O-rich domain of the U-Am-O phase diagram

Introduction

rniumEmeriium mixed dioxide 1-y em y y 2±x re promising mterils s trnsmuttion trgets for genertion s nuler retorsF 1 o prevent the orrosion of the lddingD one of the requirements of the fuel design is tht the dioxides must e oxygen de(ientD iFeF oxyE genGmetl rtio @yGwA ≤ PFHF st is hene not surprising tht the (rst investigtions on the EemEy system foused on the oxygen hypoEstoihiometri dominF 28 roweverD in order to ssure the sfety of retors oth in norml nd identl onditionsD omprehensive knowledge of the therml nd thermodynmi properties of the mterils present in the reE tor is neessryF ery few dt exist on the yErih domin of the EemEy phse digrmF he dt re limited to some melting tempertures mesured in irD 9 qe oxidtion of mixed oxide with emGw a HFVHD 10 the oxygen potentils of 0.50 em 0.50 y 2+x 11 nd study inditing smll soluility @emGw a IH tF%A of meriium in the hexgonl α w 3 y 8 struE ture @sFgF ETPmAF 12 sn this workD the wy 2+x Ew 4 y 9 Ew 3 y 8 phse equiliri re issuedF sn the (rst prtD the ehviour of 1-y em y y 2±x with HFIH ≤ y ≤ HFTUD in irD from room temperE ture up to IRUQ uD ws investigted y righEemperture Ery hi'rtion @rEhAF 13 st hs een shown tht the ddition of meriium to the dioxide hindered the formtion of higher oxidesD suh s w 3 y 8 F sndeedD y inresing the meriium ontentD the pperne of this phse is delyed to higher temperturesD while the totl mount diminishesF por n oxide with emG@emCA a HFPVD only S wtF% of w 3 y 8 ws formed fter therml tretment of R hours t IRUQ uD while oxides with em a HFRV nd HFTU remined singleEphse )uoritesF P sn this seond prtD the smples previously oxidized during the rEh experiments re hrterized y Ery esorption petrosopy @eAF his tehnique hs proven to e very useful to investigte the eletroni properties nd the lol struture fetures of E tinide oxidesF 3,5,8 fesidesD in these mostly ioni mterilsD the oxidtion sttes of the tions is diretly relted to the oxygen mount @eletroneutrlityAF hereforeD in this studyD the yGw rtio of the oxidized ompounds will e determined nd this will llow otining phse digrm dt in the yErih domin of the EemEy phse digrm t IRUQ uF 2 Experiment 2.1 Materials he preursor mterils nd the synthesis proess for the 1-y em y y 2±x pellets with nominl y a HFIHD HFISD HFQHD HFSH nd HFUH ws desried in detil in previous workF 13 he weg proess 14 ws used for the synthesis nd the otined smples hd properties omprle with those of previous studiesF 15,16 he pellets were ground in n gte mortr nd the otined powder smples were nneled in rEh under )owing puri(ed irF ell the studied ompositions underwent the sme therml tretment under irF hey were heted from room temperture up to IRUQ ± IS uD with temperture steps of SH uF et eh stepD QH minutes plteu ws performed @time neessry for the quisition of di'rtion ptternAF he heting rte etween the steps ws S uGsF et the end of the heting stgeD plteu of R hours ws performed t the mximum tempertureF h ptterns were quired during this dwell time nd no evolution ws oservedD inditing tht the equilirium ws likely rehedF pinllyD the smples were ooled down reording di'rtion pttern every IHH uF e ooling rte of S uGs ws pplied etween the stepsF he lttie prmeters of the ui strutures @wy 2 or w 4 y 9 D depending on the smpleA exhiited regulrD liner dereseD without ny disontinuities @see ennexAF por this resonD it is supposed tht the ooling ws fst enough to mintin the omposition rehed t IRUQ uF he ietveld re(nement of the Q h ptterns quired t room temperture llowed determining the phse ompositions of the smplesF hese re summrized in le IF le IX gompositions of the investigted smplesF he emG@emCA rtio ws mesured y sw @herml soniztion wss petrometryAF he phse reprtition ws determined y ietveld re(nements of the h ptterns quired t room temperture fter oxidtionF mple emG@emCA @tF%A wy 2+x @wtF% A w 4 y 9 @wtF%A w 3 y 8 @wtF%A wp @%A

