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Abstraet．The Snoek relaxation due tointerstitialsolutesin bcc metalsis often affected  
markedlybythepresenceofasmallamountofsubstitutionalsoluteatoms・Thiseffectisbe－  
1ievedto・Orlglnate蝕・Omtheinteractionbetweenthesubstitutionalandinterstitialsoluteatoms，  
orthes－iinteraction．ThisreviewsummarizesfirsttheexperimentalobservationsontheSnoek  
relaxationinvariousdilutealloyssuchasFe－M－C郡andV／Nb／Ta」Ⅵ－0／N，anddescribesnext  
thetheoreticalstudiesonthethermodynamicsandkineticsoftherelaxation・‡tissuggested  
伽mrecentstudiesthatcarefulexaminationsofthevariationofthespectrumwithsolutecon～  
Centrationsareusefulforquantitativecharacterizationofthes－iinteraction・  

1．INTRODUCTION  

TheSnoekrelaxationduetointerstitialsolutesinbccmetalsisoneofthebestunderstoodphenomena  
amonganumberofanelasticefftctsincrystallinesolids・Inearly1950s，itwasfbundthatsubstitutional  
solutessignificantlyinfluencedtheSnoekrelaxationofNinFe【1］・Forexample，theadditionofl％V  
stronglysuppressestheordinarySnoekpeakofN，andgivesrisetoanew，Welトdefinedpeakatahigher  
temperature・Sincethisdiscovery，anumberofexperimentshavebeenmadeonvariousbccalloys・In  
mostofthealloysystemsstudied，distortionoftherelaxationspectrumoranappearanceofanewpeak，  
oftencalledananomalotlSOrabnormalSnoekpeak，isrecognized．Sucheffectsmustbeduetoaninter－  
actionbetweensubstitutionalandinterstitialsoluteatoms，Whichisreferredtoasthes－iinteraction．If  
theinteractionisattractive，interstitialsoluteatomsarebound，OrtraPPed，tOaSubstitutionalatom・Jump  
processesofthoseinterstitialatomsmaybeconsiderablymodified，1eadingtorelaxationpeaksthathave  
relaxationratesandmagnitudesverydifferentftomtheordinarySnoekpeak・  
EarlyinvestigationsontheeffectofsubstitutionalsoluteswerecentredatFe－M－Nalloys，those  

ofwhichreportedby1970arereviewedbyFast［2］・Experimentalstudieswerethenextendedtoother  
systems，Viz．Fe－M－Calloysandalloysbasedongroup5transitionmetals（V，NbandTa），aSSumma～  
rizedbyHassonandArsenault［3］andbyNowickandBerry［4］，bothpublishedin1972・Thelatterau－  
thorsgaveaqualitativeaccountoftheobservationsonthebasisofthegeneraltheoryofanelasticrelax－  
ation［5，6］；SOmeOfthecharacteristicfeaturescanbereasonablyexplainedintermsoflocalattractive  
interactionbetweensubstitutionalandinterstitialsoluteatoms（SeealsoNowick［7，8j）．Inthesamepe－  
riodoftime，Koiwa［9］developedanextendedtheoryofrelaxationkineticsin 

． 

ationinB2－Orderedalloys［12］andeffectsassociatedwithsubstitutionalatompairs［13］・Recently，de－  
tailedexperimentshavebeenmadeonOinNb岬Valloys［14］andNinFe－Cralloys〔15，16］，Whichaト  
lowquantitativecharacterizationofthes－iinteraction・ThispaperglVeSareViewofthoseexperimental  
andtheoreticalstudiesoftheSnoekrelaxationinternarybccalloys・Citationsaremademainlytoarti－  
clesnotincludedintheearlierreviews．   
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2．EXPERIMENTALSTUDIES   

2．1NinFealloys  

Figurelshowslow－frequencyinternalfrictionspectraofdiluteFe－CトNalloys［15］，Whichserveasan  
i11ustriousexampleoftheeffectofasubstitutionalelementontheSnoekrelaxationofN・Bytheaddition  
OfCr，theordinarySnoekpeaklocatedat300Kisreducedinmagnitudeandanewcomponentappears  
at320K．OnfurtherincreaseintheCrconcentration，anOthernewcomponentappearsatalowertem－  
Perature・TheconcentrationofNchangesthemagnitudeofinternalfrictionasawholenearlypropor－  
tionally，WhiletheshapeOfthespectrumremainsunchanged・Fe－MnMNalloysareknowntoexhibitvery  
Similarftatures［2］．  

