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THE EFFECT OF HYDROGEN ON METALS 

M. R. Louthan, Jr. 

E. I. du Pont de Nemours & Co. 
Savannah R iver  Laboratory,  A i  ken, S. C. 2980.1 

ABSTRACT - Hydrogen embrittlement of metals i s  separated i n t o  t h r e e  ' ca tegor ies :  
embrittlement r e s u l t i n g  from b l i s t e r  formation, embrittlement from hydride fo r -  
mation, and general ized hydrogen embrittlement. The causes and mechanisms a r e  
discussed, and guides t o  s e l e c t  mater ia ls  t o  r e s i s t  t h i s  phenomenon a r e  in-  
cluded. 

INTRODUCTION 

Hydrogen embrittlement and/or hydriding has led  t o  f a i l u r e s  of  f u e l  
cladding i n  nuclear  r eac to r s ,  ' breakage of a i r c r a f t  components, leakage from 
g a s - f i l  l ed  pressure  vesse l s  used by NASA, delayed f a i l u r e  i n  numerous high- 
s t r eng th  s t e e l s ,  reductions i n  mechanical p r o ~ e r t i e s  of nuclear  ma te r i a l s ,  5 

and b l i s t e r s  o r  "fish-eyes" i n  copper, aluminum, and s t e e l  p a r t s .  ' The r o l e  
of  hydrogen i n  s t r e s s  corrosion cracking of  t i tanium, aluminum,' and both 
a u s t e n i t i c l  ' and high-strength l 2  s t e e l s  has a l s o  been emphasized. The impor- 
tance of these  considerat ions i s  r e a d i l y  apparent i n  the  current  l i t e r a t u r e ;  
f o r  example, hydrogen was mentioned i n  t h e  t i t l e  of  Q5% of t h e  recent  a r t i c l e s  
i n  MetaZZurgicaZ Transactions and i n  Q10% of those i n  Corrosion. Furthermore, 
the re  have been a t  l e a s t  th ree  i n t e r n a t i o n a l  conferences on hydrogen/metal 
i n t e r a c t i o n s  wi th in  the  pas t  two years.  

The e f f e c t s  of hydrogen on metals depend on severa l  f a c t o r s  including:  

a Hydrogen s o l u b i l i t y  and d i f f u s i v i t y  

The p o s s i b i l i t y  nf +eact.ian t o  for111 a hydride 

The p o s s i b i l i t y  of r eac t ion  between hydrogen and 
impurity and/or a l loying elements. 

Although t h e r e  a r e  severa l  proposed mechanisms'by which hydrogen may a f f e c t  
t h e  load-bearing c a p a b i l i t i e s  of metals ,  most of them requ i re  the  develop- 
ment of a c r i t i c a l  hydrogen concentrat ion within t h e  metal l a t t i c e .  This 
c r i t i c a l  concentrat ion i s  proposed t o  lower l a t t i c e  cohesion,' cause local -  
i zed  p l a s t i c i t y , 1 4  r e s t r i c t  g l i d e ; r 5  p r e c i p i t a t e  a s  gas bubbles-  l 6  o r  cause 
embrittlement by a combinaticn of these  and o ther  mechanisms. ' 7 1 2 7  Regardless 
of t h e  mechanism, however, the  f a c t  t h a t  hydrogen degrades mechanical pro- 
p e r t i e s  i s  well-known, and hydrogen embrittlement has been extens ively  s tudied .  
These s t u d i e s  have produced a degree of  underst.anding which o f t en  permits de- 
s ign  engineers t o  choose mater ia ls  so  a s  t o  minimize the  p robab i l i ty  of 
adverse hydrogen e f f e c t s .  The ob jec t ive  of t h i s  review i s  t o  emphasize this 
understanding. 



HYDROGEN EFFECTS 

B l  i s  teri ng 

Hydrogen can be absorbed by a metal during cas t ing ,  forging,  heat  t r e a t -  
ment, welding, and f in i sh ing ,  o r  i n  se rv ice .  I f  the  ex te rna l  hydrogen pressure  
is  reduced a f t e r  absorption,  hydrogen d i f fus ion  from t h e  metal i s  required f o r  
the  system t o  obta in  thermodynamic equilibrium. The i n t e r n a l  hydrogen concen- 
t r a t i o n ,  C,  i n  equil ibrium with an external  hydrogen pressure ,  p ,  over a - 
hydride-free metal is  

4 C = Cop exp(-AHs/RT) cc gas (NTP)/cc metal 

Hydrogen d i f fus ion  from t h e  metal is  a l so  required f o r  equil ibrium i f  the  
temperature i s  reduced. I f  the  temperature change i s  rap id ,  d i f fus ion  may be 
too  slow t o  maintain equilibrium and the  metal l a t t i c e  may become supersatu-  
r a t e d  with hydrogen. 

Local equil ibrium may be maintained within the  l a t t i c e ,  however, by 
p r e c i p i t a t i o n  of  molecular hydrogen a t  i n t e r n a l  c a v i t i e s  (or de fec t s ) .  The 
hydrogen pressure  a t  these  c a v i t i e s  w i l l  depend on t h e  i n i t i a l  concentrat ion 
and the  amount of the  temperature decrease; it can e a s i l y  exceed t h e  pressure 
required t o  s t r a i n  the  metal p l a s t i c a l l y .  Such s t r a i n  opens microcavit ies  
and causes b l i s t e r i n g .  For p r a c t i c a l  purposes, however, b l i s t e r s  t y p i c a l l y  
do not o r i g i n a t e  because of exposure t o  hydrogen gas but  a re  developed by 
react ions  between the  metal and water vapor during melting and heat  t reatment,  
o r  from hydrogen introduced during f i n i s h i n g  operat ions.  

Iron and aluminum w i l l  r e a c t  with atmospheric moisture a t  e levated  temper- 
a tu res  according t o  the  equations 

Fe + Hz0 + FeO + 2H 

The metal l a t t i c e  becomes supersa tura ted  with hydrogen because the  e f f e c t i v e  
atomic hydrogen pressure  during the  r e a c t i 0 n . i ~  many times , the  equil ibrium 
pressure.  Subsequent p r e c i p i t a t i o n  of  molecular hydrogen leads t o  the  develop- 
ment of high pressures  and b l i s t e r s  (Figure l a ) .  I f  hydrogen is  absorbed 
while the  metal i s  l i q u i d ,  gas bubbles (blow holes)  may develop because of  t h e  
decrease i n  hydrogen s o l u b i l i t y  during s o l i d i f i c a t i o n  (Figure l b ) .  Prec ip i -  
t a t i o n  of hydrogen gas a t  i n t e r n a l  de fec t s  has a l s o  l.ed t o  b l i s t e r i n g  a f t e r  
ac id  p ickl ing ,  e l ec t rop la t ing ,  and o t h e r  f i n i s h i n g  operat ions.  

