  completely  excludes the poss ib i l i ty  that 
c racks  C and D can be va r i an t s  of the usual  {100} 
cleavage plane.  A s imple  geomet r i ca l  calculat ion 
shows that if c rack  C and D are  a s sume d  to be pa ra l l e l  
to one of the {100} planes ,  the t r ace s  of these cracks  
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Fig. 3--Hydrogen induced t r a n s -  and i n t e r g r a n u l a r  c r acks  in a pur i f ied  iron.  (a) Notice the four t r a n s g r a n u l a r  c r a c ks ,  A to D, 
which fo rm two se t s  of two para l le l  c racks ,  (b) Example  of a two- su r f ace  t race  ana lys i s ,  identifying (110) as  the plane of 
c rack  A. 
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Fig. 4--Enlarged optical micrograph of crack A shown in 
Fig. 3. 

F i g u r e  7 shows,  in con t ra s t ,  t r a n s g r a n u l a r  c r a c k s  
o b s e r v e d  in the h y d r o g e n - c h a r g e d  i r o n - 3  pc t  s i l i con  
annea led  at  1300~ The g e n e r a l  shape of c r a c k s  ob- 
s e r v e d  in i r o n - 3  pct  s i l i con  a r e  subs t an t i a l l y  s h a r p e r  
than that  in pur i f i ed  i ron  where  c r a c k s  a r e  expanded 
or  " y a w n e d " ,  (F igs .  3 and 4). F o u r  types  of c r a c k  
t r a c e s  a r e  shown in F ig .  7. T h r e e  of them a r e  l i nea r  
and two of these  we re  found by two su r f ace  a n a l y s i s  to 
c o r r e s p o n d  to the two v a r i a n t s  of {100} c r a c k s .  The 
th i rd  is  be l i eved  to be the r e m a i n i n g  th i rd  v a r i a n t  of a 
~100} c r a c k  as  sugges t ed  by the r e s u l t s  of o n e - s u r -  
face t r a c e  a n a l y s i s .  The four th  c r a c k  a p p e a r s  to be 
n o n c r y s t a l l o g r a p h i c  in na tu re .  Such behav io r  was p r e -  
v ious ly  o b s e r v e d  by Gel l  e t  al ,  14 but only at  - l l 0 ~  and 
in i r o n - 3  pct  s i l i con  s ingle  c r y s t a l s .  The  comple te  
s t e r e o g r a p h i c  a n a l y s i s  of c r y s t a l l o g r a p h i c  c r a c k s  in 
i r o n - 3  pc t  s i l i con  is shown in F ig .  8. The po les  of ob- 
s e r v e d  c r a c k  p lanes  fa l l  c lose  to (100} po les ,  but de-  
v ia te  fa r  f rom {110} poles ,  conf i rming  that  the c r y s -  
t a l l o g r a p h i c  c r a c k s  in t roduced  in i r o n - 3  pct  s i l i con  by 
ca thodic  cha rg ing  of hydrogen  at  r oom t e m p e r a t u r e  
a r e  p a r a l l e l  to one of the t h r e e  (100} v a r i a n t s ,  but not 
to ~110} or  {112} as  found in pur i f i ed  i ron  under  the 
s a m e  e x p e r i m e n t a l  condi t ions .  P o s s i b l e  r e a s o n s  for  
such d i f f e r ences  wi l l  be d i s c u s s e d .  

Fig. 5--Stereographic presentation of the observed plane of 
crack A. Note that the pole of the observed crack plane falls 
very close to (110). 