Anextracomponent，Oraninteractionpeak，atahightemperaturehasbeenfoundforanumber  
oftertiaryelements，e．g．Ti［17－20］，V［1，18，2ト23］，Cr［21，24，25］，Mn［2，26］，Mo［1，21］andW  
［27］，WhichareknowntointeractattractivelywithNinFe［28】．For3delements，thepositionofthenew  
peakishigherintheorderMn，Cr，VandTi，i・e・inadescendingorderofgroupnumberinperiodic  
table・SolutesthatareunlikelytoattractNatomshave 

． 

atom・Thelowtemperaturecomponent，Ontheotherhand，isconsideredtobeduetoNatomsboundtoa  
palrOfsubstitutionalsoluteatoms，foritbeginstoincreaseitsheightatrelativelyhighsubstitutionalso－  
luteconcentrations，namelyabovelat．％．  
EarlyreportsonFe－SiべNalloysshowedthatthesea1loysexhibitedabroadandcomplexinternal  

frictionspectrum［3］，Whichappear？tOipvoIvetwoormoreextracomponentsattemperaturesabovethe  
ordinarySnoekpeak．InastudyuslngSlnglecrystalsofanFe－5・4at・％Sialloy［30】，alltheextracom－  
ponentswerefoundtoshowthesameanisotropyastheordinarySnoekpeak：theinternalfrictionmea－  
suredintorsionwasmuchlowerinacrystalwhoseaxisiscloseto＜100＞thantheothercloseto＜111＞・  
Thisobserv牢0？Sugg？StSthatthelatticedistortionproducedbythedefect（S）responsiblefortheextra  
componentsISSlmilarlnCharactertothatassociatedwithanisolatedinterstitialsoluteatom・  

6㌔竺igTrel：Internal＆ictionofFe－ C 
トNalloyscontalnlngdifferent  
amountsofCr（inat．％）【15］．The  
SpeCimens were quenched from  
8500C and measuredin torsion  
withafrequency ofaboutlHz・  
TheNconcentrationsareaboutO．2  
at．％．  

200   250  300  350  400  450  

T／K  

2．2CinFealloys  

TheeffectsofsubstitutionalsolutesontheSnoekrelaxationofCappearverydifferentfromthecaseof  
N．Foradditionslessthanafewatomicpercentofasubstitutionalalloylngelement，theSnoekpeakofC  
isdecreasedinheightbutnoanomalouspeakappears，aSfirstreportedforO・5％V，Cr，Mn，NiandMo  
byWertin1952［31】．ThistrendhasbeenconfirmedbyrecentstudiesfbrCr［32］，Mn［33－35］，P［36］  
andSi［35］．Atthesametime，however，aSubstantialbroadeningofthepeakhascometobenoticed，  
whichwasnotclearlyseeninWert’swork．ThedecreaseinpeakheightbytheadditionofCrandMn  
wasonceattributedtotheloweringofCsolubility［37］，butitturnedoutthatthesolubilitywasnotaト   
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飴ctedbytheadditionofMn［33］・ThusitappearsthatextracomponentsdoexistinFerMn－Calloys  
ternaryalloys，SmallerinmagnitudeandlargerinwidththaninunalloyedFe，PrObably  

rdinaryandextrarelaxationsoccumngatthesametemperaturerange．Thereductionin  
gthcanbeinterpretedastheeffectofthesubstitutionalsoluteatomonthetetragonal  
Catomlocatedatclose－neighboursites［38］．  甲
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吉eramOuntSOfsubstitutionalsolutesoftenexhibitextrapeaksathightem－  
SOlutessuchasAl［39⊥41】，Si［42，43］andGa［44］，theSnoekpeakofC  titutional  

ightemperaturecomponentgrowswiththeincreaseinthesubstitutionalsolutecon一  
己Stingtonotethattheseelements，Al，SiandGa，interactrepulsivelywithCathigh  

apparentlycontradictsthepICtureOftheinteractionpeakdrawnfbrN．However，  

nottrapCatoms，loca11atticedistortionaroundasubstitutionalso－  stitutional solutes do 
themlgrationbehaviourofCatomsinsuchamanner．Thisviewissupportedby  
ftctisobservedonlyatrelativelyhighconcentrationsofsubstitutionalsolutes，viz．  

OrthecaseofVasasubstitutionalelement，Ontheotherhand，aneXtraPeakisob－  

mperaturesideoftheordinarySnoekpeakforconcentrationsabovelat・％【46】・  
しOfVwithCisstronglyattractive［45］，thiseffbctseemstobeduetohigherorder  

