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Introduction of studies on high-level radiocactive waste immebilization

in synthetic minerals Supercalcine and SYNROC
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Tt is considered that high-level radicactive wastes should be
immobilized in vitrified products and then they should be isolated
in geological media. On..the other hand, various alternative waste
forms have been developed to find better solidified products.
0f these, Supercalcine and SYNROC are characteristic of their
immobilization ; waste elements are distributed over crystal
structures as host elements and thev are retained in the
solidified products by strong chemical bonding. The products
themselves consist of synthetic minerals. Supercalcine and SYNROC
were introduced with the emphasis on composition, preparation,

thermodynamic stability, leachability and radiation damage.

Keywords; High-Level Waste, Ceramic Solidification, Solidification

Processing, Leaching, Stability.
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FEHEEAZRBOELEEETRET IRV P EAHBEEYOLEARLESARETS
b, BEE B ANCEIAATHE, BUALVHHAERERDIE Y ~»BHEREREHCE
BEEEDS 10" ~10 BB, HEREEDL, FRPOENSO (10°~10° FIVBH0TE
ORBOAACHEV P EEHEEENCREASFECRELEY L., By v EEHE—
BECRD L 5 AABLAORABRE RS, ETRHV S v EEPTHHV LA NEFTL LN HEE
HECRFRCAAT L LOCEEL, FORLEKEZ S =22 - HENLIESTIL. K
CEOBBEmPREEOL, COLICL THAESAMOEEECHbA 50T .
REASCHL BYCHBELALORBLY A »EEYEMMCL TLL2A2RTRLT A2 TS
b, BEAERINT WD ELER, By »EEWTr /7 2A0PLCAMILTELLL S L
ETABENETS Y, BECHROTNZ O FECEAN TV, BIICH 7 ABLEOH
REEBL—2OFEEBTNE, LL, " #5752 " @BIEHCFRLETH ), BEOK
BYBED LRTRMEL T(ART TR, BACHT ARESSAOT L b HEE (&
NEHMEEYE, BEERS) OBNABELEOMESLEITL TE£O LN TR,

REELECIAE (AT TIDOHESSL (F1 ), W7 20—HBOBALEEL
5 Glass Ceramics , (REWTBILYL L (B F 5 BESORICL, €73, 720%
BOMIARKILLOETHED, QRABCEPT =T+ CL TERPBACKT i O R &
BEOFTCHIARAL2ETAHED, O3DTH A,

Glass Ceramics [CIIhR~ LA, fELD LM, E}'*T 2 OHahn-Meitner TR X
N HETPICHRSAT S, HMI TEH < ZMHEO Glass Ceramics TEBL TIN5,
Celsian (E +EH, BaAg,81,0, )%, Diopside ( E¥EA, CaMg8i , 0 )F%H~ATS
L, N BEERBLLIOREAY, XA F v rABIIATHL, THLLEERS
1400° TELH, 900-1230° THEELILE, TOIPCL THMELTZSUCER
&KT#HAHGlass Ceramics £ 2 <{ b, Glass Ceramics AR+ AFKLMAT F L, FILE
Celsian ZOHE, Celsian LA Perovskite (K5 %%, CaTiO, ), Pollucite
(HAvAb, UsAfSi,0 )SWEMINS, Glass Ceramicsld # 7 A WCEM~, BNF
HEREEVET AT TAE(, BREO-BABEEEACAY, BEENERIN, 3L ICHKRN
BMEPHENT L,

QO FETRARAOBREV INT G, BEPAIOF # YBiiE%T Rutile (#F 1, TiO,)
ODwb ) g2 ARTHAIR, o b 7LAL, €53 v 2ACLASD, Sy r 184 5=
Fr—ARICL, SBRAO~L ) » 2 2HCEBAT YO B S5, 2T T, Cermetk
FICE b3+ &5, BEWERMNE ( Fe,Ni,Cu, ete ) TWBEHEHLT. ThHK
REEBD LANRHE, HULLBEEE( 800° )ETI. ILCBTHREK TURT 2 L ERYL
REBUCBETANANBRIEGTETINTEBRECAZ o/ Fe ,Ni,Cu R EDOEEPFMY H
L9 7 Cormet BT %25, Cermet I ~BOF VY ¥ ABY 7 ALY BEERSEE~BTHE
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B¢, CaORHBESHEFRY, L2L, Cermet HESKEmIBENTnA B I
p B A b EeT A BFEL I (REEEEHOARE ANTREW "), 2B
MAINrBs, ERLAELOTMIEVRERBMBLRL.
%%@@QE@W%&LTSwmchmmSWHmCﬁééaCﬂbﬂﬁ%%@%&?&
fﬁﬁ%ﬁib%ﬂéﬂfmf,%@ﬁ%fﬁ,ﬁfz(#ﬂﬁ)@mwanﬁ@%&?oc
CDEHHEM:@@ftﬁ;b%ﬁfzgfv\/&’;@@%%%@lo1od)ﬁ%ﬁf%ﬁﬁiﬁqﬂ@sue
(ﬁ)&éb,Hutymw(Eﬁ)@E%t%m%&&%ﬂ?&mbﬁmwﬁﬁéf%ﬁm
%Uﬂﬁ%ﬂfmétéﬁﬁéaQuf%@%%%%?wﬂbfméﬁ%@mﬁﬂﬁ&bﬁ%,%
Et®ﬁﬁﬁﬁ@@@ﬁﬁmﬁ&,ﬁ&&ﬂfwéctﬁﬂﬁénéocng@c&mbm@
@m%ﬁ@@ﬁwﬁgb,m@mﬁmfﬂﬁﬁﬁéﬁﬂmbkb,;D%%Wﬁ&?éa%z
Lnb, SLCHEMROE,LEAR, # 7 XHEA, HE - BREEEEO < 7= RAELL
%Mﬂ,%Zﬁ,%ﬁ%ﬁi@ﬁiz¢f®ﬁﬁﬁ%%@ifﬂﬁﬂﬁmﬁ%ﬁﬂﬁﬁét%
b%oﬁof%%ﬁ@ﬁﬁiDﬁ%ﬁf—ﬂ%%$iﬁéCtﬁﬂ%fééoC@@%Eﬁi
ﬁukxﬁwﬁwmﬁ@m&f,EW%abfﬁéﬁwﬁmaﬁgcﬁ%én,R,%ﬁmﬁ
LT —BrCEabNTARANOT, 28 T OBELC DN TEAT 5,

2. Supercalcine & SYNROC O

Superealcine i MeCarthy & F/LIC 1973EMLPSU( <y vr<=2T7NIKE) L
PNL(NV%».AV7479-/—xlebﬁ%%)fﬂ%#ﬁ@%ﬂk(imiﬁ
51L1&1&14&§%)0SYMﬂmmRm@mmK;D1978@%%%éﬂ,ﬁﬁ,
TiUﬂ,f#xbiUTTﬁ%¢f®5(EKYﬁ4,lilﬁﬁﬁﬁ)oCﬂ%®@%¢
CBBEROBY Thha

s ERMORE T T tailer-made VOMBEMTE Y BEWBRTRLER I N

EEOBETRNTATEO —He b,
b A OERRMT FE~MEELVIBEBRTEER BBV ET LR 2TN
B,
. BAONHMIEETHA, 121 DORBORERT TAEL, RETRLIEREITDL
DEEHELEBL TH 5,
i EarEETARD, XEEF, <4787 e-7TFIA¥-, BFEBEFCLL
FRSER TS0, TNCLHECOFRBBLN, BEKCYT DI ) BRAFEL
W EEIC A
s nmo SR s A BERCR AN, RWE S 52 BAAETRBENAIOTHY, REY
AvicyoE, LIHETLVWLO TS D,