on (h, k, 1) should make ang les  of about 35 or  55 deg 
with [u, v, w], as  opposed  to the o b s e r v e d  value  of 90 
deg.  F i g u r e  5 is  a s u m m a r y  s t e r e o g r a p h i c  r e p r e s e n t a -  
t ion of the c r a c k  p l anes .  Only a 2 deg v a r i a t i o n  be tween  
the pole of the c r a c k  plane and (1, 1, 0) is  found, wel l  
within e x p e r i m e n t a l  e r r o r .  Add i t iona l  con f i rma t ion  of 
s l ip  p lane c r ack ing  is shown in F ig .  6, which is  the 
t h i rd  se t  of o b s e r v e d  c r a c k s ,  de s igna t ed  as  c r a c k s  E 
and F .  These  c r a c k s  a r e  not l a rge  enough for  a two- 
su r f ace  t r a c e  a n a l y s i s  to be app l ied .  O n e - s u r f a c e  
t r a c e  a n a l y s i s ,  however ,  s t rong ly  sugges t s  that  they 
a r e  p a r a l l e l  to (1, 1, 2), s ince  t he i r  t r a c e s  on (h, k, 1) 
make  an angle  of 18 deg with [u, v, w], in good a g r e e -  
ment  with the value  of 17 deg  ca lcu la t ed  under  the a s -  
sumpt ion  that  c r a c k  E and F a r e  p a r a l l e l  to (1~ 1, 2). 

B. F r a c t o g r a p h i c  Study of Hydrogen- Induced  
C r a c k  Sur faces  

In the p rev ious  sec t ion ,  i t  was shown that  with the 
addi t ion  of 3 pct  s i l i con  to pu r i f i ed  i ron  the c r y s t a l -  
l og raph ic  p lanes  of hyd rogen - induced  c r a c k s  changed 
f rom one of the ope ra t ing  s l ip  p l anes ,  (110}, or  p o s s i -  
bly {112}, to one of the ope ra t i ng  c leavage  p l anes ,  
{100}. In this  sec t ion ,  a scanning  e l e c t r o n  m i c r o s c o p y  
s tudy of hydrogen  induced c r a c k  s u r f a c e s  p r o v i d e s  
ins ight  on the r e a s o n s  for  such d i f f e r e n c e s .  

F i g u r e  9 shows a low magni f i ca t ion  scanning  e l ec -  
t ron  m i c r o g r a p h  of the f r a c t u r e  face  of hydrogen  
charged  b i c r y s t a l l i n e  i ron .  In the c e n t r a l  po r t ion  of 
the m i c r o g r a p h ,  a hydrogen  induced c r a c k  (HIC) s u r -  
face  is  s een  s u r r o u n d e d  by a mechan i ca l l y  induced 
c r a c k  (MIC) s u r f a c e .  The edge of the po l i shed  s u r f a c e  
is  a l so  shown. The t e m p e r a t u r e  at  which mechan i ca l  
f r a c t u r e  took p lace  was subs t an t i a l l y  above l iquid 
n i t rogen  t e m p e r a t u r e ,  and t h e r e f o r e ,  the MIC su r f ace  
i nd i ca t e s  a duct i le  r a t h e r  than a c leavage  mode .  In 
any event ,  the HIC s u r f a c e  is  seen  to be c o n s i d e r a b l y  
d i f fe ren t  f rom the MIC su r f ace .  Blowups of hydrogen  
reg ions  A and B in F i g .  9 a r e  shown in F i g s .  10 and 
11, r e s p e c t i v e l y .  In F ig .  10, the hydrogen  c r a c k  is 
c h a r a c t e r i z e d  by p l ana r  s e g m e n t s  and m a r k i n g s  p e r -  
pend icu l a r  to the advancing  c r a c k  f ront .  The s t r i a -  
t ions  on the c r a c k  face a r e  taken  a s  ev idence  that  
the c r ack ing  is  d i scont inuous  in na tu re .  In addi t ion,  
the c r a c k  face  is  seen  to be not f lat ,  but i n s t ead  ap-  
p e a r s  to be composed  of p l ane r  s egmen t s ,  mos t  l ike ly  
o the r  v a r i a n t s  of the s l ip  p lane on which the m a j o r  
c r a c k  l i e s .  F i g u r e  11 is another  t yp i ca l  c r a c k  su r f ace  
a p p e a r a n c e  o b s e r v e d  in hydrogen  reg ion ,  which looks  
somewhat  d i f fe ren t  f rom F ig .  10. In F ig .  11, the c r a c k  
su r f ace  a p p e a r  composed  of two d i s t i nc t  r eg ions ,  E 
and T, which a l t e r n a t e l y  run p a r a l l e l  to each  o the r .  
Region E s e e m s  to be the pa r t  where  the c r a c k  p r o -  
paga ted  r e l a t i v e l y  ea s i l y ,  l eav ing  the m a r k i n g s  p e r -  
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Fig. 6--Polished surface de- 
tails near crack C and D in 
Fig. 3, exhibiting another set 
of two small parallel cracks, 
E and F. One-surface trace 
analysis suggests that these 
cracks are parallel to 
(112). 
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Fig. 7--Two-surface trace analysis of the transgranular cracks in hydrogen charged iron-3 pct silicon. Sharp crystallographic 
cracks lie on the three variants of {100} plane. Compare with Fig. 3. A noncrystallographic crack is also observed in the 
center of the picture. 

