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Synthesis of Garnet in the Ca-Ce-Gd-Zr-Fe-O System
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"Minerals and Materials Processing Division, Korea Institute of Geoscience and Mineral Resources, Daejon
305-350, Korea

Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry, Staromonetny 35, Moscow
109017, Russia

Structural sites which cations can occupy in garnet structure are centers of the tetrahedron, octahedron, and dis-
torted cube sharing edges with the tetrahedron and octahedron. Among them, the size of cation occuping at tetrahe-
dral site (the center of tetrahedron) is closely related with the size of a unit cell of garnet. Accordingly, garnet
containing iron with relative large ionic radii in tetrahedral site can be considered as a promising matrix for the
immobilization of the elements with large ionic radii, such as actinides in radioactive wastes. We synthesized sev-
eral garnets with the batch composition of Ca, sGdCeq sZtFeFe;01,, and studied their properties and phase relations
under various conditions. Mixed samples were fabricated in a pellet form under a pressure of 200~400 kg/cm? and
were sintered in the temperature range of 1100~1400°C in air and under oxygen atmospheres. Phase identification
and chemical analysis of synthesized samples were conducted by XRD and SEM/EDS. In results, garnet was
obtained as the main phase at 1300°C, an optimum condition in this system, even though some minor phases like
perovskite and unknown phase were included. The compositions of garnet and perovskite synthesized from the
batch composition of Ca;sGdCeysZrFeFe;0;, were ranged [Ca . 5Gdgo.1.4Ce03.05]1 " [Zr0 5.13F€07.1 2]V [Fezo.
511V0,; and Cagy5Gdgo05Ce0105 Zroo.02F€09.1103 respectively. Ca content was exceeded and Ce content was
depleted in the 8-coordinated site, comparing to the initial batch composition. This phenomena was closely related
to the content of Zr and Fe in the 6-coordinated site.

Key words : garnet, perovskite, immobilization, actinide, solid solution
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Fig. 1. Portion of the garnet structure projected on (001). Tetrahedra, octahedra and 8 coordination polyhedra are shown.
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Table 1. Relative intensity of the strongest X-ray diffraction peaks of each phases synthesized with the batch composition,
Cal'5GdCeoA5ZrFeFe3012.

Conditions P2 P1 G2 Gl Unknown
Hirs Atm. TX 284 2724 2824 278A T phase
Gat32 5 Alr 1100 7 39 29 100 2 0
Gat-41 5 Air 1200 0 19 100 0 0 6
Gat-25 5 Air 1300 0 6 100 0 0 7
Gat-37 5 0, 1100 ) 74 46 100 26 0
Gat-22 5 0, 1200 0 50 62 100 0 0
Gat-18 5 0, 1300 0 7 100 0 0 7

P1: Perovskite-I, P2: Perovskite-II, G1: Garnet-I, G2: Garnet-II, Pyro: Pyrochlore.

1100°C/5hrs
G1 G2
188 e P
1200°C/5hrs G2
g G2 G2
$ Gz G2
P G2 +
% oo You y 11 Gz G2  Gg,Pi Ge P
2 by Y
£
o | 1300°C/5hrs Gz
k]
oy G2
o Gz - G2 C:Z
| Uy U P1Ga| G2 G2 6% p, G2 P
Gz
1300°C/20hrs
U uy
M R o e e e R e o o e o EE REn s
10 20 30 40 50 60
2 theta

Fig. 2. X-ray diffraction patterns of the phases air-synthesized with the precursor composition of Ca, sGdCe, sZrFe;Oy,. Gy:
Garnet-1, G,: Garnet-11, P: Perovskite-l, P,: Perovskite-11, Py: pyrochlore, U: unknown phase.
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Fig. 3. X-ray diffraction patterns of the phases synthesized under O, atmosphere, with the precursor composition of
Ca, 5GdCe sZrFe30y;,. Gy: Garnet-l, Gy: Garnet-II, Py: Perovskite-I, Py: Perovskite-II, Py: pyrochlore, U: unknown phase.

