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ABSTRACT

The influence of-grain~boundary‘chemical—cgmpositionlon—hydrogen embrittle-
ment was investigated. Auger electron spectroscopy was employed~t6 determine '
the grain boundary éompositions of nickel-copper alloys containing various
concentrations .of phosphorﬁs and subjeéted to various thermal tregtments.
Phosphorus .segregates to grain.boundaries.during slow*cooling,_accompanied;
by reduced-concentrations of=grain'boundary‘cofpér:*fTensiIETtests~vefe'con-~=r~
dugted in air and follbwing cathodic charging with hydrogen. All samples
tested in air exhibitéd a completely ductile fracture; ductility was insensi-
tive to grain boundary.composition. Fractures.of hydrogen-charged samples
were bfittleléﬁd'intqrgranuiar;félongation~to fracture-increased significantly )
with:increasipg~éoﬁcentrétionnof grain boundary. phosphorus. The influence.of.
phosphofus;ségregatidn-oncémbrittleméntrby hydrogen -or by*mércuryi(repdrted--4i
previously)-is analyzed .in. terms-of additiVe“and'interactive-mechanisms.m-A
mechanism-based on reducéd embrittler concentration at the site.of bond rup-

.turé:due»to imprqved~at§micﬁpackipg'is-proposed and found to:be consistent

with_the. experimental-results._of.-this..and other. --invest__i gations.



I. ‘Introhuction

| The influence of gfain boundéry chemicel composition on hydrogen embrittle-
rent (H;E;)rwas~determineéafor nickel-copper alloys.:.:-Alloy cémﬁositidns;eorres-
pond to Monel*. LOO withfvarioﬁs levelsuof.addéd phosphorus.. Previously reported:
work sponsored by this contract demonstrated beneficial effects.of fﬁosphorus
segregated to grain boundaries-in;inéreasing the.résistanée°of,these alloys -to-
4liquidemetalmembrittlement—LLME);;;Hydrpgehuembrittlement:uasuémployed.as:a;;; |
means'offproviding;intergranular:fratthre:fbr»grainﬁbdundaryianalysis“in$those;“"f’
specimens. It was noted that the segregated phosphorus had apparent .effects
uﬁon hydrogen susceptibility‘as~wgll and it was-determined to undertake a
systematic-study of the pheudmenon. | .

| derSgen embrittiement”of:nickel_isfreported_to.be enabled "by grain boundary
antimon& or,.‘tin."2 Subsequent work .indicates' that segregated sulfur may have.an -
important“role;-“The-embrittiement‘ofAHastelloymC!!-byfhyd:ogén hd§ been ielatedA.
directly-to -the cOncentration'df.grﬁin,boundaryuphosphorus;3"incréasing.R_causing;f;
increased susceptibility. For nickel-copper &lloys the severity of H.E. decreases

“with incréasing copper content."»®

II. ReséarchﬂProgresst';-:

A. ZHydroéen“Embriftlemént of-Phosphorus—Bearing'Nickel-Coépe;‘Alloys“
Phosphorué'Segregation-Studies '

Three -alloys were employed;'all have the composition of Monel 400,
withéddditional:phbsphor&safor'tw0'of§the‘heatsftﬂMetal-compositionimABi Cuy - o
1.3 Fe, 1.0 Mn;  baldnce Ni, with .029 P (Alloy 1), -.0TT '.P.'(Alioy 2), and .159 P
(A116y°3). ©Specimens -for scanning~Auger~micropro$er(SAM) analysis-were vacuum -

'encapsﬁlgtéd‘in-Vycor*and anneéled-at-either 900°C ‘or 1000°C.for one hour and

'then}wgfer quenched or furnace cooled..

*Trademark, INCO
#%Trademark, Cabot  Corporation
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To obtain intergranular fracture for luger analysis, the specimens

were cathodically charged with hydrogen at 1 A/cm?, 90°C for 48 hours. These

‘were then mounted in ﬁhe SAM ultra-high vacuum system and fractured in situ.

The fractures were characteriZed"byfa;dominant:intergranular-gode.

Phosphorus was heavily enriched at the grain boundérieé as shown iﬁ
Fig. 1. The magnitude of the concentration vﬁriés with bulk‘phosphdrus con-
centration, annealing temperature eand cooling rate.: Increﬁsipg-phosphorus“at
the boundary -is-accompanied by decreasing copperQasjéhown.ih-Fig. 2. Guttman's®

treatment -of-segregation in ternary alloys.predicts.that solute elements inter--

'.acfingumore;weaklywvithmthe1segregantwthan-the"éolvent-will;tehdfto:be:dépleted-“"

at the ﬁouhdary;~‘The heax*of.fbrmation—Of"Cu3P-is.-30,800.ca1/mol.vhi1e»thatu»n
of N13P ig -47,800 cgl/mol} Accordingly, Guttman's analysis predicts the copper.
deplétion observed in the present-study.

