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INTRODUCTION 

D u c t i l i t y  o f  m i y  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i s  reduced by 

charging wi th  hydrogen o r  by t e s t i n g  i n  a  hydrogen atmosphere. l Y 2  

Embrittlement is  s u b s t a n t i a l  w i th  d u c t i l i t y  l o s s e s  of 'up t o  50% 

when, Type 304L s t a i n l e s s  s t e e l  i s  t e s t e d  i n  69-MPa hydrogen. 1 

Other v a r i e t i e s  of s t a i n l e s s  s t e e l ,  such a s  Type 310, a r e  a f f e c t e d  

only s l i g h t l y  under t h e  same cond i t i ons ,  b u t  embri t t lement  can be 

induced by ca thod ic  charging where very high hydrogen con ten t s  

can b e  a t t a i n e d .  3 ' 4  The r e l a t i v e l y  high s u s c e p t i b i l i t y  of  

'Type 304L s t a i n l e s s  s t e e l  t o  hydrogen embri t t lement  has been 

a t t r i b u t e d  t o  t h e  s t ra in- induced  t ransformat ion  t o  a t - m a r t e n s i t e s  ' 

and more r e c e n t l y  t o  coplanar  d i s l o c a t i o n  motion. ' ' 
Changes i n  t h e  morphology of  t h e  f r a c t u r e  have been observed i n  

t e n s i l e  speciinens t 'ested i n  hydrogen. Void formation and coalescence 

* The information contained i n  t h i s  a r t i c l e  was developed dur ing  
t h e  course of  work under Contract  No. AT(07-2)-1 wi th  t h e  U .  S.  
Energy Research and Development Administrat ion.  



l e ad ing  t o  a dimpled f r a c t u r e  is  t h e  only .  f r a c t u r e  mode observed 

Jn hydrogen-free Type 304L s t a i n l e s s  s t e e l .  In c o n t r a s t ,  f e a t u r e s  

r e f e r r e d  t o  a s  r e g u l a r  s t r i a t i o n s ,  quas ic leavage ,  i n t e r g r a n u l a r  

f r a c t u r e ,  and f a c e t s 6  hav; been r epor t ed  f o r  hydrogen- embr i t t  l ed  

Type 304L. In add i t i on ,  specimens deformed i n  h igh-pressure  hy- 

drogen have ex tens ive  s u r f a c e  c racking .  ' The cracks  form a t  low 

s t r a i n s  and a r e  a s soc i a t ed  wi th  t h e  s u r f a c e  l a y e r  deformed dur ing  ' 

machining . 1 

The present  i n v e s t i g a t i o n  was i n i t i a t e d  t o  explore  t h e  tem- 

p e r a t u r e  dependence o f  embri t t lement  of  Type 304L s t a i n l e s s  s t e e l  

s a t u r a t e d  wi th  hydrogen a t  high p re s su re .  This  charging condi t ion  

was expected t o  accen tua t e  p rope r ty  changes and changes i n  f r ac -  

t u r e  mode r epor t ed  previous ly  without  t h e  complicat ing e f f e c t s  

a s soc i a t ed  with ca thodic  charging.  A c l e a r e r  d e s c r i p t i o n  of  

t h e  embritt lement process  and a p o s s i b l e  change i n  f r a c t u r e  mode 

were a n t i c i p a t e d .  The p re sen t  d i scuss ion  emphasizes t h e  i n i t i a l  

f r ac tog raph ic  and meta l lographic  examination . . o f  t h e  specimens. 

Fur ther  work is i n  progress .  

SPECIMEN PREPARATION 

Smooth b a r  t e n s i l e  specimens of  0.48-cm diameter  and 3.5-cm 

gauge length  were machined from annealed b a r  s tock  o f  Type 304L 

s t a i n l e s s  s t e e l .  Four of  e i g h t  specimens were charged by ex- 

posure t o  deuterium a t  69-MPa p re s su re  f o r  1449 days a t  473 K.  