emIHox IH E PI@SA UW@SA WFS emISox IS E RQ@SA SU@SA UFT emQHox PV WS@SA E S@RA SFQ emSHox RV IHH E E SFI emUHox TU IHH E E SFR
he e study ws performed t the yfv emline of the ip @qrenoleD prneAD R months fter the rEh mesurementsF huring tht periodD the smples were stored in glove oxes in n inert x 2 tmosphereF 2.2 Experimental set-up he e spetr were reorded t the yfv emEline t the ip @qrenoleD prneA under dedited operting onditions @TFH qeD IVH meAF wesurements were performed t room temperture nd t IS uD using for the ltter losedEyle helium ryosttF petr were olleted t the emEv 3 @IVSIH eAD Ev 3 @IUITT eA nd Ev 2 @PHWRV eA edges in oth trnsmission nd )uoresene modesD using ioniztion hmers (lled with x 2 Ger nd gnerr energyEdispersive IQEelement germnium solid stte detetorF e doule i@IIIA rystl monohromtor ws used for energy seletion nd the lirtion ws performed using metlli foilsD nmely yttrium @IUHQV eAD zironium @IUWWV eAD nd molydenum @PHHHH eAF he referenes were mesured t the sme time s the smplesD in trnsmission modeD using third ioniztion hmer ehind the foilF he exi spetr hve een normlized using liner funtions for preE nd postEedge modellingF he whiteEline mxim hve een determined s the (rst zeroErossing of the (rst derivtiveF reEedge removlD normlizE tion nd selfEsorption orretion were performed using the erixe softwreF 17 tndrd R mterils with known oxidtions sttes were dopted for the nlysis of the exi dtX n em 3+ Eoxlte 18 nd em 4+ y 2 for meriiumD 19 4+ y 2 D @ 4+ 0.5 D 5+ 0.5 A 4 y 9 nd @ 5+ 2/3 D 6+ 1/3

A 3 y 8 F 20 he exi spetr of the oxidized ompounds were (tted y liner omintion of the stndrdsD in the energy rnge E wl -20eV ≤ E ≤ E wl + 20eV D with E wl eing the white line energyF prom these (tsD the verge oxidtion sttes of the tions were otinedF he iep osilltions were extrted from the rw dt with the erixe softwre 17 nd pourierEtrnsformed using rnning windowF por the emSHox smpleD the iep dt were (tted using struturl modelF sn this seD intertomi sttering pth phses nd mplitudes were lulted with the pipp VFRH initio odeF 21 he eiws softwre ws used for urve (tting in k 3 F por the other smplesD presenting two phsesD the iep dt were (tted y liner omintion of the stndrdsF 3 Results