Analysis of“thé depth. profiles.of..phosphorus., obtained-by-Argon:;‘ﬁ
sputtering;;yielded_steep“gradientsuoﬁusegregant“which;were_shownmto-bemconsis-

tent with a process of equilibrium segregation.’

B. rﬂydrogenwﬁmbrittlement”MeaéUrements pe _ '
Base line data for structure and tensile .properties were established.
It was determined that although the concentration.of grain boundary pﬁosphorus

vurled greatly for the several compositions and heat-treatments. employed,.the

-tensilespropgfties‘measured"in air did not significantly change. All specimens

elongated-about:55% in 1.0 cm:-and fractured in a.ductile manner.. The grain
size for.all alloys-and héét-treatmeﬁtélwas ﬁeasured:byuthe linéaruinteréept
method. -.

Hy@rogeniembrittlementntestingzwas“performEdfon:Alloy1lxguenchedmand -
furnace cooled.from.900°C and on Alloy .2 guenched:from.990°c.f Tensile samples
wvere then{prepared;' All areas of the sample except the gage-section-were coated

with lacquer. - Samples were cathédically charged using a platinum-wire--anode
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and § solﬁtioﬁ of 5% H,S0) with 0.25g/1 of sodium arsenitg added fo poison
.hydrogen recombination. Charging was continued for 100 hrs. at 90°C using
current densities of either iO. 1&, or éo ﬁa/cmz.' Samples of Alloy 2‘were
Eharged‘at 10 mﬁ/cmzsoﬁiy.?iThethydrogen_concentrationiin‘the?center-of the
samples was estimated to be 87% of the surface concentration. The diffusivity’
of hydrogen was assuméd to be 10~-® cm?/sec since this.value ig characteristic
of both nickel and -cépper at 90°c.”

Following charging, gamplevaéreﬁpo}ishedvwith 600-grit-SiC paper.-and - -
inspected to insure-that no ‘surface cracks were preseht...Tensile.tests were-
cénducted‘at a”crosshead rate of 0.0127 cm/miﬁzj(nominallstrain = 0.13 min."?),
and load-time: curves weré éonverted;to‘eng{neering stress-strain éﬁrveg.
Hyd:pgen.chgrgipguredﬁcedvmateriaijductiiity-ﬁy promoting-sudden_brit£le fracture
‘but éid not alfer.materialmflow.detectably prior to fracture;. Average fracture

stresses-and -elongations-are-presented in Table I.

" By optic&l.micnascopy,;it was determined.that all.samples contained cracks..
whichmhad=not participated in -sample fracture. - éEM-fractpgraphy revealed that
saﬁples:haé failed predominantlywby~intérgranuiar~separation-withiisolated:areas-r
of transgranular fracture as observed in Fig. 3. uThé area- occupied by trans-
granular fracture increased wvith increasing fracture;stress. -

C. Discussion -

The observed-intergranular fracture -mode-is chgracteristic of hydrogen
embrittlement -of nickel. .and nickel-base alloys.- - Intergranular fracture can be
attributed .to the intrinéic weekness of grain bound;riesirelative to other
surfaces. _Hydrogen éegregation to grain boundaries due.to .its low matrix so1u-
bilityxprobably:a1803contributes to. intergranular. fracture,-.

The isolated areas of traﬁsgranular fracture-had a definite crystallo-~
graphic  nature which indicated that—frécture—was»not merely -the -result--of ductile-

tearipg‘to connect areas of grain boundary fracture. - Crack: growth had-definitely

4



Table I

Average Tensile Properties after Cathodicibha:gipg

Alloy A . " 'Condition
1 ‘Q., 900°C
2 'Q., 900°C
1 © :FiC., 900°C
1 - . Q., 900°€C
1 F.C., 9009C
1% Q., 900°C
1% F.C., 900°C
_— Q.
F.c.
I.
F.S.
m.
*

El;, %

I., MA/cM? F.S., MPa El., y 4 (no hydrogen)
10 . ' 392 : 23 56
10, Ty T 3y T T ey
0. 4 512 35 54
299 T 56
o 1390 .13 5k
T Ry 5 56
20 . 302 8 54
Quenched

Furnace Cooled

Current Density

Fracture Stress

Total Elongation in 0.94 cm

Average of 4 tests, all others 2 tests
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Figure -3 - SEM fractographs of alloy 1 quenched from 900 C

2
and . hydrogen charged at 10 ma/em . /



been affected by tee presence of hydrogen. The'fracture mode was not totally
cleavege ae indicated by the lack of characteristic river patterns and flat
plateaus. It is probable that fracture was a result of quasicleavage‘ﬁhich
combined ductile £earing.and cleavage. .