A l l  e i gh t  specimens were pu l l ed  i n  t ens ion  on an Ins t ron  t e s t i n g  

machine ( Ins t ron  Corporation, Canton, MA) a t  a cross-head speed 



o f  0 .05  cm/minute. Pa i r s  of  specimens (one f r e e  of deuterium 

and t h e  o t h e r  charged) were pu l l ed  t o  f r a c t u r e  a t  temperatures  

o f  380, 273, 198, and 78 K .  Mechanical p r o p e r t i e s  of t h e  spec i -  

mens a r e  summarized i n  Table I .  S a t u r a t i o n  wi th  deuterium in-  

c reased  t h e  y i e l d  s t r e n g t h  of  t h e  a u s t e n i t e  a t  a l l  t e s t  temper- 

a t u r e s  and embr i t t l ed  t h e  specimens a t  t h e  two in t e rmed ia t e  t e s t  

temperatures  . 
Deuterium content  of  t h e  specimens was measured by a  vacuum- 

e x t r a c t  ion  technique .  Samples were cu t  from t h e  ends of t h e  

t e n s i l e  specimens and placed i n  a  small  s t a i n l e s s  s t e e l  con ta ine r  

a t t ached  t o  a  Consolidated Electrodynamics Corporation Type 24-120B 

l eak  d e t e c t o ~ .  The specimens were hea ted  t o  750 K ,  and t h e  deu- 

te r ium o f fgas s ing  r a t e  was cont inuously monitored. Deuterium 

content  was determined from t h e  a r e a  under t h e  o f fgas s ing  curve 

and specimen weight.  The average deuterium concent ra t ion  of t h e  

fou r  specimens was %200 mol/m3 (4.4 cm3 ~ ~ / c m ~  a l l o y ) ,  which. i s  

l e s s  than  a n t i c i p a t e d  f o r  t h e  exposure cond i t i ons  based on pub- 

8 l i s h e d  s o l u b i l i t y  d a t a  f o r  a u s t e n i t i c  s t a i n l e s s  s t e e l .  

F rac tu re  s u r f a c e s  were examined on a scanning e l e c t r o n  micro- 

scope. In  add i t i on ,  t h e  specimens were inspec ted  a t  low magnifi-  

c a t i o n .  Longitudinal s ec t ions  through t h e  gauge po r t ion  and t r a n s -  

v e r s e  s e c t i o n s  through t h e  ends of t h e  specimens were prepared f o r  

o p t i c a l  metallography. An oxa l i c  a c i d  e l e c t r o e t c h  was used t o  

develop t h e  microstructure.  



FRACTOGRAPHY 

Four f e a t u r e s  observed on t h e  f r a c t u r e  f a c e s  o f  t h e  t e n s i l e  
G 

~pec imens  a r e :  f a c e t s ,  dimples,  s t r i a t i o n s ,  and secondary c racks  

(Figure 1 ) .  Dimpled rup tu re  was t h e  only  f r a c t u r e  mode observed 

on t h e  deuter ium-free specimens. The o the r  t h r e e  f r a c t u r e  modes 

were found only on t h e  two specimens t h a t  were s a t u r a t e d  with 

deuterium and t e s t e d  a t  t h e  two in te rmedia te  tempera tures .  The 

deuter ium-sa tura ted  specimens t e s t e d  a t  78 and 380 K were not  

embr i t t l ed ,  and t h e  only f r a c t u r e  mode was dimpled rup tu re .  

Facets 

The dominant f e a t u r e  on t h e  f r a c t u r e  s u r f a c e s  of  t h e  two 
. , 

embr i t t l ed  specimens i s  t h e  presence of  f a c e t s  (Figure 1 ) .  These 

h igh ly  r e f l e c t i v e ,  f l a t  a r eas  were not  confined t o  any p a r t i c u l a r  

p a r t  o f  t h e  s u r f a c e  but  were d i s t r i b u t e d  uniformly (Figure 2 )  