pendicu la r  to the d i rec t ion  of c rack  growth. On the 
o ther  hand, r eg ion  T is  the t e a r  r idge  which links two 
adjacent  reg ions  of E. 

F igu re  12 compare s  a s i m i l a r  HIC su r face  but now 
with a low t e m p e r a t u r e  c leavage  c rack  su r f ace  in F e r -  
r o v a c - E  iron.  Note the de fo rma t ion  twins in t roduced 
during the low t e m p e r a t u r e  f r ac tu re .  A blowup of the 
hydrogen reg ion  is found in Fig.  13. Note again the 
typica l  f e a tu r e s  of HIC, p lanar  s egmen t s  and mark ings  
pe rpend icu l a r  to the d i r ec t i on  of c r ack  propagat ion .  

The s i m i l a r i t y  be tween F ig s .  10, 11 and 13 indica tes  
that the HIC su r face  in pur i f ied  i ron  is unique and can 
be d is t inguished  f r o m  any type of f r a c t u r e  su r face  
even in the p r e s e n c e  of gra in  boundar ies .  S imi l a r  f r a c -  
tographic  f ea tu r e s  have been r e p o r t e d  for hydrogen 
charged  and ex te rna l ly  s t r e s s e d  i ron s ingle  c r y s -  
ta ls ,  2'15't6 sugges t ing  s i m i l a r  behavior  whether  the 
s t r e s s  n e c e s s a r y  for c r ack  extension is ex te rna l  or  
in t e rna l  in or ig in .  

F i g u r e  14 shows a HIC su r face  fo rmed  in i ron-3  
pct s i l icon,  toge ther  with an adjacent  low t e m p e r a t u r e  
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Fig. 10--Blowup of hydrogen region A in Fig. 9. Note the 
planar segments and the markings perpendicular to the ad- 
vancing crack front. 

Fig. 8--Stereographic analysis of hydrogen induced trans- 
granular cracks in iron-3 pet silicon. Note that the poles of 
the observed crack planes are close to {100} poles. 

Fig. 9--Low magnification SEM photograph of the fracture 
face of hydrogen charged bicrystalline iron. HIC: Hydrogen 
induced crack, MIC: Mechanically induced crack. 

c leavage  c r a c k  su r face  mechan ica l ly  induced at l iquid 
n i t rogen  t e m p e r a t u r e .  A de fo rma t ion  twin is obse rved  
to i n t e r s e c t  both the HIC and MIC su r face ,  fo rming  a 
s m a l l  s tep on the l a t t e r .  Ev idence  for  d iscont inuous  
c rack ing  is not apparent  on the HIC su r face  and the 
c r a c k  face  is f lat .  Ins tead  both reg ions  show c leavage  
or  r i v e r  pa t t e rn s .  These  obse rva t ions  d e m o n s t r a t e  
the s i m i l a r i t y  be tween the HIC su r face  and the low 
t e m p e r a t u r e  c leavage  c r ack  su r face  in i ron-3  pct s i l i -  
con and cont ras t  it sha rp ly  f r o m  the behav io r  in pur i -  
f ied i ron.  Since HIC do not propagate  ca t a s t roph ica l ly  

Fig. 11--Blowup of hydrogen region B in Fig. 9. Note that the 
crack surface appears composed of two distinct regions, E 
and T. 

