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ABSTRACT 

The influence of-grain.boundary -chemical-composition.on-hydrogen embr-ittle- 

ment was investigated. Auger electron' spectroscopy was employed .to determine 
' 

the grain boundary compositions of nickel-copper alloys containing various 

concentrations -of phosphorus and sub3ected to various thermal treatments. 

Phosphorus. segregates .to grain-.boundari es-..during slow:~cool-%ng, - accompanied : 

by reduced...concentrat ions of ..grain - bound,ary;'copper ;- -TensTle -.-tests .-were- con-- -7.- 

ducted in air and following cathodic charging with hydrogen. All samples 

tested in air exhibited a completely.ductile fracture;-ductility was insensi- 

tive'to grain:boundary.composition; Ractures:of hydrogen-charged samples . ' 

were brittle :.Ed 'intergranular; .' elongation .to fracture increased significantly 

with..increasing codcentr&.ion..of grain . boundary- phosphorus. The influence. of- 

phosphorus : segregation. . . on. :embrittlement :.-by hydrogen --or 'by -mercury. (reported - - - . 

. pre~kously].-.is .analyzed .in. terms - of additive . aha - interactive -mechanisms. A 

mechanism-based on reduced embrittler concentration at the site.of bond rup- 

- ture :due .to improved- atomic': packing- is proposed and found to:be' consistent 
. .- 

,withithe-.experimental - results -of .- this ..and other ..bnvestigations. 



The influence of grain boundary chemical composition on hydrogen embrittle- 

ment (.H,E ...):. was.- determined . for  nickel-copper. a l loys .- . :;Alloy compositions ~corres-  

pond .to Monel*, 400 with =--various l e v e l s  .-of - added phosphorus. - Predous ly .  reported 

work sponsored by t h i s  .contract demonstrated beneficial  e f f e c t s . o f  phosphorus 

segregated t o  grain boundaries - in- increasing t h e  resis tance-of  these  al loys t o .  

. liq~id~metal-..embri-ttlement -(-LME-) .-:m-drogeh.::embrittlement-.was- .employed. a s  3 - 
means . of :providing " in t  ex-granular.-xfract-ie ifor grain -%o~ndary.~analysis  - ini.those ; - - =  ; 

specimens. It w a s  noted t h a t  t h e  segregated phosphorus had apparent -ef fec ts  

upon hydrogen suscept ib i l i ty '  a s  .well  and it was -determined t o  undertake a . 

oyetema.biea, study sf the  p1ienc)ruenon. 

Hydrogen embrittlement.. of.  :nickel  -isJreported -to b e  .enabled 'by grain bo.undary 

antimony or., t i n .  9 Subsequent work . indicates .  tha t  segregated sulfur may have. an - 

important-- r o l e .  ---The -embritt-l-ement of.-Hastelloy-..Bt* bbjrl'hydrogen ha's been i-elated. 

d i rec t ly - - to  .the concentration -of .grain.bound~~:.phosphorus; 3-~increaslng L c a u s i n g  1 ' : 

increased suscept ib i l i ty .  For riickel-copper .alloys t h e  severi ty o f .  H.E. decreases 

with increasing copper content .'rs 
'- 

A. .mdrogen.Il;$brittlenient of-Phosphorus-Bearing 'Nickel-Copper Alloys' 

Phosphorus -Segregation - Studies 

Three.alloys were employed; .all have the  composition of Monel 400, 

with.; cidditf onal  :phosphor.us:~:for ' two-   of^ the '  heats...:: :Metal- -comosit  ion f .  ,::.-31- W, - 2: .. 

1.3 Fe,- 1.0 Mu,: b a l d c e  N i ,  with .O29 P (Alloy 1 )  , -.0.77 . . P - ' ( ~ l l o ~  2)., and ,159' P ' 

. - 
I ( l o  3 .  Specimens -for scanning- ~uger--microprobe:-(SAM) ana'iysis -were vacuum - . 

