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INTERcmNuLARCORROSIONOFHIGH-PURITYAHIMIWMIN

HYDRCCHIORICACIO

II- GRAIN-BOUNDARYSEGREGATIONOF IMPURITYATOMS

By M.MetzgerandJ. Intrater

SUMMARY

Thevariationintherateof intergranularcorrosionof single-
phasehigh-purityaluminumin20percenthydrochloricacidasa
functionof ironcontentandfinal-annealingtemperatureisattributed
tothesegregationtoatomicsitesinthegrain-boundaryregionof
ironandpossiblyotherimpurityatoms.Theexperimentalresultsare
analyzedbyreferencetoa distributionfunction,obtainedby statis-
ticalmechanicalmethods,whichgivestheequilibriumfractionof
certainsitesintheboundarywhichareoccupiedby soluteatomsin
termsof theinteractionenergyforthesegregationofthesolute
atomsat thesesites.Segregationof ironalonecannotaccountfor
theobservedresults;fromconsiderationoftheatomicsizesandthe
quantitiesofotherimpuritiespresent,itisexpectedthatcopperis
alsoinvolved.Theobservedrelativecorrosionratescanbe repre-
sentedasdueprincipallytodifferencesinthefractionoccupiedby
ironandcopperatomsofthoseboundarysiteswherethepotential
ener~ of interactionforthesegregationof ironor copperisat
leastas largeas -0.7electronvolt(-16,000@ories permob) and
perhapsas largeas -1.0electronvolt(-23,c00caloriespermole).
Sinceenergiesofthismagnitudecannotbe accountedforby theloss
in latticedistortionalener~whenanundersizeironor copperatom
isreplacedby analuminumatomata grain-bmiysite,a substantial
contributionto thepotentialenergyofinteractionmustcomefroma
reductionofthelocalenergyaboutthesiteb theboundary.It iS
believedthatmet.abandalloysgenerallycontainanalloyingelement
or impuritytheatomsofwhichhavea considerabletendencyto concen-
tratein theboundariesbutthattheeffecton thepropertiesofthe
boundarieswillbe apparentonlyunderspecialconditions.

INTRODUCTION

A previousreportdescribesa studyoftheintergranularcorro-
sionofhigh-purityaluminuminhydrochloricacid(ref.1). Among
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otherthings,itwasfoundthattherateofintergranularcorrosion
inspecimensannealedattemperatureswithinthesingle-phaseregion
andthenrapidlyquenchedwasdependentonthefinalannealingtemper-
atureandontheimpuritycontentofthematerial.‘Theeffectsof
temperatureandpurityonthecorrosionratewereattributedtothe
segregationofironandpossiblyotherimpurityatomstoatomicsites
inthegrainboundariesofthespecimen.A moredetailedanalysisof
thissegregationhasbeenmadepossibleby additionalobservations
withclosercontrolofcertainfactors;thisworkisdescribedinthe
presentreport.Someoftheconclusionswerementionedintheprevious
report.

lhpurityorsoluteatomswhoseeffectivesizediffersappreciably
fromthatofthesolventatomsareexpectedtohavea tendencyto
segregateinthegrainboundariesbecausetheboundary(i.e.,the
transitionregionseveralatomicdiametersthickbetweenadjoining
grains)doesnothavetheregularstructureofthenormallatticeand
thevolumeperatomicsitevariessothattherewillbe sitesatwhich
thesoluteatomis acconmmdatedbetterthanata normallatticesite,
asfirstsuggestedby McIean(ref.2). Thesubstitutionofanatm
ofdifferentsizemayalsooperatetoreducethelocalenergythrough
theremovalofa solventatomconstrainedtooccupyanabnormalvolume
andthereductionoftheforcesactingonitsneighborsintheboundary.
Themostdirectevidencefortheoccurrenceofthissegregationhas
beenobtainedforverysmallamountsofpoloniuminlead-bismuthalloys
by anautoradiographicmethcd(ref.3). Someoftheothersystemsin
whichrecentevidenceofthisphenomenonexistshavebeenlistedby
Perryman(ref.4)whoalsostudiedtheintergranularcorrosionofhigh-
puri~aluminumandconcludedthattherewasa tendencyforironatoms
tosegregateatthegrainboundaries.

Thesegregationofsubstitutionalatomsintheboundariesis
consideredfromtheviewpointofstatisticalmechanicsfromthemodel
ofsoluteatomsdistributedamongsitesofdifferentpotentialener~.
Thedifferencebetweentheenergyassociatedwiththepresenceofthe
soluteatomata siteintheboundaryandata siteinthegrainbody
istheinteractionenergy,whichhasa negativevalueforthosesites
atwhichsegregationtendstooccur.Atequilibriumatanytemperature,
thefractionofboundarysitesofa giveninteractionenergywhichare
occupiedby soluteatomsisa certainmultipleofthefractionofgrain-
bodysitesoccupiedby soluteatoms,thelatterfractionbeingpracti-
callyequaltotheover-allatomicconcentration.Iftheinteraction
energyonlyvariesslowlywithtemperature(asmaybe expectedwhen
relativeatomicsizeistheprincipalfactor),thentheconcentration
ofsoluteatomsinthegrain-boundaryregionishigherthelowerthe
temperature.Thus,sofarastheboundariesareconcerned,theeffect

.
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of loweringthetemperatureisthessmeas theeffectofraisingthe
over-allsolutecontent.Iftherateof intergranularattackdepends
essentiallyon theconcentrationof soluteatomsintheboundariesand
notontheover-allsoluteconcentration,asmaybe thecasewhenthe
soluteispresentinsmallamountsasan impurityhavinga strong
tendencyto segregate,theinteractionenergycanbedeterminedby
matchingthecorrosion-ratedatafordifferentannealingtemperatures
andimpuritycontents.

Thepresentinvestigationwasconductedat ColunibiaUniversity
underthesponsorshipandwiththefinancialassistanceoftheNational
AdvisoryCommitteeforAeronautics.Theauthorswishtoexpresstheir
appreciationtoDr.T.A. Read.forvaluablesuggestions”,toMr.L.S.
Darkenfora stimulatingdiscussion,andtoMr.A. Grossforassistance
withtheexperimentalwork. TheyaregratefultotheAluminumResearch
Laboratories,AluminumCompanyofAmerica,forthepreparationofthe
high-purityaluminum.

SYMBOIS

A= c exp(-Gi/kT) .

c over-allatomicconcentrationof solute

E potentialenergyofinteraction

m molsrfreeener~ change

Gi interactionenergy

gi numberofboundarysitesatwhichinteractionenergyis Gi

K equiMbriumconstant

k Boltzmannconstant

M metalatom

N nmaberof atomicpositions

N’ numberof soluteatoms

R gasconstantpermole

“
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chaWeinvibrational.

absolutetemperature

entropy

absolutemeltingtemperature

definedby egyations(3) 4

fraction

Constant
oneof

iterated

of Q occupiedby soluteatoms

determinedfrommeasuredtemperaturedependenceof
single-crystal.lnodti

product

ExPERIMmWM

Theexperimentalprocedurehas

PROCEDURE

beendescribedindetailin
reference1. Briefly,-therateofintergranularattackwasobserved
in 1/4-by 1:-inchspecimensofO.064-inchhigh-purityaluminum

sheetetchedlightlyandtotallyimmersedin20percenthydrochloric
acidcontainingabout0.1partpermillionofresidualcopper.me
specimenswereannealedinairat temperatureswithinthesingle-
phaseregionandquenchedincoldwatertopreservethestructure
characteristicofequilibriumatthefinalamneali’ngtemperature.The
materialusedconsistedofthreecompositions,essentiallydiffering
onlyinironcontent,of -HI_8high-puri~aluminumsheetpreparedby
theAluminumCompanyofAmerica.TheanalysesaregivenintableI.
Thetemperaturesoftreatmentrangedfrcmnearthemeltingpoint
(647°C)do~ tob- tempera-essubstmtia~ abovethefion
SOIVUStemperatureforeachcomposition.Althoughseveraltypesof
anneallngschedulesusedto comparethestructuresproducedat
clifferenttemperaturesgavesimilarresultsinpreviousstudies,it
wasconsideredthatthemostunanibiguousindicationoftheeffectof
temperaturewouldbe giveninspecimensinitiallytreatedat6470C
andeitherquenchedorfurnacecooledtoa lowertemperature,held,
andquenched.Thisminimizesdifferencesingrainsizeandtendency
towardpreferredorientationfordifferentfinaltemperaturesof
treatment.Thespecimenswereheldfor24hoursat @+7’OCjat lmwer
finalannealingtemperaturestheholdingtimewasincreasedby 24hours
foreach50°C belowthistemperature.“

“
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COMPARISONOFGRAINSIZEANDORIENTATIONDISTRIBUTIONS

5’

Inorderforthecomparisonofintergranularcorrosiondatafor
differentpuritiesandfinalannealingtemperaturestobevalid,it
wasnecessarytomakecertainthatallsamplesweresimilarinseveral
characteristics.Thesesrediscussedbelow.