The cause of b l i s t e r i n g  is  well-known: a change i n  environment (tempera- 
t u r e ,  hydrogen over-pressure) leads t o  p r e c i p i t a t i o n  of hydrogen.gas from a 
supersaturated metal l a t t i c e .  Because t h i s  mechanism i s  well-known, handling 
and f in i sh ing  techniques have been developed t o  minimize t h i s  form of em- 
b r i t t l ement .  Vacuum melting and degassing minimize t h e  quan t i ty  of hydrogen 
i n  the  metal. Acid p ickl ing  and o the r  such processes which may introduce 
hydrogen a r e  avoided when p r a c t i c a l ,  and poss ib le  moisture sources,  such as  
t h e  coatings of welding e lec t rodes ,  a r e  c a r e f u l l y  considered before use. 
Melts a r e  degassed by bubbling an a c t i v e  o r  i n e r t  gas through the  l i q u i d  
(chlor ina t ion  of aluminw~l i s  an z f f e c t i v e  method of removing hydrogen, and 
hydrogen i s  removed,from some metals,  such as  magnesium, simply by holding 
t h e  metal molten t o  allow hydrogen outgassing be fo re . cas t ing .  , 



Inclusions and o the r  de fec t s  a r e  t y p i c a l  s i t e s  f o r  hydrogen p r e c i p i t a t i o n .  
These s i t e s  can be cont ro l led ,  t o  a l imi ted  extent ,  by techniques. 
For any given hydrogen content ,  the  extent  of b l i s t e r i n g  decreases when the  
number of p r e c i p i t a t i o n  s i t e s  i s  increased.  Thus a homogenous d i s t r i b u t i o n  o f  
very small inc lus ions  w i l l  minimize s u s c e p t i b i l i t y  t o  embrittlement. In 
addi t ion  t o  t h i s  i n d i r e c t  e f f e c t  of  inc lus ions  on embrittlement, hydrogen may 
d i f fuse  i n t o  a metal and r e a c t  d i r e c t l y  with inc lus ions  o r  a l l o y  phases 2 8 - 3 0  

t o  form a gaseous product. This phenonenon i s  o f t e n  termed "hydrogen sickness."  

Hydrogen sickness i n  copper i s  more cor rec t ly  described by t h e  term 
"steam embrittlement" and i s  only observed i n  copper which contains oxygen. 
I t  i s  caused by hydrogen reduction of copper oxide inc lus ions  and the  formation 
of water.  The problem'was encountered o r i g i n a l l y  when hydrogen gas was used 
t o  maintain a reducing atmosphere during the  hea l  treatment of copper. Hydro- 
gen d i f fused i n t o  the  metal during such anneals and reacted  with oxide p a r t i c l e s  
t o  form water. A t  temperatures above the  c r i t i c a l  temperature f o r  water,  t h e  
steam pressure  generated by t h e  r eac t ion  o f t en  exceeded t h e  s t r eng th  of the  
copper and caused p l a s t i c  d e f ~ r m a t i o n  and/or t ea r ing .  Oxide inc lus ions  i n  
copper a l l o y  a r e  o f t en  found along gra in  boundaries; the re fo re ,  examination of 
steam-embrittled copper f requent ly  reveals  g ra in  boundary cracks o r  c a v i t i e s  
(Figure 2 ) .  However, c a v i t i e s  a r e  a l s o  found within the  g ra ins  and along p r i o r  
gra in  boundaries i n  a l l o y s  t h a t  have received thermo-mechanical t reatments 
a f t e r  oxide p r e c i p i t a t i o n .  Problems r e l a t i n g  t o  t h e  occurence o f  steam 
embrittlement can be avoided i f :  

Alloys chosen f o r  hydrogen se rv ice  a r e  f r e e  of oxide inc lus ions .  

Alloys containing oxide a r e  not  annealed i n  hydrogen. 

S i l v e r  is a l s o  suscep t ib le  t o  steam embrittlement; however, i n  t h i s  case 
oxide reductio?, p e r  s e ,  may not  occur. B l i s t e r s  have been found on high 
p u r i t y  (99.999 percent)  s i l v e r  annealed i n  hydrogen. 2 9  Hydrogen d i f fuses  
i n t o  the  s i l v e r  and reac t s  with t h e  dissolved oxygen t o  form water vapor, which 
i s  near ly  insoluble  and thereEore p r e c i p i t a t e s .  Detai led metallographic s tud ies  
i n d i c a t e  t h a t  g ra in  boundary p r e c i p i t a t i o n  is  predominent. Individual  bubbles 
continue t o  grow a s  the  r eac t ion  procedes u n t i l  bubble agglomeration leads t o  
g ra in  boundary cracking. 

B l i s t e r ing  i s  a l s o  o f t en  observed i n  s t e e l s  used i n  the  chemical and 
petrochemical indust ry  because of  hydrogen reac t ion  with carbide inc lus ions  and 
carbon i n  s o l i d  so lu t ion .  l g  The reac t ion  i s  termed "hydrogen a t t ack , "  and 
high pressures a r e  developed because of  methane formation. The formation of 
methane reduces t h e  mechanical p roper t i e s  because i n  addi t ion  t o  t h e  formation 
of  high pressure  gas bubbles, t h e  carbides and dissolved carbon a r e  el iminated,  
thus  lowering the  s t rength .  The s u s c e p t i b i l i t y  t o  hydrogen a t t ack  can be re-  
duced by the  use of s t e e l s  coritaining t i tanium, vanadium, o r  o the r  addi t ions  
t o  r e a c t  with carbon t o  form carbides t h a t  a r e  not reduced by hydrogen. 