. . 

encapsuleted ' i n -  Vycor'.. -and annealed - a t  - e i the r  gOO°C o r  - lOOO°C.  for.' one hour and 

then .water quenched or furnace cooled.. 

*Trademark, INCO 
**Trademark, Cabot . Corporation 



I Po obtain intergranular  f r ac tu re  f o r  Auger analysis, '  t h e  specimens 

were cathodically charged with hydrpgen a t  1 ~/cm*,  90°C 'for 48 hours. These 

were then mounted i n  t h e  SAM ultra-high vacuum. systemand fractured in '  s i t u .  

The fractures were characterized- by a- dominant i n t  qrgranular - mode. 

Phosphorus was heavily enriched a t  t h e  grain boundaries a s  shown i n  

Mg. 1. The magnitude of t h e  concentration var ies  with bullc~phospho'rus con- 

centration, annealing temperature and cooling ra te .  Increasing-phosphorus-at 

t h e  boundary -is accompanied by decreasing copper-as shown i n  Fig. 2.. ~ u t t m a n ' s ~  

treatment-of-segregat ion i n  ternary a l loys .p red ic t s . tha t  so lu te  elements inter-- 

' . acting..mm,e:-weakly.-wi.th---the: segregant :-than t h e  -kolvent will: tend-..to- be depleted 

a t  t h e  boundary. - - The heat ' -of .  formation -.of..Cu3P i s .  -30,800. cal/mol while t h a t  - - - 

of Ni3P is  -47,800 cal/mol. Accordingly,..Guttman's analysis predic ts  t h e  copper 

. depletion observed i n  t h e  present - study. 

Analysis of .  t h e  depth-.-prof i l e s  of .: phosphorus-, obtained - by- Argon :-. -.- 

sputtering,. yi.elded .steep..gradi.ents .-of- .se@egant.-which~wqe.-shown-.to. be--consis- :- - 

Lent with a process of  equilibrium segregation.. 

Base l i n e  data f o r  s t ruc tu re  and t e n s i l e  .properties were establ ished. '  

It was determined t h a t  although t h e  concentration ..of grain boundary phosphorus 

vtir-led great ly  for t h e  ,several  corapasitforis aridheat--treatment's. employed.,.the 

t ens i l e -  proper t ies  measured.-in a i r  did not s i  pi ficant ly  change. A l l  specimens 

elongated--about =-55% i n  .l .O ern-:. and - fractur.ed i n  a...ductile manner. . The gra in  
. , 

s i z e  f o r  a l l  a l l o y s  -a& heat .treatments was measured- .by. . the l inear- .  intercept  

I 
method. - . . 

Hydrogenrembrittlement,. testing:.was..performed-:on-Alloy :l;:guenched- and - 

Arrnace cooled-from. gOOOc and on ,Alloy -2 guenched..from .900°c. :.'. Tenstle samples 

were then prepared. A l l  areas of t h e  sample except t h e  gage--section-were coated 

with lacquer. ..Samples were cathodically charged using a platinum-wire--anode 



B U I ~ - - P ~ O S ~ ~ O ~ O U S ,  atomic OL - .: 
. 

- Figure 1. '. - .Grain-, boundary:yhosphor;us ..conccm~ration- versus . . 

bulk phosphorus .concentration. . 
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. . and ti so l i t ion  of 5% H2S04 with 0.25g/l of sodium arseni te  added t o  poison 

hydrogen rec'ombination. Charging was continued f o r  100 hrs.  a t  900C using - 
- 

current  dens i t ies  of e i t h e r  10, 14, o r  20 ma/cm2. Samples of Alloy 2 were 

charged-.at 90 ma/cm2: only .: . The-:hydrogen concentration: i n  ' the: center -of t h e  

samples was estimated t o  be 87% of the .surface  concentration. The d i f fus iv i ty '  

of hydrogen was assumed t o  be lo-' cm2/sec s ince  t h i s  value i s  charac ter i s t ic  

of both nickel and -copper a t  900C. ' 
Followipg chargang, samples-.-were polished7 with 600: grit-Sic paper.. and -- 

inspected t o  insure.: t h a t  no .-surface cracks .were ~ resen t - .  Tensile. t e s t s  were- 

conducted- a t  a crosshead rate o f  0.0127 cm/min.; (nomind s t r a i n  = 0.13 mino-'). 

and -load-time: c w e s  were converted - t o  engineering s t ress-s t ra in  ck-ves,. 

