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1 Introduction sn the frme of the trnsmuttion of minor tinidesD urniumEmeriium mixed dioxide 1-y em y y 2±x re promising trgets for genertionEs nuler retors 1 nd they hve reE ently een the sujets of vrious studiesF he design of fst neutron retors inlude hypoE stoihiometri dioxide fuelD iFeF wy 2-x D in order to limit the intertion with the lddingF 25 st is hene logil tht the (rst investigtions on 1-y em y y 2 ± x oxides hve foused on the oxygen hypoEstoihiometri dominF 612 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 retor is neessryF p to nowD very few dt exist on urniumEmeriium mixed oxides with oxygenGmetl rtio @yGwA higher thn PF sndeedD only three studies report dt on the oxygenErih domin of the 1-y em y y 2 ± x solid solutionF he (rst onerns the oxygen potentil mesurements perE formed on 0.5 em 0.5 y 2±x y frtsher nd riY 13 these dt indite tht the )uoriteEtype solid solution n reh yGw vlues of out PFHWD for WUQ ≤ ≤ ISUQ u nd ETH ≤ ∆GO 2 ≤ EU ktGmolF he seond is reent investigtionD y gisso et lFD 14 tht indites smll soluility @emGwaIH tF%A of meriium in the hexgonl α w 3 y 8 struture @sFgF ETPmAF pinllyD some melting temperture mesurements were performed in ir on 0.5 em 0.5 y 2±x oxidesD whose (nl yGw were higher thn PFHF 15 roweverD no dt exist on the trnsition tempertures nd the phse limits in the wy 2 Ew 4 y 9 Ew 3 y 8 dominF hese fetures re hrd to predit sine the inry systems Ey nd emEy present di'erent phse digrms nd they hve very di'erent ehviours in oxidizing onditionsF he Ey phse digrm inludes sevE erl oxides with yGwbPD nmely 4 y 9 D metstle 3 y 7 D 3 y 8 nd y 3 F 16 everl studies re ville on the oxygenErih domin of the Ey phse digrm nd on the oxidtion proess in irF 1720 righEemperture Ery hi'rtion @rEhA mesurements on y 2 showed tht the dioxideD in irD is quikly oxidized to 4 y 9 for b RUQ uF 21 usequentlyD the U 4 O 9 → U 3 O 8 phse trnsition ours t a TUQ uF yne formedD the U 3 O 8 phseD with its di'erent polymorphsD is stle in irD up to ITUQ u ndD during the susequent oolingD P untill room tempertureF emy 2 is the meriium oxide with the highest yGw rtio nd it ehves in ir in very di'erent wy thn y 2 X when hetedD emy 2 not only mintins its )uorite strutureD ut it lso strts to e redued @yGw`PA for b IPHH uF 22 husD the pronouned di'erenes etween the emEy nd the Ey phse digrms led to ompletely di'erent ehviour of the respetive dioxides in irF st is hene di0ult to infer informtion out the oxygen rih domin of the ternry EemEy phse digrm nd the eE hviour of @DemAy 2 oxides in oxidizing onditionsD espeilly euse vrious studies hve shown tht they do not exhiit n idel solid solution ehviourF 7,9,12,15 por this resonD n investigtion y righEemperture Ery hi'rtion @rEhA over wide ompositionl domin is here presentedF he e'ets of the meriium ddition to y 2 on the oxidtion kinetis will e shown nd the soluility of meriium in w 3 y 8 will e inferred from the rystllogrphi dtF 2 Experiment

Materials

1-y em y y 2 ± x oxides with nominl meriium ontent y a HFIHD HFISD HFQHD HFSH nd HFUH were synthesized for this studyD eh one identi(ed herein with the referene indited in F IF he smples were initilly mnuftured s form of pellets in the etlnte fility of gie wrouleD using s preursors y 2 nd emy 2 powdersF he former ws depleted urnium dioxideD whose totl ontent of impurities ws elow IHH ppmF he yG rtio ws mesured y polgrphy nd it ws equl to PFHRF he emy 2 th me from test of liquidEliquid extrtion from spent fuel with the iew proess 23 nd it presented some perent of impuritiesD minly ge @IFU@SA wtF%AD xd @HFS@IA wtF%A nd xp @HFR wtF%AF he yGw rtio ould not e diretly mesuredD ut therml tretment in dry ir ws performed on the emy 2 powderD t TUQ u for IP hoursD whih is onsidered su0ient to estlish the stoihiometry yGem a PFHF 22 he preursor powders were mixedD ground y llEmilling nd Q pressed into pellets of out SHHEUHH mgF he weg powder metllurgy proess 24 ws pplied for the synthesis of the mixed oxidesF his proess inludes two therml tretmentsE with intermedite grinding nd pelletiztionE performed in tungsten furneD with plteu tempertures of PHPQ uD for emGw ≤ QH molF%D nd IVUQ u for higher em onentrtionsF por the tmosphereD )owing mixture of erGr 2 @R%A nd erGy 2 @IHHH ppmA ws usedD in order to otin oxygen potentils of out ERSH ktGmol t PHPQ u nd ERRH ktGmol t IVUQ uF he otined pellets were ground in n gte mortr nd the powder hrterized y hD therml ioniztion mss spetrometry @swA nd eF sw llowed determining the otined emG@emCA rtio of the smplesF he h ptterns of ll the ompositions on(rmed the presene of one single )uoriteEtype phseD inditing tht the formtion of the solid solution ws hievedF e ws performed on few mg of powder for the ompositions investigted in this workD t the ossendorf emline of the ip @qrenoleD prneAF he v 3 edges of nd em were proed nd the spetr were ompred to those otined on referene mterils @y 2 D 4 y 9 D 3 y 8 D emy 2 nd n oxlte with em 3+ AF his llowed determining the verge oxidtion sttes of nd emF henD from the eletroneutrlity ruleD the yGw rtios were otinedF he results of the e study on the sEsintered oxides re pulished in previous workF 12 he ompositions of the smples re summrized in F IF le IX gompositions of the smples eferene emG@emCA @tF7A yGw rtio emIH IH@IA PFHI@PA emIS IS@PA PFHP@PA emQH PV@PA PFHP@PA emSH RV@IA IFWU@PA emUH TU@QA IFWH@PA he smples were stored for out U months efore the mesurementsD with the exeption of the emIH smple whih ws nneled in rgon efore the rEh experimentF he nneling tretment ws initilly plnned for ll the smples ut it ould no e performed for tehnil prolemsF por eh ompositionD etween PHERH mg of powder were used during R the rEh mesurementsF 2.2 Experimental set-up and procedure rEh mesurements were performed t the vipge fility of gieGgdrhe @prneA with frggEfrentno θ -θ fruker hV edvne Ery di'rtometer using gu rdition from onventionl tue soure @K α1 +K α2 rditionX λ a IFSRHT nd IFSRRR ¦ eAF he devieD implemented in gloveox dedited to nuler mterilsD ws desried in previous worksF 25 e wsErightemp hot stge ws used for heting the smpleF he furne llows heting the smple up to PPUQ u using metlli strip nd rdint heterD oth mde of wo or pltinumErhodium lloyF sn this workD onsidering the oxidizing tmosphereD the th strip ws preferredF fefore the mesurementsD temperture lirtion ws rried out in steps of IHH u from room temperture up to IVUQ u using wgy powder s refereneF eording to previous experimentsD onstnt unertinty of ± IS u is estimted on the temperture rnge onsideredF he tmosphere inside the hot stge ws ontrolled through onstntly )owing gs of puri(ed irF ell the studied ompositions underwent the sme therml tretment in irF hey were heted from QHH u up to out IRUH uD with temperture steps of SH uF et eh stepD di'rtion pttern in the 18 • ≤ 2θ ≤ 140 • rnge ws quiredF yne quisition requires out QH minutesF 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 pinllyD the smple ws ooled down reording di'rtion pttern every IHH uF e ooling rte of S uGs ws pplied etween the stepsF h ptterns re(nement ws performed ording to the wley method 26 or the ietveld method 27 @spei(ed in the following se y seA using the ye RFH softwreF 28 S 3.1 General evolution in air en overview of the ehviour in ir of the 1-y em y y 2±x oxides is provided in pigF ID where isointensity mps were reted from the di'rtion ptternsD reorded t di'erent temperE turesF foth the heting nd the ooling stges re inluded in the representtionF he spei( ngulr rnge ws seleted euse it inludes intense di'rtion peks of ll the oserved phsesF pigure IX ssoEintensity mp of rEh mesurements in ir on emIHD emISD emQHD emSH nd emUH @from left to right nd from top to ottomAF wo di'erent ehviours n e identi(edX the oxides with emG@emCA ≤ HFQH undergo T phse trnsition during the heting in irD wheres the emG@emCA a HFSH nd HFUH show single )uorite phse during the entire het tretmentF he ltter two exhiit hene ehviour in ir similr to emy 2 nd this will e further disussed in the next setionD onsidering the lttie prmeter expnsionF pousing now on the isoEintensity mps of the former three ompositionsD one n oserve tht distortions of the ui struture re)etions re oservle during hetingD for temperE ture higher thn RUQ uF hese orrespond to vritions of the