Supercaleine & &S YNROCD Fi /6T MET 5 LIHO B ALK, FEET
%@%ﬁ@%ﬁ%ﬁ%ﬁ@ﬁmmé%aﬁ%®7mﬁ0%mmﬁb.%%HIO%“fééu
C@ﬁﬁﬁﬁ%ﬁ%&%@ﬂﬁ@&ﬁﬁﬁfﬁ<,@m¢®ﬁﬁ%®%®ﬂké&ﬁm?€ﬂ
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B(, CaOBHEBSHEFERV,, LrL, Cermeot R EEICER Y BTN TnA BRI I
b BAR b BoT WA BFELICL  (REEEEHORAER ANTHEN "), 2RI
MAANmBE, BEELAEELOTMIBVRKEZHBE RS
%ﬁ@@l{tﬂi@ﬁﬁ%&bfSupercalcine,SYNRocbiéén LGB EOREAS N
fﬁ%%ﬁ;b%&éﬂfmf,%@ﬁ%fﬁ,ﬁiz(#%ﬁ)ﬁmﬁauﬁ@%ﬂToc
CD{ﬁfhﬁiﬁ:ﬁﬁ@@ft@H:D%ﬁfc&’cm%@m%ﬁﬁ%@lDlO@ﬁ\aﬂﬁi%aﬂaﬁiﬁqﬂ@Sne
(ﬁ)&éb,Hntmmm(Eﬁ)@E¥aﬁmﬁﬁ&%ﬁ?éﬁ&ﬁmwﬁﬁ%fﬁﬁm
%Uﬁﬁ&ﬂfméttﬁééaRJf%@ﬁ%%%fwﬁbf%6@5gﬁﬁﬂﬁ%Lﬁ%,ﬁ
ALORTHELMOBLECES, BEELTWVWLT EhfigING, TALOZ ELEBID
@kﬁﬁ@@@kﬁ&b,ﬁ#KﬁMTﬂEEK%E%KbﬁO,LD%EK@ET%&%K
Lnd, TLCEBHROT,LEALE, 77 2HA, WE - BfEEESO <70 RflEd L
5mﬁ,%iﬁ,%%%ﬁi@ﬁﬁz¢f@ﬁﬁ%%%@iﬁuﬁﬂﬁmﬁﬁﬁmﬁ&ét%
Lmoﬁofﬁﬁﬁ®ﬁﬁ;bﬁ%ﬁf—;%%éﬁmécaﬁﬂﬁf@éacwwwm@i
R L O SRR BET, Bke L TESBOENOHRLLFIN, X, FMICH
LT —BCREbNTANOT, CT T QERLCDNTETT 2,

2. Supercalcine & SYNROCoO R

Supercalcine (L MeCarthy & F:L1C 1973E2HPSU ( =¥ va<=2TMNILKFE) &
PNL(ﬂv?»-N774v9-/~zv1xbﬁ%ﬁ)?ﬁ%ﬁﬁb%ﬂﬁ(imiﬁ
51L1&1&14&§%)0svmummammmmmxb1978¢Kﬁ%én,ﬁE,
TAYH, A-2FF)TTHETTHA ( ELCXE4L, 15, 16 TER), N HLOEEK

OREBETROBI) TDh,
a Eﬂ%@%ET&TﬁHMIHmWNm®%%WT®D%%%%ﬁﬁiﬁi&éﬂﬁ

SEOMETHHETATREO—HE &b
b AN OREARAT FE~AEEL VI AEBRETEEHACERPH ST VLA TY
5.
o BANHILEETBA, 101 DORWOEELT TH (, FRETEZBPAIEDL
OREHLEELTH A,
i EarkEtAcD, XgEH, <4278 7e—YTFIAY-, BFREEFCLAL
FRSERTH Y, TACLD ECOFEHELN, BlUKICHT D LY RRA ML
B AEIC R B,
rnmo R A s X BEECR RN, R s s A BIAETEBENYOTHY, REY
4 riEyroE, LOFELVWIO TS A,
Supercaleine& &S YNROCD Hisg( B/ T AT 5 EWADE N LT, FEFT
@@%ﬁ@%ﬁ%ﬁﬁﬁ@ﬁmmééeﬁngwAO%mmﬁp.ﬁ%ulo%“féaa
- DR ECEERRORBED £ T, BLEOEREOOCKELZENT LR

— 2 —



JAERI-M 9386

by . RICERITC AL,

3. LA &R s

Supercaleine DEAMEMET 2 ' iC, X, fEMEmERs T iKRt, LO200R
BN, EBTNE AR, B2ORBEMOAEER( “ Nominal composition”) I&R3I D
“Waste” DILZEXDMALCELLMoTNEEATHS, SYNROC R EO A TWAESD
Fre AL, {LFEME #ETELAZSYNROC AL 9N KENAZIZVWLIZROT, K
R LIELAETRAVCRT., BEDOMEE, R3O0 “Waste"WEF I L EL
TLFBRICEBR AV, TNHO “Waste” bR ( ]3 ) BU “ loert additives” DL
ZH(HK4) &, SYNROCOEELZ#EEMTHHHollandite Baag,Ti O, ,Zirconolite
CeZrTi,O, ,Perovskite CaliO, TE®~NTREL. TN LOEERKEAIL Supercaleine
FEn Y Inert additives "OLERCES B AUNOFAHTE AW, C OME X Supercal-
cine?t, BELTHEL FVAERL (A L ERIL, TLEEEREMEPERL LT WL OEHR
MEEMA TIT>AOKL, SYNROCHAEN 2 bR HEMETEL THRNAIZEEL,
FNCEEGTANCATLEICEDPLET NS, COEFEXOEANWEREEWZELEDOF%
BB >80 L Twnwh, Supercaleineld K& ( 7T0~80% )OEEWEF T LT LICADY,
SYNROCIZE(10%) OEEMT S 7. Ringwood b HEEHVKECRESORAL
KO LICHEHBL TnAE,

a BEEPOHAROECCHEMPHR/ILLENAZ N, o7, BLERBORBILETIESL &N

YT EMRAETSE 5,

b WEBEREVLPE (AL, HiCApatite IBMECRRLEBEROBELLETLEA Y,
¢ HEFOBFARACHEFBEORFIVIERT LI LETCRELOT, BER, R—BTFA2 405
DHARER AL s b, cOE®RT " Sy, Cs £ §{rPollucite , Apatite ,

Scheelite CHbN 5,

ENLEHRMBESE (MAAL & THRTEALLS D, Supercaleine FOEOOKREAI K
OLHEBENTNAS,

PTOos HMBC R ABARO— DK, ZN% Pollucite CEET 5 ICIIHESS 5,
300°, 300bars , BADHELETFT, Cs QBENE N,

b  Supercalcine [T BILEBE TMBRINLY, T HTBELOBTF 7 AF v 2BT 1Y %
O ABNESL. RuTHBAERT S,

¢ Supercalcine ARV N IO TEPILFHREMAACTEENATE AN (FILE,
EPMA), ¥RXBEFRAZATTRIHEHEANLIZ AEAPBALTWATELETER

« ()BT, MibozWBISYNROCHESYNROC—BY 2T D LT A,
*+ Supercalcine Lt SYNROCOEBRBUEYORERE RRCHr T LERFC O TRAGTHERT
%o
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LF, WICEMICAL,

