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—R&E L THRENALLDT, “v¥—~DSCK/CEN VTR THRI SNEFETH 5.

3424 BREREICE5EEESPDOEpAS (TroolinE b mewn) lloys ueing

LD7oA(FIG.16) 3BARES, 2FVETGRECRIBROEMS S WITHERD
L SEREATAS 2 H5ETH D, MILEMRISHFNSE0RMAETITY TENT
£5. BAEDOR&ED TR~ MY v 7AMELTALXBALAESEZACTVWSN, %
OCHMIBRREE, £, BHE2RHOITCETHE, ZO7T o0t RATRERNAVOTRHERD
BETHD, TV FE—RE2FUHEAN-FY = 7REIICAEIN S,

RS N EEMELEREER TH 3. ROSVEHPRERMSETE, 450CTR
PUFYLRBEEAEDE VR HBINEY, R BIRSET R 2E RN
HEEEERT, AP ALASREKCHT ZMERICOVWTIEIHE TEH6DTH 5,
SNVOBEEERIC K 2REIEH O IKEENBLFIC O USIhEET Sh b L v,

REORR : 2O o vy bicBldT5 REDRIWBORKETH D halgy v
v (EE 100 mm, && 100mm) AESQTOS, ZO7e Y= MIFAMD KIK &
NUKEM it & » THET SN B FETH 3.

3.4.25 #H7APADOEDIAAL (Embedding in glass)

D7 o€R (FIG.17) IHEREGR+ + = AP TTFR SN NVITIERB T 5 REZEA
TEBDTH B, NEFr = RFEHREBEST0KW, 5000HZOFEIFTI0CET
m@xnd, FHT 472, PAEEETNRINZEEFR » P THRENSBRFOH
THELN B, #7 ADEEIR1150°CTH B, =¥ FE—RES{ — Fox 7RIIKAET 3,
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HZ7ABNWVEMRNICHDOT CENTES, FIRENVORRRENPES LS T L
EEDOE - TERB—EEEITRDIL», $13hs, DUENEES S, B, Hi
0, BWEEELLZ L, MY FY L, €Yy aR3BBRREORIICERELTLE 9,

BEORHR : COTB€RACHOVTR 75 VA LRETRE&D MEH SN TE . O
1 R TENBIR CTORENTONA T LRS- .

3426 €329 I7TFNIFPADEHA (Encapsulation in ceramic alumina)

CO7o&RTR, HEMEEYOEEIBHXEIEECL » TRHRL I3, 288shi
AVEEREMEIC L > TAL O BROPicElpwATH, AEKO2TICES, CDaT
B bHTRIGHICEALZA L0 HRDICEKEMEIC L > THAZH, 1200C BED
BETHEEING, =/ FE-22SUMA— FY 2 TEBICOET S, CO7o0&2D
7 o —% FIG. 18 it/ R,

07 ot R BIEFHEOHEEME > TERFAFTHASNER 120mmE & 300mm
DHEFMB DL 5NTWVWS, ASEA Vot X LHUL EAK WL 208 515 (TABLE
MBH ), COTnLARFRAETLREOZSVC LHSBHMTH 3, MBI b ) F 9 448
BihEnaT LB s NG, ERETREGEY, TEkicd ChTy 3 LRBITEVTHL
FHEETRT,

HEDQRE : CO7 0w R OWFREHOICEETH B 7cdhibEhTw 3,

3.42.7 {EBMERE (Cryogenic temperature methods)

Inhad et KEXZBRRLTHELLE0, BEERTHET L TOMREH
BT 5, 5k, ERRCEHERBEL, KEERT- 00 CUTRBHS O RE I
AL e ~VEES TTDO e, ZEo - AEABRBRBREE > TROBIV S -5 DFHR
BE~NGNT,

— 0 — VOREE
— v—VDEHEH
— o—aAOTEE
—— o AOEEEORY

FIG. 19 ZDHED 70 - ThH b, TV FE-RASURBANA—FyzTRENICAES
Bo TOTOEATE, bUFIAOBREPAMIEETN T ABEHEREOERIZ A 5N,

BIEDRI : EEED ¥ 2 7 L3 d 2HEERHBTE TV S,

34.3 i o+ R (Conversion process)
ZOETEA N e = Fo 72020, DEMICHOREIERT 22 TO7Ta k29N
EAROFE - TS (TABLEXIZR ), CO7 utADiEEALIHENSEABENEDT A

_1'8_
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DFYFYLDOTRTHRBIETREShBEEEZI NS,

3.431 Yo BRI ~OFztE  (Conversion to zirconate)
NANEIND VBIRERT AL EREIDERDA A vREE D BT LENTE, THE,
i B AR O BAE» S U B & L~ vEEEY (HLW) ORELICERT 2 LB TES,
LOEHR7 ot ROELTREBROEBDTHS (FIG. 2081 ),
—— #9400°C THR ALCl;» NH,Cl& I & ¥ % L RIRFICERIER 2 6 Zr ClL2 &R
45,

— NH.EETFTTZrCLAEA Y 7o Fra— L ERIESETA v 7ok d 44 F
AT B

— Faa—udkEYES M) O A ERIBEET YV YRIEEME D E NEIIKD
T35,

—— ROMIED F2 b ICIERIE DB IC & - T AlCL « NH, C Z[HIXF 5,

B, BIRL, Ay PTLRTBCEREDMBICHBLAEED LT 2 v 7 HB 5115,
N—Fy 7 3ENCIEY 5,

Ik o4 BEAVO YL a EBE~OERIE HLW ORELOuEER ZR L T3, H
RWITE HLW O TOMABERD LR T 50 TAE Y va YRRIBBEREI NS, &
BT X - TH L WEEHORNBTE LN L S I TORER VL 7 vEETWE,
SR O RTRE OLRE, RIEHIKEAILFEFEROERSE-TVWS, P FUsE
B L DEREERDERRT A EHTOT 0 e ADHMTH 5,
REDKHE : Mo TWIR,

3.4.3.2 @ﬁm;ayw::T(@mvw::gb)«@%ﬁ&@txbe@E%;—ﬂV

~NDEIAZL ((lljci);:rr::‘esic;n to zirconia by oxidation and embedding in cement or

o= T REERICEELTO R0 TENFRICE L LFEETH S, LOEY, Y
HodenviE (RNEER) Yrva=7BIIZELAOT 02 APRASINTH S, £O
5 5ED—2H800°C~ 1500 CILRBMER BLELRC B VOB TH S, Yva=Ti
AV IPEF2—A YODIEETBEEMNTE R, ZO7TowROERENE, Yao
4 % BHREICE L 2 AR TN b RE LABICEAS T L TH S, RRBTHY,
Y F a0, MOERLERMERETSIEMIOT o RADRATS 5o

BADIKA : ZREREOTFTHBRSBT LA TV I CTER Y, RO WAKK LSO
7o vy VBT AHERIEIRD, ChLOMESEZINSGTFERRL,

S o B e e T oriom Bverite tliowod

AV PXIEFy P TLRICE SEL

by solidification with cement or by hot pressing)
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UKAEARR & »foRaifz/kiE 7 o€ R (FIG. 2RIt o4 %27 w b T v 2= L8
BhiciEhtcd, BNTTyE=TE2AVTEKRKIva = B & L THBEESES T
EDZOPEH-TWS (R 7 v b7 Ve aRBELLBR VYA 7 0vERBE. &
Kywa =7 FHEEX NS %4 2RICERICEL LT AERLEL, ThITREKRDOT20
TENSH B, (a) Fy PTULVRIKLBBEEDF LT 3 » 7 2O (b v Mok BE(L