Hydrogen.ch~ging.reduced materi,al--ducttl i ty.by promoting-sudden-brittle f r ac tu re  

but did not a l t e r .  material. flow. detectably p r i o r  t o  fracture.. Average f rac tu re  
. . 

stresses.-and -elo~ngat'ions-are- presented i n  Table. I. . 

By optic.&. micros.copy,: it was determined , that .  all,.samples contained cracks . - 

which- had not -part icipated i n  -sample f rac ture .  SEM fractography revealed t h a t  

samples-had f a i l e d  pred0~nant1.y--by. -intergran-ar-.separat ion - with=-i solaked-:areas - : 

of t ransgranular  f r ac tu re  as observed i n  Fig. 3. ..The area- 0ccupie.d. by trans- 

granular f rac ture  increased with increasipg f rac tu re ' s t r e s s .  - .  . . . %  ... 

C. Discussion 

The observed -intergranular fracture-mode :is charac ter i s t ic  of hydrogen 

embrittlement :of n icke l  .-and- nickel-base alloys..- - Intergranul-arl . f racture can be 
. - 

a t t r ibu ted  . t o  t h e  i n t r i n s i c  weakness of grain boundaries: r-elative t o  other  . 

surf aces. -Hydrogen kegregation to,  grain boundaries due- t o  . i ts  low matrix solu- 
I 

bilityi-probably-- a l s o  -contributes t o .  inte,rgra.nular. -fracture.  --:. 

The i so la ted  areas of transgranular f rac ture-  had a de f in i t e  c r y s t a l 1 6  

graphf= nature which indicated tha t -  fracture - was not merely -the . resul t--of  duct i le .  

teaa ing . t o  connect areas of -grain boundary f rac ture  .--.- Crack: gro-wth had-- definitely 



Table I 

Average 'Tensile Properties after cathodic' charging . . 

Alloy' 
El . ' ,  % 

. Condition I . ,  M A / C M ~  F.S., MPa EL. ,  % (no hydro~en ) 

1 'Q.  * gooPC 10 . 

Q. . = Quenched 
F,C, = Furnace Cooled 
I. = Current Density 
F.S, = Fractufe Stress 
E l .  = Total Elongation i n  0.94 c m  * = Average of 4 t e s t s ,  all others 2 t e s t s  





been affected by t h e  presence of hydrogen. The f rac ture  mode was not t o t a l l y  

cleavage as  indicated by t h e  lack  of charac ter i s t ic  r i v e r  pa t terns  and f l a t  
. 

plateaus. It i s  probable t h a t  f r ac tu re  was a resu l t  of quasicleavage which 

combined duct i le  tearing-and cleavage. 

Fracture s t r e s s  &d elongation a r e  sham as  a function of  charging 

current  density i n  Mgs. 4 and 5. Increased current density reduced f rac ture  

s t r e s s  and elongation . and reduced t h e  areas .:of transgranular f r ac tu re  observed 

- on-fractuxre~surfaces.. -. -This..--is = attrbbutablel-Lto-;the-.higher- hydrogen concentrat-ions- 

'. present i n  samples charged. at :higher -current densities'. : -The hydrogen concen- .- 

' t r a t i o n  o f - a l l  samples was def in i t e ly  l e s s  than the  0.2 atomic % which-is present 

I n  pure nickel aFter  charging at f jO m / r m 2 .  