SOluteatoms，SuChass－i－SCOmPlexespostulatedfbrFe－Cr－Nand  

fter－effbctofCandNinFealloys  

CandNinFecausearnagneticrelaxationefftct，CalledtheRichterafteトefftct，Whichisan  
Snoekeffectinmechanicalrelaxation．Fundamentalaspectsofthisphenomenonhas  
1yftombothexperimentandtheory（See，e・g・［47］）・Investigationshavealsobeen  

OfsubstitutionalsolutesinternaryFea1loys．  nfluence  
andWuttig［48］measuredthemagneticdisaccommodationofdiluteFeNM－CandFe－  
M＝Ti，V，CrandMn．Theyfbundasubstantialinnuenceofsubstitutionalsoluteson  Or  

thepositionoftherelaxationmaximumisshiftedtowardshighertemperatures  托ctduetoN：   

ndV，themagnitudeoftheshiftbeinglargerinthisorder・Incontrast，Vi血allynoeffbcts  
）dontherelaxationbehaviourofC．Theseresultsagreewellwiththoseoftheintemalftic－  
describedabove．Moronandco11eaguesstudiedmagneticafteトefftctindiluteFe－V－C［49］  
50］anddilute［51】，aSWe11asconcentrated【52，53］，Fe－AトCalloys．Inallthese畠xperi  
extracomponentswereidentified．Someofthemwereinterpretedascontributionsofs－i  
SOfi－ipairs．SimilarmeasurementshavealsobeenmadeondiluteFe⊥Ti」ヾ【54］andFe－  

【15］．Generally，therelaxationspectraindiluteternaryalloysshowcharacteristicfbatures  
experimentsonthesamea1loysystems・  nmechanicalrelaxation   

OinV，NbandTaalloys  

ationsontheSnoekrelaxationinalloysbasedongroup5metalswerefirstundertakenonNbN  
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JS［55－57］．Despitetheproblemthattherelaxationprofileswerefurthercomplicatedbythe  
fNasaresidualimpurlty，theseinvestlgationsprovidedclearevidencefbrthesTiinteraction：  
rySnoekpeakofOissuppressedandnewrelaxationsappearathighertemperatures［56，57］・  
ndSmith［58］investigatedtheSnoekrelaxationofNandOinNト1at・％Ma1loysfbr13ele－  
Observedsubsidiarypeaksduetothes－iinteractionformostelements・Theydiscussedthe  
einteractionfromvariousaspectssuchasatomicsize，elasticmodulus，Chemicalaffinity，etC・  
thisstudytoaconcentratedNbJra（25％）alloy［59】・Interactionpeakshavealso  

edforTaTRe」ヾ／0【60］，VJトN／OandV－AトN／Oalloys［61］  
heexperimentsmadeonsinglecrystalsofternaryalloys［56，62］providedparticularlyimpor－  
：mation・Forcubiccrystals，therelaxationmagnitudesinslnglecrystalsunderuniaxialtensile  

andshearstressareglVenreSPeCtivelyby  

紆1＝与8∫〝・8ぶ′（喜一r）・8汀  （1）   

8G－l＝8ぷ′2r＋8∫（1－2r），  （2）  

M
。
 
 WhereEstandsforYoung’smodulusandGtheshearmodulus，8S”，8S′and8Sare，reSPeCtively，there－  
1axationofthesymmetrizedcompliancesS”＝Sll＋2S12，S′≡2（Sll－S12）andS＝S44，and   



C8－100  JOURNALDEPHYSIQUEIV  

r＝朝＋ヤ摘＋γ摘，  （3）   

WhereⅥaredirectioncosinesbetweenthestressaxisandthecrystalaxes．Theorientationfactorrvaries  
OVertherangefromOforthestressinthe＜100＞directiontol／3for＜111＞．  

Mineretal・【56］measuredinternalfrictionof＜100＞，＜110＞and＜111＞TOrientedsinglecrystals  

OfNb－1at．％Zト0alloysbylongitudinalvibration．Therelaxationprofileobservedforthe＜100＞  

CryStalwascomplex，WhichtheylnterPretedasconsistlngOf魚vecomponents，Viz．thecontributionsof  