~s can mechan ica l ly  induced low t e m p e r a t u r e  c leavage  
c racks ,  the b r i t t l e  appearance  of HIC can be t e r m e d  
as " s u p p r e s s e d  c l e a v a g e . "  

C. Crack Path Transition 

We have experimentally demonstrated that, com- 
paring pure iron to iron-3 pct silicon, the HIC plane 
changes from the operating slip plane to the operating 
cleavage plane. This transition behavior has been 
shown to be a smooth function of silicon content. To 
demonstrate this, two alloys with intermediate silicon 
contents were used; iron-0.7 pct silicon and iron-1.4 
pct silicon. Because of the presence of v-loop on the 
iron-rich side of the iron-silicon binary phase dia- 
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Fig. 12--Direct comparison of the hydrogen induced crack 
surface with the mechanically induced low temperature 
cleavage crack surface in Ferrovae-E iron. 

Fig. 14--Hydrogen induced cracking in an iron-3 pct silicon. 
Exposure of the hydrogen crack reveals the similarity of low 
temperature cleavage and hydrogen induced cleavage. Note 
the brittle nature of the crack. 

Fig. 13--Blowup of hydrogen region in Fig. 12. Similar fea- 
tures of the HIC surface to those in Fig. 10 show up as planar 
segments and the markings perpendicular to the advancing 
crack front. 

g ram,  Fig.  1, the annea l ing  t empe ra tu r e  was l imi ted  
to below the c~ - (c~ + ~) boundary t e m p e r a t u r e .  The 
r e su l t an t  f e r r i t e  g ra in  size obtained was about 200 pro, 
unfor tunate ly  not large enough for any surface  t r ace  
ana lys i s  of hydrogen cracks  to be employed.  Examples  
of the shape and morphology of HIC in i ron-0 .7  pct 
s i l i con  and i ron-1 .4  pct s i l i con  al loys a re  i l l u s t r a t ed  
in Fig.  15(a) and (b). In  both al loys the cracks  are  
expanded or " y a w n e d "  and indeed are  more  s i m i l a r  
in appearance  to HIC observed  in pure  i ron  than to 
those in i ron -3  pct s i l icon,  where the t r a n s g r a n u l a r  
c racks  are  s t ra ight  and sharp,  Fig.  7. Such obse rva -  
t ions would appear  to suggest  that in i r o n - s i l i c o n  
al loys with 0.7 and 1.4 pct s i l i con  content, the cracks  
a re  s i m i l a r  to those in pur i f ied i ron  and thus should 

lie on opera t ing  sl ip p lanes .  However,  deta i led two 
d imens iona l  f rac tographic  s tudies ,  desc r ibed  below, 
on these two al loys show that this  hypothesis  is over -  
s impl i f ied .  

F igure  16 shows the hydrogen induced t r a n s g r a n u -  
lar  c rack  face in i ron-1 .4  pct s i l icon,  together  with 
the mechanica l ly  induced cleavage c rack  sur faces  and 
the polished surface  of the spec imen .  In the hydrogen 
region,  sma l l  s teps a re  seen  runn ing  pa ra l l e l  to each 
other quite s i m i l a r  in appearance  to cleavage s teps .  
Unlike the hydrogen region in pure iron, no evidence 
e i ther  for  p lanar  segments  or for  the mark ings  pe r -  
pendicu la r  to the advancing crack front  can be found. 
Such re su l t s  imply  that the HIC surface  observed in 
i r o n - l . 4  pct s i l i con  is s i m i l a r  to that for i ron -3  pct 
s i l i con  and is e s sen t i a l ly  cleavage in na tu re .  