3. ALZEMLAK & A

Supercaleine DEAMAME R 2 'V iIC, X, t¥MxeR3 WREY. 02008
T, BETNEAR, R2OFAMEOMER( © Nominal composition”) @ER3I O
“Waste” QILEROEIELDERoTNARTSAE, SYNROC R EDE o TWwAES D
Mo i, {LEMEMN TETELZZ SYNROCY 2L 9 XM, FENEEZAVWLIOIZOT, B
REHLIALAErRAVCTET, BEDCERE, R3O0 “Waste BEAINLEEL
THZBBRCERI AL N, 2N bO *“Waste” {LFR (&S ) RV “ Inert additives” Ok
¥R (|4 ) &, SYNROCOEEZHEMTH S Hollandite BaAdg,Ti O ,Zirconolite
CaZrTi,O,,Perovskite CaliO, FH~NTRA, CNLOEXERZLAT Supercaleine
L3~ “ Toert additives "D LEROCHEASHLEHAOCMAH T AW COHE X Supercal-
cine?t, BEY T FELMABERL CTATHRIL, SHLTEEEHERL LT WL TR
MEEMATH-AOKHL, SYNROCHEM» LIBECHEEBrEL THRMAZHEL,
FNCRENETANTCATLENCLEDNLER TV, COELOBWELIEEYW Y B{LEOM%
K+ AHMCIk>%bHLTna, Supercaleine/ K ( 70~80% )DEEMES LT LAY,
SYNROCHIE (10%) DEEYT A L. Ringwood b R EBYHAEOBETORAT
WO LOCHEBL TND,

2 BEEHOEKROTLCEMDBHIGLENE VW, #2T, BCEEOCELET /FH &N

VL EBFTETS 5, ,
b OREGHEEBDE(BE, B Apatite IBBEOHMKLEFTROBBLETLA Y,
¢ BFOBFRACHAEBEOERTFVESRTLLLLRLDOT, BER, RA—BFrRTEL5D5
OVBFRECRAL bbb, cOBEE " 8r,” s & 1rPollucite , Apatite ,
Scheelite WIHRbHN A,
CNbLRENE TS (MALHT ETHRTELLD DY, Supercaleine T OO DA HA S I
O L5 IHENT A,
s CsEMERALBRED— DK, LE Pollucite CEET A CHLEENGS 5,
300°, 300 bars , WADHETT, Cs OBHNZ L,

b  Supercalcine TBILFEHF TMRINLY, T HABEECBT 732 F v BT L5 %
EOLARNEHL, RuZ#HYERETL,

¢ Supercalcine HFBEHMB IO TEMLFNAERARTTHAATEA N (Fl T,
EPMA), BXRXBEFLATTHIFEBANLAZAADVREAL THLHTESET BE

« (&) ET, boaWBHSYNROCHS YNROC—-B¥Y%fErs0 15,
s+ Supercalcine ESYNROCOEEHRFWOLRESE, KRBT LERFL O TRRETHAT
%o
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TaRn,
SYNROCHZ OL 9ARREEYBARLEERT S,

X7, BEEHEEE T HEIL Supercaleine , SYNROC OEEHICED L STAHLTnED |
THAH 9%, Supercaleine PORBEHHBTROSFORBER2IC, BYNROCOELhinE
5Y wanengd, %k, SYNROCTR Y it (Ba K Ca), (PO, 2D ( b, 3v%H
KI1&L<{HCsIl®ED{ Yy, —EidHollandite CEE AN B, T AL ENiTer 2 (b, %
Sy v A, »PI=va, vYUARERBCRRIEINS, FICRRICA S Csid, Supercaleine
Tt Pollucite , SYNROC Tid Hollandite , XSrid , Supercaleine T Scheelite, —3f
- % Apatite , BYNROC Tid Perovskitel[C A%, 72 F = ¥JCEiL Supercaloine Tid Apat-
ite,Monazite , Fluorite {CA 6, SYNROC Tt ¥ &L T Zirconolite , —EZ3Perovski-
te CAL, HERMEALLT, BPREKICHTAMERIILAZAOZEELELT, Co,5rEEMERE
HTHEERE( Cs—Ba ,Sr—Z2r) OELHOEEH, X, 777 = VEESEEETH EEHE
HBICL ALEEVHEICAZS,

DL O ATEE KBRS ORBRETHE TS S, Grey LA LBEYE KT
5&1200° TCs,Te, Mo, Cd,Ag,Ru,Rb 3360 T4F {, McCarthy & Davidson'' O
BRTOLRECE, 900° T Cs,Rb,Te, BOFM{LY, 1050° KAB &R LMo, Ru p51&
B+ 5H, EBE, 1050 , 6 hTCeNd—Zr—CsOBILHOETOERBRI18%T, BoT
WBENO EH,0DREEL TLE %It Cs ,0DBECKES, &5 HA, EHO Host Phase
CEEINL EERBRE 7~ &LBAD, Supercaleine Tid Pollucite C3sAZSi , 00 ER&HEE
24 h OMBABTI050° CTO0.4%, 1200° T28%, 1400° T8 3%THE, 112574
h ML 7z Supercalcine BTORuO, (Rutile #iE ) 1 8 %R -7c." SYNROCO B T
i, ZESYNROCEREWONBICLIEEROMBEZI IAASCEARRYE ZIN TR ND,
Solemah 527 L 2L 1280° ,8h TSYNROCEEHM L ABOEREME ( 0.1 2OBED
HAT) A, EREUERACLIEEROMBEIARRTHLVZEWHEBR INTHLOHE
I LAAOT &, HILHMOEBRE 2 E 9 T20OHEBERIXKE W, BRERO -2, ®ERIT
HREHES T BRACERESCTLESC ETHH, BAEFujiki 5 © HollanditdC L5
Cs OB, EE, X, HREDL 0 Zeolite L LACsD ~TFHBBETHAH, LL, MHEE
L, BESEAL, *HESHBL TELILL00, BWERIGEHOERT I (ot —5
WICBREILLOARL, BLBOEDHERZEOSTITLHOL, TLITHREC—LRFHILYP
( Hot Isostatic Pressing ) CLA 8D TH5.Y Ringwood b P HIPOFMELTHE
HMEEFORBLED D TR, GYERSE VT e A NBEVE—BETELAC EFHETTNS,

ﬁ%&?ﬁ@"ofééa

« Bao{LT VAN LA ~CBEREAREWGL, FIABL T, AANCIoRERCLTH(NETS DL

Ringwood b Vit~ T B,
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4. B ®

Supercalcine DEEOEET X 1" igm+, ¥, AL Ca,Sr OWBEER LI A ¥
ROSi0, OFHMK & RGBT BET S, CNEMHSV0TREL, TOR, BRERL
Tl B, T—AFT VAL, 1100°TMBT AL, Sy b7V ATH, BEREED
90~05% &0, AKX LEBRBMICS »THREGZELT S, Supercaleine Tk, 3 —7 >
Soe b )y FATALR A T— BT AL EHBBELLNT NG, FOMAEEHE2 ™ €
St . 1FI%2%605, e ARADH 2 mmBEO Supercaleine TRIPFIEL L T404mOPyC
(Pyrolysic Carbon ) TE &, IHLICHMLHLEL TE60pmDAL, 0, THEI . CNDHE
CuD=b ) w7 2T HBILE, CaD< b Y v 7 RXEHENH L, BEPHIETSH D, BREH
6 L,