Hydrogen sickness,  hydrogen a t t a c k ,  b l i s t e r i n g ,  and o the r  forms of damage 
caused by hydrogen reac t ion  with a l l o y  o r  impurity elements a r e  genera l ly  
described a s  i r r e v e r s i b l e  hydrogen embrittlement. Although some d u c t i l i t y  
may be res to red  by heat  t reatments,  t h e  removal of  s trengthening phases, such 
as carbides,  cause s t r eng th  l c ses  which a re  not  genera l ly  recovered. Further- 
more, i t  i s  doubtful t h a t  the  microvoids, pores,  b l i s t e r s ,  o r  f i s s u r e s  
developed during the  a t t ack  can be healed e f f e c t i v e l y  by thermomechanical ' 

t reatments.  Therefore, f o r  design o r  f ab r i ca t ion  considera t ions ,  prevention 
i s  a much more e f f e c t i v e  measure than subsequent at tempts t o  recover s t r eng th  
and d u c t i l i t y  losses .  
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Hydri de Embri ttl ement 

Zirconium, t i t an ium,  niobium, vanadium, uranium, and o t h e r  such metals 
and t h e i r  a l l o y s  form hydrides i f  t h e  e x t e r n a l  hydrogen p re s su re  i s  high 
enough. The titanium-hydrogen phase diagram, Figure 3 ,  is  t y p i c a l  of  t i t an ium,  
zirconium, and hafnium, and shows t h a t  below t h e  e u t e c t o i d  temperature,  hydro- 
gen s o l u b i l i t y  decreases  r ap id ly  wi th  decreas ing  temperature a n d . i s  p r a c t i c a l l y  
n i l  a t  room temperature.  The o t h e r  hydride formers show s i m i l a r  s o l u b i l i t y  
decreases .  Because of  t h i s  decrease i n  hydrogen s o l u b i l i t y ,  hydr ides  o f t e n  
p r e c i p i t a t e  even when t h e  hydrogen content  of t h e  metal  i s  very  low. In  some 
r e spec t s  t h i s  i s  s i m i l a r  t o  b l i s t e r i n g ;  a hydrogen-rich phase i s  formed, and 
t h i s  phase may a f f e c t  t h e  mechanical p r o p e r t i e s  of t h e  metal .  l 7  Under severe  
hydrogen charging cond i t i ons ,  t h e  s t r a i n s  developed by p r e c i p i t a t i o n  of t h e  
less -dense  hydride phase can produce s t r e s s e s  s u f f i c i e n t  t o  cause f a i l u r e  even 
when no load i s  app l i ed .  l g  

S u s c e p t i b i l i t y  t o  hydride embri t t lement  i s  dependent on numerous v a r i a b l e s  
inc luding:  hydrogen content ,  hydride d i s t r i b u t i o n  and morphology, tempera- 
t u r e ,  and s t r a i n  r a t e .  The metal hydr ides  a r e  not  on ly  b r i t t l e  and l e s s  dense 
than t h e  metal mat r ix ,  bu t  p r e c i p i t a t e  a t  d i s l o c a t i o n s ,  a t  g r a i n  and twin 
boundaries ,  3 2  and a t  o t h e r  d e f e c t s .  This  combination of  hydride-matr ix 
p r o p e r t i e s  i n f luences  both t h e  i n i t i a t i o n  and growth s t a g e s  o f  f r a c t u r e .  3 2 

Hydride embri t t lement  gene ra l ly  i nc reases  with inc reas ing  hydrogen content  
(Figure 4 ) .  This  increased  s u s c e p t i b i l i t y  i s  due t o  an inc rease  i n  t h e  number 
of  hydrides p e r  u n i t  volume, a corresponding decrease  i n  t h e  i n t e r h y d r i d e  
spacing,  and a change i n  a c t u a l  hydride d i s t r i b u t i o n .  3 3  Hydride d i s t r i b u t i o n  
( o r i e n t a t i o n ) ,  which a l s o  a f f e c t s  i n t e r h y d r i d e  spacing,  i s  of such maj o r  
importance i n  some cases  t h a t  t h e  r o l e  of hydrogen content  i s  suppressed.  
Tens i l e  specimens o f  Zircaloy-2 conta in ing  hydrides o r i e n t e d  p a r a l l e l  t o  t he  
s t r e s s  a x i s  f a i l e d  a f t e r  10% e longat ion;  whereas comparable specimens con- 
t a i n i n g  hydrides perpendicular  t o  t h e  s t r e s s  a x i s ,  bu t  with only 0.05 t imes 
t h e  t o t a l  hydrogen, exh ib i t ed  no macroscopic d u c t i l i t y .  3 4 

. Increas ing  t h e  temperature decreases  t h e  s u s c e p t i b i l i t y  t o  hydr ide  
embri t t lement  because, f o r  any given hydrogen content ,  t h e  volume, f r a c t i o n  
of hydride decreases .  However, t h e r e  is  some evidence t h a t  above a c r i t i c a l  
temperature,  t h e  hydride may become duct i  1 e ,  and thus  be l e s s  l i k c l y  t o  
enhance crack i n i t i a t i o n .  D u c t i l e - t o - b r i t t l e  t r a n s i s t i o n s  have been observed 
i n  hydrided zirconium a l l o y s , 3 3  and t h e  t r a n s i t i o n  temperature has been shown 
t o  inc rease  with inc reas ing  hydrogen content  (Figure 5 ) .  This  phenomenon was 
shown t o  be c o n s i s t e n t  wi th  v a r i a t i o n s  i n  i n t e rhydr ide  spacing and l e d  t o  t h e  
conclusion t h a t  t h e  e m b r i t t l i n g  e f f e c t  o f  hydr ide  p r e c i p i t a t i o n  i s  due t o  
cracking along t h e  hydride.  The shape and d i s t r i b u t i o n  of t h e  hydr ides  a r e  
s t rong ly  dependent on t h e  h e a t  t rea tment  p r i o r  t o  p r e c i p i t a t i o n  and on t h e  
cool ing r a t e  during p r e c i p i t a t i o n .  3 6  Because c racks  propaga.te along metal- 
hydride i n t e r f a c e s  (Figure 6 ) ,  cool ing r a t e s  a l s o  in f luence  embri t t lement .  
Slow cool ing apparent ly  promotes t h e  formation of  t h i n  p l a t e l e t s  p r imar i ly  
a t  ga in  boundaries and on s p e c i f i c  c r y s t a l l o g r a p h i c  p l a n e s ,  whereas r a p i d  
quenching p r e c i p i t a t e s  h ighly  d ispersed  p a r t i c l e s .  Correspondingly, t h e  
toughness ( r z s i s t a n c e  t o  hydride embri t t lement)  i s  h ighe r  i n  hydrided 
t i t an ium when t h e  hydrides a r e  compact, than when t h i n  hydride p l a t e l e t s  a r e  
p r e s e n t .  3 7 
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The ex i s t ence  o f  hydride p r e c i p i t a t e s  before  t e s t i n g  i s  no t  a necessary  
condi t ion  f o r  hydride embri t t lement .  Vanadium a l l o y s  wi th  hydrogen con ten t s  
l e s s  than  t h e  apparent te rmina l  s o l i d  s o l u b i l i t y  a r e  embr i t t l ed  because t h e  
t e s t  s t r e s s e s  ( s t r a i n s )  cause hydride p r e c i p i t a t i o n  and subsequent embr i t t l e -  
ment. 3 e  I n  such case ,  t h e  apparent  s o l u b i l i t y  may be decreased by an app l i ed  
s t r e s s  because p r e c i p i t a t i o n  of t h e  low-density hydride phase i s  accompanied 
by nuc lea t ion  of numerous d i s l o c a t i o n s  a t  hydride-matr ix i n t e r f a c e s .  3 6  Tes t  
s t r e s s e s  a i d  hydride nuc lea t ion  and thus  lower t h e  apparent  s o l u b i l i t y .  ' " 

