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Synthesis and Crystal Chemistry of New Actinide Pyrochlores
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Q0 1 Ca0-Ce0:-Ti0:, Ca0-UOxThO2)-Zr0s, Ca0-UOxThO:)-Gd205-TiO2-ZrO2, 2 CaO-ThO»-8nOz 7
A HEE Fol LZE(A:B07) & FAFATE 2718 H L 200~400 Mpa® 7HH AL, F 715
M 4~8A17F $9F 1500~ 1550C &, 283 Y% A4 BS, AaEe7)dA, 5~5023F T3t 1300~
1350 2 2439t AA%LE XRD, SEM/EDS 3 TEMOg A4S 2434tk CaCeTi0s, CaThZrOy,
(Cap.sGdTho.s(ZrTi)0s, (Cao.sGdUps)ZITHO, B CaThSmOy 1 49| sho]2F7o7p Fagozsn Fi
Hlon, Regom YN72E zhe Fo] #AHUT 22y CalZnO; R (CansGdUos)Ze:0r9l 3
stolzFzo] U4l FHTEE 7MW AEo] HAA EAEYnh webA A9} GARA NN FAEE 2
A7z deguelze dEAY A2 (o1 Ln)e B S0 dEHAt

FQ0f: gol2F o], FEUolE, BaytolE, HFLI0E

ABSTRACT : New pyrochlore-type phases(A:B:07) were synthesized in the systems: CaO-CeO:-TiOs,
Ca0-UOxThO»)-Zr0s, Ca0-UO:(ThO:)-Gd203-TiOx-Zr0; and CaO-ThO,-SnO,. The starting materials were
pressed with the pressure of 200~400 MPa and sintered at 1500~ 1550°C for 4~8 hours in air and at 1300
~1350 C for 5~50 hours under oxygen atmosphere. The products were characterized using XRD,
SEM/EDS and TEM. In the bulk compositions of CaCeTi,O7, CaThZr,0s, (Cap.sGdThe.s)(ZrTi)Oy,
(Cap.sGdUy.sXZrTi)O7 and CaThSmO7, pyrochlore was the major phase, together with other oxide phase of
fluorite structure. In the samples with target compositions CaUZr,O7 and Cap.sGdUo.sZr>05, pyrochlore was
not identified, but a fluorite-structured phase was detected. The formation factor as the stable phase depended
on crystal chemical characteristics of the actinide and lanthanide eclements of the system concerned.

Key words : pyrochlore, actinide (An), brannerite, perovskite

N = et al., 1996; Ewing, 1999). 139 & 7]
ZFF eI FE o= AY P23 Ane

1F9 AH7Ee] A3 AT A 409

=

F7N)e wzrlE Ppu (2.44x1009)9) 2

=
d Bob v, 3, Aol § TR AT o] Wi Ar) wjiEe] vrEA AYE fEHL
228l glo] ¢th(Lutze and Ewing, 1988; Ewing & o] 83t 1A 3} s)oF 3o} Pu, Gd 2 Hf T
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o Ans FAHZE A% AR BAZH o]
2 Z 2 o(pyrochlore, A:B.O7)7F 74 SaFsimo
2, u7d A= 80~90 Vol. %9] mjol2 &7 o]
€ 5~10 Vol. %2 FE A (rutile) 2 B}
o] E(brannerite, UTi:0¢)2 TAE wlEZAZ
Azt golRE AAY FRE AFo] 438
Ha o, & 483 8 Hoo)thVance ef al,
1995; Ebbinghaus er al., 1998). Ti-do]2Z 2 o]
(GTOE 3] -2 ol o8] 8001 o]y
o V14 ASR A Zr-5ho] 2.2 2ol (GliZnOn)
dehd 4R Fob wgAsEA gt edy
WA RS YRS AR Aoz 2AY
AT Wang er al., 1999; Weber and Ewing,
2000). =3, FF7] aFY HNEY uHYE=
A%t WEZ 2 NAXAL An, 3 EH(REL)
R Zr T L AFHE b} Fhi= Holr},