SYNROCOBEG B L bEE 2T b ERTLA W, Ringwood biEEP 0L 92TE
FRELA. 3%, OBz, Ca, AL, Ti OWMBSEAUEHEL, QEEWERCML, HEL,
BT A, ONiz2vFF AR, a—aF7val, BREEOHNSOHFEBICTEL, WHIP
W ED, 1200° ~1350°, 1~3kb T v b 7V 2+ A, LHL, %RERVPETZ2LHE
OBEW TII Supercaleine & MUC HEEH > Tnbd. FlLE, # =21+ 71 7D Lucas Hex
ights’® O HERDZr0,, A£,0,, TiO, ,BaCO,,CaC0, OSYNROCHMATRET 5,
@KL, @1100° TREL, @BRHL K EEEEFHLEESTLH, OHEL, 1300°
CHE (7, 1250° ~1330° Ty bFva(—miE) T4, BREEOD 9 9%DOSYNROC
BTED, |

Supercaleine [ Mk kit ~HEL Tnbd Y, SYNROCEMBE-ZHED Y THL,

5. & R ié

Supercaleine ® SYNROCH iz Lid # 7 A BLBELE~FLR 25,2 0 b T AFHE
the L TEY A LORMAEE s THBRPRKCTT A, Rnd HHEBEHICHTT 5 EHN
RE~DHETHL, CRAEOBEFIALIBNTHWLODLELELTLTEFEDE
THARTH AV, CCTRAFTELIEHOHHATEERTHT L.

5.1 #HOMACHIIREN

BEE b BmNFUCEECHATERZKEANBRLT®LZLFEITTE AN, MR
BEAEELR 1 PR EEBOBEE L I DAERBORBETS® S5, AIFCBEL T, Supercaleine
TiIE1200°, 2hT02%, BhTHO04%0OERERT ™) SYNROCTHATE LARED, 1280°
B hTHRERBAr 2424 L TERIAV, X, BUHCOAIZFHMEOBREZHEL, Super-

_.5._.
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4, B &®

Supercaleine DEECHAZE 1 CRT, 4, AL Ca,Sr OWMBEBBE = =1 ¥
RO Si0, OFME & BEPBEWL BET 5. CATH00°TREL, TOR BRESL
T Apd H, T—AFT VAL, 1100°MTMBT AL, Fy b T ATE, BREED
00~05% /o, kK LEBRBNICS »TREGZE{LT S, Supercaleine T, 3 -7~
et )y FATAGLIAI T2 BT HE EDBBLLNT NG, *OMAEEE 2 ™ €
Rt . 1Fl%2%0 5, e ADH2 nmBED Supercaleine ¥ BILFE L L T 40#mOPyC
(Pyrolytic Carbon ) T &0, ILCHMEHLELLTE0mOAL, 0, THEED . NDE
CuD=b ) w7 2T H®ILE, CaD~F Y v 7 REHEH L, BEPVETSH D, BREHE
e L,

SYNROC OBER 4T L b5Ed oTnd EREL% W, Ringwood bEE 0 9aTHR
FRE L%, 2+ OBa,Ca,Af,Ti OBBEBBT HEL, OREWERCMA, REL,
T L, ONi2vFFRCANL, 3—a F7v AL, BREEOHSOHBECTE, QHIP
T ED, 1200° ~1350°, 1~3kb Ty b 723+ 5, LAL, ZRERVETZ2LHHE
OB Tt Supercaloine & BWUD FHEETH o> Tnd, Flad, #—* 17 7O Lucas Her
ighta’® OHERDOZr0,, A¢,0,, TiO, ,BaCO,,CaC0, OSYNROCHMMRET BET D
@EL, @1100° THEREL, OBRLZE, ESEEERLEST L, @HEL, 13007
B (fy, 1250° ~1330° Tahy b 7w ( —8) T4, BREEO 9 9%O8SYNROC
HBTED, |

Supercaleine (I Mk kit ~BEL TWnbhHY, SYNROCHMBE>~ED DI TDL,

5. % % (63

Supercaleine © SYNROCH Bz EiZ # 7 A BLBLB~F5 At 25,2 1 b T AFE
ek LTBEARADIEME T o T LRPEKCKTH, Rnid B RIRECITT 5 &M
BRE~DHETHLH, CREORBREFIALIBOLTWEDORLADLLLTLIRFCDLA -
TWARTE RV, CLTRAFTELIEROBAATEEETRT L.

51 #HPMARCHTIREH

WEE b BNSHCRECHETERZRAPRKRLTHAHCT LRAE2ETTE AN, MR
BABEE 1 P3ARBCOER L 1 PEFRRCERB TS L. By EW L T, Supercalcine
fﬂ1200°,2h?&2%,ShTMOAﬂwDiﬁﬁf’“SYNROOTMﬁﬁLﬁﬁDJZSM

S h THRETRETE£2 4 58EHRAV. X, BECHRALIFEBROBRTEEL, Super-

— 5 -
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calcine T800° , 2@M& 900°, 2AMOERS AL AY, &ML, TAEN0 2 %,
0.8% T, BRHOE/ME AL o7, SYNROCKET AL OBOERITE XA N,
EEBEEORBRKEZGTTOREHORRBI /75 cBEKBEL T A4 HTON TN
%\n, Ringwood b (3354 h., [BILEELTOH 5 2OEMEE—KIC25° ~100° T4
4 v EBKE~NOBHEB THREINTER, TOFETREMT FTRYZURLENRE
AT AP S 20REUT FHTAREABBREMIBON R N, TOHRIFEHEETIR
TAZENGSETES], plh Eh,RZZELIIENVOIBEREFOOLK, | BHICETE~
EETH+A~—S0BHEBRTTVWRBHEETRLEH L T EER, THERCARORHE
DEBETERARTIR AV, FORCELABRELBALRETREFEL TWAHRIEB T ND L,
McCarthys® OEBRIZUTOBRD TH 5B, 300° ,300barsTA 4 ¥ THPKE R & 1B
AT SR LT A2 HETRBRREC A o, —HEHEELL—HEERL 2. A
Weeksite (Cs,Na,Rb), (U0, ),(8i,0,), +4H, 0, Acmite(Na,Ca)(Fe, Zn,
Ti)8i,0, Thoft, MLEHTHERKEMHEAILAERLIBLLET, 4B TELLAST
FOELETRT (6 ), SupercaleineT $FLEBORBHBTbil, 14 ¥ XBKED
R TRELREIXBERCRE Ao d, HKEOCHERA T Cs 48 ( Pollucite): Sr M
( Apatite & Scheelite)HEXRERIGL /&, ELEOBHOESGER6 TR T, BHICHELT
XA 748 I 2L Supercaleine O KEAZER KN, FIEDQPyC L& AL ,0, T, Coating
L 7% Supercaleine 3R 7T CRLA L 9 CHEAKLHL TS 400° , 300bars, 1 ~4#EBT
£ { HZETHL, SYNROCTIL, Supercalcine O L 9 ZFEMAEREI T A LN TEZ WY,
Ringwood & L AXBETEAL LY. W1 %520 Cs,5r, UZETSYNROCHERS
17z (Cs X Hollandite , Srid Perovskite, Uil Perovskite & Zirconolite {CEE INL,)
EOREBF 400°~800°, 1000bars T1H, 44 FWMANT] 0%EEKEFAILE
froo WHOELESREEETHLT, Or,8r, UDEE Ao, X, BEKXKFONa E,
Hollandite A b AL oz, ECEET 900° L1000, EJ% 5 kb WEL TERI T
bit, 900° OEBRTHEBNBHO Hollandite I Rutile CEHL, CsidBHLRZ, L
LR ONASAEE(B LS ok, Zitconolite & Perovskite (I E/L &3, Sr,UDEH
Hhtrom, 1000° CREBEVNEALD, CHIEEBRBCELBAZr o, ZhbERTY
3 B THh, COLHCSYNROCRHENOHBKETTRT I 9 THH0HHARER