On the other  hand, different  behavior  is observed  in 
i ron-0 .7  pet s i l icon,  as shown in Fig.  17. Within the 
HIC surface ,  two dis t inct  regions ,  des ignated A and B, 
a re  observed .  F igure  18 is a higher magni f ica t ion  
photograph of region A, and it c lear ly  r evea l s  the 
fea tu res  of s l ip plane c rack ing  prev ious ly  observed  in 
pure i ron,  the p lanar  segments  and s t r i a t ion  pa t te rns  
a re  pe rpend icu la r  to the d i rec t ion  of c rack  propagat ion.  
In region  B, however no such fea tu res  can be ob- 
served;  ins tead only sma l l  s teps  indicat ive of cleavage 
a re  p re sen t .  Thus,  in i ron-0 .7  pct s i l icon,  the HIC su r -  
face is found to be a mix ture  of s l ip plane c rack ing  
and cleavage plane cracking,  with the mix on a fa i r ly  
fine scale ,  as seen  in Fig.  17. This  shows that t h e r e ' s  
a t r ans i t i on  f rom sl ip plane to cleavage plane crack-  
ing nea r  a s i l icon  content of 0.7 pct. 

D. Effect of S i l i c o n  C o n t e n t  on 

Mechanica l  P r o p e r t i e s  

To a s c e r t a i n  if this t r ans i t i on  is accompanied  by a 
change in mechan ica l  p roper t i e s ,  the tens i le  s t rength  
as a funct ion of s i l i con  content was measured ,  Fig.  
19. The s t rength  i n c r e a s e s  monotonical ly  with no ap- 
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(a) 
Fig. 16--Direct comparison of the hydrogen induced crack 
surface with the mechanically induced low temperature clea- 
vage crack surface in iron-l.4 pct silicon. Note, in the HIC 
face, the absence of the evidence either for the planar seg- 
ments or for the markings perpendicular to the advancing 
crack front. 

(b) 25# 
Fig. 15--The one-surface appearance of hydrogen induced 
cracks in Fe-0.7 pct Si (a) and Fe- l .4  pct Si (b) alloys. Note 
the expanded or "yawned" shape of the crack. 

paren t  d i scont inu i t ies  at the t r ans i t ion  solute  con- 
tent.  Unfor tunate ly  lack of m a t e r i a l  p reven ted  us f r o m  
m e a s u r i n g  t ens i l e  p r o p e r t i e s  on hydrogen containing 
a l loys .  

DISCUSSION AND CONCLUSIONS 

The key experimental results can be summarized as 
follows : 

i) Even without the application of an external stress, 
hydrogen induced transgranular cracks can be pro- 
duced which in pure iron lie on operating slip planes, 
while in iron-3 pct silicon, they lie on operating 
cleavage planes. 

ii) The transition from slip plane cracking to 
cleavage plane cracking occurs around a silicon con- 
tent of 0.7 pct. 

iii) In accordance with the differences in crack 
plane observed in these alloys, the crack surface mor- 

Fig. 17--Direct comparison of the HIC surface with the MIC 
surface in iron-0.7 pct silicon. Note that the HIC surface is 
composed of the two regions A and B, indicative of slip plane 
cracking and cleavage plane cracking, respectively. 

phology is  also d r a s t i c a l l y  d i f ferent .  The HIC s u r -  
face of pure  i ron  is c h a r a c t e r i z e d  by the p r e s e n c e  of 
s m a l l  p lanar  s egmen t s  and mark ings  pe rpend icu la r  to 
the d i r ec t i on  of c r ack  propagat ion .  On the o ther  hand, 
the HIC su r face  in i ron-3  pct s i l i con  is c h a r a c t e r i z e d  
by the p r e s e n c e  of sma l l  and per iod ic  s teps  indica t ive  
of c leavage .  At i n t e rmed ia t e  s i l i con  contents,  mixed 
behav io r  is obse rved .  

Of ma jo r  i n t e r e s t  is why the c rack  plane can va ry  in 
i r o n - b a s e  a l loys .  The most  s t r a igh t fo rward  explana-  
tion, that it r e su l t s  f r o m  a s t rengthening  of the i ron  
la t t ice ,  (see the behavior  of s i l icon,  F ig .  19) does not 
appear  to be genera l ly  c o r r e c t .  It has been expe r i -  
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Fig. 19--Effect of silicon content on tensile strength of iron- 
based alloys. 