3.1

Cationic charges and O/M ratios by XANES he exi spetr olleted t the v 3 edge of em nd nd their orresponding seondE derivtives re shown in pigF I nd pigF PD respetivelyF he spetr re ompred to stndrd ompounds nd to the sEmnuftured smplesD iFeF efore oxidtionD for whih previous study ws presented inF 8 por simpliityD the nomenlture 4em4 nd 4emox4D with equl to the @nominlA overll emG@emCA rtioD is here doptedD for the oxides efore nd fter tretment in irD respetivelyF por emUHoxD prolem ourred during the reovering of the powder from the rEh setEup or the preprtion for the synhrotron @t room tempertureAF e high quntity of u ws found y e in the smple @sent in the sEsintered oxideAD proly from ontmintion with @DuAy 2 oxide @stored in the sme glove oxesAF es onsequeneD the spetr olleted t the edges nnot e onsidered representtive of the oxidized 0.33 em 0.67 y 2±x smple nd they re not reportedF ynly the emEv 3 edge is thus reportedD S pigure IX exi spetr olleted t the v 3 edge of em nd their seond derivtives for the @DemAy 2 smples efore nd fter oxidtion in irF T pigure PX exi spetr olleted t the v 3 edge of nd their seond derivtives for the @DemAy 2 smples efore @light lueA nd fter oxidtion in irF U in the hypothesis tht the wy ontmintion did not 'et the meriium hemil stte in the @DemAy 2 dioxideF he oserved energies of the in)etion points nd the white lines re ompred in F PF por the em v 3 edgeD the in)etion points nd the white line positions of ll the oxidized smples re identilD within the experimentl unertintyD to the sEmnuftured oxidesF hese energies re very lose to the em 3+ Eoxlte refereneD wheres the emy 2 white line is shifted to higher energy of more thn Q eF his indites tht meriium is prevlently trivlent in the mixed oxidesF st n seem surprising tht meriium is in the trivlent stte in oxides nneled in irD ut this is onsistent with severl previous investigtionsF 35,8 snE deedD in urniumEmeriium mixed oxidesD meriium is very stle in the trivlent stteD when urnium is prtilly oxidized to the pentvlent stteF ynly for emG@emCA b HFSHD tetrvlent meriium hs een oservedF 8 sndeedD in greement with the previous resultsD slight shift towrd higher energies is oserved for the emUHox smpleD due to the mixed em 3+ Gem 4+ oxidtion stteF 8 he orresponding oxidized smple presents very similr V white line positionD only slightly shifted towrd higher energiesD likely inditing further smll inrese in the em 4+ frtionF he spetr olleted t the Ev 3 edge show remrkle di'erenes etween the sE sintered nd oxidized smplesD eing generlly shifted towrd higher energiesF por the emIHoxD emISoxD emQHox smplesD the white line positions re etween those of the 4 y 9

nd the 3 y 8 referenesD inditing high verge oxidtion stte of urniumF his is onE sistent with the presene of the ui nd the w 3 y 8 phses in these smplesD reveled y the rEh resultsF por the emG@emCA a HFS ompositionD the white line position is found por the em v 3 edgeD the (t on(rmed the presene of meriium exlusively in the trivE lent stte for the oxidized smples with emG@emCA ≤ HFRVF he emUHox smple presents mixed em 3+ Gem 4+ ompositionD with n verge oxidtion stte of CQFQP@QAD slightly W higher thn tht of the sEsintered oxideD equl to CQFPT@QAF 8

por the v 3 edgeD the est (ts were otined using the 4 y 9 nd 3 y 8 referenesF por the emIHoxD emISox nd emQHox smplesD the high verge oxidtion sttesD rnging from CRFWS to CSFIUD re due to the presene of urnium in oth the ui nd the w 3 y 8 phsesF por the emSHox smpleD onstituted y single ui phseD the verge oxidtion stte of urnium ws equl to CRFVV@QAD slightly higher thn tht of the sEsintered oxide @CRFVP 8 AD ut still lower thn CSF hereforeD 4+ G 5+ mixture n e supposedD sine the presene of hexvlent urnium n e exludedD s shown y ipifno et lF 8 es lredy sidD for the emUHoxD the dt reltive to the Eedge re not reported euse the smple ws ontmiE nted y wy during the preprtion nd hene the results on this edge re not relileF he overll O/M tot rtios of the smples were omputedD from the knowledge of the verge oxidtion sttes of em nd @the mesured emGw rtios of le I were used for the lultionsD insted of the nominl onesAF por the iphsi smplesD the yGw rtio of the ui phse @O/M cubic A ws hene derived from the lne reltionX