BN %L,
5.2 R i

HETHRNALOICAF v EBRATOBHEILYL S FETEAVDY, BLED LBRICHE
BWnAREA>TNA, T—aFFvalith, NBICL > THELNAAL NV o b RO Supercal~
cineT v Soxhlet RBEHF bl FNEEcORONRETHL, (LOF — 5 CH
FARMABERERT TS A LIRS ) FETEL TlEo ik« % Supercaleine & 2 20
%5 2 ELKO Soxhlet RBRICL 2B RO/ LR 9" KES, bulk TRANWTNO
Supercaleine & # F A LEOBHERI KER N, F oy F TV ATHEASOOR B AN

— 6 —
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EERL TN,

SYNROCKET2BHEORBREACRTALNTWEV, Reeve b °° {1 7 2 B
D Soxhlet DHB DR, SYNROCE # 7 ABA L VEBRORTORBOBRBECS TLE
NTnhd, 300° 3 TORKEETTEAERANE BNTWAXEIT TS5, Solomahb’™ 1B
Ax v RBKEEAREE T SYNROCOR HEOERE Lk, TORRERL 0P LRT,
i, TORTIR,

~ THROBME (g )
HHFEEHK (om’ ) XEHES (day )

B HE

FEEINTWS, 1 AE AT,

TRORHE (g )/ THEOUME (g
HKEERER (en’ L/ EABER (g ) X BB (day)

BEdE =

EREL TAADTRREET A, A+ v RBATOCs DB HRT IAEAOEHETRHEL
TROOENE ABLTRS £IRIFTRESYNROCH Lin, Fujiki b 1% Hollandite
(Cs-priderite ) DB HBETHEL TWA (T 1), HEHEEL Solomh LDOEL D EIC

1 1
- Vg
10 1001“:%IER

5.3 MAIERMEURKE

HHRETETSUTRROEYWHHHBHEBCLY 2 23 7 Mt h @ L (HELBN TN,
AF I MU L ABNFHNEESHEBREROMEDR, BEPOLXETRCAEETD L, X,
HEETROBER, TEVNEDLUARHARCKLCENCRECREINLGDLE ODSERT
A, LrLAYL, COMBLHEMAERITON TRV,

SupercaleineTid *“Cm & F— 7 LT, BB OWTHENOAR, o HED 8 0 %ERY
A D @ SupercalecineTit, 20 0 ERICHLET LIHORETH >, TOFR, EEHMTD A
Apatite {Z Amorphous C Z 535, Fluorite & Tetragonal phase &%V BT ZT 20 o
., ERzANF—FBR] 20TF, BEALL 8 g en’ 25412 g/om’ WHAL 72, 4R
EACET & LA%HTHL, #7 2&OhBEESYCRT., COMBTEAS = LD
Supercaleine® FHBEBMO FINL K & o

Oversby and Ringwood’" &Ringwood & °° iz SYNROC MM HEMT, 77 7= FEERE
%+ % Zirconolite , Perovskite CHEL T, RAELWTHE, BHERBOEBFTH TS,
SEEHSORMUGEEEN, RBOERZRDL, ThPB -EL TWLLRAALARTS 5,
o TBEREWORTCHONAL EXLARL, BILEOFLLbRLE, TORWIEFETE
R OEMROE, BELBTLNRLL, BRETE 22N 0RL, FABF—-RTHL
L, FREEWERTS D, REETROBRAS SorEEALLL, &1 3 PP/ Py,
20 py B, TP, PLIC L P ENL N AR RBOERTS 5, Flad, Sri Lanka
© ZirconolitelIZEIC A2 327 b L TNnAHD, 550m.y. Off, closed system TH Y,
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MEMTETRELETR, LAd, BABEARAEROSYNROCHH>ENLY, 6~8
f£& ‘iftLoveringH)KJ;éé: Jimberlana @ Zirconolite{Z2 50 0m.y. ©f&, closed
system Tdh ok, LPBTOFEERDOLivine [ —, Serpentinefbl TwWiz, 2% b, K
OBAND oL LERLTW5D, Baikal O Perovskite {3500m. yAICTEAYDTH S

M, EROR—HHED 5L, CNERERBHALOPbOHEEERNETORIT 78R ICEA. L
L, —RICERRO Zirconolite , Perovskite HEEEFETZH, TXEERL, BRE

S bbb, BECHERRMLD IHIC100~1000FORNE, KECHEH
HETHRTEFELTND, ERETATFELAIBEO Y 2v— BB VI LEFBLNEE
EBTF— R ETA LS, X LICRingwood & I ERMD A £ 2 7 PRBO Zirconolite T MM
T B EEACBIADBHERO Lirconolite LARATZ EH b, # £ 327 MRED Lirconolite
L AEB AN S L OBFRRED Zirconolite (TIEWNERNT NS,

Reove & Woolfrey ' {2 SYNROC KWL, EFHFORHNEREIT o7 BPETTHAIC
6% 107 neutrons em °, 22BE#& Trd, TihidPerovskite , ZirconolitelXL Tk
100004 %, Hollandite KL TiE, 10°~10" FEHO# 4 - S WIEKT H LN T O
&7yt Perovskite , Hollandite , undoped SYNROCIT DWTREITHBNTNL ), 77 v 7
25 Perovskite (€ 2L A D, Hollandite €& &L Aofch, SYNROCREFHEADL AL o7,
EX, 4K, TE, ZEEOBRFIKOELEZE1 4CFT. B, K, ZRRAHL, #
EAEA L, COBESD, 10000 EHDSYNROCOD K 4= v{d, SYNROCEFXE
A BBETHANWEELD.

