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.AN ,EVALUATION OF HYDROGEN EMBRITTLEMENT 

* 
I N  Cr-Mo PRESSURE VESSEL STEELS 

B.  J .  Shaw and E. W. Johnson 
Westinghouse Research and Development Center 

P i t t s b u r g h ,  Pennsylvania 15235 

A b s t r a c t  

C o m e r c i a l  2& C r - 1  Mo low s t r e n g t h  s t e e l  specimens have been t e s t e d  t o  

measure t h e i r  s u s c e p t i b i l i t y  t o  hydrogen embri t t lement  i n  an environment of 

H2S a t  50 ps ig .  It was found t h a t  two f a c t o r s ,  v i z .  i )  t h e  p lane  s t r e s s  

zones on t h e  c r ack  f r o n t  i n  compact t ens ion  specimens and i i )  incuba t ion  

time e f f e c t s ,  s e r i o u s l y  confounded measurements on t h e s e  s t e e l s  when t e s t e d  

by convent ional  r i s i n g  load  experiments.  Because of t h e  incuba t ion  time 

e f f e c t ,  KO, ( t h e  s t r e s s  i n t e n s i t y  a t  which c rack ing  s t a r t s  i n  a  r i s i n g  load  

t e s t )  is a  load ing  r a t e  dependent v a r i a b l e  and i s  u s u a l l y  s i g n i f i c a n t l y  

g r e a t e r  than  t h e  a r r e s t  s t r e s s  i n t e n s i t y ,  Karr  i n  a  b o l t  loaded t e s t .  Karr  
must t h e r e f o r e  be used a s  a  measure of hydrogen r e s i s t a n c e .  The incuba t ion  

t i m e  has  been s i g n i f i c a n t l y  reduced by c y c l i c l y  load ing  i n  t h e  environment 

t o  i n i t i a t e  t h e  c r ack  and Karr has been measured by hold ing  t h e  specimen i n  

cons tan t  displacement  immediately a f t e r  c rack  i n i t i a t i o n .  The p lane  s t r e s s  

problem has  been e l imina t ed  by deeply s i d e  grooving t h e  compact t ens ion  (CT) 

specimens. 

A s  an example of t h e  importance of t h e s e  e f f e c t s  a 3T CT smooth s ided  

specimen was compared w i t h  a  s i d e  grooved 2T CT specimen of t h e  same s t e e l .  

Whcrcnc, t h e  KO, va lue  f o r  t h e  smooth 3T was appioximately 150 k s i  i n 4  t h e  

K,,, v a l u e  f o r  t h e  s i d e  notched 2T was approximately 20 k s i  in%. A s t u d y  

of t h e  e f f e c t  o f  s t r e n g t h  l e v e l  i s  i n c l u d e d .  

* 
This work was suppor ted  by t h e  Department of Energy E)ivislon of Coal 
Conversion. 
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I n t r o d u c t i o n  

Hydrogen embr i t t l emen t  of low a l l o y  s t e e l s  can be  d iv ided  i n t o  t h r e e  

broad ca t ego r i e s :  h igh  s t r e n g t h  s t e e l s ,  wi th  y i e l d  s t r e n g t h s  ( u  ) of o r d e r  
Y 

175 k s i  o r  1200 MPa which a r e  prone t o  c rack ing  i n  pure hydrogen gas;  

i n t e r m e d i a t e  s t r e n g t h  steel!s- (a  -I20 k s i  o r  850 MPa) which a r e  l e s s  sus- Y 
c e p t i b l e  t o  f r a c t u r e  i n  hydrogen gas  bu t  c rack  r e a d i l y  i n  H2S gas ;  and low 

s t r e n g t h  s t e e l s  (a 1 7 0  k s i  o r  500 MPa) which w i l l  on ly  c rack  f n  hydrogen Y 
charged aqueous s o l u t i o n s .  These t h r e e  c a t e g o r i e s  have been de l inea t ed  i n  

e a r l i e r  pape r s  (1 ,2) .  

I n  t h i s  paper  w e  r e p o r t  t h e  methods developed t o  a s s e s s  t h e  hydrogen 

embr i t t l ement  s u s c e p t i b i l i t y  of low s t r e n g t h  24 C r - 1  Mo s t e e l s  i n  commer- 

c i a l l y  pu re  H2S gas.  The a r e a  explored  l ies  i n  t h e  range i n  which t h e  

p r o p e n s i t y  t o  c r ack ing  i s  l i m i t e d  and consequent ly  t h e  experimental  tech- 

n ique  had t o  be  c a r e f u l l y  r e f i n e d .  The experiments  were designed tu mea- 

s u r e  t h e  t h r e s h o l d  stress i n t e n s i t y  (Kth) which is  a l s o  commonly des igna ted  

KIscc where s c c  i s  s u b - c r i t i c a l  c rack ing .  S ince  our  experiments measured 

the)  s t r e s s . i n t ens i . , t y ,  a t  which t h e  c rack  appa ren t ly  a r r e s t e d ,  we use bo th  

t he*  t e rns :  Kgr,. and! KIscc: fb r -  our: r e su l t s . .  

Thelmost impor tan t  f a c t o r s  recognized i n  ob t a in ing  Karr were t h e  in -  

f l u e n c e  o f  i ncuba t ion  time and t h e  r o l e  of t h e  p lane  s t r e s s  zones p re sen t  

on e i t h e r  s i d e  of  t h e  compact t e n s i o n  (CT) specimens used i n  t h e  t e s t s .  

S ince  t h e  i ncuba t ion  t ime f o r  c r ack  i n i t i a t i o n  i s  u s u a l l y  l a r g e  i n  low 

s t r e n g t h  s t e e l s ,  i t  was no t  p o s s i b l e  t o  e s t i m a t e  KIscc from a  s imple r i s i n g  

l o a d  test.  The r i s i n g  load  method y i e l d s  a  s a t i s f a c t o r y  va lue  of KIscc i f  

t h e  incubariod t i m e  is very  s h o r t  and is  sometimes r e f e r r e d  t o  a s  t h e  
11 apparen t  KIscc1* ( 3 ) .  A, d e t a i l e d  d i s c u s s i o n  of t h e  i n f luence  of incuba t ion  

t i m e  i n  t h e  r i s i n g  load  t e s t  i s  presen ted  elsewhere (4) .  

The e f f e c t  of t h e  p l ane  s t r e s s  zones is  e s s e n t i a l l y  t h a t  of pl,nni.ng 

t h e  c r ack  on e i t h e r  s i d e  of  t h e  CT. specimen. The conventional b o l t  loaded 

~ CT specimen, f o r  example, would' have a  "tunneled" crack f r o n t ,  i'n. which t h e  

c e n t e r  of t h e  c r a c k  i n  p l ane  s t r a i n  has  advanced much f u r t h e r  than t h e  

sides. This  e t f e c t  is d i scus sed  by  Gerberich ( 5 ) . .  The eva lua t ion  of KIscc 

from a  specimen w i t h  a  tunne led  c r ack  con f igu ra t i on  is extremely d i f f i c u l t .  

The experiments  p r e s e n t e d ~ h e r e  i nco rpo ra t e  va r ious  methods1 f i r  over-. 
I 

coming t h e s e  d i f f i c u l t i e s  and may b e - r e g a r d e d . a s  a hybr id  o f  t h e m o r e  s tan-  

dard.  techniques.  The- measured, Karr v a lues  i n  many i n s t a n c e s  a r e .  

s u r p r i s i n g l y  smal l .  However, from t h e  p o i n t  o f ' v i e w  o f  t h e  i n d u s t r i a l '  



des igne r ,  i t  should be  po in ted  o u t  t h a t  t h e  mechanical h i s t o r y  of t h e  spec i -  

men t e s t e d  i n  t h e  . l a b o r a t o r y - i s  unLtkely t o  be  found i n  normal commercial 

a p p l i c a t i o n s .  

Discuss ion  of  t h e  Experimental Technique f o r  Tes t i ng  
Low S t r eng th  S t e e l s  i n  H2S 

One of t h e  o b j e c t i v e s  of t h i s  s tudy  was t o  eva lua t e  KIscc a s  r a p i d l y  a s  

p o s s i b l e .  Whereas t h i s  is  a  r e l a t i v e l y  easy t a s k  i n  h igh  s t r e n g t h  s t e e l s ,  . 

which have sma l l  i ncuba t ion  t imes and very  smal l  p lane  s t r e s s  zones,  i t  i s  

i n c r e a s i n g l y  d i f f i c u l t  a s  t h e  y i e l d  s t r e s s  is  decreased. The cons t an t  d i s -  

placement o r  b o l t  load  t e s t  de sc r ibed  by Novak and Rolfe  (6)  ha s  been demon- 

s t r a t e d  t o  y i e l d  a  Karr  which i s  i d e n t i c a l  t o  Kth  measured i n  cons t an t  load  

tests. A f t e r  an i ncuba t ion  time ti ( i n  t h i s  t e s t ) ,  t h e  c rack  grows a t  de- 

c r e a s i n g  K va lues  u n t i l  a r r e s t  occu r s  a t  Karr .  There a r e  d i f f i c u l t i e s  i n  

u s ing  t h i s  t e s t  f o r  low s t r e n g t h  s t e e l s .  F i r s t ,  t h e  incuba t ion  t i m e  is  

u s u a l l y  v e r y  long and hence one I s  tempted t* s t a r t  a t  an app l i ed  K 

ve ry  much g r e a t e r  than  Karr.  However, i f  K is  too  g r e a t  compared wi th  

Karr,  t h e  c rack  approaches t h e  back f ace  of t h e  specimen on a r r e s t .  The 

experiment cannot t hen  y i e l d  a  v a l i d  Kar r ,  s i n c e  t h e  p l a s t i c  zone s i z e  may 

be  comparable w i t h  t h e  remaining l igament .  A second problem l i es  i n  t h e  ex- 

c e s s i v e l y  l a r g e  p lane  s t r e s s  zone r produced i n  low s t r e n g t h  s t e e l s .  An 
Y 

Y 
K2  whe reK is t h e  app l i ed  approximate va lue  f o r  r is  given by ( 7 )  ry = 7, 

stress i n t e n s i t y  and ay i s  t h e  y i e l d  stress. It w i l l  be  shown below t h a t  

p lane  s t r e s s  zones e f f e c t i v e l y  p i n  t h e  crack and l ead  t o  cons ide rab l e  over- 

e s t i m a t e s  of  Karr. 

The two primary problems, p l ane  s t r e s s  zone pinning and incuba t ion  

t i m e ,  were reduced a s  fo,llows. 

P lane  S t r e s s  Zone El imina t ion  

I n  t h e  f i r s t  test  desc r ibed  below on a  3T CT specimen, i t  was found 

t h a t  t h e  p l ane  s t r e s s  zone was 0.5 i n . o r  12 mm maximum (Fig. 1 ) .  It was 

decided t h e r e f o r e  t o  i n c o r p o r a t e  s i d e  grooves on specimens w i t h  a  depth 

approximately h a l f  of t h e  maximum p lane  stress p inning  zone. The r e s u l t  of 

t h i s  specimen mod i f i ca t i on  can be  seen  i n  Fig.  2;  the crack f r o n t  is  rcn- 

sonably s t r a i g h t ,  t hys  implying t o  a  f i r s t  approximation t h a t  t h e  e n t i r e  

c rack  f r o n t  is  i n  p l a n e  s t r a i n .  

Es t imates  of t h e  s t r e s s  i n t e n s i t y  K i n  a  s i d e  grooved specimen a r e  n o t  

a s  p r e c i s e  a s  t h o s e  f o r  a convent iona l  smooth s ided  specimen. The s i m p l e s t  



pproach f o r  a n  e s t i m a t e  of  K (8) i s  t o  a s s i g n  an  e f f e c t i v e  t h i cknes s  t o  t h e  

pecimen, B e f f ,  which i s  t h e  geometr ic  mean of t h e  o v e r a l l  t h i cknes s ,  B ,  and .. 
he c r a c k  p l a n e  t h i c k n e s s ,  BN, o r  Beff = (B x B ~ ) % .  Th i s  e s t i m a t e  f o r  Beff  - 
a s  used by Novak and Ro l f e  (6). Po l lock  (9) i n  l a t e r  work concluded t h a t  

he  e f f e c t  of  s i d e  groove depth  f o r  B / B ~  i n  t h e  range 1.1 t o  2.9 on t h e  

r a c k  growth r a t e  i n  stress c o r r o s i o n  t e s t s  was n o t  s i g n i f i c a n t .  