Material s u s c e p t i b i l i t y  t0.H.E. was reduced by increased grain boundary 

phosphohs concentration. Furnace .cooled Alloy 1 (8.6% phosphorus) had higher , 

fracture.  .s t resses -and-elongations than. quenched Alloy 1 (4.6% phosphorus) f o r  

all . charging. . . .current dens i t ies  ( ~ i ~ s - . - -  k and 5) i No - differences-existed..in 1 

microstructure:.which. could-eaccount.:.for--.thi-s-=difference.. The fact-that. .  quenched - ' 

t i o n s ~ a n d  t e n s i l e  propert ies  a f t e r .  hy-drogen. charging ( ~ a t l e  -I) f u r t h e r .  indicates  . 

t h a t  .embrittlement sever i ty  i s ' c o n t r o l l e d  by, grain boundary.-phosphorus concen- 

t r a t i o n .  . .  

These r e s u l t s  .may be I.-considered--in-:BeI*ms - of vari-ous;.proposed --lqydrogen . 

embrittlement mechanisms.. - Both--pores , . indica t ive  +$=an ,-internal pressure 
. .  . .  

mechanism,: and -t~&~a~hicd-.-feat.&es'-,~;.indic~itrive of :the .presence :of hydrtdes , - 

were absent . on .- the-- f racture:. surfaces;-- The .fact .. t h a t  the,rcurrent dens i t ies  - . 

I . . .. 

employed--f or-hydrogen.. chargi.ng~were=.:.well:-3elowAhos e -  require&-- f o r  surface~hydride.  : 

' 

formation .on nickel4 fur ther  reduces t h e  likelihood t h a t  a .hydride embrittlement -.. 

mechanism wasioperat i,ng,.-. . .Embrit-tlement due =to 7a.- restriction:..oi-dislocation - 

motion i s  unllkely since, y i e l d  and flow: s t r e s s  .were-not. affected Iby.hy&ogen : 



Figure 4 .  '. Engineering -=fracture stress. --iersus- ch-etging current -:;. 

density. ; .  



Fit3ui.e--5. .- Elongat ion in 0;95 .rm versus -current -density - for -. 

alloy 1. quenched and furnace cooled from 9 0 0 ~ ~  
. - 



. , . . 
0 chargipg. - Embrittlement by enhanced dislocat ion nucleation and movement on s l i p  

planes in tersec t ing  t h e  crack t i p  (crack growth by a l t e rna te  shear) i s  not 
- 

supported by:-.the smooth appearance :of :the, grain .-boundary - f rac ture  surfaces. . - 

This mechanism i s  a l s o  contradicted by studies  which'shw t h a t  dis locat ion--  .- 

motion i n  nickel i s  actually,.impeded by hydrogen a t  low temperatures o r  low 

0 s t r a i n  rates .  

. . .  Only -the' l a t t i c e  -decohes-ion -mechanism is  capable of producing t h e  smooth-- ' 

intergt.anular- fracture..: surfaces-..which were observed. without significant3y. inf lu-  - 

- epcipg material: flow. . This -mechanism -involves.. reduced.-ene,rgy required t o  c rea te  . 

. - -  new-sGfaces' dug t o  .reduced--bond strepgth. a r 9  The, precise mechanism by which 

hydrogen,- or l i q u i d  metals-, - a c t  t o  reduce. -bond-:-strepgth--in .materials has -not 

been' . identified. P r io r  . t o  , t e s t ing ,  it .is l i k e l y -  t h a t  hydrogen w i l l  be segregated 

t o  grain-boundaries. Durl;ng~testing,-bydrogen!s-mobi-lityL~3l-~~low.~it~to-move 

t o  s i t e s :  of--high. s t r e s s  concentration =which .includes.. blocked. s l i p  bands --and t h e  .- 

crack. -tip .r.egion.. Therefore, h$drpgen may be fur ther  concentrated. i n  .those -- . 

a r e a k  where it :.promotes crack nucleation and prop.agation ; 

