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ABSTRACT

Zirconolite and perovskite were found to be major and minor phases respectively in the ceramics
of the series (1-x) CaZrTi,07 — x EuAlO; and (1-x) CaZrTi,07 —x GdAIO;3 (x = 0.25; 0.5; 0.75)
produced by cold pressing and sintering at 1400, 1450 and 1500 °C. Zirconolite and cubic
fianite-type oxide (in the Eu-bearing ceramics) were extra phases. At x = 0.25 major host phase
for Eu and Gd is zirconolite accumulating of up to 90% of total Eu and Gd. With increase x value
to 0.5 zirconolite remains major host phase for both Eu and Gd and accommodates almost 70%
of total Eu,O3 and about 60% of total Gd,Os;. Perovskite becomes major phase for both Eu,0;
and Gd,0; at x = 0.75 accumulating of about 66% of total Gd,Os. As follows from SEM/EDS
data Eu and Gd contents in the zirconolite may exceed ~1 formula units, therefore, zirconolite
ceramics may be effective matrices for actinide fraction of HLW where Am and Cm are
dominant because their crystal chemical behavior is similar to behavior of Gd.

INTRODUCTION

Minor europium and gadolinium (few percents) are present in the rare earth-actinide (REE/An)
fraction of high level waste (HLW) [1]. Nevertheless, a study of their behavior at immobilization
in ceramics is rather important because Gd is normally considered as trivalent plutonium and
curium surrogate as well as neutron absorber to be presented in the zirconolite- and pyrochlore-
based ceramics for excess weapons plutonium immobilization [2,3]. Along with zirconolite and
pyrochlore major host phases for the Gd and actinides are considered to be perovskite, monazite,
and apatite [4]. We suggested zirconolite-perovskite associations to immobilize REE/An fraction
of HLW [5], therefore a study of behavior of REEs and actinides in these matrices is required.
No reference data on Eu-bearing zirconolites were found. Incorporation of Gd in the zirconolite
is studied in details [4,6-10]. Isomorphic capacity with respect to Gd was found to be 1.4 formula
units (fu) [4], i.e. Gd’" ions are capable to substitute for Ca>" ions completely by the scheme of
Ca®" + Ti*" = Gd>" + Me®™ (Me = Al Fe) and up to 40% Zr*" by epy scheme Zr*" + Ti*" = Gd** +
Me™* (Me = Nb, Ta). At that, in the compositional series Ca; xGdZrTir Me>" 07 increase of the
x value transforms monoclinic structure (zirconolite-2M) to trigonal (zirconolite-3T) or
orthorhombic (zirconolite-30) or at different substitutions — to pyrochlore structure (Gd,Ti,07).
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Gadolinium aluminate GdA1QOj is isostructural with calcium titanate CaTiO; (perovskite). They
both have orthorhombic lattice symmetry (space group Pnma) and form continuous solid
solution [11]. The same is expected to be for EuAlOs with the same space group (JCPDS-ICDD
9-84).

The present works continues a series of our works on investigations of phase relations in pseudo-
binary systems: zirconolite — lanthanide aluminate (perovskite) [12-14] and describes phase
relations in some ceramics related to the CaZrTi,07-EuAlO; and CaZrTi,07-GdAlOs; systems.
Some preliminary results were reported in ref. [15].

EXPERIMENTAL

Ceramic samples with specified compositions (1-x) CaZrTi,0O7; —x EuAlOs and (1-x) CaZrT1,0,
—x GdAIO; (x = 0.25, 0.5 and 0.75) were studied. Oxide mixtures were milled, mechanically
activated and homogenized in a planetary mill AGO-2U, compacted in pellets 5 mm in diameter
and 2 mm in height, followed by heat-treatment of the pellets in a resistive furnace stepwise to
target sintering temperature (1400, 1450 or 1500 °C), holding at this temperature for 5 hours, and
cooled down to room temperature in a turned-off furnace.