AFA-I9 HZE2Tl0lE ] a8y mix|e] o] 3
AR fAITRE 548 7R ek Table 1
o] 7} AEe] BEAENA BT Sl Hie} 7o)
1300°Ce & Al A74e) 34 gz shigd
< RIS

o] Zke F] WA H71ES] 1sAle) AT A
AHoz ANE Z2He THsldoldt sk, = 7))
st @ AR 24 Folurs F33% a9)
olct, webx] REGAIZHN mE M7 M-S FALs
7] H3fd, 2 BY7lelA] 1~2047F FSte] AHAY
< AAEATE A8 dediise] AR HE A
42710Z FRIF 1300°CIAM 36Tt 371 Sl
A 7] 2 W A Vet 7 4SS 3EE)
Ho) 200 7F0X lE A=t A9 dxskant. =35
A LFexEg Ay 1300°C] Wi AFHY
elE Hst, 1400°ColA 2077kl A3 &~F At
Al 1300°CoNA ARSI Adukg Aol FY3
A3E v, A MRM9 FHzAL
1300°Ce] 2425, 127k HESAIZHD-E A Eelsly

F

it

Table 2. Relative intensity of the strongest X-ray diffraction
peaks of each phases with sintering duration.

Conditions P1 G2 Unknown
Hrs Atm. T°C 272A 282A phase
Gat-67 1 Air 1300 5 100 7

Gat-69 3 Air 1300 7 100 6

Gat-25 5 Air 1300 6 100 7

Gat-45 20 Air 1300 6 100 5

Gat-57 20 Air 1400 6 100 10
Gat-18 5 0O, 1300 7 100 7

Gat-50 20 0O, 1300 6 100

thTable 2). A&t 454 19 H5410 Axps=
7z} 12.44~12.47A 2 12.58~12.69A013it}.

Fig. 4 B Fig 5= 7217} 37 2 A&E9E A
Bsla, 1300°CollA 7HEE A 89 g wjHAedzt
“J(Back Scattered Electron image)S BojSal 9ok
W BF MFMo] ZFRE o]FX glon, st
71E pm WA 70 umye] WAL SR H AgtolE)
FFE A EDSEA A3}, 37) 2 AR 7oA
e AR4e sgdz4ge Z7 [Capyy,Gdig
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(d)

Fig. 4. BSE images of samples air-synthesized with the precursor composition of Ca, sGdCeq sZrFeFe;0,,. (a) and (b) GAT
25 (1300°C/5 hrs); 1,3,4,5,6 : garnet, 2 : perovskite, (c) and (d) GAT 45 (1300°C/20 hrs); 1,2,3,4,8 : garnets, 5,6,7,9,10,11 :

perovskites. EDS analysis was performed on the points marked as numbers.

14Ce03.05] M {Zry 0.1 3Fe071 ] Fep 2.1V 01 2 [Caygg
Gdo.s;12C30.4.o.5]vm[zro.&13Feo‘7-12]w[Fez.%.oJN012iy e
7] batch A8 [Cay5GdCeys] M ZrFe] ' [Fe VO, 9
Harsle] A% dlejde]l ASE glon), thAlE S
AR (VIDeA Caol 2348 Fde Brh dlgHs
7rolBe] 8824 CaprosGdogosCenioslonos
Fego1103%, Zrol Fvl% x g AL Ryt
(Table 3).
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Table 3. Chemical formulae of garnets and perovskites synthesized with the precursor composition of Ca; sGdCeqsZrFe;0,5.