O/M tot = a • O/M cubic + b • 2.667, @IA
where a nd b re the molr frtion of the ui nd the w 3 y 8 phseD respetivelyD whih were derived y the ietveld h re(nements @le IAF sn iqF @IAD the w 3 y 8 is supposed to e stoihiometri ompound @yGw a PFTTUAF he resulting ompositions of the oxidized smples re summrized in F R nd represented in pigF QF por the tioni frtionsD the presene of 6+ in the ui phse ws exludedD on the sis of the results presented inF 8 por the @wyEontmintedA emUHox smpleD the dt olleted on the emEedge re usedD in the hypothesis tht the wy ontmintion does not 'et the meriium in the smple @this is likely sineD s sid eforeD the ontmintion ourred fter the oxidtionD IH le RX gompositions of the ui phse of the oxidized smplesF X not ville dtD supposed from the sEsintered oxideF mple yverll omposition gui phse omposition guimolF% w 3 y 8 molF% yGw tot em 3+ em 4+ 4+ 5+ yGw emIHox HFRS@SA HFSS@SA PFRV@PA HFIH H HFQ HFTH PFPS@SA emISox HFUH@SA HFQH@SA PFRH@PA HFIS H HFIQ HFUP PFPV@SA emQHox HFWV@RA HFHP@RA PFPH@PA HFPV H HFHS HFTU PFIW@SA emSHox I H IFWW@PA HFRV H HFHT HFRT IFWW@PA emUHox I H IFWI@PA HFRT HFPI HFPT a HFPV a IFWI@PA a t room tempertureAF por urniumD sine the exi spetr ould not e olleted @wy presene lerly lter the urnium edgeAD the dt of the sEsintered smple were doptedF he rel yGw rtio is expeted to e equl or higher thn the lulted vlue of IFWI@PAF sndeedD redution of urnium during the heting in ir would e very unlikely nd hene the yGw rtio nnot e lower thn the vlue here proposedF @the oxide efore the nneling in irA 8 nd it presents nlogies with 4 y 9 F 22 por this resonD s previously done for the sEsintered ompoundD 8 struturl model sed on the IQ βE 4 y 9 struture @pERQmAD proposed y gooper nd illisD 22 ws used for the re(nement of the iep dtF sn this strutureD the tions nd most of the y toms re loted t )uoriteEtype positionsD ut the )uoriteEtype oxygen sulttie @y uo in le SA shows signi(nt ontent of vniesD wheres two dditionl interstitil positions re ville for oxygenX the RV@hA @x a y a HFTIU nd z a HFSA nd the IT@eA @x a y a z a HFTHVA yko' positionsF roweverD sine the IT@eA position hs very low oupny @HFHIHAD only the RV@hA interstitil oxygen toms were inluded in the iep model @y cubo in le SAF he min e'et of inluding these uothedrl interstitils is the pperne of two dditionl Ey distnesX one t out PFPH ¦ e nd the other t out PFVU ¦ eD hene respetively shorter nd longer thn the Ey uo distneF e generl good greement etween the (ts nd the dt ws otinedD s shown in pigF TF he resulting struturl prmetersD listed in F SD re very similr to those previously otined for the sEsintered oxideF 8 wore spei(llyD lmost identil vluesD within the le SX rmeters resulting from the re(nement of the emSHox iep spetrF mple idge hell @ ¦ eA x σ 2 @ ¦ e 2 A Eftor emEv III yI PFRPT@SA VFI@QA HFHHTQ@SA HFHHW emGI QFVS@IA IPFI@SA HFHHRP@RA yP RFRU@IA PR@QA HFHIR@QA 0.5 em 0.5 y 2 emGP SFRS@PA T@PA HFHHS@IA Ev II y cubo I PFIW@IA IFU@SA HFHHUQ@SA HFHII y uo I PFQP@IA SFR@SA HFHII@PA y cubo P PFVP@IA IFU@SA HFHIP@PA emGI QFVT@IA IP@IA HFHHRS@SA y uo P RFRQ@IA PS@QA HFHII@IA unertinty limitsD were otined for the em v 3 edgeF pew di'erenes were oserved for the urnium lol environmentD onsisting in slightly shorter Ey distnesX for Ey f luo1 D distne of PFQI@IA ¦ e ws here otinedD ginst PFQT@IA ¦ e for the oxide efore oxidtionY 8 similrlyD PFVP@IA ¦ e ws here otined for Ey cubo2 D ginst PFVU@IA ¦ e in the previous workF 8 his is onsistent with the higher verge oxidtion stte of urnium highlighted y the exi nd it on(rms the slight inrese in the yGw rtio from IFWU@IA to IFWW@PAF IR usequentlyD during the oolingD h ptterns were quired every IHH u nd the otined lttie prmeters deresed linerlyD without disontinuities @see ennexAF hen hnge in omposition oursD disontinuities re generlly oserved in the lttie prmetersF por this resonD the hypothesis tht the ooling ws fst enough to preserve the equilirium rehed t IRUQ u seems resonleF nder these ssumptionsD dt on the EemEy phse equiliri were otinedF he ommodtion of em 3+ in the w 4 y 9 phse ws oserved for the (rst timeF e smll soluility of em 3+ @emGw HFIHA in the w 3 y 8 phseD previously proposed y gisso et lF 12

