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A s a m p l e  p la te  of PIY 130 s t e e l  (5 pe t  Ni -0 .5  pc t  C r - 0 . 5  pc t  Mo-0.1 pc t  V-0.1  pc t  C) was 
found to be quite s u s c e p t i b l e  to t e m p e r  e m b r i t t l e m e n t .  S tep-coo l ing  p roduced  a shif t  in 
t r a n s i t i o n  t e m p e r a t u r e  of 583 K (310~ In the s t e p - c o o l e d  condi t ion  the p lane  s t r a i n  
s t r e s s  in tens i ty  t h r e s h o l d  for  c r a c k  growth in 0.1 N H2SO4 was about 22 MNm -3/z (20 k s i  
id]-~-. ) and the f r a c t u r e  mode was i n t e r g r a n u l a r ,  w h e r e a s  in the u n e m b r i t t l e d  condi t ion the 
t h r e s h o l d  fo r  a 1.27 cm (�89 in.) p la te  (not ful ly  plane s t r a in )  was a round  104.5 MNm -3/z 
(95 ks t  i~{-m. ) and the f r a c t u r e  mode was mixed  c l eavage  and m i c r o v o i d  c o a l e s c e n c e .  The 
i n t e r a c t i o n  be tween  the i m p u r i t y - i n d u c e d  and the hydrogen  e m b r i t t l e m e n t  is  d i s c u s s e d  in 
t e r m s  of O r t a n i ' s  t heo ry  of hydrogen  e m b r i t t l e m e n t .  

F O R  a n u m b e r  of y e a r s  It has  been r e c o g n i z e d  that  
quenched and t e m p e r e d  a l loy  s t e e l s  have a tendency  to 
f r a c t u r e  along p r i o r  aus t en i t e  g ra in  b o u n d a r i e s  under  
condi t ions  of s t r e s s  c o r r o s i o n  o r  hydrogen  e m b r i t t l e -  
ment .  1 Since th i s  mode of f r a c t u r e  i s  a l so  a s s o c i a t e d  
with I m p u r i t y - i n d u c e d  g r a i n  bounda ry  weakening,  as  
in t e m p e r  e m b r i t t l e m e n t  and "500~ ' '  e m b r i f t l e m e n t ,  
i t  Is  n a t u r a l  to a sk  whether  t he se  two types  of e m b r i t t l e -  
ment  may  ac t  in a coope ra t ive  m a n n e r .  

The l i t e r a t u r e  on th i s  sub jec t  is  quite s p a r s e .  C a b r a l  
e t  a l .  ~ t e s t e d  smooth  b a r s  of a quenched and t e m p e r e d  
3 pc t  Nt, 0.6 pc t  Cr ,  0.1 pc t  Mo, 0.11 pc t  Cu, 0.3 pc t  C 
s t e e l  by  s t a t i c  load ing  in t ens ion  in 0.1 N HzSO 4 and 
found that  the t h r e s h o l d  fo r  hyd rogen - induced  f r a c t u r e *  

*It is generally concluded that environment-assisted cracking of high strength 
steels in a hydrogen-producing environment can be attributed to hydrogen 
embrittlement 

was l o w e r e d  when the s t ee l  was given a p r i o r  t r e a t m e n t  
of 773 K (500~ for  48 h. This  effect  was accompan ied  
b y  a shi f t  f r o m  t r a n s g r a n u l a r  f r a c t u r e  to f r a c t u r e  a long 
p r i o r  aus ten i t e  g r a i n  b o u n d a r i e s .  More  r ecen t l y ,  the 
exhaus t ive  a n a l y s i s  of the f a i l u r e  of s e v e r a l  fo rged  t u r -  
b ine  d i s c s  of 3.25 pc t  C r - 0 . 6  pc t  Mo s t e e l  at  the Hinck-  
ley  Point  power  s ta t ion  in England has  led  to the con-  
c lus ions  3 that  the d i s c s  had been  t e m p e r  e m b r i t t l e d  d u r -  
ing manufac tu re  and that  the f a i l u r e  was due to the s low 
growth of an i n t e r g r a n u l a r  c r a c k  under  the influence of 
condensa te  t r a p p e d  in a round  keyway,  the  l a t t e r  ac t ing  
as  a s t r e s s  c o n c e n t r a t o r .  