Inpretiouswork,therateofintergranularattackhadbeen
measuredby thetimerequiredforoneora fewgrainboundariestohe
corrodedthroughthethictiessofthesheet.Forthepresentwork,a
moresatisfactorymeasureoftheover-allcorrosionratewasprovided
byfollowingthenuuiberofindividualboundariescorrodedthroughas
a functionoftime,asdeterminedbymomentarilyremovingthespecimen
fromthetestbeakerandholdingitup toa stiongbeamoflightina
darkenedroom.!l!breeormorespecimensofeachcompositionwerepre-
paredforeachheattreatment.Therewereno substantialconsistent
grain-sizevariationsbetweenspecimensofdifferentpurity;allowance
forthevariationingrainsizefromspecimentospecimenwasmadeby
takingforcomparisononlythosespecimenshavingapproximatelya
standardgrain-sizedistributionwhichcouldbe chosentoincludethe
majorityofthespecimensprepared.Mostgrainsofthestandardhad
averagediametersof2 to~ millbneters.

Itwasalsonecessarythatthevariousspecimenstobe compared
shouldcontainaboutthesameproportionofthoseboundarieswhich
havelittlesusceptibilitytoattack,,suchasboundariesbetweengrains
ofnearlythesameorientationandcoherenttwinboundaries.Theseare
theboundariesoflowrelativeinterracialener~,consistentwiththe
view(refs.1 and5)thatthesusceptibilityofthismaterialtointer-
granularattackin20percenthydrochloricacidisrelatedtothe
abnormalstructureandenergyofthegrain-boundaryregion,thefree
energyofwhichishigherthanthatofthegrainbodybecauseofthe
contributionoftheinterracialfreeenergy.It-hasbeenshownby
l?riedel,Cullity,andCrussard(ref.6)thattherelativeinterracial
energyofa grainboundaryinhigh-purityaluminumdoesnotforthe
mostpartvarygreatlywithorientationdifferenceandissubstantially
lowerthantheener~ofa generalgrainboundaryonlyforlow-angle
boundaries(orientationdifferenceoflessthan~) andforboundaries
betweengrainswherethereisanapproximationtoa (100),(lJ_O),or
(Ill)planeofsymnetryandtheboundaryliesintheplaneofsymmetry.

Exceptfortwodoubtfulcases,whichwerediscarded,thepresence
ofnumerousclustersofgrainshavingnearlythessmeorientationor
ofa pronouncedtendencytowardpreferredorientationwasnotobserved
onvisualexaminationofthereflectionsofa beamoflightfromthe
surfacesofthespecimensasetchedby thetestacid.Thiswasverified
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forsamplesof compositionsI andIIIby determiningtheorientations
ofa groupofgrainsfromback-reflectionIauephotographs.The
orientations,asplottedwithina singlestereographictriangle,are
giveninfigure1. Iow-angleboundariestogetherwiththosemedium-
andhigh-angleboundarieswhichapproximatelyfulfilledthesymnetry
conditionsforlowinterracialenergyconstitutedroughlyone-fifth
of thetotalnwber inea& groupandwereinaboutthesamepropor-
tionsincompositionsI andIII. Onthebasisoftheseobservations,
At ispresumedthatthedistributionsof~ain orientationsinthe
threecompositionsstudiedinthisworkmaybe takenas similarsofar
as susceptibilitytointergran~ corrosionis concerned.

An additionalpointconcernsthegreaternuniberofboundarieswith
noticeablecurvatureexhibitedby specimenstreatedonly24hoursat
647°C as comparedwithspecimensquenchedfromlowerfimalannealing
temperatureswherethetotalannealingperiaiwasmuchlonger.These
differencesinboundarycurvaturedidnotappeartohavehadsi@fi-
canteffectsontheover-a12corrosionratessinceextendingthe
anne~g periodto 96hoursforssmplesquenchedfroma~ C produced
boundariescmnparableinstraightnesswiththosecharacteristicsof
longannealingthes at lowerfinaltemperaturesbutdidnotresultin
corrosionratessignificantlyclifferentfrmnthoseofthe24-hour
spechens(occasionalsmall.differencesingrainsizebeingtakeninto
account). Fromtheviewpointofrehtiveinterracialenergy,the
curvaturewouldbe expectedtobe sigmificsmtonlyinthoseboundaries
wherethereissymmetryaboutoneofthethreeminimum-energypknes
andtheboundaryliesnearthisplanesince,undertheseconditions,
a straightboundarycouldbe oneoflowenergy,buta substantialportion
ofa curvedboundarywoti alwayshaveclosetothefullenergyofa
generalboundary.

Therateofintergrsnularcorrosionin20percenthydrochloricacid
asa functionofironcontentandfiml annealingtemperatureis shown
infig’&e2 wherethenumberofindividualgrainboundariescorroded
throughthethicknessofthespecimenwithtimehasbeenaveragedfor
theseveralsamplesofeachtypesuitableforcomparison.Incomposi-
tionIII,theironSOIVUStemperatureistoocloseto themelting
pointtopermitvariationofthefinalannealingtemperature;the
temperaturedependenceforcompositionI isdescribedbelow.

Thescatterofthedataforthesamplesofeachtypewasmoderate,
evenincludingthoseexposedatdifferenttimes,cmnparedwiththe
differencesbetweentheaveragesforthevarioustypes,ashasbeen
indicatedinfigure2 by givingforcompositionIIas quenchedfrom

.,
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6470C therangeofresultsfromthreetofoursamplesrepresenting
testsrunatthreedifferenttties.

h theseriesoftestsoncompositionI quenchedfromseveral
finalannealingtemperatures,thecorrosiontestswereaccidentally
exposedtounusuallylowtemperatures(10°to15°C)fromthefirst
tothefourthday. Atthesetemperatures,theevolutionofhydrogen
fromthecorrodingboundaries.hadpractical-lyceasedandcorrosion
progressedveryslowly.Onthefourthdayjthetemperaturewas
broughtwithintheusualrangeof220to26°C andthetestallowed
tocontinue.Itwasfoundthattheeffectofthecoldperiaionthe
curveforthesamplesquenchedfrom6470C hadbeenprincipallyto
shiftit2 daystotherightofthecurveshowninfigure2 forinde-
pendenttestsonsimilarlytreatedsamples.Thecurvesforthe5750.
and500°C samplescouldbe assumedtohavebeenaffectedina similar
manner,theapproximatecorrectnessofthisassumptionbeingestablished
byreferencetopreviouslyobtaineddataonsamplesofcompositionI
quenchedfrom500°or6cM)0C afteraninitialquenchfrom6470C. The
corrosionrateofcompositionI asa functionoffinalannealingtemper-
atureisshowninfigure3,thecurvesofwhichmaybe approxbnately ~
comparedwiththecurvesoffigure2 bytakingthezerooftimein
figure3 at2 days.ThecorrosionrateofcompositionI isseento
varyslowlywithtemperatureas ccmparedwithcompositionII. The
uncertaintiesinthedataforcompositionI at575°and500°C were
notsufficienttointroduceuncertaintiesintheinterpretationofthe
results.