and a r e  more numerous on t h e  specimen f r a c t u r e d  a t  198 K than  

on t h e  one broken a t  273 K .  In a d d i t i o n ,  s t e p s  and diagonal  

t r a c e s  a r e  observed on t h e  f a c e t s  (F igure  3 ) .  The s t e p s  a r e  

u s u a l l y  shallow, i r r e g u l a r  i n  o u t l i n e ,  and do not  extend beyond 

t h e  p a r t i c u l a r  f a c e t  where they  a r e  l oca t ed .  Inc lus ions  t h a t  

i n t e r s e c t  f a c e t s  l a c k  t h e  c h a r a c t e r i s t i c  dimple a s soc i a t ed  with 

them i n  reg ions  o f  d u c t i l e  rup tu re .  

In a l l  c a ses ,  t h r e e  s e t s  o f  diagonal  t r a c e s  appear  on t h e  

f a c e t s .  Each s e t  i s  composed o f  roughly p a r a l l e l  markings t h a t  

appear t o  d e l i n e a t e  i n t e r s e c t i o n  of  t h e  f a c e t  s u r f a c e  wi th  micro- 

s t r u c t u r a l  f e a t u r e s  below t h e  su r f ace .  Frequent ly,  one s e t  o f  



t r a c e s  w i l l  be more predominant than  t h e  o t h e r s  (Figure 4 ) .  

Angles between p a i r s  of t r a c e s  a r e  c o n s i s t e n t  with t h e  hypothes is  

t h a t  a l l  of t h e  t r a c e s ,  a s  we l l  a s  t h e  plane of t h e  f a c e t ,  a r e  

, (111) p lanes  i n  t h e  parent  a u s t e n i t e .  The t r a c e s ,  t he re fo re ,  

could a r i s e  from twins i n  t h e  a u s t e n i t e ,  a ' -mar t ens i t e ,  o r  

c -mar tens i te  because t h e  h a b i t  p lanes  . for  a l l  t h r e e  o f  t h e s e  

mic ros t ruc tu ra l  f e a t u r e s  a r e  (111) p lanes  i n  t h e  a u s t e n i t e .  

Facet shape, ,  s t e p s ,  and t r a c e  angles  suggest  t h a t  t h e  f a c e t s  

have formed along twins i n  t h e  a u s t e n i t e ,  which a r e  always pres-  

e n t  i n  annealed Type 304L a u s t e n i t i c  s t a i n l e s s  s t e e l .  The t r a c e s  

t.hen would a.rj.se from b t e r s e c t i o n  of  a  f a c e t  f a c e  with s t r a i n -  

induced t ransformat ion  t o  E-  and a ' -mar t ens i t e .  The a l t e r n a t i v e  

explana t ion ,  t h a t  t h e  f a c e t s  a r e  g r a i n  f aces ,  appears  l e s s  l i k e l y  

given t h e  r e g u l a r i t y  of  t h e  t r a c e s  t h a t  a r e  always observed on 

t h e  f a c e t s  and t h e  apparent constancy of t h e  angles  between 

t r a c e s .  

Addit ional  support f o r  i d e n t i f i c a t i o n  of  t h e  f a c e t s  a s  an- 

nea l ing  twin boundaries i s  ob ta ined  from inspec t ion  of  longi tu-  

d i n a l  s e c t i o n s  through t h e  broken specimens. Many cracks  a r e  ob- 

served i n  t h e  embr i t t l ed  specimens, diminishing i n  frequency a s  

t h e  d i s t a n c e  from t h e  f r a c t u r e  f a c e  i s  increased .  These c racks  

a r e  o f t e n  along twin boundaries (Figure S), i n  which case ,  t h e  

c racks  a r e  st.rai.ght and r e l a t i v e l y  f l a t .  



