
JOURNAL OF SOLID STATE CHEMISTRY 98, 323-329 (1992) 

Zirconolite CaZro.92Ti2.0sO 7 from 294 to 1173 K 

R OB ER T W. CHEARY 

School of Physical Sciences, University of Technology, Sydney, 
P.O. Box 123, Broadway, New South Wales, Australia 2007 

Received  October  28, t991 

High-resolut ion neut ron  powder  diffraction data were collected from the monoclinic zirconolite 
CaZr092Ti20sO 7 at t empera tures  f rom 294 to 1173 K. The structural  parameters  of  this compound ,  
which were derived by Rietveld ref inement,  are not  substantial ly affected by temperature .  The  lattice 
parameters  increase  with tempera ture  and the expansion is essentially isotropic. With the possible  
except ion of  the Ti(1)O 6 octahedron,  which has more  or less the same size over  the complete  tempera-  
ture range,  all the oxygen  polyhedra  expand more  or less uniformly with temperature .  The weighted 
mean  thermal  parameter  fits a Debye  funct ion with 0m = 535 -+ 20 K super imposed onto a tempera ture  
independent  te rm with an RMS displacement  of  0.27 .~2 arising from static disorder.  �9 1992 Academic 
Press, Inc. 

1. Introduction 

Zirconolite is one of  the major phases in 
the polyti tanate ceramic known as SYN- 
ROC which is being developed as a host for 
nuclear waste. This ceramic incorporates 
the waste atoms in solid solution and each 
of  the component  phases accommodates  a 
particular range of  elements. Zirconolites 
accommodate  the lanthanide and actinide 
group of  elements (1). In nature,  zircono- 
lites can exist with a significant proportion 
of  dissolved uranium and thorium (2) and 
the structure has withstood the effects of  
high level doses of  alpha radiation without 
significant degradation (3). 

The nominal composit ion of zirconolite is 
CaZrTi20 v, but it is stable over  a range of 
Ti/Zr concentrat ions as CaZrxTi3_~O7, with 
x f r o m  0.85 to 1.30 (4). Pyatenko and Pudov- 
kina (5) first identified zirconolite as an 
anion deficient superstructure derived from 
eight fluorite subcells, CasZrsTil60~6(~)8, 
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where @ is a vacancy.  Over  its solid solu- 
tion range the structure adopts the mono- 
clinic space group C2/c (6) with the cell 
parameters a ~ 12.44 A, b ~ 7.28 A and/3 

100.5 ~ remaining substantially unchanged 
by the Ti/Zr ratio. Only c changes signifi- 
cantly (>0.02 A) going from 11.34 A at x = 
0.85 to 11.49,~ at x = 1.30. 

Zirconolite is a layer structure with TiO 6 
octahedra forming an hexagonal tungsten 
bronze motif  as (001) planes (7). Ca and 
Zr form in sheets between layers of  TiO 6 
octahedra,  and are ordered in rows along 
[I10] at z = 0 and along [110] at z = 0.5 (see 
Fig. la) .The large Ca ions sit in distorted 
CaO8 cubes with an average C a - O  bond 
length -2 .4 6  A, whilst Zr occupy smaller 
sites in ZrO 7 polyhedra in which the mean 
Z r - O  bond length -2 .1 7  A (see Fig. lb). 
Together  the Ca and Zr sites are capable of  
accommodating all the trivalent rare earth 
lanthanides. Large ions, such as Nd 3 + with 
R = 1.26 A (8), preferentially occupy the 
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FIG. 1. (a) (001) layers at z ~ 0 and z ~ 0.5 in zircono- 
lite showing the arrangement of Ca and Zr sites, and 
(b) adjacent CaO 8 and Z r O  7 polyhedra in zirconolite. 

Ca sites, whereas smaller ions, such as Yb 3 + 
with R = 1.11 A, tend to occupy both sites 
equally (1). Intermediate sized ions, includ- 
ing Gd 3+ and Dy 3§ tend to be partitioned 
unequally but weighted toward the Ca sites. 