Visualobservationofthespecimensduringthecorrosiontests
hadindicatedthatthedifferencesincorrosionrateshowninfigure2
represented,at leastinpart,differencesintherateofprogressof
intergranularpenetrationandnotmerelydifferencesinaninduction
periodbeforethebeginningofrapidpenetration.Toexaminethis
moreclosely,a numberofspecimensofcompositionsI andIIIquenched
from647°C wereexposedunetchedtothetestacid,andafterappro-
priateintervalsa samplewaswithdrawn,copperplated,enibeddedina
phstfcmOUnt,andsectioned.Previ.owwork(ref.1)hadestab~shed
thattherateofintergranularattackinthesespecimensisnot
substantiallyalteredifthelightpreliminaryetchisomitted.lh
bothcompositions,therewasaninitialpericdinwhichintergranular
penetrationwasslowleadingtothefinalperiodduringwhichtherate
ofpenetrationwasroughlyconstant.Althoughthepolishedsection
providedtoosmalla sampleofthetotalnuniberofboundariesinthe
specimentoestablishthedurationoftheseperidsprecisely,the
observationsindicatedthattheinitialperiodusuallylastedseveral
daysandwasshorterforthemoreactiveboundaries.IncompositionI,
forexample,theinitialperiodappearedtobeabout1 dayforbound-
ariescorrodingthroughin4 daysand2 (occasionally3)daysfor

, - . . ..—_-——.. . ___ ____ ,_ .—_. .—— ______ ______
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boundariescorrodingthroughin6 ormoredays.w compositionIII,
theinitialperiodwasperhaps2 tok daysforboundariescorroding
throughinu.to16days.Thus,thedifferencesincorrosionrate
betweenthesetwocasesareprimarilydifferencesintherateof
progressofintergranularpenetration,andthesamemaybe expected
withrespecttotheothercasesofintermediatecorrosionrate.

E figure2,thevaluesforcompositionIIIhavenotbeencarried
beyond16daysbecausethenthegeneralcoposionwassometimessuch
thatitwasdifficulttomakea reliableestimateofthenumberof
bountiiescorrodedthroughby intergranularattackalonewithout
appreciableaidfromgeneralorlocalthiming.Thegreatertendency
ofcompositionIIItogeneralcorrosionisl?elievedduetoresidual
compositiongradientsinthesolidsolutionandisthoughttohavehad
no substantialinfluenceontherateofintergranularcorrosion(ref.1).
Ihgeneral,thebehaviorofspecimensofdifferentpuri~wasbasically
similarineveryrespectexceptfortherateofcorrosion.

Thattheover-aucorrosionratesofspecimensofdifferingpurity
andfinalannealingtemperaturecanbematcheddirectlyorby inter-
polationisseenfromfigure2 wherethedatayielda singlefamilyof
curves. Thevalidityoftheprojecteddeterminationoftheinteraction
ener~forthesegregationofimpuri@atomsbythematchingprocedure
requiresthatthecorrosionratebedependentonlyontheconcentrationsd
ofimpurityatomsintheboundariesandthereforeindependentofover-
all(i.e.,grainbcdy)impuritycontent.Thatthismayreasonablybe
presumedmaybe seenfromtheobservationthatthedifferenceof
solutionpotentialin20percenthydrochloricacidbetweenthegrain
bodiesofcompositionsI andIIIisonly1 millivoltandthiswillbe
smallrelativetothedifferenceofpotentialwhichmustexistbetween
theboundariesandbodiesofamyonespecimenin.ordertoproducethe
observedsusceptibili~tointergramikrattack.Further,thispre-
sumptionisnotrequiredtoholdcloselyforcompositionIII,the
corrosionrateofwhichliesina rangewherethisrateappearstobe
relativelyinsensitivetochangesincertainparameters,asindicated
by thesmallchangeinthecorrosionrateofcompositionIIbetween
6000and550°C andhencecanbe onlyoflimiteduseindetermining
theinteractionenergy.

Itmaybe notedthat,providedthisoneconditionissatisfied,
thetiteractionenergymaybe determinedfromdataobtainedunderany
sufficientlysensitiveconditionsofcorrosionwithoutconsideration
ofthebehaviorinothercorrodentsorofthemechanismofcorrosion.

..

.
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DISCUSSION

9

First,a discussionwillbe givenoftheconsiderationsonwhich
theanalysisofthesegregationofimpurityatomsisbased.

GrainBoundaryStructureandTendencyforSegregation

Thelatticesofadjoininggrainsofdifferentorientationscannot
ingeneralbe inregisterattheirboundary,andtherewillbe a region
wherethepositionsoftheatmmsformthetransitionfromonelattice
totheother.Thegrain-boundaryregionisconsideredtoconsistofa
centralportionofirregularstructure,perhapsthreeatomplanesin
thiclmess,wheretheatomshavedefinitepositionseventhoughtiiese
donotcorrespondtothepositionsofeitherlattice,togetherwith
narrowfringeswheretheremainderofthetransitionisaccomplished
by “elastic”distortionofthenormallattice.Byanalogywithan
edgedislocation,thecentralportionoftheboundarymaybe considered
its“core”whilethefringescorrespondtotheregionwherethestress
fieldofthedislocationisappreciable.Whileina verylowangle
boundary,whichmaybe regardedasa wallofseparatededgeorscrew
dislocations,thestressfieldisappreciableinmagnitudeatsmall
distancesfromitscore;withlargerorientationdifferencethestress
fieldsofadjacentdislocationsannuleachotheratverysmalldis-
tancesfromthecenteroftheboundarysothatthefringeofa medium-
orhigh-angleboundaryextendsatmostfora fewatomplanesandit
cannotbe describedintermsofstress.

Severalfactorsmaycontributetothetendencyto segregateh
theboundaryregionofsubstitutionalsoluteatomswhosesizesdiffer
fromthoseofthesolventatoms.Ikcauseofthenonregularstructure
oftheboundarycore,thevolumeperatomvariessothattherewillbe
sitesatwhichthesoluteatomsmaybeplacedwithlessmisfitthanat
sitesinthebcdyofthegrain.Wo, theatomsatthesesitesinthe
boundarycorehaveabnormaldistancerelationswiththeirneighbors
whichleadtohighlocalenergies; thereplacementofsuchatomsby
soluteatomsofappropriatesizemayinvolvea substantialreduction
ofthelocalener~. Segregationofanatomofappropriatesizetill
lowerthestrainenergyina regionwherea stresshavinga hydro-
staticcomponentexists(ref.7)andthusmaybe expected,forexample,
ata low-an&ktiltboundarycomposedofedgedislocations.

Theimportanceoftherelativesizefactorisshown,forexample,
byHume-Rothery’srulethatelementsdifferingby asmuchas15percent
inatomicdiametergenerallyformsolidsolutionsonlyofverylimited
extent.~ thesizedifferenceisa deterrenttosolubili~,thenit

.— .——.—— — --— —.—. .._. _.__.. —-.-
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maybe anticipatedthatthevolubilitywillbe greateratatomicsites
ofmorefavorablesize,andthesesitesthentendtobe occupied
preferentia12y.However,otherfactorsbesidesrelativesizemayhave
importantinf’luences.onthetendencyforsegregation.Foronething,
theBrillouinzonestictureofthenormalktticedoesnotholdfor
theboundaries.Iffree-electrontheoryisusedtoa~roximatethe
valenceelectionenergiesintheboundaries,thedensitiesofelectronic
statesarelowerintheboundaries,asshownby thecalculationsof
Maty&forthealuminumface-centeredcubiclatticeplottedinrefer-
ence8;thus,thepresenceofa soluteofvalencedifferentfrcmthat
ofaluminumproducesa largerchangeintheFermiener~ofthebound-
arythanofthegrainbody. h additiontotheelectronicrelations,
theelectrochemicalrelationsbetweenthesoluteandsolventmaybe
clifferentintheboundarywherethenmiberanddistanceofnearest
neighborsclifferfromthoseofthenorml kttice.Forthesereasons,
theevaluationofthetendencyforsegregationintermsofsize
differencealonemustbe consideredIncompletealthoughitisperhaps
Justifiableasanapproximationwhenthesizedtiferenceissubstantial.