.D. ' 'Mech-isni 'of 1Phosphofis -Effects . - 
As reported here. and i n  the  previous- Technical-.Rogressiieport, it has 

been' fouia- t h a t  increased grain .bo~dary..phosphorus-.concentrations .. reduces t h e  

embrittlement of  Monel by .both-hydrpgb- and mercury. It is  remarkable. t h a t  - 

embrittlement by' two- very d i f ferent -  embri t t le r  species. would have an ident ica l  

response-to+.chang&s iri, grain-boundary-compositioni Mercury i s  a- la rge  metal-lic- - - 

atom which does not ' penetrate the. niaterierl- latticeA,- whiIe"--hydrogen=-i-s:~~a-~sma~---~~ 

i n t  e rs t ikf  al- solute.  

The objec t ive  of  t h i s  sect ion i s  t o  analyze these r e s u l t s  in 'o rde r  t o  

, obtain: ah -understanding"of ' .the influence .of -grain : bo.undary .cornposit ion..-on LME 

and H..E. . -It all b e .  assumed that :  embritt iement.~ls '  caused by. reduced atomic 

cohesion. Both addit ive and in terac t ive  r o l e s  f o r  phosphorus -w i l l -  be considered. 



An at3diti;e r o l e  implies t h a t  phosphorus exerts  i ts  own p o s i t i v e  influence on 

atomic cohesion which counters the  negative inf luence of hydrogen and mercury. 
- 

An in terac t ive  r o l e  indicates  t h a t  phosphorus a c t s  t o  reduce t h e  effectiveness 

of t h e  embri t t lers .  - - 

1. Additive Influence 

The absence of 1nte.rgraxiular f rac ture  f o r  materials  t e s t ed  i n  air 

prevents ..an- experimental determination o f .  t h e  influence of phosphorus segrega- 

t i o n  - on~~atomic~~cohesionr~along . grain- boundari.eslin- t h e  - absenc e - o f  ~merd~::.or-7.: - r 

hydrpgen-. However, l ~ g e  decreases i n  cohesion .due t o  increased phosphorus . 

. concentration can -be ruled o u t  since . inte,rw.angl.ar f r ac tu re  was. not o b s e ~ e d  -:- - - - - -- - - 

with phosphork .concentrations a s  high .as 20 atomic percent. 

Seah has-postulated. tha-t; - based. upon -some observations . i n  s t e e l s ,  

segregants . . haflng.smaller..atomic.size than iron improve gtrepgth by.increasing 

t h e  atomic. -density.  along .boundaries-;r:conversely_ ,;.zarge -8egregants - reduce stre,ngth 

by the.-same--reasonipg .- ' There'.are resemtionsl 'about--  t h e  above hypothesf s. because - -- 

- o f .  several- observed- .exceptioais and a l so  because intei;ac%ive mechanisms can explaiu 

these- -effects .-tn= cer ta in-  -cases .--::Regardless ;--phosphorus 'bas a -larger- s ize.  khan .. -. 

. . 

' e i t h e r  copper'.or-nickel- and thus Zu ld - -  not have A strengthening e f fec t  according . 

t o  t h e  - Seah .hypothesis. . . . . 

2. Pnt eract ltie -.InrLuence - - 

Begregants . . may interact.chemically with an embritt l ing species t o  

influence- . i t s  concentrat ion .. and . embrittlement- sever i ty  . -. I f  tKe chemical bonds 
- . 

between- t h e  - segregmt and. t h e .  embrit%ler-' a r e  .stronger: .than .those .between.. the  .- - 

solvent and t h e  - embrittler.,.. increased embrittzerr. adsorption-.and embrittlement ' ... 

is  predi-eted-.??On the-. otfier'-harid.,-if the:-.chemica;l~~b-onds.- between-he :se.gregant. . . .. .-. . : 

and. the.. embri t t ler  a r e  relativexy- .weak, - reduced embri t t ler .  adsorption-'and 
... 

embrittleineiit- .should t ake  'pl'ace-. While'-'this bond' 'strength .approach ' t o  -chemical 
. . 

in terac t ion  -is rudimentary,-.it - is-..consistent--with - the-  so lu t ion . .bed  - successfully - - 