Zr + 6NH,F — (NH,).ZrF; + 4NH; + 2H, }(D
(NH,4): ZrFs + 4 NH,DH — ZrO, 2H,0 + 6 NH,F

N— FY 7Bl EY 3,

LO7aeROFERFENR I VA oA ZBILENIRNREORICEAZ L ETH B, 7€
SADTEND D, BREATAMIC ) Fu bl Eh RS 5,

BEOWRE : TOT 9t 2OMARIERFZFBICR OO TED, ThI LOPREHE S
TV,

3434 Tauhod e O ABEYNLT =Y L ~DEH (Conv.ersi?n of. Z.ircalloy hulls
to Zironium silicate)

BibLicvnvhod « "vR|OEL7 o2 ELTRY ABY S RUCHA (FIG.22) 4
BHENS Bo AT HFO, UEBTH L Y03 = 714 1200 °C~ 1400 °CTH 5 2
BARLHIBERT 5 LETEOT {BESMFESTSE, #5XELTIR 15 wtBETO
ZrO: 2B L b 0N, H7 AROEBHE L TRIOwWt BETOIrO, 22 OHBEBE LR
Too "= FOUZ TR NE-FFITMEBENS,

D70 EATETARI NI =D apEF 58, ChMEFNCEELIETH S, &
BTHHT &, RIGEOEWAE (HFO,) HSHENRTE, MIFILOBMAESD T LM
CO7aERADEEATH 5,

BEOKRH : MO TN,

3.43.5 vwﬁu4-A»@ﬁfntz(ﬁ@xaaﬁ@m(?ﬁﬂﬁgxgﬂﬁﬁiymﬁs

FEZ 7 FBRETY 0b 2KEROHE SIEOFCOFEBMT 20 L TH B, I
Aa4DXHITEAIH 1850 °CT, (LEMNERLISEEFRITIRE T v {bhry o L0
EOUGHER 5 7E~N) 9 X BTV Y BEKOSHETH D, AFYVR e n—Foux
TEENFEIVADS - AU LHEEL THIIRMEY 5, SETIRIELNIA Ty M
BHE130mm, EX 1070 mm TH 5,

CaF:+MgF., #5250 IIMMORPAELRNE LI T o ACBREDESE
B3 EbTEETHH. TOB, REPORNMSBICET S, 41 v Ty FOTHERBESS
LIcBMB R RELTHLLENTELHSD, BRATRIIFIG. 23 ERT,

HAEKBG 2HNFIARICL D &, BYLBRAS /PHNTBRARF Y L2 VEBY 5
Y (TRU) {tAMEAS SRICHETE S EMRENTV S, X7 7ERHOS#LL



PNC N9510 86-002

ZRET B1diC CeO, ( TN 5 RENZMFHEAS TRUBLM LU TY 3) £ WTOER
FAMBITONIL, TV7 buRS VERFOBELRENTILI PrRF S — BERER
FYVARF—v4 v Iy FEEEZZNENFIG. 24, 25 Rt BRMIETOM)F YL
DRIHT DT 5+ 2 DA TH o '

REORER : FER 7 VMBI RKETERELEEDTHS, 77 VAD= L7 —ALTRT
DFoeRlE, BEISWATORBEO T O R ENLAZTHHAD, 77V, 57— Th
UP2—-80075 ¥ r & UP3 75 Y b btda oo MDY, ZORERERH~N
STwilFy PRU -V FTOERBTONI, BEATHE (FBRAMODEHOILV Y b
2 7 7 ERILEICRAT AL (SRR RIBEREER | PNC) TITbh T 5.
3436 WRMAIEANI I AR 94 « ~VERET B 2 (Hrcalloy ull melting process

JuHnd e ~VDEBRE (1850°C) 134, #, ZTOMOLBEMISLILIKEST
H1100CETETT5. 79774 F 300000, BURS VEMT 0 wRCRT
[ CaF, +MgF: 30 RT3 AERPHNE L THESCERIVBRETEEZEAT S LN
T2 5, TNEFHID (R77D) BEMOWHENEET S, FIG.26 KLDT neRERT, T
D7 0 RDFRHIL 3435 BTN TV A DL IZER L TH 5.

BEDKRRE: 75 YA Thy PRI -V FTHEPTONL TS, 2O 02 EFkK
D77 PTCORBHELLTEASH TV S, - FCOEREHEORRKAERTIT
bhvToledl, Zo7od 5 a3ETLTWS,
3.4.3.7 @k%%mmﬁﬁmmxévw::?«mﬁm‘fﬁgﬁ?iﬂﬁgﬂigﬂ

ZrO; &, iREE 550°C THREBRIGEBHTY vA o4 % HFO, LRIGS AT EILE-T
Bohs (X2, FIG.2TIKZD 7o €207 0 -RERT,

Tagrad s ~ic 300°C ~ 400°C THEBREEH S ST Cl, KEATE, §350°CO
FATLCLEZRMIKSMELTY VI =7 2ERT 3 (RE))o ERMEHy M7 12Xt
AV FEILIC L - TELS B0 EEAS TS,

Zr +HF +0Q, 850°C 710, ()

Zr + 4HCI 300~ 400C_ zrCl, + 2H,
ZrCl, + 2H,0 _350%C Zr0, +4HCI}(m

N=FULF7 (Vv FE—2%K<{) b Fe, Ni, CriZ&oBtMIcEL SN, THOH

ZrO, ERIUEETMOHS TEHTE 5,
LO7ovADOFEEME P vA v 4 2K BOLEORVEB{LENLEERERKEZSC L

ThHbd, HENSVWEETOMELHEE - TRBMEOEWLEEREHEHILESH B, MY

FoaritiL, MoBERMYELERT L IO7 0 ROHE[TH 3,
FEDRA : o7 o2 FEMICEBERIN TR, XETRH N LOWRREE
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NTHIEN,

3.4.3.8 BFEKEIE (HIPOW) #LE (Hot isostatic pressing process)

NAVBKPTZ Y FE—ApLH58LT, o— 5 TRICLAE BRCBE TR LD H
LTHERy 7 TREE, Béld, 5SmmEOF 7 YBRERE smmEORF v L RBIAR
WTHRTVWS. BRI, @AHRCERLPT VLS CEBOBELE > T3, RICHED
EAEEL, 3V £ERICC LFABIC 150 CILRY 5, BEL, RRELIE, 58
1000 ClcETMAL, FTHEEDT LT Y HRDEH%E 150 MPaict » b3 5, TO
R TT, BERAEBMEE DI I BEORENNSLETSH S, BH%R, FHREHE, K
BT ATENTEL, T/ FE—RFBIRBELBFNITHSHLO,

HIPOW 7u+R (%, HHERE 100 BOESMALL, 200 EBERE LT, TR
HELTI0EEBEONE, COT 0t RADERRSEEEEZNELTELETHS. L
L, FPIFILABIOT 0 ARREHZOBHEBENRZOTIMATAL « n Lt
REFT 5, BoncERYREEE, BVEENE LD, BRI OB SYEL TH 5,

AV z =T YDOASEAREIP. 70 v ABARDPNC THREBEIN TV 5, ~VIITEH
LTEEDEL, BEAXEGRF v LRDavFFicANd, BS, BHiEa v 7+ icKE
T SHMERKEEMA, 1000°C 100MPaT 1 B5RIKE L7218, A RFEESHIE
EYEILFELEON S,