This e f f e c t  i s  markedly d i f f e r e n t  from t h e  thermodynamically p red ic t ed  i n c r e a s e  
i n  a c t u a l  hydrogen s o l u b i l i t y  through t h e  app l i ca t ion  of e l a s t i c  t e n s i l e  
s t r e s s e s .  3 9 

Surface hydr ides  a l s o  a f f e c t  t h e  mechanical p r o p e r t i e s  of hydride-forming 
metals .  F a i l u r e  of  t e n s i l e  specimens with su r f ace  hydride l a y e r s  i s  i n i t i a t e d  
i n  t h e  hydride and occurs  a t  very low s t r a i n s .  Most o f  t h e  condi t ions  f o r  
su r f ace  hydride formation a r e  met by exposure of hydride-forming metals  t o  
gaseous hydrogen, even a t  very low p res su res .  For example, c a l c u l a t i o n s  show 
t h a t  f o r  alpha-phase t i t an ium a t  room temperature,  t h e  equ i l i b r ium p res su re  above 
which hydrides w i l l  form i s  5 x 1 0 - l 4  t o r r .  However, t i t an ium a l l o y s  can be 
exposed t o  much h igher  hydrogen p re s su re  with no adverse e f f e c t s  because o f  
t h e  p r o t e c t i o n  a f forded  by t h e  oxide f i l m  t y p i c a l l y  p re sen t  on such a l l o y s .  4 0 

Surface hydride formation can be p red ic t ed  from a knowledge of  hydrogen t r a n s -  
p o r t  r a t e s  i n  both t h e  oxide f i l m  and t h e  metal  matr ix .  Futhermore , s u r f  ace 
hydride formation, p e r  s e ,  was shown t o  degrade t h e  mechanical p r o p e r t i e s  and 
may (without t h e  a p p l i c a t i o n  of s t r e s s )  cause d i s i n t e g r a t i o n  o f  t h e  specimen 
(Figure 7 ) .  

Hydride embri t t lement ,  ir, most cases ,  i s  a maximum a t  h igh  s t r a i n  r a t e s .  
S tudies  wi th  hydrided t i t an iun;  ' a l loys41  show t h a t  impact and notch specimen 
t e s t i n g  a r e  e f f e c t i v e  methods f o r  determining t h e  s u s c e p t i b i l i t y  t o  hydride 
embri t t lement .  (Figure 8) .  

General i zed Hydrogen Embri ttlement 

Fai 1 ure Under S ta t ic  Conditions 

Delayed f a i l u r e  ( s t a t i c  f a t i g u e )  i s  a time-dependent form of  hydrogen 
embr i t t  lement t h a t  occurs p r imar i ly  i n  high s t r e n g t h  s t e e l s .  Hydrogen-charged 
specimens, loaded t o  s t r e s s e s  l e s s  than t h e  normal f r a c t u r e  s t r e s s ,  o f t e n  f a i l  
a f t e r  an incubat ion  time depending upon temperature,  hydrogen con ten t ,  and 
o t h e r  t e s t  v a r i a b l e s .  This. phenomenon has been ex tens ive ly  st .udied p r i m a r i l y  
with notched specimens,42 and i s  perhaps b e s t  i l l u s t r a t e d  by Figure  9 .  The 
upper c r i t i c a l  s t r e s s  i s  t h e  normal f r a c t u r e  s t r e s s  of t h e  a l l o y ,  and t h e  
lower c r i t i c a l  s t r e s s  i s  t h e  s t r e s s  below which f a i l u r e  w i l l  no t  occur.  The 
incubat ion  pe r iod  i s  t h e  time r equ i r ed  f o r  t h e  i n i t i a l  crack formation o r  t h e  
onse t  of i r r e v e r s i b l e  damage, while  t h e  f r a c t u r e  t ime i s  simply t h e  time t o  
complete rupture .  The lower c r i t i c a l  s t r e s s  and t h e  f a i l u r e  t ime inc rease  - 
r a p i d l y  with inc reas ing  notch roo t  r a d i u s 4 3  and a r e  s e n s i t i v e  func t ions  of  
temperature,  hydrogen content ,  and specimen s t r e n g t h .  The incubat ion  time i s  
r e v e r s i b l e ,  and measurements of t h e  k i n e t i c s  of r e v e r s i b i l i t y  shown an 
a c t i v a t i o n  energy of approximately 9000 c a l  p e r  mole. 4 4  This  a c t i v a t i o n  
energy has been used t o  support  and/or d i s c r e d i t  s e v e r a l  proposed mechanisms 
f o r  hydrogen embri t t lement .  However, because t h e  k i n e t i c s  of hydrogen t r a n s -  
p o r t  i n  s t e e l s  a r e  s eve re ly  complicated by t r app ing ,45  use  of  t h i s  type  of  
k i n e t i c  d a t a  t o  support  any mechanism is  q ~ e s t i o n a b 1 e . l ~ ' ~ ~  



