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Abstract

　　　Radiation　induced　segregation　on　binary　alloys，　316　stainless　steel　and　ferritic

alloys　was　studied　by　means　of　an　eRergy　dispersive　X－ray　microanalyzer　attached　to

a　200　kV　STEM．　lrradiation　was　carried　out　in　a　650　kV　high　voltage　electron

microscope　up　te　10　dpa　for　binary　alloys　and　in　2eO　kV　C’　ion　accelerator　up　to’　57

dpa．　The　segregation　was　observed　on　iRternal　＄inks，　such　as　grain　bounda－

ries，　voids，　dislocation　loops　aRd　precipitates．　Radiation　induced　precipitation　was

caused　by　the　segregation　in　unsaturated　alloys．　The　type　of　segregation　or　depletion

depended　primarily　oR　the　difference　of　the　size　factor．　However，　unexpected　segrera－

tion　was　detected　in　some　alloys　irradiated　by　ions．　The　segregation　and　depletion　of

the　solutes　could　be　affected　by　the　nucleation　and　growth　of　voids．

1．　IRtroductien

　　　Radiation　induced　segregatioR　（RIS）　near　defect　sinks　causes　a　corRpositional

change　duning　irradiation　and　affects　void　formation　and　the　mechanical　properties　iR

alloys．　lt　is　considered　that　RIS　is　one　of　the　most　importaRt　points　for　research　iR

fusion　reactor　materials．　RIS　has　been　censidered　£o　be　the　resu｝t　of　the　iRteraceion

between　point　defects　and　solute　atoms，　and　has　been　observed　in　voids　［1－2］，　loops

［3］　and　irradiated　surfaces　［4］．　However，　precise　studies　have　not　been　carried　out

for　internal　sinks　such　as　grain　boundaries　and　voids．　The　aim　of　this　study　is　to

clarify　the　mode　of　solute　segregation　a£　these　siRks　irradiated　by　ions　aRd　electrons．

The　results　indicate　segregation　or　depletioA　at　ehe　sinks　of　binary　alloys　irradiated　by

electrons　and　the　information　was　confirmed　iR　austenitic　and　ferritic　stainless　steels

irradiated　by　ions．

2．　Experimental　Procedure

　　　The　alloys　and　the　irradiation　conditioRs　are　giveR　in　Table　1．　The　biRary　alloys

were　irradiated　by　electrons　in　high　voltage　electron　microscope　（HVEM）　at　650　kV．

The　irradiated　area　of　10ptrn　in　diameter　included　a　vertica｝　grain　bouRdary　and　one

’　Metals　Research　lnstitute
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　　　　　Table　1　Alloys　and　irradiation　conditions．

2

Alloys Dose Terr，perature

Electron　irradiation

Cu－2　0％　Fe

Cu－2％Ag
Cu－29fofSi

Cu－29（orNi

（atO／o）

一一@10　dpa 373　一一一　573　K

Ni　一2　S’）f｛o　Cu

Nト8％Si
Ni　一6SO）6，　Al

（atO／o）

一一@5　dpa 573　一一一　723　K

Fe－ISOI60Mn　（atC／o）

Fe－5SO）60Cr

Fe－13％oCr

x・@3　dpa 573　～　723　K二

Ion　irradiation

316　SS 一一　76　dpa 973　K

Fe－13St）60Cr　（wtO／o）

Fe－139’6Cr－IY’60Si

Fe－139）6eCr－ISt｝60Ti

一　57　dpa 798　K

of　the　grains　was　either　on　a　｛1101・　or　｛111i・　plane．　The　e｝ectron　fiux　was　3×le23　e／

m2s，　and　the　damage　rate　was　4－v9×leun‘　dpa／s．　After　irradiation，　the　irradiated　and

unirradiated　areas　in　the　same　grains　were　analyzed　by　an　energy　dispersive　X－ray

microanalyzer　（EDX）　attached　to　a　200　kV　STEM．　Fig．　1　gives　the　geometry　of　the

EDX　analysis．　To　determine　the　concentratlon　pro創e，　we　adopted　the　count　ratio

method，　comparing　the　result　with　that　of　a　standard　alloy．　The　ratio　was　almost

proportional　to　the　concentration　of　the　solute．　316　stainless　stee｝，　Fe－Cr　and　Fe－Cr－