Fracture stress and elongation ere shown as e function of charging
current density in Figs. 4 and S; Increased current density‘reduced fracture
stress and elqngation-end reduced the areas-of transgranular fracture observed

.on_fracture.:surfaces. - -This.is:attributable:to:the higher-hydrogen cencentratiOns;
present in samples charged at higher -current densities. : The hydrogen concen- -
‘tration of "all samples was ‘definitely less than'the 0.2.atomic % which is present -
in pure nickel after cnérginé at 50 ma/em?."

Material susceptibility to H.E. was reduced'by increased grein boundary
phosphorus concentration. Furnace .cooled Alloy 1 (8.6% phosphorus) ﬁad hiéher
fracture .stresses_and_elongations than. quenched Alloy 1 (L.6% pgosphorus) foe
all charging. current densities (Figs.-4 and 5). No-differences-existed in:
microstructurezwhich'couldfeccount:for;this:difference, The fectmthat;quenched
Alloyf2~endffurnacewcoolethlloy:l'hadfsimilanfgreinﬂboﬁndaryGchemicalmcomposiuﬁ-
tions-and tensile preperties after hydrogen. charging (Table -I) further indicates
fhatlembrittlement severit& is controlled by graie eoundarynphosphorus concen-
tration... |

_.These results may be:consideredminaterms:of variouSM?roposed=hydrogen
embrittlement mechanisms... Both. pores, indicative -of-an internal pressure
.mechanism, and- topographical features, indicative of :the presencekof hydrides,

were absent .on-the.fracture: surfacesi~ The fact_that the-current densities- -

'employedvfor hydrogen charging;were wellzbelow.those required for surface_hydride : .

formation .on nickel“ further reduces the likelihood that a hydride embrittlement»n
mechanism was-operating.- . Embrittlement due'toTawrestriction~of—dislocation-—

motion is unlikely sincexyield and floﬁ<stress~were~not;affectea'by;hyd:ogen
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.charging: 'Emﬁrittlanent by enhanced dislocation nucleation and movemént on slip
planes intersecting the crack tip (crack growth by alternate shear) is not
" supported by-the smooth appearance-of:.the grain boundary -fracture surfﬁces..
This méchahism is also contradicted by studies which show that dislocation - -
motion in nickel is actually. impeded by hydrogen at low temperatures or low
strain rates.® ' ‘ ’
Only-thé'iattice-decohesion-mechanism is capadble of-produéing the smooth**i
intergranular- fracture-surfaces..which were observed without signifiééntly'influy .-
encing material. flow. . Ihis_mechanismNinvol;es”reduced_engrgy réquired to creaie .
-~ fiew surfaces’ due t&’réduced*bond strgﬁgth.eo9 The precise mechanism by which
hyd:ogén;-or }iquid mgtals;'act to reducg-bond*sfrqngth"inimaterials has -not
beéplidénfified. Prior to testing, it is likely that hydrogen will be segregated
to grain-boundaries. Dﬁripé;testing,-hydrogenls.mobility;ﬁiil~ﬁlldw;1t-to-move -
to Sitesiofnhigh,stfess concentration .which includes..blocked slip bands-and the
crack.tip .region. - Therefore, hydrogen may be further concentrated.in those-— -

areas where it promotes crack nucleation and propagetion.

D, " ‘Mechdanism of Phosphorus-Effects -.