Fig. 18--Blowup of region A in Fig. 17. Note the typical ap- 
pearance of the slip plane cracking. 

menta l ly  demons t r a t ed  e l sewhere  z , ~ ' ~  that both 0.17 
pet C-1.3 pct Mn s tee l  with a f e r r i t e - p e a r l i t e  m i c r o -  
s t ruc tu re  and 0.22 pct C-0.8 pct M n - l . 0  pct Ni-0.7 pct 
Cr-0 .5  pet Mo s tee l  with a t empered  mar t ens i t e  mi-  
e r o s t r u c t u r e  show sl ip plane c rack ing  under  hydrogen-  
charged and ex te rna l ly  s t r e s s e d  condition. The f o r m e r  
s tee l  has a tens i le  s t rength  of 471 MPa s i m i l a r  to that 
of i r on -3  pct s i l i con  used in the p r e sen t  study, while 
the la t te r  s tee l  has a much higher s t rength  of 794 MPa. 
Thus the s t reng then ing  effect of s i l i con  is not a d i rec t  
cont r ibu tor  to the c rack  plane t r ans i t i on .  

A more  impor tan t  effect of adding s i l icon  to pure 
i ron  is that it subs tan t ia l ly  r a i s e s  the Charpy V-notch  
toughness  t r ans i t i on  t e m p e r a t u r e  by more  than 100~ 
as repor ted  in F e - 3  pet Si by Les l i e .  17,18 This  effect 
of adding s i l i con  has been a t t r ibuted  to e i ther  a lower-  
ing of the cohesive energy  of i ron  or to the r e s t r i c t i o n  
of c ross  s l ip  promot ing  local ized s t r e s s  concen t ra -  
t ions .  17'~9 Whatever  the exact mechan i sm might be, 
the ma t r ix  of i ron -3  pct s i l i con  is much more  b r i t t l e  
than that of pure i ron .  Gel l  ~~ has in  fact shown that a 
(100) i r o n - s i l i c o n  s ingle  c rys t a l  is no rma l ly  b r i t t l e  at 
room t e m p e r a t u r e ,  although this may not be t rue  for 
other  o r ien ta t ions .  The observed  dif ference in behavior  
may then be a d i rec t  function of the i n t r i n s i c  tough- 
ness  of the i r on -a l l oy  ma t r ix .  In  low toughness al loys 
d is loca t ions  a re  genera ted  and mul t ip l ied  by local  in-  
t e r n a l  s t r e s s e s  r e su l t i ng  f rom gas recombinat ion;  d is -  
location in te rac t ions  could then lead to the c rea t ion  of 
sma l l  c rack  nuc le i i  on {100} planes 2~ pa r t i cu l a r l y  s ince 
c ross  sl ip is  supp re s sed  in this  al loy.  4,2~ Once these  
nucle i  a re  formed,  they can extend s ignif icant  d i s -  
tances  without blunting,  aided by the i n t e rna l  p r e s s u r e  
of hydrogen gas which prec ip i ta te  in the c rack  nucle i .  
The c racks  stop when the i n t e r n a l  gas p r e s s u r e  is  
insuff ic ient  to provide the n e c e s s a r y  dr iv ing  force.  
The c rack  length should then be a function of hydrogen 
fugacity, as has been  observed .  3,2~ This  a rgumen t  sug- 
gests  that in low toughness al loys hydrogen ' s  ma in  
role  can be as a local  s t r e s s  r a i s e r ,  as suggested by 
many inves t iga to r s .  22,24 Such an obse rva t ion  does not 
ru le  out as yet a more  d i rec t  effect of hydrogen, say 
on cohesive energy .  

In contras t ,  the s i tua t ion in pur i f ied  i ron  is  con- 
s ide rab ly  different .  At room t empera tu r e ,  this is a 
highly p las t ic  ma te r i a l ,  6'8 and it is difficult  to expla in  
how p lanar  m i c r oc r a c ks  can be formed sole ly  due to 
s t r e s s  a s s i s t a n c e .  In this case hydrogen must  have 
a much more  d i rec t  effect. Two poss ib i l i t i e s ,  d is -  
cussed e lsewhere ,  z5'26 a re  that hydrogen p re fe ren t i a l ly  
reduces  the cohesive energy  between i ron  a toms pe r -  
pendicular  to a potent ia l  s l ip plane,  or that it affects 
the r e l a t ive  ease of p las t ic i ty ,  perhaps  by r e s t r i c t i n g  
c ross  sl ip.  The f rac tographic  s tudies  tend to support  
the impor tance  of the la t ter ,  while not ru l ing  out a 
cont r ibut ion  f rom the f o r m e r .  

