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JNTRODUCTION

4HE &E n #R BASED REDUCEDACTIVATIONFERRITIC MARTENSITIC
CANDIDATES FORFUSIONFIRST WAL BNANEKENTE&ERE STTRAUMA INRTRAS N
FUSIONAS CLEANENERGY WITHFEW HARMFUL RADIOACTIVE BY PROI
#Rn -O STEELSTO FACILITATE SIMPLIFIED WASTE MANAGEMENT LIKE
MATERIALRECYCLING !SARESULT RADIOLOGICALLY UNDESIRABLE
HALF LIVES SUCHAS .BAND-O AREREPLACEDBY METALLURGICALL)
AND 7n= &URTHER SEVERERESTRICTIONS AREIMPOSED ONTHE CON
.IAND VARIOUS IMPURITIES TOLIMIT THE GENERAT48E (DEAIGCOAM RI&
STEELCONCEPTWERE POSTU)R THE NNIDHEEARILS GAVE BIRTH TO THE
NORMALISED TEMPERED #R2!&-STEELDESIGNSBASED ON #Rn7n6n
NATIONAL LAB /2. ,BY *1%! IN *APAND;ALMOST SIMULTANEOUSLY BY RE
#ULHAM LAB AND "RAT&®DH BOBENG THIS SEVERAL EXPERIMENTAL 2!1&-
SLIGHTLY DIFFERENT MICRO ALLOYING CHEMISTRIES AND HEAT TRE/
; n = *APAND = 5+ := AND %UROPRE-ORE RECENTLY=#HNBAA
: = 2USSIASAND 30UTHR®RCRERE,DEVELOPING THEIROWN 2!&- STEE
PHILOSOPHY OF 21&- STEELSISTO OBTAIN THE DESIRED MATERIAL PR
THAT COMBINES HIGH STRENGTHDUE TO MARTENSITIC TRANSFORMA
HIGH DENSITY OF PRECAPCRRBEBBILAMMN-SB-CARBONITRIDES THAT REN
STRENGTHn, = ORECIPITATESIN 2!&- STEELSALSO ACTAS A SINK FOR
OVERALLIRRADIATIONPERFORMANCE OF THE STEELS &OLLOWING A
#n  # THESE STEELS ARE TEMPMREBR A0 ARDCUARBON OUT FROM
SUPERSATURATED SOLID SOLUTION OF THE MARTENSITIC MATRIX TH.
BODY CENTERED TETRAGONAL CRYSTALSTRUCTURE TORENDER DUC
COMBINATION OF SiTRENA AHND TENSILE DUCTILITY  n INNORMAL
TO #; n = "YFAR THEMOSTWELL STUDIED 2!&-STEELS WITH T
PROPERTIES EXIST FOR #R WAHUA& WAS INITIALLY PRODUCED IN *APA
INTERNATIONAL COLLABORATION AND FOR #R 764A %UROFER STEE
: = 3PECIFICALLY THE %YUROFER STEELFABRICATED USING CL
MAJOR MILESTONE OF BEING RECENTLY CODE QUALIFIEDWITHNON |
REACTOR CONSTRUCTION CODE THAT WILL B EWHIEE EG BURIITS RHRE S
ACHIEVE CODE QUALIFICATION-OFSSP E(QNF2@#TYV2RFE FUSION REACTORS
CODES SUCHAS 2## -2X REQUIRE FULL CODE QUALIFICATION OF 2!&-
PROPERTIES FORWHICHINTERNATIONAL COLLABORATIVE RESEARC
OF *APAN THE %5 AND THE 53 TO GENERATE RELEVANTNEUTRON IRR.
AND & (

JNITIALLY NOT CONSIDERED FORFUSION FEARING POTENTIAL DEL
STRONG MAGNETIC FIELDS INSNTBE FREMARREESTSORSEOR THE CHOICE
REACTORSISDRIVENBY ITSCAVITY SWELLING RES UHIAN S B ENC PRFSAD
OPERATING CONDITIONSENVISAGED FORTHE FUSION &7 "ARE SEVEF
DOSE TEMPERATURE RANGHEI®RATHERFIUSIGEBPOWER DEMONSTRATI
AS $%-/IN %5 *APANAND THE &USION .EUTRON 3CIENCE &ACILITY &.:
WORSE IRRADIATION DAMAGE COMRARRE N |) ¥ %% S/EH K SG UREASE OF
EXPECTED TO RECEIVE BAVPAINIMEMSIFEELS STARTER BDRNKBDTR RHEIN
SECOND BLANKET &OR THE &.3& CONCEPTINTHE 53 THENEUTRON D
PLASMA KNOWNAS THE SHAKEDOWN PHASE AND OHASE DEUTERIU]
PLASMA PULSE EXTEN SUJ M PGIMIFECANT NEUTRON WALL LOADING RAM
OHASE ONWARDSWITHDEUTERIUMNTRITIUM $4 FUSIONREACTION
WILLBE SIMILARTG$BAGUREIS MEANS 2!&- STEELS MU DPATFIORAS T SL
)4%2 4"-S TOBE SUCCES DPWALFANDEARLY PHASE OPERATIONS OF &.3&
UNDER RELEVANT OPERATING TEMPERATURES &ORAFULL POWER Gt
THE RANGEHIOFDPA ARE EXPECTED OVER A WH D!P DEM PERA T Y RERRANG/E
&EATOMS INSTEELSBY -E6NEUAROMISCWARTPRODRIEGELION APPM
AND n APPMHYDROGEN ( DPAINTHE NEARNPIWAGIW 8 RENGARNSS, THE

SERIES &En#Rn.I AUSTENITIC STEELS AREUNSUITABLEDUE TO DIM
HIGH DOSE IRRADIATION ENVIRONMENT WITH SIMULTANE PNUADIHEN ER
TOCAVITY SWELLING RESISTANCE 2!&- STEELSHAVE NUMEROUS OT}H
AUSTENITICS SUCHASHIGHSTRENGTH HIGH THERMAL CONDUCTIVI
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&IGUREERATING TEMPERATURES ANDNEUTRONDOSEREGIMESOFFUSION &7 "STEE
&OR &.3&INTHE 53 NEUTRONDOSE RAMP UPISEXPECTED FROMOHASE ONWARDSW

5NION %5 $%-/ WHILENODPAISEXPECTEDINOHASE (E (FUSION ANDOHASE $
$%-/ CONDITIONS OBTAINED FROM ;

LOWCOSTDUETOTHE ABSENCE OF .| ANDEASEOFFABRICATIONBY T
PROCESS OF CASTING FORGING ROLLING;

-AJORCHALLENGESFOR2!&-STEELS

4HECHIEF CONCERNWITHCURRENTGENERATION 'EN ) 2!&-STEELS
TEMPERATUREWINDOWONFUSION ENVIRONMENELOWER TEMPERAT
IMPOSEDDUETOTHE IRRADIATION INDUCEDLOW TEMPERATURE HAF
RESULTINGINANINCREASEOFYIELD ANDTENSILESTRENGTH LOSS |
TOUGHNESS &4 WITHANINCREASEINDUCTILE TO BRITTLE  TRANSIT
LOWASn DPAANDIRRADIATIONSTEMPERATURESI (% IS A MAJOR CHAL
INREACTORDESIGN PARTICULARLY FORTHE WATER COOLED $%-/BLl
INTHE RANGEOF # AREEXPECHBEHE,LOWER OPERATING TEMPERATURE
FORTHE EARLYPHASES OF &.3& BASEDONADUAL COOLEDLEADLITH
TEMPERATURE RANGE WHERE ,4(% ISSUES MAYPOSEACHALLENGE"E
THEEFFECT OF HELIUNEYPPEFRGUREPERATURE LIMITISIMPOSED DUE
BEHAVIOURANDLOSS OF CREEP SHREN&STHINTHE RAWBIEEGMIGHT

FURTHER WORSENWITHNEUTRONIRRADIATION ANDFAECTCDHEENERA®
HIGH TEMPERATURE THERMAL CREEP PROPERTIES OF 2!1&- STEELS AF
AND EQUIVALENTTO THE SECOND GENERATIFOMHREADEPER STEEPE RR DI
THATLIMITS THETHERMODYNAMICEFFICIENCY OFAPOWERPLANT ¢
BLANKET DESIGNS WHERE OPERATING TEMP ERREURBES SMEHEDP RANG |
&URTHER FATIGUE AND CREEPNFATIGUE INTERACTIONS THAT CAUSE
MAXIMUMALLOWABLE DESISNBITRESSE®ORTHNOTING THAT CAVITY.
2!1&- STEELS ARENOTFULLY MAPPEDOUT ANDITISQUITELIKELY THA
NEUTRONSPECTRUM SYNERGISTICALLY AIDEDBY (E (GENERATION |
UNACCEPTABLEDIMENSIONALINSTABILITIESFURTHER WORSENED W
INTERACTIONS $UETO THELIMITED NUMBER OF FUSION RELEVANTN
OF 21&-STEELSINTHEINTERMEDIATEME MPERATURERRARGELY EVALU
IDENTIFY ACCEPTABLE LIFETIMEDOSES AFFECTEDBY CAVITY SWELL
THEDELETERIOUS EFFECT GFCEAOINMEWELIZIBHIGH TEMPERATURE
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PROPERFIFMEAY, FURTHER NARROW T THE ACCEPTABLETEMPERATURE RA
TOBE FULLY MAPPED OUT )N ADDITION UNCERTAINTIES EXISTREGA
HEAT AFFECTED ZONES (!:S INFUSIONBLANKETS 2!&-STEELS REQL
WILLBE CHALLENGINGINFULL SIZEBREEDINGBLANKETS AND4"-SW
COMPONENTS OFDIFFERENTTHICKNESSES 4HE GAPBETWEENTYPIC
AT #n #ISQUITE NARRGFWRTHER COMPLICATING THIS OPERATION
COMPONENTSDUETOTHE REQUIRED ACCURACREOVIHRE THEMBERAVU®
AND (:SUNDERNEUTRONIRRADIATIONISNOT SUFFICIENTLY QUANTI
PREDICTING THEIRPERFORMANCE 7ITHTHE INITIALTEMPERED MAR™
7 = ITISUNCLEARHOW (EMIGHT FURTHER WORSENTHE FAST FRACT!
OPERATIONS ANDTHERMAL IRRADIATIONCREEP COMBINED WITH SW
BLANKET OPERATIONS )NTHE FOLLOWING SECTIONS THEIRRADIATI
DISPERSION STRENGTHENED /$3 STEELS AREPRESENTED TOHIGHL
FUSION REACTORSINCLUDING $%-/ AND53&.3& ANDTHE NECESSITY

,OWTEMPERATUREHARDENING EMBRITTLEMENT ,4(%

JRRADIATIONHARDENINGANDLOSSOFDUCTILITYINZ2!&-STEELS
$URING NEUTRONIRRADIATIONS AT RE LAY | WHIBREOMWE TEINMBERANTIRE ¢
2'& AND CONVENTIONAL &- STEELS SUFFERFROM ,4(fA N\D DWWEHE SEV

n = 4(%ISTYPICALLY QUANTIFIEDUSINGPOST IRRAD
#HARPYIMPACTTESTS 7TITHOUT IR OFIAN-ONT HHIESYDECRBEABES MO N
THETEMPERATUREEFIG URE AN BNLCRERBENMNNG AND SEVERELOSS O
OCCURKKFOR# WHICHIS PARTICULARKRY PRONONUNGEBRERENING IS C
NEAR #n #AND SOME SLIGHT SOFTHRRI NG MAY O CURUFRER R
4 rg% # THREOFBOTH CONVENTIONAL &- AND 2!1&-STEELSTENARS TO C
VALUES (OWEVER THE VARMTUOW.RRDRIFPAIDOATEDHY IS RELATIVELY GF
ASCOMPARED TO THEoRAWVHEBRE CO¥EMRROENING INCREASES SHARPL)
DOSESASLOW ABGPA AND CONTINUES TO INCRERBENP!I'ERO ATTHHEHEAS FIC
"Y)4%2 RELEVANT CONDITIONS ®@8F2!&R SOEEAEARRCUBNMBARDENBY AS MU

BY n -0OA COMPARED ¢, THEAR'FANIHEMARA HARDENINGIN 2!&-STE
%UROFER OR& (SATURATES ANDREMAINS NEARLY CONSTANTUPT
SHOWNIN FAGBRBRBTURATIONIN HARDENINGWITHTHE DOSE ISINTERP
IRRADIATION INDUCED MICROSTRUCTURALDEFECTSINTHESE ALLOY
STEELSISMUCHLOWERTHANINCONVENTIONAL &-STEELS SUCH AS
4(% RESISTANCE IN 2!&-STEELS !SANEXAMPLE HARDBRKIINDGNER MT&H A
IN #Rn -O6.B STEELSATHIGHDOSES OF n DPA -OREOVER SATUR
#Rn -06.B OCCURS ATMUCHHIGHER DOSES DPA THIARRENG2ON ST
BETWEEN# AND #THATISRELEVANTFORWATER COOLEDBLANKET C(
EXISTREGARDINGRNENGCKECGENTFAL RADIATION HARDENING 30OME ST
ORDECREASED RADIATIONHARDENINGIN2!&-STEELSINWIHEBRHAMOBE
STUDIES SUCHASON%UROFER HAMPREPORHEEORNW NT M ®MX & TNDUWWMCH A

#, = WHICHISDIFFICULTTO EXPLAINBY THECURRENTUNDER
MICROSTRUCTURAL PHENOMENA 4HESEINCONSISTENCIES BETWEE!
DIFFERENCESINTHEDOSE DEPEENDENAHRARRARBNERDLUFOTHER A MA
PROBLEMWITHLITERATURE DATAISTHATNUMEROUSNEUTRONIRRA
IRRADIATION TEMPERATURES BUT LACKPROPERTHERMOMETRY DAT.
SAMPLES $IFFERENCESBETWEENACTUALVERSUSDESIGNTEMPERA
INHOMOGENEITIES ACROSS SAMPLES AREKNOWNTOOCCUR WHICHV
PROPERFIESFORTUNATELY SUCHEFFECTS ONMEASURED PROPERTI
TYPICALLY NOTDISCUSSED INDETAILINPUBLISHED MANUSCRIPTS

JTISGENERALLY OBSERVED THATHARDERUNDER TEMPERED 2!&-
093 n -0OA  BEINGDESIGNEDTOOPTIMISEHIGH FEUMPERRAAREEST
LOWPERCENTAGEANTCHRRERSETRON IRRADIATIONAS COMPARED TO TH
TREATMENTS ORBY OVERATTHEMPARDER STEELS ALSOSEEMTO SHOW R
THETENSILEELONGATIONDUETOIRRADIATION 4HISBEHAVIOUR SH
PERFORMANCE 4HE STEELSBEING ALREADY MUCHHARDERINTHE NC
ELONGATION MEANSTHE POSSIBILITYTOFURTHERHARDENORLOSE
STEELSTYPICALLY SHOW RELATIVELYINFERIOR PRE ANDPOST IRRZ
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AESTTEMPERATURES PLAY AROLEINTHE EXPERIMENTALLY MEASU
OBSERVED ATLOWER TENSILE TEST T BAVHPEREAH URE B OASSESHAGW IR EM ET
FORAVARIETYOFSTEELSISCOMPILED 4HE YIELD STRESSINCREASE
TEMPERATURE 24 ASCOMPARED T TO TENSILE TESRRIING BEHAFE VAU R DS
ATTRIBUTABLETOTHE STRONGER TEMPERATURE DEPENDENCE OF TF
IRRADIATION INDUCED DEFECTS COMPAREDTO®ERENDEN CE RADIAE M
IRRADIATION HARDENINGONTHETESTTEMPERATURE IMPLIES THAT |
SHOULD NOTBE ASSUMED OVERTHE TEMPERATURE RANGE OF &7 " OFP
HARDENINGWITH THETEST TEMPERATURENEEDSTOBEINCLUDED IN