O，ZrLO，0－Zト0，NandZr－N（Nwaspresentasanimpurity）・Incontrast，nOneOftheserelaxations  

WaSdetectedforthe＜111＞CryStal・TheanlSOtrOPyOftheextrarelaxationcomponentsisthusidenticalto  
thatoftheordinarySnoekpeak，inagreementwiththeresultonFe－Si－Nalloys［30］・RefbrringtoEq・1，  

theobservationthat8伊1ニごOinthe＜111＞Orlentation（r＝1／3）impliesthatboth8S”and8Sareabsent，  
Ornegligiblysmall・SaguesandGibala［62］peffbrmedmeasurementsonsinglecrystalsofTa－Re－Nand  
Ta－Re－Oalloysunderlongitudinalstressandalsoundershearstress，andconfirmedthattherelaxation  

CPnSistedonlyof8S′・Accordingtotheselectionrulefbranelasticrelaxation［5］，defectsthatcangive  
rlSetO8S′arethoseoftetragonalor＜100＞Orthorhombicsymmetry．Thesymmetryofaninterstitiaト  
Substitutionalatompalrlnabcccrystalistetragonalfbrthelstneighbourconfigurationand＜110＞0ト  
thorhombicforthe2nd・Therefore，therest11tsoftheexperimentsonslnglecrystalsstronglysuggestthat  

thedefectsresponsiblefortheextrarelaxationsarelstneighbours－ipairs・Nowick［63］pointedout，  

however，thatrelaxationsdueto2ndneighbourpalrSmayeXhibitveryslmilaranisotropytothatofa  
tetragonaldefect，becausethelatticedistortionassociatedwithaninterstitialatomona2ndneighbour  
Siteisexpectedtobevirtuallythesameasthatofanisolatedinterstitialatom．  

CarlsonandcolleaguesstudiedtheinteractionbetweeninterstitialOandsubstitutionalsolutesin  
NbT（0．24－10）at．％VandVMO．5at．％Nb［14，64］．TheymeasuredtheSnoekrelaxationofOandfound  

awelトdefineds－iinteractionpeakintheNb－basedalloysbutnotintheV－baseda1loy；Onlytheordinary  
Snoekpeakwasobservedinthelatter・Figure2showstherelaxationprofilesinNb⊥0．24at．％Val1oys  

CQntainlngVariousamountsofO．WithincreaslngtheOconcentration，theheightoftheinteractionpeak  

locatedat500KfirstincreasesitsheightbutsaturatesatalevelclosetotheVconcentration．Onfurther  
increaseintheOconcentration，theordinarySnoekpeakbeginstoappearandthencontinuestogrow．  

ThisobservationindicatesthateachVatomtrapsapproximatelyoneOatom・Boththetwopeaksexhibit  
featuresofsinglerelaxation，Withtheactivationenergyoftherelaxationtimebeingl．16eVforthe  

Snoekpeakandl．43eVfbrtheinteractionpeak．ThedifftrenceintheactivationenergleSagreeSWith  

theVMObindingenergyobtainedfromdiffusionexperiments［65］・Theydiscussedthecharacteristicsof  
theinteractionpeakintermsofelasticandchemicalinteractions；thepresenceofV－Ointeractionpeak  
inNbandtheabsenceofNb－OinteractioninVareconsistentwiththepredictionsfromelasticand  
quasi－Chemicalmodelsfortheinteraction．  

TheSnoekrelaxationofOinNb－MoandNb－Valloyshasrecentlybeenstudiedoverawide  
rangeofsubstitutionalsoluteconcentrationsfromlto50at．％【66】．  
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Figllre2：Internalfriction ofNb－0．24  
at、％Ⅴ－Oa1loysmeasuredintorsionwith  
a frequency ofaboutO・25Hz・Oxygen  
COnCentrationsareinat．％［14】．（Courtesy  
Of〟如才J〟曙gCαJα〝d〟αrergαg∫r柑那αC－  

fわ′は）   
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nglyboundmodel  

therelaxationofs－ipalrSinbcca1loysmustbecomplexbecause‘inthebcc  
一軍PalrCannOtreOrienttoanequlValentconfigurationbyaslnglenearestneighbourjumPOf  
ialatom’（NowickandBerry［4］）．Figure3showstheoctahedralinterstitialsitesarounda  

itutionalsoluteatom（a）andaschematicillustrationofapotentialenergyprofilefbraninterstitiai  
SOluteatom（b）・Whenaninterstitialatomlocatedatsiteizistomovetositelx，itshouldpa苧Sthrough  

Si縫み，aSeCOndneighboursite魚■Omthes油stit血onalsoluteatom，ifonlynearestneigbbourJumpSCan  