Delayed f a i l u r e  i s  one of t h e  most i n s i d i o u s  forms of hydrogen embr i t t l e -  
ment because it can occur  without warning i n  p a r t s  which a r e  not  being exposed 
t o  hydrogen. The hydrogen absorbed during a p i c k l i n g  o r  f i n i s h i n g  ope ra t ion  
can cause delayed f a i l u r e  during subsequent use  even when nominal t e s t  proce- 
dures  f a i l  t o  i n d i c a t e  hydrogen damage. For t h i s  reason ,  t e s t s  t o  determine 
s u s c e p t i b i l i t y  t o  delayed f a i l u r e  were developed i n  t h e  1950's (ASTM 
Standard E-8-65T): A t  t h e  June 19.72 ASTM Committee F-7.04 meeting on 
"Standardizat ion of  Tes t ing  i n  Hydrogentf numerous t e s t i n g  techniques were 
repor ted  f o r  e s t a b l i s h i n g  delayed f a i l u r e  s u s c e p t i b i l i t y ;  however, t h e  r e s u l t s  
of t h e  d i f f e r e n t  techniques were no t  n e c e s s a r i l y  comparable. The d i f f e r e n c e  
i n  r e s u l t s  show t h a t  q u a l i f i c a t i o n  of a p a r t i c u l a r  p l a t i n g  p roces s ,  f i n i s h i n g  
opera t ion ,  o r  p i c k l i n g  ba th  may be a s  dependent on t h e  t e s t  technique a s  on 
t h e  process  i t s e l f .  For t h i s  reason ,  it i s  d e s i r a b l e  that .  t h e  s u s c e p t i b i l i t y  
of a p a r t  t o  delayed f a i l u r e  o r  t h e  q u a l i f i c a t i o n  of a p a r t i c u l a r  f i n i s h i n g  
opera t ion  be determined through t e s t  procedures recommended i n  t h e  ASTM 

.Standards r a t h e r  than  through t e s t s  descr ibed  i n  ASTM STPfs but  no t  y e t  
accepted a s  s tandard  techniques .  

Fai 1 ure Under Dynamic Conditions 

One of t h e  e a r l y  examples of  hydrogen embritt lement4\hows t h e  tempera- 
t u r e  and s t r a i n - r a t e  dependence of d u c t i l i t y  l o s s e s  i n  cathodical ly-charged 
mild s t e e l  (Figure 10) .  These and s i m i l a r  d a t a  show t h a t  t h e  degree of 
embri t t lement  

i i lcreases  with inc reas ing  hydrogen con ten t ,  4 7 

0 i s  a maximum a t  an intermediate .  temperature , 4 6  and 

decreases  wi th  inc reas ing  s ' t ra in  r a t e s .  4 6 

Embrittlement i n  hydrogen-charged a u s t e n i t i c  s t e e l s ,  l 6  n i c k e l ,  and high- 
s t r e n g t h  s t e e l s 2  shows s i m i l a r  c h a r a c t e r i s t i c s .  Furthermore, s t u d i e s  o f  t h e  
e f f e c t s  of  temperature,  s t r a i n  r a t e ,  and hydrogen content  on hydrogen t r a n s -  
p o r t  by  dislocation^^^ suggest  such t r a n s p o r t  i s  of major importance i n  
hydrogen embri t t lement  processes .  This  conclusion l e d  t o  t h e  fol lowing 
phenomenological d e s c r i p t i o n S 0  of hydrogen embri t t lement i n  nonhydride-forming 
metals  : 

"The d e l e t e r i o u s  e f f e c t s  of hydrogen on t h e  t e n s i l e  p r o p e r t i e s  of metals  a r e  
caused by t h e  a s s o c i a t i o n  and movement of hydrogen with d i s l o c a t i o n s .  Hydrogen- 
d i s l o c a t i o n  i n t e r a c t i o n s  modify p l a s t i c  deformation processes  by s t a b i l i z i n g  
microcracks, by changing t h e  work-hardening r a t e ,  and by s o l i d - s o l u t i o n  
hardening. " 

This  d e s c r i p t i o n  coupled with t h e  concept o f  "hydrogen-binding-to- 
d i s loca t ions"  provides  a b a s i s  f o r  expla in ing  t h e  temperature,  s t r a i n  r a t e ,  
and hydrogen content  dependence of hydrogen embr i t t l ement .  The amount o f  
hydrogen t r anspor t ed ,  C , i s  r e l a t e d  t o  d i s l o c a t i o n  movement i n t o  any reg ion  
of  a specimen during a $ynamic t e s t  through t h e  equat ions 

and CI  = Cexp (-GB/RT) 



where C i s  t h e  nominal hydrogen content ;  C I ,  t h e  hydrogen content  a t  a d i s -  
l o c a t i o n  core;  pm, t h e  mobile d i s l o c a t i o n  dens i ty ;  7, t h e  average d i s l o c a t i o n  
v e l o c i t y ;  and G B ,  t h e  hydrogen-dis locat ion binding energy, and i s  negat ive  
when binding occurs .  

S u s c e p t i b i l i t y  t o  hydrogen embri t t lement  is  a maximum at  some in t e rmed ia t e  
temperature and apparent ly  vanishes a t  e l eva t ed  temperatures ,  even under 
condi t ions  of high temperature creep and s t r e s s  rupture ,"  b u t  embri t t lement  
has been observed i n  tests as low a s  7 7 O K .  44 

The decreasing s u s c e p t i b i l i t y  w i th  inc reas ing  temperature a t  any given 
hydrogen concent ra t ion  i s  caused by an exponent ial  decrease  of t h e  r a t i o  
CL/C with temperature.  The r a t i o  approaches 1 as T i n c r e a s e s ,  and, f o r  a 
given amount of d i s l o c a t i o n  motion, l e s s  hydrogen i s  t r anspor t ed  a t  t h e  h ighe r  
temperature.  On t h e  o t h e r  hand, t h e  amount of  hydrogen t r anspor t ed  inc reases  
with decreasing temperature u n t i l  t h e  d i s l o c a t i o n s  become s a t u r a t e d  
( i . e . ,  CI = l ) ,  and/or u n t i l  t h e  lower temperature reduces hydrogen mob i l i t y  
t o  t h e  p o i n t  where d i s l o c a t i o n s  must break away from t h e i r  hydrogen atmospheres 
i n  o r d e r  t o  move. 