Throughout t h e  t e x t  v a l u e s  f o r  K a t  v a r i o u s  s t a g e s  of c rack  growth w i l l  

e given.  These va lues  a r e  e s t i m a t e s  based upon t h e  fo l lowing  methods: 

a )  I f  t h e  compliance o f  t h e  specimen is measured a t  any s t a g e  an e s t ima te  

#f t h e  c r a c k  l e n g t h  i s  ob ta ined  from methods given by Saxena and Hudak (10). 

Th i s  a p p l i e s  f o r  both grooved and ungrooved specimens.]  (b) For a  given 

: rack  l e n g t h ,  e i t h e r  measured o r  e s t ima ted  i n  an ungrooved specimen, K can 

be e v a l u a t e d  d i r e c t l y  from t h e  load  P (10).  (c )  For a  given c rack  l eng th  

.n a  s i d e  grooved specimen K i s  e s t ima ted  by r ep l ac ing  t h e  specimen th ick-  

less B by an  e f f e c t i v e  specimen t h i c k n e s s  B e f f .  

Wherever p o s s i b l e  t h e  c r ack  l e n g t h  a t  any given s t a g e  is  taken  d i r e c t l y  

Yrom tlre specimen) f r a c t u r e  s u r f a c e .  

Zeducti.on of t h e  Incubat ion  Time ( t i )  

Once t h e  p l ane  stress problem i s  removed, t h e  incuba t ion  time is  t h e  

primary o b s t a c l e  t o  e v a l u a t i n g  Kar r ,  s i n c e  w e  r e q u i r e  t o  e v a l u a t e  Karr a s  

r a p i d l y  a s  pos s ib l e .  There a r e  probably a  l a r g e  number of f a c t o r s ,  w i th  

varying degrees  of importance c o n t r i b u t i n g  t o  ti. These i nc lude  (a )  hydro- 

gen s u l f i d e  r e a c t i o n  w i t h  a  s u r f a c e  ox ide  f i l m  n e a r  t h e  c r ack  t i o ,  (h) H ~ S  

r e a c t i o n  w i t h  t h e  f r e s h  me ta l  s u r f a c e  i n  t h e  c r ack  t i p  v i c i n i t y ,  (c)  hydro- 

gen e n t r y  i n t o  t h e  meta l  and d i f f u s i o n  o r  t r a n s p o r t  t o  a  c r i t i c a l  c rack  

t i p  l o c a t i o n ,  (d) hydrogen accumulat ion i n  t h e  c r i t i c a l l v  s t r e s s e d  reg ion  

u n t i l  a  concen t r a t i on  s u f f i c i e n t  f o r  i n t e r n a l  c rack  nuc l ea t i on  is  a t t a i n e d ,  

(e )  n u c l e a t i o n  of t h e  i n t e r n a l  c r ack  and growth a t  a r a t e  determined by t h e  

r a t e  of  supply  of hydrogen i n  t h e  p rev ious ly  descr ibed  p roces se s ,  and 

f i n a l l y  ( f )  breakthrough of t h e  i n t e r n a l  c r ack  t o  j o i n  t h e  e x i s t i n g  crack.  

Of t h e s e  t h e  s u r f a c e  ox ide  f i l m  a t  t h e  c r ack  t i p  a f t e r  a i r  p r e - f a t i gue  

c r ack ing  i s  probably one of t h e  most important  f a c t o r s .  Frac tographic  ev i -  

dence t o  suppor t  (e)=and ( f )  has  been found i n  a n  HY 180 s t e e l  t e s t e d  i n  

hydrogen (4)  in.which i t  was a l s o  observed t h a t  t h e  c r ack  circumvented t h e  

p l a s t i c  zone a t  t h e  t i p  of  t h e  p re - f a t i gue  c rack .  Thus i t  is  i n f e r r e d  t h a t  

t h e  work hardened reg ion  a t  t h e  t i p  of t h e  c r ack  can a l s o  a c t  as a  c rack  

i n h i b i t o r .  
4 



I n  o;der t o  'minimize  i n c u b a t i o n  time e f f e c t s  we t h e r e f o r e  f a t i g u e -  

pre-cracked specimens i n  t h e  H2S environment.  S i n c e  we are no l o n g e r  con- 

cerned w i t h  measurements o f  KO, t h e  maximum f a t i g u e  s t r e s s  l e v e l  is - n o t  a 

c o n s i d e r a t i o n  as kt would s p e c i f i c a l l y  b e  f o r  measurements of KIc ( i . e .  KO, 

measured i n  a i r ) .  The p rocedure  developed f o r  c r a c k  i n i t i a t i o n  t e s t  was t o  

c y c l i c l y  l o a d  t h e  specimen i n  t h e  environment a t  0 . 5  Hz, by i n c r e a s i n g  Gax 
values*  i n  s t e p s  u n t i l  c r a c k  growth was c l e a r l y  d i s c e r n i b l e  by a  change i n  

t h e  specimen compliance.  Each s t e p  was conducted a t  a c o n s t a n t  maximum d i s -  

placement s o  t h a t  c r a c k  growth was e x h i b i t e d  by a d e c r e a s i n g  maximum l o a d .  

A d e c r e a s i n g  Gax w i t h  c r a c k  advance i s  a u t o m a t i c a l l y  b rought  about  by t h i s  

method. 

1mrnedia.te.ly a f t e r  t h e  env i ronmenta l  c y c l i c  l o a d i n g  c r a c k  growth s t a r t e d ,  

unox id ized  m e t a l  was exposed and t h e  specimen cou ld  be  t e s t e d  t o  e v a l u a t e  

Kar r  w i t h o u t  an  e x c e s s i v e  i n c u b a t i o n  t i m e .  The method used t o  a r r i v e  a t  

Karr was s imply t o  h o l d  t h e  specime,n a t  a c o n s t a n t  d i sp lacement  v ( c  = O), 

s t a r t i n g  a t  a  d i s p l a c e m e n t  s l i g h t l y  h i g h e r  t h a n  t h a t  a s s o c i a t e d  w i t h  t h e  

l a s t  sax. T h i s  is  e s s e n t i a l l y  a s i m u l a t e d  b o l t  loaded t e s t  i n  which t h e  

l o a d  drop a t  c o n s t a n t  d i sp lacement  can be  modi tored.  T y p i c a l l y  i n  2% C r -  

1 Mo specimens,  tempered . to  a n  u l t i m a t e  s t r e n g t h  l e v e l  of o r d e r  105 k s i  

(724 MPa), t h e  t i m e  f o r  t h e  c r a c k  t o  grow t o  Karr i s  2  t o  3  days  (1.7 x  l o 5 -  
2.6 x l o 5  s ) .  