Selected area electron diffraction (7) re- 
veals that rare earth substitution in zircono- 
lites generates twinning faults particularly 
with large substituted ions. Fielding and 
White (1) have suggested that these faults 
are associated with clustering of the substi- 
tuted ions. At substitution levels of up to 
0.25 ions/cell, the substituted ions are ran- 
domly distributed and very few twinning 
faults form. Between 0.25 and 0.35 substi- 
tuted ions/cell, the monoclinic zirconolite- 
2M structure forms intergrowths with the 
polytype trigonal zirconolite-3T structure 
(for nomenclature definitions see (9)). The 
essential difference between monoclinic and 

trigonal is that the repeat distance in the 
monoclinic c direction increases from 2 to 3 
Ca/Zr sheets. When more than 0.75 rare 
earth ions/cell are substituted, cubic pyro- 
chlore becomes the dominant phase. 

As yet no systematic quantitative studies 
have been carried out to determine the crys- 
tal chemical characteristics of  substituted 
zirconolite and in particular: 

(i) the manner in which rare earth ions 
partition amongst the Ca and Zr sites, 

(ii) the associated changes in both the lat- 
tice and structural parameters ,  and 

(iii) the effect of high temperatures  on the 
structure. 

The present investigation is the first step 
of such an investigation and addresses the 
effects of temperature on the structural 
characteristics of unsubstituted zircono- 
lite. This is of importance to the develop- 
ment of SYNROC to demonstrate that the 
zirconolite structure retains its structural in- 
tegrity well above the temperatures it would 
have to endure when laden with nuclear 
waste. High-resolution neutron powder  dif- 
fraction data have been collected from mo- 
noclinic CaZr0.92Ti2.0807 at temperatures  
from 294 to 1173 K. This technique was 
adopted because neutrons, unlike X rays, 
are sensitive to the oxygen and give reason- 
ably accurate cation and oxygen structural 
parameters on refinement. Rietveld analysis 
was used to derive the structural parameters  
at each temperature.  This paper  discusses 
the changes in lattice parameters,  bond 
lengths, and thermal vibrations with temper- 
ature. 

2.  E x p e r i m e n t a l  P r o c e d u r e s  a n d  
R i e t v e l d  R e f i n e m e n t  

A 15-g polycrystalline sample of  zircono- 
lite was prepared for neutron diffraction by 
mixing the starting materials CaCO3, ZrO2, 
and TiO, in the ratio I : I : 2. This was done 
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by forming a slurry of  these compounds with 
ethanol and then ball-milling for 20 min. 
After evaporating off the ethanol, the mix- 
ture was pressed into a large pellet and cal- 
cined at 1400 K for 4 hr. The pellet was then 
ground, conver ted  to an ethanol slurry, and 
once again placed in a ball mill. After drying 
and being formed into a pellet, the sample 
was fired in air at 1650 K for 12 hr and 
allowed to cool slowly over  a 24-hr period. 

Fragments of the specimen were ana- 
lysed on a J E O L  35C scanning electron 
microscope and on an Apex X-ray powder  
diffractometer.  The SEM revealed a well 
crystallized material with a particle size 
range from 0.5 to 2 /xm. X-ray powder  
diffraction confirmed that the specimen 
was at least 95% zirconolite. Weak traces 
of CaTiO 3 and ZrO 2 were observed,  but 
only to the extent  that the strongest diffrac- 
tion lines of  these impurities could be 
clearly identified. This is consistent with 
fact that the c lattice parameter  obtained 
from the X-ray pattern,  c -~ 11.375 A, is 
slightly different from that expected for 
CaZrTi207 on the assumption that c is 
linear across the solid solution range. Us- 
ing the c parameters  given in (4) for CaZl~ 
Ti3_xO 7 at  x = 0.85 and x = 1.30, the 
actual zirconolite prepared corresponds to 
x ~ 0.95. This composit ion is very close 
to the composit ion adopted which was 
given by Rietveld refinement of the neutron 
powder  data, namely CaZr0.9~Ti2.0807. 
X-ray microanalysis on the SEM at 15 kV 
was also used to estimate the composition 
of  the zirconolite, but the results were 
iudged to be inaccurate because of  the 
poor  reproducibili ty from crystallite to 
crystallite and the relatively small crys- 
tallite size ( - 1  txm). 

