L T @ ON T~ {—?5//-55‘;-’_ - [is

« - " UCRL-JC:122949
< PREPRINT

THE Ca0-Ti03-ZrO; SYSTEM AT 1200 ‘C AND THE SOLUBILITIES OF
' . Hfand GdINZIRCONOLITE - |
RECEIVER

SN Mo2ms

I OSTI

J.H. Fournelle
University of Wisconsin

>

This paper was prépa'r'ed for submittal to
“The Materials Research Society 1995 Fall Meeting -
“in Boston, MA on November 27-December 1, 1995

This is a preprint of a paper intended for publication in a journal or proceedings. Since
changes may be made before publication, this preprint is made available with the

. understanding that it will not be cited or reproduced without the permission of thé
author.

DISTRIBUTION OF THIS DOCUMENT IS UNUMITED(\W A S T E R



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or implied, or assumes any legal liabili-
ty or responsibility for the accuracy, completeness, or usefulness of any information, appa-
ratus, product, or process disdosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercdial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessar-
ily state or reflect those of the United States Government or any agency thereof,




| DISCLAIMER
Portions of this document may be illegible
in electronic image products. Images are

produced from the best available original
document.




THE CaO0-TiO2-ZrO; SYSTEM AT .1200' °C AND THE SOLUBILITIES OF
Hf AND Gd IN ZIRCONOLITE :

D SWENSON* T.G.. NIEH* J H. FOURNELLE** _
*Chemistry and Materials Science, Lawrence Livermore Nauonal Laboratory, P. O Box 808, -
Livermore, CA 94551 :

**De%ar&nent of Geology and Geophysncs Umversxty of Wlsconsm, 1215 Dayton St. Madlson
WI.537 ,

ABSTRACI‘
" 'Phase ethbna are.established in the CaO-TnOz-Zr02 system at 1200 °C; using X-ray, :

dlffracnon and electron probe microanalysis. The éxistence of two previoiisly reported ternary -
* phases, zirconolite (CaZrTi;Oy) and calzirtite (CaxZrsTi,Oi6), is confirmed. Each of these phases

o exhibits a significant range of homogené¢ity between:TiO, and ZrQ,.while maintaining-a nearly .-
constant concentration of Ca0. The ternary solubilities of the constituent binary phases are found ™

to be negligible, with the exceptions of the perovskltes which display mutual solubility of at least
22 mol.% and may in fact form a series of continuous solid solutions. The solubilities of Hf and
Gd in zirconolite are also investigated. While Hf-bearing samples did not reach thermodynamic -
equilibrium under the experimental conditions employed, the existence of a Hf analog to
zirconolite, - CaHfTi20q; is conclusively demonstrated. The phase is stable at the stoichiometric

- composition, ‘and its lattice parametérs ‘are very close to those reported int the literature for -

stoichiometric zirconolite, A Gd-bearing samgle of the composmon Cap, 3gzro 3sGdo. 24T1201 is

found to be essentially smgle phase zirconolite, in agreement with prévious investigations at higher - o

temperatures
‘ ODUC’I‘ION

In recent years, si gmﬁcant technologlcal advanoements have been made in the Synroc scheme
for the immobilization high-level nuclear waste[1]. However, many basic scientific issues related
to Synroc fabrication have yet to be addressed. For example, the CaO-TiO3-ZrO; system is an
integral part of the Synroc formulation. Indeed, of the four phases comprising Synroc
(Ba;2(ALTi)gOs6, CaT103 CaZrTi>O7 and TiO,), the latter three are members of this ternary
- system. In spite of its great technological importance, however, the CaO-TiO2-ZrO; system has
never been investigated in detail. To date, some cursory studies[2-5] of the system have been
performed using X-ray diffraction, and many questions remain pertaining to phase relationships at
temperatures typically employed during Synroc production. :

Additionally, there currently exists interest in refining the basic Synroc formulanon for the
immobilization of excess weapons Pu. The issues which must be addressed in arriving at a Pu
Synroc formulation have been ouflined by Jostsons et al[6]. Prominent among these concerns -are
chemical durability, maximum Pu loading levels, and criticality safety. It is well-known that
zirconolite (CaZrT1207) is the most durable phase in Synroc[1,7]. Moreover, it is the phase most
capable of incorporating actinides[1], and hence reformulated Pu Synroc will undoubtedly be
composed primarily of zirconolite[8]. Accordingly, much experimental effort has been expended
recently to determine the solubility limits of Pu and Pu analogs in zirconolite[9-12].. However,
relatively little attention has been paid to the incorporation of neutron absorbing elements, such as
Hf and Gd, into zirconolite, even though such mcorporatmn is essent1a1 to the preventlon of -
: .cnncahty in heayily Pu-loaded wasteforms. .