EOSFEE L THAEMB 0 FE (Semi HIP) b HATREBISA TS, 1000°%C,
300MPa To 2 HME S 2 L BERLREEASD bW ERYPELNS,

BEORR : COFEOUREEEIT B0, HBEICH 2 EREEEOERMR v
= =T YTiIThvi, HBIRET LEEEL L ORKRESTIIT SN (24), BETIRE
SHMBMER SN, COToLRICET AHERRRIPNCIKE-TH SN TS,

3439 7 3y ZE{LHHE (Ceramic solidification method)

7 3y 7 BELAEICBd SRBERMITONTE I, ThiZ, Jadh ol « ~AElLs
FTEDIELY, BELLVNVI=TR-2D+F 3y 2 KB, E{tds 72 €xTha,
EfLEEMF » b7 LR, BKESNES 2 VRENEMALVERECE > THbh, &
BRLESACSGNS, BILIETN Y Fuasilish s,

REDKE : BEO PNC IR THEBERPTH 3,

35 FToEXOFME

3AMITR, M AVEA-FIZTEZIWMOBY, METI-00EE L THEL OB%REE
CHBI8DHHEICODVTRRBL T E e WRENLRTHEVRIBEALLTOREE, AART
FHMBEICE TREMRT 3 LEEDEIIR E > THEOMGICE > THHLPEARETS
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O, £/, AYELLLTHS., TCETHRTIELL 7o e ROBRIE, BxOHEOER
{bicio%, £ OREEDITT 2L I UENEE - TITObN 3. T OEHMNIZHA L IEKEITHRT
EE VNS SRR OB LB ORI A0 SN THS (26) .

TABLEXIiTiE, 7o+ %FHET 258CEETNEREOH L OPIF BN TS, Thpsi
HEWSHPTREL, HEEFBZRANBIRENLSHWTENE LB LNEN, 2R FIT
HLTHABEINLREDE L REENT B,

FRIICT 0 R BRI, BEYORLFEWETIThic~»T, Bb, MHETE, EREY
BNtk ors, R, #E, LoO0BHFIK-2 0T, OZEESLBINTORTARESRVENS T
EHEBINETH S,

36 BREFAEI
SN e n— FY L7 ORERE, MBS o2 42@ERTAHOERLHMABETRETH 55805
Bo WEM N NVEN— FoZTICET BZHHEERIEVAVARERICK - TET 5. FIAE,
— &b o bIARIE D O OIFHTCIER I N BuliEkdd 5,
— BEERRTBENC L s = F U 2 T ORAEICHSEUHENRET 5 L5 5,
—— E5oOMERIC S REMLERMPEET 3. (Yho A HOHBORFEYU L& Th
S ENTECET 7 F = FHEAET) .
—— HAEFICREDR M Oh A GEEIZ) ADATEEERDS 5,
— BORUREAEABNROER L U THEMORAADRD T Li3dH 5,
B VOBESSVE RuPCs DL I UEHEORB OB OERL LTV
KRBT SaREMEA S 5.

RBHOMANC S 3HEO U Th AhEFE2RNL T, 77 F= FEAMMESEKEST S
DT, IvAodhbRTORMEEZRET I CLIFELRARTSH S, BNShcEE&0H
HERANETRUAZETROGERME LTRSS EE2BHELT, Yvr ol 2REEd 508
HA BN BWEHAECIT N, KEEBLUHKERC L 3BRETOFENSRS NI,
EZOoNEDHETHOWTHEY 7 YRl L 3B R Lr~vE, BRINSEFRE L~
FTHOTCERTEROCENERENL (2T} Vv » ~LOBREE — BIGERE/(L
BT AFEABED SN TS (19143, B2URIMIFEECH L CEETH .

EHRENTEED, BB TEREROCTEEOFREHRIBORETELETH S,
RAFROBREFME SN ENEREOMHBEICE L (EKEL T 5, BE, Yo ogaitic
BRI EAMIOEREIIR (5 ~50 tmDEED) FOHTHEELEINVI=TFTDa—F 4 7
BLTHb, COBIMBIVEFRICBEHEL S v 7LEL, X, HENEBREICHETZO
T BDOTAT VI ADESLD & SICKRENREIC 3,
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3.6.1 SEMIEE (High temperature method )

PN 0 A4 YR OBRERCBIT A0SR L 7 5 Y AT THhITE . KE- 7V ¥ b O
NYT7 3= FTRIEEOT o 2hpR s n (19), ChRBHENL IV a4 « v
% 600°C THF THILEL, (~rOilRiciT) 8275 » 27 LTZr0, 3 —F 4 v 7
OTFELDAVTEBEZr0: LDV N a = 17 » BRILYOBEER T2 D TH5,
ZELT7 v b O B RROMEOBEYPTEMR (90°C, 28M) shd (28],

04 M YaoBTryE=DLA
0.16M ZxrvEBFvye-vLA
01 M T7uFRBRTVE=TA
0.3 M Bk

LDTBERCE-T, BRENAAVORBRENTHH, BIFEAKEEEZL X 10°~3 %
10°Bg. em? ( 3~8 X 1077Ci“ cm?) Th -7,

RO s AVRBRAT Y VANV DER c BRBEORET 0 LR BT FIVRADT NI —
THRINTELH (29) BHEDOAMCOVTIEEFR I F LETEENTVIEL,

3.6.2 BIRIINLIEE  ( Mechanical methods)

FHEREBT 2 LEEEOMMTFE2ETIOTEBNRAFETEAVD, PWNRAVDQ
BB OSHRREEZTTADICRED N Y 72 — FTCOFEMEBO LR (19),

HERERTE, ZRBREMOBZICL > THBESREICER L CTELZ L, DF+ EF
—Ya VHETED, COMRBBFERZEL, RKICE CIARGRERKEEZNEDDEREIC
L AHET 2, ERICRAME (30) TR, E8F (AF YV R) A~ rDaiFROH 5, 79
~ 98 BOYBEH THE S N/ERIE ( 3MHNO,, 22°C)RHTRESNITENRERTL
5o ERBDBATEEN 0.04 X 10*— 2.2 X 10*Bg./g € 0.01 ~ 0.6 #Ci“g) OHER (~vODIE
B)THY, FCEBTERL:IAA G « DB, Bl a BEHEE 1 X 104~ 2 X 104
Bq/ g (0.3~05 uCi“g) OHBTH- 1. ZEOWEIL, B2 THEHE D VK% B
WTIThN I EEETIEDR ToAT y TORSEANRIICHE - 1o AROBESKRE (LB L
VAT LOBIMELDIRD COBTE, Rt -» THEHHES L/ MIM ORI IC 1L 2 5 M T
R UTRERNTREBV EER SN (31,

3.6.3 HESXHVLEEE (Electrical methods)
BROFCE BT o 7 v 7', SHRBROBERK 2ES DAV o5 & Y LAE#HTH
0, RETEBEORE B FEE L TR SN B0 R 7 v L RIBEMERECHERT
PHEFPRVLN (32, 33), RLBRENOER &L TEREEHIRL T VALEZ,
A 10 tmETRET B LBEBLONDY, BRPHEELTRELNEM -1,
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3.6.4 {LFRYLEEH: (Chemical methods) _

IhHREELLTIHOVA T LAY 5ND, b, SEEERT AL, b LEMD
RS CHREORAWEB B BATS D, REEHEAE LT, BREICHL 355,
MRt d T F= FEERET SPRINT 2052 0 BEZOBMAELBTEL LI, HH
EEELMNFESELL L DIT, FROWECHDOTRINEER ST,