Thebestmeasureoftheeffectivesizeofa soluteatomisthe
“apparentatomicdiameter”whichhasbeenobtainedforseveralsolutes
inaluminumbyAxonandHume-Rothery(ref.8)by extrapolatingto
100~ercentsolutetheinitialportionoftheplotoflatticeparameter
versusatomicconcentrationofsolute.Theapparentatomicdiameteris
a measureoftheaveragedistortionprmiucedinthesolventlattice;
thelocaldistortiontntheimmediatevicinityofeachsoluteatomwill
be greater.Solutesofvalencedifferentfromaluminumtendtoalter
thealuminumlatticeparameterbecauseofthechangeintheextentof
theWillouinzoneoverlap,andwherethevolumepervalenceelectron
clifferssufficientlyfromthatofaluminumtheapparentatomicdiameter
ofthesolutemaydifferappreciablyfromitselementalatomicdiameter
(ref.8). Theeffectonthealuminumlatticeprcducedby alterationof
theelectron-atomratiomaybe expectedtobemoreuniformlydistributed
overthelatticethanthedistortionproducedbydifferencesofinherent
(i.e.,ionic)sizeandthuswouldbe lesseffectivelyrelievedby segre-
gationofthesoluteatmntotheboundarieswhere,althoughthevolume
peratomVaries,thevolumeaveragedoverseveralatomsisprobably
closetothenormalatomicvolumeofaluminum.Itmaybe anticipated
thattherelativesizefactorasrelatedtothetendencyforsegrega-
tioncannotalwaysbe judgedmerelyby comparisonoftheapparentatomic
diameterofthesoluteandtheelementalatomicdiameterof.aluminum.

DistributionofSoluteAtoms

.

Thesoluteatomsunderconsiderationtendtomigratetopositions
inthegrainboundary,therebyloweringthepotentialenergyofthe
system,andatthesametimethermalagitationtendstoscatterthem

.



NACATN3282 11

throughoutthemetal.To obtaintheequilibriumdistribution,a total
of N’ soluteatomsanda fixednumberN ofatomicpositionsis
considered,eachpositionoccupiedeitherby a solventora substitu-
tionalsoluteatom. Inthevolumeofpolycrysta~emetalunder
consideration,therewillbe a certainnumbergi ofbou@ sites
atwhichtheenergyofinteractionis Gi,a fraction~ ofthese
sitesbeingoccupiedby soluteatoms.Thequanti~ Gi istheincrease
inenergywhena soluteatominthegrainbodychangesplaceswitha
solventatomat oneofthe gi sitesandincludesa termduetothe
changeinvibrationalentropy.Each gi isanunknownbutfixed
numberwhichisdeterminedby thestructureofthespecimen.It iS
assumedthatthesoluteatomsinanycell(i.e.,intheboundary)do
notinteractstronglywitheachother.Thenthereare ~ N’!/(gixi)!

combinationsbywhichthe N’ soluteatomscanbe tqken gi~ to the
ithcelland ~ (N-N’)!/(gi- gixi)!combinationsby whichthe

N - N’.solventatomscanbe placedintheremainingsites.Thisleads
to a distributionfunctioninwhich gi doesnotappear,

X&xi. E/@-c)]‘m(-G$9 (1) ~

where c istheover-allatomicconcentrationofthesolute,k isthe
Boltzmanllconstant,and T istheabsolutetemperature.Ihthepresent
experimentsc issmaldandequation(1)reducesto

q(l -q)= c‘~ (-ip)

.

Theequivalentthermodynamicderivationisgivenin

Thevariousatomicsitesinthegrainboundary
tovsriousvaluesof Gi. Forsitesofunfavorabl&
positive.Atfavorablesttes,Gi isnegativeand
influenceoftheexponentialisstrongsothat,if

(2)

theappendix.

regioncorrespond
volume,‘i ‘s
xi> c. The
Gi hasa suffi-

cientlylargenegativevalue,thesehighlyfavorablesitesmaybe
almostcompletelyoccupiedby soluteatomsevenwhentheover-all
concentrationof soluteissmall.However,itisnotlikelythata
lsrgefractionofthetotalnuniberofboundsrysiteswouldbeoccupied.
Foronething,onlyabout~~ thegra~bo~~ sites~~be of
appropriaterelativesizefora givensolute.Further,onlya portion
ofthesesiteswiIlyieldinteractionenergiessufficienttoproduce
strongsegregationtendencies.Althoughallof”themostfavorablesites
maybe abletoacceptsoluteatoms,it isanticipatedthat,under
conditionswhereeventhelessfavorablesitestendtobe occupiedby .

---—— —-—.—-— .—.—— ..- .————— —. —— __ . ..— —— — —
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soluteatoms,thesegre~tedatom ~~ fiteracts~onglYwitheach
otherandsaturationoftheboundarieswilloccurmuchbeforeallthe
sitesoffavorablesizehavebecomeoccupied.Boththestrengthof
theseinteractionsandthelimitingconcentrationareexpectedtovary
fromonesolutetoanother.

Theener&yG willcontaina temperature+iependentterm -T4
duetothechangeinvibrationalentropyaswellas theterm E repre-
sentingthechangeinpotintialenergywhenthesoluteatominthegrain
bodychangesplaceswitha solventatomintheboundary.As shownby
Zener(ref.9),a vibrationalentropyincreaseisassociatedwiththe
presenceofelasticstrainbecausethereisthena loweringofthe
elasticmodulusandanincreaseintheamp~tudeofatomicvibration.
Sincethesegregationofa soluteatomresultsina reductionofthe
“strain”energybothaboutthelatticesiteitformerlyoccupiedand
abouttheboundarysiteittakes,thevibrationalentropychangeis
negative.Therelationbetween~ and E canberoughlyestimated
by themethodofZener(ref.10). Ontheassumptionthatthemajor
partof G isstrainenergyandthatthefractionaltemperaturevari-
ationof G doesnotdiffergreatlyfromthetemperaturevariationof
theelasticmoduli,thefollowinge~ressioniSob~d fortheuPPer
limitofthevibrationalentropychange:

where~ istheabsolutemeltingzrature and f3isa constant
obtainedfromthemeasuredtemperaturedependenceofoneofthesingle
crystalmoduliandhasthevalue0.35foraluminum.Inthe500°to
&P C rangeofthepresentexperiments,themqpitudeof T% is,
accordingtothisestimate,three-tenthsorlessofthemagnitudeofE.
Itmaybenotedthatonlya smallchangein G isproducedW tb
temperaturevariationofthevibrationalentropytem overthisrela-
tivelynarrowtemperaturerange.

Theapp~cationofthisdistributionfunctiontoexperimental
obsemtionsofthepropertiesoftheboundariesasfunctionsof c
and T canleadtoinformationabouttheenergyandentropychanges
accompanyingthesegregationofsoluteatoms.Informationcannotbe
gainedaboutthedistributionofinteractionenergiesatvarioussites
intheboundaries,orthefractionofthetot-aln~berofboundary
siteswhichisoccupiedby soluteatomsundergivenconditions,without
referencetoindependentevidencewhichisnotnowavailable.

Onefeatureofequation(2)worthyofnoteistheslowapproach
tosaturation.H theright-handmeniberofequation(2)isrepresented
by A, x=A/(l+A). !Ihus,when A issufficientlylargeand x is

.

f .
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a sufficientlylargefraction,changesintheexperimentalconditions
whichincreaseA (i.e.,favorincreasedsegregation),forexample,a
decreaseinthetemperature,prmiucesmallchangesin x evenfor
substantialchangesin A.

FrelMinaryAnalysisofExperimentalData

Theimpor~t featuresoftheexperimentaldatapresentedin
figures2 and3 maybe summarizedasfollows:

(1)Thevsriouscasescanbe listedinorderofdecreasingrate
ofintergranula.rattackasfollows:(I-647), (II-647),(1-575),(1-500),
(11-600),~d (H-550~d IH-647).

(2)‘l&dependenceonfinalannealingtemperatureofthecorrosion
rateofcompositionI ismuchlessthanthatofcompositionII. There
isa considerabledecreaseinthecorrosionrateofcompositionIIin
goingfrom6470to6000C butonlya smalldecreasefrom6000to550°C.
Thisindicateseitherthatthegrain-boundarysitesincompositionII
totheoccupantofwhichthecorrosionrateissensitivesrea~roachhg
saturationby soluteatomsinthe6000“to550°C range,thattherateof
intergranularattackisbecominglesssensitivetofurtherincreasesin
theconcentrationofsoluteatomsintheboundaries,orthatthereisa
smalldecreaseintheinteractionenergyforthesegregationofiron
atomsinthisrange.