Most proposed embri t t lement  mechanisms r e q u i r e  t h a t  (a)  a c r i t i c a l ,  o r  
t h re sho ld ,  amount o f  hydrogen be l o c a l i z e d ,  and (b) t h e  amount of embri t t lement  
i s  p ropor t iona l  t o  t h e  amount of hydrogen l o c a l i z e d .  Therefore ,  f o r  a given 
s t r a i n  r a t e  and hydrogen content ,  C decreases  a s  T inc reases  a t  any tempera- T t u r e  above t h e  d i s l o c a t i o n  s a t u r a t i o n  temperature.  A t  temperatures  below t h i s  
temperature,  C i s  l imi t ed  by t h e  d i f f u s i v i t y  of hydrogen and decreases  a s  T 
decreases .  ~ h x s ,  a maximum i n  t h e  amount of hydrogen t r anspor t ed  and l o c a l i z e d  
i s  obta ined  a t  an in te rmedia te  temperature,  and, hence, a maximum i n  e m b r i t t l e -  
ment i s  observed. The temperature o f  t h i s  maximum should i n c r e a s e  with 
inc reas ing  s t r a i n  r a t e  and inc reas ing  hydrogen content  a s  has been observed i n  
experimental s t u d i e s .  4 6 

The amount of  hydrogen t r anspor t ed  p e r  u n i t  s t r a i n  decreases  a s  t h e  
s t r a i n  r a t e  i nc reases  (Figure 11 and Reference 49) .  This  dependency, coupled 
with , the  d i s l o c a t i o n - t r a n s p o r t  model f o r  embri t t lement ,  p r e d i c t s  t h e  observed 
decrease i n  embri t t lement  s u s c e p t i b i l i t y  wi th  increased  s t r a i n  r a t e .  

For any given amount of d i s l o c a t i o n  motion, t h e  amount of  hydrogen t r a n s -  
po r t ed  i s  d i r e c t l y  p ropor t iona l  t o  t h e  hydrogen content  u n t i l  t h e  d i s l o c a t i o n s  
become s a t u r a t e d  wi th  hydrogen. This  p r o p o r t i o n a l i t y  i n d i c a t e s  t h a t  t h e  
s t r a i n - t o - f r a c t u r e  should decrease l i n e a r l y  with hydrogen content  u n t i l  t h e  
d i s l o c a t i o n s  a r e  s a t u r a t e d .  Fur ther  i nc reases  i n  hydrogen content  above t h i s  
s a t u r a t i o n  va lue  should have l i t t l e  e f f e c t  on hydrogen embri t t lement .  This 
behavior  has been experimental ly  observed (Figure '12 and Reference 47) .  

I n  a d d i t i o n  t o  t h e  e f f e c t s  of hydrogen content ,  temperature,  and s t r a i n  
r a t e  on t h e  s u s c e p t i b i l i t y  t o  hydrogen embri t t lement ,  s t u d i e s  have a l s o  shown 
t h a t  embri t t lement  i s  promoted by coplanar  d i s l o c a t i o n  motionS and t h a t  
s u s c e p t i b i l i t y  t o  embri t t lement  i s  g r e a t e r  f o r  h igh - s t r eng th  a l l o y s  than f o r  
low-strength a l l o y s  of s i m i l a r  s t r u c t u r e s  (Figure 13  and Reference 25).  These 
embri t t lement  s t u d i e s  provide some simple c r i t e r i a  f o r  a l l o y  s e l e c t i o n  t o  mini- 
mize embri t t lement  s u s c e p t i b i l i t y .  Because a c r i t i c a l  q u a n t i t y  of hydrogen 
i s  apparent ly  r equ i r ed  f o r  embri t t lement ,  a low hydrogen s o l u b i l i t y  i s  d e s i r a b l e .  
For example, n e i t h e r  copper o r  aluminum a r e  s u s c e p t i b l e  t o  dynamic embr i t t l e -  
ment, and t h e i r  hydrogen s o l u b i l i t i e s  a r e  much lower than  r e a d i l y  embr i t t l ed  
metals  such a s  a l l o y s  of i r o n  and n i c k e l .  Embritt lement i s  promoted by low 
s t a c k i n g - f a u l t  ene rg i e s ,  high n j g a t i v e  dis locat ion-hydrogen binding ene rg i e s ,  and 
high s t r e n g t h s ;  t h u s ,  a l l o y s  having t h e s e  genera l  p r o p e r t i e s  should be avoided. 



Alloy design can a l s o  minimize embri t t lement .  For example, f i n e  d i spe r s ions  
of incoherent  p r e c i p i t a t e s  have been shown t o  be e f f e c t i v e  i n  e l imina t ing  
some adverse hydrogen e f f e c t s  i n  and "pres t ra in ing"  i n  a i r  be fo re  
hydrogen exposures have minimized embri t t lement  i n  o t h e r  a l l o y s .  5 3 