Neutron diffraction data were collected 
using the eight detector  high-resolution 
powder  diffractometer  on the HIFAR reac- 
tor at the Australian Nuclear  Science and 
Technology Organisation (10). The wave- 
length used for the measurements  was 

1.891654 A. This value was obtained by 
calibrating the diffractometer  using a stan- 
dard Si powder.  Before measurement  the 
zirconolite specimen was finely ground in 
a tungsten carbide ball mill, sieved through 
a 38-/xm mesh and annealed at 1200 K for 
4 hr to remove any strains set up by ball 
milling. Diffraction patterns were collected 
at temperatures of 294, 429, 573, 723, 873, 
1023, and 1173 K. At room temperature 
(294 K), the 15-g specimen was packed 
into a 20-ram diameter V can mounted 
onto the rotating stage of  the diffracto- 
meter. Count data were collected from 
20 = 0 ~ to 150 ~ at intervals of  0.05 ~ 20 for 
fixed monitor counts. For  all measure- 
ments above room temperature the speci- 
men was packed into a thin-walled stainless 
steel canister. The high-temperature at- 
tachment on the diffractometer consisted 
of  an evacuated alumina tube wound with 
Kanthal wire and insulated with ceramic 
wool. A chromel/alumel thermocouple  was 
inserted into the specimen through the lid 
of the stainless steel canister. The tempera- 
ture stability of the controller was typically 
_+ 2~ Count data from the high tempera- 
ture specimens were recorded over  the 
angular range 20 = 0 to 150 ~ at 0.1 ~ 20 
intervals. 

Rietveld refinement of the data was car- 
ried out using the program developed by 
Wiles and Young ( l l )  and extensively mod- 
ified by Howard and Hill (12). In the 
refinement the profiles were fitted by a 
pseudo-Voigt function with an angular de- 
pendent pseudo-Voigt parameter  y = 
To + Yl 20 + "/2 202. An asymmetry  
term is also included in the refinement 
to represent the effects of vertical beam 
divergence (13). The data were corrected 
for zero 20 error in the refinement and the 
background was fitted to a function of the 
form b0 + bl 20 + b, 202 + b3/20. Close 
inspection of the diffraction data revealed 
three very weak peaks from ZrO2 and 
CaTiO3, as well as prominent peaks from 
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T A B L E  I 

S T R U C T U R A L  PARAMETERS AND L A T T I C E  PARAMETERS (in A) FOR CaZro.92Ti2.osO 7 O B T A I N E D  FROM R I E T V E L D  

R E F I N E M E N T  T O G E T H E R  W I T H  THE PATTERN GOODNESS OF F I T  R,~7~ 

Site Yemp (K) 

294 429 573 723 873 1023 1173 

x 0.3733(8) 0.3731(71 0.3730(7) 0.3726(101 0 . 3 7 2 9 ( 1 0 1  0.3733(9) 0.3721(9) 
Ca Y 0.1257(22) 0 . 1 2 6 7 ( 2 2 1  0.1293(22) 0 . 1 2 2 8 ( 2 9 1  0 . 1 1 9 2 ( 2 5 1  0 . 1 1 9 2 ( 2 4 1  0.1187(231 

z 0.4979(8) 0.4971(81 0.4977(8) 0.4963(101 0.4984(10) 0.4973(9) 0.4980(10) 
B 0.94(171 0.93(161 0.99(16) 1.08(241 1.27(251 1.80(221 1.56(25) 

x 0.1237(61 0.1229(61 0.1230(61 0.1231(81 0.1228(81 0.1219(71 0.1230(91 
Zr Y 0.1219(151 0 . 1 2 2 9 ( 1 5 1  0 . 1 2 4 4 ( 1 5 1  0 . 1 2 4 4 ( 2 2 1  0 . 1 2 4 2 ( 2 0 1  0 . 1 2 1 8 ( 1 7 1  0.1232(19) 