T consideration of the preceding dlscussmn, phase ethbrxa have been determmed in the: : ° S

' CaO0:Ti0z-Zr0, system at 1200 °C at concentrations below. 50 mol.% CaO, using X-ray_:
diffraction and electron probe rmcroanalysw Furtherrnore, the solublhty limits of Hf and Gd in
- zirconolite have also been explored, utilizing the same experimental techniques. -




EXPERIMENT

TiO; (anatase, 99.5%, nanocrystalline) ZrO, (>95.0%, Hf as the major .impurity,
nanocrystalline), dried calcmm oxalate (CaC204, 99.9%, annealed at 200 °C for one week),
Gd203 (99.9%) and HfO, (98.0%, Zr as the major impurity, particle size < 1 um) powders were
combined to form samples with nominal weights of 3 g. These samples-were hand-milled, placed
in Pt crucibles and calcined for 2 hr in air at 1200 °C. They were subsequently air-cooled, and
again hand-milled. The milled powders were then pressed into 0.75 in diameter pellets using an
* hydraulic press with an applied pressure of approximately 25 ksi. The sample pellets were placed
on Pt sheets and annealed in air for 10-14 days at 1200 °C, after which time they were air-cooled.
One half of each pellet was ground into a powder and analyzed by X-ray diffraction, using CuKy
radiation. -The-other half of each . .sample was mounted in epoxy, mietallographically cross- -

~ sectioned and. -analyzed for composition using electron probe microanalysis (EPMA) employinga™ - o

10 kV, 20 nA electron beam and utilizing wollastonite (CaSiO3), rutile (TiOs), zircon (Zr8104)' o
o and Hf02 as. standards The Gd—bearmg sample was not analyzzd for: composmon SR :

RESULTS
Th TiO,- tem at 1200 °

. Prior to the presentation of experimental results, previous experimental investigations of the
- ternary CaO-TiQ,-ZrO; system will be discussed. For information on the constituent bmary ox1de
- systems CaO-TiQy, Ca0-Z10; and TiOx-Z1O;, the reader is referred to [13]. - ~ B
As was mentioned in the Introduction, some previous work has been performed pertalmng to
phase equilibria in the CaO-TiO;-ZrO; system. Coughanour et al.[2] have utilized X-ray
- diffraction analysis to investigate phase equilibria in the CaO-TiO2-ZrO; system in the temperature

- range of 1450-1550 °C.. The results of their mvestlganon are depicted in Fig. 1. "They founda - .

. single ternary phase, zirconolite (CaZrTi,O7), to exist at this temperature. Additionally, they
found that the perovskite phases CaTiOs and CaZrO; formed a series of continuous solid
solutions, and further observed the existence of extensive ternary regions of ZrOx(c) and ZrO(%).
(The letters ¢, ¢t and m denote cubic, tetragonal and monoclinic modifications of ZrO;,

respectively.)
Rossell and coworkers[$5,14,15] were the first to determine the crystal structure of zirconolite.

They described the phase as a- monoclinically distorted, anion-deficient, fluorite related - -

superstructure. Rossell also determined the phase boundaries of zirconolite as a function of
temperature, using X-ray diffraction analysis[5]. He found it to contain a relatively constant
concentration of 24.0-25.0 mol.% Ca0Q. However, he observed that zirconolite existed over a
significant range of compositions of TiO; and ZrO,, and therefore is more correctly termed
CaZr,Tis3_,O7. The values of x were found to extend from 0.833-1.250 at 1300 °C and 0.968-

1.364 at 1480 °C. Rossell-also detected evidence of partial meltmg in Ti-rich zirconolite at 1480 . - -

°C.

A second ternary phase, calzirtite (CayZrsTizO16), was discovered by Pyatenko and
Pudovkina[16]. Its crystal structure was also determined by Rossell[17] who considered the
phase to be a tetragonal, fluorite-based supetlattice structure comprising 18 anion-deficient fluorite
subcells . According to Rossell, calzirtite decomposes into zirconolite, perovskite and ZrO; at
about 1400 °C, which explains its absence in the phase diagram of Coughanour et al.