3 EAEOBREERIIKGHRETFOBE 2Kk 5> & DK TREMA T, AIMREIE
iCB8 L TIE TAEA Technical Report (34, 35) I UWE 2R ICERINTN S, »
WEED ZrQ, 3 =74 Y7 REEEEEZ 7 v T UEL, £k, BRAESEBIGET { O%
B B1mic, RFYVANVDERY v B A « ~LED bREDSTHETS 2,

(a) # @&
ROBHEZLS
HNO, N — X OERBITH L THERRE s T
H.S0, AFvULREIuHod L TEEREMENSSDS
H.PO, RFvLRETNMHOALRSLTEECHEEEYSS
HF 2F VL RACHLTELDTE MRS S
HC1 AFVLVARCHLTEOD TR ML DH S
S OBRSY, PIATFELSTEAK (5MHENO, / 2MHC]) $#ERATE 2SR ICHE Y

Wbbd. CORFER, RF VL AREM EBRILYRE E L IBERIS § 57090 DAREX 70

2 TARVSNL (36). IOBRAY, FiZidHNO, /HF bbb TN, I

HOAWRBHOBBICHVEIEBTE S, ook 0 v OREE TORIERZEYE

THbH, COXIBERAMCEIBBHE 7 v BAAVETVI =T L LOHERTEIILT

BORCEDB LN TED, 7V - D7 v FEA 4 VIEIED TERE LHIESLL,

SBOSE, HEBREELETS v TRICERINTEYD, 3 MHNO,; THMIKERR X

#5 &, SHEPAMTONT, aABROEFEAEIRSNS (37), BEEOKEMGERIC

ANRERE 59, 3M — HNO, THHEBHEBRT AL VORI 2B, T IENTES

OTHEWEHEBILTEE S0, EEF O VOREIE HNO; BEDEIME v O

DHEITICO>NTWEEINS (30) . Yrh o « A TRERILIVBERMAE LTV S,

WEEE Ce(IV) LDBEAMEN—FY LT (BELL A VL )DREHTES TLHTES

B3, &S L7 AMHNO; + 0.1 MCe(IV) TRHZEDORF v L ARGAMICREN B, #

> TLDEIBRELFESEACE, RAEF S Dy V7 D& I ROBERIERUE TS 5o
(b} 7 # &

B, 7V, BOR, SRESEF N VORBCFHERETHSL I LBOL->TH

%(30), 0.5M®D EBT6HMEKT S &2 AMEHEED 96.6%, '“Ru, Sb ©100%,

W0s D 81.9 BHBEINBL, —H, "B TOBDERIBAEZET S, fhoFFEEITh
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ICHRTREMME S DTN, RESHRESDEL, BROBEMMEG 1IMHO0, #M25&i
F0@EAL, BEREK13ZOSHTRILRAGRMSEONG, BT7vE=v L (3M) —
BER{LKE (1M) OBREYHRIFSRESESE b0,

(c) Tk )iH

HEOMFUCEINER T v LADA oD A REEEOREICSWT 0.1 MREEF F ) @
LATRFENZLL ( 6BERIRETO0.9 BDBRE) 10 BKBILF Y 94~ 25%Na—D
-HEAORBTE B LARESNRGY (30), B YHFYBTArAVE, Hirsz v gy
YESY LAICEBBBEIETHWIESICR, 2O THRNTHS, TOTE (34)E
F7 2.5 MNaOH — 0.2 MKMnO, TRE LRI 10 B 7 = vEE2 T v E==7 A THRE Y
b, BEAEOBRERB~ Y H VBTN OBRBTITHI S,

{d) BHTESY
BT vyeE=94, J2VBTYE=UL, 7y9ibTvE=Y 4, BBRIKEOCERLEY,
(Meservey %) HBNVOREOFEZEBEE U CREOHEEZCHEHESNTE - (19,
CDEDIBLREYERBRTHLETHBEF A NVOEABFED 92 ~99 BH LT ™Ru
B 8b DI 100 BhkEENS, LELYCs OREDRERIZ LV (13~31%),

VT /BRBEU I L VBREIIE R F L ADBEED Zr /Nb, Ce/Pr, Ba/Laic & 3%
RERETLIOICENTH S, FLTpHE~8 T F L P73 v4— Bl (EDTA)Y &
DEEMER VB EERINIR T YL AFMPOEGB T+ VLo EBRET A EMTE B,

A7 ¥V R BB O —E OgE (LOMI) 5438453 E @ Barkley Nuclear
Laboratories TBISE T3 [ 38 ) o SRR IS S ORLIIE O A iR 142 727
TAIEENTHBET 2 L 0TES, RREEONTOAHDE LTRET Y VER/NF T 4H
BFoNd, ATV LR LOBMBICET ARENL BERE AR OpH A 4.5 D
AISI 410 8Hicxf LT 0.5 sm, "hTh 3, FEEpH (47) TOINH ol — 2 D L O
L DEEEE R TR TIEFEICE Y (0.005 #m/ h), H-T I 5OAFEIIHOK
RICBBFRIHBERTHEIAND 4 « AVORBRERICET S E I RSBROBETH S,
flt DEEEFAIRICE U CRBREREYA b — 2 QWS SRR O & 5 B AREICH~TH
BOESLLZESTH S,
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FIG. 1  Samples of Zircaloy hulls, Cogéma plant, La Hague, France,

FIG. 2. Zircaloy cladding scraps from fuel dissolution at Cogéma
plant, La Hague, France.



TABLE

TABLE I. SUMMARY OF WEIGHTS OF FUEL ASSEMBLY COMPONENTS

(in kg per tonne of heavy metal (U or Pu) )

PWR PUR
I N T L T M I
Zircaloy (2&4) 263 322 227 271 294 236 218
Stainless steel 44 38 66 47 a0 20 341 146 1422 1660
Inconel 27 35 27 13 17 22
Special steel 5 9 1.4 34

Other materials:

AGR : 8kg alumina.

FBR (Italy) : 52kg boron carbide,

asteam-generating heavy-water reactor,

II. PROPERTIES OF ZIRCALOY, STAINLESS STEEL AND INCONEL ALLOYS USED IN FUEL ELEMENTS [4]
AEIMEE:?SS AEIM§§:353 304 stainless Inconel 718 Inconel 600
(Zr-2) (zr-4) steel
Chemical : Sn @ 1.2-1.7% Sn @ 1.2-1.7% Cr 1 18-20% Nt : 50-55% Ni : 72% min.
Fe : 0.07-0.20% Fe : 0.18-0,24% Ni : 8-10% Cr : 17-21% Cr : 14-17%
Cr : 0.05-0.15% Cr : 0.07-0.13% Mn : 2% Mo : 2.8-3.3% Fe : 6-10%
Ni : 0.03-0.08% Ni : 0.007% max. Si : 1% Nb+Ta : 4.7-5.5% Mn : T% max.
Zr : Remainder Zr : Remainder Fe : Remainder Co : 1% max. Si : 0.5% max.
Ti : 0.65-1.15% Cu : 0.5% max.
Al : 0.2-0.8% : 0.015% max.
Si : 0.35% : 0.15% max.
Mn : (.35%
Cu : 0.3%
Fe ; Remainder
Density : 6.55 g/cm? 6.55 g/cm? 2.0 g/cm? 8.21 g/cm? 8.43 g/emd

Melting range:

1800-1850°C

1800-1850°C

1400-1450°C

1260-1335°C

1354-1413°C

600—-98 O0IS6N ONdJ



TABLE III. NUCLIDE SPECIFIC ACTIVATION (kCi/t ALLOY) AND HEAT GENERATION {W/t ALLOY) IN
REFERENCE LWR WASTE MATERIALS AT DIFFERENT COOLING TIMES [2]
Cooling time (years)
NucTide 1 3 10 25 100 560 | 1000
kCi/t2 W/t kCi/t W/t kCi/t W/t kCi/t W/t ] kCijft W/t kCi/t|kCi/t
Zircaloy 4| Ir 95 2.7 14 <0.001 - - - - - - - -
Nb-95 5.5 27 <0.001 - - - - - - -
Mn-54 0.05 0.5 0,02 - <0.0001 - - - - - - -
Fe-b5 Q.44 0.6 0.26 0.3! 0.04 - <0.001 - - - - -
Sb-125 .14 0.6 0.08 0.3 0.01 - <0.001 - - - - -
Te-125m 0.06 - 0.04 -~ 0.01 - <0.001 - - - -
Co-50 2.2 34 1.69 26 0.68 11 0.09 1.5 - - - -
Totals 111 77 2.09 27 0.74 1 0.09 1.5 - - - -
Stainless | Mn-54 23 187 4.6 37 0.02 - - - - - -
steel Fe 55 298 389 78 232 30 39 0.63 0.8 - - - -
AISI 321 Co-60 110 1723 85 1331 34 532 4.7 74 0.001 - - -
: Nj-63 6.2 1 6.1 1 5.8 0. 5.3 0.8 3.1 0.5 0.19 | 0.006
Ni-59 0.04 - 0.04 - 0.04 - 0.04 - 0.04 - [ 0.04 (0.04
Totals 437 2300 173 1601 69.86 572 10.67 75 3.14 0.5 0.23 |0.05
Inconel Co-58 25 342 0.02 0.3 - - - - - - - -
718 Ta-182 268 1913 3.3 24 - - - - - - - -
Mn-54 5.5 44 1.1 9 <(,004 - - - - - -
Fe-55 79 103 47 61 7.8 10 0.17 0.2 - - - -
Co-60 110 1723 85 1331 34 532 4,7 74 0.0002 - - -
Ni-63 33 5 33 5 31 5 28 4 17 3 1.0 (0.03
Ni-59 0.2 - 0.2 - 0.2 - 0.2 - 0.2 - |1 0.2 |0.2
Totals 521 4130 170 1430 73 547 33 78 17.2 3 1.2 [0.23
Inconel Co-58 35 479 0.03 0.4 - - - - - - - -
750 Ta-182 48 343 0.59 4 - - - - - -
Mn-54 2.1 17 0.41] 3 0.00% - - - - - - -
Fe-55 31 40 19 25 3.1 4 0.07 - - - - -
Co-60 110 1723 85 1331 34 532 4.7 74 0.0002 - - -
Ni-63 45 7 44 7 42 7 38 6 23 4 1.4 [0.04
Ni-59 0.3 - 0.3 - 0.3 - 0.3 - 0.3 - 10.3 [0.3
Totals 271 2609 149 1370 79 543 43 80 23.3 & 1.7 |0.34

a 1Ci=3.70 x 1017 Bq.

Z00—98 0TC6N ONd
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FIG. 3. Activities in hull and structure materials (HSM) associated

w1th a PWR and a BWR reactor [9] (FP : fission products; 1
Ci = 3.70 x 1010 Bq.)

TABLE IV. CALCULATED (ORIGEN CODE) AND ANALYSED
SIGNIFICANT TRU ELEMENTS IN BASE METAL
OF TWO PWR FUEL HULLS

PWR = 1 PWR - 2
Predicted Found Predicted Found
{nCi/g)2 (nCi/g) (nCi/g) {(nCi/g)

Pu - 238 2.5 2.7 0.46 0.63
Pu - 239 0.35 0.49 2.6 2.8
Pu - 240 0.44 0.69 0.94 1.4
Pu - 247 167 250 _ 104 - 200
Pu - 242 5.7 x 10-% 6.5 x 10-2 4,5 x 10~% 7.1 x 10°*
Am - 24} 0.6 1.0 2.6 3.0
Am - 243 0.16 0.064 0.002 -
Cm - 242 16 9,4 0.013 0.019
tm - 244 49 10 0,058 0.079

a1 Ci = 3.70 x 1019 Bq.
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TABLE V. PERCENTAGES OF INVENTORY OF VARIOUS NUCLIDES
IN FUEL REQUIRED TO BE ASSOCIATED WITH CLAD-
DING TO ACCOUNT FOR OBSERVED ACTIVITIES
(Assuming no diffusion of any nuclide out of
the fuel)
PWR BWR
Nuclide
K02 Kkwo 2% Kwo 32 KRBD
Zircaloy H« 3 32.5 43.3 29.7 23.0
hulls Co - 60 0.56 0.087 0.021 0.18
Sr - 90 0.14 0.12 0,066 0.072
Ru - 106 1.10 0.41 0.42 0.36
Sb - 125 3.94 8.2 4.05 0.93
Cs - 134 0.13 0.11 0.021 0.063
Cs - 137 0.19 0.17 0.073 0.11
Ce - 144 0.18 0.10 0.039 0.047
Py - 239C 0.016 0.025 0.0032 0.0085
Pu - 239d 0.044 0.061 0.0042 0.023
Fast reactor Thermal
SCOF28 SCOF3® orrf WAGRR
Stainless Sr - 90 0.19 0.20 - 0.33
steel
hulls Ru - 106 0.11 - 0.88 0.01
Sb - 125 0.19 - 0.46 0.01
Cs - 137 0.076 0.059 0.048 0.19
Ce - 144 0.012 0.013 0.055 0.12
Pu - 239 0.030 0.020 0.009 0.065
Pu - 239¢ 0.20 0.091 0.003 0.33
0.036
U - 235 - - 0.14 -

]

w =h D A

Hull sample, Kernkraftwerk Obrigheim.

Hull sample, Kernkraftwerk RWE Bayernwerk Grundremmingen.

Assuming fissile material is U-235 + Pu-232 present in the same
ratio as in irradiated fuel.

Assuming fissile material is all Pu-239.

Steel clad oxide fuel samples.

Hull sample, Dounreay Fast Reactor.
Hull sample, Windscale Advanced Gas Cooled Reactor.
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TABLE VI. PERCENTAGES OF INITIAL AMOUNTS OF FUEL REQUIRED

TO BE ASSOCIATED WITH THE HULLS TO ACCOUNT FOR
OBSERVED ACTIVITIES

Zircaloy hulls Stainiess steel hulls

Basis of calculation

range range
Fission product activities 0.02 - 0.19 0.01 - 0.36
Total fissile content 0.0042 - 0,061 0.033 - 0.33

Pu - 239 content 0.0032 - 0.025 0.009 - 0.065

0.06

0.04 |- -

0.02 -

0.00 1 I
o] 3 6 9 12 15

Depth of penetration into huil {um}

Activity of 85k in hull (MBq-cm'z-um'1)
T
1

FIG. 4. Distribution of 8%Kr in fuel hulls.
TABLE VII. MEAN CONCENTRATION LEVELS OF HULLS FROM
SURFACE SPECTROMETRY RESULTS [13]
Average EOtﬁ1 contamination on
Burnup oth surfaces
Type of hull (%) Gross alpha activity
{mCi/m2)a (ci/t)
Fast reactor 4.1 - 5.8 9.02 2.79
Fast reactor 5,2 3.16 0.98
AGR 2.2 7.64 2.36
PUR* 2:45 7.3 3.74
PURD 2.45 8.32 4,27
PWR 3.75 29.7 15.23
PUR 3.04 5.79 2.97
BWR 1.87 .91 3.8}
SGHWR 2.3 10.26 5.05

& 1Ci=3.70 x 1019 Bq,
b

This hull was a separate specimen from the same batch as the hull
labelled PWR* but it had been cleaned in dilute nitric acid.