OCCur・Thelstand2ndneighbours－1PalrS，POSSeSSlngdifferentdefectsymmetries，arethuskinetically  

intherelaxationprocess・TheactualsituationismorecomplicatedsincefartherpalrSmuStalso  
Meiiering［67］approachedthisproblembyassuminginterstitialsoluteatomsbeconfinedin  nvoIved．  
neighbourshellsandjumpsoccuronlybetweenneighbourlngOCtahedralsites．Hewrote  and 12nd 

Ofrateequationsforpartialconcentrationsineachsiteandderivedexpressionsfbrthere－  
1axationratesandmagnitudes・Nowick［7，8］analysedtheproblemonthesameassumptionsbutinmore  

detailonthebasisofthegeneraltheoryofanelasticrelaxationbasedongrouptheory［5，6］．  

‾三二‾二‾－＝‾  

（a）   

a）Octahedralinterstitialsitesaroundasubstitutionalsoluteatom（Shadedcircle）inthebcclattice．‘1x，denotes，  
e，alstnearestneighboursitewiththeaxisoftetragonaldistortioninx－direction．（b）Potentialenergypro創efbr  

erstitialsoluteatom．  

CCOrdingtothegeneraltheory，relaxationefftctsinacubiccrystalbelongtooneofthethree  
almodes，correspondingtotherelaxationsofthecompliancesSN，S′andS・Usingtheirreducible  

entationsofgrouptheory，thethreemodesarereferredtoasAl，Eand7b．Inthepresentproblem，         ●  
t t  

thelstneighbour（tetragonal）and2ndneighbour（＜110＞Orthorhombic）s－ipairsgivetisetoo孟eAlre－  
1axation，tWOErelaxationsandone乃relaxation，aSSummarizedinTablel．Onemayobserve，there－  

f6re，fburDebyepeaks，PrOVidedthattheirmagnitudesarenottoosmalltobedetected．Therelaxation  

ratesaregiven［7，8］as  

て云ミ＝4w2＋2w3  

て孟＝2w2＋w3±［（2w2－W3）2＋2w2W3】J／2  

て云＝2w3，  

2andw3aretherateofthejumpfromalsttoa2ndneighboursiteandthatofthereverseJump，  
（SeeFig．3b）．TheordinarySnoekrelaxationbelongstoEmode，anditsrelaxationrateis  

て豆きs。。。k＝6wl，  （7）   
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Wherewlisthejumpratefreefromtheinfluenceofsubstitutionalsolutes・Itshouldbenotedthatre－  
laxationratescannotalwaysbeassignedtoindividualjumpseveninthissimplestmodel（e．g・，Eq・5）・  
NowickandBerry［4】（SeealsoNowick［8］）discussedaiimitingt）utPrObablecasewherethe  

JumPrateW2ismuchlowerthanw3，andwlisinbetween・Figure4i11ustratesschematicallytherelax－  
ationspectrumeXPeCtedforsuchacase・Inthisapproximation，Eqs4and5become   

て去ミだ2w3，  

七孟㌶2w3；て孟㌶31γ2．  

Therefbre，OneOfthetwoErelaxations，denotedbyg－，WOuldappearatthehightemperaturesideofthe  
OrdinarySnoekpeak，Whiletheother（E＋）andrelaxationsAlandIbatthelowtemperチtur？Sidewith  
approximatelyequalrelaxationrates・Concernlngmagnitudes，thestrengthofE＋relaxat10nlSeXPeCted  
tobesmailbecausetheyareproportionaltotheconcentrationofthe2ndneighbourpair，forwhichare－  
1ation  

q／Cl＝2w2／w3  

holdsandisthusverylowinthisapproximation・HereClandC2aretheequilibriumconcentrationsof  
thelstand2ndneighbourpalrS．Relaxation7ち，Whichisdueentirelytotheinterstitialatomsonthe2nd  
neighboursites，WOuldbehardlydetectablebecauseC2islowand，inaddition，theshapefactorissmall  
【63］．Therefore，amOngtherelaxationsofshearcompliances，theonlyrelaxationactuallyobservable  
wouldbeβ－relaxationabovetheSnoekpeak・Thismodelthusexplainsthecharacteristicfeaturesob－  

OrdinarySnoekpeak，  SerVedinexperiments：（1）anextrapeakappearsathighertemperatures  
and（2）itistherelaxationofthecompliance8S′．  

Tablel：Numberofrelaxationsfortetragonaland＜110＞Orthorhombicdefbctsincubiccrystals［8L  

Total number of 
reiaxations  

Relevant compliance Defbct symmetry  Ⅰ汀educible  

representation  

Tetragonal  ＜110＞  
orthorhombic  

†
 
 l
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l
 
 