I!MAJORCONSEQUENCE OF IRRADIATIONHARDENINGISTHE SEVER
MEASURED ASTHEULTIMATE TEN Sld4br SsTRIEBIJREOFIRERBTREIS R ANI
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TEMPERATURE RANGE OF )4%2 4"- RELEVANT OPERATIONS 2!&- STEE
LOWER STRAINHARDENING CAPACITY AS CO MP AREDRTNOE U TFERN E B RAJI
DOSESASLOWAS n DPA )4%2 4"- NOTMUCHSTRAIN HARDENING
0543093 AND APPROALHINGN MANY 21&- VARIANTS OR AT=H|E @ ERGDBLS
REMNANT STRAIN HARDENING CAPACITY IN2!&- STEELSAFTER VERY I
ESPECIALLY FORTHE WATER COOLED BLANKETCONCEPTS BECAUSE
THISVALUE FOREXAMPLE %UROFER548GURREMEABSREEB AR B NNM
NON IRRADIATED CGNDHTLERUROFER IS CODE QUALIFIED IN 2## -2
PROPERTIESAND & (WILLLIKELY ACHIEVETHISSTATUS SOON BOTH
CODE QUALIFICATIONWITH IRRADIATED PROPERTY DATAFOR $%-/"F(
%UROPEANLABS UNDER %52/FUSION FOR %UROFER IN*APANFOR &
GENERATING IRRADIATED PROPERTY DATAOFBOTH %UROFER & (I
COLLABORATION 4HEREFORE ITREMAINS TOBE SEENWHATLIMITS |
THE STRAINHARDENING CAPACITYLIMITFORIRRADIATED STEELS IN
NON IRRADIATED STEELS THENITISLIKELY THATNONE OF THE 'EN )
THE REACTORDESIGNPROGRAMMES IN *APAN AND %5 HAVE CONSIDE|
WATER COOLED BLANKET CONCEPTS 4HE 2## -8 2## -2X CHANGE IS A
YETBEENASSESSEDBY OTHER COUNTRIES INCLUDING THE 53 AND T
OTHER COUNTRIES .EVERTHELESS THISHIGHLIGHTS ANIMPORTAN
OPERATING TEMPERATURES TO AVOID ,4(% )NTHE53 CODE QUALIFIC
NOTASELABORATE ASIN*APANORTHE %5 BUTWILLLIKELY BEINSPI
DETAILED INFHIGINREIAL DEVELOPMENT OF &.3& WITH TARGET DOSES |
STEELDESIGNS BECAUSE SUCHSTEELS ARE AHEAD INTECHNOLOGY |
STEELS AND ORACOMBINATIONOF 2!1&- /$3 STEELSISANTICIPATED E
PRELIMINARY STRATEGY SUGGESTSAPROGRESSIVE INCREASEINTH
DESIGNED USING ADVANCED 2!&- STEELSOR /$3 STEELSIN THE LATEF
THEDESIRETO OPERATEAFUSIONREACTOR AT HIG H E R=TIERFPPEENDA NIGR
UPONTHE PROGRESSINTHEDEVELOPMENT OF STEELSOPTIMISED FC
INFLUENCED BY UNCERTAINTIES IN ,4(% BEHAVIOUR ATLOWER TEMPE
HIGH TEMPERATURE PERFORMANCE SUCHAS/$3STEELS AND NEWEF
53 LIKE CASTABLE NANOSTRUCTURED ALLOY #.! ONWHICHNONEU"
#OMPARISONOF THE TENSILE PROPERTIES OF NEUTRON IRRADIAT
INTRUE STRESSUNITS WHERE REGIONS OF UNIFORMPLASTIC DEFOF
DEFORMATION CANBE MAPPED ASAFUNCTION OFd RRADHOWE NNI R DAL
4HE TRUE SLREDEATNED AS THE PLASTJLC; INS TABVIHIMOHI BROEANSS TAN T
GIVEN STEEL INDEPENDENT ©F4bhEl SEFFEONINEBE THE TRUE STRESS
TOWHICHAMATERIAL SHOWS UNbEGRM P EAIST:ICITREMSSIEGNGI AB THE N
DOSE AND ARPRDREBBSACITY TOUNIFORMLY DEFORM REDUCES UND
o97=00)a NOUNIFORMDEFORMATIONOCCURS AND THE MATERIAL SHO\
AT YIELD AHE DOSEAFWHISHHE CRITICAL NEUTRONDARNE GICIN S PINGS
YIELD )FDOSE $C THE WORSTCASE SCENARIOOCCURSBECAUSE 2!
DUCTILITY ALTHOUGH SIGNIFICANTPOST NECKUMERBDR S IWAILYFESE OF
BEENHISTORICALLY OBTAINED FOR #R STEELSDEPENDING UPON TF
'ENERALLY $CFOR &-AND2!&- STEEASIRANCBRABERWEEN = WHICH
ARE EXTREMELY SMALLDOSESTOLOSEUNIFORMPLASTICITY COMPA|
LIKE)4%2 $%-/OR &.3& 4HEREFORE ALLOYDESIGNING SHOULD TAR
SEPARATIOMN BENGMLEENTHAT THE MATERIALS CAN MAINTAIN ARELATI\
AND UNIFORMDEFORMATION CAPABILITY AFTERIRRADIATION RESUL
4(% 4HE IMPRO\EWEEHNONBLINNOT BE ACHIEVED AT THE COSTWOHIS H IS H
OFTEN THE CASE FOR RELATIVELY HARDER 2!&- STEELCONCEPTS SUC
IMPROVE THE HIGH TEMPERATURECRBEP\WPERAGIRMARTION MAY BE U
HIGH TEMPERATURE PROPERTIES SUCHAS CREEP STRENGTH ARE OF
YN ,4(% SCENARIOS IRRADIATIONHARDENING ISACCOMPANIED BY
ISNECESSARY TOENSURE THATSTRAINDUE TO APPLIED STRESSES D
SECONDARY &7 "LOADING CONDITIONS DO NOTEXCEED=-THEREMRIN I
PROBLEMWITHALL &- AND 2!&- STEELS IS THE SEVERELOSS OFUNIFO
SEEFIGUWREFTER )4%2 4"- RELEVANTIRRADIATION CONDITIONS THE
STEELS SUCHAS %YUROFER OR& (ISNEGLIGIBLE TYPICALLY W
%UROFER PRODUCEDUSINGNON STANDARD MANUFACTURING PRO
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&IGURBSS OF A UNIFORMELONGATIONAND B TOTALELONGATIONOFNEUTRON IRF
CONVENTIONAL #R &-STEELSAND CERTAINyrR #R NSERDE EDMMEEES BGRNG DATA |

; = -ATTERS AREWORSEWHENTESTTEMPERATURES AREHIGHERE
LOWERUNIFORMTENSILEDUCTILITY ATELEVATRELDRKESY D8P D RDATNA
STRAINAGEING $3A RESULT THE5% REDUCESTO EVENLOWER VALU
ATCOMPONENT RELEVANT ELEVATED TEMPERATURES ;

JNGENERAL THELOSS OF %D UETO VAHRWSHEANRP WITH ADRASTIC I
LOW ASn DPA ANDATTAINS SATURATION AT ViEB ¥ A CFWGARR ELEES /
THERE ARESOMEUNCERTAINTIES REGARDINGTHE EXACTDOSESTO /
ARE THE SATURATED 5% VALUES ANDITISCHALLENGING TO PROPER
IRRADIATIONTEMPERATURES ANDTESTTEMPERATURESBETWEEN DI
STEELSISTHATTHES% IS ALMOST NON EXISTENTWHENNEUTRON IRF
4rR #n # A4HE TOTALELONGATIONS AND EFRACABRERITRRAM N BARE
AROUNDn DPA ANDTYPICALLY SATURATE BEPWHHRSBJREBEROM A
POWER PLANTDESIGNPOINTOFVIEWSUCHASTHEDESCRIPTIONSIN
COMPONENTSOR 2## -2X PLASTICFLOWLOCALISATIONDUETOPLAS"
2!&- STEELS IS RELATED TOWHCBPEDBDEFBNI,S THE FIRST FAILURE MO
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100 ; ; ; —
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3] T -0 - F82H As Quenched
.g 40 - éﬂ'/ﬂ?r.; o ’Bﬁ g» Qgccr;.ljm;»vx Quenched i
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¥ & ; 9Cr-3WVTa (LA13Ta) :
304 7% - - MANET-Il
: i : T = RT 1
P Eu.97 Eurofi iant:
20 oot | © Eu7 Undoriompered || 4
a) : : Eurofusion variants :

&IGURECKING DEFORMATIONINNEUTRON IRRADIATED 2!&- AND CONVENTIONAL &-S°
IRRADIATION DATACOMPILED FRGMB 3CANNINGELECTRONMICROSCOPY 3%- RES
DUCTILE FRACTURE SURFACEOF %YUROFER STEE4{NV¥ARIANT#RRADIATED IN (&)2TO

EXHAUSTION INDUCED LOCALFRACTUREISTHE SECOND MODE OF CO|
ELONGAFI@GNE SECOND MODEOFDEFORMATIONISTYPICALLY NOT AN
BECAUSE THEY RETAIN SUFFICIENTEFEHFEGEGBIFORAND HIEEDISGLAETFANSJ RE
DUCTILE (OWEVER FAILUREDUETOIMMEDIATEPLASTICFLOWLOCA
FOR'EN ) 2!&-STEELS ;)T SHOULDBENOTED THATTHE MAJORITY OF 2
FROM %UROPEANPROGRAMMES ORIGINATES FROM GMLIINDNREOARGN L
IRRADIATION PROGRAMMES INTHE 53 AND *APANHAVEHISTORICALLY
DIFFERENCESINSAMPLEGEOMETRIES MAY AFFECTTHE MEASURED E
&ROM SMALL SPECIMENTESTTECHNIQUE STUDIES THEDIFFERENCE!
VALUES AREREASONABLY COMPARABLEASLONGASPIN ORSHOULDE
TABGRIPPING SHOULD BE AVOIDED 4HE STRENGTHVALUESESTIMAT
CYLINDRICALSPECIMENS AREROBUSTANDDIRECTLY COMPARABLE

0OST IRRADIATIONNECKINGBEHAVIOURIN ,4(% REGIMEIN 2!&-ST
(IGHER TOTALELONGATIONSASCOMPAREDTOUNIFORMPLASTIC STF
PRIMARY DUCTILITY REMAININGINTHE MATERIALISNECKINGDUCTIL
INAREA 2! VALUESTHATREMAIN GENERALLY HIGH DIPYAP WA LILE VALWU

ARE REPORTED FORDPA B/BIHENTO#n # FIGURE -OSTTENSILE FR/
AREDUCTILECUP AND BON£EHEPESFIGEHBEKING STRAIN AND 2IDECRE.
COMPARED TO NON IRRADIATED 2!&-STEELS BUTTHISDECREASE IS
$ESPITESEVERELOSSIN5% THE SUFFICIENTLY HIGHNECKINGDUCT
STEELS @EMBRITTLED BY ONLY UNIAXIALTENSILETESTING ASIS OF
TECHNICALLYINCORRECTINTHE ABSENCE OF &4 DATA )NOTHER WO
DUCTILITYBUTNOTEMBRITTLEMENTDUETONEUTRONIRRADIATIONES
MODE TOBRITTLE FRACTURE A TAHRS (RRIAOWASTTEIR T &EHELRDF AS QUE!
STEELSISTYPICALLY MUCHLOWER LESS THAN ASCOMPARED TO I
FLUXISOTOPE REACTORIRRADIATED (&)2 RESULTS ON %UROFER V
PRODUCEDBY UNDER TEMPERING CANALSOBEQUITELOWRAEH ASL
4HISFURTHER SUGGESTS THATINTHE ABSENCEOFHIGHS5% IN 2!&- ST
BEING TAILORED FORIMPROVED HIGH="WEIMPEERFORM PROCMAFRERTAE S O\
WHERE ,4(% IS ACONCERN
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&IGURRRADIATION HARDENING MEARSOREER S GEGMCREAEE SIS IN 2! MEASURED ASTHE D
IRRADIATED ANDNON IRRADIATED SAMPLES OF SOMELOWDOSENEUTRONIRRADIAT
; = COPYRIGHT WITHPERMISSION FROM %LSEVIER

; T
i [DBTT (Charpy V-Notch)
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250 o Optifer
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%) 4 © [Toq (M3CWN)
g : ? FB2H-IEA
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Irradiation temperature (°C)

&IGURE44 OR &444 OF NEUTRON IRRADIATED 2!&- ANDP#3 PATRCKENRP ISHEEEROM ;
= - #6= MINIATURE NOTCHBEWRBARRAEZKED #HARPYDE NOTCMPRLAT TENSION

,OW DOSE DPA NEUTRON IRRADIATED &- ANDRE&-ORTTEHL DHAATA
HARDENING ANDLOSSIN2!DUETO ,4(% MAY B E $NW BRRETLRENDRIS EALLAST
SPECULATED REGARDING LOSS4ANBESAARMPROSBIINT2ZO,CONVENTIONAL"®
THATSTEELS PERFORMINGBETTER AFTER IRRADNATIONMANVTERUBY QF
RELATIVELY POORPERFORMANCE FORPROPERTY CHANGESRELEVAN
DEFORMATION 5% MIGHTBE SENSITIVETO MATERIALPARAMETERST
IRRADIATION EVENTHOUGHBOTH ARE MEASURESOFDUCTILITY (IS
WIFTEEAND 5% AFTERIRRADIATIONBECAUSE OF THE UNIAXIALITY VERS
DATAPOINTS ARENEEDEBNDO FPERIAYATHEISISRIREULATION )N GENERA
MATERIALS IRRADIATEDDUCTILITY THES% 4% AND 2! VALUES SHOU
BETTERELABORATE THE KEYUNDERLYINGMECHANISMS RESPONSIBL
CLASSOF MATERIALS

JRRADIATIONEMBRITTLEMENT OF 2!1&- STEELS
$UETOTHE ,4(% PHENOMENON THE $"44 MEASURED USING #HARPY IV
TRANSITIONTEMPERATURES &444 MEASUREDUSING &4 TESTS INCR
FIGURECCOMPANIED WITH A REDUCTION IN UPP ER=S KD RFDICOS.LEGHANSELX
n DPA ASIGNIFICANTINCREASEOF $"440R &444 CANOCCUR SOl
UNDER TEMPERED STEELS ANDTENDSTOBEMUCHHIGHERPHAN 24 F
AHIS EMBRITTLEMENT4&GMOSTHREVERE SGBRWN INFTGURE INCREASE |
THE SHIFTIN $"44 INCRE A SEBPSMHANRIP T E NUPSTDO S AU RDAPTAE WRHOON D
GENERALLY CORRELATESWELLWITH SATURATIONINHARDENINGDET
n DPA $"44SHIFTSAS#HIGNASCUR IN 2!&4 R EEI#ST&HERNCREASE
$"441S GENERALLY MUCH/#AMD AERIDBANO $"44 IkRFT OFOCURS FOR
BECAUSEOFTHE RELATIVELY LOWDENSITY OF IRRADIATION INDUCE
#OMPARED T TO CONVENTIONAL &- STEELS THE $"44 SHIFTOFIRRADIA
HIGHLIGHTINGBETTER &4 PROPERTIES OF THE CLEANREDEREMRICH |
DPA IRRADIATED 4 STEELCANSHOW/A;$"448HIEE ABHSAMEFOR ¢
OR& (REMAINS MUGH BIMABOEELS ALSOPERFORMBETTER COMPARE
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&IGURERRADIATION EMBRITTLEMENT OF 2!1&- CONVENTIONAL &- AND/$3 STEELS SHO
NEUTROHMBOBBSTER #URVE PROVISIONAL REFERENCE &444 $ATAUSED FROM|;

MATERIALS SUCHAS REACTORPRESSURE VESSEL 206 STEELS WHIC
EMBRITTLEMENMIELEAR TO 206 EMBRITTLEMENT SCENARIOS THE SHIFT
CORRELATES ALMOSTLINEARRYCWIKBHRNNVMNCREASEDREGGSESTING AS
FIRST ORDER APPROXIMATION THAT EMBRITTLEMENT RESULTING IN |

$IFFERENCESBETWEENTENSILETESTS SHOWING LARGELYDUCTIL
SHOWING EMBRITTLEMENT SHOULD BECAREFULLY ANDCOLLECTIVEL
TENSILETESTS THEREISNOSTRESSCONCENTRATORINITIALLY SUC
NOT CONSTRAINED !SARESULT THE MATERIALHASTHE MARGINTO L
LIMITISACHIEVED (OWEVER UNLIKEINTENSILETESTS HIGH STRES
DURING &4 TESTING 4HEREFORE THE MARGINTO REACHFRACTURE ¢
INMUCHLESSDEFORMATION OF AMATERIAL BRITTLEFRACTURES /
INCORRECTLYINTERPRETING AMATERIAL SFAILURE MODE ASDUCTI
FRACTUREINANIRRADIATION ENVIRONMENT &4 TESTING IS PARTICL
AND FULL SIZECOMPONENTS MAYOFTEN HAVEIMPERFECTIONS THAT
CONDITIONS

4(% COMPARISON 2!&-VERSUS/$3STEELS
, I TERATUREONTHE MECHANICALPROPERTIESOFNEUTRON IRRADIA
7ITHRELATIVELYLIMITED DATA ITISSTILLEVIDENTTHAT/$3 STEELS
AND LOSSOFTENSILEDUNDIUHE SYBEERTURIESTY TO ,4(% OF /$3 STEE
DEPENDENTSEBOBMKREHAT #R BASED/$3 %YUROFER HARDENSALMOS
2!1&- STEELS FORDOSES DPABUTMAY HARDEN SIGNIFICANTLY MORI
;= &OR #R BASED -! &RENCH).#/ AbL DY ABBAIIGAGEEISTS COMPARA
LOWER HARDENING ASCOMPARED TO THE D I'FIHFHEREXNTEN & -CS-THAR VRARI
SLIGHTLY LOWER THAN %YUROFER BUTCOMPARABLETORPA EXNEYSIC
FOR #R BASED 974 ADLOWCH LOWDOSES HARDENING IN FTBAS MATE
FIGUREITHALMOSTNO CHANGE REPORTEDINTENSILEDUCTILITY OR .
STEELS EXHIBITED PRONO &ENYNEDH &(ABSEMNEIETGE MEDIUM TO HIGH DO
UNDERSTANDING OF 974 SSUSCEPTIBILITY TO ,4 @ #FSSAANFAIMENT | O N (
QUESTION )TISGENERALLYCONSIDERED THAT RADIATION INDUCED
MATERIALS SUCHAS/$3STEELSBECAUSE THE NANO DISPERSOIDS A(
THE OVERALL DEFECTSUCGWREYEAERURAE DDADR BOFIKGIBBE%UROFER ANI
STRENGTM ALLOY -! SHOWS THAT/$3 STEELS CANALSOHARDEN S
COMPARABLETOORHIGHER THAN 2!1&-STEELS DEPENDING ONTHE A
SINKSTRENGTH THAN -! BUT WITHIN THE @8ANHE ORDER QB MAGNKEW
MAY ALSOBEHAVEINAQUALITATIVELY SIMILARMANNERTO -! WITH
DESIGNED BASED ON A CEORNKERNRRATED &E

2ECENT RESULTSUSING6ICKERS MICROHARDNESS INDENTATIONT
SUGGESTTHAT SIGNIFICANT RADIATION INDUCED HARDENING IN THI
TEMPERAMAAKRRE S#n # AND MAYBEEVEN DERBNDING UPON THE MATER
FIGURE S$ATAAREPLOTTED FOR #R BASED -! #R BASED 974
0- THAT WERE IRRADIAA®ED BHOWHENDOSE RANGBDORA #OMPARED T
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(a) : Neutron i‘:r:g;i:a:dr
= 500 : ODS and RAFM steels
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-50
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Irradiation temperature (°C)
&IGURERRADIATIONHARDENINGIN/$3ALLOYS A 6ICKERSMICROHARDKBSI®AFTER
n DPA 2ESULTS AREREPORTED FOR -! ).#/ ALLOY 974 #4GEBBDIFCAOVANDES AR
ANNOTATEDINTHE FIGURE &0RCOMPARISON HARDNESSRESULTSFROM& ()%! &
IDAPTED FRROMITH 2!&- DATAPOINTS ADDED BRINNCREASE INYIELD STRESS OF SEVER#