F a i  1 ure i n  H y d r o g e n  E n v i  r o n m e n t s  

Hydrogen environment embri t t lement  i s  embri t t lement  which r e s u l t s  when an 
i n i t i a l l y  "hydrogen f r ee"  metal i s  deformed i n  a hydrogen environment. This 
phenomenon was f i r s t  descr ibed  i n  t h e  mid-1950's ' i n  s t u d i e s  which showed 
t h a t  d u c t i l i t y  o f  many metals t e s t e d  i n  h igh  p re s su re  kaseous hydrogen was 
s i g n i f i c a n t l y  l e s s  than expected. Subsequent s t u d i e s  i n d i c a t e d  t h a t  
"hydrogen i s  suppl ied  t o  t h e  r o o t  o f  t h e  propagat ing  crack both from t h e  metal 
and d i r e c t l y  from t h e  gas phase." Other i n v e s t i g a t o r s  ' 4  confirmed t h e s e  
r e s u l t s  +nd suggested t h a t  hydrogen environment embri t t lement  i s  d i s t i n c t l y  
d i f f e r e n t  from o t h e r  embri t t lement  modes. This  d i s t i n c t i o n  probably developed 
because t e s t s  i n  high p re s su re  hydrogen were o f t e n  found t o  be independent 
of  exposure t ime. 2 1  This  independence was i n t e r p r e t e d  a s  showing t h a t  d i f -  
fus ion  and hence absorp t ion  a r e  no t  v i t a l  t o  hydrogen environment e f f e c t s .  
However, it has r e c e n t l y  been shown4' ' 5  t h a t  p l a s t i c  deformation during 
hydrogen exposure g r e a t l y  a f f e c t s  absorp t ion ,  and t h a t  both t h e  depth o f  
s i g n i f i c a n t  absorp t ion  and t h e  amount of hydrogen absorbed a r e  s i g n i f i c a n t l y  
g r e a t e r  than p red ic t ed  by d i f f u s i o n  theory.  Thus, absorp t ion  r e a d i l y  occurs  
during environmental embri t t lement ,  and t h e r e  i s  l i t t l e  need t o  invoke a 
d i f f e r e n t  embri t t lement  mode f o r  t h i s  phenomenon. Furthermore, t h e  e f f e c t s  
o f  temperature,  s t r a i n  r a t e ,  and hydrogen content  (pressure)  on s u s c e p t i b i l i t y  
t o  hydrogen embri t t lement  have been shown t o  be t h e  same i n  both i n t e r n a l  
(precharged) and environmental t e s t s .  l 6  These r e s u l t s  suggest  t h a t  a s i n g l e  
mechanism accounts f o r  both forms of embri t t lement .  Never the less ,  environmental 
hydrogen embri t t lement  i s  now a wel l - s tudied  phenomenon, and t h e  com a t a b i l i t y  
of numerous metals  with high p re s su re  hydrogen has been establ ished. '  These 
r e s u l t s  i n d i c a t e  t h a t  s e l e c t i o n  of ma te r i a l s  f o r  gaseous hydrogen exposures 
should be based on c r i t e r i a  s i m i l a r  t o  those  f o r  minimizing t h e  e f f e c t s  of  
i n t e r n a l  hydrogen, 

I-Iydro en environ~aerits a l s o  a f f e c t  slow crack growth r a t e s  f o r  precracked 
specimens5' and t h e  f a t i g u e  l i f e 2  of  many metals .  Crack growth i n  H - 1 1  s t e e l  
has been shown t o  be a s e n s i t i v e  func t ion  of environment. The s t r e s s  i n t e n s i t y  
f o r  uns tab le  crack growth was $11 k p s i  6. i n  hydrogen and was $40 kps i  6. 
i n  dry argon. Furthermore, hydrogen-induced, slow-crack growth in ,compact  
t ens ion  specimens could be stopped i f  0.6% oxygen was added t o  t h e  atmospheric 
hydrogen environment (Figure 14) showing t h a t  oxygen i s  a remarkable p r o t e c t i v e  
agent aga ins t  hydrogen-induced cracking.  Other  s t u d i e s 3  have shown t h a t  oxygen 
impur i t i e s  w i l l  i n h i b i t  cracking o f  s t e e l s  i n  high p re s su re  hydrogen. The 
mechanism f o r  t h i s  i n h i b i t i o n  ( o r  p r o t e c t i o n )  i s  n o t  e s t a b l i s h e d ,  bu t  i s  
probably r e l a t e d  t o  oxygen i n h i b i t i o n  o f  hydrogen absorp t ion .  5 0 

PROPOSED MECHANISM FOR GENERALIZED EMBRITTLEMENT 

The d e l e t e r i o u s  e f f e c t s  of  hydrogen on t h e  mechanical p r o p e r t i e s  of  
nonhydride-forming metals  a r e  caused by t h e  a s s o c i a t i o n  and movement of  
hydrogen with d i s l o c a t i o n s .  This  movement t r a n s p o r t s  hydrogen t o  h igh  s t r a i n  
reg ions  i n  t h e  metal l a t t i c e  and l eads  t o  l o c a l i z e d ,  high-hydrogen concentra- 
t i o n s .  Breakdown of d i s l o c a t i o n  p i l e u p s  and d i s l o c a t i o n  egress ion  i n t o  micro- 
voids,  o r  o t h e r  processes which l ead  t o  d i s l o c a t i o n  a n n i h i l a t i o n  cause l o c a l  
supe r sa tu ra t ion  o f  t h e  l a t t i c e .  Under t h e s e  cond i t i ons ,  hydrogen can p r e c i p i t a t e  
t o  nuc lea t e  and/or s t a b i l i z e  microvoids.  Furthermore, t h e  a s s o c i a t i o n  of 
hydrogen with d i s l o c a t i o n s  a f f e c t s ,  d i s l o c a t i o n  dynamics, and thus  t h e  a s s o c i a t i o n ,  
per  s e ,  con t r ibu te s  t o  embri t t lement .  



The d i s loca t ion - t r anspor t  model r e q u i r e s  t h a t  p l a s t i c  deformation accom any 
embri t t lement .  This model a g r e e s , w i t h  t h e  hydrogen-assis ted cracking model. P 4 
Another b a s i c  premise o f  t h e  proposed model i s  t h a t  l o c a l i z e d  l a t t i c e  super-  
s a t u r a t i o n  must precede embri t t lement .  This  premise agrees  with t h e  gene ra l i zed  
model f o r  hydrogen embri t t lement ,  which assumes t h a t  embri t t lement  r e s u l t s  from 
p r e c i p i t a t i o n  of a hydrogen-rich phase whose mechanical p r o p e r t i e s  d i f f e r  from 
those  of t h e  matr ix.  ' ' The high loca l i zed .  concent ra t ions  a r e  promoted by 
coplanar  d i s l o c a t i o n  motion, l a r g e  negat ive  hydrogen-dis locat ion binding ener -  
g i e s ,  and high hydrogen concent ra t ions ,  e i t h e r  i n  t h e  specimens o r  i n  t h e  t e s t  
environment. The mechanism by which t h e  reg ions  of  l a t t i c e  supe r sa tu ra t ion  
cause embritt lement has not  ) .et  been f i rmly  e s t a b l i s h e d .  However, much of t h e  
a v a i l a b l e  d a t a  suppor ts  a  mechanism which simply r e q u i r e s  t h a t  a  high i n t e r n a l  
gas p re s su re  e x i s t  a t  t h e  rep ion  of  l oca l i zed  high hydrogen concent ra t ions .  
Such a  mechanism i s  s i m i l a r  t o  t h e  pressure-expansion theory , ' '  except t h a t  
d i s l o c a t i o n  movement pumps hydrogen t o  t h e  voids and thereby  genera tes  t h e  
high p re s su res .  