Fol|wFrol= AAGS art 49 2m)9l
SE=AGA (Fd3m, Z=8)9) 2314 (Belov, 1950),
X2 T gole9 1/80] AR o] o), 4
BHow etded 24 4fe Gz
28 A13d8 "AYB Vo XE B8R o)
A A%t BE ol2&, 183 Xe BUbHe &
o2& AAG #A7FA Ang FHiEta 9l
= 5007) o]}e] molzFR2ort FAHA
(Isupov, 1958; Aleshin and Roy, 1962;
McCauley, 1980; Chakoumakos and Ewing,
1985; Vance et al., 1995; Ebbinhaus et al.,
1998; Raison et al., 1999; Wang er al., 1999;
Begg er al., 2001). sfo]|2F o] Fx9 oA
4 AFE A g B Ao AT ol F
Froll o8 #9=Edl(Isupov, 1958; Aleshin
and Roy, 1962; McCauley, 1980; Chakoumakos
and Ewing, 1985; Raison er al., 1999; Begg er
al., 2001), o] 2wHAB)(RA:Rp)7} 1.46~1.8 H g
2 A 5 2 2 (Raison ef al., 1999), Ang
slil Qe o]z g R0l gslrAd 2
= v

An, 3|EF 3 Zrs ¥ 93 olg g 2o g
A9 4 [(CaA"B™0/E F, 53], g5 Us
H 2AHE Ze AEd FE3Y, 2472 W
o] A% B g0l thekst 94(AY: Ce, Th, U ;
B": Ti and ZnZ 37 9712 MES AnS
sl Sl 3ol 2 & = o)(An:pyrochlore) S
Hdstol dA4slely 548 Hrlstoh
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o2 M o
o0 ok
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et

(

han

=22 3N o9 nakel 2487 3}
& o}l Alo|E EE}2(agate mortar)d] A E 8
o] o]& 200~400 MPaZ = A3A#AH, A
12~20 mm, %°] 4~5 mm¢] Ay =
& eI o] HYES YT &7
23 1500~ 1550C & 6~10A17F 9 AAd)
. 58] Ced EFst Q= dolzdo]
(Ce:pyrochlore)®] 7 - Ce7} +47} AHE #
AER AAE 7194 1300~ 1350TC 2 5~50
AIZE SRF 28T A3 s Folg)
Hal ¥ A5 A, oln At 4AA%
BE A EEEste] AAFs Y. 548
o A, of 5~20A17F 7}EslAS o, A
e gt ey #EHA ke A
Alzge] FEdHE ddsidn. gAY Ag
+ DRON-4 (Russian model)@} X'pert MPD
(Phillips Co.)2® 9] X4l 354 7], ISM-5300+
Link ISIS7} Agte olUA] W& E47)(EDS)
7} AFRE AL A A, 28] KEVEX-
5100 £4717F A28 3 "8 0 Z4(TEM;
JEM-100c unit)S AM§-8to] B39

b = of
o 2 b1 > N

xr

XRDoJl 2J3+ &g 2
EDS 2423} (Fig. 2)2 28 d& 2370l
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1 kN

N AE Table 1o FASAcE Tig 2347
A B(CaUTi,07 @ CaCeTi,07)o] = &% w}o)
2EFROIL Fa Ao ZASH, F4Hol A}
O 2E BHYyelolE, #HFavlelE B Ay
zof AstE Fo] AFFHUY. Zrs T34 7
Alg9 A9, B3], ThE Zdatu e AR
A ste]l2E o7t gaE o), Th 4l U
A8 FAfole PGz el Eo] F A
AEo = AQEAY Tigh Zre Ao 283

ARE FolZFRol7l F8 o)A, g4 ¢
Fo) AEE EY BEHoR AYHC]
dAdE solzELold setxAg s YR
A, getFeEd 24N tha olgE g
SOl AR We] R el Bejdel
AF A7kl 8l Mgz 18l g Fo
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Fig. 1. XRD diffraction patterns for (A) CaCeTi,05,
(B) CaThSn,04, (C) CaThZr.0;, (D) CaUZr0Os,
(E) (CaovsGdThovs)ZI‘:Ou (F) (Cao_sGdUo_s)Zr207,
(G) (Ca(|,5GdTho,5)(ZrTi)O7, and (H) (CaodeUols)
(ZrTi)Os. (111) : pyrochlore index, F : fluorite
structured oxide, P : perovskite.