Figueiredo and coworkers[3,4] used X-ray diffraction analysis to investigate phase equilibria
- inthe Ca0-TiO,-ZrO; system at 1300 °C. Their results are in. general agreement with those of

- Coughanour ‘et al,-and Rossell and coworkers. They confirmed the éxistence of zircorolite and

" calzirtite, and established sorne additional- phase equilibrium relationships in the temary system. -

' 'Howcver, some of their experimental results, primarily those for samples containing more than
40-50 mol.% CaO, were not self-consistent, nor were they consistent with the results obtained
from samples containing lower concentrations of CaO. The experimental results of Figueiredo and
coworkers for samples containing less than 40 mol.% CaO have been reproduced in Fig. 2.

- The results of the present investigation are depicted in Fig. 3. Gross sample compositions, the
phases detected in each sample by X-ray diffraction analysis, and the composmons of the phases




Fig. 1. Phase Equilibria in the Ca0-Ti0,-ZrO, System at 1450-1550 °C
.- according to Coughanour et -ak[2]. 'The dashed line in the phase ZrO, denotes the-
. approximate boundary between the ‘region of ‘stability: of :ZrO,(t) (lower) and ‘the

region of stability of ZrOz(c) (upper). - » . “ e
' CaO

. - A 70,8
TiZrOy - : .. .
Fig. 2. Phase equilibria in. the Ca0-Ti02-ZrQ2 system at 1300. °C, based on .the
work of Figueiredo and coworkers[3,4]. Only those samples containing less than
‘40 mol.% CaO have been col_l_side_red in drawing the figure.. .- . - e

o Tio, £




Fig. 3. Phase ethbna in the CaO -Ti0;-ZrO, system at 1200 °C. The numerals

- within the diagram. represent the gross sample composmons and sample numbers

- used”in the present mvestlgatlon. ‘The : phases' identified in each sample by X-ray

diffraction and the compositions of these phases as detérmined by EPMA - are

glven in Table 1. Dashed lines represent tie-lines inferred from the phase rule.

as determined by EPMA are given in Table 1. The presently determined 1200 °C isotherm is
consistent with the 1450-1550 °C diagram of Coughanour et al. (Fig. 1), considering the fact that
calzirtite, CaZr,O9 and CagZr19044 are all unstable above 1400 °C. The results of the present
investigation are also in relative agréement with those of Figueiredo and coworkers at 1300 °C in
the compositional region below 40 mol.% CaO (Fig. 2). The only major difference between the
two isotherms is that Figueiredo and coworkers found a two-phase equilibrium to exist between
T12r04 and calzirtite, whereas a tie-line between zirconolite and ZrOz(t) was found to be more = .
stable in the present investigation. There i is also.a slight dlscrepancy in the range of homogenelty
of ZrOy(c). .
' Zirconolite was found to exhibit a rather wide range of homgenelty at a constant CaO

composition, in accordance with the work of Rossell[5]. In terms of the chemical formula -

CaZI‘le;;- 0, 0.836 < x < 1.157 at 1200 °C, based upon EPMA of samples 4 and 5. This range -
of values is slightly smaller than that observed by Rossell at 1300 °C. The lattice parameters of
zirconolite at these limiting composmons are in very good agreement with those found by Rossell
at the same compositions.

. Calzirtite was found to exhibit a range of homogeneity as well, a phenomenon which has not
previously been reported in the literature. As was the case for zuconohte calzirtite is stable at a

constant composition of CaO; while variation may occur in the relative amounts of TiOy and ZrQ,. . - - -

""" Therefore, the chemical formula-for calzirtite is more correctly written as CayZr7.,Ti,O16, where - -

1.564 < x < 2.112 at 1200:°C, according to EPMA data for samples 2 and 4. “As ideally x = 2, it - E

may be seen that the most TiO,-rich composition of calzirtite essentially corresponds to the ideal
stoichiometric formula unit. The lattice parameters of calzirtite do not change significantly with
comgosmon Those of sample 4 (corresponding to the TiO,-rich limit) were found to be a =
1.5105 nm and ¢ = 1.0258 nm, whereas those of sample 2 (corresponding to the ZrO,-rich lumt)
were determined to be a=15217nmand c= 1 .0130 nm. _ , ,