Exper imental  T e s t  Assembly 

S t a i n l e s s  s t e e l  chambers were  des igned  t o  t e s t  l T ,  2T and 3T compact 

t e n s i o n  (CT) specimens i n  an  environment o f  446 KPa commercial h i g h  p u r i t y  

H2S. The l o a d  o r  d i sp lacement  a p p l i e d  t o  t h e  specjmen was c o n t r o l l e d  by a 

f u n c t i o n  g e n e r a t o r .  The l o a d i n g ' w a s  performed by a s e r v o h y d r a u l i c  machine 

w l ~ l l  c u ~ i t i n u a u s  feedback c o n t r o l  based upon the  o u t p u t  e i t h e r  from t h e  l o a d  

c e l l  on t h e  t i e  rod t o  t h e  specimen o r  from a n  LVDT, which measured d i s -  

placement on t h e  f r o n t  f a c e  o f  t h e  CT specimen. Both t h e  LVDT and t h e  l o a d  

c e l l  were l o c a t e d  o u t s i d e  t h e  chamber t o  p r e v e n t d e g r a d a t i o n  by t h e  H2S gas .  

P r i o r  t o  each t e s t  t h e  chamber.was evacua ted  a t  -20 Pa f o r  1 6  t o  20 h r .  

* sax is  t h e  upper  K a s s o c i a t e d  w i t h  t h e  c y c l i c  l o a d i n g .  

5. 



Experimental  Resu l t s  

P re l imina ry  Tes ts :  Sample No54H 

I n  t h i s  s e c t i o n  we p r e s e n t  t h e  d a t a  genera ted  from t h r e e  CT specimens 

(IT, 2T and 3T) t aken  from one s teel  sample. The sample is 2% C r - 1  Mo p l a t e  

donated t o  t h e  program by t h e  American Petroleum I n s t i t u t e  and is des igna ted  

a s  No54. It was r e - a u s t e n i t i z e d  and cooled t o  produce a  b a i n i t i c  s t r u c t u r e  

and subsequen t ly  tempered t o  a  Rockwell C hardness  of o r d e r  19.5. This  is  

e q u i v a l e n t  t o  a  U.T.S. l e v e l  o f  o r d e r  108 k s i  (758 MPa). The hea t  t r e a t -  

ments and sample a n a l y t i c a l  chemis t ry  are given i n  Table I. 

Table  I. Heat Treatment and A n a l y t i c a l  Chemistry of Sample 54 

- - 

Heat 'l'reatment st' 6-in t h i c k  p l a t e :  , 

A s  r ece ived  1750°F - 8 h r  - water  quench 
1290°F - 8 h r  - water  quench 

Second Heat Treatment 
p rc -hca t .  900°F - 15  hr + 

1700°F - 3 h r  
Repeated wa te r  d i p  quench* 

t o  900°F - 1 h r  - a i r  coo l  
temper llOO°F - 9 h r  - a i r  cool  

*Not less than  700°F; Rockwell Hardness RC 19.5;  Equivalent  UTS 
108 k s i  

A n a l y t i c a l  Chemistry 

Element C C r  Mo Mn S  i N i  Cu 
Weight pe rcen t  .125 2.19 .93 .47 .47 . I 3  .09 

Element P S  Sn Sb 0 N A s  
' P a r t s  pe r  m i l l i o n  143  42 . 1.06 21 51  142 249 

Conversions: 1 h r  = 3 . 6  x l o 3  s 
t u C  = ( t " ~  - 32) /1 .8  

1 k s i  = 6.895 MPa 

The ha rdnes s  of t h i s  sample is  t h e  same o r d e r  of magnitude a s  t h e  peak 

hardne.ss.found i n  t h e  h e a t  a f f e c t e d  zones (HAZ) a round-welds  i n  2% C r - 1  Mo 

p l a t e  (.11). The re-tempered s t ee l  was in tended  t o  s imu la t e  t h e  HAZ i n  p l a t e  

m a t e r i a l  r ecogn iz ing  a t  t h e  same t ime t h a t  t h e . s t r u c t u r e  would no t  be  com- 

pa rab l e  w i t h  t h a t  :found i n  an a c t u a l  HAZ. Comparison w i t h  d a t a  from an 

a c t u a l  HAZ w i l l  be  pub l i shed , e l s ewhere .  



,Sample No54H, 3T CT Smooth Sided Specimen. The 3T specimen was .. -- . . 

machined accord ing  . to  t h e  ASTM E399 spec i f ic ,a t ions . .  . . It was machined with- 

ou t  s i d e  notches s i n c e  i t  was l a r g e  enough t o  have a t  l e a s t  60% of t h e  

c rack  f r o n t  i n  a p l a n e  s t r a i n  condi t ion .  Complete d e t a i l s  of t h e  experi-  

ments on  t h i s  specimen a r e  given so  a s  t o  provide t h e  background f o r  t h e  

f i n a l  t e s t  technique.  
. . - 

The specimen was c y c l i c l y  loaded a t  0.5 Hz i n  50 p s i g  H2S (446 KPa) 

environment a t  a maximum K of 77 ks i& t o  produce approximately .17 i n  of 

c rack  growth. It was then  loaded and he ld  a t  cons tan t  displacement ( G  = 0)  

i n  fou r  s t a g e s  of i n c r e a s i n g  appl ied  K = 102, 124, 130 and 133 k s i  in'. A t  

each s t a g e  t h e  compliance check ind ica t ed  no crack  growth had taken p lace .  

I n  t h e , f i n a l  s t a g e  of t h i s  s e t  of experiments t h e  specimen was he ld  a t  a K 

of 133 k s i 6  f o r  175 h r  o r  j u s t  over  one week. 

I n  o r d e r  t o  be s u r e  t h a t  t h e  c rack  t i p  had not b lunted  i n  t hese  experi-  

ments, t h e  specimen was c y c l i c l y  loaded aga in  a t  a maximum K of 130 k s i J i f .  