z 0.0247(5) 0.0250(5) -0.0243(6} 0.0232(7) -0.0233(7) 0.0246(6) -0.0229(7) 
B 0.12(141 0.34(141 0.47(151 0.63(211 1.07(211 0.66(171 1.68(21) 

x 0.2515(151 0.2487(15) 0 . 2 4 9 4 ( 1 6 1  0 . 2 4 9 2 ( 1 9 1  0.2488(17) 0 . 2 4 5 4 ( 1 5 1  0.2454(17) 
Til Y 0.1202(481 0 . 1 2 4 6 ( 4 8 ~  0 . 1 1 3 1 ( 3 8 1  0 . 1 1 6 1 ( 7 2 1  0 . 1 3 3 1 ( 5 3 1  0 . 1 2 6 5 ( 5 4 1  0.1216(531 

z 0.7495(13) 0 . 7 4 8 6 ( 1 3 1  0.7506(14) 0 . 7 5 1 4 ( 1 7 1  0 . 7 5 0 5 ( 1 6 1  0.7506(14) 0.7496(16) 
B 0.16(201 0.61(201 0.68(27} 0.85(40) 0.54(35) 0.39(28) 0.81(34) 

x 0.4663(27) 0.4663(29) 0.4665(30) 0 . 4 6 1 9 ( 3 4 1  0 . 4 6 1 5 ( 3 4 1  0.4672(35) 0.4634(39) 
Ti2 3' 0.0375(35) 0.0422(38) 0 . 0 4 1 5 ( 4 0 1  0.0433(43) 0.0399(44) 0.0325(46) 0.0473(511 

z 0.2550(38) 0.2528(38) 0.2553(40) 0.2532(47) 0 . 2 4 6 1 ( 4 9 1  0 . 2 5 1 7 ( 5 1 1  0.2489(59) 
B 1.80(901 3.011(95) 2.78(90) 2.4(1.3) 2.5(1.21 3.8(1.21 4.6(1.5) 

Ti3 Y 0.1441(321 0 . 1 4 0 8 ( 3 4 1  0 . 1 4 3 2 ( 3 3 1  0 . 1 4 7 0 ( 4 3 1  0 , 1 4 3 6 ( 4 6 1  0 . 1 4 7 7 ( 4 6 1  0.1495(40) 
B 0.12(351 0.48(37) 0.37(36) 0.32(54) 1.39(601 1.07(481 0.76(50) 

x 0.3034(6) 0.3038(6) 0.3036(7) 0.3037(8) 0.304I(81 0.3023(8) 0.3028(8) 
O1 Y 0.1245(17) 0 . 1 2 3 9 ( 1 7 1  0 . 1 2 5 3 ( 1 8 1  0.1247(22) 0.1240(20) 0 . 1 2 2 0 ( 2 0 1  0.1245(211 

z 0.2796(7) 0.2794(7) 0.2800(7} 0.2788(8) 0.2788(8) 0.2774(9) 0.2783(9) 
B 1.34(181 1.53(181 1.82(181 1.58(261 1.86(261 2.46(23} 2.59(25) 

x 0.4717(71 0.4703(7) 0.4708(8) 0.4708(10) 0 . 4 6 9 3 ( 1 0 1  0.4699(9) 0.4712(101 
02 Y 0.1398(181 0 . 1 3 8 5 ( 1 8 1  0 . 1 3 5 4 ( 1 9 1  0 . 1 3 5 4 ( 2 6 1  0 . 1 4 3 1 ( 2 2 1  0.1388(22) 0.1455(24) 

z 0.1041(6) 0.1022(61 0.1032(61 0.1037(8) 0.1038(8) 0.1034(8) 0.1040(9) 
B 1.82(211 1.87(191 2.17(211 2.63(33) 3.01(331 2.95(26) 3.74(32) 

