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I l V l ) R (  )( ;I~’~ RELA’! El) F \ l I ~( ‘Rl ~ MI CLIANISMS IN MF ’l ALS

I l K .  B ir nba um

i) cp . i r tn u’n t  oi Me~ allurgy ~tnd Mining Engineering
I_ It I’ er si tV  of  I l l ino i s  itt Urbana-Cha m pai gn

I r it tna , l inoi s  6 801 1 ~.S.A .

I . P-’TR O1)U~ T1ON

l iii i i  44 fl11 l i n t  of hs ~lr c e~ & i i  ~~~ a aiai 1ui i ;  and generall y de leter ious solute in metallic sy stems
i t i t  t~~ I t a l l i f l C t ( C l I 1  it ( c i t t u r v  hen j ohnson  ( 1 )  t.b scrvril and reported most ~ f the  general

m i n i  of h v dr o~ u i i  em b r i t t l e m en t  i t f  steels . Since that  t ime a gteat deal if i esearch has been
mm m u d  o ut  I i i  exte nd  thes e observat ions te o. ber SVst Crn s, both ferrous and n o n - m c i  ‘us. 1 he ro le

4 !  u s  dr ogemi , p l ( S ( ’ f l i  a~ e i t h e r  a solut e or a ;)ari of t gaseous a tmosp here , has been mcc i m t~ntz ed in a
, m r i ’ t V of dut i ik in t l  b r i t t l e  fai lures .  Since th ese have o f t e n  resulted in serious eng ineering and

( ‘4 ‘i f l h i ’ f l i (  eonsm t p i rmi t  m s . mm -h effort has been directed towards char acteri z ing and documenting
I huse tilti res . A mcl ii ed bod y of literat t ir e directed towards su”ss corrosion failures has simul-
t~ineoiiclv . ITIS ( f l .  I n  re cent years it has bee ) increasing ly recognized tha t an intimate relationshi p
ex i s t s  b etw een hvd r  ‘gen and some stress-corrosion typ es  of failure. As a r esult  of the prev i ou s
e f f o r t  ~. th e  1)hi r iomcn ~t of h y drogen re lated ir a c iurc  arc well characterized but at the present time

,ti r l n c (h ,t , l i s t  it  uml ( le rst.t ndi ng is somewhat ‘au lt y.
I i i  u 1,r csenr paper v/e will review .sorn of ihe maj or asp ects  of the hy drogen related failures

it tcml)t t i m  relate these to mechanisrr s of Ir at o n .  No a t tempt  will be made to comp lete l y
revie~s t he v o l mi rn j n o i i s  h ydrogen l i t e ra tur e  i 2 ) ;  rather the  effor t  wil l be directed towards under-
si .mnd in g the gener al underl y ing princi p les which control t i - ic failures . \n even mor~ cursory review
of the  slr es% -cii rr osion l i t e ra ture  will l)C .m tcmptc(l (3) as we shall onl y place emp hasis on those

is which ire related to h y drogen f a i l u r e s . In carry ing forth our discussion we shall take
~- . ig n it . i n (-e of the  fact t h a t  no sing le fa i lure  mecnanism appears to hr able to account for all of the
( I I)%e r ’4 (’(l beh avior.  i here appear to he a number of related mechanisms , each of which may have
i~plic ~b iliI  V to a class of material and to a range of conditions.

l u c r e  itl)p eilr to be it v ar i e ty  of h y drogen related failure modes. In the present paper we shal l
emp lt.i si i .e the  “classical” CaSC of h y drogen cmbr i t t l emcnt  in which there is a change from a ductile
i i ’  a b r i t t l e  or cleavage la i lur e  mod e as a resul t  of hydrogen present as a solute or in the environ-
mitc i t i .  Onl y cursory mention will he made of the effects of hy drogen on ductile failure modes (4)
i i i  of  elevated temp erature  failures caused by the interactions between h ydrogen and other alloy-
ing elements such as 0 or C (5).