I t  was then  reloaded a t  a cons tan t  displacement r a t e  u n t i l  crack growth 

s t a r t e d  a t  a K of approximately 148 k s i  1,'. The crack continued t o  grow . . 

a t  decreas ing  loads  a s  t h e  displacement was increased .  The t e s t  was s:topped 

a t  K of o r d e r  155 k s i  in' a t  which poin t  t he  c rack  had grown .09 i n .  The 

specimen was then reloaded t o  a K o f  o rde r  159 k s i  i and he ld  a t  C = 0 f o r  

53 hr .  I n  t h i s  per iod  t h e  load dropped cont i l~uous ly .  The cons tan t  d i s -  

placement t e s t  was ended t o  t ake  a compliance check a t  K of o rde r  143 k s i  i2 

i n  which time t h e  c r a c k h a d  grown 0.23 i n .  This  r e p r e s e n t s  a c r ack  growth 

r a t e  of 5.5 x i n l h r .  

Two s i m i l a r  t e s t s  were conducted from K = 143 t o  140 i n  20 h r  and from 

K = 143 t o  125 k s i  i2 i n  71 h r .  A t  t h i s  po in t  t h e  tests were concluded, 

even though t h e  c rack  was s t i l l  growing, and t h e  specimen was pu l l ed  a p a r t  

i n  a i r .  F igure  1 shows t h e  f r a c t u r e  s u r f a c e  upon which t h e  va r ious  t e s t  

s t a g e s  a r e  reasonably c l e a r l y  de l inea t ed .  Measurements of t h e  c rack  l eng th  

on t h e  specimen d id  not  c o r r e l a t e  w e l l  w i t h  t h e  c rack  l eng ths  der ived  from 

t h e  compliance da t a .  I n  f a c t  t h e  compliance e s t ima te s  of t h e  crack l e n g t h  

were almost  e x a c t l y  t h e  average of t h e  maximum (cen te r )  and miniu~um ( s i d e )  

c rack  l e n g t h s  and sat t h e  a,verage crack l eng th  a c r o s s  t h e  c rack  f r o n t .  

Throughout t h i s  s e c t i o n  p l e a s e  convert :  
1 h r  = 3.6 x 1 0 3 s  
1 i n  = 2.54 x 102m 
1 ksi in3 = 1.099 MF'a m+ 



R review of  t h e  d a t a  is  g iven  i n  Table  11. This  one test ,  which con- 

sumed more t h a n  20 days  a c t f v e  t e s t i n g . t i m e ;  showed t h a t  t h e r e  was a s i g n i -  

f i c a n t  p l a n e - s t r e s s  component of  approximately 0.5 i n  on each s i d e ,  and 

t h a t  c r a c k  growth r a t e  was ve ry  slow. The second tes t ,  on t h e  2T CT spec i -  

men, was t h e r e f o r e  modif ied i n - a n  a t tempt  t o  e I imina t e  t h e  p lane  s t r e s s  

'component by i n t r o d u c i n g  a 0.25 i n  s i d e  groove on t h e  specimen s i d e s .  

- 
Table 11. Resume of Data from Specimen 54H-,3T* 

T e s t  
S t ep  

Tes t  

-- - -  - 

Comment . 

C y c l i c  l o a d i n g  a t  0 .5  Hz i n  H2S 

%ax = 77 
C o n s t a n t  i l i  splacomont 

i )  K = 102 f o r  10  h r  
i i )  K = ,124 f o r  16  hr 

5 , i . i )  K = 130 f o r  65 h r  
i v )  K = 133 f o r  175 h r  

C y c l i c  l oad ing  a t  0 .5  Hz i n  H2S 

%ax = 130 

Slow constant .  r i s i n g  displacement  
r a t e .  Tes t  s topped a t  K = 156 

Reload t o  K = 159 and ho ld  a t  
c o n s t a n t  displacement  53 h r .  
Unload a t  K = 143 

Crack growth 

No crack  growth 
No crack  growth 
No craclr growth 
No crack  growth 

Crack growth 

Crack growth a t  K = 148 

Crack growth r a t e  i 
Cpprox. 5 .5  x i n l h r  
K approx. 0 .3  k s i  in?i/hr 

6 Reload tu I; = 14.3 and hold  a t  Crack growth r a t e  H 
c o n s t a n t  displacement  20 h r .  approx. 5 .0  x i n / ? r  
Unload a t  K = 140 f o r  compl.jance K opprox. 0.15 k s i  in'S/hr 
d a t a  

7 Growtl~ a t  c o n s r a i ~ t  displacement  Crack growth r a t e  6 (/I31 
cont inued  from K = 143 t o  K = 125 ?pprnx.  6.0 x 10-3 i n l h r  
i n  7 1  h r .  T e s t  ended - c rack  K approx. .25 k s i  i n 3 / h r  
s t i l l  growing. 

To ta l  t e s t i . ng  t i m e  apgrox. 20 days 

((1) 1 a t  specimen c e n t e r  6 .8  x i n / h r  f rom actual crack 
(I21 i a t  specimen c e n t e r  7.5 x lo-)  i n l h r  lengths at center, 
(#3)  H a t  specimen c e n t e r  4.2 x loe3  i n / h r  

See t e x t  f o r  d e t a i l s .  The u n i t s  of  K a r e  k s i  in5 throughout ,  and a r e  de- 
r i v e d  s o l e l y  from compliance d a t a  and load-time curves.  

Sample No54H, 2T CT 0 .25  Side Groove Tes t .  The s t anda rd  2T CT specimen 

was modi f ied  by the  i n t r o d u c t i o n  of  a 0.25 i n  s i d e  groove on t h e  specimen s i d e .  

The specimen was c y c l i c l y  loaded a t  0.5 Hz t o  a f i n a l  %ax of 48 k s i  irh. It 

was t h e n  loaded  t o  a K of 105 k s i  in'l and h e l d  a t  cons t an t  displacement .  A f t e r  



70'hr the crack had extended to 0.35 in from the back of the specimen and 

had s K estimated between 20 and 25 ksi in$. A plot of the crack length as 

a function of time was almost linear giving = 22x10'~ in/hr. Similarly ' l? was almost constant at -1.3 ksi in fhr. The photograph of the fracture 

surface shows that the crack has a straight front indicating that the 

entire test was under the plane-strain conditions. It should be noted how- 

ever that the fatigue crack front was not straight but had a "reverse-tunnel" - - 
shape (Fig. 2). 