Table I. Gross Sample Compositions, Phases Identified by X-Ray Diffraction, and Composition
of Phases in the CaO-TiO»-ZrO; System Determined by EPMA , o ,

Sample Gross Composition ~ Phases Identifiedby - - Composition of Phases .
Number @ (mol%) -~  X-RayDiffracion - . “(mol:%) '
1 Ca0 TiOy - ZrO . Ca0  TiO, - ZiOy
‘1. 500 250 250 . CaZrOs = - 49.7(4) 10.8(28) . 39.527)] - -
_ e L S CaTi0s 0 499(1) . 0 39.2(1) 0 11.(1) ¢
2 400 35.0 25.0 CaTiOs ©.49.3(6) 47.8(13) $2:9(13)
L T o) . 183(3) - 37() 7803) |
S s e e CagZesTipOge> 221 -0 (1740 - 605 B
3 . 30,0 10.0° 60.0 @ CaZrO3 . - -494(4) . - 17.0(12) .  33.6(11)|
Lo s : CaZrsOo - - 19.8(4). = - 2.6(4)- - T1.6(7)
4 300 400 30.0 CapZrsTipO15- 22:1(3). . “23.5(3). - 54.4(4Y 1.
. CaZiTi,O;  ~ 249(4) - - 46.2(6) - 29.0(3)
_ CaTiOs 48.7(5) - 50.5(3) 0.8(5)
ST .- ZrOy(m)b 02 - . 34 96.4
5 25.0 65.0 10.0 CaZrTiy Oy 24.6(2) 54.4(4) 21.003)
_ . o CaTiOs 49.1(4) 50.8(4) 0.3(0)
i oo TiOg. O L16) 96.02) - .2.6(3)
6 150 400 45.0 CaZTipO; _ 24.3(3) - 49.905) 258(5) | - -
" TiO, ‘ 0.4(1) 91.6(0) 8.100) -
T 12.0 8.0 80.0 ZrOx(m). - 1.9(7) 1.4(4) 96.7(11)
o S a0 e CagZisTigOge., 21.8(1) o 18.0(4) . . - 6033):- |- |
8 7100 650 --25.0 ¢ CaZiTi,O7 - © 23.5(1) .- SLI(9) - : 25.5(8) | . ¢ B
“ "TiZrOy -0.2(1) 50.1(12) - 49.8(13)}
_ . TiO, 0.3(1) 91.9(3) 7.8(3)
. ‘ ZrO(m) 0.1 ©29.2 70.7
9 10.0 300 60.0 CaZ:Ti;Oy 24.1(3) 49.6(6) 26.3(9)
ZrOy(m) 0.1(1)  13.8(1) 86.1(1)

iNumerals in parentheses repfesent'ﬂxe estimated standard deviations in the last signiﬁéant digit of|
the composition, based on an average value of several experimental data points.
bComposition based on one experimental data point. ,

As was mentioned previously, Coughanour et al. found a series of continuous solid solutions
. to exist between CaTiOs and CaZrOs. However, in the present investigation only limited, -
although significant, mutual solubility was observed. According to EPMA of sample 1, a
symmetrical miscibility gap exists between the phases, with each perovskite phase dissolving a
maximum of 22 mol.% of the other. A variation of a 1-3 mol.% TiO, and ZrO, was found in each
perovskite phase during probing, suggesting that the samples were inhomogeneous. The X-ray
diffraction pattern of sample 1 exhibited very broad peaks, ranging roughly from those expected
for a CaTiO; to those anticipated for CaZrOs. The diffraction pattern therefore indicated either that
the individual perovskite grains were very small or that ternary perovskites of several different
compositions were present simultaneously, and herice the. sample -was not at thermodynamic

 ‘equilibrium. “In support of the latter ‘possibility, sample 3 contained a perovskite phase- witha =~ . :
‘composition inside the miscibility gap. present in sample 1. -However, it should be noted thata. """ .-

variation of a 1 mol.% TiO, and ZrO, was also found in the composition of the perovskite phase

in.sample 3. Based on these observations and the work of Coughanour et al., it scems likely that ~

sample 1 is not in a state of thermodynamic equilibrium, and a series of continuous solid solutions
exists between CaTiOs and CaZrO; at 1200 °C. A series of continous solid solutions between the -

* - . two perovskite phases has therefore tentatively been depicted in Fig. 3. However, more work,




involving longer annealing times and repeated sample grindings, must be performed to resolve thls
issue.