To gain m o r e  in fo rmat ion  about th is  effect  we have in-  
v e s t i g a t e d  the behav io r  of a new, high s t reng th ,  naval  
p r e s s u r e  v e s s e l  s t ee l ,  HY 130, with r e s p e c t  to i t s  s u s -  
cep t ib i l i t y  to t e m p e r  e m b r i t t l e m e n t  and the inf luence of 
such e m b r i t t l e m e n t  on i t s  r e s i s t a n c e  to c r a c k  p r o p a g a -  
t ion in a h y d r o g e n - p r o d u c i n g  env i ronmen t .  
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EXPERIMENTAL PROCEDURE 

The s a m p l e  of HY 130 s t e e l  was  supp l i ed  th rough  the 
c o u r t e s y  of the United Sta tes  Steel  C o r p o r a t i o n  in the 
f o r m  of a c r o s s - r o l l e d  one- inch  p la te .  The c h e m i c a l  
compos i t ion  and t yp i c a l  me c ha n i c a l  p r o p e r t i e s ,  a s  d e -  
t e r m i n e d  by U. S. Steel ,  a r e  shown in Table  I. 

The r e s p o n s e  to t e m p e r  e m b r i t t l e m e n t  was s tud ied  by 
d e t e r m i n a t i o n  of the d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a -  
tu re  of 0.63 cm (�88 in.) round b a r s  c i r c u m f e r e n t i a l l y  
notched and t e s t e d  in can t i l eve r  bending  ove r  a r ange  
of t e m p e r a t u r e s ,  a method o r ig ina t ed  by Low e t  a l .  4 

and used  by our  group in p r e v i o u s  work .  s T e m p e r a -  
t u r e s  were  obta ined  by i m m e r s i o n  in ba ths  of l iquid 
n i t rogen ,  i sopentane ,  o r  s i l i cone  oi l ,  and f r a c t u r e  
e n e r g i e s  we re  obta ined  f r o m  the a r e a s  under  the l o a d -  
def lec t ion  c u r v e s  taken  f rom an Ins t ron  cha r t .  Tes t  
b a r s  were  heat  t r e a t e d  in evacua ted  c a p s u l e s  by aus t en -  
i t fz ing at  e i t he r  1473 K (1200~ o r  1093 K (820~ 
quenching in iced  b r ine ,  and t e m p e r i n g  at  898 K (625~ 
for  2 h. Some s p e c i m e n s  were  e m b r i t t l e d  by  s t ep  coo l -  
ing in the usual  way, 4,s and o t h e r s  were  i s o t h e r m a l l y  
e m b r i t t l e d  at  753 K (480~ for  25, 100, and 200 h. 
Notching was done a f t e r  a l l  hea t  t r e a t m e n t  was c o m -  
p le ted .  The m e c h a n i c a l  p r o p e r t i e s  a f t e r  th is  s tep  coo l -  
ing t r e a t m e n t  w e r e :  y i e ld  s t r eng th ,  848 MN/m 2 (123 
ks i ) ;  t e n s i l e  s t r eng th ,  931 MN/m z (135 ks i ) ;  Rc h a r d -  
ness ,  32. 

The r e s i s t a n c e  to env i ronmen ta l  c r a c k i n g  was eva lu -  
a ted  by t e s t ing  edge -no tched  can t i l eve r  bend s p e c i m e n s ,  
shown in Fig .  1, in the manne r  of Brown and cowork -  
e r s f l  The b a r s  we re  heat  t r e a t e d  as  above,  except  that  
a dynamic  vacuum and p la in  wa te r  quenching were  used .  
After  hea t  t r e a t i n g  and notching,  the b a r s  we re  f a t igue -  
c r a c k e d  for  a d i s t ance  of 1 m m  (0.040 in.) below the 
notch at  the r a t e  of about 0.025 m m  (0.001 in.) p e r  1000 
cyc l e s ,  as  r e c o m m e n d e d  for  s h a r p  c r a c k s .  7 The fa t igue  
c r a c k i n g  was done at room t e m p e r a t u r e  for  u n e m b r i t -  
t l ed  s p e c i m e n s  and at  523 K (250~ for  e m b r i t t l e d  
( s t ep -coo led )  s p e c i m e n s .  This  was to i n su re  that  
c r ack ing  was s t ab le  and t r a n s g r a n u l a r  in both c a s e s .  
The plane of the fa t igue c r a c k  was p e r p e n d i c u l a r  to 
the ro l l i ng  p lane .  