Me ta l -h y drogen systems exh ib i t  a greatl y disparate range of behaviors. A large number of metals
l ’~ rm stable h ydrides , i.e. compounds which arc generall y centered about stochiometri c metal-
h y drogen ratios and in which the h ydrogen solutes arc ordered (6 , 7) (Table 1). The bonding of
these hy drides range from metallic in covalent to ionic and their stabilities differ  greatly . All of the
~~~~ which form st ab le h y drides are h ydrogen embrittled. The amount of hy drogen in solution
which -~uises embr i t t l ement  is o f t en  appreciable . Uyd rogen solid soluhility in these systems can be
very large, ranging U J) In values (> 1 H/Metal I and the heats of solution from the gas phase are
neg~it ire ( Fable I). In contrast to these systems , non-h y dride formers (Table I) generall y have very
l imited r anges 4) 1 solid s imlu h il i t ics  and have positivc heats of solution from the gas phase. These
t i wta ls  .irc also smibj es t to h y drogen cmbrit t lcmeni , oft en at hy drogen concentrations as low as a 

- — _z~~~~ — — —— —- 
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l able I . I I I E R M O I ) V N A M I C  PROPERTIES OF SOME METAL - HYDROGEN SYSTEMS

t - t i- mr nt I ty d rides All  solution All formation II solid sotub ility Comments
(f rom gas phase ) (of hydr ides) at 300K

(KJ/ mole) (KJ / mote ) (H/Metal)
Li Li lt  -90.7 very sma lit h ydride has

ionic bonding
Ci, (;~ lI +rm4 8 <8 x IO- ’ hy dri de has not

been reported to
form from metal

+56.9 <5 x 10~6 *
‘tim +27 6 - extreme l y smalt*

Mg Mgl l 2 -74.5 <0.02f
/n int l 2 hydride has not

been reported to
form fro m metal

Cd Cdl 1 2 hy dride has not
been reported to
form fro m metal

A l A l l l ~ +25 .2 -46 2.4 x ~~~~ hydride has not
been reported to
form from metal

Y 11 2 ,  \‘ t t~ -235 (VU 2 ) — O . 2 t
l i  (a) l i l t 2 (-v ) -45 2 - 1233 0.0014f Meta stab le h y-

(Irides for m
I I  (13) l i l t 2 ( 7)  -5L2 LOt Solubi lity at

• T~~~700K
Zr (~~) / r Fl 15 ( ’y ) - ‘~l . l  -94. 1 <0.Olt  Metastab le hy-

drides form
Zr (13) / r 1t 1 5  (-y ) -64.5 1.0f Solubi lity at

T �I000K
V ~~I I f l 5 ,  V II , V112 - 3 l . t  - 17.3 (Vt !03) 0.05f
Nt , N htl , Nb 11 2 -36.0 -29.3 (NbH) 0.05f
t a  Ta ll -34 .0 -20 O.2Oi
Cr Cr 1 1 , Cr 11 2 +47, 7 <0.1 x 10-~~MI , +5 1,5 — <0.1 x
w — extremely small
Mn (a) -8.1) — 1 x 10~I t  (a ) +28.0 — S x
Fv (13) +22 .6
Co (hcp) +203 <4 x
N i Nih + 16.7 <7.6 x ~~~ NIH has been

formed by
electro lytic
charg ing and
under hydro-
static pressure s
of about
5 .7 x 10~ Pa
(10 atm.)

Pd Pd!! -9.6 20(Pd 2 lJ) 0.0~~
H Pt + 1 8 ,8 < l x  10~~~

t sol uhili ty in equilibrium with the h ydride
• solu bil ity in equilibrium with 11 2 gas at 5.7 Pa ( I  atm .)

~ 
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million. \ numb er  of metal s such as nickel exhibit  an intermediate behavior , having
l i v d r i d t - s whi ch arc s table  at high hydrogen fugarities but not at the conditions under which
t i t I I ) r i t t l ( - i f l cn t  is observed. In view iii the wide range of properties it would be fortuitous indeed if
a sing l e cmbr,t tlemvm mecha nism could app l y I i )  all systems.

2. I ’YPES OF h YDROGEN RELATED FAILURES

l l i e  gt - im cr .ml  t l a s . s i l i c a t i t , n  hvdr ~~ cn embr i t t l ement ” includes a very wide range of phenomena
.imii l j H ~~ i f  f , i m l u , r e . In th is  sect ion a brief summary of th ese phen omena will i c  presented.

Maii ~ of t h e  earliest  observations of hydrogen embr i t t l ement  were associated wi th  the forma-
t h i n  of l i i t ,’it prescore h y drogen gas bubbles. These cali for mi i  as a result of exposure to a hi gh
l i s t l r m m g m - n  lmm ~,u- it~- m -n v i n m m e n t  such as high pressure gas, ca thodic potentials in a corrosion en-
s i r  mm mc i i i  i ’ m  I ruI n m hig h sup ersaturat ion of solute h y drogen (8- 15).  The h ydrogen fu iga c i tv  in the

mit em il 1) 111 , 1) 14 is less i h a i m or ( ‘( ftiat t ( i  t h a t  in th e env ironment  hu t  can be as Iarg as I ø~
ii m n P p h (-re s; p . i r t i t u l a r l~ in ai m t l e e t t u i e l i c m i c a l  envi ronment .  Formation of hi gh pressure bubbles
5 ,i ~~~~~~~~~ ct -very probl em in materials  where AH 5 > 0 as hig h super saturat ions can occur on
c . o l i i m g  a l t e r  hvdro g -n solut ion at elevated temperatures and many ingot and weld defects in steels

.1 , 14 1 ~i l m i m n i n u m m n  a l loys r e s u l t  from these hi gh pressure bubbles. Extension of these hi gh pressure
bii l i l , l e s  by .1 l u w  t l u t t i l i t y  f r ac t t m re  mode has been observed (16- 18) apparentl y aided by the hi gh
i n t e r n a l  pressures. Flu -se f laws arc usual l y observed near external  surfaces and are termed “blisters:
or “ fl . i k m-s ” and hav e been observed in a wide range of ferrous (8 , 9), a luminum (13), nickel (14),
al l (t  . i i i st e j l l t  i t  st ain less  steel ( 1 5 )  al loy s .

f l u  u t s t -nec of a high hy drogen fugaci ty  ati(l the p os sibi l i ty  of forming hig h pressure bubbles is
not net ess,ir~ for  Li i lu r t - . In hi g h strength ferrous alloys , cn)br i t t lcment  has been shown to result
lr o n m ~ase mmu s hy drogen e n v i ron m e n t s  at pressures of one a tmosp here or less (19 , 20). Fit r thcr-
mm rt - , m miv systems w it h  ~ l I ~ < 0, in which high pre ssure gas bubbles cannot form as a result of
cmi ; n r s , ml  o m i t  ion d i i r i img t ooling , exhibi t  severe hydrogen cmbri tt lem cnt  (21).

I lvdmug en a f f e c t s  both the plastic and f rac ture  properties. Hi gh pressure voids in ferrous alloys
gt-i te r , t l l v  a r m - .ut e ( m m f hmni ( - ( l  h~ very hi gh local ( l isb )c~ t ion densities (16 , 17). Severe cathodic char-
g~~g p r i u t i t o t s  the  same e f f e c t  on a more general basis and the stresses which accompany the
ch argin g b u s  hr-en sh u iwn to iesu l t  in mart ensi te  format ion in unstable stainless steels (22). These
ef f e c t s  result  in  a “work hardened” st ruc t t t r c  wi th  a resulting increased y ield and flow stress. In
addi t ion , hy dr ides  can art  as preci p i ta t i on st re ngth cncrs  if they are present as a finel y dispersed
sccofl( l l)hase. Hydrogen can in terac t  wi th  di slocations as a solute pinner to cause yield points and
ser r at t - ( I  flow (Pm ,r t cv in - lx Ch a ta l i e r  effect) (14 , 23-26). in general however , these effects are si gnif-
u . i nl only at relativel y low tempe ratures suggesting either a weak hydrogen-dislocation interaction
or t h a t  th e  hi gh h y drogen d i l fus iv i t y  (27) and concommitent drift  velocity (28) allows the hydro-
geri to m ove wi th  the dislocation s except at low temocratures. In either case , solute h ydrogen has
rm- l a i i ~cl y l i t t l e  e l fcct  on the macroscop ic flow properties of metals in the temp erature range in
wh i t -h miqi r e l f  ct - I s  on the f racture  behavior arc noted (29-32).

In in ,my sy st ems , p r imar i ly  i.c.c. alloys , the  effect of h ydrogen is primaril y to decrease the
pl a s t t c  s lr a in to fa i lure (4). Thus in ati s tenit ic  stainless steels (33 ,34) for examp le , solute h y drogen
( ltTrc .ises i lt i ct  i l i t y  but the  mode of fracture remains a hi ghly ductile microvoid coalescence.
t hompson has suggested (33) that  th is  may result from hy drogen segregation at second pha se

1~,r t ,t h in tm- r l ~ues , ther eby decreasing the interfacia l  energy and making it easier to nucleate voids
dur ing j i l . i s tu  deformation.  In material  containing a hi gh supersaturation of h y drogen and having
~ l l  so lu t ion  > 0, nui t - f t ’ u t io n i , f  voids also provides a “sink” for the excess solute hydrogen thereby
incr t ismi ig  I he void growth rate due to the buildup of internal pressure. Alternatively, the solution
st r e n g t h en i n g  due t i m  t he  solute h y drogen may l imi t  the dislocation mobi l i ty and thereb y reduce
tht - st r a i n  to I mi lun -  in the  manner observed in many solution strengthened alloys. At present the
re la t iv e  roles of  i hese t~f f t t t s  are not known.

-‘s more ( I r amat i t -  e fk t ui solute h ydrogen on the fracture behavior is observed in many of the
a - s \ s tc f l lS  such is the  k r r i t i - steels , the  Grot ip Vb metals , in z i rc ani t i m and in t i t a n it l n i  alloys

ms wi -li is in mn , in% o t h t -r s~ ’sI ems (21) .  Over a wide range of  h ydrogen concentrations and tempera-
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lures th e d iit - t i l i t ~ t i f  these alloys are markedl y decreased and the fracture mode is changed from a
ilui t t l i t  rup ture  to a cleavage or intergranular brittle mode (21). The actual fracture mode depends
on a variet y ~ f factors and the same system can fai l in different manners depending on how it is
tested. In most met al-h ydrogen systems, for examp le, testing at high strain rates and/or low
t -mp -r atur es  k-ads to a ductile failure mode whereas a brittle mode is observed at lower strain
r at es or hi gher t emperatu res  (35-42). Thus as we will see, the effect of hydrogen on fracture

to depend (in kineti c as well as on static factors. One significant factor in controlling the
fr a c tu r e  beha vior is the  f lux  of h ydrogen to stress concentrations at which fracture can initiate. In
In.tI m y systems , such as Mo and W , the diffusiv ity 4) 1 II at room temperature is low (27) and
pre- c l iarg ing w ith solute h ydrogen has no effect on the ductility or fracture behavior. If however
the  hy drogen is produced at crack ti ps, as by cathodicail y charging during stressing, the systems
are hydrogen embr itt lcd (43 , 44).

I n metal  systems which contain C, N or 0 another type of H related failure is observed at
elevated tcm l)eratur es ; “hydrogen attack” (5). In these systems, hi gh pressure gas bubbles are
formed as a result of reactions such as 21-1 + 0 ~ H 2 0 and Fe3 C + 4H • CH4 + 3Fe. The driving
lum r ut -  f o r  bubb le formation is the hi gh fugacity gas produced but the kinetics may be controlled by
I it i l i l i le nucleation or growth which generally occurs at grain boundaries and second phase inter-
laces. Bubble growth appears to be controlled by motion of the metal atoms away from the
hub l iks  b y d i f f u s i o n  or by prismatic dislocation loop punching. The consequence of this bubble
Io rm. mt ion is a ca tastr tmj ,hj c decrease in the strain to failure which rap idly occurs after prolonged
anneals  ( luring which no effect is noted. The failure mode is generall y due to grain boundary
fissures  and hence is gener ally int ergranu lar ductile fracture.

3. KINETICS OF HYDROGEN TRANSPORT

Iii most sy s t e m s  which have been carefull y studied , the kinetics of hy drogen related failures
h ave char ac t erist ics wh ich suggest that they are determined by the transport of hydrogen in the
l a t t i c e  t i m  across the solid-gas interface . The details of these kinetic relationshi ps arc comp licated
by the Ia( t that  the h y drogen flux is affected by stress gradients , interactions with dislocations ,
anti t rapping a t solutcs. In the cases where the source of hy drogen is gaseous hydrogen or an
electroc hemi( :al reaction , the specifi c state of the surface can affect the kinetics. Thus while the
mechanism im i  Failure may not change , its manifestations may be drasticall y altered if the mobility
ii  h y drogen is changed.

In general , two sources (i f h y drogen may be available to initiate failure; internal or solute
h y drogen and external (gitseous atmospheres or corrosion environments). In the former case the
hydrogen must  reach the point at which failure occurs by diffusion (27) and/or by dislocation
sweep ing (45-47). The h ydrogen diffus iv ity has been studied in most systems of interest (27) and
is generall y .- har act er ized by hi gh values of the diffusivities and low activation enthalpies. In the
temp er ature ranges where embrittl ement is observed the diffusivitv t~enerally exceeds about 10-6
t m 2 sec0 

~md the random walk diffusion distance , X ~ 2y’ fit , is therefore greater than
2 x l0-~ i cm in the temper ature ranges where cmbrittIement occurs. Significant concentration
enhanc e ment  ( an  therefore he expected at the points of fracture in response to the stress concen-

— ~ I r a t iun  as will he discussed shortly. The b.c.c. metals having the hi ghest hydrogen diffusivities (Nb ,
V, f.m , Fe) also exhibi t  sensitivity to emhri ttkment down to the lowest temperature ranges
(~~~ 

77K ) (21)  while those with low diffusiv ities (W , Mo) generall y are not embrittled by solute
hy drogen (43 , 44). Similar generalizations can he made on surveying the behavior of the hep and
the km m etals . It has been pointed out (43) that hydrogen embrittlement requires the develop-
I f l ( f l t  i i i  a critic a l hydrogen concentration at the stress concentration and that a uniform distri-
I) t it io fl (i f h ydrogen solute below this critical concentration will not cause embrittlement . The
return  ~F duct i l i ty  at low temperatures or hi gh strain rates (35-42) is consistent with the necessity
11W (f i l l  i l% iofll t i  tr itnsport to points of stress c(,ncentrat ion. The increased ductility in Nb-I) alloys
t -mnparc(l U, Nh -f l  alloys (48) al~ti has been interpreted as reflecting the lower diffusivity for
det t t e r , i im.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—- --~~ -~~~~~~~~~~-- - . -
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l i me f l u x  mit hy drogen in response to stress gradients at stress concentrations such as cracks has
heeum (flsCtlS%ed by a number of authors (49-53). As a result of the distortion field , Ejj , around the
hydrogen interstitial , the chemical potential of the hydrogen (54) will have the form

p . p 0 = f o 1~E 1~ dV (1)

on .i~) f i l y ing .m stress o~ . ‘I’hc chemical potential in the absence of a stress is #o while after
a1plkat ion of the stress it is p and the difference is the work to introduce the hydrogen into the
stress 11cM. A stress gradient therefore results in a chemical potential gradient and hy drogen flux
u c u i r s  unt i l  the concentration at all points reaches the equilibrium value,

f a1- E 1d V
C = C 0 cxp 1 ~ (2)

RI

C= C0 exp fW/R I J

where C0 is the concentration in the absence of stress. If only the volume change around the
hy dnmg -n is i i  mnsuicred , thi s may be written

C’ VH
C = C o cxp (3)

RT

where q5 is ti m e s1iherical stress (Os 1 i~ (o~~ + 0 2 3  + 0 3 3 ) )  and Vft is the partial mold volume of
hy dmo’~en in solution. While the existing treatments of hydrogen flux in response to stress gradients
are not comp lete , they do demonstrate the importance of this effect when considering the distri-
i ,ti t ion of h y drogen in non-uniform stress fields.

The dif itis iv ity of Ii  in metals is generally characterized by a low activation energy , of the order
of 0.1 eV in bet metals (27) and there fore hy drogen remains a mobile solute down to very low
temp eratures . The clif fu sivicy can he strongly decreased and the activation enthalpy increased by
tr .t~i~)u ng of this - h ydrogen at other solutes (55.58), at dislocations (55, 59, 60), and possibly at
other imp erfe ctions. Various trapp ing models (6 1-62) have been app lied to hy drogen diffusion.
The ci let -I of trapping t in the diffusiv ity is most significant at low temperatures and is of impor-
ta n ce  in the tem perature range where hy drogen embrittlcment is observed. These trapping effects
irnist he considered when time kinetics of hydrogen cmbritt lement are studied.

in .udtli t itm to transport of hydrogen by diffusion in response to stress gradients it has been
su ggested (45.47) that moving dislocations can transport significant quantities of hydrogen as
stilmi t e atmospheres over large distances. This mechanism , based on one suggested by Cott rell (28)
reqtsin s a large binding cnthal py between the hydrogen solutes and dislocation traps. Such inter-
it-l ions base been reported in a number of systems (63-65) with hy drogen-dislocation interaction
energies iii .tbotit 0.3 cV. Experimental evidence for this deformation enhanced mobility has been
miii t iunt ml (luring studies of the effects of plastic strains on hydrogen evolution (45, 66). These
ex,)( ri mcntal results and theoretical estimates suggest that at low strain rates the range of disloca-
t ion transport can exceed that due to diffusion by a factor of about 10~ (46 , 47).

rhuis solute hydrogen can move to the point at which fracture occurs either by diffusion or
di sium it ion transport with appreciable mobilitics. In the case of external hydrogen environments
stu b tr an sport may not be necessary as the hydrogen is produced at the propagating crack ti p
either by ~uIsmi rpti nn and dissociation of the 113 molecule or by chemically produced H atoms. In
11 2 gaseous environments the h ydrogen entry into the lattice takes place at clean metal surfaces
p r tuhmm - es t by the plastic deformation while in a corrosion or electrochemical environment the
sui r F~u e may lie kept clean by chemical dissolution. The behavior at the surface during a corrosion
ri .t tiomm or during cathodic charging is poorly unders tood (67) and is discussed in greater detail
ekewh rm - in these proceedings (3). For the purpose of the present discussion two points should be
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emp h.usi/ .e(I ; (a) the chemical potential of H at the surface during an electrochemical reaction can
be ext re mn elv high thus  produ cing a very large chemical potential gradient near the surface and (b)
the l um i en t i . u l  at the crack ti p may diffe r greatl y from that at an adjacent flat surface (67). Under
( t m r r m I s m ( m n  or e it -ctr ochemim al charging conditions h y drogen entry at points of stress concentration
(li m e s h ot appear to he a l imiting factor in the observation of h ydrogen embrittlement. Indeed ,
bet atise of the hig h h y drogen fugacity at the place where it counts , the crack ti p, embr itt lement is
o i t t - i ,  observed under these conditions when it is not under milder h ydrogen gas phase or internal
lm y di  ogt-n si l t u t c  cofl(l it ions.

u n  1irocesses (n -curr ing dur ing hy drogen entry fro m the gas phase (68) consist of (a) physi-
sm )r ~)t iuI ) 1,1 112 (h) mok ular chemisorp~ion (c) dissociation of H3 (d) entry of H into the lattice.
All of these processes arc imperfectly understood and have been studied in onl y a few systems. ~

.

is not t~enrr aIlv known which of the above steps control the rate of h ydrogen entry into the solid.
Su it u some of these processes are thermally activated it is most likel y that the rate limiting process
will ( lC f Wl id  on tcm 1)erdture , In addition , man y , if not all of the above steps can be expected to be
r ua te t ial sp e c if i c  and s truc ture sc,,siiive. The ph ysisorption step involves Van der Waal bonding of
h it- m n m , l t ’t u ik t o the surface wi th  an energy of less than 0.1 eV/ molecule (69). Molecular chcmi-
sorpi ii m u m has been discussed theoreticall y and been shown to depend sensitivel y on the structure of
t hi- smi r l a -e (7( 1, 7 !) .  Exp erimentall y this state has been shown (72) to have a relatively high
h ) ihm ( l i l mg  enulual pv mu al )m ) U t 0.25 eVf molecule for hydrogen on nickel. Dissociation of the mole-
t uu le to atomic h y drogen is expected to be strongly site specific and therefore may require surface
dii fus ion of the elwmisorbed molectul c. These heterogeneous dissociation Sites may be surface
steps or kinks or may be the intersections of imperfections such as grain boundaries and disloca-
t ions wi th  the st irface . ll ydrogcn-deuterium exchange experiments (73) suggest that surface steps

a major role in time molecular dissociation process. The importance of this dissociation step in
on t rm ml ling h y drogen entry is suggested by the increased hydrogen embrittlcment observed (74)

win-n mlissociated molecular h ydrogen is used as a gaseous environment.
In ~ukl i t ion  to structural features these surface properties are extremel y sensitive to the presence

of sj wt - i l i t -  molecules. Very few experiments and onl y a rudimentary understanding of this aspect
of h y drogen tr ansport across surfaces serve to illuminate this subject. Inhibition of crack propa-
gal int l  in steels in a gaseous hy drogen atmosphere due to the presence of trace amounts of H2 0,

or SO2 ( 19 , 75, 76 , 77) has been observed, in contrast , crack acceleration due to trace
.tmuui umts  of 112 S h its often been observed (77). These effects have been directl y correlated with the
,ibi l i tv  ol adsorbed molecules to decrease or increase the rate of h ydrogen uptake (77) but the
m i t - ta i l ed  mechanisms are not understood, In particular the synergistic effects of adsorbed molec-
ui lar spet-ies and surface structure on hydrogen uptake and cracking have not been examined. Even
relatively simp le experiments on the pressure and temperature dependences of h ydrogen uptake
m d  crack propagation have not been carried out in the manner which would assist in the establish-
meilt mi f i~a(e controlling mechanisms. in the surface entry steps listed above (a), (b) and (c) should
exhibit a linear pressure dependence while (d) would vary as ps” . The few experiments on the
presst ire and temperature dependence of crack growth rates in steels (78 , 79) will be discussed
short l y .

‘1 1w at t a inment  of conditions which lead to hydrogen cmbritt lcment will depend in a large
nwa sture on the lattic e and surface transport processes discussed above. Unless hydrogen has
suilkk-t ,t mobil i ty in the lattice or across the gas-solid interface or liquid-solid interface to allow
tin- at t a inment  of a critical h ydrogen concentration , brittle fracture does not appear to occur. The
exact ro le each process plays depends on the system and on the experimental circumstances. For
exam ple latt i ce t ransport may control the crack propagation rate in a gaseous or aqueous environ-
ine um t ii h y drogen entry at the crack ti p is blocked but can occur at places other than the crack ti p.
In addit ion , differen ces in h ydrogen fugacitics will result from different hydrogen sources and this
m a y  determine the kinetics and even the occurrence of embrit tlement. All of these factors influ-
cu t e the i-rac king kinetics hut probabl y not the cracking mechanisms. There is no evidence that
the Fr acture mechanism depends on the hy drogen source; indeed all evidence indicates the con-
trar y, as will he discussed.

~
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4. REVIEW OF EXPERIMENTAL DATA

In this  section we shall review some of the pertinent experimental observations associated with
hydrogen related Failures in a wide range of systems. Emphasis will be placed on those results
whic h appear to l)c general l y app licable and which bear on the failure mechanisms. Although the
l) r es t ’m)tim ti on is divided into “intern al”, “external ” and “stress corrosion ” sources of hydrogen , this
is not meant to imp l y any differences in the basic failure mechanisms. On the contrary, we will
sltow t hat t h e  failure processes arc independent of the source of the h ydrogen although the failure
ki netics may depend sensitivel y on this parameter.

4.1 INT ERNAL SOLUTE h YDROGEN

‘l ime i arti~il muLl volume of solution of h y drogen in most metals is surprising ly large (about 2
t /mnk .) considering its small ionic size. Consequently, hydrogen is expected to interact with

dislocations. Pinning by solute hydrogen has been observed (63-65) and manifests itself in y ield
l~~) i mm1s and Portev in-LeChata lier effects ( 14 , 23-26) as well as increases in the flow stresses (29-32)
,it low temperatures. These effects can be quite appreciable at low temperatures , as shown in Fig.
I , hu t  in the temperature range where hydrogen embrittlement is observed , they are often small.
Since h y(lrogen generally has a very hi gh diffusivity compared to other solutes (27) it can move
with the dislocations (28 , 46, 47) and hence provides little solution strengthening except at low
t emperat tires.

The effect  of h ydrogen on fracture strong ly reflects this hi gh diffusivity. As shown in Fig. 2,
Nb -i l  alloys (38, 41 , 42, 80) exhibit a ducti le . brittle , ductile transition in their behavior as the
i t i m s i l e  test temperature is decreased. At elevated temperatures a hi gh strain to failure and a ductile
l r a c t m u r e  mode is observed and as the temp erature is decreased , the macroscopic ductility decreases
and the  fract t t r e  mode becomes cleavage. At a sufficientl y low temperature where the h y drogen
,hiI l t i s i v i ty  is decreased , a return of macroscopic ductility and a ductile fracture mode is observed
once again. Similar behavior has been observed in a variety of systems; V (36 , 38, 39, 81), Ta (39,
82), Ni ( 32) and ferritic steels (35, 83). The correlation between the return of ductility at low
teinper attures ant I the decreased hydrogen diffusivity can be clearly seen by the inverse strain rate
ef fect observed in thest- alloys (32, 38, 39, 41, 83) (Fi g. 3). Increasing the strain rate increases the
d uwt i l i t y  and itt a sufficientl y hi gh strain rate the fracture mode changes from a brittle to a ductile
m o k , part icular l y at the lower temperatures. This correlation is further supported by the isotope
(ICl)( 11(lefl C ul the low temperature fracture mode in Nb-H and Nb-D alloys (48).

While rest ilts such as the above arc not available for all systems, it appears that solute h ydrogen
afl ects  the fracture process onl y under conditions where it has sufficient mobility as previousl y
emp hasized. Systems which have preci pitated brittle h y drides , such as zirconium , ex hi bit cleavage