(3)me corrosionrateofcompositionIIIat@fl C matchesthat
ofcompositionIIat550°C. Ifthereiseithersaturationorinsensi-
tivityinthisrangeofcorrosionrates,thesetwospecimensmaynot
reliablybe consideredequivalentfortheestimationoftheinteraction
energy.

Thedifferencesincorrosionrateofspecimensquenchedfrom&70 C
anddifferipgonlyinironcontentindicatethatsegregationofiron
atomsoccurs.E onlyironneedbe considered,expression(2)should
permittheevaluationoftheenergyG forthegrain-boundarysegre-
gationofironatoms(atthosesitestotheoccupantofwhichthe
corrosionrateissensitive)undertheassumptionthatthecorrosion
rateisdependentonlyontheconcentrationsofironatomsinthe
boundaries,thatis,onthevalueof x. Althoughtheboundaries
containsitesforwhichG variesovera widerange,itisonlywithin
a limitedrangeof G thattheobservedtemperaturedependenceofthe
corrosionratecanbeprcducedsincesitesoftoolarge(toonegative)
G aresubstantiallysaturatedandoftoosmallG substantiallyempty
overthewholetemperaturerange.Ifthedatacanbedescribedinterms
ofa singleeffectiveG,thiscanbe calculatedfromanytwoconibinations

_——.._ ..———-..—...—.——— —.— ...—---- —.-— --- .—.—. - -- ————.-— —... —.-——-
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of c and T producingthesamecorrosionrate. Thevaluesof x
correspondingtovarioubex-perimentilconditions,as calculdedfrom
this G,musthavereasonahbmagnitudes.

Withthisprocedure,theestimationof G forthesegregation
of ironby matching,forexsmple,compositionI ata%out500°C with
compositionIIat 6000C yieldsa valueofmagnitudesubstantially
above1 electronvolt. Ws cannotbe correctsinceitwouldrequire
thesiteshavingthisinteractionenergytobe practicallysaturated
(x> 0.99)in compositionIIevenat &~ C. Itisthusnecessaryto
considertheotherimpurityelementswhichmaybe involved.

OftheotherimpuritiesincompositionsI,II,andIII,copper
(O.00093atomicpercent),silicon(O.0006atomicpercent),and
magnesium(O.00@ atomicpercentin compositionI)aretheones
presentinthegreatestquantities.Theatomicsizesoftheseelements
arelistedintableII;theonlypresentlyavailableinformationfrom
whichtheirrelativetendenciestowardsegregationcanbe estimatedis
theirsizedifferenceas comparedwiththatforiron. Onthisbasis,
copperisexpectedto segregateaboutas stronglyas iron,magnesium
somewhatlessstrongly,sadsiliconstillless.Becauseofthesensi-
tivityoftheextentof segregationtothevalueoftheinteraction
energy,theassumptionevenofmoderateclifferencesof interaction
energycorrespondingto thesedifferencesinsizeleadstotheconclu-
sionthatthecontributionof siliconwillbe negligibleattemper-
atureswheresubstantialsegregationof copperwi12occur.l@nesium
mayhavea smallinfluenceincompositionI. Thesegregationof
magnesiumisto sitesof largerthannormalatomicvolumeandhence
it isnotincompetitionwithironandcopperforthesmallerboundary
sites.

Theimpurityelementswhicharepresentinstillsmallerquanti-
tiescannotproducesubstantialgrain-boundaryconcentrationsunless
theirinteractionenergiesareveryhigh. Thisisnotanticipated
forsodiumorcalcium,despitetheirlargeatomicdiameters,because
theirionicdiametersarenotlsrgeandtheirvolumespervalence
electronwe muchlargerthanthatofaluminum;thus,theireffective
diametersasdissolvedinaluminumsreexpectedtobe muchcloser
thantheiratomicdismeterstothesizeofthealuminumatom,as is
thecaseforlithium(tableII).

Theexperimentaldatawillthusbe consideredonthebasisof
theshult.aneoussegregationof ironandcopper.It canbe seenthat,
inviewofthesmallironandcoppercontentsofthematerialstudied,
theinteractionenergiesinvolvedmustbe largeinorderthatthe
grain-boundaryconcentrationsoftheseelementswillbe sufficientto
prcducetheobservedeffectontheintergranularcorrosionrate. .,

.
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FurtherTrealanentofExperimentalData

Forsimultaneoussegregationoftwosolutes,thefractions
Xl and ~ ofgrain-boundarysitesactuallyoccupiedby thesolute
atomscanbe obtainedfromthevaluesof xl and x2 calculatedfrom
equation(2)by solvingtheexpressio~:

xl =5(1- %)
(~= x21- X1)

leadingtotherektions:

Xl=xl(l - %)/(1 -X1X2)

~=x&xl 1-X1X2))/( 1 (3)

Nowtheatomicconcentrationsofironare0.0002percentincom-
positionI,0.0019percentincompositionII,andO.01.1percentin
compositionIII. Thus,thecoppercontentofcompositionI isfive
timesandthatofcompositionIIishalftheironcontent.Copper
cannothaveconsiderablymoreinfluenceonthecorrosionratethanan
equalironcontent,sincethiswouldrequirethatcompositionsI and
IIbehavesimilarlyatalltemperatureswhichisnotobserved,nor
considerablylessinfluence,sincea reasonableinterpretationofthe
datacannotbe givenforironalone.Ikonandcopperarethustaken
tobe inherentlyofapproximatelyequalimportance.

Toestimatetheinteractionenerg G forironandcopper,it
isnownecessarytodeterminewhatvaluesof G arerequiredto
accountfortherelativecorrosionratesintermsoftherelative
fractionsofsitesoccupiedbyironandcopperatomsas calculated
fromequations(2)and(3)forthevariousspecimencompositionsand
temperatures.Itisfoundthat,inordertorepresentthecorrosion
ratesoftheseveralspecimensofcompositionI (wherecopperisthe
dominantsoluteelement)intheproperrelationtothecorrosionrates
ofcompositionII (whereironhasthegreaterinfluence),thevalues
of G forironandcoppermustbe aboutthesame;ifequalconcen-
trationsofironorcopperatomsintheboundariesarenotequally
effectiveinreducingtheinter~smdarcorrosionrate,itis
necessarytotaketheeffectiveG slightlylowerorhigherfor
copperthanforiron.

Further,theobserveddependenceoftheintergranularcorrosion
rateonfinalannealingtemperatureincompositionsI andIIcannot
be duetoa considerableextentto segregationatsiteswhereG is

. . . . ———...——... —..—————— _____ __ , - -—--- —..——.— .-
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lessnegativethanabout-0.6electronvoltsincethiswouldrequire
theunreasonableconclusionthatthecorrosionratecouldbe altered
by a verysmallchange(lessthan1 percent)inthefractionofthese
sitesoccupiedby ironandcopperatomsandthusby a muchsmaller
changeinthefractionofthetotalnumberofboundarysitesoccupied ‘
by theseatoms.Forsimilarreasons,theprincipalcontributionsto
thechangesincorrosionratewithfinalannealingtemperaturecannot
comefromsegregationatsiteswhereG ismorenegativethanabout
-0.9electronvoltsincemostofthesesreoccupiedby ironandcopper
atomsoverthewholetemperaturerangeand,aspreviouslynoted,there
sreonlysmallchangesin x evenforsubstantialchangesin
c exp (-G/@ when x isa largefraction.me changeinthefrac-
tionofoccupiedsiteswithtemperatureforvariousvaluesof G is
illustratedintableIIIwherea comparisonismadeforspecimensof
compositionIIquenchedfromtwotemperaturesbetweenwhichthereis
a considerabledifferenceintherateofcorrosion.