6. ¥ H b T

BV A EENEERBEORNTE RS 84, BLREATIEL NS RBOXEETEXRIN
HEERL S5, CORMMEEYELLZLE L, 2ECERETORBRBENBA S E WD A W
TkiH, EREWTELECESRAOAAZEPRLEOBRE AT HEORRYRLCET
NAFROEWCREEDLACE 5, LL, ThHBECEENEZT -4 T&LLTTH RN,
ERBTZLOCTACHERETOBATHLETSS, SEEEOHT Y ZRMAL . £ERE
B BERBE VS AL VBN TAVWH AL IONRALHIRAAFTHLTLLBEOT — 2K
i - T % Wo

HEZY, WBRLEES) T-OREILD, BV RAREWTHBEGTLIL T EHE
PEBOMBELANEVIBRVEAZWEY, TNEEVETZ Y T—TdHENEED
BibiAs BERTHELEETNETD L, O EDLAREYCENEETOETH D, SRE
ke, BREOHEHFSINENELECHLIRRAZNTSHD Do

’
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REMTET BELUSETZ. LAY, RESREEFEE/R0 SYNROCHFEDENLY, 6~8
e n, %7 Lovering ™  {CL 5 & Jimberlana @ Zirconolite(d2 50 0m.z O, closed
system Th o, LT OBEKDOLivine L —H, Serpentinefb L Tine, 2% 0, XK
DBANESE -7 EERLTWNA, Baikal @ Perovskite (350 0m, A T& A QT2 5H

», EROF—KAb b, CAFTEBEPLOPYORKERNELTORA T8 2CZL5H. L
AL, —BICERMRO Zirconolite , Perovskite AehsEzred, STAKEERL, B&

PSR Db bT, BECLEAZREMIIILHIC100~1000 F0 RN, RECHS
BTEETRELT WA, ERZETATHAELWIBEHO I 2 v—tDELNT L rFELNETHE
ERF—AETA LS, X LIWCRingwood & “V I EMRO £ £ £ 7 P REO ZirconoliteT ME
T AL EACEHACEMFHEZEO Zirconolite TRLT &b, A #317 } B BED Zirconolite
LEESMEEHIIT Y & OBAMERD Zirconolite (LIEWERITNA,

Reeve & Woolfrey (i SYNROC L, HFHTORHERLT o EFETTHKC
6 X 10'° neutrons em 2, 22EM & TdS, Tiid Perovskite , Zirconolitell5L TH
1000044, Hollandite €L TiE, 10°~10" FHOF 4 — Y LRBTHENHTOHK
& Tt Perovskite , Hollandite , undoped SYNROC {T2WNT Za-~Twnb ), #7 v 2

75 Perovskite 4 L A D, Hollandite AL Ao7ds, SYNROCRIZHEEAL AL o,

Ex, kfE, BE, ERBOBFTROBEHL 4KRT. BT, KK ZBREIHEL #
ErEAL . ©OKEMD, 10000F%OSYNROCD # #— vk, SYNROCENEE

L4 BEETRANEELD,

6. ¥ H b L

BEUNABRERTIEREOENTES 84, BLERATIELW S BRPOCREETRERIN
LAY B A, cOBRMEYELLE L, 2EOCERE TORBOUENBAR VD B o I
THL 2. SREDTBEILECRELBROAAZ RPE2CRRBRET AT IFORBRBELC AT
NARROEYTCBRELALCEL, LL, ThHECERNRZF -2 T2HbITHEAW
EENAELOXT ACHERECORANTHLETS S, SEELTOHREY TMMAL . #£EE
%Kﬁiﬁﬁﬁuﬁﬁxib‘&ﬂ’cﬁmﬁ%éé;5%%2673%7‘6%&7&‘T€%E@?—M¢
#Hi-ThRV,

B, HMER{LEHS ) T-OREIND, BV rERPEEBETLAL T BEE
PEBORBERAWE A ERPEAZWEY, FTRERSANZS) 7T-THLBNAKED
Btk xr BHETHETHRETNETD L, CoADLERERLEEEORTS Y, ShiE
4, BEORENASINDL~NE L ELHELIEREIAVWTSS I,
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] &

Supercaleinel SYNROC%R T4 EBHHOMEL, MK, HE#HE ERTA~L, C
ODBTEBTIONAF— PR RRECEMTLIESHOHELAF— 2T, HCHRIELET
BT ARLEELRAL, HABELARRELBIER %0, EFEPOEBRTEEV LD, #
MICEB T TS, AEHM TS > T NETIMABRLEEAXNTRUE2ZOMAROECERT
HLBBSE L, AE, LT WHETFFT— £idXHE 35,36,37,38,39,40,41,42065H L7,

Apatite (KA )

Ca,(PO,),F CaiCPb,REEZ &, PITAs,V,8i %<&, FICCL,0H, 0% EHE
Bt b,

KERX, PR r1mEC—BTHAH0livine( > 5 v EI)C T H 81 ERABE®R
FizHBEBFTRAZLTNE, AL, PeFLLLTOREEHKE2 (Y, LAbEXOMNE
HEMBOECMERE b EHERLANRLINERTS L, FdCas tOTELN A 7 «
AP HFHEL, Ca bOLHEESL TS, Cad—FEdFL&OKKESL, —HOCald
F6EOOKEEN TOERKAL TnA,

KEBCZ(HBLEINS, /=24 ) PERLARKBELCYEIN S, BWHED
HeHET 5. '

Monazite ( &+ XH )
CePO,, CellLa,Y,Th,Nd, UL EHERL, MEE2ZHENLL S5,
B A%k, Apatite &[EHR, PO RMIUEEKTZ D (S, Ce T BBEOOMEEL
Tnd, ‘
FIVECRNISTEAL, FTRIALOBEAVEML TTEARBYEARPCELT S,

Fluorite { &f )

CaF,o Fluorite REET MOHMLEWAFEICFWN, CallBr,Pb,Zr,Ce, Uk L,
FICO, 8, Bt A EHET L,

MEEF, CaidWnb@IELEFBTFOHLA«OHEOT LX), FEAEMUEFE
BESL, NEIENUEBRFrEoBFOFTLICHET S, 22LTCa 8 2O F(CH
ThAABEORLEAD, IR, Fi420Cs WEINAZUMERXROFRGTAET LT
ERAE,

Fluorite (X EH AMB LN, €EELKR, KEE, RRETCELT S,

Pollucite ( A1+ )
CsAfS8i0¢, CsliINa KA L L BEBT A,
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TEREE, SI1EALHORLAWKEEOFLICS D WHEARBEO WEEKL edge (A)
BRAET L, CNLOBEERPRALCOAD D, NAKIEERZA » + 7 - 7 ERRT 5.

CeliMEERTHRINL T+ ¥ 2 v FLERET H,
Ao Eeses4 VRICETS,

Scheclite ( [REHRA )
CaW0,, CaCPb , WiCMo BEHET 545, THLUMNICS ScheeliteBMETH DK~

RSB A, FAIFCalCK, Na, URYE, WIRe,Te,Cr,1 ZEERILLHTL

BTELH,
EH&F, WO, @ flsr L/ HEEE D (B, CalllZ8BOOMKET Lo

Rg g A REREERICET S,

Corundum { 2 7 » & 4 )
Af,0,. AL Fe,Cr ,VEEWERT 5,
KT R&, ORBIEAFSZELERLTNWT, BRBRUOOMBAEET 2 (HMEBEOT LI
AP B AD, C il [F#EIC Ilmenite { £ ¥ F v ), FeTiO, D5,
pavHeses4rd, X, KILWBEORKEREWE L TET S,

Spinel ( = £anr, XAREHR)
MgAg,0, , Bkx 2 MM EHD, EERES LN, MgilFe Mn, Zn, Ni &, AL
Fe,Cr i EWERT A, ATHITE Spinel BIEXHONWASNDREPVERINT
b,

&%, ORTHEBERL, ZEHOOVUEHKE 2 (SEHEOT.LICMg PAD,

Aﬁ¢%9<éﬁ§®¢bKA£ﬁkéoCﬂwﬁb,:ﬁ%4¢yﬂﬂﬁﬁ@¢ﬁzﬁ

B4 Ay SEEROT & AERO RICESTOALHERX EA VEEERHOIOFDH L,
KEECERETCR LA, Z(OH%KREFLLTIND,

Rutile ( #F 2, REAEHE )
1i0,. TilMn,S8n,Pb %k &PEBRT L,
THEER, TigdOs2 {AATKOPLICHEE, O 6 AR, 320 Ti BE—FA
FToOC AZAROFLCOMBAEBT AL LICHR L,
KEECERATCL(RHT S,