The samples were examined with X-ray diffraction using a Philips diffractometer and scanning
electron microscopy with energy dispersive system (SEM/EDS) using a JSM-5300+Link ISIS
analytical unit. Results of quantitative EDS analyses were recalculated to oxides assuming
conventional valence states for Ca, Al, Ti, Zr, Gd, and O. Concentration of elemental europium
to oxide was recalculated assuming its di- or trivalent state depending on charge balance.

RESULTS AND DISCUSSION

The Eu-doped ceramics with low content of perovskite constituent (x = 0.25) sintered at 1400,
1450, and 1500 °C have the same phase composition and consist of about 90-95% zirconolite and
5-10% perovskite (Figure 1). SEM images in backscattered electrons demonstrate zirconolite as
major light-gray colored bulk and perovskite — as dark-gray inclusions (Figure 2). Chemical
compositions of the phases (Table I) are recalculated well to formulae (1450 °C):
Ca0,76Eu0,3OZr1.04Ti1.63A10,27O7 (Zil‘COHOlite) and Cao.goEuO.ero.oé Ti0.90A10.0803 (perovskite).
Charge balance shows that major Eu in the perovskite is present as Eu(II).

If in oxide mixtures with low Eu and Al contents (x = 0.25) phase formation reactions are
completed at temperatures below 1400 °C then at their higher content (x = 0.50 and x = 0.75)
residual baddeleyite is still present at 1400 °C (Figure 1) and this phase disappears completely
only in the samples sintered at 1450 and 1500 °C. Samples with x = 0.5 sintered at these
temperatures are composed of major zirconolite (75-80% of total bulk) and minor perovskite
(20-25%) — see Figures 1 and 2. Zirconolite grains on SEM-images are some darker than those of
perovskite (Figure 2). Their chemical compositions (Table I) in the ceramics sintered at 1500 °C
correspond to formulae: Cag 46Eug 64211 16111 28Al9.4707 (zirconolite) and
Cag.63E00.37Z10,02Ti0 69Alo 2703 (perovskite). In the ceramic sintered at 1450 °c grain size of these
phases is 1 um and lower therefore chemical composition of individual phases cannot be
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Table 1. Chemical Compositions (wt.%0) of the Phases in Eu and Gd Bearing Ceramics.

Oxides | %= 025, 1450 °%C|x=0.5,1450°C [x=0.5, 1500 °C x=0.75, 1450 °C
Z P P+Z F Z P |1(oxide)| 2 3 4
ALO; | 3.73 251 | 1206 | 04 593 | 7.86 | 1.42 | 8.48 [13.39| 7,99
CaO | 11.63 | 2852 | 698 | 155 | 6.40 [20.05] 2.05 | 6.66 | 7.27 | 4,09
TiO, | 3534 | 4587 | 1475 | 2.85 | 25.37 [31.01] 9.41 [12.59]14.95] 9,61
7rO, | 3491 | 455 | 961 | 6852 | 3548 | 1.36 | 4245 |15.00| 8.24 | 12,55
EwOs | 1439 | 17.21 | 5422 | 29.54 | 28.20 [37.36| 45.71 |58.46|56.56 | 63,44
Total | 100.00 | 98.66 | 97.62 | 102.86 | 101.38 |97.64 | 101.05 [101.19/100.41| 97,68
x=0.25, 1450 °C x=0.5, 1450 °C x=0.5,1500°C | x=0.75, 1450 °C
z P Z P F Vi P Vi P
ALO; | 3.73 2.40 783 | 1538 | 039 6.65 | 8.65 0.26 10.84
CaO | 10.87 | 26.60 | 3.39 7.93 1.30 556 | 1727 | 1.24 6.04
TiO, | 3634 | 4785 | 19.85 | 1552 | 3.89 | 25.14 | 30.69 | 3.555 | 17.89
7rO, | 3368 | 4.15 | 2985 | 297 | 6258 | 3458 | 1.80 | 61.36 | 14.52
Gd,0; | 1435 | 1839 | 40.15 | 56.53 | 3221 | 27.34 | 39.34 | 31.445 | 49.60
Total | 98.97 | 99.39 | 101.07 | 98.33 | 100.37 | 99.27 | 97.75 | 97.86 | 98.89