The env i ronmen t  used  was 0.1 N HzSO 4 containing 
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T a b l e  I. Chemica l  C o m p o s i t i o n  and Mechanica l  Propert ies o f  H Y  1 3 0 "  

Ladle Analysis (wt pct) 

Heat No. Plate No. C Mn P S Si Ni Cr Mo V 

5P 2004 0116856 A-1 0.11 0.88 0.003 0.006 0.35 4.95 0.53 0.50 0.08 

Tensile Propertiest Notch Toughness 

Yield Strength Charpy V-Notch Energy 
(0.2 pct Offset) Tensile Strength Elongation in Reduction Absorption at 273 K 

Orientation ksi MN/m = ksi MN/m 2 - 5.08 cm (2 in.) pct of Area pct Ft-lb M, 

Longitudinal 139 959 151 1042 20.0 64.2 78 105.7 
Transverse 130 897 150 1035 20.0 61.1 68 92.2 

*Determined by U.S. Steel Corporation Research Laboratory. 
t Austenitized at 1088 K (1500~ water quenched, tempered at 898 K (1160~ for 1 h, water quenched. 

0.120 k ~ / /  TT(~ GS(mm) ASTM No. 
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Fig .  1- -Notched and p r e c r a c k e d  bar used  for hydrogen e m b r i t -  
t l ement  tes t ing .  

5 mg arsen i c  pentoxtde per l i ter  of solution.  It was 
held around the notched portion of the test  bar in a 
Plextg las  chamber attached by GE HTV sealant .  The 
load was applied after the environment  was inserted  
in the chamber.  The s ta t i ca l ly  applied loads were  such 
as to g ive  s t r e s s  in tens i t i e s  at var ious  l e v e l s  below 
the value  K c needed to break the bar in the s a m e  test  
arrangement  in air .  The K cal ibrat ion used was that 
of Ktes et al; 8 

K = 4.12M (a -3 - ~3)z/2 

BD SlZ 

where M is  the bending moment  at the notch, B and D 
are the th ickness  and depth of the spec imen ,  r e s p e c -  
t ive ly ,  and ~ = 1 - a/D,  where  a is  the total length of 
the notch plus fatigue crack.  

Attempts to monitor  crack growth opt ica l ly  were  pre -  
vented by the tendency for the cracks  to propagate 
fas ter  in the central  portion of the unembritt led bars .  
However,  the p r o g r e s s  of cracking  could be monitored 
(but not measured)  by means  of an LVDT placed on the 
cant i l ever  beam at a distance 12.7 cm (5 in.) from the 
notch. T ime  to fa i lure  was m e a s u r e d  automat ica l ly  by 
a mtcroswl tch  and t imer  arrangement .  

RESULTS 

The large  suscept ib i l i ty  of this  heat of HY 130 s t ee l  
to temper  embr i t t l ement  by step cool ing  is  demon-  
strated in Fig. 2, which shows the re su l t s  for austen-  
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ittc grain s i z e s  of 0.01 and 0.03 mm,  obtained by austen-  Fig. 3--Shifts in transition temperature due to isothermal em- 
brittlement at 753 K (480~ Ittzatton at 1093 K (820~ and 1473 K (1200~ r e s p e c -  

t ive ly .  In these  exper iments  the test  method of Low 
et al.4 was used,  and the def lect ion to produce an audi-  found to corre la te  approximate ly  with those  obtained 
ble bri t t le  crack is  plotted against  tes t  t emperature ,  in Charpy t e s t s ,  show that in the coarse  grained condi -  
The trans i t ion temperature  shi f ts ,  which have been tton the s t ee l  i s  s l ight ly  m o r e  suscept ib le ,  as  expected.  
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Fig. 4 - -Frac tu re  surfaces  of specimens broken below the transit ion tempera ture  showing increasing amounts of intergranular  
embri t t lement  in the o r d e r :  (a} unembritt led, 193 K (-80~ f rac ture ;  (b) isothermally embrit t led,  753 K (480~ 25 h, 293 K 
(20~ f rac ture ;  (c} isothermally embrit t led,  753 K (480~ 100 h, 363 K (90~ f rac ture ;  (d) step cooled, 293 K (20~ fracture .  