&En#Rn!L BASED /$3 STEELS DEVELOPED IN*APAN AFTEBMNAE RERG®NNRRABRAOMON IN *
COPYRIGHT WITH PERMISSION FROM %LSEVIER

NON IRRADIATED CONDITIONS THE #H&AR D NE S® WWERER SNEDMAJCRRPR F
IRRADIATED HARDNESS SEEMS4[g&g OC @URIGNURKEE SSEQIRT EE S FOMRE
REDUCTIONINHARDNESS OCCURS ESPECIALLY FOR -! BUT THE V/
MATRIXHARDNESS OF ALLTHREE /$3 STEELS /NEOFTHE WELL KNOW
HARDENINGIN/$3 STEELS WAS REPORTEDIN*APANONAVARIETY OF .
+ + + + AND+ /$3 ALLOYSTAFTERIRRADIATIONSINTHE *APAN -AT
DPA AN® AND #; = 4HEINCREASEINYIELD STRESSOFTHE
MATERIALS AFTER ROOMTEMPERATURETENS AUE IBREWIHNESRARE COME |
SHOWED HARDEANANG A 4AHE HARDENINGBEHAVIOUR WAS MATERIAL |
HARDENING WAS REPORTED INALLOYSWITHHIGHER #R CONCENTRAT
ALSO SHOWED SOME REMNANT HARDENING IN #Rn L + AND #Rr
# 4HE AUTHORSCONCLUDED THAT WHILEHIGH TEMPERATURE HAI
EMBRIGTEONRGIATION !LADDITIONINCREASED THEIRRADIATION HARI
FIGUREE 4HE RESULTS OF HARPERNWNGAATTFAIGINERY CONSISTENT BET)\
/I$3 ALLOYS IRRADIATEDIN*-42 TOLOWDOSES DPA ANDTHREE /$
OFDOSES n DPA )RRADIAFI®ONIHARRERONRG BD IN */9/ REAARCTOR
/I$3 STEELSBETWHEMNAs 4HE UNEXPECTED HARDENINGRIDR/$3 STEELS
4irr #n #ISCONTRARYTO THATIN2!&-STEELS WHEREDRASTICF
OCCURSATHIGHERTEMPERATURES AND HARIRERNINBNALMWITHCAMP L
TENDENCY FOR SOME SHRGHT SF\OFTENSEE FCORURERDEPENDENT RADIA
HARDENING SCENARIOOF/$3 STEELSREQUIRES CAREFULFURTHERI
PROPERTIES ASARESULTOFRE#MNARAEAMRDENINGRDENONG OF /$3 ST
#n #POSESATHREATTOTHE RELEVANT ENGINEERING PROPER
OPERATING TEMPERATURELIMIT OF /$3 STEELEBASEHRRENTE YIS OREIEBSL
MAY HAVETOBEINCREASED TOHIGHERTEMPERATURES -ICROSTRUC(
CONTINUETO HARDENUP TO SUCHHIGHTEMPERATURES THIS IS DIS(
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JNTERMS OF POST IRRADIATIONTENSILEDUCTILITY THE 5% AND 4
HOWEVER THEBEHAVIOUR IS MATERIALAMHEPEB DENRTOFNERY IBENAVE &
IDENTICALTO 2!&-STEELS WHERE THE 5% REMU (FEESRSIEVEREAS T O W A

DPA 4HEREAFTER THE 5% SATURATESATTHELOWER VALUES AND
DATAUPDPAAT# SHOWS MUCHHIGHER POST BRERADHENE DASNDVALUES
COMPARED TO 2!&=SMEEBSTH 2!&- STEELS AND -! SHOW A SIMILARL?
HIGHER NEUTRONDOSES A DSASWREESFOGURBENS THAT WHILE 2!1&- ST
TEMPERED MARTENSITIC #R/$3VARIANTS ALMOSTCOMPLETELYLO
QUICKLY n DPA FULLYFERRITIC/$3 STEELSLIKE -! LOSETHE 5%
RADIATION HARDENING OF ALLOYS LIKE -! THEY STILLSHOW SUPEF
MARTENSITIC 2!&- STEEL VARIANTSORTEMPERED MARTENSITIC/$3 S
-1 AND /$3 %UROFER THEDIFFERENCEINDUCTILITY MAY ALSO OR
INCLUDING DIFFERENT CHEMISTRIES PROCESSING ROUTES GRAIN M
ANDDIFFERENTDISTRIBUTIONS OF OXIDEPARTICLES 4HEIRRADIAT]
HIGHDOSE NEUTRON IRRADIATIONS REMAINS TOBE QUANTIFIED IN T
NOTED THATTHE MOSTIMPORTANT PROPERTY REQUIRED FOR &7 " ST
THICK WALLED NATUREOFTHE COMPONENTS &0R OTHER ENVISAGEI
THIN WALLED FASTREACTORCLADDINGTUBES &4 ISNOTTHE PRIMAI
DUCTILITY OF MATERIALS SUCH AS -! BEFORE ANDAFTERNEUTRON
PROPERTIES FOR &7 "OPERATIONSBECAUSE THE &4 OF /$3 STEELS IS
MARTENSITIC &- STEELS DETAILEDBELOW )NOTHERWORDS AMAT
AFTERNEUTRONIRRADIATIONINTERMS OF 5% AND 4% VALUES BUTT
&4 /$3 STEELS LIKE -! AREACLASSICEXAMPLEOFTHISBEHAVIOUR
OPERATIONS ASDEFAREDINONGNURESSEL COMPONENTS AREUNAVOI
TARGETDEVELOPING/$3ALLOYSWITHIMPROVED &4 ALONG WITH BET
ISNOTNECESSARILYLINKEDTO TENSILEDUGTTMIMH BGENERRNDE MI
MOSTALLOYSTYPICALLY SHOWING POOR &4 FORHARDER MATERIALS
BENOTED THATTHEELONGATIONPROPERTIESOF/$3STEELS CANBE
MEASURED ALONG THEEXTRUSIONDIRECTIONWHILEINFERIORPROP
UNDERSTANDING OF THE TENSILEDUCTILITY REDUCTIONOF/$3STEE
REQUIRETESTINGINBOTHDIRECTIONS"™WHICHISUNFORTUNATELYN
&OREXAMPLE ALL-! TENSILE SAMPLENEUTROMN)RRBADIARINDINS IN "
(&)2 REACTOWERE PERFORMED ON SAMPLES MACHINED ALONG THE E.
CASESCENARIOFORDUCTILITY INOTHERMAJORDIFFERENCE BETWE
2I0F THELATTER 7HILE 2!&-STEELS SHOWHIGH NECKINGDUCTILITY
AND 2IREMAINING AFTER DOSES AS HIGHHEAISOCBPANBHC&INREDEFOR!
STEELSEVENINNON IRRADIATED CONDITIONSISVASTLYINFERIOR !

974 ALLOY RANGES BEDWEENITH THE PERFORMANCE PROGRESSIVE]
TEMPERATURESBETWEEN Z4APWNDHE LACKOF NEUTRONDATA ITISUN
SPECIFICALLY ,4(% MAYFURTHER WORSENTHENECKING BEHAVIOUR

/$3 STEELS GENERALLY PERFORMPOORLYINTERMSOFIMPACTOR
WHENCOMPARED TO 2!& ABEALSO MENTIONED INTHE PREVIOUS PARA
PARTICLE ADDITIONIN/$3 %YUROFER WORSENSTHE $"44 AND REDUC
REFERENCE %YUROFER 4HE &4 OF -! AND EARLY GENERAFIQNS OF
FACT THEIMPACT PROPERTIES SUCHASTHE $"44 OF/$3 STEELSINTL!
VALUES TOIRRADIATED 2! &-43TEBEHEHROREETHEGIWIRRAPPLICABILITY ASTH
NUCLEAR ENVIRONMENTS WHERE IRRADIATI@NTRHMBERANG RIE % ARENM
OPENQUESTION )MPROVEMENTSINNON IRRADIATED &4 HAVEBEEN |
OPTIMISATIONFOR 974 AtLO¥8H@LDS PROMISETODEVELOP TOUGH
STEELS BUT SUCHALLOYSREQUIRENEUTRONIRRADIATIONTESTING
SUGGESTSTHEUPPER SHELFENERGY OF &En#R BASEDPBECOER NECKI
OF /$3 ALLOYSDURING TENSILETESTINGISLIKELY ANINDIRECTINDIC
PROPERTIES IFTERNEUTRONIRRADIATION PROPE®PASHARE2MATER
IRRADIATIONS ON 974 SHOW NO APPRECIABLEEFFECTON&4 MEASU
BYSTEMATICHIGHERDOSE DATAARENEEDED FORTHIS ALLOY TO CON
SHOWALARGEINCREASEIN $"44 DUENTOD\PEAJHF ROM IRRRADNBTIIIOENS " 4 4
REDUCES PROGRESSTWVOEEYHWODWEHVER ITNEVERFULLY RECOVERSTOT
SEENINFIHIBES DIFFERENT FROMTHE BEHAVIOUR OF 2!1&-STEELS W
4irR #n # 2EGARDING -! DPAHRRADIATION CBAHTAWIS ANGEODRERE M E |
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$"44 SHIFT # DUETONEUTRONIRRADIATION#NWS CH MR A SEDFTOFTOHE
2!1&- STEELSLIKE& (OR%UROFER WHENEXPOSEDTO SIMILARDOSI
NOTIMMUNETO ,4(% AND DEPENDING UPONTHE ALLOY SYSTEM THEI
UNDER NEUTRONIRRADIATION CANBE WORSETHANTHATOF 2!1&-STE
NEUTRONIRRADIATED PROPERTIES OF/$3 STEELSISSTILL MUCH SMA#
ARETYPICALLY MUCHMORE COMPLEX CONSISTING OFWIDELY VARYI
TO n #R BASED 2!&-STEELS &0ORABETTERUNDERSTANDING AND Q
MORE SYSTEMATIC FUTURE NEUTRONIRRADIATION EXPERIMENTS AN
SUSCEPTIBILITY OF DIFFERENT/$3STEELTYPESTO T THEIMPORTANT
WELL KNOWNRESULTSIN 2!&-STEELS

OOTENTIALCAUSESOF ,4(%
!SEVIDENCED INTHE EARLIERSUBSECTIONS THERE ARE MANY ASPE!
ASPECTS ARETHE FOLLOWING o4 IBCIREASERN HREBDNESECANDITY M
C DETERIORATIONOFLOCALNECKINGDEFORMATION BUTNOTOQUIT
PROPERTIESEVIDENCEDBY INCREASE IN $"44 AND REDUCTIONIN UPF
THESE PROPERTIESISINTER RELATED "UTDESPITEDECADES OF RE:
OF HARDENING EMBRITTLEMENT NOTONLY FOR 2!&- /$3STEELS BUT
&ROMTHE ANALYSISOFTENSILETESTS ONCONVENTIONAL &-AND 2!&
DEFORMED SAMPLESITAPPEARS THAT PLASTICINSTABILITIESDUET
CHANNELING=;AND THISISTHE REASONFORTHELOSSOF5% (OWEVE
STRESSNTRUE STRAINUNITS SUGGESTTHATTHE PRIMARY EFFECT OF
STRAIN HARDENING CAPACITY ORREMBIERNGUN HIGHER STRENGTH Al
FAILURE WHILETHETRUEFRACTURE STRESSES REMAINSOMEWHAT
WHENs093 ; = SEEFIGHIRSEEINFERENCE IS STRENGTHENED FROM OBSE
STRESSNTRUE STRAINCURVES OFIRRADIATED &-STEELS OVERLAP W
THE RIGHT/HICHPHENOMENONISTHE DOMINANT MECHANISM IS AN Ol
POINTOFVIEW MICROSTRUCTURALFEATURESTHATOBSTRUCTDISL
HARDER MATRIX THENRESULTSINLOWERDUCTILITY "ASEDON THIS |
2!1&- STEELS IS HISTORICALLY ATTRIBUSEBHIGADRBWEWYERONLOOPS;
IRRADIATION INDUCED SOLUTE NANOCLUSTERING CANPLAY ATREME
CONVENTIONAL &- AND 2!&- STEELSTHATSHOULD NOTBEIGNORED !¢
&EN#R ALLOYS SHOW THAT IMPURITIES SUCHAS .I 3 OTHATFORM #R
FURTHER CONFTRIBCREABHHHHE FORMATION OF #R-N RICH CLUSTEF
LOOPS COUPLEDWITHCO SEGREGATION OF 31 AN&O RAS BEIPBRN TNEL
IRRADIATEDnFRXCPMA AT#n #, = SEEFI®BURBIMILARLY & ( )%!STEEL
SHOWED ENHANCED HARDENINGDUETOIRRADIATION INDUCED HETE
DISLOCATIONLINES LOOPS AFTER (& 2PMEAUTERPIG LRFREADFATIONS TO
JNTERESTINGLY NO#R RICHCLUSTERING WASDETECTEDIN& (COM
REMAINS TOBE SEENATWHATDOSE#R STARTSTOENTER SUCHCLUS'
ALSO RECENTLY REPORTED INNEUTRON #RKRADFORBDA EFIFON -NDB CBH1ANE
SOLUTE NANOCLUSTERING OF MINORALLOYING ORIMPURITY ELEMEN
STEELS BUTJUDGINGBY THE %UROFEIR | ANDI® ENREHAIT-NINSFAGB R
ROLEOF-NINTHEFORMATIONOFDELETERIOUS EMBRITTLING PHASE
;7 n = JNADDITIONTO -Nn3In.In0 RICHCLUSTERING THE SEGREGAT
EXPERIMENTALLY KNOWNTOOCCURINBCC &En#R BASED STEELS Wl
HARDENINGINTHESE MATERIALS ;

2EGARDING /$3 STEELS THESE ALLOYS AREPRWIARIBX SIEGHIAR ER |
AND CONTAINNUMEROUS OTHER ELEMENTS I-N YM RM ENNGORR IGRAROARDT AT ¥
CONDITION /$3 ALLOYSTYPICALLY CONSISTOFAHIGHDENSITYOFU
FIGURE OWING PARTICLE ADDITIONDURING BALLMILLING !FTERIR
KNOWNTO FORMIN/$3 STEELS THAT WRB L GAESH S§IAROANIOIN L BIGRIRE
IRREGULARLY SHAPED BECAUSE OF THE PRESEGIIEI G H HINFCDTNHANO D |
NANO DISPERSOIDS MAY AFFECTTHE GROWTHOFLOOPSBY ACTING A
THEMOSTIMPORTANT FACTORINTHETEMPERATURE RANGE OF FUSIC
EMBRIGIRREEGIPITATESUNDER  THERMA# BBBERNGT WEEMENKINOWNEUTR
SEEFIGOGREN = 4HERADIATIQNFERNMANCE®IS THE MAIN REASON FOR
DETECTEDINTHE /&3 STRNHIHEF®OR #R TEMPERATURE RANGE ; =
&OR (&)2 IRRADIATED -!a° AE\BIOEM CEAXDS PROVIDED INRDGUREING
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Si, Mn clusters
+ Cr atoms

g 4
2 o e
FRCA 'V

(a) F82H-IEA, ~4.5 dpa/300 °C, HFIR
SiP clusters
+ Mn atoms Cr clusters

49x48x140 nm?

(b) Eurofer97, ~15 dpa/330 °C, BOR60

&IGUREUTRONIRRADIATIONINDUCED DISLOCATIONLOOPS AND RADIATION INDUCE
THAT CANCONTRIBUTE TO HARDENING A ,OWANGLEANNULARDARKFIELD 34%-1MA
ISO CONCENTRATION ANALYSIS SHOWING -Nn31CO CLUSTERINGONDISLOCATION LI
~ DPAAT# ADAPTED FROBM!TOM PROBE ISO CONCENTRATIONANALYSIS SHOWING #
%UROFER IRRADIATEDPMAZ# REPRINTEDFRIOWYRIGHT WITHPERMISSION FR

MULTIVARIATE STATISTICAL ANALYSIS -63! OFHIGH THROUGHPUT S
34%- ENERGYDISPERSIVEX RAY SPECTROSCOPY %$8 DATAANDB
o® INDUCED HARDENING AND EMBRITTLEMENT IS ALSO REPORTED FOR
7 =ANDHEMAL= 4HE OBSERVEDINCREASEINHARDENINGWITHINCRE
*-42 IRRADIATED /$3 STEELS ¢$BEGAUS K ALFFORNER DAONIS EXPECTED \
INCREASEIN#R CONCENTRATION FOR#R CONCENTRATIONS ASHIGH
EXPERIMBWTLTSE FORMEVEN AT HIGHER TE M REBREACTAURSEES SGURCEHAAT IELROTYHB AW
THE MISCIBILITY GAP OF THE &En#R2AHDASEIDINER®RMAEEIDDN IS ALSO F
FORFASTFLUXTEST FACILITY &#&4& DRRADIAMMEDXIFAST REACTOR IR
-1 # DPA ANBE DPA = AMMDNDUCED HARDENING AND EMBRIT"
FOROHNIXIRRADIATED #R BASED $9/08 STEMAD 9n

/n 'L = 4HISISAWELL KNOWNC CHALLENGE IN CONGEBNTRA"
CAUSESOVERALLUNCERTAINTIESINTHETHERMO MECHANICAL PROI
ADDITIONTHE EXPERIMENTAL RESULTS ALSO SHOW IRRADIATION IND
FORMATIONOFOTHEREMBRITTLING PHASES OFDIFFERENTELEMENT
&OREXAMPLE OHeNIXFASTREACTORIRRADIATIONS ON # R HYSSET E |

&En #Rn 4ln -0 ; =FORMATION (&)2IRRADIATED-! SHOW
CLUSTERING OF .In4l RICHPHASES DUE TO NWU TRIDINS IARLRSADE X PIEDONT
4 (%