Al  ∫／′＝∫11＋2ぶ12  

g  ぶ′＝2（ぶ11－ぶ12）  

r2  ぶ＝ぶ崩  

l
 
1
 
0
 
 

†TherelaxationrateofoneofthetwoS／′relaxationsiszerobecauseoftheconservationofthe  
totalnumberofdefbcts．  
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 Figure4＝Schemalicin（ernalfric（ionspectrumex－  

PeCted抒omthestrongly－boundmodel・   

Temperature  
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Al，Calleda’reactionmode’ascontrastedtoreorientationmodessuchasEand7b，  iaxation 
rethanonetypeofdeftctspeciesarepresentandtheytransfbrmtoeachother；adifftr－  
betw？甲defbctsp甲iesleadstoanincreaseinthenumberofsometypeofdefbctsatthe  
thersunderhydrostaticstress［68］．Thisrelaxation，8S〝，doesnot  appearinmeasurements  
ress，butitdoesundertensilestres華，Withitsmagnitudebeingindependentofthecrystal   

Eq・l）・Therelaxationmagnitudeforthecaseoftworeactingdeft6tspeciesisgiven▼【68］  

8㌢＝竿藷与匝αト呵2，  （11）  

Cβ竺reeq坤ib専政COnC？ntrations＿Ofd鱒CtSαan？▲β，Ct享S＿申etotald鱒CtCOnCentration，  
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Volume，kandThavetheirusualmeanings，and九αand九βarethe九tensorsofthede－  
1axationcanbeofsubstantialmagnitudeonlywhentheconcentrationsofthetwodefect  
Lrableandthevolumedilatationproducedbythedefectsarefairlydifftrent丘omeach  
Oftherelaxationstrengthfbrthepresentcaseisdifncult，however，becauseitrequlreS  

thecomponentsofthe九tensorsofthelstand2ndneighbourpairs．Herewemakean  

itudeestimatebyletting，ratherarbitrarily，thedifferenceinthevolumedilatationbeO．1  

Then，therelaxationstrengthisexpressedapproximatelyas  

△＝8ぶ？侶”だ0．1Ct，  （12）  

StantSOfironandT＝300K・ForCt＝10－3，forexample，A完10」4，Whichcanreadily  

moderninstruments・Ifitisobservablewithsuchamagnitude，eXPerimentsonthe、read－  

uslngSlnglecrystals，maybeusefulforcharacterizationofs－icomplexes・  

OfMeijering［67］，Koiwa［9，10］developedatheoryoftheSnoekrelaxation  

Withouttherestrictionthatinterstitialsoluteatomsareboundwithinthe2ndneighbour  
SamemanneraSMetierlng’streatment，theinterstitialsitesaroundasubstitutionalsolute  

iedintoIx，1y，1z，2x，2y，2z，andsoforth，uPtOthe13thshe11，aCCOrdingtothedistance  

le 

Stitutionalsoluteatomandthe  directionofthesymmetryaxis，andrateequationsfbrpartial  
OCCuPationprobabilitiesofeachsite）arewrittenwith年pPrOPriateboundaryconditions．  

rates，Whichappearascoemcients，thesetofsimultaneousdifftrentialequationscanbe  

ingeneral，andanalyticallyinsimplecases．Theanelasticresponseofthematerialis  

ariationsofthepartialconcentrationsunderexternalstress．  
）Ofthistheoryisthatanumberofdistinctjumpsoccumngatvariousdistances  
SOluteatomcanbetreatedexplicitly・‡nprlnCiple，itispossibletoderiveanalytical  

axationratesandmagnitudesforsuchageneralcaseonthebasisofNowick’stheory  
ematicsinvolvedmustbecomeextremelycomplicatedasthenumberandthe  type of 
ncreased．InKoiwa’stheory，Ontheotherhand，thelatticedistortionaroundanin－  

assumedtobetetragonalfbrallsites，irrespectiveoftherelativepositiontothe  mlS  

，atOm・Theeffbctofasubstitutionalatomontheshapefactoristakenintoaccount  

；hbourconfiguration：九1N九2istreatedasdifftrentfromthosefbrtheothersites．  
Showsthatarelaxationspectrumcanbedecomposedintwoways，Oneintocontribu－  

atomsinrespectiveshe11s（decompositionI），andtheotherintoDebyepeaks，eaCh  

normaimodeofrelaxation（decompositionII）．  Itshouldbenotedthateachcompo－  
IcannotbeexpressedbyaDebyefunction．InasimplifiedversionofKoiwa’s  

eretheinfluenceofasubstitutionalatomisassumedtoextenduptothe2ndneighbour  
COmPOnentSineachdecomposition‥（Ⅰ）thecontributionsofthelstneighbour，2nd  
hershells，（ⅠⅠ）threeDebyepeaksofEmode，tWOOfwhicharethosereferredtoasE±  