~f the h ydrides on stressing and ductile failure in the solid solution between the h ydrides during
te u m s i t , um tests at room temperature (84, 85). The brittle hydride simp ly serves to decrease the
stre ngth  and du cti l i ty as woUl(l any brittle second phase. Completel y br itt le fracture can however
he ol)Served in Zr-Il alloys containing preci pitated hydrides at very low strai n rates and at tempera-
tures where I uy drogcn flux to crack ti ps can occur (86, 87). In those systems such as Mo-H (43)
an(l W-I l (44), where the II  dil fusivity is relativel y low at room temperature , embrittlement is
observed onl y if the hydrogen is delivered directly to the crack ti p as in simultaneous cathodic
charging and tensile testing.

In h ydride Forming systems, the dependence of the hi gh temperature ductile-brittle transition
on the h y drogen concentration can be correlated with the solid solution-h ydride solvus tempera-
t ui re.  ‘l’he Fracture transition occurs at temperatures above the solvus temperature but parallels the
solv um s temper atti re as the hy drogen concentration is varied (36 , 38, 39, 41 , 42 , 81 , 88). While this
correlation has 1st-en ascribed to stress induced ordering (38, 39), it has been shown (41 , 42) in the
Nb-Il system that the fracture transition corresponds to the onset of stress induced hydride
Format ion.  ‘Ih is  correspondence has not been directly demonstrated for other systems. In the
Nb-Il anti V-il systems a more complex behavior has been observed at the high temperature
I r au ms i t io n (38, 4 1) (Fi g. 2). The macroscopic strain to failure exhibits a second very narrow

~ _ _ _
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, h i i ,  i l i i  n i m i i m m n n i  i i  t ern 1x-r ai t i r e s  ju st .above the main d u c i i l e - b r i t i i e  i i  t I t s I t i O f l .  \ s  s I t  ‘ s s i t  I I I  I . t t
4 , i t mer e  cl~~i- s not app ear to he an~ s igni f icant  change in f r a c t u r e  morp holt ,gv th r o i i gh t i t  i l i  -

i I r n p e r . u t  ore range .

in t he i i~ r u - h y dritle h i r m i n g  syst c-ms , such as the f e - r r t t i (  s tee l s  and n icke l , i t i - l i t  it ‘f i i  u g h
ie iii 1i. r .it uu r e  t r , R t u r I -  i r . u n s i t u ) n  t emper a tu re  wi th  hy drogen c o t i ( ( r , t r t i t ii h its i t t  111 ( i i  a l I t  1

i u i .  I i i  r m m .ur k ed contrast  to t he hy dr i de -  fo r min g  ,\- st t -m s , w h i c h  i i i  c x h u i t i i  ( lou t i le  lr ,u  I u at

r ouJni i e inpe r ,u i ( i r e  es~-n a t h y d ro gen concentrati ons of the order u i  I u t  .% , n u n - h s  dr ide f i t  i I i i i u i 4

s \ s I ( i i i s  i r e gene r .ul lv emn br i t t l ed  ii v very low con( - e n t r a t i un s  ( If  h v t l u t~en , i t f  t en  I I I  t h e  0011 1 01 -i

h-w j i a r t s  per mi l l ion . As t he s t r eng th  i i i  these alloy s is increased , t h e  Ctt at w h i t h  e n i h r i t t l e n i e n i
( H I  ( u S  Is (kcr e .use (I (9 , 19 , 2 6). A large numbc m of s tud ie s  b a se  examined  t h e  e t t e c t  i f  d i t k r e n t
inn r ( I s t r t n t ores u in th e h~ drogen em hr i t t l cm t -n t  (34 , 89 , 90). In general , t h e  h i g h Si r engt Ii mar ten-
si t u  sie els t - x h j l n t  b r i t t l e  f r tu  t o r e  along the  pri or  , u u s t e n i i i i  b ound ar ies  at v i - t y  low Cit . l’e t r l i t i ç

4 si flu i u r i s  r e ( 1l i irc  much hi ghe r values ( i f  C 11 f o r  c mb r i t t k m en t  and the  a u s t c n i i R  s teel ’  .ire n fa-
u s c i s  i,isens i il se  io s t , l t iU -  hvdr ogt’n in t he i r  f r ac tu re  behavior.  I h e , iu s t en i i i c  s t , i t i i l e s s  s t ( l l S

u t i . i u i t i i u g  h m y ( i r n g e n  e x h i b i t  a reduced strain to f a i l u r e  hu t  the l i t u t t i r e  mode remains  pr edont i-
u i . i i l i  l v uh t i e t  ile i i i  t e n s i l e  t e s t s .

l im e bc - i i ,uv i o r  i i  st ai im k -s s steels containing h ydrogen or tes te d in hy drogen gas su ggest  t ha t  ~
ph m.i s. ~t .tb ihi t ~ may be of great signi f i can te  in de termining th e  mode of f r a c t u r e  (~ i 1 , 92). Sos-
t .u l i i td  lo.id t e s t i n g  .it st r esses  lose to the u l t ima te  s t r ength  has pr oduced le iv.tge fract  t i r e  in the
“o i is t , i hle ’’ t y pe 304 st a in less steels wh it c the “sta ble ” type 3 10 st c - l s  do not e x h i b i t  t in y  emb r i i  -

t i e i n e i u i  - i hte la c k of si gni l i t - ant  hy drogen e mh r i t t h e m cn t  in macros copic te -ns i l e specimens of t y p e
104 s t , i in le s s  s teels  iestcd at typi ca l  tensile strai n rates ma\ reflect th e low d i f f t i s i v i t ~ of h v d r t i g e n ,

as so r t . u  e t ra k in g  has been seen (93 , 94) and th i~i spec imens  are scv -er c- i~- embr i t t i cd  (35 .
S~ s i t -ms int o n ing  solute h~ drogen arc susceptible to th e phenomena  of st a t  u fa t i gue  (95)

w h i t  ii iS u l h i s t r . u t e ( f  in Fig. 5. This phenomenon , which has p r imar i l y  been s i tu d i ~ d in fe r rous
s \ s i e i i i s , ( o r r es 1u i n dS to the  nuc lea t ion  and slow growth of a b r i t t l e  f r a c t u r e  at s t resses  well below
th e  m.u r ’si pt y iel d stress. It has bc-en shown that  the nucleat ion stage is res ersible . i.e . - remov al
of  i he stress .it e .ur iv t imes allows comp lete recos er\  of the mater ia l  w i t h o u t  any p ermanent
d..ni. ige (9fi) .  I hic t in i e  for  st a i i c  fa t i gue fai lure at any stress an(l the stress below which no fr ar  lu r e

ii,s ersed m u  rea~es us the  hydrogen conc ent ra t ion  decreas es. The k ine t i cs  of the  s t a t i c  f a t i gue
r e f l e c t t h e  h v ( Ir l ) g ( ’n  d i f f t u s i s - u t y .  S ta t ic  fat i gue f a i lu r e -  i. e. slow crack ~)r0p4ga tu)n at cons tant  s t r e ss
i n t e n s i t y  has (Iso been rep orted in Z r - I l  alloys (86 , 87),  and in a n u m b e r  of Ti a lloy s par t icular l y
i l~ ‘Se u i i m m  i .1 in u ng th e  hcp o phitse (97 , 98).

As in.iv be seen horn the above review , p r i m a r y  expe r imen tal  a t t e n t i o n  has been focused on t h e
i , o h i . t v u c , r  of the B.C C. imm -i , uis  as these appear to he most susceptible l i t  s o lu t e  hydrogen cmbri t t ic --
mt -ni ,  W i th ,  the e x c e p t i o n  of N i ( 14 ) .  Pd (99),  and Al ( 100) ,  and t uus t en i t i c  s tainless steel (34 , 101 )

u l loys , the f .c .u . s t r uc tu m r e  meta ls have not been shown to he si gni f icant l y  embri t t led b~’ solute
hlv ( ir u.ge n.  N i cke l  a i iuvs  e x h i b i t  in te rgr anu l ar  cmbr it t l emcnt  a f te r  thermal  or e lectrol yt ic  charg ing
w i th  h y d rogen; both I rocesscs leading t oi  hi gh hy drogen super saturat ion s . At st i l l  hi gher hydrogen
u -lu- mn ii p ( I i en t i a ls , an extreme l y bri t t le nicke l hydr ide is formed .un el leads h I  severe embrit t lc-
mci i i  - l’.il l .u l inm al loys h iving a hi gh enoug h h y drogen concentrat ion to he in the ~ phase
( i l / i’tl ~ 0.6) are p i i t e  br i t t le .  h i gh strength a luminum alloys do not exhibi t  hydrogen embritt le-
en -n i in g.iscouis 11 2 ( 10 2. 103) or in the presence of a tomic H (104) but  .ure emhri t t le d by the-
presence of -i sm,iil p.u rt i.il prt ssiire of 112 0 ( 105). Intergranu lar fracture ( i f  hi gh strength Al-Zn -M g
.il loy s .i ls,, results  From solute h y drogen (13 , 106, 107) at slow Strain rate s. ~- und th is  effect  is
ru -v e ’r sih , i e * , m m r emoval ~,f th e hydrogen by a vacuum anneal ing t r ea tmen t .  Und er cathodic  pre-
ch ar g ing u i n t h j t u u , i m s  , t l u mm n t i m  alloys (13)  exhibi t  reduced duct i l i t y  and both int ergr anu lar  and
i r . in sgr , inu l. i r  cr acking.

A n t i mh n -r  oh the hcp metals such as Ti ( 108) and Zr (109) alloys are severel y embri t t l e d by
so lu t e  hy dro geum. I lme se sy s t e m s  exhibi t  preci pitation of hydrides on cooling the solid solut ion  wi th
th e s t r u c t u re- antI morp holo gy of the hydrides depending on the cooling rate and on the hydrogen
cci ,mce- n i r t i t i ,n . i ) e forma t i o i t  of these two phase structures (h ydride and solid solution) in tension
it ~sis ru-su i t s  iii du ct Iii- fai l ure ~1 the solid solution matri x between cleavage of the h y drides (84 , 85 ,
1 10 , i i i ) .  Umm de r sustained loading a slowly propagating cleavage fractur e mode has been observed
(86 , 87 . 97 . 98). In Zr alloys the slow strain rate fractures appear to result from stress induced
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h m y t l r i d u s  .t t  l i l t -  t r ack t i ps . Flue b e a . ~ Ti p1t.ts ’ has a hi gh so lub i l i t y  f o r  hy drogen itud no

~it4 u i f  mu .ini ( ‘mI ) ri t  t kmnc i st  oI t l t - ~ s t r u c t u r e  has beets r eported. The h ep ~ ph ase h aving .u mue tm
lowt’m I I  s o l t i b i h i t y  is s - s  ci e l y  t - inhr i t  f l ed ;  f a i l i n g  ~ y a cleavage mode. In n - ~ ~u l I ovs  t he I r~u t u r e
.tp 1w .ir s to i i c c en  .ulung tIme’ es - 0 in t e r f aces  ( I I  2). Al though t i t a n i u m  h ydride is s t abl e and forms in
th u  a p lm .u se , i t s  u t i l e -  in th e - l r . u ( t t l r e  1) f ( i ( e’S% h its no t  brett d e f i n i t i v t - l v  rs t ,ubl ished.

4.2 l- .XF l ’i (N AI .  I. ;AsEOL s h YDR OGEN

~ As ~,r u’~ ii ins 1’, I i ~ tu s s e d  , f l i t -  n,eu - l m an i sms  u i i  h m y d r u geis embr i t t l e ine n t  appear to he independent
oh t hu h i y - i l i  1( 11 si n iEc e , i i i  u i  m l  r ,u s t  w i t h  ear l ie r  v iewp oin t s .  I ’ ime’ k i n e t i c s ma he marked ly  a f f e c t e d
h~ ~. u r m u i u t s  f i . u t t s 1 i o r t  l o r u i l  ( 55( 5 and it is t h i s  which dis t inguishes  “in ternal ”  f r o m  ‘‘e-xtern.ul’’ h y dro-
g e t ,  i i i d o u e ’d f r au I c i i  ( s . l ink ed t he ser ~ ocu -eu rre -nu e of er n b i i t  t lenient ma~ relict - f th ese k ine t ic

~ I , n i i  i r s  us p r t - v to t i s lv  ( I is (  i is se ul . I u gh s t r eng th  n i ckel  base al loys lou  e xamp le .urr not p art icularl y
e n b ri i  i it’d by- solute  h t v d r o g u -n  b i t  or c- suscept ib le  to hydrogen ii iulc i ce d f ra c tur e  in high h)rt’ sSttr e
Ii~ dt ’  ig e’ u u gas ( I  1 3). ‘l Is t s  di f I c - I - e m - c  its behavior  may reflect  t im e low mo b i l i ty  of solute  hydrogen
due t i m  t m . u p p u l i g  i i i  t i n -  h i r s t  i .ise and the hig h I sy drog -n f s i g a c i t v  pr esent at t he  c rack ti p in the ’
s e u un uf . 1m m u oum s id - r i umg the  h~ -hm ~us m u i r  of me ta l s  in gasemui s u -n v i r o in m e -n ts . two primitry fac tors mus t

~ In ’ d i ’ a u m s s u ’d: t h e  k i m ~~- t ics ( i f  t r a n s f e r  t if  hs~~di-ogcis .i u -ro ss t Im e solid—gaseous inte r face itnd the
h m y o l r u n .~eui  I u t g .u j t ’i y shj t - hm e l e - te -r mj n e s  t he  hi ’. - u l m u u g e n  e- on cen t r a t i on .  Iii th i s  section we shall review
tim e hitu’ r .u tu t r u ’ u nIv ir ons  the  viewp o int  of crack propagat ion kinetic s .

I ly d r u g e i m  e u i u b r i t  t f e i t i e n  ii i  h igh  pre -ssur c g ;un-au% h ydrogen it rno.sphercs hat . })e’dn obst-r s-ed in
u i m . t n y -  ,ilh i s -  s~ s t em s. Si t u -u -  f i r  hy drog e n s o h u i b i l i t y -  obeys Sieverts ’ law , the  h ydrogen solute  eon-
u - em i t  r ,u t  j ot , in ( -r c - .use ’s w i t h ,  the’ (hs -drogen I t u g a c i t v ) ~’~ amid cinder e ’ej uihi bi ium condi t ions  the  lu gae - i tv
of hi ~ u ir og -n in i m i t e r m i j l  void s  wi l l  eqt ta i  t h a t  ( i f  t h e  c -x t er n a l  a tmosp here. The format ion  of hi gh
pressutru inte-rn ,ul gas bobble-s can lead to embr it  t le ’ment and has given rise’ to suggested h y drogen
u - m n b r i t  t i e - m e -n i  me-c -h.u ,musms b,used on th e f o r ma t i o n  o i l  hi gh pressure gas bubbles ( I  14). Emhr it t k ’-
on -mi t  din - to  sil u hl hi gh pres sure - bubbles is only a subset ( i t  t he  fai lures  associated wi th  h y drogen.

I l y d ru o .~ei m u’ m b r i t l  Ic -m ent ol hi gh s t r eng ths  s teels  h ,ts been shown t o  occur ;ut  pressetre’s much

- ‘ 
l ie - lu iy ~ - t i t l e  .11  mosp h e u e  oi l  11 2 ( 19 . h I S ) .  Sine -e t h e  f e i g . n - i t s - of ,ui ty i n te rna l  gas bubble can not then
e -x ( e’ ( - u l  t h e  u ’ x t e r m m , t l  p m e - s s u t r e , f r a c t u r e  ( i t - c u r s  as a re sul t  of hi ~~t I r iugemi  at t h e  surface  or as ,i s ( ’leute  it s
-q u u i l i l m r i u i n i  w i t h  t h e  g u s  p hase . Oriani  an t i  ,Josep h i e ( 1  I S )  demons t ra ted  t h e ’ exis tence i , I  a im
“e’ qu i i l i b m i o n m ” re l ,ut  ii i is sls ip l ) e tw e - e im th e  stress in t e n s i t y ,  K 1, and the ’ I I~ pre ssure shown in F i g. 6 .
At a u - i i n s t a n t  K 1 th e ’ t r ac k u o t i lo l  he s tu i p l uce l  or s t a r t e d  by changing t h e  gas pressu re. This
r e i tu f  i o i m i s h m i p ss- .i s isof o~)e’ c fe p e’ imdeti t with hi gher lmre sstare s being required for c-rack ~) ropagat ion li m
1) 2 .

I mulc - r  less con t ro l l ed  t- u iii du t i u , i i s , the k ine t i c- s  ci f  c-rae -k prop tga t iu i t i  in hy drogen atmosp here are
su~ iiu-whi,tt more comp lex and h ave been st t i died by meastiring t h e ’ sumbu - rit it-al crae-k prop .ig;tliumi
rat e’, d.i/d t .is .u I unu -tion of stress it-ut ems sity , K1, hydrogeis prt’ssurt’ and temperature. ‘l’he c-rae-k
ki mic t i t s  ti sti ,ill~ exhi bit a i hree ’ stage behavior (Fi g. 7) for steels (78. II 6) and i i t an iu in  alloys (79).
J ’hu- S t ress  j i l t  , ‘nsi tv .ut wh i t hm f r ;u et  ore i n i t i a t e s . K11, is rela t ively independ ent m u !  ti-i c 112 ~rt~~tt re

u n t o .i crlf it -al 1ires sttr e ’ is e’xc(’e’(le-d amid time’ t-rae-k velocity is in i t i a l ly  very  s t rongly  dependeist on
K 1 (St . ig u - I) .  At  hi gh e-r K 1 (Stage 11) dafd t has less drpe iidene -e on t h t ’ stress i i l t en si v amni  at s t i l l
h igher  s tr ess  t n t  o ’ ums il  ics (St.tg . I l l )  th it ’  K 1( of ’ t ime steel is approached and t in st abl e  crack pr op.u-
g i l  t i m wh iu Im is i iuk ’jn ’ iud u - m mi m d t lie p~~-t~-m-~ of h y drogen oce-urs. Gan gloff  and Wei (78) hay-c
t e i n o r t u i l  f k t f  ti _ i / ci t is i i , o l ej , e isul ent  of K 1 cus -e - r  a ‘~ ers- wide range of v a lutes in contrast  (C) pfl’Vie)tiS

- - 
i e s u i h i s  ( 1 1 7 ) .

(;r ,u - k gr u iwt Is ra tes  in Stage’ If show a very comp lex temperat tire’ depe’mideimce (78, 79). For
m an a gin g sie’eis , t I  ‘I ’ ~ 273 K , da/dt  increased wi th  tempe rature  a - e-ording to an Ar rh eniu ts  r e ’ l a t iu m n
w i t h  a i m , u - t i v . i f i o m i  c ’t i t h al plm v of 18 Kj / mu d e . ‘lI me a c t i v a t i o n  e n t h _ u l p hi v was indep endent of th e’
11 2 p i e- s su i u -  bi t t  th e  salu tes  oi l  da/d we’re’ In-oL~orht ona l  to 1~I l~ . A m a x i m n t t m  dafd f was aehm ie ’s-ed at
Io - nIm l ) ( ’ r .tt t ir es w h i u  Ii i lue -r e’aseol with  K 1. At ‘1’ 30() K , cia/cit ex h i b i t e d  .t flt ’g.tt Re ’ dependet iet ’ m o m
i e ’n im po ’ r.it t i r e ’ , u m m u I f l i t ’  i t y d r o  it~t’i) sttu ’e (Ie’~)t’ndlo’mu-e increased from a 1’j~~ dependence to ~ a l ’i i
du’ pe - imde n o- e’ . ‘h u e -  nwu im , t imi s t  it ’ un d erstan d ing u m f these r c l a t iu un sh i ps is not  prt’se ’nt l y avai lable. It has
heeti s u i g g u s f u m i  (74 , I I 8) t h a t  the inci e .use of ci a/ ci t  wi th  temper at  tire ’ and the - l~~ tle p eisdt’imee ~ - .us
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i l l u l u  ,t t l ve  of k inetk - s  controlled b y latt ice diffusion while the higher order pressure dependence
, omu l  t i m e  oi ee re’.tse of (1 1/ (t t w i th  temp erature  resulted from surface process kinetics. ‘Fhis inte rpreta-
t i m m i m  h it s recu’nt i y been cha llenged (78). The importance of the surface reactions is emp hasized by
t he’ s e n s i t i v i t y  of cia/cit to tra c e impuri t ies  in the 113 gas (19 , 77) .

Suti  )( r i I i c a i  cr a cki mi g kinetics have general ly been steidied for  a gaseous h y drogen atmosp here. In
fl i t ’  I t -w ,ise s (86 , 87 , 119 , 120) where solute h y drogen was used t he curves exhibited mainly
Stag e - I. In N h - I l  alloy s (120) a linear relation was observed between In (da/dt) and K 1 wh ich
e- xtu ’um d ed uis- u ’r the ’ range 0~ ~ et a/ci t ~ I 0- rn/sec. and which did not indicate the exiStCncc of a
tlmn e’s}n dci K 1. The temperature (Icpe ’n(ienct- of da/dt at constant hmsi was an Arrhcnius relation
wimo se ’ .uu - l i v at i on  cnth al py agreed very well with that for II diffusio n. In Zr-H alloys two stage
( -r u e k g rowth  kinet ics  were observed (85 , 87) and were accounted for by a theory based on stress
m f l ( l u t  cci h y dride format ion.

M.un ~ ,ul h i i y  systems other t han  the steels arc susceptible to hydr ogen embri tt l emcnt from a 112
• 1 gaseous atmosp here. ‘[itanium alloys , particularl y those having an acicular a - 0 microstru cture are

u ’n m b r i t t le ’d  on tes t ing in 11 2 gas over a wide range of j ressures ( 1 2 1 ) .  The fracture morp hology is
c rac k i n g  along the a - ~ interface - s as it is for “solute ” hydrogen embri tt lement (74 , 97). Ni ckel
,t l lu y- s  s c u m  Ii ,is In com iel 7 18 are severel y emhr it t lcd when tested in h ydrogen gaseous atmosp heres
under e- o i m mdm t  ions where si gnif icant  plastic deformation is occurrin g, i .e., in a slow strain rate tensile
l u s t  ( 12 2 ) .  Under s t r e ss rup t  tire tests (whe’re l i t t le  deformation occurs) however , no si gn iticant
(- fl ee - is cci im y d r u o gen ~ut mo sp he’res have been noted. This suggests that the embrittlement is con-
lr o llu-d l~ Imy tl r ogo ’n t r .unsf cr  .uc r um ss the ’ surface , a process which is aided b the formation of sli p
steps he ( ; r u u u l )  Vb re f r ac to ry  metals would be expected to be severel y embrittled on testing in
g. m sem i l l s  11 2 ml s t i f  I i ci e ’n t d i s ru 1m t iuo n  oil the stirface oxide permeation barrier by plas tic deformation
u o ~~ l i Es . Sim ila m i~ , other h y dride ’ forming metals such as Mg alloys and Al alloys should be severel y
e - m b r u t t l e - ol under eomnd i t i on ~ where the hydrogen fugaci ty in the gas is lar ge enou g h to form the
h y d r i d e -  ,uimol win -re ’ t im e- tr ani , ie ’r across the metal surface is aided by plastic deformation. The fact
t h i t t  s i n u  ii u - m n h r i t t h - r n e n t  ‘ , not general l y observed probabl y reflects the efficacy of the oxides in
~ir es-en t lng hydroge n o ’ntrv from the gaseous phase.

1. 1 l ’RACF U RE M()R l ’I lOI.OG Y

\t i  u i i u l t - r s t u n d i n g  of hy o lr ogen embr i t t l cmen t  requires a recognition of the various types e f
[rat -i tire - morp ho lugi u - s and 1iath s which result from the embri t t lement .  The systems affected b y
h y o l r u m ge ’ i i  group themselves i i m t o )  three classes based t in the fracture morphology : (a) ductile frac-
l i t r e (b )  cleavage and (c) intergran ula r britt le failure.

Ill sy s t ems whit -h i o ’xh ibi t ductile’ fail etre (34) the fracture mor p hology is unaffec ted by hydrogen
e’xu -p t t o o  a sec ondary (kgree such as changes in the sizes e)f “dimp les ” or microvoids which
ch ai . i cterj ze the ’ I r ,u e -ture sur face (33, 123). In most commercial alloys these microvoids are formed
.i I su’ u i mlm ( I  imi m .tso - partic les. If the second phase particles arc coheren t or scmice)her ent h ydr ogen
, i l ih ie ’ar s t o  ..lkt -t  the  nut ’k .uti t ,n of microvoids at the particle-matrix interface and the microvoid
ck-i msit v is im mu -ro-ased and the avera ge size decreased (33). The contrasting case is for incoherent
~o . i r t  i t  Ic-s whero- h yoh ro gen assists microvoid growth thereb y increasing the average size and de-
u r easitig time -  d t -n sit y (123). In these cases we mu st understand the effects of h ydrogen on micro-
void n m ui o le- ,it ion and growth.

Iii sy s t t -m s  which form stable h y drides the failure mode in the absence of h ydr ogen is ductile
who ’r o’ , us who - mt h ydro gen is adtl ed as a solute a cleavage failure mode occurs as shown in Fi g. 4. ‘I’he
l r . in  f l a r e ’  mu n le  is t ru e crystallograp hic cleavage and in the Nh-H system has been shown to be’

m u uuom p tnie ’oi b y l i t t le local deformation (41 , 42). This is true desp ite the fact that  ext cm is ive
clelu r m,uf  ion m.i~ oct - t a r u) ri oi r to ) fa ik ire (Fi g. 8). Thus the fracture is somewhat anomalous as it is
“ b r i t t l e- ” f . i i i i i r e- n mu nl e- in a “duc ti le ” alloy. This point will be disct tsscd subse qu entl y . In the Nb-I l
sy stem I h u’ cle’ ,uv age p l ane is the ( 1 1 0 )  (referred to b .c.e. axes) (41 , 124) and has been shown to
c-e irrespcsmf to ck~wagt’ in stress Induced h ydride (4 1 , 42, 1 24). Sing le crystals of NbH h ydride
ex hibi t  1 1 1 0  } t-kavage identical to that  observed in h ydrogen cmbritt led Nb (124).

_ _ _ _ _ _ _ _
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Fig. 7 Schematic showing the dependence of the crack velocity on the stress intensity.
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Cfe - .uv , uge ’ is iel so othserved in the other Gr oup VB metals containing h ydrogen as well as in ‘It
, t l I u i ~ -s and Mg-Al alloys . In many cases the fracture morphology has not been carefull y studied and
ii m 01 lie ns the e leavage pla nt’ (Idl es not correspond to the expected cleavage plane of the matrix. An
ex . um nj o k -  ci i  the la t te r  is Mg -7.5% Al tested under stress corrosion conditions where it exhibits
u h c ’,usage on the’ i3140 r ather  than the expected hcp cleavage plan e {0001 }( l2 5 ) .  Since systems
w h i ch  lorm h ydrides may fail by cleavage throug h the stress induced hydrides (see Section 5.5) the
lr .uo - le i re -  plane would cor r espu)fl(I to the hy dride cleavage plane rather than the matri x cleavage
i d .utac.  li m ii ‘l i - S A l -  I Mo.lV alloy having a Widmanst at ten s t ructure slow crack growth in a h y drogen
a t nm o os p he’re occurs alo ing the a - 0  interfaces and t i tanium h ydride is observed at the fracture
s i , r f .ao  e ( 1 1 2 ) .  A tran sgranuiar fracture which appears to he cleavage occurs in a phase Ti-8A l-lMo-
I\- ’ .t lh i~~ s tinde r stress corrosion conditie ins along a plane which is 150 from the expected (0001)
h.c .p . u le-avage- I dane (98 , I 26). While the role of h y drogen in stress corrosion oi Ti alloys is
some-what controversial (3) it is worth pointing out that the difference in fracture morp holo gy
may rcfiet t a difference in hy drogen transp ort kinetics rather than a difference in fracture mccha-
tm i s rn,  lii a - 0 alloys the  ~ phase may provide a hi gh diffusi v ity “conduit ” for solute h ydrogen
t ransp ort  to o the a - 0 interface where formation cii a h ydrid e in the a phase (which has a low II
so ilio l s o d u h u l i t y )  can occur. The fracture by hydride cleavage would then follow the a - 0 interface.
Iii a stress corrosion lest of a phase alloys , the hi gh h ydrogen fugacity may cause the formation of
m a ssive I my dri d e itt the’ crack ti p which woui(f then fail by cleavage along the h ydride cleavage
iii~u n t ’ .

l i i  niun -h y dnid e forming sy stems such us Ni and Fe alloys the hydrogen induced brittle fracture
gene rall y occurs int cr gr anu lar ly .  In the case of steels embritt led by solu te or gaseous h ydrogen the
lr ae-t tar .,- oct -t ins  along prior austcn itic boundaries with a decreasing amount  of local p lasticity as the
st re n gt i m k-vel or h ydrogen conc~nt r ~ut u on increases. Transgranular cracking has been observed in
Fe-Si ( 17 )  and in - i Fe’ ( 18)  as a re sult of the high II  fugacity which resulted from cathodic charging.
It i gIi s t r ength iro im single crystal whiskers (about 25p in diameter) have been tensile tested in 11 2
amm d 11 2 S g.useu mt i s atmosl)hercs (127).  Desp ite the hi gh strength of these whiskers they exhibited
due t ut ’  la i l ture in all cases.

l l y droge-n cmhr i t t l cmcn i  of nickel alloys by solute or gaseous h ydrogen also occurs by int er-
gr a im iul iu r  c ra cking  (14). Sing le crystals exhibit  ductile fracture when tested under conditions which
e- ,nuse imy dr oogen cmhr it tk mcm it  in pol ycrystalline specimens (128). The provision of a stress Co)fl-
cent r at ion by niu t ching the’ Ni crystals has bc-en recentl y reported to lead to tran sgranular cleavage
( 129 ) .

R e c e n t  results has-c suggested possible synerg istic effects between H and other solutes which
segreg ate .11 cr ystalline boundaries in steels and nickel alloys . Latan ison and Opperhauser (130)
im~uve stiggested that segregation of hydrogen recombination poisons , such as Sb and Sn , at grain
boundaries leads to preferential f-I entry at such points during cathodic charg ing and hence to
inte -r gr aniila r cracking. In steels , Bancrji et al (131) have drawn attention to the interactions
ht ’twe e ’mm t hose solutes responsib le for temper cmbnittl emcnt and h y drogen embrittlement. Inter-
grantilir hydrogen induced cracking at prior aust cni ti c grain boundaries at low stress intensiti es
was loI) sc-rve (l in a commercial 4340 steel and in a “hi gh purity ” steel having low P but significant
Mu .uu m d Si levels. Both of these steels exhibited P segregation at the prior austenitic grain boun-
eL-tri es and we-re ’ susceptible to tempe r embritt lement. In a hi gh purity steel having low P, Mn and
Si leve -Is , I’ segregat ion at the prior austenitic boundaries did not occur and H induced crack
pr opag a tion onl y uic cu rre d at hig h K 1 values. In this case the fracture was transgi-anular and was