Si　or　Ti　alloys　were　irradiated　by　C’　in　a　2eO　kV　ion　accelerator．　lrradiation

Electron　Beam　Area　of　HVEM

（“10 μm）

Electr（》n　8鈴m　Area

盾?　A精alyzer（20、50轟m）
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Fig．　1　Schematic　illustration　showing　the　geometry　of　energy　dispersive　X－ray

　　　　　　analysis　in　electron　irradiated　and　unirradiated　areas．
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conditions　were　76　dpa　at　973　K　aRd　57　dpa　at　798　K　for　the　austeRitic　and　ferritic

alioys，　respectively．　The　damage　rate　was　6×10mu3　dpa／s．　EDX　analyses　were　carried

out　for　grain　boundaries，　voids　and　precipitates．

3．　Result　and　Diseussion

3．1。E蓋ec毛ron　韮rrad董at壼on

　　　Dislocations，　voids　and　precipitates　were　produced　in　copper　alloys　during　electron

irradiation　at　a　teTnperature　range　from　423　to　573　K．　ln　the　irradiation　up　te　IO

dpa　at　523　K，　which　was　the　peak　swelling　temperature　of　pure　copper，　the　void　swell－

ings　of　Cu－Fe　and　Cu－Ag　alloys　were　2　and　6　O／o，　and　the　number　densities　were　5×

IOi9　and　2×1020　mrm3，　respectively．　The　details　of　irradiation　microstructures　wi｝1　be

found　elsewhere　［5］．　As　the　profile　of　the　radiatioR　iRduced　segregation　depends

stroRg｝y　on　the　temperature，　specimens　irradiated　at　higher　temperatures　were　analyzed

by　EDX．　We　used　the　count　ratio　method　of　Fe－Kev／Cu－Kcr　and　Ag－La／Cu－Ka　to

determine　the　concetration　profile．　Fig．　2　shows　the　relation　between　the　ratio　（Fe／

Cu）　and　the　distance　from　a　grain　boundary　in　the　irradiated　area．　The　segregation

of　Fe　occurred　clearly　on　the　grain　boundary．　The　segregated　zone　spread　to　about

300　nm　on　bot．h　sides　and　a　depleted　zone　of　Fe　was　produced　at　the　outer　areas．　As

the　ratio　in　the　unirradiated　area　was　about　3×10－2，　the　degree　of　radiation　induced

segregation　on　the　grain　bouRdary　was　more　than　twofold．　Sub－peaks　were　observed
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at　a　distance　of　2　＃m　from　the　grain　boundary，　which　presumably　arise　from　the

following　reasons．　Point　defects　flow　not　only　to　the　grain　boundary　but　also　to　the

euter　sides　in　the　irradiated　area　because　the　defect　concentration　was　higher　at　the

central　area　than　the　outer　area　as　a　result　of　the　difference　of　the　irradiation　elec－

tron　fiux．　Moreover，　a　region　with　a　high　dislocation　density　in　the　outer　area　was

produced　during　irradiation　by　dislocation　clirnb　motion，　consequently　the　sub－peaks

may　be　caused　by　the　segregation　on　dislocations．

　　　Fig．　3　shows　the　relation　between　the　ratio　（Ag／Cu）　and　the　distance　from　a

grain　boundary　in　a　typical　area　irradiated　at　a　dose　of　10　dpa　at　523　K．　A　double

peak　was　observed　near　the　grain　boundary　within　a　distance　of　300　to　500　nm．　The

difference　of　the　peak　heights　would　be　dependent　on　the　damage　rate　at　each　grain，

because　the　・！lIO｝　plane，　shown　in　right　hand　grain，　has　a　lower　threshold　energy．　At

the　grain　boundary　the　concentration　of　Ag　was　lower　than　the　peak　area，　therefore，

Ag　would　be　depleted　at　the　grain　boundary．　However，　the　reason　why　the　concentra－

tion　at　the　grain　boundary　was　higher　than　the　unirradiated　level　would　be　caused　by

the　lower　resolution　of　the　analyzed　beam．　The　depletion　of　Ag　on　the　outer　side　of

the　irradiated　area　suggests　the　segregation　to　the　inner　side．　As　the　ratio　in　the

unirradiated　area　was　about　3．5×10rm2，　the　degree　of　radiation　induced　segregation　of