- Finally, it should be noted that samples 4 and 6 contained ZrO, in addition to three other
phases, 1ndrcat1ng that they did not fully reach thermodynamic equlhbnum -Moreover, sample 8
contained rutile in addition to zirconolite and ZrO,, which is inconsistent with thermodynamic -
equilibrium in the system. However, the amount of nonequilibrium phase in each sample was
very small, and therefore the majority phases present in all three samples are 11ke1y to represent the
true equrhbnum state of the system. o _ .

'-'m lubility of Hf in_ nolit

- AsZr and Hf are in the same group of the periodic table and have v1rtua11y rdentrcal ionic
- radu[18], one would expect that Hf would substitute readily for Zr in zirconolite. Only one such
- attempt to fabricate a Hf analog of zirconolite (CaHfTi,O7) has been reported in the literature. -
' MecCauley. and Hummel{19] fabricated a sample of the composition CaHfTi;O7 during an" .
investigation of the existence of ordered’ pyrochlores of the typé- A2+B4+TiyO7. ' The sample,
which was fabricated du'ectly from the oxides, was annealed at 1450 °C for 48 hr and analyzed by’

- X-ray diffraction analysis. While no diffraction pattern or crystal structure was reported, the

resulting diffraction pattern was described as being similar, although not identical to that of
zirconolite.

.. In the present investigation, three HfO,-bearing samples were fabricated, with gross sample
compositions of CaHfZrTiO7, CaHfTi;07, and 25Ca0:10Hf0,:65TiO;. The latter composition

... was anticipated to correspond to that of a Ba-hollandite-free, Hf apalog Synroc, i.e., CaHfTi;O7 + .

CaTiO3 + TiO,. For purposes of comparison, a stoichiometric zirconolite sample was also
fabricated under the same experimental conditions. All samples were annealed at 1200 °C for 14
days. While the zirconolite sample was found to be sisigle phase, none of the HfO,-bearing

. - samples exhibited single phase X-ray diffraction patterns subsequent to heat treatment. Moreover,: R

each of the samples was found to contain a zirconolite-structured phase, CaTiO;, TiO; and HfO,, -
indicating that equilibrium was not achieved.

As ali of the HfO,-bearing samples contained the same four phases, only the sample with the
gross composition corresponding to CaHfTi;O7 was analyzed in detail. Using EPMA, Hf analog .
zirconolite was found to be stoichiometric within experimental uncertainty, corresponding to the
. formula Cay oo0(s)Hf0.968(a4yTi2. 032(35)07 Nevertheless, these data indicate that CaHfTi;O7

exhibits a slight range of homogeneity between TiO, and HfO, at a constant concentration of CaO,
in analogy with the ternary solubility found in zirconolite. However, the range of homogeneity of
_CaHITiyO seems to be somewhat less TiO,-rich than that of zirconolite at this temperature.
* The lattice parameteis of CaHfTi,O5 are only slightly larger than these of zirconolite itself (a =
1.2455 nm, b = 0.7273 nm, ¢ = 1.1351 nm, and g = 100.59 °, as compared witha = 1 24404(9)
nm, b=0. 72663(6) nm, ¢ = - 1. 13815(12) nm, B= 100 554(8) s for zrrconohte[S]) '

.Th lubility of Gd in Zi noli

_ The dissolution of Gd into zirconolite is not as straightforward as was the case for Hf. Gd3+

cations cannot be substitute individually for Ca2+, Ti4+ or Zr*+ without violating the requirement

of electroneutrality. However, electroneutrality may be maintained if two Gd3+ cations are

substituted for one Ca2+ cation plus one Ti*+ or one Zr*+ cation. Owing to size

-+ considerations{18], substltutlon of T14+ cations by Gd3+ catmns is unfeasrble, and a coupled
: substrtuuonofthetype T A : R L

must be employed if Gd is to be mcorporated into zxrconohte Thrs coupled substxtutlon
corresponds to the general formula Ca;.(Gd2,Zr1.;Ti>O7.. Such a substitution was attempted by
Rossellf9], who fabricated samples of the preceding formula with 0.12 < x < 0.20, using the