Dimpled Rupture 

Dimpled r u p t u r e  is  t h e  only f r a c t u r e  mode i n  common among 

a l l  of t h e  specimens. In t h e  deuter ium-free specimens, t h e  

r i d g e s  between t h e  dimples appear more pronounced i n  t h e  c e n t r a l  

region than  i n  t h e  shear  l i p s  (Figure 6 ) .  In both a reas ,  dimple 

s i z e s  have a d i s t i n c t  bimodal d i s t r i b u t i o n .  The same c h a r a c t e r i s -  

t i c s  were observed i n  t h e  specimens t h a t  had been s a t u r a t e d  with 

deuterium (Figure 7 ) .  In t h i s  ca se ,  however, dimple s i z e s  appear 

somewhat smal le r  than i n  t h e  deuter ium-free specimens. 

S t r i a t i o n s  

Both specimens t h a t  were embr i t t l ed  by t h e  deuterium had 

a reas  (Figure 8) des igna ted  a s  s t r i a t i o n s .  They appear over more 

o r  l e s s  f l a t  a r e a s  intermixed among facets '  and small  a r eas  of  

dimpled r u p t u r e  (Figure 3 ) .  In each a rea ,  t h e  dominant dimension 

of  t h e  s t r i a t i o n s  i s  uniformly o r i e n t e d .  The i r  appearance is 

somewhat more d i s t i n c t  a t  198 than  a t  273 K .  

Secondary Cracks 

Small c racks  roughly p a r a l l e l  t o  t h e  t e n s i l e  a x i s  were ob- 

served on t h e  deuter ium-saturated specimens t e s t e d  a t  198 and 

273 K .  The f aces  o f  t h e s e  c racks  a r e  r e l a t i v e l y  smooth, b u t  f i n e  

dimples can be seen i n  some cases  (Figure 9 ) .  



Surface Cracks 

Surface c racks  on t h e  deuter ium-saturated specimen t e s t e d  a t  

273 K (Figure 10) a r e  i d e n t i c a l  i n  appearance t o  t hose  formed on 

specimens of  Type 304L s t a i n l e s s  s t e e l  pu l l ed  t o  f a i l u r e  i n  a 

h igh-pressure  hydrogen atmosphere. The c racks  extend t o  a maxi- 

m u m  depth of about 0 .01 cm i n  t h e  deuter ium-saturated specimen.. 

Although d u c t i l i t y  l o s s  was g r e a t e r  a t  198 than  a t  273 K ,  only a 

few s u r f a c e  cracks were on su r f aces  of specimens t e s t e d  a t  t h e  

lower temperature.  The f aces  of  some su r f ace  c racks  were ex- 

amined i n  d e t a i l .  S t r i a t i o n s  were common, b u t  occas iona l ly  

f a c e t s  were observed wi th  them (Figure 4 ) .  

Discussion 

The f a c e t s  observed on t h e  f r a c t u r e d  su r f aces  o f  Type 304L 

s t a i n l e s s  s t e e l  embr i t t l ed  by s a t u r a t i o n  with hydrogen l a y  on o r  

p a r a l l e l  t o  anneal ing twins i n  t h e  a u s t e n i t e .  The twinning plane i n  

a u s t e n i t e  i s  any one of ,the 1111) p lanes ;  S l i p  p lanes  and t h e  

h a b i t  p lane  f o r  &-mar tens i te  a r e  (111) p lanes  a l s o .  Consequently, 

during p l a s t i c  deformation, s l i p  may proceed on p lanes  p a r a l l e l  

t o  the  twin i n  t h e  parent  c r y s t a l  and on p lanes  i n t e r s e c t i n g  i t  

i n  t h e  twin depending upon t h e  o r i e n t a t i o n  o f  t h e  twin p lanes  with 

r e spec t  t o  t h e  t e n s i l e  a x i s .  S imi l a r ly ,  € -mar tens i te  may p a r a l l e l  

o r  i n t e r s e c t  t h e  coherent twin boundary. Poss ib l e  d i s l o c a t i o n  

i n t e r a c t i o n s  t h a t  may a r i s e  from t h e s e  processes  a r e :  d i s l o c a t i o n  

p i l eups  a t  incoherent  boundaries  along t h e  twin o r  g ra in  h o ~ m d a r i e s  

a t  t h e  ends o f  t h e  twin,  formation of  Lomar o r  Cottrell-Lomar locks 