. ,  by ' ~ u t t m i ~ n ~  t o  t r e a t  cosegregation and demixing i n  te rnary  al loys.  . 
Since phosphorus replaces copper a t  grain boundaries i n  Monel, the  

re la t ive  bond s t rengths  between these -elements &nd mercury -and hydrogen a r e  of 

i n t e r e s t  ., Mercury .and copper. in te rac t  to: form in termeta l l ic  .compounds. while 

no reaction occurs between mercury and phosphorus. O T'herefore, reduced 

mercury. embrittlement: due .*o phosphorus segregation m a y  be- rati-onalized -In-- . . -  

terms of reduced mercury=adsorpt.ion i .: - However -.phosphorus -segregation would - -  

not be--predicted- . to reduce hydrogen---&rittlement-based - upon - chemi-cal. inter; - -- 
actions. The diatomic .bond st;re,ngth between hydrogen and phosphorus is. 

3. Physical In terac t ion  
. . 

A .grain.-boundary -can be-- consi'dered-to be a t h i n  region of material  

which separates .two crys ta l s -  of d i f ferent  .or ientat ion and which i s  .disordered 

i n  the  sense ' t ha t  -nearest  .-neighb~r~relationshi-ps -and .interato&.c -di 

al tered.  .In some - .locations. interatomic--distances -.are . too l a rge  while -iny- - 

other .  locations -they- we . too.. small. -' :In pure :materials -gi.aili boundary -ene,rgy 

is 8.-measure of - t h i s  "disorder. For 'impure .materiels,  .grain -boundary energy. is 

-i- 

. a l so  -dependent-.on chemical-. compostti-on; .: - 
. . 

. It i s  t h e  disordered. nature :of: t h e  grain boundary -which- makes it an- 

a t t r a c t i v e  loca t ion  for solutes-which do not f'it well- ' into t h e  .lattice-:due t o  

atomic. s i z e  -or e lec t ronic  d i f f e ~ e n ~ e s  --with-.-the solvent.,- -When a solu te  moves 

t o  t h e  'grain boundary,. t h e  properties- of -the grain:boundary2 are affected.- - . 

Experiments-=ham: demonstrated -that--grain -bonndarg- ene,rgy $8: -reduced-by -segregation. 

. , . .  . . : .. A pofi ion of r. t h e  decrease ~-iqr..grain~-bo~~dary~~~energy-~~c,companyi~n~~-~~blute . - - 
I 

- . . . .  - segregati-on -5s : due .tol:the . b e t t e r  : at&.c=.-packing--dens* be attatned- .d-ong 
. . 

. . 

t h e  grain. boundary when ,atoms of -d-ifferent.-atomic s i ze  r-ar-e- present 25; For =xample; 

copper: and gold. a r e  both elements . drgrouprX--.-In-the periodic- t a b l e  -whi-ch- exhibit- -. - 
' .  . -the samervalenceiel-ectron.'*confimation,have' fcc  &ystal.-structures-,--and form a 



. . 

, *  conti.nu&i s e r i e s  of s o l i d  solutions. However. g o l d ' ~  atomic diameter (2 -881) a 

0 

i s -s igni f icant ly  l a r g e r  than copper's (2.561). A decrease i n  gra in  boundary _ 
energy .accompanies. both gold .additions ..%o copper and copper .additions - t o  .gold;1! . 

. Since'gold and copper a r e  s imi lar  electronical ly,  - t h i s  -change--in:grain-boundary- .;- 

energy can be a t t r i b u t e d  pr inc ipal ly  t o  b e t t e r  atomic packing along grain boun- 

daries  - when. .atoms of.. two d i f f e r e n t .  atomic..isizes---are. present. - -  It is .important -. 

t o  - . .. note - t h a t  a t o m i c . . - p c c  2 *roved by..-addittons ;of--both- Large -and sma l l - - -  - :- 
. . 

. solute-:atoms ...-;. ... . . 