describ ed b~ t he authors as “ru ptu re and cleavage ”. (The published micrographs suggest a pri-
m a n l y o l t i ct i l e  r t t l ) t l i r e  mode..) The imp lication of these recent results is that the form of hydrogen
em hni t t l ement  generall y observed in hi gh strength steels , i.e. low ductility intcrgranu lar fractttr c at
low K 1, ref lects th e co m bined effects of h ydrogen and other solutes segregat ed at prior austenitic
lnoutm ( l ~i nics , ‘l ’im is stiggest ion is stipportcd by the iron whisker embrittlement studies (127).

_ _ _  _ _  ~~~~~~~~~~~~~~~~~~~~ -
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~~ . ME CHANISMS O F FAILURE

l i i  t ime - s e a r s  sinc e- time- role of h yelr e gcn i n reducing the ducti l i ty and /or the fracture strength of
i n . a t u - r u , i l s  has lice -em r c’tumgmai , ed , myr iad mechanisms have been proposed to account for the ’ obser-
s o t ii ons , l h e sc a i m ho gr inu p c o i  i n to  a few general classes .ts listed below:

(.i I mi gl t  pte’ sst irt- bubble ’ l o m r m a t a o n
(b )  st ar l.u e e’ .udsor pt u m m  e f t e e t  s

p last ic  d e f i m n t m t t i m m , t  t l  l o t  t s
( u l )  o le - c ol me” m io mu m

e )  l mv d r n l e ’  l) r e e l l ) i t .u t  ii on
Si n me o’ t . io to rs  suo h .is h~-oIro gen su i lu bi I i t ~ , h ydride s tab i l i ty ,  h ydrogen d i f fus i v i ty ,  etc. d i f fer  SO)
wi de-Is .u muiuong s~ ste - ms which ar e embr itt lcd b y hydr ogen , it would be fortuitous indeed if a single
i aue - h .u i mi sm we’re responsible for emb rittl ement in all systems. No attempt will be made to identif y
suc h ,i n a n u l o o r i n  f a i l u r e  mechanism; rather certain mechanisms will be shown to be inapp licable ,
oth i ’rs wil l  lie ’ shown t o m app l~ in certain limited situations and others to have a more general albeit
. 05  5 ( 1  amn de I i~~u’d .app licah iii t ~

,-~ s u l i s i  t i s s o - o f  e - anl ie - r , it is um p ortant to dis t inguish kinet ic  factors from embri t tkment  mccha-
p iosms  I i to - m ana l e s t . u t , om ns  and kinetics of embrit t lemen t may be quite different when h ydrogen is
p rm so - l i t  ,iS solute ’  u m r  when i t  is stipp iled externall y from a gaseous atmos phere or from a corrosion
r i - u t  ( i l l .  l he’si ( la l f c r en ( es arise from the vastl y different  h ydrogen fugacit ies as well as from the
s i m ~i t i . i I  rel.a t n m i m s l m i p s  between ti m e h ydro gcn sources and the propagating crack and from the variety
of I t s  dr mgcum I r a n  po r t  mechanisms.  l’hc different  manifestations of h y drogen embri t t lement  do
not ne -o o - ss .,ri l ~ su gg e s t  d ifferenc e’s in the fracture mechanisms.

~ I I l l ( ; l I l ’R l ’ .SSURE BUBB I.E FORMATION

f l a g t .  l o r essum re ’  hs-droge- n fill ed bubb les have been observed to f or m in a vari ety of  metals having
t - i i d m i a h o - r mi e  Iti - , i t s  ol hy drogen solution under condit ions of hig h hydrogen fugacity. The bubbles
w l mi u ii b u m  0 . 1 1 1  m o l t e n  a t t , t in  internal  i ressures of the e rder of 10 ’ atmosp heres. Pro pagation of
hr i t t  b I r .u t tire ’ f r i  mm these high pr essure bubbles has been observed (17 , 18) and appears to serve as

a me - u i m. ui m is m wh a Ii reduces the internal  pressure.
l ls  dr o mg o’ it e m i) r i t t le’ i fl e flt  mechanisms based on the format ion e)f hi gh pressure bubbles have

li e -o n l mn.m i iooseo i  ( 1 1 4 . 132 , 133) , In these mechanisms the driving force for crack propagation is the
liii  o ’rn al pre ss u i ru  of the  bubble ’ or the sum of the external stress and the internal pressure. In
ge’ne’r al the-se ’ the orie s do no it ~ude qt t atel y address the question of how the fracture mode is changed
i r u o r n  a d t i o t i l e ’  to a br i t t l e  one by the presence of the high pressure bubbles. While the internal
pr ’sstir e in the ’ bubble provides an initial driving force for crack propagation , this would decrease
r ab ) i ( l l% ira the absence ’ od .i c( inti nU e)US source of hi gh fugacity h ydrogen. The observation that
I m.u t o re -  oft e- n om e e t a r s t inder conditions where such a decreas e in bubb le pressure must occur as the
o r. uu k propagates , siu-h as embr it t lemcnt by solute hydrogen , suggests that the pressurized bubble
t ime . or~ is not s t i l lu - i e ’nt  to .tc-count for the embrittl ement. ‘Fhe observation of severe h ydrogen
o ’ , t m h r i a t le ’me nt  by low iwesstire h ydrogen gas where hi gh pressure bubbles can not form (19 , 115)
sut b ) i ) u mit  t h i s  

~ 
m in t ,

Ii im , .s be-e n suggested by ‘l ien et al ( 134) that si gnificantl y enhanced local h ydrogen fugacities
i t l . i \  ‘ Po e or i)y u l is loo i t ion a nni i mi lati on at other dislocations or at voids or incktsions under con-
dii ions where ’ the  p r im ary  h ydrogen transport mechanism is dislocation atmosp here dragg in g. If
siio Im e’nhi ~tno-ed I t i g . io i t y  occtars it co uld affect the stability of micro-cracks formed by the disle -
a . a l ion  ium t u- r ~io t io n s  .us discu ssed by Bilb y and h ewitt  (135). The occurrence of such enhancement
a i m la o ’ i) ro’S e’fl( o’ of re’.ih is t i o - hydrogen d i f fus iv i ty  values has however been questioned by Johnson
, a , mof l l i r t h  ( I  36). We may conclude - that the formation of hi gh pressure hydrogen bubbles , which
uu m . is  oe o u ir  .m n l ~ in sy stems havin g endothermic heats of h ydrogen solution , can provide sites for
• r.o k i mti -le.t t lo am , l im e - in ternal  pressure can provide a driving force for crack propagation. The
0110 5 1 a i m  of w im ~ ti l e’ n- material in front of time crack is embrittlcd is not addressed by the hi gh
i m r u - ss•ire ist aiible theories and it is this point which is pertinent to fractures which occur at low
h ydrogen Ft agac itie s , 
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— !‘~,2 SURFAC E M)SORPTION EFFECTS

As wi ll he time’ ase [or a number of suggested mechanisms , it is difficult to draw a shar p
o u s t  l ime t i u i n  between (kcreases in fracture stress due to adsorption of h ydrogen at surfaces (and the
, i t t e’ i ~d,i nt dee re- ,ise’s in surf a ce energ y ) and to decreases in the “cohesive energy” (or atomic bond
lr , ie l o u t -  %tr e ’ss) ,ai t he  crack t i p. As discussed by Oriani ( 1 3 7 ) ,  the two concepts are closely li nked.
lii  t i m e’ l’e~ - I m - Stables adsorption mechanism ( 138 , 139) attention is focussed on the effects of
h v u l r u mge ’i m ott the  surface  energy oil surfaces produced b y an advancing crack while the “decohesion
a ,aaaolc’P ’  o loso eusse’s the e f fec t s  m ai m the atomic bond energy at the crack ti p. We shal l consider surface
u d s c m r p a i a m n  t ’I’Iet - t s  in the ’ classic case of the Griff i th  criteria for crack propagation as first suggested

lo s Pc - to -h. A ole ’veh omp men t of this fracture criteria which includes the effects of plastic strain at the
e r .io k t i p ( 1 4 0 )  r est i l ts  in similar conclusions to those based cm the concept of a completel y brittle
c r i c k , In th i s  formul at i on a tmecessa ry condition for crack propagation may be derived from the
u ’no’r g ~ b.a l.i , o -u- during crack extension and may be writ ten for plane strain as:

°f = j 2 1E/ i r c( l -u 2 ) J ~4 (4)

whe re- O~ is t h e  f rac ture  stress, ‘y is the effective surface energy, 2c is the crack length , E is Young ’s
i tm um d u i t as , .ia m ef v is Poisso m ’s ratio ) .  In this pr oposed fracture mechani sm , the princi pal effect of
h vdru mge - o  is t o ,  reduce the e f fec t ive  surface energy ‘y as a result o f  adsorption on the surface
pr o .d t ie e’ol as t he crac k pr oa pag ate s. The fracture criteria of Eqn. 4 can be combined (140) with
,t~Isc u r l i t io on dat .u for II on Fe ( 1 4 1 )  to yield a relation of the form

l n P tj 2 — a  ‘4- 0 o ~ (5)

whe re a a mid j
~ 

are cons t ants which arc known from the material properties and from the hydrogen
.i d s ua r p t i ao n  une ’asuremet mts and P11, is the h y drogen gas pressure. This relation has been tested
( 140) against data F o i r P 11 2 vs K 1 (stress intensi ty)  for crack propagation and shown to be in poor
.igr e’cmeimt.

g A ut t mt n he r  of obje ctions may be raised to the surface adsor ption embrit tl emcnt mechanism. The
dl eel  ir e si a r l ’ae:e energ y , ‘y which characterizes the fracture is generall y very much greater than the
therm od ynamic surface energy ‘y5 and includes the energy of plastic deformation , ‘y

1~ 
which ac-

o-om lh itmie s fracture. Hydro gcn adsorption can reduce ~s but since ‘y~~ is usuall y much greater than
‘y5 the  frac ture stress w ill not he markedl y affected. As shown in Table II h ydrogen does strong ly
adsorb on clean meta l sur faces; but so does H2 0, 02 , N2 , etc. Indeed , these other species have
I mi ghe’r he’ats of adsorptiot and therefore reduce ‘y~ to a greater extent than does 112 .  Nonetheless it
is known ( 19) that f f 2 0 and °2 in trace amounts arrest hydrogen embritt lement rather than
c’n ham ung i t .

Additional inconsistencies of this mechanism with experimental observations can be found. In
gius enuis 11 2 crack ~irea p aga ti onm velocities measured at constant stress intensity at T ~ 273K exhibit
an increase with test temperature rather than the decrease expected from an adsorption mecha-
imism (78 , 79). While few detailed observations of in-situ crack propagation have been carried out ,
J o i a ,ms .mt m ci al (95) reported that cracking occurs in the solid in front of the main crack at regions
o-urrrsjs rn ding t o ,  maximum stress tr iaxi ahty in steels containing solute h ydrogen; an observation
not i im ace-ord wi th  surface energy reduction by adsorption. The discontinuous nature of crack
~r~~iitgia t iai n has been noted in many systems. There is no a-priori reason wh y the surface adsorp-
tion mechani sm should rc stt lt  in anything but a continuous crack propagation. The “incubation
lime” prior to crack propagation in a static fatigue test of specimens containing solute hydrogen
has been reported (c i be reversible upon stress removal in a number of systems (96).  Hydrogen
.ul sor p t iui tm on surfaces is not expected to be stress reversible.
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All the  ,u liove c’viclence wei ghs against the app licability of a surface adsorption mechanism. it
shot alol als am IW h ) o ) in ie ( 1 out tha t  the Gr i f f i th  fracture criterion (or variations of it which account f e r

r . i o k I p l d ,ust I c i l y )  iS a necessary thermod ynamic condition and may not be a sufficient cc,nditic ,n
l • a r b r ,u e t tare ’ . Su ,rf ~uce adsorption theories can not account for the observed phenomena.

‘l’abk II. E NTHALPY S OF CIIEMIS ORPTION (142)

m o- I a1 \ I f l •  o le-c-ti le- i i  0 N

188 586
W 188 649 398
Cr 188
Ni 130 544
i t  134 314 167
RI ) 117
Pt 126
5 lj imit s  oi l  K.J /n ole

5. :t I’l.AS’l ’IC I )E F ’ORMATI()N EFFEcTS

Pla stic - ol e ’b or m~uti oo n at stress concentrat ions and crack ti ps can affect fracture in many ways and
.1 m mt i nm h er  0 ) 1 mec -h anisms l ia r  h y drogen affected fracture have been based on the influence of
h yci r o mg e m m on tim e iila st ic Properties of sc,lids. In addition to these mechanisms discussed below, it
sho tubo l  In’ rec alled tha t  deformation can affect the kinetics of fracture by dislocation transport
uw -hani sms (which increase the effective hydTogen “ d iffusivit y ”) and by trapp ing effects (which
deo-rc ’~ise the e f fec t ive  “d i f f usivi ty ”). Furthermore , the stress field at the crack ti p will depend on
I lte - e x t e tmt  ~inc f d is t r ibut i on o , f the plastic zone and therefore the stress dependent chemical poten-

i ;mls • ol  solute- s and hydrides will he affected .
Solut e hvdr og etm im~ts been shown to have appreciable binding enthal pies to dislocations in a

,mt ln m i ) e’ r of svst cnms (6:3-65) and therefore can be expected to have an appreciable effect on plastic
dc ’lormn ~ut i o n .  l l y drogen.dislocation interactio ,n effects arc however miti gated by the hi gh mobili ty
.d solute imvdrogen in many systems . In Nb for example hydrogen atmospheres can drift  with
disho a t i o mt ms  at velocities up to 2 meters sec. at 300K and therefore do not exert appreciable
drag lore -es t in dislocatic,ns at normal strain rates. The h y drogen solute strengthening effects have
be e ’mm shown to , he’ signif icant  primaril y at low temperatures where h ydrogen can act as a relativel y
i m m obile - p inning point (29-32). The temperature range over which h ydrogen can act as an effec-
live ’ dislocation p inning pc)in i will depend on the h ydrogen concentration and diffusivi ty and
lic ’iu-e will vary between systems. Some of these dislocation pinning effects have been discussed in
Sco t ions 2 .10(1 4. 1.

J im time case of the ferro nts systems the reported effects of h ydrogen on the plastic properties are
— o -oi m fli -t in g .  Wil cox and iluggins ( 143) reported an increased Hall-Petch slope and a decreased

I n t l  ion stress in p om l ycrysta lh ine iro n after hy drogen charg ing while Adair (144) repe)rted the
oopp osite~ rest i l t ,  In l”e.O. 15 Ti alloys Bernstein (145) has reported that solute hy drogen reduces the
lat t i ce  fr ic t ion stress and increases grain boundary hardening. Beachem (146) has reported a
(ieo -r e~ise(l y ield and flow stress on h ydrogen charging 1020 steel while Asano and Otsuka (147)
no ’port inc reases in flow stresses in a variety of steels. Matsui et al (148) have reported extremel y
large flow stress dec reases in hi gh pur ity iron and small decreases in less pure iron.

‘l’bmo ’ moist remark able feature of these experiments is the diversity of the results from seemingly
simila r experiments. One possible cause for this  may be seen in the paper by Asanci and Otsuka
( 147)  who show that  stre ’ss relaxation occurs as a result of cathodic charg ing. This behavior is
itm oi i -a t ire’ of dislocation generation or rearrangement and suggests that the introduction of hydro-
geim , ii~irt ict al ~tr l y by c~.thodic charging, may cause irreversible changes in the dislocation structure
,uia d t herefore aff ec t the floow curve in ways which reflec t the detailed experimental procedure.
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So-se-ral hv o iruigen rel~ut ecl l r , u t u r e  mechanisms have been prcposed based (in changes in the
l,i~u % t mc properties caused by h ydrogen. These too arc’ rather divergent in their approaches. Str oh

1 -19) oo ri g inall y suggested th at  h y drogen cmhri t tkmetmt in steels c ,uld be accounted for by solu-
t ion str em m gti me u m ing at the c-rack tip due to disso,lvcd hy drogen with the concommittant decrease in
pla st ic  ae eo mn mnda t io n m and l) Iunt ing ammd leading to a decrease in Kit . In this model hydrogen I -

impede’s di sl om c a t i om n  motion and increases the flow stress. It diffe rs from other solution strength.
o’t mi amg sod t ml o ’s only in i ts  hig lm mobili ty which enables it to move to the crack ti p during crack
~ro o~o .ag.ut ii on. 1m m of ir e ’o t o o  ant  r~tst to this point c f  view Beachem (146) has suggested that stress
ima du mo c- il lmy dr og c- um se ’gr egati omn at the crack ti p aids the plastic deformation processes (solution
so o I l  co min g) whic h lo’iud t a m  fa i lure ,  lie views the fracture as an essentiall y plastic process which is
.i mtie’oI b y imy dnoo ge um .  l’he various modes of “plastic failure ”, intergranular , quasicleavage or micro-
~i o i t I  o o , ,a lt ’se enc-c’ .tr e coofl s i( ler e (l to ) be man i festatioms of the differing microstructures. A detailed
mo o lm , iaais tn  l i a r  the  re l at io mn between the h ydrogen enhanced local plasticity and the fracture
prow c-ss w.ls nut proposed and Imas imot been forthcoming.

l.y na im ( I S O )  im.is disc-t issed a fracture mechanism f o r  liquid metal embrittlcment , stress corrosion
and c a . r r a m s m a , n  I. a t igue of , . luminum allc ys which is based on envir o nmentall y enhanced crack ti p
1,l.tst io i t y ,  W imi k he has imot speeillcall y applied this mechanism to hydrogen embrittlement , it is
s-t ’r~ o loosel y re ’lated to the suggestion put b irth by Bcachem (146). Lynch suggests that surface
.ul soo r i i t i ami m c an  kaol t o ,  a d ecrease in the stress to generate dislocations at the crack ti p and
th e ’r ciamrc t i m  mn te tm se ’ localized sli p at the ti p rather than to the more generalized slip field observed
mim the’ ,ubseno c of the’ environment.  He proposes that the crack advance is by a sli p process similar
In t lm.. t  p r oa ~iomseol by Net imann (151) for fatigue crack propagation. In a fati gue test this sli p
umm c -o im , aim ism h.is been observed to lead to propagation of sharp cracks along crystallographic planes
o - vrm m in the’ a ias t’tme e’ ol any enviro nmental effects (151 , 152). In a tension test however , the
mcc - l m .mnusm imecess.tril y leads to crack blunting. Furthermore , fracture on a (100 ), as observed for
Al ,cllo o vs . rec itoire ’s sli p on the intersecting ( I l l  I sli p planes in precise amounts which depend on
t h e ’ o o r i e m m t a t i o a t m  oi l  time ’ stress axis relative to the { 100 1 fracture plane and the ( I l l  }slip planes. It is
di [fio-tilt t oo  set’ how this sli p ratio is maintained to pro iducc { 100 ) fracture over a wide range of
st 1(’SS 0 ori en ta l IOflS.

In ..~plvin g  a cam no -ept such as proposed by Beachem (146) and expanded upon by Lynch (150),
.a a -r u ie .ul ( l um e s t iom n is ho aw the adsorption of solutes such as hydrogen reduces the stress to generate
ol i slo , o - .m t i ao i ms  .m t the ’  surface or alternativel y h c w  the presence of solute h ydrogen decreases the stress
t o m  J a r om p . t gim te’  dislo c a t i o ons ,  1mm view of the conflicting experimental observations previousl y di s-
o uas se ’d , it  is n o t  obvious tha t  either of’ these necessary postulates can be supported. It may be
li i r th o ’r  nao t c ’o l t h a t  adsomr pt ion oaf species such as 112 0, 02 ,  etc. serves to stop crack propagation
l ine’ t m o  t ho’ pre-se ’nee oi l hy drogen and that  all other salutes serve to increase the flow stress e)f
, u l l o o ys . Ftarthe ’ r oievel ompm cnt o,f these concepts req u ia o that the eizcet of hydrogen on dislocation
ge’mme ’r ~u t I o m mm and moot ion be understood ,

( ; i lm ~o, m ( 1 5 3 )  hit s viewed the h ydrogen embritt lemcnt process as a competition between plastic
sli 1o . um md -lc’~i viag e’. 1mm this vic - w time occurrence of brittle fracture depends on the ratio of the
o le, av . i go ’ pl ane c’ner gy .cnoi the - shear plane energy and this ratio varies with the environment. Plastic
l.u i lui r o -  om c - o uurs  whcm time local stress at the cr ack ti p is reduced by sli p to a value below that
ro’ quia rt- d t o o  satis f y th e G ri lfith criterion and theref ore inhibition of sli p at the crack ti p will lead to
o le , av .m 4 e  lr .uo t t i re.  Gilman pr oposed that this inhibition will result fro m time fe rmation of a surface
I m~- ol ri da’ . Sino-e’ sli p will d isru pt the l~ mst tm la ted surface compound bonds (increasing the shear plane
o ’ , mo - r g% , i . e’. i i mo re u sing the stress for sli p) and h ydrogen adsorption is also postulated to decrease the
o k .av.tge ii l.um mc - e nergy, the formation of th ese surface hydrides shifts the failure behavie ,r fro m
il ua o - t i l o’  t o o  c lo’ .o ma gc’ . G i lmua n also, argues that surfa ce hydrides form even in those systems which do
tm oml l im rnm bu lk Imy d ri ( fes. Evidence in supp ort of this surface hydride mechanism is rather limited.
Furt he rm ore ’, th e qti esti on o f  wh y other strong ly bonded surface compounds such as oxides or
n it ri ol o’s t In i mo a t lead to m embrittkmcn i has not hce’n ade quatel y addressed.
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5. -I l ) l cOl lE SlON MI’.CIIANISMS

lii  o o , i i t i , I S t  to  tho ’ in e c -hammi sms described in Section 5.3 which describe hy drogen embrittlement
iS .0 f ) l a s t i (  l r 1 0 e’ss , -t c- lass ad mee ima t mtsm s have been suggested which relate the failure to h y dro gen

e ’ l l e e l s  oon t ime -  b aa i m d i tmg  oaf atoms, These “decoihesion ” mechanisms were ori ginall y suggested by
Fro a i u m n a m  ( 154 , 155) and have recentl y been expanded by Oriani and Josephic (115 , 137 , 140).
They .ur e ’ c losel y related t oo the “h ydri de formation ” mechanisms discussed in Section 5.5 and to
t Ime s t u r i uue -e uul Sorj t io a lm mecimanisms discussed in Scctiein 5.2. These similarities as well as a number
ao l impor tant  d i f ferene es will he discussed.

Timo - basic - p oms t ul.t t es of the decohesion mechanism is that brittle fracture occurs when the local
st ress ex o -ee’ds time’ a to omi c  hoind strength and that the presence of hydrogen as a solute decreases
t he’ ~a t o a m i c  bo ond s t rength . In both the decohesion and the hydride mechanisms, the plastic dcfor-
t mm .i t i o im which precedes fracture and which occurs at time crack ti p plays a role in the fracture
i r o a o e’ss b out cloaes nc it lead to ) h y drogen cmbrit t lement per se. The deformation can affect the K 1 at
t h e e - r ,i o - k ti p, may infl emence the rate cab hydrogen transpott to the crack (by disrupting the surface
o )Xi ( le ’ , iiy cl is l aoc -~ution dragg in g c r  h y drogen trapp ing) or may influence the fracture process in
o m t he’r way s . Jim th is  sense therefore , failure by decohesion is competitive with ductile rupture
mec hanisms. It is imp ortant  to note that  the dccohesion process can occur in conjunction with
ge ’imer ua l Pl a s t i c i ty  in the stol id as well as with local deformation at the crack ti p, This latter point
h m u u s bee’n emp iiuusi ied by Thammsc in and Rice (156) who discuss the formation of an atomicall y
sha r 1i crack simielded by a plastic zone. Althc ug h the calculation is hi ghl y idealized and uses
llam o i k c ’ uu tm ela ,stic elements to model the atomic interactions , they show that under the condition
t h a t  t he  ac t iva t ion  energy lor spontaneous dislocation loop generation at the crack ti p is greater
tha n ze ro , time ti p of the crack may remain atomically sharp despite the presence of a plastic zone
.u ro otum mo l  t ime crac k.

‘l ’imo ’ I i merm (m ( l ynam ic  surfac e energy is related to> the atomic potential energy, 0 shown schemat.
it -a ll y in Fig. 9, whose depth is related to the surface energy/atom. The energy (defined as the
“o - oo im e sive eimergy ”) required too reversibl y break the atomic bonds across an atomic plane while
m m mui i m mta i n ivm g  itll other atom spacings at their  equilibrium values is the thermod ynamic surface
ene’rg\- . Sin ce the derivative oil the lattice potential with respect to atomic separation is the
e ’x te - r m m ; ul loorce , F(x) required to alfec~ this separation , the surface energy can be written

= (½)n ~ 
00 

F(x) dx (6)
~ 0

wlmere ’ im is the  mmu imb cr oaf atomic bo)n(Is per unit  area of the cleavage plane considered. Adsorption
o a f lmy ( fro ogt - n d ec reases this surface energy. The decohesion mechanism postulates that h ydrogen
imrom duc es a decrease in the maximum bc,nding force between atoms across an atomic plane as they
, m rc’ being reve ’rsii)l y separated (Fi g. 9). Since the “ccahesive stress”, o~ is given by

o c n Fr’~~~ n~~L I  (7)
dx max

time’ b asic- u u s su mp t ioon is that  br i t t le  fracture oiccurs a critical bond distance , rc at which the local
m l) i ) h i Col stress e’xe-eeds o~ . The variatic in of a~ and r~ with hydrogen concentration is not known —

b a i t  i t  is uis stinmed that  u~ (iecreases utS the local h y drogen concentration is increased,
The main argume ’lmt adduced to support thi s assumption is the decrease of ~ with H adsorpt ion

Ian a o- l e’a t m surface. Sine-c- v is related to the integral of the bonding force F(x) (E qn. 6), a decrease
imm ~ dimes not mmeees sar il y require a decrease in F~~aX (and hence a decrease in o~ )since the shape
.u ,mo l sc-ale ni 0 is also , e’xpcc ted to depend can the h ydrogen concentration. The assumption of a
de’o’re’ase in o~ associ.ttecl with a decrease oil ‘y is however a reasonable one on the basis of the
f uui mc - t i im n s  mused t o ,  model 0 in a numbe r o f  solids.

_ _ _ _  _ _ _ _ _ _
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liar e -oon d i t i o n  o > o~ is necessary and sufficient f o r  cleavage. If oc is reduced sufficiently by the
1oue ’ s e - im c e’ a ol  Its ol r oagemm iii 5O) li ( l solution dtmctile behavio ,r will be terminated by brittle fracture. The

~o r i mim , i r ~ o h i l l  ic - t i l ty  in developing this theory lies in relating oc to ) the local hydrogen concentration.
Pre’se im tl y ao t - e’ssible pimysical parameters , such a.s 7, measure the depth of the potential well or
i e luu te’  to the shape o a f the potential well at the equilibrium Lattice spacing (elastic constants, atomic
b ore -c e o a n st a t mt s , etc .). ‘l’he thec,ry required to ) relate 7 or these other small strain parameters to oc
requir es  .u k imowlec l ge’ t a f  0 which is not yet available for metals.

It is m mo mm methc ’ le ss  i im I o rm~tt ive to examine the dependence of these parameters on the H concen-
rutt io on. I I  -i ma mdcl la t t ice  potential of the fe rm:

0 = — - ~~~-+ Bc-x/ P  (8)

is camimsidere cl  (A measures time strength oaf the attractive interactions between the ion core and the
eke-t r im s , due’ to , exchange interactions and other electron energy terms while B describes the
r epul sio mn oaf the dosed ionic shells of radius p )  we can write:

7 m = A~ ~ — 1 Jx o