a t  t h e  coherent twin boundary, a n n i h i l a t i o n  of  d i s l o c a t i o n s  a t  

t h e  twin boundary, and c r o s s - s l i p  i f  t h e  coherent twin  boundary 

conta ins  t h e  s l i p  d i r e c t i o n .  I f  hydrogen t r a n s p o r t  and concen- 

t r a t i o n  by d i s l o c a t i o n  motion is accepted a s  a  necessary  p a r t  

o f  a  mechanism f o r  hydrogen embri t t lement ,  one o r  more of t h e s e  

i n t e r a c t i o n s  may provide t h e  s p e c i f i c  d i s l o c a t i o n  mechanism f o r  

crack i n i t i a t i o n .  and propagat ion.  A d e t a i l e d  eva lua t ion  of  t h e  

i n t e r a c t i o n s  has  not  been completed; however, t h e  appearance of  

t h e  f a c e t s  sugges ts  t h a t  d i s l o c a t i o n  p i l e u p s  a t  incoherent  twin 

boundaries  may be  t h e  c r i t i c a l  p rocess .  

Embrittlement of  t h e  specimens was g r e a t e r  and f a c e t s  were 

more f requent  a t  198 than  a t  273  K.  The number of anneal ing 

twins pe r  u n i t  volume i s  determined dur ing  r e c r y s t  a1 1 i z a t  ion o r  

annea l ing  and should be t h c  same i n  both specimens; t h e r e f o r c ,  

t h e  embritt lement i s  r e l a t e d  t o  d e t a i l s  o f  t h e  deformation process  

at t h e  two temperatures .  The q u a n t i t y  of  hydrogen t r a n s p o r t e d  pe r  

u n i t  l ength  of d i s l o c a t i o n  i s  g r e a t e r  a t  t h e  lower temperature,  

assuming a  dis locat ion-hydrogen i n t e r a c t  ion energy of  %lo- '  j ou l e  . 
In a d d i t i o n ,  t h e  volume f r a c t i o n  of €-mar tens i te  per  u n i t  deforma- 

t i o n  is  g r e a t e r  a t  t h e  lower temperature9 because o f  a  decrease  i n  

s t ack ing  f a u l t  energy wi th  decreas ing  temperature.  l o  Both of 

t h e s e  f a c t o r s  would c o n t r i b u t e  t o  decreas ing  d u c t i l i t y  by r a i s i n g  

t h e  hydrogen concent ra t ion  t o  a ,  c r i t i c a l '  l e v e l  with l e s s  o v e r a l l  

p l a s t i c  deformat ion .  



Observations of  su r f ace  c racks  have been r epor t ed  f o r  Type 

304L s t a i n l e s s  s t e e l  and TeneZon* pu l l ed  t o  f a i l u r e  i n  h igh  pres-  

s u r e  hydrogen a t  room tempera ture . '  The present  s tudy  shows t h a t  

t h i s  phenomenon i s  not  r e s t r i c t e d  t o  environmental hydrogen em- 

b r i t t l emen t  but  may a l s o  a r i s e  i n  i n t e r n a l  hydrogen embri t t lement .  

Furthermore, su r f ace  c racking  appears  t o  be confined t o  a  narrower 

temperature range than  i n t e r n a l  embri t t lement  and does no t  cor -  

r e l a t e  with i n t e r n a l  embri t t lement .  The most s eve re  s u r f a c e  

c racking  was observed a t  2 7 3  K; whereas, t h e  most s eve re  e m b r i t t l e -  

ment was observed a t  198 K where s u r f a c e  c racking  was almost absen t .  

Secondary c racks  and s t r i a t i o n s  a r e  c h a r a c t e r i s t i c  o f  embr it - 

t l e d  specimens a l s o .  The i r  o r i g i n s  a r e  not  evident  b u t  may b e  as- 

s o c i a t  ed with mechanisms s i m i l a r  t o  t hose  t h a t  cause f a c e t  format ion .  