lttie ell prmeterD whih n e used y severl ftorsD suh s therml expnsionD yGw vritionD nneling of defetsF he most evident shifts nd distortions were oserved for emIH nd emIS nd they re similr to those tht n e oserved for y 2 F 21 his likely indites the formtion of the )uoriteErelted w 4 y 9 phseF st must e oserved thtD sine the soluility of em in 4 y 9 nd 3 y 8 is unknownD one nnot trivilly onlude on the reprtition of meriium etween the phsesF hereforeD in the iphsi regionD the emG@emCA rtio of eh phse is unknownF gonsequentlyD in the followingD the phses will e indited s 4wy 2 4D 4w 4 y 9 4 nd 4w 3 y 8 4D where w a emD F qoing to higher temperturesD seond phse ppered nd susequently the two phses oexisted for the rest of the mesurementD during oth heting nd oolingF he dditionl di'rtion peks orrespond to the hexgonl struture @sFgF ETPmD x • IVWA of α E 3 y 8 F 29 snterestinglyD the pperne of the w 3 y 8 phse ws shifted to higher tempertures y inresing the totl mount of meriiumF woreoverD strong di'erenes were oservle for the wy 2 Gw 3 y 8 reltive intensities etween the three smplesX the higher the meriium ontentD the lower the w 3 y 8 Gwy 2 intensity rtioF 3.2 Evolution of the cubic phase and phase transitions he h ptterns quired during the therml tretments in ir were re(ned ording to the wely methodF 26 por the ui phseD the pmEQm struture ws lwys usedF roweverD the doption of the )uoriteErelted w 4 y 9 superstruture @RxRxR )uorite ellsA 30 give similr U results for the (t of h ptternsF he pmEQm struture ws preferred in order to diretly ompre ll the ui lttie prmetersF sndeedD the lttie prmeter vritions of the ui phse n e diretly relted to its omposition hnges nd these will e detiled in the following for eh oxideF Am10.

es previously mentionedD the emIH smple ws thermlly treted t IPUQ u in erGr 2 @S%A for R hoursD in order to nnel the defets indued y the selfEirrditionD efore the rEh experimentF he oxide ws out Q hours old when the (rst h pttern ws reorded t room tempertureF he orresponding lttie prmeter ws a = 5.464(1) ¦ eF he vrition in the lttie prmeter s funtion of temperture is represented in pigF PE@AF he dt of oth the heting @redA nd the ooling @lueA steps re shownF yn the right side of the (guresD portions of the h ptterns for seleted tempertures re lso reportedF he pigure PX fehviour of the emIH smple in irX @A evolution of the lttie prmeter of the ui struture s funtion of the tempertureY @A exerpts of the h ptternsD for seleted temperturesD showing the @QIIA nd @PPPA re)etions of the pmEQm struture during hetingY @A extrts of the h ptternsD for seleted temperturesD showing the @IIIAD @HHPA re)etions of the pmEQm struture nd the @HHIA @IIHA re)etions of the ETPm strutureF V vrition of the lttie prmeter highlights severl sequenes during the therml tretment in irF e possile ompositionEtemperture pth is represented on the Ey phse digrmD in pigF R @red pthAD nd ompred to the y 2 evolution in ir desired y ghollet et lF 21 @grey pthAF he represented phse digrm domin is modi(ed version @unpulishedA of the queneuD 16 where the omposition rnges of the 4 y 9 nd 3 y 8 re representedF he retion pth ws tred s guide for the eye onlyY it must e stressed tht this is simpli(ed representtion sine it does not tke into ount the e'et of meriium on the phse equiliriF por emIHD t the eginning of the hetingD from QHH to RWH uD n pproximtely liner expnsion of the lttie prmeter ourred for the wy 2 phseD s shown in pigF PE@AF et a SPH uD seond ui struture pperedF his is shown in pigF PE@AD where portions of the h pttern re reportedF e shoulder t higher ngle ws present on the @QIIA re)etion of the wy 2 phse @the shoulder is indited y n rrowY it should not e onfused with the doule pekD whih is oserved for ll the re)etion onditionsD due to the two wvelengths of the opper soureD gu uα 1 nd gu uα 2 AF he lttie prmeter of the seond ui phse ws muh smller thn the previous one @SFRSQ ¦ e vs SFRUS ¦ e t SPH uAF he only phenomenon tht n explin this di'erene is onsiderle inrese in the yGw rtioD sine the selfEirrdition defets were previously nneledF sndeedD it is well estlished thtD in )uoriteEtype oxidesD the lttie prmeter