F — fluorite structure oxide, P — perovskite-type phase, Z — zirconolite, 1-4 — analytical points on
Figure 2.

determined precisely with the exception of Eu-stabilized cubic zirconia (fianite) whose grains
may reach 5-7 um in size. Its averaged formula is Eug »;Zr¢71Tig04Ca0.03Al0.0101 6.

In the ceramics with x = 0.75 perovskite becomes major phase and zirconolite and fianite are
minor phases (Figure 1). As follows from XRD and SEM data amounts of the phases may be
estimated as ~50% perovskite, 25-30% zirconolite, and 20-25% fianite. Due to small zirconolite
grain size (1-2 um) EDS measurements give wide compositional variations:
Cay36...0.52BU1.48...1.76Z10.52...0.56 T10.60...0.72A10.7607.x (Cag.44Eu1.52Z10.58Ti0.70Al0.7606.42 0N average).
Formulae of the perovskite and fianite phases having larger grains are
Cag26Bu0.66Ti0.38Zr0.14Al0.5403 and Eug 33Zr0.44Ti0.15Ca0.0sAl0.0302x, respectively.

Phase formation reactions in the system with low (x = 0.25) and middle (x = 0.5) Gd and Al
content are completed at temperatures below 1400 °C and ceramics are composed of zirconolite
(90-95% and 70-75%< respectively) and perovskite (5-10% and 25-30%, respectively). In the
system with high content of perovskite constituent (x = 0.75) reactions are completed within the
temperature range between 1400 °C and 1450 °C. In the ceramic sintered at 1400 °C except
perovskite (50-55%) and zirconolite (~15%) oxide phase (~30%) was present. Sintering at higher
temperatures almost eliminated it and ceramics were composed of only perovskite and
zirconolite (Figure 3). XRD patterns exhibit amounts of these phases as 50-55% and 40-45% (at
1450 °C) and ~60% and ~40% (at 1500 °C), respectively.

SEM-image of the Gd-containing ceramic with x = 0.25 sintered at 1450 °C demonstrates major
light-gray colored zirconolite bulk with dark-gray zirconolite inclusions (Figure 4). Chemical
compositions of the phases are recalculated well to formulae: Ca70Gdg 28717 00 T11.68Al0.2807
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Figure 2. Backscattered SEM-images of the
ceramics in series (1-x) CaZrTi,07 — x EuAlO;
prepared by sintering at various temperatures

O — oxide phase (fianite), P — perovskite
structure phase, Z — zirconolite.

Digits on photo x = 0.75, 1450 °C (detail)
correspond to analytical points in Table I.

x=0,75, 1450 °C (detail)

(zirconolite) and Cag 76Gdo 14Z1005T10.05Al0,0703 (perovskite). Zirconolite composition is rather
constant whereas perovskite exhibits appreciable compositional variations. Texture of the
ceramic with x = 0.5 sintered at 1450 °C looks like gray-colored fine-grained bulk containing
lighter fianite inclusions with variable grain size. At higher magnification there are variations in
color of major bulk due to occurrence of sub-micron-sized zirconolite (darker) and perovskite
(lighter) crystals. Chemical composition (Table I) of zirconolite and perovskite may be
recalculated to averaged formulae Ca26Gdo 9sZr 04T11 038Alp 6307 and
Ca28Gdo 66 T10.40Al0.60Z10.0403, respectively. However, due to very fine grain size of both phases
these formulae more than likely exhibit chemical composition of microcrystalline aggregates.
The only averaged fianite formula Gdy3Zr¢ 67T19.07Ca0.0301.3¢ may be determined reliably. In the
ceramic sintered at 1500 °C size of zirconolite and perovskite crystals reaches 5-10 pm across
and chemical composition of the phases is more accurate and may be recalculated to formulae:
Cao.41Gdo,612r1.1 5Ti1429Alo.5307 (ZiI’COl’lOlite) and Ca(),54Gd0.40ZI'0,03Tio.63A1043()O3 (perovskite).
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x=0.5, 1500 °C