&OR &En#Rn!L BASED I(SESMBRATSLWMEINT REMAINS ANISSUE THER
IRRADIATION INDUCED ORIRRADIATION ENHANCED FORMATION OF D
SCENARIO E G O- ALLOY WAS SHOWNTO SUFFERFROMAHOMOGEI
NEUTRONIRRADIATED IN (&ANDO nDRRBRRA #n # = -OREOVER
#HEBTAL=CONCLUDED THAT ADDING!LINCREASEDIRRADIATION HARI
PHENOMENON AS REPORTED FOR O- YN FACT THE &En#RnA%Ln4l SY S
PHASEUPONTHERMAEAGHESNGUITE LIKELY THAT SUCHPHASE FORMAT
IRRADIATION THAT MAYLEAD TO OBSERVATIONS SUCHASTHOSE MAD
7THILEPRECIPITATIONIS RELATIVELY WELLUNDERSTOOD UNDER NEUT
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&IGUREA $OWN AXISBRIGHT FIELD 4%-IMAGE OF OXIDENANO DISPERSOIDSINA #

#Rn 7n 41n /9 FROM #%! AND B DISLOCATIONLOOPSINTHE SAME/$3 ALLOY A
~ DPAAT# ADAPTED FRGM @ PRECIPITATION AND .141CO CLUSTERING IN #R -1 )
NEUTRONIRRADIATED IN (&)REQEAIDEPIAUSING -63! ONHIGH THROUGHPUT 34%- %$8 M
)SO CONCENTRATIONANALYSISOF!04DATA SHOWNNG #R ROCHLUISTERERS IEXPECTE

NEUTRON IRRADIATED IN & WDINXPTEDRFROWNWE ISO CONCENTRATION THRESHOLDS WEF
N AT ;=

QUANTIFICATION OF PHASE INSTABILITIES ANDMICROCHEMICAL PHE
PRESENTLY NOTFULLYDETAILEDINTHELITERATUREFOR/$3STEELS
4(% IN/$3 STEELS ORESENTLY THECOMBINED EFFECT OF IRRADIATI
A& .In41 AND!'Ln4l CLUSTERING IS CONSIDERED ASAPOTENTIAL REA®
FEW (&)2 IRRADIATED /$3 AA LOYS=IMHIEBRERFEORE IT APPEARS THAT THI
EFFECTS THATSEEMTO OCCURINMANY OFTHE /$3STEELS AREASSO
WORKIS NEEDED TOEVALUATE PREFERABLE SOLUTECONCENTRATIO
# 40 MINIMISE THE DELE®REBNOM B IBNFGF HOWBERRF#R CON@ENTRMTIO]
/I$3 STEELSFORFUSIONAPPLICATIONS AREDESIRABLE SUCHAS IN/{
RECENTLY DEVELOPED #R BASED - - /$3 A+ LAHYESSIEERALIICGONEDAALTS/I2 R
CAREFULCHEMISTRY TUNING TO MINIMISE THE CONCENTRATION OF E
ENHANCE HARDENING EMBRITTLEMENT LIKE .In-Nn31ORI!Ln4l
JNADDITIONTO SOLUTE NANOCLUSTERING THE STABILITY OF THE |
IRRADIATIONIS CRITICALTOENSUREASATISFACTORY PERFORMANC
4(% RESILIENCE ANDOTHER IMPORTANTPROPERTIES OF/$3 STEELS
HIGH TEMPERATURE PROPERTIES "ECAUSE OXIDEPARTICLES ACT A
NANO DISPERSOID MICROSTRUCTURE WILL AFFECTTHE OVERALL RAI
TEMPERATURE RANGE FOR &7 "STRUCTURES 4HE OXID EHRVMGRBIHE NE S
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EXTENSIVELY RESEARCHED USING NEUTRONGNS; n =ANDELECTRO
IRRADIATIONSN AVARIETYOF/$3 STEELS %XTENSIVEIONIRRADIATI
/I $3 STEELS WHERE NANO DISPERSOIDS AREREPORTED TOBE STABLE
RANGES OF#2AND ION DOSEITSOFR @MW A ; n

= (OWEVER SUBSTANTIALLITERATUREALSOEXISTSOVERASIM
RANGE WHEREDETERIORATIONOFTHE OXIDE PARTICLESIS REPORT

= 4HE MAJORITYOFTHESE REPORTS TYPICALLY S|

DENSITYOFTHE NANO DISPERSOIDS WHILE IRRADHKAHAO N LN OHEH R
RADIATION INDUCED AMORPHISATION 2)! OFTHE OXIDE PARTICLES

= 4HISINCLUDES 2)INEAR24OF OXIDHPARUROCEERN #R /$3
7 =ANDELECTRONIC STOPPING POWER INDUCED AMORMHBEATIPN O
USING HEAVY IONS AT HEGHER ODEMPAENFOA DUREEESR SOIDS IS REPOMNTCE D |
$9/$3 STEELS # $ISSOLUTIONOFTHE NANO DISPERSOIDSUNDER CA
BALLISTICEFFECTSISALSOKNOWN ESPECIALLYATLOWERTEMPER/
IRRADIATIONS OF 974 ;

&ORFUSIONIN VESSEL APPLICATIONS THE STABILITY OF THE NAN
OFIONIRRADIATIONS ISOFPRIMARY INTEREST 3PECIFICALLY UNDE
NOTEWORTHYSTRUCTURAL DETERIORATION ANDCHEMICALCHANGE

n = &OREXAMPLE FASTREACTORIRRADIA
INOH-NIXOF #R $9 /$3 STEELBEAA WEEN DPA SHOWEDDISSOLUTION
REPRECIPITATIONOFTHE OXIDES LEADINGTO THE FORMATION OF A
ADISAPPEARANCEOFTHE INITIALLY HOMOGENEOUSDINMIBUTION C
DIAMETER SERARIGCQURES 4HE AUTHORSFURTHER REPORTED THAT T/
UPONIRRADIATION BE GAMRIRREESR) TAERE WAS 'L 41 AND9LOSS FRC
DUETO IRRADIATION WITHGREATERLOSS OEROTHENG@TARE EXMEM N

DPA #(&)2 IRRADIATED O- STEELSHOWS COMPLEXSTRUCTURA
OCCURRINGWITHINTHE PARTICLES"INCLUDING THEDEVELOPMENTC
TRANSFORMATION OF THE PARTICLESWITHDISTIN®OT EMBEDDED CRY

= 4HECRYSTALLINEISLANDS VISIBLE ASREGIONS OF RELA
HIGH ANGLE ANNULARDARK FIELD 34%-IMAGING ARELIKELY DISTIN
OXIDEPARTICEE/S3 %UROFER HASALSOSHOWNFORMATIONOFINTI
AMORPHISATION OF THE NANO DISPERSOIDS AFTERFASTNEUTRON I

#UPTO DPA REPORTEDSL=+THEREBXWSUGGESTING QUALITATI
OBSERVATIONSBETWEENRELATIVELY COARSE OXIDES OF O- VERS
-OREOVER !'!04 RESULTEFRAM/20GC OZRMADNATED /$3 WURODPRARALSO
SHOWCHEMICALCHANGESINTHE NANO DISPERSOIDSDUETO IRRADI
OF 6 ANDPROGRESSIVEINCREASEOF9 CONCENTRATIONHYPOTHESI!
DIAMETER = 3TRUCTURALDETERIORATIONINCLUDINGFORMATIONO
ISKNOWN FORNEUTRONIRRADIADTHEA ! . EUTRONIRRADIATION INDUC
STABILITY WASALSOSTUDIED IN -! AFTERIRRADIATIONSINMULTIP

= */9/IN *APANAND &&4& AND (&)2 IN TH®VFBLE NEW MICROSTRUCTU
ONGOING FOR -! IRRADIATEDANEKESULTS ARE MIXED 4HE */9/ IRRA
PERFORMED ATHIGHER TEMRRARAT #REBB BE& DNWPAENHIS RESULTED IN A
DENSITY REDUCTIONBY ABOUT HALFOFTHENON IRRADIATED PARTI(
DISSOLUTIONOF T THE NANO DISPERSOIDS MHETAUD HSPRABESEREEQE
PROGRESSIVEINCREASEINTHE AVERAGE SIZEOFTHE NANO DISPER!
THE NANO DISPERSOID MICROSTRUCTURE "UDRA&) 2# R(RHAR A T TENRS B
USING!04 DIDNOTSUGGEST A MAJOR CHANGE INOH+E PARTR & D EAST IZEN
ON -! AT RELATIVELY LOWER TEMFPPERRKRBURESO DPA ALSO SHOWEI
DECREASEINTHE OXIDENANO DISPERSOIDNUMBERDENSITY BUT NO
TEMPERATURES WHEREDISORDERINGDUETO CASCADEEFFECTS MA®
TEMPERATURES 4HEENTIRECOLLECTIONOFOHNIXIRRADIATED -!
TRANSMISSIONELECTRONMICROSCOPY 4%- SUGGESTS THATDIFFE
DIFFERENTLY"MORE SEVEREDISSOLUTIONOFTHE COARSE 41 RICHO
41 /| RICHPARTIGDIRSE&4& IRRADIATED -# # n DPA THE RESU
ARE OPPOSITETO THE */9/ ANDFORMEIXWAHARSTIREPORTED A SIGNIFIC/
NANO DISPERSOIDNUMBER DENSITY MEASUREDBY !04 ANALYSIS PO
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&IGUREBTRUCTURAL AND CHEMICAL TRANSFORMATION OF OXIDENANO DISPERSOIDS
IMAGES SHOWING DETERIORATION OF OXIDESIN $9/$3 STEEL VERSUS NON IRRADIAT
REACTOR"REPRINTEB FROMY;RIGHT WITH PERMISSION FROM %LSEVIER| D : SE
FIELD 34%- IMAGE OF NANO DISPERSOIDSINAO- ALLGY SRRKICIOGNERAST&F2ANTERK
CAVITIES WHILE ADJACENT SEMI AMORPHOUS REGIONSWITHINCRYSTALLINE AREA
WERE REPORTED FORCRYSTALLINEVERSUS AMORPHOUS REGIONS ;

THELARGER NANO DISPERSOIDS CAUSEDIBMHEIIS FAAER MERNATDG A'S ICOAND
THE NANO DISPERSOIDDENSITY REMAINED SIMILARTO  THE NON IRR/
BALLISTIC EFBEPMESQF THESE DISCREPANCIES ARELIKELYDUETO TH|
TECHNIQUES AREUSED FOR ANALYSIS SUCHAS!04 CONVENTIONAL 4
AND EACHHASITS OWN ADVANTAGES ANDLIMITATIONS 4HEREFORE
THEBESTWAY FORWARDTOBETTERUNDERSTAND HOW NANO DISPER
COLLECTIONOFDATAFROMTHELITERATURE PRESENTED ABOVE POII
/$3 ALLOYS CAN SUFFERFROM SIGNIFICANT DAMAGEDUETO NEUTRO!
THE ENVISAGED &7 "OPERATIONS 3UCH MODIFICATIONS OF THE NAN
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OVERALL RADIATIONTOLERANCE OF/$3 STEELS INCLUDING WDRISEN
; = &UTURE RESEARCHIS REQUIRED TO QUANTIFY ALINKBETWEE
NANO DISPERSOIDS AND ,4(% SCENARIOSINFUSION SPECIFIC/$3ST

4HEEFFECTOFHELIUM

SNCERTAINTIES REGARDING THE POTENTIALSYNERGISTICEFFECTS «
DEGRADATIONOFFUSIONIN VESSELCOMPONENTSISACRITICALISS
HIGH (EGENERATION RATEENVISAGED IN2!&-STEELSBY $ 4 -E6NE
PROPOSE THE )NTERNATIONAL &USION -ATERIALS )RRADIATION &ACI
FORTHE &USIONOROTOTYPIC . EUTRON 3OURCE &0 %F BEJINGNH LIMAANNA
OF(EINSTEELSTOMINIMISEITSDELETERIOUSEFFECTON MICROSTR
DEGRADATION MAY BEACHIEVED BY INCORPORATING HIGH SINK DEN¢

=ASCOMPARED TO 'EN ) 2!&-STEELS (OWEVER AFUNDAMI
OF(EON THE THERMO MECHANICAL PROPERTIESOF 2!'&-STEELS OVE
OPERATIONS IS NOTFULLYCLEAR WHILENEGLIGIBLENEUTRONIRRA
EXISTS 3PECIFICALLY FOR2!&-STEELS DEBATE STILLEXISTSONTH
PROPERTIES MEASUREDUSINGTENSILE #HARPY AND &4 TESTING R
VERY LITTLERESEARCHIS AVAILABLEONTHE EFFECT OF (EONHIGH -
2!1&- STEELSTHATIS RELEVANTFOR (EORDUAL COOLEDBLANKETDE:
SWELLINGINTHEINTERMEDIATETEMPERATURE RANGE UNDERFUSIO
UNCERTAIN 4HE MAINREASONFORTHISISTHELACKOF (EGENERATI
NEUTRONS IN MATERIALS TEST RiE ACAIRPRVE(E ODFRATIOBNNEXT SECTIONS
CHALLENGES ANDSTRATEGIESTO OBTAINFUSION RELEVANT (E DPA
WITHTHE CURRENTUNDERSTANDING OF THEEFFECTOF (EONHARDE

#HALLENGES TO OBTAINFUSIONRELEVANT (E DPARATIOSIN 2!&- S
JNTHE ABSENCE OF )&-)& OR &0.3 SIMULATING FUSION RELEVANT (E
MECHANICAL PROPERTIES FROM 2!&-STEELS REQUIREIRRADIATION S
FACILITIESORUSINGISOTOPICTAILORING Ol SREAECTIWNEREQEMBET
THEFISSIONNEUTRON SPECITANDMESUCH-AGHPDROATING OF STEELS W/
(E PRODUCING ELEMENTS SUCHAS .I RICHINJECTOR FOILS COATING
IRRADIATFOMBESE METHODS HAVE THEIR SPECIFIC ADVANTAGES AND
FOILS COATINGS METHOD (EGENERATCRRESSLOWNS BD THOMOEEQCESS -
SIMILARTOIONIRRADIATIONS &OR30.FACILITIES HIGHDOSES AR
MUCHHIGHER THAN FUSIKOMNR BSHEERNMGREEFOR CERTAIN EARLY 30. IRR/
OBTAINING CONSTANTTEMPERATURE IRRADIATIONS WITHAHIGH BE/
KNOWNTOOCCURTHATCANCAUSE TEMPERA FURBEHXERRRH OHNIS TDLU/RO
ISSUEISTHE FORMATIONOFTRANSMUTATION INDUCED SOLID SPALL
PROBE ANALYSIS THATACTIVELY MODIF¥ THEMICREONTIRUEFEFRE &I B\
PRODUCTSONTHEDEGRADATIONOF MECHANICALPROPERTIES CURF

&ORTHE ISOTOPIC DOSPHH N&SOTTEECHINHABHHE ADVANTAGE OF NOT MOD
ALLOYS (OS\EEISEARVERY EXPENSIVEISOTOPEWITHCOSTSTYPICALLY
-OREOVER THE ACHIEVABLE (E D A RRPIND SEAIREALIGHTEIDUIXOREACTOR
FIGURBOPINGWITHBORONCANPRODUCEHIGH (E DPARATIAHNDN -42
"CANISOLATETHE EFFECTOF (EFROMTHE EFFEWEY DR OHEWIEBRR M
REACTIONCROS3BERTIFOAPOBFBURN UPOFTHEISOTOPEINTHE FIRS™
CYCLEOFNEUTRONIRRADIATIONS WHICHINITIALEY'ORONEALS OEHEW
SEGREGATEHEAVILY ATGRAINBOUNDARIES DUETO WHICH (EFGENETF
-OREOVER COMPARED TO REFERENCE 2!&-STEELS THE ADDITION OF
MICROSTRUCTURESDUETO THE FORMATION Of QOARNR $E & E XRR"ADIE,
RECOILS NEEDSTOBECONSIDERED ANODOREERNBIMNIGQN ONMTHEDD ED
NEGLIGIBLE;4HE ADDITIONOF .I TO 2!1&-STEELS ALSO STIMULATES (E
IRRADIATEFONMMAJOR ADVANTAGE ISTHE POSSIBILITY TOOBTAINAWIL
TUNING THE.RATIDNOHE MATERIALFORAFIXED TOTADTINONICERNRAE
THAT 2!1&-STEELS DONOTCONTAINMUCH .IOR" !'DDING THESE ELEME
PROPERTIES 4HEREFORE NEUTRONIRRADIATIONSUSINGISOTOPIC
DOPEDWITHIDENTICALCHEMICALELEMENTS WITH TWO' DASIDINEE ISC
OTHER NOTPRODUCING MAHOB (ENECESSARY TOISOLATE THE EFFECT
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T T T T

1 RAFM Steels ~30 to <100

804

15 ~0.3 -12
10 Fusion Reactor

5 ~2-23
01-05 228

BORGOHFIR,  HFIR HFIR Spallation
HFR, BR-2 +%Fe +3BNi/*ONi Neutrons

&IGURE DPARATIOS ACHIEVABLE IN 2!&-STEELSWITHDIFFERENTNEUTRON IRRADI.
&ORI .IADDITION CALCULATIONS AREPERFORMED F@R ANFT X AN DAPTRAA.G REG S CVERNLTYR(
THE RATIOOF THE TWE IS0 OP.CABANEDAPTED FROM

THEIRRADIATED PROPERTIES 'DIRECTCOMPARISONOFCHEMICALL
NON CHEMICALLY MODIFIED STEELISNOTRECOMMENDED
%SPECIALLY FORTHE .IDOPINGTECHNIQUE THETOTAL .ICONCEN-"
n WT #HANGES INTHE MECHANICAL PRPERT&ES TEKE $ WMEANM ORH
EVENFCOR ;. WT = -OREOVER .IISANAUSTENITE STABILISER WHICH
TRANSFORMATIONTEMPERATURES !'!E AND!E TEMPERAMURESHBF T
TYPICALTEMPERING TREATMENT FERMBEK RXTNR BN TAHE D U-A E FPRHRAISE A |
REGION WHICHUPONC COOLING RISKS PRODUE€ I HIKBEREFRMMAEE REAR MIARRE
COMPARISONWITH .|l DOPED AND NON .| DOPED 2!&-STEELS IS SOUG
> WT AREDISCOURAGED 4HISWILLLIMITTHETOTAL (EGENERATI
CONTENTSTOOBTAINHIGHER (E DPARATIOS THEAREDB.UBASEBDGUIERE
AND NOTWITHNON .IADDED 2!&-STEELS 'SUMMARY OF THE ADVANT/
GENERATIONMETHODS FORNEUTRONANDIONIRRADIATIONS IS GIVE