x 0.2083(8) 0.2081(81 0.2071(81 0.2077(101 0 . 2 0 8 9 ( 1 0 1  0.2067(10) 0.2074(111 
03 3' 0.0902(131 0 . 0 9 0 4 ( 1 3 1  0.0920(14) 0.0937(17) 0 . 0 9 5 2 ( 1 7 1  0 . 0 9 2 1 ( 1 7 1  0.0948(18) 

z 0.5746(8) 0.5742(8) 0.5740(8) 0.5726(101 0.5711(91 0.5740(9) 0.5720(11) 
B 0.97(211 1.11(191 1.61(211 1.35(311 1.34(291 2.30(27) 2.79(32) 

x 0.3979(8) 0.3941(71 0.3972(8) 0.3982(9) 0.3967(9) 0.3971(91 0.3968(101 
04 Y 0.1660(111 0 . 1 6 4 7 ( 1 1 1  0 . 1 6 5 6 ( 1 1 1  0 . 1 6 3 7 ( 1 4 1  0 . 1 6 4 6 ( 1 4 1  0 . 1 6 3 3 ( 1 3 1  0.1648(151 

z 0.7188(81 0.7198(81 0.7208(8) 0.7192(91 0.7202(9) 0.7192(91 0.7193(101 
B 0.77(211 0.79(211 0.84(191 0.66(191 0.79(26) 1.33(231 1.78(28) 

x 0.7075(7) 0.7087(7) 0.7082(7} 0.7090(9) 0.7081(91 0.7100(8) 0.7086(9) 
05 Y 0.1728(111 0 . 1 7 4 6 ( 1 1 1  0 . 1 7 3 7 ( 1 1 1  0 . 1 7 5 6 ( 1 5 1  0 . 1 7 7 8 ( 1 5 1  0 . 1 7 6 4 ( 1 4 1  0.1762(15) 

z 0.5838(7) 0.5836(8) 0.5836(8) 0.5844(9) 0.5837(10) 0.5855(9) 0.5861(10) 
B 0.89(24) 1.09(22) 1.00(221 1.09(331 1.64(33) 1.62(28) 2.02(32) 

x 0.0019(6t 0.0020(6) 0.0031(61 -0.0032(8t -0.0029(8) 0.0032(7) - 0.0028(8) 
06 Y 0.1252(171 0 . 1 2 3 8 ( 1 7 1  0.1220(17t 0 . 1 2 3 5 ( 2 1 }  0.1259(20) 0 . 1 2 2 9 ( 1 9 1  0.1275(201 

z 0.4209(7) 0.4198(71 0.4198(71 0.4198(81 0.4197(91 0.4200(8) 0.4205(9) 
B 1.04(18) 1.01(16) 1.05(171 0.84(24) 1.57(26) 1.31(20) 1,80(24) 

x 0.1135(91 0.11320) 0.1126(91 0.1124(121 0.1108(12) 0 . 1 1 1 4 ( 1 1 1  0.1110(12) 
07 Y 0.0559(10) 0 . 0 5 4 0 ( 1 1 1  0 . 0 5 4 2 ( 1 1 1  0,0518(14) 0,0518(14) 0.0512(14) 0.0521(151 

z 0.7901(91 (}.7914(91 0.7911(91 0.7935(121 0 . 7 9 3 0 ( 1 2 1  0.7920(11) 0.7918(12) 
B 1.33(22) 1.20(211 1.42(201 2.27(32} 2.38(32) 2.50(28) 2.68(311 

a 12.4425(6) 1 2 . 4 5 7 2 ( 5 1  1 2 . 4 7 6 8 ( 5 1  1 2 . 4 9 7 0 ( 8 )  1 2 . 5 2 0 4 ( 8 1  1 2 . 5 4 0 1 ( 7 1  12.5614(8) 
b 7.2722(3) 7.2801(31 7.2895(3) 7.2986(5) 7.3093(5) 7.3187(41 7.3288(4) 
c 11.3783(51 1 1 . 3 9 0 9 ( 5 1  1 1 . 4 0 6 9 ( 5 }  11 .4238171  1 1 . 4 4 2 3 ( 7 1  1 1 . 4 5 5 6 ( 6 1  11.4721(71 