~~~ I
~~~~

_ 
~~~~ 9

oc a~~ ±__ l ~~_ I l — ~~.! _ J  
( )

ax max xc

wh ere- x 0, is t im e’ lat t ice  spacing. Since x 0 depends onl y weakly on the hydrogen concentration , a
dc’o-re uu se oi l  7 wi th  Ci, imp lies a decrease of A and therefore Cu and oc would also be expected to
tl eo- re’.m se ’ . A l tha ough the real situation is significantl y mcore comp licated than imp lied by this model
p otent ial  it does suggest 1,ossihlc trends.

One- od time experiment al co mp licat ions is that  those metals to which the decohesion theory of
Imy drom ge ’n c’mb r it t lememmt has been app lied (such as ferrous alloys) have extremel y low hydrogen
so o h i d saol t t i , i l i t i e s .  Mcastmrements oaf parameters such as Cu and phonon frequencies have generall y
been muu (lc ’ on ot lmer systems such as the Group Vh metals and there is no assurance that conclu-
sio a ims based omn these measturements can be extended to ferrous alloys. The effect of hydrogen on
th e elastic’ e-oinstan t s of ,m number of systems is shown iim Table III (157 , 158). For Nb and V alloys,
the ’ me’asurem e-mmts extend to about 2.5 and 4 at.% H respectivel y and for Ta the measurements
c ’xt t ’,mcl to ,  ain ot it 20 at %; all of which are within the range of solid solubility. In contrast to these ,
.u single measurement of time shear modulus of Fe-H alloys (made with a torsion pendulum) has
bec ’im o uc rri eo l ot it at a c :oa nc entr at io>n of abo ut 170 at ppm in a hi ghl y supersaturated alloy (159). As
seen i,m ‘l’ut ble Ill , C44 and B arc increased and C’ and G arc decreased by hydrogen. The increase of
C4 uu mm o l II wi t im h yd rogen are particularl y significant since the third order elastic constants of the
b .o - .c- . nm et al s  ( I  50) Ic-ad one t o m expect a decrease of C~ due to the lattice expansion associated with
II  iim s aml t i t i a m n ,  ‘l’he large decrease of G noted for iron may be a significant indication of a decrease
ii m l u u t t i o e potential c-t irv atur e which is expected to accompany a decrease in o~ . In view of the
e’ x lw r ime ’m mt u u l  oh if f i e ’t ul t ie s  tinder which these measurements were obtained additional confirmation
o a f t h i s  t’f’f’ect is need ed. The elastic constant results therefore do not generally support a decrease
in the ’ cum rv ~uture  oaf the lat t ice potential at the equilibir eum lattice spacing (Eqn. 9) and therefore dci
float  ~iromvide substantive support for the decohcsion theory. 



4,

xo X c
o

~xo xc
Fig . 9 Lattice potential curs e (schematic) and the variation of the force required for separation of the atomic
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F a g  t O  F orm ,mt i -on of hvdri ks along sli p bands in a N -0.94 at’ , l (  specimen h eld at stress at 126K . 
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l’ablt’ I ll .  RF ; LA I-IvF; Ch ANGES OF ‘rHl~: ELAs-r lc CONSTANTS FOR lat .% H FOR
VARI OU S CRYSTALS

I 0-~ AR AC4 4 AC’ AG

C C

V- Il 0,3 8.4 -18.3
Nh- I l  0, 7 18.4 - 4,7
l . a - l I  0,55 1.4 - 1.2
Ft- - l I  -80

N e m m t r i n i  so ~it t e ’r i n ~ m e ’t fm oals  lm ave  heeim cased to i  mneaseire the p fsonon dispersion curves ( O f  ii

i mt u ml ) e ’ r  a o l  m e’ t a l - lh  sao l i c l  s c o lu t ion ,  In the Pd- Il system the phon on frequencies are decreased by I t
iii  so a l id  s m o l a i t i o u m as c’xpe-cteel f rom the la t t ice  expansion (161) .  In the b.C,C. Group \Tb metals
1mm owe-s-c r , l ay ciro og en In creas es  the piionon frequencies and therefore increases the atomic force
ii  a f l t t . i I t t %  ( 162 . I 63). Ag a in there is no evidence fo> r a decreased atomic bonding due to H in
so al t u t  ii an c _ vt - mm I t m r  the’ ve - rv  Imig h h yd rogen concentrat ions  used f c r  the neutron measurements.

N e i t i me’ r the  c l . i s t i  o ans t ant s  nor the atomic force constants arc easil y related to the cohesive
sin-s.s 0 0 , .m s prrs i am a o s lv  discussed. Ca~li at i  et al (164) have at tempted to develop a thce >ry of
i r , a e t t i r e -  ii ,tS ( ’d l o a i m  the’ .c to a mi c  fo r c e  e - omn s tan t s  and have relate d the cohesive energy to the energy 0)1
the’ I t r i l l a m u i n  ioum e h o a u m m d a r ~ 1)h i)n O) fls .  App lic at ir an of their  concepts to h ydrogen embr it t l emcnt
w a m u lol re ’qti i rc tha t  time- c- im e ’r gv ao l the pimeinons at the Br illouin Zone boundaries be markedl y
ro - ol c uc c c l  I i i  th e ’ pres e ’ume e t o t  so lute h y drogen. The zone boundary ph onons do not show any
sigi mi lio .itm t dc’e rouse ’ in frequency except at II concentrations in excess of 45 at % in Nb-H alloys
,mnol c-sen .at o o t im c - e ’ i m t r ~a m i o i m s as hi gh its about 80 at % li the decrease is relatively minor (165).

l im vi e -w t o t  m o t o r  i i m ah i l i tv  to relate the elastic - constants and the phonon disp ersiein curves to a~
.inol a d o u r  i i m a h i l i t v  to ,mrr v  oti t these’ measurements  on metals such as iron , the conclusions drawn
must  ho r~ut I m o’ r  t e n t . i t i v c .  l’he available evidence does no t however suggest a marked decrease of
.a t o m n m i o  i ooo :m ot imm g dtu e’ to lmy (I r otg c ’ t m in solid solu tion. On the contrary , the measurements on the
(; romt u l i  Vb mt ’t. als ire - stuggestive ami  an increased atomic bonding on alloy i ng with hydrogen.

In , t o i o l i m i a n m  t a m  the - t m n c er t a i n t v  ahciut the effects of hy drogen on atomic bonding in the ferrous
ss-ste ’ms , th e  c - co n fd- n t  ra t ion t o E h ydrogen at the f racture  ti p is no t well established. Embri t t lement  is
oa hst ’rse ’ol ~tt average c o m n e e m m t r a t i o ) n s  dii a few atomic ppm of II but as discussed by Ori ani (137 ,
14( 1) . dmc - to t ima l  e - o mmc entrat i on at the crack ti p may greatl y exceed this .  The concentration in

a’o~m oi l ib r iu um wi th  t h e -  crack ti p stress h eld is given by Eqns. 3 (Sectic n 3). The concentration
e’iai m ia imo - a ’me - nt , o / e ,~ ele 1iends on factors such -as plastic relaxation at the crack ti p and can be related
to )  the -  c- rat -k t i l )  stress intens i t  v. It can at t a in  values of 10 to 100 at suff ic ient l y hi gh stress
iim t en si t i e-s  and low te ’mpcratur es. Since hy dro ag cn embri t t lement  of steels takes p lace at average
o o a i o o c i i t r , i t i a o i m s  0) 1 j  few h iarts per mni l l ion , even at these enhancements the local concentrations are
oa t t ho- order of 100 at .ppm. In View of the ra ther  modest effects of h ydrogen on the crystal
pro op e’rt mrs disc ussed aba os -c - , i t is d i f f i cu l t  to ) see how this l cw  concentration can affect the average
l~i t t i o - o ’ p aa t en t i . d  si g u i i f i e - a n t l v .  It must be realized however , tha t  fracture does not reflect the
iivo’r iag e ’ p a o te - m mt i a i  at the ’ t rac k ti p hut  rather the pe tent ial  of the most highl y stressed atomic bond
.i mio l I t s  iminc’ di ate - mme ’ i gi mb amr s . Its view of the la t t ice  dil i tat ion caused by a single hydrogen inter-
s t i t i al it  m s pr -e i so -tv at t h i s  point where h yd rogen would have the lowest free energy. thence ,
,i l tho maig l m t ime e- ao n e - en t r ~atmon e -imh an ccm ent due to the average local stress field at the crack ti p may
lit ’ ius stu f fi c -j t ’n t  to a fF e c t the ’ average latt ice p otential  si gnif icant l y, the atomic bond which is most
hi ghl y st resse-ol r.,n have a vc’rv hi gh h y dreig en concentration in its immediate vi c ini ty and may be
a~re’at lv .t f  Fe- c-t ed by the pre-sence of the h y droagen. It is thus misleading to consider average concen- 
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t i , a i  to . i i s  sa le  it  os c-ak ul.t tco f with I’~r~n, 3, ih c  e f f e c ts of ex t remel y  hig h concen t r a t i ons  on i n d i v i d e i , t l
,aI o o m o o i o  ha o mmol  s t r c’rmgl  t i s  , a r r - of pr ime im f ) c i r t ionc - e’ c- S - c - n though the average local concent r a t  m a i n a s
or l . a t  i~ ct l a ss .

Au m m a a f i o  a t m ’  ,oi o a f  the ’ imp or t ance ’  of solute segr egat ion  at the crack t ip  may be obtained by

s i r ’ ,  a i i - ~ t i m e  I r a t  tore -  macic’ . Sine-c h vd r oo g en o e cc m p m es  the oic tahc cl ra l or tetrahedral in te r s t i t i a l  sin - s i t
s i ioti l o f im , ase  . a i m a a i m - s 1 m h c r i c .tl s t r a i n  tensor , E 

~j .  ‘I h o -reto sre non- ’ro interact ion energ ies ma\ he’
o -s~~aa -o me - o h w t m l m  shear is we’ll .is w i t h  d i l a t io sna l  stress f i e lds ,  ‘Ihc d i sto r t ion  field around hy dr ogen
im ~t c ’r su m l i f s  in mi i i  a i s i t a m lid s l)e ’cn shown to have c - t a b le  s y m m e t r y  (166 , 167) desp ite the occupancy
a l t  t h e - tc-tr ,i lie- elr ,aI in mo -rs li t lal s i te  wh ich  h~s tec r ag oo n al  sy m m e t r y .  if this result is also> valid fa n -

t o ’, ai r o o g o is iii  s t o o l s , b lO t  o m o t r a t m o o n  enhancement  at the crack t il) would occur for Mode I stresses
h at  t I ma at o a r  ~~ oclt II  oa r  I I I  - Emhrittlemcnt has not been observed for Mode Ill stress fields cinder
o a a o m o f i t  ion s w h i o l m  e .mr m so  c’mhri t  t le -m cnt  under  Mod e I stresses (168) which is consistent with a cubic
d i s i a  ,r i  i, ai m I I r - lef  . o r a aou m d  the ’ h v c lrc i g cn  in t e r s t i t i a l s  in i roin.  i’his result  also points out the importance
a i t  0 0  D id  i - n i t  r .it 0 0 0 1 )  e-nh ij n ce ’mcnt b the ’ crack ti p stress field ,

In a h a a n o o a g c n e o r a s  c ’lastic solid the decohesion mechanism woulo l result in cont inuous crack
~orl p.tg . a t i l a n  ho, l )aonoi rem l itture at the ti p of the crack. Sonic emissions accompany the advance of a

iii  ,o h s  d roog e - n emb ri t t lee l  steel ( 140 , 170) indicat ing that the crack advance is in fact
o u st o a , m u i im t i a o i s ,  lam ,t re-al material this  would he expected due to the s t ruc tura l  inhomogenei t ies  and
ih e ’ t o l . i s t i a I t y  w hich accompanies fracture in a mater ia l  such as steel. Hy drogen assisted bond
ru pture ’ e- o a mi ld  he expecte d hot i m at the crack ti p and at p oints  in advance of the crack front at
whit  ii lm ar t icularly high stresses existed because of the crack t ip plastic deformation or at which
s e t o a n O f  p ho.a se i n t e r f a c e s  ex is te d . These cracks woul d l ink  up wi th  the  main crack , possibl y wi th
saomm sd -  degre e ’  o a f  plastic tearing of li gaments, giving rise to discontinuous crack propagation and
sum m it o mission, A d is ct i s s ia m n of the dee’ohcsion mechanism app lied to bond rupture in front of the

a r ,io -k I r o ant  ima s been g iven i)y Ccrberich (90).
I ho - o -\ i s t c n o c -  of an e q t m i l i b r i r m m  re la t ion  between H pressure , p and t he stress in tens ity , K1

ro ’ o 1 o a a i r o l  b a r  c r . ack  pr o o p a g a t i o o n  has been demonstrated for hig h s t rength steels ( 115) .  Under clean
soir tac e - 0 oo n ol i t  lo ans crack propagation could he ini t ia ted either by increasing K1 or the gas pressure
a f o o w i m  t o  pressures oaf  7.5 x I o~ Pa (0.1 t oo r r ) ,  Time equi l ibr ium relations differed for 112 and D >
g a s  ,a r i e t v  of ra t iona l iza t i ons  (137 , 140 , 169) of th is  relationshi p have been presented in
s u i h i p o o r t  oaf  the’ cleca olmesio us theory hut all assume tha t  ø~~ is reduced b~- h y dres gen. The models can
, a o a t u n t  lo  or time measurements ( i i  the above assumpt ion is accepted) wi th  reasonable values of the
m o d el p.ir;amcters. In p~o r t i c u l ~1r Oriani and Josep hic (140) have incorporated adsorption thermo-
o l y u I ~anm ics  ,an el l inear f racture ’  rncc-hanics into the formalism to derive the relation

K1hi m I I ~ 0 m (__4 ’4- a 2 (_--_)~+ a 3 ( 10)
(K1~0 - K 1)> p~

4 p

who’r( K 1 as misc’ stress mnte -nsit y at which the crack propagates , K10 is the critical stress intensity at
l e n a  hy d rogen pressure , p is t h e crac k t i p radius and a i , a > and 0 > are constants which are known
from t I me’ material  par~omct er s. Ji m corder to fit  the’ experimental data the crack t i p ra dius was taken
t a m  be l inear l y  l r om p o r t ioa n a l  to K 1 leading to the relation:

In I ~ = a , ’ K1~ + 0 2
° K 1 + 0 3 ( 11)

(K 10- K 1) >

A go o o ~ cl l i t  l a o  time ’ oI~ut ~I was cmh t ~ained for reasonable values of  the constants using Eqn. 11 . A similar
o re - l it m a m m a  was dc-r ive d i,~ Van Leetiwan (169).