4HEEFFECTOF (EON ,4(%
(ELIUM STABILISESCAVITIES BUBBLESINTHE MICROSTRUCTURE WF
ISARESULT (EMAYDELETERIOUSLY AFFECT ,4(% 4HEEFFECT OF (E
PROPERTIES AND &4 HAS BEEN STUDIED LN 2&&- 3NDEUSINGRBOD MAIT H |

n = "ECAUSE 30.IRRADIATIONSDONOTREQUIRE CHE
STEELS HISTORICALLY THESEDATAPOINTSHAVEBEENTHE PRIMARY
(E &ORs # COMPARING 30. IRRADIATIONS UPTO DPA APPM (

-42 DATASUGGESTS NO SATURADPANNNBARODEADONGIED &- STEELS WFH
ISSIMILAR AT KOVOEPRAD GEEF IGUREO UND DPA ToHEHF N REAIRRIAD AT
&- STEELS CANBEASHIGH AS4HE-DBA.,RESULTS ALSO SHOW THAT HAREL
IRRADIATIONTEMPERATA RAEEBERE CONVENTIONAL 2!&-STEELS TYPIC.
4(% AFTER -42 IRRADISEEONSMAHRE ADDITIONAL HAPPRANHANS BEERNR
ATTRIBUTED TOTHE EFFECT OFF(EENWEBEEGENDPUBBIIES ; APPM (E 30.
IRRADIATIONS ALSO SHOW ALMOSTNO TENSILEDUCTILITY IN 2!&-STE
OCCURRING SOMETIMESS EVEN BESFHPRRAHE SET OF 3@ giRRADIATION ¢
#n # ANDDOSESUPTO DAPPMNE ONOTHER #RSTEELS SUCH A
'RADE ALSO SHOW SIGNIFICANTHARDENING WHEN TENMICDb VP& NS A
WITH SEVERELOSS OFDUCTILITY ANMD PRPIAEY BRITTLE FAILURES AFTE
-42 IRRADIATIKENBAONED & (STEELDONOTSHOWREMEE®ERFECT O
GENERATIONRATEONTHE IRRADIADPB AHHSI-=E PROPER R EESUA R BERN
IRRADIATED /2., #R 764A ALLOYXISIKKARW EDEAGIH GIPAER.| DOPED SAMPLI
APPM (E APPM (EOMRAREDDI@PED SAMPLES APPM (E APPM
WHEN IRRADIADTHEADATTH 4t1estdrr; = SEEFIGAHRE RESULT QUESTIONS TH
PREVIOUSHYPOTHESIS SUGGESTING IRRADIATIONARRN ENFOR DUE T
4rR # BASED PRIMARILY ONSPALLATIONDATAORHIGHAENERGY (E
INTERESTING.IS TTHRORHE/2., #R 764ADATADONOTSHOW MUCH CH,
DUETO (EANDNEITHER SHOWS AMAJOREFFECT Q4R(E OM;TH EWHEINCSH L |
ISTHE OPPOSITETOTHE 30. DATAWHERE (E INDUCED HARDENING EX
CONCENTRATIONS ARE HIGRIEERXPERH MENURBEESPECIALLY -42 BASED
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4ABLEDVANTAGES DISADVANTAGES OF DIFFERENT (EGENERATIONMETHODS

4YPE

4ECHNIQUEE DPA

IDVANTAGES

$ISADVANTAGES

SPALLATIONMPALLATION TO

NEUTRONS PROTON NEUTRON e

SOURCE

.EUTRON &E DOPING n °
IRRADIATIONS IN &E\x #R
-42S °
o 5PTO n e
ADDITION " Nx ,I
.
0 ~ TO °
ADDITION .l Ny
.| N«
&E .
°
.| BASED ~ TO °
INJECTOR .1 Ny
FOILS COATINNGS °
& E

BINGLE DUAMBIEANMT AT TGN
ION IRRADIATIMTONS
ACCELERATORS

(IGHDOSES e (E DPAMUCHHIGHER THAN

(IGH (E GENERADOOONR TEMPERATURE CON

RATE TO VERY INTENSE BEAM A
INSTABILITIES

e 30LID SPALLATION PRODU

IVELY PARTICIPATE IN MICI
DEVELOPMENT

O MAJOR CHEMIGEARY HIGH ISOTOPE COST
EFFECTS e ,OW (E DPA
(OMOGENEOUS (E

GENERATION

(IGH (E GENERATE@AQRLY INSOLUBLE IN STEE
RATE e SEGREGATES TO GRAIN BC
JNEXPENSIVE HETEROGENEOUS (E GENET
e ON NEGLIGIBLE CHEMICA
MODIFICATION OF META

PROPERTIES

7/1DE RANGE O (EANRBAGREGATE TO GRAIN
RATIOS ACHIE¥WABNENEEYGLIGIBLE CHEMICAL
TUNINGISOTORLIORBTHANN . I ADDITION

-OREHOMOGENBD®WUSTICALLY CHANGES ST
DISTRIBUTION CE®ARED

TO"ADDITIONe .| INDUCED ENHANCED HA
SLOWBURN UP RAUIEETO .I RICH SOLUTE NA
COMPAREDTO "ING

7IDERANGE Of (EE DMRLANTATIONS LIMITEI
RATIOS ACHIEVABLIHHICK NEAR SURFACE R
(OMOGENEOUS "ULKPROPERTIESINACCES
DISTRIBUTIONeOR(LEISTIC MIXING OF THE
#HEMISTRY STEELINTERFACE UNDER C
MODIFICATION \GETEENBITION IS NOT FUL
ISNOTREQUIRED

7IDERANGE O (EERPSHALLOWIRRADIATIC
RATIOS AVAILABUEK THERMO MECHANICA
2ELATIVELY CHEABS INACCESSIBLE
'"OODCONTROleQNBRMOGENEOUS DAMAGE
TEMPERATURBANRONG SURFACE EFFECT
IRRADIATION PARAMERITERACTS
(IGHDOSES AGHIEVMABLEFFECT OF HIGH D
INREASONABLEONMEMICROSTRUCTURE E
INCLUDING BALLISTIC DIS
PRECIPITATES SECOND PH
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Non-irradiated ¢ 5 -
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F82H
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Nonirradiated
oo g v fom
<G appm He ' ® 9Cr2WTaV-2Ni
~ \o SPN data B
Mg F82H
.

7 appm He
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) 11 dpa
% 1144
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&IGUREHE EFFECTOF (EONYIELD STREPAOEARTEROS PREOITONBONEUTRON IRRAD|IIATION®
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Irradiation and test temperature (°C)
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800

!
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Funen

600 —1|ADBTT.
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n
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&IGUR&"44 SHIFTS MEASURED USING #HARPY IMPACTTESTS AND SHEARPUNCH TEST
COMPAREDTO $"44 SHIFTS MEASURED ON -42 IRRAD#AT BB SREPEISSNDIAPTED FROM ;

. .1 DOPED STEELS ARENEEDEDTO FULLYUNDERSTAND AND PROP
CONCENTRATION SCENARIOSONTHE TENSILEPROPERTIES OF 21&- S
JNTERMS OF THE #HARPY IMPA'COICPRUBHETIESIQBEIN & (SHOWS A
FURTHER INCREASEANBLHSINUE TO (EAFTERNEUTRONARRNBERATLOM
DOSES DRFA4HE LARGEST DATABASEOF" DOPEDNEUTRON IRRADIA
THE UROPEANIRRADIATIONPROGRAMS YHEREANBIGHER $"44DUE T
CLAIMED OVAERMAWGIEEO Ffn # DOSES UMPA AND (EGENERATIONBET
n APPM (E ,ARGE $"44 SHIFTSCOMPARED  TO NON HP@PEDRSIEELS
APPM (E ANDTHEEXTRA $"44 S$SHAPPRAEBVAS ESQNITIMATED (OWEVEF
DRAWBACKOFTHE STUDIESIN %UROFER ISTHATTHE REQUIDTS ARE
DOPING ONLY ANDDIDOATCNOCINIDEOR THE EFFECT OF CHEMISTRY M(
THOUGHTHESE STUDIES PROVIDE VALUABLE DATAPOINTS THE RESU
PURELY ORIGINATING DUE TOOETH T)HEBMAIBSIEANGEOBE NOTED THAT WHI
NON IRRADIATED MICROSTRUCTURESISRELATIVELY WELLKNOWN W
NOT FULLY EVALUATEDINLITERATURE 4HIS MAAMWMPUERSEW N IFJRIW
INCLUDED INSUCHIRRADIARBDNUAERARIENSGANIRECTLY COMPARABL
$ATAALSOEXISTFOR WTI DNG\GHERAL (IAMMNND6ER STEELS AFTER (&)2 IRF
WHERE SOME EFFECT OF .1 WAS SEEN INTERPRETED ASTHE EFFECTUC
BECAUSETHEEFFECTOF (EISMASKEDBY THE POTEN.TIBD EEBE®RIVGPQ |
TOACCOUNTFORCHEMISERAHARPNMN-IMRAICOINISEESTS AND SHEAR PUNCH
2!1&- AND CONVENTIONAL &-STEELS HOWEVER SUGGESTADRASTICE
7TITHINCREASINGDOSES AND ADDED APENINOEANRRMTSOMNMFEROMT S AS +
#n # AREREPORTED FOR %YUROFER AND& ( WHILETHE SAME F!
AT AROUNDAINTHE ABSENCE OF MUCH (E BUCHDRASTICALLY STRON
IRRADIATIONS REQUIRE VALIDATIONBY HIGH DOSE -421RRADIATION
7THILE TENSILE AND#HARPY TESTS AREIMPORTANTTO STUDY THE ,-
ENGINEERING RELEVANTTO QUANTIFY THE FASTFRACTUREBEHAVIC
TESTINGTECHNIQUE ONNEUTRONIRRADIATED MATERIALS &4 DATA (
2ECENTLY $%-/ &.3& FINALPHASE RELEVANTNEUTRONIRRADIATION
& (CONTAINING.I| ANDI #n # n DPAAND (EGENERATIONRATI
APPM (EDRA= 7HILETHE RESULTS VALIDATED THEUSE OF WT .1
BEDERIVEDONTHECRITICALDOSEOR (ECONCENTRAT4@N LEVELS Tt
#n # DPA APPM (E SHOWED &4#4DIHIFOSEOBUT NO MAJOR E
(EWERE VISIBLE AT LOWIERAD O SEBSPMWM(EAND AT HIGHERFREMPERATUR
n DPA n APPM(E ASSHGWHERSNE RESWRHS CONTRADICT %UROF
" DOPINGTECHNIQUE WHERE VERY LITTLE (E ASLOWAS APPM (E €
PROPERTIES=
JTISEVIDENT THATMOREDEDICATED RESEARCHIS NEEDED TO FUL
THE ,4(% SCENARIOIN 2!&-STEELS 4HE SIGNIFICANTDISCREPANCIE!
THEHYPOTHESIS OF CONCBRPRAEIRQRS BEHAOWINGLITTLEEFFECT ON
UNBIASED SCRUTINY
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F82H IEA

I F82H+1.4% natural Ni
I F82H+1.4% BNi

[ F82H+1.4% 5ONi

Tirr = 300-342°C

@

ax
&
a
a
@

©

<
!

Tir = 400°C | Tir = 500°C

|~ 176 appm He

~ 770 appm He

~ 60 appm He

7
_

6.8-7dpa 15.8-18dpa 68-70dpa 21-22 dpa 8.6 dpa

&IGUREOMPARING THEPOSITIVE SHIFTSINTHE -ASTER AGLBEEWEEN IS | O NAILARNEFERE
.| DOPED & (IRRADIATED~NN (RPABENTDWEBRA 4HE & ( )%! DATAFOR n HPACASE SEH
LIKELYDUETODEVIATIONOFIRRADIATIONCAPSULEDESIGNTEMPERAFURES VERSU
COPYRIGHT WITH PERMISSION FROM %LSEVIER

I
I
E ~ 231 appm He

]

6ERY LITTLEDATAEXISTREGARDING THE SUSCEPTIBILITY OF/$3 S’
SCENARIOS #YCLOTRON BASED (EIMPLANTATION STUDIES FOLLOWE
/I$3 STEELSHAVE SHOWN NACPIRMMP AECONDE"44 30. IRRADIATIONS BETWEE

#n # DPAANDUPTO APPM (ESHOWF FULLYDUCTILETENSILE
-1 WHILE #R &-STEELS SUFFERED BRETHXEFRIMENIFSEARE NEEDETL
MAP THEDOSEnNTEMPERATUREN(E CONCENTRATIONRANGE ONTHE IR

3USCEPTIBILITYOF2!&-STEELSTOHIGHTEMPERATURE HELIUM E|
QUESTION

| T4 rR 4y THE COMBINATION OFHIGH (ECONCENTRATIONAND APP
NON HARDENING GRAINBOUNDARY EMBRITTLEMENTDUE TO THE ENH
© = 4HISEMBRITTLEMENTBEING AT VERY HIGH TEMPERATURES MEAL
CONTRIBUTING EO(@WEVER CONVENTIONAL MARTENSITIC STEELS Al
CONSIDERED HIGHLY RESISTANT TO (4(% THIS HAS BEEN ATARDBUTE|
LOW CREEP STRENGTHIESE STEELS 3PECIFICALLY ITISCONSIDEREL
STEELSTO (4(% ISDUETO THEHIGH TRAPPING CAPACITY FORHELIUM
CONSISTSOFDISLOCATIONS LATH GRAIN BOUNDAREEB AND EXRBPII
STUDIES AND SIMULATION STUDIES SHOW THATINDEED DISLOCATION
© = WHILEPOSITIVEBINDING OF HELIUMTO OTHER SINKS SUCH AS G
PHENOMENON (OWEVER 30. IRRADIATED TENSILE FRACTURE DATA C
BOUNDARY INTER GRANULAR FAILUREDUE TO (E INDUCED BUBBLE FC

# = 4HE PRESENTHYPOTHESISOFBETTER (4(% PERFORN
ORIGINATES FROM (EIMPLANTATIONSTUDIESUSINGCYCLOTRONS W
ANDIN BEAM CREEP HRRF O RMANGCEPFICGER = -OREOVER D/

FROMDOPED & (STEELSNEUTRON IRRADIATEDINTHE *22 REACTO]
SHOW MUCHEFFECT OF (EON THERTEMSILEBROPMERH IEGFHORATA ARE |
BETTERUNDERSTAND THEBEHAVIOUR &URTHER IONIRRADIATION A
SYSTEMATICALLY SHOW VERY HIGH (E INDUCED GRAINBOUNDARY CA
SUGGESTADELETERIOUS EFFECTONMECHANICALPROPERTIES -AJ(
STRESSESDURINGBULKNEUTRONIRRADIATIONS WITHOUT WHICH T
GRAINBOUNDARY (EBUBBLE FORMATION AND (4(% CANNOTBE EVALU
IN BEAMCREEPTESTS PROVIDEDATAFORGOOD FUNDAMENTAL UNDE
VOLUMESDUETOTHE SHALLOW P E N:BVMI FOAT(IE NOINSPTHBR A FE& R/ET E M ISKO
INACCESSIBLEWHICHCANBEDIFFERENTFROMVERY THIN (E IMPLAN
2!&- STEELSUSED POST IMPLANTATIONTENSILETEST STRAINRATES
COMPARED TOREACTORDESIGN RELEVANTSSHTRRWALN RENESTEP THAT L
CREEP DATAON MARTENSITIC STEELS DO SUGGESTEMERGING SIGNS

APPMAT#,; = WHICHHIGHLIGHTS THATDEDICATED RESEARCHO
PROPERLY QUANTIFY THEIRSUSCEPTIBILITY TO (4(% 2ESEARCH ON /
EVALUATED FOR (4(% SHOWS  THATTHE APPLICATIONOF STRESSESD
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(4(% BECAUSE MECHANICAL-IO@O/ACOANASENVEWRRISY ACCELERATE GRAIN B(
JNFACT THE APPLICATIONOF STRESSESDURINGIRRADIATION EXPET
SUSCEPTIBILITY OF 2!&-AND/$3 STEELSBUTALSOTOPROPERLY QUA
PERFORMANCE RELEVANT FOR &7 "CONDITIONS THAT WILL SUFFER F
CONDITIONS INCLUDING TRANNBIENSTISCRITICALTECHNICAL GAP THA®
IRRADIATION EXPERIMENTS UNDER STRESS ESPECIALLYDURINGIN

INIMPORTANTPOINTTONOTEISTHATINCREASING  THE SINKSTREN
ORINCREASING THE CONCENTRATIONOF -8IN2!&-STEELS ISADESII
PREVENT (E INDUCED GRAINBOUNDARM ENMBRIDXKLEMENNO DISPERS!
TOSEQUESTER(AEND ARETHEREFORE EXCELLENTTO MANAGE (EINFU
WILLBE DETAILEDNIGIREEACSINOONTHE NANO DISPERSOID OR-8 NUMBER D
THE ONEHANDITHELPSTO MANAGE (EBETTER BUTONTHEOTHER HA
HIGH SINK STRENGEH MATERIALS ;

#AVITY SWELLINGIN 2!&-AND/$3 STEELS

JNTHEINTERMEDIATE TEMPERATHRHEHRENGEOORL INSTABILITIESDUE
ARE ACONCERNFORFUSIONSTRUCTURAL STEELS &URTHERMORE S\
BY RADIATION INDUCED MICROCHEMICALPHENOMENON SUCH AS RAL
ISPRONOUNCEDINTHIS TEMRPEARATEIREERHEIIDNG SYNERGISTICALLY V
PERFORMANCE #ONVENTIONAL &-AND 2!&-STEELS OFFER SUPERIOR
&ENn#Rn.| BASED AUSTENWHICGHEEISHE PRIMARY REASONFOR THEIR C
; = 4HEIRPOST TRANSIENT STEADY STATE SWELLASCRMIFEAIBEDET