© 25 324 EA4S AT U
tH(Table 1). Ca:(Ce or An) YA}Hl& Xu T
2000y A} B wpe} o], 1350T A A4
H Ce2 Tt Y Fo|EEFEoAM AL
22 HYth. o] vHlE 2%d we 713,
1500~1550CoA 71€d UE 53t =
go]2 FZ ool A HA|QU 1478 EHT o]
23t Apae YMAYBVO, VX FEA A 8

- w1 - Sergey V. Yudintsev

9o A Aeje +4719 An B Ce o|2HT}
E 988 Ca’'old o HfrE7)7t &o)dt
o, olg3t AL 53] LA FZHE A
o2 g 4 Ut

CaUTi:0; ¥ CaCeTi0-S A 2|8}t Table 1
o Agd FHo|2EFRole B ATFdA A
A" J28 T T FolZ22 2 Caips
CeoooTi1.0806.9e] d222¢] W$ WA= 2.930
A, 283 BT AHL 1046A°0., ol
Tb,Ti0; (JCPDS #23-565)8} Ao §Absch
g2 FJE9 3818hae CageiThosaZrs07 .09,
(Cap.44GdTho42)Zr213070s,  Cao92Tho92Sna goFeq o8
Os96, (Cag47GdoosThoao)(Zr129Tig50)07.05, L2 3L
(Cap2Gdog7U023) (ZrosaTii35)0600°l ATH. H 2] 5
A9 FelzFRole vz AV|E 77
a5=10.58, 10.56, 10.51, 10.34, 2 10.20A ¢]3 o
W Ae AT e ol olentEi
A3 A7 e AeE ddHEoh

Zrs TEste $AY FoA CaThZnO; ¥
(CapsGdThes)Zr,079] A% A A9 e EF
S $HFOE XNEANHAS o, FETE A E
(FSO; Table 1)¢] A AL} oA UTY o
HFA(1.00A; Ra/Rp=1.39)¢] Th*" (1.054;
Ra/Rp=1.46) Bt} 2}7] wjito|w, AA Ao F,
ol ex 7w solz 2 wol BUs 2IFE
FAE & e BHE gojuy] witolt. o]
#H3 AS, 6 w¥e B AHE Hstn Ue
Zi" (072 A)E olewtie] R e TiT
0.61 A)Z REXZAFIH, o|2WAFH 7} F
7}etA Hol o]z ZRo] 27} thA] <A
R olm o] 58tx4gL (CaUNZITI)O; &2
(CagsGdUp5)(ZrTi)O; (Table 18] No. 9)2.2 3%
d4€ 5 Utk

g o
AsB.0O :é——,% (Ca,A)B207 (A :Ln +3 é—% +
a7tel An) Blo] TolzEmel ARTPE7

AR R AT F dv 2AS £43
Y TtHTable 2). Ti-go|Z2ZZ o] A7} vlZH
o]2ul7o] & %3 EFHREE) 9442 T4
2 o, 383 Ge-go| 22 20)(VGe"' 9] o] &
WAool 053402, TiY Bt Fhe 136
GPa) &lollA], A7} o] 2wkl e S ER ¢
A(yttrium group)E TAE wf, A} Ao
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Table 1. Chemical compositions of the starting materials and pyrochlore as the product

No Starting materials Phases identified Composition of pyrochlore

1 CaUT1,04 pyrochlore>brannerite Cay 06U0.72T12.2206.94

2 CaCeTi,O pyrochlore>perovskite>FSO Cay 03Cen99T11.9806.98

3 CaThSn,O4 pyrochlore>>FSO Cap.92Tho.02S15 00(Feo.08)*Oe.96

4 CaThZr,0O7 pyrochlore>perovskite>FSO Cao.91ThogaZ122507.09

5 CaUZr207 FSO -

6 (Cao_5GdThoA5)Zr207 PerCthI‘e>>FSO (Cao,quTh()_@)Zl‘z_1307_05

7 (Cao_sGdUo_5)ZrzO7 FSO -

8 (Cao_5GdTho,5)(ZrTi)O7 Pyrochlore>>FSO (Ca0,47Gd0_95Th()_4())(Zr|_:()Ti(;_xc))07v05

R

(CapsGdUgs)(ZrTi)Oy Pyrochlore>FSO

(Cao62Gdo.97Uu.23)(Zr0.84Ti1 34)O6.90

FSO fluorite-structured oxide.