11 w . i b i l i t  ~ oaF a relati on such as Eqn. I I  to describe the  experimental data is consis tent  wi th  but
i m ait  o l irc ’c -t e’v iole ’nce for the reduction of o~ i)y h ydrogen sshich is the basic assumptio n of these
t h o - a a r io - s . Wh ,at  the experiments do support is the stress effect on hy drcigen solubi lity . the effects  of
a -r~io-k t i p par ameters on h ydrogen solubility and the existence of a critical h ydrogen concentrat ion
i a m r  I r . i e - t a i r e ’ . ‘lime’ isscue oa f  Imow the fracture actual l y occurs , be it by a decrease in o~ , by h y dride
fur mn ~u t u a a o m  aor  hy  somc’ cat i m e r mc’chani sm, remains to > be settled by more microscop ic experiments.
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5.5 I I\ ’1flUt)I -~ FOKMA1 ’ION MECh ANiSMS

Ma im~ m mmc’ t , a l ’ o wh i t  Is e’x h i l i i t  so -vo’r e h ydrogen embr i t t l emnent  are also known to form hydrides. Its
s amimme’  sv st e ’nm s , sno b as Gno n tp  ~‘h nnc’ ta ls and Zr alloys , preci pitated h ydrides have been shown to
nuc leate ’ c r i c k’. I i t u t  t im e p r o m p a g ; t t i o a n  nmec-h anism and the embri t tlement  mechanism in the absence
a o l  pro ’o - i l i i t . u te’e l  hy ot n io le s  is s t i l l  .a m a t t e r  of disctission. In a i ther  sy stems such as nickel and alumi-
nu i mm . t l l o a v s , h yc lric k -s are knoawn to fo rm but cind y at much hi gher h y drc gen fugacity than is
t h i n m g lm t  t o o  toe - c - a i r  o i t m r iusg  Imy el romg en emh ri t t le m e ’nt .  In the’ fo sl l c wing sections the rcde of preci pitated
hm ~- d ni o le ’s .tio ct si re ’ss-i iuiuc cd h ydrides on frac ture’ will be ca)nsidered.

‘ l i me m o b i l i ty  aa l  h y c i r oa germ is su f fi c i en t l y hi gh in sy stems of interest to allow h ydride formation
in t he t e’mmm l )crat tune- range’ where embrittlement is obscrvc’d (27) .  Me st om f the h y drides form by an

j  
a m ro le ’ n im mg reac t io an 0 ) 1 t he  hy otr og e ’uo in te r s t i t i a l  solutes am a subset caf the metal lat t ice in ters t i t i a l

~ j t o -s , I he - meta l  la t t i c e -  tiu sderg ocs an elastk- ( l iS l a ) r t ia m and therefore the kinetics e)f h y dride ’
ía a r mi m , ut  ía aim ,ore ga overne’d b y the’ rap id h ydrogen ins t erst it ia l  cl iffus iei n .

I n .m n t umb e’ r o i l  s\ ste ’nss , scuc im as ‘l i-I I and Zr Ii , the - st r t ic tur c  cif the ’ h y dride which precip i tate’s
.it low t c - m m m p e’ r a t e ures  (6 , 7) ( the  ~ h ydride ( f l t ma in i t e  s t r t i c tu re)  or the metastable ‘y h ydrid e (f . c.
I c - t r ; m g ’) nhml  s I m u i o - t a m r c ’ ) ) appears t o m  ro ’qat ire correl ated shears of the metallic lat t ice as well as e relering
0) 1  t I m e ’ ls~-ot ro gc’ms interstitial ’ ., ins these cases , the  ra te  of Icirm-at lo in of the h y dride may be limited by
t he ’ i m mtm om s maa ge n e ’oa t i s  o le lo arma t ion  oaf  the l a t t i c e  ra th er  than by h y drogen dif fus ion and en’dering .

Rc ’t,a t ivc’ly l i t t l e ’  is k l m o ) w n i  oi l  the  proopt’rtit ’s of  moist h ydrides. Time atomic -  bonding is usuall y
mne’ t , t l l i e  j im mm a t cure , t l t h a n u g h ic i n mk - bonding (e.g., alkali metal h y drides) and covalent beinding (e.g.,
NIg I I~ , Bc- I l~ an d p am ssibl y All! > ) are known t o ,  occur. The veilume changes on forming the  h y-
o lr ic le - s f r a m u n  th e- me t a l  arc’ o o f t c n  (1tiite a1)1)reo iable ranging up te aheittt 25% and being negative’ for
t i me ’ i ao mm i e  Im v o lni d e ’s  au di p oa%itiv ( ’ Ion- the met al l i c  hydrides,  Few o1 the  h y drid e’s have been greiwn in
imm as si v e ’ form elite t o o  t he i r  extreme bri t t leness and their  tendency to powder as a rcsttlt caf the
c c m lt am ( ’ c h .unge’ t in  l o o n  mat i oan s . Recent sing le e-ry s t im l  st udies ( 17 1 )  and T.E .M. observations ( 172)  oil
N i i I  I im. ove - s i m o a w u m  t h a t  ( ku )  d is locati oins have very low methi l i ty  in the h y dride and (b) the sctr face
e’no’ rgv (,oS mt’.cst a re ’oI b y t r a o t u r c  mechan ic.s methods) is nsot particularl y I e w ;  being about 5000
t-r gs/c in > f a a r  the’ I I 0 ). m m  addit ion , t he o’last ic constants  (173)  and phonon dispersion curves
( I  74) o a f  I b e  0 Nbl I have ’ been measured anti these do not indicate any si gnificant decrease e ) f

oh un it ( So nod ing c _ a i mmm are’ol ~~ ° re Nb. No m e t  hekss , the extreme bri t t leness oil t ime hydrides is we’ll
o - ’ . t . uhi l i s lm e ’ oh ;  t i me ’  0 NbI I phase cars be readil y c-leaved along the { 110 } for examp le and there’ is l i t t le
i d u st  i t -  d e ’ I o m r m n , a t i a ~i m whie - im lo -( -orn fiafl ie s the ’ f racture  ( 1 7 !) .  While it has been suggested that  the
re ’, ms caim l t ,r  the -  Im yo l r iok ’ br i t  (k-ness is a resistant -c to ) cl isleication mot ion s  ra ther  than  a decrease in
.u t o m u m m i a  h i a m m m o l i i m g  ( I  7 1) ,  t h i s  is not well established , ‘I’he hi gh la t t i o -e resistance to dislocatiem motion
in i b mo- hyolii de ’s may stc’m fr om the  disordering oil the 11 int crs t i t ial s  which ac -ompanies plas t ic
f l ow ,

h o  ti me’ Zr-il ‘. stc’m bm re’c’iPitittt’el hydrides have been shown to crae:k at Iew temperatures while
the -  stolid s o ha u t  i om tm a retains i ts  ductility (110, I I I  , 175 , 176). The h y drid e in-ts as a barrier to sli p
.am m ol  t ime -  str ess c onmeentra l ion at time’ head of the sli p bands cacuses cleavage. Since the scilid som lett ion
is d u c t  ilt ’ . time’  c rac k is b lunted at the h y dride-a in ter face  and at normal tensile strain rates at room
t e - i u m i m o ’ n , m t t u r e -  t i m e’  a l lo oy s ba i l  by olu e t i l c  tearing betweetm the  cleaved h y dride s. ‘!‘his inab i l i ty  of the
o- i e’.us. i go ’  o r ,uo k , which lo arnn s in the  h y dride , too  propagate itS a cleavage crack int o  the’  a solid
s om i t i t i a m , s  i is .uv lit’ oboe ’ to how h ydrogen diffusion r~ttcs in the a phase or te) low rates of corrc’ latee i
shmo ’ .m r ’ . aa l t ime ’ inc’tal I a t l i - e ;  t ’itist ’r one of which can control the rate of h y dride formati on.  At
s u i i l i o - i c - i s t i v  b m w  s t r a in  rate ’s , time cleavage cracks in the Zr-li alloys do) propagate in a low ducti l i ty
i m umolo -  (85 , 87) us will be I m ir tbo ’r  oli,scussed shortl y. ‘I’hus , we may -cnsc’lude t hat while precipitate d
hi ’ , - o h m id e-s 0 - .i n i n iem c - i c’ a tc  o -ra o ks the’y dci not nec~’ssa r il y lead to lew ductility failu re in the solid
s a , Im u l  i t mi s .  h ut  m i i i ’ .  sense , time’ ;ir eeipita t t ’cI h y dride’s act -is do any other  br i t t le  preci p i ta te .  They

— dro -n e ’ .i so - t h e ’  s t r a in  to  la i lur e by redtmcing the e’l fe’ct iv e ’ c ross-secticin oil the specimen when they
o r , uc k ,  ( o o m p !c’te’i y b r i t tb o’  t r ot -lure , as observed in many systems , requires a mechanism lost propa-
g.it ia ‘is o il t he -  e - r , uo ’ks itoh cm the - so alid solut ion .

Iii o l j so  ciss i iog t i m e role ’ of h y dri d e’s in embri t t l e’ment  d’ognizance must be taken of the ’  lat ’t th a t
t hit ’ u i i o ’ t , u I - i m ~- d rn o ~e um phase’ re’l~ii ia inshi ps ~a re’ extrem e ’l y sensitive t c) stress (41 , 42 , 1 7 7 — I  79). in fact
( It o ’ 1iouimlisho ’ei ‘‘c - o i u i h ih ni t m m ’’ phase dia gr.mm s are “metast~mh le ” phase diagrams at i,ercm app lied



s m i a s s . l i m i ’ , dti ’ .t  uumo t i am m m u s s u g m mi f i t - .unt clue ’ t o o  (. a) t iso’ l .cngo’ volt umne change on forming the hy d ri d e’
i i ,  a i m o  l imo - so ‘h ot so o l t i t  ia a im , (I i)  t ime ’ It~ v A h o o t  to ium n , i t  io , u m oa f  t i m o ’ h~ ctri etes a mmo l (e ’) (ho’ b ass’ I emp eru t  mm c’s
i t  wino im hs cli t ilt’ i n e ’o i i n t . u t  i aa m m e ’amm ode -u i  - Smumo o ’ t he ’ h y a t t  mo l e s arc c omm st r. a in e c i liv the sur r o t i t mo l im ig

s. ah u a i  so a lu i t  i a o m m , .0 o t o a m s o ’ o l u d ’ u m o -e’ o a t  ( . a) is t h a t  the -v are’ a u uoie ’n .o hi gt m stress (e -onmpresstv c’ l cmi A V f 0 0 m  nm.i
l i m a mi - ( I )  m m m c l  u c ’ c b a u u m o ’  b o o t h  e l as t ic  .u , m o t i m b , t s t i c  ,ao ’e - t o , i i i o m a a o l , u t i o a m m  (172 , 177 , 178 , 1 80), ‘l’i mo’ fro’c’
o - um c - i  t~~ oh .0 0 t a afl5 ~55a ooi , u t  i a Ofl , A( .ae - t o  mm = A( o’i.a st m a + A( ; iml . a st ii - . as well as t imc’ i i m t ( ’n f a t -i. ul a - u n

‘s our  l.u ~
- , m m m t m s t  h a ’ m is c hu id e ’cf i i u  t ime ’ c’o 1 t m t h i b n m t m m m s  i me ’t ss-e’en limo’ solid soiltitiom , a. anti imvdnt a t e . 0