The pressure-expansion model f o r  embri t t lement  i s  c l e a r l y  ope ra t ive  i n  
ma te r i a l s  t h a t  a r e  supercharged e i t h e r  by (1) s a t u r a t i o n  a t  e l eva t ed  tempera- 
t u r e s  followed by quenching t o  form a supe r sa tu ra t ed  s o l u t i o n ,  o r  (2)  by 
ca thodic  charging a t  very  high hydrogen f u g a c i t i e s .  In  e i t h e r  case ,  high 
p re s su re  gaseous hydrogen w i l l  p r e c i p i t a t e  a t  l a t t i c e  d e f e c t s  and can cause 
t h e s e  de fec t s  t o  grow, coa lesce ,  and lead  t o  b l i s t e r i n g  and/or  specimen 
f  a i  l u r e .  

CONCLUSIONS 

This  d iscuss ion  attempted t o  s epa ra t e  hydrogen embri t t lement  of metals  
i n t o  t h r e e  ca t egor i e s :  

Embrittlement r e s u l t i n g  from b l i s t e r  formation 

Embrittlement r e s u l t i n g  from hydride formation 

Generalized embri t t lement  

C lea r ly ,  hydrogen embritt lement i s  no t  a  simple phenomenon, and many a spec t s  
of  hydrogen-metal i n t e r a c t i o n s  remain unknown. However, w i th in  t h e  above 
c l a s s i f i c a t i o n s ,  a  b a s i s  f o r  s e l e c t i o n  of  ma te r i a l s  f o r  hydrogen s e r v i c e  may 
be found. Only a  small  number o f  metals a r e  hydride formers ,  and t h e s e  
should not  be used i n  hydrogen atmospheres. B l i s t e r  formation can be avoided 
by proper  con t ro l  of process  v a r i a b l e s ,  h e a t  t r e a t i n g ,  and f i n i s h i n g  opera t ions .  
S e l e c t i o n  of  m a t e r i a l s  which a r e  r e s i s t a n t  t o  genera l ized  hydrogen embr i t t l e -  
ment i s  more d i f f i c u l t .  In  gene ra l ,  i f  an a l l o y  i s  p r i m a r i l y  a  t r a n s i t i o n  
metal ,  t h e  a l l o y  should be assumed t o  be s u s c e p t i b l e  t o  embri t t lement  u n t i l  
proven otherwise.  S p e c i f i c  ma te r i a l  p r o p e r t i e s  t o  minimize hydrogen em- 
b r i t t l e m e n t  a r e  not  we l l  e s t ab l i shed ;  however, low hydrogen-dis locat ion 'b inding  
ene rg i e s ,  high s t a c k i n g - f a u l t  ene rg i e s ,  low s t r e n g t h s ,  and low hydrogen 
s o l u b i l i t i e s  are desirable. 
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Figure l a .  Hydrogen B l i s t e r  i n  Aluminum. B l i s t e r  formed by ex- 
posing 1100 A1 t o  room a i r  i n  muf f le  furnace a t  773OK. 

Figure lb .  Hydrogen Blow Holes i n  I ron  Casting. I ron  was me1 ted 
and cast i n  one atmosphere hydrogen; poros i ty  caused 
by hydrogen prec ip i ta t ion  due t o  a large drop i n  
sol  ubi 1 i ty upon s o l i d i f i c a t i o n  (from Figure 33 i n  
Reference 6) . 



Figure 2. Pores and Cracks along Grain Boundaries o f  ETP Copper 
Exposed t o  Hydrogen a t  500°C. 



Figure 3. The 'Titanium - Hydrogen Phase Diagram f o r  Hydrogen 
a t  One Atmosphere ( f rom Reference 58). 



Hydrogen content, atomic O/O 

Figure 4. Tensi le Propert ies u f  Ti-8Mn as a Function o f  
Hydrogen Content. 



I I B 
* 

2300  - P P ~  H 
C - 50.100.150~250~1000 - 

A 400 
k 0 so0 
(3 
K eoo 
W 

200 - 
W 

W 
a 
3 

;too 
a 
C 
LL 

0 I I 1 I ,  

-2 0 2 0  60 100 t 4 0  
TESTING TEMPERATURE ' C  

Figure 5. Ductile to Brittle Transitions in Hydrided Zirconium 
(from Reference 33). 



Figure 7. Disintegration o f  T i  -5A1-24Sn Specimen Exposed to  
Hydrogen a t  71°C (from Reference 40). 
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F igure  8. 
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E f f e c t  of Test ing Techniques i n  Reveal i n g  Suscepti b i  - 
1 i t y  of Hydri  ded T i  t a n i  um t o  Hydrogen Embri ttl ement 
( from Reference 41 ) . 
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Figure 9. Schematic Representat ion o f  Delayed F a i l u r e  
Character i  s t i  cs o f  a Hydrogenated Steel  
( f rom Reference 44).  
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Figure  10 The E f f e c t  o f  S t r a i n  Rate and Temperature on the  
S u s c e p t i b i l i t y  o f  M i l d  S tee l  t o  Hydrogen 
Embri t t l e m e n t  ( f rom Reference 46). 
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Figure 11. S t r a i n  Rate Dependence o f  T r i t i u m  Release f rom Armco 
I r o n  Deformed i n  Tension a t  21°C ( f rom Reference 49) .  
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F igure  12. V a r i a t i o n  i n  Elongat ion t o  Rupture o f  Zone Ref ined 
I r o n  w i t h  'Hydrogen Content ( f rom Reference 47).  
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F igure  13. E f f e c t  o f  S t rength  Level on t h e  s u s c e p t i b i l i t y  t o  
Hydrogen Embri t tlement. Data are f o r  s t a t i c  te 'sts ; 
however, s i m i l a ~  dependency has been shown5 f o r  
dynaml c t e s t s  ( from. Reference 2) .  



Figure  14. S u b c r i t i c a l  Crack Growth i n  H-11 Steel  Exposed t o  
Hydrogen and a Hydrogen -0.6% Oxygen Envi ronment 
(from Reference 56). 