No. Condition Garnet Composition ryin'tvi tvin/fiv A.P*¥ Perovskite Composition AP*
Under Air
1300°C  (Ca; 4Gd, oCegsHZr Fego)(Fe; )0, 156 2.19 1
Shrs  (Ca;sGd, oCeps)Zr gFe o)(Fe; )O;; 157 219 3
GAT-25 (Cay 7Gd, oCeg4)(Zr) sFegg)(Fey9)0,  1.56 220 4
(Cay ;Gd, 4Ceq 3)(Zry oFe; oW (Fesg)Oy, 157 219 5
(Cay 6Gdy Cepa)(ZroFegg)(Fes )0y, 156 220 6
1300°C  (Cay ¢Gd) oCega)(Zr  2Fegg)(Ferg)0;  1.56 220 1 (Cag 4Gdy 3Cey3)(Zry. Feg9)O;
2
3
4
8

(Cap 4Gdg3Ceq 3)Fe; pO; 2

5
20hrs  (Cay;Gd; oCegs)(Zry 2Fegg)Feap)0r, 156 2.19 (Cay 4Gdp 3Ce 3)Feg 903 6
GAT-45 (Cay 6Gd, oCega)(Zr sFeg 7 )(Fe0)01, 155 2.20 (Cay 4Gdy 3Ceq2)(Zrp 2Fe1 0)O5 7
(Cay 5Gd| | Cepal(Zry 1 Fepo)(Fez )0, 157 219 (Cag4Gdg 3Ceq3)0(Zrg.1Feg5)03 9
(CasGd; 1Ceq)Zri gFe; )Fey )0, 157 219 (CagsCeps)Fe; 403 10
(Cag 4Gdg.3Ce03)(Zro,1Fe9 9)O3 i1
Under O,
1300°C  (Cay 3Gd, oCepa)(Zry sFeg 7)(Fes )0, 1,56 2.20 1 (Cay 1Gdo 4Cey.1)Fe, 405 2
5hrs  (Ca¢Gd; oCepa)(Zr oFe 0)(Fes )0y,  1.58 220 3 (Cay4Gdo2Ce 3)Fe; 003 5
GAT-18 (Ca, ;Gd) oCeqs)(Zry Fego)(Fez9)0; 157 219 4
(Cay 3Gdg oCega)Zr; sFeg7)(Fey9)0y; 156 220 6
(Cay ¢Gd, oCeps)Zry \Fego)Fes )0, 156 219 7
(Ca, ;Gd . 4Cepy)(Zr1 sFeps)(Fer )0, 156 220 8
1300°C  (Car¢Gd; oCepa)Zr( Fego)Fez )0, 1.57 220 ] {Cay 4Gdg,Cep 3)Fe; 003 2
GAT-50 20hrs  (Cay 4Gd,; ,Ceos)(ZrgsFe; 2)(Fes )0y 158 2,18 3 (Cap 4Gdy 3Ceq2)(Zrg2Fe9)05 6
(Cay 4Gd; gCepg)(Zr oFepe)(Fes )0, 156 220 4
(Ca, 4Gd, (Cega)(Zry Fego)(Fe3 )01 1.57 2.20 5

A.P.: analytical point in Fig. 4~Fig. 5.

(a) (b)

(c) (d)
Fig. 5. BSE (Back Scattered Electron) image of samples synthesized with Ca, sGdCe sZrFeFe;O;, under O, atmosphere.
(a) and (b) GAT 18 (1300°C/5 hrs); 1,3,4,6,7,8 : garnets, 2,5 : perovskites, and (c) and (d) GAT 50 (1300°C/20 hrs); 1,3,4,5
: garnets, 2,6 : perovskites. EDS analysis was performed on the points marked as numbers.
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Table 4. Stability of garnets with stoichiometry: [REEV!!,[BV'],[BIV1,0,,, where the [B]Y'"Y sites are occupied by A",
Ga*, of Fe* (modified from Yudintsev et al., 2002).