Considerationcannowbe giventothevibrationalentropyand
potentialenergycomponentsof G:

e-w(-@d =w? (fMv/k)exp (-E/kT)

Here exp(~/k) isa fractionand exp(-E/k’T)a largenumbersince
both ~ ‘andE arenegative.‘Thesefactorshaveoppositeeffects
ontheextentofsegre~tion,andthelargertheass-d entropychange,
thelargeristhemagnitudeof E requiredtoyieldvaluesof G
between-0.6and-0.9electronvolt.Sinceat leasta smallvibra-
tionalentropychangeisexpected,E willbe atleastasnegative
as-0.7electronvolt,correspondingtothe-0.6-electron-voltlimit
of G. Theestimateby Zener’smethodofthelargestvibrational
entropychangewhichmaybe expectedisabout0.3E attheannealing
temperaturesoftheseexperiments;thiswouldrequirevaluesof E in
therange-0.9electronvoltto -1.3electronvolts.Hqwever,ifthe
valuesof X correspondingtovariousvaluesof E arecalculated
forthecompositionsandtemperaturesforwhichcorrosiondatawere
obtained,itisfoundthatmagnitudesof E above1.0electronvolt
donotpermita satisfactorydescriptionoftherelativecorrosion
rates.Thedifferencesinrateofintergmmlarattackobsemedin
thepresentstudycanbe describedasdueprincipallytothedifferences
inthefractionsofironandcopperatomsoccupyingthosegrain-boundary
siteswheretheirpotentialenergiesofinteractionarewithinthe
range-0.7to-1.0electronvolt.

Thecomparisonofthecalculatedfractionsofoccupiedsiteswith
theobservedrelativeintergranularcorrosionratesisillustratedin
tableIVforseveralcmnbinationsofthevibrationalentropyfac-
tor exp(~/k) andpotentialenergyofinteractionE whichyield
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about-0.7electronvoltfor G inthetemperaturerangestudied.The
entropyfactors0.25and0.065werechosenbecausetheyareequivalent
heretodifferencesofabout0.1and0.2electronvoltin E. h view
oftheuncertainfactorsinthisdiscussion,anyoneofthesesetsof
figuresisconsideredtoprovidea reasonablysatisfactoryrepresenta-
tionoftherelativecorrosionrates.Itisnotpossibletodraw
furtherconclusionsconcerningtheentropyfactornorconcerningG
or E sinceothervaluesof G inthe-0.6-to-0.9-electron-volt
rangeandof E inthe-0.7-to -1.O-electron-voltrangerepresent
therelativecorrosionratesaboutaswellasthevaluesgivenin
tableIV. ThatthecalculatedvaluesforcompositionI arerelatively
toosmallat575°C andtoolargeat500°C cannotbe accountedforby
anadditionaleffectduetothemagnesiumincompositionI;however,
smallchangeswithtemperaturein E forcopperorironcouldbe
sufficienttobringthecalculatedvaluesintothecorrectorder.

Theforegoingargumenthasthusfurnishedinformationonone
physicallyimportantquantity,thepotentialener~ofinteractionE,
whichhasbeenestimateddespiteexactlnmwledgeofthelimitationsof
eqution(2),ofthechangeinvibrationalentropyaccompanyingsegre-
gation,oftherelativeeffectsonthecorrosionrateofequalgrain-
boundaryconcentrationsofironorcopper,andofa possiblesmall
contributionofmagnesiumincompositionI. Certainadditionalcon-
siderationsarediscussedinthefollowingparagraphs.Itmaybe
statedagainthattheconclusionsofthisworkapplytothegeneral
medium-andhigh-anglegrainboundariessinceitisthecorrosion
ratesoftheseboundarieswhichweremeasured.

Withintherangeofannealingtemperaturesusedintheseexperi-
ments,theeffectivevalueof E cannotvarytoa largeextent.If
theeffectiveE became0.1electronvoltlessnegativeforeach
100°C decreaseintemperature,spec~ns ofcompositionIIwouldhave
hadthesamegrain-boundaryconcentrationandthesamecorrosionrate
whenquenchedfromeither647’Oor6000C;“if E became0.1electron
voltmorenegativefora 100°C temperaturedecrease,thenthe
temperaturedependenceofthecorrosionrateincompositionI would
havebeenrelativelymuchmorepronouncedthanwasobserved.Tnthis
connectionitisofinteresttonotethattheatomicsizedifference
forcower (achangeofwhichwithtemperaturewouldcontributetoa
changein E)isshownby theX-raydataofE1.lwoodandSilcock
(ref.11)for1 atomicpercentcopperinaluminumtochangeonlyfrom
u.6 percentat18°C to12.4percentat548°C. Thedecreaseofthe
elasticmcxluliwithincreasingtemperaturewouldbe a morelikely
sourceofa variationof E withtemperature.

Thequestionisconsideredwhetherdiscrepanciesintheanalysis
oftheexperimentalresultsarisefromthesimplificationmadein

... . . . ..—. ..- ._. _..—_ _._.+_ .. . .._ ______ _______ _
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derivingequation(2), thatsegregationhasnotsignificantlyaltered
thegrain-bodysoluteconcentration.Witha specimenof3-milJlmeter
averagegraindiameter,andtakingtheboundaryas10A thickandthe
limitingfractionofthesitesofhighinteractionenergyas 10percent
ofthetotal,itisfoundthatoccupationofallofthehigh-enerfg
siteswillchangethegrain-bodyconcentrationofsolutebymorethan
a fewpercentotiyforsolutecontents~ss ttmn1o-6.me uncertain-
tiesduetothissimplificationarethereforenegligiblefortheiron
andcoppercontentsinvolvedinthiswork.

Itmaybenotedthatknowledgeoftberelativeeffectivenessof
equalboundaryconcentrationsofdifferentsegregatedsoluteatoms,not
providedbythepresentstudy,wouldindicatethereasonfortheir
effectontheintergsnilarcorrosionrateinhydrochloricacidofthis
concentration.H theyareeffectivebecausetheyreducethelocal
energintheboundary,theeffectshoulddependonrelativesizeand
allsegregatedsolutesshoulddecreasetherateofattack.If,however,
thesegregatedatomsproducetheireffectby increasingthealloy
contentofthegrain-boundarymaterialandthusby shiftingitssolu-
tionpotentialrelativetothatofthegrainbody,thenthespecific
propertiesofthesoluteatomareinvolvedandsolutesofthesamesize
mayhavewidelydifferenteffectsandmayincreaseaswellasdecrease
thecorrosionrate.

Si@ficanceofPotentialEner~ofInteraction

Theinteractionener~forthesegregationofa soluteatamcan
be esttitedfromtheformulaofCottrell(ref.7)fortheinteraction
withthestressfieldofanedgedislocation.Sincethecombination
ofdislocationsintoboundariesresultsina certaincancellationofthe
opposingstressfieldsofadjacentdislocations,thisenergywilJgivean
upperlimittothepotentialenergyofinteractionofthesoluteatom
at sitesinthefringesoftheboundary.Theeslxhnateforironor
copperatomsinalmuinumshowsthisenergytobe atmost-0.1electron
volt. Itisthereforeconcludedthatthesegregationofironandcopper
atomswitha potentialenergyofinteractionofat least-0.7electron
volt,towhichthecorrosiontestissensitive,isthatwhichoccurs
at sitesinthecoreoftheboundary.

Oneofthefactorscontributingtothepotentialenergyofinter-
actioncanbe estimatedby calctitingthelatticedistortionalenergy,
thatis,theenergyproducedbythemisfitofthesoluteatominthe”
grain-bodysitewhichisnotproducedwhena solventatomoccupiesthis
site. Severalformulasforthiscalcuhtionaregiven,withsomerevi-
sions,by Seigle,Cohen,andAverbach(ref.12). Thedistortional
energyperatomofironorcopperinaluminumisa littlegreaterthan
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0.1electronvoltascalculatedby Iawson’sformula(asrevised)and
about0.5electronvoltby Scott’smethcd(Heumann‘smethod,alsocited
inref.12,givesnegativeenergiesat smallconcentrationsofthe
smallerelement).Ihthegold-nickelalloysstudiedby Seigle,Cohen,
andAverbachythedistortionalenergiesfromtheformulaofScottwere
substantiallyhigherthanthemeasuredheatsofmixing(whichwere
believedtobe duetothedistortionalenergy)andLawson’sformula
gavebetteragreement.Theestimateddistortionalenergy.forironor
copperinaluminumisthereforetakenas closertothesmalJerfigure.
Itisthenconcludedthatthelossofgrain-bodydistortionalenergy
comprisesonlya partofthepotential.ener&yofinteractionforthe
segregationofironorcopperandthata substantialcontributionmust
comefroma reductioninthelocalener~aboutthesiteintheboundary
whentheironorcopperatomismibstituted.Althoughthesecalcula-
tionssuggestthatthelocalreductionh boundaryenergyaccompanying
thesubstitutionofa soluteatomcanbe quitelarge,fromgeneral
physicalconsiderationsthiswouldnotbe expectedtobe solargeas
thereductionofenergyassociatedwiththefillingofa lattice
vacancy. Valuesforthelatterarethoughttobe intherangeof
1 electronvoltto2 electronvoltsonthebasisofcalculationsfor
copperandthealkalimetals(ref.13).