for the hexgonl α polymorphD ws on(rmed nd it ws extended lso to the orthoromi α strutureF pixing the emGw rtio of the w 3 y 8 phse to IH molF% for ll the iphsi smples nd omining the h nd exi dtD the ext ompositions n e proposedF hese re summrized in le U nd represented on isotherml setion of the EemEy IU phse digrm in pigure VF wo tieElines in the w 4 y 9 Ew 3 y 8 D one tie line in the wy 2+x Ew 3 y 8 nd two points in the wy 2±x domin @the emGw a HFTU eing unertinD for the resons previously explinedA were otinedF snterestinglyD the )uorite struture is preserved for emG@emCA HFRVD without the formtion of hyper oxidesF his is onsistent with reent result from igier et lFD who investigted y thermoEgrvimetri nlysis @qeA the ehviour of Eem mixed oxide with emGw a HFVH @nd some perent of xp nd u impuritiesAD in y 2 F heir results showed mss intke for RQV ≤ ≤ TSH uD followed y onstnt qe signl up to IPUQ uF efter the nnelingD the smple exhiited single

)uorite strutureD in greement with this workF nfortuntelyD the yGw rtio of the smple ws not mesured @neither efore nor fter the qe experimentA nd hene the point nnot e dded to our phse digrmF le UX ytined phse digrm points t IRUQ uF yverll omposition ghemil formul molF% emGw yGw HFI PFRV 0.45 • (U 0.9 , Am 0.1 ) 4 O 9 + 0.55 • (U 0.9 , Am he phse digrm dt here presented n e very useful in the frme of the developE ment of gevreh dtse for nuler mterilsD suh s the epsh @hermodynmis of edvned nuler puel snterntionl htseAF 23 qu¡ eneu et lF hve reported gevE reh model for the Ey systemD where the 4 y 9 nd 3 y 8 phses were ssessed within the ompound energy formlismD using two sultie modelF 24 eording to the new results of this workD for the ssessment of the EemEy systemD these models should e extended sX 

(U 4+ , U 5+ ) 4 (O 2-) 9 -→ (Am 3+ , U 4+ , U 5+ ) 4 (O 2-) 9 @PA (U 5+ , U 6+ ) 3 (O 2-) 8 -→ (Am 3+ , U 5+ , U 6+ ) 3 (O 2-) 8 @QA IV

  of the ui phse of the oxidized smples s funtion of the overll yGw rtio of the smpleF he otined yGw rtios on(rm the identi(tion of the ui struture of the emIHoxD emISox smples with the w 4 y 9 phseF he yGw a PFIW of the emQHox smple is onsistent with the oxidtion of the wy 2+x phseD highlighted y the rEh results shown in the (rst prtF 13 por the monophsi emSHox smpleD the yGw rtio is lose to the stoihiometri II vlueF his vlue is onsistent with the vrition in the lttie prmeter oserved during the rEh mesurementsD whih did not indite sustntil oxidtion of the smpleF por the emUHox smpleD it is hrd to drw onlusions sine the verge oxidtion of urnium ould not e mesured fter the oxidtionF roweverD onsidering the rEh dt nd the meriium ehviour @only slightly oxidizedAD one n suppose tht the oxide ws still hypoEstoihiometriD even fter the therml tretment in irF 3.2 EXAFS results em v III nd v II iep spetr were olleted t IS u on the oxidized smplesF he otined iep spetr nd their pourier trnsforms re reported in pigF R nd pigF SD for em nd respetively @the emUHox smple is not reported euse of the prolems in the preprtionAF pigure RX ixperimentl iep spetr t the v III edge of em nd their pourier trnsforms of the oxidized smplesF p oundriesX QFSEIP ¦ e -1 D dka P ¦ e -1 emrkle di'erenes n e oserved for oth the em v III nd v II iep spetr etween the di'erent ompositionsF IP pigure SX ixperimentl iep spetr t the v II edge of nd their pourier trnsforms of the oxidized smplesF p oundriesX QFSEII ¦ e -1 D dk = 2 ¦ e -1 por the monophsi emSHox smpleD the iep spetr present fetures similr to those of the orresponding sEsintered ompositionD whih ws previously reported y ipifno et l F 8 sn prtiulrD the pourier trnsform of the emEv 3 iep spetr exhiits two min peksD round IFW ¦ e nd QFV ¦ e respetivelyD whih re hrteristi of the )uorite strutureF he (rst pek orresponds to the (rst tioni oordintion shell in the )uorite environmentD whih is onstituted y V oxygen neighoursY the seond pek is minly due to the ontriE utions from the seond oordintion shellD onstituted y twelve tionsF gon(rming these qulittive oservtionsD the emEv 3 iep dt re very well re(ned using )uoriteEtype struturl modelD s shown in pigure TF por the Ev 2 edge iep dtD ler rodening of the (rst pek of the pourier trnsform n e oservedF his rodening ws previously oserved for 0.52 em 0.48 y 1.97