dereses when the yGw inresesD nd vie versF he seond ui struture n hene e ssoited to the w 4 y 9 phseF he w 4 y 9 rpidly eme the most intense ndD t THH uD the wy 2 ompletely dispperedF usequently to its formtionD regulr therml expnsion of the w 4 y 9 phse ws oserved in the 520 ≤ ≤ 648 u temperture rngeF et a TUH uD nother disontinuity of the lttie prmeter ws oservedF his orresponded to the pperne of the w 3 y 8 phseD s shown y the portions of h ptterns in pigF PE@AF roweverD if the loss of intensity in the ui re)etions is lerly explined y the w 3 y 8 pperneD their shift to higher ngles @h pttern t TUH uA nd the orresponding derese in the lttie prmeter nnot e simply explined W y the formtion of the new strutureF hey indite omposition hnge in the ui phseD most likely n enrihment in meriiumF his implies tht the emG@emCA rtios were not equl in the two oEexisting phses nd tht the soluility of meriium in w 3 y 8 struture ws lower thn emGwaIH tF% t tht tempertureF gontinuing the hetingD nother pproximtely regulr expnsion of the w 4 y 9 lttie prmeter ws oserved up to VUH uD menwhile the intensity of the w 3 y 8 re)etion ws inresingF eove VUH uD the hexgonl phse ws the most intenseF es shown in pigF QD t IRUH uD the w 4 y 9 re)etions were rely visile @for this resonD the lttie prmeter of this phse ould not e otined in the highEtemperture rngeAF xo evolution of the di'rtion pttern ws oserved during the REhours dwell t this tempertureF pigure TX fehviour of the emIS smple in irX@A evolution of the lttie prmeter of the ui struture s funtion of the tempertureY @A extrts of the h ptternsD for seleted temperturesD showing the @QIIA nd @PPPA re)etions of the pmEQm strutureY @A extrts of the h ptternsD for seleted temperturesD showing the @IIIAD @HHPA re)etions of the pmEQm struture nd the @HHIA @IIHA re)etions of the ETPm strutureF pigF TE@AF e seond ui struture ppered t out SQS uD s shown in pigF TE@AF imiE lrly to emIHD the lttie prmeter of the seond ui phse ws onsiderly smller thn the (rst oneX SFRUP@PA ¦ e versus SFRWH@PA ¦ e t SQS uF sn this seD ontrrily to the emIH IP smpleD the nneling of defets hs likely ontriuted to the derese of the lttie prmE eterF roweverD the determined ontrtion is of out HFQQ% nd hene it nnot e due only to the reovering from selfEirrdition @previously determined t HFPU%AF he di'erene n e explined only y n inrese of the yGw rtioF woreoverD the rief oEexistene of two pgg strutures with di'erent yGw rtios leds gin to the identi(tion of the seond ui struture with the w 4 y 9 phseF his rpidly eme the most undnt phse ndD t TQH uD wy 2 hd ompletely dispperedF en inrese of the w 4 y 9 lttie prmeter ws oserved for 535 < T < 727 uF roweverD this therml expnsion is not liner nd it for the room temperture w 3 y 8 phseF he results re reported in F PF he mount of w 3 y 8 onsiderly dereses with the overll meriium ontent of the IU pigure IIX h dt @lk pointsA quired t room temperture nd ietveld (ts @olored urvesAD for the smples with overll emG@emCA a HFIHD HFIS nd HFPVF le PX esults of the ietveld re(nements t room tempertureF emG@emCA wy 2+x Gw 4 y 9 @pmEQmA w 3 y 8 @gPmmA wp @tF%A wtF% @ ¦ eA wtF% @ ¦ eA @ ¦ eA @ ¦ eA @%A IH PI@SA SFRQH@QA UW@SA TFUQQ@QA IIFWQV@QA RFIRU@QA WFS IS RQ@SA SFRQR@PA SU@SA TFUPS@QA IIFWQV@QA RFIRS@QA UFT PV WS@SA SFRQP@PA S@RA TFUPT@QA IIFWQI
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smpleD pssing from UW@SA wtF% for emG@emCA a HFIHD to SU@SA wtF% for emG@emCA a HFIS nd only S@RA wtF% for emG@emCA a HFPVF es lredy sidD the w 3 y 8 phse ws not present in the emSH nd emUH smplesD whih mintined the )uorite strutureF he lttie prmeters found for the w 3 y 8 struture re ompred to those of αE 3 y 8 29 in pigF IPD where the rtios G@ 3 y 8 AD G@ 3 y 8 AD G@ 3 y 8 A re representedF por the three smplesD the otined c lttie prmeter is equl to tht of 3 y 8 @ a RFIRU ¦ eAD in the unertinty limitF yn the ontrryD smll ut signi(nt di'erenes were found for the a IV nd b prmetersD respetively longer nd shorter thn those of 3 y 8 @ a TFUIT ¦ e nd a IIFWT ¦ eAF yn the sis of these systemti vritionsD the inorportion of slight quntities of meriium in the gPmm struture n e supposedF