Assumingtheinterracialfreeener~ofa generalgrainboundary
inaluminumtoberoughly500ergspersquarecentimeterandtobe
distributedovera regionaboutthreeatomsthick,themesmexcessfree
ener&yperatominthegrain-boundaryregionisoftheorderof
0.1electronvolt.Then,ifthesegregationofironorcopperatoms
atcertainboundsrysitesisassociatedwitha reductioninthelocal
potentialenergyconservativelyestimatedasa fewtenthsofan
electronvoltpersite,a significantreductionintheinterracial
energywin notbeproducedunlessthesesitesconstitutea appre-
ciablefractionofthetotalnumberintheboundaryanda considerable
fractionofsuchsitesbecomesoccupied.

GeneralRemarks

h thepresentwork,it-S possibbtoStUdYt~s se=e%tion
phenomenonbecausespecialcircumsticesprevailed:Thepresenceof
soluteshavingstrongsegregationtendenciesandthusaffectingthe
propertiesoftheboundariesevenafterquenchingfromelevated
temperaturesandwhenpresentinsmallamounts,a testsensitiveto
theconcentrationofsoluteatomsintheboundarieswhichwasconducted
ata temperatureatwhichtheboundaryconcentrationstiacteristic
ofdifferentelevatedt~eraturescouldbeprese~edby quenching}
anduseofanalloyalmostfreeofdisturbingfactorsbecauseofits
essentiallyhomogeneoussingle-phasestructurewheretheonlyheter-
ogeneitieswerethegrainboundariesthemselves.However,inviewof
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thelargeinteractionenergieswhichmayobtain,thepossibilityof
considerablegrain-boundarysegregationistobe antici~tedinmost
metalsandalloys,especiallyatonlyslightlyelevatedtemperaturesy
sinceimpuritiesofsubstantialatomicsizedifferencearegenerally
presentevenwhenappreciablealloycontentsarenot.“Forexample,a
substantialfractionofthesitesfavorableforsegregationwillbe
occupiedatequilibriumat6000C with0.01atomicpercentofa solute
forwhichtheinteractionenergyG atthesesitesis-0.7electron
volt,orwith0.5atomicpercentfor-0.4electronvolt.At 200°C,
equivalentboundaryconcentrationssreattainedforabout10-5,0.005,
and0.7atomicpercentofthesolutesforwhichtherespectiveinter-
actionenergiesare-0.7,-0.4and-0.2electronvolt.Strongsegre-
gationisfavoredinmaterialtreatedh thelowertemperaturerange
orslowlycooledthroughthisrangeevenifequilibriumconditionsare
notattained.However,insomecases,forexsmple,thatofironin
aluminum,theextentofsegregationatthelowertemperaturesis
limitedby therapidlydecreasinggrainbodyvolubilitywithtemper-
aturebelowtheSOIVUS.

Whileithasbeenconcludedthatgrain-boundaryconcentrationsof
soluteatomsaregenerallytobe expected,therearea ntierof
reasonswhyanalterationintheprop&tiesofthegrainboundaries
isnotappuentinmostmetabwhendifferentsolutecontentsor
differentheat-treatingtemperaturessrecompared.Foronething,
thefractionofthetotalnumberofsitesinthegrain-boundaryregion
whichisoccupiedmaybe insufficienttomodifytoanobservableextent
anybutthemostsensitivepropertiesoftheboundary.Also,the
changesinthepropertiesoftheboundariesmaybe obscuredby other
structuralchanges.Forexample,incorrosionthedifferencesin
solutionpotentialwhichcanbeproducedby thepresenceofa second
phaseoranattendantdepletedzone,orby otherconcentration
gradientsinthematrix,areinmanya~oysasgreatasorgreater
thanthegreatestdifferencewhichhasbeenobservedbetweengraim
boundariesandbodiesina homogeneoussingle-phasealloy(ref.14).

W analloycontainingsufficientsolutetoproducesaturation
oftheboundaries,theadditionofa secondsolutemy produceno
observableeffect;further,thepresenceofa solute Winch te.nfito
occupya majorfractionoftheavailablesiteswillstronglyreduce
thenuniberofsiteswhichcanbe occupiedby a competingsolutewhich
tendstooccupyonlya minorfractionoftheavailablesites,ascan
be seenbyinspectionofequation(3). Theavailablesitesmaybe
saturatedevenina high-puri~metalwhenstron”glysegregating
impuritiesarepresent,ashasbeenindicated(refs.15and16)in
thecaseofinternal-frictionstudiesoftherelaxationofshearstress
acrossthegrainboundariesofaluminumalloyswheretheironand
copperimpuritiesinthehigh-puritybasematerialweresufficientto

.
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saturatethesitesofsmallvolume,smdonlywithadditionsofan
elementofatomicsizeWger thanaluminum(inthiscase,magnesium)
couldadditionalsegregationtakeplaceanda changeintheproperties
oftheboundariesbe observed.Ontheotherhand,inthecaseof
coppertheextentofsegregationinhigh-puritymaterialisapparently
smallsincea varietyofalloyadditionsorimpuritiesproduceschanges
inthepropertiesoftheboundariessuchassusceptibilitytointer-
granularcorrosionandstress-corrosion(ref.17),intergranular
enibrittlement,oranalterationintheactivationenergyforrecrys-
ta~zation(ref.18).

Difficultiesindetectingthissegregationphenomenonwhen
comparingbehaviorcharacteristicofdifferentequilibriumtempera-
turesmayariseifthereissubstantialsaturationatthehighest
temperatureused,iftheinteractionenergyisrelativelylow,orif
theinteraction.ener~decreaseswithdecreasingtemperat~j in any
ofthesecases,thetemperaturedependenceoftheboundaryproperties
maybetoosmaldtobedetected.Theeffectoftemperatureis
importantsinceitpermitstheqaseinwhichthereisactualsegrega-
tiontobe distinguishedfromthecasewherea substantialalloy
additionaffectstheboundarypropertieswithoutsegregation,thatis,
eventhoughitsconcentrationintheboundarydoesnotriseabovethe
grain-bcdyconcentration;inthelatterevent,notemperaturedepend-
encewi12.be observed.~is distinctionisinherentincertaintests
whichdependonthedifferenceinpropertiesofboundariesandbodies
(e.g.,intergran~ corrosion)butisnotmadeby othertestswhich
dependonlyonthepropertiesoftheboundaries(e.g.,internalfric-
tion). Itmaybenotedinthisconnectionthat,forequalconcentra-
tionsintheboundaries,a substantialalterationoftheproperties
oftheboundariesismoreLWelytooccurinthecaseofactualsegre-
gationsincethenthepresenceofthesoluteatomintheboundaryis
associatedwitha reductionofthelocalenergy.

SUMMARYOFRESULTS

Thestrengthofthetendencyforsegregationtothegrainbound-
ariesofsubstitutionalsoluteatomswhichdiffersubstantiallyin
sizefromthoseofthesolventwasstudiedinsingle-phasehigh-purity
aluminumthroughobservationsontheintergranularcorrosionin
20percenthydrochloricacid.Corrosionatthegeneralmedium-and
high-angleboundarieswasfollowed,anditistotheseboundariesthat
theresultsofthisstudyapply.

1.Thevariationintheintergranul.arcorrosionrateasa function
ofironcontentandfinalannealingtemperaturewasattributedtothe
variationoftheconcentrationsinthegraiq-boundaryregionofthe

—— - . -——- - ---- ..— —— d.. —— .-—-— ——— .—.. —
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undersizeironandpossiblyotherimpuri~atomspresentinthe
material.Precautionsweretakentominimizetheeffectsofextra-
neousfactorsontherelativeintergranularcorrosionratesandjusti-
ficationwasofferedforthepresumptionthat,withintherangeof
compositionsstudied,theserateswereessentiallyfunctionsonlyof
theconcentrationsofimpurityatomsintheboundaries.