CONCLUSIONS 

Embrittlement of Type 304L s t a i n l e s s  s t e e l  s a t u r a t e d  wi th  

hydrogen a t  high p re s su re  i s  cha rac t e r i zed  by r educ t ion  i n  un i fo r~u  

e longat ion ,  l o s s  o f  necking s t r a i n ,  and appearance of f a c e t s  on t h e  

f r a c t u r e  f ace .  D u c t i l i t y  l o s s  is  g r e a t e r  a t  198 than  a t  273 K,  and 

t h e r e  i s  e s s e n t i a l l y  no d u c t i l i t y  l o s s  a t  78 o r  380 K.  Sur face  

c racks  a r e  profuse  a t  2 7 3  K b u t  occur  only occas iona l ly  a t  198 K .  

Face ts  on t h e  f r a c t u r e  f a c e  o f  t h e  embr i t t l ed  specimens a r e  

be l i eved  t o  form along twin boundaries  i n  t h e  a u s t e n i t e .  Several  

* Trademark of United S t a t e s  S t e e l  Corporation f o r  18% C r ,  15% Mn, 
0.5% N, ba lance  Fe. 



d i s l o c a t i o n  mechanisms a r e  p o s s i b l e  t o  account f o r  t h e  f a c e t s  and 

l o s s  of t e n s i l e  d u c t i l i t y .  Fur ther  eva lua t ion  i s  needed t o  de- 

velop t h e s e  mechanisms and t o  e s t a b l i s h  which i f  any may b e  

c r i t i c a l  t o  hydrogen embri t t lement .  

I f  t h e  suggested r o l e  of  anneal ing twins  is borne out  by 

subsequent a n a l y s i s ,  s t ack ing  f a u l t  energy t a k e s  on added s i g -  

n i f i c a n c e .  Not only  does a  low s t ack ing  f a u l t  energy c o n t r i b u t e  

t o  hydrogen embritt lement by inc reas ing  coplanar  s l i p  and concen- 

t r a t i o n  of  hydrogen, bu t  a l s o  a  low s t ack ing  f a u l t  energy inc reases  

t h e  frequency of anneal ing twins .  Together t h e s e  e f f e c t s  can pro- 

v ide  t h e  b a r r i e r s  t o  d i s l o c a t i o n  movement and t h e  means t o  accumu- 

l a t e  hydrogen a t  t h e  b a r r i e r .  
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TABLE I 

Temperature Dependence o f  -Hydrogen Embrittlement o'f Type 304.L Austeni t i c  Stain1 ess Steel  

Deuhriwn Reduct ion 
Test Content, Strength, M P a  Elongation, % i n  Area, 
Tenp,  X mo Z/n yielda ~2tqirnate~ Unif o m  Tota 2 % 

a. S t r e s s  a t  E = 0.05. 
P 

b. True s t r e s s  a t  maximum load. 



Facet A and Secondary Cracks (arrow) 

Dirnpl e Striation 

FIGURE 1. Fracture Surfaces of Type 304L Stainless Steel 



Facet Distribution Over Fracture Face 

Detail at A 

FIGURE 2, Facets on Deuterium-Saturated Specimen 
Tested at 198 K 
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FIGURE 4, Facet Showing Three Sets of Tracce 
. [Note irregularities arrow) along 

edge of domingnt set. 



FIGURE 5. Longitudinal Section Showing Cracks 
Along Twin Boundaries a t  Test 
Temperature o f  198 K 



FIGURE 6. Dimpled Rupture o f  Deuterium-Free 
Specimen Tested at 273 K 



FIGURE 7. Dimpled Rupture o f  Deuteri urn-Saturated 
Specimen Tested at 273 K 



FIGURE 8. Striations Near Center of Deutgri um~SaCurated 
Specimen Tested a t  273 K 



FIGURE 9 .  Secondary Crack With Dlmpled Surface 
o f  Deuteri um-Saturated Specimeii 
Tested a t  273 K 
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FIGURE 10. Surface Cracks o f  Deuterium-Saturated 
Specimen Tested at 273 K . 



FIGURE 10. (Continued) 