METALLURGICAL TRANSACTIONS VOLUME 5, FEBRUARY 1974-365 



cm. 
0.32 0.64 1.27 2.54 

I 

140 

120 

IOC - 

~- 8 0 -  ~, 

2 0 o -  

4 0 -  

2 0 -  

,q 
,q 
~J 
Xd 

/ 
0.125 

I I I 

UNEMBRITTLED I I 
STEP COOLED k\\NI 

N 

NI 
xl 
M 

NI 

G25 0.50 1,O0 
THICKNESS (in) 

t 
l60 

I lO0 role~ 
i E 80 z 

60 

2O 

Fig. 5--Values of KI (=KQ) for unstable crack extension in air 
tests on precracked cantilever bars (ef. Fig. 1) of various 
thicknesses in the unembrittled and step cooled conditions. 
Valid KIc values obtained for the step cooled 1.27 cm (�89 in.) 
thick bar.  
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Fig. 6--Initial values of K I in hydrogen embrittlement tests on 
precracked cantilever bars  (cf, Fig. 1), statically loaded, plot- 
ted against time to fracture. 

This  c o a r s e  g r a i n e d  condi t ion was employed  throughout  
the r e s t  of th is  work.  

When i s o t h e r m a l  e m b r i t t l e m e n t  at  the a r b i t r a r i l y  
s e l e c t e d  t e m p e r a t u r e  of 753 K (480~ was c a r r i e d  out, 
the t r a n s i t i o n  t e m p e r a t u r e  sh i f ted  upward with t ime ,  
as  shown in Fig .  3, but  it r e a c h e d  only 443 K (170~ 
in 200 h, a s  c o m p a r e d  with 533 K (260~ t r a n s i t i o n  
t e m p e r a t u r e  p roduced  by the 168 h s t e p - c o o l i n g  t r e a t -  
ment .  The p r o g r e s s  of e m b r i t t l e m e n t  can be seen  in 
the f r a c t o g r a p h s  shown in Fig .  4 f rom s p e c i m e n s  f r a c -  
t u r e d  on the low t e m p e r a t u r e  s ide  of the d u c t i l e - b r i t t l e  
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Fig. 7--Data of Fig. 6 plotted in terms of the K c values in air. 

transitions. The specimens range from the unembrit- 
tied condition, through the isothermally embrittled con- 
ditions at 25 and I00 h, to the step-cooled condition. 

The results of the fracture toughness tests in canti- 
lever bending conducted in air on the specimen de- 
picted by Fig. 1 in the unembrittled and step-cooled 
conditions are shown in Fig. 5. None of these tests are 
valid plane strain tests (yielding a true KIc), except the 
1.27 cm (�89 in.) thick, step cooled specimen. The unem- 
brittled specimens all exhibited shear llps; however, 
none of the step-cooled specimens did. The step-cooled 
specimens fractured intergranularly. The 1.27 cm 
(�89 in.) thickness was selected for environmental test- 
ing. 

When the precracked cantilever bend specimens were 
tested in the 0.I N H~SO 4 in the unembrittled and the 
step-cooled conditions, it was found that the impurity- 
induced embrittlement has a profound effect on the re-  
sistance to crack growth in this hydrogen-produclng 
environment. The initial K I vales are plotted against 
time to fracture in Fig. 6, and the same data are shown 
normalized to the K c values in air in Fig. 7. It can be 
seen that the K threshold for hydrogen embrlttlement 
is lowered from about 104.5 MNm -3/2 (95 ksi ~/in. ) in 
the unembrittled case to about 22 MNm -s/2 (20 ksi iVim. ) 
for the step-cooled condition. The unembrittled thresh- 
old would presumably be lowered if thicker specimens 
had been used to develop a fully constrained plane strain 
fracture, but the step-cooled specimen almost meets 
the Klc requirement of 1.40 cm (0.55 in.) thickness for 
a K c of 63.8 MNm -3/2 (58 ksi i~-nT) and a yield stress 
of 848 MN/m ~ (123 ksi), and the threshold of 22 MNm -3/2 
(20 ksi i#]-n-7) therefore is probably the minimum that 
would be observed for this condition of embrittlement. 