Figure 4. Backscattered SEM-images of the ceramics in series (1-x) CaZrTi,O; — x GdAIO;

Table Il. Waste Oxides Partitioning among Co-existing Phases.

x=0.25, 1450 °C, detail

200 wMim

x=0.75, 1450 °C

x=0.75, 1450

prepared by sintering at various temperatures
O — oxide phase (fianite), P — perovskite structure phase, Z — zirconolite.

C, detail

(1-x) CaZrTi,07 — x EuAlO;

T, °c X Phase Fraction, % | Al,O3 CaO Ti0, 710, Eu,0;
1450 | 0.25 | Zirconolite 90 93 78 87 99 88
Perovskite 10 7 22 13 1 12
1500 0.5 | Zirconolite 75 69 48 71 99 69
Perovskite 25 31 52 29 1 31
(l-x) CaZI‘Ti207 —X GdAlO3
T, e X Phase Fraction, % | AlLO; CaO TiO, 710, Gd,05
1450 | 0.25 | Zirconolite 90 93 79 87 99 87
Perovskite 10 7 21 13 1 13
1500 0.5 | Zirconolite 70 65 43 66 98 62
Perovskite 30 35 57 34 2 38
1450 0.75 | Zirconolite 45 2 14 14 78 34
Perovskite 55 98 86 86 22 66

The ceramic with x = 0.75 sintered at 1450 °C is composed of major dark-gray colored (on SEM-
image) bulk formed by aggregates of sub-micron grains of the perovskite-type and zirconolite
phases (Figure 4). Approximate calculated formulae of zirconolite and perovskite (in suggestion
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that all Zr enters zirconolite are as follows: Cag 17Gdg.90Z11 00T11.17Alp.7607 and
Cag33Gdy 70 Ti0.38Al95403. Light-gray fianite inclusions with averaged formula
Zr0.67Ti0,06Gd0,21Cao,0301,805 are distributed in the major bulk.

As seen from Table II major host phase for all the elements in the Eu-bearing ceramics at x =
0.25 is zirconolite as predominant phase. At x = 0.5 it remains the major phase for all elements
except calcium which is equally partitioned between zirconolite and perovskite. In the Gd-
bearing ceramics as well as in the systems with neodymium, samarium [14], and europium
oxides major host phase for Gd and Zr at x = 0.25 and x = 0.5 is zirconolite (Table II). Fraction
of their oxides incorporated by perovskite grows with the increase of x value. Behavior of other
oxides in the given system is similar to their behavior in the Nd-, Sm- [14], and Eu-bearing
ceramics.

XRD pattern of the zirconolite (Figures 1 and 3) corresponds with high probability to trigonal
variety (zirconolite-3T) as it is seen from absence of some superstructure reflections typical of
the monoclinic symmetry zirconolite-2M lattice. Unit cell parameters of the zirconolite-3T
calculated from XRD data are given in Table III. No rigorous correlation between unit cell
parameters and synthesis conditions and chemical composition of the zirconolite phase was
found due to several reasons: deviation of lattice symmetry from trigonal, incomplete
equilibrium in the systems under the given synthesis conditions (temperature and sintering time),
co-existence of Eu in both di- and trivalent forms, etc. To determine lattice symmetry of the
zirconolite phase more precisely additional electron diffraction investigation is required.