The f rac tu re  sur face  in i ron  is ra tche ted  in na ture  
due to crack segment ing  along sl ip p lanes  which i n t e r -  
sec t  the main  c rack  face. This  should r equ i r e  a local i -  
zat ion of fine sl ip bands along such p lanes .  Such s t r a i n  
local iza t ion  would be aided by a reduced ease  of c ross  
s l ip.  One way this can occur  is by a reduced s tacking  
fault energy;  there  is some l imi ted evidence that this 
may occur  for example in i ron alloyed with t i t an ium.  27 
The actual  s l ip plane separa t ion  could r e su l t  f rom in-  
tense  shear  or a reduct ion  in cohesive energy.  The 
observed  ra tche t ing  supports  the occu r r ence  of a con- 
s ide rab le  shea r  offset and thus the f o r m e r  poss ib i l i ty .  

The hydrogen- induced  f r ac tu r e  sur face  in i ron also 
exhibits  m i c r o n - s p a c e d  mark ings  pe rpend icu la r  to the 
advance of the crack front ,  (Figs.  10, 11, 13, and 18). 
Although poss ib ly  sl ip t r aces ,  this  is  unl ikely  s ince  
t r aces  due to other  s l ip  p lanes  which i n t e r sec t  the 
f r ac tu re  sur face  should also be seen.  More likely, 
these a re  d i rec t  evidence for the d iscont inuous  na tu re  
of c rack  advance,  suggested f rom the r e su l t s  of many 
inves t iga to r s .  F ina l ly ,  the cracks  cease to grow when 
the p las t ic  b lunt ing f rom the in t e rna l  s t r e s s  due to 
prec ip i ta t ion  of molecu la r  hydrogen within the c rack  
is so severe  that the r e su l t ing  deformat ion  is too 
homogeneous to promote  s t r a i n  local izat ion.  

In s u m m a r y ,  this detai led c rys ta l lographic  and 
f rac tographic  study has c la r i f ied  how HIC are  formed 
and grow. At leas t  in f e r r i t i c  ma te r i a l s ,  the c rack  
plane and mode of c rack  advance is  a funct ion of the 
i n t r i n s i c  toughness  of the f e r r i t e  lat t ice.  In low tough- 
ness  ma te r i a l s ,  like i ron -3  pct s i l icon,  the cleavage 
na ture  of the HIC suppor ts  the suggest ion,  4'14 that in 
this  m a t e r i a l  hydrogen ' s  ma jo r  and perhaps  only in -  
f luence is as a local  s t r e s s  r a i s e r  r e su l t ing  f rom the 
fo rmat ion  of i n t e r n a l  molecu la r  hydrogen. In pur i f ied 
i ron  the observa t ions  of s l ip  plane cracking and a seg- 
mented c rack  sur face  are  incompat ible  with this ex- 
planat ion.  Ins tead  it is  more  likely that hydrogen charg-  
ing promotes  highly local ized sl ip bands on {110} or 
{112}; addi t ional  hydrogen charging produces  high 
p r e s s u r e  within the above slip planes  due to the p re -  
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cipitation of molecular hydrogen, facilitating the for- 
mation of cracks along slip planes .19 From the re-  
sults  of the present study and those by Bernste in  %9 
and Terasaki  e t  al ,  2'is'x6 it s e e m s  clear that slip plane 
cracking is  a more general feature of hydrogen-in- 
duced cracking in ferrous alloys,  and the iron-3 pct 
s i l icon behavior is a special  case where cleavage 
cracking is  favored. 
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Note added in proof 
Koch e t  al  "~ have recently shown hydrogen-induced 

fracture surfaces  in a mainly c~-titanium alloy s imi lar  
to those in purified iron reported here.  Evidence for 
discontinuous cracking was also found. 
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