SisandtherestistheordinarySnoekrelaxationl．Thebehaviouroftheserelaxations  
llytically andnumerically，anditwasconfirmedthattheratesofEj：relaxationsdonot  
aw［10］，WhichcanalsobeseenfromEq・5forthecaseofstrong－binding．  

f6rmednumericalcalculationsofrelaxationspeCtra，inreferencetotheexperimental  
e－V⊥NandFe－MnMNalloys［9，10］．Itwasdemonstratedthatsimilarsetsofsiteener－  

OeSnOtOCCurbecauseal1interstitialsareassumedtoproducesimpletetragonaldistortion・   
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gleSmightleadtoverydifferentrelaxationspectra，dependingonthesaddlepolntenergiesforthejumps  
OutOforintotrapsites．Inthesamef王amework，hydrostaticrelaxation［11］，relaxationinB2－Orderedaト  

loys［12］andefftctsofsubstitutionalsoluteatompairs［13】werestudied・Inthelastpaper，thelowtem－  

PeraturePeakobservedinsomealloyswassuggestedtobeduetothereorientationofinterstitialsover  
thetwoequivalentconfigurationsinans～i－SCOmPlex．  

EstrinandKhachaturyan［69】presentedatheorybasedonGreen’sfunctionmethodforfinding  
therelaxationratesduetodeftctsinacrystalcontainlnglocallatticedisturbancessuchassoluteatoms  
Ordislocations．Thoughtheydonotdiscussthecaseofinterstitialsoluteatomsinthebcclattice，this  

theorycanalsobeutilizedtoanalysetheSnoekrelaxationinbccmetalsinthepresenceofsubstitutional  
SOluteatoms．   

3．3 Atomisticsimulation  

Johnson，DienesandDamask［70］perfbrmedapioneeringatomisticstudyoninterstitialsoluteatomsin  

bccmetals；CinFeandNinVweresimulatedusingemplrlCalpalrwiseinteratomicpotentials．They  

evaluatedthemagnitudeofthelatticedistortionaroundaninterstitialsoluteatom，andtheresultswerein  
reasonableagreementwiththestrengthoftheSnoekrelaxationobservedinexperiments・Themlgration  
behaviourofinterstitialatomswerealsoexamined；difnlSionalmotionofaCatomwasfoundtooccur  
ftomanoctahedralsitethroughatetrahedralsiteasthesaddlepointandtoaneighbourlngOCtahedral  
site．  
InKoiwa’skinetictheory，rateSOfallthejumpsunderconsiderationshouldbeglVenforare－  

1axationspectrumtObecalculated・Inhisowncalculations，theattemptftequencywasassumedtobe  
ParameterS．Suchanenergyprofile  equalfora11thejumps，andmigrationenergleSWereintroducedas  

Calculatedtheenergy  
Singempiricalpoten－  

CannOtknownaprlOributisobtainablebyatomisticsimulation・  Gouzoueta  
mapfbraninterstitialsoluteatominthevicinityofa  

etweenthelstandthe2ndneigh  tials．Withthepotentialsused，theactivationenergiesfbrthejum  
boursites（backandfbrth）arebothlowerthantheordinaryju誓P・Theyalsofbund血tadirectjumpbe－  
tweenlstneighboursites，e・g・betweenlxandly，1SPOSSiblevlaaCircularpathpasslngthroughasaddle  
POlntClosetoa2ndneighboursite2z．TheactivationenergyforthedirectjumplSaPPrOXimatelyequal  

JumPSOCCurOnly  SeCtionsassumethat  tothatofthelst→2ndjump．Thetheoriesquotedinthefore  
betweenneighbourlngOCtahedralsites・However，thisresult  hatthepossibilityofdirectJumPS  

nearest－neighbourjump・  mucblon  erthanthe   Shouldnotbeexcluded，eVenthoughthejumpdistanceis  