'a 

Sample 54H, 1T CR 0.25 Side Groove Test. The standard 1T CT specimen 

was modified by machining a 0.25 in side-groove on the sides. Since the 

rationale for the side grooves was to eliminate the plane-stress component, 

which in this sample was of order 0.5 in (i.e. a total of 1 inch in the 

entire crack front) and since also the side grooves represented such a 

radical modification to the conventional CT specimen, the test on the 1T 

specimen was limited to assess its applicability to obtaining valid data. 

The specimen cracked by cyclic loading in the 50 psig H2S environment and 

held at constant displacement at K = 43 ksi in' for 39 hr and after cyclicly 

cracking again at K = 48 ksi ink for 20 hr. No static displacement crack 

growth took place in either test. The final environment cyclic loading sax 
was 63 ksi i&. The specimen was then loaded to 69 ksi in' and held in 

constant displacement. After 17 hr the crack had extended to an applied K 

of order 50 ksi i&. The specimen was unloaded and pulled apart in air. 

The fracture surface, Fig. 3, shows that the crack front is straight, indi- 

cating that plane-strain conditions prevailed. The compliance measurements 

gave accurate estimates of the crack length in both the 2T and the 1T speci- 

men. For the test peribd in the 1T specimen 5 =15X 10'~ infhr and k = -1.1 -- 
ksi in'lhr. The 1T data compares reasonably well with the 2T-specimen data 

bearing in mind the method used to assess the compliance and K values for 

the deeply side grooved 1T specimens. 

Tests on Samples 55H and 77H 

The heat treatments and chemistries of samples 55 and 77 are given in 

Tables I11 and IV. These samples were tempered to approximately the same 

eLrengL11 le-1 as Nm56E. 

In this section the data of teste very similar to those of 54H 2T are 
I 

recorded witb less fine detail. Changes or modifications in the test proce- 

dure are nohd. 



Fig. 1 - Fracture surface of 3T compact tension specimen Fig. 2 - Fracture surface of deeply side grooved 2T 
54H tested in 50 psig H2S. This was a smooth compact tension specimen 54H tested in 50 psig 
sited specimen which exhibited the effect of X2S. This specimen exhibits little or no 
the plane-stress zones on either side. The effect from plane-stress on either side of the 
crack front pinning in the plane-stress zones crack front. 
is verv striking. 



Fig. 3 - Fracture surface of deeply side gruuved 1T compact 
tension specimen 54H tested in 50 psig H2S. The 
constant displacement Lest was terminated prior to 
crack arrest in order 'to assess the crack front 
configuration. There is no evidence of plane stress 
pinning on the sides of the crack front. 

Sample. This standard 3T CT 

specimaxl had 0.25 in side grooves. After cracking by cyclic loading in the 

50 psig H2S environment, the specimen was subjected to simulated bolt load 

conditions or constant displacement control. The same test at increasing K 

values was repeated but in no instance did crack growth take place. The 

specimen finally failed catastrophically at a stress intensity of 134 ksis. 

The arrest value of K could not be measured. 

Sample No55H, 2T CT 0.25 in Side Grooved Specimen. This specimen was 

cracked by cyclic loading in the environment after finding no crack growth 

in constant displacement at K = 50 ksi& the cyclic load cracking was con- 

tinued up to a KuaA = 75 ksi&. At this point, at the peak of one load * 
cycle the crack advanced dynamically, and arrested at K = 66 k s i 6 ,  producing 

0.6 in crack growth. All further attempts to make the crack grow in constant 

displacement were unsuccessful. 



Table 111. Reat Trea-t and b a l y t i c a l  CBLedstry af Sample 55 
(2% Cr-1  No Steel) 

Heat Xreatment on 6-in thfck plate: 

dg received 1750°F - 8 hr  - a i r  cool 
fZWDF - 8 lxr - water quea&h 

Second Heat Trea-t 
+re-heat 900*F - 15 h r  + 

l700'F - 3 hr  
Repeated water dfp quench* 

to  900°F - 1 hr  - a i r  cool 
temper llOQ°F - 9 h r  - a i r  cool 

*Not l e s s  than 750°F; Rackwell Hardness RC 20; Equivalent UTS 
110 k s i  

Analytical Chemistry 

E l  emen t C Cr & Mn S i  N i  CU 
Weight percent -126- 2.23 9 7  .45 . 3 9  .16 . l o  
E 1 emen t P S Sn Sb 0 N A s  
Par t s  per mill ion 130 52 112 - 20 35 142 307 

- 

Table I V .  Heat Treatment and Analytical Chemistry of Sample 77 
(1% Cr-% Mo Steel) 

-- - 

Heat Treatment on %-in thick forging: 

A s  received 1675OF - % h r  - a i r  cool 
1240°F - 5% h r  - a i r  cool 

Second Heat Treatment 
pre-heat 9W°F - 15 h r  + 

1700°F - 3 h r  
Repeated water d i p  quench* 

t o  900°F - 1 h r  - a i r  cool 
temper llOO°F - 9 h r  - a i r  cool 

*Not l e s s  than 750°F; Rockwell Hardness 22; Equivalent UTS 
115 k s i  

Analytical Chemsstry - . .  

Element C C r  Mn S i  Mi Cu 
Weight percezst -140 1.34 .45 -51 .6Q -18 1 7  

Elerent P S Sn Sb 0 N As 
Parts  per  mA1lion 108 173 145 22 23 78 90 

con-rsiona: 1 hr = 3.6 x l o3  s 
t D C  (eDF - 32)/f.8 

1 k s i  = 6.895 W a  



Sample No55H, 1T CT 0.25 in Side Grooved Specimen. After cracking by 

cyclic loading to Kmax = 50 k s i 6  the stress intensity was increased to 

64 k s i 6 .  'The specimen was then held in constant displacement control and 

the crack advanced slowly to a Karr = 44 ksi& in 34 hr. 

Sample No77H, 3T CT 0.25 in Side Grooved Specimen. This specimen was 

cracked by cycfic loading in the environment. Numerous small dynamic crack 

advances, represented by audible clicks and slight load decreases, were 

observed in the constant displacement loading cycles. No crack growth took 

place in constant displacement tests. The test was.then modified to give 

constant displacement for 1 hr followed by an unload and reload cycle for a 

periodic compliance check. A number of small crack advances were observed ' 

within the 1 hr hold periods. The stress intensities for these events 

ranged from 20 to 30 ksi&. 