Hollandite { & F &1 } )}

BaMn O, Ba{lPb,Na , KA &, Fe,Ti BEBRT L,

BREZE, OB
NIEDRME, COF v 3 AT BaldAD,

BRI TD A,

(A NEROTLEM BAY, NHERZF r 2422 (5 L0KCH
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Zircomolite ( ¥ =1/ 34 + )
CaZrTi, O, , HLETRTHUEEET L,
EARERE X DD o TRWNDY, Fluorite BERLHE AL LA,
EHEEIN TS A,

Perovskite ( [K¥ # ¥ A )
CaTiO, , RARTHEEL Ca T Na,Fe PHLTHEICE, TillNbRZ EHERET LN, F
(D Perovakite HEHETHEOLGHLEEHIN TN S,
BHEX, BETHITFRAR. TidO T2 b AAEKORLICAEL, Callids
BOOBEMLL Twnah,
KEEPEREFCILLRHT A,
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Table 1 Crystalline High-Level Waste Forms »)
Waste Forms Feed Processing R&D Site
Glass-Ceramic _
Conventional Glass- Melt Cast Glass, Nucleate, HMI
Ceramic Crystallize
Sintered Glass- Calcine + Press and Sinter PNL & INEL
Ceramic Frit
Fusion-Cast Melt Cast Glass; Crystal- PKL
Ceramic lizes on Cooling
Matrix-Isolation
Ceramic Sponge HLW Liquid Absorb on Clay- LASL
Ceramic, Dry and
Fire
Ceramic Matrix Calcine + Hot Pressing PSU
Isolation Ceramic
Titanate Ceramic HLW-Loaded Gel Hot Pressing (pre- SLA & RIT
. ferred)
"Cermet" (Metal Ppct. from Press, Fire under ORNL
Matrix} Molten Urea Reducing Conditions
Tailored Synthetic
Mineral
"Supercalcine- Modified Pelletize and Sinter PSU-PNL
Ceramics" Calcine or Hot Pressing
“"Synrock" Calcine + Hot Pressing (pre- ANU
Additives ferred)
HMI = Hahn-Meitner Institut, Berlin

PNL
INEL
PSU
LASL
SLA
RIT
ORNL
ANU

Pacific Northwest Laboratory, Battelle Memorial Institute
Idaho National Engineering Laboratory
The Pennsylvarnia State University

Los Alamos Scientific Laboratory

Sandia Laboratory, Albuquerque

Royal Institute of Technology, Stockholm
Oak Ridge National Laboratery
Austratian National University, Canberra



JAERI-M 9386

17)
Table 2 Crystal Chemistry of Major Supercalcine-Ceramic Phases®
Nominal composition Structure type Code EDXST chemistry
(Ca,Sr), RE, (510,},0, 1 Apatite Agg major: S$i,Ca,RE(GANd > La>Ce>Pr>Y)
minor: S1,Zr,[ Al]
REPO, Monazite Mg major: P,RE(NdGd > La > Pr)
(U,Ce,Zr,RE)O, 4 x Fluorite | major: U,Zr,RE(Gd > Ce > Y,Sm)
{Cs,Rb,Na)AlSi, O, Pollucite P major: Cs,AlSi
minor: [Ca] ,[Fe}
{Ca,S1,Ba)Mo0, Scheelite Ses major: Mo,Ca,Sr,[Ba]
(Fe,Cn), 0, Corundum (Fe,0,)s major: Fe
minor: Cr
(Ni,Fe){Fe,Cr),0, Spinel SPy, major: Fe
minor: Ni,{Cr]
RuO, Rutile Ru0, major: Ru

*Brackets around an element indicate that it was not observed in the particular phase in every
supercalcine-ceramic.

t+Energy dispersive X-ray spectrometry.

+RE = rare earths La, Ce, Pr, Nd, Sm, Gd, Y.

Table 3 Compositions of Supercalcine-Ceramics, wt.% 17)

PSU-SPC-
Oxide SPC-2 SPC-2+U 2+U SPC-4 SPC4+L

Waste
U;0, 16.5 16.5 16.8
CeO, 16.3 13,7 4.1 6.8 5.6
RE, 0, * 19.0 15.9 25.7 30.2 25.2
210, 7.6 6.4 6.4 7.8 6.5
MoO, 8.0 6.7 6.7 8.2 6.8
P, O, 4.2 3.5 3.5 4.3 3.5
Ba0 2.4 2.0 2.0 2.5 2.1
S0 1.6 1.4 ‘ 1.4 1.7 1.4
Cs, O 4.5 7 .7 4.6 38
Rb, O 0.5 0.4 . 0.5 0.6 0.5
Na, O 0.2 0.1 0.1 0.2 0.2
RuQ, 0.5 0.4 0.5 0.4
Fe, O, 4.‘7 39 3.9 4.8 4.0
Cr, O, 0.5 0.4 0.4 0.5 0.5
NiO 0.2 0.2 0.2 0.2 0.2
Cdo 0.2 0.1 0.2 0.1
Ag, O 0.1 0.1
Additives
Ca0 49 4.1 4.1 2.1 1.7
StO 1.2 1.0 1.2 2.6 2.1
Al O, 4.4 3.7 3.7 4.5 318
SiQ, i9.1 159 15.9 17.6 14.7

Waste loading 70.5%  75.3% 15.1% 73.2% 11.7%

*RE = La, Pr, Nd, Sm, Eu, Gd, Y (plus RE as a stand-in for
Am + Cm).
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Table 4 Comparison of SYNROC with alternative ceramic waste forms 4
¥ Typical Sandia
SYNROC A SYNROC B Sup:r!::alcine Ceramic
Radwaste {wt.%) 10 10 50 ~ 25
Inert additives (wt.%) 90 20 50 ~15
Composition of inert additives {wt.%]
$10; 13 - 68 minor
TiO, 33 60.4 - ~ 80
210, 10 9.9 - -
AI;OJ 16 it.0 ’ 11 minor
Ca0 6 13.9 19 -
BaO 17 4,2 - -
510 ) - - 2 -
NiQ - 0.6 - -
Na,0 - - - miner
K;0 - - - -
Mineral Structures “Hollandite", Perovskite, “Hollandite™, Perovskite, Scheelite, cubic Rutile, Metal, cubic
Zirconolite, Ba-felspar, Zirconolite. Zirconia, Spinel Zirconia, Pollucite,
Kalsilite, Leucite, Apatite, Corundum,  Gd;Ti 09,
Pollucite. Amorphous Silica.

+ Hollandite” 35%, Zirconolite 31%, Perovskite 22% , plus additional Ti0, (7%} and A0y (5%)
requied for incorporation of radwaste componenis into SYNROC minerals.