w i m i o  Im is e~’ os - ’i m i t t 1  by l imo’  e ’ o l t m . a t i o a m s

~~~ cm ~ A( 
~ lme m o m + AG 0.l a5 t ~~~

- + A( ;i a l . u st  u c ~ At ‘sti r f. u o o’ ( I  2)

.a o o a i m ’ . t ’o b o i n a a (  a , l I mo ’ cc ~h solt -t us te ’u l m l me ’ m . u t t u u e -  w imi t -ho is a a h s t ’ i ’ , a’ol f a n  h~ otn iolo ’ e- o a u m s t r u ium e c t  by lime ’ n
l ml m , a so - is  s u i g o m u t  ma . a i m t l y  ue ’o b t i e e’ol o o au is p .u i e d l  to t ime ’ l i l a c ’ c’e i t u i l m h n i i u m m m  l e’ u mm p e ’n .u lu iu c ’ ctc ’ f imse c l .as t ime o’c 1 t m i hmh

mot t o  bi ~’t s%- o’t ’i m ous t  a a i s s t u  . o im o e ’o l  h y d r i d e’ ,ai me l t ime ’ sa d iol s a m l a i t i a o m m ,
hi m - a s i ae ’t m ass e - m m e- a ’ lu inm o - tu u mo le ’n stre ’ss , ai im . t i m e  e ’ im .uu i ge ’ us time’ l mv ol i o mge im o In ’u mmi t .tl i i t m t o ’ m m tm.u l  0 muse’ ’. .u

o I i . a i mg t - i i i  l im o ’  i m s o f u a m g e ’ m m  t a a u m t o’i mt t’ , t l i t ) m m g m ve ’ um liv Ec 1m ms , 2 .a usci 3, Eo 1t i i l ih i - i t i t m m lm o’lwo ’en t im e  st o l i d
s o a l a l t  i a ’ mm . a i t a h  t i l t ’ i m y a h m i a l t ’ is . u l s a o  u mm arke ’oiis ’ ,at le’ c t o ’ oi liv s I l o ’s’. clim e t a o  t i uc  so i t u uo m e c’im.ungc’ o H m Ian-ms m iim g
h u t - 11% oh m t a f t - f m a a u m m  t ls c ’ s o a h i t i  s a m l t m t i o n m ,  ‘l’hc’ ( ra id’  ( ‘ d l t m i h j l m t i t u m o m  tom t i , mo - o i m os tu , u aisc ’oi sols’tus t it olcr .‘ero s l uc ’ s ’
is alt - h i i ma ’a f a’. the’  c t i t i u l m i m u m a m u m m  he’t w o ’c’ mm a stn c’s s- f ’re’o- s o a h i o t  so d t i lj t ~~ anal a s l uvss  he c- imvcl ii cbo’ . m .c’,, omm a ’
s’.lu i a  ii is u i a o u  o a , m m s l m . u u m m t ’ci Im ~ limo’ s a o hio l  s t i l t i t i ou m ,  I ’ imi s so i lv t i s  is ol ef ine ’ o i Im ~ t ime’ c’e 1 11 .mli c nm

C0- ° = A o ’ x p  A 11 11 n / R 1’0, ° ~ ( I  :~
es ht o -tc ’  .\  I I~~(m as t he ’ i-o ’l,,tIm - l- ~~. l J S  1.11 ,na il, or a ’n th.ul ps- ~il sa i l t i t  m u m  osl i sv a t ro go’n its t ime a> s o ih i ct  sei l tmt  lots
u o l . a t m % e ’ l a o  l i m o- 0 u~ , li t ic’  an t I  A i s ,a e o a i ~5t , atst  w hic h ct e ’p euma t s com a l i m e ’ e m m t m ’ i p v  eIs .un ge s o m u m  so lu t io n s  oil
I I  m u m  l i m e ’  a m i m lm . t ’ . o ’  ne ’i. u t i s t ’  l a m  l i m o’  0 im~’o i r ic t e’. It  .i Str ess  is ,mpj il ieo l  to  l ime ’ svs enm this  stalvu s is .ul t ei o’cl
a bo u o ’ t o ’  l i mo - nm ao i . mi  s- o ’ Iu inm e ’  o is . u u ogo ’ o H m loan m msi i sg  time ’ 0 im ~- olt -iete fr ou m m time ’ cc p ls.t sc’ , AV a1I . ‘I’im o ’ sc i lvuis
u i m m o l o ’ u  s I t  o s ’ .  is t~i %e ’t l  15%

( o, 01 C0,° t - x p  I O 0 AV 0o/R’1’0, 0 1 ( I  ‘I)

~~ l ’bicst - soa k a m ’ . le ’usm 1~ ’ m , i t  o u t  O S  ci ta  o mamt  oaa rre s 1i o ium c l  t o o  I l m oo s e aab senvo ’ot ex p o ’n immm c ’tsl ulbs ,ms the hv o tn io tc ’ is
um a ’ ,  u m m . u l i s  d o o u st i .iiim c ’o i h is t ime ’ soliol s a m b a u t i o n  ant i li st ’ A V00 is p url ial l~- .u e - o m mun o ctat c ’cl el tsl ic.ulI y a imo l
p l u m  o . u h l  ~ by i a m i s im m, i l  I t Ia mo o p pu i imc im ing .  I ’imc’ isl .u gu i l m uo l t ’ oil t hese ae - e- aa tm s mmmc ocl , at  ion o’u m t h u l pv ( f i t -c’
o - ima ’ igs ) t a m  i i i ’ .  b aa ’. i me ’ o’ m o o’st i un .u t  e’d (1 78) ta o  he’ g ivo’u t liv

2t~ (A\ ’~~~ )A 11, 0 0 0 0  am mo — ( I  5)
3-~ V

‘ .51mm - m a  h $ I p / I l t , ~o siio ’.i u m o > a o o h a i l u u s , ii — h t ml l . , , m soooiu u la us , , mi to l  \‘ i s l Ime’ im so i lun ~‘athii t mc’ , l ’l m o i s , limo ’
s a i l t  i i ’.  .o t /a - r a m  s t i e s ’ .  ss - m hh m i ha ’ h~- . Iu io ho ’ o - u a ns l m , m , n a ’ a l  h5 the  so ih mo l  s a i l u m t i o n m  i t  giVc ’m ) 1)5

( = C O °  ex~ a~ Al  l 10 -~- 01155 /R ’I ’,° I ( i t ; )

I l o i s  i’~ h l m a s o m i s u m s  wbo io  ii ~s a o a u i a l  ho~ aa lo sc ’r vo’a l a im )  l ) m t ’ o i p l t . u t i a n m  aol lI m e ’ h v o l m i a l e ’ l ta o t mm the  s o m l u o l  s a m l t u t i t o m s
o m i t  t h i a  t m m s t  a o o o o l i u i ~ a S o  It - . l i i  t buo ’ i u o ’so ’ i ma c’ a o l  . mum o ’’.t t ’ mom , a I  s t m o ’ss li m o ’  I t o - a ’ o ’i mo ’ u g u o ’s Oil l i s t ’ ‘ . , ‘ l iob

L ~~~~~~~ _ _ _ _  - -
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s o , f a o t  u o o u a  a m m d  t i n ’  Ia ~ o l i m o l i ’  , aua - a l t o - m a -a l .a s disc atssc ’dl , o io a os - o ’ . los .io l c l i t i o a u o , isoow c’ s-t ’i , time’ m u g t m i t t a o l c ’ a o l

A I 1, a a a o  ail s is- i l l  bi t ’ at f o ’u t o ’a l h~ the ’ e’xt e’rn al  strc ’ss ,ms p .ar t  of the’ ic co n mm mo ie i a t i oaio r e ’su i lhs Irons h ila st ic
h i a a ~s , u u a a t m i s d f  t h e ’  lmv a l r i c l e ’ , l I so’ m n , a gm s i t u u o t e’ of t h i s  c l o ange’ i o m A l l ac - e- om due to e’xtc ’rnal stress i m _ as
ht ’o’ u s c l i s a - a mssc ’cl Ia or N b - I l  . o l l o a v ’ . ( I 78) , The’ e ’oo am st r a im mc ’ al  tools - ems te’unpe rat tu re ’ under an ex te rna l  ‘.1 rc’’.s,
I ’.~° lie’s ha t we e -tm t i me’  s , t luu e’ s oh Fr ° .um el l’,0 oh t t i u m c ’ aI  h u m  l’d ls. 14 and I 6 It is this  s o m i v o m s , 1 ,0 ,
‘.s ioa o Ii o fc ’ t o ’ rm om i tme ’ s  w imethc’r  pre t i p it . a t  l a na  occurs utis ot er  strc’ss . At te’mperat core’s below 1 e’~ 

tI me’ 0

I a h m .ms a ’ as i nt’l .as t , uhl c ’  , ia m d ml t ime ’  ,le -c - o n fl i flo) dat i cm t m fr ee’ c - usc - i gv were’ r eoluuce d (b y c ’xter imal ssork for
c ’ x. a mm o p l o ’ ) l imo’  ~i w o a t u l a l  I a  a r m .  l ’lm es c ’ s l m u l t s  in t i m e  e ’e 1to i hih r iu t cm he ’twc’o’ am t i m e ’  a and 0 Im imase ’ s uncl e’t
-a T o s s  o .oti .a l m m o a u n t  t a m  so ’s-c - i , a l h mt mumol r e ’ oI  ok grc ’c’s, It sh oumle l  lie ms o ) tc’ ol t ha t  while’ these’ efie’cts o af  stress
a o l )  p i a. i s o ’  a ’a l a i m l i h i r i , i  , irt ’ a l m a i l a ’ gc ’nc ’r,iI , h he ’y , mr o ’ i~ or t i t t mlam’ i y l arge’ fcm r h y drides due to ) the i r  b m w
c-u t  lm.m I ~o io - s a o l  I ur l m m . u t m a a m m  , au mo l l .at g e ’ AV oil  l e i r a n i t i a ) i m .

I’ .~ pc ’r i u soc ’ust .u l  ve ’ri l n u t  i t i r m of t i me-se ’ c’l’ieo -ts  has he e’ u m oib t ~oi umed im o a ioumber  cd s stems. i ivoiride
prc’ c i i o u t , a t  j am  ii,ts hi e ’e ’ m m i u m ol t i e -c ’ot l iv  t ime ’ ah ip h io - a t ioHI of stress at te’mpe’ra tur c’s above the  T~° u s  the ’
N b - l i  ss ‘ .Io ’ u mm ( 42 ) ,  Its ,ool cli t ion , t I oe ~ a i i h i l i e a t i e a u m  oa t  s tress }o,ts bt’e’ni sh ouw im too  cause’ r eoir ient , il  iota i i i
i m y o l u  m aI m - s a i m sc ’s-er_ al ss-st c ’uoss o l tue’  t o )  re ’so ie i t i a o m m of fmvcl r i e tc ’  p late’s w h mi e ’h crc’ ium an tinf t sc rahle’
o i i i t ’ m m t . u t i u a i m  re - I _ ot i s - c ’ to  t ime ’ _ o i a p liecl stress armob 1or co’i 1i i t o t i o u s  e~i f ,os ’c > , i iilv c)rie ’nlt ’d hy dr ides  ( 18 1 ,
182 ) ,  i° ro ’te’ rc ’ mst  i .a l I)re ’ c - ip l t _ a t  jo n a o l  imyd r ie l e s  ls ts be’e’n oibserveeh alc m mg sli p b an d s in a mm u im h c’r  oil
s’ s t o - m m m s  i i r t ’ s o a u o m _ a h i b v  o . ta i se c i b y a elo’cre’ase in A( uce - to m (42). An e’x .tmp lt ’ s shown in Fi gure ’ 1 1),

-S. o~u o . m l i t . a t  i so - mn o’t h ummsm f o o t  t ime ’  s t r e s s - i no l t i t - c’ol hy d ri d e’ e ’mhrit t leme ’nt  was prtp en~’d liv Wc’st -

l , ike ’ ( I  8i) , m n i o b  e ’x t e’ iu le oh by a nuri obe r of ol he’, u m t t l m o r s ,  l im ( ’ mechanism is sh o ,wm m so’hemai ic ’,illy its
i’ i g tmr t ’  I I - A l o l o l i c a t ia  aim cml  a t em ss ile  stress olee’r e’_ as es the hv ct rc mg e’ n so o lu t e  che’mic tl poten tial  at stress

0 0  an ~ - c ’rol I , a l  ( o f t  (wIn e -is r n _ tv  ho’ nmei t o ’imcs cir (tisl c ,o - a t i a ) f l  p ile -t q)S) and resul ts ins a f lux of lm~’ ctroge ’im to
$ i t o ’  reg io n s .  Ihe’  i m y t i r o o g e - u s  e - onscen t ra t ion  ind ’re’ase’s un t i l  it attaius s a valtue’ given b y Eq a m . 1  at w i m i e i m
t utm)o- limo’ s ro ”.s - i r a l m u - e’eI ~- imt ’tnit - d  i>o ~t efl t i . t l  grad u c’ umt  is remowc’d, I Io we’s e’r , the ’ stress also de’e re’ases
t I m e ’  i i  a - c - t - t m c’r gs - oil ti m e ’ h y c l r m ole ,a im d whe um AG0,0 = 0 imvdrie le’ pm- c’e’i h i i t .a t io us  e i c d t a r s , ‘I ’lmc ’ ki m me ’t i e -s cm i
liii. ’ .  1i m a  am a ss , mma’  o a o t m t r u i l i e ’ a I  by t i me’ f l u x  a o l  i sv c l r mmgo ’n to m t i m e’ stress c e i usc ’e’ n t ra t i oum ,  As olisctasst’ cl .ai )o) s d’.

imt ’ st r e ’ s s - u u m c l a i a  c _ al  h i r e’t i i m i t a t  io ) u m con owe uur  abt vc time’  si rc’ss-ire’e sod s-t is , ‘j ’ ,O 
, Once’ t ime ’ b r i t t l e  by-

u n t i e ’  J o  onu s , i t  a lc’ .ovc’ s ( J”igiirc ’ 12), t ime e’ra ck t on s  teo t Im e $-a i u m t e ’ m i a t - c’ ut wh i c h  j i onu m t i t  is h l t a n t e ’ti
lo s a l t - h  a a r nm . a t  ia aim mum t h i n  a l a m e t t I c ’ cm ns.a t r i x ,  l ime ’ ii m o i c ’d’ss elese’rihe et a im ov e ’ re’pc’_t t s  ttmct limo’ b r i t t l e ’
i t , i a t i i t t ’  1o ro p ag at e’ s liv ic ’h ic ’ _ c t ( ’ol s t re ’ss - i mmdt ac ’c’ct l-s te l r ic le ’  t o i r n m a t i t n m  and e’le.t v age’.

I ) ir e ’ o t o o o m m f  ir ns .ot  ic nm cii t I m i s  unc ’e’i m anisn m h a s h ie ’eim o ibta ine ct  tim .o m scamb i c ’ r cii hy d ride’ Ion - u m mi i m g
• ss- ’.t  c - t o s s . I i i  t i le ’  N h -I I s~- ste’ un l o s r i n a t i c i u m  oil hydrio le ’s ainolc ’ r stre ’ss ,tt s tt ( ’ss e- o i t m e ’c’fl t r a t i o ) i s s  a u mcl  at sli p

h.ummo l s  lox. hi c ’ e ’um eli re’ e t lv othsers’c’ob t u s ium g  SFM bo il Is ,thove ’ aume t be ’leow l’~° (4 1 , 42).  Crae ’k j i ro o h sa _
g u t  i a i u m  t l m r o o a u g ii t h e ’  stre’s s- incluac e’c l  h yd rid e ’ ,i umot e o m m t i u m t m o o t i s  f c ) r m . u t i o ) u o  to f  time’ imvd ride ’  ct t ime ’ c -rae ’k

up l m , a s hc’e ’um a ihi s e ’r sc’ ol ,  list’ h~- ctri ete’ was id e ’imt ifi ec l r m mo ir p ht i lc i g ie aIl ) ,  o um et ss’it im ele’e’t rein di t ’Ir ae- t i o i t i
.mi oo l  ss- i i i i  S I ,  M S .  At t rnm 1i c ’ r i t  turd’ s hi e ’bo w 300K time’ strc’ss -iumc tt ut e’d hydri d e’ ss.as shoiwn tt s  be’ Nh I
ss -i mi lc’ .it c’lc’ s- a t a ’ol t c ’ui m 1ie ’r. at lire’s t ime’  e’mnhri t t lc’mt ’u mt ss-,as sh c o wm m tei lie e’om m sist e’us t w i t i m  Nhl  i 2 formo s a-
t m o o m m  ( I  2-1). ‘l im e’ im y c i r io l e ’  was Iire ’sc’nt can b ooth s  ‘.ialc’s oil the a r.at k surfac e’ tmmc t  time’ c’r ae -k 1ibo im e’ w,as the

I I ( I I o a  m im s i t h  c-li t w i t h  t i m _ i t  ta h it , o inc’d irc m n m h y o t r o i geum e’l e’avage’ . I lyc tr io t e’ fo s r n m a t ie i i s  at c’rae k t i ps lm .ts
, ul s a h i a ’e’m m amhis e’r s- o’ ci  i i i  time ’ V - I l  ( 184)  amm e l time’ [ i - I  I ( I  08) s~’st e ’m n s usin g l’,F , .M . une thmcids.  l.e’ss d ire-c t
b o u t  um o mu me ’thoc ’l e ’ss o a n m s i m m o - i m mg d c m m m n s t r a t i o i m m s  ad 51 r e ’ss- inaia ie ’e’ct Im v dr ie i e  Ic orm _a t i esus  asseie-iated wi t lm

k pro op .agat ua mum o l u m r i m m g  im y c t r oig e’um embri U Ic’u n c umt oil ‘l ’i .albov s Ima vo ’  iie ’e’mm re ’peirtc ’cl (185) ,
( :r _ ~ k pro qi agat ia iis kii se’t it - s j im Z r — f l  a ib omv s isas-e’ hwc ’uo slst wu m ( 186 , I 87) I t i  lid’ d l t i _ t t l t  i t , a t  iS’(’b%

a a m m l ’ . i s t t ’il t wi t  is a uno oo i e ’l  hase’oI o H m stress i m m d t u e o’cl f i t u x  oil lmvc t r oig e ’tm toi time ’ c-rae -k h i l l  , aum d stre’ss
immof t i a  c’o i i m y of r icl o’ I a n - nm _ u t  ion , ‘l imit I I me ’o rv a e e o o t m t m l s  I a n -  the’ e’o anmun ou s  eoi ast ’r s a t i o o n  o il  .c o’k’,as- a ge to
o l u la l i l t  I r . ao I tire ’ t r a imsi t io n m ,as time’ s t rai t s  rate’  is in e re’ .ose’ot t ar t ime’ t e msm p e’ rs t  t ire ’ et e ’e re ’,usc’el omm time’ basis

i m.u t  l imo ’ t rac k p r aa p . og _ at io or m is e’ an it r c i lle’el liv los ’oiro igetm i l t ax to the’ o-r.uc -k ti 1s , ,S.I ioig h st raits rates ,
dot t i l t ’  I m .a a t lire’ io eh ,u s - ia a r is to hi t , u im m e ’ ol  because’ i mm st a f f id - i e imt ti u m m o’ e’l mpsc’s iseicire’ duct i le  f rac ture ’  to o
, mll o w fm y o l r uo lo ’  f a m r t m m a ( i o o t m .  ‘F lit’ s i u i ic ’  I ) ioe ’nhmtnc ’rki , i c ’ ,, the’ re tor t s  oil c l a t e t i l i l s  .mnol o h m o t i l e ’ ir i o t a m r t ’,
a m a a or a ‘ i i  olt ’o re’, as i im g lime ’ i m v c b roa g e’mm eb i lh tus iv i t  v liv bo w e’ ri tm g ti se ’ t esh t e ’rnpe r_ at tire air  by us it m g tleut c’-

u t im u  a l l ’  o~ s R a-c e ’t m t a n . n  k ~ar capag . a h icon s ttac i i es  in N b - l i  ( 1)) aIl vs is .ms c’ iieu’n in go’ner_ ib mgrc’ e’mo ’um t
w u t  it l i m o ’  l imo  a i r s  th ( ’vo ’hoo i i c ’ob boor  Zr I I  a lloy s  ( I  20). Wim ile ’ the’  k imm c ’tj c - s tudies ,urc’ e tns siste’amt wi th  time ’
str c-ss a u u c b u a o c’oh I o s Ir lol a’ noo ’ im. on i sm t h ’~ clii mmiii pr ov idlo ’ oli re’t’t st lppair t .  I Io)wO’s’i’l , it s o’oimhinii t ions
ss - mt im t i m o -  o l u t t ’o t h i y a t r i o i a ’  ooh ’ . o ’ro , . i t i o o i m s  l imo’ t a i t . a l  suap~ia )r t is scm-v stromg .
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( a )  ( b )  ( c )  Cd )

i i  I I S e ! a e a u o , o t i ,  %1ooao ~~ 0 t 4  t!~~ , ‘ i , , i a t ~ i o m  . 1  I i ’, l:~~k’ c’ u i ta o j I I I o ’ a i o e o m t io ~ st rt’ss i i o o h o o t o ’ .t i tyoh i l ic foo r aam ~u t ioum , (a)
fla i x ot to~ ,ti -o ’t ’u~ to t im ’ o i , i k t i p (OR ’ t o o  T!R’ R I O t ,  I t ’ ia t o t  a l a ’ h~~~tt ot ~t’ao a t ic ’ iu i i o  ,ot t o a m t c i m t  i.al j i m t h e’ Icu m si t e ’  stress field
(t o ) b o o  u,al io im a’1 t h a t  l o ’ . , h i i o l  1 a - ~i ic  t , ’ , t t i ,  b o a  ot ( l a o ’ l o ’ . , t i i I r’ t t i t ’ a t a a ~ .al 1)( i l t ’am t i.a l lay  h o c  ah o(ali c . ol stress (c)
, 1, - a s  ‘‘ of al to ’ J iyolo ioho ’ it ’r,- : u s  o ‘ , o~~~t a , ’ r e s u h j i  - a l  0 0  , ,  , o s _ i t o  a ’
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I - i  I ~t~t , o ’ aa. ioot o’ o i l  t o  ~i , ’  , i t o  i r a t t i t  ‘I t o ’ , i - i  u t - i  , t ‘ i  t t j o  i i i  a \ I o  0 I ’ , at  • I t  s~ia ’ o a i a a , ’im ba ’~ ( t  at I Ml K i’ho’
a l o ,  k ’. i a l , ’ ,  l i l t )  ~i l a i a ’s eof  I s ’ r ~~ -~’ o h , ,  o h  “.1.11 , ( I ~el , — 12)
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l ime - a m iise ’r~ j t i o a m m  ( m l  c ’nmba ’ it tle’ tnetst in h y dride .b ci rmi img systems above the strcs s’free soihs ’ us i m.a s
Ic -c l l a o  so a gg e - st iom iss th , t t  emhrittle’ment may eicccar with h ydrogen in seilid soibut ion on- as a result 0)1
i m r e’ - i i m c ’o i pi t . a t i o mn e - lu s te ri tm g (38 , 39). ‘I’he existcmsc e oil Iwo duct i l i ty  minima in Nh .II  a lbc iv s (38 ,
- I i )  w,us , i e o a a u n t e ’ c i  f’cor i r a th i s  manner (38). In vk’w of the demonstrated shif ts  in the’ sa iI ~ ois
m o ’ m i i po ’r~it e mi t ’  i i ’, e ’ x t c ’ r um , i l  stress , it dc es nut appear appropriate to) invoke a different solid se ila mtioais
ti me - a Io . oua usum m l o o t  I r .a t -t li mo - , i h i o o v t ’  ‘j ’,° , ‘l’he stress sh i f t s  its the’ scilvus T~0 were shown to ) i)d’ a ol ed it i .o t e’
to ,oo o o  a u m p i t  l o o m  t ’m om hm i t t l o ’ i m m e’ h m l above ‘I’~0 ,onmd the  ct ci cu i i l e  m i n iu a m a  its the ’ strain to failure was shaiwum
t a m  l m o ~ a o a u i s i s t t ’ u m t  w i t i m  t ime’  e-h _ au m g e - s in imy dricte oir d e’rium g its time ~ N huI  h ydride (4 1 , 42 , 124). Stre’ss
al ma l am o o o I  h~-drubo’ e r ,o o k ing was aisoo shown l a o  he’ the c- rac k propagation mechanism ahomv e 1 ,0 (4 1 ,
- 12) ,

b loc a O  o a t u  mo - un  c i i i  large ’ , or na non ts  a o l plasl ic -i t y l in i t i r  t o m  cleavage’ f racture  ( F’igs. 2 aisd 8) has bt’c’n
s i m g g o s t a a I t a o  1)0’ .i ra ’ t l e ’ c - t  u i o n  oi l  tho ’ s h i f t s  o at the ’ saals ’u s t e ’nmp e ’rat imre (t uring woark hardening (41 , 42).
Iii I h o t s  m e w  I mi .os l  io ab a ’h 0 mrm. a t  m o m and h y driolc’ pret -ip i  l al  l am and e’le’avage are ceimpetin sg ~~~~~~~~~~~~~~~
l iii’ so m u d  s a m l t o t  i omu s  is cl t i o -t ilc ’ ,a ,mol wo ou lcl Fa il iim .a clue -ti le amma umt s e’ r umslc ’ss the stress d uring de ’iaarnm ,i-

t i m  m u m  s i i u t l s  l~ a~ ~a ul  t i c  i c - l o t  lv t o o  .olla ,w str c ’ss-incb uc -c’d h y dride to form. Occurre ’tsct’ cof the ’ im s-ciri el e’
ho mu um ms ,i um c l  ( i mt - r t’ i a m r c’ the’ s t r , tou m to m la ib t i re  olepe’ us(ts tans time ’ therm eod y m m ~arn -mi e -s o i l  the hsdride’ ium the ’
o l o ’ i a o r u i m u i m g  S~ie ’c ii fl eti ,is we’ll is t ime ’ k inet ic -s cmi I I  t r ar ms l io rt ,  A (o )nvi n ( ing de’rn o ins lr a t i t i n  of this as
i i ru as uc la -oh  t a ~ time’ work a o l  S.os.tki ,ousol Am auma a ( 188) wh oo shoiweot th at  sei lute trapp ing which st.a-
l a ih i . ’c’s t b a a ’ s m o l i c i  so a b u t  am ‘t m re ’I.ai os -c t a m  the im y dri eb o ’ clo ’c - ro’,isc’s the iovdrug e’r o t ’nnhr ttzl eme ’n t .

Wimi l o ’  t ime ’  sI m o s s  i t i t i t i e  c-cl lo s c l r o ate -  e r0cc k in g u mme ’ o l s .a is is u m m is st r t o t sg lv suppcirte ’ci by the’ b eha vioar ao l  a
um ai um ol i a ’ r  c ml  i o ie ’ t a l -h y o h ra ge ’um s\ st e ’i ts s , i ts  r ,angc ’ oi l  _ ap~o bi e .ai , i lu t V IS us d01 set  e’stab lishe’d, In ‘I i _ t l lo a s  s ,
h o a r  o s. .t uo m i i l e’ , t Iso’ o a omp le ’x at  s- o i l  t i me m e -r t is t  u ta t -I ti re ’ im ,~s e oo t mle a u uu s cf c ’ c t  at t e mp t s  toi  t ob t a i ,m olirc’ e-t
c i  aim i i t  m m s , i t  i o mum a o l  si ro ss c’i Ie ’t t s  a oi l the ’ tsvdre igc ’um so o koo s  air  ca t  tIme mt ’e -hsa nmis rn s oil  e ’mhrit t l c ’me’nmt . in
° 0 0 , i i lo  05 s c o m u m t . i i n m r m g  I I , l ime’  i r.u o t cart ’ .tppt _ ar s tam a ad t Li I ala 01mg the ’ o-0 iti t a ’rf ~ae ’e’s . au m at i t h,os lic’eu m
i ou ao 1 o a mso-ol  t lm . a t  t i s i s  re- sti l ts  br a o um t ime ’ t o o rnm a t io n m a o l i sycl r iel c ’ (185). ‘(‘he’ II  se a lc i i s i l i tv  anti et i f fus i v i ty  u s
ui m at o ho gu a - . a t c r  ua a  t he’ 0 1oi m,i st ’ t i m , oum the’ a .tn m o t time ’ 0 nm ,os - .te t .as ,o im i gim c l ihiu s ia o us  eo indu i t  t o m  i iri isg
i m~ du a age ’um t a m  t i l e ’ o r,io k l i i i  ,it wl m u (- tm ~it ai um t i t  pre’o -i 1oi I _ o t t ’s .as .t h y dride ’ i m s the’ a lilmase’ , au m et o , t c k s , -S.
l,tv o ’ r o m i  u t , a u m u c u i o s  im s c l rmol o ’  ls .os hie ’e’u m ohse ’ru’eot .a bo oum g t ime f ra cture  surface ’  la i r  t i t a n i u m  alloys im as - i umg .a
W m o lmmm. au ms t . u t  t o - to suao o l ti re’ ~v iaic Is we’re’ hr _ ac - h uu re ’e f t im d r y  Ims-eIrt gen gas (185).

h o  a o l  h e r  , u i lo  as s \ s t  o u os s wise -re ’ im~’oI ri ot e’ Ia ont o_ it mo ot )  us 1ieissible , the ’ e’v ide ,me’e its suppo int  oi l ,ti m s
e’ u i i i i ru t  t b o ’mu me’umt  rne ’e im. uu m is t n  is r. a t h me ’r a- oa m s f l k- t ing . Btmrs le’ and Ptug h (3) re ’viewe’d ti me ’ c’videne e’ icor Mg
,u I l a m ~ s , iu m ol t a o i  ,-S.l , a i ham t oa win e -h were’ fr. aa , t tired an la y otr o o ge’t m g.os ,aamd its stre’ss eo orr os icin cuss ir oum n st ’nts ,
~% b i b ’ t h o m  a ’ is ant rt ’.is i i mg lv st r oi l m g t ’vie le ’tsc’c’ t I m .it  im s - cl ro mget m c’umtc ’r s i n t o i  l imo ’ stress eo o rr oms mtam s Ir .o e’t u ic’
o m h  t ime-so- .i l l a o s  sv stc’ms , .un ct w lmi le ’ there is semme ’ o ’s i e le ’u m t e  loon peassible is~’olr iefe le orm a tmoit s  d t u r i tm g t he’
Ii  ia t au r e ’ , t ime’ s I t  cm,at i taus re ’un.am im s u- ,it her i u a e o a n m e b c i s i s - c - . In the ’se ai ltay s there ’ is iso ol ir e ’ t t  c ’v idt ’umcc ’ hoar
si r o - s s -omoalu i a - a ’ol i i vo i r i c l c ’  lo a r m n , a t i a an .

In um i a ke’l ’b ,isc’ .aIkm ~ s, h y o l r i o le  (Ni l  I) c- at m fao r us m b o y c a t  hoe lie c’t s.org it sg con _ ot hig h 112 pre ’ssiire ’s
( I 0,i ) f ) ()  .ol no) ( I  89, 1 90). Time’ h yciroge’ts ta ig ~a e i t v  ummoter the’ e o o t mt b i t ioom m s a o l e ’xt c’rts .al 112 gas
I o uo ’s ’ . i lro ’ oa r im mt e ’rn ai  t is .u rgium g w imi e - h le’acl to e ’mh r i t t i e ’me’n t is gc ’ime ’ralis - e- o o nsiete ’r c’et tc i  he t o  ‘a a I ta w t o o

i an - m n  t h e ’  l iseirielc ’. I Io iw eve’r , it  sb mul t i  be’ poifl lo ’oI 0 atut that the fo or m , at  iam b oa f  Nil I hy d ri d e’ ,at I mi g im
imre -ss tmrt ’s aav c ’r e ’s tinm,a tes time ’ re ’eiu ir e’d fug a c i t v ,  ‘l’ime’ strc’ss f ree’ e’nmer gs- te ’rtn s , 1sA Vtc i r n s a t io  ~u m (where’
A V I o o r m i t  i a , im/ V o 0. 16) inhibi t  th t ’  hydride I ormat iom , whereas its the’  te ’nsii c ’ I ie ’Icl cii  ,m t r,ae k th i s
te’ru mi w o m a ibo l  . u s s l st  time ’ h y d ri d e’ iam rm .c t ic m n.  1)irt ’ -t observatiems om i the ’ p he ’umoim t ’mt at the’ o t .10 Is t p
i re’ t O o l  ~o ’t .0% ,aila blo’. bum ia i ( kcl allais’s, c’nsbri t t lc ’rne ’nt liv so il t o te h s - c t ra iga ’um ,mn c l lit sj in oi l t _ o ,me t a i is

c .it h io mal i o  a bi a rgm u o g c l o m r i nm g olt ’ lo or un. t t icmn le’ads t o m ini te rgr atmt i i .a r  frac t tore ’. I’r .ussgramilar e ’nmbr it ~lcnso’ioi
hm , as ime ’o ’ua r e ’ i a o mr l c ’oI u s  sharpl y no tched  siu gbo’ c ry s ta l s  ( 19 1) ,  Lm t ir m ts ent  .oncl () ppc’rhause’r (1  30) is_ os -c ’
stu gg e ’st e ’a b t im . ot t i l e’ la i bt i re’  .ot grain lie iti tm ola ri e ’s uim mdc ’r e’ti no l i t ic ins oil s imt ahta t seous u . o t i ma io l i e  o h , trgit mg
m os ay boa’ , osso m o i , i te’c l w i th  the ’ 