100.564(2) 1 0 0 . 5 6 3 ( 2 )  1 0 0 . 5 6 9 ( 2 1  100 .580131  1 0 0 . 5 8 7 ( 3 1  1 0 0 . 6 0 0 ( 2 )  100.617(3) 

%R~,~ 6.8 5.1 5.0 4.8 4.7 4.7 4.6 
% R ~  p 5.4 3.I 3.l 3.2 3.2 3.1 3.1 
% R  B 1.8 2.0 1.7 1.6 1.7 1.6 1.4 

N o t e .  T h e  s t a n d a r d  e r r o r s  q u o t e d  in  p a r e n t h e s i s  a r e  g i v e n  b y  r e f i n e m e n t  a n d  a r e  b a s e d  o n  t h e  c o u n t i n g  

s t a t i s t i c s .  T h e  i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  B a r e  in A : .  
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FIG. 2. Monoclinic lattice parameters  a, b, c, and/~ for CaZro.92Ti2.0807 plotted against  temperature .  
Except  for/3, the errors obtained from Rietveld refinement are smaller than the plotting symbols .  The 
plots for a, b, and c were fitted to linear funct ions  of the form a - ao(1 + a,, T), where  ao (bo or Co) 
is the lattice parameter  at 0 K and c~,~ (c% or ~c) is the linear coefficient of  expans ion (K l). 

the stainless steel canister. All these peaks 
were excluded from the refinement. The 
goodness of  fit parameter  R,,.p along with 
its expected value R exp and the Bragg R 

- "  w p  

factor  R B are used as the measures of data 
fit (/2). 

All the patterns were refined according to 
the space group C2/c, as in earlier refine- 
ments of zirconolites, and convergence of 
the refinement was obtained without major 
problems. Atomic coordinates were as- 
signed according to the scheme of Gate- 
house et al. (4) and independent isotropic 
temperature  factors were used to represent 
thermal vibrations. All the structural param- 
eters given by refinement are presented in 
Table I. The composit ion quoted in this ta- 

ble was obtained by refinement of  the occu- 
pancies in the data collected at 294 K using 
the occupancies in (4) for CaZr0.gsTi2.1507 
as the starting values. Change balance was 
incorporated into the refinement and the to- 
tal occupancy on each site was constrained 
to ~1.  In accordance with the earlier re- 
finement, negligible Zr was observed on the 
Ti(2) and Ti(3) sites, but in contrast  no Zr 
was observed on the Ca sites. The composi- 
tion obtained by this method,  namely 
CaZr0.92Ti2.0807, is consistent with the com- 
position indicated by the lattice parameters  
and the fact that small amounts of  ZrO 2 and 
CaTiO 3 were recorded in the X-ray data. 
The site occupancies assumed during the 
refinement of the high temperature  data 
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FIG. 3. Variation of  the mean bond lengths with tem- 
perature in each of  the oxygen polyhedra; CaOs, ZrOT, 
Ti(1)O6, Ti(2)O~, and Ti(3)O 6. 

were 

Ca Site 1.00 Ca 
Zr Site 0.90 Zr + 0.10 Ti 
Ti(1) Site 0.98 Ti + 0.02 Zr 
Ti(2) Site 0.50 Ti 
Ti(3) Site 0.50 Ti. 

Excellent  fits were obtained for all the dif- 
fraction patterns with Rwp in the vicinity of 
5% in the high-temperature patterns given 
expected values R exp ~ 3% and Bragg R A~ wp 
factors R B - 2%. 

3. Results 

There  are no large-scale changes in the 
structural parameters  with increasing tem- 
perature,  and the crystal structure is sub- 

stantially the same at all temperatures  as 
that described by Gatehouse et al. (4). The 
only significant changes arise from normal 
thermal expansion effects. The lattice pa- 
rameters a, b, and c increase linearly with 
temperature,  and the similarity of the linear 
expansion coefficients in each axial direc- 
tion % ,  % ,  and %,  indicates that the expan- 
sion is essentially isotropic (see Fig. 2). The 
cell angle/3, however ,  displays some unex- 
plained nonlinearity near room temper- 
ature. 