DPAFORAUSTENITIGSWEHELE THELENGTHOF T THE SWELLINGINCUB;/
21&-STEELS

$ESPITETHEIMPROVED RADIATIONTOLERANCE EXPERIMENTAL OF
SUGGESTTHATTHE CAVITY SWELLINGPERFORMANCEOF 2!&-STEEL?
DOSESUPNTODPA AT #n # FIGUREHILEHIGHDOSE SWELLINGDATAE
STEELSLIKE4 OR/$3VARIETIESLIKE -! THEREISALACKOFNEUT
ONTHE SWELLINGBEHAVIOUROFTHE WELL KNOWN 2!&-STEELS LIKE
FORMANY DECADES THATHIGHCONCENTRATIONS OF (EAND (PRODU
WILL WORSENTHE SWELLINGBEHAVIOUR 4HEREFORE THE RADIATIC
NEUTRONIRRADIATIONS MAYBE SEVERELY IMPAIRED DURIN® &R FSESS
SOME EXPERIMENTAL RESULTSONTHEEFFECTSOF (ECO GENERATIC
F Ok R #n # &ISSION REACLORDASWEHOIWG AT APAWNE | N
"ORON DOPED & (DUETOCOMBINED NEUTRONDAMAGE PLUS (E WHI
THE ABSENCEOF (E )TISUNCLEARHOW THE SWELLING SCENARIO WII
THE ONSETDOSESFORSTEADY STATE SWELLING AROUND THE PEAK ¢
DOSENEUTRONIRRADIATIONEXPERIMENTS IN THE I#NT ERMEDAA AR DE
TRIPLEIONBEAMRESULTS SUGGESTFUSION RELEVANT (EAND=WILL

JRRADIATIONSTUDIES SHOW EXCEPTIONALLY HIGH SWELLING RES|
;7 n = &IGURESHOWS THE SUPERIOR SWELLING RESISTANCE OF #I
AND CONVENTIONAL &-STEELSUPTO DPA 4HE RESISTANCE TO CA\
OF OXIDENANO DISPERSOIDSTHATACTASEFFICIENTPOINTDEFECT
ENHANCING RECOMBINATION AT THE MAMIHRBRBEFIGRE RISHOH DRR A B RATAIOF
NANO DISPERSOIDSULTIMATELY CONTROLS THE RADIATIONTOLERA
CONSIDERED THAT NANO DISPERSOIDSIN/$3 STEELSWILLBE STABLI
(OWEVER ASDETAILEXPERELENORL RESULTS ONMANY NEUTRON IRR
STRUCTURAL ANDCHEMICALINSTABILITIESINNANO DISPERSOIDS |
INTERFACIALCHEMISURN DEGRADATIONOFTHE NANO DISPERSOIDS
TOLERANCEOF /$3 STEELS INCLUDING RESISTANCETODIMENSIONAL
EVALUATION &URTHER RESEARCHUSING ADVANCED ANALYTICALCH
UNDERSTAND THEIRRADIATIONDEGRADATION MECHANISMS OF /$3 P
TOLERANCE

JRRADIATIONCREEP ANDCREEPNFATIGUEINTERACTION

JN ADDITIONTO CAVITY SWELLING ANOTHER CRUCIALDIMENSIONAL
COMBINATIONOFTHERMAL CREEP ORIRRADIATIONCREEP )TISWELI



* OHYS %NERGY I"HATTAGETARY A

40 T

T T
lon Irradiations (a)
351 T,, ~450-470 °C 9
Tempered Martensitic/ |
30+ 0:2%./dpa HT-0 (33 % CW) |
450 °C /
—~ 254 |
& Ferritic Steel /. /
EP-450 /
E’ 20+ 480 uc/

2 15 /'
® RAFM /

104 FszH 4
ion +He RAFM
5. 470 G JLF-1 Q/dODS,MAgsy i
ion +He O _ 450 °C
470°C )
0 4-ﬁ

0 100 200 300 400 500 600
Displacements per atom (dpa)

ryi
T T 7h T
2.8 - {RAFM steels e B LT P TR
1 3 Fa2H Neutron Irradiations é(b)
= F82H+natB o
& Fa2H+B Ty ~380-430°C
1.6| v Eurciersr+nate
- < Euroferg7+'°B e
m ®Ni9Cr2W\Ta T
O ®Ni-9Cr2WvTa
—~ 7 JLM+natB
= 1) » o aiFa
o .
ol 1.2 Conventional FM steels #*
o A To1 :
1= ® EM10 J
5 ODS steels
2 0.8 wr ODS-MA956
an ¥ ODS-MAQS7
044 -
4
0.0% T T T al T
0 20 40 60 200 240
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&IGUREA #AVITY SWELLINGINIONIRRADIATED AND B NEUTRONIRRADIATED 2!&- C
IRRADIATIONS THEEFFECT OF (EON SWELLINIGSS SONWUC AREIDORVINGOEINCNAQGDE $AT
; n = &IGURE A REPRENTBP FROGHT WITH PERMISSION FRC

SHOWPOOR THERMAL CRE#PP S#FRENGTEY/AFFEEELS HAVE AHIGHLY SU
PERFORMANCE )RRADIATIONCREEPACTSINADDITIONTO THERMAL ¢
SIGNIFICANTDOSE DEPENDENTDISTORTIONOFFUSION REACTOR ST
TEMPERATURE ORSTIRRADPBAADEH;CREEPISONEOFTHE EARLIESTRE
PHENOMENA IN MATERDAALFSENOMENOLOGICALLY ISPROPORTIONAL TC
AND THE APPLIED STRESSWITHA WEAK T TEMPAENRDY URIE DERENDENCE
MAGNITUDE OF STEADY STATEIRRADIATIONCREEP CANBEEMPIRICA

é¢=0[B +DS§|

WHERETHE PLASTIC STRAIN FCATTHEEPAERPUNED ECPBETCHE ERSHRESOMP LI,
IRRADIATI®NSARIEERRADIATION CREEP SW E LSLISI GHEOWA\LITNG SO/DEELFLA |
UNITDOSE 3EVERALSTUDIES ONAUSTENITIC STEELS HAVE ALSO RET
WITHRELATIVELY HIGHIRRABIWATTHERREEPIMITED REPORTED EVIDE
REGIME IN &- STEELS 4HETYPICALREPORTED CREEP COMPLIANCE TI
STEELS IS -0A DPA; = 4HE SWELLINGCREEP COUPLING
REPORTED VALUES NEAROR MERRIDIKE SONBIBERING THE REPORTED ¢
SWELLING RATESIN &-STEENDMRUCHLOWPRSWELLING RATESINTHE
REGIME THE IRRADIATION CREEP OF &- STEELSEREEPKICMPILYAINNEINEA
LOW DOSE LOWSWELLING RATE TRANSIENTREGIME ANDIS DOMINAT
STEADY STATE SWELLINGISACHIEVED 4HEOVERALLPLASTICDEFOF
STEELSISRELATIVELY MINORFORFUSION REACSOR BXAVEN ER RAISESWA
APPLIED STRESS OF -OAANDADESIGNDOSE OF DPA THEIRRADI
COMPLIANCEIBE®RRMY WHICHIS COMPARABLETO THELINEAR EXPANS
STEELCOMPONENT FROM RO®@MTEMFERANUREMDTROPY INTHE FAU
HABITPLANES HASBEEN REPORTEDTOOCCURINFACECENTERED CU]
EVIDENCE FORSTRESS INDUCED PREFERENTIALABSORPTIONOFPOI
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9Cr-1Mo
0.0124 T, ~400°C-
Irradiations

in FFTF/MOTA
0.009

0.006 -

- ,/@Q
0003 // | -
o.ooo/ : : : :

0

50 100 150 200
Displacements per atom

Midwall creep strain / Hoop stress
(% / MPa)

&IGURERRADIATIONCREEPIN #RSTEELS $ATASHOW STRESSNORMALISED MIDWAL
CREEPTUBES IRRADIATED AXNO M BWAREAEMYERPARORE IINFTHE MATERIALS OPENTEST.
DATAFOR DPAHOOPSTRESSATHIGHERDOSES SHOW SPURIOUS RESULTS THAT SH!
PROPORTIONALTODOSE=2EGRYRIEBIFROM ;WITH PERMISSION FROM %LSEVIER

TOIRRADIATION GRBEHF EVIDENCE OF THE PRONOUNCED ANISOTROPI
NOTBEENFREQUENTLY REPORTED IN &-STEELS INCLUDING THE RED

4HERE AREMIXED OBSERVATIONS REGARDINGTHE POTENTIAL EFF
DISPERSOIDSONTHE STEADY STATEIRRADIATIONCREEPLEVELSIN.
HIGH SINK STRENGTHWOULD BEPREDICTED TOINDUCELOWER IRRAD
SUPERSATURATICGN IREWVEILRTEBRBREDNCED IRRADIATION CREEP IN AUS
PRECIPITATE DEMWSHEREAS OTHER AUSTENITIC STEEL STUDIES HAVE I
STRENGTH= 4HE REPORTED STEADY STATEIRRADIATIONCREEP COM
COMPARABLEORSLIGHTLY HIGHER THAN THE FYHIDALVUNRAUEXPEGR I
IRRADIATION CREEP DATAON &-STEELSWITHAWIDERANGE OF DISPE
QUANTIFY POTENTIAL SINKSTRENGTHEFFECTS

INEIMPORTANT CONSEQUENCE OF IRRADIATIONCREEP IS THAT STI
AND FASTENERS WILLINEVITABLY OCCUR INARRABIAREATERUTCN 8 IFDA
DESIGNCHALLENGES FORSECURE FASTENING METHODOEOS8EEIS ITHA
VALUE AFTER ID®3ES OF

STRENGTHDEGRADATIONASSOCIATEDWITHCOMBINED PLASTIC DI
IMPORTANT CONSIDERATION FORSTRUCTURAL MASTBRASTI E OEGC ORIV
DURINGCYCLICFATIGUECANPRODUCEADRAMATICREDUCTIONIN CI
STRESS BASED ORDUCTILITY EXHAUSTION STRAIN BASED APPRO.
FAILURECRITER)AHAS BEEN NOTED THAT THE TRADITIONAL !3-% BOIL
$IVISION CREEPNFATIGUE METHODOLOGY CANPRODUCE VERY CONS
MODIFIED #Rn -O SFEEHIS MAYBEDUEINPARTTOTHEEFFECTS OFC
OFTHE &-STEELMICROSTRUCTUREDURING THE FATIGUETESTING S
MORE PRECISEDAMAGE CASTENAIMAIONSNOTHING IS KNOWN REGARDIN
OF &- AND 2!1&-STEELSDURINGIRRADIATION WHICHREMAINS ACRITI
SUCHSTEELSINFUSIONENVIRONMENTS

STRATEGIESTOIMPROVE 2!1&-STEELPERFORMANCE FOF

&ORHIGH TEMPERATURE BLANKET OPERATIONS THE STRUCTURAL S
MECHANICALPROPERTIES 7HILE/$3STEELS SHOW EXCELLENTHIGH
THE MAINDRAWBACKOF 2!&-STEELSISTHEIRTHERMAL CREEP PERFC
CONVENTIONAL STEELSLIKE'RADE "WHICHLIMITS THEKR MAXIMUM C

= 40 ACHIEVEAHIGHTHERMALEFFICIENCYOFTHE POWER CO
FUSION POWERPLANTS THEREISANEEDFORSTRUCTURALSTEELST
TEMPERATURES PBGI®IBLY BEYONDPREFORE THEREISANONGOINGE
DEVELOP ALTERNATIVE 2!1&-STEELSWITHIMPROVED HIGHTEMPERAT
CREEPANDCREEPnFATIGUE PROPERTIES TO ALLOW FOR AN EXTENSI

= ISMENTIONEDINTHEINTRODUCTION THEHIGHTEMPERATUI
IN PARTICULARTHEIRTHERMAL CREEP RESISTANCE AREDUETOTHE
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- === EUROFER
200 > - GO1
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P e X A 3W highB
S O EUROFER Ausf & Temp 760°C
T T ® EUROFER Ausf & Temp 720°C

-
o
=]

Stress (MPa)

50
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10000
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&IGURBETRESS ASAFUNCTIONOFTIMETORUPTURDPDR@GREREERRESTS PERFORMED A-
2!1&- STEEE AND %YUROEERHE DATASHOWN INTHIS FIGURE CORRESPOND O AUSFORM
#OMPARISONWITHCREEP DATA FORRBVDEE LAND Y%RURIDEFFER

FEATURES CONTRIBUTETO THE STRENGTHOF T THESE STEELS AT ELEYV
BOUNDARY HARDENING SOLID SOLUTION STRENGTHE-N4ANGRI DDAEFRSE C
AND -8 - METALLICELEMENTS 8 #AND. CARBONITRIDES AREFORM
FORINSTANCE ,AVESPHASES MAY PRECIPITATEDURING LON TERM
4HE PRESENCE OFFINECOHERENTOR SEMI COHERENT -8 PARTICLES
CREEP RESISTANCEATHIGHTEMPERATURES OF &- STEELSDUETO TH
7 = 4HEREFORE THE STRATEGY FOLLOWEDBY ALLOY DESIGNERS FC
; =ISTOINCREASETHE AMOUNTOF-8 COMPAREDTOTHE VOLUM
& ( #.!SSTRENGTHENEDBY -8 CARBONITRIDESOR-8CARBIDES WER
STRENGTHENING BYAOHERBGHEMICAL COMPOSITIONS OF THE @CARBIDE

n WT AND THE . CONTENT IS RESTRICTED TOLESSTHAN PPM
4A # CARBIDES WHILE AVOIDING THE FORMATION OF COARSE 41. PAR"
PHASENITRIDESWITHAHIGHCOARSENING RATEDURINGLONG TER
KNOWN TO INDUCE SIGNIFICANT LOSS OFf RRIECRLTAILIOATNEDTIREWIE THR
VOLUME FRACTIONSINTHE #.!SAREUPTO SIGNIFICANTLY HIGHE
%UROFER AND& ( = 4HE#.!SWERE FABRICATED ATLABORATORY ¢

n KG ANDTHEIRMICROSTRUCTURES ANDMECHANICALPROPERT
HIGHDENSITY OF -8 PRECIPITATES ESPECFATHESNE SHEELARBLEO SHE
REFINED TEMPERED MARTENSITE MICROSTRUCTURES | E SMALLER !
COMPAREDTO THE MICROSTRUCTURES OBSERVED FORBASELINE 2!&
STRENGTH &0OR EXAMPLE #.!SSHOWUPTO -OAHIGHER YIELD STRE
%UROFER OR& (WHENTESRADOETHE 24000ST OF SLIGHTLY LOWER 1
JTISIMPORTANTTONOTE THATDESPITE THEINCREASED TENSILE STI
COMPARABLETOTHOSE MEASURED ONCURRENT 2!&-STEELS TOGET
PARTICULAR THE CARBIDE #.!SEXHIBITAHIGHS53% WHICHISTENTA
CARBONCONTERHBEEP TESTS PERFORMEDOW THAWNB.!S EXHIBITMUCH F
RESISTANCECOMPARED TOBASELINE STEHDSSU&LIIGARBORIFERE S
IMPROVED CREEPPERFORMANCE OF #.!SASCOMPARED TO 'RADE A
CONFIRMATION )T SHOULD HOWEVER BENOTED  THATBETTER CREE
FURTHER VALIDATIONFROMLONG TERMCREEPDATA PREFERABLY U