lon and its radii in AP (/v Ga” (tyu/rvi) Fe (tyiy/rv)
coordinatilon VII;(IIA) VI v Vi v Vi v
0.545A 0.39A 0.62A 0.47A 0.65A 0.49A
La>* 1.16 2.13(>) 2.97(-) 1.87(-) 2.47(-) 1.78(-) 2.37(-)
Cce** 1.14 2.09(-) 2.92(-) 1.84(-) 2.43(-) 1.75(7) 2.33(7)
pr* 1.13 2.07(-) 2.90(-) 1.82(-) 2.40(-) 1.74(7) 231(7)
N3t 1.11 2.04(-) 2.85(-) 1.79(+) 2.36(+) L7 227(7)
Pm’* 1.09 2.00(-) 2.79(-) 1.76(+) 2.32(+) 1.68(?) 2.22(7)
Sm** 1.08 1.98(-) 2.77(-) 1.74(+) 2.30(+) 1.66(+) 2.20(+)
Eu’t 1.07 1.96(-) 2.74(-) 1.73(+) 2.28(+) 1.65(+) 2.18(+)
Gd** 1.05 1.93(+) 2.69(+) 1.69(+) 2.23(+) 1.62(+) 2.14(+)
v 1.04 1.91(+) 2.67(+) 1.68(+) 2.21(+) 1.60(+) 2.12(+)
Dy3+ 1.03 1.89(+) 2.64(+) 1.66(+) 2.19(+) 1.58(+) 2.10(+)
Y 1.02 1.87(+) 2.62(+) 1.65(+) 2.17(+) 1.57(+) 2.08(+)
Ho* 1.02 1.87(+) 2.62(+) 1.65(+) 2.17(+) 1.57(+) 2.08(+)
Er* 1.00 1.83(+) 2.56(+) 1.61(+) 2.13(+) 1.54(+) 2.04(+)
Tm®* 0.99 1.82(+) 2.54(+) 1.60(+) 2.11(+) 1.52(+) 2.02(+)
Yb** 0.99 1.82(+) 2.54(+) 1.60(+) 2.11(+) 1.52(+) 2.02(+)
Lu** 0.98 1.80(+) 2.51(+) 1.58(+) 2.09(+) 1.51(+) 2.00(+)
Garnet sturcture is (~) stable, (-) unstable and (?) no data.
Fe(Vi)
Gd(Vil)
(Ca1.5GdCe0.5)(ZrFe)(Fe3)012 : 0 100
Garnet compositions (mole %)
- 1300C/5hrs : Air
a 1300C/20hrs : Air
=} 4300C/5hrs : 02
a 1300C/20rs : 02
3¢ Stoichiometric value
{Ca-Gd-Ce)
¢ Stoichiometric value
(Zr-Fe-Fe)
100
Fe(viy  Fe(v) YT g Ge(viin
55 30 Ce(VI) 0 20 J 40 60| 80 100 ca(villy 10 50
60 25 15 45
65 20 20 40
0 A
70 L) 15 25 . 35
&
®
[ ]
& /\/ \/\/ \ 10 30 N\%\ o 30
Fe(iv) T | | I — [ Zr(vi) Ce(vil) ] | ] | Ca(vil)
15 20 25 30 35 40 45 50 55 60

Fig. 6. The relation of Ca(VIII)-Gd(VIIT)-Ce(V1IL) and Zr(Vi)-Fe(V1)-Fe(IV) in Ca; sGdCeq sZrFeFe;0,5.