——

As reported heré'anq in the previous Technical--Progress-Report, it hés
béen'fouhdﬁthat incréaséd grainAboundary“phosphorus~concentrations“reducés‘the
embrittlement of Monel by both.hydrogen_and mercury. It is remarkable.th;t'
embrittlemént by'two-véry diffefént-embrittler species. would have an idenfical
résponsé—to%chapgés in grain-boundary-composition: - Mercury is a‘lafgevmetallic“-;
atém wﬁich:aoes not‘pénetrate the material- lattice;  while“hydrogen-is-a-small---
interstitial solute. | |

| The objective 6f this section 1s to anélyze these results in order to
obtaihiab=undérstandipg=of3£hé influence -of grain:boundary .composition.on LME
and H,E;'~It will be assumed thatieﬁbrittlement;is'caused byuregucéd atomic

cohesion., Both additive and interactive roles for phosphorus -will be considered.
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An addifi?é role implies that. phosphorus exerts its own fositive‘influence on
-atomic cohesion which counters the negative influence of ﬁydxogen and mefcuri.
An interactive role indicates that phosphorus acte to reduce the effectiveness
of the embrittlers. |
1. Additive Infiuence
. The absenee of intergranular fracture fof materials tested in air
prevents.an- experimental determination of the influence of phosphorus segrega-—
tion-on-atomic: cohesion]along grain- boundaries  in the_absence-of: mercury o) St
hydrogen. However, large decreases in cohesion: due to increased phosphorus .
.cencentration can-ﬁe ruled out since intergranular fracture was not observed - - -
with phosphorhs~concentrations‘as high as 20 ato@ic ﬁe;cent.
| Seaﬁ has;postulated-that;-based.upon-some observations in steels,
segregants having«smaller~atemic‘size than iron improve strength by increasing
tﬁe atomic,density,alqng<$ounde:ies;teonverselx,ilerge-segregants*reduce strength
by the.-same reasoning.- There are reserwationsiaboututhe above hypothesis because
~»of-seVEral-bbserved"exceptioﬁé and also because interactive mechanisms can explain.
these‘effects-in%certain“cases;*tﬁegardlessgfphoephorus?ﬁas anlarger.size.than
neither copper*or;nickel»and thue would- not have .a strengthening effect according
to the.Seah hypothesis. L : R e -
| 2. Interactive Influence - - |
» Begregants may interact chemically with an embrittling species to
influence -its concentration and embrittlement severity. . If the chemical bonds
between the -segregart and the embrittler are stronger than those .between the
solvent and the-embrittler,.increased embrittler:adsorption: -and embrittlement
is prédicted:ftOn the other-hand;-1f:the’chemical=bonds  between—the .segregant ...
and.the"embriﬁtler'are relatively weak, reduced embrittler:adsorption”end
embritfleheﬁt~nhould‘také'plhcew While“this bond strength approach to chemical °

interaction-is,rudimentary,“it‘is*consistentnwith-the-solutionehsed-successfully
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'byAGuttman6 to treat cosegregation and demixing in ternary alloys.

’ Since phosphorus replaces copper at grain boundaries in Monei, the
relative bond strengtks between these elements Ané mercury -and hydrogen are of
interest. Mercury'anﬁ copper interact tofforﬁ intermetallic.compounds~whilg

10 Therefore, reduced

no reaction occurs befween mercury and phosphorus.
mercury . embrittlement: due to phosphorus scgregéﬁion may be-rationalized*in“'"*
terms of reducéd mercury-adsorption. -- However;-phosphorus-segregation would -
notabe4predictednto'reducé hydrogenvembrittlement“based*ﬁpon;qhemical'inte¥a-"
" actions. The diatomic bond strength betveen-hydrogen and phosphorus is.
82 kcal/molé;while:betweenvcopperfand-hyd;ogen-it-is~67—kcal/mole.”
3. Physical Interaction

A~grain‘bdundary*can be-considered-to be & thin regioh of mate¥iél
which separates two érystals-of different .orientation and ﬁhich is.disordefed
in the sense that .nearest:neighbor:relationships -and interatomic-distences-are"
altered.’? 1In sdmenlocations.1ntepatomic“distancesnaréAtoo large~vh11e~in;
other.locations_they»are,too,small.";ln fure:materials-graiﬁ.bbundary‘energy.
is a:measuré of this disorder. For'1mpure:mater;als,mgrain-ﬁoundary energy is
aISO*dependentwoﬁ chemical  composition. -.- .