Table 5 Summary of distribution of radwaste ele-
ments among SYNROC B phases 4)

“Hollandite™ Zirconolite Perovskite
Mot T LD u*
T Th* Th
CIJ+ . .Pu“ Cm‘"
Nit* cm** Put
Fe2+ Am** Am>?
K+ Y3+ y3*
G’ REE®* REE®
rb' Nd* st
Na* Na'
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Table 6 Percent of Element in Solution after Hydrothermal Treat-
ment for Four Weeks at 300°C, 300 bars.3)

Deionized Water

USGS NBT-6a Brine

Element

PNL-76-68 spC-4° PNL-76-68 SPC-4
Cs 5.0 0.5 52 38
Sr 0.2 0.1 49 88
la 0.5 wDb 26 2.5
Nd ¥D ND 11 18
U 0.03 NPe 18 NP
Zr WD ND 0.05 ND
Na 45 100 — -
Rb 8.7 7.5 53 B5
Ca 1.2 0.2 - -
Ba 0.1 0.3 -— 71
Zn 0.05 NP 33 NP
51 4.6 3.2 - ¢.7
Mo 72 9.8 3 0.4
B 93 NP 48 NP
Fe 0.02 ND 0.02 0.1
Ni 4.0 ND 10.4 9.1
cr 27 ND 1.1 1.9

% The gsupercalcine—ceramic SPC-4 had approximately 4.5 times greater
fission product concentration than the borosilicate glass,

PNL-76-68,
ND = None Detected.

b

Table 7 Hydrothermal Stability Tests on Crystalline Waste Forms

The Na concentration in SPC-4 was only 0.1 wtr I.

CNP = Not Present.

5)

Waste Form

Nature of the Test’

Results

Location
of the
Testing

Supercalcine-
Ceramics
(spC-2, SPC-4)

Duplex Coated
Supercalcine-
Ceramic Pellets

Synroc B

Titanate-
Ceramic

1. Groundwater typical of basait
and deionized water; 100,
200, 300°C/300 bars; 1-24
weeks

11. Bittern Brine {Ca, Mg, K, Na
Chlorides); 200, 300°C/300b;
1-4 weeks

I11. Saturated Salt ("WIPP B"} Brine;
250 and 350°C
Bittern Brine: H0G°C/300b; 1-4 weeks

1. Defonized water; 400-800°C/1000b,
1 day

II. Brine (10% NaCl); 400-800°C/1000b

and 6490, SU0°L/50009; 1 day

Various brines

No degradation of primary
containment phases; en-
hanced crystallization;
only 0.5¢ of the Cs and
0.1% of the 5r in solu-
tion 2fter 4 weeks

Pollucite and scheelite
phases altered; substan-
tial Cs and Sr in solution

Most Cs and a small amount
of Sr {+3%) in soclution
after 3 days at 350°C

No sign of breach of
coating; no detectable Cs
in solution; Al20; outer
coating recrystallizes

No degradation of pri-
mary containment phases;
no apparent loss of Cs or
U from solids observable
by electron microprobe

Same as above yntil 900°C
where (5 extraction and
alteration begins

Rutile matrix resistant to
degradation

PSU

PsU

PHL

PsuU

ANU

anub

SLA

3411 tests to date have been static tests in sealed noble metal capsules or sealed autoclaves.

bData providedby Professor A. E. Ringwood in Docerber 1978-- to be published.
cObservation provided by J. W. Braithwaite of Sandia Laboratories.
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Soxhlet Leaching of Supercalcine-Ceramic PSU-SPC-2+U

27)

Specimen

Total 136 d. Weight loss (%)
(leachability)a

Cs Extractedb

3

10

38

138
(leachability)

Sr Extracted

3

10

38

136
(leachability)

Mo Extracted
3
10
38
136
(leachability)

Nd Extracted
3
10
38
136
(leachability)

U Extracted
3
10
38
136
(leachability)
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AAssumes a surface area of 6 cm2 per pellet; in gcmvzd_l.

Cumulative extraction after this number of days.
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Table 11 The leachability of cesium in the sintered immobilizers in pure water

Table 12

Waste Forms

Glass

JAERI -M 9386

Sintered immobilizer Immersion time Leachability
(x=1.64) (h) (g/cmz-day)
. -8
CsxAlels-xolﬁ 72 6.68 x 10 .
Cs, Al Tig 0, +2Ti0, 48 3.66 x 10
: . -9
Cs, AL, Tig 0,+6TiO, 72 2.17 x 10
74 6.68 x 10°°

Cs Al Tig ,0;4+12TiO,

Effect of Exposure to

Stored

(b)
Energy, cal/g

Density
Change, %

4Cm on Supercalcine and Waste Glasses

Phase
Stability

20-50

Supercalcine 10

(a) Apatite disappeared after

(b) At <600°C

200-yr equivalent

No observed
degradation

Some degradation(a)
of phases

exposure,

22)

29)
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31
Table 13 U/Pb and Pb/Pb ages

Ages (m.y.)
Sample 206Pb/238U 207Pb/235U 207Pb/206Pb
Baikal A 464 + 2 472 + 19 509 + 69
B 461 £ 3 469 + 19 508 + 46
Stavern 296 £ 2 295 = 3 290 + 20
Larvik 294 + 2 292 + 3 272 + 22
Jacupiranga A 133.5 £ 1.5 130 = 5 -
B 128.5 125 + 5 -
C 115 £ 2 113 + 6 -
Russian A 646 + 648 £ 2 654 + 7
Kola 376 £ 1 377 + 1 379 £ 3
Sri Lanka Z1 355 + 2 555 + 2 554 £ 2
72 559 = 2 560 £ 2 565 £ 3
73 555 = 2 554 + 2 552 = 7
Zh 546 = 1 546 £ 1 543 + 3
Z5 494 503 542 + 14

Table 14 AVERAGE DIMENSIONAL, DENSITY AND OFEN POROSITY CHANGES

.IN IRRADIATED SYNROC B AND SYNROC MINEﬁALS34)
Property - SYNROC B Perovskite Hollandite
Length change 0.56 0.88 0.48
(at/L,) x 100
Inferred volume change 1.68 2.64 1.44
(34L/%,) x 100
Density change -1.63 -2.00 -0.60
d; (s} = 45 (¥) :
Open porosity chanée 0.56 1.05 2.76

(s of specimen volume)
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LiQuUID
HLW
LiQuip
ADDITIVES
CALCINER
PELLETIZE COATINGS
ON

AND .
crRYSTALLIZE| B |PELLETS

HOT
PRESS MATRIX

\_Z_

\ STORAGE

CANISTER

Fig. 1 Conceptual flow diagram for HLW solidification

STORAGE CANISTER
® STAINLESS STEEL

alternatives utilizing supercalcine: (A) hot press {1000
to 1200°C, 2000 to 6060 psi (13.79 to 41.37 MPa)}
billets and stack in canister .(B)} produce coatings on
pellets before encasing in metal matrix, and (C} en-
case millimeter size pellets in metal matrix. L3,

METAL MATRIX

@ [MPACT RES ISTANCE
® CORROSION RESISTANCE
® HIGH THERMAL CONDUCTIVITY

IMPERVIOUS COATING
® PyC FOR LEACH RES | STANCE

SOLID WASTE INNER CORE

® HIGH THERMAL STABILITY
® LEACH RESISTANCE

Fig. 2 Multibarrier Concept for Isolating High-Level WasteZ?>)

. .AI‘.!O3 FOR OXIDATION RESISTANCE
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High - level
Woaste SYNROC
powder powder
N Lid
0% TP 90%
Cu seal o

Cold- Press
mixed powders

Hot - Press

Container remains
sealed during
heat treatment

Geological Disposal

Subsolidus 1200-1300%C

Fig. 3 Flowsheet for the immobilization of radwaste
in SYNROC and sealing of the resultant material in

thick-walled nickel canisters. &)
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Fig.4 Change in Density of Waste Materials as a

Function of Alpha-Radiation Dose
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