It should be also noted, that the zirconolite phase in the Eu- and Gd-bearing ceramics is
predominant or at least exists in much broad compositional range than in Nd-, Sm-, and
particularly La-bearing ceramics due to much higher isomorphic capacity of zirconolite with
respect to Eu and Gd (>1 fu). Isomorphic capacity of zirconolite with respect to lanthanides
increases from La to Gd (zirconolites with Y-group lanthanides are studied insufficiently). As it
has been shown in one of our previous works [10] Ca-free REE-substituted zirconolites
TRZrTiAlO; are formed with Pr and heavier lanthanides but in the Pr-, Nd-, and Sm-bearing
systems along with Ca-free zirconolite extra phases were present as well, whereas no extra
phases were found in the Gd-bearing system. Since the key problem is immobilization of the
most dangerous actinide fraction of HLW, containing mainly trivalent Am and Cm, whose
crystal chemical behavior is similar to that of Gd, in amount of about 0.1 kg per metric tonne of
spent nuclear fuel [1] ceramization of this fraction may yield almost monophasic zirconolite
ceramics. High chemical durability and radiation resistance of zirconolite have been proven by
numerous investigations of both synthetic and naturally-occurred samples containing U, Th, and
their daughter products [2,3,6,16,17].

CONCLUSION

Ceramics related to pseudo-binary systems: zirconolite — lanthanide aluminate (perovskite) in the
series (1-x) CaZrTi,0O7 —x EuAlO; and (1-x) CaZrTi,07 — x GdAIO; (x = 0.25, 0.5 and 0.75)
sintered at 1400, 1450, and 1500 °C at x = 0.25 and 0.5 are composed of zirconolite (trigonal
variety) and perovskite. With increase of x value zirconolite content reduces whereas perovskite
content increases. At x = 0.75 extra oxide fianite-type phase occurs, perovskite becomes major
phase and zirconolite content becomes comparable with fianite. At x = 0.25 zirconolite is major
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host phase for most of elements, in particular it accumulates almost all Zr and ~90% Eu and Gd.
At x =0.75 fraction of Eu and Gd incorporated in zirconolite reduces to about 34% of total.

Table I11. Unit Cell Parameters of Trigonal Zirconolite-3T phase in ceramics.

Dopant | T, °C |x, fu.| a A b, A ¢, A | ZB deg. Formula

Eu 1400 | 0.25 | 7.240 | 7.240 | 16.752 | 90.00 -
0.5 7.255 | 7.255 | 16.728 | 90.00 -
0.75 | 7.282 | 7.282 | 16.752 | 90.00 -
1450 | 0.25 | 7.233 | 7.233 | 16.728 | 90.00 | Cag76Eug30Zr1.04T1163Al02707
0.5 | 7.247 | 7.247 | 16.728 | 90.00 -
0.75 7.277 7.277 16.734 90.00 Cao_44Eu1_522r0.5gTi0,70A10_7606,42
1500 | 0.25 | 7.227 | 7.227 | 16.728 | 90.00 -
0.5 7.248 7.248 16.752 90.00 Cao_4(,EuO_64ZI‘1,16Ti1_28A10.47O7
0.75 | 7.269 | 7.269 | 16.740 | 90.00 -

Gd 1400 | 0.25 | 7.237 | 7.237 | 16.710 | 90.00 -
0.5 7.249 | 7.249 | 16.692 | 90.00 -
0.75 | 7.259 | 7.259 | 16.674 | 90.00 -
1450 0.25 7.222 7.222 16.680 90.00 Cao_72Gdolngr1_00Ti1_6gAlo,2gO7
0.5 7.251 7.251 16.698 90.00 Cao.26Gd0,ggzr1.04Ti1.08A10.68O7
0.75 | 7.270 | 7.270 | 16.716 | 90.00 | Cag17Gdo90Zr1.00T11.17Al9.7607
1500 | 0.25 | 7.233 | 7.233 | 16.722 | 90.00 -
0.5 | 7.243 | 7.243 | 16.698 | 90.00 | Cagp41Gdoe1Zr1.15T11.20Alp5307
0.75 | 7.279 | 7.279 | 16.758 | 90.00 -
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