  pigure TX em v 3 nd v 2 iep spetr nd pourier trnsforms of the emSHox smpleF p oundriesX QFSEIQFS ¦ e -1 D dk a P ¦ e -1 for em v 3 Y QFSEIIFP ¦ e -1 D dka P ¦ e -1 for v 2 F he iep spetr of the emIHoxD emISoxD emQHox ould not e (tted y theoretil modelD sine the presene of two omplex strutures @w 3 y 8 nd ui oxidized phseA would hve required the re(nement of too mny prmetersF he Ev II iep spetr ould e (tted y liner omintion of the 4 y 9 nd 3 y 8 referenesD hieving resonle greementD s shown in pigF UF he results of the (ts re summrized in F TF he w 4 y 9 Gw 3 y 8 phse proportion otined for emIHox is in very good greement with the results otined y the ietveld re(nement of the h dtF por the emISox nd emQHox smplesD the 3 y 8 ontriution to the iep (t is slightly higher thn the mount of the w 3 y 8 phse determined y hF his is onsistent with the mount of meriium in w 3 y 8 eing limited to mximum vlue of IH tF%F sndeedD this phse results enrihed in urnium ndD onsidering tht the iep provides informtion IS only on the urnium environmentD higher w 3 y 8 frtion is expeted from the (t of these dtF pigure UX v 2 iep spetr nd pourier trnsforms of the emIHoxD emISox nd emQHox smpleF p oundriesX QFSEIIFS ¦ e -1 D dk = 2 ¦ e -1 F le TX viner omintion (ts of the χ(k) • k 3 iep spetr of the emIHoxD emISox nd emQHox smplesD shown in pigF RD exhiit signi(nt di'erenes from the defetEfree )uorite struture @see for omprison the emSHox spetrumAF por instneD in the reltive k 3 Epourier rnsformD derese in the intensity of the seond min pek @orresponding to the tioni shellA n e remrkedF his IT is due to the loss of the long rnge order round meriium nd it indites deprture from the )uorite strutureF he loss of the )uoriteEtype lol environmentD oserved for the (rst time in Eem mixed oxidesD is onsistent with meriium inorportion in the oxygenErih w 4 y 9 nd w 3 y 8 phsesF 4 Discussion sn this workD the omposition of Eem mixed oxidesD fter nneling in ir t IRUQ uD hs een determined y omining h nd eF pundmentl dt on the yErih domin of the EemEy phse digrm n e otined from these resultsD ssuming thtX (rstD the therml tretment ws long enough to hieve equiliriumY seondD the ooling ws fst enough to quenh the smple nd mintin the ompositionF he (rst hypothesis relies on the rEh results presented in nother studyD 13 from whih the smples here investigted originteF huring the REhours dwell t IRUQ uD the h ptternsD quired every QH minutesD did not show ny di'erenesD inditing tht the smple ompositions were not evolvingF 13
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