The f r a c t u r e  mode in the H2SO 4 for  the u n e m b r i t t l e d  
c a s e  is  shown in Fig .  8. At the onse t  of s low c r a c k  
growth some  i n t e r g r a n u l a r  f r a c t u r e  could  be o b s e r v e d  
(Fig .  8(a)), but th is  soon sh i f ted  to a m ix tu r e  of c l e a v -  
age and m i c r o v o i d  c o a l e s c e n c e  (Fig .  8(b)) and then to 
fu l ly  c l eavage  in the f a s t - f r a c t u r e  r eg ion  (Fig .  8(c)). 
It can be seen  f rom Fig.  9 that  the h y d r o g e n - p r o d u c e d  
c r a c k  p r o p a g a t e d  f a s t e r  in the c e n t r a l  po r t i on  where  
the t r i a x i a l  s t r e s s  s t a t e  was m o r e  ful ly  deve loped .  

Fo r  the e m b r i t t l e d  s p e c i m e n s  in the H2SO 4 the hy -  
d r o g e n - p r o d u c e d  f r a c t u r e  p r o p a g a t e d  a long a m o r e  o r  
l e s s  s t r a i g h t  f ront  (Fig .  10) and was i n t e r g r a n u l a r  
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FATIGUE 
I N I T IAL  H2 
C RACK i N G 

(a) 

SLOW H 2 CRACKING 

(h) 
Fig. 8 - - F r a c t u r e  su r faces  of unembr i t t l ed  spec imens  tes ted  
as in Fig. 6 showing: (a) init iat ion,  (b) slow hydrogen c r a c k -  
ing, and (c) fas t  c rack ing  regions .  

FAS T FR A C TU R E 

(c) 

f r o m  the point  of in i t ia t ion  (Fig.  l l ( a ) ) ,  through the 
slow growth r eg ion  (Fig .  l l ( b )  and (c)), and the fas t  
growth reg ion .  

DISCUSSION 

The r e s u l t s  of th is  work  show that  HY 130 s t e e l  can 
be r e m a r k a b l y  su scep t i b l e  to t e m p e r  e m b r i t t l e m e n t .  
In fact ,  the 583 K (310~ shif t  in t r a n s i t i o n  t e m p e r a -  
tu re  due to s tep  cool ing a p p e a r s  to be by  f a r  the l a r g -  
e s t  such shif t  e v e r  r e p o r t e d  in a c o m m e r c i a l l y  p r o -  
duced a l loy  s t ee l .  When it  is  r e c a l l e d  that  the p r e s e n t  
s t e e l  was i nves t i ga t ed  at  a y ie ld  s t r eng th  leve l  of 848 
MN/m 2 (123 ks i ) ,  that  th is  s t ee l  is  des igned  for  y ie ld  
s t r e s s  l eve l s  up to 1035 MN/m 2 (150 ks i ) ,  and that  
t e m p e r  e m b r i t t l e m e n t  s u s c e p t i b i l i t y  is  often found to 
i n c r e a s e  with h a r d n e s s  leve l ,  then i t  mus t  be concluded 
that  th is  phenomenon d e s e r v e s  fu r the r  s tudy in th is  
s t ee l  and that  g r e a t  c a r e  should be taken  in the hea t  
t r e a t m e n t  of th ick  s ec t i ons  to be used  in c r i t i c a l  a p p l i -  
cat ions~ F o r  example ,  one would l ike  to know m o r e  
about the ef fec ts  of pos twe ld  s t r e s s  r e l i e f  in such ap -  
p l i ca t i ons  as  s u b m a r i n e  p r e s s u r e  hu l l s .  