2.Theexperimentalresultswereanalyzedby referencetoa dis-
tributionfunction,obtainedbystatisticalmechanicalmethods,which
givestheequilibriumfractionof certainsitesintheboundarywhich
areoccupiedby soluteatomsintermsoftheinteractionener~for
theinterchangingofa solventatomat sucha boundarysitewitha
soluteatomata grain-bodysite.Theinteractionener~ involves
botha chsngeinthepotentialenergyanda changeinthevibrational
entropy,anestimatefortheupperlimitofthelatterintermsofthe
formerbeingobtainedbythemethodofZener.Applicationofthis
distributionleadstoan estimateoftheinteractionenergybutdoes
notindicatewhatfractionofthetotalnumberofatomicsitesinthe
boundarycorrespondstothisenergyor isoccupiedbysoluteatoms
underanygivenconditions.

3. ‘Ihese~e$@ionofironalonecouldnotaccountfortheobserved
results;fromconsiderationoftheattic sizesandquantitiesofthe
otherimpuritiespresent,itwasexpectedthatsubstantialsegregation
of copperatomswouldalsooccur.Theobservedchangesin intergran-
ulsrcorrosionrateasa functionoffinalannealingtemperatureand
compositioncouldbe representedasdueprincipallytothechangesin
thefractionoccupiedby fionandcopperatomsofthoseboundarysites
wherethepotentialenergyof interactionforironandforcopperwas
at leastasnegativeas -0.7ehctronvolt(-16,ooocaloriespermole)
andpossiblyasnegativeas -1.0electronvolt(-23,000caloriesper
mole).

4. Thelossoflatticedistortionalenergyaccompanyingthe
replacementofanundersizeironor c~er atomata grain-bodysite
by analuminumatomwaqestimatedandfoundto accountonlyfora
partofthepotentialener~ of interaction;a substantialcontribution
tothe3atteristhereforetobe attributedtoa localreductionofthe
energyaboutthesiteintheboundary.A significantreductionofthe
interracialfreeenergyasa resultofthegrain-boundarysegregation
of theseatomsisnot,however,tobe expecteduntila considerable
fractionoftheboundarysitesofhighinteractionenergyhavebecome
occupied.

—— ._.—_

7. Itisbelievedthatmostmetalsandalloyscontainat least
onealloyingelementorimpurity,theatomsofwhichhavea strong

,
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.

tendencyto concentrateintheboundaries,butthatitisonlyunder
specialconditionsthattheeffectonthepropertiesoftheboundaries
canbe readilydetected.

ColumbiaUniversi~,
NewYork,N.Y.,October23,1953.
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THERMODYNAMIC

APPENDIX

TRWDENT OFDISTRIBUTIONOFSOLUTEATOMS

‘I’hedistributionof soluteatomsisobtainedfromthethermo-
_C viewpointby consideringtheequilibriumstateofthereaction
describingthereplacementofa solventatomintheboundaryby a
substitutionalsoluteatomfromthegrainbd.y;thatis,

l~+M1’~~l+Ml

wherethesubscript1 referstothesolventand 2 tothesolute
andtheprimedquantitiesindicatethattheatomisata siteinthe
boundary. ‘l%eequilibriumconstxurbisexpressedintermsoftheatom
fractio&andth~free-energychange
relatlon

K = &~l/&& =

and,sincexl= 1 - x2= 1 - c,the

[/(x2’/(l- X2’)= c 1 -

whichisequivalenttoequation(l).

ofthereactionto givethe

exp(-LN?/RT)

resultis

c)]exp(-dl?/RT)

Heretheassumptionmadeprevi-
ouslythatstronginteractionsbetweensegregatedatomsdonotoccur
becomestheassumptionthattheactivitycoefficientsarethesamefor
bothgrainboundaryandbmiy,thatis,me independentof concentra-
tionandstructure.
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Elermntafound,weightpsrcent
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TABLEII

ATOMICDIAMWERSOF SEVERALEIE@NTSAT ROOMTEWERATURE

Element Appaxentatomicdismetir Atomicdiemeter
inaluminum,kX units ofelement(a)

Calcium ---- 3.93

Sdilml ---- 3.@

Magnesium b C3.04
d3.11

3.19
3.20

}

litthium b2.82 3.13

Aluminum ---- 2.86

Manganese e2.75----

SilJ_con ~2.73 ‘2.63

Copper b %2.51 2.55

fion ---- 2.52
or2.55

aInteratomicspacinginelementcorrectedto coordination
nuniber12.

%?comdataofAxonandHume-Rothery,ref.8.
cThisvalueholdsforlessthan1 atomicpercentmagnesium.
‘FromdataofDorn,Pietrokowsky,andTietz,ref.19.
‘Thereissomeuncertain~inthesevaluesbecauseof struc-

tureofelements.

.—. -—— —-. . —
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TABLEIII

COMPARISONFOR‘TWOSPECIMENSOFSUBSTANTMLUDRWXRENTINTERGRANUMR

CORROSIONRATESOFFRACTIONOCCLTHIIDBY IRONANDCOPPERATOMSOF

THOSEGRAIN-BOUNRARYSITESATWHICHINTERACTIONENERGYFOR

SEGREGATIONOFIRONANDOFCOPPERHASA GIVENVALUE

[Valuesof XFe+ ~u calculatedfromequations(2)and(3);entro~
factorhaskeentakenasuni~]

Interactionenergyforiron
andforcopper,electron
volts. . . . . . . . . . . -0.5-0.6-0.7-0.8-0.9-1.0-1.1

Fractionoccupiedincompo-
sitionIIat6470C . . . . 0.015O.@ 0.160.400.710.900.97

Fractionoccupiedincompo-.
sitionIIat6000C . . . . 0.0210.080.240.540.82O.* 0.98

J

.

— .— .--—-. ._. ~ ~—. .+.—. ..—.- .— . . ..— .— ___ ___ .—_ ___ .__—._. . --



TABLEIN

COMPAFUMINOF MIATXVE IN!Em3m’mJIARcORFKmON RA!rmWITE FFwmoN CWUPIEO BYlRONAND03PP’KR

ATOW OF T9CSEQRAIN-BOUNTMRYSI!JX9AT WHICHlXCEWXtON EKEMW FOR RUWKMTOH OF IRON

AND OF COPPERIs AEmPr-0.7mwlTiONVor.mm cm2UM!mlFR)M EQUATTOM3(’2)AND (5)

-OBiti~

(a)

I
Ix
I
I
II

Fraction ofslteaof amumed intar-
actianemrgy cccupiedby imm ad

coppr atom, X~ + ~

Asw.rmdvibrationalentiopyfactar,
Finalannealing v (%’$)
temperature,‘C

1 0.25 I 0.C%3

Aafnmlad potential energyof
interaction,E

-0.7 I -0.8 -0.9

647
6J+7
7(5
500
m
b550
b&T

0.07

:$
.2’7
.24
.35
.45

0.06
.15
:14
.32
.23
.36
.42

0.05
.13
.14
.35

::
.40 E!

aDIorder ofclecreadng corrosionrate.
bCorrosionrat-esof these.mupI.esIle in a rangewhere theremay be saturationor Ina’ansltlti&j ;

If eitherof theseis the case,equall~ of corrosionratesdoesnot necessarilyrequireequd.f~ of
fractionsof mcupied sites.

VI

k.
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(a) Ccmposi,tionI; (b) C~o~ition ~;
O.C@+ percent iron. 0.023percent iron.

Figure l.- Orientationsof a WOUP of gaina aE determined from back-
reflection laue photographs. Spec* ofh3.@-puriQ’ alundm
quenchedfrom~7° C.
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Figure 2.- Effect of iron content aud final annealingtempera- on
rate of intergramd-arcorrosionof high-puriliyalumlnum containing
0.0022 percent copper. Sp-echms quenchedfrom 647°C or furnace
cooled fmm this temperatureto a lower temperature,held, ad
quenched. Average of results of tuo to four teBts.
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M.gure3.-Appradmte effect of final anneallngt.emperaturaon rate of
intergreaulaxcorrosion of higl-puri~ e.ludnum containing 0.0004 per-
cent iron and O.W22 percent copper. 9empks quenched from 647°C
or furnace cooled from this terup=ratureto a lower temperature,held,
.mi quenched.
corrosiontest

Average of two
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