Ag　was　not　larger　than　that　of　Fe．

　　　The　concetration　pro創e　of　solute　atoms　near　a　void　was　also　studied　as　shown　in

Fig．　4　and　5．　Fe　segregated　onto　a　void　with　a　width　of　100　nm　from　the　center　of

the　void　and　then　a　depleted　zone　was　observed　on　the　outside　for　about　400　nm．　On

the　other　hand，　the　concentration　of　Ag　decreased　near　a　void　and　then　increased

slightly　on　the　outside．　The　peak　of　the　concentration　was　at　a　distance　of　120　nm
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　　　　Fig．　4　Segregation　profile　near　void　in　Cu－Fe　Fig・　5　Segregation　profile　near　void　in　Cu－Ag

　　　　　　　　　alloy．　The　segregated　zone　is　on　the　alloy，　Note　the　segregated　zone　is　outer

　　　　　　　　　void　and　the　depleted　zene　is　outer　area・　area．

　　from　the　center　of　the　void．　However，　the　average　concentration　of　an　analyzed　area

　　was　higher　than　unirradiated　level，　because　the　void　was　formed　at　the　high　concentra－

　　tion　area　shown　in　Fig．　3．　Although　the　profiles　of　the　segregation　near　voids　were

　　different　from　each　other，　it　could　be　concluded　that　the　Fe　or　Ag　enriched　shell　was

　　produced　as　a　result　of　the　segregation　on　and　near　the　void，　and　the　extent　of　the

　　segregation　would　be　larger　in　the　case　of　the　Cu－Fe　alloy　than　Cu－Ag　alloy．

　　　　　　In　the　case　of　unsaturated　Cu－Si　alloy　［6］，　fine　precipitates　were　formed　in　the

　　irradiated　area　and　the　depletion　of　Si　was　confirmed　on　a　grain　boundary．　Those・

　　precipitates　disappeared　during　annealing　after　the　irradiation　on　account　of　radiation

　　’induced　precipitates　as　shown　in　Fig．　6．　The　migration　energy　of　vacancies　in　the　Cu－

　　　Si　alloy　obtained　from　the　growth　speed　of　loops　was　larger　than　that　in　pure　Cu．

．．x　　　　　　サし，瀞轟

　Fig．　6　Thermal　stability　of　radiation－induced　precipitates　in　Cu－Si　alley．　（A）

　　　　　　　as－irradiated　condition，　423　K，　10　dpa，　（B）　annealed　at　423　K　for　50

　　　　　　　min，　and　（C）　annealed　at　573　K　for　50　min．
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The　interaction　energy　between　vacancy　and　Si　atom　was　O．24　eV．　Therefore，　RIS　of

this　alloy　can　be　said　to　be　governed　by　the　interaction　between　vacancies　and　Si

atoms．

　　　In　solid　solution　of　Cu　and　Ni　［6］，　RIS　was　observed　on　voids　and　grain　boundaries

of　both　Cu－rich　and　Ni－rich　alloys．　ln　these　alloys　Ni　is　an　undersized　solute　and　Cu

is　an　oversized　one．　ln　the　Cu－Ni　alloy　the　“line　of　no　contrast”　which　is　characte－

ristic　of　a　spherical　coherent　strain　was　observed　around　voids，　as　shown　in　Fig．　7，

but　the　strain　could　not　observed　in　the　void　of　Ni－Cu　alloy　and　pure　Cu．　The

concentration　profile　was　also　analyzed　by　EDX．　Segregation　of　Ni　on　voids　was

confirmed　in　Cu－Ni　alloy．　Therefore，　the　appearence　of　the　contrast　was　caused　by

the　strong　segregation　of　Ni　atoms　on　the　void．　On　the　contrary，　Cu　depleted　on　to

voids　in　Ni－Cu　alloy．　The　RIS　on　grain　boundary　was　observed　as　a　single　peak　of

Ni　and　a　double　peak　of　Cu．

　　　In　the　case　of　the　unsaturated　Ni－Si　and　Ni－Al　alloys　［7］，　loops　were　produced　at

early　stages　of　the　irradiation，　and　then　the　loops　developed　into　dislocation　lines．

However，　the　stability　of　the　loops　under　the　irradiation　was　different　for　each　alloy．

In　these　alloys　Si　is　an　undersized　solute　and　Al　is　an　oversized　one．　Precipitates　of