ZA%t} Hf- 9 Zr-Jo|ZFZojof|A = LaZ
HE Gdoj o]eL 01u]—;<40§ o]i H]—?:]o]
Lnoz 449 o 42 + Ut} Sm, Eu, Gd
S Ln& o8& A2 Y3 g5tz
o A mlo]ZFRole} Aol FAld St A
A P2E HoFEH(Begg ef al, 2001). & o|E
& T o] (polymorphism)s HERRH o]
=& o 1800"601@ Pb-slo| 22 2ol A5
WA gEd, 2 olfE P ojenty
(0.78 A)yo] =7 LOltﬂ, AFHH O, viefg
7h 821 A2l g L™ ¢} Pb'Vt FEoR H{E
oiyq z‘sﬂMﬁ }E 7;‘: /\Lg}%o] z‘sg/ﬂg]‘— 74
oz gpod. 1grE, Lng T Folx
2otz oul g x}alon 1%1& o] 0.61
(Ti") WA 07242z D47 A staol
ste, HA o] WAL o *”HA %‘—{F%_
2 AR 9 o2 S9], Sn (=0.69 A)&
TE LnS £33 dolgF2o] gy 4
H A3 4 dti(McCauley, 1980). Tc" 9
D7 (0.65 A)e Ti's} Sn''el Fztolm
o2 g0l Ao eufY AElE HE
H, o]#g A& w77} 20%&3@ PTee
nAgho] wig Fasith Lng %"3}1 il
gol2 g2 olof Uit 71E9] AEE
el SHA A Oidh ot E Cq]z iz
b AHg" = o dF Eol, Pu”, Am
Cm’ ¢} Nd”, Pm™, sm3‘t oleuAe] A
fARSLE R, Pu”, AT, Cm™ Fo] 2147 66
AE FHAdIH Ans ﬂ%h Ae HolzZE
ol7} dAE & vk AdAZH, Cmeo| A=
Aolx 47) 18] Am¥ Pud FHS$= 371F
|2 AE" 4 Jti(Table 2).

2 X >i

= yo I

et 2o A db To To

GF mlo
ol

*_due to contamination of baich with iron during the milling.

La®¥ Nd7tAe] %3 EF(LREE) a9t
Pu sl Am’ 2 FAE & B A3Ee WA

BA (P2;) e AP A(Pra2) 25 EA
sfed 2 olfE o] 9459 ojeutdol 3}
o]g—gﬁoi A2l dag ofntgEy

2] gEolch eil, AREe) Pueh Am”
= E;fz}os} Ti-gto)2Z 2 0]7} A E 1} 9=
(Shoup and Bamberger, 1997), L ©o]f+ o] &
el 42 Lnol o) solz@eol Pz}
otgs d@ Aolth o2 59, GhTih0& 16
mol% AE ¢ Pu,Ti-07% _J_.‘Q“—%]_' 4 9lom Ln
o WAel AadEE n8L Zrjeld
ErTi:07-& 22 mol% 2183 LuTi0,9) 29,
33 mol%7}#] Z7kstct. 8, (Er,Am).Ti»0,¢]
A%, Ame Hol a&R= 61 mol%Ach
(Shoup and Bamberger, 1997). T3t 68 9] <] Ti'*
o] 2-So] olrt} o]&utAe] & HfY i Zr'e
9/]3“ 'r“r‘;(4 o= X]:QLE]U:] PUZ(Ti,Hf,ZI‘)QO7i7}' Z:L
& gl gozazel FERA U4
<+ AtHRaison et al., 1999).
Ang AR A Aol A thekd
¢ tHChakoumakos and Ewing, 1985; Vance et
al., 1995; Raison ef al., 1999). &7] T o=
& BY7)E AFE5a] 1200~ 1600T ol A] g4
H Az 949, Ang +37HCm, Am) = +4
MU, Np)o] Q313 744w, Push Cet +47h
(871 %) TBe H37HEAEA st HEN A
Z g ctH(Vance et al., 1995; Begg er al., 1997;
Xu et al., 2000). Pug} Ce Alo)e] Zo]Z & Pu
© +47F 2g)al Ces +3717) v tA st A
ojth. TLEil ABiOr Bl Y Y] Ho] ZFE ool A