Note the variability in contamination levels.
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OUTER HULL
SURFACE

INNER HULL
SURFACE

QUTER HULL
SURFACE

INNER HULL
SURFACE

FIG. 5. (a) Autoradiographs of second batch of Dounreay Fast Reactor
stainless steel hulls before cleaning. (b) Autoradiographs

of PWR Zircaloy: four hulls.

The concentration of fissile material is proportional to the
density (note uneven distribution of density).
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FIG. 6. Zircaloy hulls from irradiated fuel rods. Typical deposits
present on the inner surface after a HNOj; Tleach,
Magnification x 500. Note uneven distribution of density.
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FIG. 7. Heat generation in hull and structure materials (HSM}
associated with a PWR and a BWR reactor [9] (FP ; fission
products).
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TABLE VIII. EFFECTS OF REACTOR IRRADIATION ON PROPERTIES
OF ZIRCALOY

Property Effects of irradiation in reactor
Tensile and yield strength Experimental increase with exposure :
30% increase for 102! n.cm-2 at 250 -
300°C. ‘
Impact and fracture Stress fracture strength increases
toughness with exposure :

10% increase for 3 x 102%-cm~2 at
250 - 300°C,

Ductility Decreases with exposure :

12% decrease for 5 x 102%-c¢cm~2 and
15% decrease for 2 x 10%2ln-cm~2 at
280°C.

Surface hardness Increases with exposure :

20% increase for 5 x 10'2 n-cm™2 and
30% increase for 102ln-cm=2 at 50°C.

Embrittlement Increases as a result of the other
physical property changes. The
increase is further enhanced by oxide
film formation and hydrogen adsorption.

Corrosion Increases with exposure :

weight increase of 300 mg-dm~2 for
1021 n.em=2 and 1200 mg-dm=2 for

5 x 1021 n-cm~2 at 280°C. Involves
oxide and hydroxide formation.

&
= g
_a__E —5 5
- S
e 80— /‘D— —4 §
g B E:
= 3 2
g s0l— o P 105 5
s ° P150} \yacrive S
ﬁ .o ¢85
20§ B @50
z
IRCALOY HULLS B 50 ACTIVE
| ] ]

100 200 300
Applied pressure (MPa)

FIG. 8. Density as a function of pressure : Zircaloy. ¢ = diameter of
press {(mm).



TABLE IX. METHODS FOR MONITORING HULLS
Method Advantages Disadvantages Detection limits Comments Refs.
Passive neutron Can be used for Assumes fuel remaining Not used in industrial plants [26]
measurement of Tong cooled fuel. on the hulls has the same
neutrons from composition as original
spontanecus fission fuel; calibration difficult
or from o, n reactions.
Active neutron. Gives direct Neutron generator required; 0.05% of fissile Used at Dounreay, UK, and in [27-29]
measure of fissile difficult to apply to material in hulis. the ATI prototype post-repro-
content. industrial scale plants. cessing facility,La Hague,
France.
y-emission based on . High energy v-ray Limited to fuels cooled Pr-144/U ratio, Used at Windscale, UK, the [28-31]
the 2.18 MeV Pr-144 easy to detect. <5 years (Nal detector); 0.1% of original fuel WAK plant, FRG, La Hague
energy. catibration needed either in dissolver; (for thermal hulls) and in
by reference to a standard Pr-144/Co-60 or the ATI facility for post-
irradiated fuel element Pr-144/Mn-54 ratio, reactor hulls.
or by analysis of about 0.2% of fuel
dissolver solution. charge to dissolver.
v-emission based on Can be used for Relatively low energy; Not generally useful unless [30]
Ce-144-Pr-144 longer cooled vy emission from induced structural materials are
0.133 Mev. fuel {up to 8 activities can interfere. segregated.
years),
Relatively low energy Used at Tokai Mura, Japan [32]

y-emission based on
€s-137 and Ru-106.

emissions; Ru-106 has a
short half-Tife (1 year),
therefore not viable for
Tong cooled fuel.

200—98 0TS6N ONJ
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FIG. 9.

Zirgonium
| @ 102} senattzleln et ol.
o (air)
12001 ° o [0g)-Garlbotti et al.
1100 & [02}~Hoyes and .Raberison
v [0z)-Gulbronsen and Andrew

O 1000 & o {air]~De Hollander
Z ™, ., ¢ lair}-Anderson and Belz
g oor 0\3 .\."\ Zircaloy 2
g eoop g ., s {air)-Sattler and Kaut
a. 700}
£
< 600}
[~
5 so0
S 400} a

00

200F

100}

1 MY | r o3 sl A e 1 s 1al E Joa i
1 10 100 1000 10000

Specific surfoce {cm?/g)

of specific surface [3].

HULLS, HARDWARE

POSSIBLE REMOVAL
OF MARDWARE FOR
SEPARATE TREATMENT

| DECONTAMINATION |

S

| MECHANICAL I | THERMO-MECHANICAL I

COMPACTTON COMPACTION

WITHOUT WITH WITHOUT
MATRIX MATRIX MATRIC ~

=

Ignition temperature of zirconium and Zircaloy as a function

CHEMICAL

OXIDATION
T0

ZIRCONIA

CONVERSION
TO OTHER
CHEMICAL

FORMS

WITH
MATRIX

WITHOUT
MATRIX

WITH
MATRIX

UNDER.
WATER

I DRY I ] CEMENT || OTHERS l | MELTING HOT
g PRESSING

METAL SPECTAL
ALLOYS CEMENTS

lOTHERS| CEMENT| |OTHERS

FIG. 10. Process options for hulls and hardware.
indicate practices currently in use.
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TABLE X. IMPROVED CEMENT MATRICES

Temp, Where
Concepts (°¢) developed Refs.
Ro11 compaction and Ambient ) FRG (KfK) [3]
embedding in cement
Embedding in low water 100 FRG (KfK) (a)

ceramic cement

d  R&D work performed at Kernforschungszentrum, Karlsruhe, for CEC;
no publications available.

TABLE XI. OTHER IMMOBILIZATION MATRICES

Temp. ‘ Where
Concepts (°C) developed Refs.