Aol S Al ARl shebae AAst

4 2Rg wesh tesh ol B4

s
e

At

[Ca+21,5Gd+3Ce+40‘5]Vm[Zr+4Fe*3]W[Fe+33]W012

@A77k JCPDS 7t=el 7154 S ERE it



Ca-Gd-Ce-Zr-Fe-OAlolxe] 4754 3 A 195

Al-, Ga-, FeAR540)49] 4, 6 2 gull9] A& 2A]
3L Qe YAEY o|2vnl= 7 BRE e o
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Fo2HES] T A, BE 27N 474 il ¥
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of tigt sl3kEA AFE EgiZ AN oleukay] 9
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AR ot &3S FelaN
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F Z ol2iES /A 9} Asks Aol YhbFo)
th(Yudintsev et al., 2002), Ca*?, Ce™ & Gd™3¢
ol&u¥lAe] Z+zk 1124, 0974 2 10540 the
3 RASEety: 0658, Fetly 049K, Zrtiy
0.728)9) o]2¥t73e] W8] A3 =2, Ca*?, Cett
2 GdHBe AR 72 F glis] AEE e ez
AtEE, B3, kAo g SISl A A3 fAle
Fe-AFAlol M=o, 8ufe) Aelg Al Y=
Ca*2e glalkEdql 247 v A, did 23 I
ou} Cette Arid oz APEHITHFig. 6). ol2F 8
wj 9] xejelM el Y 23 2 AP 699 xFel
A9 Zrtist Fet?e] g3t AH-S BAE AU &
AEsIHRo] Zrtie) o] 23 Fetde] ARTh At}
m2hd a9 AelE ke Zrel 23 2 Fite 2
¥ A, FedF49 A2 A(ym/rvi=1.51~ 1.66)0
2eE7) S5l Adid ez ojewge] & Ca9 &3
o] Z7tE Wi, ol&ubgo] A& Ceo] ZAisls Het
o dase] EujmydlM 7lgld Aoz AlgdEd

58 £

Ca-Gd-Ce-Zr-Fe-OA|¢] 5L H|ZF &2 2%
(1100°C)elA 7 74 T/ AFY ARSI 2 4
-3 HREL70IE (FHRELT 0B B HE
HAglo|EDyE #&dthe Foltt. oJgfd F 71X
TR d EAle AN WBY g AN

I e Aolnh R4 HHxHe=s HA€ 1300
°CollA AFA-I9} HZEATIo|E o] AANZ 2 &
= F7H1400°Ceke et 4T §E4=E B
dozH, HYo eH Ao FAHI}

49 AFANY gstzgde [CaysGd«Cegs.
051 "M{Zrq g 3Feq 7.12] " Feg 5,1V 0, 2, 8e1$) A2jellA
Cao] 238 FFE HFoH, HRH25l0|E9 3}8t
2732 Cay1.06Gdo108Ce01.05 Zroo2Fer11052, Zrol
% T3 248 290

A e, sul9l 2RE ekt e Catie
sstreael 247 v A, th: 23 o) vl
Cette Auid o=z AHUTh o1& gl Aol
Ao 94 23 2 YL RS A2jole Zrtiel
Fetle] 3ok} U BAE AVe Aoz Algdn

AL AL

B d7es ey FATEE AN (M6-0302-
00-0096)¢] A x|l 3l F3=]o] o] Ze
AelE 3T} T3 B =R i Aals Aa 2
Z9& iR FAPIeET 9He] AxARIA 2
2 A18E B3

= |

(=

Fad, AFA, MU=, Yudintsey, SV (2002) A28
He|2E20i 4 R A 5. dFAEY
3], 154, p. 78-84.

AFH, B9, vil=, Yudintsey, SV (2003) 3EH
A EZ B 2ASE A% FedFA 4 AT
=FEE R, 169, p. 307-320.

Aed (2004) BAMEI B ZASIE. FET A,
174, p. 53-67.

A, WS, A9, Yudintsev, SV (2004) Ca-Ce-
HETI-O Systemollx9] dol2&Zo] 4. AR
4, 374, p. 375-381.

Burakov, B.E. and Anderson, E.B. (1998) Development
of Crystalline ceramic for immobilization of TRU
wastes in V.G. Khlopin Radium Institute. Proc. of the
NUCEF '98 International Conference, JAERI-Conf.
99-004 (Part 1), p. 307-326.