Ni3Si　were　confirmed　on　the　loops　and　grain　boundaries　by　the　electron　diffraction

pattern　and　the　dark　field　image，　as　shown　in　Fig．　8，　but　no　precipitate　was　observed

in　the　Ni－Al　alloy．　EDX　results　showed　that　Si　segregated　and　Al　depleted　on　grain

boundaries　in　these　alloys．　Therefore，　it　is　suggested　that　the　RIS　contronls　the

growth　of　the　loops　due　to　the　segregation　of　solute，　and　consequently　the　development
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　　　　　　　Fig・　8　Dark　field　image　of　Ni3Si　in　Ni－Si　alloy　irradiated　to　3．3　dpa　at　723　K．

of　the　loops　in　Ni－Si　alloy　could　be　delayed．

　　　In　the　case　of　Fe－Mn　alloy　［8］，　undetermined　phases　were　observed　on　grain　boun－

daries　during　irradiation　and　Mn　was　depleted　at　the　grain　boundaries．　From　the

results　on　the　loop　growth，　the　interaction　energy　between　a　vacancy　and　a　Mn　atom

was　estimated　to　be　O．15　eV．　Therefore，　it　can　be　said　that　the　RIS　is　controlled　by

vacancy　migration．　ln　the　case　of　Fe－50／oCr　and　Fe－130／oCr　alloys，　Cr　was　also　depl－

eted　on　grain　boundaries　and　in　this　case　the　extent　of　the　depletion　increased　with

the　increase　of　Cr　concentration，　as　shown　in　Fig．　9．　The　results　of　RIS　in　electron

irradiated　alloys　are　summarized　in　Table　2．
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’Table　2　RIS　and　microstructures　of　binery　alloys　irradiated　by　electrons，

8

Alloy
Segregation

or　Depletion
Sinl〈s Microstructures

Cu－Fe

Cu－Ag

cu－si

Cu－Ni

s

D

D
s

G　and　V

G　and　V

　　G

G　and　V

P　and　V

P　and　V

P　and　V

　　V

Ni－Cu

Ni－Si

NトAl

D
s

D

G　and　V

G　and　L

　　G

V
P

Fe－M’n

Fe－Cr

D
D

G

G

　S：　segregation　D：．depletion　G：　grain　boundary　V：　void　L：　loop　P：　precipitate

　　　The　RIS　of　substitutional　solutes　can　be　qualitatively　explained　by　the　size　factor

［4，　9，　10］．　The　first　mechanism　assumes　a　mixed　dumbbell　migration　of　an　underiszed

solute　with　a　selFinterstitial　atom，　which　causes　a　solute　segregation　in　the　sarne　direc－

tion　as　the　self－interstltial　flow．　The　second　mechanism　is　a　result　of　an　exchange

of　an　oversized　solute　atom　with　a　vacaRcy，　which　leads　to　a　preferential　fiow　of

the　solute　in　the　opposite　direction　of　the　vacancy　fiow　and　this　causes　depletion　iR　sinks．

Fig．　IO　illustrates　RIS　mechanism　from　the　point　of　view　of　the　defect－solute　inter－

action．　As　mentioned　above，　RIS　occurring　at　defect　sinks　in　electron　irradiated　fcc

and　bcc　alloys　can　be　classified　iRto　segregation　and　depletion　types　depending　prim－

arily　on　the　difference　e£　the　size　facters．

　　　　Fig．　Il　gives　a　schematic　illustration　of　the　solute　concentration　profile　near　voids．

In　these　experiments，　the　voids　have　a　she｝1　of　higher　solute　segregation　in　uRdersized

alloys　than　the　observed　ones．　The　nulceation　and　growth　of　voids　would　be　strongly

1．　Setf－interstitiel　一Sotute　Atofv｝

Mixed　Dumbbeli　Mechanisrn
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Exchange　Mechanism

　　　　／

aj　s
一一哺一 ｲ
　　　　／
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Dragging　Mechanism

Defect　Sinks

．一s一一一／・．

　　　　／
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　　　　　　一
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Surねce
Distocation

etc

Fig．　10　lnteraction　between　irradiation　defects　and　solute　atoms，
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affected　by　the　segregation　［5］．　Wolfer　［8］　suggested　that　segregation　changes　the

image　interaction　between　point　defects　and　voids，　in　addition　to　having　the　effect　of

reducing　the　surface　energy．

　　　　Our　results　show　that　void　swelling　and　void　number　density　depend　on　the

behavior　of　RIS，　because　of　a　tendency　in　which　void　swellings　of　undersized　alloys

are　smaller　than　for　others．　When　RIS　occurred　near　voids，　tke　fioxKr　of　defects　to

them　weuld　be　disturbed　by　the　shell　of　segregation，　and　consequently　the　growth　of

voids　could　be　suppressed．

3．2．Io鷺　茎rrad量ation

　　　　316　stainless　steel　is　a　commercial　alloy　used　in　a　fast　breeder　reactor．　ln　this