woreoverD the aD bD c lttie prmeters hve very lose vlues for the three smplesF sn the hypothesis of oxygen stoihiometri @yGw a PFTTUD s in 3 y 8 AD this indites tht the w 3 y 8 phses of the three smples hd Overall Am/(Am+U) ratio pigure IQX eight frtion of the ui phse @w 4 y 9 or wy 2+x A s funtion of the overll meriium ontentF t the eginning of the heting in irD on(rming tht no yGw inrese is possile t low tempertureF usequentlyD for emG@emCA a HFIH nd HFISD rpid oxidtion ourred for SPH uD with the formtion of the w 4 y 9 phseF yn the ontrryD the oxidtion of the emG@emCA a HFPV strted for ≥ THH uD in slow wyD onsistently with the onset of wy 2+x hyperstoihiometri dominF por emG@emCA a HFIH nd HFISD the oxidtion proeeded with the entering of the w 4 y 9 Cw 3 y 8 iphsi dominD s for y 2 F roweverD the formtion of these other oxides with yGw bP ws slowed down nd limited y the ddition of meriiumD in omprison to pure y 2 F sn ftD the oxidtion trnsitions were shifted towrd higher tempertures nd the (nl w 3 y 8 ontent ws lower nd lower with the inresE ing of the overll emG@emCA rtioF por emG@emCA a HFPVD the oxidtion proeeded with the wy 2+x Cw 3 y 8 equiliriumF his equilirium ould not e orretly represented in the pth tred on the Ey phse digrmD in pigF RF sndeedD in the inry Ey systemD the y 2+x C 3 y 8 iphsi domin exists for b IRHH uD wheres for lower tempertures the 3 y 8 pperne must our through the 4 y 9 formtionF yn the ontrryD for the emG@emCA a HFPV ompositionD the wy 2+x Cw 3 y 8 oexistene strted t out IHHH uF his indites thtD for emG@emCA HFQHD the wy 2+x Gw 3 y 8 domin is extended t lower tempertureD t the expense of the w 4 y 9 Gw 3 y 8 dominF he extent of the oxidtion ws PH however very limited for this ompositionD with only S±R wtF% of w 3 y 8 D on(rming tht inresing the meriium ontent hinders the formtion of this phseF st must e remrked tht the trnsformtion tempertures oserved during the hetingE summrized in F QE re interesting kineti oxidtion dtD ut they nnot e stritly ssoited to the phse digrm trnsition temperturesF he hievement of the thermoE le QX yserved phse trnsitions nd orresponding tempertures in irF yverll rnsformtion tempertures u emGw wy 2 →wy 2+x wy 2+x →w 4 y 9 α Ew 3 y 8 formtion α Ew 3 y 8 → αEw 3 y 8

HFIH E SPH@PHA TSH@SHA STU@SHA HFIS E SQS@PHA UUS@PHA SQH@SHA HFQH SHHEWSH E WWS@PSA RTH@SHA HFSH THHEWHH E E E HFUH E E E E
dynmi equilirium nnot e ssured during the hetingF yn the ontrryD for ll the smples nlysedD no evolution ws oserved during the REhours isotherml mesurement t IRUH u ndD heneD it n e onluded tht the oxides were t their thermodynmi equiliriumF woreoverD s previously disussedD the lttie prmeter evolution during the ooling indited tht the omposition ws mostly onstntF sndeedD the lttie prmeters of the ui phses @oth wy 2+x nd w 4 y 9 A deresed with regulrD liner evolution nd they ould e (tted s liner funtion of the tempertureX

a(T ) = a RT + b • (T -298.15). @IA
he prmeters of iqF @IAD for eh smpleD re reported in F RF sn prtiulrD it must e underlined tht no rupture in the lttie trend of the ui struture ws oserved when the w 3 y 8 phse trnsformed from hexgonl to orthorhomi @RTHESUH uAF his indites tht there ws no interdi'usion of urnium or meriium etween the wy 2 nd the w 3 y 8 phses during this trnsformtionF es previously oservedD PI le RX rmeters of iqF @IA for the lttie prmeter expnsion of the ui phse in irF yverll emG@emCA hse RT ¦ e •10 -5 ¦ e•u -1 HFIH w 4 y 9 SFRQH@QA SFT@VA HFIS w 4 y 9 SFRQR@PA SFW@VA HFPV wy 2+x SFRQP@PA UFQ@SA HFRV wy 2±x SFRRH@IA TFW@RA HFTU wy 2±x SFRQI@IA TFS@RA the lttie prmeters of the gPmm struture were lose for the three ompositions nd with systemti di'erenes in omprison to the αE 3 y 8 F his suggests n inorportion of meriium in this strutureD similr for the three smplesD here estimted round S tF%F his is in disgreement with the previous results of gisso et lFD 14 who otined monophsi @ 0.9 em 0.1 A 3 y 8 oxide through wet hemil route sed on the use of ionEexhnge resin mirospheresF sn tht studyD the uthors oserved the hexgonl ETPm struture t room temperture nd they suggested stiliztion of this form through the inorportion