Fmbedding in graphite 150 FRG (NUKEM) [5, 6]
bTocks by press
compaction

Press compaction with Ambient  FRG (KFK) [7, 8]
or without lead
cuttings

Press compaction and 450 Belgium {SCK/CEN) [9]
embedding in Tlead
alloy

Embedding in metal 450 FRG (KfK, NUKEM) [7]
alloys using powder
metallurgy _

Embedding in glass 900-1150 France (CEA, Marcoule) [10, 11]

USA (BNWL)

Encapsulation 1in 1200 France (Fontenay-aux- {a)

ceramic aluminia Roses )}
Oryogenic temperature -100 Japan (JNFS) [12]

methods USA (BNWL)

a  R&D work supported by CEC; no published reports available.
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TABLE XII. CONCEPTS FOR CONVERSION OF FUEL HULLS
Temp. Where
Concepts (°C) developed Refs.
Conversion to zirconate  400-800 USA (Sandia) [13, 14]
Conversion to zirconia 800-1500 FRG (WAK) [15]
by oxidation and
embedding in cement
or bitumen.
Conversion to hydrous 100 UK (Harwell) (a)
zirconia by ammonium
fluoride and solid-
ification of the
precipitate in
cement
Conversion to zirconium 1400 USA [16]
silicate
Melting process 1850 USA (BNWL) [17]
Japan (PNC and Kobe Steel
Ltd.)
Melting process 1100-1200  France [18, 19]
involving additives USA
(eutectic melting) Japan
Conversion to zirconia 300-550  USA (ORNL) [20-22]
by oxidation '
Hot isostatic pressing 1000 Sweden (ASEA) [23, 24]
process for hulls Japan (PNC and Kobe Steel
Ltd.)
Ceramics solidification 1300-1500 Japan (PNC and Kobe Steel [25]
Ltd.)

d  MACAULY, K.M.C., unpublished work, and UKAEA,
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spacer

§ Head-end
(2 < cladding hulls, plugs, | 851 pieces

iy

FIG. 11 Conditioning cell for cladding waste; roller compaction and
embedding in cement. (1) Slide plate; (2) Waste silo;
(3) Hinged valve; (4) Sorting trough; (5) Inset drum for
spacers; (6) (7) Vibration chutes; (8) Rolling mill;
(9) Inset drum; (10) Vibration table; (11) Pipe for mortar
supply; (12) Double door system; (13) 400-L waste darrel;
(14) Lifting car; (15) Cover plate; (16) 400-L waste barrel;
(17) Elevator; (18) Roller-conveyor; (19) Window;
(20) Manipulator; (21) Ceiling docr; {22) Shielding door;
(23) Blind plug; (24) Crane; (25) Heavy duty manipulator.
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FIG. 12. Embedding in lTow water ceramic cement.
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FIG, 13. Embedding of spent fuel hulls in graphite blocks by press
compaction,
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FIG. 14. Compaction of hulls in thin-walled cans and packaging of the
compacts in special

Press compaction and lead encapsulation:
Conceptual process layout
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FIG. 15. Conditioning cell for cladding waste by press compaction and
embedding in lead alloy.
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FIG. T16. Embedding in metal alloys using powder metallurgy.
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FIG. 17. Embedding hulis in glass.
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. Preparation of core
Production of by vibration of Compaction of core
volume of hulls = iyched hulls with [~]25°C, 1000-2000 bar
by rolling A1203

|

Encapsuiation of
core in Ala03

envelope
Sintering of the Joint compaction
Surface treatment L. 1 1.1 7 bar, le— of core and envelope
of sintered block 1200°C 25°C, 1000-2000 bar

FIG, 18. Encapsulation in ceramic alumina,

Hulls
Liquid nitrogen h Discharge of
cool 1ng1qogoc Crus crushed waste
below-100°

Matrix filling

FIG. 19. Cryogenic temperature crushing method.

Zircaloy waste
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RHLC1 | Chi AICTs. ML CI
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A1C1; | 400°C recovery
NHyC1 IrCly Egg;;3lat11e
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2
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FIG., 20, Conversion of fuel hulls to zirconate.
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FIG. 21.

Conversion of Zircaloy hulls to hydrous zirconia by ammonium

fluoride followed by solidification with cement.
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Conversion of Zircaloy hulls to zirconium silicate.



PNC N9510 86—-002

L
e Chop feached
Feeder \‘.-; 7/ cladding hulls
\L/
. % Molten slag
Split copper N
crucible section e
Molten metal
Work coil -
7 1 MB  sotidified slag
Water jacket [._.“_,1 Soliditied metal

I Starting stub

q 1 —F
Water outler

I=¢

Water intet

Il

FIG. 23. Zircaloy hull melting process (inductoslag melting). Drawing
from Clites and Beal Albany Metallurgical Research Center,
US Bureau of Mines, Albany, Oregon, USA.
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FIG. 24. Fundamental constitution of electroslag melting furnace.

FIG. 25. Typical cross-section of electroslag-melted stainless steel.
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Fig. 26 Zircaloy hull melting process with additives (eutectic melting).
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Fig. 27. Conversion to zirconia by oxidation.
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TABLE XIII. CRITERIA FOR EVALUATING TREATMENT PROCESSES

Complexity of process :

- Number of process steps.

- Process control requirements (nature of control system,
tolerance of process to variations in operating parameters)

- Materials handling (within or outside the process system)

- Adaptability of equipment to remote operation (previous
experience, complexity)

- Maintenance requirements (reliability, complexity, deconta-
mination)

- Internal recycle (product implications)

- Assessment of feasibility for production use (probability of
success of development programme)

State of development :

- Process {scale of operations, e.g. laboratory, pilot plant)
- Equipment (e.g. whether demonstrated, at design stage)

Safety considerations :

- Dispersion driving forces (temperature, pressure, chemical
stability)

-  Personnel exposures {design, maintenance}

- Hazardous materials (toxicity, stability)}

Process requirements :

- Final waste volume

- Process additives and auxiliary materials

-  Secondary wastes (gaseous, liquid, solid)

- Process latitudes (tolerance to variations in feed materials,
process conditions)

- Quality assurance {operation, measurement, sampling}

Development work required :

- Type of development (laboratory, pilot plant, full scale,
active, non-active)

- Scale of development (availability and size of facilities)

- Time required

Facility requirements :

- Radioactive facilities
- Non-radiocactive facilities
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Fig. 28. Compacted hulls embedded in cement grout.
TABLE XIV. AVERAGE LEACH RATE OF CEMENTED ZIRCALOY HULLS
IN DISTILLED WATER AT 20°C [1]
Leached nuclide ﬁL (365 d) % ﬁ[. (730 d) %
Ru - 106 3.2 x 10-5 0.12 2.7 x 10°% 0.19
Sb - 125 Not measured Not measured
Cs - 134 7 x 1073 25.1 4.5 x 10-3 30.8
Cs - 137 6.1 x 10-3 20.6 3.7 x 1073 25.2
Eu - 154 Not measured Not measured
H-3 {HTO} 1.9 x 107 7 x 10-% 1.5 x 10-7 1.0 x 10-3
Actinides 1.1 x 10-7 3.5 x 10°% 7.5 x 10-8 5.6 x 10-*%
(U, Pu, Am, Cm)

Note : Average leach rate Ry is defined by :
& An V¥ 1
Ro=-r, 5 wn (ew/d)
where An is activity after time n
Ay is initial activity
¥ is volume (cm?)
S is surface area {cm?)
t is time (d)
TABLE XV. AVERAGE LEACH RATE OF CEMENTED ZIRCALOY HULLS
IN SATURATED NaCl AT 20°C [1]
Leached nuclide EL (365 d) % EL {730 d) %
Ru - 106 7.5 x 10=* 2.57 3.9 x 10°% 2.76
Sb - 125 2.5 x 10-5 0.085 1.2 x 10-3 0.087
Cs - 134 6.7 x 10-3 23 3.9 x 10-3 27.6
Cs - 137 5.5 x 10-3 19 3.2 x 10-3 22.8
Eu- - 154 Not measured Not measured
H-3 1.6 x 1077 6 x 10-% 1.9 x 10-7 1.3 x 10-3
Actinides 9.8 x 10-° 0.34 5.8 x 10~% 0.4
(U, Pu, Am, Cm)
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TABLE XVI.