al｝oy　the　RIS　of　elements　at　external　surfaces　and　other　defect　sinks　has　become　a

commonly　observed　effect，　however，　the　effect　of　the　RIS　on　the　void　formation　is　not

clear．　For　316　stainless　steel　irradiated　by　C’　ions　［12］，　dislocations　and　two　types　of

void　were　observed．　lt　is　deduced　tkat　the　large　voids　were　formed　at　the　initial

stage　of　the　irradiation　and　the　small　oRes　with　high　nurnber　density　associated　with

dislocations．　The　large　voids　have　a　void　free　zone　of　70　nm　width．　Solute　segregat－

ion　pro創e　was　determined　around　the　large　voids，　as　shown　i鍛Fig．12．　Cr　depleted

strongly，　but　Ni，　Si，　Mo　and　Ti　segregated　to　void　surfaces．　The　width　of　the　segre－

gation　or　depletion　zone　was　about　IOO　nm　and　was　also　the　same　width　as　the　void

free　zone．　This　fac£　suggests　that　the　segregation　and　depletion　of　solutes　could　affect

the　formation　of　smal｝　voids．

　　　　Ferritic　alloys　are　candidate　materials　for　a　fusion　reac£or，　but　are　sensitive　£o　the

alloying　element　with　regard　to　mechaRical　properties　and　the　behavior　of　irradiation－

induced　defects．　The　ferritic　alloys　irradiated　by　C’　ions　［13］　had　no　voids，　and
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precipitates　were　formed　during　irradiation　as　＄hown　in　Fig．　13．　For　Fe－Cr　alloy，　Cr－

rich　precipitates　were　observed　in　the　matrix　and　on　grain　boundaries．　The　micro－

structures　of　Fe－Cr－Si　alloy　consisted　of　two　types　of　precipitate　at　30　dpa，　the　large
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Microstructures　of　ferritic　alloys　irradiated　by　ions　at　798　K．　（A）　Fe

－130／oCr，　57　dpa，　and　（B）　Fe－130／o　Cr－ltt　Ti，　57　dpa
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0nes　were　enriched　in　Cr　and　Si，　and　the　small　ones　were　enriched　only　in　Cr．　The

larger　ones　had　a　precipitation　free　zone，　and　after　57　dpa　only　｝arge　precipitates　were

observed．　For　a　Fe－Cr－Ti　alloy，　only　srna｝1　Ti－rich　precipitates　were　observed　with　a

high　number　density．

　　　　At　the　grain　boundaries　the　RIS　behavior　changed　with　the　ion　irradiation　as

shown　in　Fig．　14一一一15．　For　Fe－Cr　and　Fe－Cr－Si　alloys，　Cr　aRd　Si　were　enriched　on　the

grain　bouRdaries，　but　the　conceRtration　of　Cr　was　lower　in　Fe－Cr－Si　alloy　than　Fe－Cr

alloy　as　a　result　of　Si　segregatioR．　However，　for　Fe－Cr－Ti　alloy，　the　depletion　of　Cr

and　enrichment　of　Ti　were　observed　on　the　grain　beundaries．　The　results　of　the　ion

irradiation　are　summarized　in　Table　3．　From　the　size　factor，　it　is　expected　that　the

depletion　of　Cr　and　the　segregation　of　Si　and　Ti　would　occur　at　defect　sinks　in　these

biRary　ferritic　alleys．　However，　the　RIS　behavior　of　the　alloys　irradiated　by　ions　does
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not　follow　the　sirnple　model．　To　solve　the　problem　of　this　unexpected　RIS，　the　interac－

tions　among　defects，　major　and　minor　solute　atoms　must　be　clarified．　Moreover，　the

effects　of　irradiation　conditions，　such　as　damage　rate，　dose　and　temperature，　must　be

considered．

4．　Co烈e韮us量。盤s

1）

2）

3）

4）

5）

Radiation　induced　segregation　was　studied　by　meaRs　of　EDX　on　alloys　irradiated

by　C“　ions　and　electrons．

RIS　was　observed　on　internal　siRks，　such　as　grain　boundaries，　voids，　dislocation

loops　and　precipitates．

Segregation　and　depietion　types　depended　primari｝y　on　the　difference　of　the　size

ねctor．

Precipitation　was　caused　by　RIS　in　unsaturated　alloys．

Unexpected　segregatioR　was　detected　in　some　alloys　irradiated　by　ions．

The　segregation　and　deple£ion　of　solutes　could　affect　the　nucleation　and　growth　of

voids．
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