An 8 F +471= 43710 vl @A gk (4

AsE hd 5
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Fig. 2. SEM images of the ceramics with nominal stoichiometry: (A) CaUTi207), (B) CaCeTi:05, (C)
CaThSn-07, (D) CaThZn 05, (E) CaUZr.0, (F) (CagsGdThys)Zr07, (G) (CagsGdThes)(ZrTi)Os, and (H)
(CapsGdUgs)(ZrTi)O7. Scale bars are equal to 50 nm. Insets: electron diffraction patterns for pyrochlore

(top) or fluorite (bottom) lattice.

2 2o}, (Pu s Pu’)(HFZr)07.:)0] th(Raison

et al., 1999).
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Table 2. Possible phases with pyrochlore-type structure including REEs and actinides (An) : REE2B120Os,
An:B»0-, and (Ca,An*")B*"0;.
AV = Lot Ti“o Sn4+o Hfi’o Zl‘%n é:/]” = An3+,4‘
(0.61 A) 0.69 A) (0.71 A) 0.72 A) Ca™ + (An,Ce)

La’ (1.16 A) - + + +

ce™ (1.14 A) - + + +

P’ (1.13 A) - + + +

Nd* (111 A) - + + + Pu’ (1.10 A)

Pm’' (1.09 A) - + + + Am’ (1.09 A)

Sm™ (1.08 A) + + + + Ca + Th (1.085 A)

Eu’' (1.07 A) + + + + cm™ (1.08 A)

Gd" (1.05 A) + + + + Ca+ U (1.06 A)
+ + + + Ca +Np (1.05 A)

T (1.04 A) + + + - Ca + Ce (1.045 A)
+ + + - Ca + Pu (1.04 A)

Dy" (1.03 A) + + - -

Y (1.02 A) + + - -

Ho" (1.02 A) + + - -

Er” (1.00 A) + + - -

Tm' (0.99 A) + + - .

Yb™ (0.99 A) + + - -

Lu™ (098 A) + - - -

Symbols (+) and (-) indicate stable and unstable structure, respectably.

Shannon (Shannon, 1976).

stk ®&k (Ca¥+Th') au o]LulA L Pm’

i SmTel, 283 (Cat +Cet) BE (CaT +
Pu*) o] o]entAe Th'g HAlslth (Table
2). A 2K, dstFA o] CaCeTi,073 CaUTi;
0,9 +@3%le Ti-go|2 g 20|, 18 PuOds
9} NpO»S 45 wt% E3ete Ti-gto]2F 20)
¢l Ca(Pu,U,Zr)Ti;O;# Ca(Np,Zr)Ti,0;0] A
H b} 2tk Vance e al., 1995). Lng X 3§38}
3o Sn-gol2FRole] A, e
(Ln’*, or Ca”An'")Sn',0,3 o] ®AIE 4

dth. o] w, o] WA B|(RA/Re)E 1.55~1.60
H 9ol thMcCauley, 1980). AnS $H-3tal 3
v Sn-glo]|ZFZo]o] o] 2HFAHE o] &} FA}

atm, 2 AodlA Th-glo]|ZE 207} FAH U
tH(Table 29} Fig. 1 ¥ Fig. 2).
solzgzolel 4xa 72 Aole] BAL
Ang 1A ATV 9 HEYH2EE HAls)
Sl glo] 2158 nelsolel & Amoln, &
5] B3 3y 7])EF(complex waste stream)S *|

lonic radii of the cations were taken from

+47}2] Ano]
x| 2w e AT SHHH };qoL] A AE= xm?n

% 9l

A %
An 9142 TdeE PR To]eI o
(A2B207)E  Ca0-Ce0--Ti0,, CaO-UOx(ThO»)-

ZI‘OQ, CaO-UO:(ThOQ)GdzO3-TiOg-ZI’O:, ‘;l CaO-
ThO»Sn0» A28lol 4 gdstel Agsters &
Qe A

CaUTi,0O; ¥ CaCeTir0;2 E5F FHo|2Fd 2
o7t Fa Hor EAs, FEA FonE
syetolE, fFavtolE, W Y7ol 2
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