After the environmental test, the specimen was exposed to air for 4 hr 

and loaded to failure at a rate k = 1.2 ksi&/min. Failure in air took 

.. place at a stress intensity of approximately 112 k s i 6  after a very small 

amount of plastic deformation. 

Sample No77H, 2T CT 0.25 Side Grooved Specimen. . This specimen failed 

catastrophically during initial loading in the environment at KO, = 53 ksi in. 

Sample No77H, 1T CT 0.25 Side Grooved Specimen. After cracking by cyclic 

loading in the environment, three tests were run on the same specimen. Crack 

- 29, 25.5 and 24 ksi&, respec- arrest took place in each test at Karrest - 
tively. A small amount of discontinuous cracking was observed in the second 

test at K = 35 k s i 6 .  After the environmental test, the specimen was loaded 

in air at a constant displacement rate k = 1.5 ksi&/min. The specimen under- 

wenL gross plastic deformation and did not crack at a stress intensity of 

approximately 80 k s i 6 .  At this point the test was ended. Plastic deforma- 

tion set in at approximately 50 ksi&. The specimen appearance was similar 

to that shown in Fig. 3. 

Sample No74-, Effect - .  of Strength Level. The effect of strength level, 

using the same test technique, was carried out on sample No74. The heat 

treatments and analytf cal chemistry are giver1 111 Table V. 

The resulp of the tests are given in Table VI. The highest strength 

specimen, which was untempered, cracked slowly from a maximum applied stress 

intensity Kor of 42 k s i 6  to crack arrest at Kar, = 28 ksi&. The three 

specimens with UTS in the intermediate range 0.f this series cracked catastro- 

phically. One of the three, 74-5, was held at constant displacement for 17 hr 



Table V. Heat 'Treatment History and Final S~rength L~vefs 
of Specimens of Sample No. 74 

-- 

(a) Heat Treatment Prior to Receipt 

1750°F -' 3 hr + water quench 
1225°F -4.5hr + air cool 
1100°F - '15 hr + ' 
1200°F - 30 hr + ) Simulated post weld heat treatment 
1f75OF - 16 hr 

(b) Heat Treatment to Form Bainite 

900°F - 15 hr + 
1700°F - 3 hr + 
Repeated water dip quench to 900°F (not less than 700°F) 
900°F - 1 hr. - air cool 

(c) Tempering Conditions and Strength Levels 

Speciqen Temperature Time Rockwe1,l Equivalent 
No. OF hr Hardness UTS (ksi) 

74-3 Untempered - C27 
74-1 1100 4 C22 
74-5 1.100 6 B99 
74-4 3.100 12 B97.5 
74-2 1100 16 B9 7 

Conversions: 1 hr = 3.6 x lo3 s 
t°C = (t°F - 32)/1.8 

1 ksi = 6.895 MPa 

(d) Composition of Sample No. 74 

Elcment C r Mo Mn 
Weight percent .lo3 2.28 1.00 .41 

Elcmcnt P Sn Sb As 
Parts per million 70 150 30 100 

O N S  
60 70 160 

Table VI. Results of H2S Environment Tests on Sample No. 74 

Specimen Approximate Estimated 
No. UTS (ksi) Klscc ( k s i d z )  

Comments 
- --  - -- 

7 4 - 3  126 2 8 Sluw c ~ d ~ k  growth from 112 k s i a i n  54 hr . 
74-1 117 3 4 Cntnntrophic fracture; specimen com- 

pletely failed. 
74-5 114 52 No failure after 17 hr at 50 k s i 6 ,  

Catastrophic at 52. 
74-4 109 42 Catastrophic fracture. 
74-2 106 113 Very small crack growth (,O5 in) in 28hr. 

Conversions: 1 in = 2.54 x 10'~rn . 

1 ksi = 6.895 MPa 
I ksi& = 1.099 M N / ~ ~ / ~  

1 hr = 3.6 x 103s 



at .an applied stress intensity (KApp) of 50 k s i 6  without any indication .of 

cracking. A slight increase in KApp to 52 k s i 6  resulted in .an immediate 
._  . ... 

catastrophi,c..failure. In comparison, the lowest strength specimen of.the se&,. . . 

exhibited a .very small amount of .crack growth at KApp'.= 113 ksi&. 

These -xesults indicate that, for this one sample of steel, there is a 

fairly sharp transition from a susceptibility to hydrogen embrittlement to 

relatively high-resistance. This transition corresponds to the UTS range 

106-l(39 ksi. 
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Fig. 4 - KI,,, as a function of the ultimate tensile strength 
for sample No. 74. The K I ~ ~ ~  was estimated from tests 
in 50 psig H2S on 2T CT side grooved specimens and the 
UTS from the Rockwell Hardness measurements. 

Discussion 
, 

The details given in the Experimental Results Section. have provided the. 

background of the experimental approach we have evolved for the most rapid 

determination of a Karr value. 



In t h e  course  of some of t h e  experiments a t tempts  t o  reduce t h e  t i m e  

requirement  So reach  Karr by load  shedding ( i . e .  a red'uction of t h e  app l i ed  

K by reduc ing  t h e  d i sp lacement )  proved unsuccessful .  A r educ t ion  of 5% o r  

more i n  t h e  d i sp lacement  r e s u l t e d  i n  an immediate a r r e s t  of t h e  c r ack ,  a t  K 

v a l u e s  w e l l  above  t h e  f i n a l l y  measured Karrest .  Small r educ t ions  of about 

1% d i d  no t  cause  c r a c k  arrest b u t  a t  t h e  same time d i d  no t  s i g n i f i c a n t l y  

l e s s e n  t h e  t o t a l  t ime t o  a r r e s t .  The p o s s i b l e  i n f luence  of t e s t  i n t e r r u p -  - 
t i o n s  on crack-growth i n h i b i t i o n  have been explained i n  p a r t  by t h e  ensuing 

change i n  t h e  c r ack  hydrogen concen t r a t i on  (12). 