Based.upon t h e  preceding discussion, segregation . . of phosphorus i n  

Monel would be ant ic ipa ted  t o  Improve. atomic packing along grain boundaries. 

The atomic - diameter df- phosphorus - in--metal l ic  ' sdlution is 2.7d16 -while t h a t  of - 

copperland nickel.-are 2--361 and 2.491 .- The influence--of t h i s  improved packing 

on mercury and l i q u i d  metal embrittlement must be considered. 

Hydrogen ; hi38 e .:veryz low . ~ o l u b i l i t y + - i n .  nickelzralloys.-and :expands.-the 

nickel-:-lattice.'-?- Qdr,ogezl:-6,egregation- t o  r,&gions :of: disorder such 8s.- grain. :. 

. boundaries. would ..be ..expected ., Improvement i n  - atomic- packing 'aloiig t h e  .grain 

boundary due - t o  phosphorus segregation should reduce- hydrogen -concentration at  - -- 
, grain .boundaries: thereby reducing hy-&:rogen -embrittlemento. : - P 

. Mercury :is a.- large -atom -(3-.:0d) -;..the ahorpt-ion:: .of.:which would be . . ' 

fac l l f t a t ed  . a t .  regions of--high 8tomic- disorder- and poor; atomic packings- - - There- 

fore,  reduced mercury adsorpt ion and reduced embrittlement dui t o  phosphorus . 

segregation t o  --grain~boundar%es {can ..also-be-attributed:-.too.physic-alLinteractions.. --.- . - 
. - 

. Dindal ? has .also -s.uggest-ed'+hat-rphosphorus fe ro le  - &n. reducing lead- -- . - 

and :ti.n- .embrittlement -of .  s t e e l  .can ..-be-attrtbuted-to=improvea--atomic -packing:- ;-:. - 
. . 

along grain- boundaries ; -- I n  t h i s  case, --phosphorus! - atomic s i z e  i s  srhaller than'  

tha t "  of: iron..- - Dinda incor rec t ly  suggests . that  - the  segregation-of- atoms- l a rge r  -- 

thankiron - w i l l r e d u c e  atomic .pack$pg- eff iciencica h d  thereby-ancrease- embrlttlement . 
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* -4. Summary 

The preceding analysis  syggests t h a t  the  beneficial  influence o f  
- 

phosphorus can be a t t r ibu ted  t o :  (1) an absence of s igni f icant  reductions t n  

grain boundary..cohesion. due t o  phosphorus:-segregation and -(-2) reduced .ahsorpti.on.. . 

of both mercury and'hydrogen a t  t h e  gra in  boundary due t o  increased atomic 

packing density. Hypothesis 2 f inds  considerable support i n  s tudies  of t h e  

influence of-grain boundary or ienta t ion  on H.E. and LME of pure materials: 

.~a rgo l= ; s  determined-khe *nfluence of tilt. boundary-.energy' on t h e  . . 

l iqu id -  m t a l  embrittxement of 99.993%.pure aluminum b ic rys ta l s  - i n  Hg-3% Ga. - 

_Crack extension force and boundary energy were measured a s  a function of tilt - -  

angle. Ilecreased boundary -enera-  (improved atomic packing along boundaries) - - 

was -seen .to.:increase the '  crack--extensi-on force:-(reduce embri.t*lement);-. .- . 

~ a t h * '  s tudied t h e  , inf luence of grain boundary energy on t h e  * 

incidence - of cracki,ng..-.'nduced by cathodic ... charging of purif ied i ron.  . It was 

o b s e r ~ e d  that+-.the'.incidence of cracking-.-increased- with - angular misorientatton..- 

. - . across.  the  boundary. ,-The r e s u l t s  were. ra t ional ized  ' i n  terms of atomic misf i t  

i n  t h e  .bou5daries.. . .Boundari-es.-of low atomic ml~fi-t-~(-higIi atomic packing density) ' -: 

are. .more- r e s i s t an t  t o  cracking. 
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