B3INCE!3-% CODE APPROVAL OF'RADE IN NEW #R &-STEELS W
RESISTANCE HAVE BEEN-EENMELAP HHOAD E SEENTEARE TO 'RADE 'R
ALLOYEDWITH7 ANDWITH SOME " ADDITION 4HE CURRENT #R CONYV
RESISTANCE CONTAIN ABOUT WT OF7ASWELL AS" €@ NNTEREASHE TTGH
CREEP STRENGTHCOMPARED TO %YUROFER AN APPROACHFOLLOWE
COMPOSITIONSINSPIREDBY THEBESTPERFORMING CONVENTIONAL
(OWEVER DUETHELOWACTIVATIONREQUIREMENTS SOME ELEMENT
ACTS ASANAUSTENITE STABILISER COULD NOTBEINCLUDED INTHE"
SOMEWHATMITIGATETHE FERRITE STABILISINGEFFECT OF HIGH 7 CC
MARTENSITE FINAL MICROSTRUCTURE THE-NCONCENTRATION WAS
WT &URTHER THE .CONTENTWASKEPTLOWTO AVOIDTHE FORMA®
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WOULD REDUCE THE AVAILABLE"CONTENTANDDEGRADETHE TOUGH
HAVE ABENEFICIALEFFECT GNEREES OFERENEP STRENGTHDURING L
TEMPERATUREISCORRELATEDWITHTHE RECOVERY OF THE TEMPERI
SUBGRAINSTRUCTURE WHICHIS ENHANCED NEARP RIICRBADESS SN ATEH
THE SUBGRAINSBUTBECOMELESSEFFICIENTDUETO COARSENING -
EXPERIMENTS HAVE SHOWN THHEARBIERRINH RADINE-B BUHBELGT, IN OTH|
TYPESOFPRECIPITATES "ENRICHMENT IS CONSIERERHBIO P & CRERARE
ENHANCING THE CREEP RESISTANCE OF" ADDED STEELS ALTHOUGH
UNDERSTEOB POINTED OUTBYORIBSHE INAFUSSGIOREBBEQMRED AS N
CONTAINS" WHICHTRANSMUTES DURINGIRRADIATIONWITHTHE FOR
HIGH7 CONTENTIMPROVES THE CREEP PROPERTIES DUEINPARTTO
CREEPATTEMPERATURES TXVPEGAAHASABPRECIPITATION OCCURS IN S
7INSOLID SOLUTION )T WAS SHOWNTHATFINEPRECIPITATIONOFTF
CREEP RATEINTHE TRANSIENT CREEP REGION ALTHOUGH SUBSEQU|
ACCELERATIZECENTLY CREEP TESTSAMENRENERFDRIMEINARAL 2!1&- #R
STEELBATCH KNOWNAS 7H" DEYIMGINEBDDDWURNRE TESTS ARE NEED
QUANTITATIVETRENDS THE EARLY RESULTS AREENCOURAGINGAST
HIGHER CREEP RESISTANCE THAODWEANER INEBRTRWSHE TO THE #.!S T
STEELEXHIBITSPOORERIMPACT PROPERTIESTHAN %UROFER
INALTERNATIVE STRATEGY TOIMPROVETHEHIGH TEMPERATURE N
THERMOMECHANICAL TREATMENTS 4-4S 4HESETREATMENTS USUA
TEMPERING CONDITIONS INMOST CASESCOMBINEDWITHA CONTROL
ROLLINGINTHE METASTABLE AUSTENITEDOMAIN AUSFORMING 4HI
CONVENTIONAL &- STMEEALRXOLLOWING THE EARLY PIONEERING WORK ¢
4-4S AREALSOBEINGFURTHERDEVELOPED TOIMPROVETHE PROPER
STEELSWITHOPTIMISED CHEMICAL CONRPOMANYGNESDIES AHIGHER A
TEMPERATURETHAN THE STANDARD VALUES WASUSED TO ENHANCE "
= 4HISISTOTARGETANINCREASED NUMBERDENSITY O
ESPECIALLYWHEN TEMPERINGISPERFORMED AT HHOWER TEWEBEZRRTU
THISTYPEOFTREATMENT LEADSTOACOARSENINGOFTHE AUSTENIT
THE SELECTED AUSTENITISATIONTEMPERATURES AREHIGHENOUGH
PRECIPITATES THAT CANNOTPINTHEAUBTBERNIRMIGKEA BNSSEANORAEDTIHI
MARTENSITIC MICROSTRUCTUREBOTHINTHE AS QUENCHED AND TEN
MARTENSITE AUSFORMINGINCREASES THEDENSITYOFDISLOCATIO
DURING TEMPERING AND REFINETHE SIZES OF MARTENRNIAELIATE S AIN
EFFECTISTOPRODUCEANANISOTROPIC MICROSTRUCTURE WITHEL
TEXTURE DUETO VARIANT SELECTIONRESULTING FROM MAREENSITI
'FTERTEMPERING INMANY CASESAUSFORMINGIS SHOWNTO MODIF®
DENSITIESOF -8 PRECIPITATES ANDREFINED PRECIPITATE SIZES
JNTERMS OF THE MECHANICAL PROPERTIESATHIGHTEMPERATURE
STRENGTHASWELLASASTRONGIMPROVEMENT OF THERMARACRGHE |
PROPERTIES AREALSOIMPROVED ALTHOUGHTHE CYCLIC SOFTENIN
TYPICALLY NOT SUPRREXSMIPLE OF THEEFFECT OF4-4ONTHE CREEF
SHOWNIN FM@MREE AUSFORMING HOT ROLLEDWITH ANDHTEMREBBRI
AT # EXHIBITEDACREEPBEHAVIOUROF %UROFER COMPARABLET
#.!S AUSFORMINGDEGRADESTHEIMPACT PROPERTIESCOMPAREDT
METALLURGICALCONDITION 4EMPER#NKAY R DSWERT TN WRERHAITQMNREBSR
LIFETIMES BUTATTHECOSTOFAFURTHER DEG/RAERTRANWEAGKS Q|
ARETHE INDUCED TEXTURE ELONGATED GRAINS AND ASSOCIATED Al
SHOULD ALSOBEPOINTED OUT THATTHE FABRICATION OF BREEDING
INVOLVE MANY WELDING OPERATIONS 4HEREFORE THE SUITABILITY
FABRICATIONIS QUESTIONABLE SINCETHEEFFECTOF 4-4WILLLIKE
WELDING OPERATIONS ANDPOST WELDINGHEATTREATMENTS
&4 IMPROVEMENTS OF 2!1&- STEELSBY 4-4S COMBINED WITH MINOR ¢/
ATTEMPTED FOREXAMPLEINTHE MOD S\OARE AR OANS S(OMFHILWLERTOHE R
MOD VARIANTS SHOWED IMPROVED MECHANICALPROPERTIESINTHE
SLIGHTLYBETTER &4 PROPERTIES AFTER HTBH DAORSIA N E S DRONIRGRAD
WITH 4-4S SHOWED ONLY MODESTIMPROVEMENTSINTHE NEUERON IR
7THILE HARDER UNDER TEMPERED STEELSDESIGNEDTO TARGETIMPR
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Temperature (K)
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&IGURE&IFFUSIVITY OF DEUTERIUMIN &- 2!&- AND /$3 EOPEIRSGHEPRINTEBAD FROERMI S
%LSEVIER

SHOWPOOR ,4(% SUSCEPRPONBM4TAS, TARGETING PRIORAUSTENITE GR/
SOME PROMISE REGARDING IMPRO¥BED REX BEINSACGHAURENGING TODE
SHOWIMPROVED RESISTANCE TO RADIATION HARDENING EMBRITTLE
HIGH TEMPERATURE CREEP

4RITIUM MANAGEMENT

JN$4 FUSIONREACTORS TRITIUM MANAGEMENTISESSENTIALTO MIN
THE ENVIRONMENT THROUGHTHE STEAMGENERATOR ANDTO MINIMI
FUSIONREACTOR 4HEREFORE TRITIUM PERMEATION ANDINVENTOR
BINCEHYDROGENPERMEABILITYISGENERALLY KNOWNTOBEHIGH IN
2!&- STEELS AND THEIR/$3 COUNTERPARTS HAVARBEIRNMAREIR MEIAY BON
FERRITIC/$3STEELS FROMTHENUCLEARFUELPELLETTOTHECOOL
DUETOTHEINTERESTIN FERRITIC/$3 STEELSASACANDIBATHFOR A
OBSERVED THATHYDROGENDIFFUSIONIN 2!&-STEELS IS GENERALLY
STEELS WHILEHIGHER#R CONCENTRATION R E=S WAINIES | TNHAOSABEERE NBROV
OUT THAT GRAINBOUNDARIES INCLUDING MARTENSITICLATHBOUNTLE
HYDROGENTRAPPING SITES 4HEEFFECT OF SURFACE OXIDATION HA
PERMEABIEIAND THE PERMEABILITYOF/$3STEELSHASBEENREPOR"
2!&- STEELS 30OMESTUDIES SUGGESTED THATTHE /$3 GRAIN SURFAC
HYDROGENTRAPPING SITETHAT CAUSES OVERALLLOWERDIFFUSIVI’

&IGUREOMPILES THEDATAON VARIOUS 2!&- &-AND/$3 STEELS WH
STEELVARIETIESISCOMPARED TO 'RADE TWO #.! VARIANTS AND %L
TRITIUM ;4HELOWERDIFFUSIVITY HIGHER RETENTION OFDEUTERILU
ATTRIBUTED TOTHE POSITIVEINTERACTIONAND TRAPPING OF HYDRC(
THE SMALLER GRAINSIZES DISLOCATIONS ANDMOSTIMPORTANTLY
EXPERIMENTAEIAWND THEORETIKAISLIYRRADE OFFISSUE WHERE THE FIN
/I $3 STEELS TRAPS MOREHYDROGEN BUTONTHEOTHERHAND IS BENI
FURTHER ANALYSISTOFIND THE RIGHT BALANCE OF PROPERTIES )F°
DURINGIN SERVICE APPLICATIONS ITMAY POSERISKSTO SAFETY AN
PARTICULARPOTENTIALCONCERNISTHEPOSSIBILITYOFDRAMATIC,
(E CONTAINING CAVITIES PREFERENTIALLYLOCATED ATTHEINTERF/
ADDITIONTO THE (ISOTOPETRAPPING ATDISPERSOIDINTEREACESO
&UTURE RESEARCH SHOULD FOCUSONTHIS CRITICALTOPIC INCLUD|
COMPLEXITIESINTHISCLASS OF MATERIALSINTHEPRESENCE OF RA
REGIME THATAREPRESENTLY NOTWELLUNDERSTOOD

)TSHOULD BENOTED THATTHE PERMEATION ENVIRONMENT MAY IN
MANY PERMEATION STUDIES HAVEUSED AVACUUMDOWNSTREAMTO |
ANIR GASATMOSPHERE CANALTERTHE OXYGENPOTENTIAL AND AFFI
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MOLECULES RELEASED FROMTHE SURFACE -ABFHABI REENME EPORLTER
MOLECULARFORMOFHYDROGENRELEASED FROMTHE SURFACEIN/$
HIGH STABILITYSQURFRAE ER

.EEDFORADVANCED CHARACTERISATIONAND MULTISC/

IDVANCED CHARACTERISATION

IDVANCED CHARACTERISATIONOFTHE MICROSTRUCTURE ISREQUIRI
SUPPORT OF FUS IFO NDEWAE\ROIEYD;CHARACTERISATION OF THE MICROSTR
ATTHE NEAR ATOMIC SCALEISALSOREQUIREDTOUNDERSTAND THE
2!&- AND /$3 STEELS CAUSEDBY EITHERFORMATIONOF SECOND PHA
EXTENDEDINTERSTITIAL TYPE VACANCY TYPEDEFECTSORCHANGE
-ANY EXAMPLES ARE AVAILABLEINTHE LITERATURE INWHICHADVAN
UNDERSTANDINGOFTHE STRUCTURE ANDCHEMISTRY OFDEFECTS W
104 4%- AND 34%-COMBINEDWITH ANALYTICALTECHNIQUES SUCH AS
SPECTROSCOPY %%,3 SMALLANGLENEUTRONSCATTERING 3!.3 /
DIFFRACTION 400LS SUCHAS!04 AND ANALYTICAL 34%- AREANECES
STEELSWILLEVOLVEIN SERVICE EITHERBY NUCLEARTRANSMUTAT
SPECIES 4HETHREE DIMENSIONALITY OF THE ANALYSIS AND THE CA|
WITH!04 EVENATEXTREMELYDILUTECONCENTRATIONS OROF VER®
VIAELECTRONMICROSCOPY HELPUSUNDERSTAND THECONTRIBUTI
THERMO MECHANICAL RESPONSE ISANEXAMPLE THE POTENTIAL DE
CO CLUSTERING ON ,4(% IN 2!&- STEELS WASONLYDISCOVERED RECE
ONNEUTRONIRRADIATED WATER EMXFBLAIGEIREHE EXTRAEXPERIMENT
THESEALLOYSCOMPAREDWITHDISPERSED BARRKIERFSARD BENHERMO
COMPLIMENTARY ANALYTICALTOOLSLIKE34%- %$8WITHMODERN D/
PRESENTINGADETAILEDPICTUREOF FUSIONSTRUCTURAL STEELS |
BECAUSEOFTHE STRENGTHS AND WEAKNESSES OFINDIVIDUAL TECH
ASSOCIATEDWITHFUSION STRUCTURAL STEELS 4HEREFORE COMBI
APPLIEDIN ORDERTO GETAMORECOMPLETEPICTURE INCLUDING TF
RADIATION INDUCED DEFECT FEATURES &OR EXAMPLE 34%- %$8 SP
USUALLY PRESENTS ANEXCELLENTPICTUREOFEMBRITTLING MICRO
FIGURE BUTTHE ANALYSISISOFTENQUALITATIVEBECAUSE OF THE
MATRIX CONTAINING SIMILARELEMENTSASINTHEDEFECT THEREBY
ANALYTICAL 34%- AND!04 ANALYSISOF RADIATION INDUCED ENHANC
UNDERSTAND THECOMPLEX ,4(% SCENARIOIN/$3 STEELS WHERE IRF
HIGHTEMPERATUREKATFIERRAES TECHNIQUES SUCHAS 3.3 THAT CANF
DENSITIESWITHINAMATERIALHAVETHE ADVANTAGE OFYIELDING IN
MATERIAL THEREBY THEDATADERIVED FROM3!.3 ARECONSIDERED -
= |QUANTITATIVE UNDERSTAND I NGPGIRBIEEMR ERI/ER BEMBRD TSI
LARGELY DERIVED FROMCOMBINEDB ')A ANOWBLBEBE NOTED; THAT WHILI
QUANTITATIVE PREDICTIONBY 3.3 REQUIRES SOMEPRIORKNOWLED
3I.3INVESTIGATION STUDIES REGARDING EMBRITTLING FEATURES IN
FOROTHERWIDELY STUDIED STEELS THAT ARE AL SO PRARN N G $4K RO !
206 STEELSALSOSUGGESTTHATTHE QUANTIFICATIONOFVACANCY °
ISNECESSARY T TOPRESENTAFULLPICTURE OF THE STEEERS TMIATRO-SH
FORMATION OF SOLUTE NANOCLUSTERS CAUSING HARDENING EMBRI
POSITRONANNIHILATION SPECTROSCOPY ARENEEDED TO QUANTIFY
PHENOMENOLOGICALUNDERSTANDING OF MICROSTRUCTURE EVOLU'
4HE RADIATIONTOLERANCEOFSTRUCTURAL MATERIALSISINHERE
DENSITY OF POINT DEFECT SINKS SUCHASTHE -8 PHASE IN 2!&-STEE
#ENTRALTOTHISISHOWTHE COMPOSITIONOFTHESE NANOFEATURE
AFFECTTHEBULKPERFORMANCE 7HILETHE -8 PARTICLES ARE GENE
THE STABILITYOFDIFFERENT OXIDENANO DISPERSOIDSUNDERNEU
SUGGESTS THAT OXIDENANO DISPERSOIDS CANSUFFERFROMDRAS®
NEUTRONIRRADIATION ENVIRONMENTS 7HILETHE TRUE ORIGINS OF
ARE PRESENTLY UNKNOWN THEY AREEXPECTED TOBEDRIVENBY MU
INCLUDING TRANSMUTATION EFFECTS THAT MAY OFTENNOTBE WEL
EXPERIMENTS WHERE NANOPRECIPITATES ARE SUSEGBDEABAD AD AL
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FIGURHE /$3 PARTICLES MAY NOTBE EASILYDISTINGUISHABLEBY CON
REQUIRES ANALYTICAL 34%-ORHIGH RESOLUTION 4%- 34%-STUDIE?
WIDE RANGEOFDOSESANDTEMPERATURES FOLLOWED WITHHIGH RI
EXAMINATIONIS REQUIRED TODEVELOPATHOROUGHUNDERSTANDIN
AND -8 TYPEPRECIPITATES )TSHOULDBENOTED THATMOST STUDIE
"UTDUETOTRAJECTORY ABERRATIONSDURINGTHE FIELD EVAPORAT
BECHALLENGING AND NECESSITATESPERFORMINGBOTH!04 AND 34
WASUSEDTO EXAMINE THE COMPOSITIONOFTHE NANO DISPERSOID
9 -N 31/ WASAROBNINAHKHIGH RESOLUTION4%-STUDY OF NANO DIS
STRUCTURE WAS POSTUUNTPEY RO GHLUHNE RHMSEHHASE RESULTS IN A
"THEINVERSEOFTHE - /RATIO CALCULATEDINTHE CHARACTERISA
ALSOIMPORTANTTO ACKNOWLEDGE TH A TOTRH!E PFRRYCRROCCSH DD R ERAUHATIERE
NANO DISPERSOIDSCANBETHERMODYNAMICALLY STABLEINNON ST
ACCOMMODATE SIGNIFICANT STRUCVMENRRAHERRARENSSTY OF THE PYR
PEROVSKITE PHASETO ACCOMMODATE VACANCMEASNIREMENTON AL
COMPOSITIONS OF THENANO DISPERSOIDS CANBE CHALLENGING DU
TECHNIQUES USED FORTHE OBSERVATION E G '04 AND 34%-
2EGARDING THEEFFECTOF(E THEACCUMULATIONWITHINTHE MA®
CAUSING EMBRITTLEMENT REQUIRES DEDICATED STUDIEIBIUEIMHEAD\
CLASSICALMETHOD OF QUANTIFYING THE SIZE ANDNUMBER DENSITY
CONTRAST INAWHE CONTENTOF (EWITHINCAVITIESISAKEY QUESTIC
QUANTIFICATION IFPOSSIBLE WOULD HELP TOIDENTIFY THE EARLY
HARDENING EMBRITTLEMENT ORTO IDENTIFY THE KEY UNDERLYING (
STEELSHAVINGCOMPLEXMICROSTRUCTURAL FEATURESASCOMPAR
%% )8 SOIFUA 34%- OFFERS THE POSSIBILITY OF DETERIMINIGIGHIISE (E C
TECHNIQUE THE (E SSIGNALISLOCATEDWITHINTHELO®BG6LOSS REG
DEPENDING ONTHE MATERIAL 4HISISCO LOCATEDWITHTHE PLASM
SIGNAL TO NOISETODECONVOLVETHE PLASMON AND (E SSIGNALSI
EXAMPLEIN (E IMPLANTED 31# SHOWED THATDURING DATACAPTURE
ELECTRONEXPAQBURWAS ULTIMATELY ATTRIBUTED TOTHE ENERGETI
CAVITYDURING OBSERVATION 3URFACEPLASMONS SHOULD ALSO BE
CONCENTRATIONSUSING 34%- %9%,3 TECHNIQUES 7ITHTHE ADVENT
34%- MICROSCOPES THE %%,3 ENERGY RESOLUTIONIMPROVEMENTS
AND HOLD PROMISETO SIGNIFICANTLY IMPROVE THE SIGNAL TO NOIS
FUSIONSTRUCTURAL STEELS 4HIS QUANTIFICATIONIS NECESSARY !
CANSEQUESTER (ETHROUGH TRAPPING=ATS HIEB@NACC D USWEIRSTEID 8 R
PARTICLES ITISUNCLEARHOWTHEDEFECT T TRAPPINGEFFICIENCYC

-ULTISCALEMODELLING
-ODELLINGMUSTPLAY ACRITICALROLEINALLOYDESIGNING INTHE
EXPERIMENTS ANDINTHEDESIGNOFIN VESSELCOMPONENTS FOR F
STRUCTURAL AND FUNCTIONAL MATERIALS ITISUNLIKELY THATEXP!
TOPREDICTALLASPECTS OFENGINEERINGPERFORMANCEINFUTURI
INTEGRATE AND EXTRAPOLATEFROMFUNDAMENTAL APPROACHES AT
ENGINEERING RELEVANT PREDICTIONS OFPERFORMANCE AT THE RE.
A SO CALLED MULTISEALE APPROACH ;