The t e d i o u s  test on t h e  smooth s ided  3T specimen served  t o  emphasize 

t h e  importance of t h e  p l a n e - s t r e s s  zone. It d id  no t  prove p o s s i b l e  t o  make 

t h e  c r ack  s t a r t  under s t a t i c  l oad ing  u n t i l  a  s t r e s s  i n t e n s i t y  of o r d e r  148 

k s i  in's was reached.  A f t e r  ove r  140 h r  of cons tan t  displacement  t e s t i n g  t h e  

experiment was t e rmina t ed ,  w i thou t  c rack  a r r e s t ,  a t  K -  125 k s i  in%. The 

es t ima ted  c r ack  growth of o r d e r  5 .5  x  i n l h r  and t h e  r a t e  of decrease  

of t h e  stress i n t e n s i t y ,  K - -. 25 k s i  i & / h r  were very slow. 

I n  comparison, t h e  2T specimen wi th  0.25 i n  s i d e  grooves s t a r t e d  crack- 

i n g  r e a d i l y  a t  105 k s i  in'z and cracked a t  a  r a t e  i = 22 x i n l h r  and .. 
i( = -1.3 k s i  i & / h r ,  which i s  s i g n i f i c a n t l y  f a s t e r  than  t h e  3T specimen. 

Thus t h e  important  r o l e  of  t h e  p l ane  s t r e s s  zones i s  i n  p inn ing  t h e  c rack  

on t h e  specimen s i d e s  and i n h i b i t i n g  c rack  growth. 

The c r ack  advance t o  t h e  back of t h e  2T specimen was undes i r ab l e  and 

was a  r e s u l t  of s t a r t i n g  t h e  cons t an t  displacement test  a t  105 k s i  ii5. I n  
1 

comparison t h e  1 T  test  was s t a r t e d  a t  an es t imated  K of  o r d e r  60 k s i  in< ,  

though e a r l i e r  a t t empt s  t o  s t a r t  t h e  constant  d i s p l a r e m ~ n t  c rack  growth a t  

K = 43 and 48 k s i  id f a i l e d .  Our approach. of course, i.s ro s t a r t  t h e  

c r ack  a t  t h e  lowest  p o s s i b l e  K i n  o r d e r  t o  reduce t h e  t i m e  t o  reach  Karr.  

It i s  impor tan t  t o  n o t e  t h a t  t h e  c rack  can advance a t  K = 20 t o  25 

k s i  in% (from t h e  2T t e s t )  and t h e r e f o r e  evidense of a reqiiirerl i n r ~ ~ h a t i n n  

' t i m e  was r evea l ed  i n  t h e  1T tes t .  Presumably t h i s  i ncuba t ion  t i m e  is  asso- 

c i a t e d  w i t h  t h e  t i m e  r equ i r ed  f o r  hydrogen t o  accumulate i n  t h e  maximum 

s t r e s s  zone ahead of  t h e  t i p  of t h e  (unoxidized)  c r ack  (13). Apart  from 

pre-charging t h e  specimen w i t h  hydrogen, a  v a r i a b l e  n o t  inc luded  i n  t h i s  

program, i t  may no t  h e  p o s s i b l e  t o  e l i m i n a t e  t h i s  component of i ncuba t ion  

L ime . 
Marked d i f f e r e n c e s  i n  behavior  du r ing  t h e  c y c l i c  l oad ing  s t a g e  were 

found i n  t h a t  dynamic o r  c a t a s t r o p h i c  c rack ing  occur red  i n  l a r g e r  specimens 

of 55H and 77H but  n o t  54H. Th i s  phenomenon was n o t  e x h i b i t e d  by t h e  



smaller specimens which failed by continuous slow crack growth. The three' 

. samples had approximately the same strength level, as defined by RB or RC 
measurements. However, the yield strength, work hardening rate and ductile 

brittle transftion temperature have not yet been determined. These factors 

could be significant in our understanding of the data. 

The fact that the crack, once it has started to grow, can propagate at 

stress intensities well below that at which it would not propagate in many 

hours before it had started to grow, may provide evidence for dislocation 

sweeping of hydrogen (14). Alternatively hydrogen is accumulated at the tip 

of the crack and is swept along with its associated stress field. 

The results of the tests on the first three samples are comparable with 

those of No. 74, shown in Fig. 4.. Most investigations of the effect of 

yield strength or UTS on the threshold stress intensity show the same trend, 

though not necessarily as sharp a transition. A substantial review of col- 

lected data showing this trend is given by Gerberich (15). A similar trend 

was found by Payer, et al. (16) for specimens charged with hydrogen. In most 

of the studies reviewed, the UTS.or ay is' very high compared with the 2% Cr- 

1 Mo steels which have been tested in this study. Also, the test techniques 

did not usually incorporate side grooves. Consequently; exact comparison 

with this study is not possible. Hicko and Gilmore (17) used side grooved 

specimens in an aqueous environment of $ wt percent glacial acetic acid with 

H2S at one atmosphere and showed that KIscc in low strength 2% Cr-1 Mo steel 

could be as low 9s 48 ksi& (53 MI?/m3j2). The data from an aqueous solution, 

however, cannot necessarily be directly compared with that from a gaseous 

environment. 

Conclusion 

It has been shown that for low strength 2% Cr-1 Mo steels the plane 

stress zones in a conventional compact tension specimen serve to pin the 

crack front and thereby make the measurement of the thresholh stress inten- 

sity in H2S very difficult. The introduction of side grooves on the specimen 

substantially reduces this effect. The incubation time for crack initiation 

can be reduced by starting the crack with cyclic loading in the environment. 

The time required tn reach crack arrest in a constant displacement test can- 

not be reduced by load shedding. Load shedding greater than one percent of 

the applied load appears to arrest the crack. The effect of strength level 

On K~scc has been determined, using the modified test approach. Based upon 

the samples evaluated in this study it appears that hydrogen embrittlement in 

H2S is a sensitive function of the strength level and that the steel is rela- 

tively immune if the UTS is below 100 ksi (690 MPa). 



T h i s  work was per fo rmed .on  t h e  DOE Cont rac t  DE-AC05-780R13513. The 

steels u s e d  in t h e  s t u d y  were  p rov ided  by t h e  API. The env i ronmenta l  tests 

were  conduc ted  by R. J .  Smykal under  t h e  s u p e r v i s i o n  of L. C e s c h i n i  a t  t h e  

West inghouse R e s e a r c h  and Development Cen te r .  
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