4．RECENTPROGRESS   

4．1Latticedistortionassociatedwithans－ipair  

AsdescribedinSection2・2，theexperimentalobservationonFepMniCa1loyscanbeinterpretedasthat  
therelaxationofCatomsboundtoMnatomsoccursatthesametemperaturerangeastheordinary  
Snoekrelaxationbutwithasubstantiallylowerspecificstrength・Inordertoseehowtherelaxation  
Strengthcanbereducedbythepresenceofsubstitutionalsolutes，eValuationoflatticedistortionarotlnd  
ans－ipairisrequired．Numakuraetal．［38］extendedthestudyofJohnsonetal・tOincludeasqbstituq  
tionalsoluteinthemodel，andcalculatedthedistortionfbrvariousconfigurationsofans寸pair．With  
thepotentialsused，thetetragonaldistortionwasfoundtobethesmallestforthelstneighbourpalr，  
yieldingabindingenergy′ofO・2eV・TheinteratomicpotentialsadoptedinthecalculationwereemplrlCal  
Pairwisefunctionsusedinpreviousinvestigations［70，71〕，Whichdonothavesoundphysicalbasis，Paト  
tlCularlythepotentialbetweenthesubstitutionalandinterstitialsoluteatoms・Themethodis，however，  
quitegeneralandapplicabletovarioussystemswithanylnteratOmicinteractionscheme・Calculations  
basedonmodelsthatbetterdescribeatomicinteractionsincludinginterstitialsoluteatoms，e・g・theem－  
bedded－atOmrnethod［72］，areeXPeCtedtoprovideusefulinformation・  

4．2Quantぬtivecharaeteriza鮎mof蝕es一塁interactionimdiか雨eFealloys  

Despltethedevelopmentoftheoriesforthethermodynamicsandkineticsofrelaxation，therehasbeen  
littleprogressintheunderstandingofthenatureofthes～iinteraction，Particularlyinironalloys，inthe  
lasttwodecades・Thepresentauthorshaveundertakenaseriesofexperimentalinvestlgationsondilute  
ironalloysinordertounderstandtheinteractioninaquantitativemanner・ThefirstworkonFe－Cr⊥Naト  
loys［15］demopstratedthatinteractionenergyisobtainablefromacomparisonofrelaxationprofilesob－  
SerVedinexperlmentSandthosecalculated色・Omthetheory・Thenextworkonthesamea11oysystembut  
forverylowsoluteconcentrationsenabledamofedetailedanalyses［16］・Onecanderivethebindingand  
mlgrationenergiesfromtheshapeoftherelaxatlOnPrO創eanditsvariationwiththesubstitutionalsolute   
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ithintheframeworkofthesimplifiedtheorywheretheinfluenceofasubstitutional  pS  
lト  

n－  

Jer  

toextendtothe2ndneighbourshe11［10】，theobservedrelaxationspectraforCrlevels  

mO・05toO・2at・％canbesatisfactorilyreproduced，andthebindingenergyofaCr－Npalr  

tobeinthel■angebetweenO．16－0．18eV．  termined 
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DCONCLUDINGREれtARK  

theoreticalstudiesoftheSnoekrelaxationinternarybccalloysarereviewed．Inearly  
thisfield，muChe魚）rtWaSmadeonFe－MpNandFe－M－Calloys，thenthebe－  111   

andOinV，NbandTabasedalloyswasstudiedextensively．SirlCequantitativeunder－  

－aCtionbetweenthesoluteatomshasnotyetreachedasatisfactorylevel，Particularly  

furtherexperimentalinvestigationsaredesirable．Therecentre－eXaminationofFe－  

3SthatexperimentsuslngVerydiluteailoysareusefu1fortheevaluationofs－iinteト  
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theinteractionbeもWeenCorNandalloylngelementshadbeenstudiedfirstforliq－  
γiron［28］．FortheliquidandγPhases，theinteractionparameter［28，45］，Whichis  

Oftheinteraction，isknowntoshowagoodcorrelationwiththepositionof  mlC meaSure   

elementintheperiodictable，indicatlngthattheinteractionismostlychemicalinnature．On  

thebindingenergyobtainedftomtheanalysesoftheSnoekrelaxationinternaryalloysis  
i．e．derivedfromthemlgrationbehaviourofinterstitialsoluteatoms．Itseemsinteresト  

thetwomeasuresconformtoeachother．SuchanattempthasbeenmadeforNb－V－0  

WheretheinfluencesofVonthethermodynamicactivltyandonthediffusivityofOwere  
arallelexperimentsoftheeffectofsubstitutionalsolutesonthethermodynamicproperties  
PrOPertiesofinterstitialsoluteswillshedmorelightonthenatureoftheiratomicinteraction．  

tothankDrK．UshiodaandMrN．Yoshinagafordiscussions，andMetalluf￥icaland  

・tionsforgrantlngPermissiontoreproduceFigure2．FinarlCialsupportsfromTheIron  
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