- It 1s the disorderéd‘né@ureﬁof:thg g;ain boundary -which- makes it -an--
attracfive iocation for solutes:which do not fit well into the lattice=due to
-atomic size _or electronic differences-with-the solvents- -When a solute moves
-to the‘grain,bqunAary,.the properties-of the grain:boundary-are affected. - -
Experiments:have?demonstrated'that;grain %oundary‘engrgyﬁistreduced;by—segregatien.!? -
| .- A portion Of;thé decrease “in-grain-boundary energy accompanying-solute

segregationnis;due4to*the-better1atomiCLpacking~depsity:whichﬁcan be attained- along . -
tﬁe gfai;:boundafy when atoms'of_differentfatomic.size:are-present;}i; For example,
copper-and gold.are both elements of-group-I-in.the perio@ié&table:which~exhibitufw~

- the same:yaience;electron?configufation;,have'fcc corystal-structures;-and form a
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conti‘nuéu§ series of solid solutions. However, gold's atomic'd;l.ameter (2.88&)

. is significantly larger than copper's (2.56;{). A decrease in grain boundary .
energyaccoﬁpanies"both gold additions..to.copper and copper -additions:to -golds15 .
. Since gold and copper are simila.r electronicaelly, -this ;chan.geﬁ_:ln:grain-bounda.ry- e
energy can be attributed principally to better atomic packing aiqng grain boun-
daries-vhen atoms of two different atomic..sizes are- present. - It 18 important
_§0:,D°té~tb§t ‘atomic-packing can be:improved by-.additions:-of both- large-and small— -
solute_ atoms. ... - . | | 4

Based'-upon the preceding discussioﬁ, s_eg.xjegation of phosphorus in
Ménel_ would be anticipated to mprove.Latomic..pa"cking é.long grain boundaries.
The atomic diameter of- phosphorus -in"'metallic:.sdlution is .’—.".'TZKIG 'wl';ile that of‘
copper;a.na nickel-:a.re l~2-—.—56x and 2‘.1393..“ The influence-of this improved packing
on mercury and liquid metal embrittlement must dbe considered.'

Hydrogen -hes a ﬁ.very:_f low solubility-din- nickel;:alléys;' -and -expands-the"
pickel-—»iéttice.}zﬁ Hydrogen:.segregation. té regions -of disorder such as grain:
~boundaries. would A;be..ex;.)ect_ed.‘ Improvemént in" atomic packing along the-grain
boundary due- t6 phospho'rus »s'egr_eg‘ation should -reduce- h&drpgemconcentration'at
_ grain boundaries thereby reducing hydrogen -embrittlément. - : ’

Mercury-is a.large ~e;tom A-(~3-.':le)-,'-:<the edsorption: of-which would dbe

Tacilitated at: re'g_ions‘ of--high atomi¢_ disorder and pborz atomic packing. - There~
. fore, reduced mercury ‘adsorption and reduced embrittlement due to phosphorus
s_egx‘egation to - grain:boundaries can also-be ’_-attributed;‘~to:~.phys;cgl;interacfions.. n_._..

Dinda’® has ‘also suggested-that-phosphorus!:role-in. reducing lead - - -
and :tin- embrittlement-of: si;eel qca.n...be_-attri‘but'edfto;impibved- -atomic .packing: -
- along.grain-boundaries. - In this case,-phosphorus!-atomic size is smalléf than
that of:iron.. - Dinda incorrectly éuggests that._the segregation_of atoms- larger

than-iron-will-reduce atomic.packing-efficiencics and théreby-increase embrittlement.
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‘ 1;..‘ Summary o

The preceding analysis suggests that the beneficial i'nfluenc.:e. of
phosphorus can be. attributed to: (1) an absence of significant reductions in
grain boundary cohesion due to phosphomsrs.egr.egation and (2) ...reduce‘d;z.iﬁsorption". )
of both mercury and’ h.ydro“gen at the grain boundary dué to increased atomic |
packing density. Hypothesis 2 finds considerable gupport in studies of the -
influence of: grain boundary orientation on H.E. and LME 'oif pure matériais:

‘Kargol}? determined-the influence of 'tilt‘boundar.y;ener'gy' on the. ..
liquid:- metal embrittlement of 99'-99.3%"p'ure aluminum bicrystals-in Hg-3% Ga. -
- _Cré.ck extension fo;ée‘ and bonnda.ry energy .\"rex;e measured as a.,functiﬁn of tilt "
»angl"'ei.‘ " Decreased boundary ‘energy: {improved a:tOmic packing a.loné »bc;}znda.xiies) .
was seen to:increase the crack extension force-(reduce éﬁbrittlement);-‘ -
Rath?? studi;ad the influence of g;‘ain boundary energy on the

in¢idence-of cracki‘ng..v,i-ndubed by c;a.t_hodic -charging of purified iron.- It was
- observed that:-the .incidence. of cré.cki-ng—»increase& with-angular misorientation -
_across.the boundary. ~The results were rationalized ‘vin‘terms of atomic misfit

in the boundaries... Boundaries.-of low atomic misfi -*(high atomic packing demsity) =~

are more-resistant to cracking.
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