of meriiumF rereD the smple with emG@emCA a HFIH ws iphsiF woreoverD s lredy sidD no e'et on the ui phses @w 4 y 9 nd wy 2+x A ws oserved during the α Ew 3 y 8 → αE w 3 y 8 trnsitionF hereforeD the omposition of w 3 y 8 ws neessrily onstnt during the struturl hngeF his indites tht the soluility of meriium is likely equl for oth the hexgonl nd orthorhomi w 3 y 8 polymorphsF hereforeD the results of this work ontrst with the stiliztion of the hexgonl struture nd points towrd lower soluilityD round S tF%F sn the study of gisso et l D 14 the w 3 y 8 smple ws otined y lintion t WUQ u of ion exhnge resin mirospheresF st n e supposed thtD t tht reltively low tempertureD tinide moilities re low nd the synthesis route dopted y gisso et lF n indue n overEsturtion of w 3 y 8 in meriiumF his overEsturtion ould e the use for the stiliztion of the hexgonl phseD whih would explin why the trnsition towrd the orthorhomi struture ws not oserved in tht workF 14 PP sn this workD the oxidtion in ir of @DemAy 2±x oxides hs een investigted y rEhF he results showed omplex ehviourD strongly dependent on the meriium ontent of the solid solutionF he wy 2 →w 4 y 9 trnsition ourred for the emGw a HFIH nd HFIS ompositionsD t ∼SPH nd ∼SQS uD respetivelyF his trnsition ws identi(ed y its rpidity @∼ QH minutesA nd the simultneous presene of two ui strutures @wy 2+x nd w 4 y 9 AF low wy 2 →wy 2+x oxidtionD spred ross wide temperture rnges @SHHEWSH uA ws insted oserved for emGw a HFPV ndD in minor extentD for emGw a HFRV nd HFTUF hese fetures indited smller inrese of the yGw rtio for the wy 2+x phseF he w 3 y 8 phse ws oserved only for the smples with emGw ≤ HFPVD wheres the emGw a HFRV nd HFTU ompositions remined singleEphse uiF he temperture of the w 3 y 8 pperne inresed with the meriium ontentD from TSH@PHA u for emGw a HFIHD up to WWS@PSA u for emGw a HFPVF he totl mount of this phse t room temperture deresed with the overll meriium ontent of the smpleD from UW@SA wtF% for emGwaHFIH to only S@RA wtF% for emGw a HFPVF hese results lerly indite tht the meriium hinders the formtion of hyperstoihiometri oxidesF his is onsistent with the ehviour lredy oserved for mixed Exp oxides 21 nd Eu oxidesD 34 ut the e'et is even more entuted with meriiumD on(rming trend long the tinide seriesF wo w 3 y 8 polymorphs were oservedX the hexgonl ETPm phse trnsformed into the orthorhomi gPmm during the oolingF his trnsition ourred t a STU@SHAD SQH@SHA nd RTH@SHA u for the smples 

  ptter quired t IRUH u on the emIH smpleD in irF yne must e reful efore onluding on the reltive phse frtions t high tempertureF sndeedD the formtion of w 3 y 8 D whose density is lower thn wy 2 @ρ U O 2 a IHFWS gGm 3 D ρ U 3 O 8 VFQ gGm 3 31 AD leds to swelling of the smpleF his uses irregulrities in the surfe of the powderD hene the Ery sorption ould redue the intensity of low ngle peksF he mount of w 4 y 9 nnot e lerly qunti(edF he di'rtion peks of the ui phse were more intense during oolingD for `IIUP uF sn this rngeD the lttie prmeters ould e determined nd the oserved vrition ws regulr untill room tempertureF his indites mostly onstnt omposition during oolingF he (nl lttie prmeter t IH room temperture ws SFRQH@QA ¦ eF he vlue is onsiderly smller thn the initil oneD on(rming the inrese in the yGw rtioF e phse trnsition ws oserved for the w 3 y 8 phse during oolingF es shown in pigF RD the stle 3 y 8 form t high temperture @ b SUH uA is the hexgonl α @ETPmAF por lower temperturesD the β @gmmA nd α @gPmmA polymorphsD oth orthoromiD pperF por the emG@emCA a HFIH smpleD struturl hnge from hexgonl to orthoromi ws oserved t out SUH uD s shown in pigF SF he h ptterns n e di'erentited through the douling of the re)etion t out PT • F pigure RX ulittive representtion of the ompositionE pths during the heting under irF Am15. he initil lttie prmeter of emIS t room temperture ws equl to SFRUT@IA ¦ eD hene onsiderly lrger thn tht of emIHF he di'erene is due to the α selfE irrditionF he vlue represents swelling of HFPU% reltively to the defetEfree lttie prmeterD a 0 = 5.461(1) ¦ eD 32 whih ws onsistent with the ge of the smple of PPH dysF he vrition in the ui lttie prmeter during the therml tretment is shown in pigF TF e possile ompositionEtemperture pth is represented in pigF R with lue lineF prom QHH to SQS uD n lmost liner inrese of the ui lttie prmeter ourredD s shown in II pigure SX gooling in ir of the emIH smpleX zoom on the PSFS`Pθ`PU • rnge of the h ptternsF he douling of the h pek indites the trnsition from the hexgonl ETPm to the orthoromi gPmm struture for w 3 y 8 F