Since we do not ye t  fu l ly  under s t and  how the v a r i o u s  
a l loy ing  e l e m e n t s  i n t e r a c t  with the v a r i o u s  e m b r i t t l i n g  
e l e m e n t s  to e s t a b l i s h  t e m p e r  e m b r i t t l e m e n t  s u s c e p t i -  
b i l i ty ,  i t  i s  not p o s s i b l e  at  th is  point  to s a y  why this  
s t ee l  should be so su scep t i b l e .  However ,  i t  conta ins  
s ign i f ican t  amounts  of Cr and Mn which a r e  known to 
enhance e m b r i t t l e m e n t  by  19, 4,9 a n d  the combina t ion  of 
Ni and Cr has  been  shown to enhance e m b r i t t l e m e n t  by  
Sb, Sn, and As.  4 A t e m p e r  e m b r i t t l e d  s p e c i m e n  was 
b roken  in u l t rah igh  vacuum at 110 K and the i n t e r g r a n u -  
l a r  f r a c t u r e  su r f ace  was ana lyzed  by 'Auger e l e c t r o n  
s p e c t r o s c o p y .  ~~ It was found that  the s e g r e g a t e d  e l e -  
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FRACTURE 
(b) 

Fig. 9 -F rac tu r e  surface  of unembri t t led specimen tested as in 
in Fig. 6 showing more extensive hydrogen eraeking in the cen-  
t ral  portion of the tes t  bar.  
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H2 
CRACKING / 

/ 
/ 

, / 
/ 

NOTCH FAST 
FRACTURE 

(b) 
Fig, 10-Frac ture  surface of step cooled specimen tested as in 
Fig, 6 showing uniform rate  of hydrogen cracking through the 
thickness.  Compare with Fig. 9. 
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(c) 
Fig. ll--Fracture surfaces of step cooled specimens tested as 
in Fig. 6 showing (a) initiation region and (b) and (c) slow hy- 
drogen cracking regions. 

(b) 

men t s  ( p r e s u m a b l y  r e s p o n s i b l e  for  the r educ t ion  of 
g r a i n  bounda ry  cohesion)  were  P, Mn, and Si. 

The coope ra t i ve  ef fec t  of the i m p u r i t y - i n d u c e d  e m -  
b r i t t l e m e n t  and the h y d r o g e n - p r o d u c i n g  env i ronmen t  
can be unde r s tood  qua l i t a t i ve ly  in a s t r a i g h t f o r w a r d  
manner  by extending  the r e c e n t  t heo ry  of Or ian i .  it 
Under  the t r i a x i a l  c o n s t r a i n t  a t  the t ip of a s h a r p  c r a c k  
in a th ick  body a l a r g e  component  of s t r e s s  n o r m a l  to 
the c r a c k  p lane  can bu i ld  up without r e l a x a t i o n  by  p l a s -  
t ic  f low. In addi t ion,  th is  r eg ion  of h y d r o s t a t i c  t ens ion  
expands  the i ron  l a t t i ce  and thus l o w e r s  the c h e m i c a l  
po ten t ia l  of d i s s o l v e d  hydrogen  in the v i c in i t y  of the 
c r a c k  t ip,  TM t h e r e b y  c r e a t i n g  a s ink  for  hydrogen .  T h e r e  
a r e  compe l l i ng  r e a s o n s  to pos tu l a t e  that ,  as  the h y d r o -  
gen concen t ra t ion  bu i lds  up, the m a x i m u m  cohes ive  
f o r c e  of i ron  i s  d e c r e a s e d ,  n The l a t t e r  can be dep ic ted  
s c h e m a t i c a l l y  by a lower ing  of the b inding ene rgy  cu rve  
for  the a l l oyed  i ron,  F ig .  12(a). In the u n e m b r i t t l e d  
ca se  the r e s u l t a n t  m ix tu r e  of c l eavage  and m i c r o v o i d  
c o a l e s c e n c e  s ign i f i e s  that  hyd rogen - induced  c l eavage  
c r a c k s  f o r m  ahead of the ma in  c r a c k  and a r e  jo ined  by  
p l a s t i c  f a i l u r e .  

Fo r  the e m b r i t t l e d  s t a t e  a l a r g e  body of e x p e r i m e n -  
t a l  ev idence  l eads  us to make a s i m i l a r  pos tu l a t e  that  
the m a x i m u m  cohes ive  fo rce  along p r i o r  aus ten t t e  
g ra in  b o u n d a r i e s  is  l owered  by the bui ldup of s e g r e -  
ga ted  i m p u r i t i e s ,  as  can be s c h e m a t i c a l l y  i l l u s t r a t e d  
in Fig .  12(b). F r o m  the p r e s e n t  r e s u l t s  we conclude 
that  the p r e s e n c e  of co l l ec t ed  hydrogen  can lower  th is  
cohes ive  s t r eng th  s t i l l  m o r e ,  so that  c r a c k  growth can 
occu r  a long these  g r a i n  bounda r i e s  at  v e r y  low va lues  
of s t r e s s  in tens i ty ,  hence with v e r y  s m a l l  a t tendant  
p l a s t i c  zones  and, t h e r e f o r e ,  s m a l l  amounts  of ab -  
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INTERPLANAR SEPARATION 