" constjtuent oxides as starting materials and adopting a 1400 °C, 4-7 day heat treatment. Utilizing

X-ray diffraction analysis, Rossell found that samples with x = 0.20 comprised zirconolite, a




hexagonal phase and CaTiOs. By reducing x to 0.12, Rossell was able to eliminate the hexagonal
- phase, and the diffraction pattern corresponded to that of zrrconohte, along with a trace of .
perovsklte as a secondary phase. .
“Rossell's experiments were repeated by the present mvesugators at 1200 °C. A sample of the -
composmon Cag.83Zro.33Gdo. 24T1207 (x = 0.12) was fabricated -and analyzed by X-ray A
diffraction. It was found to consist of zirconolite and a trace amount (< 2 mol.%) of CaTiOs, in
accordance with the work of Rossell. 'The lattice parameters of the zirconolite phase were
determined to be a = 1.2520 nm, b'=(.7288 nm, ¢ = 1.1413 nm and g = 100.57°, which agree |
well with the values reported by Rossell[9] (a=71.24997(8) nm, b = 0.72863(6) nm, ¢ ="
1.14029(11) nm, and 8 = 100.563(8) °). Therefore, the phase equlhbna in this system appear to
change very httle between 1200 and 1400 °C - .

- CONCLUSIONS

Phase ethbna have been. estabhshed in the«CaO-'ﬁOz‘ZtOz system at 1200 °C, usmg X-ray ; o L

diffraction analysis and electron probe microanalysis (EPMA). ' The results of the present-
investigation are in general agreement with those of previous researchers. The existence of two
ternary phases, zirconolite (CaZirTi2O7) and calzirtite (CayZrsTi2016), has been confirmed..

Zirconolite was found to exhibit a significant range of homogeneity betweén TiC; and ZrO, while '

maintaining a constant concentration of CaQ. Its range of homogeneity may be expressed using
the chemical formula CaerT13.xO7, where 0.836 < x £.1.157 at 1200 °C. Calzirtite exhibits a
range of homogeneity as well, again at a constant concentration of Ca0. It may be described by
the chemical formula Cazzr—;thl,Om, where 1.564<x<2.112 at: 1200 °C. A sample fabricated:
along the CaTiO;3- CaZr03 join portrays some mutual solubility between the two perovsk1te- '
phases. However, owing to the appearance of its X-ray diffraction pattern and some
. compositional variations observed during EPMA, it appears that the sample did not réach-

- ‘thermodynamic-equilibrium. ‘It-is possible that-a series, of continuous-solid solutions exists. .-
between the phases undér equilibrium condmons at 1200 °C, .as has been found by previous *

researchers at higher temperatures.
X-ray diffraction analysis and EPMA have also been employed to study the solublhty limits of
- Hf in zirconolite. Subsequent to heat treatment, all HfO,-bearing samples were found to contain a
zirconolite-structured phase, CaTiO; and TiO; some unreacted HfO,, indicating that .
thermodynamic equilibrium was not achieved. ' Nevertheless, it was possible to demonstrate.
“conclusively that a stoichiometric Hf analog of zirconolite, CaHfTizQy, is thermodynamically
stable at 1200 °C. Tts lattice parameters have been found to be very close to those of stoichiometric
zirconolite. The apparent coexistence of CaHfTi»O7, CaTiO; and TiO, strongly suggests the
feasilbility of fabricating a Hf analog to Synroc. Owing to the neutron absorbing capabilities of
Hf, such a formulation would be extremely attractive for use in situations where criticality. is an °
1ssue, such as the immobilization of weapons-grade Pu.

- Using X-ray diffraction analysis, it has also been demonstrated that Gd may be mcorporated
into zirconolite by the coupled substitution of 2 Gd3+ cations for one Ca2* cation plus one Zr4+
cation, which corresponds to the chemical formula Ca;.,Gd2,Zr; ,Ti,07. It has been found that
such a substitution will lead to the formation of virtually single phase zirconolite up to at least x =
0.12, in agreement with the findings of other researchers working at higher temperatures. As Gd

‘is also a good neutron absorber, the present findings 1nd1cate the potentxal of a Gd-bearinig Synroc -
for use in nnmobrhzrng radioactive actinides. . ' '
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