~~~~~~~ 
oi l h ydrc mgcn re’e-o omh i t m a t i o n  po isoons , sotds ,m s so o l lu r , w h i c h .tie b

lo~ o b ro oge’ni o’ul r s • t imc’re ’I i immo re ’_ asi ng the’ icie’a l fugiae ’it~- . Altertm at ivc’lv, loon l m o o t h u tm te rmm. al  1st elrt ige ’n
,a imd o a t  i o o ao i i e -  o h. arg iu m g o - om m so l i t i a o t ms , the h y dreig eim ltag ao’itv at the i , ca au t ad ,t r i t ’ s may be’ incr c ’,iso ’ot los
a l i s i o o c , a t i a , u m  t r .u ums p o m r l  pra me esses. 1 mm eithe ’r case , time effect oil stre’ss con st . ch i i i i i i ts g t ime hy dride ’ ,otmd i t s
j m oo s si i le’ n a b ’ in hr ae -ture’ ro’n saiim s too lit’ detcrmiised .

Ertob r il ti o ’n so ’nl in le ’rr o itos Olin ’. ’- is even less like ’l y to o  be assoc’iateal wi th  lim o’ fc ,rmat iou oil ,o
Imvetriok’. Fell us a stable e- oimp ‘ th e vap oor phase hut  the soi liol im efriek ’ ,apn e.ors to ) isase’ e’v~’u m
lc’ss sta bi l i t y  thma t m N i l l ,  F’uji t~o ( 19 ‘ .cs seaggested ,u mooc tel foor t r aum s gr .tm mul _ t r f racture li.ase’el l imo
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se’gu o ’s~.i t t ’eI I I  an t t ’rs t i t i ab s  whicim icarm an interst i t ia l  platelet.  This is foirmal l y similar to a hydride
ii a ot a ’s - ia h e’um t c’ its st tp ~me a rt  of this  c’omccpt is lacking,

Iii  st mns m arv , the stress ino lu eed h ydride mechanism seems well established for systems which
Ion - lo s  h m s- c l ri ol e’ s .umol appears too ae’cciunt for the hehavicor be)th abc ve and below the soilv eos temp era-

ta rt ’. bra s s i  c ’n m m s wim k’h ima v& ’ mc’tastabic hydrides (Nil I , All I , etc.) this  mechanism may he’ apphi-
cable - wioo’n t h e  ehfeo -ts of stress on the h ydride s tab i l i ty  are token s in to  account. In these systems ,
oli r e ’t t s t ip p oo r t  f o m r  t lse mechanism is lacking. In systems such as Fe l l , where h y drides arc f o ot  stable ,
l lot ’ .t 1m 1mi ~e - j i i ih1h v oil the tnech.o,mism is rather que’stioinat)le.

6. SUMMARY

l im e’ o f i vc ’ rsu tv  a ol  hi c ’l sas - ioir oal iserved f o r  Isy dn ogen-meta l sy stems is too great to allow a comp lete
mo’o b s , u m s i s t i c - to t me t erst ,a tst l ing ,tt th i s  t ime ,  Several general e- oi nc-lu siun s c-an however be drawn as
stuum sns , ari .’c-d beb oaw. In ,at t empt ing  t oo understand th e failure mechanisms it is impo )r tant  to ob i s t i n ’
g t a i slm ho e’t wc’cms k ine i ic  (‘fleets anot frac ture  m ee ’h ,mrm isms.

I h ie - o mc - e - t i rr e -ne -e oil im ye l r ai g e t m e ’mhr itt lemcnt etepe’nds cats the  a t t a inment  o a f a critical hvet ro geus
0-hot-issue .al lnm t cumtia b ,it 1ioain t t  ao l stress co umcetmtra t i o ium ,  The facteirs which determine the hy drogen
e I m t ’ummia  .uI  j i oa t e u m t i a l  are’ time’ lo ig ac i ty  cm l  the h y droogen source , the t iiermod ynumk - properties oil the ’
iom e t . o h ’ l m s c l ra og e ’ um s~-st e ’ nn , t ime hva b r ci gen transport  processes and the ms at u re ao l  the stresses _ cpp liec l .
Rasc a l am t m I lse’sc’ f a c t o  urs i t  is 1ao o ss i i i l e  to und erstand wh y cmhri t t l emcnt  is eo ften observed in hi gim
Itig. ue i t s  e ’r iv i ro ot smc ’rm t s  where ’ ioy drogen is present at the crack tip and mso ot ummd cr conditions whet-c’
time ’ Ims - eh r c a ge ’im t t i g a c i t v  is b o w  an - wiscre its moi h i l i t y  is l imited h) leiw d i f f u s i v i t v .

I l y o b r o age -ms i o , os hee’n sh c o wmm too base ’ an c’flee ’( on the ductile fr a -tu ~ e prei(’e’ss of mie - rt ) s- to i e i
c-oale ’sc - e - mm o - e  ,is we’ll ,ts oirs the  on-ctlrre’Imce oil low duct i l i t y  iracture processes such as c leavage air
iumte ’ rgr ; a t m u ba r  t r .t e -toure’ , Ihe Iroeteore morpha d a ogv  i s determined by a variety cmi  ba cte irs  sue’lm as time’
S\ste ’in coum si o lereel , th e hv etro og c ’n chemical pea tent ia l , the metallurgical s t ructure  and the  segrega-
t , omn oa f p , ir ti a oola r s am lu t t e s  t O o grai n boundaries , In a number oil systems it appears that  the e’ffect cii
time’ b ovc l ra ig t ’ im is too nmo ao lmt y l r,ae t tarc’ pr co c - e’ssc’s which  oe’cur in the ahsc’nce’ oil h y drogen rather th au s
t a m  i m m u r o m d o i e t’ om e ’ w pro ac o ’sst s , In o m t l m er  sy stems hydreigen changes the na ture  cu f the fracture process
I r o m p o m  .j o h u m a t i l e ’  l a o  .1 i s r u t t h e -  o o use- ,

re’l, et c c l  i n - u t  t Ic’ t rat - lo ire’ h o r d e o’ ssc’s i mmtoi  grciu~iings based on h ydride forming systems , syste ’ms in
- ~ A l lc -r  re - m oo s iu mg ki ume’tie l , ae to u r s  i r oom e oo n s i c t e ’ r , s t i a a i m i t  appears peissib le Ici categeir i -ze the h y d r ogen

wh io hi h m s o i r i o le ’ s  ,ere uma at dt , ai ) I e’ ~u~d sy stems in whie - Im normall y u mms t -able h ydrides may be stabilized
ha ’ .  t imo - . l p b o b i o ’o l stre ’ss, Ins the ’ h y d ri d e’ loormin g sy stems the fracture mechanism has been sheiwn to
ho’ l i me ’ s t ro ss a u m dtue  c - tb h )- olri ole ’ b o o r m a t i a m n  and e’lcavagc. h) ircct cobservj tion oil hydrides at (‘rack t I P S
.as s~o -hl  .os t h a ’  Iho ’rmoiil~-,m ,om m c -s t o t  stressed somiid sohutio in s and hydrides support this mcch ammism.
~.u umo’ t u a um m d o ’h ’. bi , i seol omn the ’ stro’ss induce’et f lux cml hydreigen te a crack tips arc cemnsistent wi th  time
l m y a h r i a b a ’ t r , i t  litr e u tm e ’ c - i iau ai sm.  One’ restm li of oohser vations on these systems is tha t  h y dr o)getl solid
so a b a u i  u o oui ~ , a u o  o l a i o t u i e  .i,md lisa’ c leavage frae’ttorc’ mcode oiccurs oan l y whets h y drides .are’ formed.

i iso - h as  ol ruo lt ’  st .a h o u i o t s -  r c ’ I , u t i sc  to o the so o l ict solution is influenced by the app lied stress as well as
im ’ . l imo -  h , vcbrc o t ~c cm c-h o ’mto-al i o o t e n m t i , u l  at the crack ti p. If h y drides arc stabilized by crack ti p Stress es ,
l i mo’ sh ro - ss uu mo l uio  o ’ol l o v d r ud e ’  ir. ecture’ mechanism may appl y to systems such as Ni-hi  in which
bo s o l r u o te ’ s  urd - m m a m t nm ao rnn ,ol ly expected to be stable tinder the conditions of hy drogen embri tt lemcnt .

r .unga - o a t  int ’l .o l - h ’ . t l roig c ’n ss- s tems which have metastab le hy drides to which the stress iumducee l
I t s  1r uc la - nnt ’e k u ,mism .opp lie’s Ima s not been established, To do so requires kinetic studies to show
.ug ro’e ’t s i o -ui t w i th  time’ s tre’ss iuso b toc ed f lux to crack ti ps , thermodynamic studies to exan~inc the stress
o f  f e - i i s  ou m ii) ohr iol e ’ st . ah i l i t y  ami microscop ie’ studies too examine crack ti p processes.

lam u m o o m m - h m y o h r u d e  bo ormin g  ss s te-ms the fracture mech anism is less clearl y established. Adsorption
u mmo ’ a im . uu m is t ns  hi .ase’cI ta n ree l t ie - t ia ois  ao l the surface e’nm ergv by adsomrb ed h ydrogen cannot account for
l i mo - - x j ao ’ run sm c ’t m t , a l  ooh i se ’rv a t immn s ,  The same caone - l ousico n can lie drawn for mechanisms based on
hm ~ oi r u o g e ’ uo  a ’ l fe ’ t - t s  aii m time ’ ~alas t ie l)r (oIx ’rti es oil the metals. In this  case the effects arc not as d early
o ’st al o ( isloo ’oi  st u n t ’  o - oom s t r a o ik -to , rv  e’s-icbcncc for the e’ffc’ci of hydrogen on deformation parameters has
b a c o ’ mm a m i o t . u i v m c ’ o l ,  l’boc’sc’ c’Reei s appear tom be told , sm all to o ac c oo ti u st low the drasti c- chmanges in f rac ture ’
nuuomolc ’ s  cul m se r se ’cb ais(l no ) ~ioh ( ’qoiote ’ mechanism b a r  t ime ira ctt ir e ’ proocesses based con p l ast ic it ~ &‘ffee’ts
i i i  s ima o’ n I mno 0 100 ost ’ol .
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l i mo - tle’t o a h a ’ s i o o t m  iomee imau si suss is i , o ins i stetmt w i th  time oubs c ’t’ved kinetic -s of embri t t lement  and wit im
i lie - l i m o - n  noo ‘o l v no n imi e  re’ q omi r cm e -us t o il a o r i t i c al h yo t rooge -um co ince i str atic un len- fracture. I luweser , this
m et  ia , o u mis tms i uo m s t ta la t t ’ s the’ ele’e-rease oil time la t t ice ’  cohesis-c ’ stress ansd nei evidence in supp oirt  oil th i s
ism stoal,o te ’ is at-ailatile’ , Me’astorements eu h ydrogen effc’ o’t s on small strain parameters suds as the
o ’I, m s t i t - o o o u s s t . a m m t s  ausat  l i b meuno i t s  lreeiuenck ’s i n o l i e a t e  an iu s e-rease in atomic force comsstan st s dtoc’ t oi
I m s - t l r omg c’u m u s  s o m i t i t  i o m u m .  E s ta lul is hsm o_’nt oil this mc ’ciman is n im requires _us tuusderstanding of the eifc c’t of
hs- otro  a g t - um a i m )  t ime’ l,ai tic - c’ i io te ’r mt ial  whicts is ume i t  S e t  available.

li i  c ’ s l . oh i lmsh o inog  t ime s- . t hmcl i t v  oi l  the  okcoiho ’siom mechanism , car any of list ’ oi lhers , i t  is not  sto f-
f i & i e ’t i t  t o o  t ’xaim si i m e ’ t ime ’ k i n t e t i t  asl iccts of the ’ mood el , For examp le both the stress induced h y dride
nmc - o h o , o i m ism mm . a u me t t ime ete ’co oim esion mechanism imave similar kinc’ti c s which are based on h y drogen flux
t a m  t I l e’  o ro e k t i p. Boo ths  ima’.-e s imi lar  th c rma od y t m a m i e ’ reeluir emen ts 1mm th a t  a critical h ydrogen

j c u a m s c o ’ i m t r a t i o a t s  is ncce’ssary at time crack ti )s, In the dc ’ccihesiein mechanism this critical ceince imtra-
t i n t S  as ro - q t i i re’c I  t a o  re’c lcu ce ’ t i me cohesive stress too  b e lo mw the crack ti p stress while in the stress
imub o a e - e ’d h ii’. e l id e nm e ’c ima uo i s m a h y dro igerm c -or s( ’e’nm t r a t i oms  su f f i c ien t  to ) feirm the h y dride in time’ c-rac k
t i p s t r e ss  ii e ’iol is ro ’o i otir e ’ d , I’hc essential cli fle ’rc ’n ce be’tween the two mechanisms is the detailed
l or 000  c’s’. o a t  i u o i t m c l  r o o h i t o i r e .  It re’ ej uires ci t imer  micro a sc’op ie- oihscrvatiors s oir a kne wbcd ge oil hvdrog en i
c -I ke-i s oats l a t t i ce  pt otc ’o st i a ls l o u e’stabhish this  p rcme e’ss. Even u s  this  point the two) mechanisms h,ove’ a
gr c .at t le’ .ob ao l  s im i l a r i ty .  ‘I ’hti s a l t lmei ug h time pr cscimcc of a isydride at the crack ti p may I)e estab-
his i mc’o i , iho’ b~~sic qatc’siiom o i l  wh y tise’ h y drid e’ is b r i t t l e  is identical te ) time basic qu c’st io um in the
cit -c o m imc’s i a ou s  uimt ’e hm ~o u mi su im ,
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