IFe GRAIN BOUNDARY 
~ F e  GRAIN BOUNDARY 

/ /~ / / . - -  "'k~ WITH IMPURITY 
~) ~ ' , f  " -  kk/.~ IMPURE GRAIN BOUNDARY 

INTERGRANULAR SEPARATION 
(b) 

Fig. 12--(a) Schematic plot of cohesive  force vs separa t ion  of 
a tomic p lanes  in an iron la t t ice  in the absence  of hydrogen 
(solid curve) and with a ce r ta in  concent ra t ion  of hydrogen 
p re sen t  in the vic ini ty  of the c r a c k  tip (dashed curve),  a f te r  
Oriani ,  R e i  11. (b) Similar  plot to 12(a) showing the proposed 
additive effect f rom the superpos i t ion  of the impur i ty  effect 
and the hydrogen effect. 

s o r b e d  e n e r g y .  W h e n  c o n s i d e r e d  in  t h i s  way ,  t he  a d d i -  
t i v e  e f f e c t  s e e m s  q u i t e  n a t u r a l ,  a n d  t h e s e  o b s e r v a t i o n s  
a r e  t h u s  c o n s i s t e n t  w i t h  O r i a n i ' s  a n a l y s i s ,  w h i c h  p u t s  
t he  m a i n  e m p h a s i s  on  t he  l o w e r i n g  of t he  m a x i m u m  c o -  
h e s i v e  f o r c e  b y  c o l l e c t e d  h y d r o g e n .  

It  i s  h a r d l y  n e c e s s a r y  to  p o i n t  ou t  t h a t  t h i s  t e n d e n c y  
f o r  h y d r o g e n  e m b r i t t l e m e n t  a n d  i m p u r i t y - i n d u c e d  e m -  
b r i t t l e m e n t  to  a c t  t o g e t h e r  in  a n  a d d i t i v e  f a s h i o n  p r e -  
s e n t s  p o s s i b i l i t i e s  of f a i l u r e s  of  l a r g e  s t r u c t u r e s  a t  
v e r y  low s t r e s s e s .  H e n c e ,  we s u g g e s t  t h a t  t h i s  e f f e c t  
d e s e r v e s  i n c r e a s e d  a t t e n t i o n  in t he  n e a r  f u t u r e .  

C ONC LUSIONS 

1) S a m p l e s  f r o m  a c o m m e r c i a l l y  p r o d u c e d  h e a t  of  
HY 130 s t e e l  h a v e  b e e n  f o u n d  to b e  r e m a r k a b l y  s u s c e p -  

t i b l e  to  t e m p e r  e m b r i t t l e m e n t ;  a 583 K (310~ i n c r e a s e  
in t r a n s i t i o n  t e m p e r a t u r e  r e s u l t e d  f r o m  s t e p - c o o l i n g .  

2) In t h e  s t e p - c o o l e d  ( e m b r l t t l e d )  c o n d i t i o n  t h e  s t e e l  
w a s  f o u n d  to b e  h i g h l y  s u s c e p t i b l e  to  i n t e r g r a n u l a r  
c r a c k  g r o w t h  in a h y d r o g e n - p r o d u c i n g  e n v i r o n m e n t  
(0.1 N H2SO4) , w h e r e a s  t h e  s a m e  s t e e l  in  t he  u n e m b r i t -  
t l e d  c o n d i t i o n  i s  m u c h  l e s s  s e n s i t i v e  to  h y d r o g e n .  

3) T h i s  c o o p e r a t i v e  a c t i o n  of h y d r o g e n  a n d  c o h e s i o n -  
l o w e r i n g  i m p u r i t i e s  c a n  b e  u n d e r s t o o d  in  t e r m s  of t h e  
O r i a n t  t h e o r y  of h y d r o g e n  e m b r i t t l e m e n t .  
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