  seems slowed down in omprison to the previous one oserved for emIHF his indites the ouring of nother phenomenon ontrsting the therml expnsionD whih n likely e ttriuted to n inrese of the yGw rtioF hereforeD rossing of the oxygen omposition domin of the w 4 y 9 phse n e supposedD s shemtilly shown in the sheme in pigF RF usequentlyD t aUPU uD the w 3 y 8 phse pperedD s shown in pigF TE@AF e orrespondE ing slope rek ws oserved in the vrition of the w 4 y 9 lttie prmeter @pigF TE@AAF his indites hnge in its ompositionD whih n e ssoited to redistriution of the nd em speies etween the two phsesF his ontinued up to out IPTU uF eove this tempertureD the inrese of the w 4 y 9 lttie prmeter eomes linerF gontrry to the emIH smpleD the w 4 y 9 ws lerly visile in the h ptterns during the entire therml tretmentF woreoverD ompring the lttie prmeter vritions of the two smplesD it n e seen tht the pperne of w 3 y 8 ourred in smoother wy for emIS rther thn for emIHF hese dt indite tht the overll inrese in the yGw rtio of emIS is likely lower thn tht of emIHD for whih the oxidtion is rupterD likely euse the (nl yGw ws quite fr from the initil oneF et the highest temperture @IRUH uAD the lttie prmeter ws onstnt t SFSIQ@QA ¦ e during the R hours plteu nd no evident evolution of the h pttern ws oservedF his indites tht the oxide ws likely in thermodynmi equiliriumF henD regulr liner derese of the w 4 y 9 lttie prmeter ws oserved during oolingD inditing mostly IQ onstnt omposition for the entire temperture rngeF he (nl lttie prmeter t room temperture ws SFRQR@PA ¦ eF he vlue is onsiderly smller thn the initil one nd lso of the defetEfree lttie prmeter of 0.85 em 0.15 y 2 oxideD whih is SFRTR@IA ¦ eF 33 his on(rms the inrese of the yGw rtio ndD possilyD the enrihment in meriium of the ui phseF es for emIHD the trnsition of the w 3 y 8 phse from the hexgonl towrd the orthorhomi form ws oserved during the oolingD t out SVH uD s shown in pigF UF pigure UX gooling in ir of emISX isointensity mp nd zoom on the PSFS`Pθ`PU • rnge of the h ptternsF he douling of the h pek indites the trnsition from the hexgonl ETPm to the orthoromi gPmm struture for w 3 y 8 F Am30.he initil lttie prmeter t room temperture of emQH ws equl to SFRTV@IA ¦ eF he vlue orresponds to swelling of HFPUS% reltively to the defetEfree lttie prmE eterD a 0 = 5.453(1) ¦ eD ording to veretonF 33 he lttie prmeter ws onsistent with the ge of the smple of PIH dysF he evolution of the ui lttie prmeter s funE tion of the temperture is shown in pigF VF e shemti ompositionEtemperture pth is represented y the green line in pigF RF et the eginning of the therml tretmentD for ≤ TSH uD n lmost liner inrese of the lttie prmeter with the temperture is oservedF sn this rngeD slight rek of the slope is visile t out RTR uD likely due to the the nneling of the selfEirrdition defetsF por TSH IHHH uD the therml expnsion of the ui phse ws remrkly slowed down nd lmost onstnt lttie prmeter vlues were oservedF his indites IR pigure VX fehviour of emQH in irX@A evolution of the lttie prmeter of the ui struture s funtion of the tempertureY @A extrts of the h ptternsD for seleted tempertures @hetingAD showing the @IIIAD @HHPA re)etions of the pmEQm struture nd the @HHIA @IIHA re)etions of the ETPm strutureF slowD ontinuous inrese of the yGw rtio nd hene this ui struture is identi(ed with the wy 2+x phseF et the end of the wy 2+x oxidtionD t out WWS uD the (rst re)etions of the w 3 y 8 struture were oservedD with very low intensityD s shown in pigF VE@AF eove WWS uD liner inrese of the wy 2+x lttie prmeter with the temperture ws oserved up to IRUQ uF et this tempertureD the lttie prmeter ws onstnt t SFSIU@PA ¦ e during the R hours plteu nd no evolution of the h pttern ws oservedD