AVERAGE LEACH RATE OF CEMENTED
IN SALT BRINE AT 20°C [1]

ZIRCALOY HULLS

Leached nuclide ﬁL (365 d) % R, (730 d) %
Ru - 106 3.4 x 10- T.17 1.7 x 107" 1.18
Sb - 125 2.2 x 1075 0.08 1.1 x 10-3 0.08
Cs - 134 1.9 x 10-3 6.6 1.0 x 10°3 7.3
Cs - 137 1.6 x 1073 5.6 8.6 x 1073 6.1
Eu - 154 3.0 x 10-% 0.11 1.8 x 10-% 0.13
H-3 2.5 x 1077 8.6 x 10~ 2.5 x 10-7 1.8 x 1073
Actinides 2.3 x 10°° 0.08 1.6 x 10-5 0.11
(U, Pu, Am, Cm)

TABLE XVII. PERCENTAGE OF ALPHA NUCLIDE AND AVERAGE LEACH
RATE AFTER TWO YEARS IN DIFFERENT LEACHANTS [1]
Mg e mem B2
Zircaloy cement grout [ Hull inventory 15.6 3.1 31.8 21.5
in Hy0 A, (% activity)
% total activity | 17.8 25,0 30.0 21.4
ﬁL (730 4) 9.2 x 108 6.4 x 10-8 7.6 x 10-8 8.0 x 10-B
i ivi 6.7 8.1 41.5 41.3
e eated S R R0 @ | 2 x 107 15 x 105 7.5 x 1008 1.1 x 107
NaCl solution
i jvi 4.6 6.5 40.0 48.2
Z1¥ga;g¥tc§2$:§ grout %Lt?;gé 3§t1V1ty 4.7 x 108 3.3 x 10=6 2 x 10°° 3.5 x 10-3
TABLE XVIII, LFACHABILITY OF RADIOACTIVE ZIRCALOY
HULLS IN DISTILLED WATER [1]
Nuclide ﬁL (365 d} % PL (730 d) %
Ru - 106 9,1 x 1076 3.0 4,6 x 106 9.1
Sb - 125 2.5 x 1076 2.5 1.6 x 1078 3.2
Cs - 134 2.8 x 10-3 .28.0 1.6 x 1075 31.0
Cs - 137 2.1 x 10-3 20,4 1.2 x 10-3 22,7
Eu - 154 1.1 x 10°3 10.8 5.5 x 10-6 10.8
Co - 60 3.9 x 10-3 0.14 1.9 x 1075 0.14
U, Pu, Am, Cm 5.4 x 10-7 0.50 3.5 x 10-7 0.68
T 1.6 x 10-13 <10-6 1.2 x 10°13 <1076
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Fig. 29. Tritium release from Zircaloy cement samples with argon as
carrier gas at different temperatures [1].

TABLE XIX. COMPRESSIVE STRENATH OF HULLS
EMBEDDED IN CEMENT [2]
Relative strenath Yolume fraction
Average
. related to concrete of concrete
Specimen ?ﬁ;i;g;h without claddings matyrix

(%) (%)
Non-compacted 4215 100 87
claddings
Compacted 2880 70 76
claddings

TABLE XX. PROPERTIES OF GRAPHITE/SULPHUR MATRIX

MATERIAL [5]

Density (g/cm3)

Theoretical density (%)

Heat conductivity {W/cm-K), radial
Heat conductivity (W/cm-K), axial
Compressive strenath (MN/m?), radial
Compressive strenath{MN/m2), axial
Bending strenath (MN/m2), radial
Bending strenath (MN/m2), axial
Young's modulus (kN/mm2), radial
Young's modulus (kN/mm2), axial

2.7
97.7

0.72

0.21
54.2
59.1
42,5
23.3
58.7
22.2
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Fig. 30. Compacted hulls embedded in graphite/sulphur (58 wt% hulls
in the matrix), NUKEM, Federal Republic of Germany.

TABLE XXI, CORROSION TESTINGOF LEAD ALLOYS : VARIATIONS IN THICKNESS OF
SAMPLES EXPOSED(in um)

Temp, 298 K Temp. 323 K
Alloy
4 months 9 months 16 months 4 months 9 momths 16 months
Interstitial clay- Pb 1.5 5n +0,21 -0.02 +2.16 -0.29 -0.62 +1.31
water Pb 1.5 Sb +0.48 +0.19 +0.33 +0,68 -1.38 -1.73
(Mol, Belgium) Pb 10,36 4032 +0.31 0.0 -0.86 +0.79
Pb 2Sn 0.6Ca +0,44 +0.13 +0.74 -0.02 +0.02 -0.72
Pb 4 Ag +0.58 +0,91 +1.45 +0,19 +0.19 +0.75
Asse brine solution Pb 1.5 Sn -0.42 -0.78 -1.01 -4.49 =713 -5.63
{Asse, Fed. Rep. Pb 1.5 Sb -0.28 -0.43 -0.67 -4.22 -2.61 -2.18
Germany) Pb -0.92 -1.12 -1.36 -6.16 -9.15 -9.83
Pb 25%n 0.6Ca -0.50 -0.30 -0.35 -4.00 -6.10 -4.09
Pb 4 Ag -0.95 -1.56 -1.74 -6.11 -8.54 -7.73
Clay (Boom, Belgium) Pb 1.5 5n -0.13 -0.29 -0.45
Pb 1.5 8b -0.34 -0.39 -0.35
Pb -0.19 -0.52 -0.25
Pb 25n 0.6Ca -0.22 -0.31 ~0.50
Pb 4 Ag =0.01 -0.10 -0.36
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TABLE XXII. ACTIVITIES RELEASED FROM ZIRCALOY HULLS
EMBEDDED IN LEAD ALLOY Pb 4Sn 12Pb
Fraction of activity content leached
(cumulative data)
Sample I Sample Il
Time -
(d) a-emitting 8-y-emitting a-emitting B-y-emitting
isotopes isotopes isotopes isotopes
1 3.6 x 1078 4.1 x 10-8 3.1 x 1077 8.9 x 1078
2 - 5.1 x 1077 - 1.4 x 1077
3 6.3 x 10-© 6.4 x 1077 1.6 x 107® 1.6 x 10-7
4 1.2 x 10°° 7.4 x 10-7 2.9 x 10°8 1.7 x 1077
7 1.4 x 10=° 8.0 x 1077 4,1 x 10-6 1.7 x 10-7
10 4,5 x 1073 1.0 x 10-° 5.3 x 10~ 1.8 x 10-7
17 4,6 x 10-° 1.1 x 10-8 5.7 x 1078 1.9 x 10-7
24 4,7 x 1073 1.2 x 1076 5.9 x 1076 2.2 x 1077
31 4.7 x 1073 1.3 x 1076 6.2 x 10-° 2.3 x 1077
38 4,9 x 10-3 1.5 x 1076 6.5 x 1076 2.5 x 10°7
66 5.0 x 1073 1.6 x 10°% 6.8 x 10-6 2.6 x 10-7
94 5.0 x 10-3 1.6 x 1076 7.2 x 1078 2.7 x 1077
121 5.1 x 1073 1.7 x 10-® 7.6 x 10-8 3.4 x 1077
Fig. 31. Compacted hulls embedded in aluminium (63 wt% hulls in the

matrix), NUKEM, Federal Republic of Germany.
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TABLE XXIII. CRITERIA FOR EVALUATION OF CONDITIONED
WASTE FORMS

1. Mechanical stability (compressive strength, tensile strength,
susceptibility to cracking, ageing).

2. Thermal stability (thermal cycling, temperature gradients).

3. Chemical stability (gas release, oxidation, geological com-
patibility).

4, Radiation stability (radiolysis).

5. Leach resistance (permeability, porosity, effect of different
groundwaters).

6. Biological stability (effect of microorganisms).

7. Accident behaviour (fire, dropping, flood).