!'KEY ASPECTOFTHISINTEGRATIONCONCERNSUSING PREDICTION
HOW NEUTRONSINTERACT AND CHANGE MATTERIN MODELS THAT CAN
BEHAVIOUR ASSOCIATEDWITHTHOSE FUNDAMENTAL REACTIONS [INC(
DAMAGE -ODERNCOMPUTATIONALTOOLS CANSIMULATETHE PROP A
REACTORS 4HESE @TRANSPORT SIMULATIONS PROVIDEINSTANTAN
EASILY CONSIDERTHETEMPORALEFFECTS E G TRANSMUTATION S\
COMPUTATIONAL EXPENSE OF REPRESENTING REACTOR GEOMETRIE
-ONTE #ARLOMETHODS THROUGHMETRES OF MATERIAL AND UNDER:
THESE SIMULATIONS CANBEUSEDTOHELPPREDICTTHE STRUCTUR/
REACTOR OPERATION"BY RECORDING THEENERGIESOFTHE RECOILI
NEUTRONS )NPRACTICE THISISALITTLEUSED FEATUREOF TRANSP
FROMADAMAGE PERSPECTIVE THE SIMPLEDPA MEASURE OF DAMAGI
CANBEGINWITHEVALUATIONTOOLS SUCHAS 30%#42f PROIMALRY2KN O
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;7 “ORDEDICATED EVENT GENERATOR COMNEGS SIUCHATB(MHAWE DISTRII
EVENTS THE SO CALLED O0O+!S WHICHCANBE SUBSEQUENTLY USED IV
EVOLUTIONOF MICROSTRUCTURALDAMAGE FOREXAMP)IE THEI QG SH
ALLOYS INCLUDING STEELS=CADNEVENCALCLEDY'RT FORCOMPOUND EF
DAMAGEDOSEISNOTMERELYALINEARCOMBINATIONOFTHE EVALUA
ELEMENTS MAKINGUPACOMPOUND ;

4HE SAMEINPUT NUCLEARDATAUSEDINTRANSPORT SIMULATIONS
NEUTRONSINTERACTWITH MATTER AND COMBINEDWITHTHE @ZERO
SIMULATIONS CANBEUSEDTOPERFORMINVENTORY CALCULATIONS
COMPOSITION THETRANSMUTATION OR @BDRNBIRASSQORAREHEAMWRDEC
ONLINSHHATKS IOP ORG *0O%NERSHOW THEMMEBUAT OF SUCH ASIMULA®
THE &)30!#4 )) INVENEFCFRRCOIREO;FER STEELDURINGATWO FULL PO
FIRST WALLFUSIONENVIRONMENT FOR %5 $%-/ 4HESE DATA EITHEF
CHARTOFTHENUCLIDEINSTHEE MABREAUDEO WHICHIS PARTICULAR
UNDERSTANDING THE RADIOLOGICALRESPONSEOFMATERIALS ORA
INTHEFIGURE MUSTBEINCLUDED INANY MULTISCALE MODELLING FI
FIGURETHE PREDICTIONOF  THE PRODUCTION OF (EAND ( WHICH IS C
COMPARED TO-FDB SHO® THE HIGHER PRODUCTION PROBABILITY CRO
NEUTRONREACTIONAT $4 FUSIONINIBCTURSGREENHEGVES. ISACTONS OF
RATES IN 2!&-STEELS

"EYOND THE FUNDAMENTAL NUCLEARPHYSICS ASPECTS MODELLIN
ISCHALLENGING (OWEVER THEREHAVEBEENRECENT ADVANCESIN
MATERIALS INCLUDING ON &En#R ALLOYS WHICH ARETHE MOST SIMF
BOTHMODELLINGAND SUPPORTING EXPERIMENTS ONTHESE BINARY
STEPONTHEPATHTOBEINGABLETO MODELTHEFULLCOMPLEXITY O
REPRODUCED THE EXPERIMENTALLY OBSERVED RADIATION ENHANCI
&ENn#R ALLOYS WHICHLEADS TO SE GREGRM AT NGO\ #FS AND ATMEBWRIISTTTILC
#ARLO SIMULATIONS OHASE WEEANDWHIDELDENVGONSTRATED THATBOT|
MIXING MUSTBE INCLUDED TO BXPHASNE TN B EQOFRRVEXTROS BFTO ION IRR
ETAL=CONFIRMED VIA/BJECTKINETIC-ONTE #ARLO /K-# SIMULATI
PRECIPITATIONIN &En#RISDRIVENBY THE POPULATIONS OF DEFECT
BY  RRADIATION -ODELLINGOFHOWSTRUCTURALDAMAGE EVOLVES
ININDIVIDUAL CASCADES HAS ALSOPROGRESSED &0OREXAMPLE /K-
EVOLUTIONOFIRRADIATEDREAER AL UCSESD /KH¥EAREISHOW THAT IRRAD!
SWELLINGISSTRONGLY DEPENDENTON#R CONTENT ALLOWINGINTE
SUPPRESSIONOF SWELLING INTHEHIRE SEINOGEING FRRAT TOO MUCH # M
BENEFITSPRODUCEDBY #R (OWEVER FURTHER WORK EVENINTHEF
NEEDED FOREXAMPLE THECOMPLETEPHASEDIAGRAMASAFUNCTI
UNCERTAINRANSLATION OF THE FUNDAMENTAL MODELLING OF PHASI
EVOLVETOINCORPORATECOMPLICATED MICROSTRUCTURES AND DIF
THAT MAY EXPLAINOTHER DELETERIOUS FEATURES CONTRIBUTINGT
ASTHECLUSTERINGDETECTEDINNEUTRON IRRADIATED 2!&-AND PH
AND 3UCHACTIVITIES ARECRUCIALGIVENTHEEVOLVING CHEMISTR

4AHERE HAVE ALSOBEENRECENT SIGNIFICANTIMPROVEMENTS IN M
SIMPLE ONE COMPONENTSYSTEMS ANDTHISISWHEREMULTISCALE
UNDERSTANDING ATTHE ENGENEERDNEY ECAREDANDAREROACH THAT E
EVALUATETHE STRAINS STRESSES AND SWELLINGINNUCLEAR COMF
OF RADIATION INDUCED DEFECTS WHICH CANNOWBE APPLIED VIAF
DESIGNS OFFUSIONCOMPONENTS USINGINFORMATION ABOUTDAMA
7 = ISDISCUSSEDINTHENEXTSECTION CONSTITUTIVEMODELS BA.
OF 21&-STEELS AREHELPINGTO GENERATEAFIRST HANDIMPRESSIO
COMPONENTS ATENGINEERING RELEVANTLEVELS"SUCH COMPONEN
REQUIRESINPUT FROMATOMISTIC ANDMICROSTRUCTURE MODELS

%VENATOMISTIC SIMULATIONS MAINLY MOLECULARDYNAMICS OR
SPACE AREATLEASTNOWABLETOPRODUCE STATISTICALLY SIGNIF
&E THAT CANBEEXPLOITED TOUNDERSTAND CASCAGESOWERHARNE R
ALTERNATIVE ATOMISTIC SIMULATIONS BASEDONTHE CREATION REA
IRRADIATIONDOSES APPROACHING REACTOR RELEVANTDOSES BY
MICROSTRUCTURE OF DEFECTS CREATED-AANDNEB8ER BPGRATOCENKAPLLT
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n Te Te Te Te | Te Te Te | Te | Te | Te | Te Te Te | Te Te Te | Te [ Te Tc 67 Au | Au [ Au | Au [ Au | Au | Au | Au | Au | Au | Au
3 [ o1 [ 92 | 93 94 | 95 | 96 | 97 | 98 [ 99 [ 100 | 101 | 102 | 103 | 104 | 105 | 106 | 107 | 108 | 109 79 | 185 | 186 | 187 | 188 | 189 | 190 [ 191 | 192 | 193 | 194 | 195
5 | Mo [ Mo Mo o [FMo fMo [FMo ["Mo [Mo Mo | Mo [ Mo [ Mo [ Mo | Mo Pol P[P P[P P|Pe|P|P]Pe]p]pr
42090 | o1 | 92 94 | 95 | 96 [ 97 | 98 [ 99 | 100 | 101 [ 102 | 103 | 104 [ 105 | 64 65 66 78 | 453 | 184 | 185 | 186 | 187 | 188 | 189 | 190 | 191 | 192 | 193 [ 194
Nb | Nb Nb [*Nb [ Nb Nb | Nb [ Nb | Nb [ Nb | Nb | Nb | Nb | Nb 77 Ir Ir Ir Ir Ir Ir Ir Ir Ir Ir Ir
41 [ 5o | 90 92 | 93 | 94 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103 [ 104 182 | 183 | 184 | 185 | 186 | 187 | 188 | 189 | 190 192 | 193
7 Z Fz Fo Tz P Zz [z 2 Os [ Os | Os | Os Os [ ©Os [ Os [Os | Os [Os | Os
40 | g 90 91r 92 | 93 | 94 %r 57 | o5 |90 |60 61 62 63 76 | 151 | 182 | 183 | 184 186 | 187 | 188 | 189 | 190 | 191 | 192
Re | Re | Re | Re Re | Re | Re | Re | Re | Re | Re
Y Y Y Y Y Y Y Y Y Y Y Y
39 [ g7 | 88 [&0 | oo |01 | 02 | 03 | 9a |95 | 96 | 97 | 08 75 {180 | 181 | 152 | 183 185 | 186 | 187 | 188 | 189 | 190 | 191
wFw [w Fw Fw Fw [w fFfw [w [w | w|w
St S| Sr | Sr | st | st | st | s | st 74
38 86 89 90 9] 92 | 93 04 05 96 59 179 | 1800 | 181 | 182 | 183 | 184 | 185 | 186 | 187 | 188 | 139 | 190
Ta | Ta "Ta [“Ta | Ta | Ta | Ta | Ta | Ta | Ta | Ta | Ta
Rb | Rb | Rb | Rb | Rb | Rb | Rb | Rb | Rb | Rb 73
37 [ g5 | %6 | &7 | 88 | 89 | 90 | o1 | 92 | 03 | o4 | 58 178 | 179 | 180, | 181 | 182 | 183 | 184 | 185 | 186 | 187 | 188 | 189
2 [H HE | HI HU [ HEC|HE[HE [ B[]
48 49 50 S1 52 53 54 55 56 57 177 179 | 180 183 | 184 | 185 | 186 | 187
Lu | Lo |Lu|Lu|Lu|Luf|Lu Lu | Lu
TU | 176 | 177 | 178 | 179 | 180 | 181 | 182 | 183 | 184 | 114 115
Yb | Yb | Yb | Yb | Yb | Yb | Vb
70 | 475 | 176 | 177 [ 178 | 179 | 180 | 181 [ 112 113

*k - nuclide present in initial composition .
m - concentration dominated by metastable nuclide(s) 105 106 107 108 109 110 111

&IGURERANSMUTATION RESPONSE OF %UROFER 2!&-STEELINATYPICALFUSION FIR:
EMBEDDED VIDEO SHOWTHE ELEMENTALEVOLUTIONOFTHECOMPOSITIONDURINGT
CHART TABAEAOWS THENUCLIDECOMPOSITIONDISTRIBUTIONATTWO YEARS DEMO
NUCLIDES NOTPRESENTINTHE ORIGINALCOMPO SIYMBN LORIGINAQ RWELI B DSVINEI TH
EVOLUTIONOFISOTOPES CANBEFOUND SEPARATELY ATTACHED

PHENOMENATHATCOULD NOTPREVIOUSLY BE EXPI(ORIELNERUOH 3BV
PROGRESSATTHEATOMISTICLEVEL WHICHIS AKEY COMP © NHBENIREF
ISSTILLAGAPBETWEEN CAPABILITIESTHATALLOW SINGLEELEMENT
MODELLED ANDTHE FIDELITY THATWOULDBEREQUIRED TO CONSIDE
PROMISING AVENUE THAT COULD PROVIDEASOLUTIONISTHEUSE OF
ATOMS INTERACT &IRST PRINCIPLES CALCULATIONS SUBJECTTO LE
MULTI COMPONENTALLOYS SUCHAS'EMAREREMREMAUOE A ,CHALLENG
INFORMATIONTO PARAMETERISE APOTENTIALTHAT CANREPRODUCE
EQUILIBRIUM STRUCTURES ANDTHENCE PROVIDEPREDICTIVEMODEI
LEARNING HAS RECENTLY BEEN SHOWN CAPABLE OFBRIDGING THE G/




* OHYS %NERGY I"HATTAGETARY A

TOPROVIDEACCURATEPOTENTIALS FOROTHERELEMENTA+ 3HYHETEM
METHOD DEMONSTRATED COULD BE APPLIEDTO MULTI COMPONENT S
BEGENERATED FROMFIRST PRINCIPLES ANDTHUS ALLOWFORATOM
CAPABILITYTO SUPPORTTHEFUTUREDEVELOPMENTAND CHARACTE
FRAMEWORKS COMBINING AVARIETYOFTECHNIQUES AT VARIOUS SC

$ESIGNCHALLENGESFORFUSIONREACTORSINCLUDINC

4HE ENGINEERING DESIGNOFFUSIONCORE COMPONENTS INCLUDIN
DIVERTORS RADIO FREQUENCY LAUNCHERS ANDDIAGNOSTIC APPARF
ASSESSING VIABILITY AND RELIABILITYINAN&.3& 4HECOMPLEX ENYV
RAYS STRESS TEMPERATURE TRANSMUTATIONPRODUCTS AND MA
FUNCTIONALITYOFTHESECOMPONENTS CREATES ANENORMOUS CH/
CRITICALASPECTISTHATFUSIONIN VESSELCOMPONENTS WILL HAV
SHORTTMWMEEARS DUETOBOTHTHEIRRADIATIONENVIRONMENT AN
POINTWHERETHEY MUSTBE REPLACED 4HISPROVIDES SOME RELIEF
ENTIREFUSIONPOWERPLANTLIFETIME (OWEVER SOME COMPONEN"
LIFETIMECOMPONENTS E G VACUUMVESSEL ANDTHEIRDEGRADA

&ORAFUSIONPOWERPLANTDESIGNTOBE SUCCESSFUL COMPONE
IRRADIATIONEFFECTS MUSTBEINTEGRATED WITHNON IRRADIATEI
FEEDINGINTO MACROSCALE MODELSWITHREALISTICGEOMETRIES ~
ANALYSIS &URTHERMORE CORRELATING MICROSTRUCTURAL CHAR¥
ESSENTIALTO PRODUCING EFFICIENT ANDACCURATEPROJECTIONS |
DEEP FUNDAMENTAL UNDERSTANDING OF THE VARIOUS IRRADIATION
FUSIONNEUTRONS ISNEEDEDTO PROVIDEAUSEFUL T TRANSLATIONT
SCENARIOS &OR FUSIONIN VESSELCOMPONENTS SUCHASTHE &7 "
ANTICIPATED STRONG VARIATIONS IN RADIATION PARAMETERS WITH
NEUTRONDOSE (EPRODUCTIONAND (PRODUCTIONALL VARY ATDIFI
4HE NEUTRON ENERGY SPECTRATHAT THE FUSIONCORE STRUCTURA
FIGUREOR THE &7 THE VACUUM VESSEL ANDTHERB RIHIP AL FEBLNDACD I
NEUTRONENERGY PEAKISEVIDENT BUTTHE &7 AND REGIONS BEHINI
SPECTRUM )NORDERTO SHOWTHE NUCLEARIMPACTS THEDPA (EA
DEPTHOF AN &.3& BLANKET MODELLED USING &= (4HEKE A REGN D @/INE|
MAXIMUM AT THE &7 ANDDECREASESWITHTHE RADIALDISTANCE INT!
(EPRODUCTION RATEDECREASES MUCHFASTERTHANTHE NEUTRON
STRUCTURESIN &.3& WILLEXPERIENCE VARYING (E DPARATIOS ALO|
SIMILARSITUATION IS ALSO AN RICRAFAERD FORBERATURE VARIATION
THEDIFFERENTHEATING AND COOLING STRATEGIES ANDTHE STRES!
AND TEMPERATOREOVER FUSIONUTILISESLARGEPERMANENT MAGN
PROVIDING n 4DEPENDINGONTHE CONFINEMENT APPROACH AND I
MAGNETICFIELDS WILLAFFECTIRRADIATIONDAMAGE EVOLUTION 4t
ACONCERNIFITISTRAPPED ANDUNABLETODIFFUSEOUT ASITUATI(
NANOSTRUCTURED STEELSWITHHIGHDENSITIES OF PRECIPITATES T

I!'CONSEQUENCEOFTHE SPATIALLY DEPENDENTDPA AND GASPROL
THERMO MECHANICALPROPERTIESOFTHE COMPONENTWILLVARYF
THEBLANKET 3HOMREISECG UARES OF AN &.3& BLANKETWITHTHE 60N -
HIGHLIGHTING THE SIGNIFICANT VARIATIONS EXPECTED THROUGHO
NEUTRONIRRADIATIONS INSIDE THELIMITED VOLUMES OF -42SWITH
IRRADIATION PARAMETERS AND SIMULTANEOUS APPLIED STRESSES
REQUIRED THAT CANINCORPORATE SUCHVARIABLESTO PREDICT &7
CONSTITUTIVE RE&kAsLEAND SWWE THBNGSHOW ASTRONGEFFECT OF NON
GENERATIONON &.3& S2!&-STEEL BLAOKEMTSAERAMRVANEE NEUTRO!I
RESULTS THE MACROSCALE MODELLING SHOWS SEVEREfHERPEGTHEO
ATTHE BACKEND OVERARANGEOFDOSESUPTO DPAOCWARIGTHH |
PLASMA FACINGEWNDH SPATIALLY VARYING MATERIALPROPERTIES W|
THE BLANKET CALCULATEDINTHE ABSENCE OFIRRADIATION 7HEN Tl
ISINCORPORATED ADRASTIC MODIFICATION OF STRESS STATES ANL
SUB MODELCANOCCURASCOMPAREDTOTHE RESULTSWHENTHROU
ASSUME® AHE SPATIALLY DEPENDENT SWELLING ANDPLASTICITY PA

























