inditing tht the thermodynmi equilirium ws likely hievedF huring the entire oolingD regulr liner derese of the wy 2+x lttie prmeter ws oservedD inditing mostly onstnt ompositionF he trnsition of the w 3 y 8 phse from the hexgonl towrd the orthorhomi form ws oserved during the oolingD for RVH ` `SST uD s shown in pigF WF Am50 and Am70. he lttie prmeters of the emSH nd emUH smplesD for oth heting nd oolingD re reported in pigF IHF he initil lttie prmeter t room temperture of emSH ws a = 5.466(1) ¦ eF et the time of the mesurementD IWR dys hd pssed sine the sintering of the smpleF his period is longer thn tht neessryD for this ompositionD to reh the sturtion of the selfEirrdition IS pigure WX gooling in ir of emQHX zoom on the PSFS`Pθ`PU • rnge of the h ptternsF he douling of the h pek indites the trnsition from the hexgonl ETPm to the orthoromi gPmm struture for w 3 y 8 F swellingD orresponding to a = 5.467(1) ¦ eD 33 onsistently with the mesured vlueF por emUHD the lttie prmeter t room temperture ws a = 5.450(1) ¦ eF he smple ws IWH dys old t the time of the mesurements ndD s in the previous seD the swelling should hve rehed the sturtionF he expeted vlue wsD ording to veretonD 33 a = 5.454(1) ¦ eF he di'erene ompred to the oserved vlue is very smll nd it is likely due to slight di'erenes in the emG@CemA nd yGw rtios etween the smple of vereton 33 nd tht of this workF et the eginning of the hetingD some di'erenes n e remrked etween the two ompositionsF por emSHD the lttie prmeter inresed with the tempertureD ut not in regulr wyF wore spei(llyD two slowdowns re oservedX the (rst for 413 T 508 uD the seond for 750 T 950 uF his evolution n e due to oth nneling of defets nd inrese of the yGw rtioF eove WSH uD liner inrese of the lttie prmeter ws oservedF por emUHD derese of the lttie prmeter ws oserved t the eginning of the hetingD likely due to the nneling of defetsF usequentlyD mostly liner inrese of the lttie prmeter ws oserved during the entire hetingF por oth the ompositionsD the ltties prmeters were stle during the R hours plteu t IRUQ uD t SFSPI@PA ¦ e nd SFSHT@PA ¦ eD for emG@emCAaHFS nd HFUD respetivelyF huring the oolingD regulr liner derese of the lttie prmeter ws oserved for oth IT pigure IHX vttie prmeter vrition s funtion of temperture for emSH nd emUH in irF @he lttie prmeter unertinty oinides with the symol sizeAF the smplesF snterestinglyD for emSHD the lttie prmeters otined during the ooling overlpped those of the heting in the 1000 T 1473 u temperture rngeF his indites tht the most signi(nt vritions of the omposition ourredD during the hetingD elow IHHH uF prom the susequent lttie prmeter evolutionD one n suppose tht the yGw rtio ws onstnt for the rest of the therml tretmentF imilr onlusions n e drwn for emUHD with n overlpping of the hetingGooling lttie prmeters for UHH uD inditing tht the yGw vritionsD if nyD ourred t even lower temperture for this smpleF 3.3 Final room-temperature state et the end of the therml tretment in irD the smples were reEground nd then reEprepred for h quisitionD in order to eliminte possile errors oming from the swellingD due to the w 3 y 8 formtionF he h ptternsD shown in pigF II for the iphsi smplesD were re(ned ording to the ietveld methodF 27 he orthorhomi gPmm struture ws dopted

  very lose emG@emCA rtioF pinllyD plotting the frtion of the ui phse s funtion of the overll meriium ontent in the smple @pigF IQAD liner trend n e oserved nd the zeroErossing of the line indites soluility of meriium in the w 3 y 8 struture round S tF% pigure IPX tios etween the D D lttie prmeters of w 3 y 8 @this workA nd those of αE 3 y 8 D for the three smples with overll emG@emCA rtios a HFIHD HFIS nd HFPVF 4 Discussion he y 2 phse is stoihiometri t room temperture nd the hyperstoihiometri domin @yGw b PA exists only for b THH uD s shown in pigF RF es lredy mentionedD emy 2 is the oxide with the highest yGw rtio in the emEy systemF hereforeD the extension of the hyperstoihiometri y 2 domin to lower temperture with the dding of meriium n e exludedF por the three mixed oxidesD the wy 2 lttie prmeter inresed linerly
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