The large errors in the fractional coordi- 
nates obtained in the present  results com- 
pared with the X-ray single crystal studies 
of Gatehouse et al. (4) preclude a detailed 
analysis of individual meta l -oxygen  bond 
lengths. In this paper only the average bond 
lengths in the various oxygen polyhedra  are 
discussed (viz. CaO 8, ZrO7, Ti(1)O6, 
Ti(2)O 5, and Ti(3)O6). The average bond 
lengths obtained for these polyhedra  at 294 
K agree well with the room-temperature  val- 
ues of the Ti-rich zirconolite of  Gatehouse 
et al. All the present results are incorporated 
in Fig. 3, where the error bars in each mean 
bond length (L) were obtained using the gen- 
eral error  equation, 

o-2((L))  = o-2(ui), 

i=1 

2"0011.75' Bm (A2) Fitted Line em= 535~0 ~ , .  

1,50' 
1.25' 
1.00' 
0.75' 
0.50' 
0.25' ~ Bin(static) = 0.27 A 2 Temperature (K) 
o . o o  , 

0 2;0 4;0 5;0 8;0 10"00 1200 

Fro. 4. Mass-weighted temperature factor B m plotted 
against temperature and fitted by superimposing a De- 
bye function with 0m = 535 -+ 20 K on to a temperature-  
independent static disorder contribution of  0.27 ,~2. 
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where/gi are the independent structural pa- 
rameters defining the positions of the ions 
in the polyhedron. All the polyhedra expand 
uniformly with temperature with the possi- 
ble exception of the Ti(1)O 6 octahedron, 
which remains more or less constant in size 
over the temperature range. The irregulari- 
ties in the Ti(2)O5 polyhedron growth are 
not considered to be significant. 

No detailed analysis of the individual tem- 
perature factors was undertaken except to 
note that the values at room temperature are 
substantially the same as Gatehouse et al. 
and that the Ti(2) value is unusually large 
probably because the site is significantly 
larger than the Ti ion. It should be noted 
that neither the Zr nor the Ca site ions have 
large temperature factors. In the context of 
radwaste disposal this demonstrates that 
these ions do not have large amplitudes of 
vibration and are unlikely to escape from 
within their respective polyhedra. This is 
supported by the fact the largest O-O sepa- 
ration in a CaO 8 box does not exceed 4.3 
even at ! 173 K and is considerably less than 
the 2 • Ca-O bond length at that tempera- 
ture (i.e. 2 x 2.48 A). In other words, the 
"holes"  between the oxygens in the surface 
of the ZrO7 and CaO 8 polyhedra are smaller 
than the cations, thereby making the activa- 
tion energy for a jump by a Zr or Ca ion 
large. 

To minimize the effects of large errors in 
individual B values and to calculate the 
X-ray Debye temperature 0~, the mass 
weighted mean temperature parameter Bm 
was analyzed. When extrapolated to T = 0 
K, B m is larger than would be expected for 
thermal effects alone. It was therefore as- 
sumed that static disorder contributes to 
B m . The Debye temperature 0 m of the pres- 
ent zirconolite and the degree of static disor- 
der were estimated using the method de- 
scribed in (14). Figure 4 shows the observed 
variation of B m and the optimum Debye 
function fitted to these observations. This 
analysis gives 0 m = 535 + 20 K and a static 
disorder contribution to B m of 0.27 ~2 which 

probably arises from mixing different sized 
ions in the O polyhedra. 

4. Conclusions 

No significant structural changes occur in 
zirconolite up to 1200 K other than thermal 
expansion. The CaO8 polyhedron is stable 
at all temperatures and the Ca-O bond (2.45 

at 294 K) is similar to the bond lengths of 
rare earth radwaste ions (Nd3+-O = 2.48 
A, Yb3+-O = 2.37 A). These ions should 
therefore be incorporated into the zircono- 
lite structure with minimal deformation to 
the CaO8 polyhedron. The tight fitting box 
of oxygens around each Ca site will provide 
a barrier with a high activation energy. 
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