Burakov, B.E. and Anderson, E.B. (2000) Experience of
V.G. Khlopin Radium Institute on synthesis and inves-
tigation of Pu-doped ceramics, Plutonium Future- The
Science. AIP Conf. Proc., Melville, NY. 2000, p. 159-
160.

Ebbinghaus B.B., VanKonenburg R.A., Vance, E.R., Jos-
tsons, A., Anthony, R.G., Philip, C.V. and Wronk-
iewicz, DJ. (1995) Status of Plutonium Ceramic
Immobilization processes and Immobilization Forms,
Report No. CoONF-951259. Proceedings: Plutonium
stabilization & immobilization workshop, Final Pro-



196 A -

ceedings. Dec. 12-14, Washington, D.C. Sponsored by
the U.S. Departrnent of Energy, Washington, D.C.
(US.A)). pages: 0. Size: 449kb.

Hatch, L.P (1953) Ultimate disposal of radioactive
wastes. Am. Sci. v. 41, p. 410-421

Luo S, Zhu X., Tang B. (1998) Actinides containment by
using zirconolite-rich Synroc. In: Proceedings of
International Meeting on Nuclear and Hazardous
Waste Management (Spectrum 98), American
Nuclear Society, La Grange Park, IL, p. 829-833.

McCarthy, GJ. (1973) Quartz-Matrix isolation of radio-
active wastes, J. Mater. Sci. v. 8, p. 1358-1359

McCarthy, G.J. (197€) High-level waste ceramics. Trans.
Am. Nucl. Soc. v. 23, p. 168-169.

McCarthy, GJ., and Davidson, M.T. (1975) Ceramic
nuclear waste forms: I. Am. Ceram. Soc. Bull,, v. 54,
p. 782-786

Morgan, PE.D., Clarke, D.R., Jantzen, C.M., and Harker,
AB. (1981) High-alumina tailored nuclear waste
ceramics. J. Am. Ceram. Soc. Bull., v. 64, p. 249-258.

Pirzada, M., Grimes, R.W, and Maguire, J.E (2003) Incor-
porationof divalent ions in A2B207 pyrochlores. Solid
State Ionics, v. 161, p. 81-91.

Ringwood A.E. (1985) Disposal of high-level nuclear
waste: a geological perspective. Mineralogical Mag-

A - aiel= - SV Yudintsev

azine, v. 49, p. 159-176.

Ringwood, A.E., Kesson, S.E., Reeve, K.D., Levins,
D.M.,, and Ramm, EJ. (1988) Synroc; Radioactive
waste forms for the future. Edited by W. Lutze and
Ewing, R.C., Elsevier, North-Holland, Amsterdam,
Netherlands, p. 233.-334.

Sobolev, I.A., Stefanovsky, S.V. and Lifanov, EA. (1995)
Synthetic melted rock-type wasteforms. In: Scientific
Basis for Nuclear Waste management-XVIII. MRS
Symposia Proceedings, v. 353, p. 833-838.

Vance E.R., Begg B.D., Day R.A,, Bail C.J. (1995) Zir-
conolite-rich ceramics for actinide wastes. In: Sci-
entific Basis for Nuclear Waste Management-XVIII.
MRS Symposia Proceedings, v. 353, p.767-774.

Yudintsev, S.V. (2001) Incorporation of U, Th, Zr, and Gd
into the garnet-structured host. Proc. of the ICEM'01
(the 8-th Int. Conf. Rad. Waste Mangement and Envi-
ron. Remed.) Sept. 30-Oct.04, 2001, Brugge, Belgium.

Yudintsev, S.V,, Lapina, M.L, Ptashkin, A.G., Ioudintseva,
TS., Utsunomiya, S., Wang, L.M. and Ewing, R.C.
(2002) Accommodation of Uranium into the Garnet
Structure. Proc. of the MRS Symp., v. 713, JJ11.28.1-4.

2005 19 269 3R, 20051 39 259 A<



